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Abstract: This study presents the deep removal of copper (II) from the simulated cobalt electrolyte using fabricated
polystyrene-supported 2-aminomethylpyridine chelating resin (PS-AMP) in a fixed-bed. The effects of bed height
(7.0–14.0 cm), feed flow rate (4.5–9.0 mL/min), initial copper (II) concentration of the feed (250–1000 mg/L), feed
temperature (25–40 °C) and the value of pH (2.0–4.0) on the adsorption process of the PS-AMP resin were investigated.
The experimental data showed that the PS-AMP resin can deeply eliminate copper (II) from the simulated cobalt
electrolyte. The bed height, feed flow rate, initial copper (II) concentration of the feed, feed temperature and feed pH
value which corresponded to the highest removal of copper (II) were 7.0 cm with 35 mm of the column diameter,
4.5 mL/min, 40 °C, 1000 mg/L and 4.0, respectively. The breakthrough capacity, the saturated capacity of the column
and the mass ratio of Cu/Co (g/g) in the saturated resin were correspondingly 16.51 mg/g dry resin, 61.72 mg/g dry
resin and 37.67 under the optimal experimental conditions. The copper (II) breakthrough curves were fitted by the
empirical models of Thomas, Yoon-Nelson and Adam-Bohart, respectively. The Thomas model was found to be the
most suitable one for predicting how the concentration of copper (II) in the effluent changes with the adsorption time.
Key words: deep removal of copper (II); chelating resin; simulated cobalt electrolyte; fixed-bed column; model fitting
Cite this article as: WANG Yu-hua, HU Hui-ping, QIU Xue-jing. Fixed-bed column study for deep removal of copper
(II) from simulated cobalt electrolyte using polystyrene-supported 2-aminomethylpyridine chelating resin [J]. Journal of
Central South University, 2019, 26(5): 1374–1384. DOI: https://doi.org/10.1007/s11771-019-4093-8.

1 Introduction
There are several impurity ions in the cobalt
electrolyte, among which copper is one of the main
impurities. Since the standard potential of copper
(0.337 V) is higher than that of cobalt (–0.28 V),
copper can easily deposit on the cathode during the
electrolytic refining of cobalt. As a result, the
quality of the cobalt product can be greatly affected

[1, 2]. So it is an important procedure to remove
copper from highly concentrated cobalt solutions to
ensure high purity cobalt product.
Several traditional techniques for the removal
of copper (II) involve chemical precipitation [3, 4],
solvent extraction [5] and ion exchange technique
[6, 7]. Among these methods, a major drawback
with chemical precipitation is sediment production
[8]. As an effective method for the separation of
similar elements, solvent extraction is popular and
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widely used. However, solvent extraction could
show one or more disadvantages, such as
emulsification, interfacial flocculation and the
generation of secondary pollution, which have an
unavoidable effect on the extraction [9]. Although
ion exchange was usually employed for the copper
removal, it is not economical as the poor selectivity
[10]. In view of many disadvantages of the
traditional methods, it is imperative that studies
carried out to look for a convenient method with
high selectivity for removing copper (II) from the
cobalt electrolyte. In recent years, chelating resin
adsorption has attracted a lot of attention of
researchers. Compared with the above traditional
methods, the chelating resin has the advantages of
high selectivity, no waste residue and the like
[11–13].
Chelating resins with 2-aminomethylpyridine
functional groups have a high selectivity towards
copper (II) over cobalt (II). Some related literatures
reported the removal of copper (II) from the cobalt
electrolyte using these chelating resins [14, 15]. For
example, because the limited active sites on the
silica gel surface, WEN et al [14] and BAI et al [15]
correspondingly
synthesized
silica-supported
2-aminomethylpyridine chelating resin with much
lower maximum adsorption capacity of copper (II)
in batch experiments (35.56 and 49.53 mg/g dry
resin, respectively). Generally, the adsorption
capacity of the chelating resin is related to the
density of functional groups on the surface of the
adsorbent. The greater number of functional groups
loaded could result in higher adsorption capacity of
copper (II) on the resin. To this end, the
polystyrene-supported
2-aminomethylpyridine
chelating resin (PS-AMP) with higher maximum
adsorption capacity of copper (II) in batch
experiments (97.16 mg/g dry resin) was synthesized
using one-step method by our research group [16].
However, the effective use of the PS-AMP resin
requires the measurement of the optimal
experimental operation under conditions that can
simulate an ion exchange process by using
laboratory-scale columns.
In this paper, based on the characteristics of
the PS-AMP resin, the optimal feed flow rate, bed
height, initial copper (II) concentration of the feed,
feed temperature and pH required to effectively
remove copper (II) from the simulated cobalt
electrolyte were investigated using the fabricated
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PS-AMP chelating resin in fixed-bed columns.
Some of the well-established empirical models such
as the Thomas, the Yoon-Nelson and Adam-Bohart
were fitted into the experimental data from the
copper (II) removal tests so as to predict the
dynamic adsorption process of the copper (II)
removal by the PS-AMP resin.

