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Using chicken manure as raw material to prepare activated carbon as a dispersant, a novel
biochar-loaded nano-zerovalent iron composite (nZVIQCMBC) was developed and
applied to remove hexavalent chromium, i.e., Cr(Vl), in wastewater. The dispersion of
nano-zerovalent iron (nZVI) particles on the surface of chicken manure-derived biochar
(CMBC) successfully inhibited the aggregation of magnetic iron particles and effectively
reduced the size of nZVI particles. The results demonstrated that under acidic conditions,
the removal efficiency of Cr(VI) by the nZVIRQCMBC composite could reach 124.12mgg™".
The pseudosecond-order kinetic model had a good agreement with the adsorption
kinetics of the nZVI@CMBC composite, implying that the adsorption of Cr(Vl) is based
on the multi-layer chemical adsorption. Therefore, this study provides a new clue and
strategy for removing Cr(VI) in wastewater.

Keywords: Cr(VI), biochar, nanoscale zerovalent iron, adsorption, reduction

1 INTRODUCTION

Chromium applications are often involved in electroplating, dyeing, leather, metal pickling, and
chromate industries (Amalraj et al., 2016; Lin et al., 2016; Ahmed et al., 2017; Ye J. et al., 2020; Ye W.
et al., 2020; Lin et al,, 2021). According to the previous reports, Chinese electroplating industries
releases about four billion tons of wastewater containing chromium every year, which has caused
serious environmental pollution problems (Chen et al., 2015). As a major contributor to chromium
pollution, Cr(VI) has relatively high toxicity and carcinogenicity, attracting extensive concentration
from environmental researchers (Han et al, 2016). According to the drinking water quality
regulations established by the WHO, the concentration of Cr(VI) in drinking water must not
exceed 0.05 mg L™ (Atieh et al,, 2010; Bhaumik et al., 2012). Therefore, it is urgent to remediate the
pollution of Cr(VI), update drinking water standards, and develop high-efficiency treatment
technologies (Chen et al., 2015).

As a nanoscale material, zero-valent iron (nZVI) has received widespread attention and is applied
in treating wastewater containing heavy metals (Atich et al., 2010; Debnath et al., 2015). Compared
with flocculation, precipitation, membrane separation, and ion exchange, the nZVI oxidation
treatment method has unique superiority, such as a simple process, low solid residue, easy
separation, and low-cost (Gao and Liu 2016). As the previous literature reported (Hussain et al.,
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2015), nZVI can minimize the toxicity of Cr(VI) by first
absorbing Cr(VI) and then reducing it to Cr(III). For example,
Zhu et al. prepared nano zero-valent iron/nickel bimetallic
particles to remediate Cr(VI) with the removal rate of 99.36%
within 20 min (Zhu et al., 2017; Siying et al., 2018; Zhu et al.,
2021). However, due to the high surface energy and magnetic
force, nZVI particles are conducive to strong aggregation in
micro-scale or large-scale particles (Jalilzadeh and Senel 2016).
To overcome the aforementioned questions, researchers loaded
nZVI on the porous materials, such as carbon material and clay
(sepiolite, bentonite, or kaolin), to prevent the aggregation and
enhance the reduction capacity and utilization of nZVI (Jiang
et al., 2012; Karthik and Meenakshi 2015; Ye et al., 2019).
Biochar, as a typical carbon material, has superior
performance such as a high specific surface area, little bulk
density, high stability, low cost, and fine adsorption
performance (Lin et al, 2011; Li et al, 2013; Khan et al,
2016). Based on these advantages, the loading of nZVI onto
biochar gradually becomes a research hotspot. According to the
previous literature, the biochar-nZVI composite material has a
higher specific surface area with more oxygen-containing
functional groups (Ruotolo and Gubulin 2011). However,
biochar-nZVI composites show the disadvantage of high cost
and poor adsorption capacity. For example, Zhang et al. (2019)
prepared expensive nZVI-loaded biochar with a Cr(VI)
adsorption capacity of 104.4 mgg . Therefore, it is important
to explore new biochar as a dispersant to stabilize nZVI. With the
promotion of mechanized and intensive equipment, the
aquaculture industry is unprecedentedly developed, resulting
in a large amount of animal manure (Liu et al,, 2013), and the
annual output of chicken manure has exceeded 126 million tons
(Lv et al,, 2013). Although the chicken manure can be utilized as
fertilizer for plants, it resulted in the eutrophication of water
bodies. To better utilize the waste resources, the researchers
adopted chicken manure as a raw material for biochar

fabrication since it has a high amount of oxygen-containing
functional groups, being an ideal candidate for biochar
preparation (Qian et al., 2019).

In this study, we adopted chicken manure-derived biochar as
support to load the nZVI particles for the development of nZV1/
biochar composite materials. The nZVI/biochar composite
materials were characterized by SEM-EDS, XRD, BET, FT-IR,
XPS, magnetic properties, and zeta potential. Taking Cr(VI) as
the target pollutant, batch experiments were carried out on the
removal performance of the composite materials. Finally, the
mechanism of nZVI@CMBC composites for Cr(VI) removal was
discussed.

2 MATERIALS AND METHODS

2.1 Chemicals and Materials

The chemicals, including potassium dichromate, ferrous sulfate
heptahydrate (FeSO4-7H,0), sodium borohydride (NaBH,),
diphenyl carbamide, hydrochloric acid (HCI), acetone, absolute
ethanol, sodium hydroxide (NaOH), phosphoric acid, and iron
powder (Fe’), were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). The fermented chicken manure
used for biochar preparation was supplied by a local livestock
plant in Fujian province, China. All the chemicals used in this
study were of analytic grade. Pure water was used throughout all
the experiments.

