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a b s t r a c t
Even today, public health and water resources pollution issues by dyes are still the attention of 
researchers. Rhodamine B (RhB) is a highly toxic dye classified as carcinogenic and toxic. Among 
separation techniques, adsorption is used to treat polluted samples effectively. For the present study, 
iodo-polyurethane foam (I-PUF) was studied and tested as a solid-phase extractor for RhB adsorption. 
The adsorption of RhB onto I-PUF from aqueous media reached equilibrium at pH  ≈  3 in 30  min. 
The kinetics was evaluated through different non-linear kinetic models (Lagergren’s pseudo-first- 
order, pseudo-second-order, Avrami and Elovich). The results indicated that the adsorption of RhB 
followed pseudo-second-order kinetic (R2  =  0.9999). Additionally, the adsorption mechanism was 
evaluated by intraparticle diffusion models (Weber–Morris, Reichenberg and Bangham). Adsorption 
isotherms were examined by non-linear isotherm (Langmuir and Freundlich) models. The results 
indicated that the adsorption of RhB onto I-PUF was controlled by film diffusion and intraparticle 
diffusion. The maximum adsorption capacity of I-PUF was equal to 22.032  mg·g–1. The thermody-
namic parameters were calculated. The negative values of ΔH (–31.488 J·mol–1) proved the exothermic 
nature of RhB adsorption onto I-PUF. The value of ΔS was –37.223 J·mol–1·K–1. The negative value of 
ΔG (–19.9316 kJ·mol–1 at 298 K) indicates the spontaneous nature of adsorption. As a result, the I-PUF 
efficiency has been demonstrated, and it was considered a suitable adsorbent for RhB adsorption.
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1. Introduction

Rhodamine B (RhB) is a synthetic dye, fluorescent with 
a reddish violet colour and classified as a derivative of xan-
thene dye derivatives. The scientists Cérésole, then Homdka 
and Boedeker first synthesized RhB in 1887 and 1888. It 
is the most used cationic dye and the most toxic among 
the xanthene family dyes. The chemical formula and the 
molecular weight of RhB are C28H31N2O3Cl and 479 g·mol–1, 
respectively. RhB is a highly water-soluble, chemically sta-
ble, and non-biodegradable dye. The photic absorbance of 
RhB is approximately shown at wavelength 554  nm [1,2]. 

RhB has been widely employed in many fields, including 
textile colourants, paints, dye lasers, stamp pad inks, plas-
tic, leather, fluorescent labelling, fireworks, and the leather 
industry [3,4]. Due to their characteristic optical proper-
ties, RhB is used as a tracer agent to determine the rate and 
direction of the flowing water. Also, it is employed as a flu-
orescence tracer agent in biochemical research [4,5]. Medical 
studies have proven that RhB is carcinogenic and neurotoxic 
[6,7]. When humans are exposed to RhB, it irritates the skin, 
brain, and eyes, causing headaches, vomiting, nausea, diffi-
culty breathing, and chest pain, resulting in allergy, asthma, 
carcinogenicity, and chronic poisoning [7–9]. Moreover, 
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according to the published report from Toronto Research 
Chemicals (Toronto, Canada), the LC50 value amounted to 
887 mg·kg–1. Lethal concentration (LC50) is the concentration 
of the chemicals required to kill 50% of the test samples [10]. 
A toxicity test was performed on fish, where the value of LC50 
was 83.9 mg·L–1 [11]. Besides, a recently published study in 
2021 studied ecotoxicity for RhB and Rhodamine WT. The 
results concluded that RhB was more toxic than Rhodamine 
WT. Also, RhB concentrations must not exceed 14  µg·L–1 
in freshwater for continuous discharges and 140  µg·L–1 
intermittent discharges or may form a risk for freshwater  
aquatic life [12].

On the other hand, RhB dye cannot be allowed in food-
stuffs intended for human consumption, cosmetics, and the 
pharmaceutical industry. Nevertheless, RhB has been found 
illegally used as a food colourant in foodstuff and cosmet-
ics. The cause of using it as an illegal additive in foodstuffs 
and cosmetics can be attributed to fraudulent purposes to 
increase sales, improve effectively the extrinsic of the prod-
ucts, its low cost and colourfastness [13–15]. Therefore, it 
being highly toxic and formatting a severe threat to public 
health, the European Food Safety Administration (EFSA) 
published a regulation involving banning RhB dye from 
use in food and categorizing it as an illegal additive in food-
stuff (commission regulation (EU)) [16]. Also, RhB was pro-
hibited in hair products under commission regulation (EU) 
[17,18]. Moreover, RhB usage as a colouring agent in cosmet-
ics and drugs has been prevented [18,19] and classified as a 
carcinogen by the Food & Drug Administration (FDA) [20].

