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ab s t r ac t
Ponceau S (PS) is an azo dye widely used for versatile applications in foods and biochemistry; nev-
ertheless, it is suspected to be toxic and carcinogenic. In this research article, the removal of PS from 
aqueous solution was investigated by adsorption onto alumino-phosphate (AlPO4). This adsorbent 
has been synthesized by precipitation from solution of aluminum salt. It was an amorphous solid 
with a specific area and pHzpc of 100 m2/g and 4.6, respectively. The efficiency of PS sorption as a 
function of pH, initial PS concentration, AlPO4 dose and temperature was studied. The present PS 
sorption dynamics followed the pseudo-first-order model and the calculated sorption capacity was in 
good agreement with the experimental values. The compliance of isotherm models such as Langmuir, 
Freundlich and Sips was also verified. Among the isotherm models, Sips was deemed to be the better 
fit than others. PS sorption as a function of temperature explicates an exothermic nature of sorption 
which decreased from 9.12 mg g–1 (300 K) to 6.08 mg g–1 (315 K). The adsorbed PS on AlPO4 was easily 
desorbed by washing at pH 7 and the adsorption equilibrium was established in the first 8 min. The PS 
laden adsorbent was also regenerated by heating at 600°C for 30 min and the regenerated AlPO4 was 
attempted for its continual utilization for the adsorption of PS successfully.
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1. Introduction

Dyes are synthetic and complex molecular structures 
which are stable and difficult to biodegrade [1, 2]. Azo 
dyes constitute the largest group of compounds responsi-
ble for water pollution worldwide. Synthetic azo dyes are 
widely used in textile, printing, cosmetic, food colorants and 
pharmaceutical industries, and they are also important in 

laboratories as biological stains or pH indicators. The pres-
ence of synthetic azo dyes in wastewaters is not only esthet-
ically unpleasant but also harmful due to their carcinogenic 
and mutagenic properties [3–6]. Therefore, these dyes need 
to be removed from wastewaters before discharging them 
into the environment. The red colored anionic azo dye 
Ponceau S (PS) (or Acid Red 112) is widely used in leather 
tanning processes [7]. To a less extent, it is also used in a 
variety of application fields such as paints, inks and plastics. 
PS is also used to prepare a stain for rapid reversible detec-
tion of protein bands on nitrocellulose or PVDF membranes 



171A. Flilissa et al. / Desalination and Water Treatment 60 (2017) 170–179

(Western blotting) [8]. However, its biotransformation prod-
ucts have toxic effects against aquatic organisms and became 
suspicious of being carcinogenic for humans [8]. PS may 
elicit intolerance in people allergic to salicylates (aspirin) 
and it is a histamine liberator, and may intensify symptoms 
of asthma [9].

There are numerous methods for the removal of 
 synthetic azo dyes from aqueous solutions, such as 
coagulation and flocculation [10, 11], ozone assisted 
electrocoagulation [12, 13], biodegradation [14], eco-
nomical biomaterial [15], adsorption onto layered dou-
ble hydroxides (LDH) [16], and Advanced Oxidation 
Processes (AOPs) [17]. The adsorption has been proved 
to be one of the most promising techniques due to its 
easy operations, high capacity in many applications, fast 
kinetics, and mild regeneration conditions [18]. Indeed, 
very few researchers have worked on the removal of PS. 
Meena et al. showed nearly complete decolorization of 
PS in the presence of methylene blue immobilized resin 
Dowex-11 photocatalyst [19]. PS is also removed by pho-
tocatalysis process and adsorption on nano-sized ZnO 
[20]. Shin and Chae [21] used organic clay to remove PS 
through adsorption study. In continuation to this work, 
El-Desoky et al. [22] attempted electrochemical degrada-
tion and decolorization of PS dye with an achievement 
of 98% mineralization. Degradation of PS dye using pho-
to-catalytic materials such as nano-sized niobium pent-
oxide with carbon [23], nano-structured Ni-doped TiO2 
[9] and zinc oxide [24] was also favorably performed. 
Sahoo et al. [25] attempted PS removal by UVC induc-
tion in the presence of oxidants and by Fenton-Fenton 
like processes [26]. Deng and his coworkers [27] studied 
the quick adsorption of PS dye by PVA@SiO1.5 – hPEA 
gels with high adsorption capacity. The adsorption of the 
PS occurs on MgO nanoparticles [28], charcoal ash [29], 
chitin [30] and ZnS nanoparticles [31]. In addition, few 
biological methods have also been reported for the decol-
orization of PS in aqueous  solutions [32, 33]. However, the 
microbial degradation was reported to be inefficient due 
to the low and incomplete decolorization/degradation 
[34]. Fenton and Fenton-like processes were also used in 
the mineralization of PS, but the treated solutions were 
found to be more biotoxic than those containing the origi-
nal dyes [35]. In the recent past, many researchers carried 
out studies on the removal PS dye by adopting various 
techniques [36, 37]. Presently, hierarchial organic–inor-
ganic hybrid nanofibrous membrane was able to capture 
96% of PS dye within a short time of 20 min as reported 
by Li et al. [38].