2 Experimental
2.1 Reagents
The simulated cobalt electrolyte containing
1.0×105 mg/L cobalt (II) and 250–1000 mg/L
copper (II) was prepared by dissolving CuCl2·2H2O
(Sinopharm Group Chemical Reagent Co., Ltd.,
China) and CoCl2·6H2O （ Sinopharm Group
Chemical Reagent Co., Ltd., China） in deionized
water. Due to the large amount of Cl– present in the
cobalt electrolyte, the concentrations of Cl– in the
feed were kept at about 7.5×104 mg/L and adjusted
with NaCl (Sinopharm Group Chemical Reagent
Co., Ltd., China). Dilute sodium hydroxide or
hydrochloric acid solution was used to adjust the
feed pH to the desired values. All chemicals used in
this study were of analytical grade and were used
without further purification.
2.2 Column study
The dynamic adsorption processes were
carried out in a 35 mm diameter and 300 mm height
jacketed glass column to assess the effects of the
bed height, feed flow rate, initial copper(II)
concentration of the feed, feed temperature and feed
pH. Before the dynamic adsorption experiment, the
fabricated PS-AMP resins were fully immersed in
deionized water for 24 h. The treated resins were
wet packed into the glass column. A piece of cotton
at the top of the column was applied to fix the
filling resin. A metering pump (BT4a0708,
ProMinet Fluid Control GmbH, Germany) was used
in the same continuous manner to inject the feed
into the column at a certain feed flow rate through
the inlet at the top of the column and then the
effluent discharged from the outfall at the bottom of
the column. The column effluent was periodically
collected and determined for copper (II)
concentration using an atomic absorption
spectrophotometer (TAS-990F, Beijing Purkinje
General Instrument Co., China).
The symbols used in this paper were as

J. Cent. South Univ. (2019) 26: 1374–1384

1376

follows: C0 (mg/L) is the initial concentration of
copper (II); Ct (mg/L) is the copper (II)
concentration of the effluent at the adsorption time
(t, min); ∂Cu/Co (g/g) is the mass ratio of Cu/Co in
the saturated resin; F (mL/min) is the feed flow rate;
T (°C) is feed temperature and Z (cm) is the
fixed-bed height.
2.3 Column data analysis
Adsorption capacity was considered as one of
the important performance index in fixed-bed
column experiments. Generally, the column
processes were evaluated through the breakthrough
curves of the fixed-bed columns [17]. Breakthrough
curve was expressed in term of Ct/C0 as a function
of adsorption time for a given condition. The
adsorption capacity of adsorbent under some
experimental conditions could be counted from the
breakthrough curve. The total mass of copper (II)
adsorbed on the PS-AMP resin, qt (mg), could be
calculated by the following Eq. (1) [18, 19]:
FA
F t
qt 

(C0  Ct )dt
1000 1000 t 0

and 14.0 cm, at a constant flow rate of 4.5 mL/min,
with 1000 mg/L of initial concentration of copper
(II) in the feed, feed pH value of 4.0 and feed
temperature of 25 °C. In order to produce different
bed heights, 25, 37.5 and 50 g of the dry PS-AMP
resins were added to produce 7.0, 10.5 and 14 cm,
respectively. The breakthrough curves of copper (II)
at different bed heights are shown in Figure 1.
Table 1 Physical and chemical properties of PS-AMP
resin
Characteristic

Value/description

Structure

Macroporous

Matrix

Polystyrene

Functional group
BET surface area/(m2·g–1)

21.45

Particle size/mm

0.30–1.25

Adsorption average pore
diameter/nm
Element content/%

16. 58
C(68.51) H(7.24) N(6.14)

