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ABSTRACT

Dyes are among the most harmful contaminants produced by industries such as textile,
rubber, paper, and others. These contaminants are eliminated from the production pro-
cess and disposed of as effluents, most of which are ultimately discharged into bodies
of water such as lakes, rivers, beaches, and streams. The majority of these industrial
dyes are categorized as toxic and/or carcinogenic, with their stability and ability to
integrate into the ecological chain potentially affecting flora and fauna. Additionally,
sustainable development goals have been proposed globally since 2015, including the
implementation of eco-friendly technologies for the treatment of water resources to
enable reuse. Therefore, pretreatment of these textile industrial effluents before their
discharge into water bodies is imperative. This paper presents a literature review on
effluent treatment using hydrogels, focusing on the textile industry. Hydrogels can
serve as an adsorption technology with significant comparative advantages over other
removal methods, including low cost, reusability, biodegradability, non-toxicity, absence
of secondary pollutants, and ease of operational management. The compiled results
underscore the capability of hydrogels in dye removal. Furthermore, their removal ef-
ficiency, kinetics, reusability cycles, thermodynamics, equilibrium, and responses to
various environmental stimuli reinforce the feasibility of implementing hydrogels as
an adsorption technology for treating textile industrial effluents.
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RESUMEN

Los colorantes se encuentran entre los contaminantes mas perjudiciales producidos
por industrias como la textil, la del caucho, la papelera y otras. Estos contaminantes
son eliminados del proceso de produccion y dispuestos como efluentes, la mayoria de
los cuales son finalmente descargados en cuerpos de agua como lagos, rios, playas y
arroyos. La mayoria de estos colorantes industriales estan clasificados como toxicos
y/o cancerigenos, y su estabilidad y capacidad de integrarse en la cadena ecologica
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pueden afectar la flora y la fauna. Ademas, desde 2015 se han propuesto, a nivel mun-
dial, objetivos de desarrollo sostenible que incluyen la implementacion de tecnologias
ecologicas para el tratamiento de los recursos hidricos que permitan su reutilizacion.
Por lo tanto, es imperativo realizar un pretratamiento de estos efluentes industriales
textiles antes de su descarga en cuerpos de agua. Este articulo presenta una revision
bibliografica sobre el tratamiento de efluentes mediante hidrogeles, con enfoque en la
industria textil. Los hidrogeles pueden actuar como una tecnologia de adsorcion con
ventajas comparativas significativas frente a otros métodos de eliminacion, incluyendo
bajo costo, reutilizacion, biodegradabilidad, no toxicidad, ausencia de contaminantes
secundarios y facilidad de manejo operativo. Los resultados recopilados destacan
la capacidad de los hidrogeles para eliminar colorantes. Ademads, su eficiencia de
eliminacion, cinética, ciclos de reutilizacion, termodinamica, equilibrio y respuesta
a diversos estimulos ambientales refuerzan la viabilidad de implementar hidrogeles
como tecnologia de adsorcion para el tratamiento de efluentes industriales textiles.

INTRODUCTION

Approximately, there are more than 100000 in-
dustrial dyes (textile, cosmetic, food, plastic, rubber,
leather, printing, paper, pharmaceutical), which have
significantly increased due to scientific and techno-
logical advancements in synthesizing new dyes with
specific characteristics tailored to the needs of various
industries (Lellis et al. 2019, Kivang et al. 2020).
Moreover, these dyes are released during production
and discarded as effluents, ultimately entering bodies
of water, including lakes, rivers, beaches, streams,
and more (Choudhury 2017, Flores-Valenzuela et
al. 2023). Most industrial dyes are classified as toxic
and/or carcinogenic. Their stability and inability to
integrate into the ecological chain potentially impact
the flora and fauna (Mehra et al. 2021, Soni 2021, Li
et al. 2023). This stability and resistance to degrada-
tion, light, heat, and oxidation stem from their stable
structure and complex aromatic chains (Eskhan et
al. 2018).

In particular, the textile industry requires large
amounts of water and dyes for textile production
(Mondal et al. 2017), which include acid, basic,
reactive, azoic, diazoic, and anthraquinone dyes
(Singh and Singh 2017, Nakhjiri et al. 2018,
Benkhaya et al. 2020, Tara et al. 2020). As a result,
the textile industry is one of the main contributors
to the production of industrial wastewater, with
its dyes exhibiting a chroma composition ranging
from 500 to 5000000 (Yang et al. 2018). Accord-
ingly, industrial dye pollution is alarming, and its
impact is significant even at low concentrations.
Therefore, it is imperative to pretreat these toxic
components before their discharge into water bod-
ies (Rech and Paulino 2019, Selvaraj et al. 2021,
Flores-Valenzuela et al. 2023).

From the ecological point of view, the toxicity
of industrial dyes represents a significant environ-
mental issue due to its detrimental impact on aquatic
and terrestrial ecosystems. These dyes contain
toxic chemical compounds (aromatic), heavy met-
als, and chlorides that could seep into the soil or
water bodies, harming biodiversity and the health
of biological communities. The stability and low
biodegradability of these toxic dyes could lead to a
decline in water quality (reduction in water transpar-
ency and dissolved oxygen), altering biochemical
cycles (affecting photosynthesis by obstructing light
penetration) and activity due to an accumulation of
toxins in organism tissues, which could threaten the
equilibrium of ecosystems (Rech and Paulino 2019,
Selvaraj et al. 2021).

The most important class of dyes is the azo type
because of its superior dyeing capacity, ease of
preparation, ready availability, and ability to cover
the entire chromatic range. However, their high sta-
bility and toxicity pose serious risks to animal and
human health through the food chain process. These
contaminants, seeping into water bodies, not only
endanger aquatic life but also bioaccumulate within
organisms, ultimately finding their way into the hu-
man food chain (Selvaraj et al. 2021).

One classification of industrial dyes is based
on the charge of the material: (1) cationic dyes, (2)
non-ionic dyes, and (3) anionic dyes (Affat 2021).
Within this classification, cationic dyes are the most
hazardous contaminants, surpassing anionic ones.
This is because cationic dyes can readily interact
with the negative charges of organic matter, forming
highly stable bonds. These dyes are estimated to be
produced at rates of 700 000 t/year, of which 12% are
discharged untreated into the environment (Rizzi et
al. 2018, Foroutan et al. 2019a).
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Over the years, traditional methods for treating
wastewater from the textile industry have become
unreliable, obsolete, or inefficient due to the new
characteristics and properties of dye chemical com-
pounds. Hence, there is an urgent need to develop
new technologies and materials capable of remov-
ing these contaminants from wastewater, not only
at the laboratory level but also at an industrial scale
(Priya et al. 2019, Flores-Valenzuela et al. 2023).
Table I summarizes the main technologies currently
employed for this purpose.

