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ABSTRACT: A new type of absorbent with high efficiency was synthesized by KOH-activated
slag-based geopolymer microspheres (K-SGM), which exhibited higher adsorption capacities
for recycling Co(Il) (Q.xsom = 192.31 mg/g, Q.n.som = 91.21 mg/g) than NaOH-activated
ones (Na-SGM). During the Co(II) adsorption process, these two kinds of geopolymeric
adsorbents could be combined with heavy metal ions to optimize each other and form heavy
metal-grown aid adsorbents. The morphology of Na-SGM and K-SGM was different which
varied from coarse pores to nanonetwork or nanosheets after Co(II) adsorption, and the
Brunauer—Emmett—Teller (BET) surface areas of Na-SGM (10.46 m?/g) and K-SGM (22.96
m?*/g) increased to 117.38 and 228.73 m?/g after Co(II) adsorption, respectively. The BET
surface area of K-SGM is twice that of Na-SGM whether before or after Co(II) ion adsorption.
The hydrated ionic radius of K and Na, the alkalinity degree of K' and Na¥, the
electronegativity of Na-SGM and K-SGM surface, the BET surface area and Fourier transform
infrared changes of CO,*~ and OH before and after Co(II) adsorption, and X-ray
photoelectron spectroscopy analysis like the relative content of geopolymer gel and bridging
oxygen bonds in the Na-SGM and K-SGM are the fundamental reasons for the obvious differences in Co(II) adsorption between
Na-SGM and K-SGM.

Article Recommendations

1. INTRODUCTION

Cobalt, a heavy metal, is a trace element strongly affecting
human health." However, excess amounts of the metal can
cause various pathological effects, such as gastrointestinal
dysfunction, pneumonia, myocarditis, and goiter.2 Cobalt
isotopes (Co®, Co*, and Co**) are also highly active
radioactive elements that may lead to hair loss and diseases
of the blood system (including anemia and leukemia) and even
death.” Currently, the degree of the cobalt ion pollution from
industrial and nuclear wastewaters is increasing because of
industrialization and modernization. Adsorption is one of the
most commonly used methods to treat Co(II)-containing
effluents* because of its high efficiency, simplicity of operation,
low cost, environmental friendliness, and reusability of
adsorbents. Common adsorbents contained activated carbon,’
metallic,’ or nonmetallic oxides such as graphene oxide,”
alumina,® zeolite,” mineral,'’ and so forth. Thus far, the
reported adsorption materials generally have the following
disadvantages.'’ The adsorption capacity of the adsorbent is
easily saturated. Heavy metal ions or products of chemical
adsorption are enriched on the surface of the adsorbent to
occupy most of the adsorption active sites, thereby sealing the
active adsorption sites of the adsorbent. Then, the adsorption
rate slows down to adsorption equilibrium which prevents the
adsorption from continuing. Moreover, after the regeneration
of the adsorbent, the adsorption efficiency and adsorption
capacity decreased because of the decline of the Brunauer—
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Emmett—Teller (BET) surface areas of the adsorbent. In order
to improve the adsorption efliciency and increase the
adsorption capacity, most of the adsorbents are launched in
the form of powder; these would result in increased sludge,
difficult recovery, and more serious secondary pollution.
Hence, it is significant that a kind of adsorbent is easy to
recycle and continue adsorbing because their BET surface
areas are increasing during heavy metal adsorption.

Geopolymer'” is an environment-friendly inorganic gel
material with a three-dimensional network bonding structure
which connected the silicon—oxygen tetrahedron with
aluminum—oxygen tetrahedron. Its microspheres are com-
monly used to be the heavy-metal adsorbents'® because of low
cost, high efficiency, simple post treatment,'*” and easy
recycling. Very few studies of the geopolymer reported
adsorption for cobalt ions'* which was adsorbed by geo-
polymer powder. To the best of our knowledge, there was no
report about geopolymer microspheres used for Co(II)
adsorption.
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There are three main steps in the formation process of alkali-
activated aluminosilicate geopolymers: (1) raw materials (slag
in this work) and alkali activator solution are dissolved to
provide Al-containing components or Si-containing compo-
nents. (2) When the surface of slag begins to dissolve, (—Si—
O—-Al-) and (—Si—O—Si—) will break to form aluminum salt
monomers and silicon salt monomers. Alkaline activator
solutions with different pH values will cause differences of
the aluminum salt monomer and the silicon salt monomer after
dissolution. (3) After the dissolution, a complex is formed
between the aluminum salt monomer and the silicon salt
monomer, and the polymerization—condensation reaction
occurs; the H,O molecule is finally removed, and an inorganic
geopolymer network structure is formed. Therefore, the
adsorption capacity of different activator solutions of the
geopolymer might be obviously different.

