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ABSTRACT: This work presents an adsorptive removal of indigo carmine (IC)
dye using a polyvinylpyrrolidone capped bismuth oxybromide (PVP-BiOBr)
adsorbent. PVP-BiOBr was synthesized via a simple precipitation method. The
morphology and surface chemical structure of the adsorbent were characterized
using XRD, SEM, FTIR, and BET analyses. The adsorption isotherm and
kinetics were investigated to reveal the mechanism of dye removal. Prepared
PVP-BiOBr has a crystallite size of 19.7 nm, with a mean particle size of ~2 ym
and a surface area of 5.14 m* g~". The optimum pH for this adsorptive process
spanned the range of 4 to 9. Experimental data indicated applicability of the £ (=]
Langmuir isotherm model, and the study confirms a pseudo-second-order =
kinetics model. The maximum adsorption capacity for IC dye was 208.3 mgg ™. l 52
A flow-circulation system was developed for the treatment of IC dye e Alter
contaminated water samples. PVP-BiOBr was packed inside a column and did

not spill into the water sample after treatment. The removal efficiency was >90% after 25 min. The PVP-BiOBr adsorbent could be
reused for three cycles. This work demonstrates that PVP-BiOBr is a promising candidate as an adsorbent for IC dye removal.
Additionally, the flow-based system establishes an automated operation in continuous mode, which is viable for large scale
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applications.

1. INTRODUCTION

Blue pigments are difficult to obtain from natural sources.
Therefore, synthetic dyes such as indigo carmine (IC) are
widely used, especially in food, textile, medical, and cosmetic
manufacturing. Although the IC dye is commonly used in
many industries, adverse effects on the environment and
human health raise some concerns. Contamination of surface
water by dyestuff increases turbidity and diminishes photo-
synthesis of aquatic plants." These dyes can accumulate in
aquatic animals, consequently entering the food chain. IC may
cause skin irritation, vomiting, and diarrhea in humans.”
According to the US and European Union regulations, the
acceptable daily intake (ADI) of indigo carmine is limited to
2.5 and 5 mgkg™" of body weight, respectively.’ Therefore, it is
necessary to remove color matter from industrial effluents
before their discharge for environmental protection and human
health.

Several methods have been proposed for the treatment of
dye effluents. They include membrane filtration, bacterial
decomposition, and photocatalysis as well as adsorption. The
strengths and weaknesses of the various methods have been
recently reviewed.” From our perspective, adsorption is an
attractive method for wastewater treatment due to its
simplicity and low investment. Adsorption is a physical or
chemical process where the target contaminant is attached to

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

the surfaces of an adsorbent material. Several alternative
adsorbent materials have been presented for IC dye removal,
for example, Moringa oleifera biomass,’ magnesium ferrite
nanoparticles,’ ionic/nonionic polystyrene,” and COOH
functionalized carbon nanotubes,® among others. Even though
these adsorbents show great potential for dye removal, some
limitations remain. Currently, most adsorbents are used under
batch conditions with manual procedures.”™® After the
adsorbents are exposed to water during treatment, it can be
difficult to collect the resulting suspension. Therefore,
separation and regeneration of adsorbent suspensions from
treated water are some of the most challenging issues.” A
promising flow-based method has been proposed for this
challenge.'*~"*

In the past few years, many efforts have focused on bismuth
oxybromide (BiOBr) composites, which have been shown to
be very effective in adsorption and photodegradation. In
previous studies, BiOBr composites demonstrated high
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Figure 1. A flow-circulation manifold for continuous removal of indigo carmine using PVP-BiOBr as an absorbent.
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Figure 2. (a) XRD patterns of PVP-BiOBr compared to bare BiOBr. (b) SEM image of PVP-BiOBr.

