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Porous TiO,/activated carbon (AC) material was synthesized by grafting peroxo-hydro titanium complexes to rice husk-derived
activated carbon. It was found that the morphology of TiO,/AC consists of TiO, fine particles highly dispersed on the AC matrix.
The obtained TiO,/AC composites with high surface area and a red shift exhibit an excellent adsorption performance in both
single and trinary system toward methylene blue (MB), methyl orange (MO), and methyl red (MR). The isotherm models
including extended Langmuir, P-factor, ideal adsorbed solution theory (IAST) for Langmuir, Freundlich, and Sips models were
applied to study the adsorption equilibrium data of trinary solutions. It was found that IAST for Freundlich and Langmuir
models were the most suitable one to describe the adsorption of the three dyes on TiO,/AC material. The high maximum
adsorption capacities (mmolg™) in single/trinary mixture were found as 0.452/0.340 for MB; 0.329/0.321 for MO; and 0.806/
2.04 for MR. Moreover, the recyclability experiments showed that the adsorbent could be reused through photocatalytic self-
cleaning for at least three cycles with stable capacity. Thus, the TiO,/AC can be effectively employed for the removal of dyes
from industrial textile wastewater.

1. Introduction

Dye pollutants in wastewater are a critical environmental
issue due to their nonbiodegradable and toxic nature which
can generate serious threats to human being and marine
organism. The dyeing wastewater discharged from industrial
textiles is highly visible and undesirable even at low concen-
trations of dyes. Hence, the dyes must be effectively elimi-
nated from the dyestuff wastewater to clear up the

biological, ecological, and industrial issues. Therefore, vari-
ous physical-chemistry treatment methods, including chem-
ical ion exchange [1], membrane filtration [2], physical
adsorption [3], photocatalytic [4], and biological approaches
[5], have been developed to remove dyestuft from effluents.
Among these, the adsorption approach has been considered
as a promising method for treatment of discharged wastewa-
ter due to its easy operation, high efficiency, and economic
feasibility. The nature of the adsorbent is one of the
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ScHEME 1: The diagram of synthesis of TiO,/AC from soluble-water titanium and rice husk-derived activated carbon.

important factors deciding the effectiveness of any adsorp-
tion processes. The adsorbents with low cost, high adsorp-
tion capacity, and easy recyclability are desirable in the
adsorption removal of dye molecules. The use of activated
carbon prepared from rich-carbon biomasses for removing
pollutants from wastewater has been intensively investigated
because of its high synthesis yield, cheapness, eco-friendli-
ness, and great adsorption efficiency [6]. However, the recy-
cling of activated carbon material for further use usually
involves organic solvents, resulting in secondary pollutants.
A more eco-friendly strategy to recycle these adsorbents is
photocatalytic self-cleaning activities through grafting other
catalytically reactive species such as metal halides, metal
oxides, and metal sulfides on various carbon matrixes.
TiO, nanoparticles is a well-known photocatalyst in
advanced oxidation process which can mineralize organic
pollutants under UV irradiation. However, there are some
disadvantages of using TiO, in powder form during the pho-
tocatalytic process: (i) titanium sources such as titanium alk-
oxides and titanium chlorides are difficult to handle due to
its instability in moisture atmospheres; (ii) the fine powder
TiO, is likely to aggregate to form larger particles. These
issues can be solved by using soluble-water titanium com-
plexes instead of traditional easily hydrolyzed titanium
sources. Therefore, the construction of heterojunctions by
hybridizing activated carbon with water-soluble titanium
complexes derived catalytically reactive TiO, is an effective
method to improve for recycling through photocatalytic
self-cleaning.

Although there is a great availability of research informa-
tion on single-component adsorption [7-10] or binary-
component adsorption [11, 12], that for complex mixture is
more limited which leaves the adsorption of most industries
discharge wastewater containing several components unex-
plainable. Gurav et al. presented the adsorption of the binary
mixture containing bisphenol-A and solvent black-3 dye mix-

tures onto biochar by using Langmuir isotherm model [13].
Adsorption of safranine O and methylene blue dyes from sin-
gle and binary systems using Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich model was also reported [14].
According to our best knowledge, the study on adsorption iso-
therms of trinary component system is less available.

In this study, we synthesized a three-dimensional TiO,/
activated carbon (TiO,/AC) via peroxo-hydroxo titanium
(IV) complexes and activated carbon derived from rice husks
for eliminating the pollutants from aqueous solution. Three
organic compounds including methylene blue (MB), methyl
orange (MO), and methyl red (MR) were used as model pol-
lutants to investigate their adsorption on TiO,/activated car-
bon (TiO,/AC) in single/trinary component systems using
extended Langmuir, P-factor model, ideal adsorbed solution
theory for Langmuir, Freundlich, and Sips models. The main
objective of this work is to investigate the simultaneous
removal of both anionic and cationic dyes from the single/
trinary systems. Furthermore, the recyclability of the TiO,/
AC was performed by the photocatalytic self-cleaning.

