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ABSTRACT

A low-cost polyaniline/banana peel (PAni/BP) composite was prepared by oxidative polymerization
of aniline in the presence of agricultural waste BP powder and characterized by Fourier-transform
infrared spectroscopy, scanning electron microscopy, X-ray diffraction, thermogravimetric anal-
ysis, and Brunauer-Emmett-Teller. The surface area and average pore width were 5.65 m*g™ and
61.2 nm, respectively. A maximum adsorption capacity of 56.8 mg-g™ and more than 90% removal
of 5.0 mg-L? phosphate, were achieved under optimized conditions. Phosphate adsorption is best
described by the pseudo-second-order and Langmuir isotherm models. The Temkin isotherm gave
an 8.2 J-mol™ B constant, while the Dubinin-Radushkevich isotherm produced 14.1 kJ-mol™ adsorp-
tion energy; both of them supported the chemisorption process. Thermodynamic parameters showed
that the phosphate adsorption process was endothermic and spontaneous. For spiked ground-
water, removal ranged between 90% and 95%, while desorbed phosphate removal ranged from

83% to 100%, with a relative standard deviation ranging from 2.0% to 7.4%.
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1. Introduction

Environmental contamination is a serious and world-
wide problem accompanied by rapid industrialization and
urbanization in many countries. Recently, water pollution
by phosphorus has become an important environmental
issue associated with the eutrophication of water bodies
due to the presence of an excess amount of phosphate [1].

Phosphate is the primary cause of eutrophication, which
endangers humans, animals, and plants [2]. The runoff of
phosphate can cause extreme algal growth and the pro-
duction of microcystins in surface waters, which can be
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transported to drinking water and enter the food chain via
irrigation, thereby affecting human health [3]. To prevent
eutrophication, the United States Environmental Protection
Agency (US-EPA) has stipulated that the total phosphate—
phosphorus concentration should be less than 0.1 mg-L™
If the level rose above this limit, it might result in quick
algal blooms [4]. The presence of phosphate in various
water resources is a growing phenomenon from a variety
of sources. The two most dangerous sources are phosphate
in sewage waters and traces of phosphate in treated sew-
age effluent. Furthermore, the use of fertilizer containing
phosphate causes the latter to end up in groundwater as it
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dissolves and spreads in the irrigation water that runs off
from agricultural fields [5].

In desert areas, the majority of the population relies
solely on groundwater for agriculture and animal water-
ing. Furthermore, desalination plants in these areas use
groundwater as a raw water source. With the advancement
of modern agricultural activities, many desert areas are now
used for crop and fodder cultivation, necessitating the use
of fertilizers in much greater quantities than before. During
rain, the phosphate compounds dissolve and move into
the ground, eventually collecting in underground water
tanks. All of this contributed to the high phosphate con-
centration in the groundwater. Additionally, the potential
for phosphate concern has been aided even in previously
uninhabited areas due to the steady rise in the consump-
tion of larger amounts of groundwater.

Although phosphate is not considered to be highly
toxic, high concentrations cause eutrophication and the
formation of algal blooms, which produce harmful cya-
notoxins [6]. As a result, effective phosphate contamina-
tion removal from aquatic ecosystems is critical for public
health and environmental sustainability.

Phosphate removal techniques currently available
include biological treatment, chemical precipitation, ion
exchange, membrane separation, and advanced oxidation
processes. Even though these technologies are effective, they
are also expensive and occasionally fall short. The majority
of these techniques have certain drawbacks. Ion exchange
and chemical precipitation both have issues with sludge
disposal and/or high running costs. Biological treatment is
limited to biodegradable pollutants, maintaining the sus-
tainability of microbial growth. Membrane separation is
expensive, and colloidal particles can irreversibly foul its
surface. Due to high capital, operating, and maintenance
costs, advanced oxidation processes are quite expensive. It
also calls for the elimination of potentially harmful leftovers.

Table 1
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Adsorption has proven to be a viable strategy for phos-
phate removal owing to its straightforward methodology,
low cost, high efficiency, ease of usage, and environmen-
tal friendliness. Additionally, it provides the option of
adsorbent regeneration, often generates few byproducts,
and removes phosphates even at low concentrations [7,8].
Materials with higher adsorption capacity, easier availability,
and low costs are desirable.

Green adsorbents have been described in several bio-
materials for the removal of phosphate (Table 1), such as
sludge biochar [1], cotton stalk [9], pith carbon [10], sugar-
cane cellulose [11], wheat straw [12], peat [13], snail shell
[14] and rice husk [15], algal biomass [16], giant reed [17],
and sesame straw [18]. The equilibration periods of these
biomaterials ranged from 15 to 80 min as shaking time,
3-24 h as contact time, and re-use cycles from 3 to 5. This
communicates appropriate resilience against degradation,
and the majority of these biomaterials are very inexpensive.

In terms of biodegradability, the developed compos-
ite belongs to the class of biodegradable conducting poly-
mers that combine intrinsically conducting PAni polymers
with the banana peel (BP) biodegradable carbohydrate
biopolymers, namely starch. However, in aquatic environ-
ments such as freshwater and seawater, the biodegradabil-
ity of starch-based biopolymers was less than that in soil,
compost, or landfill [19]. This could be due to the limited
number of organisms in these environments that can attach
the composite structure. Thus, the proposed polyaniline/
banana peel (PAni/BP) composite is anticipated to be a
stable adsorbent material that could be used for several
adsorption cycles.

Banana peel (BP) has been utilized to adsorb phos-
phate and chromate [20]. The BP biochar has been utilized
to derive new adsorbents after modification with Fe,O,/
zeolite imidazole framework (ZIF-67) for the adsorption of
Cd [21]. The calcined magnetic BP biochar was reported for

Green biomaterials reported on the removal/adsorption of phosphate

Biosorbent Adsorption Equilibration pH Re-use Initial Removal Adsorbent  Temp., References
capacity, period cycles  concentration, (%) dose °C
mgg™ mg-L?!
Sludge biochar 97.45 24° 2243 - 153.3 90 2 gL 25 [1]
Cotton stalk 51.54 15 40-9-0 3.0 20-50 292 0.1g/50mL 20 [9]
Pith carbon 5.1 80° 3-10 - 10 79 03g/50mL 35 [10]
Sugarcane 18.9-214 60" 4.3-58 4.0 30 80 1gL™ 30 [11]
cellulose
Wheat straw 45.7 3¢ - 4.0 50 65 2 gL 20 [12]
Peat 11.53 24 2.0-50 - 25 99 1.0g/80mL 20 [13]
Snail shell 62.5-66.6 60 2-6 - 100 78.3 1.0 g/100 mL 30 [14]
Rice husks 63.99 24° 7.4 5.0 25-100 92-96 0.05g/40 mL 25 [15]
Algal biomass ~ 159.4 5 5.0 5.0 10 98 0.05g/50 mL 25 [16]
Giant reed 3413 25¢ 4090 - 50 80 0.1g/50mL 20 [17]
Sesame straw  116.58 12¢ - - 50 - 0.1g/50mL 25 [18]
PAni/BP 56.8 60° 5.5 10 5.0 92 0.1g/20mL 25 This work

“Contact time (h);
’Shaking time (min).
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the adsorption of heavy metals [22], reactive black 5 [23],
and phosphorus [24].