(1)

where A is the area above the breakthrough curve, t
(min) is the adsorption time.
In this adsorption column experiment, the
saturated capacity and the breakthrough capacity of
the column are calculated by Eq. (2) [19] when the
saturation point and the breakthrough point are
correspondingly set at Ct/C0=0.90 and Ct/C0=0.10.
Q  qt / m

(2)

where Q (mg/g dry resin) is the saturated capacity,
m (g) is the dry mass of the resin.
The upper saturated resin in the fixed-bed
column was collected after Ct/C0 equals 0.90. After
washing with abundant ultrapure water, the
saturated resin was desorbed with 2 mol/L sulfuric
acid and the contents of Cu and Co in the
desorption solutions were also analyzed by AAS. By
calculation, the mass ratio of Cu/Co (g/g) in the
saturated resin was obtained.

3 Results and discussion
3.1 Effect of bed height
The retention of metals in a column depends,
in addition to the feed flow rate, on the bed height
[19]. The dynamic adsorption processes were
performed at three different bed heights of 7.0, 10.5

Figure 1 Experimental and predicted breakthrough
curves of copper (II) adsorption onto PS-AMP chelating
resin at different bed heights

It could be observed from Figure 1 that the
breakthrough curves became sharper with
decreasing the bed height. The molar ratio of
copper (II) in the effluent to the feed was 0.96 when
the bed height was 7.0 cm after treating about
6500 mL of the feed as compared to 0.80, and 0.60
of the molar ratio of copper (II) in the effluent to
the feed reached in the bed height of 10.5 cm, and
14.0 cm, respectively. Table 2 shows the
breakthrough characteristics and the mass ratio of
Cu/Co in the saturated resin with respect to the
increase in bed height. It may be due to that the
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more binding sites were available and the copper (II)
had more time to contact with the PS-AMP resin as
the bed height increased. What’s more, axial
dispersion mechanism dominates in the mass
transfer when the bed height is reduced, as a result,
the adsorption in dynamic study would be
inevitable affected [20]. However, considering the
resin dosage and feed consumption for a single test,
the optimal bed height for copper (II) adsorbed onto
the PS-AMP resin was chosen as 7.0 cm in the next
column experiments.
Table 2 Column parameters at different bed heights
Bed
height/cm

Saturated
Breakthrough
capacity/
capacity/
(mg·g–1 dry resin) (mg·g–1 dry resin)

∂Cu/Co/
(g·g–1)

7.0

11.62

54.98

22.90

10.5

15.88

58.42

25.10

14.0

18.16

60.64

32.81

3.2 Effect of feed flow rate
The feed flow rate is one of the important
parameters that could affect the adsorption capacity
of the chelating resin in fixed-bed experiments,
especially for continuous process at an industrial
scale [21]. In order to probe the influence of the
flow rate on the copper (II) removal efficiency for
the simulated cobalt electrolyte through the bed
height, the initial concentration of the feed, the feed
temperature and the feed pH value were kept
constant (Z was 7.0 cm, the initial concentration of
cobalt (II) and copper (II) in the feed were
correspondingly 1.0×105 mg/L and 1000 mg/L, T
was 25 °C, pH value was 4.0), and the flow rate
changed from 4.5 to 9.0 mL/min. The breakthrough
curves are shown in Figure 2, the detailed
experimental parameters are listed in Table 3.
Figure 2 shows that the breakthrough curves
were steeper at faster flow rate, the breakthrough
point and the adsorption process reached saturation
faster with the increased of the feed flow rate. The
molar ratio of copper (II) in the effluent to copper
(II) in the feed was 0.96 when the feed flow rate
was 9.0 mL/min after treating about 6000 mL of the
feed as compared to 0.85 and 0.80 reached in the
respective 6.7 mL/min and 4.5 mL/min. It can be
clearly seen that better column properties were
obtained at lower flow rates, which means that the
smaller feed flow rate led to the higher utilization

Figure 2 Experimental and predicted breakthrough
curves of copper (II) adsorption onto PS-AMP chelating
resin at different flow rates
Table 3 Column parameters at different flow rates
Feed flow
Breakthrough
Saturated
rate/
capacity/
capacity/
(mL·min–1) (mg·g–1 dry resin) (mg·g–1 dry resin)

∂Cu/Co/
(g/g)

