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ABSTRACT: Smart materials with potential pH controllability are gaining
widespread concern due to their versatile applicability in water purification
systems. A study presented here demonstrates a successful synthesis of smart
pH-responsive polyaniline (PANI)-coated hollow polymethylmethacrylate
microspheres (PHPMs) using a combination of solvent evaporation and in
situ coating techniques. The material was characterized by using conven-
tional techniques. Images recorded by an optical microscope displayed clear
evidence in support of the coating, which was further supported by the SEM
images. Surface roughness due to the coating was distinct in the SEM images.
The PANI coating has enabled the microsphere to effectively neutralize the
pH of water in water purification systems, which is very important in tackling
the excessive acidic or basic problem of water resources. This study
introduces a simple, facile, and cost-effective synthetic route to develop
polyaniline-coated hollow polymethylmethacrylate microspheres with high
performance as a pH-responsive material for water purification. The low density of the material and relatively large surface area
compared to conventionally used chemicals further enhance the application prospect of the material.

1. INTRODUCTION

Although water is abundantly present on the earth, the
percentage of potable water1 is only 2.5% and a major
portion2,3 of this is locked in polar ice caps. Again due to the
alarming growth of population, water consumption has
increased drastically,4,5 leading to severe water scarcity
worldwide. In addition, available water sources are largely
contaminated with toxic effluents due to the increase in
urbanization and rapid growth of industrialization,6,7 eventually
causing a major threat to human health and the environ-
ment.8−13 Recent surveys have reported that drinking water in
various countries does not meet WHO standards.13−16

Therefore, much scientific research has been focused on the
development of robust new methods of water purification at
lower cost17−20 and using less energy while, at the same time,
minimizing the use of chemicals that harm the environment.
Among other parameters, pH is a key factor in the treatment of
contaminated water21 and it influences the efficiency and
performance of the process.22,23 Even in many cases, pH
adjustment is a must for the removal of specific contami-
nants.24 After contaminant removal at the required pH, the
effluent water pH has to be adjusted25 to neutral before
delivery for human consumption to ensure health safety.26

Drinking water with a very high or very low level of pH is
potentially harmful to human consumption.22,27 Drinking

water with a pH less than 2.5 can cause irreversible damage
to the epithelium.28 The development of cost-effective simple
materials for pH adjustment or neutralization is thus an urgent
need.
Polymeric adsorbents modified by surface coating with

different types of active/functional materials have recently
been gaining importance for the development of such materials
for water purification.29−31 Functionalized hollow micro- and
nanospheres are finding applications in various fields such as
catalysis, water purification, drug delivery, electronic materials,
and so on.32,33 Several physical and chemical methods have
been developed for preparing functional hollow polymeric
particles and polymethylmethacrylate (PMMA) is one such
potential polymeric candidate.34−37 Usually, the inert nature of
most of the polymers restricts their application in various
fields. Therefore, surface modification of polymers must be
carried out to improve their physicochemical properties.
Specific moieties can be grafted or coated on the polymer
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surface to improve polymer performances.38,39 Surface
functionalization of PMMA with metal oxides, nanoparticles,
or different polymers leads to the development of smart
materials for important industrial applications.40,41 Several
surface functionalization methods are available in the literature.
Adequate design and synthesis of functional hollow micro-
spheres can lead to the development of materials that can
respond intelligently to changing temperature,42 electric
fields43 and magnetic fields,44 pH and ionic strength,45,46 and
so on. Apart from these, the monodispersity of the hollow
microspheres is also important in improving their material
performances. Therefore, the design and synthesis of function-
alized hollow microspheres with stimuli-responsive properties
still warrant further exploration.
Polyaniline (PANI), one of the oldest known conducting

polymers, is still being looked upon as a promising material for
the development of new materials due to their prominent
insulator-to-conductor transition through protonation. Poly-

aniline also attracts the interest of the scientific community due
to its ease of synthesis, cost-effective nature, and good
environmental, thermal, and chemical stability.47−52 Therefore,
PANI has also been used in interface science to develop smart
materials with super-wetting surfaces and such pH-responsive
polyaniline coating has been successfully used for effective
separation of a complex oil−water mixture.53,54 Hollow
polymethylmethacrylate microspheres, due to their inherent
physicochemical properties, offer themselves as a prospective
material for surface functionalization to develop intelligent
materials for scientific and technological applications.55−57

This article discusses the synthesis of PANI-coated hollow
polymethylmethacrylate microspheres (PHPMs) as a pH-
responsive material for the treatment of contaminated water.
The PANI coating has enabled the material to respond
intelligently for adjustment of pH during treatment of
contaminated water. The advantages such as cost-effectiveness,

Figure 1. Schematic diagram for preparation of (a) PMMA and (b) PANI-coated PMMA microspheres.
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the possibility of reuse, and the nonconsumable and non-
chemical nature of the process are also highlighted.

