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a b s t r a c t

Aminopropyl triethoxysilane (APTES) modified palygorskite (PA-NH2) was prepared and char-
acterized by Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, thermo 
gravimetric analysis and zeta potential tests, and it’s adsorption behavior for humic acid (HA) was 
studied. Characterized results suggested that aminopropyl group was successfully anchored on 
the surface of palygorskite. Maximum adsorption capacity of HA on PA-NH2 is 71.43 mg/g at 25°C, 
which is remarkably higher than pure PA. HA adsorption on PA-NH2 decreased monotonously with 
an increase of solution pH. The presence of Na+ and Ca2+ increased HA adsorption on the adsorbent 
by the neutralized electrostatic repulsion between HA molecules to be adsorbed and adsorbed. HA 
adsorption over PA-NH2 could be well described by Freundlich model and the adsorption process 
obeyed pseudo-second order kinetics model. PA-NH2 has good desorption capability in alkaline 
solution and can be recycled. XPS analysis demonstrates that HA adsorption on the PA-NH2 is due 
to the formation of new complex by electrostatic attraction between protonated amino groups of the 
adsorbent and disassociated carboxyl and phenolic hydroxyl groups of HA molecules. The com-
petitive adsorption of OH– anions with negatively charged HA molecules for amino groups of the 
adsorbent led to the desorption of HA adsorbed on the adsorbent.
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1. Introduction

The presence of humic acid (HA) in water may cause a 
great influence on the transport of toxic heavy metals and 
other organic pollutants by reacting with these matter, and 
membrane fouling during membrane separation process 
[1,2]. HA may also act as a nutrient of microorganism in 
drinking water distribution system. Furthermore, HA is also 
recognized as the major precursor of carcinogenic disinfect-
ing byproducts formed in chlorinated drinking water [3–5]. 
Therefore, the development of effective treatment methods to 
eliminate HA from aqueous solution is of great importance.

Due to its simplicity and high efficiency, adsorption 
technique has attracted great attention for the removal 

of HA from aqueous solution. Development of high effi-
ciency and low cost adsorbent is the key to the success of 
adsorption method. Recently, natural mineral adsorbents 
were frequently developed for the elimination of aqueous 
HA because of their abundance and cost effectiveness. For 
example, zeolitic tuff [6], kaolinite [7,8], bentonite [9,10], 
montmorillonite [11], palygorskite [12], vermiculite/paly-
gorskite [13], were used as an adsorbent for HA removal. 
Palygorskite (PA) is an aluminum-magnesium with fibrous 
morphology, which is abundant in China. Due to its phys-
icochemical characteristics (high surface area and porosity, 
moderate ionic exchange capacity and chemical inertness), 
PA is highly valued for its adsorption properties. However, 
PA has permanent negative charges on its surface in aque-
ous solution, which may suppress its adsorption for the 
negatively charged HA molecules. Surface modifications 
of PA with inorganic or organic reagents may augment the 
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adsorption performance for aqueous HA. Aminated adsor-
bents including aminated polyacrylonitrile fibers [14], chi-
tosan [15,16], amine functionalized magnetic mesoporous 
composite microspheres [17], amine-modified polyacryl-
amide–bentonite composite [18], magnetic separable poly-
aniline [19], have been found to be efficient to remove HA 
from aqueous solution. Therefore, amino-functionalization 
of PA may improve its adsorption for HA, for example, 
polyaniline modified attapulgite composite showed high 
adsorption capacity for aqueous HA [20]. Nevertheless, 
to our best knowledge, no studies have been conducted to 
develop the aminopropyltriethoxysilane (APTES) modified 
PA for the removal of HA from aqueous solution.

In this study, APTES modified PA (PA-NH2) was pre-
pared and characterized by Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS), 
thermo gravimetric analysis (TGA) and zeta potential mea-
surement. The adsorption and desorption characteristics 
of PA-NH2 for HA in aqueous solution were evaluated by 
batch experiments. The possible adsorption and desorption 
mechanism of HA on the adsorbent was also advised.