Alumino-phosphates’ (AlO4-PO4) present interest exhib-
its a diverse stoichiometries, wealthy structural features 
and fascinating chemical architectures due to exhaustive 
co- ordinations of Al and P atoms. These are typically built 
from strict alternation of AlO4 and PO4 tetrahedra shared 
through corners to form a neutral open framework. Alumino-
phosphate structures are made up of Al-centered polyhedral 
(AlO4, AlO5, AlO6) and P-centered tetrahedral P(Ob)n (Ot)4-n 
(b = bridging; t = terminal; n = 1, 2, 3, 4). Hu and Xu [39] 
elaborately discussed the rich structural chemistry of alumi-
no-phosphates. In a recent paper, the removal of cetylpyridin-
ium by electrocoagulation shows that AlPO4 and phosphate 

modified alumina can adsorb more efficiently than alumina 
[40]. This result gave us the opportunity to investigate the 
use of AlPO4 in the removal of a dye from aqueous solutions.

According to the literature review, the AlPO4 has not 
been used so far as adsorbent in the PS removal. In the pres-
ent study, the removal of PS from aqueous solution has been 
studied using batch experiments and the pH effect. The con-
tact time and the temperature have also been investigated. 
The isotherm studies were carried out using Langmuir, 
Freundlich and Sips models.

2. Materials and methods

2.1. Chemicals

The anionic diazo dye PS (Acid Red 112; CI 27195; IUPAC 
name: 3-Hydroxy-4-(2-sulfo-4-[4-sulfophenylazo] phe-
nylazo)-2,7-naphthalenedisulfonic acid sodium salt (Fig. 1) 
with the molecular formula C22H12N4Na4O13S4 was supplied 
by Sigma-Aldrich, Germany. Analytical reagent grade 
samples of aluminum chloride (AlCl3.6H2O, 99%) and phos-
phoric acid (H3PO4, 99%) were supplied by Sigma-Aldrich. 
All other chemical reagents were commercial and used 
without further purification. All aqueous solutions were 
prepared by dissolution in de-ionized water.

2.2. Synthesis of AlPO4

Synthesis of alumino-phosphate, AlPO4, was performed 
by precipitation method [41]. Exactly, 12.99 g of AlCl3.6H2O 
in 300 mL of de-ionized water was dissolved and to which 
3.57 mL of H3PO4 was added in drop wise under a stirring 
agitation. The pH was increased to 5 at the end of precipita-
tion by the addition of 0.5 M NaOH. As a result, the turbidity 
increased sharply, showing the formation of a white solid 
which was then filtered, washed with de-ionized water and 
finally vacuum dried in oven at 80°C for 24 h. The dry mass 
of 15 g of AlPO4 was obtained.

2.3. Analysis 

The concentration of PS was measured using UV/visible 
spectrophotometer (PerkinElmer Lambda 35) at λmax = 521 nm. 
The FT-IR spectra were recorded on a Shimadzu spectrometer 
using samples as solid (KBr disks). Powder X-ray diffraction 
(XRD) patterns were recorded with a INEL XRG 3.500 diffrac-
tometer using CuKα (1.540560 Å) at 30 kV and 30 mA with an 

Fig. 1. Molecular structure of Ponceau S (PS).
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angle range 2θ between 5° and 120° and step length of 0.02° 
(2θ). The specific area of AlPO4 was determined by the model 
of Brunauer, Emmett and Teller (BET method). The pH was 
measured using a pH-meter Metrohm 827.

