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Abstract: Chitosan, a natural organic polymer, has shown bifunctional characteristics in the removal
of cationic and anionic contaminants from water and wastewater treatment. In particular, cationic
Cu(Il) and anionic phosphate can simultaneously interact with chitosan owing to the presence of the
amino group in the form of NH, and NH3* in chitosan. To gain greater insight into the bifunctional
adsorption characteristics of chitosan, its adsorption capacity for Cu(Il) and phosphate was tested
under single and mixed (co-ion) conditions to investigate the interactions between four types of
chitosan beads and NH; and NH;3*. In the single condition, Cu(Il) uptake was reduced from 0.243
to 0.0197 mmol/g due to the crosslinking and drying processes, whereas no significant reduction
in phosphate uptake was observed, indicating that the crosslinking agent only interacted with
NH; to decrease the number of available adsorption sites for Cu(II). Under the mixed condition,
the simultaneous presence of the two ions clearly increased the uptake of each other, with the
adsorption of phosphate being more influenced than that of Cu(Il). The comparison of the rate
constant, k; or ky, using pseudo-first- and pseudo-second-order models confirmed that phosphate
reached equilibrium faster than Cu(Il), suggesting that electrostatic interaction was preferred over
coordination. In addition, under mixed conditions, co-ion competition slowed down the adsorption
kinetics for both Cu(Il) and phosphate.
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1. Introduction

Natural biopolymers such as chitosan, alginate, and glucose have been widely applied
in the industrial field as an alternative to synthetic polymers due to their biocompatibility
and nontoxicity to humans [1]. In particular, natural biopolymers are efficient adsorbents
in separating cationic heavy metals such as Cu(Il) [2], Cd(II) [3], and Cr(VI) [1] from water,
showing high capacity when used in the form of beads.

Among them, chitosan is particularly attractive because it contains the amino func-
tional group (NH;), which renders it suitable for water and wastewater treatment. Chitosan
is obtained from chitin, which is extracted from the shells of crabs or shrimps. After deacety-
lation via base treatment (NaOH) [4], the acetyl group of chitin is converted to amino (NH;)
groups to produce chitosan. The degree of deacetylation (DD) is considered a critical
parameter to determine the number of amino groups in chitosan [5]; specifically, a higher
DD affords more amino groups, thereby increasing the number of available adsorption
sites [6].

Chitosan shows complexation ability with heavy metals, which decreases in the
order Cu > Hg > Zn > Cd > Ni > Co [7]. This affinity order is similar to that of the
commercial chelating resin Chelex 100, having iminodiacetic acid groups [8], a newly
developed chelating resin with carboxylate acid groups [9], and XFS 4195 containing bis-
picolylamine [10], indicating that the fixed chelating ligands selectively remove metal ions.
Therefore, the NH; species of chitosan acts as a fixed chelating ligand and interacts with
heavy metals via coordination.
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Furthermore, the anion removal efficiency can be enhanced by adding a polymeric
ligand exchanger (PLE), which was first introduced by Helfferich (1962) [11]. The adsorbed
metal ions are immobilized and serve as adsorption sites for anionic contaminants by
participating in Lewis acid-base interactions.

Meanwhile, at pH values below the pKj of chitosan, the NH; group is protonated into
NH;*, which can remove anions such as phosphate [12,13] and arsenic [14] by forming
electrostatic interactions. Moreover, phosphate (pK,1 = 2.1, pK, =7.2, and pK,3 = 12.3)
existed as four different species (H3PO4, HPO, ™, HPO,4%~, and PO4%7) depending on
the pH [15]. Therefore, the degree of protonation plays a critical role in determining the
fraction of NH; and NH3* and, in turn, the adsorption mechanism and capacity for cations
and anions.

