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Abstract

This study details the synthesis of organic/inorganic hybrid materials by combining the
conductive polymer poly(m-aminophenol) (PMAP) with SnO, metal oxide. The objective is
to broaden the polymer's environmental applicability and evaluate its adsorption capabilities,
focusing on dyes such as Methylene Blue (MB) and Congo Red (CR). The nanocomposite is
meticulously formed through in situ polymerization of m-aminophenol in the presence of
SnO,, with varying loading ratios (1%, 3%, 10%). Extensive characterization, including
analytical techniques (IR and XRD), confirms the structural integrity of the synthesized
materials. X-ray diffraction (XRD) analyses distinctly show the successful combination of
SnO, with the polymer matrix. Adsorption kinetics and isotherm were implemented to
understand the adsorption mechanism for both dyes. It was found that PMAP/x%SnO,
nanocomposite materials (with x = 1, 3 and 10) have high adsorption affinity toward MB and
low adsorption affinity toward CR. Significantly, the MB removal percentage follows an
ascending trend, starting at 85% for pure PMAP and increasing to 89% for PMAP/1%Sn0O,,
to 92% for PMAP/3%Sn0,, and peaking at 95% for PMAP/10%Sn0O, within 30 minutes. In
contrast, CR removal exhibits a lower percentage, with only 54% removal for pure PMAP and
a modest increase to 59% for the PMAP/10%Sn0O;, nanocomposite, representing a 5%
improvement. These outcomes lead to the conclusion that PMAP/x%Sn0O, nanocomposite
materials (with x= 1, 3, and 10) exhibit high adsorption affinity for MB and comparatively
lower adsorption affinity for CR. The adsorption of MB and CR on the PMAP and on the
PMAP/10%Sn0O, nanpcomposite successfully followed the Langmuir adsorption kinetics



model, which showed a better fit for the adsorption of MB and CR. The maximum adsorption
capacity (Q,,) of MPAP/10%SnO; for MB was 76.99 mg/g, while for CR it was 39.56 mg/g.
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1. INTRODUCTION

The formidable challenge in the technological utilization of polyaniline (PANI) arises from its
inherent low solubility. The unsubstituted PANI in salt form demonstrates insolubility in
common organic solvents [1-6]. However, the landscape changes with substituted PANI
derivatives, such as poly(o-toluidine), poly(o-anisidine), poly(aniline-co-o-nitroaniline), and
poly(aniline-co-o-anisidine), which exhibit enhanced solubility compared to their
unsubstituted counterpart [7-9]. The growing interest in conjugated polyaminoarenes,
including PANI and its derivatives, is primarily fueled by their improved solubility and holds
immense potential for technological applications in chemical power sources and
electrochromic displays [10]. Of particular note, aminophenols stand out as intriguing
electrochemical materials. In contrast to aniline and other substituted anilines, aminophenols
possess two distinct groups (-NH; and —OH) susceptible to oxidation. This dual functionality
enables them to exhibit electrochemical behavior reminiscent of both anilines [11-13] and
phenols [14, 15]. The unique electrochemical properties of aminophenols render them
captivating candidates for various applications, making them particularly appealing in the

realm of sensor technology.

To address the challenges posed by pollution, various depollution methods have been
employed, including precipitation, adsorption on activated carbon and clay, ion exchange,
membrane separation, solvent extraction, and more. However, practical experience has
revealed that these methods often fall short in effectively addressing the widespread nature of
pollution or are associated with prohibitive costs. Physicochemical treatments, for instance,
demand significant quantities of oxidizing agents and may result in the formation of

undesirable and potentially toxic intermediate by-products.

In response to these limitations, advanced oxidation processes (AOPs), particularly
heterogeneous photocatalysis, have emerged as promising solutions for mitigating pollution in
aquifer environments. Heterogeneous photocatalysis, a subset of AOPs, has demonstrated the
capability to mineralize a wide range of organic compounds. The fundamental principle of
photocatalysis relies on the absorption of light radiation by a semiconductor, with energy
equal to or exceeding the band gap of the absorbing material (hv > Eg). This energy

absorption induces the excitation of an electron, prompting its migration from the valence



band to the conduction band of the semiconductor. Consequently, an electronic deficit or
"hole" is created in the valence band, imparting oxidizing-reducing properties to the adsorbed
pollutants. The resulting electron/hole charge pairs initiate a direct attack on the pollutants
and the formation of hydroxyl radicals, facilitating the initiation of photocatalytic degradation.
This process has diverse applications and often leads to the mineralization of pollutants,

resulting in their complete elimination and the reduction of toxicity.

