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The equilibrium isotherms for adsorption of phosphate ions using an OH-type, strongly
basic ion exchanger, DIAION SA10A, were studied experimentally and the results ap-
peared technically feasible. Four different types of phosphate ions, H; PO,, H, PO, ,
HPO42 ~, and PO, ", were used. In all the systems considered, the experimental adsorp-
tion isotherms showed a high amount of phosphate adsorption. Moreover, differences in
the adsorption behaviors were observed. These differences were highly influenced by the
PpH of the equilibrated solutions. The ion-exchange reaction models were then proposed.
By the mass action law, the theoretical equations for the adsorption isotherms were
derived and the unknown experimental equilibrium constants were determined. These
equilibrium models were able to correlate the experimental data well and explained the
peculiarities in the obtained experimental adsorption isotherms.

Introduction

Phosphates are very important basic materials to many in-
dustries. They are used in very large quantities in the manu-
facture of fertilizers, detergents, water softeners, baking pow-
ders, processed food and drinks, and other important phos-
phate-based products. In the automotive and appliance in-
dustries, phosphating is an important metal-surface treat-
ment process in the production of iron and steel to affect the
appearance, surface hardness, electrical properties, and some
corrosion resistance of the metal (Kirk et al., 1981; Elvers et
al., 1990). Inevitably, the consumption of phosphate-bearing
products in households and the massive utilization of concen-
trated phosphate solutions in the industries are producing
large amounts of phosphate-bearing wastes. Although these
wastes are conventionally treated, they are hardly recovered,
and eventually discharged into the municipal and industrial
wastewater streams.

Most countries in the world are primarily import-depen-
dent on the raw materials of phosphates for industrial pro-
duction processes. However, the supply of high-grade phos-
phate rocks, the raw material of choice for producing high-
purity phosphoric acid by the wet process, is rapidly decreas-
ing (Considine, 1984). In addition, there have been alarming
reports that deposits of high-grade phosphate ores would
likely be depleted in the next few decades. Thus, it is very

Correspondence concerning this article should be addressed to H. Yoshida.

AIChE Journal October 2002

important to develop a production process of phosphates from
phosphate-utilizing industrial processes and phosphate-con-
taining wastewater systems as alternative resources of phos-
phates to prevent such global exhaustion of high-grade phos-
phate ores in the very near future.

It was reported that phosphate concentrations in the first-
and second-step treated water from sewage treatment facili-
ties are in the ranges of 0.9-1.5x10~2 mole L™! and 2.0 X
1075-2.3%x 1073 mole L™, respectively (Ogawa, 1980) and
the phosphate concentrations used in the phosphating pro-
cess are in the range of 0.05-1 mole L' (Asahara, 1976;
Aotani, 1966). If these phosphates are successfully and eco-
nomically recovered, then they could become viable alterna-
tive resources of high-grade phosphates.

Extensive studies on the effective treatment of phosphates
in phosphate-containing wastewater systems have been previ-
ously conducted (Zhao and Sengupta, 1996, 1998; Sengupta
and Zhao, 2000; Tanasheva et al., 1992; Boki and Tanada,
1987). The two most commonly used processes in phosphate
removal from municipal and industrial wastewater are the
chemical precipitation and the biological treatment processes
(Jenkins and Hermanowicz, 1991; Stensel, 1991). These pro-
cesses essentially transfer phosphates from the liquid to the
sludge that needs to be hauled and dumped elsewhere. The
concentrated phosphates in the sludge, are, thus, entirely
wasted and just become an environmental hazard. Moreover,
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the ion-exchange process using ion exchangers has also been
identified as a treatment method for phosphate removal (Boki
and Tanada, 1987). The process development for the removal
and recovery of phosphorus from wastewater using enhanced
activated alumina has been published in a series by Urano
and Tachikawa (1991). They reported that the enhanced acti-
vated alumina can adsorb various inorganic phosphorus
species in a pH range from 4-7. And recently, Sengupta and
Zhao (2000) have patented their research work in the United
States on the selective removal of phosphates and chromates
from contaminated water by ion-exchange using a new class
of sorbent. Their sorbent is basically a copper-loaded chelat-
ing ion exchanger with styrene-divinylbenzene polymer ma-
trix designed to effectively remove divalent phosphate ion
(HPO,>") at above-neutral pH. As reported, their results ap-
peared technically feasible. However, in actual municipal and
industrial wastewater, where the pH widely varies, the exis-
tence of other forms of phosphate ions such H;PO,, H,PO, ",
PO,’~ or other species is inevitable. In such a case, their
sorbent becomes technically ineffective unless those phos-
phate species are first converted into divalent form and then
the pH of the solution is adjusted to above the neutral range
for adsorption. Therefore, it is very important to use an ad-
sorbent that can adsorb various species of phosphates and
that can work effectively in a wide range of pH. In addition,
the authors further acknowledged that their discovery is not
bounded by any particular theory to support the underlying
sorption mechanism of their sorbent.