Hydrogel beads were used to obtain high adsorption capacity when chitosan was
introduced as an adsorbent in water treatment and wastewater treatment. However, its
application has been limited due to its physical strength and chemical stability. Hydrogel
beads are easily broken under acidic conditions and relatively long operation periods. As
a result, crosslinking and drying processes have been added to increase the stability and
strength, with the possibility of changing adsorption properties. Therefore, other types of
CBs have been more frequently applied in this field [16,17].

In this study, aiming at gaining more insight into the bifunctional adsorption char-
acteristics of the amino group of chitosan, the removal of Cu(Il) as a cationic metal and
phosphate as an anionic ligand was investigated using four types of chitosan beads (CB)
prepared via crosslinking and drying. Specifically, the objectives of this work were (1) to
calculate the capacity of the four types of CB for Cu(ll) and phosphate under single and
mixed (co-ion) conditions, (2) to evaluate the effect of the initial concentration of Cu(Il) and
phosphate on the adsorption capacity for both ions, and (3) to determine the adsorption
kinetics of coordination and electrostatic interaction using two kinetic models and compare
the value of the rate constants k; and k; in the equilibrium.

2. Material and Methods
2.1. Chemicals

Medium molecular weight chitosan powder (~250,000 g/mol) with a DD of 75-85%
was obtained from Sigma-Aldrich (St. Louis, MO, USA). A glutaraldehyde (GA) solution
(25%) was purchased from SHOW (Tokyo, Japan) and used as a crosslinking agent. HC],
NaOH, CuCl-2H,0, and KH;PO4 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All chemicals were used as received without further purification.

2.2. Preparation of Four Types of CB

First, hydrogel CB (HCB) was prepared by dissolving chitosan flakes in acid. Then,
CB were obtained under basic conditions [18]. The preparation conditions were dependent
upon the molecular weight and DD of chitosan. Briefly, following the report by Shin et al.
(2021) [19], a 2.5% (w/w) chitosan solution was prepared by dissolving the chitosan flakes in
1% HCl solution. Subsequently, the chitosan solution was added dropwise into a 1 mol/L
NaOH solution. The mixture was mildly stirred for at least 12 h to complete the formation
of CB, which was then washed until the solution pH was 7.5-8.0. The as-obtained HCB
were subjected to chemical treatment (crosslinking) using a 0.5 mol/L GA solution to
produce HCB-G. Both HCB and HCB-G were dried under air, affording the dried samples
DCB and DCB-G, respectively.

2.3. Batch Removal Test

The removal experiments were performed in batch mode. Typically, a 50 mL solution
containing ~20 mg/L (0.315 mmol/L) of Cu(Il) and 30 mg/L (0.315 mmol/L) of phosphate
for the mixed condition experiments and 20 mg/L of Cu(Il) or 30 mg/L of phosphate
for the single condition experiments was placed in a 55 mL conical tube. Another batch
test was conducted using HCB-G to examine the effect of the initial concentration. The
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concentrations of Cu(Il) and phosphate were set to 20, 40, and 60 mg/L and 30, 60, and
90 mg/L, respectively, which are expressed as the molar ratio of 1, 2, and 3 in the results.
A batch kinetic test was conducted using DCB under single and mixed conditions with
20 mg/L of Cu(Il) and 30 mg/L phosphate in 1 L of solution. The initial pH was set to
5.25 £ 0.3. All experiments were repeated at least twice and the initial pH was adjusted
using HCI or NaOH during the experiment.

2.4. Adsorption Isotherm Studies

Langmuir [20] and Freundlich [21] isotherm equations were used to calculate the
adsorption amount according to Equations (1) and (2), respectively:

- QbC,
1= T pe )
qe = kCo/" @)

where g, and Q are the adsorbed amount of target contaminant and the maximum up-
take of contaminant per unit mass of adsorbent (mg/g), respectively, C. is the equilib-
rium concentration (mg/L) in solution, b is the Langmuir constant, and k; and 7 are the
Freundlich constants.

