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Parameter PBZX | 1.0PBZX-Ag CX 1.0CX-Ag
BET surface area (m?/g) 13 14 370 375
M esopore surface area (cm?/g) 0.051 0.046 13 16
Micropore volume (cm?/g) - - 0.17 0.15
Mesopore volume (cm®/g) 0.03 0.03 0.16 0.17
Total pore volume (cm*/g) 0.04 0.04 0.34 0.35
Average micropore diameter (nm) 1.72 1.72 1.28 1.22
Average mesopore diameter (nm) 10 10 3.58 3.57
Average pore diameter (nm) 11 13 3.64 4.04
30
25 - —O—pBZ % 0-00005# M esopore size distribution
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Polybenzoxazine membranes have been successfully synthesized from bisphenol-A, formaldehyde, and three
different types of diamines: hexa-methylenediamine (hda), tetraethylenepentamine (tepa), and tetraethy-
lenetriamine (teta) via a facile “quasi-solventless” method. To study the possibility of using polybenzoxazine
membranes in a pervaporation system for ethanol-water separation, the sorption and swelling behaviors of
these membranes were investigated. When hda was used as a reactant, the resulting polybenzoxazine
membranes showed the best service time and interestingly only water permeated the membranes under the
studied operation conditions. The total permeation flux was found to be 1.52 kg/m?h and the separation factor
was higher than 10,000. Additionally, an increased permeation flux was achieved by raising the temperature
of the feed solution and decreasing the membrane thickness. The optimum conditions for this study were
70 °C for the feed mixtures when a 200 um thick was used.

Separation factor

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to the substantial increase in the price of fuels and to global
warming concerns, the development of alternative renewable energy
has been a main research focus. One of these clean forms of renewable
energy is biofuel—including biodiesel, bioethanol, biomethanol,
biogas, etc. These fuels are produced from agricultural and industrial
wastes with a very low prime cost. Fermentation is an attractive
process for producing feedstock chemicals from renewable biomass.
However, the low concentration of the fermentative products creates
cost-intensive product separation.

Gasohol, which is a mixture of gasoline and ethanol, has higher
octane number and better antiknock properties than gasoline.
Furthermore, it not only burns slower and dissipates less heat, but
its combustion process is also complete, resulting in reduced
emissions of some pollutants [1]. Generally, the ethanol used in
gasohol is derived from a distillation process that is the common
ethanol-water separation technology used in the petrochemical
industry [2]. Other techniques—such as liquid-liquid extraction,
carbon absorption, air stripping, etc.—require high operating costs
and, in some cases, have some limitations that make them
unattractive for industrial applications [3]. The separation of alcohols

* Corresponding authors. Wongkasemjit is to be contacted at Tel.: +66 2 218 4133;
fax: +66 2 215 4459. Chaisuwan, Tel.: +66 2 218 4143; fax: + 66 2 215 4459.
E-mail addresses: thanyalak.c@hotmail.com (T. Chaisuwan), dsujitra@chula.ac.th
(S. Wongkasemjit).

0011-9164/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.desal.2010.09.008

from dilute aqueous solutions by distillation is unfavorable since the
energy consumption required for purification exceeds the energy
content of the alcohols recovered. To make the fermentation process
economically attractive, a more efficient alcohol recovery process is
preferred. The pervaporation (PV) technique is especially attractive
for the separation of close-boiling-point liquids or azeotropes, e.g. an
ethanol-water mixture, which cannot be separated by standard
distillation processes. The PV technique utilizes the concept of partial
vaporization of a liquid through a dense polymeric or ceramic
membrane. The separation technique using polymer membranes
has received much attention due to the design flexibility to improve
the membrane selectivity and permeability [4-8].

Polybenzoxazine precursors have been synthesized from various
aromatic/aliphatic amines, mono/diphenols, and formaldehyde [9-11].
One approach was to synthesize polybenzoxazine from a low molecular
weight monomer, using monofunctional amine, phenol, and formalde-
hyde as reactants [10]. However, polybenzoxazines obtained via this
approach usually suffered from brittleness. Another method was the
preparation of polybenzoxazine from high molecular weight oligomers
from diamine, bisphenol-A, and formaldehyde [11]. The properties of
the polybenzoxazines derived from these high molecular weight
oligomers, especially brittleness, have been greatly improved when
compared with cured films from the typical low molecular weight
precursors. This enables polybenzoxazine to be an excellent candidate
for flexible membrane applications [12-14]. In this study we have
therefore illustrated how our polybenzoxazine membrane can be used
to separate water from an ethanol-water mixture via the pervaporation
technique.
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2. Experimental
2.1. Materials

Analytical grade 1,4-Dioxane was purchased from Labscan, Ireland.
Bisphenol-A (BPA, 97% purity) and hexa-methylenediamine (hda, 98%
purity) were purchased from Aldrich, Germany. Ethanol (99.9%
purity) was purchased from ].T. Baker; White Group, Malaysia.
Formaldehyde (analytical grade, 37%wt. in water) was purchased
from Merck, Germany. Tetraethylenepentamine (tepa, 85% purity)
and tetraethylenetriamine (teta, 85% purity) were purchased from
Fluka, Switzerland. All chemicals were used as received.

2.2. Measurements

The polybenzoxazine precursors were characterized by proton
nuclear magnetic resonance spectroscopy (!H-NMR, Varian Mercury
300) using deuterated chloroform (CDCl3) as the solvent. A differen-
tial scanning calorimeter (DSC7, PerkinElmer) was used to study the
polymerization process by using a heating rate of 10 °C/min under a
N, flow. An attenuated total reflectance infrared spectrometer (ATR-
IR, Thermo Nicolet Nexus 670) was used to determine the chemical
structure using ZnSe 45° (flat plate) with a scanning resolution of
4 cm'. The membrane morphology was investigated using a scanning
electron microscope (SEM, JEOL model JSM-5410LV and Hitachi/s-
4800). A thermogravimetric analyzer (TGA, PerkinElmer Pyris
Diamond) was used to investigate the thermal stability of the
membranes using a heating rate of 20 °C/min under a N, flow. The
tensile properties of the polybenzoxazine membranes were measured
by using a universal testing machine (Lloyd/LRX) at a crosshead speed
of 50 mm/min. The results of each sample were determined from an
average of at least 10 tests.