Polyaniline (PAni) composites are favorable materials
due to their low costs, ease of synthesis, excellent environ-
mental stability, and unique doping and de-doping proper-
ties [25,26]. PAni-based composites have also been widely
studied for the adsorption of pollutants due to their high sur-
face areas, excellent dispensability, and synergistic properties
of the polymer and the filler [27]. Another advantage of PAni-
based composites is their diverse morphological structures,
which are adjustable by changing some synthesis parame-
ters, such as the dopant type, reaction time, and temperature
[28]. PAni-based composites with various nanostructures
have been fabricated for removing heavy metals [29], phos-
phate [30], dyes [31,32], and perfluorinated compounds [33].

Many agro-wastes have been combined with PAni to
obtain composite materials for the removal of pollutants
from water, such as peanut husk [34] and Tectona grandis
sawdust [35]. However, as far as we know, no work has
been done to combine BP with PAni.

As aresult, the leftover banana peel and the widely used,
low-cost phosphate adsorbent (polyaniline) might be com-
bined to create a biodegradable and incredibly cheap adsor-
bent with specialized adsorption capabilities. The potential
to boost the capacity and selectivity of PAni by the addi-
tion of BP is an advantage anticipated from this composite,
enabling the composite to have high adsorption capacity at
low phosphate concentrations. All phosphate adsorbents
have this as their major objective.

The present work describes the preparation of a new
adsorbent by chemical bonding of PAni and BP to obtain the
PAni/BP composite and investigates the removal of phos-
phate in groundwater with diverse total dissolved solids
(TDS) values. To optimize the phosphate removal efficiency,
the effect of pH, adsorbent dosage, contact time, and ini-
tial concentration on the adsorption capacity was studied.

2. Materials and methods
2.1. Instrumentation

A double beam UV-Vis spectrophotometer model Cintra
1010, operating with Cintra 2.4 Software (GBC Scientific
Equipment, Braeside, Australia), was used for the determina-
tion of phosphate. A Carl Zeiss scanning electron microscope
model Evo 15 (Jena, Germany) was used for imaging the
surface of BP and the composite PAni/BP. Bruker FT-IR spec-
trometer model Vertex 70 (MA, USA), was used to record the
spectra of banana peels using the KBr technique. The X-ray
diffraction (XRD) patterns were made on a Shimadzu X-ray
diffractometer model XRD-6000 (Kyoto, Japan) in the range
of 20 from 4° to 90° at room temperature. The Cu Ka was used
as a radiation source with a wavelength (A) of 0.15408 nm
and other operating conditions include a scan rate of 8°min™,
and an operating voltage and current of 50 kV and 40 mA,
respectively. The TDS and electrical conductivity (EC) of
the groundwater samples were measured using a Jenway
Benchtop electrical conductivity meter model 4510 (Keison
International Ltd., Chelmsford, UK). The instrument TDS
measurement range and accuracy are 0-1,999 gL and
0.5% + 2 digits, respectively. Thermogravimetric analysis

(TGA) was made on a Shimadzu TGA-51/51H analyzer using
a composite weight of 10.14 mg and a heating rate of
10°C min™. The surface area and porosity of the PAni/BP com-
posite were determined with the Brunauer—-Emmett—Teller
(BET) approach using a low-temperature N, gas adsorp-
tion—-desorption technique operated on the Micromeritics®
TriStar II Plus analyzer model 2390t V2.03 (GA, USA) of
surface area and pore size analyzer at 77 K. Stuart orbital
mechanical shaker model S1500 (London, UK), with a speed
of 30-300 rpm, was used to shake the samples. Double-
distilled water used throughout the study was obtained
from a purification system (Hamilton Glass Ltd., Margate,
UK). Qualitative filter paper No. 101 (Dorsan Filtration SL
Co., Barcelona, Spain) was used to filter the extracts. Glass
bottles with Teflon caps were used for the adsorption study.
Cellulose acetate membrane filters with a 0.45 pm pore
size were used for collecting the eluate after the desorption
process.

2.2. Reagents

Sodium dihydrogen orthophosphate NaH,PO,-2H,O,
aniline solution, ammonium peroxydisulfate (APS) or
(NH,),5,0,, and hydrochloric acid were purchased from
Techno Pharmchem Co. (Haryana, Delhi, India). Sulfuric
acid was obtained from CDH Co. (New Delhi, India).
Ammonium molybdate tetrahydrate (NH,)Mo,O,,-4H,0
(Suvachem Company, Maharashtra, India), and ascorbic acid
(BDH Chemical Ltd., Dorset, UK), were analytical reagents
grade. A standard phosphate solution of 100 mg-L" was
prepared by dissolving 0.164 g NaH,PO,-2H,0O in distilled
water and then making it up to 1 L. A working solution of
10 mg-L™ was obtained by dilution from the standard solu-
tion. Ammonium molybdate solution was prepared by dis-
solving 20 g in 500 mL of distilled water and leaving it to
stand until complete dissolution. The ascorbic acid solution
was prepared by dissolving 1.32 g of reagent in 75 mL of dou-
ble-distilled water. A 2.5 mol-L™ sulfuric acid was prepared
by diluting 70 mL of the concentrated acid up to 500 mL
with distilled water. The phosphate reagent was prepared
by mixing sulfuric acid (125 mL), ammonium molybdate
(37.5 mL), and ascorbic acid (75 mL). The yellow-colored
reagent was prepared daily and used for no more than 24 h.

2.3. Synthesis of PAni/BP composite

The BP powder was prepared from mature and fresh
banana fruit peels obtained from a local market. The peels
were washed several times with distilled water to remove
the dust. It was sliced into small pieces and dried at 110°C
to a constant weight. The dried material was ground in a
porcelain mortar and sieved with 0.5-1.0 mm diameter.

The PAni/BP composite was synthesized by in-situ
polymerization of aniline with an APS oxidant in the pres-
ence of BP powder according to the modified method [36]
as follows: 10 g of BP were added to 250 mL of 1 mol-L™ of
HCI and stirred very well. Then, 2.0 mL aniline was added
to the suspension and stirred for 30 min at room tempera-
ture. Another solution containing 6.0 g APS was dissolved
in 100 mL of 1.0 mol-L-' HCI. Both solutions were cooled
to 4°C. After that, the APS was gradually added to the
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suspension over 60 min while the reaction mixture was vig-
orously stirred. Soon after, a dark green suspension of PAni/
BP composite was formed and then kept for 24 h under
stirring. After filtering the crude solid, it was washed with
distilled water several times until the washings were clear
and neutral. The dark green powder from the PAni/BP com-
posite was left to dry at ambient temperature and stored for
further adsorption studies. The proposed chemical structure
and the adsorption reactions of PAni/BP with phosphate
are shown in Fig. 1.

At pH 5.5, the predominant species is the monovalent
dihydrogen form of phosphate, H,PO,~ [37]. Adsorption
can take place via electrostatic attraction to the protonated
imine nitrogen in PAni. Also, the protonated OH and C=O
in carbohydrates, phenolic acids, flavanones, and flavo-
nols, as well as the NH, groups in the amino acids (leucine,
valine, phenylalanine, and threonine) in BP [38].

The potassium chloride solid addition method was used
to establish the point of zero charges (pH, ) of the PAni/
BP composite [39]. A total of 50 mL of 0.1 mol-L KCI por-
tions were adjusted to pH 2, 4, 6, 8, and 10 using 0.1 mol-L™
solutions of HCl and NaOH. Each portion received 0.01 g
of the composite, which was then left at room temperature
for 24 h. A pH meter was used to measure both the ini-
tial and final pH readings. Evaluation of pH, ~was made
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possible by plotting the pH change (ApH = pH~pH)) against
the starting pH and finding the mtersectlon point where
ApH =0.