4.5

11.62

54.98

22.90

6.7

6.03

47.05

10.36

9.0

4.84

42.29

5.40

rate of the PS-AMP resin. As can be seen from
Table 3, the breakthrough capacities and the
saturated capacities of copper (II) of the column,
and the mass ratios of Cu/Co in the saturated resin
decreased when the feed flow rate was increased
from 4.5 mL/min to 9.0 mL/min. The decrease in
the copper (II) removal at higher feed flow rates
may be due to the reduced contact time between the
feed solution and the PS-AMP resin [22]. Overall,
the highest removal of copper (II) occurred at the
flow rate of 4.5 mL/min in this work. The optimal
feed flow rate for copper (II) adsorbed onto the
PS-AMP resin was chosen as 4.5 mL/min in the
next column experiments.
3.3 Effect of initial concentration
The copper (II) concentration in the cobalt
electrolyte is generally 200–1000 mg/L [14].
Therefore, the copper (II) concentrations of the feed
used in this experiment were 250, 500 and
1000 mg/L. The feed flow rate, the bed height, the
feed pH and the feed temperature value were kept at
4.5 mL/min, 7.0 cm, 4.0 and 25 °C, respectively.
The effect of the PS-AMP resin on the copper
removal performance was investigated under
different initial concentrations of the feed (the
results are shown in Figure 3 and listed in Table 4).
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Figure 3 Experimental and predicted breakthrough
curves of copper (II) adsorption onto PS-AMP chelating
resin at different initial concentrations
Table 4 Column
concentrations

parameters

at

different

Breakthrough
Saturated
Initial
capacity/
capacity/
concentration/
(mg·L–1) (mg·g–1 dry resin) (mg·g–1 dry resin)

adsorption at 25 °C. On the other word, the
adsorption properties of the PS-AMP resin increase
as the temperature increases. It could be easily seen
from Figure 4 that the breakthrough curves became
sharper and the breakthrough points became shorter
with the decrease of the feed temperature. It may be
due to the adsorption of copper (II) on the resin is
an endothermic process [16]. What’s more, the
viscosity of the feed liquid will be reduced and the
diffusion of copper (II) will be accelerated when the
temperature increases [11]. Therefore, in this study,
the adsorption of copper (II) was favored at higher
feed temperature. However, if the feed temperature
is too high, it is not only conducive to the service
life of the resin, but also puts forward higher
requirements for the ion-exchange equipment.

initial
∂Cu/Co/
(g·g–1)

250

15.88

55.92

32.96

500

11.87

56.39

23.70

1000

11.62

54.98

22.90

As shown in Figure 3, the breakthrough curves
at higher initial concentrations were steeper than
that at lower initial concentration. After treating
about 6500 mL of the feed, the values of Ct/C0
reached 0.92, 0.29 and 0.24 for 1000, 500 and
250 mg/L of the initial concentrations of the feed,
respectively. It was clearly observed from Table 4
that the there are almost no change of the
breakthrough capacity and the saturated capacity of
the column when the initial concentrations of the
feed ranged from 250 to 1000 mg/L.
3.4 Effect of feed temperature
The effect of feed temperature on the
performance of the breakthrough curves at constant
bed height of 7.0 cm, flow rate of 4.5 mL/min, feed
pH value of 4.0 and initial copper(II) concentration
of the feed of 1000 mg/L were studied. Figure 4
shows the breakthrough curves at different feed
temperatures.
It can be seen from Table 5 that the
breakthrough capacity and saturated capacity
increased as feed temperature increased from 25 to
40 °C. What’s more, the feed volume treated was
the least when the resin reached saturation

Figure 4 Experimental and predicted breakthrough
curves of copper (II) adsorption onto PS-AMP chelating
resin at different feed temperatures
Table 5 Column
temperatures
Temperature/
°C
25

parameters

at

different

feed

Saturated
Breakthrough
∂Cu/Co/
capacity/
capacity/
(g·g–1)
(mg·g–1 dry resin) (mg·g–1 dry resin)
11.62
54.98
22.90

