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a b s t r a c t

This study investigated the potential of capsules containing 1-nonanol for the adsorption of phenol at
high initial concentrations. The polysulfone capsules containing 1-nonanol (PSF@1-nonanol capsules)
were successfully prepared with a phase inversion method, and the results showed that 1-nonanol was
encapsulated with polysulfone as an encapsulation capacity of 67.99% was achieved. Systematic studies
on phenol adsorption equilibrium, kinetics and isotherms by PSF@1-nonanol capsules were carried out.
The results showed that the rate of adsorption of phenol is initially quite rapid and equilibrium is reached
in about 90 min. Phenol adsorption uptake was found to increase with increase in initial concentration and
adsorption time, whereas adsorption of phenol was more favourable at acidic pH and low temperature.
olysulfone
-Nonanol
apsule

The adsorption kinetics of phenol followed pseudo-second-order model, and the best fits of adsorption
isotherms were achieved with the Freundlich equation. These results demonstrate that the use of PSF@1-
nonanol capsules enhanced the mass transfer rate and the uptakes to phenol at high initial concentrations.
Furthermore, after seven times of repeated extraction and stripping, the microcapsules kept almost the
same adsorption ability, which indicated that the PSF@1-nonanol capsules have very good stability in
the adsorption process. Therefore, PSF@1-nonanol capsules can be taken as an ideal adsorbent for rapid

ation
removal of high concentr

. Introduction

Phenol is a toxic and mutagenic substance at high concentra-
ions and may be absorbed through the respiratory organ, skin,
nd the alimentary canal [1,2]. The ingestion of such contaminated
ater in the human body causes protein degeneration, tissue ero-

ion and paralysis of the central nervous system and also damages
he kidney, liver and pancreas [3]. Based on severe chronic toxicity,
henol has been classified as a high concern priority pollutant by
he EPA [4]. Therefore, the treatment of high concentration phenol
ffluent is considered necessary.

Conventional methods for the removal of phenol in effluents
nclude physical, chemical, and biological processes [5]. Physical
dsorption is generally considered to be an effective method for
uickly lowering the concentration of dissolved phenol in an efflu-
nt. A considerable amount of work has also been reported in the

iteratures regarding the adsorption of phenol on various solid
hase adsorbent surfaces such as activated carbon [6–8], natural
aterials [9,10], bioadsorbents [11–13], waste materials [14–16],

nd so on. However, most of them present some limitations such as

∗ Corresponding author. Tel.: +86 931 8912528; fax: +86 931 8912113.
E-mail address: liyf@lzu.edu.cn (Y. Li).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.10.068
phenol from aqueous solution.
© 2009 Elsevier B.V. All rights reserved.

poor regeneration capacity or slow absorption rate. On the contrary,
liquid–liquid extraction presents a rapid absorption rate, but liquid
phase extraction is easy to form an emulsion or a third phase in the
extraction process, which causes the extractant loss and damage to
water resource. More importantly though, the use of large amounts
of toxic organic solvents poses a health hazard to personnel and
results in the production of hazardous waste, thus adding extra
operational costs for waste treatment. In order to overcome these
drawbacks, the extractant liquid phase could be immobilized into
the porous structure or cavities of the support through encapsula-
tion [17]. Compared to conventional liquid–liquid extraction, there
are several advantages with solvent capsules as separation agent,
such as good stability, high selectivity, minimal use of organic
solvents and easy phase separation [18]. However, most of the
applications focus on the recovery of heavy metals and immobi-
lization of ionic liquid [19–29].

To our knowledge, the encapsulation of a specific extractant of
an organic pollutant from water samples has uncommonly been
investigated. Therefore, the aim of the present study was to inves-

tigate the sorption behavior of phenol from high concentration
phenol solution with 1-nonanol impregnated capsules (1-nonanol
is an effective compound to remove phenol from aqueous solu-
tion [30]). The capsules were synthesized by phase inversion
(immersion) precipitation technique, using polysulfone (PSF) as

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:liyf@lzu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.10.068
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shell material, N-methyl-2-pyrrolidinone (NMP) as solvent, and
-nonanol as the core. The sorption behavior will be discussed
ccording to kinetic and isotherm models. The stability of the cap-
ules has been investigated too.

. Materials and methods

.1. Chemicals and reagents

Phenol (99.5%, assay) was purchased from Tianjin Guangfu Fine
hemical Research Institute (China). 1-Nonanol was purchased

rom Beijing Chemical Reagent Corporation. Polysulfone (PSF) with
ntrinsic viscosity of 0.56 was purchased from DaLian Polysulfone
lastic CO. LTD. (China). All the other materials were obtained from
ianjin Guangfu Fine Chemical Research Institute (China), used as
eceived without any further purification.

.2. Preparation of PSF@1-nonanol capsules

PSF@1-nonanol capsules were prepared as follows: 8 g of PSF
as dissolved in 60 mL of N-methyl-2-pyrrolidinone (NMP) to