In the present work, KOH-activated and NaOH-activated
slag-based geopolymer microspheres [M-SGM (M = Na, K)]
were synthesized. The optimum geopolymer formulation was
determined by the maximum adsorption capacities of Co(II).
During the Co(II) adsorption process, these kinds of
geopolymeric adsorbents could combine with heavy metal
ions [Co(II) in this work] and optimize each other to form
heavy metal-grown aid adsorbent which could make up for
deficiencies mentioned above. Moreover, there are significant
differences on Co(II) adsorption capacity between KOH-
activated and NaOH-activated slag-based geopolymers.
Because of this difference, it also brought a significant change
in morphology, BET surface area, average pore diameter, and
pore volume after Co(II) adsorption. The root causes of these
great differences have also been discussed in depth. The
derived findings in this study could provide significant
information for the evaluation of adsorption behaviors between
K-SGM and Na-SGS geopolymer microspheres.

2. EXPERIMENTAL SECTION

2.1. Materials and Characterization. The element

composition of slag was measured by X-ray fluorescence
(XRF-1800), and the results are listed in Table 1. Hydrochloric

Table 1. Content of Chemical Element of Slag

element content (wt %)
Ca 26.55
Na 0.29
Si 15.99
Fe 0.44
K 0.34
Mg S.63
Mn 0.46
Ti 0.48
Al 8.11
S 0.73

acid (AR) was gained from Chengdu Kelong Chemicals Co.,
Ltd. Sodium hydroxide (AR), potassium hydroxide (AR), and
cobalt chloride hexahydrate (AR) were supplied from
Guangdong Guanghua Sci-Tech Co., Ltd. The kinematic
viscosity of industrial grade dimethyl silicone oil was 2000
mm?/s.

X-ray diffraction (XRD) was recorded on a diffractometer
(Rigaku MiniFlex 600) instrument. The BET surface area, the
pore size distributions, and N, adsorption—desorption

isotherms of M-SGM and M-SGM after Co(II) adsorption
(M-SGM-Co, M = K or Na) were performed by an automatic
specific surface area analyzer (TriStar II 3020). Fourier
transform infrared (FT-IR, IRTracer-100) spectra were
analyzed in the range of 400—4000 cm™'. The morphology
of M-SGM and M-SGM-Co after Co(Il) adsorption was
observed by field emission scanning electron microscopy (FE-
SEM, Hitachi SU8220), and their chemical components were
determined by energy dispersive X-ray spectroscopy (EDX,
Bruker). The surface composition and elemental valence
configuration of M-SGM-Co were determined by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250XI+). The
pH of the Co(II) solution was tested by a pH meter (INESA
PHS-3C). Zeta potentials of M-SGM at different pH were
obtained by a Malvern Zetasizer (NANO ZS90). The Co(II)
concentration was tested by inductively coupled plasma (ICP)
atomic emission spectroscopy (Thermo Fisher ICAP 6300).
The external environment for Co(II) adsorption on M-SGM
was controlled by a shaker (QYC-200). The degree of
sphericity of M-SGM was observed by an optical microscope
(Olympus SZ2-ILST). The amounts of gaseous products
including CH, and CO were measured by an on-line gas
chromatograph (Agilent 4890D) equipped with a thermal
conductivity detector.

2.2. Synthesis of K-SGM and Na-SGM Adsorbent. K-
SGM and Na-SGM were prepared by the suspension
dispersion solidification method'® by mixing KOH or NaOH
solution with the slag, respectively (Figure 1). The geopolymer
slurry was fully dispersed for a minute with a constant speed of
1000 rpm at different formulations [A = n(M,0)/n(ALO;) =
1, 1.5 and 2, B = n(H,0)/n(MOH) = 17—20 (M = K, Na)]
and then injected into the 60 °C silicone oil drop by drop. The
silicone oil was stirred by a high-speed dispersion machine at
600 rpm at the same time. After caring at 60 °C for 10 h, the
prepared microspheres were collected and initially washed with
hot water to removal the silicone oil, then dried for night, and
finally calcined at 450 °C for 6 h to remove residual silicone
0il.">'® K-SGM and Na-SGM with diameters of 98—125 um
were selected as adsorbents through screening, and the sample
was labeled as M-A-B-SGS. Before Co(II) adsorption, the M-
A-B-SGS were rinsed with hot deionized water to remove the
residual KOH or NaOH until their pH value became 7.

2.3. Response Surface Methodology'’ for Co(ll)
Adsorption on K-SGM and Na-SGM. Based on the results
of K-SGM and Na-SGM, zeta potential analysis and various
Co(II) existence forms in solution were determined at different
pH by Visual Minteq software; the Co(Il) adsorption
capacities on K-SGM and Na-SGM were used as a response
value to establish a proper response surface methodology
(RSM)'® and optimize the following three response variables:
pH (3—7) corresponding to A, initial concentration (100—300
mg/L) corresponding to B, and dosage (0.02—0.10 g)
corresponding to C. The reaction was conducted in a
temperature-controlled shaker with a constant speed of 250
rpm for 24 h at a temperature of 25 °C. The solution pH was
carefully adjusted in the range of 3—7 by adding a small
amount of HCl or KOH/NaOH solution (both 0.1 mol/L)
and then measured with a pH meter. The concentrations were
analyzed by ICP. The adsorption capacity of K-SGM or Na-
SGM (Q., mg/g) was calculated by the following equation’

(Cy— )V

Q=" (1)
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Figure 2. SEM of surface microspheres activated by NaOH (a) and KOH (b) geopolymer with the mole ratios n(M,0)/n(ALO;) = 1, 1.5, or 2,
and n(H,0)/n(M,0) = 17-20.
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Figure 3. XRD (a) of microspheres and Co*" adsorption capacity of different formulations (b) (adsorption condition: t = 24 h, T = 25 °C, pH =
6.4, dosage = 0.04 g; the red, blue, and purple marked n(M,0)/n(ALO;) = 1, 1.5, and 2, respectively).

where C, and C, (mg/L) are the Co(II) initial and equilibrium
concentrations, respectively; V (L) is the volume of the
solution; and m (g) is the mass of K-SGM or Na-SGM.

