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Abstract: High loadings of wastewater with phosphors (P) require purification measures, which
can be challenging to realize in regions where the technical and financial frame does not allow
sophisticated applications. Simple percolation devices employing various kinds of adsorbents might
be an alternative. Here, we investigated the application of leftover coal, which was collected from
Ethiopian coal mining areas, as an adsorbent for the removal of phosphate from aqueous solutions in
a classical slurry batch set-up. The combined effects of operational parameters such as contact time,
initial concentration, and solution pH on P retention efficiency was studied employing the Response
Surface Methodology (RSM). The maximum phosphate adsorption (79% removal and 198 mg kg−1

leftover coal) was obtained at a contact time of 200 min, an initial phosphate concentration of 5 mg/L,
and a solution pH of 2.3. The Freundlich isotherm was fitted to the experimental data. The pseudo
second-order equation describes the experimental data well, with a correlation value of R2 = 0.99.
The effect of temperature on the adsorption reveals that the process is exothermic. The results
demonstrate that leftover coal material could potentially be applied for the removal of phosphate
from aqueous media, but additional testing in a flow-through set-up using real wastewater is required
to draw definite conclusions.

Keywords: leftover coal; phosphate; isotherms; aqueous solution; central composite design

1. Introduction

Phosphorus, generally occurring as phosphate (PO4
3−) in aqueous solutions [1], is an essential

amendment and nutrient for many industrial and agricultural applications and often present in water
and wastewater at various concentrations [2]. For example, phosphate is highly required for the
manufacturing of glass products (like glass fiber, military-grade lasers), toothpaste, pesticides and
detergent among others [3]. However, the increase of phosphate in water bodies promotes the growth
of algae, which results in eutrophication and eventually consumes dissolved oxygen thereby adversely
affects water quality [2,4,5].

Municipal and industrial wastewaters are the main point sources for phosphate while run-off

from agriculture is the dominant non-point source. Studies indicate that 4 to 15 mg/L phosphate may
be contained in municipal wastewater, whereas effluent from chemical industries such as detergent
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manufacturing and metal coating processes may contain 14 to 25 mg/L phosphate [3,6]. According to
Yadav et al. [7] the tolerable phosphate level in waters should not exceed 0.05 mg/L to maintain an
ecologically sustainable status. In such a case, to lower the phosphate loading in wastewater and runoff

especially if local circumstances do not allow for advanced techniques such as membrane filtration
became a challenge to local scientists and engineers.

The most widespread wastewater treatment technology for phosphate removal is based on
precipitation processes, in which massive amounts of chemicals such as iron and aluminum salts are
utilized [8]. However, many of the techniques are suffering from either large amounts of sludge for
disposal, or high operational and maintenance costs with recurring expenses, which are not suitable for
many developing countries such as Ethiopia. Therefore, searching cost-effective and environmentally
sound phosphate removal alternatives for low-income countries is essential.

A variety of physical, chemical, and biological methods have been developed in recent years for
the removal of phosphate from wastewater. Advanced biological methods can remove up to 97% of
phosphate and generate low amounts of sludge but the method has limited practical applicability [8].
Similarly, physical processes (sedimentation, membrane filtration, etc.) techniques are too expensive
and accompanied by a high sludge production and often inefficient in the removal of phosphate from
wastewater effluent [9,10].

Studies on P-laden wastewater treatments have revealed adsorption to be a highly effective and
easy method among the physicochemical treatment processes if materials are carefully chosen [11,12].
Some of these adsorbents are calcite [2], nanoscale zerovalent iron (NZVI) [3], rice husk and fruit
juice [7], acid-activated red mud [13], granulated coal ash [14], aleppo pine [15], zirconium(IV) loaded
fibrous [16], still slag produced [17], bone charcoal [18], Lanthanum hydroxide materials [19], aluminum
sludge [20], modified multi-walled carbon nanotube with chitosan [21], manganese-laden bio-char [22],
marble waste [23], chitosan composited beads derived from crude oil refinery waste [24], iron-coated
diatomite [25], halloysite nanotubes [26], and industrial solid waste bio-char [27]. Adsorption emerges
as a robust process that could solve the aforementioned problems and render the treatment system more
economically viable, especially if low-cost adsorbents are involved. Recently, considerable attention
has been directed towards naturally occurring and abundantly available carbon-related adsorbents
due to the high cost of widely used activated carbon.

