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A B S T R A C T   

Graphite supported zero-valent iron-copper bimetallic catalysts (ZVI-Cu/C) were successfully prepared from mill 
scale (MS) waste and spent lithium-ion battery (LIB) anode using carbothermic reduction as a new approach for 
the recycling and revalorization of these waste. Cu and graphite were obtained from the LIB anodes, while ZVI 
was provided by MS waste. ZVI-Cu/C were synthesized with different MS to LIB anode powers mass ratios (1 to 
4) and used as catalysts for the degradation of 4-chlorophenol (4-CP) in water by both reduction and hetero-
geneous Fenton reactions. ZVI-Cu/C-2 showed the highest removal percentage of 4-CP in both reactions. The 
degradation rates fitted well to a pseudo first-order model for both reactions. Moreover, ZVI-Cu/C-2 catalyst 
showed a relatively low lixiviation of iron and copper ions and a high activity in the 4-CP removal even in the 
fourth reuse cycle, which supports the high stability of the synthesized catalyst. Hydroquinone and 4-chloroca-
techol were identified as the main intermediate by-products of 4-CP degradation. The results of this study 
support the possibility of synthesizing high active and stable ZVI-Cu/C catalysts using graphite and copper from 
spent LIB anode and iron oxide from MS waste. These catalysts show promising prospective for the removal of 4- 
CP in water, with comparable activities to others previously reported. This study reports, for the first time, the 
combined recycling of MS waste and spent LIB anodes to synthesize ZVI-Cu/C catalysts for water treatment by 
both oxidation and reduction reactions.   

1. Introduction 

Lithium-ion batteries (LIBs) have been rapidly developed and widely 
used since early 1990s in portable electronic products, medical in-
struments, military facilities, electric energy storage systems and electric 
vehicles. They possess advantages in terms of high specific energy, sta-
ble discharge voltage, small self-discharge, long service life and no 
memory effect [1]. In 2020, 500,000 tons of spent LIBs were generated 
in China, and it is estimated that the number of spent LIBs worldwide, 
from 2017 to 2030, will exceed 11 million tons [2]. The data of the U.S. 
Geological Survey shows that at most only 20% of those spent LIBs are 
recycled [3], while the report of the International Resources Panel 
shows that the recycled LIBs in the world are less than 1% [4]. Leakage 
of cobalt, nickel and other heavy metals, and release of lithium hydrate, 

from these spent LIBs, can pollute water resources [5,6]. In addition, 
China, which produces more than 50% of the world’s LIBs, will face a 
serious shortage of raw materials due to the rapid growth of their de-
mand and the almost constant annual mining amount [7]. However, 
spent LIBs contain valuable materials including metals like lithium, 
cobalt and aluminum in the cathodes, as well as copper and graphite in 
the anodes. Therefore, effective recycling of spent LIBs can not only 
resolve their serious environmental problems of spent LIBs, but also 
avoid the waste of valuable and scarce resources. Nowadays, the 
research on spent LIBs recycling mainly focuses on the separation and 
purification of metals using pyrometallurgy and hydrometallurgy tech-
nologies [5,8]. Meanwhile, a few references reported interesting at-
tempts on the employment of parts of spent LIBs to make materials for 
the elimination of contaminants. Niu et al. [9] synthesized a Li–Cl–Co 
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anion–cation, from one-pot sintering at 530 ◦C of LiCoO2 cathode, 
melamine and NH4Cl, aimed to regulate the π-conjugated structure of g- 
C3N4 and to enhance its photocatalytic activity for photodegradation of 
rhodamine B in water. Liang et al. [10] synthesized magnetic CoFe2O4 
from spent LiCoO2 cathodes to activate peroxymonosulfate (PMS) for 
bisphenol A degradation in water. Similarly, Zhao et al. [11] reutilized 
LiCoO2 cathode as a heterogeneous catalyst to remove antibiotics in 
wastewater via PMS activation. Zhang et al. [12] reused spent LIB 
cathodes as adsorbents for removal of aqueous heavy metals. Krish-
nasamy et al. [13] recycled graphite from the anode to convert elec-
tromagnetic energy into heat energy for soil remediation. These papers 
showed promising ways of transforming spent LIBs to functional mate-
rials for environmental applications. However, the simultaneous recy-
cling of graphite and copper in the anodes has not been studied. 