3. RESULTS AND DISCUSSION

3.1. Formulation Studies of M-SGM. Starting with recipe
research, Co(II) adsorption performance of the synthesized
geopolymer at n(M,0)/n(ALO;) = 1, 1.5, 2, and n(H,0)/
n(M,0) = 17—20 was discussed to obtain the optimal formula.

To confirm whether the synthesized materials are micro-
spheres, the SEM tests were performed as depicted in Figure 2.
As can be seen in Figure 2, all the M-SGM of different
formulations are spheres with a diameter of approximately 100
um (see the insets of Figure 2). Na-SGM and K-SGM both
exhibit gel-like coarse pores. With the increase of the mole
ratios of n(M,0) to n(Al,0;) (also called the liquid—solid
ratio), the pore structure on the microspheres surface becomes
looser. It is mainly due to the fact that M,O came from MOH
solution and Al,O; came from slag in the preparation of the

geopolymer. The lower the liquid—solid ratio is, the more
compact the geopolymer structure is.'” In addition, the larger
the mole ratios of n(H,0) to n(M,0) are, the looser the pore
structure on the surface is. It is chiefly because that H,O not
only provides places and medium for the dissolution of silicon
and aluminum resources but also is used as a pore-making
agent in the preparation process. When too little water was
used in the preparation, silicon and aluminum cannot be
completely dissolved, resulting in inadequate condensation
polymerization.”” Excessive water in the preparation would
lead to larger pore structure and lower material strength. Some
of the excessive water remains in the geopolymer gel and will
evaporate to form certain pores in the high-temperature curing
process. The other part precipitates on the surface and does
not participate in the reaction.

To confirm whether the synthesized microspheres activated
by MOH are geopolymers, XRD was determined, as shown in
Figure 3a. All the obtained XRD results indicate that the
geopolymer was successfully synthesized from the MOH-
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activated slag with different formula, which was confirmed by
the wide hump detected near 30°."** When the mole ratio of
n(M,0) to n(AL,0;) is 1, the XRD peak parameters of Na-
SGM and K-SGM are the same. However, when the mole ratio
of n(M,0) to n(ALO;) is greater than 1, the full width at half-
maximum of the NaOH-activated geopolymer are all broader
and their peak heights are higher than that of the KOH-
activated geopolymer, indicating that Na-SGM exhibits
amorphous structures with smaller grains than K-SGM.

To better compare the Co(II) adsorption capacities between
Na-SGM and K-SGM, all the geopolymer formulations were
tested for Co(II) adsorption under the same adsorption
condition. As illustrated in Figure 3b, all the Co(II) adsorption
capacities of K-SGM in different formulations are much higher
than that of Na-SGM. Moreover, the formulation that the
ratios of n(M,0) to n(Al,O;) and n(H,0) to n(M,0) are 1.5
and 18, respectively, exhibits the maximum adsorption capacity
no matter in the KOH- or NaOH-activated geopolymer
systems. The possible reasons are as follows. First, increasing
the ratio of n(M,0) to n(Al,O,) is beneficial to form a loose
structure and then could reduce the Co(II) diffusion resistance
and promote the adsorption process. However, excessive
proportion would lead to insufficient interaction of the slurry
before dropping the silicone oil and the slurry solidification.
Second, increasing the water content could help the materials
dissolve completely and form pores. However, excessive water
causes a too large pore structure which would reduce
adsorption performance.

3.2. RSM Studies. In order to confirm optimum adsorption
conditions, RSM”" was conducted. The geopolymer with the
ratio of n(M,0) to n(AL,O;) of 1.5 and n(H,0) to n(M,0) of
18 was chosen to use in the following RSM studies and all the
characterizations. Before the RSM experiments, the range of
pH was selected to ensure adsorption rather than chemical
precipitation. As shown in Figure 4a, the stable forms of Co**

(a) (b)

0.9

—a—Na-SGM
—k— K-SGM

Proportion (%)
Zeta Potential (mV)

Figure 4. Existential form of Co®" at different pH simulated by Visual
Minteq (a) and zeta potentials of Na-SGM and K-SGM (b).

ions in the pH range from 1 to 14 simulated by Visual Minteq
include Co(OH)~, Co,(OH),”, Co(OH);~, Co(OH),, and
Co®" ions. In order to keep Co®" ions in the solution, a
solution pH below 7 was selected. Furthermore, to determine
the isoelectric points of Na-SGM and K-SGM, their zeta
potentials were studied as well (Figure 4b). Both Na-SGM and
K-SGM remained negatively charged in the pH range from 4
to 10, indicating the absence of zero-charge points, which
might be because of the abundance of AI(OH),”, AlO-
(OH)4*", SiO,(OH),*", and Si(OH),” species in Na-SGM
and K-SGM. Obviously, the zeta potential of K-SGM is more
negative than that of Na-SGM. This was also one of the
reasons for the relatively large Co(II) adsorption capacity of K-
SGM.

