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a b s t r a c t

Functionalized poly(acrylic acid)/SiO2 (PAA/SiO2) composite nanofiber with mercapto groups have 
been prepared through an electro spinning process. The characterization of the composite nanofi-
ber was performed using FTIR, optical microscopy, SEM, TEM and Brunauer-Emmett-Teller (BET) 
analysis. Finally, the prepared nanofiber was used for the adsorption of humic acid (HA) from an 
aqueous solution using a batch adsorption technique. The effects of pH, contact time, initial con-
centration, dosages and temperature on adsorption capacities were studied in a batch mode. The 
experimental data was well described by the Langmuir isotherm model with an adsorption capacity 
of 427.62 mg/g. It was found that the kinetic data follow the pseudo-second-order models. The data 
of thermodynamic parameters indicated that the HA adsorption process was non-spontaneous and 
endothermic under the experimental conditions with the values of Gibbs free energy (ΔG°) being in 
the range of 3.235 to 5.914 kJ mol–1; as well as the values of enthalpy (ΔH°) and entropy (ΔS°) that were 
found to be 22.41 kJ mol–1 and 55.59 J mol–1. K–1, respectively. The functionalized composite nanofiber 
exhibited as a high potential adsorbent for the adsorption of HA from an aqueous solution.
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1. Introduction

Humic acid (HA) is a complex product of decomposing 
plants, and is usually acidic in nature [1,2]. The HA mole-
cules in water can result in a yellowish or brown colour, taste 
and odor, and can react with disinfectants to produce harm-
ful molecules called disinfectant by-products (DBPs) [2–12], 

which harmful to human health. Thus, it is very important to 
remove HAs from water or an aqueous solution.

There are several methods for removing HAs from aque-
ous solution, including electro coagulation [6], photo catalytic 
degradation [7], biofiltration [13], biosorption [3], membrane 
technologies [5,14] and ion-exchange [15,16]. However, these 
techniques have some disadvantages, such as excessive 
time requirements, high costs and high energy consumption 
[11,12]. The adsorption process is an alternative technique 
for removing HAs from aqueous solutions. Some materials 
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have been used as adsorbents, such as: activated carbons 
[1,2,17], cellulose [2], molecularly imprinted polymers [8,11], 
Fe3O4 [9], Fe3O4-chitosan hybrid [10], eggshell [12], modified 
zeolite [4,17], bentonite [18], silica [19], TiO2 [20] and other 
adsorbents [21,22]. However, most of these absorbent mate-
rials, especially for powder-like absorbents, have several 
disadvantages such as low adsorption efficiency and uncom-
fortable use, which has great difficulty in recycling [22]. 
Therefore, it is important to develop a new high-efficiency 
adsorbent to remove HA from aqueous solutions. 

Some organic/inorganic composite materials may be 
used as potential adsorbents for the removal of pollutants 
from an aqueous phase due to their high specific surface area 
[4,23–25]. This organic/inorganic composite material can be 
made into a nanofiber form, which facilitates regeneration. 
In order to increase the adsorption capacity of these nanofi-
ber materials, the following methods have attracted the most 
attention: (1) surface modification with functional groups 
and (2) increasing the surface area of nanofibers [26–28]. The 
nanofibers modified by functional groups have attracted 
much attention because of their properties such as: (1) high 
surface-to-volume ratio, (2) uniform pore size distribution, 
(3) convenient recycling, and (4) high equilibrium adsorp-
tion capacities [28]. One functional group that is widely used 
to modify the adsorbents is marcapto (-SH) [24,28,29,30], 
because the sulfur atom of the –SH group can form the 
chelates with the analyte, especially heavy metal ions [28]. 
Several organic/inorganic composite nanofibers have been 
modified using marcapto functional groups to remove pol-
lutants from water, such as uranium (VI) ion [24], thorium 
(IV) ion [24], Cd (II) and Ni(II) ions [30]. However, until now, 
there has been no study of HA adsorption using composite 
nanofiber functionalized with marcapto groups.