2.3. Methodology

2.3.1. Synthesis of the Polybenzoxazine Precursors

The polybenzoxazine precursors were prepared by mixing
bisphenol-A, formaldehyde, and the diamines (hda, tepa, or teta) at
a mole ratio of 1:1:4, respectively [15,16]. Firstly, bisphenol-A (6.84 g,
30 mmol) was dissolved in 1,4-dioxane (15mL) in a 50 mL glass
bottle and was stirred until a clear solution was obtained. A
formaldehyde solution (9.73 g, 324 mmol) was then added to the
bisphenol-A solution. The temperature was kept under 10 °C by using
an ice bath. Diamine was then added dropwise into the mixture while
continuously stirring for approximately 1 h until a transparent yellow
viscous liquid was obtained [17]. When hda was used, heat treatment
at 100 °C was required to accelerate the reaction, implying that the
hda has lower reactivity than the tepa and the teta. The benzoxazine
precursors were then purified by washing with a 0.1 M NaHCO3
solution (200 mL) before solvent removal by evaporation and drying
under vacuum. The purified benzoxazine precursors were then
characterized using '"H-NMR.

2.3.2. Preparation of the Polybenzoxazine Membranes

The benzoxazine precursors were cast on glass plates at room
temperature using an Elcometer 3580 casting knife film applicator
(from the elcometer/inspection equipment). The membranes were
dried at room temperature in air for one day, followed by drying at
80 °C in an air-circulating oven for 24 h to remove excess solvent.

2.4. Characterization of Sorption and Swelling Behaviors

The polybenzoxazine membranes (approximately 25 mm x
25 mm in size, 200 um thick, and weighting about 0.1 g) were placed
in the following solvents: ethanol, water, and various mixtures of
ethanol and water (20, 40, 60, and 80% by volume of ethanol), for 8 h

at room temperature to ensure the attainment of swelling equilibri-
um. At the specific time, the membranes were removed from the
mixtures and blotted with a tissue to remove excess liquid before
being weighed and replaced in the mixtures. The procedure was
repeated until a constant weight for each sample was obtained. The
ATR-IR was used to investigate the sorption characteristics of the
polybenzoxazine membranes. The degree of swelling, Gs, is defined by
the following equation:

_ Wt—Wo

Cs Wo

x 100%, (1)

where W, represents the weight of the swollen membrane and W,
is the initial weight of the membrane. The results obtained from each
condition were the average of 4 to 6 tested membrane samples.

2.5. Pervaporation Studies

A schematic of the pervaporation experiment is shown in Fig. 1.
The membrane was placed in a stainless steel module. A flow rate of
900 mL/min was used to circulate the mixture from the feed reservoir
containing a 1:9 ethanol to water ratio to a permeation cell. The
performance of the membranes were determined by measuring % ethanol
in the permeate side to calculate the permeate water flux (kg/m?h) and
the separation factor. The quantities of ethanol and water were
determined using a gas chromatograph (GC, Agilent GC-6890). The
samples (0.5 pL) were injected under the following conditions: the carrier
gas was helium and the pressure was set at 55 kPa for the thermal
conductivity detector (TCD). The isothermal oven temperature was set at
200 °C, while the injector and detector temperatures were set at 200 °C
and 250 °C, respectively. The permeate flux and the separation factor were
determined as follows:

2.5.1. Permeation flux (], kg/m*h)
The permeation flux (J) was calculated from Eq. (2):

J =M/ (At) 2)
where

M permeate weight (kg),

A effective membrane surface area (m?), and

t pervaporation time (h).

2.5.2. Separartion Factor (Qiater—ethanol)
The separation factor (Quyater—ethanol) Was calculated from Eq. (3):

awater/ethanol = (Ywater/yethanol) / (Xwater /Xethanol> (3)
where
Yovater the mole fraction of water in the permeate,

Yetnanot  the mole fraction of ethanol in the permeate,
Xwater the mole fraction of water in the the feed, and
Xethanot  the mole fraction of ethanol in the feed.

3. Results and Discussion
3.1. Characterization of Benzoxazine Precursors and Membranes

Benzoxazine precursors—abbreviated as poly(BA-hda), poly(BA-
teta), and poly(BA-tepa)—were derived from the reaction of the
diamines, the bisphenol-A, and the formaldehyde at a molar ratio of
1:1:4 via a quasi-solventless approach in which a small amount of
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Fig. 1. Experimental set up for the pervaporation apparatus.

dioxane was used only to facilitate the mixing of the reactants. The
reaction took place within 1h at low temperature, unlike the
traditional solvent method, which requires much more solvent and
a longer reaction time [10].

The 'H-NMR measurements were conducted to confirm the
synthesis process (Fig. 2). All of the precursors—poly(BA-hda), poly
(BA-teta) and poly(BA-tepa)—derived from the different diamines
showed the characteristic peaks assigned to the methylene protons of
0—CH,—N and Ar—CH,—N of the ring-closed benzoxazine ring at
approximately 4.80 to 4.82 and 3.90 to 3.94 ppm, respectively. The
methyl protons of bisphenol-A were observed at 1.55 to 1.57 ppm.
The methylene protons of the ring-opened benzoxazine were
observed at 2.85 ppm. These results, especially for the poly(BA-
hda), strongly agree with the results reported by Takeichi et al. [9,10],
who also found the characteristic peaks corresponding to methylene
protons of 0—CH,—N and Ar—CH,—N in the ring-closed benzox-
azine structure, at 4.86 and 3.97 ppm, respectively, the methylene
protons of the ring-opened benzoxazine of Ar-CH,-N at 2.85 ppm,
and the methyl protons of bisphenol-A at 1.58 ppm.

The chemical structure of the prepared polybenzoxazine mem-
branes were also confirmed using ATR-IR. The band of N—H stretching
of the teta and tepa was observed at around 3400 cm™'. The band at
1502 cm™! represents the stretching of the tri-substituted benzene
ring. The out-of-plane bending vibration of C—H was observed at
932 cm’. In addition, bands assigned to the asymmetric stretching of
C—0—C and C—N—C were found at 1233 and 1128 cm™!, respective-
ly. Furthermore, the CH, wagging of the oxazine ring was also
observed at 1378 cm™. These FTIR results are in agreement with the
study of Ning and Ishida [9], who also observed the asymmetric
stretching of C-0-C (1234 cm™!), the asymmetric stretching of C-N-C
(1180to 1187 cm™), the CH, wagging of oxazine (1325 to 1328 cm™"),

the tri-substituted benzene ring (1502 to 1511 cm™'), and the out-of-
plane bending vibrations of C-H (1502 to 1511 cm™ and 937 to
943 cm™).

The progress of the ring-opening polymerization of the poly-
benzoxazine membranes was monitored by DSC (Fig. 3). The DSC
thermogram of partially-cured poly(BA-hda) shows an exothermic
peak starting from 169 °C with a maximum at 248 °C, attributed to the
benzoxazine ring-opening polymerization. After the precursor was
fully cured, the exothermic peak disappeared. Similar results were
found by Agag and Takeichi [11], who reported the onset of the
exotherm of poly(BA-hda) at 171 °C with a maximum at 244 °C.
Expectedly, when compared with the poly(BA-hda), the poly(BA-
tepa) and poly(BA-teta), (having more nitrogen atoms in the
molecules and stronger H-bonding) needed a greater amount of
energy for the ring opening polymerization, leading to the shift of the
exothermic peak to higher temperatures.

