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Abstract. Blast-furnace slag (BFS) is enormously generated each year and has been considered
as hazardous solid waste which is posing a significant pressure on waste treatment in terms of
storage and transportation. This study aims to recycle BFS as a material for ammonium
adsorption from an aqueous solution. Natural-state BFS and acidic-modified by using HNO; at
various concentration of 0.5 M, 1 M, and 3 M (A-BFS1, A-BFS2, and A-BFS3) was examined.
The surface characteristics of the materials were examined by BET analysis and Scanning
Electron Microscope. The adsorption of ammonium on the BFS materials was conducted in
batch mode at various conditions of contact time, pH level, adsorbent dosage, and initial
concentration of ammonium. The results indicated that the HNO3; modification exhibited pore
creations and surface enhancement as the A-BFS3 has 25.7 times larger surface area and 10.3
times pore size improvement. The A-BFS3 showed good ammonium adsorption capacity
compared to other materials, which is 1.81 mg/g at the optimum conditions of pH 6, contact time
of 120 minutes, and dosage of 0.5 g in 50 mL of 20 mg/L ammonium solution. Langmuir and
Freundlich adsorption isotherm models of the A-BFS3 material showed a relatively good
correlation with R? values of 0.999 and 0.9625, respectively.
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1. INTRODUCTION

Ammonium (NH,") is one of the most common pollutants found in groundwater and
wastewater. NH," comes from various sources from human, animal, certain fertilizers to even
discharge from industrial, agricultural, and domestic activities [1]. The exceeded release of NH,"
in the water body exhibits eutrophication, and lethality to aquatic species. Exposure to a high
concentration of ammonia may cause loss of equilibrium, convulsion, coma, or even death [2].
NH," presenting in drinking waters also leads to algae growth and bacterial population, metal
pipe corrosion, and a higher requirement of chlorine added for disinfection by the formation of
chloramines [3]. The criteria for the acceptable amount of NH,"/NH; in water is stringent in
many countries. WHO guidelines have set the allowable concentration of NH," in drinking water
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is under 1.5 mg/L, while the Vietnam National technical regulation on drinking water set the
safe amount of NH," is not exceeding 3 mg/L [4, 5].

There are many approaches that have been studied and employed for the abatement of
NH," in the wastewater, such are: biological treatment, chemical precipitation, air stripping,
membrane filtration, and adsorption. Among these methods, adsorption draws the most attention
due to its simplicity, economical and environmental friendly in terms of configuration and
operation [6]. Halim et al. reported that the polar surface of adsorbent plays a crucial role in the
adsorption of NH," since the high cation-exchange capacity materials such as zeolite and
composite materials possessed higher NH," adsorption capacity than that of activated carbon [7].
The low-cost adsorbent which is derived from the by-product of agriculture and industrial
activities has even drawn huge attention in terms of economical and environmental benefits [8].
Eleven agricultural residues were proven to be comparable to the mineral adsorbent in the study
of Liu et al. [9]. Among other residues, the dry grounded leaves of Boston ivy, phoenix tree,
sunflower tree, southern magnolia, loquat, and poplar achieved NH," adsorption capacity above
2.5 mg/g. Adsorbent modification is also a common technique to enhance the adsorption
capacity by either enlarging the surface area and pore size or polarizing the surface group of the
material. The popular method the oxidation of the material using acid [10, 11]. Results of
Vassileva et al. showed that NH," adsorption capacity of activated carbon was improved from
11.57 mg/L to 28.42 mg/L after oxidation with nitric acid [10]. The adsorption capacity of saw-
dust activated carbon reached 6 to 11 mg/g after modification with HNO; and Na,CO; [11].

