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Las enzimas son biocatalizadores naturales altamente selectivos y específicos que 
pueden operar sobre un amplio abanico de sustratos, por lo que su campo de aplicación 
industrial es extensible a multitud de sectores. El mayor desafío en su implementación 
a gran escala es desarrollar catalizadores enzimáticos robustos, rentables, activos y 
capaces de operar incluso en condiciones alejadas a las fisiológicas óptimas. Con más 
de medio siglo de historia, la inmovilización de enzimas sobre soportes sólidos ha sido 
una de las estrategias más estudiadas para alcanzar dicho fin. La comunidad científica 
ha realizado un gran esfuerzo y se han estudiado multitud de materiales como soportes 
para la inmovilización de estas macromoléculas, así como diferentes metodologías 
que, de manera general, pueden dividirse en estrategias post-síntesis e in situ, 
atendiendo a si la síntesis del soporte se realiza antes o durante la inmovilización. 

El descubrimiento de la porosidad permanente en ciertos polímeros de 
coordinación, los llamados MOFs (Metal Organic Frameworks), dio lugar a una de las 
mayores revoluciones en el campo de los materiales porosos.  La alta afinidad de las 
enzimas por los MOFs, junto con la extraordinaria versatilidad de estos materiales en 
términos de estructura, composición, funcionalización y estrategias sintéticas, ha 
permitido el desarrollo de muchas metodologías para la inmovilización de enzimas 
sobre MOFs.  
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En los últimos 18 años, el grupo de investigación donde se ha realizado la presente 
Tesis Doctoral viene desarrollando, con notable éxito y de manera pionera, una línea 
de investigación dedicada a la inmovilización de enzimas sobre materiales porosos. 
Bajo este marco, esta Tesis surge para fortalecer esa línea, actualmente más centrada 
en nuestros sistemas biocatalíticos singulares Enzima@MOF, con el objetivo principal 
de desarrollar estrategias adecuadas para la obtención de biocatalizadores 
heterogéneos, basado en la inmovilización in situ de enzimas sobre MOFs, su 
caracterización mediante técnicas avanzadas y su aplicación en reacciones de alto 
interés socio-industrial.  

La presente Tesis Doctoral, que se presenta como compendio de publicaciones ya 
aceptadas en revistas internacionales, complementado por algunos estudios (aún) no 
publicados, recoge aportaciones relevantes para (i) el desarrollo de nuevas estrategias 
afines para la preparación de nuevos biocatalizadores Enzima@MOF; (ii) la 
innovación en esas estrategias buscando mejorar ciertas prestaciones (mesoporosidad, 
magnetismo, etc.) de los biocatalizadores sólidos resultantes (iii) el estudio de estos 
sistemas mediante técnicas de caracterización avanzadas que arrojan luz sobre las 
grandes incógnitas de estos sistemas; y (iv) el acercamiento a la aplicación real de estos 
biocatalizadores, en particular, en la eliminación del contaminante bisfenol A (BPA), 
cuyos graves efectos sobre la salud humana y medio-ambiental están ampliamente 
reportados.  

Partiendo de los requerimientos de la inmovilización post-síntesis de enzimas sobre 
soportes silíceos tradicionales, concretamente de lacasa sobre SBA-15, primero se 
establece que las bases de diseño más importantes en la preparación de 
biocatalizadores óptimos son las dimensiones de los poros, la morfología de las 
partículas, la funcionalización de la superficie y las características fisicoquímicas del 
medio en el que se lleva a cabo la inmovilización. 

Considerando dichos factores, se desarrolla una estrategia afín a la inmovilización 
in situ de las enzimas lipasa y lacasa sobre el MOF sostenible NH2-MIL-53(Al). 
Comparada con la post-síntesis, esta estrategia resulta particularmente atractiva ya que 
los biocatalizadores resultantes tienen el potencial de: (i) prepararse in situ, es decir, 
en un solo paso; (ii) sintetizarse en condiciones sostenibles: con agua como único 
disolvente, a temperatura ambiente, pHs moderados, etc.; (iii) ser capaces de retener 
cargas enzimáticas muy altas; (iv) presentar una lixiviación proteica insignificante; y 
(v) poseer altas actividades enzimáticas. Además, esta metodología parece ser casi 
universal, ya que se ha logrado llevar a cabo con éxito en diferentes MOFs, con 
diferentes enzimas y para diferentes aplicaciones.  
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Aparte de las ventajas que los sistemas Enzima@MOF ofrecen en términos de 
eficiencia, rapidez, facilidad y sostenibilidad, la versatilidad del método de 
inmovilización in situ brinda la posibilidad de agregar componentes durante la síntesis 
que mejoren las prestaciones de los biocatalizadores finales. En este sentido, la 
incorporación de surfactantes potencialmente puede inducir la generación de 
mesoporosidad mejorada que limite los posibles problemas difusionales en la 
aplicación de los biocatalizadores y dirija la incorporación de las enzimas hacia dichos 
espacios mesoporosos. Dado que el estudio de los sistemas surfactante/MOF no ha 
sido ampliamente reportado en la bibliografía, los primeros esfuerzos se han dedicado 
a la generación de mesoporosidad en MOFs, concretamente en el NH2-MIL-53(Al), 
empleando bromuro de hexadeciltrimetilamonio (CTABr) como surfactante y en 
ausencia de enzima, pero en condiciones potencialmente compatibles con su posterior 
incorporación. Los materiales así obtenidos son el primer ejemplo de materiales MOFs 
con mesoporosidad sustancial inducida por surfactantes (catiónicos) en materiales 
MOF a temperatura ambiente. A partir de dichos resultados, la enzima lacasa se 
incorpora al sistema surfactante/MOF. Aunque el sistema ternario Lacasa@NH2-MIL-
53(Al)@CTA no conserva la actividad enzimática, dicho resultado es únicamente el 
inicio de un amplio abanico de posibilidades donde es previsible que la variación 
sistemática de la naturaleza de la enzima, del surfactante, del MOF o incluso del agente 
desprotonante, el orden de adición de los componentes del sistema, el tiempo de 
síntesis, la temperatura, etc., permitirán encontrar un sistema en el que la actividad de 
la enzima no se comprometa.  

El diseño de biocatalizadores Enzima@MOF más efectivos requiere un 
conocimiento exhaustivo de sus propiedades fisicoquímicas, incluyendo aspectos tan 
claves como la ubicación de la enzima dentro de los sólidos, el tipo de inmovilización 
o la naturaleza de la interacción enzima/MOF. A partir de los métodos de 
caracterización convencionales, esta información no es fácil de obtener. La simple 
caracterización estructural de estos sistemas resulta un reto, ya que las metodologías 
de síntesis compatibles con la inmovilización de la enzima conducen a la formación 
de MOFs con tamaños de cristal en la nanoescala. Los experimentos de PDF (Pair 
Distribution Function) posibilitan la obtención de la función G(r), que contiene las 
distancias de enlace del material a escala local. Tomando como ejemplo la serie de los 
M-MOF-74 (donde M es Mg, Co, Ni, Cu o Zn), entre la que se encuentran los 
materiales porosos nanocristalinos de menor tamaño de cristal nunca antes descritos, 
se exploran las posibilidades que la técnica ofrece para aportar información valiosísima 
sobre los entornos atómicos metálicos y determinar inequívocamente los tamaños 
nanocristalinos que se obtienen a partir de los métodos de preparación sostenibles y 
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compatibles con la presencia de la enzima. Posteriormente, el estudio de los sistemas 
enzima/MOF, centrándonos concretamente en el Lipasa@NH2-MIL-53(Al), revela la 
influencia de la enzima en el tamaño de los dominios cristalinos y el posible papel (si 
lo hay) de la enzima en la formación de los soportes MOFs. 

Por último, los biocatalizadores Lacasa@NH2-MIL-53(Al) se prueban en la 
eliminación de BPA de disoluciones acuosas. Aunque la legislación para regular el uso 
del BPA en la fabricación de envases alimentarios se ha endurecido en los últimos 
años, su empleo en otras industrias y su uso extensivo en el pasado hacen que su 
presencia en aguas residuales, ríos y océanos siga representando un grave problema de 
salud medioambiental mundial. En reactores tipo batch, la velocidad de eliminación 
de este contaminante en disolución acuosa por el biocatalizador Lacasa@NH2-MIL-
53(Al) (más del 98 % en solo 3 minutos) equipara e incluso supera la de la enzima 
libre. Probablemente, dicho efecto se deba al efecto combinado de la enzima 
inmovilizada y el soporte, cuya capacidad de adsorción resulta más eficiente que la de 
otros adsorbentes y catalizadores basados en MOFs reportados para este fin. Además, 
el biocatalizador mantiene su actividad durante cinco ciclos de reacción. Debido a la 
gran estabilidad y robustez de los biocatalizadores Lacasa@NH2-MIL-53(Al), cuando 
las reacciones de eliminación de BPA se trasladan a reactores de flujo continuo, los 
rendimientos incluso mejoran los obtenidos en las reacciones por lotes y apuntan a una 
eliminación efectiva del BPA extendida en el tiempo, esto es, a su potencial aplicación 
a mayor escala en flujo continuo.  
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Enzymes are highly selective and specific natural biocatalysts that can operate on 
a wide range of substrates, so their field of industrial application is extensible to many 
sectors. The biggest challenge in its large-scale implementation is to develop robust, 
cost-effective, active enzyme catalysts capable of operating even under far from 
optimal physiological conditions. With more than half a century of history, the 
immobilization of enzymes on solid supports has been one of the most studied 
strategies to achieve this goal. The scientific community has made a great effort and a 
multitude of materials have been studied as supports for the immobilization of these 
macromolecules, as well as different methodologies that, in general, can be divided 
into post-synthesis and in situ strategies, according to whether the synthesis of the 
support is carried out prior to or during immobilization. 

The discovery of permanent porosity in certain coordination polymers, the so-
called MOFs (Metal Organic Frameworks), gave rise to one of the greatest revolutions 
in the field of porous materials. The high affinity of enzymes for MOFs, together with 
the extraordinary versatility of these materials in terms of structure, composition, 
functionalization, and synthetic strategies, has allowed the development of many 
methodologies for the immobilization of enzymes on MOFs. 

In the last 18 years, the research group where this PhD thesis has been carrying out 
has developed, with notable success and in a pioneering way, a line of research 
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dedicated to the immobilization of enzymes on porous materials. Under this 
framework, this thesis arises to strengthen this line, currently focused mainly on our 
unique Enzyme@MOF biocatalytic systems, with the main objective of developing 
adequate strategies for obtaining heterogeneous biocatalysts, based on the in situ 
immobilization of enzymes on MOFs, their characterization using advanced 
techniques and their application in reactions of high industrial interest. 

This PhD thesis, which is presented as a compendium of publications already 
accepted in international journals, complemented by some unpublished studies, gathers 
relevant contributions for (i) the development of new related strategies for the 
preparation of new Enzyme@MOF biocatalysts ; (ii) innovation in these strategies 
seeking to improve certain features (mesoporosity, magnetism, etc.) of the resulting 
solid biocatalysts (iii) the study of these systems through advanced characterization 
techniques that shed light on the knowledge of these systems; and (iv) the approach 
to a real application of these biocatalysts, in particular, in the elimination of the 
contaminant bisphenol A (BPA), whose serious effects on human and environmental 
health have been widely reported. 

Starting from the requirements of the post-synthesis immobilization of enzymes on 
traditional siliceous supports, specifically laccase on SBA-15, it is first established that 
the most important design bases in the preparation of optimal biocatalysts are the 
dimensions of the pores, the morphology of the particles, the functionalization of the 
surface and the physicochemical characteristics of the medium in which the 
immobilization is carried out. 

Considering these factors, a strategy related to the in situ immobilization of lipase 
and laccase enzymes on the sustainable MOF NH2-MIL-53(Al) is developed. 
Compared to post-synthesis, this strategy is particularly attractive since the resulting 
biocatalysts have the potential to: (i) be prepared in situ, that is, in a single step; (ii) be 
synthesized under sustainable conditions: with water as the only solvent, at room 
temperature, moderate pHs, etc.; (iii) be able to retain very high enzyme loads; (iv) 
present negligible protein leaching; and (v) possess high enzymatic activities. 
Furthermore, this methodology seems to be almost universal, since it has been 
successfully carried out in different MOFs, with different enzymes and for different 
applications. 

Apart from the advantages that Enzyme@MOF systems offer in terms of 
efficiency, speed, ease and sustainability, the versatility of the in situ immobilization 
method offers the possibility of adding components during the synthesis that improve 
the performance of the final biocatalysts. In this sense, the incorporation of surfactants 
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can potentially induce the generation of improved mesoporosity that limits possible 
diffusion problems in the application of biocatalysts and directs the incorporation of 
enzymes within mesoporous voids. Since the study of surfactant/MOF systems has not 
been widely reported in the bibliography, the first efforts have been dedicated to the 
generation of mesoporosity in MOFs, specifically in NH2-MIL-53(Al), using 
hexadecyltrimethylammonium bromide (CTABr) as surfactant and in the absence of 
enzyme, but under conditions potentially compatible with its subsequent incorporation. 
The so-obtained materials are the first example of MOFs with substantial mesoporosity 
induced by (cationic) surfactants in MOF materials at room temperature. From these 
results, the laccase enzyme is incorporated into the surfactant/MOF system. Although 
the Laccase@NH2-MIL-53(Al)@CTA ternary system does not preserve enzymatic 
activity, this result is only the beginning of a wide range of possibilities where the 
systematic variation of the nature of the enzyme, of the surfactant, of the MOF or even 
of the deprotonating agent, the order of addition of the system components, the 
synthesis time, the temperature, etc., will make possible to find a system in which the 
activity of the enzyme is not compromised. 

The design of the most effective Enzyme@MOF biocatalysts requires exhaustive 
knowledge of their physicochemical properties, including such key aspects as the 
location of the enzyme within the solids, the type of immobilization or the nature of 
the enzyme/MOF interaction. From conventional characterization methods, this 
information is not easy to obtain. The simple structural characterization of these 
systems is a challenge, since synthesis methodologies compatible with enzyme 
immobilization lead to the formation of MOFs with nanoscale crystal sizes. PDF (Pair 
Distribution Function) experiments make possible to obtain the function G(r), which 
contains the bond distances of the material at a local scale. The M-MOF-74 series 
(where M is Mg, Co, Ni, Cu or Zn) includes the nanocrystalline porous materials with 
the smallest crystal size ever described. Taking this series as an example, we explore 
the possibilities that this technique offers to provide invaluable information about 
atomic environments and unequivocally determine nanocrystalline sizes that are 
obtained from sustainable preparation methods and compatible with the presence of 
the enzyme. Subsequently, the study of the enzyme/MOF systems, focused specifically 
on Lipase@NH2-MIL-53(Al), reveals the influence of the enzyme on the size of the 
crystalline domains and the possible role of the enzyme in the formation of MOFs 
supports. 

Finally, the Laccase@NH2-MIL-53(Al) biocatalysts are tested in the removal of 
BPA from aqueous solutions. Although the legislation to regulate the use of BPA in 
the manufacture of food packaging has tightened in recent years, its use in other 
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industries and its extensive use in the past mean that its presence in wastewater, rivers 
and oceans continues to represent a serious global environmental problem. In batch 
type reactors, the rate of elimination of this contaminant in aqueous solution by the 
Laccase@NH2-MIL-53(Al) biocatalyst (more than 98% in just 3 minutes) equals or 
even exceeds that given by the free enzyme. This effect is probably due to the 
combined effect of the immobilized enzyme and the support; whose adsorption 
capacity is more efficient than that of other adsorbents and catalysts based on MOFs 
reported for this purpose. In addition, the biocatalyst maintains its activity during five 
reaction cycles. Due to the great stability and robustness of the Laccase@NH2-MIL-
53(Al) biocatalysts, when BPA removal reactions are transferred to continuous flow 
reactors, the yields become even higher those obtained in batch reactions and point to 
an effective elimination of BPA for prolonged times, that is, to its potential application 
on a larger scale in continuous flow. 
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1.1 Las enzimas: Catalizadores naturales altamente 
selectivos 

Resulta prácticamente imposible imaginar el modo en el que la vida hubiera sido 
posible sin los mecanismos celulares que regulan las miles de reacciones químicas que 
tienen lugar en cada organismo vivo a cada instante. El papel principal en casi todos 
esos escenarios es para las enzimas.  

Las enzimas son catalizadores biológicos, y como tales aceleran sustancialmente 
la velocidad de las reacciones químicas. A excepción de las ribozimas, las enzimas son 
de naturaleza proteica, lo que implica que están formadas por aminoácidos. Debido a 
su alta complejidad, la estructura de las proteínas suele jerarquizarse en tres o cuatro 
niveles (Figura 1.1). La estructura primaria condiciona los niveles de organización 
superiores y se refiere a la secuencia de aminoácidos unidos mediante enlaces 
peptídicos. La formación de puentes de hidrógeno entre los átomos que forman los 
enlaces peptídicos determina la disposición espacial local del esqueleto proteico, lo 
que se denomina estructura secundaria. Las conformaciones más comunes de dicha 
disposición son la hélice alfa o la hoja plegada beta. El tercer nivel estructural se refiere 
al plegamiento global de la cadena polipeptídica, dando lugar a una forma 
tridimensional específica que determinará la actividad catalítica de la enzima. La 
conformación tridimensional se mantiene gracias a la formación de enlaces débiles 

Figura 1.1. Representación de los niveles jerárquicos en los que se organiza la 
estructura de las enzimas: (a) estructura primaria, (b) estructura secundaria (hélice 
alfa), (c) estructura terciaria y (d) estructura cuaternaria. 



Capítulo 1 
 

 12 

entre las cadenas laterales de los aminoácidos. La ruptura de estos enlaces provoca la 
pérdida de la estructura terciaria y, por tanto, la pérdida de la actividad catalítica. Este 
fenómeno se conoce como desnaturalización. Cuando la enzima está formada por más 
de una cadena polipeptídica, la estructura cuaternaria viene determinada por la 
asociación de estas en dímeros, trímeros, tetrámeros, etc.  

Las dos propiedades que definen el extraordinario poder catalítico de las enzimas 
son la eficiencia y la especificidad. La mayor parte de los procesos vitales en los que 
participan las enzimas, transcurren en condiciones suaves: temperatura moderada, pH 
cercano al neutro, presión atmosférica y medio acuoso. Su excepcional eficiencia 
posibilita que, aún bajo esas condiciones tan lejanas a las que suelen requerir la 
mayoría de los catalizadores inorgánicos, estas proteínas sean capaces de acelerar las 
reacciones químicas incluso en decenas de órdenes de magnitud. Para conseguirlo, 
buena parte de los aminoácidos que las conforman, posicionados en su lugar exacto, 
participan en la estabilización del estado de transición del reactante que pretenden 
transformar, rebajando la energía necesaria para la obtención del producto.  

Por otro lado, las enzimas poseen una alta especificidad, que afecta tanto al tipo de 
reacción que catalizan como al sustrato sobre el que lo hacen. Atendiendo al tipo de 
transformación concreta que efectúan, todas las enzimas conocidas pueden clasificarse 
en solo seis grupos, donde cada uno está definido por un código EC (del inglés Enzyme 
Commission numbers): oxidorreductasas (reacciones de oxidación-reducción) (EC 1), 
transferasas (reacciones de transferencia de grupos funcionales) (EC 2), hidrolasas 
(reacciones de hidrólisis) (EC 3), liasas (reacciones de adición o eliminación a dobles 
enlaces) (EC 4), isomerasas (reacciones de isomerización) (EC 5) o ligasas (formación 
de enlaces) (EC 6). Además, las enzimas pueden diferenciar sustancias que poseen 
características semejantes y actuar selectivamente sobre ellas. La especificidad de 
estos biocatalizadores reside en la forma de su centro activo: región específica formada 
por unas decenas de aminoácidos por donde interaccionan o se unen al sustrato.   

En el desarrollo de la presente Tesis Doctoral, se ha trabajado con dos enzimas: 
lipasas y lacasas. Las lipasas (EC 3.1.1.3) catalizan en plantas, microorganismos y 
animales, la hidrólisis de lípidos, como triglicéridos de aceites y grasas, para dar 
glicerol y ácidos grasos libres. En sistemas con bajo contenido en agua, las lipasas 
pueden catalizar reacciones de esterificación. Las lacasas (EC 1.10.3.1) son enzimas 
producidas por una gran variedad organismos, siendo las procedentes de hongos las 
más estudiadas. Oxidan un amplio rango de polifenoles y otros sustratos aromáticos, 
reduciendo el oxígeno molecular a agua. En este punto es importante destacar que en 
ninguno de los trabajos que se presentarán a continuación, se ha trabajado con enzimas 
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puras, sino que se han empleado extractos comerciales que contenían las enzimas 
deseadas. En el caso de la lipasa, proveniente del hongo Candida Antártica y en el 
caso de la lacasa, del hongo Myceliophtora thermophila. Desde el punto de vista de 
algunas aplicaciones industriales esto es una ventaja, ya que la purificación de enzimas 
es un proceso costoso.  

A lo largo de la historia, el ser humano ha utilizado, más o menos racionalmente, 
los recursos que la naturaleza ha puesto a su disposición. Aunque no fue hasta la 
segunda mitad del siglo XX cuando el interés industrial por las enzimas empezó a 
florecer, nuestros antepasados hicieron uso cotidiano de ellas desde tiempos remotos. 
Prueba de ello es la forma en la que Homero, en su famosa obra La Ilíada (siglo VIII 
a.C.), compara la rapidez con la que sana la herida del dios Ares, tras el ataque de 
Diomedes y Atenea, con la instantánea coagulación de la leche al añadirle látex de 
higo, que contiene una enzima, llamada ficina, capaz de hidrolizar la proteína de la 
leche produciendo su coagulación [1]:  

“Como el jugo cuaja la blanca y líquida leche cuando se le mueve rápidamente 
con ella, con igual presteza curó aquél al furibundo Ares, a quien Hebe lavó y puso 
lindas vestiduras.” 

En 1907, Eduad Buchner recibió el Premio Nobel de Química por demostrar que 
la fermentación alcohólica se debe a la acción de unas enzimas llamadas cimasas y no 
a la simple acción fisiológica de las células de la levadura [2]. El descubrimiento de 
Buchner atrajo la atención de la comunidad científica y su interés por explorar los 
incipientes campos de la bioquímica y la enzimología. Algunos años más tarde, las 
altas eficiencia y selectividad con las que las enzimas catalizaban una gran variedad 
de reacciones químicas y las condiciones suaves en las que lo hacían, dejaron claro 
que su implementación industrial suponía un ahorro energético y económico que las 
convertía en excelentes fuentes de negocio. En 1963, se lanzó al mercado la primera 
proteasa para detergentes [1]. Sin embargo, desde el surgimiento de las primeras 
aplicaciones industriales, el uso de enzimas planteó algunos retos importantes. La 
dificultad de recuperar las enzimas en solución al término de una reacción, hace que 
su reutilización sea inasumible y convierte a las enzimas en un gasto fijo que impacta 
directamente en el coste total del proceso. Por otro lado, algunas enzimas presentan 
baja estabilidad ante las condiciones típicas de operación de los procesos. Ante este 
panorama, la comunidad científica ha tenido que esforzarse para desarrollar métodos 
que permitan la viabilidad del uso de estos magníficos biocatalizadores. Entre esos 
métodos, destaca la inmovilización de las enzimas sobre soportes sólidos, tema 
principal de esta Tesis Doctoral, al que se le dedicará un apartado más adelante.  
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Actualmente las aplicaciones de las enzimas se extienden a multitud de sectores. 
En el sector sanitario-farmacéutico las enzimas tienen propiedades terapéuticas, 
permiten el diagnóstico de enfermedades o la obtención de compuestos de interés 
farmacéutico. Gracias a su enantioselectividad, estos biocatalizadores permiten 
obtener un solo isómero de un fármaco, lo que es relevante cuando el otro isómero es 
inactivo [3] y se convierten en vital cuanto el isómero no deseado es tóxico [4]. En el 
sector agroalimentario se obtienen aromas, edulcorantes y otros aditivos alimentarios 
mediante el empleo de estos biocatalizadores, además de ser ampliamente utilizados 
en la industria de los productos lácteos, en procesos tan relevantes como la hidrólisis 
de la lactosa en la leche [5]. Las enzimas también juegan un importante rol en el sector 
medioambiental, donde se aplican en la biorremediación de suelos o aguas residuales, 
la degradación de plásticos y la preparación de biocombustibles. En lo que se refiere 
al tratamiento de aguas residuales, uno de los desafíos de nuestra era es la gestión de 
una amplia variedad de contaminantes emergentes que se encuentran en los recursos 
hídricos y que representan un riesgo para la salud humana y ambiental. Desde hace 
algunas décadas, la actividad antropogénica ha introducido, entre otras, sustancias con 
actividad disruptora endocrina (EDC, del inglés Endocrine Disruptive Chemicals) en 
el medio ambiente, las cuales tienen efectos negativos en los aspectos reproductivos 
tanto en humanos como en la vida salvaje, y pueden ser tóxicas y persistentes incluso 
en bajas concentraciones. Entre estos compuestos, el bisfenol A (BPA, 2,2-bis (4-
hidroxifenil) propano) (Figura 1.2), empleado en la fabricación de policarbonatos y 
resinas epoxi, tiene gran impacto en la salud de los humanos [6,7]. La eliminación de 
este compuesto de las aguas residuales supone un grave problema, dado que el carácter 
bactericida de los fenoles limita su degradación por microorganismos en las plantas de 
tratamiento de aguas. Una alternativa a estos tratamientos es el uso de enzimas 
aisladas. En su forma libre, la lacasa degrada fácilmente el BPA. Durante esta Tesis 
Doctoral se presentarán algunos sistemas de lacasa inmovilizada con excelente 
capacidad para la eliminación de BPA de disoluciones acuosas.  

 

 

Figura 2.2. Estructura química del bisfenol A (BPA). 
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1.2 MOFs: Materiales nanoporosos con alta 
versatilidad estructural y de composición 

A finales del siglo pasado, el descubrimiento de la porosidad permanente en ciertos 
polímeros de coordinación, los llamados MOFs (por las siglas en inglés Metal Organic 
Frameworks), revolucionó el campo de los materiales porosos [8–11]. Los MOFs son 
materiales nanoporosos, generalmente cristalinos, formados por iones o clústeres 
metálicos unidos por ligandos orgánicos multidentados (al menos bidentados) que dan 
lugar a estructuras que se extienden a lo largo de dos o tres dimensiones del espacio 
[12] (Figura 1.3).  

La versatilidad de estos materiales en términos de estructura y composición es 
extraordinaria. En poco más de 20 años, se han sintetizado más de 90,000 MOFs y se 
han pronosticado más de 500,000 [13], con muchas estructuras, centros metálicos 
accesibles de cualquier naturaleza, en cualquier coordinación y vecinos de casi 
cualquier naturaleza, así como con cualquier funcionalidad orgánica. Dicha 
versatilidad, dota a estos materiales de excelentes propiedades físicas y químicas, tales 
como volúmenes y aperturas de poro ajustables, áreas superficiales récord, bajas 
densidades, altas estabilidades térmica, mecánica y química, conductividad eléctrica y 
protónica, etc. [14]. 

 
Figura 1.3. Estructura (a) y componentes (b) del material microporoso MOF-5 [8], uno 
de los materiales MOF más representativos descritos hasta el momento. 

La combinación única de estos aspectos ha empujado a la comunidad científica a 
explorar los campos de aplicación de estos materiales a un ritmo frenético, superando 
con creces el alcance de otros materiales porosos. Los MOFs han demostrado poseer 
excelentes cualidades en aplicaciones muy diversas, tales como las catalíticas [15–17], 
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las biomédicas [18–20], como materiales para el almacenamiento [21–24] y la 
separación de gases [25], como conductores tanto electrónicos [26,27] como iónicos 
[28], como sensores químicos [29–31] o como plataformas para la inmovilización de 
diferentes especies [32–34], entre otras. En este punto, invitamos al lector a consultar 
el Anexo I, donde se incluye un breve artículo de revisión sobre el rol de los MOFs en 
la transición energética [35].  

La comercialización de los MOFs ya es una realidad. Más de 27 empresas alrededor 
de todo el mundo están trabajando en la producción de estos materiales a escala piloto 
[14]. Sin embargo, uno de los pasos cruciales para su aplicación industrial masiva es 
encontrar métodos de síntesis que permitan prepararlos eficientemente en grandes 
cantidades. Si bien las síntesis de MOFs son específicas de cada familia, existen varios 
desafíos para el escalado que son comunes a la mayoría de los métodos convencionales 
de preparación: (i) el uso de disolventes orgánicos hace que el coste del proceso sea 
elevado y poco sostenible; (ii) las sales metálicas, que normalmente se utilizan como 
precursores, pueden plantear problemas significativos de acumulación de aniones; (iii) 
en ocasiones se requieren ligandos orgánicos muy específicos; (iv) el control del 
tamaño de partícula puede plantear algunos problemas en su posterior aplicación, ya 
que muchos de estos materiales son microcristalinos; por último, (v) tras la síntesis, 
suelen requerir etapas de activación, ya que los solventes no volátiles y los materiales 
de partida que no reaccionaron deben eliminarse de sus poros. 

Entre los enfoques alternativos propuestos para salvar las dificultades enumeradas 
en el párrafo anterior, las síntesis sin disolventes y las síntesis en medio acuoso son las 
estrategias más viables desde el punto de vista económico y medioambiental [36]. 
Desde el enfoque de la presente Tesis Doctoral: la inmovilización de enzimas, el 
desarrollo de estrategias sintéticas en medio acuoso, que no precisen altas temperaturas 
o presiones, ni pH extremos, es fundamental para desarrollar métodos de 
inmovilización simplificados. En los apartados siguientes, se aborda el tema con mayor 
profundidad.  
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1.3 Los orígenes y el dominio creciente de las 
enzimas soportadas en MOFs 

La inmovilización de enzimas es un tema con más de medio siglo de historia [37]. 
Las enzimas inmovilizadas muestran excelentes ventajas que antes eran inalcanzables 
en la industria debido a la alta solubilidad y labilidad de las enzimas libres en los 
medios típicos de reacción. Aparte de los métodos para lograr la insolubilización de 
enzimas, la inmovilización sobre soportes sólidos ha sido la estrategia más empleada. 
La comunidad científica ha realizado un gran esfuerzo estudiando multitud de 
materiales como soportes para la inmovilización de estas macromoléculas, ya sea de 
forma covalente [38] o no covalente [39,40], así como diferentes metodologías que, de 
manera general, pueden dividirse en estrategias post-síntesis [38,41,42] e in situ [43–
45], atendiendo a si la síntesis del soporte se realiza antes o durante la inmovilización. 

Tabla 1.1. Propiedades de algunas estrategias de inmovilización y soportes porosos de 
enzimas seleccionados.  

 

Post-síntesis  
covalente 
(Agarosa) 
[38,41] 

Post-síntesis 
no covalente 

 (MMSO) 
[42] 

In situ 
no covalente 

(MMSO) 
[43,44] 

In situ 
no covalente 

(MOFs) 
[45] 

Área superficial 
Baja: 

≈200 m2·g-1 

Media/Alta:  
≈700 m2·g-1 

Media alta:  
≈700 m2·g-1 

Muy alta:  
>1000 m2·g-1 

Anchura del poro >20 nm ≈7–10 nm ≈4/12 nm <2 nm 

Conectividad de 
poro 

Amorfa: Baja Excelente Excelente Excelente 

Afinidad química Esencial Necesaria Innecesaria Beneficiosa 

Actividad 
retenida 

Baja/Media Media/Alta Media/Alta Media/Alta 

Carga enzimática Media/Alta Media/Alta Media/Alta Media/Alta 

Lixiviado 
enzimático 

Nulo Bajo Muy bajo Despreciable 

Estabilización de 
la enzima 

Alta Media/Alta Media Media/Alta 

 

Los soportes porosos ofrecen un incentivo adicional para la inmovilización, ya que 
idealmente pueden atrapar las moléculas de enzima sin modificar su estructura o sus 
centros activos. De acuerdo con la definición de la IUPAC, los materiales porosos se 
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pueden clasificar en tres grupos atendiendo al diámetro de poro: microporosos, cuando 
el diámetro se encuentra ente los 0.3 y los 2 nm; mesoporosos, si se encuentra entre 
los 2 y los 50 nm; y macroporosos, si es mayor de 50 nm. La Tabla 1.1 compara algunas 
de las propiedades fisicoquímicas más relevantes y el rendimiento de algunos soportes 
enzimáticos porosos preparados con diferentes estrategias de inmovilización. 

Anclar una enzima a un soporte previamente sintetizado es relativamente fácil y, 
en muchos casos, suficiente para que el biocatalizador sólido resultante catalice una 
reacción con éxito, pero puede ser difícil optimizar el biocatalizador y saber lo que 
sucede con la enzima inmovilizada (localización, interacción con el soporte, etc.). La 
formación de enlaces irreversibles entre la enzima y el soporte introduce una rigidez 
notable en la molécula de proteína: se impide el despliegue de la enzima y aumenta su 
estabilidad [38,46]. Sin embargo, la inmovilización covalente implica la modificación 
química de la enzima, lo que a menudo conduce a la distorsión de su estructura y, por 
tanto, a la disminución de su actividad catalítica. Los soportes para este tipo de 
inmovilización deben poseer áreas superficiales altas y diámetros de poro varias veces 
más anchos que el tamaño de las dimensiones de la proteína, para permitir una buena 
difusión de la misma a lo largo del poro y la posibilidad de lograr cargas enzimáticas 
aceptables. 

Cuando la forma y el tamaño de los poros del soporte son ajustables, las 
posibilidades de los sistemas aumentan significativamente. Este es el caso de los 
materiales mesoporosos silíceos ordenados (MMSO) [40,47]. Estos materiales poseen 
un sistema de mesoporos uniformes en tamaño y a menudo ordenados espacialmente, 
que pueden tener alta interconectividad, lo que no solo facilita una buena difusión de 
las enzimas para lograr altas cargas, sino también una buena difusión de sustratos y 
productos. Los poros uniformes ligeramente más anchos que la enzima permiten 
conseguir altas cargas de enzima inmovilizada no covalentemente, mientras que una 
enzima unida covalentemente en la boca del poro actuaría como un tapón, impidiendo 
el acceso de nuevas moléculas de enzima y reduciendo la carga. Además, la 
inmovilización no covalente no precisa la modificación química de la proteína y, por 
tanto, la actividad catalítica no debe verse dañada por este motivo.  Sin embargo, el 
efecto favorable de la difusión de la enzima también puede conducir a la liberación de 
la misma cuando el biocatalizador se expone al medio de reacción, lo que no ocurre en 
la inmovilización covalente. Cuando la superficie del soporte se recubre con grupos 
funcionales para proporcionar afinidad química con la enzima, la situación cambia 
radicalmente: esta afinidad aumenta la carga enzimática y también retiene la enzima 
dentro del poro, por lo que se evita la lixiviación de la enzima que se encuentra unida 
de forma reversible [42]. En conclusión, soportes con alta área superficial, poros 
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uniformes de tamaño algo superior a las dimensiones de la enzima y que tengan grupos 
funcionales para promover la atracción, dan lugar a biocatalizadores con alta carga 
enzimática, alta actividad catalítica retenida y ausencia de lixiviación, que son las 
características deseadas de un sistema enzimático inmovilizado. 

La obtención de MMSO es posible gracias al empleo de surfactantes, moléculas 
anfifílicas que constan de, al menos, dos partes: un grupo polar hidrófilo y un grupo 
apolar hidrófobo. A temperatura constante y en medio acuoso, al aumentar la 
concentración de surfactante hasta un valor denominado concentración micelar crítica 
(CMC), se produce la reorganización de estas moléculas en agregados llamados 
micelas. La CMC es diferente para cada surfactante e incluso puede variar para uno en 
función de las condiciones fisicoquímicas específicas del sistema (pH, temperatura, 
presencia de sales o co-surfactantes, etc) [48]. Concretamente, la combinación del uso 
de surfactantes tipo Pluronics [40] con agentes expansores de micelas (compuestos 
orgánicos de naturaleza no polar que se solubilizan en el núcleo hidrofóbico de las 
micelas de surfactante y las expande) como plantillas para la formación de MMSO, 
permite la obtención de poros uniformes con amplias dimensiones que pueden 
acomodar fácilmente una molécula de enzima. Los miembros de esta familia de 
surfactantes, del grupo de los no iónicos, son copolímeros anfifílicos del tres bloques 
[poli(óxido de etileno)x-poli(óxido de propileno)y-poli(óxido de elieno)x : 
(EO)x(PO)y(EO)x] en los que las cadenas de polióxido de etileno conforman la parte 
hidrófila y la cadena de polióxido de propileno la parte hidrófoba. Cuando el empleo 
de este tipo de plantillas da lugar a sistemas de poros con estructuras de caja/ventana, 
las ventanas que conectan las cajas son, a menudo, más estrechas que las dimensiones 
de la enzima. El resultado es una gran dificultad, casi imposibilidad, de la enzima para 
difundir a través de las ventanas y una carga enzimática muy baja. El desarrollo de 
condiciones de síntesis para la producción de MMSO (que tradicionalmente se 
preparan a temperaturas superiores a 100 °C y pH inferior a 1) más suaves, brindó la 
posibilidad de desarrollar estrategias de inmovilización de enzimas in situ [43,44,49] 
que aprovecharan las características de este tipo de estructuras porosas. La enzima, 
presente en el medio de formación del material, queda atrapada permanentemente 
dentro de las cajas, dado que la estrechez de las ventanas que las conectan es 
insuficiente para que se produzca la difusión de la macromolécula hacia el exterior. 
Esta misma es la idea fundamental detrás de la inmovilización in situ en MOFs. 

Con la explosión de la investigación sobre los MOFs a finales de la década de 1990, 
se abrió un nuevo horizonte en el campo de la inmovilización de enzimas, aunque esta 
aplicación no comenzó a estudiarse hasta una década después [33]. Aprovechando la 
versatilidad estructural de los MOFs y el éxito anterior de la inmovilización de enzimas 
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en materiales mesoporosos, los primeros intentos de preparación de biocatalizadores 
basados en MOFs, se diseñaron para encapsular, mediante estrategias post-síntesis, 
algunas de las proteínas más pequeñas dentro de los canales cristalográficos y/o las 
cavidades de los MOFs más porosos [33,50–53]. Se hicieron grandes esfuerzos para 
lograr MOFs con mesoporos que consiguieran confinar proteínas pequeñas, como el 
citocromo C (Cty C) [51], la peroxidasa de rábano (HRP) [54] o la tripsina [55,56]. 
Inicialmente, estos MOFs altamente porosos solo se podían preparar usando ligandos 
muy largos, lo que resultaba en sistemas generalmente inestables. En este contexto, 
Yang et al. propusieron la idea de someter el MOF a ozonólisis para generar mesoporos 
lo suficientemente anchos para la inmovilización post-síntesis de proteínas más 
grandes, como la catalasa [57]. 

Alternativamente, las enzimas pueden anclarse en la superficie externa de las 
partículas del MOF, aprovechando la presumible afinidad química entre las enzimas y 
los MOFs en términos de la naturaleza de los grupos funcionales, polaridad, 
distribución de la densidad de carga, etc. Sin embargo, en ausencia de confinamiento, 
la adsorción de enzimas en la superficie externa de los MOFs no puede prevenir la 
lixiviación. Algunos autores han propuesto como solución la formación de enlaces 
covalentes, a través de entrecruzamiento con glutaraldehído [58–60] o EDC/NHS 
[61,62].  

Probablemente, la alternativa más prometedora sea el conjunto de estrategias 
conocidas como métodos “in situ”, “de novo” o “en un solo paso”. Como se comentó 
anteriormente, estas consisten en la síntesis de MOFs en presencia de la enzima y 
tienen el objetivo de atraparla durante el proceso de formación del material, ya sea 
dentro de un cristal o dentro de los espacios intercristalinos de los agregados formados 
por la fusión de nanocristales. En este caso, el entorno nanoporoso proporcionado por 
el MOF evitaría la liberación de las proteínas, permitiendo la difusión de sustratos y 
productos no macromoleculares. Sin embargo, las condiciones tradicionales de los 
medios síntesis de MOFs generalmente están lejos de ser "enzimáticamente 
amigables". Solo cuando el material se puede obtener en medio acuoso y en 
condiciones suaves de pH y temperatura, puede abordarse este enfoque [63]. Algunos 
materiales de la familia de MOFs basados en derivados del imidazol, conocidos como 
Zeolitic Imidazolate Framework (ZIFs), se pueden sintetizar rápidamente y en 
condiciones biocompatibles [64]. Muchos trabajos han descrito la inmovilización en 
un solo paso de multitud de enzimas, como celulasa [65] o catalasa [66], entre otras, 
en el ZIF-8. Aparte del ZIF-8, no se pueden preparar muchos más MOFs en 
condiciones tan suaves, principalmente debido a la muy baja solubilidad de los 
ligandos orgánicos en agua. La inmovilización in situ de enzimas en el MOF NH2-



Introducción 
 

 21 

MIL-53(Al) fue patentada [67] y luego reportada por primera vez por Gascón et al. 
[68]. La estrategia seguida estaba basada en la preparación sostenible del MOF a base 
de carboxilatos, por simple desprotonación de los ligandos orgánicos con una base en 
agua [69]. Este pionero trabajo fue el punto de partida para la presente Tesis Doctoral. 
Después, se han inmovilizado otras enzimas en este material [70,71] o en algunos otros 
MOFs como Fe-BTC [45,72] o CaBDC [73], que también se pueden preparar en 
condiciones suaves. 

La bibliografía recoge diferentes “estrategias mejoradas” para la preparación en un 
solo paso de biocatalizadores con mejores prestaciones. A continuación, se recogen 
algunos ejemplos. Para preservar la actividad catalítica de las enzimas, se han agregado 
macromoléculas en algunos de estos sistemas de un solo paso: la mezcla de 
polivinilpirrolidona (PVP) con Cyt C, antes del proceso de inmovilización en ZIF-8, 
forma una doble capa alrededor de la enzima que protege su actividad y estabilidad 
[63]. También se ha utilizado un derivado de lignina (DDVA) para coprecipitar 
enzimas con Ca2+ o Zn2+ y producir compuestos de Enzima@MOM [74]. Además, se 
ha agregado con éxito nanoparticulas de óxido de hierro (Fe3O4) para proporcionar 
propiedades magnéticas al composite, por ejemplo, en la síntesis de un solo paso que 
involucra al 2-metilimidazol, el acetato de zinc y la lipasa de Candida rugosa para 
formar el MOF CRL/MNP@ZIF-8 [75].  

Como se mencionó anteriormente, existe una gran afinidad entre los MOFs y las 
enzimas. Esta se puede aumentar, por ejemplo, haciendo que el entorno de la enzima 
sea más o menos hidrofóbico o hidrofílico. Así, Liang et al. [76] describieron una 
mayor actividad de la catalasa inmovilizada en un solo paso en un entorno hidrofílico 
cuando el ligando del MOF era 3-metil-1,2,4-triazol (FCAT@MAF-7) en comparación 
con el hidrofóbico FCAT-ZIF-8, donde la enzima sufre inactivación. Se descubrió, 
además, que la lipasa, cuya actividad aumenta en interfases hidrofóbicas, mejora su 
actividad cuando se inmoviliza en un entorno hidrofóbico como el del ZIF-L 
(AOL@PDMS-ZIF-L) e incrementa su estabilidad en ZIF-8 (AOL@PDMS-ZIF-8) 
mediante la adición de PDMS (polidimetilsiloxano), que proporciona un entorno 
hidrofóbico [77]. 

A lo largo de la historia de la inmovilización enzimática, cada nueva técnica o 
metodología ha aprendido y aprovechado los trabajos previos hasta llegar a las nuevas 
generaciones de biocatalizadores basados en MOFs. Donde antes la inmovilización de 
enzimas dentro de materiales mesoporosos ordenados requería espacios confinados, 
conectividad de poros y afinidad química, la inmovilización in situ en MOFs ha 
brindado soluciones como la retención de la enzima en los espacios intra o 
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intercristalinos y una fácil difusión de los sustratos a través de la red porosa [78]. Sin 
embargo, la enorme versatilidad estructural de los MOFs, con cientos de nuevos 
materiales descubiertos cada año, que además presentan una importante 
afinidad/compatibilidad con tantos otros materiales (óxidos, hidrocarburos, polímeros 
y, por supuesto, enzimas), abre enormemente el abanico de posibilidades, no solo para 
inmovilizar las enzimas de manera efectiva, sino también para diseñar racionalmente 
un hábitat óptimo para que la enzima maximice su actividad, estabilidad y 
reciclabilidad, y minimice su lixiviación e inactivación.  

Para comenzar a profundizar en el tema, continuaremos con un repaso sobre el 
desarrollo de metodologías de síntesis de MOFs en condiciones "enzimáticamente 
amigables". 
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1.4 Diseño de metodologías de síntesis de MOF 
compatibles con la inmovilización in situ de enzimas  

Los materiales MOFs ofrecen una gran versatilidad en términos de composición 
(solo limitada por la tabla periódica y la química orgánica conocida), estructuras (ya 
se conocen miles de topologías diferentes), funcionalización orgánica (incorporada a 
través de la síntesis previa o posterior) y aplicaciones [79,80]. Sin embargo, los MOFs 
también poseen otro tipo de versatilidad mucho menos explorada y explotada: la 
variedad en sus procedimientos de síntesis. 

La actividad de las enzimas depende, en gran medida, de la conservación de su 
estructura terciaria. Cambios limitados de temperatura o acidez, su exposición a 
medios que contengan especies químicas extrañas o a disolventes no acuosos, podrían 
provocar cambios conformacionales en la disposición tridimensional de la proteína y, 
por tanto, su desactivación. Las estrategias de inmovilización en un solo paso implican 
que el soporte debe poder formarse en condiciones que no alteren la 
estructura/actividad de las enzimas. Preparar MOFs en condiciones tan suaves supone 
un gran reto. Afortunadamente, desde el comienzo de la historia de estos materiales, 
se ha descrito su preparación a temperatura ambiente [81]. Sin embargo, la menor 
calidad de los materiales resultantes en comparación con sus homólogos preparados 
solvotermalmente [82,83] y la proliferación de otras metodologías alternativas a la 
solvotermal [84], dejaron los enfoques de temperatura ambiente relegados durante 
algún tiempo en la literatura científica, a pesar de los obvios beneficios tanto 
económicos como ambientales. En épocas más recientes, el desarrollo de 
procedimientos sintéticos capaces de proporcionar MOFs de mayor calidad [69,85–
91], así como la necesidad de escalar los procesos de preparación para llevarlos hasta 
las aplicaciones industriales reales, ha reavivado un cierto interés por estos métodos 
más sostenibles y económicamente viables. 

Los materiales así obtenidos, aunque isoestructurales e isocomposicionales a sus 
homólogos solvotérmicos, poseen propiedades fisicoquímicas diferentes a las de los 
materiales convencionales. Los MOFs sintetizados por precipitación a temperatura 
ambiente suelen ser nanocristalinos, lo que es una desventaja desde el punto de vista 
de la caracterización estructural. Sin embargo, dicha nanocristalinidad resulta en áreas 
superficiales más altas y, por tanto, mayores posibilidades de crear puntos de 
heterounión para cualquier composite [92]. Finalmente, la tendencia de los 
nanocristales de MOF a aglomerarse, o más bien agregarse, en partículas consistentes 
y robustas de tamaño micrométrico, los dota de mesoporosidad intercristalina 
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permanente, con diámetros de poro relativamente uniformes y capaces de albergar 
enzimas [69,87]. Por lo tanto, los MOFs así generados no solo son mucho más 
sostenibles económica, energética y medioambientalmente, sino que también sus 
propiedades resultantes son más adecuadas que las de sus homólogos tradicionales 
para ciertas aplicaciones, como el uso directo como catalizadores y la inmovilización 
efectiva de enzimas. 

La Figura 1.4 establece las condiciones generales para la preparación de MOFs a 
través de la metodología convencional (solvotérmica), así como los enfoques sintéticos 
sostenibles de algunos de los que se pueden preparar bajo estas condiciones.  

 
Figura 1.4. Representación esquemática de las diferentes estrategias sintéticas (en 
verde) para la obtención de MOFs bajo condiciones sostenibles, a partir de la 
formación convencional de un MOF (en rojo). La esfera amarilla representa el volumen 
libre dentro de la cavidad MOF-5. Figura reproducida a partir de la referencia [93]. 

En los MOFs basados en carboxilatos, la forma ácida utilizada como fuente del 
ligando puede ser desprotonada por una base [69,81–83,88–90] (estrategia 1 en la 
Figura 1.4), lo cual es fundamental tanto para favorecer la disolución del ligando como 
para permitir la reacción directa entre el metal y los grupos carboxilato. Aunque podría 
suponerse que el uso de una base (por ejemplo, hidróxido sódico) aleja el proceso de 
ser sostenible, su papel como agente desprotonante (neutralizando la forma ácida del 
ligando) y la estequiometría en la mezcla de síntesis, aseguran que la base no se 
encuentre en el medio de reacción final. Paradójicamente, el uso de esta base hace que 
el sistema sea más respetuoso con el medio ambiente, ya que los subproductos ácidos 
corrosivos generados en la cristalización solvotérmica, como HNO3, HCl o H2SO4 
(dependiendo de si las fuentes metálicas son nitratos, cloruros o sulfatos, 
respectivamente) se sustituyen por las sales inocuas NaNO3, NaCl o Na2SO4 [69].  
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Alternativamente, el uso de carboxilatos (en particular, acetatos) como fuentes del 
metal, permite reacciones de intercambio iónico entre los ligandos que contienen 
carboxilatos y los acetatos coordinados con los metales (estrategia 2 en la Figura 1.4), 
para conducir la formación de MOFs sin ningún aporte de energía adicional y sin la 
adición de ninguna especie química que actúe como agente desprotonante o modulador 
[85,94–96].  

De manera similar, el ZIF-8, basado en ligandos imidazolato, no necesita ninguno 
de estos estímulos, ya que el simple contacto del metal y el ligando conduce fácilmente 
a la formación del MOF [97–101] (estrategia 3 en la Figura 1.4). La facilidad de 
formación de ZIF-8 se ve favorecida por la alta solubilidad del ligando 2-metilimidazol 
en agua, lo que permite la formación espontánea de este MOF a temperatura ambiente.  

Cabe señalar que, a diferencia de las síntesis descritas en el Figura 1.4, las 
estrategias de inmovilización in situ de enzimas en MOFs, implican que la propia 
enzima está presente en el medio de formación del material. Por lo tanto, 
potencialmente podría alterar la química del medio y la formación del soporte, 
especialmente en situaciones en las que hay interacciones significativas entre las 
enzimas y el MOF [102,103]. Además, las enzimas contienen grupos carboxilato, 
similares a los de algunos ligandos mencionados anteriormente. Como consecuencia, 
la presencia de enzimas podría cambiar la cinética de formación, fomentar o evitar la 
aparición de impurezas o de defectos, variar el tamaño de los cristales, la 
mesoporosidad intercristalina, etc., en el material resultante. 
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1.5 Preparación in situ de biocatalizadores basados 
en MOFs 

La Figura 1.5 muestra una comparación entre los procedimientos post-síntesis e in 
situ para la inmovilización de enzimas en soportes basados en MOFs. Para aclarar la 
notación, se hablará de biocatalizadores Enzima#MOF cuando el método empleado 
sea el post-síntesis (dos pasos), mientras que para los biocatalizadores preparados 
mediante la metodología in situ (un solo paso), se utilizará: Enzima@MOF.  

Aunque cada biocatalizador Enzima@MOF debe estudiarse individualmente en 
detalle, en términos generales, los métodos de un solo paso ofrecen mayores ventajas 
que los de dos. Aparte de la rapidez y facilidad con la que se obtienen los 
biocatalizadores Enzima@MOF, la inmovilización in situ resulta más eficaz y 
eficiente, con cargas más altas y lixiviados enzimáticos insignificantes. 

 
Figura 1.5. Esquemas de la metodología in situ o de un solo paso (izquierda) y la 
metodología de dos pasos o post-síntesis (derecha) para la inmovilización de enzimas 
en soportes basados en MOF preparados en condiciones suaves. Por supuesto, el 
primer paso de la metodología post-síntesis, es decir, la preparación del MOF en 
ausencia de enzima, podría llevarse a cabo en condiciones convencionales, lo que 
convertiría el proceso en más laborioso y dañino medioambientalmente. 