2.4. Adsorption procedure

Adsorption parameters involving the adsorbent dose,
sample pH, contact time, and extraction isotherm were
studied. A 20 mL phosphate solution at a concentration of
5.0 mg-L™ phosphate was placed in a glass bottle, and Teflon
caps were then mixed with 0.1 g sorbent. The 0.1 mol-L™
solution of HCl and NaOH were used to adjust the solu-
tion to pH 5.5. The mixture was shaken for 1 h at a speed
of 250 rpm. After extraction, the composite was separated
by filtration using filter paper, and 10 mL of the filtrate
was analyzed for phosphate content by the recommended
ammonium molybdate method. A kinetic study was carried
out by taking a fixed concentration of the phosphate solu-
tion (ca. 5.0 mg-L™) and mixing it with 0.1 g of the compos-
ite, then shaking it from 2 to 60 min at room temperature.
An aliquot of 20 mL from the solution phase was taken after
filtration, and the remaining phosphate was determined.
The removal efficiency (%) and the amount adsorbed at
equilibrium (Q, mg-g™) of phosphate were calculated using
Egs. (1) and (2).
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Fig. 1. Proposed layer arrangement in PAni/BP composite (A), the interaction between BP surface groups and PAni (B).
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where C and C, are the initial and equilibrium concen-
trations of KH,PO, (mg-L™), respectively. V is the sample
volume (L), and m is the mass of the adsorbent (g).

Adsorption isotherm experiments were conducted by
varying the initial concentration of phosphate from 1.0
to 200 mg-L~ with a fixed PAni/BP amount of 0.1 g and a
solution pH of 5.5 at 25°C. After adsorption, the amount
of phosphate remaining in the supernatant solution was
determined.

2.5. Phosphate determination

A spectrophotometric determination of phosphate was
carried out according to the recommended method for nat-
ural waters [40]. In this context, the calibration curve was
obtained by serial dilution of stock solution with deionized
water to yield a final phosphate concentration ranging from
0.5 to 20 mg-L™". In a 25-mL calibrated flask, 20 mL of the
phosphate solution was mixed with 4.0 mL of the ammonium
molybdate mixed reagent, and the solution was completed
with distilled water. A blue color develops slowly, indicat-
ing the phosphomolybdenum blue complex. After 20 min,
the absorbance was measured at 830 nm against a reagent
blank. The standard curve was obtained by unweighted
linear regression of the absorbance (A) vs. phosphate con-
centration (C, mg-L™). The linear regression equation was:
A = 0.055C + 0.009 (R* = 0.993). The un-weighed equation
was used to calculate the concentration of phosphate in
the analyzed samples.

2.6. Groundwater samples

The groundwater samples numbered G #1, G # 2, G # 3,
G # 4, and G # 5 were collected from different locations in
Al-Kuwait governorate, Riyadh region, Kingdom of Saudi
Arabia (KSA). The physico-chemical properties of the
examined samples are presented in Table 2. The TDS of the
selected samples ranged from 202 to 3040 mg-L" with the
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order G4 > G5 > G3 > G2 > GI. Fig. S1 shows an image of
the measurement of groundwater TDS. This indicates the
great diversity in the types of groundwater in the studied
region. This depends on the amount of phosphate found in
the rock (inorganic phosphates) through which the well was
dug and the agricultural activities around it. Also, the phos-
phate content varied from 1.1 to 2.6 mg-L" which is higher
than the World Health Organization (WHO) standards,
typically 0.1 mg-L™ [41]. All samples were filtered through
a 0.45 pm membrane filter, acidified with nitric acid to pH
2, and directly analyzed. A 20 mL aliquot of raw water was
spiked with the concentrations of 0.0, 3.0, and 5.0 mg-L™
phosphate and adjusted to pH 5.5, then mixed with 0.1 g
sorbent and shaken for 1 h at 25°C. The retained amount
was desorbed by shaking the composite with 5 mL of a
0.15 mol'L™* sodium hydroxide solution and was measured
with the ammonium molybdate spectrophotometric method.

3. Results and discussion
3.1. Characterization of PAni/BP composite

The Fourier-transform infrared (FI-IR) spectra of BP
and PAni/BP composite are shown in Fig. 2.
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Fig. 2. Fourier-transform infrared spectra of BP (A) and PAni/
BP composite (B).

Table 2
Influence of the physico-chemical parameters of the studied groundwater samples on the phosphate removal using PAni/BP
composite

Sample Physico-chemical properties of groundwater Removal

pH  Conductivity ~ TDS,  CI, sop,  NO,, PO  Ca Mg, (%)
uS-cm mg-L™ mg-L™ mg-L? mg-L? mg-L? mg-L™ mg-L™

G=#1 8.0 337 202 71 28 12 2.0 200 19 95

G#2 7.8 1,469 881 355 49 14.5 11 100 50 90

G#3 7.5 2,150 1,288 320 115 9.3 1.8 124 96 91

G#4 74 5,066 3,040 887 184 13.7 2.3 408 65 93

G#5 7.7 4,080 2,441 710 161 11.2 2.6 292 122 90
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In the PAni/BP spectra, two characteristic bands that
appeared at 1,465 and 1,547 cm™ were assigned to the ben-
zenoid and quinoid rings that confirmed the emeraldine
structure of PAni. The weak band at 1,241 cm™ is assigned
to the C-N stretching of the primary and secondary vibra-
tions in PAni. Evidentially, an absorption band appeared at
1,784 cm™ assigned to the C=O group of the BP portion in
the composite. The bands at 814 and 710 cm™ are assigned
for the out-of-plane 1,4-disubstituted benzene ring in PAni.
In both spectra of BP (a) and PAni/BP composite (b), two
characteristic bands appeared at 1,104; 1,661 and 2,986 cm™
assigned for the C-O-C, C=N, and aromatic C-H stretch-
ing, respectively. Moreover, the broadband from 3,226 to
3,541 cm™ corresponding to COOH and OH stretching in
the BP spectrum nearly disappeared in the PAni/BP spec-
trum (b) which might be due to their involvement in the
polymerization of aniline and also due to the coating of
part of the BP surface with PAni. Finally, the developed
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composite contains positively charged adsorption sites
that facilitate the adsorption of phosphate anions.

The scanning electron microscopy (SEM) of the BP and the
developed PAni/BP composite are shown in Fig. 3. An inho-
mogeneity of the surface morphology of BP and PAni/BP
was observed. The BP image depicted an irregular structure
and high porosity with macropores, with dimensions rang-
ing from 60-100 pm. The PAni/BP composite, on the other
hand, demonstrated a significant change in pore structure
after PAni polymer implantation, with the surface becom-
ing smoother and the pore diameter becoming smaller.
Regardless, the surface remained irregular, increasing the
ultimate surface area available for phosphate adsorption.

The XRD pattern of BP and PAni/BP composite in the
20 range from 5°-90° are presented in Fig. 4.

Both patterns seem to be very similar and characteris-
tic of amorphous materials. The BP pattern showed three
strongest peaks at 20 of 4.30°, 16.46°, and 20.28°. While the

Date: 28 Sep 2022
Time: 12:07:31
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Fig. 3. Scanning electron micrographs of BP (A) and PAni/BP composite (B).
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Fig. 4. X-ray diffraction patterns of raw BP (A) and PAni/BP composite (B).