Among various type of industrial by-product, the slags from steel manufacture is the most
generated in weight, which equivalent 30 % to 40 % the weight of produced steel. This number
will upsurge in the near future as steel production is growing annually. Consequently, there is an
indisputable pressure on the environmental and economical aspect since it takes up expensive
costs on transportation and large land use for storage. Blast furnace slag (BFS) is a nonmetallic
type of slag, which is generated from the blast furnace in form of a small granular with a
diameter from 10 to 20 mm. The BFS mostly composed of metal oxide which has relatively
good pore size and surface area. These characteristics exhibit the potential for BFS to be used as
a material for adsorption. A few studies were conducted to examine the adsorption capacity of
BFS toward metal ions such as Cu(ll) and As(111) which showed promising results paving a way
for future application [12 - 14]. However, further studies are needed to examine the adsorption
capacity of BFS with other pollutants in water like NH," and the effect of modification on
adsorption enhancement. Therefore, this study was conducted to assess the adsorption capacity
of the BFS and acidic modified BFS toward NH,". The natural-state BFS from Formorsa Ha
Tinh Steel Corporation (Ha Tinh, Viet Nam) and its acidic modified with HNO; at different acid
concentrations were compared in the batch adsorption experiments. The effects of various
experimental conditions such as contact time, pH level, adsorbent dosage, and initial
concentration on the NH," adsorption by the BFS material were also investigated.

2. MATERIALS AND METHODS
2.1. Materials
BFS was collected from Formosa Ha Tinh Steel Corporation, crushed, and sieved to the
narrow particle size from 0.25 to 0.5 mm. The sieved material was then washed and dried in the

oven for 2 hours at 105 °C (BFS). The acidic modified BFS was prepared by mixing the 25 g of
the material with 100 mL of HNO; at different concentrations of 0.5 M (A-BFS1), 1 M (A-
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BFS2), and 3M (A-BFS3) for 12 hours. The material then was washed with distilled water to pH
8, subsequently dried at 105 °C for 2 hours to obtain the final modified adsorbent.

2.2. X-ray diffraction, BET surface area, porosity and scanning electron microscope

X-ray diffraction (XRD) examination was used to analyze the phase composition of the
BFS samples. The D8 Advance diffractometers (Bruker, United States) was used over the 10° -
70° 20 range using Cu Ko radiation in the step-scan mode of 0.03°. Four types of obtained BFS
material were degassed at 150 °C for 13 hours under the vacuum condition. The Bruauer-
Emmett-Teller (BET) method was used to measure the surface area by N, adsorption isotherm at
77 K using Autosorb iQ-C. The Barett-Joyner-Hanlenda (BJH) method served to calculate the
total pore volume and average pore diameter. The surface morphology of the material was
scanned by a Hitachi S3400 scanning electron microscope.

2.3. Batch adsorption experiments

The NH," solution was prepared by dissolving ammonium chloride (Merck, Germany) into
the selected concentrations. The batch experiments were conducted by letting the fixed amount
of adsorbents contacted with 50 mL of 20 mg/L NH," solutions for a certain period inside a 100
mL conical flask an electronic shaker at 120 rpm. The effect of acid modification on NH,"
adsorption capacity was studied at the experimental condition of pH 6, contact time of 4 hours,
the adsorbent dosage of 10 g/L in 50 mL of NH," solution. The influence of pH was also
investigated at similar conditions with pH variation from 2 to 11 adjusted by dropwise of HCI
and NaOH. Various dosages of adsorbent were also tested from 0.2 g/L to 200 g/L to clarify the
optimum amount of BFS material for NH," adsorption. The kinetic adsorption was conducted at
pH 6 with an adsorbent dosage of 10 g/L and an ammonium concentration of 20 mg/L at
different periods (after 15 to 180 minutes). The experiment was also conducted at different
levels of NH," initial concentrations from 5 to 150 mg/L. The pH meter (HI 2211, Hanna
Instrument, United States) was used for all pH measurements. NH," in the filtrates were
measured by the International Organization for Standardization ISO 7150-1:1984 in Water
guality — Determination of ammonium by manual spectrometric method (Reviewed and
confirmed in 2017) [15] using the UV-VIS Double Beam PC Scanning Auto Cell (UVD-3200,
Labomed Inc, United States). The amount of NH," adsorption at equilibrium, g. (mg/g), was
calculated as the equation below:

— (Co_ce)-V

qe =~ 1)

m
where C, is the initial concentration of NH," (mg/L), C. is the equilibrium concentration of NH,"
(mg/L), V is the volume of the solution (L), and m is the adsorbent mass (g). The NH," removal
efficiency (1) was calculated using the equation written as follows:

(%) = £ x 100. @)
The data was modeled using Langmuir (eqg. 3) and Freundlich (eq.4) adsorption isotherms.
mK Ce
qe = ‘11+TLLce ©)

where g, is the maximum NH," adsorption capacity (mg/g) and K_ is the Langmuir constant
(L/mg) relating to the energy of adsorption.
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qe = Kp x C;/" @
where K is the Freundlich constant (mg/g)(L/mg)*™ and n is the dimensionless Freundlich
constant. For the kinetics of adsorption, the amount of NH," adsorbed at time t (q;, mg/g) was
calculated as follow:

_ (Co=C)V

qe =~ (®)

m
where C,is the concentration of NH," at time t (mg/L). The data was modeled using pseudo-first
order (eq.6) and pseudo-second order (eq.7) equations:

d

L =ki(qe — q0) (6)
where kK; is the rate constant for pseudo-first order equation (1/h).

d

—=k(q.—q))° (7)

where k; is the rate constant for pseudo-second order equation (g/mg.h).

3. RESULTS AND DISCUSSION
3.1. Characteristics of the BFS adsorbents

The XRD analysis of the BFS materials is presented in Figure 1.

Amorphous
silica

Intensity (a.u.)

10 20 30 40 50 60 70
2-Theta (deg.)

Figure 1. XRD pattern of BFS materials.
There were a low number of peaks at all four materials which indicated no crystalline phase

was detected in the BFS materials. It describes that the effect of HNO; on the crystal structure of
the BFS was negligible [16]. The common and most significant pattern was the single broad
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amorphous peak at around 30°. This pattern is similar to the previous report for SiO, synthesized
by sol-gel method [17]. It is reasonable since the composition of the BFS material comprises a
high portion of SiO,. This pattern of XRD was obtained as expected since the purpose of HNO;
activation toward BFS was not to altering the primary crystal structure of BFS (which is
represented as SiO). On the other hand, the acidic modification was expected to improve the
surface area and the porosity of the BFS to have better solid-liquid interaction for the ammonium
adsorption process. Therefore, the following BET and SEM results would be necessary to clarify
the effect of HNO; modification.

The data of the surface area and pore volume of the BFS and A-BFS3 is presented in Table
1. According to the result, the acid modification has significantly enhanced the surface area and
pore volume of the blast furnace slag. Specifically, the Sger was increased 25.8 times (0.0895 to
2.3057 m?/g) along with 10.4 times improved in V; (from 0.000938 to 0.00972 cm®/g) after the
acidic activation with HNO; 3M. Other studies that employed acidic activation using HNO;
achieved a similar trend with activated carbon and sawdust biochar [10, 11].

Table 1. Steel compositions (wt.%) characterized by optical emission spectroscopy.

Sample Sger (M?/g) Ve (cm®/g)
BFS 0.0895 0.000938
A-BFS3 2.3057 0.00972

Figure 2. SEM photos of (a) BFS and (b) A-BFS3 adsorbent.

This phenomenon might be the reason for the wash-off of the contamination on the pore’s
surface of the BFS. The surface destruction by the acid to form new pores was also a possible
answer for the increase of surface area. It can be observed that the material possessed a rough
surface with much smaller particles after being modified with HNO3; 3M compared to its natural
state (Figure 2).

3.2. Comparison of adsorption capacity between BFS materials

The comparison of NH," adsorption capacity between BFS materials was described in
Figure 3. The role of HNO; modification was apparently expressed since the q value was
increased at a higher HNO; concentration. The q value was approximately 10-time multiplied
(0.07 mg/g to 0.76 mg/g) as a result of exposure of BFS with 0.5M HNOs. The increasing rate of
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g, however, slowed down when the concentrations of HNO; were used at higher concentrations
of 1M and 3M. The adsorption capacity of the A-BFS2 and A-BFS3 were 0.98 and 1.29 mg/g,
respectively. This trend could be the result of BFS surface oxidation which exhibited
contamination removal and pore creation at the surface of the material. Vassileva et al. also
found an improvement of NH," adsorption twice when the activated carbon was washed with
HNO; acid [10]. Hereafter, the A-BFS3 adsorbent was chosen for the following investigations.