2.2 Preparation of Chicken Manure-Derived
Biochar (CMBC)

The chicken-manure-derived biochar was synthesized by the
calcination method. Specifically, the fermented chicken
manure was first dried and ground into a size of 100 mesh.
Afterward, a certain amount of dried chicken manure was placed
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in the tubular furnace for carbonization at 600°C with a heating
rate of 10°Cmin~" for 2h in the nitrogen environment. After
cooling at room temperature, the pyrolyzed chicken manure was
soaked in a 0.5 M HCI solution for 24 h and then washed with
pure water until the pH of the supernatant was neutral.

2.3 Preparation of nZVI/CMBC Composites
First, 2.5g FeSO,7H,0 was dissolved in a conical flask
containing 100 ml water. After shaking for 30 min, 0.5¢g
CMBC was added to the solution and continuously shaken for
12 h. Then, the as-prepared suspension was transferred to a three-
necked flask with nitrogen injection to remove the air. After
30 min, 25ml NaBH, (1.0g/25ml) was dropped into the
suspension at the dosing rate of 2-3 ml min™' (with nitrogen
protection during the whole process). After the reaction was
completed, the black particles were rinsed successively with
deoxidized pure water and absolute ethanol three times. After
freeze-drying, the nZVI/CMBC composites were obtained. In this
study, different nZVI@xCMBC composites based on various
mass ratios between nZVI and CMBC (i.e.,, x = 0.2, 0.5, 1, 2,
and 5 equal to the proportion of nZVI and CMBC is 1:5, 1:2, 1:1,
2:1 and 5:1) were prepared, which were labeled as nZVI@
0.2CMBC, nZVI@0.5CMBC, nZVI@1CMBC, nZVI@2CMBC,
and nZVI@5CMBC, respectively.

2.4 Characterization

The morphology of nZVI, CMBC, and nZVI@1CMBC
composites was visualized by scanning electronic microscopy
(SEM) (Quanta 250, FEI, United States). Fourier Transform
infrared spectroscopy (FTIR, VERTEX 70, Bruker,
Germany) was employed to detect the functional groups of
nZVI, CMBC, nZVI@1CMBC composites, and nZVI@1CMBC
composites after Cr(VI) adsorption. X-ray diffraction (XRD,
MiniFlex 600, Rigaku, Japan) was adopted to investigate the
crystalline structure of nZVI, CMBC, nZVI@1CMBC
composites, and nZVI@1CMBC composites after Cr(VI)
adsorption. The specific surface area, porosity, and pore size
distribution of nZVI, CMBC, nZVI@1CMBC composites, and
Fe’ were measured by nitrogen adsorption using the BET
analyzer (ASAP2020 HD88, Micromeritics, United States).
The composition of the nZVI@1CMBC composites and
ZV@1CMBC composites after Cr(VI) adsorption was
determined by XPS (ESCALAB 250, Thermo Scientific,
United States). The zeta potential of the nZVI@1CMBC
composites was measured by using a zeta potential analyzer
(NanoBrook Omni, Brookhaven, United States) at the pH
range of 2.0-8.0.

2.5 Batch Experiments for Cr(VIl) Removal

The batch reaction experiments were conducted to investigate the
effect of operation parameters on Cr(VI) removal and adsorption
behavior kinetics of nZVI@xCMBC composites. It is worth
mentioning that the batch reaction experiments were carried
out under the protection of nitrogen gas at 25°C. Before the
experiments, the nitrogen gas was injected into the Cr(VI)-
containing solution for 30 min to fully remove the dissolved
oxygen. After the experiment, the supernatant was sampled

Chromium (VI) Removal by Carbon-Based Composites

and filtered through a porous membrane with a pore size of
0.22 pm for measurement of the Cr concentration. The removal
rate of Cr(VI) by nZVI/CMBC was calculated using the following
equation:

R = (CO0 - Ct)/Co, (1)

where R is the removal rate of Cr(VI) by nZVI/CMBC; C, is the
concentration of Cr(VI) in solution after t minutes; C, is the
initial concentration of Cr(VI) in the solution.

2.5.1 Effects of the Mass Ratio of nZVlI and CMBC
First, 50 ml of Cr(VI)-containing solution (50 mg L") was added
to a 50 ml nut centrifuge tube, and then, 0.02 g of samples
(nZVI1@0.2CMBC, nZVI@0.5CMBC, nZVI@1CMBC, nZVI@
2CMBC, nZVI@5CMBC, nZVI, CMBC, and Fe’) were
added to the solution to start the reaction. After 24-h
exposure and contact, the concentration of Cr(VI) in the
supernatant was measured to investigate the removal
performance of samples.

2.5.2 Effect of the dosage of nZVI@1CMBC
composites

Different dosages of the nZVI@11CMBC (0.005, 0.01, 0.02, 0.03,
0.05 and 0.1 g) were added to 50 ml Cr(VI)-containing solution
(50 mg L7}, initial pH = 4.03). The concentration of Cr(VI) in the
supernatant was determined at different exposure times (i.e., 1/
12,1/6, 1/3, 1/2, 1, 3, 6, 12, 24, 48, and 72 h).

2.5.3 Effect of Initial Solution pH

An amount of 0.02 g nZVI@1CMBC composite was added to the
50 ml Cr (VI) solution (50 mg L™). The effect of the solution pH
(2.0-10.0) on the Cr (VI) removal of the composite was explored
through the determination of the concentration of Cr(VI) in the
supernatant after 24-h exposure.

2.6 Analytical Methods

The total concentrations of Cr (Cry,) and Fe (Fey) were
measured by ICP (Optima 7000V manufactured by
PerkinElmer Enterprise Management (Shanghai) Co., Ltd.).
The concentration of Cr(VI) was determined by diphenyl
carbamide spectrophotometry with a UV-vis
spectrophotometer (Genl0S UV-Vis manufactured by Thermo
Fisher Scientific Co., Ltd.) with the wavelength set at 540 nm. Cr
(1) concentration was procured by subtracting the Cr(VI)
concentration from the Cryy, concentration.

