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Abstract

This study evaluated the characteristics and mechanism of phosphate adsorption by fly ash discharged from a bio-
mass thermal power plant (BTP-FA) under various environmental conditions in order to increase the recyclability of
BTP-FA. The phosphate adsorption properties of BTP-FA and fly ash derived from coal thermal power plant (CTP-FA)
were better matched by those predicted by the Langmuir isothermal model and the pseudo-second-order model,
and their maximum adsorption capacities were 62.1 and 4.1 mg/g, respectively. It was found that the adsorption of
phosphate by BTP-FA was predominantly influenced by the outer boundary layer rather than the inner diffusion in
the pores. The phosphate adsorption process by BTP-FA was greatly influenced by the initial pH and the BTP-FA dose.
Therefore, to effectively treat phosphate using BTP-FA, the concentration and flow rate of phosphate in the incom-
ing wastewater must be considered. The concentration of dissolved calcium from BTP-FA decreased sharply during
the phosphate adsorption process compared to that in the phosphate-free solution. This was thought to be due to
surface adsorption/reaction between calcium and phosphate. The SEM—-EDS and FTIR results also supported the sur-
face adsorption/precipitation reaction of Ca-P. Recycling fly ash discharged from biomass power plants as phosphate
adsorbents is expected to contribute not only to waste reduction, but also to wastewater purification.
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Introduction

Phosphorus is an essential and important nutrient for the
growth of living organisms and ecosystem function [1].
However, due to the excessive use of chemical fertilizers,
synthetic detergents, and organic/inorganic phosphorus
compounds in agriculture, households, and industries,
wastewater containing various forms of phosphorus is
discharged into the environment, causing severe water
pollution problems [2-4]. In particular, the concentra-
tion of phosphorus in water is closely related to symp-
toms of eutrophication, such as algal growth, oxygen
depletion, and the loss of aquatic species [5]. For this rea-
son, the Environmental Protection Agency (EPA) limits
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the maximum allowable level of phosphorus in treated
wastewater to less than 1 mg/L [6]; according to water
quality standards for effluents from public sewage treat-
ment facilities in Korea, the total phosphorus in treated
wastewater is required to be less than 0.3 mg/L [7].
Despite efforts in past decades to reduce the quantities
of phosphorus flowing into water systems from environ-
mental pollution sources, water pollution due to phos-
phorous remains a major environmental problem.
Various techniques and methods, such as chemical
precipitation, ion exchange, biological treatment, and
adsorption have been developed to remove phosphate
from water [8, 9]. However, methods such as chemical
precipitation, ion exchange, and biological treatment
require a long hydraulic retention time (HRT) for phos-
phate treatment, and securing a large site and maintain-
ing the facility for the same is costly [10]. In addition,
washing water and sludge containing phosphorus that
are discharged from these processes are considered to be
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secondary pollutants [11]. In contrast, removal of phos-
phorus through adsorption has low initial investment
and maintenance costs as well as high removal efficiency,
and it has been the focus of many studies over the past
decades [8, 9].

The most recently developed adsorbents for phospho-
rus removal are wastes, minerals, and synthetic mate-
rials [12, 13]. The application of adsorbents based on
minerals and synthetic materials is limited in large-scale
adsorption facilities, which have high concentrations of
pollutants because of these adsorbents have relatively
low adsorption efficiencies and are costly. Therefore,
adsorption of phosphate using waste-based adsorbents
is attracting attention. Waste-based adsorbents are often
eco-friendly and low-cost alternatives because they can
effectively remove high phosphorus concentrations and
are made of recycled waste.

