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Abstract: The present study deals with the formation of a phosphorylated polyvinyl alcohol (PPVA)-
Aluminum Phosphate (AlPO4) nanocomposite, changing the pH solution under the two-step process
involving the phosphorylation of polyvinyl alcohol (PVA) followed by the conjugation with AlPO4.
The composite was formed by varying the pH of the solution in the range of 7–12 and the reflected
changes in the product’s morphology, crystallinity, surface nature, thermal stability, etc. were recorded
using FESEM, XRD, FTIR, UV-Vis spectroscopy, TGA, etc. From the analysis, it was found that the
particles formed with two different sizes of the probed pH, and at pH 10 they were homogeneously
distributed. In addition, the morphology of the PPVA-AlPO4 composite also seems to be altered with
respect to the pH and this is due to the differences in the amount of H+ and OH− anions. Thus, from
the overall analysis, it can be indicated that pH 10 needs to be maintained for the formation of a
spherical shape and uniformly distributed PPVA-AlPO4 nanocomposite.

Keywords: phosphorylation; polyvinyl alcohol; AlPO4 nanocomposite; pH influence; surface morphol-
ogy; thermal properties

1. Introduction

Polyvinyl alcohol (PVA) is an industrially applied polymer and offers the character-
istics of high hydrophilicity along with good chemical and thermal stabilities. Further,
fine-tuning the intrinsic properties, it has been subjected to phosphorylation which en-
hances the polymer dispersion and stability even in harsh and marine environments. As
an example, the composite formed from phosphorylated polyvinyl alcohol (PPVA) was
found to contain better flame-retarding and anti-corrosion properties because of the gen-
eration of a second 3D network by the newly incorporated phosphate groups following
the inter-and intra-molecular hydrogen bonding [1]. Moreover, other similar studies on
PPVA composites (PPVA-graphene aerogel, PPVA-polyaniline) found significant aqueous
and thermal stabilities, in addition to the mechanical resistance due to the newly involved
self-assembling feature [2,3]. However, other distinctively direct phosphate coatings were
also investigated to enhance the internal properties, e.g., aluminum phosphate (AlPO4),
a type of naturally occurring compound with its low density, high melting point, and
hardness when used in non-stoichiometric amounts, offers superior oxidation resistances
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and thermal degradations (over 1000 ◦C) [2]. This direct phosphate coating material allows
for the formation of compatible thin films of high bonding strength even at low tempera-
tures, where the coated films protect the sensitive surfaces from undergoing degradation in
extreme environmental conditions [3]. Alaoui et al. explored for the first time the unique
property of AlPO4 as an active corrosion inhibitor having the improved efficiency of more
than 84% (at 0.01 M AlPO4 in 0.33 M H3PO4) and thereby paving a path for the usage
of AlPO4 as an oxide-resistance platform [4,5]. PPVA with AlPO4 was also reported to
demonstrate good corrosion inhibition performance on steel surfaces [6].

Recently, PPVA-AlPO4 was also reported as superior corrosion protection properties
due to the formation of the coral reef-like structure [7]. The synthesis of nanocomposite
with PVA leads to challenges in tailoring physicochemical properties. Systematic synthesis
methodologies are needed to solve problems related to interfacial interaction, structural
complexity, uniform dispersion, and multifunctionalities [8]. Various techniques were
employed to synthesize inorganic materials by soft chemical methods [9], including precip-
itation, hydrothermal methods, sol–gel, high temperature methods [10,11], and solid-state
synthesis. The precipitation method was widely used because of its advantages, and
inorganic materials with high purity can also be obtained at low temperatures. Therefore,
this method is both environmentally friendly and cost-effective [9].

The hybrid composite formed by the combination of PPVA and AlPO4 has a better
distribution of particles and the associated improvement in the electrochemical stability
because of the coupling of the pendant PO4

3− group in PPVA with that of the PO4
3−, a

group of AlPO4 favoring strong bond formation [6]. Moreover, the degradation parameters
of PPVA-AlPO4 composite, e.g., electrochemical, aqueous, and thermal stabilities, are influ-
enced by the morphology of AlPO4, which depends on the pH solution applied during the
formation of AlPO4 particles. Since the solution at pH of 10, 11, and 12 produces the AlPO4
morphology to be varied from nanoparticles, nanorods, to nanowires, it is highly necessary
to investigate the effect of pH on the formation of PPVA-AlPO4 composite [12]. Therefore,
in the present study, we have investigated the effects of varied reaction pH towards the
structural, thermal, and morphological characteristics of the PPVA-AlPO4 composite.