A.A. Alotaibi et al. / Desalination and Water Treatment 297 (2023) 189-207 195

100

80

60

40

Weight loss, %

20
(a) PANI
(b) BP/PANI composite

0 100 200 300 400 500 600 700 800

Temperature, °C

Fig. 5. Thermogravimetric profiles of PAni (a) and PAni/BP
composite (b).

PAni/BP composite presented diffraction peaks at 20.44°,
20.76°, and 22.16°. The position of these peaks has indicated
the amorphous structure of BP and also the PAni polymer
had an amorphous crystalline in the PAni/BP composite.

The TGA profiles of the BP/PAni composite and PAni
are displayed in Fig. 5. For the PAni/BP composite, there
was about 10% weight loss before 130°C, which may have
been caused by the loss of adsorbed water and volatile com-
pounds. Also, a significant weight loss of 42% from 240°C to
400°C may have been caused by the elimination of higher
oligomers from PAni and BP materials. Then, between 400°C
and 600°C, there was a 16% weight loss that may be due to
the oxidative decomposition of BP and PAni into several
organic degradation products, including ammonia, aniline,
ethylene, and acetylene [36]. Following that, the 5% loss from
600°C to 800°C continues for a prolonged time, which may
be caused by the production of combustion gases like CO
and CO, [1]. When PAni was used alone, the deterioration
occurred more quickly from 385°C to 600°C, with a mass loss
of about 60%. Thus, the PAni/BP composite demonstrated
greater thermal resilience against oxidative decomposition.

The N, adsorption-desorption isotherm onto PAni/BP
is shown in Fig. 6A.

Type IV adsorption—desorption isotherm, which is typ-
ical of mesoporous materials. Adsorption-desorption iso-
therms of type IV were obtained, which is typical of meso-
porous materials with micro and macroporous structures.
The BET surface area of PAni/BP composite before and after
H,PO, adsorption from 10 mg-L™ solution was calculated
using the multipoint BET model. The BET surface area of
PAni/BP was 5.65 m*g, the pore volume was 0.0866 cm>g™,
and the average pore size was 61.2 nm. After H PO, adsorp-
tion, they were 4.47 m*g?, 0.022 cm®*g?, and 35.6 nm,
respectively. Because of the phosphate filling the micropo-
res, the surface area was greater than after adsorption. The
composite porosity can be categorized following its overall
porosity. They can be classified as macropores (4 > 50 nm),
mesopores (2 < d < 50 nm), or micropores (d < 2 nm). The
pore-size distribution before and after H PO, adsorption is
shown in Fig. 6B.
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Fig. 6. (A) N, adsorption-desorption isotherm of PAni/BP com-
posite and after adsorption of 10 mg-L™" KH,PO, at pH 5.5 and
(B) pore-size distribution of PAni/BP composite.

3.2. Adsorption study
3.2.1. Sample pH

The effect of solution pH on the adsorption of phosphate
was studied in the range 2-9 using a 10 mL sample contain-
ing 5.0 mg-L" phosphate, 0.1 g adsorbent, and a shaking
period of 1 h. The obtained results are shown in Fig. 7A.

The optimal pH for phosphate removal was 5-6, with
maximum removal of 92% achieved. When the pH goes
down from 5, the removal (%) decreases rapidly, which
might be due to the competition of hydrogen ions for the
active sites. At pH values higher than 6, removal decreases
gradually, which might be due to the compensation of pro-
tons with the excess hydroxyl groups in the alkaline envi-
ronment. According to the study of the pH of the point of
zero charges (pH, ) presented in Fig. 7B, the estimated
pH,,. value was found at pH 5.3. Thus, there was an anion
repulsion between the negatively charged surface of the
adsorbent and the phosphate. This confirmed the strong
effect of the electrostatic attraction forces on adsorption.
Therefore, the sample was adjusted to pH 5.5 in the subse-
quent adsorption study. According to the dissociation con-
stants of phosphoric acid, they are pK , 2.2, pK , 7.2, and
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Fig. 7. (A) Influence of sample pH on the removal of phosphate with PAni/BP composite initial phosphate (H,PO,") concentration:
5.0 mg-L~, shaking time: 60 min, adsorbent weight: 0.1 g, sample volume: 20 mL, 25°C. (B) Determination of pH, using KCl solid

addition method: 0.01 g PAni/BP, 50 mL 0.1 mol-L* KCl, 24 h, 25°C.

pK,, 12.3. Therefore, when the pH is between 3.0 and 7.2,
monovalent H,PO," is the dominant species in solution, and
at pH between 7.2 and 11.0, the divalent species HPO?" is
the dominant phosphate [42].

This indicates the adsorbent surface is positively
charged at pH values lower than 6, which might be due to
the protonation of the composite’s amino, imino, hydroxyl,
and carboxylic groups into -NH;, NH=, and —OH;, and
-COOH; facilitating the dihydrogen phosphate anion
attraction. When the pH was raised above the pH,  of 5.3,
the PAni/BP surface became negatively charged and the
H,PO; repulsion increased.

3.2.2. Kinetic study

Shaking time was studied in the range of 1-60 min at
a pH of 5.5 and a phosphate concentration of 5.0 mg-L™.
The results obtained are presented in Fig. 8.

The removal increased rapidly within the first 20 min.
Equilibration was attained after 40 min of shaking which
indicates fast sorption of phosphate and good accessibil-
ity of adsorption sites to the target analyte. The maximum
removal reached 92% after 60 min of shaking. Therefore, to
ensure the achievement of equilibration, a 60 min shaking
period was established in the subsequent experiments.

The kinetic mechanism governing the adsorption pro-
cess was studied by fitting experimental results to the
pseudo-first-order, pseudo-second-order, and intrapar-
ticle diffusion models. The validity of the pseudo-first-
order model could be examined by plotting log (Q, — Q,)
vs. t, where Q, and Q, represent the adsorbed amount of
phosphate (mg-g™) at equilibrium and at any time ¢ (min),
respectively. Lagergren and Kungliga [43] expressed the
pseudo-first-order rate as Eq. (3):

In(Q,-Q,)=InQ, —kt ©)

As shown in Table 3, the regression analysis results show
a linear correlation coefficient (R?) of 0.983 (Fig. 9A). The
calculated Q, value was 3.17 mg-g~, with a very significant
discrepancy with the experimental Q_  value of 2.31 mg-g™,
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Fig. 8. Effect of shaking time on the phosphate removal by
PAni/BP composite: initial phosphate (H,PO,”) concentration:
5.0 mg-L7, pH = 5.5, adsorbent weight: 0.1 g, sample volume:
20 mL, 25°C.

Table 3
Adsorption kinetic data for phosphate (5.0 mg-L*' KH,PO,
pH 5.5) adsorption onto PAni/BP composite

Kinetic model Parameter

Experimental Qo MGG 2.31
Qo ME'E 3.17

Pseudo-first-order model k, min™ 0.124
R? 0.983
Q, .y mgg’ 2.83

Pseudo-second-order model k,, mg™?-min™ 0.029
R? 0.992
k,, mg-g'-min? 0.616

Intraparticle diffusion model R? 0.994
C, mgg! 0.711
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showing that the pseudo-first-order model is inconvenient
for describing the adsorption kinetics results. The pseu-
do-second-order suggested by Ho et al. [44] is expressed

by Eq. (4):
(2}

where k, is the pseudo-second-order rate constant
(mg-g*min™). Fig. 9B depicts a plot of the experimental
results with this model. The R? values obtained from the
slope of the regression equations are greater than those
derived from the pseudo-first-order model; with val-
ues of 0.992. Furthermore, the calculated Q, value from
the second-order model was remarkably similar to the
experimental value of Q. This verified that the pseudo-
second-order model is appropriate for investigating
the experimental kinetic effects.