35

13.34

59.75

30.38

40

16.51

61.72

37.67

3.5 Effect of feed pH
Since feed pH will decide the surface charge of
the PS-AMP resin, the ionization degree and
speciation of the copper (II), the feed pH is
considered as one of the important single factors
that affect the adsorption performance [21].
Figure 5 shows the breakthrough curves obtained
for copper (II) adsorption on the PS-AMP resin for
varies feed pH of 2.0, 3.0 and 4.0, at a constant bed
height of 7.0 cm, feed flow rate of 4.5 mL/min, feed
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temperature of 25 °C and the copper (II) initial
concentration of 1000 mg/L.
As can be seen in Figure 5, the effect of feed
pH on copper (II) adsorption is significant. The
larger the feed pH value is, the steeper the slope of
breakthrough curve is. It also can be observed from
Table 6 that the breakthrough capacity of the
column was 2.19, 5.78 and 11.62 mg/g dry resin,
and the resin capacity when saturated of the column
was 13.65, 15.04 and 22.90 mg/g dry resin at the
feed pH values of 2.0, 3.0 and 4.0, respectively. The
capacity of the resin varies greatly at different feed
pH. When the feed was under the strong acidic
condition, H+ of the feed may strongly compete
with copper (II) for the adsorption sites on the
surface of the PS-AMP resin, which may result in a
decrease of the adsorption capacity for the PS-AMP
resin.

predicting the effluent breakthrough curve or the
profile of the concentration against time [20, 22,
23]. However, the concentration distribution of the
feed and adsorbed phases varies both in time and in
space in the column processes, thus it is difficult to
carry out the design and optimization of the
fixed-bed column without quantitative modeling
[20]. The suitable model is essential for the
technological transformation of the lab scale and
the industrial scale. The model can be used not only
to explain and analyze the experimental data, but
also to predict the column behavior [24]. The
commonly used models for fixed-bed columns are
the Adam-Bohart, Thomas and the Yoon-Nelson
models, thus, these models were fitted into the
experimental data in this study so as to determine
the dynamic behavior of the effluent concentration
from the column.
An error function analysis is required in order
to evaluate the goodness of the fit of the model to
the experimental results [25–27].
4.1 Error analysis
The calculated expressions of some functions
are as following:
1) The sum of the squares of the errors (SSE)
[30]
n

SSE   (qe  q0 ) 2

(3)

i 1

Figure 5 Experimental and predicted breakthrough
curves of copper (II) adsorption onto PS-AMP chelating
resin at different feed pH values
Table 6 Column parameters at different feed pH values
pH

Breakthrough
capacity/
(mg·g–1 dry resin)

Saturated
capacity/
(mg·g–1 dry resin)

∂Cu/Co/
(g·g–1)

2.0

2.91

15.24

13.65

3.0

5.78

34.99

15.04

4.0

11.62

54.98

22.90

According to the experimental results, the
optimal feed pH for copper (II) adsorption on the
PS-AMP resin can be chosen as 4.0 in the next
column experiments.

4 Model fitting and error analysis
The successful design of the column
experiment must satisfy the requirements for

2) Chi-square test [31]
n

 2   ( qe  q0 ) 2 / qe

(4)

i 1

where n is the number of experimental data points,
qe and q0 are correspondingly the experimental data
and the predicted (calculated) data with the models.
4.2 Thomas model
The Thomas model assumes that the
adsorption behavior abides by Langmuir kinetics
with no axial dispersion and mass transfer kinetics,
and the rate driving force obeys the 2nd order
reversible reaction kinetics [28]. The expression of
the Thomas model is as Eq. (5) [25]:
Ct

C0

1
K 
[1  exp TH (q0 M  C0V )]
 F 

(5)

where KTH (mL/(min·mg) is the rate constant, q0
(mg/g) is the calculated equilibrium uptake of
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copper (II), V (mL) is the volume of the effluent.
The linearized Thomas model is expressed as
follows:
C

ln 0  1  K TH q0 M / F  K TH C0t
C
 t


(6)

The values of C0, Ct and t were obtained
experimentally. The values of the rate constant (KTH)
were evaluated from the slope and intercept of the
linear plots of ln[(C0/Ct)–1] versus t, respectively.
The model parameters are listed in Table 6. The
predicted curves at various experiment conditions
according to the Thomas model are shown in
Figures 1–5, respectively.
As shown in the Table 7, the correlation
coefficient (R2) changes from 0.79 to 0.95, the R2
values closer to 1 show that there is strong linear
relationship between the data plotted. The values of
SSE and χ2 are relatively small at all experimental
conditions, indicating that the error between the
predicted data and the experimental data is small.
The Thomas rate constant (KTH) and q0
increased with a decrease in flow rate from 4.5 to
9.0 mL/min, possibly due to reduced retention time,
and premature saturation of the active site. The
result is consistent with similar studies conducted
by YAHAYA [19] et al. Conversely, the studies
conducted by other studies [20, 22, 23] shows that
the value of KTH increased with an increase in flow
rate. Amongst the bed height studied, as the bed
height increased from 7.0 to 14.0 cm, the value of
KTH decreased while the value of q0 showed an
opposite tendency, that is, increased with increase
in bed height. The results, which were found by
other scholars, have almost the same trend [21, 29].

