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a b s t r a c t
In this study, novel phosphonated cellulose acetate (PCA) membranes were used for adsorptive 
removal of cationic methylene blue (MB) dye under batch conditions and different preliminary 
concentrations of the pollutant and pH values at 25°C. The chemical structure of PCA membranes 
was established by Fourier transform infrared spectrophotometric analysis. Adsorption kinetics, 
isotherms, and thermodynamics were examined. The analysis of three kinetic models specifically 
pseudo-1st-order model, pseudo-2nd-order model, and Elovich model was performed. The rate of 
MB adsorption was found to accompany pseudo-2nd-order model. Adsorption data of MB have also 
been used to test various adsorption diffusion models. The diffusion rate modeling of Dumwald-
Wagner and the intraparticle diffusion model have been used to determine the diffusion rate and 
the rate-controlling step. Boyd expression was also used to give the accurate indications. Sorption 
equilibrium of MB by PCA membranes was also quantitatively evaluated by isotherm models of 
Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin. Adsorption behaviour followed the 
Langmuir adsorption isotherms (qmax = 10 mg/g). Finally, the negative ΔG° values designated that the 
MB adsorption onto sorbent membranes was viable and spontaneous, while the positive ΔH° value 
depicted that MB removal is endothermic.
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1. Introduction

Up to date, water contamination is one of the worst of 
all environmental problems through the continuous direct 
discharge of hazardous and toxic chemical effluents to the 
surroundings [1]. Dye-contaminated wastewater contains 
coloured compounds from residues of dyes and many 

chemical spices. Basic, acid, direct, and reactive dyes are 
soluble in water, while oxidised dyes and dispersed pig-
ments are insoluble. Synthetic dye pollutants from industrial 
activities, for example, textile, food industries, leather, 
plastics, cosmetics, pharmaceuticals, dye synthesis, silk 
painting [2], and printing, are carcinogenic and highly toxic. 
It caused more and more interest as over 10,000 categories 
of dyes have been utilised in the industry [3]. Most dyes’ 
attitude poses a significant threat to health, the well-being of 
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millions of people, microbial population, marine lives, and 
environments [4], and global ecosystems. Furthermore, the 
coloured water retarded the sunlight, hindered the activity 
of photosynthetic process of the aquatic plants, impedes the 
growth of biota, and also has a propensity to chelate metal 
ions which produce micro-toxicity to fish and other organ-
isms [5]. Among the different synthetic dyes, methylene blue 
(MB) is extensively a typical compound in adsorption studies. 
The existence of 14 delocalized electrons in the planar struc-
ture of the dye efficiently involves in stacking interactions. 
Consequently, MB can form dimers and privileged aggregate 
levels in aqueous solutions even at micromolar analytical 
concentrations [6]. The association of stacking interaction 
and Columbic forces governs the excellent adsorptive char-
acteristics of this type of dyes [7]. Therefore, MB is quickly 
attracted to hydrophilic surfaces carrying net negative 
charges. Traditional treatment approaches such as zonation, 
biodegradation, and oxidation [8] are not successful in dye 
removal due to the complex aromatic structures, which mark 
them much stable. Alternatively, a variability of conventional 
treatment methods including physical and chemical tech-
niques is intended for dye exclusion from industrial waste-
water. Flocculation and coagulation, reverse osmosis, ion 
exchange, activated sludge, adsorption by activated carbon, 
electrochemical methods, etc. are moreover expensive or 
even ineffective [9] and always show many disadvantages. 
To our delight, adsorption technology was economically use-
ful, cheap, simple, and efficient, and the easy operation did 
not produce contaminated by-products. Numerous resources 
have dedicated into the adsorption researches, such as zeo-
lite, wood [10], silica, coir pith, peat [11], sawdust [12], fly ash 
[13], and almond shells. Another point worth mentioning is 
that the processing cost may be minimised by the low-cost 
adsorbent materials, like waste material, biosorbent, slage, 
and clay including bentonite, kaolinite, talc, montmorillonite, 
and agricultural by-products. MB is readily adsorbed onto an 
extensive range of adsorbents from industrialised wastewa-
ter [14] to innovative materials [15] including modified min-
erals [16]. Recently, researchers paid massive attention to nat-
ural occurring polymers as chitosan [17], alginate [18], and 
cellulose [19] because of their compatibility with any biolog-
ical systems, biodegradability, and availability and on their 
excellent adsorptive properties. However, the hydrophilic 
natural surroundings of these biopolymers accompanied by 
the abundance of the reactive -OH groups are responsible 
for the mechanical unpredictability of these polymers which 
bound their applicability. Noteworthy efforts were rendered 
to improve unconventional adsorbents through chemical 
modification, but, owing to low mechanical strength, these 
developed adsorbents were commercially unsuccessful. So, 
significant determinations have tended to enhance the per-
formance of such polymers by calendaring an ion exchange 
material into the plastic film or in polymeric solution such as 
alumina, zirconia, titania, silver, and silica particles [20,21]. 
Recently, researchers have investigated the outcome of addi-
tives as nanoparticles, inorganic fillers, various surfactants 
[22,23], and variant functional groups like carboxylic (COO-), 
sulfonic (SO3-), and phosphonic (PO3-) [24,25] by chemical 
modification. Moreover, synthesis of polymer blend [26], 
selection of different polymeric matrices [27], and variation 
of cross-linker have been investigated. In addition to surface 
modification by plasma coating technique [28], use of various 

