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In this study, an original and simple method was employed to modify polyacrylamide (PAm) with
sodium phosphate (Na;PO,), yielding a sodium phosphate-modified polyacrylamide hydrogel
(PAm@P) with promising swelling and adsorption properties compared to pristine, unmodified
polyacrylamide. The PAm@P hydrogel was characterized using various advanced techniques to
confirm successful modification of PAm and the formation of the PAm@P hydrogel. Swelling
experiments demonstrated that phosphate modification significantly enhanced the swelling

capacity of PAm@P hydrogel (%S =7000 at t=60 min and pH 9.5) compared to unmodified PAm. The
adsorption performance of PAm@P was evaluated using methylene blue (MB) dye. The adsorption
kinetics followed a pseudo-second-order model exhibiting the best fit with the highest value for the
correlation factor (R?) of 0.999, comparing with R? values obtained for the other investigated models
(0.976, 0.976, 0.993, and 0.654 for Pseudo first order, Liquid film diffusion, and intra-particle diffusion
(stepl and step 2) kinetic models, respectively. These results demonstrated that the investigated
adsorption process may be explained as chemisorption is the dominant mechanism. Also, the
Langmuir isotherm model illustrated the R2 value (0.999) with a maximum monolayer adsorption
capacity (q,,,,) of 746.26 mg g~* for MB dye. While the R2 values for the other investigated adsorption
isotherm models were 0.254, 0.672, and 0.704 for Freundlich, Tempkin, and Flory-Higgins models,
respectively. Also, the highest experimental adsorption capacity (q,, ., = 1490 mg g™!) was obtained
under the optimum adsorption conditions with an initial MB-dye concentration of 300 mg L}, PAM@P
hydrogel dosage of 0.005 g, solution volume of 25 mL, pH 7, contact time of 120 min, and temperature
of 25 °C. Furthermore, the PAm@P hydrogel exhibited selective adsorption and separation of the
cationic dye MB in the presence of other dyes, such as Rhodamine B (RhB) and Azorubine (E122). The
adsorption selectivity of the fabricated PAmM@P hydrogel was quantitatively evaluated by calculating
the selectivity factor (SF) where it was 2.31 for MB/Rhodamine B and 3.10 for MB/E122, confirming
the preferential adsorption of MB-due over the other investigate dyes under identical experimental
conditions. Moreover, the PAmM®@P hydrogel exhibited good regeneration and reusability performance
over three consecutive adsorption—-desorption cycles. The adsorption efficiency decreased gradually
from 96.56% in the first cycle to 62.63% after the third cycle, indicating that approximately 64.9% of
the initial adsorption efficiency was retained. Finally, the application of the prepared PAM@P hydrogel
to real wastewater samples demonstrated its practical feasibility and highlighted its potential as an
efficient adsorbent material for industrial wastewater treatment applications. This confirms that the
investigated hydrogel is economical, promising, and can significantly reduce wastewater pollutants.
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During the last decades, global freshwater demand has increased dramatically due to unsustainable water
resource management, population growth, and rising industrial activities'. Freshwater resources are considered
essential for maintaining ecosystems and supporting human life>. Nowadays, various water bodies worldwide
are increasingly polluted by the discharge of dye-containing wastewater and other contaminants into the
surrounding environment. Different industrial effluents, particularly those containing synthetic dyes, represent
a major environmental challenge and significantly hinder water restoration efforts**. One of the most serious
consequences of modern industrial applications is the discharge of untreated industrial wastewater into aquatic
systems, especially effluents containing colored dyes®~’. Over the past few decades, with the drastic augmentation
in the production capacities of synthetic dyes, contamination of organic dyes after being discharged into water
has become a major component of pollutants that has great harm to the environment®’. Cationic dyes constitute
the largest share of synthetic dyes that pose serious environmental threats to aquatic ecosystems and human
health, rendering their removal extremely difficult”. MB dye is regarded as one of the most toxic and harmful
cationic dyes with a complex aromatic structure that are used on a large scale in various industrial applications'®!!.
In addition to its potential hazard to human health, discharging wastewater containing (MB)-dye leads to serious
damage to the ecological environment, where it is difficult to decompose in aqueous media''"'%. Due to the
recent increase in the industrial applications of (MB)-dye, removing it from colored wastewater to a risk-free
level is becoming increasingly urgent and a hot topic, given the improper discharge of these wastes into the
environment!'>. Among various industries, the textile and dyeing sectors are major contributors to dye-
contaminated wastewater, as reported in the annual wastewater report'®. The global annual production of
synthetic dyes exceeding 8.0 x 107 tons of synthetic dyes?, and about 1.0-10% of the dyes used during textile
dyeing processes are lost and discharging into the environment and potentially disturbing aquatic organisms'.
In Egypt, exceeding 10% of dyestuffs are lost also in industrial effluents. The contaminated textile effluents
generally contain dye concentrations more than 10 mg L, depending on the dyeing processes and industrial
sources. Furthermore, even dye concentrations below 1.0 mg L-" are sufficient to impart visible color to receiving
waters, adversely affecting photosynthetic activity, and other environmental concerns. Therefore, treatment and
decontamination of such wastewater are essential to meet global water sustainability requirements'®. To keep
freshwater resources available for the growing population, developing advanced processes is becoming crucial
for treating wastewater contaminated by these pollutants'®. Recently, various technologies have been developed
and used to treat wastewater from organic dyes, especially MB from wastewater, including membrane filtration,
adsorption, biological degradation, coagulation, reverse osmosis, chemical reduction, chemical oxidation,
advanced oxidation processes, electrochemical reduction, catalytic degradation, and flotation®>*!%!2, Among
these, adsorption methods are regarded as the most promising and commonly used processes due to their ease
of design, lower operating costs, adaptability, ease of recovering adsorbent materials, high efficiency, and eco-
friendliness. They can completely decolorize dyes>®!%!718, However, conventional adsorbents often suffer from
limitations such as low capacity, poor selectivity, and limited reusability. Consequently, researchers have focused
on developing advanced nanostructured materials with enhanced adsorption performance'?. Nanomaterials
offer high surface area and abundant active sites, making them highly effective for dye removal®. One of the most
advanced nanomaterials that can be utilized to overcome many environmental issues is filled hydrophilic
systems. Nanomaterial hydrogels represent a notable advancement in hydrogel-based nanomaterials®. Recently,
due to the marvelous adsorption capabilities, the biocompatible and multifunctional of hydrogels materials, they
have gained great scientific attention and considered as innovative materials'®. Also, hydrogels materials have
attracted considerable interest in the recent years among the numerous adsorbents due to their unique properties
such as porous structures, high surface-to-volume ratios, higher adsorption capacities, biodegradability,
biocompatibility, reusability, distinctive physical properties, and sensitivities to environmental stimuli where
they have different ionic function groups, making selective removal of dissolved pollutants in wastewater, such
as anionic and cationic dyes'®-22. Recently, a novel hydrogel adsorbent, HG-cl-poly(MAA), was investigated to
remove MB molecules from wastewater with maximum adsorption capacities of 284 mg g~!'°. Another green
adsorbent (Stg-(AA-AAM) was designed to remove Malachite Green (MG) dye from aqueous media with q
reached 18.36 mgg™'?. The fabrication and studying the adsorption performance of carboxymethyl cellulose-
based silica (CMC/AA/AAm/SiO,) hydrogel nanocomposite was investigated to remove MB and MG dyes from
aquatic media with q___ of 752.9 mg g™! for MB and 906.3 mg g™' for MG?'. Xanthan gum/acrylic acid/
acrylamide modified with graphene oxide (XG/AA/AAm and XG/AA/AAm/GO) hydrogels were synthesized as
effective adsorbents for the removal of MB dye with q___0f730.7 and 1008 mg g~!, respectively*2. The promising
properties of hydrogels enable the selective removal of dissolved contaminants, including cationic and anionic
dyes. Despite their advantages, hydrogels often suffer from weak mechanical strength and limited recyclability®?2.
To overcome these limitations, the incorporation of inorganic components into polymer networks has been
widely investigated??. Polymeric hydrogel materials like PAm have been investigated as promising materials for
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environmental scientists due to their notable characteristics, such as environmentally friendly behavior,
economic feasibility, and adsorption-regeneration, as well as their ability to endow hydrogels with mechanical
strength®??. PAm hydrogels are functionalized polymers with large number of amide groups, which are
considered abundant active sites, making them capable of adsorbing dye molecules, metals, and organic
compounds, etc., in addition to their unique chemical and molecular structures?»*. Recently, many studies in
this area have focused on modifying PAm to improve its properties as an adsorbent material?>. Chemical or
physical routes are the more common methods for modifying PAm. Copolymerization and grafting arethemore
common processes involved in the chemical modification route?*-?. While H-bond and simple blinding PAm
with other materials, depending on internal attraction forces, are investigated in the physical modification
routes®®!. Consequently, many studies have been conducted to investigate and improve the adsorption
performance and characteristics of hydrogel materials, as well as to reduce costs and simplify their preparation
by incorporating polymer networks with inorganic metals via different routes®. Despite the wide application of
PAm-based hydrogels in adsorption processes, there remains a clear limitation in achieving high selectivity and
strong affinity toward cationic dyes using conventional PAm systems. Most reported PAm-based hydrogels lack
sufficient functional groups that can provide strong electrostatic attractions and effectiveness adsorption active
sites for efficient dye removal, which limits their efficiency and selectivity toward cationic dyes in aquatic media.
Moreover, limited studies have explored phosphate-embedded polyacrylamide hydrogels for MB-dye adsorption.
Therefore, there is still a need to enhance the chemical functionality of PAm-based hydrogels to improve their
adsorption efficiency and selectivity. Hence, the present work aims to develop an efficient polyacrylamide@
phosphate (PAm@P) hydrogel with enhanced adsorption capacity for MB removal from aqueous solutions. To
the best of our knowledge, few and limited studies have explored phosphate-embedded PAm-based hydrogels
for MB molecules adsorption from aqueous environments. Therefore, the aim of the current work is to investigate
anovel modified PAm@P hydrogel with an increased adsorption performance to adsorb MB dye. The preparation
of PAm employed radical polymerization route was investigated to yield bulk mass of hydrogel. Thereafter, the
obtained bulk hydrogel breakdown using homogenizer to produce micro-size hydrogel. Then, the micro gel was
modified with phosphate groups using trisodium phosphate. Due to the breaking process, the active sites will be
greatly exposure to the outer environment leading to improvement in the different properties (swelling-
adsorption) of the prepared hydrogel. To demonstrate the modification step, various techniques, including SEM,
XRD, FTIR, TGA, and EDS, were used to characterize the prepared PAm@P hydrogel. Also, Different parameters
affecting the adsorption processes were studied. The experimental data were analyzed with isotherms, kinetic,
and thermodynamic models to study the removal performance of MB-dye PAm@P hydrogel. The selectivity,
regeneration, and application of the prepared hydrogel were investigated to evaluate the adsorption performance
of the PAm@P hydrogel.

