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The textile industry spreads globally with the challenges of its wastewater treatment, especially dyes,
which are difficult to degrade. To improve coagulation-flocculation process in dye wastewater treatment,
an intercalation process was employed to prepare a new efficient coagulant of lithium borohydride-iron
oxychloride (LiBH4_FeOCl) in this study. The layered crystal pristine iron oxychloride (FeOCl) material
was prepared by chemical gas phase migration. LiBH4 was introduced into the layers of two dimensional
(2D) FeOCl nanosheets by a simple method of liquid phase insertion. The samples were characterized by a
field emitting scanning electron microscopy (SEM), a rotating anode X-ray powder diffractometer (XRD),
etc. The cationic dye was employed as the simulated pollutant. A coagulation and decolorization
experimental device was built to study the coagulation performance of the new coagulant LiBH4_FeOCl. It
is found that the intercalation modified LiBH4_FeOCI exhibits the characteristics of crystal structure, and
the layered structure of FeOCl is preserved. LiBH4_FeOCl, as an insoluble inorganic solid coagulant,
performs well for dye pollutants of methyl red, basic yellow 1, methylene blue, rhodamine B, ethyl violet
and Janus green B. The reaction rate is significantly 68% higher than the current commercial coagulants of
Al>(SO4)3. The mechanism analysis reveals that LiBH,_FeOCI breaks and disperses rapidly in the water
environment. Its negatively charged material particles can be electrostatically adsorbed with dye
pollutant molecules through electrostatic action. The above collaborative actions of breaking, dispersion
and electrostatic adsorption are the main coagulation mechanisms of LiBH4_FeOCI. The solid inorganic
coagulant of LiBH,4_FeOCl provides a competitive alternative for traditional inorganic salts and organic
coagulants.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Textile industries positively affect economic development
worldwide. It generates around 1 trillion dollars and provides a
huge income and employment, particularly for China, The
European Union, India and The United States of America. It uses
more than 8,000 chemicals to make the 400 billion m? of fabric
sold annually around the world [1]. Accordingly, 20% of water
pollution globally is caused by unacceptable effluent from textile
processing, especially synthetic dyes [2]. However, the removal of
the color associated with textile dyes has been a great challenge
over the past decades. The dyes are non-biodegradable organic
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compounds. Their high solubility in water makes it difficult for
removal [3].

In recent years, physical, chemical and biological methods have
been studied to remove the color from textile effluents. But these
methods still have problems of high cost, inadequate efficiency,
extra pollution, etc. For example, adsorbents in physical methods
are usually difficult to regenerate. Chemical methods of oxidation
come with extra pollution. Synthetic dyes have a harmful effect on
the organisms used in biological methods [4-6].

The coagulation-flocculation process is the most widely used in
wastewater treatment due to its simplicity and cost-effectiveness.
In this process, suspended and colloidal particles are destabilized,
using coagulant agents, and gather together to form large
agglomerates. These agglomerates can be separated by gravity
settling [7]. Aluminum sulfate is the most commonly used in
wastewater treatment processes. The coagulants of iron salts and
polyaluminum chloride (PACI) were reported as well [8].

1001-8417/© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



J. Wu et al.

Verma et al. [9] studied the effect of different coagulants on the
quality of effluent from sewage treatment. The results showed that
under the condition of pH 5.6 and the dosage of FeCl; was
3,000 mg/L, the chemical oxygen demand (COD) removal rate
75.5%. In addition, in the study of sludge sedimentation and
filtration characteristics, it was found that the use of cationic
polyacrylamide (concentration of 175 mg/L) and ferric chloride at
the same time improved the filtration performance and reduced
the specific resistance of filter cake. Harrelkas et al. [10] applied the
combination of physical and chemical treatment to the actual
textile wastewater samples. The experimental results showed that
the optimal process parameters were pH 5, coagulant (Alx(SO4)3)
100 mg/L and flocculants 4 mg/L. The turbidity removal rate was
about 60%, and the COD removal rate was not more than 20%. Chu
et al. [11] used alum to treat printing and dyeing wastewater and
reduced the consumption of 1/3 fresh alum per month. However,
due to the high solubility of hydrophilic dyes, the water quality
may decline during the backwater period, so the process cannot be
used for the removal of hydrophilic dye wastewater. Yang et al. [12]
used Aly(SO4); and polyaluminium chloride (PAC) to study the
coagulation performance and residual aluminum form in Yellow
River water. The results showed that the best treatment was pH 6.0.
In most cases, PAC showed better coagulation performance than
Al,(SO4)s. For example, at a dosage of 15 mg/L, PAC achieved an
optimum removal efficiency of turbidity, UV,s4 and DOC of 96.3%,
57.1% and 32.7%, respectively, and Al»(SO4); also achieved an
optimum removal efficiency of turbidity, UV,s4 and DOC of 94.5%,
53.5% and 34.8%, respectively.