solvents allotment of uniform functional groups distribution 
over the modified polymer adsorbents. All these parameters 
are simple means to realise higher ionic exchange material. 
Recent work has explored applying adsorption/ion exchange 
to water polluted with an extensive range of sensitive dyes 
[29–31]. However, most commercial ion exchangers are pres-
ent in the formula of the porous structure; thus, their packed 
bed operation for flow process commonly has certain restric-
tions such as sluggish pore dispersion, high-pressure drop, 
etc. An encouraging alternate for eliminating these prob-
lems is the ion exchange membrane. The membrane system 
could not only overcome the mass transference confines 
for packed beds but also exhibit the advantages of simpler 
design and easier scale-up. Therefore, the ion exchange film 
should be a respectable choice for dye adsorption, and the 
interrelated performance should be intensively estimated. 
Nevertheless, the prospective application of macroporous 
ion exchange membranes to dye withdrawal from waste-
water has been ignored. Cellulose is considered the utmost 
plentiful natural polymer established in normal fibres and 
plants. Etherification of cellulose produces many derivatives 
of water-soluble cellulose such as hydroxy ethyl cellulose, 
hydroxy propyl cellulose, ethyl cellulose, or sodium car-
boxymethyl cellulose. In this study, a cellulosic adsorbent 
membrane was fabricated by chemical activation of cellulose 
acetate (CA) using epichlorohydrin (ECH) followed by the 
introduction of orthophosphoric acid (OPA) for the removal 
of MB from aqueous solution. Batch adsorption was con-
ducted at several initial MB concentrations and solution pH 
at 25°C. Adsorption kinetics and equilibrium isotherms for 
the exclusion of MB on phosphonated cellulose acetate (PCA) 
membranes were evaluated to demonstrate the adsorption 
type of dye removal. Also thermodynamics were also 
determined to distinguish the nature of adsorption process.

2. Experimental

2.1. Materials

CA (degree of acetylation 40%) and ECH (purity 99.5%) 
were supplied from Sigma-Aldrich Chemie Gmbh (USA). 
Ortho phosphoric acid (purity 85% extra pure), acetone 
(purity 90%), hydrochloric acid (purity 95%–97%), and 
MB were acquired from Sigma-Aldrich Chemicals Ltd. 
(Germany). Sodium hydroxide was supplied by El-Nasr 
Company for Chemicals (Egypt). 

2.2. Methods

2.2.1. Membrane preparation

The PCA solution was synthesised as mentioned in our 
previous work [32]. Briefly, CA was dissolved in acetone 
under regular stirring. Then ECH (1:3, molar ratio of CA:ECH) 
was added gradually. The activated solution was agitated at 
25°C for 5 h, and the solution pH was adjusted using sodium 
hydroxide solution. Then, the activated cellulose acetate 
solution was retained at a water steam bath at 55°C for 9 h 
and pH 8 with constant shaking. Subsequently, the obtained 
viscous and transparent activated solution reacted with 1.5M 
OPA aqueous solution. The phosphorisation process was 
carried out in a water bath at 35°C for 8 h. The casting solu-
tions termed PCA1.5 solution were obtained and allowed to 
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cool at 25°C (Fig. 1). The casting solution was then spread 
over a smooth glass plate, and the film was exposed to air 
for 3 min at 25°C, by which the macroporous structure has 
been formed for PCA1.5 membranes [33]. Then, the film with 
glass plate was immersed in a deionised water bath until the 
membrane turned white and separated from the glass plate. 
The prepared films were finally rinsed with deionised H2O 
and then dried for another 24 h at 25°C.

2.2.2. Adsorption studies

All batch adsorption experimentations were conducted 
using a pre-weighed sample of the developed membranes 
(0.2 g, 1 cm × 1 cm) in addition to a known volume of dye 
solution (50 mL). Specific weight of MB solubilised in dis-
tilled water was used to prepare the required dye solution 
concentration. Then, the mix was stirred by constant shak-
ing at a rate of 120 rpm. Subsequently, the remaining dye 
concentration in the solution was measured via UV-visible 
spectrophotometer (Amersham Pharmacia Biotech, UK Ltd.) 
at 668 nm wavelengths. The MB level used in this investiga-
tion is 10 mg/L for kinetics and a range of 10–100 mg/L for 
isotherms at 298 K and at different time intervals. Percent 
removal of the dye expresses the adsorption efficiency. The 
adsorbed extent (q) of the MB at time (t) is evaluated by the 
following equations [34]:

%Removal =
C

C
0

0

100
−

×
Ct  (1)

q
W

V=
−( )

×
C0 Ct  (2)

where q, the adsorbed quantity of dye/gram adsorbent 
(mg/g); C0, the primary dye concentration (ppm); Ct, the dye 
strength at time t (ppm); V, the volume of the MB solution 
(L); and W, the adsorbent weight (g). 