2.5. Kinetic Test

Since DCB clearly showed adsorption behavior under single and mixed conditions,
it was selected to determine the distinct adsorption rate in the liquid and solid phases
using pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models according
to Equation (3), with n =1 [22] and 2 [23,24], respectively.

dqt _ n
ar kn(ge — qt) 3)

The coefficient of determination R? and the difference between experimental and
calculated uptake (x2; Equation (4)) were used to identify the best-fitting model.

2 _ v (Geerp = ecar)”
=X )

X
Ge,cal

2.6. Chemical Analyses

Inductively coupled plasma spectroscopy (Model: NexION 300D, Agilent Technolo-
gies, Santa Clara, CA, USA) was used to determine the concentration of Cu(Il) and phospho-
rus (as phosphate) in the solution. A Laboratory VIS spectrophotometer (Model: DR3900,
HACH, USA) for Cu(Il) and a portable analyzer (Model: HS-1000plus, HUMAS, Daejeon,
Korea) for phosphorus were used as auxiliary equipment. The solution pH was measured
using an ORION Star A22 pH meter (Thermo Scientific, Waltham, MA, USA).

3. Results and Discussion
3.1. Batch Removal Experiments Using Four Types of CB

Figure 1 shows the uptake in mmol/g of Cu(ll) and phosphate using four types of CB,
i.e., HCB, HCB-G, DCB, and DCB-G, under single and mixed conditions. The adsorption
uptake and behavior for Cu(Il) and phosphate were obviously different depending on the
type of CB. Under the single condition, the uptake of Cu(Il) was 0.243, 0.0932, 0.0642, and
0.0197 mmol/g for HCB, HCB-G, DCB, and DCB-G, respectively, whereas the uptake of
phosphate did not depend significantly on the type of CB and was in the range 0.199-0.220;
thus, the phosphate uptake was 2.32, 3.29, and 11.4 times higher than that of Cu(II), except
for HCB. This indicates that the interaction of the crosslinking agent GA, which was used to
increase the chemical stability of the chitosan polymer and the drying process that strength-
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ens the physical hardness, influences, to a larger extent, the uptake of Cu(lIl) rather than
phosphate. The reaction between chitosan and GA was described in a previous study [23].
In solution, GA is composed of the following species: free aldehyde (I), monohydrate
(II), dehydrate (III), cyclic cis (IV), and trans (V) isomers. These species interact with the
deprotonated amino group (NHj) of the chitosan polymer and not with the protonated
amino group (NH3*) [25,26]. The drying of hydrogel chitosan decreases the porous volume
and pore size resulting in a reduction in adsorption capacity and adsorption kinetics for
cationic heavy metals [17]. The uptake of phosphate as an anion was not significantly
altered upon drying. As a result, the drying serves only to destroy the NHj site. Therefore,
the use of GA and drying reduce the number of available NHj sites for Cu(ll) adsorption.

0.35
— HCB 'é'"ﬁl'f"; 315 L
u(il): 0. mmo
0.30 - HCB-G Phosphate: 0.315 mmol/L M
@ DCB .
pH: 5.25
[ DCB-G
o) 0.25 I
=
[} S
€ 0.20 -
£
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©
b
Qo
> 0.10 |
0.05 -
0.00 I L L L
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Figure 1. Cu(II) and phosphate uptake (mmol/g) using four types of chitosan beads (CB), namely
hydrogel CB (HCB), glutaraldehyde-treated HCB (HCB-G), and the corresponding dried samples of
DCB and DCB-G, under single and mixed conditions.

The total uptake (Cu(II) and phosphate) of 0.442 (0.243 + 0.198) mmol /g for HCB under
a single condition would correspond to the maximum amount of available amino groups
involved in electrostatic and coordination interactions under the present experimental
conditions. This means that only the number of amino groups (NH; or NH3*) would be
affected by the experimental conditions, resulting in a change in the uptake of Cu(Il) and
phosphate. The fact that no significant change in phosphate uptake occurred under a single
condition indicates that NH, was not converted to NH3", confirming that NHj, and not
NHj3", was involved in the crosslinking and drying processes.

