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ABSTRACT
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ntthuy@hcmiu.eduvn Wastewaters, no report has been found for the application of response surface
methodology (RSM) to investigate the main and interaction effects, and optimization

of various factors on phosphate and ammonia adsorption by steel slag. The current
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designed using RSM to find the significant factors, their interactions affecting the
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ammonia removal from  experimental results. The results from RSM suggested that output phosphate

o dg%@iﬁg;ﬁ?:fggf:;g concentration was significantly affected by the modified temperature, steel slag
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ammonia concentration. Validation of the domestic wastewater treatment at the

optimum conditions including the modified steel slags at 776°C, contacting time of

15.7 h, and dosage of 0.87 g/L confirmed the high removal efficiency for phosphate

(81.7%), while ammonia and COD were eliminated at the efficiencies of 31.6% and

32.7%, respectively. This study hence proposed the application of the modified steel

slag as a promising and cheap adsorbent for nutrient removal in domestic wastewater.
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Application of response surface methodology for optimization of phosphate and ammonia removal from domestic wastewater

1. INTRODUCTION

Excessive amounts of phosphate and ammonia may cause
eutrophication and algal blooms that lessen the functions
and services of aquatic ecosystems (Ambulkar, 2017; Lim
etal, 2018). Eutrophication is a serious consequence of the
fertility of these nutrients in wastewater, especially
domestic sewage discharged into water bodies (Preisner et
al.,, 2020; Song et al,, 2011). In addition, the amounts of
phosphate and ammonia in water are the controlling
factors for algal growth, which possibly causes algal
blooms. Based on the proportional contributions from
individual sources, Mockler et al. (2017) concluded that
one of the main sources of phosphate is municipal
wastewater treatment plants. Due to their severe impact
on the environment, the governments in some countries
decided to promulgate discharge regulations for limiting
the concentrations of phosphorus and nitrogen in
wastewater, especially Vietnam's technical regulation on
domestic wastewater, QCVN 14:2008/BTNMT (5 mg/L for
ammonium and 6 mg/L for phosphate) (MONRE, 2008).

Technologies have been proposed extensively for the
removal of phosphate and ammonia in wastewater over
the past century. Previous researchers have demonstrated
that nutrients can be eliminated by physicochemical
methods including oxidation (Garrido-Cardenas et al,
2020), coagulation-flocculation and  precipitation
processes (e.g., with aluminum Al(IIl), Fe(Ill) (Garrido-
Cardenas et al, 2020). Lime Ca(OH)z (Dunets and Zheng,
2014) and NaOH (Yan et al, 2014)), adsorption by
activated carbon residue from biomass gasification
(Kilpimaa et al, 2015), biological removal using moving
bed biofilm reactor (Kermani et al, 2009), as well as
physical methods with membrane separation (Luo et al,
2017) and nanofiltration (Zhao et al., 2021) have also been
used. Among these methods, adsorption is one of the
crucial processes for removing phosphorus from aqueous
solutions due to its great loading capacity and strong
affinity with the advantages of high treatment effectiveness,
without the formation of precipitates, flexibility, and
convenience of use (Jafari and Moslemzadeh, 2022). This is
especially true when adsorbents are inexpensive and widely
accessible (Abd El-Azim etal,, 2019).

Various low-cost adsorbents have been tested in
several studies such as fly ash, bituminous coal, coconut
shell, mango seed and shell, bagasse, used waste tea
leaves, wood barks, red mud, blast furnace slag, and steel
slag (Abd El-Azim et al., 2019; Ji et al, 2022). Among
them, steel slag is an industrial byproduct generated in a
large amount from the steel manufacturing industry. The
steel slag has a wide range of uses for recovery and
recycling such as in aggregates of reinforced concrete
constructions, road building, and hydraulic structures.
With its high surface area, porous structure, high
mechanical strength, and abundant metal oxides such as
Fe,03,Al, 05, and CaO, steel slag has a strong adsorption
capacity and high ion-exchange ability, leading to its
potential application in wastewater treatment (Abd El-
Azim et al., 2019; Ji et al,, 2022; Jafari and Moslemzadeh,
2022). Obviously, utilizing steel slag to treat wastewater
is not only for using waste to treat other wastes but also
to decrease the stock of metallurgical slag (Ji et al,
2022).]Ji et al. (2022) stated that metallurgical slag
contained Pb, Zn, As, Cr, Mn, and other heavy metals, and
that utilizing it directly without treatment would
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contaminate the environment, but Gwon et al. (2018) and
Shi et al. (2022) confirmed that the toxic heavy metals in
the leachate of steel slag were either not detected or did
not exceed the maximum limit values regulated in the
surface water standard. In addition, none of the slags
exceeded U.S. EPA standards used for evaluating slag as
an environmentally hazardous material (Gwon et al,
2018; Shietal, 2022).

Currently, steel slag is considered a potential and
efficient material for the removal of phosphorus from
wastewater (Jafari and Moslemzadeh, 2022) due to its wide
availability, sufficient ionic concentrations for utilization in
the process, and strong adsorption capability (T. Park et al,,
2017). There are many studies focused on the applications
of steel slag and its modification for phosphate treatment
from synthesis wastewater (Ahmad etal., 2020; Barca, 2014;
Bowden et al., 2009; Liu et al,, 2022; J.-H. Park et al., 2017;
Roychand etal., 2020; Xue etal., 2009), real wastewater such
as wastewater discharged from hydroponic cultivation (J.-H.
Park et al, 2017), municipal wastewater (Pramanik et al,
2020; Qiu et al, 2022), and agricultural tile drain effluent
(Steinman etal., 2022). Steel slags have also been applied for
ammonia removal in synthetic wastewater (Dhoble and
Ahmed, 2018), and ammonia nitrogen and total Kjeldhal
nitrogen from domestic wastewater (Hamdan et al, 2021).
In addition, several studies aimed to remove both phosphate
and nitrate in synthetic wastewater (Hua, 2016), and
phosphate and ammonia in synthetic wastewater (Jha et al,
2008; Ping et al,, 2016) and in domestic wastewater (Wang
et al, 2021). Though steel slag has been applied for the
adsorption of phosphate, ammonia, and both in various
synthetic and real wastewaters, most studies above use the
“one-factor-at-a-time” approach for their experimental
design to investigate the effect of various factors on the
treatment process. To the best of our knowledge, there is
no study using response surface methodology (RSM) for
the investigation and optimization of the phosphate and
ammonia adsorption process by steel slag. Therefore, this
study was conducted to evaluate the effectiveness of
ammonia and phosphate removal from domestic
wastewater by basic oxygen furnace (BOF) modified steel
slags. Preliminary experiments were conducted to select
the type of steel slags, and their kinetics and isotherms
were studied. In the next step, adsorption experiments
were designed using RSM, which allowed evaluating
factors and their interactions affecting phosphate and
ammonia removal, suggesting optimum working conditions
for both dependent responses as phosphate and ammonia
removals. In the final step, validation of the optimal
conditions was conducted using actual domestic wastewater.

