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Study of Nonlinear Wave Propagation Theory. III.
Removing Heavy Metals from Wastewater by
Ion-Exchange Process

JIA-MING CHERN* and FANG-CHING CHANG
DEPARTMENT OF CHEMICAL ENGINEERING

TATUNG UNIVERSITY

40 CHUNGSHAN NORTH ROAD, 3RD SEC., TAIPEI 104, TAIWAN, REPUBLIC OF CHINA

ABSTRACT

The nonlinear wave propagation theory has been applied to predict the break-
through and regeneration curves of ion-exchange columns for heavy metal removal.
Batch experimental tests using IRC-718 cationic resin were conducted to obtain the
ion-exchange equilibria of H/Cu and H/Ni systems, and column tests were conducted
to obtain the breakthrough and regeneration curves under various operating condi-
tions. The batch experimental results show that the affinity sequence is Cu . H . Ni.
The column experimental results show that IRC-718 in H-form is effective for re-
moving copper from synthetic wastewater but not effective for nickel removal. For a
copper-rich feed solution, the ion-exchange wave is a self-sharpening wave and its re-
generation wave is a nonsharpening one. For a nickel-rich feed solution, the ion-ex-
change wave is a nonsharpening wave and its regeneration wave is a self-sharpening
one. For a copper/nickel mixture feed, nickel gradually appears in the effluent, and a
plateau of concentration higher than the feed one is identified. Simple equations based
on the nonlinear wave propagation theory have been developed to predict the break-
through and regeneration curves, and the predicted results are quite comparable with
the experimental data.
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INTRODUCTION

Due to limited water resources and increasing water demands of various
kinds, especially of industries, how to treat and reuse industrial wastewater
has become not only a very important problem to environmental protection
but also a crucial issue to industries seeking sustainable development.
Wastewater containing heavy metals is one of the most difficult industrial
wastewater to treat. The common methods to treat heavy metal-containing
wastewater include chemical precipitation, ion exchange, activated alumina,
reverse osmosis, and electrodialysis. Although the conventional chemical pre-
cipitation method, which is the most popular method used in Taiwan, is quite
effective in removing heavy metals from wastewater, the resulting large quan-
tity of heavy metal-containing sludge is very tough to deal with and has caused
secondary pollution problems. On the contrary, ion-exchange processes are
also very efficient but generate much less sludge. Moreover, different heavy
metals can be separated and recovered, and the ideal state of so-called zero
discharge can be approached via adequate ion exchange-resin selection, pro-
cess design, column operation, and in combination with other posttreatments.
Therefore, the ion-exchange process is one of the most promising treatment
technologies for heavy metal-containing wastewater.

The methodology for ion-exchange process design is quite straightforward
and has been well documented (1, 2). Most research on ion exchange can be
broadly classified into two categories: resin/ion properties studies and treata-
bility studies. The former emphasizes the ion exchanger resin and exchanged
ion interaction, including equilibrium relationship, effect of ion concentration,
pH, complexion agents, ionic strength, and resin modification (3–6). The lat-
ter emphasizes the treatability of different ion-exchange resins for different
cations or anions, including effluent cation or anion concentrations, stability
of resin after cyclic operations, and regeneration capacity (7–9). Except for a
few works done by Clifford and his coworkers (10–13), the dynamic behavior
of ion-exchange columns used in wastewater treatment processes has received
relatively little attention. In operational practice an ion-exchange cycle is car-
ried out until the effluent metal concentrations, which can be indicated by den-
sity or conductivity measurement, are greater than acceptable levels. Then
backwash, regeneration, and rinse cycles are carried out to restore the ion ex-
changer capacity for the next ion-exchange cycle. From the standpoint of
heavy metal removal only, this approach is simple and has been widely used
in water and wastewater treatment practice. However, if heavy metal separa-
tion and recovery are desired, we need to know what kind of heavy metal will
exit an ion-exchange column at what time period. Then we can collect the ef-
fluent solutions and separate different heavy metals. In order to know what
kind of metal ion exits an ion-exchange column at what time period, we need
to know the dynamic behavior of the column.
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The dynamic behavior of ion-exchange columns is governed by a set of dif-
ferential equations coupled with a set of algebraic equations. One can either
solve that set of differential equations to obtain the column dynamics or use
the concept of wave propagation to depict the column dynamics without actu-
ally solving the differential equations. We therefore initiated a series of stud-
ies aimed at applying the nonlinear wave propagation theory to predict the col-
umn dynamic behaviors of fixed-bed operations in pollution control
applications. The first two parts of this series demonstrated that the nonlinear
wave propagation theory indeed gives satisfactory predictions of the column
dynamics of dye/carbon systems (14, 15). This paper continues to present the
results of our experimental and theoretical investigation of heavy metal ion-
exchange processes.