2. Experimental Methods

2.1. Materials. Rice husks were collected from local area
(Hue city, Vietnam). All chemicals were used as received
without any further purification. Anatase (TiO,; Merck,
Germany, 99%), sodium (NaOH; Guangzhou, China, 97%),
acid chlohydride (HCl; Guangzhou, China, 36%), hydroper-
oxide (H,0, 30% Guangzhou, China), methylene blue (MB,
C,6H,sCIN,S), methyl orange (MO, C,,H,,N;NaO,S),
methyl red (MR, C,-H,;N;0), and N,N- Dimethyforma-
mide (DMF) were used in this work.

2.2. Synthesis of the Peroxo-Hydroxo Titanium Complexes
and Activated Carbon. TiO, was synthesized by ultrasoni-
cally assisted hydrothermal method. 0.25 grams of TiO,
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F1GuRrE 1: (a) XRD patterns, (b) nitrogen adsorption/desorption isotherms, (c) UV-Vis diffuse reflectance spectroscopy, and (d) Tauc’s plots
of AC, TiO,/AC (0.25/1), TiO,/AC (0.5/1), TiO,/AC (1/1), TiO,/AC (1.5/1), and TiO,.

powder was dispersed into a teflon flask containing 12.5mL  ature. The mixture was then washed several times with 0.1 M
of 20 M NaOH solution before being processed by ultrasonic =~ HCl and distilled water until the pH of supernatant was neu-
for 30 minutes. The teflon bottle was then inserted in the  tral. The product was dried in vacuum at 100°C for 6 h. 0.25
autoclave and kept at 130°C for 10 h. After the hydrothermal = grams obtained product was mixed with 35mL of H,0, at
process, the autoclave was naturally cooled to room temper- ~ 90°C with magnetic stirring for an hour to form a yellow
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TaBLE 1: Textural properties of AC, TiO,, and TiO,/AC composites.

Materials Surface area based on BET model (m? g’l) Porous volume (cm3/g) Mesoarea (m? gh Microarea (m? g’l)
AC 1713 610 333 1380

TiO, 124 228 94 31
TiO,/AC (0.25/1) 238 100 108 131
TiO,/AC (0.5/1) 494 313 206 288
TiO,/AC (1/1) 436 222 193 243
TiO,/AC (1.5/1) 320 241 182 138

Electron image“':

TiO,/AC(0.25/1)

20 ym

20 ym

FIGURE 2: (a) SEM observation of TiO,/AC composites and (b) EDX mapping of TiO,/AC (0.5/1).

transparent peroxo-hydroxo titanium complex solution
(0.25 grams TiO,/35mL).

The preparation of activated carbon from rice husk con-
sists of two steps: firstly 60 grams of rice husks was soaked in
800 mL of 1 M NaOH and placed in an oven at 90°C for 24 h.
The rice husks were then collected, washed, and calcined at
500°C for an hour to obtain the biochar. After that, 2 grams
of biochar was mixed with 2 grams of NaOH in a Ni crucible
and heated at 700°C for 2h. The resulting product was
washed with distilled water to completely remove all the
excess NaOH, followed by ultrasonic treatment in DMF for
1 hour. The solid was separated by the centrifugation and

dried at 100°C for 24h to obtain the activated carbon
(denoted as AC).

The TiO,/AC composites with different TiO,/AC mass
ratio were prepared through ultrasonic mixing of a specific
volume of titanium complex solution (17.5, 35.0, 70.0, and
105.0 mL equivalent to 0.125, 0.250, 0.500, and 0.750 grams
of TiO,, respectively) and 0.5 grams of AC, after sonication
for 1h the mixture is dried at 80°C for 6 hours. The resultant
powders were calcined at 350°C for 2 hours in oxygen-free
atmosphere. The TiO,/AC composites was denoted as
TiO,/AC (0.25/1), TiO,/AC (0.5/1), TiO,/AC (1/1), and
TiO,/AC (1.5/1) with the numbers in parenthesis presenting
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FIGURE 3: (a) The UV-Vis spectra of MB, MO, and MR individual (0.0625 mM MB, 0.061 mM MO, and 0.111 mM MR) and (b) UV-Vis
spectrum of trinary mixture of MB, MO, and MR as well as corresponding UV-Vis deconvulated spectra (Trinary component mixture of

0.0625 MB, 0.061 MO, and 0.111 MR, mass of adsorbent).

the ratio of TiO,/AC in weight. The schematic diagram of
TiO,/AC synthesis is illustrated in the Scheme 1.

2.3. Adsorption Experiments
2.3.1. Adsorption Isotherm in Single Component Solution

(1) Determination of the Isoelectric Point of TiO,/AC. 10 mg
TiO,/AC was dispersed into 100 mL conical flasks contain-
ing 25mL 0.1 M NaCl, and the pH, of solution was adjusted
in the range of 2-12 by adding 0.01M HCI and 0.01M
NaOH solution. The sample was shaken in the dark for
24 h at a constant speed of 200 rpm and the pH; of the super-
natant was then measured. The pH of point of zero charge

was derived from the plot of ApH =pH, - pH, versus pH;
where ApH =0.