The aim of this study is to synthesize the PAA/SiO2 
composite nanofiber functionalized with marcapto groups 
using 3-mercaptopropyltrimethoxylane (TMPTMS) by elec-
tro-spinning process and its application as an adsorbent for 
the adsorption of HA from an aqueous solution. Also, the 
effects of pH, contact time, adsorbent dosages and tempera-
ture in the sorption process were investigated. In addition, 
the nature of the adsorption process was also studied in 
batch systems against kinetic, equilibrium and thermody-
namic parameters.

2. Materials and methods

2.1. Materials

Poly acrylic acid (PAA) 35% (MM = 240,000 g/mol), 
3-mercaptopropyltrimethoxylane (TMPTMS) (MM = 
196.34 g/mol), tetraethyl orthosilica (TEOS), cetyltrimethyl 
ammonium bromide (CTAB), ethanol and hydrochloric acid 
were purchased from Merck (USA). All materials were used 
as received without further purification. Deionized water 
was used in all experiments.

2.2.  Preparation of PAA/SiO2 and PAA/SiO2/TMPTMS 
 solutions

A solution of mercapto groups functionalized with 
PAA/SiO2 for the electro spinning process was prepared by 

the following procedures. First, a 20% wt PAA solution was 
prepared by dissolving 6.567 g of PAA in 10 ml of deionized 
water. For the preparation of a PAA/TiO2/TMPTMS solu-
tion, a 25 wt.% CTAB solution was first prepared by dis-
solving 0.5 g of CTAB in 2 ml of ethanol and then sonicated 
for 15 min at 50°C. After that, 2 ml of TEOS and 0.5 ml of 
TMPTMS were added drop wise to the solution and then 
sonicated for 30 min at 50°C to obtain a homogeneous solu-
tion. During the reaction, 2 M of HCl solution was applied 
drop wise and sonicated continuously at 50°C until a sol 
was formed. Finally, 10 ml of a 20wt% PAA solution was 
added and sonicated continuously for 18 h. 

For comparison, the PAA/SiO2 gel without mercapto 
functionalized groups was also prepared in a manner sim-
ilar to the above mentioned method using 2.5 m of TEOS 
without TMPTMS in the second step.

2.3.  Preparation of PAA/SiO2 and PAA/SiO2/TMPTMS 
 composite nanofibers

In order to produce nanofibers, each of the above 
homogenous solutions was put in a plastic syringe with a 
needle diameter of 0.6 mm. The as-prepared solutions were 
then electro spun under a fixed voltage of 22 kV. The feed-
ing rate of the polymer solution was 0.005 ml/min and the 
distance from the tip to the aluminium foil collector was 
15 cm. The nanofiber were separated from the surface col-
lector, dried to remove moisture, and used for further anal-
ysis and application.

2.4. Characterization studies

The composite nanofibers were examined by FTIR model 
8300 IR-TF (Shimadzu, Japan) in the wave number range of 
4000–400 cm–1. The surface morphology of the composite 
nanofiber was investigated using a scanning electron micros-
copy (SEM) (JSM-6360 LV, Japan) and transmission electron 
microscopy (TEM) (Hitachi H-600-II, Japan). The surface area 
of the PAA/SiO2 and PAA/SiO2/TMPTMS composite nano-
fibers was measured using the Brunauer-Emmett-Teller (BET) 
analyzer (Micromeritics Gemini III 2375, USA). The pore size 
distributions were calculated using the Barret-Joyner-Hal-
enda (BJH) model by means of a porosimeter (Autoporel V 
9500, Micromeritics Co., USA).

