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a b s t r a c t
Aluminum oxide (ALO) was grafted by acrylic acid monomer (AlO-AM) and then, it was polymer-
ized to produce alumina grafted poly(acrylic acid) (AlO-AP). The prepared AlO-AM and AlO-AP 
were characterized by Fourier-transform infrared, differential scanning calorimetry , thermograve-
metric analyzer and particle size distribution. Adsorption equilibrium isotherms, adsorption kinetics 
and thermodynamic studies of the batch adsorption process were used to examine the fundamental 
adsorption properties of phenol (P) and p-chlorophenol (PCP). The experimental equilibrium adsorp-
tion data were analyzed by three widely used two-parameters Langmuir, Freundlich and Dubinin-
Radushkevich isotherms. The maximum P and PCP adsorption capacities based on the Langmuir 
isotherm were calculated at 56.818, 78.741, 92.593, 80.002, 103.579 and 131.579 mg/g for P and PCP 
onto ALO, AlO-AM and AlO-AP, respectively. The experimental kinetic data were analyzed by using 
Pseudo-first order and pseudo-second order kinetic models. A comparison of the kinetic models on 
the overall adsorption rate showed that the adsorption system can be best described by the pseu-
do-second order kinetics. Based on the calculated thermodynamic parameters such as enthalpy (DH°), 
entropy (DS°) and Gibb’s free energy changes (DG°). The negative DG° and DH° values indicated that 
the adsorption of P and PCP by AlO-AM and AlO-AP adsorbent was feasible, spontaneous and the 
process was exothermic in nature.
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1. Introduction

Water pollution is indeed of great concern since it is a 
major carrier of both organic and inorganic contaminants. 
Phenol and particularly chlorinated phenolic compounds 
are toxic to many aquatic organisms and cause unpleasant 
taste and odor to drinking water and can exert negative effect 
on different biological processes [1–3]. Due to their toxicity 
and adverse effect upon human and biota, the recommenda-
tion of World Health Organization (WHO), the permissible 

concentration of phenolic contents in potable waters is 1 µg/L 
[4] and the regulations by the Environmental Protection 
Agency, call for lowering phenol content in wastewaters 
is less than 1 mg/L [5]. Therefore, removal of phenols from 
waters and wastewaters is an important issue in order to pro-
tect public health and environment.

Alumina is abundant in many areas of the world and has 
unique physicochemical characteristics. The application of 
Al2O3 to remove phenols from wastewater has been reported 
[6–10]. High surface area, good porosity and thermal stability 
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of alumina can make it an economical alternative adsorbent 
material for wastewater treatment. In recent years, polymeric 
adsorbent has been increasingly regarded as an alternative 
to the traditional adsorbent such as activated carbon and 
mineral clays for efficient removal of phenols from waste 
water for its good properties and mechanical intensity. The 
attention has been paid to the polymeric adsorbents could 
be attributed for its unique adsorption properties resulting 
from its high surface area, high volume of microspores and 
broad range of surface functional groups introduced in their 
consequent synthetic reaction [11–17].

In continuation of our earlier research concerning the 
removal of phenol and phenol derivatives from wastewater 
[18–23], in this study, two new monomer (AlO-AM) and 
polymer (AlO-AP) were synthesized, characterized, and 
investigated for the removal of P and PCP from aqueous 
solutions. The effects of experimental parameters such as 
contact time and temperature were studied. The adsorption 
mechanisms of P and PCP onto grafted aluminium oxide 
surfaces were evaluated in terms of thermodynamics and 
kinetics. The adsorption isotherms were described by using 
Langmuir, Freundlich, and D–R isotherms.

2. Experimental setup

2.1. Materials and measurements

Commercial puriss ≥98% aluminum oxide, anhydrous 
acrylic acid contains 200ppm MEHQ as inhibitor, 99% and 
anhydrous toluene, 99.8% were purchased from Sigma-
Aldrich Chemical Company Inc. (Milwaukee, USA). The P 
and PCP used in the tests were also purchased from Sigma-
Aldrich Chemical Company Inc. (Milwaukee, USA). Water 
used in all experiments was distilled and deionized.