1
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The intraparticle diffusion model was applied to data
of different initial phosphate concentrations for further
investigation of the adsorption behavior. The Morris—
Weber Eq. (5) was used to investigate the intraparticle
diffusion behavior [45].

The slope of the plot of Q, values versus the square root
of shaking time t was used to evaluate the intraparticle
diffusion rate constant k,, (mg-g*-min?).
Q =kt +C 5)
where C (mg-g™) is a constant describing the boundary layer
effect. The plots have two linear stages. Firstly, a linear rela-
tionship with higher slopes at the beginning intervals was a
rapidly increasing step. As can be seen in Fig. 9C, the straight
lines did not pass through the origin, indicating that a film
diffusion phase occurred during the initial adsorption stages
and intraparticle diffusion contributes to the rate-limiting
step. The intraparticle diffusion model described by the
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Fig. 9. Pseudo-first-order (A) and pseudo-second-order (B): initial phosphate (H,PO,") concentration: 5.0 mg-L™", pH = 5.5, adsor-
bent weight: 0.1 g, sample volume: 20 mL, 25°C. (C) Plotting of the intraparticle diffusion model for adsorption of 5.0 mg-L™" of
H,PO;,, pH = 5.5, adsorbent weight: 0.1 g, sample volume: 20 mL, 25°C.
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Morris-Weber Eq. (5) is applied only at the initial adsorp-
tion stages. For this stage, the calculated R? value was 0.994,
respectively, and the k,, value was 0.616 mg-gmin™"2

Secondly, a successive linear stage had a lower slope of
0.0613 with a ten-fold reduction in the diffusion rate. This
suggested a multistep adsorption mechanism with a rela-
tively slow increase in the quantity adsorbed and stagnation
afterward. The first stage denotes the diffusion of phosphate
molecules to the adsorption sites, while the second one is
ascribed to equilibrium. None of the obtained linear plots
passed through the original point, representing the fact that
the intraparticle diffusion was not the sole rate-controlling
step of the removal [46].

3.2.3. Adsorption isotherm

The adsorption isotherm was investigated at concentra-
tions ranging from 1.0 to 200 mg-L™, 0.1 g adsorbent dose,
and a 20 mL sample volume optimized at pH 5.5 (Fig. 10A).
At equilibrium, the value of Q, increased rapidly at lower
concentrations as the initial concentration of phosphate
was increased, which reveals the gradual saturation of the
sorbent binding sites. This could be due to a greater likeli-
hood of collision between phosphate and the adsorbent
surface, as well as a higher concentration gradient, which
increases the rate of mass transfer [47]. When all binding
sites have been entirely occupied, no further adsorption
occurs, and the isotherm reaches a plateau.

The maximum monolayer adsorption capacity (Q__,
mg-g™?) was calculated from the Langmuir model. The
adsorption capacity depends strongly on the binding
strength to the composite, which in turn depends on the
degree of protonation—-deprotonation in both BP and PAni.
The results also indicate that phosphate is directly attached
to the composite by using donor atoms in the PAni and BP
polymers [48]. The value of Q__ obtained was 56.8 mg-g™
which is better than that of other PAni-based composites
such as PAni/La [30] and PAni/TiO, [49,50] but less than that
of PAni/Ni ,Zn  Fe,O, [48]. The exhibited higher adsorption
capacity of PAni/BP can be attributed to the presence of dif-
ferent adsorption mechanisms, including the formation of
monodentate and bidentate phosphate surface complexes
and electrostatic interactions with the positively charged
active sites [50]. In addition, the phosphate transfer into the
narrow pores in the composite bulk would greatly increase
the rate of phosphate accumulation in the solid phase,
permitting a faster adsorption rate.

The adsorption process begins with phosphate diffu-
sion from the bulk of the solution to the sorbent surface,
then to the inner surface to combine with active groups
for ultimate accumulation in a monolayer or extended to a
multilayer pattern. The analysis of isothermal data is essen-
tial to develop an equation that accurately describes the
adsorption mechanism. Langmuir and Freundlich adsorp-
tion isotherms were used to fit the experimental results.
The Langmuir isotherm [51] was examined for its ability
to match the experimental results; it is defined by Eq. (6).

(6)

where Q__ is the maximum adsorption capacity of phos-
phate (mg-g™') to form a complete monolayer. C, is the equi-
librium concentration of phosphate (mg-L™) and K, is the
Langmuir constant related to the affinity of binding sites
for phosphate.

The Freundlich isotherm [52] is an empirical model
for heterogeneous adsorption that is presented by Eq. (7).

InQ, :(1jlncE +InK, (7)
n

where K, and n are the Freundlich constants related to
adsorption capacity and intensity, respectively.

The Temkin isotherm model [53], described by Eq. (8),
was applied to describe and evaluate the heat of adsorp-
tion and the adsorbent—adsorbate interaction.

Q,=BInA, +BInC, (8)

where A is the Temkin isotherm equilibrium binding
constant (L-g™) and B is the heat of adsorption (J-mol™).

Dubinin-Radushkevich’s isotherm model doesn’t
assume a constant sorption potential or homogeneous
surface [54]. The Dubinin-Radushkevich model is repre-
sented by Eq. (9):

InQ, =InX, —Be’ €

By plotting InQ, vs. & the values of slope (B) and inter-
cept (InX ) can be obtained, where X (mol-g™) is the
maximum adsorbed amount of phosphate onto 1 g of the
composite. The constant § (mol*J?) represents the sorption
energy. The Polanyi potential (¢) can be calculated by using
Eq. (10):

e=RTIn| 1+~
CB

where R (8.314 J-mol™-K™) is the gas constant and T is
the absolute temperature of 298 K.

The free energy of adsorption E (k]-mol™) is nominated
as the free energy change when one mole of phosphate
is transferred from the solution infinity to the surface of
the composite adsorbent. It can be calculated using Eq. (11):

(10)

E-_1_ (11)

NET

The isotherm models for Langmuir, Freundlich, Temkin,
and Dubinin—Radushkevich are shown in Fig. 10B-E.

Based on isotherm results listed in Table 4, the correla-
tion coefficients (R?) for Langmuir and Freundlich were
0.998 and 0.967, respectively. Thus, the Langmuir model was
better to describe the experimental results, and the process
is a monolayer chemical adsorption. This could be empha-
sized by the kinetic results that followed the second-order
kinetic model. The calculated values of Q__ and K, from
the Langmuir model were found to be 56.8 mg-g™? and
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Fig. 10. (A) Adsorption isotherm of phosphate removal with PAni/BP composite: Initial HPO,” concentration: 1.0-200 mg-L™,
pH = 5.5, sample volume: 20 mL, adsorbent amount: 0.1 g, shaking time: 60 min, 25°C. Plotting of Langmuir (B) and Freundlich
(C) isotherm models. Plotting of Temkin (D) and Dubinin-Radushkevich (E) isotherm models.

0.18 L-mg, respectively. The Freundlich constant K, was
0.51 L-g™', which shows a stronger affinity of the sorbent
towards phosphate. The value of the n constant was higher
than one (n = 1.20), which indicated the adsorbent has a
greater affinity for phosphate. The values of both constants

indicated a favorable and feasible phosphate adsorption
process to the PAni/BP composite.

