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ARTICLE INFO ABSTRACT Keywords: The development of porous adsorbent materials from renewable
resources for water and wastewater treatment Photodegradation has received considerable interest from
academia and industry. This work aims to synthesize composite hydrogel Guar gum Titanium dioxide from
the combination of guar gum (a neutral galactomannan polysaccharide) and TiO2. The TiO2-embedded guar
gum hydrogel (TiO2@GGH) was utilized to remove methylene blue through adsorption and
photodegradation. The presence of TiO2 particles in the hydrogel matrix (TIO2@GGH) was confirmed by
scanning electron microscopy-energy dispersive X-ray and X-ray photoelectron spectroscopy analysis. The
mercury intrusion and N2 sorption isotherm indicate the macroporous structure of the TiO2@GGH
composite, showing the presence of pore sizes ~420 ym. The dye removal efficiency of the GGH and
TiO2@GGH was evaluated in batch mode at ambient temperature under varying pH. The effect of UV
radiation on the dye removal efficiency was also assessed. The results demonstrated that the highest dye
removal was recorded at pH 10, with the equilibrium condition achieved within 5 h. UV radiation was shown
to enhance dye removal. The maximum adsorption capacity of TIO2@GGH is 198.61 mg g— 1, while GGH
sorbent is 188.53 mg g- 1. The results imply that UV ra- diation gives rise to the photodegradation effect. 1.
Introduction The contamination in water bodies by non-hazardous and hazardous wastes is a persistent
problem in transition and developing countries [1,2]. While water contamination by solid wastes can easily
be managed through simple separation processes (e.g., filtration and sedimentation); however, leachate
from solid wastes has a high probability of being released into water bodies during their residence time in
the water. Leachates often contain various soluble organic and inorganic com- pounds, thus requiring a
more complex treatment to remove them from water bodies [3]. Dyes are among the many types of soluble
substances often found to contaminate water bodies. In addition to their vast array of variety, properties, and
toxicities, the high solubility of dyes in water increases the complexity of their handling. The content of the
polar chromophoric groups in the dye structure contributes to their water binding ability and color
transmission to water bodies (and/or other substrates, such as aquatic organisms) [4,5]. Besides disturbing
the aesthetics of water bodies, these colors may block

10the penetration of sunlight and oxygen into the water. As a result, the balance

of living aquatic

biota can be disturbed; for instance, the photosynthesis of aquatic plants becomes hindered due to the
absence of a light source. In addition, dyes are known to have mutagenic and carcinogenic properties *
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Dyes are also known to increase the levels of chemical oxygen demand (COD) compounds which can
dramatically reduce dissolved oxygen levels in water [6—10]. Azo dyes are the highly utilized dyes for the
textile coloring pro- cesses. However, less than 50% of the dye molecules are bound to the textiles, and the
remainder is discharged as wastewater [9,11,12]. Often, these dye-contaminated wastewaters were directly
discharged to water bodies without any pretreatment [4] or utilized for irrigating agricultural fields [13]. The
usage of this dye-containing water for irrigation may cause a detrimental effect on the growth of soil-
fertilizing microorganisms and drive impaired growth of the plants [14]. Due to the detrimental effect of dyes,
various types of sorbents have been developed for their removal from water bodies. The removal of dye by
sorbent occurs through multiple processes, such as adsorption, photo- degradation, biodegradation,
biosorption, and absorption [15]. Biodegradation and biosorption by utilizing microorganisms can be
considered an eco-friendly process; however, they require a long time (i. e., 40-60 h) to proceed, depending
on the strain of the microorganisms. Another limitation of the microorganism-involving process is that it can
only be applied for a low concentration of dyes since a high concen- tration of dyes can be toxic to the
microorganisms and inhibit their growth [16—18]. Adsorption is considered the most promising initial step to
reduce the high level of dye contamination. Adsorbent material used in an adsorption process often can also
have absorption ability [19,20]. The development of sorbents from biomass (including micro- organisms and
plant-based materials) is swiftly done as an effort to create eco-friendly materials [21,22]. In this work, a
plant polysaccharide (i.e., guar gum, GG) is chosen as the raw material for the preparation of hydrogel
adsorbents. GG is a neutral-hydrophilic galactomannan polysaccharide with (1-4)-linked- B-D-
mannopyranose backbone and (1-6)-linked- 3-D-galactopyranose branch at the 6th-positions. GG can be
obtained from renewable re- sources, i.e., guar beans (Cyamopsis tetragonoloba), making it one of the
sustainable polymers. The use of GG in the production of polysaccharide-based hydrogels has gained
increasing interest, owing to its comparable properties to other polysaccharide-based hydrogels. In
particular, GG-based hydrogels are postulated to possess a non-toxic nature, biodegradable, strong
hydration rate, strong hydrogen bonding, good pH stability, high water solubility, and high porosity [23-26].
Despite its superior properties, only limited studies have re- ported the potential adsorption ability of GG.
The most recent studies reported the utilization of GG/bentonite/N,N-methylenebisacrylamide composite
hydrogel for Cr(IV) removal with adsorption capacity of 4.89-182.4 mg g— 1 [27] and adsorption of U(VI) by
phosphorylated GG/ magnetite/chitosan with adsorption capacity of 1.16 mmol/g [28]. The adsorption
performance of GGH and TiO2-added GGH (TiO2@GGH) was investigated against azo dye methylene blue
(MB). Modification by the addition of TiO2 particles was done to equip the GGH with photodegradation
ability. MB is employed as the model azo dye due to its abundance in wastewater and its adverse effect on
the living biota owing to its photo-reactivity properties [29,30]. This work is the first to report the adsorption
and photodegradation ability of TIO2@GGH. The detailed characterizations of GGH and TiO2@GGH were
performed using scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), N2 sorption
isotherm, mercury intrusion porosimetry (MIP), Fourier transform infrared (FTIR) spectroscopy, x- ray
diffraction (XRD), thermogravimetric analysis (TGA), cyclic compression test, and

1x-ray photoelectron spectroscopy (XPS) to gain insight on

their physicochemical properties. The influence of adsorption conditions, such as pH, salinity, adsorbent
dosing, and adsorbate

8initial concentration, on the adsorption performance of
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GGH and TiO2@GGH were evaluated. Furthermore, the kinetics and isotherm adsorption models were
established to elucidate the adsorption mechanism of MB onto GGH and TiO2@GGH adsorbent. 2.
Materials and methods 2.1. Materials Guar gum (GG) powder was obtained from Sigma Aldrich (Singapore).
Sodium hydroxide (NaOH, 96% purity), urea (CH4N20, 98% purity), methylene blue (C16H18CIN3S, 85%
dye content), TiO2 (~325 mesh), and epichlorohydrin (C3H5CIO, 98% purity) were ob- tained from Merck
(Germany).