2. Experimental
2.1. Materials

All the chemicals used in this work were of analytical grade and used as such with-
out further purification. Polyvinyl alcohol (PVA), phosphoric acid (H3PO4), aluminum
nitrate (Al (NO3)3), aluminum hydroxide Al (OH)3, potassium hydroxide (KOH), and
methanol (CH3OH) were purchased from R & M Chemicals, Malaysia and used without
any further modification.

2.2. Synthesis of PPVA-AlPO4

The formation of PPVA-AlPO4 composite involves two steps, namely (1) modification
of PVA polymer with phosphoric acid to form PPVA, and (2) in situ or co-precipitation
of AlPO4 with that of PPVA to generate the composite. The surface modification of PVA
to form PPVA occurs through the replacement of -OH groups of PVA by the phosphate
groups of phosphoric acid. Briefly, about 6.6 g of PVA, deionized water, and H3PO4 were
mixed in a three-necked round bottom flask and heated under refluxing conditions, with
stirring at a rate of 120 rpm in an inert atmosphere. When the temperature reached 90 ◦C,
PVA started melting in the solution mixture, and this heating and stirring was maintained
for another 1 h, followed by cooling at room temperature. After the cooling process, the
product was transferred to a cast-ing plate and left to dry for another 3 days at room
temperature to form a film. In the second step, the formation of PPVA was mixed with
aluminum nitrate in the stoichio-metric ratio of 1.3:3, at the temperature of 90 ◦C, and
stirred under an inert atmosphere for 1 h. At this stage, the reaction pH was varied in the
range of 7–12 to observe the influence of AlPO4 morphology towards the formation of
PPVA-AlPO4 composite, where the product formed was left to dry at room temperature. A
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flowchart of the synthesis and characterization of PPVA-AlPO4 nanocomposites is shown
in Figure 1. Visual observation of the as-prepared and heat-treated samples at 120 ◦C for
various pH values are tabulated in Table 1.
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Figure 1. Flowchart of synthesis and characterization of PPVA-AlPO4 nanocomposites.

Table 1. Visual observation of as prepared and heat-treated samples at 120 ◦C for various pH values.

Samples pH < 1
(Initial)

KOH Volume
(mL) pH (Intermediate) Appearance

As prepared

pH 7 Colourless solution 126.50 7.13 White solution
pH 8 Colourless solution 129 8.16 White solution
pH 9 Colourless solution 131.20 9.22 White solution
pH 10 Colourless solution 132.90 10.17 White solution
pH 11 Colourless solution 135 11.18 White solution
pH 12 Colourless solution 139.90 12 White solution
pH 13 Colourless solution >150 13 Colourless solution

2.3. Instrumental Analysis

The powder X-ray diffraction (XRD) analysis on Panalytical Empyrean diffractometer
UK) with Cu Kα radiation (λ = 1.54060 Å) in the 2θ angle of 20◦ to 80◦ was used for the
determination of structural properties of PPVA-AlPO4 composite. To assess the nature
of thermal stability of the composite, thermogravimetric analysis (TGA) and simultane-
ous differential thermal analysis (SDTA) were applied, and for that, a Mettler Toledo
TGA/SDTA851 instrument (Switzerland) was used to heat the samples in the temperature
range of 25–1000 ◦C (heating rate of 10 ◦C/min). Fourier transform infrared (FTIR) spec-
troscopy for the surface chemical properties of the composite in the wavenumber range
4000–400 cm−1 (resolution of 4 cm−1) was applied using a Perkin Elmer System 2000, UK).
The optical studies of the composite were performed using a Cary 50 UV-Visible spec-
trophotometer (USA) with a 3-mm quartz cell in the wavelength range of 200–900 nm and
at a scan speed of 60 nm/min. For the investigation of morphological changes due to the
variation of pH, the field emission scanning electron microscope (FESEM) Jeol JEM-2100F
(Japan) was used.