In addition, mill scale (MS), which is constituted mainly by iron 
oxides, is a hazardous steel waste generated in rolling mills from the 
intensive steel industry [14]. Around 40–60 kg of MS is generated per 
each steel ton [15]. According to the data from the Ministry of Industry 
and Information Technology of China, the steel production reached 
1.325 billion tons in 2020, which underlines the great importance of 
recycling a so huge amount of MS waste. Bantsis et al. [16] used four 
kinds of Greek woods to mix with MS and obtained porous iron oxide 
ceramics that can be used for electromagnetic interference protection. 
Shahid et al. [17] pretreated and filtered MS with sulfuric acid, then 
added the remaining solids to sodium hydroxide to obtain magnetite for 
arsenic removal in water. Liu et al. [18] mixed MS with manganese ore 
and obtained iron manganese with a purity of 97.5% through sintering, 
grinding and magnetic separation. Jikar and Dhokey [19] pre-oxidized 
MS at 1100 ◦C, and reduced it with an hydrogen/nitrogen mixture to 
obtain iron powder. All these studies confirm the significance of the 
searching for alternatives for the recycling/reuse of MS waste. One of 
these alternatives is its use as precursor for iron-based high value 
products, such as zero valent iron (ZVI), which has shown a wide 
perspective in the removal of pollutants in water because of its high 
activity in the presence and absence of oxygen [20]. However, the iron 
(hydrogen) oxide passivation layer, generated by the reaction of ZVI 
with water on its surface, reduces the availability of active sites and 
hinders the electron transfer, thus reducing its reactivity [21]. The 
addition of small quantities of other metals, like copper, to ZVI, and 
using carbon materials as support can further improve its activity 
[22,23]. MS has a high iron content, a stable chemical composition, and 
a low percentage of impurities [24], making it an excellent and 
economical precursor for ZVI production. In addition, the higher 
ordering degree of graphite results in a better electrical conductivity 
than disordered activated carbons, and consequently it can be used as 
support to further improve the electron transport capacity and reactivity 
of the supported ZVI [25,26]. In our previous study [27], graphite 
loaded ZVI, synthesized through carbothermal reduction reaction of MS 
and graphite from spent LIB anodes, showed a promising behavior in the 
ibuprofen removal in water, with a good recycling ability and a very 
high stability under the reaction conditions with small amount of iron 
loss by lixiviation. 

In this study, MS and ball milled spent LIB anodes are recycled to 
prepare graphite supported ZVI-Cu bimetallic (ZVI-Cu/C) catalysts. The 
effect of ball milling to the copper content in various particle sizes is 
studied to determine the optimal recycling strategy of the copper in 
spent LIB anodes. 4-chlorophenol (4-CP), a common toxic and refractory 
compound, was used as model pollutant to test the activity of ZVI-Cu/C 
catalysts in water both for reduction and heterogeneous Fenton re-
actions. Comparison of the 4-CP removal results of this study and the 
ones reported using reduction, photocatalytic degradation, biological 
elimination and heterogeneous Fenton processes were also made to 
discuss the application potential of these techniques [28–41]. To the 
best of our knowledge, this is the first study that recycles both LIB an-
odes and MS waste to synthesize ZVI-Cu/C catalysts through a single 
carboreduction step. These catalysts show significant activities in 

reduction and oxidation reactions of 4-CP degradation, besides to a high 
stability. 

2. Materials and methods 

2.1. Chemicals and materials 

Hydrogen peroxide (H2O2, 30%) and 4-CP (>99%) were obtained 
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sun-
woda (Shenzhen, China) 3349C1D spent LIBs were firstly discharged in 
NaCl solution (20 g/L) for 24 h and then manually dismantled to obtain 
their anodes. The anodes were cut into 1 × 1 cm fragments, mixed with 
the steel balls (5 mm in size) and fed into the Changsha Deke (Changsha, 
China) PBM-V-0.4L ball mill for 6 h at a speed of 600 rpm and with a ball 
to material ratio increasing from 80:1 to 100:1. The anode particles 
smaller than 0.15 mm were further used to synthesize ZVI-Cu/C com-
posites, while the larger particles can be used to recycle the copper 
because of its higher content in this metal. MS was obtained from 
Baosteel (Shanghai, China), and the particles with size lower than 0.18 
mm were used to prepare the catalysts. 

