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Abstract 

This study systematically investigates the structure-dependent adsorption of three structurally distinct dyes, Curcumin, Allura 

red, and Congo red onto commercial activated carbon. Batch adsorption experiments were performed to determine the 

effects of pH, contact time, initial dye concentration, and adsorbent dosage.  The kinetic data obtained were fitted to Pseudo-

first-order (PFO), pseudo-second-order (PSO), Elovich, and intraparticle diffusion models, while equilibrium data were 

studied using Langmuir, Freundlich, Temkin, and linear isotherm models. PSO model best described the adsorption of CUR 

and CR (R² = 0.9994 and 0.9995, respectively), indicating chemisorption-controlled processes, while AR followed PFO 

kinetics (R² = 0.9737), suggesting a predominantly physisorption-driven mechanism. Intraparticle diffusion studies proved that 

adsorption occurred through a multi-step process involving both boundary layer diffusion and pore diffusion, with diffusion 

not being the sole rate-limiting step. CUR adsorption conformed to the Langmuir isotherm (R² = 0.9972), indicating 

monolayer adsorption on relatively homogeneous sites. Conversely, AR and CR were better described by the Freundlich 

model with R² = 0.9915 and 0.9960, respectively, reflecting heterogeneous surface adsorption and multilayer formation. 

Freundlich intensity parameters (0.91 ≤ n ≤ 1.31) and Langmuir separation factors (0 < RL < 1) confirmed favorable adsorption 

under the conditions investigated. This comparative study demonstrates that the adsorption performance of CAC was 

strongly influenced by dye molecular structure, with larger and more functionally complex molecules exhibiting stronger 

surface interactions. Findings provide mechanistic insight into multi-dye adsorption systems and highlight the suitability of 

CAC in designing targeted removal strategies in wastewater treatment and food processing applications. 
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Introduction 

The discharge of synthetic and natural dyes from 

industrial effluents into our aquatic system poses a 

significant environmental and health concern due to their 

persistence, toxicity, and potential carcinogenicity [1, 2]. 

The global dye market exceeds 1 million tons annually, 

with approximately 10 – 15% released into water bodies 

during manufacturing and application processes [3, 4]. 

Synthetic dyes are of peculiar concern due to their 

resistance to conventional biodegradation [2, 5] as they 

reduce light penetration in aquatic ecosystems due their 

intensive nature, and undergo anaerobic degradation to 

produce toxic aromatic amines [3, 4].  

Among the major array of dyes employed in industries, 

these three classes of dyes are of utmost important. 

Congo Red (CR, C32H22N6Na2O6S2, molecular weight: 

696.66 g/mol) is a benzidine-based anionic diazo dye 

widely used in textile industries for cotton, silk, and paper 

dyeing [4, 6]. Its structure features multiple aromatic rings 
and sulfonate groups, making it highly water-soluble but 

resistant to biodegradation [7] and metabolized to 

benzidine [8]. 

Allura Red (AR, C18H14N2Na2O8S2, molecular weight: 

496.42 g/mol) is a monoazo food dye used extensively in 

beverages, candies, dairy products, and pharmaceuticals 

[9, 10]. Although regulatory agencies consider it safe at 

low concentrations, concerns about potential health 

effects including hyperactivity in children and possible 

carcinogenicity have prompted calls for reduced 

exposure and improved removal [4, 11, 12]. 

Curcumin (CUR, C21H20O6, molecular weight: 368.38 

g/mol) is a natural polyphenolic dye derived from 

turmeric (Curcuma longa). The use of curcumin in food, 

pharmaceutical, and cosmetic industries is increasing due 

to its antioxidant, anti-inflammatory, and antimicrobial 

properties [13, 14]. Curcumin, though generally regarded 

to be safe, its growing industrial application is of great 

concern and requires effective removal strategies [15, 16, 

17]. 

Among the various technologies adopted in wastewater 

treatments, adsorption onto activated carbon remains 
the most widely used method due to its high surface area, 

porous structure, versatility, and cost-effectiveness [3, 

18]. Commercial activated carbon (CAC) possesses a 

heterogeneous surface chemistry with various functional 

 

91 

https://fuamjpas.org.ng/
mailto:itodohu@gmail.com


Itodo et al.  FUAMJPAS 6(2):91-105  Dec. 2026        
 
 

Publication of College of Science, Joseph Sarwuan Tarka University, Makurdi 
https://fuamjpas.org.ng/ 

 

groups such as hydroxyl, carboxyl, and carbonyl that can 

interact with dye molecules through multiple mechanisms 

like electrostatic, hydrophobic, π-π stacking, van der 

Waals forces, and hydrogen bonding interactions [4, 19]. 

Understanding adsorption mechanism is very important 

for optimizing dye removal efficiency and designing large-

scale treatment systems [8, 20, 21].  

Kinetic studies elucidate the rate-controlling steps and 

potential reaction pathways, while equilibrium isotherm 

studies provide insights into the surface properties of the 

adsorbent and the nature of adsorbate-adsorbent 

interactions [22, 23]. The pseudo-first-order (PFO) 

model describes adsorption to be proportional to the 

number of unoccupied sites, which is associated with 

physisorption [24] while pseudo-second-order (PSO) 

model assumes chemisorption as the rate-limiting step, 

involving valence forces through electron sharing or 

exchange [25]. Both PFO and PSO are the most 

commonly applied kinetic models [22, 26]. The Elovich 

model describes chemisorption on heterogeneous 

surfaces [27, 28], while the intraparticle diffusion model 

helps identify whether pore diffusion or film diffusion 

controls the overall adsorption rate [5, 29]. 

Equilibrium isotherm studies provide insights into surface 

properties and adsorbate-adsorbent interactions [30, 31]. 

