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a b s t r a c t
This work deals with the removal of sulfate ions from aqueous solutions onto modified wool fibers 
(WFs) used as adsorbent. The esterified wool fibers (EWFs) were prepared from the esterification 
of the pristine raw wool fibers (RWFs) by using methanol in the presence of HCl as a catalyst. 
Thereafter, we characterized the modified wool fibers by using various methods, such as titration for 
functionalization degree calculation, Fourier transform infrared spectroscopy and thermogravimetric 
analysis. Further, we studied parameters affecting sulfate removal from water onto both the EWFs 
and the RWFs, such as solution initial pH, initial concentrations, contact time, a mass of the adsorbent 
and the temperature. To assess the adsorption theoretical trends of sulfate ions from water onto 
the EWFs adsorbent, we compared the experimental adsorption results to Langmuir, Freundlich, 
and Dubinin–Radushkevich models. A good agreement was found between the experimental data 
and those predicted by the Langmuir model, which yielded a maximum monolayer adsorption 
capacity of 123.08  mg g–1. Also, the adsorption kinetic results of the sulfate ions removal from water 
onto the EWFs adsorbent were found to follow a pseudo-second-order model. Finally, adsorption 
thermodynamic parameters including Gibbs free energy ΔG°, enthalpy ΔH°, and entropy ΔS°, have 
been estimated and showed that the sulfate ions adsorption onto the EWFs adsorbent is spontaneous, 
endothermic and favorable. The overall data indicate that the EWFs have economic and environmental 
advantages, since their uses are not limited only to adsorption but they can also be regenerated.
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1. Introduction

Sulfate (SO4
2–) is a major ion present not only in natural 

waters but also in municipal and industrial wastewater [1]. 
The main natural sources of this ion, as well as, in aquatic 
surface and groundwater result from the chemical weath-
ering process and the dissolution of naturally abundant 

sedimentary sulfur minerals or evaporate rocks [2]. Other nat-
ural sources of SO4

2– are the oxidation of sulfides and elemental 
sulfur, as well as the decomposition of animal and plant res-
idues [3]. The presence of sulfate ions in the aquatic systems 
can also be anthropogenic. These ions are present in water 
via industrial effluents that use sulfuric acid or sulfate-rich 
compounds in their processes [4]. Sulfate ions have become 
one of the main industrial effluent components released in the 
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aquatic environment, in addition to the waste resulting from 
industries such as mining, fuel oils, foundries, paper mills, 
textile mills, and tanneries [5]. It should be noted that when 
the amount of SO4

2– exceeds 250 mg L–1, it leads to plumbing 
corrosion, scaling of pipes and public water supplies, a bit-
ter or astringent taste which may render the domestic water 
unpleasant to drink. When the ion concentration exceeds 
600 mg L–1, it causes a laxative effect, dehydration and gas-
trointestinal irritation on humans [6]. Also, high sulfate con-
tent in the water currents is dangerous because it promotes 
the formation of hydrogen sulfide and other toxic substances 
which can deteriorate aquatic life and harm the environment 
[7,8]. Thus, water desulphurization has attracted a lot of atten-
tion, and various water treatment approaches such as adsorp-
tion, precipitation, bioelectrochemical processing, aerobic and 
anaerobic processes, reverse osmosis, barium or calcium pre-
cipitation, membrane technology processes, were investigated 
[9–11]. Note that among these different methods, adsorption 
is considered to be an effective treatment for removing sul-
fate due to its efficiency over a wide range of substances, easy 
handling and relatively low cost of operation [6]. Recently, 
natural adsorbents, such as wetland plants, Pampas Grass 
(Cortaderia selloana) and Lucky Bamboo, were used to remove 
SO4

2– from water. They were used in hydroponic cultivation 
systems for the treatment of simulated high-sulfate waste-
waters [12]. Natural wool keratin fibers are among the most 
popular and cheap biopolymers and are usually used for their 
various specific properties such as elasticity handle, warmth 
retention, fullness, flexibility, ease of operation, simplicity, low 
cost, insensitivity to the characteristics of toxic pollutants, and 
importance of the fibers surface [13]. The wool fiber consists 
of polar and ionizable groups on the side chain of amino acid 
residues able to bind other charged organic and inorganic 
molecules [13]. In this study, wool fibers have been used as an 
adsorbent to remove (SO4

2–) from aqueous solutions.
The modification of the wool chemical structure would be 

necessary by introducing new functional groups to increase 
the number of binding sites [13]. Scientific sources present 
several functionalization of wool fibers to improve adsorp-
tion properties such as the copolymerization of acrylic acid 
[14] methacrylic acid and acrylamide [15], treatment by citric 
acid [16] and modification with TiO2 nanoparticles [17]. In this 
study, the modification was conducted by esterification of wool 
fibers with methanol in the presence of HCl as an acid catalyst 
[18]. In this experiment, the changes in the wool properties are 
mainly due to the appearance of new functional groups in the 
presence of HCl. This later will significantly enhance the ester-
ification rate and leads to the decrease of the carboxyl groups 
that cause the repulsion between the surface of the wool and 
the sulfate ions. Consequently, the esterification of the wool 
will produce materials having a strong affinity to sulfate ions 
in aqueous solutions. The esterification is used in the textile 
industry to finish the wool fibers and to improve dyeing prop-
erties towards acid dyes [18], but in our case, esterified wool 
fibers (EWFs) were used as a good and low-cost adsorbent.

