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Comprehensive analysis of cationic dye removal
from synthetic and industrial wastewater using
a semi-natural curcumin grafted biochar/poly
acrylic acid composite hydrogely

Elias Mosaffa,?® Rishikumar Indravadan Patel,?® Atanu Banerjee, © * Biraj. B. Basak®
and Maryam Oroujzadeh®

Polymer composites offer a tailored framework as an exceptional candidate for water treatment due to their
tunable chemical structure, porous 3D architecture, physiochemical stability, accessibility, pH-sensitivity
and ease of use. In this study, curcumin-engineered biochar is embedded into a cross-linked polyacrylic
acid hydrogel matrix using in situ polymerization for developing a semi-natural adsorbent for the
removal of cationic dye from an aqueous solution. The physicochemical features of the generated
composite hydrogel are significantly influenced by the implementation of curcumin-grafted biochar into
the polyacrylic acid substrate. Comprehensive characteristic approaches were employed to explore all
aspects of the adsorbent's properties, especially its removal efficacy. The methodical adsorption study
was accomplished by monitoring dynamic factors such as pH, adsorbent content, time frame, and initial
dye concentration. The presence of the porous aromatized structure of biochar, active oxygen-enrich
functional groups (carboxyl, hydroxyl, keto, enol, ether) coupled with the conjugated curcumin structure
facilitate the effective establishment of hydrogen bonds, electrostatic interactions, w—m interactions,
electron donor—acceptor and charge-assisted H-bonding with the malachite green (MG) and rhodamine
B (Rho) molecules. The highest adsorption capacities of MG and Rho reached 521 mg g* and 741 mg
g~! respectively, in the range of neutral pH, considering their molecular nature, functionalities, and
unique adsorption mechanisms. The isothermal modeling was carried out with Henry, Langmuir,
Jovanovic, Freundlich, Temkin, and Koble—Corrigan models to determine the adsorption system.
Additionally, the kinetic data were assessed with Bangham, pseudo-first-order, pseudo-second-order,
intra-particle, and liquid film diffusion models to ascertain the rate-limiting phase. The Koble—Corrigan
and Langmuir isotherm models (R? > 0.997) as well as pseudo-second-order (R? > 0.998) and Elovich (R?
= 0.983 and 0.995) kinetics models provide a substantial level of concordance with empirical findings.
The analysis of non-linear diffusion models revealed that the Bangham (R? > 0.995) pore and liquid film
diffusion (R? > 0.960) models has major influence on the rate of the adsorption procedure. The binary
adsorption test demonstrated higher efficacy of the synthesized adsorbent in the removal of malachite
as compared to rhodamine. This study sheds light on the design of a cost-effective semi-natural
polymeric composite for treating dye-polluted wastewaters, a major milestone toward environmental
and ecological sustainability.

1 Introduction

Undoubtedly, the water pollution crisis can be considered the
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foremost challenge confronting humanity and can dramatically
harm ecosystems and natural processes. Four hundred and fifty
millions of children are among the 1.42 billion people who
reside in regions with high or extremely high-water vulnerability
today." According to a WHO report in 2021, 884 million people
suffered from a lack of access to safe drinking water, which
resulted in the daily loss of 2195 children, more than AIDS,
malaria, and measles altogether.”> Water pollution can be
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considered the growth of the population can exacerbate this
situation through the expansion of the industrial sector, agri-
cultural landfills, and the industrialization of mining activities.?
Heavy industries (steel, automotive, transportation),® textile,
petrochemical, dyeing, pharmaceutical, and chemical (fertil-
izers and pesticides) are the main pollutants originators of
surface and underground water.> The major contaminants in
water bodies can be categorized into organic compounds (dyes,
phenols, and pharmaceuticals®), inorganic pollutants (toxic’
and heavy metals),® pathogens, suspended particles, nutrients,
agro-pollutants (pesticides and fertilizers),” and thermal and
radioactive substances.’ Dyes are chemical substances that
exhibit inherent risks which are extensively utilized across
various sectors, such as textiles, plastics, food processing,
dyeing, pulp and paper production, carpet making, printing,
medicines," cosmetics, and photoelectric technology.'”
Replacing conventional dyes with modern dyes with complex
structures and higher chemical, thermal, photochemical,** and
biological degradation resistance, making their degradation
even more complicated.” Dyes-colored water can impede
sunlight penetration and elevate microorganism oxygen
demand.® Even a trace amount of dyes (1.0 mg L") can be
unsafe for human and animal consumption due to their carci-
nogenicity, reproductive and developmental toxicity, neurotox-
icity, and chronic toxicity.’®* Rhodamine B (a xanthine organic
dye) and malachite green (a triarylmethane dye) have enormous
applications in fluorescence staining, leather and paint
manufacturing, textile dyeing,"” paper printing, glass produc-
tion, fungicides, and ectoparasiticides in aquaculture, as well as
in food additives and cell staining, respectively.'® The observa-
tion of MG residues in fish tissue suggests the potential entry of
this toxic chemical into the food chain and endangers human
health." To date, a variety of approaches namely ion exchange
membrane separation,” Bioremediation,”** photochemical
degradation, electrocoagulation,” adsorption, and fenton-
biological degradation®** have been developed to treat dye-
laden wastewater. The adsorption approach is widely favored
owing to its cost-effectiveness, ease of implementation,
outstanding effectiveness, and ability to facilitate sludge-free
cleaning operations.*® The unique properties of metal-organic
frameworks,”” metal oxide, carbon-based nanomaterials (such
as graphene, single/multiwall carbon nanotubes, and carbon
fibers), porous adsorbents such as clay, fly ash,® zeolite, sepio-
lite, activated carbons, bionanomaterials,?® natural and
synthetic polymers, and agro wastes products (biochar) made
them potential candidates for the removal of dyes.*” Biochar has
garnered attention in the field of environmental research due to
its large surface to volume ratio, relatively low density, afford-
ability, tolerance to high temperatures, and oxygen-containing
functional groups (-COOH, -OH, -OCHj3, and phenol).** The
application of biochar in wastewater treatment is now being
widely researched, with a particular emphasis on its potential
for adsorbing medicines, toxic metals, dyes, chemical pesti-
cides, and organic molecules. In particular, several composites
of biochar and their derivatives with natural polymers (cellu-
lose,* alginate,® chitosan,*) as well as synthetic polymers
(acrylamide,®  polyaniline,* polysiloxane*) have been
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synthesized to develop effective adsorbents for the elimination
of chemical contaminants such as Co(u), crystal violet, Congo
red, MG, Pb(u), antibiotics. Moreover, a substantial amount of
work has been dedicated to enhancing the effectiveness of
pollution removal by optimizing the quantity and composition
of surface functional groups.*® Oxidation (H,O,, KMnO,, HNOj3,
or an HNO;/H,SO, mixture treatment),”” amination,*®* and
H;PO, treatment® stand out among surface modification
methods due to their positive impact on redox potential, active
surface area, surface charge, particle size, and hetero atom-
containing functional groups which may result in increased
wettability and pollutants removal. Today, the utilization of
biomaterials such as curcumin, gingerol, papain, caffeic acid,
and gluconic acid for surface modification has gained signifi-
cant attention among researchers due to their abundant avail-
ability, biodegradability, cost-effectiveness, and versatile
structures. Incorporation of curcumin treated boehmite nano-
particles in PES ultrafiltration membrane shows boosted
removal efficiency against heavy metals.** In light of the above
background, a hypothesis has been proposed suggesting that
the integration of curcumin-modified biochar into the cross-
linked network architecture of polyacrylic acid (PAA) gel may
enhance the absorbency and physical characteristics of the
adsorbent composite. It is anticipated that the introduction of
curcumin to the surface of biochar with keto/enol, phenol, and
methoxy functional groups of benzene rings, along with the
conjugated structure, without the use of environmentally
incompatible reagents, would boost the removal efficiency of
the developed polymeric adsorbent. The synergistic effects of
curcumin@biochar and the physicochemical properties of the
proposed sorbent-gel were investigated using systematic anal-
yses. The removal efficiency of the fabricated adsorbent was
gauged using Rho and MG dye solutions. The impact of various
independent variables like pH, dye concentration, adsorbent
dosage, and time intervals was explored in order to thoroughly
probe the validity of this hypothesis. The binary adsorption test
was carried out to assess the presumed selective adsorption of
dyes. Finally, the adsorption mechanism and rate-limiting stage
were systematically elucidated using six non-linear kinetic and
six isothermal models. Therefore, the biochar@curcumin/PAA
adsorbent was discovered to be highly regenerate over seven
cycles and hence suitable for engineering ecologically sustain-
able adsorbents for the treatment of water sources, suggesting
its potential for the removal of other pollutants in future
researches.

