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Abstract A novel biochar carried nanoscale zero-valent iron (NZVI) particles were
synthesized by means of liquid phase reduction method that can overcome the
aggregation of NZVI particles. The Composite material of the biochar-NZVI can
effectively improve the removing rate of hexavalent chromium Cr(VI) in the
application of water treatment. The experimental results showed that the remove
rate of Cr(VI) was up to 96.8% by using biochar-NZVI when the mass ratio of
biochar and NZVI was of 5:1, the rate was enhanced by about 35.9% than that of
the same dose pure NZVI. The analyzed results of TEM and BET showed that the
biochar-NZVI had higher dispersion and specific surface area than pure NZVI,
which was the key reason for biochar-NZVI with high removing efficiency of
Cr(VI). The apparent rate constant ks decreases from 0.1041 to 0.0235 min~! as
the initial concentration of Cr(VI) increased from 25 to 125 mg/L in the solution,
indicating that the reaction velocity decreases with the increased initial concen-
tration of Cr(VI) in the solution. The removal efficiency reached to 92.1% when the
pH value of the solution containing biocha-NZVI treating Cr(VI) increased from
4.48 to 8.36, showing that the biochar carried NZVI has high removing rate of
Cr(VI) in a wide range of pH value.
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Introduction

Nanoscale zero-valent iron (NZVI) with a larger specific surface area and a high
reactivity, can effectively remove heavy metal pollutants. Recently years, it reported
that nanoscale zero-valent iron (NZVI) attached on montmorillonite [1], bentonite
[2], activated carbon and other materials maintain its strong reduction character-
istics in the field of environmental remediation, and enhance its stability and
suitable for engineering operation. Compared with above carriers, biochar is a kind
of a easy to gat raw material, low cost, superior adsorption performance and
environmentally friendly materials [3]. At the same time, it has not only good pore
structure and large specific surface area, which easily disperse NZVI particles.
Obviously, NZVI carried by biological carbon may have good engineering appli-
cation prospects [4]. However, the studies and related reports on biological carbon
carrying NZVI and the research on removal of heavy metals are few.

Six valence chromium Cr(VI) is a common pollutants in water environment,
which can easily invade into human body through the digestive tract, respiratory
tract and skin contacts, harm to human health. With the development of economy
and the change of consumption structure, more and more chromium wastewater
discharged into the environment through tanning, electroplating, metallurgy and
other industries. Therefore, The effectively removing methods of Cr(VI) in water
received wide attention [5, 6]. NZVI is an efficient reducing agent have got much
attention because can effectively reduce Cr(VI) to trivalent chromium Cr(III) that is
of low toxicity. In the present study, we studied the properties of biological carbon
carried NZVI to remove Cr(VI) in solution using liquid phase reduction method.
The results will provide some theoretical basis for engineering application.

Materials and Methods

Materials Preparation. The prepared biochar was over a 100 mesh screen,
immersed in 1.0 mol/L hydrochloric acid 12 h to remove impurities, and washed it
with deionized water to neutral water, then dried for use. The preparing and
attaching of NZVI on the cleaned biochar was operated under anaerobic condi-
tions. 1.0 g nano zero valent iron was made by solving 5 g FeSO4-7H,0 in a
100 mL ethanol and deionized water intermixture with the alcohol water ratio of
4:1 (v/v), and dropping 50 mL 20 g/L. KBH, solution one by one with stirring under
nitrogen protection. Then 5.0 g biochar was soaked in FeSO,4-7H,O solution
60 min with stirring velocity 200 r/min to fully mixed. The remaining steps the
same as above. Finally, 6.0 g biochar carried NZVI with a carbon iron mass ratio of
5:1 was made. The chemical equation of the reaction as
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2Fe’* 4+ BH; +2H,0 = 2Fe+BO, +2H, +4H " (1)

