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Abstract
Cylindrical shape extrudates of calcium silicate hydrate (CSH) were prepared using different percentages of polyvinyl alcohol
(PVA) / sodium alginate (SA) mixtures as binders and an aqueous solution containing 6% H3BO3 and 3% CaCl2 was used
as a cross linking agent. As the quantity of alginate increases, the phosphate removal efficiency and capacity were decreased.
Among four different extrudate samples, the sample prepared by 8% PVA + 2% SA showed the highest phosphate removal
efficiency (59.59%) and capacity (29.97 mg/g) at an initial phosphate concentration of 100 ppm and 2.0 g/L adsorbent dosage.
Effects of the adsorbent dosage, contact time and initial phosphate concentration on the sample were further studied. The
removal efficiency and capacity obtained by a 4.0 g/L adsorbent dose at an initial phosphate concentration of 100 ppm in
3 h were 79.38% and 19.96 mg/g, respectively. The experimental data of kinetic and isotherm measurements followed the
pseudo-second-order kinetic equation and Langmuir isotherm model, respectively. These results suggested that the phosphate
removal was processed via a chemisorption and a monolayer coverage of phosphate anions was on the CSH surface. The
maximum adsorption capacity ( ) was calculated as 23.87 mg/g from Langmuir isotherm model.
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1. Introduction1)

(EBPR) and it was a widely used due to its minimal sludge production
and moderate operational cost. However, reliability and stability are
key issues in the operation of EBPR plants[6]. Chemical precipitation
is a conventional process for phosphorous removal and Ca2+, Al3+ and
Fe3+ salts are normally used in this process. The phosphorous was
eliminated as a non-recyclable metal-phosphate precipitates or precipitated together with numerous other waste materials as sludge.
However, the phosphate sludge formed by Al3+ and Fe3+ salts except
Ca2+ can not be used as fertilizer which resulted in loss of huge amount
of phosphorus. In addition, usage of corrosive chemicals, generation of
huge amounts of waste sludge and high cost for waste disposal are the
limitations of this method[7,8]. Compared to previous techniques, the
adsorption process is more promising due to its ease of operation, sim-

Phosphorus is an essential nutrient of all biological organisms.
Phosphorous in the form of phosphates is mainly used in the production of fertilizers, detergents, animal feed, dentistry, metal cleaning
and coating[1]. Other than its main use, phosphate rock is the main
source of phosphate on earth. It is a non-renewable source and will be
depleted before the end of this century due to increasing civilization[2].
Apart from its use and advantages, the main disadvantage of phosphorous is eutrophication which is a wide spreading global pollution
problem in the freshwater ecosystems. Nowadays, phosphate-bearing
wastes contained in industrial and municipal effluent streams are generally discharged into the water bodies. When the phosphate was highly accumulated in surface waters it triggers algal and plant growth in
surface waters. It reduces the dissolved oxygen levels which causes
death of fish and other aquatic life. This affects the aquatic balance
and diminishes the water quality[3]. Taking into consideration of lim-

plicity of design and economics, provided that low-cost sorbents are
used[9].
Several adsorbents such as metal oxides and hydroxides[10,11], metal carbonates[12], layered double hydroxide (LDH)[13], clay materials[14], metal loaded carbon[15,16], anion exchange resins[17], metal
loaded silica[18] have been studied for phosphate adsorption. Recently
calcium silicate hydrate (CSH) which is a major constituent phase of
Portland cement[19], has been explored as chemisorbent for phosphate
removal[8,20,21]. However, in many reports the CSH was used in the
powder form. Powder cannot be used in column operations due to loss
of CSH particles in the effluent stream and formation of pressure
drop[22]. Therefore, it is necessary to develop a suitable method for
converting the CSH powder into shaped bodies.
Immobilization of small solid particles, liquid droplets, or gas bubbles within a porous membrane of shell material is called micro-

