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The adsorbent was synthesized from the acid-base reaction between metal ferrocyanide and acidic phosphate at room tempe-
rature. The metal ferrocyanide granular inorganic adsorbent based on phosphate geopolymer for the removal of cesium in 
either batch or packed-bed operation has been developed in this study.  In this work, the compressive strength of granular 
inorganic adsorbent was investigated under different liquid-to-solid, metal ferrocyanide-to-geopolymer and MgO-to-KH2PO4 
ratios. The result showed that the compressive strength of the adsorbent increased with the increase of MgO-to-KH2PO4 
ratio. It was found that the optimization of metal ferrocyanide-to-geopolymer and MgO-to-KH2PO4 ratios was important 
in improving both the compressive strength and the adsorption capacity of the adsorbent.  The metal ferrocyanide granular 
inorganic adsorbent prepared were characterized by analysis such as XRD, TGA, FTIR and SEM spectra. In this study, the 
synthesized granular inorganic adsorbent has demonstrated a Cs removal efficiency of over 99 % and an adsorption capacity 
of 1.7-1.8 meq·g-1 in simulation wastewater containing 2000 ppm Cs under adsorbent dose of 0.0067 g·ml-1.

Introduction

	 The release of cesium radionuclide into the envi- 
ronment is of concern due to its high solubility charac-
teristics when up-taken by human body though food 
chain. Moreover, the long half-life of 137Cs (30 years) 
has made it a highly radiotoxic nuclide. Therefore, 
removal of cesium radionuclide in wastewater from 
Nuclear Power Plant (NPP) or nuclear facilities is an 
important issue for nuclear waste management. Nuclear 
waste effluents from NPP typically is acidic (i.e. HNO3) 
and has high concentration of sodium (i.e. NaNO3) [1]. 
Special attention has been given to the selective removal 
of 137Cs from radioactive wastewater containing highly 
acidic and concentrated sodium. Furthermore, granules 
suitable for column operation have been prepared by 
binding or precipitating fine inorganic adsorbent onto 
porous particles. Among various types of granular 
inorganic adsorbent, the ferrocyanides of transition 
metals (II) (Ni, Cu, Zn, Fe and others) demonstrate 
the highest selectivity towards the removal of cesium 
from radioactive wastewater [2, 3]. Konecny et al. used 
porous silica gel particles as substrate to load K4Fe(CN)6 
and then reacted with ZnSO4 to form granular inorganic 
adsorbent[4]. Shabana et al. used granular porous 

polymethylmethacrylate as support and loaded with 
potassium iron(III) hexacyanoferrate(II) [5]. Hitoshi 
et al. loaded potassium nickel hexacyanoferrates on 
granular porous chabazite [6]. Hitoshi et al. reported the 
incorporation of potassium iron (III) hexacyanoferrate 
(II) crystal on the granular porous support of zeolite 
[7]. Although above mention granular porous support 
has good retention capacity for radioactive cesium, they 
have low mechanical stability and high flow resistance, 
leading to clogging of the column. In addition, the 
preparation procedures were complicated and the 
product was often not reproducible. In order to improve 
their low mechanical stability and high flow resistance, 
the fine metal ferrocyanides have been produced by 
incorporation with some organic binder. Rao et al. used 
polyvinyl acetate as binder in the preparation of copper 
(II) ferrocyanide on polyurethane foam support [8]. 
Someda et al. prepared transition metal ferrocyanides 
on polyacrylonitrile as binder and support [9]. Even 
though granular adsorbent within organic binder has 
good mechanical stability, it might be degraded by 
radiation and other biological action overtime, resulting 
in the leakage of radioactive cesium nuclides. In order 
to overcome the low mechanical stability and high flow 
resistance of granular adsorbent and avoid using organic 
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binder, we attempted to combine fine transition metal 
ferrocyanides powder with geopolymer. Geopolymer 
is often used for the stabilization/solidification (S/S) of 
mixed wastes as well as low-level nuclear waste due to 
its excellent mechanical strength [10-12]. Various types 
of geopolymer, silicate alkali-based geopolymer [13] 
and phosphoric acid-based geopolymer [14], have been 
developed during the last decade. It was reported that the 
high pH of silicate alkali-based geopolymers may induce 
the hydrolysis of transition metal ferrocyanides, leading 
to the destruction of its molecular structure [15]. On the 
other hand, in phosphoric acid-based geopolymer, the 
main reaction product is magnesium potassium phosphate 
hexahydrate or k-struvite (MgKPO4∙6H2O)[16], which 
is formed by the acid-based reaction between burned 
magnesia and potassium dihydrogen phosphate [11]. In 
this case, hydrolysis of transition metal ferrocyanides can 
be avoided. The present study deals with the preparation 
of zinc ferrocyanide-loaded k-struvite, characterization 
of this granular inorganic adsorbent, and its uptake 
property towards 137Cs in simulated wastewater.