The Cu/phosphate separation factor (SF, a¢,p) was calculated using the following
Equation (5) to provide the selectivity in a binary system:

_ qCu'CP
Xcy/p = w

©)

where g and C represent the uptake and concentration in the solid phase (mmol/g) and the
aqueous phase (mmol/L), respectively. When SF («(,,p) is greater than unity, the selectivity
of the adsorbent (solid) for Cu(Il) is higher than for phosphate. The SF value was 3.63,
0.443, 0.265, and 0.234 for HCB, HCB-G, DCB, and DCB-G, respectively. Thus, except for
HCB, phosphate was preferred over Cu(Il), confirming that the crosslinking and drying
processes affected the adsorption.
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Under the single condition, the maximum uptake by CB was 0.243 mmol/g for Cu(II)
and 0.220 mmol/g for phosphate via coordination and electrostatic interactions, respec-
tively. Meanwhile, the Cu(II) and phosphate uptakes were significantly increased under
mixed conditions. This result suggests that an additional interaction occurred during the
adsorption under mixed conditions. In general, the increased uptake of both Cu(Il) and
phosphate could be explained in terms of precipitation and coprecipitation, increased ionic
strength, and additional interactions. To avoid the precipitation of metal hydroxide, the pH
of the initial solution was adjusted, and a control sample (without adsorbent) subjected to
the same experiments showed no notable difference in the results. With regard to the ionic
strength, the value increases with the charge number of the ion regardless of whether it is
positive or negative. The increased uptake under mixed conditions was influenced by the
increased ionic strength [27]. Finally, an additional interaction could involve a metal-ligand
interaction, as was first described by Helfferich [11]. In this case, under mixed conditions,
the adsorbed Cu(ll) ions firmly bound to N atoms would interact with phosphate via
electrostatic interaction, resulting in metal-ligand complexation, which would contribute
to the removal of the target phosphate ligand [28,29].

3.2. Effect of the Initial Concentration of Cu(Il) and Phosphate

Since the uptake of Cu(ll) and phosphate increased under mixed conditions, the effect
of the initial concentration of Cu(II) and phosphate was investigated for DCB (Figure 2).
The ratio of the X-axis represents the mole number (1 = ~0.315 mM). The following obser-
vations can be extracted from the results depicted in Figure 2: (1) under a single condition,
as the initial concentration increased, the Cu(ll) uptake did not increase (red circle in
Figure 2a), but that of phosphate did (Figure 2b); (2) the uptake of Cu(Il) and phosphate
increased with increasing co-ion concentrations; (3) a decrease in phosphate uptake was
observed at 3:3 (red circle in Figure 2b); and (4) the increase rate decreased with increasing
co-ion concentrations.

0.5 0.6
(a) cu(ll (b) Phosphate T

0.4 1 1 051 5
- _| -
=° T % 0.4 T
E 0.3 1 E e
g . E 13l =
[} [})
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0:1 111 0:2

1.0 11 20 21 22 30 31 32 33 2 22 03 13 23 33

Ratio of Cu(ll) to phosphate (1=0.3 mM) Ratio of Cu(ll) to phosphate (1=0.3 mM)
(a) (b)

Figure 2. Uptake of Cu(Il) (a) and phosphate (b) at different initial concentrations.

To investigate whether these results were due to the effect of Cu(ll) and phosphate
species at increased initial concentrations, the species were calculated using Visual MINTEQ
3.1 at a fixed pH of 5.25 (Table 1). Since the dominant species of Cu(Il) and phosphate were
Cu?* and HPO4~ (94.3% and 93.7%, respectively), in all cases, the effect of the species
could be ignored.
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Table 1. The portion of Cu(Il) and H,PO, ™ species at the different initial concentrations using Visual
MINTEQ 3.1.

