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Membranes made of carbon nanotubes and cellulose acetate with polyacrylic acid were designed in order to study their properties
and their applicability for chromium removal. The membranes were prepared by phase inversion method using cellulose acetate
and polyacrylic acid. Carbon nanotubes were added to the membrane during their process of synthesis in proportions of 1% by
weight.The pores in the material are formed in layers, giving the effect of depth and forming a network. Both the carbon nanotubes
and membranes were characterized by IR, Raman, and SEM spectroscopy. In addition, the concentration of acidic and basic sites
and the surface charge in the materials were determined.The concentration of acid sites for oxidized nanotubes was 4.0meq/g.The
removal of Cr(VI) was studied as a function of contact time and of initial concentration of Cr(VI). The removal of Cr(VI) (∼90%)
mainly occurs in a contact time from 32 to 64 h when the initial concentration of Cr(VI) is 1mg/L.

1. Introduction

Many investigations have been focused on the development
of new polymeric membranes for different applications [1].
Nowadays, these membranes are used for the recycling of
metals, for the removal of toxic products or chemical species,
and for obtaining high purity chemicals and clean wastes [2].
In order to reach these important applications, a great effort
has been placed on the design of new membranes with high
selectivity and chemical resistance. Furthermore, it is possible
to impose on the membranes an additional requirement
related to the possibility of controlling their selectivity or
their properties by changing some external parameters [3].
Thus, a variety of polymeric membranes can be prepared
by altering certain parameters in the initial mixture such as

composition, initial concentration of the polymer, thermal
treatments, fillers, solvents, and additives [4, 5].

The addition of fillers in polymers is an attractive method
in order to obtainmaterials with novel properties. Nowadays,
carbon nanotubes are used as fillers to produce newmaterials.
However, when new applications for carbon nanotubes are
proposed, these materials need to be supported on other
materials to obtain attractive composite structures with a
better performance than the performance shown by pure
initial components. The physicochemical characteristics of
the membranes obtained from the polymer mixture can be
changed if the membrane is prepared using different mixing
ratios of the polymers [6].

In this work, synthetic polymer membranes made from
polyacrylic acid, cellulose acetate, and graphitic materials
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were prepared and characterized in order to evaluate their
properties, stability, and possible application in chromium
removal. The use of polymers provides support to carbon
nanotubes and permits their use in continuous processes for
the removal of ions. This idea is based on previous studies
showing that these materials have great potential in the
adsorption of heavy metals [7–9].

Previous studies have demonstrated the technical feasibil-
ity of using carbon nanotubes (CNTs) for the removal of diva-
lent ions (Ni2+, Cu2+, Pb2+, Cd2+, Zn2+, andCo2+) from aque-
ous solutions. These studies were based mainly on chemical
interactions that occur between ions and surface groups of the
CNTs. CNTs were regenerated and reused for several cycles
of water treatment; this feature is ideal if you want to have
low-cost processes [7]. Furthermore, CNTs have been used in
studies of speciation for Cr(III), Cr(VI), and total Cr. These
methods were successfully applied, showing optimal condi-
tions comparable to the procedures reported in the literature,
such as quantitative recovery values, low detection limits,
high selectivity, high capacity, and a larger range of pH values
for speciation of chromium [8]. In addition, studies for the
removal of Cr(VI) have been performed using oxidized CNTs
as adsorbents. These studies showed that the CNTs can effi-
ciently remove Cr(VI) from aqueous solutions under a wide
range of experimental conditions, without significant release
of Cr(III). Chromium removal takes place primarily because
of the functional groups located on the surface of the CNTs.
These functional groups provide adsorption sites for Cr(VI)
[9].

Chromium is a heavy metal and has been identified as
a contaminant of water and soil. Chromium pollution is
produced from numerous industrial activities, such as the
textile industry, the chemical industry, andmetallurgy [10, 11].
Cr(III) is poorly soluble and stable, is found primarily in
food, and is essential to maintain normal glucosemetabolism
in humans. On the other hand, Cr(VI) is less stable and
more soluble and is considered an environmental pollutant
and is also toxic and carcinogenic to humans. Hexavalent
chromium is harmful to health, relating to certain diseases of
the liver, kidney, and lungs and different kinds of cancer [12].