THEORETICAL BASIS

The theoretical basis of this study is directly built upon the nonlinear wave
propagation theory (16–21). The wave that was previously called “boundary,”
“transition,” “front,” or “mass transfer zone” is defined as a moving concen-
tration variation. The column dynamics of such system in a fixed bed can be
described by the following governing equation:

(1 2 «) }
­

­

C


t
i

} 1 « }
­

­

C
t

i
} 1 u0« }

­

­

C
Z

i
} 5 0, i 5 1, 2, . . ., n (1)

where Ci is the concentration of exchangeable ion i in the mobile phase, Cwi is
the concentration of exchangeable ion i in the stationary phase, « is the void
fraction of the bed, u0 is the linear velocity of the carrier fluid, t is the operat-
ing time, and Z is the distance from the inlet of the mobile phase. The as-
sumptions associated with Eq. (1) are:

• Local ion exchange equilibria: Cwi 5 ƒi(C1, C2, . . ., Cn)
• No other chemical reactions involved
• Exclusion of co-ions and nonionic species from the resin interior
• Constant binary separation factors
• No shrinking or swelling of resin
• Ideal plug flow
• Mass transfer in flow direction by convection only
• Isothermal behavior
• Unity activity coefficients

With proper initial and boundary conditions specified, which depend upon
operating conditions, Eq. (1) can be solved for Ci as a function of Z and t. The
breakthrough curve, which is often experimentally determined, is the effluent
history, Ci(Z 5 L, t). In general, the ion-exchange equilibria are highly cou-
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ORDER                        REPRINTS

pled, i.e., there exist complicated interactions among the exchangeable ions.
One can expect that solving the governing equations is rather tedious, even us-
ing a fast personal computer and a proper numerical technique such as the fi-
nite difference method.

Instead of directly solving the governing equations, Helfferich and his
coworkers (12–18) used the concept of wave velocity defined as

uCi
; 1}

­
­
Z
t
}2

Ci

, i 5 1, 2, . . ., n (2)

to describe the column dynamics. This is the velocity at which a given con-
stant concentration Ci travels through the ion-exchange column. Combining
Eqs. (1) and (2) leads to

uCi
5 , i 5 1, 2, . . ., n (3)

Equation (3) is used to calculate the concentration wave velocity of nonsharp-
ening waves. For self-sharpening waves, the concentration wave velocity is
calculated by the following equation:

uDCi
5 , i 5 1, 2, . . ., n (4)

Once the concentration wave velocity is known, the column dynamics can be
easily predicted.

H1/M21 ION-EXCHANGE SYSTEMS

The above nonlinear wave propagation theory can be used to predict the
column dynamics of binary ion-exchange systems. Consider a binary system
with only two exchangeable cations, H1 and M21. The concentration wave
velocity can be converted to

uXM
5 (5)

where XM and YM are the equivalence fractions of M21 in the mobile phase
and the stationary phase, respectively; C and C¯ are the total mobile phase con-
centration and the ion exchanger capacity, respectively.

For the H1/M21 binary system, the equilibrium relationship of the two ex-
changeable ions can be represented by the so-called separation factor, which
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is defined as

aMH 5 }
Y
X

M

M

X
Y

H

H
} (6)

Since the summations of the two equivalence fractions are both equal to unity,
one can express YM in terms of XM by using the definition of the separation
factor:

YM 5}
1 2 X

a

M

M

1
HX

a
M

MHXM
} (7)

The partial derivative in the denominator of Eq. (5) therefore becomes

}
d
d
X
YM

M
} 5 (8)

If the affinity of the heavy metal ion to the cation resin is greater than that
of the hydrogen ion, then aMH is greater than unity. In this case a feed of heavy
metal-containing solution to a resin bed presaturated with hydrogen ion will
result in a self-sharpening wave of the heavy metal concentration variation.
The cumulative effluent volume at breakthrough is calculated by the follow-
ing equation:

V 5 «Vb 31 1 1}1 2
«

«
}2 1}

C
C


}2}XYM

M

F

F

2

2

Y
X

M

M

P

P
}4 (9)

where Vb is the bed volume and the subscripts F and P represent the feed and
presaturation conditions, respectively. Combining Eqs. (7) and (9) leads to

V 5 «Vb 31 1 1}1 2
«

«
}2 1}

C
C


}2 4

(10)

The regeneration wave for the above self-sharpening ion-exchange wave is
a nonsharpening one, and the cumulative effluent volume for a given effluent
concentration is calculated by the following equation:

V 5 «Vb 31 1 1}1 2
«

«
}2 1}

C
C


}2 4 (11)

It is important to note that the total mobile phase concentration in Eq. (11) is
usually much greater than that in Eq. (10) because concentrated acid solution
is usually used to regenerate the ion-exchange bed.