2.5. Adsorption studies

The adsorption experiment was carried out by mixing 
0.01 g of composite nanofiber with 25 ml of HA solution in 
a flask. The effect of pH on the sorption of HA was studied 
in the range of 2–12, at the contact time of 2 h and 25°C. 
The effect of the agitation time on the adsorption capac-
ity of the adsorbent was investigated by varying the time 
from 0 to 200 min, at an optimum pH and 25°C. The effect 
of the initial HA concentration was studied in the range of 
10–300 mg/l, at 25°C and at optimum contact time. The 
effect of the adsorbent dose on the adsorption capacity was 
studied in the range of 0.005–0.05 g in 25 ml of HA solution 
at an optimum contact time and pH and 25°C. The effect of 
temperature on HA adsorption was studied by performing 
experiments at 25, 45, 60 and 75°C at optimum contact time, 
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pH and dose. The concentration of HA solution before and 
after adsorption was determined using an ultraviolet-vis-
ible spectrophotometer model UV-Vis 1601 (Agilent 8453, 
USA) at the l 254 nm [8,11]. The percentage adsorption of 
HA was calculated using the following equation:

% Adsorption =
−

×
C C

C
i e

i

100  (1)

where Ci and Ce are the initial and final concentrations of HA 
(mg·L–1) in solution, respectively. The adsorbent adsorption 
capacity in a system with the volume of solution V (L) is 
expressed as:

q V
C C

me
i emg.g 1−( ) −

×=  (2)

where Ci and Ce are the initial and final concentrations of 
HA (mg·L–1) in solution, respectively and m is the mass of 
the adsorbent (g) used.

3. Results and discussion

3.1. Adsorbent characterization

The FTIR spectra of functional groups of pure PAA 
nanofibers, PAA/SiO2 and PAA/SiO2/TMPTMS compos-

ite nanofibers are shown in Fig. 1. The broad band was 
observed from 3100 to 3600 cm–1 in pure PAA nanofiber 
corresponding to –OH stretching. The characteristic bands 
of 2849, 2916 and 1420 cm–1 are attributed to the stretching 
vibrations of the C-H and C-O bonds, respectively. 

The band observed at 1600 cm–1 is caused by the func-
tional groups of C=O. A new broadband of about 800–
1300 cm–1 was observed in both PAA/SiO2 and PAA/SiO2/
TMPTMS composite nanofiber due to the Si-O-Si stretching 
vibration. For PAA/SiO2/TMPTMS composite nanofiber, 
the weak bands observed at 2557 cm–1 are related to the –
SH stretching, which indicates that the mercapto group has 
been successfully inserted into the nanofiber. 

The surface morphology of pure PAA nanofiber, PAA/
SiO2 and PAA/SiO2/TMPTMS composite nanofibers was 
explored by scanning electron microscopy (SEM), as shown 
in Fig. 2. The morphology of pure PAA nanofiber is shown 
in Fig. 2a. As shown in Fig. 2a, the surface of the pure PAA 
nanofiber is compact and smooth. SEM image of PAA/SiO2 
composite nanofiber is shown in Fig. 2b. The SEM image 
clearly shows that the nanofiber has ultra fine fibers with 
an average diameter of 382 nm. The SEM images of PAA/
SiO2/TMPTMS composite nanofibers are given in Fig. 2c. 
As can be seen in Fig. 2c, the perfect uniform fibers without 
any drops and beads were obtained. From Fig. 2c, it was 
also shown that the diameter of the PAA/SiO2/TMPTMS 
composite nanofiber obtained is smaller than the diameter 
of the PAA/SiO2 composite nanofiber. This observation is 
similar to that reported by other researchers [24]. 

The characteristics of pure PAA nanofiber, PAA/SiO2 
and PAA/SiO2/TMPTMS composite nanofibers are shown 
in Table 1. It can be seen from Table 1 that the surface area, 
the average pore diameter and the pore volume of PAA/
SiO2/TMPTMS composite nanofibers are greater than both 
pure PAA and PAA/SiO2 composite nanofibers. However, 
in comparison with some other SiO2 composite mesoporous 
materials reported [23,25,30], the PAA/SiO2/TMPTMS 
composite nanofiber synthesized in this study possessed a 
relatively lower specific surface area.

