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A multiple model approach for evaluating the
performance of time-lapse capsules in trapping

heavy metals from water bodiest
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Adsorption by ion-exchange resins has been widely used as a cost-effective method for removing

numerous hazardous materials, particularly heavy metals, from aqueous solutions. For effectively
detecting the illegal discharge of industrial wastewater containing heavy metals, we developed “time-
lapse capsules” to trap metallic ions from water bodies. Despite recent progress in the development of

time-lapse capsules, a fundamental understanding was still needed to unravel the adsorption behavior of

different heavy metals for further improvement of the design and scale-up of the capsule. In this study,
three different approaches, viz., response surfaces (from the statistical point of view), time-dependent
diffusion-controlled models (from the kinetic point of view), and adsorption isotherms (from the
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equilibrium point of view), were utilized to evaluate the effect of operating factors on the adsorption of

heavy metals from watershed using time-lapse capsules. The obtained results indicated that the key
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1. Introduction

A water body is generally defined as a body of accumulated
water forming a physiographical feature on a planet's surface,
such as oceans, watersheds, lakes, wetlands, and reservoirs
(even phytotelma). Illegal discharges of industrial wastewater
containing heavy metals into water bodies, particularly rivers
and streams, have been a critical issue in sustainable watershed
management and source water protection around the world.** A
polluted water body deteriorates the quality of irrigation water
and thus, causes risk to the safety of crops and foods. Events of
illegal discharges (wastewater) from industries, however, are
usually intentional at a random time. In other words, this type
of water pollution is difficult to identify because the sources of
illegal discharges are hard to find out. On the other hand, the
conventional analysis of heavy metals in water samples is rela-
tively time-consuming and expensive, which makes the moni-
toring of heavy metal pollution in rivers unpractical. Therefore,
the development of rapid and effective approaches for moni-
toring, sampling, and analysis of heavy metal pollution in water
bodies are necessary.

For detecting illegal discharges of wastewater, Huang et al.’
developed ion-exchange resin sachets (referred to as “time-lapse
capsules” in this work) to trap metallic ions from the watershed,
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parameters, such as adsorption rate constant, diffusivity, and maximum adsorption capacity, could
provide insights into the basis of design criteria.

such as irrigation and drainage channels, throughout a certain
period of time (usually >seven days). The time-lapse capsules
were manufactured by packing a certain amount of ion-
exchange resins into a non-woven fabric sachet. The time-
lapse capsules were surrounded by a cylindrical polyethylene
mesh to increase the mechanical durability. It is noted that the
adsorption by ion-exchange resins has been used for various
applications, such as removal of heavy metals,> removal of
perfluoroalkyl substances,® removal of metal complexed azo
dyes,” nutrient recovery from urine,® and precious metal
recovery from electrical and electronic wastes.”'® The developed
time-lapse capsules could be readily deployed in monitoring
works and could serve as concentrators of heavy metals from
a water body. Therefore, once there is an illegal discharge of
wastewater at any time, the deployed time-lapse capsules in the
watershed could trap the heavy metals from the wastewater. The
concentration of the adsorbed heavy metals on the time-lapse
capsules could also be rapidly determined by the non-
destructive X-ray fluorescence core-scanning (XRF-CS) tech-
nique.>"* According to the results reported by Huang et al.,* the
concentrations of heavy metals determined by the XRF-CS (the
increase on the resin) and the conventional analytical method
(the reduction in water) exhibited excellent correlations (R* >
0.97) even at a short scanning time (<1 s). By doing so, one could
identify the potential hot spots of illegal discharge in situ and
then keep deploying more time-lapse capsules upstream until
the discharge point of the industry is located.

The efficiency of time-lapse capsules for the adsorption of
metals from water bodies can be attributed to a number of

This journal is © The Royal Society of Chemistry 2020
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factors, such as the water flow rate in the channels, the chem-
istry between the metallic ions and the adsorbent, and the
physico-chemical properties of ion exchange resins. From the
theoretical point of view, the removal kinetics and equilibrium
isotherms are essential for the effective design of the adsorption
system. In general, the kinetics of adsorption by ion-exchange
resins are governed by the extent of agitation, the initial
concentration of the ions in the solution, the ionic size and
mobility, the type of counter ions, and the nature of exchangers.
The analysis of adsorption kinetics can provide information
about the adsorption mechanism of heavy metals and the time
required to reach equilibrium. Likewise, the adsorption
isotherms can elucidate the interactions of the metal ions with
the resins and estimate the adsorption capacity.'>** Extensive
studies have been reported on the application of various ion-
exchange resins for the removal of heavy metals from aqueous
solutions. However, to the best of our knowledge, scarcely any
study has been focused on the fundamental research of
adsorption of heavy metals, such as kinetics and isotherms,
especially using time-lapse capsules.

Despite recent progress in the development of time-lapse
capsules, a fundamental understanding is still needed to unravel
the adsorption behaviors of different heavy metals for further
improvement of the design and scale-up of the capsules. In this
study, multiple model approaches were utilized to evaluate the
effect of the operating factors on the heavy metal trapping
performance from water using time-lapse capsules. By using the
experimental data, the response surfaces of key operating param-
eters (including initial concentration, stirring speed, and adsorp-
tion time) with respect to the performance of adsorption were
established from the statistical point of view. Apart from this, the
kinetics of adsorption of different metal ions were evaluated using
classical heterogeneous models, such as pseudo-first-order,
pseudo-second-order, and diffusion-controlled models. The
adsorption isotherms (from the equilibrium point of view) were
also determined at the equilibrium of the heterogeneous system.
Therefore, by doing so, we could systematically understand the
adsorption behaviors of different heavy metals using time-lapse
capsules from different angles, which would be beneficial for the
scale-up of operation and the improvement of design in the future.