2.4. Determination of pH of zero charge (PZC)

The pHzpc of AlPO4 was determined by the pH drift 
method [42]. For this purpose, 0.05 L of a 0.01 M NaNO3 solu-
tion was placed in a jacketed titration vessel, thermostated at 
298 K, and N2 was bubbled through the solution to stabilize 
the pH by preventing the dissolution of CO2. The pH was 
then adjusted to successive initial values between 2 and 12, 
by adding either HCl or NaOH and the AlPO4 (0.1 g) was 
added to the solution. The final pH, reached after 48 h, was 
measured and plotted against the initial pH. The pH at which 
the final pH crosses the line pHfinal = pHinitial is taken as the 
pHPZC of the given AlPO4.

2.5. Adsorption and desorption experiments

The influence of the pH on PS adsorption onto AlPO4 was 
investigated in the pH range of 2–10. The suspensions con-
taining 0.2 g of AlPO4 in 50 mL PS solutions of 0.03 and 0.05 
mmol/L were stirred at 22 ± 1°C for 200 min. They were then 
centrifuged at 4,000 rpm for 10 min and the PS concentration 
was estimated spectrophotometrically at λmax of 521 nm.

For the kinetic and isotherm studies, 50 mL of PS solu-
tion at different concentrations (0.03 mmol/L, 0.05 mmol/L, 
0.07 mmol/L and 0.09 mmol/L) were continuously stirred at 
200 rpm in the presence of 0.2 g of AlPO4 at 22 ± 1°C and 
pH 2.55. Then, the PS was estimated.

At first, the PS loaded adsorbents were prepared by 
the adsorption of PS on 0.2 g of AlPO4 in 50 mL of 0.03 and 
0.05 mM PS solutions at pH 2.55. The pH effect on desorption 
was performed by addition of 0.5 M NaOH in order to obtain 
the pH range of 2.55–8.00. For each pH value, the solution 
was stirred for 50 min before analysis. The amount of the PS 
desorbed from AlPO4 was determined using experimental 
equation: qdes = CV/m, where C (mol/L) is the PS concentration 
in solution, V (L) volume solution and m (g) is the mass of 
the adsorbent. The regeneration of the PS loaded adsorbent 
was realized by two methods. One was realized by treating 
the wet adsorbent in a solution at pH 7 for 50 min and the 
second method was performed by heating the dry adsorbent 
at 600°C for 30 min.

3. Results and discussion

3.1. Characterization of AlPO4

The specific surface area of the solid was determined by 
BET method giving 100 m2/g. The XRD analysis of the AlPO4 
showed an amorphous structure (figure not shown). The IR 
spectrum of the solid (Fig. 2) showed an absorption band 
at 1,097 cm–1 attributed to PO4

3– (P–O). The strong peak at 
3,404 cm–1 was corresponding to the O-H stretching. Another 
strong and sharp peak with a maximum of 1,649 cm–1 was 
due to water molecule and a bending vibration at 523 cm–1 
attributed to PO4

3– according to the analysis of Devamani 
et al. [43]. The absence of bands at approximately 1,120 and 
611 cm–1 indicates the presence of nano crystalline AlPO4 

[43] confirming the result given by XRD (amorphous struc-
ture). The IR spectrum of the PS adsorbed AlPO4 shows an 
absorption band at 1,097 cm–1 attributed to PO4

3. The peaks 
between 1,500 and 1,900 cm–1 are assignments of azo func-
tional groups adsorbed onto PS. The band at 1,557 cm–1 was 
significant and corresponds to the function N=N. The peak 
which is observed at 1,404 cm–1 is attributed to the aromatic 
C=C [10] attributing the PS dye molecule. The above explana-
tions evidenced the presence of the adsorbed PS onto AlPO4.

3.2. PZC determination

A plot of the difference in the pH values (ΔpH) between 
pHf and pHi vs. pHi provides the PZC of the AlPO4 was 
found to be equal to 4.6 (figure not shown). This result is in 
agreement with the literature value which shows an increase 
with activation from 3.45 to 5.10 leading to a decrease in the 
surface acidity [44].