ited availability of phosphate sources as well as its disadvantages, it
is essential to focus on phosphate recovery from wastewater.
Several techniques such as biological, chemical, physical, and physicochemical methods have been studied in order to reduce the phosphate contents in an aqueous environment[4,5]. Low phosphorous concentrations were achieved by enhanced biological phosphorous removal
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encapsulation, which is successfully applied in pharmaceutical, agricultural, food and environmental engineering industries[23]. Shilin et al.
(2018) prepared CSH flakes using poly vinyl alcohol (PVA) polymer
by chemical cross linking with NaNO3 solution[24]. Extrusion of core
materials into spherical/cylindrical shapes using a dry/wet blend of
core material and a binder is also another method for producing shaped
bodies which is commonly used in the field of gas separation and catalysis[25]. So far, few reports have been available on preparation of
CSH extrudates.
In the present work, the CSH powder was transformed into extrudates using various percentages of PVA and sodium alginate (SA).
Then their removal efficiency and removal capacity of phosphate were
investigated. The parameters affecting the phosphate removal efficiency
such as adsorbent dosage, contact time and initial phosphate concentration were evaluated.

2. Materials and Methods

Figure 1. Preparation of 8% PVA + 2% SA + 90% CSH extrudates
(Sample A).

2.1. Materials

Calcium silicate hydrate (CaSiO3⋅nH2O, extra pure), polyvinyl alcohol (PVA, MW 2000), sodium alginate (SA), boric acid (H3BO3,
99.5%), calcium chloride, anhydrous (CaCl2, 96.0%) and potassium
phosphate, monobasic (KH2PO4, 99.0%) were purchased from Samchun
Chemical., Ltd., South Korea.
2.2. Preparation of extrudates

PVA and SA were taken in different (w/w) percentages i.e. 8% PVA
+ 2% SA, 6% PVA + 4% SA, 4% PVA + 6% SA, 2% PVA + 8%
SA along with 90% CSH powder. Then they were mixed by using
mortar and piston to get a homogeneous physical mixture. Water was
sprinkled on these mixtures until a wet blend was prepared. The resulting paste was extruded in the form of wire using a syringe. The extrudates were soaked in 6% H3BO3 + 3% CaCl2 solution at 25 ℃ for
24 h at static condition to achieve complete crosslinking of PVA and
SA. The extrudate wires were taken out and washed several times with
hot water to remove the unreacted H3BO3 and CaCl2. They were dried
at room temperature (25 ℃) and broken into small pieces which resulted in cylindrical extrudates. Then they were dried at 100 ℃ for 24
h in air oven. In the present study, the extrudates prepared by 8% PVA
+ 2% SA, 6% PVA + 4% SA, 4% PVA + 6% SA, 2% PVA + 8%
SA were named as sample A, sample B, sample C and sample D. The
preparation of sample A (8% PVA + 2 % SA extrudates) was shown
in Figure 1.

2.4. Screening of adsorbents and adsorbent dosage experiments

For screening of extrudates, 0.2 g of extrudates (sample A~D) and
0.2 g of CSH powder were taken in to 100 mL of 100 ppm phosphate
solution and in the adsorbent dosage experiments, the sample A was
taken at various doses i.e 0.1~0.45 g and then was added to 100 mL
of 100 ppm phosphate solution. The suspensions were placed on shaker and stirred for 3 h. After completion of experiments the suspensions
were filtered and the residual phosphate concentration was measured.
2.5. Effect of contact time and initial phosphate concentration on
phosphate removal

To determine the effect of contact time on phosphate removal, 0.4
g of sample A was taken in to 100 mL of 100 ppm phosphate solution
and the suspension was placed on shaker and stirred for 180 min. 1
mL of solution was taken out from the suspension at specified time
intervals and was diluted to 10 times. The diluted solutions were filtered and the residual phosphate concentration was measured.
To determine the effect of initial phosphate concentration on phosphate removal, 0.2 g of sample A was taken in to 100 mL phosphate
solution. The initial concentrations of phosphate solutions were adjusted in the range of 5~125 ppm. The suspensions were placed on
shaker and stirred for 3 h. The suspensions were filtered and the residual phosphate concentration was measured.
2.6. Determination of phosphate concentration

2.3 Adsorption measurements

Phosphate removal experiments were conducted by a series of batch
experiments at room temperature (25 ± 0.5 ℃). In all experiments, 100
ppm phosphate working solution was prepared by using KH2PO4 and
distilled water. All these batch experiments were conducted in open air
shaker (Jeio Tech, South Korea) at a speed of 200 rpm. After the completion of experiments, the suspension was filtered through a 0.45 µm
membrane syringe filter.