2. Materials and methods
2.1 Materials

In this study, a sodium-type cation exchange resin (Amberlite™
IR120) was used to prepare the time-lapse capsule. Table S1 (see
ESI}) presents the physico-chemical characteristics of the IR120
resin. The matrix of the resin was the styrene divinylbenzene
copolymer with a sulfonate-based functional group, possessing
a total exchange capacity of 2.00 eq L™ ". The detailed procedure
for the preparation of time-lapse capsules can be found in our

previous studies.®**

2.2 Batch adsorption experiments

The adsorption of different metal ions (i.e., Zn, Cu, Cr, Pb, Ni,
Ca, Mn, and Ti) by the time-lapse capsules was evaluated in
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a batch system. For each metal ion, four different levels of
concentrations (see Table S2}) were prepared in accordance
with the Effluent Standards in Taiwan.'* In order to study the
effect of mixing, the adsorption experiments were performed
using the Jar-Tester machine (JT-6, Shin-Kwang Precision
Industry Ltd., Taiwan) at different stirring speeds, i.e., 50, 100,
150, and 200 rpm at 20 °C for 2 h. The type of stirrer used in the
Jar-Tester machine was a single straight blade with a length of
8 cm and a width of 2 cm (SAE 304 stainless steel). The volume
of solution for each batch test was one liter and 20 g of the ion
exchange resin was used in each time-lapse capsule. After the
experiment was finished, the time-lapse capsule was removed
from the solution and the residual amounts of metal ions in the
solution were analyzed by ICP-OES (Agilent 5110, USA).

The removal efficiency of the metal ions (R) was calculated
using eqn (1):

C, — C
——— x 100 1
o 0

R (%) =
where C, and C. are the initial and equilibrium concentration
(mg L) of metal i in the solution, respectively. In this study,
the effect of different operating parameters, including initial
concentration (four levels for each metal, see Table S27), stirring
speed (50, 100, 150, and 200 rpm), and adsorption time (0, 0.5,
1, 3, 5, 10, 20, 30, 60, and 120 min), on the removal efficiency of
metals was evaluated. The Design Expert software (StatEase
Inc., Minneapolis, USA) was used to develop non-linear regres-
sion programs.

The amount of metal ion adsorbed onto a unit dry mass of
the resin (ge) can be determined by mass balance using eqn (2):
Co B Ce
— X

S @)

g (mgg™) =
where V is the volume of the solution (L) in each batch experi-
ment and m is the mass of the ion exchange resin (g).

2.3 Kinetic adsorption models

The contact time between the adsorbate and the adsorbent is an
important factor as ion removal through adsorption could occur
on the solid-liquid interface. Adsorption kinetics can provide
information regarding the rate of removal of ions using the
time-lapse capsules as well as the controlling mechanisms of
adsorption processes such as chemical reactions and/or mass
transfer. The kinetic parameters play a vital role in the design
and scale-up of the adsorption process. In order to evaluate the
reaction kinetics of ion (adsorbate) removal using the time-
lapse capsules, different types of models, including pseudo-
first-order, pseudo-second-order, and diffusion-controlled
mechanism, were applied in this study.

2.3.1 Pseudo-first-order kinetics. The pseudo-first-order
kinetic model, so-called the Lagergren equation," was used to
describe a sorption system with the liquid and solid interface
based on the solid capacity. The linearized form of the pseudo-
first-order rate equation can be expressed as follows:

k
log(qe — q;) = log g. — ﬁt 3)
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q: Iy
log(l— ;) = ~5303! (4)
where g, (mg g~ ') is the amount of metal ion adsorbed at time ¢
(min) and k; (min~') represents the pseudo-first-order rate
constant.

2.3.2 Pseudo-second-order kinetics. In the pseudo-second-
order model developed by Ho et al.,' it was assumed that the
rate limiting step of the process should be related to the valence
forces due to electron sharing between the functional groups
and metal ions. The linearized form of the rate equation can be
expressed as follows:

t 1 1 ¢

AR o
where k, (g mg~" min~") indicates the pseudo-second-order rate
constant.

2.3.3 Diffusion-controlled kinetics. During the adsorption
process, typically, there are four different stages, viz., (i) bulk
diffusion: from the bulk solution to the outer surface of the
liquid film, (ii) external diffusion: from the liquid film to the
surface of the solid adsorbent, (iii) intraparticle diffusion: from
the surface of the adsorbent to the intraparticular sites, and (iv)
adsorption on the interior of the porous adsorbent. In general,
with sufficient agitation, bulk diffusion limit can be neglected
as particle and solute gradients in the batch reactor are avoided.
Therefore, intraparticle diffusion and external diffusion are
usually considered as the rate controlling steps of an adsorption
process.

If external diffusion of metal ions (within the diffuse layers
outside the sorbent) is the rate limiting factor, the adsorption
data can be described by eqn (6):

In(C/Cy) = —kfAIV) x ¢ (6)

where C, is the concentration (mg L") of metal i in the solution
at time ¢ (min), k¢ is the external diffusion coefficient, and A/V is
the ratio of external sorption area to the volume of the total
solution (m™'). Ion exchange resins with an A/V value of 428
m ™! were reported in the literature.'”

If the intraparticle diffusion model is the rate limiting step,
the experimental data could be described by the following
model:*®

q =kt + 1 7)

where k, (mg g~' min~"?) denotes the intraparticle diffusion
rate constant and I is the intercept reflecting the effect (thick-
ness) of the boundary layer (mg g™ ).

2.4 Adsorption isotherms

The adsorption isotherms can provide insights on the equilib-
rium between the metal ions presented in the solution and on
the adsorbent at a certain temperature. The extent of the
adsorption capacity depends on several factors, such as the
theoretical capacity of the ion exchange resin, the selectivity of
the adsorbent over other ions present in the solution, and the
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approximation rate to the equilibrium load. In this study, the
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich
isotherm models were used to describe the equilibrium data
and to evaluate the surface properties of the adsorbent and its
adsorption behaviors.

2.4.1 Langmuir isotherm. The Langmuir model was used
based on the assumption of surface homogeneity, such as
equally available adsorption sites and monolayer surface
coverage. It was assumed that there was no interaction between
the adsorbed species. It was noted that this model would be
applicable to the adsorption of inorganic and/or organic
pollutants from aqueous solutions. The linearized form of the
Langmuir model can be expressed as follows:

C. G 1

== = 8
qe qm KLQm ( )

where ¢, (mg g~ ') indicates the maximum adsorption capacity
of the adsorbent and Ky, (L mg ") is the Langmuir constant
related to the energy of adsorption.