2.2.3. Adsorption kinetics

The performance and eventual cost of adsorption sys-
tem are substantially dependent on the efficiency of tech-
nical design and effectiveness of sorption operation, which 
often involves a synergetic of the uptake kinetics or the 
time dependency of concentration dispersal of the solute in 
both bulk and solid phase [35]. The adsorption progression 
involves the mass transfer of a solute from the fluid phase 
to the adsorbent surface [36]. A kinetic reading of adsorp-
tion provides consequences for the adsorption mechanism 
[37]. Also, this dynamic study defines the solute uptake rate 
that manages the residence time of adsorbate uptake at the 
solid surface interface [38]. Numerous kinetic models were 
adapted to predict the controlling adsorption mechanisms 
(such as chemical reaction, diffusion control, and mass trans-
fer), and the best-fit model will be selected by the linear 
regression correlation coefficient and R2 values.

2.2.3.1. The pseudo-1st-order model

The pseudo-1st-order model has correlated  the adsorp-
tion rate with the adsorption capacity. This model rate 
equation is stated as follows [39]:

dq
dt

k q qt
e t= −( )1  (3)

By integrating Eq. (3), using the first situation qt = 0 when 
t = 0, the following equation will be obtained:

ln lnq q q k te t e−( ) = − 1  (4)

where qe and qt are the adsorbed amounts of MB at steady 
state (mg/g) and k1 is the rate constant of pseudo-1st-order 
adsorption (/min). Since qt reaches a plateau qe at equilibrium, 
qt values smaller than the 0.9 qe were used for analysis. 

Fig. 1. A mechanistic pathway for the synthesis of PCA solution.
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2.2.3.2. The pseudo-2nd-order model

The pseudo-2nd-order kinetic rate equation (Ho’s model) 
is signified as follows [40]:

dq
dt

k q qt
e t= −( )2

2
 (5)

where k2 is the pseudo-2nd-order rate constant (g/mol min). 
Resetting the variables in Eq. (5) gives:

dq

q q
k dtt

e t−( )
=

2 2  (6)

Taking into consideration the boundary status from t = 0 
to t = t and qt = 0 to qt = qt, the integrated form of Eq. (6) be 
ordered to obtain the resulting equation:

1 1

2q q q k te t e−
=

+
 (7)

Eq. (7) can be reconstructed to get a linear form:

t
q k q

t
qt e e

= +
1

2
2  (8)

The initial adsorption rate h (mol/g min) is expressed as:

h k qe= 2
2  (9)

A lined relationship will be obtained from the plan 
of (t/qt) vs t from which k2 and qe can be ascertained. The 
half-adsorption time, t0.5, is designated as the time expected 
for the adsorption to hold half as much MB as its equilibrium 
value. Accordingly, this t0.5 value is a measurable tool of the 
sorption rate:

t
k qe

0 5

2

. =
1  (10)

2.2.3.3. Elovich equation

In reactions concerning chemisorption of adsorbate 
molecules on the solid surface deprived of products released, 
the rate declines with time because of an improved solid 
surface coverage. Elovich equation is a helpful model for 
explaining such an activated process [41]:

dq
dt

qt
t= −( )α βexp  (11)

where α is the original adsorption rate (mol/g min) and β is 
relevant to surface coverage extent and activation energy for 
chemisorption (g/mol). The latter equation explains the linear 
pattern of the Elovich model:

q tt = ( ) +β αβ βln ln  (12)

The testing of empirical data for correspondence with the 
Elovich equalisation is conducted via plotting qt vs. ln t. The 
Elovich parameter β and the primary rate α are received from 
both inclination and intercept of the line. The applicability of 
the Elovich equation suggests that chemisorption (chemical 
reaction) mechanism is likely to rate control in the current 
processes [42].

2.2.4. Rate-limiting kinetic models

The adsorption operation can recognise as a sequence of 
three progressive steps; namely, (a) film diffusion, (b) particle 
diffusion, and finally (c) adsorption of the adsorbate mole-
cule on the internal surface of the adsorbent. In contrast, the 
rate-determining stage is highly dependent on the velocity 
of each step. Then, this period is highly dependent on the 
velocity of each step. Conversely, if the velocity of two 
is exceeding that of level one, particle diffusion and vice 
versa will control the adsorption speed. However, when the 
exterior transport is equal to an interior carrier, a boundary 
of liquid film will form around the adsorbent particles; in this 
occasion, the dispersion of adsorbate follows the appropriate 
concentration gradient. Three consolidated kinetic models 
can be practical to solve this common problem. 

2.2.4.1. The Weber–Morris intraparticle diffusion

Rate constant (kp) provided by the next equation [43]:

q k t Ct p= +0 5.  (13)

where kp is the intraparticle diffusion rate constant 
(mol/g min1/2). Such plots might exhibit a multilinearity [44], 
symbolising that two or further rounds take place. The first 
is the active division assigned to the distribution of adsor-
bate inside the liquid phase to the outer adsorbent surface or 
the borderline layer diffusion of sorbent molecules or ions. 
The secondary portion describes the successive adsorption 
step, where intraparticle dissemination is rate limiting. The 
third portion is credited to the last equilibrium step wherever 
intraparticle dispersal begins to break down due to insuffi-
cient adsorbate levels in the solution. The solute uptake rate 
might be bounded by many factors including the size of 
adsorbate ions or molecules, the strength of the dye and its 
attraction to the adsorbent, the diffusion coefficient of dye 
in the bulk side, the pore extent configuration of the sorbent 
material, and the mixing degree. Additionally, the estimation 
of C gives a good impression about the obstacle layer thick-
ness, i.e., the boundary layer influence is more significant at 
a higher value of C, where the intraparticle diffusion governs 
the process if C = 0.

