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ABSTRACT

The fly ash and slag from coal burning were attractive byproducts to prepare geopolymers for the
adsorption of methyelen blue in wastewater due to their availability and low cost. Various mixing
amounts between them were conducted during geopolymerization with a Na2SiO3/NaOH ratio of
10 M of 2.5 and a curing temperature of 60°C for 24 h. When the amount of coal slag in the geopoly-
mer composition was increased from 0 to 51 %, the surface structures of the resultant geopolymers
were much softer and more porous due to the lack of initial material, causing a reduction in the sur-
face area of geopolymers to 119,23 m?/g for 0 % and 5,29 m2/g for 51 %. The adsorption amount
of methylene blue performed at pH 12 showed different tendencies on the dependence of contact
time for the indivually prepared geopolymer. The uptake amount decreased from 36.2 mg/g to 34.2
mag/g with the enhancement of coal slag in the geopolymer from 0 to 51 % after 180 minutes of
immersion in methylene blue solution. In addition, the adsorption mechanism evaluated by FT-IR
spectroscopy was observed to involve electrostatic forces formed by hydrogen bonding between
hydroxyl groups (Si-OH) and nitrogen atoms in the structure of methylene molecules. This study
indicated that coal slag could be a potential material to prepare geopolymers for removing dye
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INTRODUCTION

Dyes are important compounds commonly used in
various industries, such as textile, paper, leather and
plastic manufacturing. The textile industry is a focus
of pollution; this industry produces 8000 kg/day per
fabric and consumes approximately 1.6 million liters
of water per day!. The discharge of dye-containing
effluent without proper treatment into water causes
environmental and health damage. Approximately 50
% of dyes are released to the environment as pollu-
tants because of the low interaction between fibers

and dyes?

. This dye easily binds with other com-
pounds, has a slow biodegradation rate, and has a high
level of color?. This high concentration of inorganic
dyes in the environment will decrease the ecosystem
quality because it inhibits sunlight and disrupts bio-
logical processes in water®. In addition, it is highly
toxic and may damage the landscape of the affected
environment. Among the textile dyes most used
in industry, methylene blue (MB) is a water-soluble
cationic dye and can reveal very harmful effects on
living things, such as difficulties in breathing, vom-
iting, diarrhea, nausea and several negative impacts
on the aquatic environment. Therefore, it is necessary

to reduce the dye concentration in wastewater>. The

method to remove dyes from wastewater that has at-
tracted much attention due to its high simplicity, en-
vironmental friendliness, low cost and potential effi-
ciency is adsorption. The goal is to find a desirable ad-
sorption material regenerated from industrial wastes
or byproducts for the degradation of hazardous sub-
stances from wastewater. Geopolymers are inorganic
polymers and are a new class of synthetic alumina-
silicate materials that involve a chemical reaction be-
tween alumina-silicate oxides and alkali metal silicate
solutions under highly alkaline conditions®’. De-
pending on the different Si/Al ratios, the geopolymers
are composed of three-dimensional network struc-
tures of polysialate (-O-Si-O-Al-O-), polysialate
siloxo (-O-Si-O-Al-O-Si-O-), and polysialate dis-
iloxo (O-Si-O-Al-0-Si-0O-Si-O-). The initial ratio
of Si/Al in the raw material from 3.0 to 3.8 could of-
fer a very important role in the mechanical strength of
the conducted geopolymer 810, There are many stud-
ies about the preparation and properties of geopoly-
mers with different synthesis conditions and adsorp-
tion applications »11~1°, Normally, the starting ma-
terial with a high content of SiO, and AL, O3 is fa-
vored for geopolymerization, for example, coal fly

18,19

ash 1617 steel slag , rice husk?0, etc. During
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the formation process, the activates, such as high-
concentration alkali solution (NaOH, KOH, ...) and
the binder sodium silicate (Na,SiO3), would be added
to the mixture in the presence of the material 1. It was
found that geopolymers activated with NaOH gave
higher compressive strength than those activated with