2.4.2 Freundlich isotherm. The Freundlich model is
applicable to the heterogeneous system and reversible adsorp-
tion. The linearized form of the Freundlich model can be
described as follows:

In(g) = In(Ke) + 1 In(C.) )

where Ky is the Freundlich constant representing the strength
of the adsorptive bond and # is the Freundlich exponent, known
as the adsorbent intensity of the adsorbent, indicating the
favorability of the adsorption process. The value of 1/n is
a measure of the surface heterogeneity, which ranges between
0 and 1, and becomes more heterogeneous when approached to
zero.” It also represents the distribution of site energies: the
value of n — 1 ranging between 0.1 and 0.5 indicated that the
adsorption should be favorable; the value of n — 1 ranging
between 0.5 and 1.0 represented that the ions are easy to
adsorb; otherwise (if n — 1 > 1), it is difficult to adsorb.

2.4.3 Temkin isotherm. The Temkin model was developed
based on the assumption that the free energy of adsorption is
a function of the surface coverage. The linearized form of the
Temkin model is represented in eqn (10):

ge = RT x In(Kr) + RT x In(Ce)
b b

where Ky (L g ') is the Temkin constant, representing the

equilibrium binding constant related to the maximum binding

energy, b (J mol™ ') is a constant related to the heat of adsorp-

tion, R (8.314 J K~ " mol ') is the universal gas constant, and T

(K) is the absolute temperature.

2.4.4 Dubinin-Radushkevich (D-R) isotherm. To elucidate
the adsorption mechanism (i.e., physisorption or chemisorp-
tion), the experimental data were applied to the Dubinin-
Radushkevich (D-R) model. This model was developed based
on the adsorption mechanism with a Gaussian energy distri-
bution on a heterogeneous surface. The linearized form of the
D-R model is provided as follows:

(10)

In(ge) = In(gm) — B¢ (11)
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where 8 (mol® kJ %) is the D-R constant related to sorption
energy. ¢ (k] mol ") is the Polanyi potential, which is mathe-
matically represented as:

e=RTIn(1 + 1/C,) (12)

By assuming that the adsorbate was transferred from infinity
in the solution to the surface of the resin," the mean free energy
of adsorption per molecule of the adsorbate (E, k] mol™') can be
determined by eqn (13).

1
E= (13)

This parameter can provide information about the mecha-
nism of adsorption:**** (i) the adsorption process was followed
by ion-exchange if E was between 8-16 kJ mol ', or (ii) by
physical adsorption if E was less than 8 k] mol . It was noted
that E value less than 8 k] mol™! indicated a weak sorbent-
sorbate interaction, which might lead to subsequent release of
the adsorbed metal ions back into the solution from the surface
of the adsorbent after sorption equilibrium.

3. Results and discussion

3.1 Effect of initial concentration, stirring speed, and
adsorption time on metal trapping

In this study, the performance of time-lapse capsules for heavy
metal adsorption from water bodies was evaluated by using the
batch adsorption experiments. The variable parameters include
initial concentration (four levels for each metal, see Table S27),
stirring speed (50, 100, 150, and 200 rpm), and adsorption time
(0,0.5,1,3, 5,10, 20, 30, 60, and 120 min), thereby resulting in
a total of 144 experimental data for each metal. Fig. 1 shows the
effect of different adsorption (contact) times and initial
concentrations on the removal of metal ions in terms of the
amounts of metal ions adsorbed on the resins (g, mg g~ ') at
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a stirring speed of 200 rpm. We found that the adsorption of
metal ions on the resins could proceed via two stages in the
period of contact as follows: (i) rapid uptake and (ii) slow
adsorption. For the first stage, the value of g, increased rapidly
as the adsorption (contact) time increased from 0 to 40 min,
especially within the first 20 min. After 40 min, the value of g,
became relatively constant (the second stage), indicating that
equilibrium was reached. The phenomena of this two-stage
adsorption might be attributed to the available active sites on
the ion-exchange resins. Rapid uptake of metal ions occurred
due to a great number of active sites on the surface of the resins
that were readily accessible at the beginning of the adsorption
experiments. The rate of adsorption decreased thereafter as the
active sites on the resins were gradually occupied by metal ions.

Similarly, with the increase in the initial concentrations of
the metal ions, the value of g, increased accordingly. Different
initial concentrations would thus correspond to different levels
of the final equilibrium saturation adsorption capacity (ge.)-
Aside from the active sites on the resins, for the first stage, the
slope of the adsorption curve (i.e., Zn, Cu, Cr, Ni, Ca, and Mn) at
higher initial concentration was steeper due to the higher
concentration gradient. The higher concentration gradient
could provide a greater driving force to overcome resistance to
external mass transfer (i.e., film diffusion) between the solution
and the resin phases. It is noteworthy that the adsorption
kinetics and capacities could be affected by the design of the
time-lapse capsules, such as the particle size and packing
density of the resins. The adsorption kinetics generally
increased as the particle size of the resins decreased. For
adsorption capacities, the packing density of the resins in
a time-lapse capsule should be determined based on the ex-
pected concentrations of heavy metals in water bodies to avoid
over-saturated adsorption.

Based on these experimental data, we formulated non-linear
programs to evaluate the effect of the initial concentration,
stirring speed, and adsorption time on the efficiency of
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Fig.1 Effect of different adsorption times and initial concentrations on the removal of (a) Zn, (b) Cu, (c) Cr, (d) Pb, (e) Ni, (f) Ca, (g) Mn, and (h) Ti

using time-lapse capsules at a stirring speed of 200 rpm.
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Table1 Models of removal efficiency for different metal ions in terms of coded operating factors according to the experimental data (n = 144 for

each equation)

Metal Response surface model (in terms of removal efficiency)® Eqn. R*

Zn Zn = 0.54 + 0.244 + 0.29B — 0.10C + 0.16AB — 0.08AC — 0.07BC — 0.27A> (14) 0.864
Cu Cu = 0.46 + 0.184 + 0.31B — 0.28C + 0.184B — 0.14AC — 0.254%2 — 0.17C? (15) 0.848
Cr Cr = 0.58 + 0.294 + 0.40B — 0.28C + 0.194B — 0.274% — 0.11B% — 0.23C? (16) 0.876
Pb Pb = 0.51 + 0.17A + 0.27B — 0.15C + 0.184B — 0.12AC — 0.16BC — 0.294%> — 0.11B* (17) 0.862
Ni Ni = —0.38 — 0.084 + 0.07B — 2.11C + 0.16AB — 0.39AC — 0.30BC — 0.234% — 0.07B*> — 1.11C* (18) 0.869
Ca Ca = 0.63 + 0.294 + 0.40B — 0.03C + 0.194B — 0.03AC — 0.03BC — 0.27A%> — 0.10B> (19) 0.872
Mn Mn = 0.43 + 0.114 + 0.38B — 0.23C + 0.17AB — 0.21AC — 0.26A% — 0.12B (20) 0.856
Ti Ti = —0.30 — 0.494 — 0.13B — 0.91C + 0.13AB — 0.824C — 0.47BC — 0.22A% — 0.08B> (21) 0.857