2. MATERIALS AND METHODS
2.1. Materials. Polymethylmethacrylate (PMMA) [Sigma-

Aldrich; MW (avg.): 120,000; 98%; viscosity: 0.20 dL/g(lit.)],
dichloromethane (Merck; 99.5%; M = 84.93 g/mol), polyvinyl
alcohol [Central Drug House, Delhi; MW (avg.): 125,000;
99.25%; viscosity: 35−50 cP at 4% cold aqueous solution], p-
toluenesulfonic acid monohydrate (Merck; ACS reagent,
≥98.5%), ammonium persulfate (Merck; ACS reagent,
≥98.0%), hydrochloric acid (Merck; fuming 37%, for analysis
EMSURE ACS, ISO, Reag.), sodium hydroxide (Merck; pellets
EMPLURA), ethyl alcohol (AR 99.9%; Jiangsu Huaxi
International China), and ammonium hydroxide solution
(28% NH3 in H2O, ≥99.99% trace metal basis; Sigma-Aldrich)
were used as received. All solutions were prepared using
double-distilled water. All other reagents used were of
analytical grade and were obtained from Merck, India.
2.2. Preparation of PMMA Microspheres. Hollow

PMMA microspheres (HPMs) were prepared by using the
solvent evaporation technique.37 In the first step, a solution
was prepared by dissolving PMMA (5−6%, w/v) in dichloro-
methane through continuous stirring in a magnetic stirrer. The
solution was added dropwise to a stirring aqueous medium.
The aqueous medium comprises 0.5% (w/v) polyvinyl alcohol,
which acts as a stabilizer. The stirring was maintained at 550
rpm with a propeller-type mechanical stirrer. Hollow PMMA
microspheres (HPMs) were formed by slow evaporation of
dichloromethane at room temperature. At the end of the
reaction, HPMs are obtained after washing with water and
drying at 70 °C. The bulk density of the HPMs was calculated
as 0.69 g/cc.
2.3. Preparation of Polyaniline-Coated HPMs. Polyani-

line (PANI)-coated HPMs were prepared by using a process
similar to the already reported process for polyaniline coating
on an HPM surface.37,58 PMMA microspheres obtained above
were suspended in the polymerizing mixture used for
polyaniline synthesis for coating. The Schematic diagram for
preparation of (a) PMMA and (b) PANI-coated PMMA
microspheresis shown in Figure 1.
Aniline (10 mmol) and a doping agent (p-TSA) (10 mmol)

were dissolved in distilled water and the volume was made up
to 50 mL with distilled water. Four grams of microspheres was
suspended in the polymerization mixture followed by dropwise
addition of 12.5 mL of 1 M aqueous ammonium
peroxydisulfate solution with constant stirring. A magnetic

stirring of the polymerization mixture was maintained
approximately at 200 rpm at room temperature. The
polymerization mixture gradually turned darkish blue and
finally a green color, indicating the completion of the
polymerization. The reaction mixture was then allowed to
stand overnight.
The sediment of PANI-coated hollow PMMA microspheres

(PHPMs) was collected and redispersed in a 0.2 M aqueous
solution of doping agent (p-TSA). The coated microspheres
were collected on a filter and washed with excess water and
several aliquots of methanol until the runoff becomes clear.
Finally, the product was dried under vacuum at 50 °C. The
bulk density of PHPMs was calculated as 1.27 g/cc.

2.4. pH Regulatory Study. For the pH regulatory study,
10 mL of solution of different pH values was taken separately
in a 50 mL beaker and 1 g of PHPMs was added to each.
Before starting the experiment, the pH was adjusted with dilute
HCL and 0.1 N NaOH without buffer. Once PHPMs were
added, the addition of any other material was avoided. The
temperature was maintained at 25 °C by operating a common
air conditioner. The change in pH was recorded with the pH
meter. The pH meter was calibrated after each set of testing at
a particular pH. The same study was carried out using a UV−
Vis spectrophotometer at 600 nm. The absolute absorbance
was recorded as received after taking water as a reference.