The polymer made from cellulose acetate (CA) and
polyacrylic acid (PA) can be used as support of the graphitic
materials. Cellulose acetate is one of themost commonly used
materials for polymeric membrane fabrication [13]. It can
produce membranes of adequate porosity and low binding
[14]. CA is a hydrophilic material with good resistance to
soiling and moderate chlorine resistance; its price is low and
it has good biocompatibility. However, some disadvantages of
thismaterial are poormechanical strength, low thermal resis-
tance, and low chemical resistance [15, 16]. Some studies have
shown that it is possible to control the porosity of amembrane
obtained from cellulose acetate and polyacrylic acid. The
membranes made from the reaction of two organic polymers
showed pore diameters that ranged between 3 and 100
microns just by varying the time of immersion in hot water.
The pore size shows a nonlinear behavior as a function of the
temperature of the immersionmedium [17].The possibility of
controlling the pore through an external factor such as water

temperature immersion introduces these membranes as
attractive materials for adsorption processes. Finally, it is
important to stress that the performance of nanomaterial in
the polymer matrix must be evaluated from the study of con-
ditions such as load, degree of oxidation, polymer features,
synthesis conditions, and carbon nanomaterial production
and precursors. All these features play an important role in
the final properties of membranes for chromium removal.

2. Materials and Methods

2.1. Synthesis of Polymer Membranes. In order to carry out
this work, the followingmaterials were used: cellulose acetate
(Sigma Aldrich) with a molecular weight of 50,000 by gel
permeation chromatography (GPC) and a degree of acety-
lation of 39.7%w and polyacrylic acid in aqueous solution
(Sigma Aldrich) with a molecular weight of 30,000 gmol−1
and a percentage of 35%w.All commercial reagentswere used
without any further purification step. Polymer membranes
were prepared according to a procedure previously reported
[9]. Initially, a solution was prepared dissolving 8 g of cellu-
lose acetate in 100mL of glacial acetic acid at room tempera-
ture. Then, when the cellulose acetate had been completely
dissolved, 10mL of polyacrylic acid was added slowly with
constant medium agitation; this solution was heated at 60∘C
under agitation for 30min, allowing the reaction between
the cellulose acetate and the polyacrylic acid to take place.
The final solution was cooled down to room temperature and
stored for 3 days before use. To obtain the membranes,
several samples were poured into flat glass molds of 10 cm
in diameter, leaving the molds with the solution floating on
iced water at 4∘C, allowing the solution to reach the same
temperature of iced water. Thereafter, the mold with the
polymer solution was completely immersed carefully into the
cold water until the membranes formed and subsequently
permitted to rest for 15min to allow the solidification of poly-
mer solution. Once the membranes were formed, they were
withdrawn from the iced water and immediately placed into
a bath of hot water at 60∘C. This procedure was applied to
membranes both with and without carbon nanotubes using
concentrations of 1% by weight.

2.2. Oxidation of Carbon Nanotubes (CNTs). Multilayer nan-
otubes (Cheaptubes Co.), with purity greater than 95%, 10
to 30 microns in length, and diameters between 20 and
30 nm, were oxidized through a chemical treatment based on
a mixture of sulfuric acid (Jalmek, purity: 95–98%, MW =
98.08 g/Mol) and nitric acid (Fermont, purity: 69%, MW =
63.01 g/mol) in a 3 : 1 volume ratio. The oxidation was con-
ducted at 85∘C for 3 h.When the reaction finished, the sample
was washed with distilled water and dried for 12 h at 40∘C.

