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Abstract:

Equilibrium constants were determined for the adsorption of CaCI2 / Ca(NO3)2, CdCI2, and ZnCI2 by
Bio-Rad Laboratories' AG11AS8 bifunctional resin. The equilibrium constants were found to decrease
with rising temperature for CaCl2 but increase for Ca(NO3)2/ CdCI2, and ZnCI2.

Experimental response curves were also generated for CaCl2 and Ca(NO3)2 by injecting a
concentrated pulse into a column packed with the resin. These response curves were analyzed using the
method of weighted moments to estimate an equilibrium and rate parameter. Both of these parameters
showed maximum values at 20°C.

The experimental curves were compared to curves generated from a model of the system. The best fit
between the theory and the experimental data occurred at 10°C while the agreement at 20°C and 50°C
was not quite as good.

The equilibrium parameter was also estimated directly from the equilibrium constant to yield a
comparison.

A wide discrepancy between the two values was found.
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ABSTRACT

Equilibrium constants were determined for the adsorp-
tion of CaCly, Ca(NO3)p, CdCly, and ZnCly by Bio-Rad
Laboratories' AGllA8 bifunctional resin. The equilibrium
constants were found to decrease with rising temperature
for CaCls but increase for Ca(NO3)2, CdCly, and ZnCly..

Experimental response curves were also generated for
CaCly and Ca(NO3)2 by injecting a concentrated pulse into
a column packed with the resin. These response curves
were analyzed using the method of weighted moments to
estimate an equilibrium and rate parameter. Both of
these parameters showed maximum values at 200C.

The experimental curves were compared to curves
generated from a model of the 'system. The best fit be-
"tween the theory and the experimental data occurred at
10°C while the agreement at 20°C and 50°C-was not quite

as good.

The equilibrium parameter was also estimated direct-
ly from the equilibrium constant to yield a comparison.
A wide discrepancy between the two values was found.




INTRODUCT ION

Several recent investigations have stﬁdied the desal-
ination of water using retardation resins (1,9,10). Very
little research, however, has been done using inorganic
salts other than sodium chloride. The applications of re-
tardation resins to the removal of other ions would seem
to be numerous and important.

The most significant applications may be in the area
of pollution control. Concern has grown about the gquantity
‘of chemicals which have been released into our waterways.
As restrictions on effluent qualityiincrease,the need for
alternate methods to remove a variety of ions will be nec;
essary.' Another possible use will be the recovery of val-
uable products from plant effluents. There are also pro-
cesses involving substances such as mercury-and cadmium
where such a recovery is valuable for both of these rea-
sons (2,3). |

The‘retardation resins have properties ﬁhat make them
unique when compared with the usual ion exchange resins
that have beén used in the past. The ion exchange resins
work on the principle that an ion present on fresh resin
is removed in exchange for an ion in the treated 'solution.

For example, in the simple water softening process, sod-.
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ium ions on the resin are released as calcium ions are re-
moved from the water. To reuse the ilon exchange resin it
must be chemiqally treated to replace the .ions removed soO
it is restored to its original form.

Retardation resins, on the other hand, have both pos-
itive and negative sites that satisfy each -other until some
ionic substance is present. Then both anions and cations
are adsorbed into the resin.’ Regeneratioh can be accomp-
lished by confacting'the resin with pure water. The rate
of regeneration éan usually be increased by heating the
water prior to contact with the resin. »

Very little information is available on the mechanisn
of adsofption on the retardation resin. Equilibrium and
rate data are available only for sodium chloride. There
are many unanswered questions abéut the effects the valency
state of the ions, the ionic radius, and the interaction

between different anions and cations have on the adsorption

equilibrium and rate.




EXPERIMENTAL PROGRAM

The experimental prégram can be divided into two
independent ekperimenté. The first of these is an equi-
librium measurement. The objeqtive of this experiment is
to estimate the equilibrium constants for thé adsorption
of inorganic chemicals from aqueous solutiéns using a
specific resin.

The second part is an experimental geheration of
response curves from pulse injections of inérganic species
into a packed column. The objective here is to obtain
both an equilibrium and rate parameter. These two
parameters will be estimated using the method of weighted
moments to numerically integrate the'experimehfal response
curves., By substituting both of these parameters into the
theoretical model of the system a theoretical response
curve can be generated. |

Several different chemical species at varied temp-
eératures will be investigated. The inorganic chemicals
to 5e used are: CaCl,, Ca(NO3) gy, CdClZ, and ZnClZ. The

operating temperatures are 10°c, 20°c, and 50°cC.