2.2.4.2. Dumwald-Wagner model

The diffusion rate equation of Dumwald-Wagner (D-W) 
model [45] inside the adsorbent particle is expressed by

log
.

1−( ) = ×F K t2

2 303
 (14)

where K is the diffusion rate constant (1/min) and F is 
the adsorption ratio (F = qt/qe).  The  plot  of  log(1  −  F2) vs 
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t demonstrates the possibility of using this, consistent with 
the R2 values (correlation coefficient).

2.2.4.3. Boyd model

Boyd et al. established the single resistance system 
model and examined that the adjacent boundary layers to 
the sorbent particles are the major resistance towards gas 
diffusion which switches the adsorption speed. This model 
may be indicated by [46]

F
n

n Bt
n

= − −( )
=

∞

∑1
1

1

6
2 2

2

π
exp  (15) 

where F is the fractional adsorption capacity constant at 
any time and can be estimated as follows F = qt/qe. Bt (rate 
coefficient) is a parameter for the particle diameter (2r), 
adequate diffusion coefficient (Deff), and also a function of F.

Bt For= − −






















<π π
π2

2

3
0 85F F .  (16) 

And Bt For >0.85= − − −( )0 498. ln 1 F F  (17)

Bt = − − −( )0 4978. lnn F1  (18)

Plotting Bt vs. t, gives a straight line or a nonlinear 
curve not intersecting crossing the origin, illustrates that 
the film diffusion will play a significant role in handling the 
adsorption manner. 

2.2.5. Adsorption isotherms

The adsorption equilibria are one of the standard 
fundamental approaches used to predict the adsorption 
trend. Isotherms are also beneficial for explaining adsorption 
capacity that facilitates evaluation of the practicability of 
this process for a particular application. Also, it is helpful in 
selecting the most suitable adsorbent, as well as a prelimi-
nary decision about the required adsorbent dosage [47]. At 
this point,  it can supply more knowledge about the sorbent 
surface properties, the design of the system and the rela-
tionship between the mass of solute adsorbed/unit mass of 
the solid adsorbent and liquid phase dye concentration at 
a definite temperature. Additionally, adsorption equilib-
rium gives a reasonable implication of the way in which the 
adsorbed dye molecules allocate between the liquid and solid 
medium at equilibrium.

Furthermore, the adsorption equilibrium is a dynamic 
impression achieved as the rate of MB adsorption is equal 
to the adsorption rate. Hence, the dye adsorption onto the 
PCA1.5 membranes was determined as a function of the 
equilibrium concentration of the MB aqueous solution. The 
experimental data were en suite directly to the standard 
nonlinear two-parameter Langmuir [48] and Freundlich 
[49] models and the three-parameter models [50] Dubinin-
Radushkevich (D–R) [51] and Temkin [52].

2.2.5.1. Langmuir isotherm model

This isotherm is the utmost valid model for the removal 
of several pollutants from an aqueous solution by adsorp-
tion. The assumption is based on the fact that sorbent surface 
is structurally homogeneous, and the adsorption sites can 
only fill by one dye molecule to form monolayer adsorption 
on a consistent surface with a limited number of energetically 
equivalent and identical active sites. Once saturation was 
reached, no more adsorption can transpire, and the highest 
adsorption capacity will gain. The following linear equation 
can give the saturated monolayer isotherm:

C
q q K

C
q

e

e L

e= +
1

max max

 (19)

where Ce is the equilibrium MB concentration (mg/L), qe is 
the adsorbed amount of dye at equilibrium (mg/g), qmax is 
the supreme monolayer coverage capacity (mg/g), and KL 
is the Langmuir equilibrium constant (L/g) which is related 
directly to the surface free energy. KL and qmax constants were 
obtained from the Ce/qe vs. Ce plot.

Furthermore, to divine the extent to how the adsorption 
operation is satisfactory [48], the isotherm shape has been 
considered. The fundamental characteristic of the Langmuir 
model can be revealed using a dimensionless constant ‘RL’, 
known as equilibrium parameter. The next equation can 
determine the separation factor ‘RL’:

R
K CL
L

=
+
1

1 0

 (20)

RL values [53] computed from the preceding equation are 
included in Table 1.