In this experimental study, an OH-type strongly basic an-
ion exchanger with styrene-divinylbenzene polymer matrix,
DIAION SA10A, was used to effectively remove four differ-
ent forms of phosphate ions, namely, H;PO,, H,PO, ,
HPO427, and PO437 in aqueous media at each pH range
where the species exist, respectively. The superiority of DI-
AION SAI10A as an effective adsorbent over two other com-
mercial ion exchangers, chitosan bead and chitosan fiber, was
also confirmed beforehand. Since there are no existing fun-
damental studies on the ion-exchange mechanism of these
phosphate ions using the OH-type strongly basic anion ex-
changer, it is, therefore, necessary to first understand the un-
derlying basic ion-exchange mechanism of these ions onto this
type of ion-exchanger to clearly elucidate their exchange be-
havior, and in order to establish working equilibrium models
that could eventually lead to the development of an adsorp-
tion-recovery technology for phosphates.

The phosphate compounds considered are H;PO,,
NaH,PO,, Na,HPO,, and Na;PO,, which are technically
and commercially the most important group of phosphorus
compounds except for the acid itself (Elvers et al., 1991). By
assuming that phosphate ions are adsorbed by the neutraliza-
tion reaction and ion-exchange reaction with the counterion
OH", and by applying the mass action law, the theoretical
equations for the adsorption isotherms are derived and the
unknown experimental equilibrium constants are deter-
mined. In addition, these derived equilibrium models will be
further tested by considering other competing ions such as
chloride, sulfate, calcium, nitrate, to determine the commer-
cial feasibility of the OH-type anion exchanger. This aspect
and the studies on the rate of adsorption using the shallow-
bed method and the fixed-bed column will also be reported
subsequently.
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Experimental Studies

The phosphate compounds H;PO, and Na;PO,-12H,0
were purchased from Nacalai Tesque Inc., Japan, and the
compounds NaH,PO,-2H,0 and Na,HPO,-12H,0 were
obtained from Kishida Reagents Chemicals, Japan. The
phosphate compounds and other chemicals used were all
special grade and used as received.

The resin particles were properly conditioned to obtain the
OH -form. A sufficient amount of resin particles was sieved
at a particle-size range of 24—28 mesh. After complete moist-
ening with deionized water, the resin particles (about 500 cm?)
were transferred inside a glass column with an internal diam-
eter of 3.5 cm and with a height of 100 cm, and then suffi-
ciently filled with deionized water. The conditioning started
with an acid washing. A 2,000-cm?, 0.05-kmol-m~3 HCI
aqueous solution was flowed through the column. Then the
pH of the solution at the outlet of the column was measured.
The same process was repeated for 0.07, 0.10, 0.15, 0.20, 0.30,
0.50, 0.70 and 1.0 kmol-m ™3 HCI aqueous solution concen-
trations. The process was terminated when the inlet and the
outlet pH of the solution were already equal. The resin parti-
cles were then sufficiently rinsed with deionized water. Next,
a series of 2,000 cm® NaOH solution with concentrations sim-
ilar to the HCI solutions just mentioned was flowed through
the column. Also, the pH at the inlet and the outlet of the
column was measured continuously until equality was at-
tained. The resin particles were again sufficiently washed with
deionized water until the outlet and the inlet pH became
equal. Finally, the resin particles were dried under vacuum.
Dry resin particles are practically more accurate and easier
to weigh than wet ones.

The experimental systems and conditions of this equilib-
rium study are summarized in Table 1. The initial feed con-
centrations of all adsorbates were set at ranges of 0.01, 0.05
and 0.10 kmol-m 3. These phosphate concentrations are
within the range of those in the first-step treated water and
phosphating bath. The feed concentration of H;PO, solution
was accurately determined by the neutralization-titration
method using 1.0 kmol-m~* NaOH aqueous solution as the
titrant. On the other hand, the feed concentrations of
NaH,PO,, Na,HPO,, and Na;PO, aqueous solutions were
all accurately determined by flame analysis using the Atomic
Absorption Spectrophotometer (SAS 7500A, Seiko Instru-
ments Inc., Japan). A phosphate standard solution of 0.10-mg
POf"-mL’l (Japanese Industrial Standards, 1996) was used
in all calibrations.