Coals, as well as leftover coal, are carbon-rich materials, which could prove suitable for the
removal of phosphate from aqueous solutions. Leftover coal is basically a material that was left as
waste after mining underground deposited coal. In many parts of the world (including Ethiopia) this
leftover coal is abundantly available. Open-pit coal mining is widespread in Ethiopia where there are
more than 430 million tons of coal deposits found in the country of which Yayu coal mining being the
largest site [28]. About 200 million tons of coal deposits to be mined in the area, from which more than
0.1% is leftover coal.

The potential of coal to remove phosphate has been reported [14,29,30]. Moreover, a variety of
carbon-related materials such as coal gangue loaded with zirconium oxide [1], coal bottom ash [31],
magnetic coal [32], coal slag [33], and coal fly ash [34] are used as adsorbents for phosphate removal
from aqueous solutions. However, very limited information is available so far on the phosphate
adsorption on raw leftover coal. Therefore, the objectives of the present study were to (i) investigate
the possible use of raw leftover coal as an adsorbent for the removal of phosphate from aqueous
solution by considering various contact times, pH values, initial phosphate concentrations, particle
size, adsorbent dose and temperature; (ii) evaluate and optimize the interactive effects of operating
parameters using the Central Composite Design (CCD), a common approach of the response surface
methodology (RSM); (iii) elucidate adsorption mechanisms using energy dispersive x-ray spectrometer
with the scanning electron microscope (EDX-SEM), as well as kinetics and isotherm models.
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2. Materials and Methods

2.1. Adsorbent Preparation and Characterization

The sample (leftover coal) was obtained from Yayu coal mining, Ethiopia (Figure S1 in
Supplementary Data). The chemical composition of the leftover coal shows that the material has a
high potential for phosphate adsorption due to significant amounts of oxides (54.56% SiO2, 34.17%
Al2O3, 6.85% Fe2O3, 1.42% CaO, 0.9% SO3, 0.71% MgO) [30].

Images and elemental spectra of the leftover coal, before and after adsorption, were obtained
from EDX-SEM (energy dispersive X-ray spectrometer with a scanning electron microscope).
Physico–chemical properties such as organic matter, moisture content, electrical conductivity and pH
zero point of charges (pHzpc) were also measured according to Penn and Bowen [35]. Organic matter,
moisture content, electrical conductivity and pHzpc of the coal material were determined to be 28.5%,
0.93%, 0.69 mS cm−1 and 4.6, respectively.

Prior to adsorption experiments, the collected raw material was washed thoroughly and repeatedly
with de-ionized water to remove dust and small particles adhered to it [20]. Then, the wet material was
transferred to an oven for drying at a temperature of 105 ◦C for 1440 min to obtain constant mass [36].
Subsequently, the sample was grounded to small granules and passed through an appropriate mesh
size (75–425 µm). Finally, the well-sieved sample was stored in a desiccator to prevent moisture uptake
until the onset of the experiments.

2.2. Reagents Used and Adsorbate Prepartaion

Hydrochloric acid (0.1 M HCl), sulfuric acid (50% H2SO4), sodium hydroxide (0.1 M NaOH),
ammonium molybdate ((NH4)6Mo7O24·4H2O), potassium antimony tartrate ((SbO)K(C4H4)6)·1/2H2O)
and ascorbic acid (C6H8O6) were used for the photometric quantification of phosphate. All chemicals
and reagents used in this experiment were of analytical grade from Merck Germany unless
stated otherwise.