When neglecting the lower concentrations, the Temkin
isotherm model showed a relevant correlation (R* = 0.851),
Also, the value of the constant A, indicated chemical
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Table 4
Adsorption isotherm parameters for phosphate (5.0 mg-L™
KH,PO,, pH 5.5) onto BP/PAni composite

Isotherm model Parameter

Experimental Q.. mgg’ 55.2
Q.. mgg’ 56.8
Langmuir model K, L-mg! 0.18
R? 0.998
n 1.20
Freundlich model K, 0.51
R? 0.967
B, J-mol™ 8.2
Temkin model A, 5.5
R? 0.851
X,, mol-g™ 117.9
. . B, mol>J2 -2.52 x 107
Dubinin—-Radushkevich model E, kJ-mol" 141
R? 0.968

adsorption and the B constant was 8.2 J-mol™. Moreover,
the positive B values indicated the adsorption is an endo-
thermic process. The Dubinin—-Radushkevich model showed
a positive E value of 14.1 k]-mol”, emphasizing an endo-
thermic chemisorption process. These findings follow the
results obtained from the pseudo-second-order kinetic and
Langmuir isotherm models.

3.2.4. Adsorption mechanism

At the recommended adsorption pH 5.5, the dominant
phosphate species is H,PO,~ which has two P-OH groups
serving as hydrogen bond donors and two hydrogen accep-
tors, P-O- and P=0. These groups can bind to the adsorbent
via electrostatic attraction and hydrogen bonding forces.
At pH < pH =53, electrostatic attraction originates as
the adsorbent surface is positively charged, which means
the NH groups of PAni and the OH and COOH groups of
BP are present mainly in the protonated form, in addition
to a lesser extent of the non-protonated form. Thus, electro-
static attraction forces of the negatively charged H,PO," to
the NH* groups in PAni, as well as the OH" and COOH" in
BP, dominate the adsorption forces. In addition, to a lesser
extent, the intermolecular hydrogen bonding occurs with
the NH groups in the PAni part and the OH and COOH
groups in the BP part. Once the pH is higher than 5.3, elec-
trostatic attraction disappears as the adsorbent surface
becomes negatively charged due to ionized OH and COOH
groups in BP, reducing the electrostatic charges. According
to Fig. 7A, removal remained high up to pH 6, indicating
the hydrogen bonding became dominant but could not
cause strong adsorption, leading to a steady decrease in
the removal. Finally, the main adsorption mechanism is the
electrostatic attraction, as shown in Fig. 11.

3.2.5. Adsorbent dosage

Small adsorbent dosages result in a low removal rate,
whereas a larger amount of adsorbent provides more

H,PO, H,PO,, H,PO,~ H,PO,5
| Electrostatic attraction 1 1 1
1 1 1 1
PAni-NH*-PAni BP-OHZL BP-COOH," BP-NH;'
Polyaniline part pH<5.3 Banana peel part
o
5 T o HO-P-O
HO-P-O- I i
o HO-P-O- HO'C')?'O; o)
:||I: 9 ! x : Repulsion :::H-hond
v []
PARi-NH-PAni BP-O  BP-COO'  BP-NH,
pH>5.3

Fig. 11. Proposed adsorption mechanism of H,PO,” to PAni/BP
composite.

adsorption sites that cannot be saturated [55]. The study
of the effect of adsorbent dosage on the removal effect is
extremely important economically. As shown in Fig. 12,
the effect of adsorbent dosage on phosphate removal was
investigated in the range of 0.5 to 5.0 g-L™. It was observed
that adsorbent dosage has a strong influence on both the
removal efficiency (%) and the adsorbed amount (Q,).

As the adsorbent dosage was increased, the removal
rate increased, whereas Q showed a steady decline. The
removal rate exceeded 90% at a 1.5 gL adsorbent dose
and continued to increase at higher dosages. The optimal
dosage amount is taken at the intersection of both curves.
Therefore, the best adsorbent dosage was 0.85 g-L™.

3.2.6. Desorption and reusability

To apply the developed composite for the removal
from large sample volumes, it is necessary to investigate
desorption. It was not possible to measure the phosphate
in the supernatant after the adsorption process due to the
low concentration below the detection limit of the quantifi-
cation method.

Desorption was examined using varying concentra-
tions of sodium hydroxide solution in the range of 0.05-
1.0 mol-L™". According to Eq. (12), the desorption (%) was
calculated.

Desorbed phosphate (mg)
Adsorbed phosphate (mg)

Desorption (%) = 12)

Desorption gradually increased with increasing eluent
concentration and reached a maximum removal of 92% at
0.15 mol-L'. Further concentrations of sodium hydroxide
showed no improvement in the removal. Thus, a concen-
tration of 0.15 mol'L™ was recommended for phosphate
desorption.

The reusability of PAni/BP was determined by mea-
suring the adsorption (%), desorption (%), and adsorption
capacity (Q) during ten consecutive adsorption-desorption
experiments. The same dosage of the composite was used
in a 5.0 mg-L" phosphate solution. Adsorption (%) fell by
2.9%, from 92.0% to 89.1%, while desorption (%) fell by 2.9%,
from 91.5% to 66.4%. Results indicated no dramatic change



A.A. Alotaibi et al. / Desalination and Water Treatment 297 (2023) 189-207 201

in the adsorption capacity after 10 cycles, it decreased by
about 1.7%. This demonstrated that the composite could
be recycled and used again for up to 10 cycles without los-
ing its efficiency. As a result, the current adsorbent outper-
formed other green adsorbents in terms of durability, as
presented in Table 1. This validated the structural stability
and usability of the developed composite by confirming
the chemical bonding between the PAni polymer and the
BP surface and preventing further loss of active groups.

3.3. Biodegradability test

The biodegradability of the PAni/BP composite in
freshwater was determined using the modified reported
method [56] and the weight loss as a biodegradability
index over 30 d (Fig. S2). In this context, the freshwater
sample was obtained from a natural lake and used to test
the biodegradability. The sample was applied just after
being collected for no longer than 1 d. Also, the groundwa-
ter sample (G # 4) was comparatively tested to investigate
its biodegradation effect. Portions of 250 mL of freshwa-
ter and groundwater were transferred to glass containers,
each containing 1.0 g of PAni/BP powder that was pre-
cisely weighed and documented as the initial weight (w)
and was maintained immersed in water. The containers
were then closed with cotton plugs and incubated in the
dark under occasional shaking at 200 rpm and 25°C. After
three weeks, the material was cleaned with double-dis-
tilled water and then dried at 60°C for 24 h. The weight of
the remaining material (w) was measured. According to
Bagheri et al. [57], the degradability (%) as a percentage of
weight loss was calculated using the following Eq.13.

Degradability (%) = {(ww)} %100 (13)
w

o

The sample’s original mass is decreased to 0.91 and
0.86 g for freshwater and groundwater, respectively, corre-
sponding to 9% and 14% degradability. It can be concluded
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Fig. 12. Effect of composite dosage on the removal efficiency
and adsorbed amount of phosphate by PAni/BP composite:
initial H,PO;, concentration: 5.0 mg-L™, pH = 5.5, sample volume:
20 mL, shaking time: 60 min, 25°C.

that the produced adsorbent, which can be used to remove
phosphate from natural water, can be less than 10% biode-
gradable after a month in freshwater. The bacteria and fungi
present in freshwater could be the cause of biodegradation.
Notably, some fungus started to appear on the adsorbent
surface, indicating that more fungus grew. There is no doubt
that the biodegradability of the soil/compost burial method
would be expected to be higher than the applied freshwa-
ter method due to the greater number of fungi and bacteria
present, thus accelerating the rate of mass loss.