2.5. Characterization of Materials. Materials character-
ization was performed by using an optical microscope with a
Leica DMLM/P (Leica Microsystems AG, Switzerland) at 50×
magnification, scanning electron microscope (Carl ZEISS,
EVO50), transmission electron microscope (JEOL 200 kV,
model no. JEE2100), FTIR spectrophotometer (Bruker Alpha
model with KBr), thermogravimetric analyzer (TA Instrument
USA, models 2950 and 2910), UV−Visible spectrophotometer
(double-beam spectrophotometer from Analytik Jena model
SPECORD 205), and atomic force microscope (model
Nanonics Multiview 2000AFM with a fiber probe). The
isoelectric measurement was carried out by using a Horiba SZ-
100 with autotitrator ζ-potential measurement at different pH
values. Particle size analysis was carried out using a submicron
particle sizer NICOMP 380 (Particle Sizing Systems,
California, USA) with an Accusizer 780A Autodiluter.
Electrical conductivity was measured by using a multi-
parameter model EuTech CD 650.

3. RESULTS AND DISCUSSION
3.1. Characterization of HPMs and PHPMs by Optical

Microscopy. The optical micrographs of uncoated and PANI-

Figure 2. Optical microscopy images of (a) PMMA microspheres and (b) PANI-coated PMMA microspheres.
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coated PMMA microspheres are shown in Figure 2. The
diameter of PMMA microspheres was between 20 and 80 μm.
The bulk density of PMMA microspheres was measured to be
0.69 g/cc. A thick dense PANI coating was observed on the
surface of PMMA microspheres. Under the optical microscope,
the uncoated PMMA microspheres appeared as small trans-
parent hollow spheres, whereas coated PMMA microspheres
(Figure 2) appeared as dark green spheres. The dark green
color of the PANI-coated HPM is due to the deposition of
green color-conducting PANI salt on the surface of micro-
spheres. The coating is not smooth due to the adhesion of
PANI in the form of a precipitate, which is formed in the
reaction medium.
Clear visualization of PANI coating on the surface of the

PMMA microsphere was noted in the optical micrographs.
The micrographs indicate the whole coverage of the PMMA
microsphere with PANI. A low concentration of reactants was
maintained to avoid the macroscopic precipitation of PANI
over the surface of the PMMA microsphere. Further exposure
of microsphere surface to the excess PANI precipitate resulted
in the thick deposition of agglomerated PANI particles. It has
been reported that once polymerization of polyaniline is
carried out in the presence of foreign particles, surface
polymerization precedes the precipitation polymerization in
the bulk.59 In this study, it is anticipated that polymerization
occurs on the surfaces of microspheres. Moreover, the distinct
sedimentation rate of the coated microspheres allowed the
separation of the same from the PANI precipitate. It has been

estimated that the PANI coating on PMMA microspheres was
approximately 18 wt % when coated with PANI-PTSA.

3.2. Characterization of HPMs and PHPMs by
Scanning Electron Microscopy (SEM). The morphologies
and surface texture of PMMA microspheres before and after
PANI coating were observed by SEM as shown in Figure 3.
Figure 3a shows that the PMMA microsphere possesses a
perfectly spherical shape with a smooth surface before coating.
The magnified image of the PANI-coated PMMA micro-
spheres is shown in Figure 3b, which reveals that the
microspheres have a diameter in the range of 20−80 μm. On
the other hand, from Figure 3b, it is also evident that coating of
PANI over the PMMA microspheres results in surface
roughness and the PANI coating has covered a sizeable
portion of the PMMA surface. Increased surface roughness also
increases the hydrophobicity of the PANI-coated PMMA
microspheres. Parida et al.60 have suggested that the perfect
spherical shape retained in SEM indicates that the micro-
spheres must be able to withstand vacuum and the electron
beam that can damage the polymer. The mean size obtained by
SEM was comparable with results obtained by the dynamic
light scattering study of size distribution.