2.2. Synthesis of ZVI-Cu/C catalysts 

Spent LIB anode powders (0.5 g) with sizes smaller than 0.15 mm 
were physically mixed with 0.5, 1.0, 1.5 and 2.0 g of MS to synthesize 
ZVI-Cu/C-1, ZVI-Cu/C-2, ZVI-Cu/C-3 and ZVI-Cu/C-4, respectively, 
being the last number the mass ratio between the MS and the LIB anode 
powders. These mixtures were heated for 2 h at 1000 ◦C under N2 at-
mosphere (120 cm3⋅min− 1) in a Zhonghuan (Tianjin, China) SK- 
G06123K tubular furnace in ceramic crucibles. During the synthesis, 
the iron oxides in MS were reduced to ZVI through the carbothermic 
reactions showed in Eqs. (1)–(3) [27]. After this heating, the catalysts 
were characterized without additional treatments and tested as catalysts 
for water treatment.  

3C + Fe2O3 → 3CO↑+2Fe                                                               (1)  

3C + 2 Fe2O3 → 3CO2↑+2Fe                                                           (2)  

3CO + Fe2O3 → 3CO2↑+2Fe                                                            (3)  

2.3. Characterization 

The crystalline structure of all samples was characterized by X-ray 
diffraction (XRD) using a BRUKER AXS GMBH D8 diffractometer. The 
diffraction patterns were registered from 10◦ to 90◦ of 2θ in steps of 
0.02◦ and 2 s counting time per step. The surface morphology was 
observed by Scanning Probe Microscope (SPM) and Transmission Elec-
tron Microscopy (TEM) using a Shimadzu SPM-9600 microscope and a 
JEOL JEM-1400 microscope (operated at the accelerating voltage of 
120 kV), respectively. The elemental compositions were analyzed using 
EDAX TEAM Apollo Energy Dispersive Spectroscopy (EDS). The surface 
elements of ZVI-Cu/C were measured by the Kratos Axis Ultra DLD X-ray 
photoelectron (XPS) spectrometer that employs a monochromatic Al Kα 
X-ray source (hυ = 1486.6 eV). To analyze the XPS signal of elements, 
C1s peak position was fixed at 284.5 eV and used as internal reference. 
Peak deconvolution was performed using Gaussian–Lorentzian peak 
shapes using the least-squares method. Textural analyses of materials 
were analyzed by N2 adsorption–desorption at − 196 ◦C using a Micro-
meritics TriStar 123 static volumetric system. The samples were previ-
ously outgassed under vacuum at 150 ◦C for 2 h, and the specific surface 
area was estimated by the Brunauer–Emmett–Teller (BET) method. The 
content of metals in the aqueous solutions after reaction was quantified 
using a Thermo Fisher Scientific ICE3000 atomic absorption spectrom-
eter (AAS). 
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Fig.1. (a) Photograph and (b) SEM images of spent LIB anode and (c) SEM-EDS results of spent LIB anode after ball milling.  
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2.4. Degradation of 4-CP in water with ZVI-Cu/C composites 

Degradation tests were all carried out in 250 mL flasks at 20 ◦C on a 
table concentrator (150 rpm) containing 100 mL of 4-CP solution (10 
mg⋅L-1) and a concentration of ZVI-Cu/C of 0.2 g⋅L-1. For the heteroge-
neous Fenton tests (oxidation reaction), the H2O2 concentration was 
fixed at 0.5 mM, and the pH of the solution was adjusted at 3 with 0.1 M 
HCl solution. For the reduction tests, the pH of the solution was also 
adjusted to 3 with 0.1 M HCl solution but no H2O2 was added. At given 
time intervals, 2 mL of the solution were collected and analyzed by 
Liquid Chromatography (LC) with a Shimadzu LC-20 apparatus to 
determine the concentrations of 4-CP. The XBridgeC18 reversed phase 
column (4.6 mm × 250 mm × 5 μm), the UV–visible detector at the 
wavelength of 280 nm, the mobile phase of methanol and water (Vme-