To prove the activity of the developed composite over
time, 20 mL volumes of distilled water and groundwater
(G3) containing 0.1 g of PAni/BP, were used as models. The
medium was then adjusted to a pH of 5.5 and incubated at
25°C for intervals of 0 to 4 d. After the predetermined time
had passed, the mixture was spiked to 5.0 mg-L™ of KH,PO,,
and was then shaken for 60 min. The concentration of the
remaining phosphate was measured to assess the removal
(%). A supplemental Fig. S3 shows an image of the remain-
ing phosphate molybdenum blue color obtained during the
experiment investigation. As shown in Fig. 13, the removal
after distilled water incubation remained constant after
a day of incubation, whereas the activity in groundwa-
ter decreased by more than 10%. After 4 d of incubation,
the adsorbent activity of distilled water and groundwater
decreased by 19.4% and 15.2%, respectively, demonstrating
that the material stability was affected by the added acid in
the early stages but returned to a relatively constant level
later. The degradability of the composite may be the cause of
the higher activity loss. It's worth noting that the phosphate
removal difference between distilled water and groundwa-
ter remained within 4% from the second to the fourth day.
This demonstrates that the co-existence of ions did not cause
a significant activity decline, but that it could have been
caused by degradation.

3.4. Adsorption thermodynamic

The effect of temperature on the KH,PO, (5.0 mg-L™, pH
5.5) adsorption and desorption (10 mL, 0.1 mol-L™' NaOH)

100
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I Groundwater

80
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Phospahte removal (%)
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Fig. 13. Activity of PAni/BP composite over time at pH 5.5
after soaking in double-distilled water and groundwater (G3).
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was studied from 20°C to 50°C. The results obtained are
illustrated in Fig. 14A. The removal (%) marginally increased
from 92.4% to 97.6% when the temperature was raised
from 20°C to 50°C. This might be because endothermic
adsorption is favored at higher temperatures.

Similarly, the desorption (%) increased from 92% to 96.8%
with rising temperature due to the increase in the kinetic
energy of adsorbed phosphate. The thermodynamic param-
eters characterize the thermodynamic feature of phosphate
adsorption on the PAni/BP composite. The values of Gibb’s
free energy (AG), enthalpy (AH), and entropy (AS) were
determined using Eqs. (14)—(16).

AG®=-RTInK, 14)

AG® = AH®—TAS® (15)

InkK, =4> _AH (16)
R RT

where K, is the distribution constant at absolute tempera-
ture T (K), and R is the universal gas constant (8.314 J-mol-
1.K™). The K, is calculated by dividing the amount of phos-
phate adsorbed (Q,) by the equilibrium concentration
(C). The plot of InK, against 1/T is shown in Fig. 14B.
Thermodynamic parameters obtained are presented in
Table 5. The negative AG® values, which range from -9.5
to =7.5 kJ'mol™, signify spontaneous adsorption. The pos-
itive value of AH° revealed endothermic adsorption [58].
Moreover, the increase in phosphate ion randomness at
the adsorbent-solution interface and the significant phos-
phate ion affinity for the PAni/BP composite were both
indicated by the positive value of AS°. These outcomes are
similar to the reported values of other composites, including
chitosan/bentonite [42] and graphene oxide/Fe O, [59].

3.5. Effect of co-existing ions

Other possible co-existing ions like Na’, Ca*, Mg?,
Fe*, Mn*, Cu*, Pb*, CI', SO,, and NO;, as well as dyes
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like methyl orange and rhodamine B, were examined for
their potential interference. In every case, the phosphate
(K,HPO,) concentration stayed constant at 5.0 mg-L™. In
double-distilled water, binary mixtures of the interfering
ion and the phosphate were prepared, and under optimal
adsorption circumstances, the removal (%) was calculated.
According to the findings shown in Table 6, the error (%)
was lower than 3% in the presence of all species except Cl,
SO, , and methyl orange. Chloride and sulfate removal
(%) increased by 6.2% and 4.1%, respectively, which may
have been caused by a reduction in the diffusion layer due
to an increase in ionic strength [13]. Additionally, methyl
orange dye significantly decreased removal due to com-
petition for positive adsorption sites in the composite and
the dye’s ability to bind via hydrophobic-hydrophobic
interaction.

3.6. Application to groundwater

Table 2 shows the effectiveness of phosphate removal by
PAni/BP composite in untreated groundwater as a function
of all physico-chemical factors. The groundwater sample
was spiked with 10 mg-L™ of KH,PO, to suit the detection
limit of the employed determination method. The remained
amount of phosphate was measured, and the removal (%)

Table 5
Thermodynamic parameters of phosphate (5.0 mg-L" KH,PO,,
pH 5.5) adsorption onto PAni/BP composite

AS°, k]-molK-' AH°, AG®, Temperature,
kJ-mol™ kJ-mol™ K

293 -7.5

303 -8.1

308 8 -12.1 0.067

313 -8.8

318 -9.1

323 -9.5

0106
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3.4
)
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£ 3.2 4 0093
Equation y=a+bx
Weight No Weighting
Residual Sum|  0.00451
of Squares
30  [Pearsonsr -0.9841
Adj R-Square|  0.86057
Value Standard Erra
Intercept 803894 042586
B Slape 458106 13157924
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0.0031 0.0032 0.0033 0.0034
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Fig. 14. (A) Effect of temperature on the adsorption-desorption of phosphate (5.0 mg-L™" KH,PO,), 0.1 g BP/PAni at pH 5.5.

(B) Plot of InK,, vs. 1/T.
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was assessed. For G1, G2, G3, G4, and G5, the phosphate
removal was 95, 90, 91, 93, and 90%, correspondingly. The
removal (%) was also investigated using phosphate desorp-
tion after groundwater was spiked to levels of 0, 3, and
5.0 mg-L7, and the results are shown in Table 7. The removal
(%) ranged from 92%-100% to 84%-90%, 87%-95% to 84%—
91%, and 83%-88% for G1, G2, G3, G4, and G5, respectively.
The obtained results were comparative, indicating that the
composite successfully resisted the elevated levels of TDS
in groundwater. However, the sample G1 with TDS in the
drinking water range (202 mg-L?) had the best removal
efficacy, where it reached 100%. This demonstrates that the
sample was polluted with phosphate and that, under these

Table 6

Interfering effect of co-existing ions and dyes on the remov-
al of phosphate (5.0 mg-L™ KH,PO, pH 55) by PAni/BP
composite

Co-existingion  Concentration  Removal (%)  Error (%)
added, mg-L?!
- - 92.0 -
Na* 1,000 924 +0.4
Ca* 500 91.5 -0.5
Mg? 200 91.0 -1.0
Fe> 2.0 92.8 +0.8
Mn? 2.0 90.0 -2.0
Pb* 0.1 92.5 +0.5
Cu* 0.1 90.7 -13
Cl- 1,000 98.2 +6.2
SO, 500 96.1 +4.1
NO, 20 91.3 -0.7
Methyl orange 5.0 87.4 —4.6
Rhodamine B 5.0 90.8 -1.2
Table 7
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conditions, PAni/BP was able to adsorb the contamination.
Furthermore, the corresponding relative standard deviation
(n = 5) ranged from 2.0%-7.4%, which are considered satis-
factory results (less than 10%), confirming the accuracy of
the obtained results. It is worth noting that the majority of
the removal (%) ranged between 80% and 90%, indicating
that some of the anions were encountered with the added
phosphate anions. Despite this, the developed adsorbent
can be considered efficient for phosphate removal from
complex matrices waters because the added phosphate and
TDS levels examined are higher than those found in most
natural waters.