2. MATERIALS AND METHODS

2.1 Domestic wastewater sampling and preparation
of synthetic wastewater

2.1.1 Domestic wastewater sampling

Samples were collected from the equalization tank of a
Vietnam National University-Ho Chi Minh City (VNU-HCM)
dormitory wastewater treatment plant on different days
using 2-L bottles. The ammonia, phosphate, and
COD concentrations in these samples were measured
immediately after sampling. All measurements were
repeated three times and the average values with their
standard deviations are presented in Table 1.
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Table 1. VNU-HCM — dormitory’s domestic wastewater characteristics

Sampling date pH Input phosphate Input ammonia Input COD
concentration (mgP03 /L) concentration (mg/L COD)
(mgNH; N/L)

01/03/2022 - 8.72+0.13 28.0£0.1 -
02/03/2022 - 8.37+0.00 - -
03/03/2022 - 9.60+0.24 42.0£0.3 -
14/06/2022 - 9.24+0.31 33.6+0.2 124.8+6.6
24/06/2022 6.92 - - -
07/02/2023 6.87 7.77+0.48 36.2+£2.0 125.0+10.3
20/02/2023 7.10 8.65+0.28 45.5+1.5 188.2+6.8
Average 6.96+0.12 8.76x0.60 36.6%6.3 146.0£26.5

2.1.2 Synthetic wastewater sample

The phosphate and ammonia concentrations in synthetic
wastewater samples were set based on the real
concentrations of these parameters collected from the
domestic wastewater source previously mentioned.
Accordingly, phosphate and ammonia at the
concentrations of 10 mg PO} /L and 42 mg NH3 N/L were
prepared by dissolving KH,PO,and (NH,),SO,,
respectively, in distilled water.

2.2 Absorbent preparation and adsorption
experimental design

2.2.1 Collection and modification of steel slag
Adsorbents were made of the BOF steel slags taken from
Da Nang Steel Joint Stock Company (DN), and Green Materials
Co., Ltd from Ba Ria-Vung Tau (GM). The steel slags were
modified following a procedure given in Figure S1
(Supplementary Data). Steel slag was collected through a
sieve mesh with a size of 0.45 mm, and heated at 364, 500,
700, 800, 900, and 1036°C. The images of the raw and
modified DN and GM steel slags at various temperatures
can be found in Figure S2 (Supplementary Data). The
adsorbent materials were stored in a dehumidifier. The
surface morphology of the steel slags was then
characterized by scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS) (JOEL, JSM-
IT200), and X-ray diffraction spectroscopy (XRD, Model D2
Phaser, Bruker). The surface area and porous structure of
the steel slags were determined using the BET (Brunauer-
Emmett-Teller) (Model Surfer, Thermo Scientific).

2.2.2 General adsorption procedure

Specific amounts of steel slag were added to flasks containing
50 mL of wastewater. At room temperature, the flasks were
shaken at 150 rpm in a thermostatic rotary shaker.
Depending on the purpose of the test, the number of variables
(e.g, calcination temperature of the material, material
dosage, and contact time) and their values were varied.
Before and after treatment, the concentrations of pollutants
were measured. Each experiment was repeated three
times.

2.2.3 Preliminary experiments

Raw DN and GM steel slags and their modified material
heated at 500 and 900°C were used in preliminary
experiments to identify their ability to adsorb ammonia
and phosphate in synthetic wastewater. The adsorption
process was conducted with the adsorbent dosage of 0.8
g/L, contact times of 2 and 24 h, and at pH 6. Solutions at
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the initial concentrations of either 10 mg PO3 /L or 42
mg NH3 N/L ammonia were prepared.

To study the kinetics of the phosphate adsorption
process, the phosphate solution (initial concentration of
10 mg/L, pH 6) was treated with 1.2 g/L of modified steel
slag (heated at 800°C) at various contact times (0-24 h).
After each contact time, the samples were taken for
phosphate measurement. The experimental data were
then fit to pseudo-first-order (Equation 1), pseudo-
second-order kinetic (Equation 2), intra-particle
diffusion (Equation 3), and Elovich (Equation 4) models.

In(qe — q¢) = Inge — kqt (1)
t 1 t
* D o (2)
1
qe=kptz +C 3)
q = (%) In(ap) + (é) Int (4)

where ki and k; are the first-order and second-order
apparent adsorption rate constants (min-1); kp is the intra-
1

particle diffusion rate constant (mg/g/minz); C is the
thickness of the boundary layer; q: and ge are the amounts
of pollutant adsorbed (mg/g) at time t (min) and at
equilibrium, respectively; o (mg/g/min) is the initial rate
of adsorption and f3 is the adsorption constant.

The adsorption isotherms were studied with different
pollutant concentrations (5-200 mg/L) at pH 6 using the
adsorbent of 1.2 g/L for 5 h. The data were fitted to
Langmuir (Equation 5) and Freundlich (Equation 6)
models (Mahmoodi and Maghsoodi, 2015).

1 1 1

P e (5)

de Am  KpLXqmXCe

log q. = log(K) + %logCe (6)

where gm (mg/g) is the maximum adsorption capacity per
monolayer of adsorbent; Ki. (L/mg) is the Langmuir constant;
Ce (mg/L) is the absorbent concentration at equilibrium; Kr
(mg/g) is Freundlich constant; and 1/n is the adsorption
intensity.