7All chemicals were directly used as received without further purification. The
water used to prepare the solutions were purified with a Millipore Milli-Q

system

(18.2 MQcm). 2.2. Preparation of guar gum hydrogel (GGH) GG solution

7was prepared by dissolving 3 g of GG powder

into a solvent mixture prepared from 7 g NaOH, 12 g urea, and 81 g distilled water. The mixture was stirred
for 30 min to obtain a transparent gel- like solution. Subsequently, 5 mL epichlorohydrin was added into the
mixture, and the stirring was continued for another 30

11min. The gel solution was then poured into a mold and

steam-heated in a 60 C water - bath for 20 min. The resulting GG hydrogels (GGH) were washed by running
tap water overnight to remove the excess reactants. The hydrogels were then collected and kept in a
refrigerator before being used for later experiments. 2.3. Preparation of TIO2@GGH GG solution was
prepared by dissolving 3 g of GG powder into a solvent mixture prepared from 7 g NaOH, 12 g urea, and 81
g distilled water. 30 mg of TiO2 particle was added into GG solution before the addition of 5 mL
epichlorohydrin. The mixtures were then poured into a mold and steam-heated in a 60 C water bath for 20
min. The resulting - TIO2@GGH were washed in running tap water for overnight to remove the excess
reactants. The hydrogels were collected and kept in a refrigerator before being used for further experiment.
2.4. Characterization

1SEM analysis was performed using a JEOL JSM-7900F field emission SEM

. The samples were freeze-dried prior to the analysis; a small frac- tion of the dried samples

3were then fixed onto a metallic holder using adhesive carbon tape. The
samples were coated by a thin layer of Pt/Pd alloy using a fine auto-coater JEOL
JEC-3000FC prior to the

SEM im- aging. N2 sorption isotherm was performed at 77 K using a Quadrasorb Sl analyzer. The samples
were degassed at 423 K for at least 6 h before measurement. The porosity analysis was done by modeling
the isotherm data using Bruneuer-Emmett-Teller (BET) model. MIP analysis was conducted with
micromeritics AutoPore IV 9520. The XPS spectra of the BioMOFs were obtained by using Thermo Scientific
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VG ESCALAB 250 X- ray photoelectron spectrophotometer (XPS) and analyzed by using XPSPEAK41
software. XRD analysis was conducted

1using a Bruker D2 Phaser X-ray diffractometer with a CuKa radiation A

= 1.5418 Amstrong. FTIR analysis was performed

1using a Bio-Rad FTS-3500 GX

at

2wavenumber range from 4000 to 400 cm- 1; the

spectra were collected from 128 scans with a resolution of 4 cm- 1. TG/DTG analysis was conducted

9using a TA instrument TGA 550 at a temperature range of 30 to 600 C

. The compressive strength of the materials was analyzed by a ° Universal testing machine (UTM,
Testometric M500-25AT/M500-25CT) 2.5. Adsorption and photodegradation study The removal of MB from
the solution was done by applying adsorption or photodegradation process. The adsorption process was
done by introducing the prepared adsorbent into MB solutions. This mixture was then incubated for a certain
period without ultraviolet (UV) radiation. Meanwhile, the photodegradation process was done similarly Table
1 The mathematical expression of the kinetic and isotherm model. Model Equation Parameter Ref. Kinetic
model Pseudo-1st-

1order (P10) Pseudo-2nd-order (P20) Elovich Intraparticle diffusion (IPD

) Isotherm model Langmuir (L) Freundlich (F) Sips (S) Redlich-Peterson (RP) Qt = Q1[1 — exp (- k1t)] Qt = (
Q2k2t ) Q2 1 + Q2k2t Qt = 1BIn(1 + apt) Qt = kIPDt0.5 + Ci Qe = 1Q+LKKLLCCee Qe = KFCe(1/nF) Qe =
1Q+SaaSSCCesepsp Qe = 1 +KRaPRCPeCef g- 1) Q1 = removal capacity (mg k1 = removal rate (min— 1
) Q2 = removal capacity (mg g — 1 k2 = removal rate (

12g mg — 1) min— 1) a = initial adsorption rate (mg g— 1 min—-1) g =

desorption constant (g mg- 1

) kIPD = IPD rate constant (mg g— 1 min-0.5 ) Ci = arbitrary constant (mg g - 1) QL = removal

16capacity (mg g — 1 ) KL = Langmuir constant (L mg- 1

) KF = removal

17capacity (mgg-1) (mgL-1 -n
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) nF = dimensionless constant QS = removal capacity (mg g— 1) aS = Sips constant (L mg— 1 a ) sp = Sips
exponenta KRP = RP constant (