The thermal stability of the polybenzoxazine membranes was
investigated using TGA (Table 1); the polybenzoxazine membranes
obtained from all three prepolymers showed thermal stability up to
240 °C. The TGA result of the poly(BA-hda) membrane is in agreement
with the study of Takeichi and Agag [17], who reported that poly(BA-
hda) began to degrade at around 240 °C, and the char yield was
around 25%. The char yield of our membranes was in the following
order: poly(BA-hda)>poly(BA-teta) > poly(BA-tepa). The poly(BA-
tepa) showed the lowest char yield due to its high aliphatic content,
leading to lower thermal stability. The stability of the membranes is
important for applications that require a high operating temperature.
However, in this pervaporation study, the appropriate temperature
was only 70 °C.

SEM micrographs show that the prepared polybenzoxazine
membranes were dense and without any voids (Fig. 4); Fig. 4d-f
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clearly show that the prepared membranes were flexible and tough.
Additionally, the mechanical properties were studied with tensile
testing. (The tensile modulus, tensile strength, and elongation at
break values are summarized in Table 2.) All three types of
polybenzoxazine membranes showed similar modulus (E). The tensile
strength (0p) and elongation at break (&) of the polybenzoxazine
membrane prepared from the high molecular weight precursors—
Poly(BA-hda, Poly(BA-teta), and Poly(BA-tepa—were higher than that
of PB-a, which is a polybenzoxazine derived from a low molecular
weight monomer. A higher elongation at break indicates greater
flexibility. The tensile testing results of the poly(BA-hda) membrane

were in agreement with those reported by Takeichi and co-workers,
who studied the synthesis and thermal curing of high molecular
weight polybenzoxazine precursors and the properties of the
thermosets [10].

3.2. Sorption and Swelling Behaviors of the Polybenzoxazine Membranes

Since the polarity of water (polarity index =9.0) is higher than
that of ethanol (polarity index =5.2), the sorption behaviors of the
polybenzoxazine membranes, corresponding to the ethanol and the
water, must be different. The polybenzoxazine molecular structure

Fig. 2. "H-NMR spectra of polybenzoxazine precursors: poly(BA-hda) (a), poly(BA-teta) (b), and poly(BA-tepa) (c).
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Fig. 2 (continued).

also affected the sorption and swelling activities [18]. Since the
molecular structure of poly(BA-teta) and poly(BA-tepa) consisted of
nitrogen atoms from the aliphatic diamine chains, these membranes
could form hydrogen bonding with water. Thus, the longer the length
of the aliphatic diamine, the more pronounced the effect on the
sorption behavior of the polybenzoxazine and water. As clearly seen
in the case of poly(BA-teta), the length of the aliphatic diamine chain
is shorter; as a result, the degree of swelling was less than that of the
poly(BA-tepa). On the other hand, the aliphatic diamine used to
prepare poly(BA-hda) consisted of only aliphatic hydrocarbon;
therefore, when ethanol was used as a media, the poly(BA-hda)
membrane preferred to absorb ethanol since poly(BA-hda) is more
hydrophobic when compared to poly(BA-teta) and poly(BA-tepa),
leading to an increase in the degree of swelling. The poly(BA-tepa)
membrane showed the highest degree of swelling in water (Fig. 5a)
due to the H-bondings between the nitrogen atoms in the aliphatic
chain of the tepa and water molecules. As expected, the membranes
derived from the poly(BA-hda) showed the lowest degree of swelling
in water (Fig. 5a) because there were no nitrogen atoms to form
hydrogen bonds with the water molecules [19]. On the other hand,
the swelling degree of poly(BA-hda) in ethanol was the highest
(Fig. 5b and c) since the aliphatic chains of the hda preferred to adsorb
ethanol. A similar swelling behavior was observed by Chuang et al.
[20], who studied the swelling activity by the sorption behavior of a
hydrophobic membrane in water-ethanol mixtures. They found that
the changes in the polymer swelling were due to the changes in the
polymer's hydrophobicity.

Therefore, for ethanol-water separation, the sorption and swelling
behaviors of polybenzoxazine membranes depend on the ratios of
ethanol to water. The degree of swelling of the poly(BA-tepa) and the
poly(BA-teta) membranes was increased when 60% by volume
ethanol was used as a feed mixture because the polymer chains
consist of both nitrogen atoms in the aliphatic chains and hydroxyl

groups from the ring-opening polymerization, thus causing these
membranes to swell in both ethanol and water.

ATR-IR was used to study the sorption behavior of the poly(BA-
tepa) membrane using various ethanol-water concentrations (Fig. 6).
The characteristic peaks of ethanol and water were identified at
2972 cm™ and 1639 cm™, respectively [21]. When the amount of
ethanol was increased, the sorption of the poly(BA-tepa) membrane
was also increased, as can be seen from the increased intensity of the
characteristic peaks of ethanol. Likewise, the intensity of the
characteristic peak of water decreased with the decrease of water
concentration in the solution, indicating that both ethanol and water
can penetrate the matrix of the poly(BA-tepa) membrane. Similar

Fig. 3. DSC thermograms of polybenzoxazine membranes: poly(BA-hda) (a), poly(BA-teta)
(b), and poly(BA-tepa) (c).
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Table 1
Thermal stability of the polybenzoxazine membranes.

Membrane Ta.s% (°C) Ta-10% (°C) % Char yield
Poly(BA-hda) 295 313 23
Poly(BA-teta) 269 285 21
Poly(BA-tepa) 269 281 20

results were obtained when the poly(BA-teta) and poly(BA-hda)
membranes were used. These results are in agreement with the study
by Pereira et al. [22], where the sorption behavior of water and
ethanol in a polymeric membrane using ATR-IR was reported. They

found that the peak intensity of the water and ethanol sorption
increased upon an increase in the water and ethanol concentrations.