A stock solution of potassium dihydrogen phosphate, KH2PO4 with a concentration of 1000 mg/L
PO4

3− and 99.9% purity, was diluted to a working solution with concentrations of 0.5 mg/L PO4
3− to

25 mg/L PO4
3− in 1000 mL of de-ionized water then labeled as ‘phosphate solution or working solution’

and stored in a tightly closed plastic bottle in a cool place (4 ◦C) until the experiments were commenced.

2.3. Experimental Set-Up

All the experiments were conducted in batch mode by adding 25 mL of phosphate solution to 1 g
of leftover coal (initial solution concentration ranging from 0.5 mg/L to 25 mg/L, the temperature at
20 ◦C and pH = 3.5) in 100 mL Erlenmeyer flasks. The flasks were shaken using a horizontal shaker
(Edmund Buhler 7400 Tubingen, SM 25, Germany) operating at 200 rpm for 1440 min. After the
shaking of the slurries, the suspensions were centrifuged using a centrifuge apparatus (HERAEUS
MULTIFUGE 3RS+ Centrifuge, Kendro GmbH, Hanau, Germany) operating at 3000 rpm for 10 min
and immediately filtered by means of a vacuum filtration pump employing 0.45 µm filter (Whatman,
Carl Roth GmbH, Karsruhe, Germany) to obtain a clear supernatant aliquot. The supernatant solution
obtained from filtration was then treated with ammonium molybdate and ascorbic acid solution
prior to the phosphate analysis (molybdenum-blue ascorbic acid method) [37]. Finally, the phosphate
concentration of the solution was analyzed using a spectrophotometer (UV-SPECTROD 40, Analytik
Jena AG, Jena, Germany). The adsorbed and % removal of phosphate was computed using Equations
(1) and (2) as indicated below:

qt =
(Co −Ct)V

M
(1)

(%) =
(Co −Ct

Co

)
× 100, (2)
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where qt is the amount of phosphate adsorbed per unit mass of adsorbent (mg/g) at time t; Co, Ct are
the initial and final concentration of phosphate at time t (mg/L) respectively, V is the volume of the
solution contacted with the adsorbent (L), M is mass of the adsorbent (g) and (%) is percent removal at
time t. For data accuracy and error minimization, all experiments were conducted in duplicate and the
average values were used for data interpretation and analysis.

2.4. Effects of Particle Size

The effect of particle size on the adsorption of P was studied as follows: 200 mL of a 10 mg/L
phosphate solution was mixed with g of adsorbent (adsorbent to solution ratio = 1:25) size in a series of
250 Erlenmeyer flasks. Well-caped flasks were then placed in a horizontal shaker operating at 200 rpm
for 240 min. The samples were withdrawn at different time intervals and phosphate concentrations
were measured as usual.

2.5. Effects of Temperature

The effect of temperature on the adsorption of P was measure in a separate experiment. We
added 1 g of adsorbent to the series of 100 mL flasks containing 25 mL phosphate solution with a
concentration of 10 mg/L and stirred with a magnetic stirring plate at predetermined temperatures (20,
40 and 60 ◦C) for 2 h. Then, the suspension solution filtered and phosphate detection analysis has been
commenced as used for adsorption study.

2.6. Adsorption Kinetics

In order to investigate the adsorption kinetics, pseudo-first order and pseudo-second-order linear
kinetic models were applied for the estimation of rate constants [38]. Pseudo-first-order expression
was employed as in Equation (3):

log(qe − qt) = log
(
qe

)
− K1t/2.0303, (3)

where K1 is the first-order rate constant of adsorption (min−1); qe (mg/g) and, qt (mg/g) are the amount
of phosphate adsorbed at equilibrium and at time t respectively. The values of K1 and qe can be
obtained from the slope and the intercept of a linear straight-line plot of log (qe − qt) versus t.

The pseudo second-order equation can be written as shown in Equation (4): [26]

dqt

dt
= K2

(
qe − qt

)2
. (4)

And integrating provided the linear pseudo-second order expression as:

t
qt

=
1
x
+

1
qe

t,

where qe (mg/g) and qt (mg/g) are the amount of phosphate adsorbed at equilibrium and time t
respectively; x = K2qe

2 and K2 is the rate constant of the pseudo second-order model (g/mg-min).
The value of x and qe can be obtained from the linear t/qt vs. t plot.

