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Abstract

The goal of this study is to develop a new effective guar gum-grafted acrylamide
hydrogel for wastewater treatment, abbreviated as (guar gum-g-acrylamide). For the
non-biodegradable and hazardous synthetic acid red 8, the produced guar gum-g-
acrylamide hydrogel is a promising thermally stable adsorbent. Microwave-aided
technique, ammonium persulfate initiator, and N,N'-methylene-bis-acrylamide
cross-linker are used to make a hydrogel comprising natural polysaccharides guar
gum grafted by poly acrylamide. Fourier transformer infrared (FTIR) spectra and
scanning electron microscopy (SEM) demonstrate that varied percentages of acryla-
mide successfully graft the backbone of guar gum. When the grafting percentage of
acrylamide is raised, the hydrogel’s maximum adsorption capacity (qe) increases.
At pH 1 of dye solution, maximum adsorption capacity (qe) is 18 mg.g™!, at pH 9;
qe is decreased up to 8 mg.g”!. At 0.5 g.L~! hydrogel, the dye has a low removal
percentage (34%), but when the hydrogel dosage is increased to 8 g.L. ™!, the removal
percentage increases to 90%. When the initial AR8 dye concentration was increased
from 50 to 300 mg.L~!, the removal percentage reduced to 20% and the adsorbed
quantity dye increased from 17 to 44 mg.g~!, but both parameters became limited
above this dye concentration. Other ideal conditions for ARS8 dye removal by the
hydrogel include 60 min of contact time, 150 revolutions per minute (rpm), and a
temperature of 20 degrees Celsius. The AR8 dye adsorption kinetic is pseudo-sec-
ond order, assuming electrostatic interaction between the negatively charged ARS8
dye molecules and the positively charged hydrogel-functional group. The adsorp-
tion values fit the Langmuir isotherm, with g, . of 54.054 mg.g™!. The adsorbed
quantity (qe) decreases as the temperature rises, indicating that dye molecules phy-
sisorbed on the hydrogel pores, and the maximum adsorption capacity is at 20 °C.
The exothermic and spontaneity of adsorption were confirmed by the negative val-
ues of heat of adsorption (AH®,,,) and standard Gibbs free energy of adsorption
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(AG°®,4)- The reusability of the hydrogel was validated after three cycles of desorp-
tion of ARS8 dye from the hydrogel surface in alkaline solution.

Keywords Acid red 8 dye - Hydrogel - Grafting - Adsorption - Adsorption capacity -
Removal percentage

Introduction

Hydrogel is a soft grafted hydrophilic three-dimensional polymeric networks struc-
ture that is synthesized from natural polysaccharides or synthetic poly methacrylate
esters; it is chemically or physically cross-linked (chemical cross-linkers include
bisacrylamide, epichlorohydrin, and glutaraldehyde), and it is an efficient adsor-
bent for pollutants such as reactive organic dyes in wastewater inside its pores [1].
Sodium acrylate grafted guar gum (GG-g-) and poly acrylamide-g-GG for crystal
violet dye removal [2, 3] and GG-g-poly methyl methacrylate for different dyes [4]
are some effective hydrogels for removing reactive dyes from wastewater. GG-g-
poly (acrylamide)/SiO2 for acid red dye [5], GG-g-poly (acrylic acid-aniline) for
methylene blue (MB) dye, hydrogels of poly (ethylene glycol) acrylamide for AR18
dye, chitosan-g-poly acrylamide for Congo red dye, GG-g graphene for MB dye and
chitosan-g-glutaraldehyde for CR dye, and grafted biopolymer for naphthenic acid
[6, 7].

Guar gum is a natural plant polymer made up of a linear poly-1, 4-anhydroman-
nose attached to galactose residues at C6 position, a 2:1 mannose/galactose ratio,
and an excess of hydroxyl (OH) groups comparable to chitosan [8]. Microwave
grafting of monomers on the backbone of polymers improved the mechanical and
thermal properties of GG-g-hydrogel [9], and it is the best method for most polysac-
charides, such as cellulose and starch, because it uses a water polar solvent that effi-
ciently absorbs microwave radiation, resulting in a large amount of heat energy and,
as a result, a high grafting yield [4, 10]. The main advantage of microwave grafting
over traditional grafting was shown in Scheme 1 [10].

Low-cost adsorbents made by the traditional grafting approach have some draw-
backs: GG Algal biomass, bagasse: horn snail (Telescopium sp), mud crab (Scylla
sp) shells for Cu(Il) ions [11, 12]; telescope snail@mangrove crab shell powder for
Pb(II) [13]; bagasse-bentonite for Cd(II) [14] and Pb(II), respectively [15], algal
biomass waste-bentonite for Pb(II) [16], Archontophoenix Alexandrae for (Cu(Il),
Zn(II), and Ni(II)) [17], and mercapto-silica gel hybrid for Cu (II) and Pb(II). Smart
grafted polymers (starch, alginate, chitosan, and lignin are used for: removal of CR
dye [19], medication delivery system [5], and different fields of technology such as
double-network electrolytes for metal-air batteries [20—23] and dye-sensitized solar
cells [24-29].