btain the PSF solution. Then 24 g of 1-nonanol (the mass ratios of
SF to 1-nonanol was 1:3) was added into the solution of PSF and
tirred for 60 min under the room temperature, and the dispersed
hase of 1-nonanol and PSF was obtained. The dispersed phase
f 1-nonanol and PSF was injected into the solidification solution
0.5 wt.% sodium dodecylbenzenesulfonate in aqueous solution)
sing a 1.2-mm diameter syringe needle to obtain PSF@1-nonanol
apsules. Then, they were washed with deionized water several
imes and kept in deionized water for the extraction process;
nally, PSF@1-nonanol capsules were air-dried at room tempera-
ure. Due to the difficulty to prepare particles of regular shape when
he proportion of 1-nonanol is higher than 75% in the capsules, the
roportion was deemed as the highest proportion for the prepa-
ation process. In this study, the mass ratios of PSF to 1-nonanol
ere controlled at 1:0, 1:1 and 1:3. The PSF@1-nonanol capsules
sed in this study is the capsules whose mass ratio of PSF to 1-
onanol was controlled at 1:3, except for special clarification. The
btained PSF@1-nonanol capsules were characterized by means of
canning electron microscopy (SEM, JSM-6380Lv, JEOL, Japan; and
SM-6701F, JEOL, Japan) and optical microscope (SMZ-168, Motic,
hina). The encapsulation capacity of 1-nonanol was measured
y thermogravimetric analyzer (TGA, STA449, Netzsch, Germany).
he Brunauer–Emmett–Teller (BET) surface area of PSF@1-nonanol
apsules was obtained from N2 adsorption isotherms at 77 K with a
icromeritics’ ASAP 2020 (Accelerated Surface Area and Porosime-

ry) analyzer.

.3. Adsorption experiments

The experiment was carried out in a batch reactor, which was
ut into a temperature controlled water bath. 6 g of PSF@1-nonanol
apsules were added into each of six 125 mL Erlenmeyer flasks con-
aining 70 mL of phenol solution. The flasks were sealed with rubber
toppers, agitated at 180 rpm. The adsorption of the phenol was cal-
ulated by the difference in their initial and final concentrations.
ffect of pH (2–12), contact time (5–120 min), initial phenol con-
entration (1000–10,000 mg/L) and temperature (20, 40 and 60 ◦C)
as studied. Each experiment was repeated three times and the

iven results were the average values. The variation of the uptake
f phenol with adsorption time was investigated in kinetic experi-

ents.
Phenol concentration in the supernatant solution was estimated

olorimetrically according to the method previously described by
ang and Humphrey [31] based on rapid condensation with 4-
minoantipyrene followed by oxidation with alkaline potassium
aterials 175 (2010) 715–725

ferricyanide and the absorbancy read at 510 nm. The amount of
phenol adsorbed onto the PSF@1-nonanol capsules was calculated
from the mass balance of the equation as given below:

Qe = (C0 − Ce)
V

W
(1)

The percentage of phenol removed (R%) from the solution was
calculated using the following equation:

R (%) = C0 − Ce

C0
× 100 (2)

where C0 and Ce are the initial and equilibrium concentration of
phenol solution (mg/L), respectively, Qe is equilibrium adsorption
capacity of phenol on PSF@1-nonanol capsules (mg/g), V is the
volume of the phenol solution (L) and W is the mass of the PSF@1-
nonanol capsules used (g).

2.4. Regeneration of the capsules

After batch sorption, we resuspended the wet phenol-laden cap-
sules from the sorption experiment in 15 mL of sodium hydroxide
solution (0.5 M). The suspension was subsequently equilibrated for
60 min at 20 ◦C with shaking at 180 rpm. The capsules were then
washed with deionized water to pH 6.0. Phenol adsorption exper-
iments were re-conducted at 20 ◦C to evaluate the new adsorption
capacity of phenol onto the regenerated PSF@1-nonanol capsules
from aqueous solutions. Multiple column adsorption–regeneration
cycles of PSF@1-nonanol capsules were also performed to further
test its potential application. 1.0 g of the PSF@1-nonanol capsules
were packed into a glass column (1.0 cm in diameter and 20 cm
in height), which was put into a constant temperature incubator
and maintained at 20 ◦C. A phenol concentration of approximately
1822 mg/L was used, and the pH of the phenol solutions applied to
the column was 6.0. The phenol solutions were fed by a peristaltic
pump through the column at 1.0 mL/min. After the column reached
exhaustion, i.e. when the ratio of effluent to influent concentration
exceeded a value of 0.9 or higher, the column saturated with phe-
nol was eluted using 0.5 M sodium hydroxide solution (50 mL) to
desorb phenol from the capsules. After elution, deionized water
was used to rinse/regenerate the capsules until the pH in the wash
effluent reached 6.0. Then, the column was fed again with phenol
solution for the new cycle of operation to investigate the potential
of reusing the capsules for phenol adsorption.

3. Results and discussion

3.1. Preparation of PSF@1-nonanol capsules

A liquid–liquid phase separation technique was employed to
fabricate the PSF@1-nonanol capsules (Fig. 1). Figs. 2 and 3 demon-
strate that the structure of the capsules is similar to that of
erythrocytes and there are many regular wrinkles on the exter-
nal surface. The growing process of PSF@1-nonanol capsules is
described as follows (Fig. 1): when the PSF/1-nonanol solution drop
contacts with the solidification solution (0.5 wt.% sodium dodecyl-
benzenesulfonate in aqueous solution), the rapid exchange of the
solvent NMP and water occurred, at the same time, the influx of
water was small, a skin layer formed due to the rapid phase sep-
aration (Fig. 3(d)), and many pores existed in the capsules, which
can be found in Fig. 3(c). Smolders and coworkers [32] suggested
the large pore in the center (Fig. 3(d)) was formed by anomalous

growth of nuclei. With the completion of the exchange between
NMP and water, the porous PSF@1-nonanol capsules were prepared
(Fig. 3(a) and (b)). Fig. 3(a) clearly shows the biconcave disc-
shaped structure of the prepared capsules, which have an average
diameter of 2–2.5 mm with sufficient rigidity. However, capsules
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Fig. 1. Scheme for the prepa

ontaining extractant prepared by previous researchers are all
pherical [19–29]. Compared to spherical capsules, the biconcave
isc-shaped capsules present a larger contact surface between the
xtractant and the inner surface of the capsules, which benefits
ass transfer performance. In Fig. 3(b), the regular wrinkle was

ound on the outer surface of the capsule. Compared to the smooth
urface, the wrinkle enlarges surface area, which also benefits mass
ransfer performance. Therefore, its characteristic biconcave disc-
haped and rugate morphology suggests that phenol from aqueous
olution should be removed rapidly by PSF@1-nonanol capsules.