If the affinity of the heavy metal ion to the cation resin is lower than that of
the hydrogen ion, then aMH is less than unity. In this case a feed of heavy

aMH
}}}
(1 2 XM 1 aMHXM)2

aMH
}}}}}
(1 2 XM F 1 aMHXM F)(1 2 XM P 1 aMHXM P)

aMH
}}}
(1 2 XM 1 aMHXM)2
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metal-containing solution to a resin bed presaturated with hydrogen ion will
result in a nonsharpening wave of the heavy metal concentration variation.
The cumulative effluent volume for a given effluent concentration is calcu-
lated by Eq. (11). The regeneration wave for the nonsharpening ion-exchange
wave is a self-sharpening one, and the cumulative effluent volume for a given
effluent concentration is calculated by Eq. (10).

H1/M1
21/M2

21 ION-EXCHANGE SYSTEMS

Consider a tertiary ion-exchange system with affinity sequence 1 . 2 . 3
and the binary separation factors defined as

a12 5 }
Y
X

1

1

X
Y

2

2
} and a13 5 }

Y
X

1

1

X
Y

3

3
} (12)

Since the summation of the three equivalence fractions is equal to unity, by
using the definition of the separation factors, one can express Yi in terms of Xi:

Y1 5 5 ƒ1(X1, X2) (13)

Y2 5 5 ƒ2(X1, X2) (14)

The coherence condition for this system is

}
d
d
X
Y1

1
} 5 }

d
d
X
Y2

2
} 5 l (15)

This coherence condition results in an eigenvalue problem

3 4 3 4 5 3 4 (16)

The two eigenvalues can be solved from the following quadratic equation:
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­

X
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1
} 5 0 (17)

Once the eigenvalues are obtained, the concentration wave velocities can be
calculated as follows:

uslow 5 (18)
u0
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ufast 5 (19)

Of the two eigenvalues, the larger one corresponds to the slow wave while
the smaller one corresponds to the fast wave. When the two eigenvalues are
equal, the watershed point in the composition path diagram can be located:

5 (20)

The composition path diagram can then be easily constructed. All paths
which are straight lines can be plotted with the help of a rule of equal intercept
ratio (18). The composition route is the pathway for which the concentration
waves meet the coherence condition. If the wave velocity in the upward mov-
ing stream is faster than that in the downward moving stream, the wave is self-
sharpening, and the concentration wave velocity, as shown in Eqs. (18) and
(19), should be modified as

uslow 5 (21)

ufast 5 (22)

where Llarge and Lsmall are the two eigenvalues satisfying the following inte-
gral coherence condition:

}
D

D

X
Y1

1
} 5 }

D

D

X
Y2

2
} 5 L (23)

With the composition path diagram, the breakthrough curve for individual
ions can be easily predicted. The column effluent contains three composition
zones: the presaturation composition comes out first, followed by the inter-
mediate composition and the feed composition.

EXPERIMENTAL

Amberlite IRC-718 (Rohm and Haas, USA) was used as the cationic-ex-
change resin in this study. It was repeatedly conditioned with analytical grade
HCl and NaOH (Yakuri, Japan) before use. The capacity of the resin in hy-
drogen form was determined by the column method, and the binary separation
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factors for the Cu21/H1 and Ni21/H1 systems were determined by batch tests
(22). In the batch tests, different amounts of the resin were put in several plas-
tic bottles, each filled with 100 mL of cupric nitrate or nickel nitrate
(Katayama, Japan) solution. All the bottles were placed in a temperature-con-
trolled shaker (Hotech, Model 706) and shaken for 24 hours to reach equilib-
rium. The solution pH and metal concentrations were measured by a pH me-
ter (AION, model PHB-9901) and an atomic absorption spectrophotometer
(Varian, model 3000), respectively. The equilibrium metal equivalence frac-
tion in the resin phase versus that in the solution phase was plotted, and the
formula developed by Clifford (10) was used to calculate the average binary
separation factors.