These models include the Langmuir isotherm which 

assumes monolayer adsorption onto a homogeneous 

surface with finite identical sites [32], while the Freundlich 

isotherm is an empirical model describing reversible 

adsorption onto heterogeneous surfaces [19, 33]. The 

Temkin isotherm accounts for adsorbate-adsorbent 

interactions and assumes a linear decrease in heat of 

adsorption with surface coverage [34, 35, 36]. While 

numerous studies have investigated the adsorption of 

individual dyes onto activated carbon [11, 37], 

comparative studies examining structurally diverse dyes 

under identical experimental conditions are limited but 
are valuable because they explain how molecular 

structure including molecular size, functional groups, 

aromaticity, and charge distribution influences adsorption 

mechanisms [30]. Curcumin (diferuloylmethane) is a 

hydrophobic polyphenol with β-diketone moiety [13], 

Allura Red is a small anionic azo dye with sulfonate groups 

[10, 18], and Congo Red is a larger diazo dye with 

biphenyl structure and multiple aromatic rings [6, 8, 37]. 

Therefore, this research aims to: (i) investigate the 

adsorption kinetics of CR, AR, and CUR, onto CAC fitting 

kinetic data to PFO, PSO, Elovich, and intraparticle 

diffusion models; (ii) analyze equilibrium adsorption 

isotherm models; (iii) determine the best-fitting models 

for each dye; and (iv) elucidate the underlying adsorption 

mechanisms. The findings will contribute to a fundamental 

understanding of dye-activated carbon interactions and 

inform the selection of appropriate adsorbents for 

specific dye removal applications. 

 

Materials and Methods 

Commercial activated carbon (CAC) of size 0.4 to 0.6 

mm was procured from Loba Chemie Pvt. Ltd, Mumbai, 

India and used without further purification. The three 
dyes selected as model adsorbates; Congo Red (CR, 

C32H22N6Na2O6S2), Allura Red (AR, C18H14N2Na2O8S2), 

and Curcumin E100 (CUR, C21H20O6) were supplied by 

KEM LIGHT laboratories PVT Ltd. All dyes were of 

analytical grade (purity >98%) and used without further 

purification. 1000 mg/L stock solution of each dye was 

prepared by dissolving 1.0 g of dye in 1 L of distilled water. 

Working solutions of 10 – 60 mg/L concentrations were 

obtained by serial dilution. All reagents used in this study 

were of analytical grade, and distilled water was used 

throughout the study. 

 

Batch adsorption experiments 

All experiments were carried out using 250 mL 

Erlenmeyer flasks containing 50 mL of dye solution 

agitated using a mechanical shake (HY-4 Speed adjusting 

reciprocal vibrator) at room temperature. Each 

experiment was performed in triplicate, and mean values 

were reported. Samples were collected at specific 

intervals, filtered and the absorbance of filtrate was 

measured using a SUR GISPIC spectrophotometer 

(Model No SM7525 UV) at the respective λmax for each 

dye. 

 
Kinetic studies 

For kinetic experiments, 0.5 g of CAC was added to 50 

mL of dye solution at initial concentration 50 mg/L. Flasks 

were agitated, and aliquots were withdrawn at 

predetermined time intervals (0, 30, 60, 90, 120, 150, and 

180 min). Samples were immediately centrifuged at 2000 

rpm using for 10 min to separate adsorbent particles 

Centurion scientific Centrifuge, model K241 series, UK., 

and supernatant dye concentrations were analysed.  

The adsorption capacity and removal efficiency at time t, 

RE (%), were calculated using: 

𝑞𝑡 =
(𝐶𝑜−𝐶𝑡)𝑉

𝑊
    (1) 

𝑅𝐸 (%) =
𝐶𝑜− 𝐶𝑡

𝐶𝑜
× 100       (2) 

where qt and RE are adsorption capacity and removal 

efficiency at time t, C₀ and Ct (mg/L) are initial and time t 

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

is adsorbent mass.  

 

Equilibrium isotherm studies 

For isotherm studies, varying initial dye concentrations 

(10 – 60 mg/L) were contacted with fixed CAC dose (0.5 

g/50 mL) and agitated for 120 min to ensure equilibrium. 

Samples were processed as described for kinetic studies, 

and equilibrium concentration Ce (mg/L) was measured. 

The amount adsorbed at equilibrium, qe (mg/g), was 

calculated as:  

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑊
               (3)   

where C₀ and Ce (mg/L) are initial and equilibrium 
concentrations, V (L) is volume of the solution, and W (g) 

is adsorbent mass.  

 

Effect of Operational Parameters  

Effect of initial concentration on removal efficiency 

The effect of initial dye concentration on removal 

efficiency was examined by varying concentration from 

(10 – 60 mg/L) while maintaining constant adsorbent 

dosage (0.5 g), pH (7), and room temperature. 

 

Effect of adsorbent dosage 

The effect of adsorbent mass on removal efficiency was 

investigated by varying CAC dosage (0.5 – 3.0 g) in 50 mL 

of dye solution at fixed initial concentration 50 mg/L, kept 
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in separate flasks and allowed to interact for 120 min 

contact time using a mechanical shaker. Each mixture was 

filtered, the filtrate absorbance of was taken at the 

respective λmax for each dye. 

 

Effect of contact time on removal efficiency 

The effect of contact time on dye removal efficiency was 

investigated and to determine equilibrium time, 

adsorption experiments were conducted over varying 

contact times (30 – 180 min). Samples were collected at 

specific intervals, filtered and the absorbance of filtrate 

was taken at the respective λmax for each dye.  