performance in eliminating cylindrospermopsin and methylene
blue."'* Polyvinylpyrrolidone (PVP) is a hydrophilic polymer
that is often employed as a stabilizing agent to regulate the
morphologies, shapes, and sizes of particles."” Recently, Li et
al. reported the use of PVP to improve the adsorption and
photocatalytic capabilities of BiOBr.'® To the best of our
knowledge, there has been no report of the utilization of PVP
modified BiOBr (PVP-BiOBr) for IC dye removal in a flow-
based system. In the current work, PVP-BiOBr was synthesized
using a facile one-step precipitation method and then used as
an adsorbent for dye treatment. The morphology, surface area,
and functional groups of the synthesized PVP-BiOBr were
characterized. The adsorption isotherm and kinetic models
were examined under batch condition. Then, a flow-circulation
system was developed, and the removal efficiency of the dye by
the system was explored. The advantages of a flow setup are
that it is rapid and automated. PVP-BiOBr adsorbents are fixed
in a column and do not contaminate water after the treatment.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Apparatus. All chemicals were of
analytical grade. Bismuth(III) nitrate pentahydrate and
polyvinylpyrrolidone (MW 40000) were purchased from
Sigma-Aldrich, USA. Potassium bromide was received from
Ajax Finechem, Australia. Absolute ethanol was obtained from
Merck, Germany. Indigo carmine was purchased from
HiMedia Laboratories, India. Deionized water (>18.2 MQ
cm) was used throughout the experiments.
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2.2. Synthesis of PVP-BiOBr. PVP-BiOBr was synthesized
via a one-step precipitation method according to a previous
report.'” Briefly, 1.02 g of Bi(NO;);SH,0 was weighed and
dissolved in 60 mL of ethanol with vigorous stirring for 60 min.
A 0.05 g aliquot of PVP was incorporated into the bismuth
nitrate solution and further stirred for 60 min. Then, 0.08 g of
KBr was added to the solution, and the mixture was
continuously stirred for an additional 12 h. After that, the
mixture was centrifuged at 12000 rpm for 10 min. A
precipitate was collected and washed with DI water and
ethanol at least 6 times. Finally, the product was dried at 60 °C
for 6 h. For comparison, bare BiOBr was synthesized using a
similar procedure but with no PVP addition.

2.3. Characterization. Synthesized PVP-BiOBr was
characterized by using several techniques. The BiOBr crystal
structure and purity were identified by using X-ray diffraction
(XRD) (Smartlab Rigaku). Its morphology was observed
under scanning electron microscopy (SEM) (SU8000
Hitachi). Specific surface area was analyzed with an N,
adsorption—desorption isotherm employing the Brunauer—
Emmett—Teller (BET) methodology. The pore size was
calculated using a desorption isotherm in a Barret—Joyner—
Halenda (BJH) approach (Micromeritics 3Flex). FTIR spectra
were recorded using an FTIR spectrometer (Nicolet 6700
Thermo Scientific) at wavenumbers between 500 and 4000
cm™,

2.4. Flow-Circulation System. The flow system consisted
of a peristaltic pump (ISM827B Ismatec), 1.0 mm ID PTFE
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tubing, and a quartz flow-through cell (10 mm path length,
Hellma Analytics). The adsorbent column was fabricated in
our laboratory. It comprised two syringe filters (with a 0.45 ym
nylon membrane) attached end-to-end. UV—vis absorption of
indigo carmine was spectrophotometrically monitored (U2900
Hitachi) at a 610 nm wavelength. The flow manifold is
depicted in Figure 1.

3. RESULTS AND DISCUSSION

3.1. PVP-BiOBr Characterization. XRD patterns of
BiOBr and PVP-BiOBr are presented in Figure 2a. The main
diffraction peaks of bare BiOBr were observed at 26 = 10.6°,
21.7°,25.3°% 31.6° 32.3° 42.5° 46.4°, 57.2°, and 67.6°, which
were indexed to the (001), (002), (101), (102), (110), (004),
(200), (212), and (220) planes, corresponding to the
tetragonal BiOBr standard (JCPDS no. 09—0393)."” These
characteristic peaks were also found in PVP-BiOBr, confirming
the presence of the BiOBr crystal structure in the polymeric
matrix. Peak intensities were weaker and broader in PVP-
BiOBr compared to bare BiOBr. The crystallite size (D) of
PVP-BiOBr was evaluated from the full width at half-maximum
(fwhm) of the most intense peak (20 = 32.4°) using the
Debye—Scherrer equation.'® The average crystallite size was
19.7 nm. These XRD patterns show some impurity peaks
(marked with asterisks) arising from the starting precursor
Bi(NO,),-SH,O.

The morphology of PVP-BiOBr was observed under SEM,
and the results are shown in Figure 2b. The sample exhibits an
assembl;r of several thin-petal nanosheets, similar to an earlier
report."” The mean particle size was ~2.0 gm. The EDX
spectrum of the PVP-BiOBr is depicted in Figure S1 indicating
the presence of bismuth, oxygen, and bromine elements in the
sample.