The equilibrium adsorption isotherms of phosphates were
measured by the batch method. The various measured weights
of the resin particles were contacted with the adsorbate solu-
tions for all concentration ranges and the samples were placed
inside the incubator with a constant stirring at an operating

Table 1. Experimental Systems and Conditions

Type of  Adsorbates Feed Conc. Temp.
Resin Resin Used ,q (kmol-m™3) (K)
DIAION H;PO, 0.10, 0.05, 0.01
SA10A OH™ NaH,PO,  0.10, 0.05, 0.01 298
(Gel Type) Na,HPO,  0.10, 0.05, 0.01
Na;PO, 0.10, 0.05, 0.01
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temperature of 298 +0.5 K. The ion-exchange equilibria were
attained in four days. After equilibration, the pH of the equi-
librated solutions was measured with a pH meter (F-22,
Horiba Ltd., Japan). The phosphate ion concentration in the
equilibrated solutions was determined in the UV-Visible
Recording Spectrophotometer (UV-160A, Shimadzu Corp.,
Japan) using the molybdenum blue method (ascorbic acid re-
duction). The resin-phase concentration of phosphate ion g
[mole - (kg dry resin) ~!] was calculated according to Eq. 1

(Co=Cr)V
= 1

= (1)

where C, and C; [kmol-m~°] are the initial and the final

phosphate concentrations in the liquid phase, respectively; 1/
[m3] is the volume of the adsorbate solution; and, W [kg] is

the weight of the resin particles. All experiments were car-
ried out at 298 K.

lon Exchanger

The ion exchanger used in this experimental study is a
commercial strongly basic ion exchanger, DIAION SA10A
(Mitsubishi Chemical Co., Japan). The network is made of
styrene-divinylbenzene, and its functional group is quater-
nary ammonium (type I). The experimental physical proper-
ties are listed in Table 2. The concentration of the amino
group in the adsorbent phase (total ion-exchange capacity of
the resin) was determined by measuring the equilibrium
isotherm for adsorption of HCI. The reaction may be ex-
pressed by the following acid/base neutralization reaction

K
R-OH~ +HCl —— R-Cl~ +H,0 ®)

where R-OH™ denotes the strongly basic resin. Applying the
mass action law to Eq. 2, the Langmuir Eq. 3 is derived

KyaQCha
1+ KyaCua

©)

quca =

The saturation capacity Q [mole-(kg dry resin)~!] and the
equilibrium constant Ky [mole- (kg dry resin)~!] were de-

Table 2. Experimental Physical Properties of DIAION
SA10A

Unit molecular structure — CH2-CH—

CH3

2——bll+— CH3 CI

CH3

US standard mesh ~ 24-28
meter 6.756x10~*
True density kg of dry resin-m~3  1.131
Saturation capacity of HCl, Q  mole - (kg dry resin)~! 2.650
Equilibrium const. in Eq. 2, Ky, kg dry resin-mole~! 9.060 x 102

Particle-size range (dry)
Particle diameter (dry)
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A Ce=0.10kmolm *
O C=0.05kmolm *
O C,=0.01kmolm *

qua [mole/kg dry-resi]
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Figure 1. Experimental equilibrium isotherm of HCI on
DIAION SA10A.

termined from Eq. 4, which was transformed from Eq. 3

1 + CHCI

C))

CHCI == K
HCI duci

The solid line in Figure 1 shows the Langmuir isotherm ob-
tained by using the values of Ky, and Q listed in Table 2. It
correlates the data well.

Results and Discussion

Figures 2—5 show the experimental equilibria for adsorp-
tion of PO,’~, HPO,*~, H,PO, ", and H,PO,, respectively,
ions on OH-type DIAION SAI10A. In all the systems, the
adsorption isotherms show a high amount of phosphate ad-
sorption. Moreover, different behaviors in the adsorption

Region 1

05!

R-OH+ N83PO4 System

04}
ky=281E+05 [kg *m®]

ol Data pt. Theoretical lines

C,=0.01 kmolm
C=0.05 kmol m *
0O ... = Co=0.10kmotm >

1 1 L Il

0 02 04 06 08 1
Cr/Co []

Figure 2. Experimental data vs. theoretical model for
R-OH +Na;PO, system.
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CT/Co [‘]

Figure 3. Experimental data vs. theoretical model for
R-OH +Na,HPO, system.

isotherms were observed. These peculiar behaviors were
highly influenced by the pH of the equilibrated solutions.

In Figures 2-4, the initial concentrations of Na,;PO,,
Na,HPO,, and NaH,PO, have a considerable effect on their
experimental adsorption isotherms. At C,/C, = 1.0, the val-
ues of g/Q are 1, 1/2, and 1/3 for NaH,PO,, Na,HPO,, and
Na;PO,, respectively.

