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The reduction behavior of Fe>* during the preparation of a zero-valent iron cocoanut biochar (ZBC8-3) by
the carbothermic reduction method was analyzed. Fe3* was first converted into FesO4 which was
subsequently decomposed into FeO, and finally reduced to Fe®. A minor amount of y-Fe,Os was
produced in the process. The isothermal thermodynamic data for the removal of Cu(i) over ZBC8-3
followed a Langmuir model. The Langmuir equation revealed a maximum removal capacity of 169.49 mg
gt at pH = 5 for ZBC8-3. The removal of Cu(i) over ZBC8-3 fitted well to a pseudo-first-order
equation, which suggested that the rate limiting step of the process was diffusion. The Cu(i) removal
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1. Introduction

Owing to its large specific surface area and high reactivity,
nanoscale zero-valent Fe (nZVI) has received increasing atten-
tion as a removal material for a variety of heavy metals and
chlorinated organic contaminants through chemical reduction
processes." However, nZVI is extremely unstable and typically
suffers from agglomeration and oxidation processes by non-
target chemicals during operation. This has hindered signifi-
cantly the utilization of nZVI for environmental remediation
purposes.”> Up to now, efforts have been focused on increasing
the stability and dispersion of nZVI particles. In this sense,
a method involving liquid-phase reduction of Fe*" or Fe** to
nZVl and subsequent dispersion of the reduced species on
porous materials such as zeolites,® attapulgite,* graphite,® wheat
straw,® functionalized waste rock wool”® and biochar®'® has
been widely used. In addition, polyvinyl alcohol (PVA)-alginate-
entrapped nanoscale zero-valent iron has been also used to
improve the stability of nZVI."*

Although these nZVI composites fabricated by liquid-phase
reduction have demonstrated good removal capacities, this
method requires the utilization of expensive and highly toxic
reducing agents such as borohydride. In addition, N, protection
or vacuum processing is required during the fabrication, and
a large amount of toxic by-products are generated. These issues
have significantly increased the fabrication costs and the risks
of environment pollution.
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C-0-, and —O-H formed a complex with Cu(i).

An alternative approach to produce nZVI for environmental
remediation purposes is the carbothermic reduction method. In
this method, an Fe-rich precursor is mixed with biomass and
subsequently cofired under low-oxygen conditions.> However,
the reduction behavior of the Fe-rich precursor remains
unclear. The main objective of this work is to determine the
reduction behavior of the Fe-rich precursor during the prepa-
ration of a nZVI-biochar composite. Furthermore, the Cu(u)
removal mechanism on the nZVI-biochar composite has not
been reported yet. Therefore, our work was also aimed to
investigate the mechanism for Cu(u) removal over the nZvI-
biochar composite.

2. Materials and methods
2.1 Materials

Sodium alginate was purchased from Shanghai Jingchun
Technology Co. Ltd. (Shanghai, China), while FeCl;-6H,0,
CaCl,, and NaOH were purchased from Guangzhou chemical
reagent factory (Guangzhou, China). CuCl,-2H,0, PbCl,,
CoCl,-6H,0, and NaNO; were purchased from Aladdin Hold-
ings Group, and Cu standard liquid was obtained from
Shanghai Fusheng Co. Ltd. (Shanghai, China). All analytical
grade chemicals were used without further purification.

2.2 Fabrication of magnetic carbon nanoadsorbents

Cocoanut shell was collected from a suburb (Haikou, China),
air-dried at 70 °C and ground (below 0.074 mm sieve). 60.0 g of
FeCl;-6H,0 were dissolved in 500 mL of ethanol and the
mixture was mechanically stirred for 1 h. 10.0 g of cocoanut
shell powder was then mixed with the as-prepared FeCl; solu-
tion and the suspension was stirred continuously for additional
24 h in order to homogenize Fe*" in the cocoanut shell powders.
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Fig.1 XRD patterns of ZBC7-1 (a), ZBC7-3 (b), ZBC8-1 (c), ZBC8-2 (d)
and ZBC8-3 (e).
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Fig.2 The magnetization curves of ZBC8-3 (a), ZBC8-2 (b) and ZBC8-
1 (c).