2.3. Surface Characterization. The characterization of poly-
mer and carbon nanotubes was made by Fourier Transform
Infrared spectroscopy with attenuated total reflectance
(FTIR-ATR Vertex Model 70) in pressed KBr pellets
(100mgKBr and 1mg of sample) of graphitic materials. For
FTIR spectroscopy, the samples were dried at 333 K for 24 h.
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The characterization by FTIR was complemented with a
Raman analysis (Renishaw Raman Microscope Invia Reflex,
Wotton-under-Edge, UK). The thermal properties were
studied using a TGA analyzer (TA-Q500, TA Instruments).
The TGA measurements were performed using nitrogen
in a temperature range of 25–700∘C (10∘Cmin−1). The
morphology of cross-linked polymer was investigated with
the aid of the scanning electron microscope (Jeol JSM-
6610LV) operated in the high vacuummode at an acceleration
voltage of 20 kV and a pressure of 20 Pa; the materials were
previously coated with gold. The SEM images for the rest
of the materials were determined with an environmental
scanning electron microscope (MEBA, Philips: Model XL30)
operated in the high vacuum mode too. The effective surface
area and pore size distribution of the graphite materials were
determined using N

2
-BET (ASAP 2010 V5.03). About 0.2 g

of sample was degassed in nitrogen at 120∘C for 6-7 h before
undergoing analysis. The pore size distributions with specific
surface areas were measured by N

2
adsorption/desorption

according to the BET method.

2.4. Potentiometric Titrations. The surface charge and point
of zero charge of the materials were evaluated using a poten-
tiometric titration method proposed by Loskutov and Kuzin.
For the titration, a pHmeter (Pinaracle,Model 540)was used.
The experiments were conducted in a 50mL flask. Initially,
100mg of adsorbent material and 20mL of 0.1MNaCl were
added to the vessel. Then, a sample between 0.05 and 5mL of
a titrant solutionwas added to obtain a curve over the range of
pH.The solution with the adsorbent material was kept under
constant stirring for 48 hours until it reached equilibrium.
Then, the final pH value of titrant solution was measured.
Thus, we obtained a curve that showed the variation of pH
value of the solution as a function of volumeof titrant solution
with adsorbent. Another similar curve for the solution
without adsorbent was obtained. These plots were used to
determine the volumes of the different titrants solutions at
the same final pH. The surface charge and point of zero
charge of the materials were evaluated using the equations
proposed by Loskutov andKuzin. Finally, a curve that showed
the variation of surface charge as a function of pH was
obtained. The point of zero charge (PCC) was placed as the
pH value where the surface charge is zero. The concentration
of acidic and basic sites in thematerials was determined using
a method of acid-base titration proposed by Böehm. For the
titration, a pH meter (Pinaracle, Model 540) was used. The
experiments were conducted in a 50mL flask. The acid sites
were neutralized with basic standard solution (0.1 NNaOH)
and the basic sites with an acid standard solution (0.1 NHCl).
Initially, a neutralizing solution and 1 g ofmaterial were added
to the vessel. The flask was partially immersed in water at
25∘C and it was left in contact with water for 5 days to reach
equilibrium. The flask was manually stirred two times a day.
Then, a sample of 10mL was taken and titrated with 0.1 N
solution of HCl or NaOH. The titration was performed in
triplicate for all cases. The concentrations of acidic and basic
sites were calculated using the equations proposed by Böem.

2.5. Chromium Removal Studies. All experiments were con-
ducted in plastic tubes under ambient conditions by using
batch technique. A sample of adsorbentmaterial and a certain
amount of synthetic solution of Cr(VI) were added to each
tube. The tubes were kept in constant agitation. After the
period of shaking time, the solid phase was separated from
the solution.The contact time (adsorption kinetics), the dose
of graphitic material, the effect of pH, the effect of the initial
concentration of the synthetic solution, and finally the effect
of temperature on the removal were studied. The data of
the adsorption kinetics were simulated using pseudo-first-
order models, pseudo-second-order models, Elovich model,
model function of power, and kinetic rate law for three
values of 𝑛 (0, 2, and 3). The data of the amount of Cr(VI)
adsorbed on the polymer graphitic materials (q, mg/g) and
the concentration of Cr(VI) remaining in solution (Ce,mg/L)
were simulated using models of Langmuir and Freundlich
for the temperatures studied. The total Cr concentration in
solutionwasmeasured by atomic absorption spectrophotom-
etry using spectroscopy (AA Analyst HA-100 Spectrometer,
Perkin Elmer).

