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ABSTRACT ARTICLE HISTORY
Adsorption is an efficient, cost-effective, and eco-friendly method Received 30 September 2019
for the treatment of phosphorus from wastewater. This work pre- Accepted 13 December 2019

sents the adsorptive removal of phosphate ions in aqueous solution KEYWORDS

using coal slag (CS) from a thermal power plan. The surface mor- Adsorption Capacity;
phological analysis showed that the CS particles were around 50 Chemical Composition; Coal
um with a surface area of 9.20 m? g~' and adsorption average pore Slag; Phosphate lons;
width of 6.42 nm, offering the high capability for phosphate ions Isothermal
adsorption. The optimising phosphate ions adsorption conditions

were investigated based on various parameters, including contact

time, pH, and amount of absorbent. The experimental results

showed that the maximum loading adsorption capacity was

21.63 mg g~ ' in the concentration range of 0-30 mg L™' under

optimising conditions (i.e. pH of 6, adsorbent dosage (0.1 g vol™

used) and contact time of 45 min). Furthermore, the use of CS offers

several benefits like reducing the sample pre-treatment steps for

costly, less time-consuming and reliable methods.

1. Introduction

Nowadays, the aquaculture industry is developing and is extremely important to the
economy of Vietnam. Higher rate of phosphate production in recent years is one of the
significant issues for the environment. Phosphorus can stimulate the growth of an aquatic
organism, including macro and microorganism, which can cause eutrophication [1].
Previously, the only available adsorption techniques were based on high organic waste-
water treatment including advanced oxidation processes [2], activated sludge treatment
[3] and biological contact oxidation [4], which were adequate for removal of organic
carbon and nitrogen in wastewater. However, those methods were not suitable for the
removal of the phosphorus ions. Therefore, post-treatment procedures were usually
combined with biological processes to remove phosphorus in advanced wastewater
treatment [5].
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A few decades ago, phosphorus was removed from wastewater using a sedimentation
method, biological treatments, and chemical precipitations [6,7]. However, they have
several drawbacks such as high costs, time-consuming to perform, complicated in opera-
tion, and low efficiency in processing [8]. Therefore, adsorption-based methods are the
most useful and economical among the various techniques mentioned above due to
benefits such as high adsorption capacity, low cost and an environmentally friendly
approach [9,10].

Previously, phosphate ion adsorption has been studied based on several adsorption
materials, such as slag [5,9], natural soil [11-13], limestone [14,15], zeolite and sand
[16,17], Moroccan oil shale [18,19], water treatment fly ash [1,4,20], red mud [21,22],
cement [23,24], modified bentonite [25] and calcium bentonite clay mineral [26].
However, some materials mentioned require pretreatment for adsorption. It is worth
mentioning also that coal slag (CS) promises adsorptive materials for the removal of
heavy metals including Cd**, Cu?*, Zn? [27,28] and nutrients [1,29]. In addition, the CS is
a by-product of a thermal power plant that can cause damage to the surrounding
environment and can be harmful to human beings [30]. So, the reuse and recycling
process of CS is a cost-effective method that could partially eliminate the disposal
problems.

This study investigated the adsorption efficiency of phosphate ion adsorption using CS
produced from a thermal power plant. The adsorption method was adopted to efficiently
remove phosphate ions under specific controlled conditions, including pH control, con-
tact time, and mass of adsorbent.

2. Materials and methods
2.1. Chemical and reagents

The CS used was generated from the Duyen Hai 3 thermal power plant (Tra Vinh province,
Vietnam). Sulphuric acid (H,SO,4 98%), Ammonium molybdate tetrahydrate ((NH4)sMo;
0,4.4H50, 99%), Potassium dihydrogen phosphate (KH,PO,4, 99.5%), Antimony potassium
tartrate hydrate (K(SbO)C4H40¢.5H,0, 99.5%), ascorbic acid (CgHgOg, 98%) were pur-
chased from Merck KGaA.