2.2.4 Optimization process using response surface
method—central composite design and validation
The output phosphate and ammonia concentrations were
the dependent variables whereas the modified
temperature, adsorbent dosage, and contact time were the
independent variables, as listed in Table 2.
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Table 2. Three factors at various levels for central composite design

Levels
Factors

Low (-1) 0) High (+1) -alpha + alpha
A - Temperature modification (°C) 500 700 900 363.6 1036.4
B - Steel slag dosage (g/L) 0.4 0.8 1.2 0.1272 1.4728
C - Contacting time (h) 6.5 15.3 24 0.5326 29.9675

The central composite design (CCD) is a two-level factorial
design with center, factorial, and axial points. The number of
experiments in a central composite design is determined by
Equation 7 when the factorial design is full.

N =2% + 2k + N, (7
where k is the number of independent variables (factors),
2K is the number of factorial points, and 2k is the number

of star points. The levels of the points on a star design are
+a where |a|21; No is the number of center points.

In this study, there were three factors, leading to 6
center points (a = 1.682), 24 factorial points (i.e. 23 with
3 replicates for each), and 18 axial points (i.e. 2x3 with 3
replicates for each). Hence, there were a total of 48
experiments as presented in Table 7. Based on the
experimental data, the outcome of the response surface
regression (Y) is the following mathematical paradigm -
quadratic surface model shown in Equation 8 (Sibiya et
al,, 2022)

Y =Bo +B1A+ BB+ B3C+B12AB+ Bi3ACH Bo3BC + P11 A2 + B2,B2 + B35C2 (8)

where Y is the predicted response; A, B, and C are the
coded independent variables; o is the mean value of the
response constant coefficient; B1, B2, and B3 are linear
coefficients; 811, B2z, and B33 are quadratic coefficients;
and P12, B13, and P23 are interaction coefficients.

The Design Expert software was employed for statistical
regression and graphical analyses of the obtained data.
Adsorption experiments were then conducted using 250-
mL Erlenmeyer flasks containing 50 mL of the synthetic
wastewater with initial concentrations of 10 mg PO} /L
and 42 mg NH3N/L at pH 6.

Validation of optimization conditions for domestic
wastewater was then performed. The optimal conditions
found in the optimization experiments were applied for
real domestic wastewater taken on 14 June 2022, 7 and
20 February 2023.

2.3 Analytical method and data analysis

The phosphate concentrations were measured by the
930 Compact IC Flex Ion Chromatograph (Metrohm AG,
Switzerland). Ammonia concentrations were analyzed
following two processes, including distillation (4500-NH3
B) using Pro Nitro-S equipment (JPSELECTA, Spain) and
titration with hydrochloricacid (4500-NH3 C) (APHA etal,
2005). COD was determined according to the closed reflux
method (5220) (APHA et al, 2005). After data collection,
the removal efficiency and adsorption capacity of
phosphate, ammonia, and COD were determined by
Equation 9 and Equation 10 (Mokhtari-Shourijeh et al,
2020).

E(%) = <= x 100 9)

Qe ="tV (10)
where E(%) is the pollutant removal efficiency, ge is the
adsorption capacity at equilibrium in milligrams of
pollutant per gram of adsorbent, Co (mg/L) is the initial
pollutant concentration, Ce (mg/L) is the equilibrium
concentration of pollutant remaining in the solution, V (L)
is the sample volume, and m (g) is the mass of the
adsorbent.
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3. RESULTS AND DISCUSSION

3.1 Material characterization

Figure 1illustrates the SEM images of the raw and modified
DN steel slags at different temperatures. Obviously, the DN
raw and modified steel slags had irregular shapes and
sizes. From EDS analysis, the elemental mapping of DN raw
and modified steel slags is given in Supplementary Data.
Table 3 shows the components of DN raw steel slags (X-0)
and modified steel slags at 700, 800, and 900°C (denoted
as X-700, X-800, and X-900, respectively), and X-F
(modified steel slag at 800°C, after phosphate adsorption).
When the calcination temperature increased, the element
contributions reduced from 10.03 to 3.93% for C and from
53.13 to 37.06% for O. These reductions would be due to
the burning of these elements being stronger at higher
temperatures. The mass contribution of Ca was from 34.48
to 55.48%, which is consistent with the results from Kim et
al. (2006) (40.5%), ].-H. Park etal. (2017) (49.8%), and Xue
etal. (2009) (45.4%). This element at a high level would be
very important for the treatment of phosphate and
ammonia as the principal removal mechanisms were the
formation of calcium phosphate precipitation (Ping et al,
2016), and ion exchange with Ca?* (Wang et al, 2021),
respectively. The mass percentages of other elements such
as Mg, Si, and Al were 0.00-1.02, 1.57-3.22, and 0.00-
0.43%, respectively, which were smaller compared to the
aforementioned elements.

The results of the BET analysis of the absorbent
calcined at 800°C (X-800) and 700°C (X-700) are shown in
Figure 2(a) and 2(b), respectively. The pore volume and
specific surface area of X-800 were 1.69 cm3/g and 7.35
m2/g, respectively, which were higher than those of X-700
(1.47 cm3/g and 6.38 m2/g, respectively). In comparison
with previous studies, the surface areas of adsorbent in our
study were larger than those of Trang et al. (2018) (0.32
m2/g), Xue etal. (2009) (0.9 m2/g), Kim et al. (2006) (930
cmz2/g), Trinh et al. (2022) (1.9 m2/g for raw steel slag, 2.5
m2/g after NaOH modification), Trinh et al. (2023) (0.09
m2/g for raw steel slag, 2.3 m2/g after the acidic
activation), Gao et al. (2017) (3.46 m2/g), but slightly
lower than those from Yu et al. (2015). In his study, the
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surface area of raw steel slag was 7.523 m2/g, increasing to
8.62 m2/g after modification at 800°C for 1 h. The trend of
increasing surface area due to the increased temperature
is consistent with the findings from Yu et al. (2015)
and Yang et al. (2017). According to Yang et al. (2017),
a high modification temperature can remove some

contaminants and water molecules and open channels
inside and outside the steel slag, thereby increasing the
pore size and creating a high pore density. His research
found that the modification of steel slags at 800°C resulted
in an increase in the specific surface area of 3.34 times that
of the original form.