(2) Single Component Isotherm Studies. To study isotherm
adsorption in the single component system, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, and 0.7 grams of TiO,/AC were added into a
series of seven flasks containing 200 mL solution of individ-
ual dyes at concentration of 0.0469 mM, 0.0458 mM, and
0.0743 mM for MB, MO, and MR, respectively. These flasks
were shaken in the dark for 24 hours to ensure adsorption/
desorption equilibrium. The dye concentration in the super-
natant was measured by UV-Vis spectrophotometry at its
corresponding adsorption maxima.
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TaBLE 2: The parameters of adsorption isotherms of Langmuir, Freundlich, and Temkin models for TiO,/AC (0.5/1), TiO,, and AC in single

component system of MB, MO, and MR.

Adsorbent  Dyes Langmuir isotherm model

Freundlich isotherm model

Temkin isotherm model

q,, (mmolg™,  a; (Lg") R? Kp(Lgh R? Ky (Lg") by (Klmol™, R?
AC 0.865 0.139 0.989 1.737 49.854 0.993 589.03 13.39 0.986
TiO,/AC MB 0.452 0.094 0.997 1.744 18.683 0.998 256.19 23.51 0.997
TiO, 0.200 0.084 0.999 1.932 9.072 0.999 205.23 49.17 0.999
AC 0.532 0.539 0.993 4.706 87.207 0.991 4682.30 28.00 0.992
TiO,/AC MO 0.329 0.390 0.988 2.686 37.545 0.995 1366.62 35.12 0.991
TiO, 0 0 — 0 - 0 0 —
AC 1.219 0.152 0.979 2.129 64.512 0.951 359.84 8.82 0.982
TiO,/AC MR 0.806 0.305 0.998 3.116 75.239 0.908 0.80 5.48 0.823
TiO, 0 0 — 0 — 0 0 —

The adsorption capacity (g,) at a certain time and (g,) at
the equilibrium time for each dye are expressed as follows:

R L (1)
_ (Cl - Ce)V
q. = —m (2)

where C; (mM) and C, (mM) are the concentration of dyes at
a certain and equilibrium time in the solution, respectively; V
and m are the solution volume (L) and mass of adsorbent (g).

Three isotherms were used to investigate the adsorption
of three dyes onto TiO,/AC, namely, Langmuir [15], Freun-
dlich [16], Sips [17], and Temkin [18] isotherms as
expressed in

K,.C
. = ———— Langmuir isotherm, (3)
1+ap,C,
g,=a F.Cff Freudlich isotherm, (4)
Kg.Clbs
q,= W Sips isotherm, (5)
RT .
9= 7= In R;.C, Tempkin isotherm, (6)
T

where g, and C, present adsorption capacity (mmolg™) and
concentration (mM) at equilibrium, and K; (L.g'l) and a;
(L.mM™), ap and by K, ag (L.mM™), and bg, and A (L.g
", by, R (8.314x107°1.mM LK), T (298K), and B =RT/
by are the constants of Langmuir, Freudlich, Sips, and
Tempkin models, respectively.

2.3.2. Adsorption Study of Multicomponent System

(1) Effect of pH on the Simultaneous Adsorption of the Mix-
ture of Three Chosen Dyes onto TiO,/AC Adsorbent. The
influence of pH on dye absorption of TiO,/AC was studied
by determining the dye uptake in a mixture of three dyes
at different pH. The experiments were conducted on
200mL solution containing 0.0469mM MB, 0.0458 mM

MO, and 0.0743mM MR with the presence of 10mg of
TiO,/AC. The pH of solution was adjusted from 2 to 12 by
adding 0.01 M HCl and 0.01 M NaOH solution. The samples
were keep in the dark and were shaken at a constant speed of
200rpm for 4h to achieve adsorption equilibrium condi-
tions. Afterwards, the samples were centrifuged at
4500 rpm for around 15min to separate the supernatant
for UV-Vis measurement at corresponding maximum
absorbance wavelength to determine the residual concentra-
tions of each dye.

(2) Multicomponent Isotherm Studies. The adsorption equi-
librium of multicomponent system was investigated in a
similar manner in a 200 mL mixtures of 0.0469 mM MB,
0.0458 mM MO, and 0.0743 mM MR.

The extended Langmuir, P-factor models, and ideal
adsorbed solution theory (IAST) incorporating three different
isotherm models of Langmuir, Freundlich, and Sips equations
were used to examine the trinary dye system. Theory of these
models is presented in detail in references [10, 11].

A model for competitive sorption based on the Lang-
muir equation (extended Langmuir (EL)) was first proposed
by Butler and Ockrent [19] to express the adsorption equi-
librium in multicomponent systems. This isotherm is appli-
cable as each component obeys Langmuir behavior in a
single-solute system.