Fig. 4 shows SEM images of cross-section of extractant-loaded
apsules and de-extractant capsules, which show great difference
etween the capsules. The de-extractant capsules were prepared

ccording to Ref. [18]. Two grams of PSF@1-nonanol capsules were
ut into 100 mL ethanol for 48 h under stirring. Then the capsules
ere taken out and dried. As Ref. [18] described, there are a lot

f small spheres (1-nonanol clusters) with a diameter of several

Fig. 2. The optical microscope photographs of PSF@1-nonanol capsules.
of PSF@1-nonanol capsules.

microns in the wall of the extractant-loaded capsules, as shown in
Fig. 4(a). But for the de-extractant capsules only supported porous
structure formed by PSF (shell) can be seen from Fig. 4(b). The dif-
ference indicates that 1-nonanol was successfully encapsulated in
small sphere form.

The surface area and porosity data are summarized in Table 1.
It was noticed that de-extractant capsules possess much higher
surface area and much more porous volume than extractant-
loaded capsules. This phenomenon can be further explained by
understanding the characters of PSF@1-nonanol capsules used in
this study. The encapsulated 1-nonanol molecules will be asso-
ciated with each other to form 1-nonanol clusters (as shown in
Fig. 4(a)), which are remarkably stabilized in pores of PSF@1-
nonanol capsules, causing partial blockage of the pores, reducing
the accessible surface area and porous volume. De-extractant cap-
sules and extractant-loaded capsules will be used to adsorb phenol,
respectively, in the following research to further understand the
above phenomenon.

In order to observe the encapsulation capacity of PSF@1-
nonanol capsules, thermogravimetric analysis (TGA) of capsules
was carried out. TGA was conducted with a TA Instruments STA449,
and experiments were carried out on approximately 10 mg of sam-
ples in flowing air (flowing rate = 100 cm3/min) at a heating rate
of 20 ◦C/min. Fig. 5 shows the TGA result of PSF@1-nonanol cap-
sules, which began to decompose at 100.54 ◦C, while PSF began to
decompose at 483.04 ◦C. The encapsulation capacity of capsules as
calculated was 67.99%, which was much better than other works
[17,29].

3.2. Adsorption studies

3.2.1. The contribution of 1-nonanol and PSF for phenol
adsorption

The PSF@1-nonanol capsules include PSF and 1-nonanol, in
order to investigate the adsorption capacity contribution of them,
PSF@1-nonanol capsules of the different mass ratios (PSF to 1-

nonanol) were prepared and used to adsorb phenol, respectively.
In this study, the mass ratios of PSF to 1-nonanol were con-
trolled at 1:0, 1:1 and 1:3, and these capsules were coded as PSF,
PSF@1-nonanol capsules (1:1) and PSF@1-nonanol capsules (1:3),
respectively. Fig. 6 shows the adsorption results, with the increase
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ig. 3. SEM image of PSF@1-nonanol capsules: (a) facing section, (b) side section,
nd (c) was obtained by SEM, JSM-6701F.)

f the 1-nonanol in the capsules, the rate of adsorption increased,
hereas the adsorbed phenol amount per unit mass of the capsules
ecreased. This phenomenon can be explained by further under-
tanding the characters of PSF@1-nonanol capsules used in this
tudy.

According to the results of N2 adsorption experiment, de-

xtractant capsules (i.e. PSF) possess of abundant pore structure
nd great surface area which could provide large numbers of
dsorption sites for phenol. Phenol adsorption on de-extractant
apsules is driven by van der Waals interaction between the aro-

Fig. 4. The SEM images of cross-section of extractant-loaded capsules (a) and de
er surface, (d) cross-section. ((a), (b), and (d) were obtained by SEM, JSM-6380Lv;

matic ring of phenol molecule and the phenyl ring on the matrix
of de-extractant capsules (as shown in Fig. 8(a and c)), hydropho-
bic and hydrogen bonding interaction (as shown in Fig. 8(a and b)).
However, in extractant-loaded capsules (i.e. PSF@1-nonanol cap-
sules (1:1) and PSF@1-nonanol capsules (1:3)), the encapsulated
1-nonanol molecules will be further associated with each other to

form 1-nonanol clusters (as shown in Fig. 4(a)), which are remark-
ably stabilized in micropores of PSF@1-nonanol capsules, causing
partial blockage of the micropores, reducing the accessible surface
area, and impeding or even preventing phenol adsorption onto the

-extractant capsules (b). ((a) and (b) were obtained by SEM, JSM-6380Lv).
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Table 1
Summary of surface area and porosity of extractant-loaded capsules and de-extractant capsules.
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Capsules BET surface area (m2/g)

Extractant-loaded capsules 4.79
De-extractant capsules 8.49

atrix of PSF (shell). That is why the adsorbed phenol amount
er unit mass of the capsules decreased with the increase of the
-nonanol in the capsules.