A, B, and C are coded and denoted as the adsorption time (min), stirring speed (rpm), and concentration in water (mg L"), respectively.

adsorption of the metals. Table 1 presents the results of non-
linear programs for describing the adsorption behaviors of
metals in terms of different operating parameters. Based on the
experimental data, the non-linear programs were developed to
predict the response of system performance from the statistical
point of view. In the non-linear programs, 4, B, and C were
coded parameters and denoted as the adsorption time (min),
stirring speed (rpm), and concentration in water (mg L™ %),
respectively. For the adsorption behavior of all the metals, we
found that the modified quadratic programs were the best
fitting models as the p-value of all the models was less than
0.0001 (CI: 95%). The coefficients of determination (R?) for all
the developed models were in the range between 0.848 and
0.876. The analysis of variance (ANOVA) results of the developed
models for different metals are summarized in the ESI (Tables
S1-S87), indicating that the adsorption of metals, especially Zn,
Cu, Cr, Ca, and Mn, could be well described by the developed
models. Based on these developed models, we could easily
visualize the performance of metal trapping under different
operating conditions, identify the effect of operating parame-
ters on the removal efficiency, and determine the maximum
efficiency at certain constraint conditions.

Removal Efficiency of Zn (-)

=

Removal Effciency of Ni ()

s

Fig. 2 shows the response surfaces of the developed models
for the removal (adsorption) efficiency of different metals, in
terms of adsorption time and stirring speed. The results indi-
cated that for all the metals, the removal efficiency increased as
both the adsorption time and stirring speed increased.
According to the coefficients of each term in the equations
(Table 1), the stirring speed (denoted as B) exhibited the most
positive influence on the removal efficiency. In other words,
compared to the adjustment of other parameters, it was more
effective to enhance the removal efficiency by increasing the
stirring speed from 50 to 200 rpm. The sequence of metal
removal efficiency on increasing one unit of stirring speed was
in the order: Cr ~ Ca>Mn > Cu > Zn > Pb > Ni > Ti. The extent of
mixing (stirring) could be attributed to the rate of the diffusion-
controlled step for surface sorption from the liquid phase onto
the surface of the solid resin. It was noted that the mass transfer
considerations for adsorption included (i) convection and
diffusion through the liquid film surrounding the resin (so-
called film diffusion), (ii) diffusion along the length of a pore
(so-called pore diffusion), and (iii) adsorption onto the vacant
site of the solid surface.”® Sufficient mixing between the water
samples and the time-lapse capsules could effectively promote

Removal Effciency of Cr (-

Removal Effciency of Mn ()
Removal Efficiency of Ti (-

Fig. 2 Effect of adsorption time and stirring speed on the removal efficiency of (a) Zn, (b) Cu, (c) Cr, (d) Pb, (e) Ni, (f) Ca, (g) Mn, and (h) Tiions in
water. The initial concentrations of each metal: Zn (25 mg L™, Cu (50 mg L™, Cr (50 mg L™, Pb (5 mg L™, Ni (5 mg L™, Ca (50 mg L™), Mn
(0.5 mg L™, and Ti (5 mg L™1). Other operating factors: adsorption at 20 °C using 20 g of ion exchange resin in a time-lapse capsule.
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Fig. 3 Pseudo-first-order kinetic curves (Lagergren plot) for specific rate constant of metal ions on time-lapse capsules at different initial concen-
trations: (a) C1, (b) C2, (c) C3, and (d) C4. Pseudo-second-order kinetic curves at different initial concentrations: (e) C1, (f) C2, (g) C3, and (h) C4.

the rate of film diffusion, thereby shortening the time required
to reach equilibrium. Thus, in the following analyses, including
kinetics and adsorption isotherm, the stirring speed was fixed at
200 rpm to ensure rapid mass transfer in the bulk solution.

The removal efficiency of the metals could also be enhanced
by prolonging the adsorption time, especially for the first
40 min. According to the coefficient of term A in the equations
(Table 1), a similar trend of metal removal efficiency on
increasing one unit of adsorption time was noticed: Cr ~ Ca >
Zn > Cu ~ Pb > Mn > Ni > Ti. However, once the maximum
adsorption capacity of the resins (the saturation point, or
sometimes called as the equilibrium distribution) was reached,
the removal efficiency remained almost unchanged, even when
the adsorption time was further prolonged. It was noted that the
adsorption of metals could be considered as a partitioning of
the adsorbate (ions) between the liquid phase and the resin
adsorbent.” In the following analyses, we studied several
adsorption isotherm and kinetic models to elucidate the equi-
librium behaviors and adsorption rates.

3.2 Adsorption kinetics

Among the operating factors (adsorption time, stirring speed,
and concentration) used in this study, the stirring speed was the
most dominant factor affecting the adsorption efficiency of all
the metals. In a real watershed, the water flow rate is usually
high enough to ensure complete mixing, i.e., the concentration
difference of the metals within the liquid film surrounding the
resin might not be significant. Therefore, to evaluate the
adsorption kinetics of different metals using time-lapse
capsules, we neglected the limiting step of film diffusion by
analyzing the experimental data with the highest designated
stirring speed (i.e., 200 rpm). In this study, the adsorption
kinetic models were established using two different approaches
based on (i) the adsorption capacity of the solid adsorbent and
(ii) the type of diffusion-controlled mechanism.