A1.2 %
2 7 7
7 Y 7
L D T 7

BFS A-BFS1 A-BFS2 A-BFS3
Figure 3. NH," adsorption capacity of BFS materials.
3.3. Effect of adsorbent dosage

The adsorbent dosage, which was measured at g/L, varied from 0.2 to 40 to see its
influence on the NH," adsorption capacity and removal efficiency. According to Figure 4, the
increase of A-BFS3 created two opposite trends of NH," adsorption capacity (q) and removal
efficiency ().
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Figure 4. Effect of A-BFS3 dosage on its NH," adsorption capacity and removal efficiency
(o: adsorption capacity, ¢: removal efficiency).

The adsorption capacity went up sharply (4.6 mg/g to 7.30 mg/g) as the adsorbent dosage

was slightly increased from 0.2 to 0.4 g/L. However, the q value started to tumble down as the
dosage was higher than 0.4 g/L. Specifically, the q value dropped from 7.30 to 1.50 mg/g when
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the dosage increase from 0.4 to 10 g/L. At the dosage higher than 10 g/L, the g value continued
to go down but at a much slower pace and reached 0.42 mg/g at the dosage of 40 g/L.
Conversely, the removal efficiency of NH," was recorded at an increasing trend as the adsorbent
dosage went higher. The n value was boosted from only 4.6 % to 74.8 % of NH," removal as the
dosage increased from 0.2 to 10 g/L. The n value then gradually increased by less than 10 %
(74.8 % to 83.3 %) as the dosage reached 40 g/L. This could be explained by the equilibrium
state of NH," solid-liquid transfer. When the system is presented with a limited amount of
adsorbent, the excessive NH," ion would try to bound into the limited contacted surface between
the adsorbent and liquid body. As the amount of adsorbent added to the solution was increased,
there would be more contacting sites for NH," to take up leading to higher n value. However, the
distribution of NH," on the adsorbent was scattered when a higher dosage was presented leading
to lower g value. The state of NH," ion was subsequently reached the equilibrium state between
in the liquid and in the adsorbent as the dosage passed 10 g/L. That was the reason for the slight
change of g and n values at the dosage from 10 to 40 g/L.

3.4. Effect of pH level

1.6

2 3 4 5 6 7 8 9 10 11
pH

Figure 5. Effect of pH level on the NH," adsorption capacity of A-BFS3 dosage.

The influence of pH conditions on the NH," adsorption of A-BFS3 was illustrated in Figure
5. The result indicated that the optimum pH condition for NH," adsorption was around 6 to 7. At
acidic condition, the existence of protons in the solution might be the competitive adsorbate with
the NH," ion which resulted in limited adsorption capacity [1]. This phenomenon corresponded
to the NH," adsorption on the surface of activated carbon, which possesses a minus zeta
potential. The minus zeta potential surface allows the surface of the adsorbent to have higher
cation exchange capacity, which exhibits better cation capture. Accordingly, the lowest g value
was 0.14 mg/g at pH 2. The g value reached the peak of 1.41 mg/g at pH 6 then decreased at the
higher pH. This finding was reasonable because NH," tends to shift to NH; gas at pH 9 and
above. The NHj3 gas, which is a neutral compound, is not attracted to the surface of the adsorbent
and is easily separated from the solution.

3.5. Effect of pH level
Initially, the adsorption of NH," on A-BFS3 was rapid. After 30 minutes, the adsorption

capacity reached 1.14 mg/g as more than 60 % of NH," was removed. This value increased and
remained around 1.33 to 1.36 mg/g in 1 to 3 following hours. The optimal contact time for NH,"
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adsorption on A-BFS3 was 60 minutes according, which is an hour faster than that of the NH,"
adsorption on coconut shell biochar [18]. The experimental data was plotted together with the
pseudo-first and -second order model with a pretty good agreement (R = 0.933 - 0.999) (Table
2). The experimental data was closer to the prediction line of the pseudo-second order than the

pseudo-first order for the A-BFS3 (Figure 6). It is suggested here that the adsorption mechanism
of NH," onto A-BFS3 was mostly chemical.

Table 1. Steel compositions (wt.%) characterized by optical emission spectroscopy.