_ KyC

o _TLitvei 7
qe,z 1+Z“L)ice,i ( )

where g,; and C,; present adsorption capacity (mmol.g™)
and concentration (mM) of component i at equilibrium,
and K;; (Lg") and a;; (L.LmM™") are Langmuir constants
of component i.

The P-factor method can be employed to investigate the
competitive adsorption behavior of dyes in the trinary com-
ponent system. This model presumed a simplified approach
to correlate and compare between single- and multicompo-
nents systems through the introduction of factor (P)
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FIGURE 4: (a) pH effect on dye adsorption capacity; (b) The point of zero charge estimated by pH drift method.

(Equation (7)) proposed by Mckay and Al Duri [20]. where Ky ;/ay ;gngle = qg’i’single and K vinary/ a1 grinary =

q0 itrinary AT€ the maximum monolayer adsorption capacity

for component i in a single and trinary systems.
If P — factor < 1, the adsorption is enhanced by the exis-

Ky il ;gngle
" Ky jmala ’ ®)
Lyj,mul’ L trinary tence of other components; P —factor=1, there is no

i
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ScHEME 2: The diagram of interaction mechanisms of MB, MR, and MO with TiO,/AC.

noticeable interaction; and P —factor > 1 indicates that the
adsorption is suppress with the existence of other dyes. This
model assumes that a Langmuir isotherm for each compo-
nent (i), the multicomponent isotherm equation can be
defined as:

_ 1 KL,i'Ce)i,single 9
qe,i,trinary - }7-1 +a C > ( )
)i i

e,i,trinary
where a;; is the Langmuir isotherm constants calculated
from single solute system.

The IAST is an approach to predict the adsorption iso-
therms of multiple components solution based on the iso-
therm data of each individual component considering the
thermodynamic consistency of the system. [21]

The Langmuir isotherm in the IAST is developed by
using the spreading pressure of component, i, and v in inte-
gral form proposed by McKay and Al Duri [20].

mA (Cq K,
v W Jo C. dc, o n(l+ap) (10)

Rearranging Equations (3) and (9) [22] to obtain Equa-
tions (10) and (11).

Cg’i _ exp (v/(a(L)(ng,l)) -1 , (11)

(12)

Equation (11) describes the Langmuir isotherm in the
IAST at the specified spreading pressure.

The Freundlich isotherm in the IAST is performed by
using the spreading pressure in the form of the integral pro-
posed by Kidnay and Myers [23] as in Equation (12).

mA  (“dInC,(q,) q
A e) g e 13
V= RT JO ding, 1T, (13)
KY,
Qe = ybp—* (14)
aLi

The Freundlich isotherm in the IAST is as follows:

qo I/bF,j
Coi= <a”) : (15)
Ej

By applying the Sips isotherm, the spreading pressure, v,
can be expressed by [22].

A (G
w—ﬂ —J 2 4c

9.
=RT = . C =< In (1 +aS.Ci’S), (16)

e:
e bF

1/bg;
. <exp<<wa2,ib2,i>/f<2,z->-l> )
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TaBLE 3: The parameters of EL, P-factor, and IAST-sorption isotherm (Langmuir, Freundlich, and Sips), R2, and AIC, values.
Extended-Langmuir model

Dye Qs @m0 A K}y K2 po KD ur a7 yip a2 mo a2 R*  AICs
(mmol g’l) (mmol g’l) (mmol g’l) (L.g'l) (L.g'l) (L.g'l) (L.mM™) (L.mM™) (L.mM™)

MB 2.274 68.82 30.263 0.576 -48.16

MO 0.60 77.03 127.95 0.900 -37.04

MR 0.80 65.98 82.08 0.674 -29.50

P-factor-Langmuir model

Dye L s . L mo . i B K%,I\_/IIB K%,Aﬂo Kg,]\fm a%,MB_l a%,MO_ . ag,MR_l R2  AICs
(mmolg™) (mmolg’) (mmolg’) (Lg™) (Lg™) (Lg D) (L.mM™) (LmM™) (L.mM™)

MB 0.394 26.65 67.63 0.916 -54.34

MO 0.324 33.10 101.9 0.996 -57.86

MR 1.281 6.90 5.40 0.918 -40.47

TAST-Langmuir model

Dye L s . L o B L N K(Z,}\fllB K g,Mlo Kg,Aij "12,M371 ag,Mq ) “g,MRi1 R AICs
(mmolg™) (mmolg™) (mmolg’) (Lg™) (Lg™) (Lg 1 (L mM™) (LmM™) (L. mM™)