In recent years, there has been a substantial surge in research focused on the polymerization
of 0-, m-, and p-aminophenol [16-20]. The extensive literature on the subject indicates that
poly(o-, m-, p-aminophenol) tends to exhibit greater solubility than unsubstituted polyaniline
(PANI) in common organic solvents. Notably, m-aminophenol (3-amino phenol) (MAP)
follows a polymerization process akin to that of aniline. Typically, the chemical
polymerization of MAP is accomplished in acidic solutions, employing oxidizing agents such
as ammonium peroxydisulphate (APS) [21-23]. This methodology has proven effective in
facilitating the synthesis of polymerized m-aminophenol, paving the way for the exploration
of its unique properties and potential applications. The soluble nature of poly(m-
aminophenol) positions it as a promising candidate for diverse applications, and the utilization

of APS as an oxidant agent adds a layer of versatility to the synthesis process.

In recent times, there has been a burgeoning interest in the development of nanoscale
inorganic/polymer hybrid materials, fueled by the vast array of potential applications they
offer. These nanocomposite materials have swiftly become the focus of extensive global
research, showcasing their versatility and applicability in a myriad of technological domains.
Notably, they have demonstrated significant promise in the realm of effective quantum
electronic devices, magnetic recording materials, and sensors, contributing to the evolution of
cutting-edge technologies [24]. Furthermore, the synergy achieved in nanocomposite
materials comprising conducting polymers and oxides has opened up new avenues for
applications, extending beyond traditional boundaries. This class of materials has found utility
in diverse fields, including drug delivery systems, conductive paints, rechargeable batteries,
toners in photocopying, smart windows, and more [25, 26]. The multifaceted nature of these
inorganic/polymer hybrid nanocomposites positions them as pivotal contributors to

technological advancements across various industries and environmental.

In the scope of this investigation, the synthesis of poly(meta-aminophenol) (PMAP) was
achieved through a chemical method utilizing ammonium peroxydisulphate (APS) as the

oxidant [27-31]. Concurrently, the development of PMAP/SnO, composites was undertaken



via a conventional in situ chemical oxidative polymerization process [32-36]. This involved
the polymerization of meta-aminophenol (MAP) in the presence of SnO, particles. The
resulting polymer samples underwent comprehensive characterization employing a suite of
analytical techniques, including Fourier-transform infrared spectroscopy (FTIR), and x-ray
diffraction (XRD). FTIR provided insights into the molecular structure and functional groups
present in the synthesized materials. The adsorption mechanism of BM and CR onto the
material's surface might arise not solely from electrostatic interactions between BM and CR
molecules (anionic dye) and the material, but potentially from hydrogen bonding between BM
and CR molecules and PMPA/10%Sn0O,. This interaction is deemed crucial in driving the

adsorption phenomenon.
2. MATERIALS AND METHODS

The synthesis of poly(meta-aminophenol) was conducted in an acidic medium using a
standard procedure. The monomer, m-aminophenol (m-AP), was initiated by the gradual
addition of the oxidizing agent, ammonium peroxydisulphate (APS), and concentrated H,SO4
served as a dopant. This process took place under continuous stirring at a temperature range
of 0-5°C. Maintaining a monomer to oxidizing agent ratio of 1:1, 4.18 units of m-AP were
combined with 4.56 units of APS. Following the complete addition of the oxidizing agent, the
reaction mixture underwent continuous stirring for 4 hours. Subsequently, the resulting
product was filtered and washed with distilled water until the filtrate became colorless.
Finally, the polymer was dried and processed into a powdered form, culminating in the

successful synthesis of poly(meta-aminophenol).