The mixture was kept at room temperature for one month. The
remaining solids were dried in a convection oven at 120 °C for
10 h and pyrolyzed under nitrogen in a tube furnace to form
magnetic carbon nanoadsorbents. The pyrolysis temperature
was increased to 200 °C at 5 °C min~' and subsequently
increased to 700 or 800 °C at 10 °C min~* and held for 1-3 h.
The samples were named as ZBC a-b, where “a” and “b” denote
the carbonization temperature and the retention time,
respectively.

2.3 Characterization

The Cu(n) concentration was determined by atomic absorption
spectrophotometry (AAS, AA-7000, Shimadzu, Japan). The
morphology of the samples was investigated by scanning elec-
tron microscopy (SEM, JSM-7401F, JEOL, Japan). Surface
element conducted by energy dispersive

analysis was
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spectroscopy (EDS). The structural and compositional charac-
teristics of the materials were investigated by X-ray diffraction
(XRD, Ultima IV, Rigaku, Japan). X-ray photoelectron spectros-
copy (XPS, PHI5000 Versaprobe-II, Ulvac-Phi, Japan) was used to
analyze the chemical composition of the magnetic micro-
spheres. The magnetic properties were determined using
a magnetic property measurement system (7404, LakeShore,
USA). The Fourier transform infrared (FTIR) spectra of the
samples were obtained on a Nicolet 6700 infrared spectroscope
(Thermo Electro Corp, USA).

2.4 Adsorption kinetic studies

The adsorption experiments on ZBC8-3 were carried out at
25 °C. A Cu(n) stock solution of 100 mg L™ " was prepared by
dissolving CuCl,-2H,0 in ultra-pure water. The solution was
adjusted at pH = 5 using either 0.1 M HNO; or 0.1 M NaOH
solutions. A certain amount of ZBC8-3 was added to 500 mL of
a Cu(u) solution in a beaker and shaken at a constant speed (120
rpm) on a shaking table. 1 mL of the Cu(u) solution was
removed at different times (from 10 min to 32 h) and analyzed
after dilution.”® All the results were obtained by taking an
average of three specimens. The adsorption capacity of Cu(u) at
time ¢ (g,) was then calculated using eqn (1):

(Co—C)HV

gi= (1)

where C, (mg L") is the initial Cu(u) concentration, C; (mg L")
is the Cu(u) concentration at time ¢, V is the volume (L) of the
Cu(u) solution, and m is the weight (g) of ZBC8-3.

2.5 Adsorption isotherms

0.05 g of ZBC8-3 were added to Cu(u) solutions (200 mL) with
different concentrations (50-250 mg L") at 25 °C and shaken at
a constant speed (120 rpm) for 24 h.* Cu(u) was quantified as in
the case of the kinetic studies. All the results were obtained by
taking an average of three specimens. The equilibrium
adsorption capacity of Cu(u) (g.) was calculated using eqn (2):

oo (C=CIV @)

m

where C, (mg L") and C. are the initial and equilibrium
concentrations of Cu(u), respectively, V is the volume (L) of the
Cu(n) solution, and m is the weight (g) of ZBC8-3.

2.6 Influence of other ions on the Cu(u) removal ability of
ZBCS8-3

The hygienic standard for drinking water in China requires the
Cu(u) concentration in drinking water to be less than 1 mg L™,
while nitrate concentration must be lower than 10 mg L. In
this study, a Cu(n) solution of 10 mg L™" was selected as the
simulated pollution source, while a NaNO; solution of
10 mg L' was selected as a background electrolyte. To be
specific, the Cu(u) solution of 10 mg L~ " fabricated by dissolving
CuCl, in ultrapure water was marked as sample 1. Both Cu(u)

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM images of the surface of ZBC8-1 (a), ZBC8-2 (b) and ZBC8-3 (c).

