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Enhanced Fe(in)/Fe(u) cycle by boron enabled
efficient Cr(vi) removal with microscale zero-valent
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Recently, researchers have been paying much attention to zero-valent iron (ZVI) in the field of pollution
remediation. However, the depressed electron transport from the iron reservoir to the iron oxide shell
limited the wide application of ZVI. This study was aimed at promoting the performance of microscale
ZVI (mZVI) for hexavalent chromium (Cr(vi)) removal by accelerating iron cycle with the addition of boron
powder. It was found that the addition of boron powder enhanced the Cr(vi) removal rate by 2.1 times,
and the proportion of Cr(i) generation after Cr(vi) removal process also increased, suggesting that boron
could promote the reduction pathway of Cr(vi) to Cr(n). By further comparing the Cr(vi) removal
percentage of Fe(in) with or without the boron powder, we found that boron powder could promote the
percentage removal of Cr(vi) with Fe() from 10.1% to 33.6%. Moreover, the presence of boron powder
could decrease the potential gap values (AE,) between Fe(n) reduction and Fe(i) oxidation from 0.668 V

to 0.556 V, further indicating that the added boron powder could act as an electron sacrificial agent to
Received 29th November 2023

Accepted 2nd February 2024 promote the reduction process of Fe(i) to Fe(n), and thus enhancing the reduction of Cr(vi) with Fe(n).

This study shed light on the promoted mechanism of Cr(vi) removal with boron powder and provided an

DOI-10.1039/d3ra08163] environmentally friendly and efficient approach to enhance the reactivity of the mZVI| powder, which
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1. Introduction

Recently, due to the characteristics of low cost, high abundance,
and environmental benignity, ZVI is being developed to be
a compelling solution to tackle environmental pollution prob-
lems, including advanced oxidation of organic pollutants,
nutrient removal, heavy metal control, groundwater, and soil
remediation.'” In general, ZVI possesses a typical core-shell
structure, including an iron core serving as an electron reservoir
toward heavy metal reduction, and an iron oxide shell con-
taining ample active complexation sites for heavy metal ions.*
However, the heavy metal removal efficiency is unsatisfactory
due to the ineffective electron transport from the iron core to
the iron oxide shell. Therefore, considerable efforts are being
devoted to accelerating the electron flow or selectivity. Zhang
et al. developed oxyanion-modified ZVIs, such as phosphate-
modified nZVI, phosphorylated nZVl, oxalate-modified ZVI,
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would benefit the wide application of mZVI technology in the environmental remediation field.

oxalated mZVI, and strained-mZVI with interstitial boron
doping, aiming at promoting the decontamination perfor-
mance and utilization efficiency."*** Moreover, as electrons
released from the iron reservoir are greatly dependent on the
strength of the lattice Fe-Fe interactions, strategies are being
designed to develop amorphous ZVI with longer Fe-Fe bond
distance.” Additionally, a number of physical or chemical
measures, including ultrasound, weak magnetic field, sulfida-
tion, ball-milling, and noble metal doping, were also put
forward to improve the activity of ZVL.**™*°

Actually, these approaches toward ZVI reactivity improve-
ment in many scenarios were based on the promotion of ZVI
corrosion by enhancing the ferrous or ferric ions dissolution,
and the accelerated iron dissolution process would facilitate the
heavy metal reduction or flocculation. Actually, regulating the
iron cycle process during ZVI application and improving the
utilization efficiency of ferrous ions can also be an effective
method to improve the efficiency of ZVI toward pollutant
removal. In recent years, there have been reports that boron
crystals could significantly speed up the Fe(m)/Fe(u) cycle in
a Fenton-like reaction for the degradation of pollutants.*
Furthermore, boron was demonstrated to be active for Fe(u)
regeneration in Fenton-like peroxydisulfate and peracetic acid
activation.”*> Moreover, many boron-containing compounds
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were also developed to improve the efficiency of the iron
cycle.”>

In the periodic table, the specific electronic configuration
(1s>2s”2p") of the metalloid element boron usually endows
boron with high affinity to the metalloid and metal elements.
Boron atoms with low valency on the surface of boron powder
could provide electrons for Fe(in) species to generate Fe(u).>* As
the reduction of some heavy metals relies on the electron
transport from the inner iron core and the released ferrous ions,
it is reasonable to assume that boron could also enable the
performance of ZVI for heavy metal removal by elevating the
Fe(u) regeneration.