Fly ash is discharged as a by-product from coal-ther-
mal power plants, and is promising as an adsorbent for
removing phosphorus from water because it has suffi-
cient pores and a large amount of Ca*". Many research-
ers have reported on the ability of fly ash to adsorb
phosphate [14, 15]. However, it has been reported that
coal-based fly ash contains many toxic trace elements
that can adversely affect the human body and can easily
accumulate in soil or elute in water [16]. For this reason,
coal-based fly ash is not commonly used as an adsorbent
for phosphorus removal. Recently, increasing numbers
of coals power plants have been using biomass as a raw
material instead of coal due to serious concerns about
environmental pollution caused due to emission of air-
borne pollutants from aging coal-thermal power plants
[17]. However, there are no studies related to the adsorp-
tion of phosphate by fly ash discharged from biomass
thermal power plants. Unlike coal, biomass has a low
content of toxic elements. Therefore, this study hypoth-
esizes that fly ash discharged from biomass power plants
would have low toxicity and high affinity for phosphorus.

The purpose of this study was to evaluate the charac-
teristics of phosphate adsorption by fly ash discharged
from biomass thermal power plants under various envi-
ronmental conditions, along with the mechanism of this
adsorption.

Materials and methods

Materials

Fly ash discharged from a biomass and coal thermal
power plant (BTP-FA and CTP-FA) were used in this
experiment, and they were obtained from a biomass and
coal thermal power plant (Korea South-East Power Co.,
South Korea) (Table 1). The pH of BTP-FA and CTP-
FA were 12.6 and 8.8, respectively, and BTP-FA showed
higher alkalinity than CTP-FA. Generally, the pH of
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Table 1 Chemical properties of BTP-FA and CTP-FA
Parameter BTP-FA CTP-FA
pH (1:10) 126 88
K,0 (%) 1.29 0.15
Ca0 (%) 444 113
MgO (%) 1.90 038
Na,O (%) 1.35 0.15
Fe (mg/kg) 1180 1210
Mn (mg/kg) 1160 28

the adsorbent is closely related to the metal oxides and
hydroxides in the adsorbent [18]. Metal oxides such as
K,0, CaO, MgO, and Na,O in BTP-FA are higher than
those in CTP-FA, which explains why BTP-FA exhibits
strong alkalinity.

Methods

Adsorption characteristics

The phosphate adsorption properties of BTP-FA/CTP-
FA were investigated by varying different environmental
parameters, such as initial phosphate concentration, pH,
BTP-FA/CTP-FA dose, and reaction time. The influ-
ence of initial phosphate concentration on phosphate
adsorption properties of BTP-FA was determined. Mul-
tiple solutions with different initial phosphate concentra-
tions were obtained by diluting a phosphate-containing
solution stepwise from 10 to 1000 mg/L. The initial pH
of each solution was adjusted to pH 6 using 0.1 M HCl
and NaOH. 25 mL of each of the phosphate solutions
was added into a 50 mL polyethylene tube containing 0.2
g of BTP-FA/CTP-FA. All samples were stirred for 24 h
at 175 rpm in a shaker incubator and were then filtered
using filter paper (filter paper No. 6, ADVANTEC, Roshi
Kaisha, Japan). The concentration of phosphate in the
filtrate was determined using a UV-VIS spectrometer
(X-ma3000PC, Human Corporation, Korea) according
to the molybdenum blue-ascorbic acid method [19]. The
amount of phosphate absorbed by the fly ash was calcu-
lated using the difference between the initial phosphate
concentration and the equilibrium phosphate concentra-
tion after adsorption (Eq. 1).

go= G- OXV )

w
where ¢q,, C, C, V, and W are the amount of phos-
phate adsorbed in equilibrium (mg/g), initial phosphate
concentration (mg/L), phosphate concentration in equi-
librium (mg/L), volume of solution (mL), and BTP-FA/
CTP-FA dose (g), respectively.