and NaNO; 10 mg L " solutions were marked as samples 2. In
addition, Pb(u)/Cu(u), Co(w)/Cu(u), and Pb(u)/Co(m)/Cu(i)
mixtures were prepared by adding PbCl, and CoCl, to samples
2, respectively, and were marked as samples 3, 4, and 5. More-
over, 0.1 g of ZBC8-3 were added respectively to samples 1-5 and
shaken at a constant speed (120 rpm) at 25 °C for 24 h. After
shaking, ZBC8-3 was filtered and the concentrations of Cu(u) in
the filtered solutions were determined by AAS. All the results
were obtained by taking an average of three specimens.
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Fig. 4 N, adsorption—desorption isotherms and pore size distribu-
tions of ZBC8-3.
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3. Results and discussion
3.1 Characterization of materials

3.1.1 Impact of the pyrolysis conditions on the iron ion
reduction process. Fig. 1(a) shows the XRD pattern of ZBC7-1.
The characteristic diffraction peaks were consistent with those
of the normal card (JCPDS no. 65-3107) of Fe;0,." Thus, the 26
diffraction peaks at 30.1, 35.5, 43.1, 53.5, 57.0, 62.6, and 74.0°
corresponded to the crystal planes (220), (311), (400), (422),
(511), (440), and (533) of Fe;0,, respectively. Fig. 1(b) shows the
XRD pattern of ZBC7-3. The characteristic diffraction peaks
revealed the presence of Fe® (JCPDS no. 06-0696),'® FeO (JCPDS
no. 06-0615),"” and Fe;O, (JCPDS no. 65-3107)."* 26 diffraction
peaks at 44.67 and 65.02° corresponded to the crystal planes
(110) and (200) of Fe’ respectively, while those at 36.04, 41.92,
60.76, 72.73, and 76.58° corresponded to crystal planes (111),
(200), (220), (311), and (222) of FeO respectively. The peak at
35.5° corresponded to the crystal plane (311) of Fe;0,, Fig. 1(c)
and (d) show the XRD patterns of ZBC8-1 and ZBC8-2, respec-
tively. An increase in both the pyrolysis temperature and the
retention time resulted in most Fe** being transformed to Fe®,
and the onset of some diffraction peaks of y-Fe,O; (JCPDS no.
40-1139)"® and FeFe,0, (JCPDS no. 28-0491)." As shown in the
XRD pattern of ZBC8-3 (Fig. 1(e)), most of Fe*" was reduced to
Fe®.

3.1.2 Magnetic properties. The hysteresis loops of ZBC8-3
(a), ZBC8-2 (b) and ZBC8-1 (c) are shown in Fig. 2. There were
no remanence or coercivity, which indicated that the compos-
ites exhibited typical superparamagnetic behavior.”® The

RSC Adv., 2018, 8, 34151-34160 | 34153
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Fig. 6 Kinetic adsorption plots of the removal of Cu(i) on ZBC8-3.

maximum saturation magnetizations of ZBC8-3, ZBC8-2, and
ZBC8-1 were 170.04, 149.77, and 116.29 emu g, respectively.
An increase in the retention time might have favored the
formation of Fe’.

3.1.3 SEM analysis. The SEM images of the ZBC8-1 (a),
ZBCS8-2 (b), and ZBC8-3 (c) samples are shown in Fig. 3. As
shown in these pictures, the nZVI-biochar composite under-
went a rapid pore development at high retention time. Magnetic
carbon nanoparticles were observed on the surface of the nZvI-
biochar composite.