Table 3. The elemental component of raw and modified DN steel slags

Element Mass (%)

X-0 X-700 X-800 X-900
C 10.03+£0.04 9.56+0.03 5.03+0.03 3.98+0.02
(] 53.13+0.17 49.98+0.17 46.62+0.17 37.06+0.17
Mg 0.74+0.02 0.83+0.02 1.02+0.03 -
Al - 0.18+0.02 0.43+0.02 0.27+0.02
Si 2.62+0.04 1.57+0.03 2.52+0.04 3.22+0.05
Ca 34.48+0.22 38.37+0.23 44.37+0.25 55.48+0.29
Total 100 100 100 100

As can be seen in Figure 2(c), the XRD results of the
raw material show that the peaks were mainly CaCO; at
20 = 18.18° and 29.48° corresponding to crystal planes
(101) and (112) (Li et al., 2018). After being calcined at
700°C, this component gradually decreased, probably
due to the partial pyrolysis of CaCO; into CaO. At a
temperature of 800°C, the pyrolysis of CaCO; took
place completely and the CaO peaks appeared at 20 =
32.25° 33.55°, 37.43° 43.04°, 46.81°, and 53.94°,
corresponding to the planes of (040), (200), (002),
(015), (204), and (222), respectively. There was also the
appearance of other metal oxides such as Mg, Si, and Al
at 20 = 43.04° corresponding to the (015) plane (Fang
etal, 2018; Xue etal., 2009). These elements were also

found in the EDS elemental mapping of the materials
(Table 3). After phosphate adsorption onto steel slag, a
significant change of the peaks was observed from 10 to
80°, indicating that the phosphate adsorbed on steel
slag changed the intensity of the component peaks (X-F
line in Figure 2(c)). Consistent with previous research
results, there was contact between phosphate salts (Al,
Ca, Fe) at 20 = 37.43° and 33.55° corresponding to
planes (002) and (200) and slag particles (Oguz, 2004).
After phosphate adsorption, the maximum intensity of
some peaks at 20 = 37.43° and 33.55° decreased, which
could be attributed to the hydrolysis of Ca,Fe,0Os,
Ca,SiO,, Ca;4Mg,(Si0,)g CaFe,0,, CaO and FeO (J.-H.
Park etal,, 2017).

Figure 1. SEM images of raw and modified steel slags
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Figure 2. The BET analysis of the absorbents calcined at (a) 800°C, (b) 700°C, and (c) the X-ray diffraction spectrum

3.2 Results of preliminary experiments

3.2.1 Adsorbent selection

These experiments preliminarily evaluated the phosphate
and ammonia removal efficiency by two types of raw steel
slags and their modified adsorbents to select the material
with high removal efficiencies. Figure 3a shows that the
raw and modified DN steel slags provided better
phosphate removal efficiency than those of GM steel slags,
with an exception at 2 h and 900°C. At this exception point,
the phosphate removal efficiency of GM was 32.3%, which
was higher than that of DN (27.5%). Similarly, the raw and
modified DN steel slags also resulted in higher ammonia
removal efficiencies than the remaining types of steel slags,
with exceptions at 24 h for the raw and the steel slags
calcined at 500°C (Figure 3b). In addition, increasing the
calcination temperature led to a higher removal efficiency
of DN steel slags for both phosphate and ammonia, but
depending on the contact time, the effect of temperature

Removal efficiency (%%)

ool
500 %)
e o E{Bm@

?ime Ul) e

Removal efficiency (%)

was unstable for the adsorption ability of GM steel slags.
Also, the contact time seemed to positively affect the
removal efficiency of phosphate in which the adsorption for
24 h provided better removal efficiency compared to that for
2 h. However, this factor effect was not clear in the case of
using DN steel slags for ammonia removal. To sum up, the
modified DN steel slags mainly provided higher treatment
efficiency for both phosphate and ammonia, thus they were
selected for further experiments. Effects of contact time and
calcination temperature on the adsorption ability of the
materials were initially assessed, but there was a need for
further confirmation as the parameters in these experiments
were separately investigated with only two to three levels
(e.g., 2 and 24 h for contact time, and 0, 500, and 900°C for
calcination temperature) while the interactions between
them had not been considered. Hence, experiments were
designed following RSM to find the factors’ effects and
optimization conditions in the next section.
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Figure 3. (a) Phosphate and (b) ammonia removal efficiency by different modified steel slags (Co = 10 mg PO3~/L and 42
mg NH3 N/L, steel slag dose: 0.8 g/L; contact time: 2 and 24 h)

3.2.2 Adsorption Kkinetics and isotherms

The time dependence of phosphate adsorption is
illustrated in Figure 4a. Phosphate output concentration
reduced very fast from 10 mg/L to less than 1 mg/L after 2
h, then slowly, and subsequently reached 0.5 mg/L after 9
h. The trend of time dependence of the phosphate output
concentration in this study is consistent with the findings
from Liu et al. (2022) who used an electric arc furnace
(EAF) slag aggregate for the treatment of a P solution. The
adsorption process was fitted to four kinetic models,
including pseudo-first-order (PFO), pseudo-second-order
(PS0), intra-particle, and Elovich kinetic models with the
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parameters displayed in Figure 5 and Table 4. It can be
noted that the PSO model provided the highest value of the
coefficient of determination (R2) in comparison to the PFO,
the intra-particle diffusion, and the Elovich models.
Therefore, the PSO kinetic model fitted better with the
experimental result of adsorption, indicating the rate-
limiting step being chemisorption (Sahoo and Prelot,
2020). This finding is consistent with the kinetic models
reported from da Silva et al,, (2022) and Kadirova et al,
(2015), but not consistent with Han et al. (2015) who
found that the removal process of phosphorus through
BOF-slag followed PFO reaction kinetics. Based on the PSO
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equation, the equilibrium adsorbed capacity was 8.4246
mg/g, which was much greater than those for other
models.