3.3. Pervaporation Analysis

According to the swelling and sorption results, the concentration of
ethanol and water in the feed solution was an important factor in the
stability of the polybenzoxazine membranes. The result of the swelling
of poly(BA-hda) at high ethanol concentration showed a high degree of
swelling, causing the membrane to be easily damaged during the
pervaporation process, which was under vacuum pressure and slightly
high temperature. In this study, the ratio between ethanol and water in

Fig. 4. SEM micrographs of surface, cross-section and appearances of poly(BA-hda) (a and d), poly(BA-teta) (b and e), and poly(BA-tepa) (c and f).
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Table 2

Tensile properties of the polybenzoxazine membranes.
Membrane E (GPa) Op (MPa) ep (%) Reference
PB-a 33 37 1.6 [10]
PB-hda 2.0 65 4.1 [10]
Poly(BA-hda) 1.784+0.14 42.58 4+6.03 3.96+0.67 this study
Poly(BA-teta) 1.77+£0.22 50.76 4-6.84 5.0442.00 this study
Poly(BA-tepa) 1.794+0.17 54.67 +£11.63 6.79+0.66 this study

Fig. 5. Swelling degrees of polybenzoxazine membranes in water (a) and ethanol (b)
with time, and in the ethanol-water mixtures (c).

Fig. 6. ATR-IR spectra of the poly(BA-tepa) membrane immersed in the ethanol-water
mixtures and the characteristic peaks of ethanol (a) and water (b).

the feed solution was keep at 1:9 because it was close to the alcohol
concentration obtained from the fermentation process, which is
approximately 12% by volume, and this ratio was suitable for our
polybenzoxazine membranes according to the results of the sorption
and the swelling. The feed temperature and the membrane thickness are
also important parameters in the pervaporation process. The feed
temperature was kept at 70 °C, while a thickness of 200 um was used to
study the lifetime of each polybenzoxazine membrane. Fig. 7 shows %
ethanol in the retentate side, analyzed by GC, as a function of operating
time. When compared to the membranes prepared from poly(BA-teta)
and poly(BA-tepa), the one prepared from the poly(BA-hda) showed
better physical integrity, even after 120 hours. This membrane could be
used for more than one week to separate the ethanol-water mixture. On
the other hand, the service time for the poly(BA-teta) and poly(BA-tepa)
membranes was approximately 12 and 3 hours, respectively. This might
be due to the fact that poly(BA-hda) consists of long aliphatic chains in
the structure, hence it was more flexible, whereas the poly(BA-tepa)
and the poly(BA-teta) have nitrogen atoms in the structure, which could
swell with water, thus leading to membrane damage [23]. The results
also agreed with the results of the swelling behaviors mentioned above.
Since the poly(BA-hda) membrane showed the best service time, it was
chosen for further investigation.

3.3.1. Effect of Temperature
Fig. 8 shows the permeate water flux of the pervaporation process
using the poly(BA-hda) membrane as a function of operating
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Fig. 7. % Ethanol in the retentate side of the poly(BA-hda) (a), poly(BA-teta) (b), and
poly(BA-tepa) (c) membranes in the pervaporation process as a function of the
operating time.

temperature. The feed temperature was varied from 40, 50, 60, and
70 °C in the cell. Again, the feed solution was fixed at 1:9 for the
ethanol-water ratio and the thickness of the poly(BA-hda) membrane
was approximately 200 um. The permeation flux was increased when
the feed temperature was increased. At high temperature, the
diffusion rate increased, leading to an enlarged permeation flux, as
also reported by Huang Y. et al. [6]. In our study, only water molecules
penetrated and moved across the poly(BA-hda) membrane, suggest-
ing that the longer aliphatic chain length [-(CH;)s-] could absorb
more ethanol, so it only allowed water molecules to pass through,
resulting in a separation factor higher than 10,000 with the highest

Fig. 8. Total permeation flux (a) and Arrhenius plot (b) of the poly(BA-hda) membrane
in the pervaporation process as a function of the feed solution temperature.

Fig. 9. Total permeation flux of the poly(BA-hda) membrane in the pervaporation
process as a function of the membrane thickness.

permeation flux of 1.52 kg/m?h at 70 °C. This temperature was later
used to study the effect of the membrane thickness.

The activation energy of the pervaporation was obtained from the
relationship between the temperature and the permeation flux, using
the Arrhenius equation:

1=l (). @)
where

Jo permeation rate constant,

Ep activation energy for permeation,

R gas constant, and

T temperature (Kelvin, K).

From Fig. 8, the apparent activation energy was a function of
permeate concentrations, and the activation energy, calculated from
the slope of the curve plotted between In] and 1/T, was 3.74 kJ/mol.

3.3.2. Effect of Membrane Thickness

Three different poly(BA-hda) membrane thicknesses were investi-
gated (100, 200, and 300 um). It is well-known that the permeation flux
is proportional to the membrane thickness, and our results show similar
trends. From Fig. 9, the highest total permeation flux was found when
the poly(BA-hda) with a thickness of 100 um was used. However, not
only water but also ethanol molecules were found in the permeate side
when the permeate was analyzed using GC, resulting in a much lower
separation factor (76.6) (Table 3). This might be due to the effect of
swelling of the thin membrane, as also reported by Qunhui et al. [24],
who studied the pervaporation separation of ethanol-water using a
chitosan membrane; they found a decrease in the separation factor with
decreasing membrane thickness. In our study, the separation factor of
the 100 um thickness was rather low since about 0.2% by volume
ethanol was found on the permeate side. On the other hand, only water
was found on the permeate side when a membrane with a thickness of

Table 3
Separation factors of the poly(BA-hda) membrane in the pervaporation process as a
function of the membrane thickness.

Thickness of Poly(BA-hda) membrane (pm) Separation factor (o)

100 76.59
200 >10,000
300 >10,000
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Table 4

Performance of the polymer membranes in ethanol-water separation by pervaporation.
Polymer membrane Conditions studied Permeation flux (kg/m?h) Separation factor(o) Reference

%Ethanol Temperature(°C)

BTDA/PDMS with ODA 10 87 0.5 1.5 [25]
BTDA/PDMS without ODA 10 88 0.3 24 [25]
BTDA/PDMS without ODA 10 20 0.2 7.5 [25]
6FDA/MDMS-MDMS 10 40 1.9 6.0 [26]
PMDA/MDMS-MDMS 10 40 0.56 10 [26]
PDMS 7 22 0.03 73 [27]
PDMS 03to3 30 0.52 to 0.90 3.1 [28]
Poly(BA-hda) 10 70 1.52 >10,000 this study

200 um was used. This confirms that the thickness of the membrane
indeed affects the separation performance of the membrane.

3.4. Comparison of pervaporation performance

The performance of the polybenzoxazine membranes for ethanol-
water separation using pervaporation, compared with those reported
previously, is shown in Table 4. It is clear that the poly(BA-hda)
membrane showed excellent separation performance when com-
pared with other membranes under similar pervaporation conditions.

