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The ferrite process can not only purify wastewater containing heavy metal ions but also recycle valuable
metals from wastewater. Therefore, it is considered a promising technology to treat chromium-
containing wastewater. However, the process has not been extensively applied in industry due to its high
synthesis temperature. In this paper, the feasibility of chromite synthesis at room temperature was com-
prehensively studied. The effects of critical factors on the effluent quality and the crystallization behavior
and stability of the synthetic products were investigated. Results showed that the removal ratio of chro-
mium from wastewater was over 99.0%, and the chromium concentration in the supernatant reached the
sewage discharge standard after undergoing the ferrite process at room temperature. Increases in the aera-
tion rate, stirring rate, and reaction time were favorable for the formation of stable chromite. The parti-
cles obtained by the ferrite process at room temperature were characterized by a compact structure, and
the maximum size of the particles reached 52 lm. Chromium gradually entered the spinel crystal struc-
ture during the synthesis process, and the molecular formula of the synthetic chromite might be
Fe3�xCrxO4, in which xwas approximately 0.30. The path of the microscopic reaction was proposed to illu-
minate the synthesis mechanism of chromite under room temperature conditions. The present study has
laid the foundation for the industrial application of the ferrite process in the purification and utilization of
chromium-containing wastewater.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ores and compounds containing chromium are widely applied
in industrial manufacturing, such as metallurgy, electroplating,
and tannery [1–3]. However, chromium is a considerably toxic
inorganic contaminant and easily enters water and soil during pro-
duction [4–6]. Cr(VI) and Cr(III) are the main states observed in the
natural environment, and the toxicity of Cr(VI) is 100 times greater
than that of Cr(III) [7]. Therefore, the reduction of Cr(VI) into Cr(III)
has been a hot research topic for the purification of chromium-
containing wastewater. The reduction methods mainly include
chemical reduction [8–10], photocatalytic reduction [11–13], and
bioremediation [14–16]. At present, chemical reduction has
become a universal commercial method due to its easy operation
and use of inexpensive chemicals [17,18]. However, an abundance
of toxic sludge, which is classified as hazardous waste [19], is gen-
erated during chemical reduction. The plants that produce this
sludge have to pay considerable amounts of money to professional
institutions that treat sludge, which usually choose to fill or solid-
ify the waste. Moreover, considerable amounts of valuable metals
existing in the sludge are lost, and the risk of secondary contami-
nation is present. Therefore, it is necessary to explore an alterna-
tive technique that can not only purify chromium-containing
wastewater but also recycle valuable metals in the wastewater
[20].

The ferrite process, which can synthetize spinel minerals with
stable structures and magnetic properties, has received extensive
attention in the treatment of chromium-containing wastewater
[21–24]. The chromium in wastewater can not only be removed
but also be converted into stable chromite, which is viewed as a
resource (Eqs. (1)–(4)) [25,26]. Thus, the secondary pollution of
chromium in the environment will be avoided, and the obtained
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chromite will be perfectly utilized. Erdem and Tumen [21] con-
firmed that Cr(III) in aqueous solution could be completely
removed and that the synthetic product was stable chromite
through the use of the ferrite process at 50 �C. Pei et al. [22] inves-
tigated chromium-containing wastewater with an initial chro-
mium concentration of 1539 mg�L�1 and used the ferrite process
at 75 �C. The results showed that the removal ratio of chromium
reached 99.97%. Furthermore, the ferrite process was also effective
in the purification of polymetallic wastewater containing chro-
mium. Song et al. [23] reported the treatment of wastewater con-
taining chromium and nickel ions by the ferrite process at 70 �C.
The results indicated that the removal ratios of chromium and
nickel ions were approximately 98% and that the synthetic Ni–Cr
ferrite had good chemical stability. Tu et al. [24] adopted multiple
stages of ferrite processes above 70 �C to treat wastewater contain-
ing Cr, Cd, Cu, and Pb. The results showed that the concentrations
of heavy metals in the supernatant reached the discharge stan-
dards and that the formed sludge exhibited stable chemical
properties.