thanol: Vwater = 6:4) at the flow rate of 1 mL⋅min− 1, and the column 
temperature of 30 ◦C, and a injection volume of 20 μL were used. Gas 
chromatography-mass spectrometry (GC–MS; Agilent 8890-5977B) was 
used to quantify the concentrations of the reaction by-products formed 
during the 4-CP degradation processes, following the methods of USEPA 
3510C-1996 and USEPA 8270E-2018. We have analyzed the catalyst 
stability in oxidation reaction. After each 4-CP removal cycle, the used 
ZVI-Cu/C catalysts were recovered and washed with deionized water 3 
times, vacuum dried for 6 h, and reused in another cycle, adding 0.5 mM 
H2O2 and setting the pH to 3 in each cycle. All the experiments detailed 
above were performed by triplicate and the average values are reported. 

3. Results and discussion 

3.1. Sieve analysis of spent LIB anode after ball milling 

A photograph and SEM images of spent LIB anodes before ball 
milling are shown in Fig. 1a and b, respectively. The spent LIB anode is 
made up of an inner copper foil covered with smooth surface graphite on 
both sides. The SEM-EDS and XRD results of spent LIB anodes after ball 
milling are depicted in Fig. 1c and Fig. 2a, respectively. The copper foil 
and graphite layer in the spent LIB anode were destroyed during the 
milling. Mixed copper and graphite particles were obtained. This is 
confirmed the XRD pattern of the spent LIB powders and the EDS results, 
which show the presence of copper and carbon (this latter, from the 
graphite content) more or less homogeneously distributed. 

Table 1 shows the size distributions of spent LIB anode powders after 
ball milling. As the mass ratio of ball to material in the milling processes 
increased from 80:1 to 100:1, the particles with sizes lower than 0.15 
mm were gradually enriched, accounting for about 65–80% of the total. 
Moreover, the biggest particles (>0.25 mm) have a 41.8% of copper, 
which is much higher than the corresponding 7.7% for the non-milled 
spent LIB anode. This indicates that, after milling, the biggest particles 
suffer a copper enrichment, probably due to the higher ductility of 
copper than graphite, which can be very useful to facilitate the separa-
tion of copper for further recycling. For the synthesis of the different 
catalysts, we used a ball/anode mass ratio of 100 (which maximizes the 
amount of smaller particles) and the fraction with particle size lower 
than 0.15 mm, which showed a higher graphite content (obtained by 
difference) but with a low amount of Cu (an average of approximately 
0.7%) that can improve the ZVI activity and stability [22]. 

3.2. Characterization of ZVI-Cu/C composites 

The XRD patterns (Fig. 2a) of ZVI-Cu/C catalysts show the charac-
teristic diffraction peaks of ZVI at 44.6◦ (JDPDS No. 87–0721), con-
firming that ZVI has been successfully synthesized during the 
carbothermal reduction. All patterns show the main graphite peak at 26◦

of 2θ (JDPDS No. 75–2078), whose intensity decreases considerably as 
the MS ratio increases. This can be due to the graphite consumption 
during the carbothermal reduction of the MS (see Eqs. (1) and (2)). The 
SEM-EDS images of ZVI-Cu/C-2 show ZVI and Cu particles deposited on 
the graphite surface (Fig. 3a). The TEM image of ZVI-Cu/C-2 shows that 
part of the metal particles is dispersed between the graphite layers. This 
type of bimetallic Fe-Cu combinations has previously shown higher 
activity than bare ZVI in the degradation of tetrabromobisphenol A, a 
persistent organic pollutant [22]. 

The characterization of ZVI-Cu/C-2 by XPS confirmed the presence 
of iron, copper and carbon at the surface. Fig. 4 represents the Fe 2p, Cu 
2p and C 1 s XPS deconvoluted spectra. Only a very weak peak of Fe2P3/ 

2 at about 706 eV was detected, most likely because this technique has a 
low penetration depth (<3 nm) and because of the presence of the 
oxidation shell (Fe3+) covering the core ZVI that limits the access of the 

Fig. 2. (a) XRD patterns of spent LIB anode powders and (b) ZVI-Cu/ 
C composites. 