EXPERIMENTAL MATERIALS AND EQUIPMENT

To perform the equiiibrium analysis the only re-
quired materials and equipment ére the resin and the con-
ducti&ity probe with its associated electronics. The
pulse response experimentation requires one additional
item, namely the glass colﬁmn. Each of these items will
now be discussed in detail.
*Column

The column used for this experimentation is jack;
eted and made by Bio-Rad Laboratories. The inside dia-
meter is 0.7 cm and the bed length is 15.0 cm.
Resin

The reéin used in this research is Bio-Rad Labora-
tories’ AG11A8. They produée this type of resin by
polymerizing acrylic acid inside another of their resins,
AG-1X8 o? bowex 1. The result is a styrene divinylben¥_
zene, cross-linked polymer lattice, with paired anion and
cation éxchangé sites. This resin is referred to as bi-
functional because of its ability to adsorb both anions
and cations. A simplified structure of the resin in its
completely cleansed form is shown in Figure la. When the
resin is brough£ into contact with the ionic solution,

. the inorganic substance is adsorbed without an exchange.




This is represented in Figure lb. The resin has a

moisture content of 40% and the particle size is 50-100

mesh. (4)
= COO-++ RyN— *C00; C1R;N -
‘Ca
— COO++» R,N — — CO0" C1lR,N —
3 3
b~ COO*++ RN — - COO. ClR,N—
3 2 3
Ca
| — COO-++ RN - . COO" C1R,N

(a) (b)

FIGURE 1l: AGllA8 RESIN (a) BEFORE ADSORPT ION
(b) AFTER ADSORPT ION

Conductivity Probe

The concentrations in the liquid phase were
measured using a conductivity probe. A sketch of the
probe assembly is shown in Figure 2. The design is sim-
ilar to a design described by Tambiyet srale (S The
probe measures the electrical conductivity of a very
small volume of fluid surrounding the tip of the probe.
A brief description of the principles of the conductiv-
ity probe follows:

The most important "sections" of the probe are the

two electrodes. One of these is a point electrode




TIP ELECTRODE RING ELECTRODE TO
TO DEMODULATOR SINE WAVE GENERATOR

lg————— (0.5 cm ID GLASS
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BEPOX Y e
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FIGURE 2: CONDUCTIVITY PROBE




located at the tip of the probe while the other is a ring
electrode located approximately one centimeter above the
tip. The tip consists of the cross-sectional area of an
exposed face of platinum wire with a diameter of 0.01 cm.
The ring electrode is approﬁimately three centimeters of
0.015 cm platinum wire. The siées are not important as

long as the tip electrode is much smaller than the ring

electrode. !

. An a.c. voltage source is then connected to the fing
electrode. The result is an electric field in the elect-
rolyte surrounding the ring. The current between the two
electrodes is a function of the resistance of the elect-
rolyte between them. The current that enters the tip is
proportional to the conductivity of the fluid at the tip.

When the”probe_is placed in a nonhomogeneous fluid
the changes in conductivity of the fluid alter the im-
pedance of the probe. This causes variations in the
amplitude of the input carrier wave. So the signal
exiting the probe is an amplitude modulated sine wave.
This signal must be processed in order to give a usable
- result. First the signal leaving the probe is amplified.

Next it is demodulated by rectifying it. PFinally the
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signal is run through a low pass filter to remove the
carrier wave and all other high frequencies. Figure 3
shows a block diagram of the signal processing components

and a typical signal at each point.

SIGNAL CONDUCT . A3 DEMOD-
GENERAT ~ PROBE AMPLIF- ULATOR s
OR IER

FIGURE 3: SIGNAL PROCESSING BLOCK DIAGRAM

Electronics

The sine wave generator used is the Heathkit model
IG-18 Sine-Square Audio Generator. A signal of .3V with
a frequency of 5 kHz was output. A Heathkit model IP-17
high voltage power supply was used to send a 25V signal to

the demodulating system. The demodulator was constructed




by Arthur McCready in 1977 for use in his doctorate pro-
ject.- The details -on the demodulator can be found in his
thesis (6). The output voltages were measured using a
Hewlett Packard model 3440A digital voltmeter. Finally
the response curves were pldtted using a Hewlett Packard

7030AM X-Y recorder.