2 Experimental
2.1 Materials

Malachite green (Cy3H,5CIN,, 98%), rhodamine B
(Cy8H3:CIN,03, =95%), acrylic acid (AA, C3H,0,, 99%), azobi-
sisobutyronitrile (AIBN, [(CH;3),C],N,, >98%), (3-chloropropyl)
trimethoxysilane (CPTMS, Cl(CH,);Si(OCH3);, =97%), were
acquired from Merck Millipore Co (India), and hydrochloric
acid (HCl, 37%), sodium hydroxide (NaOH, 99%), N,N'-methyl-
enebisacrylamide (BMA, C;H;(N,0,, 99%), were also purchased
from Loba chemie Co (India) and employed without any

© 2024 The Author(s). Published by the Royal Society of Chemistry
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additional purification. The fresh rhizoids of Curcuma longa
were purchased from domestic suppliers. The crude biochar
was acquired from the ICAR Division of Medicinal and Aromatic
Plants Research in Anand.

2.2 Curcumin extraction

A modified solid-liquid extraction method was applied to
prepare a fresh curcumin solution from raw Curcuma longa
rhizome.*" 200 grams of raw rhizoids were dried for 24 hours at
room temperature under airflow. The dry sample was pulverized
and sieved. A solid-to-solvent ratio of 1 : 8 was used to disperse 8
grams of the obtained powder in ethanol for 1 h using an
ultrasonic probe, followed by 2 hours of vigorous stirring in an
inert atmosphere at room temperature. The solution was
filtered, and curcumin was collected in the ethanol media and
stored in a dark and cool environment to minimize decom-
posing rate.

2.3 Curcumin functionalized biochar

To functionalize biochar with curcumin, 0.5 g of untreated
dried biochar powder was suspended in 10 mL of anhydrous
toluene using a sonicator for 30 minutes. The mixture was then
given 0.5 mL of (CPTMS) and stirred for 24 h at 80 °C under an
inert atmosphere. The product (Bio@CPTMS) was collected and
washed several times using isopropyl alcohol and dried over-
night at 60 °C. Afterward, curcumin grafted biochar (Bio@-
CPTMS@Cur) was obtained via a uniform dispersion of 0.2 g of
Bio@CPTMS in 20 mL of curcumin solution in a sonicator for
30 min. The mixture was refluxed for 20 h at 70 °C under N,
environment. The desired product was isolated, washed three
times with 20 mL of ethanol/water solution, and dried for 24
hours at 70 °C.

2.4 Preparation of hydrogel adsorbent

The composite adsorbent was synthesized based on our previ-
ously published work.*” Bio@ CPTMS@Cur (0.05 g) was soni-
cated for 1 hour in 5 mL of deionized water. The mixture was
then supplemented with 2.162 g (0.03 mol) AA and 0.092 g MBA
(2 mol% with regard to monomers) and continuously stirred
while being protected by N,. The reaction was conducted at 80 °©
C with the addition of 0.098 g of AIBN initiator (2 mol% con-
cerning monomers) till the successful synthesis of the hydrogel.
The formation of gel was confirmed by tube inversion test
(Fig. S11).**** The composite gel was cut into thin pieces and
agitated in a deionized water bath for one day to remove any
unreacted residue. The prepared adsorbent was freeze-dried in
a lyophilizer for additional study and batch experiments (Fig. 1).

2.5 Adsorption experiment

The study evaluated optimal dye adsorption parameters by
analyzing pH levels (3 to 10), treatment time (0 to 180 min),
initial dye concentrations (10 to 1200 mg L™ %), and sorbent
dosages (1 to 3.5 g L™'). The experimental batch sorption
procedure involved the addition of 10-35 mg of
biochar@curcumin/PAA adsorbent to 10 mL of Rho and MG

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic presentation of adsorbent synthesis.

containing dye solution at various pH values. The resulting
mixtures were subjected to agitation at a temperature of 25 °C
and a rotational speed of 600 rpm for different durations. The
heterogeneity of the adsorbent structure resulted in its efficient
and straightforward removal from the solution following the
attainment of equilibrium. The residual dye concentration was
determined using a UV-vis spectrometer at the maximum
absorption wavelength (Ayax, 553 nm) for Rho and (Apax, 617
nm) for MG. Adsorption capacity at equilibrium and removal
efficiency were calculated as:*

0. = M 1)

m

wrE = (G C) c C)

i

x 100 2)

Here C. (mg L") indicates the equilibrium dye concentration,
C; denotes the initial dye concentration, V signifies the dye
solution volume (L), m represents the mass of the adsorbent,
and Q. symbolizes the equilibrium adsorption capacity of dye
adsorbed per gram of the adsorbent (g).

3 Result and discussion

3.1 Characterization methods

UV/vis spectrophotometer (UV2550-Shimadzu, Japan), FTIR
spectrometer (Nicolet 6700, USA), SEM (JEOL, JSM 6010LA,
Japan), thermogravimetric analyzer (Mettler-Toledo, Switzer-
land), and Zeta Potential Analyzer (HORIBA, SZ 100 X, Japan)
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were utilized. Energy dispersive X-ray spectroscopy (EDS) of
adsorbent was executed utilizing a Numerix DXP-X10P. The X-
ray diffraction (XRD) pattern of specimen was attained with
a Bruker D2 Phaser X-ray diffractometer. Flow behavior of
hydrogels was determined by Aton paar rheometer (MCR 301,
Austria).