Cr3þ þ 3OH� ! CrðOHÞ3 ð1Þ

Fe2þ þ 2OH� ! FeðOHÞ2 ð2Þ

Fe3þ þ 3OH� ! FeðOHÞ3 ð3Þ

Fe2þ þ 2Cr3þ þ 8OH� ! FeCr2O4 þ 4H2O ð4Þ
Previous studies have shown that the removal ratio of chro-

mium can reach above 90%. Moreover, the effluent quality and sta-
bility of synthetic products can meet standards after treatment by
the ferrite process. However, the reaction temperature usually
needs to be kept above 70 �C to improve the crystal growth of
the synthetic products [24,27]. This high temperature restricts
the further industrial application of the ferrite process due to the
high cost and difficult operation. The high reaction temperature
requires consuming large amounts of coal to provide thermal
energy. Additionally, many organic pollutants existing in the
chromium-containing wastewater will readily evaporate into the
air, causing serious air pollution. To solve these problems, it is par-
ticularly important to synthesize chromite at lower temperatures,
even reaching room temperature.

In the present study, the feasibility of chromite synthesis in
chromium-containing wastewater at room temperature was inves-
tigated and the crystallinity and stability of the synthetic products
were improved by optimizing the reaction parameters. The effects
of temperature, initial pH, dose of ferrous sulfate, aeration rate,
stirring rate, and reaction time on the crystallization behavior
and stability of synthetic chromite were examined by atomic
Fig. 1. Schematic diagram of th
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absorption spectrophotometry (AAS), X-ray diffraction (XRD), and
leaching toxicity tests. The surface morphology and composition
of synthetic chromite were detected by scanning electron micro-
scopy (SEM) and energy dispersive spectroscopy (EDS), respec-
tively. It was believed that the study will provide a theoretical
reference to facilitate the industrial application of the ferrite pro-
cess for treating chromium-containing wastewater at room
temperature.

2. Materials and methods

2.1. Materials

Cr(VI) was the major valence state of chromium in the electro-
plating wastewater. It was initially reduced to Cr(III) by reducing
reagents, and then ferrous ions were added to synthesize chromite.
Therefore, chromium sulfate (Cr2(SO4)3�6H2O) was chosen as the
object of study. Chromium sulfate, ferrous sulfate, and other chemi-
cal reagents used in this study were of analytical reagent (AR)
grade. To prepare a 100 mg�L�1 Cr(III) aqueous solution, 0.144 g
of chromium sulfate was added into a 500 mL beaker loaded with
300 mL of deionized water. Compressed air with an oxygen con-
centration of 21% was used as an oxidant in the experiments.

2.2. Experimental methods

Fig. 1 shows the schematic diagram of the experimental appara-
tus. Ferrous sulfate was homogeneously mixed with a solution
containing 100 mg�L�1 Cr(III). Then, the pH of the mixed solution
was rapidly adjusted to the required value by sulfuric acid or
sodium hydroxide. After that, the solution was placed into a
500 mL three-necked flask. Compressed air was introduced at a
particular flow rate, and the solution was simultaneously stirred
by mechanical agitation. When the desired reaction time was
reached, solid–liquid separations were carried out in a filter flask,
and the solid residue and supernatant were obtained. The solid
products were analyzed by XRD, SEM–EDS, and leaching toxicity
tests. The supernatant was used to test the concentrations of chro-
mium and iron ions by AAS.

2.3. Analytical techniques

The phases of the synthetic products were detected by an X-ray
diffractometer (Rigaku D/Max 2200, Japan). The surface morphol-
ogy and composition of the synthetic products were examined by
SEM (FEI Quanta 600, the Netherlands) and EDS (EDAX Apollo X,
USA). The magnetic properties of the synthetic products were
tested by a vibrating sample magnetometer (Zetian BKT-4500,
e experimental apparatus.
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China). The remaining concentrations of chromium and iron ions in
the supernatant were analyzed by atomic absorption spectropho-
tometry (Rayleigh WFX-320, China). The oxidation–reduction
potential (ORP) and pH were monitored by a potential–pH meter
(Leici PHS-3C, China). The proposed path diagram of the micro-
scopic reaction was drawn in MedeA v3.1 software.