3.3. Characterization of HPMs and PHPMs by FTIR.
FTIR measurements were employed to determine changes in
the chemical composition of PMMA microspheres before and
after PANI modification and the same is represented in Figure
4. Specific absorption bands revealing the presence of various
functional groups are observed. Specific bands from 1150 to
1250 cm−1 can be attributed to the C−O−C stretching

Figure 3. SEM images of (a) a PMMA microsphere and (b) PANI-coated PMMA microspheres.

Figure 4. FTIR spectra of hollow PMMA and PANI-coated PMMA microspheres.
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vibration, and the two bands at 1388 and 750 cm−1 can be
attributed to the α-methyl group vibrations.
The band at 987 cm−1 is the characteristic absorption

vibration of PMMA, together with the bands at 1062 and 845
cm−1. The band at 1740 cm−1 shows the presence of the
acrylate carboxyl group. The band at 1440 cm−1 can be
attributed to the bending vibration of the C−H bonds of the
−CH3 group. The two bands at 2998 and 2942 cm−1 can be
assigned to the C−H bond stretching vibrations of the −CH3
and −CH2− groups, respectively. Furthermore, there are two
weak absorption bands at 3437 and 1648 cm−1, which can be
attributed to the −OH group stretching and bending
vibrations, respectively, of physisorbed moisture.
In addition to the above-mentioned absorption bands on

PMMA, characteristic peaks of PANI are also observed,
including broad peaks over the range of 3016.67−3417.86
cm−1, corresponding to N−H stretching vibrations of
secondary amine. The sharp peak at 1560.41 cm−1 can be
attributed to CC stretching of the quinoid ring (NQN)
and the peaks at 1413.82 and 1475.54 cm−1 are characteristic
peaks of CC stretching vibration of the benzenoid ring (N−
B−N). Similarly, FTIR absorption at 1244.09 and 1298.09
cm−1 corresponds to C−N stretching of a secondary aromatic
ring, the one at 1130.29 cm−1 indicates the presence of
aromatic C−H in-plane bending vibrations, and the ones at
611.43, 719.45, and 804.32 cm−1 are attributed to aromatic C−
H out-of-plane bending vibrations. These peak positions match
well with those reported in the literature.61,62 Ajeel and
Kareem63 have explained the above peak in detail for the
PMMA and graphene interaction.
3.4. Characterization of HPMs and PHPMs by UV−Vis

Spectroscopy. Polyaniline generally switches between two
forms reversibly, i.e., conducting emeraldine salt and non-
conducting emeraldine base forms depending on its environ-
ment. Under low pH or acidic conditions, it exists in the form
of conducting salt. In the presence of a base or high pH, it gets
converted from its conducting form into the nonconducting
form. The conducting form is green in color, whereas the
nonconducting form displays a blue color (Figure 5).

The UV−Vis absorption spectra of the PMMA microspheres
before and after PANI modification were recorded in the 300−
1100 nm region and the same is displayed in Figure 6. The
spectra for undoped PANI (emeraldine base) show two
characteristic absorption bands at around 330 and 620 nm
corresponding to π → π* transition of benzenoid and quinoid
rings of PANI, respectively.64

The decrease in the absorption band at about 620 nm in the
case of doped PANI indicates that the amine nitrogen atoms of
the quinoid rings are converted to benzenoid rings due to
protonation by dopants. Upon doping, the quinoid transition
disappears and two new absorbances occur. These new
absorbances point at 420 and 800 nm.

3.5. Characterization of HPMs and PHPMs by AFM.
The atomic force microscopy (AFM) images recorded for
HPMs and PHPMs are represented in Figure 7, and the images
were recorded under noncontact mode. A scan of 10 μm in
both directions is performed on the surface of the PHPM. The
total path length of contact mode touch is 0.55 μm at a Pt
angle of 0.14°. A well-spread dotted surface is observed during
the scanning of the curved surface. The curved spherical
surface of the microsphere is one of the difficult surfaces to
scan by AFM. Therefore, the noncontact mode is selected for
scanning because contact mode may damage the tip of the
atomic force microscope. The scanning topograph shows a
uniform layered deposition, which is in contrast to the uneven
rough surface of the microsphere observed in the optical and
SEM micrographs. This further can be imagined as the
deposition of a single layer as a single layer is a very much
uniform. Multiple-layer deposition, which does not cover the
entire surface, leads to an uneven surface.
The same deposition phenomena were studied by Mishima

et al.65 with crosslinked rubber-coated microsphere films. Once
a single layer of the meniscus formed, a downward force acted
on the spheres to embed them into the PANI film. Deposition
eventually decreases when the angle between the tangential
line of the sphere and the PANI surface became equal to the
equilibrium. Interestingly, the deposition behavior was nearly
identical for spheres with a plain film.