However, the rate of phenol adsorption onto cap-
ules increased with the increase of the 1-nonanol in the
apsules. This phenomenon can be explained by further under-
tanding the characters of PSF@1-nonanol capsules and the process
f adsorption phenol onto PSF@1-nonanol capsules. In order to
urther investigate the adsorption capacity contribution and
he process of adsorption phenol onto PSF@1-nonanol capsules,
-nonanol, de-extractant capsules (the prepared method is shown
n Section 3.1) and extractant-loaded capsules (i.e. PSF@1-nonanol
apsules (1:3)) were used to adsorb phenol, respectively. 4.08 g
the encapsulation capacity of 1-nonanol in 6 g PSF@1-nonanol
apsules (1:3)) of 1-nonanol, 1.92 g (the content of PSF in 6 g

ig. 5. TGA of the PSF@1-nonanol capsules and PSF (composition of dispersed phase
s PSF/1-nonanol/NMP = 8 g/24 g/60 mL; the continuous phase is 0.5 wt.% sodium
odecylbenzenesulfonate).

ig. 6. Effect of contact time and the different mass ratios (PSF to 1-nonanol) on
he adsorption phenol amount of capsules from aqueous solutions (C0: 2048 mg/L,
0 ◦C, and pH 6).
Volume of pores (cm3/g) Average pore width (nm)

0.009359 903.16
0.024653 1373.47

PSF@1-nonanol capsules (1:3)) of de-extractant capsules and 6 g
of PSF@1-nonanol capsules (1:3) were added into each of two
125 mL Erlenmeyer flasks containing 70 mL of phenol solution.
As shown in Fig. 7, the rate of adsorption phenol onto 1-nonanol
is quite rapid with most of phenol being adsorbed within 1 min.
The apparent equilibrium is reached in about 3 min. However, for
de-extractant capsules, the adsorption equilibrium of phenol was
achieved after 14 h. What is more interesting is the equilibrium
time of phenol onto PSF@1-nonanol capsules (1:3) was 1 h which
was between 3 min and 14 h. From these results, it is supposed that
three consecutive mass transport steps will be associated with the
adsorption of phenol from solution by PSF@1-nonanol capsules
[6]. First, the phenol rapidly migrates through the solution, i.e.
film diffusion, followed by phenol movement from particle surface
into interior 1-nonanol clusters by pore diffusion and finally the
phenol is adsorbed into the active sites at the interior of PSF (shell)
by phenol rapidly migrates through 1-nonanol clusters. 1-nonanol
plays a very important role in the first and second step. As we
all know, liquid–liquid extraction presents a rapid absorption
rate, it is not unexpected that 1-nonanol which is an effective
liquid phase extractant to remove phenol from aqueous solution
presents a rapid absorption rate. The driving forces of phenol on
1-nonanol are expected to include hydrophobic and hydrogen
bonding interaction (as shown in Fig. 8(d)). Therefore, the first
and second step takes relatively short contact time, which can be
easily comprehended by the foregoing adsorption experiment of
phenol onto 1-nonanol. In the second step, phenol movement from
particle surface into interior 1-nonanol clusters by pore diffusion,
yielding a very high phenol concentration in interior 1-nonanol
clusters. The 1-nonanol clusters are remarkably stabilized in the
interior pores and interior surface of PSF (shell); hence, the high
concentration phenol in 1-nonanol clusters could rapidly diffuse

into the active sites at the interior surface of PSF (shell) by the
greater driving force by a higher concentration gradient. The three
mass transport steps were all very fast, which is the reason that
the rate of phenol adsorption onto capsules increased with the
increase of the 1-nonanol in the capsules.

Fig. 7. Adsorption phenol by 1-nonanol, de-extractant capsules and extractant-
loaded capsules (C0: 1822 mg/L, 20 ◦C, and pH 6).
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ig. 8. Schemes for the chemical structure of PSF@1-nonanol capsules and the i
-nonanol and phenol).

As has been said, the most contribution of 1-nonanol encap-
ulated in PSF@1-nonanol capsules for phenol adsorption was the
nhancement in phenol absorption rate. However, for PSF (shell) in
SF@1-nonanol capsules, the increase in phenol absorption capac-
ty was the most contribution. In order to further investigate the
dsorption mechanism of phenol onto PSF@1-nonanol capsules,
he sorption behavior and mechanism will be discussed accord-
ng to the effect of pH, effect of temperature, kinetic and isotherm

odels in the following section.

.2.2. Effect of initial phenol concentration
The uptake of phenol, by PSF@1-nonanol capsules, at different

alues of concentration 993.6, 1908.6, 3133.8, 4089.1, 7003.5 and
702 mg/L was studied as a function of shaking time by varying
he time from 0 to 120 min as presented in Fig. 9. The results show
hat the rate of adsorption of phenol is initially quite rapid with
ost of phenol being adsorbed within the first few minutes. The
ates of adsorption then slow down with the elapse of time until an
pparent equilibrium is reached in about 60–90 min. Moreover, the
nitial rate of adsorption was greater for higher initial phenol con-
entration because the resistance to the phenol uptake decreased

ig. 9. Effect of contact time and initial phenol concentration on the adsorption
henol amount of PSF@1-nonanol capsules from aqueous solutions (20 ◦C, pH 6).
tions between PSF@1-nonanol capsules and phenol ((a)–(c) PSF and phenol; (d)

as the mass transfer driving force increased. The amount of phenol
adsorbed at equilibrium per gram of capsules increases from 8.82
to 75.71 mg/g with increase in the initial concentration over the
range tested. On the contrary, the removal percentage of phenol
from aquatic solution increases from 65.8% to 74.3% as the initial
phenol concentration is reduced from 9702 to 993.6 mg/L. These
indicate that the initial phenol concentration plays an important
role in the adsorption of phenol.

