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Abstract An immobilized clay composite (BEN–PVAG)

on a glass plate (GP) was fabricated using bentonite

powder (BEN) and glutaraldehyde cross-linked polyvinyl

alcohol (PVAG) as the adsorbent and adhesive, respec-

tively. The immobilized bentonite composite (BEN–

PVAG) was characterized using SEM, EDX, FTIR, and

BET analysis. The adsorption capacity of BEN–PVAG was

examined using methylene blue (MB) as the model pollu-

tant. The results indicated that the adsorption of MB onto

BEN–PVAG obeyed pseudo-second-order kinetics. In

addition, the adsorption of MB by the immobilized BEN–

PVAG was controlled by intra-particle diffusion. In con-

trast, the adsorption of MB by the suspended BEN–PVAG

composite was dominated by film diffusion. The immobi-

lized BEN–PVAG was then applied as the adsorbent sub-

layer for the fabrication of P-25TiO2/BEN–PVAG/GP

bilayer system where P-25TiO2 was deposited as the top

layer. The fabricated bilayer system exhibited synergistic

photocatalytic-adsorptive removal of MB upon irradiation

with a light source, while experiment in the dark yielded

only adsorption process. The rate of the synergistic pho-

tocatalytic-adsorptive removal of MB by the P-25TiO2/

BEN–PVAG/GP was 5.3 times faster than the suspended

P-25TiO2. The result implied the positive impact of the

BEN–PVAG adsorbent sub-layer on the immobilized

P-25TiO2 photocatalyst. Most important, the immobilized

P-25TiO2/BEN–PVAG/GP provided a convenient reuse of

the catalyst over time where the treated water could be

directly discharged without the need of filtration.

Keywords Kinetics � Bentonite � Immobilization �
Methylene blue � TiO2

Introduction

The generation of effluents containing dyes by many

industries is a major issue due to their adverse impact upon

the environment and human beings. Dyes have high

chemical and biological stability which requires effective

remediation methods. Removal techniques of dye mole-

cules from waste water include physical (Eren 2009; Gupta

et al. 2013; Silva et al. 2012), chemical (Nawi and Sabar

2012; Saravanan et al. 2013) and biological processes

(López et al. 2006; Selvakumar et al. 2010). Among these

methods, adsorption using porous materials (Gupta and

Saleh 2013) and heterogeneous photocatalysis (Gnanase-

karan et al. 2015) had been demonstrated as promising

techniques.

Photocatalysis process mainly involves the formation of

highly oxidizing hydroxyl radicals, (HO�, E� = 2.8 eV),

that can attack the organic molecules and convert them

entirely into CO2 and H2O (Faisal et al. 2007). Nano-sized

TiO2 is widely applied as a photocatalyst because it is

highly effective, non-toxic, of low cost and abundant

(Rossetto et al. 2010). The photocatalytic process on the

other hand is a surface-oriented process in which pre-ad-

sorption of targeted pollutants within the vicinity of TiO2

nanoparticles is necessary to allow effective oxidation of

the substrates to occur. This is because the primary oxi-

dizing radicals produced during photocatalysis are surface
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bound hydroxyl radicals, which have extremely short

lifespan of 10-9 s, and such phenomenon limits the radi-

cals from diffusing to a long distance in the bulk solutions.

Thus, only substrates which adhered to the photocatalyst

surface can effectively react with the hydroxyl radicals

(Radeka et al. 2014). However, TiO2 suffers from low

adsorption capacity and limited specific surface area. One

way to overcome this shortcoming is to combine TiO2 with

adsorbents. In fact, many studies have shown that com-

bining adsorbents with photocatalysts exhibited synergistic

effects that enhanced the removal of the pollutants from the

waste waters (Jamil et al. 2012; Rossetto et al. 2010).

Clays are one of the most investigated adsorbents for the

removal of dyes due to their large specific surface area,

large pore structure, high swelling capacity, high cations

exchange capacity and inert chemical nature (Akar and

Uysal 2010; Silva et al. 2012). Bentonite is a 2:1 type of

clay in which its basic unit structure consists of two

tetrahedral silica sheets and an octahedral aluminium

hydroxide sheet. To date, bentonite has been investigated

for the removal of not only dyes (Silva et al. 2012; Weng

and Pan 2007) but also metal ions (Ararem et al. 2011) and

polymers (Wang et al. 2013). Since bentonite has excellent

adsorption ability, the integration of clays as supports for

TiO2-based photocatalysts are attracting increased atten-

tion, especially for enhanced elimination of dye molecules

in textile wastewaters (Chen et al. 2013; Damardji et al.

2009; Hajjaji et al. 2013). The dispersion of TiO2

nanoparticles onto clays not only improves its photocat-

alytic performance due to better adsorption of organic

substrates, but also hinders the production of large catalyst

aggregates that may decrease its catalytic efficiency (Chen

et al. 2013).

Works on combining clays with photocatalysts were

mostly carried out via pillaring method which utilized

titanium precursors and followed by the calcination process

(Damardji et al. 2009; Rossetto et al. 2010; Chen et al.

2013). Nevertheless, the TiO2 crystallites that formed from

these precursors within the interlayer of the clay may be

too small in size, i.e. 2–3 nm for producing a good pho-

tocatalytic performance in the degradation of organic pol-

lutants (Bovey et al. 2006; Zhu and Othman 2002).

Moreover, although these TiO2 pillared clays allowed more

convenient recovery after water treatment due to their

larger aggregates, filtration process was still required as the

post-treatment step.

To overcome these drawbacks, there is a need to

develop a new method for combining photocatalyst with

clay, such as immobilization of TiO2 nanoparticles onto

the external surface of the clay composite in a layered

manner on a rigid support instead of intercalating them

into the interlayer of the clays. This can be regulated by

preparing the photocatalyst and clay composite

individually with the assistance of adhesive polymers and

then assemble them in a layer by layer arrangement on

glass supports. This deposition method allows the TiO2

top layer to be constantly exposed under light irradiation,

and thus, good photocatalytic performance can be

expected. Each of the layers can also be modified and

controlled independently to acquire the desired degree of

photocatalysis and adsorption processes. Apart from that,

the bilayer system also enables the designation of flow-

through reactor for the removal of pollutants. Being an

immobilized material, the TiO2/clay bilayer system also

allows the discharge of treated water without filtration and

can be continuously reused.

Previously, Nawi et al. (2010, 2011), Nawi and Sabar

(2012) had reported on the fabrication of immobilized

TiO2–chitosan layered composite on glass plates for the

synergistic photocatalytic-adsorptive process in the degra-

dation of anionic reactive red 4 (RR4) dye (Nawi et al.

2011), Nawi and Sabar (2012) and phenol (Jawad and

Nawi 2012) from aqueous solution. These studies showed

that apart from the simultaneous photocatalytic-adsorptive

processes that occurred to remove the pollutants efficiently,

the enhanced removal of organic pollutants was also

attributed to the change of the optical property of TiO2

upon the addition of chitosan. The photoluminescence

spectroscopy analysis done revealed that the integration of

chitosan with TiO2 reduced the recombination of the

photo-generated electron–hole pairs and prolong the

availability of the charge carriers, and hence allowing the

photocatalytic efficiency to improve remarkably.

To the best of our knowledge, works involving combi-

nation of TiO2 and bentonite in the form of an immobilized

bilayer system have not been reported yet in the literature

despite bentonite being another popular natural adsorbent.

This paper describes the fabrication of the immobilized

bentonite composite on a glass plate with high applicability

as the adsorbent sub-layer. A glutaraldehyde (GLA)-cross-

linked polyvinyl alcohol (PVA) or PVAG was utilized as

the adhesive for the immobilization of bentonite on glass

plates or BEN–PVAG/GP. Then, a layer of TiO2 was

coated on the BEN–PVAG/GP to form a P-25TiO2/BEN–

PVAG/GP bilayer system.