Therefore, to protect public health and water resources 
from pollution with RhB, several chemicals, physical and 
biological techniques such as solid phase extraction [13], 
oxidation processes [21] and degradation by microbes [22] 
were used to treat the polluted samples. Among all the var-
ied methods, solid–phase extraction is still gaining the atten-
tion of researchers due to its high efficiency, simplicity, low 
cost, and low production of hazardous waste [23,24]. Over 
the last few years, the adsorbents were used to remove 
RhB from polluted samples, such as activated carbon [25], 
graphene oxide [26], metal–organic framework [27] and 
biomass adsorbents (banana peels) [28]. However, most of 
these adsorbents have limitations that severely impede their 
practical utilization, such as high operating costs, compli-
cated work steps, reduced adsorption rate and low selec-
tivity. Therefore, porous adsorbents attract great research 
interest due to their high thermal and chemical stability, 
low cost, excellent adsorption capacity, high efficiency, and 
easy recyclability [29–31].

Polyurethane foam (PUF) is a linear polymer with 
three-dimensional pore structures and the chemical formula 
C27H36N2O10. It was manufactured by a reaction between 
polyols and isocyanates, known as a polyaddition reac-
tion. PUF is considered one of the most used in the poly-
mer family. It has been exhaustively studied thanks to its 
unique features and properties, such as lightweight, chem-
ical and thermal resistance, flexibility and low cost. Besides 
the properties mentioned above, the PUF demonstrated its 
high efficiency as a solid phase extractor (adsorbent) to var-
ious dyes and other organic/inorganic pollutants [29,32–34]. 
In some cases, the researchers resort to a few chemical 
modalities to modify PUF before its usage to enhance the 

separation efficiency and improve selectiveness, such as 
magnetic nanocomposites [35], clay nanotubes [36] and 
chitosan [37]. However, these modalities suffer compli-
cated application procedures, high cost and time consump-
tion. Therefore, there is a scientific tendency to evolve the 
modification methods to be simple, inexpensive and have 
high separation efficiency [38,39].

Consequently, in this study, (i) PUF was modified through 
sequential and simplified steps based on the Sandmeyer 
reaction by the reaction between potassium iodide and the 
diazo group (–N+≡N) of the PUF. Hence, the diazonium salt 
formed was substituted by iodide ions to form iodo-poly-
urethane foam (I-PUF) [40]. (ii) I-PUF efficiency was inves-
tigated for RhB adsorption by an experimental batch 
procedure. Besides, (iii) the thermodynamic, kinetic and 
isotherm models were optimized.

2. Experimental set-up

2.1. Reagents and materials

All chemicals used were of analytical reagent grade 
quality and were used without further purification unless 
stated otherwise. All solutions were prepared with deionized 
water. The glassware was cleaned with acetone and rinsed 
with deionized water before use. A stock solution of RhB 
(100 mg·L–1) was prepared by dissolving the desired weight 
of RhB (C28H31ClN2O3) (479.02  g·mol–1), (M/s Fluka, Buchs, 
Switzerland) in deionized water (100  mL). More diluted 
solutions (5–50 mg·L–1) were prepared by suitable dilution of 
the stock solution of RhB with deionized water. Nitric acid 
(0.5 mol·L–1) was used to adjust the pH of solutions during 
the extraction process (pH 3 ± 0.1). White sheets of commer-
cially available open-cell polyurethane foam were purchased 
at the local market in Jeddah, Saudi Arabia. PUF cubes of 
approximately 1 cm3 were clipped from the sheet. PUF was 
washed with HCl (10% v/v) followed by distilled water 
until the wash solutions were free from chloride ions. Then, 
PUF cubes were washed with acetone to remove organic 
contaminants and dried in an oven at 80°C for 2 h [41].

2.2. Apparatuses

All measuring of the absorbance of the RhB before and 
after extraction with the I-PUF was achieved by the ultra-
violet-visible spectrophotometer Agilent (M/s model 8453, 
Germany) in the range between (180–800 nm) with a 10 mm 
quartz cell. The functional groups of PUF, I-PUF and RhB-I-
PUF were detected by Fourier-transform infrared spectros-
copy (FTIR spectrum 100, M/s PerkinElmer precisely, United 
States) in the range of (400–4,000)  cm–1. The surface mor-
phology of PUF and I-PUF was investigated using a scan-
ning electron microscope (SEM) (M/s Joel JSM-7600, Japan). 
A thermostatically controlled shaker (M/s GFL-1083 model, 
Germany) with a shacking rate of (10–250 rpm) was used in 
batch adsorption experiments for RhB by I-PUF solid-phase 
extractor. A foam weight was determined by a digitally sen-
sitive balance (M/s A&P-110L, Japan) with four decimal num-
bers. Deionized water was gained from the Milli-Q Plus system 
(M/s Millipore, Bedford, MA, USA) and was used to prepare 
all the experiments. The pH of solutions was measured by 
Bibby Scientific Ltd., model 3510 pH meter (M/s Jenway, U.K.).