In Figure 5, the experimental adsorption isotherm is not
affected by the initial concentrations of H;PO, solution. At
an equilibrated solution concentration lower than about 5X
10™° kmol-m™? the adsorption ratio is settling to a value of
about 0.50, giving a flat-shaped curve. At this particular con-
centration range, this curve may be caused by the following
ion-exchange reaction

2R-OH~ +H,"HPO,”” ——=R,-HPO,”” +2H,0 (5)

i

Region II
I 1
l L 1 T 1

R-OH + NaH,PO, System

=Regisv;ml=

08}

ke=1.18E-02 [m *kg']
061 k5=251E-04 [m 3kg-l]
k,~2.81E+05 (kg *m™)

‘ Data pt. Theoretical lines
02K O coeeee Co-0.01 kmolm 3
A C,~0.05 kmolm
O wee-.e C=0.10kmol m *
0 02 04 06 08 1
C/Co [

Figure 4. Experimental data vs. theoretical model for
R-OH +NaH,PO, system.
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Figure 5. Experimental data vs. theoretical model for
R-OH +H;PO, system.

Moreover, the resin-phase concentration of phosphate ion in-
creased with the increase in the equilibrated liquid-phase
concentration. That is, there was a gradual increase of ion
exchange for both HPO,”~ and H,PO,~ ions in the solution
into the resin. At about 5x1072 kmol-m™3 equilibrated
concentration, the adsorption ratio reached g/Q =1.0. At this
juncture, the H,PO, " ion can be assumed to solely exist in
the solution, as shown in the following ion-exchange reaction

R-OH™ +H*H,PO,” —— R-H,PO,” +H,0 (6)

In order to explain these peculiarities in the ion-exchange
equilibria, a theoretical analysis for all equilibrium formation
of ions in both the liquid and resin phases, is, therefore, pro-
posed.

Equilibrium Formation of Phosphate lons in the
Liquid Phase

Considering a system where an OH-type strongly basic ion
exchanger comes in contact with a Na,H;_ PO, aqueous so-
lution (x =0, 1, 2, 3), the dissociation equilibrium reaction of
phosphate ion (PO,’~ ) is the same in all cases and only the x
number of sodium ion (Na™) differs. By applying the condi-
tion of electrical neutrality, one phosphate ion in a sodium
phosphate molecule is generally taken as the number of
sodium ion.

The different equilibrium reactions in the liquid phase are
given by Eqgs. 7 through 10, and the known dissociation con-
stants (Musha, 1971) are summarized in Table 3.

H,PO, — +H,PO,” (7)
H,PO,” (k—_2> H* +HPO,*~ (8)
HPO,>” — +PO,’ " (9)

H* +OH- == H,0 (10)

For simplicity, the mole concentrations [kmol-m ™3] of all
ionic species in the liquid phase are represented by variables:
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Table 3. Summary of Known and Determined Experimental Parameters

Known dissociation constants

Equilibrium constant in Eq. 7 ky
Equilibrium constant in Eq. 8 ks,
Equilibrium constant in Eq. 9 ks
Equilibrium constant in Eq. 10 k,
Determined experimental parameters
Equilibrium constant in Eq. 25 ky
Saturation capacity in Eq. 36 Or
Equilibrium constant in Eq. 26 ks
Saturation capacity in Eq. 43 Or
Equilibrium constant in Eq. 27 ke
Saturation capacity in Eq. 55 Or
Equilibrium constant in Eq. 56 k;

kmol-m 3 752 E-03
kmol-m ™3 6.23 E —08
kmol-m ™3 4.80 E—13
kmol-m 3 10.0 E—-14
kg?-m~® 2.81 E +05
mole - (kg dry resin) ! 2.60

m3-kg ! 251 E—-04
mole - (kg dry resin) ™! 2.34

m kg~ ! 118 E—02
mole- (kg dry resin) ! 2.80
m-kg~ 2.04 E —05

A=[Na']; N=[H3PO4]; J=[H2PO47];
=[PO,’ }; F=[H"}; G=[OH"]

By applying the mass action law, the preceding equations
of equilibrium reactions are expressed as follows

B=[HPO,/ |, P

[H*][H,PO," | F-J

ST o] TN a
[H*][HPO, | F-

N RS )
[H*][PO | F-P

o [weos ] T B ™
k,=[H"][OH" ]=F-G (14)

The total phosphate ion concentration C [kmol-m ™3] in the
equilibrated solution is defined by Eq. 15

Cr=N+J+B+P (15)

In addition, the electrical neutrality condition is given by Eq.
16
A+F=J+2B+3P+G (16)

where A is related to the total concentration of phosphate
(Na,H,_,PO,), expressed by Eq. 17

A=xCy (17)
Meanwhile, Eq. 14 is rearranged into Eq. 18
F i 18

When Egs. 17 and 18 are substituted to Eq. 16, Eq. 19 is
derived

k.,
xCT+E=J+ZB+3P+G (19)

Moreover, when Eqgs. 13 and 18 are combined, B is obtained

k,, P
k3G

B

(20)
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Then J is derived from Eq. 12 with Eqgs. 18 and 20

€2))

On the other hand, N is obtained by substituting Eqgs. 18 and
21 into Eq. 11

kP

N=——— 22
kk,kG? (22)

Therefore, P is derived from Eq. 15 when Egs. 20, 21, and 22
are combined

P Cr 23
ok, k,’ k,’ (23)

+ s + s +1

kG  k,k;G ki k, kG

Finally, Eq. 19 is wholly transformed into Eq. 24

C ko | kP 2P 3P-G=0 24
4+ - — — =

TG T ksG? kG 24

The values of P and G are determined by solving Egs. 23
and 24 simultaneously. Consequently, the values of B, J, N,
and F are also obtained.