2. Materials and methods

2.1. Materials

The raw PA with an average particle size of 300 mesh 
screen used in this work was purchased from Jiangsu Hui 
Da Mining Technology Co. Ltd. Humic acid sodium and 
3-aminopropyltriethoxysilane (APTES) were supplied from 
Aldrich Company. Other chemicals purchased from Sino-
pharm Chemical Reagent Co. Ltd., China were of analytical 
grade and used without further purification.

2.2. Preparation of PA-NH2

The raw PA was purified by acid treatment. Briefly, 20 
g raw PA was dispensed in 200 ml of distilled water and 
sonicated for 30 min. The large solids in the bottom were 
removed. PA after sonication treatment was added to 200 
ml of 1 mol/L HCl with constant stirring for 8.5 h to remove 
carbonate and adsorbed cations. The solids were filtered 
and washed with distilled water until neutral pH, followed 
by drying at 105°C under vacuum for 12 h. To prepare 
PA-NH2, 4.0 g purified PA was dispensed in 250 ml three-
necks flask with 160 ml of toluene and sonicated for 30 min. 
Then 6 ml of APTES was added to the flask, and the mixture 
was refluxed at 110°C with constant stirring for 12 h under 
a nitrogen flow (40 ml/min). The resulting solids were fil-
tered and washed by ethanol extraction for 12 h to remove 
the unreacted APTES, followed by drying at 70°C for 12 h 
under vacuum conditions. 

2.3. Adsorbent characterization

The FTIR spectra of PA and PA-NH2 were recorded on 
a Vector-22 FTIR spectrometer (Bruker, Germany) with the 
KBr pellet technique. XPS (Perkin Elmer PHI 550 ESCA/
SAM, USA) equipped with a monochromatized AlKa X-ray 
radiation at 1486.6 eV was used to analyze the surface prop-
erties of the samples. TGA curves of two samples were 

conducted using a Perkin–Elmer Pyris 1 TGA instrument 
(Perkin–Elmer, USA) from 25 to 600°C under N2 at a heating 
rate of 10°C/min. Zeta potentials of PA and PA-NH2 were 
determined on a zeta potential analyzer (Brookhaven, USA). 

2.4. Adsorption experiments

The batch experiments were conducted to determine 
the adsorption isotherm of HA on PA-NH2. In detail, 20 
mg PA-NH2 was placed in Teflonline capped glass tube 
receiving 40 ml of HA solution with the initial concentra-
tion at 15.8~157.5 mg/L and pH 6.6~7.0. The mixture was 
transferred into an incubator and shaken at 160 rpm. After 
achieving to adsorption equilibrium, the adsorbents were 
filtered from the aqueous solution and residual concentra-
tion of HA were tested by a UV-vis spectrophotometer at 
254 nm wavelength. The amount of HA adsorbed on the 
adsorbent were calculated based on the difference of the ini-
tial and residual concentration of HA in aqueous solution.

To determine the effect of contact time on HA adsorp-
tion on the adsorbents, 200 mg PA-NH2 were dispensed 
in 500 ml three-necks flask containing 400 ml HA solution 
with the initial HA concentration with 31.5, 63.0 and 126.0 
mg/L, respectively, at pH 6.8~7.0. The mixture was stirred 
continuously, and at the predetermined interval, 4 ml of the 
mixture was withdrawn and filtered. The concentration of 
HA in the supernatant at different time intervals was deter-
mined spectrophotometrically.

The effect of solution pH on HA adsorption onto PA-NH2 
was investigated by dispensing 20 mg PA-NH2 in 40 ml of 
63.0 mg/L HA solution at pH range of 2–10. The different 
solution pH was adjusted by 0.1 mol/L NaOH and HCl 
solution. For the effect of cations, 20 mg PA-NH2 was dis-
pensed in 40 ml HA solution with initial HA concentration 
at 15.8~157.5 mg/L and Na+ concentration of 5 mmol/L or 
Ca2+ concentration of 0.5 mmol/L and pH 6.6~7.0. The effect 
of ionic concentration on HA adsorption onto the adsorbent 
was also conducted. Briefly, 20 mg PA-NH2 was added into 
40 ml of 63.0 mg/L HA solution with ionic concentration of 
Na+ and Ca2+ at 0.25~10 mmol/Land pH 6.7~6.9.