In the ion-exchange column tests, synthetic wastewater was fed to the top
of a glass column of 15 mm I.D. and 600 mm long filled with resin in hydro-
gen form. The bed void fraction was measured to be 0.4. The flow rate was
controlled by a metering pump (Watson-Marlow, model 302S) to be 2 bed
volumes (BV) per hour. The effluent samples were collected at varying times
by a fraction collector (ISCO, model Retriever 500); the sample pH and the

1106 CHERN AND CHANG

TABLE 1
Experimental Conditions for Ion-Exchange Column Tests

Run Presaturation Feed Remark

1

2

3

4

5

6

7

8

9

10

Resin in H-form

CCu 5 120 ppm,
pH 5.47

CCu 5 0.01 ppm,
very low pH

CCu 5 176 ppm,
pH 5.43

Resin in H-form

CNi 5 87 ppm,
pH 6.86

CNi 5 0.01 ppm,
very low pH

CNi 5 333 pm,
pH 6.80

Resin in H-form

CCu 5 159 ppm,
CNi 5 164
ppm, pH 5.71

CCu 5 120 ppm,
pH 5.47

2.5 M H2SO4

CCu 5 176 ppm,
pH 5.43

0.25 M H2SO4

CNi 5 87 ppm,
pH 6.86

0.1 M H2SO4

CNi 5 333 ppm,
pH 6.80

0.1 M H2SO4

CCu 5 159 ppm,
CNi 5 164
ppm, pH 5.71

0.1 M H2SO4

First copper exchange cycle

First copper regeneration cycle

Second copper exchange cycle

Second copper regeneration cycle

First nickel exchange cycle

First nickel regeneration cycle

Second nickel exchange cycle

First nickel regeneration cycle

First copper/ nickel exchange cycle

First copper/ nickel regeneration cycle
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metal concentrations were measured. In the regeneration column tests, diluted
sulfuric acid was fed to the column and the effluent samples were collected for
pH and metal analysis. All the column experiments were carried out in an air-
conditioned room with a temperature of 25 6 1°C. The experimental condi-
tions for the column test runs are summarized in Table 1.

RESULTS AND DISCUSSION

Since the ion exchanger resin used in this study has weak acid groups, its
capacity is not constant during the ion-exchange process. The capacity should
increase with increasing solution pH. Moreover, the apparent selectivity for
heavy metal also depends upon the solution pH according to the technical data
sheet provided by Rohm and Haas. The ion-exchange equilibria between
heavy metal ions and hydrogen ion should be more appropriately represented
by the selectivity coefficient instead of a constant separation factor because
heavy metal ions are divalent and hydrogen ion is monovalent. In order to use
the conventional wave theory for prediction, however, we neglect the varia-
tion of the resin capacity and use a constant separation factor to represent the
ion-exchange equilibrium in this paper. The prediction of column dynamics
using selectivity coefficients and taking account of any complexion between
heavy metal ion and hydroxide ion will be presented in a separate paper.

The resin capacity in the hydrogen form was measured to be 1.87 meq/mL
wet resin, and the average binary separation factors for the Cu21/H1 and
Ni21/H1 systems were aCuH 5 2.42 and aNiH 5 0.28, respectively. In general,
as a metal-rich solution is fed to a column presaturated with hydrogen ion, the
metal ion will exchange with the hydrogen ion in the resin. The effluent metal
concentration remains at a very low level and then increases sharply or grad-
ually to the feed concentration, depending upon the nature of the concentra-
tion wave. For a cumulative effluent volume of less than 0.4 BV, the effluent
pH initially equals the in-pore solution pH and then increases sharply or grad-
ually. Figure 1 shows a typical effluent metal concentration and pH of a col-
umn test run.

Since the affinity of copper to the resin is stronger than that of hydrogen ion
(aCuH . 1), the ion-exchange wave resulting from a feed of copper-rich solu-
tion to a hydrogen-presaturated bed is a self-sharpening one. Ideally, this self-
sharpening wave will develop into a shock; the feed composition travels along
the column and pushes the presaturation composition downward with a sharp
boundary. The breakthrough volume for the self-sharpening wave is calcu-
lated by Eq. (10).

Figure 2 shows the experimental and predicted breakthrough curves for two
column test runs with feed copper concentrations of 120 and 176 ppm, re-
spectively. In Fig. 2 the empty and filled circles represent the experimental
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FIG. 1 A typical effluent metal concentration and pH versus cumulative effluent bed volume.