Figure 4b shows the relation between the equilibrium
concentrations of phosphate in the liquid (Ce) and solid
phases (qe). To describe the adsorption on active sites,
the data were fitted to Langmuir and Freundlich models.
Figure 6 presents the linear forms of Langmuir and
Freundlich models, while the models’ parameters were
calculated and are shown in Table 5. The R values for
Langmuir and Freundlich isotherm models were 0.9905
and 0.6621, respectively, indicating that the Langmuir
isotherm was the best for fitting the experimental data.
This finding is consistent with that from the literature (da
Silva et al, 2022; Wang et al,, 2021; Yu et al,, 2015),
suggesting that the adsorption of phosphate occurred as
a monolayer on the homogeneous surface of modified

()
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0 200 400 600 800 10001200 1400 1600

Time (min)

steel slag and each active site of modified steel slag
provided the same affinity for adsorbate molecule.

Besides, the maximum adsorption capacity (qmax) of
phosphate on steel slag from the Langmuir equation was
31.0559 mg P03 /g (i.e., 10.1340 mg P/g). For comparison,
the gqmax values of phosphate on the modified steel slag
from previous literature were summarized in Table 6. Itis
noted that though the studies in Table 6 were intentionally
selected due to their initial phosphate concentrations
being close to the phosphate concentration in general
domestic wastewater, this comparison s for reference only
since there were differences in the experimental
conditions such as steel slag doses, initial P concentrations’
ranges, and contact times. Obviously, modified steel slag
provided a relatively higher qmax value than those from
almost all studies using steel slag for phosphate treatment
in the literature
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Figure 4. (a) Effect of contact time, and (b) isotherm data of phosphate adsorption on the modified steel slag
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Silpakorn Universtiy




Application of response surface methodology for optimization of phosphate and ammonia removal from domestic wastewater

Table 4. Kinetic parameters calculated for phosphate adsorption onto modified steel slag

Model Parameter Unit Value
Pseudo-first order (PFO) k1 min-! 0.0068
Qe mg/g 3.3022
R2 - 0.8297
Pseudo-second order (PSO) ka mg/(g.min) 0.0065
Qe mg/g 8.4246
R2 - 0.9995
Intra-particle diffusion ks mg/(g.min%) 0.2598
c mg/g 3.2189
R? - 0.7835
Elovich [od mg/(g.min) 646.1064
B mg/g 0.7366
R? - 0.9558

Regarding the adsorption mechanisms, previous
studies suggested that chemical precipitation and surface
complex such as the ligand exchange between phosphate
(in solution) and -OH (on the surface of BOF slag) are the
main adsorption mechanisms of phosphate on steel slag
(Wang et al,, 2021; Xue et al,, 2009; Yu et al, 2015). The
chemical precipitation occurred when Ca?*, Fe?*, and AI®*
hydrolyzed from steel slag reacted with phosphates to
form Ca-P and other precipitations. The ligand exchange
could be described as the reactions in Equation 11 and
Equation 12 (Xue et al., 2009).

2 = Si— OH + H,P0; < (= Si),HPO, + H,0 + OH~ (11)

2= Al — OH + H,P0; < (= Al),HPO, + H,0 + OH™ (12)

(a) Langmuir

There is a limitation that this study has not
investigated the Kkinetics and isotherms for ammonia
adsorption on steel slag. Qiu et al. (2015) studied
adsorption kinetics and isotherms of ammonia-nitrogen
on steel slag and found that the controlling step of NHf -
N adsorption varied under different experimental
conditions and the Kkinetics of adsorption can be
described by Boyd’s equation, Kannan’s equation and the
PSO kinetic model. In addition, the isotherm of NH;-N
was better fitting on the Langmuir model (Jinming et al.,
2012). Ion exchange between the metal ions of the steel
slag surface and ammonia, and physical adsorption were
the main adsorption mechanisms of ammonia on steel
slag (Jinming et al., 2012; Wang et al,, 2021).

(b) Freundlich
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Figure 6. (a) Langmuir and (b) Freundlich models
Table 5. Parameters of isotherm models
Isotherm Parameter Value
Langmuir Qmax 31.0559
KvL 0.1571
R2 0.9905
Freundlich Kr 6.9263
n 2.7709
R2 0.6621
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Table 6. Comparison of qmax values achieved from modified steel slag

No. Adsorbent

Experimental conditions

Adsorption capacity (q) References

1 Modified steel slag (Heated Synthetic solution 10-125
at 800°C) mgP/L, 24 h
(5g/L)
2 Steel slag Synthetic solution:
(40 g/L) phosphate: 2.5-12.5 mg/L
3 Steelmaking slag
(40 g/L) mg PO} /L, pH 5, 45 min
4 Modified granular steel slag Synthetic solution
(GSS) (thermal treatment) 24h
(10 g/L)
5 Electric arc furnace (EAF) Synthetic solution: 5-50 mg
slag aggregate P/L,pH 7
(10 g/L)
6 Blast furnace sludge (BFS) Synthetic solution:20-200
(50 g/L) mg P-P0O3 /L, pH 6, 24 h
7 Modified steel slag Synthetic solution: 5-200
(1.2 g/L) mg PO} /L, pH 6, 5h

Synthetic wastewater: 5-100  Qmax: 3.8 mg PO} /g;

Qmax: 13.620 mg P/g Yu et al. (2015)

gmax: 1.39 mg PO} /g Ping et al. (2016)
Pramanik et al. (2020)

Qmax: ~7.037 mg PO} /g Wang etal. (2021)

Qmax: 1.81 mgP/g Liu etal. (2022)

Qmax: 6.48 mgP/g da Silva et al. (2022)

gmax: 31.0559 mg PO} /g
(10.1340 mg P/g)