The concentration of phosphate in this study was measured by ion
chromatography system (Dionex ICS-1100, Thermo Scientific Inc., USA)
equipped with automatic sampler. These ions are separated on an anion
separator column (Dionex, Ionpac, AS22) by using 1.4 mM NaHCO3/
4.5 mM Na2CO3 eluent solution.
The phosphate removal efficiency (% removal) was calculated by the
following equation.
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Table 1. The Phosphate Removal Percentage (%) and Capacity (mg/g) of Various Extrudates
Sample code

Sample

Phosphate removal efficiency (%)

Phosphate removal capacity (mg/g)

Sample A

90% CSH + 8% PVA + 2% SA

59.59

29.97

Sample B

90% CSH + 6% PVA + 4% SA

52.02

26.17

Sample C

90% CSH + 4% PVA + 6% SA

46.02

23.15

Sample D

90% CSH + 2% PVA + 8% SA

35.27

17.74

(1)
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3. Results and Discussion
3.1. Effect of the amount of SA on phosphate removal

Initially, 10% PVA + 90% CSH powder wet blende was tried for
extrusion. But the mixture was so sticky and it was not coming out
of the syringe nozzle. The hydrogel beads prepared with PVA have
strong tendency to agglomerate and resulted in a sticky mass. To avoid
this problem SA was used along with PVA[22]. According to Jinxing
et al. (2019), the PVA and SA forms an interpenetrating polymer networks which restricts the agglomeration problem[26]. Later we included SA in the extrusion process which made it very easy. We prepared four different samples by varying the percentages of PVA and
SA. The % removal and removal capacity of phosphate ions versus %
of SA were shown in Figure 2 and the values were tabulated in Table
1. The CSH powder was taken as reference sample in which SA percentage was zero and its % removal and removal capacity were measured and compared with other extrudates. The % removal and removal
capacity follows a similar trend and they decreased with increasing the
SA percentage. Jinxing et al. (2019) reported that SA forms a dense
layer around the adsorbent surface in PVA-SA interpenetrating polymer
networks which could hinders the diffusion of adsorbate and reduces
the adsorbent performance[26]. Yang et al. (2017) studied the interfacial connection mechanisms in CSH/poly acrylic acid (PAA) and
CSH/PVA nanocomposites. A strong coordination bond was formed
between calcium ions and double-bonded oxygen atoms in the -COOH
group. These Ca-O connections makes CSH to strongly bind the PAA.
Whereas the PVA only contains the -OH groups and the interfacial in
teractions between the CSH and PVA are weak hydrogen bonds[27].
In the extrusion process, CaCl2 was used as crosslinking agent for SA
and it may be possible that some portion of SA may strongly binds
to calcium counter ions which present on the surface of CSH. Based
공업화학, 제 30 권 제 5 호, 2019

Figure 2. Phosphate removal percentage (%) and capacity (mg/g) of
CSH powder, sample A, sample B, sample C and sample D at 25 ℃.
Initial phosphate concentration: 100 ppm, volume: 100 mL, adsorbent
dosage: 2 g/L, adsorption time: 3 h.
on these assumptions it was concluded that high percentages of SA
may react with CSH and form a dense layer around the CSH surface
which further decreases the availability as well as accessibility of the
calcium sites to the phosphate ions. The % removal and removal capacity obtained by CSH powder were measured for comparison and
they were 98.08% and 49.33 mg/g respectively. Whereas the % removal and removal capacity obtained by Sample A were 59.59% and
29.97 mg/g respectively. CSH powder shows superior performance
than sample A. The powder can spread all over in the phosphate solution and more adsorption sites are available for phosphate adsorption.
However, the powder particles are closely packed in sample A and
they were shielded by the PVA-SA dense layer. Hence, the adsorption
sites are not exposed as much as in the case of CSH powder. 10% less
amount of CSH in sample A compared to CSH powder also decreases
its performance. Among four extrudate samples, sample A showed most
efficient phosphate removal. Hence, here onwards this sample was taken for further adsorption studies.
3.2. Effect of adsorbent dosage on phosphate removal