The tin dioxide nanoparticles were synthesized using the sol—gel method [37]. In a standard
procedure, 8.35g of hydrated tin chloride (SnCl,.2H,0) was dissolved in 100ml of pure
ethanol (C,HsOH). The resulting solution underwent magnetic stirring for 30 minutes in a
closed three-necked flask. Subsequently, the solution was continuously refluxed at 80°C for 2
hours to generate the SnO; sol solution. Prior to the calcination process at 650°C for 1 hour,
the sol was dried at 100°C for 30 minutes, resulting in the formation of well-defined tin
dioxide nanoparticles. This method ensures the controlled synthesis of SnO, nanoparticles
through precise sol formation and subsequent controlled calcination, providing a reproducible

and effective route for their preparation.

The poly(m-aminophenol)/SnO, nanocomposites were fabricated through an in situ chemical

oxidative polymerization process of the m-aminophenol (m-AP) monomer in the presence of



SnO; particles. Initially, SnO, particles were dispersed in 50 mL of chloroform under
ultrasonic vibrations at room temperature for 10 minutes. Subsequently, m-AP (3.27 g, 10
mmol) was introduced into different weight percentages (1%, 3% and 10% wt) of the SnO,
dispersion in 50 ml of 1N H,SO, under vigorous stirring. Concurrently, 10.27 g (15 mmol) of
ammonium peroxydisulphate (APS) was dissolved in 50 ml of 1N H,SO,4. The aqueous APS
solution was then added drop by drop to the m-AP solution, and the entire mixture was
continuously stirred for 30 minutes. The reaction took place in an ice bath for 4 hours.
Throughout the process, the color of the mixture transformed from gray to a deep black hue,
indicative of the successful polymerization and the formation of poly(m-aminophenol)/SnO;

nanocomposites.

The solubility of PMAP was assessed using various solvents. A 20 mg powder sample of the
polymer was introduced into 10 mL of each solvent, including water, chloroform, diethyl
ether, and dimethyl sulfoxide (DMSO), and meticulously dispersed. Subsequently, the
mixture underwent continuous stirring at room temperature, allowing for the examination and
determination of the polymer's solubility in each solvent. This approach provides valuable
insights into the polymer's compatibility with different solvents, aiding in the understanding

of its potential applications and handling characteristics.

The X-ray diffraction (XRD) patterns for the samples were acquired under ambient conditions
utilizing a Philips X-ray powder diffractometer with Cu K, radiation (A = 1.5406 A). Scans
were conducted at a rate of 2°/min within the angular range of 20-80°. Fourier-transformed
infrared (FTIR) spectra were obtained using a Jasco FT/IR-4200 (ATR) spectrometer
employing the KBr pellet method.

All adsorption equilibrium experiments of Methylene Blue and Congo Red on PMAP and
PMAP/SnO, composite in water were carried out in batch mode in a double-walled reactor
under dark conditions at 25°C for 30 min. Studies were made using suspensions prepared by
mixing a 50ml solution of various initial concentrations (10 mg/l) of MB and CR in water at
their pH (5.5 and 6.5) and 0.01g of samples (PMAP or PMAP/SnO,). The equilibrium
concentrations of MB and CR in the solution were studied after centrifugation by measuring

the change in absorption intensity at Ay.x by using a UV-1650PC spectrophotometer.

The Zero Charge Point pH (pHpzc) or pH of the point of zero charge corresponds to the pH
value for which the net charge of the surface of the adsorbent is zero. The solid addition

method was used to determine the zero point charge of the PMAP/10%Sn0O, nanocomposite



material adsorbent (0.1 g) was added into each of five beakers containing 50 ml of KNOj3
solution (0.01M). The initial pH of the KNOj solutions was adjusted to pH 2, 5.5, 7,9 and 11
using KOH (0.1 M) and HNOs3 (0.1 M) solutions. After 24 hours of agitation, all beakers were
withdrawn from the stirrer and the final pH was measured using a typical pH meter. The
intersection point on the curve (pH; — pHy) versus pH; was estimated as the pH value of Zero

Charge Point.

