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AbstractBiOCl/WO3 microcomposites were synthesized using a one-step hydrothermal route in the presence of a
variety of surfactants: polyvinylpyrrolidone (PVP), triethylene glycol (TEG), and Triton X-100 (TX-100). The as-syn-
thesized microcomposites were exploited as efficient adsorbents for removing organic dyes (rhodamine B and methy-
lene blue). Prior to adsorption studies, the structural, functional, and morphological characteristics of these adsorbents
were studied using analytical techniques, including XRD, FE-SEM, TEM, and UV-DRS, which revealed the presence of
large surface areas. The experimental results show that the PVP-synthesized BiOCl/WO3 microcomposite was signifi-
cantly more effective as an adsorbent than the microcomposites synthesized using TEG or TX-100. This enhanced
adsorption performance is attributable to the larger surface area associated with the developed microstructure of the
PVP-stabilized BiOCl/WO3 microcomposite. The BiOCl/WO3 microcomposite synthesized from PVP was subjected to
parametric studies involving catalyst dosage, pH, and initial dye concentration. The experimental data were fitted to
isotherm models, and the mechanism of adsorption was investigated.
Keywords: BiOCl/WO3 Composite, Surfactant, Adsorption, Rhodamine B, Methylene Blue

INTRODUCTION

Water contamination has become a serious global environmen-
tal concern, leading to the emergence of pollution-related lethal dis-
eases [1]. The release of untreated effluents from industries, such as
rubber, plastics, cosmetics, textiles, leather, paper, food, and min-
eral processing, contributes to the majority of wastewater pollu-
tion [2,3]. Most effluents include synthetic dye components that
are extremely toxic, carcinogenic, and mutagenic; these pollutants
can damage existing aquatic life and also pose serious ecological
threats [4,5]. The use of aqueous based electrolytes is an emerging
field in dye-sensitized solar cells due to its cost effectiveness and
environmental friendliness due to absence of any toxic components
[6-8]. Among the categories of synthetic dyes, those bearing azo/
aryl and/or amino groups are recalcitrant because of their inher-
ent xenobiotic properties and their potential resistance to micro-
bial degradation [9,10]. Such contaminants are typically removed
using existing methods which include membrane separation, ad-
sorption, oxidation, and coagulation, as well as treatment with bio-
logical microbes [11-14]. There are also studies which report deri-
vation of photosensitizer from waste for visible light degradation
of potential contaminants like monochlorophenols [15]. Adsorp-
tion has been reported to be cost-effective for the removal of micro-
contaminants from aqueous media [16,17]. Nanomaterials have cap-
tured the interest of researchers because of their surface-active prop-
erties, and because their structures can be easily tuned for wastewater-
treatment applications [18-20].

Multicomponent bismuth oxyhalides, typically BiOCl, are import-
ant ternary compounds with excellent optical, catalytic, lumines-
cent, electrical, and magnetic properties [21,22]. The wide band gap
of BiOCl (~3.4 eV) does not facilitate its use in a single-component
system; rather, it is surface modified by doping, composite forma-
tion, and adding co-catalysts [23,24]. On the other hand, although
the lamellar structure of BiOCl is quite popular for use in photo-
catalytic processes, the reported adsorption capacities of BiOCl are
comparatively low [22,24]. Improving the adsorption capacity of
BiOCl remains a challenge; combining two characteristic materials
to form a composite adsorbent is a useful strategy [25,26]. In this
context, WO3 is another semiconductor that has widely been stud-
ied for optoelectrical, sensing, and catalytic applications [27-29].
The BiOCl/WO3 combination has been used as an efficient visible-
light photoactive catalyst for the degradation of dyes [30]; how-
ever, to the best of our information, there are no studies on the
adsorption properties of this composite.

