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ABSTRACT 

Textile effluent carrying Congo red (CR) is hard to treat, because the dye is highly soluble, chemically stable and 

toxic at low concentration. Here a hydrogel was prepared by graft copolymerising acrylic acid (AA) and itaconic acid 

(IA) onto chitosan, giving CH-g-poly(AA-co-IA), with potassium persulfate as initiator and N,N′-
methylenebisacrylamide as crosslinker. It was examined by FTIR, XRD and FESEM, then tested on CR in batch mode. 

Uptake was strongly pH dependent: removal peaked at pH 3 (91.6 %) and fell to 14.2 % at pH 10, placing the 

protonated amine groups of the chitosan backbone at the centre of the binding step. A dose of 2 g L
−1 removed more 

than 90 % of the dye from a 50 mg L
−1 solution, and equilibrium was reached at about 210 min. Kinetic data were 

described best by the pseudo-second-order equation (R2 = 0.9974 by non-linear fitting, 0.9991 in linear form); the 

intraparticle diffusion plot was multilinear, with a fast diffusion-controlled stage followed by a much slower approach 

to equilibrium. Equilibrium data followed the Freundlich model (R2 = 0.9981, n = 2.20) more closely than the 

Langmuir model, which indicates an energetically heterogeneous surface; the Langmuir capacity was 100.7 mg g
−1 at 

298 K. The mean free energy from the Dubinin–Radushkevich model was 11.5 kJ mol
−1. Thermodynamic parameters 

(ΔH° = +22.92 kJ mol
−1, ΔS° = +88.74 J mol

−1 K
−1, ΔG° = −2.61 to −6.14 kJ mol

−1) describe a spontaneous, 

endothermic and entropy-driven process. 
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1. INTRODUCTION 

Synthetic dyes are among the most conspicuous 

pollutants released by industry, and the textile sector 

loses a substantial fraction of what it applies; much of 

that load reaches surface water after only partial 

treatment [1,2]. Congo red is one of the more 

troubling members of the group. It is an anionic bis-azo 

dye built on a benzidine core, and reductive cleavage of 

its azo bonds can liberate mutagenic aromatic amines 

[1,3]. The molecule is also stubbornly stable: its two 

sulfonate groups keep it soluble over a wide pH range, 

while the extended conjugation resists light and mild 

oxidants [4,5]. Even at low concentration it colours 

water and limits light penetration in receiving streams 

[2]. 

Coagulation, membrane filtration, advanced oxidation 

and biological treatment have all been tried on dye-

bearing effluent, and each carries a penalty cost, sludge, 

or incomplete mineralisation [6,7]. Adsorption has held 

its position because it is simple to operate, still works 

at low residual concentration, and allows the solid to 

be recovered [7,8]. Activated carbon remains the 

benchmark, but its price keeps pushing the search 

towards cheaper solids derived from biomass and 

biopolymers [9,10]. 

Chitosan is an obvious candidate: abundant, non-toxic 

and biodegradable, with amine groups that protonate in 

acidic media and, together with the hydroxyl groups, 

bind anionic dyes strongly [11,12]. The raw polymer 

swells and partly dissolves in dilute acid precisely the 

conditions under which anionic dyes are adsorbed best 

and both its surface area and its mechanical strength 

are low [13,14]. Grafting and crosslinking are the 

standard remedy, since attaching acidic vinyl monomers 

to the backbone introduces carboxyl functionality, 

stabilises the network and improves swelling [15,16]. 
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This work reports a hydrogel in which acrylic acid and 

itaconic acid were graft copolymerised onto chitosan 

and crosslinked with N,N′-methylenebisacrylamide. 

Itaconic acid was chosen because it is bio-based and 

carries two carboxyl groups per repeat unit, raising the 

density of polar sites without an extra synthetic step 

[17, 18]. The material was characterised and then 

assessed for Congo red uptake against pH, dose, 

contact time, initial concentration and temperature. 

 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Chitosan (DD ≥ 75 %; medium molecular weight, 190–

310 kDa), acrylic acid, itaconic acid, potassium 

persulfate (KPS) and N,N′-methylenebisacrylamide 

(MBA) were used as received from Sigma-Aldrich 

(analytical grade). Congo red (C32H22N6Na2O6S2, Mw = 

696.66 g mol
−1, C.I. 22120) was supplied by Sigma-

Aldrich (dye content ≥ 85 %). Hydrochloric acid and 

sodium hydroxide (Merck, analytical grade) were used 

for pH adjustment. All solutions were prepared in 

distilled water. 