229Z.M. Saigl, O.A. Aljuaid / Desalination and Water Treatment 315 (2023) 227–240

2.3. Recommended methodology

2.3.1. Preparation of I-PUF

The preparation of I-PUF was described by Moawed et 
al. [40]. Briefly, (5.0 ± 0.1 g) of PUF was cut into small cubes 
and soaked in 500 mL of HCl solution (2 mol·L–1) for 24 h. 
According to the Sandmeyer reaction, the reaction must be 
achieved in two conditions to form diazonium salt: (i) the 
reaction occurs at 0°C, and (ii) an abundant quantity of HCl 
solution [42]. The PUF cubes were put in an ice bath at 0°C, 
and then drops of 100  mL of NaNO2 solution (2  mol·L–1) 
were added slowly with continual stirring to ensure the for-
mation of a diazonium salt. After that, the diazo group was 
substituted by KI solution (50  mL, 1  mol·L–1) to produce  
I-PUF.

The colour of the sorbent was changed from yellow to 
brown. Finally, the sorbent was washed with distilled water 
and ethanol solution. The foam cubes were dried in air 
and stored in a dark bottle.

2.3.2. Batch adsorption procedure

A conical flask of 250 mL contained I-PUF (0.1 ± 0.02 g) 
and a 50 mL known concentration of RhB dye. The solution 
was adjusted at the desired pH by diluted the HNO3 solu-
tion. The solution was shaken for 1-h at 25°C  ±  0.1°C by a 
mechanical shaker. To study the kinetics adsorption of RhB 
by I-PUF, 0.1 g of I-PUF was added to a 250 mL conical flask 
containing 5  mg·L–1 of RhB solution. The adsorption iso-
therms were studied by varying the initial RhB concentra-
tion (3–40 mg·L–1). The solution was adjusted at the desired 
pH by diluted the HNO3 solutions. Experiments were per-
formed at 0 to 60 min by placing the flask on a shaker at 25°C. 
The thermodynamics of RhB adsorption were investigated 
with a 250 mL glass conical flask containing 0.1 g of I-PUF 
and 5 mg·L–1 of RhB solution. The solution was adjusted at 
the desired pH by diluted HNO3 solutions. Experiments 
were performed at five temperatures (285, 297, 307, 313 
and 333  K) by placing the glass vials on a temperature- 
controlled shaker. The concentrations of RhB were measured 
by ultraviolet-visible spectrophotometer.

3. Results and discussion

3.1. Morphology of iodo-polyurethane I-PUF

The surface morphology of PUF and I-PUF were stud-
ied employing a SEM, as shown in Fig. 1A and B. In Fig. 1A 
the surface morphology of PUF was smooth, with no pores. 
In contrast, after the modification of PUF by iodine atoms, 
the I-PUF surface was jagged, with lots of pores, as shown 
in Fig. 1B. The adsorbent porosity increase offers a suitable 
surface for pollutants adsorption and facilitates interaction 
between the adsorbent and pollutants [43]. The functional 
groups of PUF, I-PUF and I-PUF-RhB were determined by 
FTIR. The isocyanate and urethane groups (–NCO, –O–
CO–NH) bands have appeared at 2,172.56 and 1,075  cm–1, 
respectively, as shown in Fig. 2A. In Fig. 2B and D, the band 
at 546.70  cm–1 can be attributed to the C-I. The disappear-
ance of the isocyanate group band confirms that the amine 
groups turned into diazonium form and then were substi-
tuted by iodine atoms [43]. In Fig. 2C, after RhB adsorption, 

the broadband that appeared at 3,294 cm–1 can be attributed 
to the OH from RhB.

3.2. Retention profile of RhB dye from aqueous solution onto 
I-PUF

3.2.1. Effect of pH on adsorption of RhB dye onto I-PUF

The pH represents one of the most variable parameters 
that strongly influence the retention step of the analyte. The 
pH effect on the adsorption of RhB onto I-PUF using the 
batch mode is shown in Fig. 4A. The retention profile of RhB 
from aqueous solutions onto I-PUF was studied at a wide 
range of pH (1–10). The maximum extraction of RhB per-
centage onto the solid phase extractor reached at pH ≈ 3 ± 0.2 
and markedly decreased on increasing the solution pH, as 
shown in Fig. 4A. The high adsorption at pH ≈ 3 ± 0.2 can 
be attributed to the change in RhB nature in different solu-
tion media that forms other ionic species due to the change 
in pH of the solution. Fig. 3 shows the different ionic spe-
cies of RhB. On the other hand, the point zero charge (pHpzc) 
is the pH in which the adsorbent’s surface carries the zero 
value (pHpzc  =  0). The pHpzc has a significant role in ioniz-
ing functional groups and their interaction with target RhB 

A 

B 

Fig. 1. Scanning electron microscope images of PUF (A) and of 
I-PUF (B) at 100 µm and 250 X, respectively.
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molecules in solution. The pHpzc of I-PUF value has been 
reported and determined from the plot of the initial pH vs. 
final pH is worth 3.5 [40]. At pH < pHpzc = 3.5, the surface of 
the adsorbent is positively charged. At this pH, the adsorp-
tion of RhB is low due to competition between H+ ions and 
RhB molecules to occupy the uptake sites that lead to elec-
trostatic repulsion between the adsorbent surface and the 
RhB cations. Moreover, at pH > 3.7 (pKa = 3.7), the zwitte-
rionic form dominants at pH greater than RhB pKa due to 
the electrostatic attraction that occurs between the xanthene 
and the carboxyl groups of RhB monomers, resulting in the 
formation of a larger molecular form (dimer). Besides, at 
pH > pHpzc = 3.5, the surface of the adsorbent is negatively 
charged, leading to repulsing with the predominant species 
of RhB (the zwitterionic form and the dimer of the dye). Thus, 
the zwitterionic and dimer forms of RhB are accumulated, 

leading to the inability to enter the pores and, subsequently, 
a decrease in RhB adsorption [44–46]. Researchers previ-
ously reported that the optimum adsorption of RhB has 
occurred at pH  ≈  3 [44,46]. Subsequent retention profile 
experiments were taken at the optimum pH ≈ 3 ± 0.2.

