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ABSTRACT

A fibrous composite adsorbent fabricated by wet phase inversion, mordenite zeolite-polymer composite
fiber, was investigated using column adsorption experiments. Lead ion adsorption with the composite
fiber was examined at various volumetric flow rates, column heights, initial concentrations of Pb*,
and solution pH. Experiment results revealed that increasing flow rate and decreasing column height
led to lower adsorption capacities of the Pb* ion because of the short residence time. Furthermore,
higher initial concentration at 0.1-0.2 mM and lower pH led to lower adsorptivity capacities because
the initial Pb* concentration and solution pH adversely affected the column adsorption performance.
Results show that the Adams-Bohart and Yoon-Nelson models fitted the experimental breakthrough
curves well. For a quaternary mixed solution containing Pb*, Cd*, Cu*, and Ni*, packed column
adsorption of the fibrous composite adsorbent showed that Pb** was adsorbed selectively, leading to
predominant removal of Pb* because Cu* and Ni** were desorbed by the column operation.

Keywords: Column adsorption; Fibrous adsorbent; Lead removal; Mordenite zeolite; Polymer composite

1. Introduction sediments arise as the result of engineering works and nat-
ural disasters such as dredging operations and flood events,
the accumulated heavy metals might be released to water sys-
tems [8]. Such releases of large amounts over a short period
increase the risk of exposure to heavy metals to the human
body through drinking water, plants, and aquatic organisms.

Consequently, purification process including membrane
filtration [9], chemical precipitation [10], and adsorption [11]
has been used to remove heavy metals from water. Among
these purification techniques, adsorption is a simple and
effective method. Examples of widely used adsorbents are
activated carbon [12], clay minerals [13], iron oxide [14], mes-
oporous silica [15], and zeolite [16]. Especially, zeolite takes
priority for inexpensive and high-performance heavy metal
removal processes. Zeolite is known to be a naturally occur-
ring aluminosilicate and to have a large surface area because
* Corresponding author. of its regular porous and three-dimensional structure

Concern has arisen in recent decades about environmen-
tal water pollution by heavy metals. Increasing concentra-
tions of heavy metals including lead, cadmium, copper, and
nickel cause harmful effects such as anemia, organ failure,
and neurological damage [1,2]. Therefore, laws to protect
water quality have been enacted, mandating that concen-
trations of heavy metals in the environment meet legal stan-
dards to decrease grave risk [3]. Nevertheless, people in some
countries are still exposed to heavy metal pollution because
of mining development [4], plating factory effluents [5], and
manufactured products [6,7]. These anthropogenic sources of
heavy metals lead to environmental accumulation in water
system sediments. When circumstances related to polluted
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consisting of silicate, oxygen and aluminum atoms [17].
Zeolite has many applications such as catalysis [18], building
materials [19], and soil remediation [20]. In addition, the zeo-
lite contains cations such as Na*, K*, and Ca? for charge com-
pensation at its negative charge site. Consequently, positively
charged ions can be replaced with other cations, so the zeolite
has the removability of heavy metals such as Pb* and Cd*"
For this specific characteristic of zeolite, the removability and
selectivity of heavy metal ions have been studied [21,22].
However, for practical water treatment applications,
zeolite is unsuitable even though the adsorbent has several
benefits. One of the reasons is that the powder zeolites can-
not be easily collected from water because they are fine
powder. Granular zeolite overcomes this shortcoming,
but the adsorption ability of the granule is less than that of
powdered zeolite in practical uses [23]. In addition, when
the column operation with the zeolite granules is used for
removal of heavy metal ions in continuity, high pressure and
low treatment efficiency disturbed operation. Consequently,
adsorbents for removal of heavy metals with high handle-
ability, high adsorption ability, and high permeability are
indispensable. In our earlier work, fabricating mordenite
zeolite—polymer composite fiber was reported for decontam-
ination of radioactive Cs [24]. Because this composite fiber
has sponge-like structure with zeolite particles supported on
polymer scaffold (Fig. 1), the porous structure and fibrous
shape readily give effective benefits to each contaminant. In
addition, better handling and high permeability of this waste
medium through its use inside fiber adsorbent are merits.
Moreover, the adsorption behavior of Pb*, Cd*, Cu?*, and
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Fig. 1. SEM micrographs of zeolite—polymer composite fibers:
(a) x100 and (b) x1,500.