A stock solution of 1000 mg L
−1 CR was prepared by 

dissolving the dye in distilled water, and working 

solutions were obtained by serial dilution. The 

maximum absorption wavelength was confirmed at 497 

nm, and concentrations were read against a calibration 

curve (A = 0.0432C + 0.0051, R2 = 0.9996; linear range 

1–50 mg L⁻¹; LOD 0.18 mg L⁻¹). 
2.2. Preparation of the CH-g-poly(AA-co-IA) 

hydrogel 

The hydrogel was synthesised by free-radical graft 

copolymerisation, following the route used for related 

polysaccharide systems [16,19,20,21]. Chitosan (0.1–

2.0 g) was dissolved in 30 mL of dilute acetic acid (2 % 

v/v) on a hot-plate stirrer at 50 °C for 30 min, with 

continuous stirring, until a homogeneous solution was 

obtained. Nitrogen was then bubbled through the 

solution to displace dissolved oxygen, and KPS (0.01–

0.1 g, dissolved in 2 mL of water) was added under 

stirring to generate radicals on the backbone. Itaconic 

acid (0.3–1.5 g in 5 mL of water) was introduced next, 

followed by acrylic acid (1–10 mL). MBA (0.01–0.1 g in 

5 mL of water) was added last as crosslinker, with 

stirring maintained and the nitrogen flow kept on 

throughout. 

The mixture was transferred to glass tubes and held in 

a water bath at 70 °C for 2 h to complete 

polymerisation and network formation. The resulting 

gel was removed carefully, cut into discs of uniform 

size with a sharp blade, and washed with distilled water 

under stirring to displace unreacted monomer and 

soluble oligomer. The washing water was replaced 

every 30 min and monitored by UV-Vis 

spectrophotometry until the absorbance became 

constant. The discs were dried at 60 °C to constant 

weight, then ground and sieved repeatedly to give fine 

particles of uniform size. The optimised composition 

used in the adsorption work was chitosan 1.0 g : AA 5 

mL : IA 0.5 g : KPS 0.05 g : MBA 0.05 g, with a grafting 

percentage of 285 % and a grafting efficiency of 82 %. 

The equilibrium swelling ratio in distilled water was 

22.5 g g
−1. Figure 01 summarises the synthetic route 

and the interactions proposed between the network 

and the dye. 

 
Figure 01: (a) Preparation of the CH-g-poly(AA-co-IA) 

hydrogel by free-radical graft copolymerisation of 

acrylic acid and itaconic acid onto chitosan, initiated by 

KPS and crosslinked with MBA; (b) interactions 

proposed between the protonated network and Congo 

red at pH 3. 

2.3. Characterisation 

Functional groups were identified by FTIR 

spectroscopy over 4000–400 cm
−1 (Shimadzu FTIR-

8400S, KBr disc). The crystalline character of chitosan 

and of the grafted network was compared by X-ray 

diffraction (Shimadzu XRD-6000, Cu Kα, λ = 1.5406 Å) 

over 2θ = 5–70° at a scan rate of 2° min⁻¹, with the 

tube operating at 40 kV and 30 mA. Surface 

morphology was imaged by field-emission scanning 

electron microscopy (TESCAN MIRA3 LMU, at an 

accelerating voltage of 15 kV) after gold coating.  The 

point of zero charge was measured by the salt addition 

method in 0.01 mol L
−1 NaCl, giving pHpzc = 5.2. 

2.4. Adsorption experiments 

Batch experiments were carried out in 100 mL conical 

flasks holding 50 mL of dye solution, shaken at 180 rpm 

in a thermostatic shaker. Unless stated otherwise the 

runs used 50 mg L
−1 CR, 0.1 g of adsorbent, pH 3 and 

25 °C. The effect of pH was examined from 2 to 10 by 

adjusting with 0.1 mol L
−1 HCl or NaOH; adsorbent 

dose was varied from 0.02 to 0.20 g per 50 mL (0.4–

4.0 g L
−1); contact time was followed from 5 to 240 

min; initial concentration was varied from 20 to 300 mg 

L
−1; and temperature was set at 15, 25, 35, 45 and 55 

°C. After shaking, the suspensions were filtered and 

the residual dye was measured at 497 nm. All 

experiments were performed in triplicate and the 

results are reported as mean values; relative standard 

deviations were below 5 % in all cases. 

The amount adsorbed at equilibrium, qe (mg g
−1), and 

the removal efficiency, R (%), were obtained from Eqs 

(1) and (2): 

qe = (C0 − Ce)V / m                            (1) 

R (%) = [(C0 − Ce) / C0] × 100             (2) 
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where C0 and Ce (mg L
−1) are the initial and equilibrium 

concentrations, V (L) is the solution volume and m (g) 

is the adsorbent mass. The amount adsorbed at time t 

was calculated in the same way, replacing Ce by Ct. 

