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Hexavalent chromium (Cr(V1)) is one of the most toxic components in heavy metal pollution. The reduction of
highly toxic Cr(VI) into much less toxic trivalent chromium (Cr(lll)) is a promising and common method of
remediating Cr(VI) contamination. Nanoscale zero-valent iron (nZVI) is an important nanoparticle to facilitate
environmental remediation. It was reported on the fabrication of a bionanocomposite (nZVI@PGA), i.e. nZVI
stabilized and modified by poly (y-glutamic acid) (PGA). The bionanocomposite was characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR). The processes of Cr(VI) conversion by nzZVI, PGA and nZVI@QPGA
were investigated and optimized. Compared to unmodified nZVI, nZVI@PGA displayed higher activity in acidic
environment. The pH and PGA loading were optimized. The maximum unit removal of Cr(VI) by nZVI@QPGA
can reach 340 mg/g in acidic environment. The results demonstrated that nZVI@PGA can convert about 97.3 %
Cr(VI) (initial concentration was 20 mg/L) in 30 min at pH=3. nZVI@PGA owns high stability and reactivity, and
has potential to remove Cr(VI) of sewage in the future.

1. Introduction

Hexavalent chromium pollution has become an increasingly common type of pollution, mainly due to paper,
leather, and metallurgical industries (Dong et al., 2016). The main forms of chromium are hexavalent and
trivalent, while hexavalent chromium (Cr(VI1)) is easier to migrate and approximately 1,000 times more toxic than
trivalent chromium (Cr(lll)) (Chen et al., 2015). Cr(VI) is not only harmful to human health, but also to plants and
microorganisms. It was now an urgent task to remove the Cr(VI) from wastewater.

nZVI| owns better adsorption and reduction effect in the field of hexavalent chromium removal from wastewater
or contaminated soil (Mouhamadou et al., 2015). As a new type of hanomaterial, nZVI has a lot of advantages,
such as large specific surface area, stronger adsorption and reduction capabilities (Dong et al., 2012). nzZVI still
has some deficiencies in the application of pollutant removal, including the agglomeration and facile oxidation
(Guan et al., 2015). Due to the van der Waals and attractive magnetic forces, nZVI aggregates easily to form
large particles, which caused the reactivity of nZVI to decrease severely (Xie et al., 2017). To solve this problem,
many researchers have applied various carriers to stabilize nZVI and disperse nanoscale iron particles, such as
carboxymethyl cellulose, bentonite, sodium alginate, resin, and biochar. As a macromolecular polymer, PGA
was widely used in industrial fields due to its excellent adsorption performance (Elizabeth et al., 1999). PGA has
been applied as an adsorbent to study the adsorption effect of divalent copper ions (Hu et al., 2017). To remove
the divalent cobalt, the adsorption effect of PGA had been investigated (Zakariyah et al., 2017). The
complexation of PGA with lead ions was carried out to remove the lead pollution (Magdolna et al., 2008). In the
lab, the previous work had proved that nZVI modified by PGA had excellent performance of stability and
dispersion, degrading p-chlorophenol more than 90 % in 30 min (Zhang et al., 2018). When the composite
material includes PGA—dopamine and Fe-Pd nanoparticles, the degradation rate of p-chlorophenol almost
reached 100 % in 60 min (Zhang et al., 2018). PGA has many carboxyl groups, which can provide static and
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spatial repulsion to disperse nano-scale iron particles (Elizabeth et al., 1999). nZVI modified by PGA is a stable
system, which has potential to remove the pollution of Cr(VI) from water.

To our knowledge, there is no report on nZVI@PGA application on the reduction of Cr(VI) to Cr(lll). The major
work of this paper includes preparation of PGA-modified nZVI materials (nZVI@PGA), characterization of
nZVI@PGA, and application and optimization of nZVI@PGA for Cr(VI) removal.

2. Materials and methods

Poly (y-glutamic acid) (PGA, MW 100,000-50,000 kDa) was purchased from Yuanye Bio-Technology
(Shanghai, China). Ferrous sulfate heptahydrate (FeSO4-7H20, > 99.0 %), potassium borohydride (KBHa,
97 %), potassium dichromate (K2Cr207, = 99.8 %), diphenyl semicarbazide (C13H14N4O) and sodium hydroxide
(NaOH, 96 %) were supplied by Aladdin Reagent Company (Shanghai, China). Hydrochloric acid (HClI, 36-
38 %), sulfuric acid (H2S04, 95-98 %) were purchased from Jiangtian Chemical Technology (Tianjin, China). All
chemicals were used without further purification. All water was purified by a water purification system (arium pro
VF, Sartorius Germany).

2.1 Preparation of nZVI@QPGA

The nZVI@PGA was prepared by the method of borohydride reduction. The total reaction volume was 50 mL.
Then, 25 mg FeSO4-7H20 was added into PGA solution which included different amounts of PGA (0.1, 0.5, 1
and 2 mg), and always under the protection of nitrogen to create an anaerobic environment. Next, 15 mg KBHa4
were dissolved in 3 mL deionized water to form a solution that dropped to the mixing system. When the Fe?*
reacted with BH4™ to give Fe®, it was necessary to purge nitrogen for 20 min to eliminate the excess of hydrogen
(Abel et al., 2017). pH was kept constant in the nZVI@PGA solution by addition of hydrochloric acid or sodium
hydroxide. The preparation of nZVI@PGA was carried out in a water bath with constant temperature at 25 °C.
The synthesized system was poured into a conical flask containing hexavalent chromium solution.