2.5. Regeneration of the adsorbent

To determine the desorption and regeneration property 
of the adsorbent, 20 mg PA-NH2 was added to 40 ml of 82.16 
mg/L HA solution. After reaching adsorption equilibrium, 
HA saturated PA-NH2 was separated and re-dispensed into 
20 ml of 0.01 mol/L NaOH solution and shaken at 160 rpm 
for 10 h. The adsorbent was separated centrifugally and 
washed with deionized water for three times. The regener-
ated adsorbent was explored for the removal of HA in sub-
sequent cycles.

3. Results and discussion

3.1. Adsorbent characterization

The FTIR spectra of PA and PA-NH2 are shown in Fig.1. 
From the results, several new bands were seen on the spec-
trum of APTES modified PA. The bands at 694, and 1471 
cm–1 are ascribed to the stretching and bending vibrations 
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of amino group on the surface of the adsorbent. The bands 
at 1386 and 2930 cm–1 are assigned to the C–H stretching 
vibration of the CH2 in alkyl chain on the surface of PA [21].
The results indicate that PA has been successfully modified 
by aminopropyl silane coupling agents. The similar results 
were obtained for XPS survey spectra of PA and PA-NH2 (in 
Fig. S1). From the plot, the presence of the elements such as 
Si, Al, Mg, C and O in two samples was observed, which 
are the typical elements of PA. For PA-NH2, a new peak at 
binding energy about 400 eV assigned to N1s was appeared 
and the atom ratio of N element was 4.07%, which again 
confirms the successful modification of PA with APTES.

The TGA curves of PA and PA-NH2 are shown in Fig. 2. 
From the results, the obvious weight losses at tempera-
ture below 200°C were observed for two samples, which is 
ascribed to the surface adsorbed water and zeolite water on 
the surface of PA and PA-NH2 [22]. The weight loss of 4.31% 
at temperature of 200~580°C in PA is assigned to the depar-
ture of constitutional water. For PA-NH2, the weight loss 
of 7.35% at temperature of 200~580°C is attributed to the 
decomposition of aminopropyl group on the PA surface and 
the loss of constitutional water. By subtracting the weight 
loss of lattice water, the weight percent of aminopropyl 
group on the surface of PA-NH2 is 3.04%. Zeta potentials of 
PA and PA-NH2 are shown in Fig. S2. It was observed that 
the isoelectric points (IEP) of PA and PA-NH2 were at pH 
1.95 and 5.80, respectively. Surface modification of PA with 
APTES greatly improves the IEP of PA, which is beneficial 
for the adsorptive removal of negatively charged HA mole-
cules in aqueous solution.

3.2. Adsorption experiments

3.2.1. Effect of solution pH

Effect of solution pH on the amount of HA adsorbed 
onto PA-NH2 is shown in Fig. 3. From the result, the amount 
of HA adsorbed on the adsorbent decreases continuously 
with an increase of solution pH, and the obvious declining 
trend is observed at pH above 6.2. This may be attributed to 

the changes of physicochemical properties of HA molecules 
and the adsorbent. HA molecules are negatively charged 
because of the dissociation of carboxyl groups and pheno-
lic groups at pH above 1.9 [20]. Whereas amino groups of 
PA-NH2 particles are protonated at pH below 9.8 [23], invok-
ing the electrostatic attraction between HA molecules and 
the protonated amino groups of adsorbent, which results 
in the effective adsorption of HA on PA-NH2. At low pH 
(below 3), the structure of HA molecules becomes more 
spherical and can form tiny aggregates, which may result in 
HA flocculation, leading to enhanced HA adsorption [15,24]. 
With increasing solution pH, the decreased protonation of 
aminopropyl group would weaken the electrostatic attrac-
tion with HA molecules, which resulted in the decreased HA 
adsorption on the adsorbent. In addition, the IEP of PA-NH2 
is at pH 5.8, which is co-determined by the hydroxyl group 
and aminopropyl group on the surface of PA-NH2. The 
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adsorbent would carry the negative charges at pH above 5.8, 
inducing the electrostatic repulsion between the adsorbent 
and negatively charged HA molecules, which accounts for 
the significant decrease of HA adsorption on PA-NH2. The 
low amount of HA adsorbed on the adsorbent at high pH 
suggests that hydrogen bonding and van der Waals forces 
between PA-NH2 and HA may also play a role in the HA 
adsorption. However, the electrostatic interaction is superior 
to hydrogen bonding interaction for HA adsorption. 