Experimental procedure

Materials

Acrylamide (Am) (spectrum), N, N’-Methylenebisacrylamide (BIS) (99%), Potassium persulfate (PPS) (99%),
Sodium hydroxide (99%), trisodium phosphate (99%), and methylene blue (99%), Rhodamine B (99%), E122
(99%), were obtained from Sigma-Aldrich, Munich, Germany. All chemicals and reagents were used without
any further pretreatments.

Preparation of polyacrylamide- phosphate (PAm@P) hydrogel

For preparation of PAm, in a 250 mL glass beaker, 150 mL of distilled water was added, and then 5.0 g of
acrylamide was dissolved using a magnetic stirrer. After complete dissolution, 0.25 g BIS was charged to the
previously prepared solution under continuous stirring. Thereafter, 0.5 g PPS was mixed with the prepared
mixture, and the reaction temperature rose to 80 °C till gelation. The obtained gel was treated with a homogenizer
to convert the bulk gel into a microgel. For the preparation of PAm@P hydrogel, 22.0 g of Na,PO, was dissolved
in 500 mL of distilled water. Then, the PAm microgel previously prepared was added to the Na,PO, solution
and then refluxed and transferred into a Teflon-lined stainless-steel autoclave and heated at 180 °C for 4.0 h
under autogenous pressure. The gel was filtered and washed with double-distilled water three times to remove
unreacted species. Finally, the produced gel (PAm@P) was lyophilized and stored for characterization and
further use., as summarized in Scheme 1. PAm@P hydrogel was prepared in three independent batches under
identical experimental conditions.

Point of zero charge
To determine the point of zero charge of PAm@P hydrogel. Initially, 10 mL of 0.01 M NaCl solution was adjusted
to different pH values in the range (2-12). Then, 0.04 g of PAm@P were added to the previously solutions and
let to shake for 48 h. thereafter, the solution filtrated and the final pH for each solution was measured. A relation
between ApH (pH- pH,) and pH; was plotted and the point of zero charge was determined at the intersection
of the curve with X-axis.

Characterization
Characterization of PAm and PAm@P hydrogels were investigated using various characterization techniques as
discussed in the Supplementary Materials (Sect. 2.4).

Batch tests
Batch adsorption studies of MB dye by the PAm@P hydrogel at A =662 nm were investigated and discussed
in the Supplementary Materials (Sect. 2.5).
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Step 1. Preparation of polyacrylamide (PAm) hydrogel
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Scheme 1. Preparation of polyacrylamide- phosphate (PAm@P) hydrogel.

Swelling studies

To estimate the ability of the fabricated PAm@P hydrogel to absorb water, 0.01 g of each gel were immersed in
25 mL distilled water and shake for 180 min. at different interval periods, the gel filtrated, dried with a wipe,
and weighed. We followed the weights of the swollen gel until it reaches equilibrium. The swelling ratio was
determined from Eq. (1a).

weight of swelling gel — weight of dry gel
weight of dry gel

%S = X 100

(1a)

To determine the swelling properties of PAm@P hydrogel at different pH values. 0.01 g of the dried gels were
added to aqueous solutions of different pH values (2.0-9.0) and shaken for 5.0 min. At the end of the time, the
weight of the swelling gels was determined, and %S was calculated as previously mentioned.

All adsorption and swelling experiments were repeated independently, and all measurements were performed
in triplicate.

The selectivity factor (SF) of the investigated dyes was calculated as in Eq. (1b):

_ %R (MB —dye)
SE = "R dye) (16)
Where %R (MB-dye) is the experimental removal efficiency of MB-dye and %R (X)dye is the from the
experimental removal efficiencies of the investigated dye (Rhodamine B or E122).

Mathematical modeling
Adsorption Isotherm, Kinetic, and Thermodynamic models applied in this work were given in the Supplementary
Materials (Sect. 2.7.1-2.7.3, respectively) and Table SI.

Results and discussion

Characterizations

Swelling of super-adsorbent hydrogels

The water absorption capacity of the PAm@P hydrogel has a vital influence on its adsorption performance
toward MB dye in aquatic media. The swelling properties can improve the surface area of the PAm@P hydrogel.
Consequently, the adsorption efficiency will be enhanced compared with PAm33. The PAm@P hydrogel possessed
a slow swelling rate (=300%, 5.0 min). Thereafter, PAm@P exhibited an initial swelling ratio of approximately
300% within 5 min. The swelling ratio then increased sharply to about 3500% after 15 min and continued
rising to approximately 6100% at 60 min. Beyond this time, equilibrium behavior was observed up to 180 min
(Fig. 1a). Furthermore, the swelling percentage (%S) of PAm@P hydrogel was significantly affected by the pH
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Fig. 1. Effect of (a) time, (b) pH, and (c) point of zero charge on the swelling percentages of PAm@P hydrogel.

of the aqueous medium, as represented in Fig. 1b. The swelling efficiency increased linearly (from 0 to 6000%)
with pH values ranging from 2.0 to 7.0 and then increased slowly to (%S =7000) with further increases in pH
to 9.5. At alkaline pH, the carboxylic acid and phosphate functional groups of the fabricated PAm@P hydrogel
are progressively deprotonated, increasing the density of negatively charged sites within the polymer chains. The
enhanced electrostatic repulsion between these negatively charged groups promotes expansion of the hydrogel
matrix and enlargement of its pore structure, facilitating water molecules diffuse more readily into the hydrogel
matrix®. As a result, the swelling percentage (S%) increases under highly basic conditions, as illustrated in
Fig. 1b. On the other hand, the higher swelling ratio (~7000%) of PAm@P hydrogel demonstrating its excellent
water absorption capacity. Such extensive swelling generates a highly hydrated three-dimensional (3D) systems
with enlarged free volume, facilitating the diffusion of MB molecules from the solution into the interior of
PAm@P hydrogel. The swollen structure also exposes a greater number of amide (-CONH,) and phosphate
(-PO.*) functional groups that serve as active binding sites. The improved diffusion characteristics, together
with the increased availability of active adsorption sites, enhance the interaction between PAm@P hydrogel and
MB molecules, resulting in superior adsorption capacity and adsorption efficiency. Therefore, the high swelling
ratio plays a critical role in improving both the adsorption rate and the maximum adsorption capacity of the
PAm@P hydrogel.