3.3. Effect of the pH

The effect of the pH on the removal of PS through two ini-
tial concentrations (0.03 mmol/L and 0.05 mmol/L) at differ-
ent initial pH values ranging from 2 to 10 was performed with 
0.2 g of adsorbent (Fig. 3). The adsorption of PS onto AlPO4 
decreased gradually from pH 2 to 3.5 followed by a sharp 
decrease from pH 3.5 to 7.0. Then, PS sorption increased till 
pH value reaches 10. The removal efficiency was found to be 
highly dependent on the pH of the PS solution. The highest 
efficiency of the adsorption was estimated about 97.5 ± 0.5% 
at pH below 4 and then it decreases. This pH range has been 
chosen for subsequent studies. The evolution of the adsorp-
tion in the investigated pH range is explained by the fact that 
when the pH is below PZC, the adsorbent AlPO4 is positively 
charged while the PS molecule is negatively charged due 
to the presence of four SO3

– groups. The adsorption may be 
associated with an electrostatic interaction between the neg-
ative sulfonic groups of PS and the positive charges on the 
surface of AlPO4 [27].

Fig. 2. IR spectrum of (a) PS pure, (b) APO4 before and (c) after 
adsorption of PS.
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3.4. Effect of temperature on PS removal

The effect of the temperature on the PS adsorption was 
investigated in the range 27°C–42°C. A 50-mL mixture of 
a solution 0.05 mmol/L PS was stirred with 0.2 g of AlPO4 
in a gradually heating. The adsorption amount of PS onto 
AlPO4 decreased from 0.012 mmol/g (9.12 mg g–1) to 0.008 
mmol/g (6.08 mg g–1) while the temperature was increased. 
The decrease in uptake with the temperature indicated that 
the sorption of the PS by AlPO4 was an exothermic process 
similar to that of the azo dyes obtained on charcoal ash [28]. 
Conversely, the nature of PS sorption onto MgO nano parti-
cles almost in the same range was endothermic as reported 
by Venkatesha et al. [27]. This reciprocating thermodynamic 
nature of PS sorption brings certain decisive factors into lime-
light which includes pH of the PS dye solution and surface 
chemistry of AlPO4 and MgO-nanoparticles.

3.5. Adsorption kinetics of the PS on AlPO4

3.5.1. Effect of contact time

The optimization of time for the establishment of equi-
librium state at different concentration of PS was initially 
explored. It is well depicted that the sorption of PS onto 
chemically synthesized AlPO4 increased with respect to time. 
The equilibrium was reached after 50 min, indicating a rapid 
process of PS sorption onto AlPO4. This initial rapid uptake 
can be attributed to the synergy between the structural fea-
tures and the multifunctional adsorption elements such as 
tetrahedral AlO4 and PO4 present in AlPO4. Taking the previ-
ous literatures into account, it could be corroborated that the 
equilibrium time of PS sorption onto AlPO4 is much faster 
than that of ZnO, MgO, and PDA/PEI@FeCNF50 [19, 27, 38]. 
The AlPO4 particles are likely to capture the PS molecules 
with a low diffusion resistance which facilitates high sorption 
capacity of PS molecules [45]. Additionally, the sorption per-
formance may be ascertained due to the existing electrostatic 
attraction between AlO4 tetrahedral units and anionic dye 
molecules as studied in the case of FeOx with PS molecules 
[38]. Nevertheless, it seems quite obvious that the sorption of 

PS onto AlPO4 particles could be rooted through high affinity 
between positively charged adsorbent surface and negatively 
charged PS species. Furthermore, the interaction of hydrogen 
bonding developed on the surface of AlPO4 and p – p stack-
ing of aromatic rings is envisaged for the effective capture of 
PS [46, 47].

3.5.2. Effect of initial PS concentrations

The adsorbed amount of PS increased with the increase of 
the initial concentration (Fig. 4). Hence, the adsorption of PS 
was favored at high concentrations. When the PS concentra-
tion was low, it only adsorbed on the surface to form a mono-
layer for a very short time. But when the initial concentration 
increased, it adsorbed to the surface and then it is seeping into 
the pores and the micropores of the surface of the material 
AlPO4 required more time. This type of direct relationship 
between percentage removal of PS and initial concentration 
of PS may be attributed to the increase in driving force as a 
consequence of concentration gradient which could be able 
to overcome the mass transfer resistance of PS molecules 
between aqueous and solid phases. Similar observation was 
reported by Abbas and Trari [48] and Zhu et al. [49] using azo 
type of Congo red and Ponceau 4R dye molecules.