3.2. Adsorption studies

3.2.1. Effect of contact time

The adsorption percentage of HA on both PAA/SiO2 
and PAA/SiO2/TMPTMS composite nanofibers is plotted 

Fig. 1. FTIR spectrum of (a) PAA, (b) PAA/SiO2 and (c) PAA/
SiO2/TMPTMS nanofiber adsorbents.

 (A) (B) (C)

Fig. 2. SEM images of (a) PAA, (b) PAA/SiO2 and (c) PAA/SiO2/TMPTMS nanofiber adsorbents.
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in Fig. 3 as a function of the adsorption time. Within the first 
forty minutes, the adsorption percentage of HA increased 
sharply. After that, the amount of adsorption leveled off 
and gradually reached equilibrium. This is due to the high 
availability in a series of active sites on the surface of the 
adsorbent in the early stages.

From Fig. 3, we can also observe that the adsorption 
percentage of HA using the PAA/SiO2/TMPTMS compos-
ite nanofiber is higher than that of the PAA/SiO2 compos-
ite nanofiber for the same agitation time period. This result 
demonstrates the effect of the mercapto groups of the PAA/
SiO2/TMPTMS composite nanofiber for the HA adsorption.

3.2.2. Effect of pH

pH is one of the important parameters for controlling 
the adsorption in water-adsorbent interfaces. The effect of 
pH on the adsorption percentage of HA of the PAA/SiO2/
TMPTMS composite nanofiber is shown in Fig. 4. From Fig. 
4, it can be seen that the adsorption percentage of HA of the 
PAA/SiO2/TMPTMS composite nanofiber increases with 
increasing pH of the solution and reaches a maximum at 
pH 4.0, and then decreases with increasing pH values.

The pH effect on the adsorption of HA can be explained 
by electrostatic mechanisms. HA molecules mostly contain 
carboxyl and phenolic functional groups that contribute to 
the overall molecular charge of HA. At pH < 4, the adsor-
bent surface is positively charged due to the protonation of 
the silane and mercapto groups [24,29,30], while the overall 
charge of the HA macromolecules becomes less negative, 
resulting in electrostatic repulsion that leads to decreased 
adsorption of HA. 

At pH > 4.0, the surface of PAA/SiO2/TMPTMS com-
posite nanofiber becomes less positive, while the hydro-
philic functional groups of HA deprotonates and the overall 
charge of an HA macromolecule become more negative. 
This results in an increase in repulsion between HA and 
composite nanofiber, thus causing a decrease in the adsorp-
tivity of HA. In addition, at high pH, there exist a fairly lin-
ear or stretched structure [4], resulting in an increase in the 
size of HA macromolecules and causes less adsorption of 
HA on the adsorbent surface.

3.2.3. Effect of dose

The adsorbent dose is an important parameter in the 
adsorption process, since it is related to the adsorption 
capacity of an adsorbent. Fig. 5 shows the effect of the 
adsorbent dose on adsorption percentage of HA at 25°C 

and at pH 4.0. From Fig. 5, it can be seen that initially the 
adsorption percentage of HA increased with increasing 
adsorbent dose, which was attributed to an increased sur-
face area and availability of more adsorption sites on the 
PAA/SiO2/TMPTMS composite nanofiber. Above a dose of 

Fig. 3. Effect of contact time on HA adsorption from aqueous 
solution.

Fig. 4. Effect of pH on HA adsorption from aqueous solution.

Fig. 5. Effect of adsorbent dose on HA adsorption from aqueous 
solution.

Table 1 
Physical properties of PAA, PAA/SiO2 and PAA/SiO2/TMPTMS 
nanofiber adsorbents

Parameters PAA PAA/
SiO2

PAA/SiO2/
TMPTMS

BET surface area (m2/g) 53.38 87.76 108.54
Average diameter (nm) 681 382.5 246
Average pore diameter (nm) 3.28 3.76 4.28
Pore volume (cm3/g) 0.412 0.475 0.627
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0.01 g adsorbent, the adsorption percentage increase of HA 
is small and negligible. Therefore, 0.01 g was chosen as the 
adsorbent dose for all adsorption experiments. 