In this study, Cr(vi) was chosen as a typical heavy metal to
explore the feasibility of the performance improvement of mzvI
with the aid of boron powder. Firstly, we compared the removal
performance of ZVI for Cr(vi) with or without the addition of
boron powder. Then, X-ray photoelectron spectroscopy (XPS)
was utilized to reveal the variation of boron powder and ZVI,
and an electrochemical method was applied to investigate the
possible mechanism to explain the removal performance of the
promoted Cr(vi). Finally, in this study, we propose the possible
enhancing mechanism of Cr(vi) removal with boron powder.

2. Materials and methods
2.1 Chemicals

Microscale ZVI powder (100 mesh) was obtained from Shanghai
Macklin Biochemical Co., Ltd. Ferric chloride hexahydrate
(FeCl3-6H,0), hydroxylamine hydrochloride (HONH,HCI),
sodium acetate (CH3;COONa), 1,10-phenanthroline, hydro-
chloric acid (HCI), boron trioxide (B,03), boric acid (H;BOj3),
amorphous boron powder (B), iron(m) nitrate nonahydrate, and
sodium nitrate were supplied by Sinopharm Chemical Reagents
Co., Ltd.

2.2 Pretreatment method of mZVI and boron powder

To reduce the iron oxide layer on the surface of the mZvI
powder, 2 g of commercial mZVI powder was placed in 20 mL of
HCI solution (1 mol L") for 2 min. Subsequently, deionized
water and ethanol were utilized to wash the soaked mZVI
powder. Then, the treated mZVI powder was dried at approxi-
mately 80 °C using argon (Ar) as the protection gas to avoid the
oxidation of mZVI. To reveal the effect of boron valency on Cr(vi)
removal efficiency, amorphous boron powder was annealed in
a muffle furnace for six hours at 400 °C in the air to function-
alize the surface through partial oxidation, and the treated
powder was named Boron-400.

2.3 Cr(vi) removal experiments

Cr(vi) removal experiments were conducted in an Erlenmeyer
flask (100 mL). Typically, 0.05 g of mZVI and 0.005 g boron
powder were added to 50 mL of Cr(vr) solution (1 mg L") to start
the reaction at room temperature (~25 °C) without pH adjust-
ment. During the experiment, 1 mL suspension was taken out at
periodic intervals with a syringe and filtered through a syringe
filter (0.22 um) for the next concentration analysis. The initial
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pH values were adjusted with HCl (1 mol L™ ') and NaOH
(1 mol L") solution. To reveal the effect of dissolved oxygen on
Cr(vi) removal, anaerobic Cr(vi) removal experiments were con-
ducted in a three-necked flask using Ar to isolate oxygen. All
experiments were performed in duplicates.

2.4 Analytical methods

The Cr(vi) concentration was analyzed by the 1,5-diphe-
nylcarbazide colorimetric method, and the dissolved iron ions
concentration was detected by the 1,10-phenanthroline
method.* The absorbance of Cr(vi)-1,5-diphenylcarbazide and
Fe(n)-1,10-phenanthroline complexes monitored at
540 nm and 510 nm. The concentration of the dissolved boron
was detected using an Agilent 8900x triple quadrupole ICP-MS.
The concentration of total chromium was monitored by flame
atomic absorption spectrum (AAS, iCE3300, Thermo Fisher).

were

2.5 Electrochemical analysis tests

Cyclic voltammetry (CV) tests were performed in a two-electrode
system, which comprised a saturated calomel reference-
electrode, and a platinum plate as an auxiliary electrode
(10 mm x 10 mm). An electrochemical workstation (CHI 660E)
was used to accomplish testing requirements. In brief, a 20 mL
electrolyte solution (pH 3.0) was prepared with 0.2 mmol L™
iron(m) nitrate nonahydrate and 0.05 mol L™ sodium nitrate.
Then, CV scans were recorded at a scanning rate of 5 mV s™*
between —0.5 V and +1.5 V.