21 The concentra-

KOH at the same concentration
tion of the alkali solution was recommended in the
wide range from 5 to 15 M?2. Increasing the con-
centration of the alkali activator was able to enhance
the dissolution of the silicate and alumino compounds
in the raw material, which could optimize the bond-
ing regeneration in the three-dimensional structure of
the geopolymer. However, it was seen that the con-
centration of the NaOH solution was suitable at 10
M for the mechanical properties such as compressive
and fluxual strength of the synthesized geopolymer®.
Additionally, the strength decreased after curing at
temperatures over 80°C because the higher tempera-
ture could breakdown the structure of the geopolymer
during hydration and overshrinkage?®. The best and
most suitable temperature for the geopolymer pro-
cess was 60 — 80°C?%. The higher concentration of
NaOH was attributed to alumino-solicate gel precip-
itation at the early stage®. In addition, the ratio of
NaOH/Na;SiO3 was approximately 2.5%%°. The role
of the binder is to increase the amount of silica in the
paste and support the formation of the Si-O-Si link-
age. This bond produces a wider area than the oth-
ers in the geopolymer structures '°. Most of the stud-
ies have focused on coal fly ash. It is known that the
chemical composition of coal slag is similar to that
of fly ash. Nevertheless, coal slag-based geopolymers
have not been well investigated. According to all of
these, in the present study, the coal fly ash geopolymer
was prepared in the addition of different amounts of
slag to study the effect on the characterization of the
mixed geopolymer and the adsorption ability of MB
at various contact times. In addition, the adsorption
mechanism was also proposed.

MATERIALS-METHODS

Materials

The coal fly ash (FA) and slag (S) generated from coal
in the incinerator in this study were collected from
Thuan Thanh Ltd. Company in Tan Tao Industrial
Zone, Ho Chi Minh City (Figure 1). These samples
were ground and sieved through a 245-um sieve. Af-
ter that, the pretreated FA and S were dried at 105°C
for 24 h. Their chemical compositions measured by
X-ray fluorescence (XRF) are presented in Table 1. As
a result, the FA and S used were classified into class C
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with low CaO content according to the ASTM C618
standard. Figure 2 shows the SEM micrograph of the
raw material at 1000x for FA and S. The SEM images
were observed by JSM-1T200 InTouchScope, JEOL af-
ter gold sputtering of their powders. The FA con-
tained spherical particles 48 um in diameter. How-
ever, impure matter was also detected. In contrast,
the S particles were irregularly shaped with a diameter
of approximately 200 um. Hydrochloride acid (HCI,
36 %), sodium hydroxide (NaOH, 99 %), sodium sil-
icate (NaySiO3, SiO5: 28.5 % and Na,O: 8.5 %) and
methylene blue (MB) were purchased from Merck,
Germany. All chemicals used in the preparation of
geopolymer and the adsorption experiment of MB
were of analytical grade.

Methods
Geopolymerization

The pretreated fly ash and slag were mixed with
the appropriate amount in the addition to NaOH
and Na;SiO3 aqueous solution.  The ratio be-
tween NaySiO3/NaOH was kept at 2.5. The load-
ing of slag was varied in the range of 0 to 51
wt %, as noted as 51FAO0S, 45FA6S, 30FA21S and
OFA51S. The paste was mixed within 5 minutes
at room temperature before pouring into the steel
mold (¢ = 53 mm, D = 33 mm) (followed by drying
at 60°C for 24 h. After that, geopolymers were ob-
tained (Figure 3). Before measurements, these sam-
ples were ground and washed in an excess amount of
deionized water until the pH reached a neutral value.

Characterization

The transformation of the raw material to geopolymer
after the activation of alkali solution was evaluated
by Fourier transform infrared spectroscopy (FT-IR)
(Microscope LUMOS, Bricker, Germany). The dried
samples were ground with potassium bromide (KBr)
in the transmittance model. The spectra were taken
from 4000 to 600 cm ™! wavenumbers with a resolu-
tion of 2 cm™!. In addition, the geopolymer used after
MB adsorption was also checked to observe the differ-
ences in the spectrum.

The Brunauer-Emmett-Teller (BET) surface area and
the pore size distribution of the geopolymer sam-
ples were measured by the Tristar IT Surface area and
porosity (Shimazu). The geopolymer powders were
dried under vacuum conditions over 24 h before ni-
trogen gas adsorption at 77 K.