3. Results and Discussion
3.1. Thermal Analysis

Figure 2 shows the thermal analysis of PPVA-AlPO4 composite formed with different
pH values (7–12) and from the figure, the SDTA traces indicate the broad endothermic peak
in the temperature range of 30–250 ◦C. We observed weight losses at four different reaction
stages. (1) The first stage of weight loss is due to the elimination of water/moisture from
the crystals around 120 ◦C, and a similar stage of loss around 120–260 ◦C is due to the
elimination of water coordinated with that of AlPO4. However, for the sample formed
with a reaction pH at 10, the metal coordinated water elimination peak is observed at a
temperature higher than that of 280 ◦C, thereby suggesting the occurrence of maximum
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interaction between PPVA and Al metal. Moreover, this sample analysis indicates that only
limited water is available for the elimination, in addition to the occurrence of dehydration
within this range to produce an endothermic effect with a possible phase transformation.
(2) The second stage of weight loss occurring in the temperature range of 260–480 ◦C
can be linked to the spontaneous degradation of PPVA and the subsequent elimination
of low-weight organic compounds. The composite samples formed from varied pH are
showing different temperature peaks, i.e., the samples at pH 10, 11, and 12 are showing the
exothermic peak at 280 ◦C, while the pH at 7, 8, and 9 samples have a broad peak at lower
than 250 ◦C temperature. (3) The third degradation stage is occurring in the temperature
range of 450–700 ◦C for samples formed with pH at 7, 8, and 9, while 480–720 ◦C for the
samples with pH at 10 and 11, and 480–760 ◦C for the sample formed of pH 12. In addition,
another broad less intense endothermic peak in the temperature range of 400–460 ◦C was
observed because of the degradation of PPVA that results in the breakage of the carbon
backbone. The same peak, however, became more intense in the case of a sample at pH 12.
Further, in the temperature range of 400–1000 ◦C, there was no occurrence of dehydration,
but the phase transformation seems to have existed as shown in SDTA. Table 1 shows the
comparison of changes occurring in the AlPO4 crystal system along with the temperature
range of 400–460 ◦C [13], and also at other temperature regions of 680, 670, and 770 ◦C.
(4) The occurrence of final weight loss is observed in the temperature region of 700–1000 ◦C
and can be attributed to the total decomposition of PPVA-AlPO4 composite. Moreover, the
weight residues of about 53, 56, 57, 59, 58, and 52 wt% are noted for the samples prepared
with pH 7, 8, 9, 10, 11, and 12, respectively. The analysis of results indicated that the
weight loss residue is increased for the solution pH up to 10, and after that they started
decreasing to reach the minimum value nearer to pH 7. However, the highest weight loss
(59%) was observed for the sample formed at pH 10, indicating the occurrence of maximum
interaction between PPVA and AlPO4. In addition, we observed an exothermic peak at
770 ◦C for the sample formed at pH 12 and this can be linked to the phase transformation
and completion of AlPO4 crystallization [14].
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The comparison of TGA/SDTA data shown in Table 2 indicates that the maximum
interaction between PPVA and AlPO4 occurred at pH 10, resulting in the formation of
maximum char. Burrell et al. (2001) reported the pH dependency of Al−OH and Al−PO4
bonding that is reflected in the precipitation [15]. This analysis is in good agreement with
our study results, where the observation of the highest weight residue (59%) and lowest
water content (21% in the first stage) indicate the existence of maximum bonding of Al-PO4
at pH 10.

3.2. Powdered XRD Analysis

The powder XRD analysis of various PPVA-AlPO4 samples formed from various pH
in the range of 7–12 are shown in Figure 3. Here, the patterns are shifted towards the lower
diffraction angle for the samples with pH 7–9, and towards the higher angle for the samples
of pH 10–12. Moreover, the intensity of peaks decreases with an increase of pH from 7 to 8,
followed by a slight increase for pH from 9 to 10, and subsequent decreases for pH 10–12.
Compared to the other samples, the sample of pH 12 is showing some broad peaks, and
the peak at 2θ of 70◦ is disappeared. A literature study indicates the generation of highly
crystalline phosphates when high acidic conditions are maintained during the synthesis of
AlPO4 nanoparticles [16]. However, the PPVA-AlPO4 composites XRD pattern provides
support for the good crystallinity of samples even in the alkaline region (pH 10–12). When
the solution pH is in the lower alkaline region of pH 7–9, the available H+ ions help for the
development of microstructures and nucleation of PPVA-AlPO4 composite. Here, although
the number of OH− ions is less, the available ions contribute to the overall progress of the
reaction. On the other hand, the availability of excessive OH− ions in the higher alkaline
conditions of pH 10–12 significantly influences particle nucleation and aggregation. The
variation of pH has a direct effect on the number of H+ or OH− ions to be released in the
solution, wherein the strong alkaline environment contains the OH− ions to be dominant.
The pH variation is responsible for the induction of hydrolysis and condensation, which
has a direct effect on the reaction kinetics, and thereby the promotion of the production
and transport of H+ and OH−. Therefore, pH is a very important factor in controlling the
crystallization rate and associated size distribution of crystallites or particles. Moreover,
it has been observed that the presence of a very high amount of OH− ions, in general,
reduces the precipitate yield, and to avoid that higher levels of P and Al are used [17]. This
is in good agreement with the results obtained for the sample formed with pH 10 which
has a stable particle size of PPVA-AlPO4 composite.
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Table 2. Thermal properties of SDTA and TGA for PPVA-AlPO4 nanocomposite for various pH.

