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Abstract   13 

In the current study, poly(p-aminophenol) (PpAP), with starch and graphene oxide (GO), were successfully 14 
synthesised by oxidative polymerisation from p-aminophenol monomer in an aqueous alkaline medium using 15 
ammonium persulfate (APS) as an oxidising agent. The synthesised polymers were characterised using UV-Vis 16 
spectroscopy, Fourier transform infrared, thermogravimetric analysis, X-ray diffraction (XRD), and Brunauer–17 
Emmett–Teller and zeta potential techniques. These techniques confirmed the presence of site-selective interaction 18 
between the conjugated PpAP chain and π-bonded surface, and thus the H-bonding of starch and GO. Further, the 19 
enhanced dye removal efficiency was ascribed to the improved morphology and the pore volume created by the 20 
entangled PpAP/Starch/GO. The influences of experimental conditions such as the polymer composite content, dye 21 
concentration, time, pH of the bath solution, and temperature on cationic dye adsorption were investigated. The 22 
adsorption data were fixed to the Langmuir isotherm (R2 in the range between 0.997 and 0.9995) and showed a 23 
pseudo-second order (R2 = in the range between 0.996 and 0.9996) kinetic model. Moreover, the polymer ternary 24 
composite was able to remove a large proportion (96.7%) of the cationic dye from water at pH 7. The 25 
thermodynamic investigation found that the adsorption process was spontaneous and endothermic. In addition, the 26 
synthesised adsorbent showed good reusability at six cycles. The data acquired suggest that the PpAP/Starch/GO 27 
composite can be effectively applied and reused as an inexpensive adsorbent material for removal of MB dye from 28 
water.   29 
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Introduction  32 

Water is the basis for the survival of all living species on earth. Generally, the presence of dyes in water reduces the 33 
amount of dissolved oxygen and increases the demand for biochemical oxygen; thus, this affects the sustainability of 34 
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aquatic life [1]. Wastewater contaminated with dyes is considered one of the most significant pollutants from the 35 
various industrial sources that cause severe environmental pollution. Many manufacturers of plastics, rubber, 36 
textiles, leather, paper, cosmetics, and food use dyes in their products, and the disposal of even small amounts of 37 
such can affect the ecosystem and result in serious environmental problems [2, 3]. Therefore, removing dyes from 38 
wastewater is an important route to significantly reducing water and soil pollution. In this regard, investigators have 39 
used a range of traditional methods such as coagulation, mass reduction, biodegradation, adsorption, ion exchange, 40 
and advanced oxidation to remove dyes and pigments from wastewater [4-6]. However, adsorption typically 41 
represents a much more economic approach due to the fact that this technique is characterised by its ease of use, the 42 
simplicity of the method, and its high efficiency [7]. 43 

A variety of adsorbents to remove dyes from wastewater have been suggested in the literature, such as carbon-based 44 
substances, metal oxide nanocomposites [8, 9], clay materials [10], zeolites [11], and chitosan [12]. In the past few 45 
years, graphene-based carbon substances such as graphene oxide (GO is a derivative of graphite) have been widely 46 
investigated for dye adsorption due to the fact that they have large surface areas  and numerous functional groups of 47 
potential utility, for instance hydroxyl (̶ OH), epoxy (̶ C ̶ O ̶ C), carboxyl (̶ COOH), and hydrophilic groups. The 48 
existence of these functional groups allows GO to easily interact with inorganic and organic substance by non-49 
covalent interactions or covalent bonding resulting in good adsorptivity of heavy metal ions and cationic dyes. 50 
Moreover, the unique 2-D structure of GO has high dispersion ability in aqueous solutions due to increased 51 
interplanar distance or weakened interplanar π– π interactions [13].  However, their adsorption effectiveness may 52 
decrease due to the reassembly of graphene nanosheets as a result of strong π–π stacking reactions, resulting in a 53 
difficult separation from water after pollutant adsorption [14, 15]. Recently, some new polymer materials typically 54 
involving polypyrrole (PPy) and polyaniline (PANI) and their derivatives have attracted considerable attention with 55 
regard to the removal of dyestuffs, pigments, and various forms of pollutant from water. These polymers have low 56 
fabrication costs and are important electrical conductors with various potential applications as reported in the 57 
literature [16-18]. They can be effectively used to adsorb dyes, heavy metal ions, and various pollutants from 58 
wastewater/aqueous solutions. This is due to the fact that they are low cost, semi-flexible, and have unique electrical 59 
and optical properties.  Nevertheless, these polymers suffer from certain disadvantages such as poor mechanical 60 
strength, low surface area, low porosities, and low cycle life stabilities. As a result, they swell and shrink during ion 61 
exchange processes, restricting their range of practical applications [5, 6]. 62 

In addition, carbohydrate polymers (starch, cellulose, chitosan, alginate, dextran, etc.) are extensively employed as 63 
adsorbents for the removal of dyestuffs from wastewater due to their low-cost, non-toxicity, biodegradability, and 64 
their physical and chemical properties  resulting from the presence of hydroxyl, carboxyl, amine, and amide 65 
functional groups, which facilitate the adsorption of dyes through hydrogen bonding and electrostatic interactions 66 
[19]. Therefore starch is an appropriate organic agent for surface modification to improve the morphology of the 67 
polymer matrix [20]. Adsorbent nanocomposites based on polymeric materials have excellent characteristics due to 68 
their environmental stability, high surface areas, large pore volumes, and effective binding sites [21]. As a result, 69 
polymeric adsorbents based on organic composites/nanocomposites have been used for the adsorption of dyestuffs 70 
from aqueous solution. Many reports have been published on the synthesis of polymer modified with starch and/or 71 
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carbonaceous materials for dyes removal; for example, Janaki et al. [22] prepared starch/polyaniline nanomaterials 72 
via in situ polymerisation for removal of different dyes compounds from aqueous solution, while Gomes et al. [23] 73 
synthesised starch/cellulose nanowhisker hydrogel composites to eliminate methylene blue (MB) from wastewater. 74 
Cheng et al. synthesised [24] a dithiocarbamate-modified starch adsorbent to adsorb anionic dyes from aqueous 75 
solutions.  76 

Starch/Multi-Walled Carbon Nanotube (MWCNT)-Valine (SMV) nanocomposites (NC) [20] and Fe3O4 based 77 
starch-poly (acrylic acid) [25], starch-g-polymethyl methacrylate [26], have been used with graphene oxide as 78 
adsorbents for environmental treatment. For example, polyaniline/graphene oxide [27], graphene oxide/silver 79 
phosphate, polyurethane nanocomposite [28], polyacrylic acid functionalized magnetic iron oxide nanoparticle-80 
graphene oxide nanocomposite [29], and polypyrrole-cellulose-graphene oxide nanocomposite [30]. In our previous 81 
work, we prepared a new nanocomposite adsorbent based on a polyaniline/manganese oxide/nickel oxide composite  82 
which showed good adsorption capacity for removal of methyl orange dye from water (248.4 mg/g) [31].  83 

In this study, poly(p-aminophenol), and starch were successfully fabricated with graphene oxide sheets via an in situ 84 
chemical oxidation polymerisation process to produce PpAP/starch/GO ternary nanocomposites for the removal of 85 
cationic methylene blue (MB) from aqueous solution. The p-aminophenol monomer was chosen due to its two 86 
functional groups (NH2 and OH) supplying more reactive groups compared to other monomers such pyrrole and 87 
aniline, which have amine groups only. Starch is biocompatible polysaccharide and is employed for the construction 88 
of nanocomposites due to its biological and molecular advantages. The functionalization of PpAP and starch can be 89 
achieved via cross-linking their amino and hydroxyl groups to the epoxy groups present in GO and the resulting 90 
composite offers tremendous prospects. Accordingly, the PpAP/starch/GO ternary nanocomposite is relatively rich 91 
in surface functional groups including amino, carboxyl, and hydroxyl groups, and hence it can more effectively 92 
adsorb dyes from aqueous solution. To the best of our knowledge, this new modification of the PpAP/starch/GO 93 
ternary nanocomposite has never been utilised for the adsorption of dyes. The binding of PpAP/starch/GO ternary 94 
nanocomposites was examined via different techniques such as X-ray diffraction (XRD), scanning electron 95 
microscopy (SEM), transmission electron microscopy (TEM), thermo-gravimetric analysis (TGA), Fourier 96 
transform infrared (FTIR) spectroscopy, Brunauer–Emmett–Teller (BET) and zeta potential. The influence of 97 
various factors such as initial concentration of dye, adsorbent dosage, contact time, pH, and temperature on 98 
adsorption efficiency were also determined in this work. In addition, the adsorption data were fitted with kinetic and 99 
thermodynamics models as well as isotherm mechanisms. The data show that the PpAP/Starch/GO ternary can act as 100 
an effective adsorbent for the purposes of water purification. 101 