3.1.4 N, adsorption-desorption isotherms and pore size
distributions of ZBC8-3. The N, adsorption-desorption

Table 1 Kinetics parameter coefficients for Cu(i) removal on ZBC8-3

View Article Online
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isotherm and pore size distribution of ZBC8-3 are shown in
Fig. 4. N, adsorbed on ZBC8-3 first forming a monomolecular
adsorption layer, which corresponded to the section AB.*
Capillary condensation started in section BC, which was in the
middle of the curve. At this stage, amount of gas adsorbed
changed slowly with the relative pressure of N,, revealing
a relatively wide ZBC8-3 pore diameter distribution.”* In the
section CD, the gas adsorption curve increased rapidly, and
there was no sign of saturated adsorption even at pressures
close to the saturated vapor pressure. This result revealed the
presence of a certain amount of large pores in the sample with
volumetric filling in large pores taking place by capillary
condensation.” The specific surface area of ZBC8-3 was 310.82
m” g~ According to the pore diameter distribution of ZBC8-3,
most of the pores showed a radius within 15-25 nm.

3.2 Effect of the pH on the removal of Cu(u)

The Cu(u) removal experiments of ZBC7-1, ZBC7-3, ZBC8-1,
ZBC8-2, and ZBC8-3 were carried out with a Cu(u) solution of
20 mg L™" under constant shaking (120 rpm) for 24 h at pH = 5.
The results showed that the removal capacity of ZBC7-1, ZBC7-3,
ZBC8-1, ZBC8-2, and ZBC8-3 were 10.28, 29.15, 50.54, 61.86, and
73.50 mg g !, respectively. An increase in the carbonization
temperature and the retention time might have favored the
formation of Fe’. Therefore, ZBC8-3 was selected as the raw
material for subsequent experiments. The effect of the pH on
the removal capacity of ZBC8-3 was investigated. Adsorption
experiments were carried with a Cu(u) solution of 90 mg L "
over a pH range of 2-6, since Cu(u) precipitate above a pH of 6.>*
All the results were obtained by taking an average of three
specimens.

The removal capacity of ZBC8-3 increased quickly with the
pH (Fig. 5). This can be explained as follows. At lower pH,
a higher number of very mobile protons (H") compete with
Cu(n) ions for the active sites on ZBC8-3. Upon increasing the
pH, the concentration of H" ions decreased, resulting in more
Cu(u) being replaced.* In addition, the Cu(u) removal capacity
of ZBC8-3 decreased significantly at a pH of = 6, which may
result from Fe®*/Fe®" depositions easily generated at high pH
covering the surface of ZBC8-3. These deposits prevented the
diffusion of Cu(u) into ZBC8-3. Therefore, pH = 5 was chosen as
the optimum experimental conditions.*

3.3 Kinetics adsorption experiments

The kinetics of the Cu(u) removal on ZBC8-3 were investigated
by using dynamic data. Pseudo-first-order and pseudo-second-
order kinetic models were applied to fit the data, as described
in eqn (3) and (4). The result for non-linear curve fitting to the
dynamic data is shown in Fig. 6:

Pseudo-first-order model

k, (107 min™?) R?

Sample Gecar (Mg g™ ")

Pseudo-second-order model

Gecar (Mg g7 1) k, (107"g mg™" min™") R?

ZBC8-3 168.11 2.57 0.9908

34154 | RSC Adv,, 2018, 8, 34151-34160
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Fig. 7 Adsorption isotherms of Langmuir (a) and Freundlich (b) equations for the removal of Cu(i) on ZBC8-3.

Table 2 Isotherm parameters for the removal of Cu(i) on ZBC8-3
Langmuir Freundlich
Sample ¢, (mgg ') K, (Lmg ") R 1/n Kp (mgg™") R
ZBC8-3 169.49 0.3181 0.9997 0.0378 136.58 0.9510
log( ) =1 kY, 3)
0 — =lo ==
g\qe — 4: g e 3303
t 1 t
i + — 4
qe k2q62 qe ( )

where ¢, and g. are the amounts of Cu(u) removed per unit mass
of ZBC8-3 in mg g~ at an arbitrary contact time ¢ (s) and at
equilibrium stage. k; and k, are the pseudo-first-order and
pseudo-second-order kinetic constants expressed in min "
and g mg ' min ", respectively.

