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Design and Construction of Tailor-made Nanoporous
Materials using Metal Coordination Polymers
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Square Plane Structure

Tetrahedral Structure
(Diamond Structure)

Octahedral Structure
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Z LS DEMROYIEIL . (BR) B R ASAP2000M %
FAWT, IR T TOT VTSGR L) Gl 247 - 72 (&
1), ko leakmif, MfLEL L OHILAERIZ, BB E
LEPET HHEEEEIC L > TR 05, ARMIZIZEHE~T
(m?/g). 5~8A. 0.2-0.5 (cm?®/g) BETH ). AHIEL
KREL LB TRELS L BHEMICH D, F 72, MFLEES
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K1 TUOITUVREBEICLNBONIZZRITEFOWIEE

Surface area

Micropore

BET  Langmuir Pore size
Dicarboxylic acid (Ligand) "\ o volume? A
e me fem?® gt
Cyclohexanedicarboxylic acid 347 456 0.15 4.9
Fumaric acid 416 557 0.17 5.4
Terephthalic acid 545 708 022 6.0
Biphenyl dicarboxylic acid 999 1322 0.42 7.8

Estimated from the obtained value at P/P,=0.11, which is associated with a pore size of 20 A
using the HK method.
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Micropore volume/em® gt

Metal complex SA/m*g! HK* DR Pt;?gﬂ\;& Porosity/%
3D Fmalate (1) 606 0.23 0.24 7.0(8.9) 33
3D Terephthalate ( 2 ) 1891 0.71 0.70 74(11.1) 58
3D Styrene carboxylate (3) 3129 1.07 111 9.5(13.2) 65
3D Biphenyl carboxylate (4 ) 3265 1.18 1.26 10.8(15.9) 68
2D Terephthalate 545 0.22 0.21 6.0(11.4) 30

“Bstimated from the obtained value at P/Po=0.11 which is associated with the value of 20 A pore size.
°Cu-Cu distance obtained from XRPD pattern
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Micropore volume®  Effective

Metal complex S.A./m?g! Jem? g Pore size/A  Porosity/%
3D Copper Fumalate 606 0.23 7.0(8.9)° 33
3D CopperTerephthalate 1891 0.71 74(11.1) 58
3D Copper Styrene Carboxylate 3129 1.07 9.5(13.2) 65
3D Copper Biphenyl Carboxylate 3265 1.18 10.8(15.9) 68
3D Copper Tolan Carboxylate 1556 0.59 8.1(17.2) 49

“Estimated from the obtained value at P/Py=0.11 which is associated with the value of 20 A pore size.
Cu-Cu distance obtained from XRPD pattern
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Introduction

Phosphates are very important basic materials to chemi-
cal, manufacturing, automotive, and appliance industries.
They are used in very large quantities in the manufacture
of fertilizers, detergents, animal feed supplements, water
softeners, baking powders, processed food and drinks, and

other phosphate-based products. However, the consump-
tion of phosphate-bearing products in households and the
massive utilization of concentrated 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 dischar-
ged into the municipal and industrial wastewater streams.
Moreover, most countries in the world, including Japan,
are primarily import-dependent on the raw materials of
phosphates for industrial production processes. However,
the supply of high-grade phosphate rocks, the raw mate-
rial of choice for producing high-purity phosphoric acid by
the wet process, is rapidly decreasing, and would likely be
depleted in the next few decades. Thus, it is very impor-
tant to develop a production process of phosphates from
various phosphate-utilizing industrial processes and phos-



phate-containing wastewater streams, using adsorption
and ion exchange technology, in order to establish a new
and alternative resource of phosphates and to prevent a
global exhaustion of high-grade phosphate ores in the next
few decades. In this paper, the results of the following
phases of works are reported : (1) measurement of equilib-
rium isotherms of phosphates by the batch method, (2)
measurement of uptake curves of phosphates by the shal-
low bed method, and (3) measurement of breakthrough and
elution curves for adsorption of phosphates by the packed-
bed column method.

