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a b s t r a c t
In this work, elimination of phenol compounds from phenolic solutions by adsorption method in a 
column was studied. The adsorbent is polymer’s beads, which are synthesized from a hydroxyap-
atite (HA) and sodium alginate (SA) by a method based on cross-linking process. Results showed 
that the synthesized adsorbent (HA/SA) can retain phenols with a high adsorption capacity (about 
244 mg/g) and a slow reaction kinetics (about 4 h), which was described by a pseudo-second- order 
equation. The exploitation of the adsorption isotherm fitted well with the Freundlich model. It has 
been demonstrated that several parameters can influence the adsorption capacity of the tested 
adsorbent such as temperature, pH of solution and initial concentration of phenol. Results of regen-
eration of phenol showed that adsorbed phenol remains almost unstable and can be desorbed 
easily using only distilled water. The results also showed that desorption kinetics are more repre-
sented by the pseudo-second-order model. Results also demonstrated that the Freundlich model 
fitted better with the experimental data than with the Langmuir model, in addition, the adsorbent 
kept its high adsorption capacity for six cycles of adsorption–desorption. In the seventh cycle, 
the adsorption capacity decreases from 244 to 60 mg/g, due to saturation of adsorption sites.
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1. Introduction

Phenols are mainly used by several industries, as a dis-
infectant, an extracting solvent in petroleum refining, resin 
and plastics manufacturing [1], So phenols and its deriv-
atives are discharged in various industrials waste water. 
At low concentrations, they are harmful to micro-organ-
isms and at high concentrations, phenols affect human 
beings by denaturing proteins and destroying cell walls 
[2]. Various processes have been investigated by several 
researchers to remove phenolic compounds from waste-
water [3–14]. Recently, there has been an increasingly great 

interest in the literature devoted to the removal of aque-
ous organic species, such as phenols and its substitutes 
using adsorbents [15–21]. However, the high cost of many 
adsorbents limits its use. Several researchers have focused 
on the development of low-cost adsorbents [22–39] such 
as silicate gel and clay [22,23], bioadsorbents [24–26], sco-
ria powder [32], or apatite [33–40]. In addition to the high 
cost of adsorbent, the main disadvantage of adsorption is 
the secondary pollution generated by the disposal of the 
used adsorbent. To overcome this disadvantage, there are 
many adsorbent regeneration techniques to re-establish the 
adsorbent capacity and to preserve, as much as possible, 
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the initial structure of the used adsorbent. Thermal regen-
eration is among the most widely employed desorption 
methods. However it employs high-temperature oxida-
tion for desorption of pollutant, which leads to the loss of 
adsorbent properties [41]. Chemical regeneration is very 
expensive because of the high cost of solvents. Hence the 
objective of this work is to synthesize and characterize 
new low-cost adsorbent materials for phenolic molecules 
that could allowing desorption using only distilled water 
without any thermal treatment or chemical regeneration. 
Adsorption–desorption kinetics of process and the effect of 
several parameters on the equilibrium of phenol adsorption 
were thoroughly studied.

2. Materials and methods

2.1. Adsorbents description

Natural phosphate rock (NP) was collected from 
Khouri bga phosphate mine (Morocco), which is consid-
ered as the most important phosphate productive region 
in the world. The sample is pre-treated to remove impu-
rities associated with phosphate minerals. After wash-
ing, phosphate particles, whose diameter ranged between 
100 and 400 µm, have been chosen. Particles of phosphate 
were dried at 100°C and sieved to reduce the granulome-
try to less than 200 µm. The chemical composition of NP is 
P2O5 (30.24%), CaO (53.88%), SiO2 (2.96), F (3.78%), Al2O3 
(0.57%) and Na2O (2.20%). Elemental analysis of the main 
constituents of rock phosphate was carried out using an 
ICP-AES spectrometer (ULTIMA, REMINEX – RESEARCH 
CENTER, Guemassa Mine – BP 469 – Marrakech, Morocco).