As shown in Fig. 6, the removal of Cu(u) on ZBC8-3 was fast
within the first 6 h, and the rate decreased thereafter and
stabilized within 24 h. The relatively fast removal rate within the
first 6 h was mainly attributed to an oxidation-reduction reac-
tion of Fe® on the outer layer of ZBC8-3. Some deposits were
formed by redox reaction of Fe® and Cu(u), blocking the pore

structure of the ZBC8-3 to some extent. As a result, diffusion of
Cu(n) to the inside of the ZBC8-3 was hindered in the conse-
quent reaction.

The kinetic model parameters as well as the correlation
coefficient (R*) for ZBC8-3 are included in Table 1.

The pseudo-first-order equation described the Cu(u) removal
behavior on ZBC8-3. The correlation coefficient (0.9908) for
ZBC8-3 was higher than that of the pseudo-second-order
equation (0.9785), indicating that the rate limiting step was
diffusion.”” Thus, the surface of ZBC8-3 was covered by deposits,
which blocked the porous structure of ZBC8-3. Cu(n) ions
gradually diffused to the interior of ZBC8-3, and the overall
process required more time to complete.

3.4 Isothermal adsorption experiments

The removal isotherms were fitted using the Langmuir and
Freundlich isotherm models. The Langmuir isotherm model is

described by eqn (5):>®
L S

4m

qe - KLqm

(5)

where, c. (mg L") is the concentration of Cu(u) ions at equi-
librium, ¢, (mg g~ ') is the Langmuir adsorption maximum, K,
is the coefficient of distribution for the removal of Cu(u), and g.

Table 3 Comparison of the adsorption potential of various adsorbents for copper ion removal from water

Concentration

Adsorbents pH range (mg L") Qmax (Mg g™ Ref.
Functionalized magnetic nanoparticles 5 10-100 34.08 31
Mg-Al-D,EHPA 5 100 68.66 32
M-HAP/agar composite beads 5 10-200 71.6 33
Carbon aerogels — 0-400 86.27 22
Sugarcane bagasse trimellitate 5.5 60 67.84 34
Bifunctional ordered mesoporous silica 5 10-50 90.61 35
Ph-PAni nanofibers 5.3 6.4-64 5.29 36
Magnetic nanoscale zerovalent iron assisted biochar 6 — 30.37 37
Chitosan enwrapping Fe;O,4 and graphene oxide 6 500 132 38
ZBC8-3 5 50-250 169.49 This study

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 XRD pattern of ZBC8-3 after Cu(i) removal.

Fig. 9 SEM images of the surface of ZBC8-3 after Cu(i) removal.

is the amount of Cu(u) ions removed per unit mass of ZBC8-3
in mg ¢! at equilibrium stage.
The Freundlich isotherm model is described by eqn (6):*

1
log ¢. = log K + p log C. (6)

K is the coefficient of distribution for the adsorption process.
The Langmuir and Freundlich isotherms of ZBC8-3 are
shown in Fig. 7. The results showed that the Cu(u) ion removal

(a
Fe
o
CFe
w L‘chla } FeCu  (ZBC8-3 after Cu’* removal)
6 Fe

(ZBC8-3)

L L L R LR
10 12 14 16 18 20

o
CFe s
m si CIK M
('J " 6 8 2
Energy/keV

(Moment/Mass)/(emu/g)

View Article Online

Paper
471.39
3444.46
f3362.27
4331365 (ZBC8-3 after Cu’* removal)
1531.81

8 1085.56

§ 1549.29 (151287}

= 1627.03

Tt

=]

@ )

: 1531.92 [}

1549.64 ‘;5‘3"’ .
(ZBC8-3) 1627.02 '
J = 1 b T T T L T T T v T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbersicm )

Fig. 11 FTIR pattern of ZBC8-3 before and after being treated with
Cu(n).

capacity increased rapidly at low concentrations of Cu(u) and
gradually reached its maximum by increasing the Cu(u) ion
concentration.

The isotherms model parameter and the correlation coeffi-
cient (R®) for ZBC8-3 are summarized in Table 2.