Fourier-transform infrared (FTIR) measurements in the 
range of 500–4,000 cm–1 were obtained by using potassium 
bromide disc on Shimadzu model FTIR-8400S spectropho-
tometer (Japan). Differential scanning calorimetry (DSC) 
measurements were conducted with TA instruments Q1000 
DSC, Ramp rate: 10°C/min under nitrogen atmosphere. 
Temperature and heat flow calibrated with standard indium 
of purity >99.99%. The thermal stabilities of AlO-AM and 
AlO-AP samples were investigated by thermogravemetric 
analyzer (TGA) (Netzsch STA 409 PG/PC thermogravimetricl 
analyzer, Selb Bavaria, Germany). Particle size distribution 
for AlO, AlO-AM and AlO-AP were made using Shimadzu, 
Sald-2101-Weal: V1.21 [24]. Quantitative analysis of P and 
PCP in aqueous solutions was carried out by a UV-Cary 100 
Varian spectrophotometer (England).

2.2. Preparation of alumina-graft acrylic acid monomer 
(AlO-AM)

AlO-AM was prepared by the reaction between alumina 
and acrylic acid monomer in dry toluene (Fig. 1): Alumina 
(10.20 g, 0.10 mol) was weighed and placed in one-neck round 
bottom flask, followed by addition of 30 mL dry toluene. The 
monomer acrylic acid (25.20 g, 0.35 mol) was added dropwise 
to the standard solution of Alumina-toluene at room tem-
perature, and then the mixture was agitating manually and 
ultrasonically for at least 3 h [25,26]. The product was filtered 

and washed with 20 mL distilled water, then 20 mL of ace-
tone. The solid product was left to dry at room temperature.

2.3. Preparation of polymers by free radical polymerization

This polymer was synthesized by extension of 
alumina-graft acrylic acid monomer chain with new 
acrylic acid monomer according to Fig. 2 [27]. A two neck 
round-bottom flask contains 20 mL of dry toluene and 
5.00 g of alumina-graft acrylic acid monomer which were 
placed in controlled water bath at 75ºC ± 2°C under nitrogen 
atmosphere [28]. After 5 min benzoyl peroxide (0.10 g, 
0.04 mmol) was added followed by addition of acrylic acid 
monomer (10.00 g, 0.14 mol) with stirring for 1 h. The prod-
uct was filtered and washed first with 15 mL of toluene and 
with 15 mL of acetone, then left to dry at room temperature. 
The solid polymer was dried at 80°C for 12 h under vacuum 
to leave (80%) of AlO-AP.

2.4. Adsorption experiments

The stock solution of P and PCP (500 mg/L) was prepared. 
These solutions were prepared in 0.01 M NaCl in order to 
promote the flocculation and to have a constant background 
electrolyte concentration. The adsorption experiments were 
performed at 25°C, pH 6.5, using 0.2 g adsorbent added at 
50 mL solution of P and PCP with different concentrations of 
100–250 mg/L. All experiments were performed at a shaking 
speed of 200 rpm for 24 h to ensure the equilibrium of the 
adsorption process. After the contact time, the solids phases 
were centrifuged, and the supernatant was subsequently ana-
lyzed for the equilibrium concentration of P and PCP using a 
UV spectrophotometer at a wavelengths 270 and 280 nm for P 
and PCP, respectively. All experiments were run in triplicate 
to ensure reproducibility.
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The total amount of P and PCP retained by the solid 
phases was obtained by mass-balance equation:

q
C C V

me
i

=
−( )eq  (1)

where qe is the quantity of the P or PCP in mg held by 1 g of 
the adsorbent; Ci is the initial concentration (mg/ L); Ceq is the 
equilibrium concentration (mg/ L) of the phenols in the aque-
ous phase; V is the volume of solution (L) and m is the mass 
of the adsorbent (g).

The effect of temperature on adsorption equilibrium was 
studied at temperatures 25°C, 40°C and 55°C, overnight. 
Kinetic studies were carried out for 50 mL working solution 
at constant pH 6.5 with initial concentration (175 mg/L) and 
the adsorbent dose of 0.2 g at 25°C.