These new materials must fulfill technical
requirements of efficiency, operability, and non-
contamination. Additionally, economic factors such
as accessibility and low cost are essential.

Globally, various methods for dye removal have
been employed, including physical, chemical, bio-
logical, adsorption, membrane filtration, ozonation,
microwave-assisted catalysis, biodegradation, photo-
catalytic degradation, coagulation-flocculation,
chemical oxidation, electrochemical degradation,
and electro-flocculation, among others (Piaskowski
et al. 2018, Chen et al. 2020, Kivan¢ and Yonten
2020, Wang et al. 2020, Bustos-Terrones et al. 2021,
Flores-Valenzuela et al. 2023). However, most of
these methods pose significant economic and techni-
cal challenges for industrial-scale implementation
(Ertugay and Acar 2017, Bento et al. 2020, Li et al.

2020, Ozturk and Yilmaz 2020, Wang and Chen 2020).
On the other hand, adsorption-based separation tech-
nology offers clear advantages over other methods,
such as low investment, profitability, high efficiency
in removing both cationic and anionic species, ease
of operation, renewability, among others (Garcia et al.
2018, Munagapati et al. 2018, Foroutan et al. 2019b,
Flores-Valenzuela et al. 2023, Wang et al. 2023).

Currently, various materials have been used as
adsorbents, including activated carbon, clay, biomass,
carbon nanotubes, ion exchange resins, and polymers,
among others (Noorimotlagh et al. 2019, Rehman
et al. 2019, Staudt et al. 2020, Yonten et al. 2020,
Flores-Valenzuela et al. 2023). Among the broad
spectrum of adsorbents, polymeric materials offer
advantages and features that make them appealing for
large-scale applications (Aichour et al. 2018, Sharma
etal. 2018a, Tan and Sen 2019). These characteristics
include easy material availability, affordability, ease
of operation, regenerability, and more.

Within the realm of polymeric materials, hydro-
gels stand out as prominent candidates for adsorbing
contaminants in industrial water bodies, particularly
in the textile industry. Among their main charac-
teristics, two stand out as significant advantages:
biodegradability and the absence of secondary pol-
lutant agents. Biodegradability is achieved through
natural polymers or modified synthetic polymers

TABLE I. KEY TECHNOLOGIES FOR INDUSTRIAL DYE REMOVAL.

Reference

Technology

Principle

Disadvantages

Kanakaraju et al. (2018)

Catalytic ozonation

Advanced oxidation

Short ozone lifespan, high energy
requirement, sample contamination

Piepiorka-Stepuk (2018)

Membrane filtration

Physical separation

Short membrane lifespan, fouling,
and non-regeneration

Zuo et al. (2020)

Microwave catalysis

Energetic decomposition

High investment costs and lack of
secondary studies

Matafonova and Batoev (2018)

Photocatalytic
degradation

UV light and TiO2/ZnO
catalysts

Not applicable at industrial scale

Zhao et al. (2021)

Coagulation-flocculation

Clustering separation

Use of chemicals and sludge genera-
tion

Crini and Lichtfouse (2018)

Chemical oxidation

Chemical bond breakage

High energy demand

Martinez-Huitle and Panizza Electrochemical Electrochemical reaction Low efficiency and high operational
(2018) degradation costs
Rech and Paulino (2019) Electro-flocculation Clustering via electrical current ~ Not applicable at industrial scale and

high energy demand
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featuring a hydrogel structure susceptible to degrada-
tion under specific environmental conditions and thus
does not generate any contamination to the environ-
ment. The second key characteristic is the absence
of secondary pollutant agents, meaning that during
the hydrogel’s use and once it reaches the end of its
lifetime, these polymers do not generate any pollution
that would harm the environment or water bodies.
Other important attributes of hydrogels include non-
toxicity, cost-effectiveness, ease of preparation, eco-
friendliness, and recyclability (Pereira et al. 2017,
van Tran et al. 2018, Chen and Zhu 2019, Samaddar
et al. 2019, Verma et al. 2020).

Hydrogels are ideal adsorbents for ionic elements
and compounds because of their three-dimensional
structure. The polymeric chains and functional
groups within hydrogels exhibit hydrophilic behav-
ior, enabling them to adhere to dye ions for removal.
Hydrogels are strong candidates for removing con-
taminants from the textile industry, often achieving
removal efficiencies above 95% (Pereira et al. 2017,
van Tran et al. 2018, Chen and Zhu 2019, Verma et
al. 2020).

Furthermore, hydrogels have exhibited selectivity
in the removal of both cationic dyes (Sanchez et al.
2019) and anionic dyes (Safavi-Mirmahalleh et al.
2020), either simultaneously or individually, under
various operating conditions such as pH, temperature,
initial dye concentration, contact time, and more
(Vilela et al. 2019).

Selective adsorption enables the recovery and reuse
of synthetic dyes, preventing environmental contami-
nation. Hydrogels, driven by electrostatic forces, offer
multiple reuses with sustained efficiency, rendering
them sustainable for industrial effluent treatment.
Their renewable capacity addresses modern pollu-
tion challenges, offering a significant advantage over
alternative technologies. Hydrogels can be utilized
repeatedly until their adsorption capacity is exhausted,
representing a cost-effective and eco-friendly solution
for textile wastewater treatment. However, pretreat-
ment with HCI or NaOH is necessary for the regenera-
tion of active sites (Priya et al. 2019).

KEY PARAMETERS INFLUENCING HY-
DROGEL ADSORPTION

Dye removal

The amount of removed dye (adsorbate), mea-
sured in milligrams of dye per gram of dry hydrogel,
is calculated according to Kivang et al. (2020) and
Ferfera-Harrar et al. (2021):

e =" 0]

where Cp and C, represent the initial (mg/L) and
equilibrium concentrations of the dye in the solution,
respectively; V indicates the volume (L) of the solu-
tion containing the dye to be removed, # is the mass
(g) of the hydrogel (adsorbent), and ¢. represents the
amount of dye adsorbed at equilibrium (mg/g).

A simpler way to represent the amount of ad-
sorbed dye is through the removal percentage, given
by Nakhyjiri et al. (2018) and Ferfera-Harrar et al.