23901

In this work, Box—Behnken designs combined with RSM!7*
were employed to optimize the Co(II) adsorption capacity.
Effects of various factors on each response and the accuracy of
the models were studied by performing ANOVA analysis (see
Table 2). The p-values obtained for the interaction models
were below 0.0001, indicating that the considered model could
predict the Co(II) adsorption capacity well. Here, A, B, and C
represented the pH, initial concentration, and dosage,
respectively. In the Na-SGM sample, the p-values of A and B
were both less than 0.0001 which is smaller than that of C
(0.0003). In the K-SGM sample, the p-values of A and C were
both less than 0.0001 which is smaller than that of B (0.0005).
It could be suggested that the effects of A and B were stronger
than that of C in the Na-SGM sample, while the effects of A
and C were stronger than that of B in the K-SGM sample. To
further compare the effects of A and B in the Na-SGM sample,
A and C in the K-SGM sample, the obtained equations for the
models (eqs 2 and 3) corresponding to RSM models of Na-
SGM and K-SGM, respectively, were employed. The larger the
absolute value of the given coeflicient in eqs 2 and 3 was, the
stronger the effect of the corresponding factor or interaction
would be.”” Thus, it was found that the influence of A was
stronger than B in the Na-SGM sample, while the influence of
A was greater than that of C in the K-SGM sample because the
absolute value of the A coefficient (13.90) was larger than that
of the B coefficient (8.87) in the Na-SGM-Co sample, and the
absolute value of the A coefficient (40.31) was larger than that
of the C coefficient (15.07) in the K-SGM-Co sample. All
effects could be ranked as A > B > C in the Na-SGM sample
and A > C > B in the K-SGM sample. In other words, the
adsorption capacity is most affected by pH, followed by the
initial concentration, dosage in the Na-SGM sample, and
finally, the initial concentration in the K-SGM sample.

Q. nusay = 7500 + 13.09 X A — 8.87 X B + 449 X C

— 992X AXB—238XAXC

+ 1269 X B X C — 16.80 X A> — 5.94 X B?

—1.95 x C* (2)
Q. rsay = 61.57 + 4031 X A — 10.66 X B

— 1507 X C+ 032X AXB

— 4048 X AXC—504%XBXC

+ 5.68 X A% + 6.36 X B> + 2442 X C*

(3)

In addition, the regression model equations (eqs 2 and 3)
had the R-squared values of 99.63% (Na-SGM) and 99.31%
(K-SGM), proving that the utilized RSM was accurate and
suitable for the condition optimization of the Co(II)
adsorption capacity in the M-SGM.”” The interaction between
any two factors is significant when the p-value is less than
0.05.>° The AB, AC, and BC interaction in the Na-SGM sample
all met the abovementioned condition, suggesting their
interactivity cannot be compared by this method. However,
only the AC interaction (p-value < 0.0001) met this standard,
while BC (p-value = 0.0843) and AB (p-value = 0.9036)
interactions showed low interactivity in the K-SGM-Co
sample. Therefore, the interaction between A and C was
more significant than that between B and C or between A and
B. By utilizing Design-Expert V8.0.6.1 software, the three-
dimensional (3D) surface and contours for each factor and

https://dx.doi.org/10.1021/acsomega.0c03158
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Table 2. ANOVA Analysis for Response Surface Quadratic Model

source sum of the squares df mean square F value P value
modely, som 6904.92 9 767.21 211.75 <0.0001 significant
modelg_seum 25373.76 9 2819.31 112.08 <0.0001 significant
A—pHysom 1371.57 1 1371.57 378.55 <0.0001
A—pHy gsom 13001.59 1 13001.59 516.86 <0.0001
B—Conasam 628.88 1 628.88 173.57 <0.0001
B—Coesan 908.45 1 908.45 36.11 0.0005
C—dosagey, sam 161.46 1 161.46 44.56 0.0003
C—dosage sou 1816.24 1 1816.24 7220 <0.0001
ABy, son 393.23 1 393.23 108.53 <0.0001
ABy_con 0.40 1 0.40 0.016 0.9036
ACy, sam 2276.72 1 2276.72 628.37 <0.0001
ACx som 655533 1 655533 260.60 <0.0001
BCrusam 644.40 1 644.40 177.85 <0.0001
BCy.som 101.71 1 101.71 4.04 0.0843
A%, som 1188.03 1 1188.03 327.89 <0.0001
AZK_SGM 135.72 1 135.72 5.40 0.0532
B.sam 148.69 1 148.69 41.04 0.0004
Bl san 17045 1 170.45 6.78 0.0353
Cascnt 16.09 1 16.09 444 0.0731
Clesom 2511.92 1 2511.92 99.86 <0.0001
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Figure 5. Response 3D surface and contour plot between each factor (A = pH, B = initial concentration, C = dosage) and response (the Co**
adsorption capacity): response 3D surface and contour plot between A and B of Na-SGM(a,b) and K-SGM (c,d), A and C of Na-SGM (e,f) and K-

SGM (gh), B and C of Na-SGM (ij) and K-SGM (k]).

