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A B S T R A C T

Globally, there are increased threats to available freshwater resources due to pollution, climate change, and
increased demand from population growth. Phosphorus is one of the essential nutrients required for animal and
plant growth. However, when it is released into freshwater resources in excess amounts, it can become a pol-
lutant through eutrophication. This study aimed to enhance the removal of phosphate from water using modified
coal. The coal was magnetised by in-situ synthesis using a precipitation technique. To obtain functional groups
and mechanical stability, magnetised coal particles were coated with polyaniline, via the polymerisation of
aniline to form Magnetised Unburnt Coal Polyaniline (MUC-PANI). The properties of MUC-PANI were in-
vestigated using TGA, BET, XRD, Raman spectroscopy, SEM, and FTIR. TGA reviewed MUC-PANI as 58%
magnetised coal and 42% polyaniline, while the specific surface area increased from 30.0 to 42.2 m2/g after
modification. SEM indicated a cauliflower structure on the surface of MUC-PANI due to the successful poly-
merisation of polyaniline. The FTIR spectrum showed successful adsorption of phosphate due to the formation of
incipient peak at1008 cm−1. The adsorption kinetic data are better fitted to the Elovich model. The Langmuir
adsorption capacity of MUC-PANI is 147.1mg PO4

3−/g at 25 °C and pH 5.0 (initial concentration 10-200mg/L,
dose 0.8 g/L). MUC-PANI is a cost-efficient compound for removal of phosphate because it is made from readily
available coal.

1. Introduction

Phosphorus is a crucial limiting nutrient for primary production in
ecosystems and an essential element in cellular composition. However,
the presence of phosphorus (above 1.0 mg/L) in water bodies causes
eutrophication The main sources of excess phosphorus in water are
industrial and agricultural runoff; thus, the removal of phosphorus from
wastewater, before it is discharged into water bodies is a necessity. In
developing economies, phosphorus levels are increasing at alarming
rates due to the increased utilisation of phosphorus infused products
(e.g. pigments), as well as limited advanced wastewater treatment
technologies (Cai et al., 2013; Hao et al., 2018).

Different techniques have been developed to remove phosphorus
from solutions, including chemical precipitation (Darwish et al., 2017),
adsorption (Mo et al., 2018; Wang et al., 2018; Wu et al., 2019), and

biological methods (Hao et al., 2018; Mujtaba et al., 2017). The latter
being the most commonly applied because of its ability to remove
ammonia, phosphorus and biological oxygen demand simultaneously.
However, pH, temperature, residence time, and organic loading affect
the biological process. Therefore, to achieve strict effluent phosphorus
concentration levels, biological approaches need reinforcement with
additional methods.

Adsorption is one of the most common methods applied in water
and wastewater treatment. Different adsorbents have been evaluated by
various research groups for the removal of phosphate from water (Su
et al., 2013; Yang et al., 2018). The suitability of any adsorbent is
governed by its adsorption capacity, availability, and cost. Carbon-re-
lated adsorbents have received considerable attention in the treatment
of wastewater; however, the use of coal as an adsorbent is still limited.
Coal consumption is expected to decrease due to growing advocacy and
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reliance on green energy. Unburnt coal contains a significant amount of
carbon (Gupta, 2018) that can be exploited in several ways. Therefore,
with the projected reduction of coal utilisation as an energy source,
alternative, environmentally friendly use should be assessed.

Coal waste has been successfully applied in the removal of vana-
dium from solution; however, rapid separation of the adsorbent from
the solution, after adsorption, presented a challenge (Kajjumba et al.,
2018a). It can be hypothesised that the impregnation of magnetic ele-
ments (iron, nickel, neodymium) could ease the parting of the ad-
sorbent upon the application of an external magnet. Additionally, the
coating of conducting polymers (polyacetylene, polypyrrole, polyani-
line) on magnetic coal could improve the mechanical stability, specific
surface area, and adsorption capacity. Therefore, the objectives of this
study were to (i) synthesize an efficient adsorbent from coal, using
conducting polymers; (ii) compare the phosphate adsorption perfor-
mances under various reaction times, initial phosphate concentrations,
temperatures, and pH values; (iii) elucidate probable adsorption me-
chanisms and characterizations using Fourier transform infrared (FTIR)
spectrometer, X-ray diffraction (XRD), and zeta potential.