As shown in Table 2, the correlation coefficient of the
Langmuir model adsorption isotherm plots was high (0.9997)
for the ZBC8-3. The high R* suggested that the Langmuir model
fitted the adsorption data well. The homogeneous nature of the
active sites on the adsorbents might have favored a monolayer
removal behavior of Cu(u) ions on ZBC8-3.*

3.5 Comparison with other adsorbents

The removal capacity (¢g,) for Cu(u) on ZBC8-3 obtained herein
was comparable with those reported in the literature for other
adsorbents (Table 3). ZBC8-3 showed promising results for the
removal of Cu(u) from aqueous solutions (i.e., a relatively high
removal capacity).
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Fig. 10 EDS pattern of ZBC8-3 before and after Cu(i) removal (a) and the magnetization curve of ZBC8-3 after Cu(i) removal (b).
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3.6 Adsorption mechanism

Fig. 8 shows the XRD pattern of ZBC8-3 after reaction with
Cu(u). The characteristic diffraction peaks revealed the presence
of Cu,O (JCPDS no. 05-0667),* y-Fe,0; (JCPDS no. 25-1402)%,
FeOOH (JCPDS no. 44-1415),** Fe® (JCPDS no. 06-0696)*' and

This journal is © The Royal Society of Chemistry 2018

Cu® (JCPDS no. 04-0836).*> The 26 diffraction peaks at 36.42,
42.30, and 61.34° corresponded to the crystal planes (111),
(200), and (220) of Cu,0, respectively. The peaks at 32.17, 35.68,
and 50.08° corresponded to the crystal planes (216), (119), and
(2112) of y-Fe, 03, respectively. The peaks at 27.04, 36.29, 38.07,
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46.78, 46.91, and 60.26° were ascribed to the crystal planes
(210), (301), (111), (501), (020), and (002) of FeOOH. In addition,
the XRD pattern indicated the presence of Fe® (26 = 44.67 and
65.02°) and Cu® (20 = 43.30°). Therefore, from the results of
Fig. 8, most of Cu(i) was reduced to Cu° and Cu,O, while most
of nZVI was converted to FeEOOH and y-Fe,Os;. In addition,
a fraction of nZVI did not react with Cu(n).

Fig. 9 shows the SEM patterns of ZBC8-3 after reaction with
Cu(u). ZBC8-3 was covered by the reaction products (e.g., Cu,O,
Cu’, FeOOH, and v-Fe,03) on its surface. The original porous
structure of ZBC8-3 was therefore blocked.

Fig. 10(a) shows the EDS patterns of ZBC8-3 before and after
reaction with Cu(u). The results revealed that the amount of Fe
on ZBC8-3 decreased after reaction with Cu(u) from 82.87 to
56.74 wt%. The amount of Cu on the surface of ZBC8-3 after
reaction with Cu(u) was 19.95 wt%. As shown in Fig. 10(b), the
maximum saturation magnetization of ZBC8-3 after reaction
with Cu(u) was 77.6 emu g~ . Thus, the solid can be separated
readily by using a magnet.

FTIR was used to study the molecular interactions and
analyze the functional groups of ZBC8-3 before and after the
Cu(u) removal process. As shown in Fig. 11, ZBC8-3 revealed
a stretching vibration peak of O-H at 3432.58 cm '3
a stretching vibration peak of C=0 at 1627.02 cm™',** stretch-
ing vibration peak of aromatic ring at 1549.64, 1531.92, and
1513.01 cm ™, * stretching vibration peaks of C-O-C and Si-O at
1088.18 cm ™ ',* and a bending vibration peak of Fe-O at
477.01 cm™ '.* The adsorption peak was characteristic of the
Fe-O bond, possibly because part of Fe® was oxidized during the
grinding process. The FTIR spectra of ZBCS8-3 after Cu(u)
removal revealed that some adsorption peaks were slightly
shifted. The stretching vibration peaks of the aromatic ring, C-
0-C, and Si-O shifted to lower wavenumber, which might result
from those functional groups being complexed with Cu(u). The
increased ionic volume weakened the stretching and bending
vibrations of the functional groups and caused the downfield
shift.*” The O-H peak after Cu(u) removal was observed at longer
wavenumbers than before the removal process. This shifting to
higher wavenumbers may be attributed to an inductive effect.*®
The wavelength of the C=0 peak hardly changed after Cu(u)
removal. In addition, several new peaks ascribed to FeOOH
appeared for ZBC8-3 after Cu(u) removal. (i.e.,, a bending
vibration peak of Fe-O at 417.39 cm ™ '#¢ and stretching vibration
peaks of O-H at 3362.27 and 3313.65 cm ™ ')*°.