3.2 Fourier transform infrared analysis of biochar

Identification of functional groups in the multi-step conversion
of substrate to the final product was carried out by FTIR spec-
troscopy. The wide absorption band in the range of 3200 to
3700 cm ' is assigned to the stretching vibrations of the biochar
hydroxyl (-OH) groups and moisture adsorbed onto the surface
(Fig. 2a).* Whereas, the O-H bending and the aromatic C-C
symmetric stretching mode can be recognized between 1380 to
1450 cm ', The distinct stretching vibrations mode of the
aliphatic ether (C-O) functional groups peak appears at
1080 cm™'. Unsaturated C=C and C=0 stretching vibration
appeared at 1623 cm™*.*” The vibrational mode associated with
the stretching of the H-C bonds in the methylene group was
detected at wavenumbers of 2922 cm™ ' and 2858 cm ™ '.*® Fig. 2b
displays the characteristic stretching vibrations of the CPTMS
Si-O linker and Si-C peaks at wavenumbers of 1161 cm ™' and
1107 cm™ ", respectively. The vibrations in the range 800-
613 cm ! corroborate the C-Cl stretching.* The IR spectra of
extracted curcumin, Fig. 2c, displays two peaks at 1627 and
1674 cm ™' that are attributed predominantly to the overlapping
stretching vibrations of alkenes (C=C) and carbonyl (C=0)
character.®® The asymmetric C-H stretching of ~-OCH; groups
appears at 2926 and 2960 cm ™ '.*! The bending vibrations of the
(CO) phenolic group are indicated by a peak at 1281 appeared at
1513 cm™ '.*> A small shoulder at 1732 cm ™" might be attributed
to the vibration of the carbonyl bond (C=0).>* Fig. 2d shows the
IR spectra of curcumin-engineered biochar. In comparison to
raw curcumin, the characteristic peaks of curcumin in
1511 cm™ ' (C=C aromatic), 1625 cm ' and 1676 cm '
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(overlapping stretching vibrations of alkenes (C=C) and
carbonyl (C=0)), 1160 cm™ " and 1276 (C-O of phenolic group)
are distinguishable in the intermediate product. The band at
around 1732 cm ' is suggestive of C=0 stretching in the FTIR
spectrum of biochar@CPTMS@curcumin/PAA (Fig. 2e), and the
peaks at about 1544 cm ™" and 1454 cm ™' are ascribed to the
asymmetric/symmetric  stretching bands of carboxylate,
accordingly.®*

3.3 Elemental analysis

To ascertain the elemental percentage of curcumin-grafted
biochar intermediate and adsorbent, the EDX analysis tech-
nique was adopted (Fig. 2f). According to the EDS data (2.39 at%
Si), the CPTMS linker has been grafted effectively into the bio-
char surface. The presence of chlorine atoms arose from the
unreacted -CH,Cl terminals. A lower atomic percentage of Cl
compare to Si suggests the successful reaction among silane
coupling agent and curcumin molecules. A more significant
carbon percentage (73.57 at%) than the pristine AA (33.46 at%)
is achieved through the inclusion of biochar@curcumin into
the PAA matrix. The presence of K (0.97 at%) and Ca (0.18 at%)
originated from the potassium and calcium elements in biochar
sources.>

3.4 Morphological analysis

The porosity of adsorbents has a significant impact on the
performance of an adsorption process by facilitating the infil-
tration of dye molecules into the voids and pores of the absor-
bent. The hydrogel possesses a unique porous structure with
heterogeneous voids, as evidenced by the SEM micrographs
(Fig. 3). Compared to virgin PAA hydrogel and our earlier
study,** the configuration of the pores and interconnected
bridges between the backbones of the PAA matrix and additive
has undergone a substantial alteration.***” The establishment
of hydrogen bonds amid the carbonyl, ether, and hydroxyl
groups in curcumin molecules and the carboxyl groups in PAA

(f) cpsleV
(e) 1732 70 |® Eleme Wit% At%
G 37.64 73.57
d 1454-1544 60 O 15.2 22:31
(d) 2 g 0.88 0.58
1160-1276 © 50 |« 2.85 2.39
1511 o >
1732 c K 1.61 0.97
C [} =
(©) 1627-1674 A_| 81 £ 40 Ca 0.31 0.18
(>, 2926-1960 N W =7 E 30 -
(b) ' 3200-3500 1513 g ‘
613-800| = 20
1107-1156
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2853-2922 1623 1450 k)
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Fig. 2 FTIR spectra of raw biochar (a), biochar@CPTMS (b), extracted curcumin (c), biochar@CPTMS@curcumin (d), final product (e), and
elemental percentage of biochar@curcumin/PAA composite hydrogel (f).
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Fig. 3 Morphological analysis of adsorbent with different magnitude.

chains and MBA bridges are accountable for the integration of
porous structures comprising both micro and macro holes. The
observation of these permeable structures suggests a height-
ened adsorption efficiency.

3.5 TGA

The thermal stability of PAA has extensive application in the
modification and advancement of heat-resistant materials,
encompassing fibre, coatings, adsorbents, and semi-natural
composites.”® The thermal characteristics of the adsorbent
were elucidated comprehensively across a temperature spec-
trum spanning from 30 to 800 °C. The TGA and DTA curves of
the product breakdown are depicted in Fig. 4a and b. The curves
indicate that at least two distinct endothermic reactions are
discernible according to the maximum values on the DTA curve
associated with the two degrees of TGA mass loss. The endo-
thermic maximum of high intensity (70-300 °C) is attributed to
the elimination of moisture, surface-adsorbed water molecules,
and remnant solvents (EtOH, toluene) resulting in a mass loss
of 61.64% (maximum of almost 263 °C).

The water molecules emerged during the cyclization reaction
are the main products of the beak down process in structural
transformation (Fig. S,at). Intermolecular and intramolecular

0.015

100 e
4 (b)
N/ 40°C -0.035
.-
© g =
—_ P
& 00853
60 <
= 2
K 01358
=40 1352
o
a
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Temperature °C

Fig. 4 TGA (a), DTA (b), and XRD (c) curves of composite hydrogel.
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-
o 3000+

anhydrides produced from adjacent carboxyl groups are
showing prominent stability (Fig. S,b}). Another potential
explanation for the observed mass reduction within the current
range can be credited to the release of water molecules during
the esterification process, comprising enol and phenol groups
of curcumin molecules and carboxyl groups of PAA (Fig. S,ct).
The second stage in mass loss (31.12%), with a maximum at
410 °C in the DTA curve, was hypothesized to be accounted for
the decarboxylation of intramolecular anhydride and its trans-
formation to the cyclic ketone by releasing CO, (Fig. S,df).
Degradation of curcumin, as seen in Fig. S,e,T is another
possible explanation for the mass decrease in this region.

3.6 XRD analysis of the adsorbent

X-ray diffraction analysis can be employed to establish a better
understanding pertaining to the arrangement of polymer chains
and the additive. The XRD patterns of biochar@curcumin/PAA are
illustrated in Fig. 4c with an angular range (26) of 10-90°. The
diffractogram of the product exhibits one conspicuous peak ata 26
value of 20.94° and also a broad peak spanning the range of 29.72°
to 60°. Variations in the crystallinity peak of acrylic polymer within
acrylic-based hydrogels can occur due to the characteristics of
additives and their interactions with the polymeric matrix during
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the polymerization process. The presence of a discernible peak at
20.94° in the PAA diagram signifies the growth of a semicrystalline
structure within the synthesized hydrogel, which aligns with
previous studies. Intermolecular hydrogen interactions involving
the carboxyl groups of polymeric chains, the hydroxyl and carboxyl
groups of biochar, and the grafted curcumin led to 1 to 2 degrees
of shift in the observed peak.” The second expanded peak origi-
nated from the atomic architecture of graphite-like structures in
biochar.* It is postulated that the Si-O characteristic peak, (orig-
inated from the presence of CPTMS linker) has been over-
shadowed by the intense PAA peak. The peak observed at 20 =
29.72° (with an interplanar distance of 3 A) could possibly be
explained by the m-7 stacking interaction occurring inside the
composite hydrogel component, which comprises biochar and
curcumin.®*

3.7 Surface charge analysis

The pH of the solution affects the pHpyc, surface charge type
and density, which have significance for optimal interaction
with charged species. Consequently, measurements of surface
charge were taken five times in each pH range of 1-11, and the
results were averaged. The obtained results are plotted versus
PH in Fig. S;.7 The addition of curcumin-grafted biochar into
the hydrogel matrix alters the zeta potential properties of the
composite material, causing a decrease in -electrokinetic
potential measurements with increasing pH. The pHp;c ob-
tained at the pH of 1.5. The zeta potential has been reported to
exhibit negative values over the entire pH range higher than the
PZC to 11. The carboxyl and hydroxyl groups of the applied
biochar and the carboxylic acid of the PAA in the area of the
slipping plane are the origins of the lowered zeta potential and
negative surface charge.® The second possible source of the
zeta potential drop is the shift of the slipping plane driven by
the presence of the PAA adsorption layer.** The negative surface
charge of the adsorbent in a wide range of pHs provides its
potential interaction with positively charged organic and inor-
ganic species. Considering diverse wastewater pH levels, it can
be inferred that the fabricated adsorbent is applicable to
a broad spectrum of water treatment operations.