Point of zero charge

The value of the point of zero charge (pH,,) for the prepared PAm@P hydrogel was measured and represented
in Fig. lc. pH_,_ can indicate the reason for the alteration in the adsorption efficiency with pH values. The
experimental results demonstrated that, at pH equal to pH,, =82, the adsorbent PAm@P hydrogel surface is

Scientific Reports |

(2026) 16:35757

| https://doi.org/10.1038/541598-026-64487-8 natureportfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

neutral (zero charged) while under acidic conditions (pH < pH_pzc)’ the surface of the prepared PAm@P hydrogel
will be positively charged, which will be unavailable for interaction with positively charged MB molecules, leading
tolow adsorption efficiency. This behavior could be explained by the competition between H+ ions in the aqueous
environment and MB dye for interaction with the adsorbents’ active sites*»3. Conversely, when pH>pH
(>8.2), the surface of the PAm@P hydrogel adsorbent becomes free of H* ions and has more negatively charged
functional groups, which are appropriate for interaction with the positively Charged cationic MB dye>*. This
behavior can be attributed to fact that the PAm@P hydrogel contains phosphate (H,PO,~ / HPO.*/ PO,*)
and amide (-CONH.) functional groups. At acidic pH, these functional groups are predominantly protonated,
resulting in reduced surface charge density and therefore a less negative (or near-neutral) zeta potential. Under
these conditions, electrostatic repulsion within the polymer network is minimized, leading to a more compact
structure and lower swelling capacity. At higher pH values, deprotonation of these functional groups increases
the density of negatively charged sites on the surface and within the bulk network. This leads to a more negative
zeta potential, while simultaneously enhancing electrostatic repulsion between polymer chains and promoting
osmotic swelling due to counterion influx. As a result, the PAm@P hydrogel exhibits increased swelling ratios
under alkaline conditions®2-3.

Scanning electron microscopy (SEM)

SEM images of the prepared adsorbent before and after modification are presented in Fig. 2. At low magnification,
pristine PAm exhibited a relatively homogeneous polymeric morphology composed of micrometer-sized
particles with smooth surfaces, as shown in Fig. 2(a-b). At higher magnification, the particles appeared
compact and featureless, without noticeable surface roughness or porosity (Fig. 2(c-d))*. Following phosphate
modification, the morphology of the hydrogel changed markedly. The PAm@P hydrogel exhibited irregularly
shaped agglomerated particles with fractured surfaces, as shown in Fig. 2(e-f). Higher-magnification images
(Fig. 2(g-1i)) revealed a rough and granular surface texture, indicating that the modification process altered the
surface morphology and increased its heterogeneity. After adsorption process of MB, the PAm@P-MB composite
showed that the surface remained rough and granular, while the presence of small surface deposits and partial
coverage of the adsorbent surface suggested the attachment of dye molecules onto the hydrogel surface. These
morphological changes are consistent with the successful adsorption of MB molecules by the fabricated PAm@P
hydrogel, as illustrated in Fig. 2(j-1).

Fourier transform infrared analysis (FT-IR)

The FT-IR analysis of the PAm hydrogel, as shown in Fig. 3a, shows a characteristic stretching peak at 3349 cm™!,
assigned to the NH, group?>?°. Also, it shows the characteristic bands at 3178 cm™! (N-H bending vibration),
2925 cm~! (aliphatic tensile peak, due to the presence of PAm in the hydrogel)®, 1648 cm~! (C=0O stretching
vibration), 1594 cm™! (H,O bending vibration), 1407 cm™! (C-N stretching vibration), 1070 cm™! (NH, bending
vibration)*’-%*, 910 and 670 cm™! (N-H wagging)*?’. The existence of amine functional groups, in addition to
amide and alcohol groups, indicates the formation of strong H-bonds?®. After modification of PAm microgel
by phosphate to fabricate PAm@P hydrogel in aqueous solution, the phosphate groups tend to bind with the
microgel at the amine groups. Also, characteristic peaks were observed at 1162 cm™! (P=0) and other bands
appearing at 869 cm™! owing to the P-O-C bonds?®. On the other hand, the bands belonging to the amine groups
(3178 and 1108 cm™!) had disappeared, and the bands at 2925 and 1407 cm™! shifted to 2937 and 1403 cm™},
respectively. Also, other bands at 3349, 1648, 1594, 1307, 1202 cm 'had a great shift to 3288, 1662, 1555, 1350,
1173 cm™ L. Moreover, new characteristic bands attributed to phosphate groups had appeared at 1099, 1015, 967
and 579 cm™! which confirm the fabrication of PAm@P hydrogel. After adsorption of MB-dye by the prepared
PAm@P hydrogel from aqueous solution, the active sites of PAm@P hydrogel covered by MB molecules and
therefore many of characteristic absorption peaks related to the PAm@P hydrogel were shifted to 3267, 2941,
1803, 1702, 1532, 1493, 1459, 1249, 1203, 1162, 992, and 502 cm~! which indicate the adsorption process. In
addition to the major distinction spectra for MB-dye-FT-IR which appeared as intense and broad peak in region
3000-3650 cm™! assigned to the vibration of bonded -OH groups with -N atoms of MB-molecules heterocycle
and of unsaturated (CH,),, (N-(CH,),), groups®, as well as other characteristics absorption peaks of MB-dye™.

Thermogravimetric analysis (TGA)

TGA of pure PAm microgel showed three weight-loss phases, as shown in Fig. 3(b) and (c). Initial decomposition
is observed at 32-157 °C (weight loss=12.5%) and is seen in almost any hydrogel, attributed to the evaporation
of moisture and interfering water*2. The second stage occurs between 236 and 331 °C (weight loss = 14.63%)
due to the decomposition of amide groups from carboxylate groups in the PAm chain'. The final stage of
thermal decomposition was observed in the range of 331-800 °C (weight loss=55.82%), which coincides with
the carbonization of the main structure, leaving a residue of 15.5% (Fig. 3b). The modification of PAm with
phosphate can introduce phosphate functional groups and phosphate-containing linked structures within
the polymer network, as represented in Fig. 2(e-i). This behavior increases the amount of water adsorbed and
interlayer water. Therefore, at 31-281 °C, the weight loss ratio was 25.8% due to the presence of the PO,
group, which can form H-bonds with more H,O molecules. On the other hand, the interaction between the
phosphate and amine groups reduces the amount of ammonia released (at 281-392 °C, with a weight-loss
ratio of 4.8%). Furthermore, the formation of these nanoparticles insulates the polymer molecule from heat,
thus protecting it from further thermal degradation (331-800 °C, weight loss ratio=18), resulting in a residue
ratio of 50% (Fig. 3b). These results primarily demonstrate the high thermal stability of the prepared PAm@P
hydrogel up to the degradation onset temperature, which is significantly higher than the investigated sorption
operating conditions. This confirms that the investigated adsorption process of cationic dye molecules by the
fabricated PAm@P hydrogel material occurs safely at room temperature without any risk of thermally induced
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Fig. 2. Images of SEM of the PAm (a-d), PAm@P hydrogel (e-i), and PAm@P-MB (j-1) at different
magnifications, respectively.