Although these coagulants have been widely used and studied,
they have disadvantages of sensitivity to sample specific character-
istics, insufficient charge neutralization, and so on. More research
is needed to further improve the properties of the coagulants and
focus on understanding the behavior and aquatic chemistry of the
coagulants.

To improve the performances of coagulation-flocculation
process in dye wastewater treatment, an intercalation process
was employed to prepare a new efficient coagulant of lithium
borohydride-iron oxychloride (LiBH4_FeOCl) in this study. The
intercalation process in chemistry is the reversible inclusion or
insertion of a molecule (or ion) into compounds with layered
structures. It combines solid materials of different structural
dimensionality with atomic or molecular guest species to design
the solids with particular composition, structure and physical
properties [13]. This research intercalated lithium borohydride
(LiBH4) as the guest species into the layers of two dimensional (2D)
iron oxychloride (FeOCl) nanosheets. FeOCl, possessing a layered
2D nanosheet structure, has high structure-dependent activity
[14]. LiBH4 was selected as the intercalation species to enhance
the activity of FeOCl. Because LiBH, is a relatively mild reducing
agent, which hydrolyzes in the solution to split the FeOCl layers. It
increases the reaction area of FeOCl. Meanwhile, the mild
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hydrolysis reaction of LiBH, will not break the FeOCl layers. In
this study, the intercalation compound of LiBH, FeOCl was
prepared with a liquid phase intercalation method by dispersing
LiBH,4 and FeOCl in tetrahydrofuran solution, and then mixing the
two dispersing systems. So that LiBH, was introduced into the
FeOCl interlayer. The samples were analyzed by SEM, XRD, FT-IR,
etc. The cationic dye was employed as the simulated pollutant.
A coagulation and decolorization experimental device was built
to study the coagulation performance of the new coagulant
LiBH,4_FeOCL.

FeOCl in the pure phase was prepared by a chemical vapor
migration method [15]. The insertion of LiBH4 refers to Weber’s
method and has been improved [16]. The typical operation is as
follows: in the glove box at room temperature and argon
atmosphere, weigh 125mg (1.165 mmol) of FeOCl, dissolve it
and disperse it in the quartz glass tube with 5.89 mL tetrahydro-
furan (THF) seal mouth, add 0.115mL LiBH4 (2 mol/L in THF,
0.466 mmol), mix them and stir for 12 h. The above products were
washed with THF several times in an argon atmosphere to remove
the unreacted LiBH4. The washed products were dried in vacuum
overnight and transferred to the glove box for preservation.

An experimental device was built (Fig. S1 in Supporting
information), using the jacketed bottle device and constant
temperature water bath to control the experimental temperature.
The specificoperation was: Take 50 mL of dye wastewater containing
25 mg/L of simulated dye concentration and adjust the pH of the
experimental solution to be adjusted by HNO3 solution and NaOH
solution, respectively. The coagulant LiBH4_FeOCl was weighed
according to the dosage of 200 mg/L. The coagulant was added into
the simulated dye wastewater at the beginning of the coagulation
process. After it had started reaction for a certain time, the samples
were collected through a polytetrafluoroethylene (PTFE) membrane
with a pore size 0f 0.22 wm. The dye concentration in the filtrate was
tested by spectrophotometry. COD was determined by rapid
digestion.

Firstly, the phase changes of FeOCI before and after intercalation
were analyzed by XRD. As shown in Fig. 1a, the XRD peak of pure
FeOCl is completely consistent with that of its PDF standard card
(PDF-JCPDS No. 39-0612), which is mainly located at the positions
of 260 11.18°, 26.09°, 35.31°, 45.76° and 50.40°, respectively
corresponding to (010), (110), (021), (111), (031) crystal plane.
The typical (010) crystal surface characteristic peak position of
FeOCl after intercalation moved from 11.18° to 7.32° in low angle,
which indicated that the interlayer spacing expanded about 4.16 A
(from 7.94A to 12.10A). At the same time, the derived peak
intensity of the intercalated material is lower than that of the
original FeOCl, accompanied by the broadening of the diffraction
peak. It can be observed by SEM (Figs. 1b and c) that intercalation
makes FeOCl expand in the direction of the extended layer
structure, and the regularity of its particles is lower than that of the
original FeOCl. Based on the characterization, the intercalation of

Fig. 1. XRD spectra of LiBH4_FeOCl and FeOCl and its powder diffraction crystal library (a). SEM image of FeOCI (b). SEM image of LiBH,_FeOCI (c).
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LiBH, makes the FeOCl layer spacing expand, which makes it is
more likely to peel and break due to the weakening of the van der
Waals force between layers. And those changes may be conducive
to its diffusion in the water environment.