Experimental

The phosphate compounds H,PO,, NaH,PO,, Na,HPO,
and Nas;PO, were used in this study. The ion exchanger
used was a commercially available strongly basic ion
exchanger, DIAION SA10A, with a network made of
styrene-divinylbenzene and a quaternary ammonium (type
I) functional group. In the batch method, various weights
of the resin particles ware contacted with various phos-
phate solutions. The samples ware placed inside an incuba-
tor with a constant stirring at 298 K. The ion-exchange
equilibria were attained in 4 days. After equilibration, the
pH of the equilibrated solutions was measured and the ion
concentration in the equilibrated solutions was deter-
mined. The experimental data were then analyzed by
applying the proposed ion-exchange equilibrium models.
Figure 1 shows the experimental set—up used in the shal-
low bed method. Fixed amount of resin particles was
placed inside the shallow bed column (i.d.=1.5X107%*m)
and the solution was flowed through the column ® from
the feed tank @ at various periods of contact time. The
solution was fed at a high speed (Re,=3250) in order to
neglect the liquid film diffusion resistance surrounding the
particles. After each contact time, the resin particles were
taken out from the column and the adsorbed phase was
desorbed by a NaOH aqueous solution. Figure 2 shows the
experimental set-up used in the packed-bed column
method. The ion-exchange column @ (i.d.=1.0X10"2m)
with a water jacket was packed with DIAION SA10A at a
column height of H=0.20m. Then a known concentration
of phosphate solution from the feed tank @ was fed into
the packed-bed column by using a tube pump @ passing
through a circulating water bath. The effluent solutions
were successively collected by a fraction collector ® and
the corresponding pH of the solution was measured by a
pH meter ®. The pH values were automatically registered
in a computer. The ion concentration in the effluent was
analyzed in HPLC apparatus. All experiments were car-
ried out at 298 K.

@ : Feed tank @ : Aspirator @ : Flow meter @ : Heat exchanger
® : Thermostat ® : Shallow bed (@ : Water tank ® : Waste tank

Experimental set-up of a shallow bed method.

Fig. 1

Feed tank

o @ ® pH meter
® @ Tubepump
®
4

@ Computer
® CO, absorber
© Water bath
@ Waste tank

Circulating water bath
@ Ion-exchange column
(& Fraction collector

——

Fig.2 Experimental set-up for breakthrough/elution curves.

Results and Discussions

Batch Method. Figure 3 shows the equilibrium iso-
therm for adsorption of H;PO, on DIAION SA10A (the
results of other phosphate systems are not shown here due
to space limitation). In all phosphate systems considered,
the experimental adsorption isotherms showed a high
amount of phosphate adsorption. Except in the H,;PO,
all adsorption
affected by the initial concentrations of phosphates, and

system, isotherms were significantly
they all exhibited different behaviors. These peculiar
behaviors were all highly influenced by the pH of the
equilibrated solutions. The ion-exchange reaction models
in Eqgs. (1) - (4) were then proposed. By the mass action
law, theoretical equations for the adsorption isotherms
were derived, as shown in Egs. (5) - (8), and the unknown
experimental equilibrium constants were determined. The
proposed equilibrium models were able to correlate the
experimental data well and explained the peculiarities in
the obtained experimental adsorption isotherms.
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ks
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Fig. 3 Experimental data vs. theoretical model for
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Shallow Bed Method. Figure 4 shows the uptake curves
for adsorption of H;PO, on DIAION SA10A. The intrapar-
ticle mass balance equation based on the parallel diffusion
model by surface and pore diffusions is expressed by Eq.
9), where X=C/Co, Y=gqlqo, to=Dst/rs’, o=7/rs, a=
qo/erCo, B=aDs/Dr. When the equilibrium isotherm is
approximated by Langmuir Eq. (10), Eq. (9) is transformed
to Eq. (11). Assuming a Fickian diffusion with a constant
intraparticle effective diffusivity, the mass balance equa-
tion over the particle is given by Eq. (12). The fractional
attainment of equilibrium is given by Eq. (13). Moreover,
the relation between the intraparticle diffusivity, surface
diffusivity, and approximate pore diffusivity based on the
parallel diffusion model is expressed by Eq. (14)