According to the solid waste-extraction procedure for leaching
toxicity in China, leaching toxicity tests were conducted [28–30].
Sulfuric acid and nitric acid were initially mixed at a molar ratio
of 2:1. The mixture was added into distilled water to adjust the
pH to 3.2, and the resulting solution was used as the leaching
reagent. Then, the synthetic products were placed into the leaching
reagent at a ratio of 1:10 (kg�L�1), and horizontal vibration (110
rotations per minute (rpm)) was applied. After reacting for 8 h,
the solution was allowed to stand for 16 h. Finally, the solution
was filtered in a filter flask, and the concentration of chromium
ions in the supernatant was analyzed by AAS.
Fig. 3. XRD patterns of the synthetic products at different temperatures.
a.u.: arbitrary unit; PDF: powder diffraction file; 2h: scattering angle.
3. Results and discussion

3.1. Effect of temperature

The reaction temperature usually plays a crucial role in the syn-
thesis of ferrite [31–33]. To investigate the effects of temperature
on the removal ratios of chromium and iron ions from
chromium-containing wastewater, experiments were carried out,
and the results are shown in Fig. 2. The removal ratios of chromium
and iron ions slightly fluctuated in the given temperature range,
which indicated that the effects of temperature on their removal
ratios were not significant. The residual concentration of chro-
mium in the solution after the reaction was below 0.60 mg�L�1,
corresponding to a chromium-ion removal ratio above 99.0%.
According to the standard of sewage discharge in China [34], the
concentration of total chromium ions in the solution was below
1.50 mg�L�1. Therefore, the residual concentration of chromium
ions in the solution after the treatment reached the standard. In
addition, the remaining concentration of iron ions in the solution
after the treatment was less than 55.0 mg�L�1, corresponding to a
removal ratio of iron ions above 98.5%.

Fig. 3 shows the XRD patterns of the synthetic products at dif-
ferent temperatures. It can be observed that the peak intensity of
the synthetic products was enhanced with increasing reaction
temperature, indicating that a higher temperature was conducive
to the crystallization of products. It could be explained that the
increase in reaction temperature accelerated the hydrolysis and
Fig. 2. Effects of reaction temperatures on the concentrations of total chromium
and iron ions in the supernatant after the reaction (C0 (initial concentration of
Cr(III)): 100 mg�L�1; molar ratio of Fe(II) and Cr(III): 8:1; initial pH: 9.5; stirring
rate: 300 rotations per minute (rpm); aeration rate: 200 mL�min�1; reaction time:
60 min).

69
dehydration reactions of the ferrite precursor [35]. However, weak
characteristic peaks of the synthetic products also occurred when
the reaction was fixed at room temperature. Considering its prac-
tical operation and low cost, room temperature was initially
selected for the following experiments.

Toxicity leaching tests were further conducted to investigate
the stability of the synthetic products at different temperatures,
as shown in Fig. 4. The concentration of chromium in the leaching
solution was lower than 5.0 mg�L�1 at different temperatures,
which reached the US Environmental Protection Agency (US EPA)
toxic leaching limit [21]. These results indicated that the chromite
synthesized at room temperature was stable. Therefore, it was fea-
sible to synthesize chromite at 25 �C.
3.2. Effect of initial pH

Based on previous studies, the formation of chromite in
wastewater initially required the coprecipitation of Cr(III), Fe(II),
and Fe(III) (Eqs. (1)–(4)). Nevertheless, excessive OH� would cause
these precipitates, such as Cr(OH)3, Fe(OH)2, and Fe(OH)3, to
dissolve again [36–38]. Therefore, the initial pH of the aqueous
Fig. 4. Results of the leaching toxicity of the synthetic products at different
temperatures.



J.-F. Lv, Y.-C. Quan, X. Tong et al. Engineering 9 (2022) 67–76
solution was selected to be in the range of 8.5–11.5 in this study.
Figs. 5 and 6 show the effects of the initial pH on the effluent qual-
ity and crystallization behavior of the synthetic products, respec-
tively. From Fig. 5, the chromium concentration in the
supernatant after chromite synthesis decreased to below
0.25 mg�L�1 in the presented pH range, corresponding to chro-
mium removal ratios greater than 99.5%. These results indicated
the outstanding removal performance of chromium ions.