ARS8 dye removal by photo-degradations [28, 29] and starch-g-poly (N,N-dime-
thyl acrylamide) [30-32] has received little attention. Despite substantial research
into the synthesis and characterization of hydrogels made of natural and synthetic
polymers, the use of N, N'-methylene-bis-acrylamide cross-linker in the synthesis
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Scheme 1 compares the properties of traditional and microwave polysaccharide techniques

of guar gum-g-acrylamide hydrogels has not been reported yet. Our study is unique
in that it intends to synthesize a low-cost, high-efficiency guar gum-g-poly (acryla-
mide) hydrogel utilizing microwave-aided grafting, as well as test the hydrogel for
the removal of anionic acid red 8 (ARS8) dye from aqueous solution using a single
batch adsorption approach. AR8 dye was chosen for the adsorption study because it
is the most carcinogenic hazardous dye found in textile mill and tannery effluents.
ARBS is harmful to both the environment and human health since it colors water and
reduces dissolved oxygen in wastewater and the textile industry. The microwave-
assisted synthesis and assessment of an effective hydrogel for eliminating AR8 dye
has yet to be published.

Materials and methods

All of the materials and chemicals utilized in this work are of analytical grade, and
they are used exactly as they are without further purification (Supplementary infor-
mation (SI) section).

Preparation and characterization of guar gum-g-poly (acrylamide) hydrogel

Following acrylamide grafting procedures on polysaccharide [4, 6, 10, 11, 24, 33],
one gram GG is swelled in 40 mL distilled water and agitated using a heater with
magnetic stirrer. The weights 2.5, 5, 7.5, and 10 g AAM are sequentially dissolved in
10 mL distilled water, added dropwise to the swollen GG solution under continuous
vigorous stirring, mixed well, and transferred to the reaction vessel (250 mL coni-
cal flask) followed by APS addition. MBA, the necessary amount of cross linker, is
added while stirring vigorously. After that, the reaction vessel is placed in an 800 W,
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Table 1 The synthesized grades of GG -g-AAM hydrogel

Hydrogel GG AAM MBA APS Total Weight (g)
rade

g Wt.(g) % Wt.(g) % Wt (g % Wt (g) %

1 1 2626 2.5 65.66  0.008 02 03 7.88 3.80

2 1584 5 79.21 0.013 0.2 4.75 6.31

3 1134 75 85.06 0.018 0.2 3.40 8.81

4 8.83 10 88.32  0.023 0.2 2.65 11.32

65 °C microwave oven. To prevent any competitive homopolymerization of GG or
AAM, the temperature of the reaction mixture is monitored. After 3 min of irra-
diation, the microwave irradiation—cooling cycle is repeated until a viscous gel-like
mass is formed. Once microwave irradiation process is completed, reaction vessel
and its contents were cooled to complete the grafting reaction. The formed hydro-
gel is extracted using methanol/water mixture (7:3 v/v) to remove any homopoly-
mer and unreacted monomers, washed several times with water, cut into small parts,
dried in a hot air-oven at 60 °C till constant weight, and ground. Synthesis process
is outlined in Scheme 2, and the composition of various grades of GG -g-PAAM
hydrogel is given in Table 1.

Physical cross-linking was improved by heating and chilling the polymer solution
due to ionic and hydrogen bonding interactions.
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Fig.1 GG-g-PAM hydrogel
photograph (weight ratio: AM/
GG 10:1)

With weight ratios of AAM/guar gum of 2.5:1, 5:1, 7.5:1, and 10:1, the GG-g-
AAM hydrogels were successfully synthesized. The hydrogel is translucent, soft,
and elastic, with a slippery surface shape, as shown in Fig. 1.

This study’s guar gum-g-acrylamide hydrogel contains physically cross-con-
nected co-polymers by PAAM, is semi-crystalline and mechanically stable, and is
made up of microspheres with film-like properties. In this work, described micro-
wave-assisted facile synthesis of acrylamide grafted guar gum hydrogels is simple,
repeatable, cost-effective, and easy to handle in large scale as well. Additionally, raw
materials are easily available and cheaper.

All characterization methods of analysis and evaluation of the hydrogel adsorp-
tion capacity are represented in SI section (Characterization and evaluation of the
hydrogel adsorbent).

The average dye absorbance of triplicates is plotted against dye concentration
[19], as shown in Fig. 1SI. The linear regression analysis of absorbance versus con-
centration yielded a good straight line. R* 0.99 is the correlation coefficient, while
the absorptivity coefficient of ARS8 dye is 0.0264, which is the slope of the straight
line. The residual dye concentration (of known absorbance) is determined through
the interpolation of the absorbance data to x-axis.