3. Results and Discussion

3.1. Infrared Spectroscopy (FTIR-ATR)

3.1.1. Oxidation of Carbon Nanotubes. The IR spectra of raw
nanotubes and oxidized nanotubes are compared in Figure 1.
The spectrum for raw nanotubes shows signals associated
with stretching vibrations of C-C bond in the 1300–1100 cm−1
range and stretching vibrations of C=C bond at 1670 cm−1.
These bands are characteristic of graphiticmaterials. After the
chemical modification, the spectrum for oxidized nanotubes
shows a peak at 3435 cm−1 and another at 3778 cm−1 asso-
ciated with stretching vibrations of the hydroxyl group. In
addition, the signal at 1720 cm−1 can be attributed to stretch-
ing vibration of the carbonyl group present in the carboxyl
groups. The peaks at 1533 and 1340 cm−1 can be assigned
to symmetric and asymmetric stretching of carboxyl group,
respectively. Finally, the peak at 1040 cm−1 can be associated
with stretching vibrations of the C-OH bond and the signal
at 632 cm−1 with out-of-plane movements of the -OH bond.
The presence of oxygen in the IR spectra of the nanotubes is
evidence of its oxidized state.

3.1.2. Molecular Interactions between Different Polymers.
Molecular interactions between materials were studied by
obtaining their FTIR spectra. The IR spectra of cellulose
acetate, polyacrylic acid, and the polymer (AC-PA) are shown
in Figure 2.The spectrum for polyacrylic acid shows the typi-
cal bands for carboxylic acids, with the stretching absorption
associated with the hydroxyl groups (O-H) in 3384 cm−1,
while the carbon-oxygen (C=O) absorption peak charac-
teristic of carbonyl was observed at 1701 cm−1. In addition,
peaks for C=C and C-C stretching were observed at 1629 and
1234 cm−1. Finally, the band in 1452 cm−1 can be assigned to
the in-plane bending of the hydroxyl group. The spectrum
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Figure 1: Infrared spectra of the raw nanotubes and the oxidized
nanotubes.
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Figure 2: Infrared spectra of the different polymers.

for cellulose acetate also showed an absorption band asso-
ciated with the -OH stretching region in 3487 cm−1, while
the carbon-oxygen (C=O) absorption peak characteristic of
carbonyl was observed at 1756 cm−1. Peaks observed at 2958
could be attributed to symmetric and asymmetric stretching
vibrations while the signals placed at 1436 and 1368 cm−1
can be attributed to symmetric and asymmetric bending
vibrations of the carbon-hydrogen bonds present in the
methyl group. Peaks observed between 1227 and 1048 cm−1
are characteristic of materials based on cellulose and they can
be associated with the carboxylate group, the link between
rings C-O-C and the pyranose ring, respectively. Finally, the
band in 903 cm−1 can be assigned to the out-of-plane bending
of hydroxyl group.When the cellulose acetate and polyacrylic
acid reacted, the bands associated with the carboxylic groups
(C=O and OH) of the polyacrylic acid and the hydroxyl and
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Figure 3: Infrared spectra of the polymer (AC-PA)without andwith
raw and oxidized CNT.

acetyl groups of cellulose acetate decrease significantly. This
suggests that the interaction between polyacrylic acid and
cellulose acetate has occurred.

Different graphitic materials were added to the polymer
(AC-PA). The IR spectra of polymer with carbon nanotubes
are shown in Figure 3. In these spectra, we can observe the
characteristic peaks of the polymer (AC-PA). In addition, it is
not possible to observe interactions between the polymer and
graphite materials from IR spectra.

3.2. Raman Spectroscopy

3.2.1. Oxidation of Carbon Nanotubes. The Raman spectrum
of raw carbon nanotubes presents four characteristic peaks,
Figure 4. The first band at 1574 cm−1 can be associated with
theG band of graphite. In the nanotubes, this band is split due
to the loss of symmetry by the curvature and the electronic
effects present. Another peak at 116 cm−1 can be associated
with the radial breathing modes (RBM, simultaneous radial
displacement of all carbon atoms). The third band located at
1346 cm−1 can be attributed to induced modes by disorder.
This band is known as D band. Finally, a peak at 2687 cm−1,
known asG band, corresponds to amodewith the same sym-
metry as the band D. After we oxidize nanotubes, the D band
intensity increases due to the increment in the number of
defects present in the material.