(2021):
- Ce)

% removal = x 100 ()

0

Adsorption isotherms

Isotherms model the equilibrium behavior of the
adsorption process. The Langmuir and Freundlich
isotherms are the most commonly used to represent
dye adsorption onto hydrogels. The Langmuir iso-
therm is described by Dudu et al. (2017), Eskhan et
al. (2018), and Kivang et al. (2020):

G _(C ), 1
9e a 4 max 4 max ><I<L (3)

where gmax is the maximum amount of dye adsorbed
per adsorbent (mg/g) and K, represents the Langmuir
adsorption isotherm constant (L/mg).

The Freundlich isotherm is given by Dudu et
al. (2017), Eskhan et al. (2018), and Sharma et al.
(2018a):

log q,=log Kf+(%)log Ce 4

where the parameters Ky and »n are physical con-
stants of the Freundlich isotherm and the value of
n represents the intensity of the adsorption process
and the mechanism of adsorption (physical or
chemical). Thus, a value of n below unity indicates
low or unfavorable adsorption intensity, suggest-
ing physical adsorption. A value of n greater than
unity indicates favorable adsorption intensity,
implying chemical adsorption. For a value of n
equal to unity, adsorption occurs linearly, with no
predominance of one mechanism over the other
(Sharma et al. 2018b).

In some cases, the adsorption phenomenon cannot
be explained by the mentioned isotherms. Therefore,
other models are used to describe the phenomenon.
The following equation represents the Temkin iso-
therm (Jana et al. 2017, Priya et al. 2019):
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q.,=PlogK+plog C, Q)

where f = RT/b is a constant representing the initial
heat of adsorption and K; an equilibrium constant.
The Temkin isotherm suggests that the adsorp-
tion surface is a heterogeneous binding space with
energy-containing junctions. These energies decrease
linearly as electrostatic interactions between the ad-
sorbent and adsorbate occur. On the other hand, f is
a constant indicating the adsorbate’s affinity for the
adsorbent. Higher f values would signify a greater
affinity for the active sites of the adsorbent (Jana et
al. 2017, Priya et al. 2019).

Adsorption kinetics

Representative kinetics of dye adsorption pro-
cesses are given by pseudo-first- and pseudo-sec-
ond-order kinetics, whose governing equations are
provided in equations 6 and 7, respectively (Jana et
al. 2017, van Tran et al. 2018):

d
G =kpla.~a) (6)

where g; represents the mass of removed dye per mass
of hydrogel (mg/g) during a time period ¢ (min), and
kp1 (L/min) is the rate constant of the pseudo-first-
order kinetic model.

d
W=t (a—a)’ ™

where k; is the rate constant of the pseudo-second-
order kinetic model.

Adsorption selectivity

Effluents generated by textile industries contain a
variety of dyes in wastewater, often mixed and com-
bined. This complexity poses challenges for efficient
removal during adsorption processes. Consequently,
assessing the selectivity of synthesized hydrogels
against a group of dyes found in wastewater is crucial
for predicting the performance of these polymers
in real-world textile-industry scenarios (Jana et al.
2017).

The separation factor («;Y) allows determining the
interaction strength or preference of the adsorbent for
a specific type of adsorbate. This comparative fac-
tor is calculated in pairs, as shown in the following
equation (Jana et al. 2017).

x_ xSy
%= Cx 4y (®)

The decision rule states that when the factor
aﬁ‘ is greater than one, adsorption by colorant X is

preferred; however, if the factor o is less than one,
selectivity will be inclined towards colorant Y.

Thermodynamics of adsorption

The feasibility and spontaneity of adsorption
are determined through thermodynamic studies of
the process, which establish whether the process is
spontaneous or not, exothermic or endothermic, fea-
sible or not. Additionally, thermodynamic parameters
such as AH® (enthalpy change), AS® (entropy change)
and AG® (Gibbs energy change) could be obtained
(Sanchez et al. 2019, Vilela et al. 2019).

The standard free energy is obtained from (9):

AG°=—RT InK,, )

where the equilibrium constant K., is determined
using (10):

Ce
Keq - Ci - Ce (10)

where C; is the concentration of dye in the effluent and

C. the equilibrium concentration of dye in the effluent.
In addition, the standard entropy and enthalpy are

calculated using the van 't Hoff equation:

AS° AH°

anquT—W (11)

where AS° represents the change in system entropy
(J/mol.K), AH® is the change in system enthalpy
(J/mol), R is the universal gas constant (J/mol-K), T
is the temperature (K), and K., represents the equilib-
rium constant as a function of the system temperature.

The studies conducted for the removal of industrial
dyes using hydrogels as an adsorption technology
are diverse and extensive. One advantage of these
polymers is their ability to undergo adsorption cycles
without a significant drop in efficiency, making them
sustainable and renewable materials for application in
industrial textile effluent treatment. Another advantage
is their potential for modification or coupling with
other components (natural polymers, nanocomposites,
clay materials, etc.) to enhance their dye-removal
properties (Soleimani et al. 2018). Table II summa-
rizes representative studies reported in the literature,
including the most relevant data on adsorption perfor-
mance, operating conditions, and hydrogel recyclabil-
ity. Additionally, a discussion and analysis section is
presented on the key parameters affecting adsorption
efficiency: contact time, initial dye concentration,
adsorbent dosage, ionic strength, temperature, and pH.
The adsorption equilibrium is also discussed through
isotherms, adsorption kinetics, and thermodynamics.



L. E. Flores-Valenzuela et al.

"UOIIBIOQR[d UMQ)
uIsyon,{ PIOY = UISYon,f J9[IB0S = [oLIGalg 19[IedS,
“UONRUIULIDIOP JO JUSIOYJI0D) i3 ‘Ouil], 3 "aunjerodwa], ;[ "Apnis [euI3LIo oy) ur pajiodal Jou UOTBUWLIONUI S91BIIPUL .-, :9)ON

(TANSINV-02-VV)d)