After the reaction, washing the obtained material a few times with deionized

water and absolute ethanol, which were purged nitrogen 1 h to remove oxygen
before using, finally dried it under nitrogen protection.
Material Characterization. Biochar-NZVI mixed with 2.0 mol/L hydrochloric
acid and hydroxylamine hydrochloride solution, dissolved iron and the solution
heated in a water bath at 100°C, then filtered with 0. 22 pm membrane. The filtrate
was measured with phenanthroline colorimetric method to determination the con-
tent of ferrous ion, and converted to the mass of NZVI. The mass ration of iron and
carbon in the biochar was obtained by compared the dried filter residue with the
mass of NZVL

The size of the material particles was observed by Hitachi HT7700 transmission
electron microscope (TEM) under 100 kV operating voltage. The surface functional
groups of biochar were measured using NICOLET iN10 MX Fourier transform
infrared spectrometer (FT-IR); the crystal structure was analyzed using thermo ARL
X’TRA X-ray differaction (XRD), and the specific surface area and aperture
parameters of material were measured by ASAP 2020 surface area meter.
Experiment Methods. The Cr(VI) water samples used in the experiment were
prepared using K,Cr,05 to a stock solution with a concentration of 150 mg/L. First,
the removing effect to Cr(VI) in solution was investigate by comparing the results
of biochar, nano zero valent iron, and biochar-NZVI with the mass ration of iron
and carbon of 3:1, 5:1, 7:1, noted as 3BC-Fe, 5BC-Fe and 7BC-Fe, respectively.
The initial concentration of Cr(VI) used in the experiment was 50 mg/L, the
average mass of NZVI in various materials is 0.5 g/L,the reaction temperature was
25 °C, and the solution initial pH was 4.5.

The influence of the initial concentration of Cr(VI) on the removing effect of
biochar-NZVI to Cr(VI) was analyzed using SBC-Fe solution. The initial concen-
tration of Cr(VI) was set as 25, 50, 75, 100 and 125 mg/L; the amount of
biochar-NZVI was 3.0 g/L, the reaction temperature was 25°C,and the solution
initial pH was 4.5.

The influence of the initial pH in the solution to the remove effect of Cr(VI) was
selected 5SBC-Fe solution. The initial pH was set as 4.5, 6.5, 7.0, 8.5, and 10.5; the
amount of biochar-NZVI was 3.0 g/L, and the reaction temperature was 25 °C.

Third, the effect of temperature on remove Cr(VI) was selected SBC-Fe solution.
The temperature was set as 15, 25, 35, 45 and 55 °C, The initial concentration of Cr
(VI) was 50 mg/L; the amount of biochar-NZVI was 3.0 g/L, and the solution
initial pH was 4.5.

Each experiment was carried in a 250 mL conical flask stirred by amagnetic
stirrer with a speed of 200 r/min. Samples was took in the set time point and filtered
using 0.22 pum membrane. The concentration of Cr(VI) was determined using two
benzoyl hydrazine spectrophotometry by means of Alpha-1106 spectrophotometry
of 540 nm wavelength light.
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Result and Discuss

Materials Characterization. First, we validate the mass ration of iron and carbon
in biochar-NZVI. The results show that the mass ration of iron and carbon was
1: 6.84, 1:4.92 and 1: 2.88 in the 7BC-Fe, 5SBC-Fe and 3BC-Fe samples, basically
consistent with the mass ratio of iron carbon settled in the original experimental.
Figure la—c are the appearance pictures observed in biochar, NZVI, and BC-Fe by
TEM. We can see that biochar takes the shape of flakes, NZVI is of spherical
particles with a size about 30—70 nm. In Fig. 1c shows that many NZVT particles
are attached on the surface of biochar, indicating that biochar successfully carried
NZVI partiles. The shape of NZVI is characteristic of a chain because of their larger
specific surface area leading to a large attraction between particles [7]. In the TEM
picture we observed that almost each the biochar flake is attached on NZVI par-
ticles. The measured specific surface area for biochar, NZVI Fe, 3BC-Fe, SBC-Fe
and7BC-Fe is 205.4, 20.9, 138.1, 142.8 and 126.6 m2/g, respectively. The decrease
of the specific surface area of biochar may be related to the holes and channels of
biochar filled up by NZVI particles.