2. Materials and methods

2.1. Raw wool fibers

The raw wool fibers (RWFs) used in the present work, 
were purchased from Timahdite region (Morocco). Before 

their uses, they were cleaned and then cut into small pieces. 
The impurities contained in fibers were removed by a extract-
ing the fibers in a Soxhlet apparatus with distilled water for 
a period of 6 h.

2.2. Esterification

The RWFs were esterified with methanol containing 
hydrogen chloride, at wool/liquor weight ratio of 1/50. 
Reactions were carried out in a water bath with a reflux 
heating at 65°C, for various times from 1 to 6 h, and then the 
EWFs were rinsed with distilled water, dried, characterized 
and finally used for our adsorption experiments.

2.3. Functionalization degree calculation

0.1 g of EWFs or RWFs were added to 50 mL of NaOH 
(0.05 M). The mixture was stirred for 30 min, then filtered 
and the non-reacted NaOH was titrated back with HCl hav-
ing a known concentration (0.05 M). The consumed NaOH 
amount by the EWFs or the RWFs should be equivalent to 
the amount of the fiber’s carboxyl groups. Thus, the differ-
ence between the initial NaOH, and the HCl titrated NaOH, 
represents the quantities correspond to the fiber’s carboxylic 
group amount. The fiber’s functionalization degree was then 
calculated according to Eq. (1) [19]:

C V C Vb b a a( ) ( ) ( ( )( )M ml M) ml mmols
Sample weight (g)

−
 (1)

where Cb, Vb, Ca and Va, are, respectively, the basic solution 
(NaOH) initial concentration, the basic solution (NaOH) ini-
tial volume, the acidic solution (HCl, titrant) initial concen-
tration and the volume of the acid solution consumed by the 
basic solution at the equivalent point. In Eq. (1), the sample 
weight represents the amount of EWFs, or RWFs used in the 
titration. Eq. (2) as shown below was used to calculate the 
reduced percentage of the carboxylic functions:

−
−

×
mmols

mmols
S(RWFs) mmols(EWF )

(RWFs)
100  (2)

2.4. Fourier transform infrared spectroscopy analysis

The recording of the Fourier transform infrared spectros-
copy (FTIR) spectra of the studied samples was conducted 
using the Nicolet iS10FTIR-ATR spectrophotometer, com-
bined with the Golden Gate single attenuated total reflec-
tion (ATR) accessory. The range of experiments took place 
between 4,000–400 cm−1 with a 4 cm−1 resolution along with 
an accumulation of 32 scans.

2.5. Thermogravimetric analysis

Thermogravimetry/Derivative Thermogravimetry (TG/
DTG) experiments were performed with a thermogravimet-
ric analyzer (Cahn VersaTherm) to evaluate the thermal sta-
bility of the studied samples. The tests were achieved at a 
temperature ranging from 25°C to 700°C, with a heating rate 
of 20°C min–1, and under an air atmosphere at a flow rate of 
25 mL min–1.



419F. Akoh et al. / Desalination and Water Treatment 194 (2020) 417–428

2.6. Synthetic water and adsorption

The pH measurements were made with a pH meter 
(Orion 4 Star). The UV spectroscopy (Evolution 300) was used 
to analyze the ions concentration in the synthetic solution, 
which was prepared with sodium sulfate (Na2SO4) obtained 
from Sigma-Aldrich (80 Rue de Luzais, 38070 Saint-Quentin-
Fallavier, France).

A stock solution of SO4
2– at 2,000 mg L–1 concentration was 

prepared by dissolving 2.96 g of Na2SO4 in 1,000 mL of bi- 
distilled water.

After the esterification process, we investigated the 
adsorption properties of both RWFs and EWFs for compar-
ison. Thus, the adsorption experiments were carried out by 
mixing 1 g of RWFs or EWFs with 200 mL of the SO4

2– syn-
thetic solution and the resulted mixtures were shaked at 
500 rpm. In these adsorption experiments, many parameters 
were varied such as the initial pH (pH = 1–10); the initial 
sulfate concentration, C0 (C0 = 500–2,000 mg L–1); the con-
tact time adsorbate-adsorbent, t (1–60 min); the adsorbent 
masse, m (m = 1–12 g); and the adsorption temperature, T 
(T = 4°C–40°C).

The treated aqueous solution containing sulfate and 
fiber was separated by filtration using Whatman’s filter 
paper. Thereafter, the remaining sulfate ions present in the 
supernatant were precipitated with an aqueous solution 
containing a mixture of hydrochloric acid and barium 
hydroxide. The resulted precipitate in the form of barium 
sulfate (BaSO4) was then stabilized with a surfactant 
solution of Tween 20. Thereafter, the absorbance values of 
homogeneous suspensions containing BaSO4 were measured 
using UV/visible spectrometer at a wavelength, λ = 650 nm, 
using the  calibration curve performed with a range of known 
SO4

2– concentrations [20]. The pH values of various aqueous 
solutions were adjusted by using calibrated NaOH or HCl 
aqueous solutions.