3.2.4. Effect of initial concentration

The initial concentration provides a driving force to 
overcome all the mass transfer resistance of the adsorbate 
between the aqueous and the solid phase [2,9,10,17,21], 
which affects the rate of adsorbate molecule in the solution 
[2]. Fig. 6 shows that the adsorption percentage of HA of 
PAA/SiO2/TMPTMS composite nanofiber increased from 
56.31 to 97.48% at 25°C with increasing initial concentra-
tion of HA. This is because at low initial concentrations 
of HAs, the adsorbent sites available in the adsorbents are 
easily occupied by HA molecules. Conversely, with an ini-
tial increase in HA concentrations, most of the available 
adsorption sites become occupied, and thus the adsorption 
capacity becomes fixed. 

3.2.5. Effect of temperature

Fig. 7 shows that as the temperature of the solution 
increases, the adsorption percentage of HA also increases. 
This indicates that favorable adsorption occurs at higher 
temperatures. The phenomenon may be due to the increase 
in the diffusion rate and the mobility of the HA molecules 
through the surface of the adsorbent. In other words, by 
increasing the temperature, the HA adsorption percent-
age of PAA/SiO2/TMPTMS composite nanofiber can be 
increased. In addition, an increase in temperature also 
causes swelling in the internal structure of the adsorbent, 
thereby facilitating the penetration of HA molecules into 
the adsorbent [8,12]. This indicates that the adsorption of 
HA into the PAA/SiO2/TMPTMS adsorbent nanofiber is 
controlled by an endothermic process.

3.2.6. Adsorption isotherm 

The adsorption isotherm describes the relationship 
between the amount of solute adsorbed on the adsorbent 
and the amount of solute remaining in the solution at equi-

librium. In this case, the Langmuir and Freundlich models 
were used to describe the adsorption of HA on the PAA/
SiO2/TMPTMS composite nanofiber. The Langmuir model 
was used to describe the adsorption of a sorbate on a homo-
geneous surface of an adsorbent, and each adsorptive 
site can only be occupied by one molecule of adsorbate. 
The Freundlich adsorption equation was used to describe 
experimental adsorption data based on empirical equations 
that are used to describe multilayer adsorption on a hetero-
geneous surface. The non-linear Langmuir model equations 
can be expressed as follows:

q
q b C

b Ce
m e

e

=
⋅ ⋅

+ ⋅1
 (3)

The Freundlich equation can be written as:

qe = KfCe 
1/n  (4)

where Ce represents the equilibrium concentration (mg·L–1), 
qe and qm represent the amount adsorbed per amount of 
absorbent at the equilibrium and at maximum (mg·g–1), 
respectively, b is the Langmuir constant (L·mg–1). Kf (mg·g–1) 
and n are Freundlich parameters related to the sorption 
capacity and the sorption intensity of the adsorbent.

Fig. 8 shows the Langmuir and Freundlich isotherm 
curves for the adsorption of HA on PAA/SiO2/TMPTMS 
composite nanofiber and its adsorption isotherm parame-
ters are shown in Table 2. Table 2 shows that the correlation 
coefficient of Langmuir isotherm is higher than Freundlich 
isotherm, indicating that the HA adsorption on the PAA/
SiO2/TMPTMS composite nanofiber follows the Langmuir 
model, with maximum monolayer HA adsorption capacity 
of 427.62 mg/g.

The essential feature of the Langmuir isotherm can be 
expressed in terms of a dimensionless constant separation 
factor, RL [2,4,18,24], which is expressed as:

RL = [1/(1+b·Co)]  (5)

The RL value is classified into 3 categories: RL = 0, 0 < RL 
< 1, and RL > 1, indicating that the adsorption is irreversible, 
favorable, and unfavorable, respectively [2,4,18,24]. 