EXPERIMENTAL

Material

	 Potassium ferrocyanide trihydrate (K4[Fe(CN)6]∙
∙3H2O) and zinc sulfate heptahydrate (ZnSO4∙7H2O) 
were used as received for the preparation of zinc 
ferrocyanide powder [17]. Sintered magnesium oxide 
(MgO), potassium hydrogen phosphate (KH2PO4) and 
boric acid were used as received for the preparation of 
phosphoric acid-based geopolymer which then mixed 
with KZnFC [18]. DT-30A (commercial granular 
inorganic adsorbent, Diversified Technologies Services, 
Inc.) was used for comparison in terms of distribution 
coefficient, adsorption capacity and compressive 
strength.

Preparation of Potassium zinc 
ferrocyanide powder (KZnFC) [17]

	 The KZ41, KZ21, KZ11, KZ12 and KZ14 were 
designated for the prepared KZnFC with K4[Fe(CN)6]∙ 
∙3H2O (1M)-to-ZnSO4∙7H2O (1M) volume ratio of 
4:1, 2:1, 1:1, 1:2 and 1:4, respectively. For instance, 
the preparation of KZ41 is as follows. 73.67 g of 
K4[Fe(CN)6]∙3H2O (1 M), and 14.378 g of ZnSO4∙7H2O 
(1M) were added into 200 ml, and 50 ml of deionized 
water, respectively. Then, K4[Fe(CN)6]∙3H2O solution 
was added into ZnSO4∙7H2O solution dropwisely follo-
wed by stirring for 7 days at room temperature to form 
white slurry. Finally, the resulting slurry was washed 
by deionized water followed by centrifuge and dried in 
vacuum at 80°C for 2 h to obtain KZ41. Similar method 
was used to obtain KZ21, KZ11, KZ12 and KZ14.

Preparation of phosphoric acid-based 
geopolymer for granulation of KZnFC

Adjustment of MgO-to-KH2PO4

mass ratio

	 The MK11, MK21, MK31, MK41 and MK51 were 
designated for the prepared KZnFC granules via phos-
phoric acid-based geopolymer with MgO-to-KH2PO4 
mass ratio of 1:1, 2:1, 3:1, 4:1 and 5:1, respectively. 
For instance, the preparation procedure for MK51 is 
as follows. 8.23 g of MgO, 1.65 g of KH2PO4, 10 g of 
KZnFC and 0.12 g of Boric acid were first mixed by 
milling for 2 hr. Then, 12 ml of de-ionized water was 
added slowly into the premixed power while stirring. 
Stirring of the slurry was kept for 5 min and then it 
was poured into a mold for hardening. After hardening, 
compressive strength of the bulk was measured. To test the 
removal efficiency for Cs, the solidified KZnFC bulk was 
crushed and sieved to obtain granular KZnFC adsorbent 
with particle size of 1-2 mm. Prior to adsorption test, the 
granular KZnFC adsorbents were washed to remove fine 
powder by deionized water and dried at 60°C for 24 hr. 
Similar method was used to obtain MK21, MK31, MK41 
and MK51.