Park et al. Appl Biol Chem (2021) 64:43

Additional adsorption experiments were conducted to
study the effect of different experimental parameters: the
initial pH was varied from 2 to 10; the BTP-FA dose was
varied from 1.25 to 40 g/L; and the reaction time was var-
ied from 0.13 to 24 h. Subsequent experiments analyses
were performed in the same manner as described above.
All experiments in this study were performed with three
replications. In addition, to provide clear information on
phosphate adsorption by BTP-FA, the results, according
to the initial phosphate concentration and reaction time,
were fitted to isothermal adsorption models [Freundlich
isotherm model (FI-model) and Langmuir isotherm
model (LI-model)] and kinetic model [pseudo-first-order
model (PF-model), pseudo-second-order model (PS-
model), and intraparticle diffusion model (ID-model)].

Mechanisms

A sample for evaluating the mechanism of phosphate
adsorption by BTP-FA was prepared by stirring a poly-
ethylene tube containing a 500 mg/L phosphate solu-
tion (25 mL) and 0.2 g of BTP-FA for 24 h, followed by
filtration and drying. In this study, changes in the surface
structure, element distribution, and functional groups of
BTP-FA were investigated, before and after the adsorp-
tion of phosphate, using scanning electron microscope-
energy dispersive X-ray spectrometer (SEM-EDS, Philips
XL 30S FEG, Netherlands) and Fourier-transform infra-
red spectroscopy (FTIR, Spectrum Two, PerkinElmer,
USA).

Results and discussion
Effects of initial phosphate concentration
The adsorption characteristics of phosphate by BTP-FA
and CTP-FA according to the initial phosphate concen-
tration are shown in Fig. 1A. The amount of phosphate
adsorbed by CTP-FA started reducing when the initial
phosphate concentration was 20 mg/L, which is a low
concentration, and the adsorbed amount further reduced
as the initial phosphate concentration increased. This
indicates that the active sites capable of adsorbing phos-
phate in CFP-FA were easily saturated by phosphate [20].
Conversely, BTP-FA adsorbed almost all the dissolved
phosphate when the initial phosphate concentration
ranged from 20 to 200 mg/L; the phosphate adsorption
sites in BTP-FA gradually became saturated as the initial
phosphate concentration was raised above 500 mg/L.
The adsorption patterns of phosphate by both BTP-
FA and CTP-FA were relatively suitable for the L-type.
This indicates that the adsorption-active sites that
existed inside and outside the adsorbent became satu-
rated due to the increased concentration of pollut-
ants, and the amount of pollutants adsorbed by the
adsorbent did not increase, but remained constant
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Fig. 1 Adsorption isotherm of phosphate by BTP-FA and CTP-FA [A
Amount of phosphate adsorbed, B Freundlich isotherm model, and C
Langmuir isotherm model]

[21]. To present the adsorption characteristics of phos-
phate by BTP-FA and CTP-FA more clearly, the actual
adsorption results were fitted to the FI- and LI-models
(Fig. 1B, C), respectively, and the constants and coeffi-
cients of determination derived from each model equa-
tion are summarized in Table 2. The adsorption results
of phosphates by BTP-FA and CTP-FA were better fit
to the LI-model (R?=0.9950 for BTP-FA and 0.9947
for CTP-FA) than the FI-model (R?=0.9162 for BTP-
FA and 0.9411 for CTP-FA). The fact that the pollution
adsorption results are suitable for the FI-model indi-
cates a typical physical adsorption, where the adsorbed
pollutants accumulate on the surface of the adsorbent
with heterogeneous active sites [22]. In contrast, the
LI-model represents a typical chemical adsorption in
which adsorbed contaminants form a single molecule
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Table 2 The parameter estimates and coefficients of determination (R?) for fit of the isotherm equation to experimental data of

phosphate adsorption by BTP-FA and CTP-FA

Models Parameters BTP-FA CTP-FA
Freundlich K 18.96 023
1/n 0.198 0428
R’ 0916 0.9411
Langmuir a(mg/q) 62.1 4.1
b (L/mg) 0.148 0.010
R? 0.995 0.995

layer on the surface of an adsorbent with homogenous
active sites [17]. From these results, it is considered that
the adsorption of phosphate by BTP-FA and CTP-FA is
controlled by chemisorption. The maximum phosphate
adsorption capacity of BTP-FA and CTP-FA derived
from the Langmuir isothermal adsorption model were
62.1 and 4.1 mg/g, respectively, and the amount of
phosphate adsorbed by BTP-FA was approximately 15
times higher than that by CTP-FA.

