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ABSTRACT

Using natural bentonite as carrier, bentonite-supported nano zerovalent iron (B-nZVI) was pre-
pared by liquid phase reduction method. The composite was characterized by X-ray diffraction,
scanning electron microscopy, X-ray photoelectron spectroscopy, and the effect of Cr(VI) removal
by B-nZVI was investigated. The results show that the agglomeration effect of nano zerovalent iron
is reduced by bentonite loading, and the composite has the structural characteristics of two mate-
rials, which can effectively remove Cr(VI) from water. The removal rate of Cr(VI) increased with
the decrease of pH and Cr(VI) initial concentration, and increased with the increase of B-nZVI com-
posite dosage and reaction time. The removal rate of Cr(VI) by B-nZVI composite accorded with

pseudo-second-order reaction kinetic model.
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1. Introduction

Heavy metal pollutants are highly toxic and difficult
to degrade. And have grown up to be the most serious
environmental problems threatening human development
[1-3]. Chromium pollution widely comes from leather, met-
allurgy, electroplating and other industries [4,5]. Chromium
in natural environment mainly exists in two stable states:
trivalent chromium (Cr(III)) and hexavalent chromium
(Cr(VI)). Cr(VI) has higher solubility and strong migration,
which is more harmful [6]. Cr(VI) is recognized as one of
the top 16 toxic pollutants because of its teratogenic and
carcinogenic properties [7]. When it enters the human body
through the skin, digestive system and respiratory system,
it may trigger dermatitis, rhinitis and even cancer [8]. The
toxicity, carcinogenicity and mobility of hexavalent chro-
mium (Cr(VI)) are much higher than those of trivalent
chromium (Cr(IIl)), so it is listed as the first category of
pollutants [9-11]. So how to control chromium pollution
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effectively has attracted more and more attention. For more
effective remediation technology of Cr(VI) contaminated
in the water, various technologies have been developed
including microbial-assisted phytoremediation, chemical
reduction, nanomaterials applications, physical adsorption
and membrane filtration [12]. Nano zerovalent iron (nZVI)
has strong reducibility and is widely used for the removal
of heavy metals and refractory organic matter [13-15]. The
widespread applications of nZVI are attributed to its high
specific surface area, large reduction capacity, high effi-
ciency, and cost-effective nature [16]. Application of nZVI
in permeable reactive barriers is promising in the field of
the remediation of Cr(VI) contaminated groundwater by
converting it to the less harmful Cr(Ill) or its precipitates
[17]. However, nZVI is easy to oxidize and agglomerate,
reducing the reaction efficiency and limiting its application.
Supporting nZVI on a carrier can improve its dispersibil-
ity and reduce agglomeration [18,19]. Natural bentonite
has a low price, large yield, large specific surface area,
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special layered structure, and good adsorption and cata-
lytic properties [20,21]. Therefore, the main purpose of this
study is equivalent to investigating the structure and mor-
phology of the prepared bentonite-supported nanometer
zerovalent iron composite and using it to remove Cr(VI) in
water. The effects of pH, temperature, initial concentration,
dosage coexisting ions, and other factors on the removal
efficiency were investigated.

2. Materials and methods
2.1. Reagents and instruments
2.2.1. Reagents

Ferrous sulfate heptahydrate (FeSO,7H,0), potassium
borohydride (KBH,), sodium hydroxide (NaOH), anhydrous
ethanol, polyethylene glycol, bentonite were all analytically
pure, and the experimental water was deionized water.

2.2.2. Instruments

Fourier-transform infrared spectrometer (IS10), scan-
ning electron microscope (SU8020), X-ray powder diffrac-
tion (X'Pert PRO MPD), X-ray photoelectron spectroscopy
(ESCALAB 250Xi), UV-visible spectrophotometer (UV-2100),
constant temperature vacuum drying oven (DZF-6020), gas
bath constant temperature shockVibrator (ZD-85), auto-
matic nitrogen generator (SPN-500), electric stirrer (JJ1A).

2.2. Preparation of materials

Weigh 2 g of the sifted bentonite and dissolve it in
100 mL deionized water.9.9286 g of ferrous sulfate was dis-
solved in the bentonite system and stirred for another 24 h.
After the stirring, it was transferred to the three-necked
flask and aerated for 5 min under nitrogen protection. Then
40 mL anaerobic ethanol was added to the three-necked
flask, stir vigorously with a precision booster electric stir-
rer, and add 100 mL KBH, drop by drop to the three-neck
flask. Black precipitation appeared immediately when
KBH, was added to the system. After the dripping, con-
tinue stirring for 30 min to ensure that the reaction can be
completely carried out. The black residue was washed with
deoxidized ethanol and deoxidized water several times,

and the waste liquid was siphoned out and dried in a vac-
uum drying oven for 24 h to obtain bentonite-supported
nano-iron particles, which were placed in an oxygen-free
brown reagent bottle for standby.