3.2.2. Effect of dose of I-PUF on the adsorption of RhB dye

The adsorbent dose is one of the critical and efficacious 
parameters affecting the optimization of extraction percent-
age and the adsorption capacity. The effect of the I-PUF dose 
on the adsorption of RhB was investigated. The extraction 
percentage increased as the adsorbent dose increased from 
0.05 to 0.1 g. The equilibrium in extraction percentage was 
observed after 0.1  g, as shown in Fig. 4B. The increase in 
extraction percentage from 0.05 to 0.1  g can be attributed 

- C-I 

D 

-NCO 

-O-CO-NH 

OH 

A 

B 

C 

%T 

Fig. 2. Fourier-transform infrared spectra of PUF (A), I-PUF (B,D) and I-PUF-RhB (C).
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to the increase in activation sites on the adsorbent sur-
face. Besides, the slight decrease in extraction percentage 
after 0.1  g can be explained by agglomerations of particles 
onto the adsorption sites, leading to a decrease in adsorp-
tion surface area and extraction percentage [45,47].

3.2.3. Effect of mineral acid and acidity on the adsorption of 
RhB dye onto I-PUF

The influence of the mineral acids (HCl, HNO3, H2SO4, 
HClO4 and H3PO4) at 0.5  mol·L–1 on RhB adsorption onto 

Fig. 3. Structure forms of RhB dye (A) cationic and (B) zwitterionic.

B 

 

A 

C 
D 

Fig. 4. Retention profile of Rhodamine B dye from aqueous solution onto I-PUF via a variety of effects pH (A), dose (B), mineral 
acid (C) and time (D) at (0.1 ± 0.002 g) after 30 min shaking time at 25°C ± 0.1°C.
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the I-PUF sorbent was investigated. The results indicate that 
the maximum adsorption of RhB was achieved in the pres-
ence of HNO3 as a suitable extraction medium (Fig. 4C). 
Accordingly, the effect of acidity on RhB adsorption by the 
used solid extractor was investigated using known concen-
trations in the range of 0.02–2 mol·L–1 of HNO3. The results 
demonstrated that the maximum extraction of RhB was 
achieved at 0.5 mol·L–1 of HNO3. Thus, 0.5 mol·L–1 of HNO3 
was selected for adjusting the acidity in the subsequent  
work.

3.2.4. Effect of shaking time on the adsorption of RhB dye

The effect of shaking time (0.0–60  min) on the adsorp-
tion of RhB from the aqueous solution under the optimized 
parameters was also investigated. The results obtained are 
demonstrated in Fig. 4D. In the beginning, the extraction of 
RhB was fast, and more than 80% was achieved in 20 min. 
After that, the maximum equilibrium value reached 30 min 
and stabilized over time. When the equilibrium time is short, 
the surface area is high. Therefore, the high adsorption in 
the primary time can be attributed to unoccupied active 
sites and the high dye concentration. On the other hand, 
the adsorption of RhB becomes slow at equilibrium due to 
the saturation of the surface with RhB molecules [48]. Thus, 
the subsequent work adopted a shaking time of 30 min.

3.3. Kinetic behavior of RhB adsorption onto I-PUF

The study of adsorption kinetics is significant as it pre-
dicts the reaction pathways and the mechanism of adsorp-
tion reactions. The potential dye adsorption mechanism, as 
well as the possible rate of controlling steps, can be investi-
gated through non-linear kinetics models (Lagergren’s pseu-
do-first-order, pseudo-second-order, Avrami and Elovich) 
and kinetic models of intraparticle diffusion (Weber–Morris, 
Reichenberg and Bangham) [8].

3.3.1. Pseudo-first-order model

The pseudo-first-order equation is the earliest model for 
explaining the adsorption rate in a solid solution. Lagergren 
suggested it in 1898 for oxalic and malonic acid adsorption 
on charcoal. This model is based on the adsorbent capac-
ity and can be expressed by the study of Lima et al. [49]:

q q k tt e� � � � �� ��� ��1 1exp 	 (1)

where qe and qt represent the amount of RhB adsorbed onto 
I-PUF at equilibrium and at a time (mg·g–1), respectively. k1 
(min–1) is the adsorption constant rate of Lagergren’s first 
order. t is time (min). The correlation coefficient R2 value 
for RhB adsorption onto I-PUF was calculated as 0.9998, as 
shown in Fig. 5A. The constant rate of Lagergren’s first order 
k1 was found to equal 0.231 min–1. The qe amounted to 2.403.