432

(6886°0 = 24) . ‘ (OnW) urjoey
snoauejuodg I9pI0 Gmowm m:nowmv 0L (4 vmwn m“EOo s1=1) ooy a8ueIo /(proe oruoynsouedord - Mwmﬂw@
puo0o9s-opnasd HorHPp d /oW 905 Ao -1-1Aypotu-Z-oprue[A1oe e A
-7-09-p1oe o1]K108)K[0d
SuwaY0X a@mwmm D (966670 - ) go  WIRIOeST=D o (D)
pue snoauejuodg PU02OS-OPNOSq yoIpunai % 00°S8 D pa1 03uo)
(6666°0 = 24) . ‘ (OW) (9-03)
OTULIAY)OXD = . ~1,S7 =
b s :oowﬁnogm 1010 Am%omm mzw HNWV 09 (CR 9 oummmwm D) aone) o013 OY/(opruelAroe[Ayow - MWWMW
Ppu023s-opnasg : ° AYIR[RIA -N-09-opTwe[K108)A[0d
(66660 =) : e (an)
B TR TR O S TR
P yods PU029s-0pNasq Honpunotd % 05°L8 QUSIAIOIN
(660
QIUIOPWS - >d >76'0)  (00960=2d) .o (491=1"D00E=1) SruonE) (AD)
pue snoasuejuodg Ioplo yo1[punarj % St'¥6 T 19[01A [B3SA1D)
puooss-opnasd SUZ/wWyY (6100)
(66'0 Kjod-19-19D-e1VEN ‘1810 AL
QIUIOPWS >4 >66°0)  (00L60=cd) .o (40T=1"Do0E=1) Sromy LSRR
pue snoasuejuodg Iopio Uway, % LE'L6 T yougarg
1SI-0pnosd
. Gw@mww A (o060 = A g UPT=1D0ST=1) STHOMIY () i ('SpnH) snsouvnbs
puosos-opnosg  1HPUIOH 8/3uw £'9¢ T autuekdo[en sniodijod-(IQVINLIV)I
] :omwmm A (oreg0- ) go  WPT=100ST=D) o QIV) g (spa) snsoumnbs (100
puooos-opnssg  1MPUNOH g/8w ¢'I¢ o parumezily  snioddjod-([DVINLAV)A 818 1PN
] a:mmm D 1y - ) o9  U¥C=1"DeST=1) SIonE) %m # ('SpH) snsout
1SIG-0pUoSq oI punaIj 3/3w ¢ 01 e supmoL -pnbs sn.oddjod-(SJNY)d
so[0ko SOTBUAPOWLIAY |, sonoury UWLIOY)OS] Hd  uondiospe wnuirxe a8rey) 2)eqI0Spy 1U0qIOSpY
AmqeppAoay s1gowered uondiospy JURIO[0D) [9301pAH Q0UQIRJY

‘HINL
“VIALITNI d4140ddd SHIAdNLS AALDATIS 40 AdVININAS - SHAA HTILXHL TVIILSNANI 40 TVAONHY HHL NI STADOYJAH 40 NOILVII'1ddV "I ATdV.L



433

SMART HYDROGELS FOR SUSTAINABLE TEXTILE WASTEWATER MANAGEMENT

"uoIIeIOqE[ UMQ
uIsyonJ POy = UISYon,f J9[1edS = YoLIqalg 19]1edS,

“UOTIRUIWLIDNAP JO TUSIOYJA0)) Y ‘duil] ;3 "dumerddwa], ;[ ‘Apmis [euISLIio ay) ur pariodal J0u UONBWLIOJUI SAJBIIPUL .-, :9JON
(SNLAIN)
(00660 <z (0000 = ¥) . ‘ (amw) s)eaysoueu
G UeBY) I9)L0ID) :M«Mww%mmw%% d Iopio sdig pue 08 Cupw cmmn 10, 0€ = 1) ouone) anjq 9)IUO[[LIOU}UOW-UBSO) - uoﬁwwm@
P S PUO0IIS-0PNASJ UOSINRJ-YOI[PAY % 06< QUIIAIOIN -1yo-9jeurS[e WNIpos I M
-(Joyoore [Auta)Ajod
o (SINDH-0/VVd-3-LD)
 urp soory | UHOUIOPUD Qw@mmhm D (9e660 = 1) oy WRTI00ST=D o mw\% 10quourU Uogred undson (0202)
4 pue snosuejuodg UoIpunaI,j 8/3w G601 S ! -09[0 PIZIPIXO/PIdk J[AIdE '[& )9 JoWeY],
PU0I9S-0pNAsq ; QUOIAYIN . U
-Aj0d-payyei3-uesoly)
(L666°0 = 2d) o . _ (an) (VVd/NVd-3-DV) (0z02)
€ uerp) I9)eaIn) - IopIo Aowwﬁmdmdwwm_mv 0L @ mml%EOmOmmNNI L oruone)) anq wn3 o1qery e)Y pue
Ppu093s-0pnasq : / QUOAUION  payeid aprwelL1oeA[od Kyompaqrg
(6666'0 <d) . ‘ .
g . 10p10 G@oma m:u@wwv oy Wr=? oo\ 001-02=0) oy s Mmmweﬁ
PU0DAS-0PNAS yarp 0 €6 8L 9n[q 1021l S0k
(Vvd) 19301pAYy (8102)
(6666°0 <) (66660 = 72) (urw Q) paseq-ourreoprweA[oq ICRERVZAN |
L - IopIo qEEoHN 0L 0ST=1D001-0T =1) Juony [-€8
PU023S-0pPNASJ : % 86 paI10am(qQ
(87660 =71 (08660 =) ('unw 00s€ =1 (am) .
OTWISIOPUS : e
s v:m. m:owmmwcoam L sdig pue 08 0 09-58'6€ = L) oruoned °oniq vowm@-%omwamwombom 19 NMWMwMV_m_m_
JSIg-0pnasq  UOSIANDJ-YII[Poy 3/3W SypSy QUOIAYIRN U :
(6666°0 = ) . . ‘ (ow)
JIUWLIYIOpUD = =120 09-D6 0T = oA
- v:m.msow_cmwco ds Iopio AQMMMM%MMV .ww (e m\%ao%mwvwm L Jruoruy a8ueio ((TA-09-DVLAVIN)D)
puo0o3s-opnasd : AN (srozeprurjAura
-00-9pLIO[YO WNIU (0202)
(0L66°0 = ) (Lga) owwgjAypouny [Adoxd 12 ¥ SueAry
SlBylopus o (66660=29) 09 (UT=1D009-07=1) i ‘
) pue snoauejuodg 1op1o hﬁEw:mm_ -0t 3/3w 7'8181 ooy LA®Iq  (outurejAojAoeypaun))A[od
PUu029S-0pNAsq : QWIOIYOOLI
(2196°0 = ) (unw 06 =1 ow) ~ LNWYVIdSOND) (0202)
i SIULIAYIOPUS D10 ¢ (€L660=2d) .. o~ ) srone g SMuo[LIoW 12 19 1510
pue snoauejuodg aooo%o oS nnw3ue] 0L Ow 0s mm. =L ruone) P -juow/oprwe[A1oe&jod-3 -E_ e wﬂo@
p pnasd % V1616 Iqoe[eN ~os0[n[[0d [AyIowAX0qIE) quieysIod
sopko soTweuApoutIoy |, sonjouTy WIOY)OST Hd  uondrospe wnwrxep agrey) JJeqIOSpy JULQIOSpPY
Anpqepphoay s1ojowered uondiospy JUBIO[0)) [9801pAH Q0UQIRJY