La inmovilización de enzimas en un solo paso se ha descrito previamente para una 
amplia variedad de MOFs, como se indica en la Figura 1.4. Sin embargo, cualquier 
estrategia dada depende de las características específicas del soporte, tales como la 
naturaleza del ligando (carboxilatos, imidazolatos, etc.) y su funcionalización, su 
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mesoporosidad intercristalina intrínseca, el tamaño de sus cristales, el pH de su medio 
de síntesis, la naturaleza del metal, etc. Estos factores influyen significativamente en 
la compatibilidad del biocompuesto específico, con efectos posteriores sobre la 
actividad catalítica retenida por la enzima, la afinidad MOF/enzima o la eficiencia de 
inmovilización. En este punto, invitamos al lector a consultar el artículo de revisión 
incluido en el Anexo II [93], cuyo objetivo es recoger los avances en la síntesis in situ 
de biocatalizadores preparados a partir de la inmovilización in situ de enzimas sobre 
MOFs. Allí podrán encontrar un apartado específico para cada una de las estrategias 
descritas en la Figura 1.4, así como los ejemplos de biocatalizadores Enzima@MOF 
más representativos recogidos en la bibliografía científica. 

Buena parte de los trabajos incluidos en la presente Tesis Doctoral se han centrado 
en el empleo del MOF NH2-MIL-53(Al) como plataforma para la inmovilización in 
situ de lacasa y lipasa. El MIL-53(Al) es uno de los MOFs flexibles más conocidos. A 
pesar de estar formado por ligandos rígidos y enlaces carboxilato-aluminio 
relativamente fuertes, posee la capacidad de adoptar, de manera reversible, diferentes 
estructuras, sin la formación o ruptura de un solo enlace, en respuesta a estímulos 
externos como variaciones de temperatura, presión, hidratación, etc. [104]. La síntesis 
en agua y a temperatura ambiente de materiales X-MIL-53(Al) (X = -H, -NH2, -NO2), 
solo se ha descrito asistida por una base [69,105]. A pesar de que tanto MIL-53(Al) 
como NH2-MIL-53(Al) se han preparado con éxito en las mismas condiciones, existen 
diferencias en sus cinéticas de formación y en su mesoporosidad intercristalina [69], 
que podrían ser claves para la viabilidad de la inmovilización efectiva de enzimas sobre 
estos soportes. El MIL-53(Al) necesita tiempos de síntesis de hasta cuatro días para 
completar su cristalización, mientras que NH2-MIL-53(Al) apenas necesita unos pocos 
minutos/horas [69,70].  Además, sus distribuciones de tamaño de poro están centradas 
en 35 y 6.5 nm, para el MIL-53(Al) y el NH2-MIL-53(Al), respectivamente. En base a 
esto y a que la inmovilización in situ de β-glucosidasa se había llevado a cabo con 
éxito sobre el MOF NH2-MIL-53(Al) [105] en nuestro grupo de investigación, los 
primeros esfuerzos de la investigación de la que deriva esta Tesis Doctoral, se 
dedicaron a la extensión de este sistema a otras enzimas, para luego avanzar hacia la 
optimización de sus propiedades, la caracterización estructural avanzada y la 
aplicación final de los biocatalizadores en reacciones de marcado interés socio-
económico.  A continuación, en el Capítulo 2, se especificarán los objetivos, general y 
específicos, de la presente Tesis Doctoral.  
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Los MOFs se perfilan como alternativas prometedoras a los materiales porosos 
tradiciones para un amplio abanico de aplicaciones. Estos materiales son 
extraordinariamente versátiles en cuanto a estructura, composición y métodos de 
preparación. La posibilidad de prepararlos en condiciones suaves de presión, 
temperatura y medo acuoso, los convierte en excelentes candidatos para la 
inmovilización de enzimas.  

En este contexto, el objetivo principal de la presente Tesis Doctoral es el 
desarrollo de estrategias adecuadas para la obtención de biocatalizadores 
heterogéneos basadas en la inmovilización in situ de enzimas sobre MOFs, su 
caracterización mediante técnicas avanzadas que arrojen luz a las grandes incógnitas 
de estos sistemas y su aplicación en la eliminación de contaminantes emergentes de 
aguas residuales, centrándonos concretamente en la degradación del bisfenol A.  

Para alcanzar dicha meta, los objetivos específicos que se han planteado durante 
el desarrollo de esta Tesis, han sido:  

1. Diseño de métodos de inmovilización de enzimas sobre materiales porosos: 
- Inmovilización post-síntesis de enzimas sobre materiales mesoporosos 

silíceos tradicionales.  
- Inmovilización in situ de enzimas sobre MOFs.  
- Comparación de las estrategias in situ y post-síntesis.  

2. Diseño de métodos de inmovilización de enzimas sobre MOFs con porosidad 
mejorada: 

- Empleo de surfactantes para la inducción de mesoporosidad en MOFs. 
- Preparación de biocatalizadores mesoporosos en un solo paso. 

3. Caracterización avanzada de biocatalizadores Enzima@MOF 

- Caracterización de MOFs nanocristalinos mediante PDF (Pair Distribution 
Function) 

- Caracterización de biocatalizadores Enzima@MOF mediante PDF  

4. Aplicación de los biocatalizadores Enzima@MOF en la degradación de 
bisfenol A: 

- Degradación de bisfenol A en reactores tipo batch. 
- Degradación de bisfenol A en reactores de flujo continuo
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Abstract 
Ordered Mesoporous Materials offer wide application areas in chemistry and 

biotechnology. SBA-15 displays hexagonal arrangement of parallel unidirectional 
channels, where pore size and particle morphology are the controlling parameters 
when used as enzyme support to favour the diffusion of the protein molecules. The 
synthesis conditions can be controlled to yield the desired structural and morphological 
features of the material, as well as the functionalization of its surface to improve 
chemical affinity with the enzyme. Functionalization with amine groups has been 
performed to immobilize laccase on SBA-15. Particles of SBA-15 with short channels 
(300–500 nm length) and large pore diameter (10–14 nm) have been obtained. The 
experimental parameters varied to control the structural features were surfactant, 
micelle expander and silica source. Upon functionalization with amine groups, laccase 
was immobilized at a pH in the range between the isoelectric point of the enzyme (pI 
= 4.2) and the pKa value of the amino groups (~10) via non-covalent (electrostatic) 
interaction   between carboxylate groups of the enzyme and the protonated amino 
groups. The enzyme was successfully immobilized on all the supports tested (loading 
from 18 to 57 mg·g-1) with fair catalytic activity and observing enzyme desorption 
(leaching) below 9 % after 48 h in all cases. 

Keywords:  
Ordered mesoporous materials; Laccase; Expanders; Immobilization; Pluronic PE10400 
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3.1 Introduction 
Ordered mesoporous materials (OMM) have been applied in many areas of 

chemistry and biotechnology [1]. SBA-15 silica has been used as a support for 
biomolecules being the pore size a limiting factor for the size and therefore the origin 
of the macromolecule employed [2,3]. We have extensively worked on the 
immobilization of different enzymes learning in the process that along with tuning the 
surface chemistry, pore size has to be just as large or as small as the enzyme, in order 
to have an efficient immobilization [4]. As important as the suitable pore size, particle 
morphology plays a crucial role in achieving optimum biocatalysts [5].  

In this work, we aim to control structural features of SBA-15 in order to optimize 
immobilization of laccase. Laccases belong to an important class of enzymes, blue 
multicopper oxidases, which act on phenols and similar molecules, performing one-
electron oxidations. In recent years, laccases have been widely applied in the treatment 
of wastewater from different industries such as textile and especially in the degradation 
of emergent pollutants, such as bisphenol A [6] or estrogens [7]. Amino-functionalized 
SBA-15 silica has been reported to be an efficient support for the immobilization of 
laccase [8]. This material could be prepared by co-condensation or grafting concluding 
that high enzyme loadings are achieved using grafting over large-pore materials [9]. 
Bearing in mind that the diameter of the mesopores would be decreased after 
functionalization with aminopropyl groups, a pore size larger than 12 nm should be 
obtained in the pristine SBA-15 after calcination, in order to achieve efficient 
immobilization of the target enzyme.  

Pore expansion of these surfactant-templated mesoporous materials can be 
accomplished by addition of swelling agents. These compounds commonly interact 
with the hydrophobic core of surfactant micelles, yielding larger pore sizes [10]. 
Different molecules such as 1,3,5-trimethylbenzene (TMB), 1,3,5-triethylbenzene 
(TEB) and 1,3,5-triisopropylbenzene (TIPB), amines or mixtures of swelling agents 
have been tried as a controller of pore size [11]. However, the larger pore sizes of 
mesopores lead to less ordered structure when the pore size increases above 10 nm 
[12]. Besides maintaining the structure while increasing the pore size, the particle 
morphology of SBA-15 has to be tuned to avoid long diffusion paths in catalysis [13]. 
In the present work, the aim was to obtain short-channel SBA-15 with pore size around 
12 nm. In order to achieve this goal, different SiO2 sources such as tetramethoxysilane 
(TMOS), tetraethoxysilane (TEOS), fumed silica, and silica extracted from corn have 
been tested. Silica obtained from agricultural residue of different sources has been 
tested in the synthesis of SBA-15 [14], however the efforts found in the literature were 
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mainly devoted to the analysis of the resulting silica rather than to the actual impact 
on the final SBA-15. In our study, the aim was to slow down the kinetics in the 
synthesis of SBA-15 by using sodium silicate, which is obtained by the extraction 
process developed by Azizi et al. [15] for corn waste, to further compare the influence 
with commercial fumed silica.  

Pluronic PE10400 (P104) as well as Pluronic P123 (P123) have been mixed with 
1,3,5-triisopropylbenzene (TIPB) and heptane as expanders to tune the pore size while 
maintaining short-channel morphology, below 450 nm channel length. After 
calcination, those samples with pore size above 12 nm were grafted with aminopropyl 
and diaminoalkyl groups to obtain the N-SBA-15 and 2N-SBA-15 supports, 
respectively. Finally, laccase was loaded by adsorption at two different concentrations, 
and the activity and stability in the support was evaluated. 

 

 

3.2 Experimental section 

3.2.1 Synthesis of SBA-15 and N-SBA-15 

SBA-15 samples were obtained from gels with molar composition: SiO2: x 
Surfactant: y Expander: z HCl: 0.03 NH4F: w H2O, where x, y, z and w are varied as 
indicated in Table 3.1. Non-ionic surfactants employed are Pluronic P123 
(EO20PO70EO20, Aldrich) and/or PE 10400 (EO27PO62EO27, BASF). 
Triisopropylbenzene (TIPB, Aldrich) or n-heptane (99 % HPLC grade, Scharlau) are 
employed as micelle swelling agents. The silica sources used are 
tetramethylorthosilicate (TMOS, Alfa), tetraethylorthosilicate (TEOS, Alfa) or sodium 
silicate solution. In the latter case, the solution was prepared dissolving 2 g of silica 
(either Aerosil fumed silica or SiO2 obtained from corn as detailed in Figure 3.1) in a 
10 ml NaOH aqueous solution containing 2.66 g of NaOH (NaOH/SiO2 mol ratio of 
2). In a typical SBA-15 synthesis, 3.43 g of P104 and 0.0377 g of NH4F were dissolved 
at room temperature in 146 ml of 1.1 M HCl solution, in a closed container using a 
magnetic stirrer. As soon as the surfactant was fully dissolved, 2.35 ml of expander 
were added and the container was transferred to an incubator at a temperature of 15 °C 
and stirred for 1 h. Then, 5.05 ml of sodium silicate solution were added dropwise and 
stirred at 15 °C for 24h. The obtained gel was aged at 80 °C for 48 h under static 
condition. The mixture was filtered and washed with water and dried at room 
temperature. The final samples were calcined at 550 °C for 5 h in air.  
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Selected samples were functionalized with aminopropyl groups using 3-
aminopropyltriethoxysilane (APTESi, 99 % Sigma Aldrich) and 3-(2-
aminoethylamino) propyldimethoxymethylsilane (AADMSi, 97 %, Sigma-Aldrich). 
To carry out the grafting, 1 g of calcined SBA-15 was placed in a round bottom flask 
and degassed over night at 80 °C to remove adsorbed water. Then, 50 ml of dry toluene 
were added to disperse the dry sample, and 1.2 ml of APTESi or AADMSi were 
introduced and the mixture refluxed for 24 h, at atmospheric pressure under N2. The 
suspension was washed with toluene and acetone, filtered and dried at room 
temperature for 24 h. 

 

3.2.2 Characterization techniques  

X-ray diffraction (XRD) patterns were collected with a PANalytical X´Pert Pro 
diffractometer (CuKα radiation, λ = 0.15406 nm). Thermogravimetric analyses (TGA) 
were performed on a PERKIN ELMER TGA7 thermogravimetric analyzer. Samples 
were heated at a rate of 20 °C·min-1 to a maximum temperature of 900 °C under air. 
Nitrogen adsorption and desorption isotherms were measured in a Micromeritics 
ASAP 2420 physisorption analyser and all the samples were degassed at 350 °C for 16 
h prior to data collection. The specific surface areas were determined from the linear 
portion of the Brumauer–Emmett–Teller plots. The pore size distributions were 
calculated from nitrogen adsorption data using methods of non-local density functional 
theory (NLDFT) with the kernel function for oxide materials with cylindrical pores. 
Reported pore diameter (Table 3.1) corresponds to the maximum in the pore size 
distribution. Scanning electron microscopy (SEM) images were recorded using a FEI 
Nova NanoSEM 230 coating the samples with chromium. Transmission electron 
microscopy (TEM) images were acquired with a JEOL 2100 operating at 200 kV. For 
the TEM observations, the samples were dispersed in ethanol and dropped on to a 
holey carbon film on a copper grid. 

 

3.2.3 Laccase Immobilization and leaching test  

The enzyme was extracted from Laccase M120 powder from Amano (Japan) by 
suspension in 50 mM acetic acid/sodium acetate buffer at pH 5.5 (10.9 mg/ml) and 
vigorous stirring for 2 h and further centrifugation and ultrafiltration with a membrane 
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of 30 kDa pore size until a protein content of 0.5 or 1 mg/ml (determined by Bradford 
analysis). To carry out enzyme immobilization, 50 mg of support were suspended in 
10 ml enzyme solution with different laccase concentrations in 50 mM acetic 
acid/sodium acetate buffer at pH 5.5 and left under mild stirring at room temperature. 
Aliquots were withdrawn at selected times and the enzymatic activity of supernatant 
was analysed by the ABTS oxidation assay described below. The end point of the 
immobilization process is defined by the decrease in activity of the supernatant to a 
minimum and constant value. The activity of laccase at 25 °C was assayed 
spectrophotometrically by measuring the increase in absorbance at 405 nm (ε = 35,000 
M−1cm−1) caused by the oxidation of 2,2’-azino-bis-(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS, from Sigma, USA). To a cuvette containing 
1.9 ml of 1.6 mM ABTS solution in 100 mM acetic acid/sodium acetate buffer at pH 
4.5, 50 µl of supernatant were added under stirring. The solid was separated by vacuum 
filtration using a quartz fritted funnel, and washed with acetate buffer (50 mM, at pH 
5.5, the same as used for immobilization). Then the solid samples were dried under 
dry nitrogen stream, and stored at 4 °C. For calculation of the immobilization yield, 
protein content of the supernatant was measured with Bradford assay, using Bio-Rad 
Protein Assay (Bio-Rad, München, Germany) and bovine serum albumin (BSA) as 
protein standard.  

The release of the protein under high dilution and low ionic strength conditions 
was studied. The biocatalysts were incubated in 50 mM acetic acid/sodium acetate 
buffer at pH 5.5 and the solid/total volume ratio was 2 mg of solid per ml of buffer. At 
this pH, enzyme-support interactions are weak and the effect of support structure on 
leaching prevention can be observed. The suspensions were mildly stirred in a roller 
shaker. Enzyme leaching was calculated by observing the appearance of enzyme in the 
supernatant with Bradford assay, using Bio-Rad Protein Assay (Bio-Rad, München, 
Germany) and bovine serum albumin (BSA) as protein standard. 

 

 

3.4 Results and Discussion 
As a new synthesis approach, we have used the components of the corn plant from 

Iran (agricultural waste) to produce SiO2 nanoparticles (Figure 3.1), to be used as a 
silica source in the form of sodium silicate (see Experimental Section for details). The 
idea is to slow the kinetics of the hydrolysis and condensation to control the crystal 
growth of mesoporous silica particles. Silica from agricultural waste is an alternative 
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to prepare mesoporous materials. For comparison purposes, sodium silicate prepared 
from commercial fumed silica, as well as TMOS and TEOS, were employed to prepare 
supports with SBA-15 structure.  

 
Figure 3.1. Extraction of silica from corn waste. 

Table 3.1 collects the different parameters varied and the relevant characterization 
results. SBA-15 was successfully prepared using silica from corn waste, not only with 
the conventional surfactant P123 (sample FE-31), but also with P104 (sample FE-21) 
and, furthermore, with mixtures of the two of them (sample FE-32).  

As it can be observed from the XRD profiles plotted in Figure 3.2, in the three 
cases, highly ordered SBA-15 is formed showing the typical hexagonal symmetry with 
a highly intense 100 diffraction peak, followed by two less intense 110 and 200 
reflections. The position of the 100 reflection shifts to lower 2Θ values for FE-31, 
suggesting that P123 yields larger unit cell than P104 (FE-21).  
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Table 3.1. Synthesis gel composition, weight loss of as-synthesized SBA-15 samples 
(from TGA), particle morphology (SEM/TEM) and textural properties of their calcined 
counterparts (from N2 adsorption/desorption experiments). 
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Figure 3.2. XRD patterns of selected SBA-15 samples synthesized using sodium silicate 
from corn waste (FE-21, FE-31, FE-32) and conventional silica sources, TMOS (FE-11), 
TEOS (FE-16) and fumed silica (FE-22, FE-41). 

Pore size values (Table 3.1) obtained using the DFT method applied to the 
adsorption branch of the N2 isotherm confirms that this increase is due to a larger pore 
size of FE-31 using P123 with TIPB as expander (14 nm). Selected N2 isotherms are 
plotted in Figure 3.3.  

The use of expanders is known in the conventional synthesis of SBA-15 with P123 
(EO20PO70EO20) [11], although it has not been thoroughly tried with PE10400 
(EO27PO62EO27), with slightly more hydrophilic character that usually forms shorter 
micelles, which promotes SBA-15 growing preferentially in the ab plane [16]. In this 
case, sample FE-21 prepared with P104, silica from corn waste and TIPB yielded a 
pore size of 10 nm which implies an increment of at least 2 nm from the material 
reported by Linton et al [17]. Interestingly, sample FE-21 maintains the hexagonal 
plate morphology reported by the authors (Figure 3.4 (A)) yet crystals dimensions are 
in general much smaller probably due to a slower kinetics in the synthesis obtained 
using sodium silicate. The average hexagonal plate width obtained is 400-450 nm, with 
the channel length measured by TEM ranging between 250 and 400 nm (Figure 3.4 
(C)). This result implies that TIPB is acting as a swelling agent forming mixed micelles 
while prevailing the crystal growth mechanism described by Linton et al [17]. 
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Figure 3.3. N2 adsorption-desorption isotherms of samples prepared with conventional 
silica sources, TMOS (FE-11), TEOS (FE-16) and fumed silica (FE-22, FE-41), and silica 
from corn waste (FE-21, FE-31, FE-32). Full symbols apply to adsorption and open 
symbols to desorption. Plots have been incremented by 20 (FE-16), 25 (FE-21), 35 (FE-
22), 50 (FE-31), 65 (FE-32) and 75 mmol/g (FE-41). 

 

Figure 3.4. (A) SEM of sample obtained using silica from corn, P104 and TIPB (FE-21) 
showing hexagonal plate morphology. TEM images allow observing the hexagonal 
arrangement of channels along the [001] zone axis (B) and the perpendicular 
projection (C) showing 250-400 nm channel length. 

The role of the silica source is crucial in achieving this morphology while 
increasing the pore size. Slow kinetics preserves the formation of mixed micelles 
avoiding the formation of vesicles. The same experiments run with fumed silica (FE-
22) produces samples with very similar porosity (see Table 3.1 and Figure 3.3) but 
with slightly different morphology (Figure 3.5). In this case the crystals do not adopt 
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the hexagonal platelet morphology, instead they are small fibres formed by 
agglomerated particles of 400-450 nm channel length (Figure 3.5 (A) and (C)) showing 
hexagonal section of around 200 nm width, very difficult to measure due to the 
aggregation of the fibres observed in the ab plane in Figure 3.5 (B). 

 
Figure 3.5. (A) SEM of sample obtained using fumed silica, P104 and TIPB (FE-22) 
showing small fibre morphology. TEM images allow observing the hexagonal section 
along the [001] zone axis (B) and the perpendicular projection (C) showing 400-450 nm 
channel length. 

The differences in morphology obtained between the synthesis performed with 
sodium silicate obtained from corn silica and fumed silica are yet not understood. In 
both cases, the hydrolysis and condensation steps should be rather slow obtaining small 
crystals with very short channels (<450 nm), although corn silica yields more regular 
hexagonal plates than fumed silica. Anyhow, the syntheses were reproducible 
obtaining systematically the same hexagonal morphology with short channels, 
characteristic of SBA-15 prepared with Pluronic PE10400.  

To extend the comparison, conventional sources of silica were tested, aiming for a 
faster hydrolysis. Table 3.1 collects the structural and morphological description of the 
synthesis performed with different silica sources. TMOS used with P104 in the same 
conditions (FE-11) allows swelling of the micelles yielding pores up to 20 nm wide 
(see Table 3.1) although the regular morphology is lost and the formation of vesicles 
hinders the accessibility to the mesochannels (Table 3.1, Figure 3.S1 (A)). 
Concentrating the gel disturbs the formation of well-ordered SBA-15 (FE-13) as well 
as the formation of small hexagonal plate morphology (FE-23 and FE-25). When 
increasing the amount of expander (TIPB), there is a slight increase of pore size from 
fumed silica (FE-24) to TMOS (FE-15) to TEOS (FE-16). However, the obtained pore 
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diameters do not increase as expected and the diffusion paths were disrupted hindering 
the aimed result of isolated short channels (Table 3.1 and Figure 3.S2) [18]. In the case 
of P123 with TMOS (FE-01), the obtained pore sizes are larger than using P104 
although the expander induced the presence of vesicles leading to pore blockage 
(Figure 3.S1 (B)). For all these results the above mentioned materials were discarded 
as supports for laccase immobilization. 

When silica from corn is employed with surfactant P123 (sample FE-31) large pore 
size is obtained yet showing clean elongated particles with no aggregation as fibres 
(Figure 3.6).  

 
Figure 3.6. (A) SEM of sample obtained using silica from corn, P123 and TIPB (FE-31) 
showing fibre morphology. TEM images allow observing the small fibre section with 
irregular shape (B) and the channel length of 400-500 nm (C). 

These small fibres are not straight. Instead they are all curved as it can be observed 
in the SEM image of Figure 3.6 (B). The fibre section in Figure 3.6 (A) shows the 
hexagonal arrangement of mesochannels, yet no particular morphology is shown as 
expected for P123 surfactant. The estimated dimensions would be between 400 and 
500 nm long (Figure 3.6 (C)) with a section of 50 to 100 nm. Mixtures of surfactants 
were also attempted in sample FE-32, using P123 and P104, aiming to prevail the short 
micelles and the hexagonal plate shape over the elongated fibres. However, no 
remarkable improvement was obtained, see Figure 3.S2 (D). Thus FE-31 was chosen 
for further functionalization and immobilization of laccase. Even though the hexagonal 
plate morphology disappeared, sodium silicate allowed the formation of isolated 
particles with small dimensions and good textural properties. 
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Finally, heptane was tested as expander, knowing that is a good expander for P123 
[19], but it has not been tested for P104.  

Sample FE-41 and FE-42 in Table 3.1, obtained from fumed silica, P104, and using 
heptane as expander in two different molar ratios, yielded globular particle shape, yet 
close to be hexagonal plates, 250-400 nm section and with 300 nm channels length 
(Figure 3.7). This morphology along with its 12 nm pore size show promising 
properties for laccase immobilization. 

The SBA-15 supports obtained from corn waste, FE-21 and FE-31, as well as 
sample FE-41 obtained with fumed silica and P104 using heptane as expander, were 
selected due to their optimum textural properties to be functionalized with amino 
groups yielding N-SBA-15. The functional groups employed are described in Figure 
3.8 and the characterization of the supports is included in Table 3.2. 

 
Figure 3.7. (A) SEM of sample obtained using silica from corn, P104 and heptane (FE-
41) showing globular morphology. TEM images allow observing the small hexagonal 
section (B) and the channel length of 300 nm (C).  

 

 
Figure 3.8. Functional groups employed to enhance the affinity with laccase via non-
covalent interactions. 
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Table 3.2. Laccase immobilized on the different N-SBA-15 materials using enzyme 
solution with either low (DIL) or high (CONC) concentration. 

Sample Pd (nm) 
mmol  organic group/g SiO2 Enz loading / mg·g-1 

–Pr–NH2 –Pr–NH–Et–NH2 DIL CONC 

FE-21-N 9.3 1.6   21 

FE-31-N 12.2 1.9  28 18 

FE-41-N 11.1 1.4  28 31 

FE-41-2N 10.4  1.2  57 

 

As it can be observed, the functional groups have been successfully anchored and 
the pore size has been slightly decreased. FE-21-N has sufficient functional groups, 
yet the pore size has decreased significantly, from 10.1 to 9.3 nm, which might hinder 
the diffusion of laccase molecules. Sample FE-31-N shows higher amount of amino 
groups with small sacrifice of the pore size probably due to the larger pore size of the 
parent material, which was 14 nm, that after functionalization resulted in 12.2 nm, still 
large enough for immobilization. Finally, sample FE-41 with 12 nm starting pore size, 
prepared with heptane was tested with the functionalization of amino and diamino 
groups yielding high amount of functional groups and relatively large pore size (11.1 
and 10.4 nm, respectively). 

Laccase was immobilized on N-SBA-15 supports via electrostatic interactions at 
pH 5.5, between the enzyme pI (4.2) and the amino groups pKa (~10). The enzyme 
was immobilized on all the supports tested and the catalytic activity was measured by 
ABTS test. The values obtained in these cases are all lower than those obtained in our 
group in early papers [5]. Anyhow, in all cases the enzyme desorption after 48 h of 
leaching test was below 9% indicating that the dimensions of pore channels are 
appropriate for laccase confinement (Table 3.2). Higher enzyme loading is achieved 
with diluted enzyme solutions on FE-31-N probably because formation of enzyme 
aggregates is prevented. 

FE-41 particles with shorter channels offer less diffusional restriction to enzymes, 
due to higher surface close to external edge of the particles [5]. This higher availability 
of surface enables higher enzyme loading in both, mono- and diamino-functionalized 
samples. Functionalization with AADMSi carrying 2 amino groups per molecule 
induces higher affinity and improves enzyme loading. Noticeably, the highest loading 
is not achieved with the wider pore support but with the one offering a pore size close 
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to the size of the macromolecule, short channels and optimum functionalization: FE-
41-2N. 

 

 

3.5 Conclusions 
SBA-15 samples with large pore size, in the range 10-14 nm, were synthesized 

successfully using non-ionic surfactant P104 and TIPB or heptane as micelle expander. 
Sodium silicate obtained either from silica corn waste or fumed silica seems to have 
optimum kinetics for the formation of the mixed micelles in short dimensions. These 
studies led to amino-functionalized, expanded-pore, ordered mesoporous silica 
materials N-SBA-15 with different features, which were successfully used as support 
to immobilize an enzyme with large molecular size like laccase. The electrostatic 
interaction between protonated amino groups and carboxylate anions of the surface of 
the enzyme yields fair amount of enzyme loading.  
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Supplementary Information 

 
Figure 3.S1. TEM images of sample FE-11 (A) showing not connected pores, and 
FE-01 (B) showing vesicles interrupting the channels. 

 
Figure 3.S2. Low magnification images of samples prepared with fumed 
silica/P104, FE-24, showing long fibres of connected mesochannels (A); 
TMOS/P104, FE-15, where the outer surface of the particles is formed by non-
porous layer (B); TEOS/P104, FE-16, formed by highly agglomerated yet very small 
fibres (C); and corn silica/P123+P104, FE-32 (D). 
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Abstract 
Metal-organic framework (MOF) materials possess the widest versatility in 

structure, composition, and synthesis procedures amongst the known families of 
materials. On the other hand, the extraordinary affinity between MOFs and enzymes 
has led to widely investigating these materials as platforms to support these catalytic 
proteins in recent years. In this work, the MOF material NH2-MIL-53(Al) has been 
tested as a support to immobilize by one-step methodology (in situ) the enzyme 
lipase CaLB from Candida antarctica by employing conditions that are compatible 
with its enzymatic activity (room temperature, aqueous solution, and moderate pH 
values). Once the nature of the linker deprotonating agent or the synthesis time were 
optimized, the MOF material resulted in quite efficient entrapping of the lipase CaLB 
through this in situ approach (>85 % of the present enzyme in the synthesis media) 
while the supported enzyme retained acceptable activity (29 % compared to the free 
enzyme) and had scarce enzyme leaching. The equivalent post-synthetic method led 
to biocatalysts with lower enzyme loading values. These results make clear that the 
formation of MOF support in the presence of the enzyme to be immobilized 
substantially improves the efficiency of the biocatalysts support for retaining the 
enzyme and limits their leaching. 

Keywords:  

CaLB lipase; enzyme immobilization; in situ; MOF support; nanocrystalline; NH2-MIL-
53(Al); one-step; post-synthesis 
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4.1 Introduction 
Immobilized lipases are currently used in many processes, most of them related to 

the pharmaceutical industry due to their enantioselectivity. Among many others, 
typical examples are the enantiomeric esterification of captopryl (antihypertensive) 
or the aryl propionic analgesics such as (S)-naproxen. The immobilization of lipases 
to lead solid biocatalysts is essential for their applications as it allows their 
stabilization and easy recovery from the liquid reaction media and subsequent reuse. 

The discovery of permanent porosity in certain thermally-stable coordination 
polymers, the so-called metal-organic frameworks (MOFs) [1–4], at the end of the 
last century, probably gave rise to the greatest ever revolution in the field of porous 
materials. MOFs are nanoporous coordination polymers, generally but not always 
crystalline, formed by either isolated metal ions or metal clusters linked by 
multidentate (at least, bidentate) organic ligands given rise to structures extended 
along two or three spatial dimensions [5]. Indeed, more than 90,000 MOF materials 
have been described in two decades [6,7], involving a diverse selection of metals and 
numerous organic linkers. The extraordinary versatility of MOFs is not only 
structural or compositional but also in terms of synthesis methods [8,9], which 
contrasts with the almost monotonous hydrothermal procedures used in the synthesis 
of inorganic microporous materials. 

Amongst the numerous potential applications of MOFs, their use as enzyme 
supports has awakened the interest of the scientific community in the past few years 
[10–17], particularly since the intrinsic pore size of MOFs does not have to be 
necessarily larger than the enzyme size [18–24]. 

Owing to the initial pore size limitation (only enzymes of a certain dimension 
could be encapsulated within a MOF) as reported by Ma et al. [25–28], other 
methodologies were developed in an attempt to universalize the enzymatic 
immobilization of MOFs. By taking advantage of: (i) The favourable chemical 
affinity between the MOF materials and enzymes [18], (ii) the possibility of 
preparing the MOFs supports under enzymatically compatible conditions, which 
enables the enzyme immobilization within or onto the surface of the MOF material in 
one step [18–22], or (iii) the chance of using the enzyme as the organic linker for the 
MOF material [24], therefore many methodologies of preparing MOF-supported 
solid biocatalysts were rapidly and simultaneously developed by different research 
groups. 

https://www.mdpi.com/2073-4344/10/8/918#B5-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B6-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B7-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B8-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B9-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B10-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B17-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B18-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B24-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B25-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B28-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B18-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B18-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B22-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B24-catalysts-10-00918
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The synthesis of some carboxylate-based MOF materials, which are the most 
common MOFs to support enzymes, can be readily carried out in aqueous solutions 
at room temperature by employing a deprotonating agent to solubilize the insoluble 
carboxylate acid [29–33]. In addition, some of the so-formed MOFs can be 
crystallized in the nanometre scale, which could have important advantages in 
particular applications such as heterogeneous catalysis. Moreover, they possess very 
high external surface areas [29] that favour their interaction with any 
macromolecules (for instance, enzymes). This fact, together with the natural 
chemical affinity of the enzyme for the MOF [18], makes the in situ approach for 
enzyme immobilization onto MOF-based supports a very efficient method [19–24]. 
Furthermore, immobilization is presumably non-covalent, so minor activity loss 
against that of the free enzyme could be reached. 

One of the nanocrystalline MOF materials able to be prepared under these 
sustainable conditions is the X-MIL-53(Al), where X denotes an organic functional 
group (such as -H, -NH2 or -NO2) [29,30]. The structure of the as-prepared NH2-
functionalized MIL-53(Al) shown in Figure 4.S1, evidences that their pores, which 
are of limited sized and filled by a protonated organic linker cannot play any role in 
the encapsulation of comparatively much larger lipase CaLB. NH2-functionalized 
MIL-53(Al) was already identified as an acceptable in situ support for the enzyme β-
glucosidase [20,21], whose immobilization is rather a challenge due to its large 
dimensions. In that study, it was confirmed that the presence of the enzyme in the 
synthesis medium altered the chemistry of the MOF material, which was formed 
together with the protonated organic linker. Nevertheless, the phase responsible for 
the β-glucosidase immobilization was undoubtedly the MOF-based one. 

In this study, the validity of this in situ one-step methodology for enzyme 
immobilization onto NH2-MIL-53(Al) is extended to lipase CaLB (from Candida 
antarctica), which indeed is one of the most widely investigated enzymes in different 
immobilization processes [34–36]. Apart from our own studies using nanocrystalline 
NH2-MIL-53(Al) supports for enzymes [20,21], the MIL-53(Al) family has proved to 
be efficient in the immobilization of: (i) Laccase on NH2-MIL-53(Al), using our one-
step room-temperature methodology [37]; (ii) laccase on meso-MIL-53(Al) by post-
synthesis methods [38]; and (iii) luciferase on non-functionalized MIL-53(Al), also 
by post-synthesis methodology [39]. We also found excellent results for lipase in situ 
immobilization on the semi-crystalline support Fe-BTC [23], suggesting that this 
enzyme could be easily immobilized onto MOF supports. In spite of the fact that Fe-
BTC resulted in an excellent support for lipase, it is worth investigating any other 
MOF-based support for this enzyme such as the NH2-MIL-53(Al) considered in this 

https://www.mdpi.com/2073-4344/10/8/918#B29-catalysts-10-00918
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work. On one hand, this support has a crystalline-enough structure that allows to 
properly understand the lipase-MOF interaction and, on the other hand, it is basically 
inert from a catalytic point of view. In addition, employing NH2-MIL-53(Al) support 
for lipase immobilization allows extending the state-of-the-art over a previous 
immobilization approach [21–23]. Different in-solution deprotonating agents such as 
sodium hydroxide (NaOH), triethylamine (TEA), or ammonium hydroxide (NH4OH) 
are studied here for generating lipase-based solid biocatalysts with NH2-MIL-53(Al) 
as the crystalline support. The efficiency of the lipase immobilization as well as the 
activity of the resultant biocatalyst is compared with their counterparts containing the 
enzyme β-glucosidase. 

 

4.2 Results and Discussion 

4.2.1 In situ immobilization of Lipase on NH2-MIL-53(Al) 

The choice of both NH2-MIL-53(Al) as the support and the in situ approach as the 
main strategy for the enzyme lipase CaLB immobilization for this work was based on 
previous results achieved by systematic studies over the immobilization of β-
glucosidase performed in our laboratory [20,21]. In these studies, parameters such as 
the nature of the linker deprotonating agent (NaOH, ammonia or trimethylamine) or 
synthesis time (1–48 h) strongly influenced the phase formed, the enzyme 
immobilization efficiency, and enzymatic activity [20,21]. As a result, these 
parameters have been methodically investigated for the immobilization of the 
enzyme lipase CaLB (Table 4.1). As shown in Table 4.1, on the one hand, the 
percentage of immobilized lipase (Enz. immob. (%)) was obtained via the Bradford 
assay by giving the differential enzyme concentration between the initial enzyme 
concentration offered to the synthesis media and the final concentration present in the 
supernatant after filtering and recovering of the resultant biocatalyst. As it can be 
seen, in all cases a percentage higher than 85 % was obtained with respect to the 
enzyme present in the synthesis media. It is worth noting that this method does not 
consider if the enzyme keeps its activity during the immobilization process. On the 
other hand, the hydrolysis of p-NPA was used as a routine test for measuring 
spectrophotometrically at 348 nm and 25 °C the nonspecific esterase activity during 
the process of in situ lipase immobilization in order to calculate the enzyme loading 
(mg·g−1, column 3). The enzyme concentration was calculated as the difference 
between the activity of suspension solution in the synthesis media and the remaining 

https://www.mdpi.com/2073-4344/10/8/918#B21-catalysts-10-00918
https://www.mdpi.com/2073-4344/10/8/918#B23-catalysts-10-00918
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activity present in the supernatant after filtering and recovering of the resultant 
biocatalyst. 

Table 4.1. Enzyme immobilization percentage, enzyme loading, catalytic activity, 
specific activity, and retained activity of different in situ biocatalysts Enz@MOF-DA-x, 
where DA is the deprotonating agent and x is the particular synthesis time. 

In situ Lip@MOF 
Biocatalyst 

Enz. 
Immob. 

(%) 1 

Enz. 
Loading 

(mg·g−1) 2 

Catal. 
Activ. 

(U·g−1) 3 

Spec. Activ. 
(U·mg−1) 4 

Ret. 
Activ. 
(%) 5 

Lip@NH2-MIL-53(Al)-      

-NaOH-1 h 88 18 1218 68 29 

-NaOH-3 h 92 14 905 65 27 

-NaOH-24 h 99 19 1064 56 24 

-TEA-3 h 86 20 320 16 7 

-TEA-24 h 86 19 124 7 3 

-NH4OH-3 h 92 13 96 7 3 

-NH4OH-24 h 95 25 157 6 3 

Lip@Fe-BTC- 7      

-NaOH-10 min 95 12.9 387 30 8 

-NaOH-22 h 87 10 3587 359 97 

βG@NH2-MIL-53(Al)- 8      

-NaOH-1 h 33 28 6 6 0.21 6 3 

-NaOH-24 h 96 79 31 6 0.39 6 5.6 

-NH4OH-24 h 98 56 51 6 0.91 6 13.1 

-TEA-48 h 99 108 94 6 0.87 6 12.5 
1 Percentage of immobilized enzyme relative to the total amount of enzyme per 
gram of support present in the immobilization media. Method used: Bradford assay 
[40]. 2 Milligrams of enzyme per gram of support. Tested reaction (lipase): Hydrolysis 
of p-NPA. 3 Activity units per gram of support. Tested reaction (lipase): Hydrolysis of 
tributyrin (TB). 4 Activity units per milligram of enzyme calculated as catalytic activity 
(U·g−1) against enzyme loading. (mg·g−1). The activity of the corresponding free 
enzyme is given in brackets. Tested reaction: Hydrolysis of tributyrin (TB). 5 
Percentage of retained activity relative to the activity of the corresponding free 
enzyme. Reference activity of the enzymatic extract: 238 U·mg−1 (C = 5.9 mg·ml−1). 6 
Activity units per gram of support. Tested reaction (β-glucosidase): Hydrolysis of p-
Nitrophenyl β-D-Glucopyranoside. 7 Data taken from ref. [23]. 8 Data taken from ref. 
[21]. 
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The enzyme loading in these biocatalysts is around 20 mg·g−1, and the variations 
of the loading found amongst the different biocatalysts was due to the differences in 
the yield of the MOF support. For a given deprotonating agent (NaOH, TEA, or 
NH4OH), the percentage of immobilized enzyme was increased or at least maintained 
with the synthesis time. On the contrary, the specific catalytic activity (activity per 
mg of immobilized enzyme) was shown to slowly decrease with time. This could be 
the result of the enzyme having been exposed for a prolonged period of time to the 
synthesis media designed for the MOF formation or because the first immobilized 
lipase molecules could become more inaccessible to the substrates if the support 
particles continue growing over time. Supporting this last possibility, the crystalline 
order of the samples inferred by powder X-ray diffraction (XRD) characterization 
seems to improve with the extended reaction synthesis time (Figure 4.1), suggesting 
a better (and probably more hindered) integration of the enzyme within the MOF. 

 
Figure 4.1. Normalized PXRD patterns of free-enzyme NH2-MIL-53(Al) (wine line, at 
the bottom), of the protonated linker NH2-H2BDC (black, at the top) and the in situ 
biocatalysts Lip@NH2-MIL-53(Al)-DA-x prepared with different deprotonating agents 
DA (NaOH, TEA, or NH4OH) and after different synthesis times x (from 1 to 24 h). 

Table 4.1 also shows the immobilization results of the same enzyme CaLB lipase 
on the semi-crystalline MOF Fe-BTC under similar conditions (one-step/in situ 
procedure, at room temperature, in the presence of a base (NaOH) acting as a 
deprotonating agent of the corresponding organic linker, etc.) [23]. Using such MOF 
material as support, both high enzyme immobilization efficiency and high specific 
catalytic activity of the resultant biocatalysts were also reached, being even higher 
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under certain conditions with respect to the catalysts of the present study. 
Nevertheless, it must be considered that both MOF supports are complementary in 
certain aspects: (i) Unlike the semi-amorphous nature of MOF Fe-BTC material, the 
NH2-MIL-53(Al) material is crystalline, which both allowed a more precise study 
and a better understanding of the possible interaction MOF-enzyme; on the contrary, 
the structure of semi-amorphous Fe-BTC could not be solved, and the presence, 
concentration, and/or location of the defects or metal centers interacting with the 
enzyme could be random and therefore, hard to control from an experimental point of 
view; (ii) the support NH2-MIL-53(Al) is basically inert in terms of catalysis, as their 
amino groups have no basic character because they are directly bonded to an 
aromatic ring, whereas Fe-BTC has already shown its (photo)catalytic potential in 
various types of reactions [32,41,42], which could potentially be masking the 
intrinsic biocatalytic activity carried out by the supported enzyme. In summary, the 
study of both systems, Lip@NH2-MIL-53(Al) and Lip@Fe-BTC, is somehow 
complementary and convenient for extending the state-of-the-art with respect to said 
systems, and it should not be seen as a strict competition. 

In order to detect the crystalline phases present in the biocatalyst, a powder X-ray 
diffraction (PXRD) characterization technique was employed. In this regard, in our 
previous work [21], it was reported that solid biocatalysts containing β-glucosidase 
supported on the same MOF material than the herein employed (NH2-MIL-53(Al)) 
using the same procedure. That approach showed the presence of the protonated 
linker NH2-H2BDC. However, as can be seen in Figure 4.1, in this case the only 
crystalline phase detected by XRD characterization in the biocatalysts Lip@NH2-
MIL-53(Al) was NH2-MIL-53(Al). A lower resolution in the XRD pattern of the 
biocatalysts in comparison with that of the enzyme-free support is presumably due to 
the “dilution” of the crystalline phase of the MOF support in the biocatalyst 
Enzyme@support. No trace of crystallized protonated linker NH2-H2BDC was 
detected by PXRD at any synthesis time irrespectively of the deprotonating agent 
used (Figure 4.1). Although the most intense reflections of the XRD pattern of NH2-
H2BDC are close to certain reflections of NH2-MIL-53(Al), the presence of the 
former is quite evident in the diffractogram when both phases coexist [21]. However, 
it is worth noting that in the case of using NaOH as a deprotonating agent, the greater 
the synthesis time, the sharper the intensity of the signal peaks is obtained for the 
XRD pattern, obtaining the maximum intensity after 24 h of synthesis (Lip@NaOH-
24h). Consequently, among all the tested synthesis times, 24 h was the time that the 
system took to rearrange itself to accommodate the greatest amount of crystallinity. 
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This behaviour neither was replicated with TEA, nor with NH4OH deprotonating 
agents. 

This difference in XRD results indicate that the enzymes play an active role in the 
formation of the biocatalysts. The higher proportion of basic amino-acids groups in 
lipase (isoelectric point of 6.0) than in β-glucosidase (isoelectric point of 4.3) could 
avoid the precipitation of the 2-amino-terephthalic acid, which would tend to be 
soluble. It must be noted that in the absence of any enzyme, the co-precipitation of 
the MOF X-MIL-53(Al) material and the corresponding linker is the most common 
scenario with short reaction times [29]. 

Since the enzyme immobilization occurs within/onto the MOF phase and not on 
the protonated linker [21], a high percentage of immobilized lipase was reached from 
the first moment of the synthesis (approx. 1 h). The compromise between enzyme 
immobilization efficiency and the specific enzymatic activity, which severely 
increases and decreases respectively with synthesis time for in situ immobilization of 
β-glucosidase [21], is not found in the case of lipase immobilization. 

 

4.2.2 Post-synthesis immobilization of Lipase on NH2-MIL-53(Al) 
and MIL-53(Al) Materials 

A potential advantage of the enzyme immobilization over these nanocrystalline 
sustainable MOF supports is that, apart from the in situ approach, the post-synthesis 
(two-step) methodology can be investigated in parallel. The comparison between 
both methodologies can provide valuable information about (i) the chemical affinity 
between the external surface area of the MOF and the enzyme, (ii) the accessibility of 
the enzymes to the pores, (iii) the reason behind the possible enzyme leaching, and 
(iv) the potential to directly compare and rate both approaches in terms of catalytic 
and specific activities of CaLB lipase. 

Unlike the in situ approach, the post-synthesis strategy failed to attain lipase 
immobilization at a suitable level. Attempts to immobilize CaLB lipase on previously 
synthesized NH2-MIL-53(Al) and MIL-53(Al) supports were unsuccessful. 
Immobilization yields were not only negligible but also hard to reproduce. 

Their respective catalytic activities in p-nitrophenyl acetate (p-NPA) hydrolysis 
were: 4.85 units per gram (U·g−1) for Lip#NH2-MIL-53(Al) and 7.19 U·g−1 for 
Lip#MIL-53(Al), which corresponds to a retained activity relative to the activity of 
free enzyme of 7.6 and 4.2 %, respectively. 
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The reduced dimensions of the inter-crystalline space, especially in the case of 
NH2-MIL-53(Al) (Figures 4.S2 shows the pore size distribution), is probably the 
reason behind these poor results. The nanocrystallinity of this sample (Figure 4.S3) 
could favour the interaction enzyme-MOF but especially when the sample offers 
accessible mesoporosity. It is proposed that the enzyme can only bind the external 
surface of the material since diffusion throughout the extremely narrow network 
might be prevented. This also may serve to explain the low reproducibility of the 
post-synthesis immobilization yields attained. The size of the particles may vary 
greatly and therefore the available surface for the enzyme could vary as well. 

Furthermore, it is important to note that the experimental conditions used for the 
post-synthesis approach have been optimized to retain enzymatic activity, thus 
enabling catalytic activity to be measured despite the low enzyme loading of the 
resultant biocatalysts. In comparison, lipase was in situ immobilized under conditions 
designed for the formation of the MOF material. Therefore, it is presumable that 
there is still much room to improve the experimental conditions in order to optimize 
the specific activity in the in situ strategy. 

 

4.2.3 Certifying the Presence of the Enzyme in the Biocatalysts 

Apart from the evidence inferred by the catalytic activity tests performed, the 
presence of the enzyme lipase CaLB on the biocatalysts was also studied by different 
physico-chemical and biological characterization techniques. Table 4.2 shows the 
results of the chemical analyses of the organic elements C, H, N, and S. 

Although elemental analysis is a quantitative technique, since the linker of the 
MOF also contains elements C, N, and H, this technique cannot be used as definitive 
proof of the presence of the enzyme within the MOF. Since sulphur (S) is not present 
in the MOF but is present in the enzyme, this could potentially be used as a means of 
confirming the enzyme loading of the MOF material. All the biocatalysts contain a 
certain amount of S except that of the enzyme-free NH2-MIL-53(Al), which indeed 
suggests the presence of lipase in every solid biocatalyst. In addition, the S content 
generally increases with the synthesis time for a given deprotonating agent, which is 
in good agreement with the trend to increase the enzyme immobilization shown in 
Table 4.1. 
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Table 4.2. Elemental analysis (in wt%) of the enzyme-free MOF material (NH2-MIL-
53(Al)-NaOH-24 h), CaLB lipase extract, and in situ biocatalysts Lip@NH2-MIL-53(Al)-
DA-x synthesized with different deprotonating agents DA (NaOH, TEA, or NH4OH) 
and varying synthesis times (x, from 1 to 24 h). 

Sample % C % H % N % S 

NH2-MIL-53(Al)-NaOH-24 h 25.8 4.7 11.7 0.00 

CaLB lipase extract (5.9 mg·ml−1) 24.0 7.8 0.3 0.04 

Lip@NH2-MIL-53(Al)-NaOH-1 h 28.3 5.6 5.0 0.03 

Lip@NH2-MIL-53(Al)-NaOH-3 h 27.9 4.9 4.9 0.05 

Lip@NH2-MIL-53(Al)-TEA-3 h 33.1 5.9 5.8 0.03 

Lip@NH2-MIL-53(Al)-TEA-24 h 33.6 5.0 6.0 0.05 

Lip@NH2-MIL-53(Al)-NH₄OH-3 h 21.3 6.4 4.7 0.02 

Lip@NH2-MIL-53(Al)-NH₄OH-24 h 33.4 4.8 7.3 0.04 
 

 

 
Figure 4.2. Thermogravimetric analysis—TGA—(left Y-axis, solid lines) and differential 
thermogravimetric—DTG—curves (right Y-axis, dashed lines) curves of: (A) The NH2-
MIL-53(Al)-NaOH-24 h material (wine lines), the lipase extract (orange), and 
biocatalysts Lip@NH2-MIL-53(Al)-NaOH-x after 1 h (violet), 3 h (blue), and 24 h (cyan) 
of preparation; (B) of the NH2-MIL-53(Al)-NaOH-24 h material (wine), the lipase 
extract (orange), and biocatalysts Lip@NH2-MIL-53(Al)-TEA-x after 3 h (olive) and 24 
h (dark cyan) of preparation; and (C) of the NH2-MIL-53(Al)-NaOH-24 h material 
(wine), the lipase extract (orange), and biocatalysts Lip@NH2-MIL-53(Al)-NH4OH-x 
after 3 h (pink) and 24 h (purple) of preparation. 
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The biocatalysts were also characterized by thermogravimetric analysis (TGA) in 
order to try to identify the enzymes taking advantage of its different thermal stability 
compared with the rest of components of the biocatalyst. In this regard, Figure 4.2 
shows the TGA curves of all Lip@NH2-MIL-53(Al) samples included in Table 4.1. 
The TGA curves of the enzyme-free MOF and the free lipase CaLB have been 
included to aid in the interpretation of the mass losses. Both biocatalysts prepared 
using TEA as a deprotonating agent under different synthesis times, have practically 
the same TGA curves. Under 3 h of synthesis time the three biocatalysts (one with 
NaOH, one with TEA, and one with NH4OH) present an abrupt weight loss near 250 
C, which might be attributed to the presence of the enzyme. The magnitude of these 
mass losses is higher than 10 %, much higher than the immobilized enzyme (Table 
4.1), suggesting that this mass loss may be ascribed to the enzyme molecules 
encapsulated by the MOF as well as the enzyme located on the surface of the MOF. 
This behaviour has already been detected in other in situ immobilizations of enzymes 
with different MOF materials [23]. The TGA curves of the biocatalysts prepared at 
longer times (24 h) with any of these three deprotonating agents exhibit similar mass 
losses but not as noticeable, and they occur at higher temperatures (>300 C) which 
might hint at a higher lipase encapsulation in the MOF compared to on the surface. 

 
Figure 4.3. (A) 12 % SDS-PAGE electrophoresis gel of (from right to left): (1) CaLB 
lipase extract, biocatalysts, (2) Lip@NH2-MIL-53(Al)-NaOH-1 h, (3) Lip@NH2-MIL-
53(Al)-NaOH-3 h, (4) Lip@NH2-MIL-53(Al)-NaOH-24 h, (5) Lip@NH2-MIL-53(Al)-TEA-3 
h, (6) Lip@NH2-MIL-53(Al)-TEA-24 h, (7) Lip#MIL-53(Al)-NaOH-3 h, (8) Lip#NH2-MIL-
53(Al)-NaOH-3 h, (9) a protein marker. (B) 12 % SDS-PAGE electrophoresis gel of 
(from right to left): (1) A protein marker, (2) Lip@NH2-MIL-53(Al)-NH4OH-3 h, (3) 
Lip@NH2-MIL-53(Al)-NH4OH-24 h, (4) CaLB lipase extract. 

In another effort to detect the presence and/or absence of the enzyme in the 
biocatalysts, the SDS-PAGE electrophoresis gel technique was employed [43]. In 
this sense, Figure 4.3 shows the image of the lipase CaLB extract and the in situ and 
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post-synthesis lipase-containing biocatalysts. All the biocatalysts gave a signal in the 
electrophoresis gel between 31 and 45 kDa, which was attributed to the enzyme 
lipase CaLB, whose molecular weight is 33.5 kDa. Thin bands in lanes 7 and 8 in 
Figure 4.3 (A) show the large difference in the immobilization yields of the post-
synthesis biocatalysts. In situ biocatalysts Lip@NH2-MIL-53(Al) produced much 
wider bands, due to the higher enzyme loading. 