3.8 Swelling and contact angle analysis

To examine the impact of biochar@curcumin addition on the
hydrophilicity and swelling properties of the adsorbent, the
contact angle and swelling analysis have been conducted (at
25 °C for 24 hours with a pH range of 3-10), and the results are
provided in Fig. S,.T The tests have been conducted using the
conventional method as described in our prior research.®
Swelling capacity (SC, %) determined using the following
equation:

Wwet - Wdry)

dry

SC% = ( x 100 (3)
Wary and Wy, represent the mass of the sample in its dry and
swelled states, respectively, measured in grams. According to
the data from Fig. S,a,t the adsorbent exhibits diminished
swelling capacity compared to the pure PAA hydrogel. It can be
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hypothesized that the decrease in the adsorbent's swelling can
be linked to the hydrophobic characteristics of curcumin and
graphitized biochar. In both cases, raising the pH of the
medium leads to an increase in the SC% value, which reaches
its maximum in alkaline environments. The abundance of free
hydroxyl and carboxyl functional groups, along with the avail-
ability of non-bonded lone electron pairs on oxygen atoms with
H-bond formation capability, can reasonably explain the
observed change in SC% from acidic to basic regions. The
contact angle analysis performed using the sessile drop
method. As seen in Fig. S;b and c,f the contact angle of the
adsorbent (88.36°) enhanced due to low surface binding energy
compared to pure PAA (63.09°) indicating a decrease in hydro-
philicity of the composite, which proves the swelling data.

3.9 The stability tests

The adsorbent underwent stability tests to assess potential
leaching and dissociation in response to pH variations (3-10)
over a period of 10 days at 25 °C for both composite and pure
PAA hydrogel. To this aim 0.1 grams of the samples was weighed
after being dried overnight and subsequently transferred to
20 mL of distilled water at various pH levels. The swollen
samples were collected after 10 days and dried in an air oven
overnight before being weighed. The following equation is
employed to calculate the recovery rate (RR, %):

War

RR — 4
Wy

% 100 (4)

Here, Wyr and Wy represent the weight in grams of the dried
sample after and before treatment, respectively. Fig. S5T depicts
the stability test with pH alteration. The RR% values changed by
around 2.5% and 2.2% for the adsorbent and pure PAA,
respectively, due to pH variations. This suggests that hydrogel
has acceptable stability compared to pure PAA and a low
dissociation level even in harsh acidic and basic conditions. The
decrease in mass of the composite material in acidic and basic
regions can be attributed to the degradation of curcumin, the
release of short polymeric chains from the hydrogel structure,
and hydrogen-bonded non-reacted monomers.

3.10 Rheological characterization

The rheological behaviour of hydrogel was studied using
a rheometer at room temperature with parallel plate geometry.
The strain sweep test was used to show storage modulus (G')
and loss modulus (G”) over an increasing strain and gave
insight into the linear viscoelastic region (LVR) for the hydrogel
(Fig. Seat). As indicated, the storage modulus gradually
decreased with increasing the strain and after the strain
threshold of 10%, the storage modulus fell below the loss
modulus which shows the viscoelastic behaviour of the hydro-
gel. After studying the linear viscoelastic region by strain sweep
test, a frequency sweep test below the critical strain was per-
formed. The graph in Fig. Sgbt shows that the storage modulus
is significantly higher than the loss modulus. Absence of
crossover frequency shows the permanent chemical cross-
linking in the structure of the hydrogel.®**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The graphs of RE% (a), and Q. (b) as a function of adsorbent dosage.

3.11 Impact of dose of adsorbent

Adsorbent dosage significantly impacts dynamic sites’ abun-
dance, Q., and RE%. Research on polymeric composite dosages
(10-25 mg), with a constant 10 mL of MG (200 mg L™ ") and Rho
(100 mg L") solution was conducted, examining the influence
of adsorbent content at optimized pH, room temperature, and
180 minute intervals. RE% and Q. data are displayed in Fig. 5a
and b. Results imply that Q. values for both adsorbates are
reversely correlated with adsorbent doses, while RE% factors
are raised. A starting dose of adsorbent (10 mg) results in
224.75 mg g~ and 111.53 mg g~ Q. values for MG and Rho,
respectively. The increase in the adsorbent dosage resulted in
an improvement in the RE% values for Rho and MG, respec-
tively, from 94.53% and 93.26% (10 mg of adsorbent dose) to
98.50% and 98.75% (25 mg of adsorbent dose). The prevalence
of vacant dynamic sites on the adsorbent explains these
observations. Adsorbent dosage increases active sites accessi-
bility. Due to restricted numbers of active site and lower
adsorbent contents, contaminating molecules occupy a larger
percentage of active sites, accelerating equilibrium. However,
with high adsorbent concentrations, equilibrium takes longer

eresesee

i
=
=
o
o
(=]
-4
<)
=

to establish, and more adsorbate molecules are effectively
adsorbed due to a lower possibility of vacant active sites fouling.

3.12 Effect of pH on adsorption performance

The process of adsorption exhibits a significant degree of
sensitivity towards alterations in the pH of the feed solution.
Under identical conditions, the Q. and RE% values were
determined in solutions covered a pH range of 3 to 10. The ideal
pH value is profoundly influenced by the structure of the dye
molecules and the active functional groups on the adsorbent
surface. Structures of curcumin-engineered biochar at different
pH and the interactions between dye molecules and composite
are depicted in Fig. S;T and 6 respectively. The values of Q. and
RE% for two dyes at various pH are shown in Fig. 7a and b. As
can be seen, the maximum adsorption of malachite (224.76)
and rhodamine (111.50) was obtained at pH 6 and 7, corre-
spondingly. As the pH rises from 3 to 7, the Q. values of Rho and
MG increases impressively. The high concentration of H' ions
induce the protonation of the adsorbent functional groups; the
formation of these positively charged centers leads to the
repulsion of the cationic dye molecules.®® On the other hand, at

E-Attraction

Fig. 6 Acid—base equilibria of MG and Rho at different pH and efficient interactions.”
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elevated pH (greater than 8), the formation of hydrated Rho ions
and dimer bulk structures (arising from the electrostatic inter-
actions among the carboxyl and xanthene groups of the Rho
molecules) impeded the infiltration of dye molecules into the
adsorbent pores, resulting in lowered adsorption.*® Under
strongly alkaline conditions, deprotonation of the -COOH
group to -COO™ (Fig. 6) results in a repulsive interaction
between Rho and the adsorbent. Fig. 6 demonstrates that
malachite molecules are only found in the cationic form (MG>")
at pH < 2. Whereas by increasing pH (2 < pH < 6.9), the presence
of both positively charged nitrogen centers, as well as non-
bonding electrons of nitrogen atoms, enables the formation
of a compelling electrostatic attraction and a hydrogen bond. At
PHs > 6.9, despite the greater possibility of hydrogen bonding,
the exclusion of cationic nitrogen (lack of electrostatic interac-
tion) reduces adsorption capacity (carbinol).” Due to carboxyl
group deprotonation on biochar surfaces and acrylic acid, the
polymer composite adsorption rate rises with solution basicity.
The lack of aromaticity in the acidic domain as well as the
cationic nature of the curcumin molecule, causes repulsion
with positive dye molecules which impedes effective interaction
with MG®>" and Rho molecules resulting in a diminished
adsorption capacity. Forms B and C may be regarded as active
curcumin species during the adsorption process (Fig. S,1). With
the deprotonation and subsequent activation of the enol and
phenol groups in the curcumin structure, and the deprotona-
tion of the carboxyl group in the Rho molecule, the negatively
charged nature of these active species exerts an inhibitory force
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that leads to a downward in adsorption efficiency.” Adsorption
at a near-neutral pH is crucial for industrial water treatment to
minimize secondary pollution and maintain neutral wastewater
characteristics post-purification.