2.5. Statistical analysis

To identify the best-fit model for the adsorption equilib-
rium and kinetic studies, this is a non-linear technique used to 
compare the data from the experiment and model predicted 
data as given in relation to qe in the following equation [29]:
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where N is the number of experimental data points, P stands 
for number of parameters in the model, qe(exp) and qe(pred) are 
experimental and predicted uptake equilibrium and rates, 
respectively.

3. Results and discussion

3.1. Characterization of adsorbents

The structure of AlO-AM and AlO-AP was studied by 
FTIR spectroscopy, DSC. Thermal analysis (TG) and particle 
size distribution.

The FTIR spectra recorded for AlO, AlO-AM, AlO-AP and 
polyacrylic acid is shown in Fig. 1S. The spectra of pure Al2O3 
(Fig. 1Sc) shows the large and intense two bands between 
1,100 and 400 cm–1 are characteristics of Al-O vibrations in 
O-Al-O and Al-O-Al of pure alumina. The FTIR spectrum of 
AlO-AM (Fig. 1S(a)) showed an intense peak, associated with 
C = O stretching appears at 1,728 cm–1. The broad band at 
3,487 cm–1 is due to stretching of –OH groups of AlO-AM. 
The characteristic absorption bands of AlO-AP (Fig. 1S(b)) 
showed appearance the band at 2,858–2,925 cm–1 is due to 
aliphatic uC-H stretching. It also shows the band at 1,712 cm–1 
due to C = O stretching. The appearance of the broad band at 
3,180 to 4,215 cm–1 which is attributed to uO-H stretching of the 
carboxylic acid and disappearing of the two bands at 627 and 
733 cm–1, initially attributed to Al-O in Al2O3 confirming the 
formation of AlO-AP structure [6].

The DSC thermogram of AlO-AM (Fig. 2S) shows two 
endothermic peaks. The first big one centered at 215oC 
could be representing the melting or degradation of grafted 

monomer followed by the small one at 251oC. The later could 
be arises from the melting of high molecular weight chains. 
Normally, the melting endothermic peak accompanying 
with high value of enthalpy (46.46 J/g) compared with the 
other one. The DSC thermogram of AlO-AP (Fig. 2S) showed 
two peaks, exo- and endothermic. The first exothermic peak 
centered at 223oC could be attributed to the crystallization 
transition temperature. This resulted semi crystalline poly-
mers with crystals of different sizes and orientation. Thus, 
the crystallization temperature brought about crystals to the 
same sizes and perfection. The second endothermic peak at 
286oC which is almost the half way of the grafted monomer 
appear as overlapping peaks representing the melting of the 
entire polydispers polymer. The enthalpy of melting is also 
high compared with crystallization exothermic value.

The thermal stability of AlO-AM and AlO-AP was 
measured by thermogravemetry using TG and differential 
thermogravimetric analysis (DTG) instruments under N2 gas 
atmosphere with heating rate 10°C/min (Fig. 3S). The general 
features of TG thermograms showing the weight loss trace of 
two distinguishable maxima. The first one centered at 210°C 
and 220oC with average percentage weight loss 18.7 and 
11.5% and the second peak centered at 450°C and 470oC with 
average percentage weight loss 10.2% and 3.5% for AlO-AM 
and AlO-AP, respectively.

The particle size has a great importance because it affects 
most of the properties such as density of compact, porosity, 
dimensional stability, agglomerations, flow, and mixing char-
acteristics. Particle size distribution is the statistical relation 
between amount and size. Size distribution is based on the 
percentage by weight of sample powder which is retained on 
a screen of given mesh size from a given weight of starting 
material after passing through the just coarsen sieve. For exam-
ple, “25% minus 100 plus 150” means that 25% (by weight) of 
the particles pass the 100 mesh-screen but are retained by the 
150 mesh screen. The results of particle size distribution mea-
surement for AlO, AlO-AM and AlO-AP (Fig. 4S) are listed in 
Table 1. The results indicate a small different in particle size 
distribution to AlO-AM, but there is a large different in dis-
tribution to grafted AlO-AP polymer. The differences in par-
ticle size distribution on the percentage by weight of sample 
indicate that the synthesized monomer (AlO-AM) and the 
polymer (AlO-AP) were successful. This can be considering 
as another proof for the grafting process including AlO-AM 
and the polymerization to produce polymer (AlO-AP).