 

4.3.4 Enzyme leaching 

To ascertain the amount of enzyme immobilized in the MOF, the enzyme 
concentration initially present as identified by the Bradford method [40] was 
subtracted from the residual concentration of enzyme after filtering (Bradford 
method, Table 4.1). The resultant biocatalysts were tested in the leaching experiment. 

Enzyme leaching is a key parameter in the solid biocatalysts formed by the 
immobilization of enzymes. In this work, the biocatalysts (in situ and post-synthesis) 
were suspended in a solution under conditions designed for lipase leaching, which 
were even more aggressive than the conditions used under the tested catalytic 
reaction. Figure 4.4 shows the enzyme leaching during 48 h for the main catalysts 
prepared by either methodology. 

 
Figure 4.4. Percentage of lipase leaching along the time for different post-synthesis 
(dashed lines, empty symbols) and in situ (solid lines, full symbols) biocatalysts. 
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The most remarkable feature of Figure 4.4 is that the leaching is below 7 % of the 
in situ immobilized lipase. The total enzyme leaching of these biocatalysts 
Lip@NH2-MIL-53(Al) is produced in the first 5 h. After this time, no more enzyme 
is released in any of these biocatalysts indicating that the remaining enzyme is 
strongly retained inside the crystalline network of the MOFs. The initial desorption 
may be due to the presence of weakly (physically) adsorbed enzyme molecules, 
which are easily released from their associated support. 

It is particularly remarkable that the biocatalyst Lip@NH2-MIL-53(Al) prepared 
by the in situ methodology using NaOH as a deprotonating agent (1 h), scarcely lost 
3 % of the initially retained lipase providing an additional advantage to this 
biocatalyst. 

The shape of the curves corresponding to lipase leaching of the post-synthesis 
Lip#NH2-MIL-53(Al) is different. After an initial fast enzyme desorption, similar to 
that exhibited by the in situ method, the enzyme released does not stop but continues 
increasing. This indicates that the enzyme molecules may not be retained within the 
MOF network. 

 

 

4.3 Materials and methods 

4.3.1 Reagents and Chemicals 

The organic linkers 2-aminoterephthalic acid (NH2-H2BDC, 98 %) and 
terephthalic acid (H2BDC, 99 %) was purchased from Sigma-Aldrich. The metallic 
precursor aluminum nitrate nonahydrate (Al(NO3)3·9H2O, ≥ 98 %) was acquired 
from Sigma-Aldrich. Sodium hydroxide (≥ 98%) and ammonia (29 %) were from 
Panreac whereas triethylamine (≥ 99 %) was acquired from Sigma-Aldrich. 

The extract of soluble CaLB L Lipase (Lipozyme CaLB L) from Candida sp. 
recombinant, expressed in Aspergillus niger was kindly provided by Novozymes. 
Enzyme substrates 4-nitrophenyl-acetate (p-NPA, ≥ 98 %) and tributyrin (TB) were 
purchased from Sigma-Aldrich (Madrid, Spain). 

Sodium hydroxide (NaOH, ≥ 98 %), acetic acid (99 %), and di-sodium hydrogen 
phosphate dihydrate were purchased from Panreac. Sodium acetate anhydrous (> 99 
%) was acquired from Scharlab. Phosphoric acid (85 %) and citric acid was 
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purchased from Sigma-Aldrich. Tri-sodium citrate dehydrate was from Analyticals 
Carlo Erba (Cornaredo, Milan, Italy). 

Commercial protein standard bovine serum albumin (BSA) purchased from 
Sigma-Aldrich along with Coomassie Brilliant Blue R-250 staining solution acquired 
from Bio-Rad were used for determination of protein concentration employing the 
Bradford assay determination method. 

The employed reagents for electrophoresis (SDS-PAGE) were: Mercaptoethanol 
(> 99 %) purchased from Sigma-Aldrich; tetrabromophenolsulfonphthalein or 
bromophenol blue indicator and glycerol (> 99 %) provided by Sigma; 
tris(hydroxymethyl) aminomethane (Tris base) purchased from Fluka Analytical; 
sodium dodecyl sulfate (SDS), ammonium persulfate (APS), N,N,N’,N’-
tetramethylethylenediamine (TEMED), 40 % acrylamide/bis solution, 10x Tris 
base/glycine/SDS buffer and bio-safeTM coomasie G-250 stain all purchased from 
Bio-Rad, and finally the SDS molecular weight standard was provided by Bio-Rad. 

All reagents and solvents were of analytical grade, and were used as received 
without any further purification. All solutions were prepared using deionized water 
obtained from a Milli-Q Plus/Millipore purification system (18 MΩ·cm). 

 

4.3.2 Characterization of the supports and biocatalysts 

Powder X-ray diffraction (XRD) patterns were acquired with a X’PERT Pro 
PANalytical diffractometer using the Cu-Kα radiation (λ = 1.5406 Å). The data were 
registered with a two theta step size 0.04 ° from 4 to 90 ° and accumulation time of 
20 s. 

Adsorption-desorption isotherms of the samples were measured on ASAP 2020 
or ASAP 2420 devices at −196 °C using nitrogen as adsorption gas. The samples 
were outgassed at 70 °C for 16 h prior to analysis. Pore diameter distributions were 
determined from the adsorption branch of the nitrogen isotherms using the BJH 
(Barrett-Joyner-Halenda) method. 

Quantitative determinations of nitrogen and sulphur contents belonging to the 
enzymes extract and biocatalysts were performed using a LECO CHNS-932 
Elemental Analyser with an AD-4 autobalance. 
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Thermogravimetric analyses (TGA) were carried out using a Perkin-Elmer TGA 
7 instrument. Samples were heated in an air flow at atmospheric pressure from 25 to 
900 °C at a heating rate of 20 °C∙min−1. 

The particle size and morphologies were examined by using a scanning electron 
microscope (SEM). Images were collected using a XL30S FEG XL SERIES Philips 
microscope with ECON IV detector. The samples were prepared on a double-sided 
graphite adhesive tape mounted on the sample holder, and afterwards were metalized 
by sputtering with a coating of ultra-thin chromium layer before being inserted into 
the microscope. 

 

4.3.3 In situ immobilization: Lip@NH2-MIL-53(Al) biocatalysts 

The NH2-MIL-53(Al) MOF material was prepared in water at room temperature 
to compare with the in situ biocatalysts (all together in one-pot synthesis) lipase 
immobilization methods using three different deprotonating agents (NaOH, TEA, 
and NH4OH). 

The preparation method of the biocatalysts Lip@NH2-MIL-53(Al) is similar to 
the one described for the enzyme-free NH2-MIL-53(Al) MOF material employing 
room temperature and water [20,21]. Slight differences are due to the incorporation 
of the enzyme extract, in which part of the water quantity used within the organic 
linker solution was substituted by the enzyme extract solution, and a modification of 
the addition order was employed to prevent exposure of the enzymes to extreme pH 
values. 

In a typical synthesis procedure, two clear aqueous solutions were separately 
prepared (Figure 4.1). The organic linker solution (solution 1) was prepared by 
dissolving 0.482 g of 2-aminoterephtalic acid (NH2-H2BDC) in 13.2 g deionized 
water, assisted by one of the following three deprotonating agents (DA): Sodium 
hydroxide solution (NaOH 1.04 M, 5.30 g), triethylamine (TEA, 0.539 g), or 
ammonium hydroxide solution (NH4OH 29 wt%, 0.644 g). The amount of water was 
adjusted by taking into account the water content contained in the deprotonating 
agent source for the case of NaOH and NH4OH. In the absence of these agents, the 
linker is not soluble, whereas in the presence of any of them the mixture becomes a 
clear solution after some time (ca. 10 min NaOH, 3 h TEA and NH4OH). The 
resultant pH value of this solution was near neutral (around 6), and it was higher for 
stronger bases used as deprotonating agents. 
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Figure 4.5. Procedure for the preparation of Lip@NH2-MIL-53(Al)-DA-x biocatalysts by 
the in situ approach (identified by using the @ symbol), where DA or deprotonating 
agents could be NaOH, TEA or NH4OH, and x is the particular synthesis time 
employed in every synthesis biocatalyst sample. 

The enzymatic solution (solution 2) was formed by 5 ml of a CaLB lipase extract 
with a concentration of 5.9 mg protein∙ml−1 (measured by the Bradford assay). The 
metallic source solution (solution 3) was prepared by dissolving 2.0 g of 
Al(NO3)3·9H2O in 6.0 g Milli-Q grade water reaching a pH around 2.0. 

The lipase extract (solution 2) was added over the linker solution (solution 1), 
inducing a slight pH decrease (ca. 0.5 units) for all mixtures. The metal solution 
(solution 3) was gently added dropwise into the linker-enzyme solution mixture 
under slow magnetic stirring in order to prevent pH variations. This procedure 
resulted in an instant appearance of a yellowish precipitate, which is considered to be 
the solid biocatalyst MOF material. The pH of the resultant suspension was acidic, 
slightly above 3. This addition order was selected to minimize enzyme exposure and 
subsequent denaturing and/or deactivation in extreme acidic media provided by 
solution 3. 

The resultant suspension was maintained under permanent stirring at 25 °C for 
different reaction times. The obtained solid was then vacuum filtered, washed with 
Milli-Q grade water and finally dried under a continuous nitrogen flow. The resultant 
biocatalysts were weighed, gently ground to a powder, and stored at 4 C. The solid 
biocatalysts were named as Lip@NH2-MIL-53(Al)-DA-x, where DA can be NaOH, 
TEA or NH4OH, and x is the synthesis time employed in each sample (1, 3, and 24 h 
for Lip@NH2-MIL-53(Al)-NaOH biocatalysts, as well as 3 and 24 h for Lip@NH2-
MIL-53(Al)-TEA and Lip@NH2-MIL-53(Al)-NH4OH biocatalysts, respectively). 
During the process of lipase immobilization, aliquots were withdrawn every half an 
hour, and the enzymatic activity of the blank, suspension and supernatant (after 
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separating it by centrifugation) were assayed spectrophotometrically by the 
hydrolysis of p-nitrophenyl acetate (p-NPA) conducted by lipase. 

4.3.4 Post-synthesis immobilization: Lip#MIL-53(Al) and 
Lip#NH2-MIL-53(Al) biocatalysts 

Enzyme-free MOF materials, MIL-53(Al) and NH2-MIL-53(Al) were prepared in 
water at room temperature according to the methods described [20,21]. These MOF 
materials were used as supports for the post-synthesis immobilization of lipase 
(immobilization after the synthesis of the material) (Figure 4.6). 

 

Figure 4.6. Procedure for the preparation of Lip#MIL-53(Al) and Lip#NH2-MIL-53(Al) 
biocatalysts by the post-synthesis approach (symbolized by #). 

Post-synthesis immobilization of lipase on either of the two MOF materials 
(MIL-53(Al), NH2-MIL-53(Al)) was carried out by suspending 50.0 mg of the MOF 
material in 10 ml of lipase aqueous solution (0.25 mg·ml−1) in 50 mM acetic 
acid/sodium acetate buffer at pH 5.0 (Figure 4.6). The suspension was kept under 
mild stirring conditions for 3 h (no further enzyme molecules were immobilized after 
3 h). During the process of lipase immobilization, aliquots were withdrawn following 
the same sequence as in the in situ procedure. The decrease in activity of the 
supernatant to a minimum and constant value indicated the end of the immobilization 
process. The amount of enzyme immobilized onto the support was calculated by two 
methods: The difference between the respective activities of the blank or suspension 
and the supernatant. The second method measured the protein content of the 
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supernatant before and after the immobilization process by the Bradford assay [40]. 
The suspension was then vacuum filtered and the resultant solid biocatalysts were 
washed with the same acetic acid/sodium acetate buffer used for immobilization. No 
protein was detected in the washing residues (measured by the said Bradford assay). 
The solid samples were then dried under a vacuum and were stored at 4 C for 
further analysis. 

 

4.3.5 Determination of enzymatic activity of the Lipase extract 
and heterogeneous Lipase-containing biocatalysts 

Hydrolysis of p-NPA was used as a routine test for measuring 
spectrophotometrically the nonspecific esterase activity during the process of lipase 
immobilization and to calculate the enzyme loading (mg·g−1) [36]. The activity tests 
were conducted in triplicate and the average value was calculated for the initial 
enzyme solution (or blank solution), for the suspension solution (heterogeneous 
biocatalyst + enzyme solution), and for the supernatant (after centrifugation of the 
suspension solution). Such spectrophotometrically measurements were conducted in 
a Diode array UV-Vis spectrophotometer (Agilent 8453) equipped with a constant 
stirring device and temperature controller. The reaction mixture within the sample 
cuvette contained 1.9 ml of a previously prepared 0.4 mM p-NPA aqueous solution 
(pH 7.0). A 50 µl aliquote of the enzyme solution (blank, suspension or supernatant) 
was then added in the reaction mixture, and afterwards the increase ratio of 
absorbance per minute due to the release of p-nitrophenol product coming from p-
NPA hydrolysis was continuously monitored during 5 min at 348 nm and 25 °C. The 
molar absorption coefficient was taken as ε348 nm = 5150 M−1·cm−1. A unit of lipase 
activity (U) was defined as the amount of enzyme required to hydrolize 1 µmol of p-
NPA per minute at 25 °C. 

In order to determine the catalytic activity of the Lipase (Lip) heterogeneous 
biocatalyst, tributyrin hydrolysis was used as an activity test [36] (Figure 4.7). This 
method is even more specific than the hydrolysis of p-NPA. This assay measures the 
lipase activity by butyric acid release, and it was monitored titrimetrically in a DL-50 
pH-state Mettler Toledo, using a 100 mM sodium hydroxide aqueous solution. Then, 
48.5 ml of potassium phosphate buffer (10 mM, pH 7.0) were incubated in a 
thermostated vessel at 25 C and under stirring. After that, 1.47 ml of tributyrin was 
added and the pH-state was stated to keep the pH at 7.0. When the pH stabilized, 10 
mg of the catalyst were added and the consumption of NaOH was determined. One 
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lipase unit corresponds to consumption of 1 µmol NaOH/min. All measurements 
were performed in triplicate and their average rate value was taken for plotting and 
discussion. 

 

Figure 4.7. Hydrolysis reaction of tributyrin (TB) to glycerol and butyric acid 
conducted by CALB lipase [36]. 

 

4.3.6 Leaching tests 

In order to infer the resistance of the enzyme to leach from the support, a leaching 
test was performed. It consisted of subjecting the solid biocatalysts to conditions that 
presumably favoured the enzyme release by re-suspending the biocatalyst in a high 
dilution and low ionic strength buffer solution. Consequently, the biocatalysts were 
incubated along the time in a 50 mM phosphoric acid/trisodium citrate buffer 
solution at pH 5.0 with a content of 1.25 mg of solid per ml of buffer solution. These 
incubation periods were 0.5, 1, 2, 3, 5, 7, 24, and 48 h. Enzyme leaching was 
calculated by monitoring the appearance of protein in the supernatant employing the 
Bradford assay [40]. 

 

4.3.7 Electrophoresis tests 

In order to indirectly detect in a qualitative way the presence of lipase enzyme 
inside the solid supports after 48 h of leaching tests by means of SDS-PAGE 
electrophoresis, and provided the fact that solid samples are not suitable for this 
technique, first of all an enzyme denaturalization was conducted by employing a 
rupture buffer solution obtained according to Laemmli protocol [41] containing: 240 
µl sodium dodecyl sulphate 20 %, 500 µl Tris/HCl buffer 2.5 M pH 6.8, 1960 µl 
Milli-Q water, 2000 µl glycerol, 800 µl bromophenol blue 0.05 %, and 1100 µl 
mercaptoethanol, and then boiled for 10 min. This denaturalization aimed to 

Lipase

Tributyrin (TB) Butyric acid Glycerol
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transform the enzyme tertiary structure (including the split of disulphide bonds) into 
a random coil chain with the sole purpose of allowing it to leak from the solid 
framework. As a result, a solution was obtained in which after centrifugation a 
supernatant could be distinguished presumably containing said protein chains. 
Afterwards, the withdrawal of this supernatant could be easily performed by 
centrifugation and then analyzed using a 12 % SDS-PAGE electrophoresis gel 
previously prepared in-house. 
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Supplementary Information 

 

Figure 4.S1. View of the structure of the as-prepared NH2-MIL-53(Al) along a axis. 
Due to the high flexibility of this metal-organic framework (MOF) material, it can 
adopt different structures. This figure shows the structure known as “as” because it 
is the unique one used in this work. It is characterized for having the pores occupied 
by protonated linker molecules NH2-H2BDC (partially represented in the cavities in 
the figure). In any case, even when the pores are void, their size (pore diameter 
below 1 nm) is far from being large enough to house the lipase enzyme inside. Color 
code: C, gray; O, red; N, blue; Al, beige. 

 

Figure 4.S2. The Barrett-Joyner-Halenda (BJH) pore size distribution (PSD) of NH2-
MIL-53(Al) and MIL-53(Al) materials arisen from the adsorption branch. Estimated 
PSD maxima indicated in brackets. 
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Figure 4.S3. Representative SEM image of NH2-MIL-53(Al) material (prepared at room 
temperature after 24 h and using NaOH 1 M as a deprotonating agent) showing 
average particle size (i.e., white circle), and intercrystalline mesoporosity in between 
the particles (i.e., yellow circle). 

 

1 µm
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Abstract 
Metal-Organic Frameworks (MOFs) are extensively used in different applications, 

including heterogeneous catalysis given the fact that practically any center can be 
designed on demand and is accessible for reactants. Just like any other microporous 
catalysts, the limited diffusion of reactants and products is an endemic drawback also 
in MOFs. To face it, the use of nanocrystalline MOFs is a proven alternative, which in 
addition is often accompanied by improvements in sustainability of synthesis 
procedure (room temperature, water as solvent, etc.). This work goes further adding 
surfactant-induced mesoporosity to the nanocrystallinity of these materials. As a proof 
of concept, the nanocrystalline NH2-MIL-53(Al) and 
CTA+ (cetyltrimethylammonium) were selected as the sustainably-prepared 
nanocrystalline MOF and a cationic surfactant, respectively. The MOF system is 
formed by massive and practically instantaneous precipitation entrapping the 
surfactant, which generates mesopores in the aggregates. The simple washing with 
ethanol at room temperature leads to a nanocrystalline NH2-MIL-53(Al) material 
containing outstanding intercrystalline mesoporosity. The so-obtaining hierarchically-
porous NH2-MIL-53(Al) is able to effectively remove bisphenol A (BPA) from 
aqueous solution (more than 90 % of a 25 ppm BPA aqueous solution in just 10 min 
at room temperature), duplicating the performance given by its counterpart 
nanocrystalline NH2-MIL-53(Al) prepared in the absence of surfactant. 

Keywords:  
Surfactants; Nanocrystalline MOFs; NH2-MIL-53(Al); Hierarchical porosity; CTABr; 
Bisphenol A removal 
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5.1 Introduction 
The applications of nanoporous materials have been multiplied since the discovery 

of Metal-Organic Framework (MOF) materials with permanent porosity at the end of 
last century [1–3]. Thanks to their vast versatility, nowadays there is practically no 
restriction at all to design porous catalysts with hundreds of structures, with accessible 
active metal centers of any nature, in any coordination (including unsaturated metal 
sites) and having neighbors of almost any nature, as well as with any organic 
functionalities. As a consequence, MOF family has revolutionized the application 
fields of the nanoporous materials. 

However, conventional MOF materials also have several serious limitations for 
being used as heterogeneous catalysts, particularly those related to the diffusion of 
reactants and products. Apart from the unsustainability of the conventional methods 
(high temperature, high pressure, harmful solvents, undesired by-products, etc.), they 
normally lead to MOFs formed by very large crystals, which make easier the structural 
resolution but hinder their catalytic performance. In the last few years, some 
sustainable methodologies have been developed [4–6] and in parallel different 
companies has started to dispense commercial MOF materials [7]. These sustainable 
methods, in particular those prepared at room temperature, normally give rise to 
nanocrystalline MOFs that outperform their conventional counterparts in catalytic 
behavior [8–10]. 

Together with reducing crystal size, the other fruitful strategy to combat diffusion 
problems in nanoporous catalysts has been the introduction of mesoporosity within the 
particles, leading to materials with hierarchical porosity. Such strategy, in which 
surfactants have been used as mesoporogen agents, has been scarcely used in MOFs 
[11–15], contrasting with the great effort made in other nanoporous catalysts such as 
zeolites [16,17]. Moreover, in some cases, the real generation of mesoporosity within 
MOFs is at least doubtful paying attention to the characterization of such materials 
[12,14]. To the best our knowledge, there is only a scientific publication addressing 
the generation of mesoporosity by surfactants in MOF materials prepared at room 
temperature [15]. However, such claimed mesoporosity is rather macroporosity (PSD 
of ca. 100 nm), without becoming significant with respect to the microporosity of the 
sample, and whose origin is most probably due to a simple decrease of crystal size. 
Indeed, it is well-known that surfactants can efficiently control crystal size and/or 
morphology of materials [18], including MOF materials [19], and not only to 
induce/generate mesoporosity. Remarkably, the surfactant used in this work 
(cetyltrimethylammonium bromide, CTABr) has been used to modify the morphology 
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of the MOF material investigated in this work (NH2-MIL-53(Al)) to 
lead nanosheets that improves the performance of the surfactant-free MOF in chemical 
sensing and gas separation [20]. 

A growing water quality challenge across the globe is the management of a wide 
variety of emerging pollutants found in water resources that pose a risk to human and 
environmental health. For some decades, the anthropogenic activities have introduced 
Endocrine Disruptive Chemicals (EDC) into the environment, which have negative 
effects on reproductive aspects both in humans and in wildlife, and can be toxic and 
persistent even at low concentrations. Among these compounds, Bisphenol A (BPA) 
(2,2-bis (4-hydroxyphenyl) propane) used in the manufactured plastics is a phenolic 
compound of paramount health impact in humans [21,22]. As 
a monomer of polycarbonate plastic and epoxy resin, it is used in food containers and 
the epoxy-based linings of canned foods. BPA is released to the marine environment 
from plastic wastes and via sewage effluents, rivers and coastal waters. Sand and 
seawater analyzed from more than 20 countries found significant amounts of BPA 
(0.01–50 ppm) [23]. The presence of this phenolic compound in wastewater is a 
serious problem for their elimination given the bactericidal nature of the phenols, 
which limits their degradation by microorganisms in water treatment plants. 

This work focuses on the mesoporosity induced by hexadecyltrimethylammonium 
or cetyltrimethylammonium bromide (CTABr), surely the most widely used surfactant 
for this aim, in the ‘breathing’ or flexible MOF NH2-functionalized MIL-53(Al) 
prepared at room temperature. Such material has been selected due to: (i) its 
preparation has been already described under sustainable conditions, leading to 
nanocrystalline material possessing high external surface area and intercrystalline 
mesoporosity [4]; (ii) its outstanding thermal stability, which even allows 
its calcination, at least in its non-functionalized form [24]; and (iii) its catalytic 
interest, mainly as an direct photocatalyst [25] and as support for enzyme 
immobilization [26,27]. On the other hand, the choice of CTABr as surfactant was 
based on: (i) its relatively low cost, (ii) its commercial availability, (iii) its well-known 
role as mesoporous template in different materials, including MOFs [12,28,29], and 
(iv) its ionic character which could favor the interaction with the chemical precursors 
of the MOF NH2-MIL-53(Al) when prepared by deprotonating the organic 
linker …[4], that is, through coulombic induction. The effect of the presence/amount 
of the cationic surfactant CTA in the synthesis media on the physicochemical 
properties of the NH2-MIL-53(Al) prepared at room temperature is discussed, both 
before and after the removal of the surfactant from the solid. It is expected that any 
mesoporosity induced/generated by the surfactant enhances the catalytic performance 

https://www.sciencedirect.com/topics/chemical-engineering/nanosheet
https://www.sciencedirect.com/topics/chemical-engineering/monomer
https://www.sciencedirect.com/topics/chemical-engineering/polycarbonates
https://www.sciencedirect.com/topics/chemical-engineering/calcination
https://www.sciencedirect.com/topics/chemical-engineering/cationic-surfactant
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of the MOF material, as it reduces/minimizes the diffusion of reactants/products, 
particularly in microporous materials [30]. As a proof of concept, the catalytic 
performance of this material in the environmentally-demanded removal of bisphenol 
A from aqueous solutions was compared to that of its counterpart also prepared in 
water and at room temperature but in the absence of any surfactant. 

 

 

5.2 Material and methods 
Hierarchically porous nanocrystalline NH2-MIL-53(Al) materials were prepared as 

shown in Fig. 1, following the procedure described elsewhere [4] but modified by the 
additional presence of the surfactant CTABr. In a typical preparation, 0.483 g 
(2 mmol) of AlCl3·6H2O (from Sigma-Aldrich) was dissolved in 1 ml of distilled water 
and later added dropwise over another solution under stirring, which had been prepared 
an hour before and was formed by 0.656 g (2 mmol) of CTABr (Sigma-Aldrich), 
0.362 g (2 mmol) of 2-amminoterephthalic acid (H2-NH2-BDC, Sigma-Aldrich) and 
4.35 g (4.3 mmol) of NaOH 1 M aqueous solution. (The molar composition of the final 
mixture was 1.0 Al: 1.0 H2-NH2-BDC: 2.15 NaOH: x CTABr: 149 H2O where x varied 
from 0 to 1). Such addition led to the instantaneous formation of a yellowish white 
precipitate. The mixture was left overnight (20 h) at room temperature (21 °C) either 
in static (Sample S1S for “Static”) or under magnetic stirring (Sample S1). The two 
samples were recovered by centrifugation, washed three times with distilled water and 
finally dried at 80 °C. Some other similar samples were prepared following the same 
procedure but varying the amount of surfactant, with CTABr/Al ratios from 0 to 1. The 
code of these samples is Sx, where x is a number corresponding to the CTABr/Al or 
CTABr/linker ratio in the synthesis media. Another sample similar to S1 was prepared 
with the same protocol but changing the order of addition, that is, adding dropwise the 
linker and surfactant solution over the metal solution; such sample was called S1R (R 
for “Reverse order”). 

Two different procedures were tried to remove the surfactant from the resultant 
samples. Firstly, the samples were calcined at 300 °C (heating rate of 2 °C/min) during 
60 h under ambient oxidant atmosphere. ‘Cal’ was added at the end of the name of the 
sample to appoint the calcined samples, for instance, sample S1cal. Alternatively, the 
samples, after being washed twice with 10 ml of distilled water and before being 
drying, were washed three more times with 10 ml of ethanol, and later dried at room 
temperature (Sample S1EtOH). 

https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0005
https://www.sciencedirect.com/science/article/pii/S0920586121004764#bib4
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Figure 5.1. Scheme of synthesis and surfactant removal attempts for reaching 
hierarchically porous nanocrystalline NH2-MIL-53(Al) materials. 

X-ray diffraction (XRD) patterns were collected with a Philips X’PERT 
diffractometer having a X’Celerator detector and using Cu Kα radiation. Nitrogen 
adsorption/desorption isotherms were measured at −196 °C in a Micromeritics ASAP 
2420 device; the samples were previously degassed at 150 °C under high vacuum for 
at least 16 h; Specific surface area were estimated by BET method, external/micropore 
surface area by t-plot method, and pore size distribution (PSD) by BJH method. 
Thermogravimetric analysis (TGA) was performed using a Perkin-Elmer TGA7 
instrument, with a heating rate of 20 °C/min under air flow. Transmission Electronic 
Microscopy (TEM) images were recorded in a JEOL 2100F instrument operating at 
200 kV. The samples where gently crushed and mounted directly on a holey carbon 
Cu-grid. 

The conductivity of CTABr in water and the solutions of H2-NH2-
BDC/CTABr/NaOH were measured as a function of the surfactant concentration using 
an Orion model 125 conductivity meter. With this instrument, a range of 0–199.9 mS 
can be measured. In order to establish complete equilibrium, solutions were stored 1 h 
before the measurements. During the conductivity measurement, the solutions 
temperature was controlled at 25 °C. 

In the order to evaluate the degradation of BPA by the samples S0 and S1EtOH, 
100 mg of each sample was incubated with an aqueous solution of 25 ppm BPA in 
acetate buffer (pH 5.0, 50 mM), for 20 min at room temperature (21 °C) and under 
agitation in a roller shaker. The total reaction volume was 4 ml. The residual amounts 
of BPA in the samples were analyzed using a HPLC system equipped with a quaternary 
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pump, diode array detector, an injector with a 5-μl loop and an Agilent Eclipse Plus 
C18 column (4.6 × 100 mm, 3.5). The mobile phase was a mixture of phases A and B 
in a 60:40 ratio (Phase A: 95 % water, 4.9 % acetonitrile and 0.1 % trifluoroacetic acid; 
Phase B: 99.9 % acetonitrile and 0.1 % trifluoroacetic acid) at a flow rate of 
1.2 ml·min-1. The spectrophotometric detection was performed at 228 nm. The 
concentration of BPA was calculated using the slope obtained from the standard 
calibration curve. 

 

 

5.3 Results and discussion 
Table 5.1 collects relevant characterization data of the selected NH2-MIL-53(Al) 

samples optimized along this work, including their surfactant content (determined 
from TGA, see Figure 5.2) and the presence/absence of mesoscopic order (as observed 
in the low angle XRD patterns, Figure 5.3) in the as-prepared forms. At low CTABr 
concentration (CTABr/Al ratio equal to 0.15), the surfactant is not even found in the 
final material. For CTABr/Al ratio of 0.3, the CTA content of the sample is already 
significant (almost a quarter of the total weight) but not enough to induce mesoscopic 
order detected by XRD. Therefore, the (substantial) presence of CTA cations in the 
final samples does not guarantee to get meso-order (Sample S0.3 in Table 5.1). 
However, when the CTABr/Al ratio in the synthesis media is 0.6 or above, the final 
CTA content in the as-prepared samples is stabilized in a range at around 45–50 wt% 
(temperature interval 190–330 °C in the TGA profiles), and such amount of CTA 
induces certain mesoscopic order in the material, as deduced from the relatively sharp 
reflections found at low angles in the diffraction patterns. Such symmetric peaks, 
marked with arrows in Figure 5.3, would be somehow related to the presence of 
spatially-ordered and/or homogenous-sized surfactant/micelles species [31]. To the 
best of our knowledge, such so-ordered CTA+ arrangement has not been reported so 
far in sustainably-prepared nanocrystalline MOF system. It is important to note that 
the mesoscopic order (although slightly modified) is also afforded when the synthesis 
is carried out under static conditions (so, the energy supplied to the synthesis is strictly 
zero) (entry Sample S1S in Table 5.1) or when the surfactant is added to the metal 
solution instead of the linker solution (Sample S1R, Figure 5.S1). All this behavior 
indicates that the content of surfactant is, by far, the limiting factor in the appearance 
of mesoscopic features within the NH2-MIL-53(Al) samples. 

https://www.sciencedirect.com/topics/chemical-engineering/mobile-phase-composition
https://www.sciencedirect.com/topics/chemical-engineering/acetonitrile
https://www.sciencedirect.com/topics/chemical-engineering/trifluoroacetic-acid
https://www.sciencedirect.com/science/article/pii/S0920586121004764#tbl0005
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0010
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0015
https://www.sciencedirect.com/science/article/pii/S0920586121004764#tbl0005
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0015
https://www.sciencedirect.com/science/article/pii/S0920586121004764#bib31
https://www.sciencedirect.com/science/article/pii/S0920586121004764#tbl0005
https://www.sciencedirect.com/science/article/pii/S0920586121004764#sec0035
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Table 5.1. Surfactant content and mesoscopic order generated in the different samples 
CTA-containing NH2-MIL-53(Al). 

Sample Surfactant content / wt% a Mesoscopic order b 

S0 0 No 

S0.15 0 No 

S0.3 22.5 Incipient 

S0.6 36.5 Yes 

S0.9 45.8 Yes 

S1 48.0 Yes 

S1S 44.5 Yes 
a In percentage, as determined by the weight loss around 250 °C in TGA curves (Figure 
5.2), in the temperature interval 190–330 °C. Due to the possible overlap of the weight 
loss of the surfactant CTA and the protonated linker NH2-H2BDC cannot be discarded 
certain contribution (which could become up to 7.1 wt% for the sample S0.3, 5.7 wt% 
for the sample S0.6 and ca. 5 wt% of the samples S0.9, S1 and S1S). 
b According to what is observed in the low angle XRD patterns (Figure 5.3). 

 

Figure 5.2. TGA curves of the as-prepared NH2-MIL-53(Al) samples in the presence of 
different amount of surfactant CTABr. The ellipse filled with beige indicates the region 
at which surfactant is lost. 
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Figure 5.3. Low angle XRD patterns of the as prepared NH2-MIL-53(Al) samples in the 
presence of different amount of surfactant CTA. The arrows indicate the three 
detected XRD reflections assigned to the meso-order induced by the surfactant. 

It is well-known that some surfactants (and CTA+ in particular) form micelles in 
water when their concentration reaches the so-called critical micelle 
concentration (CMC) [32]. Such micelles can template ordered mesopores in different 
materials like silica, which normally are amorphous at short range but contain ordered 
mesopores. A conventional way of determining CMC of a surfactant in a given media 
is by studying the conductivity of some solutions of different surfactant concentrations 
in such a way that the CMC is identified as the point where its slope changes on a 
conductivity vs. concentration plot [33]. Figure 5.4 (A) shows such plot for CTABr in 
distilled water. The change of slope in the plot, which can be identified at the point 
where both lines with different slopes meet, was found at a concentration of 0.93 mM 
of CTABr. Figure 5.4 (B) shows the same graph for the linker solution that, apart from 
CTABr, contains NaOH and the linker H2-NH2-BDC. In addition, the CTABr 
concentration of solutions included in Figure 5.4 (B) are much more concentrated than 
these of Figure 5.4B. Its molar composition was 1.0 H2-NH2-BDC: 2.15 
NaOH: x CTABr: 149 H2O. Since the surfactant concentration is well above CMC at 
any CTA concentration in Figure 5.4B (except x = 0), the addition of surfactant 
molecules practically does not provide further conductivity to the solution, at least up 
to a CTABr/linker ratio (which is the x of the name of the samples Sx) of 0.6. 
Increasing the CTABr/linker ratio from 0.6 to 0.9, there is a slight but unequivocal 
drop of the conductivity, which should be interpreted as a reorganization of CTA 
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https://www.sciencedirect.com/topics/chemical-engineering/critical-micelle-concentration
https://www.sciencedirect.com/topics/chemical-engineering/critical-micelle-concentration
https://www.sciencedirect.com/science/article/pii/S0920586121004764#bib32
https://www.sciencedirect.com/topics/chemical-engineering/mesopore
https://www.sciencedirect.com/science/article/pii/S0920586121004764#bib33
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0020
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0020
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0020
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0020
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0020
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molecules, probably to form micelles, which would be able to remove/entrap some 
anionic species present in the solution (OH-, H-NH2-BDC- or NH2-BDC2-). It is 
noteworthy that just at the concentration at which conductivity of the linker solution 
start to decrease (x = 0.6, Figure 5.4 (B)), the first XRD reflection associated to the 
mesoscopic order in the samples (S0.6, Figure 5.3) reaches their maximum intensity 
as it is maintained even if the surfactant concentration continues to increase. 
Nevertheless, further increase in the surfactant concentration up to an x of 0.9 leads to 
the appearance of the second and the third low-angle reflections, again coinciding with 
the conductivity drop of the corresponding linker solutions. 

 
Figure 5.4. (A) Plot of conductivity vs CTABr concentration in distilled water. (B) Plot of 
conductivity vs CTA concentration in the linker solutions that in addition contains 
NaOH. 

High-angle XRD patterns of the samples prepared with different content of 
surfactant are shown in Figure 5.5. The XRD pattern of the CTA-free sample S0 
corresponds to an as-prepared nanocrystalline NH2-MIL-53(Al), which was expected 
because it has been prepared according to a method reported elsewhere [4]. Small NaCl 
impurity is also present (marked by arrows in Figure 5.5), probably related to the 
drying process at relatively high temperature (80 °C). Indeed, this impurity is not 
present when the sample is dried at room temperature and increases when the sample 
was calcined (see below). This impurity can be removed with successive water washes. 
On the other hand, the XRD peaks found at 2θ of ca. 21.4° and 24.0° seems to be due 
to the presence of the ordered surfactant, as their appearance matches with that of the 

https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0020
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0015
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0025
https://www.sciencedirect.com/science/article/pii/S0920586121004764#bib4
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0025
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sharp low angle XRD reflections shown in Figure 5.3, and all of them are of similar 
broadening. 

 
Figure 5.5. XRD patterns of the as-prepared NH2-MIL-53(Al) samples. The arrows 
indicate reflections due to the presence of NaCl impurity. 

The incorporation of increasing amount of CTA infers systematic changes in the 
XRD patterns. It must be noted that MIL-53(Al) material and its functionalized forms 
are flexible MOFs [24], that is, they can adopt different structural conformation as a 
function of different stimuli such as temperature, pressure or the presence of certain 
molecules [31]. Despite the shown patterns do not exactly match with any of the 
reported forms of MIL-53(Al), it is obvious than surfactant molecules/micelles force 
this material to adopt a particular structural conformation. The changes provoked by 
CTA in these NH2-MIL-53(Al) materials are indeed reversible as soon as the chemical 
species (in this case, the surfactant molecules/micelles) are removed (see below). 
Reversibility is indeed a typical property of flexible MOFs. Furthermore, the notable 
changes in XRD patterns induced by the presence of the surfactant, suggests that the 
interaction between the MOF material and the surfactant CTA is substantial, forming 
a real composite. 

The challenge of creating mesoporosity by the surfactant CTABr in a MOF relies 
on the remaining mesoporosity upon surfactant removal while maintaining both the 
MOF structure and its microporosity. For this aim, we planned two different strategies: 
(i) calcination at 300 °C for 60 h, taking advantage of the fact that MIL-53(Al) family 
are the few MOFs able to be calcined [24], and (ii) through chemical treatment by just 
adding three washing with ethanol. The former strategy, that is, the thermal treatment, 
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aims to remove both surfactant and protonated linker molecules whereas washing with 
ethanol was designed to remove the surfactant and not the protonated linker occupying 
NH2-MIL-53(Al) micropores. Figure 5.6 (A) shows the XRD patterns of sample S1 
as-prepared (just dried at 80 °C after being washed twice in water), after being calcined 
at 300 °C (S1cal) and after being washed with ethanol (S1EtOH). The calcination 
provokes the amorphization of NH2-MIL-53(Al) material in such a way that NaCl is 
the only detected crystalline phase by XRD, which also appeared (but at less extension) 
when the material is simply dried at 80 °C (Figure  5.5). Moreover, the sample became 
black after calcination, indicating that this treatment was also not effective in 
completely eliminating the surfactant. However, the as-prepared sample simply 
washed with ethanol is pure nanocrystalline NH2-MIL-53(Al), even more pure than 
samples S1 and S0, as no NaCl was detected, probably because it would have been 
dissolved during the ethanol washings. 

 
Figure 5.6. (A) XRD patterns and (B) TGA curves of the sample S1: as prepared and dried 
at 80 °C (S1); after being calcined (S1cal) and after being washed in ethanol (S1EtOH). 
The XRD pattern and TGA profile of the CTA-free sample S0 are also shown for 
comparison purposes. 

Figure 5.6 (B) shows the TGA curves of the samples whose XRD patterns were 
shown in Figure 5.6 (A). Practically half of the weight of the as-prepared sample S1 
(48 wt%) is CTA (Table 5.1), which is lost at ca. 250 °C (Figure 5.2). Such weight loss 
is completely absent in the TGA curves of the same sample after any of the treatments 
intended to remove the surfactant, either calcination or washing with ethanol. In the 
case of calcination, the CTA removal for calcination entails the transformation of the 
structure of NH2-MIL-53(Al) material as shown in Figure 5.6 (A) and as it can also be 
deduced from TGA, since the main weight loss is taken place more than 50 °C higher 
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than the homologous weight loss found in the reference sample S0. However, the TGA 
profile of the sample washed with ethanol is practically overlapped to that of the 
sample S0, indicating the whole loss of the surfactant while the structure of NH2-MIL-
53(Al) material is preserved. 

A low magnification TEM image of sample S1EtOH is shown in Figure 5.5 as a 
directly observed proof of the presence of agglomerated nano-sized crystals [4]. 
Crystallites of less than 10 nm are forming much larger agglomerates. The crystallinity 
of the small particles is proven by the presence of a typical polycrystalline selected 
area electron diffraction pattern (SAED). The meso-order initially observed in the as-
made samples could not be recorded due to the lack of stability of the samples under 
the electron beam. The high amount of water present in the sample, together with the 
already known beam sensitivity of MOFs, yields noisy images due to the 
decomposition process under the electron beam. Anyhow after surfactant removal, the 
mesoporosity remained in the material as solid textural porosity (Figure 5.7). 

 
Figure 5.7. TEM image of EtOH-washed sample S1EtOH. The inset shows the SAED 
characteristic of polycrystalline solids. 

The main goal of this study is to prove the hierarchically porous character of the 
resultant materials. Figure 5.8 (A) shows the N2 adsorption/desorption isotherms of the 
samples S0, S1 and S1EtOH. Textural properties data arisen from the three isotherms 
of Figure 5.8 are compiled in Table 5.S1. The total BET surface area for the sample 
without surfactant (S0) is 95 m2g-1. In spite of that value of surface area is rather very 
low for a NH2-MIL-53(Al) material, it must be taken into account that this material 
could potentially contain protonated linker H2-NH2-BDC within their pores. Sample 
S1 lacks significant porosity (BET surface area: 2.2 m2 g-1), what indicates the absolute 

https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0025
https://www.sciencedirect.com/science/article/pii/S0920586121004764#bib4
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0035
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0040
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0040
https://www.sciencedirect.com/science/article/pii/S0920586121004764#sec0035


Capítulo 5 
 

 106 

necessity of removing the surfactant in order to achieve a real porous material. Once 
the surfactant is removed by simple washing with ethanol, the material becomes 
significantly porous. Its total BET surface increases up to 334 m2 g-1, 66 % of which 
being external/mesoporous surface area, according to the t-plot method (Table 5.S1). 
Moreover, it contains both microporosity and mesoporosity, confirming that this 
material has hierarchical porosity. In the mesoporous region of the isotherm, 
significant amount of N2 is adsorbed, showing a characteristic hysteresis loop typical 
of mesopores. Moreover, BJH pore size distribution (PSD) of its adsorption branch 
show a relatively narrow peak centred at 8.3 nm (Figure 5.8 (B)), slightly higher than 
that found for the sample S0, centred at 6.5 nm. The fact that this pore size is quite 
different to the CTA micelles diameter (ca. 3 nm), once again supports that the 
surfactant micelles were initially entrapped during the synthesis procedure, since it is 
governed by precipitation rather than acting as a template in a co-assembling process. 
Upon removal, the space initially occupied by the surfactant is enlarged by the 
shrinkage of the MOF framework indicating that the surfactant is mainly acting as a 
spacer of aggregated crystals. Nevertheless, the trend to be aggregated in large particles 
leaving some intercrystalline mesoporosity was already found in the surfactant-free 
NH2-MIL-53(Al) [4,26,27], but it is greatly multiplied in the presence of the surfactant 
CTABr. 

 
Figure 5.8. (A) N2 adsorption/desorption isotherms of the samples S0, S1 and S1EtOH. 
(B) PSD from adsorption branch of the samples S0 and S1EtOH. 

This relatively ordered mesoporosity should be somehow evidenced by means of 
X-ray diffraction. Figure 5.S2 displays the low angle XRD patterns of the samples S0, 
S1 and S1EtOH. Each diffractogram possesses some diffraction feature in such 2θ 
range (1–6°). The sharp feature in the XRD pattern of S1 has been already shown 
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in Figure 5.3 and assigned to certain well-ordered surfactant. The removal of the 
surfactant CTA+ by washing the sample S1 with ethanol (sample S1EtOH) leads to the 
appearance of a broad and intense XRD band, suggesting the generation of substantial 
mesoporosity but with heterogeneous distribution in both size and spatial location. 
Moreover, their position (centred at 2θ = 1.62º, that is, at a D-spacing of 54 Å) could 
be compatible with mesoporosity generated by the presence and the subsequent 
removal of large amount of surfactant CTA+ (up to 48 wt% of the samples, Table 5.1), 
part of it forming micelles of diameter of ca. 30 Å. Although certain disordered 
mesoporosity is also found in the sample S0, prepared in the absence of any surfactant, 
the intensity of its low angle XRD band is much lower, indicating much more limited 
mesoporosity than in the S1EtOH sample, whereas its position (maximum at 2θ = 
2.11°, d-spacing of 41.7 Å) indicates small average mesopores than these found in the 
sample S1EtOH, which is in good agreement with the pore size distributions shown 
in Figure 5.8B. 

At this point, it is pertinent to highlight that the microporosity of this sample would 
be basically blocked by the presence of protonated linker molecules within their pores, 
as the sample was not calcined. Removal of both surfactant and protonated linker from 
these samples are currently under investigation, but it is quite probably that a right 
combination of washing with ethanol and N,N-dimethylformide (solvent able to 
dissolve NH2-H2BDC), either consecutively or with washing of a mixture of both 
solvents, is able to liberate all both microporosity and mesoporosity of these 
hierarchical materials. Similarly, this strategy for generating mesoporosity is being 
applied to some other MOF materials, which are also able to be prepared under 
sustainable conditions and that do not need to be calcined. 

Both nanocrystalline NH2-MIL-53(Al) samples S1EtOH and S0, which were 
prepared with CTA/Al molar ratio of 1 and 0, respectively, and the former was washed 
with ethanol to eliminate surfactant, were tested in the removal of bisphenol A (BPA) 
at room temperature from aqueous solutions (25 ppm in BPA) (Figure 5.9). In spite of 
both samples were not calcined, and then most of their potential microporosity is not 
accessible, they were quite active. Just after being in contact with the aqueous solution 
for ten minutes, the sample S0 was able to remove more than 50 % of BPA and the 
sample S1EtOH removed more than 90 %. Moreover, after 20 min, the activity of 
sample S0 trends to be stabilized whereas the sample S1EtOH continues removing the 
contaminant. Since both samples have the same structure and the same composition, 
such different should be ascribed to the different textural properties. As Figure 
5.8 made clear, the surface area of S1EtOH is almost four times that of S0, and the 
difference is even higher in terms of pore volume, since the difference is specially due 

https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0015
https://www.sciencedirect.com/science/article/pii/S0920586121004764#tbl0005
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0040
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0045
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0040
https://www.sciencedirect.com/science/article/pii/S0920586121004764#fig0040
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to their mesoporosity. In other words, the mesoporosity induced by the surfactant 
CTA+ becomes key to justify the differences in BPA removal by both samples S0 and 
S1EtOH. 

 
Figure 5.9. BPA content (in percentage) of an aqueous solution, which initially 
contained 25 ppm of BPA, after being in contact with the samples S1EtOH (in green) 
and S0 (in black). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

It is remarkable that preliminary studies on the reaction media of BPA removal 
have made clear that bisphenol A is catalytic transformed by both NH2-MIL-53(Al) 
samples and therefore this contaminant is not eliminated from aqueous solution by 
simple adsorption, unlike the NH2-functionalized MIL-101 [34]. Moreover, the 
catalytic performance given by these catalysts is competitive with these given by other 
MOF-based catalysts in literature, even when the MOF (MIL-100(Fe)) is forming 
composites (with CoS) and eliminates BPA through photo-Fenton conditions [35]. On 
the other hand, both Co-doped and undoped NH2-MIL-53(Fe) needed longer times for 
similar degradation [36]. 

 

 

5.4 Conclusions 
This work addresses the sustainable preparation (in water, at room temperature, 

quick formation) of the nanocrystalline MOF material NH2-MIL-53(Al) in the 
presence of the surfactant cetyltrimethyammonium bromide CTABr. For CTABr/Al 
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ratios equal or above 0.6, significant amount of the surfactant (above 40 % of the total 
weight of the sample) is incorporated to the solid. The so-formed MOF is a somehow-
distorted NH2-MIL-53(Al) material whose low-angle XRD pattern shown sharp 
reflections indicating mesoscopic order, probably due to surfactant micelles. The 
surfactant is easily removed by simple washing of the sample with ethanol at room 
temperature, leading to a surfactant-free nanocrystalline NH2-MIL-53(Al) with 
outstanding mesoporosity which was induced by the surfactant CTA. This 
hierarchically-porous sample removed very efficiently the emergent contaminant 
bisphenol A from aqueous solutions, comfortably surpassing the performance of its 
homologue prepared in the absence of any surfactant. The difference in performance 
between both samples is due to the textural properties, ultimately, to the use of the 
surfactant CTA in the synthesis media. 
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Supporting information 

 
Figure 5.S1.  Low angle XRD pattern of the as prepared S1R. Low angle XRD pattern of 
the samples S1 and S1S are show for comparison purposes. 

 
Figure 5.S2.  Low angle XRD patterns of the sample S1 (top, purple line), S1EtOH (on 
the middle, green line) and S0 (bottom, black line). The maximum of the most intense 
XRD band/peak is indicated for each diffractogram.  
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Table 5.S1.  Textural properties of the NH2-MIL-53(Al) samples prepared in the absence 
of any surfactant (S0) or in the presence of the surfactant CTA, before any washing 
(S1) and after washing (S1EtOH), extracted from the isotherms shown in Figure 5.8 (A). 

Sample SBET / m2g-1 Smic / m2g-1 Sext / m2g-1 Vpore / cm3g-1 PSD / nm 

S0 2.2 0.6 1.6 0.009 - 

S1 95 30 65 0.110 6.5 

S1EtOH 334 113 221 0.394 8.3 
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Context 
As anticipated, the generation of mesoporosity by the surfactant 

cetyltrimethylammonium in the MOF NH2-MIL-(53) prepared under sustainable 
conditions, described in this Chapter 5, was a partial objective in the framework of 
this Doctoral Thesis, since the ultimate goal was to address the study of the ternary 
surfactant/MOF/enzyme system. The quality and novelty of the results obtained in 
the binary surfactant/MOF system (CTA/NH2-MIL-53(Al), in particular), without the 
participation of any enzyme, allowed the publication of an article in Catalysis Today, 
which to the bests knowledge substantially enriches this report. Nevertheless, 
Chapter 5 as it is presented could be understood to be outside the line of research 
marked in this Thesis, insofar as it is not strictly focused on immobilization of 
enzymes. However, during the development of the research work some attempts to 
immobilize enzymes in these systems were addressed and this appendix focuses 
precisely on them. Starting from the results obtained in the work that heads this 
chapter (for the binary system surfactant/MOF) and following the in situ 
immobilization methodology (where the enzyme and the surfactant are present 
during the MOF formation process), the most relevant results obtained in the study of 
the ternary systems enzyme/MOF/surfactant, specifically the Laccase/NH2-MIL-
53(Al)/CTA system, will be presented in this appendix.  

Unlike the rest of the appendages of this report, this work will not be published, 
since under the specific conditions in which it was carried out, the biocatalysts 
obtained did not conserve the enzyme activity. However, its presence in this Doctoral 
Thesis is essential for several reasons: (i) it reflects the efforts made to achieve one of 
the final objectives that had been set (Chapter 2); (ii) it represents the first attempt to 
prepare this kind of biocatalysts with improved porosity; and (iii) it opens to a new 
line of research in our group.  

The experimental procedure, a brief discussion of the results obtained and some 
final conclusions are included below.  
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AC5.1 Experimental section 
In situ synthesis of laccase biocatalysts immobilized on NH2-MIL-53(Al) with 

hierarchical structure was carried out following the procedure described by Molina et 
al. (Chapter 5) [1] but modified by the additional presence of the laccase enzyme. In 
a typical preparation, 0.483 g (2 mmol) of AlCl3·6H2O (from Sigma-Aldrich) was 
dissolved in 1 ml of distilled water and then added dropwise over a second solution 
under stirring. That second solution was prepared one hour earlier and was formed by 
0.49 g (1.2 mmol) of CTABr (Sigma-Aldrich), 0.362 g (2 mmol) of 2-
aminoterephthalic acid (H2-NH2-BDC, Sigma-Aldrich), 4.35 g (4.3 mmol) of NaOH 
1 M aqueous solution and 4 ml of the laccase extract (Novozym 51003, whose 
protein concentration is 12.25 mg·ml-1). The enzyme load initially offered to the 
supports was 100 mg of enzyme per g of the support. The mixture was left under 
magnetic stirring at 100 rpm for 20 h at a controlled temperature of 25 ºC (Sample 
Lac@NH2-MIL-53(Al)-0.6S). Other similar samples were prepared following the 
same procedure, but varying the amount of surfactant, with CTABr/Al ratios from 
0.1 to 0.6. The code for these samples is Lac@NH2-MIL-53(Al)-xS, where x is the 
molar ratio CTABr/Al in the synthesis media. After 20 h, the supernatants were 
separated by centrifugation (10000 rpm, for 20 min and at 10 °C) and stored at 4 °C 
for further analyses. The solids obtained were washed with 15 ml of Milli-Q water 
for 15 minutes and separated by centrifugation at 10000 rpm for 20 minutes at 10 ºC. 
Finally, the wash supernatants were decanted for further analyses and stored at 4 ºC. 
The resulting biocatalysts were dried under dry nitrogen stream and stored at 4 ºC. 