2.2.5.2.  Freundlich isotherm model

A German physical chemist presented an experimental 
isotherm for the non-ideal system in 1906 [49]. This model 
presumed that a multilayer adsorption process took place 
on a heterogeneous absorbent surface owing to the absence 
of homogeneous active sites. The heterogeneity factor (1/n) 
that categorises Freundlich isotherm is not only limited to the 
creation of the monolayer but also for describing reversible 
adsorption systems. The following equalisation can represent 
this comparatively adequate practical isotherm: 

q K C
ne F e=
1  (21)

where qe is the adsorbed amount of MB at equilibrium 
(mg/g), Ce is the MB strength at equilibrium (mg/L), KF is the 

Table 1
Type of isotherm based on RL values

RL value Type of isotherm

RL > 1 Unfavourable
RL = 1 Linear
0 < RL < 1 Favourable
RL = 0 Irreversible
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Freundlich constant (dm3/g), which is used as an indicator of 
the multilayer adsorptive capacity and adsorption effective-
ness, whereas n is a heterogeneity factor (dimensionless) that 
represents adsorption intensity. Taking the logarithm of both 
sides gives the following linear form:

ln ln lnq K
n

Ce F e= +
1  (22)

Therefore, values of KF and 1/n were investigated from 
the plot of ln qe vs. Ce.

2.2.5.3. Temkin isotherm model

The Temkin isotherm anticipated the linear decrease 
in the heat of adsorption system in the adsorbent layer by 
covering the sorbent surface by dye molecules owing to the 
adsorbent-adsorbate interaction, and this drop is supposed 
to be linear rather than logarithmic. Additionally, this model 
assumed that the binding energies have a regular pattern, up 
to the highest binding energy. The nonlinear form of Temkin 
equation is presented below [52]:

q Ce e=










RT
bT

KTln  (23)

where bT is the Temkin constant which is correlated to the 
heat of system (J/mol) and KT is the Temkin constant that 
described the supreme confining energy of adsorbent and 
adsorbate (L/g). Linearisation and arrangement of Eq. (22) 
results in 

q Ce e=








 +











RT RT
bT

KT
bT

ln ln  (24)

By replacing constant RT/bT with the term B (constant), 
the linear equation becomes

q B B Ce e= +ln lnKT  (25)

bT and KT constants were evaluated from the straight 
line between qe and Ce.

2.2.5.4. D–R isotherm model

The D–R model is used for explaining the sorption 
isotherm of a single solute system. This isotherm is analogue to 
the Langmuir model, but it is more general as it does not refer 
to a homogeneous adsorbent surface or substantial adsorption 
potential. The nonlinear isotherm equation is stated by

q q Ke = −( )−D R adexp ε2  (26)

where qe is the total adsorbate molecule at equilibrium/gram 
of adsorbent (mg/g). qD–R is the D–R adsorption capacity 
(mg/g), Kad is the D–R constant (mol2/kJ2) and interrelated 
to  the  adsorption  energy.  ε  is  Polanyi  potential  constant 
(kJ/mol) [51]. Linearisation of Eq. (25) gives

ln lnqq Ke = −−D R ad ε
2  (27)

ε can be deliberate from the following equalisation:

ε = +








RT ln 1

1
Ce

 (28)

where Ce is the MB concentration at equilibrium in the 
aqueous solution (mg/L), R and T are the gas constant 
(kJ/mol/K) and temperature in K, respectively.

Information about the physical and chemical 
characteristics of the adsorption process may be indicated 
by evaluating the mean free energy (E) per molecule of MB 
adsorbed on the adsorbent surface. This energy can estimate 
via the D–R constant Kad as follows:

E
K

=
1

2 ad

 (29)

The style of the adsorption mechanism can be guesstimate 
by the magnitude of E (kJ/mol) according to its value. For 
example, for 20 > E > 8, the system was chemically controlled 
and for E < 8 the process is physically monitored.

2.2.6. Adsorption thermodynamics

The following equations can determine the thermodynamic 
parameters such as Gibbs free energy (ΔG°), enthalpy (ΔH°), 
and entropy (ΔS°):

lnK H
RT

S
R

= − +
∆ ∆ο ο

 (30)

∆ ∆ ∆G H T Sο ο ο= −  (31)

where K is the thermodynamic equilibrium constant of 
adsorption, ΔS° is the standard entropy change (J/mol K), 
and ΔH° is the standard enthalpy change (kJ/mol). ΔG° 
is the standard Gibbs free energy change (kJ/mol) and 
T is system temperature (K). R is the universal gas con-
stant (8.314 J/mol K). However, the equilibrium adsorption 
constant (K) can be investigated by [54]

K =
Dye concentration in the resin at equilbrium mg

g

Dye conce











nntration in solution at equilbrium mg
g











 (32) 

All thermodynamic parameters can be explored from the 
incline (ΔH°/R) and intercept (ΔS°/R) of the straight plot of ln 
K against 1/T [55].

3. Results and discussion

3.1. Membrane characterisation

3.1.1. Fourier transform infrared spectrophotometric  analysis

Spectroscopic analysis plays a critical role in polymer 
characterisations. The use of such methods as Fourier 
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transform infrared spectrophotometry (FTIR) (Shimadzu 
FTIR-8400 S, Japan) is crucial in investigating the molecular 
structure of membranes. FTIR spectrums of PCA1.5 mem-
branes are given in Fig. 2. It was explored that the particular 
band of –COO (ester bond) of CA appeared at 1,741.87 cm−1, 
while the characteristic absorption band for –OH group was 
noticed at 3,479.70 cm−1. Besides, the intensity of the peaks 
in the range of 1,402.30–1,053.15 cm−1 was lower than that 
present in the original CA structure due to the reaction of the 
epoxy ring in ECH with the –OH located in CA as mentioned 
in our previous work [32]. Furthermore, the appearance of 
broadband at 2,920.32 cm−1 was evidence for the introduction 
of the phosphoric group.