Table 1 
Size distribution and copper content of spent LIB anode powders after ball 
milling.  

Ball/anode mass 
ratio 

80 90 100 

Size (mm) Mass ratio 
(%) 

Mass ratio 
(%) 

Mass ratio 
(%) 

Coper content 
(%) 

＞0.25  20.3  20.2  16.8  41.8 
0.18–0.25  4.9  2.9  2.9  0.6 
0.15–0.18  9.2  0.8  0.6  0.7 
0.1–0.15  30.3  31.5  31.4  0.9 
0.075–0.1  22.5  28.1  26.5  0.9 
0.05–0.075  4.6  11.4  13.0  0.8 
<0.05  8.1  5.1  8.7  0.6  
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beam [42]. The peaks of iron oxide species at about 713 and 725 eV can 
also be found in this figure. The C 1s deconvoluted spectrum shows two 
peaks, a main one centered at 284.9 eV and another smaller at 286.8 eV 
that can be related to the presence of C-C and C-O in graphite, respec-
tively [43]. The Cu 2p spectrum shows peaks centered at 932.5 and 
952.6 eV for zerovalent metallic copper, as well as smaller peaks cooper 
oxide species [44]. 

The surface elemental composition of the ZVI-Cu/C catalysts ob-
tained from XPS is shown in Table 2. The increase of the MS dosage 
results in an expected increase of iron content, and reduction of the 
carbon proportion. This is due to a double effect. First, the higher MS 
amount comes with a lower graphite proportion and second, more 
graphite is consumed in the reduction reaction due to the higher amount 
of Fe from MS, in agreement with the XRD results. In addition, the 
copper content remains almost stable, confirming that there is no loss of 

copper during the carbothermal reduction reaction. Despite the increase 
in the MS proportion was expected to decrease the Cu proportion, the 
significant loss of graphite during the carbothermal reaction seems to 
compensate this reduction, resulting in an almost constant Cu content 
regardless of the MS to LIBs mass ratio. The BET surface area of the ZVI- 
Cu/C catalysts is summarized in Table 2. All of them have very low 
surface areas (<2 m2/g) characteristic of non-porous materials. These 
low area values do not prevent the catalysts from showing significant 
activity in both oxidation and reduction reactions. 

3.3. Degradation of 4-CP in water 

The degradation of 4-CP by different ZVI-Cu/C catalysts through 
heterogeneous Fenton reaction (in the presence of H2O2) is shown in 
Fig. 5a. The final removal percentage after 2 h was 79% when using ZVI- 

Fig. 3. (a) SEM- EDS and (b) TEM images of ZVI-Cu/C-2.  
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Cu/C-1, and total degradation of 100% was achieved with ZVI-Cu/C-2. 
This is probably because the higher ZVI amount of iron in ZVI-Cu/C-2, 
resulting in more available Fe2+ and thus higher amount of •OH radi-
cals for the oxidation of 4-CP in water [45]. However, when ZVI-Cu/C-3 
and ZVI-Cu/C-4 were used, the removal percentage of 4-CP decreased 
very significantly, being 52% for ZVI-Cu/C-4, and even lower for ZVI- 
Cu/C-1. This may be due to the much higher amount of Fe2+ in these 
catalysts, which can compete with 4-CP reducing the •OH available 
involved in the degradation reaction [46]. Furthermore, the very high 
amount of iron can also result in a very fast H2O2 decomposition, which 
decrease the overall efficiency of the process [47]. 