MB 0.340 23.22 67.63 0.917 -55.34

MO 0.321 32.67 101.86 0.998 -58.86

MR 2.04 10.99 5.40 0.919 -41.47

IAST-Freudlich model

Dye AF,MB ar,.mo AF,MR bp s bgmo brmr R*  AICs

MB 1.05 0.43 0.996 -58.37

MO 0.843 0.35 0.998 -61.23

MR 6.40 0.89 0.987 -40.92

IAST-Sips model

Dye K s Ko KSr a5 yp a5 10 a5 yr Bt Bsato Bsar R*  AICs

MB 1.27 0.44 0.466 0.943 -50.99

MO 1.11 0.60 0.40 0.999 -57.76

MR 16.65 17.5 0.95 0.945 -37.24

The Sips isotherm in the IAST is as follows: where SSE; is the total sum of squares equal to

vy Vexp — Vo) (where y__is the mean value of y).
0 _ Kg,i —Wg,,-bg,i The AIC (Akaike’s information criteria) is used to com-
Qei = al; ll TP W} (18) pare two models. AIC is calculated for each model from

The model’s parameters ae by the least square method by
minimizing the sum of squared deviations, SSEg, by means
of the numerical optimization techniques using the Solver
function in Microsoft Excel. The function for minimization
is

N
SSES = Z (yexp _yest)z’ (19)
1

where y,,, is the experimental response, and y. is the
response calculated from the model.

The determination coefficient R? is obtained according
to the expression

,  1-SSEg

- o 20
SSE, (20)

Equation (20) [24].

E 2-N,- (N, +1
AIC=N-In SSEq +2.N +M
N b N-N,-1

. (21)

where N is the number of data points; N, is the number of
parameters fit by the regression.

AIC decides how well the data fit each model. The value
of AIC can be positive or negative. The model with the low-

est AIC, score is considered the most likely correct [25].

2.3.3. Recycling of Adsorbent. The recyclability of TiO,/AC
was performed by photocatalytic self-cleaning. After adsorp-
tion experiments in 200 mL solution of each dyes at a con-
centration of 0.0469 mM for MB, 0.0458 mM for MO, and
0.0743mM for MR in the presence of 0.2g adsorbent, the
used adsorbent, obtained from centrifugation, was desorbed
by magnetic stirring under halogen lamp illumination for 2
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TABLE 4: A comparison of maximum adsorption capacity based on Langmuir isotherm model of TiO,/AC with those of other adsorbents

reported.
Adsorbents Adsorption capac_llty for MB  Adsorption capac-llty for MO Adsorption capac_llty for MR References
(mmolg™) (mmolg™) (mmolg™)

Walnut shell-derived activated 0251 [37]
carbon
Kaolinite 0.062 [38]
Wasted biomass-derived
activated carbon 0.048 [34]
Pistachio shell-derived
activated carbon 0430 [39]
quz/rlce husk—d*erlved 0.452/0.340 The present
activated carbon work
Multiwalled carbon nanotubes 0.157 [40]
Dlammoethane sporopollenin 0.014 [41]
biopolymer
Hypercrosslinked polymeric 0217 [42]
adsorbent
Calcined-layered double
hydroxides 0.611 [43]
Tin/ rice husk—d*erived 0.329/0.321 The present
activated carbon work
Apple fruit shell-derived
activated carbon 1615 [44]
Ag@Fe nanoparticles 0.646 [45]
MIL-53(Fe) 0.680 [46]
TiO/ri e

iC ,/rice husk d*erwed 0.806/2.04 The present
activated carbon work

*adsorption capacity in single system/trinary system.

hours. The adsorbent was then washed with distilled water
and dried at 100°C for further use.

3. Results and Discussion

3.1. Characterization of Materials. Crystal structures of the
obtained materials were studied by XRD patterns
(Figure 1(a)). XRD patterns of AC exhibit the peaks at 2
theta angles of 29.45, 36.49, 39.49, 43.03, and 47.56° corre-
sponding to (203), (213), (205), (304), and (305) Miller
indexes of carbon (JCPDS-00-022-1069). XRD patterns of
TiO, and composite TiO,/AC show the characteristic peaks
of anatase at 25.25, 38.15, 47.85, 54.65, and 62.75° corre-
sponding to the diffraction plane of (101), (004), (200),
(105), and (204) (JCPDS -21-1272). With increasing amount
of TiO,, the intensity of diffraction peaks of anatase
increases indicating that two phases of activated carbon
and anatase are coexisted. The composition of titanium
and carbon elements estimated by EDX is presented in
Figure S1. It is found that TiO,/carbon atomic ratio in
product increases with the increase of TiO, in initial
mixture, indicating that the composition of TiO,/AC could
be controlled by adjusting the reaction composition.
Figure 1(b) and Table 1 presents the nitrogen adsorption
and desorption isotherms of AC, TiO,, and TiO,/AC
composites. All the isotherms exhibit a hysteresis loop

which is characteristic for type IV isotherm, confirming the
existence of mesoporous materials. The hysteresis loop
occurs at relatively high pressures illustrating that the
mesoporous structure formed between the particles. The
surface area calculated based on the BET model is 1713
m’g’ for AC, 124 m*g' for TiO,, and 436 m>g" for
TiO,/AC. The surface areas of TiO, and AC are relatively
large compared with previously reported studies [26, 27]
showing that the structure of TiO, in this study is highly
porous. Furthermore, the combination of TiO, on AC
matrix significantly increased the surface area of TiO, itself.