3.2.  Effect of adsorption time and initial MB concentration

The consequence of the variation of the contact time on 
the MB removal percentage (%) and q (mg/g) of different 
MB concentrations is illustrated in Figs. 3 and 4. The results 
showed that the removal (%) increased by increasing the 
contact time. As well, the preliminary concentration is crit-
ical in controlling of reaching to the equilibrium state. The 
equilibrium time shifted to longer ones by increasing the 
initial MB concentration from 120 min of 10 ppm to 300 min 
of 100 ppm (Fig. 3). This observation indicated the surface 
adsorption system as the first stage and proved the necessity 
of the concentration gradient (driving force) to defeat the 
resistance to the MB transfer between the bulk and the solid 
phases [56]. Also, the establishment of the MB layer adsorbed 

on the membrane surface at the early stage of the process 
reduces this force as a consequence of the reduction of the 
MB concentration between the liquid and the solid phases. 
The sorption capacity followed the same behaviour which 
increased almost linearly at the first 90 min of adsorp-
tion time, then started to decrease, and finally reached the 
equilibrium situation (Fig. 4). The impact of varying MB 
concentration on the removal (%) and q (mg/g) was carried 
out batch-wise using several initial MB concentrations at 
equilibrium time using 0.2 g/50 mL under constant pH (6) 
and temperature (298 K). This effect highly depends on the 
direct relationship among the MB level and the possible 
binding localities on a membrane surface [57]. It was mani-
fest from Fig. 5 that the removal (%) decreased by increasing 
the original concentration from 10 to 100 ppm. This result is 
expected as at lower concentration, large surface area was 
available for MB cations, but as the concentration increased, 
the active sites become blocked and saturated. This trend 
may result from the electrostatic opposing forces amid the 
solid and bulk phases [58,59]. 

Alternatively, it was found that as the primary MB 
concentration increases, more molecules accumulate on 
the membrane surface. In addition, the extent of adsorbate 

Fig. 2. FTIR spectra of pure CA, activated CA, and PCA1.5 
membranes.

Fig. 3. Effect of adsorption time on the MB removal percentage 
(pH = 6, 0.2/50 mL, and at 298 K).

Fig. 4. Effect of adsorption time on the adsorption capacity for 
MB (pH = 6, 0.2/50 mL, and at 298 K).
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molecules removed per gram PCA rises by growing the initial 
strength of MB with time, and the q (mg/g) varied from 2.3 to 
9.7 mg/g as C0 ranged from 10 to 100 mg/L at equilibrium.

3.3. Effect of solution pH

Controlling the pH of the dye solution has a significant 
influence on the adsorption rate [61]. Because of it straight 
persuades the adsorptive capacity of the adsorbent surface 
towards the dye and the dissociative. The experiment was 
performed by using 0.2 g of PCA1.5 membrane/50 mL of 
10 ppm dye solution, at 25°C for 2 h. Fig. 6 shows that the 
adsorption efficiency of MB increased considerably with the 
increase in pH values from 3 to 11. The maximum percent 
removal was 98.51% at pH 10 while increasing the pH 
above 10 has no significant effect. This investigation may be 
because the adsorption process depends on the affinity of the 
electrical charges on the adsorbent surface and progressively 
affected by the change in pH values [60]. Consequentially, the 
PCA1.5 surface has a net negative surface charge. In addition, 
increasing the pH enhances the negativity of the membrane 
surface; therefore, the surface charge density decreases and 
the electrostatic repulsions between the adsorbent and the 

positively charged basic dyes are less, thereby increasing 
the extent of adsorption. Similar results have been reported 
elsewhere [61].

3.4. Adsorption kinetic models

The kinetic considerations of MB under different MB 
concentrations using the pseudo-1st-order (Fig. 7), the 
pseudo-2nd-order (Fig. 8), and Elovich (Fig. 9) models 
were calculated and summarized in Table 2. As shown 
from the tabulated data, the obtained correlation coeffi-
cient (R2) values are close to 1 in the following manner: the 
pseudo-2nd-order > Elovich > pseudo-1st-order models, 
respectively. Meanwhile, the calculated qe anticipated from 
pseudo-2nd-order model agrees reasonably better with the 
experimental data. As a result, this model can accurately 
forecast the kinetics of MB adsorption on the PCA1.5 surface. 
Thus, the adsorption kinetics data were best described via the 
pseudo-2nd-order model. Also, chemisorption is considered 
the rate-limiting step of the adsorption system [62] relating 
strong forces through the sharing or exchanging of electrons 
between sorbent and sorbate.

In the same context, many publications refer that MB 
adsorption usually follows the pseudo-2nd-order kinetic 

Fig. 7. Pseudo-first-order model for the adsorption of MB on 
PCA1.5 membranes.

Fig. 8. Pseudo-second-order model for the adsorption of MB on 
PCA1.5 membranes.

Fig. 6. The effect of the solution pH on the percent removal of 
MB from aqueous solution (0.2 g/50 mL of 10 ppm, 2 h, and 25°).