Species

Ratio of Cu(II) to Phosphate

1:0

0:1 1:1 2:0 0:2 2:1 1:2 2:2 3:0 0:3 3:1 1:3 3:2 2:3 3:3

Cu(Il), %
HyPO4~, %

99.5

- 97.6  99.5 - 978 956 959 994 - 97.6 941 959 943 946
9.1 970 - 99.1 952 970 953 - 99.0 937 971 938 954 939

Cu(ll) uptake, mmol

A

0.6

0.5

0.4

0.3

0.2 1

0.1 1

0.0

Since the Cu(Il) uptake did not change in the absence of phosphate (Figure 3a, filled
circles) and increased in the presence of 1, 2, and 3 mol of phosphate with a slope of 0.0540,
0.0855, and 0.0971 and an R? of 0.978, 0.990, and 0.993, respectively, it can be concluded
that NH; in the polymer was already saturated with Cu(Il) and the increased phosphate
concentration led to a linear increase in the Cu(Il) uptake, which could be explained by
the formation of a Cu—phosphate complex with the addition of phosphate. In contrast,
as shown in Figure 3b, the phosphate uptake increased in the absence of Cu(Il) upon
increasing the phosphate amount, which can be attributed to the strong driving force
of the gradient overwhelming the mass transfer resistance. The phosphate uptake was
increased in the presence of Cu(ll) but was not significantly influenced by the increase in
the Cu(Il) concentration.

0.6

(@

—&— Number of Cu(ll) mole: 0
—&— Number of phosphate mole: 0 (b) —O— Number of Cu(ll) mole: 1
—O— Number of phosphate mole: 1 —¥— Number of Cu(ll) mole: 2
—¥— Number of phosphate mole: 2 —4— Number of Cu(ll) mole: 3
—&— Number of phosphate mole: 3

0.5

0.4

0.3 1

0.2 4

Phosphate uptake, mmol

0.1 4

0.0 T T T

0 1 2 3 4

Number of Cu(ll) mole Number of phosphate mole

(a) (b)

Figure 3. Uptake of Cu(Il) (a) and phosphate (b) at different initial concentrations.

3.3. Adsorption Isotherm Studies

Next, to gain more insight into the adsorption mechanism, Langmuir and Freundlich’s
isotherms were applied. The calculated parameters and fitting results are shown in Table 2
and Figure 4. In general, the adsorption mechanism is determined based on the best fit
between the Langmuir and Freundlich models, which represent chemical and physical ad-
sorption, respectively [30]. No significant difference was observed in the R? values between
Langmuir and Freundlich isotherms (Table 2), except for the Cu-single of Freundlich, sug-
gesting that both electrostatic interaction and coordination occurred. A poor fitting of the
Freundlich isotherm (R? = 0.00431) to the Cu-single condition was observed. It is because
the Freundlich isotherm model is better for unfavorable shapes when 7 is less than one (e.g.,
n < 1.00). Therefore, only four sample points did not satisfy the Freundlich observation.

Figure 4 clearly confirmed that the phosphate uptake was higher than the Cu(II)
uptake. In the Langmuir and Freundlich isotherms, the Q and k¢ values of phosphate
uptake increased from 0.820 to 0.850 (+3.66%) and from 0.466 to 0.840 (+80.2%), respectively,
indicating that the presence of the co-ion in the system accelerated the adsorption capacity.
The value of b in the Langmuir Equation (1) and 7 in the Freundlich Equation (2) represent
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the adsorption energy and the energetic heterogeneity of the adsorption sites, respectively,
and are indicators of the adsorption affinity [31,32]. Thus, the increase in b from 1.02 to
2.97 and in n from 1.33 to 1.60 under mixed conditions confirmed that the adsorption was
favored by the presence of the co-ion.

Table 2. The parameters were calculated from Langmuir and Freundlich isotherm models under

single and mixed conditions.