2.5. Modelling of the experimental data 

Kinetic behaviour was tested against the pseudo-first-

order (PFO) [22], pseudo-second-order (PSO) [23], 

intraparticle diffusion [24] and Elovich [25] equations, 

written here in their linear forms: 

ln(qe − qt) = ln qe − k1t                  (3) 

t/qt = 1/(k2qe
2) + t/qe                     (4) 

qt = kidt
1/2 + C                              (5) 

qt = (1/β) ln(αβ) + (1/β) ln t        (6) 

Equilibrium data were fitted to the Langmuir [26], 

Freundlich [27], Temkin [28] and Dubinin–

Radushkevich (D–R) [29] isotherms: 

Ce/qe = 1/(KLqmax) + Ce/qmax              (7) 

RL = 1/(1 + KLC0)                           (8) 

log qe = log KF + (1/n) log Ce           (9) 

qe = B ln AT + B ln Ce,  B = RT/bT     (10) 

ln qe = ln qDR − βε2,  ε = RT ln(1 + 1/Ce),  E = 1/(2β)1/2 

(11) 

Because linear transformation redistributes the error 

and can favour one model artificially, the four isotherm 

equations and the pseudo-first-order, pseudo-second-

order and Elovich equations were also fitted by non-

linear least squares, and the two treatments are 

reported side by side [30,31]. The intraparticle 

diffusion equation was treated only in its linear form, 

since that is how its stages are read. Model quality was 

judged from the coefficient of determination, and RMSE 

and the average relative error (ARE) are given for the 

non-linear fits [32]. 

Thermodynamic parameters were obtained from the 

distribution constant Kc = qe/Ce using Eqs (12) and (13): 

ΔG° = −RT ln Kc                                   (12) 

ln Kc = ΔS°/R − ΔH°/(RT)                      (13) 

where R is the gas constant (8.314 J mol
−1 K

−1) and T is 

the absolute temperature. The values of ΔH° and ΔS° 

were taken from the slope and intercept of ln Kc 

against 1/T. It should be noted that Kc calculated as 

qe/Ce carries units of L g
−1; the convention followed 

here is the one used most often in the adsorption 

literature, and the entropy term in particular shifts if 

the constant is first made dimensionless [33,34]. The 

comparison between temperatures, and the sign of 

ΔH°, are unaffected. 

 

3. RESULTS AND DISCUSSION 

3.1. Characterisation of the hydrogel 

The FTIR spectra of chitosan and of CH-g-poly(AA-co-

IA) are compared in Figure 02a. Chitosan shows the 

familiar broad envelope near 3430 cm
−1 from 

overlapping O–H and N–H stretching, together with 

amide bands at about 1655 and 1595 cm
−1. After 

grafting, a strong carbonyl band appears at 1720 cm
−1, 

which is assigned to the carboxylic acid groups 

introduced by acrylic and itaconic acids, and the amide 

I region changes shape, consistent with reaction at the 

amine sites and with amide linkages from MBA. Bands 

near 1560 and 1405 cm
−1 are attributed to the 

asymmetric and symmetric stretching of carboxylate, 

and the C–O–C skeletal band of the saccharide ring 

remains at about 1080 cm
−1, showing that the 

backbone survives the grafting step. Comparable band 

patterns have been reported for grafted chitosan 

hydrogels prepared with persulfate initiators [16, 35, 

36]. 

X-ray diffraction (Figure 02b) shows the expected loss 

of order. Pristine chitosan gives reflections near 2θ = 

10.5° and 20.1°, which correspond to its hydrated and 

crystalline forms; in the grafted product these merge 

into a single broad halo centred at 2θ = 21.8°. The 

same transition disappearance of the low-angle 

reflection and broadening of the main peak has been 

documented for graphene–chitosan and chitosan-g-

poly(acrylic acid) hydrogels, and is taken as evidence 

that the grafted chains disrupt the hydrogen-bonded 

packing of the backbone [35,37]. An amorphous 

network of this type is advantageous for adsorption, 

since it swells more freely and exposes functional 

groups that would otherwise be locked inside a 

crystalline lattice. 

FESEM images (Figure 02c and 02d) show the 

morphological change that accompanies the loss of 

crystallinity. Chitosan appears as smooth, dense and 

flake-like, with a relatively compact surface showing 

little porosity, whereas the hydrogel shows a rough, 

highly porous three-dimensional network with an 

irregular, sponge-like texture with pore openings in the 

range of 2–15 µm. A coarse, open surface of this kind 

provides both external area and channels through 

which the bulky dye can reach internal sites, and similar 

textures are reported for grafted polysaccharide 

hydrogels used as dye adsorbents [35,38]. 

 
Figure 02: Characterisation of the prepared hydrogel: 

(a) FTIR spectra of chitosan and CH-g-poly(AA-co-IA); 

(b) XRD patterns of chitosan and CH-g-poly(AA-co-

IA); (c) FESEM image of chitosan; (d) FESEM image of 

CH-g-poly(AA-co-IA). 

3.2. Effect of solution pH 

Solution pH governs both the charge on the adsorbent 

and the form of the dye, so it was examined first. 

Figure 03a shows removal rising from 87.2 % at pH 2 

to a maximum of 91.6 % at pH 3, then falling steadily to 
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14.2 % at pH 10; the corresponding qe values move 

from 21.80 to 22.90 and down to 3.55 mg g
−1. 