The sulfate removal percentage (%) and the adsorption 
capacity (mg g–1) were calculated, respectively, by using 
Eqs. (3) and (4):

Removal %( ) = ( )
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where C0 (mg L–1) and Ce (mg L–1) are the initial and the equi-
librium sulfate concentrations, respectively, Qe (mg g–1) is the 
equilibrium adsorbed amount, V (L) is the volume of syn-
thetic solution and m (g) is the adsorbent mass.

2.7. Regeneration study

After the adsorption experiments, the reusability of the 
EWFs adsorbent was investigated. Thus, various aqueous 
solutions of pH = 4, pH = 7 and pH = 9, were used to desorb 
SO4

2– from EWFs, and the number of adsorption-desorption 
cycles was assessed. In these experiments, a given adsorbent 
amount (1 g) was first mixed with 200 mL of sulfate solution at 
optimum conditions. Thereafter, the SO4

2– ions were desorbed 

using the above-mentioned pH solutions for 1h at the room 
temperature. After the desorption process, the adsorbent was 
recovered by filtration, washed by distilled water, and dried 
to be reused for the next adsorption–desorption cycles.

In order to determine the desorption rate, the following 
calculation was conducted [21].

Desorption desorbed

adsorbed

%( ) = 






×

Q
Q

100  (5)

3. Results and discussions

3.1. Characterization of EWFs

3.1.1. Functionalization degree calculation

A simple titration method has been applied for the quan-
titative characterization of carboxylic functions on EWFs 
and RWFs [19]. This method is accurate, non-destructive, 
and fast. The calculated results are summarized in Table 1. 
The HCl titration of the non-consumed NaOH by the wool 
fiber shows a reduction of the carboxylic group’s amount as 
a function of the esterification time from 1.7 to 0.6 mmol g–1, 
indicating a reduction percentage of 63% (Fig. 1). Such reduc-
tion of the carboxyl groups upon esterification of the fiber is 
due to a decrease in the consumption of NaOH by the wool 
fibers, which explains the achievement of the esterification 
reaction [19].

3.1.2. FTIR analysis

We recorded the RWF and EWFs FTIR spectra in order 
to obtain information about the nature of the functional 
groups added on the modified wool fibers surface resulting 
from the esterification process. As can be seen in Fig. 2, there 
is an additional band from newly formed esters functional 
group “C=O”, successfully resulted from the wool fibers sur-
face modification by methanol, leading to a peak occurring 
at 1,731 cm–1. Moreover, the “C–H” peak intensity occurring 
at 2,929 cm–1 has tremendously increased due to the aliphatic 

Fig. 1. Reduction of carboxylic functions vs. the esterification 
time.
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acid chain associated with the dodecanoyl fraction incorpo-
rated in fiber molecules [22].

3.1.3. Thermogravimetric analysis

The thermogravimetric analysis (TGA) of wool fibers 
before and after esterification allows us to monitor the deg-
radation of the samples at high temperatures and to estimate 
their thermal stability in different types of water such as 
industrial wastewater rich in sulfate ions.

Figs. 3a and b show the TGA curves of the RWFs and 
EWFs heated up to 700°C. Tmax1 (Temperature while the max-
imum first weight loss occurred), Tmax2 (Temperature while 
the second maximum weight loss occurred), the residue at 
T = 700°C and the residual weight are gathered in Table 2. As 
can be observed in Fig. 3, the weight loss of the wool fibers 
primarily appears at three steps, from 50°C to 115°C, 200°C 
to 315°C, and 315°C to 700°C. However, important weight 
loss occurs between 315°Cand 700°C. The first stage of the 
weight loss occurring from 50°C to 115°C, is attributed to 
decreases of, respectively, 5% and 15%, due to the loss of 
water physically bound to the wool, recalling that the mois-
ture content of wool at 65% relative humidity is 11% [23]. The 
weight loss in the case of EWFs is 3 times that of RWFs since 
the ester groups (OCOCH3) in the EWFs are retaining more 
water than do the carboxylate groups (O=C–O–) in the RWFs. 
Such water retention on the EWFs results from the hydrogen 
bonding occurring between water molecules and the ester 
groups (O=C–O–CH3). The esterification reaction of the wool 
fibers likely makes them more hydrophilic [24]. The second 
stage of weight loss, between 220°C to 400°C, is characterized 
by a 24% reduction at 288.6°C and 311°C for RWFs and EWFs 
respectively. The weight loss is associated with the hydrogen 
bonds rupture of the peptide helical structure, cross-linking 
through condensation reaction and the ordered regions expe-
rienced a solid to melted phase change [23,25]. The cleavage 
of the disulfide bonds occurs along with emission of few vol-
atile gasses including hydrogen sulfide gas and sulfur diox-
ide [23,25]. This is the stage where the fastest rate of weight 
loss is detected. Along this process, the structure of wool is 

broken down through breaking down various chain linkages, 
peptide bridges and other lateral chains that ultimately lead 
to a skeletal breakdown of the fiber. During the third stage, 
weight loss takes place quite slowly, since most of the organic 
part is decomposed, moreover, the last loss is correspond-
ing to the pyrolytic decomposition region (above 400°C), 
there is a severe contraction due to cyclization for RWFs and 
EWFs [25]. However, the biggest degradation is for RWFs 

Fig. 2. FTIR spectra of RWFs and EWFs at optimum conditions 
(Wool/liquor weight ratio: 1/50; time = 6 h; T = 65°C).