Therefore, the objective of this work was to provide an

in-depth study of the adsorption characteristics of BEN–

PVAG which was used as the sub-layer in the P-25TiO2/

BEN–PVAG/GP bilayer system. For this purpose, methy-

lene blue (MB) was chosen as the model pollutant. The

second objective was to evaluate the photocatalytic-ad-

sorptive activity and reusability of the fabricated P-25TiO2/

BEN–PVAG/GP plate for the removal of MB where the

results were compared against the immobilized TiO2 mono

layer on a glass plate (P-25TiO2/GP) and suspended TiO2

particles.
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Materials and methods

Chemicals and reagents

Bentonite (BEN) was purchased from Sigma-Aldrich. Glu-

taraldehyde (GLA) was a product of Merck. Fumed silica

(SiO2) and ammonium persulfate (APS) were bought from

Sigma-Aldrich. Concentrated hydrochloric acid (HCl,

12 M), dichloromethane and toluene were procured from

QRëC. Sodium hydroxide (NaOH) pellets were purchased

from Merck. Potassium nitrate (KNO3) and nitric acid

(HNO3) were obtained from BDH Chemicals Ltd. and

QRëC. The Degussa P-25 TiO2 nanoparticles (P-25TiO2,

80 % anatase, 20 % rutile) was obtained from Acros

Organics, Belgium. The epoxidized natural rubber (ENR-50,

50 % epoxidization) and polyvinyl chloride (PVC) were

supplied by Kumpulan Guthrie Sdn. Bhd. and Petrochemi-

cals (M) Sdn. Bhd., respectively. Methylene blue (MB,

Colour Index Number: 52015, Chemical formula: C16H18-

ClN3S�3H2O, molecular weight: 373.90 g mol-1, kmax:

661 nm) was provided by Sigma-Aldrich. The molecular

structure of MB is shown in Supplementary Fig. 1.

1000 mg L-1 MB stock solution was prepared by dissolving

0.1 g of MB powder with ultra-pure water in 100-mL volu-

metric flask. The stock solution was then diluted accordingly

to obtain the desired concentration.

Polyvinyl alcohol (PVA) powder (88 % hydrolysed,

molecular weight: 88, 000 g mol-1) was obtained from

Acros Organics. The 8 % (w/v) PVA solution was prepared

by dissolving 40 g of the PVA powder in 250 mL of ultra-

pure water. To prepare the *10 % (w/v) ENR-50 solution,

24.8 ± 0.05 g of ENR-50 was refluxed in 250 mL of

toluene at 88–90 �C until all of the ENR-50 was com-

pletely dissolved in the toluene and an adhesive-like and

sticky solution was formed.

Preparation of the immobilized bentonite composite

(BEN–PVAG)

To prepare the BEN–PVAG coating formulations, 6 g of

BEN was first mixed with 32 mL of 8 % (w/v) PVA

solution. Next, 0.20 g of SiO2 was added to the mixture,

followed by 10 mL of 0.05 M GLA and 0.56 g of APS in

10 mL of ultra-pure water. Then, 1 mL of 12 M HCl was

added to the mixture. Finally, 25 mL of ultra-pure water

was then added slowly to dilute the mixture. After that, the

colloidal mixture of BEN–PVAG was homogenized by

grinding using a ball mill grinder (Pascall Engineering

Grinder) for 30 min at 60 rpm. The homogenized BEN–

PVAG colloidal solution was then coated onto a glass plate

of dimension 45 9 70 9 20 mm by using a nylon brush to

produce the immobilized BEN–PVAG composite on a

glass plate (BEN–PVAG/GP). The BEN–PVAG/GP was

later dried and conditioned at 100 �C for 30 min. The

loading of BEN–PVAG on the glass plate can be obtained

by subtracting the initial weight of the glass plate from the

total weight of the dried BEN–PVAG/GP plate. The BEN/

PVA/GLA/SiO2/APS mass ratio in the optimum BEN–

PVAG was 120: 51:1:4:11.

Preparation of immobilized P-25TiO2/GP

and P-25TiO2/BEN–PVAG/GP

The immobilized P-25TiO2/GP was prepared according to

the simple dip-coating method previously reported by

Nawi and Zain (2012). Briefly, 0.80 g of PVC solids was

first dissolved in 35 mL of dichloromethane via 1 h of

ultra-sonication. After that, 4 g of the 10 % (w/v) ENR-50

solution was added to the dissolved PVC solution before

adding 65 mL of toluene and 6 g of P-25TiO2. The opti-

mum mass ratio of P-25TiO2/ENR-50/PVC for the for-

mulation was 7.5: 5: 1. The mixture was then sonicated and

homogenized via 8 h of ultra-sonication to form the

P-25TiO2 dip-coating formulation. To fabricate the

immobilized P-25TiO2/GP, the homogenized P-25TiO2

dip-coating formulation was poured into a coating cell. A

cleaned glass plate of dimension 45 9 70 9 20 mm was

then dipped up to a depth of 5.5 cm and left for 5 s in the

dip-coating formulation before being pulled up manually to

deposit the P-25TiO2 composite onto the glass plate. The

P-25TiO2-coated glass plate was dried using a hair dryer to

vaporize the solvent. One side of the coated glass plate was

scraped off and then weighed. The loading of P-25TiO2

composite on the glass plate can be obtained by subtracting

the initial weight of the glass plate from the total weight of

the dried P-25TiO2/GP plate. The coating–drying–weigh-

ing steps were repeatedly carried out until the desired

loading was attained. The physical and chemical properties

of the immobilized P-25TiO2/GP were well characterized

by Nawi and Zain (2012).

For the fabrication of P-25TiO2/BEN–PVAG/GP, a sim-

ilar dip-coating procedure described above was used. For this

purpose, a previously fabricated BEN–PVAG/GP plate was

dipped into the P-25TiO2 dip-coating formulation so as to

cover up the whole area of the BEN–PVAG and subse-

quently pulled up manually with a consistent pulling rate

between each dipping to obtain a deposition of the photo-

catalyst. The coated glass plate was dried completely using a

hair dryer to vaporize the solvent after which the smooth side

of the coated glass plate was scraped off and again carefully

weighed. The difference of weight between BEN–PVAG/GP

plate and its corresponding P-25TiO2/BEN–PVAG/GP plate

would provide the weight of the immobilized P-25TiO2

composite photocatalyst. The coating, drying, and weighing
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procedure was carried out until the desired loading of the

catalyst was obtained. All of the immobilized P-25TiO2/

BEN–PVAG/GP were completely air dried at room tem-

perature and stored in plastic dishes prior to use.

Based on the work of Nawi and Zain (2012), the pre-

pared P-25TiO2/GP and P-25TiO2/BEN–PVAG/GP were

then subjected to the photo-etching process before being

used in order to make it macroporous and enhance the

surface area of the immobilized P-25TiO2 composite. The

photo-etching process was carried out by immersing the

P-25TiO2/GP and P-25TiO2/BEN–PVAG/GP in ultra-pure

water and irradiated for 1 h consecutively until 10 h. The

irradiated water was replaced with a fresh batch of ultra-

pure water after each successive hour of irradiation. The

reactor set-up for the photo-etching process was similar to

that used for the experiment under light irradiation

(‘‘Photocatalytic and adsorptive removal of MB by

P-25TiO2/BEN–PVAG/GP’’ section).

Characterizations of composites

The elemental composition of BEN shown in the Supple-

mentary Table 1 was detected using energy dispersive x-

ray (EDX, model LEO SUPRA 50 VP Field Emission)

analysis. The surface morphology of the composites was

analysed using a scanning electron microscope (SEM,

Model Leica Cambridge S360). The Brunauer–Emmett–

Teller (BET) surface area, total pore volume, and average

pore diameter of BEN and BEN–PVAG were determined

by nitrogen adsorption and desorption isotherms at 77 K

using Micromeritics ASAP 2020 V4.00 surface analyzer.

The average particle size, Dps, of BEN and BEN–PVAG

was estimated by using Eq. (1) (Rouquerol et al. 1999):

Dps ¼
6000

SBET � q
ð1Þ

where SBET is the specific BET surface area and q is the

bulk density (q for BEN and BEN–PVAG are 1.010 and

1.067 g cm-3, respectively). The analysis on the functional

groups was done using a Fourier transform infrared-atten-

uated total reflection (FTIR-ATR) spectrophotometer

(Perkin-Elmer, model system 1600) in the range from 4000

to 650 cm-1 in the transmittance mode.

The point of zero charge (pHpzc) of the BEN–PVAG

composite was determined by the solid addition method

(Balistrieri and Murray 1981). A volume of 50 mL of

0.1 M KNO3 solution was transferred to a series of 100-mL

conical flasks. The pHi values of the solution were adjusted

from 2 to 12 by adding either 0.1 M HNO3 or NaOH. Then,

0.1 g of BEN–PVAG was added to each flask. The sus-

pensions were agitated and allowed to equilibrate for 48 h,

then filtered, and the final pH of the solution (pHf) was

noted. The discrepancy between the initial and final pH

values (DpH = pHf - pHi) was plotted versus the pHi.

The value of pHpzc can be obtained from the resulting

curve that cuts the pHi axis of the plot.

The X-ray diffraction (XRD) patterns of the composite

samples were acquired on a PANalytical X’Pert PRO MRD

PW3040 diffractometer with filtered CuKa radiation at a

scanning rate of 0.02�/s in continuous mode. The UV–Vis

diffused reflectance spectra (DRS) were obtained via a

Lambda 35 Perkin Elmer UV–Vis spectrophotometer from

200 to 800 nm, with a diffuse reflectance accessory using a

magnesium oxide disc as the reflectance standard.