Table 3. Comparisons of Adsorption Capacities of the Present Adsorbent with other Adsorbents Designed for Co(II)

Adsorption
no. adsorbents BET (mg/g)
1 metakaolin-based geopolymer 39.24
2 mmination GO nanocomposite 320
3 NaX-zeolite 637.4
4 UA-chitin 48
S K-SGM 22.96
6 Na-SGM 10.46

BET feer adsorption (mg/ g)

412.6

228.73
117.38
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type
powder
membrane
powder
powder
microsphere

microsphere

T (°C)
30
25
26.75
45
25
25

Qu (mg/g)
692
116.35
84.1
83.94
192.31
91.21

ref
14
39
40
41
this work

this work
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Figure 6. XRD characterization of slag, M-SGM, and M-SGM-Co (a), Barrett—Joyner—Halenda (BJH) pore-size distribution and N, adsorption—
desorption isotherm (b) and FT-IR spectra (c) of M-SGM and M-SGM-Co.

Co(1I) adsorption capacity was generated (see Figure S). Their
shapes reflect the degree of interactions with high precision.”*
For example, circular contours represent weak interactions,
while elliptical contours denote strong interactions. The shapes
of the Na-SGM depicted in Figure Sae,i of the interactions
between A and B are mostly stepped and elliptical, followed by
B and C, and finally, A and C. The shapes of K-SGM depicted
in Figure Sk, which describes the interactions between A and
B, are less stepped and elliptical®® than those presented in
Figure Sc (describing the interactions between B and C).
Consequently, the interaction orders are AB > BC > AC in the
Na-SGM and AC > BC > AB in the K-SGM. Their order is
exactly the opposite. The maximum adsorption amount of K-
SGM (192.31 mg/g) is nearly twice that of Na-SGM (91.21
mg/g). The results indicated that the difference on Co(II)
adsorption capacity between Na-SGM and K-SGM is obvious
and not accidental. Their Co(II) adsorption capacities were
relatively higher than other adsorbents (see Table 3).

3.3. Characterization of M-SGM before and after
Co(ll) Adsorption. The compositions of the slag and M-SGM
before and after Co(II) adsorption were determined by XRD,
as shown in Figure 6a. The obtained XRD results indicate that
the geopolymer was successfully synthesized from the MOH-
activated slag, which was confirmed by the wide hump
detected near 30°.'°" Compared with M-SGM, several
crystalline cobalt peaks (star-like marks) were observed for
M-SGM-Co. The Co;0, XRD pattern exhibited peaks at 55.65
and 65.23° in the K-SGM-Co sample and 18.99 and 49.08° in
the Na-SGM-Co sample (JCPDS # 74-2120). In addition, Na-
SGM-Co shows two peaks at 39.25 and 60.88°, corresponding
to Co,(OH),Cl (JCPDS # 73-2134). Other peaks of the K-
SGM-Co are located at 29.1 and 35.00°, corresponding to
Co,A1,Si;,0,, (JDPDS # 77-0467). These results demonstrated
that cobalt ions were successfully adsorbed on the M-SGM
surface, which were also detected by FE-SEM (Figure 8a,e)
and XPS (Figure 9). And these results also illustrated that
Co(II) were adsorbed on the silicon and aluminum skeletons
of K-SGM, while on the surface of Na-SGM.
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The FT-IR spectra of M-SGM before and after Co(II)
adsorption are shown in Figure 6b. Owing to the abundance of
various hydroxyl-containing species on the geopolymer surface
such as Al(OH),”, AIO(OH);>", SiO,(OH),*”, and Si-
(OH),”, wide peaks at 3400 cm™' and narrow peaks at 1630
cm ™' were observed for M-SGM-Co. Moreover, the peak at
1430 cm™! was assigned to the CO,>~ species,”® which likely
originated from CO, adsorption on CaO in the raw material.
The CO;>” of K-SGM-Co disappears, while Na-SGM-Co is
weakened but not disappeared. The peaks at 1630 cm™" were
strengthened after Co(II) adsorption. This shows that in the
process of Co(Il) adsorption on K-SGM, more silicon
hydroxyls and aluminum hydroxyls such as [Al(OH),],
[AIO(OH),]*", [SiO,(OH),]*", [Si(OH),]", and so on are
consumed than that of Co(II) adsorption on Na-SGM, causing
the geopolymer microspheres to be incapable of absorbing
more CO,. The bands at 871, 706, and 457 em ™" were
attributed to Si—O-—Si asymmetric stretching, stretching
vibrations of Si—O—T (T = Si/Al), and O—Si—O blending
vibrations, respectively, confirming that the geopolymer was
successfully synthesized. Further, the Co—O stretchin
vibration peaks of M-SGM-Co were located at 1046 cm™1?
which might overlap with those produced by Al—O species.
These results demonstrated that Co(II) was adsorbed
successfully on the M-SGM surface.