16L g— 1)b aRP = RP constant (L mg— 1)b

B = RP exponentc [31] [32] [33] [34] [35] [36] [36] [36] a S model reduced to L as sp 1, and to F model as aS
0. = — b The ratio of KRP to aRP show the removal capacity (QRP = KRP/aRP). ¢ RP model reduced to L
as B =1, and to F model as aRPCep > 1. to that of the adsorption process with the presence of UV
radiation. The UV radiation was done by using UV light with radiation power of 145 yW.cm- 2. The
adsorption and photodegradation study was performed at several modified parameters to investigate the
effect of each parameter. The studied parameters are as follow: (i) Effect of pH: A series of MB solutions
with an initial concentration of 200 ppm and volume of 50 mL was prepared. A different amount of 0.15 M
NaOH was added to adjust each solution pH to 3, 4, 5, 6, 7, 8, 9, 10, and 11. Subsequently, the adsorbent (+
0.1 g) was added into the solutions, and the adsorption or photo- degradation process was conducted for 10
h. (ii) Effect of salinity: A series of MB solutions with an initial concen- tration of 200 ppm and volume of 50
mL was prepared at different salinity. The salinity of the solutions was adjusted by adding 300 ppm NacCl, 20
ppm Na2CQO3, or 300/20 ppm NaCl/ Na2CO3. The pH of the solutions was adjusted to a pH of 10, where the
removal of MB was found to proceed optimally. Sub- sequently, the adsorbent (+ 0.1 g) was added into the
solutions, and the adsorption or photodegradation process was conducted for 10 h. (iii) Kinetic study: A
series of MB solutions with an initial concentra- tion of 200 ppm and volume of 50 mL was prepared. The
adsor- bent (£ 0.1 g) was then introduced into each solution. The

2residual concentration of MB was then measured

at different periods. (iv)

2lsotherm study: A series of MB solutions with various

initial con- centrations (up to 200 ppm) and volume of 50 mL was prepared. Subsequently, £ 0.1 g adsorbent
was added into the solutions, and the adsorption or photodegradation process was conducted for 10 h. (v)
Recyclability study: Post-adsorption, the £0.1 g samples were immersed in 1 M HCI solution for 4 h. Then,
the sample was washed using ethanol and water sequentially for three consecu- tive washings. The
regenerated sample was then used in the next adsorption process. The measurement of the residual
concentration of MB in the bulk solution was determined using spectrophotometric measurement at a
wavelength of 660 nm. 2.6. Data processing and modeling The data obtained from the adsorption or
photodegradation study was used to study the performance of GGH or TiO2@GGH for MB removal. The
Y%removal of MB was calculated according to Eq. (1). %removal = Ci - Cf Ci x 100 (/) (1) where Ci and Cf
are the initial and final concentration of MB in the so- lution (mg L- 1). The removal efficiency (%) was used
to express the decrease in the % removal due to adsorption inhibiting factor (i.e., salt); it

2was calculated according to Eq. (2). %removal

efficiency = (Qsalt/Qcontrol) x 100 (2) where Qsalt

2is the adsorption capacity in the presence of salt (mg g
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171), and Qcontrol is the adsorption capacity without the presence of salt (mg g -
1

). The kinetic study was conducted to determine the rate of adsorption or photodegradation according to

5Pseudo-1st-order (P10), Pseudo-2nd- order (P20), and Elovich model

(see Table 1). Furthermore, the intra- particle diffusion (IPD) model was fitted to the data to elucidate the
removal mechanism. The model fitting was done on the kinetic curves, which established by plotting the Qt
vs. t data; t is the adsorption or photodegradation time (min) and Qt

8is the amount of MB adsorbed at a given period (mg g— 1). Qt is determined

according to

Eqg. (3). Qt = (Ci - Ct) x m/V (3) Ct is the MB concentration at a specific time (

3mg L- 1), m is the mass of adsorbent (g), and V is the volume of the system
(L

). The isotherm study

5was conducted to give insight into the adsorption or photodegradation

behavior. The

isotherm

2modeling was done using several models, such as Langmuir, Freundlich,

Sips, and Redlich- Peterson

models (see Table 1). The model fitting was done on the plot of Qe (the amount of MB removed (

10mg L- 1)) vs. Ce (the equilibrium concentration of MB in the solution (mg L-
1)). The value of

Qe was obtained according to Eq. (4). Qe = (Ci — Ce) x m/V (4) 3. Results and discussion 3.1.
Characterization of GGH and TiO2@GGH In this work, GGH was produced using epichlorohydrin

3as a chemical crosslinker, where the formation mechanism is illustrated in
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Fig. 1a. Given that the structure of GG is similar to that of other natural poly- saccharides (e.g., cellulose),
the mechanism of GGH formation is postulated to be identical to that of other polysaccharide-based hydro-
gels. In detail, the formation of GGH was initiated by dissolving GG powder in a solvent mixture of
NaOH/urea. Here NaOH acts as a strong base that cleaves hydrogen bonding and induces the hydroxyl
groups deprotonation of GG [44], thus facilitating GG dissolution. At the same time, the presence of urea
can further promote GG dissolution by capping its hydrophobic moiety and allowing it to bind with water
molecules. Thus, the hydrogen bond disrupted-GG can be readily pp Fig. 1. (a) The formation mechanism of
GGH. SEM images of (b) guar gum powder, (c) GGH, and (e)TiO2@GGH. Energy dispersive spectra of (d)
GGH, (f) TIO2@GGH, and (g) elemental mapping of Ti on TIO2@GGH. N2 sorption isotherm (g) and MIP
pore size distribution (h) of GGH and TiO2@GGH. crosslinked with the aid of epichlorohydrin. The
occurrence of NaOH in this system was also postulated to act as the

3catalyst for the nucleophilic ring-opening of the epoxide group

of epichlorohydrin [37-39]. These ring opened-epichlorohydrin then connects the two adjacent GG poly-
mers by binding to their disrupted-hydroxyl groups. Upon heating, the GG polymers form aggregates that
gelate in an aqueous solution [40] and eventually