Figure 3 illustrates the effect of adsorbent dosage on % removal and
removal capacity. A constant increase in the % removal up to 3.5 g/L
dose was observed and after it slowly reaches the equilibrium state.
Whereas a reverse phenomenon was observed in the case of removal
capacity. Up to 2.5 g/L dose it was almost in steady state and from
3.0~4.5 g/L dose the removal capacity was gradually decreased. It
indicates that the CSH was not completely utilized under high dosage
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conditions. Southam et al. (2008) reported that the mechanism behind
the phosphate removal by CSH was ligand exchange. The OH group
bound to CSH surface (Ca-OH) and also CSH releases spontaneously
some Ca2+ and OH- ions into the solution[28]. Initially some phosphate
anions were reacted with free Ca2+ ions but major phosphate removal
occurred by displacement of OH- ions by phosphate anions in Ca-OH
groups. Subsequently the OH- ions were discharged from the CSH and
accumulated near the environs of CSH surface which might repel the
phosphate anions and decreases the phosphate removal capacity[9].
Similar results were reported by Dexin et al.[29]. The % removal and
removal capacity obtained by 4.0 g/L adsorbent dose were 79.38% and
19.96 mg/g respectively. Considering both % removal and removal capacity, 4.0 g/L adsorbent dose seems to be the appropriate dosage for
100 mL of 100 ppm phosphate solution.
3.3. Effect of contact time on phosphate removal

The effects of contact time on % removal and removal capacity
were studied up to 180 min and the results were illustrated in Figure
4. Both parameters were increased with increasing the contact time and
attained equilibrium after 120 min. Furthermore, no change in the rate
of adsorption was observed until 180 min. The % removal and removal
capacity at 180 min were calculated as 59.93% and 16.51 mg/g. The
adsorption occurs when the phosphate ions diffuses from bulk solution
through the PVA/SA layer and contacted with the Ca2+ adsorption sites
in the CSH. In the initial stage of adsorption, the concentration gradient near the PVA/SA layer was higher and the diffusion of phosphate
ions was faster, hence the % removal as well as the removal capacity
was higher until 120 min[30]. Later negligible change in rate of adsorption was observed. Estimation of adsorption kinetics provides information about the sorption rates and sorption mechanism. The experimental adsorption kinetics data was fitted using the nonlinear pseudo-first-order and pseudo-second-order kinetic models according to
equations (3) and (4), respectively[31] and the results were shown in
Figure 5.
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Figure 4. Effect of contact time on phosphate removal percentage (%)
and capacity (mg/g) of 8% PVA + 2% SA extrudate (Sample A). Initial
phosphate concentration: 100 ppm, volume: 100 mL, adsorbent
dosage: 4 g/L, adsorption temperature: 25 ℃.
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Figure 3. Effect of 8% PVA + 2% SA extrudate (Sample A) dosage
on phosphate removal percentage (%) and capacity (mg/g). Initial
phosphate concentration: 100 ppm, volume: 100 mL, adsorption time:
3 h, adsorption temperature: 25 ℃.
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Figure 5. Experimental and nonlinear curve fittings of pseudo-first-order
and pseudo-second-order kinetic models.
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Where  (mg/g) and  (mg/g) are the amount of phosphate ions adsorbed per mass of adsorbent at equilibrium and at any time (min),
respectively. While,  (1/min) is the rate constant of the pseudo-first-order kinetic model and  (g/mg min) is the rate constant of
the pseudo-second-order kinetic model.
The experimental data was fitted well in the pseudo-second-order
model (r2 = 0.9941) compared to pseudo-first-order model (r2 = 0.9216).
The calculated removal capacity at 180 min was 16.95 mg/g and it was
quite near to the experimental removal capacity (16.51 mg/g). In this
model, the rate-limiting step is the surface adsorption that involves
chemisorption process[32]. Similar results were reported on PVA imAppl. Chem. Eng., Vol. 30, No. 5, 2019
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Figure 6. Effect of initial concentration on phosphate removal percentage (%) and capacity (mg/g) of 8% PVA + 2% SA extrudate (Sample
A). Adsorbent dosage: 4 g/L, volume: 100 mL, adsorption time: 3 h,
adsorption temperature: 25 ℃.
mobilized CSH[24] and nanostructured CSH[28]. As discussed above,
these results further confirmed that the phosphate removal on sample
A follows chemisorption via ligand exchange mechanism.
3.4. Effect of initial phosphate concentration on phosphate removal