2. Materials and methods

2.1. Chemicals

The coal used in this study was mined from Trakya (GPS:
41.141968N, 28.353888E). Iron (III) chloride (FeCl3.6H2O, 98-102%),
iron (II) chloride (FeCl2.4H2O, 99%), and ammonium hydroxide
(NH4OH, 26%) were used in the synthesis of magnetic particles. Aniline
(C6H5NH2), ammonium persulfate ((NH4)2S2O8, 98%) and hydrochloric
acid (HCl, 37%) were used to generate polyaniline structures. Sodium
dihydrogen phosphate anhydrous (NaH2PO4) was expended to prepare
a standard phosphate solution, while sodium hydroxide (NaOH, 99%)
and HCl were expended on altering the pH, and during the regeneration
process. Merck supplied all of the chemicals. Deionised water (con-
ductivity 0.15 μS/cm) was used in all of the experiments.

2.2. Magnetic unburnt coal synthesis

Coal was cleaned with deionised water and then dried for 36 h at
110 °C. The dried material was then conditioned using 1M NaCl for 24 h
to improve the dissolution of silica compounds to the amorphous
structure. It was then sieved and washed again with deionised water
and dried at 110 °C for 36 h. To produce magnetic coal, 75ml of 0.15M
FeCl2.4H20 (1.71 g) and 150ml of 0.15M FeCl3.6H2O (3.65 g) were
mixed with 3 g of coal for 30min at 80 °C, in a three neck reactor, under
a nitrogen atmosphere; afterwards, 50ml of 2M NH4OH were added
rapidly to adjust the pH to around 10, as seen in Eq. (1) and Fig. 1a
(Mthombeni et al., 2016). The temperature of the resultant mixture was
maintained at 80 °C and 400 rpm for 1 h. The formed magnetic coal was
collected by an external magnet, cleaned with deionised water, and
dried under a vacuum for 24 h at 40 °C.

+ + → ++ + −Fe 2Fe 8OH Fe O 4H O2 3
pH 10

3 4 2 (1)

2.3. Magnetic unburnt coal polyaniline (MUC-PANI) synthesis

To synthesise MUC-PANI, 2.7 ml of aniline solution was mixed with
50ml of 0.1M HCl (200 rpm) for 20min at a temperature near 0 °C; then
3.0 g of magnetised coal was added and stirred vigorously for 10min.
For polymerisation, 8.55 g of (NH4)2S2O8 were mixed with 50ml of
0.1M HCl, then added slowly; the resultant mixture was stirred for 5 h,
as seen in Fig. 1b. To the resultant mixture, 50ml of 1M NH4OH was
added (to neutralise), and the system was left to age for 36 h (Yang
et al., 2005). The possible chemical interactions are represented in the
following equation (2):

(2)

The solution was filtered with the help of an external magnet, and
the formed MUC-PANI was washed with methanol to remove oligomers
and non-polymeric impurities. Then the MUC-PANI was washed with
deionised water until a neutral pH was attained, and dried under a
vacuum for 24 h at 40 °C; 4.4 g of MUC-PANI were synthesised.

2.4. Characterisation

A Spectrum One PerkinElmer (USA) model FTIR spectrometer was
used to study the chemical characterisation of MUC-PANI before and
after adsorption. A Thermo-gravimetric Analyser (TGA) (model:
LINSEIS STA PT1750) was used to analyse the thermal behaviour, as
well as the amount of magnetic material and polyaniline formed on the
coal. While Raman spectroscopy (PerkinElmer Raman) was used to
clarify Fe2O3 hexagonal and Fe3O4 polyhedral particles. X-ray
Diffraction, (XRD) (Rigaku smart-Lab model) and Scanning Electron
Microscopy (SEM) (model JEOL/JSM-6610) were used to study the
morphology of the coal. The specific surface characteristics were as-
sessed with a Quantachrome Autosorb Brunauer-Emmett-Teller (BET)
equipped with a gas sorption analyser. The zeta potential was measured
using a Zetasizer Nano–ZS90 Instrument, Malvern, at 25 °C.