2.3. Characterization of materials

The surface morphology of bentonite-supported nano
zerovalent iron (B-nZVI) was analyzed by scanning elec-
tron microscopy (SU8020, Hitachi, Japan). Test method of
scanning electron microscope: the sample to be tested with
ion sputtering coating machine spray gold, test acceleration
voltage 30 kV. The surface crystal pattern of B-nZVI was
analyzed by X-ray diffraction (X'Pert PRO MPD, Panaco,
Netherlands). Test conditions: tube pressure 40 kV, scan-
ning step 0.02°. Fourier-transform infrared spectrometer
(Nicolet IS10, Thermo Fisher Scientific) was used to analyze
B-nZVI surface functional groups. Test method: grind the
sample to be tested and KBr powder according to mass ratio,
grind evenly and press the tablet, and scan the range of 350
4,000 cm™; X-ray photoelectron spectroscopy (ESCALAB
250Xi, Thermo Fisher Scientific) was used to analyze the ele-
ments and valence states in B-nZVI. The research and test
conditions were: the excitation source was Aika X-ray, the
whole spectrum passing energy was 100 eV, and the step
size was 1 eV.

3. Results and discussion
3.1. Characterization of composite materials
3.1.1. Surface morphology analysis

Fig. 1a shows the scanning electron microscopy (SEM)
diagram of nZVI, which produces self-agglomerations
and is oxidized to oxides. Fig. 1b shows the bentonite-sup-
ported nano zerovalent iron material (B-nZVI). After the
bentonite-supported nano zerovalent iron, spherical nano
zerovalent iron particles exist in the lamellar and on the
surface of the bentonite, as well as the nano zerovalent
iron particles formed in chain shape and supported on the
bentonite surface. Nano zerovalent iron supported on ben-
tonite can greatly reduce the agglomeration and improve
the dispersion compared with the unsupported nZVI
[22,23]. At the same time, the adsorption properties of the

Fig. 1. SEM diagrams of different materials: (a) nZVI SEM and (b) B-nZVI.
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bentonite were improved, and more active sites were added
to increase the reactivity of the bentonite.

3.1.2. Surface functional group analysis

As can be seen from Fig. 2, in the spectra of bentonite
and B-nZVI], the absorption peak at 3,630 cm™ is the vibra-
tion absorption peak of the hydroxyl group, the absorption
peak at 3,420 and 1,630 cm™ is the bending vibration peak
of H-O-H of water, and the absorption peak at 2,850 cm™
is the absorption peak of C-H. 1,060 cm™ is Si-O bending
vibration peak, 685 cm™ absorption peak is Si-O deforma-
tion and bending vibration peak, 520 cm absorption peak is
AI-5i-O bending vibration peak, 460 cm absorption peak
is 5i-O-Si bending vibration peak, The absorption peaks of
1,060 and 2,850 cm were weakened, which may be due to the
destruction of Si-O bond and C-H bond during the prepa-
ration of B-nZVI. The peaks at 540 and 470 cm in the maps
of nZVI and B-nZVI are The Fe-O stretching vibration
peaks on Fe,O, and Fe,O, formed by oxidation. The results
indicated that the nano zerovalent iron was successfully
loaded on the surface of bentonite, retaining the charac-
teristic functional groups of the original bentonite, and the
nano zerovalent iron was oxidized on the surface.

3.1.3. Crystal structure analysis

Fig. 3 shows the X-ray diffraction (XRD) patterns of differ-
ent materials. The characteristic Fe’ peak appears in BnZVI
at 20 = 42°-44°. But the diffraction peak is relatively broad
and diffuse compared with nZVI, while the diffraction peak
of nanometer zerovalent iron has high intensity and sharp
[24,25]. This indicates that the nano zerovalent iron adheres
to the surface of bentonite or enters the pores inside it.
But the amount of nano zerovalent iron is much smaller than
that of nano zerovalent iron alone. The small peaks at
about 20 = 62° are characteristic peaks of Fe,O, and Fe,O,.