This study

3.3 Results of optimization experiments

3.3.1 Experimental results and ANOVA analysis
Previous studies have addressed the effects of calcination
temperature (Jha etal.,, 2008; Yu etal., 2015), pH (Ahmad
etal, 2020; Liu et al,, 2022; J.-H. Park et al,, 2017; Ping et
al.,, 2016; Xue et al., 2009), size of steel slag (Barca, 2014;
J.-H. Park et al., 2017), steel slag dosage (J.-H. Park et al,,
2017; Ping et al., 2016; Wang et al., 2018), reaction time
(Ping et al., 2016), and aeration (Ahmad et al., 2020) on
the phosphate treatment by steel slags. Regarding the
effect of pH, although Ahmad et al. (2020) found high
removal efficiencies of orthophosphate regardless of the
pH of the influents, better efficiencies were found at pH 3
and 5 compared to those at pH 11. Similarly, Han et al.
(2015) found that apparent rate constant was greatly
decreased with increasing initial pH from 3.0 to 7.0. In
addition, J.-H. Park et al. (2017) and Pramanik et al.
(2020) reported the maximum phosphate adsorption
capacities were at pH 5. However, Liu et al. (2022) reported
that the P removal capacity of EAF slag increased gradually
with the increase of pH from 2 to 10 with the highest P
removal capacity of 1.94 mg/gachieved at pH 12. Despite the
different findings in pH effects from those studies, it was
decided to keep the pH of the treatment at the original pH of
domestic wastewater (i.e., of about 6.9, Table 1) for this study.
This decision was made because domestic wastewater is
typically produced in large quantities, and if pH adjustment s
applied prior to the treatment, there would be a high

Table 7. Results for central composite design matrix

chemical consumption for neutralization before discharging
the treated wastewater.

In general, a smaller steel slag size can achieve a
higher adsorption efficiency of PO43--P, possibly due to
its higher surface area (Barca etal.,, 2014; Bowden etal,,
2009; J.-H. Park et al.,, 2017; T. Park et al,, 2017). The
sizes of steel slag varied from different studies such as
10-20 pm (Jha et al, 2008), <300 pm (Bowden et al,
2009), 0.5-6 mm (T. Park et al,, 2017), 0.8-2.3 and 2.3-
4.6 mm (J.-H.Parketal., 2017),and 6-12 mm and 20-50
mm (Barca et al., 2014). In this study, to reduce the
number of factors in the optimization process, a 0.45
mm steel slag was selected, which is considered in the
smaller ranges in the comparison with previous studies.
Similarly, studies have either stirred the solutionat 150
rpm (Ahmad et al,, 2020; Bowden et al., 2009), 200 rpm
(Wang et al,, 2021), or applied shaking at 100 rpm (Hua
et al, 2016). Shaking the solution at 150 rpm was
therefore selected in this study. Three main factors
were considered in the experimental design, including
calcination temperature of the adsorbent, steel slag
dosage, and contact time while two responses were the
output concentrations of ammonia and phosphate.
Table 7 shows the outline of 48 tests of optimization
experiments and the results of the experiments. The
effects of various factors and optimal conditions for
achieving the minimum output of phosphate and
ammonia concentrations were evaluated.

Run A: Temperature B: Steel slag dosage C: Contacting time Output ammonia Output phosphate
modification (g/L) (h) concentration concentration
©C) (mg NH3-N/L) (mg POF /L)

1 1036 0.8 15.3 209 0.582

2 700 0.8 15.3 28.1 1.794

3 500 0.4 24.0 28.0 7.703

4 500 0.4 6.5 35.1 7.360

5 700 0.8 15.3 21.2 1.703

6 500 1.2 24.0 279 0.895

7 900 1.2 6.5 279 0.226

8 900 1.2 24.0 209 0.161

9 500 0.4 6.5 35.0 8.664
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Table 7. Results for central composite design matrix (Continued)

Run A: Temperature B: Steel slag dosage C: Contacting time Output ammonia Output phosphate
modification (g/L) (h) concentration concentration
©C) (mg NH;-N/L) (mg PO3 /L)

10 900 0.4 6.5 279 3.959
11 700 0.8 15.3 20.8 2.023
12 700 0.8 15.3 21.1 1.915
13 900 0.4 6.5 28.0 3.419
14 900 1.2 24.0 27.8 0.155
15 900 0.4 24.0 28.1 0.422
16 700 0.8 30.0 21.1 1.896
17 700 0.8 0.5 21.2 7.357
18 1036 0.8 15.3 21.1 0.647
19 700 0.1 15.3 28.0 8.606
20 700 0.8 15.3 21.0 1.694
21 500 0.4 24.0 27.8 7.577
22 900 1.2 6.5 28.1 0.221
23 900 1.2 6.5 28.1 0.22
24 900 0.4 24.0 21.2 3.325
25 500 1.2 6.5 28.2 2.083
26 700 1.5 15.3 21.2 2.033
27 700 1.5 15.3 21.0 0.616
28 700 0.8 15.3 20.8 0.654
29 1036 0.8 15.3 211 0.824
30 364 0.8 15.3 27.9 6.354
31 700 0.1 15.3 28.2 8.886
32 900 1.2 24.0 28.2 0.245
33 700 0.8 30.0 28.2 2.162
34 900 0.4 24.0 27.8 5.802
35 700 0.8 0.5 21.0 6.639
36 500 1.2 24.0 21.2 1.200
37 900 0.4 6.5 281 5.101
38 364 0.8 15.3 281 5.752
39 500 1.2 6.5 28.0 1.990
40 700 1.5 15.3 27.8 0.870
41 700 0.8 30.0 28.0 2.392
42 500 0.4 6.5 349 8.359
43 500 1.2 6.5 27.8 2.005
44 700 0.1 15.3 27.8 8.976
45 700 0.8 0.5 20.8 7.634
46 500 0.4 24.0 21.2 7.969
47 500 1.2 24.0 281 1.444
48 364 0.8 15.3 28.0 5.062

3.3.2 Response as output phosphate
concentration

Figure 7a shows the normal probability plot of
residuals. As the plot of the residuals approximately
followed a straight line, the residuals were normally
distributed. Figure 7b demonstrates the relationship
between residuals and predicted values of the response.
As the points fell randomly on both sides of 0, without
recognizable patterns in the points, the residuals
were normally distributed with a relatively constant
variance. Hence, the regression model met the
assumption of normality and homogeneity of variance.
Figure 7c illustrates the relation between the response
predicted from the empirical model and the actual
values obtained from the experiments. Clearly, most
data points on the plot were close to the experimental
values, as also shown by the high R2 values (R? = 0.906,
adjusted R? = 0.884, and predicted R? = 0.849).
The suggested model type for the response was
quadratic.