Table 2 Percent grafting (% G) and grafting efficiency (% GE) of GG-g-PAM hydrogels

Grade Weight (g) (% G) (% GE)
GG (W,) AM (W,) GG-g-PAM (W)

GG-g-PAM1 1 2.5 1.59 59 236

GG-g-PAM2 1 5 3.59 259 518

GG-g-PAM3 1 7.5 6.89 589 785

GG-g-PAM4 1 10 9.92 892 892
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Results and discussion

According to Scheme 1SI, the preparation procedure for GG-g-PAM hydrogel syn-
thesis is addressed in detail in supplementary information section.

Grafting percentage (%G) and grafting efficiency (%GE) of hydrogel are listed in
Table 2.

Grafting is more productive and simple in microwave-assisted reactions due to
heterogeneous reaction circumstances (GG immiscible in water), and the hetero-
geneity of the reaction contents has a substantial impact on grafting yield, which
is usually higher than in fully miscible systems [4, 10, 15]. The grafting yield of
hydrogel grade 4 in this work (GG-g-AAM4) was 892 percent, which is significantly
higher than the published GG-g-poly (acrylonitrile, grafting yield 188 [2].

Characterization of the hydrogel

FT-IR spectra for native GG and AM monomer are shown in Fig. 2. The distinctive
vibrational bands at the characteristic wavenumbers were assigned [16].

FTIR vibrational spectral bands are assignment according to wavenumber,
cm™'—for native GG: a broad band at 3408 cm™' (O-H stretching vibration),
2932 cm™! (C—H stretches of CH, group), 1654 cm™! (ring stretches and associ-
ated water molecule), 1432 cm™! (Symmetrical deformations of CH, group), 1152
and 1092 cm™! (C-OH and primary alcoholic CH,OH stretching mode). For native
acrylamide monomer: 3351 and 3195 cm™! (stretching vibration of the amide func-
tional group (NH,), 2813 cm™! (C-H stretches of CH, group), 1674 cm™! (stretch-
ing vibration of C=0 in amide group), 1609 cm™' (C=C stretching vibration),
1430 cm™! (C-N stretching vibration. For GG-g-PAM hydrogel: broad band at

— Guar gum (GG)

> "’/> -
w— Acrylamide (AM)
= (GG-g-PAM) Hydrogel / \
A a2
w -

1092
/
\

Vah
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Fig.2 FTIR spectrum of native GG, AAM, and GG-g-PAM hydrogels
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Fig. 3 SEM micrographs of, X 500 magnification: a native guar gum polysaccharide and b hydrogel at

3439 cm™! (Overlapping of O-H, N-H), 2943 cm™! (C—H stretches of CH, group),
1658 cm™! (stretching vibration of C=0 in amide group), and 1447 cm™! (C-N
stretching vibration). Characteristic vibration band at 1658 cm™' on hydrogel for
amide group and disappearance of C=C stretching, vibration band at 1609 cm™!
confirmed grafting of AAM on GG backbone [18, 34-38].

SEM micrographs of both GG and hydrogel are shown in Fig. 3a, b. Due to the
grafting of AM onto GG backbone chains, the morphological appearance of GG-g-
PAM hydrogel compared to native GG sample revealed smoother surface and less
roughness than GG surface. The GG polymeric chains become more overlapping,
giving the hydrogel a sponge-like structure.

Surface analysis using SEM and FTIR spectra confirmed adsorption of CR dye
onto hydrogels pores size of 80 pm masked by dye particles. The strong morphology
change of the microstructure of hydrogel (Fig. 3a) than native GG (Fig. 3b) indi-
cated that the hydrogel is chemically and physically cross-linked containing biode-
gradable and nontoxic guar gum. As previously reported [39], 'H-NMR spectrum of
AAM, GG, and the hydrogel (Fig. 4a—) confirmed the high grafting percentage of
GG by poly AAM. There is a slight proton shift in AAM due to the less number of
protons in its molecular structure containing protons in the amide group [17].

The 'H-NMR spectrum of GG showed the characteristic chemical shift for pro-
ton in group and non-equivalent proton shifts in hydroxyl groups. The 'H-NMR
spectra of the hydrogel showed the shift of GG signals toward lower field, since the
extensive formed hydrogen bond between H atom and either (N or O) leads to the
decrease in the n-electron density on AAM. The shift magnitude is higher with sig-
nals due to multiple in the hydrogel that exhibits new signals at chemical shift, the
range 3—4 ppm that are assigned to the proton of (CH=N*—H) group of AAM after
successful grafting to guar gum. Downfield shift of the signals corresponding to H*
of GG sugar rings is caused by deshielding effect of positive hole left on these rings
after the interaction with AAM [17].