This journal is © The Royal Society of Chemistry 2020

3.2.1 Sorption rate constant and capacity. For kinetics
based on the adsorption capacity of the solid adsorbent, we
applied the pseudo-first-order (eqn (4)) and pseudo-second-
order (eqn (5)) models on the experimental data. Fig. 3 shows
the fitting curves at different initial concentrations accompa-
nied by the least-squares regression analysis of the models.
Comparing the coefficients of determination, it was found that
the pseudo-second-order model was well fitted to the experi-
mental data in all the cases with very high precision. This
indicated that the adsorption of heavy metals using time-lapse
capsules was controlled by adsorbate diffusion rather than
surface control and chemisorption might be the dominant
mechanism.* In the pseudo-second-order model, the rate of
adsorption was related to the squared product of the difference
between the occupied sites and the total number of equilibrium
adsorption sites available on the adsorbent.® However, in the
pseudo-first-order model, it was assumed that the rate of
adsorption would be attributed to the number of unoccupied
active sites on the surface of the resins. Therefore, the pseudo-
first-order model could be employed to describe the first stage
of rapid uptake (e.g., before 30 min in this study). At the second
stage of slow adsorption, resistance due to pore diffusion would
change the rate of ion exchange to a non-linear relationship,
where the second-order model could be applied.”® At the
concentration in accordance with Taiwan EPA's effluent stan-
dards (i.e., C2), the obtained values of k, for Zn, Pb, Cu, Cr, Ni,
Ca, Mn, and Ti were 0.21, 0.53, 0.20, 0.49, 1.25, 0.07, 0.52, and
0.90 g mg " min~", respectively.

Table 2 summarizes the kinetic data extracted from the
pseudo-first and pseudo-second order models for the adsorption
of metal ions using time-lapse capsules at 20 °C. Based on the
obtained pseudo-second-order rate constant, the half-adsorption
time (¢1,) for different metals was determined. The half-
adsorption time was defined as the time required to reach half
the amount of the maximum adsorption capacity by the ion-
exchange resins. The half-adsorption time could be used as
a measure of the adsorption rate, as described by eqn (22).”
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The results indicated that the half-adsorption time was not
necessarily proportional to the initial concentration of the
metals in the water bodies. In most cases, the half-adsorption
time firstly increased as the initial concentration increased
from C1 to C2 (e.g., Zn, Pb, Ni, and Mn) or from C1 to C3 (e.g.,
Cu), and then rapidly decreased if the initial concentration
further increased to C4.

3.2.2 Film-pore diffusion mechanism. In general, the
mechanism of adsorption of metals on ion-exchange resins may
involve three steps: (i) diffusion of metals through the boundary
layer, (ii) intraparticle diffusion, and (iii) adsorption of metals
on the surface of the resins. According to the results from Fig. 3,
it is understood that the rate of adsorption of metal ions would
be mainly governed by adsorbate diffusion rather than surface
control. As a result, we applied the film-pore diffusion models,
i.e., external diffusion (eqn (6)) and intraparticle diffusion (eqn
(7)), to further identify the type of diffusion-controlled mecha-
nism. Table 3 summarizes the kinetic data extracted from the
film-pore diffusion models for the adsorption of metal ions
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using time-lapse capsules at 20 °C. The results indicated that
the rate-limiting step of metal ion adsorption would be external
diffusion control at low initial concentrations. The external
diffusion coefficients of all the metal ions were not significantly
different from each other, as the adsorption studies of all the
experiments were conducted at the same temperature. It was
noted that the mass diffusion coefficient would be largely
dependent on the temperature of the solution, according to the
Stokes-Einstein equation. For the concentration in accordance
with Taiwan EPA's effluent standards (i.e., C2), the obtained
external diffusion coefficients (k) for Zn, Pb, Cu, Cr, Ni, Ca, Mn,
and Ti were 0.10, 0.12, 0.11, 0.09, 0.10, 0.13, 0.09, and 0.06
mm min~ ", respectively. As the initial concentration of the
metals increased, the rate-limiting step of adsorption gradually
switched to intraparticle diffusion control, ie., the external
diffusion model was not invalid with insignificant R” values.
Fig. 4 shows the fitting curves at different initial concentra-
tions accompanied by the least-square regression analysis of the
models. It was found that the intraparticle diffusion coefficient
(k) increased significantly with the increase in the initial
concentration of the metals. The bestfit lines for the
intraparticle-diffusion model did not pass through the origin,
indicating that there was an initial boundary layer resistance.

Table 2 Kinetic data extracted from various types of models for the adsorption of metal ions using time-lapse capsules at 20 °C

Pseudo-first order

Pseudo-second order

Metal Concn. k (min ™) Katrer () R k, (g mg ' min™") Gmax (Mg g ") R t1/» (min)
Zn C1 0.060 +£ 0.002 3.612 0.987 3.205 0.037 0.995 8.4
C2 0.044 £ 0.001 2.658 0.985 0.213 0.304 0.995 15.4
C3 0.050 + 0.004 2.988 0.923 0.042 2.200 0.999 10.8
C4 0.041 + 0.004 2.454 0.851 0.026 3.587 0.995 10.7
Pb C1 0.080 + 0.004 4.794 0.970 28.66 0.006 0.997 5.8
C2 0.037 £ 0.001 2.238 0.994 0.525 0.064 0.885 29.8
C3 0.067 £ 0.004 4.038 0.956 0.289 0.515 0.997 6.7
C4 0.066 £ 0.003 3.930 0.970 0.089 1.151 0.993 9.8
Cu C1 0.057 £ 0.002 3.408 0.984 3.513 0.020 0.992 14.2
C2 0.034 £ 0.001 2.034 0.995 0.203 0.185 0.958 26.6
C3 0.045 + 0.004 2.676 0.888 0.054 1.643 0.997 11.3
C4 0.078 £ 0.003 4.686 0.975 0.070 2.232 0.996 6.4
Cr C1 0.059 =+ 0.001 3.552 0.995 7.138 0.013 0.997 10.8
C2 0.035 £ 0.001 2.088 0.980 0.486 0.118 0.992 17.4
C3 0.073 £ 0.004 4.368 0.960 0.155 1.282 0.999 5.0
C4 0.040 £ 0.001 2.412 0.985 0.030 2.139 0.980 15.6
Ni C1 0.071 +£ 0.003 4.284 0.982 22.42 0.007 0.995 6.4
C2 0.038 £ 0.002 2.286 0.974 1.251 0.059 0.990 13.5
C3 0.048 + 0.004 2.874 0.878 0.200 0.538 0.996 9.3
C4 0.041 £ 0.005 2.484 0.718 0.173 0.847 0.991 6.8
Ca C1 0.062 + 0.001 3.696 0.994 0.662 0.130 0.995 11.6
C2 0.040 £ 0.002 2.400 0.963 0.073 1.241 0.990 11.0
C3 0.053 £ 0.004 3.162 0.912 0.018 5.294 0.998 10.5
C4 0.042 £ 0.002 2.502 0.975 0.006 10.02 0.989 16.6
Mn C1 0.060 £ 0.001 3.588 0.995 6.543 0.013 0.995 11.8
C2 0.037 £ 0.001 2.214 0.984 0.521 0.115 0.989 16.7
C3 0.050 =+ 0.004 3.012 0.889 0.112 0.987 0.999 9.0
C4 0.052 £ 0.004 3.120 0.910 0.078 1.575 0.996 8.1
Ti C1 0.061 + 0.001 3.624 0.998 12.52 0.006 0.994 13.3
C2 0.035 £ 0.001 2.094 0.985 0.902 0.056 0.993 19.8
C3 0.077 £ 0.003 4.590 0.984 0.493 0.158 0.960 12.8
C4 0.071 £ 0.011 4.254 0.602 2.691 0.117 0.999 3.2
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Table 3 Kinetic data extracted from film-pore diffusion mechanism models for the adsorption of metal ions using time-lapse capsules at 20 °C