3.2.2. Effect of background ions

Background ions are generally present in water, hence 
it is necessary to study the effect of Na+ and Ca2+ on HA 
adsorption. The impact of background ions on HA adsorp-
tion onto PA-NH2 was conducted by addition of Na+ and 
Ca2+ in different concentration of HA, and the results were 
shown in Fig. 4a. From the results, the presence of Na+ and 
Ca2+ substantially increased the amount of HA adsorbed 
and the impact of Ca2+ is more obvious than that of Na+. 

The impact of Na+ and Ca2+ with different concentration 
on HA adsorption on the adsorbent was also studied, and 
the results are plotted in Fig. S3. For the effect of Na+, the 
amount of HA adsorbed on PA-NH2 increased with increas-
ing concentration of Na+. The continuous increase with 
increasing Ca2+ concentration was observed at initial con-
centration of Ca2+ below 2 mmol/L and gradually became 
stable with further increase of Ca2+ concentration. The 
enhanced HA adsorption in presence of Na+ and Ca2+ may 
be explained by the varying zeta potentials both in presence 
and absence of cations. As illustrated in Fig. 4b, the pres-
ence of Na+ and Ca2+ in the HA solution increases the zeta 
potential of HA in all initial HA concentration, which indi-
cates that the addition of Na+ and Ca2+ neutralizes the nega-
tive charges of HA molecules. The neutralization decreases 
the electrostatic repulsion between HA molecules in solu-
tion and adsorbed, leading to the enhanced HA adsorp-
tion. Moreover, the shape of HA molecules may become 
coiled and spherical, which improved the mass transfer of 
HA molecules and enhanced HA adsorption [25]. Another 
reason may be attributed to the re-adsorption of HA mole-
cules by interacting with the cations directly reacted with 
HA molecules adsorbed on the adsorbent [26]. The strong 
dependence of HA adsorption onto PA-NH2 on solution pH 
and ionic strength also suggested that electrostatic interac-
tion was the main adsorption mechanism.

3.2.3. Adsorption isotherms

Langmuir and Freundlich models are frequently 
adopted for the equilibrium adsorption process of organic 
and inorganic pollutions on adsorbents. Langmuir model 
and Freundlich model can be followed as:

Langmuir model:

q
q bC

bCe
m e

e

=
+1  (1)

Freundlich model:

q K Ce f e

1
n=  (2)

where qe (mg/g) is the equilibrium amount adsorbed, Ce 
(mg/L) is the equilibrium concentration of HA, qm (mg/g) 
is the theoretical saturation capacity, b (L/mg) is the affinity 
coefficient, Kf is Freundlich constant and 1/n is the hetero-
geneity factor.

Adsorption isotherm of HA on PA-NH2 at 25°C is 
shown in Fig. 5 and the simulated parameters calculated 
from Langmuir model and Freundlich model are tabulated 
in Table S1. From Fig. 5, the amount of HA adsorbed on 
PA-NH2 increases with increasing equilibrium HA concen-
tration and the maximum amount of HA adsorbed on the 
adsorbent is 77.28 mg/g in tested range, which is far higher 
than that of raw PA [20], indicating that amino group on the 
adsorbent accounts for the enhanced HA adsorption. From 
Table S1, the correlation coefficient (R2) for Freundlich model 
(0.992) is higher than that of Langmuir model (0.941), which 
indicates that HA adsorption on the adsorbent can be better 
described by Freundlich model than Langmuir model. It is 
inferred from the isotherm analysis that the adsorption of 
HA on the aminated adsorbent is a process built by cooper-
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ation of more than one mechanisms like electrostatic inter-
actions, hydrogen bonding and van der Waals forces. Since 
HA has a complex macromolecular structure, more than 
one kind of interactions can take role in its adsorption to 

PA-NH2. The calculated value of heterogeneity factor is less 
than one, indicating a beneficial process for the adsorption 
of HA on PA-NH2.