The thermal stability of native GG and hydrogel was clearly exhibited by TGA
and DTA thermograms. Figure 5a, b for GG showed a three-stage thermogram:
starting from 30 to 175 °C with 13% weight loss (wt. loss) due to dehydration,
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Fig.5 a TGA and DTG thermograms of GG, b TGA and DTG thermograms of GG-g-PAM hydrogel

60%wt. loss from 175 to 366 °C due to cleavage of galactose and mannopyranose
of GG backbone, and 27% wt. loss from 366 to 550 °C due to decomposition
of galactose and mannopyranose units. In hydrogel: degradation starts from 100
to 220 °C with 8% wt. loss due to dehydration increasing final temperature of
this stage due to difficulty of removing physically absorbed water from hydrogel
pores, 23% wt. loss from 220 to 350 °C due to cleavage of galactose and manno-
pyranose of GG backbone, 24% wt. loss from 350 to 470 °C due to decomposi-
tion of galactose and mannopyranose units. 45% wt. loss from 470 to 700 °C is
attributed to degradation of PAAM and cross-linked hydrogel. Hydrogel is more

Table 3 Decomposition

temperatures of GG and GG-g- Sample Weight loss (%) at different temperatures

PAM hydrogel 150 °C 250 °C 350 °C 450 °C 550 °C
GG 13% 17% 70% 88% 99%
Hydrogel 3% 14% 32% 53% 2%
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Fig.7 pH,,. of GG-g-PAM hydrogel by pH drift method
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pH

thermally stable than native GG. The percentage wt. loss at different temperature
intervals for GG and hydrogel samples is listed in Table 3, and the comparison
between TGA of both samples is represented in Fig. 5b.

Comparative TGA thermogram of GG and hydrogel represented showed that
the grafting of GG by PAAM enhanced the thermal stability of the hydrogel, Fig.

6.
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Fig. 8 Swelling ratio (%) of GG-g-PAM hydrogel in deionized water at pH 1

Point of zero charge (PZC) of prepared (GG-g-PAM) hydrogel

Figure 7 shows that pH,,. of hydrogel at pH 4.0. Below pH,,., hydrogel surface is
positively charged favoring adsorption of anionic ARS8 dye via electrostatic interac-
tion, while the above pH,, hydrogel favors the adsorption of cationic dyes [19].

Wastewater contains ARS8 dye which is acidic (pH 3.1). Hence, the surface of the
hydrogel carries a positive charge at this pH and effectively adsorbs the anionic AR8
dye using its positively charged functional groups.

Swelling of the hydrogel is affected by: immersion time, polymer composition,
solvent, specific surface area, percentage of the cross-linker, pore size and hydrogel-
hydrophilic groups. Swelling of 0.1 g hydrogel in deionized water via at pH 1 for
different time intervals, the obtained data are represented in Fig. 8. The percent of
swelling ratio (%SR) initially increased with time till equilibrium at which no fur-
ther increase in water uptake with time. The %SR was 1360% after 20 min. The
swelling of the hydrogel may be due to protonation of: hydroxyl (—-OH) groups of
GG at low pH and acryl amino groups (CONH,) of which resulted in electrostatic
repulsion between the same charged ions. The observed equilibrium may be due
to the full occupation of hydrogel pores which restricted the entry of further water
molecules into the pores of the hydrogel [20].

Swelling % varies with time as logistic population growth function, initially the
swelling % increased exponentially with time, and then the swelling % reached
asymptote after 20 min. The high swelling percentage 1400% of the hydrogel by
aqueous solution at pH 1 reflected its high ability to absorb the toxic reactive AR8
from the polluted aqueous solution at 20 min. The high swelling percentage 1400%
of the hydrogel by aqueous solution at pH 1 reflected its high ability to absorb the
toxic reactive AR8 from the polluted aqueous solution at 20 min. The constant
value of % swelling after 20 min. indicated that this time period is the optimum
contact time for swelling the hydrogel in the aqueous solution. The prepared super-
absorbent hydrogel in our study has swelling percentage (1400%) exceeding that
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Fig.9 Effect of pH on adsorbed quantity of AR 8 dye

of chitosan/poly (acrylamide) normal hydrogel (185.3%). The absorption capacity
superabsorbent hydrogels is 100 times higher than that of the conventional hydrogel
belonged to hydrogels.

Effect of operational parameters on AR8 dye removal

One-way analysis of variance is applied in order to test significant differences in
effects among operational adsorption parameters on adsorbed quantity of ARS8
dye on hydrogel to test significant differences in effects among these parame-
ters (significance level was set at probability (p) < 0.05). All adsorption data are
expressed as average + standard deviation.

Figure 9 shows the adsorbed quantity AR8 dye at equilibrium on the hydrogel
at the pH range from 1.0 to 9.0. All the adsorption data were carried out in tripli-
cates, and the mean of the average was taken. With a limited standard deviation,
the absorbed amount of ARS8 dye is decreased from 18 mg.g™! at pH 1 to 8 mg.
g latpHO.