Thermal
Properties pH 7 pH 8 pH 9 pH 10 pH 11 pH 12

SDTA T (◦C) T (◦C) T (◦C) T (◦C) T (◦C) T (◦C)

1 30–250(broad endothermic
peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

2 250 weak broad (endo) 250 weak broad (endo) 250 weak broad (endo) 285 intense (endo) 285 intense (endo) 280 intense (endo)

3 Broad less intense
exothermic peak at 400–460

Broad less intense
exothermic peak at 400–460

Broad less intense
exothermic peak at 400–460

Broad less intense
exothermic peak at

400–460 (455)

Broad less intense
exothermic peak at 400–460 410 small exothermic peak

4 680 670 670 680 680 770(exo)

TGA T (◦C)
Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
1st stage 0–260 28 0–260 37 0–260 38 0–280 21 0–260 25 0–260 27
2nd stage 260–450 11 260–450 10 260–450 11 280–480 9 260–480 8 260–480 9
3rd stage 450–700 8 450–700 9 450–700 8 480–720 11 480–720 9 480–760 12

Final
Weight
residue

700–1000 53 700–1000 56 700–1000 57 720–1000 59 720–1000 58 760–1000 52
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Figure 4 shows the comparison of crystallite sizes of all the samples calculated using
the Scherer equation, and it can be observed that the samples of pH 7, 8, and 10 have
a narrow particle size distribution. A further increase of the pH value exhibits variable
crystallite sizes, but their crystallinity phases and amorphous nature remain the same.
Such an observation can be linked to the phosphate particle growth and is based on the
aggregation of globular primary nanoparticles, whereby the solution pH is determined by
the number of available ions and this effects on the composition and crystallite size [16].
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Figure 4. Crystallite size distribution for PPVA-AlPO4 nanocomposites at different pH values (7–12).

Further, all the PPVA-AlPO4 composites formed by maintaining the solution pH range
of 7–12 are investigated to be crystalline, and within those the one formed at pH 10 forms
crystallites of homogeneous size distribution due to the occurrence of maximum PPVA-
AlPO4 bonding, which is supported by the thermal analysis too. Based on the intensity of
XRD peaks and full width at half maximum (FWHM), the pH of precipitation influences
the particle size due to the changes in Al−OH to the Al−PO4 ratio. Table 3 shows the
details of XRD data for 2θ value, d-spacing, and FWHM for PPVA-AlPO4 nanocomposite
samples at different pH values.

Table 3. XRD data for 2θ value, d-spacing, and FWHM for PPVA-AlPO4 nanocomposite samples at different pH values
(7–12).

Thermal
Properties pH 7 pH 8 pH 9 pH 10 pH 11 pH 12

SDTA T (◦C) T (◦C) T (◦C) T (◦C) T (◦C) T (◦C)

1 30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic peak)

30–250(broad
endothermic

peak)
2 250 weak broad

(endo)
250 weak broad

(endo)
250 weak broad

(endo) 285 intense (endo) 285 intense (endo) 280 intense (endo)

3
Broad less intense
exothermic peak at

400–460

Broad less intense
exothermic peak at

400–460

Broad less intense
exothermic peak at

400–460

Broad less intense
exothermic peak at

400–460 (455)

Broad less intense
exothermic peak at

400–460
410 small

exothermic peak

4 680 670 670 680 680 770(exo)

TGA T (◦C)
Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T (◦C)

Weight
Residue

(%)
T

(◦C)
Weight
Residue

(%)

1st stage 0–260 28 0–260 37 0–260 38 0–280 21 0–260 25 0–260 27
2nd stage 260–450 11 260–450 10 260–450 11 280–480 9 260–480 8 260–480 9
3rd stage 450–700 8 450–700 9 450–700 8 480–720 11 480–720 9 480–760 12