 

Effect of initial pH 

The effect of solution pH on removal efficiency was 

studied by adjusting initial pH (3 – 11) using 0.1 M 

HCl/NaOH solutions. Experiments were conducted at 

fixed initial concentration (50 mg/L), adsorbent dosage 

(0.5 g/50 mL), and contact time (120 min). Final pH was 

not controlled to simulate realistic wastewater treatment 

conditions where pH may drift during adsorption. 

 

Adsorption kinetic modeling 

Four kinetic models were applied to study experimental 

data obtained. 

 

Pseudo-first-order (PFO) kinetic model [24] 

The linear equation form for Pseudo-first kinetic model 

is given as; 

log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 − (
𝑘1

2.303⁄ ) 𝑡    (4) 

Where; 𝑞𝑒 𝑎𝑛𝑑 𝑞𝑡 are sorption capacities at equilibrium 

and at any time, t in mg/g. 𝑘1 is the Pseudo-first order 

rate constant in g/mg.min-1. The value for 𝑘1 and log qe 

can be obtain from the slope and intercept of the graph 

by plotting log(𝑞𝑒 − 𝑞𝑡) against t. 

Pseudo-second-order (PSO) model [25] 
𝑡

𝑞𝑡
 =

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡   (5) 

where k₂ (g/mg·min) is the PSO rate constant. A plot of 

t/qt against t gives slope 1/qe and intercept  
1

𝑘2𝑞𝑒
2. 

Elovich model [27] 

𝑞𝑡 =
1

𝛽
𝑙𝑛(𝛼𝛽) +

1

𝛽
𝑙𝑛(𝑡)   (6) 

Where α (mg/g·min) is initial adsorption rate and β (g/mg) 

is desorption constant. A plot of qt versus ln(t) yields 

slope 1/β and intercept (1/β) ln(αβ). 

Intraparticle diffusion model [29, 38] 

𝑞𝑡 = 𝑘𝑖𝑑𝑡
1

2⁄ + 𝐶     (7) 

Where kid (mg/g·min¹/²) is intraparticle diffusion rate 
constant and C (mg/g) is intercept related to boundary 

layer thickness. If the plot passes through origin (C = 0), 

intraparticle diffusion is the sole rate-controlling step. 

 

Equilibrium isotherm modeling 

Four isotherm models were employed to analyze the 

equilibrium data obtained in this study: 

Langmuir Isotherm [5, 32] 

The linear form of Langmuir equation can be represented 

as; 
1

𝑞𝑒 
 = 

1

𝑞𝑚
+ 1

𝑞𝑚𝐶𝑒𝐾𝐿
 (8) 

Where qe = amount of dye adsorbed per gram of the 

adsorbent at equilibrium (mg/g), qm = maximum 

monolayer coverage capacity (mg/g), Ce = equilibrium 

concentration of adsorbate (mg/L) and KL = Langmuir 

isotherm constant (L/mg)  

The essential features of the Langmuir isotherm RL, which 

is a dimensionless constant referred to as separation 

factor or equilibrium parameter is given as; 

 𝑅𝐿=  1

1+(1+𝐾𝐿𝐶0)
 (9) 

RL value indicates the adsorption nature to be either 

unfavourable if RL>1, linear if RL =1, favorable if 0< RL<1 

and irreversible if RL= 0. 

Freundlich isotherm [33] 

The linearized form of Freundlich model is expressed as:  

log 𝑞𝑒 = log 𝐾𝑓 + 1

𝑛
log 𝑐𝑒  (10)  

  

Where qe = amount of dye adsorbed per gram of the 

adsorbent at equilibrium (mg/g), Ce = equilibrium 

concentration of adsorbate (mg/L), Kf = Freundlich 

isotherm constant (mg/g) and n = adsorption intensity. 

The value of n indicates: n > 1 favorable adsorption, n = 

1 linear adsorption, and n < 1 cooperative adsorption. 

 

Temkin isotherm [34, 35] 

𝑞𝑒 = 𝐵𝑙𝑛𝐾𝑇 + 𝐵𝑙𝑛𝐶𝑒 (11) 

where B = RT/bT (J/mol) is related to Temkin heat of 

adsorption, KT (L/g) is Temkin isotherm equilibrium 

binding constant, R (8.314 J/mol·K) is universal gas 

constant, T (K) is absolute temperature, and bT is the 

Temkin isotherm constant linked to the 

energy parameter, B. 

Linear isotherm [30] 

qe = KdCe + C      (12) 

where Kd (L/g) is distribution coefficient. This model 

assumes linear relationship between adsorbed and 

equilibrium concentrations, typically applicable at low 

concentrations or for partition-dominated mechanisms. 

 

Statistical analysis 

All experiments were conducted in triplicate, and mean 

values were reported. Model fitting was evaluated using 

correlation coefficient (R²) and the model with R² closest 

to unity was considered best-fitting. Model selection 

considered both statistical fit and mechanistic plausibility. 

 

Results and Discussion 

Parametric studies 

Effect of initial concentration on removal efficiency 

The effect of initial concentration (10 – 60 mg/L) on 

removal efficiency at equilibrium is presented in Figure 1. 

Congo Red (CR) exhibited minimal concentration 

dependence, with removal decreasing only from 
approximately 95% at 10 mg/L to 80% at 60 mg/L showing 

a 15% reduction. The shallow decline reflects CR's high 

affinity and cooperative mechanism [21]. At low 

concentrations, the ratio of available sites to dye 

molecules is high, enabling near-complete removal. As 

concentration increases, the cooperative effect (n < 1) 

compensates for reduced site availability, maintaining high 

removal even at elevated concentrations [7, 39]. This 

behaviour is ideal for treating variable-strength 

wastewater without extensive dilution or pH adjustment 

[6]. 
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Allura Red (AR) showed steady concentration-dependent 

decline, with removal decreasing from approximately 45% 

at 10 mg/L to 20% at 60 mg/L presenting a 55% relative 

reduction. The steady decline reflects AR's weak 

binding and absence of cooperative effects [9, 10]. At low 

concentrations, AR accesses the most favourable sites, 

achieving moderate removal. As concentration increases, 

competition for limited favourable sites increases, and the 

weak binding energy results in lower overall removal [20]. 