According to the classification of the International Union of
Pure and Applied Chemistry, the N, adsorption—desorption
isotherm of M-SGM and M-SGM-Co depicted in Figure 6¢ are
all type IV isotherm.”” They exhibit an abrupt uptake at P/P, =
0.04 and an H, hysteresis loop spanning from P/P, = 0.5 to P/
Py = 1.0 in K-SGM, Na-SGM-Co, and K-SGM-Co samples
because of the presence of both micropores and mesopores in
their structure. However, it is subject to flat at the medium-low
pressure (P/P, = 0—0.8) in the Na-SGM sample, which
implied that monolayer adsorption changed to polylayer on the
pore surface of Na-SGM. The corresponding pore size
determined by BJH are displayed in the inset of Figure 6c,
and the BET surface areas, average pore sizes, and pore
volumes of M-SGM and M-SGM-Co are listed in Table 4. It
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Table 4. Changes of BET Surface Area, Pore Average Size,
and Pore Volume between M-SGM and M-SGM-Co

BET surface area  pore average size pore volume

sample (m*/g) (nm (em®/g)
Na-SGM 10.46 21.31 0.06
Na-SGM-Co 117.38 9.1 0.26
K-SGM 22.96 16.33 0.10
K-SGM-Co 228.73 6.81 0.39

could be seen that the BET surface area of KOH-activated
microsphere was twice that of NaOH-activated microsphere
whether before or after Co(Il) adsorption. The BET surface
area of Na-SGM-Co (117.38 m*/g) and K-SGM-Co (228.73
m?/g) was ten times that of Na-SGM (10.46 m”/g) and K-
SGM (22.96 m?/g), respectively. M-SGM-Co with high
surface area may provide additional adsorption active sites
for Co® ions. Moreover, the average pore size of Na-SGM and
K-SGM decreased from 21.31 to 9.10 nm and 16.33 to 6.81
nm after Co(Il) adsorption, respectively, suggesting that a
large part of the pores of M-SGM and M-SGM-Co contained
mesopores. In addition, the pore volume of Na-SGM and K-
SGM increased from 0.06 to 0.26 cm®/g and 0.10 to 0.39 cm?/
g after Co(II) adsorption, indicating there are a large number
of active adsorption sites after Co(II) adsorption. It can be
concluded that M-SGM-containing adsorbates [Co(II) in this
work] were the adsorption products which can be automati-
cally deposited on the M-SGM and continues to form a porous
nanostructure. They will not only seal the active surface of the
original adsorbent but also create more active center
adsorption sites. As a result, heavy metal-grown aid adsorbents
or self-grown cobalt catalysts were named. These might be the
reasons that M-SGM with low BET surface area exhibits so
high Co(II) adsorption capacities. A possible formation of the
heavy metal-grown aid adsorbents on M-SGM is demonstrated
in Figure 7. At the beginning, as mentioned above, the zeta

.
Y M:"-" * EX ) cr = seM;ﬁ o ’ . :
M-SGM ) 1 H

- [} 24h
= # | : ‘ o

Figure 7. Schematic illustration of the possible formation process of
heavy metal-grown aid adsorbents.

potential of K-SGM is more negative than that of Na-SGM;
more Co(II) amount in the wastewater is attracted on the
surface of K-SGM than that of Na-SGM. Correspondingly, the
CI” ion concentrations in the liquid boundary on the surface of
K-SGM are higher than that of Na-SGM. More CI™ ions could
more rapidly promote the formation of the metastable zone in
the supersaturated region®’ and the cobalt-containing crystal
nuclei on the M-SGM surface, finally increasing the cobalt-
containing crystal growth rate. With the increase of adsorption
time, the crystal nuclei become grains, and then, the grains
become crystals with a specific morphology.

The FE-SEM images of Na-SGM-Co and K-SGM-Co are
shown in Figure 8. They maintain spheres with a diameter of
approximately 100 ym (see the insets of Figure 8a,c) after
Co(Il) adsorption. The Na-SGM-Co and K-SGM-Co show
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Figure 8. FE-SEM images of the surface of Na-SGM-Co (a) and K-
SGM-Co (e), with their EDX of Na-SGM-Co (b) and K-SGM-Co (f)
and their element mappings (g) of O (red), Si (purple), Al (green),
and Co (yellow); FE-SEM images of the inside of Na-SGM-Co (c)
and K-SGM-Co (g) with their EDX of Na-SGM-Co (d) and K-SGM-
Co (h).

apparent networks (Figure 8a) with nanometer thickness and
abundant nanosheets (Figure 8e) on their surfaces, respec-
tively. The morphology of their interior (Figure 8c,g) is
consistent with that of their surface, confirming that Co*" ions
were successfully adsorbed both on their surface and interior.
However, all the morphology of the Na-SGM-Co and K-SGM-
Co is very different from that of Na-SGM and K-SGM which
both exhibit gellike coarse pores (see Figure 2) which
confirmed again the reasons about the low BET surface of Na-
SGM and K-SGM. To determine their relative contents, EDX
studies were performed for their surface and interior of Na-
SGM-Co (Figure 8b,d) and K-SGM-Co (Figure 8fh). The
fraction of surface Na-SGM-Co species was 10.46%, which was
more than that of the interior ones (9.87%), indicating that the
adsorption was mainly controlled by the diffusion through the
intraparticle layer. However, the fraction of surface K-SGM-Co
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Figure 9. Si 2p (a), Al 2p (b), Co 2p (c), and O 1s (d) XPS spectra of Na-SGM-Co and K-SGM-Co.