Batch adsorption kinetic studies

Batch adsorption experiments were carried out using the

experimental set-up shown in the Supplementary Fig. 2. For

the adsorption study, the BEN–PVAG plate was placed

upright in a custom-made glass cell with dimension of

50 9 80 9 10 mm that can hold up 25 mL of MB solution.

The adsorbate solution was agitated with aeration through a

Pasteur pipette with air supplied by an aquarium pump

(model NS 7200) at a fixed flow rate of 100 mL min-1. The

set-up was placed inside a fully covered box in order to

prevent any exposure towards light irradiation.

The batch adsorption kinetic studies were conducted

using a series of 10–80 mg L-1 MB solutions. An opti-

mum amount of 0.15 g BEN–PVAG composite immobi-

lized on a glass plate was used, and the initial pH of the

MB solutions was fixed at pH 7. The concentration of the

MB solutions at the initial and different interval times was

monitored using a direct reading ultraviolet–visible (UV–

Vis) spectrophotometer (model DR2000 from HACH) at

the wavelength of 661 nm, until it reached the equilibrium

state at 60 min contact time. The MB sample was taken at

every 5 min interval for measurement. The amount of MB

adsorbed, qt at time t, was calculated as Eq. (2):

qt ¼
ðCo � CtÞ

m
� V ð2Þ

where Ct (mg L-1) was the concentration of MB at time t.

The batch adsorption kinetic study was also carried out

in the suspended mode. For this purpose, the previously

immobilized BEN–PVAG composite was scrapped off the

glass plate and ground and sieved to obtain ±150-lm-

mesh-size particles. Similar adsorption set-up and proce-

dures as described earlier for the immobilized system were

followed for this suspended mode study.

Photocatalytic and adsorptive removal of MB

by P-25TiO2/BEN–PVAG/GP

Experimental set-up for the adsorption of MB by

P-25TiO2/BEN–PVAG/GP was similar to that of the batch
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adsorption study of MB by BEN–PVAG shown in the

Supplementary Fig. 2. However, for the photocatalytic-

adsorptive removal of MB by P-25TiO2/BEN–PVAG/GP

under light irradiation, the box covering the custom-made

glass cell was removed, and instead, a 45 W compact

visible light fluorescent lamp (Phillips, Model E27,

220–240 V, 50–60 Hz) with a visible light irradiance of

400 W m-2 and a UV leakage irradiance of 2.80 W m-2

was placed in contact with the outer surface of the custom-

made glass cell, directly irradiating the coated glass plate.

The amount of visible light and UV leakage irradiance was

quantified using a radiometer (Solar light Co. PMA 2100)

connected with a UV-A and UV-B broadband detector

(PMA 2107). The initial concentrations of MB solution

used in this study were 10 and 60 mg L-1. For the 60 mg

L-1 MB solution, the fabricated P-25TiO2/BEN–PVAG/

GP bilayer system was first applied in the dark for 30 min,

after which the same plate was further used for the removal

of MB under light irradiation. For comparison purposes,

the P-25TiO2/BEN–PVAG/GP was also separately applied

for the removal of MB in the dark and under light irradi-

ation. The pH of the MB solution was fixed at 7 and was

agitated with aeration through a Pasteur pipette with air

supplied by an aquarium pump at a fixed flow rate of

100 mL min-1. The removal of MB from the aqueous

solution was monitored using a direct reading spec-

trophotometer at 661 nm.

Reusability study of P-25TiO2/BEN–PVAG/GP

for photocatalytic-adsorptive removal of MB

The reusability of P-25TiO2/BEN–PVAG/GP for the pho-

tocatalytic-adsorptive removal of MB was evaluated using

a 10 mg L-1 solution of MB. For this purpose, the

P-25TiO2/BEN–PVAG/GP was used repeatedly for 10

consecutive cycles, whereby each cycle of application took

60 min. In between each cycle of the applications, the

immobilized bilayer composite was regenerated under light

irradiation in ultra-pure water for 60 min to remove any

MB residuals that remained on the surface of the photo-

catalyst. This study was carried out using the same

experimental set-up described in ‘‘Photocatalytic and

adsorptive removal of MB by P-25TiO2/BEN–PVAG/GP’’

section. For comparison purposes, the reusability of

P-25TiO2/BEN–PVAG/GP in the adsorptive removal of

the MB and the reusability of P-25TiO2/GP in the photo-

catalytic removal of MB was also carried out.

Error analyses

Due to the inherent bias resulting from linearization of the

adsorption kinetics models, the Chi-square statistical

analysis was applied as a criterion for the fitting quality

(Auta and Hameed 2012). The Chi-square analysis is the

sum of the squares of the differences between the experi-

mental data and the calculated model values, with each

squared difference divided by the corresponding calculated

model values. The mathematical expression of this analysis

is as shown in Eq. (3):

v2 ¼
X qe; exp�qe;calc

� �2

qe;calc

ð3Þ

where qe,calc (mg g-1) is the adsorption capacity at equi-

librium calculated from the model, and qe,exp (mg g-1) is

the experimental values of the equilibrium adsorption

capacity. The degree of v2 value depicts the proximity of

the calculated and experimental values whereby the smaller

value of v2 indicates lower discrepancies between the

values. This analysis was applied to further identify the

suitable reaction model apart from referring to the corre-

lation coefficient, R2, values.

In addition, the validity of the fit of the kinetic model for

MB adsorption by BEN–PVAG/GP was also evaluated by

the sum of squares error (SSE %) analysis and the SSE was

calculated using Eq. (4):

SSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
qe; exp�qe;calc

� �2

N

s

ð4Þ

where N is the number of data points. The lower value of

SSE determines the best fit of the adsorption model

(Natarajan et al. 2014).

Results and discussion

Fabrication of the P25TiO2/BEN–PVAG/GP plate

A new novel approach to combine TiO2 with bentonite is to

assemble them in an immobilized bilayer form on a glass

plate. The bilayer system comprised of two separate

composite systems, in which the bentonite composite is

made up the adsorbent sub-layer while the top layer con-

sisted of the TiO2 photocatalyst composite. This integration

method is considered advantageous due to several reasons:

1. The TiO2/bentonite bilayer system allows the TiO2 to

be directly exposed to light irradiation.

2. The bentonite sub-layer has the potential of improving

the optical characteristics of the TiO2 layer as well as

improving the separation of the photo-generated

charge carriers.

3. The bilayer system allows each of the layers to be

modified and controlled independently to acquire the

desired degree of photocatalysis and adsorption

processes.
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4. The TiO2/bentonite bilayer system should be more

suitable for the simultaneous photocatalytic-adsorptive

removal of intensely coloured pollutant at high con-

centration under light irradiation where photocatalysis

alone may fail under this condition.

5. Being an immobilized material, the TiO2/bentonite

bilayer system allows the direct discharge of the

treated water without filtration and can be continuously

reused.

The schematic diagram and cross-sectional micrograph

(under x1 K magnification) of the bilayer assembly of

P-25TiO2/BEN–PVAG/GP plate are shown in Fig. 1. The

fabricated bilayer system was made up of the immobilized

BEN–PVAG sub-layer on a glass plate and a P-25TiO2 top

layer. The aim was to produce a synergistic photocatalytic-

adsorption bilayer system for the enhanced removal of MB.

The immobilization of BEN on a glass plate was carried

out by using the glutaraldehyde (GLA) cross-linked poly-

vinyl alcohol (PVAG) as the adhesive. The cross-linking of

the PVA adhesive was a necessity in order to overcome its

swelling behaviour and to increase its stability so that it can

be applied in aqueous media. The cross-linking reaction of

PVA with GLA resulted in the formation of acetal groups

and ether linkages which decreased the swelling behaviour

of the PVA (Mansur et al. 2008). Meanwhile, SiO2 was

added to the BEN–PVAG composite as a filler to increase

its mechanical resistance (Peng et al. 2006) and APS was

applied as an oxidant to initiate the polymerization of

hydrogen on the PVA chain (Li et al. 2015). Meanwhile,

the P-25TiO2 composite top layer was prepared exactly

according to the procedures reported by Nawi and Zain

(2012). In brief, the P-25TiO2 composite top layer con-

tained ENR-50 as an emulsifier to homogenize the

P-25TiO2 dip-coating formulation. ENR-50 also served as

macro-pores precursor since it was susceptible to fast

degradation under light irradiation. Therefore, the photo-

catalytic degradation of ENR-50 during the photo-etching

process created pores and consequently enhanced the sur-

face area of the P-25TiO2 composite (Nawi and Zain

2012). On the other hand, the PVC in the composite was

found to be photo-resistance, and thus, functioned as

adhesive to bind the P-25TiO2 nanoparticles onto the glass

plate (Nawi and Zain 2012).