3 RESULTS AND DISCUSSION

3.1 Characterization of the CMBC, nZVI, and

nZVI@1CMBC Composites

The SEM measurements of CMBC, nZVI, and nZVI@1CMBC
were performed to understand their structure and morphology.
As displayed in Figure 1A, the CMBC presented as a rough
surface with a particle size of 10-30 um. nZVI displayed a
spherical structure with 30-90 nm diameters and tended
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to the chain-like structure with serious agglomeration, which
was related to that typically observed in nZVI (Figure 1B).
Interestingly, when nZVI is doped in CMBG, it is uniformly
dispersed on the surface of CMBC, which further proved the
successful synthesis of the nZVI@1CMBC composite.

XRD patterns of CMBC, nZVI, and nZVI@1CMBC are
displayed in Figure 1. The CMBC had multiple diffraction
peaks which can be divided into C, CaCOj; and SiO, (Wang
etal,, 2016). The main characteristic diffraction peaks 26 = 20.85°,
26.62°, 36.53°, 45.77°, 50.11°, 63.99°, 67.70°, 68.27°, 75.61°, and
77.62° were assigned to the (100) (011), (110) (201), (112) (113),
(122) (031), (302), and (220) planes of SiO, (JCPDS Ref. N. 70-
3,755), respectively. The peaks of 26.60°, 54.79°, 56.67°, and 60.02°
were related to the (006) (012), (108), and (109) planes of C
crystal (JCPDS Ref. N. 26-1076), respectively. The peaks of 35.45°
and 39.49° were consistent with the 131) and (302) planes of
CaCOj; (JCPDS Ref. N. 17-0763). XRD patterns of nZVI indicated
that the peak at 26.51° was well indexed to Fe” (Tian et al., 2012;
Wang et al., 2014). Compared with CMBC, the XRD patterns of
nZVI@1CMBC owned an additional peak of Fe’, implying nZVI
has been successfully loaded on the CMBC.

The hysteresis curve (Figure 1E) showed that nZVI@1CMBC
has the ferromagnetic property, suggesting the possibility of
recycling via magnetic recovery. Specifically, the saturation
magnetization of nZVI@ICMBC was 221 emu g
Furthermore, the hysteresis loop was sightless, indicating that

nZVI@1CMBC is superparamagnetic and tended to scatter in the
environment (Qian et al., 2019).

The isotherms are displayed in Figure 2A, which reflect N,
adsorption—-desorption measurements. In this regard, the BET
surface area of nZVI, CMBC, and nZVI@1CMBC was estimated
to be 15.04, 60.36, and 26.57 m” g ', respectively. Additionally,
the aforementioned samples were classified as the type II
isotherms with H4 hysteresis, according to the BDDT
classification (Ruotolo and Gubulin 2011; Samuel et al., 2013).
The pore volume and pore diameter of samples are displayed
inFigures 2B-D and Supplementary Table S2. The nZVI@
1CMBC composite had a pore volume of 0.0325 cm® g ™" and a
mean pore diameter of 2.03 nm which were between the CMBC (a
pore volume of 0.0846 cm’ g™' and a pore diameter of 2.37 nm)
and nZVI (a pore volume of 0.0237 cm® g™" and a pore diameter
of 1.15 nm), suggesting that the nZVI@1CMBC composite was
successfully synthesized.

Structural changes associated with CMBC modification
were explored by the FTIR analysis of CMBC, nZVI, and
nZVI@1CMBC (Figure 2C). Among them, the CMBC
showed broad bands in the range of 1000-1500 cm™", which
was due to the stretching vibration of hydroxyl groups (-OH)
and carboxylic acid groups (-COOH) hydroxyl groups, and
these were beneficial to the formation of complexes with metal
ions (Zheng et al., 2012). Compared with the CMBC, the
nZVI@1CMBC composite appeared with an absorption
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band at 556 cm™" attributed to the Fe-O group (Wu et al.,
2016), which further proved the nZVI@1CMBC composite is
successfully synthesized (Xu et al., 2019). The FTIR results
implied the modification of CMBC with nZVI enriched the
surface functional groups of the nZVI@1CMBC composite and
enhanced the adsorption of Cr(VI).

The zeta potentials of nZVI, CMBC, and nZVI@1CMBC
under different pH conditions are shown in Figure 2D. It
is obvious that the zeta potentials gradually decreased with
the increasing pH. The zero-potential point of CMBC
appeared between 4.08 and 5.07, and the zero-potential
point of nZVI appeared between 5.07 and 7.01. It is worth
noting that nZVI@1CMBC appeared to be electronegative at
the pH range of 2.02 and 8.01, which is favorable for
removing Cr(VI). The zeta results suggested that the
combination of nZVI and CMBC enriches the surface
electronegativity of the nZVI@1CMBC composite, which
promotes the removal of Cr(VI). According to the
aforementioned results, it can be inferred that the removal
of Cr(VI) could be promoted by electrostatic adsorption at a
pH of 2.02.

3.2 Advantage of nZVI@1CMBC on Cr(VI)

Removal

The capability of the nZVI/CMBC composites with different
mass ratios of nZVI and CMBC (nZVI@xCMBC, x = 0, 0.2,
0.5, 1, two, and 5) in removing Cr(VI) was evaluated. As shown in
Figure 3A, the removal rate of Cr(VI) by nZVI@xCMBC was
mainly distributed in 73.47-81.58 mgg~', which was
21.8-24.1 times of CMBC (3.38 mgg™') and 4.8-5.3 times of
iron powder (15.27 mgg™'). As the proportion of CMBC
increased, the surface area of the composite material
increased accordingly, while the Cr(VI) removal efficiency
had a little decrease, indicating that there is little
correlation between the surface area and removal efficiency.
When the mass ratio between nZVI and CMBC was 1, the
removal rate of Cr(VI) reached 81.58 mgg™', suggesting that

nZVI plays an important role in removing Cr(VI). However,
nZVI only experienced a removal capacity of 76.31 mg g~* for
Cr(VI) which is lower than nZVI@1CMBC. This is because the
support of the CMBC minimizes the negative effects brought
by agglomeration of nZVI, which is conducive to reducing ion
leakage (Liu et al., 2013; Lv et al., 2013). Therefore, the nZVI@
ICMBC composite exhibited superior performance for
removing Cr(VI).