3.2.2. Molecular Interactions between Different Polymers. A
Raman spectrum consists of bands which are caused by
inelastic scattering from chemically bonded structures, as
shown in Figures 5, 6, and 7. The fundamental bands of
cellulose acetate have been annotated in Figure 5.The charac-
teristic Raman signals for cellulose were present at 2934 and
1121 cm−1, which are attributed to C-H stretching and asym-
metric stretching vibration of the C-O-C glycosidic linkage,
respectively. In addition, we observed the pyranose ring
signal at 1081 cm−1 and the band associated with the C-OH
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bonds present in the rings at 1265 cm−1. The characteristic
Raman signals for the acetyl group can be observed at
1736, 1435, and 1382 cm−1 corresponding to vibration of the
carbonyl group (C=O) and asymmetric and symmetric vibra-
tions of theC-Hbondpresent in the acetyl groups.The signals
observed at 978, 906, 834, and 659 cm−1 can be associated
with C-O, C-H, O-H, and C-OH bonds, respectively.

The spectrum for the polyacrylic acid is shown in
Figure 6. The characteristic Raman signals can be observed
at 3444 and 1678 cm−1 corresponding with the oxygen-
hydrogen bond vibration and carbonyl group (C=O) vibra-
tion present in the carboxylic groups. The stretching vibra-
tions of the carbon-carbon double bond (C=C) appear at
1654 cm−1 while in-plane bending of the O-H bond can be
placed at 1496 cm−1. Finally, the bands at 1306, 1224, and
905 cm−1 correspond to C-O bond vibrations. The peak at
1224 cm−1 had a contribution fromC-C bonds present.When
the polymers (AC and PA) are mixed, the spectrum obtained
shows primarily the characteristic Raman signals for cellu-
lose acetate while polyacrylic acid has remained undetected
because their bands partially overlapped those of cellulose
acetate, as shown in Figure 7. The characteristic Raman sig-
nals for polymer (PA-AC) were present at 2939 and 1121 cm−1,
which are attributed to C-H stretching and asymmetric
stretching vibration of the C-O-C glycosidic linkage, respec-
tively. In addition, we observed the pyranose ring signal at
1081 cm−1 and the characteristic Raman signals for the acetyl
group at 1731, 1431, and 1368 cm−1 corresponding to vibration
of the carbonyl group (C=O) and asymmetric and symmetric
vibrations of the C-H bond present in the acetyl groups,
respectively. Finally, the signals observed at 978, 906, 834,
and 659 can be associated with C-O, C-H, O-H, and C-OH
bonds, respectively. For the polymer (CA-PA), we cannot
observe the band associated with the C-OH bonds present
in the glycosidic rings at 1265 cm−1 and we cannot see the
characteristic Raman signals at 3444 and 1678 cm−1 cor-
responding with the oxygen-hydrogen bond vibration and
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Figure 8: Mechanism based on reaction between carboxylic groups and acetyl groups [18].

carbonyl group (C=O) vibration present in the polyacrylic
acid neither.

We considered two reaction mechanisms associated with
possible interactions between cellulose acetate and acrylic
acid.The firstmechanism is based on the idea that the oxygen
present in the carbonyl group has weak basic properties
as shown in Figure 8. In the presence of an acid, the few
protonated molecules are much more reactive to a nucle-
ophile, as the electronic deficiency of the carbonyl carbon
is increased. This affirmation is supported by the resonance
forms. Reactions of carboxylic acids occur in an acidic envi-
ronment. Thus, interference of OH group acidity is avoided
and carbon nucleophilicity is increased as partial protonation
of the carbonyl group occurs. In the initial stage, the carbon of

the carboxyl group changes from sp2 hybridization (trigonal
planar) to sp3 (tetrahedral). In this stage, the nucleophile,
protonated in acidic medium, is added. In the final stage,
the carbon present in the carboxylic group recovers its sp2
hybridization. As the initial proton is recovered, the amount
of acid required for these reactions is catalytic. The incipient
water molecule formed in the previous step is easily removed,
and the result is a new material produced by the loss of an
electron. Hence, the map of reactivity of a carboxylic acid is
marked, first by the high acidity of OH group and second by
the electrophilicity of carbonyl carbon.