The hydroxyapatite (HA) was synthesized by a princi-
ple based on dissolution of natural phosphate in the nitric 
acid [42]. A mass of 30 g of natural phosphate was intro-
duced into a 2-L reactor containing a volume of 500 mL of 
distilled water and 20 mL of nitric acid solution (65%). The 
reaction mixture was kept under continuous stirring using 
a magnetic agitation for a period of 24 h at pH = 2 and at 
room temperature. After dissolution of natural phosphate, 
the obtained mixture was filtered under vacuum. The filtrate 
was then neutralized with a volume of 200 mL of ammonia 
(25%). The pH value of the mixture was adjusted at pH = 10 
to avoid the formation of hydrogenphosphate. The precipitate 
formed was matured with stirring for 72 h. At the end of the 
maturation period, the filtered precipitate was washed with 
distilled water, and then dried at 100°C overnight. The chem-
ical composition of HA is P2O5 (36.84%), CaO (57.6%), SiO2 
(0.78%), Al2O3 (1.41%) and Na2O (2%). Elemental analysis 
of the main constituents of apatite was carried out using an 
ICP-AES spectrometer (ULTIMA, REMINEX – RESEARCH 
CENTER, Guemassa Mine – BP 469 – Marrakech, Morocco).

Hydroxyapatite-sodium alginate composite beads (HA/
SA) were prepared by dripping method as described by 
Aziz et al. [43]. Briefly, 1 g of sodium alginate was dissolved 
in 50 mL of distilled water to produce a viscous solution. 
0.125 g of hydroxyapatite (HA) was added into the corre-
sponding SA solution under constant stirring during 2 h 
until the production of a homogeneous dispersion. Under 
magnetic stirring, the mixture solution was introduced 
drop by drop using a 10 mL syringe into 50 mL of calcium 

chloride solution (1 g/L), the solution was sealed in the 
shade to solidify (during 24 h). The coagulated beads were 
then washed several times with distilled water and stored 
in distilled water until their use. Sodium alginate with-
out hydroxyapatite (SA) was also prepared by adopting 
the same method used for the preparation of HA/SA but 
without adding hydroxyapatite to the SA solution in order 
to evaluate the effect of hydroxyapatite in the adsorbent 
structure. 

2.2. Adsorbate

The used phenol (Sigma-Aldrich, Baden-Württemberg, 
Germany, purity = 99%) was not subjected to any prior 
treatment. The phenol stock solution (1 g/L, pH = 6.20) was 
prepared for each procedure.

2.3. Materials characterization

Scanning electron microscopy analyses were carried 
out by an apparatus type ‘’Tescan Vega 3’’. The adsorbent 
was previously metalized with carbon to ensure elec-
trons conditions and also to avoid the effects of charge. 
The structure of the adsorbent was determined using 
X-ray powder diffractometer Rigaku (Center of Analysis 
and Characterization, Faculty of Sciences Semlalia, Cadi 
Ayyad University, BP 2390, Marrakech, Morocco) with an 
analysis time of 100 min at room temperature. Infrared 
spectrum of the adsorbents was obtained by Fourier trans-
form spectrometer Vertex 70, the pellet was obtained 
by crushing 0.001 g of samples with 0.099 g of KBr.

2.4. Sorption experiments

Sorption experiments were carried out in a cylindri-
cal column made of glass of 4 cm internal diameter and 
20 cm length. The column was filled with 3 g of the pre-
pared adsorbent. Aqueous phenolic solution containing 
a known phenol concentration (100 mg/L) was filled in a 
reservoir of 500 mL, to assure a negligible change in the 
volume of the liquid level during the time. At room tem-
perature, the solution was passed through the bed via 
peristaltic pump at constant flow rate of 1.7 × 10–3 L/s. 
At different time intervals, samples were collected from 
the reservoir solution until reaching the equilibrium. The 
determination of the residual concentration of each sample 
after filtration was carried out by spectrophotometer (M501 
Camespec) at a wavelength max = 270 nm. 