species was 15.84%, which was less than that of the interior
ones (23.05%), indicating that the adsorption was mainly
controlled by the diffusion through the external boundary
layer. Simultaneously, the FE-SEM images with elemental
maps (Figure 9a,e) revealed that Co (yellow) atoms were
evenly distributed on their surface. This might be the reason
for the observed differences in the BET surface area and pore
volume between M-SGM and M-SGM-Co as mentioned
above.

To further study the surface composition and elemental
valence configuration of K-SGM-Co and Na-SGM-Co and
explore their adsorption potentials, the XPS spectra of Si
(Figure 9a), Al (Figure 9b), Co (Figure 9¢), and O (Figure
9d) were analyzed. The surface compositions of these samples
calculated from the XPS data are summarized in Table 4 (the
binding energy values were calibrated by assigning the position
of the C 1s peak to 284.8 eV). The XPS spectra of Si 2p could
be both split into two peaks as 101.73 (Si;, aluminosilicate
products)”' and 103.77 eV (Si,, geopolymer gel products). As
could be seen in Figure 9b, two peaks of Al 2p are located in
73.66 (Al,, luminosilicate products) and 75.53 eV s peaks (AL,
geopolymer gel products) in both samples.”” These indicated
that no value of Si and Al binding energy are changed in the K-
SGM-Co and Na-SGM-Co. However, as could be seen in
Table 4, the fraction amounts of Si,/(Si; + Si,) and Al,/(Al, +
Al) of K-SGM-Co (10.91 and 25.43% respectively) are higher
than that of Na-SGM-Co (8.62 and 10.50% respectively),
implying that K-SGM-Co is more stable and this may be the
reason for the larger adsorption capacity.

The Co 2p spectrum of K-SGM-Co and Na-SGM-Co
contains two main peaks (Figure 9c). Their Co 2ps/, peaks can
be fitted by the two peaks centered at 781.0°” and 797.0 eV,
corresponding to Co®* and Co®* ions, respectively. The peaks
of Co 2p; ), centered at approximately 782.1>* and 802.8 eV™**

23905

can be ascribed to Co* and Co®' ions, respectively. The
position of the Co 2p spectrum of Na-SGM-Co is the same as
that of K-SGM-Co. However, the intensity of peak of Na-
SGM-Co is weaker, implying its lower level of adsorption
capacity. The fraction value of Co**/(Co*" + Co®") of K-SGM-
Co (37.99%) and Na-SGM-Co (38.09%) in Table 4 showed
that Co® was the main form of Co ions adsorbed on the
microspheres and that both Co** and Co®' ions existed
simultaneously on their surfaces, which were in good
agreement with the XRD results (Table S).

The O 1s XPS spectrum (Figure 9d) of K-SGM-Co and Na-
SGM-Co were resolved into three peaks. In the Na-SGM-Co
and K-SGM-Co samples, their first two peaks located at
530.5%° and 531.4 eV*® were generally assigned to nonbridging
oxygen (Si—O—M, O,) and bridging oxygen (Si—O—Si, O,),
respectively. The peaks at 532.38 eV in the K-SGM-Co and
532.70 eV in the Na-SGM-Co were both attributed to the
silanol group (Si—OH, O;). The Si—O—M bonds exhibit high
reactivity of geopolymerization. The Si—O-—Si bonds were
corresponded to the silicon skeletons in the synthesized
geopolymer. The Si—OH bonds have basic groups. Therefore,
the Si—O—M and Si—OH bonds are more active than Si—O—
Si bonds for Co(II) adsorption. By calculating the area ratio of
(07 + 05)/(0; + O, + 03), the obtained content of (O, + O;)
in the K-SGM-Co (58.09%) and Na-SGM-Co (39.68%)
implied that K-SGM-Co might potentially exhibit higher
adsorption and catalytic activity.

3.4. Root Reason for the Difference on Co(ll)
Adsorption Capacity between Na-SGM and K-SGM.
Given the obvious difference which mentioned above many
times in Co(II) adsorption capacity on Na-SGM and K-SGM,
the reasons behind this should be the most concerned by
researchers. A couple of the following reasons are well
explained. First of all, the adsorption capacity of the same
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Table S. Surface Compositions of M-SGM-Co

atomic ratio (at. %)

atomic concentration (at. %)

(0, +0;)/(0, + 0, + 0;)

38.68
58.09

Co**/(Co** + Co*")

38.09
37.99

Al/(Al; + Al)

10.50
25.43

Si,/(Si; + Siy)