3.2.3. Effect of pH
Solution pH, which primarily affects the degree of ionization of

phenol as well as the surface charge of the adsorbents, was one
of the most important parameters in controlling the adsorption
capacity. Change in pH affects the adsorptive process through dis-
sociation of functional groups of the active sites on the surface of the
adsorbent. Therefore, the adsorption of phenol on PSF@1-nonanol

capsules was studied at different solution pH between 2 and 12.
A Britton–Robinson buffer was employed for pH adjustment: it
consists of a mixture of 0.04 M H3BO3, 0.04 M H3PO4 and 0.04 M
CH3COOH that has been titrated to the desired pH with 0.2 M NaOH.
As shown in Fig. 10, it is clear to see that the adsorption capacity

Fig. 10. Effect of solution pH on the adsorption phenol amount of PSF@1-nonanol
capsules from aqueous solutions (contact time: 2 h, 20 ◦C, C0: 1910 mg/L).
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Table 2
Thermodynamic parameters for the adsorption of phenol on PSF@1-nonanol
capsules.

Temperature (K) K0 �G0 (kJ mol−1) �H0 (kJ mol−1) �S0 (J mol−1 K−1)
ig. 11. Effect of contact time and temperature on the adsorption phenol amount
f PSF@1-nonanol capsules from aqueous solutions (C0: 2048 mg/L, pH 6).

lightly increases with increasing pH up to 6 and then decreases
ith further increasing the pH to alkaline value. The interaction of

he phenol molecules with the functional groups on PSF@1-nonanol
apsules may follow an extremely complicated pattern. However,
he effect of pH on phenol adsorption can be interpreted on the
asis of chemical interactions: for solution pH below 6.0, most of
he O atoms in the PSF chains are protonated. Hence, a significantly
igh electrostatic attraction exists between the positively charged
urface of PSF@1-nonanol capsules and the phenolate ion, resulting
n a great adsorption capacity. The initial pH of the phenol solution
s about 6 as phenol was dissolved in neutral water, which is the
ptimal condition for the phenol adsorption (solution pH below
.0). That is, the phenol solution which cannot be pH adjusted by
ydrochloric acid or sodium hydroxide is the optimal condition

or the adsorption. In a basic solution, very few O atoms in the
SF chains and 1-nonanol are protonated, and the electronegative
roperty of O atoms on the PSF chains and 1-nonanol is higher;
hus phenol is adsorbed to a lesser extent at higher pH values as
he negatively charged surfaces of the adsorbent did not favour the
dsorption of phenolate ion due to electrostatic repulsion.

.2.4. Effect of temperature
The temperature dependence of phenol sorption onto PSF@1-

onanol capsules was studied with the constant initial concen-
ration of 2048 mg/L. Fig. 11 shows the effect of temperature on
he sorption of phenol by PSF@1-nonanol capsules as a function
f contact time. Interestingly, it was observed that, an increase in
emperature results in an increased mobility of phenol molecules,
hus the sorption rate slightly increased when the temperature of
henol solution increased from 20 to 60 ◦C. Conversely, the equilib-
ium sorption capacity decreased with the temperature rising. This
uggests that the process is exothermic indicating that lower tem-
erature is more favourable for the adsorption of phenol. At higher
emperatures between 40 and 60 ◦C, the adsorption was low due to
he decrease in physical forces responsible for adsorption or due to
he enhancement of thermal energies of PSF@1-nonanol capsules,
esulting in the weakening of the attractive force between PSF@1-
onanol capsules and phenol preventing to retain the adsorbed
olecules at the active sites [33]. The phenomenon that the equi-

ibrium sorption capacity decreased with the temperature rising

ould also be further understudied by the intraparticle diffusion
odel (in the following Section 3.3.1.3). If the adsorption process

s controlled by the diffusion process (intraparticle transport-pore
iffusion), the sorption capacity will increase with an increase in
emperature due to endothermicity of the diffusion process [34].
293 27.4 −8.06 −7.44 2.34
313 24.4 −7.78
333 19.0 −7.17

Section 3.3.1.3 showed that intraparticle diffusion is not only rate-
limiting mechanism and that some other mechanisms are involved.
Therefore, it is reasonable that the equilibrium sorption capacity
decreased with the temperature rising.

According to three different temperatures for phenol adsorp-
tion (Fig. 11), the thermodynamic parameters standard free energy
(�G0), enthalpy change (�H0), and entropy change (�S0) were
estimated to evaluate the feasibility and exothermic nature of the
adsorption process. The Gibb’s free energy change of the process is
related to equilibrium constant by the equation:

�G0 = −RT ln K0 (3)

According to thermodynamics, the Gibb’s free energy change is also
related to the enthalpy change (�H0) and entropy change (�S0) at
constant temperature by the following equation:

ln K0 = �S0

R
− �H0

RT
(4)

where K0 (=Qe/Ce) is equilibrium constant. Qe is the amount of phe-
nol adsorbed by per mass of PSF@1-nonanol capsules (mg/g) and Ce

is the phenol concentration in solution at equilibrium (mg/mL). The
values of enthalpy change (�H0) and entropy change (�S0) were
calculated from the slope and intercept of the plot of ln K0 ver-
sus (1/T). These thermodynamic parameters are given in Table 2.
The negative �G0 values confirm the feasibility of the adsorption
process and the spontaneous nature of adsorption. Negative value
of �H0 indicates the exothermic nature of the process. Extent of
phenol adsorption decreases because desorption increases with
temperature. The positive value of �S0 indicates that there is an
increase in the randomness in the system solid/solution interface
during the adsorption process.