3. Results and discussion

The solubility test showed that PMAP is insoluble in nonpolar solvents, such as chloroform
and ether. It is also insoluble in dichloromethane, a polar aprotic solvent. In slightly polars
solvents, such as DimethylSulfoxide (DMSO), PMAP exhibits good dispersion. In this case, it
is inappropriate to talk about the solubility of the polymer. Indeed, the dissolution of the
polymer by a solvent implies that the molecules of the solvent (solvated) surround each
molecule (each unit of the monomer for a polymer). Consequently, it is legitimate to speak of
dispersion rather than solubility [38]. In polar media, such as water, PMAP does not solubilize
but swells slightly. This is probably due to water molecules, which interpose between the

PMAP particles and form hydrogen bonds with the OH groups of PMAP [39].

The FTIR spectra of PMAP and nanocomposite PMAP/ x% SnO, (x=1.3.10%), as depicted in
Figure 1, reveal distinctive bands indicative of various molecular vibrations. Notably, the
bands in the range of 600 to 810 cm™ can be ascribed to the deformation vibration of the
aromatic =C-H bonds. The peak observed at 1050 cm™ is attributed to the stretching
vibrations of the C-O-C bonds, a characteristic feature associated with the transformation of
precursor materials, including meta-aminophenol, into the polymer PMAP. Furthermore, the
vibrational band at 1283 cm™" corresponds to the C-N bond of the aromatic amine, suggesting

the establishment of a C-N-C structure within the polymer matrix.

Additionally, the presence of bands spanning from 1500 cm™ to 1585 cm™' signifies
vibrations associated with the C=N and C=C double bonds, providing further insights into the
structural composition of PMAP. Notably, a broadband extending from 2500 cm™' to 3700
cm™' is observed, indicating the amalgamation of two absorption bands related to the
stretching vibrations of -OH, —NH,, and the aromatic groups —CH. This spectral information
contributes to a comprehensive understanding of the molecular composition and bonding

arrangements present in the synthesized PMAP polymer.



The strong and wide absorption band, located below 800 cm'l, 1s characteristic of the
stretching vibration of Sn-O. This band is wider in pure SnO,. The narrowing of this band in
the spectra of the PMAP 10%Sn0O, nanocomposite material could be attributed to a disorder
in the structure of the nanocomposite material, which results from the combination of PMAP

with SnO,.

The diffractogram of PMAP and nanocomposite PMAP/ x% SnO, (x=1.3.10%), as illustrated
in Figure 2, exhibits a distinctive pattern characterized by diffuse and broadened lines. This
unique diffraction profile is a clear indication of the presence of disordered zones within the
polymer structure. The observation of diffuse lines in the diffractogram is a characteristic
feature associated with materials that possess an amorphous structure. In the case of poly(m-
aminophenol) or PMAP, the amorphous nature is evident from the absence of sharp, well-
defined diffraction peaks that would typically be indicative of a crystalline structure. The
existence of disordered zones and the overall amorphous nature of PMAP are critical aspects
influencing its material properties. Amorphous polymers often exhibit advantageous
characteristics, such as enhanced solubility and processability, making them suitable for
various applications, including coatings, adhesives, and certain types of sensors. The
diffractogram analysis, therefore, provides valuable insights into the structural arrangement of
PMAP, guiding our understanding of its potential applications and informing future research

directions aimed at optimizing its properties for specific uses.

The identification of the crystalline phases within tin dioxide powder, calcined at 650°C, was
conducted across a scanning range from 3° to 80°. Analysis of the diffractogram presented in
Figure 2 reveals distinct lines corresponding to the planes (110), (101), (200), (211), (220),
(310), and (301). These observations align with the characteristic diffraction pattern of
tetragonal tin dioxide, as documented in the JCPDS Powder Diffraction File Card 5-0467. The
preferential orientation of these lines along the [111] plane further signifies the crystalline

nature of the tin dioxide phase.

Upon examining the X-ray diffractogram of the PMAP/1%Sn0O,, PMAP/3%Sn0,, and
PMAP/10%Sn0O, nanocomposites, as depicted in Figure 2, three prominent peaks at 25°, 35°,
and 53° emerge conspicuously. These peaks align precisely with the characteristic diffraction
peaks of SnO,, providing clear evidence for the presence of tin dioxide particles within the

PMAP matrix. The discernible peaks at specific angles substantiate the successful



incorporation of SnO, into the nanocomposite structures, offering valuable insights into the

crystalline phases and confirming the effective integration of SnO, within the PMAP matrix.