Ni* has been investigated as composite fiber adsorbents
[25] for the effective treatment of organic dye waste [26].
Results revealed that adsorption of each contaminant such
as heavy metal ions occurred in a monolayer adsorption sys-
tem because it obeyed the Langmuir adsorption isotherm.
Among heavy metal ions, the composite fibers promise to
eliminate Pb* by the adsorbent. However, in practical terms,
operation column separation is useful for the continuous
treatment of such polluted water. Although it is important
to ascertain the performance of such fibrous adsorbents, little
is known about the dynamic adsorption behavior of heavy
metals by composite fiber adsorbents in column separation
mode. Given this research background, the present investi-
gation elucidates the dynamic adsorption behavior of Pb* for
a continuous flow column system. Therefore, the dynamic
adsorption behavior of the composite fibers was investigated
first when packing them was performed in the column. Then,
the adsorption tests were conducted in a mixed solution,
when flow into the column was compared with those of other
ions: Cd?*, Cu?, and Ni*.

2. Experimental setup
2.1. Materials

Polyether sulfone (PES, Ultrason E 2010) was obtained
from BASF Co. Ltd. (Germany); N-methyl-2-pyrrolidone
(NMP) was purchased from Nacalai Tesque Inc. (Japan).
Natural mordenite zeolite powder was purchased from Nitto
Funka Trading Co., Ltd., Japan. Working aqueous solutions
of Pb*, Cd*, Cu?*, and Ni* were prepared from heavy metal
stock solutions containing 0.1 M nitrate salt of heavy met-
als. In addition, 69 wt% of nitric acid (Wako Pure Chemical
Industries Ltd.) was used for adjustment of the solution pH.

2.2. Preparation of mordenite zeolite—polymer composite fiber

Mordenite zeolite-polymer composite fiber was fabri-
cated by wet phase inversion technique. Details of processes
are reported in our previous study [24]. The composite fiber
for all adsorption tests contain 58.8 wt% of mordenite zeolite.
An investigation of characteristic and adsorption properties
of heavy metals (Pb*, Cd*, Cu*, and Ni*) for the composite
fiber was conducted in our earlier study [25].

2.3. Adsorption experiment

For adsorption experiments in a column flow system,
a polyvinyl chloride cylindrical tube with 15-30 cm height
and a 2 cm inner diameter was used for packing 15-30 g of
zeolite—polymer composite fibers that had been cut to 20 cm
length. In the column experiment for Pb*, the flow rate, col-
umn height, initial Pb*" concentration, and solution pH were
changed as presented in Table 1. The 0.05-0.2 mM Pb*" feed
solution was flowed continuously into the packed column
in the up direction using the tubing pump (Master flex) at a
5-15 cm®/min of flow rate. Effluent samples were collected
from the top of the columns at different times. In addition, for
the separation study in mixed heavy metal solution, 20 g of the
composite fiber was packed in the 20 cm length column. Then
0.05 mM quaternary heavy metal (Pb*, Cd*, Cu*, and Ni*) at
pH 5 was flowed into the column at a 10 mL/min of flow rate.
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Table 1
Column condition and parameter of breakthrough curves

Column Mass of Flow rate v Initial pH Empty bed ¢, (h) Bed t,(h)  Heightof ¢,

height  packed (mL/min) concentration residence volume, unused (mmol/g)

H(cm)  composite C, (mmol/L) time, BV, bed,

fiber M (g) EBRT (min) H s (cm)

20 20 5 0.2 5 12.56 43 360 142 13.9 0.257

20 20 10 0.2 5 6.28 10 168 74 17.3 0.241

20 20 15 0.2 5 4.19 4 101 58 18.6 0.221

30 30 10 0.2 5 9.42 22 246 120 24.5 0.252

15 15 10 0.2 5 471 4 89 62 14.0 0.229

20 20 10 0.15 5 6.28 20 335 127 16.9 0.297

20 20 10 0.1 5 6.28 33 553 187 16.5 0.326

20 20 10 0.05 5 6.28 116 1,944 318 12.7 0.321

20 20 10 0.2 3 6.28 - - 55 - 0.134

20 20 10 0.2 2 6.28 - - 26 - 0.032

The effluent concentrations of heavy metals were sampled 600t

and determined using atomic adsorption spectroscopy BV, = - HIh/ 3)