50

100
Time (mins)

150

200

Adsorbent | Pseudo-first order (PFO) Pseudo-second order (PSO)
e Ky R? Qe ¢ R’
mg/g mint mag/g g/mg.min
A-BFS3 1.41 0.0234 0.933 1.463 0.086 0.999
1.6
e —X
1.2 -

Figure 6. Batch kinetic data for NH," adsorption on A-BFS3 (x: experimental data, dashed line:
PFO prediction model, solid line: PSO prediction model).

3.6. Equilibrium batch NH," adsorption

2.0

A
W

Figure 7. Effect of NH," initial concentration on the adsorption capacity and removal efficiency
(o: adsorption capacity, 0: removal efficiency).
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The effect of initial concentration on the NH," adsorption on A-BFS3 at pH 6 is presented
in Figure 7. The increase of C, resulted in higher adsorption capacity but lowering the removal
efficiency. In particular, the g tripled (from 0.50 to 1.53 mg/g) while the n value dropped almost
by half (99.2 to 51.0 %) as the C, increased from 5 to 30 mg/L. At higher C, from 30 to 150
mg/L, the improvement of g. was insignificant when the increment was only 0.27 mg/g (from
1.53 to 1.80 mg/g). On the other hand, the n value continued to drop but a lower rate from 51%
to 12% as the C, increased to 150 mg/L. The increase of g. was the result of the higher NH,"
content in the solution with a constant dosage of adsorbent. When the adsorption capacity
reached the saturated state, the removal efficiency of NH," declined as a result.

The experimental data of equilibrium NH," adsorption isotherm are also presented in Figure
8 together with the Langmuir and Freundlich model. The experimental data are satisfactorily
described by both Langmuir and Freundlich isotherm models with the coefficient of
determination (R?) of 0.99 and 0.91, respectively (Table 3).

Table 3. Langmuir and Freundlich model parameters and coefficient of determination (R?) of the model’s
fits for NH," adsorption on A-BFS at pH 6.

Adsorbent Langmuir model Freundlich model
O KL R? Ke n R?
(mg/g) (L/mg) (mg/g)(L/mg)""
A-BFS3 1.81 mg/g 0.52 0.99 0.91 6.22 0.96
2.5
2.0
~ 15
(@]
>
£ 1.0
o

0.5

0.0

0 25 50 75 100 125 150
C, (mg/L)

Figure 8. Batch equilibrium data for NH," on A-BFS3 at pH 6 and the fit of experimental data (x) to
Langmuir (solid line) and Freundlich (dashed line) models.

The result indicated that the Langmuir adsorption model fit was slightly better than the
Freundlich model for A-BFS3, which explained 99 % of the data over 91 % by the Freundlich
model. This expressed that the adsorption sites of NH," onto A-BFS3 are homogenous. The
Langmuir adsorption capacity for A-BFS3 was 1.81 mg/g (Table 3). In the Langmuir model, the
separation factor, R_ is calculated from the equation, RL = 1/1(1+C,K.), where C,, is the
maximum initial concentration of adsorbate. The R, value describes the favorability of the
adsorption process: unfavorable (R_ > 1), favorable (0 < R_ < 1), or irreversible (R_ = 0) [19].
The RL value for NH," adsorption on A-BFS3 was 0.013, which suggests that the process is
favorable. The value of Freundlich constant 1/n was equal between 0.1 and 1 (0.16) which also
described favorable adsorption and illustrated strong interaction between A-BF3 and NH," [19].
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4. CONCLUSIONS

This study showed that the BFS material possesses the NH," adsorption ability and it can be
enhanced with HNO; modification. The acid modification to BFS material improved the physical
characteristic as the A-BFS3 achieved 25.7 times and 10.3 times improvements of surface area
and pore volume, respectively. As the experimental condition was investigated, the optimal
condition for NH," adsorption on A-BFS3 was pH 6, 60 minutes of contact time, 10 g/L of
adsorbent dosage, and 20 mg/L of initial concentration. The Langmuir adsorption model (R? =
0.99) fitted the experimental data better than the Freundlich adsorption model (R? = 0.96) for the
A-BFS3. The Langmuir maximum adsorption capacity of A-BFS3 at pH 6 was 1.81 mg/g. The
results indicated that the BFS can be a promising adsorbent for NH,* removal from groundwater
or for the tertiary treatment process. However, further study on the column adsorption and on the
effect of other ions likes PO,*, SO,*, As, etc should be considered in the future.
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