2.5. Batch adsorption studies

The standard phosphate solution was prepared by dissolving
NaH2PO4 in deionised water. Adsorption batch studies were assessed
by agitating 0.8 g/L of the MUC-PANI with 20ml of a phosphate solu-
tion (10-200mg/L) for at least 5 h at 140 rpm. The pH effect was stu-
died by changing the pH from 2.0 to 11 by adding dilute HCl and NaOH
solutions. The competition between phosphate and other anions was
analysed using Na2CO3, Na2SO4, and NaNO3. After adsorption, the so-
lution was filtered through a 0.45 μm filter before it was analysed with
Ion Chromatography (model: ICS-1100) to determine the residual
phosphate. The equilibrium amount of phosphate adsorbed was de-
termined using Eq. S(1).

2.6. Regeneration of MUC-PANI

For economic purposes, regeneration is necessary to examine the
reusability of an adsorbent. Low reusability generally means high
production and operating costs, which can make the application of the
adsorbent impractical even though it may have a high adsorption ca-
pacity. Used MUC-PANI was mixed with 50ml of 1M NaOH for 24 h at
25 °C to desorb the phosphate. The desorbed MUC-PANI was put in
contact with 2M HCl for 3.0 h for regeneration, dried at 110 °C, and
reused (Mthombeni et al., 2016).

2.7. Statistical analysis

Adsorption experiments were conducted in triplicates; statistical
analysis was performed using Microsoft Excel 2013 and OriginPro 8.0
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(OriginLab Corporation, Northampton, MA). Experimental results were
expressed as mean. The values in the figures were presented with
standard error deviation.

3. Results and discussion

3.1. Characterisation of the adsorbent and adsorption mechanism

Table 1 shows the physiochemical properties of the coal and MUC-
PANI, while Table S3 shows the corresponding chemical compositions.
The coal was composed mainly of carbon, silicon, and aluminium.
Compared to the raw coal, the contents of iron, nitrogen, and carbon
increased, while the loss on ignition of the MUC-PANI increased after
the introduction of polyaniline. The analysis of the magnetised unburnt
coal (MUC) with TGA data indicated that 25% of the composite was
magnetic and 75% coal, while the MUC-PANI composition was 58%
MUC, and 42% PANI (Section S3.1). Fig. S4 shows the TGA curves of
the unburnt coal, magnetised coal, and MUC-PANI. All curves show
minor weight loss at 100 °C, which is attributed to the loss of free
moisture. The weight loss between 100 °C and 260 °C is due to the re-
moval of volatile compounds. The weight loss between 260 °C and
700 °C is ascribed to the degradation of carbon moieties that form the
coal, while above 700 °C is attributed to the dihydroxylation of mus-
covite (Földvári, 2011).

The XRD pattern of the coal (Fig. 2a and Table S3) shows a typical
characteristic of coal with a diffraction peak at 2θ=12.450 associated
with the kaolinite and inter-planar spacing of 0.711 nm. At 2θ=26.60,
a significant peak is induced by quartz, with a d-spacing of 0.669 nm
(Chindaprasirt et al., 2009; Yuan et al., 2016). The small peak at
2θ=350 corresponds to goethite; other peaks correspond to illite,
muscovite, and gibbsite (Liu et al., 2012). Upon modification, the peak
of goethite increased (Fig. 2b), showing the penetration of more ironic
materials. After polymerisation, at low diffraction angles the intensity

of the peaks decreased, showing a change from crystalline to amor-
phous structure. The amorphous structure is more efficient during ad-
sorption than a crystalline structure (Yang et al., 2018). The change to
an amorphous phase suggests the attachment of polyaniline on the
surface of the coal; thus, MUC-PANI was successfully synthesised.
Comparing the XRD pattern before (Fig. 2b) and after adsorption
(Fig. 2c), there is minimal change in the diffractions; therefore, the
formed MUC-PANI is a stable adsorbent.