3transform into a hydrogel. In the formation of

TiO2@GGH, 30 mg of TiO2 particles were added into the GG solution before adding epichlorohydrin. The
viscous GG solution causes the TiO2 particles to disperse uniformly in the solution, which eventually allows
the TiO2 particles to be captivated in-between the GG networks and uniformly distributed in GGH matrices
upon hydrogel formation. Fig. 1b, ¢, and e show the electron micrograph images of raw guar gum powder
(GG), GGH, and TiO2@GGH, respectively. The raw GG Fig. 2. XPS spectrum of (a) GGH and the
corresponding deconvolution (b) C1s peak and (c) O1s peak. XPS spectrum of (d) TiIO2@GGH and the
corresponding deconvolution (e) C1s peak, (f) O1s peak, and (g) Ti2p peak. powder had an irregular
granular shape which and each granule appeared in different sizes. The non-adherent granules indicate no
hydrogen bonding between the particles [41]. Upon hydrogel formation (i.e., GGH), the GG particles were
bound to each other and formed a sponge-like network (Fig. 1¢). These networks generate cavities resem-
bling large macropores with a diameter > 100 nm. The TIO2@GGH (Fig. 1e) possess a similar structure as
the GGH micrograph, indicating that TiO2 addition did not significantly influence the GGH networking. The
presence of TiO2 particles appearance in TIO2@GGH

2was confirmed by the appearance of Ti-peak in the energy-dispersive spectra of

TiIO2@GGH (Fig. 1f) and the corresponding elemental mapping (Fig. 1g). The addition of TiO2 particles
altered the color of GGH from transparent to milky-white, as displayed in the inset photograph of Fig. 1c and
e. Fig. 1h shows the N2 sorption isotherm curves of GGH and TiO2@GGH; this method was employed to
analyze the porosity char- acteristic of synthesized materials. According to the IUPAC classifica- tion, all
samples display the Type Il isotherm curve, which accounts for macroporous material. A marginal hysteresis
loop was observed in the adsorption-desorption curve of TIO2@GGH at high relative pressure > 0.8 (inset
Fig. 1h), which can be associated with the filling-emptying of mesopores by capillary condensation;
suggesting the minor relevance of mesopores. The non-horizontal isotherm at relative pressure close to 1
indicates a considerable population of macropores [37,38]. Thus, mer- cury intrusion porosimetry (MIP)
analysis was conducted to evaluate the Table 2 The atomic composition of GGH and TiO2@GGH obtained
by XPS analysis. Atom Atomic content (%) GGH TiO2@GGH C 73.55 70.24 O 25.06 27.31 N 1.402.10 Ti —


javascript:openDSC(631671233, 37, '27');
javascript:openDSC(631671233, 37, '28');
javascript:openDSC(631671233, 37, '29');
javascript:openDSC(718669828, 37, '18');

0.35 macroporosity of the sample (Fig. 1i). The GGH pores were distributed around 0.2 to 5 ym and 5.5 to
420 pm; this distribution was narrowed to ~9 to 420 um in the TiO2@GGH sample. The pore size observed
through the MIP method has a good agreement with that of pore size observed in the SEM images, which is
greater than 100,000 nm (100 ym). The total intrusion volume of GGH and TiO2@GGH is 6.78 and 4.11
cm3/g, respectively; meanwhile, the total pore area is 9.13 and 2.17 m2/g, respectively. The XPS of GGH
and TiO2@GGH are shown in Fig. 2. The XPS spectra (Fig. 2a-f) revealed the dominance of C and O
species at ~285 and 533 eV, respectively. The successful TiO2 embedding was confirmed by the
appearance of a deconvoluted peak at 530 eV (Fig. 2f), which corre- sponds to the lattice O and Ti4+
binding [42]. In addition, the occurrence of a typical Ti2p spectrum [42,43] with two peaks identified at 465
and 459 eV corresponding for Ti2p1/2 and Ti2p3/2 was also observed in Fig. 3. (a) XRD pattern, (b) FTIR
spectra, and (c, d) TGA/DTG curves of GGH and TIO2@GGH. TiO2@GGH samples. The presence of TiO2
in the TIO2@GGH was also confirmed from its calculated atomic content, as summarized in Table 2. Fig. 3a
shows the XRD pattern of TiO2, GGH, and TiO2@GGH. GGH shows a broad reflection at 20.6 and a hump
at 40.0 (as pointed by the ° - green dots in Fig. 3a), which correspond to the amorphous phase of the guar
gum. These scattering patterns are similar to native galactomannan spectra reported in several studies
[44,45]. Those amorphous phase peaks were slightly shifted for TIO2@GGH, specifically at 18.3 and - 39.8 .
FTIR spectra of GGH and TiO2@GGH were presented in Fig. 3b. - Some of the characteristic bands of
TiO2@GGH are similar to GGH but with a certain degree of shifting. In zone (i) — the band corresponds to
the O-H stretching vibration was observed at 3426 cm- 1 for GGH, this band was shifted to 3278 cm- 1 (5
=148 cm- 1, & is the magnitude of the change in wavenumber). The shift of the O—H group can be
attributed to the interaction of this group with TiO2 in the formation of TIO2@GGH. In zone (ii) — band
associated with C—H stretching vibra- tion is found in similar wavenumber for GGH and TiO2@GGH, respec-
tively, at 2903 cm 1 and 2898 cm- 1 (6 = 5 cm— 1). In zone (iii) — the band - corresponds to the C-C ring
stretching vibration was found at 1631 cm 1 for GGH and was slightly shifted to 1608 cm- 1 for TIO2@GGH
(6 - =23 cm- 1). The C—H stretching band was found at 1566 cm- 1 for GGH and 1562 cm— 1 for
TiIO2@GGH (8 =4 cm—- 1). In zone (iv) — the appearance of the band at 1398 cm- 1 for GGH was due to the
CH2 deformation; the band was observed at 1405 cm- 1 for TIO2@GGH (8 = 7 cm 1). In zone (v) — the
band corresponds to C-O-C stretching vibration — was rise at 1094 cm 1 and 979 cm- 1 in GGH, the band
was shifted to - 1026 cm- 1 (6 = 68 cm— 1) and 961 cm—- 1 (8 = 18 cm— 1) in TIO2@GGH. In zone (vi) — the
bands that indicate galactose and mannose groups were