Nanomaterials are known for their unique physicochemical prop-
erties that are dimension dependent [31]. A convenient and cost-
effective way to control the sizes of these materials uses soft tem-
plates, such as surfactants [32,33]. The anisotropic growth of a mate-
rial in the presence of a surfactant is an interesting subject of com-
posite research. In this regard, the current work was carried out by
the hydrothermal synthesis of the BiOCl/WO3 composite, as an
adsorbent, with a variety of surfactants, namely polyvinylpyrroli-
done, triethylene glycol and Triton X-100. The effect of the indi-
vidual surfactant on composite morphology and phase formation
was explored. Adsorption performance against cationic dyes, namely
rhodamine B and methylene blue, was also investigated. The com-
posite adsorbent was optimized through a detailed parametric study,
after which kinetics and isotherm modeling were carried out.
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MATERIALS AND METHODS

All chemicals were procured from Sigma Aldrich and used with-
out any further purification.
1. BiOCl-WO3 Microcomposites Synthesized with Different
Surfactants

In a typical BiOCl-WO3-microcomposite synthesis process, a
stoichiometric amount of sodium tungstate dihydrate (Na2WO4·
2H2O) was dissolved in 20 mL of deionized water to produce a
clear solution. The predetermined amount of surfactant (polyvin-
ylpyrrolidone (PVP), triethylene glycol (TEG), or Triton X-100
(TX-100)) was added to the solution, after which it was magneti-
cally stirred until a colorless solution was obtained. The solution of
surfactant and sodium tungstate was added slowly to a 20 mL ali-
quot of a solution of bismuth nitrate pentahydrate (Bi(NO3)3·5H2O),
prepared in a separate beaker. A stoichiometric amount of NaCl
crystals was added to the resultant solution, and the mixture was
stirred for 2 h. The homogeneous mixture was then poured in a
60mL Teflon beaker and sealed in a Teflon-lined stainless-steel reac-
tor. The mixture was autoclaved at 180 oC for 24h and then allowed
to cool naturally. The precipitate obtained following the hydrother-
mal reaction was collected by filtration, and washed with water
and isopropanol to obtain the final product free of the surfactant.
The collected product (on the filter paper) was dried overnight in
a hot-air oven at 60 oC. In a similar manner, BiOCl powder was
prepared using PVP as the surfactant without the addition of sodium
tungstate to the reaction mixture.
2. Characterizing the Adsorbents

The as-synthesized dried adsorbents were characterized for their
structural, functional, and morphological properties, as well as their
surface charges using a variety of analytical techniques. A power
X-ray diffraction pattern was acquired for each adsorbent using a
PANalytical X-ray diffractometer with Cu K radiation. Adsorbent
morphologies were examined by field-emission scanning electron
microscopy (FESEM, JEOL JSM-7500F). The adsorbents were fur-
ther examined by high-resolution transmission electron microscopy
(HRTEM, TECNAI G2 F20). FTIR spectra of the as-synthesized
adsorbents were acquired using a Bruker Vertex 80v FT-IR/Raman
spectrophotometer fitted with a reflection ATR (attenuated total
reflectance) unit. FT-IR spectra were acquired in the 450-4,000 cm1

range. A Varian Cary spectrophotometer was used to acquire UV-
vis absorbance spectra of the synthesized adsorbents. Nitrogen
adsorption-desorption isotherms of the optimized adsorbent were
obtained using a Micromeritics ASAP2010 surface-area analyzer.
3. Batch Studies

Adsorption studies involved a series of batch experiments. Cat-
ionic rhodamine B (RB) and methylene blue (MB) were used as
model pollutants in the adsorption studies. A 1- mg/L standard
stock solution was prepared for each dye solution. Batch adsorp-
tion experiments were performed with 30 mL of the dye solution
in a 50 mL beaker covered with aluminum foil to avoid contami-
nation by foreign particles. All batch experiments were at room
temperature (27±2 oC), with amounts of adsorbent in solution that
ranged from 5 to 60 mg. To maintain homogeneous mixing of the
dye solution and the adsorbent, the suspension was magnetically
stirred at 500 rpm. Solutions of 0.1 M HCl and 0.1 M NaOH were

used for adjusting pH of the solution to between 2 and 12 during
the pH studies. At specific times during the experiment, aliquots
were removed from the solution and separated by centrifugation
to obtain the dye solution devoid of adsorbent particles. The as-
obtained dye solution was subjected to UV-vis spectrophotometry
to determine the absorbance at the characteristic wavelength max-
ima (max) for rhodamine B (554 nm) and methylene blue (664 nm).
Absorbance was converted into dye concentration using the Beer-
Lambert law. The adsorption percentage was calculated using the
following equation:

(1)

where Co (mg/L) and C (mg/L) are the initial and final concentra-
tions of the dye solution following adsorption for the specified time.
Parametric adsorption studies were carried out using a similar pro-
cess. The amount of dye adsorbed per gram of adsorbent was cal-
culated using the following equation:

(2)

where qe (mg/g) presents the amount of dye adsorbed by the adsor-
bent; V (mL) presents the volume of the dye solution; and m (g) is
the amount of adsorbent used during the adsorption study.