Subsequently, to remove the surfactant the materials were washed with a 10 
%(v/v) solution of ethanol in water. Two successive washes were performed by 
soaking the solids for 15 min in 10 ml of ethanol solution per 100 mg of biocatalyst. 
The supernatants were separated from the solid by filtration under reduced pressure 
and the solid was dried under the same conditions as above.  

X-ray diffraction (XRD) patterns were collected with a Philips X'PERT 
diffractometer which has an X'Celerator detector and uses Cu Kα radiation. 
Thermogravimetric analysis (TGA) was performed using a Perkin-Elmer TGA7 
instrument, with a heating rate of 20 °C/min under air flow.  

The yields of the immobilizations were determined by the difference between the 
initially offered load and the protein content of each supernatant and wash, measured 
by Bradford assay [2], using Bio-Rad Protein Assay kit (Bio-Rad) and bovine serum 
albumin (BSA) as protein standard. To determine the activity retained after 
immobilization, 10 mg of biocatalyst were resuspended in 0.5 ml of 100 mM sodium 
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acetate buffer solution at pH 4.5. 50 µl of this suspension was added to a cuvette 
containing 1.9 ml of 1.6 mM solution of ABTS (2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt, Sigma) in 100 mM acetic 
acid/sodium acetate buffer at pH 4.5 and the increase in absorbance caused by the 
oxidation of ABTS was measured at 405 nm (ε = 35,000 M-1·cm-1) .   

To perform the leaching assays, 100 mg of each biocatalyst was suspended in 4 
ml of 50 mM acetic acid/sodium acetate buffer solution at pH 5. The suspension was 
kept under agitation on a roller mixer and aliquots of the supernatant were taken at 
different times, determining the amount of enzyme leached by Bradford assay, as 
mentioned above.  

Finally, in order to indirectly and quantitatively detect the presence of laccase 
enzyme inside the biocatalysts prepared by the in situ method, SDS-PAGE 
electrophoresis was performed. To 50 mg of each of the biocatalysts is added 200 μL 
of rupture buffer prepared according to the protocol of Laemmli [3] which contained: 
240 μl of sodium dodecylsulfate 20 %, 500 μl of Tris/HCl buffer 2.5 M pH 6.8, 1960 
μL of Milli-Q water, 2000 μL of glycerol, 800 μL of bromophenol blue 0.05 % and 
1100 μl of mercaptoethanol. The suspensions were boiled for 10 min to allow 
denaturation of the enzyme. The supernatants were separated by centrifugation (3500 
rpm and room temperature) and the solids were resuspended in 100 μL of 1 M 
sodium hydroxide solution to force out the enzyme. The supernatants were separated 
by centrifugation under the same conditions. All supernatants were analyzed using a 
12 % SDS-PAGE electrophoresis gel. 

 

 

AC5.2 Results and brief discussion 
Biocatalysts were prepared by the in situ method, in other words, in the presence 

of the enzyme during the synthesis of the material, with CTABr/Al molar ratios 
selected from the results obtained in Chapter 5[1]. Despite the good results obtained 
in that chapter, both in surfactant incorporation and mesoscopic order generation, for 
the syntheses carried out with CTABr/Al molar ratios equal to 1, the experiments 
were not replicated in the presence of enzyme due to the experimental difficulty 
involved in working with such high amounts of this surfactant. 

Table AC5.1 compiles the most relevant characterization data of the biocatalysts 
prepared throughout this work, including their surfactant content (determined from 
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TGA, Figure AC5.1) and the presence/absence of mesoscopic order (as observed in 
the low-angle XRD patterns, Figure AC5.2 (A)). At low CTABr concentrations 
(CTABr/Al ratios equal to 0.1 and 0.2), the amount of surfactant incorporated into 
the final solid is approximately 8 wt%, as opposed to the behavior found for the 
sample prepared in the absence of enzyme with a CTABr/Al ratio of 0.15, in which 
the CTA content in the final solid was zero, indicating an interaction between 
surfactant and enzyme that favors their joint incorporation. Even so, such surfactant 
concentration in the final biocatalyst is insufficient to generate detectable mesoscopic 
order in the low-angle XRD patterns. For a CTABr/Al molar ratio of 0.3, the CTA 
content incorporated in the final biocatalyst is already significant (about 20 wt%) but 
remains insufficient to induce mesoscopic order. However, when the CTABr/Al ratio 
in the synthesis medium is 0.6, the final CTA content of the biocatalyst rises to 30 
wt% (temperature range 190-300 °C in the thermograms), and such an amount of 
CTA induces some mesoscopic order in the material, as in the case of the materials 
prepared in the absence of enzyme [1]. 

Table AC5.1. Surfactant content and mesoscopic order generated in the different 
biocatalysts prepared by the in situ method. 

Biocatalysts Surfactant content / wt% a Mesoscopic order b 

Lac@NH2MIL-53(Al)-0.6S 30.7 Yes 

Lac@NH2MIL-53(Al)-0.3S 20.1 Yes 

Lac@NH2MIL-53(Al)-0.2S 8.89 No 

Lac@NH2MIL-53(Al)-0.1S 8.09 No 
a Weight in percentage, determined by the weight loss in the temperature interval 
190-300 ˚C in the TGA curves (Figure AC5.1). 
b As observed in the low angle XRD patterns (Figure AC5.2 (A)). 

The high angle XRD patterns for the biocatalyst series (Figure AC5.2 (B)) have 
the same appearance as those of the materials. prepared in the absence of enzyme: (i) 
the crystalline phase corresponds to that expected for the NH2-MIL-53(Al) MOF; (ii) 
diffraction maxima appear at 2Ɵ values of approximately 32 and 46 º corresponding 
to NaCl impurity in all samples, because the biocatalysts were not copiously washed 
with water [1,4]; and (iii) there is a systematic broadening of the diffraction maxima 
as the amount of surfactant increases [1]. 
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Figure AC5.1. TGA curves of the as-prepared one-pot Lac@NH2-MIL-53(Al)-xS 
biocatalysts prepared in the presence of different amounts of CTABr. The yellow 
ellipse indicates the region at which surfactant is lost.  

 
Figure AC5.2. (A) Low angle and (B) high angle XRD patterns of the as-prepared one-
pot Lac@NH2-MIL-53(Al)-xS biocatalysts prepared in the presence of different 
amounts of CTABr. The arrows indicate the three detected XRD reflections assigned 
to the meso-order induced by the surfactant. The asterisks indicate reflections due to 
the presence of NaCl impurities.  
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Table AC5.2 summarizes the most relevant results of the biochemical 
characterization of the biocatalysts. In all cases, the performance of the 
immobilizations (% enzyme retained and enzyme loading) was determined from 
Bradford assay [2]. For the sample prepared with an CTABr/Al molar ratio of 0.6, 
the high surfactant content altered the reagent coloration, making impossible to 
determine the loading by this method. For the remaining samples, blanks were made 
by measuring the absorbance of the supernatants of the materials prepared in the 
absence of enzyme, confirming that in these cases the presence of surfactant did not 
interfere with the analysis data. In all cases where it could be determined, the 
immobilization yield was 100 %, corresponding to an enzyme loading of 100 mg 
enzyme per g biocatalyst, in good agreement with the results obtained for the 
surfactant-free system [4]. 

 Despite the successful enzyme loading results, the activity retained by the 
enzyme after immobilization is negligible for all biocatalysts prepared, regardless of 
the amount of surfactant. Again, for the material prepared with a CTABr/Al molar 
ratio of 0.6, spectroscopic activity assay could not be performed, since upon contact 
with the ABTS solution, it acquired a turbidity that we attribute to the high presence 
of the surfactant in the biocatalyst. At lower surfactant molar ratios no such effect 
appears.   

Table AC5.2. Immobilization efficiency, enzyme loading and activities of the as-
prepared one-pot Lac@NH2-MIL-53(Al)-xS biocatalysts prepared in the presence of 
different amounts of CTABr. 

Biocatalysts 
Enzyme 
loading  
/ mg·g-1 

Catalytic 
activity  
/ U·g-1  a 

Specific 
activity  

/ U·mg-1  b 

Retained 
activity  

/ % c 

Lac@NH2MIL-53(Al)-0.1S 100 0.76 0.01 0.09 

Lac@NH2MIL-53(Al)-0.2S 100 1.16 0.01 0.14 

Lac@NH2MIL-53(Al)-0.3S 100 5.70 0.06 0.09 
a Activity per gram of biocatalyst 
b Activity per mg of immobilized enzyme 
c Percentage of activity retained by the enzyme after immobilization with respect to 
free enzyme 

Leaching assays (Figure AC5.3) confirm the effectiveness of immobilization, 
which is in agreement with the results observed for the surfactant-free system [4]. 
The absence of leaching together with the low retained activity values suggests two 
alternatives: (i) deactivation of the enzyme by surfactant incorporation: (ii) or the 
inability of the reagent to access the enzyme due to the presence of surfactant. 
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Figure AC5.3. Enzymatic leaching of the as-prepared one-pot Lac@NH2-MIL-53(Al)-xS 
biocatalysts prepared in the presence of different amounts of CTABr. 

To test whether the low activity of the biocatalysts is due to the presence of the 
surfactant hindering the accessibility of the ABTS molecules to the immobilized 
enzymes, surfactant removal was performed. Absolute ethanol washes proved to be a 
suitable method for surfactant removal in the enzyme-free system [1]. However, 
these conditions are not compatible with laccase activity. Previous work had shown 
that laccase activity decreases slightly in 10 % ethanol solution for contact times less 
than 30 min [5]. Therefore, two washes were performed with 10 % ethanol for 15 
min intervals. After checking by TGA that the amount of surfactant was partially 
reduced, the activity of the biocatalysts was determined by ABTS reaction. The 
results of the activity in the biocatalysts after partial removal of the surfactant are 
listed in Table AC5.3. Washes with 10 % ethanol did not prove to be an adequate 
method to recover the enzyme activity, so it is deduced that the surfactant could act 
as an inhibitor of the enzyme activity.  

Table AC5.3. Activity results of biocatalysts prepared by the in situ method and after 
washing with 10 % EtOH to remove part of the surfactant. 

Biocatalysts Catalytic activity / U·g-1  a 

Lac@NH2MIL-53(Al)-0.1S 2.7 

Lac@NH2MIL-53(Al)-0.2S 0.5 
a Activity per gram of biocatalyst 
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Finally, to confirm the presence of the enzyme in the prepared biocatalysts, 
electrophoresis was performed on the supernatants collected after forcing the 
leaching of the enzyme as described in the experimental procedure. It is noteworthy 
to point out that the treatment of the biocatalysts with the cleavage buffer was not 
sufficient to force the leaching of the enzyme, being necessary a subsequent 
treatment with 1 M NaOH solution, indicating that the retention of the enzyme in the 
biocatalysts is severe, presumably because of its strong interaction with the 
surfactant.  The gel obtained is shown in Figure AC5.4, resulting in direct evidence 
of the presence of laccase on the biocatalysts. 

 

Figure AC5.4. Electrophoresis gel for the lixiviated of the biocatalysts, where P 
corresponds to the gel of a standard, E to that of the laccase used in the 
immobilizations, while the numbers 0.2, 0.3 and 0.6 correspond to the x (CTA/Al ratio 
in the synthesis mixture) of the Lac@NH2-MIL-53(Al)-xS biocatalysts. 

 

 

AC5.3 Conclusions 
This work addresses the one-step immobilization of laccase on hierarchically 

porous NH2-MIL-53(Al) in the presence of the surfactant CTABr. The prepared 
biocatalysts succeeded in immobilizing 100 % of the initially offered enzyme. 
Moreover, the incorporation of CTA into the final biocatalyst is favored in the 
presence of laccase enzyme. As in the enzyme-free system, the appearance of 
mesoscopic order, detectable in the low-angle XRD patterns, required CTABr/Al 
ratios equal to 0.6. However, the prepared biocatalysts show no evidence of catalytic 
activity. Ethanol washes removed part of the surfactant, but failed to recover the 
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catalytic activity of the biocatalysts. The favored incorporation of CTA in the 
presence of laccase and the low leachate levels indicate a strong interaction between 
the Lacase/NH2-MIL-53(Al)/CTA system. 

This study cannot rule out that this strategy is not valid to improve the 
incorporation of active enzymes in MOFs. In fact, it proves that the strong surfactant-
enzyme interaction could facilitate its incorporation into this MOF. The fact that the 
activity of the so-immobilized enzyme could not be demonstrated should simply be 
taken as a specific fact (with this enzyme, with this extract, with this surfactant, with 
this MOF, with these immobilization conditions, in this test reaction) rather than as a 
generality. 
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Abstract 
Nanoporous Metal-Organic Frameworks (MOFs) have a great potential in so many 

indrustrial applications including heterogeneous catalysis and gas storage/ 
capture/separation. MOF-74 is one of the most interesting MOFs in an academic 
context, as it contains open metal sites, possesses high versatility in metal nature, and 
can be prepared with so small crystal size. As a consequence, the catalytic activity of 
these nanocrystalline materials is superior to that given by their conventional 
counterparts. However, their characterization by conventional X-ray diffraction 
(XRD) is insufficient. In this work, we present a joint study of XRD and Pair 
Distribution Function (PDF) -both acquired under synchrotron radiation- of a series of 
nanocrystalline M-MOF-74 materials (M = Mg, Co, Ni, Cu or Zn) prepared at room 
temperature. Whereas the XRD continues being lacking for an adequate structural 
characterization, PDF provides key structural information at medium and short range 
and, therefore, is ideal for studying such nano-domains. It was confirmed that these 
materials are exclusively composed by MOF-74 phase and that their poor ability to 
diffract is due solely to their eminent nanocrystallinity, which resulted to be even more 
pronounced than it has been previously estimated. Beyond Scherrer-like approaches, 
PDF can give direct information about the range of crystal size in nanocrystalline 
materials. Moreover, the technique is also able to detect slight structural deviations in 
short-range environments, just like it is made clear in the case of Cu-MOF-74 
compared with the rest of M-MOF-74 materials, which possesses a marked Jahn-Teller 
effect in the octahedral coordination of Cu. 

 

Keywords:  

Pair distribution function; MOF-74; CPO-27; Nanocrystalline catalysts; Crystal size range 
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6.1 Introduction 
In just two decades since their discovery, Metal-Organic Frameworks (MOFs) have 

become the most transversal family in materials chemistry, considering their 
unbeatable structural and compositional versatility and their consequent huge range of 
applications [1–3]. Moreover, their versatility goes beyond structural and composition 
aspects, covering other issues often ignored. In this sense, it is remarkable the 
widespread range of successful synthesis strategies and conditions under which they 
can be prepared [4–6]. Apart from the economical, chemical and/or environmental 
benefits that alternative synthesis strategies can be provided [4,5,7], they sometimes 
lead to MOF materials of known structure and composition but having certain key 
singular physicochemical properties rationally designed, such as the control of crystal 
size and the introduction of intercrystalline mesoporosity [7,8]. For instance, from a 
catalytic point of view, the goal of producing nanocrystalline materials in order to 
avoid/minimize the diffusion of reactants and products through the MOF pore system 
is elegantly reached by simple and sustainable room temperature synthesis procedures, 
which often leads to nano-sized MOFs with higher catalytic performance than that of 
their micron-sized counterparts [9–12]. 

One of the MOF materials that arouse most interest in the catalytic community is 
MOF-74 [13], also called CPO-27 [14], because it combines a series of very attractive 
properties: (i) commercial organic linker; (ii) high specific surface; (iii) pores of 1 nm 
in diameter; (iv) acceptable both thermal and chemical stabilities; (v) exposed and 
unsaturated metal centers; (vi) possibility of being prepared with a dozen divalent 
metals (with redox and/or acidic catalytic properties) or with the mixture of them at 
any proportion [15–20]; (vii) its system of hexagonal pores in a single direction, with 
a single crystallographic site for metals, which facilitates the interpretation of its 
catalytic activity; or (viii) their particular versatility to be prepared under different 
conditions. Delving in this last aspect, MOF-74 can be prepared in at least four 
solvents: N,N-dimethylformamide (DMF) [13], water [7], tetrahydrofuran (THF) [21] 
and methanol [22]), in an unprecedented temperature range from −78 °C [23] to 
125 °C [24], by crystallization [13,14] or precipitation procedures [8,25], etc. From an 
economic and environmental points of view, the most interesting feature of such 
versatility is the fact that it can be prepared under very sustainable conditions: short 
times, at room temperature, high yields, and water or methanol as alternative solvents 
to DMF [7,8,11,22,25]. 

The nanocrystallinity reached by MOF-74 prepared at room temperature is the 
most prominent reported for a nanoporous material, whose crystalline domains are 
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scarcely formed by a very few number of unit cells [8]. As a consequence, its structural 
characterization by X-ray diffraction (XRD) is clearly insufficient, being unable either 
to unequivocally identify the MOF-74 phase or to detect the presence/absence of 
amorphous phases. On the other hand, the crystalline domains (rather than crystals) 
forming these MOFs are not always possible to be observed by high-resolution 
microscopic techniques, as they are completely fused in much larger particles, in which 
individual crystals cannot be distinguished [8]. In spite of other physicochemical 
characterization techniques can provide data regarding environments of metals and 
organic species and/or metals, which somehow certifies the nature of the crystalline 
phase [8], it would be very pertinent to get information on the structural order of these 
materials in the medium-short range, and to go in depth about size range of their crystal 
domains. In this sense, so far just an estimation of the average crystal size can be 
achieved by the application of certain Scherrer-like approximated equations to the low-
quality poorly-defined powder XRD patterns of nanocrystalline MOFs [8,11]. 

The technique known as Pair Distribution Function (abbreviated as PDF), total 
dispersion or simply as the function G(r), gives the probability of finding pairs of 
atoms separated by a distance r [26,27]. G(r) is obtained experimentally from the 
Fourier transform of the total dispersion powder pattern. To achieve very high quality 
PDF patterns, it is necessary to register a very wide range of dispersion vector (Q), so 
it is important to use short wavelengths of X-rays and high diffraction angles. 
Irrespective of the crystallinity of the samples, PDF gives local structure information 
and a weighted histogram of all atom-atom distances within a material [28,29]. 
Therefore, this technique allows to study glass, liquids, gels, amorphous, semi-
amorphous and crystalline phases and hence also nanocrystalline materials, providing 
quantitative information regarding the content of phases and local (medium and short 
range) environments [28]. For example, in the case of zeolites, which are also 
nanoporous but purely inorganic materials, both their well-known crystalline 
structures and their much less known and difficult-to-characterize precursor gels, were 
studied by PDF, making clear that the structural units forming the final zeolite are 
already present in the gel before being hydrothermally treated [30,31]. Such 
information is either really hard or not possible to obtain by any other characterization 
technique. 

Similarly, it is expected (and it has been already made clear in some cases [32]) 
that the extensive application of the PDF technique in the study of MOFs could be of 
invaluable support for: (i) studying structural changes by different stimuli like gas 
adsorption [33] or pressure-induced gas release [29]; (ii) knowing the species present 
in the precursor mixtures of MOFs [34]; (iii) clarifying the mechanisms of formation 
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[35] or transformation of either MOF materials [36–40] or their metal nodes [41]; (iv) 
characterizing disordered, amorphous or semi-amorphous MOFs [42,43]; (v) 
characterizing nanocrystalline materials; (vi) localizing metals loaded on MOFs [44]; 
(vii) identifying possible impurities [45] in the nano-sized MOFs. For instance, just 
focusing on the last point, it must be noted that the quality of the nano-sized MOF 
materials prepared by precipitation is often similar to that of their counterparts 
prepared by crystallization [8,11], and even sometimes their textural properties could 
become even better [46]. However, some other times the desired formed MOF phase 
have competitors, commonly metal (hydr)oxide-based phases, in particular when the 
MOF material is prepared through methods involving drastic change of the pH of the 
mixture by adding deprotonating agents [47,48]. Such impurities are really hard to be 
detected because of their either nanocrystalline or amorphous phase, but could 
substantially decrease the textural properties of the final sample. PDF could potentially 
shed light on solving this and related problems. 

In this work, a series of nanocrystalline M-MOF-74 (M = Mg, Co, Ni, Cu o Zn) 
materials, prepared at room temperature, have been studied by XRD and PDF under 
synchrotron radiation. Among these MOF-74 materials, only Ni-MOF-74 had been 
studied by PDF so far, but with a different goal: proving some information of nickel 
local geometry before and after thermal decomposition to Ni nanoparticles [49]. This 
work has clarified that any sample, in spite of their low-quality XRD, is exclusively 
formed by MOF-74 phase. Moreover, the PDF technique is able to provide the size 
range of their crystalline nanodomains, which in the cases of Co- and Ni-MOF-74 
samples are formed by very few unit cells [8], improving the simple estimation of the 
crystal size given by the application of Scherrer-type equations to experimental XRD 
patterns. Furthermore, the technique clearly detected the Jahn-Teller effect of the metal 
coordination in Cu-MOF-74, making clear the power of this technique in the short-
range structural characterization of any MOF material, even if they are not able to be 
solved out by traditional crystallographic techniques. 

 

 

6.2 Experimental 

6.2.1 Synthesis of M-MOF-74 materials 

Materials M-MOF-74 (M = Mg, Co, Ni, Cu o Zn) were prepared at room 
temperature (RT) (23 °C) following the experimental protocol described elsewhere 
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[8,11]. A yellow solution of 0.198 g of 2,5-dihydroxyterephthalic acid (dhtp, 1 mmol) 
in 5.000 g of DMF were added dropwise under stirring over a solution formed by 
2.6 mmol of the x-hydrated divalent metal acetate (being x = 2 for Zn, 3 for Cu, and 4 
for Mg, Co and Ni) in 5.000 g of DMF. Such addition induced the immediate 
appearance of a precipitate. The final mixture was kept under stirring for 20 h at room 
temperature. The solid was recovered by centrifugation and washed first with 20 ml of 
DMF and then two more times with 20 ml of methanol. Next, it was soaked in 
methanol for 6 days; during this period that solvent was changed for the same amount 
of fresh methanol three times. 

The conventional Zn-MOF-74 was synthesized under solvothermal conditions 
strictly following a recipe published elsewhere [17]. 

 

6.2.2 XRD and total scattering data collect 

The samples were characterized by XRD under both conventional laboratory and 
synchrotron-based radiations. All laboratory and synchrotron data were registered at 
room temperature (at ~23 °C in the laboratory, at ~20 °C at the synchrotron). In the 
laboratory, the XRD patterns were collected in a Philips X’PERT instrument under Cu 
Kα radiation (λ = 1.54059 Å) and having an X'Celerator detector. The crystal size was 
estimated by applying the Scherrer equation to the XRD reflections 110 (2θ ~ 6.8°) y 
300 (~11.6°), as described elsewhere [8]. Synchrotron radiation powder XRD (SR-
PXRD) data were collected in Debye–Scherrer (transmission) mode on the powder 
diffraction endstation at the BL04-MSPD beamline at the ALBA synchrotron light 
facility (Barcelona, Spain) [50]. An incident X-ray wavelength of 0.41279 (2) Å 
(30 keV) was used, and determined from a Si640d NIST standard (a = 5.43123 Å) 
measurement. The MYTHEN detector was used to measure the data, being the 
maximum energy used (30 keV) dictated by its efficiency. Capillary samples were 
spun during data collection to improve particle statistics. A large angular range (2θ) 
from 0.5 to 132° was measured, reaching thus an instrumental Qmax (Qmax-inst) of 
28 Å−1. The measurement time for each diffraction pattern was of 43 min (one cycle). 
For all the samples, three cycles were measured. No changes were observed between 
the individually collected SR-PXRD patterns, so they were added to improve the 
signal-to-noise-ratio. An empty capillary was measured for one cycle, and its 
background scattering subtracted from the data. 
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6.2.3 Pawley fits 

Pawley fits [51] were carried out against the SR-PXRD data for the conventional 
Zn-MOF-74, nanocrystalline Zn- and Cu-MOF-74 samples to verify the phase present 
and extract information about the lattice parameters. Pawley fits were performed just 
on those 3 samples because they have well defined Bragg peaks as observed in Figure 
6.1. The 2θ range analyzed was 1–30°. The software package Topas Academic V6 [52] 
was used for these analyses. The space group R3̅ was used for the Pawley fits as 
determined in previous literature. The initial lattice constants were taken from cif files: 
14944750 [53] and 901474 [19], which correspond to Zn and Cu-MOF-74, 
respectively. The background of the SR-PXRD data was modeled using 10 coefficients 
in the Chebyschev model. A pseudo-Voigt profile function was used. The lattice 
parameters, profile shape parameters, and background were refined. 

 

6.2.4 Pair Distribution Function data analysis 

The PDF, also known as G(r), shows the probability of finding pairs of atoms 
separated by a distance r. G(r) is experimentally obtained by a Fourier transform of 
the total scattering powder pattern, according to the equation [26,28,54]: 

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌𝑜] =  
2

𝜋
∫ 𝑄[𝑆(𝑄)  − 1] sin(𝑄𝑟

∞

0

)𝑑𝑄 

where ρ(r) is the microscopic atomic pair density, ρo is the average atomic number 
density, S(Q) is the total scattering structure function, and Q is the momentum transfer 
(Q = 4πsin(θ)/λ). In order to obtain PDF patterns of very high quality, the recorded Q-
range has to be long. For this reason, the use of short wavelength X-rays and high 
2θ diffracting angles is very important [45]. Total scattering data analyzed by PDF 
methodology may distinguish phases that are amorphous, nanocrystalline or 
crystalline, and this methodology provides quantitative information concerning phase 
contents and local bonding environments [28]. 

To obtain the PDF data, the one dimensional XRD intensity I(Q) data for the M-
MOF-74s as well as for the empty capillary were imported to the software xPDF suite 
[55]. Upon inspection of the I(Q) data at the high angle region, the Qmax-inst was 
selected to be 27 Å−1 because data at angles higher than 125° were noisy due to the 
beam stop. The scale factor of the background signal was adjusted. On close 
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examination of noise levels in the G(r) data, the total scattering data were cut off at 
a Qmax of 20 Å−1. 

 

 

6.3 Results and discussion 
The X-ray diffraction patterns of the series of M-dhtp materials registered in both 

laboratory XRD instrument and under synchrotron radiation are shown in Figure 6.1. 
Irrespective of the radiation nature, the width of the reflections highlights the 
outstading nano-crystalline character of the samples prepared at room temperature, 
especially these based on Ni and Co metals. As previously reported [8], this method 
produces materials of so small crystal size that the identification of their crystalline 
phase(s) cannot become reliable by PXRD. Even this technique under synchrotron 
radiation, which undoubtedly generates much higher quality XRD patterns in terms of 
resolution, signal-to-noise ratio, absence of fluorescence, etc. (Figure 6.1-right), 
compared to the XRD registered in a laboratory X-ray instrument, does not generate 
patterns allowing the unequivocal identification of phases in all samples. Figure 
6.S1 makes clear that the identification of the MOF-74 phase as the unique phase in 
the sample Zn-dhtp is beyond all doubt. Similarly, the Cu-based sample could be 
assigned to pure Cu-MOF-74, although it must be noted that the XRD pattern of this 
sample is markedly different to the rest of their counterparts because of the notable 
Jahn-Teller effect of octahedral Cu within this structure [19]. To verify the phase 
present, we performed Pawley fits on the conventional Zn-MOF-74 and 
nanocrystalline Zn- and Cu-MOF-74 samples (Figures 6.S2A–C). We observe that the 
Pawley fits in space group R3̅ fit very well accounting for all observed reflections in 
SR-PXRD data for the 3 samples. For the conventional Zn-MOF-74, a fit quality 
parameter (Rwp) of 5.91 % was obtained. The lattice constants obtained 
were a = b = 26.1568 (4) Å, c = 6.6594 (1) Å. These lattice constants results are 
similar to the literature ones for Zn-MOF-74: a = b = 26.17897 (10) Å, c = 6.65197 (5) 
Å (cif file: 14,944,750 [53]). For the nanocrystalline Zn-MOF-74, an Rwp of 4.57 % 
was achieved. The lattice constants obtained were a = b = 26.219 (1) Å, c = 6.6529 
(3)1 Å. These lattice constants results are comparable to the literature ones for Zn-
MOF-74: a = b = 26.17897 (10) Å, c = 6.65197 (5) Å (cif file: 14,944,750 [53]). For 
the nanocrystalline Cu-MOF-74, an Rwp of 4.75 % was achieved. The lattice constants 
obtained were a = b = 26.049 (2) Å, c = 6.3283 (6) Å. These lattice constants results 
are comparable to the literature ones for Cu-MOF-74: a = b = 25.9972 
(11), c = 6.2587 (3) Å (cif file: 901,474 [19]). Therefore, for the conventional Zn-
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MOF-74 and nanocrystalline Zn- and Cu-MOF-74 samples the phase present was 
verified. 

 

Figure 6.1. XRD patterns of nanocrystalline M-MOF-74 materials registered under 
laboratory (left) and synchrotron radiation (right). The intensity of the Co- and Ni-
MOF-74 diffractograms collected in the laboratory were multiplied by 5 to make easier 
their comparison with their counterparts. The different X-axis scale is due to the 
different wavelength of the radiation. The XRD pattern of a conventional Zn-MOF-74 
material is also shown for comparison purposes. 

However, the phase assignment in Mg-, Co- and Ni-samples from SR-PXRD 
patterns is at least controversial. Not surprisingly, they probably are the porous 
materials formed by the smallest crystalline domains described [8]. In particular, the 
size of the crystalline domains of these samples were estimated (not determined) to be 
166, 140, 94, 51, and 28 Å by applying the Scherrer equation to the samples based on 
Zn, Cu, Mg, Co and Ni, respectively. By combining the results given by some other 
characterization techniques, the phase present in all these samples were proposed to be 
MOF-74. In addition, the phase for these M-MOF-74 is free of any other amorphous 
or crystalline impurity. If so, the average nanocrystalline domains of the Co- and Ni-
MOF-74 samples are scarcely formed by very few unit cells. It is not surprising, 
therefore, that the phase cannot be unequivocally identified by XRD, even if it is 
collected under synchrotron radiation [8]. 
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Nevertheless, diffraction experiments under synchrotron radiation, if registered in 
total scattering mode, go beyond the high-resolution XRD patterns as they entail the 
possibility of properly analyzing the samples by PDF, which focuses on the structural 
features of the samples at short and medium range, just the information that escapes 
the conventional diffraction techniques. Figure 6.2 outlines the general protocol to 
achieve the short-medium-range structural information from PDF treatment of X-ray 
total scattering data of crystalline materials. Such protocol includes the previous 
knowledge of the material structure, that is, their structural resolution. 

 

Figure 6.2. Schematic representation of obtaining Pair Distribution Function (PDF) and 
the information arisen from it, starting from the total dispersion factor data for Zn-
MOF-74 conventional. At the right is shown the structure of Zn-MOF-74 (cif file: 
1,494,750), along the c-axis, and near-neighbour distances. 

The effect of nanocrystallinity on PDF/G(r) functions is made clear in Figure 6.3, 
where the PDFs of both conventional and nanocrystalline Zn-MOF-74 have been 
plotted overlapped. Overlapping both PDFs allows us a more precise visual 
comparison of their differences. Figure 6.3 also shows in blue the 
difference/subtraction between both PDFs, that of the conventional solvothermally-
prepared Zn-MOF-74 minus that of the nanocrystalline RT-prepared Zn-MOF-74. The 
subtraction shown in Figure 6.3 would not be strictly correct if the beam radiates a 
different number of unit cells in each sample, i.e. if the intensity of the very short range 
PDF oscillations is not exactly the same. In that case, to carry out a qualitative 
comparison, it would be enough to normalize both PDFs with respect to the most 
intense oscillation before carrying out the subtraction. The resultant subtraction gives 
us even more direct and easily-interpretable information. Since the large range of 
interatomic distances covered in Figure 6.3 makes it difficult to see the detail of the 
oscillations and their differences, Figure 6.S3 shows the same PDFs and their 
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difference at different interatomic distances. We have selected Zn-MOF-74 material 
because, as it is prepared at room temperature, it resulted significantly nanocrystalline, 
with an estimated average crystal size slightly below 20 nm [8]. However, at the same 
time its XRD pattern registered in a laboratory X-ray diffractometer leaves no doubt 
that this sample is formed by Zn-MOF-74 phase, unlike the low-resolution XRD 
patterns of the Co- and Ni-based samples, which were prepared following the same 
procedure (Figure 6.1). 

 
Figure 6.3. PDFs of the nanocrystalline (red) and the conventional (black) Zn-MOF-74 
materials in the interatomic range (r) 0–300 Å. On the bottom, it is shown the different 
curve (blue) obtained by subtracting the PDF of the conventional Zn-MOF-74 minus 
that of the nanocrystalline Zn-MOF-74. This PDF has been moved −1.2 Å−2 along the Y-
axis to avoid overlap. The green text and the green dashed lines have been included 
to delimit the interatomic distance in three different regions denoted as short, 
medium and long range according to the discussion about this Figure in the text.  

Along all interatomic distance r shown in Figure 6.3 (0–300 Å), the position of the 
‘oscillations’ (originated by the different bond distances within the structure) of both 
PDFs are identical. This indeed corroborates that both samples are formed by exactly 
the same structure Zn-MOF-74. Indeed, attempts to calculate similar plots to that 
shown in Figure 6.3, by subtracting the PDFs of the nanocrystalline Co, Ni or Mg 
samples from the PDF of the conventional Zn-MOF-74 led to small deviations in the 
position of the different oscillations, even at short distances r, which make the 
interpretation of the subtraction unfeasible. It must be noted that all Mg-, Co-, Ni-, and 
Zn-MOF-74 have the same topology (etb), and the corresponding divalent metal ions 
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have very similar ionic size (Mg(II): 86 p.m.; Co(II): 79 p.m.; Ni(II): 83 p.m.; Zn(II): 
88 p.m., all of them in 6-coordinated octahedral environment [56]). Therefore, the 
comparison shown in Figure 6.3 must be only done with two MOFs having strictly the 
same both structure and composition. 

Although there were no differences in the position of the peaks in PDFs of 
conventional and nanocrystalline Zn-MOF-74, some important differences are 
noticeable in terms of intensity, depending on the analyzed distance range. At short 
range (below r of 60 Å, Figure 6.S3 (A)), both PDFs are practically equal, not only in 
the position of the peaks but also in their intensity. This was expected as both materials 
are formed by the same structure and their differences in crystal size should not be 
made clear in this distance range, as the average crystal size of the nano-Zn-MOF-74 
estimated by Scherrer equation was around 166 Å [8,11]. 

At the medium range of Figure 6.3 (r = 60–200 Å, Figure 6.S3 (B)), the matching 
in the position of the oscillations in both PDFs continues being excellent but the peak 
intensities of the PDF of the nanocrystalline sample is quite reduced with respect to 
these found in the PDF of its conventional counterpart. It implies that the 
nanocrystalline Zn-MOF-74 contains significant amount of crystals that have 
dimension below 100 Å, as small as 60 Å. It must be taking into account that the crystal 
shape of the nano-Zn-MOF-74 is elongated along c-axis [8] and therefore the same 
crystal could for instance has dimensions below 100 Å and an elongated dimension 
above 100 Å. The intensity of the peaks of the PDF along all this medium range is still 
significant, suggesting the presence of substantial amount of crystals with dimensions 
as large as 200 Å. 

Above 200 Å (long range of r in Figure 6.3) (Figure 6.3 (C)), modest intensity 
peaks are only detected in the PDF of the nanocrystalline Zn-MOF-74. As a 
consequence, the shape and intensity of the subtraction curve in Figure 6.3 is quite 
similar to that of the PDF of the conventional Zn-MOF-74. In other words, the crystals 
having dimensions larger of 200 Å are rather scarce. Most of the crystals that form the 
nanocrystalline sample Zn-MOF-74 have dimensions between 60 and 200 Å, although 
a few crystals could have any dimension above 300 Å. 

As it was mentioned above, the average crystal size estimated through Scherrer 
equation for this nanocrystalline sample was 166 Å [8], which is in relatively good 
agreement with the calculated range. Nevertheless, it must be noteworthy that the 
analysis of crystal size in the nanocrystalline MOF sample by PDF versus the 
estimation of crystal size by Scherrer-like equations has several key advantages. 
Firstly, this methodology is a direct measurement of the crystal size, whereas the 
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equations estimating crystal size trough full width at half maximum (FWHM) involves 
certain assumptions, that is, certain approximations, as well as some uncertainties 
(noise in acquisition, correct identification of FWHM in broad peaks and/or in XRD 
patterns with important background, etc.). Secondly, unlike Scherrer-like equations, 
PDF method does not depend on: (i) a particular equation to be applied; (ii) the selected 
diffraction peaks (ideally, they should not be at so low 2θ angle, should not overlap 
with any other XRD reflections, should cover all hkl indexes, etc.). Last but not less, 
this technique allows to know the range of crystal size/dimensions, as well as to 
estimate the proportion of the crystals having particular size interval, instead of just 
giving an isolated value of crystal size, irrespective of the crystal shape. 

 
Figure 6.4. PDFs of the conventional Zn-MOF-74 (black line, on the top) and of the five 
nanocrystalline M-MOF-74 materials indicated by the name of the metal M: Zn (red), 
Cu (blue), Mg (green), Co (brown) and Ni (purple) in the interatomic range (r) 0–100 Å 
PDF of the nanocrystalline Mg-MOF-74 was multiplied by 5.  

Figure 6.4 shows the G(r) functions of the five nanocrystalline M-MOF-74 
materials of this work, together with that of the conventional Zn-MOF-74, in the 
interatomic distance range of 0–100 Å. As expected from Figure 6.3, the matching 
between the PDFs of both Zn-MOF-74 is exceptional up to interatomic distances near 
100 Å, where the intensity of the PDF of the nanocrystalline sample is scarcely 
decreased. At very short range, below 10 Å, the matching between the PDF of the 
conventional Zn-MOF-74 and these of the nanocrystalline samples based on Mg, Co 
and Ni is also outstanding, in good agreement with the similar structures solved out 
for these M-MOF-74 [15,53,57]. The matching is however rather poor between the 
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PDF of the conventional Zn-MOF-74 and that of the nanocrystalline Cu-MOF-74, 
since the last material possesses very substantial structural differences with the rest of 
the series of M-MOF-74 or CPO-27(M), due to the marked Jahn-Teller effect of Cu in 
such topology [19]. 

The other relevant feature in Figure 6.4 is the different range of the interatomic 
distance reached by the different samples, which is evidently related to the different 
size of their crystalline domains. PDFs of the different M-MOF-74 were deliberately 
placed along Y-axis according to their crystal size, in such a way that the conventional 
Zn-MOF-74 formed by micron-sized crystals is on the top, whereas the nanocrystalline 
M-MOF-74 were located from the top to the bottom in the order: Zn, Cu, Mg, Co and 
Ni, whose estimated crystal sizes were 166, 140, 94, 51 and 28 Å, respectively [8,11]. 
Taking into account these estimated values, it is not surprising to find some peaks of 
notable intensity in the PDF of the Zn and Cu samples along all interatomic distance 
range covered in Figure 6.4, up to 100 Å. Similarly, it is not surprising to observe lower 
intensities in these two PDFs in comparison with these of the conventional Zn-MOF-
74, and that such intensity decay starts at shorter distance in the case of Cu-MOF-74. 
Also, in good accordance with the estimated average crystal size of nanocrystalline 
Mg-MOF-74 (94 Å), the features of its PDF profile become almost negligible just 
below 100 Å. (The intensity of this PDF was multiplied by 5 in Figure 6.4 because of 
its very low intensity as recorded, surely due to the much lower atomic weight of Mg 
compared to the rest of the metals M studied in this work). 

Finally, the range where peaks are observed in the PDFs is much shorter in the case 
of Co- and Ni-based samples, with no detected oscillations beyond 40 and 20 Å, 
respectively. It means that these samples are even smaller than estimated by Scherrer 
equation (51 and 28 Å). Figures 6.S3 and 6.S4 show detailed comparisons of the PDFs 
of nanocrystalline Co- and Ni-MOF-74 materials with that of the conventional micron-
sized Zn-MOF-74, in order to establish the crystal size range of the formers. It was 
already noted that the positions of the peaks could slightly vary due to the different 
composition of the samples, but their identical topologies allows us a perfect visual 
comparison between PDFs of MOF-74 materials based on the different metals 
[15,53,57]. In the case of Co-MOF-74 (Figure 6.S3), the peaks in the PDF start to 
seriously loss intensity and resolution in comparison with that of micron-crystalline 
Zn-MOF-74 at interatomic distances as small as 7.5 Å, suggesting the existence of 
large crystallites of such size. On the other hand, some oscillations are still perceptible 
up to 38.5 Å, which should be due to the largest crystals of the nano-sized Co-MOF-
74 sample. Assuming that the average crystallite size is right in the middle of both 
values, it would be of 23 Å, substantially shorter than the estimated by Scherrer 
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equation (~51 Å). Similarly, Figure 6.S4 would indicate that the crystallite size range 
of the Ni-MOF-74 varies between 7.5 and 25 Å, with average crystal size of 
approximately 16.3 Å, again smaller than the 28 Å estimated from applying Scherrer 
equation to laboratory XRD data. Such difference could be due to the fact that the solid 
species only diffract if contain a few unit cells (obviously more than one), whereas 
total scattering, sensitive to shorter range, is able to detect all structural units that are 
present in the sample, either crystalline or amorphous, either if it contains crystals with 
several unit cells or with less than two. It must be noted that dimensions of unit cell at 
~20 °C of Co-MOF-74 are: a = b = 26.132 Å and c = 6.722 Å, and these of Ni-MOF-
74 are a = b = 25.856 Å and c = 6.712 Å. Both materials crystallize in the space 
group R3̅ [53]. 

Nevertheless, in general terms, for this series of nanocrystalline M-MOF-74 
materials, there is a good agreement between the crystal size estimated from XRD 
patterns by Scherrer-like equations and the range at which interatomic distance are 
detected by PDF, not only in the qualitative order of crystal size in a series of M-MOF-
74 but also even quantitatively. In order words, Scherrer-like equations give 
reasonably good approximation to the real nanocrystal sizes, although it maybe 
overestimates crystal size in samples composed by really small nanocrystals, including 
domains with less than two unit cells, which would be unable to diffract. 

In Figure 6.4 it can be perceived that the PDF of the Cu-based sample is different 
to these of the rest of M-MOF-74 materials. In an attempt to shed some light on these 
structural differences between samples formed by so small crystals, Figure 6.5 shows 
the PDFs of four nanocrystalline M-MOF-74 samples in a very short interatomic 
distance range, from 1.5 to 6 Å. The PDF of Mg-MOF-74 material was omitted in this 
case because its PDF was less intense and possesses poorer signal-to-noise ratio, due 
to the low atomic weight of the metal. The peaks of all PDFs are very similar to each 
other. However, a close visual inspection of these PDFs reveal the Cu-MOF-74 sample 
is somewhat different from the others. The most obvious differences are indicated by 
arrows in Figure 6.5 and 6.S5. At this point, it is pertinent to remember again that Zn-
, Co- and Ni-MOF-74 materials possess practically the same structure [15,53,57], 
whereas Cu-MOF-74 is substantially different in a crystallographic context [19], 
although it has similar pores, surface area, unsaturated and exposed metal centers, etc. 
to these of the rest of M-MOF-74 family [11]. Indeed, both the PXRD patterns (Figure 
6.1) and the longer-range PDF (Figure 6.4) of Cu-MOF-74 indicates several structural 
differences when compared with M-MOF-74 (M = Mg, Co, Ni, Zn). 

https://www.sciencedirect.com/science/article/pii/S1387181121000998#appsec1
https://www.sciencedirect.com/science/article/pii/S1387181121000998#bib53
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https://www.sciencedirect.com/science/article/pii/S1387181121000998#fig4
https://www.sciencedirect.com/science/article/pii/S1387181121000998#fig5
https://www.sciencedirect.com/science/article/pii/S1387181121000998#fig5
https://www.sciencedirect.com/science/article/pii/S1387181121000998#appsec1
https://www.sciencedirect.com/science/article/pii/S1387181121000998#bib15
https://www.sciencedirect.com/science/article/pii/S1387181121000998#bib53
https://www.sciencedirect.com/science/article/pii/S1387181121000998#bib57
https://www.sciencedirect.com/science/article/pii/S1387181121000998#bib19
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Figure 6.5. PDFs of the nanocrystalline M-MOF-74 with M being: from the bottom to 
the top, Zn, Cu, Co and Ni in the interatomic range (r) 1.5–6 Å The green dashed lines 
indicate the shortest M − O and M-M distances in a MOF-74 structure. The four blue 
numbered arrows point to the most relevant features in this region of the PDF of the 
nanocrystalline Cu-MOF-74 compared to these of the rest of M-MOF-74. 

In order to correlate the specific features in the PDF of Cu-MOF-74 with structural 
knowledge of this material, Figure 6.6 presents some views of both Zn and Cu 
environments in the respective M-MOF-74 structures, which were obtained from the 
corresponding cif files. Some relevant bond distances of both systems are compiled 
in Table 6.1. Such atomic distances are plotted overlapped to PDFs of Cu- and Zn-
MOF-74 for more direct comparison in Figure 6.S5. Figure 6.6 and Table 6.1 data 
indicates that the Zn octahedron is close to perfect, as the all M − O bond distances are 
in a narrow window (2.021-2.184 Å) with average distance of 2.088 Å (M − O green 
line in Figure 6.5). However, CuO6 environment is far from being a perfect 
octahedron. Actually, it is an elongated octahedron due to the Jahn-Teller effect [19]. 
On the one hand, in this distorted octahedron CuO6, four Cu–O distances are similar 
each other (range 2.026-1.938 Å; average 1.977 Å) and somewhat shorter than the 
average Zn–O distance (2.008 Å), what justifies the lower position of the most intense 
peak in Cu-MOF-74 (marked by arrow 1 in Figure 6.5 and 6.S5) compared to Zn-
MOF-74 (M − O green line in Figure 6.5). Similarly, that fact is behind the lower 
intensity of the former, since only four M − O bond distances of the CuO6 octahedron 
contribute to that peak whereas the six M − O bond distances on the ZnO6 octahedron 
contribute to the unique detected Zn–O peak. On the other hand, the two elongated 
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Cu–O bonds of the octahedron CuO6 (2.303 and 2.498 Å, average 2.401 Å) contribute 
to the peak pointed by arrow 2 in Figure 6.5 and 6.S5. A similar peak is also present 
in the PDF curve of Zn-MOF-74 (and in these of the Co- and Ni-MOF-74) but its 
intensity is markedly lower. The origin of such peak is the C–C bond distances within 
a given aromatic ring of the linker 2,5-dioxoterephtalate (not between contiguous C 
atoms, which are separated by around 1.4 Å, but C1–C3, C2–C4 and C3–C6 if the 6 C 
atoms of the aromatic ring are numbered correlatively), which is 2.394 Å. In the case 
of Cu-MOF-74 structure, but not in the rest of M-MOF-74, the contribution of the two 
elongated Cu–O bonds is added to this peak (arrow 2 in Figure 6.5 and 6.S5). 

 
Figure 6.6. ZnO6 (left) and CuO6 (right) octahedra in Zn-MOF-74 and Cu-MOF-74 
structures, respectively, generated from CCDC cif files 265095 and 901474. 

Table 6.1. Different bond distances in the structures Zn-MOF-74 and Cu-MOF-74 
obtained from CCDC cif files 265095 and 901474. 

Distances 
Distance (Å) in 

Zn-MOF-74 
Distance (Å) in 

Cu-MOF-74 
Figures 6.5/6.S4 

Oh M-O 

2.021 / 2.028 / 2.03 / 
2.116 / 2.15 / 2.184 

 M-O green line 

 
1.938 / 1.97 / 1.974 / 

2.026 
Arrow 1 

 2.303 / 2.498 Arrow 2 

M-M 3.105 3.126 M-M green line 

 
Oh edges 

O-O 

2.739(x3) / 2.764 / 
2.953 / 3.02 / 3.043 / 

3.046(x3) / 3.063 / 
3.143 

2.677(x2) / 2.812 / 
2.832 / 2.855 / 2.872 / 
2.883 / 2.927 / 3.063 

M-M green line 

 3.275 / 3.384 / 3.666 Arrow 3 

Oh diag. 
O-O 

 3.869 / 3.915 Arrow 4 

4.003 / 4.165 / 4.292 4.737  
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The green line in Figure 6.5 located around 3.1 Å, points to a very intense peak that 
has two potential contributions: M-M bonds within a given metal cluster and O–O 
bonds that forms the octahedron edges. Table 6.1 indicates a unique M-M distance, 
which is quite similar in the cases of Zn–Zn and Cu–Cu. Therefore, the difference 
between both PDFs, particularly that marked by arrow 3 in Figure 6.5 and 6.S5, must 
be due to O–O bonds. In fact, it is expected that the much higher asymmetry of the 
octahedron CuO6 (Figure 6.6) is made clear not only in M − O distances but also in the 
octahedron edges. Table 6.1 compiles the twelve O–O bond distances corresponding 
to CuO6 and ZnO6 octahedra edges. The O–O bond distance range is indeed much 
narrower for ZnO6 (2.739–3.143 Å; average bond distance, 2.945 Å) than for 
CuO6 (2.677–3.666 Å, average bond distance 2.994 Å). Due to the relative narrow 
distribution of O–O bond distances in ZnO6 and the proximity of such distances to Zn–
Zn distances, it seems to be reasonable not to find different peaks around 3.1 Å. 
However, in CuO6 octahedron, there are three O–O bond distances that are 
significantly longer than the Cu–Cu distance (3.126 Å), in particular, 3.275, 3.384 and 
3.666 Å, which could explain the presence of the shoulder marked by arrow 3 in Figure 
6.5 and 6.S5. Moreover, the overlap between both peaks together with the contribution 
of the rest nine O–O bond distance to the main peak, can explicate that the apparent 
position of the Cu–Cu peak (2.992 Å) is slightly lower than crystallographically 
expected (3.126 Å) and also lower than the Zn–Zn one (3.068 Å). 

Finally, the elongation of the CuO6 octahedron entails different O–O distances in 
the diagonals. Whereas the three diagonals in the ZnO6 octahedron are quite similar 
(4.003, 4.165 and 4.292 Å) and their contribution is collected in the symmetric peak at 
ca. 4.2 Å, the widest variability of the O–O bond distances in the diagonal of 
CuO6 (3.869, 3.915 and 4.737 Å) introduces an asymmetry towards lower distances in 
the homologous peak in the PDF of Cu-MOF-74, as indicated by arrow 4 in Figure 
6.5 and 6.S5. 

In summary, the PDF technique does not only give a very valuable information in 
terms of phase identification of the nanocrystalline MOF samples and their crystal size 
range, but it is also able to provide structural information about atomic environments, 
which could be essential to identify structural defects in crystalline MOF samples or 
to describe the nature of the active centers in amorphous, semiamorphous and 
nanocrystalline MOFs, whose structural resolution is out of scope of conventional 
diffraction techniques. 
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6.4 Conclusion 
This study addresses some possibilities of the use of the Pair Distribution Function 

technique in the knowledge of nanocrystalline MOFs, which are difficult to 
characterize by conventional diffraction techniques. These nanocrystalline MOFs are 
of great interest because they are generally prepared by much more sustainable 
methods than their micron-sized counterparts. In addition, their small crystal size 
provides them key advantages in applications such as their use as heterogeneous 
catalysts, as supports or as a component of composites. Here, direct detection of 
the nanocrystal size could be observed (rather than its indirect estimation giving by 
conventional XRD using the Scherrer equation), including the crystal size range. It 
was confirmed the extreme nanocrystalline nature of the series of room-temperature-
prepared M-MOF-74 materials as well as the order of their crystal size: 
Zn > Cu > Mg > Co > Ni. Moreover, the size of the nano-crystalline domains of Co- 
and Ni-MOF-74 samples, which are the most nanocrystalline MOF materials, resulted 
even smaller than previously estimated, as their largest crystals scarcely reach 38 and 
25 Å, respectively, whereas their crystalline nature of MOF-74 is beyond question. In 
addition, a detailed comparison of PDFs of nanocrystalline Cu-MOF-74 sample with 
these of the rest of nanocrystalline M-MOF-74 samples (taking Zn-MOF-74 as 
representative), made clear the differences in atomic environments. Every difference 
in chemical environment of the atoms is reflected in its PDF. Apart from clarifying the 
crystal size interval and the differences in the metal environments in the series of 
nanocrystalline M-MOF-74, this study opens up the possibility of characterizing 
structural aspects in MOF materials that escape to conventional XRD characterization: 
nanocrystalline and semiamorphous MOFs, identification of active centers, MOF-
based composites, etc. 
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Supplementary Information 

Synchrotron radiation powder X-ray diffraction XRD patterns of 
micro- and nanocrystalline Zn-MOF-74 

 
Figure 6.S1. 6-11º region of the synchrotron radiation powder X-ray diffraction 
patterns (SR-PXRD) (λ = 0.41279 Å) of the conventional (solvothermally-prepared) and 
nanocrystalline (prepared at room temperature) Zn-MOF-74 materials compared to 
that simulated from single crystal data (cif file 265095).   
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Pawley fits of conventional Zn-MOF-74 and nanocrystalline Zn- 
and Cu-MOF-74 samples 

 
Figure 6.S2A. The Pawley fit of the conventional Zn-MOF-74 material at room 

temperature in 𝑅3̅ against SR-PXRD data. The black solid line represents the observed 
data; the red solid line represents the model; the blue solid line represents the 

difference curve, while below are the tick marks from 𝑅3̅.  