Table 7 shows that the value of KTH and q0
increased with an increase in feed temperature. The
reason may be that the process of adsorption of
copper (II) by the PS-AMP resin was an
endothermic process [14]. Therefore, the increase of
temperature is favorable for the adsorption of
copper (II). An increase in KTH and q0 with an
increase in feed pH value. The effect of feed pH
may due to the resin functional group (secondary
amine) will combine with the H+ in the solution,
which affects the resin adsorption of copper (II)
when the feed pH is low [16]. As shown in Table 7
that as the initial concentration increased, the value
of q0 and KTH increased. The higher difference
between the concentration of copper (II) on the
resin and the concentration of copper (II) in the
solution will form the higher driving force for the
adsorption process, then higher concentrations
result in higher q0 [18]. However, the predicted
maximum adsorption capacities (q0) were
unrealistic as they were more than 1600 times the
theoretical adsorption capacity. The Thomas model
was inappropriate in this study. It may be because
the rate limiting step of adsorption in this study is
either external and/or internal diffusion [32].
4.3 Yoon-Nelson model
The Yoon-Nelson model is simpler than the
other models, and does not require data that takes
into account system characteristics [25].
The linear equation is expressed as Eq. (7):
ln[Ct /(C0  Ct )]  K YN t  K YN

(7)

where KYN (1 / min) is the rate constant, t (min) is
time, τ (min) is the breakthrough time at 50%.

Table 7 Parameters and error values of copper (II) adsorption of Thomas model under various experimental conditions
Z/cm

F/(mL·min–1)

T/°C

pH

7.0

9.0

25

4.0

1.0×103

4.59 10–6

4.0

1.0×103

7.0
7.0
10.5
14.0

6.7
4.5
4.5
4.5

25
25
25
25

C0/(mg·L–1) KTH/[mL·(min·mg)–1] q0/(mg·g–1)

R2

SSE

χ2

1.59×105

0.89

0.0515

0.3295

4.87×10–6

2.26×105

0.90

0.1025

0.6714

4.0

1.0×103

5.07×10–6

2.49×105

0.89

0.1580

0.8758

4.0

1.0×103

4.20×10–6

2.65×105

0.94

0.0504

0.2174

4.0

1.0×103

3.99×10–6

1.20×105

0.92

0.0730

0.3062

5.16×10–6

2.58×105

7.0

4.5

35

4.0

1.0×103

0.89

0.1388

0.2721

7.0

4.5

40

4.0

1.0×103

5.30×10–6

2.91×105

0.94

0.1393

0.4825

7.0

4.5

25

3.0

1.0×103

4.72×10–6

1.09×105

0.79

0.1519

0.8243

2.0

1.0×103

4.20×10–6

8.71×104

0.88

0.1017

0.3749

4.0

5.0×102

3.50×10–6

2.63×105

0.87

0.1283

0.6959

4.0

2.5×102

3.30×10–6

2.43×105

0.90

0.1318

0.4713

7.0
7.0
7.0

4.5
4.5
4.5

25
25
25
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The Yoon-Nelson constants (KYN) and τ were
derived from the slope of ln[Ct/(C0–Ct)] versus time
t and the intercept on the y-axis, respectively. The
correlation coefficients (R2) were at least 0.87 or
more except for initial concentration of 500 mg/L
and pH of 3 which were 0.78 and 0.79, respectively.
Figures 1–5, respectively, show the comparison of
the experimental and predicted curves at various
experimental conditions.
Table 8 listed the model parameters of Thomas
model and values of R2, SSE and χ2. Obviously, KYN
and τ correspondingly increased and decreased with
the increase in flow rate, because the higher flow
rate may reduce the retention time of the feed liquid
in the column, which is in agreement with the
results from other researchers [20, 25]. The value of
KYN decreased with an increase in bed height as
listed in the Table 8. This result is in agreement
with those by other researchers [20, 25, 28]. With
the feed temperature increased, the τ increased but
the value of KYN decreased. The value of KYN and τ
increased and decreased, respectively, as the initial
concentration increased. This is in agreement with
the trend found in others [25, 28]. KYN was found to
decrease with decrease in feed pH whereas, the
values of τ increased with decreasing the feed pH.
As shown in the Table 8, when the feed flow rate
was 9.0 mL/min, the values of SSE and χ2 are larger
than those of under other experimental conditions,
which is consistent with the prediction curves of the
model in Figures 1–5.
Observing the error values of SSE and χ2 listed