Figures 3 and 4 give the results of MB and CR adsorption kinetics on PMAP and on
PMAP/x%Sn0O, nanocomposite materials (with x = 1, 3 and 10) in water. The fixation ratio,
expressed as a percentage, provides a quantitative measure of the effectiveness of dye

removal by materials (insert figures).

During the first 5 minutes, the elimination of the MB is very rapid: for example, around 80%
of the MB was eliminated for the PMAP/10%SnO; nanocomposite. Thereafter, MB
elimination decreased: approximately 15% of MB were eliminated over the next 25 minutes.
It was also observed that the percentage of MB removal increased from 85% for pure PMAP
to 89% for PMAP/1%SnO, nanocomposite, then to 92% for PMAP/3%Sn0O, nanocomposite
and reached the highest percentage at 95% for PMAP/10%Sn0O, nanocomposite for a time of
30 min. Meanwhile, the percentage of CR elimination was the least. Indeed, a removal
percentage of only 54% is obtained for pure PMAP, and then it reached a percentage of 59%
for the PMAP/10%Sn0O, nanocomposite, an increase of 5%. Based on these results, It was
concluded that the PMAP/x%SnO, nanocomposite materials (with x= 1, 3 and 10) have a
high adsorption affinity towards the MB and a low adsorption affinity towards the CR.

To obtain an explanation of this phenomenon, adsorption isotherms on pure PMAP and on the
PMAP/10%Sn0O, nanocomposite were studied. Langmuir isotherm model was used to
describe the adsorption of dyes on catalyst materials. k and Q,, were determined by means of

non-linear regression fit of the Langmuir equation (Eq. 1):

— kaCe
1+kC,

Qe (1)

were Q, is the adsorbed quantity of dye (mg/g), C, is the equilibrium concentration of dye
(mg/L), k the Langmuir equilibrium constant (L/mg) and @, the maximum capacity
adsorption of dye on the surface of the catalyst (mg/g).

Figure 5 and 6 show the results of adsorption isotherm of MB and CR on pure PMAP and on
the PMAP/10%Sn0O, nanocomposite in water. The Langmuir model parameters for MB and
CR adsorbed on pure PMAP and on the PMAP/10%SnO, nanocomposite are summarized in
Table 1.

The adsorption results obtained clearly indicate that the maximum adsorption capacity (Q,,)

of dyes (MB and CR) on the PMAP/10%SnO, nanocomposite material is higher than that of



pure PMAP. Indeed, the combination of 10% SnO, oxide with PMAP gives maximum
adsorption capacity (Q,,) values of 76.99 mg/g and 39.56 mg/g for MB and for CR,
respectively. We notice that Q,,, for MB is almost double that for CR, this confirms the high
adsorption affinity of PMAP/10%Sn0O; towards MB. Adsorption in water of MB and CR by
PMAP/x%Sn0O, nanocomposite materials strongly depends on the pH of the dye solution, the
surface charge of the nanocomposite adsorbent and the charge of the dye [40-41]. The pH of
the zero point charge (pHpzc) for the PMAP/10%Sn0O; nanocomposite was determined to be
3.7, as shown in Figure 6. In the presence of water molecules, PMAP/x%SnO, particles are
covered by hydroxide groups. However, if the pH of the medium varies, these OH groups are
able to give or tear off proton H". Figure 8 shows the modification of the PMAP/10%SnO,
charge surface according to the pH. In different pH ranges, there exist electrostatic interaction
(attraction or repulsion) between the material surface and the dye molecule. Consequently,
this phenomenon can have an effect on adsorption properties. Indeed, the work pH values of
the dispersion of the PMAP/10%SnO; material into 10 ppm MB solution and into 10 ppm CR
solution are 5.5 and 6.5, respectively. These pHs are higher than the pHpzc, which gives to the
surface of the material a negative charge. Consequently, a strong attraction between the MB
molecules (cationic dye) and the material, and a weak attraction between the CR molecules
(anionic dye) and the material, which leads to a strong adsorption of MB on the surface of the
material and a weak adsorption of CR on the surface of the material. The adsorption process
of CR on the surface of the material may be due not to the electrostatic interactions between
the CR molecules (anionic dye) and the material, but to the hydrogen bonding between the
CR molecules and the PMAP/10%Sn0O,, which also plays a very important role in the

adsorption phenomenon [42]