The oxidation of 4-CP by ZVI-Cu/C can be fitted to a pseudo-first 
order kinetic model, as depicted in Fig. 5b. The pseudo-first order rate 
constants are shown in Table 3. The removal rate of ZVI-Cu/C-2 reaches 
0.028 min− 1, higher than 0.00008 min− 1 by using Fe(II) and H2O2 re-
ported by Jin et al. [48], and the 0.016 min− 1 obtained with mesoporous 
carbon activated with peroxydisulfate reported by Yang et al. [49]. The 
XRD results of ZVI-Cu/C-2 after reaction are shown in Fig. 6. The 
comparison of the XRD pattern with that of the non-used ZVI-Cu/C-2 

shows the transformation of the catalyst’s surface into Fe2O3 (JCPDS No. 
73–0603) and Fe3O4 (JCPDS No. 79–0419) as a consequence of the 
oxidation of the ZVI during the reaction. The evolution of iron and 
copper ions content in water during reaction with ZVI-Cu/C-2 is sum-
marized in Table 4. The final concentration of iron and copper ions 
reached 6.980 and 0.002 mg/L, respectively. As can be seen in the table, 
the metal lixiviation seems to happen only at the beginning of the re-
action, after that almost no additional leaching is produced. Probably, 
the iron oxides generated on the graphite surface during the oxidation 

740 735 730 725 720 715 710 705

Fe0

Fe0

Fe3+Fe3+

Satellite
Fe2p

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

Satellite

960 955 950 945 940 935 930

Cu0

Cu+

Cu2+

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

Cu2p

Satellite

Cu0

Cu+

Cu2+

294 292 290 288 286 284 282 280

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

C1s
C-C

C-O

Fig. 4. XPS results of ZVI-Cu/C-2 catalyst.  

Table 2 
Elemental surface concentration by EDS and BET surface area.  

Element ZVI-Cu/C- 
1 

ZVI-Cu/C- 
2 

ZVI-Cu/C- 
3 

ZVI-Cu/C- 
4 

C (wt%)  84.8  74.0  24.4  20.8 
Fe (wt%)  5.9  13.0  51.1  64.0 
Cu (wt%)  1.2  0.5  0.4  0.7 
BET surface area (m2/g)  1.7  1.8  1.7  1.1  
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Fig. 5. (a) 4-CP removal performances of ZVI-Cu/C composites in heteroge-
neous Fenton system, (b) fitting results of pseudo-first order kinetic model. 

Table 3 
Fitting results of pseudo-first order reaction kinetics of different ZVI-Cu/C 
composites.  

ZVI-Cu/C composites Heterogeneous Fenton Reduction 

k (min− 1) R2 k (h− 1) R2 

ZVI-Cu/C-1  0.016  0.917  0.096  0.977 
ZVI-Cu/C-2  0.028  0.957  0.244  0.999 
ZVI-Cu/C-3  0.016  0.966  0.034  0.996 
ZVI-Cu/C-4  0.006  0.837  0.022  0.998  
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Fig. 6. XRD results of ZVI-Cu/C-2 after reaction.  
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reaction avoid an excessive iron loss in water. 
In the case of the reduction tests (without H2O2), the removal per-

centages of 4-CP by ZVI-Cu/C materials were 22.5 and 25.2% when 

using ZVI-Cu/C-1 and ZVI-Cu/C-2, respectively (Fig. 7a). The conver-
sion values decreased approximately 10% with ZVI-Cu/C-3 and ZVI-Cu/ 
C-4 catalysts. The reduction of 4-CP by ZVI-Cu/C composites fits also 
well a pseudo-first order kinetic model, as shown in Fig. 7b. The pseudo- 
first order rate constants are included in Table 3, which are much lower 
than those obtained in the heterogeneous Fenton reaction. ZVI-Cu/C-2 
shows better 4-CP removal performance than ZVI-Cu/C-1, due to the 
higher Fe (ZVI) content as showed in Table 2. Although in ZVI-Cu/C-3 
and ZVI-Cu/C-4 the amount of ZVI increased, it is likely that these 
high iron contents resulted in the agglomeration of ZVI, which reduced 
the reactivity of ZVI-Cu/C, resulting in the observed decrease in the 
removal rate. The evolution of the concentrations of iron and copper 
ions in the water during reduction reaction are shown in Table 4. Con-
centrations of ions in the reduction system are significantly higher than 
those in the heterogeneous Fenton system, which is in the agreement 
with the higher stability of the iron oxides species formed in the het-
erogeneous Fenton reaction. These results show that 4-CP can be 
degraded by ZVI-Cu/C catalysts by both reduction and oxidation re-
actions [43,50,51], although the oxidation reactions show a markedly 
higher activity. The reactions during the removal of 4-CP by ZVI-Cu/C 
composites are described by Eqs. 4–15 [27,52,53].  