With this arrangement, dual processes involving pho-

tocatalysis and adsorption would run simultaneously once

the P-25TiO2/BEN–PVAG/GP plate was irradiated with a

light source while an experiment run in the dark would

yield only the adsorption process. In order to pursue the

understanding of the role of BEN–PVAG composite sub-

layer in the photocatalytic-adsorptive removal of MB by

the P-25TiO2/BEN–PVAG/GP bilayer system, a thorough

characterization of the BEN–PVAG composite sub-layer

was carried out including its adsorption characteristics.

Characterization of the BEN–PVAG composite

sub-layer and P-25TiO2/BEN–PVAG/GP

The SEM micrographs of BEN and BEN–PVAG com-

posite (x 10 K) are provided in Fig. 2. BEN possessed the

typical irregular sheet-like structures which appeared to be

very fluffy (Fig. 2a). However, after the inclusion of PVAG

to form BEN–PVAG (Fig. 2b), the sheet-like structures

were seen foliated where multiple BEN sheets were bound

together by PVAG binder to form stacks of thick rigid

plates. In addition, all BEN–PVAG surfaces were clearly

covered with the PVAG binder which resulted in the for-

mation of rougher surfaces than the original BEN sheets.

The nitrogen adsorption and desorption isotherms of

BEN and BEN–PVAG composite at 77 K are given in the

Supplementary Fig. 3. According to the IUPAC

Fig. 1 Schematic diagram and

cross-sectional micrograph

(under x1 K magnification) of

the assembly of P-25TiO2/

BEN–PVAG/GP bilayer system
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classification, both BEN and BEN–PVAG composite

demonstrated type IV adsorption isotherms with type 4

hysteresis loops, indicative of the existence of the meso-

porous structures. The broad hysteresis loop of H4 type

indicates the formation of slit-like pores associated with the

capillary condensation in mesoporous behaviour (Chiang

et al. 2001; Thommes 2010). Clearly, addition of PVAG

sharply decreased the adsorption isotherm which indicated

a significant decrease in its BET surface area.

The comparisons of the surface and porosity character-

istics between BEN and BEN–PVAG are summarized in

the Supplementary Table 2. The addition of PVAG to BEN

decreased not only the specific surface area, but also the

total pore volume and average pore diameter of BEN and

expectedly caused an increase in the particle size of BEN–

PVAG composite. The average pore diameters of the

samples were within the range of 2–10 nm, further con-

firming that the samples were typical mesoporous materi-

als. These results suggested that the added PVAG was

mainly dispersed on the external surfaces of BEN particles

(Fig. 2b) where the PVAG molecules could be intercalated

into the layers of BEN. Even though PVAG caused a

reduction in the BET surface area of the clay, it was an

effective adhesive for the immobilization of BEN onto the

glass plates. When a BEN–PVAG/GP plate was sonicated

for 30 s using ultrasonic with sonic power of 180 W, only

1.4 % BEN–PVAG/GP weight loss was detected.

The FTIR-ATR spectra of (a) BEN and (b) BEN–PVAG

are shown in Fig. 3. In the spectra of BEN (Fig. 3a), the

band at 3627 cm-1 is assigned to the O–H stretching

vibration of the Si–OH groups while the band at

3445 cm-1 corresponds to the O–H stretching of the

adsorbed water molecules in the interlayer and intra-layer

(Madejová 2003). The strong band at 1039 cm-1 is

attributed to the asymmetric stretching mode of Si–OH

(Zaitan et al. 2008). The band at 1638 cm-1 is assigned to

the bending of H–OH bond of water molecules (Madejová

2003). The (Al, Mg)–OH vibration mode is indicated by

the band at 525 cm-1 (Yang et al. 2010), and the band at

468 cm-1 indicates the bending of Si–O–Si bonds (Saleh

2015). After the incorporation of PVAG binder to BEN, the

band assigned to the structural –OH of BEN at 3627 cm-1

disappeared in the spectra of BEN–PVAG (Fig. 3b). The

intensities of the bands ascribed to Si–OH, –OH vibration

modes, and Si–O bending of BEN at 1039, 525, and

468 cm-1 (Saleh 2015), respectively, were observed to

decrease with the introduction of PVAG. In addition, the

band belonging to O–H stretching at 3445 cm-1 was red-

shifted. These changes suggest possible occurrence of

hydrogen bonding between the –OH groups of PVAG and

Si–O groups of BEN by direct hydrogen bonds or/and

hydrogen bridging through H2O (Kaczmarek and Pod-

górski 2007). The emergence of band at 1401 cm-1 in the

Fig. 2 SEM images of a BEN and b BEN–PVAG composite under

10 K times of magnification Fig. 3 FTIR spectrum of (a) BEN and (b) BEN–PVAG
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spectra of BEN–PVAG (Fig. 3b) is attributed to the

deformation vibrations of CH/CH2 groups of PVAG

(Mansur et al. 2008).

The pHpzc of an adsorbent determines whether the

surface of the adsorbent is positively or negatively

charged as a function of pH and hence significantly

affects the uptake of the absorbate at different solution

pH. The plot of DpH versus pHi for BEN and BEN–

PVAG (Supplementary Fig. 4) shows that the pHpzc of

BEN and BEN–PVAG was pH 7.6 and 3.0, respectively.

This lower pHpzc value for BEN–PVAG was the result of

the presence of PVA. Similar observation was reported by

Moayedi et al. (2011) where adding PVA to both peat and

kaolinite caused a significant reduction in isoelectric point

(IEP) of soil samples. This implied that at pH [3, the

surface of the BEN–PVAG is negatively charged, while

for BEN, the negative surface was achieved when the pH

was[7.6. As the pH of the solution was increased beyond

3.0, BEN–PVAG surface should become increasingly

more favourable for the adsorption of the cationic MB

dye. Therefore, in terms of coulombic attraction, adding

PVAG to BEN had expanded the working pH range for

the adsorption of cationic MB dye by the adsorbent into

the acidic condition.

The XRD patterns for BEN, BEN–PVAG, P-25TiO2,

and the optimum P-25TiO2/BEN–PVAG/GP are illustrated

in Supplementary Fig. 5. The (001), (003), (020–110),

(130–200), and (060–033) diffraction peaks of the mont-

morillonite component of the bentonite powder are

observed at 2h = 5.80�, 17.87�, 19.89�, 34.92�, and 62.51�
with distances of 15.23, 4.97, 4.46, 2.57, and 1.49 Å,

respectively (Caglar et al. 2009). Meanwhile, the diffrac-

tion peaks attributed to the non-clay components, quartz,

and dolomite, occur at 2h = 26.73� and 29.28� with (101)

and (104) distances of 26.73 and 29.28 Å, respectively. As

seen in the XRD pattern of BEN–PVAG, the diffraction

peak of BEN at 2h = 62.51� diminished on the addition

PVAG, implying partial destruction of the crystallinity of

BEN by the PVAG binder. The change in the BEN struc-

ture may have arisen from the use of concentrated HCl in

the preparation of PVAG binder which could drastically

affect the octahedral and tetrahedral sites of the clay

(Bhattacharyya and Gupta 2008). The (001) peak of BEN–

PVAG was shifted to a low angle (2h = 4.83) as compared

to that of bentonite powder at 2h = 5.80, indicating an

increase in the basal spacing between ordered layers of

bentonite from 15.23 to 18.30 Å. The expansion in the

basal spacing of BEN–PVAG suggested that there was

intercalation of the PVAG binder within the interlayer

space of the bentonite (İşci et al. 2004).

The XRD characteristics of P-25TiO2/BEN–PVAG/GP

were found to be identical to that of the pristine P-25TiO2,

but there was reduction in the intensities of the peaks. This

shows that the presence of BEN–PVAG as the adsorbent

sub-layer for P-25TiO2 in the fabrication of P-25TiO2/

BEN–PVAG/GP lowered the crystallinity of the photo-

catalyst, potentially due to the presence of the polymeric

binders. The XRD pattern of P-25TiO2/BEN–PVAG/GP

shows diffraction peaks at 2h = 25.3�, 37.8�, 48.0�, 53.9�,
55.1�, 62.6�, 66.3�, and 68.9� which correspond to the

(101), (103), (200), (105), (211), (213), (116), and (220)

crystalline plane of the anatase phase, respectively (Gna-

nasekaran et al. 2015). Other peaks at 2h = 27.5� and

41.4� are attributed to the (110) and (111) diffraction

planes of rutile. The new diffraction peaks observed at

2h = 26.59� and 34.72� indicated the presence of bentonite

(quartz (101) and montmorillonite (130–200)) within the

P-25TiO2/BEN–PVAG/GP bilayer system.