3.13 Time dependency of adsorption

Adsorption and degradation-based water treatment techniques
necessitate precise intervals for efficiency and resource
conservation, prompting numerous experiments to ascertain
the minimum achievable time. The batch experiment involved
10 mg of adsorbent with a 100 ppm Rho solution at a neutral pH
level for 10 to 180 minutes and a 200 ppm MG solution at a pH
of 6 for 100 minutes. The eqn (5) was applied to calculate the
adsorption capacity (Q,) at time ¢.

G-c)v
m

0 = [5)

Here, C; (mg L") and C; (mg L") depict the initial and
concentration at any time ¢ The solution's volume, and the
mass of the adsorbent, are represented by V (L), and m (g)
accordingly. The effects of contact time on RE% and Q; in dye
removal are illustrated in Fig. 8a and b. It is evident that, the
adsorbent attained saturation after rapidly absorbing MG for an
initial period of up to 100 minutes, at which the RE% and the Q,
peaked at 93.02% and 224.75 mg g~ ' respectively. After 180
minutes, the quantities of Q, (111.50 mg g ") and RE% (94.53%)
have been achieved for Rho, which can be credited to structural
difference and the emergence of multiple types of interaction.

100 = 100 120 240
(a) e (b)
90 * HKoweer * {90 1104 " X . o= Ly
R rd - -
L ¢ 3" step b 100 4 -
80 *,.- * 6t X = ~x L 200
R 2" ste = i * s
- 5 0.5 % o
32 707 5 S @ g oo L180 g
w * w = £ 7 £
& g0l ; 1= &1 ., =
S =5 [ s * * 160 C
& 7 L
7 e [ 140
| L
40 1%t step — 40 504 1/
N / L
A %* Rho{30 sl / —%~—Rho [ 12
304 ¢ * MG * ——MG
T T —TT T 20 30 T T T T T T T T —-100
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180
Time (Min) Time (Min)

Fig. 8 The plot of RE% (a) and Q (b) as a function of time.
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Model Parameter Unit MG Rho
NL-PFO Qcal (mgg™) 215.129 107.197
K (min ™) 0.065 0.032
R’ 0.962 0.969
NL-PSO Qcal (mgg™) 250.129 126.778
k, (g mg™" min™%) 3.217 x 107* 2.977 x 107*
R? 0.998 0.998
NL-IPD ki (mg g~ min*?) 15.783 7.069
I (mgg™) 76.874 24.139
R? 0.913 0.921
L-IPD k (mg g ' min*?) 15.784 7.069
I (mgg™ 76.875 24.140
R? 0.930 0.934
NL-Elovich ap (mg g7 ' min™%) 54.211 11.056
B (gmg™) 0.020 0.038
R 0.983 0.995
NL-LFD Go (mgg™ 215.129 107.197
R (min™* 0.065 0.032
R 0.962 0.969
L-LFD K (min™") 0.002 0.0213
R? 0.871 0.999
NL-Bangham Gm (mgg™) 231.459 116.727
ky 0.139 0.073
n 0.682 0.712
R? 0.995 0.999

The adsorption and availability of the adsorption sites at the
solid-liquid interface could be elucidated by considering the
following processes:

- Bulk diffusion: the adsorbate species are migrating from
the bulk of the solution to the liquid layer encircling the solid
adsorbent in this phase.”

- External diffusion: when the solute diffuses across the
surface liquid film that covers the solid adsorbent.”

- Internal diffusion: the propagation of adsorbate species
from the liquid film to the solid adsorbent's surface.”

This phenomenon takes place through two mechanisms:
molecule diffusion into pores and surface, influenced by
adsorbent morphology, and interaction with active sites via
physisorption or chemisorption. It has been established that
the slowest step controls the overall rate of any adsorption
process. The three main stages of any adsorption process can be
extracted from the slope of the RE% vs. ¢ graph (Fig. 8a): the
initial stage of dye absorption occurs when dye molecules
penetrate into the liquid layer encompassing the absorbent
(external diffusion). The diffusion of dye molecules into the
absorbent's internal pores (internal diffusion) and physical
attachment, indicated by a lower slope of the diagram in the
second stage, and in the third stage, the successful establish-
ment of the chemical interaction with the absorbent and
attainment of the maximum Q, and RE% values, with a pseudo-
linear slope.”

3.14 Comparative kinetic study

Non-linear Langergren pseudo-first-order (PFO), Elovich (El),
Bangham, and pseudo-second-order (PSO) kinetic models, as
well as intraparticle (IPD) and liquid film diffusion (LFD)

© 2024 The Author(s). Published by the Royal Society of Chemistry

models, are employed to investigate the dynamics of the
adsorption and rate-limiting mechanisms of Rho and MG
adsorption into the hydrogel adsorbent. For an intricate system,
the cumulative effect of two or more steps may occasionally
dictate the total rate. To achieve this objective, Q, values were
fitted into the selected models.

According to the literature, the non-linear fitting is more
precise than the linear approach for adjusting kinetic and
isotherm data considering its fewer statistical errors accumu-
lation. Non-linear equations and their parameters' descriptions
are provided in Table S;.1 The estimated kinetic fitting results
and the non-linear regression correlation coefficient (R*) are
summarized in Table 1. Fig. 9 displays fitted graphs of
employed models. The correlation coefficient is employed to
assess the accuracy and reliability of models.”” The PFO model
governs adsorption through interface diffusion by assuming
that the solute uptake rate correlates to the difference between
the saturation concentration and the solid adsorption at any
time ¢’® The sorption process is inconsistent with the PFO
kinetic model in the entire adsorption time ranges, as evi-
denced by the R® values (0.962 for MG and 0.969 for Rho)
compared to alternative models, highlighting the PFO model's
imitations in the exegesis of the sorption mechanism (Fig. 9a).
Typically, it is often applicable at the first stage of the adsorp-
tion process. Extrapolation of experimental data from the initial
stage of sorption employing the PFO model yielded a good
correlation coefficient (R*> of Rho = 0.980 and MG = 0.985),
proving the model's applicability in the preliminary phases.”
Although, estimated Q, values (Rho = 107 and MG = 215 mg
g ') approximately coincide with empirical values. The PSO
kinetic model implies that chemisorption constitutes the rate-
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plots.