2.7. Adsorption Isotherm

Various models can be employed to characterize the adsorption behavior of a given compound
analyzing experimental data. Adsorption isotherms relate the adsorbed amount of phosphate to
the equilibrium solution concentration at a constant temperature. These relations are also named
‘quantity-intensity-relations’. Freundlich and Langmuir isotherms are the most frequently used models
to analyze experimental observations [6]. These two non- linear isotherm models (Equations (5) and
(6)) were applied to obtain the adsorption isotherm constants.
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Langmuir equation:

qe =
KLqmaxCe

1 + KLCe
. (5)

Freundlich equation:
qe = KFCe

1/n, (6)

where qe (mg/g) is the specific amount of adsorbate (phosphate), and Ce (mg/L) is the adsorbate
concentration in the liquid phase at equilibrium. The constants KL (L/mg) and qmax (mg/g) of the
Langmuir isotherm are indicative of adsorption energy and adsorption density respectively. KF and n
(dimensionless) are Freundlich constants and indicate the total adsorption capacity and intensity of
adsorption respectively.

The Langmuir equation is also used to obtain RL, the separation factor, from the following
expression: RL = 1

1 + KLCo
in which Co (mg/L) is the initial concentration of phosphate in the solution.

If 0 < RL < 1 then a favorable adsorption situation can be assumed, while RL > 1 indicates an
unfavorable adsorption, and RL = 1 and RL = 0 indicate a linear and irreversible adsorption isotherm
respectively [11]. The model equations were fitted to the experimental data using the Microsoft Excel
solver function.

2.8. Statistical Analysis—Central Composite Design (CCD)

The effect of experimental conditions on the adsorption process can be evaluated by either
analyzing one factor at a time (varying only one parameter and holding the other parameters constant)
or by a multiple factor optimization (parallel processing of two and more parameters). The first
method is tedious and often inappropriate whereas the latter one is simple, efficient and precise for
testing the effect of various parameters simultaneously [39]. Here we used a multivariate mathematical
model approach the so-called Response Surface Method (RSM). The Central Composite Design (CCD)
is one of the major of RSM and it was used to evaluate the relation and the combined effect of the
selected independent parameters such as contact time (A), initial concentration (B) and solution
pH (C) on the response parameters such as % removal (Y1) and adsorption capacity—q (Y2). The
experimental results were analyzed using the CCD method, which is a widely used statistical approach
in a multi-parameter operation for optimization experiments [39,40]. For three factors, as in this case,
the number of required experiments is assessed as follows: N = 2k + 2k + z = 23 + 2 × 3 + 6 = 20; where
N is the number of necessary experiments, k the number of factors and z is the number of replicate
values at the central point. Accordingly, 20 experiments with six replicates were conducted (Table S6 in
Supplementary Data) for the specific method. After conducting the experiments, the coefficients of
the polynomial of the mathematical model were calculated using the following quadratic equation
Equation (7) [41].

Y = β0 +
k∑

i=1

βiXi +
∑
i<j

·

∑
βijXiXj +

k∑
i=1

βiiXi
2, (7)

where Y is predicted responses (% removal of phosphate or/and removal capacity, q), XiXj are the coded
values of independent variables (contact time-A, initial concentration-B and solution pH-C), βo is
constant coefficient, βi, βii and βij are the linear, quadratic and interaction coefficients respectively.
The statistical significance of the obtained model was tested and analyzed by an analysis of variance
(ANOVA) which was performed by the Design Expert software (Version 11.0, StatEase, Minneapolis,
MN, USA).