This behaviour limits AR's practical treatability using 

unmodified CAC [4]. 

Curcumin (CUR) exhibited moderate concentration 

dependence, with removal decreasing from 

approximately 80% at 10 mg/L to 50% at 60 mg/L giving a 

37.5% reduction. The decline reflects monolayer 

saturation behaviour consistent with Langmuir isotherm 

[32]. At low concentrations, sufficient homogeneous sites 

are available for CUR to bind via hydrogen bonding. As 

concentration increases, the finite number of sites 

becomes saturated, leading to decreased removal [19, 

23]. CUR lacks cooperative effects unlike CR, so once the 

monolayer is complete, additional molecules cannot be 

accommodated [14, 40]. 

 

Effect of adsorbent dosage on removal efficiency 

The effect of CAC dosage (0.5 – 3.0 g/50 mL) on removal 

efficiency at C₀ = 50 mg/L is presented in Figure 2. Congo 

Red (CR) showed minimal dosage dependence, with 

removal decreasing only slightly from 85% at 0.5 g to 81% 

at 2.5 – 3.0 g. The consistently high removal across 

dosages confirms CR's strong binding and efficient site 

utilization [41]. Even at the lowest dosage, CR achieves 

85% removal, indicating that cooperative effects enable 

high surface coverage with minimal adsorbent [8]. The 

slight decrease at higher dosages may reflect particle 

aggregation reducing effective surface area [3]. 

Allura Red (AR) exhibited dramatic dosage-dependent 

decline, with removal dropping from 33% at 0.5 g to only 

3% at 3.0 g, about 80% relative decrease. This striking 

decline is the strongest evidence for extremely weak 

binding which may be an indication of desorption. 

Typically, increasing adsorbent dosage increases removal 

by providing more sites but desorption sets in when sites 

are occupied. The observed decrease suggests that at 

higher carbon dosages, AR exhibits reverse adsorption 

[21]. Possible explanations include: (i) Release of soluble 

impurities from carbon at higher solid: liquid ratios that 

compete with AR [3, 42], (ii) pH shifts with increasing 

carbon dosage that move the system away from optimal 

conditions for electrostatic attraction [19], and (iii) 

aggregation of carbon particles trapping AR in solution 

rather than allowing access to interior pores [36]. The 

plateau at 3% at higher dosages may represent baseline 

adsorption onto the small fraction of high-energy sites 

that can bind AR irreversibly [31]. 

Curcumin (CUR) showed steady dosage-dependent 

decline, with removal decreasing from 53% at 0.5 g to 32% 

at 3.0 g, about 38% reduction. The decreasing removal 

with increasing dosage is contrary to one’s intuitive 

expectation but consistent with monolayer adsorption 

[32]. At fixed dye concentration, once all dye is adsorbed 

(occurring more completely at lower adsorbent: dye 

ratios), additional adsorbent cannot increase removal 

because no more dye is available [16]. The decline may 

also reflect CUR's complex kinetic behaviour, where 

higher carbon dosages aggravate the rearrangement 

phenomena observed in time studies [13]. 

 

   
 

Effect of contact time on removal efficiency 

The time-dependent removal efficiency (30 – 180 min) for 

each dye at C₀ = 50 mg/L, dosage = 0.5 g/50 mL is 

presented in Figure 3. Congo Red (CR) 

demonstrated exceptionally rapid adsorption, achieving 

93% removal within 30 min, the highest among all dyes at 

any given time. Removal remained consistently high 

throughout, decreasing only marginally to 88% at 180 min 

(5% reduction over 150 min). The rapid attainment of 
>90% removal confirms the high affinity predicted by PSO 
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kinetics and cooperative mechanism [28]. The slight 

decrease over time may reflect equilibrium rebalancing as 

the system approaches true thermodynamic equilibrium, 

or minor experimental variation at high removal levels 

where small absolute changes produce noticeable 

percentage differences [43]. The sustained high removal 

confirms that CR remains strongly bound once adsorbed, 

consistent with chemisorption [8]. The time profile 

supports the cooperative mechanism as initial rapid 

uptake via strong interactions (electrostatic, π-π) creates 

a favourable surface for continued adsorption, maintaining 

high removal throughout [41]. 

Allura Red (AR) exhibited slow, steady increase in 

removal from 28% at 30 min to 43% at 180 min, a 15% 

rise over 150 min with no plateau reached by 180 min. 

This gradual increase is characteristic of intraparticle 

diffusion-controlled physisorption [29, 36]. The absence 

of rapid initial uptake distinguishes AR from CR and CUR 

dyes confirming weak physical forces, rather than specific 

chemical interactions, driven adsorption [44]. The lack of 

plateau by 180 min suggests that equilibrium requires 

longer contact times, consistent with slow pore diffusion 

kinetics [45]. The time profile aligns perfectly with PFO 

kinetics and near-zero intraparticle intercept, making 

pore diffusion the dominant rate-controlling mechanism 

[36]. 

Curcumin (CUR) presented the most complex time-

dependent profile in the order; 62% at 30 min to 79% at 

60 min (increase) to 42% at 90 min (sharp decline) to 51–

52% at 150 – 180 min (partial recovery). This unusual 

pattern reflects the complexity of CUR adsorption and 

can be explained by: 

Stage 1: the 0 – 60 min rapid initial adsorption of 62% to 

79% corresponds to the occupation of available surface 

sites via hydrogen bonding, which is consistent with PSO 

kinetics [16]. 