To explore the optimal dosage of the nZVI@1CMBC
composite, the removal efficiency of Cr(VI) by nZVI@1CMBC
was analyzed. As displayed in Figure 3D, as the dose of nZVI@
1CMBC increased from 0.005 to 0.05 g, the removal efficiency of
Cr(VI) increased from 16.65 to 98.92% within 72 h. However,
when the dosage was 0.1 g, the removal rate of Cr(VI) only
improved by 0.16% compared with the 0.05 g dosage, suggesting
the optimal dosage of the nZVI@1CMBC composite to be 0.05 g
(Lin et al., 2011).

3.3 Effects of Solution Initial pH on the Cr(VI)

Removal Effect in Water
The removal efficiency of Cr(VI) at different pH values
(2.24-10.33) was plotted in Figure 4A. As the initial pH
increased, the removal efficiency of Cr(VI) apparently
decreased. This can be influenced by precipitation of Fe under
alkaline conditions, resulting in decreasing reduction of Cr(VI) in
the solution. Based on the results obtained, when pH in the
solution was 2.24, the removal efficiency reached the maximum
removal efficiency (98.92%) because Fe** which existed in acidic
conditions has a better ability to reduce Cr(VI) into Cr(III).
To further explore the influence of pH on the removal
efficiency of Cr(VI), the contents of Cry, Cr(Il), Cr(VI),
and iron were explored in different pH values. In Figure 4B,
as the pH increased from 2.24 to 10.33, the content of Cryyg,
increased from 0.96 to 38.8 mgL™', and the content of iron
decreased from 115.9 to 0.07 mgL™". This is due to the iron
being dissolved and precipitated under the acidic conditions, and
Cr(VI) was reduced to Cr(III) by Fe%/Fe (II) and then formed Fe-
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FIGURE 5 | Kinetics of Cr(VI) adsorption onto nZVI@1CMBC, quasi-second order adsorption kinetics model (A), and quasi-first order reaction kinetics model (B).
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FIGURE 6 | XPS spectra of nZVi@1CMBC and Cr(Vl)-nZVi@1CMBC. Cis (A), Os (B), Fe2p (C), and Cr2p (D).
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FIGURE 7 | lllustration of the theoretical Cr(VI) removal mechanisms of
nZVI@CMBC, including reduction, electrostatic attraction, surface
complexation, and co-precipitation.

Cr precipitate (Khan et al., 2016). Moreover, when pH was 4.03, Cr
(1) separated from FeCr,O, and existed in the form of Cr(OH)*",
resulting in a slight increase in the content of Cr(III). However, when
the pH was between 5.08 and 10.33, stable precipitation of Cr,Os/
FeCr,0, occurred in the solution, which led to a decrease in the
content of Cr (Ill) (Bhaumik et al., 2012).

3.4 Adsorption Kinetics
To further elucidate the adsorption performance, the adsorption
kinetics of Cr(VI) in different dosage was studied. According to
the results, the reaction within 0-60 min was related to the
pseudo-second-level kinetic model, and the reaction within
1-72h was in accordance with the quasi-first order kinetic
model. It means that electron transfer occurs between the
nZVI@1CMBC composite and Cr(VI), suggesting that the
adsorption process is chemisorption. The graphs of “t/Cq
changing with time (Cq = Co-C)", “In (C/Co) changing with
time,” and the corresponding linear regression analysis are
displayed in Figures 5A, B; Supplementary Tables S2, 3.
Within 60 min (Figure 5A), as the dosage of the nZVI@1CMBC
composite increased from 0.2 to 0.8 gL', the corresponding Keps
increased from 1.2236 to 0.5362 min~'. However, as the dosage
increased from 0.6 to 0.8 g L™, kup, had little change, implying the
optimal dosage of the nZVI@1CMBC composite was 0.6gL™"
(Wang et al,, 2017). In the duration from 1 to 72h (Figure 5B),
the quasi-first order reaction kinetic coefficient, ko, changed from
0.0037 to 0.0429 h™", as the dosage of the composite increased from
02to08gL™".

3.5 Mechanisms of nZVI@1CMBC for
Removing Cr(VI)

To give a better understanding of the mechanism of Cr(VI)
removal by nZVI@1CMBC, XPS spectra of Cr(VI)-nZVI@

Chromium (VI) Removal by Carbon-Based Composites

TABLE 1 | Removal Cr(Vl) and suspended component by nZVi@1CMBC.

Item Cr(Vl) Cr(ll) Criotal
Equilibrium concentration (mg L™") 17.60 1.51 19.11
Content of Cr in the equilibrium solution (mg) 0.88 0.08 0.96
Percentage of Cr after reaction (%) 8.55% 91.45% 100%
Content of Cr after the reaction (mg) 0.13 1.41 1.54

1CMBC before and after the reaction with Cr(VI) are
demonstrated in Figure 6. For the C 1s spectrum, there were
four peaks in 284.83, 286.23, 287.02, and 288.34 eV, which
correspond to C-C, C-O, C=0, and O-C=0, respectively. After
the reaction, the position and the content of peaks have shifted
slightly, suggesting that the complexation does affect the
treatment of Cr(VI). As for O 1s, after the reaction, the
contents of -OH, C-O, and C=0O decreased sharply, and the
peak of Fe-O even disappeared. This is due to the fact that iron
and its oxide were encased inside the biochar. Additionally,
another peak of 531.65 eV was observed which was related to
Cr,0; (Zhang et al, 2019) due to the reduction of Cr(VI) by
nZVI@1CMBC (Wang et al., 2017).