2.2. Phosphate ions adsorption study

The CS used was sampled from the Duyen Hai 3 thermal power plant. The drying process
consisted of leaving the CS in an oven at 80°C for 2 h. Later, it was ground and sieved with
a 2 mm filter porosity size. The CS powder obtained was ready for use to evaluate
phosphate removal. Our major factors, including the effect of pH, concentration of
adsorbate, contact time, and mass of adsorbent at room temperature were studied for
adsorption of phosphate ions. pH was tested in the range changed from 3 to 9; concen-
tration range from 5 to 30 mg L™'; the mass of adsorbent was set up from 1 to 6 g, and the
contact time varied from 15 to 75 min with 15 min increment.

The concentration of the phosphate ions was analysed by using a UV-Vis spectrum
analyser. The standard phosphate solution preparation includes the mixing of potassium
dihydrogen phosphate with distilled water. A calibration curve of phosphate concentration
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was plotted based on the concentration range of 2 ppm. The capacity (Q.,,) and efficiency
(Hes) of adsorption were analysed based on Equations 1 and 2.

G, — C
Qcap =" m s 4 (1)
Cin — C
Hor = % x 100% (2)
n

where G, Co V, and m were the initial concentration, the equilibrium concentration of
phosphate ions, the volume of adsorbate and the mass of adsorbent, respectively.

2.3. Physicochemical and morphological characterisation

The physicochemical characterisation of CS and adsorption of phosphate ions was
obtained using six analytical techniques: X-ray-Fluorescence (XRF, Thermo Scientific ARL
QUANT’X) and X-ray Diffraction (XRD, Thermo Scientific ARL EQUINOX 1000X) for the
crystallographic structure and chemical composition of CS used; Scanning Electron
Microscopy (SEM, Keyence VKX-1000) for ultrastructural analysis; Fourier Transform
Infrared Spectroscopy (FTIR, Thermo Scientific Nicolet iS50) for determination of func-
tional groups in a range 4000-500 cm™"; Ultraviolet-Visible Spectroscopy (UV-Vis, Shimazu
UV-2600) for measurement of concentration of phosphate solution; pore size distribution
obtained by BJH (Micrometrics ASAP 2010), surface area measured by the BET method
and Atomic Adsorption Spectrometer (AAS, Varian AA240) for detection of leaching
contaminants in wastewater treated.

2.4. Determination point of zero charge

The experiments were conducted to measure the pH at the potential of zero point charge
(pHpzc) based on the pH drift method. The initial pH of sodium chloride was in the range
of 2 to 12 with an increment of 2 pH unit. The CS of 150 mg was added into the above
solution for 24 h with stirring speed of 200 rpm. Then, the final pH was measured and the
relation between initial pH and final pH was plotted in Figure 3.

2.4.1. Results and discussion

The XRD analysis of the CS sample is presented in Figure 1(a). Twelve distinct peaks at
16.37°,20.77°, 26.20°, 26.54°, 30.94°, 33.18°, 35.16°, 36.51°, 39.35°, 42.38°, 50.08° and 67.87°
are clearly outlined. Those diffraction peaks represent the composition of quartz and
mullite. It was confirmed after with a good match when interrogating database in JCPDS
file (No. 22-700) [31]. Then, the XRF analysis was conducted to verify the elemental
composition of CS. The analysed results indicated that the CS samples are abundant
with silica dioxide (SiO,) representing up to 56% of the total amount. This result is in good
agreement and comparable to other adsorbent materials reported in the literature, as
shown in Table 1. The level of SiO, in our CS material is promising and could exhibit the
required adsorption properties for phosphate. One should note that the CS sample also
contains a small proportion of trace metal elements like iron, magnesium, and aluminium,
as depicted in Table 1.
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Figure 1. Physicochemical characterisation of CS from Duyen Hai thermal power plant. Note: (a) X-ray
diffraction pattern; (b) Fourier transform infrared spectrum; (c) SEM image; (d) Real image.