Final
Weight
residue

700–1000 53 700–1000 56 700–1000 57 720–1000 59 720–1000 58 760–1000 52
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3.3. FTIR Analysis

Figure 5 shows the comparison of FTIR spectra for the samples prepared with different
precipitation pH (7–12), where the sample at pH 10 has the Al–OH characteristic stretching
vibration band around 3786 cm−1. Other samples prepared at the pH of 7, 9, and 11
show the Al−O−P peak at 2202, 2253, and 2206 cm−1, respectively and the bending
vibration of the H−O−H plane water molecules are observed at the lower wavenumber
of 1730 and 1740 cm−1. Here, all samples are found to maintain the bands of OH (at
3371–3385 cm−1), C−OH, and a mixture of H−O−H (at 1640–1649 cm−1), P−O−AlPO4 (at
1371–1374 cm−1), C−O−P−AlPO4 (at 1027–1047 cm−1), HP−O−AlPO4 (at 822–824 cm−1),
and O−P−O−AlPO4 (at 533–553 cm−1). The comparison of these band positions for the
samples has provided information about the pH influence on the composite formation, i.e.,
we observed a shift to the band positions of −OH, C−OH, P−O−AlPO4, C−O−P-AlPO4,
and O−P−O−AlPO4. With the pH increase from weak to strong alkaline, these vibrations
are shifted to the lower wavenumber position. For the increase of pH from 7 to 9, a shift in
the band position occurs to the higher wavenumber side, the sample of pH at 10 has a shift
to the higher wavenumber side, the sample of pH 11 also shifts to the higher wavenumber
side, and finally there is a shift back to the lower wavenumber for the pH at 12 sample
(Figure 5a,c). Moreover, there is shifting of the C−OH band to the higher wavenumber
upon the increase of pH from 7 to 10 and the pH 11 and 12 samples present intense PO-
AlPO4 bands which can be linked to the hydrogen bonding in water, i.e., decreased at pH
11 but increased at pH 12 because of the breaking of Al−O−P bond and crystal structure.
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Figure 5. FTIR spectra for as prepared PPVA-AlPO4 nanocomposite samples at different pH values (a) 7; (b) 8; (c) 9; (d) 10;
(e) 11; (f) 12.

From the analysis, until the pH 10, the shift of bands to the higher wavenumber side
is due to the increase of protonation and the associated increase in the interaction between
the polymer and aluminum. The FTIR analysis of PO4, HPO4

2−, H2PO4
2−, and H3PO4

containing samples in their normal vibrational spectral mode indicates a decrease of force
for the P−O and P−OH bonds with a decrease in the protonation degree. This shift of
higher energy for the P−OH band is in accordance with the pH increase, while the pH
decrease causes an increase in the phosphate character that shifts to the lower energy
(higher wavenumber) side [16]. Additionally, to break and reform the bonds of Al−O−P,
the O in OH− ion was induced to produce a variation in the wavenumber. A similar
trend was observed during the XRD crystallite size analysis too, where the H+ and OH−
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ions cause a variation in the Al−O−P and Al−OH bond, affecting the bond length and
coordination number in the PPVA-AlPO4 composite. The development of crystal from
particle agglomeration at pH 7–9 was observed due to the influence of H+ ions, and at
pH 10 an increase in the number of OH− ions significantly influences the crystal structure
and the formation size of particles. Thus, it breaks the agglomerated particles into small
ones, whereby we observed the development of crystals for the second time when the pH
changed from 10 to 11, and a further increase of OH− ions in the system is obstructing the
particle development due to the complete vanishing of Al−OH bond and crystal structure.
A summary of FTIR peaks for the PPVA-AlPO4 composite according to pH is presented in
Table 4.

Table 4. Interpretation of PPVA-AlPO4 nanocomposite FTIR spectra at various pH values (7, 8, 9, 10, 11, and 12).