3. Results and Discussion

3.1. Raw Material Characterization

The energy dispersive X-ray (EDX) and the scanning electron microscope (SEM) images and
elemental spectra of the adsorbent were described both before and after adsorption respectively
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(Figure 1). The SEM images of the adsorbent revealed that the leftover coal has a spherical shape
and heterogeneous cross-sectional surfaces (Figure 1a,b). The EDX analysis showed the elemental
composition and spectral peaks of the adsorbent. Figure 1c,d revealed that the peak with contents
of carbon(C), silica (Si), aluminum (Al), sulfur (S), calcium (Ca) and iron (Fe) all at K-alpha signals.
As expected, the leftover coal contains high amounts of SiO2, Al2O3 and organic materials. The p was
observed after adsorption at the peak position of 1.98 keV as K-alpha signal (Figure 1d), from which
we conclude that leftover coal material is suitable for phosphate removal.

Figure 1. Scanning electron microscope (SEM) images (a) before adsorption, (b) after adsorption;
energy dispersive X-ray (EDX) elemental spectra (c) before adsorption and (d) after adsorption.

3.2. Effect of Contact Time and Adsorption Kinetics

The effect of contact time on phosphate removal by leftover coal is presented in Figure 2a.
The phosphate capture on the surface of adsorbent was very rapid in the first 200 min, and equilibrium
was attained after 720 min contact time. Increasing the contact time increased the uptake of phosphate,
indicating the high affinity of phosphate to bare surfaces and a fast filling of active sites due to boundary
layer diffusion [11,20]. It can be observed from Figure 2a that the adsorption process had a rapid and a
slow component. The rapid adsorption (up to 200 min) was based on the availability of active sites and
a high phosphate concentration in the solution at the early stages of the experiment. The following
slow adsorption is due to intra-particle diffusion and an according phosphate mass transfer onto
leftover coal particle. A similar finding has been reported in the literature [42].
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Figure 2. Kinetic of phosphate adsorption process: (a) Effect of contact time on phosphate removal and
(b) linear regression of t/q vs. time (pseudo second-order).

Commonly used two kinetic models, pseudo-first and pseudo-second-order models, were
employed to fit the experimental data. Optimized model parameter values are presented in Table 1.
The equilibrium capacity as obtained from the fitting procedure employing the pseudo second-order
model (qe) very well represented the measured value. The pseudo second-order model best represents
the experimental data (R2 = 0.99; Figure 2b), which can be taken as an indicator that chemisorption
was the dominant process [43,44].

Table 1. Adsorption kinetics constants.

Initial Concentration (mg/L) Pseudo First Order Pseudo Second Order

qe, exp
(mg/g)

qe, cal
(mg/g)

K1
(min−1)

R2 qe, exp
(mg/g)

qe, cal
(mg/g)

K2
(g/mg min) R2

10 0.20283 0.11676 0.195 0.96 0.20283 0.20511 7.67 0.99

3.3. Effect of Initial pH

A pH zero point of charge (pHzpc) for leftover coal material was measured to be 4.6. It is known
that adsorption of anions (i.e., phosphate-PO4

3−) on the leftover coal at a pH lower than the pHzpc is
elevated because of the high density of positive charges on the surface. On the other hand, adsorption
at a pH higher than the pHzpc can be expected to be lower because of the repulsion of similar ions.
It was reported in literature that pH is a critical factor that affects the adsorption of phosphate [7,45].
The effect of pH on phosphate adsorption onto leftover coal for this study is presented in Figure S2 in
Supplementary Data. The percentage of phosphate removed from the aqueous solution decreased
(from 86% to 68%) as the pH of the solution increased from 2 to 12 indicating that the adsorption of
phosphate is likely to be based on physical interactions between the surfaces of the adsorbents and
adsorbate [15]. At the lower pH range adsorption increases at sites with a variable charge (e.g., –COOH,
–NH3) because of increasing protonation. At high pH values, the competition with OH ions increases,
and phosphate adsorption decreases [20,46]. The results obtained here (Figure S2), however, revealed
that the leftover coal material could adsorb phosphate over a wide pH range of 2–10. The maximum
percent removal of phosphate (86%) was obtained at a lower pH = 2 and up to 80% removal can be
maintained even up to a pH of 10. Adsorption at high pH values may be caused by bridging of cations,
which are present at the surface of the adsorbent [1]. For pH greater than 10, the adsorption capacity
decreases sharply because of the more negative charges on the surface of the adsorbent. Similar reports
confirm that phosphate removal is less efficient under alkaline conditions [47,48].
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3.4. Effect of Adsorbent Dose