 

 

Fig. 3. (a) TG and (b) DTG curves of RWFs and EWFs at optimum 
conditions (Wool/liquor weight ratio: 1/50; time = 6 h; T = 65°C).

Table 1
Carboxyl groups amount of RWFs and EWFs (Wool/liquor 
weight ratio: 1/50; time = 6 h; T = 65°C)

Esterification  
time (h)

Amount of carboxylic functions 
(mmol g–1)

RWFs EWFs

0 1.7 1.7
1 – 1.6
2 – 1.5
3 – 1.5
4 – 0.9
5 – 0.65
6 – 0.6
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with a residue of 1.38% as a result of the decarboxylation of 
carboxyl groups and this explains the strong thermal stability 
of EWFs (18.63% residue).

3.2. Adsorption parameters

3.2.1. Effect of pH

The solution’s initial pH is an important parameter that 
must be considered during an adsorption study. The effect 
of this parameter on the adsorption capacity was analyzed 
using pH ranging from 1.0 to 10.0, an initial concentration of 
1,000 mg L–1 of SO4

2– solution and initial adsorbent amount of 
5 g L–1 of RWFs or EWFs at room temperature. Note that the 
solution’s initial pH affects not only the surface charge of the 
adsorbent but also provides information on sulfates chemical 
speciation in aqueous solutions. According to the literature 
of sulfur compounds [26], when pH < 2, the most dominant 
element is HSO4

–, and when pH > 2, sulfur exists as SO4
2–. 

Fig. 4 reveals that at pH 2.0 the SO4
2– ions reach their highest 

adsorption capacities of 26.78 mg g–1 and 45.78 mg g–1, for 
respectively, RWFs and EWFs. The low adsorption capacity 
of the RWFs is due to electrical repulsion between the car-
boxyl groups and the sulfate molecules [27,28], whereas, 
the EWFs adsorbent demonstrates high adsorption capacity 
since the ester groups do not repel the SO4

2– ions, due to their 
low chemical reactivity, as compared to carboxyl groups [18] 
(Fig. 5). Increasing the initial pH values from 3.0 to 4.0 leads 
to a decrease in the adsorption capacity of SO4

2– from 5.88 to 
0.024 mg g–1 for RWFs and from 15.48 to 3.22 mg g–1 for EWFs. 
Such adsorption behaviors can be explained as follows:

• When 2 ≤ pH < 3, the adsorbent surface containing amino 
groups becomes protonated to a high level and forms 
more positively surface charges that exert a strong elec-
trostatic attraction on SO4

2– (which is the dominant form 
in the solution).

• When pH > 3, a decrease in adsorption capacity is created 
by the deprotonation of functional groups on the adsor-
bent surface negatively charged, causing hence an elec-
trostatic repulsion and a competition between the OH– 
and SO4

2– ions leading to less adsorption of the sulfate 
groups [27,28]. Thus, the next adsorption experiments 
will be operated at pH = 2.

3.2.2. Effect of initial concentrations

Fig. 6 shows the effect of SO4
2– initial concentrations on 

the adsorption capacity using the optimal pH for 1h. Based 
on these experiments, the higher the SO4

2– concentration, the 
higher are the adsorption capacities of RWFs and EWFs. In 
other words, more the solution is concentrated in SO4

2–, more 
is the sulfate ions adsorption capability and better is the 

Fig. 4. Effect of pH ([SO4
2–] = 1,000 mg L–1; T = 25°C; t = 60 min, 

5 g L–1).

Fig. 5. Adsorption mechanism before and after esterification.

Fig. 6. Effect of initial concentrations (pH = 2; T = 25°C; t = 60 min, 
5 g L–1).

Table 2
Thermogravimetric data of RWFs and EWFs (Wool/liquor weight ratio: 1/50; time = 6 h; T = 65°C) in air atmosphere

Samples Tmax1 (°C) Residue at Tmax1 (%) Tmax2 (°C) Residue at  Tmax2 (%) Residue at 700°C (%)

RWFs 66 95 286.6 73.06 1.38
EWFs 88.6 74.93 311 73.45 18.63
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interaction adsorbate-adsorbent [29,30]. Further, in Fig. 6, 
the SO4

2– adsorption levels at adsorbate concentration of 
1,000 mg L–1 and becomes constant afterward. Such adsorp-
tion behavior can be explained by the saturation of the adsor-
bent active surface sites above this SO4

2– initial concentration. 
As can be observed in Fig. 6, the reached SO4

2– ions adsorp-
tion capacities at equilibrium are 22 mg g–1 for RWFs and 
49 mg g–1 for EWFs. From these adsorption data, it is obvious 
that the EWFs has better adsorption capacity as compared to 
RWFs. According to the adsorption data presented in Fig. 6, 
the following experiments will be performed at 1,000 mg L–1 
of SO4

2–.