RESULTS AND DISCUSSION

1. Characterizing the Materials
1-1. Crystal Structure Analyses

The phases and corresponding crystal structures of the as-syn-
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Fig. 1. XRD patterns of the as-synthesized BiOCl, and the BiOCl/
WO3-PVP, BiOCl/WO3-TEG, and BiOCl/WO3-TX100 com-
posites.
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thesized nanocomposite adsorbents were examined by XRD, as
shown in Fig. 1. The BiOCl/WO3 nanocomposites synthesized using
PVP, TEG, and TX-100 are referred to as “BiOCl/WO3-PVP,”
“BiOCl/WO3-TEG,” and “BiOCl/WO3-TX100,” respectively, with the
pristine BiOCl synthesized in the presence of PVP simply referred
to as “BiOCl.” The XRD pattern of pristine BiOCl is well indexed
to JCPDS No. 82-0485, and corresponds to the tetragonal crystal
structure of BiOCl in the P4/nmm space group; all observed peaks
correspond to those of the standard, and no impurity peaks were
observed, suggesting that the synthesized BiOCl is of high purity.
The peak of highest intensity corresponds to the (101) plane of
BiOCl. The BiOCl/WO3 composite synthesized using PVP dis-
plays an XRD pattern that appears to be a mixture of those of the
two constituents, confirming the presence of both the tetragonal
and hexagonal crystal structures of BiOCl and WO3. The high-
intensity peaks in the pattern of BiOCl/WO3-PVP are indexed to

hexagonal WO3 (JCPDS No. 75-2187). The XRD peaks observed
for WO3 are consistent with high crystallinity; it appears that the
WO3 is not influenced by the presence of the PVP. However, the
composite synthesized using TEG shows a sharp decline in the inten-
sity of the peak corresponding to the (200) plane of hexagonal
WO3, which demonstrates that TEG significantly impacts the for-
mation of the WO3 crystal phase. Similarly, the presence of TX100
was also observed to affect the crystal phase; it appears that the
(001) and (200) planes of hexagonal WO3 have attempted to grow
simultaneously with the BiOCl crystal planes. Despite this, the high
crystallinity of BiOCl dominates the hexagonal WO3. Both of the
composites synthesized using TEG and TX-100 exhibit dominant
BiOCl. Apart from BiOCl and WO3, no other phases were observed,
which verifies that the composites are pure. Since each surfactant
influences both the BiOCl and WO3 phases, the morphologies and
functional groups of the as-synthesized BiOCl/WO3 composites

Fig. 2. FESEM images of the as-synthesized (a) BiOCl; (b) BiOCl-WO3-PVP; (c) BiOCl-WO3-TEG; (d) BiOCl-WO3-TX100; (e) TEM image
(inset shows the SAED pattern) and (f) HRTEM image of the as-synthesized BiOCl-WO3-PVP.
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were examined to understand the impact of each surfactant.
1-2. Morphological Analyses