Band Assignment and Wavenumber
(cm−1)

Sample Al−OH OH Al−O
–P H−O−H C−OH@

H−O−H
P−

O−AlPO4

C−O−P−
AlPO4

HP−O
−AlPO4

O−P−O
−AlPO4

O−
P−O−AlPO4

As
prepared pH 7 3377 2202 1640 1372 1043 822 541

pH 8 3385 1643 1371 1046 823 552 418
pH 9 3374 2253 1645 1371 1047 823 553 435
pH 10 3786 3381 1649 1372 1038 823 541 419
pH 11 3381 2206 1730 1635 1374 1044 543 420
pH 12 3371 1740 1645 1373 1027 824 533 422

Figure 6 depicts the pH effect in the five FTIR bands selected from the nanocom-
posite samples. The corresponding bands are OH (3371–3385 cm−1), C=OH (1640–1649
cm−1) and PO−AlPO4 (1371–1374 cm−1) and (c) C−O−P−AlPO4 (1027–1047 cm−1) and
O−P−O−AlPO4 (533–553 cm−1). As the pH of the solution increases from weak to strong
alkaline, the bands shift to lower wavenumbers. For pH 7–9, the bands are shifted to a
higher wavenumber, while for pH 10, the bands are shifted to a lower wavenumber. The
bands are shifted to higher wavenumber at pH 11 and shifted back to lower wavenumber
at pH 12, as shown in Figure 6a,c. Meanwhile, Figure 6b shows that the C=OH band is
shifted to a higher wavenumber from pH 7 to pH 10, and pH 11 in the PO−AlPO4 band
is related to the water and H bond. The water decreased at pH 11 but increased at pH 12
due to the breaking of the Al−O−P bond and crystal structure. The PO−AlPO4 band also
displays a maximum intensity at pH 12.
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3.4. UV-Vis Analysis

The comparison of UV-Vis spectroscopic analysis of PPVA-AlPO4 composite samples
formed from various pH (7–12) is shown in Figure 7, where the spectra indicate the broad
peak at 208 nm for all the samples with no peak shifting. We also observed sinusoidal
behavior with a decrease of peak intensity from pH 7 to 9, a spike up at pH 10, and again a
decrease with further pH increase. In general, the observation of changes in wavelength
position of absorption peak can be linked to the presence of bonding and its type in
a molecule. However, the intensity of peaks may be correlated to the development of
microstructure and its nature where the mixing of immiscible layers and the particle size
decreases with that of an increased pH and are due to the aggregation of globular primary
nanoparticles from the reaction of H+ and OH− ions. The higher alkaline conditions contain
a greater number of OH− ions in solution, which support the formation of particles with
variable size and shape. The sample formed at pH 10 contains the Al-OH bonded with
that of Al-PO4 and this influences the extent of the amorphous and crystalline phase of
the composite. Moreover, the observation of maximum peak intensity for the sample of
pH 10 indicates the homogeneous AlPO4 nanoparticulate system and this is due to the
occurrence of maximum bonding between Al and PO4. The particles aggregated at pH
11 and 12 transformed into smaller particles and completely vanished at pH 13 as the
solution became clear. As clearly shown, the formation of AlPO4 is affected by the pH and
concentration of the mixture during synthesis. From the UV-Vis spectroscopic analysis, it
is indicated that the formation of AlPO4 is strongly influenced by the solution pH and the
concentration of reactants applied during the synthesis process.
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3.5. FESEM Analysis

The FESEM images (at 50 k magnification) of PPVA-AlPO4 composites formed at
different pH values are compared and shown in Figures 8–10, where the samples formed at
pH 8 and 10 are found to contain the nanoparticles in homogeneous phases. For the samples
at pH 7 and 10, spherical particles of a small phase layer can be found and for the pH 11
sample, larger-sized particles are observed and are without any shape. Similarly, the pH 12
sample also displays the formation the particles without any geometry and is due to the
loosing of the spherical particle shape after the agglomeration. Further, the availability of
an excessive number of OH− ions in the system facilitates the particles melting away from
the reaction and generating de-shaped particles. Further, the FESEM micrographs recorded
at higher magnifications of 100 k and 200 k are shown in Figures 9 and 10 (respectively),
also indicating the formation of spherical shape particles having an average particle size
of <20 nm. The particles have started to agglomerate at the solution pH of 9, generating
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a layered structure, and the additional increase of pH to 10 has prevent the layers from
producing homogeneously distributed spherical particles. This indicates the occurrence of a
critical supersaturation stage at pH 10 and in general this occurs through the homogeneous
precipitation of nucleation and by the involvement of respective constituents.

Coatings 2021, 11, x FOR PEER REVIEW 11 of 14 
 

 

through the homogeneous precipitation of nucleation and by the involvement of respec-

tive constituents. 

 

Figure 8. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d) 

10; (e) 11; and (f) 12 at 50 k magnification. 