The adsorbent dose is the ratio of the mass of adsorbent to solution volume and is one of the
important factors in the removal process. The effect of adsorbent dose on the phosphate removal
onto leftover coal was investigated in the range of 0.5–5 g and the result was presented in Figure S3.
The percent of phosphate removal increased (from 58% to 96%) with the increase of the dose of leftover
coal (from 0.5 g to 5 g). On the other side, the mass uptake per unit adsorbent (q, mg/g) was decreasing
(from 2.9 mg/g to 0.5 mg/g) with increasing the dose of leftover coal from 0.5 g to 5 g, which can be
related to the higher abundance of sorption sites. Similar observations have been reported by other
investigators [49–51].

3.5. Effect of Particle Size

The effect of particle size on the adsorption of phosphate was investigated with three different
particle sizes. The particle sizes of the material were categorized as silt sand (less than 0.075 mm),
fine sand (0.075 mm to 0.425 mm) and medium sand (0.425–2 mm). As can be seen from Figure 3,
the percent of phosphate removed by the fine sand fraction was higher (94.5%) than that of the silt
and medium sand of the adsorbent (91.8% and 92.1%) after 240 min reaction time. At an earlier stage
of the experiment (after 90 min) differences were slightly more pronounced. The results showed
that the particle size as investigated here has only minor effects on the adsorption capacity, which is
only partially in agreement with earlier studies [11]. Based on the results from the particle size tests,
all subsequent experiments were conducted with adsorbent material of the fine sand fraction (0.075 mm
to 0.425 mm.

Figure 3. Effect of particle size on removal of phosphate (temperature: 20 ◦C; Co: 10 mg/L; dose 40 g/L;
contact time 240 min).

3.6. Effect of Initial Concentration

The percent removal of phosphate gradually decreased (from 93.4% to 55%) with increasing
the initial concentration of phosphate (from 0.5 mg/L to 25 mg/L). It is likely that active adsorption
sites become saturated at higher initial concentrations [7]. It has to be emphasized that the percent
removal as presented here is based on concentrations (Equation (2)). If total amounts are considered,
it can be observed that with increasing initial concentration the adsorbed amount (q, mg/g) is likewise
increasing (0.011 mg/g to 0.344 mg/g; Figure S4). At higher concentrations, driving forces (diffusive
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gradient) are also higher and barriers of mass transfer between aqueous solution and solid interfaces
are overcome [52]. Although, the increased amount of phosphate removed on the surface of the
adsorbent with increasing initial concentration is an indicator for the removal of highly contaminated
water, the effects of other pollutants have to be considered otherwise the performance of the adsorbent
material will be limited in real wastewater treatment and the surface of the leftover coal has to be
modified for the better removal. Furthermore, credible pieces of evidence from scientific literature
substantiate both beneficial and detrimental effects of coexisting anions in aqueous solution [41,53,54].

3.7. Adsorption Isotherm and Thermodynamics

Adsorption of phosphate onto leftover coal was described by both Freundlich and Langmuir
isotherm models. Figure 4 and Table 2 summarizes the results. The Freundlich model assumes that
adsorption occurs on a heterogeneous surface through multilayer adsorption, and the adsorbed amount
increases with increasing equilibrium concentrations. In opposite, the Langmuir model assumes an
asymptotic approach to monolayer surface coverage. From the obtained optimization procedure it
became evident that the Freundlich isotherm equation (R2 = 0.99) described the system better than
the Langmuir isotherm equation (R2 = 0.76). The n-value of the Freundlich isotherm lies between 1
and 10, which is a good indicator for favorable adsorption [55]. Furthermore, the value of 1/n, which
was obtained from the slope of the linear plot of lnqe vs. lnCe of the Freundlich isotherm, was below
unity implying that chemisorption is the governing process [56]. The separation factor, RL as obtained
from the Langmuir isotherm model was lower than unity, which likewise indicating to a favorable
adsorption process [31].