3.1.4. X-ray photoelectron spectroscopy analysis

The X-ray photoelectron (XPS) spectrum of B-nZVI
material is shown in Fig. 4. Fig. 4a is the full spectrum scan
of the material, and Al, Si, K, O, Fe, Na and other charac-
teristic peaks can be seen, indicating that the surface of
the material is mainly composed of these elements. Fig. 4b
shows the diagram of Fe2p XPS, with two significant peaks
appearing at 711 and 725 eV, respectively, which are mainly
the oxides of divalent iron and trivalent iron [26]. This is
due to the oxidation of zerovalent iron in the air of the
prepared B-nZVI.

3.2. Influencing factors
3.2.1. Effect of different materials on removal of Cr(V1)

To compare the removal effect of three materials (B-nZVI,
nZVI, and bentonite) on Cr(VI), the dosage of each material
was 1 g/L, and the mixture reaction was carried out with
15 mg/L Cr(VI) solution in a constant temperature oscilla-
tor at 35°C, and the residual Cr(VI) concentration was mea-
sured after different time intervals.

According to Fig. 5, removal rates of Cr(VI) after the
reaction of B-nZVI, nZVI, and bentonite with Cr(VI) solu-
tion for 1 h are 87%, 65% and 20%, respectively. It can be
seen that B-nZVI has the best removal effect on Cr(VI). The
removal effect of Cr(VI) by bentonite was the worst. This is
because Cr(VI) mainly exists in the form of anion in aque-
ous solution, and the surface of bentonite is also electroneg-
ative, so it is difficult for Cr(VI) to be directly adsorbed on
the surface of bentonite. The removal rate of Cr(VI) by nZVI
is significantly lower than that of B-nZVI, mainly because
the introduction of bentonite increases the dispersion and
specific surface area of nanometer zerovalent iron so that
nanometer zerovalent iron can obtain greater reactivity.
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Fig. 2. Infrared absorption spectra of each material.
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Fig. 3. XRD spectra of different materials.
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Fig. 4. XPS spectrum of B-nZVI: (a) full spectrum of B-nZVI and (b) Fe2p peak spectra.
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Fig. 5. Comparison of Cr(VI) removal performance of different
materials.

3.2.2. Effect of pH value on removal of Cr(VI) by B-nZVI

The initial concentration of chromium was 15 mg/L,
the dosage of B-nZVI was 1 g/L, and the effect of solution
pH on the removal of chromium was compared at 35°C.
As shown in Fig. 6, when the pH is 3, 4, 5, 7, and 9, the
removal rate of B-nZVI on Cr(VI) gradually increases with
the decrease of pH. When the pH is 9, the removal rate is
only 45.6%; when the pH is 3, the removal rate can reach
96.9%; however, when the pH is 2. The results indicated
that the optimal pH value was 3, Cr(VI) removal in the
reaction was significantly inhibited under alkaline con-
ditions, this is because acidic conditions can promote the
corrosion of Fe in B-nZVI], remove the passivation film on
the Fe surface, and thus improve the reaction efficiency.
Under alkaline conditions, the formation of the hydroxide
passivation layer will be promoted, and the reaction will
be hindered [27]. The reduction of Cr(VI) by B-nZVI can
be divided into direct and indirect effects. The immediate
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Fig. 6. Effect of pH on Cr(VI) removal by B-nZVI.

effect is the reduction of Cr(VI) by nZVI itself. Indirect
action is the reduction of Cr(VI) by H, or H and Fe* pro-
duced by oxidation and corrosion of nZVI in the water
body:.

3.2.3. Effect of temperature on Cr(VI) removal
performance of B-nZV1

Under the conditions of pH 3, chromium concentra-
tion 15 mg/L, B-nZVI dosage 1 g/L, comparative tempera-
ture 20°C, 30°C, 35°C, 40°C, the adsorption effect of B-nZVI
on Cr(VI) in the solution. The results are shown in Fig. 7.
With the increase of temperature, the removal rate of
Cr(VI) also increases, and the adsorption rate is 68%, 85%,
96%, and 98.9%, respectively. It is indicated that removing
Cr(VI) from water by B-nZVI is an endothermic reaction,
and the increase of reaction temperature is beneficial to
the adsorption reaction. As the temperature increases, the
molecular thermal motion is accelerated, and the reaction
rate and adsorption rate of B-nZVI to Cr(VI) are improved.
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In addition, the increase of temperature reduces the activa-
tion energy required for the reaction, which can accelerate
the adsorption of B-nZVI and Cr(VI).