degradation, where thermal degradation is not expected under normal operating conditions. After adsorption
of MB molecules onto the PAm@P hydrogel, MB molecules adsorb onto the active bonding sites on the PAm@P
hydrogel surface. This reduces the thermal stability of PAm@P-MB compared to PAm@P hydrogel (28-287 °C, %
wt loss =29.00; 287-392 °C, % wt loss =9.00; 392-800 °C, % wt loss =35). This is attributed to the decomposition
of a large quantity of MB molecules bonded to active sites of PAm@P hydrogel surface, with the remaining
amount of adsorbent material (27%), as shown in Fig. 3 (b and c).
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Fig. 2. (continued)

Energy-dispersed X-ray analysis (EDS)

EDS is a method used to analyze the energy of X-ray particles and is an effective technique for detecting the
elemental composition of materials. As reported in our previous work®?, PAm is mainly composed of C, O, and
N. By reacting PAm with phosphate in an aqueous environment, the phosphate groups bind to the PAm gel to
form PAm@P hydrogel. Consequently, sodium and phosphorus are detected in the EDS analysis of PAm@P
hydrogel, as illustrated in Fig. 4a. Therefore, EDS analysis confirmed the fabrication of PAm@P hydrogel. After
adsorption of MB-dye onto PAm@P hydrogel active binding sites, the EDS analysis reveals the presence of S and
Cl elements, which confirm the adsorption of MB molecules onto PAm@P hydrogel surface, as demonstrated in
Fig. 4b. These elemental changes suggest the presence of MB molecules on PAm@P hydrogel surface suggesting
successful uptake of the dye. However, it should be noted that EDS analysis is limited to elemental identification
and cannot provide direct information regarding adsorption mechanisms or the nature of binding interactions;
therefore, the observed elemental changes results are interpreted solely as supporting evidence of MB dye uptake.

Scientific Reports |

(2026) 16:35757 | https://doi.org/10.1038/s41598-026-64487-8 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

2.4 4

Transmission, (%T)

1.2 4

H,0) (N ""’670

(H,0) (NH,) weg) ] 363-431  9.70
3349 431-618  8.30
30 s ¥ 1407 1108

e s b PAm@P-MB
100 4 .
T, C wtloss%
i 28-199  25.56
199-287 3.55
80 - 287-392  9.00
PAm 392-518  18.00
1T,°C  wtloss% 518-614 2.54
3267 X 32-157 12,50 614-800 14.54
@ 60 - 236-331  14.63
= 1493 ° 331457  23.82
rAmge 1015 869 g 14s57-615  18.80
40 - 615-790 13.20
PAm@P
- J T, 'C wtloss%
9555 62 1099 31110 21.00
PAm 0 20 - 110-281  4.80

910
(C=0) 1594 1070, 281-363  5.20

o (NH) (N-) (Aliphatic) ((‘-V)(\ u) 0 R (RS e R i e L (R
4000 3500 3000 2500 2000 |soo 1000 500 0 100 200 300 400 500 600 700 800 900
Wavenumbers, cm™ j A
100
C
]
80 \
: A\
= 60 -
2
- E
3
40
4
HO  |NH,
20
] 15.5%
0 4 | V= === i 1 |
0 100 200 300 400 500 600 700 800 900

T5°€

Fig. 3. (a) FTIR of PAm, PAm@P, and PAm@P-MB. and (b, ¢) TGA of PAm, PAm@P, and PAm@P-MB.

Adsorption experiment results

Effect of pH

The influence of the MB-dye solution pH on the sorption performance of PAm@P hydrogel was studied, as
shown in Fig. 5a. It was observed that the sorption efficiency rapidly increased (0-96.23%) with increasing pH
from 2.0 to 6.0. Thereafter, the removal percentage changed slowly (96.23-99.40%) with further increase of the
pH value from 6.0 to 9.0 and then decreased with increased pH from 9.0 to 11.0 (99.4%-86.33%). This is referred
to, at strongly acidic conditions (pH 2.0-4.0), the phosphate groups are highly protonated, while the amide
groups remain essentially non-ionizable over the investigated pH range. The abundance of H* ions compete with
MB molecules for the available active sites of PAm@P hydrogel, and the positively charged surface generates

Scientific Reports |

(2026) 16:35757 | https://doi.org/10.1038/s41598-026-64487-8 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

1050 270
Na Ka
Na Ke 240_ I b
i PAm@P-MB
a
PAm@P 210 4 Element (keV) mass% At%
750 0 Ka K 0.277 7.41 49.69
o Element (keV) mass% At% 1804 1! . ;s
[ C K 0277 2374 3527 y SR
g o s i g £ 150 ] NaK 1041 2685 18.64
: 5 : L =
< e NaK o L041 3315 2573 S 10 il i
id | P K 2013 1687 972 Mg SR B 3as et
Ka
o0 Total 100.00  100.00 90 - PKa L
100.00 100,00
150 4
0 Y f ! y
000 100 200 300 400 500 600 700 800 900 10.00 000 100 200 300 400 500 600 700 800 900 1000
keV keV

Fig. 4. The EDS analyses of (a) PAm@P hydrogel, and (b) PAm@P-MB-dye.

electrostatic repulsion, resulting in poor removal performances and very low adsorption efficiency. On the other
hand, with increasing the pH toward neutral conditions, progressive deprotonation of the phosphate groups
produces negatively charged phosphate species which improve the electrostatic attractions between the PAm@P
hydrogel surface and the positively charged MB molecules. Simultaneously, the reduced competition from H*
ions allow more active sites to become available, leading to the sharp increase in %R from 0.0% to >99% with
increasing in pH from 2.0 to 8.2. Although the pH exceeds the pH,, . (>8.2), there was only a slight increase in
removal percentages reaching a maximum %R of 99.40% at pH 9.0. This behavior suggests that most active sites
become occupied near neutral pH and further increases in surface negativity provide only a limited additional
benefit*>-3. Under highly alkaline conditions (pH 9.0-11.0), %R reduces to 86.33%. This reduction can be
attributed to changes in the PAm@P hydrogel network caused by extensive deprotonation of phosphate groups,
increased ionic strength, and competition between hydroxide ions (OH-) and MB molecules for the adsorption
sites. Consequently, despite the negatively charged surface, the adsorption performance of PAm@P hydrogel
decreases at very high pH values. The observed adsorption behavior is consistent with the acid-base properties
of phosphate groups, whose reported literature pKa values govern their protonation and deprotonation over
the investigated pH range. Although the pKa values of the prepared PAm@P hydrogel were not experimentally
determined, the adsorption mechanism agrees well with the experimentally measured pH,, . value of 8.2 and
the expected ionization behavior of the phosphate functional groups*>-3.

Effect of MB-dye initial concentration

Figure 5b represented the influence of MB-dye initial concentrations versus sorption percentage by PAm@P
hydrogel. It showed that the adsorption rate increased slowly with increasing initial MB-dye concentration,
then decreased sharply with further increases in dye concentration. Also, the increasing in the initial MB dye
concentrations from 50 to 300 mg L™ caused a progressive improve in the equilibrium adsorption capacity (q,)
from 245.75+3.24 to 1491.00 +7.68 mg g~'. This behavior reflects the enhanced concentration gradient between
the solution and PAm@P hydrogel surface, which increases the probability of collision between MB molecules
and the available active sites, thereby promoting mass transfer and adsorption. Although the adsorption capacity
continued to increase up to 300 mg L', no further improvement was obtained at 400 and 500 mg L', where
q, remained nearly slightly changed from 1491.25+7.68 to 1490.00+7.36 mg g!, respectively, as illustrated
in Table 1. The negligible variation (<0.1%) demonstrates that the prepared PAm@P hydrogel had reached its
Q.0 Under the investigated conditions. Another important trend was observed for the adsorption performance
of MB dye by PAm@P hydrogel, where more than 98% of MB molecules was adsorbed by PAm@P hydrogel
over the concentration range of 50-300 mg L}, reaching a maximum %R of 99.5% at 200 mg L-!. Moreover,
the increasing in the initial concentrations beyond 300 mg L™! resulted in a substantial decline in adsorption
efficiency to 74.56% at 400 mg L™! and 59.60% at 500 mg L~!. Simultaneously, the equilibrium concentration
(C,) increased dramatically from 1.80 mg L™ at 300 mg L™ to 101.75 and 202.00 mg L™ at 400 and 500 mg L,
respectively. This behavior can be attributed to the higher proportion and availability of adsorption active sites
on PAm@P hydrogel to MB-dye at lower dye concentrations. This availability starts to decrease with increasing
initial MB-dye concentrations, where the saturation and depletion of adsorption active sites, as well as the
number of MB molecules, are highly exceeded over the number of binding sites!?. Therefore, the adsorption
active sites on PAm@P hydrogel will interact with a limited number of MB molecules and leave a high number
of MB molecules in the solution. The removal results at various initial MB concentrations were fitted using
Langmuir, Freundlich, Temkin, and Flory-Higgins models. The linear plots and data are calculated from Fig. 5
(c-f), and the calculated parameters are listed in Table 2. The calculated correlation coefficient (R?) demonstrated
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Fig. 5. Effect of: (a) pH(Dose=0.005 g, t=120 min, [MB] =300 mg/L, T =25 °C, v=25 mL), (b) Initial MB-
dye concentrations (Dose =0.005 g, t=120 min, pH=7, T =25 °C, v=25 mL), adsorption isotherm plots of