 
Figure 6.S2B.  The Pawley fit of the nanocrystalline Zn-MOF-74 material at room 

temperature in 𝑅3̅ against SR-PXRD data. The black solid line represents the observed 
data; the red solid line represents the model; the blue solid line represents the 

difference curve, while below are the tick marks from 𝑅3̅.   
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Figure 6.S2C.  The Pawley fit of the nanocrystalline Cu-MOF-74 material at room 

temperature in 𝑅3̅ against SR-PXRD data. The black solid line represents the observed 
data; the red solid line represents the model; the blue solid line represents the 

difference curve, while below are the tick marks from 𝑅3̅.  
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Enlargements of Figure 3: PDFs of conventional and 
nanocrystalline Zn-MOF-74 and their difference 

Figures 6.S3A, 6.S3B and 6.S3C show enlargements of the short (from 0 to 60 Å), 
medium and long range, respectively, along X-axis of the Figure 3 of the main text in 
order to display the goodness of the matching between the oscillations at different 
range. Detailed oscillations are lost in Figure 6.3 due to the large interatomic distances 
covered. Y-axis is shown in the same interval for Figures 6.3, 6.S3A, 6.S3B and 6.S3C 
to make clear possible differences in the subtraction lines at different ranges. As 
expected from the comparison between PDFs of two crystalline samples (even if one 
of them is nanocrystalline), the subtraction is of the very low intensity at short range 
(Figure 6.S3A). At medium range (Figure 6.S3B), the nanocrystalline nature of one of 
the Zn-MOF-74 starts to be made clear in the subtraction line, which becomes of much 
higher intensity than in Figure 6.S3A. Beyond 200 Å (large range, Figure 6.S3C), the 
intensity of the PDF oscillations of the nanocrystalline sample is so low, that the 
subtraction line matches very good with the PDF of the conventional Zn-MOF-74 
sample.   

 
 
Figure 6.S3A.  PDFs of the nanocrystalline (red) and the conventional (black) Zn-MOF-
74 materials in the SHORT interatomic distance range (r) 0-60 Å. On the bottom, it is 
shown the different curve (blue) obtained by subtracting the PDF of the conventional 
Zn-MOF-74 minus that of the nanocrystalline Zn-MOF-74. This PDF has been moved -
1.2 Å-2 along the Y-axis to avoid overlap.  
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Figure 6.S3B.  PDFs of the nanocrystalline (red) and the conventional (black) Zn-MOF-
74 materials in the MEDIUM interatomic range (r) 60-200 Å. On the bottom, it is shown 
the different curve (blue) obtained by subtracting the PDF of the conventional Zn-
MOF-74 minus that of the nanocrystalline Zn-MOF-74. This PDF has been moved -1.2 
Å-2 along the Y-axis to avoid overlap.  

 
 
Figure 6.S3C.  PDFs of the nanocrystalline (red) and the conventional (black) Zn-MOF-
74 materials in the LONG interatomic range (r) 200-300 Å. On the bottom, it is shown 
the different curve (blue) obtained by subtracting the PDF of the conventional Zn-
MOF-74 minus that of the nanocrystalline Zn-MOF-74. This PDF has been moved -1.2 
Å-2 along the Y-axis to avoid overlap.  
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Determination of the crystal size range in Co- and Ni-MOF-74 samples 

 
Figure 6.S4.  PDFs of conventional Zn-MOF-74 (black line, on the top) and of 
nanocrystalline Co-MOF-74 (brown line, on the bottom) materials in the interatomic 
range (r) 0-40 Å. Green vertical dashed lines indicate the smallest and largest crystals 
of Co-MOF-74. The crystal size range of such sample is also indicated.  

 

 
Figure 6.S5.  PDFs of conventional Zn-MOF-74 (black line, on the top) and of 
nanocrystalline Ni-MOF-74 (purple line, on the bottom) materials in the interatomic 
range (r) 0-40 Å. Green vertical dashed lines indicate the smallest and largest crystals 
of Co-MOF-74. The crystal size range of such sample is also indicated.  
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Correlation between particular features in PDF of Cu-MOF-74 and 
atomic distance in its octahedron CuO6 

 

 
Figure 6.S6.  PDFs of the nanocrystalline Cu-MOF-74 (blue line, on the top) and Zn-
MOF-74 (red line, on the bottom,) materials in the interatomic range (r) 1-6 Å. Vertical 
lines represent the distances in CuO6 (top) and ZnO6 (bottom) octahedra: distances M-
O (violet), O-O in the octahedra edge (green) and octahedra diagonal (orange). Like in 
Figure 5, the coloured arrows 1-4 indicate the most evident features differencing PDF 
of Cu-MOF-74 to that of Zn-MOF-74. The colour of the arrows has been selected 
according to the atomic distances that explains the corresponding feature. Only 
distances relevant about the explanation of the features marked by arrows are shown. 
The rest are omitted for clarity.  
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Abstract 
In the last few years, the immobilization of enzymes in/on Metal-Organic 

Frameworks (MOFs) has awakened great interest. Some of the synthesis 
methodologies of these Enzyme@MOF biocatalysts are one-pot/one-step/in situ/de-
novo, in which enzymes might not just be a mere spectator but could play a key role 
in the final structural/conformational nature of the composite. In other words, 
Enzyme@MOFs may not be a simple physical mixture of an enzyme and a MOF. To 
shed light on the enzyme-MOF interaction, a technique giving structural information 
at short-medium range is needed. In this sense, Pair Distribution Function (PDF) is a 
power and versatile diffraction-based technique that, unlike conventional X-ray 
diffraction, indeed gives key structural information at short and medium range. In 
this work, a series of Lipase@NH2-MIL-53(Al) composites prepared through one-pot 
methodologies, with different enzyme loadings (25 and 100 mg of lipase per g of 
solid biocatalyst), has been studied by synchrotron-based PDF. Such characterization 
gives a direct measurement of the crystal size range of the NH2-MIL-53(Al) 
nanocrystalline, which becomes even smaller when prepared in the presence of 
lipase. Moreover, PDF indicates that the crystalline domains are much smaller than 
the smallest morphological entities detected by electron microsocopy techniques. 
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AC6.1 Introduction 
Metal-Organic Frameworks (MOFs) are a family of nanoporous materials with 

enormous potential in so many applications [1–3]. Amongst them, one of the most 
emerging application is their use as enzyme supports giving rise to active solid 
recyclable biocatalysts [4–6]. Many of these biocatalysts are prepared by one-pot 
(also denoted as in-situ, de-novo or one-step) methodologies. It means that the MOF-
based support itself is formed in the presence of the enzyme, taking advantage of the 
fact that some methodologies for preparing these biocatalytic composites 
Enzyme@MOF are sustainable and compatible with the maintenance of enzymatic 
activity: room temperature, without energy input, in aqueous solution and at 
moderate pH [4].  

The design of new and more effective biocatalysts requires comprehensive 
knowledge of the physicochemical properties of already known Enzyme@MOF 
composites, including aspects as key as the enzyme location within the solid 
biocatalysts, the type of immobilization (by encapsulation, by covalent or non-
covalent bonds, etc.) or the interaction enzyme-MOF support. To date, such 
knowledge is scarce, probably because this kind of information is not easy to get 
from conventional either physicochemical or biochemical/biocatalytic 
characterization techniques. Indeed, most of these techniques provide long-range 
information, whereas the detailed knowledge of the biocatalysts entails local or at 
least short-range data.       

Pair Distribution Function (PDF), also known as total dispersion or simply as the 
function G(r), gives the probability of finding pairs of atoms separated by a distance r 
[7]. Therefore, PDF, which is an X-ray diffraction technique, certainly gives short-
range information, contrasting with the long-range information provided by 
conventional X-ray diffraction. Because of that, the conventional X-ray diffraction is 
a powerful and matchless tool for solving structures, but lacks local and short-range 
information and, not least, its usefulness is limited to crystalline materials. On the 
contrary, crystallinity is not a requirement for PDF characterization, which allows to 
study liquids, gels, glasses, as well as any amorphous, semi-amorphous and 
crystalline [8]. Thus, this technique become essential to understand different short-
range structural features in MOF materials [9]. Moreover, PDF can also be used for 
the characterization of composites, being able to provide valuable information of 
both individual phase components and the interface between phases [10,11].   

On the other hand, to achieve very high-quality PDF patterns, it is necessary to 
register a very wide range of dispersion vector (Q), so using both short wavelengths 
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of X-rays and high diffraction angles becomes essential. In other words, trustable 
PDF data should be acquired from high-energy X-ray sources, such as synchrotron- 
or neutron-based ones. 

This work attempts to shed light on the nature of enzyme-MOF interactions 
within Lipase@MOF composites prepared by in-situ methodologies, by means of 
PDF patterns from data recorded under synchrotron radiation. Moreover, this study 
could also provide certain clues about the possible role (if any) of the enzyme in the 
in-situ formation of the MOF supports. We have systematically changed the enzyme 
loads in the Lipase@NH2-MIL-53(Al) composites. Enzyme loads of 0 (enzyme-free 
support), 25 and 100 mg per g of biocatalyst were studied. This MOF material, had 
already been successfully used in the immobilization of lipase [12]. The results and 
conclusions of this study certifies the usefulness of this technique for characterizing 
composites, in particular Enzyme@MOF ones.  

 

 

AC6.2 Experimental 

AC6.2.1 Synthesis of Lipase@NH2-MIL-53(Al) 

The nanocrystalline NH2-MIL-53(Al) MOF material was prepared in water at 
room temperature to compare with the in-situ biocatalysts [13]. For the same reason, 
a conventional NH2-MIL-53(Al) material was carried out in a Teflon-lined steel 
bomb under autogenous pressure for 5 h at 150 °C, as described in bibliography [14]. 
The preparation method of the Lip@NH2-MIL-53(Al) biocatalysts is similar to that 
described elsewhere [12]. In a typical synthesis procedure of Lip@NH2-MIL-53(Al), 
two clear aqueous solutions were separately prepared. The organic linker solution 
was prepared by dissolving 0.482 g of 2-aminoterephtalic acid (NH2-H2BDC) in 13.2 
g deionized water, assisted by the deprotonating agent sodium hydroxide (NaOH 
1.04 M, 5.30 g). The metallic source solution was prepared dissolving 2.0 g of 
Al(NO3)3·9H2O in 6.0 g MilliQ grade water. Lipase extract was added over the linker 
solution. The amount of lipase extract (5.9 mg protein·ml-1) added was calculated so 
that the loading on the final solids was 0 (NH2-MIL-53(Al) nanocrystalline), 25 
(Lip1@NH2-MIL-53(Al)) or 100 (Lip2@NH2-MIL-53(Al)) mg of enzyme per gram 
of catalyst. The metal solution was gently added dropwise into the linker-enzyme 
solution mixture under slow magnetic stirring. This procedure resulted in an instant 
appearance of a yellowish precipitate, which is considered to be the solid biocatalyst 
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MOF material. The resultant suspension was maintained under permanent stirring at 
25 °C for 24 h. The obtained solid was then vacuum filtered, washed with MilliQ 
grade water and finally dried under a continuous nitrogen flow. The resultant 
biocatalysts were gently ground to a powder and stored at 4 ºC. For calculation of the 
immobilization yield, protein content of the supernatant and washing residues were 
measured with Bradford assay, using Bio-Rad Protein Assay and bovine serum 
albumin (BSA) as protein standard. 

 

AC6.2.2 XRD and total scattering data collect 

The samples were characterized by XRD under both conventional laboratory and 
synchrotron-based radiations. All laboratory and synchrotron data were registered at 
room temperature (at ~23 °C in the laboratory, at ~20 °C at the synchrotron). In the 
laboratory, the XRD patterns were collected in a Philips X’PERT instrument under 
Cu Kα radiation (λ = 1.54059 Å) and having an X'Celerator detector. The crystal size 
was estimated by applying the Scherrer equation to the XRD reflections 110 (2θ ~ 
6.8°) y 300 (~11.6°), as described elsewhere [15]. Synchrotron radiation powder 
XRD (SR-PXRD) data were collected in Debye–Scherrer (transmission) mode on the 
powder diffraction endstation at the BL04-MSPD beamline at the ALBA synchrotron 
light facility (Barcelona, Spain) [16]. An incident X-ray wavelength of 0.41279 (2) Å 
(30 keV) was used, and determined from a Si640d NIST standard (a = 5.43123 Å) 
measurement. The MYTHEN detector was used to measure the data, being the 
maximum energy used (30 keV) dictated by its efficiency. Capillary samples were 
spun during data collection to improve particle statistics. A large angular range (2θ) 
from 0.5 to 132° was measured, reaching thus an instrumental Qmax (Qmax-inst) of 
28 Å−1. The measurement time for each diffraction pattern was of 43 min (one cycle). 
For all the samples, three cycles were measured. No changes were observed between 
the individually collected SR-PXRD patterns, so they were added to improve the 
signal-to-noise-ratio. An empty capillary was measured for one cycle, and its 
background scattering subtracted from the data. 

 

 

 

 

https://www.sciencedirect.com/topics/materials-science/diffraction-pattern
https://www.sciencedirect.com/topics/materials-science/scherrer-equation
https://www.sciencedirect.com/topics/materials-science/powder-x-ray-diffraction
https://www.sciencedirect.com/topics/materials-science/powder-x-ray-diffraction
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AC6.2.4 Pair Distribution Function data analysis 

The PDF, also known as G(r), shows the probability of finding pairs of atoms 
separated by a distance r. G(r) is experimentally obtained by a Fourier transform of 
the total scattering powder pattern, according to the equation [7,8,17]: 

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌𝑜] =  
2

𝜋
∫ 𝑄[𝑆(𝑄)  − 1] sin(𝑄𝑟

∞

0

)𝑑𝑄 

where ρ(r) is the microscopic atomic pair density, ρo is the average atomic 
number density, S(Q) is the total scattering structure function, and Q is the 
momentum transfer (Q = 4πsin(θ)/λ). In order to obtain PDF patterns of very high 
quality, the recorded Q-range has to be long. For this reason, the use of short 
wavelength X-rays and high 2θ diffracting angles is very important [18]. Total 
scattering data analyzed by PDF methodology may distinguish phases that are 
amorphous, nanocrystalline or crystalline, and this methodology provides 
quantitative information concerning phase contents and local bonding environments  
[8]. 

To obtain the PDF data, the one dimensional XRD intensity I(Q) data for the 
solids as well as for the empty capillary were imported to the software xPDF suite 
[19]. Upon inspection of the I(Q) data at the high angle region, the Qmax-inst was 
selected to be 27 Å−1 because data at angles higher than 125° were noisy due to the 
beam stop. The scale factor of the background signal was adjusted. On close 
examination of noise levels in the G(r) data, the total scattering data were cut off at 
a Qmax of 20 Å−1. 

 

 

AC6.3 Results and discussion 

AC6.3.1 Long-range characterization of MOFs and composites 

Lip@MOFs 

The powder XRD pattern of the enzyme-free MOFs used as support in this work, 
that is, the nanocrystalline NH2-MIL-53(Al), is shown in Figure AC6.S1 of 
Supplementary Information. It was compared with the PXRD pattern of the 
conventional NH2-MIL-53(Al) prepared at 150 ºC [13]. The identification of the 

https://www.sciencedirect.com/topics/chemical-engineering/polyimide
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phase NH2-MIL-53(Al) in the nanocrystalline sample is confirmed by the excellent 
agreement of the positions of its XRD reflections with these of the conventional 
form. Moreover, the difference in width of the XRD reflections indeed corroborates 
the great difference in crystal size between both samples.  

Figure AC6.1 compares the synchrotron-registered PXRD pattern of the 
nanocrystalline NH2-MIL-53(Al) MOF material as well as the composites 
Lip1@NH2-MIL-53(Al) and Lip2@NH2-MIL-53(Al), which are solid biocatalysts 
formed by lipase in-situ immobilized on the indicated MOF support at different 
enzyme loadings, so that the samples contain 25 and 100 mg of lipase per g of 
composite, respectively. Figure AC6.S2 is similar to Figure AC6.1 but showing XRD 
patterns registered in our laboratory. In spite of the signal-to-noise improvement of 
the XRD patterns registered under synchrotron radiation is evident when compared 
with these registered in a conventional diffractometer, the analysis and interpretation 
of the diffractograms from both Figure AC6.1 and Figure AC6.S2 are basically the 
same. In other words, the negligible information at short-range given by X-ray 
diffraction does not depend on either the resolution or signal-to-noise ratio of the 
corresponding diffractograms but it is due to an inherent limitation of the XRD 
technique, as it is well-known. The diffractograms from Figure AC6.1 show that the 
presence of the lipase in the synthesis media does not modify the formed MOF 
phase, which continue being either NH2-MIL-53(Al). Nevertheless, the presence of 
this enzyme has indeed certain influence in the shape of the reflections, which widen 
and decrease in intensity with respect the pattern of the enzyme-free material. It 
strongly suggests that lipase limits the growth of the MOF crystals/domains, leading 
to the formation of even smaller ones. Supporting this interpretation of the XRD 
results, SEM micrographs form Figures AC6.S3 and AC6.S4 show that the MOF 
NH2-MIL-53(Al) and the composites Lip@NH2-MIL-53(Al) are formed by 
nanocrystals aggregated in micron-sized particles. NH2-MIL-53(Al) nanodomains, 
which are of ca. 30-35 nm in the absence of any enzyme, become of ca. 25-30 nm in 
the composites Lip@NH2-MIL-53(Al).  

Further characterization of both MOFs and the composites Lip@MOFs by 
conventional techniques, including thermogravimetric analysis, diffuse reflectance 
UV-vis (DR-UV-vis) and infrared (FTIR) spectroscopies and low-angle XRD 
patterns, are shown and discussed in Supplementary Information (Figures AC6.S5- 
AC6.S8). In short, all these techniques support the coexistence of the enzyme lipase 
and MOF within the composite but practically no information about either enzyme-
MOF interaction or metal environment can be inferred.    
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Figure AC6.1. Synchrotron-based PXRD patterns of the nanocrystalline MOF NH2-MIL-
53(Al) and the biocatalytic composites Lip@NH2-MIL-53(Al) with two different lipase 
loads.  

 

 AC6.3.2 PDF as a medium/short-range characterization of 

MOFs and composites Lip@MOFs   

As pointed out in the previous subsection 3.1, conventional X-ray diffraction 
(even when registered under synchrotron radiation) and other conventional 
characterization techniques give limited and indirect information about short-range of 
the composites Enzyme@MOF. In an attempt to complement the information given 
by all these techniques, this subsection shows a detailed and systematic study based 
on the characterization of these samples by means of Pair Distribution Function.  

Figure AC6.2 shows the overlapped PDFs of both conventional and 
nanocrystalline NH2-MIL-53(Al). The same curves are shown in Figures AC6.S8- 
AC6.S10 at different interatomic distance ranges to display their 
differences/similarities more clearly. There is an excellent agreement between the 
PDF curves of both materials at very short range (Figure AC6.S8) indicating that 
indeed both have made of the same structure, if the very broad reflections of the 
diffractogram of the nanocrystalline NH2-MIL-53(Al) (Figures AC6.1 and AC6.S1) 
left any doubt about the phase identification and/or purity of this sample. As a 
consequence, the difference in Figure AC6.2 only present low intense ‘noise’ at that 
short range. As underlined in Figure AC6.S8, such good agreement is only extended 
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until reaching atomic distances as short as 13.5 Å. At this point, the oscillations of 
the PDF of the nanocrystalline samples becomes systematically of lower intensity 
than these homologues in the PDF of the conventional NH2-MIL-53(Al). This 
indicates that the nanocrystalline samples contains crystalline domains as small as 
1.35 nm! That is why we arbitrarily took the limit between short and medium range 
in that interatomic distance (Figures AC6.S8 and AC6.S9). From that limit, the 
intensity of the oscillations progressively decreases until almost disappearing at an 
interatomic distance just above 100 Å (102 Å, according the criterium adopted in 
Figure AC6.S9). Beyond 102 Å, the PDF oscillations (if any) has negligible intensity 
(Figure AC6.S10).  

 

Figure AC6.2. PDFs of the nanocrystalline (bold blue) and the conventional (black) 
NH2-MIL-53(Al) materials in the interatomic distance r range of 0–200 Å. On the 
bottom, it is shown the difference curve (red) obtained by subtracting the PDF of the 
conventional NH2-MIL-53(Al) minus that of the nanocrystalline NH2-MIL-53(Al). The 
PDF difference has been moved -0.3 Å-2 along the Y-axis to avoid any overlap. The 
two green dashed lines delimit the size of the nanodomains.  

Therefore, the majority of the nanocrystalline domains of this sample are in the 
size range ~1.4-10.2 nm, which is markedly smaller than expected from SEM studies 
(Figures AC6.S3 and AC6.S4). It means that the self-aggregating spherical 
nanoparticles of homogeneous size (in the range 30-35 nm) are not single crystals but 
either a mixture of some smaller crystalline domains or at least contain so many 
structural defects/vacancies. It is not surprising considering that these MOF is formed 
instantaneously by a precipitation mechanism rather than by a crystallization one 
[12,13]. Supporting that PDF and not SEM is closer to the reality in this particular 
case, the application of the Scherrer equation to the diffractogram of the 
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nanocrystalline NH2-MIL-53(Al) estimates that the crystal size is 13.3 nm, which is 
evidently closer to the values given by PDF and in any case eliminates the possibility 
that the average crystal size is as large as pointing out by SEM (30-35 nm). The 
possible divergence between the Scherrer overestimation of the crystal size with 
respect that given by PDF, in particular for extremely nanocrystalline MOFs, has 
been widely discussed elsewhere [9]. In short, we must trust PDF rather than the 
estimation given by Scherrer. 

 

Figure AC6.3. PDFs of the nanocrystalline (light blue) and the biocatalytic composites 
Lip1@NH2-MIL-53(Al) (blue) and Lip2@NH2-MIL-53(Al) (dark blue) materials at short 
range (1.2-5 Å). On the bottom, it is shown the difference curve (red and brown) 
obtained by subtracting the PDF of the composites Lip1 and Lip2 minus that of the 
nanocrystalline NH2-MIL-53(Al). The green arrow points out the most evident feature 
related to the presence of the enzyme. The PDF difference curves have been moved -
1.25 Å-2 along the Y-axis to avoid any overlap.  

Figure AC6.3 compares the PDFs of the nanocrystalline NH2-MIL-53(Al) and 
their homologues containing different amounts of lipase. It is evident that all three 
PDF curves are quite similar. The most evident difference is found at very short 
range, at ca. 1.50 Å, which is even more clearly observed in the difference curves 
also shown in Figure AC6.3. Such signal is attributed to the presence of the enzyme. 
Indeed, the characteristic bond length of a single C-C bond is 1.54 Å, whereas a 
single bond C-N is around 1.48 Å. Reinforcing this attribution, the intensity of this 
band, which almost negligible in the lipase-free sample NH2-MIL-53(Al), increases 
with the enzyme loading in the composites Lip@NH2-MIL-53(Al). This is practically 
the only interatomic position at which PDF curves of Lip@NH2-MIL-53(Al) goes 
above that of the PDF one of the MOF in the distance range represented in Figure 
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AC6.3. The lower intensity of the PDFs of the composites must be interpreted 
assuming that enzyme lipase would act as a diluent of the MOF. Obviating such 
systematic difference in intensity, all the PDF features are practically equal in the 
three PDFs, indicating that the presence of the enzyme does not alter the formation of 
the MOF, which therefore maintains their atomic environments also when is formed 
in-situ in the presence of the enzyme lipase. 

Figure AC6.4 shows the same PDFs displayed in Figure AC6.3 but in a different 
r range. They are compared with the PDF of the conventional NH2-MIL-53(Al) 
trying to determine the crystal size range of the two biocatalysts, just like it was 
carried out in Figure AC6.S9. For comparison purposes with Figure AC6.S9, the 
represented interatomic distance range was from 10 to 120 Å.  Because of the logical 
and above-mentioned dilution support by the presence of the enzyme in the 
composites Enz@MOF, it is hard and probably imprecise to establish the minimum 
size of the MOF crystalline domains even if the PDFs are normalized. Nevertheless, 
the upper limit of the crystalline domains can be still determined the cessation of the 
PDF oscillations. Thus, the largest crystalline nanodomains of the MOF in the 
composites Lip1@NH2-MIL-53(Al) and Lip2@NH2-MIL-53(Al) were found to be 
86 and 62 Å, respectively, versus 102 Å determined for enzyme-free NH2-MIL-
53(Al).   

 
Figure AC6.4. PDFs of the conventional NH2-MIL-53(Al) (black), the nanocrystalline 
(light blue) and the biocatalytic composites Lip1@NH2-MIL-53(Al) (blue) and 
Lip2@NH2-MIL-53(Al) (dark blue) materials in the interatomic distance r range of 10-
120 Å.  
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AC6.4 Conclusions 
This study addresses some possibilities of the use of the Pair Distribution 

Function technique in the knowledge of Enzime@MOF biocatalysts, which are 
difficult to characterize by conventional techniques. These nanocrystalline 
biocatalysts are of great interest because they are generally prepared by much more 
sustainable and easier methods than other conventional biocatalysts. In addition, they 
are excellent platforms to immobilize high enzymatic loads. Here, direct detection of 
the nanocrystal size could be observed (rather than its indirect estimation giving by 
conventional XRD using the Scherrer equation), including the crystal size range. 
These results confirm that the aggregated spherical particles observed in the SEM 
images are in turn composed by the aggregation of nanocrystals whose size is limited 
by the presence of the enzyme in the synthesis medium. The studies of the short-
range PDF profiles show that in the specific case of Lipase@NH2MIL53, the 
crystalline phase is not altered by the presence of the enzyme, which only limits the 
growth of the crystals. This is the first study that uses PDF characterization of 
Enzyme@MOF biocatalysts, showing that it provides relevant information on the 
role of the enzyme in the formation of materials. 
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Supplementary Information 

X-ray Diffraction (XRD) 

 
Figure AC6.S1. Synchrotron-based PXRD patterns of the nanocrystalline (blue line) 
and the conventional (black) MOF NH2-MIL-53(Al).  

 
Figure AC6.S2. Laboratory-registered PXRD patterns of the nanocrystalline NH2-MIL-
53(Al) and the composites Lip@NH2-MIL-53(Al) with two different lipase loads.   
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Scanning Electron Microscopy (SEM) 

Figure AC6.S3. SEM micrographs of the: (A) conventional NH2-MIL-53(Al); (B) 

nanocrystalline NH2-MIL-53(Al); (C) composite Lip1@NH2-MIL-53(Al); and (D) 

composite Lip2@NH2-MIL-53(Al). Be aware about the different magnification of 

image A (x20,000) compared with the other three images B, C and D (x100,000). 

 

FigureAC6.S4. SEM micrographs of the: (A) nanocrystalline NH2-MIL-53(Al); and (B) 
composite Lip1@NH2-MIL-53(Al). The length of a few well-defined crystals is 
indicated.   
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Thermogravimetric Analysis (TGA) 

Figure AC6.S5 shows the thermograms of the nanocrystalline NH2-MIL-53(Al) and 
their composites Lip@NH2-MIL-53(Al). As expected, the TGA profile of the free-
enzyme MOF is typical of a NH2-MIL-53(Al), characterized by three well-separated 
weight losses: the first one near 100 ºC due to water inside of the pores; the second 
one centered at ca. 307 ºC, which is attributed to protonated linker molecules NH2-
BDC inside of the pores (lower amount than when prepared under conventional 
conditions); and finally a prolonged weight loss along the temperature range 400-700 
ºC in which the linker is decomposed in at least three different sub-steps. The 
residual weight of 19 wt.% (which is Al2O3) is also typical of a pure NH2-MIL-
53(Al). The incorporation of the enzyme lipase to lead composite Lip@NH2-MIL-
53(Al) significantly alters the profile of the thermograms. The only well-defined 
weight loss is the one attributed to water. After that, there is almost continuous 
weight loss between 180 and 670 ºC for the sample Lip1@NH2-MIL-53(Al) and 
between 180 and 650 ºC for the sample Lip2@NH2-MIL-53(Al), being of more 
constant slope in the latter. These different TGA features of the composites with 
respect the TGA profile of the MOF indicate a substantial interaction between the 
enzyme and the MOF support.   

 
Figure AC6.S5. TGA profiles of the: (A) nanocrystalline MOF NH2-MIL-53(Al) (light 
blue) and both composites Lip@ NH2-MIL-53(Al) (blue and dark blue). 
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Diffuse reflectance ultraviolet-visible spectroscopy (DR-UV-vis) 

Figure AC6.S6 shows the DR-UV-vis spectra of the NH2-MIL-53(Al)MOF material 
and their enzyme-containing composites. The presence of the enzyme induces very 
slight changes in the spectra with respect to the pristine MOF. All bands found in the 
spectra of the MOFs are also found in their corresponding composites and their 
minor changes in either relative intensity or broadening seems not to follow a 
systematic trend. The yellow color (approximate visible region 400-450 nm) is 
intrinsic of the linker NH2-BDC (also when it is in its protonated form NH2-H2BDC).  

 
Figure AC6.S6. Normalized DR-UV-vis spectra of the nanocrystalline MOF NH2-MIL-
53(Al) (light blue) and both composites Lip@ NH2-MIL-53(Al) (blue and dark blue). 
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Infrared spectroscopy (FTIR) 

 
Figure AC6.S7. FTIR-ATR spectra of the nanocrystalline MOF NH2-MIL-53(Al) (light 
blue) and both composites Lip@NH2-MIL-53(Al) (blue and dark blue).  
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Pair Distribution Function (PDF) 

 
Figure AC6.S8. PDFs of the nanocrystalline (bold blue) and the conventional (black) 
NH2-MIL-53(Al) materials in the interatomic distance r range of 0–20 Å. On the 
bottom, it is shown the different curve (red) obtained by subtracting the PDF of the 
conventional NH2-MIL-53(Al) minus that of the nanocrystalline NH2-MIL-53(Al). This 
PDF difference has been moved -0.3 Å-2 along the Y-axis to avoid any overlap. The 
vertical green dashed line indicates the interatomic distance at which the oscillations 
of the PDF of the nanocrystalline NH2-MIL-53(Al) starts to loss their intensity in 
comparison with their homologues in the PDF of the conventional NH2-MIL-53(Al) 
(surely more evident in the difference curve), in other words, the lowest limit of the 
crystalline domains size.  
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Figure AC6.S9. PDFs of the nanocrystalline (bold blue) and the conventional (black) 
NH2-MIL-53(Al) materials in the interatomic distance r range of 10-120 Å. On the 
bottom, it is shown the different curve (red) obtained by subtracting the PDF of the 
conventional NH2-MIL-53(Al) minus that of the nanocrystalline NH2-MIL-53(Al). This 
PDF difference has been moved -0.3 Å-2 along the Y-axis to avoid any overlap. The 
vertical green dashed lines indicate the interatomic distances at which (i) the 
oscillations of the PDF of the nanocrystalline NH2-MIL-53(Al) starts to loss their 
intensity in comparison with their homologues in the PDF of the conventional NH2-
MIL-53(Al) (at ca. 13.5 Å), in other words, the lowest limit of the crystalline domains 
size, and (ii) at which the oscillations of the PDF of the nanocrystalline NH2-MIL-
53(Al) stops to be perceptible (at ca. 102 Å), in other words, the largest limit of the 
crystalline domains size. 
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Figure AC6.S10. PDFs of the nanocrystalline (bold blue) and the conventional (black) 
NH2-MIL-53(Al) materials in the interatomic distance r range of 90-200 Å. On the 
bottom, it is shown the different curve (red) obtained by subtracting the PDF of the 
conventional NH2-MIL-53(Al) minus that of the nanocrystalline NH2-MIL-53(Al). This 
PDF difference has been moved -0.3 Å-2 along the Y-axis to avoid any overlap. The 
vertical green dashed lines indicate the largest interatomic distances at which an 
unequivocal PDF oscillation of the nanocrystalline NH2-MIL-53(Al) is detected.   
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Abstract 
The presence of bisphenol A (BPA) in wastewater, its toxicity and the hardness 

for its complete degradation constitutes a serious environmental problem and a 
scientific challenge. The enzyme laccase is an oxidoreductase capable of oxidizing 
phenolic compounds, being one of the most efficient biocatalysts for BPA removal. 
The immobilization of laccases to lead solid biocatalysts is essential for their 
applications as it allows their stabilization and easy recovery from the liquid reaction 
media and subsequent reuse. This work compares the efficiency of siliceous-type 
supports, which have traditionally been used for this purpose, with the use of MOF-
type supports. Thanks to the versatility in the synthesis methods offered by MOFs, 
MOF-type biocatalysts can be prepared in a one-pot using an in-situ procedure 
(Lac@NH2-MIL-53(Al)) under conditions compatible with enzymatic activity (room 
temperature, aqueous solution and moderate pH values). The resulting biocatalyst 
displays a high enzyme loading of 100 mg.g-1 which is also permanent: free of 
enzyme leaching. As opposed, post-synthesis in two steps: Lac#NH2-MIL-53(Al) 
(with low enzyme loading) and Lac#Amorphous silica-NH2 (100 mg.g-1 enzyme 
loading, but high rate of enzyme leaching) were also prepared and compared. 

In contrast to the elimination of 90 % of BPA in 60 min obtained with 
Lac#Amorphous silica-NH2, the one-pot immobilization of laccase on MOFs resulted 
much more efficient. The own enzyme-free MOF-type support (NH2-MIL-53(Al)) 
removed more than 90 % of BPA from aqueous solution in 30 min, but such 
performance was widely surpassed by the biocatalyst Lac@NH2-MIL-53(Al) (100 % 
in just 3 min). The significant improvement of BPA degradation was attributed to the 
mutual and simultaneous contribution of both support and enzyme. In addition, the 
biocatalyst Lac@NH2-MIL-53(Al) was able to remove BPA in five successive cycles 
with efficiency higher than 85 % at the end of the last batch. 

Keywords:  

Bisphenol A removal; Enzymes immobilized on MOFs; Lac@NH2-MIL-53(Al); Laccases; 
Sustainable nanocrystalline MOFs 
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7.1 Introduction 
Although the use of bisphenol A (BPA) in the production of 

plastics, polycarbonates and epoxy resins is being reduced in the last few years, its 
massive use in the past and its presence in wastewater has caused serious problems 
around the world [1]. This is a highly toxic compound with activity as endocrine 
disruptor [2] which must be eliminated from wastewaters. Its effects on human health 
are as grave as disorders in babies and cancer in adults [3,4]. Besides, it can also 
disturb growth of plants and aquatic biota. The low concentrations of the Endocrine 
Disrupting Chemicals (EDC) in wastewater plants (ng·l-1 scale) is a handicap for 
their removal [5]. 

The degradation route of BPA is complex and gives rise to a wide variety of 
compounds via radical formation or ring opening; some of them even display higher 
toxicity than the BPA itself. Depending on both the reaction system and the catalyst, 
the composition of the resultant mixture may vary. Non-biologic treatments like 
photolysis, ozonation or ultrafiltration, together with catalytic reactions, have been 
applied but total removal cannot be achieved. The elimination of BPA has been 
performed with ferrates [6], TiO2/C3N4 core–shell nanowire arrays for 
photoelectrocatalytic degradation [7] and MOFs-based systems like MIL-
88B(Fe)/persulfate/visible light (M88/PS/Vis) for fast photocatalytic degradation of 
BPA [8]. 

However, biocatalysis is envisaged as a choice method to accomplish this target. 
The use of microorganisms especially fungi has been widely studied, as well as the 
isolated laccases from them. Chaetomium strumarium containing laccase and dye 
decolorizing peroxidase degrades BPA via extracellular conversion plus cytochrome 
P450s monooxygenases via intracellular hydroxylation, producing metabolites with 
different toxicity [9]. An alternative to fungi is the use of biphenyl-degrading Gram-
negative bacterium Cupriavidus basilensis, which uses aromatic compounds as 
carbon and energy sources [10]. Although enzymes like chloroperoxidases using 
oxygen peroxide as oxidant have proven to be active [11], it is most common that the 
enzymatic reaction of BPA degradation is carried out by laccases. Laccases are blue 
copper oxidases using molecular oxygen as electron acceptor, which act on phenolic 
substrates. Their use to degrade bisphenol A has been widely reported [12]. 

Because of the solubility in aqueous media of the proteins, immobilization of the 
enzymes is required for their industrial use [13]. Through immobilization, enzymes 
can be easily separated from substrates and products, they can be recovered and used 

https://www.sciencedirect.com/topics/chemical-engineering/polycarbonates
https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib1
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https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib5
https://www.sciencedirect.com/topics/chemical-engineering/ozonation
https://www.sciencedirect.com/topics/chemical-engineering/ultrafiltration
https://www.sciencedirect.com/topics/chemical-engineering/catalytic-reaction
https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib6
https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib7
https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib8
https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib9
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https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib12
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in subsequent reaction cycles as long as stabilization strategies have been previously 
applied or developed. 

BPA depletion has been addressed using laccases from different fungal species 
either in their native form or immobilized on different carriers. Soluble laccase 
from Pycnoporus sanguineous catalyzed total elimination of BPA in 10 h [14]. 
Immobilized laccases on mesoporous silica using glutaraldehyde for covalent 
bonding [15] was tested in fluidized bed reactor, around 90 % degradation of BPA 
was achieved after 8 h. The presence of a support material may introduce an 
additional effect: hydrophobic supports such as acrylic resins doped with long alkyl 
chains have been described to adsorb BPA so the depletion of BPA from reaction 
media is mostly due to adsorption of the support rather than to degradation by the 
laccase covalently attached [16]. 

Metal Organic Frameworks (MOFs) have been increasingly used as supports for 
enzymes for the last decade. These are highly porous materials consisting on metal 
ions or clusters linked together through multidentate organic molecules [17]. These 
materials are hugely versatile regarding either their composition and structure or their 
synthesis method. Initially, their use as support for enzymes was thought to be 
limited by their microporosity, which enabled only the immobilization of unusually 
small proteins such as cytochrome c or trypsin [18–21] only upon the use of long 
linkers giving rise to unstable systems. Large molecules such enzymes, with 
molecular weight often over 40,000 Da can only be allocated in the intercrystalline 
voids within the structure of MOFs. However, micropores prevent the diffusion of 
the enzyme to reach these spaces and only low enzyme loadings are usually achieved 
by this immobilization method. One-step/one-pot synthesis of the catalyst in the 
presence of the enzyme is only possible through the development of a strategy of 
MOF synthesis in mild conditions, compatible with enzyme activity, because 
otherwise the extreme pH, temperature and/or the presence of organic solvents would 
inactivate the enzyme [22]. The synthesis of some carboxylate-based MOFs can be 
carried out quickly, at room temperature, in aqueous medium and inducing the 
dissolution of the linker containing carboxylic acids by a deprotonating agent. The 
so-obtained MOFs are often nanocrystalline and display intercrystalline 
mesoporosity. Their high external surface and the natural chemical affinity between 
MOF and enzyme make this method very promising for enzyme immobilization. 

In our previous work, laccase had been successfully immobilized on MOFs 
through two different strategies: (i) “post-synthesis”, where the enzyme is adsorbed 
on a previously synthetized MOF material; and (ii) “in-situ”, one-step/one-pot 

https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib14
https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib15
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https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib17
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method to synthetize the MOF in the presence of the enzyme [23]. In this work, 
another MOF based on Al is studied for the immobilization of laccase: NH2-MIL-
53(Al), which has been already used in the immobilization of other enzymes [24–26]. 
Conventional synthesis of NH2-MIL-53(Al) generates large crystal sizes with the 
consequent diffusional problems. In contrast, the new and sustainable alternative 
synthesis method produces nanocrystalline NH2-MIL-53(Al) having intracrystalline 
mesoporosity [22]. 

Despite the facts that: (i) it is well known that laccase is the best enzyme for the 
removal of BPA; (ii) the elimination of this endocrine disruptor from wastewater is a 
current environmental challenge; and (iii) the immobilization of enzymes in MOFs is 
an emerging research field, only the biocomposite laccase@HKUST-1 has been 
tested for this goal so far [27], to the best of our knowledge. The present work 
compares the efficiency in the immobilization of laccase on a conventional siliceous-
type support with that of a sustainable NH2-MIL-53(Al) support, as well as their 
respective performance in the BPA removal. Thanks to the versatility in the synthesis 
methods offered by MOFs, the Lac@NH2-MIL-53(Al) biocatalyst can be prepared 
following an one-pot procedure. On the contrary, siliceous-type immobilized laccase 
biocatalysts must be prepared by post-synthesis procedure in two steps 
(Lac#Amorphous silica-NH2). The MOF-based support itself (without enzyme) 
remarkably eliminates BPA which, added to the absence of leaching and to the fact 
that the laccase maintains its activity once immobilized on such support, gives to this 
solid biocatalyst Lac@NH2-MIL-53(Al) an unprecedented efficiency in the BPA 
removal from aqueous solution. 

 

7.2 Material and methods 

7.2.1 Preparation of the supports 

7.2.1.1 Synthesis of NH2-MIL-53(Al) 

The NH2-MIL-53(Al) MOF was synthesized using sustainable conditions as 
previously reported [22]. On the one hand, a solution was prepared by dissolving 
0.483 g (2 mmol) of AlCl3·6H2O (from Sigma-Aldrich) in 1 ml of distilled water. On 
the other hand, another solution was formed by 0.362 g (2 mmol) of 2-
aminoterephthalic acid (H2-NH2-BDC, Sigma-Aldrich) and 4.35 g (4.3 mmol) of 
NaOH 1 M aqueous solution. The solution containing the metal source was added 
dropwise over the linker solution under stirring. The mixture was left overnight 

https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib23
https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib22
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(20 h) at room temperature (21 ºC). The sample was recovered by centrifugation, 
washed with distilled water and finally dried at room temperature. 

7.2.1.2 Functionalization of siliceous-type support by grafting 

Commercial mesoporous amorphous silica (MS-3030, kindly donated by Silica 
PQ Corporation) was functionalized with amino groups to immobilize the laccase. 
The procedure followed was that reported by V. Gascón et al. [28]. The starting 
material (3 g) was degassed at 80 ºC under vacuum (about 10-2 mbar) overnight. 
After that, the solid was suspended in a solution containing 2.1 ml of 3-
aminopropyltriethoxysilane in 50 ml of toluene. The mixture was refluxed for 24 h 
under nitrogen atmosphere. The suspension was filtered and then the solid was 
washed firstly with dry toluene and secondly with acetone. Finally, the 
functionalized support was dried at room temperature for 24 h. 

 

7.2.2 Preparation of the working enzyme extract 

The working enzyme extract was prepared by purifying a commercial extract of 
laccase from the fungus Myceliophtora thermophila (Novozym 51003) donated by 
Novozymes. Isoelectric point (pI) of this laccase is 4.2, and its MW is around 73 kDa 
upon deglycosylation, with estimated dimensions of 6.3 nm × 7.2 nm × 8.9 nm [28]. 
Purification was carried out in an ultrafiltration unit with a working volume of 
160 ml, stirred by a magnetic bar suspended 5 mm from the membrane. The module 
was equipped with a regenerated cellulose membrane (Millipore) with a molecular 
weight limit of 30 kDa. The system was pressurized with compressed nitrogen. 40 ml 
of a solution containing 20 ml of the commercial enzyme extract and 20 ml of 
50 mM sodium acetate buffer pH 5.5, was ultrafiltered until the volume was halved. 
The process was repeated three times. Protein content of the final extract was 
20.78 mg·ml− 1, which was measured with Bradford assay [29], using Bio-Rad 
Protein Assay (from Bio-Rad) and bovine serum albumin (BSA) as protein standard. 

 

7.2.3 Preparation of heterogeneous biocatalysts 

7.2.3.1 Post-synthesis immobilization procedure: Lac#NH2-MIL-53(Al) and 
Lac#Amorphous silica-NH2 

Materials prepared in Section 2.1, NH2-MIL-53(Al) and amino-functionalized 
amorphous silica, were used as supports for the immobilization of 

https://www.sciencedirect.com/science/article/pii/S0920586121004624#bib28
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laccase [24], [28], [30]. Post-synthesis immobilization of laccase on any of the two 
materials was carried out by suspending about 0.2 g of the support in 15 ml of 
laccase aqueous solution (1.33 mg·ml− 1) in 50 mM acetic acid/sodium acetate buffer 
at pH 5.5. The enzyme load initially offered to the supports was 100 mg of enzyme 
per g of support. The suspension was kept at room temperature (21 ºC) until the 
activity of the supernatant reached a constant value. The activity of laccase at 25 ºC 
was assayed spectrophotometrically by measuring the increase in absorbance at 
405 nm (ε = 35.000 M−1·cm−1) caused by the oxidation of 2′-azino-bis-(3-ethyl-
benzothia-zoline-6-sulfonic acid) diammonium salt (ABTS, from Sigma). 50 μl of 
supernatant were added under stirring to a cuvette containing 1.9 ml of 1.6 mM 
ABTS solution in 100 mM acetic acid/sodium acetate buffer at pH 4.5. In the case of 
Lac#NH2-MIL-53(Al), immobilization stopped at 24 h; in the case of 
Lac#Amorphous silica-NH2, the process lasted only 4 h. The solid was separated by 
vacuum filtration using a quartz fritted funnel, and washed with 50 mM acetic acid / 
sodium acetate buffer at pH 5.5. For calculation of the immobilization yield, protein 
content of the supernatant and washing residues were measured with Bradford 
assay [29], using Bio-Rad Protein Assay (from Bio-Rad) and bovine serum albumin 
(BSA) as protein standard. Finally, the solid biocatalysts were dried under dry 
nitrogen stream and stored at 4 ºC. 

7.2.3.2 In-situ immobilization procedure: Lac@NH2-MIL-53(Al) 

The Lac@NH2-MIL-53(Al) biocatalyst was synthesized using sustainable 
conditions as previously reported for NH2-MIL-53(Al) [22] with the difference that 
in this case the laccase enzyme extract is incorporated into the solution of the 
linker [24]. The metal source solution was prepared by dissolving 0.483 g (2 mmol) 
of AlCl3·6H2O (from Sigma-Aldrich) in 1 ml of distilled water. 979 μl of laccase 
enzyme extract, whose protein concentration was 20.78 mg·ml-1, were added on the 
dissolution formed by 0.362 g (2 mmol) of 2-aminoterephthalic acid (H2-NH2-BDC, 
Sigma-Aldrich) and 4.35 g (4.3 mmol) of NaOH 1 M aqueous solution. Then, the 
metal solution was added dropwise over the linker/enzyme solution under stirring. 
Such addition provokes the immediate appearance of a yellow precipitate, which was 
left overnight (20 h) at room temperature (21 ºC) under stirring. The sample was 
recovered by centrifugation and washed with distilled water. Like in the case of the 
heterogeneous biocatalysts prepared by the post synthesis method, the enzyme load 
initially offered to the supports was 100 mg of enzyme per g of the support 
theoretically expected according to the yield given by the preparation of the enzyme-
free NH2-MIL-53(Al) under the same conditions (subsection 2.1.1.). For calculation 
of the immobilization yield, protein content of the supernatant and washing residues 
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were measured with Bradford assay [29], using Bio-Rad Protein Assay (from Bio-
Rad) and bovine serum albumin (BSA) as protein standard. Finally, the solid 
biocatalyst was dried under dry nitrogen stream and stored at 4 ºC. 

7.2.4 Physicochemical characterization techniques 

X-ray diffraction (XRD) patterns were collected with a Philips X’PERT 
diffractometer having a X’Celerator detector and using Cu Kα radiation. 
Thermogravimetric analyses (TGA) were performed using a Perkin-Elmer TGA7 
instrument, with a heating rate of 20 °C·min-1 under air flow. Nitrogen 
adsorption/desorption isotherms were measured at −196 °C in a Micromeritics ASAP 
2420 device. The samples were previously degassed at 150 °C under high vacuum 
for at least 16 h. Specific surface area were estimated by BET method and 
external/micropore surface area by t-plot method. 

 

7.2.5 Enzyme leaching study 

Enzyme leaching tests were carried out under the BPA degradation reaction 
conditions. Suspensions were prepared with 25 mg of each solid biocatalyst per 
milliliter of 50 mM acetic acid/sodium acetate buffer at pH 4.5. The amount of 
extracted protein was measured by the Bradford assay [29], using Bio-Rad Protein 
Assay (from Bio-Rad) and bovine serum albumin (BSA) as protein standard, in 
aliquots of supernatant collected at different incubation times. 

 

7.2.6 BPA degradation reaction 

7.2.6.1 Reaction kinetics 

In order to evaluate the degradation of BPA by the heterogeneous biocatalysts 
and the supports, 100 mg of each sample was incubated with 4 ml of a 25 ppm 
solution of BPA in 50 mM acetic acid/sodium acetate buffer at pH 4.5, at room 
temperature (21 ºC) and under stirring in a roller shaker. In the case of NH2-MIL-
53(Al) support and Lac@NH2-MIL-53(Al) biocatalyst, the reactions lasted 30 min 
and aliquots of supernatant were taken every 3 min; in the case of Amorphous silica-
NH2 support and Lac#Amorphous silica-NH2 biocatalyst, the reactions lasted 1 h and 
aliquots of supernatant were taken every 10 min. For comparative purposes, the 
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reaction was carried out with the free enzyme maintaining the same enzyme/solution 
ratio. The residual amounts of BPA in the samples were analysed using a HPLC 
Agilent 1260 Infinity system equipped with a quaternary pump, diode array detector, 
an injector with a 5 μl loop and an Agilent Eclipse Plus C18 column (4.6 
mm × 100 mm, 3.5μm). The mobile phase was a mixture of phases A and B in a 
60:40 ratio (Phase A: 95 % water, 4.9 % acetonitrile and 0.1 % trifluoroacetic acid; 
Phase B: 99.9 % acetonitrile and 0.1 % trifluoroacetic acid), isocratic, at a flow rate 
of 1.2 ml·min-1. The spectrophotometric detection was performed at 228 nm. The 
concentration of BPA was calculated using the slope obtained from the standard 
calibration curve. 

7.2.6.2 Reaction cycles 

To evaluate the reusability of the heterogeneous biocatalysts synthetized, they 
were separated after reaction and washed with 50 mM acetic acid/sodium acetate 
buffer at pH 4.5, and then dried under dry nitrogen stream for the next cycle. The 
residual amounts of BPA after each cycle were analyzed as in the previous case. 

 

 

7.3 Results and discussion 
Thanks to the versatility in the synthesis methods offered by MOFs, Lac@NH2-

MIL-53(Al) biocatalyst can be prepared in one-pot using the in-situ procedure under 
conditions compatible with enzymatic activity (room temperature, aqueous solution 
and moderate pH values). Figure 7.1 shows the XRD patterns of the nanocrystalline 
NH2-MIL-53(Al) and the biocatalyst consisting on the same MOF prepared in the 
presence of the enzyme laccase (Lac@ NH2-MIL-53(Al)). Both XRD patterns have 
been identified as as-prepared nanocrystalline NH2-MIL-53(Al), which was expected 
because they have been prepared according to a previously reported method [22]. 
The XRD pattern of the solid synthetized biocatalyst shows a lower resolution and 
broader reflections than that of the support prepared in the absence of enzyme. This 
was observed in a previous work when other enzyme, lipase, was immobilized by the 
same in-situ procedure on the same material and it was attributed to the "dilution" of 
the crystalline phase of the MOF support in the biocatalyst enzyme@support [26]. In 
the case of Lac@NH2-MIL-53(Al) biocatalyst, small NaCl impurity is also present 
(sharp reflections marked by asterisks in Figure 7.1). In fact, as it is shown below, 
the impurity disappears when the solid biocatalyst is subjected to several reaction 
cycles in an aqueous medium. 
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Figure 7.1. XRD patterns of the NH2-MIL-53(Al) support (in orange) and Lac@NH2-
MIL-53(Al) biocatalyst (in blue) samples. The asterisks indicate reflections due to the 
presence of a NaCl impurity. 

 
Figure 7.2. TGA curves of the NH2-MIL-53(Al) support (in orange), Lac@NH2-MIL-
53(Al) biocatalyst (in blue) and free laccase (in green) samples. 