The trend follows directly from the chemistry of the 

two partners. Congo red is a strong electrolyte whose 

sulfonate groups (pKa below 1) stay dissociated as –

SO3

−
 over the whole range studied. The hydrogel, in 

contrast, changes charge sharply. Below its point of 

zero charge the amine groups of the chitosan backbone 

are protonated to –NH3
+ and the surface carries a net 

positive charge, so the dye anion is drawn in by 

electrostatic attraction [11,39]. The measured pHpzc 

was 5.2; pH 3 lies well below this value, confirming that 

the surface carried a net positive charge under the 

optimum adsorption conditions. Above pHpzc the amine 

groups lose their proton and the carboxylic acid 

groups of the grafted chains ionise to –COO
−
. The 

surface then becomes negative, and repulsion between 

the two anions takes over; hydroxide ions compete for 

whatever positive sites remain [12,40]. The fall is 

steepest between pH 5 and pH 9, from 80.8 % to 24.8 

%, which matches the deprotonation of the chitosan 

ammonium groups (pKa near 6.3–6.5) rather than the 

ionisation of the grafted carboxyl groups; the latter are 

already largely dissociated by pH 6 and mainly add to 

the repulsion once the amine sites are lost. 

The small decline at pH 2 deserves a comment. Two 

effects are likely to be at work. The chloride 

introduced with the acid used for adjustment may 

compete with the sulfonate groups for the protonated 

sites; and Congo red itself starts to protonate at its azo 

and amino nitrogens below about pH 3 the origin of its 

familiar red-to-blue colour change giving a form that is 

less soluble and aggregates more readily. Neither effect 

was isolated experimentally here, so this reading 

remains tentative. All later experiments were run at 

pH 3. 

3.3. Effect of adsorbent dose 

Increasing the dose from 0.4 to 4.0 g L
−1 raised removal 

from 62.2 % to 93.8 %, while qe fell from 77.75 to 11.73 

mg g
−1 (Figure 03b). The opposing trends have a 

common origin. More solid means more available sites, 

so a larger share of the dye is captured; but the sites 

added beyond a certain point go unused, because the 

dye left in solution has already been depleted, and 

dividing a nearly constant mass of adsorbed dye by a 

growing mass of solid drives qe down. Particle 

aggregation at high loading, which shortens the 

effective diffusion path and buries part of the surface, 

contributes to the same effect [7]. 

The useful working point is where the curves flatten. 

Between 2.0 and 4.0 g L
−1 removal improves by only 

2.2 percentage points, so 2.0 g L
−1 (0.1 g per 50 mL) 

was adopted for the remaining work as a reasonable 

compromise between efficiency and consumption of 

material. 

 
Figure 03: Effect of (a) solution pH and (b) adsorbent 

dose on the removal of Congo red by CH-g-poly(AA-

co-IA). Conditions: C0 = 50 mg L
−1, V = 50 mL, 180 rpm, 

25 °C, 120 min; pH 3 in (b) and 0.1 g per 50 mL in (a). 

3.4. Contact time and adsorption kinetics 

The pH and dose series of Sections 3.2 and 3.3 were 

each run for a fixed 120 min; the kinetic series 

described here shows how close that is to equilibrium. 

A small between-batch variation was noted: the pH and 

dose series (each stopped at 120 min) gave 91.6 % 

removal under the same nominal conditions, whereas 

the kinetic run returned 87.8 % at 120 min. The 

difference is within the normal batch-to-batch scatter 

of hydrogel preparations, and the equilibrium values 

reported here are taken from the kinetic series, which 

was followed to completion. Uptake was rapid at first 

and then tailed off (Figure 04a). About 63 % of the final 

capacity was taken up within 30 min, 82 % within 60 

min and 91 % within 90 min, after which the curve 

flattened; equilibrium was effectively reached at 210 

min, with qe,exp = 22.90 mg g
−1. The early rise reflects 

the large number of vacant sites and the steep 

concentration gradient at the start. As those sites fill, 

the remaining dye has to travel further into the swollen 

network against increasing repulsion from molecules 

already bound, and the rate falls away. 

Kinetic constants are collected in Table 01. The 

pseudo-second-order equation gave the closest 

description in both treatments, with R2 = 0.9991 for 

the linear form and R2 = 0.9974, ARE = 1.82 % for the 

non-linear fit, against 0.9852 and 0.9932 for the 

pseudo-first-order model. The pseudo-first-order line 

was fitted over 5–180 min, beyond which qe − qt falls 

below the precision of the measurement and the 

logarithm becomes unstable. The pseudo-second-order 

rate constant was k2 = 1.70 × 10
−3 g mg

−1 min
−1, giving 

an initial rate h = k2qe
2 = 1.11 mg g

−1 min
−1. One point 

should be made plainly: the pseudo-second-order 

model overestimates the equilibrium capacity (qe,cal = 

25.54 mg g
−1 against 22.90 mg g

−1 measured), whereas 

the pseudo-first-order model returns 21.95 mg g
−1, 

much closer to experiment. The t/qt plot is known to 

inflate R2 because the transformation compresses the 

early points [31], so the two criteria are reported 

together rather than resolved in favour of one. Taken 

as a whole, the data support a rate step that depends 

on the interaction between dye and surface sites rather 

than on simple physical accumulation. 