The difference in phosphate adsorption capac-
ity between BTP-FA and CTP-FA is considered to
be closely related to their properties. Xu et al. [23]
reported that phosphate removal by fly ash was domi-
nantly influenced by surface adsorption/precipitation
due to the calcium contained in fly ash. As demon-
strated in Table 2, the calcium content of CTP-FA is
lower than that of BTP-FA. In addition, it is known that
pH is an important factor that influences the surface
adsorption/precipitation of phosphate by calcium, and
it is formed by the reaction between calcium dissolved
from the adsorbent and phosphate ions above pH 8.5
[24]. After the phosphate adsorption reaction of BTP-
FA and CTP-FA (initial phosphate concentration: 500
mg/L and initial pH 7), the final pH of the solutions was
8.86 and 7.22, respectively. As such, CTP-FA did not
cause a sufficient pH rise for the surface adsorption/
precipitation of phosphate.

The concentration of Ca released from BTP-FA and
CTP-FA with or without, phosphate is shown in Fig. 2.
The concentration of Ca released from CTP-FA was
higher in the solution containing phosphate compared
to that in the phosphate-free solution. In contrast, the
concentration of calcium released by BTP-FA was lower
in the phosphate-containing solution compared to that
in the phosphate-free solution. These results indicate
that the surface adsorption/precipitation of phosphate
in CTP-FA did not occur due to reaction with Ca, and
that the removal of phosphate by BTP-FA is dominantly
influenced by the surface adsorption/precipitation
reaction with Ca.
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Fig. 2 Concentration of Ca released from BTP-FA and CTP-FA in
solution with and without phosphate during adsorption reaction

The affinity of CTP-FA for phosphate is extremely low
compared to that of BTP-FA. Accordingly, it is believed
that CTP-FA will be limited in its use as an adsorbent for
phosphate removal. Owing to its high phosphate adsorp-
tion capacity and favorable characteristics, BTP-FA is a
promising adsorbent for treating phosphate contamina-
tion in various environmental conditions in the future.

Effects of time

The phosphate adsorption characteristics of BTP-
FA according to the reaction time were determined
at phosphate concentrations of 250, 500, and 1000
mg/L (Fig. 3). The adsorption of phosphate by BTP-
FA rapidly increased at the beginning of the reaction,
regardless of the initial phosphate concentration and
almost reached saturation within 2 h of the reaction.
Although the amount of phosphate adsorbed by BTP-
FA increased slightly after 2 h, the increase was insig-
nificant. In particular, the adsorption of phosphate by
BTP-FA was divided into two stages; fast adsorption in
the early stage and slow adsorption in the late stage.
The fast adsorption in the early stage occurred because
the active sites that could adsorb phosphate in BTP-FA
were empty, whereas the slow adsorption in the late
stage occurred because the adsorption sites in BTP-FA
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were saturated [25-27]. In terms of the precipitation
reaction, the rapid adsorption that was observed ini-
tially indicated a rapid reaction between Ca dissolved
from BTP-FA and phosphate ions. Conversely, the
slow adsorption at the late stage meant that calcium is
no longer dissolved from BTP-FA and the phosphate
adsorption reaction had reached equilibrium.