The UV–Vis DRS of BEN–PVAG/GP, P-25TiO2/GP,

and P-25TiO2/BEN–PVAG/GP in absorbance mode is

presented in Supplementary Fig. 6(a). For the entire

region from 250 to 800 nm, the DRS of BEN–PVAG/GP

did not exhibit adsorption edge and showed high absor-

bance in the visible light region. It can be observed that

the P-25TiO2/BEN–PVAG/GP demonstrated better

absorbance of light with wavelength between 400 and

800 nm than the P-25TiO2/GP, and a slight red shift of

the main adsorption edge was also noticed. These changes

affected the effective band gap energy of the photocata-

lyst. Thus, the obtained UV–Vis DRS was used to esti-

mate the band gap energy (eV) using the Kulbeka–Munk

(K–M) function and Tauc plot. The K–M function, FK–M

used is shown in Eq. (5):

FK�M ¼ ð1 � R2Þ
2R

ð5Þ

where R is the reflectance and the indirect band gap

factors (FK–M 9 E)�) used for Tauc plots are constructed

against photon energy (E) for determination of the band

gap energy (Tauc et al. 1966). The Tauc plots for

P-25TiO2/GP and P-25TiO2/MT-PVA/GP are presented in

the Supplementary Fig. 6(b), in which their band gap

energy values estimated from the intercept of the tangents

to the plots were 3.04 and 2.98, respectively. The band

gap energy of P-25TiO2/BEN–PVAG/GP was slightly

smaller than that of P-25TiO2/GP indicating that lower

photon energy was needed to photo-activate P-25TiO2/

BEN–PVAG/GP as compared to P-25TiO2/GP. This

attribute may be due to the formation of sub-states by

metal ions of bentonite and oxygen defects within the

valence and conduction band of P-25TiO2. Thus, the

electrons are not directly excited to the conduction band

since these unoccupied sites can capture the photo-excited

electrons. Similar observation had been seen by Tahir and

Amin (2013) and Todorova et al. (2014) for their pre-

pared TiO2–clay composite.
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Adsorption characteristics of BEN–PVAG

composite

The adsorption kinetics of 10–80 mg L-1 of MB onto the

immobilized BEN–PVAG was evaluated for 60 min

contact time and the results are shown in Fig. 4. The

adsorption of MB at all concentrations occurred rapidly at

the initial stage, followed by a slower phase before

reaching the equilibrium state. The adsorption was fast for

the first 10 min, which suggests rapid external diffusion

and surface adsorption (Nawi et al. 2010). This was

basically due to the abundance of active sites available at

preliminary stage of adsorption. With further increase in

time, the adsorption started slowing down gradually

before reaching the equilibrium state. Longer time was

needed to reach equilibrium at higher concentrations, as

there was a tendency for the adsorbate to penetrate deeper

within the interior surface of the immobilized BEN–

PVAG layer and utilized more active sites. The contact

time needed to reach equilibrium conditions increased

from 25 to 55 min as the concentration of MB increased

from 10 to 80 mg L-1. The diffusion of dye molecules

towards the deeper sub-layer of BEN–PVAG was

expected to be a relatively slow process. Similar obser-

vation was noted by Nawi et al. (2010) and Benhouria

et al. (2015) who investigated the adsorption of reactive

red 4 onto immobilized chitosan and uptake of methylene

blue by calcium alginate–bentonite-activated carbon

composite, respectively.

The two main types of adsorption kinetics models,

namely the reaction-based models and the diffusion-based

models, were then applied to fit the obtained adsorption

batch equilibrium data at different concentrations. The

reaction-based kinetic models were used to find out the

adsorption rate and to explain the sorbate–sorbent inter-

action that occurred during the adsorption process. Mean-

while, the diffusion-based kinetic models were employed

to elucidate a series of diffusion mechanism steps that

affected the adsorption process rate.

Reaction-based models

In the reaction-based models, the kinetics of MB adsorp-

tion onto the immobilized BEN–PVAG was evaluated

using the linear forms of pseudo-first-order (Ho and

McKay 1998), pseudo-second-order (Ho and McKay 2003)

and Elovich (Chien and Clayton 1980) models as shown in

Eq. (6), (7) and (8), respectively:

Log qe � qtð Þ ¼ Log qe �
k1

2:303
t ð6Þ

t

qt

¼ 1

k2q2
e

þ t

qe

ð7Þ

qt ¼
1

b
ln abð Þ þ 1

b
ln t ð8Þ

where qt and qe (mg g-1) are the amount of MB adsorbed

onto BEN–PVAG at contact time, t, and at equilibrium, k1,

k2 and a are the adsorption rate constants of pseudo-first-

order, pseudo-second-order, and Elovich models, respec-

tively, while b (g mg-1) corresponds to the extent of sur-

face coverage and activation energy for chemisorption. The

pseudo-first-order, pseudo-second-order and Elovich plots

for the adsorption process are provided in the Supple-

mentary Fig. 7. The values of k1 and qe for the pseudo-first-

order model were determined from the slopes and inter-

cepts of the plot of Log (qe - qt) versus t. The calculated

values of k2 and qe for the pseudo-second order model can

be obtained from the intercept and slope of t
qt

versus t. As

for the Elovich model, the calculated values of a and b are

obtained from the plot of qt against ln t. Their respective

calculated kinetic parameter values are presented in

Table 1, whereby it is shown that slightly higher correla-

tion coefficient, R2, was obtained for the pseudo-second-

order model as compared with the pseudo-first-order

model. As the differences between the R2 values for both

pseudo-first and pseudo-second order models were very

low at all concentrations, Chi squared analysis was

employed to further determine the best fit of the adsorption

kinetic model (Auta and Hameed 2012). The smaller v2

values obtained from the Chi square analysis further

affirmed that the adsorption of MB onto BEN–PVAG was

better explained by the pseudo-second order kinetic model.

This conclusion was further supported by the calculated

qe,cal value obtained from pseudo-first-order kinetic model
Fig. 4 Effect of contact time on the adsorption of MB onto BEN–

PVAG/GP at different concentrations
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which showed higher sum of square error (SSE %) than

that of the value determined from the pseudo-second-order

kinetic model. This implied that the adsorption rate deter-

mining step of MB onto the immobilized BEN–PVAG

composite was governed by chemical processes that

involved the formation of complexes or electron exchange

between the adsorbate molecules and the adsorbent. Other

workers who studied the adsorption of MB by clay mate-

rials also observed similar phenomenon (Cottet et al.

2014). The adsorption rate constant of pseudo-second order

k2, declined as the initial concentrations of MB increased,

showing that the amount of time required to reach equi-

librium became longer with increased initial concentrations

of MB.

The chemical adsorption kinetics of MB onto BEN–

PVAG was further verified by applying the Elovich model

which described the occurrence of chemisorption processes

on adsorbents with heterogeneous surface. By referring to

their R2 values in Table 1, it can be deduced that the

Elovich model can also be used to explain the adsorption

kinetics of MB onto BEN–PVAG. Thus, it can be assumed

that during the adsorption process, the initial uptake of MB

onto immobilized BEN–PVAG was rapid, but later slowed

down as a function of time due to the coverage of

adsorption sites as well as interaction between MB and

BEN–PVAG composite. In addition, the heterogeneity of

BEN–PVAG surface was further affirmed by the adsorp-

tion isotherm study which showed that the obtained

adsorption data fitted well with the Freundlich isotherm

model (see Supplementary Table 3). The Freundlich iso-

therm model (Freundlich 1906) is usually employed to

explain the adsorption process that occurs on heteroge-

neous surfaces with contacts between the adsorbed mole-

cules. The adsorption of MB by the suspended BEN

particles on the other hand obeyed Langmuir isotherm

model indicating that it was a monolayer adsorption pro-

cess which occurred on a uniform surface with finite

number of adsorption sites and there were no interactions

among the adsorbed molecules on the surface (Cottet et al.

2014).