The effects of changing the initial phosphate concentration (i.e. 5,
10, 25, 50, 75, 100 and 125 ppm) on % removal and removal capacity
were studied while keeping the sample A amount constant. The results
were shown in Figure 6. The % removal increased from 23.51 to
68.48% in the range 5~25 ppm. After that % removal gradually decreased to 29.51%. In contrast, an increase in the removal capacity
from 0.59~18.09 (mg/g) was observed with increasing the initial phosphate concentration from 5~100 ppm and further increase in the initial
concentration (125 ppm) seem to have slight change in the removal capacity (18.44 mg/g). The initial concentration provides a necessary
driving force to overcome the mass transfer resistance of adsorbent
ions from bulk to the active adsorption sites of the adsorbent[30]. The
% removal in the case of low initial phosphate concentrations (i.e. 5
and 10 ppm) was lower due to less concentration gradient near the
PVA/Alginate layer and the phosphate ions does not seem to diffuse
well. Similar results at low initial concentrations were reported by
Saffa et al. and Salman et al.[30,33]. Further decrease in the % removal with increasing the initial phosphate concentration can be explained as, at constant adsorbent dosage, the total number of available
adsorption sites present in the sample A are fixed thereby adsorbing
almost the same amount of phosphate ions, thus resulting in a decrease
in the % removal of the phosphate ions corresponding to an increase
in initial concentration[34]. However, the adsorption capacity at equilibrium increased with increase in initial phosphate ions concentration.
The increase in the initial concentration also enhances the interaction
between the phosphate ions in the aqueous phase and the CSH surface.
Therefore, a higher initial concentration of phosphate ions enhances the
rate of adsorption. Similar results were reported by das et al.[34]. The
experimental data was fitted in nonlinear Langmuir and Freundlich iso-
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Figure 7. Experimental and nonlinear curve fittings of Langmuir and
Freundlich isotherm models.
therm models given by the equations (5) and (6) respectively[24] and
the results were shown in Figure 7.
 
 = 
  

(5)

 = 

(6)

Where  represents the equilibrium concentration of phosphate ions;
 (mg/g) represents the amount of phosphate adsorbed per unit mass

of adsorbent at equilibrium;  (mg/g) is the Langmuir constant that
represents maximum adsorption capacity assuming a monolayer coverage of adsorbate over a homogenous adsorbent surface;  is a kinetic
parameter representing the adsorption energy of the adsorbent for the
adsorbate phosphate;  (mg/g) is the Freundlich constant related to adsorption capacity; and  is an empirical parameter related to adsorption intensity or surface heterogeneity.
The Langmuir model (r2 = 0.9268) is displayed a considerably better
fit than Freundlich model (r2 = 0. 8632). Langmuir model can be ascribed to the monolayer coverage of phosphate anions on the CSH
surface. Once monolayer formation was completed the CSH gets saturated and further increase of phosphate concentration resulted in reduction of % removal of phosphate ions. The maximum adsorption capacity ( ) was calculated as 23.87 mg/g from the Langmuir isotherm
model. The Langmuir maximum phosphate adsorption capacity ( )
of various adsorbents was compared with sample A and they were given in Table 2. The sample A shows higher capacity than Al-bentonite
and DWTR-CA beads and 15.27% less capacity than CSH/PVA flakes.

4. Conclusions
In the present study, the CSH extrudates were prepared from wet
blend of CSH, PVA & SA and tested for phosphate removal. High ratio of SA in CSH extrudates decreases the phosphate removal effi-
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Table 2. Comparison of Langmuir Maximum Adsorption Capacity ( ) of Various Adsorbents
S. No.

Adsorbent

Polymer / cross linking agent

Langmuir sorp. capacity (mg/g)

Reference

1

Aluminium-pillared acid activated bentonite beads

SA / CaCl2

11.11

35

2

Drinking water treatment residual (DWTR)-CA beads

SA / CaCl2

19.42

23

3

CSH flakes

PVA / NaNO3

28.15

24

4

CSH

PVA + SA / H3BO3 + CaCl2

23.87

Present study

ciency as well as removal capacity. The experimental data of adsorption kinetics on 8% PVA + 2% SA extrudates followed pseudo-second-order kinetic model. The isotherm measurements fitted well in the
Langmuir isotherm model and the maximum adsorption capacity ( )
was calculated as 23.87 mg/g from the Langmuir isotherm model. This
process of making CSH extrudates could be used as alternative for hydrogel beads. However, the phosphate removal percentage as well as
capacity of extrudates were lower than the powder which indicates the
investigation of more suitable binders and cross-linking agents is
necessary.
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