9observed at 796 cm—- 1 and 736 cm- 1 for

GGH, which is in accordance with the reported FTIR of GG [46]; these bands were found at a similar
wavenumber for TIO2@GGH (i.e., 791 cm 1 and 731 cm- 1). - Fig. 3c and d show the TGA/DTG curves of
GGH and TiO2@GGH, where both samples displayed similar thermal degradation tendencies. The
degradation stage of the samples can be divided into three regions. Region | was observed at a temperature
range < 215 C, where the minor - mass loss occurred due to water evaporation. Region Il, sharp weight
reduction due to the degradation of GGH was found at the temperature range of 215-370 -C. The significant
mass loss frequently occurred during oxidation, dehydration, hydrolysis, depolymerization, and
decarboxylation of polysaccharide-based materials [47]. The thermal degradation was started at 230 C with
a minimal mass loss, followed by - a more substantial degradation (~7% mass loss) at 256 C for GGH or °
253 C for TIO2@GGH. The highest degradation temperature (Td) for - GGH and TiO2@GGH was found at
293 C and 292 C, where ~20% - > mass loss occurred. At higher temperatures, >370 -C, the thermal
degradation rate for both samples slows down. The degradation at this last region occurred due to the
graphitized guar gum polysaccharide, a common phenomenon in other polysaccharides such as cellulose
[47,48]. The mass loss tends to be minimal at this stage. The mass res- idue of both samples was ~24% at
600 -C. The TGA analysis shows that the addition of TiO2 does not positively nor adversely influence the
thermal stability of GGH. The deformation recoverability of GGH and TiO2@GGH is observed over the five
consecutive loading-unloading compressions of GGH and TiO2@GGH. As shown in Fig. 4a and b, at all
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terminal strains (25%, 50%, and 75%), the five cycle hysteresis loops of TIO2@GGH are almost overlapped.
A minimal deviation of the GGH hysteresis loop of GGH can be observed upon cyclic compression at the
terminal strain of 75%. Nevertheless, these results suggest that both samples have impressive deformation
recoverability under a certain degree of compression. 3.2. Adsorption performance

83.2.1. Effect of pH on MB removal efficiency The pH of the solution

significantly influences the adsorption per- formance, affecting the charge of the adsorbate and adsorbent.
There are two possible forms of MB when dissolved in an aqueous solution, that is the un-dissociated MB
(zero charged, MBO0) and the dissociated MB (positively charged, MB ). The presence of MB is becoming
more + + dominant than the MBO as the pH of the solution is >3.8, and MB+ be- comes the only species
present in the solution at pH > 6 [49]. The surface charge distribution of the TIO2@GGH sample was
investigated by determining the point-of-zero-charge (Pzc) according to a previously published procedure
[9,50]. The Pzc of TIO2@GGH was found to be 7.5 Fig. 4. Cyclic compression curves of GGH (a) and
TiIO2@GGH (b) after five consecutive loading-unloading compression at various strains (25%, 50%, and
75%).

10Fig. 5. (a) Point-of-zero-charge (Pzc) of

TiO2@GGH. The effect of different operating conditions on the removal of MB by TiO2@GGH: (b)

12effect of pH, (c) the effect of salinity, (d) the effect of

different TiO2, (e) the effect of adsorbate dose without radiation, (f) the effect of adsorbate dose with
radiation. (Fig. 5a); TIO2@GGH are positively charged as the pH < Pzc and negatively charged as pH >
Pzc. According to their charge behavior, the adsorption of MB by TiO2@GGH would occur better at alkaline
pH (i.e., >7.5) —That is when the MB molecules are more dominant, and the +

9adsorbents have a negative surface charge

. Fig. 5b

15shows the effect of pH on the removal of MB by

TiIO2@GGH. As expected, the removal of MB was lower at acidic pH and gradually increased as the solution
pH became more alkaline —The phenomena were similar for MB removal with or without radiation. The
highest MB removal occurred at a pH of 10, and it was lowered at a further pH in- crease. Since both have a
positive charge, the repulsion interactions were more dominant at acidic pH between adsorbate and
adsorbent. The surface charge of the adsorbent gradually becomes more negative at higher pH, which leads
to the attractive forces between the adsorbent and the cationic MB. The decline in the adsorption occurs as
the pH becomes more alkaline (i.e., >10), which can be attributed to the high number of oxyanions (OH ).
The OH may interact with the MB , and — - + therefore, interrupting the interaction between MB and the
adsorbent + [51].

83.2.2. Effect of salinity on MB removal efficiency The effect of
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salinity was studied

2at a salt concentration of 300 ppm NaCl and/or 20 ppm

Na2CO3; these conditions were chosen to mimic the typical salt concentration found in textile industry
wastewater [9]. Fig. 5¢

15shows the influence of salt on the removal of MB by

TiO2@GGH; it was also noted that radiation results in higher MB removal. The removal efficiency was
decreased by: 16 1% (with radiation) and 24 + + 1% (without radiation),