Supplementary Table 4 provides a comparison of max-

imum adsorption capacity (qmax) for various types of clay-

based adsorbent for the uptake of MB. The adsorption

capacity of MB onto the suspended BEN–PVAG was quite

comparable to most of the listed adsorbents. However,

there was a significant reduction in the adsorption capacity

for BEN–PVAG/GP due to the effect of immobilization

which reduced its BET surface area. Despite so, BEN–

Table 1 Kinetic parameters of pseudo-first-order, pseudo-second-order, Elovich, intra-particle diffusion and Boyd models at different con-

centrations of MB

Model Parameters MB concentration (mg L-1)

10 20 30 40 60 80

qe,exp (mg g-1) 1.711 2.735 4.157 5.481 8.420 10.935

Pseudo-first order qe,calc (mg g-1) 1.685 2.515 3.730 4.770 8.239 10.280

R2 0.989 0.986 0.987 0.988 0.988 0.988

k1 (min-1) 0.117 0.113 0.106 0.104 0.102 0.086

v2 0.0004 0.0177 0.0439 0.0922 0.0039 0.0392

SSE (%) 4.5

Pseudo-second order qe,calc (mg g-1) 1.730 2.807 4.234 5.643 8.547 11.364

R2 0.998 0.996 0.995 0.996 0.994 0.993

k2 (g mg-1 min-1) 0.112 0.100 0.058 0.046 0.025 0.017

V2 0.0002 0.0019 0.0014 0.0049 0.0019 0.0017

SSE (%) 2.0

Elovich b (g mg-1) 2.627 1.854 1.210 0.906 0.575 0.426

a (mg g-1 min-1) 0.558 1.635 0.848 2.984 3.559 4.184

R2 0.946 0.961 0.976 0.965 0.980 0.990

Intra-particle diffusion (immobilized) kid1 0.368 0.490 0.700 0.992 1.467 1.916

R2 0.979 0.991 0.978 0.986 0.978 0.979

Intra-particle diffusion (suspended) kid1 3.581 – – 8.390 – 19.330

C 0.592 – – 8.708 – 16.028

R2 0.999 – – 0.997 – 0.998

Boyd (immobilized) R2 0.998 0.999 0.997 0.998 0.997 0.987

Boyd (suspended) R2 0.862 – – 0.852 – 0.899
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PVAG/GP still possessed better adsorption capacity than

some of the clay-based adsorbents such as natural paly-

gorskite, Al pillared clay, pyrophyllite, and pickled-ground

pyrophyllite. Therefore, it was proven that the prepared

immobilized BEN–PVAG/GP was suitable to be used as

the adsorbent sub-layer in the fabrication of the P-25TiO2/

BEN–PVAG/GP bilayer system.

Diffusion-based models

In bulk system adsorption, the diffusion mechanism of

sorbate onto and within the sorbent particles directly

affects the adsorption rate. Essentially, there are four steps

that occur in the adsorption process: (1) Transport of sor-

bate from the bulk of the solution to the exterior film

surrounding of the adsorbent (liquid phase mass transfer).

(2) Movement of sorbate across the external liquid film

boundary layer to external surface sites (film diffusion). (3)

Migration of sorbate within the pores of the sorbent by the

intra-particle diffusion. (4) Sorption of sorbate at internal

surface sites (internal mass transfer).

Due to the turbulent condition of the aerated solution,

the transport of sorbate from the bulk of the solution to the

exterior film surrounding the adsorbent (step 1) can be

neglected. Step 4 can also be neglected, due to the rapid

nature of the sorption process at the surface sites. There-

fore, the two main mechanisms may involve step 2 and step

3. In order to assess this, the Weber–Morris plot (Weber

and Morris 1963) of qt versus t1/2 was evaluated. If the rate-

limiting step is due to the intra-particle diffusion, a plot of

qt against t� should yield a straight line passing through the

origin (Poots et al. 1976). The commonly used intra-par-

ticle diffusion equation is expressed as Eq. (9):

qt ¼ kidt
1=2 þ C ð9Þ

where kid is the intra-particle diffusion rate constant

(mg g-1 min-�) and the intercept C is proportional to the

degree of the boundary layer thickness. As seen in Fig. 5a,

the Weber-Morris plots for all solution concentrations

involving the immobilized BEN–PVAG are linear and pass

through the origin in the first phase of the adsorption

process, in particular from 0 to 30 min. According to

Weber-Morris, good linearization of data is expected for

the initial stage of the adsorption process if the rate-con-

trolling factor is intra-particle diffusion. The intra-particle

diffusion kinetic model parameters are given in Table 1.

Good correlation coefficient, R2, values were obtained for

the first stage of the adsorption when the linear line of qt

against t� plots were forced through the origin. The result

indicates that the effect of the external film control is

minimal and almost negligible in this adsorption system.

Therefore, it could be concluded that the intra-particle

diffusion was the predominant mechanism throughout the

bulk of the sorption process. The initial linear portion can

be considered as the fast adsorption process of MB by the

mesoporous structures of the system. When the sorption of

the mesoporous structure reached saturation, the MB

molecules diffused in the microporous internal surface

pores within the particle and then were sorbed by the

internal surface of the particles. Apparently, as the MB

molecules diffused in the micropores of the particle, the

diffusion resistance increased, which caused the diffusion

rate to decrease (stage 2). When the MB concentration in

the solution was decreased, the diffusion rate became lower

and the diffusion processes reached the final equilibrium

stage (stage 3).

The intra-particle plot in Fig. 5b shows that the diffusion

of MB onto the suspended BEN–PVAG also occurred in

three stages for all tested concentrations although at 10 mg

L-1, the adsorption process reached equilibrium state in a

shorter period of time as compared to the rest of the con-

centrations. Longer time was required to attain equilibrium

Fig. 5 Intra-particle diffusion kinetic plot for adsorption of MB onto

a immobilized and b suspended BEN–PVAG at different

concentrations
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at higher concentrations as more active sites were needed to

accommodate more MB molecules. The first linear portion

corresponded to the external mass transfer. The second linear

portion represented the intra-particle diffusion, and the third

linear portion indicated the adsorption/desorption equilib-

rium. Interestingly, unlike the MB adsorption process by the

immobilized BEN–PVAG, none of the linear portions in

Fig. 5b passed through the origin, implying that the intra-

particle diffusion was not the sole or the main rate-control-

ling step in the MB adsorption process by the suspended

system. The intercept of the plot deviated from the point of

origin, implying that an external mass transfer influenced the

process greatly due to their significant intercept values of the

plots. The intercept C values of the plots which represent the

extent of the boundary layer thickness increased propor-

tionally with the increasing MB concentration, suggesting

that the boundary layer effect was greater at higher con-

centration. The characteristic of this plot has been widely

obtained for the adsorption of textile dyes onto suspended

clay particles as observed by other workers (Elass et al. 2011;

Gil et al. 2011).

In brief, this finding indicated that once the system was

immobilized on a flat surface support material such as glass

plates, the rate-controlling step became dominated with

intra-particle diffusion. This was probable since the

effectiveness of the adsorption process would depend on

the mobility or diffusion of the MB molecules from the

outer surface of the immobilized clay particles through

stacks of the inner immobilized clay particles until no more

diffusion occurred due to the low concentration of the

solution.

The different MB diffusion mechanism exhibited by the

immobilized and suspended BEN–PVAG was further

confirmed by applying the Boyd kinetic equation (Boyd

et al. 1947) shown in Eq. (10):

F ¼ 1 � 6

p2

X1

n¼1

1

n2
expð�n2BtÞ ð10Þ

where F represents the fraction of sorbate adsorbed at

reaction time, t, calculated from the following Eq. (11):

F ¼ qt

qe

ð11Þ

By transforming Eq. (10), the approximate values of Bt

can be obtained from Eq. (12) and (13), as suggested by

Reichenberg (1953):

F values\ 0:85;Bt ¼ p1=2 � p� p2F

3

� �1=2
 !

2 ð12Þ

F values[ 0:85;Bt ¼ �0:4977 � lnð1 � FÞ ð13Þ

The value of Bt can be calculated according to each of

the F values and the resulting Bt values are plotted against

t. If the Boyd plot yields a straight line which passes

through the origin, this indicates that the adsorption process

is governed by the intra-particle diffusion mechanism as it

is the slowest stage in the process; otherwise, the

adsorption process is controlled by film diffusion. The

yielded Boyd plots for the immobilized and suspended

BEN–PVAG are illustrated in the Supplementary

Fig. 8(a) and (b), respectively, and their correlation

coefficient, R2 values are presented in Table 1. The Boyd

plot obtained for the immobilized BEN–PVAG was linear

and passed through the origin, whereas the plot for the

suspended BEN–PVAG was neither linear nor passed

through the origin, suggesting that when the adsorbent

composite was immobilized on a flat solid support, the rate

of uptake of MB was intra-particle diffusion controlled

while in the suspended system, film diffusion mechanism

governed the adsorption process. Evidently, this result

correlated positively with the finding presented by the

Weber-Morris intra-particle diffusion model discussed

earlier.