3.2.3. Effect of the contact time adsorbate-adsorbent

Fig. 7 illustrates the contact time effect on the SO4
2– ions 

adsorption from water onto the RWFs and EWFs fiber sur-
faces. The adsorption data show that the retention time of 
the sulfate ions is relatively fast. Hence, after 1 min of the 
contact time, the adsorption capacities reached are 13.43 
and 20.5 mg g–1, respectively, RWFs and EWFs. When the 
contact time adsorbate–adsorbent increases, the adsorbed 

amount increases for both samples and reaches maximums 
of 31.55 mg g–1 after 30 min of elapsed contact time for RWFs, 
and 56.75 mg g–1 after 20 min of contact time for EWFs. In 
conclusion, longer is the contact time, less is the available 
surface sites, leading hence to the adsorption capacity to 
continue being constant for the remaining time [31,32]. This 
experiment also proves that the adsorption process of EWFs 
is faster than the RWFs one. Based on the previous results, the 
following experiments will be conducted at 30 and 20 min for 
RWFs and EWFs respectively.

3.2.4. Effect of the adsorbent mass

In order to estimate the optimum amount of the EWFs 
and RWFs to be added to the aqueous solution for remov-
ing all the sulfates, this experiment was conducted using 
200 mL of synthetic water at concentration (1,000 mg L–1). 
Figs. 8a and b show that the increase in adsorbent mass of 
both RWFs and EWFs leads to a decrease of their adsorption 
capacities from 27.18 to 15.06 mg g–1 for RWFs and from 55.98 
to 13.2 mg g–1 for EWFs. The decrease in Qe values is mainly 
due to the increase of the absorbent mass and the decrease 
of the ratio between the sulfate molecules and the adsorp-
tion sites number. On one hand, this Qe decrease is typical 
and indicates, according to the literature study [29], that only 
active amino groups are involved in the adsorption process, 
while the inside particles remain inaccessible for interactions 
with sulfates. On the other hand, the elimination percentages 
values have remarkably increased from 14.47% to 96.14% for 
RWFs Fig 7a and 33.67% to 95.3% for EWFs Fig. 7b, it means 
that the adsorbent mass increase can improve significantly 
the sulfate adsorption and let us get an optimal adsorbent 
mass of 11 and 6 g for RWFs and EWFs respectively to be 
used for sulfate removal and this ultimately indicates that 
EWFs generate more active sites than RWFs.

3.3. Adsorption isotherms of EWFs

The equilibrium adsorption modeling consists of relating 
the amount of the adsorbate in the liquid phase Ce (mg L–1) 
and that adsorbed on the adsorbent surface Qe (mg g–1) is 
shown in Eq. (6). In the present work, the adsorption data 
at the equilibrium was analyzed by applying the Langmuir, 

Fig. 7. Effect of contact time ([SO4
2–] = 1,000 mg L–1; T = 25°C; 

pH = 2, 5 g L–1).

Fig. 8. Effect of RWFs (a) and EWFs (b) mass ([SO4
2–] = 1,000 mg L–1; pH = 2; T = 25°C; t = 20 min (EWFs); t = 30 min (RWFs).
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Freundlich and Dubinin–Radushkevich models, which are 
commonly used by researchers to investigate the adsorption 
isotherms of the adsorbent/adsorbate systems [31,33].

Q V
C C
me

e= ×
−









( )0  (6)

3.3.1. Langmuir isotherm model

The theory of the Langmuir isotherm describes quantita-
tively the formation of a monolayer of the adsorbate on the 
adsorbent outer surface, which takes place on homogeneous 
specific adsorbent sites. Here, the sulfate adsorption iso-
therms from water onto EWFs were fitted by the Langmuir 
model as represented by Eq. (7):

C
Q

C
Q K Q

e

e

e

L

= +
max max

1  (7)

where Ce (mg L–1) is the adsorbate equilibrium concentra-
tion, Qe (mg g–1) is the adsorbate adsorbed amount at the 
equilibrium, KL (L mg–1) is the equilibrium constant relative 
to the Langmuir model, and Qmax (mg g–1) is the maximum 
adsorbed amount. The values of Qmax and KL are determined 
(Fig. 9), respectively, from the intersection with the y-axis and 
the slope of the line Ce/Qe = f(Ce) [12].

The data show that the correlation coefficient (R2 = 0.99) 
of the Langmuir model is very close to unity (Table 3). Also, 
the use of the linear regression of Eq. (8) has allowed the 
determination of the maximum adsorption capacity Qmax 
and the Langmuir equilibrium adsorption constant, KL, 

which are, respectively, of the order of 123.08 mg g–1 and 
4.3 × 10–4 L mg–1.

Note that an essential feature of the Langmuir isotherm 
may be expressed in terms of a dimensionless constant called 
the separation factor, RL, defined by Eq. (8) below:

R
K CL
L

=
+

1
1 0

 (8)

where C0 (mg L–1) is the adsorbate initial concentration and 
KL is the Langmuir constant (L mg–1). Hence, a separation 
factor RL > 1 indicates that the adsorption is unfavorable, 
whereas if RL = 1 the adsorption is linear; if 0 < RL < 1, the 
adsorption is favorable, and finally, if RL = 0, the adsorption is 
irreversible. In the present work, the RL value lies is between 
0 and 1, which indicates a favorable adsorption reaction.