The intraparticle diffusion plot (Figure 04d) is not a 

single straight line, and it does not pass through the 
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origin. Two segments can be distinguished. The first, up 

to about 60 min, has kid,1 = 2.665 mg g
−1 min

−1/2 with an 

intercept close to zero (C = −0.95), which indicates 

that transport into the particle governs this stage with 

little boundary-layer resistance. The second segment is 

much shallower (kid,2 = 0.503 mg g
−1 min

−1/2) and has a 

large intercept (C = 15.80), the signature of a slow 

approach to equilibrium once the more accessible sites 

are occupied [24]. The size of the Congo red molecule, 

at 696.66 g mol
−1, is the most likely reason for the 

slowness of this second stage, although no smaller dye 

was run alongside it for comparison. The Elovich 

equation, with α = 2.52 mg g
−1 min

−1 and β = 0.193 g 

mg
−1, also gave a reasonable fit (R2 = 0.9775) and points 

to an energetically non-uniform surface a conclusion 

that reappears in the equilibrium data. 

 
Figure 04: Adsorption kinetics of Congo red on CH-g-

poly(AA-co-IA): (a) effect of contact time with non-

linear pseudo-first-order and pseudo-second-order fits; 

(b) linear pseudo-first-order plot; (c) linear pseudo-

second-order plot; (d) intraparticle diffusion plot 

showing two stages. Conditions: C0 = 50 mg L
−1, 2 g L

−1, 

pH 3, 25 °C. 

Table 01: Kinetic parameters for the adsorption of 

Congo red on CH-g-poly(AA-co-IA) (C0 = 50 mg L
−1, 2 

g L
−1, pH 3, 25 °C; qe,exp = 22.90 mg g

−1). 

Model Parameters R2 

RMSE 

(mg 

g
−1) 

ARE 

(%) 

Pseudo-

first-order 

(linear, 5–

180 min) 

qe,cal = 21.95 

mg g
−1; k1 = 

0.0289 min
−1 

0.9852 – – 

Pseudo-

first-order 

(non-linear) 

qe,cal = 22.49 

mg g
−1; k1 = 

0.0345 min
−1 

0.9932 0.52 4.22 

Pseudo-

second-

order 

(linear) 

qe,cal = 25.54 

mg g
−1; k2 = 

1.70 × 10
−3 g 

mg
−1 min

−1; h 

= 1.11 mg g
−1 

0.9991 – – 

Model Parameters R2 

RMSE 

(mg 

g
−1) 

ARE 

(%) 

min
−1 

Pseudo-

second-

order (non-

linear) 

qe,cal = 25.94 

mg g
−1; k2 = 

1.59 × 10
−3 g 

mg
−1 min

−1 

0.9974 0.33 1.82 

Intraparticle 

diffusion, 

stage I 

kid,1 = 2.665 

mg g
−1 min

−1/2; 

C = −0.95 mg 

g
−1 

0.9868 – – 

Intraparticle 

diffusion, 

stage II 

kid,2 = 0.503 

mg g
−1 min

−1/2; 

C = 15.80 mg 

g
−1 

0.8456 – – 

Elovich 

(linear) 

α = 2.52 mg 

g
−1 min

−1; β = 

0.193 g mg
−1 

0.9775 – – 

Elovich 

(non-linear) 

α = 2.00 mg 

g
−1 min

−1; β = 

0.180 g mg
−1 

0.9685 1.13 8.00 

3.5. Adsorption isotherms 

Equilibrium capacity rose from 9.20 to 86.60 mg g
−1 as 

the initial concentration was raised from 20 to 300 mg 

L
−1 (Figure 05a). The curve has no clear plateau over 

this range, which is the first indication that a strict 

monolayer description will not hold. Isotherm 

constants are given in Table 02. 

Of the three surface-coverage models, the Freundlich 

equation described the data best. Linear regression 

gave KF = 8.36 (mg g
−1)(L mg

−1)1/n, 1/n = 0.494 and R2 = 

0.9911, and the non-linear fit gave KF = 9.70, n = 2.20, 

R2 = 0.9981 with ARE = 4.80 %. The Langmuir model 

was distinctly poorer (R2 = 0.9771, ARE = 13.23 % non-

linear), even though the linear plot of Ce/qe against Ce 

looks acceptable at first sight. This is a useful reminder 

that a respectable linear R2 can conceal a systematic 

misfit, which the error functions expose [30,32]. With 

n between 1 and 10 the process is classified as 

favourable, and a value of 2.20 suggests moderately 

strong binding on a surface whose sites differ in energy 

reasonable for a grafted network that carries amine, 

carboxyl and hydroxyl groups in an irregular 

arrangement. 