3.6. Characterization of HPMs and PHPMs by TEM.
TEM measurements are carried out by using a small quantity
of sample along with ethanol, which was taken in a test tube
and sonicated for 20 min in a sonication bath. After sonication,
one or two drops of the sample solution were deposited on a
carbon-coated copper grid. The grid was rested on a Whatman
filter paper for the absorption of excess solvent and dried for
5−10 min to enable the evaporation of any remaining solvent.
After complete drying, the sample-coated grid was used for
TEM measurements. TEM images of HPMs and PHPMs are
shown in Figure 8a,b, respectively. It has been observed from
the two micrographs that the PANI coating is well spread over
the surface of the HPM and PHPM. However, some edges of
uneven coating are also observed, which are hard to avoid
especially for small particles. In general, a coating of PANI on
the PMMA surface is often critical to obtain. The uneven edges
of the rough surface will also influence the aspect ratio (as the
average diameter will change), which in turn may influence the
surface texture of the polymeric microspheres. It is also
possible that the coating of PANI might have overlapped along

Figure 5. Emeraldine base and emeraldine salt forms of PANI.

Figure 6. UV−Vis absorption spectra of (a) PMMA microspheres
and (b) PANI-coated PMMA microspheres.
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the depth direction of the specimen (i.e., Z-direction) because
of which poor resolution along this direction in the TEM
images is observed. The surface texture of the HPM and
PHPM is completely different. The study confirms a random
coating of PANI over the PMMA surface. The uneven surface
confirms that the interaction between the surfaces is rather
physical than chemical. This has further been confirmed by
other subsequent studies.
3.7. Characterization of PHPMs for Particle Size

Analysis. Figure 9 shows the size distribution of PHPMs.

From the microscopic study, it is confirmed that the PHPM is
mainly in the micrometer range ranging from 10 to 90 μm. The
size distribution study is one of the important parameters in
any spherical material. Even though the size distribution can be
manipulated by separation techniques like sieving through the
mesh, vibrational separation, centrifugation, etc., the basic size
distribution contributes to a great extent to the bulk property

of the material. Here, the observation is that a maximum of
about 36% of the material is in about 50 μm range. It is also
observed that about 7% of the material is in about 10 μm
range, which increases gradually to 8% for 20 μm, 10% for 30
μm, 11% for 40 μm, and 36% for 50 μm. But it again gets
drastically reduced to 9% for 60 μm, 8% for 70 μm, 5% for 80
μm, and 3% for 90 μm. The rest of the material is negligible
from other size ranges. The materials are used with the same
size distribution in all other studies without any size
modification. The size distribution study goes hand in hand
with micrographs of SEM and optical microscopy studies.

3.8. Conductivity Measurement of PHPMs against
Variation of pH. The electrical conductivity (EC) of PHPMs
at various pH values is plotted in Figure 10. The neat

polyaniline film coating on the surface of PMMA microspheres
showed an EC of 1.72 S cm−1. As displayed in Figure 10, the
EC of the PHPM surface decreases with an increase in the pH
of the solution. The decrease in conductivity was drastic until
pH 5 and, beyond that point, the conductivity decreases slowly
between pH 5 and pH 12. Since the conductivity at pH 7 was
measured to be 0.00007 S cm−1, hence, polyaniline can be
considered as conductive (conductive plastic ranges up to 10−6

S cm−1).66 From pH 2.0, the conductivity starts decreasing by
several folds in comparison to the polyaniline film, which may
be due to deprotonation of PANI, because once the conductive
form of PANI, i.e., the emeraldine salt, is formed, the addition
of either a base or an acid leads to deprotonation or
protonation of the base (−NH−) sites in PANI, which causes
switching of PANI between different oxidation states.67 It has
been well established that the overall conductivity of
polyaniline is due to interchain charge transport,68 and its

Figure 7. AFM topograph of PANI-coated PMMA microspheres.

Figure 8. TEM images of (a) PMMA microspheres and (b) PANI-
coated PMMA microspheres.

Figure 9. Particle size analysis of PANI-coated PMMA microspheres.