Figures 1(c) and 1(d) show the UV-Vis-DRS and their
Tauc’s plot for calculating band gap energy derived from
UV-Vis-DRS. No energy absorption edge of AC which can
be considered as a conductor was observed. The band gap
energy of TiO, is 3.2eV which is equivalent to previous
report in the range of 3.1-3.2¢eV [28]. The combination of
TiO, with AC gives rise to a red shift in the energy adsorp-
tion spectrum, corresponding a band gap energy of 1.9
-2.5¢eV illustrating that these composites might have photo-
catalytic activity in the visible region.

The morphology of TiO, prepared from peroxo-hydroxo
titanium (IV) complexes consists of fine particles of around
10 nM which can be seen to agglomerate to form larger par-
ticles, while AC exhibits the typical layered-structure. In the
composite structure, TiO, agglomerates are highly dispersed
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FIGURE 6: (a) Variation of adsorption capacity and (b) XRD patterns of TiO,/AC and reused TiO,/AC.

on the AC matrix. The higher TiO, content leads to a better
coverage of TiO, on AC matrix. The distribution of TiO, on
AC was also studied by EDX mapping. Figure 2 illustrates
the elementary mapping of TiO,/AC (0.5/1) sample. The
extensive dispersion of Ti, C, and O elements confirms that
TiO, was well-distributed on the surface of AC. EDX spec-
trum also shows some impurity of Mg, Si, Na, and Ca ele-
ment (of around 0.2-1% w) which might present in rice
husks.

3.2. Adsorption Studies

3.2.1. Simultaneous Determination of MB, MO, and MR by
UV-Vis Spectroscopy. The dye concentration in solution

was determine by UV-Vis spectroscopy at maximum wave-
length of 664 nm for MB, 464 nm for MO, and 500 nm for
MR. However, the spectra of three dyes are overlapped
resulting in larger error for simultaneous determination of
these dyes (Figure 3(a)). In the work, the peaks were decon-
voluted by means of OriginProl9/Deconvolution Software
as illustrated in Figure 3(b). The deconvoluted UV-Vis spec-
trum was used to estimate the linear calibration range for
dye determination. The linear range of each dye was found
to be 0.0063-0.094 mM for MB, 0.015-0.138 mM for MO,
and 0.019-0.167 mM for MR. The limit of detections (LODs)
for MB, MO, and MR are 0.0007 mM, 0.002mM, and
0.009 mM, respectively, which are suitable for the detection
of these dyes in the adsorption study. Standard addition
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method is used to determine the dye in the trinary mixture.
The recovery was found to be in the range of 0.9-0.99 indi-
cating that the proposed method could be used for simulta-
neous determination of MB, MO, and MR (Table S1).

3.2.2. Adsorption Studies of Single Component System of MB,
MO, and MR over TiO,, AC, and TiO,/AC. The adsorption
kinetics of TiO,, AC, and TiO,/AC composites at different
concentrations of dyes (0.0306-0.0743 mM) are performed
in Figure S2 and Table S2. All of samples exhibit the high
adsorption towards MB, MO, and MR expect only TiO,
which can adsorb MB. As can be seen from the figure, the
higher the dye concentration, the greater the adsorption
capacity. This can explain by the fact that the high dye
concentration enhances the driving force that overcomes
all the mass transfer resistance of dye between the aqueous
solution and the surface of absorbent. The adsorption of
dyes is fast in the earlier stage (0-100 minutes) and
gradually reached the equilibrium. It is found that the time
required to obtain the adsorption/desorption equilibrium
was around 120 minutes for all of cases. The kinetics data
were applied to the pseudo-first-order and pseudo-second-
order kinetic models. The kinetic parameters of the models
and R? are presented in Table S2. The regression equation
based one pseudo-first-order model provides the high
values of determination coefficient (R* =0.88 —0.98) and
the equilibrium adsorption capacity calculated by this
model (q,,) agrees with equilibrium adsorption capacity
obtained by the experiment (q..,). Hence, the

experimental results fit the pseudo-first-order model.

In order to select the TiO,/AC composite for further
study, the removal of MB using TiO,/AC as a dye model
was conducted (Figure S3). The AC exhibits the highest
adsorption capacity for MB; whereas, TiO, presents a very
poor adsorption capacity. The adsorption capacity and the
regeneration of spent adsorbent by the photocatalytic self-
cleaning are significantly dependent on the composition of
TiO, in AC. The adsorption capacity was found to be
0.865mmol g™ for AC, 0.211 mmolg™ for TiO,/AC (0.25/1),
0.452mmolg” for TiO,/AC (0.5/1), 0.301mmolg” for
TiO,/AC (1/1), 0.251mmolg" for TiO,/AC (1.5/1), and
only 0.2mmolg " for TiO,. However, after the first recycle,
the adsorption capacity of TiO,/AC(0.5/1) was the highest.
Based on the balance between adsorption capacity and
visible-light derived photocatalytic self-cleaning, TiO,/AC
(0.5/1) catalyst was selected for further experiments.
Figure S4 and Figure S5 present the relationship of
equilibrium concentration and adsorption capacity of AC,
TiO,/AC, and TiO,. Either Langmuir, Freundlich, or
Tempkin models describe well the equilibrium data with
high  determination  coefficients ~ (R* =0.823 - 0.999)
(Table 2) indicating the monolayer adsorption with different
energy. The differences between the adsorption capacities of
the three dyes may results from different adsorption
mechanisms, which might depend on the molecular size and
their electron affinities toward adsorbent surface.