3.3.2. Freundlich isotherm model

The Freundlich isotherm model makes the assumption 
that the adsorption is multilayer and that the adsorbent sur-
face is heterogeneous Eq. (9). The Freundlich model can be 
expressed following Eq. (9) [31,33]:

Ln Ln
Ln

Q k
C
ne F

e= +  (9)

Thus, the plot of Ln(Qe) vs. Ln(Ce) for SO4
2– adsorption 

from water onto EWFs was found to be linear with a slope 
equal to 1/n and an intercept equal to Ln(KF) (Fig. 10). It 
should be recalled that the constant n is related to the 

Fig. 9. Langmuir adsorption isotherm for SO4
2– removal on EWFs.

 

Fig. 10. Freundlich adsorption isotherm for SO4
2– removal on 

EWFs.

Table 3
Isotherm models

Langmuir Freundlich Dubinin–Radushkevich
Qm (mg g–1) KL (L mg–1) R2 n KF (mg g–1) R2 Qm (mg g–1) E (kJ mol–1) R2

123.08 4.3 × 10–4 0.99 1.39 0.2 0.88 2.73 5.9 0.81
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adsorption intensity occurring between the adsorbent and 
the adsorbate, and it provides the adsorption behavior. Thus, 
if n = 1, the adsorption is linear; if n < 1, the adsorption is a 
chemical process; if n > 1, then adsorption is a physical pro-
cess [31,33]. The Freundlich constant KF (mg g–1) is related to 
the adsorption capacity. Hence, as the KF value increases, the 
adsorption capacity increases. The numerical values of KF 
and n, assessed respectively, from the intercept point and the 
slope of the isotherm linear curve in Fig. 10, are presented in 
Table 3. However, as shown in Table 3, the correlation coef-
ficient value R2 is equal to 0.88, indicating that Freundlich 
model cannot describe the adsorption of SO4

2– on the EWFs.

3.3.3. Dubinin–Radushkevich (D–R) isotherm model

The D–R isothermal model is applied for adsorbents hav-
ing homogeneous and heterogeneous surfaces. According 
to this model, the calculated value of the adsorption energy 
gives information on the physical or the chemical nature of 
the adsorption process (Eq. (10)). Thus, the linearized form of 
the D–R isotherm model is given by Eq. (10) [32]:

Ln LnQ Qe m= −βε2  (10)

where Qe (mg g–1) is the adsorbed amount at the equilibrium, 
Qm (mg g–1) is the maximum adsorption capacity, β is a con-
stant related to the mean free sorption energy E (kJ mol–1) and 
e is the Polanyi potential. e and E are expressed by Eqs. (11) 
and (12), respectively;

E =
1
2β

 (11)

ε = +








RT

Ce
Ln 1 1  (12)

where R (8.314 J mol–1 K–1) is the gas constant, T (K) is the 
absolute solution temperature.

Qm and β (mol2 Jol–2) can be calculated, respectively, from 
the intercept and the slope of the plot of LnQe vs. e2 (Fig. 11). 
This adsorption potential varies according to the nature of 
the adsorbent and the adsorbate, but it is independent of the 
temperature. The magnitude of E is used to define the type 
of adsorption mechanism. Hence, if 8 < E < 16 (kJ mol–1), the 
adsorption process is chemical in nature and if E < 8 (kJ mol–1) 
the adsorption process is of a physical in nature [32].

We have analysed the adsorption data according to the 
Dubinin–Radushkevich isotherm model. Accordingly, as 
can be seen in Table 3, the correlation coefficient (R2 = 0.81) 
is low, indicating that the D–R model may not be applied to 
SO4

2– adsorption onto EWFs. Previous studies have reported 
that the adsorption of SO4

2– is best described by Langmuir iso-
therm model [34,35], in a good agreement with our findings.

3.4. Adsorption kinetics of EWFs

Upon the mixture of various aqueous solution constitu-
ents, the adsorption of the sulfate ions from water onto the 
EWFs takes place and levels when the equilibrium is reached. 

In this process, the adsorption reaction rate depends not only 
on the diffusion rate of the adsorbate from the bulk solu-
tion to the fiber surface, but also on the adsorbent-adsorbate 
interaction.

The adsorption kinetic study of the sulfate ions from 
water onto the EWFs allows us to examine the influence of 
contact time on the adsorbate retention. In the present work, 
two adsorption kinetic models [29,32], namely the pseudo- 
first-order Eq. (13), and the pseudo-second-order Eq. (14), 
have been used to describe the sulfate adsorption on EWFs:

log log
.