Stage 2: the 60 – 90 min apparent desorption of 79% to 
42% which may result from molecular rearrangement 

since CUR exists in keto-enol tautomeric equilibrium and 

upon initial adsorption, molecular reorientation may 

temporarily release some molecules as the system seeks 

the most energetically favourable configuration possible 

[13]. Surface diffusion also play a role as adsorbed 

molecules may move to more favourable sites, causing 

temporary desorption of loosely bound molecules before 

stable binding [46]. Finally, CUR is known to degrade in 

aqueous media, especially under light and as a result, 

degradation products might compete for sites or complex 

with CUR in solution leading to its instability [47]. 

Stage 3: the 90 – 180 min re-equilibration from 42% to 

52% may represents stabilization as molecules find stable 

binding configurations. The final removal (52%) is lower 

than the initial peak (79%), suggesting that the 

thermodynamically favoured equilibrium coverage is 

lower than the kinetic driven initial uptake, a 

phenomenon observed in some adsorption systems [48]. 

Despite this complexity, the overall profile is consistent 

with PSO kinetics when considered over the entire time 

period, as the PSO model accommodates changes in 

adsorption rate with surface coverage [33].  

 

Effect of pH on removal efficiency 

The effect of initial pH (3 – 11) on removal efficiency at 

C₀ = 50 mg/L, dosage = 0.5 g/50 mL, contact time = 120 

min is presented in Figure 4. Congo Red (CR) 

exhibited moderate pH dependence, with removal 

efficiency decreasing gradually from 89% at pH 3 to 80% 

at pH 11 (9% reduction). The steady high removal 

efficiency across all pH values indicates that CR 

utilizes multiple binding modes [1] because at low pH of 

3 to 5, electrostatic attraction between anionic -SO₃⁻ and 

positively charged carbon surface dominates, contributing 

to highest removal efficiency [15] while at neutral to 

alkaline pH of 7 to 11, the surface becomes negatively 

charged, thereby diminishing electrostatic attraction, but 

π-π stacking, hydrophobic interactions, and hydrogen 

bonding maintain high removal [39]. The moderate pH 

dependence confirms that non-electrostatic forces are 

significant for CR, consistent with cooperative mechanism 

[30]. 

Allura Red (AR) showed strong pH dependence, with 

removal efficiency decreasing from 90% at pH 3 to 72% 

at pH 11 (18% reduction). The strong pH dependence 

indicates that electrostatic attraction is the primary 

binding mechanism for AR [44]. The sharp decline 

between pH 5 – 7 identifies the approximate pH of the 

CAC as 6 to 7, consistent with literature [3]. The 

dramatic pH sensitivity AR confirms its reliance on weak 

electrostatic forces without significant secondary binding 

modes [10]. 

Curcumin (CUR) exhibited minimal pH dependence, with 

removal decreasing only slightly from 58% at pH 3 to 52% 

at pH 11 (6% reduction). The minimal pH dependence 

indicates that hydrogen bonding and π-π interactions, 

rather than electrostatics, drive CUR adsorption [13] 
because phenolic -OH groups which are relatively 

insensitive to pH, form hydrogen bonds with carbon 

surface oxygen groups [14] while the aromatic rings (pH-

independent) participate in π-π interactions with graphitic 

planes [49]. The slightly higher removal at acidic pH may 

reflect greater molecular stability of CUR at low pH 

rather than enhanced electrostatic attraction, as CUR 

degrades more rapidly under alkaline conditions [47]. 

 

95 

https://fuamjpas.org.ng/


Itodo et al.  FUAMJPAS 6(2):91-105  Dec. 2026        
 
 

Publication of College of Science, Joseph Sarwuan Tarka University, Makurdi 
https://fuamjpas.org.ng/ 

 

  

Adsorption kinetic studies 

The kinetic parameters for the adsorption of CR, CUR, 

and AR onto commercial activated carbon were 

determined by fitting experimental data to the PFO, PSO, 

Elovich, and intraparticle diffusion models. The linear 

plots are presented in Figures 5 – 8, and the calculated 

parameters along with correlation coefficients are 

summarized in Table 1. 

 

Pseudo-first-order model 

The PFO model plots of log (qe - qt) versus t (Figure 5) 

exhibited varying degrees of linearity for the three dyes. 

As presented in Table 1, CUR showed a poor fit to the 

PFO model with R² = 0.6245, indicating that the 

adsorption of CUR does not follow first-order kinetics. 

The negative slope (-0.0314) and the discrepancy 

between calculated and experimental qe values further 

confirm the inapplicability of this model for CUR. In 

contrast, AR demonstrated good correlation with the 

PFO model (R² = 0.9737), suggesting that physical 

adsorption processes may govern its initial uptake. The 

positive slope (0.0691) is notable since in ideal PFO 

kinetics, the slope should be negative. This anomaly may 

indicate experimental errors or possible desorption 

phenomena during the initial phase, warranting cautious 

interpretation. CR exhibited moderate fit to the PFO 

model (R² = 0.9173), though other models provided 

superior description of its kinetic behaviour. 