The characteristic reflections in the Fe3O4 phase and the Fe2O3

phase are about the same. To clarify the phase of polyhedral particles,
the Raman spectroscopy of MUC-PANI and Fe3O4 polyhedral particles
was conducted. α-Fe2O3 can be characterised by four strong peaks at
225, 299, 412, and 613 cm−1, while Fe3O4 is characterised by peaks at
538 and 668 cm−1 (Lu and Tsai, 2014). The appearance of a peak at
670 cm−1, Fig. S5 shows the presence of Fe3O4 polyhedral particles in
coal.

Unburnt coal shows a smooth surface with regular aggregated
particles (Fig. S6). A close assessment of the SEM image (Fig. 3a) shows
that the polyaniline formed a spiral network around the magnetised
coal. The comparison of SEM images taken before and after adsorption
(Fig. 3b) shows no major change in the morphology of the adsorbent;
thus, MUC-PANI is a mechanically stable adsorbent.

Table 1 shows the BET results: specific surface area, pore diameter,

Fig. 1. Preparation of (a) magnetic unburnt coal, (b) magnetic unburnt coal-polyaniline.

Table 1
BET properties of coal and MUC-PANI.

Parameter Coal MUC-PANI

Particle size (mm) 0.250–0.650a < 0.250a

Specific surface area (m2/g) 30.00 42.20
Total pore volume (cm3/g) 0.0488 0.210
Average pore diameter (Å) 32.58 103.8

a Measured with Zetasizer Nano–ZS90.

Fig. 2. XRD patterns for (a) Coal, (b) MUC-PANI, and (c) used MUC-PANI.
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and total pore volume. The BET surface area and pore volume of MUC-
PANI were higher than those of coal, which is due to the modification.
The average pore diameter of the coal was 32.58 Å, which improved the
penetration of the magnetic material to the inner region of the coal,
increasing the pore diameter to 103.83 Å.

Fig. 4a shows the FTIR spectrum of the coal. After the in-situ
synthesis of Fe3O4 in the coal matrix, the O-H band at 3386 cm−1 (Li
et al., 2010) was almost lost, indicating a chemical reaction occurred
during the synthesis, Fig. 4b. The formation of a 626 cm−1 peak, the
shift of a 512 cm−1 peak to 521, and the coal's reduction in intensity
indicate the formation of Fe3O4 in the matrix (Mthombeni et al., 2016).
After the polymerisation of polyaniline (emeraldine) (Fig. 4c), the FTIR
characteristic peaks of the MUC-PANI were close to those of polyaniline
(Hallajiqomi and Eisazadeh, 2017); thus, polyaniline was successfully
formed on the surface of the MUC-PANI composite.

The MUC-PANI spectrum shows incipient peaks at 1563, 1487,
1305, and 810 cm−1. These peaks correspond to a C=C stretching vi-
bration of the quinoid ring, a C=C stretching vibration of the benze-
noid ring, a C-N stretching vibration, a C-H in-plane deformation, and a
C-H out-of-plane deformation, respectively (Socrates, 2004). After ad-
sorption (Fig. 4d), there is a formation of a weak band at 1008 cm−1;
this peak is a result of phosphate adsorption (Socrates, 2004; Xie et al.,
2014) on the MUC-PANI. Comparing Fig. 4c and d, the shift, weak-
ening, disappearance, and formation of new peaks show the adsorption
of phosphate in the MUC-PANI matrix. This formation of a second
network on the MUC-PANI indicates that the adsorption of phosphate
may be chemisorption in nature (Emik, 2014) through ligand and/or

ion exchange.

3.2. pH effect

pH is an important parameter that determines the interaction be-
tween the adsorbent and the adsorbate. The pH effect was studied by
mixing 0.8 g/L of the adsorbent with 20ml of 50mg/L of phosphate
solution at different pH (2.0–11.0). As shown in Fig. S7, the optimum
pH for removal of phosphate was 3.0 < pH < 6.0. According to the
ionisation fraction and distribution diagram (Fig. S8), at pH≤ 2, H PO3 4

dominate the solution, while at 2.0 < pH < 7.2, −H PO2 4 controls the
system. At 7.2 < pH < 12.3 and pH > 12.3, −HPO4

2 and −PO4
3 are the

main species of phosphate in the solution, respectively.
The adsorption efficiency of these species is in order of −PO4

3 >
−HPO4

2 > −H PO2 4 > H PO3 4. This explains why the removal rate of
phosphate increased with pH increase. The equilibrium pH after
phosphate adsorption decreased, compared with the initial pH, because
of hydrogen ions released to the solution through ligand exchange; this
is confirmed by the noticeable drop in pH > 7.0 after adsorption,
Fig. 5a. The decline in adsorption (pH≥ 7.0) is due to the presence of a
high concentration of −OH , which is competing with the phosphate
ions.