Table 1. Comparison of the chemical composition between CS used in this study and other materials.
Noted: the numbers represent the weight percentage (%) of each composition.

Materials Al,03 Sio, Fe,03 Cao MgO K,0 TiO, Source
Coal slag 28.7 55.9 5.14 1.04 1.96 345 0.72 In this study
Fly ash 1.34 68.01 0.25 5.77 2.39 2.09 0.07 [9]

Iron Slag 2.31 17.57 7.22 48.43 7.84 0.04 1.15 [9]

Fly ash 28 49 8.3 53 1.6 3.70 1.1 [38]

Fly ash 33.01 49.3 4.84 2.98 0.95 - - [39]

Fly ash 18.61 48.59 7.99 10.91 2.76 1.73 0.97 [39]

Fly ash 21.87 51.64 5.54 1.05 3.01 1.05 - [41]
Slag 12.24 32.98 7.56 5.53 1.83 0.69 - [41]

Figure 1(b) represents the FTIR spectrum of the CS samples. The strong absorption

bands at 1019 and 594 cm™' correspond to the symmetric Si-O-Si vibration and Al-O-Si
bond, respectively [32]. Relevant signals on the FTIR spectra of CS were the adsorption
bands in the region 550-750 cm™' (these bands correspond to AlOg groups or the Si-H
bond) [33]. These results showed agreement with the XRF analysis as mentioned above. In
addition, the surface analysis of SEM showed that CS had a random shape with an
averaged diameter of approximately 50 um. BET and BJH analyses of CS were carried
out and the results gave a specific surface area of 9.20 m? g~' and an average pore size of
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Figure 2. Capacity of phosphate adsorption
Influence of pH; (b) Influence of Mass.

and efficiency of phosphate removal by CS. Note: (a)

6.42 nm. All these information indicate that our CS material could be potentially used for
removal of phosphate applications.

To obtain the optimised conditions for phosphate removal, the effect of adsorbent
mass, the concentration of adsorbate, pH and contact time were investigated. Only the
stirring velocity of 180 rpm was maintained constant during the entire process for mixing
of the adsorbent and adsorbate [9] and initial concentration of phosphate ions in aqueous
solution is 20 ppm. It should be noted that each datapoint in Figures 2(a,b) and 4 is
represented by the mean value of three experimental results.

The adsorption capacity (mg g~') and efficiency of adsorption (%) for phosphate ion
removal by CS were firstly investigated by varying the pH change. As seen in Figure 2(a),
the removal efficiency of phosphate ion was reached a maximum value of 69.55% at pH 6,
while the removal efficiency dropped down when pH value was higher or lower than 6.
The pH increased or decreased, the deformation of phosphate from H,PO,~ to HPO,%, CS
surface charge and active sites may prevent phosphate ion adsorption. When pH
increases from 2 to 7, the concentration of divalent HPO42' ion increases ten-fold for
each unit in pH [34]. HPO,> with two nucleophilic centres and the potential to act as
bidentate ligand may have a greater affinity for the CS surface than H,PO, ™. The surface of
CS contained many active sites (Ca**, Mg*®), which are able to form precipitation of Ca;
(PO4), or Mgs(PO4),. In acidic pH, Ca** and Mg?* ions were released more from the CS to
precipitate Ca3(PO,4), or Mgs(PO,),. This leads to achieve more significant absorption
capacity at pH 6 even though the CS surface has negative charge. For pH > 6, the CS
surface has positive charge as shown in Figure 3. This positive charge of the CS surface
could contribute to adsorb of phosphate ion via electrostatic attractive force. However,
the increase in concentration of HPO, was slowly down to zero at pH > 7 [35]. This may
be the reason for the decrease in phosphate ion adsorption as shown in Figure 2(a).