 

Pseudo-second-order model 

The PSO model plots of t/qt versus t (Figure 6) revealed 

striking differences among the three dyes. CUR and CR 

exhibited exceptional linearity with R² values of 0.9994 

and 0.9995, respectively (Table 1). These near-unity 

correlation coefficients strongly indicate that the 

adsorption of both dyes follows PSO kinetics, implying 

that chemisorption involving valence forces through 

electron sharing or exchange between the adsorbent and 

adsorbate is the rate-limiting step [36]. The excellent fit 

of the PSO model for CUR suggests that its β-diketone 

moiety and phenolic hydroxyl groups may form specific 

chemical interactions (hydrogen bonding or 

complexation) with oxygen-containing functional groups 

on the CAC surface [22, 26]. Similarly, the PSO fit for CR 

indicates strong chemical interactions, likely involving the 

multiple aromatic rings and sulfonate groups of the dye 

with the carbon surface [7,39]. For AR, the PSO model 

yielded a moderate R² of 0.8956. More importantly, the 

intercept value (1062.2) is anomalously high, which may 

be as a result of concentration error. This confirms that 

despite the moderate correlation, the PSO model is 

inappropriate for describing AR adsorption. 
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Elovich model 

The Elovich kinetic model, which describes 

chemisorption on heterogeneous surfaces [27], showed 

poor correlation for CUR (R² = 0.5943) but good 

correlation for AR (R² = 0.9688) and CR (R² = 0.9187) 

(Table 1). The good fit for AR suggests that its adsorption 

may involve heterogeneous surface sites [10], consistent 

with the Freundlich isotherm findings [11]. For CR, the 

moderate Elovich fit (R² = 0.9187) combined with the 

excellent PSO fit (R² = 0.9995) suggests that while surface 
heterogeneity exists, the overall rate is controlled by 

chemical bonding rather than surface diffusion [37, 49]. 

 

Intraparticle diffusion model 

The intraparticle diffusion model provides insights into 

the rate-controlling steps of adsorption processes. 

According to Weber and Morris [29], if intraparticle 

diffusion is the sole rate-limiting step, the plot of qt versus 

t0.5 should be linear and pass through the origin. Multi-

linearity indicates that multiple processes influence 

adsorption processes. As shown in Figure 8, none of the 

dyes exhibited intercepts of zero, indicating that 

intraparticle diffusion is not the only rate-controlling 

mechanism [38]. CUR showed poor linearity (R² = 

0.7062) with a relatively high intercept (0.6778), 

suggesting significant boundary layer control. CR 

exhibited moderate linearity (R² = 0.8728) with an 
intercept of 0.0974, indicating some boundary layer 

effects but less pronounced compared to CUR while AR 

demonstrated good linearity (R² = 0.9334) with an 

intercept very close to zero (0.0037). This near-zero 

intercept suggests that intraparticle diffusion may be the 

dominant rate-controlling mechanism for AR, consistent 

with its physisorption behaviour [20]. 
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Table 1: Kinetic Parameters for CR, AR and CUR Dye Adsorption onto CAC 

Kinetic Models Parameters  CR AR CUR 

Pseudo-first order Slope -0.0056 0.0691 -0.0314 

Intercept  0.3561 -0.2885 1.1288 

R2 0.9173 0.9737 0.6245 

Pseudo-second order Slope 11.554 13.654 2.6442 

Intercept  -40.785 1062.2 -25.579 

R2 0.9995 0.8956 0.9994 

Elovich Slope -0.028 0.145 -0.839 

Intercept  2.3613 0.4783 -0.028 
R2 0.9187 0.9688 0.5943 

Intra-particle 

diffusion 

Slope -0.0007 0.0036 -0.0232 

Intercept  0.0974 0.0037 0.6778 

R2 0.8728 0.9334 0.7062 

 

Adsorption isotherms 

Equilibrium adsorption data obtained were subjected 
Langmuir, Freundlich, Temkin, and linear isotherm 

models. The calculated parameters and correlation 

coefficients are presented in Table 2. 

 

Langmuir isotherm 

The Langmuir model assumes monolayer adsorption onto 

a homogeneous surface with finite identical sites [36]. 

Among the three dyes, CUR exhibited the best fit to the 

Langmuir model with R² = 0.9972 (Table 2), indicating 

that CUR forms a monolayer on the activated carbon 

surface [40]. This finding aligns with the PSO kinetic 

result, collectively suggesting that CUR adsorbs via 

specific chemical interactions onto uniform binding sites. 
The maximum adsorption capacity (qm) for CUR, 

calculated from the Langmuir slope (1/qm = slope), was 

approximately 0.08 mg/g (based on slope = 12.539). This 

value appears too low, possibly due to the concentration 

range studied in this work. CR showed good fit to the 

Langmuir model with R² = 0.9688, but shows extremely 

high slope (5898.3) and large negative intercept (-60.743) 

which may be due to numerical instability in the linear 

regression. AR exhibited good correlation with the 

Langmuir model (R² = 0.9716), but as will be discussed, 

the Freundlich model provided superior fit. 

 

   

 
Figure 9: Langmuir Adsorption Isotherm Plot for (A) Allura Red, (B) Congo Red, and (C) Curcumin 

Uptake onto Commercial Activated Carbon (CAC) 

 

Freundlich isotherm 

The Freundlich model, which describes adsorption onto 

heterogeneous surfaces [33], provided excellent fits for 

AR (R² = 0.9915) and CR (R² = 0.9960). CUR also showed 

excellent fit to the Freundlich model (R² = 0.9955), but 

the Langmuir fit was marginally better (0.9972 versus 

0.9955), supporting monolayer adsorption as the primary 

mechanism. The Freundlich exponent n provides valuable 

information about adsorption favourability and 

mechanisms. For AR, 1/n = 0.7655, yielding n = 1.31. Since 
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n > 1, this indicates favourable adsorption onto a 

heterogeneous surface [30]. The value of 1.31 suggests 

moderate heterogeneity, with adsorption intensity 

decreasing as surface coverage increases. For CR, 1/n = 

1.0987, yielding n = 0.91. The condition n < 1 is 

particularly interesting and indicates cooperative 

adsorption [31]. This means that adsorbed CR molecules 

facilitate the adsorption of additional molecules, possibly 

through dye-dye interactions such as π-π stacking 

between aromatic rings or aggregation phenomena. CR is 

known to form aggregates in solution and on surfaces due 

to its planar structure and extended conjugation [32]. 