O,
8.62

0,

Si, Al Al Co** Co**

Si;

sample

17.10

60.32
4191

22.58

38.09
37.99

6191

10.50
25.43

8.62 89.50

91.38
89.09

Na-SGM-Co
K-SGM-Co

10.91

20.66

37.43

62.01

74.57

1091

heavy metal ions [Co(II) in this work] on KOH-activated and
NaOHe-activated geopolymer is inversely proportional to the
hydrated ionic radius of K and Na. As hydrated ionic radius of
Na (3.58 A) is greater than that of K (3.31 A),” the
geopolymer slurry which KOH activated reacts and dissolves
more sufficiently than that which NaOH activated. Second, the
more fully the reaction is carried out, the more the geopolymer
gel contains, and the greater adsorption capacity will be. The
ionization process (—Si—OH + M*OH™ — Si—O_MJ'-HZO)38
is a critical step in the geopolymeric depolymerization. The
speed of this process depends on the alkalinity of the M* ion.
As the alkalinity degree of K* is stronger than that of Na* at the
same mole ratios n(M,0)/n(ALO;) and n(H,0)/n(M,0),
the Co(II) adsorption capacity of K-SGM was relatively
stronger than that of Na-SGM. Third, the Co(II) affinity was
proportional to the electronegativity of the geopolymer surface.
As mentioned above in Figure 4b, the electronegativity of K-
SGM is greater than that of Na-SGM. Under the same
condition, K-SGM exhibited preferable Co(Il) adsorption
capacity. Fourth, their BET surface areas are different whether
before or after Co(II) adsorption. In the geopolymer
preparation process, H,O is not only used as solvent but
also as the pore-making agent. As hydrated ionic radius of K is
smaller than that of Na, the formed pores of K-SGM are also
smaller than that of Na-SGM when the water evaporates. This
results in a larger BET surface area of K-SGM (22.96 m*/g)
and lower than that of Na-SGM (10.46 m?/g). The BET
surface area of K-SGM-Co (228.73 mz/g) and Na-SGM-Co
(117.38 m*/g) are both approximately ten times than that of
K-SGM and Na-SGM because they are heavy metal-grown aid
adsorbent or self-grown cobalt catalysts as mentioned above.
Five, as mentioned above from FT-IR, the CO;*~ of K-SGM-
Co disappears, while Na-SGM-Co is weakened but not
disappeared. This shows that in the process of Co(II)
adsorption on K-SGM, more silicon hydroxyl and aluminum
hydroxyl such as [Al(OH),]™, [AIO(OH),]*7, [SiO,(0H),]*,
[Si(OH),]”, and so on are consumed than that of Co(Il)
adsorption on Na-SGM, causing the geopolymer microspheres
to be incapable of absorbing more CO,. Last but not least,
according to the XPS analysis as mentioned above, K-SGM
contained more geopolymer gel which exhibited higher
binding energy and has a relatively less bridged oxygen
bonds than Na-SGM. These might be the other critical factors
that the adsorption capacities of K-SGM are stronger than that
of Na-SGM.

4. CONCLUSIONS

In this work, the NaOH-activated and KOH-activated
geopolymer microspheres were successfully synthesized with
different formulations, and the target formulations were chosen
by exploring their optimal Co(II) adsorption capacity. It was
found that there are obvious differences on Co(Il) adsorption
capacity between them (Q.n,som = 91.21 mg/g, Quxsom =
192.31 mg/g). This difference also brings about the following
significant changes. The Na-SGM-Co and K-SGM-Co shows
apparent network structures with nanometer thickness and
abundant nanosheets on their surface, respectively, while the
morphology of the Na-SGM and K-SGM both revealed a gel-
like coarse pore. The BET surface area of Na-SGM-Co (117.38
m?*/g) and K-SGM-Co (228.73 m?/g) was ten times that of
Na-SGM (10.46 m*/g) and K-SGM (22.96 m’/g), respec-
tively. M-SGM-Co with high surface area may provide
additional active sites for Co®" ions. It also could be seen
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that the BET surface area of the KOH-activated microsphere
was twice that of the NaOH-activated microsphere whether
before or after Co(1l) adsorption. Moreover, the average pore
size of Na-SGM and K-SGM decreased from 21.31 to 9.10 nm
and from 16.33 to 6.81 nm after Co(II) adsorption,
respectively, suggesting that a large part of M-SGM and M-
SGM-Co contained mesopores. In addition, the pore volume
of Na-SGM and K-SGM increased from 0.06 to 0.26 cm’/g
and 0.10 to 0.39 cm®/g after Co(II) adsorption, indicating the
existence of a large number of active adsorption sites after
Co(II) adsorption. It could be suggested that M-SGM could
combine with heavy metal ions [Co(Il) in this work] to
optimize each other and form heavy metal-grown aid
adsorbents. The hydrated ionic radius of K and Na, the
alkalinity degree of K* and Na’, the electronegativity of Na-
SGM and K-SGM surface, the BET surface area and FT-IR
changes of CO,*~ and OH between M-SGM and M-SGM-Co,
XPS analysis like the relative content of geopolymer gel, and
nonbridged oxygen bonds in the Na-SGM and K-SGM were
concluded to be the root reasons for the obvious differences in
Co(I1) adsorption between Na-SGM and K-SGM. The derived
findings in this study could provide significant information for
the evaluation of adsorption behaviors between KOH-activated
and NaOH-activated geopolymer microspheres.
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