3.3.2. Pseudo-second-order model

The pseudo-second-order was initially used to describe 
the adsorption of divalent peat by Ho et al. [50]. It sup-
poses that the adsorption occurs at two active adsorption 

sites [51]. The experimental data were subjected to study by 
pseudo-second-order. This model can be expressed by the 
study of Lima et al. [49]:

q
q k t
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where qe and qt represent the amount of RhB adsorbed onto 
I-PUF at equilibrium and time (mg·g–1), respectively. k2 is 
the adsorption constant rate of the pseudo-second-order 
(min–1). The k2 was equal to 0.155. The correlation coefficient 
R2 was obtained from Fig. 5B. The qe was found 2.602 mg·g–1.

The results showed that the adsorption process of RhB 
onto I-PUF obeys the pseudo-second-order kinetic instead 
of the pseudo-first-order kinetic for the following reasons. 
Firstly, the correlation coefficient R2 of the pseudo-sec-
ond-order kinetic model 0.9999 was slightly higher than 
the pseudo-first-order kinetic model 0.9998. Secondly, the 
experimental adsorption capacity (2.50  mg·g–1) was closer 
to the calculated adsorption capacity of the pseudo-second- 
order kinetic model (2.602  mg·g–1), whereas the adsorption 
capacity of the pseudo-first-order kinetic model calculated 
(2.403  mg·g–1) was not consistent with the experimental 
data. These results indicate that the absorption process is 
controlled by chemisorption. Moreover, from the character-
istic of chemical adsorption processes, only the active sites 
on the surface attracted the molecules, not all points on the 
surface to form a single layer [52]. Also, Liu [53] proposed 
that the pseudo-second-order model related to the existence 
of the active adsorption sites on the adsorbent’s surface 
instead of the solution concentration (adsorbate). Similar 
trends have been reported for the adsorption of RhB dye 
from aqueous solutions by other adsorbents following the 
pseudo-second-order model [54–56].

3.3.3. Elovich model

Elovich model was developed by Zeldowitsch in 1934 
and is generally known as Elovich model. It was first used 
to characterize the carbon monoxide and manganese diox-
ide adsorption rate. Elovich model is commonly used for 
systems in which the adsorbing surface is heterogeneous 
and for chemisorption processes [57–59]. Elovich model 
equation in Eq. (3) [60]:

q te � �� �1 1
�

��ln 	 (3)

where β (g·mg–1) is the desorption coefficient related to 
the surface coverage extent and the activation energy for 
chemisorption. α (mg·g–1·min–1) is the Elovich constant 
related to the initial rate of RhB dye adsorption onto the 
adsorbent. The parameters were calculated from Fig. 5C. 
The results showed that α and β were 30.482  mg·g–1·min–1 
and 3.392 mg·g–1, respectively. The correlation factor R2 was 
found to be equal to 0.9999. α is a constant related to the 
rate of chemisorption and is usually higher than β. In other 
words, the absorption rate is higher than desorption. Thus, 
it can be indicated that the I-PUF surface is heterogeneous, 
the adsorption process is chemisorption, and the I-PUF 
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has active sites for the rapid absorption of RhB molecules 
with a significant tendency to the adsorption [61].

3.3.4. Avrami model

Avrami model is one of the models that describe kinetic 
behaviour. It suggests that the reaction is located on the 
active surface sites of the sorbent [8,62]. The linearized 
Avrami model can be represented in Eq. (4) [63].

q q k tt e

n
� � � �� �1 exp av

av 	 (4)

where kav (min–1) is the Avrami kinetic constant rate, nav 
is the constant related to the adsorption. qe, qt and t have 
their usual meanings. Avrami model parameters nav and 
kav were obtained from Fig. 5D. The value of kav and nav 
were equal to 0.093 and 0.357, respectively. The correlation 
factor R2 is 1.

The constant n is considered the most significant factor 
in the Avrami model. Accordingly, its value plays a vital role 
in changes in the adsorption mechanism. Several authors 
suppose that the n factor affords a general idea about the 
reaction mechanism and determines the region where these 
adsorption reactions occur. Therefore, if nav > 1, the adsorption 

is limited by surface reactions, and the diffusion of molecules 
is faster. While if nav  £  1, the probability of the adsorption 
occurring is the same in any adsorbent region and is called 
homogenous adsorption [64,65]. The value of nav was less 
than 1, indicating a significant homogeneity in adsorption 
between the adsorbent and adsorbate [64]. The parameter 
values of kinetics models are summarized in Table 1.

A 
B 

C 

D 

Fig. 5. Non-linear kinetic pseudo-first-order (A), pseudo-second-order (B), Elovich (C) and Avrami (D) models of RhB adsorption 
onto I-PUF from aqueous solution at 30 min, 25°C, 0.5 mol·L–1 of HNO3 solution, 5 mg·L–1 of RhB, 0.1 g of I-PUF at pH ≈ 3.