Fig. 6. Effect of initial concentration on HA adsorption from 
aqueous solution. Fig. 7. Effect of temperature on HA adsorption from aqueous 

solution.
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Fig. 9 shows the relationship between the RL values 
with the initial concentration of HA. From Fig. 9, it can be 
seen that as the initial concentration of HA increases, the 
RL value decreases. This shows that HA adsorption on the 
PAA/SiO2/TMPTMS composite nanofiber was more favor-
able at higher initial HA concentrations.

3.2.7. Adsorption kinetics 

Adsorption kinetics is an important parameter for 
determining the rate and mechanism of reactions. In order 
to investigate the adsorption kinetics of HA on the PAA/
SiO2/TMPTMS composite nanofiber, three different kinetics 
models, pseudo first-order and pseudo second-order rate 
models as well as intra-particle diffusion models, were used 
in this study. The linearized form of the pseudo first-order 
kinetics equation is shown in Eq. (6):

log (qe – qt) = log qe – (k1/2.303) t  (6)

where qe and qt are the adsorption capacity (mg/g) at equi-
librium and at time, t (min), respectively, and k1 (min–1) is 
the Lagergren rate constant of adsorption. The rate constant 
k1 and qe were determined from the intercept and the slope 
of a plot of log (qe – qt) vs. t. 

The pseudo-second-order kinetic model was also ana-
lyzed to fit the data and is given by:

t/qt =1/k2·qe
2 +t/qe (7)

where k2 (g mg–1 min–1) is the pseudo-second-order rate con-
stant of adsorption. The values of k2 and qe can be obtained 
from the intercept and the slope of the linear plot of (t/qt) 
vs. t.

From Fig. 10 it was observed that the pseudo-sec-
ond-order kinetic model adequately fit the experimen-
tal values. In addition, the value of qe calculated by the 
pseudo- second-order model is closer to the experimental 
value than the pseudo-first-order model (Table 3). These 

Fig. 8. Isotherm curve for HA adsorption from aqueous solution. Fig. 9. RL for the adsorption of HA onto PAA/SiO2/TMPTMS 
nanofiber adsorbents.

(a)

(b)

Fig. 10. Pseudo-first order (a) and pseudo-second order (b) plots 
for HA removal from aqueous solution.

Table 2 
Langmuir and Freundlich parameters for HA adsorption onto 
PAA/SiO2/TMPTMS nanofiber adsorbents

Langmuir Model Freundlich Model

b (L·mg–1) qm (mg·g–1) R2 n Kf (mg·g–1) R2

0.09 427.62 0.997 2.33 56.92 0.883
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results suggest that HA adsorption on the PAA/SiO2/
TMPTMS composite nanofiber follows the pseudo-sec-
ond-order kinetic model.

The intra-particle diffusion model can be defined as:

qt = kd·t1/2 + C   (8)

where kd is the diffusion rate constant (mg·g–1·min–1/2). The 
value of kd can be determined from the slope of the straight 
line. 

Fig. 11 shows the Weber and Morris plots for HA 
adsorption at all temperatures used. As can be seen from 
Fig. 11, the plots show two linear portions. The first  
portion relates to the boundary layer diffusion (film 
diffusion), and the slope of the second linear portion is 
the rate constant for intra particle diffusion. Fig. 11 also 
shows that the plot of qt vs. t1/2 does not pass through 
the origin, which indicates that the adsorption process 
of HA is not controlled only by intra-particle diffusion 
[2,4,8,11].

The kinetic parameters calculated from the diffusion 
kinetic models are listed in Table 4. Both kd1 and kd2 val-
ues were found to increase with increasing temperature. 
This indicates that increasing temperature increases the 
migration of HA to the PAA/SiO2/TMPTMS composite 
nanofiber. 