HINL

“VIALITNI AHI40ddd SHIANLS AA.LIATIS 40 AAVININAS - SHAA HTILXAL TVIILSNANI 40 TVAOWNAYE HHL NI STADOUAAH 40 NOILVOI'lddV “II HTAVL



L. E. Flores-Valenzuela et al.

434

“UOIBIOQE[d UMQ
uIsyong proy = uIsyonyg 19[1ed§ = YoLqarg 19[1eds,

“UOTIRUTULIDNOP JO JUSIIYJI0)) 1Y ‘duil], 3 "armerodway, ;[ ‘Apnys [eurstio o) ur pajiodol J0U UOHBWLIOFUI S3JRIIPUI . -,, :9JON
onwoyopus  BE60 =20 (gp66:0 _ ) o (00 S€-5T=1) @
§ pue snoauejuodg 1op10 nnwdue] -0'C 3/3w 7¢'09 oon®) °ong
Pu009s-0pnasJ : QUOIAYIOIN
. SIUIGOPUD @%m_wm A (og660=1) 001 (Do SE-5T=11) oroneH ©On)
ue snoouejuodg Iwgue| -0'C 3/3w $9'49 S
P Pu003s-0pnas : AIYOR[RIA
¢ OIULIdYIOpUS aw@mwﬂ A (zes60 - ) 001 (Do 5€-57=1) Sromy (1)
pue snosuejuodg Jnwsdue -0'C 3/3W 4849 S pa1 o3uo)
PU0093s-0pNAsJ : (1202)
Py V (HD) [9501pAY uneen 290 oY
c ousaopus — (0L000 T (ppee0 2 001 (Do $€-5T=1) - (V)
pue snoauejuodg PU030S-0PNOSd JInwdue] -0'C 3/3w 67°99 e LIsyony poy
(£666'0 = ) . . . (oW
SRS N S U L
P oes Pu0093s-0pnas : 1 0c /oW €9°TL IAyoN
onwoyopus (06660 =20 (g6 ) 001 (Do S€-ST=11) (AD)
§ pue snosuejuodg 19p10 Inwdue] -0'C 3/3w 68°8€1 OHone 19[01A [BISAID
Pu0d3s-0pnas : :
(0£66°0 = 24) : . ‘
¢ OIUIdYIOPUD 1pI0 09660=2) (.00 (WWO8=1"209=01)  Joney ) oumuemy
pue snoauejuodg yoIpunaj 3/3w 19751 s :
Pu003S-0pnas (HONO)
(07660 = 7d) (Ta/(vina
¢ OIULIAYI0pUS BpIo s660=c) . (WWO8=1D0S=L) oy (AD) -00-yy)Ajod-]0-D3) (61020)
pue snoouejuodg UoIpunaj 8/8w ¢/°861 T 101014 [€3sA1)  9)uojuaq/(SprweA1oe e 30 vuep
Pu0093s-0pnasJ : .
-JAylowp-N‘N-09-ploe
‘y— J1jA108)Aj0d-10-WNG eIIRY]
onwayopus 05660 =20 (66 A, (W8 =305 =L1) an
§ ue snoduejuod 19pI0 oIpunax 08 3/3w g7 OHIOnL) onig
P woas Pu003s-0pnas otpunaty /oW 8T'SI1 QUOIAYIOIN
(02960 = -3) OHN((WwyV)Ajod-10-yD)
9 OIUIAYIOXD BpIo OrL60=z) .00 (WW06=1DSE=L)  qnp (AD) [9301p (a8102)
pue snosuejuodg SI-0DNOS Inwsdue] 3/3W 06°06 e 19101A TISA1) -Ayoueu (apruejAroe)Ajod ‘[e 10 eunreys
1514-0pNosd -[0-01qeIe Wno
so[oko SOIUIBUAPOULIOY ], sonoury ULIOYJOS] Hd  uondiospe wnwixe o8rey) 9eqIOSpY UOQIOSPY
Aqeppioay s1o1owered uondiospy JURIO[0D) [9S01pAH 20UQIRJOY

HAINL

“VAHLITNI AALd0ddd SAIANLS AALOFTIS 40 AAVININLLS - SHAQ ATLLXAL TVIELSNAANI 40 TVAOWNHYE AHL NI STHOOUYAAH 40 NOILVOI'IddV ‘I H'TdV.L



435

SMART HYDROGELS FOR SUSTAINABLE TEXTILE WASTEWATER MANAGEMENT

"UOIJBIOqE[ UMQ
uIsyon,j PIoY = UISYon,f J91IB0S = [oLIgalg 191edS,

“UOTIRUIWLIDNAP JO TUSIDYJA0)) Y ‘Duil], :} ‘aameradway, ;[ ‘Apmis [euISLIO 9y Ul paiiodar jou UONBULIOJUI SAJBIIPUL ,,-,, :9JON
(L166°0 = 24) ¢
. un Op=1) (ara)
€ - 1opIo - 0L sruonen -
PUO093S-0PNAS ] % 06 € duIwEpoy Aa%omov
(£566°0 = 24) (am) -WOS0URY SINSIYMOURU
uru ()z= -
€ ) op1o ) 0L Aw\.waowo wv omonen anjq 3S0[N[[20 - 2PIXO dudydeID (1200)
Pu0093s-0pnas QUOIAYIOIN Te 10 uoy
(66660 = ¥ . ‘ uo[[LIowuow (1200)
JTWLIAYIOPUD = = _ tuofft
% v:m. msouwmwco dg 19pIo Aowwmswcwm_mv 0L e HQOMW =1 oruone) ovAWHWomwwm Joprwre[A1oek|od pazA| ‘Te 30 Jelreq
Ppu093s-opnasd : 0 : -0IpAy-payei3-uesoy)) -BIOJIO
so[0ko SoTwreuApouLIay sonjoury ULIOY)OS] Hd  uondiospe wmwrxey agrey) dJeqIOSpy JUSQIOSpY
Aunqepphoay s1ojowered uondiospy JUBIO[0D) [9301pAH Q0UQISJY

‘HINL

“VIALITNI dd140ddd SHIAdNLS dALDATIS 40 AdVININAS - SHAA HTILXHL TVIILSNANI 40 TVAONAY HHL NI STADOYJAH 40 NOILVII'1ddV ‘11 ATdV.L



436

DISCUSSION

Contact time

The hydrogel’s permanence in the solution is an
important parameter for estimating the operational
time of the hydrogel for dye removal. The adsorp-
tion process can be divided into three stages: (1)
rapid adsorption with respect to contact time, due to
the availability of active sites on the hydrogel; (2)
gradual and slow adsorption, owing to the decrease
in available active sites for dye adsorption; and (3)
minimal and equilibrium adsorption, resulting from
the saturation of active sites available for dye adsorp-
tion. Additionally, the adsorption mechanism occurs
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through molecular transport and intermolecular diffu-
sion. The initial step results from the entrainment of
molecules present in the solution toward the hydrogel
surface (adsorbent). The second step takes place due
to interactions between positive and negative charges
between the hydrogel and the dye; diffusion occurs
through the hydrogel pores, from its surface to active
centers (Dalalibera et al. 2020).