(c¢) Langmuir isotherm, (d) Freundlich isotherm, (e) Flory-Huggins isotherm, and (f) Tempkin isotherm of
adsorption of MB-dye by PAm@P hydrogel.

that the removal of MB-dye by PAm@P hydrogel was best described with the Langmuir isotherm model, with
R? of approximately unity (R?=0.999). This indicated that MB molecules form a homogeneous monolayer
with no interactions between molecules and adjacent sites with monolayer adsorption capacity (q,) of 746.26
mg g~ L. Accordingly, from the values of the Langmuir isotherm constant (b=2.1 L mg™!), it can be concluded
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C,(mgL™) | C (mgL™") | R(%) |q(mgg™!) |C/q, |Inq, |LnC,
50 0.85 98.3 | 245.75 0.00346 | 5.5 -0.1625
100 0.927 99.07 | 495.36 0.00187 | 6.05 -0.075
200 1.00 99.5 | 995 0.001 6.9 0

300 1.8 99.4 1491 0.0012 | 7.307 | 0.587
400 101.75 74.56 | 1491.25 0.068 7.3077 | 4.6225
500 202 59.6 1490 0.13 7.3065 | 5.3

Table 1. The relationship between initial MB dye concentration and other important adsorption parameters.

Isotherm Model | Parameters | Adsorbing dye
MB
q(mgg™) 746.26

Langmuir b(Lmg") 2.1
R? 0.999
1/n 0.187
Freundlich K, (mgg!) |[6.435
R 0.254
n -2.92
Flory-Higgins Ky (Lmol™) | - 0.362
R 0.672
B (Jmol™!) 153.65
Tempkin A.(Lgh 771.47/153.65
R? 0.704

Table 2. Adsorption Isotherm study of MB dye by PAm@P hydrogel.

that the adsorption of MB onto Pam@P hydrogel is favorable. On the other hand, Freundlich isotherm model
possessed lower correlation coefficient (R?=0.254). The value of n related to the Freundlich isotherm model was
5.35 (>1.0) indicating the physical nature, easier and more favorable dye adsorption!®!2. Also, Flory-Huggins
isotherm model was investigated to describe the degree of surface coverage characteristics of the adsorbate on
the adsorbent. The Flory-Huggins isotherm possesses lower R? value (0.672), and Flory-Huggins equilibrium
constant (K,) is (0.431 L mol” 1). Moreover, the lower value of R? (0.704) for the investigated Temkin isotherm
model reveal that the adsorption of MB molecules by Pam@P hydrogel could not be described by this model.
The heat of adsorption (B), the energy released during the interaction between the adsorbate and the adsorbent,
plays a crucial role in the adsorption of MB dye by Pam@P adsorbent. Upon analysis of the acquired data, it was
observed that the absorption temperatures were significantly high, indicating that the adsorption process will be
physically and exothermic!0-1218:20:3240 These findings indicated that the MB dye is uniformly adsorbed on the
PAm@P surface as a monolayer, with a saturation capacity of 746.26 mg g~!. This may be due to the presence of
rich functional groups on the PAm@P hydrogel surface!®.

Effect of contact time

The effect of shaking time on the adsorption of MB-dye onto PAm@P hydrogel was studied, as shown in Fig. 6a,
to determine the optimum time for effective adsorption of MB-dye using PAm@P hydrogel. Experimental
results revealed that the adsorption rate of MB-dye onto PAm@P hydrogel was increased rapidly with increasing
contact time till 60.0 min, ascribable to the availability of adsorption active sites on PAm@P hydrogel surface and
the time required for MB-dye diffusion from bulk to hydrogel surfaces!®. With further increase in the contact
time (60.0-180.0 min), the adsorption rate of MB molecules by PAm@P hydrogel became constant. This may
be attributed to the preferential occupation of all free active sites on the PAm@P hydrogel surface!®. Pseudo-
first-order kinetic (PFO), pseudo-second-order kinetic (PSO), liquid-film diffusion (FDM), and intra-particle
diffusion kinetic models were investigated to describe the adsorption of MB-dye by PAm@P hydrogel. The linear
equations of the applied models, linear relation and parameters were shown at Table S1, as represented in Fig. 6
(b-e), respectively.

The correlation coefficient (R?) and other kinetic parameters calculated from the linear plots were recorded
in Table 3. The PFO was employed to determine the adsorption rate constant, an initial model that characterizes
the adsorption rate by accounting for adsorption capacity. PFO showed R?=0.976, rate constant (k, =
-slope=0.055 min~"') and the calculate adsorption capacity (q, (ca1y) Was 87.1x 10° mg g~ . The PSO hypothesis
that the rate of MB molecules adsorption is directly proportional to the number of accessible adsorption sites on
PAm@P hydrogel. From the data obtained in Table 3, the PSO shows R? value (0.999) that closely approximate
unit. The experimental q (1536.1 mg g~!) value shows a high degree of agreement with the calculated

(exp.)
Qe(cal) (1491+7.68 mg g~ 1E) Vpalue. Thus, it can be concluded that the PSO model is the best kinetic model for
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Fig. 6. (a) Effect of contact time on adsorption percentages of MB-dye by PAm@P hydrogel, (b) pseudo-
first-order, (c) pseudo-second-order, (d) liquid-film diffusion, and (e) intra-particle diffusion kinetic models.
(Dose=0.005 g, pH=9, [MB] =300 mg/L, T=25°C, v=25mL).

describing the adsorption behavior of MB dye by PAm@P hydrogel. The film diffusion model (FDM) describes
the process by which adsorbate molecules migrate through the liquid film surrounding the adsorbent particle.

The FDM showed R? value of 0.976 with external film mass transfer coefficient Kip

= 0.055. These findings

suggest that film diffusion is not the rate-limiting step in the overall adsorption kinetics. In addition, the intra-
particle diffusion model revealed two-stage linear plots (Fig. 6¢). In the first stage, the obtained large fitting
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Adsorbing dye
Kinetic Model Parameters MB
Qi) (MGG D] 1491+7.68
Pseudo first order K, (min~1) 0.055
q,(cal) (mgg™') |87.1x 10°
R? 0.976

Pseudo-second order | K, (gmg™'min~!) | 1.4x107*

q,(cal.) (mgg™") |1536.1

R? 0.999
Liquid film diffusion | K, 0.055
R? 0.976
Interparticle diffusion
STEP 1 C, 639.77
Kl 102.52
R? 0.993
STEP 2 C, 1384.10
K2 8.59
R? 0.654

Table 3. Kinetic models of sorption of MB-dye by PAm@P hydrogel.

slope suggests fast diffusion rates in the adsorbent boundary layer, where MB molecules interact rapidly with
the PAm@P hydrogel surface®. In the second stage, the lower efficiency related to lower diffusion rates due to
gradual occupying the binding sites and diffusion resistance improvement®. The comparatively lower fitting
of the PFO, film diffusion, and the two-stage intra-particle diffusion behavior, suggests that the adsorption
process involves multiple mechanisms, including external mass transfer, intra-particle diffusion, and surface
interactions. Thus, the obtained R? values indicate that the adsorption conforms to and is well fitted by the PSO,
with a value close to unity and higher than that obtained for other investigated models®®!>!%, This indicates
that PSO best fits the adsorption of MB dye using the PAm@P hydrogel, and that the rate-limiting step may
be chemosorption!® as associated with adsorption processes involving surface interactions. Moreover, the
theoretical equilibrium adsorption capacity (1536.1 mg g™!) related to pseudo-second-order kinetic is highly
close to the experimental value (1491+7.68 mg g~!). Therefore, the PSO model should be regarded as providing
the best kinetic description of the adsorption process of MB molecules by PAm@P hydrogel from aquatic media
rather than definitive evidence of chemisorption.