Experimental  102 

Materials and Reagents  103 

The materials were used in this study as follows: p-aminophenol (99%), starch (98%), ammonium persulfate (APS, 104 
98%), and sulfuric acid (95%) were used as received from Aldrich; graphite powder (99%) from Alfa Aesar; 105 
methylene blue (MB, C16H18ClN3S.xH2O, molecular weight: 319.85 g/mol), sodium hydroxide (NaOH, 97%), 106 
sodium nitrate (NaNO3, 99.5 %), hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 37%), and dimethyl 107 
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sulfoxide (DMSO, 99.9%) were used from Merck without further purification. Double distilled water was used for 108 
washing and preparation purposes.  109 

Sample preparation  110 

Synthesis of graphene oxide (GO)   111 

Graphene oxide was prepared from graphite powder following a modified Hummer’s procedure [32], and the 112 
proposed structure is shown in Fig. 1. In a typical method, 4.0 g of graphite powder was added into a 500 mL flask 113 
followed by adding 92 mL of concentrated H2SO4, and thereafter 2.0 g of NaNO3. Then, the mixture was placed in 114 
an ice bath and stirred by a magnetic stirrer for 30 min. Subsequently, 12 g of KMnO4 as an oxidising agent was 115 
added slowly to the mixture, keeping the reaction temperature at less than 20ºC. The mixture was then removed 116 
from the ice bath and left overnight at 25 ± 2ºC with continuous stirring. A brownish paste product was formed; 117 
next, 150 mL of distilled water was slowly added to the product under strong stirring. The temperature of the 118 
mixture increased to 98°C (exotherm produced) after which it was allowed to cool to room temperature. Then, the 119 
mixture was treated with 10 mL of H2O2 and the colour of the mixture changed from dark brown to yellow, resulting 120 
in an oxidation product of GO produced from the graphite. The GO product was washed with 2 M HCl aqueous 121 
solution followed by distilled water until the pH of the washing solution was nearly neutral. Finally, the GO product 122 
was acquired as a solid powder after filtration and drying under vacuum and used to prepare the polymer composite, 123 
as illustrated in Fig. 3. 124 
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Fig. 1 Proposed graphene oxide structure as prepared from graphite. 

 

Synthesis of PpAP/Starch/GO adsorbent 125 

PpAP/Starch/GO adsorbent was synthesised by oxidative polymerisation of p-aminophenol (pAP) monomer in an 126 
aqueous alkaline (NaOH) medium using ammonium persulfate (APS) as an oxidising agent, as shown in Fig. 2, 127 
according to the procedure described in the literature [33, 34] with some modification. In a typical procedure, 6.9 g 128 
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of pAP was dissolved in 100 ml aqueous 0.6 M NaOH medium by continuous magnetic stirring for 30 minutes. 129 
Thereafter, 2.3 g of starch powder was added to the monomer solution synthesised in advance (6.9 g of pAP was 130 
dissolved in 100 ml aqueous 0.6 M NaOH medium) containing different percentage weights of graphene oxide 131 
(GO). These solutions were stirred for 30 minutes and then sonicated via a probe ultrasonicator for 1 h to form a 132 
homogenous solution. The mass ratio of pAP monomer to starch powder was 75:25, respectively, containing 133 
different percentage weights of GO (viz. 2, 4, 6, 8 and 10 wt%) with respect to the pAP monomer and starch (3:1). 134 
After that, fresh APS solution was prepared by dissolving 20.54 g APS in 50 ml distilled water. The polymerisation 135 
was performed in the conventional method via dropwise addition of the oxidant (APS solution) into the mixture (i.e., 136 
monomer + starch + GO) over 4 h, with mixture continuously reacting at room temperature (25 ± 2ºC) with constant 137 
stirring for 24 h. At the end, the black precipitate was separated by filtration and washed with 250 mL HCl (1 M) to 138 
remove by-products, soluble oligomers, unreacted monomer and other materials, followed by further washes with a 139 
considerable quantity of distilled water until a clear washing solution was obtained. The product was subsequently 140 
dried in a vacuum oven at 60ºC for 24 h. The yield of the dried polymer composite was 92.1%.  141 
 142 
The chemical polymerisations for pure pAp monomer and pAP mixed with various mass ratios of starch (see Table 143 
1) were carried out as per the strategy used for PpAP/Starch/GO illustrated above but without adding GO. The 144 
product was subsequently dried at 60°C for 24 h. The yield of the dried pure PpAP polymer was 65.7% while those 145 
for PpAP mixed with starch samples were between 71 and 84%. The mechanism of formation of poly(p-146 
aminophenol), starch, and graphene oxide via the chemical polymerisation process is illustrated in Fig. 3.  147 
 

 
Fig. 2  Photographic image of the polymerisation process in the lab.  
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Fig. 3 Proposed schematic for synthesis of the PpAP/starch/GO ternary nanocomposites.  
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Determination of the amount of water absorbed 149 

The amount of water absorbed by the polymer composite was determined by weighing the polymer before and after 150 
absorbing water. Certain amounts of the polymers (samples 1 and 9, see Table 1) were each placed in 25 mL 151 
distilled water; the samples were left for 24 hours in continuously stirred water. Then, the remaining water was 152 
removed by centrifugation and the wet samples were weighed. The percentage of water (W %) absorbed by the 153 
polymers was calculated from equation 1 [12]: 154 

𝑊𝑊% =
𝑊𝑊𝑊𝑊 − W𝑑𝑑

𝑊𝑊𝑤𝑤
  100 … … … … … … … … … … … … … … … … … … … … 1 155 

where Wd and Ww are weights (g) of the dried and wet yields, respectively. The amounts of water absorbed by pure 156 
PpAP and PpAP/Starch/GO were 44 ± 2% and 34 ± 2%, respectively, which indicate that the adsorbents have 157 
hydrophilic features based on the experimental conditions. 158 
 159 

Batch Adsorption Experiments  160 

Adsorption tests were achieved with batch mode to compute the adsorption efficiency of ternary PpAP/starch/GO 161 
nanocomposites. Adsorption kinetics assays were performed in the presence of a known quantity of ternary 162 
nanocomposite sample at pH 7 and at 298 K. In the kinetic assays, different initial concentrations of MB dye of 10, 163 
75 and 150 mg/L were employed. Standard conical flasks containing a specified dose of ternary nanocomposites (50 164 
mg) and 100 mL of MB dye samples were shaken in an orbital shaker (G BIOSCIENCES) at a fixed shaking rate of 165 
200 rpm. Ternary nanocomposite aliquots were removed from the 250 ml standard conical flasks at indicated 166 
sorption times, and the remaining MB dye concentrations were detected at 664 nm using a high-performance UV-vis 167 
(Agilent Cary 5000) spectrophotometer. While adsorption isotherm assays were performed at pH 7, the optimum 168 
weight of the ternary nanocomposites (50 mg) was mixed with 100 ml MB dye solution with different initial 169 
concentrations in the range 10-200 mg/L for 60 min at 298, 310, and 320 K. 170 
The quantities of adsorbed MB dye per gram of ternary nanocomposites at time t, qt (mg/g) and at equilibrium, qe 171 
(mg/g) were computed using Equations (2) and (3), respectively:  172 