Figure 2 shows the spectrum of Fourier transform infrared spectroscopy. The
absorption peak at 3400 cm™ ' is attributed to the stretching vibration caused by
—OH group; the peak at 1710 cm™ ' is caused by the vibration of C=O band in
carboxyl group; and the peak at 1103 cm™' corresponding to the stretching
vibration of C=0 bands in phenol, alcohol and other substances [8]. In the
preparation of biochar-NZVI, these groups can absorb Fe(Il) of the solution, which
help to the carrying of NZVI.

Figure 3 shows the XRD spectrum of the three kinds samples [9]. Obviously,
there is a main peak at 44.5° from NZVI Fe, corresponding to the characteristic
diffraction peak of o-Fe [10, 11], indicating that the main form of iron in the
samples is o-Fe. The peak at 20 = 22.7° is characteristics a amorphous structure of
carbon from the characteristic peak of the biochar samples [12]. The two charac-
teristic peaks of the biochar-NZVI samples in the XRD spectrum shows that NZVI
Fe and biochar both exist simultaneously in the samples.

()

Fig. 1 TEM images of samples. a BC; b NZVI; ¢ BC-Fe
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Biochar-NZVI removing Cr(VI). Figure 4 shows the remove behaviors of the
NZVI and biochar-NZVI materials to Cr(VI). It is seen that the removal reaction to
Cr(VI) basically achieves to a balance about 120 min. In 120 min, the removing
effect of biochar with mass concentration of 2.5 g/L to Cr(V]) is not obvious. The
removal rate is only about 16.1%. This because Cr(VI) in the solutions exists in the
forms of HCr,O7~, Cr,07% and CrO4%~ etc. anionics. Although biochar has por-
ous structure and large specific surface area, the carried surface negative charges are
mutually exclusive with HCr,O; ™, Cr,0,%~ and CrO4>~ etc. anionics, leading to
low removing efficiency to Cr(VI).

The removing efficiency of NZVI sample to Cr(VI) is about 60.9% in 120 min.
Clearly, biochar-NZVI sample significantly increases the removal capacity of Cr
(VD). The removing efficiency of Cr(VI) enhanced from 60.9 to 92.0, 96.8 and
85.0% for 3BC-Fe, 5BC-Fe and 7BC-Fe samples, respectively. This because NZVI
particles attached on biochar can effectively overcome the defects of NZVI,
increasing the removing efficiency of biochar-NZVI to Cr(VI). At the same time,
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biochar has a certain adsorption capacity to Cr(VI), which can adsorb Cr(VI) on the
surface of it. The larger concentration of NZVI is the fast the remove reaction does.

The result of Fig. 4 shows that the ratio of carbon and iron in biochar-NZVI has
influence the removing effect to Cr(VI). Compared the removal efficiency of the
biochar-NZVI samples to Cr(VI), we found that the efficiency of SBC-Fe sample is
larger about 4.8% than that of 3BC-Fe sample. However, it reduced about 11.8%
for 7BC-Fe than that of SBC-Fe. As a carrier biochar can overcome the aggregation
defect of NZVI, then increases the reaction rate. But too much biochar will lead
reunion between biochars [13] that lows the specific surface area of material, finally
leading to low the removal efficiency of Cr(VI). Chen et al. [14] thought that the
reaction rate reduced because too much biochar will occupy the activity position of
NZVI. Therefore, there is an optimum proportion of iron and crrbon in the
biochar-NZVI material. The results found that the removal effect of biochar-NZVI
Fe to Cr(VI) is better than that of other materials when the ration of iron and carbon
is 5:1.