Effect of PAm@P hydrogel dosage

The PAm@P hydrogel dose is a critical factor affecting the hydrogel's adsorption performance. Figure 7a
demonstrated the influence of hydrogel dosage on the sorption performance. With increasing PAm@P hydrogel
dosage from 0.005 to 0.015 g, the sorption performance of MB-dye by the PAm@P hydrogel significantly
increased. At low PAm@P hydrogel dosages, the number of binding active sites is limited and interacts with a
low number of MB-dye, resulting in low adsorption efliciency. Whereas with increasing PAm@P hydrogel dose,
the surface-active sites and functional groups that promote interactions with MB molecules increase, enhancing
adsorption performance and thereby significantly increasing removal efficiency®!%40. With further increasing
PAm@P hydrogel dosage, the adsorption rate of MB-dye continued to slowly increase due to the number of
binding sites exposed to MB-dye decreasing’.

Effect of ionic strength

The impact of different interfering electrolytes on the adsorption performance of MB molecules by the prepared
PAm@P hydrogel was investigated using 0.1 M NaCl, 0.1 M Na,COs, and 0.1 M EDTA, as shown in Fig. 7b.
The results clearly show that the removal efficiency of MB remains almost unchanged in the presence of all
tested electrolytes, indicating a negligible influence of ionic composition on the adsorption process. Where,
PAm@P hydrogel achieved removal percentages of about 97.9, 98.02, and 98.96% for NaCl, Na,COs, and EDTA,
respectively, demonstrating consistently high adsorption performance across different ionic environments. The
very small variations observed are within experimental error and suggest that the adsorption process is only
weakly affected by changes in ionic strength and the presence of carbonate or chelating species. Overall, the
results presented in Fig. 7b confirm the excellent stability and robustness of PAm@P hydrogel toward interfering
electrolytes and indicating that adsorption performance is not significantly affected by these common interfering
species under the investigated conditions. This behavior indicates that the adsorption mechanism is not governed
solely by simple electrostatic interactions but likely involves additional contributions such as hydrogen bonding
and surface complexation, which help maintain high adsorption efliciency under varying aqueous conditions.

Effect of temperature
The impact of temperature on the sorption of MB-dye onto PAm@P hydrogel was investigated in the temperature
range (25-45 °C). The results, as shown in Fig. 7c, revealed that as the temperature increased from 25 to 45 °C,
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Fig. 7. Effect of (a) Adsorbent dose (t=120 min, pH=9, [MB] =300 mg/L, T=25 °C, v=25 mL), (b) ionic
strength (t=120 min, pH=9, [MB] =300 mg/L, T=25 °C, v=25 mL), (c) temperature (Dose=0.005 g,
t=120 min, pH=9, [MB] =300 mg/L, T=25 °C, v=25 mL), and (d) relation between In K vs. 1/T on the
adsorption of MB-dye onto PAm@P hydrogel.

298 | -16.65+0.09

MB | 308 |-14.27+0.08 |-80.14%29 -213.65+59
318 | -12.42+0.06

Table 4. Thermodynamic parameters of the sorption process of MB-dye by PAm@P microgel.

the sorption efficiency of MB molecules onto the PAm@P hydrogel decreased from 97% to 89%. This behavior
can be explained based on the fact that at higher temperatures, the interactions between PAm@P hydrogel and
the MB molecules are very low*2. The different thermodynamic parameters were calculated from the linear
relationship of Ln Kc vis T~! (as represented in Fig. 7d) and summarized in Table 4. Where, the values of AH®
and AS° were obtained from the slope and intercept, respectively, of the linear plot of In Kc versus 1/T, as shown
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in the Supplementary Materials (Table S1), and represented in Fig. 7d. While the Gibbs free energy change (AG®)
was calculated using Eq. (2):

AG’ = —RT In Kc (2)

The calculated negative value of AHC (-80.14 k] mol™!) confirms that the investigated adsorption process of MB
dye by PAm@P hydrogel is exothermic?!. The negative value of AS°® (-213.65 ] mol™! K1) suggests a decrease
in randomness at the hydrogel-solution interface during adsorption, indicating a more ordered arrangement
of MB molecules on the PAm@P hydrogel surface'®. Furthermore, the negative AG® values at all investigated
temperatures (-16.65,-14.27,and — 12.42 k] mol!at298,308,and 318K, respectively) indicate that the adsorption
process is thermodynamically favorable within the investigated temperature range. It should be noted that these
thermodynamic parameters were derived from measurements at only three temperature points (298, 308, and
318 K). Therefore, the calculated AH®, AS°, and AG® values should be regarded as approximate estimates rather
than absolute thermodynamic constants. Nevertheless, the observed linear Van't Hoff relationship and the
consistent trends of the calculated parameters provide reasonable evidence that MB adsorption onto the PAm@P
hydrogel is predominantly governed by enthalpic effects over the investigated temperature range.

Desorption and recycling study

The reusability of adsorbent materials is a vital factor in evaluating their economic feasibility in practical
applications. The regeneration tests were conducted by introducing the adsorbent in different solvents, MB
(NaOH (0.5 M); HCI (1.0 M); Na,CO, (0.5 M) and Ethanol) as desorbing agent for the MB-molecules from
PAm@P hydrogel, as represented in Fig. 8 (a-c). It is concluded that 0.5 M NaOH achieves the highest desorption
percentage among the materials used. Thereafter, different concentrations (0.1, 0.5, and 1.0 M) of NaOH were
used, as shown in Fig. 8b. It was observed that 0.5 M NaOH showed the highest adsorption percentage, so it
was used for further desorption experiments. As demonstrated in Fig. 8¢, the adsorption/desorption efficiencies
gradually declined over three regeneration cycles, which could be attributed to partial occupation of the binding
sites due to strong interactions between the active sites and the dye molecules. PAm@P hydrogel exhibited good
regeneration performance, maintaining its adsorption efficiency over repeated three cycles. The adsorption
efficiency decreased gradually from 96.56% in the first cycle to 62.63% after the third cycle, indicating that
approximately 64.9% of the initial adsorption efficiency was retained. Although the results obtained from the
desorption and recycling study demonstrate that PAm@P hydrogel retains its adsorption performance after
repeated use, detailed post-adsorption characterization was beyond the scope of the present study. Future
work will focus on evaluating the structural and chemical stability of the adsorbent after adsorption using
complementary characterization techniques.