At low pH, the MUC-PANI is easily protonated, enhancing the
electrostatic force that favours phosphate adsorption. The surface
electrostatic potential was assessed (Fig. 5b). The zeta potential was
zero at pH 5.3, above which the ʐ-potential was negative, causing
electrostatic repulsion between the adsorbent and the adsorbate.
However, even at pH 10, there was some adsorption of phosphate
(35%). Because of this, and the fact that adsorption was less affected by

Fig. 3. SEM images of MUC-PANI (a) before and (b) after adsorption.

Fig. 4. FTIR spectrum of (a) coal, (b) MUC, (c) MUC-PANI before adsorption,
and (d) MUC-PANI after adsorption. Fig. 5. pH change (a) before and after adsorption and (b) Zeta potential.
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pH (2 < pH < 7), other mechanisms, rather than electrostatic force
only, are suggested during the removal of phosphate.

3.3. Adsorption kinetics and rate-limiting step

The adsorption kinetics of phosphate onto the MUC-PANI are shown
in Fig. S9a. Regardless of the initial adsorbate concentration, there was
a rapid removal of phosphate within the first 15min, owing to readily
available sites on the MUC-PANI, as well as electrostatic attraction.
Additionally, the highly interconnected pore structure accelerated the
contact between the adsorbent and adsorbate. This expedited removal
could help to reduce the reactor size during practical application. An
analysis of 10mg/L of the phosphate adsorption isotherm showed that
at equilibrium, only 0.267mg/L of the phosphate remained in solution,
which is below the allowable 0.50–1.0 mg/L of effluent phosphate
concentration.

To understand the adsorption mechanism of phosphate onto MUC-
PANI, sorption kinetics were analysed using linear, pseudo first order
(PFO), pseudo second order (PSO), and Elovich models, Eqs. S2-S4
(Blanchard et al., 1984; Lagergren, 1898; McLintock, 1967).

The kinetic model and error results are summarised in Table S4,
Table S5, and Figs. S9b–S14.

According to the calculated correlation coefficient (R2) and nor-
malized standard deviation (NSD) values for linear models, adsorption
kinetic data is best described with the PSO kinetic model. However, the
linearization of the kinetics model distorts the distribution of error
factor (Kajjumba et al., 2018b); therefore, non-linear models were used
to predict the best kinetics. Analysis of all error functions for nonlinear
adsorption kinetics (Table S5) indicated that the Elovich model pro-
vides the best fit for the adsorption of phosphate. Thus, the nature of
adsorption on the heterogeneous surface of MUC-PANI is best described
by chemisorption through inner-sphere complex formation. The valence
forces are between the amine functional group on the polyaniline and
phosphate, as shown in Eq.(3).

(3)

Neither PFO nor PSO kinetics can predict the diffusion mechan-
ism—film diffusion and intra-particle diffusion that may control the
adsorption process. To understand the rate-controlling step during ad-
sorption, the intra-particle diffusion model was assessed using Eq. S(5).

Fig. S16 and Table S6 show the plots and results of the intra-particle
diffusion model. The isotherm at 50mg/L exhibits the largest initial
boundary layer. The first sharp stage is due to the boundary layer dif-
fusion of phosphate through the solution to the external surface of the
MUC-PANI through a hydrodynamic boundary layer. The second sec-
tion shows the gradual adsorption of the ions due to the abundant voids
on the cross-linked MUC-PANI, with intra-particle diffusion being the
rate-limiting step (Emik, 2014). The last section of the graph (after
120min) shows equilibrium adsorption, where intra-particle diffusion
becomes slow due to ligand exchange. To confirm whether intra-par-
ticle diffusion is the rate-limiting step during phosphate adsorption, a
Boyd analysis was employed using Eq. (4) (Boyd et al., 1947):