Langmuir Freundlich
Condition
Q b R? ke n R?
Cu—single 0.0379 402,853 0.923 1.00 0.100 0.00431
Cu—mixed 0.353 2.48 0.999 0.277 1.90 1.00
Phosphate—single 0.820 1.02 0.995 0.466 1.33 0.992
Phosphate—mixed 0.850 2.97 0.985 0.839 1.60 0.975
0.6 0.6
(@) (b) Phosphate 7
~
0.5 q (] Cu(ll) only 0.5 1 P -
o Cu(ll) with phosphate g
Langmuir
E’ 0.4 — — —  Freundlich Q 0.4 P ~ Z
3 ° §/ z
E 0.3 E 0.3 y 7 =
o P ==
S 02 T 2 B
Jo =
7 o Only phosphate
0.1+ 014 0 phosphate with Cu(ll
/ P Langmuir
// — — —  Freundlich
0.0 T T T T 0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6
C,, mmol/L C., mmol/L

(a) (b)

Figure 4. Langmuir and Freundlich isotherms for the adsorption of Cu(Il) (a) and phosphate (b).

3.4. Adsorption Kinetics

A linear PFO kinetic model (Equation (6)) was obtained by integrating Equation (3)
for n = 1 under the condition: t =0, g; =0, t = t, 4. = g¢. Then, a nonlinear PFO kinetic model
(Equation (7)) can be obtained by rearranging Equation (6).

In(ge — q¢) = Inge — kqt (6)

9 = e (1—e7M) @)

Similarly, linear and nonlinear PSO kinetic models were obtained from Equation (3)
for n = 2 (Equations (8) and (9), respectively).

t 11

=1t 8

q kog? o qe ®)
o kzqet

1= 1 kgt ©)

Generally, linear PFO and PSO kinetic models are first obtained and then the nonlinear
models were rearranged to improve the correlation coefficient from linear models because
the linear PFO model requires at least two segment lines separating two time conditions,
i.e., the initial time and the rest time [33,34]. Therefore, the nonlinear PFO model is
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normally more appropriately used to explain the adsorption mechanism. Moreover, when
the nonlinear kinetic model was converted to the linear kinetic model, model parameters of
the nonlinear kinetic model would be distorted, and because the nonlinear kinetic equation
does not need the value of gy before fitting, it would be less affected by g, exp [35,36].

Nonlinear PFO and PSO kinetic models are plotted in Figure 5, and the calculated
parameters g, k, X2, and R? are listed in Table 3. As shown in Figure 5, the equilibrium was
reached faster for the PFO kinetic model than for the PSO kinetic model. The profile of
phosphate under single and mixed conditions was much sharper at the initial stages and
reached equilibrium earlier than that of Cu(ll) under both conditions, indicating that the
adsorption of phosphate was faster than that of Cu(Il), as can be extracted by comparing
the k; and ky values. In general, the PSO model showed higher R? and lower x? values
than the PFO model, and no significant difference was observed between nonlinear and
linear PSO models. As mentioned above, the lowest R? is generally ascribed to the linear
PFO model requiring two segments of time, and the higher fit of the PSO model suggests
that chemical adsorption dominates over physical adsorption [37].

—— Nonlinear PFO
——— Nonlinear PSO
B4 A
e A~
phosphate mixed
o)
~—
(o)}
E 10
6 = g - ——————————————— = ra
— phosphate only
g !
v _———————————————
: .
5 Cu(ll) mixed
. 9
Cu(ll) only
0 - : . .
20 30 40
Time, h

Figure 5. Nonlinear pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetics of Cu(Il) and
phosphate under single and mixed conditions.