Fig. 5. Effect of initial dye concentration on the MB removal 
percentage and adsorption capacity at equilibrium (pH = 6, 
0.2/50 mL, 480 min, and at 298 K).



R.E. Khalifa et al. / Desalination and Water Treatment 144 (2019) 272–285280

model [63–65]. In contrast, although the R2 values of the 
pseudo-1st-order dynamic shown in Table 2 are high enough 
at each MB concentration, the qe,cal values deviate from the 
respective qe,exp values. Thus, it is not appropriate to illus-
trate the MB adsorption by a PCA1.5 membrane, even if the 
correlation coefficient values are excellent. 

3.5. Adsorption mechanism

3.5.1. Intraparticle diffusion

As can be noticed from Fig. 10, the plot has a sharper 
portion in the beginning till 11 min which may express as 
quick adsorption step or outer surface adsorption and then 

steady adsorption where the intraparticle distribution is 
the rate-limiting step. Finally, owing to the decrease in the 
adsorption concentration in bulk, the diffusion began to 
retard the equilibrium stage observed. A similar observa-
tion was obtained by other authors [66]. Plotting of qt vs t0.5 
results in straight lines did not pass by the origin, which 
suggests that despite the adsorption involves intraparticle 
diffusion but it is not the solely rate-determining step. Also, 
the positive intercept value (C) gives evidence about the 
developed boundary layer and the character of the adsorp-
tion system. Furthermore, the anticipated values (C ≠ 0) as 
mentioned in Table 3 demonstrated the complexity of the 
adsorption method.

Fig. 9. Elovich model for the adsorption of MB on PCA1.5 
membranes.

Table 2
Rate constants, correlation coefficients, experimental and calculated qe values for the Pseudo-1st-, pseudo-2nd-order, and Elovich 
models at different initial MP concentrations

MB concentrations 
(mg/L)

qe,exp Pseudo-1st order Pseudo-2nd order Elovich model

R2 K1 qe,cal ∆q
q









%

R2 qe,cal K2 ∆q
q









%

R2 β α

10 2.358 0.976 0.014 1.374 41 0.998 2.493 1.468 5 0.91 0.413 2.462
20 4.397 0.986 0.01 3.046 30 0.998 4.975 0.318 13 0.963 0.854 2.571
30 6.140 0.994 0.009 4.879 20 0.996 6.802 0.160 10 0.98 1.248 2.528
40 7.494 0.883 0.012 9.115 21 0.991 8.474 0.105 13 0.975 1.592 2.700
50 7.587 0.923 0.011 13.329 75 0.99 8.474 0.097 11 0.973 1.528 2.250
100 9.774 0.991 0.011 7.515 22 0.997 10.63 0.033 8 0.973 1.918 1.242

Fig. 10. The intraparticle diffusion model for the adsorption of 
MB on PCA1.5 membranes.

Table 3
Rate constants and correlation coefficients for the intraparticle diffusion, Dumwald-Wagner, and Boyd kinetic models at each initial 
MP concentration

MB concentration (ppm) qe,exp Intraparticle diffusion model Dumwald-Wagner model Boyd model

R2 Kp C R2 R2

10 2.358 0.759 0.073 1.043 0.981 0.976
20 4.397 0.867 0.157 1.428 0.985 0.986
30 6.141 0.927 0.307 1.550 0.987 0.992
40 7.614 0.961 0.296 1.426 0.897 0.883
50 6.531 0.967 0.296 1.694 0.859 0.923
100 8.714 0.897 0.358 3 0.987 0.991
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3.5.2. Boyd model

The linearity of the Boyd plots illustrated in Fig. 11 was 
significant in defining the definite step control. For instance, 
the particle diffusion mechanism controls the adsorption 
process when the plot is an uninterrupted line passed by the 
origin point. Otherwise, the process is governed by film dif-
fusion mechanism [67]. For MB adsorption on the membrane 
surface, it was demonstrated that film diffusion controls the 
operation as the obtained line is straight but not crossing 
the origin especially at concentrations of MB higher than 
10 ppm. Only for 10 ppm concentration, the line reached the 
(0, 0) point, which could be explained by the small depth of 
the patterned film diffusion layer as designated in Table 3.

3.5.3. D-W model

The empirical data were elaborated in Fig. 12 as a plot 
between  ln  (1  −  F2) vs t for all MB initial concentrations. 
R2 values shown in Table 3 (0.981–0.987) illustrate the 
applicability of D-W kinetic model for the MB adsorption.

3.6. Adsorption isotherms

3.6.1. Langmuir and Freundlich

The linear fixture of the laboratory data for isotherm 
models was shown in Figs. 13 and 14, respectively. It was 

evident from Table 4 that the R2 value of Langmuir isotherm 
is very adjacent to 1 compared with that of Freundlich 
isotherm. Moreover, the estimated qmax,exp value by Langmuir 
model is about 10 mg/g [68,69], which indicates that pre-
pared membranes are a comparable and suitable adsorbent 
for the elimination of MB from aqueous solution. According 
to the coefficient constants obtained from Langmuir model, 
RL values (0.747–0.228) for the adsorption of MB on the 
surface of PCA1.5 are less than 1 and greater than zero, 
demonstrating favourable adsorption process. Alternatively, 
the heterogeneity of dye adsorption was evaluated consistent 
with the heterogeneity factor (n) value attained by the incline 
of the Freundlich isotherm model. It was observed that these 
values are much greater than 1, suggesting a nonlinear het-
erogeneous and favourable adsorption of dye molecules. 
This observation exhibited that the data are best fit to the 
Langmuir model than Freundlich isotherm.