4. Conclusions

A number of polybenzoxazine membranes were examined for
separating ethanol from an ethanol-water mixture with low ethanol
concentration. The membrane derived from poly(BA-hda) showed
the longest service time when compared with those prepared from
poly(BA-teta) and poly(BA-tepa). The best temperature of the feed
solution and the thickness of the poly(BA-hda) membrane for
ethanol/water separation via the pervaporation process were 70 °C
and 200 um, respectively. In fact, the total permeation flux of water
through the 200 um thick poly(BA-hda) was 1.52 kg/m?h and its
separation factor for the ethanol-water system was found to be
higher than 10,000.
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Our study made use of polybenzoxazine aerogel as a chelating polymer. The results indicated that the
removal of metal ions was in the following order: Sn?*>Cu?*>Fe?">Pb?*>Ni*>*>Cd?* >Cr?*, which was
in accordance with the Irving-Williams rule. Additionally, the amount of metal ions removed depended on
the amount of absorbent and sorption time. As expected, the maximum adsorption capacity of mixed-metal
solutions was lower than that of single-metal solutions for all types of metals at the same conditions. The
results obtained from the isotherm studies showed that the experimental data for the removal of heavy
metal ions were in agreement with the Langmuir isotherm model. Furthermore, the desorption process was
shown to be a function of pH, type of solution, and temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals in wastewater can cause serious environmental
damage. They are very toxic and non-biodegradable, and their
discharge into water can affect human health. Thus, the removal of
heavy metals from wastewater has become mandatory. Various
methods have been used for heavy metal removal, including chemical
precipitation, neutralization, membrane filtration, and adsorption.
Among these techniques, adsorption by using chelating polymers has
gained considerable attention because of its high efficiency, recycl-
ability of the adsorbents, and ease of handling [1-3]. The chelating
polymeric ligands are characterized by the reactive functional groups
containing O, N, S, or P as donor atoms, and they are capable of forming a
coordination complex with different metal ions.

Porous polymeric materials have been widely used as sorbents,
catalyst supports, ion-exchange membranes, resins for column
packing, etc., due to their high surface area compared to the same
polymeric materials that are dense [4,5]. Organic aerogels are novel
porous organic materials obtained from the sol-gel process [6]. Since
their pore structure can be adjusted by varying the synthesis
parameters, they can be used for a wide range of applications.

Polybenzoxazine is a new type of phenolic resin that exhibits
properties similar to the traditional phenolic resins that have been
used as precursors for organic aerogels. However, polybenzoxazine
also has characteristics that are superior to traditional phenolic resins,

* Corresponding author. National Center of Excellence for Petroleum, Petrochemicals, and
Advanced Materials, Chulalongkorn University, Bangkok 10330, Thailand. Tel.: +66 02
2184133; fax: +66 02 2154459.
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such as easy processibility, low water absorption, good mechanical
properties, near-zero shrinkage upon curing, high thermal stability
and flame retardance, etc. [7,8]. Benzoxazine monomers can be
readily prepared from phenols, amines, and formaldehyde. The
extensive variation of phenols and amines allows for great molecular
design flexibility. During polymerization, benzoxazine undergoes
thermally activated ring-opening polymerization to form a Mannich
base bridge [7], which is known to form complexes with transition
metal ions. Polybenzoxazine, therefore, is a great candidate as a
chelating polymer for wastewater treatment.

The present work investigated the feasibility of using polybenzox-
azine aerogel for the removal of heavy metals from model wastewater.

2. Experimental
2.1. Materials

The bisphenol-A (C;5H;60-) was purchased from Aldrich, Germany,
while the formaldehyde (CH,O, analytical grade) was obtained
from Merck, Germany. Triethylenetetramine (TETA, CgHigN4) was
purchased from Fluka, Switzerland, and 1,4-dioxane (C4HgO,, analytical
grade) was obtained from Labscan, Ireland. All chemicals were used
without further purification. Solutions containing metal salts in the form
of a nitrate—chromium(lI), copper(Il), iron(II), manganese(II), nickel(II),
lead(1l), and tin(Il)—were analytical grade and were purchased from
Merck, Germany. The cadmium(Il) nitrate, however, was purchased
from Fluka, Switzerland. Concentrated hydrochloric acid and sodium
hydroxide (].T. Baker, USA, and Carlo Erba, Italy, respectively) were used
for the adjustment of the pH. Sodium chloride (AJAX Chemicals,
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Australia) was used for the desorption experiments. Deionized water
was used in all experimental work.

2.2. Measurements

The FTIR spectra of the benzoxazine precursor were obtained using
a Nicolet Nexus 670 FTIR spectrometer. The KBr pellet technique was
used in the preparation of the powder samples. The TG-DTA curve was
collected on a Mettler Toledo TGA/SDTA 851e instrument. The sample
was loaded on the platinum pan and heated from 30 °C to 800 °C at a
heating rate of 10 °C/min under a N, flow of 50 ml/min. A scanning
electron microscope, JEOL/JSM model 5200, was used to observe the
surface morphology of the polybenzoxazine-based aerogel. The
specimens were coated with gold under vacuum before observation.
A transmission electron microscope, JEOL model JEM-2100, was used
to observe the pore structure of the polybenzoxazine-based aerogel.
TEM samples were prepared using an ultramicrotome. A nuclear
magnetic resonance was used to characterize the chemical structure
of the polybenzoxazine. The 'H NMR spectra were obtained using a
Varian Mercury 300 (300 MHz) instrument. The solvent used for the
NMR experiment was deuterated dimethyl sulfoxide (DMSO-d6). DSC
analyses were carried out using a PerkinElmer DSC 7 instrument. The
samples were heated from 30 °C to 300 °C at a rate of 10 °C/min under
N, atmosphere with a flow rate of 10 ml/min. The N, adsorption-
desorption isotherm measurement was conducted at —196 °C on a
Quantachrome Autosorb-1. Samples were degassed at 150 °C for 12 h
in a vacuum furnace prior to analysis. Surface area was calculated
using the BET equation. The pore size distributions were constructed
based on the Barrett, Joyner, and Halenda (BJH) method using the
adsorption branch of the nitrogen isotherm. Solutions of 50 ml of
1 ppm Cd?™, Cr?*, Cu®™, Fe?t, Mn2™, Ni*, Pb? ", Sb?*, Sn?*, and Zn?*
and polybenzoxazine-based aerogel (10 to 80 mg) were placed in a glass
bottle and shaken for 4 to 48 h to investigate the absorption
characteristics of the polybenzoxazine aerogel. Quantitative analysis of
the metal ions was carried out with an Inductively Coupled Plasma (ICP)
mass spectrometer, Optima 4300DV model PE.

2.3. Methodology

2.3.1. Synthesis of the benzoxazine precursor

The benzoxazine precursor was synthesized by dissolving bisphenol-A
(4.52 g) in dioxane (20 ml), followed by adding formaldehyde (6.48 g)
and triethylenetetramine (2.92 g). The mixture was stirred continuously
for 1 h while the reaction was cooled with an ice bath for 1h until a
homogeneous viscous liquid was obtained. The mole ratio of bisphenol-A:
formaldehyde:diamine was 1:4:1.