In addition, the remaining concentrations of total iron in the
supernatant after synthesis rapidly decreased from 68.6 to
4.7 mg�L�1 when the initial pH value increased from 8.5 to 10.5.
Correspondingly, the removal ratio of iron ions increased to above
98%. With a further increase in the initial pH value, the remaining
concentrations of total iron slightly decreased. These results con-
firmed that the increase in initial pH was beneficial to the removal
of iron ions from the wastewater.

From Fig. 6, it is observed that lepidocrocite was the only syn-
thetic product when the initial pH of the solution was fixed at
8.5, which suggested that it was unbeneficial to synthesize chro-
mite at lower pH values. When the initial pH of the solution
Fig. 5. Effects of the initial pH on the remaining concentrations of the total
chromium and iron ions in the supernatant after reaction (C0: 100 mg�L�1; molar
ratios of Fe(II) and Cr(III): 8:1; aeration rate: 200 mL�min�1; stirring rate: 300 rpm;
room temperature; reaction time: 60 min).

Fig. 6. XRD patterns of the synthetic products at different initial pH values.

70
increased to 9.5, the peak intensity of lepidocrocite decreased,
while the characteristic peaks of chromite began to appear
[22,39]. However, it also seemed to be possible that the peak sig-
nals represented magnetite or maghemite due to their extraordi-
narily similar locations with chromite. When the initial pH of the
solution increased to 10.5, only the characteristic peaks of chro-
mite were observed. With a further increase in the initial pH of
the solution to 11.5, the peak intensity of chromite clearly
decreased, suggesting that having a solution at higher pH values
was not beneficial for the crystallization of chromite. However, it
seemed to be contradictory in contrast with the results obtained
in Fig. 5, in which the removal performances of chromium and iron
ions were excellent. This result may be accounted for by the fact
that the generated polyhydric ions, such as CrðOHÞ �

4 , FeðOHÞ �
3

and FeðOHÞ �
4 , might adsorb on the solid surface [37,40]. Therefore,

the optimum pH for synthesizing chromite was determined to be
within the scope of 9.5–10.5 at room temperature, and this pH
range was nearly consistent with that of previous studies
[22,24,25].

To gain insight into the synthesis process of chromite, the ORP
(E) and pH of the solution were detected, and the E–pH diagram of
the Cr–Fe–H2O system at room temperature was plotted, as shown
in Fig. 7. Fig. 7(a) shows that the pH of the solution gradually
decreased from 9.60 to 4.96 as the reaction time increased.
However, the ORP gradually increased from �0.278 to 0.315 V as
the reaction time increased. Combined with the E–pH diagram
(Fig. 7(b)), the main area consisted of chromite when the pH was
varied in the range of 4.96–9.60, and the potential was within
the range of �0.278 to 0.315 V. Therefore, chromite was efficiently
synthesized at room temperature after the other parameters were
optimized.
3.3. Effect of the ferrous sulfate dose

The effects of the ferrous sulfate dose on the effluent quality
were investigated, as shown in Fig. 8. The remaining concentra-
tions of total chromium after the synthesis were below 0.23 mg�L�1

in the range of the presented Fe(II)/Cr(III) mole ratios, and the con-
centration met the sewage discharge standards in China [34]. Cor-
respondingly, the removal ratios of chromium reached above
99.0%, indicating that chromium ions underwent hydroxide precipi-
tation or oxide precipitation. Moreover, the remaining concentra-
tions of total iron increased from 1.40 to 40.61 mg�L�1 when the
Fe(II)/Cr(III) mole ratio increased from 2.0 to 8.0, which was attrib-
uted to the addition of more ferrous sulfate. The removal ratio of
iron ions also reached above 99.0%.