3.2.8. Thermodynamic adsorption

Thermodynamic parameters play an important role in 
adsorption process, which determines the degree of the 
spontaneous process. The thermodynamics of HA sorption 
on the PAA/SiO2/TMPTMS composite nanofiber was eval-
uated using the following equations:

DGo = –RT ln b (9)

lnb
S
R

H
R T

o o

= −
⋅

Δ Δ
  (10)

where R and b (L/mg) are the gas constant and the Lang-
muir isotherm constant, respectively and T is the absolute 
temperature. The thermodynamic parameters (DGo, DHo 
and DSo) are shown in Table 5.

The positive DG° value at all temperatures con-
firms the endothermic and non-spontaneous nature of 

the adsorption process, while the positive DH° value 
indicates that the adsorption process is endothermic in 
nature. From Table 5, DSo value was also observed to be 
positive, indicating the increased randomness in the solid 
(adsorbent)-HA solution interface during the adsorption 
and also reflects a high affinity adsorbent of HA mole-
cules [4,9–11,24,25].

3.2.9. Activation energy

Generally, an increase in the temperature of a chem-
ical reaction increases the rate of the reaction, and the 
temperature dependence results in a change in the rate 

Fig. 11. Plots of intra-particle diffusion model for HA removal 
from aqueous solution.

Table 3
The pseudo-first-order and second-order kinetics parameters for HA adsorption from aqueous solution using PAA/SiO2/TMPTMS 
nanofiber adsorbents

Temperature Pseudo-first-order Pseudo-second-order

(oC) k1 (min–1) qe, cal
(mg/g)

R2 k2 
(g mg–1min–1)

qe, cal
(mg/g)

R2 qe, exp
(mg/g)

25 0.0525 194.40 0.972 0.0005 212.77 0.993 210.25
45 0.0617 186.94 0.991 0.0007 227.27 0.997 223.12
60 0.0728 180.88 0.993 0.0012 232.56 0.999 235.16
75 0.0781 161.03 0.974 0.0018 243.90 0.998 242.50

Table 4 
Parameter of the intra-particle diffusion model for for HA 
adsorption onto PAA/SiO2/TMPTMS nanofiber adsorbents

Temperature 
(oC)

kd1 
(mg·g–1·min–1/2)

R2 kd2 
(mg·g–1·min–1/2)

R2

25 0.3877 0.992 0.0024 0.720
45 0.4468 0.992 0.0126 0.684
60 0.4946 0.985 0.0232 0.700
75 0.6705 0.976 0.0236 0.802
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constant. The relationship between the reaction rate and 
temperatures is given in the Arrhenius equation:

ln   k ln A
E

R T
a= −
⋅

  (11)

where k is rate constant for sorption (g·min–1), Ea is the acti-
vation energy (kJ/mol), A is the Arrhenius factor, R is the 
gas constant (8.314 J/mol K) and T is the absolute tempera-
ture of the solution (K). In this study, the activation energy 
of the sorption process was calculated using the values of 
the rate constant from a pseudo-second-order kinetic equa-
tion at four different temperatures. The linear plot of ln k2 
versus 1/T gives a straight line with a slope of –Ea/R (fig-
ure not shown here). The activation energy obtained in this 
study was 22.48 kJ/mol. The positive value of Ea indicates 
that an increase in temperature favors the adsorption of HA 
on the PAA/SiO2/TMPTMS composite nanofiber, and that 
the adsorption process is endothermic in nature [4,8,11].