Phosphate released from the fabrication process of PAm@P hydrogel, investigated adsorption process, and
regeneration was not experimentally evaluated. Although the phosphate groups are grafted to the polymer
network and are therefore expected to exhibit good chemical stability, quantitative assessment of phosphate
leaching during adsorption and repeated regeneration cycles is necessary to fully evaluate the long-term
performance and environmental safety of the adsorbent. This aspect will be investigated in future studies.
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Fig. 8. Desorption of MB-dye using (a) different eluents, (b) different concentrations of NaOH eluent, and (c)
adsorption-desorption behavior using NaOH 0.5 M as an eluent.
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Adsorption selectivity

The selective adsorption of PAm@P hydrogel towards the MB-dye was further investigated by mixing MB
with Rhodamine B and E122. The observations showed that the solution of the mixed dyes turned from the
dark blue color, as illustrated in Fig. 9 (a and c), to a clear red color (as in Fig. 9 (b and d), which indicates
selective removal of PAm@P hydrogel towards MB-dye from its mixture with Rhodamine B and E122. To
quantitatively evaluate the adsorption performance of the prepared PAm@P hydrogel, the selectivity factor (SF)
was calculated according to Eq. 1b. The calculated SF values were 2.31 for MB-dye over Rhodamine B and
3.10 for MB over E122, indicating a significantly higher affinity of the hydrogel toward methylene blue. These
adsorption selectivity results demonstrate that the prepared PAm@P hydrogel illustrate a strong adsorption
preference for MB dye even in the presence of other dyes. The successful selective removal of MB from binary
dye mixtures containing Rhodamine B or E122 investigates that the hydrogel possesses high affinity toward MB
dye, highlighting its potential wastewater treatment containing mixed dyes pollutants rather than single-dye
systems. This selective behavior can be attributed to the favorable interactions between the active functional
groups of PAm@P hydrogel and MB molecules. The selective adsorption of MB-dye over RhB may be attributed
to the difference in molecular size, geometry, and diffusion behavior rather than charge effects, since both dyes
are cationic under the experimental conditions. Although electrostatic interactions between the negatively
charged functional groups of the hydrogel and both dye molecules facilitate uptake, MB exhibits higher sorption
performances due to its smaller molecular size and planar structure, which enable easier penetration into PAm@P
hydrogel and more effective access to internal active sites. Although the present study focused on representative
binary dye mixtures, the obtained results provide promising evidence of the hydrogel’s applicability in more
complex wastewater systems. Further investigations involving additional cationic dyes and multi-contaminant
systems will be conducted in future studies to comprehensively evaluate its practical performance under realistic
environmental conditions. Although the investigated mixed-dye adsorption experiments by PAm@P hydrogel
system clearly illustrates the preferential removal of the cationic dye, the present results should be regarded as
qualitative evidence of adsorption selectivity. A comprehensive quantitative evaluation based on UV-Vis analysis
of dye mixtures and selectivity coefficient calculations for such systems will be the focus of future investigations.

Application study

The adsorption performance of the PAm@P hydrogel was evaluated for MB-dye from real samples under the
optimized experimental conditions. Under the optimized experimental conditions, calibration curves were
prepared using treated standard solutions (1.0 L). The analytical samples were tap water (from labs at Mansoura
University, Egypt), wastewater (from the Sinbellawin sewage station), and seawater from Ras-elbar City, Egypt.
The experimental results were presented in Table 5. The chemical composition of the investigated real wastewater
samples, including salt concentration and coexisting inorganic and organic species, was not analyzed in detail
in the present work. Therefore, their possible effects on the adsorption performance were not evaluated. Further
investigations involving complete chemical analysis of real wastewater samples will be conducted in future work
to better understand the adsorption mechanisms under practical conditions.

Proposed adsorption mechanism of MB-dye on PAm@P hydrogel

The proposed adsorption mechanism of MB-dye onto the fabricated PAm@P hydrogel can be attributed to
multi-interaction adsorption mechanisms involving electrostatic attraction, hydrogen bonding, pore diffusion,
and surface complexation, as represented in Scheme 2. After phosphate modification, the fabricated PAm
hydrogel contains abundant-CONH,, -OH, and -PO -, groups. These groups increase the hydrophilicity of the
fabricated PAm@P hydrogel and create a swollen, porous network, thereby facilitating the diffusion and entrance
of MB molecules inside the hydrogel structure to be closely to the binding sites. At pH values around the pH .
of PAm@P hydrogel (pH =5-9), the phosphate is almost completely ionized, producing negatively charged sites

Fig. 9. Photographic image of Methylene blue and Rhodamine B mixture (a) before and (b) after treating with
PAm@P hydrogel and Mix of MB and E122 (c) before and (d) after treating with PAm@P hydrogel.
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Sample Dye Spiked (ug mL~!) | Measured (ug mL™!) | Recovered (ug mL~') | Recovery (%)
0.00 0.00 0.00 0.00
Wastewater | MB-dye | 100 2.01 97.99 98.9
300 10.93 239.07 96.93
0.00 0.00 0.00 0.00
Tap water MB-dye | 100 1.34 98.66 99.586
300 5.71 294.29 98.68
0.00 0.00 0.00 0.00
Sea water MB-dye | 100 3.18 96.82 97.72
300 18.84 281.16 94.28

Table 5. Analytical results of MB-dye adsorption (ug ml™!) from real samples using PAm@P hydrogel.
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Scheme 2. Proposed adsorption mechanism of MB-dye on PAm@P hydrogel.

such as -PO,*-. These negatively charged sites attract the positively charged MB molecules through electrostatic
attraction and release Na™. After adsorption of MB molecules by the prepared PAm@P hydrogel, additional peaks
corresponding to S and Cl atoms on the EDS analysis of PAm@P-MB, as illustrated in Fig. 4b, which originate
from the MB molecules, are clearly observed. The appearance of these characteristic elements after adsorption
confirms the attachment of MB molecules to the PAm@P hydrogel. Moreover, the high adsorption capacity of
PAm@P hydrogel towards the MB-dye was effect on the thermal stability of the obtained PAm@P-MB, as shown
in Fig. 3c and b. Where, the PAm@P-MB presented lower thermal stability in all decomposition stages compared
with PAm@P hydrogel and finally the residue in case PAm@P-MB (27%) almost half that obtained in case of
PAm@P hydrogel (50%). Moreover, the FITR of PAm@P-MB presented intense bands compared with PAm@P
hydrogel, as demonstrated in Fig. 3a. In addition, after the adsorption of MB molecules, the position of the many
FTIR bands for PAm@P hydrogel had been shifted due to the interactions between MB molecules and the active
sites on PAm@P hydrogel. The high adsorption performance of PAm@P hydrogel is primarily attributed to the
presence of abundant phosphate and amide functional groups, which provide numerous active adsorption sites
for MB molecules, in combination with its three-dimensional hydrophilic polymeric network that promotes
efficient mass transfer. Although the SEM images reveal a porous and interconnected morphology, BET surface
area and porosity measurements were not conducted in this study. Therefore, no direct correlation between
adsorption performance and specific surface area is claimed. Future work will include BET surface area and pore
size analyses to provide a more comprehensive understanding of the structure-adsorption relationship.
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Adsorbent Dose pH Equilibrium time | %R | Regeneration | q,_ ,mgg ' | Refs.
PAm@P hydrogel 160 mg L™! 7 60 min 99.3 |3 1490 This study
Ni-polyacrylamide composite 30mgL! 6.0 240 min 94 3 14.3 42
ZHC-4 400 mg L! 7.0 24h 99 6 682.67 3
SA/PAM/PPy-TiO,hydrogel - 7.0 120 min 100 |5 4
SCHMs 800 mg L! 10 180.0 min 994 |5 64.05 4
Cs-STMP-ACM hydrogel 400 mg L} 10 10 min 85% |3 872 46
Hyd 67.11

Hyd/C30B 800 mg L™! 8 30 min - - 77.51 7
C30B 70.42

HG 83.22 12.3

HG/BC 1.5gL7! 8 70 min 92.57 | - 14.2 8
HG/MTWBC 94.27 20.79

PAAm/TP hydrogel 180 mg/25mL | 7.0-8.5 | 600 min 82 5 0.57 4
Poly(AA-Co-NaAMPS) Hydrogel 240mg L~! 7 120 min 97 - 595.3 50
Fe,0,/poly(HEMA-co-AMPS) magnetic hydrogels | 1.0 g L™ 6.5 10 min 98.5 |10 445.35 51
Hydrogel sodium alginate /Fe,0, - 8 20 min 95 4 200 52
poly(HEMA-co-AMPS)/VAC 1.0gL! 7 24h 781 |5 284.90 53
N-maleyl chitosan/P(AA-co-VPA) 50 mg L™! 7 100 min - 4 66.89 54
poly(AAm-co-AMPS)/Na-MMT hydrogel 50 mg L! 9 330-390 min 93 4 176 =
NAM@CuO NCs hydrogel 12gL! 7 6.5 min 93.99 |5 82.44 56
XGX-g-PAAHs@CuO nanocomposite 12gL! 7 30 min 952 |5 132.1 57
CNAM@Co;04 NCs hydrogel 12gL! 7 30 min 9528 | 5 380.07 58
HAM@Co;04 NCs hydrogel 1.6gL! 7 30 min 9491 |5 294.64 59
PMH®@CuO nanocomposite 12gL! 7 30 min 98.41 | 5 132.27 €0
VSi-CTS-g-PAAm hydrogel 1.0gL! 12 24h 98 68.02 ol
porous alginate-based polyHIPE (AGA) 1.5gL! 8 3h 99 5 66.87 62

Table 6. Comparison of highest adsorption capacity q_ . _values of MB-dye by PAm@P hydrogel and other
adsorbent materials*-62.