Table 1
Kinetic parameters for RhB adsorption onto I-PUF at 25°C ± 1°C

Kinetic models Parameters Values R2

Pseudo-first-order qe,exp (mg·g–1) 2.500 0.9998
qe,cal (mg·g–1) 2.403
k1 (min–1) 0.231

Pseudo-second-order qe,exp (mg·g–1) 2.481 0.9999
qe,cal (mg·g–1) 2.602
k2 (g·mg–1·min–1) 0.155

Elovich α (mg·g–1·min–1) 30.483 0.9999
β (mg·g–1) 3.393

Avrami kav 0.093 1
nav 0.357
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3.4. Intraparticle diffusion kinetic models of RhB adsorption 
onto I-PUF

Understanding and explaining the adsorption system, 
dynamic behaviour and determination of the rate-limit-
ing-step are considered pivotal steps in controlling the treat-
ment processes and optimizing the design of adsorbents and 
adsorption conditions. Generally, molecules are adsorbed on 
an adsorbent through several steps. Firstly, in film diffusion, 
the RhB dye molecules are carried to the external surface 
of I-PUF. Secondly, in intraparticle diffusion, the dye mole-
cules are adsorbed inside the pores of the I-PUF adsorbent. 
Thirdly, RhB molecules are adsorbed to the internal I-PUF 
surface, and this step often was not referred to as a rate-lim-
iting step due to its fast occurrence. The Weber–Morris, 
Reichenberg and Bangham models are commonly used to 
study the absorption mechanism.

3.4.1. Weber–Morris model

The intraparticle diffusion kinetic model, or what is 
known as the Weber–Morris model, was applied to determine 
the intraparticle diffusion parameters of RhB adsorption 
onto I-PUF. This model is widely utilized for characteriz-
ing the adsorption mechanism, especially for porous sor-
bents such as PUF [66]. The model can be represented in  
Eq. (5) [67]:

q R t Ct d� �1 2/ 	 (5)

where qt (mg·g–1) is the adsorbed analyte concentration at 
time t. Rd (mg·g–1·min–1/2) is the rate constant of intraparticle 
diffusion. C (mg·g–1) is the thickness of the boundary layer. 
The calculated values of Rd from the two slopes in the initial 
and second stages of the linear plots were found to be 0.3323 
and 0.0585  mg·g–1·min–1/2, respectively. R2 was 0.9980 and 
0.9100, respectively, as shown in Fig. 6A. Relative to the inter-
cept C1 and C2 values, they amounted to 0.9862 and 2.055, 
respectively.
For the Weber–Morris model, if intraparticle diffusion is the 
only rate-limiting step, the qt vs. t–1/2 plot must pass through 
the origin [68]. Thus, from Fig. 6A the plot does not give a 
linear straight segment and does not cross the origin C¹0. 
It can be concluded that intraparticle diffusion is involved in 
adsorption but is not the only mechanism limiting adsorp-
tion kinetics. As a result, the adsorption mechanism is con-
trolled by both film diffusion and intraparticle diffusion 
simultaneously [69,70].
Multilinearity indicates that the adsorption process is con-
trolled by multiple mechanisms, where each linear segment 
represents a specific controlling mechanism. Fig. 6A shows 
that the plot is not linear through the adsorption time and 
can be separated into two linear regions. The first line rep-
resents surface adsorption as the beginning of the process, 
meaning that the RhB molecules were transferred to the 
outer surface of the I-PUF through film diffusion. The second 
line represents the intraparticle diffusion as the end of the 
process, which means that the RhB molecules are diffused 
inside I-PUF pores by intraparticle diffusion [48,69]. In other 
words, the plot of qt vs. t–1/2 was a straight line until 15 min. 
After that, the plot deviated with increasing time, indicating 

that the diffusion rate was high at the initial stage due to all 
the adsorbent’s unoccupied active sites. In the second step, 
intraparticle diffusion increased slightly with the depletion 
of adsorbent pores. Thus, RhB adsorption was fast, then 
decreased over time because of the preoccupation of the 
active positions on the adsorbing surface (>15 min) [71].
The intercept C value provides information about the 
boundary layer thickness. The boundary layer effect is par-
amount when the intercept is considerable. Increasing the 
C values from one stage to another indicates the boundary 
layer effect [72]. Moreover, the particle pore dimensions 
contribute to controlling intraparticle diffusion. The larger 
the particle size pores, the lower the intraparticle diffusion 
resistance to control the adsorption kinetics for high-porous 
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Fig. 6. Intraparticle diffusion kinetic models of RhB adsorption 
onto I-PUF Weber–Morris (A), Reichenberg (B) and Bangham 
(C) from aqueous solution at 30 min, 25°C, 0.5 mol·L–1 of HNO3 
solution, 5 mg·L–1 of RhB, 0.1 g of I-PUF at pH ≈ 3.
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materials decreases. In other words, it decreases the effect 
of the boundary layer [73].

3.4.2. Reichenberg model

Reichenberg’s model is called the Boyd model or Boyd’s 
intraparticle diffusion model [74]. This model can be used to 
determine and distinguish whether interparticle diffusion 
or film diffusion mechanisms it is controlling the adsorp-
tion rate. Therefore, the contribution of the pore diffu-
sion mechanism in RhB adsorption onto I-PUF was tested. 
Reichenberg model [75] expressed in Eq. (6) was applied.