Theoretical Analysis in the Adsorption Isotherms

Equilibrium relationship between R— OH and sodium
phosphate compounds

For the system R-OH+Na,H;_ PO, (x =1, 2, 3), the
equations of ion-exchange reactions at different ion forma-
tions in the resin phase are given by Egs. 25-27

k,
3R—OH™ +PO,’” —=R,;—P0O,” +30H"

(25)

3- 2— ks 2-— 3—

2R, -PO,*” +3HPO,” —=3R, —HPO,*™ +2PO,
(26)
k

R, —HPO,> +2H,PO,” ——2R—H,PO,” +HPO,>~
(27
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Figure 6. Titration curve of H;PO, with NaOH.

Again for simplicity, the mole concentrations [mole- (kg dry
resin) ~!] of all ionic species in the resin phase are assigned
by variables: ¢ =[R-OH"]; d = [R3—PO43_ ], e=
[R,-HPO,*” |; r=[R-H,PO, ].

The unknown experimental equilibrium constants k,, ks,
and k¢ in the preceding equations are determined by using
the following procedure: Figure 6 shows a titration curve of
H;PO, with NaOH (Morino, 1973). The curve is divided into
four distinct regions. At pH > 12 (designated as Region D),
only the PO,*~ ion exists. At 8 < pH <12 (Region II), both
the HPO427 and PO437 ions coexist. At 4 < pH < 8 (Region
I1D), both the H,PO,  and HPO,>~ ions coexist. And at pH
< 4 (Region IV), only the H,PO, ™ ion exists.

Region I model: Adsorption of tribasic phosphate

In Region I, since only the PO,”~ ion is involved in the
ion-exchange reaction, the equilibrium ion-exchange reaction
is given by Eq. 25. By applying the mass action law to Eq. 25,
the equilibrium constant k, is expressed by Eq. 28

. dG?
4p

(28)

The total phosphate ion concentration in the equilibrated so-
lution C; [kmol-m 3], the total phosphate ion concentration
in the resin phase g [mole- (kg dry resin) '], and the satura-
tion capacity of the resin Q; [mole - (kg dry resin) ~!] are given
as follows

Cr=P 29)
qg=d (30)
0, =3d+c (31)

The parameter ¢ is obtained by combining Eqgs. 30 and 31
c=0r—3q (32)
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Region I

DIAION SA10A
R-OH + N83PO4 Systcm

A C~0.05kmolm 3
O C,=0.01kmotm 2
O Cg=0.10 kmolm

o
o

<o
re
|

q [mole/kg dry-resin]

O
02 ks 2.809E+S [kg ? m ™
Q,=2.59 [mole/kg dry-resin]
L 1 L
0 0.2 0.4 0.6 0.8
[(Co-CrXg/Cn)™™)

Figure 7. k, determination (Eq. 36).

Hence, Eq. 28 is partially expressed by Eq. 33

h— 91 (33)
b(0r-39yCr

By the condition of electrical neutrality in the liquid phase, G
is given by Eq. 34

G=3(Cy—Cy) (34)
Thus, Eq. 33 is completely transformed into Eq. 35
(3C, —3Cy )3‘I
e L (35)

(Qr=39)°Cy
When Eq. 35 is appropriately rearranged, Eq. 36 is obtained

1/3 1/3 Q
L9
3

q

c, (36)

1

q=_(k_4 (CO_CT)(

Figure 7 shows the plot of the experimental adsorption
equilibrium data of R-OH +Na;PO, system based on Eq.
36. The data are correlated well by the straight line. The val-
ues of the experimental equilibrium constant k, and the sat-
uration capacity O, were determined from the slope and in-
tercept of the line, respectively. The obtained values are listed
in Table 3. The value of Q; is slightly smaller than the ex-
change capacity, O, determined from Figure 1. The theoreti-
cal lines in Figure 2 were calculated based on Eq. 35, using
the values of the equilibrium constants given in Table 3. For
all concentration ranges, it appeared that the data can be
correlated by Eq. 35.