Figure 4. The plot of Langmuir and Freundlich adsorption isotherm (Temperature: 20 ◦C; contact time
1440 min; dose 40 g/L; adsorbent size 0.075–0.425 mm).

Table 2. Freundlich and Langmuir isotherm constants.

Adsorbent
Freundlich Constants Langmuir Constants

KF (L/mg) nF R2 KL (L/mg) qmax (mg/kg) R2 RL

Coal leftover 0.112 1.67 0.901 1.315 38.01 0.7604 0.03–0.60

The temperature has a considerable effect on the efficiency of the adsorption process. Here,
we tested the influence of the temperature by conducting batch experiments at 20 ◦C, 30 ◦C and 40 ◦C.
It was found that, the percent removal of phosphate decreases with the increase of temperature from
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20 ◦C to 40 ◦C, confirming the exothermic nature of the process (data not shown). An increase in
temperature raises the thermal energy of the system which increases the mobility of phosphate ions
fostering enhanced desorption. As a result, the overall adsorption is decreasing. Similar findings have
been reported in previous research works [7,50,57].

3.8. Central Composite Design (CCD)

A three-factor and a three-level CCD method were employed in the present study to optimize and
analyze the combined effects of parameters on responses such as % removal and removal capacity,
q. The design summaries for both dependent and independent parameters with their corresponding
constants were generated. Each of the independent variables were coded and set in the range of
midpoint according to Asaithambi et al. [39]. The mean point for contact time, initial concentration,
and solution pH was set by the software as 180 min, 15 mg/L, and 6 respectively; the coded low,
coded high, minimum and maximum values for each parameter are summarized in Table S1 in the
Supplementary Materials.

The three parameters contact time (A), initial concentration (B) and solution pH (C) were
selected for the optimization of two responses (percent removal -Y1 and adsorption capacity, q-Y2).
Consequently, A, B, and C are selected by the software as independent variables whereas Y1 and Y2
are dependent variables as expressed in the second-order polynomial equations (Equations (8) and (9)).
The equation in terms of coded factors can be used to make predictions about the responses for given
levels of each factor (see Equation (7)).

Y1(% Removal) = 71.03 + 1.02A− 6.04B− 0.2140C + 0.3400A× B + 0.3375A×C
+0.1150B×C− 1.14A2 + 1.69B2 + 0.3409C2 (8)

Y2(q) = 0.1776 + 0.0025A− 0.0151B− 0.0005C + 0.0008AB + 0.0008AC
+0.0003BC− 0.0028A2 + 0.0042B2 + 0.0009C2 (9)

Equations (8) and (9) revealed how the combined variables affect the removal of phosphate
from solution onto leftover coal material. The positive values in the equations indicated that the
removal of phosphate rises by increasing the effect. The quadratic equation was found as the
optimum model to interpret phosphate adsorption onto leftover coal because of the high determination
coefficient (R2 = 0.9987 for % removal and R2 = 0.9986 for removal capacity) and low probability value
(p-value < 0.0001 both for % removal and removal capacity). A cubic model has higher values of R2

and adjusted R2 but was considered by the software as aliased and can, thus, not be used to interpret
the experimental data because of an inadequate number of batch experiments [41]. Adequacy of the
model tested and model summary of both % removal and removal capacity are summarized in Tables
S2 and S3.

The capability and significance of the quadratic model and factors were analyzed by using analysis
of variance (ANOVA). A combination of the Fisher test value (F-value) and probability value (p-value)
can verify the signature of the model and the parameters used. F-values of greater than 4 and p-values of
less than 0.05 indicate that the model is significant and can be used for accurate prediction of phosphate
removal [58]. In this case, A, B, C, AB, AC, A2, B2, C2 are significant model terms. The F-value and
p-value of BC (combined effect of initial concentration and solution pH) for % removal were 2.07 and
0.1804 respectively indicating that the model is not significant. The corresponding individual and
combined results of each parameter for % removal and removal capacity, q are given in Tables S4 and
S5 in the Supplementary Materials.