FESEM and HRTEM were used to investigate the influence of
the surfactant on morphology, the results of which are shown in
Fig. 2(a)-(f). The as-synthesized BiOCl, formed in the presence of
PVP, is composed of ultrathin irregular disks that are 200 nm to
2.5 micron in size, and about 8-10 nm thick (Fig. 2(a)). On the other
hand, the BiOCl/WO3-PVP composite has a significantly different
morphology (Fig. 2(b)) where, in addition to disk-like structures,
nanofibers with diameters of about 130-140 nm are observed. Fur-
thermore, the disk sizes are also smaller as a result of the growth
of the fiber-like structures that correspond to hexagonal WO3. The
formation of such WO3-fiber-like structures in the presence of
NaCl has been reported elsewhere [34]. It has also been reported
that BiOBr, which also exhibits a similar structure, absorbs PVP
specifically and selectively onto its (001) plane to form an aniso-
tropic structure, whereas the (001) plane exhibits the most intense
reflection in the absence of PVP [35]. Since the (001) plane of BiOCl
corresponds to the fourth-most intense peak in the present case,
we conclude that BiOCl behaves in a similar manner to BiOBr;
PVP adsorbs onto this plane, which facilitates the growth of the
(101) plane. The most intense peak in the XRD pattern of the BiOCl/
WO3-TEG composite corresponds to the (001) plane of BiOCl;
hence TEG is preferentially adsorbed onto the planes of the hexag-
onal WO3 that correspond to the most intense signals, thereby hin-
dering their growth. This observation provides further evidence in
favor of PVP adsorption to the (001) plane of BiOCl. As a result,
BiOCl/WO3-TEG displays a morphology that is a mixture of irregu-
lar disks and small rods, as seen in Fig. 2(c). Shearing is suppressed
during the formation of the fiber structures in the presence of TEG
in the reaction solution. The WO3 rods in the BiOCl/WO3-TEG
composite are about 120-125 nm long, with diameters of around
25-30 nm. On the other hand, the BiOCl/WO3-TX100 structure is
composed of a mixture of ultrathin disks and aggregated rod-like
structure, as well as flower structures formed through the self-
assembly of small WO3 rods (Fig. 2(d)). The individual disks are
much smaller than the BiOCl disks, which is attributed to TX-100
affecting rod growth while inhibiting the growth of BiOCl disks
through adsorption onto a specific plane. The XRD pattern of BiOCl/
WO3-TX100 shows a significantly more intense reflection from the

(102) plane of BiOCl, compared to pristine BiOCl, with lower-
intensity peaks for the (001) and (101) planes, which are among the
most-intense peaks in the XRD pattern of BiOCl. These analyses
reveal that the surfactants influence the morphology in remarkable
ways, a consequence of their adsorptions to specific planes during
the hydrothermal reaction, which affects the growth of the various
crystal planes. As BiOCl/WO3-PVP exhibited the strongest adsorp-
tion properties, its high-resolution characteristics are detailed in
Fig. 2(e)-(f). Fig. 2(e) clearly shows variations in the sizes of the ultra-
thin irregular disks, as well as the fiber morphology. The fibers appear
to be broken because of ultrasonication during sample prepara-
tion. The calculated lattice fringes (Fig. 2(f)) are 0.349, 0.315, and
0.387 nm, which correspond to the (101) plane of BiOCl, and the
(200) and (001) planes of WO3, respectively. These values are well
matched to the XRD data for the BiOCl/WO3-PVP composite.
1-3. Functional-group and Optical Analyses

The functional groups of the as-synthesized BiOCl and BiOCl/
WO3 composites prepared using different surfactant were analyzed
by FT-IR spectroscopy. The FTIR spectrum of pristine BiOCl (Fig.
3(a)) displays absorption peaks at 516 (Bi-O symmetrical stretch),
1,095, 1,918 (Bi-Cl), and 1,642 cm1 (O-H) [23,36]. An additional
peak at 785 cm1 is evident in the spectra of the various BiOCl/WO3

composites, which corresponds to W-O-W bending and confirms
the presence of WO3 in the composite adsorbent [37]. A band at
1,592 cm1 that corresponds to additional hydroxyl groups is ob-
served in the spectra of the adsorbents synthesized using PVP and
TEG. The BiOCl/WO3-TX100 composite exhibited peaks between
2,500 and 3,000 cm1 that correspond to the -CH3 groups in TX-
100, and below 1,500cm1 that correspond to -CH2- and -OH vibra-
tions [38].