3.6. Modeling the adsorption kinetics

The pseudo-first-order, pseudo-second-order, intra- 
particle diffusion and Elovich models were employed to 
understand their compliance with the dynamics of PS sorp-
tion onto AlPO4 and the kinetic parameters are presented in 
Table 1. 

The pseudo-first-order rate equation was given by 
Lagergren [50] (Eq. (1)), where qe and qt are the amounts of dye 
adsorbed (mmol/g) at equilibrium and at time t (min), respec-
tively, and k1 (min−1) is the pseudo-first-order rate constant. 
Values of k1 were calculated from the plot of log (qe − qt) vs. t.

log log
.

q q q
k

te t e−( ) = − 1

2 303
 (1)

Fig. 3. Effect of pH on the adsorption of PS (0.03 and 0.05 mM) 
onto 0.2 g of AlPO4 in 50 ml, stirring speed = 200 rpm; T = 22 ± 1°C.

Fig. 4. Adsorption kinetics of PS onto 0.2 g AlPO4 in 50 mL at pH 
2.55; T = 22 ± 1°C.
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Pseudo-first-order plot (Fig. 5) for adsorption of PS onto 
the surface of AlPO4 at different initial PS  concentrations. On 
increasing the initial PS concentration, the equilibrium sorption 
capacity (qe,cal) and the pseudo-first-order rate constant (from 
Eq. (1)) increases from 66.10–4 mmol g–1 to 419.10–4 mmol g–1 and 
25.3 × 10–3 to 41.4 × 10–3 g/mmol.min, respectively (Table 1). The 
experimental (qe,exp) data are fairly in good agreement with the 
calculated values (qe,calc) obtained from the pseudo-first-order 
model with good R2 values ranges from 0.99 to 0.95.

The rate equation for the pseudo-second-order model 
[51] is given by Eq. (2).

t
q k q qt e e

= +
1 1

2
2  (2)

where k2 (g/mg min) is the pseudo-second-order rate con-
stant and its value was obtained from the plot of t/qt vs. t. An 
increase in the pseudo-second-order rate constant was reg-
istered about 13 folds when the concentration of PS was 0.3 
mmol L–1 when compared with the value of 0.245 g/mmol.
min at 0.9 mmol L–1 (greater by three folds in PS concentra-
tion). It may be decisive that the initial PS concentration and 
pseudo-second-order rate constant are inversely propor-
tional to each other. The R2 values ranged from 0.99 to 0.72 
and the experimental (qe,exp) values did not match with the 
calculated ones (qe,calc).

On making comparison for the fit of pseudo-first and 
 pseudo-second order models, it can be suggested that the for-
mer fits very well and quite decisive when compared with the 
later.

The adsorption kinetics is generally controlled by dif-
ferent mechanisms. In the batch mode adsorption process, 
the initial adsorption occurs on the surface of the adsorbent. 
In addition, there is a possibility of the adsorbate to diffuse 
into the interior pores of the adsorbent. Weber and Morris 
[52] have suggested the following kinetic model to investi-
gate whether the adsorption is intra-particle diffusion or not, 
according to this theory expressed in Eq. (3).

q k t Ct d= +0 5.  (3)

where, kd (mmol/g min0.5) is the intra-particle diffusion rate 
constant and it is calculated by plotting qt vs. t0.5 and C is the 
value of intercept of the plot of qt against t0.5.

The intra-particle diffusion curves (Fig. 6) explicated the 
sorption of PS onto AlPO4 in several steps. It was observed 
that the distribution of the PS on the surface of AlPO4 occurs 
in three linear steps. The transfer of the PS from the bulk to 
the boundary layer surrounding the surface of the adsorbent 
particle and then to the adsorbents sites (Step 1) which was 
completed before 36 min. The diffusion in the micro and 
macro pores causes interactions between PS molecules and 
the active sites of AlPO4 (Step 2) from 36 to 80 min, where 
intra-particle diffusion was rate controlling. The third step 
was attributed to the adsorption state (equilibrium stage) in 
which intra-particle diffusion started to slow down due to the 
decrease of the PS concentration in the solution. The linear 

Fig. 5. Pseudo-first-order plots for the effect of initial PS 
concentration (mM) on the PS sorption onto 0.2 g of AlPO4 at a 
stirring speed = 200 rpm; pH 2.55; T = 22 ± 1°C.