Fe0 + 2H+→Fe2++H2↑                                                                    (4)  

2Fe0 + O2 + 2H2O → 2Fe2++4OH− (5)  

Fe0 + O2 + 2H+→Fe2++H2O2                                                          (6)  

Fe2++H2O2 → Fe3++OH + OH− (7)  

Fe3++H2O2 → Fe2++O2H + H+ (8)  

2Cu0 + 2H+ → 2Cu+ + H2↑                                                             (9)  

Cu2O + 2H+→2Cu++H2O                                                             (10)  

4Cu++4H++O2 → 4Cu2++2H2O                                                    (11)  

Cu++H2O2 → Cu2++OH + OH− (12)  

Cu2++H2O2 → Cu++O2H + H+ (13) 

Table 4 
Concentrations of iron and copper ions in solution at different time.  

Heterogeneous Fenton system Time (min) 10 20 40 60 80 100 
Fe ion(mg/L) 1.28 2.70 5.46 5.56 6.46 6.98 
Cu ion(mg/L) 0.002 0.002 0.006 0.006 0.004 0.002 

Reduction system Time (h) 1 2 3 4 5 6 
Fe ion(mg/L) 14.04 15.02 15.08 15.18 15.16 15.24 
Cu ion(mg/L) 0.042 0.064 0.06 0.056 0.062 0.054  
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Fig. 7. (a) 4-CP removal performances of ZVI-Cu/C composites in reduction 
system, (b) fitting results of pseudo-first order kinetic model. 

Fig. 8. Possible degradation mechanism of 4-CP.  
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Cu2++O2H → Cu++H++O2                                                           (14)  

Fe0 + Cu2+→Cu0 + Fe2+ (15) 

The oxidation degradation mechanism of 4-CP was further studied 
by using GC–MS to detect the reaction by-products. Fig. 8 depicts a 
proposed 4-CP degradation pathway. Two compounds, 4-chlorocatechol 
and hydroquinone, were determined as intermediate products of 4-CP 
degradation. The 4-chlorocatechol was formed through the hydroxyl-
ation of 4-CP, while hydroquinone was formed through the replacement 
reaction or might be formed from the hydroxylation of phenol, which 
may produce from the hydroxylation of hydrogenation reduction of 4- 
CP [54–56]. These compounds will be then degraded to form carbon 
dioxide and water [48]. 

The stability of ZVI-Cu/C-2 in heterogeneous Fenton reactions is 
studied by the analysis of the 4-CP removal percentage in different cy-
cles, as showed in Fig. 9. 4-CP conversion was still high even in the 
fourth cycle (92.1%), although a significant decrease in conversion is 
observed in the fifth cycle. Table 5 lists the removal percentages of 4-CP 
and the main reaction conditions reported in literature using different 
technologies and catalysts. The data indicate that the ZVI-Cu/C catalysts 

synthesized in this study show competitive removal of 4-CP in relation 
with those previous studies using methods of oxidation, reduction, 
biological degradation, photocatalytic degradation and heterogeneous 
Fenton. Among these methods, biological treatment has the character-
istics of low cost and no pollution, but the reaction time is usually much 
longer, because the time needed to cultivate the microorganisms with 
degradation ability [36]. Further, the reduction method can just 
dechlorinate of 4-CP, generating intermediate products like phenol and 
phenol-derivates that still need to be treated [28]. Oxidation, Photo-
catalytic degradation, and heterogeneous Fenton processes can totally 
degrade 4-CP to form CO2 and H2O in a shorter period of time, but 
finding catalysts which are easy to fabricate, and cost effective is 
essential [38]. In this way, catalysts fabricated with recycled materials 
are good candidates for the use for 4-CP removal in water. 