MB adsorption mechanism by BEN–PVAG/GP

Based on the surface property and adsorption behaviour of

BEN–PVAG/GP and MB molecules, a plausible adsorption

mechanism for MB adsorption onto the immobilized BEN–

PVAG/GP was suggested as shown in Fig. 6. As illustrated

in Fig. 6a, the surface of BEN–PVAG/GP was negatively

charged due to the presence of hydroxyl groups from PVA

and silicate groups from BEN which provided adsorption

sites for the coulombic interactions with the cationic MB

molecules. On the other hand, the immobilized form of

BEN–PVAG dictated two important factors governing the

extent of adsorption, namely the loading which translated

itself into the thickness of the immobilized adsorbent layer

and the mass transport of the pollutant via intra-particle

diffusion. Therefore, Fig. 6b depicts the diffusion of MB

from the external surface of BEN–PVAG/GP towards its

interior particles. In order to simplify the discussion on the

mechanism of MB adsorption onto the immobilized BEN–

PVAG/GP, Fig. 6b is illustrated without the presence of

PVAG. As the MB adsorption process by the immobilized

BEN–PVAG was governed by intra-particle diffusion, the

effectiveness of the system relies on the mobility of MB

within the immobilized bentonite particles until no more

diffusion could happen due to either extremely low con-

centration of adsorbate or all adsorption sites had been

occupied. Thus, at low concentration, i.e. 10 mg L-1, only

adsorption sites at a shallow depth of the BEN–PVAG were

taken up and caused the inner immobilized bentonite

composite to be excessive. However, at higher concentra-

tion, i.e. 60 mg L-1, the MB diffused deeper into the

interior of the immobilized bentonite until the adsorption
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equilibrium was reached. In terms of equilibrium time, the

more dilute MB solution utilized thinner depth of the

immobilized adsorbent layer resulting in a faster equilib-

rium but smaller adsorption capacity due to the large

excessive adsorption sites. However, the process of the

intra-particle diffusion would take longer time for the

higher concentration samples since it diffused deeper

resulting in the longer equilibrium time and higher

adsorption capacity.

Synergistic photocatalytic-adsorptive performance

of the immobilized P-25TiO2/BEN–PVAG bilayer

system

The fabrication of P-25TiO2/BEN–PVAG bilayer system

was optimized by using BEN–PVAG composite with dif-

ferent BEN/ PVAG weight/weight ratio using a fixed

loading of 4.91 mg cm-2 of the adsorbent composite as the

sub-layer and the fixed loading of P-25TiO2 at

1.33 mg cm-2 as the top layer (Nawi and Zain 2012). The

optimization was done by comparing their resulted appar-

ent rate constant, kapp which can be calculated from the

Langmuir–Hinshelwood (L–H) kinetic model. The L–H

kinetic model is widely applied to describe the kinetics of

photocatalytic removal of organic pollutants in aqueous

solution (Gupta et al. 2012). The L–H kinetic equation

shown in Eq. (14):

ln
Co

Ct

¼ kappt ð14Þ

where Co (mg L-1) and Ct (mg L-1) are the concentration

of MB at 0 and t min, respectively. The apparent rate

constant, kapp (min-1), can be obtained from the slope of

the ln Co

Ct
versus t plot. As shown in the Supplementary

Fig. 9, the optimum ratio of BEN/PVAG for the BEN–

PVAG composite was at 2:1.

Supplementary Fig. 10 (a) compares the adsorption of

MB by the immobilized BEN–PVAG/GP plate and the

P-25TiO2/BEN–PVAG/GP plate under dark condition. It is

observed that the deposition of P-25TiO2 on top of the

BEN–PVAG/GP did not inhibit the diffusion of MB

towards the adsorbent sub-layer. However, apparently the

P-25TiO2/BEN–PVAG/GP bilayer system required a

longer time to reach adsorption equilibrium state even

though the final adsorption capacity for both BEN–PVAG/

GP plate and the P-25TiO2/BEN–PVAG/GP plate was

similar. The increase in equilibrium time for the adsorption

process of MB by the bilayer system was due to the

increase in mass transfer resistance of MB molecules

towards the BEN–PVAG sub-layer due to the presence of

Intraparticle 
diffusion

Glass plateGlass plate

Bentonite particles 

Bentonite adsorbed with MB

PVAG

OH (Si
2
O

5
)

2-

Coulombic 
interaction

(Al,Si)OH-

Thickness : 
120. 38 µm 

MB

(a) (b)

Fig. 6 Schematic illustration of

the a interactions and

b adsorption diffusion process

between MB and BEN–PVAG/

GP
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P-25 TiO2 top layer which had acted as a porous barrier

layer. Most important, Supplementary Fig. 10(a) proved

that the adsorption process of MB by the BEN–PVAG

adsorbent sub-layer functioned well despite the presence of

the P25TiO2 top layer.

The synergistic effect of the fabricated P-25TiO2/BEN–

PVAG/GP bilayer system was preliminarily assessed by

comparing the photocatalytic and adsorption performance

of the bilayer P-25TiO2/BEN–PVAG/GP against the

immobilized monolayer P-25TiO2/GP for the removal of

10 and 60 mg L-1 MB. Photolysis of MB was carried out

as the control test. The percentage of the remaining of MB

via photolysis, photocatalysis, and adsorption was calcu-

lated using the following Eq. (15):

MB removal ð%Þ ¼ ðCo � CtÞ
Co

� 100 ð15Þ

where Co and Ct are the initial concentration and at time t,

respectively.

The result of this evaluation is illustrated in the Sup-

plementary Fig. 10(b). Photolysis and adsorption by

P-25TiO2 did not cause any removal of MB. However,

under the photocatalytic process, the P-25TiO2 managed

to remove 73.6 % of MB in 60 min. Meanwhile,

P-25TiO2/BEN–PVAG/GP system was an excellent

adsorbent for MB where 90 % of MB was removed

within 60 min which was essentially due to the presence

of BEN–PVAG sub-layer. Subsequently, when P-25TiO2/

BEN–PVAG was employed for the photocatalytic-ad-

sorptive removal of MB, it was found that 99.6 % of the

MB was removed. Despite portraying similar removal

efficiency, the removal rate of MB by P-25TiO2/BEN–

PVAG/GP under photocatalytic-adsorptive process was

notably higher than the adsorption process, implying that

the synergistic adsorption-photocatalysis had definitely

occurred. This observation clearly revealed that during the

removal of MB by P-25TiO2/BEN–PVAG/GP under light

irradiation, both adsorption and photocatalytic processes

occurred simultaneously whereby the photocatalytic pro-

cess was provided by the P-25TiO2 top layer while the

adsorption process was contributed by the BEN–PVAG/

GP adsorbent sub-layer. As evidently shown earlier in the

Supplementary Fig. 10 (a), the MB molecules were well

adsorbed by the P-25TiO2/BEN–PVAG/GP bilayer system

due to the accessible porous P-25TiO2 top layer. Thus,

under light irradiation, removal of MB by photocatalytic

reactions occurred in addition to the adsorption process.

In order to further illustrate the concurrent occurrences of

adsorption and photocatalytic processes by P-25TiO2/

BEN–PVAG/GP under light irradiation, experiments

involving 60 mg L-1 MB were carried out in the dark and

under light irradiation. The results are presented in

Fig. 7a. In this case, removal of MB was first carried out

in the dark for 30 min (curve I) thus ensuring that only

adsorption process occurred. Then, the light was switched

on for the rest of the experiment where under this con-

dition, both photocatalysis and adsorption processes con-

tributed towards the removal of MB (curve II). During the

experiment in the dark, the rate of removal of MB via the

adsorption process was calculated to be 0.0239 min-1.

However, when the P-25TiO2/BEN–PVAG/GP bilayer

system was exposed to light irradiation, the rate of

removal of MB jumped to 0.0528 min-1 indicating that

both photocatalytic and adsorption processes manifested

simultaneously. Evidently, the MB adsorption process

happened at a slower rate in comparison with the com-

bined MB adsorption and photocatalytic processes. This

phenomenon was further illustrated by subjecting the

bilayer system separately for the MB removal in the dark

and under light irradiation. The MB removal rate in the

dark and under light irradiation was 0.0240 and

0.0483 min-1, respectively. Once again, the MB removal

rate under the concurrent photocatalytic-adsorption pro-

cesses was two times higher than that of the adsorption

process, indicating that two processes happening at the

same time. For comparison purposes, the removal of MB

was also carried out under light irradiation using

P-25TiO2/GP monolayer system in which it was revealed

that the photocatalytic removal of MB occurred mini-

mally at a removal rate of 0.0029 min-1. This result can

be attributed to the reduction in photon energy reaching

the surface of P-25TiO2/GP as the light irradiation

intensity was obstructed by the intense colour of the

60 mg L-1 MB solution. Thus, the photoactivation of

P-25TiO2/GP was hampered and this reduced the photo-

catalytic performance. Moreover, at high concentration,

notable amount of light irradiation may be absorbed by

the MB rather than P-25TiO2/GP and this may also cause

reduction in the photocatalytic efficiency. This is in line

with the works by Gupta et al. (2012) and Sobana et al.

(2015) who witnessed similar phenomenon during the

photocatalytic removal of dyes at high concentration.