∑= − ⎛
⎝

⎞
⎠

−
∞

F
π n

n B1 6 1 exp( )t2
1

2
2

(4)

where F is the ratio of adsorbate adsorbed at time t to the amount
adsorbed at an infinite time; n is the Freundlich constant, and Bt is a
mathematical function of F. The values of F can be calculated using the
expression below:

=
∞

F
q
q

t

(5)

where ∞q is the amount of phosphate adsorbed at the infinite

time—48 h for this study. For simplicity, a Boyd equation can be re-
arranged in two forms as follows:

≤ ≤ = − − ⎛
⎝

− ⎞
⎠

F B π π F π πF0 0.85: 2
3

2 1
3t

2 1/2

(6)

and

≤ ≤ = − − −F B F0.86 1: 0.4977 ln(1 )t (7)

The values of F are calculated using Eq. (6), while Bt values are
calculated based on Eqs. 7 and 11. The plot Bt vs time helps to predict
the exact rate-limiting step during adsorption—either intra-particle or
mass transport (Doğan and Aydın, 2014; Emik, 2014). When the plot of
Bt vs t is equivalent to the graph y= bx, the governing step is intra-
particle diffusion; otherwise, it is film diffusion. Albeit the plot of Bt vs t
(Fig. S15) yielded a good correlation, the intercept is not zero, intra-
particle diffusion is not the rate-limiting step. Therefore, different me-
chanisms controlled the adsorption of phosphate, but only one was rate
limiting in a particular given time range.

3.4. Adsorption isotherms

The study of adsorption isotherms helps the understanding of the
interface between solid and liquid phases at equilibrium, and the esti-
mation of the adsorption capacity of an adsorbent. The two-parameter
Langmuir and Freundlich isotherms were studied, while the Dubinin-
Radushkevich (D-R) model was used to study the mean adsorption
energy, Eqs. S6-S9 (Dubinin and Radushkevich, 1947; Freundlich,
1906; Langmuir, 1918).

Adsorption models of phosphate on the MUC-PANI were studied at
10.0, 25.0, and 40.0 °C, Fig. 6a–d. An increase in temperature increased
adsorption capacity (Fig. 6a). Table 2 summarises the adsorption
parameter of each model. The assessment of error parameters (Table
S7) indicated that the Langmuir model (adsorption capa-
city= 147.1mg/L at 298 K and pH 5.0) is the most appropriate for the
fit of the equilibrium experimental data. Comparing the monolayer
adsorption capacity (Table 3), the MUC-PANI exhibits a competitive
capacity. Although the MUC-PANI did not show maximum qm, its ap-
plication in wastewater treatment offers a cost benefit, its skeleton is
produced from cheap and readily available coal. In addition, with an
influent concentration of 10mg PO4

3−/L, the MUC-PANI was able to
remove over 97% of the phosphate. Such performance can supplement
the biological processes to meet the stringent effluent standards.

To predict whether adsorption was a favoured mechanism during
the removal of phosphate from the solution, the dimensionless se-
peration constant, RL, was calculated using Eq. S(10). The RL values
between 0 < RL < 1 favour adsorption process (Emik, 2014). From
Table 2, all the RL values are below 1.0; thus, adsorption was favoured
during the removal of phosphate. In addition, the values of 1/n are in
the range of 0–1, which favours the adsorption mechanism (Emik,
2014; Kajjumba et al., 2018a).

To understand the adsorption mechanism, mean adsorption energy
E, which explains the change in free energy when one mole of phos-
phate is adsorbed to the surface of the MUC-PANI, was assessed using
Eq. S(11). When 1.0 < E < 8.0 kJ/mol, physical adsorption controls
the adsorption, while when 8.0 < E < 16.0 kJ/mol, ion exchange
dominates the adsorption process (Su et al., 2013). The values of E
(Table 2) are below 8.0 kJ/mol at all temperatures, which indicates the
ion exchange mechanism is not the only major force during the ad-
sorption of phosphate.