(AAS, AA-6300; Shimadzu Corp., Japan) with 217.0, 228.8,
324.8, and 232.0 nm atomic lines for Pb%*, Cd?*, Cu*, and Ni*.
After measurements were taken five times for each sample,
average measurement values were provided to the results.
The standard deviation was also calculated to ascertain the
error range from average values. For every condition, the
standard deviation was within about 0.01. Consequently,
it is believed that the variation was not significant and the
measurement values were valid. The column adsorption
performance is usually described by the breakthrough
curve. The breakthrough curve is expressed as a plot of C,/C,
and vs. t in this study, where C, is the effluent heavy metal
concentration (mM), C  represents the initial heavy metal
concentration (mM), and t denotes time (h). The saturation
adsorption amount g_(mmol/g) was calculated using the

m

following equation:

t=ty

(4
~ 1000M tIO (C,=C,)a M

q m

In that equation, v represents the flow rate (cm®h), M
stands for the mass of zeolite in packed composite fibers (g),
and t_ denotes the time at saturation point (C/C = 0.95).

The empty bed residence time (EBRT) (min) was calcu-
lated using the following equation [27]:

nr’H
v

EBRT = @)

Therein 7t is the circle ratio, r denotes the column radius
(cm), and H is the column height.

To evaluate the total volume of treated water for the
volume of the composite fibers, the bed volume at breakpoint
(BV,) was obtained. BV, is defined by the following
equation [28]:

In that equation, t, represents the time at breakpoint
(C/C,=0.1). V is the packing ratio of the fiber inside column.
In all experiment cases, V. was 57 vol%.

Height of the unused bed (H, ;) (cm) is [29]:

t
Hyp _(1_:]1_1 4)

st

where H , represents the mass transfer zone, which is an
indication for diagnosing better column adsorption performance
[30]. When the value of H,,, is small, a narrow mass transfer
zone and steep breakthrough curve occur [29]. For better col-
umn operations, a small value of H,; is required [30].

The adsorption selectivity of heavy metals for the composite
fibers in quaternary mixed heavy metal ion was investigated in

terms of separation factor o, which is defined as:

©)

where Y and X are the mole fractions of feed and eluting
solutions, respectively, for target metal ions. Also, Y, and X,
are the mole fractions of feed and eluting solutions, respec-
tively, for every metal ion excluding the target metal ion.

2.4. Dynamic adsorption models

Three adsorption models were applied to fit experimental
breakthrough curves: the Adams-Bohart model, Wolborska
model, and Yoon-Nelson model. The Adams-Bohart model
is the assumption model considered for a rectangular
isotherm. The influence rate of adsorption is proportional
to both the concentration of the adsorbing species and the
residual capacity of the adsorbent [31,32].



300 K. Nakamoto et al. / Desalination and Water Treatment 109 (2018) 297-306

C 1

t

Co 1vexp(kyN, Lﬂ —k,C.b) ©)
14

where k, , is the kinetic constant of the Adams-Bohart model
(L/mmol h), N, represents the adsorption capacity per unit
volume of the bed (mmol/L), and L denotes the linear veloc-
ity (cm/h). The maximum adsorption capacities per adsorbent
mass g, , (mmol/g) are calculated using following equation:

B N nr’H
"~ 1000M

Tan @)

The Wolborska model is a simplified adsorption repre-
sentation that emphasizes the general mass transfer for the
diffusion mechanism for a low concentration range only for
the breakthrough curve. The equation is expressed as [33]:

C Ct BH
¢ -enl ) ®

o o 14

where B is the kinetics coefficient of the external mass
transfer (h™?).

In addition, the maximum adsorption capacity
g, (mmol/g) is obtainable from the following equation,
identically to g,

B N, nr’H
T = To00m

©)

Moreover, the Yoon-Nelson model is applied. As
shown in the empirical model with simpler model equation
expressed as [34]:

C 1

cf T 1t explhy (1-t) (10)

where k, is the Yoon-Nelson constant (h™) and t is time (h)
at0.5of C/C,.