Figure 10. Conductivity measurement of PHPMs against variation of
pH.
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mechanism depends on several factors, among which
protonation (doping level) is one. The relationship between
charge and doping has been well explained by MacDiarmid and
Huang as the protonation/deprotonation of PANI, which
results in an increase or decrease in the amount of charge on
the polymer backbone, leading to increased or decreased
conductivity.69,70 The relationship between charge and doping
has been explained in a study reported in the literature,71

which mentioned that during the deprotonation of PANI, the
interaction between a polar molecule and PANI decreases,
which results in redistribution of charge and hence reduced
electrical conductivity. Thus, based on the above discussions, it
can be inferred that on the addition of NaOH to the
protonated PHPM dispersion, the deprotonation of PANI
starts. The initial deprotonation results in redistribution of
charge because active sites for interaction between polar
molecules and PANI are still present with changing pH but in
reduced quantity. Therefore, at pH ≤ 5, there is a drastic
reduction in EC of the materials, which implies a significant
reduction in polymer backbone active sites. But, at pH > 5,
there is a gradual fall in the EC of the PHPM dispersion,
suggesting that all active sites of the polymer backbone have
been removed. This suggests that polar molecules do not
interact with PANI of the PHPM, resulting in the
deprotonation of PANI. The EC and ζ-potential study results
are complementary to each other.

3.9. Characterization of HPMs and PHPMs for TGA.
The results of the thermogravimetric analysis (TGA) of HPMs
and PHPMs are displayed in Figure 11. The analysis was
performed in the temperature range from room temperature to
600 °C, with the standard protocol of the instrument
manufacturer. The sample HPM and PHPM show a similar
trend with extreme stability until 220 °C, after which it shows
drastic and gradual degradation until about 408 °C. Both the
polymeric entities exhibited clear distinction in their
degradation pattern as reflected in Figure 11. The HPM gets
the characteristics of two-stage degradation, which is somewhat
suppressed in the PHPM due to the polyaniline percentage of
the PHPM. The second stage of HPM decomposition is due to
the decomposition of the unsaturated chain ends of PMMA. It
is also clear from the study that this is not a blend of two
polymers. On the contrary, it is a physically deposited coating
on the surface of one polymer, which is PMMA by another
polymer that is polyaniline. From the thermogravimetric
analysis, the percentage of polyaniline coating is evaluated to
be 18% (w/w).

3.10. ζ-Potential Study to Evaluate the Isoelectric
Point of the PHPM. To investigate the variation of surface
charge of the PHPM with pH, the ζ-potential measurements of
PHPM aqueous suspensions were performed at different pH
values ranging from 2 to 12 by using a zeta potential analyzer
(Malvern, U.K.). The changes in the ζ-potential values as a

Figure 11. TGA of HPMs and PHPMs.

Table 1. Variation of ζ-Potential with Increasing pH

pH values 2 3 4 4.4 5 6 7 8 9 10 11 12

ζ-potential (mV) +7 +4 +2 0 −1 −6 −14 −42 −52 −65 −71 −72.97

Figure 12. ζ-Potential study of the PHPM at different pH values to evaluate the isoelectric point.
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function of suspension medium pH are depicted in Table 1. It
is observed from the table that ζ-potential values for the
PHPM decreased with an increasing suspension of pH. At low
pH values of about 2, 3, and 4, the ζ-potential values were +7,
+4, and +2 mV, respectively. The positive ζ-potential values at
low pH indicate the protonation of polyaniline, resulting in
positive charges on the surface as has already been shown for
the doping of pure polyaniline dispersions.72 As the pH was
increased, the surface charge density started decreasing due to
the dedoping of polyaniline with increasing pH. The isoelectric
point of PHPM suspension was measured to be around pH 4.4,
which is the pH value when the ζ-potential becomes zero
(Figure 12). On further increasing the pH, the ζ-potential
values decreased slowly until pH 5 and drastically beyond pH 5
until pH 12. At pH 5, the ζ-potential value was −1 mV, at pH
6, the ζ-potential value was −6 mV, at pH 7, the ζ-potential
value was −14 mV, at pH 8, the ζ-potential value was −42 mV,
at pH 9, the ζ-potential value was −52 mV, at pH 10, the ζ-
potential value was −65 mV, at pH 11, the ζ-potential value
was −71 mV, and at pH 12, the ζ-potential value was −72.97
mV. From the results, it can be inferred that the positive charge
density on the surface of the PHPM decreased significantly
with an increase in pH of the medium due to the
deprotonation of amine groups on PANI. The charge density
in the tested pH range changed from +7 to −72.97 mV.
3.11. Characterization of PHPMs for the pH Regu-