Table 1
Kinetic parameters for the removal of PS on alumino-phosphate at different initial PS concentrations

Models Parameters Initial concentration
0.3 0.5 0.7 0.9

Pseudo-first-order

log log
.

q q q
k

te t e−( ) = − 1

2 303

qe,cal (mmol/g) 104 66 103 179 419
k1 (g/mmol.min) 103 25.3 32.2 34.5 41.4
R2 0.98 0.99 0.96 0.95

Pseudo-second-order
t
q k q qt e e

= +
1 1

2
2

qe,cal (mmol/g) 104 84 139 221 392
k2 (g/mmol.min) 3.17 2.50 1.07 0.25
R2 0.99 0.92 0.93 0.72

Elovich

q tt =








 ( ) + 









1 1
β

αβ
β

ln ln( )

α (mmol/g min) 102 0.01 0.07 0.10 0.07
β (g/mmol) 1000 500 200 143
R2 0.98 0.94 0.92 0.90

Intra-particle diffusion (Step 2)

q k t Ct d= +0 5.

Kd (mmol/g min0.5) 103 0.70 0.90 1.60 3.10
C (mmol/g) 103 0.90 3.20 2.50 6.0
R2 0.95 0.96 0.80 0.73

Experimental data qe,exp (mmol/g) 104 67 115 168 221
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portion of the plot for wide range of contact time between 
adsorbent and adsorbate does not pass through the origin. 
This deviation from the origin or near saturation may be due 
to the variation of the mass transfer in the initial and final 
stages of the adsorption [53]. Such deviation from the ori-
gin indicates that pore diffusion is the only controlling step 
and not the film diffusion. The Kd values increased from 0.70 
mmol (g min0.5)–1 to 3.10 mmol (g min0.5)–1 with a rise of about 
five folds for the increase in PS concentration. Regression val-
ues fit well except for the 0.7 mmol L–1 and 0.9 mmol L–1.

The Elovich equation is mainly applicable for chemisorp-
tion kinetics. The equation is often valid for systems in which 
the adsorbing surface is heterogeneous [54]. The Elovich model 
is generally expressed as Eq. (4) where α is the initial adsorp-
tion rate (mmol/g min) and β is related to the extent of surface 
coverage and the activation energy for chemisorption (g/mmol).

q tt =








 ( ) + 









1 1
β

αβ
β

ln ln( )  (4)

The plot of qt vs. ln(t) gives a linear trace with a slope of 
(1/β) and an intercept of (1/β)ln(αβ). The factor 1/β indicates 
the number of available sites to accommodate the PS mole-
cules [54] and it was found to exhibit a seven-fold increase 
from 0.001 to 0.007 g (mmol)–1 with respect to three-fold 
increase in PS concentration. These linear plots are observed 
with R2 values between 0.98 and 0.90.

3.7. Adsorption isotherms

The adsorption isotherm is a characteristic representative 
of the thermodynamic equilibrium between an adsorbent 
and adsorbate. Using the isotherm models, viz., Langmuir 
[55], Freundlich [56] and Sips or Langmuir–Freundlich [57] 
the nature of sorption, sorption capacity and the nature of 

adsorbent’s surface could be explored. The results are repre-
sented in Table 2.

The three isotherm parameters are as follows: qe is quan-
tity of adsorbate (PS) adsorbed per g of adsorbent (mmol g–1); 
qmax is maximum amount of adsorbate to form monolayer 
(mmol g–1); RL is dimensionless constant called separation 
factor; Ce is concentration of the adsorbate in mmol L–1; KL 
is Langmuir constant in L (mmol)–1; KF and n are Freundlich 
constants; Ks is Sips isotherm constant which represents 
energy of adsorption; and m is empirical constant.