The adsorption capacity of phenol was obtained at 
different cycles using the equation:

q
C C V
me

e=
−( )0  (1)

where V: volume of solution (mL); m: mass of adsorbent 
(g); C0: initial concentration of phenol in solution reservoir 
(mg/L); Ce: equilibrium concentration of phenol in solution 
reservoir (mg/L).

At the end of the adsorption reaction, the remaining 
aqueous solution was drained off from column that was 
then washed with distilled water to remove phenol. 
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For desorption reaction of phenol from adsorbent, the 
solvent pumped into the column was maintained at constant 
temperature and at a fixed flow rate of 1.7 × 10–3 L/s. Solution 
samples were collected at different time intervals from the 
reservoir until total desorption of phenol. Adsorption–
desorption cycles were performed many times using the 
same prepared adsorbent.

The desorption capacity of phenol was obtained at any 
cycle using the following equation:

q
C V
me
e=

( )
 (2)

where V: volume of solution (mL); m: mass of adsorbent (g); 
Ce: equilibrium concentration of phenol in solution reservoir 
(mg/L).

3. Mathematical models

3.1. Isotherm models

Adsorption capacity of adsorbent is determined by using 
adsorption isotherm models. Freundlich and Langmuir 
are the most used to model adsorption processes in liquid 
phase. In 1918 Langmuir proposed a simple model of the 
adsorbent surface to derive an equation for an isotherm [44].

1 1 1 1

0 0q q bq Ce e

= +  (3)

where qe is the amount of adsorbate at equilibrium (mg/g), 
Ce is the concentration of the adsorbate at equilibrium (mg/L), 
and q0 and b are the Langmuir constants. These constants 
can be determined, respectively, from the intercept and the 
slope of the linear plot of experimental data of 1/qe vs. 1/Ce.

Freundlich isotherm was introduced in 1926 [45]. 
The linear form of this model is given by the following 
relationship:

ln ln lnq k
n

Ce F e= ( ) + 1  (4)

where kF and n are Freundlich constants. The values of kF 
and 1/n can be determined from the intercept and slope 
of the linear plot of experimental data of lnqe vs. lnCe.

3.2. Kinetics of adsorption

Several kinetic adsorption models have been estab-
lished to describe the adsorption kinetics. They include the 
second-order and pseudo-first-order models. In order to 
describe the kinetic process of adsorption of oxalic acid and 
malonic acid by charcoal. The first-order rate equation was 
presented by Lagergren in 1898 [46]. The general form of 
this model is expressed in: 

dq
dt

k q qt
e t= −( )1  (5)

where qt is the quantity adsorbed at any instant t, qe is 
adsorbed amount of adsorbate at equilibrium (mg/g) and 
k1 is the constant adsorption rate. Applying the boundary 

conditions: qt = qt at t = t and qt = 0 at t = 0 then integrating 
the equation, we obtain:

ln lnq q q k te t e− =( ) − 1  (6)

where k1 and qe can be obtained, respectively, from the 
slope and intercept between ln(qe – qt) as a function of time. 

Kinetic process of divalent metal ions adsorption 
in peat surface was described by Ho et al. in 1995 [47]. 
The equation of second order speed can be written as follows:

dq
dt

k q qt
e t= − 2

2
 (7)

where k2 is the constant adsorption rate, qe is the amount 
adsorbed at equilibrium (mg/g), and qt is the amount 
adsorbed at instant t (mg/g). Separating the variables and 
integrating the equation with the boundary conditions, qt = 0 
at t = 0 and qt = qt at t = t, we obtain the following expression:

1 1
2q q q
k t

e t e−
= +  (8)

The rearrangement of the equation gives the equation 
in linear form:

t
q k q q

t
t e e

= +
1 1 1

2
2

 (9)

Thus, by plotting the curve of t/qt as a function of t, 
the values of k2, qe can be determined.