These models were fitted for the results of column
breakthrough curves. The parameters of these three exper-
imentally applied models were analyzed using nonlinear
regression with software (Origin version 8.5).

3. Results and discussion

3.1. Column decontamination of Pb** by the composite fiber
adsorbents

Breakthrough curves of Pb* for the composite
fibers in difference column parameters are presented in
Figs. 2-5. In addition, Figs. 2-5 predicted curves shown by the
Adams-Bohart model, Wolborska model, and Yoon—Nelson
model as shown, respectively, with the solid line, dotted line,
and broken line. The results and discussion related to these
models are presented in section 3.2.

¢ 5 mL/min
02 | / A/qr' - 410 mL/min
.7_/ 8 © 15 mL/min
0.1 .':4‘ s %10 mL /min PES
5 R .
0 25 50 75 100 125 150

Time (h)

Fig. 2. Breakthrough curves of Pb* at different volumetric
flow rates (— Adams—Bohart model, -+ Wolborska model, and
-- Yoon—Nelson model).

Gic,

0 25 50 75 100 125 150
Time (h)
Fig. 3. Breakthrough curves of Pb* at different column

height (— Adams-Bohart model, -+ Wolborska model, and
-- Yoon—Nelson model).

Column adsorption of Pb* aqueous solution was studied
using 20 cm height and 2 cm diameter of the column, when
20 g of the composite fibers was packed. Here, 0.2 mM of Pb*
aqueous solution was flowed at 5, 10, and 15 cm®/min. The
obtained breakthrough curves of the Pb* removal at each
flow rate are presented in Fig. 2. It is readily apparent that
values of C/C, rise slowly with time. As presented in Table 1,
increasing empty bed residence time (EBRT) was observed
with a decreasing flow rate. For the breakpoint defined as
C/C,= 0.1 in the breakthrough curve, the break times (¢,
for 5, 10, and 15 em®/min were, respectively, 43, 10, and 4 h.
The bed volumes (BV,) were, respectively, 360, 168, and
101. Results show that the slow flow rate provided a long
break time and the composite fiber much volume of treated
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Fig. 4. Breakthrough curves of Pb* at different initial Pb*
concentration (— Adams-Bohart model, -+ Wolborska model,
and -- Yoon—Nelson model).
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Fig. 5. Breakthrough curves of Pb* at different solution pH
(— Adams-Bohart model, - Wolborska model, and -- Yoon—
Nelson model).

Pb*" wastewater. The breakthrough curves reach saturation
points (C/C, = 0.95) at 142, 74, and 58 h, respectively, for 5,
10, and 15 cm®/min flow rates. At these saturation times, the
values of adsorption amounts (g,) increased when the flow
rate decreased, as shown in Table 1. Additionally, the value
of height of the unused bed (H,, ;) for 5 mL/min was higher
than those of 10 and 15 mL/min because the adsorption zone
moved slowly at a low flow rate [35]. These results suggest
that the low flow rate gives favorable adsorption of the Pb*.

Fig. 3 depicts breakthrough curves for different column
adsorption experiments for column heights of 15, 20, and
30 cm. The column removal experiment was operated at
constant flow rate of 10 cm®/min. The Pb* concentration
was 0.2 mM for permeation through the columns. Here,
the composite fibers were packed, respectively, with 15, 20,

and 30 g in each 15, 20, and 30 cm column. The results of
Fig. 3 show that the values of C/C_ were increased to a sat-
uration condition as well as Fig. 2. Results confirmed that
the f, and t_ for the Pb* elution from the packed column
increased when a higher column height was used. For BV,
and q,, a tendency was found by which a higher value was
observed at higher column height. In addition, the values
of Hy,increased as column height increased, which indi-
cated that the breakthrough curves became moderately
flatter [36]. Increased column height caused longer EBRT.
Therefore, increased column height can provide more
retention time for better contact with the packed fibers.
In addition, column adsorption tests of PES fiber having
no zeolite were conducted as a reference experiment. The
breakthrough curve for the reference fiber is depicted
as green symbols in Fig. 3. As shown there, the break-
through curve reached the saturation point of Pb* at 0.5 h.
Consequently, it was apparent that the reference fiber had
no removal capability for Pb*, meaning that the adsorption
sites of Pb*" were zeolites in the fibers.