Adjustment of KZnFC-to-geopolymer
mass ratio

	 The KC11, KC21, KC41 and KC61were designated 
for the prepared KZnFC granules with KZnFC-to-
geopolymer mass ratio of 1:1, 1.2:1, 1.4:1 and 1.6:1, 
respectively. For instance, the preparation procedure 
for K11 is as follows. 9.88 g of geopolymer (containing 
MgO and KH2PO4 with mass ratio of 2:1 or 3:1), 10 g 
of KZnFC and 0.12 g of Boric acid were first mixed by 
milling for 2 hr. Then, 12 ml of de-ionized water was 
added into the premixed power while stirring. Stirring 
of the slurry was kept for 5 min and then it was poured 
into a mold for hardening. After hardening, compressive 
strength of the bulk was measured. To test the removal 
efficiency for Cs, the solidified KZnFC bulk was crushed 
and sieved to obtain granular KZnFC adsorbent with 
particle size of 1 - 2 mm. Prior to adsorption test, the 
granular KZnFC adsorbents were washed to removed 
fine powder by deionized water and dried at 60°C for 
24 hour. Similar method was used to obtain KC21, KC41 
and KC61.

Characterization

	 X-ray diffraction (XRD) spectra were obtained on 
a D8 ADVANCE using Cu Kα radiation (45 kV and 
40 mA). Infrared spectra were collected using TENSOR 
70 Fourier transform infrared spectroscopy (FTIR). 
X-ray diffraction (XRD) spectra were obtained on a D8 
ADVANCE using Cu Kα radiation (45 kV and 40 mA). 
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Thermogravimetric analysis (TGA) was obtained on 
a STA 409PC (NETZSCH). The compressive strength 
of the samples was measured using a mechanical tester 
(HT-2402) with granular adsorbent particle size of 
around ψ 6 × 11 mm. At least 10 sample were tested in 
the mechanical test with loading speed is 20 mm·min-1. 
Scanning electron microscopy (SEM, JEOL JSM-
6701F) was used to characterize the morphology of the 
specimens.

Batch adsorption test for
the prepared adsorbents

	 The adsorption capacity of adsorbent was calculated 
as

(1)

where C0 is initial cesium concentration (ppm), C is the 
final cesium concentration (ppm) in the solution, V is 
the volume of simulated solution (l), M is the cesium 
molecular weight (g∙mol-1), W is the weight of adsorbent 
(g).
	 The cesium removal efficiency (R, %) of adsorbent 
in the simulated solution  was determined as [19]

(2)

where C0 is initial cesium concentration (ppm), C is the 
final cesium concentration (ppm) in the solution.
	 To perform the adsorption test, 0.2 g of powder 
KZnFC or granular adsorbent was added to the 
simulated cesium ion solution (2000 ppm, 30 ml, CsNO3, 
0.0067  g∙ml-1). The mixture solution was shaken on a 
rotary shaker at 25°C for 24 h. When the adsorption test 
was completed, the mixture solution was centrifuged 
at 4000 rpm for 30 min. The supernatant liquid was 
measured by atomic absorption spectrometer (iCE 3300) 
to determine the residual cesium ion concentration. In 
addition, short-term adsorption tests were performed for 
the prepared adsorbents. Here, 0.2 g of powder KZnFC 
or granular adsorbent was added to the simulated cesium 
ion solution (2000 ppm, 30 ml, CsNO3). The mixture 
solution was shaken on a rotary shaker at 25°C for 2, 5, 
10, 30, 60, and 120 min.

Results and discussion

Potassium zinc ferrocyanide
powder (KZnFC)

	 Figure 1 shows the time-dependent cesium uptake 
(mole·g-1) for various powder KZnFCs. The result 
shows that the amount of adsorbed cesium ion 
approached equilibrium within 2 h for all adsorbents. 
Among them, ZK11 shows the highest cesium uptake, 