Under the single condition, k; values of 0.328 and 1.49 were obtained for Cu(Il) and
phosphate, respectively, using the nonlinear PFO model and the corresponding k;, values of
0.112 and 0.277 for the PSO model. For both linear and nonlinear models, the adsorption
rate for phosphate was almost four times or two times higher than that for Cu(II) using
the PFO and PSO models, respectively, which is in accord with the sharper curve for
phosphate observed in Figure 5. This indicates that the electrostatic interaction between
phosphate and NHs* was faster than coordination. Under the mixed condition, lower k
values were obtained for both Cu(Il) and phosphate compared with those under single
conditions, except for Cu(Il) in the PFO model, which can be disregarded because the PSO
model afforded a better R? than the PFO model. The lower k values can be attributed to
the competition between co-ions regardless of their individual adsorption capacity [38,39].
Under the mixed condition, the adsorption rate for Cu(Il) and phosphate were reduced to
—28.9 and —76.2, and to —32.1 and —71.3 for nonlinear and linear PSO models, respectively.
The reduction in the adsorption rate for phosphate was almost twice that of Cu(Il) in the
presence of the co-ion.
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Table 3. Parameters calculated from linear and nonlinear PFO and PSO models under single and

mixed conditions.

Phosphate Phosphate

Kinetic Model Parameter Cu(II) Single Cu(II) Mixed Single Mixed Average
Je, Mg/ g 3.57 5.93 8.89 14.1
k1 0.328 0.381 1.49 0.722
Nonlinear PFO Aky, % +16.2 —51.4
R? 0.963 0.959 0.989 0.983 0.974
x> 0.319 0.566 0.105 0.367 0.339
Je, Mg/ g 3.59 5.85 8.04 13
. k1 0.256 0.271 1.04 0.439
Linear PFO Aky, % +5.86 _57.8
R? 0.94 0.937 0.993 0.958 0.957
Je, Mg/ g 3.96 6.54 9.26 15.2
ko 0.112 0.0796 0.277 0.0657
Nonlinear PSO Aky, % —28.9 —76.2
R? 0.992 0.991 0.98 0.999 0.991
x> 0.0624 0.115 0.168 0.0174 0.0907
Je, Mg/ g 4.03 6.69 9.16 149
. ko 0.124 0.0842 0.279 0.0801
Linear PSO Aky, % -321 -71.3
R? 0.997 0.997 0.999 0.999 0.998

In the PFO and PSO equations, k represents the rate constant, with higher k values
indicating higher kinetics. To determine the effect of k on the equilibrium kinetics, the
relationship between k and g, was examined. However, as shown in Figure 6, no relationship
was found between k; or k; and g.. Similarly, previous studies using CB reported g, values
of 118, 102, and 44.5 for k values of 0.382, 0.432, 0.384, respectively, and g, values of 7.97,
3.42, and 0.66 for k values of 0.17, 0.31, 0.23, respectively [40,41]. Therefore, as an alternative
approach to evaluating the meaning of k, the adsorption kinetics were studied by plotting
gt/ qe vs. time, which would represent the time required to reach equilibrium regardless of

the uptake.
1.6 0.30
— - — Nonlinear PFO
149 —-o0— Linear PFO /
Nonlinear PSO - 0.25
1.2 A Linear PSO
101 - 0.20
0.8 - xN
0.6 - - 0.15
0.4 -
- 0.10
0.2 1
0.0 T T T T T T 0.05
2 4 6 8 10 12 14 16

q., mg/g

Figure 6. Plots of the adsorbed amount (g,) vs. rate constants k; and k;.
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The values of q; and g. were obtained from the nonlinear PFO and PSO models.
The results are shown in Figure 7 and Table 4. Table 4 summarizes the ratio of g; to g,
(g¢/9¢), time, and the time ratio under single and mixed conditions. Regardless of the
value of g;/4., the time ratio was constant, which allowed for the direct comparison of
the adsorption kinetics. In addition, the ratio of k; or k; was the same under single and
mixed conditions. For example, 1.16 from 0.381 (kq, Cu(Il)-single)/0.328 (k;, Cu(II)-mixed),
0.485 from 0.722 (k1, phosphate-single) /1.49 (k;, phosphate-mixed), 0.711 from 0.0796 (k»,
Cu(Il)-single) /0.112 (kp, Cu(Il)-mixed), and 0.237 from 0.0657 (kz, phosphate-single)/0.277
(k2, phosphate-mixed), which are in accord with the results listed in Table 4. Therefore, k;
and kp can be directly used to determine the adsorption kinetics and equilibrium time.