 

Figure 9. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d) 

10; (e) 11, and (f) 12 at 100 k magnification. 

Figure 8. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d) 10;
(e) 11; and (f) 12 at 50 k magnification.

Coatings 2021, 11, x FOR PEER REVIEW 11 of 14 
 

 

through the homogeneous precipitation of nucleation and by the involvement of respec-

tive constituents. 

 

Figure 8. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d) 

10; (e) 11; and (f) 12 at 50 k magnification. 

 

Figure 9. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d) 

10; (e) 11, and (f) 12 at 100 k magnification. 
Figure 9. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d) 10;
(e) 11, and (f) 12 at 100 k magnification.



Coatings 2021, 11, 1105 12 of 14
Coatings 2021, 11, x FOR PEER REVIEW 12 of 14 
 

 

 

Figure 10. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d) 

10; (e) 11 and (f) 12 at 200 k magnification. 

Our investigation of the pH effect on PPVA-AlPO4 nanocomposites indicated signif-

icant behavioral changes during the crystal formation and their disappearance, i.e., at pH 

7–9 (weakly alkaline), particle aggregation was observed, and this is influenced by the H+ 

ions. We observed that at pH 8 and the increased pH of 10 (moderate alkaline), the OH− 

anions cause the critical supersaturation stage to generate the spherical shape nanoparti-

cles having a homogeneous distribution. With an additional increase of pH (above 10), 

was particle shape varied and became large due to the agglomeration. The pH at 11 sam-

ple was found to contain a mixture having irregular and spherical shape particles, and at 

pH 12 sample was observed with melted nanoparticles transforming into nanotubes. With 

a further increase of pH to 13, the reaction for the formation of nanoparticles could not 

occur due to the complete dissolving of the reactants, and the observation of such behavior 

is in accordance with the results reported by Yang and Kau (2005) [17]. 

As shown in Figure 6, the increase of solution pH causes the PPVA-AlPO4 composite 

to be distributed in two-particle size trends, i.e., the particle size decreased from pH 7 to 

8, suddenly increased at pH 9, and decreased again at pH 10 and other higher pH (11 and 

12). The formation of homogeneously distributed spherical particles was observed at pH 

8 and 10 and this is in good agreement with the crystal size analysis recorded from the 

XRD patterns (Figure 3). However, the samples prepared at pH 7, 9, 11, and 12 generates 

nanoparticles with a wide range of sizes that are also non-homogeneously distributed 

particles (Figure 4). This could be due to the existence of heterogeneous phases of laminar 

layers, various geometrical shape, and melting behavior. Thus, from the overall analysis, 

it can be concluded that the pH of the precipitation process significantly influences the 

particle size and shape of the PPVA-AlPO4 nanocomposite. These results are consistent 

with the study by Kawamura et al. (2007), who reported that the solution pH and reaction 

temperature strongly influence the morphology of aluminum phosphate crystals [18]. 

Similar to the strong crystalline properties of PPVA-AlPO4 nanocomposites under alkaline 

conditions, Jiang et al. (2013) also indicated the increase of crystallinity with the decrease 

of pH [19], and the reduction of particle size with pH increase was reported by Palacios et 

al. (2013) [16]. 

Figure 10. FESEM micrographs of PPVA-AlPO4 nanocomposite samples formed from different pH of (a) 7; (b) 8; (c) 9; (d)
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Our investigation of the pH effect on PPVA-AlPO4 nanocomposites indicated signifi-
cant behavioral changes during the crystal formation and their disappearance, i.e., at pH
7–9 (weakly alkaline), particle aggregation was observed, and this is influenced by the H+

ions. We observed that at pH 8 and the increased pH of 10 (moderate alkaline), the OH−

anions cause the critical supersaturation stage to generate the spherical shape nanoparticles
having a homogeneous distribution. With an additional increase of pH (above 10), was
particle shape varied and became large due to the agglomeration. The pH at 11 sample
was found to contain a mixture having irregular and spherical shape particles, and at pH
12 sample was observed with melted nanoparticles transforming into nanotubes. With a
further increase of pH to 13, the reaction for the formation of nanoparticles could not occur
due to the complete dissolving of the reactants, and the observation of such behavior is in
accordance with the results reported by Yang and Kau (2005) [17].