The optical properties of pure BiOCl and the surfactant-synthe-
sized BiOCl/WO3 composites were examined by UV-Vis diffuse
reflectance spectroscopy (DRS), and the corresponding DRS spec-
tra are displayed in Fig. 3(b). An increase in absorption intensity
was observed when the WO3 semiconductor was present in the
composite, since it has a narrower band gap than BiOCl. Shifts in
the absorption wavelengths of the WO3-containing composites,
compared to pristine BiOCl, were observed, and the high absor-
bance exhibited by BiOCl/WO3-PVP is due to the dominance of
WO3 in the composite. The inset in Fig. 3(b) shows Tauc plots of

Fig. 3. (a) FTIR and (b) UV-Vis absorbance spectra of the as-synthesized adsorbents.



472 S. Adhikari and D.-H. Kim

March, 2019

h versus (h)1/2; extrapolating these plots provides the band gaps
of the various composites, which are 3.35, 2.75, 2.83, and 2.91 eV
for BiOCl, BiOCl/WO3-PVP, BiOCl/WO3-TEG, and BiOCl/WO3-
TX100, respectively. Similar values have been reported in the liter-
ature [39,40].
1-4. Preliminary Adsorption and Kinetics Studies

Preliminary adsorption studies were performed with 30 mL of a
solution of rhodamine B (RB) or methylene blue (MB), and 30 mg
of the adsorbent at room temperature. The effect of contact time
on the adsorption properties of BiOCl, BiOCl/WO3-PVP, BiOCl/
WO3-TEG, and BiOCl/WO3-TX100 toward RB and MB was stud-
ied, the results of which are displayed in Figs. 4(a) and 4(b), respec-
tively. Among the as-synthesized adsorbents, BiOCl/WO3-PVP ex-
hibited enhanced adsorption, which is attributable to the presence
of both ultrathin disks and the one-dimensional fiber-like struc-
tures of BiOCl and WO3, respectively. The adsorption percentage
for RB shown by BiOCl is closer to that of the TEG- and TX-100-
synthesized BiOCl/WO3 composites. However, BiOCl showed a
significant difference in its ability to adsorb MB compared to the
composite adsorbents. BiOCl/WO3-TEG adsorbed less RB and
MB than the BiOCl/WO3-TX-100 composite, which is attributed
to the morphological differences between the adsorbents prepared
in the presence of the two surfactants. The BiOCl/WO3-TX100 ad-
sorbent tended to agglomerate, due its small disks and rods, to form
flowers that reduced the number of active sites for adsorption. How-
ever, the disks in the BiOCl/WO3-TEG sample were larger than
those of the TX-100-synthesized composite, and the additional

active sites facilitated adsorption. The percentage of adsorbed RB
was observed to gradually increase with time, whereas more than
90% of the MB was adsorbed in 30 min. The fast and significant
adsorption of MB is attributed to its smaller structure compared to
RB. Methylene blue was completely adsorbed within 60 min by
BiOCl/WO3-PVP, whereas over 90% of the RB was adsorbed within
60 min. No further changes in adsorption were observed after 60
min.

This adsorption behavior is better understood through kinetics
studies that shed light on the adsorption mechanism involving the
synthesized adsorbents. The experimental RB- and MB-adsorption
data were fitted to pseudo-first-order and pseudo-second-order kinet-
ics models; these first-order and second-order models are governed
by their respective integrated equations, as given below [41,42]:

(3)

and

(4)

where qe is the amount of dye adsorbed at equilibrium (mg/g), qt is
the amount of dye adsorbed at time t (mg/g), k1 is the first-order
kinetic rate constant (min1), and k2 is the second-order rate con-
stant in (g mg1 min1).

The kinetic data obtained by kinetics-model fitting are summa-
rized in Table 1, which includes rate constants, the amounts of ad-

Log qe  qt    Logqe  k1
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Fig. 4. Adsorption and pseudo-second-order kinetics data for the various as-synthesized adsorbents: (a), (c) Rhodamine B and (b), (d) meth-
ylene blue (dye concentration, 10 mg/L; adsorbent concentration, 1 mg/mL (30 mg/30 mL)).
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sorbed dye at equilibrium (both experimental and calculated by
each model), and the coefficients of determination; the best kinetic
model corresponds to that with the highest coefficient of determi-
nation. Inspection of Table 1 reveals that the pseudo-first-order
model exhibits the poorer correlation. On the other hand, the experi-
mental data for RB and MB are well modeled by pseudo-second-
order kinetics, with coefficients of determination in excess of 0.99,
as shown in Figs. 4(c) and 4(d), respectively. The present study also
reveals that the BiOCl/WO3-PVP composite adsorbent is associ-
ated with a high rate constant. Hence, further parametric studies
involving both dyes were performed with the BiOCl/WO3-PVP
composite.