3.3. Adsorption modeling

3.3.1. Sorption kinetics of phenol
In order to investigate the adsorption mechanism, the pseudo-

first-order adsorption, the pseudo-second-order adsorption and
the intraparticle diffusion models were used to fit kinetics exper-
imental data. The weighted sample (6 g) of the PSF@1-nonanol
capsules was mixed with a 70 mL phenol solution to carry out
adsorption studies in a batch mode.

3.3.1.1. The pseudo-first-order kinetic model. The pseudo-first-
order kinetic model has been widely used to predict phenol
adsorption kinetics. A linear form of pseudo-first-order model was
described by Srihari and Das [35].

log(Qe1 − Qt) = log Qe1 − k1t

2.303
(5)

where Qt is the amount of phenol adsorbed (mg/g) on PSF@1-
nonanol capsules at various time t, Qe1 the maximum adsorption
capacity (mg/g) for the pseudo-first-order adsorption, k1 the

pseudo-first-order rate constant for the adsorption process
(min−1). The values of log(Qe1 − Qt) were calculated from the kinetic
data. In order to confirm the applicability of the model, the plot of
log(Qe1 − Qt) against t should be a straight line. In a real first-order
process, experimental log(Qe1) should be equal to the intercept of
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Table 3
The adsorption kinetic model rate constants for phenol on PSF@1-nonanol capsules at different initial phenol concentrations (20 ◦C, pH 6).

C0 (mg/L) Pseudo-first-order Pseudo-second-order Intraparticle diffusion

Qe1 (mg/g) k1 (min−1) R1
2 Qe2 (mg/g) k2 (g/mg min) h (mg g−1 min−1) R2

2 k3 (mg/g min1/2) C R3
2

993.6 2.44 0.059 0.9785 8.96 0.0581 4.66 0.9999 3.65 5.91 0.9398
1908.1 7.72 0.1301 0.9767 16.23 0.0491 12.93 0.9999 7.89 10.51 0.9858
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Once the adsorbate is attached on the site, no further adsorption
can take place at that site; which concluded that the adsorption
process is monolayer in nature. Contrarily to Langmuir, Freundlich
isotherm was based on the assumption that the adsorption occurs
on heterogeneous sites with non-uniform distribution of energy
3133.8 6.05 0.0546 0.9556 26.67 0.023
4067.6 14.79 0.1338 0.9387 33.56 0.0285
7003.5 21.53 0.0795 0.9874 57.14 0.0092
9702 25.3 0.0575 0.9989 77.52 0.0053

he straight line. If the intercept dose not equal Qe1 then the reac-
ion is not likely to be first-order reaction even this plot has high
orrelation coefficient with the experimental data [36]. The kinetics
ata are plotted as the linear form of the models, and the resultant
arameters are given in Table 3. It was noticed that the calculated
e1 values are too low compared with experimental Qe values and

he correlation coefficients were also low, ranging from 0.9989 to
.9387. This shows unsatisfactory applicability of the pseudo-first-
rder model in predicting the kinetics of phenol adsorption onto
he PSF@1-nonanol capsules.

.3.1.2. The pseudo-second-order kinetic model. The adsorption
inetics can also be described by pseudo-second-order equation:

t

Qt
= 1

k2Qe2
2

+ t

Qe2
(6)

The second-order rate constants were used to calculate the ini-
ial sorption rate (h), given by the following Eq. (7):

= k2Qe2
2 (7)

here Qt is the amount of phenol adsorbed (mg/g) on PSF@1-
onanol capsules at various time t, Qe2 the maximum adsorption
apacity (mg/g) for the pseudo-second-order adsorption, k2 the rate
onstant of pseudo-second-order for the adsorption (g/mg min).

The linear plots of t/Qt versus t yielded the second-order rate
onstant k2. The Qe2 value calculated from the slope of the equa-
ion had a good agreement with the experimental Qe values as seen
n Table 3. The values of R2 and Qe2 indicated that this equation
roduced better results: at all concentrations, R2 values for pseudo-
econd-order kinetic model were found to be higher (0.9999), and
he calculated Qe values are mainly equal to the experimental
ata. Thus, it is inferred that the adsorption system belongs to the
seudo-second-order kinetic model for the entire sorption period.
he value of initial sorption (h, mg g−1 min−1) that represents the
ate of initial sorption, is practically increased with the increase
n initial phenol concentrations from 993.6 to 4067.6 mg/L. This
ould be attributed to the driving force of diffusion. The driving
orce changes with the phenol concentration in the solution. Thus,
he increase of phenol concentration results in an increase in the
riving force, which will increase the diffusion rate of the molecu-

ar phenol in PSF@1-nonanol capsules. However, the rate of initial
orption almost remains constant with the increase in initial phenol
oncentrations from 4067.6 to 9702 mg/L. The increase of phenol
oncentration results in much more sites occupied by phenol in the
nitial sorption step, but the available amount of the active sites
n the surface of PSF@1-nonanol capsules is limited in this step.
herefore, the initial sorption rate (h) will remain constant with
he increase in initial phenol concentrations when the active sites
ere all occupied by phenol in the initial sorption step.
.3.1.3. The intraparticle diffusion model. Considering that the
seudo-first-order and the pseudo-second-order model could not

dentify the diffusion mechanism, the intraparticle diffusion model
37] was used. The initial rate of the intraparticle diffusion may be
16.36 0.9999 9.20 18.89 0.9081
32.10 0.9999 14.37 22.9 0.8840
30.04 0.9999 31.90 32.64 0.9547
31.85 0.9999 34.83 47.04 0.9933

expressed by the following equation:

Qt = k3t1/2 + C (8)

where k3 is the intraparticle diffusion constant (mg/g min1/2), and
the value of the intercept C is indicative of the boundary layer. From
the plots in Fig. 12, the values of k3, C and R3

2 were calculated and
are given along with the correlation factors in Table 3. According to
this model, plots of Qt versus t1/2 should be linear and pass through
the origin if intraparticle diffusion is the rate controlling step [38].
On the other hand, if the plots are linear but do not pass through the
origin the rate of adsorption may be controlled by intraparticle dif-
fusion together with other kinetic models. As shown in Fig. 12, plots
of Qt versus t1/2 at different initial concentrations are all linear but
they do not pass through the origin. This indicated that intraparti-
cle diffusion is involved in the adsorption process of phenol on the
absorbent of PSF@1-nonanol capsules but it is not only rate-limiting
mechanism and that some other mechanisms are involved.

3.3.2. Sorption isotherm of phenol
The equilibrium isotherms are very important for understand-

ing the adsorption systems. There are several isotherm equations
available for analyzing experimental sorption equilibrium data.
The most frequently used for phenols solutions are the Lang-
muir adsorption isotherm and Freundlich equations. The Langmuir
isotherm was developed on the assumption that the adsorption
process will only take place at specific homogenous sites within
the adsorbent surface with uniform distribution of energy level.
Fig. 12. The fitting of intraparticle diffusion model for phenol on PSF@1-nonanol
capsules for different initial concentrations.
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Table 4
The Langmuir and Freundlich equations, the values of parameters and correlation
coefficients (20 ◦C, pH 6).
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PSF@1-nonanol capsules could be reused without significant loss
of their initial properties.
Langmuir Freundlich

Qm (mg/g) KL (L/mg) R2 K (mg/g) (L/mg)1/n n R2

250 0.00013 0.89 0.076 1.17 0.999

evel. The Freundlich describes reversible adsorption and is not
estricted to the formation of monolayer [8]. The linear form of
angmuir and Freundlich equations are represented by Eqs. (9) and
10), respectively.

angmuir equation :
Ce

Qe
= 1

KLQmax
+ Ce

Qmax
(9)

reundlich equation : ln Qe = ln K + 1
n

ln Ce (10)

here Ce (mg/L) is the concentration of the phenol solution at equi-
ibrium, Qe (mg/g) is the amount of sorption at equilibrium. In
angmuir equation, Qmax is the maximum sorption capacity and
L is Langmuir constant. These constants can be evaluated from
he intercept and the slope of the linear plot of experimental data
f Ce/Qe versus Ce, respectively. In Freundlich equation, K and 1/n
re empirical constants. These constants can be evaluated from the
ntercept and the slope of the linear plot of ln Qe versus ln Ce. The
2 values shown in Table 4 are evident that the phenol adsorp-
ion in this study is well fitted Freundlich model compared with
angmuir model; it can deduce that phenol was adsorbed on het-
rogeneous sites with non-uniform distribution of energy level
n PSF@1-nonanol capsules [8]. This phenomenon can be further
xplained by understanding the characters of PSF@1-nonanol cap-
ules used in this study. The capsules were synthesized by phase
nversion (immersion) precipitation technique, using PSF as a shell

aterial and 1-nonanol as the core. Both PSF and 1-nonanol play
mportant roles in the adsorption process. However, PSF is solid

aterial and 1-nonanol is liquid, which may cause differences in
he energy level of the active sites available on PSF@1-nonanol
apsules thus affecting its adsorption power.

The Langmuir and Freundlich equations, values of parameters
nd correlation coefficients of the experimental data are shown in
able 4. From Table 4, we can conclude as follows: (i) the Langmuir
aximum capacity was found to be 250 mg/g, but the correlation

oefficient R is so low that the calculated results may be not credi-
le. (ii) The slope 1/n, ranging between 0 and 1 is indicative of the
elative energy distribution on the adsorbent surface (or surface
eterogeneity) [39]. (iii) The Freundlich correlation coefficient is
igher than the Langmuir correlation coefficient. It indicates that
he Freundlich isotherm shows better fit to adsorption than the
angmuir isotherm.

.4. Regeneration of the capsules

The effect of regeneration on adsorption capacity of phe-
ol onto the PSF@1-nonanol capsules from aqueous solutions
as studied using batch and column experiments. In batch

dsorption–regeneration cycles, the adsorption capacity of phe-
ol onto the PSF@1-nonanol capsules every time was calculated
nd the results are plotted in Fig. 13. Adsorption–regeneration
ycles were then performed seven times but no further decrease
f adsorption capacity could be measured. Multiple column
dsorption–regeneration cycles of PSF@1-nonanol capsules were

lso performed to further test its potential application. No further
ecrease of adsorption capacity (Fig. 14) indicated that PSF@1-
onanol capsules can be effectively regenerated for repeated use.

SEM and TGA were employed to investigate the characters of
SF@1-nonanol capsules after seven times of repeated extraction
Fig. 13. Effect of regeneration on the adsorption capacity of phenol onto PSF@1-
nonanol capsules from aqueous solutions using batch experiments (contact time:
2 h, 20 ◦C, C0: 1852.3 mg/L).

and stripping. The results of SEM and TGA in batch and column
experiments were almost analogical, so we only showed the SEM
and TGA of PSF@1-nonanol capsules in batch experiments. Fig. 15
shows SEM images of cross-section of PSF@1-nonanol capsules
after seven times of repeated extraction and stripping. There are
a lot of small particles with a diameter of several microns in the
wall of the regenerated capsules, which were the same with fresh
capsules (Fig. 4(a)). In order to observe the encapsulation capacity
of PSF@1-nonanol capsules after seven times of repeated extrac-
tion and stripping, TGA of regenerated capsules was carried out.
Fig. 16 shows the TGA result, the encapsulation capacity of cap-
sules as calculated was 59.68%, which was slightly lower than the
fresh PSF@1-nonanol capsules. These experiments show that the
Fig. 14. Effect of regeneration on the adsorption capacity of phenol onto PSF@1-
nonanol capsules from aqueous solutions using column experiments (velocity:
1.0 mL/min, 20 ◦C, C0: 1822 mg/L).
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Table 5
Comparison of various adsorbents for the adsorption of phenol from aqueous solutions.