Adsorption of dibasic phosphate

Figure 3 shows the experimental adsorption isotherm of
R-OH +Na,HPO, system. It is divided into two distinct re-
gions: Region I and Region II. In Region II, both the HPO,>~
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and PO,’~ ions are involved in the ion-exchange reactions.
That is, when an OH™-type resin is added to the Na,HPO,
solution, HPO,>~ is exchanged for OH™ in the resin phase.
Then the concentration of OH™ ions in the liquid phase is
increased and the pH of the solution is also increased. Thus,
HPO,>” ions are partly converted to PO,’” ions and the
exchange reactions of Eqs. 25 and 26 occur in Region I in
Figure 3. When OH™ ions in the resin phase are completely
consumed by the ion-exchange reactions, only the ion ex-
change in Eq. 26 occurs (Region II in Figure 3). The relation
between the experimental pH values and the resin-phase
concentration of phosphate supported the preceding explana-
tion. The two equilibrium models are discussed in more de-
tail as they occur.

Region IT model

As discussed earlier, only the ion-exchange reaction of Eq.
26 is involved in this Region II in Figure 3. By applying the
mass action law to Eq. 26, the equilibrium constant ks is given
by Eq. 37

e3p?

5 dzB3 (37)

At this particular ion-exchange reaction, the total phosphate
ion concentration in the resin phase, g, and the saturation
capacity of the resin Oy are expressed by the following equa-
tions

qg=e+d
Qr=2e+3d

(3%)
(39

The relationship between g and Q; as expressed in terms of
e and d is easily derived from Egs. 38 and 39

e=3q—0r (40)

d=Qr—2q (41)
Then Eq. 37 is transformed into Eq. 42
3g— Q) P?

ks = (39 —0r) (42)

(07 —2¢)’B>

Thus, the equation for the unknown equilibrium constant k5
is obtained

0, -2q\% 0y

q=k§ﬂ§(T) +3 (43)

Figure 8 shows the plot of all the experimental adsorption
equilibrium data of the R—OH + Na,HPO, system based on
Eq. 43. The values of B and P were calculated using Eqgs. 20
and 23, respectively. The value of the exchange capacity Q in
Table 2 was initially used as Q,. When the value of the
transverse axis is larger than about 0.03, the plots are corre-
lated by a straight line. This means that in this particular
region, only the ion-exchange reaction in Eq. 26 occurs. The
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Relglo?1 I Region I )
DIAION SAI10A
R-OH+ N82HPO4 System

ks25HE4 [m kg
Qr=2.343 [mole/kg dry-resin]
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Figure 8. k; determination (Eq. 43).

value of k5 was determined from the slope of the straight
line and Q; was calculated from the intercept. These values
are listed in Table 3. In Figure 3, the theoretical lines in Re-
gion II were all calculated based on Eq. 42, since only its
contribution is significant in this particular region. The theo-
retical lines in Region I were all obtained by the following
analysis.

Region I model

In order to account for the possible existence of HPO,>~
ions in Region I, a new equilibrium model for Region I for
this particular system is proposed. In this analysis, the equi-
librium ion-exchange reactions in Eqs. 25 and 26 are both
considered. The corresponding unknown experimental equi-
librium constants were given previously by Egs. 28 and 37,
respectively. Therefore, the total phosphate ion concentra-
tion in the resin phase, g, and the saturation capacity of the
resin, Qr, are given by Eqs. 38 and 44, respectively

Qr=c+3d+2e (44)
By combining these equations, d and e are easily obtained

d=Qr—c-2q (45)

e=3q—0r+c (46)

Substituting Eq. 45 into Eq. 28 yields a new expression of k,
given by Eq. 47

(Or—c —2q)G3

k=
4 3P

(47)

And by substituting Eqgs. 45 and 46 into Eq. 37, a new expres-
sion of ks is obtained

_ (3q-0Qr+c)’P?
(Qr—c—29)'B’

ks (48)
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The unknown parameters ¢ and g were determined by
solving Eqs. 47 and 48 simultaneously, using the previously
obtained values of k, and ks in Table 3. The value of Q in
Table 2 was initially used as Q. Similarly, the values of the
parameters B, P, and G were calculated from Egs. 20, 23,
and 24, respectively. The theoretical lines of Region I in Fig-
ure 3 were all calculated based on Eqgs. 47 and 48.

Adsorption of monobasic phosphate

For the R-OH+NaH,PO, system, the phosphate ions
H,PO, , HPO42_, and PO43_ are all involved in the ion-ex-
change reactions. Figure 4 shows the experimental adsorp-
tion isotherm with three divisions: Regions I, II, and III. At
first, when an OH "-type resin is added to the NaH,PO, so-
lution, H,PO,  is exchanged for OH™ in the resin phase.
When OH™ coexists in the resin phase (g/Q < about 1/3),
the pH of the solution showed the value in Region I. That is,
ion-exchange reactions Egs. 25 and 26 may occur in g/Q <
about 1/3. In the region where about 1/3 < ¢g/Q <1/2, the
pH of the solution showed the value of Region II. In this
region, the ion-exchange reaction is expressed by Eq. 26.
When ¢q/Q is larger than about 0.5, the pH of the solution
showed the value in Region III. Thus, the ion-exchange reac-
tion in this particular region is given by Eq. 27. The Region I
and Region II models were discussed in the preceding sec-
tions.