Figure 3 illustrates that the PVP-BiOBr adsorbent exhibits
the characteristic type III N, adsorption—desorption under the
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Figure 3. Nitrogen adsorption—desorption isotherm and BJH pore
size distribution plot (inset) of the as-prepared PVP-BiOBr.

IUPAC classification.'” This type III characteristic indicates a
morphology consisting of both micro- and mesoporous
structures. The inset of Figure 3 shows that the peak pore-
size distribution of the prepared adsorbent was ~12.7 nm. The
BET specific surface area of the PVP-BiOBr adsorbent was
5.14 m*> ¢!, which is significantly higher than that of bare
BiOBr (1.107 m* g™').

In the presence of PVP during precipitation synthesis, PVP
could coordinate on the surface of the BiOBr crystallographic
planes and control the growth of the crystal facets. This results
in a petal-like morphology and an increased specific surface

area.”” Owing to its porous structure with large surface area,
PVP-BiOBr can thus provide abundant active sites to interact
with organic pollutants, which extensively promotes adsorp-
tion. For comparison, an SEM image of bare BiOBr is shown in
Figure S2. Without PVP, the BiOBr exhibits a flake-like
morphology. The potential of the prepared PVP-BiOBr for
adsorptive removal of IC dye was further studied.

3.2. Investigation of IC Dye Removal Mechanism by
PVP-BiOBr (Batch Experiment). It is established that PVP-
BiOBr exhibits both photocatalytic and adsorptive properties,
and thus is widely used to remediate organic contamina-
tion."'*'® In this study, the primary mechanism of PVP-
BiOBr to eliminate the IC dye is elucidated. Batch experiments
were performed with and without light radiation. A 10 mg
portion of PVP-BiOBr was added to a 50 mL solution of IC
dye (20 mg L™"). The solution was stirred for 60 min. While
stirring, 3 mL of the dye solution was sampled at preset time
intervals. This sample was centrifuged for 3 min, and then the
supernatant was spectrophotometrically measured at a 610 nm
wavelength. The concentration of IC dye remaining in the
solution was assessed and the percentage of dye removal (%R)
was:

C,— C
%R =|—2 | x 100
Co (1)

where C, and C, are the initial concentration and
concentration at time t of IC dye in solution (mg L7'),
respectively.

Two beakers of the dye solution were tested. The first
beaker was stirred and irradiated by fluorescent lamps (24 W X
2 lamps), while the second beaker was stirred under dark
conditions in a black box. The dye removal under these two
conditions is depicted in Figure 4a. The percentage of dye
removal with and without light illumination both showed a dye
elimination of up to ~85% after 15 min. This implies that light
negligibly impacted the removal process. PVP-BiOBr provides
adsorptive performance toward IC dyes rather than photo-
catalytic activity. The photocatalysis level parameter (&) was
also evaluated to further understand the effect of adsorption/
photocatalysis on dye elimination. The parameter & was
defined as the ratio of the total removal amount in
adsorption—photocatalysis to the adsorption removal amount
in the dark.”® As observed in Figure S3, the & parameter
exhibited a downward tendency after S min. It is explained that
the adsorbed IC on the PVP-BiOBr impeded photocatalysis by
shielding the material surfaces from light.21 Therefore, in this
work, PVP-BiOBr was proposed as an efficient adsorbent for
IC dye removal.

Additionally, the adsorptive performance of BiOBr and PVP-
BiOBr for IC dye molecules was compared. These two
absorbents were dispensed into IC solutions for 15 min, and
the remaining dye concentrations were subsequently analyzed.
Only 66.2% of IC dye was removed by BiOBr, while 85.4% was
eliminated using PVP-BiOBr. Owing to its larger surface area,
PVP-BiOBr offers a greater adsorption of dye molecules. FTIR
analysis was used to clarify the interaction of IC dye adsorbed
onto the PVP-BiOBr adsorbent. The FTIR spectra of IC, PVP-
BiOBr, and PVP-BiOBr@IC are shown in Figure 4b. PVP-
BiOBr@IC displays characteristic bands of both pure IC and
PVP-BiOBr that are slightly shifted toward lower wave-
numbers. For example, the wavenumber of the carbonyl
group in the PVP-BiOBr was shifted from 1617.73 cm™!
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Figure 4. (a) IC removal using PVP-BiOBr under light irradiation and under dark conditions, (b) FITR spectra of IC, PVP-BiOBr and PVP-
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Figure S. Plots of (a) Langmuir isotherm, (b) pseudo-second-order kinetics, and (c) intraparticle diffusion models for IC removal by PVP-BiOBr.