1-5. The Effects of the amount of Adsorbent and pH
Since adsorption efficiency depends on the amount of adsorbent

added to the dye solution, a series of adsorption experiments were
carried out with the BiOCl/WO3-PVP composite as adsorbent, and
30mL samples of RB and MB at concentrations of 10mg/L. Adsorp-
tion experiments were carried out at room temperature for up to
60 min, and the results of experiments in which the amount of
adsorbent was varied between 5 and 60 mg are displayed in Fig.
5(a). The results reveal that both dyes are gradually more adsorbed
with increasing amounts of adsorbent. In the case of RB, complete
dye adsorption is achieved with 60 mg of the adsorbent, whereas
30 mg is sufficient to adsorb MB at a concentration of 10 mg/L;

Table 1. Kinetic data for the adsorption of RB and MB by different adsorbents according to pseudo-first-order and pseudo-second-order
models

Rhodamine B Pseudo-first-order kinetics Pseudo-second-order kinetics
Adsorbent qe, exp k1 (min1) qe, cal (mg g1) R2 k1 (g mg1 min1) qe, cal (mg /g) R2

BiOCl 6.6 0.038 4.64 0.971 4.23×103 09.4 0.995
BiOCl/WO3-PVP 9.1 0.046 7.04 0.985 7.00×103 11.3 0.999
BiOCl-WO3-TEG 7.1 0.067 7.55 0.991 6.90×103 08.9 0.996
BiOCl-WO3-TX100 6.8 0.051 6.14 0.990 6.85×103 08.6 0.996
Methylene blue
BiOCl 6.2 0.051 5.15 0.962 8.06×103 08.3 0.999
BiOCl/WO3-PVP 9.9 0.075 9.60 0.991 8.72×103 11.6 0.999
BiOCl-WO3-TEG 8.3 0.071 8.90 0.981 8.58×103 10.2 0.999
BiOCl-WO3-TX100 7.8 0.061 7.10 0.993 8.30×103 09.5 0.999

Fig. 5. Studies on the effect (a) of adsorbent dose and (b) pH. (c) pH drift study, and (d) BET isotherm for BiOCl/WO3-PVP.
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however, adsorbent doses above 30 mg have little effect on the ad-
sorption percentage. Given that MB achieved equilibrium with 30
mg of the adsorbent, this amount of adsorbent was used in further
parametric studies.

The effect of the pH of the dye solution (pH 2 to 12) on adsorp-
tion efficiency was investigated with 30 mL of dye solution con-
taining 30 mg of adsorbent at room temperature over 60 min; the
results of which are shown in Fig. 5(b). The percentage of adsorbed
methylene blue increased from 60 to 100% with increasing solu-
tion pH, and was observed to equilibrate at pH 8. On the other
hand, rhodamine B exhibited a significant decrease in adsorption
percentage with increasing pH of the (dye and adsorbent) suspen-
sion. This deteriorating adsorption performance was likely due to
structural changes undergone by rhodamine B in acidic and basic
media. The carboxylate group in rhodamine B is negatively charged
in acidic media and adsorbs onto the adsorbent through electro-
static attraction. On the other hand, the adsorbent surface is nega-
tively charged which, under basic conditions, reduces adsorption.
The adsorption of methylene blue is favored under basic condi-
tions due to electrostatic interactions between the negatively sur-
face charge of the adsorbent and the positive charge of N-ethyl
group of MB. The tungsten surface finishes its coordination shells
with the existing OH and NH groups. As the pH is varied, these
groups can further participate in binding or release of H+, result-
ing in a surface that is either positively or negatively charged due

to these reactions. The pH-dependent behavior exhibited by RB and
MB has also been observed by other researchers [2,43,44].