suggesting that too high or too low K4[Fe(CN)6]∙3H2O-
to-ZnSO4∙7H2O ratio may not benefit the cesium 
uptake of the adsorbents. It was reported that the high 
K4[Fe(CN)6]∙3H2O-to-ZnSO4∙7H2O ratio is favorable 
to give a high yield of K2Zn3[Fe(CN)6]2 [2] and the 
cesium uptake of K2Zn3[Fe(CN)6]2 is higher than that 
of Zn2Fe(CN)6 [20], attributing to the improved the ion 
exchange rate of the cesium ion with the potassium 
ion [17]. In contrary, excess K4[Fe(CN)6]∙3H2O-to-
ZnSO4∙7H2O mole ratio will leave excess potassium 
ions in solution which may restrict the ion exchange 
of cesium ion by K2Zn3[Fe(CN)6]2 [21]. The above-
mentioned result shows that ZK11 has higher uptake 
of cesium among the adsorbents tested, especially in a 
short period of adsorption time, meaning it requires less 
residence time when applies in the column. In addition, 
ZK11 exhibits an adsorption capacity of 1.88 meq∙g-1, 
which is higher than that of the commercial adsorbent, 
DT-30A, (1.5 meq∙g-1) for an adsorption time of 2 hr. 
Therefore, ZK11 was selected for the granulation of 
KZnFC via phosphoric acid-based geopolymer.

Effect of MgO-to-KH2PO4 mass ratio for the 
preparation of granular KZnFC adsorbents

Compressive strength

	 The mechanism of phosphoric acid-based geopoly-
mer formation involves Mg2+, K+ and PO3

-4 existed in 
the solution at the specific value of pH according to the 
Equation 3 [11, 22]:

Mg2+ + K+ + PO3
-4 + 6H2O →MgKPO4∙6H2O        (3)

	 First, KH2PO4 was dissolved by the added water to 
release H+, which initializes the hydration reaction. Then, 
MgO begins to dissolve, increasing the pH value of the 
mixture. When the pH value is over 7, MgKPO4∙6H2O 

Figure 1.  Time-dependent cesium uptake (mole·g-1) for powder 
KZnFC.
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is formed. Figure 2 shows the compressive strength of 
the geopolymer with different MgO-to-KH2PO4 mass
ratios. It is found that the compressive strength of geo-
polymer increases with the increase of MgO-to-KH2PO4 
mass ratios. The largest compressive strength value was 
about 35.32 MPa for MK51 with the MgO-to-KH2PO4 
mass ratios of 5:1. This may be due to that fact that the 
geopolymer of MK51 not only composed of the hydrated 
product, but also excess residual MgO particle. Such 
residual MgO particles may improve the compressive 
strength of the geopolymer. It was reported that the 
higher MgO content may brought much more internal 
stress in sample lead to fast setting [23]. 

XRD diffraction patterns

	 The increase of compressive strength with increase 
of MgO-to-KH2PO4 mass ratios can also be explained by 
the XRD patterns of the samples as shown in Figure 3. 
The diffraction peaks of KH2PO4, MgO, KZnFC (KZ11) 
and MgKPO4∙6H2O (MKP) are noted for MK11 with 
the MgO-to-KH2PO4 mass ratios of 1:1. The intensity 
of the diffraction peak representing KH2PO4 decreases 
with the increase of the MgO-to-KH2PO4 mass ratios, 
suggesting that the crystallinity of MgKPO4∙6H2O was 
affected by the content of MgO. This is mainly attributed 
to the pH-dependent nature of the nucleation and growth 
of hydrated product [23]. For the case of the MK51, the 
excess amount of MgO added results in a rapid increase 
of pH value, leading increase in the nucleation rate. 
Since there was not enough time for the precipitated 
MgKPO4∙6H2O to crystallize, amorphous phase was 
observed for MK51. On the other hand, in the case of 
MK11, the pH value increased slowly, providing enough 
time for the precipitated MgKPO4∙6H2O to crystallize 
[23]. Therefore, with the increase of the MgO-to-KH2PO4 
mass ratios, the amount of crystallized phase decreased 
while the amount of amorphous phase increased. 

Thermogravimetric analysis (TGA)

	 Thermogravimetric analysis (TGA) of MgO, 
KZnFC, MgKPO4∙6H2O were obtained as shown in 
Figure 4. The MgO shows a total weight loss of 8 % 
from 353°C to 461°C, indicating decomposition of mag-
nesium hydroxide to magnesium oxide due to a few of 
MgO was hydrolyzed to magnesium hydroxide during 
storage [24]. As shown in Figure 4b, the thermograms 
indicate four different weight loss ranges: 100 - 150°C, 
150 - 268°C, 575 - 914°C and above 914°C. This first 
weight loss is associated with the loss of water adsorbed 
on the surface of the KZnFC and water of crystallization. 