4. Conclusions 

ZVI-Cu/C catalysts with high activity for 4-CP degradation were 
synthesized. The copper and graphite content was obtained from spent 
LIB anode, while iron oxide was obtained from MS waste. The catalysts 
were prepared by a simple and straightfoward carbothermic reduction 
process. ZVI-Cu/C-2 showed the best 4-CP removal performances in 
both reduction and heterogeneous Fenton systems. The iron and copper 
leached to the water is relatively low in the heterogeneous Fenton sys-
tem (and observed only at the fisrt stages of the reactions), which sup-
ports the good stability of the synthesized materilals and decrease the 
risks of potential impacts on the environment. Two reaction by- 
products, 4-chlorocatechol and hydroquinone, were identified in the 
4-CP degradation by the Fenton reaction. This study confirms the pos-
sibility of recycling spent LIB anode and MS to synthesize active and 
stable ZVI-Cu/C catalysys for the removal of pollutants from water using 
different types of degradation reactions, such as oxidation or reduction. 
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Fig. 9. Reuse performance of ZVI-Cu/C-2 for 4-CP removal.  

Table 5 
4-CP removal by various techniques.  

Catalyst Removal 
percentage 

Method Condition Ref. 

zero valent mono/bimetallic 
catalyst 

100% Reduction 15 mg⋅L− 1 4-CP, 3 g⋅L− 1 zero valent mono/bimetallic catalysts, 4 h [28] 

nZVI-Ni 96% Reduction 64 mg⋅L− 1 4-CP, 2 g⋅L− 1 nZVI-Ni, 120 min [29] 
ZVI-mellitic acid 80% Oxidation 13 mg⋅L− 1 4-CP, 0.2 g⋅L− 1 ZVI, 10 mM benzoic acid, 120 min [30] 
ultrasound/peroxymonosulfate/ 

nZVI 
95% Oxidation 0.4 g⋅L− 1 nZVI, 1.2524 mM PMS, 200 W US power, 30 min [31] 

Needle-net PHVD reactor 86.2% Oxidation 100 mg⋅L− 1 4-CP, air flux 200 mL⋅min− 1, discharge voltage 20 kV, frequency 100 
Hz, solution conductivity 116 μS⋅cm− 1, 40 min 

[32] 

Phosphomolybdic acid/H2O2 100% Oxidation 0.778 mM 4-CP, 3.89 mM phosphomolybdic acid, pH 3, 90 ◦C, H2O2 156 mM, 60 
min 

[33] 

La/TiO2/dielectric barrier 
discharge system 

99.9% Oxidation 100 mg L-1 4-CP, pH 10, 100 W [34] 

Hydrogen-based membrane biofilm 
reactor 

100% Biological elimination 100 mg⋅L-1 4-CP, flow rate 1 mL⋅min− 1 [35] 

Bacillus flexus 90.34 Biological elimination 1.2107 CFU⋅mL− 1 bacterial inoculums, 30 ◦C, 50 mg⋅L− 1 4-CP, 7 days [36] 
NbO-400/GR composites 94% Photocatalytic 

degradation 
1 g⋅L− 1 NbO/GR composites, 20 mg⋅L− 1 4-CP, 300 W Xenon lamp, 5 h [37] 

RPS-CuST 100% Photocatalytic 
degradation 

1 g⋅L− 1 RPS-CuST, 20 mg⋅L− 1 4-CP, 75 W Xenon lamp, 5 h [38] 

TiO2 nanocone 99% Photocatalytic 
degradation 

20 mg⋅L− 1 4-CP, 3 h, pH 5.67, 300 Wxenon lamp [39] 

Iron-glutamate-silicotungstate 
ternary complex 

100% Heterogeneous 
Fenton 

4-CP 100 mg⋅L− 1,FeШGluSiW 1.0 g⋅L− 1, H2O2 20 mmol⋅L− 1, 40 min [40] 

iron-containing silicotungstate 100% Heterogeneous 
Fenton 

100 mg⋅L− 1 4-CP, 0.2 g⋅L− 1 iron-containing silicotungstate, 20 mM H2O2, 30 min [41] 

ZVI-Cu/C 100% Heterogeneous 
Fenton 

10 mg⋅L− 1 4-CP, 0.2 g⋅L− 1 ZVI-Cu/C-2, 0.5 mM H2O2, 120 min This 
study  
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the work reported in this paper. 
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