3.2. Effect of contact time

Fig. 3 illustrates the influence of contact time on the P 
and PCP uptake on AlO, AlO-AM and AlO-AP adsorbents at 
175 mg/L initial concentration and the contact time range of 
5–120 min. It can be seen that the remaining concentration of 

Table 1
The percentage of particle size distribution

Adsorbent 25% D 50% D 75% D Mean value

AlO 6.925 11.799 18.177 10.377
AlO-AM 6.846 11.928 18.900 11.143
AlO-AP 7.574 14.40 27.131 14.295
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P and PCP becomes asymptotic to the time axis after 75 min. 
It also seen that both the P and PCP adsorption onto these 
adsorbents is very fast in the first 25 min then it becomes 
slower near the equilibrium. This can be attributed to the 
large number of vacant surface sites available for adsorp-
tion at the initial stage which in time becomes difficult to be 
occupied as a result of repulsive forces between the solute 
molecules on the solid and bulk phases [30]. These results 
regarding the time to reach equilibrium are in accordance 
with the literature data [11,30,31].

3.3. Adsorption isotherms

The experimental data were fitted with Langmuir, 
Freundlich and Dubinin-Radushkevich (D-R). Adsorption 
isotherms of P and PCP have been established at three differ-
ent temperatures: 25°C, 35°C, and 45°C.

Langmuir adsorption isotherm [32] applied to 
equilibrium adsorption assuming a mono-layer adsorp-
tion onto the surface of the adsorbent with a finite number 
of identical sites. This isotherm can be represented by the 
following relationship:

C
q q

C
qe KL

eq eq= +
1

max max
 (3)

where qe is the uptake of P and PCP per unit weight of the 
adsorbent (mg/g), qmax is the maximum P and PCP uptake 
(mg/g KL is the Langmuir constant (L/mg) and related to the 
energy of adsorption and Ceq is the equilibrium (residual) 
concentration of P and PCP (mg/L).

The influence of the adsorption isotherm shape can be 
discussed to examine whether adsorption is favorable in 
terms of RL, a dimensionless constant referred to as sepa-
ration factor or equilibrium parameter. RL is defined by the 
following relationship:

R
K CL
L i

=
+( )

1
1  (4)

where Ci is the initial concentration for P and PCP (mg/L).

RL values between 0 and 1 indicate favorable 
adsorption, while RL > 1, RL = 1, and RL = 0 indicate unfa-
vorable, linear, and irreversible adsorption isotherms, 
respectively [33].

A plot of Ceq/qe vs Ceq gives straight line as shown in Fig. 4. 
qmax and KL were determined from slope and intercept of the 
plot (Tables 2 and 3). It is clear from Tables 2 and 3 that all RL 
values lie between 0 and 1 indicating the favorable adsorp-
tion of P and PCP by AlO, AlO-AM and AlO-AP.

Comparison of the qmax values of phenol and phenol deriv-
atives with other alumina and modified alumina adsorbents 
reported in the literature [6,8,9,34,35] is listed in Table 4. The 
qmax of phenol onto AlO-AM and AlO-AP has a high value 
among listed adsorbents considering this result indicates that 
AlO-AM and AlOAP have a significant potential for removal 
of phenols from aqueous solutions.