Furthermore, the valence changes of FeOCl before and after
the intercalation were characterized by a X-ray photoelectron
spectroscopy (XPS). Compared with the original FeOCl, the
intercalated material has an obvious B 1s signal (as shown in
Fig. 2a). Combining with the XRD results, it can be concluded that
LiBH, is successfully introduced into the interlayer of FeOCI
through intercalation reaction. It is generally believed that the
intercalation reaction between the host and guest of FeOCl
accompanies the charge transfer between them, that is, the
reduction of FeOCl and the oxidation of the guest. Tsai et al. [17]
have studied the reduction of the intercalated LiBH, compound,
and believe that the oxidation products are B,Hg and H,. Based on
this understanding, we think that the redox reaction of intercalat-
ed FeOCl can be described as follows (Reaction 1).

LiBH,4 + FeOCl « LixFeOCl +B,Hg + Hy1 (1)

In the process of material preparation, an obvious bubble
release was observed, which confirmed the formation of hydrogen.
Fig. 2b shows the change of Fe 2p5, peak of the material before and
after intercalation. It can be found that there is an obvious shoulder
peak at ~708eV in LiBH4 FeOCl, which also proves that Li*
embedment causes the reduction of Fe(Ill) to Fe(Il) in the FeOCl
skeleton. Therefore, it can be considered that the reduction of
FeOCl and the oxidation of LiBH4 occurred in the process of FeOCl
intercalation. Li" is introduced into the interlayer of FeOCI as a
structural intercalation guest, while B,Hg exists in the interlayer of
FeOCl as a co intercalation species. Due to the strong reducibility of
B,Hg in aqueous solution, further structural evolution of the
material may be induced, which will directly affect the charge
performance of the material.

At first, rhodamine B (RhB) was used as a model dye pollutant to
investigate the coagulation effect of LiBH,_FeOCl. At the initial
stage of adding LiBH, FeOCl, it was observed that there are
microbubbles in the solution, which may be caused by the reaction
of residual LiBH,; between layers and water. The color and COD
removal rates as functions of reaction time is shown in Fig. 2c. It

Chinese Chemical Letters 32 (2021) 2503-2508

can be found that the majority of RhB can be removed within 2 min
after LiBH4_FeOCI was added. With the increase of reaction time,
the removal rate increases gradually, and the removal ratio (after
30 min) is close to 100%. The trend of the COD removal ratio is the
same as that of the decolorization ratio.

Our group reported the generation mechanism of hydroxyl
radicals from FeOCl and H,O0,, and found the combination of FeOCl
and oxidant H,0, could remove 100% of organics from trace
organic wastewaters [15]. The application of oxidation reaction in
the treatment of dye wastewater generally shows that the
generated hydroxyl radicals attack the dye chromogenic groups
to break their chemical bonds off. The dye macromolecules first
degrade into smaller molecules, then the continuously produced
-OH attacks these small molecules to mineralize them into CO, and
H-O0. In this process, although it shows a high decolorization rate at
the beginning of the reaction, the COD value decreases slowly first,
then goes down fast. However, in our experimental system, the
changing trend of COD in Fig. 2c is consistent with the change of
decolorization rate, both of which show a rapid decrease at the
beginning, and then a mild change. Furthermore, the LC-MS/MS
tests indicated that none of the intermediate products from the
possible pathway of RhB oxidative degradation was detected. It
shows the oxidative degradation does not get involved in this
decolorization system with LiBH,_FeOCl.

Furthermore, the dye pollutants that expanded from RhB to the
other ten different dyes present similar characteristics in Fig. 2d
(Table S1 in Supporting information shows the structure and
additional information). It can be found that LiBH4_FeOCI has
apparent charge selectivity for the coagulation effect of these dyes.
As shown in Fig. 2e, FeOCl has very limited color removal abilities
for these dyes. But it shows an excellent decolorization
performance for the LiBH4_FeOCl system of basic cation and
neutral dye. The removal ratio reaches above 95% after 30 min of
reaction, but the system has no obvious removal for acid anion dye.
This charge selectivity may be related to the charging behavior of
the material in water, which will be analyzed in detail in the part of
the coagulation mechanism.