2.2 Characterizations

The morphology of nZVI@PGA was studied by scanning electron microscopy (S-4800, Hitachi, Japan). The
composition and stability of nZVI@PGA were characterized by X-ray diffraction (D8-Focus, Bruker, Germany)
and settlement experiment (Zhang et al., 2018).

2.3 Batch experiments of Cr(VI) removal

1 g/L stock solution of Cr(VI) was prepared by dissolving potassium dichromate in water at 25 °C. Then, the
prepared nZVI@PGA system was poured into four 150 mL conical flasks containing the stock solution of Cr(VI)
(1, 2, 2.5, 4 mL), so that the initial Cr(VI) concentration was 20, 40, 50, 80 mg/L. In these mixed systems,
different mass ratio Fe:Cr(VI) (5:1, 2.5:1, 2:1, 1.25:1) were obtained to explore the effect of initial hexavalent
chromium concentration on Cr(VI) removal. At the same time, it is also necessary to consider the effect on the
removal of Cr(VI) at different pH (3, 6, 9) and temperature (15, 25, 35, 45 °C) values. According to the time node
of the experimental design, 1 mL of sample solution was took out from the mixed systems each time. The
absorbance of Cr(VI) was measured with a spectrophotometer at a wavelength of 540 nm. The Cr(VI)
concentration was calculated according to the calibration curve, designed in the 0.02 mg/L-5 mg/L concentration
range, and having a coefficient of determination of 0.9996. All experimental measurements were repeated twice.

3. Results and discussion
3.1 Characterization of nZVI@PGA

Figure 1: SEM micrographs of the (a) nzZVI and (b) nZVI@QPGA
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The morphologies and size of nZVI and nZVI@PGA were characterized by SEM. As shown in Figure 1a, in the
absence of PGA in synthesis process, the resulted nZVI formed chain aggregations. Figure 1b shows that the
majority of nZVI@PGA had relatively spherical shapes and smooth surfaces in the size range of 50-150 nm. In
general, the results proved that nZVI was easily oxidized and PGA could inhibit the aggregation and restrain
oxidation.

3.2 Cr(VI) removal by nZVI@QPGA

Under acidic conditions (pH=3), the removal of Cr(VI) with nZVI@PGA was studied through batch tests. Figure
3a shows the amount of Cr(VI) (20 mg/L) removed followed the order PGA<nZVI<nZVI@PGA. Compared with
nZVI and PGA, nZVI@PGA was the most effective for Cr(VI) removal, and the amount removed in 30 min was
twice compared to that obtained with nZVI. Bare PGA had little effect on the removal of Cr(VI) with approximately
3 % removal in 150 min. According to the theory of surface-mediated reactions, the reactivity was directly
proportional to the effective surface area (Choe et al., 2001). nZVI@PGA presents better dispersion and a large
specific surface area, indicating that the removal of Cr(VI) was more efficient and the removal amount can reach
97 % in 30 min. As shown in Figure 3a, nZVI@PGA was much more efficient and faster on the removal of Cr(VI).
In this study, when the mass ratio Fe:Cr(VI) was 5:1 and pH=3, nZVI@PGA exhibited high activity on the removal
of Cr(VI), which shows that nZVI@PGA is a promising nanomaterial. The sketch of Cr(VI) removal was shown

in Figure 2.
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Figure 2: Schematic diagram for the synthesis of nZVI@PGA and the removal of Cr(VI)
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Figure 3: (a) Time curve of Cr(VI) (20 mg/L) removal using PGA, nZVI and nZVI@PGA (pH=3.0, T=25 °C); (b)
Effect of Cr(VI) (40 mg/L) removal under different PGA loadings (pH=3.0, T=25 °C)
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3.3 Effect of nZVI to PGA mass ratio on the removal of Cr(VI) by nZVI@QPGA

As shown in Figure 3b, the effects of Cr(VI) removal was studied by changing the nZVI:PGA mass ratio (50:1,
10:1, 5:1 and 2.5:1). The result shows that the maximum removal amount was 79.15 % when the mass ratio
nZVI:PGA was 5:1. Known from the characterized SEM image, nZVI particles were easier to gather when the
proportion of PGA was small. When the PGA mass ratio increased, the nZVI particle was present better
dispersion, which provided more active sites for Cr(VI) removal. Excessive PGA loading prevented nZVI from
reacting with Cr(VI), indicating that active sites and specific surface area of nZVI were reduced. Many studies
had proven this phenomenon, for example, nZVI supported by biochar to remove the methyl orange (Han et al.,
2015). The best mass ratio nZVI:PGA was 5:1, which showed efficient removal effect for the Cr(VI).