Fig. 9 shows the XRD patterns of the synthetic products
obtained at different Fe(II)/Cr(III) molar ratios. There were no
diffraction peaks when the initial Fe(II)/Cr(III) mole ratio was 1:1,
which indicated that there were no products to be synthesized or
that the synthetic products were amorphous compounds. This
result may be accounted for by the formation of Fe(OH)2,
Fe(OH)3, and Cr(OH)3 (Eqs. (1)–(3)) [25,26]. The peak signals of
chromite started to occur when the initial Fe(II)/Cr(III) molar ratio
increased to 4:1. With a further increase in the initial Fe(II)/Cr(III)
molar ratio to 8:1, the peak intensity of chromite was clearly
enhanced, indicating that chromite with good crystallization was
formed.
3.4. Effect of the aeration rate

To investigate the effects of the aeration rate on the effluent
quality, a batch of experiments were carried out, and the results
are shown in Fig. 10. The concentrations of chromium and iron ions
in the solution were less than 0.23 and 40.0 mg�L�1, respectively.



Fig. 7. (a) Variation in the pH and ORP during the experiment at an initial pH of 9.5, and (b) the E–pH diagram of the Cr–Fe–H2O system at room temperature (�a: aqueous
species with a negative valence; �2a: aqueous species with two negative valences; +2a: aqueous species with two positive valences; +3a: aqueous species with three positive
valences).

Fig. 8. Effects of various molar ratios of Fe(II) and Cr(III) on the remaining
concentrations of chromium and iron ions in the supernatant after the reaction
(C0: 100 mg�L�1; initial pH: 9.5; aeration rate: 200 mL�min�1; stirring rate: 300 rpm;
room temperature; reaction time: 60 min).

Fig. 9. XRD patterns of the synthetic products at different molar ratios of Fe(II) and
Cr(III).

Fig. 10. Effects of the aeration rate on the remaining concentrations of total
chromium and iron ions in the supernatant after the reaction (C0: 100 mg�L�1;
molar ratio of Fe(II) and Cr(III): 8:1; initial pH: 9.5; stirring rate: 300 rpm; room
temperature; reaction time: 60 min).
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The removal ratios of chromium and iron ions were above 99.0%,
thereby reaching the emission standard.

To ascertain the effects of the aeration rate on the crystalliza-
tion behavior and stability of synthetic products, XRD and leaching
toxicity tests were performed, and the results are shown in Figs. 11
and 12. From Fig. 11, the peak intensity of chromite increased
when the aeration rate increased from 50 to 100 mL�min�1. When
the aeration rate increased to 200 mL�min�1 and even
300 mL�min�1, the peak intensity of the chromite continuously
decreased. This result can be explained by the fact that the increase
in aeration rate accelerated the formation of chromite nuclei while
inhibiting the growth of crystal nuclei. In addition, it is observed
that the peaks of the synthetic products shifted toward high
diffraction angle areas with an increasing aeration rate, which indi-
cated that chromite with a higher chromium content was synthe-
sized. This result was accounted for by the fact that Cr(III) with a
radius of 0.63 Å gradually substituted Fe(III) with a radius of
0.67 Å in the spinel structure, thereby resulting in the continuous
contraction of the unit cell [41].

According to Fig. 12, the chromium concentration in the leach-
ing solution was 9.58 mg�L�1, which was above 5 mg�L�1 for the



Fig. 11. XRD patterns of the synthetic products at different aeration rates.

Fig. 12. Leaching toxicity results of the synthetic products at different aeration
rates.

Fig. 13. Effects of the stirring rate on the remaining concentrations of total
chromium and iron ions in the supernatant after the reaction (C0: 100 mg�L�1;
molar ratio of Fe(II) and Cr(III): 8:1; initial pH: 9.5; aeration rate: 100 mL�min�1;
room temperature; reaction time: 60 min).
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standard issued by the US EPA [21], when the aeration rate was
fixed at 50 mL�min�1. When the aeration rate was increased to
100 mL�min�1, the chromium concentration in the leaching solu-
tion decreased to 1.85 mg�L�1. With a further increase in the aera-
tion rate, the chromium concentration in the leaching solution
gradually increased, but the chromium concentration was less than
the standard. Lower or higher aeration rates were not favorable for
the stability of chromite synthesized in wastewater. These results
might be accounted for by the fact that too few or too many ferrous
ions were transformed into trivalent iron, resulting in an imbal-
ance between ferrous and ferric ions to form a spinel structure
[35].
3.5. Effect of the stirring rate

To investigate the effects of the stirring rate on effluent quality,
a batch of experiments were carried out, and the results are shown
in Fig. 13. The remaining concentrations of chromium and iron ions
in solution were 0.1 and less than 38.0 mg�L�1, respectively, corre-
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sponding to removal ratios of above 99.0% for both chromium and
iron ions, and these values reached the emission standard.