in Tables 7 and 8, it can be seen that the error values
of the Thomas model were greater than the
Yoon-Nelson model only at the feed speeds of
9.0 mL/min and 4.5 mL/min. That is, the Thomas
model is more suitable than the Yoon-Nelson model
for predicting the adsorption behavior of copper (II)
in fixed-bed column. However, by comparing the
experimental breakthrough curves and the predicted
breakthrough curves shows that the Yoon-Nelson
model is suitable for this process too. This result is
also supported by R2 values close to 1. In other
word, Yoon-Nelson model also can be used to
predict the behavior of the adsorption of copper (II)
in a fixed-bed column.
4.4 Adam-Bohart model
The Adam-Bohart model is based on surface
reaction theory assumes that the balance is not
instantaneous, and the adsorption rate is
proportional to the concentration of removed
material and the residual capacity of the adsorbent
[20, 25], which can be used to depict the primary
part of the breakthrough curve. The mathematical
expression for this model can be expressed as
follows [28]:
ln Ct / C0  K ABC0 t  K AB N 0 Z / F

(8)

where KAB (L/(mg·min)) is the kinetic constant N0
(mg/L) is the saturation concentration.
KAB and N0 are listed in Table 9. The
correlation coefficients (R2) between the plots of
ln(Ct/C0) against t ranged between 0.676 and 0.874
as listed in Table 9.

Table 8 Parameters and error values of copper (II) adsorption of Yoon-Nelson model under various experimental
conditions
Z/cm

Q/(mL·min–1)

T/°C

pH

C0/(mg·L–1)

LYN/min–1

τ/min

R2

SSE

χ2

7.0

9.0

25

4.0

1.0×103

0.0138

251.2

0.89

1.2956

3.2010

4.0

1.0×103

0.0082

822.7

0.90

0.2897

1.0636

4.0

10×103

0.0059

883.4

0.87

0.1304

0.6455

7.0
7.0

6.7
4.5

25
25

10.5

4.5

25

4.0

1.0×103

0.0043

1051.9

0.94

0.2094

0.2064

14.0

4.5

25

4.0

1.0×103

0.0039

1433.4

0.92

0.0734

0.2174

7.0

4.5

35

4.0

1.0×103

0.0053

1008.6

0.89

0.8487

0.2883

4.0

1.0×103

0.0049

1098.4

0.90

0.3567

0.2342

3.0

1.0×103

0.0057

647.7

0.79

0.1509

0.8165

2.0

1.0×103

0.0043

501.7

0.88

0.1004

0.3685

4.0

5.0×102

0.0045

1500.3

0.78

0.2932

0.2531

4.0

2.5×102

0.0037

1600.5

0.97

0.2635

0.3122

7.0
7.0
7.0
7.0
7.0

4.5
4.5
4.5
4.5
4.5

40
25
25
25
25
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Table 9 Parameters and error values of copper (II) adsorption of Adam-Bohart model under various experimental
conditions
Z/cm

F/(mL·min–1)

T/°C

pH

7.0

9.0

25

4.0

7.0

6.7

25

7.0

4.5

25

10.5

4.5

25

C0/(mg·L–1) KAB/[L·(mg·min)–1] N0/(mg·L–1)