4. Conclusion

In conclusion, our study focused on the synthesis and characterization of nanocomposites
comprising poly(m-aminophenol) (PMAP) and tin dioxide (SnO;) using an in-situ chemical
polymerization technique with varying tin dioxide charge ratios (1%, 3%, 10%). Solubility
tests revealed that PMAP exhibits slight solubility in dimethyl sulfoxide (DMSO). X-ray

diffraction (XRD) analysis unveiled the amorphous nature of PMAP and the semi-crystalline



structure of PMAP/SnO, nanocomposites, where distinctive SnO, peaks confirmed successful

tin oxide combination with the polymer matrix.

Furthermore, the performance of PMAP/x%Sn0O, nanocomposite materials in adsorbing two
different dyes (cationic and anionic), namely Methylene Blue (MB) and Congo Red (CR) in
water. The study found that these nanocomposite materials exhibit a high adsorption affinity
for MB and a low affinity for CR. Specifically, the removal efficiency of MB increases as the
concentration of SnO; in the nanocomposite rises. The removal percentage for MB starts at
85% for pure PMAP and gradually increases to 95% for PMAP/10%SnO, within a 30-
minutes timeframe. On the other hand, the removal efficiency for CR is lower, with only 54%
for pure PMAP and a modest improvement to 59% for PMAP/10%Sn0O,, representing a 5%
increase. This information suggests that the nanocomposite materials are particularly effective
in removing MB, with the highest efficiency observed in the presence of 10% SnO,, while the
removal of CR shows a comparatively smaller enhancement. The adsorption isotherm data of
MB and CR dyes onto the PMAP/10%Sn0O, is best fitted by the Langmuir model. A
combination of 10% SnO, oxide with PMAP gives maximum adsorption capacity (Q,,) of

76.99 mg/g for MB and 39.56 mg/g for CR.

These findings underscore the potential utility of PMAP and PMAP/SnO, nanocomposites in
applications involving dye removal, with the nanocomposite demonstrating enhanced
performance. The successful combination of tin dioxide with the polymer matrix opens
avenues for exploring these materials in diverse fields, benefiting from their unique optical,
structural, and adsorptive properties. The comprehensive characterization and promising
results presented in this study pave the way for further exploration and optimization of these

nanocomposites for practical applications in environmental and materials science.
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Table 1 : Langmuir adsorption isotherm parameters of MB and CR on pure PMAP and on the
PMAP/10%Sn0O, nanocomposite

PMAP PMAP/10% SnO,
MB CR MB CR
Q. (mg/g) 55.1022 30.0345 76.9871 39.5621

k(L/mg) 0.3198£0.0080 0.3512£0.0019 0.2271£0.0020 0.4211 £0.0045

R? 0.9997 0.9986 0.9999 0.9999




Figure 1: Characteristic FT-IR peaks about PMAP and PMAP/SnO, with different ration (1%
Sn0,, 3% SnO, and 10% SnO,)
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Figure 2: X-Ray diffraction patterns of pure PMAP powder, SnO, powder and
nanocomposites PMAP/SnO, with different ration (1% SnO,, 3% SnO, and 10% SnO,)
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Figure 3 : Kinetics of MB removal by adsorption in water ((MB]) = 10 mg/l) in presence of
PMAP and PMAP/x%Sn0O; nanocomposites materials (with x = 1, 3 and 10) at pH = 5.5 and
T =25°C.
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Figure 4: Kinetics of CR removal by adsorption in water ([CR]) = 10 mg/l) in presence of
PMAP and PMAP/x%Sn0O, nanocomposites materials (with x = 1, 3 and 10) at pH = 6.5 and

T =25°C.
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Figure 5: Adsorption isotherm of MB on pure PMAP and on the PMAP/10%SnO,
nanocomposite in water
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Figure 6: Adsorption isotherm of CR on pure PMAP and on the PMAP/10%SnO,
nanocomposite in water
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Figure 7: The Zero Point Charge of PMAP/10%Sn0O,

pH; - pH;




Figure 8: Modification charge of surface of PMAP/10%Sn0O, according the pH in different
pH ranges
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