Where the error bars cross over one other, the effect of pH on the adsorbed
quantity of ARS8 dye appears to be the same for pH 1 and 2. With pH 5-9, a simi-
lar impact is observed. Beyond pH, there appears to be no substantial variation in
the percentage of ARS8 dye removed. As a result, the real pH effect ranges from 2
to 5.

The average adsorbed quantity is decreased on increasing pH. All trials showed
a significant effect of pH (p < 0.05).

This reflects the electrostatic adsorption mechanism of anionic ARS8 dye on
cationic hydrogel. Maximum adsorption capacity of ARS8 (gq,) at pH 1.0 is due to
available extensive protonated NH; and OH,* as effective binding sites for AR8
dye. Adsorption capacity (g,) of AR8 dye dropped from (18 mg.g™") to (8 mg.g™")
with increasing pH (5-9). This decrease in ¢, is because high OH concentration
deprotonates amino (NH*;) and hydroxyl groups (OH,*) that attract anionic
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dye [22]. The effect of % G for four hydrogel grades on % removal dye and the
adsorbed quantity (mg. g~!) is represented in Figs. 10 and 11. Removal percent-
age increased from 47 to 66% as % G increased from 60 to 892%. Adsorbed
amount (mg. g~') increased from 12 to 17 for the same increase in %G due to
increasing number of grafted NH, functional groups on backbone polymeric
chain of GG.
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The variation of removal % and removed quantity, g,, of AR8 dye (from waste-
water through adsorption) showed python frequency histogram where the highest
value of these two parameters is achieved at 892% grafting yield of hydrogel.

The effect of contact time on quantity of adsorbed dye is shown in Fig. 12. The
adsorbed quantity increased rapidly in first 10 min. (12 mg. g~!) due to the presence
of more available vacant sites and increasing the concentration gradient between
adsorbate in solution and adsorbate on hydrogel surface, and then increased gradually
reaching equilibrium state at 60 min. (16 mg.g™!). Over time, concentration gradient
decreases because of dye molecules accumulation in vacant sites, so adsorption rate
becomes limited [23].

The optimum contact time for the removal of ARS8 is comparable to the removal of
the same dye using photodegradation [28] and Cu,0@TiO, nanocomposite [30]. Also
optimum pH (1) for ARS8 dye adsorption on hydrogel prepared in this study is consist-
ent to pH of anionic dyes [28, 30].

Up to 40 min of contact time had a significant effect on adsorption (p 0.05). How-
ever, increasing the interaction time to 40 min had no effect (p > 0.05).

Linear fitting of the adsorption data to the common kinetic models data is rep-
resented in Fig. 2SI-4SI. Plot log (g,_g,) against time (f) for pseudo-first-order
kinetic model (Fig. 2SI) yields a nonlinear regression relationship (small correlation

Table 4 kinetic parameters of
pseudo-second-order model for
adsorption of ARS8 on hydrogel ky (g mg~!. min~!) q, (mg. g h R? (MSE)

e (exp. (M- g”") Pseudo-second-order kinetic model

16 0.0174 16.72 0.996 0.010
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coefficient, R*2 0.4687, and high mean squared error, MSE (0.373), indicating that
ARS8 dye adsorption on hydrogel does not fit this kinetic model. Plot #/g, versus time
(Fig. 3SI) showed good linear fitting: 1/k,q,%, 1/g, are intercept and slope of the straight
line, respectively (R* 0.996), indicating that the adsorption kinetics followed pseudo-
second-order kinetic [15, 17]. All parameters and corresponding linear regression are
listed in Table 4.

The high value of R* (0.996) and low value of MSE (0.010) reflect the good lin-
ear relation between the adsorption data and time. The adsorption kinetic followed the
pseudo-second-order model.

Figure 4SI shows fitting of adsorption data to intraparticle diffusion model. Non-
linear relation between qt versus 2 (R2 0.81, MSE 0.061) indicates that intraparticle
diffusion of dye molecules is not the only rate controlling step for dye adsorption on
hydrogel surface. Hence, this model is not suitable for describing adsorption kinetic
of dye molecules on surface of hydrogel. Figure 5SI shows that adsorption data not
fitted Elovich model kinetic model (R? 0.892, MSE 0.071). ARS8 dye adsorption onto
hydrogel is not controlled by chemisorption and ion exchange mechanism. The phy-
sisorption of dye molecules is the predominant adsorption mechanism.