B Ft � � � �� �0 4977 1. ln 	 (6)

where Bt is Reichenberg constant. qt is the value of RhB mole-
cules adsorbed into the I-PUF at time t (mg·g–1). qe is the value 
of RhB molecules adsorbed into the I-PUF at equilibrium 
(mg·g–1). The Bt value is a mathematical function of F that can 
be calculated from the mathematical relationship in Eq. (7):

F
q
q
t

e

= 	 (7)

The plot of Bt vs. ln(1  –  qt/qe) results in a straight line, 
in which the correlation factor R2 value amounted to 
0.9904, as shown in Fig. 6B. The straight line does not pass 
through the origin, indicating that the film diffusion con-
trols the absorption rate besides intraparticle diffusion. If the 
straight line passes through the origin, the absorption rate is 
controlled by intraparticle diffusion [8,76].

3.4.3. Bangham model

Bangham model determines whether the pore diffusion 
mechanism controls the adsorption of RhB onto the I-PUF. 
The Bangham model [77] is expressed in Eq. (8):

ln ln ln ln
q

q q
k te

e t
B�� �

�

�
��
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�
��

�

�
�
�

�

�
�
�
� � � 	 (8)

where qe, qt and t have their usual meanings. kB is 
Bangham’s constant. The Bangham model in Fig. 6C resulted 

in a linear curve. The correlation coefficient R2 obtained from 
the plot of ln(ln(qe/qe – qt)) vs. lnt is equal to 0.9899. The kB 
1.8310 and α 0.7504 were calculated from the intercept and 
slope, respectively, as shown in Fig. 6C. The linear plot of 
the Bangham model does not pass through the origin, sug-
gesting that pore diffusion was involved in the adsorption 
of RhB onto I-PUF but not the only rate-controlling step 
[78]. Overall, the results of intraparticle diffusion kinetic 
models assumed that the adsorption mechanism of RhB 
onto I-PUF may be controlled by film diffusion, intraparti-
cle diffusion and pore diffusion. The parameters of Weber–
Morris, Reichenberg and Bangham models are summarized 
in Table 2.

3.5. Adsorption isotherm models of RhB adsorption onto I-PUF

The adsorption isotherm is generally described as the 
transmission of pollutants from an aqueous phase to a 
solid phase at a constant pH and temperature. Moreover, 
it provides information about the adsorption capacity and 
the interaction mechanism between the adsorbate and the 
adsorbent [69].

3.5.1. Langmuir isotherm model

Langmuir’s adsorption isotherm model describes the 
homogeneous adsorption reactions where this model 
assumes that the adsorption occurs on one activation site 
and that each molecule has constant enthalpy and activation 
energy to form an adsorption monolayer. The non-linearized 
form of the Langmuir model can be expressed in Eq. (9) [79]:

q
q KC
KCe

m l e

l e

�
�� �1

	 (9)

where qm (mg·g–1) is the maximum adsorption capacity 
needed for the surface monolayer coverage. KL (L·mg–1) is 
the Langmuir constant. qe (mg·g–1) is the adsorption capacity. 
Ce (mg·L–1) is the equilibrium concentration.

From Fig. 7A, the qm and KL were equal to 22.032 mg·g–1 
and 1.105 L·mg–1, respectively. The correlation coefficient R2 
was 0.9963. The adsorption favorability toward dye can be 
described by calculating the separation factor RL [79]:

R
K CL
L e

�
�

1
1

	 (10)

where KL (L·mg–1) and Ce (mg·L–1) represent the Langmuir 
constant and the initial RhB concentration, respectively. 
RL value refers to the adsorption nature. When RL > 1, the 
adsorption is unfavourable. RL  =  1, the adsorption is lin-
ear, and the adsorption is favourable when 0 < RL < 1. The 
adsorption is irreversible when RL = 0. The RL values were 
(0.2–0.7), which indicates that the adsorption of RhB onto 
I-PUF was favourable at 25°C and various initial concen-
trations of RhB.

3.5.2. Freundlich isotherm model

The Freundlich isotherm model describes adsorption 
occurring on multilayers with unequal heat and affinities 

Table 2
Intraparticle diffusion parameters for RhB adsorption onto 
I-PUF at 25°C ± 1°C

Intraparticle diffusion 
models

Parameters Values R2

Weber–Morris Rd1 (mg·g–1·min–1/2) 0.3323 0.9980
Rd2 (mg·g–1·min–1/2) 0.0585
C1 0.9862 0.9100
C2 2.0557

Bangham α 0.7504 0.9899
kB 1.8310

Reichenberg – – 0.9904
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distribution on heterogeneous surfaces. The non-linear-
ized form of the Freundlich model can be expressed in 
Eq. (11) [80]:

q K Ce f e
n= 1/ 	 (11)

where Kf is Freundlich’s constant. n is the adsorption inten-
sity or heterogeneity of the surface. From Fig. 7B, the Kf and 
1/n were found to be equal to 10.412 mg·g–1 and 2.250, respec-
tively. The correlation coefficient R2 was 0.9999. 1/n value 
refers to the adsorption nature. When 1/n < 1 or 1/n > 1, the 
adsorption is favourable and unfavourable, respectively. 
When 1/n = 1, the Freundlich model is linear, and the adsor-
bent surface is heterogeneous when 0 < 1/n < 1 [80]. The 1/n 
values were 0.445, which indicates that the adsorption of 
RhB onto I-PUF was favourable at 25°C and occurred on a 
heterogeneous adsorbent surface. The maximum adsorption 
capacity of RhB onto I-PUF and the contact time were com-
pared with other adsorbents and are summarized in Table 3.