The effects of the stirring rate on the crystallization behavior
and stability of the synthetic products were also investigated.
The XRD and leaching toxicity test results are presented in Figs. 14
and 15, respectively. From Fig. 14, the peak signals of chromite
were obvious when the stirring rates were within the scope of 0
to 500 rpm. When the stirring rate was increased to 800 rpm,
the peak signal nearly disappeared. Moreover, when the stirring
rate increased from 300 to 500 rpm, the peaks of the synthetic
products shifted toward a high diffraction angle area, which was
explained by the fact that more Cr(III) with a radius of 0.63 Å sub-
stituted Fe(III) with a radius of 0.67 Å in the spinel structure and
resulted in the continuous contraction of the unit cell [41]. There-
fore, chromite with a higher chromium content was synthesized.
According to Fig. 15, the chromium concentrations in the leaching
solution decreased from 46.60 to 1.85 mg�L�1 when the stirring
rates increased from 0 to 300 rpm. Combined with the XRD results,
chromite could be generated at lower stirring rates (0–100 rpm),
but Cr(III) seemed to not completely enter the stable spinel



Fig. 14. XRD patterns of the synthetic products at different stirring rates.

Fig. 15. Leaching toxicity results of the synthetic products at different stirring rates.

Fig. 16. Effects of the reaction time on the remaining concentrations of total
chromium and iron ions in the supernatant after the reaction (C0: 100 mg�L�1;
molar ratio of Fe(II) and Cr(III): 8:1; initial pH: 9.5; stirring rate: 300 rpm; aeration
rate: 100 mL�min�1; room temperature).
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structure, which may be explained by the fact that the solution had
a lower rate of mass transfer for Cr(III).

3.6. Effect of the reaction time

To investigate the effects of the reaction time on effluent qual-
ity, a batch of experiments were carried out, and the results are
shown in Fig. 16. The remaining concentrations of chromium and
iron ions in the solution were less than 0.22 and 37.95 mg�L�1,
respectively, which corresponded to the removal ratios of both
chromium and iron ions to be above 99.0%.

The effects of reaction time on the crystallization behavior and
stability of the synthetic products were examined. The XRD and
leaching toxicity test results are shown in Figs. 17 and 18, respec-
tively. According to Fig. 17, the peak signals of chromite were obvi-
ous when the reaction time was fixed at 30 and 40 min. With a
further increase in the reaction time, the peak intensity of chromite
increased. Additionally, the peaks of the synthetic products shifted
toward high diffraction angle areas with an increasing reaction
time, which suggested that chromite with a high chromium con-
tent was synthesized. From Fig. 18, the chromium concentration
73
in the leaching solution continuously decreased with increasing
reaction time. When the reaction time was fixed at 60 min, the
chromium concentration in the leaching solution decreased to
1.85 mg�L�1, which was less than the standard. These results fur-
ther confirmed that chromite with a low chromium content
evolved into chromite with a high chromium content.

3.7. Morphology and magnetic properties of the synthetic products

To further interpret the morphology and magnetic properties of
the synthetic products, morphology and magnetic hysteresis loop
analyses were carried out, and the results are shown in Fig. 19.
Fig. 19(a) shows that the synthetized particles with rough surfaces
had compact structures. In addition, the particles exhibited irregu-
lar hexahedral characteristics. The maximum size of the obtained
particles reached 52 lm. The magnetic hysteresis loops of the syn-
thetic products, as presented in Fig. 19(b), show that the rema-
nence and coercive force of the synthetic products were very
small. In other words, the hysteresis loop was narrow, suggesting
that the synthetic products were soft magnetic materials. On the



Fig. 17. XRD patterns of the synthetic products at different reaction times.

Fig. 18. Leaching toxicity results of the synthetic products at different reaction
times.