2.3.2. Preparation of polybenzoxazine aerogel

The benzoxazine precursor was transferred into vials and sealed
before being placed in an oven. The samples were heated in the oven
at 80°C for 72 h in a closed system, followed by evaporating the
solvent at ambient conditions for one day. The obtained organic
aerogel was then fully cured by step curing in an oven at 140°, 160°,
and 180 °C for 2 h at each temperature and then at 200 °C for 3 h.

2.3.3. Characteristics of the polybenzoxazine aerogel

The structural characteristics of the polybenzoxazine aerogel were
investigated using FTIR and 'H NMR. The thermal properties were
measured using DSC and TG/DTA. The morphology was observed by
SEM and the pore structure was characterized by TEM. Furthermore,
the surface area and pore distribution were measured using SAA.

2.3.4. Adsorption experiments

Experimental solutions with different amounts of polybenzox-
azine aerogel were mixed in glass bottles at a given temperature and
constant total ion normality in solutions. Essentially, 50 ml of a

solution containing the metal ions with 1 ppm initial concentration
(Co) was mixed with polybenzoxazine aerogel weighing from 10 to
80 mg under constant magnetic stirring at 298 K. After 4 to 48 h, the
suspensions were filtered through 2.5 ym membrane filters and the
metal solutions were analyzed.

Control experiments were done in order to confirm that the
adsorption of the specific metals on the walls of the glass bottle or in
the filtration systems was negligible.

2.3.5. Equilibrium sorption experiments

The adsorption isotherms for each metal were obtained by the
batch adsorption studies using the batch factor (the ratio of solution
volume and the weight of adsorbent) equal to 1000 ml/g. To obtain
the equilibrium data, the initial concentration of the metal solutions
was varied while the amount of the adsorbent was kept constant. The
solutions were stirred continuously in glass bottles for 24 h whereas
the pHs were maintained in the range of 4-5. The mixtures were then
filtered through Whatman filter paper (No. 42) before analyzing the
filtrates by using ICP.

2.3.6. Desorption experiments

The polybenzoxazine aerogel (80 mg) with adsorbed SnZ*
obtained from the metal sorption study was placed in contact with
(a) Hz0 or (b) 2% (w/v) NaCl, each with pH levels of 4, 7, or 9, while
stirring continuously. After 24 h, the aqueous phase was removed and
the amount of metal in the aqueous phase released from the
polybenzoxazine-based aerogel was determined.

3. Results and discussion
3.1. Preparation polybenzoxazine-based aerogel

According to Du et al. [9], the material with more nitrogen donor
atoms is a stronger anion exchanger. Triethylenetetramine (TETA)
was thus chosen as one of the reactants for the benzoxazine synthesis
due to the greater number of nitrogen donor atoms which could form
complexes with metal ions when polybenzoxazine was used as the
chelating polymeric resin.

The synthesis of the polybenzoxazine precursor was adapted from
the patented solventless method invented by Ishida [10]. Dioxane was
used to facilitate the mixing of all reactants to accelerate the synthesis
process. When compared with the traditional solvent method, which
requires approximately 5 h [11], our reaction was completed within
1 h. The proposed chemical structure of polybenzoxazine aerogel used
as a chelating polymer is shown in Scheme 1.

3.2. Characterization of polybenzoxazine-based aerogel

The 'H NMR was also used to confirm the chemical structure of the
partially cured polybenzoxazine (Fig. 1). The characteristic peaks
assigned to the methylene protons of O-CH,-N and Ar-CH,-N in the
ring-closed benzoxazine structure were observed at 4.76 and
3.89 ppm, respectively. The methylene protons of the ring-opened
benzoxazine Ar-CH,-N were also observed at 3.68 ppm. The aromatic
protons appeared at 6.60-7.00 ppm and the methyl protons of
bisphenol-A were observed at 1.55 ppm. These results strongly
agree with Garea et al. [13] who also found the characteristic signals
corresponding to the methylene groups from the benzoxazine rings at
3.9-4.85 ppm, and aromatic protons at 6.5-7.5 ppm. The signal at
3.6 ppm from all of the "TH NMR spectra is assigned to the methylene
groups of ring-opened benzoxazine group. The ring-opening might be
caused by the exothermic heat generated during the precursor
synthesis.

The polymerization process of the benzoxazine precursor to the
polybenzoxazine-based aerogel, denoted as [Poly (BA-TETA)], was
followed with the FTIR spectrum (Fig. 2a) confirmed that the
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Scheme 1. Proposed chemical structure of the polybenzoxazine aerogel.

polybenzoxazine precursor was obtained. The asymmetric stretching
bands of C-N-C (1180 cm™ '), C-0-C (1260 cm™!), and CH,, wagging
of oxazine (1370-1380cm™!) were observed. Additionally, the
characteristic absorption peaks assigned to the trisubstituted benzene
ring and the out-of-plane bending vibrations of C-H were observed at
1498 and 927 cm™ !, respectively [12]. The intensity of the charac-
teristic absorption bands at 927 cm™ ! decreased significantly after
the benzoxazine precursor was completely polymerized. This FTIR
result agrees with the study of Dunkers et al. [13], suggesting a change
of the characteristic absorption due to the ring-opening polymeriza-
tion of the benzoxazine.

The progress of the ring-opening polymerization from the
benzoxazine precursor was monitored by DSC (Fig. 2b). The DSC
thermogram shows the exotherm peak starting at 180 °C with a
maximum at 245 °C, attributed to the polybenzoxazine ring-opening
polymerization. After the benzoxazine precursor was fully polymer-
ized, the exothermal peak disappeared. This DSC result is in
agreement with the study of Su et al. [14], showing the decrease of
the exotherm peak with the increase of temperature, which
disappeared after the polymerization was complete (Fig. 2b).

The thermal stability of the partially-cured polybenzoxazine
precursor was investigated by TGA (Fig. 3). The polybenzoxazine
precursor started to lose weight at 250 °C and the maximum weight
loss was observed at between 250 °C and 600 °C. Hemvichian et al.
[15] identified the decomposition of polybenzoxazines through TGA
and GC-MS techniques and found that the decomposition products

were a combination of benzene derivatives, amines, phenolic
compounds, and Mannich base compounds.

Scanning electron microscopy (SEM) was used to investigate the
morphology of the polybenzoxazine-based aerogel (Fig. 4a). We found
that the obtained aerogel is a porous material composed of agglomer-
ated polybenzoxazine particles in a three-dimensional network with
continuous open macropores similar to that of resorcinol-formaldehyde
(RF) aerogel, reported by Petricevic et al. [16].