For isothermal diffusion in a spherical adsorbent parti-
cle of radius, r, the sorption curve has been shown to follow 
the following equation:

q
q

D t
r

t

e

= 6 1
2Π

 (10)

where D is diffusivity of sorbate within the sorbent-pores 
(m2/s), r is the radius of adsorbent particle, qt is the amount 
of sorbate adsorbed from the sorbent surface at time t (mg/g 
of apatite) and qe is the total amount of sorbate adsorbed 
on the sorbent surface (mg/g of adsorbent). Thus, by plot-
ting the curve of qt/qe as a function of racine t, the values of 
D/r2 can be determined [48].

4. Results and discussion

4.1. Characterization of the used adsorbent 

Elemental analysis of the main constituent elements 
of HA and HA/SA is carried out using an ICP-AES 

Table 1
Chemical composition of HA/SA and SA

Chemical elements (ppm) Ca P Na Cl

HA/SA 3,229.26 279.01 172.4 88.6
SA 2,571.44 6.92 97.93 44.3
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spectrometer (THERMO FLASH, REMINEX – RESEARCH 
CENTER, Guemassa Mine – BP 469 – Marrakech, Morocco). The 
results are reported in Table 1. Analysis of results showed 
that SA is mainly composed of Na, which due to sodium 
alginate and Ca and Cl which is due to the addition of 
CaCl2 during the preparation of the SA beads, in against 
for HA/SA, we noticed the presence of phosphate and 
greater percentages of Na and Ca compared with SA. This 
due to the insertion of HA, which consists mainly of Ca 
and phosphate and very small amount of Na.

The X-ray diffractometer patterns of synthesized 
adsor bent HA/SA are presented in Fig. 1. The synthesized 
adsorbent is not well crystallized, it is the X-ray diffrac-
tion spectrum that showed little peak with low resolution. 
Thus due to the structure of adsorbent, which is semi amor-
phous, we detected some weak peaks, compared the XRD 
diagram of HA/SA with XRD diagram of HA, we can con-
clude that the peaks observed in the XRD diagram of HA/
SA due to structure of apatite inserted during adsorbent 

preparation, notably we have also checked the XRD of 
SA and any peak was not detected in the spectrum. Fig. 
2 shows the infrared spectrum of HA/SA (a), compared 
with infrared spectrum of SA (b); we note the presence of 
bands attributed to the vibrations of phosphate groups 
PO4

3– towards 614 and 1,031 cm–1 characteristic of apatitic 
environments. Spectrum of HA/SA and SA (Fig. 2) show 
also important absorption bands regarding hydroxyl, ether 
and carboxylic functional groups. Stretching vibrations 
of O–H bonds of alginate appeared in the range of 3,000–
3,600 cm−1. Stretching vibrations of aliphatic C–H were 
observed at 2,300 and 2,920–2,850 cm−1. Observed bands 
in 1,649 and 1,460 cm−1 were attributed to asymmetric and 
symmetric stretching vibrations of carboxylate salt ion,  
respectively [49].

The general surface of HA/SA in SEM images appears 
porous with surface deformations of different sizes 
(Fig. 3a). We observed that the grains constituting the 
adsorbent have a spherical shape strongly deformed. Their 

Fig. 1. XRD diagram of the adsorbent (HA/SA) (a) compared with XRD diagram of the apatite (HA) (b).



301R. Benaddi et al. / Desalination and Water Treatment 220 (2021) 297–308

diameter is of the order of a few micrometers. This deforma-
tion may be due to an entanglement of the macromolecular 
chains following the insertion of HA during the adsorbent 
preparation. Spectrums of adsorbent show the presence 
of phosphate, which characterizes apatitic environments 
in addition to Ca and O, which are the major elements 
that constitute the structure of the polymer. The presence 
of Na+ and Cl– is related to sodium alginate and calcium 
chloride used during the preparation of the adsorbent. 