3.2.4. Effect of B-nZV1I dosage on removal of Cr(VI)

When the pH is 3, the concentration of Cr(VI) is 15 mg/L,
and the temperature is 35°C. The effects of different dos-
ages of B-nZVI on the adsorption of Cr(VI) are compared,
as shown in Fig. 8. With the increase of B-nZVI dosage,
the removal rate of Cr(VI) also increased, and the removal
rates were 45%, 78%, 97.6%, and 99.2%, respectively. When
the material dosage increases from 1 to 1.2 g/L, the adsorp-
tion rate of chromium does not increase much because the
adsorption sites of a certain amount of B-nZVI are limited
[28]. In a particular concentration of Cr(VI) solution, with the
increase of B-nZVI dosage, the number of adsorption sites
available for Cr(VI) to contact additions. When the dosage
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Fig. 7. Effect of temperature on Cr(VI) removal by B-nZVL
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Fig. 8. Effect of dosage on Cr(VI) removal by B-nZVI.

of adsorbent increases to a particular value, the adsorption
effect will not be significantly improved by increasing the
amount of adsorbent [29]. The optimal dosage of B-nZVI
can remove chromium ions from the solution and avoid
waste and economic loss. Therefore, when the concentra-
tion of Cr(VI) is 15 mg/L, the dosage of B-nZVI is 1 g/L,
which can be regarded as the best adsorption dose.

3.2.5. Effect of initial concentration on removal
of Cr(VI) by B-nZV1

When the dosage of B-nZVI is 1 g/L, the temperature
is 35°C, the pH is 3, and the initial concentration of Cr(VI)
is adjusted to 5, 10, 15, 20 and 30 mg/L, the removal effect
of B-nZVI on Cr(VI) is shown in Fig. 9. Cr(VI) was rap-
idly adsorbed and degraded by B-nZVI 15 min before
the reaction, and then the removal rate changed slowly.
The initial Cr(VI) concentration has a great influence on
the removal rate. The lower the initial Cr(VI) concentration
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Fig. 9. Effect of initial concentration of Cr(VI) on removal of
Cr(VI) by B-nZVI.
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is, the higher the removal rate is. When the initial concen-
tration of Cr(VI) is 5 mg/L, the adsorption rate of B-nZVI
for Cr(VI) can reach 99.8% at 75 min. With the increase of
the initial concentration of Cr(VI), the removal rate of Cr(VI)
decreases gradually. This is because when the dosage of
B-nZVI is fixed, the contact between Cr(VI) and B-nZVI
decreases with the increase of the initial concentration, and
the reaction sites and adsorption sites also decrease, which
affects the removal effect of Cr(VI).

3.2.6. Effect of coexisting ions

In order to explore the effect of coexisting ions on the
removal of Cr(VI) by B-nZV], five common ions in water,
such as Ca*, K*, Mg*, SO and COZ, were selected as coex-
isting ions, and the ion concentration was 100 mg/L, and
the dosage of B-nZVI was 1 g/L. The initial concentration of
Cr(VI) was 15 mg/L, and the reaction time was 60 min.

The presence of a cation affects the presence of the
reaction process, but the anion should be larger than the
anion. K* has the least effect, followed by Ca* and Mg?*,
and SO} and CO} have the most effect. Ca*>* and Mg>
occupy the adsorption sites on the surface of the compos-
ite. In addition, a large amount of H* is consumed during
the reaction between nZVI and Cr(VI). With the progress of
the reaction, the pH of the system gradually rises, forming
Fe(OH), or Cr(OH), or iron-chromium co-precipitate on the
surface of nZVI, which impedes the external transfer of elec-
trons produced by nZVI. The removal efficiency of Cr(VI)
decreased. The hydrolysis of COZ in water produces a large
amount of OH-, which leads to the increase of solution pH,
and the removal rate of Cr(VI) by B-nZVI will be reduced
under high pH conditions. In addition, CO}" interacts with
Fe(Il) produced by nZVI corrosion to form insoluble sub-
stances that hinder the reaction. SO will compete with
Cr(VI) for reaction sites on the nZVI surface, resulting in
inhibition of the reaction.
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Fig. 10. Effect of B-nZVI on Cr(VI) removal in the presence of
different ions.
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3.2.7. Material reuse

Fig. 11 shows the effect of B-nZVI and nZVI reuse times
on Cr(VI) removal.

With the increase of use times, the removal rate of
Cr(VI) from nZVI decreased significantly. At the fifth utili-
zation, the removal rate had dropped to 18.60%. In contrast,
the performance of B-nZVI is better than that of nZVI, the
removal rate dropped to 33.20%, because it is loaded with
bentonite. The loading of bentonite can effectively prevent
the agglomeration of nZVI and provide more active sites for
the reduction of Cr(VI). It can be inferred from the experi-
mental phenomenon that the reaction between nanometer
zerovalent iron and Cr(VI) is irreversible. The fact that zerov-
alent iron is consumed and the hydroxide produced by the
reaction is attached to the iron suggests that the reduction
of the reaction site is an important reason for the reduced
efficiency. By fixing nanometer zerovalent iron on bentonite,
it can not only act as the dispersant but also adsorb Cr(VI)
on its surface so that nZVI can easily react with Cr(VI).