In order to shed light on the knowledge of the Lac@NH2-MIL-53(Al) biocatalyst, 
it was characterized by thermogravimetric analysis (TGA). Figure 7.2 shows the 
TGA curves of Lac@NH2-MIL-53(Al) biocatalyst, the support and the free enzyme. 
The TGA of both the support and the heterogeneous biocatalyst show a mass loss 
centered at around 300 ºC that corresponds to the protonated linker H2-NH2-BDC 
trapped within the micropores of the MOF. The presence of protonated linker 
molecules within their pores is also evidenced by the low microporous area measured 
from the N2 adsorption/desorption isotherms (Figure 7.3; Table 7.1). The release of 
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microporosity in NH2-MIL-53(Al) could be achieved by washing with N,N-
dimethylformide (solvent able to dissolve H2-NH2-BDC) [31], but this is beyond the 
scope of this work since the use of solvents could damage the structure of the 
enzyme and compromise its activity. The mass loss corresponding to the 
decomposition of the enzyme-free MOF is between 450 and 650 ºC and the mass loss 
of free enzyme occurs near 500 ºC. However, the TGA of the heterogeneous 
biocatalyst presents a continuous weight loss, rather than losses in well-defined steps, 
which starts at 350 ºC and continue beyond 800 ºC. This might indicate that the 
Lac@NH2-MIL-53(Al) biocatalysts is not just a simple physical mixture between the 
enzyme and the MOF support, but there is an interaction between them that 
significantly alters the expected TGA profile. 

 
Figure 7.3. N2 adsorption/desorption isotherms of the NH2-MIL-53(Al) support (in 
orange) and Lac@NH2-MIL-53(Al) biocatalyst (in blue). Full and empty symbols 
correspond to the adsorption and desorption branches, respectively. 

Table7.1. Textural properties of the NH2-MIL-53(Al) support and Lac@NH2-MIL-53 
(Al) biocatalyst extracted from the isotherms shown in Figure 7.3. 

Sample SBET / m2·g-1 Smic / m2·g-1 Sext / m2·g-1 Vpore / cm3·g-1 

NH2-MIL-53(Al) 172 99 73 0.19 

Lac@NH2-MIL-53(Al) 32 13 19 0.03 

 

The preparation of NH2-MIL-53(Al) at room temperature leads to the formation 
of agglomerates of nanocrystals that contain some intercrystalline porosity [22]. This 
is reflected in the hysteresis loop of the corresponding N2 adsorption/desorption 
isotherms shown in Figure 7.3. When the enzyme is incorporated into the MOF 
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synthesis medium, the resulting heterogeneous biocatalyst shows a decrease in 
intercrystalline porosity. This suggests that the enzyme is located within these 
spaces. To verify the accessibility of laccases to the intercrystalline mesoporosity 
within the room-temperature prepared NH2-MIL-53(Al) agglomerates, post-synthesis 
immobilization of the enzyme was carried out on a previously synthesized MOF 
material (Table 7.2). The post-synthesis immobilization was not strictly reproducible 
in different attempts and only reached 12–9.4 % of the potential enzymatic load. It 
means that, although there is intercrystalline void space in the material, the diffusion 
of the enzyme within the already-formed MOF is certainly limited or almost 
prevented. In contrast, in-situ immobilization of the enzyme led to a 100 % 
immobilization yield. This does not only indicate that in-situ immobilization could 
efficiently encapsulate the enzyme within the available intercrystalline porosity, but 
also that the enzyme molecules can be permanently retained by the microporous 
network surrounding them. This is in good agreement with the results obtained in the 
leaching experiments, where only 1 % of the entrapped enzyme is detached from the 
support (Figure 7.4). 

Table 7.2. Immobilization in-situ and post-synthesis of laccase on NH2-MIL-53(Al) and 
immobilization post-synthesis of laccase on Amorphous silica-NH2. 

Sample Immobilized enzyme a / % Enzyme loading b / mg·g-1 

Lac@NH2-MIL-53(Al) 100 100 

Lac#NH2-MIL-53(Al) 12 / 9.4 12 / 9.4 

Lac#Amorphous silica-NH2 94 94 
a Percentage of immobilized enzyme in the solid biocatalyst. The load initially offered 
was 100 mg of enzyme per g of support. 
b mg of enzyme per g of biocatalyst. 

In order to compare the efficiency of MOF-type supports with silica-based 
supports, traditionally used for this purpose, the amine-functionalized commercial 
amorphous mesoporous silica (MS-3030) was used as a support for the post-
synthesis immobilization of the enzyme. This support has a surface area of 236 m2·g-

1 and an average pore size of 29 nm [28]. Immobilization is performed at pH 5.5, so 
the functionalization of the surface with amino groups provides chemical affinity by 
favoring electrostatic interaction between the protonated amines on the surface of the 
silica and the surface of laccase, with a negative net charge at this pH (pI 4.2). This, 
together with the width of the pores, favors the diffusion and the entrapment of the 
enzyme within the silica channels. As a result, the immobilization yield in this silica- 
laccase biocatalyst was high, achieving 94 % of the enzyme available in the medium. 
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Lac@NH2-MIL-53(Al) and Lac#Amorphous silica-NH2 biocatalysts were 
subjected to enzyme leaching tests, in order to determine whether the immobilization 
allows entrapping the enzyme laccase in an efficient and irreversible way. Figure 
7.4 shows the relative amount of enzyme leached from the different supports along 
the assay. As previously mentioned, the in-situ immobilization of the enzyme on 
NH2-MIL-53(Al) has proven a highly efficient method. Even exceeding expectations 
and the enzyme leaching described in other one-pot enzyme@MOF systems, only 1 
% of the immobilized enzyme is released and this only occurs at the beginning of the 
test. No further enzyme at all is released after 1 h under the reaction conditions. The 
few desorbed molecules probably correspond to those on the external surface of the 
MOF particle whilst the rest are prevented to diffuse outwards the nanocrystal 
agglomerates through their micropores. 

 
Figure7.4. Kinetics of enzyme leaching of the Lac@NH2-MIL-53(Al) (in blue) and 
Lac#Amorphous silica-NH2 (in purple) samples, expressed as percentage of the 
leached enzyme with respect the initial enzyme load on each material. 

In good agreement with our previous results [28], post-synthesis immobilization 
of laccase on amine-functionalized silica leads to a continuous release of enzyme 
throughout the test, even after 24 h. From these leaching tests, it can be concluded 
that chemical affinity is not enough to retain the enzyme when the wide pore size of 
these materials does not offer any restriction to enzyme diffusion (that is, when the 
support does not physically confine the enzyme) and, therefore, enzyme leaching 
cannot be prevented under the used conditions [28]. On the contrary, the biocatalyst 
Lac@NH2-MIL-53(Al) can effectively prevent it. 
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The prepared solid biocatalysts were tested on the BPA degradation in aqueous 
solution (Figure 7.5). The degradation kinetics performed by the supports, free and 
immobilized laccase biocatalysts were studied separately. The results obtained for the 
NH2-MIL-53(Al) system and the Amorphous silica-NH2 system are shown in Figure 
7.5 (A) and (B), respectively. 

Starting with the supports, depletion of BPA with Amorphous silica-NH2 shows a 
saturation-shape curve, reaching a maximum after an incubation time as short as 
10 min (Figure 7.5 (A)). In clear contrast, the NH2-MIL-53(Al) support progressively 
removes BPA from the reaction medium along all the tested time, reaching BPA 
removal as high as 91 % in 30 min (Figure 7.5 (B)). Such efficiency in removing 
BPA is much higher than the values reported by other adsorbents or catalyst based on 
MOFs [32–34]. This may suggest the existence of adsorption of BPA on the MOF, 
even though it possesses 37 % lower BET surface area than the amorphous silica, 
which removes scarce amount BPA. There are some reports on different supports that 
adsorb BPA or related molecules under similar conditions [16], which may reinforce 
this hypothesis. In particular, Park et al. studied the influence of the amino group 
functionalizing a MOF adsorbent on its capability to eliminate BPA and attributed a 
key role to these -NH2 groups [32]. 

 
Figure 7.5. Kinetics of BPA removal (in percentage) from a 25 ppm aqueous solution 
for (A) the Lac#Amorphous silica-NH2 biocatalyst (in purple) and the Amorphous 
silica-NH2 support (in pink); and (B) the Lac@NH2-MIL-53(Al) biocatalyst (in blue) and 
the NH2-MIL-53(Al) support (in orange). The curve obtained for the free enzyme (in 
green) is included in both graphs for comparison purposes. 

Remarkably, free laccase degrades more than 98 % of the BPA present in the 
reaction medium in just 30 min, therefore surpassing the performance of NH2-MIL-
53(Al) support. Once laccase is immobilized, it continues being very active, 
suggesting that the non-covalent immobilization does not detract from the enzyme's 
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activity and it remains accessible to reagents. Nevertheless, its catalytic performance 
in the degradation of BPA becomes highly dependent on the nature of the supports 
(Figure 7.5). Thus, Lac#Amorphous silica-NH2 biocatalyst required 60 min to 
degrade 92 % of the BPA (Figure 7.5 (A)), that is, with a much lower reaction rate 
than soluble enzyme. On the contrary, Lac@NH2-MIL-53(Al) removed more than 99 
% of the BPA in just 3 min (Figure 7.5 (B)), even faster and more efficiently than the 
a priori unbeatable free enzyme. Noticeably, both heterogeneous biocatalysts have 
similar enzyme loadings, close to 100 mg·g-1. Once again, these results highlight the 
key role of the NH2-MIL-53(Al) support in both the direct removal of the BPA and 
the efficient immobilization of laccase keeping intact its enzymatic activity. 

The reusability of both solid biocatalysts was studied in several consecutive 
reaction cycles (Figure 7.6). The Lac#Amorphous silica-NH2 biocatalyst 
progressively loses the ability to remove BPA from the aqueous medium, possibly 
due to the leaching of the enzyme in each cycle (Figure 7.4). The Lac@NH2-MIL-
53(Al) biocatalyst was able to remove BPA in five successive cycles with efficiency 
higher than 85 % at the end of the last reaction. To check that the structure of the 
MOF in the solid biocatalyst was not altered after the reaction cycles, an XRD 
pattern of the sample Lac@NH2-MIL-53(Al) was registered after the fifth reaction 
cycle. Figure 7.7 shows the XRD patterns before and after the cycles, showing that 
the structure of the material was basically not modified and that only the NaCl 
impurity disappears, undoubtedly because it has been submerged in an aqueous 
system five successive times. 

 
Figure 7.6. Percentage of BPA removed as a function of reuse cycles for Lac@NH2-
MIL-53(Al) (in blue) and Lac#Amorphous silica-NH2 (in purple) biocatalysts. 
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These results show the stability of the enzyme upon immobilization in the in-situ 
MOF Lac@NH2-MIL-53(Al) biocatalyst after a few reaction cycles, in such a way 
that the support maintains intact its structure and the supported laccase keeps its 
intrinsic high catalytic activity. 

 
Figure 7.7. XRD patterns of the Lac@NH2-MIL-53(Al) biocatalyst samples before and 
after five reaction cycles. The asterisks indicate reflections due to the presence of 
NaCl impurity in the fresh solid biocatalyst. 

 

 

7.4 Conclusions 
Bisphenol A removal from aqueous solutions is fast and efficiently catalyzed by 

native laccase. The use of immobilized enzyme does not always offer better results: 
This work demonstrates that this is possible only upon the optimization of the 
immobilized laccase biocatalyst. The enzyme was immobilized on different supports 
with different strategies. The necessity to use highly efficient biocatalysts led to the 
discarding of post synthesis immobilization on MOF (Lac#NH2-MIL-53(Al)), having 
a low enzyme loading value. Therefore only the two heterogeneous biocatalysts with 
high enzyme loading (around 100 mg.g-1) were tested. Post synthesis 
Lac#Amorphous silica-NH2, undergoing high rate of enzyme leaching, was less 
efficient and slower to eliminate BPA than soluble enzyme. However, in situ 
Lac@NH2-MIL-53(Al) displaying both high enzyme loading and low enzyme 
leaching, was highly efficient and even faster than soluble laccase to degrade BPA. 
Remarkably, the support itself: Laccase-free NH2-MIL-53(Al) is also efficient for 
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BPA removal acting at least as an excellent adsorbent, even exceeding the rate of 
depletion reported by other MOF-based adsorbents. Both the free enzyme and the 
enzyme-free MOF-based support material considered separately are capable of 
eliminating BPA successfully. As a result of the synergistic effects of both, this in 
situ Lac@NH2-MIL-53(Al) fully removes BPA (more than 98 %) in only 3 min, that 
is, it is even able to beat the performance of the free enzyme. Moreover, the lack of 
enzyme leaching and preserved activity permit the reuse of the catalyst at least for 
five reaction cycles. Thus, the study and design of an enzyme immobilization system 
on a MOF support providing high enzyme-support affinity, high enzyme loading, and 
low enzyme leaching, together to the synergistic effect of the MOF support activity, 
has allowed the obtaining of a catalyst which is amongst the best ones described to 
date. 
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Abstract 
Due to its harmful effects on human health and its widespread presence in the 

environment, particularly in water, bisphenol A (BPA) is one of the pollutants whose 
elimination is most thoroughly investigated. Almost all BPA removal systems are 
investigated under batch conditions. In an industrial application context, it is also 
convenient to know the capacity of the catalysts to eliminate this (or other) 
contaminant under continuous operating conditions. In this work, we have developed 
a high efficiency bisphenol A (BPA) treating system in a packed bed reactor (PBR) 
using one-pot Laccase@NH2-MIL-53(Al) biocatalyst. In our previous work, this 
biocatalyst displaying both high enzyme loading and low enzyme leaching, was highly 
efficient to degrade BPA in a batch reactor, even surpassing the performance given by 
the corresponding free enzyme. Due to great stability and robustness property, one-pot 
Laccase@NH2-MIL-53(Al) biocatalyst was successfully applied for high efficiency 
and continuous BPA treatment in PBR with better performance than the batch reaction. 

 

Keywords:  
Bisphenol A removal; Enzymes immobilized on MOFs; Lac@NH2-MIL-53(Al); 
Laccases; Batch reactor; Packed bed reactor  
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AC7.1 Introduction 

Bisphenol A (BPA) is a highly toxic compound with activity as endocrine disruptor 
[1], which was massively used in the plastic bottle industry and as coating of food cans 
and it must be eliminated from wastewaters [2,3] and drinking water. The continuous 
removal of trace amounts of BPA from water (ng⋅l-1 scale) is presently a challenging 
issue because of the low degradation constants at these low levels [4]. The laccase 
enzyme is an oxidoreductase capable of oxidizing phenolic compounds and it is one 
of the most efficient biocatalysts for BPA removal [5,6]. The immobilization of 
laccases to lead solid biocatalysts is essential for their future applications at full-scale 
purification and sanitation systems, as it allows their stabilization and easy recovery 
from the liquid reaction media and subsequent reuse [7]. In addition, enzyme 
immobilization can allow enzymes to be used in continuous reactor operations, such 
as a packed bed reactor (PBR) where high stability and robustness of enzyme 
biocatalysis are mandatory properties. 

Metal Organic Frameworks (MOFs) have been increasingly used as supports for 
enzymes for the last decade [8–10]. They are highly porous materials consisting on 
metal ions or clusters linked together through multidentate organic molecules [11]. 
These materials are hugely versatile in either composition, structure or their synthesis 
methodologies. The latter allows the development of a strategy of MOF synthesis 
under mild conditions, compatible with the enzyme activity, particularly by means the 
so-called one-step/one-pot synthesis [10]. 

In our previous work, one-pot Laccase@NH2-MIL-53(Al) displaying both high 
enzyme loading and low enzyme leaching, was highly efficient and even faster than 
soluble laccase to degrade BPA in a batch reactor [12]. This preliminary work goes 
further by studying different aspects of the reaction. In terms of reaction order, the 
results suggest that the MOF structure does not provide diffusional control to the 
biocatalyst in the BPA degradation. Since the enzymatic reaction is prevalent over 
diffusional effects, the setup of catalytic tests in a continuous flow reactor PBR 
(Packed Bed Reactor) was the next step in this investigation. The bibliography includes 
some works on the use of immobilized laccase biocatalysts in continuous flow [13]. 
However, to our knowledge, this is the first work regarding Enzyme@MOF 
biocatalysts for this approach. In principle, it is a great challenge for a catalyst which 
removes BPA by both adsorption and decomposition mechanisms, since adsorption 
will be just significant in the very first moments of the continuous flow.   
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This work certifies that the Laccase@MOF biocatalysts could indeed remove BPA 
almost completely from water under continuous flow for relatively prolonged times, 
even for BPA concentration much higher than that found in real wastewater. 

 

 

AC7.2 Experimental section  

AC7.2.1 One-pot Laccase@NH2-MIL-53(Al) biocatalysts 

The Laccase@NH2-MIL-53(Al) biocatalyst was synthesized by using sustainable 
conditions as previously reported [12]. The metal source solution was prepared by 
dissolving 0.483 g (2 mmol) of AlCl3·6H2O (from Sigma-Aldrich) in 1 ml of distilled 
water. Likewise, 979 μl of laccase enzyme extract, whose protein concentration was 
20.78 mg·ml-1, were added on the dissolution formed by 0.362 g (2 mmol) of 2-
aminoterephthalic acid (H2-NH2-BDC, Sigma-Aldrich) and 4.35 g (4.3 mmol) of 
NaOH 1 M aqueous solution. Then, the metal solution was added dropwise over the 
linker/enzyme solution under stirring. Such addition provokes the immediate 
appearance of a yellow precipitate, which was left overnight (20 h) at room 
temperature (21 ºC) under stirring. The sample was recovered by centrifugation and 
washed with distilled water. The enzyme loads initially offered to the supports were 
50 and 100 mg of enzyme per g of the support. To calculate the immobilization yield, 
protein content of the supernatant and washing residues were measured with Bradford 
assay, using Bio-Rad Protein Assay (from Bio-Rad) and bovine serum albumin (BSA) 
as protein standard. Finally, the solid biocatalyst was dried under dry nitrogen stream 
and stored at 4 ºC. The enzyme-free MOF synthesis was performed in the same way 
but without adding the laccase extract. 

 

AC7.2.2 Packed bed reactor (PBR) setup 

The PBR consisted of a burette (inner diameter 1 cm, ΔP ≈ 1 - 2 inch H2O) fitted 
with a filter plate to prevent catalyst escapes. Before starting the experiments, a 
homogeneous layer of the biocatalyst or support (~100 mg) was deposited at the 
bottom of the reactor and compacted by passing a current of 50 mM acetic acid/sodium 
acetate buffer at pH 5.0. Then, a 25, 50 or 100 ppm solution of BPA in 50 mM acetic 
acid/sodium acetate buffer at pH 5.0 was passed with an average flow rate in the range 
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of 0.3 - 0.5 ml·min-1 fed with a peristaltic pump and aliquots were collected at the 
reactor outlet at determined times and analysed by HPLC as described in section 
C7.2.3.  

These experimental conditions above outlined were established for the 
Laccase@NH2-MIL-53(Al) biocatalyst, which eliminated BPA with a first order 
kinetics (0.02952 s-1) during the 3 first minutes of the batch test. The PBR setup (shown 
in Figure AC7.1) was established by assuming the following data and hypothesis: (i) 
the contact time between the liquid and the very thin catalytic bed is shorter than the 
reaction time in the batch reactor; (ii) binary diffusivity of BPA in water is 5.26 · 10-6 
cm2·s-1 (Neisner-Heintz, 2000); (iii) laminar flow in porous media (Blake-Kozeny 
Model) assuming spherical particles; (iv) Thiele modulus 0.075 to 0.375 for 10 to 50 
μm particle size; (v) and the catalyst weight was estimated for initial BPA conversions 
above 80 %. Thus, the average flow rate and the liquid column ranges enabled a stable 
hydraulic operation of the PBR and the expected BPA conversions at least during 20 
minutes, in all the tests at different BPA concentrations (25 to 100 ppm).  

 

Figure AC7.1. Packed bed reactor (PBR) setup. 

 

AC7.2.3 Determination of BPA 

The residual amounts of BPA in the samples were analysed using a HPLC Agilent 
1260 Infinity system equipped with a quaternary pump, diode array detector, an 
injector with a 5 μl loop and an Agilent Eclipse Plus C18 column (4.6 mm × 100 mm, 
3.5 μm). The mobile phase was a mixture of phases A and B in a 60:40 ratio (Phase A: 

https://www.sciencedirect.com/topics/chemical-engineering/mobile-phase-composition
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95 % water, 4.9 % acetonitrile and 0.1 % trifluoroacetic acid; Phase B: 99.9 % 
acetonitrile and 0.1 % trifluoroacetic acid), isocratic, at a flow rate of 1.2 ml·min-1. 
The spectrophotometric detection was performed at 228 nm. The concentration of 
BPA was calculated using the slope obtained from the standard calibration curve. 

At the end of the batch experiments, the supernatants were analyzed by HPLC/MS 
to identify BPA degradation products. The measurements were carried out on a HPLC 
Agilent 1100 Series system connected to an Agilent Technologies 6120 Quadrupole 
LC/MS. The HPLC separation was performed on an Ace Excel 3 C18 200-C18-45 (3 
mm x 150 mm x 3µm) column thermostically controlled at 40 ºC injecting a volume 
of 50 μl. The mobile phase was a mixture of phases A and B in a gradient elution 
(where 0-10 min: 95:5 A:B (v/v); 10-20 min: 0:100 A:B (v/v); 21-30 min: 95:5 A:B 
(v/v), where A = ammonium acetate 2 mM, and B = methanol) at flow rate of 0.3 
ml·min-1. The spectrophotometric detection was performed at 210 and 240 nm. The 
mass spectrometer was operated in negative and positive ion mode in the m/z 50-1000 
range. The voltage for ion spray and the mass shredder were at 2000 and 100 V, 
respectively. Interface temperature was kept at 200 ºC and the nebulizer worked at a 
gas flow of 12 l·min-1 and pressure of 60 psi.  

 

AC7.2.4 COD test 

The chemical oxygen demand (COD) is the more used quality water parameter to 
express the overall organic pollution, normally as mg.L-1, of a water sample. COD was 
measured to samples of BPA solutions collected after continuous flow reaction tests, 
in order to elucidate the BPA elimination mechanism. If the measured COD for the 
treated BPA solution is quite similar to the inlet COD, it means that BPA elimination 
occurs by oligomers formation as claimed by other studies [14,15], and not due to a 
true degradation process, which would mean that COD attributed to BPA is not really 
destroyed, but converted into compounds having a higher molecular weight, but less 
aggressive to the environment. COD analysis were done with an Merck’s 
spectrophotomer (spectroquant® prove 600 by applying the SM5220D (2017). 

 

 

 

 

https://www.sciencedirect.com/topics/chemical-engineering/acetonitrile
https://www.sciencedirect.com/topics/chemical-engineering/trifluoroacetic-acid
https://www.sciencedirect.com/topics/chemical-engineering/mobile-phase-composition
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AC7.3 Results and discussion 

AC7.3.1 BPA biotransformation efficiency at batch type reaction 

In our previous work, one-pot Laccase@NH2-MIL-53(Al) displaying both high 
enzyme loading and low enzyme leaching, was highly efficient in the degradation of 
BPA in a batch reactor [12], becoming even more active than the free enzyme. Figure 
AC7.2 summarizes the full results of BPA degradation tests vs. reaction time carried 
out by the MOF support, the free enzyme and the Laccase@NH2-MIL-53(Al) 
biocatalyst. Remarkably, the support itself laccase-free NH2-MIL-53(Al) was also 
efficient for BPA removal acting at least as an excellent adsorbent, even exceeding the 
rate of depletion reported by other MOF-based adsorbents [16–18]. Both the free 
enzyme and the enzyme-free MOF-based support material considered separately were 
capable of eliminating BPA successfully. As a result of the combined effect of both 
components, the one-pot Laccase@NH2-MIL-53(Al) composite fully removed BPA 
(more than 98 %) in only 3 min, that is, it was even able to beat the performance of the 
free enzyme. Moreover, the lack of enzyme leaching and preserved activity permitted 
the reuse of the catalyst at least for five reaction cycles [12]. Thus, the study and design 
of an enzyme immobilization system on a MOF support providing high enzyme-
support affinity, high enzyme loading, and low enzyme leaching, together to the 
synergistic effect of the MOF support activity, had allowed the obtaining of a catalyst 
which is amongst the best ones described to date.  

 
Figure AC7.2. Kinetics of BPA removal (in percentage) from a 25 ppm aqueous solution 
for the biocatalyst (in blue), the support (in orange) and the free enzyme (in green) in 
a batch reactor [12]. 
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This work goes further by studying different aspects of the reaction. In terms of 
reaction order, the BPA removal promoted by the enzyme free support seems to follow 
a typical second-order kinetics of adsorption phenomena (in orange, Figure AC7.2), 
which was confirmed by means of the linearization of the original data in Figure 
AC7.3. This is quite different to the rapid BPA degradation promoted by the free 
enzyme (in green, Figure AC7.2) and the biocatalyst (in blue, Figure AC7.2), both 
processes tracing a trend in straight-line in the range of 0 to 3 minutes of reaction time, 
clearly suggesting a first order reaction model. Besides, the reaction rates of the BPA 
elimination over the biocatalyst and the free enzyme are the same in practice until 90 
% of BPA removal is reached, whereas the influence of the slower second order 
kinetics emerges in the range of low concentration of BPA leading to the appearance 
of a slightly earlier curvature in the green line with respect to the blue one. 

 
Figure AC7.3. Linearization of 1/BPA concentration vs. time from a 25 ppm BPA 
aqueous solution for the laccase-free NH2-MIL-53(Al) support in a batch reactor. 

To find evidence of the mechanisms of BPA elimination by the biocatalyst and the 
enzyme-free support, the supernatants after 1 h of reaction in the bach-type reactors 
were studied by HPLC-MS. The chromatograms obtained for the aqueous solution of 
25 ppm of BPA (in brown) and the supernatants after the same contact time between 
the initial solution and the free enzyme (in green), the enzyme-free support (in orange) 
and the biocatalyst (in blue) are presented in Figure AC7.4. Although the interpretation 
of the HPLC-MS data is complex, from the direct comparison between the profiles, 
some clear trends can be drawn. In the chromatogram recorded for the initial 
dissolution of BPA, the maximum recorded at 13.5 minutes (m/z = 228) corresponds 
to the presence of BPA. To facilitate the interpretation of the results, it has been shaded 
in yellow in all the chromatograms. Only free enzyme and biocatalyst can completely 
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remove BPA. In the case of the enzyme-free support, exposure of the initial solution 
to MOF failed to remove BPA effectively. In addition, only an additional maximum 
appears to those of the initial solution (4.5 min, m/z = 181) that could correspond to 
the leaching of the unreacted linker that is trapped in the pores during the synthesis 
[12,19]. Such maximum is also present in the case of the biocatalyst. Except for the 
latter, the profiles of the chromatograms for the enzyme and the biocatalyst are 
superimposable. This confirms the predominant role of the enzyme in BPA 
degradation and shows that one-pot immobilization does not affect its catalytic 
performance in a qualitative manner. 

 
Figure AC7.4. HPLC-MS chromatograms obtained for the aqueous solution of 25 ppm 
of BPA (in brown) and the supernatants after the same contact time between the initial 
solution and the biocatalyst (in blue), the support (in orange) and the free enzyme (in 
green) in a batch reactor. For ease of comparison, the maximum corresponding to the 
presence of BPA has been shaded in yellow. 

These results suggest that the MOF structure does not provide diffusional control 
to the biocatalyst in the BPA degradation and no synergistic effect over the catalytic 
BPA decomposition between the support and the enzyme is evidenced. Moreover, it 
suggests that BPA molecules can directly access to the supported enzyme, not through 
the MOF pores. Since the enzymatic reaction is prevalent over diffusional effects, the 
setup of catalytic tests in a continuous flow reactor PBR (Packed Bed Reactor) was the 
next step in this investigation.   
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AC7.3.2 BPA biotransformation efficiency in packed bed reactor 

Continuous-flow reaction tests have been accomplished to treat two aqueous 
solutions of 25 and 100 ppm BPA respectively, with two biocatalysts formed by one-
pot immobilized Laccase@NH2-MIL-53(Al) with respective enzyme loadings of 50 
and 100 mg of enzyme per g of biocatalyst. When the initial concentration of BPA was 
25 ppm (see Figure AC7.5(A)), both biocatalysts removes 100 % of BPA at the 
beginning of the reaction (during the first 40 minutes) and are able to eliminate more 
than 90 % of BPA after 3 hours of operation. Multiplying by four the initial BPA 
concentration (see Figure AC7.5 (B)), the 100 mg/g - Laccase@NH2-MIL-53(Al) 
biocatalyst was able to maintain the BPA conversion above 80 % for 90 minutes. All 
continuous-flow reaction tests were performed with a significantly lower amount of 
the biocatalyst than used in the batch runs. 

 
Figure AC7.5. Kinetics of BPA removal (in percentage) from (A) 25 and (B) 100 ppm 
aqueous solution for the biocatalysts formed by immobilizing different loadings of 
laccase (50 (in pink) and 100 mg (in blue) of enzyme per g of the biocatalyst) and the 
support (in orange) in a continuous flow reactor (D = 1 cm; QO = 0.2 to 0.5 ml·min-1; W 
= 0.13 to 0.2 g of catalyst; ∆P ≈ 1 to 2 inch H2O;). 

The deactivation of the enzyme-free support suggests that its ability to remove BPA 
is limited. Nevertheless, it must be noted that wastewater to purify usually contains 
some ppb of BPA, that is, concentrations of this endocrine disruptor of about two/three 
orders of magnitude below 25 ppm. In order words, it is expected that our biocatalysts 
are effective in BPA removal from “real” water for several hours or even days.  

The mechanism of removal of BPA from aqueous solutions by the MOF NH2-MIL-
53(Al) is a controversial topic in the literature. Some authors suggest that the 
elimination of BPA in the presence of NH2-MIL-53(Al) is carried out by photocatalytic 
degradation, and that this effect is improved by doping the MOF with cobalt and 
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functionalizing it with benzothiadiazole [18]. On the other hand, another work 
compares the BPA removal capacity of NH2-MIL-53(Al) with its unfunctionalized 
analogue, MIL-53(Al), and the same with different functionalization, NO2-MIL- 
53(Al) [20]. These last authors attribute the elimination of BPA to the adsorption of 
the contaminant within the MOFs, which becomes substantially higher for NH2-MIL-
53(Al), where the presence of the amino group improves the textural properties and, 
more importantly, facilitates adsorption by hydrophobic interactions, finding which 
had already been reported for other MOFs [16]. In our work, the good fit of the batch 
reaction to second-order kinetics, such as the absence of degradation products in the 
HPLC-MS chromatograms and the limited ability to remove BPA in the continuous-
flow reaction (for BPA solutions unrealistically concentrated), reinforce the theory that 
points to adsorption as the mechanism responsible for the removal of the contaminant. 

Finally, analyses of the COD of the samples collected at the PBR outlet during the 
first three hours of operation were performed. Table AC7.1 lists the details of each 
experiment, as well as the theoretical COD and those obtained experimentally. In each 
experiment, a theoretical value of COD was calculated taking into account the COD 
furnished by the initial BPA concentration and the acetate from the buffer. The 
experimental COD values do not reveal significant changes in the COD of the treated 
samples with respect to the initial or theoretical COD of the BPA solutions (approx. 
3000 mg·l-1). Since the biocatalyst does not react with the acetate, the slight  increase 
in the organic load (1.3 – 5.3 %) could be mainly attributed to some losses of the 
unreacted linker trapped in the biocatalysts micropores. The linker leaching event had 
already been detected by HPLC-MS analysis of the supernatants after synthesis of the 
Laccase@NH2-MIL-53(Al), and could be presumably avoided by advancing in the 
optimization of the preparation method of this material.  

Table AC7.1. Experimental details of the experiments carried out in the PBR reactor 
and chemical oxygen demand of the water collected at the reactor outlet. 

Catalyst 
Weight 

(mg) 

[BPA] 
(ppm) 

BPA conversion 
range 

(% after 3 h) 

Treated 
volume 

(ml) 

COD* (mg·l-1) Biocatalyst 
losses (as linker) 

(%) 
Theoretical 
(PBR Inlet) 

PBR 
Outlet 

175.9 25 100 - 95 35.7 2859.6 3151.3 3.7 

170.1 50 96 - 41 55.7 2919.1 2984.7 1.3 

173.1 100 100 - 50 51.5 3038.3 3320.4 5.3 

*COD: Chemical Oxygen Demand 

AC7.4 Conclusions 
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As a preliminary conclusion it could be stated that the results obtained in the 
continuous PBR provide a step forward to scale up a technology to degrade BPA based 
on supported laccases, under more realistic conditions of typical effluents treatments. 
For instance, with a significantly lower amount of the biocatalyst than used in the batch 
runs, it has been possible to treat a higher BPA solution volume, even four times more 
concentrated. Furthermore, from an environmental point of view, both batch and 
continuous experiments, shows the complete BPA degradation during relatively long 
periods (3 – 4 hours); likewise, the analysis of COD (chemical oxygen demand) of 
samples collected in the outlet of the PBR reveal not significant increase (1.3 – 5.3 %) 
of the organic load with respect to the initial COD of BPA solutions (approx.. 3000 
mg·l-1), which could be attributed to some tiny losses of linker that could be avoided 
by advancing in the optimization of the biocatalyst preparation method or with a more 
specific washing protocol. Finally, the use of MOF supported laccases prepared by a 
novel one-step/one-pot synthesis and their trial in a PBR represents a significant 
contribution for developing environmental control technologies focused on removal of 
endocrine disruptor compounds, such as BPA. 
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8.0 Enfoque de este capítulo 
Esta Tesis Doctoral se presenta como compendio de publicaciones ya aceptadas 

en revistas internacionales, que constituyen los Capítulos 3-7 y parte de la 
introducción (Capítulo 1). Además, en pro de la coherencia y cohesión de la Tesis, 
los Capítulos 5, 6 y 7 incluyen, como apéndices (Apéndices C5, C6 y C7), tres 
manuscritos que adelantan resultados de futuras publicaciones o que recogen 
resultados experimentales no publicados, y que dan continuidad y coherencia dentro 
del marco de esta tesis a algunas de las publicaciones de la Tesis. Este formato está 
avalado por varias razones: (i) es una forma de acompañar la investigación con 
indicadores sólidos de calidad, ya que expertos internacionales en las temáticas de 
cada publicación han certificado tanto la calidad de los resultados como la forma de 
presentarlos y discutirlos; (ii) cada capítulo tiene una introducción enfocada 
específicamente a él (más allá de la introducción general presentada en el Capítulo 
1), que lo sitúa en el contexto concreto; (iii) en el mismo sentido, la parte 
experimental de cada capítulo es específica y justo antecede a los resultados 
presentados, lo que es esencial para una Tesis como esta, que abarca aspectos 
relativamente diferentes dentro de una temática común; y (iv) por último, el conjunto 
de la Tesis Doctoral es la suma de varios logros individuales, donde cada artículo 
representa el fruto del trabajo en equipo, la organización de la investigación en 
objetivos claros y el dominio de los entresijos de la publicación en entrevistas 
científicas, todos valores fundamentales en la formación de una buena investigadora. 
Pero es evidente, a la vez, que este formato presenta un inconveniente: el estar 
constituido por capítulos que, a una primera vista del lector, podrían parecer poco 
relacionados entre sí o incluso inconexos.  

Precisamente la motivación de este capítulo, más allá de resaltar los resultados 
más relevantes de los Capítulos 3-7 y de discutirlos de una manera conjunta, es 
justificar el contexto en el que se abordó cada uno de esos estudios dentro de la línea 
de investigación común, que viene recogida tanto en el título de la presente Tesis 
Doctoral como en los objetivos marcados en ella (Capítulo 2). Tal y como se resalta 
en la introducción, esta Tesis se planteó en el marco de una línea de investigación, la 
de inmovilización de enzimas en materiales porosos, sobre la que el grupo donde se 
ha realizado la presente Tesis Doctoral viene trabajando en los 18 últimos años con 
notable éxito y, en muchos aspectos, de manera pionera en el mundo. En particular, 
esta Tesis surge para fortalecer esa línea, actualmente más centrada en nuestros 
sistemas biocatalíticos singulares Enzima@MOF, de forma que encontrásemos: 
nuevas estrategias afines y mejoradas para la preparación de nuevos biocatalizadores 
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Enzima@MOF, técnicas de caracterización avanzadas que arrojaran luz sobre las 
grandes incógnitas de estos sistemas y aplicaciones más cercanas a las reales.  

Por eso, este capítulo está dividido en cuatro grandes apartados que abordan y 
discuten los principales avances que aporta esta Tesis Doctoral en esos cuatro 
ámbitos u objetivos diferentes: (i) la extensión de la metodología de inmovilización 
in situ en MOFs sostenibles a otros sistemas; (ii) las nuevas estrategias de 
inmovilización; (iii) la caracterización avanzada de los biocatalizadores por técnicas 
que no se habían usado para estos materiales; y (iv) el uso de estos biocatalizadores 
Enzima@MOF en una aplicación real, de gran repercusión medioambiental y social.      

 

 

8.1 Estrategias de inmovilización de enzimas en 
materiales porosos 
Las excelentes propiedades que poseen las enzimas las convierten en candidatas 

excepcionales para catalizar multitud de procesos de interés industrial. Sin embargo, 
el futuro de su implementación depende del desarrollo tanto de técnicas de 
inmovilización como de soportes que permitan obtener biocatalizadores heterogéneos 
que faciliten su separación de los productos al finalizar la reacción, trabajar en ciclos 
continuos o estabilizarlas ante variaciones de pH o temperatura.   

Como ya se ha mencionado, el grupo de investigación donde se ha desarrollado la 
presente Tesis Doctoral está especializado en el diseño, síntesis y estudio de 
materiales porosos destinados a la inmovilización de estas macromoléculas. El 
enfoque sobre la inmovilización de enzimas que proporciona el conocimiento de los 
materiales confiere a esta Tesis no solo multidisciplinariedad sino, sobre todo, 
matices de extraordinaria importancia para la novedad y las características de los 
biocatalizadores obtenidos. A lo largo de este primer apartado se repasarán las 
mejoras que esta Tesis Doctoral aporta a la preparación de diferentes biocatalizadores 
basados en materiales porosos. Se discutirán conjuntamente resultados de los 
Capítulos 3, 4, 6 y 7, para establecer las bases de diseño que tanto la estrategia de 
inmovilización post-síntesis como la in situ deben considerar para la inmovilización 
de diferentes enzimas, como la lacasa y la lipasa, sobre diferentes soportes: los 
materiales mesoporosos silíceos, tradicionalmente empleados como soportes de 
enzimas, y los MOFs, a la vanguardia en multitud de aplicaciones y particularmente 
atractivos para este fin. 
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Siguiendo la evolución cronológica de la línea de investigación del grupo, el 
presente apartado esta subdividido en dos secciones. La primera enfocada en los 
MMSO, donde se discuten los resultados más relevantes del Capítulo 3 en el que se 
obtienen biocatalizadores de lacasa inmovilizada mediante la metodología post-
síntesis sobre SBA-15 de canales cortos. La segunda parte engloba resultados 
obtenidos en los Capítulos 4, 6 y 7 y está centrada en la inmovilización in situ de las 
enzimas lacasa y lipasa sobre MOFs, concretamente sobre el NH2-MIL-53(Al). 

 

8.1.1 Inmovilización post-síntesis de enzimas sobre materiales 
mesoporosos tradicionales 

Entre los materiales mesoporosos, los MMSO han sido ampliamente empleados 
en la inmovilización de enzimas ya que poseen algunas de las propiedades requeridas 
para convertirse en excelentes plataformas: tienen distribuciones de poros uniformes 
cuyas dimensiones pueden ajustarse a las dimensiones de la enzima, altas áreas 
superficiales y pueden funcionalizarse para promover interacciones que retengan a 
estas macromoléculas. El grupo de investigación en el que se ha desarrollado la 
presente Tesis Doctoral, tiene una larga trayectoria en el desarrollo de este tipo de 
soportes [1–6]. De ese extenso trabajo se ha aprendido que el éxito de un soporte 
enzimático no solo reside en el ajuste del tamaño de los poros o la química de la 
superficie, sino que la morfología de las partículas juega un papel crucial en la 
obtención del biocatalizador óptimo.  

El primer trabajo que se presenta en esta memoria está centrado en la preparación 
de biocatalizadores de lacasa inmovilizada sobre SBA-15 de canales cortos. Aunque 
a priori podría parecer que el tema dista del objetivo principal de la presente Tesis 
Doctoral, la historia de la inmovilización de enzimas nos ha enseñado que cada 
nueva estrategia aporta algo respecto a la anterior, por lo que entender sus orígenes es 
la mejor forma de emprender el camino hacia el desarrollo de nuevas generaciones de 
biocatalizadores. Comencemos repasando los resultados más relevantes del Capítulo 
3 y sentando las bases del trabajo posterior.  

La preparación de biocatalizadores de enzima inmovilizada sobre materiales 
mesoporosos se realiza, tradicionalmente, mediante estrategias post-síntesis. Esto 
significa que el proceso de obtención del biocatalizador final consta de tres etapas: (i) 
síntesis del soporte, (ii) funcionalización de la superficie e (iii) inmovilización de la 
enzima. En cada una de estas etapas han de tenerse en cuenta diferentes aspectos que 
incluyen tanto la naturaleza de la enzima seleccionada como las características del 
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soporte empleado. Aunque no existe una metodología universal, la Figura 8.1 
pretende resumir los aspectos más relevantes que deben considerarse en cada paso.  

 
Figura 8.1. Etapas del diseño de biocatalizadores preparados mediante la 
inmovilización post-síntesis de una enzima sobre soportes silíceos porosos. 

 

8.1.1.1 Síntesis del material 

En el Capítulo 3, se realizó la inmovilización de la enzima lacasa de 
Myceliophthora thermophila, cuyas dimensiones son aproximadamente 6.5 × 5.5 × 
4.5 nm3 [7]. Para diseñar el soporte adecuado debe considerarse que el tamaño de los 
poros ha de ajustarse a las dimensiones de la macromolécula, teniendo en cuenta que 
la posterior funcionalización orgánica (etapa 2 en la Figura 8.1) reducirá sus 
dimensiones iniciales. Además, la geometría de los poros deberá permitir tanto la 
difusión de las enzimas hacia el interior del soporte en la etapa de inmovilización 
(etapa 3 en la Figura 8.1), como la de los reactivos y productos en la aplicación final 
del biocatalizador. Apuntando a prevenir largos caminos de difusión, la morfología y 
el tamaño de las partículas del soporte deberán proporcionar canales mesoporosos 
cortos.  

Atendiendo a estas premisas, se seleccionó como soporte para la inmovilización 
de la lacasa el SBA-15 (Santa Barbara Amorphous - 15), uno de los materiales más 
destacados de la familia de los MMSO. El SBA-15 presenta un sistema de poros 
altamente ordenados en empaquetamiento hexagonal bidimensional, conformando 
canales paralelos. Desde que un grupo de científicos de la Universidad de California 
lo publicara en 1998 [8,9], se han desarrollado diferentes estrategias sintéticas para 
prepararlo con diámetros de poro a la carta, comprendidos entre los 5 y los 26 nm 
[10].   
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El objetivo en este trabajo fue obtener SBA-15 de canal corto, inferior a 450 nm, 
con un diámetro de poro ajustado a las dimensiones de la lacasa, alrededor de los 12 
nm. Es evidente que los problemas de difusión provienen de la longitud de los 
canales; si se acorta sustancialmente la longitud de esos canales sin alterar la 
mesoporosidad del soporte, los problemas de difusión prácticamente se eliminan, a la 
vez que se facilita la accesibilidad a la enzima y se evitan posibles bloqueos de la 
porosidad por la inmovilización de enzimas. Los parámetros experimentales variados 
para controlar las características estructurales del soporte fueron el surfactante (P123 
y P104), el expansor de micelas (TIPB y n-heptano) y la fuente de sílice (TMOS, 
TEOS o silicato de sodio en disolución). Quizá en este último parámetro se encuentre 
uno de los puntos más innovadores del trabajo. Además de las fuentes de sílice 
convencionales y comerciales, se empleó silicato de sodio obtenido a partir de 
residuos de maíz, haciendo el proceso más sostenible. El silicato de sodio obtenido 
por este método, podría ralentizar la síntesis del soporte, dando lugar a partículas más 
pequeñas. Además, en un mundo cada vez más preocupado por la influencia que los 
modelos de producción y consumo tienen sobre el medio ambiente, la valorización de 
residuos es una alternativa deseable. Esta metodología puede reducir el impacto 
medioambiental del proceso, pero también puede mejorar su rentabilidad económica 
y crear nuevas oportunidades de negocio. Aunque en este caso no se ha estudiado la 
viabilidad económica del proceso, se ha demostrado que es posible sintetizar SBA-15 
con las características deseadas a partir de residuos agrícolas.  

La Tabla 3.1 recoge los detalles experimentales de cada síntesis, así como los 
resultados más relevantes de la caracterización. Atendiendo a los criterios 
establecidos anteriormente, los materiales que presentaban diámetros de poro en 
torno a los 12 nm y canales de longitud inferior a 450 nm, pasaron a la etapa 2: la 
funcionalización.     

8.1.1.2 Funcionalización de la superficie 

La incorporación de grupos orgánicos en la superficie de los canales de los 
MMSO maximiza el rendimiento de la inmovilización de enzimas y previene la 
lixiviación, ya que aúna dos efectos: el confinamiento y la afinidad enzima/soporte. 
La funcionalización orgánica de estos materiales se llevó a cabo mediante el método 
de anclaje (posterior a la síntesis). Este procedimiento se basa en la reacción de 
silanización [11] entre los grupos silanol (Si-OH) superficiales del material 
mesoporoso y los grupos etoxilo (CH3-CH2-O-) de las moléculas precursoras 
(organoalcoxisilanos) que contienen el grupo funcional deseado. La elección del 
grupo funcional viene determinada por la naturaleza de la enzima que se pretende 
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inmovilizar, concretamente atendiendo a los grupos de su superficie externa de dicha 
macromolécula, y la interacción enzima/soporte que minimice la distorsión de la 
estructura tridimensional de la proteína. En el caso de la lacasa (con un punto 
isoeléctrico alrededor de 4), trabajos previos han demostrado que la inmovilización 
no covalente puede llevarse a cabo de manera efectiva mediante la funcionalización 
superficial del soporte con grupos amino (R-NH2) [5]. En este caso los agentes 
funcionalizantes probados fueron el APTESi (3-aminopropiltrietoxisilano) y el 
AADMSi (3-(2-aminoetilamino)propilmetildimetoxisilano). La funcionalización no 
suele alterar la estructura mesoporosa. Sin embargo, el volumen y el diámetro de 
poro descienden ligeramente (Tabla 3.2), como también era previsible, lo que ha de 
ser considerado al diseñar el soporte y elegir la longitud de cadena del grupo 
funcionalizante. 

8.1.1.3 Inmovilización 

Por último, la etapa de inmovilización (etapa 3 en la Figura 8.1) debe llevarse a 
cabo bajo las condiciones que favorezcan la interacción enzima/soporte, sin 
comprometer la actividad y estabilidad de la enzima. La inmovilización de lacasa 
sobre los materiales silíceos mesoporosos se llevó a cabo en todos los casos por 
interacciones electrostáticas entre la superficie de la proteína y los grupos amino 
incorporados a la superficie del soporte. Para favorecer dicha interacción, las 
inmovilizaciones se realizaron a pH 5.5. Ese valor se encuentra por encima del punto 
isoeléctrico de la enzima (pI = 4.2), por lo que la superficie de la macromolécula 
tendrá una carga neta negativa; y por debajo del pKa de los grupos funcionales de la 
superficie del soporte (pKa ~ 10), que se encontrarán cargados positivamente.  

La enzima se inmovilizó con éxito en todos los soportes ensayados (cargas de 18 
a 57 mg de enzima/gramo de catalizador) (Tabla 3.2). La retención de la enzima en el 
catalizador se comprobó realizando ensayos de lixiviación. A las 48 horas, solo un 9 
% de la enzima inmovilizada se había desprendido del soporte.  

Para diseñar biocatalizadores con las mejores prestaciones es fundamental 
controlar los parámetros de diseño en las tres etapas: síntesis, funcionalización e 
inmovilización, teniendo en cuenta que cada una es tan importante como la anterior. 
Si avanzamos hasta el Capítulo 7, donde se utilizó el método post-síntesis para 
inmovilizar lacasa sobre la sílice amorfa MS3030 funcionalizada con grupos R-NH2 
(utilizando APTES como precursor), encontraremos que la carga de enzima 
inmovilizada, tras ofrecer la misma cantidad de enzima inicial (100 mg de enzima/g 
de catalizador), ascienden hasta 94 mg de enzima/g de catalizador (Tabla 7.1). La 
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sílice amorfa MS3030 es un material comercial que carece de un ordenamiento 
espacial de poros y presenta una distribución de tamaño de poro relativamente 
estrecha centrada en unos 29 nm. La inmovilización de la lacasa se llevó a cabo con 
éxito sobre el material funcionalizado, ya que el mayor tamaño de sus poros permite 
que la presencia de los grupos funcionalizantes no dificulte el acceso de la enzima. 
Sin embargo, los ensayos de lixiviación mostraron que la enzima se liberaba de 
manera continuada durante toda la prueba, alcanzando el 7 % en apenas 24 horas 
(Figura 7.4). Comparando ambos experimentos se evidencia que la afinidad química 
enzima/soporte no es suficiente para retener la enzima en materiales mesoporosos 
silíceos, sino que es necesario aunar este efecto con el de confinamiento.  

Al igual que un sastre confecciona sus vestidos ajustando con esmero los tejidos 
adecuados a las medidas de sus clientes, los soportes para la inmovilización de 
enzimas han de diseñarse a medida para cada proteína. De la estrategia de 
inmovilización post-síntesis sobre MMSO hemos aprendido que las dimensiones de 
los poros, la morfología de las partículas, la funcionalización de la superficie y las 
características fisicoquímicas del medio en el que se lleva a cabo la inmovilización, 
son los parámetros de diseño más importantes. Parece evidente que la siguiente 
cuestión sea: ¿puede simplificarse este proceso?  

 

8.1.2 Inmovilización in situ de enzimas sobre MOFs 

Comparada con la covalente, la inmovilización post-síntesis de enzimas mediante 
interacciones electrostáticas sobre soportes a medida ofrece ventajas como la mayor 
estabilidad y la menor pérdida de actividad enzimática o la posibilidad de regenerar 
el soporte. Sin embargo, hay que considerar que la enzima soportada por este tipo de 
fuerzas débiles debe operar a un pH compatible con el punto isoeléctrico y la 
actividad de la enzima, para prevenir el lixiviado y la desnaturalización, 
respectivamente [12]. Además, el procedimiento de inmovilización post-síntesis es 
lento, complejo y de rendimiento aceptable, pero mejorable: en el mejor de los casos 
del trabajo presentado en el Capítulo 3, se inmovilizó apenas el 57 % de la enzima 
inicialmente ofrecida. Bajo la necesidad de desarrollar estrategias innovadoras que, 
conservando las ventajas del enfoque tradicional, consiguieran mejorar el 
rendimiento de los biocatalizadores heterogéneos finales, nacieron las metodologías 
in-situ, que además abaratan costes y son más sostenibles energética y 
medioambientalmente, por llevarse a cabo en un solo paso y en las condiciones 
suaves que permiten mantener la actividad enzimática.  
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En el apartado anterior, se ha concluido que la conjugación de confinamiento y 
afinidad química enzima/soporte juega un rol fundamental en el éxito de la 
inmovilización enzimática sobre soportes silíceos. En los materiales que presentan 
sistemas de poros con estructura de caja/ventana, las cajas podrían ser espacios 
idóneos para albergar la enzima, mientras que las ventanas limitarían su lixiviación, 
permitiendo la circulación de reactivos y productos (Figura 8.2). Para que dicho 
atrapamiento pueda llevarse a cabo, es necesario construir la botella (soporte) 
alrededor del barco (enzima), es decir, la enzima debe estar presente durante la 
formación del material, lo que no es un reto menor, ya que requiere del desarrollo de 
procedimientos sintéticos que permitan la obtención de materiales porosos en 
condiciones compatibles con la actividad enzimática. La afinidad enzima/soporte no 
tiene menos importancia en este caso, porque será determinante en la ubicación de la 
proteína en el sólido resultante. En lo que respecta a los MMSO, la bibliografía 
recoge algunos procedimientos con buenos resultados [3,4,6,12]. El denominador 
común en todos ellos es que la enzima se ubica en el interior de las micelas de 
surfactante, cumpliendo el papel del expansor en las estrategias post-síntesis y 
asegurando quedar atrapada dentro de un poro con las dimensiones adecuadas.  