In order to exclude the possible influence of other species, we
have investigated the removal of RhB when LiBH,4, NaBH,4, Fe(OH)s,
LiCl and FeOCl are added, respectively. As shown in Fig. 2f, Fe(OH)s,
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LiCl and FeOCl had almost no decolorization effect on RhB, while
LiBH4 and NaBH,4 had a certain decolorization effect on RhB, which
may be caused by their reducibility, but their decolorization rate
(~20%) was far less than LiBH4_FeOCl. In addition, taking into
account the effects of iron ion leaching in the sample, add the
appropriate amount of ethylene diamine tetraacetic acid (EDTA)
sodium to the dye before adding it. The experimental results show
that the addition of EDTA has little effect on the coagulation and
decolorization of LiBH4_FeOCI. The above results exclude the effect
of other species on RhB decolorization and prove that the unique
structure of LiBH,_FeOCl is the main reason of RhB decolorization.

In order to analyze the mechanism of LiBH,_FeOCl decolorizing
dye RhB wastewater, the reaction solution was filtered and
detected by a ultraperformance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) when the reaction was carried
out for 5min. The UPLC-MS signal is shown in Fig. 3a, and three
substance peaks can be found in the spectrum, and their retention
times are 3.93, 4.10 and 4.89 min, respectively. Additionally, the
mass spectrum of these three peaks shows that the strongest mass
charge ratios at the peak positions are 149.02, 193.12 and 279.16,
respectively, which are different from the possible degradation
intermediates of RhB (Table S2 in Supporting Information
shows RhB and its Fenton degradation intermediate structure
and m/z ratio information). Therefore, the contribution of oxidative
degradation to the removal of RhB can be excluded, which proves
that the removal of RhB is the decolorization caused by coagulation
adsorption.

We also used a fourier transform infrared spectrometry (FT-IR)
to characterize the chemical bonds and functional groups of the
LiBH4_FeOCl after intercalation reaction in aqueous solution, and
further analyze the coagulation mechanism of LiBH, FeOCl. As
shown in Figs. 3b-d, compared with the original FeOCl, the
infrared spectrum Fe-O vibration of LiBH,_FeOCl after modifica-
tion is slightly red-shifted compared with FeOCl. A new peak
appears at 412cm™!, accompanied by the weakening of the
absorption peak intensity of the Fe-O vibration at 486cm™},
indicating the decline of the Fe-O bond [18]. The infrared spectrum
of LiBH4_FeOClI at 1620+ 10cm~"' shows a slight blue shift of the
water variable angle, a vibration peak, and the strength is
enhanced. It indicates that the modified material has a stronger

w
3

Chinese Chemical Letters 32 (2021) 2503-2508

ability to absorb water, and the O—H bond energy is enhanced
[19]. A new weak absorption peak appeared at 1297 cm™! and
1388 cm™! in the infrared spectrum of LiBH,_FeOCl, which was
mainly caused by the asymmetric stretching vibration of the
Fe—OH-Fe group formed in LiBH4_FeOCl. It indicates that the
surrounding environment of Fe in LiBH4_FeOCl had changed,
which was conducive to the absorption bridging polymerization of
coagulants, and thus showed better coagulation performance.

In the study of activity, it has been found that LiBH,_FeOCI has
obvious charge selectivity for dye coagulation. This charge
selectivity indicates that the coagulation of dye molecules by
LiBH4_FeOCl is likely to be realized through the adsorption of
charge interaction. In order to explore the relationship between the
surface charge and the mechanism of coagulation and decoloriza-
tion, we analyzed the zeta potential value of LiBH4_FeOCI after it
was directly added into water. It has a negative charge property in
deionized water with a charge value of 32.4 mV. Its absolute value is
higher than FeOCl of —30.32 mV, reported by Zhang et al. [20]. It can
be inferred that the surface charge of the material is negatively
charged due to the deblocking of Li* after the expansion of
LiBH4_FeOCl in a water environment. This shows that under the
condition of direct addition, LiBH4_FeOCl can absorb basic cations
and neutral dyes through electrostatic action. In order to further
demonstrate the charge selectivity of coagulation activity, we have
investigated RhB decolorization activity under different pH (Fig. S2
in the Supporting information). It exhibits that with the increase of
pH value, the decolorization rate of RhB decreases gradually. It can
be caused by the increase in the concentration of OH™ in aqueous
solution as a cationic dye, and the action of OH™ with RhB to
neutralize its charge, resulting in a decrease of the decolorization
rate of RhB at alkaline pH. The dosage and reaction time were
adjusted to study the coagulation ability of LiBH,_FeOCl under
different acidities. The kinetic study of color removal efficiency of
different dosages of coagulant (Fig. S3a in the Supporting
information) shows that the color removal efficiency rises with
the increase of coagulant dosage. When the dosage of coagulant
increases to 200 mg/L, the decolorization rate is stable at about
100%. The color removal efficiency increases with the reaction time
(Fig. S3b in the Supporting information). The lower the pH value is,
the higher the coagulation rate gets. This is caused by the negative
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charge on the coagulant’s surface and the electrostatic interaction
with the cations in the solution.