4.2. Effect of contact time

The results for the adsorption of phenol onto 
adsorbent as a function of time are shown in Fig. 4.

The adsorption equilibrium strongly depends on the 
initial concentration of phenol. Indeed, full 4 h are required 
to reach the equilibrium of adsorption reaction in the 
case of initial concentration of phenol equal to 100 mg/L, 
instead of only 30 min in the case of initial concentration 
of phenol equal to 60 mg/L.

4.3. Effect of adsorbent dose

We have varied adsorbent dose from 1.2 to 16 g/L. 
Fig. 5 shows the effect of adsorbent dosage on adsorption 
capacity of phenol. Results obtained show that the phe-
nol removal increases as the adsorbent dose increases and 
reaches a maximum value at 12 g/L of adsorbent. Hence, 
optimum adsorbent dose is considered as 12 g/L of adsor-
bent. This result may be due to the increase of the adsor-
bent surface area. However any increase in adsorbent dose 
more than the optimum value does not have significantly 
improved the adsorption capacity because the equilib-
rium between phenol ions and the adsorbent surface was 
reached. 

4.4. Effect of temperature

Fig. 6 shows that increasing the temperature between 
20°C and 60°C, slightly decreases the adsorption capacity of 
the phenol, which means the adsorption reaction could be 

Fig. 2. Infrared spectrum of the adsorbent (HA/SA) (a) compared with SA (b).
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Fig. 3. SEM images coupled energy-dispersive X-ray analysis of HA/SA (a) compared with SA (b).

Fig. 4. Kinetic study of adsorption of phenol onto HA/SA at dif-
ferent initial concentration of phenol.

Fig. 5. Effect of the adsorbent dose on adsorption capacity of 
phenol (phenol initial concentration = 100 mg/L, pH = 6.20 at 
room temperature).
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exothermic [38]. This behavior could be explained by the 
vibrational energies of the adsorbed phenol molecules at 
high temperature; these molecules are more likely to desorb 
from adsorbent surface, which leads to a decrease in the 
adsorption capacity [47].

4.5. Effect of pH

The effect of pH on capacity adsorption of phenol on 
HA/SA is a very important parameter. The results dis-
played in Fig. 7 show a low adsorption value at pH = 3 
and the adsorption capacity increases as the pH increases 
to the value of pH = 6.2, above this value, the adsorp-
tion capacity decreases progressively with increasing pH 
value. This can be related to the phenol ionization, in acid 
state, positive charge is dominant on adsorbent surface (pH 

of zero charge of adsorbent equal to 6) and thus a high elec-
trostatic attraction exists between positive charges of adsor-
bent surface and negative charges of phenolates formed, 
which promotes the adsorption phenomenon. In the alka-
line state, dominant charge of adsorbent surface is negative 
and phenol as a weak acid with pKa = 9.89 is dissociated 
at value of pH > pKa. Therefore, the adsorption decreases 
at high pH values related to the electrostatic repulsions 
existing between the negative surface charge and the phe-
nolate anions carrying the same charge as the adsorbent 
surface. It could be also due to the electrostatic repulsion 
between phenolate ions themselves, similar behavior has 
been reported by other authors [47].

4.6. Adsorption isotherms

Adsorption isotherms are important to describe the 
interaction between phenol ions and adsorbent surface 
and also for optimization of the use of these materials as 
adsorbents. Fig. 8 gives the evolution of the amount of 
adsorbed phenol as a function of phenol concentration at 
equilibrium. The obtained isotherm is of type C accord-
ing to the classification of Giles et al. [50], the linearity of 
the curve shows that the number of sites during adsorp-
tion reaction remains constant. That means as more phe-
nol ions are adsorbed more sites in adsorbent surface must 
be created. Results show also that the adsorption capacity 
increases progressively with initial concentration of phe-
nol, which is related to the increase in the collision between 
phenol ions and adsorbent surface. The same result was 
found by Oumani et al. [51] in a study of removal of 
Cr3+ from tanning effluent by adsorption onto phosphate 
mine waste. Linear representations of experimental val-
ues of adsorption capacity of phenol ions on the adsor-
bent according to Langmuir and Freundlich models give 
straight lines (Figs. 9 and 10) whose constants are grouped 
in Table 2. According to the correlation coefficient (R2) 
of the lines obtained by these models, we conclude that 
Freundlich model is the most likely to characterize this 