The actual adsorption amount was fitted with the
kinetic model of the PF- and PS-models in order to pre-
sent the behavior of phosphate more clearly by BTP-FA
according to the reaction time (Fig. 3). The constants and
coefficients of determination derived from the two model
equations are summarized in Table 3. The amount of
phosphate adsorbed by BTP-FA was better matched with
the PS-model (R?=0.9948 at 250 mg/L, 0.9979 at 500
mg/L, and 0.9998 at 1000 mg/L) than with the PF-model
(R*=0.8321 at 250 mg/L, 0.6763 at 500 mg/L, and 0.9334
at 1000 mg/L), indicating that the adsorption rate of
phosphate by BTP-FA was controlled by a chemical reac-
tion [28, 29]. The effect of the initial phosphate concen-
tration on the temporal pattern of phosphate adsorption

Table3 The parameter estimates and coefficients of
determination (R?) for fit of the kinetic equation to experimental
data of phosphate adsorption by BTP-FA at different initial
phosphate concentration

Models Parameters 250 mg/L 500 mg/L 1000 mg/L
Pseudo-first-order g, (mg/g) 897 13.70 259
k, (1/h) 0.269 0.202 0.250
R? 0.832 0676 0933
Pseudo-second- g. (mg/q) 30.12 50.25 64.10
order
k,(g/mgh) 0041 0.030 0.030
R? 0.995 0.998 0.999
Intraparticle diffu-  k; 2349 3876 40.50
sion g2 0964 0990 0947
ki 0.46 0.62 2.07
R? 0.846 0.921 0.943

by BTP-FA was negligible, and the amount of phosphate
adsorbed increased depending on the initial phosphate
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concentration. This is believed to be due to an increase
in the collision frequency as well as the chemical reaction
between phosphate and BTP-FA.

In general, the two-stage adsorption reaction of pollut-
ants by the adsorbent is divided into adsorption by the
external boundary layer and adsorption by intraparticle
diffusion in the pores [30]. To determine their effects, the
actual adsorption amount was applied to the ID-model
(Fig. 3; Table 3). The adsorption of phosphate by BTP-
FA was dominantly influenced by the external bound-
ary layer of the adsorbent, and the reaction rate at the
external boundary layer (k;;) and that of internal diffu-
sion (k;,) increased as the initial phosphate concentration
increased.

Effects of initial pH

The effect of the initial pH on the phosphate adsorption
properties of BTP-FA is shown in Fig. 4A. At an initial
pH 2, the amount of phosphate adsorbed by BTP-FA
was 16.5 mg/g, and as the pH increased from pH 3 to pH
5, the amount of adsorbed phosphate increased to 46.7
mg/g. In addition, the amount of phosphate adsorbed by
BTP-FA did not change significantly when the initial was
changed from pH 5 to pH 8, and it remained in the range
of 46.7-47.3 mg/g. In contrast, the amount of phosphate
adsorbed by BTP-FA tended to decrease gradually as
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Fig. 4 Effect of initial pH (A) and BTP-FA dosage (B) on phosphate
adsorption
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the initial became pH 8 or higher. In particular, the high
adsorption amount of phosphate by BTP-FA when the
initial was between pH 5 to pH 8 is due to the effect of the
precipitation reaction between phosphate present in the
form of H,PO,~ and HPO,*~ and calcium dissolved from
BTP-FA [31, 32]. Conversely, the decrease in the amount
of phosphate adsorbed at high pH values is closely related
to the surface charge of phosphate and BTP-FA. At high
pH, most of the phosphates are negatively charged and
the surface of the adsorbent is also negatively charged,
so the adsorbed amount is reduced due to electrostatic
repulsion between them.

Effects of BTP-FA dose

The adsorption characteristics of phosphate accord-
ing to the BTP-FA dosage were investigated by adjust-
ing the dosage of BTP-FA from 1 to 20 g/L (Fig. 4B). As
the dose of BTP-FA increased, the removal efficiency
of phosphate increased, and the removal efficiency of
phosphate reached almost 100% when the dose of BTP-
FA was 12 g/L. This is because as the dosage of BTP-FA
increases, the number of active sites capable of adsorb-
ing phosphate increases, and the amount of Ca available
to precipitate phosphate increases. However, the amount
of phosphate adsorbed per gram of adsorbent decreased
as the amount of BTP-FA increased, suggesting that the
increased active sites/calcium of BTP-FA were not used
only for phosphate adsorption/precipitation. Similar
results and theories have been observed in previous stud-
ies [33].