2at a given salt concentration of 20 ppm

Na2CO03; 20 + 2% (with radiation) and 28 + 1% (without radiation),

2at a given salt concentration of 300 ppm NaCl; and

, 29 £ 0% (with radiation) and 35 1% (without radiation),

2at a given salt concentration of 20/ + 300 ppm Na2CO3/NaCl

. The decline of MB removal

2in the presence of salt can be attributed to the attachment of salt cations

(i.e., Na ) onto + the surface of the adsorbent; thus, the interaction of the adsorbent to- ward MB is
disrupted. 3.2.3. Effect of different TiO2 loading on MB removal efficiency Fig. 5d shows the effect of
different TiO2 particles loading on the removal of MB molecules. The highest removal that can be achieved
by GGH (with 0 mg TiO2 loading) is 74 £+ 1% (with radiation) and 69 + 1% (without radiation). The addition of
TiO2 particles gives increase on the MB removal, that is: 87 4% (with radiation) and 83 1% (without £ +
radiation) at 10 mg TiO2 addition; 96 1% (with radiation) and 90 + + 1% (without radiation) at 30 mg TiO2
addition. The MB removal does not increase significantly at higher TiO2 addition (i.e., 50 mg), specif- ically
96 + 0% (with radiation) and 91 £ 0% (without radiation). The higher TiO2 loading provides more adsorption
sites; thus, more MB molecules can be removed from the bulk solution. At a high TiO2 loading (i.e., 50 mg),
there is no significant increase —This phenomenon prob- ably occurred because the number of TiO2
particles on the surface of GGH was similar to the 30 mg TiO2 loading. Some portions of TiO2 particles
might be infested far from the GGH surface; therefore, they have a lower affinity toward the adsorbate
molecules. 3.2.4. Effect of contact time on MB removal Fig. 5e and f show the decrease of MB concentration
in bulk solution at a given time; the observation was done at different initial MB con- centrations. The rapid
decrease of MB concentration, which also sig- nifies rapid removal, occurred during the first 200 min of the
process; the equilibrium was reached gradually afterward, which was indicated by the insignificant increase
of the removal. The rapid increase, in the beginning, happened since the active sites of the adsorbent were
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still vacant; thus, the adsorbate molecules were instantaneously adsorbed onto the adsorbent. The affinity
was getting lower as most active sites interacted, and the removal rate was slowing down. In this stage, the
adsorption of MB molecules mostly happens via the diffusion phenom- ena [9]. The equilibrium MB
concentration at 600 min of the process is 25.364 0.729 mg g— 1 (C0 250 ppm), 15.985 1.307 mg g— 1 (CO
=1 =200 ppm), 8.667 0.429 mg g 1 (CO 150 ppm), in the presence of £ - =mg g— 1 (CO = 200 ppm),
13.439 + 0.455 mg g- 1 (CO 150 ppm), in the radiation; and, 34.364 + 0.515 mg g— 1 (CO = 250 ppm),
29.121 + 0.043 = absence of radiation. It was noted that the

2residual concentration of MB in the bulk solution

is higher at higher CO; this is since at higher CO, the Fig. 6. The SEM morphology of (a) fresh and (b)
salt+UV treated GGH, (c) fresh and (d) salt+UV treated TiO2@GGH. Post MB-adsorption morphology of (e)
GGH, (f) salt+UV treated GGH, (g) TIO2@GGH, (h) salt+UV treated TiO2@GGH. Cyclic compression
curves of salt+UV treated (i) GGH and (j) TIO2@GGH after five consecutive loading-unloading compression
at various strains (25%, 50%, and 75%). ratio of the initial number of MB molecules to the active adsorption
sites is low, and therefore, the residual amount of MB remain in the solution is high [52]. 3.2.5. Effect of
salinity and UV-radiation on the physical properties of the adsorbent The morphology and compression
recoverability of the samples after immersion in salt-containing solution and UV-radiation was done to gain
an insight into the physical properties of the hydrogels and evaluate their correlation with their adsorption
performance. The morphology of GGH and TiO2@GGH before and after MB-adsorption, with or without
salt+UV treatment, was shown in Fig. 6a-h. No significant morpholog- ical alterations can be observed in all
samples upon treatment with salt (20/300 ppm Na2CO3/NaCl) and UV radiation. This shows that the
reduced MB removal efficiency was not influenced by the physical properties of the adsorbent but caused by
the occurrence of interfering salt ions. The five consecutive loading-unloading compression cycles of
salt+UV treated GGH and TiO2@GGH at different strains were pre- sented in Fig. 6i and j, respectively. It
can be seen that the salt+UV treated samples are less rigid compared to the untreated samples (refer to Fig.
4a and b). However, the hysteresis loop curves of the salt+UV treated samples are almost overlapped for
each cycle; this shows that the samples still have an excellent deformation recoverability. 3.2.6. Kinetic
study

1A kinetic study was conducted to demonstrate the removal rate of MB by the

investigated adsorbents. Fig. 7 shows the kinetic data curve of the removal of MB by GGH or TiO2@GGH.
After 600 min, the GGH adsor- bent was able to remove 147.517 0.684 mg of MB per g of the + adsorbent in
the presence of radiation and declined to 136.924 5.987 + mg g 1 in the absence of radiation. Similarly, for
TiO2@GGH adsorbent, - the removal of MB was higher in the presence of radiation (191.182 £ 0.643 mg
g- 1) than in the absence of radiation (179.015 + 1.307 mg g — 1). This result indicated that the addition of
TiO2 could lead to the higher removal of MB. To predict the removal rate of MB by the syn- thesized
adsorbent, the kinetic data were fitted against the P10, P20, and Elovich models. The data fitting