The pH point of zero charge (pH,;.) was determined
to determine the adsorption performance of geopoly-
mers depending on the solution pH. Approximately
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Figure 2: SEM micrographs at 1000x of (a) FA and (b) S

Table 1: Chemical composition (%) of FA and S

Sample SiOz A12 03 F6203 CaO MgO Naz (¢] KQO Ti02 MnO PzOS 503 LOI
FA 31.3 14.5 12.1 10.5 2.8 0.5 0.8 0.8 0.4 0.1 2.4 22.7
S 196 12 30.1 6.5 1.8 0.3 1.8 0.5 0.4 0.2 2.3 24.5

0.05 g of geopolymer was placed in glass Erlenmeyer
flask containing 20 mL of 0.1 M aqueous solution, fol-
lowed by pH adjustment at 2, 4, 6, 8, 10 and 12 (pH;)
by 1 N NaOH and 1 N HCI aqueous solution. The
agigation time was 180 minutes 300 rpm at 27°C. Af-
ter that, the final pH (pHy)of the solution was mea-
sured for each sample. The pH . values were calcu-
lated when the ApH was 0.

Adsorption experiment of MB

Stock MB solutions of 1000 mg/L were prepared by
dissolving in deionized water. The working solution
was diluted to the desired concentration. The adsorp-

tion of MB to geopolymer samples was measured by
the following process. Approximately 0.05 g of the
dry powder of geopolymer as an adsorbent was im-
mersed directly into glass flasks containing 20 mL of
initial solutions of 100 mg/L. The pH of the MB so-
lutions adjusted by 1 M NaOH aqueous solution was
kept at 12. After 3 h of agitation at 300 rpm at 27°C,
the samples were centrifuged at 8000 rpm for 15 min-
utes to remove the adsorbed powders. After that, the
remaining concentration of MB in the centrifuged so-
lution was determined by UV-Vis spectrometry (PG

Instrument, T60) at a wavenumber of 664 nm.
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Here, the removal percentage (H %) was:

Co—G o
)

H (%) = 100 (1)
where H is the removal capacity of the MB absorbed
at equilibrium (%), and C, and C; are the initial and
the time concentrations of MB in the solution (mg/L),
respectively. M is the weight of the absorbents (g), and
V is the volume of the solutions (L).

The uptake amounts q; of MB to the geopolymer were
calculated by the following equation:

_G-G

M 1% (2)

qi

where q; is the amount of MB absorbed at equilibrium
(mg/g)

RESULTS AND DISCUSSION

Appearance of geopolymers

The prepared geopolymers are shown in Figure 3.
Sample 51FA0S had a dense surface. However, when
21 % S was added, the surface structure of the resulant
geopolymer was porous. It is known that SiO, con-
tent plays an important role in the strength of the ob-
tained geopolymers. Increasing the loading of S in the
geopolymer would cause the soft structure of the ma-
terials2°. On the other hand, the slag-based geopoly-
mer with 51 % S was not well-conducted due to the
deficient interaction between the coal slag and the ad-
ditives. Therefore, the mold could not be completely
removed in shape.

After preparation, geopolymers were ground and
washed with deionized water until reaching neutral
pH prior to further measurements.

Properties of geopolymers

In the present study, the morphologies of the pre-
pared geopolymers were evaluated by SEM to observe
the differences in the surface structure of the mate-
rials used. It was clear that the active reagents, such
as NaOH, caused a strong influence on the surface
of FA and S. Figure 4 shows the surface particles of
geopolymers 51FAOS and 30FA21S. There was a dif-
ference in the case of the initial FA and 51FAQS sam-
ples. After the activation of a strong alkali aqueous so-
lution and adding binder, the surface structure of the
FA particles was rougher, as seen at a magnification of
5000x. However, several raw FA particles remained
after geopolmerization (1000 x ). With the addition of
Sat21 % as sample 30FA21S, the geopolymer particles
seemed to be in the sponge shape. Overall, these mor-
phologies were expected to have high surface areas for
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the potential adsorption of contaminants in wastew-
ater.

The FT-IR spectra of the initial materials (FA, S)
and the prepared geopolymers (51FA0S, 30FA21S) are
shown in Figure 5. In general, the 3400 - 3500 cm !
area was the O-H group of silanol (Si-OH) forming
on $i0,%7. The peak at 1650 cm~! was attributed
to H-O-H owing to the bouncing of the free water
molecules on the materials, suggesting the hydrating
property®?8. In the case of raw FA, the vibration at
788 cm~! was typical for Al-O?°, while the vibra-
tion at 1102 cm ™! was typical for asymmetric stretch-
ing of Si-O-Si®. After the geopolymerization pro-
cess, there was a new peak at 1002 cm™! represent-
ing the formation of Al-O-Si for 51FA0S. In addi-
tion, the C= O group in Na, CO3 was observed at 1456
cm~! due to the activation of NaOH vs Na;SiO3 solu-
tions >2”. When the coal slag was loaded at 21 % in the
geopolymer as 30FA21S, the appearance of Al-O-Si
linkage was seen at 1004 cm ™! and C=0 was shifted
to the higher wavelength of 1482 cm~ L. Therefore, the
geopolymer structure was confirmed when FA and S
were treated with alkali and binder solutions.