Region III model

The Region III equilibrium model is based on Eq. 27.
Likewise, the equation for the unknown experimental equi-
librium constant, kg, is obtained by applying the mass action
law to Eq. 27

r’B

(49)

In this particular region, the total phosphate ion concentra-

tion in the resin phase, g, and the saturation capacity of the
resin QO are expressed as follows

g=r+e (50)

Qr=r+2e (51)

Similarly, e and r are easily determined from the preceding
equations

e=0r—q (52)
r=2q—-0r (53)

Hence, k, is obtained by appropriate substitutions into Eq.
49

(24-0,)’B

k
° (QT_‘I)J2

(54)
Then ¢ is derived from Eq. 54, which is given by Eq. 55

_o\2
q=k1/2£ Or—q
L) B

Or

2200
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Parameters B and J were calculated using Egs. 20 and 21,
respectively. The value of Q in Table 2 was initially used as
Q. Figure 9 shows the plot of the experimental equilibrium
data of the R-OH+NaH, PO, system based on Eq. 55. When
the value of the transverse axis is larger than about 0.01, the
plots are correlated by a straight line. This means that in this
particular region, only the ion-exchange reaction in Eq. 27
occurs, which is Region III. The unknown experimental equi-
librium constant ks was determined from the slope of the
straight line using only the data under Region III, since only
the contribution of Eq. 54 is significant in this particular re-
gion. The intercept of the straight line gave the value of Q.
The obtained values of k4 and Q; are listed in Table 3.

In Figure 4, the theoretical lines under Region III (C;/C,
> 0.50) were obtained based on Eq. 54. However, the equa-
tion became insignificant under Region II (C;/C, < 0.50),
since it could no longer give a good correlation of the experi-
mental adsorption data in the region, as shown in Figure 9.
Therefore, Eq. 42 was used to obtain the theoretical lines in
Region II. The obtained results were consistent with Figure
3, where the maximum adsorption ratio is 0.50. However, Eq.
42 became insignificant under Region I (C;/C, < 0.20). Thus,
as explained earlier, Eqs. 47 and 48 were used to determine
the theoretical lines in Region I.

Equilibrium model for OH-type resin and H; PO, system

In the equilibrium relationship of the R—-OH+ H;PO, sys-
tem, when ¢/Q <about 1/3, OH™ in the resin phase is ex-
changed for H,PO, according to Eq. 25, as shown in the
preceding cases. In this particular system, since the cation in
the liquid phase is only H", the OH™ in the liquid phase is
consumed by the instantaneous reaction expressed by Eq. 10.
Therefore, in the experimental condition shown in Figure 5,
that is, g/Q > 0.5, the ion-exchange reactions given by Eqgs.
26, 27, and 56 are considered.

k
R,—PO,” +3H,PO,” —=3R—H,P0O,” +PO,’~ (56)

The equilibrium constants ks and k. are given by Eqgs. 37
and 49, respectively while the equilibrium constant k, is ex-
pressed by Eq. 57

(57)

The total phosphate ion concentration in the resin phase, g,

and the total ion-exchange capacity of the resin, O, are de-
fined by Eqgs. 58 and 59

g=d+e+r (58)

Qr=3d+2e+r (59)

When the preceding two equations are combined, the param-
eters e and r are obtained

e=0r—q-2d (60)
r=2q—-Q0r+d (61)
AIChE Journal



Then substituting Eqgs. 60 and 61 into Eq. 49 and rearrang-
ing, the parameter d is derived

~[2B2q - 0) +2ke?] +9/ [2BQ2q — 01) + 2k, 2] ~4B[ B(2g - 0 '~ ke J*(Qr — )]

d=

In addition, a new expression of ks and k- is obtained when
r in Eq. 61 is replaced in both Eqs. 37 and 57

(Or—q _Zd)3P2
d’B?

(29— Q0 +d)’P
AR ES

ks= (63)

k, (64)

Therefore, k, can be determined by solving Eqgs. 57 and 58

simultaneously. It can also be easily calculated from the pre-
viously determined values of k5 and k based on Eq. 65

ks = (k63k5)1/2 (65)

Figure 5 shows the plot of the experimental equilibrium
data and the calculated theoretical line of the R-OH+
H;PO, system based on Eqs. 62—64. The unknown experi-
mental equilibrium constant k, was determined from Eq. 65.
It appears that the data can be correlated for all concentra-
tion ranges by these equations. The experimental data show a
slight deviation from the theoretical line at around a 5x 10~*
to 1X 1073 kmol-m ™ concentration range. The slight differ-
ence is considered to be an effect of the k, value, which was
obtained from the calculated experimental equilibrium con-
stants of the R—-OH + NaH, PO, and R-OH +Na,HPO, sys-
tems. Apparently, the value of k, depends greatly on the ac-
curacy of ks and kg values.