Fig. 4 presents breakthrough curves for different Pb*
concentration in the feed solution. Here, 20 g of the compos-
ite fiber was packed in 20 cm height column. Then, each Pb*
feed solution was flowed into the column at a 10 cm?*/min
flow rate. In the column permeation, the initial concen-
tration of Pb* in the solutions was altered in the range of
0.05-0.2 mM concentration. It is noteworthy that the shape
of the breakthrough curves became steeper for higher initial
concentrations, meaning that the Pb* adsorption was rapidly
saturated. Especially, Pb* detection at the column exit was
confirmed at 2 h, when the initial concentration was 0.2 mM.
Moreover, the values of BV, and ¢, apparently became small
at high initial Pb* concentrations. This result demonstrated
that the high Pb* concentration caused rapid elution of Pb?*".
As Table 1 shows, when the initial concentration increased
from 0.05 to 0.1 mM, the values of g, increased. Because
slower diffusion of Pb* occurred at lower initial concentra-
tions, slower saturation occurred with a shorter adsorption
zone [36]. Therefore, the values of H  , decreased when the
initial Pb* concentration decreased.

Fig. 5 portrays breakthrough curves of Pb* for various
solution pH. Here, 20 g of the composite fiber was packed
in 20 cm height column. Each Pb* feed solution was flowed
into the column with a 10 cm®/min flow rate. It was observed
that Ct/CU was 0.66 and 0.23 at 2 h for pH 2 and 3. Therefore,
elution of Pb* occurred rapidly when the pH value in the
solution was low. In addition, the values of ¢  and g, became
smaller at lower pH. This result indicates that the solution
pH affected the column adsorption performance to a consid-
erable degree, and that composite fibers could only insuffi-
ciently absorb Pb* at low pH conditions. This insufficiency
occurred because the positively charged Pb* was attracted
to negatively charged ions by electrostatic interaction, but an
excess amount of H,O" in the lower pH solution led to com-
petitive adsorption between Pb* ions and H,O* to the zeolite
sites [37]. A similar phenomenon was reported for our earlier
study [25].

Results shown in Figs. 2-5 demonstrate that high column
height, low flow rate, low initial Pb* concentration, and high
solution pH in the column process were necessary for Pb*
adsorption with sufficient contact time.
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3.2. Consistency of dynamic adsorption models for the column
adsorption process

As shown in Figs. 2-5 for the fitting of the resultant C/C,
data, experimental findings fit the Adams-Bohart model,
Wolborska model, and Yoon—-Nelson model. Three dynamic
adsorption systems including these models were applied to
fitting breakthrough curves. Only the Wolborska model was
applied to the initial part of the breakthrough curves (until
C/C, = 0.5). Here, each calculated parameter and regression
coefficient R* is presented in Table 2. Results show that the
values of regression coefficient R? for the Adams-Bohart
model were exactly same with those of the Yoon-Nelson: one
for each condition. In addition, the R? values for both models
were greater than 0.98, except for pH 2. This result indicated
that both models well described the predicted curves of the
breakthrough plots. As the predicted curve of Wolborska
model in Figs. 2-5 shows, some column conditions including

Table 2
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15 mL/min, 15 cm, and 30 cm are apparently fitted better in
initial parts of the curves (C/C, = 0.3). However, application
of Wolborska model shows a low value of R*relative to other
models because the Wolborska model is based on the mass
transfer for diffusion mechanisms in the range of the low con-
centration breakthrough curve [38]. For the Adams-Bohart
model parameters at various flow rates, maximum adsorp-
tion capacity g,, increased concomitantly with a decreasing
flow rate, but the values of k,; decreased. H , increased con-
comitantly with an increasing flow rate. Therefore, the higher
flow rate could cause faster mass transfer of the solute in the
column and less Pb* adsorption to the composite fibers. A
similar tendency was reported elsewhere in the literature
[39]. In addition, in the case of column height, a tendency was
found by which g, ; increased and k, , decreased when the col-
umn height increased. The tendency was found to be depen-
dent upon the flow rate. In the case of Adams-Bohart model
parameters g,, and k,, for various initial concentrations,

Calculated parameter of the Adams—Bohart model, Wolborska model, and Yoon-Nelson model