Langmuir adsorption isotherm is an empirical model 
which assumes a monolayer adsorption (the adsorbed layer 
is one molecule in thickness) with adsorption occur at a 
finite number of definite, identical and equivalent local-
ized sites with no lateral interaction and steric hindrance 
between the adsorbed molecules on adjacent sites [58]. It is 
referred for homogeneous adsorption, which each molecule 
possess constant enthalpies and sorption activation energy 
[59] with no transmigration of the adsorbate in the plane of 
the surface [60]. The mathematical expression (Eq. (5)) is as 
follows:

q q
K C
K Ce
L e

L e

=
+max 1  (5)

The Langmuir monolayer adsorption capacity was 0.07 
mmol g–1 and the Langmuir constant was 65.2 L (mg)–1. The 
R2 value ascertains that this isotherm model fits well with the 
PS sorption system. RL values (RL = 1 / 1 + KLC0) for the initial 
PS concentrations (C0) were calculated in the range 0.017–
0.048 with a confirmation that the sorption of PS onto AlPO4 
is favorable and likely to be governed by chemical forces as 
evidenced by the regression value of 0.97 by the Langmuir 
isotherm.

Freundlich isotherm is an empirical model can be applied 
to multilayer adsorption over heterogeneous surfaces with 
non-uniform distribution of adsorption heat and affinities 
[61]. In this perspective, the amount adsorbed is the summa-
tion of adsorption on all sites (each having bond energy), with 
the stronger binding sites are occupied first, until adsorption 
energy undergoes an exponential decrease upon the comple-
tion of adsorption process [62]. The mathematical expression 
(Eq. (6)) is as follows:

q K Ce F e
n= 1/  (6)

The slope value (n) range between 0 and 1 is a tool to 
measure adsorption intensity or surface heterogeneity and 
becomes more heterogeneous when the value of “n” is close 
to zero. The value of “n” determined from PS sorption onto 
AlPO4 indicates the surface heterogeneity value of 0.44. 

Fig. 6. Intra-particle diffusion plots of the kinetic data for PS onto 
0.2 g of AlPO4 at different concentrations, pH 2.55; T = 22 ± 1°C.

Table 2
Langmuir, Freundlich and Sips isotherm model parameters for the adsorption of PS onto AlPO4

qmax,exp 

(mmol/g)
Langmuir model Freundlich model Sips model
qmax.cal (mmol/g) KL (L/mg) R2 KF (mmol/g) n R2 qmax.cal (mmol/g) KS (L/mg) m R2

0.063 0.07 65.20 0.97 0.212 0.44 0.89 0.065 0.95 1.34 0.98
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The value of 1/n indicates that the sorption is  co- operative 
as the value calculated to be 2.27. The Freundlich PS adsorp-
tion capacity of 0.212 mmol g–1 was determined with regres-
sion value of 0.89 less than that of the Langmuir isotherm 
model. Thus, the validity of Langmuir is well acknowl-
edged than for the Freundlich isotherm model.

Sips or Langmuir–Freundlich isotherm is a combined 
form of Langmuir and Freundlich expressions, which pre-
dicts the heterogeneous adsorption systems [63] and circum-
vents the limitation of the rising adsorbate concentration 
associated with Freundlich isotherm model. Sips isotherm 
(Eq. (7)), at low adsorbate concentrations, behaves as a 
Freundlich isotherm; while at high concentrations, it has a 
characteristic of Langmuir isotherm.

q
q

K Ce
K C

S e
m

S e
m

=
+
max( )

( )1  (7)

The Sips maximum adsorption capacity (qmax), Sips equi-
librium constant (Ks) and Sips model exponent (m) were 
determined to be 0.065 mmol g–1, 0.95 L (mg–1) and 1.34, 
respectively. The Sips isotherm reveals the possibility of 
adsorption (m > 1) on a heterogeneous surface with “m” value 
equal to 1.34 and indicates more of Freundlich rather than 
Langmuir. The non-linear fitting (Fig. 7) of the data, obtained 
for the adsorption of PS onto AlPO4, among the three iso-
therm models ensures that the linearity of the Sips isotherm 
model (R2 = 0.98) was higher than the other two isotherm 
models (Table 2).

3.8. Comparative analysis of AlPO4 with other adsorbents

The removal of PS by various adsorbents with different 
surface areas are gathered in Table 3 and compared with 
the present work. From these results, it appears that the 
PS adsorption depends on the pH solution and the used 
technique. 