FIG. 2 The comparison of predicted and experimental breakthrough curves of two column test
runs with different feed copper concentrations.
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data while the solid and dashed lines represent the predicted breakthrough
curves. For these two column tests, the presaturated copper equivalence frac-
tions are both zero and the feed copper equivalence fractions are very close to
unity. Therefore, the breakthrough volume decreases with increasing feed
concentration according to Eq. (10). The nonlinear wave propagation theory
predicts that feed concentrations of 120 and 176 ppm will breakthrough at 272
and 185 bed volumes, respectively. The experimental data show, however,
that the effluent copper concentration is greater than 3 ppm, the discharge
standard in Taiwan, because the cumulative effluent volume is greater than
202 BV for the 120 ppm feed and 135 BV for the 176 ppm feed, respectively.
Obviously, ion-exchange processes are more effective for diluted heavy metal
solutions because the heavy metal is more preferred by the resin in diluted so-
lutions and larger amounts of wastewater can be treated in the same column.
In fact, selectivity reversal occurs for high feed copper concentrations, and
this phenomenon will be discussed in a separate paper.

It is important to note that the resin capacity and the separation factor used
in the calculations were determined from independent batch experiments; they
were not treated as adjustable parameters to best fit the breakthrough curves.
One can see from Fig. 2 that the calculated results are quite comparable with
the experimental data. However, due to the finite mass-transfer rate and the
axial dispersion effect, the experimental breakthrough curves look likes S
shapes instead of sharp steps. To model the S-shaped breakthrough curves,
one needs a more sophisticated model with parameters such as the axial dis-
persion coefficient and the ion-exchange rate constant that are usually difficult
to determine independently. The nonwave propagation theory therefore serves
as a simple tool to predict the breakthrough curves of ion-exchange column
operations, and its predicted results are still satisfactory.

After the ion-exchange bed was saturated with the copper-rich solution, it
was regenerated by sulfuric acid. The resulting regeneration wave became a
non-sharpening one, and the cumulative effluent volume was calculated by
Eq. (11). Figure 3 shows a comparison of the experimental and predicted re-
generation curves for a typical regeneration test run. In this test run the col-
umn was presaturated with 176 ppm copper solution and regenerated by 0.25
M sulfuric acid. At the beginning of regeneration, the feed sulfuric acid
pushed out the liquid previously in the bed. Therefore, the effluent copper con-
centration is theoretically equal to 176 ppm for V 5 0 to 0.4 BV. After 0.4 BV,
the ion-exchange resin starts to contact the feed sulfuric acid and releases cop-
per to the mobile phase. Since the total mobile-phase concentration during re-
generation is very high, the resulting effluent copper concentration immedi-
ately jumps to 8238 ppm, the mobile-phase concentration in equilibrium with
0.25 M sulfuric acid. The effluent copper concentration remains at 8238 ppm
from V 5 0.4 BV to V 5 2.2 BV, then gradually decreases to zero after
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ORDER                        REPRINTS

V . 2.2 BV. As shown in Fig. 3, the predicted regeneration curve is also com-
parable with the experimental data. The model predicts that the effluent cop-
per concentration becomes zero at V 5 10.9 BV. However, the experimental
effluent copper concentration approaches zero earlier than 10.9 BV. Judging
from the experimental regeneration curve, the regeneration wave looks like a
self-sharpening one, not a nonsharpening one. But according to the results of
our batch equilibrium study, for aCuH . 1 the regeneration wave is a non-
sharpening one. This discrepancy suggests that the representation of the ion-
exchange equilibrium by a constant separation factor at high ionic strength is
probably inadequate. The ionic strength is much higher in the regeneration cy-
cle than in the exchange cycle, and therefore selectivity reversal may occur,
i.e., the separation factor aCuH at high ionic strength should be less than
unity. Obviously, more suitable ion-exchange equilibrium models need to be
developed.

Since the affinity of nickel to the resin is weaker than that of hydrogen ion
(aNiH , 1), the ion-exchange wave resulting from a feed of nickel-rich solu-
tion to a hydrogen-presaturated bed is a nonsharpening one. Ideally, this non-
sharpening wave will develop into a proportionate pattern with the break-
through volume calculated by Eq. (11). Figure 4 shows the experimental and
predicted breakthrough curves for two column test runs with feed nickel con-
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FIG. 3 The comparison of predicted and experimental regeneration curves of a column
presuturated with 176 ppm copper solution and regenerated by 0.25 M sulfuric acid.
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centrations of 87 and 333 ppm, respectively. Again, the nonlinear wave prop-
agation theory predicts that the higher feed concentration breakthroughs ear-
lier than the lower ones. Obviously, nickel ion cannot be effectively removed
by the resin in H-form because the effluent nickel concentration break-
throughs occur very soon.