2.6 Characterization of mZVI and boron

Scanning electron microscopy (SEM) images were analyzed with
TESCAN MIRA LMS. X-ray diffraction (XRD) patterns were
collected to analyze the crystalline structure of mZVI and boron
with a Bruker D2 PHASER (Germany) instrument. XPS spectra
were monitored using the Thermo Scientific ESCALAB 250Xi
instrument at 15 kV and 10 mA. To correct the binding energy of
XPS spectra, the C (1s) peak of an aliphatic indefinite hydro-
carbon at 284.8 eV was utilized.

3. Results and discussion
3.1 Characterization of mZVI and boron

As shown in Fig. 1a-d, the SEM images of mZVI and boron
powder were composed of irregular particles, and their surfaces
were uneven with grooves.

Subsequently, XRD was utilized to analyze the crystalline
structure of mZVI and boron. As shown in Fig. 2, the XRD
pattern of mZVI matched well with that of iron (JCPDS file no.
06-0696). The weak peak intensity attributed to boron powder
(JCPDS file no. 71-0157) suggested the low degree of crystallinity
of boron powder used in this study.

3.2 Cr(vi) removal with mZVI and boron

Subsequently, in this study, we compared the Cr(vi) removal
efficiency with boron or mZVI in the presence or absence of
boron. As exhibited in Fig. 3a, the Cr(vi) removal percentage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEM images of (a and b) mZVI and (c and d) boron.
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Fig. 2 XRD patterns of mZVI and boron.

with boron only reached 10% within 240 min, and mZVI
without boron powder could remove 95% of Cr(vi). In contrast,
the addition of mZVI and boron powder exhibited superior
reactivity and removed 100% of Cr(vi) within 240 min, sug-
gesting that boron powder could promote the reactivity of mZvI
for Cr(vi) removal. Furthermore, Cr(vi) removal kinetic analysis
indicated that the Cr(vi) removal process obeyed the pseudo-
first-order kinetic equation, and the apparent Cr(vi) removal
rate constant with boron powder was only 6.30 x 10 * min™"
(Fig. 3b). The presence of boron powder promoted the apparent
Cr(vi) removal rate constant with mZVI from 1.11 x 10~ to 2.33
x 107> min~ ", further demonstrating that boron powder indeed
enhanced the Cr(vi) removal efficiency. Subsequently, we
utilized AAS to monitor the residual total chromium concen-
tration. It was found that the residual total chromium concen-
trations were 6.67 x 10~% and 1.69 x 10~> mg L' with mZVI in
the presence and absence of boron powder, respectively
(Fig. 3c). Most of the Cr(vi) was reduced to Cr(m), and Cr(m) can
be deposited on the surface of mZVI, and then separated from
the solution to achieve the removal. Therefore, boron could not
only enhance the reactivity of mZVI for the Cr(vi) removal
percentage, but also the total chromium pollution remediation.
Since the pH value would significantly affect the reactivity of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mZVI, we further monitored the pH value variation during the
Cr(vi) removal process. As shown in Fig. 3d, the pH values in all
systems rose slightly at first 20 min and then stabilized
approximately at 5.7-6.0. This result indicated that it was not
the differences in the pH value that caused the difference in the
Cr(v1) removal efficiency.

3.3 Effect of initial pH value and dissolved oxygen on Cr(vi)
removal

Subsequently, the effect of initial pH value on the performance
of Cr(vi) removal by mZVI with or without boron was investi-
gated. As exhibited in Fig. 4a, the Cr(vi) removal percentage by
mZVI in the presence or absence of boron under acidic condi-
tions was considerably higher than that in an alkaline pH
environment because of the inhibited corrosion rate of mZvI
under alkaline conditions, and the presence of boron could
weaken the reduction effect of alkaline environment for Cr(vi)
removal with mZVI. Apart from the initial pH value, dissolved
oxygen is also a crucial environmental factor for the mZvI
performance. To illustrate the effect of dissolved oxygen on
Cr(vi) removal efficiency by mZVI in the presence of boron, we
compared Cr(vi) removal curves versus time in the mZvI/boron
system under air and Ar atmospheres and found that the
Cr(v1) removal efficiency without dissolved oxygen was remark-
ably higher than that under air atmosphere due to the lack of
electron competitors (Fig. 4b). Moreover, the apparent reaction
rate constant under Ar condition (4.31 x 10~> min~") was 1.85
times that under air condition (2.33 x 10~ min™") (Fig. 4c),
revealing that the reduction pathway was involved during the
Cr(vi) removal process.