𝑞𝑞𝑡𝑡 =
(𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑡𝑡)𝑉𝑉

𝑀𝑀
… … … … … … … … … … … … … … … … … … … … … … … … … … … 2 173 

 174 

𝑞𝑞𝑒𝑒 =
(𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑒𝑒)𝑉𝑉

𝑀𝑀
… … … … … … … … … … … … … … … … … … … … … … … … … … … 3 175 

where Ci (mg/L) and Ct (mg/L) are the MB dye concentrations at time 0 and at time t, respectively, V (L) refers to the 176 
volume of MB dye solution, M (g) refers to the mass of the ternary nanocomposites, and Ce (mg/L) is related to the 177 
dye concentration at equilibrium. Moreover, the average adsorption of three determinations as well as the relative 178 
errors of the experimental results were less than 5%. 179 
The percentage of MB removed (MB Removal %) was determined using Equation (4), as follows:  180 

𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 % =
(𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑒𝑒)

𝐶𝐶𝑖𝑖
 × 100 … … … … … … … … … … … … … … … … .4 181 
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Influences of experimental factors on the adsorption of MB process  182 

In this investigation, the influences of initial solution pH (in the range 2–10), adsorbent dose (in the range 10–80 183 
mg), initial MB dye concentration (in the range 10–200 mg/L), and sorption time were examined.  184 

Instrumentations and Characterisations  185 

The polymers synthesised in this study were characterised via UV-Vis, FTIR, TGA, XRD, SEM, TEM, and BET 186 
techniques. Typically, Fourier transform infrared (FTIR) spectra were used to elucidate the functional groups 187 
present in the samples (PpAP and PpAP composite). The sample powders were dispersed in KBr pellets and FTIR 188 
spectra recorded in the range 500 to 4000 cm-1 using a Perkin Elmer Spectrum One Fourier Transform Infrared 189 
spectrophotometer. The UV-Vis spectra of the polymer composites were measured using a Cary Series UV-Vis 190 
spectrophotometer (Agilent Technologies) after dissolving the polymers in dimethyl sulfoxide (DMSO) in quartz 191 
cuvettes, with spectra measured in the wavelength range 200–800 nm. The thermal stability was characterised as a 192 
function of the temperature for the polymer powders via Thermo-Gravimetric Analysis (TGA) using a Mettler 193 
Toledo 44 TGA/DSC 1 STARe machine. The weight of each sample used was between 15 – 20 mg in open 194 
aluminium pans. The STARe system software was utilised to obtain the percentage mass loss from the raw data 195 
analysis, which was then replotted. The crystal structures of the polymer composites were examined using an X-ray 196 
spectrometer, model: Panalytical Empyrean with 30 mA, 45 kV, and scanned between 5° and 80° 2θ. A Phillips 197 
XL30 ESEM instrument with an accelerator voltage of 15 keV and transmission electron microscope (TEM) 198 
PHILIPS CM120 were used to characterise the surface morphology of the pure PpAP and PpAP/starch/GO ternary 199 
composites. The pore size and the pore diameter distributions for the polymer composite were determined by 200 
Barret–Joyner–Halenda (BJH), whereas the specific pore volume and the specific surface area for polymer 201 
composite were measured via the Brunauer–Emmett–Teller (BET) method. For the determination of the zero-point 202 
charges (pHZPC) of the ternary nanocomposites, the pH for the zero-point charges (pHzpc) can be measured by 203 
performing a pH drift procedure. In a series of 250 ml volumetric flasks, each containing 50 ml NaNO3 (0.1 mol/L),  204 
50 mg PpAP/starch/GO ternary nanocomposite was added. The different initial pH (pHi) between 2 to 11 was 205 
adjusted with a solution of HCl (0.1 mol/L) or NaOH (0.1 mol/L). The final solution pHs (pHf) were determined 206 
after 48 hours equilibration. The pHPZC value was verified from a plot of ΔpH (ΔpH = pHf − pHi) against pHi at ΔpH 207 
= 0. 208 
  209 

Results and discussion 210 

Optimisation of polymer composite as an adsorbent  211 

In this study, several samples of PpAP composite were prepared according to the procedure described in the 212 
experimental section in order to obtain the best integrated polymer composite for the adsorption of MB dye from 213 
aqueous solution. Table 1 shows the optimised weight ratio of starch and GO in the PpAP composites. From this 214 
table, the lowest value for removal of MB was pure PpAP (33% sample 1), while increasing the amount of starch in 215 
the polymer composite increased the percentage removal of MB dye as a result of the increase in the number of 216 
active sites in the polymer composite, recording the higher removal of MB dye was 55% for sample 3 217 
(PpAP@Starch at a ratio of 3:1). Further, it was found that there was a small decline in the adsorption effectiveness 218 
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of MB when the amount of starch was greater than 25 wt% in the PpAP composite used (samples 4 and 5). This 219 
might suggest that starch molecules agglomerated with the polymer, reducing the ability of the adsorbent to remove 220 
MB from aqueous solution.  221 
 222 
After this step, samples 6-10 performed by addition various percentage weights of GO sheets (viz. 2, 4, 6, 8 and 10 223 
wt%) to the pAP monomer and starch powder (the mass ratio of pAP monomer to starch powder was 3:1, which was 224 
selected from sample 3). It is clear that there is an increase in the adsorption of MB dye with increasing GO content 225 
in the polymer composite, showing the highest removal of dye was 91% for sample 9 (the mass ratio between 226 
PpAp@Starch (3:1) and GO was 92:8%, respectively). This is because of the synergistic effects between PpAP, 227 
starch molecules, and graphene oxide sheets, which led to an enhancement to the porous nature of the structure of 228 
the ternary composite (as indicated in the BET results) during this optimisation process and allowed the surface of 229 
PpAP/Starch/GO ternary composite via its pores to adsorb MB dye highly effectively. The high dye-removing 230 
performance is also related to the large number of functional groups present in the ternary composite which enhance 231 
electrostatic reactions, hydrogen bonding, and π-π interactions between the MB dye and the ternary composite, as 232 
shown in the schematic (Fig. 4b). Fig.4a (right) which displays the photo of a deep blue colour in the MB solution 233 
(Ci = 100 mg/L) prior to the addition of the adsorbent (sample 9). After the adsorbent has been allowed to act for 60 234 
min, the colour of the MB solution had changed to a transparent light blue (nearly colourless, Fig.4a (left)) due to 235 
the adsorption process, implying the majority of MB solution had been removed by the adsorbent (sample 9). 236 
Depending on these results, sample 9 was selected as the best adsorbent to study the mechanism of the removal of 237 
MB from aqueous solution.    238 
 239 

Table 1 Optimisation of PpAP nanocomposite for methylene blue dye removal (Ci = 100 mg/L), time = 60 min, 

V = 100 mL, dose = 50 mg) from aqueous solution. 

 

Samples 

Composite  

Dye removal % PpAP (g) Starch (g) GO (g) 

1 10 0 0 33 

2 8.57 1.43 0 38 

3 7.5 2.5 0 55 

4 6.0 4.0 0 53 

5 5.0 5.0 0 50 

6 (PpAp@Starch 3:1) 9.8 0.2 65 

7 (PpAp@Starch 3:1) 9.6 0.4 74 

8 (PpAp@Starch 3:1) 9.4 0.6 85 

9 (PpAp@Starch 3:1) 9.2 0.8 91 

10 (PpAp@Starch 3:1) 9.0 1.0 89 

 240 
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Fig. 4 a) images of methylene blue solution (Ci = 100 mg/L) before and after MB removal, time = 60 min, V = 100 

mL, dose = 50 mg. b) Assumed schematic for removal MB cationic dye by PpAP/Starch/GO ternary 

nanocomposite. 
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Characterisation of the adsorbents 242 

Based on the optimisation results, as presented in Table 1, the pure PpAP (sample 1) and PpAP/Starch/G (sample 9) 243 
were selected for the characterisation of their respective structures, as follows:  244 
  245 
X‑ray diffraction (XRD) analysis 246 