The main forces involved in adsorption are Van
der Waals forces, hydrogen bonding (H-bonding),
and electrostatic interactions.

The adsorption percentage increased with con-
tact time, as shown in Figure 1a. Priya et al. (2019)
employed concentrations of 20 and 10 mg/L for
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Fig. 1. Effect of adsorption parameters on removal efficiency: (a) removal time, (b-c) initial dye concentration,
(d-e) adsorbent dosage, (f-g) temperature, (h-1) pH, (j) Langmuir isotherm, (k) Freundlich isotherm, and
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Biebrich scarlet and crystal violet dyes, respectively.
The results showed adsorption levels of 97.37 and
94.45% within 20 and 16 h for Biebrich scarlet and
crystal violet, respectively.

Initial dye concentration

The interaction between hydrogels and dyes oc-
curs through their respective ions; however, initial
dye concentration influences whether this interaction
occurs. At very low concentrations, the hydrogel sur-
face ions cannot interact with the dye ions because
of the distance or dispersion between them. As dye
concentration increases, the interaction is enhanced,
creating active sites occupied by dye ions. However,
the number of active sites is limited (at a fixed initial
hydrogel concentration), and their saturation depends
on the initial dye concentration (Dalalibera et al.
2020, Ren et al. 2021).

Dudu et al. (2017) conducted a dye removal study
involving TB (toluidine blue), AR (alizarin red), and
MG (malachite green), where they varied the initial
dye concentration from 10 to 100 mg/L (hydrogel
dose=1 g/L, contact time =24 h), observing its effect
on removal efficiency. Additionally, studies by Priya
etal. (2019) achieved a maximum adsorption percent-
age of 97.37 and 94.45% using semi-IPN NaAla-
Gel-cl-polyAAm hydrogels for Biebrich scarlet and
crystal violet dyes, respectively, at initial concentra-
tions of 20 and 10 mg/L (Fig. 1b-¢). Furthermore,
Bento et al. (2020) investigated the removal of MB
(methylene blue), MG, and CR (congo red), varying
the initial dye concentrations from 20 to 80 mg/L.
They reported removal percentages of 87.46-82.55%
for MB, 81.65-77.05% for MG, and 71.39-76.34%
for CR, indicating that adsorption efficiency varies by
dye type and its interaction with the hydrogel matrix
(Jana et al. 2017).

Dose of adsorbent

The active sites of hydrogels function to capture
ions through physical bonds. These vacancies be-
come saturated as adsorption progresses, reaching
an equilibrium state in which the hydrogel is unable
to continue the adsorption process due to a lack of
available active sites. The mass requirement of the
adsorbent is directly proportional to the availability of
active sites; therefore, a greater amount of hydrogel
results in higher removal of dye from the medium.
However, it is necessary to quantify the required
amount of hydrogel to avoid overutilization of mate-
rial and yield loss (Jana et al. 2017).

Priyaetal. (2019) determined that the optimal dos-
age of semi-IPN NaAla-Gel-cl-polyAAm hydrogels

for the removal of Biebrich scarlet and crystal violet
was 16.67 and 10 mg/mL, achieving removal efficien-
cies 0f93.43 and 89.1%, respectively; see Figure 1d-e
(Jana et al. 2017), which shows that increasing the
hydrogel dosage improves the dye removal efficiency
up to the optimal point, after which no significant
enhancement is observed, suggesting that adsorption
sites become saturated at higher dosages. These re-
sults highlight the importance of optimizing hydrogel
concentration to maximize dye removal while avoid-
ing excessive material usage.

Likewise, Priya et al. (2019) reported that removal
percentage increased as adsorbent dosage increased.
This is attributed to the greater availability of active
sites in the solution for dye removal. However, once
the removal limit (equilibrium) is reached, further
addition of adsorbent will not increase the efficiency
(Jana et al. 2017).

Ionic strength

In most textile industries, chemical pre-treatments
are carried out as a means of conditioning or clean-
ing materials such as garments, leather, cotton, etc.
These treatments release by-products or residues with
various ions into the solution, which accumulate and
mix with dyes for removal from the process as ef-
fluents. These ionic compounds or ions carry charges
and dissolve in the medium (effluent) along with the
dyes. lonic strength between the hydrogel, dye, and
dissolved ions can positively or negatively affect the
dye-removal efficiency. For instance, if a cationic dye
is adsorbed in a medium containing Na+ ions using an
anionic adsorbent, the dye ions will compete with the
solution’s ions for the active sites on the adsorbent.
Conversely, if the same process is carried out in a
medium composed of CI™ ions, no competition will
occur because the medium and the hydrogel surface
possess the same surface charge.

Particle size also influences adsorption, as it has an
inversely proportional relationship with removal ef-
ficiency. In simpler terms, smaller particle sizes result
in higher adsorption. Dyes have complex structures
with long, heavy chains; conversely, the ionic charges
dissolved in the solution are simple and small. Con-
sequently, hydrogels prefer the dissolved ions. This
means active sites will be mostly occupied by ions
dissolved in the medium, leading to a significant
decrease in dye adsorption efficiency.

Studies by Jana et al. (2017) showed a decrease
in the removal efficiency of dyes MB, MG, and CR
as the concentration of NaNOs increased, reaching
values of 78, 72, and 67% at a 1 M concentration of
NaNO:s.
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Temperature

One disadvantage of working with polymers is
their sensitivity to temperature changes. Hydrogels
are three-dimensional materials whose polymeric
structure is formed by networks or meshes that
carry charges on their hydrophilic surface, capable
of adsorbing ions with opposite charges. Changes
in temperature within a solution can influence the
adsorption efficiency, either positively (increasing
adsorption) or negatively (decreasing adsorption).

Priya et al. (2019) investigated the effect of tem-
perature on the removal of Biebrich scarlet and crys-
tal violet dyes at 30, 40, and 50 °C. They determined
that the optimal removal temperature is 30 °C, as at
higher temperatures, the adsorption efficiency began
to decrease (Fig. 1 f-g). The removal percentages ob-
tained at this temperature were 94.76 and 89.85% for
Biebrich scarlet and crystal violet dyes, respectively.
However, this decrease in the adsorption percentage
does not drop below 90% even when the operating
temperature reaches 50 °C.