The aqueous RhB_LiBH4_FeOCl system was also analyzed by
XRD in this study, shown in Fig. 4a. It indicates the red curve of
RhB_LiBH,4_FeOClI is rough and burr. It means the LiBH4_FeOCI
material has lost its crystal structure characteristics. The flocs are
formed after the RhB_LiBH4_FeOCl system is decolored. The system
does not retain the crystal structure of the raw material anymore.
According to the Fenton-like reaction [15], the crystal structure of
the material does not change before and after the redox reaction
with FeOCl as a catalyst. It demonstrates LiBH,_FeOCl does not
perform as a Fenton-like reagent in the decolorization process of
this study.

The above electrostatic adsorption process was also confirmed
by SEM analysis (Fig. S4a in Supporting information). After filtering
and drying the flocs, SEM characterization shows that the flocs are
piled up by many single or several layers of flakes, and there are a
large number of small particles attached to the surface gap of the
flocs. The reason is that the dye molecules lose stability in water
due to the surface charge of the materials, and are adsorbed by
electrostatic. The surface of the modified material LiBH4_FeOCl,
while the petal-like structure of the hydrated LiBH4_FeOCl
enhanced its electrostatic adsorption and bridging ability. Accord-
ing to the EDS energy spectrum analysis of small particles on the
floc surface and layered material substrate (the results are shown
in Figs. S4b and c in Supporting information). It reveals that the N
element content of small particles is much higher than that in
other areas. According to the chemical formula of dye RhB, it is
speculated that it is the crystal particles that are precipitated by
polymerization and precipitation of RhB dye on the floc surface
after drying.

To sum up, the coagulation mechanism of LiBH,_FeOCl on dye
molecules is, through the intercalation of LiBH4 in FeOCl, structural
object species Li* and intercalation species B,Hg is introduced
between FeOCl layers. This intercalation process makes the layered
structure of FeOClI change, peeling and breaking. At the same time,
the abnormal change of the Fe coordination field structure tends to
induce the formation of coordination unsaturated sites on the
surface of the material, which makes the charge properties change.
In the water environment, the interaction of B,Hg and water will
generate hydrogen, which will promote the expansion and fracture
of the layered structure. This process makes LiBH,_FeOCl expand
rapidly in the water. The surface of the expanded material is
negatively charged due to the desorption of Li* species, and the
adsorption and removal of alkali cations and neutral dyes can be
made through electrostatic action.

In addition, we have compared the LiBH4_FeOCl with traditional
coagulants PAC and Al,(SO4)s in dye removal (Fig. 4b). The results
show that the coagulation and decolorization effects of LiBH4_FeOCI
are much better than that of traditional coagulants within 30 min.
The LiBH4_FeOCl is able to decolorize dye wastewater efficiently.

2507

To improve coagulation-flocculation process in dye wastewater
treatment, a new efficient coagulant of LiBH,_FeOCl was prepared
and characterized in this study. LiBH, was intercalated into the
layers of 2D FeOCl nanosheets to enhance the catalytic activity of
FeOCl. A coagulation and decolorization experimental device has
been built to study the coagulation performance of the new
coagulant LiBH4_FeOCI. The results show that the intercalation
modified LiBH4_FeOCl exhibits the characteristics of crystal
structure, and the layered structure of FeOCl is preserved. The
study of the coagulation mechanism reveals that the interstitial
object of the LiBH4 can induce the change of LiBH4_FeOCl structure
and charge properties in aquatic environments. It enhances the
adsorption of a dye molecule by the electric charge effect.
LiBH4_FeOC], as an insoluble inorganic solid material, has excellent
coagulation performance for dye pollutants of methyl red, basic
yellow 1, methylene blue, rhodamine b, ethyl violet and Janus
green B. The reaction rate is 68% higher than the current
commercial coagulants of Aly(SO4);. The mechanism analysis
reveals that LiBH4_FeOCI breaks and disperses rapidly in the water
environment, and its negatively charged material particles can be
electrostatically adsorbed with dye pollutant molecules through
electrostatic action. The above collaborative actions of breaking,
dispersion and electrostatic adsorption are the main coagulation
activities of LiBH4_FeOCl. As an inorganic solid material, the
successful development of the LiBH4_FeOCl coagulation system
provides a competitive alternative route in dyes wastewater
treatment.
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