a/d,
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Figure 7. Plots of q;/g. versus time using pseudo-first-order (PFO) (a) and pseudo-second-order
(PSO) kinetic models (b).

Table 4. Comparison of equilibrium time for different conditions and models.

PFO PSO
Cu(ID) Phosphate Cu(Il) Phosphate
Single Mixed Ratio Single  Mixed Ratio Single Mixed Ratio Single  Mixed Ratio
1ge, % 1ge, %

9. Time, Time, Single/ Time, Time, Single/ '4e Time, Time, Single/ Time, Time, Single/
h h Mixed h h Mixed h h Mixed h h Mixed

30 1.09 0.935 117 0.240 0.494 0.486 30 3.19 4.48 0.712 1.29 5.43 0.238

50 212 1.82 1.16 0.467 0.959 0.4487 50 6.19 8.71 0.711 2.51 10.6 0.237

80 491 4.22 1.16 1.08 2.23 0.484 80 14.4 20.2 0.713 5.82 24.5 0.238

95 9.13 7.86 1.16 2.02 415 0.487 95 26.8 37.6 0.713 10.8 45.6 0.237

average 1.16 0.486 0.712 0.237

4. Conclusions

The mechanisms of the adsorption of Cu(ll) and phosphate on CB were investigated
in terms of the type of interaction, i.e., coordination and electrostatic interaction, between
the adsorbate ion and the amino group in chitosan, which may exist as NH; and NH3*
depending on the degree of protonation () and the solution pH. Under the single con-
dition, the maximum uptake of Cu(Il) and phosphate was 0.244 and 0.220 mmol/g, re-
spectively. The NH; and NH3™" species in CB were involved in the Cu(Il) and phosphate
adsorption, respectively.

The fact that a significant decrease in the Cu(Il) uptake was observed depending on
the type of CB, whereas no significant difference was detected in the phosphate uptake,
indicated that the crosslinking agent introduced to increase the chemical stability interacted
with NH,, thereby reducing the adsorptive capacity for Cu(Il). The increased Cu(Il) and
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phosphate uptake observed under mixed conditions using HCB-G and DCB was caused by
an interaction between Cu(Il) and phosphate. Upon increasing the initial concentration,
the Cu(Il) uptake increased proportionally with the phosphate concentration, whereas the
increase in the phosphate uptake was less influenced by the Cu(Il) concentration. The
comparison of the rate constants k; or k; clearly showed that the electrostatic interaction
was faster than coordination since the k value for phosphate adsorption was higher in both
PFO and PSO models. In addition, the presence of the co-ion slowed down the adsorption
kinetics. It was also shown that the k; and k; values can be directly used to determine the
adsorption kinetics and equilibrium time by plotting g /4 vs. time.

Based on the conclusions, further studies focusing on the pH are needed to quan-
titatively identify the adsorption characteristics and mechanisms of the amino group in
chitosan. There were still some uncertainties regarding the removal amounts, such as
mmol or mg quantities of cation and anion. For example, HCB did not show the effect of
metal-ligand complexation. This is likely due to the change in the point of zero charge (pzc)
of the chitosan bead or interface pH change, even though the solution pH was adjusted to
5.25 + 0.3 at a desired time during the experiments. Various pH conditions determining the
degree of protonation, the pzc, and the species of phosphate better clarify both electrostatic
and coordination interactions. Additionally, the change in the pH of the solution would be
investigated in metal complexation.
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