lation Study. PANI-modified PMMA, i.e., the PHPM, is in
semiconducting form. So, in water, the OH− ion will be
consumed by the conducting polyaniline, producing a blue
color and resulting in a decrease in the conductivity of
polyaniline, and the H+ ion will be consumed by the
nonconducting polyaniline, giving a green color and resulting
in an increase in the conductivity of polyaniline.
Polyaniline-coated PMMA microspheres are low-density

forms of polyaniline where the same amount of polyaniline was
coated or dispersed over the surface of a hollow structure. The
result of the testing shows that polyaniline can neutralize both
acidic and basic water. The test result is shown in Tables 2 and
3. The testing is carried out from pH 4 to 10 with a variation of
time and doses for high and low pH with a maximum distance
from the neutral point that is pH 7. It is observed that more

time is taken for neutralization when the pH is at far extreme
values, both on the upper and lower sides, whereas the reverse
is true for the nearest points. For example, for the sample with
pH 4, it takes about 25 min to achieve pH 7.0, while the time
taken to achieve pH 7.0 by the sample with pH 6.5 is only 5
min. For the basic pH, for the solution with pH 10.0, it takes
30 min to reach the neutral point, while for the solution with
pH 8.0, it takes 10 min to reach the neutral point. This is due
to an abundance of H+ or OH− ions in the solution. The
higher the number of ions, the more time it takes to entrap the
ion into the polymeric chain by self-converting from
nonconducting to conducting form and vice versa. The same
experiment was repeated with the variation of doses of PANI-
modified PMMA. For the evaluation purpose, the observation
time was fixed at 5 min. The results show that the higher the
dose or amount of polyaniline-coated PMMA, the less time it
takes to achieve the neutral point. It also depends on the
amount of corrections to a neutral point in the pH scale. For
example, a solution at pH 4.0 takes 25 mg of material to reach
near the neutral point within a time frame of 5 min. On the
same front, a solution with pH 5.0 takes only 20 mg of material
to achieve the same. But there is no proportionate relation
because the solution with pH 4.5 takes 30 mg of PANI-
modified PMMA to reach closer to the neutral point.
On the basic front, for the case with pH 10.0, it takes 30 mg

of materials to reach the neutral point, while it takes only 10
mg for the case with pH 8.0. The solution with pH 9.0 takes
about 20 mg of dose and the one with pH 9.5 takes 30 mg.
This also confirms our assertion that there is no proportionate
relation for the number of doses required for solutions with
different pH values to achieve the neutral point. It varies
concerning various parameters like the amount of ions present
in a solution, the dose of the material, time required, and the
possibility of random ions coming in contact with the material.
The change is not proportional because the number of ions
increases with the increase and decrease in pH and more and
more ions will come in contact with the polymeric chain of the
PANI-coated hollow PMMA microsphere. This leads to faster
consumption of ions by the polymeric chain to get converted
to conducting form for H+ ions and nonconducting form for
OH− ions.

Table 2. Variation of Time to Achieve the Neutral Point from Different pH Values

time (min) pH 4 pH 4.5 pH 5 pH 5.5 pH 6 pH 6.5 pH 7 pH 7.5 pH 8 pH 8.5 pH 9 pH 9.5 pH 10

0 4 4.5 5 5.5 6 6.5 7.00 7.5 8 8.5 9 9.5 10
5 4.76 4.93 5.60 5.93 6.49 7.03 6.95 6.99 7.42 8.14 8.83 8.88 9.55
10 5.05 5.16 6.86 6.56 7.00 6.96 6.96 6.96 7.01 7.19 8.24 8.19 9.04
15 5.75 5.93 6.16 6.98 6.96 6.99 7.00 6.97 6.95 6.99 7.49 7.76 8.58
20 6.54 6.46 6.96 6.95 6.95 7.00 6.97 6.95 6.96 6.96 6.95 7.17 7.85
25 6.95 6.92 6.96 6.95 6.97 6.95 6.96 6.98 7.00 6.95 6.97 6.92 7.26
30 6.93 6.95 6.95 6.98 6.98 6.96 6.99 6.96 6.99 6.96 7.00 6.95 6.91