3.2.4. Adsorption kinetics

The pseudo-second order and pseudo-first order 
model are frequently used to follow the mass transfer pro-
cess of heterogeneous adsorption. The pseudo-first-order 
kinetic and pseudo-second kinetic model can be expressed 
as follows:

Pseudo-first-order kinetic equation:

log( ) log
.

q q q k
e t e

1− = −
2 303

t  (3)

Pseudo-second-order kinetic equation:

t
q k q q

t
t e e

= +
1 1

2
2  (4)

where qe (mg/g) is the amount adsorbed at equilibrium, qt 
(mg/g) is the amount adsorbed at time t (min), k1 (1/min) 
and k2 (g/mg·min) are the pseudo-first-order rate constant 
and pseudo-second-order rate constant, respectively.

Effect of contact time on HA adsorption on PA-NH2 
at initial HA concentration of 31.5, 63.0 and 126.0 mg/L is 
illustrated in Fig. 6 and the simulated parameters of HA 
adsorption on the adsorbent are tabulated in Table 1. From 
the results, the correlation coefficients (R2) calculated from 
the pseudo-second order kinetic is higher than that of pseu-
do-first order kinetic, and the calculated theoretical adsorp-
tion capacity of HA are almost identical to the experimental 
data, which indicates that the pseudo-second order kinetic 
is better than pseudo-first order kinetic to follow the HA 
adsorption process on the adsorbent and HA adsorption 
behavior is chemical adsorption. In addition, the adsorp-
tion rate constants (k2) with the initial HA concentration of 
31.5, 63.0 and 126.0 mg/L are 2.02 × 10–3, 1.36 × 10–3 and 
6.4 × 10–4 g/(mg·min), respectively, suggesting of a rapid 
HA adsorption at low initial HA concentration. This may be 
because that HA molecules at low concentration are easily 
bounded to the active sites of the adsorbent.

3.3. Regeneration of the adsorbent

Regenerability is an important factor to evaluate the 
reusability of the adsorbent. It is well known that alkaline 
conditions favor dissolution of HA in aqueous media. For 
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Table 1
Simulated parameters using pseudo-first order and pseudo-second order kinetics for HA adsorption onto PA-NH2 at initial HA 
concentration of 31.5, 63.0 and 126.0 mg/L, respectively

C0 

(mg/L)
qe 

(mg/g)
pseudo-first-order kinetic pseudo-second-order kinetic

k1 

(min–1)
qe,cal 

(mg/g)
R2 k2 

(g/mg.min)
qe, cal 

(mg/g)
R2

31.5 34.62 4.61 × 10–3 17.66 0.929 2.02 × 10–3 35.71 0.998
63.0 57.00 9.21 × 10–3 29.99 0.963 1.36 × 10–3 58.82 0.999
126.0 77.67 9.21 × 10–3 55.08 0.908 6.4 × 10–4 83.33 0.995
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this reason, 0.01 mol/L NaOH solution was thought to be 
a good desorption agent. Another benefit of NaOH may be 
replacement of humic macromolecules adsorbed through 
electrostatic interactions by the effect of hydroxide ions. 
The desorption and regeneration cycles was conducted for 
four times and the results are illustrated in Fig. 7. From the 
results, the slight decrease of the amount adsorbed of HA on 
the regenerated adsorbent was observed in first and second 
desorption-regeneration cycles and no obvious decrease of 
HA adsorption was found in next two desorption-regener-
ation cycles. After four desorption-regeneration cycles, the 
amount of HA adsorbed on the adsorbent reduced from 

68.0 to 58.4 mg/g. Results suggested that the regenerated 
PA-NH2 still showed high adsorption capacity for aqueous 
HA and the adsorbent can be used repeatedly.