According to the pore size distribution (Fig. 4b), the polybenzox-
azine aerogel consists of different pore sizes. Similar results were
observed by Kim et al. [17] who found that the pore size distribution
of the resorcinol/formaldehyde resin aerogel was spread broadly with
diameters ranging from nanopore to macropore size.

3.3. Adsorption experiments

The effect of metal types on the adsorption of polybenzoxazine
aerogel was examined and the results are presented in Fig. 5.

The results indicated that removal of metal ions by using the
polybenzoxazine aerogel as a ligand was in the following order:
Sn2*>Cu?t >Fe? " >Pb%+ >Ni2*>Cd?">Cr?*. The stability of the
metal-ligand complexes in a homogeneous system is generally
explained by the Irving-Williams rule [18]. Henry et al. [19] found
that the nitrogen donor atoms in the chelating polymer interact with
several types of metal ions in the order that follows the Irving-
Williams rule. The rule is related to the molecular orbital stabilization

Fig. 1. "H NMR spectrum of the benzoxazine precursor.
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Fig. 2. a) FTIR spectra and b) DSC thermograms of the polybenzoxazine precursor after
drying at 80 °C (pre-cured) and after heat treatment at 200 °C (fully-cured).

energy and the crystal field stabilization energy. These two types of
energies are explained in terms of the stability constants. Since the
magnitudes of stability constants are proportional to the anti-
logarithms of standard free energy changes, —AG®, the order is thus
that of the —AG?® values for the formation reactions. Theoretically, the
standard free energies of formation are related to the enthalpies and
the entropies as follows:

—AG® = —AH° + TAS".

Fig. 3. TGA thermogram of the partially-cured polybenzoxazine precursor.

Fig.4.a) SEM micrograph and b) pore size distribution of particles of the polybenzoxazine-
based aerogel.

According to this rule, the following sequence of the complex
stability holds for given ligand: Cd?*<Cr?*<Fe?*<Ni’*<Cu?*,
which implies that Cu?™ has the highest tendency to form a complex
with the ligand because the Cu?* has the lowest enthalpy of hydration
(AH®). The enthalpy of hydration, Hyyq, of an ion is the amount of
energy released when a mole of the ion dissolves in a large amount of
water, forming an infinitely dilute solution in the process as follows:

M (g) + mH20—~M"" (aq) (1)

where M2 (aq) represents the ions surrounded by water molecules
and dispersed in the solution [18].

Fig. 5. Adsorption of metal ions onto the polybenzoxazine aerogel in single-metal
solutions at various weights of polybenzoxazine aerogel.
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However, in our study, the results indicated that Sn?>* had the
highest percentage of sorption, which is probably due to the biggest
Van der Waals radius of the Sn®", determined from the measurement
of atomic spacing between pairs of unbonded metal atoms in crystals
[18]. From the results, it can be deduced that both Irving-Williams
rule and the Van der Waals radius had significant effects on the
sorption of the metal ions onto the polybenzoxazine aerogel.

Ngeontae et al. [20] suggested that the adsorption is strongly
influenced by the weight of the absorbent. This suggestion can be
applied to our case since the increase of the amount of polybenzox-
azine aerogel from 20 to 80 mg resulted in more metal ions being
removed from the solutions. According to the detection limits of ICP,
we found that, after 24h, Sn®>" was completely removed from the
solution with Cy equal to 1 mgL™! when 80 mg of the polybenzox-
azine aerogel was used as the absorbent. The overall results obtained
clearly indicate that the polybenzoxazine aerogel is most selective to
Sn?*, regardless of the amount of polybenzoxazine aerogel used.

The effect of mixed-metal solution on the removal of the metals
(Fig. 6) was evaluated and compared with the effect of a single-metal
solution (Fig. 5). It was found that the maximum adsorption capacity
of mixed-metal solutions was lower than that of single-metal
solutions for all types of metals at room temperature, when the
contact time was 24 h at pH 2.45 using a polybenzoxazine absorbent
with a particle size less than 150 pm and a 500 rpm stirring speed. The
difference between the maximum adsorption capacities of the single-
and the mixed-metal solutions can be attributed to several factors,
such as enthalpy of hydration and Van der Waals radius [18].

Tokuda et al. [21] found that when H,S, which is a small molecule
is as an absorbent, the amounts of metal ions removed at certain pH
levels from both single-metal and multi-metal systems were not
significantly different. However, in our case, where the absorbent is a
chelating polymer, different results were observed from single- and
mixed-metal solutions for all kinds of metals at pH 2.45.

To determine the time necessary for the attainment of sorption
equilibrium [19,22,23], a study of the uptake rates of the metal ions by
the polybenzoxazine aerogel was undertaken at 298 K (Fig. 7). The
results indicated that the amount of metal ions removed from the
solutions increased with contact time. Furthermore, equilibrium was
reached after 20 h for the removal of Sn?>*, whereas, in the case of the
removal of Cu?" and Fe?™, equilibrium was not reached, even when
the contact time was 48 h.

Phongtamrug et al. [24] studied the inclusion phenomena of
benzoxazine derivatives with different transition metals. They found
that the bulky group of the derivatives obstructs the ion interaction,
resulting in a decrease in ion extraction ability. Hence, in our case, the
incomplete removal of the metal ions except for the Sn?>*, might be
due to the inter- and intra-molecular H-bonding in the polybenzox-
azine molecules, resulting in fewer numbers of nitrogen donor atoms
being available to form a complex with the metal ions.

Fig. 6. Adsorption of metal ions onto the polybenzoxazine aerogel in mixed-metal
solutions at various weights of polybenzoxazine aerogel.

Fig. 7. Uptake rates of Sn?>*, Cu?*, and Fe>* by the polybenzoxazine aerogel in single-metal
solutions at various contact times.

Since Sn?>* has the highest Van der Waals radius, it can interact
with the absorbent through Van der Waals force. Hence, in this case,
the physisorption also plays an important role in the sorption
behavior of the polybenzoxazine aerogel.

The effect of contact time in the single and the mixed-metal solutions
on the removal of metals was evaluated at room temperature. The
results are shown in Figs. 7 and 8. It was found that the maximum
adsorption capacity of the mixed-metal solutions was lower than that of
the single-metal solutions for all types of metals at the same conditions.

3.4. Analysis of adsorption isotherm

To determine the relationship between metals adsorbed (q.) and
the equilibrium concentration of metals (C.), the adsorption isotherm
was employed.

The amount of adsorbed metals per unit mass of adsorbent (q.)
was calculated by

(Cp—C)V
g = Gl @)
where
Co the initial concentration of heavy metals
Ce the concentration of heavy metals at equilibrium

Fig. 8. Uptake rates of metal ions by the polybenzoxazine aerogel in mixed-metal
solutions at various contact times.
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m the amount of adsorbent
Vv the volume of solution.