Table 3. Variation of Dose of PANI-Modified PMMA to Achieve the Neutral Point from Different pH Values

dose (mg) pH 4 pH 4.5 pH 5 pH 5.5 pH 6 pH 6.5 pH 7 pH 7.5 pH 8 pH 8.5 pH 9 pH 9.5 pH 10

0 4 4.5 5 5.5 6 6.5 7.0 7.5 8 8.5 9 9.5 10
5 4.8 4.97 5.65 5.98 6.55 7.09 7.01 7.05 7.48 8.21 8.91 8.96 9.63
10 5.1 5.21 6.92 6.62 7.06 7.02 7.02 7.02 7.07 7.25 8.31 8.26 9.12
15 5.8 5.98 6.21 7.04 7.02 7.05 7.06 7.03 7.01 7.05 7.56 7.83 8.65
20 6.6 6.52 7.02 7.01 7.01 7.06 7.03 7.01 7.02 7.02 7.01 7.23 7.92
25 7.01 6.98 7.02 7.01 7.03 7.01 7.02 7.04 7.06 7.01 7.03 6.98 7.32
30 6.99 7.01 7.01 7.04 7.04 7.02 7.05 7.02 7.05 7.02 7.06 7.01 6.97
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As shown in Figure 13, a UV−Vis spectrophotometer was
also used to study the absorption of PANI-coated PMMA
microspheres at different pH values and times. The peak at 600
nm was taken as the reference peak. The findings indicate
similar patterns to those in the study of dose variation and time
variation. As stated in the literature,69 with the change in
conductivity, the absorbance at 600 nm also changes inversely.
It is observed that pH 4, which is the highest conductive

point in this study, shows an absolute absorbance of 0.4, which
increases up to 0.693 within 30 min of a time interval. This is
in correlation to the fact that a similar time is required to
neutralize a solution to pH 4 to pH 7. On the other hand, pH
4.5 shows an absolute absorbance of 0.45, pH 5 shows an
absolute absorbance of 0.5, pH 5.5 shows an absolute
absorbance of 0.55, pH 6 shows an absolute absorbance of
0.6, and pH 7 shows an absolute absorbance of 0.7. On a
certain amount of exposure time, they have come down to the
absolute absorbance value of 0.7, which resembles pH 7. On
the basic front, pH 10, which is the highest basic value of this
study, shows an absolute absorbance of 1, while pH 9.5 shows
0.95 absolute absorbance, pH 9 shows 0.9 absolute absorbance,
pH 8.5 shows 0.85 absolute absorbance, pH 8 shows 0.8
absolute absorbance, and pH 7.5 shows 0.75 absolute
absorbance. pH 7.5 takes a bare minimum time of fewer
than 5 min to neutralize to pH 7, showing an absolute
absorbance of 0.699, while pH 10 takes a maximum time of 20
min for the same. This study exactly resembles the study
carried out by a pH meter and conductivity meter probe
attached to the measuring system. This study further confirms
the usability of the PHPM as a very versatile and accurate pH-
regulating material.

4. CONCLUSIONS
In summary, polyaniline-coated hollow polymethylmethacry-
late microspheres (PHPMs) were successfully synthesized
using a combination of solvent evaporation and in situ coating
technique. The material is capable of regulating the pH of the
aqueous solution intelligently. In other words, a smart material
that can be projected as a potential pH neutralizer for water
purification was developed. The pH-regularizing efficiency
depended on contact time, a dose of PANI-modified PMMA,
and pH of the solution. Surface modification of PMMA
microspheres induced by polyaniline coating enabled the

material to respond smartly to the variation of pH of an
aqueous solution. Experimental results showed that the PHPM
can neutralize the pH for the solution with pH ranging from 4
to 10 and a contact time of 30 min was sufficient to achieve the
neutralization. So, we can reasonably conclude that the
material developed will have extensive commercial utility as
it is capable of working as a viable alternative for the
commercially available pH buffer and single-side regulators
such as limestone or phosphoric acid for the decontamination
of polluted water, which is largely used in any community-type
water purification system.
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Figure 13. UV−Vis spectroscopy study of PHPMs at different pH values and time intervals.
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