3.2.3. Adsorption Isotherms of Trinary Component System for
MB, MO, and MR over TiO,/AC (0.5/1)

Adsorption Science & Technology

(1) Effect of pH on the Adsorption of TiO,/AC (0.5/1). The
pH effect on the adsorption of trinary component mixture
by TiO,/AC is presented in Figure 4(a). The MB uptake
was found to increase from 0.188 to 0.889 mmolg™" for an
increase in pH from 2 to 5. At higher pH values (5-11),
the MB uptake remains almost constant. The point of zero
charge of TiO,/AC obtained by the pH drift method was
found at pH =6.4 (Figure 4(b)). At higher pH (>6.4), the
surface of TiO,/AC may become negatively charged, which
promoted the adsorption of the positively charged MB cat-
ions (pKa of MB = 3.8 [29]) through electrostatic attraction.
This, however, cannot explain its constant adsorption by
TiO,/AC at all the studied pH values. There might be
another mode of adsorption, e.g., ion exchange which is sim-
ilar to the adsorption of MB onto wheat shells [30] or mala-
chite green onto treated sawdust [31].

In contrast, the uptake of MO and MR decreases with
the rise of pH. When pH increases from 2 to around 6, the
adsorption capacity decreases from 0.344 to 0.124 mmol g™
for MO and from 0.582mmolg” to 0.452mmolg”’ for
MR. The MO or MR uptake keep unchanged with further
pH increasing. Higher adsorptions at lower pH values could
be due to protonation properties of the TiO,/AC. At pH
below the point of zero charge (pHs < 6.4), the positive
charges at the surface of TiO,/AC favoured the adsorption
of anionic MO and MR (pKa of MO = 3.8 [32] and pKa of
MR =5.1 [33]). A similar trend of adsorption behavior has
also been reported with some different adsorbents [34].

In general, the mechanism of dye adsorption is related to
the interaction between the adsorbent and the adsorbate in
solution. This interaction can occur in many different ways
such as hydrogen bonding, electrostatic interaction, -7
stacking interaction, ion-exchange, hydrophobic bonding,
and pores and chemical bonding [16, 25, 37, 62, 63] as illus-
trated in the Scheme 2.

3.2.4. Equilibrium Studies. The equilibrium data of trinary
component system were fitted to the extended Langmuir
model (EL), the Langmuir model using P-factor models (P-
Langmuir model) and Langmuir, Freundlich, and Sips
models using IAST (denoted L-IAST, F-IAST, and S-IAST,
respectively) as shown in Figure 5. As can be seen, except
EL model, the other four models are able to adequately cor-
relate the equilibrium data. Although, the determination
coefficient (R?) is widely used to estimate the goodness of
fit for the models with an equal number of experimental
points and of the fitting parameters, Akaike information cri-
terion (AIC) is preferred for comparing the models with dif-
ferent parameters. The smaller AICs are, the better the
model fit the data. As can be seen from Table 3, it is little dif-
ficult to estimate how the AICs are small because there are
three values of AICs for each model. Relatively, it can be
seen from Table 3 that the AICs are possibly rearranged
from low to high based on the sum of AICs as follows:
-160.92 (-58.37, -61.23, and -40.92) for F-IAST; -155.67
(-55.34, -58.86, and -41.47) for L-IAST; -152.67 (-54.34,
-57.86, and -40.47) for P-factor-Langmuir model; -145.99
(-50.99, -57.76, and -37.24) for S-IAST; and -39.1(-22.96,
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-11.83, and -4.31) for EL suggesting both F-IAST model
were the best to fit experimental data of all three chosen dyes
followed by L-IAST. The Langmuir maximum sorption
capacities based on L-IAST model in trinary dyes system
were found to be lower than those obtained from the
single-dye system, due to the presence of competing dyes.
The influence of competitive dyes on the sorption of specific
dyes onto the TiO,/AC is analyzed by using P-factor. The
ratios of g7 i /9 yipand q} . /97 o are >1, indicating the
predominant MR adsorption over MB and MO in both sin-
gle and trinary systems. The P-values of Qg,MR,single/
Q?,,MR,trinary =0.806/2.04 < 1 prove that the sorption process

of MR was promoted by the existence of other dyes, while
that of qg,MB’smgle/qg,MB,trinary =0.450/0.340 > 1 presents that

the MB adsorption was hindered by the existence of compet-
ing dyes. The ratio of q7 v qingie/ 92 vO,trinary = 0-329/0.321