Adams-Bohart model H (cm) ©v(mL/h)  C (mmol/L) pH k,,(L/mmolh) N (mmol/L) gq,,(mmol/g) R?
20 5 0.2 5 0.225 89.00 0.279 0.9958
20 10 0.2 5 0.349 85.20 0.268 0.9909
20 15 0.2 5 0.420 77.56 0.244 0.9877
30 10 0.2 5 0.234 84.04 0.264 0.9932
15 10 0.2 5 0.355 82.99 0.261 0.9846
20 10 0.15 5 0.282 98.22 0.308 0.9923
20 10 0.1 5 0.279 108.2 0.340 0.9856
20 10 0.05 5 0.465 106.1 0.333 0.9939
20 10 0.2 3 0.343 36.82 0.1156 0.9884
20 10 0.2 2 0.728 0 0 0.8811

Wolborska model H(cm) ov(mL/h)  C (mmol/L) pH B (h™) N, (mmol/L) g (mmol/g) R?
20 5 0.2 5 16.12 108.65 0.341 0.9642
20 10 0.2 5 26.89 112.32 0.353 0.9812
20 15 0.2 5 34.75 98.86 0.310 0.9325
30 10 0.2 5 20.04 99.62 0.313 0.973
15 10 0.2 5 30.97 104.17 0.327 0.9648
20 10 0.15 5 26.31 128.58 0.404 0.9164
20 10 0.1 5 28.06 138.58 0.435 0.9145
20 10 0.05 5 39.21 127.43 0.400 0.9812
20 10 0.2 3 13.89 71.13 0.223 0.9832
20 10 0.2 2 - - - -

Yoon-Nelson model ~ H(cm) o (mL/h)  C (mmol/L) pH k, (h™) T (h) - R?
20 5 0.2 5 0.045 90.05 - 0.9958
20 10 0.2 5 0.070 44.61 - 0.9909
20 15 0.2 5 0.084 27.08 - 0.9877
30 10 0.2 5 0.047 66.00 - 0.9932
15 10 0.2 5 0.071 32.59 - 0.9846
20 10 0.15 5 0.041 68.19 - 0.9923
20 10 0.1 5 0.028 113.18 - 0.9856
20 10 0.05 5 0.023 222.13 - 0.9939
20 10 0.2 3 0.068 19.28 - 0.9884
20 10 0.2 2 0.093 0 - 0.8811
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no clear tendency was observed when the values of k, dif-
fered. Also, g,, decreased concomitantly with increasing ini-
tial concentration in the range of 0.1-0.2 mM as a result of
insufficient residence time. For solutions with pH 2, 3, and 5,
it was apparent that k, , tended to increase as the solution pH
decreased. In addition, q,, showed lower values at lower pH,
similarly to the tendency observed for g, . Especially, q,,was
almost zero at pH 2.

3.3. Separation behavior observed in quaternary heavy metal ions
for packed column containing the zeolite—polymer composite fiber

To study the adsorption behavior of heavy metals for the
packed fiber system further, aqueous solutions having qua-
ternary metal ions Pb*, Cd*, Cu*, and Ni*" were used for sep-
aration by the composite fibers packed in the column. Here,
the breakthrough curves of heavy metals were obtained as
presented in Fig. 6. The composite fiber (20 g) was packed
in a 20 cm height column. The quaternary ion solution con-
taining each 0.05 mM concentration was flowed up into the
column at 10 cm?/min. Table 3 shows data for break time ¢,
bed volume BV, saturation time ¢, height of unused bed
H_\» and calculated g, of each heavy metal. As Fig. 6 shows,
the values of C/C, in the breakthrough curves of Cd*, Cu*,
and Ni*" increased dramatically after 2 h. Among them, the

0 L 1 L 1 L 1
0 50 100 150 200 250 300 350 400
Time (h)

Fig. 6. Breakthrough curves of Pb*, Cd*, Cu*, and Ni* in
quaternary mixed solution (— Adams-Bohart model,
Wolborska model, and -- Yoon—-Nelson model).