3.4. Adsorption and desorption mechanism

Since aminopropyl group anchored on the surface con-
tributed to the augmented HA adsorption, high resolution 
XPS spectra of C1s and N 1s were applied to describe the 
adsorption and desorption mechanism of HA on PA-NH2. 
The C1s spectra of PA-NH2 before HA adsorption, after 
HA adsorption and after HA desorption are illustrated in 
Fig. 8a. For PA-NH2, C1s spectrum can be decomposed into 
three single peaks with assignments at 284.8 eV as C–C, 
286.1 eV as C–O or C–N, and 288.6 eV as C=O, indicating 
the successful modification of PA with APTES. The presence 
of C=O peak may be attributed to hydrocarbon contami-
nation on the surface [21,27]. After HA adsorption on the 
adsorbent, the contribution of C=O increased from 1.73% to 
8.49%, which is ascribed to the carboxyl group of HA mol-
ecules, suggesting that HA molecules have been anchored 
on the surface of the adsorbent. For the regenerated adsor-
bent, the contribution of C=O was 2.19%, which indicates 
that HA molecules on the adsorbent have been desorbed 
in alkaline solution. It is notable that the contribution of 
C=O peak after HA desorption is higher than that before 
HA adsorption, indicating that there are still a few HA mol-
ecules bound to the adsorbent, which may be the reason for 
the reduced HA adsorption on the regenerated adsorbent. 
The similar results are observed in N1s spectra (in Fig. 8b). 
As illustrated in Fig. 8b, the N1s peak can be divided into 
two single peaks at binding energy of 399.3 and 401.5 eV, 
ascribed to the free amino group (–NH2) and the protonated 
amino group (–NH3

+). The presence of the protonated amino 
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group is due to the interaction between the free amino 
group and free hydroxyl group on the surface of PA during 
the silylation process [28, 29]. After HA adsorption, the sim-
ilar two peaks were observed, whereas the content ratio of 
–NH2 to –NH3

+ decreased from 1.05 to 0.64, which indicated 
that HA molecules have been complexed with free amino 
groups on the surface of the adsorbent. After HA desorp-
tion, the content ratio of –NH2 to –NH3

+ increased to 1.01, 
indicating the deprotonation of –NH3

+ during the desorp-
tion process. Compared with the adsorbent before HA 
adsorption, the lower content ratio of –NH2 to –NH3

+ after 
HA desorption is also reflecting the incomplete desorption 
of HA molecules from the adsorbent.

Based on this study, the possible schematic mechanism 
for HA adsorption and desorption on PA-NH2 was advised 
(in Fig. 9). During HA adsorption, free amino group on the 
surface of the adsorbent was protonated in HA solution, 
which induced the strong electrostatic attraction with the 
carboxyl group and phenolic hydroxyl group of HA mole-
cules to form a new complex, leading to the enhanced HA 
adsorption on the adsorbent. When HA loaded adsorbent 
was desorbed in alkaline solution, the protonated amino 
group on the adsorbent would be deprotonated and OH– 
anions in solution would be competed with negatively 
charged HA molecules and bounded to the amino group 
of the adsorbent, therefore resulting in desorption of HA 
molecules.

4. Conclusion

Due to its large specific surface area and cost effective-
ness, PA was modified with APTES groups and used as an 
effective adsorbent for the removal of HA from aqueous 
solution. APTES modified PA exhibits substantially higher 
adsorption capacity for HA than raw PA. The enhanced 
HA adsorption can be attributed to form the new com-
plex between HA molecules and the amino groups of the 
adsorbent through electrostatic attraction. The adsorption 
performance was strongly affected by solution pH and 
ionic strength. Adsorption isotherm of HA on PA-NH2 can 

be well described by Freundlich model and adsorption 
kinetics can be fitted by pseudo-second order kinetics. The 
present results highlight that PA-NH2 is one of available 
candidate adsorbents for the removal of HA from water and 
wastewater.
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Supporting Information

Table S1
Simulated parameters from Langmuir and Freundlich model 
for HA adsorption onto PA-NH2

Model Simulated parameters

Langmuir model qm(mg/g) 71.43

b (L/mg) 0.118
R2 0.941

Freundlich model Kf 14.42
n 2.74
R2 0.992
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Fig. S1. The survey XPS spectra of PA and PA-NH2.
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HA adsorption on PA-NH2.
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