The second mechanism considers that hydrogen bonded
to highly electronegative atoms can generate partial charges
in the elements, which would transform into electrostatic
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Table 1: Thermal parameters of polymer (CA-PA) with raw and oxidized CNTs.

Samples Graphitic material (%)
Thermogravimetric parameters

Residue at 700∘C (%)Stage I Stage II
𝑇

0
(∘C) Interval (∘C) 𝑇max II (

∘C) Interval (∘C) 𝑇max III (
∘C)

Polymer (CA-PA) 0 200 — — 271–414 360 10.3
Polymer (CA-PA)
with raw CNTs 1 200 190–262 239 271–412 358 13.5

Polymer (CA-PA)
with oxidized
CNTs

1 204 193–262 264 272–410 359 13.8
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Figure 9: Mechanism based on reaction between carboxylic groups and acetyl groups [18].

attraction as shown in Figure 9. An OH bond is polarized by
the very high electronegativity of oxygen and by the fact that
the attraction of bonding electrons by the hydrogen nucleus
is weak. Electrons present in the OH groups are closer to
the oxygen than the hydrogen; therefore, partial negative
charges on oxygen and partial positive charges on hydrogen
are generated. The presence of positive and negative partial
charges causes thematerials to act likemagnets, so those parts
with partial positive charges attract parts with partial negative
charges.

3.2.3. Thermal Properties. Table 1 summarizes the TGA
results for the different materials studied. The polymer (CA-
PA) shows one main thermal event observed around 360∘C
corresponding to its thermal degradation process. When the
graphitic materials were added to the polymer (CA-PA), we
observed twomain thermal events.Thefirst onewas observed
around 190–274∘C corresponding to the degradation of the
impurities present in the graphitic material.The second stage
was associated with the degradation of polymer and it was
observed around 360∘C.The residue at 700∘Cwas between 10
and 13% for all cases. The weight loss per grade centigrade
at 360∘C is greater in the polymer without graphitic mate-
rial than the membranes with graphitic materials at 1%w,
Figure 10.

3.2.4. Scanning Electron Microscopy. The images obtained
from electron microscopy are shown in Figure 11. The figures
correspond to the different kinds of membranes synthetized.
Cellulose acetate has been traditionally used for polymeric

membrane fabrication. It can produce membranes of ade-
quate porosity [13]. In accordance with the results obtained
from the microscopic characterization, it can be seen that
the polymeric membranes have pores of variable size. This is
consistent with results obtained in previous works, where the
pore sizes showed an irregular behavior as a function of tem-
perature of the immersionmedium [17]. In somemembranes,
polymer (CA-PA), the pores are formed in layers, giving the
effect of forming a deep network, Figures 11(a)-11(b). In the
case of membranes with raw carbon nanotubes, the final
structure of the polymer is messier than the original struc-
ture, Figure 11(c).When the nanotubes are oxidized, the orig-
inal structure is conserved and it looks like a network of neat
pores, Figure 11(d).

3.2.5. Determination of the Surface Area and Pore Size Dis-
tribution in the Carbon Nanotubes. The BET analysis was
applied to carbon nanotubes to determine the effective sur-
face area and the pore size distribution of the materials. The
raw nanotubes presented a surface area of 149.72m2/g and a
pore size of 15.99 nm. The oxidized nanotubes showed a sur-
face area of 91.99m2/g and an average pore size of 24.77 nm.
The adsorption-desorption isotherms obtained by BET anal-
ysis (Figures 12 and 13) showed a characteristic behavior
of the isotherm of type 3 proposed by Brunauer, which
shows that the adsorption occurs by a physical mechanism.
From adsorption-desorption isotherms obtained, we can see
that the analyzed samples have a hexagonal tubular capillary.