As shown in Figure 6, the increase of solution pH causes the PPVA-AlPO4 composite
to be distributed in two-particle size trends, i.e., the particle size decreased from pH 7
to 8, suddenly increased at pH 9, and decreased again at pH 10 and other higher pH (11
and 12). The formation of homogeneously distributed spherical particles was observed
at pH 8 and 10 and this is in good agreement with the crystal size analysis recorded
from the XRD patterns (Figure 3). However, the samples prepared at pH 7, 9, 11, and
12 generates nanoparticles with a wide range of sizes that are also non-homogeneously
distributed particles (Figure 4). This could be due to the existence of heterogeneous
phases of laminar layers, various geometrical shape, and melting behavior. Thus, from the
overall analysis, it can be concluded that the pH of the precipitation process significantly
influences the particle size and shape of the PPVA-AlPO4 nanocomposite. These results
are consistent with the study by Kawamura et al. (2007), who reported that the solution
pH and reaction temperature strongly influence the morphology of aluminum phosphate
crystals [18]. Similar to the strong crystalline properties of PPVA-AlPO4 nanocomposites
under alkaline conditions, Jiang et al. (2013) also indicated the increase of crystallinity with
the decrease of pH [19], and the reduction of particle size with pH increase was reported
by Palacios et al. (2013) [16].
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In this study, the PPVA-AlPO4 nanocomposite was successfully synthesized at lower
temperature conditions and by using PPVA as a capping agent to cleave the bonding
between the nitrates and further accelerate the dissociation of Al3+ ions from AlNO3 salt.
At a neutral pH of 7, the slow release of Al3+ ions from the AlNO3 salt produces spherical
shape nanoparticles, and with an increase of pH (above 7), a significant change to the
particle size and phase morphology was observed. Hence, the PPVA-AlPO4 nanocompos-
ite samples consist of spherical particles with laminar layers. The observed changes to
the particle size, layer phase, and associated morphology of PPVA-AlPO4 nanocomposite
(Figures 5–7) are discussed considering the formation of AlPO4 which can directly influ-
ence the concentration building unit (Al−OH and Al−PO4) in the reaction mixture [20].
In addition, the influence of pH on the ionization of phosphoric acid to dihydrogen phos-
phate, hydrogen phosphate, and conjugate base PO4

3− is also affected due to the alkaline
environment, i.e., phosphoric acid to PO4

3− is maximized at pH > 7 [17]. The AlPO4
nucleation process is halted when all the available Al3+ and most free OH− ions are reacted.
However, for the PPVA-AlPO4 nanocomposite, the ideal pH was found to be 10, where
spherical shape particles with homogeneous distribution were observed (FESEM). These
findings were supported by the thermal and XRD studies with the occurrence of maximum
bonding between PPVA and AlPO4. Recently, similar findings have reported similarly
shaped structures known as coral reef-like structures with superior corrosion protection
properties [7]. Thus, the effect of pH plays an important role in the properties of the
PPVA-AlPO4 nanocomposite.

4. Conclusions

In summary, the present study of PPVA-AlPO4 nanocomposite formation over a pH
range of 7–12 without heat treatment indicated the generation of maximum weight residue
from the sample formed at pH 10 due to the enhanced interaction and bonding. Moreover,
the XRD analysis provided information about the crystalline nature of samples and the
calculated crystallite size, indicating the development of two different microstructures due
to the aggregation and agglomeration of small particles in the alkaline region, i.e., from pH 7
to 9 and 10 to 12. Such a development of microstructures in the PPVA-AlPO4 nanocomposite
was affected by the amount of H+ and OH− ions varying due to the changes in pH. In
addition, the FESEM analysis provided the morphology of the as-prepared samples and
indicated the spherical shape (similar to the XRD data) and homogenous distribution of
particles for the sample prepared at pH 10. The influence of pH by means of the shifting of
C-O-P-Al and O-P-O-Al bands to the higher and lower wavenumber side was recorded
with FTIR spectra in the two pH regions of 7–9 and 10–12. This can be linked to the effects
of H+ and OH− ions. The optical properties of the formed nanocomposites studied by
UV-Vis spectroscopy show no shifting of the 208 nm peak, but the peak intensity has similar
effects, as observed by the XRD and FTIR analyses. Thus, from the cumulative analysis,
it can be concluded that the pH of precipitation affected the reaction between PPVA and
AlNO3 salt, and thereby allowed to observe the PPVA-AlPO4 nanocomposite with varied
morphology and particle sizes due to the influence of H+ and OH− ions fluctuated by the
pH change.
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