science, engineering
and health studies
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From the ANOVA result in Table 8a, the quadratic
model of phosphate concentration was statistically
significant (p<0.0001). It is obvious that the effects of
modified temperature (A), steel slag dosage (B), contact
time (C), linear interaction of modified temperature -
dosage (AB), second-order effects of dosage (B2) and
reaction time (C2) were statistically significant while AC
and BC interactions and A2 were insignificant. According
to the regression equation in Table 8b, the effects of three
main factors on output phosphate concentration were
negative, while the AB interaction was positive. The
dosage of steel slag had the greatest effect on output
phosphate concentration, as evidenced by the coefficient
estimate of -2.5. The effect of calcination temperature on
phosphate output concentration in this study is
consistent with that of Yu et al. (2015), in which the
modified steel slag at 800°C provided a higher removal
efficiency than the raw material. Similarly, Wang et al.
(2021) also stated that the modified granular steel slag at
800°C for 1 h was easier to hydrolyze Ca?*, which

10
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possibly promoted the precipitation of phosphates. In
comparison to Wang et al. (2018), the opposite trends
were found since the steel slag dosage provided a
negative effect on phosphorus removal efficiency, and the
effect of reaction time in his

Normal plot of residuals
(@ (b)

Residuals vs. Predicted

study was insignificant. The reason might come from the
differences in the selected ranges of the steel slags and
contact time from the two studies as we conducted the
experiments in a wider range of time (0.5-30 h) but at a
lower range of steel slag dosages (0.13-1.47 g/L).

(c) Predicted vs. Actual
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Figure 7. (a) A normal plot of residuals for output phosphate concentration, (b) a plot of residuals versus fitted values for
phosphate concentration, and (c) the correlation between the experimental and predicted values of output phosphate

concentration

Table 8. ANOVA results for a quadratic model of phosphate concentration and the regression equation of fitted model of
the phosphate concentration in coded units

Source Sum of squares df Mean square F-value p-value
Model 389.81 9 43.31 40.63 <0.0001
A-Temperature modification 72.27 1 72.27 67.79 <0.0001
B-Steel slag dosage 255.98 1 255.98 240.13 <0.0001
C-Contacting time 18.11 1 18.11 16.99 0.0002
AB 6.22 1 6.22 5.83 0.0207
AC 1.32 1 1.32 1.24 0.2721
BC 0.5343 1 0.5343 0.5012 0.4833
A? 3.37 1 3.37 3.17 0.0832
B2 26.84 1 26.84 25.18 <0.0001
c? 21.06 1 21.06 19.75 <0.0001
Residual 40.51 38 1.07

Lack of Fit 30.34 5 6.07 19.7 <0.0001
Pure Error 10.16 33 0.308

Cor Total 430.32 47

Regression equation: Y= +1.72 - 1.33A - 2.50B - 0.6648C + 0.5090AB + 0.2349AC - 0.1492BC + 0.3484A2 + 0.9826B2 -

0.8703C2

3.3.3 Response as ammonia output concentration
Figure 8a shows the normal probability plot of residuals.
Similar to the case of phosphate, the plot of the residuals
approximately followed a straight line, suggesting that the
residuals were normally distributed. The relationship
between residuals and predicted values of response
(Figure 8b) indicated that the points were distributed
randomly on either side of 0 with no discernible patterns.

Silpakorn Universtiy

The assumption of normality and homogeneity of variance
was therefore satisfied by the regression model. Figure 8c
provides the relation between the response predicted from
the empirical model and the actual values obtained from
the experiments. Clearly, data points on the plot were not
that close to the experimental values, which was consistent
with the results of the low R2 values (R? = 0.402, adjusted
R?=0.2606, and predicted R* = 0.0419)
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Figure 8. (a) A normal plot of residuals for output ammonia concentration, (b) a plot of residuals versus fitted values for
ammonia concentration, and (c) correlation between the experimental and predicted value of output ammonia

concentration

Based on the ANOVA result in Table 9, the p-value of
0.0116 implies that the quadratic model of ammonia
concentration was significant and there was only a 0.0116%
chance that an F-value this large could occur due to noise. In
addition, the linear effects of modified temperature (A),
quadratic effects of modified temperature (A2?), and steel slag
dosage (B2) were significant model terms while other terms

could be neglected. Similar to the result from phosphate
treatment, the calcination temperature negatively affected
the ammonia output concentration (Table 9), which would
be due to the modified steel slag being easier to hydrolyze
Ca?*, leading to the promotion of the ion exchange process
with Ca2* as a main mechanism of ammonia removal (Wang
etal, 2021)

Table 9. ANOVA results for a quadratic model of ammonia concentration and the regression equation of fitted model of the

ammonia concentration in coded units

Source Sum of squares df Mean square F-value p-value
Model 318.40 9 35.38 2.84 0.0116
A-Temperature modification 77.51 1 77.51 6.22 0.0171
B- Steel slag dosage 48.43 1 48.43 3.89 0.0559
C-Contacting time 14.95 1 14.95 1.20 0.2802
AB 17.68 1 17.68 1.42 0.2408
AC 18.03 1 18.03 1.45 0.2364
BC 18.37 1 18.37 1.48 0.2320
A? 66.03 1 66.03 5.30 0.0269
B2 105.45 1 105.45 8.47 0.0060
c? 36.16 1 36.16 2.90 0.0966
Residual 473.27 38 12.45

Lack of Fit 243.01 5 48.60 6.97 0.0002
Pure Error 230.25 33 6.98

Cor Total 791.67 47

Regression equation: Y=+ 21.87 - 1.38A - 1.09B - 0.6040C + 0.8583AB + 0.8667AC + 0.8750BC + 1.54A2 + 1.95B2 + 1.14(2

3.3.4 Optimization results

3.3.4.1 Optimization for each response

The results of the above sections suggested that the
calcination temperature negatively affected both the output
phosphate and ammonia concentrations, while the steel slag
dosage and the reaction time only impacted the phosphate
concentration. This result confirmed the preliminary
findings from Section 3.2 in which the changes in output
phosphate concentrations from 2 to 24 h of treatment were
obvious, but this was not visible for the case of the output
ammonia. Figures 9a and 9b show the interaction effect
between the temperature and steel slag dosage on both

s:H science, engineering
- and health studies

responses. Obviously, favorable conditions for reducing the
output phosphate concentration were determined at the
top-right corner positions of the plot (Figure 9a). The
optimal conditions for minimizing the output ammonia
concentration were quite similar to that of phosphate but
the areas for selection were broader (Figure 9b).