Table 3
Calculated parameters of breakthrough curves in quaternary
mixed heavy metal solutions

Heavy C, t,hy BV, t.(h) Hy,u 4,
metals (mmol/L) (cm) (mmol/g)
Pb* 0.05 675 1,131 366 16.3 0.263
Cd* 0.05 - - 165 - 0.045
Cu* 0.05 - - 72 - 0.017
Ni% 0.05 - - 20 - 0.004

adsorption of Ni*" reached saturation at 20 h, whereas the
saturation times of Cu* and Cd* occurred, respectively, at
76 and 165 h. Comparison of Pb* with other ions showed
that selective adsorption appeared on Pb*" for the compos-
ite fibers. The leakage of Pb* in the elution solution was
undetectable until 32 h at the exit portion of the column. The
breakthrough curve showed that the Pb* ion concentration
in the elution solution slowly rose after 43 h passed. It then
reached saturation at 366 h. As presented in Table 3, the val-
ues of adsorption amount at saturation point q,, for Pb*,
Cd?*, Cu*, and Ni* systems were, respectively, 0.263, 0.045,
0.017, and 0.004 mmol/g. The values of t, BV, and H , were,
respectively, 67.5 h; 1,131; and 16.3 cm for Pb*. Comparison
of mixed and single Pb* solutions revealed that H , for the
mixed solution was longer than that for a single Pb* solution,
implying that breakthrough curves of Pb* rose more moder-
ately in mixed heavy metal solutions.

For the results of the quaternary metal ion tests, the
Adams-Bohart model, Wolborska model, and Yoon-Nelson
models were used for the breakthrough curves (Fig. 6). In
addition, the calculated parameters for each model are repre-
sented in Table 4. The Adams-Bohart model and Yoon-Nelson
model were fitted better for experimental breakthrough curves
of Pb*, Cu*, and Ni* (Fig. 6). However, for the breakthrough
curves of Cd*, R? values were lower than those of other heavy
metals, and g,, is lower than the experimental maximum
adsorption capacity g, . Both predicted curves of Cd* were
saturated at 120 h, but the experimental breakthrough curve
of Cd* rose rapidly until 80 h, and rose moderately there-
after until 300 h. As shown by the dotted line in Fig. 6, the
Wolborska model well predicted experimental breakthrough
model within C/C = about 0.2 and 0.6, respectively, for Pb*
and other ions. However, the predicted curve deviates from
the experimental data over that range.

Fig. 7 presents separation factors depending on the
time for each heavy metal ion. Results show clearly that the
values of separation factor for Pb* increased to about a =300
at 35 h. After 43 h, the separation factor decreased dramat-
ically because the Pb* concentration in the eluted solution
increased. Low separation factors were found for Cd*, Cu?*,
and Ni*": the composite fiber selectively retained Pb* in the
mixed heavy metal solution, giving low selective adsorption
ability of these ions for the composite fiber. In fact, the selec-
tivity of Pb*" was investigated under an excess K* condition
in our earlier study, which indicated that a decreasing
adsorption amount of Pb* became loose from a certain con-
centration of K'. This phenomenon implies that adsorption of
Pb* occurred both by ion exchange and the inclusion mecha-
nism [25]. Therefore, selective adsorption of Pb* can occur in
column adsorption for the reason demonstrated in our earlier
study.

3.4. Regeneration and re-use study of composite fibers

To investigate the capability of regeneration and reuse of
composite fibers, elution tests and re-using tests were con-
ducted using acidic solutions. First, 20 g of composite fibers
saturated with 0.2 mM Pb* were placed in 1.5 L of 0.1 M
HNO, solution. After stirring for 48 h, the eluted Pb*" con-
centration in the solutions was determined using AAS. The
elution rate was calculated using the following equation.
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Table 4

Calculated parameters of the Adams—-Bohart model, Wolborska model, and Yoon-Nelson model for heavy metals (Pb*, Cd*, Cu?*,

and Ni?")