3.6. Thermodynamic parameters of RhB adsorption onto I-PUF

Thermodynamic adsorption is a significant factor in 
predicting the types and mechanisms of the adsorption pro-
cess under different temperatures and optimum conditions, 
such as pH, the dose of adsorbent, and the solution acidity. 
Therefore, the temperature effect on the adsorption of RhB 
onto I-PUF was studied by the calculation of the adsorp-
tion enthalpy change (ΔH°), entropy change (ΔS°), and the 
Gibbs free energy change (ΔG°) via van’t Hoff equations [84]:

K
q
Cd
e

e

= 	 (12)

lnK S
R

H
RT

�
�
�

�� � 	 (13)

�G RT Kd� � � ln 	 (14)

� � �G H T S� � � � � 	 (15)

where Kd is the distribution coefficient for RhB adsorption, 
R is the gas constant (8.314 J·mol–1·K–1). T is the temperature 
in Kelvin. Fig. 8 shows a linear relationship between lnKd 
vs. 1/T for the adsorption of RhB onto I-PUF (R2  = 0.9942). 
The values of ΔH° and ΔS° can be calculated from the slope 
and intercept, respectively. The Gibbs energy values contrib-
ute to the determination of the spontaneity interaction. The 
average negative ΔG° values (–19.4655  kJ·mol–1) indicated 
spontaneous adsorption behaviour. Meanwhile, the ΔH° 
for the adsorption of RhB onto I-PUF was negative value 
(−31.4884  kJ·mol–1), meaning that the adsorption process 
is exothermic chemisorption [33]. The decrease in adsorp-
tion capacity is most often associated with the tempera-
ture increase in exothermic reactions. The exothermic term 
denotes that the total energy absorbed in bond breaking 
is less than the total energy emitted in the bond formation 
between RhB molecules and I-PUF, which releases excess 
energy in a heat form [85].

Overall, if the resulting ΔH° value is lower than 
20.90  kJ·mol–1, the intermolecular bonding type is Van der 
Waals’ bonding, and the adsorption is known as physical 
adsorption. In the case of the resulting ΔH° values in the 
range (20.90–418.4  kJ·mol–1), the intermolecular bonding 
type is chemical bonding, and the adsorption is known as 
chemical adsorption [86]. The ΔH° value was obtained at 
–31.4884 kJ·mol–1, demonstrating that chemical adsorption is 
dominant between RhB molecules and I-PUF.

A 

B 

Fig. 7. Non-linear isotherm models of RhB adsorption onto 
I-PUF Langmuir (A) and Freundlich (B) from aqueous solution 
at 30 min, 25°C, 0.5 mol·L–1 of HNO3 solution, 5 mg·L–1 of RhB, 
0.1 g of I-PUF at pH ≈ 3.

Table 3
Maximum adsorption capacity of I-PUF and the contact time 
compared to other adsorbents

Adsorbent qm (mg·g–1) Time (min) References

Modified zeolite 7.955 200 [81]
Walnut shell 2.292 40 [82]
Activated carbon 5.338 30 [83]
Rice husk 5.873 180 [83]
Iodo-polyurethane 
foam

22.032 30 This study



237Z.M. Saigl, O.A. Aljuaid / Desalination and Water Treatment 315 (2023) 227–240

In contrast, the values of ΔS° were negative 
(−37.2226 kJ·mol–1). The negative value of ΔS° demonstrates 
that no effective modification occurred in the internal struc-
tures of the I-PUF during the adsorption process. In addi-
tion, it suggests a decrease in the degrees of randomness 
(low disorder) at the solid/solution interface during RhB 
adsorption onto I-PUF [33,87].

4. Conclusion

The present study has demonstrated that the I-PUF was 
an efficient and suitable adsorbent for the adsorption of RhB 
successfully from aqueous media. The maximum adsorp-
tion of RhB was achieved at pH  ≈  3. The results of kinetic 
models indicated that the adsorption of RhB obeyed the 
pseudo-second-order and Freundlich model. The adsorp-
tion process was controlled through chemisorption. The 
intraparticle diffusion models indicated that the adsorption 
of RhB onto I-PUF was controlled by film diffusion, intra-
particle diffusion and pore diffusion. The thermodynamic 
parameters (ΔH, ΔS and ΔG) indicated the exothermic and 
spontaneous nature of RhB adsorption by the I-PUF.
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