Q Q Q
k

e t e
t−( ) = − ⋅1

2 303
 (13)

t
Q Q

t
k Qe e e

=








 +

1 1

2
2  (14)

where Qe and Qt expressed in mg g–1, are the sulfate adsorbed 
amount, respectively, at equilibrium and at time t; k1 (min–1) 
and k2 (g mg–1 min–1) are the rate constants of, respectively, 
the first-order and the second-order adsorption reaction. The 
constant (k1) and (k2) for sulfate adsorption were calculated 
from the slope of the linear plots of, respectively, log (Qe–Qt) 
and (t/Qe ) vs. time as shown in Figs. 12a and b. The values of 
k1 and k2 obtained from first and second-order pseudo-kinetic 
models are gathered in Table 4. Also, taking into account the 
fact that the first-order kinetic model is not perfectly linear 
(R2 = 0.93, Fig. 12a), whereas the second-order model is more 
applicable since the correlation coefficient (R2 > 0.99, Fig. 12b) 
is very close to 1. Consequently, the pseudo-second-order 
adsorption model seems to be more suitable for describing 
the sulfate adsorption kinetic on EWFs [29,32]. Besides, at the 
equilibrium, a good correlation is found between the calcu-
lated adsorbed amount, Qe, and the experimental one.

3.5. Thermodynamic study of EWFs

To assess the energetic aspects of the adsorptive process, 
the thermodynamic parameters including the adsorption 
change in Gibbs free energy ΔG° (kJ mol–1) Eq. (15), the enthalpy 
ΔH° (J mol–1) and the entropy ΔS° (J mol–1 K–1) Eq. (16), of the 

 

Fig. 11. Dubinin–Radushkevich adsorption isotherm for SO4
2– 

removal on EWFs.
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adsorption were determined using, respectively, the slope and 
the intercept of the Van’t Hoff linear equation [12,34]:

ΔG° = –RTLnKC (15)

LnK H
RT

S
RC = −

∆ °
+
∆ °  (16)

where KC = Qe/Ce
KC (L mg–1) is the Langmuir isotherm constant, R 

(8.314 J mol–1K–1) is the universal gas constant; T (K) is the 
absolute solution temperature. Note that the temperature in 
the adsorption experiment varied from 4°C (277.15 K) to 40°C 
(313.15 K). Also, taken into account the fact that the unit of 
ΔG° is J mol–1 and the unit for the term RT is in J mol–1, there-
fore, the equilibrium constant KC in Eq. (15) must be dimen-
sionless. Furthermore, according to the literature, the adsorp-
tion free energy change is generally obtained, in straight 
way by using Eq. (15) and by expressing KC in various units 
(L mol–1, L g–1, mL mg–1, etc.). As results, the calculated values 
for enthalpy ΔH° and entropy ΔS° are not correct. Therefore, 
a rigorous ΔG° calculation should use dimensionless KC val-
ues in Eq. (17). Thus, if the KC value is expressed in L mol–1, it 
should be multiplied by 55.5 (number of water moles per liter 
of solution) to make it a dimensionless constant. Thus, the 
correct ΔG° value can be obtained from Eq. (17):

ΔG° = –RTln (55.5 K) (17)

If the KC value is given in L g–1, and taking into account 
the fact that the density of the solution is ≈1 g mL–1, KC should 
be multiplied by 1,000 (1 L = 1,000 mL), to make it a dimen-
sionless constant [36].

In the present work, the calculated thermodynamic 
parameters for the sulfate adsorption are reported on Table 5. 
As can be seen on this table, the enthalpy ∆H° is positive, 
suggesting that the adsorption process is endothermic. The 
low value of this heat measurement (<40 kJ mol–1) shows that 
the adsorption is physical in nature. Further, the positive ΔS° 
values show that the sulfates removal is accompanied by a 
disorder increase on the fiber surface. These results indicate 
that the sulfate molecules adsorbed on the EWFs surface, are 
more randomly distributed on the solid surface, as compared 
to their presence in the bulk aqueous phase. Finally, the neg-
ative value of ΔG° indicates that the adsorption of SO4

2– from 
water onto EWFs is spontaneous [34].

3.6. Regeneration of EWFs

The earlier detailed adsorption–desorption experiments 
were conducted to evaluate both the adsorption reversibility 
and the adsorbent regeneration feasibility. The results indi-
cate that up to 66%, 50% and 45% for SO4

2– can be recovered, 
respectively, at pH = 9, pH = 7 and pH = 4 (Fig. 13). It is obvi-
ous that the sulfate recovery increase results from the aque-
ous phase pH increase. Thus, as the pH increases, the gen-
erated OH– ions preferentially interact with the protonated 

Fig. 12. (a) Pseudo-first-order kinetic and (b) pseudo-Second-order kinetic for SO4
2– removal.

Table 4
Kinetic parameters

Adsorption kinetic modeling

Pseudo-first-order Pseudo-second-order

k1 (min–1) Qe (mg g–1) R2 k2 (g mg–1 min–1) Qe (mg g–1) R2

0.13 6.71 0.93 0.05 53.92 0.99

Table 5
Thermodynamic parameters

T (K) ΔG° (kJ mol–1) ΔS° (J mol–1 K–1) ΔH° (kJ mol–1)

277.15 –6.19

39.34 4.35283.15 –6.88
293.15 –8.15
313.15 –7.44
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amino groups, exchanging hence with the adsorbed SO4
2– ions 

present on the fiber surface Eq. (18). Subsequently, the amino 
groups are deprotonated according to Eq. (19), and the fiber 
surface losses its positive sites leading to the release of sul-
fate ions to the aqueous phase [28]. It should be noted that 
in the present work, the regeneration cycles were examined 
for the recovery at optimal value of pH = 9. As can be seen in 
Fig. 14, the elimination percentage has decreased with sub-
sequent adsorption-desorption cycles (27.07% to 8.35% and 
66.28% to 3% for adsorption and desorption respectively), 
this may be due to accumulation of incomplete desorption 
of sulfate ions from the surface of EWFs.