The Freundlich isotherm based for adsorption on a 
heterogeneous surface. The linearized form of Freundlich 
adsorption isotherm is [36]:

log log logq K
n

Ce F= +
1

eq  (5)

where KF (mg/ g) is the constant related to the adsorption 
capacity and n is the empirical parameter related to the 
intensity of adsorption. The value of n varies with the 
heterogeneity of the adsorbent and for favorable adsorption 
process the value of n should be less than 10 and higher than 
unity [37]. The values of KF and 1/n are determined from the 
intercept and slope of linear plot of ln qe versus lnCeq, respec-
tively (Fig. 5). All the n values obtained from the Freundlich 
model are greater than unity at all solution temperatures, 
indicating that adsorption of P and PCP onto AlO, AlO-AM 
and AlO-AP was favorable (Tables 2 and 3).

D-R model adsorption is commonly used to describe the 
adsorption isotherm of single solute system, although this 
is analogue to Langmuir model, D-R model is more general 
than Langmuir as it rejects the homogenous surface or con-
stant adsorption potential [38]. The linearized equation of 
D-R isotherm model is:

ln ln maxq qe = −βε2  (6)
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Fig. 3. Effect of contact time on the adsorption of P and PCP onto AlO, AlO-AM and AlO-AP; Initial P and PCP concentration 
175 mg/ L; pH = 6.5; temperature 25°C.
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where qmax is the D-R monolayer capacity (mg/g), β is a 
constant related to adsorption energy (mol2/kJ2), and ε is 
the Polanyi potential which is related to the equilibrium 
concentration as follows [39]:

ε = +












RT
C

ln 1 1

eq
 (7)

where R is gas constant (8.314 J/mol K), T is temperature (K).
The adsorption free energy E (kJ/ mol) is defined as the 

free energy change required for transferring one mole of 
adsorbate from infinity in the solution to solid surface, this 
energy is calculated as follows:

E =
1
2β  (8)

A plot of lnqe vs. ε2 is given in Fig. 6. Adsorption capaci-
ties qmax and the main sorption energies E are calculated for 
the P and PCP removed from the aqueous phase by the AlO, 
AlO-AM and AlO-AP are listed in Tables 2 and 3. The value of 
E is used to differentiate the physisorption or chemisorption of 
P and PCP on the adsorbent surfaces; the values of E calculated 
using Eq. (7) are shown in Tables 2 and 3 and range in between 
1.126 and 2.122 kJ/mol. If the magnitude of E is between 8 and 
16 kJ/mol, the adsorption process proceeds by ion-exchange 
or chemisorption [40], while for values of E < 8 kJ/mol, the 
adsorption process is of a physical nature [41]. Therefore, the 
data would indicate that the adsorption process of P and PCP 
onto AlO, AlO-AM and AlO-AP is physisorption.

The characteristics of ions, molecules (shape, size, 
charge, etc) present in wastewater and their concentration 
have profound influence on the extent of adsorption. As 
shown in Tables 2 and 3, the adsorption capacity for PCP is 
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Fig. 4. The Langmuir isotherm plot of adsorption of P and PCP onto AlO, AlO-AM and AlO-AP; pH 6.5; at temperature 25°C.

Table 2
Constants parameters and correlation coefficients calculated for various adsorption isotherm models at different temperatures for P 
on AlO, AlO-AM and AlO-AP

Adsorbate P/AlO P/AlO-AM P/AlO-AP
T/°C 25°C 35°C 45°C 25°C 35°C 45°C 25°C 35°C 45°C
Langmuir
qmax (mg/g) 56.818 52.632 47.619 78.741 70.423 64.103 92.593 86.957 67.568
KL (L/mg) 0.009 0.005 0.008 0.009 0.006 0.005 0.013 0.009 0.006
RL 0.303 0.316 0.425 0.301 0.414 0.392 0.237 0.316 0.419
R2 0.9851 0.9875 0.9866 0.9867 0.9638 0.9917 0.9964 0.9825 0.8924
MPSD 1.978 0.603 2.010 0.549 0.716 0.540 0.197 0.601 2.826

Freundlich
KF (L/g) 8.188 2.161 1.984 5.097 1.712 3.137 8.188 5.003 2.125
N 2.506 1.571 1.307 2.291 1.709 2.069 2.506 2.205 1.885
R2 0.9757 0.9801 0.9761 0.9932 0.9647 0.9721 0.9657 0.9547 0.9853
MPSD 2.066 0.536 0.646 0.381 1.094 0.750 1.062 1.437 0.561