Fig. 5 presents the X-ray diffraction patterns for PpAP and its nanocomposites (PpAP/Starch/GO), where X-ray 247 
diffraction can be used to determine the crystalline and amorphous regions in the polymers. Generally, an 248 
amorphous region in the matrix of a polymer is indicated by the presence of relatively broad low intensity peaks, 249 
whereas the crystalline region is characterised by peaks with sharp intensities. Herein, the PpAP shows broad 250 
scattering at 2θ values between 15 and 30º (the broad maximum appears at 2θ = 23.66º) which is attributed to the 251 
periodicity parallel and perpendicular to the PpAP matrix, indicating its amorphous nature, as described for the 252 
PmAP doped with MWCNT [35]. In the instance of PpAP/Starch/GO nanocomposites (red line), the diffraction 253 
peaks observed and located at 2θ = 15.42º, 17.17º, 22.53º, and 26.51º could be attributed to the (001), (011), (020), 254 
and (121) reflection planes, respectively, of PpAP nanocomposites, indicating that the PpAP/Starch/GO ternary 255 
composite was crystalline in nature. From these peaks, intensities were found to be increasing considerably with the 256 
addition of starch and GO to the polymer matrix. Accordingly, the two sharp diffraction peaks present at 22.53º and 257 
26.51º in the sample (PpAP/Starch/GO), which were not observed in the pure PpAP sample, correspond to the 258 
grafted crystalline structure of starch with PpAP due to more intrachain hydrogen bonding or electrostatic 259 
interactions being present in the structures of the polymer with the starch (this includes amine, hydroxyl, and/or 260 
phenolic groups). Furthermore, the diffraction peaks for the GO layer (shown in the insert in Fig. 5) emerge at 2θ = 261 
15.79º (001) relate to carboxyl, epoxy, and hydroxyl groups, and which is in agreement with previous reports in the 262 
literature [36]. The intensity of this peak decreased and shifted to lower degree in the polymer composite (2θ 263 
=15.42º) due to the low GO content in polymer nanocomposites, suggesting GO layers combined with PpAP matrix. 264 
This result showed that the crystallinity and orientation of the polymer ternary nanocomposites is of considerable 265 
interest, because more highly ordered systems can exhibit a polymeric conductive state and may have an impact on 266 
the removal of waste substances, as described in the following sections.  267 

 

 
Fig. 5 XRD patterns of PpAP (black line), PpAP/Starch/GO (red line) and GO (inset, blue line). 
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Fourier Transform Infrared Spectroscopy (FTIR) analysis 268 

FTIR spectra of pure MB, pure PpAP, and the PpAP/Starch/GO ternary composite (before and after methylene blue 269 
adsorption) were recorded to study the functional groups present in the PpAP and the PpAP/Starch/GO composite, 270 
the results of which are presented in Fig. 6. For pure PpAP (black line), the broad peaks at 3160 and 2976 cm-1 can 271 
be attributed to the stretch vibrations of O-H and N-H. The bands at 1576 (weak) and 1488 cm-1 were assigned as 272 
characteristic stretching bands of the C=C bonds of quinoid and benzenoid structures in PpAP, respectively. Other 273 
peaks that could be attributed to PpAP were observed at 1360, 1231, 1057, and 800 cm-1 due to C-N stretching 274 
vibrations (indicating the formation of a C–N–C structure in the polymers), C=C (in phenyl rings, which provided 275 
strong evidence for the presence of the p-aminophenol unit) and the C–H bending characteristic of aromatic ring 276 
substitution in the polymers, respectively [35, 37]. 277 
 278 
The main evidence for formation of the complex comes from the differences between the FTIR spectra of the 279 
PpAP/Starch/GO composite (red line) and pure PpAP is the strong broad peak that  at 3421 (3664-3004) cm−1, 280 
which is attributable to the O-H vibrations in starch and GO along with the N-H stretching vibration that generally 281 
appears in the IR spectrum of PpAP [33]. The C=C absorption bands for quinoid and benzenoid are shifted to 1552 282 
and 1503 cm-1, respectively, in the PpAP/Starch/GO structure. Thus, peaks of C–N–C, C=C and C-H in the polymer 283 
composite were shifted to 1369, 1254, 1066 cm-1, respectively, showing stronger and broader bands than those 284 
observed for the pure PpAP structure. In addition, there were new absorption bands observed in the 285 
PpAP/Starch/GO composite spectrum at 1608 cm-1 for aromatic C=C vibrations of GO [38], while the bands at 1167 286 
cm-1 and 616 cm−1 correspond to the C–O–H and C–O–C groups in starch [39],respectively. This indicated that 287 
PpAP/Starch/GO was successfully composited from PpAP, starch, and GO due to the presence of hydrophilic 288 
functional groups, for instance, carboxyl, epoxy, and hydroxyl groups, which suggests they provide good functional 289 
activity and are thus useful for the removal of cationic MB dyes.  In conclusion, the interaction of starch and GO 290 
with the polymer was confirmed via FTIR, UV-Vis (see Fig. S1 in the supplementary information), and XRD 291 
characterisation. 292 
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Fig. 6 FTIR spectra of PpAP and PpAP/Starch/GO ternary nanocomposite powder. 

After the PpAP/Starch/GO composite adsorbs the MB dye, it can be seen that the intensities of adsorption bands for 293 
PpAP/Starch/GO (blue line) are weakened, which implies the suitable adsorption of MB by the polymer composite. 294 
Some additional peaks appeared in the FTIR at 1736 (indicative of the C=N+(CH3)2 stretching vibration), 1443 cm-1 295 
(C=S+ bend), 1039 (C–NH–C bend) , and 873 (C–S–C bend) cm-1 which are all related to functional groups found on 296 
MB [40, 41]. Moreover, there is a remarkable decrease in the intensity and shift in wavenumber of the broad peak at 297 
3587-2838 cm-1. The shift in the peaks and thus the alteration observed in the structure of PpAP/Starch/GO 298 
composite after adsorbing MB indicates that there was an interaction between the functional groups that exist in the 299 
PpAP/Starch/GO composite and the MB molecules. 300 

 301 

Morphologic analysis 302 

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were performed to study the 303 
structures and surface morphologies of the PpAP and PpAP/Starch/GO nanocomposite (Fig. 7). Fig. 7g depicts the 304 
SEM image of the GO structure before coating with the polymer and starch, as formed from graphite powder by the 305 
modified Hummers method. The GO sheets have the appearance of a somewhat thick, crumpled edge but after 306 
fabrication with PpAP and starch, its structure becomes more layered, presenting as very thin sheets as shown in the 307 
TEM image (Fig. 7 (h, i)).  From the SEM images, it can be seen that the surface morphology of pure PpAP (Fig. 7b 308 
and 7c) is like lumped fibre particles with relatively low porosity (i.e., free volume) where the mean diameter of the 309 
PpAP fibres was about 58 nm, as shown in Fig. 7a (histogram plot).  310 
 311 
The incorporation of starch and graphene oxide sheets into the PpAP matrix (Fig. 7e and its magnification (Fig. 7f)) 312 
produced a nanocomposite (PpAP/Starch/GO) with increased porosity, showing an uneven and lumpy surface 313 
associated with a number of cavities (increasing the cavities in the adsorbent facilitates the adsorption of dyes). The 314 
mean diameter of the PpAP/Starch/GO nanostructure increased to about 66 nm after modification, as presented in 315 
Fig. 7d (histogram plot), confirming the nanocomposite structure of the prepared composite. SEM images of 316 
samples revealed that PpAP/Starch/GO nanostructure had more pores, which is consistent with its higher BET 317 
surface area (Supplementary information, Fig. S3). In addition, the SEM images of nanocomposite sample clearly 318 
show the uniform coating of poly(p-aminophenol) and starch on the GO sheets. The variation in surface morphology 319 
of PpAP/Starch/GO occurs due to the grafting of GO sheets and starch molecules resulting in aggregation and the 320 
formation of a network of PpAP chains via electrostatic and π-π interactions and hydrogen bonding as obtained 321 
between the starch, GO sheets, and PpAP due to the presence of large numbers of carboxyl, epoxy, and hydroxyl 322 
groups in their structures. This result was consistent with the XRD and FT-IR spectra of the PpAP/Starch/GO 323 
nanostructures. The TEM images (Fig. 7h) further confirm the nanocomposite structure of the as-synthesised 324 
nanoporous material. As shown in Fig. 7h, the typical TEM image clearly shows that the PpAP and starch 325 
nanocomposite are well anchored to the GO sheets in the nanostructure, which is in accord with the SEM data. 326 
Thermogravimetric analysis showed that the thermal stability of the polymer composite was improved compared to 327 
that of PpAP, data are shown in the supplementary information (Fig. S2). 328 
 329 
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 330 
a)