The Langmuir parameters are still worth quoting for 

comparison, since most published capacities are 

expressed this way. They give qmax = 100.7 mg g
−1 and 

KL = 0.0332 L mg
−1 at 298 K from the non-linear fit 

(97.6 mg g
−1 and 0.0399 L mg

−1 from the linear form). 

The separation factor RL falls between 0.091 and 0.601 

across the concentration range studied, confirming 

favourable adsorption throughout, and the decrease of 

RL with rising C0 is the expected pattern [32]. 
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The Temkin model gave bT = 139.9 J mol
−1 and AT = 

0.639 L mg
−1 with the weakest fit of the three (R2 = 

0.9513, ARE = 19.21 %). The small value of bT points to 

a low average heat of adsorption and argues against a 

purely chemical interaction. The D–R model, on the 

other hand, returned a mean free energy E = 11.52 kJ 

mol
−1 in its linear form and 11.63 kJ mol

−1 by non-linear 

fitting, both inside the 8–16 kJ mol
−1 window usually 

associated with chemisorption or ion exchange [41]. 

The two results are not contradictory so much as 

complementary: they suggest a mixed mechanism, with 

electrostatic ion-pair formation at the –NH3
+ sites 

accompanied by weaker physical contributions 

elsewhere on a heterogeneous surface. The apparent 

D–R capacity (483 and 462 mg g
−1 from the two 

treatments) is much larger than the Langmuir value, as 

is commonly observed, because the model refers to 

the total micropore volume rather than to a surface 

monolayer. It should be added that the D–R fit returns 

the highest R2 of any equation tested (0.9995 non-

linear). We have not used it to rank capacity, because 

it describes pore filling rather than surface coverage 

and its capacity term extrapolates far beyond the range 

actually measured; it is quoted here for the energy 

criterion alone. 

 
Figure 05: Equilibrium and thermodynamic behaviour: 

(a) adsorption isotherm with non-linear Langmuir, 

Freundlich and Temkin fits; (b) linear Langmuir plot; (c) 

linear Freundlich plot; (d) van 't Hoff plot. Conditions: 

2 g L
−1, pH 3, 210 min; 25 °C in (a)–(c). 

Table 02: Isotherm parameters for the adsorption of 

Congo red on CH-g-poly(AA-co-IA) (2 g L
−1, pH 3, 210 

min, 25 °C). 

Model Parameters R2 

RMSE 

(mg 

g
−1) 

ARE 

(%) 

Langmui

r (linear) 

qmax = 97.65 mg 

g
−1; KL = 0.0399 L 

mg
−1; RL = 0.077–

0.556 

0.9759 – – 

Langmui qmax = 100.66 mg 0.9771 3.84 13.2

Model Parameters R2 

RMSE 

(mg 

g
−1) 

ARE 

(%) 

r (non-

linear) 
g
−1; KL = 0.0332 L 

mg
−1; RL = 0.091–

0.601 

3 

Freundli

ch 

(linear) 

KF = 8.36 (mg 

g
−1)(L mg

−1)1/n; 1/n 

= 0.494; n = 2.02 

0.9911 – – 

Freundli

ch (non-

linear) 

KF = 9.70 (mg 

g
−1)(L mg

−1)1/n; n = 

2.20 

0.9981 1.12 4.80 

Temkin 

(linear 

and non-

linear 

coincide

) 

AT = 0.639 L mg
−1; 

bT = 139.9 J mol
−1; 

B = RT/bT = 17.72 

mg g
−1 

0.9513 5.61 
19.2

1 

Dubinin

–

Radushk

evich 

(linear) 

qDR = 483.0 mg 

g
−1; β = 3.77 × 

10
−9 mol2 J

−2; E = 

11.52 kJ mol
−1 

0.9981 – – 

Dubinin

–

Radushk

evich 

(non-

linear) 

qDR = 462.1 mg 

g
−1; β = 3.69 × 

10
−9 mol2 J

−2; E = 

11.63 kJ mol
−1 

0.9995 0.57 2.10 

The Dubinin–Radushkevich model was evaluated with 

Ce in mol L
−1 and qe in mol g

−1. 

3.6. Thermodynamic study 

Raising the temperature from 288 to 328 K increased 

qe from 21.40 to 23.75 mg g
−1 and Kc from 2.97 to 9.50 

L g
−1, so the process is endothermic. The van 't Hoff 

plot (Figure 05d) was linear over the whole interval (R2 

= 0.9982) and gave ΔH° = +22.92 kJ mol
−1 and ΔS° = 

+88.74 J mol
−1 K

−1 (Table 03). 

Values of ΔG° were negative at every temperature and 

grew more negative as the temperature rose, from 

−2.61 kJ mol
−1 at 288 K to −6.14 kJ mol

−1 at 328 K, so 

adsorption is spontaneous and is favoured by heating. 