External diffusion

Intraparticle diffusion

Metal Concn. k¢ (mm min™") R k, (mg g * min~*?) x 10° R k,, (mg g ! min~*?) x 10° R
n C1 0.097 £ 0.007 0.933 5.2+ 0.2 0.995 1.2 + 0.6 0.779
C2 0.096 £ 0.002 0.994 413 £ 1.2 0.996 10.5 £+ 2.8 0.932
C3 0.059 £ 0.007 0.763 354.4 £18.1 0.987 55.6 + 6.8 0.985
C4 0.021 £ 0.004 0.474 502.8 £ 53.0 0.947 111.4 £ 13.1 0.986
Pb C1 0.083 £ 0.012 0.672 0.8 £ 0.0 0.990 0.2 £0.1 0.830
Cc2 0.116 £ 0.006 0.969 7.1 £ 0.3 0.991 2.7 £ 0.6 0.955
C3 0.086 £ 0.011 0.767 86.4 + 5.2 0.983 7.6 £2.5 0.899
C4 0.041 £ 0.006 0.672 151.8 £ 11.3 0.973 382+24 0.716
Cu C1 0.097 £ 0.005 0.957 2.5+ 0.1 0.996 0.7 £ 0.5 0.660
C2 0.107 £ 0.006 0.967 20.2 £ 1.6 0.968 9.3 £ 2.0 0.957
C3 0.072 £ 0.006 0.891 258.1 £+ 14.0 0.986 47.4 £ 0.9 0.999
C4 0.021 £ 0.004 0.144 331.6 = 44.5 0.917 29.2 + 16.5 0.758
Cr C1 0.140 £ 0.001 0.999 1.8 £ 0.1 0.985 0.3 £0.2 0.660
C2 0.092 £ 0.003 0.988 141+ 04 0.997 5.9 £ 1.1 0.966
C3 0.122 £ 0.009 0.905 199.6 £+ 19.1 0.956 18.2 = 8.3 0.826
C4 0.062 £ 0.004 0.955 230.0 £ 5.9 0.997 121.2 £ 51.9 0.845
Ni C1 0.052 £ 0.003 0.939 0.8 £ 0.0 0.990 0.2 £0.1 0.660
Cc2 0.097 £ 0.003 0.990 7.4 £0.2 0.994 2.9 +£0.5 0.971
C3 0.074 £ 0.007 0.860 85.2 + 4.2 0.988 13.4 £ 0.5 0.999
C4 0.025 £ 0.004 0.314 107.3 £ 12.4 0.937 243+74 0.915
Ca C1 0.168 £ 0.017 0.876 19.7 £ 0.6 0.995 3.5+ 0.0 1.000
Cc2 0.127 £ 0.007 0.963 153.9 £ 4.0 0.997 55.0 £ 12.4 0.952
C3 0.081 £ 0.007 0.862 883.4 + 54.8 0.981 116.1 £ 12.9 0.988
C4 0.031 £ 0.004 0.734 1246 £ 107 0.964 387.2 £99.8 0.938
Mn C1 0.107 £ 0.005 0.965 1.9 £ 0.1 0.982 0.3 £ 0.2 0.660
C2 0.093 £ 0.002 0.993 14.0 + 0.6 0.992 5.6 £ 1.1 0.964
C3 0.067 £ 0.008 0.787 160.3 £9.3 0.983 23.8+14 0.997
C4 0.023 £ 0.004 0.359 225.1 £ 29.1 0.923 349 £5.1 0.979
Ti C1 0.078 £ 0.007 0.874 0.8 £ 0.0 0.990 0.2 £0.1 0.660
Cc2 0.063 £ 0.002 0.979 6.7 £ 0.4 0.990 2.7 £ 0.6 0.955
C3 0.025 £ 0.005 0.324 27.5+ 1.9 0.978 1.7 £ 1.0 0.743
C4 0.006 £ 0.002 0.532 20.0 £ 3.5 0.868 0.9 £ 0.2 0.946

For the intraparticle-diffusion model, the boundary layer effect
became more significant as the intercept of the fitting curves

increased. As

In (C/C,)

(e)

q,(mg/g)

shown in Fig. 4(e-h), a multilinearity for

intraparticle-diffusion models was observed, indicating that
multiple steps of mechanism occurred during the adsorption
process: the rapid diffusion (phase I) and the slow diffusion
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Fig.4 External diffusion model curves for specific rate constant of metal ions on time-lapse capsules at different initial concentrations: (a) C1, (b)
C2, (c) C3, and (d) C4. Intraparticle diffusion model at different initial concentrations: (e) C1, (f) C2, (g) C3, and (h) C4, where the regression curves
consist of two linear segments with different slopes.
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(phase II). In phase I (the first linear segment, corresponding to
kp,1), macro-pore diffusion was dominant with instantaneous
occupation of the available adsorbing sites on the surface of the
resins. In contrast, in phase II (the second linear segment,
corresponding to k, ,), micro-pore diffusion was dominant with
slow diffusion of metals from the surface film into the micro-
pores, as well as slow migration of metals from the liquid
phase onto the surface of the resins.