The behavior of hydrogels in response to tem-
perature variations depends primarily on the type of
polymer used in their synthesis. There are hydrogels
that, with increasing temperature, experience con-
tractions in their binding networks, causing surface
ions to repel interactions with the fluid and leading
to a decrease in adsorption. On the other hand, some
hydrogels show an increased adsorption percentage
as the solution temperature rises. This is due to re-
laxation in the binding chains and an increase in the
stretching capacity of the hydrogel’s mesh structure.

Figure 1f-g shows that the dyes MB, MG, and
CR experienced an increase in molecular movement
at elevated temperatures (50 and 60 °C), which pro-
vided them enough energy to facilitate interaction
with the functional groups of the hydrogels, leading
to enhanced removal efficiency.

pH

The pH behavior is similar to that of ionic strength,
meaning it can disrupt dye removal efficiency due to
variations in ionic charges in the medium. However,
these pH variations can result from the process itself
or from personnel intervention as a pre-treatment
measure before adsorption. Analyzing pH variation
in relation to the percentage of dye removal aims
to study and determine the conditions favorable for
maximum dye removal from the medium.

If the working solution has a pH below 7, cationic
dyes will be scarcely removed from the medium by
hydrogels due to the existing competition between
the medium’s H' ions and the adsorbate’s (H") ions

to occupy the active sites of the hydrogel (OH"). Ina
medium where H* ion concentration is significant and
the goal is to remove a cationic dye (H"), the active
centers of hydrogels, which have an anionic (OH")
surface charge, can potentially be occupied by H*
ions from both the medium and the dye. These ions
compete to occupy vacancies within the hydrogel’s
active sites, quickly saturating them without achiev-
ing complete dye removal. An example of this can
be seen in the study by Dudu et al. (2017), where
the adsorption of AR (OH") using p(APTMACI)-
Polyporus squamosus (Huds.) Fr. at pH 6.0 resulted
in an adsorption percentage of 43.6%. Similarly, Jana
et al. (2017) observed that the removal of MB (H™)
and MG (H") using KG-6 hydrogels at pH levels
below 7 negatively affected the efficiency of dye re-
moval. Conversely, in a basic solution, the adsorption
of cationic dyes is favored because hydrogels, being
anionic (OH"), remain unaffected, and their active
centers are not saturated by the medium’s ions. As
a result, electrostatic interaction and the adsorption
process are positively influenced.

Likewise, Munagapati et al. (2023) synthesized a
novel Fe304-GLP@CAB material for MB removal.
Batch experiments showed a maximum removal effi-
ciency 0f 95.2% at pH 10.0, with Langmuir isotherm
data showing excellent agreement. Kinetic analysis
suggested physisorption predominated, with stable
performance over five regeneration cycles. This
material proves highly recyclable and effective for
MB dye removal from textile industrial effluents.

Dudu et al. (2017) concluded that for TB (H*) re-
moval using p(AMPS)-Polyporus squamosus (Huds.)
Fr., the maximum removal efficiency reached 73.2%
at pH 8. For the removal of G dye (OH") through the
p(APTMACI)-Polyporus squamosus (Huds.) Fr. hy-
drogel, a maximum removal percentage of 69.4% was
achieved at a pH of 6.0. In contrast, Jana et al. (2017)
showed that Biebrich scarlet (OH") and crystal violet
(H") dyes reached maximum removal percentages of
95.26% and 91.68%, respectively, at pH 5.0 and 9.0
(Fig. 1 h-i). Similarly, removal of CR (OH") in basic
media (pH > 5.5) showed low removal percentages
below 65%. However, this type of medium was ideal
for the removal of MB (H) and MG (H").

The nature of the medium (acidic or basic) is
determined through the parameter pHz,c (pH of
zero-point charge), which indicates the influence of
changes in H* or OH~ ions in the medium. Thus, at pH
values < pHypc, the medium carries a positive charge
configuration, favoring the adsorption of anionic dyes
due to increased electrostatic interaction. Conversely,
at pH values > pHypc, the medium carries a negative
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charge configuration, favoring the adsorption of
cationic dyes (Kivang et al. 2020).

Adsorption isotherms

The most commonly used isotherms to determine
adsorption equilibrium are the Langmuir and Freun-
dlich isotherms, which offer a physicochemical ap-
proach for modeling experimental equilibrium data.

The results of Dudu et al. (2017) concluded that
the equilibrium adsorption values of TB, AR, and
MG colorants using p(AMPS)-Polyporus squamosus
(Huds.) Fr. and p(APTMACI)-Polyporus squamosus
(Huds.) Fr. hydrogels were well represented and fitted
by the Freundlich isotherms. The parameter n was
greater than unity for all three adsorption processes,
indicating favorable adsorption of TB, AR, and MG.

On the other hand, Priya et al. (2019) presented
adsorption isotherm results for Biebrich scarlet and
crystal violet colorants (Fig. 1j-1). Among the tested
models, the Freundlich isotherm (Fig. 1k) showed n
values 0of 0.81 and 0.97 for Biebrich scarlet and crys-
tal violet, respectively, suggesting that the adsorption
process was dominated by chemical interactions
(chemisorption). The Langmuir (Fig. 1j) and Tem-
kin (Fig. 11) models were also evaluated, providing
complementary insights into monolayer adsorption
capacity and adsorption energy distribution.

Adsorption kinetics

Adsorption kinetics allow us to determine the
rate or amount of dye adsorbed per unit of time. This
enables the study of the adsorption process over the
time required to remove the dye from the medium.
The curves from experimental dye-removal data ex-
hibit standard behavior. Initially, the removal rate is
high due to the abundance of active sites. However,
as the adsorption time increases, this rate gradually
decreases until it becomes constant, indicating satura-
tion of active sites on the hydrogel. The kinetic mod-
els commonly applied to dye adsorption processes are
pseudo-first-order and pseudo-second-order.

Dudu et al. (2017) reported that the hydrogel
P(AMPS)-Polyporus squamosus (Huds.) Fr. removed
44% of TB after 24 h of contact time. Similarly, for
AR and MG, removal efficiencies of 65.2 and 77.3%
were achieved after 420 and 480 min, respectively,
using the hydrogel p(APTMACI)-Polyporus squa-
mosus (Huds.) Fr. These results indicate that dye
uptake increases progressively with contact time until
approaching equilibrium, which is characteristic of
adsorption systems where the rate of adsorption is
initially rapid due to the availability of active sites and
gradually decreases as these sites become occupied.