3.9. Desorption studies 

The results are presented in (Fig. 8(a)) and show an inte-
gral type of desorption curves for both the PS concentrations 

of 0.03 mM and 0.05 mM. At a pH range of 2.55–4.0, a low 
desorption was recorded for both the concentrations and the 
difference between those concentrations was less than 1 µM. 
Then, the quantity of PS desorption increases from pH 4 and 
attains a maximum desorption at pH 6. The desorption quan-
tity of PS from pH 6 tends to be constant until it reaches pH 8 
with 7 µM and 12 µM, respectively, for 0.03 mM and 0.05 
mM PS concentrations. Unlike the poor difference at low pH 
values, there was an appreciable difference of about 5 µM 
between PS concentrations in the pH range 6–8. Fig. 8(b) 
shows a complete desorption of PS at pH 7 from the PS laden 
AlPO4 surface for two initial solutions of 0.03 and 0.05 mM 
PS. The initial PS desorption of almost 90% attained rapidly 
within the first 5 min followed by a constancy of desorption 
for both the PS concentrations.

3.10. Adsorption on the regenerated adsorbents

Treatment of the PS loaded AlPO4 in a neutral solution 
resulted in desorption of PS between 86% and 97%. After 
the PS desorption, the solid was washed three times with a 
de-ionized water, dried at 80°C and was used for the next 
adsorption process. The Fig. 9(a) shows the PS adsorp-
tion onto the regenerated AlPO4 from PS concentrations 
(0.03 mM and 0.05 mM). At 50 min of equilibrium time, the 
rate constant was 1.55 g (mmol.min)–1 and 3.71 g (mmol.
min)–1 for 0.03 and 0.05 mM PS, respectively. These values are 
close to those found for the fresh (non-regenerated) AlPO4. 
The color of PS laden AlPO4 appeared red but on thermal 
treatment by heating at 600°C for 30 min, a white solid was 
obtained and used for the following adsorption (Fig. 9(b)). 
The adsorption of the regenerated PS by calcination was 
also conducted with 0.03 mM and 0.05 mM PS (Fig. 9(b)). 
The rapid attainment of equilibrium was achievable at the 
end of 8 min and ascertained that a faster adsorption than 
that with the original AlPO4 adsorbent. The amount of PS 
adsorbed onto AlPO4 at equilibrium was 0.0074 mmol g–1 and 
0.0124 mmol g–1, respectively, at 0.03 mM and 0.05 mM of PS 
concentration. These values were higher by 0.0007 mmol g–1 
(0.03 mM) and 0.0009 mmol g–1 (0.05 mM) as compared with 
those of the fresh and non-regenerated AlPO4. Fig. 10 shows 

Fig. 7. Langmuir, Freundlich and Sips models of PS adsorption 
onto 0.2 g of AlPO4 at pH 2.55; T = 22 ± 1°C.

Table 3
Comparative study on PS sorption onto AlPO4 with other 
adsorbents

Adsorbent 
material

pH Specific 
area 
(m2/g)

Adsorption 
maximal capacity 
(mg/g) at 25°C

Reference

PVA@SiO1.5-
hPEA-1/2Gel
Charcoal ash

–

2.0

–

7.45

4,256

178.3

[27]

[29]
MgO 
 nanoparticles

7.0 22.1 91.3 [28]

AlPO4 2.55 100 47.9 This work
Nb2O5 8.0 14 41.0 [23]
Chitin 3.5 05.2 [30]
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a summary of the work, treating a solution containing the 
PS by AlPO4 not regenerated. After equilibrium, the solu-
tion is separated by filtration and the solid is treated at neu-
tral pH or by calcination. The solid recovered without PS is 
newly used for the treatment of another solution containing 
the PS.

4. Conclusion

The XRD and IR spectral analysis of AlPO4 inferred an 
amorphous structure and functional group elements, respec-
tively. The pseudo-first-order describes the adsorption of PS 
onto AlPO4 much better than the other kinetic models. Among 
the adsorption isotherms, Sips model was approved fit for the 
present PS sorption system. An exothermic nature of PS sorp-
tion onto AlPO4 was well evidenced during the influence of 
temperature. The washing of followed by thermal regeneration 
at 600°C for 30 min of PS laden AlPO4 was plausibly achieved. 
The increase in PS adsorption capacity of regenerated PS was 
interesting as compared with the fresh (non-regenerated) AlPO4.
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