EXPERIMENTAL PROCEDURE

: 1

Before any experimentation was done the

resin was

given a thorough rinsing. This was accomplished using a

2.5 cm by 70 cm glass column. The column was filled

generally halfway with resin. Distilled water was then

pumped through the packed bed at a flow rate of about

12.0 liters/day for 72 hours. After the rinsing cycle

was completed air was blown through the column to remove

any excess moisture. A small sample of the rinsed resin

was then weighed and allowed to dry in order
moistufe content. This moisture congent was
40%. The resin was then placed in a tightly
for use in the experimentation.

Equilibrium Analysis

The entire experimentation to determine

librium constants was performed in two small

to check the
found to be

sealed jar

the eqdi—

beakers.

Pive grams of the wet resin was carefully weighed into

one of the beakers. Fifty milliliters of distilled wat~-

er was then added to each beaker. The beaker with only

water was used to construct a calibration curve between

concentration and voltage. A small volume, on the order

of 0.5 ml, of the inorganic solution to be tested was

added to each beaker. The concentration of this addition
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was .2M. A magnetic stirrer kept the resin and solution
properly mixed. The extent of the adsorption was ﬁonit¥
ored using the conductivity probe. In general thirty
minutes was allowed for the adsorption to reach equilib—
‘"rium. At this point a final voltage reading was taken.
This procedure was repeated until a total of three milli-
liters of the ;norganic chemical were added.

. Trials were made at temperatures of 1o°c, 2OOC, and
50°C. The trials at 10°C and 50°C required two.special—.
izations. First a constant temperature bath was used to
alleviate any temperéture fluctuations. A second differ—
ence was how the final voltage reading was taken. After
the adsorption reached equilibrium the liquid was drained
from the resin. This liquid was then either warmed or
cooled to room temperature. It was at this temperature
that the final voltage readinq was taken. -After the
reading the liquid was returned to the adsorption beaker.
The calibration curve was also prepared at foom temper-
ature.

Pulse Responses

A simplified sketch of the system used to perform
the pulse responses is shown in Figure 4. The first step

was to pack the column. The best technique for accomplish-
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f——————y TO ELECTRONICS

CONDUCT IVITY (

Y

PROBE

RUBBER STOPPER

< DRAIN
a_p
FINE STAINLESS V/,
STEEL ——
SCREEN """'j'_'jl CONSTANT TEMPERAT URE
4 e, FLUID OUTLET
l'x:
"o RESIN
DIRECT ION i
OF FLOW
S
CONSTANT TEMPERATURE
J:’ T PLUTH. ZNBET
L
. # INJECTION POINT
WATER
FROM —— @
RERERY SHUT OFF VALVE
e

FIGURE 4:

PACKED COLUMNMN ASSEMBLY




13
ing this was to form a slurry of resin and water and pour
this mixture into the column. This step must be done
carefully to prevent aif bubbles from forming in the bed.
As soon as this step was completed the valve at thé base
of the column was opened which élloﬁed distilled water‘to
flow through the system. The flow rate was kept as close
to 1.0 ml/min‘as possible. The system was allowed to run
in fhis manner for thirty minutes. This time ailowed for
the stablization of the flow rate and also the flushing
out of any soluble impurities in the system.

The next step was to inject a sample of the inorgan-
ic compound. The concentration of this impulse Waé gen-
erally 4M. The volume of the impulse was 2 ﬂl' The re-
corder was started 50 seconds after the injection. This
was useful since the recorder had a maximum limit oﬂ the
time axis of 20 minutes. Therefo;e delaying the start by
50 seconds allowed more of the tail on the response curve
to be sketched.

After the run was completed the used resin was dis-
carded. The final.step was to use the conductivity
probe‘to take voltage readings on samples of known con-
centrations in order to construct a calibration curve

between voltage and concentration. This calibration
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curve is needed to convert the response curves from
voltage vefsus time to concentration versus time.

There is one more step that had to be done prior
to each run.whether_it was an equilibrium analysis or a
pulse response. This was an electro-treatment of the
probe tip. The treatment was necessary to help alleviate
.the drifting of the voltage readings. The drift was
caused by the formation of scale on the tip electrodeg
" Prior to each run the following steps were performed.
First the tip was rubbed with emery cloth to remove the
buildup of scale. Next a voltage of approximately +2V
was applied for 10 seconds to the probe. The current
flowing from the ring electrode to the tip formed an
oxide layer on the tip. This oxide layer is far less sus-
ceptible to drifting, thus increasing the accuracy of

the readings.