Figure 4.  Thermogravimetric analysis of: a) MgO, b) KZnFC, 
c) MgKPO4∙6H2O.
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The second weight loss is attributed to the decomposition 
of KZnFC to the intermediate products, K2CO3, ZnO 
and ZnFe2O4 [19]. In the third weight loss, evolution 
of gaseous compounds such as CO2, NO, and NH3 [25] 
may take place. For the final weight loss at temperature 
above 850°C, decomposition of K2CO3 to K2O [19] 
may occur. The thermogram of KZnFc is similar to 
that of KCoFc and KNiFc. As shown in Figure 4c, 
MgKPO4∙6H2O shows weight loss from temperature of 
142°C to 278°C, attributing to the release crystallized 
water. In addition, the MgKPO4∙6H2O shows a total 
weight loss of 12 % from 343°C to 629°C, indicating 
decomposition of magnesium hydroxide to magnesium 
oxide due to residual MgO in MgKPO4∙H2O. Figure  5 
shows the TGA profile for the granular inorganic 
adsorbents with different MgO : KH2PO4 mass ratios, 
the weight loss profile of all samples are almost identical 
for MgKPO4∙H2O , MgO and KZnFc. In addition, the 
weight loss of MgO increased with the increase of the 
MgO content in adsorbents. The result indicated that the 
transition metal ferrocyanides(ZnFC) is stable druing the 
geopolymerization process.

Fourier transform infrared
spectroscopy (FTIR)

	 Figure 6a shows the FTIR spectra for MgO, 
MgKPO4∙H2O and KZnFC. There are two types of OH 
bonding exist in MgO. First, is the O–H stretching and 
bending bonded with Mg and second is the O–H stretching 
and bending attached at the surface of the samples. The 
O–H stretching bonded with Mg will be appeared as a 
transmittance peaks at 3699 cm-1 and 1494  cm-1. For 
the second O-H stretching, it appears as a broad band 
at 3600 - 3200 cm-1. This occurrence happens due to 
the special characteristic of MgO, which may adsorb 
moisture from the ambient [26]. As shown in Figure 6c, 

the KZnFc shows transmittance peaks at 2094 cm-1 
corresponding to the C–N groups in hexacyanofer-
rate (II). The broad transmittance peaks revealed in 
3600 - 3200 cm-1 region were assigned to –OH stretching 
of hydrogen bonded water molecules. In addition, the 
presence of coordinated water molecules existing in 
the interlayer structure of KZnFc was detected around 
1600 cm-1 [27]. As shown in Figure 6b, the MgKPO4∙H2O 
(MK51) shows transmittance peaks at 1053 cm-1

and 3600 - 3200 cm-1, corresponding to PO4
3- and –OH 

groups [28]. Furthermore, the O-H stretching bonded 
with the special characteristic of residual MgO in 
MgKPO4∙H2O shows transmittance peaks at 3699  cm-1 
and 3600 - 3200 cm-1. Figure 7 shows the FTIR 
spectra for granular inorganic adsorbents with different 
MgO:KH2PO4 mass ratios, the transmittance peaks of 
all samples are almost identical for MgKPO4∙H2O and 
KZnFc. The result indicated that the main reaction product 
of phosphoric acid-based geopolymer is magnesium 

Figure 5.  Thermogravimetric analysis of granular inorganic 
adsorbents with different MgO : KH2PO4 mass ratios.

Figure 6.  FTIR spectra of a) MgO, b) MgKPO4∙H2O, c) KZnFC.

Figure 7.  FTIR spectra of granular inorganic adsorbents with 
different MgO : KH2PO4 mass ratios.
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potassium phosphate hexahydrate or k-struvite 
(MgKPO4∙6H2O)[16], which is formed by acid-based
reaction between burned magnesia and porassium di-
hydrogen phosphate [11]. The hydrolysis of the transi-
tion metal ferrocyanides during the geopolymerization 
process can be avoided. Therefore, the phosphoric acid-
based geopolymer has shown great chemical stability 
when KZnFc is used in the preparation.