The surface-charge characteristics of the optimized BiOCl/WO3-
PVP adsorbent were examined by evaluating the point of zero charge
(PZC) using the standard pH-drift method, as reported elsewhere
[45,46]. The PZC is representative of the surface acidity of the ad-
sorbent and can explain the adsorption behavior of a dye at a sur-
face. Various aqueous solutions were prepared using of 0.01 M HCl
and 0.01 M NaOH such that the pH values were between 2 to 12.
A 20-mg sample of the adsorbent was added to about 20 mL of
each solution, followed by ultrasonication to ensure that the adsor-
bent was homogeneously distributed. The solutions were aged for
24 h at room temperature, and the final pH of the solution was
measured. Plots of calibrated pH and final pH as functions of ini-
tial pH are in Fig. 5(c). The intersection point, where the final-pH
and calibrated-pH curved cross, is the PZC of the adsorbent, which
was determined to be 6.2. The surface of the BiOCl/WO3-PVP
adsorbent is predominately negatively charged above the PZC,
which reveals that near neutral pH favors the adsorption of the
dye due to the negative adsorbent’s surface charge. The surface area
of the adsorbent also plays a crucial role in determining adsorption
performance. The specific surface area of the optimized BiOCl/
WO3-PVP composite was determined by the Brunauer-Emmett-
Teller (BET) method; the corresponding nitrogen adsorption-de-
sorption isotherms are in Fig. 5(d). The calculated active surface

Fig. 6. (a) RB and MB adsorption percentages as functions of initial dye concentration; (b) Langmuir adsorption isotherm (1/Ce vs. 1/qe); (c)
Freundlich adsorption isotherm (log Ce vs. log qe) (adsorbent, BiOCl/WO3-PVP; adsorbent concentration, 1 mg/mL (30 mg/30 mL of
aqueous dye solution); and (d) reusability studies with methylene blue (initial concentration, 10 mg/L).
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area of the adsorbent was determined to be 13.12 m2/g (based on
the N2-adsorption data), which is similar to previously reported
surface areas [30,47].
1-6. Adsorption Isotherms

The adsorption of aqueous dye solutions onto the optimized
BiOCl/WO3-PVP composite was studied by varying the initial dye
concentration at an adsorbent concentration of 1 mg/mL (30 mg
of adsorbent in 30 mL of the dye solution). Each batch experiment
was carried out for 60 min, the results of which are in Fig. 6(a).
Adsorption performance was observed to improve with increas-
ing concentration because the active adsorption sites tend to satu-
rate due to the high concentration of the adsorbate and the fixed
amount of the adsorbent in these batch experiments. However,
adsorption tended to gradually decrease at concentrations above
20 mg/L for each dye, and was almost saturated above 40 mg/L.
Furthermore, the adsorption data were fitted to the Langmuir and
Freundlich isotherms to explore the relationship between adsor-
bate concentration and the equilibrium behavior of the adsorbed
dye [48]. These models provide the maximum adsorption capac-
ity, in which the Langmuir model assumes saturated monolayer
coverage of adsorbate molecules onto the adsorbent surface, while
the Freundlich model assumes multilayer adsorption [49]. The
linear form of the Langmuir equation is given by:

(5)

where, qe represents the amount of dye adsorbed at equilibrium
(mg/g), Ce is the equilibrium adsorbate concentration (mg/L), qo

represents the monolayer adsorption capacity (mg/g), and b is the
Langmuir constant, otherwise known as the binding-energy con-
stant. The relationship between 1/Ce and 1/qe is shown in Fig. 6(b).

The linear form of the Freundlich isotherm is given by [49]:

(6)

where qe and Ce are as defined above, Kf is the Freundlich adsorp-
tion constant (L/g), and 1/n is the adsorption intensity. The data
obtained through parametric fitting to the above-mentioned iso-
therms (Fig. 6(c)) are listed in Table 2, which clearly reveals that
the experimental data for both RB and MB are best fitted to the
Langmuir adsorption isotherm, with coefficients of determination
close to unity when the BiOCl/WO3-PVP composite was used as
the adsorbent. The Langmuir-model-determined maximum adsorp-
tion capacity of BiOCl/WO3-PVP toward rhodamine B and meth-
ylene blue is 21.50 and 29.85 mg/g, respectively.