Removal % and adsorbed quantity (mg.g™!) using different hydrogel dosage are
shown in Fig. 13a, b. The % dye removal on using 0.5 g.L~! hydrogel is 34.0%; with
increasing the dosage, it reached a maximum value of 87% at 8.0 g.L=! hydrogel.
Using hydrogel dosage above 8.0 g. L™!, % dye removal remains almost constant,
indicating that dose of 8.0 g. L™! is sufficient for optimum dye removal. Increas-
ing % dye adsorption with increasing hydrogel dosage in first stage could be due to
greater availability of the exchangeable sites of hydrogel. The leveling of removal
(%) at a high hydrogel dosage is attributed to the maximum exhaustion of dye upon
using 8.0 g.L~! adsorbent dosages. The adsorbed quantity ARS8 decreased from 34 to
5.5 mg. g~! with increasing hydrogel dose from 0.5 to 8.0 g.L ..

High removal percentage, 87% ARS8 dye by the hydrogel is much higher than
many values [19, 28, 30, 31, and 39]. The adsorbed amount of the dye at equilibrium

80 - - 28 |-

q,(mg.g”)
8
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Removal %

! ! ! ! !

Hydrogel dose, g.L"

(a)

=

Hydrogel dose, g.L"

(b)

Fig. 13 Effect of GG-g-PAM hydrogel dose on: a % dye removal (n=3, SE+0.40), b adsorption capac-
ity of hydrogel (n=3, SE+0.29)
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Fig. 14 Effect of initial dye concentration on: a Removal% (n=3, SE+0.47), b adsorption capacity of
hydrogel (n=3, SE+0.53)

decreased with increasing the dosage of the hydrogel. Hydrogel dose has a signifi-
cant effect below 8 mg.L~! (p 0.05), but above this value, the elimination percentage
becomes limited (p > 0.05).

Figure 14a, b shows that percentage of ARS8 dye removal dropped from 68 to 20%
on increasing its initial concentration from 50 to 500 mg.L~!. This finding is due to
the fact that at low dye concentrations there are sufficient unoccupied active sites on
hydrogel for attraction of more dye molecules, whereas at higher dye concentrations
there are a limited number of un-occupied active sites which causes competition
between dye molecules for adsorption; consequently, the removal % dye decreases
[25].

When the original dye concentration (Ci) is increased to 300 mg.L™", the removal
efficiency drops considerably. (p <0.05). The removal % does not change signifi-
cantly with increasing Ci above this optimal Ci (p > 0.05).

Figure 14 b shows that the adsorbed quantity (mg. g~!) of ARS8 dye increased
from 17 to 44 mg. g~! with increasing ARS8 dye concentration from 50 to
300 mg. L™ and becomes constant after this concentration. This is because at higher
dye concentration there is high driving force to overcome mass transfer resistance of
ARS8 dye between solid and aqueous phases and accelerating diffusion of ARS8 dye
molecules into adsorbent, so the quantity adsorbed (mg. g~!) increased with increas-
ing initial dye concentration [26],

Figure 15 displays temperature effect on adsorption capacity (g,) of AR8 dye on
the hydrogel. Adsorbed quantity of ARS8 dye is decreased on elevating the tempera-
ture from 20 to 50 °C. The value of g, decreased from 17 to 13 as increasing dye
solubility and its solvation by water retard adsorption, hydrogel-dye interactions
decline due to increasing kinetic energy and the mobility of dye molecules at high
temperature [27].

The optimum low temperature 20 °C for the removal of ARS8 dye by the GG-g-
AAm hydrogel reflects exothermic strong bond formation between the hydrogel and
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Fig. 15 Temperature effect on adsorption capacity of hydrogel (n=3, SE+0.71)

the dye molecules. The exothermic nature of adsorption of AR8 dye on the hydrogel
led to heat energy saving in contrast to endothermic adsorption of ionic dyes on
various adsorbents [19, 28, 30, 31, 39].

Crosstab statistical analysis of all values adsorbed quantity at each adsorption
parameter showed small variance of the values of ge reflecting accurate determina-
tion of this parameter and the probability (p)<0.05) for all tested parameters pH,
contact time, agitation speed, and initial dye concentration temperature are all have
significant effect on the values of ge.

The statistical analysis concluded that increasing contact time, hydrogel dosage,
and starting dye concentration over 40 min, 16 mg.L~!, 300 mg.L~! had no influ-
ence on the proportion of dye that was removed (probability P 0.05). While low val-
ues of all of these parameters had a significant effect on removal efficiency (P 0.05),
high values had no effect.

The calculated thermodynamics parameters of adsorption of ARS8 dye are col-
lected in Table 5. Standard Gibbs free energy (AG® ), standard enthalpy (AH® ),
and standard entropy (AS° ) were calculated using equations ( 22-24, SI). Using

ads.

Table 5 Thermodynamic data for AR8 dye adsorption on hydrogel at different temperatures

Temperature (°K)  AG,,° (kJ.mol™") AH 4, ° (kJ.mol™") AS,4,° (.mol " K™
293 -1.61 -15.17 -46.76

303 -0.81

313 -0.42

323 -0.21
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Fig. 16 Adsorption isotherm of AR8 dye on GG-g-PAM hydrogel

Table 6 Langmuir separation factor (R;) at different initial ARS8 dye concentrations

Initial AR8 concentration (mg. L™ 50 100 200 300 400 500
R, 0.5542 0.3846 0.2940 0.2380 0.2000 0.1724

adsorption data at different temperatures, AH® ;. and AS°_,. are calculated by plot
InK, versus 1/T using linear regression method (Fig. 6 SI).