D-R
qmax (mg/g) 48.293 31.147 23.901 63.059 41.104 39.837 78.293 57.271 41.104
E (kJ/mol) 1.236 1.529 1.327 1.523 1.133 1.529 1.736 2.033 2.122
R2 0.9692 0.9898 0.9454 0.8864 0.9636 0.9529 0.9385 0.8707 0.8871
MPSD 1.229 1.853 2.556 1.745 0.301 0.487 0.107 1.405 1.245
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Table 3
Constants parameters and correlation coefficients calculated for various adsorption isotherm models at different temperatures for 
PCP on AlO, AlO-AM and AlO-AP

Adsorbate PCP/AlO PCP/AlO-AM PCP/AlO-AP
T/°C 25°C 35°C 45°C 25°C 35°C 45°C 25°C 35°C 45°C

Langmuir
qmax(mg/g) 80.002 75.188 60.606 103.093 93.547 81.301 131.579 99.010 76.336
KL(L/mg) 0.007 0.010 0.013 0.006 0.003 0.005 0.008 0.007 0.005
RL 0.369 0.284 0.229 0.407 0.598 0.448 0.450 0.423 0.457
R2 0.9889 0.9899 0.9944 0.9872 0.8663 0.8926 0.9781 0.9881 0.9201
MPSD 2.591 2.018 1.054 1.501 2.870 1.776 1.347 1.023 2.235

Freundlich
KF(L/g) 2.693 5.011 5.703 2.361 1.311 1.237 2.93 2.494 1.708
n 1.659 2.291 2.565 1.629 1.376 1.519 1.835 1.746 1.722
R2 0.9966 0.9757 0.9621 0.9744 0.9764 0.9841 0.9962 0.9974 0.9779
MPSD 1.060 1.530 2.062 2.631 1.791 1.029 1.544 1.018 1.652

D-R
qmax(mg/g) 76.769 52.326 44.492 89.004 43.406 39.516 121.769 84.179 57.409
E(kJ/mol) 1.328 1.834 2.041 1.527 1.225 1.126 1.528 2.068 1.934
R2 0.9553 0.97286 0.9704 0.9827 0.9875 0.9509 0.9845 0.9802 0.9768
MPSD 2.234 1.026 1.262 1.255 1.061 1.712 1.003 1.012 1.166

Table 4
Comparison of maximum adsorption capacity (qmax, mg/g) for phenol and phenol derivatives by alumina and modified alumina 
adsorbents.

Adsorbent Adsorbate Condition qmax/mg/g Reference
pH T/°C

Al2O3/HDTMAa Nitrophenol 6.0 25 9.251 [6]
Synthetic alumina Phenol 6.5 25 3.149 [34]
CNT- Al2O3 Phenol

Chlorophenol
6.0
6.0

25
25

2.778
3.679

[8]

ACs- Al2O3 Phenol 7.0 25 3.456 [35]
FA- Al2O3 Phenol 7.0 25 2.105 [9]
AlO-AM Phenol

Chlorophenol
6.5
6.5

25
25

78.741
103.093

This work

AlO-AP Phenol
Chlorophenol

6.5
6.5

25
25

92.593
131.579

This work
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Fig. 5. The Freundlich isotherm plot of P and PCP onto AlO, AlO-AM and AlO-AP; pH 6.5; temperature 25°C.
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greater than for P on each of the sample tested, explained by 
the lower solubility and pKa value of PCP compared with 
P. Such a sequence shows clearly the greater adsorption for 
the more acidic phenols, that is P and PCP with pKa 9.99 
and 9.43.