3.6.2. Dubin-Radushkevich isotherm model

A design of ln qe vs ε2 results in a continuous line of slope 
Kad and an intercept of ln qD–R as shown in Fig. 15. It is noted 
from Table 4 that the R2 values are close to 1 indicating that 
the trial data obey D–R isotherm model [70,71]. Furthermore, 
the adsorption energy calculated from this model is less than 
8, which implies that MB removal onto the membrane surface 

Fig. 11. Boyd model for the adsorption of MB on PCA1.5 
membranes.

Fig. 13. Langmuir adsorption isotherm for MB adsorption using 
PCA1.5 adsorbents at numerous initial solution concentrations.

Fig. 12. D-W kinetic model for the adsorption of MB on PCA1.5 
membranes.

Fig. 14. Freundlich adsorption isotherm for MB adsorption using 
PCA1.5 adsorbents at numerous initial dye concentrations.
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is a physical process, which illustrates the function of the 
electrostatic forces during adsorption mechanism.

3.6.3. Temkin isotherm model

As stated, the plot of the linear formula of Temkin 
equation is illustrated in Fig. 16. The Temkin parameters 
KT and bT are calculated and represented in Table 4. The 
calculation reported the highest binding energy expressed 
by KT as 1.002 L/g, while the heat of adsorption indicated 
by bT is nearly 0.0016 J/mol [72]. Also, this model signifies 
the identical configuration of the binding energy sites on the 
adsorbent surface [73] as the acquired R2 is approximately 1.

3.7. Thermodynamics

Fig. 17 and Table 5 exemplify the Van’t Hoff plots of 
MB adsorption. The positive values of ΔH° suggest that the 
adsorption system is endothermic in nature and indicate 
that the apprehensive process reached equilibrium by con-
suming energy from the system, while the obtained negative 
ΔG° values indicate feasibility, involuntary, and favourable 
interaction of dye molecules towards the adsorbent [74]. 
However, the structural changes in the sorbent material [75] 

are approved by the positive ΔS° value and propose that the 
degree of randomness increased at the solid-liquid interface 
during the process [55].

3.8. Adsorption capacity

The adsorption potential of the processed PCA compared 
with that of other cellulosic matrices used for MB dye 

Table 4
Langmuir, Freundlich, Dubin-Radushkevich, and Temkin adsorption isotherm parameters for MB sorption using PCA1.5 membrane

Isotherm model Parameters

Langmuir KL (L/g) qmax (mg/g) R2

29.577 10.204 0.994

Freundlich KF (mg/g) n R2

3.228 3.322 0.937

Dubin-Radushkevich Kad (mol2/kJ2) qD–R (mg/g) E (kJ/mol) R2

0.186 7.149 1.639 0.811

Temkin KT (L/g) bT (J/mol) R2

1.02 0.0016 0.982

Fig. 17. ln K versus 1/T according to Van’t Hoff equation.

Fig. 15. Dubinin-Radushkevich adsorption isotherm for MB 
adsorption using PCA1.5 adsorbents at numerous initial dye 
concentrations.

Fig. 16. Temkin adsorption isotherm for MB adsorption using 
PCA1.5 adsorbents at numerous initial dye concentrations.
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adsorption process issues is tabulated in Table 6. From the 
table, it is quite clear that the obtained adsorption capability 
is moderately low in comparison with other published results 
[76]. This could be attributable to the relative hydrophobic-
ity of the PCA membranes relative to the other matrices. In 
addition, the spongy nature is an important factor affect-
ing sorption potential which directly has an impact on the 
superficial area available for adsorption process to take place.

4. Conclusion

The study confirms that the adsorption process was 
efficient for MB amputation from industrial waste solutions. 
The results clearly demonstrated that PCA membranes con-
tributed to adsorption mechanism through electrostatic 
interactions between phosphonic groups of the membrane 
and the cationic MB dye. The maximum dye removal (%) 
is concentration dependent as it decreases from 95% to 
35% with increasing MB concentration from 10 to 100 ppm, 
whereas the adsorption potential (q) increased to reach the 
maximum value (9.7 mg/g) at 100 ppm. In addition, the 
adsorption equilibrium behaviour of MB dye onto the PCA 
membranes followed the Langmuir adsorption isotherms 
(R2~1, qmax = 10 mg/g) suggesting a nonlinear heteroge-
neous and demonstrating favourable adsorption process 
in relation to calculated RL values. The sorption rate was 
established to conform pseudo-2nd-order model ideal with 
good correlation coefficients (R2~1) and 5% deviation error 
between qe,exp and the qe,cal. 

Finally, the negative ΔG° values specified that dye 
adsorption onto sorbent membranes was viable and 
spontaneous. The positive ΔH° value depicted endothermic 
countryside of the adsorption progression.
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