The magnitude of ΔG° is often used to separate 

physical from chemical adsorption, but that reading has 

to be treated cautiously here. With Kc expressed in L 

g
−1 the values fall below 20 kJ mol

−1, which would 

suggest physisorption; if Kc is first rendered 

dimensionless by the usual factor of 103, ΔG° at 298 K 

becomes −20.7 kJ mol
−1 and ΔS° rises to 146.2 J mol

−1 

K
−1, while ΔH° is unchanged [33,34]. The classification 

therefore depends on a convention rather than on the 

data, and we do not rest any mechanistic claim on it. 

The sign of ΔH° is robust, and a positive value is 

consistent with a step that requires desolvation: both 

the dye anion and the protonated amine sites carry 
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hydration shells, and stripping them costs more energy 

than the ion pair subsequently releases. 

The same desolvation accounts for the positive 

entropy. Releasing ordered water molecules from two 

charged partners into the bulk raises the disorder of 

the system, and under either convention TΔS° exceeds 

ΔH° across the range studied, so it is the entropy term 

that carries ΔG° below zero. 

Table 03: Thermodynamic parameters for the 

adsorption of Congo red on CH-g-poly(AA-co-IA) (C0 

= 50 mg L
−1, 2 g L

−1, pH 3, 210 min). 

T (K) 

qe 

(mg 

g
−1) 

Kc 

(L 

g
−1) 

ln Kc 

ΔG° 

(kJ 

mol
−1

) 

ΔH° 

(kJ 

mol
−1

) 

ΔS° (J 
mol

−1 

K
−1) 

288.1

5 

21.4

0 

2.9

7 

1.08

9 
−2.61   

298.1

5 

22.3

5 

4.2

2 

1.43

9 
−3.57   

308.1

5 

23.0

0 

5.7

5 

1.74

9 
−4.48 

+22.9

2 

+88.7

4 

318.1

5 

23.4

5 

7.5

6 

2.02

3 
−5.35   

328.1

5 

23.7

5 

9.5

0 

2.25

1 
−6.14   

Values of ΔH° and ΔS° were obtained from the van 't 

Hoff plot (R2 = 0.9982). 

3.7. Proposed adsorption mechanism 

Taken together, the results support the picture drawn 

in Figure 01b. The dominant interaction is electrostatic. 

At pH 3 the backbone amine groups exist as –NH3
+, 

and each Congo red molecule offers two –SO3

−
 groups, 

so a single dye molecule can bridge two adjacent sites. 

Bidentate anchoring of this kind would strengthen the 

attachment relative to a single ion pair, although no 

mono-sulfonated dye was examined here, so the point 

remains a structural inference rather than a measured 

comparison. What the data do establish is the sharp 

pH dependence of Section 3.2, which is difficult to 

explain without an electrostatic step. 

Electrostatics alone, however, does not account for 

everything. Hydrogen bonding is available between the 

hydroxyl and un-ionised carboxyl groups of the 

network and the amino, azo and sulfonate groups of 

the dye; at pH 3 most carboxyl groups are protonated 

and therefore act as donors rather than as competing 

anions, which is part of why the acidic optimum is so 

pronounced. The aromatic naphthalene and biphenyl 

rings of Congo red can also enter n–π interactions with 

the carbonyl and amide groups of the grafted chains; 

the network itself carries no aromatic rings, so any π–π 

stacking would have to occur between dye molecules 

already bound, which becomes plausible only at higher 

loading. Neither interaction was probed directly here. 

Finally, the swollen network offers channels for the dye 

to diffuse into, and the multilinear diffusion plot shows 

that this pathway contributes measurably to the overall 

rate. 

The heterogeneity implied by the Freundlich exponent 

and by the Elovich fit falls neatly into this scheme. Sites 

of at least three kinds are present protonated amine, 

carboxyl and hydroxyl and they differ both in binding 

energy and in accessibility, some at the outer surface, 

others deep within the network. 

3.8. Comparison with reported adsorbents 

Table 04 sets the present capacity against values 

reported for other chitosan-based and polymeric 

adsorbents of Congo red. The comparison should be 

read with care, because reported capacities depend 

heavily on the concentration range covered, the dose, 

the pH and the way the isotherm was fitted; a 

Langmuir qmax extracted from data that never approach 

saturation is an extrapolation, not a measurement. 