Both the raw nanotubes and oxidized nanotubes show a
pore diameter distribution between 10 and 100 nm and a very
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Figure 10: Thermogravimetric curves of polymer (CA-PA) with raw and oxidized carbon nanotubes (1%w).
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Figure 11: Sequence of scanning electron microscope images for different polymeric materials.

small portion of pores in a range of 3 to 4 nm, Figure 14. The
analyzed samples have macropores and mesopores in their
structure.

3.2.6. Concentration of Acidic Sites and Basic Sites. Both
acidic and basic sites were calculated in carbon nanotubes
and polymeric materials using a method proposed by Böehm

based on an acid-base titration. For the carbon nanotubes,
concentration values for only the acid sites were obtained.
The value obtained for oxidized carbon nanotubes was
4.0meq/g. Both acidic and basic sites on the membranes
without graphitic material were calculated using the method
proposed by Böehm. The concentration of acidic sites in the
polymeric material (4.9meq/g) is 1.25 times higher than the
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Figure 13: Adsorption-desorption isotherm of oxidized nanotubes.

concentration of base sites (3.9meq/g). The basic sites in the
polymeric material may be associated with unreacted sites
on the cellulose, while the acid sites can be ascribed to sites
vacated in the polyacrylic acid during the synthesis process of
the copolymer. For the membranes with carbon nanotubes,
no significant changes in the concentration values of the sites
were observed.

3.2.7. Surface Charge and Zero Point Load. The surface charge
of the carbon nanotubes and reinforced membranes was
placed using amethod proposed by Loskutov Kuzin based on
a potentiometric titration.The zero point load for the carbon
nanotubes was determined in a pH value of 5.6. Thus, the
material is positively charged at pH values lower than load
point zero and negatively charged at pH values higher than
load point zero, Figure 15(a). For the polymeric membranes,
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Figure 14: Pore size distribution in raw nanotubes and oxidized
nanotubes.

the zero point load was placed in a pH value of 2.2,
Figure 15(b). The surface of polymeric membranes is posi-
tively charged at pH values higher than the zero point load
and negatively charged at pH values lower than the zero point
load. The behavior of the surface charge of the membranes
is opposite to the behavior shown by graphite materials. The
membranes with graphitic material showed a zero point load
placed at pH values higher than those shown for the mem-
branes without graphitic material, Figure 15(c). The surface
of polymeric membranes with graphitic material is positively
charged at pH values higher than the zero point load and
negatively charged at pH values lower than the zero point
load.

3.3. Performance of the Different Polymeric Materials in
the Process of Removal of Metal Ions

3.3.1. Effect of Contact Time. The removal of Cr(VI) from
aqueous solutions using polymeric materials made from
cellulose acetate and polyacrylic acid with carbon nanotubes
was studied as a function of contact time at a pH value of 2.2.
From the adsorption kinetics obtained, it can be seen that the
removal of Cr(VI) increases when the contact time increases.
The removal of Cr(VI) mainly occurs in a contact time from
32 to 64 h when the initial concentration of Cr(VI) is 1mg/L
and the charge of graphitic material in the membranes is 1%
by weight, Figure 16.

3.3.2. Kinetic Models. The data of the adsorption kinetics
were simulated using pseudo-first-order models, pseudo-
second-order models, Elovich model, model function of
power, and kinetic rate law for three values of 𝑛 (0, 2, and
3). Kinetic data were described in a better way by the pseudo-
first-order model and pseudo-second-order model as shown
in Table 2.
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Figure 15: Distribution of the surface charge in the different materials: (a) oxidized carbon nanotubes, (b) polymer (CA-PA), and (c) polymer
(CA-PA) with carbon nanotubes.

Table 2: Constants for the adsorption kinetics of Cr(VI) from
polymer membranes with CNTs.