As previously stated, the primary goal of phosphate
adsorbents is to have a greater adsorption capacity at low
phosphate concentrations. Therefore, the influence of sam-
ple volume was examined to study the impact of dilution
or lowering the initial concentration on the phosphate
adsorption efficiency. The volume of groundwater examined
for the removal efficiency was in the range of 20-500 mL,
with an added phosphate concentration of 2.0 mg-L™ and
a composite dose of 0.1 g-L™. Fig. 15 depicts the obtained
results. The removal decreased from 90%-82%, 89%—84%,
91%-95%, 88%-76%, and 89%-78% for G1, G2, G3, G4
and G5, respectively.

Except for G # 4, which had a higher salinity than the
other samples, the decrease was less than 10% for all sam-
ples. As a result, 250 mL was deemed the breakthrough
volume for qualitative removal. The decrease in removal
efficiency could be attributed to the leaching effect of the
solvent on the adsorbed phosphate, resulting in desorp-
tion from the composite surface. Using an eluent volume
of 5.0 mL from a 0.15 mol'L™ sodium hydroxide solution,
the preconcentration factor was calculated by dividing the
sample volume by the eluate volume and was found to
be 50. This also allows for the removal and quantification
of phosphate in real-world waters at levels ranging from
low to high concentrations.

Recovery data of phosphate from groundwater samples using the PAni/BP composite (1 = 5)

Groundwater Initial PO,” concentration, PO, added, Found (mean + SD), Removal (%) Relative standard
mg-L? mg-L™ mg-L* deviation (%)
0.0 1.83 +£0.06 92 3.3
G#1 2.0 3.0 498 +0.21 99 4.2
5.0 5.0+0.47 100 9.4
0.0 0.98 +0.02 89 2.0
G#2 1.1 3.0 3.79+0.12 90 32
5.0 5.28 +0.30 84 5.7
0.0 1.60 = 0.04 89 2.5
G#3 1.8 3.0 442 +0.26 87 5.9
5.0 6.55+0.29 95 44
0.0 2.10+£0.14 91 6.7
G#4 2.3 3.0 4.92+0.35 87 7.1
5.0 6.51+0.47 84 7.2
0.0 2.28£0.15 88 6.6
G#5 2.6 3.0 5.10 £ 0.27 83 5.3
5.0 6.85+0.20 85 29
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Comparison of the adsorption properties of PAni/BP composite for phosphate adsorption with other reported composites

Composite Sample Adsorption Equilibration Temperature, pH Removal Re-use References
capacity, mg-g” time, min °C (%) cycles
PAni/BPa Groundwater 56.8 60 25 5.5 83-100 10 This work
Al/bentonite Aqueous media 4.64 360 25 3.0 >90 - [60]
PANi/Lab Environmental 45.24 150 - 4.0 >90 3.0 [30]
water
Zr- chitosan/bentonite ~ Water 65.39 10 25 50 - - [42]
Polyaniline/ Water resources 85.4 30 25 50 90.3 - [48]
NiO.5an.5FeZO4
MFC@UiO-66¢ Water 9.9 180 25 6.5 >80 5.0 [61]
Polyaniline/TiO, Wastewater 12.1 60 25 6.0 95 8.0 [45]
La/activated carbon Physiological 15.43 48h 37 78 - - [50]
samples
Fe-Cu/fly ash Wastewater 12.7 120 25 - 97.97 - [62]

“Polyaniline/banana peel;
'Lanthanum;

‘Magnetic ferrite core—shell composite/metal-organic framework (UiO-66).

92

88
84 420
412
2 80
=
>
o 78 3.82
£
Q
172
72 —=— Water G#£1
—e— Water G#2
68 —a— Water G#3
—v— Water G#4
64 ——Water G#5
80
0 100 200 300 400 500

Volume of groundwater, mL

Fig. 15. Effect of volume of groundwater on the removal of phos-
phate by PAni/BP composite: added phosphate concentration of
2.0 mg-L7, solution pH 5.5, and shaking time of 60 min.

4. Comparison to other adsorbents

Table 8 shows a comparison of the adsorption capacity,
optimal solution pH, equilibration time, and reusability of
the present PAni/BP composite with other reported phos-
phate sorbents. The adsorption capacity of the developed
sorbent was found to be higher than that of aluminum/
bentonite [59], polyaniline/lanthanum [30], magnetic fer-
rite carbon-core/metal-organic framework (MFC@UiO-66)
[61], lanthanum/activated carbon [50], and Fe-Cu bimetal-
lic modified fly ash [62]. In contrast, other sorbents such as
chitosan/bentonite [42] and polyaniline/Ni ,Zn Fe,O, [48]
showed higher capacities than PAni/BP. The optimal pH
was comparable to that of other adsorbents [42,45,48], sug-
gesting that the mechanisms for adsorption were similar.

Phosphate transferred to PAni/BP faster and with greater
strength, as evidenced by the fact that the equilibration time
was shorter than that of several other adsorbents. Despite
this, other characteristics such as low cost, ease of prepara-
tion, and tolerance to higher TDS waters make this mate-
rial suitable for the adsorption and removal of phosphate
in diverse water samples. This proves the proposed mate-
rial is a viable option for removing phosphate from water
samples, even in complex matrices. This also confirms the
efficacy of using this material in real applications.

5. Conclusions

The present work explores the application of an environ-
mentally-safe adsorbent obtained from BP and PAni as an
alternative to costly adsorbents for the removal of phosphate
from water samples. The FT-IR spectra showed the chemi-
cal bonding between the BP and PAni surface groups. The
XRD pattern revealed the amorphous crystallinity typical
for non-crystalline structures. The SEM micrograph indi-
cated the smoothing of the surface after the incorporation of
PAni into BP. TGA analysis showed good thermal stability
of the PAni/BP composite against oxidative decomposition.
The BET data indicated a high surface area of 5.65 m*g~ and
a pore size of 61.2 nm. The removal rate was found to be
fast and reached equilibration after 40 min due to the rapid
accumulation of phosphate on the composite surface. The
optimal pH of 5.5 revealed the electrostatic attraction of the
negatively charged H,PO,” to the positively charged com-
posite surface containing the protonated OH;, NH;, COOH;,
and —'NH= groups. The adsorption mechanism obeyed
the pseudo-second-order and Langmuir isotherm models,
confirming chemical adsorption. Adsorbent capacity was
found to be 56.8 mg-g™ which is greater than several other
reported adsorbents for phosphate removal. Only 9% of the
developed composite’s weight was lost over 30 d in fresh-
water, indicating low biodegradability. The thermodynamic
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parameters confirmed the spontaneous and endothermic
adsorption process. The cyclicity of the adsorbent was
found feasible after ten adsorption—desorption experi-
ments. Application to groundwater with a wide TDS range
from 202 to 3,040 mg-L™ showed removal efficiency >83%.
Thus, PAni/BP has proven to be a promising material for the
removal of phosphate from an aqueous solution. The above-
findings make the developed procedure an alternative
for adsorptive removal in groundwater samples with
low-cost adsorbent.
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Fig. 52. Biodegradability test of PAni/BP composite. Images of the developed composite before biodegradation (a), and after 30 d in
freshwater (b) and in 2,000 mg-L™ groundwater (c).

Before adsorption

Fig. S3. An image of the remaining phosphate determined by the molybdenum blue method after various incubation intervals of
PAni/BP adsorbent in double-distilled water at pH 5.5.
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