Subsequently, this highlights the significant applicability

of the P-25TiO2/BEN–PVAG/GP bilayer composite sys-

tem for the removal of highly coloured textile dyes

effluents whereby first, the MB molecules were removed

through adsorption by the BEN–PVAG/GP sub-layer

adsorbent via the porous P-25TiO2 top layer and then the

MB concentrated within the interface of the P-25TiO2 and

BEN–PVAG was removed by photocatalytic process. This

is plausible because the adsorption of MB by the BEN–

PVAG/GP adsorbent sub-layer reduced the MB concen-

tration of the solution which also reduced the colour

intensity of the MB solution. This would permit better

penetration of light energy towards the surface of

P-25TiO2 so that more oxidizing radicals can be

920 Int. J. Environ. Sci. Technol. (2016) 13:907–926

123



generated and diffused from the surface of P-25TiO2 to

the interface of P-25TiO2/BEN–PVAG to photocatalyti-

cally remove the adsorbed MB molecules.

This phenomenon was further investigated by carrying

out the diffused reflectance spectroscopic analysis of the

surface of the composites after they had been used in the

Fig. 7 a Photocatalytic and

adsorptive removal of 60 mg

L-1 MB by P-25TiO2/BEN–

PVAG/GP and b UV–Vis DR

spectra of the applied P-25TiO2/

BEN–PVAG/GP
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removal of MB either in the dark or light irradiation. The

DRS spectra in Fig. 7b show that during the adsorption

process only (in the dark), the MB molecules were evi-

dently deposited on the P-25TiO2 top layer of the

P-25TiO2/BEN–PVAG/GP bilayer composite, as indicated

by the intense peak at 661 nm. In comparison, the intensity

of this peak for the P-25TiO2/BEN–PVAG/GP reacted with

MB under light irradiation was clearly lower, indicating

that the MB molecules that were deposited on the

P-25TiO2 top layer had been photocatalytically degraded.

Upon the removal of the P-25TiO2 top layer from the

P-25TiO2/BEN–PVAG/GP bilayer system, the observed

broad peak ranging from 500 to 800 nm for the BEN–

PVAG/GP sub-layer from the bilayer system that was used

in the dark (the adsorption process only) was far more

intense than that of the one applied under light irradiation

for the photocatalysis-adsorption process. This outcome

revealed that during the adsorption process only (in the

dark condition) by the bilayer composite, almost all of the

removed MB molecules ended up deposited on the BEN–

PVAG/GP adsorbent sub-layer. On the other hand, when

the system was applied under light irradiation, the broad

peak ranging from 500 to 800 nm of the BEN–PVAG/GP

DRS spectrum significantly decreased in intensity. This

could only mean that less MB ended up in the adsorbent

sub-layer since a large fraction of the MB molecules was

photocatalytically degraded leaving only smaller fraction

for adsorption by the adsorbent sub-layer.

Table 2 summarizes the applications of various TiO2–

clay composites in the literatures for the photocatalytic-

adsorptive removal of MB. The results prove that the

P-25TiO2/BEN–PVAG/GP prepared in this work offers

highly effective and time-saving solution to degrade MB

under low energy light source, even at concentration as

high as 60 mg L-1. By using the immobilized P-25TiO2/

BEN–PVAG/GP bilayer system, filtration of the treated

MB solution is redundant, and being an immobilized

material, the P-25TiO2/BEN–PVAG/GP can be continu-

ously reused. Moreover, the immobilized bilayer system

can be assimilated into a flow-through reactor for conve-

nient photocatalytic-induced water treatment purposes.

The P-25TiO2/GP and P-25TiO2/BEN–PVAG/GP were

repeatedly used for 10 cycles of reuse for the photocat-

alytic-adsorption removal of MB in order to compare their

reusability. Figure 8a depicts the degradation of MB based

on the percentage remaining efficiency plots, while Fig. 8b

illustrates their apparent rate constants throughout the 10

cycles of reuse. The P-25TiO2/BEN–PVAG/GP exhibited

better removal of MB as compared to P-25TiO2/GP

throughout the 10 cycles of reuse, whereby an average of

99.67 ± 0.14 % and 70.08 ± 3.72 % of MB removal

were achieved by P-25TiO2/BEN–PVAG/GP and

P-25TiO2/GP, respectively. Meanwhile, the average

apparent rate constants for the removal of MB by the

immobilized bilayer P-25TiO2/BEN–PVAG/GP and

monolayer P-25TiO2/GP were 0.096 ± 0.006 and

0.021 ± 0.002 min-1, respectively. The apparent rate

constant for the removal of MB by the immobilized

bilayer P-25TiO2/BEN–PVAG/GP was on the average 4.6

folds higher than the monolayer P-25TiO2/GP throughout

the ten cycles of reuse. Additionally, although the photo-

catalytic superiority of various types of clay combined

with TiO2 in the degradation of MB had been reported

(Chen et al. 2013; Hajjaji et al. 2013), the immobilization

of clay-TiO2 via the layer by layer assembly onto a glass

plate as carried out in our present work permitted excellent

reusability but also sustainable rate of MB removal

throughout the entire ten cycles of reuse. On top of that,

the treated water could be discharged directly without the

need for the costly and cumbersome filtration of the cat-

alyst particles as normally required using the conventional

suspended approach.

Table 2 Summary of the photocatalytic-adsorptive removal of MB by various TiO2–clay composite

Catalyst Duration

(min)

[MB]

(mg L-1)

Degradation

(%)

Light source References

TiO2–aluminium pillared montmorillonite 120 16 80 10 W UVB lamp Fatimah et al. (2010)

TiO2 pillared montmorillonite 60 30 99 250 W high pressure Hg lamp Chen et al. (2013)

TiO2/natural Portuguese clay 1200 10 96.5 9 W germicidal lamp Hajjaji et al. (2013)

TiZnAl-LDH 250 35 100 125 W high pressure Hg lamp Sahu et al. (2013)

ZnAlTi-LDH 120 10 100 Solar light (7.6 9 104 lx) Wang et al. (2014)

HT-DS/TiO2/Fe 120 24 100 125 W Hg vapour lamp Miranda et al. (2015)

20 %TiO2/zeolite 4A 100 10 100 125 W Hg vapour lamp Nagarjuna et al. (2015)

TiO2@ZnFe-LDH clay 150 32 98 100 W Hg lamp Seftel et al. (2015)

P-25TiO2/BEN–PVAG/GP 45 10 100 45 W fluorescent lamp This work

P-25TiO2/BEN–PVAG/GP 80 60 100 45 W fluorescent lamp This work
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Conclusion

The fabricated BEN–PVAG/GP plate possessed a good

adsorption affinity towards MB in an aqueous solution and

was then applied as the adsorbent sub-layer for the

fabrication of the synergistic photocatalysis-adsorption of

the bilayer P-25TiO2/BEN–PVAG/GP system. Analysis of

the adsorption data depicted that the rate of adsorption

conformed to the pseudo-second-order model. This work

also proved that the application of BEN–PVAG in different

Fig. 8 a Photocatalytic

efficiencies of P-25TiO2/GP and

P-25TiO2/BEN–PVAG/GP

during 10 repeated cycles of

MB degradation and b their

corresponding apparent rate

constants
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modes, immobilized or suspended, had great impact on the

diffusion mechanism of the adsorption process. When the

system was immobilized on a flat surface support material

such as glass plates, the rate-controlling step became

dominated with intra-particle diffusion while in the sus-

pended system, film diffusion mechanism governed the

adsorption process. The preliminary photocatalytic evalu-

ation results showed that the P-25TiO2/BEN–PVAG/GP

plate exhibited higher MB removal rate by 4.6 and 5.3

times as compared with the monolayer P-25TiO2/GP plate

and suspended P-25TiO2, respectively. This proved the

importance of incorporating BEN–PVAG into the

P-25TiO2/BEN–PVAG/GP system for the enhanced rate of

removal MB from aqueous solution via the simultaneous

occurrence of the dual photocatalysis-adsorption processes.

Most importantly, P-25TiO2/BEN–PVAG/GP plate exhib-

ited excellent reusability with sustainable rate of removal

throughout the entire ten cycles of reuse.
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İşci S, Günister E, Ece ÖI, Güngör N (2004) The modification of

rheologic properties of clays with PVA effect. Mater Lett

58:1975–1978

924 Int. J. Environ. Sci. Technol. (2016) 13:907–926

123



Jamil TS, Ghaly MY, Fathy NA, Abd el-halim TA, Österlund L

(2012) Enhancement of TiO2 behavior on photocatalytic oxida-

tion of MO dye using TiO2/AC under visible irradiation and

sunlight radiation. Sep Purif Technol 98:270–279

Jawad AH, Nawi MA (2012) Oxidation of crosslinked chitosan–

epichlorohydrine film and its application with TiO2 for phenol

removal. Carbohydr Polym 90:87–94
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