14can be seen in Fig. 7a and b, and the fitting parameters are given in Table 3

. The P10 model could satisfy the kinetic data better than the P20 and Elovich models, indicating the higher
R2 value and lower RSS. Furthermore, the Q1 of the P10 model has a similar value to that of Qexp, which
further confirmed that the P10 model could fit the kinetic data better. This result suggests that the
physisorption may be dominant in the process; this argument is sup- ported by the low congruency of the
kinetic data with the Elovich model fitting [9]. The intraparticle diffusion (IPD) model was also employed to
eluci- date the removal mechanism of the investigated system. As shown in Fig. 7c and d, the systems have
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two to three linear segments. The value of the fitting parameters for the IPD model was summarized in Table
3. For the system involving GGH with radiation, GGH without radiation, and TiO2@GGH without radiation,
the first segment occurred at t < 300 min (0.5 < 17.32 min0.5), and the second segment occurred afterward.
For the system of TIO2@GGH with radiation, the first segment occurred Fig. 7. (a) Removal kinetics and
kinetic models fitting for adsorption of MB by GGH. (b) Intra-particle diffusion analysis for adsorption of MB
by GGH. (c) Adsorption kinetics and kinetic models fitting for adsorption of MB by TiO2@GGH. (d) Intra-
particle diffusion analysis for adsorption of MB by TiO2@GGH. The fitting of kinetic parameters for the MB
removal by GGH and TiO2@GGH. Parameter Unit GGH TiO2@GGH Without With Without With radiation
radiation radiation radiation Qexpa mg g- 1 Pseudo-1st-order (P10) Q1 mg g- 1 k1 min—- 1 R 2 b RSSc
Pseudo-2nd-order (P20) Q2 mg g—- 1 k2 (x105) g mg—- 1 min— 1 R2 b RSSc Elovicha mgg- 1 min-13g
mg- 1 R2 b RSSc 136.924 + 5.987 135.455 + 2.702 0.010 + 0.001 0.987 213.573 157.810 + 3.822 9.505 +
0.001 0.987 249.771 0.036 0.028 + 0.003 0.954 875.883 147.517 + 0.684 144.998 + 3.590 0.013 £ 0.001
0.984 373.187 168.661 + 5.040 9.486 + 0.001 0.980 455.196 4.650 + 0.043 0.027 + 0.004 0.943 1268.254
Intraparticle diffusion (IPD) First segment Ci,1 mg g— 1 21.908 £ 29.151 + 6.564 7.733 kIPD,1 mg h— 1 6.996
+7.060 £ min1/2 0.591 0.695 R2 0.946 0.936 mg g— 1 Second segment Ci,2 136.924 + 147.517 + 0.0.000
0.000 kIPD,2 mg h- 1 ~0.000 ~0.000 min1/2 R2 0.926 0.924 Third segment Ci,3 mg g— 1 kIPD,3d mg h — 1
min1/2 R 2 179.015 + 1.307 184.195 + 3.811 0.009 + 0.001 0.989 453.489 225.386 + 10.225 3.993 + 0.001
0.974 1041.872 3.031 £ 0.017 0.017 £ 0.007 0.947 2097.102 13.370 £ 10.114 11.829 + 0.923 0.953 179.015
+ 0.000 ~0.000 0.974 191.182 + 0.643 192.253 + 1.952 0.017 + 0.001 0.994 198.770 238.100 + 6.527 7.240
+0.001 0.971 1006.429 4.568 + 0.113 0.023 + 0.006 0.896 3552.333 9.369 + 6.779 16.392 + 0.779 0.987
169.949 + 5.184 1.101 + 0.323 0.910 191.182 £ 0.000 ~0.000 1.0000 a b Qexp is the highest removal
capacity based on the experimental data. R2 is the adjusted R-squared of the data fitting. ¢ RSS is the
residual sum of squares of the data fitting. d Nearly zero value. att 120 min (t0.5 £ 10.95 min0.5 <) of
contact time, the second segment occurred at 120 >t < 300 min (10.95 min0.5 > t0.5 < 17.32 min0.5), and
the third segment occurred afterward. The first segment is related to the instantaneous interaction between
the adsorbate molecules with the active surface sites of the adsorbent; this segment is signified by the rapid
increase of Qt and high rate constant (kIPD,1). The second segment is the equilibrium stage for the system
of GGH with radiation, GGH without radiation, and TIO2@GGH without radiation, which is indicated by the
nearly zero rate constant (kIPD,2). Meanwhile, for TIO2@GGH with radiation, the equilibrium stage was
reached at the third segment; at the second segment, the lower rate constant was due

14to the saturation of the active surface sites of the adsorbent and the

increase of diffusion resistance [34]. 3.2.7. Isotherm study Fig. 8 shows the isotherm data of the MB removal
by GGH or TiO2@GGH at 30 °C; it can be noted that the removal of MB was found to Fig. 8. Removal
isotherm and isotherm-models fitting of MB by (a) GGH and (b) TIO2@GGH in the presence and absence of
radiation. be higher in the presence of radiation than without radiation. According to the adsorption isotherm
classification, the isotherm curve shows an H- type isotherm with subclass 2 for all systems; this suggests
that the interaction between the adsorbate and adsorbent was occurring via electrostatic interaction, and the
interaction is more likely to be irre- versible. The H-type isotherm curve is indicated by the Qe 0, even >
when the adsorbate concentration is zero. Subclass 2 indicates the