Fig. 6. Effect of temperature on the capacity adsorption of 
phenol onto HA/SA (phenol initial concentration = 100 mg/L 
at pH = 6.20).

Fig. 7. Effect of pH of solution on the adsorption capacity of 
phenol on HA/SA (phenol initial concentration = 100 mg/L 
at room temperature).

Fig. 8. Influence of equilibrium concentration of phenol on the 
adsorption capacity of phenol on HA/SA (pH = 6.20 at room 
temperature).
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adsorption mechanism. The maximum experimental 
adsorption capacity value determined for phenol onto 
HA/SA is higher than those reported for other adsorbents 
(Table 3).

4.7. Adsorption kinetics studies

The variation of adsorption capacity of phenol onto 
HA/SA as a function of time is shown in Fig. 11. The exam-
ination of the curve obtained shows that the kinetics of 
phenol adsorption is very slow compared with adsorp-
tion of phenol from aqueous solutions by other adsor-
bents reported in the literature [39]. Indeed, the adsorp-
tion reaction appears to be a two-step process. In the first 
hour, the adsorption capacity increased rapidly (78%), 
After this initial fast adsorption period, the adsorption of 
phenol reaches the adsorption equilibrium in about 4 h, 
This slow kinetic can be related to the structure of the 
adsorbent, which constitutes of many pore and deforma-
tion due to entanglement of the macromolecular chains 
following the insertion of apatite during preparation step 
of the adsorbent. Kinetic models of pseudo-first-order, 
second order and pore diffusion have been investigated. 

The analyses of the obtained curves (Figs. 12–14) show 
that the adsorption reaction of phenol ions on the adsor-
bent can be described by the pseudo-second-order model. 
Adsorption kinetic parameters are calculated and are sum-
marized in Table 4. The correlation coefficient value (R2) 
for the pseudo-second-order model is higher than those 
for the first order kinetic and pore diffusion. The theoreti-
cal values of adsorbed phenol amount at equilibrium (qe,cal) 
are close to the experimental values (qe,cal) (Table 4).

4.8. Adsorption–regeneration

Results for phenol desorption from the tested adsorbent 
as a function of time are shown in Fig. 15. Analysis of the 
curve shows that the desorption reaction of phenol ions is a 
two-step reaction like adsorption process. In the first hour, 
the desorption capacity increased rapidly (64%), after this 

Fig. 9. Langmuir plot for phenol adsorption onto HA/SA.

Fig. 10. Freundlich plot for phenol adsorption onto HA/SA.

Table 2
Characteristic parameters of phenol adsorption according to 
Langmuir and Freundlich models

Langmuir isotherm Freundlich isotherm

q0 (mg/g) b R2 n kF R2

3,334 0.0008 0.08 1.06 1.68 0.99

Table 3
Comparison of the HA/SA adsorption capacity with other adsorbents

Adsorbent Phenol initial 
concentration (mg/L)

Adsorption 
capacity (mg/g)