The Langmuir, Freundlich and D-R isotherm constants 
at different temperatures for the adsorption of P and PCP 
on AlO, AlO-AM and AlO-AP alongside with the R2 and 
MPSD values are presented in Tables 2 and 3 respectively. 
Jaynes and Boyd [42] proposed that the adsorption conforms 
to the Langmuir, Freundlich and D-R models when the 
value of correlation coefficient (R2) is greater than 0.89. The 
R2 values shown in Tables 2 and 3 are greater than 0.89 and 
the low MPSD values (0.301 to 2.826) for the three models 
indicating that these three isotherm models can adequately 
describe the adsorption data. The applicability of the three 
isotherm models to the all investigated systems implies that 
both monolayer adsorption and heterogeneous surface con-
ditions exist under the experimental conditions studied. The 
adsorption of P and PCP on these surfaces is thus complex, 
involving more than one mechanism. Similar observations 
have been previously for the adsorption of phenols by other 
adsorbents [18,23].

From the values of the maximum adsorption capacity, 
qmax, given in Tables 2 and 3, it can be concluded that the 
capacity of adsorption of P and PCP by the studied three 

surfaces follows the sequence, AlO-AP > AlO-AM > AlO. This 
could be attributed to the fact that AlO-AP has functionalized 
with more carboxylic acid groups which have a good affin-
ity for the formation of hydrogen bonding with the hydroxyl 
groups of P and PCP. Similar results have been reported by 
other researchers [11,13,32,36,43].

3.4. Adsorption kinetic

The adsorption kinetic is one of the most important data 
in order to understand the mechanism of the adsorption and 
to assess the performance of the adsorbents. Two kinetic 
models including the pseudo-first order of Lagergren and 
pseudo-second order models were applied for the experi-
mental data to predict the adsorption kinetic.

The linearized form of the pseudo-first order rate equa-
tion can be written as [44]:

ln lnq q K t qe t e− −( ) = +1  (9)

where qt (mg/g) is the amount of absorbed at time t (min) and 
k1 (min−1) is the rate constant for pseudo-first-order model. A 
straight line of ln(qe−qt) vs t (Fig. 7) suggests the applicability 
of this kinetic model, and qe and k1 can be determined from 
the intercept and slope of the plot, respectively.
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Fig. 6. The D-R isotherm plot of P and PCP onto AlO, AlO-AM and AlO-AP; pH 6.5; temperature 25°C.
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Fig. 7. Pseudo-first-order kinetics of adsorption of P and PCP onto AlO, AlO-AM and AlO-AP. Initial P and PCP concentration 
175 mg/ L; pH 6.5; temperature 25°C.
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Experimental data was further analyzed by using the 
pseudo-second order kinetic equation [45]:

t
q K q

t
qt e e

= +
1

2
2  (10)

where k2 is the rate constant of pseudo-second-order model 
in (g/mg.min). A plot of t/qt vs t, give the slope =1/qt and 
intercept = 1 2

2/ q ke  (Fig. 8).
The results of the kinetic parameters are summarized in 

Table 5 alongside with the R2 and MPSD values. It can be seen 
that the calculated coefficient of determination (R2) is very 
close to unity in comparison with pseudo-first order model. 
Also, for the pseudo-second order model; the low MPSD 
values (0.182–0.624) and that qe.Calcd. values agree with the 
experimental values indicate that the pseudo-second order 
kinetic model provided a good correlation for the adsorption 
of P and PCP onto AlO, AlO-AM and AlO-AP comparing to 
the pseudo-first order model.

3.5. Thermodynamic parameters

The free energy change of the specific adsorption ΔG° is 
linked to the distribution coefficient Kd, through the following 
equation:

∆G RT Kd
° = − ln  (11)

The distribution coefficient (Kd) of P and PCP between the 
aqueous phase and the solid phase can be directly obtained 
using [39]:

K
q
Cd
e=
eq

 (12)

Kd values was obtained from the intercept of the plot of 
lnqe/Ceq vs. qe.

The relationship between lnKd and temperature (T) is 
expressed using the following equations [46]:
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Fig. 8. Pseudo-second-order kinetics of adsorption of P and PCP onto AlO, AlO-AM and AlO-AP. Initial P and PCP concentration 
175 mg/ L; pH 6.5; temperature 25°C.