In all the systems considered, the proposed theoretical
models were able to correlate the experimental equilibrium
data well. Also, the peculiar behaviors in the obtained experi-
mental adsorption isotherms are explained.

Region I
Region II Region III
3 t !

DIAION SA10A
R-OH + NaH PO, System

(5]

A C~0.05kmolm 2
O C,~0.01kmolm *
O C=0.10kmolm

q [moke/kg dry-resin]

ke=114E-2 [m>kg™]
Qr—2.803 [molc/kg dry-resin]
1 1

0.1 0.2
[(Q-avB] (1)
Figure 9. kg determination (Eq. 55).

AIChE Journal

2B

(62)

Conclusions

An experimental study on the equilibrium isotherms for
adsorption of H;PO,, H,PO, ", HPO,*", and PO,’~ ions
using an OH-type strongly basic ion exchanger, DIAION
SA10A, in aqueous media and at wide pH ranges was con-
ducted. This fundamental study is aimed at understanding
the basic ion-exchange mechanism of phosphates in this type
of ion exchanger, to clearly elucidate the ion-exchange behav-
ior of phosphates, and to establish working equilibrium mod-
els that could possibly lead to the development of an adsorp-
tion-recovery technology for phosphates. The adsorption of
phosphate ions using OH-type resin appeared technically
feasible.

In all the systems considered, the experimental adsorption
isotherms showed a high amount of phosphate adsorption.
This is explained by the apparently high values of the satura-
tion capacities of the resin obtained for all the systems con-
sidered, as compared to the total ion-exchange capacity of
the resin. Except in the H;PO, system, all adsorption
isotherms were affected by the initial concentrations of the
solutions and exhibited different adsorption behaviors for all
phosphate ions. These peculiar behaviors were greatly influ-
enced by the pH of the equilibrated solutions. By applying
the mass action law to the dissociation reactions in the liquid
phase and ion-exchange reactions, the theoretical equations
for the adsorption isotherms were derived. In this study, the
proposed ion-exchange reaction models were able to corre-
late the experimental data for adsorption of H;PO,,
NaH,PO,, Na,HPO,, and Na;PO, well, and explained the
peculiarities in the obtained experimental adsorption
isotherms.

These derived experimental equilibrium models will be
tested further in the next stage of this study by considering
other competing ions, such as chloride, sulfate, calcium, ni-
trate, to determine the commercial feasibility of the OH-type
anion exchanger.

Notation

A=mole concentration of Na™ ion in the liquid phase, kmol-m >
B = mole concentration of HPO427 ion in the liquid phase, kmol -
m-
C,=initial phosphate concentration in the unequilibrated solu-
tion, kmol-m 3
Cr=total phosphate concentration in the equilibrated solution,

kmol-m~*

¢ = mole concentration of OH™ ion in the resin phase, mole- (kg
dry resin)~!

d = mole concentration of PO437 ion in the resin phase, mole - (kg
dry resin) 7!

e=mole concentration of HPO427 ion in the resin phase, mole-
(kg dry resin)~!

F=mole concentration of H* ion in the liquid phase, kmol-m ~3

G =mole concentration of OH™ ion in the liquid phase, kmol-

m
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J=mole concentration of HPO427 ion in the liquid phase, kmol -
m
k,, = known dissociation constant of water in Eq. 10, (kmol-m~3)?
k, = known dissociation constant of phosphate in Eq. 7, kmol-m >
k, = known dissociation constant of phosphate in Eq. 8, kmol-m 3
k5= known dissociation constant of phosphate in Eq. 9, kmol-m ™3
k, = experimental equilibrium constant in Eq. 25, kg?-m~°
k5= experimental equilibrium constant in Eq. 26, m®-kg ™!
k¢ = experimental equilibrium constant in Eq. 27, m®-kg ™!
k, = experimental equilibrium constant in Eq. 56, m®-kg~>
N = mole concentration of H;PO, ion in the liquid phase, kmol-
m-
P=mole concentration of PO437 ion in the liquid phase, kmol-
m
Q = total ion-exchange capacity of the resin, mole - (kg dry resin) ™!
= saturation capacity of the resin (Eqs. 36, 43, 44, 55, and 59),
mole - (kg dry resin)~!
q = total phosphate ion concentration in the resin phase, mole - (kg
dry resin) !
r=mole concentration of H,PO, " ion in the resin phase, mole-
(kg dry resin)~!
x=ratio number of sodium ion to phosphate ion in a sodium
phosphate molecule
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