=~ 1 reveals that the MO adsorption is independent on
the existence of other dyes. The presence of MB and MO
seems to enhance significantly the adsorption capacity of
TiO,/AC toward MR to ~2.5 times. MB contains a posi-
tively charged amine group while MR and MO contain neg-
atively charged carboxyl and sulfite groups, respectively. It is
possible that the MB moleculars adsorbed on TiO,/AC pro-
mote the MR adsorption via electrostatic interaction and 7-
7 stacking interaction. The mechanism of completive
adsorption of the components is not clear and need to study
further.

Table 3 reveals that TiO,/AC can adsorb as much as
approximately two third its own weight (total 763.77 mg (
MB + MO + MR)/1000 mg) at ambient temperature. The
adsorption capacity of TiO,/AC was compared with the
reported materials for the dye adsorption. The adsorption
of MB, MO, or MR in the literature is mostly in single com-
ponent system (Table 4). One can see that the reported
adsorbents include carbon nanotubes, activated carbon,
and biopolymers as well as one metal organic framework.
However, most of these materials only exhibited lower
adsorption capacities than the TiO,/AC adsorbent or even
the MOF, MIL-53(Fe), just possessed an adsorption capacity
of 0.668 mM.g™'. Meanwhile, the adsorption capacity in sin-
gle system/trinary system of TiO,/AC is 0.452/0.340 for MB,
0.329/0.321 for MO, and 0.806/2.04 for MR. This indicates
that the potential using TiO,/AC to remove dyes is indeed
promising.

3.2.5. Recyclability of Adsorbent. The regeneration and reuse
of the adsorbent are one of critical criteria for its application
in practice. Conventional recycle process is progressed by
resining the used adsorbents with organic solvents (ethanol,
benzene, and methanol) [35] and heating in limited oxygen
environment [36] to elute dyes, resulting in the secondary
pollutants and extra cost. Since TiO,/AC could act as a pho-
tocatalytic material, the used TiO,/AC could be regenerated
by self-cleaning when exposed to visible light. Figure 6(a)
shows the change in the adsorption capacity of TiO,/AC
after three regenerations by photocatalytic self-cleaning. It
can be seen that after the first-cycle regeneration, TiO,/AC
still possessed a comparable adsorption capacity, suggesting
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that the photocatalytic self-cleaning was a feasible and effec-
tive technique to remove dyes from the used TiO,/AC. After
three reused cycles, TiO,/AC could still exhibit 96% of its
initial adsorption capacity. Figure 6(b) presents the XRD
patterns of the reused TiO,/AC. It was found that there is
a slight decrease in intensity but the characteristic peaks of
anatase phase still remain unchanged after the recycle pro-
cess indicating that TiO,/AC is stable for three recycles.

4. Conclusions

TiO,/AC materials were synthesized from water soluble tita-
nium hydroperoxide complex and activated carbon from
rice husks. The obtained material has high surface area and
excellent adsorption capacity to methylene blue, methyl
orange, and methyl red compared to the other materials
reported. The Freundlich model and Langmuir model in
the ideal adsorbed solution theory provide the best predic-
tion to the trinary mixture data in comparison to the
extended Langmuir model; Langmuir model using P-factor
and Sips model in ideal-adsorbed solution theory. The
TiO,/AC exhibits the excellent reusability by visible light-
driven photocatalytic self-cleaning, and their adsorption effi-
ciency was maintained even after three cycles; the change in
structure and adsorption capacity of TiO,/AC was insignifi-
cant, proving that this material is durable and has potential
for practical applications.
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Supplementary Materials

Table 1: the recovery in the range of 0.9-0.99 is acceptable
indicating that the proposed method could be used for
simultaneous determination of MB, MO, and MR. Figure
S1: TiO,/carbon atomic ratio in product analyzed by EDX
increases with the increase of TiO, in initial mixture, sug-
gesting that the composition of TiO,/AC could be controlled
by adjusting the reaction composition. Figure S2 and Table
S2: all of samples present the high adsorption towards MB,
MO, and MR expect only TiO,, which can adsorb MB. The
adsorption of dyes is fast in the earlier stage (0-~100 minutes)
and gradually reached the equilibrium. The experimental
data fit the pseudo-first-order model. Figure S3: based on
the balance between adsorption capacity and visible-light
derived photocatalytic self-cleaning, TiO,/AC (0.5/1)
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catalyst was selected for next experiments. Figure S4: rela-
tionship of equilibrium concentration and adsorption capac-
ity of AC, TiO,/AC, and TiO, using Langmuir, Freundlich,
or Tempkin models. Figure S5: adsorption isotherms of sin-
gle component system for MB, MO, and MR over TiO,/AC
(0.5/1). (Supplementary Materials)
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