The adsorption isotherm of the selected metal ions onto
polybenzoxazine aerogel is shown in Fig. 9. In order to classify the
type of the adsorption isotherm, the two most commonly used models
are the Langmuir and the Freundlich isotherms [25-27].

The Langmuir model is described by the equation as described
below:

— Q-maxKL
9= T3 KC, 3
where
Qmax the maximum amount of metal ion to form a complete
monolayer on the surface
Ky the Langmuir constant.

The Langmuir parameters, Q max and Ki, can be determined from a
linearized form of Eq. (3) as follows:

C. (Q) 1
e — 4+ 4
Qe Qmax QmaxKL ( )

The Langmuir constant can be used to determine the suitability of
the adsorbent to the adsorbate using a dimensionless constant called
separation factor (Ry), which is defined as

1
&_1+m%' ®)
The separation factor (Ry) indicates the possibility of the adsorption
process as follows:

R.>1.0 unfavorable
0<R; <1 favorable
R.=0 irreversible.

On the other hand, the Freundlich isotherm is used for model the
adsorption onto heterogeneous surface and the multilayer adsorption,
and its equation is shown as follows:

€= KC'" (6)

where

K¢ the adsorption capacity

n the constant that indicate the favorability of metals onto the
adsorbent.

Fig. 9. The adsorption isotherm of the selected metal ions onto polybenzoxazine
aerogel.

Table 1
The Langmuir and Freundlich constants for the adsorption of the selected heavy metal
ions.

Metal cation  Langmuir adsorption equation  Freundlich adsorption equation
R? R?

Cu?™ 0.9942 0.1711

Fe? ™" 0.9492 0.3765

Pb?* 0.9520 0.8634

The linearized Freundlich model isotherm is represented by the
following equation:

loggq. = logK; + 1/nlogC.. (7)

The plots of log q. versus log C. are used to determine the value of
Kr and 1/n which are the Freundlich parameters.

The adsorption data from the adsorption isotherms of the selected
metal ions (Cu®>*, Fe?* and Pb2™") using polybenzoxazine aerogel as
an adsorbent (Fig. 9) were analyzed, using both Langmuir and
Freundlich equations. The R? values of the selected metals are given in
Table 1.

From Table 1, the linear plot of the Langmuir equation gave the R?
values close to unity while the R? values from the Freundlich equation
were lower, indicating the agreement of the data with the Langmuir
isotherm which suggests the formation of monolayer adsorption of
metal ions on the surface of polybenzoxazine aerogel in the studied
concentrations.

By using the Langmuir adsorption isotherm (Fig. 10), the maximum
adsorption capacity (Qmax) and the Langmuir constant can be deduced
(Table 2).

The maximum adsorption capacity of Cu?>* gave highest values
which were in agreement with the Irving-Williams rule. K is the
Langmuir adsorption equilibrium constant which is a measure of the
energy adsorption. A greater K; value indicates a steep initial slope of
an isotherm implying a high affinity of the adsorbent towards the

Fig. 10. The Langmuir adsorption isotherm of the selected metal ions onto polybenzox-
azine aerogel.

Table 2

The Langmuir constants for the adsorption of the selected heavy metal ions.
Metal ion Qmax (Mg/g) Ky Ry
cu?t 1.501 6.296 0.137-0.015
Fe?* 0.890 1.694 0.371-0.056
Pb2 " 0.258 7.384 0.119-0.013
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Fig. 11. Desorption process of H,0 and 2% (w/v) NaCl at various pH levels.

metal ions under the dilute conditions [28]. Furthermore, it was found
that the R, values for Cu®>", Fe?™, and Pb>" onto polybenzoxazine
aerogel were between 0 and 1 indicating that the adsorption
processes are highly favorable.

3.5. Desorption experiments

The effect of media types on desorption was also evaluated
(Fig. 11). Sn?>* was chosen as the studied ion while H,0 and 2% (w/v)
NaCl were used as a media to remove the absorbed ion. We found that
the desorption of Sn?>* was negligible when H,O was used as the
medium. However, when the desorption experiments were done in
2% (w/v) NaCl at pH 4, 40% of the Sn?>* was recovered, which might be
because the NaCl has a much higher ionic dissociation than the H,0, as
observed by Bosco et al. [29], who used NaCl and Ca(NO3), as the
desorption media.

H,0 and 2% (w/v) NaCl at pH 4, 7, and 9 were prepared to
investigate the effect of pH on the desorption of Sn®". From the
results, the greatest desorption was observed when the acidic pH
(pH=4) medium was used. The results indicated that more than 40%
sorbed Sn?>* was recovered within 24 h. Clearly, the participation of
the H* in the ligand exchange reaction at acidic pH significantly
improved the desorption efficiency. Henry et al. [19] observed a
similar behavior for other absorbents. Their results indicated that low
pH is necessary to reduce the sorption affinity.

In order to investigate the effect of temperature, metal desorption
studies were conducted at 298, 313, and 333 K using 2% (w/v) NaCl at
pH 4. The desorption of the metal ions from the polybenzoxazine
aerogel as a function of temperature is shown in Fig. 12. When the
temperature was increased, the Sn®" desorption was negligible,
which might be due to the complex formation difficulty between the
sodium ion in the medium and the polymeric ligand since the entropy
was increased, as also observed by Ozer et al. [30], who reported that
the desorption capacity of metal ions from biomass decreased at
higher temperature.

4. Conclusions

This study revealed that polybenzoxazine aerogel could be used
for metal removal from wastewater. The sorption capacity of polyben-
zoxazine aerogel for metals at 298 K was in the following order:
Sn2*>Cu?">Fe?*>Pb?*>Ni?">Cd?">Cr?". This order can be relat-
ed to both the Irving-Williams rule and the Van der Waals radius.
Moreover, the results indicated that the amount of metal ions
removed from the solutions depended on both the weight of the
adsorbent as well as the sorption time. The maximum adsorption
capacity of the mixed-metal solutions was less than that of single-

Fig. 12. Desorption of Sn?* in 2% (w/v) NaCl at pH 4 at various temperatures.

metal solutions for all types of metals at the same conditions because
of the enthalpy of hydration and the Van der Waals radius. In addition,
the results obtained from the isotherm studies suggested that the
experimental data for the removal of heavy metal ions were
consistent with the Langmuir isotherm model and the adsorption
processes were highly favorable. For the desorption process, 40% of
the Sn?* could be optimally recovered when 2% (w/v) NaCl at pH 4
was used, which might be due to the ionic dissociation of NaCl and the
amount of protons in acid solutions.
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