The XPS analysis of Cu in ZBC8-3 after reaction with Cu(u) is
shown in Fig. 12(a) and (b). Each adsorption peak of Cu 2ps,
and Cu 2p4/, were deconvoluted into 2 peaks. The peaks at 932
and 952.1 eV could be ascribed to Cu,0O and Cu’ species,
respectively, while, the adsorption peaks at 933.5 and 954 eV
could be ascribed to Cu(u) species. Auger electron spectroscopy
was used to study Cu more in detail (Fig. 12(c)). With reference
to the standard data, the adsorption peaks at 568, 568.5, and
570.9 €V could be ascribed to Cu’, Cu(u), and Cu,O species,
respectively. The XPS analysis for C in ZBC8-3 is shown in
Fig. 12(d). The adsorption peak at 283.1 eV could be ascribed to
Si-C bond,* the adsorption peak at 284.8 eV could be ascribed
to C-C or C=C bonds,**** the adsorption peak at 286 eV can be
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Fig. 13 The effect of other ions on ZBC8-3 removal of Cul(i).

produced by C-O bond, and the peak at 287.6 eV could be
attributed to C=0 bonds.**** The XPS analysis for C in ZBC8-3
after reaction with Cu(n) is shown in Fig. 12(e). The binding
energy of Si-C and C=O0 changed slightly before and after Cu(u)
removal, which indicated that Si-C and C=0 may not involve
the removal of Cu(u). The binding energy of C=C and C-O
decreased significantly compared to those before the removal of
Cu(n), which indicated that C=C, C-O, and Cu(u) species could
have formed a coordination compound. Thus, the binding
energy of the functional groups was reduced owing to changes
in the electronic densities of the groups in relation with their
local environment.>

3.7 The effect of other ions on the removal of Cu(u) on ZBC8-3

Fig. 13 shows the effect of other ions on the removal of Cu(u)
over ZBC8-3. The Cu(u) removal rate of sample 2 was slightly
lower than that of sample 1. Thus, nitrate showed a certain
influence on the removal of Cu(u). The Cu(u) removal rates of
samples 3 and 4 were lower than that of sample 2. Pb(u) and
Co(u) ions showed a comparatively large influence on the
removal of Cu(u). The Cu(u) removal rate of sample 5 decreased
significantly, while the Cu(u) concentrations of samples 1, 2, 3,4
and 5 were 0.35, 0.48, 0.59, 0.57 and 0.93 mg L~ " after Cu(u)
removal, respectively. Since the standard electrode potential of
E® curyea (0.342 V) is higher than that of E© ppep, (—0.126 V)
and E€ ¢q2co (—0.28 V), Cu(n) ions are more easily reduced.
Since the hygienic standard for drinking water in china requires
that Cu(n) concentrations in drinking below 1 mg L™, ZBC8-3
can be used to remove Cu(u) ions from wastewater.

4. Conclusions

A nZVI biochar composite derived from cocoanut shell was
fabricated by a calcination method by using FeCl; as the iron
precursor. The maximum saturation magnetization of ZBC8-3
before and after Cu(n) removal were 170.04 and 77.6 emu g™ ',
respectively, allowing easy separation of the solid after Cu(u)
removal by using a magnet. The Cu(u) removal capacity of ZBC8-

This journal is © The Royal Society of Chemistry 2018
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3 was as high as 169.49 mg g~ ' because of its higher content of
nZVI. Thus, this material can be used to remove Cu(u) ions from
wastewater.
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