Reference

Natural phosphate (NP) 40 23 [38]
Hydroxyapatite (Hap) 100 8 [39]
Sedimentary phosphate (SP) 100 40 [40]
Pecan shells AC 35 18 [52]
Coffee residue AC 170 84.02 [53]
Black stone cherries AC 500 133.33 [54]
Natural phosphate (NP) 100 12 [55]
Hydroxyapatite-calcium alginate composite (HA/SA) 100 244
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initial fast desorption period, the regeneration of phenol 
reaches the desorption equilibrium in about 4 h. In order 
to better describe the mechanism of reaction desorption, 
it was necessary to propose a suitable model for desorp-
tion of phenol. For this purpose, pore diffusion, pseudo-
first- order and pseudo-second-order kinetics were applied 
(Figs. 16–18), desorption reaction of phenol ions from the 
adsorbents can be described by an equation correspond-
ing to the pseudo-second-order model and pore diffusion. 
The desorption kinetic parameters were calculated and are 
summarized in Table 5. The theoretical values of amount 
of adsorbed phenol at equilibrium (qe,cal) are close to the 
experimental values (qe,cal) (Table 5).

4.9. Reusability of adsorbent

In order to understand the reusability of the used 
adsorbent, we have carried out many cycles of adsorption– 
desorption. Results are shown in Fig. 19. For six cycles of 

Fig. 11. Effect of contact time on adsorption capacity of phe-
nol on HA/SA (phenol initial concentration = 100 mg/L and 
stirring time = 24 h at pH = 6.20 and room temperature).

Fig. 15. Effect of contact time on desorption of phenol by 
HA/SA (phenol initial concentration = 100 mg/L, pH = 6.20 at 
room temperature).

Fig. 12. Pseudo-first-order kinetic plots for phenol adsorption 
onto HA/SA.

Fig. 13. Pseudo-second-order plots for phenol adsorption onto 
HA/SA.

Fig. 14. Pore diffusion model plot for phenol adsorption onto 
HA/SA.
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adsorption–desorption, the adsorbent kept its high adsorp-
tion capacity, from the seventh cycle, the adsorption capac-
ity decreases from 244 to 60 mg/g, which is related to 
saturation of adsorption sites. 

5. Conclusion

In conclusion, we herein reported the successful syn-
thesis of a green and efficient adsorbent (HA/SA) through 
a cross-linking process. The resulting adsorbent was 
characterized by SEM and FTIR showing its interesting 
properties. In addition, adsorption experiments confirmed 

Table 4
Characteristic parameters of the phenol adsorption according to the pseudo-second-order

Pseudo-first-order model Pseudo-second-order model Pore diffusion model

qe,cal (mg/g) k1 (1/h) qe,cal (mg/g) R2 k2 (g/mg h) qe,cal (mg/g) R2 D R2

244 0.52 10 0.92 0.012 256 0.99 67.7 0.92

Fig. 16. First-order kinetic plots for phenol desorption onto HA/SA. Fig. 18. Pore diffusion model plots for phenol desorption 
onto HA/SA.

Fig. 19. Cycle number effect of adsorption/desorption on 
adsorption capacity of phenol.

Fig. 17. Pseudo-second-order plots for phenol desorption onto 
HA/SA.

Table 5
Characteristic parameters of the phenol desorption according to the pseudo-second-order model, the pseudo-first-order model and 
pore diffusion model

 Pseudo-first-order model Pseudo-second-order model Pore diffusion model

k1 (h) qe,cal (mg/g) R2 k2 (g/mg h) qe,cal  (mg/g) R2 D R2

0.52 11 0.91 0.0054 277 0.99 60.96 0.99
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that the adsorption reaction of phenol ions onto the syn-
thetised adsorbent was highly dependent on pH, adsor-
bent dosage, initial phenol concentration, with a maximum 
adsorption capacity of 244 mg/g at 25°C and pH equal 
6.2. The exploitation of the adsorption isotherm indicates 
a best fit with the Freundlich model and kinetic investi-
gations demonstrated that the adsorption data are more 
correlated with a pseudo-second-order model. Finally, 
results of phenol regeneration shows that adsorbed phenol 
remains almost unstable and can be desorbed from HA/SA 
using only distilled water. After six cycles of adsorption–
desorption processes, the adsorbent kept its high adsorp-
tion capacity that decreases at the seventh cycle, to 60 mg/g, 
due to non-reversible saturation of adsorption sites. 
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