Although the study mainly reports removal effi-
ciencies rather than kinetic constants, the described
time-dependent adsorption behavior is consistent
with adsorption systems commonly well fitted by
the pseudo-second-order kinetic model, suggesting
that the adsorption process is likely governed by
chemisorption mechanisms involving interactions
between dye molecules and the functional groups
present in the hydrogel network.

Adsorption thermodynamics

The viability, spontaneity, and type of adsorption
are determined through thermodynamic analysis.
The important variables for the analysis are given by
equations 9, 10, and 11. The enthalpy change (AH°)
indicates whether the adsorption process releases
energy (exothermic) or requires energy (endothermic),
while the entropy change (AS°) reflects the variation
in randomness at the solid-solution interface. The
Gibbs free energy change (AG®) is used to evaluate the
feasibility and spontaneity of the adsorption process.

Priyaetal. (2019) conducted thermodynamic stud-
ies on dye adsorption, reporting AS° and AH° values of
0.019 and —10.621 kJ mol~! for Biebrich scarlet dye,
and 0.0023 and —11.634 kJ mol~! for crystal violet dye,
respectively. The negative AH® values indicate that
the adsorption process is exothermic. In addition, the
positive AS® values suggest an increase in randomness
at the adsorbent-solution interface during adsorption.
Furthermore, at temperatures of 303, 313, and 323 K,
the AG® values were —44.03, —41.65, and —39.26 kJ
mol~! for crystal violet, and —48.53, —46.63, and
—44.73 kJ mol! for Biebrich scarlet dye, respectively.
The negative AG® values confirm that the adsorption
process is thermodynamically feasible and spontane-
ous within the studied temperature range.

Cycles of reuse and regeneration

Among the characteristics of hydrogels, two
notable features are: (1) the elastic deformation and
recovery of the network or mesh and (2) the electro-
static attraction of the hydrogel’s surface charge to
the dye ions. The first feature enables the hydrogel
to return to its initial state before the adsorption pro-
cess, providing it with repeatability and renewability
capacity. This means that hydrogels can be reused in
the adsorption process multiple times without signifi-
cantly affecting their properties and effectiveness.
Regarding the second feature, electrostatic attraction
is a weak or superficial force. Through standard treat-
ments, hydrogels can be regenerated, releasing active
sites, and allowing the hydrogel to adsorb dyes from
the medium again while maintaining its efficiency.
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Priya et al. (2019) conducted a washing process
using NaOH 0.1 M and HC1 0.1 M for the desorption
of Biebrich scarlet and crystal violet, respectively. Af-
ter the regeneration process, these dyes were reused
as adsorbents for dye removal with the same proper-
ties and effectiveness. However, the extent to which
the polymer can be regenerated and reused is not
unlimited, as shown in table II, where the reported
studies generally indicate a maximum of five reuse
cycles. The cycles of reuse depend on the percentage
of removal obtained after each regeneration and the
acceptable level of tolerance.

On the other hand, Priya et al. (2019) also
conducted recyclability studies for NaAla-Gel-cl-
polyAAm/ZnS hydrogels and determined that the
hydrogel’s lifespan included up to five reuse cycles
before a decrease in adsorption efficiency was ob-
served. This decrease was attributed to the denatur-
ation of the polymer matrices of the hydrogel and
deactivation of active sites.

Selectivity

Jana et al. (2017) studied the removal of ternary
dye mixtures of MB, MG, and CR using KG-6 hy-
drogels. Selectivity analysis (see equation 8) was
conducted for the MB/MG, CR/MB, and CR/MG dye
pairs. The results determined that KG-6 hydrogels
exhibit higher affinity towards MB compared to MG.
Moreover, it was found that the selectivity for MG
is higher than for CR. Ultimately, KG-6 hydrogel
demonstrates greater removal affinity for MB than
for CR, thus establishing the selectivity hierarchy as
follows: MB > MG > CR.

To understand selectivity, two factors must be
considered: the surface charges of the dyes and
their particle size (spatial structure). The forces of
attraction between ionic surfaces and dyes represent
the affinity strength between both materials; dyes
with higher attraction forces are more likely to be
adsorbed. Furthermore, particle size influences the
occupancy of active sites within the hydrogel’s
structure, so smaller particle sizes positively affect
the removal or adsorption process.

CONCLUSIONS

Global growth in recent years has driven eco-
nomic and technological advancements in the textile
industry. However, this progress has also generated
significant amounts of contaminants and industrial
textile waste, particularly industrial effluents with
high concentrations of textile dyes that pollute water

bodies such as lakes, rivers, and beaches. This has
prompted the scientific community to seek alternative
technologies to decontaminate these effluents before
discharge. Sustainable and renewable technologies
that enable continuous implementation in effluent
treatment have garnered significant attention in this
pursuit.

This study compiles recent advances in applying
sustainable smart hydrogels to treat textile indus-
trial effluents under different operating conditions.
The synthesis table summarizes key adsorption
parameters reported in the literature, including equi-
librium behavior (isotherms), adsorption kinetics,
thermodynamic analysis, and the recyclability cycles
of hydrogels. These parameters provide relevant
information for evaluating the potential application
of hydrogels in the removal of textile dyes from
industrial effluents.

Nomenclature

e Adsorption capacity at equilibrium

Co Dye concentration at initial time

Ce Dye concentration at equilibrium time
\Y Volume of dye solution

W Weight of adsorbent

gmax Theoretical maximum adsorption capacity
Ki  Langmuir adsorption isotherm constant
K¢  Freundlich adsorption isotherm constant
n Freundlich isotherm constant

B Initial heat of adsorption

K Temkin adsorption isotherm constant

b Temkin constant related to the heat of adsorp-
tion

qt Adsorption capacity at time t

k1 Rate constant of the pseudo-first-order kinetic

t Time

kp»  Rate constant of the pseudo-second-order
kinetic

X

Separation factor of a single dye in compari-
son of two systems

qx Adsorption capacity of X dye

qy Adsorption capacity of Y dye

Cx  Concentration of dye X

Cy  Concentration of dye Y

AG®  Gibbs energy change

R Universal gas constant

T Temperature

Keq  Equilibrium constant

Gi Dye concentration in the effluent
AS°®  Change in system entropy

AH°®  Change in system enthalpy

TB  Toluidine Blue (cationic dye)
AR Alizarin Red (anionic dye)
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MG Malachite Green (cationic dye)
MB  Methylene Blue

CR  Congo Red

PHz,c PH of zero-point charge
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