3.3. Response kinetics analysis of Cr(VI) removal by B-nZVI

The removal of Cr(VI) by B-nZVI is a heterogeneous
reaction process occurring on the surface of the material.
The pseudo-first-order kinetic equation can better fit the
reaction process.

The pseudo-first-order kinetic model assumes that the
adsorption rate of the adsorbent is directly proportional to
the concentration of the adsorbent.

h{g] ko M

0

where k__is the apparent rate constant (min™); C and C, are
respectively the concentration of Cr at the initial reaction
(mg/L) and the concentration of Cr at the time ¢ (mg/L).
When the pH of the solution is 3, the k, of the reaction
reaches the maximum, the pH increases from 3 to 9, and the
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Fig. 11. Effect of reuse times on Cr(VI) removal rate.
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k. decrease from 0.0071 to 0.0009 min™, and the reaction
rate gradually decreases. With the increase of temperature,
k. increase from 0.005 to 0.0114 min™, which provides part
of the activation energy required for the reaction between
B-nZVI and Cr(VI). The higher the temperature, the less the
activation energy required for the reaction and the faster
the reaction rate. The smaller the initial concentration of Cr,
the larger the k, . The initial concentration of Cr increases
from 5 to 30 mg/L, and the corresponding k, are 0.0185,
0.0144, 0.0066, 0.0051 and 0.0036 min~!. With the increase
of B-nZVI dosage, k, increased from 0.0029 to 0.0116. It
shows that increasing the dosage of B-nZVI makes Cr con-
tact with more nZVI, and the reduction reaction occurs,
and the reaction rate increases.

3.4. Mechanism analysis of Cr(VI) removal by B-nZVI

Bentonite has a large specific surface area and has a
certain adsorption capacity. After loading nZVI, it can
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disperse nanometer zerovalent iron particles and reduce
their agglomeration. Under acidic conditions, Cr(VI) was
first adsorbed on the surface of B-nZVI, and then reduced
to Cr(III) by nanometer zerovalent iron supported on ben-
tonite. The nanometer zerovalent iron was generated from
Fe’ to Fe(Il), and Fe(Il) could continue to reduce Cr(VI) to
Cr(Ill), and Fe(Il) was converted to Fe(Ill). The resulting
Cr(ITT) and Fe(III) cover the surface of B-nZVI on Fe’, form-
ing ferric chromium co-precipitate and a passivation layer,
which hinders the electron transfer from Fe’ to Cr(VI) and
reduce the rate of the reduction reaction. The main reaction
process is shown in the following formula.

Cr,0} +14H" +3Fe’ - 2Cr> +7H,0 + 3Fe*' @)
Cr,0}" +14H" + 6Fe(II) > 2Cr** + 6Fe(III) + 14H,0 ®3)
204
-0.6 1
-0.8 1
g
S
5 -10 A
-1.2 1
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Time/(min)
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Fig. 12. Relationship curve between In(C/C,) and ¢ at different: (a) initial pH, (b) temperatures, (c) B-nZVI dosage, and (d) initial Cr

concentrations.
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Cr’ +3H,0 - Cr(OH), ¥ +3H" @
xCr’ +(1-x)Fe’ +3H,0 > (CrFe,_ )(OH) L +3H" (5
xCr* +(1-x)Fe’" +2H,0 — Cr,Fe, OOH { +3H" (6)

4. Conclusion

e The material characterization results showed that after
the bentonite was loaded with nano-valent iron, there
were spherical nanovalent iron particles on the lamina
and surface of bentonite, which reduced the agglomer-
ation phenomenon of nZVI and improved its dispersion;
The original characteristic functional groups of ben-
tonite are retained.

® The pH value and initial concentration of Cr(VI) had a
great influence on the removal of Cr(VI). The removal
effect of Cr(VI) under acidic conditions was better than
that under alkaline conditions. The lower the initial con-
centration of Cr(VI), the better the removal effect. With
the decrease of temperature and B-nZVI dosage, the
removal rate of Cr(VI) decreases, and the influence of
coexisting cation is less than that of the coexisting anion.

e The reaction mechanism of B-nZVI removal of Cr(VI) is
as follows: first, B-nZVI adsorbs Cr(VI) to its surface, then
Fe® reduces it to Cr(IIl), and then it is removed by forming
chromium precipitate or ferric chromium co-precipitate.
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