Heavy metal

Pb2+ Cd2+ Cu2+ Ni2+
Adams-Bohart model k, (L/mmol h) 0.344 0.991 2.090 6.800
N, (mmol/L) 86.53 5.69 7.37 2.48
q,p (mmol/g) 0.272 0.018 0.023 0.008
R? 0.9834 0.8456 0.971 0.9354
Wolborska model B (h™ 33.68 15.64 24.72 17.96
N, (mmol/L) 92.84 8.18 7.03 3.91
g, (mmol/g) 0.292 0.026 0.022 0.012
R? 0.9324 0.9608 0.949 0.9062
Yoon- Nelson model ko™ 0.017 0.049 0.34 0.104
T (h) 181.22 11.98 15.43 5.19
R? 0.9834 0.8456 0.971 0.9354
300 24 h. These results suggest that the regeneration and re-use
of the present fiber was difficult, although the adsorbent was
250 | useful for stable immobilization of Pb* for practical use.
4. Conclusion
200 f
This report described a column study including zeolite—
N polymer composite fibers for parameters of different volu-
150 ——Pb metric flow rates of aqueous Pb* solution. In addition, the
e column height, different Pb*" initial concentration and solu-
100 tion pH were tested. Results demonstrated that the satura-
—-Cu tion time at lower flow rate lengthened beyond that of the
=i lower flow rate. The saturation amounts of the Pb*, when the
50 flow rate and the increase of column height caused increased
saturation time and the column adsorption amount of Pb*
0 to the fibers. These results underscore the importance of suf-
0 50 100 150 Tl200(h) 250 300 350 400 ficient time to diffuse to access the binding sites of zeolites
me

Fig. 7. Time dependence of separation factors of Pb*, Cd*, Cu*,
and Ni*in quaternary mixed solutions at 0.05 mM concentration.

100VC,
qm

R (11)

Therein, R stands for the elution rate (%), C, signifies the
eluted Pb*" concentration (mM), g denotes saturated adsorp-
tion amount (mmol/g), m expresses the mass of saturated
adsorbent (g), and V stands for the solution volume (L). The
obtained elution rate of lead ion for the composite fiber was
about 9%, meaning that the Pb* adsorbing to the adsorbent
was too tight to be eluted from the body. For re-use tests, the
composite fibers treated with acidic solution were packed in
the column again. Then 0.2 mM of Pb* solution flowed with
10 mL/min of flow rate. In the results, a high concentration of
Pb* elution (C,/C,=0.84) was confirmed at 2 h of the operation
time. The composite fiber was again saturated by Pb*" within

embedded in the composite fibers. For effective treatment,
the composite fibers require sufficient residence time, even
though the aqueous solution contained higher Pb* concen-
tration. Regarding the adsorption models, the Adams—Bohart
model and Yoon-Nelson model revealed better-fitted results.
Additionally, it was observed that the Wolborska model fit
well in the lower range of curves for some conditions. The
column experiments in the quaternary metal ion for the mix-
ture system suggest that the zeolite—polymer composite fibers
exhibited predominant separation to Pb* ion. Consequently,
the composite fibers had adsorption selectivity for Pb* in the
continuous treatment by packed column composite fibers. In
conclusion, the composite fibers had efficient ability of selec-
tive adsorption for Pb* ion in the column permeation and
separation in the mixed solutions of heavy metal ions.
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Symbols

q, —  Saturation adsorption amount, mmol/g

C, — Effluent heavy metal concentration, mM

C, — Initial heavy metal concentration, mM

t — Time, h

v — Flow rate, cm®/h

M —  Mass of zeolite in packed composite
fibers, g

t, —  Time at breakpoint (C/C =0.1), h

t, —  Time at saturation point (C/C =0.95), h

EBRT —  Empty bed residence time, h

H — Column height, cm

m —  Circle ratio

r — Column radius, cm

BV —  Bed volume at breakpoint

v — Packing ratio of the fiber inside column,

vol%

H s — Height of unused bed, cm

a —  Separation factor

Y and X, —  Mole fraction of feed and eluting solution

Y, and X, — Mole fraction of feed and eluting solution,

respectively, for every metal ion excluding
the target metal ion

kg — Kinetic constant of Adams—Bohart model,

L/mmol h

N, —  Adsorption capacity per unit volume of

the bed, mmol/L

L, — Linear velocity, cm/h

Trs —  Maximum adsorption capacities calculated

from Adams-Bohart model, mmol/g

B —  Kinetics coefficient of the external mass

transfer, h™!

q, —  Maximumadsorption capacities calculated

from Wolborska model, mmol/g

Ky — Yoon-Nelson constant, h™!

T — Time at 0.5 0f C/C, h

R — Elution rate, %

C, — Eluted Pb?* concentration, mM

m — Mass of saturated adsorbent, g

1% — Solution volume, L
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