 

b)                                                  c)

 
d)

 

e)                                                  f)

 
g)

 

h)

 

i)

 

Fig. 7 Histograms plots of a pure PpAP (a), and PpAP/Starch/GO nanocomposite (d), with associated SEM images 

of a pure PpAP (b, c), PpAP/Starch/GO nanocomposite (e, f) and GO (g). Images (h) and (i) display TEM images of 

the PpAP/Starch/GO nanocomposite at different magnifications 

 331 

Zero-point charge (pHZPC) for ternary nanocomposites analysis 332 

Zero-point charge is an important property in the prediction of the nature of the surface charge of adsorbent 333 
materials in solution in media at different pHs. Thus, according to the pHzpc, one can potentially determine the pH 334 
that optimises MB dye adsorption. At a pH lower than pHzpc, the adsorbed surface will be positively charged, and 335 
negatively charged when the pH of the aqueous samples is greater than pHzpc. From the results presented in Fig. 8, 336 
the pHzpc of the ternary PpAP/Starch/GO nanocomposites was determined to be 6. This means that the adsorbent 337 
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PpAP/Starch/GO nanocomposites will show a positive charge surface in an aqueous sample when the pH is less than 338 
6 which can be useful for the adsorption of anionic species, while a pH greater than 6 will result in a surface 339 
negative charge that is beneficial for adsorption of cationic species. In addition, the pKa of the MB dye is 3.8, so for 340 
aqueous samples at a pH greater than 3.8, the cationic MB species will be dominant [42]. Thus, the adsorption of 341 
MB dye molecules onto PpAP/Starch/GO nanocomposites would be most effective at a pH greater than 6. 342 

 
Fig. 8 Zero-point charge (pHZPC) for ternary nanocomposites. 

 343 

Adsorption study of methylene blue dye 344 

Influence of solution pH on MB dye adsorption 345 

The influence of the pH of MB solution on the PpAP/Starch/GO ternary nanocomposite was observed by changing 346 
the reaction solution pH (in the range between 2 and 10).  This demonstrated that the the quantity of MB dye 347 
adsorbed by the PpAP/Starch/GO ternary nanocomposites (qe (mg/g)) increased with increasing solution pH (Fig. 348 
9a). This trend was thought to be due to the participation of the electrostatic interactions between the cationic MB 349 
molecules adsorbate and surface of PpAP/Starch/GO ternary nanocomposite adsorbent. As specified above, the 350 
PpAP/Starch/GO ternary nanocomposites surface are positively charged at a pH below the pHzpc of 6, and the 351 
adsorption of the positive MB dye molecules will thus be impeded by the electrostatic repulsion. After the pH of the 352 
solution was increased to a neutral or alkaline pH, the electrostatic repulsion between the surface of the ternary 353 
PpAP/Starch/GO nanocomposites and the MB dye molecules accordingly decreased, resulting in more favourable 354 
conditions for adsorption [43, 44]. It was evident that the quantity of MD dye adsorbed by the PpAP/Starch/GO 355 
ternary nanocomposites (qe (mg/g)) at pHs above the pHzpc of 6 was significantly increased (reaching 194.2 mg/g at 356 
pH 7) due to increased electrostatic attraction, and then decreased slightly when further increasing the pH up to 10 357 
(188.4 mg/g), perhaps because the rate of adsorption had reached saturation. A pH of 7 was accordingly selected for 358 
further sorption experiments.  359 
 360 

Influence of adsorbent dose 361 

The amount of adsorbent is one of the more significant factors in the economics of the batch adsorption process. The 362 
quantities of adsorbed MB dye (qe (mg/g)) with different doses of adsorbent are shown in Fig. 9b. The quantities of 363 
adsorbed MB dye by the PpAP/Starch/GO ternary nanocomposites (qe (mg/g)) increased from 44.6 with 10 mg 364 
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adsorbent to a maximum of 193.2 with 50 mg adsorbent. A higher mass of 50 mg increases the total number of 365 
adsorbent species with increasing dose of nano-sorbents, leading to an increase in the associated number of active 366 
sites and surface area [45]. However, further increasing the mass of nanocomposites to 80 mg resulted in a slight 367 
decrease in sorption capacity (192.2 mg/g). This finding suggests that aggregation of the PpAP/Starch/GO ternary 368 
nanocomposites may have occurred at higher doses leading to la ower surface area available for sorption and for a 369 
longer diffusional path of MB molecules. 370 
 371 

Influence of initial MB dye concentration 372 

The quantities of MB dye adsorbed  by the PpAP/Starch/GO ternary nanocomposites (qe (mg/g)) was evaluated 373 
using several initial concentrations of MB dye in the range of 10 to 200 mg/L under optimal experimental conditions 374 
(initial pH 7, adsorbent dose 50 mg, sorption time 60 min, and temperature 298 K). Fig. 9c shows that an increase in 375 
the initial MB dye concentration led to an increase in the quantity of adsorbed MB dye (qe (mg/g)) indicating that 376 
the adsorption capacity increases at high MB dye concentration.   Previous studies have attributed this behaviour to 377 
the greater concentration gradient between MB molecules and adsorbents, which accelerates diffusion of dye onto 378 
the adsorbent surface and increases adsorption capacity. [46]. Therefore, in adsorbate - adsorbent systems, initial 379 
pollutant concentration plays an important role in the quantity of pollutant adsorbed. This is demonstrated by our 380 
PpAP/Starch/GO ternary nanocomposites where the quantities of adsorbed MB dye (qe (mg/g)) increased from 19.9 381 
to 233.2 as the initial MB dye concentration was increased from 10 mg/L to 200 mg/L (Fig. 9c). 382 
a) 

 

b) 

 
c) 
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Fig. 9 The quantities of adsorbed MB dye (qe (mg/g)) by PpAP/starch/GO ternary nanocomposites from aqueous 

solution according to (a) initial pH; (b) adsorbent dose; and (c) initial MB dye concentration (Ci (mg/L)). The 

sorption time was 60 min and the temperature was 298 K in all experiments. 

 383 

Influence of sorption time 384 

Sorption time is considered to be an influencing factor in the dye adsorption process [47]. Fig. 10 shows the 385 
relationship between the adsorption capacity for MB dye on PpAP/Starch/GO ternary nanocomposites and sorption 386 
time at different initial MB dye concentrations (10, 75, and 150 mg/L), respectively.  387 

It is demonstrated in Fig. 10 that the adsorption capacity of MB dye via PpAP/Starch/GO ternary nanocomposites 388 
improves with increasing sorption time, ultimately reaching a maximum. The adsorption process was split into two 389 
time periods. The first ranged from 10 to 60 minutes over which time the equilibrium level was reached, and which 390 
is termed the rapid adsorption period. Over this period, the binding between the MB dye molecules and the 391 
functional groups and active sorption sites on the PpAP/Starch/GO ternary nanocomposite adsorbent reached its 392 
equilibrium. The adsorption rate of the MB dye was regulated by the rate at which the MB dye could transfer from 393 
the liquid onto the surface of the adsorbent particles of the ternary nanocomposites. The second period is termed the 394 
slow adsorption period. After 60 min sorption time, the sorption rate reduced progressively towards an asymptote. 395 
This was due to the binding between MB dye molecules and functional groups, as well as the active adsorption sites 396 
on the PpAP/Starch/GO ternary nano-adsorbents becoming essentially saturated. The rate of MB dye adsorption was 397 
dominated by the rate at which the MB dye was transferred from the external to the internal pore sites of the 398 
adsorbent particles of the nanocomposite [48]. Moreover, due to the relationship between sorption time and 399 
adsorption capacity for MB dye, the sorption time for the following tests was set to 60 min. 400 

 
Fig. 10 The adsorption capacity of PpAP/Starch/GO ternary nanocomposites  for MB dye adsorption from 

aqueous solution at different sorption times (conditions:  initial pH 7; dose = 50 mg; V = 100 mL; initial CMB = 

10, 75, and 150 mg/L; T = 298 K). 