Scanning electron microscopy (SEM)

	 Figure 8 shows SEM micrographs of the micro-
structures of granular inorganic adsorbents with different 
MgO : KH2PO4 mass ratios. As shown in Figure 8a, 
it can be seen that a large amount of pores could be 
found in the granular inorganic adsorbents. With the 
MgO:KH2PO4 mass ratio increased to 3:1, the pores were 
gradually formed with lots of agglomerations compo-sed 
of fragmental lamellar crystalline cluster as shown in 
Figure 8b. Finally, when the mass ratio of MgO:KH2PO4 
reached 5:1, the fragmental lamellar crystalli-ne 
clusters formed crystalline structure sheets as depic- 
ted in Figure 8c. According to Griffith Crack Theory [29], 

the stress concentration factor for the microstructures 
with a larger amount of pores is higher than that with small 
ones. This indicated that excess MgO would result in less 
pores due to that residual MgO as the core material could 
slow down the nucleation of MgKPO4∙6H2O, leading to 
low stress concentration. Meanwhile, the lowered stress 
concentration factor would result in the high compressive 
strength corresponding to more compact sheet crystalline 
structure. Therefore, increasing the MgO : KH2PO4 mass 
ratio of granular inorganic adsorbents would result in low 
pore density and low stress concentration factor, leading 
to the formation of compact sheet crystalline structure 
with higher compressive strength.

Adsorption capacity

	 The effect of MgO-to-KH2PO4 mass ratios on Cs 
ion adsorption is shown in Figure 9. The maximum 
adsorption capacity for MK11, MK21, MK31, MK41 
and MK51 is 1.77, 1.6, 1.47, 1.35, and 1.32 meq∙g-1, 
respectively. The adsorption capacity was increased with 
the decrease of MgO-to-KH2PO4 mass ratios. In contrast, 
the compressive strength was increased with the increase 
of MgO-to-KH2PO4 mass ratios as result of more 
compact granular inorganic adsorbents formed. Yue et 
al. [30] reported that high adsorption capacity have been 
achieved resulting from the rigidly open pore structure 
and extremely high surface area of the immobilization of 
copper ferrocyanide on granular porous ceramic support, 
which suggests that the more compact the granular 
inorganic adsorbent was, the less porous the granular 
inorganic adsorbent was. Therefore, the internal surface 
area of K2Zn3[Fe(CN)6]2 (ZK11) may not be as high as 
that of MK51, resulting in low adsorption capacity. To 
optimize both the mechanical stability and the adsorption 
capacity, MK21 and MK31 were selected to run the 
subsequent tests.

Figure 8.  SEM micrographs of granular inorganic adsorbents with different MgO : KH2PO4 mass ratios a) 1:1; b) 3:1; c) 5:1.
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Effect of KZnFc-to-geopolymer mass ratio for 
the prepared granular KZnFC adsorbents

Adsorption capacity and
compressive strength

	 In order to improve the adsorption efficiency of 
MK21 and MK31, KZnFc content was increased for the 
preparation of granular inorganic adsorbents. Figure 10 
shows results of the adsorption experiment. The amount 
of adsorbed cesium ions for MK21 increases with the 
increase of KZnFc-to-geopolymer mass ratios, reaching 
a maximum at the mass ratio of 1.4. On the other hand, 
the maximum adsorption for MK31 is at the KZnFC-to-
geopolymer ratio of 1.2. The drop of adsorption capacity 
may be due to the excess KZnFC blocking the pore sites of 
the granular adsorbents, leading to decrease in contacting 
surface area with the solution. Since MK21 may have 
more pore sites than MK31, more KZnFc can be loaded 
on MK21 than on MK31, leading to higher adsorption 

capacity of MK21-KC41 (1.8 meq·g-1) than MK31-
KC21 (1.6 meq·g-1). Figure 11 shows the compressive 
strength of granular KZnFC adsorbents with different 
KZnFcto-geopolymer mass ratios. It can be seen that 
the compressive strength of MK31 and MK21 decreased 
with the increase of KZnFc-to-geopolymer mass ratios. 
Since geopolymer is a hardening agent, reduce its content 
may decrease the compressive strength.