The optimization for phosphate and ammonia
concentrations was first run separately in which the
factors were within their ranges, and the response of either
phosphate or ammonia was set at “minimum”. Tables S1
and S2 in Supplementary Data indicate the strains for each
response and the corresponding solutions suggested
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by the software, while Figures 9c and 9d illustrate the
dependence of desirability on the modified temperature
and steel slag dosages for each response. Herein, 100
solutions were suggested for minimizing phosphate
effluent concentration with the temperature ranging from
500 to 900°C, contact time from 6.5 to 24 h, and steel slag
dosages from 0.6 to 1.2 g/L, by which the expected
phosphate output concentration would be from 0 to 1.9
mg/L. There was one solution suggested for minimizing
the ammonia effluent concentration at 776°C, 0.872 g/L of
modified steel slag, and a contact time of 15.8 h, by which
an output concentration of ammonia of 21.5 mg/L would
be achieved.

3.3.4.2 Optimum conditions for both responses
and experimental validation
To minimize both phosphate and ammonia output
concentrations, the optimization conditions for these two
responses were considered simultaneously. The three
factors were considered in their ranges while both output
phosphate and ammonia concentrations were set at
minimum values (Table 10a). As can be seen from Table
10b, there were two solutions suggested in which the
working conditions, the expected responses from these
solutions, and their desirability were close to each other.
Under the modified temperature of 776°C, the dosage
of 0.87 g/L, and the contacting time of 15.7 h, the output
concentrations of phosphate and ammonia were expected
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to be 0.84 mg/L (removal efficiency of 91.6%) and 21.5
mg/L (removal efficiency of 48.8%), respectively. This
optimal condition was then validated using domestic
wastewater. As given in Figure 10, the removal efficiencies
of phosphate, ammonia, and COD were 81.7+2.7%,
31.6+20.1%, and 32.7£5.5%, respectively. The removal
efficiency achieved from real domestic wastewater was
lower than the expected values because the real domestic
wastewater contained other contaminants such as COD,
color, NO3, NO3, and TSS which possibly competed with
ammonia and phosphate for active sites on the surface of the
modified steel slags. The removal efficiency of COD
mentioned above was evidence for this suggestion. The
phosphorus removal efficiency of this study was close to
the phosphate removal efficiencies found by Wang et al.
(2021) and Pramanik et al. (2020) who also treated
domestic and municipal wastewater with steel slags and
achieved removal efficiencies of 82.5% and 82%,
respectively. However, the efficiency in this study was
lower than that of ].-H. Park et al. (2017) at 89.3%, and Ping
etal. (2016) at 99%. This is possibly due to the differences
in wastewater characteristics, as ].-H. Park et al. (2017)
used wastewater discharged from hydroponic cultivation
and Ping et al. (2016) treated synthetic wastewater. The
ammonia treatment efficiency achieved by this study was
also higher than those of Ping et al. (2016) and Wang et al.
(2021) who found ammonia removal efficiencies of 22.3%
and 15%, respectively, from domestic wastewater.
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Figure 9. Contour plots (2D) with factors’ interaction for the response: (a) phosphate and (b) ammonia output
concentrations; and desirability according to calcination temperature and steel slag dosages for (c) phosphate and (d)

ammonia output concentrations
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Table 10. (a) Constraints for optimization of both phosphate and ammonia output concentrations and (b) The suggested

solutions
(a
Name Goal Lower limit Upper limit
A: Temperature isinrange 500 900
B: Steel slag dosage isinrange 0.4 1.2
C: Contacting time isinrange 6.5 24
Output ammonia conc. minimize 21 35
Output phosphate conc. minimize 2 6
(b)
Number Temperature Steel slag Contacting Output Output Desirability
(°C) dosage (g/L) time (h) ammonia phosphate
concentration concentration
(mg NH;-N/L)  (mg PO} P/L)
1 776 0.87 15.7 21.5 0.844 0.975
2 777 0.88 15.6 21.5 0.833 0.975

Though the output phosphorus concentration was
1.5 mg/L which is an allowable value from Column A of
QCVN 14:2008/BTNMT (6 mg/L), the output ammonia
concentration (16.33 mg/L) was higher than the
recommended value (5 mg/L). Hence, further investigation
for enhancing the treatment of ammonia is necessary. In

200

addition, this study did not conduct tests to create the
breakthrough curves for the estimation of the possible
working time of the material, and the way to recover the
material after adsorption saturation. Such tests are
important in the future to increase the feasibility of the real
application of steel slags.
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Figure 10. The concentration of parameters in domestic wastewater before and after the treatment by modified steel slag

adsorbent at optimum conditions

4. CONCLUSION

This study investigated the application of steel slags
and their thermally modified material for the adsorption
of phosphate and ammonia in domestic wastewater.
Steel slags were collected, thermally modified, and
characterized via SEM, EDS, and BET. The results showed
that the increase of heating temperature from 0 to 900°C
led to significant reductions of the mass percentages, from
10.03% to 3.98% for C elements and from 53.13 to 37.06%
for O elements, while Ca elements increased from 34.48

science, engineering
and health studies
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to 55.5%. Also, the increase in calcination temperature
resulted in an increase in the surface area of the material.
After selecting the type of steel slag from the preliminary
test, their adsorption kinetics and isotherms were studied.
RSM using CCD was then applied for the adsorption
optimization process with three factors (modified
temperature, adsorbent dosage, and reaction time) and
two responses (output concentrations of phosphate
and ammonia). The results indicated that the modified
temperature, adsorbent dosage, and reaction time
significantly affected output phosphate concentration,
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while the output ammonia concentration was influenced
by modified temperature and adsorbent dosage. Optimal
conditions were identified at a modified temperature of
776°C, an adsorbent dosage of 0.87 g/L, and a contact time
of 15.7 h by which the removal efficiencies achieved 81.7%
for phosphate, 31.6% for ammonia, and 32.7% for COD
from domestic wastewater. Though phosphate output
concentration (1.4 mg/L) was within the allowable value,
ammonia and COD required further treatments.
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