 401 
 402 
 403 
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Kinetics modelling study 404 

Various types of kinetic models such as pseudo-first-order, pseudo-secondary, Elovich models, and intraparticle 405 
diffusion models were employed to evaluate the kinetics of the adsorption of MB dye onto the PpAP/Starch/GO 406 
ternary nanocomposite, as reported in Table 2. The above kinetic models were applied at three different initial MB 407 
dye concentrations of 10, 75, and 150 mg/L, as per Fig. 11 (a, b, c, d). The theoretical results obtained from the 408 
kinetic models are reported in Table 3 which shows that the pseudo-second-order kinetic model provided higher 409 
correlation coefficient values (R2 > 0.99). Furthermore, the calculated values of adsorption capacity from the 410 
pseudo-second order model  (qcal. =21.92, 149.2 and 256.4 mg/g) show better agreement with the experimental 411 
values of adsorption capacity (qexp. = 19.90, 144.6 and 250.2 mg/g) compared to those obtained from the pseudo-412 
first-order model. The pseudo-second-order rate constant (k2) showed a decrease (0.00416 to 0.0014 mg/g min) 413 
when the initial MB dye concentration was increased (10 to 150 mg/L) due to reduced competition for surface 414 
adsorption sites at low MB dye concentrations. Therefore, at higher initial MB dye concentrations, there will be 415 
increased competition for adsorption sites on the surface of the ternary adsorbent nanocomposites and thus the 416 
associated rate constants will be low [49]. Also, the initial absorption rate (h) showed an increase of 2.0004 mg/g 417 
min to 95.238 mg/g min when the initial MB dye concentration was increased from 10 mg/L to 150 mg/L. This can 418 
be attributed to an increasing driving force to the mass transfer that allows more MB dye molecules to reach the 419 
surface of the ternary adsorbent nanocomposites in a given period of time [50]. A total adsorption system can be 420 
‘organised’ into single or multiple phases comprising bulk diffusion, external diffusion, and intraparticle pore 421 
diffusion, as well as surface adsorption. The powerful stirring method effectively removes bulk diffusion, and in any 422 
case surface adsorption occurs quickly [51, 52].  423 

 424 
In this investigation, the model describing intraparticle diffusion can be used to explain the diffusion mechanism 425 
during the adsorption reaction period. When qt vs. t0.5 provides a single line graph, the adsorption system is 426 
dominated by the diffusion mechanism; however, when several linear parts are found in this graph, the adsorption 427 
system is determined by differing mechanisms [53]. Plots of qt vs. t0.5 for the adsorption of MB dye on ternary 428 
PpAP/Starch/GO nanocomposites are presented in Fig. 11d. This figure shows that the MB dye adsorption system is 429 
regulated by the intraparticle diffusion mechanism, due to the fact that these graphs not only contain a single straight 430 
line but also do not intersect the origin. Thus, for MB dye adsorption using three initial dye concentrations, two 431 
distinct straight lines appear in the intraparticle diffusion model graphs (qt vs. t0.5). The initial straight line segment 432 
(an initial sharpest segment) shows that diffusion determined the mechanism and the MB dye diffused on the 433 
exterior surface of the ternary PpAP/Starch/GO nanocomposites with rate constants (kip1) of 1.967 g/mg/min0.5, 434 
10.198 g/mg/min0.5, and 23.387 g/mg/min0.5 for the three initial MB dye concentrations (10, 75, and 150 mg/L, 435 
respectively). The second straight line segment indicates an intraparticle diffusion mechanism with rate constants 436 
(kip2) of 0.117 g/mg/min0.5, 0.206 g/mg/min0.5, and 0.987 g/mg/min0.5 for these same three initial MB dye 437 
concentrations, (10, 75, 150 mg/L), respectively [53].  438 
 439 
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The values of kip1 were notably higher than those for kip2, suggesting that the rate of MB dye adsorption onto the 440 
ternary PpAP/Starch/GO nanocomposites was regulated by the exterior diffusion mechanism. The values of Kip 441 
(defined as the intraparticle diffusion rate constant) and F (defined as the thickness of the boundary layer) computed 442 
from the slope and plot-intersection of qt versus t0.5 are reported in Table 3. For the MB dye adsorption method, Kip 443 
and F were found to increase with increasing initial MB dye concentration. The thickness of the boundary layer (F) 444 
increased due to the large amount of MB dye adsorbed onto it [54]. 445 
a) 

 

b) 

 
c) 

 

d) 

 
Fig. 11 Adsorption kinetics curve fitting for MB dye with PpAP/starch/GO ternary nanocomposite adsorbent: (a) 

pseudo-first-order model; (b) pseudo-second-order model; (c) Elovich model; and (d) intraparticle diffusion model. 
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Table 2 Different types of kinetics and isotherm models. 
Model Linear Equation Plot References 

Kinetics model equations     
1Pseudo-first-order 𝑅𝑅𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑅𝑅𝑙𝑙𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡   𝑅𝑅𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) 𝑅𝑅𝑣𝑣. 𝑡𝑡   [55] 

2pseudo-second-order 𝑡𝑡
𝑞𝑞𝑡𝑡

=
1

𝑘𝑘2𝑞𝑞𝑒𝑒2
+
𝑡𝑡
𝑞𝑞𝑒𝑒

 
𝑡𝑡
𝑞𝑞𝑡𝑡

 𝑅𝑅𝑣𝑣.  𝑡𝑡 [56] 

3Elovich 𝑞𝑞𝑡𝑡 =
1
𝛽𝛽
𝑅𝑅𝑙𝑙(𝛼𝛼𝛽𝛽) +

1
𝛽𝛽
𝑅𝑅𝑙𝑙 𝑡𝑡 𝑞𝑞𝑡𝑡  𝑅𝑅𝑣𝑣. 𝑅𝑅𝑙𝑙 𝑡𝑡 [57] 

4Intraparticle diffusion 𝑞𝑞𝑡𝑡 = 𝐾𝐾𝑖𝑖𝑖𝑖𝑡𝑡0.5 + 𝐹𝐹 𝑞𝑞𝑡𝑡  𝑅𝑅𝑣𝑣. 𝑡𝑡0.5 [58] 
Isotherm model equations    

5Langmuir 𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

=
𝐶𝐶𝑒𝑒
𝑞𝑞𝑚𝑚

+
1

𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿
  

𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

 𝑅𝑅𝑣𝑣.𝐶𝐶𝑒𝑒 [59] 

6Freundlich 𝑅𝑅𝑙𝑙𝑞𝑞𝑒𝑒 = 𝑅𝑅𝑙𝑙𝐾𝐾𝐹𝐹 +
1
𝑙𝑙
𝑅𝑅𝑙𝑙𝐶𝐶𝑒𝑒 𝑅𝑅𝑙𝑙𝑞𝑞𝑒𝑒  𝑅𝑅𝑣𝑣. 𝑅𝑅𝑙𝑙𝐶𝐶𝑒𝑒 [60] 

7Temkin 𝑞𝑞𝑒𝑒 = 𝐴𝐴 + 𝑀𝑀 𝑅𝑅𝑙𝑙𝐶𝐶𝑒𝑒 𝑞𝑞𝑒𝑒  𝑅𝑅𝑣𝑣. 𝑅𝑅𝑙𝑙𝐶𝐶𝑒𝑒 [61] 
 447 
1 qe and qt: the quantities of adsorbate adsorbed by the adsorbent (mg/g) at equilibrium and time t (min), 448 
respectively; k1: the pseudo first order rate constant (min−1).  449 
2 k2: the pseudo-second-order rate constant (mg/g min); initial sorption rate (h) (mg/g min) calculated from ℎ =450 

𝐾𝐾2 × 𝑞𝑞𝑒𝑒2. 451 
3 α: the initial adsorption rate constant (mg/g. min); β: desorption rate constant (g/mg).  452 
4 kip: intraparticle diffusion rate constant (mg/g min0.5); F: a constant calculated from the intraparticle diffusion 453 
equation (mg/g). 454 
5 qe: the quantity of MB dye adsorbed using the adsorbent at equilibrium (mg/g); Ce: the concentration of adsorbate 455 
at equilibrium (mg/L); qmax: the maximum adsorption capacity, as calculated from the Langmuir isotherm model 456 
(mg/g); KL: Langmuir constant (L/mg). 457 
6 KF: Freundlich constant (mg/g (L/mg)1/n); n: heterogeneity constant.  458 
7 B: the heat of sorption constant (J/mol); A: Temkin constant (L/g). 459 
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Table 3 Adsorption pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion kinetics 

parameters for MB dye adsorption by the PpAP/Starch/GO adsorbent (conditions: initial pH 7; dose = 50 mg; 

initial CMB
 = 10, 75, and 150 mg/L; V = 100 mL; T = 298 K). 