 
Figura 8.2. Ilustración de una enzima inmovilizada en un MMSO con estructura 
caja/ventana. En el material final, la enzima (barco) se encuentra dentro de las cajas 
de sílice (botella) cuyas ventanas permiten que reactivos y productos difundan hacia 
adentro y hacia afuera.  

Con la inmovilización in situ de enzimas sobre materiales mesoporosos silíceos 
ordenados se consigue simplificar el proceso de obtención de biocatalizadores 
heterogéneos de tres pasos a uno. Sin embargo, la porosidad de los soportes y la 
afinidad química entre la proteína y la sílice sigue dependiendo de la incorporación 
de surfactantes, que, además, en ocasiones han de ser eliminados para conseguir 
maximizar la actividad de los biocatalizadores.  

En este contexto, la revolución que los MOFs supusieron para las aplicaciones de 
los materiales porosos no dejó fuera el campo de la inmovilización de enzimas. La 
posibilidad de prepararlos fácilmente y en condiciones compatibles con la presencia 
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de la enzima, junto con su extraordinaria porosidad y la afinidad química 
MOF/enzima, convierte a estos materiales en excelentes candidatos para ser usados 
como plataformas de inmovilización. Durante este apartado, se exploran los 
resultados más relevantes del diseño de estrategias in situ para preparar 
biocatalizadores Enzima@MOF, los actores principales de esta Tesis Doctoral. 
Siguiendo las bases de diseño establecidas en el apartado anterior (dimensiones de 
los poros, morfología de las partículas, funcionalización de la superficie y 
características fisicoquímicas del medio en el que se lleva a cabo la inmovilización), 
se discutirán indistintamente resultados de los Capítulos 4, 6 y 7, en los que se llevó a 
cabo la inmovilización in situ de las enzimas lipasa y lacasa, respectivamente, sobre 
el MOF NH2-MIL-53(Al). 

8.1.2.1 Dimensiones de los poros y morfología de las partículas 

Los primeros enfoques de inmovilización de enzimas sobre MOFs, pretendían 
encapsular las macromoléculas dentro de sus poros. Sin embargo, la idea es inviable 
de manera general para la mayoría de los MOF, ya que típicamente  poseen tamaños 
de poro intrínseco en la escala microporosa (< 2 nm), y de manera particular para 
NH2-MIL-53(Al), cuyos poros flexibles poseen diámetros siempre menores de 1 nm,  
mientras que enzimas como la lacasa  y la lipasa tienen dimensiones aproximadas de  
6.5 × 5.5 × 4.5 y 3 × 4 × 5 nm3, respectivamente. Aparte de las ventajas 
medioambientales, la rapidez y la compatibilidad con la actividad de la enzima que 
ofrece el método de preparación sostenible de Sánchez-Sánchez y col. [13], el sólido 
resultante, de tamaño micrométrico, está conformado por aglomerados de 
nanocristales microporosos con una alta mesoporosidad intercristalina. Dicho espacio 
podría ser, en principio, idóneo para albergar las enzimas por tamaño y porque, 
además, se genera mientras la proteína está en el medio de síntesis. Es importante 
destacar que estudios previos de inmovilización in situ de β-glucosidasa sobre este 
MOF, indican una marcada influencia de la enzima en la química de formación del 
soporte [14], por lo que la comparación entre el material libre de enzima y el 
biocatalizador, no es directa. En cualquier caso, en ausencia de enzima, la isoterma 
de adsorción/desorción de N2 del material presenta un ciclo de histéresis a causa de la 
porosidad intercristalina (Figura 7.3), cuya distribución de poro, calculada mediante 
el método de Barrett-Joyner-Halenda (BJH), se centra en torno a los 6.5  nm. Cuando 
la enzima se incorpora al medio de síntesis del MOF, la porosidad intercristalina 
desciende drásticamente, lo cual sugiere que la macromolécula queda confinada en 
dichos espacios, pudiendo incluso actuar como una plantilla que los ajusta a sus 
dimensiones.   
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La comparación entre los métodos post-síntesis e in situ es especialmente útil 
para evaluar la accesibilidad de las enzimas a los espacios intercristalinos, las razones 
del posible lixiviado y la afinidad química entre la enzima y el material, de la que se 
hablará en el siguiente punto. Tanto en el Capítulo 4 como en el 7, se realizaron las 
inmovilizaciones post-síntesis de lipasa y lacasa, respectivamente, sobre el NH2-
MIL-53(Al). Los rendimientos de inmovilización no solo fueron muy inferiores a los 
de sus análogos preparados mediante la metodología in situ, sino también difíciles de 
reproducir. Los ensayos de lixiviación posteriores, demostraron que la poca enzima 
retenida mediante la estrategia post-síntesis, probablemente en la superficie externa 
de las partículas, se liberaba de manera continuada durante los ensayos de lixiviación 
(Figura 4.4), en clara contraposición a lo que ocurre en los biocatalizadores 
preparados mediante la estrategia in situ, donde la enzima lixiviada no supera el 6 % 
de la inicialmente inmovilizada en ningún caso (Figuras 4.4 y 7.4). No olvidemos 
que la enzima, por tamaño, no puede acomodarse en los microporos del NH2-MIL-
53(Al) y que los mesoporos intercristalinos que presumiblemente atrapan toda la 
enzima en los procedimientos in situ, pudieran no estar del todo accesibles para la 
enzima en la vía post-síntesis al estar formados por la agregación instantánea (y por 
tanto probablemente irregular) de los nanocristales del MOF. Eso justificaría la baja 
carga enzimática que el MOF retiene en la metodología post-síntesis y el alto 
lixiviado.  

De lo anterior se deduce que la metodología in situ aparece como la alternativa 
más adecuada para encapsular la enzima permanentemente en los mesoporos que 
genera la aglomeración de nanocristales del MOF NH2-MIL-53(Al), de forma que la 
macromolécula pudiera ser en parte responsable de establecer el tamaño y forma de 
dichos mesoporos. Las cavidades microporosas intrínsecas de los nanocristales de 
MOF, podrían ofrecer los canales adecuados para la movilidad de reactivos y 
productos durante la posterior aplicación de los biocatalizadores, pero imposibilitan 
la liberación de la enzima a su través.  

8.1.2.2 Afinidad enzima/soporte 

Ya se ha comentado que la funcionalización de la superficie con grupos R-NH2 
favorecía en los materiales silíceos, al pH adecuado, la inmovilización de lacasa 
mediante interacciones electrostáticas. En el caso del MOF NH2-MIL-53(Al), la 
presencia del grupo -NH2, además, juega un rol fundamental en su cinética de 
formación [13]. Las diferencias en la cinética, que se deben a la diferente solubilidad 
del ácido tereftálico y del ácido 2-aminotereftálico, conducen a diferencias en los 
tiempos de síntesis: el MIL-53(Al) necesita hasta cuatro días para completar su 
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cristalización por la presencia de ácido tereftálico como impureza, mientras que NH2-
MIL-53(Al) apenas necesita unos pocos minutos u horas. Además, los sólidos 
resultantes difieren en el tamaño de los cristales y la mesoporosidad intercristalina, 
con distribuciones de tamaño de poro centradas en 35 y 6.5 nm, respectivamente; 
siendo este último un parámetro esencial para atrapar eficazmente las enzimas. En la 
inmovilización post-síntesis de lacasa, la ausencia de grupos -NH2 implica una clara 
desventaja: en las mismas condiciones el material funcionalizado retuvo el doble de 
enzima [14]. Sin embargo, en el caso de la lipasa, cuya superficie hidrofóbica no se 
ve atraída por la presencia estos grupos, la presencia de espacios intercristalinos más 
grandes hace que sea el MIL-53(Al) el material que más enzima atrapa, consiguiendo 
retener un 15 % de la enzima inicialmente ofrecida, frente al escaso 2 % que alcanza 
el NH2-MIL-53(Al).  

Presumiblemente, existe una gran afinidad química entre las enzimas y los MOFs 
en términos de la naturaleza de los grupos funcionales, polaridad, distribución de la 
densidad de carga, etc. Sin embargo, como en el caso de los MMSO, en ausencia de 
confinamiento, dicha afinidad no es suficiente para retener la enzima eficazmente y 
buena prueba de ello son los pobres resultados obtenidos en los ensayos de 
lixiviación de los biocatalizadores preparados mediante la inmovilización post-
síntesis sobre el NH2-MIL-53(Al) (Figura 4.4). 

Una de las conclusiones más relevantes del estudio publicado por Gascón y col. 
acerca de la inmovilización in situ de β-glucosidasa sobre el NH2-MIL-53(Al) [14], 
es que la enzima se retiene en la fase MOF y no en la fase H2BDC, siendo la 
naturaleza del agente desprotonante (NaOH, NH4OH o trietilamina (TEA)) el 
parámetro que determina la relación de fases NH2-MIL-53(Al)/H2BDC (ver Figura 1 
del Anexo I) [15]. En el Capítulo 4 de la presente memoria, el estudio de la 
influencia de la naturaleza del agente desprotonante y el tiempo de síntesis se 
extendió a la preparación in situ de biocatalizadores Lipasa@NH2-MIL-53(Al). Bajo 
las mismas condiciones, los patrones de difracción de Rayos X de los 
biocatalizadores que contenían β-glucosidasa, inicialmente estaban dominados por la 
fase del ligando protonado. En el caso de los biocatalizadores de lipasa, la única fase 
detectada fue la del NH2-MIL-53(Al), estando completamente libre de ligando 
protonado, independientemente del tiempo de síntesis y el agente desprotonante 
empleado. En este trabajo, el biocatalizador preparado utilizando NaOH 1M como 
agente desprotonante y 24 h de tiempo de síntesis, presentó los mejores resultados 
atendiendo a la relación carga/actividad. Siguiendo el mismo procedimiento 
experimental, los biocatalizadores preparados en el Apéndice C6, donde la carga 
inicialmente ofrecida se quintuplicó, demostraron que la fase del NH2-MIL-53(Al) 
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puede albergar mucha más cantidad de enzima, incluso por encima de 100 mg/g, sin 
alterarse; aunque, como se discutirá en el apartado 3 de este capítulo, la presencia de 
la enzima sí tiene cierta influencia en la formación del biocatalizador. El 
biocatalizador de Lacasa@NH2-MIL-53(Al) preparado en el Capítulo 7 (utilizando 
NaOH 1M como agente desprotonante y 20 h de tiempo de síntesis), tampoco mostró 
indicios de la precipitación del ligando protonado. En los tres trabajos, todos los 
biocatalizadores alcanzaron rendimientos de inmovilización superiores al 86 % de la 
enzima inicialmente ofrecida, incluso a tiempos cortos, con lixiviados inferiores al 6 
%, siendo especialmente remarcables los biocatalizadores donde se utilizó NaOH 
como agente desprotonante, que presentan lixiviados de lacasa y lipasa del 3 y el 1 
%, respectivamente (Figuras 7.4 y 4.4). Además, todos lo biocatalizadores 
Enzima@NH2-MIL-53(Al) presentan curvas de lixiviación con tendencia similar, en 
las que la poca enzima lixiviada se pierde en las primeras horas del ensayo y 
posiblemente corresponda a la que queda retenida en la superficie externa, mientras 
que la atrapada más “internamente” no se lixiviaría.  

La extensión del estudio a las enzimas lipasa y lacasa, confirma que la fase del 
NH2-MIL-53(Al) es altamente eficiente para la inmovilización de enzimas. Además 
las diferencias en la cinética de formación de los biocatalizadores al variar el tipo de 
enzima, indican que estas proteínas no son meros espectadores, sino que tienen un 
papel relevante en la formación del material.  

8.1.2.3 Características fisicoquímicas del medio 

En el Capítulo 4, se ha estudiado cómo influyen el tiempo de síntesis y la 
naturaleza del agente desprotonante en la actividad del biocatalizador. De la Tabla 
4.1 podemos deducir que para un agente desprotonante dado, el rendimiento de la 
inmovilización aumenta con el tiempo. Sin embargo, la actividad específica decrece 
ligeramente, lo que puede estar relacionado con dos factores: (i) la exposición de la 
enzima al medio, más diseñado para favorecer la formación del MOF que para 
preservar la actividad de la enzima y (ii) el crecimiento de los cristales de MOF 
alrededor de la enzima y el consecuente empeoramiento de la accesibilidad de los 
reactantes hasta la proteína. Los mejores porcentajes de actividad retenida respecto a 
la enzima libre, se obtuvieron empleando NaOH como agente desprotonante y son 
del orden de los obtenidos para inmovilizaciones no covalentes (24-29 %).  

En las estrategias post-síntesis, el medio en el que se lleva a cabo la 
inmovilización se elige en pro de la conservación de la actividad enzimática. Sin 
embargo, en las estrategias in situ, las características del medio deberán ser un 
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compromiso entre las que favorecen la formación del material sin perjudicar la 
estabilidad de la enzima. Para preservar dicha estabilidad, durante la preparación in 
situ de los biocatalizadores Enzima@NH2-MIL-53(Al) de esta Tesis Doctoral, la 
enzima se añadió en todos los casos sobre la disolución del ligando, cuyo pH se 
encuentra en torno a 6-8. La adición posterior de la disolución que contiene la fuente 
del metal, acidifica el medio ligeramente. El posible decaimiento de la actividad 
enzimática por la presencia de agentes externos que distorsionen la disposición 
tridimensional de la enzima, se compensa en la metodología in situ con la obtención 
de biocatalizadores de manera rápida, en único paso, con cargas enzimáticas 
excepcionales y lixiviados despreciables. Además, el estudio de nuevas estrategias 
que permitan preparar los MOFs en condiciones aún más compatibles con la 
presencia de la enzima, supone una oportunidad de mejora desde el punto de vista de 
la retención de la actividad enzimática.  

 

 

8.2 Estrategias mejoradas para la preparación de 
biocatalizadores Enzima@MOF: 
La estrategia de inmovilización in situ ha demostrado ser una alternativa 

eficiente, rápida, fácil, económica y sostenible para la preparación de 
biocatalizadores Enzima@MOF. Además, los sistemas son versátiles y brindan la 
posibilidad de incorporar nuevos componentes que permitan obtener biocatalizadores 
con prestaciones mejoradas. En este sentido, durante el desarrollo del trabajo de 
investigación del que deriva esta Tesis Doctoral, se han explorado diferentes 
estrategias para la obtención de biocatalizadores Enzima@MOF que ofrecieran 
características adicionales a las de los que se han presentado en el apartado 8.1 de 
este capítulo. Entre ellas, se ha tratado de otorgar propiedades magnéticas que 
permitan su fácil separación de los medios de reacción [16,17], sustituir el ligando 
por la propia enzima o dotarlos de porosidad mejorada que limite los problemas 
difusionales durante su operación. Atendiendo al esfuerzo dedicado en esta Tesis y a 
la relevancia de los resultados obtenidos, durante este apartado nos centraremos en la 
última.  

En la estrategia de inmovilización post-síntesis de enzimas, el control de la 
morfología de las partículas y el tamaño de los poros son parámetros de diseño 
fundamentales para reducir los problemas difusionales. La estrategia de 
inmovilización in situ, elimina las posibles dificultades de las enzimas para difundir 
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hacia el interior de los poros, ya que estas quedan atrapadas durante la formación del 
material. Sin embargo, los canales de acceso hacia las cavidades que albergan las 
enzimas, deben permitir la adecuada circulación de reactivos y productos durante la 
reacción en la que los biocatalizadores serán empleados. En el caso de los 
biocatalizadores Enzima@NH2-MIL-53(Al), el método de preparación sostenible 
presentado en el apartado anterior ya conduce a la formación de partículas de tamaño 
micrométrico, que eliminan los largos caminos de difusión, formadas por la 
aglomeración de nanocristales microporosos, cuyos espacios intercristalinos, de 
orden meso, podrían estar ocupados por las enzimas. Las cavidades microporosas 
intrínsecas de los nanocristales de MOF, imposibilitan la liberación de la enzima y, 
potencialmente, podrían ofrecer los canales adecuados para la movilidad de reactivos 
y productos durante la posterior aplicación de los biocatalizadores. Sin embargo, 
debe considerarse que una alta densidad de moléculas ha de circular a través de 
dichos microporos, cuyo tamaño ya está muy ajustado al tamaño de las mismas, y 
que durante la reacción las moléculas se transforman y pueden crecer o pasar por 
estados de transición voluminosos.  

En la síntesis de materiales porosos tradicionales, el uso de surfactantes para 
inducir mesoporosidad y minimizar los problemas de difusión está ampliamente 
reportado [18,19]. En el campo de la inmovilización de enzimas, el empleo de 
surfactantes ha permitido tanto la síntesis de soportes con las dimensiones de poros 
adecuadas para la inmovilización post-síntesis [1,2,20], como la obtención in situ de 
biocatalizadores basados en MMSO [3,4,6,12]. Sin embargo, esta estrategia ha sido 
escasamente utilizada en MOFs [21–25] y, hasta donde sabemos, nulamente 
empleada en la preparación de biocatalizadores Enzima@MOF. Los antecedentes en 
la preparación de materiales mesoporosos en presencia de enzimas y surfactantes 
bajo condiciones suaves [3,4,6], así como en los de la preparación de MOFs 
nanocristalinos bajo condiciones sostenibles y compatibles con la actividad 
enzimática [13,14], ambas metodologías desarrolladas en nuestro grupo, invitan a la 
investigación del trinomio surfactante/MOF/enzima para, además de facilitar la 
difusión de reactivos y productos como se ha comentado arriba, tratar de facilitar la 
incorporación de enzimas en la posible mesoporosidad dirigida por los surfactantes, 
aprovechando la afinidad enzima/surfactante ya demostrada en la preparación de 
biocatalizadores con soportes MMSO [3,4,6,12]. 

 A lo largo de este apartado, abordamos las estrategias para la preparación de 
biocatalizadores Enzima@MOF con mesoporosidad mejorada, inducida por la 
incorporación de surfactantes durante la síntesis. Dado que el estudio de los sistemas 
surfatante/MOF no ha sido ampliamente reportado en la bibliografía y que, como se 
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concluyó en el apartado 8.1 de este capítulo, la presencia de la enzima puede alterar 
la química de los medios de síntesis, este apartado está dividido en dos trabajos que 
aquí se discutirán de manera conjunta. El primero de los trabajos, que se presenta en 
el Capítulo 5 de esta memoria, está dedicado a la generación de mesoporosidad en 
MOFs, concretamente en el NH2-MIL-53(Al), empleando CTABr como surfactante y 
en ausencia de enzima, pero en condiciones potencialmente compatibles con su 
posterior incorporación. La elección del MOF se basó en la extraordinaria capacidad 
que el NH2-MIL-53(Al) ofrece para la inmovilización in situ de enzimas. La elección 
del CTABr como surfactante se basó en múltiples razones: su costo relativamente 
bajo, su alta disponibilidad comercial, su conocido papel como plantilla mesoporosa 
en diferentes materiales (incluidos los MOF [21,22,26]), su previa utilización en 
inmovilizaciones in situ sobre MMSO [12] y su carácter iónico, que podría favorecer 
la interacción con los precursores del MOF NH2-MIL-53(Al) cuando se prepara 
desprotonando el ligando orgánico [13]. A partir de dichos resultados, en el segundo 
trabajo la enzima seleccionada para la incorporación al medio de síntesis del material 
fue la lacasa, dados los altos rendimientos de inmovilización in situ sobre el MOF 
seleccionado (Tabla 7.2) y el alto interés en aplicaciones como la degradación de 
compuestos fenólicos en aguas residuales, que trataremos en el apartado 8.4 del 
presente capítulo. En el Apéndice C5, pueden encontrarse todos los detalles 
experimentales de este trabajo, los resultados obtenidos y una breve discusión de los 
mismos. Aunque este último estudio no ha sido publicado porque la actividad 
retenida de la enzima tras la inmovilización, bajo las condiciones concretas en las 
que se llevó a cabo fue baja, consideramos que, en pro de su coherencia y cohesión, 
es muy relevante incluir dichos resultados en la discusión de esta Tesis Doctoral, por 
su elevada innovación, por el amplio margen de mejora y porque abren la puerta a 
una nueva línea de investigación en nuestro grupo. 

 

8.2.1 Efecto de la cantidad de surfactante en la formación de 
los biocatalizadores Lacasa@NH2-MIL-53(Al) 

A 25 ºC y en agua destilada, cuando la concentración de CTABr supera la 
concentración micelar crítica (CMC) (0.96 mM) (Figura 5.4) (A) [27], se produce la 
reorganización de las moléculas de surfactante en agregados llamados micelas. El 
valor de la CMC depende de las condiciones fisicoquímicas específicas del medio: 
variaciones de temperatura, pH, presencia de sales o de la misma enzima, pueden 
alterar dicha concentración crítica. La generación de orden mesoscópico, detectable 
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en los patrones de DRX de ángulo bajo, en el sistema libre de enzima requirió 
cantidades de CTABr superiores al 36.5 % en peso en el sólido final, lo que supone 
relaciones molares CTA/Al superiores a 0.6 (Figura 5.3) o, en otras palabras, 
concentraciones de surfactante en el medio de síntesis superiores a 300 mM (Figura 
5.4 (B)). Cuando la enzima se añade al sistema, la incorporación de surfactante en el 
sólido final ocurre a relaciones molares CTA/Al menores: en el sistema libre de 
enzima, cuando la relación molar CTA/Al es 0.15 el contenido de surfactante en el 
sólido final es nulo (Tabla 5.1), mientras que cuando la enzima está presente, el 
contenido de surfactante en el sólido final es aproximadamente el 8 % para la 
relación molar CTA/Al de 0.1 (Tabla AC5.1). Esto podría indicar una interacción 
entre el surfactante y la enzima, y la incorporación conjunta del tándem surfactante-
enzima. Sin embargo, la generación de orden mesoscópico en los biocatalizadores se 
produce a la misma relación molar CTA/Al que en el sólido libre de enzima (0.6) 
(Figura AC5.2), lo que en este caso representa una cantidad de tensioactivo en el 
biocatalizador final del 30.6 % en peso (Tabla AC5.1).  

Los biocatalizadores así preparados alcanzaron rendimientos de inmovilización 
del 100 %, lo que representa una carga enzimática de 100 mg de enzima por g de 
biocatalizador (Tabla AC5.2) e iguala el rendimiento obtenido por el mismo 
biocatalizador en ausencia de surfactante (Tabla 7.2). Sin embargo, las actividades 
catalíticas, independientemente de la cantidad de surfactante añadido durante la 
síntesis, fueron despreciables (Tabla AC5.2), lo que podría indicar la inhibición de la 
enzima en presencia del CTABr o, más probablemente, la inaccesibilidad del 
reactante hasta la enzima inmovilizada por la presencia del tensioactivo.  

 

8.2.2 Efecto de la eliminación del surfactante en la actividad de 
los biocatalizadores Lacasa@NH2-MIL-53(Al) 

La eliminación del surfactante en los materiales preparados en ausencia de 
enzima pudo llevarse a cabo mediante lavados sucesivos con etanol a temperatura 
ambiente (Figura 5.6 (B)). Tras la eliminación del surfactante el material resultante 
es indudable y notablemente mesoporoso, con poros semejantes en tamaño entre sí, 
cuya distribución, relativamente estrecha, se centra alrededor de los 8 nm (Figura 
5.8), pero con reducida ordenación espacial (Figura 5.7). La isoterma de 
adsorción/desorción de N2 (Figura 5.8), aporta una evidencia directa de que los 
materiales resultantes presentan estructura jerárquica: la microporosidad intrínseca 
del MOF NH2-MIL-53(Al) y cierta mesoporosidad.  
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En el caso de los biocatalizadores, los lavados con etanol absoluto no son 
compatibles con la actividad de la lacasa. Sin embargo, frente a la incompatibilidad 
total con otros métodos de eliminación, como la calcinación, las condiciones de este 
procedimiento sí pueden adaptarse para no comprometer la estabilidad/actividad de 
la enzima, ya que trabajos previos han demostrado que la actividad de esta enzima 
disminuye levemente en disolución acuosa de etanol al 10 % durante tiempos 
inferiores a 30 minutos [2]. Los lavados con etanol al 10 % no condujeron a la 
eliminación total del CTA, aunque sí redujeron su cantidad, lo que apoya la teoría de 
una fuerte interacción surfactante/enzima. En cualquier caso, la actividad de los 
biocatalizadores no pareció recuperarse tras la eliminación parcial del tensiactivo 
(Tabla AC5.3) por lo que, presumiblemente, su presencia podría inhibir la actividad 
de la enzima inmovilizada.   

Los materiales presentados en el Capítulo 5 son el primer ejemplo de 
mesoporosidad sustancial inducida por surfactantes (catiónicos) en materiales MOF a 
temperatura ambiente. Antes de su publicación, y hasta donde sabemos, solamente 
existía un trabajo que abordara la generación de mesoporosidad por tensioactivos en 
materiales MOF preparados bajo estas condiciones [25]. Aunque la incorporación de 
la enzima lacasa, en las condiciones específicas del estudio, no condujo a la 
generación de biocatalizadores activos, sí se consiguió inducir mesoporosidad en los 
biocatalizadores preparados. La suma de los resultados obtenidos en ambos trabajos 
abre la puerta, por un lado, a la generación de mesoporosidad con surfactantes en 
MOFs preparados bajo condiciones sostenibles, y, por otro lado y más relacionado 
con el objetivo marcado en esta tesis, al desarrollo de nuevos estudios que varíen 
sistemáticamente la naturaleza de la enzima, del surfactante, del MOF o, incluso, del 
agente desprotonante, el orden de adición de los componentes del sistema, el tiempo 
de síntesis, la temperatura, etc, hasta encontrar un sistema en el que la actividad de la 
enzima no se comprometa. En este sentido, hemos de señalar que esta estrategia se ha 
ensayado con: (i) un MOF en particular, cuando se conocen decenas de miles, y 
muchos de ellos susceptibles de prepararse bajo condiciones sostenibles compatibles 
con la actividad enzimática; (ii) un surfactante en particular, en este caso, catiónico, 
cuando se conocen muchos surfactantes de distinta naturaleza iónica o neutra, con 
cadenas de muy diferente longitud, con diferente carácter hidrófilo/hidrófobo que 
permita intensificar o suavizar las interacciones surfactante/MOF o 
surfactante/enzima; (iii) una enzima en particular, en este caso, la lacasa, cuando se 
conocen multitud de enzimas de diferente tamaño, diferente punto isoeléctrico, 
diferente hidrofobicidad, diferente resistencia a diferentes disolventes (como el 
etanol, que es el que nosotros encontramos para eliminar este surfactante de este 
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MOF),  susceptibles de inmovilizarse en muchos materiales MOFs. En definitiva, el 
intento no exitoso abordado en este trabajo para esta estrategia concreta no deja de 
ser un solo experimento dentro de las amplísimas posibilidades que se abren con esta 
nueva estrategia de biocatalizadores composites ternarios 
Enzima@MOF@Surfactante.  

 

 

8.3 Técnicas de caracterización avanzadas 
El diseño de biocatalizadores Enzima@MOF más efectivos requiere un 

conocimiento exhaustivo de sus propiedades fisicoquímicas, incluyendo aspectos tan 
claves como la ubicación de la enzima dentro de los sólidos, el tipo de 
inmovilización (encapsulación, por enlaces covalentes o no covalentes, etc.) o la 
naturaleza de la interacción enzima/MOF. Hasta la fecha, dicho conocimiento es 
escaso, probablemente porque este tipo de información no es fácil de obtener a partir 
de técnicas de caracterización convencionales, ya sean fisicoquímicas, bioquímicas o 
biocatalíticas. Este reto podría ser particularmente complicado para los 
biocatalizadores Enzima@MOFs preparados in-situ y por precipitación, pues la 
instantánea y masiva formación de MOFs podría conducir a retener las moléculas de 
enzima en entornos bastante diferentes.   

En lo que se refiere a la caracterización estructural, las herramientas clásicas 
basadas en la difracción de rayos X no son del todo útiles para conocer la estructura 
de estos materiales, fundamentalmente porque las metodologías de síntesis 
compatibles con la inmovilización de la enzima conducen a la formación de MOFs, 
en principio, isoestructurales a sus homólogos solvotérmicos, pero con tamaños de 
cristal en la nanoescala [13], donde el orden a largo alcance es pobre. Incluso cuando 
los patrones de polvo de difracción de rayos X se registran empleando radiación de 
sincrotrón, su resolución puede ser insuficiente para la determinación de la fase 
cristalina, por comparación con sus equivalentes macrocristalinos (Figuras 6.1 y 
AC6.1), o su tamaño de cristal, a partir de métodos tradicionales como la ecuación de 
Scherrer. La presencia de la enzima durante la formación del material acentúa este 
efecto: se produce un ensanchamiento de los máximos de difracción en los 
biocatalizadores, que aumenta al incrementarse la concentración de proteína (Figuras 
6.1 y AC6.4). Para entender el rol de la enzima en la formación de los 
biocatalizadores, el empleo de técnicas de caracterización que aporten información 
estructural de corto alcance es un primer paso obligado.  
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Los experimentos de PDF (del inglés Pair Distribution Function) permiten 
analizar al mismo tiempo las señales de dispersión difusa y de Bragg. La 
transformada de Fourier de los patrones de dispersión total, resulta en la función 
G(r), que contiene las distancias de enlace del material a escala local [28]. El 
verdadero potencial de esta técnica reside en que aporta información cuantitativa 
relativa al contenido de las fases y a los entornos locales (a corto y medio alcance) 
incluso en mezclas complejas, independientemente de la naturaleza amorfa o 
cristalina de los compuestos [29]. Esto abre el camino al análisis de fases amorfas, 
semiamorfas [30] o muy nanocristalinas que, por carecer de orden cristalino a largo 
alcance, escapan a la caracterización clásica por difracción basados en la dispersión 
de Bragg. Para conseguir patrones de PDF de muy alta calidad, es necesario registrar 
un rango muy extenso del vector de dispersión (Q), por lo que es importante el uso 
de longitudes de onda de rayos X cortas y ángulos de difracción altos. En otras 
palabras, los datos PDF confiables o de alta resolución deben adquirirse en grandes 
instalaciones, como sincrotrones o fuentes de neutrones, que permitan realizar 
experimentos empleando radiaciones de alta energía. 

A lo largo de este apartado, repasaremos los resultados más relevantes del 
Capítulo 6, que recoge los esfuerzos realizados en esta Tesis Doctoral para estudiar la 
contribución del PDF a la caracterización de los biocatalizadores Enzima@MOF. El 
capítulo se compone de dos trabajos, repartidos entre el cuerpo principal del capítulo 
y el Apéndice C6. En el primero, se exploran las posibilidades que la técnica ofrece 
para determinar inequívocamente los tamaños nanocristalinos que se obtienen a partir 
de los métodos de preparación sostenibles y compatibles con la presencia de la 
enzima, tomando como ejemplo la serie de los M-MOF-74 (donde M es Mg, Co, Ni, 
Cu o Zn), cuyo compuesto de magnesio ha demostrado ser un soporte adecuado para 
la inmovilización in situ de β-glucosidasa (apartado 4.4, Anexo II) [15]. Además, 
entre la serie de materiales M-MOF-74 se encuentran los materiales porosos 
nanocristalinos de menor tamaño de cristal nunca antes descritos [31]. En este mismo 
trabajo, la comparación del Cu-MOF-74 con sus homólogos sirve como ejemplo 
perfecto para demostrar que el PDF puede aportar información valiosísima sobre los 
entornos metálicos. El segundo trabajo, presentado en forma de manuscrito y que 
presumiblemente será publicado próximamente, adelanta resultados que intentan 
arrojar luz sobre la naturaleza de las interacciones enzima/MOF dentro de 
compuestos de Lipasa@MOF preparados mediante metodologías in situ. Hasta 
donde sabemos, este es el primer estudio dedicado a explorar biocatalizadores 
Enzima@MOF empleando PDF y podría proporcionar ciertos indicios sobre el 
posible papel (si lo hay) de la enzima en la formación de los soportes MOFs. 
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8.3.1 Influencia de las estrategias de inmovilización in situ de 
enzimas en el tamaño de cristal  

La función G(r) da la probabilidad de encontrar pares de átomos separados por 
una distancia r [28]. En un sólido cristalino, la distribución de las distancias 
interatómicas está definida por las coordenadas de los átomos, los parámetros de 
desplazamiento atómico y la periodicidad de la celda unidad. En los patrones de PDF 
se producirá un máximo a cada una de estas distancias, cuya anchura y área vendrán 
determinadas por los parámetros de desplazamiento atómico y los factores de 
dispersión de los átomos que forman el par, respectivamente [32]. Cuando el tamaño 
del cristal se reduce, los pares de átomos que dispersan coherentemente la radiación 
están limitados al volumen del cristal y, por lo tanto, no se observará ningún máximo 
en los patrones de PDF por encima de la distancia interatómica más larga dentro del 
mismo. Así, la caracterización mediante esta técnica proporciona una estimación 
directa del tamaño cristalino.  

Los tamaños de los dominios cristalinos para la serie de los M-MOF-74 a partir 
de la ecuación de Scherrer, se estimaron en 16.6, 14.0, 9.4, 5.1, y 2.8 nm para las 
muestras nanocristalinas de Zn, Cu, Mg, Co y Ni, respectivamente [31]. En el caso 
de los compuestos de Zn, Cu y Mg, el decaimiento de las oscilaciones en la función 
G(r) corrobora el tamaño calculado mediante el método tradicional. Para los 
compuestos de Co y Ni, los más nanocristalinos de la serie, el PDF confirma que la 
ecuación de Scherrer sobreestima sus tamaños. La medida directa por PDF representa 
ventajas evidentes respecto al método tradicional, pues no debe olvidarse que dicho 
método no deja de ser modelo matemático que asume ciertas aproximaciones no 
siempre estrictamente correctas. 

En el caso del NH2-MIL-53(Al) nanocristalino libre de enzima, la ecuación de 
Scherrer estima el tamaño de cristal en 13.3 nm. Sin embargo, la función G(r) 
presenta un decaimiento de las oscilaciones progresivo entre 1.4 y 10.2 nm (Figura 
AC6.2), lo que supone una evidencia directa de la variedad en tamaño de los cristales 
que componen el sólido y la sobreestimación que el cálculo basado en el método 
tradicional de Scherrer. Los estudios mediante SEM (Figuras AC6.S3 y AC6.S4) 
mostraron que el MOF así formado se compone de nanopartículas esféricas de 
tamaño homogéneo (30-35 nm) agregadas generando cierta porosidad intercristalina 
(Figura 7.3). Estos resultados confirman que cada una de esas nanopartículas se 
conforma de una mezcla de algunos dominios cristalinos más pequeños o al menos 
contienen muchos defectos/vacíos estructurales, lo que no es sorprendente 
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considerando que estos MOF se forman instantáneamente por un mecanismo de 
precipitación en lugar de uno de cristalización.   

Cuando la enzima se agrega al medio de síntesis, los perfiles de PDF confirman 
que el tamaño de los cristales decrece al aumentar la concentración de la misma, 
como se predecía al observar el ensanchamiento de los máximos de difracción en los 
difractogramas de rayos X (Figura AC6.1). Así, los tamaños cristalinos resultantes 
son 8.6 y 6.2 nm para los biocatalizadores Lipasa@NH2-MIL-53(Al) con cargas 25 y 
100 mg de enzima por gramo de catalizador, respectivamente (Figura AC6.4). De 
nuevo, estos tamaños son significativamente inferiores a los estimados por Scherrer o 
a los detectados por microscopía electrónica. A los argumentos anteriormente citados 
para explicar la posible sobreestimación del tamaño de cristal por Scherrer y por 
SEM, en este caso habría que añadir la posibilidad de que la enzima quede de alguna 
forma atrapada en el seno de las partículas detectadas, interrumpiendo de esa manera 
el orden cristalino a largo alcance. 

 

8.3.2 El entorno a corto alcance en biocatalizadores 
Enzima@MOF 

Mediante PDF se puede confirmar que la presencia de la enzima, en este caso 
lipasa, limita el crecimiento cristalino. Sin embargo, las posibilidades de la técnica 
pueden ir un paso más allá: dada su capacidad para precisar el entorno atómico a 
corto alcance, potencialmente puede determinarse la posible influencia que la 
presencia de la enzima tiene a esta escala en el material MOF. Prueba de esa 
capacidad se puso de manifiesto en las diferencias de entorno metálico detectadas en 
la serie de los M-MOF-74 nanocristalinos. Las singularidades que el efecto Jahn-
Teller provoca en el entorno del Cu frente a los entornos del Zn, Co, Ni o Mg 
(iguales entre sí) en estos mateliales MOF, son evidentes a partir del análisis de G(r) 
a más corto alcance. 

Al analizar los perfiles de PDF del NH2-MIL-53(Al) nanocristalino y sus 
homólogos con cantidades crecientes de enzima, se pone de manifiesto que las tres 
curvas son bastante superponibles y solo se encuentra una diferencia relevante en 
torno a los 1.5 Å (Figura AC6.3). Dicho máximo aumenta al aumentar la 
concentración de esta proteína, por lo que se atribuye a su presencia. Sin embargo, el 
resto de distancias no se alteran, lo que parece indicar que, en el caso concreto de los 
biocatalizadores Lipasa@NH2-MIL-53(Al), la presencia de la enzima únicamente 
limita el crecimiento cristalino, sin alterar el entorno del cristal a corto alcance. Este 
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efecto no es generalizable a todos los MOFs usados como soportes de enzimas 
preparados mediante procedimientos in situ, al menos no para el semiamorfo Fe-BTC 
soportando la misma enzima y con la misma carga enzimática (resultados no 
mostrados porque su interpretación no está ultimada en el momento de la redacción 
de esta Tesis). 

 

 

8.4 Aplicación de los biocatalizadores Enzima@MOF 
en la degradación de contaminantes emergentes 
La legislación para regular el uso del BPA, cuyos graves efectos sobre la salud 

humana y animal están ampliamente reportados [33,34], en la fabricación de 
materiales plásticos que están en contacto con alimentos, se ha endurecido en los 
últimos años. A finales de 2021, la Autoridad Europea de Seguridad Alimentaria 
(EFSA) revaluó los riesgos de la presencia del BPA en los alimentos y propuso 
reducir de manera considerable la ingesta diaria tolerable, fijándola en 0.04 
nanogramos por kilo de peso corporal, muy por debajo de la que anteriormente 
estaba establecida (4 microgramos) [35]. En abril de este mismo año, España se ha 
sumado a la lista de países europeos que han prohibido definitivamente el empleo de 
envases alimentarios que contengan dicha sustancia [36]. Sin embargo, su empleo en 
la fabricación de otros objetos no relacionados con la alimentación, su no prohibición 
en el sector alimentario de todos los países y su uso extensivo en el pasado, hacen 
que su presencia en aguas residuales, ríos y océanos siga representando un grave 
problema de salud medioambiental mundial.  

La eliminación eficiente y efectiva del BPA puede llevarse a cabo aprovechando 
la alta eficiencia y especificidad catalíticas de las enzimas. Concretamente, las 
lacasas exhiben un potencial superior para la remediación de aguas residuales que 
contienen BPA [37]. Como ya se ha comentado, la aplicación industrial real de estas 
enzimas, y de casi todas, pasa por la obtención de sistemas inmovilizados que 
preserven sus excepcionales características catalíticas. Durante este apartado, se 
presentarán y discutirán conjuntamente los resultados más relevantes relacionados 
con la aplicación de los biocatalizadores Lacasa@NH2-MIL-53(Al) en la eliminación 
de BPA de disoluciones acuosas. Dichos resultados se encuentran repartidos entre los 
Capítulos 5 y 7, y el Apéndice C7.  

8.4.1 El doble rol del NH2-MIL-53(Al) en la eliminación de BPA 
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Como se concluyó en el apartado 8.1 del presente capítulo, el MOF NH2-MIL-
53(Al), preparado bajo condiciones sostenibles, resulta una plataforma idónea para la 
inmovilización in situ de enzimas, consiguiendo rendimientos de inmovilización 
cercanos al 100 %, cargas enzimáticas muy altas (de al menos 100 mg de enzima por 
gramo de biocatalizador) y lixiviados insignificantes. La idoneidad de este MOF no 
acaba ahí, ya que el mismo soporte resulta activo para la aplicación concreta de la 
eliminación de BPA e incluso más eficiente que otros adsorbentes y catalizadores 
basados en MOFs reportados para este fin [38–40]. 

En el Capítulo 5, dedicado a la preparación de MOFs con porosidad mejorada, los 
materiales obtenidos se probaron en la eliminación de BPA de disoluciones acuosas. 
Para el mismo tiempo de contacto, el NH2-MIL-53(Al) mesoporoso (S1EtOH en la 
Figura 5.9) eliminó mayor cantidad del contaminante en disolución que su análogo 
preparado en ausencia de surfactante (S0). Dado que ambas muestras tienen la misma 
composición, tal diferencia debe atribuirse a las diferentes propiedades texturales. 

Discernir si el mecanismo de eliminación del contaminante en disolución acuosa 
por parte de un MOF, en particular con el MOF NH2-MIL-53(Al), es producto de la 
adsorción o la degradación, no es una tarea sencilla. Además, la bibliografía es 
ambigua en este sentido. Por un lado, Wen y col. sugieren que la eliminación del 
BPA en presencia del NH2-MIL-53(Al) se lleva a cabo por degradación 
fotocatalítica, y que dicho efecto mejora al dopar el MOF con cobalto y 
funcionalizarlo benzotiadiazol [40]. Por otro lado, Wang y col. comparan la 
capacidad de eliminación de BPA del NH2-MIL-53(Al) con su análogo sin 
funcionalizar, el MIL-53(Al), y el mismo con diferente funcionalización, el NO2-
MIL-53(Al) [41]. Atribuyen la eliminación del BPA a la adsorción del contaminante 
sobre los MOF, que es sustancialmente mayor para el NH2-MIL-53(Al) porque la 
presencia del grupo amino mejora las propiedades texturales y facilita la adsorción 
por interacciones hidrofóbicas, hecho que ya había sido reportado para otros MOFs 
[38].  

En el Apéndice C7, el análisis mediante HPLC-MS de la disolución acuosa de 
BPA tras la eliminación del contaminante mediante el MOF NH2-MIL-53(Al) en un 
reactor tipo batch, no presentó evidencias de la presencia de compuestos producidos 
por la degradación del contaminante (Figura AC7.4). En ese mismo trabajo, los 
experimentos de eliminación de BPA en flujo continuo, demostraron que la 
capacidad de eliminación del NH2-MIL-53(Al) es limitada (Figura AC7.5 (B)). 
Aunque ninguno de los dos experimentos representa una evidencia directa, estos 
resultados, junto a la mejora del rendimiento cuando se aumenta el área superficial 
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del material mediante la incorporación de surfactantes durante la síntesis, indican que 
el mecanismo por el que el MOF elimina el BPA es la adsorción. 

 

8.4.2 Degradación eficiente del BPA mediante biocatalizadores 
Lacasa@NH2-MIL-53(Al) 

La inmovilización de enzimas sobre soportes sólidos es un paso crucial para su 
implementación industrial. Sin embargo, el uso de enzimas inmovilizadas no siempre 
ofrece buenos resultados de actividad en comparación a la misma enzima libre. En el 
Capítulo 7, la enzima lacasa se inmovilizó sobre los soportes NH2-MIL-53(Al) y 
sílice amorfa MS3030 funcionalizada con grupos amino, mediante las estrategias in 
situ y post-síntesis, respectivamente. Ambos materiales alcanzaron rendimientos de 
inmovilización cercanos al 100 % (Tabla 7.2). Sin embargo, el biocatalizador de 
sílice presentó menores velocidades de eliminación de BPA que el biocatalizador 
Lacasa@NH2-MIL-53(Al), el cual fue incluso más rápido que la lacasa libre (Figura 
7.5). Probablemente, la excelente eficiencia en la eliminación del contaminante del 
biocatalizador Lacasa@NH2-MIL-53(Al), sea fruto del efecto combinado del soporte 
y la enzima. Las diferencias de lixiviación entre los dos sistemas, insignificante en el 
caso del MOF y continua para la sílice (Figura 7.4), tienen una influencia marcada en 
la pérdida de actividad de los biocatalizadores cuando se encadenan varios ciclos de 
reacción (Figuras 7.6). De todos estos resultados, puede concluirse que la elección 
del soporte adecuado, diseñado con las características concretas en función de la 
enzima seleccionada, y el método de inmovilización más eficiente, condicionarán las 
prestaciones del biocatalizador en la aplicación final.  

 

8.4.3 De batch a flujo continuo 

En el camino hacia el empleo de los biocatalizadores Enzima@MOF en 
aplicaciones a gran escala, otro gran paso es tratar de trabajar con sistemas de flujo 
continuo, incluso aunque sea a escala de laboratorio. En el Apéndice C7 se presentan 
algunos resultados preliminares que apuntan en dicha dirección. Se realizaron 
reacciones en flujo continuo para disoluciones acuosas de BPA de concentración 25 
y 100 ppm, con dos biocatalizadores de lacasa inmovilizada Lacasa@NH2-MIL-
53(Al) preparados en un solo paso con cargas enzimáticas de 50 y 100 mg de enzima 
por g de catalizador. Cuando la concentración inicial de BPA fue 25 ppm ambos 
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biocatalizadores eliminaron el 100 % del BPA durante los primeros 40 minutos y 
conservaron una alta actividad después de 3 horas de operación, eliminando más del 
90 % del BPA inicial. Al multiplicar por cuatro la concentración inicial de BPA, el 
biocatalizador con mayor carga enzimática mantuvo una eliminación superior al 80 
% durante 90 minutos. Todos los experimentos realizados en el reactor de flujo 
continuo se llevaron a cabo con una cantidad de catalizador significativamente menor 
que la empleada en los experimentos en reactores tipo batch. Estos resultados 
confirman la alta eficiencia del sistema Lacasa@NH2-MIL-53(Al). 
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Considerando los objetivos planteados en la presente Tesis Doctoral (Capítulo 2) 
y en base, por una parte, a las conclusiones particulares de cada uno de los capítulos 
de resultados (Capítulos 3-7) y, por otra parte, a la discusión conjunta de los mismos 
(Capítulo 8), se destacan las siguientes conclusiones generales: 

1. Se han praprado nuevos biocatalizadores sólidos mediante inmovilización 
de enzimas en soportes nanoporosos. En particular, biocatalizadores de 
lacasa imobilizada mediante la estrategia post-síntesis sobre SBA-15 de 
canalaes cortos y de lipasa y lacasa inmovilizadas mediante la estrategia in 
situ sobre el MOF sostenible NH2-MIL-53(Al). La comparación de ambos 
métodos ha puesto de manifiesto la idoneidad del método de inmovilización 
de enzimas in situ en terminos de rapidez, facilidad y eficiencia. 

2. Los MOFs sostenibles (en particular, del NH2-MIL-53(Al)), son 
extraordinarias plataformas para la inmovilización de enzimas en términos 
de: cargas enzimáticas (de cientos de mg·g-1, muy superior a las descritas 
hasta ahora), diferente naturaleza de la enzima a inmovilizar, presencia de 
otras especies (surfactantes), bajo lixiviado, etc. 

3. Se han optimizado las condiciones para inducir mesoporosidad en el MOF 
NH2-MIL-53(Al) preparado a temperatura ambiente por adición del 
surfactante CTA+, como antesala para el estudio de sistemas ternarios 
Enzima@MOF@Surfactante. 

4. La técnica PDF ha permitido determinar con exactitud el intervalo de 
tamaños de cristal de los materiales MOF nanocristalinos y de los 
composites Enzima@MOF, así como estudiar el orden a medio y corto 
alcance de estos materiales y los efectos de la enzima en los 
correspondientes composites Enzima@MOF.  

5. Los biocatalizadores Lacasa@NH2-MIL-53(Al) han resultado ser 
particularmente activos en la eliminación del BPA de disoluciones acuosas, 
valiéndose de la capacidad de adsorción del contaminante por parte del 
soporte y de la degradación por parte de la enzima, presentando además bajo 
lixiviado y la posibilidad de actuar en varios ciclos consecutivos.   

6. Los mismos biocatalizadores de Lacasa@NH2-MIL-53(Al) han demostrado 
ser altamente eficientes para la eliminación de BPA bajo condidiones de 
flujo continuo, sugiriendo su posible aplicación a gran escala.  
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Considering the objectives set out in this Doctoral Thesis (Chapter 2) and based, 
on the one hand, on the particular conclusions of each one of the chapters on results 
(Chapters 3-7) and, on the other hand, on the joint discussion of the same (Chapter 
8), the following general conclusions stand out: 

1. New solid biocatalysts have been described by immobilization of enzymes 
on nanoporous supports. In particular, laccase biocatalysts immobilized by 
the post-synthesis strategy on short channel SBA-15; and of lipase and 
laccase immobilized using the in situ strategy on the sustainable MOF NH2-
MIL-53(Al). 

2. The extraordinary efficiency of sustainable MOFs (particularly NH2-MIL-
53(Al)) has been demonstrated for the immobilization of enzymes in terms 
of: enzyme loads (hundreds of mg·g-1, much higher than those described so 
far), different nature of the enzyme to be immobilized, presence of other 
species (surfactants), low leaching, etc. 

3. The conditions have been optimized to induce mesoporosity in the MOF 
NH2-MIL-53(Al) prepared at room temperature by adding the surfactant 
CTA+, as a prelude to the study of Enzyme@MOF@Surfactant ternary 
systems. 

4. For the first time, the PDF technique has been used to accurately determine 
the range of crystal sizes of nanocrystalline MOF materials and 
Enzima@MOF composites, as well as to study the medium and short range 
order of these materials and the Enzyme effects on the corresponding 
Enzyme@MOF composites. 

5. The Laccasa@NH2-MIL-53(Al) biocatalysts have turned out to be 
particularly active in the removal of BPA from aqueous solutions, using the 
adsorption capacity of the contaminant by the support and the degradation 
by the enzyme, also presenting low leaching and the possibility of acting in 
several consecutive cycles. 

6. It has also been shown that it is feasible to use the biocatalyst 
Laccasa@NH2-MIL-53(Al) in the removal of BPA under continuous flow 
conditions, suggesting its possible application on a large scale. 
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The need to develop new catalysts as a result of the energy transition has been 
further increased with the realisation, as a result of the war in Ukraine, that energy 
independence is important. This article will focus on metal-organic frameworks 
(MOFs), and what role they can play. 

 

What is a MOF?  

A MOF is a compound of metal ions and organic linkers that form structures with 
extremely high porosities and large specific surface areas – up to almost 9000 m2·g-1. 
These compounds were discovered at the end of the 1990s, and more than 90 000 
MOFs have been synthesised since then. Thanks to their versatility, more than 500 000 
possible MOFs have been predicted, with many structures and accessible metal centres 
of any nature, in any coordination and organic functionality [1]. 

 

Applications of MOFs  

MOFs have a very relevant role to play in the energy transition, proof of which is 
the recent growth in interest in the applications of these materials in the field of energy. 
This section will review some of these.  

The production of fuels such as hydrogen, from clean energy sources such as solar 
energy and green raw materials, such as water, is key to the energy transition. There 
are some features that mean that these materials are major players in the field of 
photocatalysis. For example, the selection of the organic linkers and metal nodes that 
make up the MOF allows for energy levels and light absorption properties to be 
controlled. Their porous structure ensures monodispersion of the active components, 
maximising the contact between them and the reagent. Finally, MOFs are good 
candidates to support the immobilisation of other functional materials, such as 
photosensitisers and catalytic centres, where synergistic effects enhance the 
photocatalytic performance [2].  

The application of MOF-based photocatalysts can be extended, for example, to 
carbon dioxide (CO2) conversion, and water splitting for hydrogen generation – both 
of which are of great environmental interest. 
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Hydrogen production 

MOFs can be used as a catalyst for the production of hydrogen via the splitting of 
water. A research group led by Prof. Zhang Fuxiang from the Dalian Institute of 
Chemical Physics (DICP) of the Chinese Academy of Sciences has developed a novel 
wide visible-light-responsive MOF containing nickel photocatalyst that could boost 
water splitting to produce hydrogen under visible-light irradiation [2].  

Titanium-based MOFs are particularly interesting in this application and Cadiau et 
al recently published an article in which they reported the synthesis of a new material 
with great potential for this application that can be synthesised in a single step, in 
contrast to most of the previously reported titanium-based MOFs [3]. In addition to 
this, the combination of highly-mobile, photogenerated electrons and strong hole 
localisation in the organic linker results in long charge-separation lifetimes, i.e. it 
reduces the electron-hole recombination rate, which is a primary bottleneck in 
photocatalysis [4,5]. 

CO2 conversion  

Due to their high porosity and large surface area, the high affinity between MOFs 
and CO2, and because they can provide a platform that combines all of the necessary 
elements into a single material, MOFs have emerged as strong materials for CO2 
conversion into usable chemical energy or fuels to achieve a carbon-neutral cycle, such 
as methane (CH4), carbon monoxide (CO), formic acid (HCOOH), formaldehyde 
(HCHO), methanol (CH3OH) or ethanol (C2H5OH). 