The comparisons between experimental and predicted values are presented numerically in Table
S6, graphically in Figure 5a,b. The plots of Figure 5 confirm the very good agreement between
experimental values and model calculations.
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Figure 5. The plot of predicted versus measured values for: (a) % removal and (b) removal capacity, q.

Figure 6 elucidates the surface response of the combined effect of the tested experimental conditions
on phosphate removal. It can be seen from Figure 6a that the percent removal of phosphate increases
with increasing contact time from 120 min to 240 min at a minimum initial concentration of 5 mg/L.
Similarly, Figure 6b,c shows the impact of initial concentration with solution pH and contact time with
solution pH respectively. From Figure 6c, however, the impact of the combined effect of contact time
and solution pH was not significant on the removal of the phosphate as compared to the impact of
contact time and initial concentration.

Figure 6. The combined effect of (a) contact time and initial concentration, (b) contact time and pH,
and (c) initial concentration and solution pH on % removal of phosphate.
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4. Conclusions

Credible evidence from scientific literature substantiate both beneficial and detrimental effects
of coexisting anions in aqueous solution. However, this study focused on the effect of major design
parameters on the adsorption of phosphate onto leftover coal without coexisting (competitive) anions.
Accordingly, the following major conclusions can be drawn:

• When leftover coal is used for phosphate removal from aqueous solutions, design parameters
such as initial phosphate concentration, initial solution pH, adsorbent dose, temperature, and
contact time must be optimally selected to obtain the highest possible removal. Apparently, the
adsorption of phosphate onto leftover coal increased markedly at pH value of 2, which is the
actual pH value of most industrial effluents.

• The adsorption kinetics for phosphate removal could be well described by the pseudo-second-order
equation with a correlation value of R2 = 0.99 which revealed that, chemisorption was the
dominant process.

• Observed temperature effects on phosphate adsorption reveal that the process is exothermic.
• The central composite design (CCD) was found to be an appropriate approach to optimize the

variable affecting phosphate adsorption. The obtained quadratic regression model well depicted
observed values of percent phosphate removal and phosphate removal capacity.

It is concluded that leftover coal could be employed as a low-cost adsorbent for the removal of
phosphate ions from aqueous solutions. Future investigations shall be directed to phosphate removal
from real wastewater that will give better insight into the effect of coexisting anions. The material
should be tested in a flow-through set-up to drive practical solutions for local industries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/5/1381/s1,
Figure S1: Yayu coal mining- Oromia, Ethiopia [Latitude =(X, Y) = (8.479572, 8.069128); Longitude= (X, Y) =
(35.637697, 36.098927)], Figure S2: Effect of initial pH on phosphate removal by leftover coal (Temperature:
20oC; Co: 10mg/L; dose 40g/L; adsorbent size 0.075mm-0.425mm, contact time 1440min), Figure S3: Effect of
adsorbent dose on the removal of phosphate (Temperature: 20oC; Co: 10mg/L; contact time 1440mn; adsorbent
size 0.075mm-0.425mm), Figure S4: The plot of effect of initial concentration (Co) of phosphate on the removal
and uptake capacity, q (Temperature: 20oC; contact time 1440mn; dose 40g/L; adsorbent size 0.075mm-0.425mm),
Table S1: Design Summary for independent and dependent variables/responses, Table S2: Adequacy of the
model tested and model summary statistics for % Removal, Table S3: Adequacy of the model tested and model
summay statistics for removal capacity-q, Table S4: ANOVA, test of significance for % removal of Phosphate
onto leftover coal material, Table S5: ANOVA test of significance for quadratic model of removal capacity-q,
Table S6: Experimental design matrix and response based on actual and predicted values of % removal and
removal capacity-q.
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