The regeneration wave for a nonsharpening ion-exchange wave is a self-
sharpening one. Figure 5 shows the experimental and predicted regeneration
curves for a column presaturated with 87 ppm nickel solution and regenerated
by 0.1 M sulfuric acid. At the beginning of regeneration the effluent nickel con-
centration is theoretically equal to 87 ppm for V 5 0 to 0.4 BV. At V 5 0.4 BV
the effluent nickel concentration jumps to 3194 ppm and remains at that con-
centration up to V 5 10.7 BV. At V 5 10.7 BV the effluent nickel concentra-
tion drops to zero, according to the theory. Again, the discrepancy between the
predicted and experimental regeneration curves may result from the axial dis-
persion effect and finite the ion-exchange rate that are neglected by the theory.

For the Cu/Ni/H tertiary ion-exchange system, the affinity sequence is Cu
. H . Ni. The separation factors are a12 5 2.42 and a13 5 2.42/0.28 5 8.64.
The watershed points for this system are X2 5 0 and X1 5 (2.42 2 1)/(8.64 2

NONLINEAR WAVE PROPAGATION THEORY. III 1111

FIG. 4 The comparison of predicted and experimental breakthrough curves of two column test
runs with different feed nickel concentrations.
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FIG. 5 The comparison of predicted and experimental regeneration curves of a column
presuturated with 87 ppm nickel solution and regenerated by 0.1 M sulfuric acid.

FIG. 6 The predicted and experimental composition routes for Cu/Ni/H system-exchange
cycle.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

1) 5 0.19. The composition path diagram constructed is shown in Fig. 6 where
dashed lines represent the slow paths and solid lines the fast paths, F is the feed
composition, P is the presaturation composition, I is the intermediate compo-
sition, and W is the watershed point. Also shown in Fig. 6 are the predicted
and experimental composition routes of the ion-exchange cycle. The predicted
composition route starts from the feed composition point, takes the slow path,
then switches to the fast path that leads to the presaturation composition point.
In Fig. 6 the eigenvalues decrease along the slow composition route (F→I);
the resulting concentration wave is a self-sharpening one and the wave veloc-
ity is calculated by Eq. (21). The eigenvalues increase along the fast compo-
sition route (I→P); the resulting concentration wave is a nonsharpening one
and the wave velocity is calculated by Eq. (19). With the composition path di-
agram and the composition route established, we can calculate the break-
through curves for copper and nickel, and the results are shown in Fig. 7.

As is seen from Fig. 7, the nonlinear wave propagation theory using a con-
stant resin capacity and constant separation factors can predict the break-
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FIG. 7 The comparison of predicted and experimental breakthrough curves of Cu/Ni/H
system.
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FIG. 8 The predicted and experimental composition routes for Cu/Ni/H system-regeneration
cycle.

FIG. 9 The comparison of predicted and experimental regeneration curves of Cu/Ni/H
system.
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through curves only qualitatively. To get a better prediction, we will attempt
to develop a more sophisticated model will be in the future.

The composition path diagram and the regeneration curves of the regener-
ation cycle can also be obtained, as shown in Figs. 8 and 9, respectively.

According to the experimental and theoretical results, the proposed operat-
ing strategy for copper and nickel separation is as follows:

• Collect the effluent before 100 bed volumes to get a nickel-rich solution in
the exchange cycle.

• Collect the effluent between 3 and 20 bed volumes to get a copper-rich so-
lution in the regeneration cycle.

CONCLUSIONS

The chelating resin IRC-718 is effective for removing copper from syn-
thetic wastewater but not effective for nickel removal. For heavy metal/hy-
drogen binary systems, heavy metal-containing solutions can be concentrated
by an ion-exchange/regeneration cycle. The experimental regeneration curve
suggests that the separation factor aCuH should be less than unity, i.e., selec-
tivity reversal occurs in the regeneration cycle. Selected separation of copper
and nickel is also feasible for the copper/nickel/hydrogen tertiary system. The
conventional wave propagation theory using a constant resin capacity and
constant separation factors gives simple yet satisfactory prediction of the
breakthrough and regeneration curves of the ion-exchange process.
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