In the XPS spectra of Fe 2p, the peaks of 707.30, 710.77, 713.45,
719.17, and 724.36 eV were connected with Fe’, FeO, Fe (Ill), and
FeOOH. After the reaction, the content of FeO decreased sharply, and
the peak of Fe’ even totally disappeared. This is probably because that
Fe’ and Fe (I1) are oxidized by the dissolved oxygen and reacted with
Cr(VI) during the reaction. Similarly, the percentages of Fe (lll) and
FeOOH have increased significantly because Fe’ and Fe (Il) could
transfer Cr(VI) to low-harmful Cr(III) with the formation of Fe(III)
(Liu et al., 2013; Wu et al,, 2016).

After the reaction, the Cr 2p of the Cr(VI)-nZVI@1CMBC
composite was deconvoluted into five peaks. The peaks of 587.22/
582.04, 580.25, 576.57, and 577.81 €V were related to Cr(III), Cr,O,%,
Cr,05/Cr(OH);, and FeCr,0,, respectively (Ruotolo and Gubulin
2011). The appearance of Cr,O3/Cr(OH); and FeCr,O, further
confirms the successful reduction of Cr(VI). However, the
existence of Cr,O,* indicates that a fraction of Cr(VI) is absorbed
on the nZVI@1CMBC surface instead of being reduced (Tang et al,,
2014; Xu et al,, 2019), suggesting that the oxygen-bearing functional
groups participate in the removal of Cr(VI) (Samuel et al., 2013).

Additionally, the SEM-EDS spectra of samples before and after the
reaction are illustrated in Supplementary Figure S1. Compared with
the nZVI@1CMBC composite, the surface of Cr-nZVI@1CMBC
covered several sediments. Except for Fe, O, and C elements, Cr was
detected in the EDS after the reaction. This is due to the fact that
Cr,Fe,.x (OH); and Fe,-Cr,O, could be precipitated on the surface
for reducing the passivation of nZVI (Karthik and Meenakshi 2015).
In Supplementary Figure S2, the XRD patterns of nZVI@1CMBC
and Cr(VI)-nZVI@1CMBC were analyzed. Compared with nZVI@
1CMBC, Cr(VI)-nZVI@1CMBC had the peaks of 30.2°, 35.5°, and
35.6°, which were associated with FeCr,O,. The peak of Fe® in
Cr(VI)-nZVI@1CMBC had decreased completely which was
consistent with the XPS. The FTIR spectrum of Cr(VI)-nZVI@
1CMBC is shown in Supplementary Figure S3. After the reaction,
the peaks of 1320, 1060, and 465 cm™" have vanished completely,
and the peak of 980 cm™" which corresponded to Cr-O groups has
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appeared (Tian et al., 2012). Zeta potentials of nZVI@1CMBC and
Cr(VI)-nZVI@1CMBC are demonstrated in Supplementary
Figure S4. The surface electrical charge of Cr-nZVI@CMBC
was slightly higher than that of the nZVI@1CMBC composite,
which was due to the formation of Cr (lll) on the surface. In
summary, these results demonstrated that absorption and
complexation effects are presented in the removal of Cr(VI).

Based on the abovementioned discussion, it is assumed that
Cr(VI) was removed by adsorption, reduction, and complexation
(Figure 7). The potential reaction processes are demonstrated as
follows: 1) the excellent pores and oxygen-bearing functional
groups of nZVI@1CMBC (C-O, C=0, -OH, and O-C=0) had an
adsorption effect on Cr(VI); 2) electrostatic adsorption was
beneficial to the removal of Cr(VI); 3) under acidic conditions,
parts of Fe® and Cr(VI) could react with H™ and translate into
Fe (Il) and Cr (Ill) (Eqs. 3, 4); 4) Cr(VI) could obtain electrons
from Fe’/Fe(I) and transfer them to Cr(IIl) (Eqgs. 4, 5); 5)
Forming Fe (Il)-Cr (lll) co-precipitation is via ion exchange
(Egs. 6-8; 6) the excellent conductivity of biochar in the nZVI@
1CMBC composite also plays a significant role in accelerating
electron transfer (Ruotolo and Gubulin 2011; Lv et al., 2013; Tang
et al., 2014).

Fe"+2H" — Fe*"+H,, 2)
HCrO,+7H"+3¢” & Cr’*+4H,0, (3)
3Fe’+Cr,02 +14H" — 3Fe’*+2Cr**+7H,0, (4)
3Fe2++HCrO;+7H+ — 3Fe**+Cr**+4H,0, (5)

(1 - x)Fe* +xCr’*+3H,0 — (CrFe,_,) (OH), (s) + 3H*, (6)
2Cr’*+60H" « 2Cr(OH), (s) < Cr,05(s) + 3H,0, (7)
Fe**+Cr, 0} & FeCr,0,(s). (8)

Meanwhile, the contribution rates of various mechanisms
in the reaction are displayed in Table 1, and different contents
of Cryoa1, Cr(III), and Cr(VI) were calculated. According to the
results, the content of Cr(VI), which was reduced by nZVI@
1CMBC, accounted for 91.98% and the rest of that only
accounted for 8.02%.

4 CONCLUSION

In this study, the nZVI@1CMBC composite was developed by
combining the advantages of zero-valent iron (nZVI)
nanoparticles and chicken manure biochar (CMBC). nZVI@
1ICMBC exhibited better adsorption capacity for removing

REFERENCES

Ahmed, M. B, Zhou, J. L., Ngo, H. H., Guo, W., Johir, M. A. H,, Sornalingam, K.,
et al. (2017). Nano-Fe 0 Immobilized onto Functionalized Biochar Gaining
Excellent Stability during Sorption and Reduction of Chloramphenicol via
Transforming to Reusable Magnetic Composite. Chem. Eng. J. 322, 571-581.
doi:10.1016/j.cej.2017.04.063

Amalraj, A., Selvi, M. K., Rajeswari, A., Christy, E. J. S, and Pius, A. (2016).
Efficient Removal of Toxic Hexavalent Chromium from Aqueous Solution