R2

SSE

χ2

1.0×103

1.96  10-6

7.31×104

0.73

1.6166

6.4697

4.0

1.0×103

3.21  10-6

8.79 ×104

0.79

2.9942

2.0806

4.0

1.0×103

3.54  10-6

9.84×104

0.86

3.2578

2.1347

4.0

1.0×103

3.79  10-6

5.93×104

0.82

3.3940

3.1852

3

3.92  10-6

4.95×104

0.86

0.7510

1.1825

14.0

4.5

25

4.0

1.0×10

7.0

4.5

35

4.0

1.0×103

3.88  10-6

8.69×104

0.77

0.8987

1.6851

7.0

4.5

40

4.0

1.0×103

4.31  10-6

9.01×104

0.84

0.6007

1.2954

3.0

1.0×10

3

3.05  10-6

6.37×104

0.68

1.7122

2.2801

3

2.15  10-6

6.33×104

0.84

0.9455

1.3442

7.0

4.5

25

7.0

4.5

25

2.0

1.0×10

7.0

4.5

25

4.0

5.0×102

3.23  10-6

1.08×105

0.84

0.1395

0.9316

7.0

4.5

25

4.0

2.5×102

3.16  10-6

1.23×105

0.88

0.2605

2.6576

As shown in Table 9, KAB increased with
increasing bed height, while N0 showed a reverse
trend. Increasing the bed height when keep a
constant flow rate can increase the mass transfer
zone so that the residence time of the feed solution
increases which enhances copper (II) uptake from
feed [33]. However, other scholars found that the
value of KAB decreased with an increase in bed
height [20, 25, 28]. It can be seen from Table 9 that
KAB increased as the initial concentration increased
but decreased with increased in flow rate. While the
values of N0 increased as the flow rate increased but
decreased with the concentration increased. KAB and
N0 decreased and increased, respectively, as the
feed temperature increased. With the increased of
feed pH, the value of N0 increased while KAB
decreased.
The saturation concentration (N0) was more
than 100 times that of feed. More worse, compared
with the Thomas model and the Yoon-Nelson
model, the correlation coefficients (R2) of
Adams-Bohart model is lower. In addition, the error
values of the SSE and Chi-square test of each
model listed in Tables 7–9 show that the error
values of the Adams-Bohart model are larger than
those of the other two models as mentioned above.
These results indicate that the Adams-Bohart model
provides poor character of fixed-bed column. All in
all, the Adams-Bohart model offers a simpler and
more comprehensive method to assess the column
adsorption process, but the range of conditions used

will limit its validity [19].

5 Conclusions
Breakthrough experiments were performed
using glass ion exchange column packed with the
PS-AMP resin at a laboratory scale. On the basis of
the experimental results, the following conclusions
can be drawn:
1) The optimal adsorption condition for the
deep removal of copper (II) from the simulated
cobalt electrolyte are obtained as follows: the flow
rate, bed height, initial copper (II) concentration,
feed temperature and pH which corresponded to the
highest metal uptake were 4.5 mL/min, 7.0 cm,
40 °C, 1000 mg/L and 4.0, respectively. Under the
optimal adsorption condition, the breakthrough
capacity, the saturated capacity of the column and
the mass ratio of copper to cobalt in the saturated
resin were 16.51 mg/g dry resin, 61.72 mg/g dry
resin and 37.67, respectively.
2) The breakthrough curves were analyzed by
using the Thomas, Yoon-Nelson and Adams-Bohart
models. Comparing the values of the correlation
coefficients (R2), SSE and χ2 under various
experimental conditions, it was found that both the
Thomas model and the Yoon-Nelson model can be
used to predict the copper removal process. But the
Thomas model was found to be the most suitable
model for predicting how effluent concentration
during copper (II) removal varies with time.
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中文导读
模拟氯化钴电解液深度除铜用聚氯乙烯基 2-氨甲基吡啶螯合树脂的动态吸附研究
摘要：介绍了在固定床中使用自制聚苯乙烯基 2-氨基甲基吡啶螯合树脂(PS-AMP)从模拟钴电解液中
深度去除铜(II)的研究。研究了床高(7.0~14.0 cm)，进料流速(4.5~9.0 mL/min)，初始铜(II)浓度(250~1000
mg/L)，料液温度(25~40 °C)和 pH 值(2.0~4.0)对 PS-AMP 树脂吸附过程的影响。实验数据表明，PS-AMP
树脂可以从模拟钴电解液中深度除铜(II)。选用玻璃柱直径为 35 mm 时，去除铜的最佳床高，进料流
速，料液初始铜(II)浓度，料液温度和 pH 值分别为 7.0 cm，4.5 mL/min，1000 mg/L，40 °C 和 4.0。在
最佳实验条件下，穿透容量，饱和容量和饱和树脂中 Cu/Co (g/g)的质量比相应地为 16.51 mg/g 干树脂，
61.72 mg/g 干树脂和 37.67。铜(II)穿透曲线分别由 Thomas 模型，Yoon-Nelson 模型和 Adam-Bohart 模
型拟合。Thomas 模型是最适合预测流出物中铜(II)浓度如何随吸附时间变化的模型。
关键词：深度除铜(II)；螯合树脂；模拟钴电解液；固定床柱；模型拟合