This cooperative effect explains why CR, despite 

following PSO kinetics (indicating chemisorption), 

conforms to the Freundlich rather than Langmuir 

isotherm. For CUR, 1/n = 1.0977, yielding n = 0.91 as well, 

identical to CR. However, given the superior Langmuir fit, 

the apparent n < 1 for CUR may reflect the limited 

concentration range studied rather than true cooperative 

adsorption. 

 

   

 
Figure 10: Freundlich Adsorption Isotherm Plot for (A) Allura Red, (B) Congo Red, and (C) Curcumin 

Uptake onto Commercial Activated Carbon (CAC) 

 

Temkin isotherm 

The Temkin model assumes that, the heat of adsorption 

decreases linearly with surface coverage due to 
adsorbate-adsorbate interactions, rather than being 

constant (Langmuir) or logarithmic (Freundlich) [35]. It 

shows moderate fits for all dyes with R² ranging from  

0.9047 to 0.949.  Temkin analysis complements the linear 

isotherm model by revealing how adsorption energetics 

change with coverage, offering a more nuanced 

understanding of dye–adsorbent interactions on CAC. 
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Figure 11: Temkin Adsorption Isotherm Plot for (A) Allura Red, (B) Congo Red, and (C)  Curcumin Uptake 

onto Commercial Activated Carbon (CAC) 

 

Linear isotherm  

The linear isotherm model, representing partition-

controlled adsorption at low concentrations [20], 

exhibited excellent fits for AR, R² = 0.9908 and CR, R² = 

0.9936. The linear fit for AR, R² = 0.9908 is comparable 

to its Freundlich fit (0.9915), suggesting that at the 

concentrations studied, AR adsorption may operate in 

the linear region of the Freundlich isotherm, 

corresponding to low surface coverage. 

 

   

 
Figure 12: Linear Adsorption Isotherm Plot for (A) Allura Red, (B) Congo Red, and (C) Curcumin Uptake 

onto Commercial Activated Carbon (CAC) 
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Table 2: Isotherm Parameters for CR, AR and CUR Dye Adsorption onto CAC 

Isotherms  Parameters  CR AR CUR 

Linear  Kd (L/g) 0.0990 0.1573 1.2029 

Intercept  -0.4226 0.0539 0.4399 

R2 0.9936 0.9908 0.9548 

Freundlich  1/n 1.0987 0.7655 0.3456 

n 0.9102 1.3063 2.8935 

Kf 0.0614 0.2236 1.5778 

R2 0.9960 0.9915 0.9955 

Langmuir  Qm(mg/g) - 0.7970 - 
KL(L/g) - 0.4230 - 

Slope 5898.3 2.9665 12.539 

R2 0.9688 0.9716 0.9972 

Temkin  BT (mg/g) 3.5173 0.1994 2.6612 

AT (L/mg) 0.073 3.78 1.62 

R2 0.949 0.9047 0.917 

 
Mechanistic interpretation 

Integrating the kinetic and isotherm findings reveals three 

distinct adsorption mechanisms for the three dyes 

studied. 

 

Congo red (cooperative chemisorption) 

CR adsorption follows PSO kinetics with R² = 0.9995, but 

conforms to the Freundlich isotherm with R² = 0.9960, 

and n < 1. This combination indicates chemisorption with 

cooperative effects [33, 50]. CR is a large, planar, diazo 

dye with multiple aromatic rings and sulfonate groups [4]. 

The PSO kinetics suggests that the initial attachment 

involves chemical bonding, likely through electrostatic 

interactions between sulfonate groups and positively 

charged carbon surface sites or through hydrogen 

bonding [21]. However, the Freundlich fit with n < 1 

indicates that once initial molecules adsorb, they modify 

the surface to facilitate further adsorption [33]. This 

cooperative behaviour is attributed to π-π 

stacking between the aromatic backbones of adsorbed 

[21] and free CR molecules, hydrophobic 

interactions driving aggregation of the dye on the carbon 

surface, and Van der Waals forces between adjacent dye 

molecules [7]. This phenomenon, which is sometimes 

called "sorbent-assisted sorption" or "dye aggregation on 

surfaces," has been reported for other planar aromatic 

dyes [41]. The moderate intercept in the intraparticle 

model (0.0974) suggests less boundary layer resistance 

compared to CUR, possibly due to the strong driving 

force from cooperative effects [21]. 

 

Allura red (physisorption on heterogeneous surface) 

AR adsorption is best described by PFO kinetics with R² 

= 0.9737, and the Freundlich isotherm with R² = 0.9915, 

and n = 1.31 (>1). This combination indicates favorable 

physisorption onto a heterogeneous surface [22]. AR is a 

smaller, monoazo dye with sulfonate groups [10]. The 

PFO kinetics suggest that the adsorption rate is 

proportional to the number of unoccupied sites, typical 

of physical adsorption processes involving weak van der 

Waals forces, hydrophobic interactions, or hydrogen 

bonding [19]. The Freundlich fit with n > 1 indicates 

favourable adsorption onto energetically heterogeneous 

sites, with adsorption intensity decreasing as the 

strongest sites are progressively occupied [30]. The near-

zero intercept in the intraparticle diffusion model 

(0.0037) strongly suggests that intraparticle diffusion is 

the dominant rate-controlling mechanism, consistent with 

physisorption where pore diffusion often governs the 

overall rate [29, 36]. 

 

Curcumin (monolayer chemisorption) 

CUR adsorption is best described by PSO kinetics with 

R² = 0.9994, and the Langmuir isotherm with R² = 0.9972. 