To evaluate the porousity of the materials, nitrogen
isotherm adsorption-desorption was used to measure
the surface area. Figure 6 illustrates the nitrogen
adsorption-desorption at isotherm conditions, while
the relative pressure (P/Pg) ranged from 0 to 1. The
geopolymer sample exhibited the type-IV curve be-
havior 3, indicating the mesoporous property in the
material structure. It was shown that the nitrogen ad-
sorption amount was decreased when the amount of
S in the raw mixture was enhanced, expecting that
the surface areas of the related geopolymers were re-
duced. The surface areas of the synthesized samples
are listed in Table 2. When the loading of coal S was
increased from 0 to 51 %, the surface areas of geopoly-
mers were 119,23 m2/g for 51FA0S and 5,29 mz/g for
OFA51S. The SEM micrographs suggested that after
geopolymerization by the alkali solution, the surface
morphology of the 51FA0S particle was strongly af-
fected, leading to the rough observation. Neverthe-
less, coal S did not seem to be well-reacted with the ad-
ditives. Hence, the surface area of 0FA51S was lower
than those of the others.

pH)zc is the value of pH providing zero charge on
the sample surface. When the pH of the solution
was lower than pH,., the surface charge was posi-
tive, resulting in good anion adsorption. Meanwhile,
the negatively charged surface was predominant when
the pH of the solution was higher than pH ., which
suggested better cation attraction. In Figure 7, the
PHpze vatues of 51FAOS and OFA51S were 8 and 7.4,
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Figure 3: Appearance of geopolymer (a) 51FA0S, (b) 45FA6S and (c) 30FA21S
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Figure 4: SEM images of geopolymer particles of 51FA0S and 30FA21S
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Figure 6: Nitrogen isotherm adsorption-desorption
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of 51FA0S, 30FA21S and OFA51S

respectively. When S was loaded in the geopoly-
mer material, the values of pHp;c were not signifi-
cantly different, as they were 8.2 for 45FA6S and 8.4
for 30FA21S. Therefore, the result indicated that the
geopolymer surface was negatively charged when the
pH of the solution was higher than 7.4. It is known
that the geopolymer structure is composed of silicate
(SiO;) and alumina (AlO4) with covalent linkages of
Si-O-Al The negative charge on the material surface
was the effect of (-Si-O-Al~-0-Si-0O)°. Hence, this
meant that the adsorption of MB by geopolymer could
be enhanced at pH values higher than 8 because MB
molecules were associated with cations in aqueous so-

2220

pPH

Figure 7: pH,.. of 51FAQS, 45FA6S, 30FA21S and
OFA51S

Methylene blue adsorption by geopolymer

The adsorption of MB solution was performed with
an initial concentration of 100 mg/L and pH 12 at
27°C, and the contact time was in the range of 15,
30, 45, 90, 120, 150, 180 and 210 minutes. Figure 8
shows the dependence of the q; value of the geopoly-
mer versus the contact time. When the contact time
was increased from 15 to 180 minutes, the adsorp-
tion capacity gradually increased. For example, the
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qs value of 51FA0S was 30 mg/g at 15 min and 30.8
mg/gat 90 min of uptake. When the removal time was
180 minutes, the adsorption capacity was 36.2 mg/g.
However, a similar adsorption amount of 36 mg/g was
obtained when the longer contact time was 210. Af-
ter shaking within 180 minutes, the removal capac-
ity was almost in equilibrium. Therefore, 180 min-
utes was used as the optimal contact time in the MB
adsorption experiment. The loading of coal S in the
geopolymer composition could influence the removal
efficiency. The adsorption tendency was not simi-
lar in the case of the FA-geopolymer. In the case of
the coal slag-based geopolymer OFA51S, the adsorp-
tion amount was rapidly enhanced from 17.3 mg/g to
26.6 mg/g after treatment for 15 and 90 minutes. This
could be due to the difference in pore size distribution
in the S-geopolymer. After 180 minutes of contact
time, the q; of OFA51S was 34.2 mg/g and decreased to
33.1 mg/g for alonger adsorption time of 210 minutes.
Overall, the uptake amounts of 0FA51S were lower
than those of 51FAO0S. This could be because the value
of the surface area of 51FA0S was significantly higher
than that of 0OFA51S, leading to better MB adsorption.
For the mixed geopolymer, when the S was increased
from 6 to 21 %, the adsorption amount after 90 min-
utes was constant at approximately 29 mg/g. The up-
take capacity was enhanced to 34.7 and 32.6 mg/g for
45FA6S and 30FA21S, respectively, after 180 minutes
of shaking.