Fig. 19. (a) Morphology and (b) magnetic hysteresis loops of the synt
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other hand, the saturation magnetization of the synthetic products
reached 1.6 emu�g�1 (1 emu�g�1 = 1 A�m2�kg�1). These results indi-
cated that the synthetic products could be recovered in the follow-
ing separation.
3.8. Path of the microscopic reaction

To reveal the migration rule of the chromium ions in the pro-
cess of chromite synthesis in wastewater at room temperature,
the synthesized minerals were further analyzed by SEM–EDS,
and the results are shown in Fig. 20. Fig. 20(a) shows that the color
was different between the center and the edge of the synthetic
minerals. Combined with the EDS results (Figs. 20(b) and (c)), it
was confirmed that the content of chromium in the center was
higher than that at the edge of the synthetic minerals. This result
implied that chromium gradually entered the synthetic chromite
structure as the reaction proceeded, which agreed with the conclu-
sions obtained in Section 3.6. From Figs. 20(d)–(f), it is observed
that the distribution of Fe, Cr, and O in the synthetic minerals
hetic products. 1 emu�g�1 = 1 A�m2�kg�1; 1 Oe = 103/(4p) A�m�1.



Fig. 20. SEM–EDS results of the synthetic products: (a) SEM image; (b, c) EDS at a specific position; and (d)–(f) Fe, Cr, and O distribution images. KCnt: 1000 counts; Ka: X-
rays radiated by transition from shell L to shell K.
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overlapped, which indicated that the synthesized minerals might
be single chromite. Combined with the EDS results (Figs. 20(b)
and (c)), it was further calculated that the molecular formula of
the synthetic chromite might be Fe3�xCrxO4, where x was approxi-
mately 0.30.

Based on the above results, the path of the microscopic reaction
was proposed, and the results are shown in Fig. 21. According to
the figure, a small amount of chromium ions preferentially entered
the spinel structure at the beginning of the synthetic reaction,
leading to the formation of stable chromite with a low chromium
content. Moreover, the remaining chromium ions formed chro-
mium hydroxide or unstable chromite. As the reaction continued,
more chromium ions entered the unit cell of chromite and formed
stable chromite with a high chromium content. In other words, the
concentrations of chromium ions in the unit cell gradually
increased during the synthesis of chromite. Finally, approximately
all the chromium ions entered the chromite with the following
chemical formula, Fe3�xCrxO4. The x value in Fe3�xCrxO4 was far
lower than the theoretical value in FeCr2O4, which could be
explained by the fact that the concentrations of chromium ions
were far less than those of ferrous ions at the beginning of the syn-
thesis process.
Fig. 21. Diagram of the proposed microscopic reaction path fo
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4. Conclusions

The present study demonstrated the feasibility of chromite syn-
thesis in chromium-containing wastewater by the ferrite process
at room temperature. Some conclusions are summarized below.

(1) After treating chromium-containing wastewater by the fer-
rite process, a chromium removal ratio of more than 99.0% from
the supernatant was obtained, and the chromium concentrations
reached the sewage discharge standard. The optimum process
parameters were determined as follows: initial pH range: 9.5–
10.5; initial Fe(II)/Cr(III) molar ratio: 8:1; aeration rate:
100 mL�min�1; stirring rate: 300 rpm; and reaction time: 60 min.
Under these conditions, the chromium concentration in the solu-
tion reached 1.85 mg�L�1 after leaching the synthetic products.

(2) The parameters, such as temperature, pH, ferrous sulfate
dose, aeration rate, stirring rate, and reaction time, had obvious
effects on the synthesis of chromite. Increasing these parameters
were favorable for the crystallization and stability of chromite,
but a higher pH, aeration rate, and stirring rate were not beneficial
for the crystallization growth of chromite.

(3) Under room temperature conditions, the synthetized parti-
cles with rough surfaces had compact structures and exhibited
r chromite synthesis in wastewater at room temperature.
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irregular hexahedral characteristics. The maximum size of the
obtained particles reached 52 lm. The molecular formula of the
synthetic products might be Fe3�xCrxO4, in which x was approxi-
mately 0.30. Finally, a microscopic reaction path was proposed
for chromite synthesized in chromium-containing wastewater by
the ferrite process at room temperature.
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