3.5. Selectivity of MUC-PANI

Wastewater composition is complex with different ions and organic
substances that can affect the removal of a target contaminant. The
removal of phosphate by MUC-PANI was tested in a binary system
containing Na2CO3, Na2SO4, and NaNO3. At a low concentration of
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competing ions, the removal of phosphate was less affected; however,
the increase of carbonate concentration greatly affected the removal of
phosphate (Fig. S19). Both nitrate and sulphate are strong nucleophiles;
therefore, they are expected to compete favourably against phosphate
during ligand exchange. However, neither of them form complex
spheres with MUC-PANI; rather, they are good leaving groups, easily
detaching from electrophiles (Schwarzenbach et al., 2003). Thus,
phosphate ions can easily replace them on the amine functional group.
Both carbonate and phosphate have the same nucleophilic strength.
Thus, carbonate will compete for adsorption sites (through ligand ex-
change) with the same power as phosphate ions. Additionally, carbo-
nate is not a good leaving group, as it forms multiple spheres with the
MUC-PANI. This explains why the adsorption of phosphate decreased in
the presence of carbonate ions.

3.6. Reusability

To test the reusability of MUC-PANI, the saturated/used adsorbent
was mixed with 1M NaOH for approximately 24 h to desorb the phos-
phate and then regenerated with 2M HCl, dried at 110 °C, and reused.
Fig. S20 shows the adsorbed fraction each time the MUC-PANI was
reused. The adsorption capacity was over 90% for the first five cycles
and dropped to 85% in the sixth cycle. This shows that MUC-PANI is a
stable adsorbate. The decrease in the phosphate adsorption capacity is
probably due to the diffusion and adsorption of some phosphate moi-
eties into the deep pores or due to the formation of strong bonds with
MUC-PANI.

4. Conclusion

This study modified unburnt coal, improving coal's adsorption ca-
pacity by a factor over three. Using coal as an adsorbent provides an
environmentally friendly way of utilising coal. The removal of

Fig. 6. Effect of (a) temperature on adsorption of phosphate (b)-(d) equilibrium isotherm at different temperatures; adsorbent dose=0.8 g/L and pH 5.0.

Table 2
Adsorption isotherm coefficients.

Isotherm Parameter Temperature (K)

283.0 298.0 313.0

Langmuir qm (mg/g) 140.8 147.1 175.4
b (L/mg) 0.190 0.219 0.210
RL 0.0256 0.0224 0.0232
R2 0.997 0.998 0.991
NSDa 0.248 0.237 0.233

Freundlich KF ((mg/g)(L/mg)1/n) 27.64 29.92 33.30
1/n 0.404 0.404 0.439
R2 0.976 0.983 0.921
NSD 0.474 0.361 0.465

D-R βDR×10−9 (mol2/J2) 27.00 25.90 25.30
qDR (mg/g) 164.1 183.0 230.8
E (KJ/mol) 4.303 4.394 4.446
R2 0.882 0.956 0.869
NSD 1.638 0.265 1.229

a Normalized standard deviation.

Table 3
Comparison of phosphate adsorption capacity among different adsorbents.

Adsorbent pH Temp (K) Dose (g/L) qm (mg/g) Reference

Amorphous ZrO2 6.2 298 0.1 99.00 Su et al., (2013)
Modified La2O3 5.6 298 0.5 58.70 Wu et al., (2019)
Modified bauxsol 4.2 325 0.5 192.9 Ye et al., (2016)
Bismuth-biochar 3.0 298 2.0 384.3 Zhu et al., (2016)
Iron-biochar 7.0 295 2.0 111.0 Yang et al., (2018)
Coal 5.0 298 0.8 46.34 This study
Modified coal 5.0 298 0.8 147.1 This study
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phosphate by MUC-PANI is a complex mechanism, with an amine group
on polyaniline playing a role in the removal of phosphate ions and/or
ligand exchange. Between 3.0 < pH < 6.0, the adsorption of phos-
phate onto MUC-PANI was less affected. The rate-limiting step in the
adsorption of phosphate is boundary layer diffusion. Phosphate ad-
sorption was spontaneous during the first 15 min, and with an initial
concentration of 10mg/L, modified coal managed to remove over 97%
of the phosphate. MUC-PANI has a competitive adsorption capacity
compared to other adsorbents. At low concentrations, competing ions
have less effect on the adsorption of phosphate.
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