3.3 Adsorption equilibrium and isotherm

Adsorption isotherms are essential for the design of adsorption
systems as they describe the relationship between the equilib-
rium concentration of metal ions in the solution (C.) and the
amount of metal ions adsorbed onto the adsorbent (g.) at
a constant temperature. The data from adsorption isotherm
models can provide information about the adsorption capacity
of the adsorbent, as well as the prediction of adsorption
parameters. Table 4 presents the adsorption isotherm param-
eters for different metal ions using time-lapse capsules at 20 °C.
The results indicated that three isotherm models, viz., the
Langmuir, Temkin, and D-R models, fitted very well for most of
the metal ions. The coefficients of determination for the Lang-
muir, Temkin, and D-R models were in the range of 0.973-1.000
(except for Ti), 0.824-0.987 (except for Cr), and 0.811-0.995
(except for Pb), respectively.

From the Langmuir model, the maximum adsorption
capacities (gy,) for Zn, Pb, Cu, Cr, Ni, Ca, and Mn were found to
be 2.8, 2.7, 6.3, 16.3, 6.4, 10.9, and 4.2 mg g, respectively. The
adsorption energy constants (Ky) for Zn, Pb, Cu, Cr, Ni, Ca, and
Mn were 1.24, 0.42, 0.34, 0.12, 0.13, 0.83, and 0.36 L mg ™!,
respectively. To describe the affinity between the adsorbents
and the metal ions, the concept of separation factor (Ry,
dimensionless) was applied as determined by eqn (23):

1

R=——
L 1+ KL Cy

(23)
where C, is the initial concentration of metal ions in the solution
(mg L™"). When 0 < Ry, < 1, the adsorption process is favorable;
when the Ry, = 1, the adsorption process is linear; when R, = 0, the
process is irreversible; when Ry >1, the adsorption process is
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unfavorable.”® In this study, the R;, values for all the metal ions
(except for Ti) ranged between 0 and 1, indicating the favorable
adsorption of the metal ions using the time-lapse capsules. The
adsorption isotherm had a convex shape, representing enhanced
adsorption at low concentrations.”

The Temkin model could also well predict the adsorption
behavior of most of the metal ions, except for Cr and Ti. The
obtained Ky values for Zn, Pb, Cu, Ni, Ca, and Mn were 0.08,
0.44, 0.30, 0.92, 0.38, and 0.51 L mg ™", respectively. The equi-
librium binding constant was related to the maximum binding
energy. The heat of adsorption (b) for Zn, Pb, Cu, Ni, Ca, and Mn
was 6.3, 19.3, 10.4, 27.9, 3.0, and 15.0 ] mol ', respectively.

The adsorption of Ti could be well described only by the D-R
model, with a high R value of 0.995. The D-R model could also
be used to predict the adsorption of most of the metal ions,
except for Pb and Cr. The determined E values for Zn, Cu, Ni, Ca,
Mn, and Ti were 27.5, 29.4, 32.4, 31.5, 30.5, and 31.1 k] mol %,
respectively. E values higher than 8 k] mol " indicated chemi-
sorption,” which would follow the ion-exchange mechanism.
The obtained results from the isotherm models were consistent
with that from the kinetic models. The obtained g, values for
Zn, Cu, Ni, Ca, Mn, and Ti were 0.002, 0.002, 0.001, 0.001, 0.006,
and 0.001 mg g™, respectively.

3.4 Insights into the fundamentals and practical
applications

In this study, three different approaches, i.e., response surfaces
(from the statistical point of view, see Table 1), time-related and/
or diffusion-controlled models (from the kinetic point of view,
see Table 2), and adsorption isotherm (from the equilibrium
point of view, see Table 3), were utilized to evaluate the effect of
operating factors on the entrapment of heavy metals from water
using time-lapse capsules. The response surface models were
established based on the experimental design to describe the
adsorption behaviors of different metal ions with respect to
various operating parameters. Since they were developed from
the statistical point of view, the obtained coefficients usually
have no physical meanings. However, based on these empirical
response surfaces, one could easily identify the operating
conditions for achieving the maximum adsorption ratio. One

Table 4 Adsorption isotherm parameters for different metal ions using time-lapse capsules at 20 °C

(1) Langmuir (2) Freundlich

(3) Temkin (4) Dubinin-Radushkevich

b

Metals K, (Lmg ') ¢m(mgg ") R? R® K¢ n(-) R Kr(Lmg") (kfmol ") R gm (mgg™) E(Imol") R*

Zn 1.24 2.75 0.998 0.13 0.70 2.01 0.872 0.08 6.3 0.975 0.0024 27.5 0.977
Pb 0.42 2.71 0.973 0.70 0.53 1.84 0.617 0.44 19.3 0.921 0.0006 31.8 0.464
Cu 0.34 6.30 1.000 0.50 0.66 2.15 0.738 0.30 10.4 0.987  0.0020 29.4 0.919
Cr 0.12 16.3 0.985 0.79 1.82 1.75 0.891 1.87 11.7 0.722  0.0011 34.2 0.811
Ni 0.13 6.37 1.000 0.88 0.44 2.02 0.892 0.92 27.9 0.949 0.0006 32.4 0.981
Ca 0.83 10.9 0.999 0.05 2.56 2.64 0.854 0.38 3.0 0.951 0.0063 31.5 0.971
Mn 0.36 4.23 0.999 0.58 0.52 1.98 0.895 0.31 15.0 0.957 0.0011 30.5 0.971
Ti _— > > b 0.08 2.56 0.749 0.50 152.3 0.824  0.0001 31.1 0.995

@ Ry, values were determined at the concentration in accordance with Taiwan EPA's effluent standards (i.e., C2). ® The obtained values were

meaningless.
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way to enhance the fundamental basis (physically meaningful)
of the response surface models was to combine it with the unit-
factor method, i.e., using dimensionless groups as the equation
inputs. The concept of dimensional homogeneity could be
utilized in the design of process scale-up.