Model/parameters Polymer-oxidized nanotubesa

Pseudo-first-order
𝐾



1
(L/h) 0.1034
𝑞

𝑒
(mg/g) 0.9135
𝑅

2 0.9984
Pseudo-second-order

𝐾



2
(L/h) 0.9288
𝑞

𝑒
(mg/g) 0.9212
𝑅

2 0.9992
aPolymer (CA-PA) with carbon nanotubes (1%w).

3.3.3. Effect of Initial Concentration of Cr(VI). The effect of
initial concentration of Cr(VI) on its removal was studied

using polymeric materials with carbon nanotubes. The data
were obtained at a pH value of 2.2 and different temperatures.
For the materials studied, the percentage of Cr(VI) removal
decreases when its initial concentration increases. When the
dose of the graphitic material is constant, the availability of
surface adsorption sites also remains fixed; in this way, the
removal percentage decrease is due to electrostatic repul-
sion between ions. When the concentration increases, the
competition between ions also increases, thus increasing the
electrostatic repulsion.

The kinetic adsorption data were simulated with Lang-
muir and Freundlich Model, respectively. The results are
listed in Table 3. From the values of 𝑟2, Langmuir Model
fits the experimental data best between the two models. The
values of adsorption capacity calculated frommodels indicate
that ∼84% can be adsorbed to material after contact time of
32 h.
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Table 3: Parameters of Langmuir Model and Freundlich Model.

Adsorbent Temperature Langmuir Model Freundlich Model
(∘C) 𝑞max (mg/g) 𝐾

𝐿
(L/mg) 𝑟

2
𝑁 𝐾

𝐹
(mg/g) 𝑟

2

Polymer (CA-PA) 25 0.340 0.570 0.9606 1.613 1.707 0.9128
35 0.211 0.851 0.9795 1.850 1.391 0.9006

Polymer-oxidized nanotubes 25 0.843 13.118 0.9982 3.909 1.560 0.8362
35 0.833 4.570 0.9978 2.662 1.913 0.8281
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Figure 16: Chromium adsorption kinetics for polymeric mem-
branes with carbon nanotubes (pH 2.2).

4. Conclusions

The results obtained show that it is possible to design
polymers with carbon nanotubes whose pores are formed
in layers, giving the effect of depth forming a network. It
can be seen that the graphitic material is deposited on the
outside of the polymericmaterial.The adsorption-desorption
isotherms obtained by BET analysis showed that the adsorp-
tion occurs by a physical mechanism and that the analyzed
samples have a hexagonal tubular capillary. Besides, the
isotherms of adsorption/desorption obtained for graphite,
graphite oxide, and graphene oxide showed characteristics
similar to those of the carbon nanotubes. For the carbon
nanotubes, concentration values for only the acid sites were
obtained. These acid sites can be associated with the pres-
ence of carboxylic groups inserted during oxidation of the
graphitic materials. The basic sites in the polymeric material
may be associated with unreacted sites on the cellulose, while
the acid sites can be ascribed to sites vacated in the polyacrylic
acid during the synthesis process of the polymer (CA-PA).
For the membranes with carbon nanotubes, no significant
changes were observed in the concentration values of the
sites. The carbon nanotubes are positively charged at pH
values lower than load point zero and negatively charged at
pH values higher than load point zero, whereas the surface
of polymeric membranes is positively charged at pH values

higher than the zero point load and negatively charged at
pH values lower than the zero point load. Thus, the behavior
of the surface charge of the membranes is opposite to the
behavior shown by carbon nanotubes.

From these studies of removal of Cr(VI), we can establish
the following conclusions:

(a) The removal of Cr(VI) using polymeric membranes
with andwithout carbonnanotubes is strongly depen-
dent on the pH values. Besides, the adsorption of
Cr(VI) decreases with the increase of pH value.

(b) The adsorption of Cr(VI) using polymeric mem-
branes with and without carbon nanotubes is fast in
the beginning of the process and then becomes slow
with increased contact time.

(c) The removal of Cr(VI) takes a considerable timewhen
using polymericmembranes with andwithout carbon
nanotubes as adsorbents.

(d) The kinetics of absorption of Cr(VI) can be rep-
resented by pseudo-second-order and pseudo-first-
order models.
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