Chromium (VI) Removal by Carbon-Based Composites

Cr(VI) than nZVI and CMBC, and the removal efficiency
could reach 98.92% within 72h. The results indicate that
the high specific surface area and the oxygen-containing
functional groups (-COOH, -OH, O-C=0) detected on the
surface benefit from the removal of Cr(VI) via the synergistic
effect of reduction, electrostatic adsorption, and surface
complexation. Compared with other traditional removal
agents, nZVI@1CMBC is cost-effective and favors
neutralizing the pH of wastewater containing Cr(VI).
Moreover, due to the strong magnetic properties, the
nZVI@1CMBC composite can be effectively recovered for
reuse. This study provides an important and useful concept
for the design of the new biochar-based composites for the
effective removal of Cr (VI).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

SE: conceptualization, methodology, formal analysis, validation,
and  writing—original  draft. XH: methodology and
writing—original draft. SX: methodology and writing—original
draft. JD: methodology and writing—original draft. JZ:
methodology and writing—original draft. KW: methodology.
QZ: methodology. XH: conceptualization, supervision, funding
acquisition, and writing—review and editing.

ACKNOWLEDGMENTS

XH would like to thank the funding support from the National
Key Research and Development Program of China (Grant No.
2018YFC1802400).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.935525/
full#supplementary-material

Using Threonine Doped Polypyrrole Nanocomposite. J. Water Process Eng. 13,
88-99. doi:10.1016/j.jwpe.2016.08.013

Atieh, M. A, Bakather, O. Y., Tawabini, B. S, Bukhari, A. A., Khaled, M., Alharthi, M.,
et al. (2010). Removal of Chromium (III) from Water by Using Modified and
Nonmodified Carbon Nanotubes. J. Nanomater. 2010, 1-9. doi:10.1155/2010/232378

Bhaumik, M., Maity, A., Srinivasu, V. V., and Onyango, M. S. (2012). Removal of
Hexavalent Chromium from Aqueous Solution Using Polypyrrole-Polyaniline
Nanofibers. Chem. Eng. J. 181-182, 323-333. doi:10.1016/j.cej.2011.11.088

Chen, D., Yang, K., Wang, H., Zhou, J., and Zhang, H. (2015). Cr(VI) Removal by
Combined Redox Reactions and Adsorption Using Pectin-Stabilized Nanoscale

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2022 | Volume 10 | Article 935525


https://www.frontiersin.org/articles/10.3389/fbioe.2022.935525/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.935525/full#supplementary-material
https://doi.org/10.1016/j.cej.2017.04.063
https://doi.org/10.1016/j.jwpe.2016.08.013
https://doi.org/10.1155/2010/232378
https://doi.org/10.1016/j.cej.2011.11.088
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Fang et al.

Zero-Valent Iron for Simulated Chromium Contaminated Water. RSC Adv. 5
(80), 65068-65073. doi:10.1039/c5ra10573k

Debnath, S., Ballav, N., Maity, A., and Pillay, K. (2015). Single Stage Batch Adsorber
Design for Efficient Eosin Yellow Removal by Polyaniline Coated Ligno-Cellulose. Int.
J. Biol. Macromol. 72, 732-739. doi:10.1016/j.ijbiomac.2014.09.018

Gao, Y., and Liu, R. (2016). Removal of Cr(vi) from Groundwater by Fe(0). Appl.
Water Sci. 7 (7), 3625-3631. doi:10.1007/s13201-016-0506-0

Han, Y., Cao, X,, Ouyang, X., Sohi, S. P., and Chen, J. (2016). Adsorption Kinetics
of Magnetic Biochar Derived from Peanut Hull on Removal of Cr (VI) from
Aqueous Solution: Effects of Production Conditions and Particle Size.
Chemosphere 145, 336-341. doi:10.1016/j.chemosphere.2015.11.050

He, S, Zhy, F, Lj, L, Ren, W., and Contamination, S. (2018). Box-Behnken Design for the
Optimization of the Removal of Cr(VI) in Soil Leachate Using nZVI/Ni Bimetallic
Particles. Soil Sediment Contam. Int. J. 27, 658-673. doi:10.1080/15320383.2018.1502744

Hussain, M., Bakalis, S., Gouseti, O., Zahoor, T., Anjum, F. M., and Shahid, M.
(2015). Dynamic and Shear Stress Rheological Properties of Guar
Galactomannans and its Hydrolyzed Derivatives. Int. J. Biol. Macromol. 72,
687-691. doi:10.1016/j.ijbiomac.2014.09.019

Jalilzadeh, M., and Senel, S. (2016). Removal of Cu(ii) Ions from Water by Ion-
Imprinted Magnetic and Non-magnetic Cryogels: A Comparison of Their
Selective Cu(II) Removal Performances. J. Water Process Eng. 13, 143-152.
doi:10.1016/j.,jwpe.2016.08.010

Jiang, N., Xu, Y., Dai, Y., Luo, W., and Dai, L. (2012). Polyaniline Nanofibers
Assembled on Alginate Microsphere for Cu2+ and Pb2+ Uptake. J. Hazard.
Mater. 215-216, 17-24. doi:10.1016/j.jhazmat.2012.02.026

Karthik, R., and Meenakshi, S. (2015). Removal of Cr(VI) Ions by Adsorption onto
Sodium Alginate-Polyaniline Nanofibers. Int. J. Biol. Macromol. 72, 711-717.
doi:10.1016/j.ijbiomac.2014.09.023

Khan, T,, Isa, M. H,, Ul Mustafa, M. R,, Yeek-Chia, H., Baloo, L., Binti Abd Manan, T. S.,
et al. (2016). Cr(VI) Adsorption from Aqueous Solution by an Agricultural Waste
Based Carbon. RSC Adv. 6 (61), 56365-56374. doi:10.1039/c6ra05618k