The negative values AG®, ;. confirmed feasible and spontaneous adsorption at
the described experimental conditions. The negativity of AG® ., decreased on rising
temperature indicates that adsorption process is less favored and less spontaneous
at high temperatures [29]. The values of AG®,,; are less than — 20 kJ.mol™" signi-
fying predominance of physisorption [29]. NegativeAH® ,; indicating exothermic
adsorption and its low value indicated physisorption. The low AH® values counsel
that weak energies are concerned within AR8 dye adsorption on the hydrogel. Typi-
cally, AH® ,; for physisorption ranges from — 4 to — 40 kJ. mol™' and from — 40
to — 800 kJ. mol™" for chemisorption. Negative AS®,,, reflects hydrogel affinity to
the dye molecules and suggests strong interaction giving more ordered adsorption
system [28].

Figure 16 shows the S-shaped adsorption isotherm of ARS8 dye at 20 °C, equilib-
rium concentration and different initial concentrations of ARS8 dye.

Up to the initial dye concentration 400 mg.L~!, the residual dye concentration is
limited to 40 mg/g hydrogel. This adsorption mechanism followed Type I adsorption
isotherm according to IUPAC classification indicating strong interaction between
dye molecules and active sites of the hydrogel.

Hydrogel adsorption capacity for AR8 dye was estimated by fitting adsorption
data to Langmuir and Freundlich adsorption isotherms (Figs.7SI, 8SI). Langmuir
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Table 7 Adsorption parameters -1 -1 2
. K; (L. R
obtained from Freundlich and O, (mge™) K (L.meg)
Langmuir equations Langmuir parameter  54.054 88 0.951
1/n K;(mg. g™, (L.mg™") R
Freundlich parameter 0.334 203 0.963

plot ;—“ versus C, (7SI) showed good linear fit straight line (slope equals 1/Q,, and

interceept equals 1/K; Q,). Langmuir constants for adsorption of ARS8 onto hydrogel
are 0, (maximum adsorption capacity) 54.054 mg. g !, K; (Langmuir constant
8.8x 107 L. mg~!, R? 0. 951. To describe ARS8 adsorption, a dimensionless separa-
tion factor or equilibrium parameter (Ry) is considered: Ry >1, 0<R; <1,=0 for
unfavorable, favorable and irreversible adsorption, respectively (Table 6).

Values of Ry, range from 0.5542 to 0.1724 indicating favorable adsorption of AR8
onto hydrogel surface.

Freundlich plot log (q,) versus (log C,), Fig. 8SI gives good straight line
(slope =(1/n), intercept=(log K)). Adsorption parameters collected in Table 7.

K, 203 mg.g~! or L. mg™}), 1/n 0.334, R? 0.963. Langmuir adsorption isotherm
model fitted well with experimental results compared to Freundlich equation based
on correlation coefficient (R?). Hydrogel surface is majorly made up of homogene-
ous adsorption sites and less heterogeneous sorption sites. Maximum adsorption
capacity, Q,, 54.054 mg.g~! is almost closer to experimental maximum capacity
(44 mg.g~"). This value of maximum adsorption capacity is in a good agreement of
hydrogel of poly (acrylic acid)-g-starch 41.7.0 mg.g~! for methylene blue (MB) dye

L] v ] v )
i | I Removal %ARS dye | |
60 |- B
0 s I s I
1 2 3

Number of reusability cycles

8

%Removal ARS8 dye

N
o

Fig. 17 Reusability of GG-g-PAM hydrogel for adsorption of AR8 dye (n=3, SE+0.76)
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[31]. The adsorption mechanism of ARS8 dye by GG-g-PAM hydrogel is depicted in
SL

Reusability study (adsorption-desorption cycle)

Hydrogel reusability is examined to determine its feasibility for industrial appli-
cation. The dye adsorbed on GG-g-PAM hydrogel was effectively recycled using
1.0 M NaOH solutions because the screening effect of OH™ on adsorbent surface
greatly weakened the electrostatic interactions between the hydrogel and dye mol-
ecules. Figure 17 proves that hydrogel still had a good adsorption capacity removal
percentage of the dye still exceeding 50% for three consecutive cycles (adsorp-
tion—desorption cycles). The results confirmed that the hydrogel is mechanically
stable and can be applied as a reusable adsorbent for pollutants dyes in the field of
industrial wastewater treatment. Further increase in the reuse cycles beyond three
cycles decreased the mechanical properties of the adsorbent in which the hydrogel
network started to disintegrate.