Effect of contacting time on Cs absorption 
under various Cs concentrations

	 The adsorption of cesium ion on MK21-KC41 gra-
nular inorganic adsorbents was examined at different 
concentrations of Cs (10 ppm, 100 ppm, 1000 ppm, 
2000 ppm) as a function of contacting time at room 
temperature as shown in Figure 12. With the increase 
of the contacting time, the cesium ion uptake increased 

Figure 9.  Adsorption capacity of granular KZnFc adsorbents 
with different MgO-to-KH2PO4 mass ratios.

Figure 10.  Adsorption capacity of granular KZnFC adsorbents 
with different KZnFc-to-geopolymer mass ratios.

Figure 12.  Time-dependent adsorption of cesium on MK21-
KC41 under various Cs concentrations.

Figure 11.  Compressive strength of the bulk with different 
KZnFc-to-geopolymer mass ratios.
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and remained constant after the equilibration time of 
60 min. The amount adsorbed at equilibrium increases 
from 1.86∙10-2 to 1.37 (mole·g-1) with the increase in 
concentration over the range 10 to 2000 ppm. However, 
the percentage of cesium ion adsorption increased from 
49.5 to 99.28 % with the decrease of initial concentration 
in the range from 2000 to 10 ppm. The result suggests 
that the availability of larger sorbent surface sites for 
a relatively smaller number cesium ions at low initial 
concentration. The smooth and continuous curves reveal 
that uptake is initially fast, becoming slower later on and 
ultimately reaches saturation. Furthermore, the cesium 
ions preferentially occupy many of active sites of MK21-
KC41 in a random manner results in the rapid adsorption 
rate initially. As time went by, the rate of uptake became 
slower and eventually reached a constant value due to 
the saturation of the adsorption surface.

Adsorption isotherms

	 The distribution of metal ions between the liquid 
phase and solid phase can be described by mathematical 
model equation such as the Langmuir and Freundlich 
isotherm models. This relates adsorption capacity (qe) to 
the equilibrium adsorbate concentration (Ce) in the bulk 
fluid phase.

Langmuir adsorption isotherm

	 The Langmuir adsorption isothermal is the simplest 
theoretical model for monolayer adsorption with constant 
heat of adsorption for all sites and without interaction 
between adsorbed molecules. It suggests a finite number 
of identical surface sites on the surface of adsorbents. 
In addition, the model assumes uniform energies of 
adsorption onto the surface and no transmigration of the 

adsorbate. The Langmuir isotherm is represented by the 
following equation: [31]

                   (4)

where Ce is the equilibrium concentration (mole∙l-1), qe 
is the amount of the cesium ion adsorbed at equilibrium 
(mole∙g-1) and Q0 and b are Langmuir constants relate 
to the adsorption capacity and the energy of adsorption, 
respectively. 
	 The plots of Ce/qe vs. Ce are found to be linear which 
indicate that the adsorption of cesium ion follows the 
Langmuir adsorption isotherm model. Therefore, taking 
experimental data of different weigh adsorbent with 
fixed initial concentration result in different adsorptive 
equilibrium concentration into the Langmuir adsorption 
equation for isothermal were shown in Figure 14 Q0 and 
b were calculated from the slope and intercept of the 
plots and were found to be 8.33; 2.09∙10-4, respectively.

	 The essential characteristics of a Langmuir isotherm 
could be described in the terms of a dimensionless 
constant separation factor or equilibrium RL which is 
defined by [32] 

             (5)

where C0 is the initial cesium ion concentration (mol·l-1) 
and b is the Langmuir constant related to the energy of 
adsorption. 

Figure 13.  Time-dependent cesium adsorption efficiency on 
MK21-KC41 under various Cs concentrations.