Li, X, Qi, Y, Li, Y., Zhang, Y., He, X, and Wang, Y. (2013). Novel Magnetic Beads Based
on Sodium Alginate Gel Crosslinked by Zirconium(IV) and Their Effective Removal
for Pb2+ in Aqueous Solutions by Using a Batch and Continuous Systems. Bioresour.
Technol. 142, 611-619. doi:10.1016/j.biortech.2013.05.081

Lin, J., Chen, Q., Huang, X, Yan, Z,, Lin, X,, Ye, W,, et al. (2021). Integrated Loose
Nanofiltration-Electrodialysis Process for Sustainable Resource Extraction
from High-Salinity Textile Wastewater. J. Hazard. Mater. 419, 126505.
doi:10.1016/j.jhazmat.2021.126505

Lin, J., Ye, W,, Baltaru, M.-C,, Tang, Y. P, Bernstein, N. J., Gao, P., et al. (2016).
Tight Ultrafiltration Membranes for Enhanced Separation of Dyes and Na2SO4
during Textile Wastewater Treatment. J. Membr. Sci. 514, 217-228. doi:10.
1016/j.memsci.2016.04.057

Lin, Y., Cai, W,, Tian, X,, Liu, X., Wang, G., and Liang, C. (2011). Polyacrylonitrile/
ferrous Chloride Composite Porous Nanofibers and Their Strong Cr-Removal
Performance. J. Mat. Chem. 21 (4), 991-997. doi:10.1039/c0jm02334e

Liu, Y.-G.,, Hu, X.-]., Wang, H., Chen, A.-W., Liu, S.-M., Guo, Y.-m,, et al. (2013).
Photoreduction of Cr(VI) from Acidic Aqueous Solution Using TiO2-
Impregnated Glutaraldehyde-Crosslinked Alginate Beads and the Effects of
Fe(III) Ions. Chem. Eng. J. 226, 131-138. doi:10.1016/j.cej.2013.04.048

Lv, X, Jiang, G., Xue, X., Wu, D, Sheng, T., Sun, C,, et al. (2013). Fe0-Fe304 Nanocomposites
Embedded Polyvinyl Alcohol/sodium Alginate Beads for Chromium (VI) Removal.
J. Hazard. Mater. 262, 748-758. doi:10.1016/jjhazmat.2013.09.036

Qian, L., Shang, X., Zhang, B., Zhang, W., Su, A., Chen, Y., et al. (2019). Enhanced
Removal of Cr(VI) by Silicon Rich Biochar-Supported Nanoscale Zero-Valent
Iron. Chemosphere 215, 739-745. doi:10.1016/j.chemosphere.2018.10.030

Ruotolo, L. A. M., and Gubulin, J. C. (2011). A Mathematical Model to Predict the
Electrode Potential Profile inside a Polyaniline-Modified Reticulate Vitreous
Carbon Electrode Operating in the Potentiostatic Reduction of Cr(vi). Chem.
Eng. J. 171 (3), 1170-1177. doi:10.1016/j.cej.2011.05.017

Samuel, J., Pulimi, M., Paul, M. L, Maurya, A., Chandrasekaran, N., and
Mukherjee, A. (2013). Batch and Continuous Flow Studies of Adsorptive
Removal of Cr(VI) by Adapted Bacterial Consortia Immobilized in Alginate
Beads. Bioresour. Technol. 128, 423-430. doi:10.1016/j.biortech.2012.10.116

Tang, L., Fang, Y., Pang, Y., Zeng, G., Wang, ]., Zhou, Y., et al. (2014). Synergistic
Adsorption and Reduction of Hexavalent Chromium Using Highly Uniform
Polyaniline-Magnetic Mesoporous Silica Composite. Chem. Eng. ]. 254,
302-312. doi:10.1016/j.cej.2014.05.119

Chromium (VI) Removal by Carbon-Based Composites

Tian, Y., Huang, L, Zhou, X, and Wu, C. (2012). Electroreduction of Hexavalent
Chromium Using a Polypyrrole-Modified Electrode under Potentiostatic and
Potentiodynamic Conditions. J. Hazard. Mater. 225-226, 15-20. doi:10.1016/j.
jhazmat.2012.04.057

Wang, ], Zhang, K, and Zhao, L. (2014). Sono-assisted Synthesis of
Nanostructured Polyaniline for Adsorption of Aqueous Cr(VI): Effect of
Protonic Acids. Chem. Eng. J. 239, 123-131. doi:10.1016/j.cej.2013.11.006

Wang, X.-J., Zhu, X.-P., Lan, L.-M., and Zuo, H.-B. (2016). Removal of Chromium
from Laboratory Wastewater Using Preparation-Adsorption Technology with a
Mg/Al/Cr Layered Compound. RSC Adv. 6 (88), 85595-85602. doi:10.1039/
c6ral8304b

Wang, X, Liang, Y., An, W,, Huy, J,, Zhu, Y., and Cui, W. (2017). Removal of
Chromium (VI) by a Self-Regenerating and Metal Free G-C3N4/graphene
Hydrogel System via the Synergy of Adsorption and Photo-Catalysis under
Visible Light. Appl. Catal. B Environ. 219, 53-62. doi:10.1016/j.apcatb.2017.07.008

Wu, S, Lu, J., Ding, Z., Li, N,, Fu, F,, and Tang, B. (2016). Cr(VI) Removal by
Mesoporous Feooh Polymorphs: Performance and Mechanism. RSC Adv. 6
(85), 82118-82130. doi:10.1039/c6ral4522a

Xu, J., Yin, Y., Tan, Z., Wang, B., Guo, X,, Li, X,, et al. (2019). Enhanced Removal of
Cr(VI) by Biochar with Fe as Electron Shuttles. J. Environ. Sci. 78, 109-117.
doi:10.1016/j.jes.2018.07.009