Kinetic models Parameter 
Initial MB dye concentration 

10 mg/L 75 mg/L 150 mg/L 
 

Pseudo-first-order 

qm (exp.) (mg/g) 19.90 144.6 250.2 

k1 (1/min) 0.041 0.045 0.035 

qe cal.(mg/g) 12.61 36.40 41.24 

R2 0.9134 0.7638 0.8224 

Pseudo-second-order k2 (mg/g.min) 0.0041 0.0017 0.0014 

 qe cal.(mg/g) 21.92 149.2 256.4 

h (mg/g min) 2.000 38.46 95.23 

R2 0.9965 0.9993 0.9996 

Elovich α (mg/g.min) 5.6463 1525.6 11556.6 

 β (g/mg) 0.2425 0.0622 0.0424 

R2 0.9160 0.8849 0.8027 

Intraparticle diffusion Kip (mg/g.min0.5) 1.1812 4.5368 6.4686 

 F (mg/g) 8.5496 101.86 189.36 

R2 0.8029 0.7541 0.6474 

 460 

Isotherm modelling studies  461 

Three common theoretical isotherm models, namely the Langmuir, Freundlich, and Temkin (Table 2), were used to 462 
investigate the nature of MB dye adsorption using PpAP/Starch/GO nanocomposites as ternary adsorbents (Fig. 12). 463 
The Langmuir theoretical isotherm model assumes that the exterior surface of the adsorbent is regular and 464 
homogeneous with dye molecules forming a monolayer on the adsorption sites, and it has been used to characterise 465 
physical and chemical adsorption mechanisms [48]. The Freundlich theoretical model predicts a multi-layer sorption 466 
process that can occur on irregular and heterogeneous surfaces of adsorbent, while the Temkin theoretical isothermal 467 
model can be used to explain the interaction forces between the adsorbate (i.e., MB molecules) and PpAP/Starch/GO 468 
ternary nanocomposites as adsorbents, as related to electrostatic attraction and ion exchange, and wherever the 469 
molecules in the layer will decrease more linearly with coverage than logarithmically [62].  470 
a) b) 
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c) 

 

d) 

 
Fig. 12 (a) Adsorption isotherms of MB dye onto the PpAP/starch/GO ternary nanocomposite adsorbent (conditions: 

initial pH 7; dose = 50 mg; V = 100 mL; sorption time = 60 min; T = 298, 310, and 320 K); fitting the adsorption 

isotherm plots of MB dye onto the PpAP/starch/GO ternary nanocomposite adsorbent: (b) Langmuir isotherm 

model; (c) Freundlich isotherm model; and (d) Temkin isotherm model. 

 471 
The model factors computed for all theoretical isotherms models have been tabulated along with an associated R2 to 472 
illustrate the model that provided the best fit in Table 4. According to the R2 and maximum adsorption capacity (qm) 473 
values (as presented in Table 4), the theoretical Langmuir model showed higher correlation to the data (R2 > 0.99), 474 
and the calculated values of adsorption capacity from this model (qm (cal.) =243.9, 250.0 and 270.2 mg/g) were in 475 
good agreement with the experimental values of adsorption capacity (qm (exp.) = 250.2, 258.6 and 278.6 mg/g) 476 
compared to the data obtained from the Freundlich and Temkin models. It was therefore concluded that the 477 
theoretical Langmuir model is the most appropriate to describe the MB adsorption process at different temperatures 478 
compared to the Freundlich and Temkin models. This indicates that the adsorption mechanism of cationic MB dye 479 
on PpAP/Starch/GO ternary nanocomposites is a monolayer adsorption system, in addition to the heat of adsorption 480 
being independent of surface coverage. By comparison, the isothermal Langmuir separation factor (RL = 1/1+KLCi) 481 
for MB dye was in the range of 0 < RL < 1 (see in Table 4), which indicates that adsorption by PpAP/Starch/GO 482 
ternary nanocomposites is favourable.  483 

 484 
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Table 4 Adsorption Langmuir, Freundlich, and Temkin model isotherm parameters for MB dye onto the 

PpAP/starch/GO ternary nanocomposite adsorbent. (Conditions: initial pH 7; dose = 50 mg; V = 100 mL; sorption 

time = 60 min; T = 298, 310, and 320 K) 

 
 

Isotherm models 

 
 

Parameter 
Temperatures of reaction  

298 K 310 K 320 K 

 

Langmuir 

qm (exp.) (mg/g) 250.2 258.6 278.6 

qm (mg/g) 243.9 250.0 270.2 

KL(L/mg) 1.078 2.222 3.700 

RL range 0.004– 0.084 0.002– 0.043 0.001– 0.026 

R2 0.9970 0.9987 0.9995 

Freundlich KF (mg/g (L/mg)1/n) 82.36 103.3 127.3 

n 3.188 3.796 3.832 

R2 0.8868 0.9065 0.8681 

Temkin A 121.19 144.76 171.3 

B 30.313 25.917 27.412 

R2 0.8560 0.8657 0.8374 

 485 

Thermodynamic factors for the adsorption of MB dye onto ternary nanocomposites  486 

Basic thermodynamic factors such as enthalpy change (ΔH°), entropy change (ΔS°), and Gibbs free energy change 487 
(ΔG°) have been determined for the MB dye adsorption process via PpAP/Starch/GO ternary nanocomposites. The 488 
values of ΔH° and ΔS° were computed from the Van’t Hoff equation (5) [63, 64]: 489 
  490 

𝑅𝑅𝑙𝑙(𝐾𝐾𝐿𝐿) = −
∆𝐻𝐻°

𝑅𝑅𝑅𝑅
+
∆𝑆𝑆°

𝑅𝑅
… … … … … … … … … … … … … … … … … … … … … … … .5 491 

 492 
where KL is the Langmuir equilibrium constant (L/mg), R is the universal gas constant (8.314 J/mol K), and T is the 493 
absolute temperature (K). Using Fig. 13, the values of ΔH° and ΔS° were calculated from the gradient and intercept 494 
of the linear equation of ln (KL) vs. 1000/T. The values of ΔG° were calculated at the three temperatures considered 495 
(298, 310, and 320 K) from Equation 6. 496 

∆𝐺𝐺° = −𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙(𝐾𝐾𝐿𝐿) … … … … … … … … … … … … … … … … … … … … … … … … … … .6 497 
 498 
For the MB dye-PpAP/Starch/GO ternary nanocomposite system, ΔH° and ΔS° are estimated to be 44.49 (kJ/mol) 499 
and 150.02 (J/mol K), respectively, while the values of ΔG° computed were −0.1882 kJ/mol at 298K, −2.058 kJ/mol 500 
at 310 K, and −3.481 kJ/mol at 320 K. These data indicate that the adsorption of MB dye onto PpAP/Starch/GO 501 
ternary nanocomposites confirms the endothermic as well as spontaneous nature of the system. Further, the MB dye 502 
adsorption process is more favourable at higher temperatures, whilst the positive value of the entropy change (ΔS°) 503 
indicates the decline in perturbation in the liquid-solid boundary system during the adsorption process. 504 
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Fig. 13 Liner plot of ln KL vs. 1000/T for MB dye adsorption onto PpAP/Starch/GO ternary nanocomposite 

adsorbent. 