This combination shows monolayer chemisorption onto 

a homogeneous surface [25]. CUR (diferuloylmethane) 

contains two methoxyphenol groups connected by a β-

diketone moiety, its enol form can form strong hydrogen 
bonds with oxygen-containing functional groups 

(carboxyl, hydroxyl) on activated carbon surfaces [14, 

16]. Also, the aromatic rings may participate in π-π 

interactions with the graphitic planes of carbon [15]. 

These specific interactions occur at finite, energetically 

equivalent sites, leading to monolayer coverage [38]. The 

relatively high intercept in the intraparticle diffusion 

model (0.6778) suggests that film diffusion significantly 

influences the overall rate, consistent with chemisorption 

where surface reaction rather than pore diffusion is rate-

limiting [14]. 
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Plate 1: Structural-Dependent of CR, AR and CUR Adsorption onto CAC 

 
Comparison with literature 

The findings from this study align with and extend previous 

research on dye adsorption onto carbonaceous materials. 

The combination of PSO kinetics and Freundlich isotherm 

with n < 1 has been reported by Dawood and Sen [41] for 

adsorption of CR onto pine cone-derived activated carbon, 

attributing the cooperative effect of CR molecules on the 

carbon surface to its aggregation tendency. Purkait et al. [6] 

also observed Freundlich behaviour for CR adsorption on 

activated carbon and noted the importance of π-π 

interactions in the adsorption mechanism. AR adsorption 

studies are comparatively limited. However, Erdem et al. [10] 

reported PFO kinetics for AR adsorption onto magnetic 

nanoparticles, consistent with our findings. The Freundlich 

isotherm for azo dye adsorption onto activated carbon is 

well-documented, with n values between 1 and 2 commonly 

reported [28]. Several studies have reported PSO kinetics for 

CUR adsorption onto various adsorbents. Gholami et al. [14] 

observed PSO kinetics for CUR adsorption onto 

functionalized multi-walled carbon nanotubes, attributing this 

to chemical interactions between its β-diketone group and 

surface functional groups. Similarly, Chatterjee et al. [16] 

reported Langmuir isotherm behavior for CUR adsorption 

onto chitosan hydrogels, consistent with monolayer 

chemisorption. 

 

Implications for wastewater treatment 

The distinct adsorption mechanisms observed in this study 

have practical implications for wastewater treatment design 

as presented on Table 3. 

1. Congo Red containing textile effluent benefits 

from the cooperative adsorption effect, which 

enhances removal efficiency even at moderate 

concentrations. However, the potential for dye 

aggregation should be considered in column design 

to prevent premature breakthrough. 

2. Allura Red containing food industry 

wastewater can be effectively treated using 

activated carbon, with intraparticle diffusion as the 

rate-limiting step. This suggests that adsorbent 

particle size and pore structure are critical design 

parameters for optimizing AR removal. 

3. Curcumin containing wastewater from food 

processing or pharmaceutical industries requires 

sufficient contact time due to the boundary layer-

controlled chemisorption. Once adsorbed, CUR is 

strongly bound, minimizing desorption risks. 

  

Table 3: Optimal conditions for wastewater treatment design 

Dye  Optimal Conditions Limitations  Recommendations  

Congo Red, 

CR 

pH 3–11, 0.5 g/50 mL, 30 

min 

None significant Excellent candidate for CAC treatment; 

minimal optimization needed 

Allura Red, 

AR 

pH 3, 0.5 g/50 mL, >180 min  Low removal, pH 

sensitive, dosage 

sensitive 

CAC unsuitable alone; require surface 

modification, alternative adsorbents, or 

combined processes 

Curcumin, 

CUR 

pH 3–7, 0.5 g/50 mL, 60 or 

>150 min 

Complex kinetics, 

moderate removal 

Treatable with CAC but require careful 

contact time optimization; avoid the 90-min 

dip 

 

This study also shows that a single adsorbent (CAC) can 

effectively remove diverse dyes through different 

mechanisms, supporting its continued use as a versatile 

treatment medium. 

 

 

Conclusion 

This comprehensive kinetic and equilibrium study has 

showed the distinct adsorption mechanisms of three 

structurally different dyes (CR, AR and CUR) onto CAC. CR 

adsorption exhibited excellent fit to PSO model (R² = 

0.9995) but conformed to the Freundlich isotherm (R² = 
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0.9960) with n = 0.91 (<1). This unique combination 

indicates chemisorption with cooperative effects. AR 

adsorption was best described by PFO model (R² = 0.9737) 

and the Freundlich isotherm (R² = 0.9915) with n = 1.31 (>1), 

indicating favourable physisorption onto a heterogeneous 

surface. CUR adsorption followed PSO model (R² = 0.9994) 

and the Langmuir isotherm (R² = 0.9972), 

indicating monolayer chemisorption onto a homogeneous 

surface. The Elovich model provided good fits for AR and 

CR, supporting the role of surface heterogeneity in their 

adsorption mechanisms, while the Temkin and linear models 

offered supplementary insights into adsorbate-adsorbent 

interactions. 

The study also demonstrates that molecular structure 

profoundly influences adsorption mechanisms. The planar, 

highly aromatic structure of CR promotes cooperative 

adsorption; the polyphenolic nature of CUR drives specific 

chemical interactions; and the smaller, sulfonated structure 

of AR favours physical adsorption with intraparticle diffusion 

control. 

These findings contribute to the fundamental understanding 

of dye-activated carbon interactions and provide a 

mechanistic basis for optimizing adsorption processes in 

wastewater treatment. It also highlight the importance of 

using multiple models and considering both kinetics and 

equilibrium data when elucidating adsorption mechanisms.  

Future work will focus on: Thermodynamic studies to 

determine the spontaneity and energy changes associated 

with adsorption; column studies to evaluate practical 

applicability in continuous flow systems, and desorption and 

regeneration studies to assess adsorbent reusability and 

economic viability. 
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