3.4 Cyclic experiments of mZVI and boron

We conducted the cyclic experiments of Cr(vi) removal with
mZVI in the presence and absence of boron, and the results are
exhibited in Fig. 5. It was found that the Cr(vi) removal
percentage would be decreased with the increase in time with or
without boron powder. In fact, the mZVI would be oxidized
during the Cr(vi) removal process; therefore, it was difficult to
achieve excellent cyclic performance for mZVI.

3.5 Enhanced mechanism of Cr(vi) removal with mZVI and
boron

In general, Cr(vi) could be removed via two pathways, including
adsorption and reduction. To reveal the main promoted
mechanism of Cr(vi) removal with mZVI in the presence of
boron, XPS was used to evaluate the valence of the chromium
element on the surface of mZVI samples after the reaction. As
shown in Fig. 6, both Cr(m) and Cr(vi) appeared on the surface of
mZVI with or without the addition of boron after the reaction,
illustrating that both the reduction and adsorption mecha-
nisms were included during the Cr(vi) removal process.
Furthermore, we analyzed the ratio of Cr(vi) and Cr(m) after the
reaction and found that the presence of boron promoted the
Cr(m) proportion from 79.4% to 84.2%, revealing that boron
might enhance the performance of mZVI for the Cr(vi) removal
via the reduction mechanism.
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(a) Cr(vi) removal with boron or mZVI in the presence or absence of boron powder; (b) kinetic analysis of Cr(vi) removal with boron or mzVI

in the presence or absence of boron powder; (c) total chromium concentration after the treatment of mZVI in the presence or absence of boron
powder; (d) variation of pH values during the Cr(vi) removal process by boron or mZVI in the presence or absence of boron powder.
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Fig. 4

(a) Cr(vi) removal percentage with mZVI in the presence and absence of boron at different initial pH values; (b) Cr(vi) removal curves versus

time with mZVI and boron in air and Ar atmospheres; (c) pseudo-first-order kinetic fitting curves of Cr(vi) removal with mZVI and boron in air and

Ar atmospheres.

Generally, the main species of mZVI for the Cr(vi) reduction
process included electrons released by the iron core and ferrous
ions accompanied by the corrosion process of mZVI. Consid-
ering that previous studies have revealed that boron with
reduction ability could promote the iron cycle process from
Fe(m) to Fe(u),*** we supposed that the enhanced Cr(vi) reduc-
tion process could be attributed to the promoted Fe(in) reduction
and Fe(u) regeneration. To verify the above hypothesis, we
further compared the Cr(vi) removal efficiency of Fe(ur) with or
without the addition of boron. As exhibited in Fig. 7a, only 10.1%
of Cr(vi) removal percentage was accomplished with Fe(ur), and
boron could only remove 1.55% of Cr(vi) within 240 min. In
contrast, the presence of Fe(ur) and boron led to 33.6% removal

6722 | RSC Adv, 2024, 14, 6719-6726

of Cr(vi), indicating that boron might promote the efficiency of
Cr(vi) removal by enhancing the reduction of Fe(um) to Fe(u)
during the Cr(vi) removal process with mZVI in the presence of
boron. To confirm the enhanced mechanism of boron, in this
study, we analyzed the differences between the oxidation and
reduction potential of Fe(m) with or without boron. Firstly, we
monitored the cyclic voltammetry curve of the boron powder in
sodium nitrate solution, and no significant oxidation or reduc-
tion potential peak was found (Fig. 7b), suggesting the high
stability of boron. Subsequently, we observed the oxidation and
reduction potential of Fe(m) with or without the addition of
boron. As shown in Fig. 7c, the gap values (AE;,) between Fe(u)
reduction and Fe(u) oxidation with or without boron were 0.556 V

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 High-resolution XPS spectra of Cr 2p on the surface of the sample after reaction: (a) sample after reaction in the mzVI| system; (b) sample

after reaction in the mzVI/boron system.

and 0.668 V, respectively. This result further revealed that the
presence of boron could accelerate Fe(u) regeneration and
promote the Cr(vi) reduction process with Fe(u).