Chen et al added Ni2+ into the NH2-MIL-125-Ti structure to modulate the electronic 
structure of the metal clusters and control the charge transfer efficiency and 
photocatalytic performance [6]. Doping with 1% Ni2+ increased the CO conversion 
rate and photocatalytic efficiency by more than five times, reaching a selectivity of 
more than 98%. By increasing the doping to 1.5% Ni2+, the photocatalyst showed 
selectivity towards CH4.  

Zhen et al reported a multiple impregnation strategy to encapsulate Ni 
nanoparticles in a highly-ordered MIL-101.7 The catalyst displayed positive 
characteristics to be employed in the hydrogenation of CO2 to CH4 at low temperatures. 
It was found that the high dispersion, morphology and size of the Ni nanoparticles that 
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was stabilised in the MOF structure played a key role in the high activity of the catalyst 
in the reaction. 

Hydrogen and methane storage 

Replacing traditional fossil fuels with more environmentally friendly gaseous fuels 
such as hydrogen and methane is a challenge in terms of transport and storage. The use 
of gaseous fuels demands operating conditions that are challenging, as well as high-
energy costs. The large surface area of MOFs allows them to adsorb hydrogen and 
methane by reducing the pressure needed to densify them. Gas storage is another major 
application for these materials, and the following section will introduce a few 
examples. 

Due to the low interaction between hydrogen and the adsorbent surfaces under 
normal conditions, in order to improve the low temperatures and high pressures 
required to achieve sufficient energy density, the pore size of the MOFs dedicated to 
storage must be very similar to the dimensions of the molecule. Additionally, the 
presence of unsaturated metal sites with a low coordination number plays a crucial role 
in this process. Kapelewski et al published an important paper on the hydrogen storage 
capacity of M-MOF-74 (M = Co, Ni) at near-ambient temperatures [8]. Ni-MOF-74 
was the MOF with the highest volumetric capacity (11.0 g/l) at pressures between 5 – 
100 bar, making it the adsorbent known to have the highest hydrogen storage capacity 
under these conditions. The authors attributed its high storage capacity to the presence 
of highly-polarising Ni2+ adsorption sites. 

Conventional methane storage methods are expensive and have some major safety 
issues. To extend the use of this fuel to other applications, improved storage systems 
are needed. Again, MOFs present themselves as a solution. Both the presence of open 
metal sites and the flexibility of the structure increase the volumetric adsorption 
capacity of MOFs. The M-MOF-74 family (M = Mg, Mn, Co, Ni, Zn) has an excellent 
methane adsorption capacity due to its high density of open metal sites (e.g. Ni-MOF-
74: 230 v/v, 35 bar, 298 K) [8]. The flexible Fe(bdp) and Co(bdp) compounds (bdp2- 
= 1,4-benzenedipyrazolate) undergo a structural phase transition in response to specific 
CH4 pressures [9]. This behaviour allows for a higher storage capacity than has been 
achieved with classical adsorbents. 

Another application in which MOFs prove to be very helpful is hydrocarbon 
separation, as ethylene from ethane and propylene from propane. These separations 
require high-energy consumption that can be reduced with the use of MOFs.  
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These are just a few examples of current trends in MOF research for energy 
applications. Their extraordinary porosity, as well as their versatility in terms of 
composition, structure and synthesis methods, make them excellent candidates to solve 
some of the challenges of the global energy transition. 

 

How MOFs are produced 

The development of new functional properties of these nanomaterials has grown 
exponentially over the last three decades. However, a crucial step for their integration 
into broad industrial applications is to be able to routinely synthesise these materials 
in large quantities and with high efficiency. Although MOF syntheses are family-
specific, there are several challenges associated with most of the proposed scale-up 
methods [10]. 

 The use of organic solvents makes the process expensive and 
environmentally unsustainable.  

 Metal salts, which are typically used as precursors, can pose the 
significant problem of anion accumulation.  

 Bespoke organic ligands are sometimes required.  

 Particle size control.  

 Activation stage, as non-volatile solvents and unreacted starting materials 
must be removed from their pores. 

Among the proposed scale-up approaches, solvent-free synthesis and water-based 
synthesis are the most economically and environmentally-viable strategies [10]. 
Solvent-free synthesis is an environmentally-friendly approach, with advantages such 
as speed, waste reduction, and possible continuous production. Examples are the dry 
gel conversion method [11], the accelerated ageing method [12] and the ball milling 
method [13].  

Das et al reported the preparation of Ni-MOF-74 using the dry gel method. They 
obtained a yield of more than 90% in significantly less time than conventional 
synthesis, resulting in a 45% decrease in manufacturing cost [11]. Cliffe et al were 
inspired by natural mineral weathering processes to desing the accelerated ageing 
method. They synthesised some of the MOFs of the ZIFs group from simple and cheap 
solid reagents using catalytic amounts of an ammonium salt under high humidity and 
mild temperatures (up to 45 °C) [12]. Conventional synthesis methods for 
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Ni3(BTC)2·12H2O (BTC = 1,3,5-benzenetricarboxylic acid) require solvents, high 
temperatures and long reaction times. Using the ball milling method, Zhang et al 
prepared this material in just 1 minute [13].  

Water is a non-toxic, cheap, readily-available and disposable solvent. As such, 
large-scale MOF syntheses based on this approach have a very promising future. 
Compared to organic solvents, water is advantageous from a post-synthetic point of 
view, as it is much easier to remove from the pores. To date, only a limited number of 
MOFs have been prepared in water, but research is growing rapidly. Didriksen et al 
demonstrated the feasibility of continuous flow synthesis of Ni-MOF-74 in a simple 
tubular reactor system at 90 °C from fully-aqueous solutions of the precursors [14]. 
Reducing the synthesis temperature is also an important factor in terms of 
environmental impact and economic feasibility. Sánchez-Sánchez et al reported the 
water-based synthesis of MOF-5, MOF-74, MIL-100(Fe) and MIL-53–Al–X (X = 
NH2, NO2) at room temperature by employing organic salts as anionic building blocks 
[15]. 

Recently, the production cost of a prototype MOF, MIL-160(Al), has been 
evaluated. It was estimated that the cost of producing this material from a simulated 
process constructed from data collected in large-scale laboratory pilot tests. The 
predicted cost ranged from approximately US$55/kg at 100 tpy to US$29.5/kg for the 
production of 1000 tpy [16]. 

The commercialisation of MOFs is now a reality. BASF pioneered the application 
of solvothermal techniques on a large-scale. Since then, a considerable number of 
companies have been created, often from research environments. Examples are MOF 
Technologies in the UK, NovoMOF in Switzerland, or ACSYNAM in Canada [17]. 

 

Next steps 

The promising characteristics offered by these materials will undoubtedly result in 
the materialisation of industrial applications of MOFs in a few years. On the road that 
remains to be travelled until its implementation is achieved, more efforts must be 
devoted to developing strategies that allow it to be obtained while minimising 
production costs. As for applications, further research is required to get the most out 
of them. More effort should be devoted to developing devices that implement these 
materials and unlock their full potential. Just as companies that market these materials 
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have emerged in recent years, it would be highly desirable that we begin to see 
companies that implement them in the coming years. 
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Abstract 
The industrial use of enzymes generally necessitates their immobilization onto solid 
supports. The well-known high affinity of enzymes for metal-organic framework 
(MOF) materials, together with the great versatility of MOFs in terms of structure, 
composition, functionalization and synthetic approaches, has led the scientific 
community to develop very different strategies for the immobilization of enzymes 
in/on MOFs. This review focuses on one of these strategies, namely, the one-pot 
enzyme immobilization within sustainable MOFs, which is particularly enticing as 
the resultant biocomposite Enzyme@MOFs have the potential to be: (i) prepared in 
situ, that is, in just one step; (ii) may be synthesized under sustainable conditions: 
with water as the sole solvent at room temperature with moderate pHs, etc.; (iii) are 
able to retain high enzyme loading; (iv) have negligible protein leaching; and (v) give 
enzymatic activities approaching that given by the corresponding free enzymes. 
Moreover, this methodology seems to be near-universal, as success has been 
achieved with different MOFs, with different enzymes and for different applications. 
So far, the metal ions forming the MOF materials have been chosen according to 
their low price, low toxicity and, of course, their possibility for generating MOFs at 
room temperature in water, in order to close the cycle of economic, environmental 
and energy sustainability in the synthesis, application and disposal life cycle.  
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temperature; low leaching; ZIF-8; Fe-BTC; NH2-MIL-53(Al) 
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1. Scope of this Review 
In the last decade, a huge number of metal-organic framework (MOF) materials, 

enzymes and strategies have been reported as suitable for generating enzyme@MOF 
biocomposites. This review covers just one of these approaches, specifically that 
where the solid biocatalysts are formed by the synthesis of a MOF material, acting as 
a support, in the presence of the enzyme to be immobilized. In other words, this 
review addresses the strategies for forming enzyme@MOFs known as ‘one-pot’, 
one-step, in situ or de novo methods. In recognition of the diversity of this field, 
these terms will be used interchangeably throughout this review. Readers interested 
in a complete literature review on enzymes are encouraged to check out recent 
reviews with wider scopes [1,2]. 

 

 

2. The Origins and Rising Dominance of the Enzyme-
Supporting MOF 
Enzyme immobilization is a topic with more than half a century of history [3], 

with enzymes showing superb advantages that were previously unattainable in 
industry due to issues with solubility and lability. Apart from methods to achieve 
enzyme insolubilization, the immobilization on solid supports has been the most 
widely studied strategy. Much effort has been made since then and thousands of 
materials have been studied as supports for the immobilization of enzymes, either 
covalently [4] or non-covalently [5,6]. Porous supports offer an extra incentive for 
enzyme immobilization, as they may ideally trap enzyme molecules without 
modifying their structure or their active centers. Table 1 compares some of the most 
relevant physicochemical properties and performance of some selected porous 
enzyme supports with different strategies. 

Simply anchoring an enzyme to a support is relatively easy and, in many cases, 
just enough to catalyze a reaction successfully, but optimizing the biocatalyst and 
understanding what happens to the immobilized enzyme may be difficult. Covalent 
immobilization involves the chemical modification of the enzyme, which often leads 
to decreased activity. However, the formation of several irreversible linkages 
introduces a noticeable rigidity to the protein molecule: unfolding of the enzyme is 
prevented and its stability rises [4,13]. The supports for this kind of enzyme 
immobilization must display pore diameters wider by several times than the size of 



Anexo II 
 

 266 

the protein dimensions in order to enable good diffusion of the protein along the pore 
to achieve acceptable enzyme loadings, as well as high surface area. 

Table 1. Comparison of properties and performance of some selected immobilization 
strategies and porous supports of enzymes: covalent immobilization on amorphous 
agarose; non-covalent immobilization by post-synthetic or in situ addition to siliceous 
mesoporous ordered materials (MMO), and in situ immobilization onto MOFs. Table 
entries are displayed according to the following color-coding: green for good, yellow for 
middle and red for bad. 

 
Covalent  

Post-synthetic  
(Agarose) [4,7] 

Non-Covalent  
Post-synthetic  

(MMO) [8] 

Non-Covalent  
in situ (MMO) 

[9,10] 

Non-Covalent  
in situ (MOFs) 

[11,12] 

Surface  
area 

Low: 
≈200 m2/g 

Moderate/high:  
≈700 m2/g 

Moderate/high  
≈700 m2/g 

Very high:  
>1000 m2/g 

Pore  
width 

>20 nm ≈7–10 nm ≈4–12 nm 
Micropores <2 

nm 

Pore  
connectivity 

Amorphous: 
low 

Excellent Excellent Excellent 

Chemical  
affinity 

Essential Necessary Unnecessary Beneficial 

Activity  
preserved 

Low/moderate High/moderate High/moderate High/moderate 

Enzyme  
loading 

Moderate/high Moderate/high Moderate/high Moderate/high 

Enzyme  
leaching 

None Low Very low Negligible 

Enzyme  
stabilization 

High Moderate/high Moderate Moderate/high 

 

When pore shape and size are tunable, the possibilities of studying these systems 
increase significantly. This is the case with siliceous ordered mesoporous materials 
[6,14]. These materials display uniform and regular pore systems with high 
interconnectivity, which facilitates not only a good enzyme diffusion to attain high 
enzyme loading, but also good substrate and product diffusion to decrease diffusional 
restrictions. Uniform pores only slightly wider than the enzyme permit high loadings 
of non-covalently immobilized enzyme, while a covalently-attached enzyme at the 
mouth of the pore would act as a plug, preventing the access of new ones, reducing 
the enzyme loading. Non-covalent enzyme immobilization does not require chemical 
modification of the protein, so the catalytic activity should not be damaged for this 
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reason and may be better preserved. However, the favorable effect of enzyme 
diffusion may also lead to the unrestricted release of the enzyme, which is not 
possible with covalent immobilization. But when the surface of the support is coated 
with functional groups to provide chemical affinity with the enzyme, the situation 
radically changes: this affinity increases the enzyme load, and also retains the 
enzyme within the pore so the leaching of the reversibly linked enzyme is prevented 
[8]. Therefore, supports with high surface area and uniform pores with a size 
matching the enzyme dimensions and bearing functional groups to promote 
attraction, give rise to biocatalysts with high enzyme loading, retained catalytic 
activity and absence of enzyme leaching. These are the characteristics desired in an 
immobilized enzyme system. 

The use of Pluronics [6] as a template for siliceous OMM formation allows for 
uniform pores with window/cage structures, where the large cavities or cages with 
wide dimensions can widely accommodate a molecule of enzyme, but the windows 
connecting the cages are often narrower than the enzyme dimensions. The result is a 
high difficulty (near impossibility) of the enzyme to diffuse through windows and a 
very low enzyme loading. The harsh synthetic conditions for these siliceous ordered 
mesoporous materials are not compatible with enzyme activity (i.e., temperatures 
over 100 °C and pH below 1). It was not until milder conditions to produce these 
OMMs were studied and developed that in situ synthesis of the biocatalysts could be 
performed [9,10]. This is the fundamental idea behind the in-situ immobilization in 
MOFs: to build the support in the presence of the enzyme, so that a high amount of 
enzyme is entrapped inside the wide cages (or intercrystalline voids in aggregated 
nanocrystalline MOFs), and the entrapment is permanent given the narrowness of the 
surrounding pores, insufficient for enzyme diffusion outwards. Alternatively, in 
certain biomimetic strategies, the enzymes end up inside of the MOF crystals, which 
also avoids any leaching. 

With the explosion of MOF research beginning in the late 1990s, a new horizon 
opened up in the field of enzyme immobilization, although this application had not 
started being studied until a decade later [15]. Taking advantage of the structural 
versatility of MOFs and the previous success of enzyme immobilization onto 
mesoporous materials, the first attempts to prepare biocomposite enzyme@MOF 
materials which were designed could only encapsulate some of the smallest proteins 
within crystallographic channels and/or cavities of the most porous MOFs (Ma et al. 
[15–19]). Thus, great efforts were made to attain MOFs containing relatively narrow 
mesopores to confine small proteins like cytochrome C (Cty C) [17], horseradish 
peroxidase (HRP) [20], or trypsin [21,22]. Crucially, these highly porous MOFs 
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could initially only be attained with the use of very long linkers, resulting in 
generally unstable systems. In this context, Yang et al. proposed the idea of 
subjecting the MOF to ozonolysis to generate mesopores wide enough for catalase 
immobilization [23]. 

Alternatively, enzymes may become anchored onto the external surface of the 
MOF particles, taking advantage of the presumable chemical affinity between 
enzymes and MOFs in terms of the nature of functional groups, polarity, charge 
density distribution, etc,. However, in the absence of confinement, the adsorption of 
enzymes onto the external surface of MOFs is unable to prevent enzyme leaching. 
Therefore, some authors have proposed covalent linking, via crosslinking with 
glutaraldehyde [24–26] or EDC/NHS [27,28]. Also, the inclusion of new components 
into the composites has been often proposed, either to impart magnetic properties 
allowing their facile separation from reaction media [27,29], or to protect the enzyme 
by incorporating macromolecules like polyvinyl alcohol hydrogels [30] or by in situ 
formed self-assembled hybrid nanoflowers [31]. 

Probably, the most promising alternative is the set of strategies known as in situ, 
or de novo methods. As commented above, these consist of the synthesis of the MOF 
materials in the presence of the enzyme with the aim to entrap enzyme during the 
MOF formation process, either within a given MOF crystal or within the 
intercrystalline spaces of the aggregates formed by the fusion of the MOF 
nanocrystals with each other. Thus, the microporous surroundings of the MOF would 
prevent protein being released while allowing the diffusion of non-macromolecular 
substrates and products through them. However, conditions of the media for MOF 
synthesis are usually far from being ‘enzymatically friendly’. Only when the MOF 
can be obtained in aqueous media under mild pH and temperature conditions can this 
approach be addressed [32]. Zeolitic imidazole frameworks (ZIFs) formed by the 
metal ions Zn2+ or Co2+ can be synthesized quickly and under biocompatible 
conditions [2], and therefore many reports have described one-pot immobilization of 
different enzymes, like cellulase [33] or catalase [34], among others, on ZIF-8. Apart 
from ZIF-8, not many MOFs can be prepared under such mild conditions, mainly due 
to the very low solubility of organic linkers in water. One-pot immobilization of 
enzymes in the MOF NH2-MIL-53(Al) was patented [35] and then reported for the 
first time by Gascón et al. [36], based on the sustainable preparation of the 
carboxylate-based MOF by simple deprotonation of linkers by a base in water [37]. 
After this pioneering work, other enzymes have been immobilized in this material 
[11,38] or some other MOFs such as Fe-BTC [12,39], or CaBDC [40] which can also 
be prepared under mild conditions. 
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In order to preserve catalytic activity, macromolecules have been added in some 
of these one-pot systems: mixing polyvinylpyrrolidone (PVP) with Cyt C prior to the 
immobilization process in ZIF-8 [32] to form a double layer to protect its activity and 
stability. A lignin derivative (DDVA) has also been used to co-precipitate enzymes 
with Ca2+ or Zn2+ to yield enzyme@MOM composites [41]. Additionally, Fe3O4 has 
successfully been added to provide particles with magnetic properties such as in the 
one-pot synthesis involving 2-methylimidazole and zinc acetate with lipase from 
Candida rugosa in the MOF CRL/MNP@ZIF-8 [42]. 

As mentioned above, there is a high affinity between MOFs and enzymes. This 
can be increased, for example, by making the environment of the enzyme more or 
less hydrophobic or hydrophilic. Thus, Liang et al. [43] described enhanced activity 
of catalase immobilized via one-pot synthesis in a hydrophilic environment when the 
linker of the MOF was 3-methyl-1,2,4-triazole (FCAT@MAF-7) compared to the 
hydrophobic FCAT-ZIF-8, where the enzyme undergoes inactivation. Lipase, being 
an enzyme which displays more activity in hydrophobic interfaces, was found to 
increase its activity in the hydrophobic environment created in the immobilization of 
lipase onto ZIF-L (AOL@PDMS-ZIF-L) and improves its stability in ZIF-8 
(AOL@PDMS-ZIF-8) by the addition of PDMS (polydimethylsiloxane) to provide a 
hydrophobic environment [44]. 

Thus, it can be seen how throughout the history of enzyme immobilization, each 
new technique or methodology has learned and taken advantage of previous work up 
to the newest generations of MOF-based composites. Where previously enzyme 
immobilization within ordered mesoporous materials has required confined spaces, 
pore connectivity and chemical affinity, in situ immobilization within MOFs has 
provided solutions with the close retention of the enzyme in the intra- or 
intercrystalline spaces, and facile substrate diffusion through the porous network 
[45]. However, the huge structural versatility of MOFs, with hundreds of new 
materials discovered every year, which also present significant affinity / 
compatibility with so many other materials (oxides, hydrocarbons, polymers and, of 
course, enzymes), greatly opens the range of possibilities not only to immobilize 
enzymes effectively but also to rationally design an optimal habitat for the enzyme 
that maximizes its activity, stability and recyclability, and minimizes its leaching and 
inactivation. The aim of this work is to gather the progress made in the in situ/one-
pot synthesis of enzyme@MOF biocatalysts thanks to the advances in the knowledge 
of the synthesis system and the reaction medium. It seems reasonable to start with the 
development of synthesis methodologies of MOFs under “enzyme friendly” 
conditions. 
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3. Designing MOFs Synthesis Methodologies 
Compatible with One-Pot Enzyme Immobilization 
It is often noted that MOF materials offer a huge versatility in terms of (i) their 

composition (only limited by the periodic table and the known organic chemistry), 
(ii) their structures (thousands of different topologies are already known) or (iii) their 
organic functionalization (incorporated either through pre- or post-synthesis), with 
the wide range of applications for which these materials have been either reported or 
postulated [46,47]. Nevertheless, MOFs also possess other kind of versatility much 
less both explored and exploited: the variety in their synthesis procedures. 

The stability of enzymes is relatively low, particularly their tertiary structure 
which gives them their biocatalytic performance. Even limited changes in 
temperature or acidity, the presence of alien chemical species in the media or, of 
course, the use of a non-aqueous solvent, could lead to the inactivation of the 
enzymes. Therefore, one-pot immobilization of enzymes implies that the support 
must be capable of being formed in the presence of enzymes under conditions that do 
not alter their structure/activity. 

The challenge of preparing MOFs under such mild conditions is no small one. 
Fortunately, from the very beginning of MOF history, their preparation at room 
temperature has been described [48]. However, the lower quality of the resultant 
materials compared to their solvothermally-prepared homologues, [49,50] and the 
proliferation of other alternative methodologies to the solvothermal one [51] has left 
room-temperature approaches to be relegated for some time in the academic 
literature, despite the obvious sustainability benefits. In more recent times, the 
development of synthetic procedures capable of providing higher quality MOFs, 
[37,52–58] as well as the temporal proximity of the MOFs to be applied, rekindled 
certain interest in these more sustainable methods. 

Moreover, the materials obtained in this way, although isostructural and iso-
compositional to their solvothermal counterparts, possess different physicochemical 
properties to those of the conventional materials. Thus, it is well-known that MOFs 
formed by precipitation have more structural defects; indeed, simply being 
nanocrystalline may make the material more defective. Furthermore, the formation of 
nanocrystalline MOFs results in higher external surface areas and therefore higher 
possibilities of creating heterojunction composites [59]. Finally, the tendency of 
nanocrystalline MOF crystallites to be agglomerated, or rather aggregated, in 
consistent and robust micron-sized particles, leads them to generate permanent 
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intercrystalline mesoporosity with relatively uniform pore diameters [37,54]. 
Therefore, the so-generated MOF materials are not only much more 3E-sustainable 
(with 3E standing for economical, energetic, and environmental) but also their 
resultant properties are more adequate than those of their counterparts for certain 
applications such as in the direct use as catalysts and the effective immobilization of 
enzymes in biocomposite Enz@MOFs. 

Scheme 1 arranges the general conditions for preparing MOFs via conventional 
(solvothermal) methodology as well as the sustainable synthetic approaches of the 
MOFs addressed in this review. 

 

Scheme 1. Schematic representation of the different synthetic strategies (in green) 
for achieving the MOFs addressed in this work, starting from the conventional 
formation of a MOF (in red). The gray sphere represents the free volume within the 
MOF-5 cavity. 

In the cases of carboxylate-based MOFs, the acidic form used as the linker source 
can be deprotonated by a base [37,48–50,55–57], which is essential both to favor the 
dissolution of the linker and also to allow the direct reaction between the metal and 
the carboxylate groups. Although one could imagine that the use of a base (for 
instance, NaOH) moves the process away from being sustainable, its role as a 
deprotonating agent that neutralizes the acid form of the carboxylate-based organic 
linker, together with its stoichiometry in the synthesis mixture, makes sure that the 
base cannot be found in the final reaction media. Paradoxically, the use of this base 
converts this system into being more sustainable, as the corrosive acid by-products 
generated in the solvothermal crystallization of carboxylate MOFs such as HNO3, 

NaOH to deprotonate

Nanocrystalline
NH2-MIL-53(Al)

Nanocrystalline
MIL-53(Al)

Semiamorphous
Fe-BTC

STRATEGY 3

STRATEGY 1

Nanocrystalline
ZIF-8

as linker

Conventional SynthesisAcetate as 
metal source

STRATEGY 2

Nanocrystalline
HKUST-1

Nanocrystalline
Mg-MOF-74
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HCl or H2SO4 (depending on if the metal sources are nitrates, chlorides or sulfates, 
respectively) are substituted by the innocuous salts NaNO3, NaCl or Na2SO4 in this 
sustainable method [37]. This approach was used for the formation of the 
biocatalysts Enz@MIL-53(Al) (Section 4.1), Enz@NH2-MIL-53(Al) (Section 4.1) 
and Enz@Fe-BTC (Section 4.2). 

Alternatively, the use of carboxylates (particularly, acetates) as metal sources 
allows ion exchange reactions between the carboxylate-containing linkers and the 
acetates coordinated to the metals, to lead the formation of MOF without any 
additional energy input and without the addition of any chemical species as 
deprotonating agents or modulators [52,54,60,61]. This approach was used for the 
formation of the biocatalysts Enz@HKUST-1 (Section 4.3), Enz@Zn-MOF-74 
(Section 4.4). 

Similarly, the imidazolate-based ZIF-8 does not need any of these stimuli as the 
simple contact of metal and linker readily leads to the formation of the MOF material 
[53,62–66]. The ease of formation of ZIF-8 is promoted by the high solubility of the 
2-methylimidazole linker in water, allowing for spontaneous formation of ZIF-8 at 
room temperature. This approach has been used for the formation of a large number 
of Enz@ZIF-8 biocatalysts (Section 4.5). 

It must be noted that, unlike the syntheses outlined in Scheme 1, the synthesis of 
the in-situ biocatalysts Enz@MOF implies that the enzyme itself is present in the 
synthesis media of the MOF support. Therefore, it could potentially alter the 
chemistry of the synthesis media as well as the formation of the MOF, especially in 
situations whereby (i) there is significant interactions between the enzymes and the 
MOF [67,68] and (ii) the enzyme molecules contain carboxylate groups similar to 
those of some the above-mentioned linkers that form MOFs by bonding with metallic 
clusters. As a consequence, the presence of enzymes could change the formation 
kinetics, the appearance of impurities, the defects, the crystal size, the intercrystalline 
mesoporosity, etc., of the resultant MOF-based material. 

 

 

4. One-Pot MOF-Based Biocatalysts 
Scheme 2 shows a comparison between the one-pot and the post-synthesis 

procedure for enzyme immobilizations onto MOF-based supports, as well as the 
advantages and drawbacks of both methodologies. Although each enzyme@MOF 
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biocatalyst should be individually studied in detail, in general terms, the one-step 
methods offer greater advantages. 

 

Scheme 2. Schemes of the one-step in situ methodology (left), and the two-step or 
post-synthesis methodology (right) for the immobilization of enzymes onto MOF-
based supports prepared under mild conditions. This figure has been inspired by ref. 
[68]. Of course, the first step on the post-synthesis methodology, that is, the 
preparation of the enzyme-free MOF, could be carried out under conventional 
conditions, making this process potentially more laborious and damaging to the 
environment. 

One-pot enzyme immobilization has previously been described for a variety of 
MOFs, as indicated in Scheme 1. However, any given strategy (for instance, the 
deprotonation approach in Scheme 1) is dependent on the specific features of the 
MOF supports, such as the nature of the linker (carboxylates, imidazolates, etc.) and 
functionalization, their intrinsic intercrystalline mesoporosity, their crystallite size, 
the pH of their synthetic media, the nature of the metal, etc. These factors strongly 
influence the compatibility of the specific biocomposite, with subsequent effects on 
the enzyme catalytic activity, the affinity for enzymes, or the immobilization 
efficiency. For that reason, this section is divided into different Sections according to 
the type of MOF material used as support, starting from the carboxylate-based MOF 
and finishing with the imidazolate-based ZIFs, with ZIF-8 being the most widely 
used sustainable MOF support for enzymes. Table 2 summarizes the strategies, the 
MOF supports and the enzymes forming the biocomposite Enzyme@MOFs 
discussed in this review. 
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Table 2. Summary of the strategies, MOF supports, enzymes and biocomposite 
Enzyme@MOFs covered in this work. The number used for denoting the different 
strategies is in accordance with those used in Scheme 1. 

Strategy MOF Enzyme References 

1 Fe-BTC Laccase [39] 

  Lipase [12,39] 

  
Alcohol dehydrogenase (ADH) 

Glucose oxidase (GOx) 
[12,69] 
[12,70] 

  Peroxidase (POx) [70] 

1 NH2-MIL-53(Al) β-Glucosidase (β-Glu) [36] 

  Laccase [38] 

  Lipase [11] 

2 HKUST-1 Glucose oxidase (Gox) [71,72] 

  
Horseradish peroxidase (HRP) 

Laccase 
[71,72] 

[61] 

  Urease [72] 

2 Mg-MOF-74 β-Glucosidase (β-Glu) [36] 

3 ZIF-8 Alcohol oxidase (AOx) [73] 

  Carbonic anhydrase (CA) [74] 

  Catalase [34,43,75–78] 

  Cytochrome C (Cty C) [32,79] 

  Glucose oxidase (GOx) [72,78–80] 

  Horseradish peroxidase (HRP) [72,73,77,80,81] 

  Laccase [82,83] 

  Lipase [77,78,81,84,85] 

  
Lysozyme 

Pyrroloquinoline quinone 
Glucose dehydrogenase (PQQ-GDH) 

[81] 
[81] 

  Ribonuclease A [81] 

  Trypsin [81] 

  Urease [81] 

  β-Galactosidase [80,86,87] 

3 ZIF-90 Catalase [43,75,88] 

  Superoxide dismutase [89] 

3 Amorphous-ZIF Catalase [78] 

  Glucose oxidase (GOx) [78] 

  Lipase [78] 

3 ZIF-L Carbonic anhydrase (CA) [90] 

3a MAF-7 Catalase [43] 
a Needs a deprotonation agent. 
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4.1. MIL-53(Al) and NH2-MIL-53(Al) as a Tandem to Compare 
Post-Synthesis and in Situ Enzyme Immobilization 

MIL-53(Al) is one of the best-known flexible MOFs. Despite being formed of 
rigid linkers and relatively strong carboxylate-aluminum bonds, it possesses the 
ability to reversibly adopt different structures without the formation or breaking of a 
single bond, in response to external stimuli (temperature, pressure, hydration, etc.) 
[91]. The room-temperature synthesis of X-MIL-53(Al) materials (X = none, –NH2, 
–NO2) in water has only been described when assisted by a base, either inorganic 
(NaOH or NH4OH, which are strong and medium strength bases, respectively) or 
organic (such as triethylamine) [36,37]. 

Despite both MIL-53(Al) and NH2-MIL-53(Al) being successfully prepared 
under the same conditions, there are differences in the kinetics of their formation and 
in their intercrystalline mesoporosity [37], which is believed to be essential to 
effectively trap enzymes in the resultant biocatalysts. Moreover, the intrinsic 
tendency of being formed by this sustainable methodology is also different. MIL-
53(Al) needs synthesis times as long as four days to complete its crystallization, 
whereas NH2-MIL-53(Al) scarcely needs a few min/h [11,37,38]. Presumably, the 
difference in kinetics, which is due to the different solubility of terephthalic acid and 
2-aminoterephthalic acid, could also lead to the difference in crystal size and also in 
intercrystalline mesoporosity, with pore size distributions centered at 35 and 5 nm, 
respectively. The mesopores of MIL-53(Al) are in fact too large for an effective 
confinement of enzymes (whose globular diameter is usually within the range of 3–
10 nm) by the post-synthesis methodology (Figure 1) and, in addition, the absence of 
NH2-groups entails a serious disadvantage in the immobilization of enzymes like 
laccase versus its counterpart NH2-MIL-53(Al) [36]. 

The XRD patterns of Figure 1 make clear the influence of enzymatic extract on 
the chemistry of NH2-MIL-53(Al). Whereas this MOF is purely and quickly formed 
either in the absence of any enzyme [37] or in the presence of different laccase 
extracts [11,38], the beta-glucosidase extract retards considerably the formation of 
the MOF, which does not become completely pure (with terephthalic acid also 
present) even after 48 h. Three more important conclusions can be extracted from 
Figure 1: (i) the nature of the deprotonating agent (NaOH, NH4OH or triethylamine 
(TEA)) influences both the NH2-MIL-53(Al)/H2BDC phase ratios and the activity of 
the resultant beta-glucosidase@NH2-MIL-53(Al) (specific activity per mg of enzyme 
is much lower for samples prepared with NaOH as the deprotonating agent); (ii) 
enzyme β-glucosidase is retained on the MOF phase and not on the H2BDC phase; all 
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enzyme was retained even in samples with relatively poorly crystalline NH2-MIL-
53(Al) (see samples NaOH-24 h); and (iii) the in situ methodology surpasses the 
post-synthesis methodology in key aspects such as the effectiveness of enzyme 
immobilization, catalytic activity, and in minimizing the enzyme leaching. 

 
Figure 1. Enzyme immobilization (as a percentage) and catalytic activity (in activity 
units per g of biocatalyst in the hydrolysis of para-nitrophenyl-β-D-glucopyranoside) 
for biocatalysts prepared by immobilizing the enzyme beta-glucosidase (β-Glu) on 
NH2-MIL-53(Al) (and on MIL-53(Al) for a particular case) via post-synthetic and in situ 
methodologies. The XRD patterns of the in situ prepared biocatalysts β-Glu@NH2-
MIL-53(Al) using different deprotonating agents (NaOH, TEA and NH4OH) are shown 
(on the bottom left); both asterisks mark the two sharp and intense peaks attributed 
to H2BDC. Kinetics of enzyme leaching for the biocatalysts prepared through post-
synthesis (β-Glu#NH2-MIL-53(Al), purple) and in situ (β-Glu@NH2-MIL-53(Al)-NaOH-
24, red) methodologies are also plotted (on the right). Data extracted from [36]. 

Figure 2 a,b show the effect of both the pH and the temperature of the reaction 
medium on the catalytic activity of the biocatalyst laccase@NH2-MIL-53 with 
respect to the free enzyme. Remarkably, the immobilized laccase is systematically 
more active (at any pH or T) than the free laccase and, at the same time, its activity is 
less sensitive to the change in reaction conditions. In other words, the MOF-based 
support not only encourages greater activity for the enzyme laccase, but also 
stabilizes it. Such stabilization is also clear from Figure 2c, which shows the kinetics 
of the catalytic activity at 60 °C. 
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Figure 2. Catalytic activity of free laccase (red) and laccase@NH2-MIL-53(Al) (blue) in 
the oxidation of ABTS at different pHs (a), at different temperatures (b); thermal 
stabilities of free and immobilized laccase at 60 °C (c) and storage stability of 
immobilized laccase (d). Reproduced from [38] with permission from the Centre 
National de la Recherche Scientifique (CNRS) and the Royal Society of Chemistry. 

In summary, although there are only a few studies on enzyme immobilization in 
(NH2)-MIL-53(Al), these provide decisive conclusions for a better understanding of 
the one-pot enzyme@MOF systems: (i) beyond the sustainability of the prepared 
biocatalyst, the benefits of the in situ methodology generally outweigh their 
drawbacks; (ii) in the in situ methodology, enzymes are selectively immobilized on 
their own MOF and not on other related impurities like the protonated linker 
(terephthalic acid); (iii) enzymatic extracts, far from being mere spectators, modifies 
the chemistry of the synthetic media and therefore the properties of the resultant 
enzyme-MOF biocomposites; and (iv) the support NH2-MIL-53(Al) provides thermal 
and temporal stability to the immobilized enzyme (at least for laccase), which 
maintains or even slightly surpasses the activity given by the free-enzyme 
counterpart. 
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4.2. Semiamorphous Fe-BTC 

Although MOFs are quite often defined as crystalline materials, they can also be 
amorphous or semiamorphous, according to IUPAC [92]. Indeed, semiamorphous 
Fe-BTC, commercialized as Basolite F300, is one of the most widely tested as direct 
heterogeneous catalysts even before its direct synthesis was described [93]. This 
material is of unknown structure due to its semiamorphous nature but it is well 
known that it is highly related to MIL-100(Fe), as both have the same metal, the 
same linker, similar thermal stability and one of their mesocavities in common 
[56,57,94,95]. Moreover, it is presumed that the semiamorphous character of the 
former, as well as the precipitation methodology used for its preparation, gives this 
material a higher amount of defects than MIL-100(Fe), which could have a key role 
in the immobilization of enzymes. 

Among the known MOFs, use of semiamorphous Fe-BTC as a protein support 
has been relatively prolific [1,12,39,70,81]. As the in situ methodology is not 
sensitive to the size of the support pores, nor does the size of the enzyme limit the 
preparation of an active biocatalyst, this approach has been extended to a vast range 
of enzymes with different molecular weights [12,39], including laccase (LAC), lipase 
(LIP), alcohol dehydrogenase, e (ADH), glucose oxidase (GOx) and halophilic 
HvADH2, among others. As a particular example, the resultant activity of the CALB 
Lipase@Fe-BTC biocatalyst was retained up to 97 % with respect to the free enzyme 
[39]. In particular, this Fe-BTC enzyme support improves upon the benefits given by 
some other MOF-based supports such as, NH2-MIL-53(Al) [11,36]. 

The formation of Fe-BTC is very rapid (in less than 10 min), it can be 
synthesized under mild conditions (in water solution, moderate pH and at room 
temperature) and with close to total encapsulation of the enzyme available in the 
reaction media [12,39]. 

Unlike the immobilization of GOx and LIP, the immobilized ADH from 
Saccharomyces cerevisiae retained only 6% of the activity in comparison with the 
free enzyme present initially in the solution. Since this enzyme requires the addition 
of the bulky cofactor NAD+, with consequent diffusion restrictions, co-
immobilization of the cofactor and ADH demonstrated an enhanced performance in 
both reusability and catalytic activity [12]. 

Other reports describes the in situ immobilization of the halophilic HvADH2 in 
the Fe-BTC MOF [69]. Enzyme specificity, stability and tolerance to organic 
solvents were systematically studied. With this in situ approach, unlike other 
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immobilization methods, the biocatalyst resulted in increased stability over a wider 
range of pH and temperature with retention of activity upon reuse of up to 4 cycles 
[69]. Electrostatic interactions between the halophilic enzyme and the Fe-BTC MOF 
might explain the enhancement in activity and decrease in halophilicity of the 
immobilized enzyme. The catalytic activity of the immobilized enzyme was studied 
in solvent mixtures with the highest retention of activity in methanol and acetonitrile. 
This approach demonstrates that this immobilization method can be extended to 
hyperhalophilic enzymes with enhancements in activity and stability. 

 

Figure 3. Relative catalytic activity during 5 reaction cycles with the biocatalysts 
prepared in one step, formed by the semicrystalline Fe-BTC material as a support and 
the enzymes glucose oxidase@GOx (blue), lipase@Lip (red), or alcohol 
dehydrogenase@ADH (green) as the active species. The catalytic activity was 
measured for an optimized reaction for each enzyme for enzymatic activity assays) 
and is compared to the catalytic activity of each biocatalyst in its first reaction cycle, 
which was taken to be 100 %. Reproduced with permission from [12].Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA.. 

The process used to immobilize enzymes in the Fe-BTC MOF material [12] can 
be extended under different operating conditions to a broad range of enzymes, 
improving their properties. The interactions between the material and the enzyme 
provide a favorable microenvironment, broadening the operational conditions. 
Encapsulation of the enzyme resulted in an increase of optimal work temperature 
(i.e., from 50 °C to 60 °C), a broader range of working pH, a decrease in the 
requirement for high concentrations of salt, good storage stability and retention of 
activity in organic media such as Dimethyl sulfoxide (DMSO) and acetonitrile which 
is not achievable with the free enzyme. Fe-BTC provides enough stability to retain 
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the enzyme activity and biocatalyst performance (i.e., See Figure 3, the relative 
catalytic activity of GOx, LIP and ADH is maintained during 5 reaction cycles). 
Future work could be devoted to testing the performance of other enzymes integrated 
in a cascade system [70] or even other classes of macromolecules [96,97] and to 
verify the feasibility of a continuous processes by using a continuous fixed-bed 
reactor or on larger-scale production. 

 

4.3. HKUST-1 

HKUST-1 (Cu-BTC) was one of the first reported MOFs [98] and its preparation 
at room temperature has been widely studied. It can be prepared under mild 
conditions and has been also used for in situ immobilization of enzymes. Unlike Fe-
BTC, Cu-BTC is perfectly crystalline [99]. This material forms face centered-cubic 
crystals that contain an intersecting 3D system of large square-shaped pores (9 x 9 
Å), which are of insufficient size to harbor enzymes. 

However, HKUST-1, which can be prepared with many different morphologies, 
can form layers where enzymes can be entrapped. For example, very recently Zhang 
et al. [61] achieved enhanced activity and improved stabilization of laccase into the 
layer formed by HKUST-1 through a biomimetic mineralization process. The authors 
propose that there is a coordination between the amide groups in the laccase surface 
and the copper ion which act as nucleation points to start the biomineralization 
process. The procedure to obtain the laccase@HKUST-1 composites takes place in 
aqueous media and mild conditions, by mixing cupric acetate monohydrate solution, 
that also contains laccase, with BTC solution in an acetate buffer, at 30 °C. Similarly, 
Chen et al. [72] developed a rapid method for encapsulation of proteins via a 
biomimetic strategy using ZIF-8 as a support, although this versatile methodology 
can be extended to other MOFs, including HKUST-1. Chen et al. [71] prepared a 
magnetic HKUST-1 metal organic framework, also under mild conditions, by 
alternating layers of the MOF and the magnetic Fe3O4 nanoparticles. The enzymes 
were either encapsulated into the HKUST-1 inner layers, or immobilized at the 
HKUST-1 outer shell, or randomly distributed within the two MOF layers. 
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4.4. Mg-MOF-74 Prepared in Non-Aqueous Systems 

Amongst all MOF families, the MOF-74 family is known to be one of the most 
versatile in their composition [100–102] but also in their preparation. Thus, the wide 
temperature range (between −78 and 120 °C) and the variety in possible solvents (at 
least, five have been described) in the synthesis of MOF-74 is unknown for any other 
MOF. In addition, the preparation of the MOF-74 materials, starting from metal 
acetates as metal precursors, in either methanol [103] or in DMF (N,N-
dimethylformamide) [54] as solvents, and at room temperature generates the MOF 
materials with the smallest crystallites / domains ever reported. These nanosized 
MOF-74 crystallites possesses intercrystalline mesopores of quite uniform diameter 
and external surface area as high as the microporous area [54]. 

These exceptional properties for enzyme supports encouraged us to test the 
performance of this MOF-74 material in the one-pot immobilization of the enzyme 
beta-glucosidase, in spite of this synthesis being carried out in a solvent as 
enzymatically and environmentally-unfriendly as DMF (Figure 4) [54]. 

 

Figure 4. XRD patterns, enzyme immobilization (in percentage), catalytic activity (in 
activity units per g of biocatalyst in the hydrolysis of para-nitrophenyl-β-D-
glucopyranoside) and PSD curves of the biocatalysts prepared by in situ 
immobilization of the enzyme β-glucosidase (β-Glu) on Mg-MOF-74 in DMF after 1 or 
24 h. The activity of the free enzyme in contact with DMF and the maximum of the 
PSD peaks are indicated. Data extracted from ref. [36]. 

The XRD patterns of the biocatalysts β-Glu@Mg-MOF-74 show that, unlike in 
the NH2-MIL-53(Al) system, this enzyme does not change the crystallized phases, 
although the low intensity and resolution of the diffractograms of the samples 
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containing enzyme indicate the active role of beta-glucosidase in the formation of the 
MOF. Indeed, the enzyme, which is bigger than the intrinsic average intercrystalline 
mesoporosity (5 nm), enlarges the pore size distribution of the mesoporous channels 
(up to 7.2 nm), strongly suggesting that the enzyme molecules, unlike what happens 
in the biomimetic pathway, are found in the intercrystalline mesopores. 

This study is also unique due to the enzyme immobilization being carried out in 
DMF rather than aqueous solution. It must be noted that the free beta-glucosidase 
becomes immediately inactive as soon as it comes into contact with the solvent 
DMF. However, the Mg-MOF-74 support is able to stabilize the enzyme in this 
hostile synthetic medium, as the biocatalyst β-Glu@Mg-MOF-74 continues being 
active after 24 h submerged in DMF (Figure 4) [36]. It is evident that Mg-MOF-74 
not only supports the enzyme, but also contributes to keeping the stability of the 
enzyme against adverse external stimuli. 

 

4.5. ZIFs, the Most Widely Studied MOFs as a One-Pot Support 
for Biocomposites 

All the MOF materials discussed so far are carboxylate-based MOFs (Table 1). 
By contrast, zeolitic imidazole frameworks (ZIFs) [104] form a vast family of MOF 
materials differentiated from carboxylate-based MOFs in some key properties: (i) the 
metal node is just a metallic ion (normally the divalent ions Zn2+ or Co2+) and not a 
metal cluster; (ii) the linker is based on 5-atom aromatic rings with at least 2 nitrogen 
atoms (imidazolates, triazolates or tetrazolates); (iii) the angle formed between two 
consecutives metals separated by the linker (which is quite close to 145 °, practically 
equal to the average T–O–T angle found in zeolites) means that they have zeolitic-
like topologies, although some structures described for ZIFs do not have a known 
zeolitic homologue so far. 

Like the carboxylate-based MOFs, all ZIFs can be synthesized using 
solvothermal methods [104]. However, they can be also prepared by environmentally 
friendly approaches (Scheme 1). Indeed, ZIF-8 is by far the most studied MOF for 
one-pot enzyme immobilization taking advantage of the fact that it can be 
synthesized using biocompatible conditions that appear to be well tolerated by 
several enzymes (Table 1) [1]. Unlike the aromatic linkers containing carboxylates, 
particularly terephthalic acid, the corresponding acid form of the ZIF linkers are quite 
soluble in water, which, combined with the fact that a metal cluster does not need to 
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be formed, greatly facilitates the spontaneous formation of the ZIF in aqueous solution 
by simply mixing linker and metal precursor. 

The first approaches in the preparation of a MOF-supported biocatalyst using 
ZIFs employed a coprecipitation method in which the enzymes were introduced into 
a solution containing the ZIF precursors with a capping agent (i.e., 
polyvinylpyrrolidone, PVP), in order to form a double layer to protect enzyme 
activity [32,74,75]. Meanwhile, another approach, called ‘biomimetic 
mineralization’, was carried out in the absence of capping agents. In this 
methodology, the biomacromolecule (enzyme in this case) induces the growth of the 
MOF in water, in such a way that the macromolecule ends up embedded inside a 
MOF crystal [34,76,81,105,106]. Liang et al. assessed the relative efficacy of each 
approach by comparing the thermal stability of encapsulated urease (Figure 5) [107]. 
They determined that both approaches exhibited comparable encapsulation 
efficiencies suggesting that, in aqueous solutions, PVP does not play a role in 
enhancing biomacromolecule loading and stability. 

 

Figure 5. (A) Urease@ZIF-8 prepared with (top) and without (down) PVP as an 
additive. (B) Initial activity at different reaction temperatures. (C) SEM image of 
urease@ZIF-8 prepared with (C-a) and without (C-b) PVP as an additive. Adapted 
with permission from [107]. Copyright 2016 Royal Society of Chemistry. 

The role of proteins in the material formation process has been the subject of 
controversy. Some authors reported a biomimetic mineralization approach that 
utilizes biomacromolecules (proteins) as crystallization and directing agents for 
controlling crystal morphology of ZIF-8 [77,79,81,106]. However, Cui et al. 
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demonstrated that the crystal morphology of ZIFs is primarily dependent on the 
concentrations of 2-methylimidazole and Zn2+ ions instead of the biomacromolecules 
(proteins) [76], as other authors had confirmed [81,106]. Other works suggest that 
the Zn2+:linker:enzyme ratios and the total precursor concentration are important 
parameters that determine the phase and the morphology of the obtained 
enzyme@ZIF composite [73,78,90,108,109]. Although the relationship between the 
ZIF phase and its ability to protect the activity of the encapsulated enzyme has not 
been demonstrated, it is likely that the different physicochemical properties of each 
phase determine the properties of the biocomposite. Thus, a fast crystallization 
process favors high catalytic activity retention [110] and leads to particles of smaller 
size. For example, in the lipase from Candida antarctica B immobilized in ZIF-8 
(CaLB@ZIF-8), the small particles are afforded at low Zn:linker ratios and indeed 
keep higher catalytic activity [85]. Furthermore, the glucose oxidase (GOx) enzyme 
encapsulated in amorphous ZIF was 20 times more active than that encapsulated in 
crystalline ZIF-8 [78]. 

 
Figure 6. (A) MOFs with varying degrees of hydrophobicity on catalase immobilization 
on MAF-7, ZIF-90, and ZIF-8 by post synthesis or one-pot methods. (B) Activity data 
for catalase immobilization on MAF-7, ZIF-90, and ZIF-8 by post synthesis or one-pot 
methods compared with the free enzyme. (C) Activity of biocatalysts after thermal 
treatment, in the presence of chaotropic agent (urea), in the presence of proteolytic 
agent (4 mg mL-1 protease, 2 h), or after exposure to organic solvent (DMSO or 
tetrahydrofuran (THF), 2 h). Figure adapted with permission from [43]. Copyright 
2019 American Chemical Society. 
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It is known that some enzymes have good affinity for hydrophobic surfaces [111]. 
Therefore, adsorption of enzymes onto these surfaces can cause changes in their 
three-dimensional structure that result in the loss of activity. Liang et al. studied the 
influence of the hydrophobicity of different ZIFs on catalase activity (Figure 6) [43]. 
They prepared catalase@ZIF composites by varying the organic linker: hydrophobic 
ZIF-8 (linker: 2-methylimidazolate), hydrophilic MAF-7 (linker: 3-methyl-1,2,4-
triazolate), and ZIF-90 (linker: 2 -imidazolate carboxaldehyde). It was found that the 
activity of the enzyme encapsulated in the more hydrophilic MAF-7 retained higher 
activity than in the more hydrophobic compound ZIF-8. Furthermore, the ability to 
protect the enzyme from hostile conditions was enhanced for the more hydrophilic 
matrixes. 

 

 

5. Conclusions 
Sustainability is undoubtedly the main challenge for current advances in chemical 

processes. Enzymatic catalysis fulfils most requirements of green chemistry 
regarding reaction conditions, but the necessity of working with immobilized 
enzymes as a result of the lability and solubility of these proteins threatens to become 
a new source of environmentally unfriendly processes. Therefore, the development of 
sustainable methods for the immobilization of enzyme has gained significant 
attention and some of these methods are reviewed herein. The advantages of the use 
of MOFs for in situ enzyme immobilization (low cost, leaching prevention of the 
entrapped enzyme, and sufficient substrate and product diffusion) can be exploited, 
but the sustainable synthesis of these biocatalysts is not without challenges. Some 
MOFs, like ZIF-8 and HKUST-1, do not require harsh conditions in their preparation 
and therefore their synthesis in the presence of enzymes produces one-step 
biocatalysts in non-polluting conditions. In other cases, like Fe-BTC or NH2-MIL-
53(Al), modification of their respective synthetic procedures may be required in 
order for synthesis to occur in the presence of enzymes. These new conditions are 
based on the preservation of catalytic activity of the enzymes under sustainable 
conditions, namely aqueous medium, mild pH, and room temperature. A summary of 
the field is offered here showing how these systems may offer catalytic activity 
preservation and/or enzyme stabilization depending also on secondary factors such as 
the kind of interaction between the enzyme and the organic linker. This revision is 
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meant as a starting point to the further studies of mild-condition synthesis of new 
Enzyme@MOF catalysts. 

With the potential for in situ immobilization in/on MOFs being presented in this 
manuscript, some issues about future perspectives of these materials and their 
applications can now be reflected and advised upon. First of all, it is expected that the 
evolution to an increasingly sustainable world, particularly in chemical processes, 
will make these methodologies progressively gain ground in the general context of 
the immobilization of enzymes and MOFs. Secondly, it is worth noting that both the 
particular MOF support and its synthetic conditions must be optimized according to 
the nature of the immobilized enzyme, and the intended use of the resultant 
biocomposite; aspects as relevant as toxicity of metals and linkers, synthetic pH, the 
nature of deprotonating agents (if any), and the role of the enzyme (biomimetic, 
intercrystalline mesopore swelling, etc.) could decisively determine the scope of the 
enzyme@MOF application. Thirdly, the wider scientific community should take 
advantage of the well-known catalytic potential of MOFs to lead one-pot 
biocomposite enzyme@MOFs to where MOFs are not mere supports but become 
active participants that favor chain reactions, provide synergistic effects with the 
enzymes, or encourage shape selectivity (before, after or during the enzymatic 
reaction) for further performance. Finally, increasingly powerful computational 
calculations and characterization techniques should lead to a more exhaustive 
knowledge of the exact location of the enzymes (inter or intracrystalline) and of the 
interactions (even at the atomic level) at play in the MOF support, as well as its 
influence on the catalytic activity of the resulting MOF leading to an acceleration of 
development in this field. 
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