R(NH3
+)2 SO4

2– + OH– →← 2R(NH3
+) OH–  + SO4

2– (18)

2(R(NH3
+) OH–) →← 2 RNH2 + 2 H2O (19)

3.7. Comparison study

Several works reported in the literature have used dif-
ferent adsorbents, such as polypyrrole modified activated 
carbons, poly(m-phenylenediamine), protonated graft-
ed-chitosan and chitin-based shrimp shells to remove SO4

2– 
ions from aqueous solutions. In Table 6 are gathered the 
values of the maximum adsorption capacities of sulfate ions 
obtained by using various adsorbents. The best result are 
obtained by using chitin-based shrimp shells, as adsorbent, 
which leads to a maximum adsorption capacity of 156 mg g–1 
[28], followed by 108.5 mg g–1 for poly(m-phenylenediamine) 
[35] and 107.53 mg g–1 for protonated grafted-chitosan [37]. 
However, the lowest adsorbed sulfate amount, 44.7 mg g–1 
is obtained by using polypyrrole modified activated carbon 
as adsorbent [34]. Despite these findings, and taking into 
account the significant costs and the difficulties to use these 
various adsorbents, the use of natural and low cost adsorbent 
such as the wool fibers seems to be an appropriate alternative 
for sulfate removal from water.

4. Conclusion

In the present work, it was shown that both RWFs and 
EWFs with methanol by using HCl, as a catalyst, are effi-
cient in removing sulfate ions from aqueous solutions. 
However, the EWFs adsorbent was found to have a better 
adsorption capacity as compared to RWFs. The parameters 
affecting the sulfate removal such as the initial pH, initial 
adsorbate concentration, the contact time adsorbate-ad-
sorbent, the adsorbent amount, and the temperature were 
investigated. The data indicate that pH = 2 was the opti-
mal pH value for sulfate removal on both RWFs and EWFs. 
Further, at optimal adsorbate concentration (1,000 mg L–1) 
it was found that the appropriate times needed for sulfate 
removal from water onto EWFs and RWFs, were, respec-
tively, 20 and 30 min. For the complete sulfate removal from 
water onto EWFs and RWFs, respectively, 6 and 11 g of the 
adsorbent were needed.

Regarding the theoretical trends of the sulfate removal 
from water onto the EWFs adsorbent, a good correla-
tion was found between the experimental data and the 
Langmuir model predicting a maximum adsorption capac-
ity of 123.08 mg g–1. Further, the kinetic sulfate adsorp-
tion was well described the pseudo-second-order model. 
Finally, the assessment of the thermodynamic parameters 

Fig. 14. Adsorption–desorption cycles (Optimum conditions for: 
adsorption ([SO4

2–] = 1,000 mg L–1; T = 25°C; pH = 2; t = 20 min, 
5 g L–1), desorption (pH = 9; T = 25°C, 10 g L–1 ; t = 60 min).

Table 6
Comparison of the sulfate adsorption capacities using different 
adsorbents

Type of adsorbent Qm (mg g–1) Reference

Polypyrrole modified activated 
carbons

44.7 [34]

Poly(m-phenylenediamine) 108.5 [35]
Protonated grafted-chitosan 107.53 [37]
Chitin-based shrimp shells 156 [28]
Esterified wool fibers (EWFs) 123.08 In this study

Fig. 13. SO4
2– desorption efficiency from EWFs (T = 25°C, 10 g L–1, 

t = 60 min).
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revealed that the sulfate adsorption from water onto EWFs 
was a spontaneous and an endothermic process. The overall 
data show that the wool fibers are good natural alternative 
for high removal capacity of sulfate from water. However, 
the highest removed sulfate amount was obtained by using 
the modified wool fibers. Finally, both experimental and 
theoretical adsorption data have confirmed that the ion 
exchange fibers, used in the present work, are appropri-
ate adsorbent for sulfate removal from water, and can be 
regenerated.
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Symbols

Cb — Initial concentration of the base, NaOH
Ca —  Concentration of the acid solution, HCl used in 

the titration experiments
Vb — Initial volume of the base, NaOH
Va —  Volume of the acid solution, used in the titra-

tion experiments
C0 — Initial concentration
Ce — Equilibrium concentration
Qe — Equilibrium adsorbed amount
Qmax — Maximum adsorbed amount
KL —  Equilibrium constant relative to the Langmuir 

model
KF —  Equilibrium constant relative to the Freundlich 

model
RL — Separation factor
β —  Constant related to the mean free sorption 

energy
E, e — Polanyi potential
R — Gas constant
T — Absolute solution temperature
Qt — Amount adsorbed at time t
k1 — Rate constant of first-order adsorption reaction
k2 —  Rate constant of second-order adsorption 

reaction
ΔG° — Gibbs free energy
ΔH° — Enthalpy
ΔS° — Entropy
KC — Langmuir model constant
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