A MODEL OF THE ADSORPTION SYSTEM

Solid phase~diffusion is most often the rate con;
trolling step in liquid adsorption processes. Simplifi-
cations developed recently by Lia@ et. al. (7) and
Rice (8) for step responses in packed columns make it
possible to determine a solution for impulse responses
when both film and. solid phase diffusions are important.
These simplificatiohs will now be briefly discussed.

Liaw et. al. solved the combined transport equation:

21 - Ds 2.(x2 29, (1-1)

This was paired with a non-dispersive convection equation

for the fluid phase:

., 3C L, ?C _ 2T oy
Viz+tst= -G/ (I-2)
where: _
R
g = qurZ dr : (1-3)
R3 0

Next they assumed the solid phase composition profiles

are always parabolic with respect to the radial coordin-

ate, or simply:

glr,z,t) = ag(z,t) + az(z,t)r? (1-4)
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This assumption leads to a simplified conservation re-

lationship:
2C , g 2C °C_ _ .
X + K 26 © .gbx 00 0 (I s)

where K is the equilibrium.constant and g is the combined
transfer resistance defined as:

_ X R ' . ‘
¥ = Rk + 1557 (1-6)

Equation (I-5) can be solved by a LaPlace Trans-
formation with a step change at the inlet. This. solution

was shown by Liaw et. al. to ‘be:

.C_' = 1 ~Kpx_ : -
Ty p.exp( T+¥p ) (I-7)

where p is the LaPlace transform variable.
Rice (8) showed that equation (I-7) had a closed

form inversion which is tabulated as a J function:

S
g(sim) = §E8 = —\Sexp(-%‘ﬁ)lo(dqfﬁ)df (1-8)
0
where:
Kx 3
s = & and T==
: ¢

The impulse response is simply the derivative of the J
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function with respect to time. This produces:

Ciéngl = J%% exp(—s—%yll(d4sg7g)‘+ £(9) (Iré)

where Co is taken to be the impulse strength. §(0) has
meaning only at the column entrance where s=0.
It is much easier to arrive at the impulse response

in the LaPlace domain by directly using equation (I-7).

" This produces an impulse response of:

Ci = exp (o) S (z-10)

Later when the method of weighted moments is dis-
cussed, equation (I-10) will be very important in the

determination of Kx and'f.




EXPERIMENTAL RESULTS AND DISCUSSION

Equilibrium Analysis

The first step in processing the faw experimental
data is to convert the voltage readings into concentra-
tions using a calibration curve. A typical calibration
.curve is shown in Figure 5. Each voltage reéding has
its corresponding concentration value read off of the
calibration curve. This step produces all of the liquid
phase concentrations.

Next the concenfration of the inorgénic species in
the resin must be calculated. Thié concentration is de-

noted by Q and can be shown to be:

1

VCo - (V + V) C
0 = Yo ‘(w m) Pp

(Ix-1)

where:

bp = Cs(1 - €p) | (I1-2)
Qs represents the dry compressed pafticle density and €p
is the internal void fraction. For Bio-Rad's AG1l1AS8
resin, Qp was found to be 0.66 grams/ml. (9)

Values for C and Q for all the equilibrium analyses
are given in Appendix A. The solid phase concentration,

Q is then plotted versus the equilibrium liquid concen-
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tration, C. The slopes on these curves is K, also known
as the equilibrium constant.

The equilibrium graphs are.shown for caCly, Ca(NO3)2,
CdCl2, and ZnClp in Figures 6-9, respectively. The
data points at concentratioﬁs less than 0.02 mmoles/ml..
are the least accurate due to fluctuating voltage measure-
ments. The best line through the points was found simply
by using a straightedge. This line was drawn so that it
always included thé best data point, the origin. The.
equilibrium constants found from these graphs are sum-
marized in Table I.

Three equilibrium data points were also taken using
NaCl. The reason for doing this was as a comparison to
results from previous research. Table II summarizes the
values for the equilibrium. liguid and solid phase concen-
trations, C and Q, reéectively. Also included are values
of Q. for both rinsed and unrinsed AGllA8 resin determined
by Rice and Foo. (10)

As can be noted from Tabie II the experimental

values for Q are somewhat lower than those suggested by

* Rice and Foo. Part of this difference is simply due to

differences in batches of resin and the degree of rinsing.
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