limiting phase and predicts behavior across a broad sorption
spectrum. The stronger correlation coefficient of the PSO model
(R*> = 0.998) highlights the best-fitting outcomes, convincing the
effective implementation of the PSO model in data analysis
(Fig. 9b). From the study's result, it could be established that the
chemisorption mechanism governs the rate-limiting step across
the entire sorption range, and the adsorption rate is determined
by adsorption capacity rather than adsorbate concentration.
The Elovich kinetic model is frequently applied to interpret
adsorption kinetics and effectively reflects the PSO dynamics on
an energetically heterogeneous surface. The R> values of the
Elovich model (R* of Rho = 0.995 and MG = 0.983) are greater
than those of PFO (Table 1, Fig. 9c) and even comparable with
that of the PSO, confirming the monolayer chemisorption of the
dye molecules on the adsorbent's solid surface. Another note-
worthy model is the Bangham equation which is constructed on
the theory that pore diffusion is the only rate-controlling step
during adsorption. The elevated R* values obtained from the
fitting of the Bangham model (R*> of Rho = 0.999 and MG =
0.995) reveal that the diffusion of MG and Rho molecules into
adsorbent pores is the most acceptable phenomenon in the
rate-determining step (Fig. 9d). Furthermore, estimated Q.
values (Rho = 116 and MG = 231 mg g ') showed 2.9% and
0.93% deviation from the empirical results for GM and Rho,
respectively. The Weber-Morris model was employed to eluci-
date the IPD mechanism as a pivotal step of adsorption. Given
the lowest coefficient correlation reported in the kinetic analysis
(R* of Rho = 0.921 and MG = 0.913), IPD may not be the
dominant governing component (Fig. 9¢). The observed lack of
convergence between the linear-line portion of the graph and its
origin indicates that the mechanism for Rho and MG elimina-
tion by biochar@curcumin/PAA hydrogel is multifaceted,
involving both surface adsorption and IPD. The kinetic data
were fitted with the IPD linear model to validate the hypotheses
as mentioned earlier (Fig. 9g). But fitting line does not cross the
origin confirming, the model's incapacity to fit the data. The
LFD model asserts that the rate-determining phase is governed

7754 | RSC Adv, 2024, 14, 7745-7762

by adsorbate species transiting through a liquid layer
surrounding the solid adsorbent. In preliminary moderately low
sorbate concentrations, the tendencies in the accuracy of the fit
demonstrate the dominance of the LFD model. The kinetic
results were fitted with linear and non-linear forms of the model
to assess the potential participation of LFD in the rate-
determining phase of Rho and MG adsorption by
biochar@curcumin/PAA. The R? values obtained from the non-
linear (R*> = 0.962) and linear (R*> = 0.871) equations, along with
the absence of lines with zero intercept in the linear model,
suggest that the LFD model is not consistent with the empirical
data for MG dye (Fig. 9f). Although the non-linear LFD model
failed to achieve a high R* value (0.962) in Fig. 9f, the linear LFD
model exhibited an exceptionally high R*> value (0.999) with
almost zero intercept (Fig. 9h). These findings suggest that, in
contrast to MG adsorption, the LFD mechanism is the main
determinants influencing the Rho adsorption rate. According to
the finding as mentioned earlier, and relying on the correlation-
coefficient values (PSO = 0.998 > El = 0.983 > PFO = 0.962) the
pseudo-second-order kinetic model is the most precise mech-
anism among the other kinetic models for the adsorption of MG
onto biochar@curcumin/PAA in an aqueous system, demon-
strating chemisorption on a heterogeneous surface. The El
model kinetic results corroborate the chemisorption mecha-
nism of the PSO kinetic model, which indicates that the solid
interfaces are exceedingly heterogeneous from the energy point
of view. Compared to the two other non-linear diffusion models
(Bangham = 0.995 > NL-LFD = 0.962 > NL-IPD = 0.913), the
Bangham model is the most acceptable mechanism for the rate-
limiting step of the MG adsorption process, which emphasizes
dye molecule diffusion into the solid absorbent's pores. Similar
to MG, the correlation coefficients for Rho adsorption show the
following reducing order (PSO = 0.998 > El = 0.995 > PFO =
969), indicating the dominance of the PSO model and chemical
adsorption of Rho molecules on the non-uniform adsorbent
surface. In contrast with MG, the LFD model, which emphasizes
diffusion into the liquid layer surrounding the absorbent and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Impact of starting dye concentration on RE% (a), Q. (b).

pore diffusion (Bangham model), are the main rate-limiting
mechanisms in Rho adsorption from an aqueous solution (L-
LFD = 0.999 = NL-Bangham = 0.999 > L-IPD = 0.934).

3.15 Impact of concentration on adsorption efficiency

The efficiency of the adsorption process could be constrained by
the concentration of the contaminant's solution. By manipu-
lating the initial concentration of dyes from 10 to 1200 ppm
with a constant adsorbent dose (1 g L"), the force behind the
mass transfer mechanism among the bulk solution and the
adsorbent was monitored at optimal pH and intervals for each
dye (pH = 6 and 100 min for MG and pH = 7 and 180 min for
Rho). The alteration in RE% and Q. as a function of C; were
plotted in Fig. 10a and b, which implies that the removal effi-
ciency of both dyes declines with an increment in the initial
concentration of the solution. According to Fig. 10a, the highest
RE% (Rho = 95.32%, MG = 98.22%) values were obtained at the
lowest concentrations (C; < 25 ppm), demonstrating a reverse
association between dye concentrations (C;) and adsorption
efficiency (RE%). A substantial number of available active sites

the concentration has been raised to 400 ppm however, there is
still been a sizable percentage of dye molecule removal. The
efficacy of adsorption significantly diminishes with subsequent
increases in the starting concentration of the adsorbent, ulti-
mately reaching its minimal value (Rho = 61.87%, MG =
45.42%) at the maximum concentration of the adsorbate (C; =
1200 ppm). The Q. vs. C; graph shows that Q. values ascend
steeply at lower concentrations, but with the relative saturation
of the adsorbent at high concentrations and E-repulsion
between adsorbate molecules and adsorbed species on the
active sites, the graph tends to a quasi-linear state and the range
of alters decreases.*®

3.16 Comparative isothermal study

Adsorption isotherm models reveal the distribution of adsor-
bate species in solid and liquid phases, providing insight into
the Rho and MG molecule adsorption mechanisms by
biochar@curcumin/PAA. To this aim, the empirical equilibrium
data of MG and Rho adsorption into biochar@curcumin/PAA
were fitted employing six isotherms on their non-linear equa-

explain these observations. The RE% drops by up to 80% when tions, namely, Henry, Langmuir, Freundlich, Temkin,
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Fig. 11 Non-linear fitting graphs for MG (a) and Rho (b).
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Table 2 Isotherms estimated parameters
Model Parameter  Unit MG Rho
Henry kug 0.645 1.560
R? 0.464 0.664
Langmuir Omaxcal mgg ! 541.982 834.697
ke, Lmg ' 0.0436 0.018
)3 0.019 0.044
R? 0.995 0.998
Freundlich kg (mg g™ (Lmg)"™ 116.171 80.603
1/n 0.251 0.380
R? 0.905 0.945
Temkin Br kJ mol™* 74.303 125.032
A Lmg " 2.290 0.974
R? 0.970 0.937
Jovanovic Omax mg g 498.868 713.329
K Lg’ 0.0321 0.015
R? 0.984 0.988
K-C Axc L"mg' " g! 37.553 21.044
Bxc (L mg™)" 0.066 0.023
Tk 0.846 0.899
R? 0.996 0.998