Conversely, the kinetic models (such as diffusion-controlled
kinetics) were applied to determine the rate-limiting step in
a heterogeneous system based on the fundamental mecha-
nisms and theories. These classical kinetic models have been
widely used because of their conceptual and mathematical
simplicity, compared to the models based on numerical anal-
ysis. The key design parameters of the time-lapse capsules, for
e.g., the adsorption rate constant and diffusion coefficient,
could be obtained with these kinetic models. The obtained
constants and/or coefficients could provide information about
the adsorption behaviors at the liquid-solid interface. Hence, it
was assumed that these models could be applied for future
scale-up and optimization. Likewise, the adsorption isotherm
models were developed based on the fundamentals of equilib-
rium adsorption with respect to different initial concentrations
at a constant temperature. The obtained isotherm data
described the equilibrium relationship between the time-lapse
capsules (adsorbent) and the heavy metals (adsorbate). The
distributions of different heavy metals between the time-lapse
capsules and the water solution at equilibrium were useful for
estimating the maximum adsorption capacity of the designed
systems.

This research should be considered as the pioneering study
reporting the adsorption kinetics and capacities of different
heavy metals using time-lapse capsules, which could be used as
the design criteria for future improvement. The concept of
developing low-cost materials (i.e., time-lapse capsules)
provides an insight into the in situ and simple monitoring of
heavy metals in water bodies. In practice, the deployment of
time-lapse capsules can easily identify the potential sources and
patterns of illegal or accidental discharges containing heavy
metals from industries into natural water bodies without
intensive labor. In addition, the time-lapse capsules can be
possibly used to capture trace emerging contaminants, such as
perfluorooctanoic and perfluorooctanesulfonic acids, from an
aqueous environment by concentrating them onto the ion-
exchange resins over a period of time. This technique exhibits
a great potential of wide applications in tracking or extracting
various types of pollutants (even at the sub-ppm level) from
water bodies and/or paddy soils at low cost. In our previous
study,* we successfully utilized the XRF technique to rapidly
determine the concentrations of heavy metals adsorbed on the
time-lapse capsules. For the sake of heavy metal monitoring, the
regeneration of the used ion-exchange resins was not necessary
as the time-lapse capsules were designed for one-time use.

3.5 Priority research directions: adsorption behaviors and
interactions

In this study, we have provided an insight into the adsorption
behaviors of different heavy metals using time-lapse capsules
from different angles by using a multiple model approach. The
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obtained kinetic and isotherm parameters could be used to
improve the design of time-lapse capsules. In this section, we
have proposed several priority research directions for future
studies, including (1) sorption kinetics adapted to field opera-
tions, (2) interactions and competitive sorption of different
heavy metals, and (3) contribution of electrostatic sorption and
complexation.

3.5.1 Sorption kinetics adapted to field operations. In this
study, we conducted batch adsorption experiments in
a controlled environment, such as fixed temperature and pH.
However, in the real case of field operations, these operating
factors would be variable. Therefore, the effect of the operating
factors that are particularly related to the real water body, such
as pH, temperature, mixing, and dosage of resins, on the
adsorption kinetics and capacity should be further evaluated. It
is noted that these factors generally play significant roles in the
adsorption kinetics and thus, influence the maximum adsorp-
tion capacity. For instance, different adsorption behaviors of
heavy metals at different pH values could be observed due to the
different ionic forms of heavy metals present in the real water
body at different pH values. For different temperatures, key
thermodynamic parameters such as Gibbs free energy of
adsorption could be determined accordingly. For the mixing,
experiments at different stirring speeds conducted in the
laboratory should be further correlated with the Reynold (Re)
number to predict the performance of adsorption in the real
water body.

3.5.2 Interactions and competitive sorption of different
heavy metals. Real water bodies are multi-component systems
where various types of inorganic and organic compounds exist.
The presence of multiple solutes could significantly affect the
adsorption rates and capacities of the ion-exchange resins for
different metals. In other words, the interactions and compet-
itive uptake of different heavy metals from the real river samples
using the time-lapse capsules should be evaluated to under-
stand the simultaneous adsorption behaviors and interactions
involving more metal ions. A set of competitive sorption models
for multi-component systems, such as the extended/modified
Langmuir equation,* the IAST-based Sips equation,*” the
Sheindorf-Rebhun-Sheintuch model,** and the modified Red-
lich-Peterson equation,®* could be applied to evaluate the
adsorption behavior and isotherms.

3.5.3 Contribution of electrostatic sorption and complex-
ation. The understanding of adsorption mechanism pathways
with proper interpretation of adsorption isotherms is crucial for
the effective improvement of adsorption system design. From
the fundamental point of view, the possible mechanisms of
adsorption include physisorption, chemisorption, electrostatic
sorption, complex formation, and hydrate formation.* To
understand the contributions of different mechanisms to the
interactions between the ion-exchange resins and heavy metals,
an integrated mechanistic model considering electrostatic
sorption, complex formation, and hydrate formation shall be
developed in our future work. Pehlivan et al.** suggested that,
along with chemisorption, the contribution of electrostatic
sorption and complexation are important. For hydrate forma-
tion, the radius and dehydration degree of the adsorbed
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metallic species should be determined and integrated into the
mechanistic model.

4. Conclusion

In this study, multiple model approaches including response
surfaces, kinetics, and isotherms were utilized to evaluate the
effect of operating factors on the performance of trapping heavy
metals from water using time-lapse capsules. The results indi-
cated that the adsorption of metal ions on the time-lapse
capsules proceeded in two stages in the period of contact
time, viz., (i) rapid uptake, especially within the beginning
20 min and (ii) slow adsorption after 40 min. This could be
attributed to the available active sites on the ion-exchange
resins. According to the kinetic analyses, it was suggested that
adsorption was due to chemisorption and the adsorption
mechanism was adsorbate diffusion rather than surface
control. The rate-limiting step would be external diffusion
control at low initial concentrations, which gradually switched
to intraparticle diffusion control as the initial concentration of
metals increased. The results from the intraparticle-diffusion
models also indicated that there was an initial boundary layer
resistance. The obtained external diffusion coefficients for Zn,
Pb, Cu, Cr, Ni, Ca, Mn, and Ti were 0.10, 0.12, 0.11, 0.09, 0.10,
0.13, 0.09, and 0.06 mm min ', respectively. Similarly, the
results of the isotherm models indicated favorable adsorption
of the metal ions using time-lapse capsules. Both the Langmuir
and Temkin isotherm models fitted well for the adsorption
behavior of most of the metal ions, while the adsorption of Ti
could be well described only by the D-R isotherm model. In
order to enhance the fundamental knowledge of heavy metal
adsorption using time-lapse capsules, our future work will be
focused on the contribution of electrostatic adsorption and
complexation to adsorption, as well as the competitive adsorp-
tion of different heavy metals.
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