The reusability of the adsorbent is of great importance for batch
adsorption processes. Reusability experiments were carried out by
separating the adsorbent from the adsorbate solution by centrifu-

gation followed by drying at 90 oC in a hot-air oven following ad-
sorption at an initial dye concentration of 10 mg/L and an adsor-
bent concentration of 1 mg/mL (30 mg/30 mL); methylene blue was
the chosen dye, and the optimized BiOCl/WO3-PVP composite
was used as the adsorbent during these experiments. After the first
adsorption experiment, the adsorbent was reused three more times.
The adsorption percentage was observed to degrade; however, the
difference between the first and third runs was only approximately
8%. This decrease is attributed to particle agglomeration and the
occupancy of some sites by the dye adsorbed by the BiOCl/WO3-
PVP composite. The difference in adsorption percentage is not sig-
nificant, which indicates that the adsorbent recycles well.
1-7. Dye Adsorption Mechanism

Knowledge of the mechanism of an adsorption-centered removal
technique is important for the approval of the process; it also pro-
vides an understanding of the chemical nature of the adsorbent
material, which is helpful when designing and improving adsor-
bents for future applications. In general, the adsorbent surface is the
most important feature; adsorption behavior can be quite complex
and depends on the nature of the dye. On the basis of the experi-
mental results obtained in this study, separate three-step mechanisms
have been tentatively proposed for the adsorptions of rhodamine
B and methylene blue (MB) by the BiOCl/WO3 composite. The
BiOCl/WO3-PVP composite material acts as a double agent, de-
pending on the pH, which benefits the removal of the desired con-
taminant. In the first stage, electrostatic attraction due to charge
polarization facilitates the adsorption of dye molecules onto the
surface of the adsorbent. The second step involves interactions of
the dye molecules with the available pores in the adsorbent through
intra-particle diffusion, while the third (equilibrium or overlapping)
stage occurs when dye molecules occupy all of the available sites
and additional dye molecules begin to overlap with other another
molecules, resulting in reduced adsorption capacity. As mentioned,
the material acts as a double agent because variations in pH result
in the efficient removal of the dye from the solution. Hence, the
uptake of RB and MB may be due to proton-transfer mechanisms
in the first step, which is a result of the acidic/basic nature of the
material, which is sensitive to changes in pH and affects its ability
to adsorb the organic molecule and form a stable complex. A sche-
matic representation of the dye-adsorption mechanism is shown
in Fig. 7. The adsorbent surface sites are predominately negatively
charged under neutral conditions; therefore, they electrostatically
attract methylene blue and rhodamine. The adsorption efficiency
of MB is slightly lower than that of RB, since the latter is advan-
taged by the coexistence and competition of both the positive and
negative sites of RB at high pH.

CONCLUSIONS

BiOCl/WO3 composite adsorbents were synthesized using a sim-
ple, facile, and inexpensive hydrothermal technique in the pres-
ence of a variety of surfactants, including polyvinylpyrrolidone,
triethylene glycol, and Triton X-100. A surfactant significantly influ-
ences the morphology of the adsorbent, due to specific planar ad-
sorptions that affect the growths of the crystal planes of the adsor-
bent. The BiOCl/WO3-PVP composite exhibited the best adsorp-

1
qe
----  

1
qobCe
--------------  

1
qo
-----

Logqe  LogKf  1/n Celog

Table 2. Langmuir and Freundlich isotherm data for the adsorp-
tions of RB and MB to the BiOCl/WO3-PVP composite

Dye
Langmuir parameter Freundlich parameter

qo (mg/g) b (L/mg) R2 Kf (mg/g) n R2

RB 21.50 001.33 0.98 09.36 3.11 0.94
MB 29.85 167.50 0.99 24.78 6.02 0.82
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tion performance for both rhodamine B and methylene blue, with
the highest adsorption capacity of 21.50 and 29.85mg/g, respectively.
The adsorption processes followed pseudo-second-order kinetics
and were well fitted by the Langmuir isotherm model. In addition,
the as-synthesized BiOCl/WO3-PVP adsorbent exhibited good recy-
clability, even after three consecutive batch adsorption process.
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