With that caveat, 100.7 mg g
−1 places CH-g-poly(AA-

co-IA) in the middle of the published field. It is very 

close to the bis-uracil crosslinked chitosan hydrogel 

(93.5 mg g
−1) [42] and to the itaconic acid-modified 

layered double hydroxide/gellan gum nanocomposite 

(99.9 mg g
−1) [43], and well above simple mineral and 

agricultural adsorbents such as fly ash (22.1 mg g
−1) 

[44] and untreated sorghum husk (57.6 mg g
−1; 77.1 mg 

g
−1 after acid treatment) [45]. It is an order of 

magnitude below the best performers, notably the 

chitosan/poly(DDA-co-acrylamide) semi-

interpenetrating hydrogel (1803.5 mg g
−1) [46] and the 

dialdehyde-cellulose-crosslinked cellulose–chitosan 

foam (1548.2 mg g
−1) [47], both of which were 

evaluated at far higher initial concentrations. It also 

improves substantially on the MWCNT/chitosan-g-

poly(acrylic acid–crotonic acid) composite (14.1 mg g
−1) 

[48], which is the closest structural analogue of the 

present material. The two studies differ in more than 

the second monomer, so the gap cannot be assigned to 

itaconic acid alone; a side-by-side preparation of the 

two copolymers under identical conditions would 

settle the point and seems worth doing. 

Table 04: Maximum adsorption capacities reported for 

Congo red on chitosan-based and related polymeric 

adsorbents. 

Adsorbent 

qmax 

(mg 

g
−1) 

Optim

um pH 

Best 

isothe

rm 

Re

f. 

MWCNT/chitosan-

g-poly(AA-co-

crotonic acid) 

14.13 n.r. 
Langm

uir 

[48

] 

Fly ash (unmodified 

industrial waste) 
22.12 natural 

Langm

uir 

[44

] 

Chitosan-

diatomite/calcium 

alginate beads 

48.42 7 
Langm

uir 

[49

] 

Activated carbon 

(Spathodea 

campanulata) 

59.27 7 
Langm

uir 
[9] 
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Adsorbent 

qmax 

(mg 

g
−1) 

Optim

um pH 

Best 

isothe

rm 

Re

f. 

Sorghum husk (acid-

treated) 
77.14 2 

Langm

uir 

[45

] 

Bis-uracil crosslinked 

chitosan hydrogel 
93.46 4 

Langm

uir 

[42

] 

Itaconic acid-

modified LDH/gellan 

gum 

99.90 5 
Freund

lich 

[43

] 

CH-g-poly(AA-co-

IA) hydrogel (this 

work) 

100.7

0 
3 

Freund

lich 

Thi

s 

wo

rk 

Lignin/chitosan 

beads 

173.0

0 
3 n.r. 

[50

] 

Chitosan-

glutaraldehyde-β-

cyclodextrin/ZnO 

337.0

0 
acidic 

Liu / 

Langm

uir 

[51

] 

Coffee-grounds 

cellulose/sodium 

alginate beads 

411.4

5 
n.r. 

Langm

uir-

Freund

lich 

[52

] 

CTAB-modified 

orange peel biochar 

609.8

0 
3 

Langm

uir 

[10

] 

Polypyrrole/algal 

dead biomass 

composite 

772.7

0 
5 

Freund

lich 

[53

] 

Dialdehyde-

cellulose-crosslinked 

cellulose-chitosan 

foam 

1548.

20 
n.r. Sips 

[47

] 

Chitosan/poly(DDA-

co-acrylamide) 

hydrogel 

1803.

51 
4-10 Hill 

[46

] 

Lignosulfonate/hyper

branched polyamide 

amine hydrogel 

5120.

00 
natural 

Langm

uir 

[54

] 

n.r. = not reported. Capacities were determined under 

different experimental conditions and are therefore 

indicative rather than strictly comparable. 

Two limitations of the present study should be stated. 

Regeneration and reuse were not examined, and they 

matter for any practical assessment; the carboxyl-rich 

network should in principle desorb Congo red in 

alkaline medium, but this needs to be demonstrated 

over several cycles. Performance in real textile effluent, 

where competing anions, surfactants and salinity are 

present, also remains to be tested. [Add regeneration 

and real-effluent results here if data are available.] 

4. CONCLUSION 

Acrylic acid and itaconic acid were grafted onto 

chitosan and crosslinked with MBA, and the resulting 

hydrogel removed Congo red efficiently from water. 

Removal was strongly pH dependent, reaching 91.6 % 

at pH 3 and collapsing in alkaline medium, which 

identifies the protonated backbone amine groups as the 

principal binding sites for the sulfonate groups of the 

dye. A dose of 2 g L
−1 and 210 min of contact were 

sufficient. Kinetics followed the pseudo-second-order 

equation, and the multilinear intraparticle diffusion plot 

separated a fast diffusion-controlled stage from a much 

slower approach to equilibrium. Equilibrium data fitted 

Freundlich better than Langmuir, indicating an 

energetically heterogeneous surface; the Langmuir 

capacity was 100.7 mg g
−1 at 298 K, and the Dubinin–

Radushkevich energy of 11.5 kJ mol
−1 lay in the range 

usually linked with chemisorption or ion exchange. 

Adsorption was spontaneous and endothermic, the 

positive entropy change pointing to desolvation as the 

driving step. The material is simple to prepare from 

inexpensive reagents, and its capacity matches several 

modified chitosan hydrogels, although it stays an order 

of magnitude below the best performers reported so 

far. Regeneration and trials with real effluent are the 

obvious next steps. 
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