19absence of intermolecular interaction between the adsorbate molecules in

the bulk solution

and the adsorbed-adsorbate molecules. The system with subclass 2 commonly can be well-represented by
the L model [53]. The L, F, S, RP model fitting is represented by the lines in Fig. 8a and b, and the fitting
parameters are summarized in Table 4. It was noted that the systems were well convergent with the L model
than the F model, which is indicated by the R2 nearly 1.000 and low RSS. The QL value was also similar to
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that of Qexp, which further confirmed the congruency of the data with the L model. The congruency of the
data with the L model is also supported by the exponent parameter value of the S and RP model. The
exponent of the S model (nS) has a value close to 1; similarly, the exponent of the RP model (B) is also
close to 1. This indicates the homogeneous adsorption behavior, which is in congruence with the L model.
3.3. Remark on the effect of radiation Based on the results presented above, UV radiation can enhance the
MB removal rate and the adsorption capacity of GGH and TiO2@GGH. The following trend can be
observed; where the MB removal capacity decreased in the following manner TIO2@GGH + radiation >
TiO2@GGH GGH radiation GGH, while the trend of MB degra- > + > dation rate: TiO2@GGH radiation
GGH radiation GGH + > + > = TIO2@GGH. It has been widely acknowledged that TiO2 is one of the best
photocatalytic materials. Upon radiation, the TiO2 transforms ox- ygen (02), hydroxyl groups, and water
(H20) to OH and O2 - radicals « » which in charge of the MB degradation (Fig. 9) [54-58]. Besides the
photocatalytic properties of the synthesized material, the removal con- dition (pH 10) used in this work may
contribute to the generation of The fitting isotherm-parameters of the MB removal by GGH and TiO2@GGH.
Parameter Unit GGH TiO2@GGH Without With Without With radiation radiation radiation radiation Qexp mg
g- 1 Langmuir (L) QL mg g -1 KL mg L- 1 R 2 RSS Freundlich (F) KF L g- 1 1/nF R2 RSS Sips (S) QS mg
g- 1 nS L g-1KS R2 RSS Redlich-Peterson (RP) KRP L g- 1aRP mg- 1L 3 R2RSS 138.549 + 7.386
2.797 0.009 0.991 137.206 36.830 + 5.301 0.281 £ 0.034 0.922 1145.766 5.527 0.831 £ 0.059 0.132 + 0.012
0.995 64.960 18.83 + 2.332 0.173 £ 0.044 0.939 + 0.029 0.993 89.120 142.726 + 0.225 147.487 + 2.632
0.124 + 0.009 0.991 118.408 40.972 + 5.207 0.267 + 0.031 0.915 1092.898 155.824 + 5.506 0.858 + 0.067
0.147 £ 0.0150.993 75.134 22.14 £ 2.175 0.199 + 0.040 0.940 + 0.023 0.993 59.744 177.917 + 2.617
185.530 + 2.680 0.120 + 0.007 0.991 143.831 57.559 + 7.049 0.236 + 0.029 0.899 1544.827 185.327 +
5.555 1.004 £ 0.101 0.119 £ 0.021 0.989 143.798 23.081 + 2.695 0.132 + 0.035 0.987 + 0.031 0.990
140.503 184.321 + 3.402 198.606 + 2.637 0.095 + 0.005 0.993 106.548 54.334 + 6.930 0.265 + 0.031 0.912
1325.220 199.799 £ 6.318 0.982 + 0.084 0.098 + 0.015 0.992 105.867 19.775 + 2.087 0.107 £ 0.027 0.984
+0.032 0.993 102.878 more radical species; more OH groups occurred when the system was — maintained
at pH 10. Upon UV radiation, they are readily transformed into OH+ which may attack and cleave the thiazine
group of MB [56-59]. These suggest that both synthesized material and the established con- dition used in
this study generate a synergistic effect for the efficient removal of MB in an aqueous solution. 3.4.
Recyclability and comparison study Fig. 10 shows the recycling performance of GGH and TiO2@GGH for
MB removal in the presence of UV radiation. The MB removal efficiency of GGH and TiO2@GGH
respectively maintained as high as 78.2% and 79.3% after five adsorption-desorption cycles, thus verifying
that the prepared adsorbents have good recyclability. Table 5 shows the adsorption performance of some
polysaccharide- based hydrogels and hydrogel composites toward various dyes. The adsorption capacity of
GGH and TiO2@GGH was much higher than those of similar composite hydrogels derived from GG,
especially toward MB —i.e., the experimental adsorption capacity is 1.7—-2.3 times higher than
GG/poly(acrylic acid-aniline) hydrogel, and 7.2-9.6 times higher than GG/acrylamide/octadecyl hydrogel. 4.
Conclusion Modification of guar gum hydrogel (GGH) by the addition of TiO2 particles produced composite
adsorbent with photodegradation ability. The successful grafting of TiO2 particles in the GGH structure has
been confirmed by using SEM-EDX and XPS analysis. The incorporation of TiO2 does not influence the
porosity, thermal stability, and mechanical Fig. 10. Removal percentage of MB by GGH and TiO2@GGH in
different cycles, with the presence of UV radiation. Fig. 9. Possible mechanism during MB photocatalytic
degradation by TiO2@GGH. Adsorption performance of come polysaccharide-based hydrogels against
dyes. Hydrogel Adsorption system Adsorption capacity (mg g— 1) Ref. Adsorbatea Condition Experimental
Theoretical (model) GG/poly(acrylic acid-aniline) GG/polyacrylamide GG/borax GG/acrylamide/octadecyl
methacrylate Gum ghatti/TiO2 Alginate/acrylic acid/TiO2 Xanthan gum/TiO2 Chitosan/sodium dodecyl
sulfate Ti3C2Tx/alginate (T = OH, O, F) Cellulose/carrageenan/TiO2 GG GG/TIO2 MBpH=10T =r.t. CV
pH=7ABABpH=9T=rt MBna.MBpH=7T=45-CMVpH=7T=45-CGVpH=8-9pH=6T =30
CMBpH=7T=25.CMBpH=7T=25-CMBpH=10T=30°CMB pH=10T =30 -C ~80b ~14b (CV)
~31b (AB) 94.30 (%removal) 19.3 ~1450b ~913b n.a. ~199 ~90.5b 115.3 138.55¢ 142.73d 177.92c 184.32d
102.77 (P20) [60] 100 (Lang) [61] 12 (Lang) n.a. [62] n.a. [63] 1305.5 (Lang) [64] 1156.6 (Lang) [65] 92.17
(Lang) [68] n.a. [69] 146.53c (Lang) 149.49d (Lang) 185.53c (Lang) 198.61d (Lang) This work This work a



MB methylene blue, CV crystal violet, AB Azure B, AD Aniline blue, MV methyl violet, GV Gentian violet = =
= = = b The value was approximated through curve reading from the available data in the cited literature. c
Adsorption capacity without radiation. d Adsorption capacity with radiation. properties of the resultant
hydrogels as determined by using FTIR, XRD, N2 sorption, MIP, cyclic test, and TG/DTA methods. Similar to
GGH, TiO2@GGH may function as the adsorbent for MB removal via its adsorption ability. Superior to GGH,
the TIO2@GGH exhibited a pho- todegradation ability in the presence of UV radiation treatment which
synergistically enhanced its MB removal capacity. The removal of MB by the investigated adsorbent
optimally happened at more alkaline pH, which is triggered by the different charges of the adsorbate and
adsor- bent. The instantaneous removal of MB occurred within 120 min of adsorbent-adsorbate contact.
Both GGH and TiO2@GGH maintained at least 75% MB removal efficiency upon repeated usage,
suggesting that GG is the suitable renewable material for synthesizing value-added and tunable adsorbents.
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