(before adsorption) to 1599.00 cm™' (after adsorption).
Concurrently, the sulfonyl bands of PVP-BiOBr@IC were
located at 1019.91 cm™', which is a lower wavenumber than
that of pure IC (102548 cm™). These results infer bond
formation between IC molecules and adsorbent surfaces.””
3.3. Effect of PVP Composition. The adsorptive
performance of PVP-BiOBr may be dependent on the PVP
component. Therefore, different amounts of PVP (i.e.,, 0.02,
0.0S, and 0.10 g) were used in the synthesis of the PVP-BiOBr
adsorbents. Subsequently, each adsorbent was tested for its dye
removal capability. The adsorbent made with 0.0S g PVP
manifested the greatest IC removal efficiency, 97.0% after 45
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min, while 80.5% and 91.7% of IC were reduced using the
adsorbents with 0.02 and 0.10 g PVP, respectively. In this
work, 0.05 g of PVP was thus selected for the adsorbent
preparation.

3.4. Effect of pH. The effect of pH on IC dye removal was
examined by adjusting the initial pH of IC solutions from 3 to
9 using 0.1 M HCI or NaOH solutions as appropriate. As
shown in Figure 4c, at very low pH (pH = 3), abundant
protons may retard the adsorption process, and the removal
percentage was low. At higher pH, dye removal sharply
increased and maintained its efficiency in the pH range from 4
to 9. This demonstrated that the PVP-BiOBr adsorbent can be
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Figure 6. (a) The %removal of IC dye as a function of time in the flow system and (b) reusability of the PVP-BiOBr adsorbent for S consecutive

cycles.

effectively used over a wide pH range. Hence, pretreatment pH
adjustments are not required for water samples with pH values
ranging from 4 to 9. Images of indigo carmine solutions before
and after adsorption by PVP-BiOBr are shown in Figure 4d.

3.5. Adsorption Isotherm. Isotherms, such as the
Langmuir and Freundlich models, are commonly used for
equilibrium adsorption in a solution of adsorbed molecules and
adsorbent surfaces. In this work, the experimental data were
better fitted by the Langmuir model, represented in eq 2, with
a linear correlation (R*) = 0.998 (Figure Sa).

1 1 [ 1 ) 1

— = — |+ | —

qe [ qmaxI<L ] Ce [ qmax ]
where g, is the adsorption capacity of IC at equilibrium (mg
g™'), C. is the concentration of IC in the aqueous phase at
equilibrium (mg L7'), qn. is the maximum adsorption
capacity of IC per unit weight of the adsorbent (mg IC/g of
PVP-BiOBr), and K is the Langmuir constant (L mg™). For
the results shown in Figure Sa and using eq 2, the g, and K,
values were 208.3 mg g~' and 0.432 L mg™', respectively. The
Langmuir model leads to an assumption that the IC molecules
are adsorbed on the PVP-BiOBr surface as a monolayer, and
maximum adsorption occurs when the surface is entirely
covered.

3.6. Kinetics Study and Intraparticle Diffusion.
Adsorption kinetics and intraparticle diffusion were examined
to determine the adsorption rate and mechanism. In this study,
the experimental data were applied to pseudo-first- and
pseudo-second-order kinetics models. The adsorption kinetics
were in accordance with a pseudo-second-order model (eq 3).
The measured R* value of the plot between t/q, and t was
0.995 (Figure Sb).

i)

where k, is the equilibrium rate constant of the pseudo-second-
order model (gmg™ min™") and g, denotes the amount of IC
adsorbed at time t. The slope and intercept in Figure Sb were
used to find the rate constant k,, 7.10 X 10™* gmg™' min™". A
pseudo-second-order kinetic model suggests that the rate-
limiting step is surface adsorption. The adsorption rate is
dependent on adsorption capacity and not on dye concen-
tration.