Figure 14.  Langmuir adsorption isothermal or cesium ions 
adsorption on the MK21-KC41.
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Table 1.  RL values and isotherms.

RL value	 Type of isotherm

RL > 1	 unfavourable
RL = 1	 linear
0 < RL < 1	 favourable
RL = 0	 irreversible
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	 The RL values at different concentrations are list in 
Table 1. Taking the energy of adsorption constant b data 
into equilibrium RL could be evaluated (0.99). The RL 
value (0 < RL < 1) indicated that the adsorption of cesium 
ion by MK21-KC41 is favorable.

Freunchlich adsorption isotherm

	 The Freundlich equation is used for heterogeneous 
surface energies from the presence of different func-
tional groups on the surface, and the various adsorbent 
– adsorbate interactions. In contrast to the Langmuir 
equation, the Freundlich isotherm assumes sorption 
onto sorbent surfaces, which are characterized by 
heterogeneous sorption sites. It also assumes that the 
stronger adsorption sites are occupied first and the 
binding strength decreases with increasing binding site 
occupation. The results of concentration-dependent 
cesium ions adsorption on MK21-KC41 were analyzed 
by applying the Freundlich adsorption isotherm [33] in 
its logariyhmic form:

(6)

where qe is the amount of cesium ions adsorbed at 
equilibrium (mole·g-1), Ce is the adsorptive equilibrium 
concentration (mole·l-1). k and 1/n are Freunlich con-
stants which correspond to adsorption capacity and 
adsorption intensity, respectively; n (g·l-1) is a measure 
of the deviation from the linearity of adsorption. 

	 This value indicates the degree of non-linearity 
between the solution concentration and adsorption as 
follows: if n = 1, the adsorption is linear adsorption 
process; if n < 1, adsorption is an unfavourable adsorption 
process; and if n > 1, adsorption is a p a favourable 
adsorption process.

	 The plot of log qe vs. log Ce was found to be linear 
which suggests that the adsorption of cesium ions on 
MK21-KC41 obeyed Freundlich adsorption isotherm 
over the entire range of adsorptive concentration 
studied. Therefore, taking experimental data of different 
weigh adsorbent with fixed initial concentration result 
in different adsorptive equilibrium concentration into 
the Freundlich adsorption equation for isothermal were 
shown in Figure 15. The 1/n and log k were founded
from the slope and intercept of the plots to be 0.399, 
0.01337, respectively. The inverse of adsorption intensity 
was evaluated and the result was greater than one (2.5). 
The result suggests that surface of the adsorbent was 
heterogeneous in nature with an exponential distribution 
of active sites [34].

Conclusion

	 Preparation of granular KZnFC via phosphoric 
acid-based geopolymer was carried out in this study. 
The granular KZnFC with the largest compressive 
strength value was MK51 (35.32 MPa). The improved 
compressive strength was due to the excess residual MgO 
particles. However, MK51 exhibits the lowest adsorption 
capacity (1.32 meq·g-1) due to its lowered porous 
structure. To optimize both the adsorption capacity and 
the mechanical stability, only MK21 (1.47 meq·g-1)
and MK31 (1.35 meq·g-1) were selected to run column 
operations. The performances of both granular KZnFCs 
were comparable to that of commercial granular inor-
ganic adsorbent (DT-30A, 1.45 meq·g-1). To improve 
the adsorption efficiency of MK21 and MK31, KZnFc 
content was increased. However, excess KZnFc content 
did not benefit granular KZnFC’s adsorption efficiency 
due to the limited pore sites on the adsorbent. As a result, 
the optimal KZnFC-to-geopolymer ratio in achieving 
maximum adsorption capacity was 1.4 for MK21-KC41, 
and 1.2 for MK31-KC21. In addition, the adsorption 
of cesium ion for MK21-KC41with various contacting 
time was examined at different concentrations of Cs 
(10 ppm, 100 ppm, 1000 ppm, 2000 ppm). The adsorption 
efficiency remained constant after the equilibration 
time of 60 min. Moreover, the adsorption behavior of 
cesium ion on MK21-KC41 can be described by both 
the Langmuir adsorption equation and the Freundlich 
adsorption equation.
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