Jovanovic, and Koble-Corrigan (K-C) (Table S;1). Fig. 11 and
Table 2 display the fitting outcomes of the isothermal evalua-
tion and the estimated parameters, respectively. The most
fundamental model, recognized as Henry's adsorption
isotherm, asserts that the quantity of adsorbed material is
proportional to the relative concentration of the adsorbate.
Henry's model's extremely poor correlation coefficient implies
the incoherency of the model with the MG (R*> = 0.464) and Rho
(R* = 0.664) adsorption (Fig. 11a and b). However, fitting the
data obtained from the lower concentrations with the Henrys
model provided profoundly high R* values (MG = 0.999 and Rho
= 0.999), depicting the strong validity of the model in accurately
representing the behavior of the dye at lower concentrations.
The Langmuir theory asserts that adsorbate species kinetically
adsorb onto the solid surface of the adsorbent by continuous
penetration of molecules, corresponding desorption from the
active surface, and zero surface aggregation. This empirical
theory implies monolayer adsorption and that the adsorption
process occurs at equivalent and identically specific localized
active sites regardless of neighboring sites and steric hindrance
or lateral interaction among the adsorbed species.*” The high
correlation coefficient (R*> = 0.995 and 0.998 for MG and Rho,
respectively) and satisfactory agreement between the calculated
and empirical values of Q. (541.98 and 834.69 mg g * for MG
and Rho, respectively) confirm the Langmuir model's accuracy
and the adsorption of dye molecules on a uniform surface with
approximately even enthalpy and activation energy. The values
of the separation factor lay down in the range of 0 < R, < 1,
providing the adsorption process's favorability (Table 2). For
multi-layered adsorption with an uneven distribution of
adsorption energy and attractions over the heterogeneous
surface, the Freundlich isotherm model is frequently employed
for organic compounds or highly interacting species on solid
adsorbents. This model's high &z values (116.171 and 80.603
(mg g™) (L mg)"” for MG and Rho) and large R* values (0.905
and 0.945 for MG and Rho, respectively) propose that the
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multilayer adsorption mechanism on a heterogeneous surface
cooperates in the removal process (Fig. 11). The intensity of
adsorption of the Freundlich model (1/n value), is 0.251 and
0.380 for MG and Rho, respectively, indicating the potential of
the manufactured adsorbent toward whole range of concen-
trations. In the medium concentration, the Temkin isotherm
explicitly accounts for indirect adsorbent-adsorbate interac-
tions and assumes that the heat of adsorption for every mole-
cule in the adsorption layer decreases linearly with coverage.

The application of Temkin's model resulted in a R* of 0.970,
indicating a satisfactory correlation between the chemisorption
system and the adsorption of MG across the whole concentra-
tion range. However, the R*> value of Rho (0.937) does not
demonstrate an adequate correlation with the empirical data
(Fig. 11). Additionally, the dye molecules’ endothermic
adsorption on the hydrogel can be witnessed by the positive
values of the Temkin constant Br (74.303 and
125.032 kJ mol ").** Similar to the Langmuir model, the Jova-
novic adsorption isotherm applies to homogeneous surfaces
and monolayer adsorption; however, the Jovanovic equation
exhibits a slower approach to saturation. Additionally, the
Jovanovic isotherm model incorporates the potential of
mechanical interactions among the adsorbed and bulk phases
into account.® The R of 0.984 and 0.988 acquired from the non-
linear fitting plot (Fig. 11) are lower than those obtained from
the Langmuir model. However, the predicted Q. values (498.86
and 713.329 mg g~ ' for MG and Rho respectively) are remark-
ably comparable to the empirical findings, indicating the
feasibility of mechanical interactions in the adsorption process.
The K-C isotherm employs a combination of the Freundlich
and the Langmuir models for interpreting the equilibrium
adsorption mechanism.** Deployment of the K-C model
generated R> values of 0.996 for MG and 0.998 for Rho,
respectively, indicating its practicality in data analysis. The
value of K-C constant for MG (0.846) and Rho (0.899) highlights
similar behavior of adsorbent toward various dyes structure.
Almost the unit value of ngc suggested that the equilibrium
isotherm model was approximated to the Freundlich equation
and that the model was suited to evaluating the empirical
outcomes.

3.17 Binary batch experiment

A binary adsorption experiment was conducted to examine the
selective adsorption of dyes. The experiment involved the use of
a 10 mL solution containing a mixture of Rho and MG dyes at
a concentration of 100 mg L™, along with 10 mg of adsorbent
under different pH conditions and at ambient temperature,
with a time interval of 180 minutes. The UV-Vis spectra of the
initial solution and the solution after the experiment are pre-
sented in Fig. Sg.t Results indicate that both dyes' adsorption
improved with pH, reached its maximum capacity, and then
declined. Fig. Sgt illustrates that the adsorbent retains MG
more effectively compared to Rho at all pH levels. The con-
trasting behaviour could be attributed to structural variations
and effective interactions between the adsorbent and dye
molecules. Fig. Sgt illustrates that the adsorbent retains MG

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Thermodynamic parameters

View Article Online

RSC Advances

AG° (k] mol ™)

Ci (mgL™) 298 K 303 K 308 K 313K AHC (k] mol ™) AS° (Jmol 'K
100 MG —2.807 —3.061 —3.341 —3.552 43.888 173.152
100 Rho —6.481 —7.140 —7.626 —8.054 24.565 104.389

more effectively compared to Rho at all pH levels. The con-
trasting behaviour could be attributed to structural variations
and effective interactions between the adsorbent and dye
molecules. The ability to selectively remove particular dyes
could be advantageous in wastewater purification processes.

3.18 Thermodynamic evaluation

The thermodynamic aspects of sorption are essential for eval-
uating the equilibrium state between liquid mixtures (adsor-
bate) and heterogeneous (solid) sorbent materials. The kinetic
energy of the solute is directly proportional to the temperature
of the solution. Increasing the temperature can result in
a simultaneous increase in the molecular diffusion rate.
Therefore, temperature significantly influences the equilibrium
state of the adsorption process, resulting in substantial alter-
ations in the thermodynamic parameters. In order to evaluate
the spontaneity of an adsorption process, it is necessary to
determine the thermodynamic parameters. The thermody-
namic parameters often used to assess the feasibility of
adsorption under temperature-dependent conditions are the
changes in Gibb's free energy (AG®), entropy (AS°), and enthalpy
(AH°). The aforementioned parameters were evaluated using
the following equations, and the corresponding results are
presented in Table 3.

AS°  AH°
In Ko = === RT (6)
AG° = —RTIn Kp (7)

In this context, R is the universal gas constant, T reflects the
temperature in Kelvin, and Ky represents the dimensionless
equilibrium constant for a phase transfer process. The linear
regression plot of Ky, vs. 1/T was utilized to determine the values
of AH° and AS° based on the slope and intercepts (Fig. Soat).
The negative AG° values at all temperatures indicate that the
adsorption process is thermodynamically favorable and occurs
spontaneously (Fig. Sob¥). The positive AH® results suggest that
the adsorption of CV and MG dye into the F-biochar is an
endothermic process. This implies that greater temperatures
are favorable for the adsorption. The confirmation of the
random distribution of dye molecules on the surface of F-
biochar was achieved by the observation of positive AS°
values, which indicate an advantageous enhancement in the
stability of the system. The study emphasizes that the adsorp-
tion mechanism tends to become increasingly chaotic.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.19 Potential interactions