The Influence Factors of Biochar-NZVI Fe to Cr(VI). Figure 5 shows the
relationship of removal effect with the initial concentration of Cr(VI). In 120 min
reaction time, the removal rate of Cr(VI) in solution decreases with the initial
concentration increasing of Cr(VI). The rate is 100, 96.8, 92.8, 83.7 and 78.8%
when the initial concentration is 25, 50, 75, 100 and 125 mg/L, respectively. The
removing process of biochar-NZVI to Cr(VI) can be divided into two stages: in the
first 60 min the removing speed is very fast. In this case Cr(VI) ions in the solution
were quickly absorbed on the adsorption sites of the material surface. With the
reaction proceeding, Cr(VI) began to diffuse into the pores of biochar because the
surface adsorption site decreases gradually. Since the iron oxide formed in previous
reaction might block the pores, leading to the removing speed to Cr(VI) decreases
in the second stage. Zhu [15] found the similar result in the supported nano iron
removing As(V) in drinking water.

Generally, the process of removing Cr(VI) using NZVI or bimetallic materials
took place on the surface of materials is a heterogeneous reactions. The Kinetic
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Fig. 5 a The influence of the initial concentration of Cr°* on the removing efficiency of ot by
BC-Fe; b The pseudo-first-order kinetics fitting for different initial concentration of the o™t
reduced by BC-Fe; ¢ The influence of the initial pH on the removing of Cr* by BC-Fe; d The
pseudo-first-order kinetics fitting of the reduction ot by BC-Fe in different initial pH; e The
influence of temperature on the removing of Cr®" by BC-Fe; f The pseudo-first-order kinetics
fitting of the reduction of ot by BC-Fe at different temperature

process can be well fitted using the pseudo first order reaction kinetics model. The
pseudo first order reaction as

In(c/co) = —kobs X 1. (2)
where, ¢ is the concentration (mg/L) of Cr(VI); ¢y is the initial concentration of Cr

(VD) (mg/L); kops is the apparent rate constant, it can be obtained by linear fitting to
In (c/cpy) and 1.
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Fig. 5 (continued)

Figure 5b is the fitting results using pseudo first order kinetic each reaction for
different initial concentration of Cr(VI). kqs is 0.1041, 0.0584, 0.0449, 0.0306 and
0.0235 min~! when initial concentration of Cr(VD) is 25, 50, 75, 100 and 125 mg/L,
respectively. Clearly, ks decreases with the increasing of the initial concentration
of Cr(VI). This because NZVI deduction Cr(VI) is a surface controlled reaction
process. The reaction speed has related to the number of surface active sites of
NZVI as it is not affected by the mass transfer. At a low concentration of Cr(VI) in
the solution, the surface active sites of NZVI are not saturated, the reaction speed is
larger. With the increasing concentration of Cr(VI), the surface active sites of NZVI
tends saturate, the reaction near zero order kinetics and the reaction rate declines
[16]. It can be seen that k., has a good linear relationship with Cr(VI) concen-
tration when the concentration is between 50 and 125 mg/L.

kops increase sharply when the initial concentration of Cr(VI) is 25 mg/L that is
smaller about 10 times than that of the concentration of NZVI. This because Cr(VI)
is reduced to Cr(IIT) when Cr(VI) reacts with NZVI carried by biochar. At the same
time, NZVI is reduced to Fe(Ill). Cr(III)-Fe(IIl) co-deposition were created, which
hinder the reaction continually when they attached on the surface of NZVI [16].
Melitas et al. [17] found that the increasing concentration of Cr(VI) will promote
the formation of passivation layer, thereby reduced the reaction rate.

Figure 5c shows that the relationship between the removal efficiency and the
initial pH value in the solution. The removal rate of Cr(VI) by biochar-NZVT is 96.8,
93.692.992.1 and 79.7% when the pH value is 4.5, 6.5, 7.0, 8.5 and 10.5 in 120 min.
Obviously, the removal rate decreases gradually with the increasing PH. Comparing
the removal rate of the four groups, we found that removal rate biochar-NZVI have
good removal effect when PH is from acidic to weakly alkaline range.