Table 5
Pseudo-first order and pseudo-second order adsorption rate constant and calculated qe.Clcd. and experimental qe.Exp. values for the 
adsorption of P and PCP on AlO, AlO-AM and AlO-AP

qe.Exp. (mg/g) Pseudo-first order Pseudo-second order
k1 (min–1) qe.Clcd. (mg/g) R2 MPSD K2 (g/mg.min) qe.Clcd. (mg/g)) R2 MPSD

P/AlO
56.818 0.044 13.706 0.9398 29.703 0.011 54.645 0.9997 0.433
P/AlO-AM
78.741 0.063 18.047 0.9135 28.423 0.012 76.336 0.9999 0.283
P/AlO-AP
92.593 0.079 34.661 0.9737 27.141 0.006 91.743 0.9991 0.624
PCP/AlO
80.002 0.083 30.661 0.9112 29.107 0.009 76.336 0.9998 0.397
PCP/AlO-AM
103.093 0.086 14.127 0.9411 26.973 0.003 102.041 1.0000 0.182
PCP/AlO-AP
131.579 0.065 30.135 0.9837 26.474 0.007 129.870 0.9999 0.254
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∆ ∆ ∆G H S° ° °= −T  (13)

lnK H
RT

S
Rd = − +

° °∆ ∆  (14)

where ΔH° is the change in enthalpy (kJ/mol), ΔS° is the 
change in entropy (J/mol K). From equation (14) the values 
of ΔH° and ΔS° can be calculated from the slope and inter-
cept of the linear variation of lnKd with reciprocal tempera-
ture (Fig. is not shown). The values of ΔG°,ΔH°, and ΔS° for 
adsorption of P and PCP onto AlO, AlO-AM and AlO-AP are 
given in Table 6.

The negative value of the Gibbs free energy change ΔG° 
indicated that the spontaneous nature of adsorption for P 
and PCP by AlO, AlO-AM and AlO-AP. Enhancement of the 
adsorption capacity at higher temperatures may be attributed 
to the enlargement of pore size of the adsorbent surface [47]. 
The change of free energy for physisorption is between −20 
and 0 kJ/ mol, but chemisorptions are at the range from −80 to 
−400 kJ/mol [48]. Hence, P and PCP adsorption was physical 
in nature. The negative value of enthalpy change ΔH° shows 
that adsorption of P and PCP onto AlO, AlO-AM and AlO-AP 
to be exothermic in nature. Whereas the negative values of 
ΔS° suggested a decrease in randomness at the solid/solution 
interface during the adsorption.

4. Conclusions

AlO-AM and AlO-AP were synthesized by grafting com-
mercial AlO and have been characterized by a FTIR, DSC, 
TGA and particle size distribution confirming that acrylic 
acid monomer and poly(acrylic acid) has been grafted onto 
AlO backbone. The equilibrium data were described by the 
Langmuir, Freundlich and D-R. The monolayer sorption 
capacity obtained from Langmuir model was found to be 
56.818, 78.741, 92.593, 80.002, 103.579 and 131.579 mg/g for P 
and PCP onto AlO, AlO-AM, and AlO-AP, respectively. The 
kinetics studies demonstrated that the adsorption of P and 
PCP onto AlO, AlO-AM and AlO-AP adsorbents followed 
the pseudo-second order model. The calculated change in 
free energy ΔG° and enthalpy ΔH° indicated that the adsorp-
tion process was spontaneous and exothermic in nature. The 
negative value of ΔS° shows the decreased randomness of 
the solid/solution interfaces during the adsorption of P and 
PCP on AlO, AlO-AM and AlO-AP.
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Fig. 1S. The FTIR spectrum for (a) AlO-AM, (b) AlO-AP, (c) Al2O3 
and (d) acrylic acid.

Fig. 2S. The DSC thermogram of trace for AlO-AM and AlO-AP.
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Fig. 3S. TG and DTG thermograms of trace for (a) AlO-AM, 
(b) AlO-AP and (c) polyacrylic acid.



203M.T. Sultan et al. / Desalination and Water Treatment 150 (2019) 192–203

(a)

(b)

(c)

Fig. 4S. Particle size distribution of (a) AlO, (b) AlO-AM and (c) AlO-AP.