Ye,J., Li, C., and Yan, Y. (2020a). Core-shell ZIF-67/zif-8-Derived Sea Urchin-like
Cobalt/nitrogen Co-doped Carbon Nanotube Hollow Frameworks for
Ultrahigh Adsorption and Catalytic Activities. . Taiwan Inst. Chem. Eng.
112, 202-211. doi:10.1016/j.jtice.2020.07.001

Ye, W,, Tang, J., Wang, Y., Cai, X,, Liu, H,, Lin, ], et al. (2019). Hierarchically
Structured Carbon Materials Derived from lotus Leaves as Efficient
Electrocatalyst for Microbial Energy Harvesting. Sci. Total Environ. 666,
865-874. doi:10.1016/j.scitotenv.2019.02.300

Ye, W., Ye, K, Lin, F,, Liu, H,, Jiang, M., Wang, J., et al. (2020b). Enhanced
Fractionation of Dye/salt Mixtures by Tight Ultrafiltration Membranes via Fast
Bio-Inspired Co-deposition for Sustainable Textile Wastewater Management.
Chem. Eng. J. 379, 122321. doi:10.1016/j.cej.2019.122321

Zhang, S., Lyu, H,, Tang, J., Song, B., Zhen, M., and Liu, X. (2019). A Novel Biochar
Supported Cmc Stabilized Nano Zero-Valent Iron Composite for Hexavalent
Chromium Removal from Water. Chemosphere 217, 686-694. doi:10.1016/j.
chemosphere.2018.11.040

Zheng, Y., Wang, W., Huang, D., and Wang, A. (2012). Kapok Fiber Oriented-
Polyaniline Nanofibers for Efficient Cr(VI) Removal. Chem. Eng. J. 191,
154-161. doi:10.1016/j.cej.2012.02.088

Zhu, F,, Liu, T., Zhang, Z., and Liang, W. (2021). Remediation of Hexavalent
Chromium in Column by Green Synthesized Nanoscale Zero-Valent Iron/
nickel: Factors, Migration Model and Numerical Simulation. Ecotoxicol.
Environ. Saf. 207, 111572. doi:10.1016/j.ecoenv.2020.111572

Zhu, F, Lu, Y., Ren, T, He, S, and Gao, Y. (2017). Synthesis of Ureido-
Functionalized Cr(VI) Imprinted Polymer: Adsorption Kinetics
Thermodynamics Studies. dwt 100, 126-134. doi:10.5004/dwt.2017.21683

and

Conflict of Interest: Author XH is employed by Jiangsu DDBS Environmental
Remediation Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fang, Huang, Xie, Du, Zhu, Wang, Zhuang and Huang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

July 2022 | Volume 10 | Article 935525


https://doi.org/10.1039/c5ra10573k
https://doi.org/10.1016/j.ijbiomac.2014.09.018
https://doi.org/10.1007/s13201-016-0506-0
https://doi.org/10.1016/j.chemosphere.2015.11.050
https://doi.org/10.1080/15320383.2018.1502744
https://doi.org/10.1016/j.ijbiomac.2014.09.019
https://doi.org/10.1016/j.jwpe.2016.08.010
https://doi.org/10.1016/j.jhazmat.2012.02.026
https://doi.org/10.1016/j.ijbiomac.2014.09.023
https://doi.org/10.1039/c6ra05618k
https://doi.org/10.1016/j.biortech.2013.05.081
https://doi.org/10.1016/j.jhazmat.2021.126505
https://doi.org/10.1016/j.memsci.2016.04.057
https://doi.org/10.1016/j.memsci.2016.04.057
https://doi.org/10.1039/c0jm02334e
https://doi.org/10.1016/j.cej.2013.04.048
https://doi.org/10.1016/j.jhazmat.2013.09.036
https://doi.org/10.1016/j.chemosphere.2018.10.030
https://doi.org/10.1016/j.cej.2011.05.017
https://doi.org/10.1016/j.biortech.2012.10.116
https://doi.org/10.1016/j.cej.2014.05.119
https://doi.org/10.1016/j.jhazmat.2012.04.057
https://doi.org/10.1016/j.jhazmat.2012.04.057
https://doi.org/10.1016/j.cej.2013.11.006
https://doi.org/10.1039/c6ra18304b
https://doi.org/10.1039/c6ra18304b
https://doi.org/10.1016/j.apcatb.2017.07.008
https://doi.org/10.1039/c6ra14522a
https://doi.org/10.1016/j.jes.2018.07.009
https://doi.org/10.1016/j.jtice.2020.07.001
https://doi.org/10.1016/j.scitotenv.2019.02.300
https://doi.org/10.1016/j.cej.2019.122321
https://doi.org/10.1016/j.chemosphere.2018.11.040
https://doi.org/10.1016/j.chemosphere.2018.11.040
https://doi.org/10.1016/j.cej.2012.02.088
https://doi.org/10.1016/j.ecoenv.2020.111572
https://doi.org/10.5004/dwt.2017.21683
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Removal of Chromium (VI) by a Magnetic Nanoscale Zerovalent Iron–Assisted Chicken Manure-Derived Biochar: Adsorption Behavi ...
	1 Introduction
	2 Materials and Methods
	2.1 Chemicals and Materials
	2.2 Preparation of Chicken Manure-Derived Biochar (CMBC)
	2.3 Preparation of nZVI/CMBC Composites
	2.4 Characterization
	2.5 Batch Experiments for Cr(VI) Removal
	2.5.1 Effects of the Mass Ratio of nZVI and CMBC
	2.5.2 Effect of the dosage of nZVI@1CMBC composites
	2.5.3 Effect of Initial Solution pH

	2.6 Analytical Methods

	3 Results and Discussion
	3.1 Characterization of the CMBC, nZVI, and nZVI@1CMBC Composites
	3.2 Advantage of nZVI@1CMBC on Cr(VI) Removal
	3.3 Effects of Solution Initial pH on the Cr(VI) Removal Effect in Water
	3.4 Adsorption Kinetics
	3.5 Mechanisms of nZVI@1CMBC for Removing Cr(VI)

	4 Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