0X GY 1 i( ) < 8X>
o %oz ~ 07 9o\’ +'gp a0\" 9o ©
o X
V=R 0-R)X (10)
[ R } oY
1—-1—-R)Y)* ] 0re
1 [ » R 8Y} B 0 ( » 8Y)
=0 a0l TRV a0 |07 90\° 4D
Co= 93.7 molm™ 1
— = Cop= 62?‘9 molm™ -
=]
£ 2 - :
= Cop= 45.0 molm™
g ) 5
g Co= 25molm o
E ') Co= 10.9 molm™
o'
Fickian Model
0 1&00 2000 3060 4&00 5600 6000
t [sec]
Fig. 4 Uptake curves for adsorption of H;PO, in OH-type
DIAION SA10A.
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The experimental uptake data were analyzed and cor-
related by applying the homogeneous Fickian diffusion
model and the parallel diffusion model for surface and
pore diffusions. In all phosphate systems, the values of
intraparticle effective diffusivity (Des) obtained by the
homogeneous model increased with an increase in the bulk
-phase concentration. Figure 5 shows the plots of the
experimental intraparticle effective diffusivities based on
Eq. (14). For all phosphate systems, the plots were all well
correlated by straight lines; Des (1+1/a) increased with
an increase in (1/a). This result suggested an existence of
a parallel transport in the particle by surface and pore
diffusions. The values of surface diffusivities (Ds) and
accurate pore diffusivities (Dp) were then determined.
Figure 6 shows the uptake curves of H;PO, system, which
is in a good agreement with the parallel diffusion model. In
the higher concentration range of H;PO, and NaH,PO,
(result not shown) systems, the contribution of surface and
pore diffusions was significant while in the lower concen-
tration range, the contribution of surface diffusion was
significant. In other phosphate systems (Na, HPO, and Nas

—"m

E
E

X

-

3

E --&--NaH,PO,

% ——Na,HPO,

S -- O NasPO,

0 0.05

Ve [-]
Fig. 5 Plots of intraparticle effective diffusivities
based on Eq. (14).
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0.8 - Dp= 4.89%x107° [gn sec]
Co 93.7 [molm ]

=2.476 [mol kg ]
0.6 - AT

— Parallel Diffusion Model
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0o | . ! ]
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Fig. 6 Experimental and theoretical uptake curves for
adsorption of H;PO, on OH-type DIAION SA10A.



PO, systems, not shown), the contribution of pore diffusion
was significant.

Packed-Bed Column Method. Figure 7 shows the
breakthrough curves for adsorption of H;PO, on DIAION
SAI0A. In all phosphate systems, sharp breakthrough
curves were obtained and they were all affected by inlet
concentrations. The breakthrough times decreased with an
increase in the inlet concentration. The experimental
breakthrough data were correlated by neglecting the
effect of axial dispersion and by using a linear driving
force assumption in the intraparticle diffusion. The values
of the intraparticle effective diffusivity (Des) increased
with an increase in the influent concentration. In H;PO,
and NaH,PO, systems, both surface and pore diffusions
were significant while in Na,HPO, and Na;PO, systems,
pore diffusion was significant. These results conformed to
the results in the shallow bed experiment. In addition, the
phosphate ions adsorbed in the column bed were complete-
ly and irreversibly eluted by the NaOH aqueous solution
as an eluting agent. Figure 8 shows the elution curves for
H;PO, system on DIAION SA10A. The elution curves in
all other phosphate systems considered (results not shown
here) were all affected by the flow rates, and the phos-
phates inside the columns were sufficiently eluted in short
periods of time. The elution times increased with a

Number of Bed Volume [-]

0 100 200

T=298 K
H=0.20 m
Re'=0.650

w —— Theoretical

)

O

Il

<

0 1000 ” 2000

Time [min]

Fig. 7 Effect of concentration on breakthrough curves for
H;PO, system on DIAION SA10A.
Craon = 1000 molm
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1000 |
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'?E &0 01628 20 [molm™]
= o 0.0814 50 molm';]
g v 00814 5 [molm™]
5 500
/N
0 100 200 300

Time [min]
Fig.8 Effect of flow rates on the elution curves for
H;PO, system on DIAION SA10A.

decrease in the flow rate. The maximum concentration of
elution curve of phosphate in H;PO,, NaH,PO,, Na,HPO,
and Na;PO, systems was 185, 187, 94, and 82 times larger
than the original influent phosphate concentrations,
respectively.

Conclusive Remarks

Experimental study on the equilibrium isotherms by the
batch method, uptake curves by the shallow bed method,
and breakthrough/elution curves by the packed-bed col-
umn method for adsorption of H;PO,, H,PO,~, HPO,?",
and PO,*~ ions using an OH-type strongly basic ion ex-
changer, DIAION SA10A, in aqueous media and at wide
pH ranges were conducted. All results appeared techni-
cally feasible. These fundamental studies are aimed to
understand the basic ion exchange mechanism of phos-
phates in this type of ion exchanger, to clearly elucidate
the ion exchange behavior of phosphates, and to establish
working equilibrium models that could possibly lead to the
development of an adsorption-recovery technology for
phosphates.
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