The parabolic shape curve was fitted with a quadratic second-order equation g = g, +
ax + bx’ to the measured data in Figures 2(a,b) and 4 to find the ideal characteristic parabolic
shape for phosphate removal with varying parameters including pH, mass and contact time
during the adsorption process. The fitting results in Table 2 showed that the minimum
possible capacity of phosphate ion adsorption (g,) based on CS was 2.3 mg g~ for pH
change (Figure 2(a)); 10.4 mg g_1 for CS mass change (Figure 2(b)), and 8.1 mg g_1 contact
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Table 2. Kinetic parameters in phosphate removal.

Fitting coefficients

Minimum adsorption capacity q, (mg g~') A b R?
Time 8.1 0.02 -1.91 0.97
Mass 104 355 29 0.92
pH 23 0.37 —-0.03 0.95

time change (Figure 4), respectively. Results also showed the minimum possible adsorption
capacity in case the pH drops to a value 4 times lower the different cases. This was caused by
the deformation of phosphate from H,PO, to HPO,%, CS surface charge and active sites as
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Figure 4. Adsorption kinetics of phosphate ions by CS.



INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY e 7

discussed above. Moreover, all the correlation coefficients (R?) for three different cases (pH,
mass and contact time) were higher than 0.90, indicating that the model proposed, i.e.
the second-order quadratic model, fitted well into the experimental data.

Furthermore, Figure 4 shows the adsorption kinetics of CS. The y-axis on the right of
Figure 4 presents the phosphate ion removal efficiency of CS. The figure showed the
maximum efficiency of 72% with the optimised conditions including a contact time of 45
min with a CS loading mass of 0.1 g. As seen in Figure 4, the phosphate ions slowly
adsorbed by CS and achieve a plateau value after 45 min. Hence, the initial adsorption rate
was estimated at around 1.65 (mg min™'). It is generally seen that the lower initial
adsorption rate is, the longer the equilibrium time is. This relatively low adsorption rate
can be attributed to the weak diffusion of phosphate ions from surface adsorption sites to
the bulk CS pore, mainly caused by the small pore size of 6.42 nm. The maximum
adsorption capacity was experimentally estimated around 9 mg g~', which is higher
compared to other studies published as depicted in Table 4. It is important to note that
this higher capacity obtained was mainly due to a large number of oxides (i.e. CaO, MgO)
contained in CS with a large surface area. It is worth to mention that leaching contami-
nants in water treated was investigated by AAS device under optimising adsorption
conditions. The result showed that the leaching contaminants contains Fe, Al and Mg
with tiny concentrations of 0.93 mg L™, 0.07 mg L' and 100 mg L', respectively. The
higher in concentration of Mg was due to its high solubility to perform reaction with
HPO,% as mentioned above.

We investigated the adsorption kinetics by using the experimental data fitted with the
pseudo-first-order adsorption kinetic model (Equation 3) and pseudo-second-order
adsorption kinetic model (Equation 4) as given below [36].

Gt = Gaa(1 — ™) (3)

="+ (4)

qugd + @

where g,4 and g, were the adsorption capacity of phosphate ions at the equilibrium time
and t, respectively, and K; was the pseudo-first-order rate constant. And K, was the
pseudo-second-order rate constant. The adsorption kinetic coefficients obtained by
using the non-linear regression are presented in Table 3. Figure 4 presents
a comparison between two pseudo adsorption kinetic models and the parabolic model.
The possible adsorption capacity of around 9 mg g~', was comparable for both models,
even though the correlation coefficients in the case of the pseudo-kinetic model were
smaller than that of the parabolic adsorption model. This result fits quite well with the
experimental data, indicating that the 3 models tested including pseudo-first-order
adsorption kinetic, pseudo-second-order adsorption kinetics and parabolic adsorption
model are suitable for analysis of phosphate adsorption kinetics.