Changes of morphology and functional group

The surface structure and element distribution charac-
teristics of BTP-FA before and after phosphate adsorp-
tion, which were observed through SEM-EDS, are shown
in Fig. 5. The surface structure of BTP-FA was similar,
regardless of phosphate adsorption. The proportion of
K in BTP-FA before phosphate adsorption was as high
as 8.67%, but it was mostly lost during the phosphate
adsorption process, and only 2.66% remained in BTP-FA
after the adsorption. The proportion of Na in BTP-FA
before and after phosphate adsorption was also similar
to that of K. Alkali oxides, such as K,0 and Na,O in fly
ash, are easily dissolved and cause an increase in the pH
of the solution during the adsorption reaction [17]. It is
considered that the adsorption of phosphate by BTP-
FA is enhanced due to the increase in pH that occurs
when these oxides dissolve. In particular, there was no
phosphorus in BTP-FA before phosphate adsorption,
but a peak related to phosphorus in BTP-FA was clearly
observed after phosphate adsorption, showing a distri-
bution ratio of 3.7%. In contrast, the distribution ratio of
calcium in BTP-FA was 5.7% before, and 5.9% after the
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Fig. 5 Morphology and element composition in BTP-FA before and after phosphate adsorption

phosphate adsorption, and they were not very different
from each other. According to the method suggested by
Miculescu et al. [34], the Ca/P molar ratio in BTP-FA
after phosphate adsorption was calculated using the dis-
tribution ratios of Ca and P derived from the EDS results.
The molar ratio of Ca:P in BTP-FA after phosphate
adsorption was 1.20, which was lower than the stoichio-
metric Ca:P molar ratio in hydroxyapatite (1.67) [35]. This
indicates that the phosphate adsorption/precipitation
reaction is insufficient to generate perfect hydroxyapatite
through the precipitation reaction between calcium dis-
solved from BTP-FA and phosphate ions.

The changes in the surface functional groups of BTP-
FA before and after phosphate adsorption, as deter-
mined by FTIR, are shown in Fig. 6. The peak generated
at a wavelength of 1650 cm™" in BTP-FA after phosphate
adsorption is related to the -OH vibration band, which
is typically attributed to the adsorption of H,O [36]. The
peak at 618 cm™! in BTP-FA before phosphate adsorp-
tion corresponds to sulfate [37]. However, this peak dis-
appeared as sulfate was dissolved during the phosphate
adsorption process. In a previous study, it was reported
that peaks assigned at wavelengths of 1052, 984, and 787
cm™! were related to H,PO,~ and HPO,*". After phos-
phate adsorption, these peaks were strongly observed
in BTP-FA, indicating that the adsorbed phosphate was
partially bound to BTP-FA in the form of H,PO,” and
HPO,>~ [38]. After phosphate adsorption, new peaks
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Fig. 6 Changes of functional group in BTP-FA before and after
phosphate adsorption

were observed at lower wavelengths of 575 and 518 cm™!

in BTP-FA [39]. In particular, these peaks are known to
be closely related to phosphorus in hydroxyapatite. This
result suggests that the final product of the phosphate
adsorption reaction by BTP-FA was hydroxyapatite.
In view of these results, it is concluded that the surface
adsorption/precipitation reaction between calcium and
phosphate ions, which is supported by the increase in
pH caused by the dissolution of K,O and Na,O, played a
decisive role in the removal of phosphate by BTP-FA.
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Recycling fly ash discharged from biomass thermal
power plants as phosphate adsorbents is expected to con-
tribute not only to waste reduction, but also to wastewa-
ter purification.
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