3.4 Effect of pH on the removal of Cr(VI) by nZVI@QPGA

Figure 4 shows that the initial pH of nZVI@PGA had a significant effect on the removal of Cr(VI). When the
initial pH increased, the amount of Cr(VI) removed was severely reduced, which can only reach 18.6 % at pH=9
and 28.6 % at pH=6 in 150 min. The reduction rate of nZVI@PGA decreased significantly with the increased
initial pH, indicating that lower pH was beneficial for the removal of Cr(VI). According to previous literature
reports, HCrO4~ was the main form of Cr(VI) in the acidic solution and CrO4? in the alkaline solution (Dinesh et
al., 2006). Under acidic conditions, the main reaction was shown in Eq 1.

2HCrO, + 3Fe® + 14H* — 2Cr®" + 3Fe?" + 8H,0 @)

In acidic environment, H* ions speed up the reaction with HCrO4~, and the electrostatic interactions between
nZVI@PGA and Cr(VI) increased the adsorption of Cr(VI) onto the surface for removal (Shi et al., 2011). The
electrostatic repulsion between nZVI@PGA and CrO.2 might inhibit the Cr(VI) absorption onto the composite
material in alkaline environment. Cr(lll) and Fe(lll) produced during the reactions were easily accumulated on
the surface of nZVI@PGA, which prevented further reduction (Fang et al., 2011).
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Figure 4: Cr(VI) (40 mg/L) removal by nZVI@PGA at different initial pH (T=25 °C)

3.5 Effect of initial Cr(VI) concentration on the removal of Cr(VI) by nZVI@QPGA

Figure 5a shows the effect of initial Cr(VI) concentration for the removal of Cr(VI) at pH=3. When the initial Cr(VI)
concentration was 40, 50, and 80 mg/L, the amount of Cr(VI) removed was about 79.2 %, 68.8 %, 51.1 % in
150 min. Besides, nZVI@PGA removed Cr(VI) faster, which can achieve 97.3 % in 30 min when initial Cr(VI)
concentration was 20 mg/L. When the initial Cr(VI) concentration was raised from 20 to 80 mg/L in acidic
environment, the unit removal capacity of nZVI@PGA increased from 160 to 340 mg/g. Compared with other
composite materials, such as activated carbon supported nzZVIl (AC/nzZVI) (Soroosh et al., 2018), biochar
supported nZVI (nZVI-BC) (Fan et al., 2019), and silicon rich biochar supported nZVI (nZVI-RS700) (Qian et al.,
2019), nzVI@PGA was more efficient for the removal of Cr(VI) as shown in Table 1. The unit remova (Ur, mg/g)
of nZVI@PGA was calculated by Eq 2,.where Mcr was the mass of Cr(VI) removed, and Mre was the total mass
of nZVI@PGA in the reaction. The unit removal capacity could decrease when nZVI was overloaded (Zhang et
al., 2018). When the initial concentration of Cr(VI) was excessive, nZVI will be oxidized quickly so that the
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Cr(ll/Fe(lll) oxides/hydroxides stacked on the surface of nZVI@PGA, making it unavailable for further reduction
(Liu et al., 2010).

Ur= MCr / MFe (2)

Table 1: The unit removal of nZVI@PGA compared with other composite material (pH=3.0)

Composite material AC/nzZVI nZVI-BC nZVI-RS700 CMC-nzZVI nZVI@QPGA
Unit removal (mg/g) 3.3 145 111.9 136.0 162.2
Time (h) 48 5 24 0.5 0.5

3.6 Effect of temperature on the removal of Cr(VI) by nZVI@QPGA

As shown in Figure 5b, when the initial temperature increased, nZVI@PGA removed Cr(VI) more efficiently.
When the initial temperature increased from 15 to 45 °C, the removal amount was from 71.6 % to 89.7 % in
150 min. The ion diffusion became more intense as temperature was raised, giving nZVI@PGA more chance
to react with Cr(VI) (Shi et al., 2011). Consequently, when the temperature increased, the reaction rate was also
raised, which significantly reduced the time for the removal of Cr(VI) (Manning et al., 2007).
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Figure 5: Degradation curves of Cr(VI) removal at (a) different initial concentrations (20, 40, 50, 80 mg/L) and
(b) different temperatures (pH=3.0)

4. Conclusions

The main work was to investigate the feasibility of the Cr(VI) removal with nZVI on support of PGA. The results
show that nZVI@PGA was better than nZVI, having excellent reduction effect for Cr(VI). When the mass ratio
nZVI:PGA was 5:1, nZVI@PGA showed a better stability and dispersion. Cr(VI) removal by nZVI@QPGA can
reach 97.3 % in acidic solution, indicating that low pH can promote the reaction. The maximum unit removal of
nZVI@PGA was 340 mg/g, which was more efficient than AC/nzZVI, nZVI-BC and nZVI-RS700. The higher
temperature facilitates the diffusion of ions, which is beneficial for the removal of Cr(VI). Besides, the
Cr(ll/Fe(lll) hydroxides produced precipitation, eliminating potential secondary pollution issues to the
environment. The results indicate that nZVI@PGA is an efficient composite material for the removal of Cr(VI),
especially in acidic environment.
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