Adsorption mechanism for removal of reactive dyes by large surface area-adsor-
bent hydrogel involved physisorption through electrostatic interaction between dye
molecules and the functional groups on the hydrogel interaction. The decrease in
the removal percentage of the dye at cycles 2 and 3 suggested the contribution of
chemisorption involve chemical bond formations that are difficulty broken in 1.0 M
NaOH.

Strong change of the microstructure of the hydrogel and the red color of the dye
after adsorption suggested the contribution of the chemisorption mechanism with
the physisorption mechanism, and the negatively charged ARS8 dye electrostatically
attracted to positively charged functional groups in the surface of the hydrogel.

Figure 18 confirms the efficient adsorption of ARS8 dye on the hydrogel with
respect to the color change of the dye and microstructure of the hydrogel.

Before adsorption, AR8 dye in contact to the hydrogel adsorbent at the opti-
mum conditions has dark red color, after adsorption the color of ARS8 becomes
very faint pink due to efficient incorporation of the dye molecules into the pores
of the hydrogel. The relatively smooth surface morphology becomes very
coarse after adsorption and the entrapment of the dye molecules into the pores
of the hydrogel. Grafted acrylamide onto GG increased the function groups for

uondiospy

25kV X500 SOkm

Fig. 18 Change of dye-color and hydrogel-microstructure after adsorption
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chelation of AR8 dye. Removal efficiency was higher that reached 70% at 5th cycle
of adsorption—desorption.

The work carried out in this study is reproducible, and hydrogel can be prepared
in commercial scale for benefits in all society for wastewater treatment. The bio-
degradability, low cost and sustainable natural guar gum (GG) polymer make it is
favored to formulate GG-AAM hydrogel as an efficient alternative biodegradable
adsorbent for a sustainable system of wastewater treatment. Quite high costs are
required for synthesis adsorbents such as activated carbon which requires very high
temperature for pyrolysis of organic matter from plants residue, and anfunctional-
ized silica gel requires very high cost chemical reagent. It is possible to formulate
guar gum-AAM hydrogel using microwave-assisted method in a large commer-
cial scale to use guar gum-g-poly (acrylamide) hydrogel as efficient adsorbent for
removal of dyes on a higher scale in companies of wastewater treatments, such as
sewage-sludge treatment plants in various industry or society. Hence, Table 8 repre-
sents the simplified techno-economics costs of using guar gum-g-poly (acrylamide)
hydrogel as adsorbent for removal of dyes according to the price of chemicals in the
international Co. for chemical products, 2021.

The adsorbent hydrogel prepared for dye removal from wastewater include is
cost, and dye adsorption on hydrogel is safe to the environment causing no toxic
products. Dye removal from wastewater by using this hydrogel is facile, feasible,
simple, rapid and efficient [2].

The most efficient hydrogel is grade 4 has the chemical composition and costs as
represented in Table 8.

The weights of the chemical constituents required for the preparation of the
hydrogel are all minor quantities.

Conclusion

In this study, a hydrogel was prepared by grafting acrylamide (AM) onto GG poly-
meric chains in the presence of APS initiator and MBA cross-linker using micro-
wave-assisted method. The efficient grafting reaction as strongly confirmed by
FTIR spectroscopy (the characteristic absorption at 1658 cm™' in the GG-g-AAM
hydrogel confirming the amide group of AAM and the disappearance of stretching
vibration of C=C band of AAM at 1609 cm™!., The SEM micrographs confirmed
the change in surface morphology of GG-g-PAM hydrogel against native GG. The
maximum dye removal (66%) percent was attained at percentage of grafting (892%).

Table 8 Economic study for formulation of guar gum-acrylamide hydrogel adsorbent

Item Guar gum  Acrylamide N, N-Methylen- Ammonium persulfate =~ SHARPmi-
4129-250 ebisacrylamide crowave Solo
20L
Weight (g) 1.0 10 0.0226 0.3 800 Watt
Unit price ~ $1.0 $210.6 $280.1 $0.72-$3.84 $16 dollars
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The percentage of dye removal on using hydrogel dosage of 0.5 g. L™! is 34%. This
percent increased by increasing the hydrogel dosage and reached 87% at 8.0 g. L™!
hydrogel dose. The adsorption data linearly fitted with Langmuir adsorption model
(maximum adsorption capacity of 54.054 mg. g~!), and the adsorption followed
pseudo-second-order kinetics assumes that valance forces through electrons trans-
fer between the dye molecules and the hydrogel are involved in adsorption. The
adsorbed quantity (g,) decreased with rising the temperature, and the maximum
adsorption was obtained at 20 °C indicating that dye adsorption is exothermic in
nature. This finding is confirmed from the negative value of AH_,; The spontaneity
of dye adsorption on the hydrogel is confirmed from the negative value of AG,,,
The hydrogel is an economical, non-toxic, efficient, safe superabsorbent with high
absorption capacity for the wastewater treatment from the acidic dyes.
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