Adsorption isotherm models are essential for the prediction of the procedures to
design the adsorption system. Besides, the adsorption capacity could be estimated
based on the selection of the approximate amount of adsorbent. In this work, the
phosphate concentration was in the range of 5 to 30 mg L™'. The experiment was
conducted under optimum conditions (i.e. pH 6, CS dosage of 0.1 g and contact time
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Table 3. Adsorption kinetic coefficients for phosphate removal.
Kinetic coefficients

Possible adsorption capa- K,
City gag (Mg g~") Ki (min™") (@mg'min") R’
Pseudo-first-order adsorption 8.73 0.58 0.39
kinetic model
Pseudo-second-order 8.85 0.27 0.71

adsorption kinetic model

Table 4. Comparison of phosphate adsorption capacity of CS with adsorbent materials.

Concentration range Phosphate adsorption capacity
Adsorbent (mg L™ (mgg™ Treatment condition References
Coal slag 5-30 8.22 Raw coal slag This study
Fly ash 50 - 2000 3.34 Raw fly ash [4]
Steel slag 11.40-45.59 53 Raw steel slag [5]
Red mud 0.01 -1 0.58 HCl treatment, pH = 5, 40°C [22]
Steel slag 10 - 125 53 Thermally modified slag [42]

of 45 min at room temperature). Then, the Langmuir (Equation 5) and Freundlich
(Equation 6) models were applied to analyse the experimental data, respectively [37,40].
Cg _ Ceg 1

=—+ (5)
Qeq Gmax KLqmax

l0g Geq = nlog Ceq + log Kr (6)

where C., and g.q Were the phosphate ions concentration in solution, and the number of
phosphate ions adsorbed at equilibrium, respectively. And g,qx Was the maximum capacity of
adsorption; K; was the energy adsorption; Kr was the adsorption capacity; n was the adsorp-
tion intensity. The adsorption parameters and correlation coefficients obtained by using
Langmuir and Freundlich equations are shown in Table 5. The fitting results based on the
Freundlich model (Figure 5(b)) showed that the adsorption intensity (n) of 0.84, which was
smaller than one that indicated low speed in adsorption of phosphate ions, which corre-
sponds to the long adsorption time of 45 min as shown in Figure 4. Also, the Freundlich
isotherm described a better fit with the experimental data based on correlation coefficient
(R?), which was higher than that of Langmuir isotherm. Besides, the affinity between CS and
phosphate ions (K;) of 0.51 L mg™" represented small initial sorption isotherm slope. It was
worth noting that the larger K; produced the faster adsorption of phosphate ions in an
approximately linear fashion. However, the plot based on the Langmuir isotherm model
(Figure 5(a)) showed nonlinear behaviour at around the lowest concentration (8 mg L™),
accounting for the low initial adsorption rate of 1.65 (mg min~') as mentioned above.

Table 5. Phosphate adsorption isotherm coefficients.

Isotherm coefficients

Maximum adsorption capacity gmax Kr
(mgg™") (mgg™) n K(Lmg") R
Freundlich isotherm 1.20 0.84 0.93

Langmuir isotherm 21.63 0.51 0.51
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Figure 5. Adsorption isotherms of phosphate by CS. Note: (a) Langmuir isotherm model; (b) Freundlich
isotherm model.

Moreover, the maximum adsorption capacity of 21.63 mg g~ was obtained based on the
Langmuir isotherm, implying that the phosphate ions adsorption on CS in our experiment was
an effective process for phosphate removal from aqueous solution.

2.4.2. Conclusion

This study investigated the adsorption process of phosphate ion from aqueous solution
using CS under different conditions such as adsorbent mass, the concentration of adsor-
bate, pH and contact time were investigated. The results showed that CS with the surface
area of 9.20 m? g ' offered the maximum loading adsorption capacity of 21.63 mg CS/g
phosphate ion obtained at pH 6, contact time of 45 min and CS dosage of 0.1 g without
pre-treatment of the CS. In addition, the reuse of CS for phosphate ion adsorption offered
several benefits such as low cost adsorbent, less time-consuming method, ease-of-use
and partial elimination of the disposal problems.
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