Considering that our results revealed that boron powder
would act as a reductant to promote the iron cycle, thus
enhancing the Cr(vi) reduction process, and therefore oxidizing

the boron powder, we further utilized XPS to analyze the valence
variation of boron element on the boron powder before and
after the reaction. As shown in Fig. 8, boron powder before and
after the reaction exhibited three kinds of states, including B-B
around 186.7 eV, suboxide boron around 188.5 eV, and boron
oxide (B-O) at 192.1 eV.”® Meanwhile, the B-B ratio increased
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Fig. 7 (a) The Cr(vi) removal curves with Fe(in) in the presence and absence of boron; (b) CV scan curves in sodium nitrate solution (blank) and

electrolyte with boron monomer; (c) CV scan curves for Fe(i) in the presence or absence of boron monomer.
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Fig. 8 High-resolution XPS spectrum of B 1s for boron powder before and after the reaction with different etching times: (a) boron powder

before reaction without etching; (b) boron powder before reaction wit
boron powder after reaction with 100 s of etching.

slightly from 66.3% to 67.9% with the increase of etching time
from 0 s to 100 s, suggesting that boron on the surface of boron
powder exhibited a higher degree of oxidation.

The XPS results demonstrated that boron powder would be
oxidized during the Cr(vi) removal process. To further reveal if
the removal performance of the promoted Cr(vi) was caused by
the dissolved boric acid or the generated boron oxide, we
monitored the total dissolved boron concentration and
compared the Cr(vi) removal efficiency with mZVI in the pres-
ence of boric acid or boron oxide. As shown in Fig. 9a, the

h 100 s of etching; (c) boron powder after reaction without etching; (d)

concentration of boron in the presence of mZVI was
2.15 mg L', which was 1.99 times that in the absence of mZVL.
Subsequently, the Cr(vi) removal with mZVI and boric acid,
boron oxide, or boron powder treated at 400 °C in air were
compared, and results indicated that both boric acid and boron
oxide would significantly inhibit the percentage of Cr(vi)
removal with mZVI. However, boron powder treated at 400 °C in
air suppressed Cr(vi) removal in 90 min, and then enhanced the
Cr(vi) removal efficiency (Fig. 9b), which might be attributed to
the dissolution of boron oxide on the surface and exposure of
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Fig.9 (a) Dissolved boron concentration after the reaction in the mzZVI and mzVI/boron system; (b) Cr(vi) removal performance of mZVI with the

addition of boron powder, boric acid, boron oxide, or boron powder treated at 400 °C in air; (c) apparent Cr(vi) removal rate of mZVI with the
addition of boron powder, boric acid, boron oxide, or boron powder treated at 400 °C in air.
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Scheme 1 Possible enhanced mechanism of Cr(vi) removal with
boron powder and mZVI.

new surfaces in the inner boron. The higher rate constant of
Cr(vi) removal suggested that boron and that treated at 400 °C in
air promoted Cr(vi) removal rate, and boric acid and boron
oxide inhibited the Cr(vi) removal rate (Fig. 9¢). The above
results further demonstrated that boron with oxidized valence
would not promote the performance of mZVI.

4. Conclusions

In this study, we found that the Cr(vi) removal rate by mZvI and
boron powder was enhanced 2.1 times without the addition of
boron powder. Generally, the removal of Cr(vi) with mZVI
involved reduction and adsorption pathways. The added boron
powder could act as an electron sacrificial agent to promote the
reduction process of Fe(m) to Fe(u), and thus enhance the
reduction of Cr(vi) with Fe(u). The possible enhancement for the
Cr(vi) removal mechanism of boron powder with mZVI is
proposed in Scheme 1. In summary, this study provided
a theoretically feasible approach to promote the reactivity of
mZVI by accelerating the iron cycle process, which would favor
the wide application of mZVI technology in the environmental
remediation field.
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