Based on the results obtained in this work, it can be observed that the fabricated PAm@P hydrogel offers
several advantages as an adsorbent to remove cationic dyes from environmental samples. The incorporation
of phosphate functional groups provides considerable abundant negatively charged active sites, resulting in
high adsorption performance and remarkable selectivity toward cationic dyes molecules through electrostatic
attractions and surface complexation. PAm@P hydrogel also exhibits a 3D porous network that facilitates
rapid diffusion of dye molecules and enhances removal efficiency. Furthermore, the preparation procedure is
relatively simple and employs readily available monomers, making the material potentially suitable for scalable
production. Despite these advantages, several limitations should be considered. The adsorption performance
should be further evaluated using real industrial wastewater containing competing ions and mixed organic
contaminants, in addition to an economic assessment of large-scale synthesis and application is necessary
before practical implementation in wastewater treatment systems. Future work will focus on addressing these
aspects to further demonstrate the feasibility of the prepared PAm@P hydrogel for real-world environmental
applications. Also, the phosphate release from the chemically grafted PAm@P hydrogel was not experimentally
evaluated. Although the phosphate groups are covalently attached to the polymer network and are therefore
expected to exhibit good chemical stability, quantitative assessment of phosphate leaching during adsorption
and repeated regeneration cycles is necessary to fully evaluate the long-term performance and environmental
safety of the adsorbent. This aspect will be investigated in future studies. Although the adsorption-desorption
results demonstrated satisfactory reusability of the hydrogel, detailed after regeneration characterization (e.g.,
FTIR, SEM, swelling behavior, and mechanical property analysis) was not performed in the present study. Such
analyses will be the focus of future investigations to further verify the structural integrity and long-term stability
of the regenerated hydrogel.

Comparison study

Recently, numerous types of adsorbents hydrogels have been investigated and published to eliminate MB-dye
from aquatic media®?~%%. Adsorbent dose, pH, equilibrium time, removal percentages, and maximum adsorption
capacity such adsorbents were reported in Table 6. Most of the adsorbents examined illustrate highest adsorption
capacity (q, . ) for MB-dye ranged 0.57-872 mgg™'. Also, the data represented revealed that the fabricated
hydrogel in this work has a considerable optimum conditions and maximum adsorption capacity compared
with the published works as well as the fabricated PAm@P hydrogel still has many advantages and suitability for
practical environmental applications.
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Sustainability considerations

A qualitative sustainability assessment was conducted using a cradle-to-gate perspective, covering the production
of raw materials, hydrogel synthesis, phosphate functionalization, purification, and drying prior to the adsorption
stage. The PAm@P hydrogel is prepared in an aquatic media, thereby eliminating the use of volatile organic
solvents and reducing solvent-related environmental hazards. The fabrication processes employ commercially
available reagents and involve relatively few processing steps, contributing to good material utilization and
minimizing additional processing requirements. However, the environmental footprint of the fabrication
process is primarily influenced by thermal energy consumption during free-radical polymerization (80 °C) and
the phosphate functionalization step (180 °C for 4 h), as well as water consumption during repeated washing and
freeze-drying of the final product. From a life-cycle perspective, these stages are expected to be the dominant
contributors to energy demand and associated greenhouse gas emissions. Although a complete quantitative Life
Cycle Assessment (LCA) was not performed in this work, the present synthesis strategy demonstrates several
features consistent with more sustainable material development, including the use of water as the reaction
medium, the avoidance of hazardous organic solvents, efficient incorporation of phosphate functional groups,
and the potential for adsorbent regeneration and repeated use. In addition, the regeneration and reuse capability
of the PAm@P hydrogel, demonstrated in this study, can reduce material consumption and waste generation over
multiple adsorption cycles, thereby improving its overall sustainability. Similar sustainability considerations and
the importance of LCA for hydrogels and polymer-based adsorbents used in wastewater treatment have been
highlighted in recent published works, emphasizing that solvent selection, energy consumption, regeneration
efficiency, and system boundary definition are critical factors for evaluating the environmental performance of
adsorption materials®*-¢°.

Cost evaluation and practical applicability of the PAmM@P hydrogel

In addition to remove performance of the fabricated PAm@p hydrogel, its economic feasibility is important
parameter for assessing its potential industrial applications in treatment technologies of wastewater. Accordingly,
apreliminary cost evaluation of the prepared PAm@P hydrogel was investigated based on the approximate market
prices of the raw materials used in its preparation. PAm@P hydrogel is synthesized from relatively inexpensive
and commercially available materials, including acrylamide, N,N'-methylenebisacrylamide (BIS), sodium
phosphate (Na;PO,), and a radical initiator, all of which are widely used in industrial polymer production.
Moreover, the preparation processes are based on simple free-radical polymerization processes conducted under
mild conditions, without requiring expensive catalysts, high-pressure systems, or energy-intensive processing
steps, thereby reducing overall production costs. Based on current market prices of the precursors 18.6-20.0
USD kg™!. This low cost is attributed to the use of inexpensive monomers and reagents, a straightforward aqueous
polymerization process, and the absence of expensive catalysts or complex processing techniques. Considering
the experimentally obtained adsorption capacity of 1490+ 7.36 mg g~! for methylene blue, the estimated cost of
dye removal is approximately 12.5-13.5 USD per kg MB-dye removed, indicating favorable economic feasibility
compared with many reported polymer-based adsorbents. Although this analysis suggests promising economic
feasibility, a full techno-economic assessment including operational costs, regeneration performance, and large-
scale manufacturing considerations, is necessary for a more accurate evaluation of industrial viability. Such
detailed analysis is recommended for future investigations.

Conclusion

In this investigation, the modification of PAm with phosphate group was succeeded to yield PAm@P hydrogel.
The modification step was confirmed with characterization with different advanced techniques. As a result, both
swelling and adsorption properties of the new material (PAm@P) were improved compared with the original
polymeric material (PAm). The adsorption parameters were best fitted with pseudo second order (q,,,.) = 1536.1
mg g!) and Langmuir adsorption isotherm (q, = 746.26 mg g™'). Thermodynamic analysis revealed that the
adsorption process was spontaneous and exothermic, with AH® = —80.14 k] mol™!, AS° = —213.65 ] mol™! K™,
and negative Gibbs free energy values ranging from — 16.65 to — 12.42 k] mol™! over the investigated temperature
range, indicating that the adsorption process is primarily driven by enthalpic interactions. In addition, the
experimentally determined q_ _ was 1490+7.36 mg g~' under the optimum adsorption conditions of an
adsorbent dose of 0.005 g, initial MB concentration of 300 mg L-1, contact time of 120 min, solution pH 7,
temperature of 25 °C, and solution volume of 25 mL. Moreover, the prepared PAm@P hydrogel showed suitable
selective adsorptivity towards MB-dye in the presence of RhB and E122 with SF values of 2.31 for MB-dye over
Rhodamine B and 3.10 for MB over E122, Moreover, PAm@P hydrogel can be reused for three cycles with
acceptable adsorption percent. Practical applicability was verified through the treatment of real water samples,
achieving high MB molecules recovery values of 96.93-98.90% for wastewater, 98.68-99.59% for tap water, and
94.28-97.72% for seawater. Overall, these findings demonstrate that the phosphate-functionalized PAm@P
hydrogel is a highly efficient, selective, reusable, and environmentally promising adsorbent for the removal
of cationic dyes from contaminated aquatic media, highlighting its strong potential for practical wastewater
treatment applications.

Data availability
The authors state that the article contains all pertinent data needed to support the study’s conclusions. The cor-
responding author can provide more information upon request.
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