2)

t 1

q, kg’

©)
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The adsorption mechanism generally involves three mass
transfer steps, i.e., (i) external diffusion, (ii) internal diffusion,
and (iii) adsorption onto active sites. The adsorption
mechanism was determined by employing the intraparticle
diffusion equation given by eq 4.

g, =kt'"? (4
where k; is the intraparticle diffusion rate (mgg™" min~"/2). In
the current work, a plot of g, versus t'/> revealed multi-
linearities (Figure Sc). This implies that multiple steps
occurred that limited the overall adsorption rate. The first
sharp range describes fast diffusion of the IC dye in the
solution boundary to the external surface of the PVP-BiOBr
adsorbent. The second range was attributed to gradual
adsorption into the adsorbent micropores, while the third
plateau indicated that an equilibrium was reached in which the
adsorption became slow and stable. The plots did not pass
through the origin, which indicates that the intraparticle
diffusion was not the only rate-controlling step, but boundary
diftusion controlled adsorption to some degree.

3.7. Flow-Circulation for IC Removal. The flow-
circulation system in Figure 1 was employed for indigo
carmine dye removal. A 10 mL volume of an IC solution (20
mg L") was pipetted into a container. The solution pH was
adjusted to pH ~7. The solution was transferred into the flow-
circulation system using a peristaltic pump with a flow rate of
1.0 mL min~". A portion of 10 mg of PVP-BiOBr was placed in
the adsorbent column. A nylon membrane retained the
adsorbent inside the column. When an IC solution passed
through the column, some of it was removed by the PVP-
BiOBr adsorbent. The residues were measured inline by using
a spectrophotometer positioned after the column. They were
recirculated in the flow system, and %removal was continu-
ously monitored as a function of time (Figure 6a).

The dye was gradually eliminated and reached >90%
removal after 25 min of flow. With this flow-circulation system,
the adsorbents are retained in a column and do not
contaminate the water sample after treatment. The system is
operated inline, automated, and convenient to use. It can be
further developed for commercial-scale water treatment
applications. Reusability of the adsorbent column was also
investigated. After the first treatment, the column was
regenerated by being flushed with water before use in a
second run. The PVP-BiOBr adsorbents retained a removal
efficiency of over 80% even after the third run, suggesting good
stability and reusability (Figure 6b). The adsorption capacities
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Table 1. Comparison of Adsorption Capacities of Various Adsorbents for IC Dye Removal

maximum adsorption capacity suitable solution regeneration
adsorbent operation mode (mg/g) pH (cycles) ref.
Moringa oleifera seeds batch/fixed-bed column 60.24 4 4 S
magnesium ferrite nanoparticles batch 46 4-9 4 ¢
ionic/nonionic polystyrene batch - >10 - 7
COOH functionalized carbon batch 136 6 8 ¢
nanotubes
Bismuth oxide doped MgO batch 126 7 3 2
Acacia nilotica sawdust activated carbon  fixed-bed column 24.67 - -
PVP-BiOBr flow-circulation 208.3 4-9 3 this work
of various adsorbents toward IC dye are compared as Authors

presented in Table 1. Furthermore, the effectiveness of PVP-
BiOBr to remove IC dye was compared with that of
commercial activated carbon (Vikings, Thailand). The %
removal of IC dye by PVP-BiOBr was higher than that of
activated carbon (Figure S4). This absorbent has the potential
for removing IC dye from contaminated water samples.

4. CONCLUSIONS

The PVP-BiOBr adsorbent was successfully prepared through a
facile precipitation method. The PVP polymer plays a crucial
role in controlling the morphology, size, surface area, and
adsorption efficiency of the adsorbent. With its greater surface
area, PVP-BiOBr afforded a higher adsorptive performance for
IC dye removal than bare BiOBr. The characteristics of
prepared PVP-BiOBr are summarized in Table S1. The
adsorption isotherm fitted the Langmuir model, and the
maximum adsorption capacity was 208.3 mgg~'. The
adsorption kinetics were in good agreement with a pseudo-
second-order model. A suitable pH for IC adsorption ranged
from 4 to 9. A flow-circulation system using a PVP-BiOBr
column was applied for the water treatment. Its efficiency
reached >90% removal of the IC dye. The adsorbent column
was used for three cycles. The adsorption efficiency of PVP-
BiOBr was higher than that for commercially available
activated carbon. The advantages of the flow system are that
(i) it is an inline and continuous process with (ii) easy
separation of the adsorbent from treated water. It is a
promising method for wastewater treatment.
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