3.2.10.  Regeneration of PAA/SiO2/TMPTMS composite 
nanofiber

The regeneration of the adsorbent is very important in 
the adsorption process, because the reuse of the adsorbent 
is a key factor in improving process economics [24]. The 
most common stripping agents used to regenerate adsor-
bents are NaOH, HCl, HNO3, EDTA, CaCl2, and organic 
solvents such as methanol and ethanol [12]. In this study, 
the stripping agent used was 1 mol/L of HCl at an initial 
HA concentration of 200 mg/l and 25°C. The results for the 
cycling and reusability of the PAA/SiO2/TMPTMS com-
posite nanofiber are shown in Fig. 12. According to Fig. 12, 
even in five regeneration cycles, the adsorption percentage 
of HA decreased only from 83.30 to 78.25. This indicates 
that the adsorption capacity of the PAA/SiO2/TMPTMS 
composite nanofiber for HA was almost fully restored, and 
can be reused frequently with almost no significant loss in 
adsorption performance.

3.2.11.  Comparison of HA removal with other adsorbents 
reported in literature

It is also important to compare the value of the maximum 
adsorption capacity obtained from this study with the val-
ues from other reported adsorbents, as this would indicate 
the effectiveness of PAA/SiO2/TMPTMS composite nanofi-
ber for HA removal. The adsorption capacity values for HA 
removal using some adsorbents are shown in Table 6.

Table 6 
Comparison of adsorption capacity of various adsorbent for HA 
removal

Adsorbent(s) qm 
(mg/g)

pH Reference

Activated carbon 6.9 – [1]
Activated carbon 30.4 2 [2]
Cellulose 89.3 2 [2]
Chitosan-zeolite composite 74.1 7 [4]
Chitosan-zeolite composite 
surfactant-modified

164 7 [4]

Molecularly imprinted 
polymers (MIPs)

45.45 2 [8]

Fe3O4 43.32 2 [9]
Fe3O4-chitosan hybrid 44.84 4 [10]
Molecularly imprinted 
polymers (MIPs) nanofiber

153.3 4 [11]

Powder eggshell 126.58 4 [12]
Zinc oxide-coated zeolite 109–120 – [17]
Bentonite 4.01 – [18]
SiO2 particles (100 nm) 165.6 4 [19]
Single wall carbon nanotubes 116 4 [21]
PAA/SiO2/TMPTMS nanofiber 427.62 4 This study

Table 5
Thermodynamic parameters for the HAs adsorption onto PAA/
SiO2/TMPTMS nanofiber adsorbents

Temperature 
(oC)

b  
(L/mg)

DGo  
(kJ/mol)

DHo  
(kJ/mol)

DSo  
(J/mol.K)

25 0.092 5.914
22.41 55.5945 0.172 4.656

60 0.264 3.688
75 0.327 3.235

From Table 6, it was observed that the maximum 
adsorption capacity at equilibrium of PAA/SiO2/TMPTMS 
composite nanofiber adsorbents was better than most other 
materials in the previous literature studies. It could be used 
as a promising and effective adsorbent to be used in the 
drinking water treatment process.

4. Conclusions

In this study, poly(acrylic acid)/SiO2 (PAA/SiO2) com-
posite nanofiber functionalized with mercapto groups have 
been prepared. The composite nanofibers display high 
adsorption for HA molecules. The HA adsorption capacity 

Fig. 12. Removal efficiency of HA on PAA/SiO2/TMPTMS nano-
fiber at different regeneration cycles.
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of PAA/SiO2/TMPTMS composite nanofiber was found 
to increase with increasing contact time, adsorbent dosage 
and temperature. The adsorption kinetics of HA on the 
PAA/SiO2/TMPTMS composite nanofiber accorded with 
the pseudo-second-order model. The equilibrium isotherm 
of these HA was obtained, which was best fitted to the 
Langmuir isotherm model than the Freundlich isotherm 
model. Based on the Langmuir isotherm model, the max-
imum monolayer HA adsorption capacity for PAA/SiO2/
TMPTMS composite nanofiber was 427.62 mg/g. The ther-
modynamic parameters indicated that the adsorption of 
HA on the PAA/SiO2/TMPTMS composite nanofiber was 
non-spontaneous and endothermic in nature. The results 
of this work show that PAA/SiO2/TMPTMS composite 
nanofiber is a potential adsorbent for its use in the drinking 
water treatment process.
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