Adsorbent Initial phenol concentration pH T (◦C) Equilibrium time Capacitya (mg/g) Refs

Activated carbon
Biomass material ∼200 mg/L – ∼30 ∼1200 min 149.25 [6]
Commercial ∼100 mg/L – ∼20 ∼60 min 49.72 [7]
Coconut shell ∼500 mg/L ∼7.0 ∼30 ∼2880 min 205.842 [8]

Natural materials
Montmorillonite ∼300 mg/L ∼10.2 ∼25 ∼200 min 20.8 [9]
Kaolin ∼300 mg/L ∼10.2 ∼25 ∼250 min 7.8 [9]
OMMT-PSF capsule ∼4000 mg/L ∼7.0 ∼30 ∼360 min 97.18 [10]

Bioadsorbents
Modified green macro alga ∼150 mg/L ∼5.9 ∼30 ∼300 min 24.86 [11]
Chitin ∼100 mg/L ∼1.0 ∼25 ∼100 min 24.15 [12]
Chicken feathers ∼100 mg/L – ∼25 ∼2880 min 19.46 [13]

Waste materials
Beet pulp ∼100 mg/L ∼6.0 ∼25 ∼100 min 89.96 [14]
Neutralized red mud ∼200 mg/L ∼6.0 ∼25 ∼600 min 4.127 [15]
Bagasse fly ash ∼200 mg/L ∼6.5 ∼30 ∼300 min 23.832 [16]

Polymeric resin
PVBPE ∼400 mg/L ∼6.0 ∼15 ∼700 min 55.56 [2]
MCH-111 ∼200 mg/L – ∼30 ∼720 min 97.34 [40]
CHA-111 ∼200 mg/L – ∼30 ∼720 min 95.52 [40]
XAD-7 ∼800 mg/L ∼7.0 ∼25 ∼30 min 78.7 [41]

Solvent capsule
PSF@1-nonanol capsules ∼993.6 mg/L ∼6.0 ∼20 ∼60 min 250 Present work

∼20 ∼60 min
∼20 ∼90 min

3

w
n
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w
r
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f
a
e
e

F
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∼7003.5 mg/L ∼6.0
∼9702 mg/L ∼6.0

a The maximum uptake capacity estimated from the Langmuir model.

.5. Comparison of various adsorbents for phenol removal

A comparison of sorption capacity of PSF@1-nonanol capsules
ith conventional adsorbents was presented in Table 5. It was
oticed that most of them focus on the adsorption of low concen-
ration phenol (less than 1000 mg/L), and the rates of adsorption
f phenol were all quite slow. We can infer, for phenol solutions
ith higher initial concentrations, longer equilibrium times were

equired by conventional adsorbents, thus adding extra operational
osts for waste treatment. However, as compared to conventional
dsorbents, PSF@1-nonanol capsules display the best kinetic per-

ormance and adsorption capacity for high concentration phenol
dsorption. Furthermore, taken into account the fact that the
xhausted PSF@1-nonanol capsules are easy to an entire regen-
ration for repeated use, PSF@1-nonanol capsules can be taken as

ig. 15. The SEM images of cross-section of PSF@1-nonanol capsules after seven
imes of repeated extraction and stripping.
Fig. 16. The TGA of PSF@1-nonanol capsules after seven times of repeated extraction
and stripping.

an ideal adsorbent for rapid removal of high concentration phenol
from aqueous solution.

4. Conclusions

In this study, a novel kind of solvent capsules with bicon-
cave disc-shaped and rugate characteristics, i.e. PSF@1-nonanol
capsules, was successfully prepared by using a phase inversion
(immersion) precipitation technique. The characters and sorption
behavior of PSF@1-nonanol capsules were investigated, and the
following results were obtained:
(1) Its characteristic biconcave disc-shaped and rugate morphol-
ogy benefits mass transfer performance.

(2) Phenol adsorption uptake was found to increase with
increase in initial concentration and adsorption time, whereas
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adsorption of phenol was more favourable at acidic pH and low
temperature.

3) The adsorption kinetics of phenol by PSF@1-nonanol capsules
followed pseudo-second-order model. The results of sorption
isotherm showed that the Freundlich isotherm shows a better
fit to adsorption than the Langmuir isotherm.

4) The rate of adsorption of phenol is initially quite rapid and
equilibrium is reached in about 90 min.

5) The PSF@1-nonanol capsules have very good stability in the
adsorption process.

The results showed that PSF@1-nonanol capsules were a
romising alternative adsorbent for rapidly removing phenol from
queous solutions at a high concentration. The PSF@1-nonanol cap-
ules are also expected to be used as a rapid adsorbent for other
rganic pollution. Besides, the PSF@1-nonanol capsules are promis-
ng to use in the broad technical areas of a two-phase partitioning
ioreactor (capsules could be used as the partitioning phase) and
igh performance liquid chromatography (capsules could be used
o concentrate of trace target compounds).
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