It could be seen from these results that the addition of
coal S to the geopolymer component did not signifi-
cantly affect the removal efficiency of MB in aqueous
solution.

40

35

¢ 30 #51FA0S
W 4SFAGS
4-30FA21S
& OFAS1S

0 30 60 90 120 150 180 210
Time (min)

Figure 8: The effect of time contact on the MB ad-
sorption of geopolymer

The adsorption mechanism of geopolymer
toward MB

The MB molecule was associated with cations in aque-
ous solution, whereas the geopolymer network was

negatively charged due to the presence of Al in the
IV-fold structure. Therefore, the electrostatic inter-
action between the geopolymer surface and the MB
cation was suspected 2. Oxygen groups, such as hy-
droxyl (-OH), were formed on the edges of the Si
ion. This could provide a strong affinity by hydro-
gen bonding between the hydroxyl group and nitro-
gen atom in the MB molecule or the -Si-O- link-
age and MB cation. In the case of ion exchange, Na™
ions in the geopolymer structure balance the negative
charge caused by tetrahedron Al~ 33. Hence, the MB-
adsorption mechanism was cation exchange by Na*
ions in the geopolymer network.

In this research, MB uptake on the geopolymer was
observed by FT-IR spectroscopy. Sample 51FA0S was
measured after immersion in 100 mg/L MB aqueous
solution for 3 h with agitation at 300 rpm at 27°C. The
pH of the solution was kept at 12. The sample was
coded as 51FA0S-MB. In Figure 9, the IR spectrum
of 51FA0S-MB showed that the wavelength of 3241
cm~! was the vibration of N-H, indicating that the
MB molecule was adsorbed on the geopolymer sam-
ple. This could be due to the hydrogen-bonding in-
teraction between the hydroxyl group -OH in Si-O
and the nitrogen atom in the MB structure. As a re-
sult, this mechanism was suggested by the peak shift-
ing in the case of geopolymer to the higher wavelength
(1002 cm ™! for 51FA0S and 1005 cm ™! cho 51FA0S-
MB)34,

CONCLUSIONS

Coal fly ash- and slag-based geopolymers with vari-
ous mixing amounts from 0 to 51 % were successfully
prepared in the presence of ; y,0m/Na2si03 2queous
solution ratio of 2.5, and the curing temperature was
60°C for 24 h. When the loading amount of coal slag
in the geopolymer composition was increased from
0 to 51 %, the pHj,. values decreased from 8 to 7.4,
followed by a reduction in the surface area to 119,23
m?/g for 51FA0S and 5,29 m?/g for OFA51S. In the
methylene blue adsorption experiment at pH 12, the
results showed that the addition of coal slag to the
geopolymer structure did not significantly affect the
adsorption capacities after immersing the adsorbent
in MB solution within 180 minutes. Based on these
results, coal slag could be a useful material to synthe-
size a potential adsorbent to increase the value of this
byproduct and the economic benefits.
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Table 2: The adsorption capacity q; (mg/g) of MB by geopolymer at different contact times

Time (minute)

Sample

15 30 45 60 75
51FA0 29.9 30.1 30.1 30.7 30.8
45FA6S 282 28.2 28.5 29.1 29.2
30FA21S 23.6 24.1 25.5 26.3 27.3
0FA51S  17.3 18.2 19.8 20.6 23.3

90 120 150 180 210
30.8 31.3 33.6 36.2 36.0
29.7 30.2 32.3 34.7 36.6
29.1 29.4 29.8 32.6 35.8
26.5 277 29.1 34.2 33.1

S1FAOS-MB

S51FA0S

Transmittance ( %T)

3600 2600

2100

1600 1100 600

Wavenumber (cm™)

Figure 9: FT-IR spectra of 51FA0S and 51FA0S-MB
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