The analysis of the adsorption mechanism provides evidence
that the process involved in the adsorption of the dyes by the
biochar@curcumin/PAA composite hydrogel could be classified
into four main stages: LFD, IPD, pore diffusion, surface pene-
tration. The three aforementioned diffusion models control the
adsorption rate and the establishment of dynamic equilibrium.
Electrostatic-interaction, - stacking, hydrogen bonding and
charge assisted H-bonding are the main adsorption driving
factors involved in the removal of MG and Rho by
biochar@curcumin/PAA. The electrostatic interaction between
dye molecules with opposite charges and negatively charged
biochar, grafted curcumin, and PAA carboxyl groups could
potentially be developed. The m-m interaction could be
explained by formation of the 7 attraction between the aromatic
rings of dyes, curcumin molecules and biochar and he conju-
gated curcumin structure. Furthermore, hydrogen bonding
develops between the carboxyl, enol, and hydroxyl groups of the
adsorbent and the nitrogen and oxygen heteroatoms present in
the MG and Rho structures. Adsorption phenomena are briefly
illustrated in Fig. S;o.T

3.20 Reusability of adsorbent

The continuous applicability of any adsorbent is one of its
primary features, which minimizes the generation of secondary
pollutants and avoids the renewal requirement after any cycle.
Desorption and adsorption experiments were consequently
conducted to investigate the biochar@curcumin/PAA's poten-
tial for practical applications. Due to the sorbent's ease of
separation, the adsorbent was repeatedly refined using water/
ethanol solution after every cycle and vacuum-dried at the
appropriate temperature for 24 h. Fig. S1;7 exhibits the reus-
ability data over seven cycles. The RE% values for MG and Rho
reduced from 98.16% to 96.107% and from 94.53% to 92.05%,
accordingly, over the second cycle, indicating a 97.90% and
97.37% total recovery. During seven cycles, the RE% maintained
at 80.11% and 72.42% for MG and Rho, respectively. The
downward trend in RE% readings after seven cycles of operation
might be attributed to the non-reversible saturation of the active
sites absorbing dye molecules. The substantial quantity of
hydroxyl, and carboxyl groups, as well as aromatic rings in the
biochar@curcumin/PAA sorbent improves its capability to
absorb MG, and Rho molecules. Furthermore, the findings
indicate that active sites during the recovery phase efficiently
desorbs the pollutants, enabling the adsorbent to be utilized in
successive cycles. The adsorbent described in the study has
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demonstrated exceptional stability and recyclability in neutral
conditions without the need for acid treatment or the produc-
tion of secondary products. These findings revealed that the as-
described adsorbent offers advantages for prospective further
research applications.

3.21 Real industrial sample analysis

The industrial wastewater along with residual dyes from the
textile industry contains a variety of pollutants, including
mineral salts, organic compounds, acid, base, and buffer
compounds, which are used to increase the absorption capa-
bility of the dye by the fibres. The efficacy of any adsorbent can
be hindered by the presence of competing ions, organic mole-
cules, and the acidic or alkaline properties of the medium. In
order to evaluate the possible applicability of the adsorbent in
industrial wastewater processing, a batch experiment was con-
ducted using real industrial wastewater received from a textile
company in Gujarat, India. The tests were assessed using 10 mg
of adsorbent in 20 mL of solution for 3 h at different pH (3-11).
According to Fig. S;,,T the highest removal was achieved at pH
3. Both the acidic and basic conditions are favourable for
adsorption, with the lowest removal observed in the neutral
condition. The high removal effectiveness observed in both
acidic and basic conditions indicates that the solution includes
cationic and anionic dyes that exhibit distinct interactions and
may be removed by altering the pH. In summary, adsorption
efficacy can be significantly impacted by the presence of addi-
tional contaminants in wastewater.

3.22 Economical and practical perspective

While considering an adsorbent for practical use, its simplicity
of preparation and cost are important aspects that greatly
influence the final decision. The typical price range for a kilo-
gram of commercially accessible powder or granular adsorbent
based on polyacrylic acid (PAA) varies between 2 and 4 dollars.
The wholesale cost for the production of the adsorbent, which
involves acrylic acid monomers, biochar, and turmeric, on the
local Indian market varies between 2.5 to 3.5 dollars per kilo-
gram with very high performance in dye removal. The material
in consideration has the potential to be regarded as an effective
adsorbent due to its affordable price compared to other
frequently employed acrylate-based materials.

3.23 Comparison with other work

The removal of MG and Rho molecules from water-based media
has been accomplished previously by employing an assortment
of manufactured and natural adsorbents. The adsorption
capacity (Q.) of the biochar@curcumin/PAA thus needs to be
compared against the other reported research to acquire a more
precise conclusion. Table S, compares the Quax for MG and
Rho adsorption in the current work and that observed in
previous literature, demonstrating the preferable performance
of synthesized adsorbent over a wide range of adsorbents.
Concerning its relatively high adsorption efficiency, the
biochar@curcumin/poly AA adsorbent could be perceived as
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a conceivably advantageous option for the removal of MG and
Rho from water-based media in the treatment of wastewater.

4 Conclusions

The current work focuses on developing a PAA-based composite
hydrogel adsorbent using biochar@curcumin modifying agent
via a straightforward in situ polymerization method. For the
objective of validating the successful development of
biochar@curcumin/PAA hydrogel and the physiochemical
properties of the adsorbent, multiple characterization
approaches, such as FTIR, EDX elemental analysis, XRD, Zeta
potential test, SEM, and TGA, were employed. The
biochar@curcumin/PAA  adsorbent achieved satisfactory
adsorption performance with a gna, of 521 mg g~ ' and 742 mg
g ! toward MG and Rho at nearly neutral pH within 100 and
180 min, respectively, which is higher than many previous
studies. This research not only introduced a seminatural
adsorbent originating from readily available materials for the
development of a cost-effective and highly stable adsorbent with
a long lifespan, but also the employed six different non-linear
isotherms and six kinetic models to fit the equilibrium find-
ings and the in-depth analysis of the adsorption mechanism.
The chemical adsorption of Rho/MG onto non-uniform surfaces
of the adsorbent is corroborated by the kinetic modeling, which
shows a substantial propensity to fit in the PSO (R* = 0.998) and
Elovich (R* = 0.995, 0.983) kinetic models. Based on the R*
values of diffusion models, it can be established that the
diffusion mechanism plays a crucial role in the adsorption
process. The Bangham pore diffusion model (R* = 0.995)
elucidates the plausible rate-determining step for MG dye, while
for Rho dye, both the pore diffusion and the LFD diffusion
models (R*> = 0.999) are the credible rate-controlling phases in
the adsorption mechanism. Based on the robust fitting outcome
of the non-linear Freundlich, K-C, and Langmuir equations (R*
= 0.998), it can be inferred that, in contrast to MG, the
adsorption process of Rho encompasses both monolayer and
multilayer adsorption. The Jovanovic isotherm model's high rR*
value of 0.988 indicates that mechanical contact has a similar
function in Rho adsorption. Overall, the results of the modeling
analysis indicate that, for Rho/MG, the primary mechanism of
sorption onto the developed adsorbent is chemical adsorption
on homogeneous surfaces, which is coupled with the physical
interaction on multilayer heterogeneous surfaces as
a secondary mechanism for Rho dye. The binary adsorption test
reveals that the adsorbent is more selective toward MG than
Rho B. Adsorption mechanisms including H-bonding, charge-
assisted H-bonding, m-m, and Lewis's acid-base interactions
are responsible for MG/Rho elimination, as revealed by in-
depth, comprehensive analysis and previous searches. The
hydrogel composite demonstrates the capacity to maintain its
structure and retain 80% of its efficiency following seven cycles.
This study introduces a semi-natural composite adsorbent for
the efficient removal of cationic dyes (MG/Rho) from aqueous
systems with remarkable adsorption capacity and renderability,
making it a promising candidate for further investigation and
environmental preservation efforts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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