 505 
MB dye adsorption mechanism 506 

According to earlier work, the removal of organic impurities from polymer nanocomposites in liquid samples was a 507 
complex method that was determined via several chemical and physical attractive forces, including hydrogen 508 
bonding, electrostatic attraction, and π–π interactions [63, 65]. However, the main mechanisms are characterised by 509 
the distinctive features and behaviour of the adsorbents, as well as the adsorption environment. To study the removal 510 
of MB dye by the PpAP/starch/GO ternary nanocomposite, the mechanism of removal is predicted to be as follows 511 
(Fig. 4b). Firstly, hydrogen bonding will occur between the nitrogen atoms of the MB dye molecule and the oxygen 512 
atoms of oxygen-containing functional groups present on the surfaces of the ternary PpAP/starch/GO nanocomposite 513 
(Fig. 4b). Thus, this suggests a major role for hydrogen bonding in the MB dye removal mechanism. In addition, the 514 
adsorption system can be determined at a pH higher than the zero=point charge (pHpzc 6) of the PpAP/Starch/GO 515 
ternary nanocomposites (Fig. 8); this is illustrated by the electrostatic interaction that can occur between the 516 
negative charge surface of the ternary nanocomposite adsorbent with the MB dye cations, indicating that the 517 
electrostatic interaction potentially contributed to the mechanism of removal of MB dye on PpAP/Starch/GO ternary 518 
nanocomposites. In addition, MB dye is a perfect planar molecule with an aromatic backbone and can thus be 519 
readily adsorbed onto the ternary PpAP/Starch/GO nanocomposites via π–π electron-donor interactions between the 520 
hexagonal structure of the PpAP/Starch/GO ternary nanocomposites and the planar aromatic structure of the MB 521 
dye. Confirmation of the above was validated through the data gained from the FTIR study (Fig. 6). 522 
 523 
 524 

Comparison of the adsorption capacity of several modern adsorbents 525 

From the comparative results in Table 5 it can be shown that the maximum adsorption capacity (qmax) of the 526 
PpAP/Starch/GO ternary nanocomposite adsorbent is more efficient than the adsorbent materials listed in Table 5. 527 
 528 
 529 
 530 
 531 
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Table 5 Comparison of the adsorption capacity of several modern adsorbents with the ternary PpAP/Starch/GO 

nanocomposite with respect to MB dye removal. 

Adsorbents Adsorption Capacity 
qmax (mg/g) 

References 

Agar/κ-carrageenan composite hydrogel 242.3 [44] 

Wet-torrefied Chlorella sp. Microalgal biochar 113.0 [48] 

Natural core-shell structure activated carbon beads (ACBs) from 

Litsea glutinosa seeds 

29.03 [66] 

Activated carbon (AC) modified by anionic surfactants—sodium 

lauryl sulfate (SLS) 

232.5 [67] 

Carboxymethyl Cellulose/Graphene Oxide Composite Aerogel 

(CMC/GO composite aerogel) 

246.42 [68] 

 Polystyrene-acrylic/ZnO 

Cow dung biochar (CDB)  

and domestic sludge biochar (SB) 

150 

17.5 

 19.2 

[69] 

Coconut (Cocos nucifera) shell was chemically treated with sulfuric 

acid (H2SO4) to produce acid- factionalised biosorbent 

50.6 [70] 

Chitosan–montmorillonite/polyaniline nanocomposite  111 [71] 

Fe-modified banana peel 28.1 [72] 

Electrospun oxime-grafted-polyacrylonitrile nanofiber 102.15 [73] 

Polydopamine functionalised cellulose-MXene composite aerogel  168.93 [74] 

Crosslinked poly(methacrylic acid)/organoclay nanocomposites 160 [75] 

Bio-engineered copper nanoparticles 4.97 [76] 

PpAP/Starch/GO ternary nanocomposites 250.2 This work 

 532 

Influence of interfering media on the proportion of MB dye removal 533 

Dye waste released into the environment usually contains various types of interfering media. Interfering media can 534 
lead to interference effects that frequently impact the adsorption mechanism. Fig. 14 shows the effects of adding 535 
different types of interfering media such as organic dye materials (methyl orange, methyl red), ionic salts (Na2SO4, 536 
NaCl, KNO3) and metal ions (Ni(II), Co(II), Pb(II)) at different concentrations of 5 to 50 mg/L on the quantities of 537 
adsorbed MB dye (qe (mg/g)) by the PpAP/Starch/GO ternary nanocomposites, which was reduced from 188.4 to 538 
164.2 by increasing the concentration of the interfering media from 5 mg/L to 50 mg/L, respectively. Previous 539 
works supports the supposition that metal ions co-exist with methylene blue or other dyes [77-79].  This decrease 540 
can be attributed to the neutralising effect of the surface charge of the ternary PpAP/Starch/GO adsorbent 541 
nanocomposites by the electrolyte species that contribute to the adsorption of MB dye-positive molecules on the 542 
outer surface of the adsorbent. However, this reduction in the proportion of MB dye removed is not fundamentally 543 
drastic, which shows that the PpAP/Starch/GO adsorbent can effectively remove MB dye from aquatic samples, 544 
even in the presence of high concentrations of interfering media types. The above data from this study demonstrate 545 
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that the PpAP/Starch/GO ternary nanocomposite adsorbent can perform efficiently in the field of dyestuff 546 
wastewater purification. 547 

 
Fig. 14 Influence of interfering media concentrations on the quantities of adsorbed MB dye (qe (mg/g)) by the 

PpAP/Starch/GO ternary nanocomposites adsorbent (conditions: initial pH 7; dose = 50 mg; initial CMB = 100 

mg/L; V = 100 mL; sorption time = 60 min; T = 298 K). 

 548 
Recyclability assesses  549 

The recyclability assessment was performed to evaluate the efficiency and stability of ternary PpAP/Starch/GO 550 
nanocomposites for adsorption of MB dye from different samples. The MB-loaded PpAP/Starch/GO ternary 551 
nanocomposites adsorbents were desorbed with 25 mL of anhydrous ethanol applied as the desorb solvent, in which 552 
the sorbent was shaken and then washed five times with distilled water (5 × 25 ml). Finally, the adsorbent was dried 553 
in a vacuum oven at 60°C and reused for successive cycles. The adsorption and desorption cycle were completed six 554 
times periodically, where it was demonstrated that the quantities of MB dye adsorbed (qe (mg/g)) by the 555 
PpAP/Starch/GO ternary nanocomposites reduced from 193.4 to 140.4 mg/g (Fig. 15). 556 

 
Fig. 15 Number of cycles of the PpAP/starch/GO ternary nanocomposite adsorbent when used for MB dye 

adsorption (conditions: initial pH 7; dose = 50 mg; initial CMB = 100 mg/L; V = 100 mL; sorption time = 60 min; 

T = 298 K). 

Conclusion 557 

In this study, several polymer composites of PpAP with/without Starch/GO were successfully synthesised by 558 
oxidative in situ polymerisation of the appropriate monomers in the presence of basic aqueous solutions using 559 
ammonium persulfate as the initiator. PpAP@Starch (3:1) containing 8 wt% of GO was selected as the best 560 
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adsorbent polymer composite to study the adsorption mechanism of methylene blue dye from aqueous solution using 561 
a batch adsorption mode. The interaction of starch and GO with the polymer was confirmed via FTIR, UV-Vis, and 562 
XRD characterisation. For the MB dye removal process, the proportion of MB dye removed by the PpAP/Starch/GO 563 
ternary nanocomposites was found to increase with increasing initial pH of the MB dye solution, adsorbent dose, 564 
initial MB dye concentration, sorption time, and temperature. A kinetics study implied a pseudo-second-order 565 
kinetic model (R2 > 0.996) with different initial MB dye concentrations. It was demonstrated that the removal 566 
system is not only dominated by an intraparticle diffusion mechanism, but also by external diffusion. 567 
PpAP/Starch/GO ternary nanocomposites displayed a maximum adsorption capacity (qm) of 250.2 mg/g for MB dye 568 
adsorption at a temperature of 298 K. The nanocomposites followed a Langmuir isotherm model (R2 > 0.997) at 569 
different temperatures that indicated the monolayer coverage of ternary nanocomposites with MB dye molecules. 570 
Thermodynamic measurements showed that the adsorption behaviour was spontaneous as well as an endothermic 571 
process. For the renewal of MB dye-loaded PpAP/Starch/GO ternary nanocomposites, the most appropriate solvent 572 
was anhydrous ethanol. From the results achieved in this study, the circulating PpAP/Starch/GO ternary 573 
nanocomposites can act as efficient and practical adsorbent substances for the removal of MB cationic dye from 574 
aqueous samples. 575 
 576 
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