Figure 5d shows that the pseudo first order kinetic fitting relationship between
the removal effect and the initial pH of the solution. The five groups show a better
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linear correlation (the correlation coefficient r* over 97%). It is found that the initial
PH has some influence to the apparent rate constant. ks researches the maximum
when pH = 4.5, and it has the best removal effect. The removal rate of Cr(VI) drops
gradually when ks decreases from 0.0307 to 0.0143 min™', and the initial pH
increases from 4.5 to 10.5.

The removal effect of pH to Cr(VI) is related to the reaction process. The
reaction equation of Cr(VI) reduced to low toxicity Cr(IlI) by Fe as following

Cr,0,%” +3Fe’ + 14H' — 2Cr* " 4 3Fe? ™ 4 7H,0. (3)

where, Fe?* still has reducibility, it can continually reduced Cr(VI) to Cr(IIl), that
is,

Cr,0,% +6Fe’>* +14HT — 2Cr** + 6Fe’ T 4 7H,0. (4)
Combined the two reaction equations as
Cr,07%” +2Fe’ + 14HT — 2Cr* ™ +2Fe’ * + 7H,0. (5)

From the above analysis, we can get the main reason of pH effect to the remove
reaction of Cr(VI) is that Fe(IlT)-Cr(IIT) hydroxide co-precipitation were formed on
surface of NZVI, which blocked the internal electron of NZVI transfer to outward
[4] when PH is too high. In addition, Cr(VI) exists in a Cr,02 negatively charge
form in the solution, high PH will lead to the increase of the negative charge on the
surface of NZVL. It will generate a rejection to Cr,O7, that is unfavorable to the
reaction. At the same time, too high PH will prevent zero valent iron from turning to
Fe (II) (etching process), thus inhibiting the reduction of Cr(VI).

The removal reaction of biochar-NZVI to Cr(VI) is well accordance with the
pseudo first order kinetics. According to the theory of chemical reaction dynamics,
temperature can affect the rate of first order reaction kinetics, as shown in Fig. Se.
The removal rate of Cr(VI) reaches 91.9, 96.8, 99.2, 100 and 100% when the
reaction temperature is 15, 25, 35, 45 and 55 °C, respectively. In Fig. 5f the
apparent rate constant increases from 0.0222 to 0.0715 min~" when the reaction
temperature increases from 15 to 55 °C. It shows that the thermal motion of
molecules increases that makes the number of activated molecules increase also,
thus the reaction is speed up [18].

Summary

The removal effect of biochar-NZVI to Cr(VI) by biochar carried NZVI using liquid
phase reduction preparation was investigated. The results showed that
biochar-NZVI has better dispersion and higher specific surface area than that of
pure NZVI, and overcomes the agglomeration defects of NZVI Fe. The removal
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rate of SBC-Fe sample to Cr(VI) reached 96.8% at the initial concentration of Cr
(VD 50 mg/L and in the same initial concentration of NZVI. It was about 35.9%
higher than that of the pure NZVI dosage, indicating that biochar-NZVI has better
removal effect to Cr(VI) that favors to engineering application

The removal of biochar-NZVI to Cr(VI) accords with the pseudo first order
kinetics. The study of the theory of chemical reaction dynamics shows that the
removal rate of biochar-NZVI to Cr(VI) in solution decrease with the increase of
initial concentration and initial pH value. In addition, the increase of reaction
temperature can improve the removal rate of biochar-NZVI to Cr(VI) in the
solution.

The removal rate of biochar-NZVI samples to Cr(VI) in the solution is all over
92.1% when the initial pH of the reaction solution is between 4.48 and 8.36,
indicating that the synthesized materials have good removal effect on Cr(VI) in
acidic to weakly alkaline pH conditions.
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