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ARTICLE INFO ABSTRACT

Article history: This study examined the desorption of copper ions, which were adsorbed on the magnetic polymer
Received 24 January 2009 adsorbent (MPA) of polyvinyl acetate-iminodiacetic acid (M-PVAC-IDA), by ethylenediaminetetraacetic
Received in revised form 5 May 2009 acid (EDTA). Stage-wise desorptions were applied to remove the Cu(ll) ions from the Cu(Il) adsorbed
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M-PVAC-IDA (A-M-PVAC-IDA). About seven desorption runs were needed to regenerate the A-M-PVAC-
IDA. The Cu(ll) desorbed M-PVAC-IDA (D-M-PVAC-IDA) was then reused to adsorb the Cu(ll) ions from
the Cu(Il) ions-containing solution. The cyclic adsorption and desorption operations (CADOs) were per-
formed to further elucidate the kinetics and equilibria of the desorption system of EDTA/A-M-PVAC-IDA
and the adsorption system of Cu(Il)-containing solution/D-M-PVAC-IDA. Two simple kinetic models, the
pseudo-first-order equation and pseudo-second-order equation, were employed to simulate the kinetic
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Desorbent
Desorption behaviors of adsorption and desorption. With respect to the kinetics of adsorption behavior, the simulated
Copper ion results by both kinetic models exhibit good agreement with the experimental data. However, the adsorp-

Metal chelating ligand tion capacities (q.) estimated by the pseudo-first-order equation are more accurate in comparison with
EDTA those simulated by the pseudo-second-order equation. As for the desorption kinetics, the examination
of correlation coefficients of model fittings of data shows that the pseudo-first-order kinetic model gives
the better agreement for the cases with different initial solid-phase concentrations and can accurately
compute the equilibrium concentrations of solid-phase. The values of g, after CADOs are consistent with
the predicted results via the previous work, evidencing that the adsorption behavior and the character-
istics of the regenerated adsorbent of D-M-PVAC-IDA were not altered. In the experiments of desorbing
copper ions and CADOs, the desorption isotherm was set up. The Freundlich and Langmuir adsorption (or
desorption) isotherms were used to simulate the equilibrium of desorption. The results indicate that the
Freundlich equation shows better agreement with the experimental data than the Langmuir equation.
The information thus obtained is useful for the better use of M-PVAC-IDA on the removal of heavy mental
ions of Cu(Il) from the Cu(Il) ion-containing water solution with the consideration of its regeneration.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Printed circuit board (PCB) is an important production item in
electronic manufacturing industry. However, due to its complicated
manufacturing with the use of a lot of chemicals and special sub-
stances, the wastewater produced during process leads to heavy
pollution. The characteristics of pollution tend to become more
complex with more requirements of products. The contents of the
aged pickling solution contain primarily Cu(Il) ion and some organ-
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ics. At present, the heavy metals-containing wastewater of the PCB
plant is commonly treated by chemical coagulation and precipita-
tion [1]. The treatment uses alkaline compounds, such as sodium
hydroxide or calcium hydroxide, to assist the formation of insol-
uble hydroxides with heavy metals. The heavy metal-containing
sludge after stabilization or solidification to meet the regulation
standards is then disposed in the landfill of hazardous materials.
The organics in wastewater can be handled by the traditionally bio-
logical processes of the secondary treatment and/or the activated
carbon adsorption [2-4] and advanced oxidation processes [5-7]
of the tertiary treatment so as to meet the effluent standards. Nev-
ertheless, either chemical precipitation or biological treatment can
cause the sludge problem. Moreover, the solidification results in a
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large volume of treated sludge which may also have potential risks
ofleaching of heavy metals. Therefore, better techniques are needed
for treating the heavy metals of aged pickling solution in the PCB
plant.

Recently, there have been growing interests in using adsorption
materials with large specific external surface area, easy recycling,
and high reusability [1,8-15]. Among them the synthesized mag-
netic polymer adsorbent (MPA) of micro-size has been used to
recover heavy metal Cu(ll) from the aged pickling solution in the
PCB plant [1]. The MPA is essentially non-porous, thus preventing
the clog problem and having good regeneration ability. Further-
more, it is easy to apply the chemical modification to change the
chemical characteristics of the surface of polymer adsorbent. There-
fore, the surface modified absorbents can have high affinity to some
specific substances. However, for the beneficial application of such
tiny adsorbents, one should consider the recovery of absorbents
from the treated water after use. The tiny particles are too small
to have good recovery efficiency via the conventional processes,
such as gravity sedimentation, centrifugal separation, and filtra-
tion. Thus, the magnetic adsorbents were synthesized for the use
so that a high gradient magnetic (HGM) force field can be applied to
separate and recover them from the treated water after the adsorp-
tion process. Another advantage of the HGM separation is that the
non-magnetic impurities can be excluded during the recovery of
magnetic adsorbents [16-21].

Previous work had described the syntheses of MPA and
magnetite-polyvinyl acetate-iminodiacetic acid (M-PVAC-IDA), and
the chemical modification to enhance the affinity of adsorbent
to adsorb Cu(ll) ion of the aged pickling solution [1]. Meanwhile,
the adsorption isotherms were set up for three different pH val-
ues of 1, 2, and 4.5. Due to the super-paramagnetic property of
M-PVAC-IDA, it is convenient to recover the magnetic adsorbent
from the treated solution via the HGM separator. The magnetically
separated adsorbents can be regenerated via the desorption and
then recycled for the reuse of adsorption again [1]. Thus the objec-
tive of this study is to examine the desorption of Cu(ll) from the
exhausted or Cu(Il) adsorbed M-PVAC-IDA (denoted as A-M-PVAC-
IDA) adsorbents, including the corresponding desorption isotherm,
the prediction of the desorption equilibrium isotherm, and the
kinetic models of adsorption and desorption of the system of Cu(II)
ion and M-PVAC-IDA, which have not been reported. Ethylenedi-
aminetetraacetic acid (EDTA) solution was used to desorb Cu(Il)
from the A-M-PVAC-IDA by stage-wise desorption operation. Fur-
thermore, cyclic adsorption and desorption operations (CADOs)
were performed. For the adsorption in CADOs, the regenerated or
Cu desorbed M-PVAC-IDA (noted as D-M-PVAC-IDA) was used to
adsorb the Cu(Il) ion from the Cu(Il) ion-containing solution. As
for the desorption in CADOs, the A-M-PVAC-IDA adsorbent was
desorbed using EDTA. The obtained desorption isotherm of EDTA/A-
M-PVAC-IDA system was compared with the adsorption isotherm
of D-M-PVAC-IDA adsorbent and Cu(lIl) ion loaded solution so as
to assess the ability of EDTA for the removal of Cu from the A-M-
PVAC-IDA. The information obtained in this study is useful for the
rational operation and design of the system for the recovery of Cu
from the Cu(Il) ion-containing solution and the regeneration and
reuse of M-PVAC-IDA adsorbent.

2. Experiments
2.1. M-PVAC-IDA adsorbent

The M-PVAC-IDA adsorbent used was synthesized via suspen-
sion polymerization using super-paramagnetic Fe;04 gel and other

organics. The chemicals used for the synthesis included the follows.
Ammonia, ferric chloride, ferrous chloride, and methanol were

-O0CH,C H H CH,COO-
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Fig. 1. The structural formula of ethylenediaminetetraacetic acid (EDTA).

supplied by Merck (Merck KGaA Co., Darmstadt, Germany). Oleic
acid, epichlorohydrin, divinylbenzene, and vinyl acetate (VAC) were
purchased from Aldrich. (Sigma-Aldrich Inc., St. Louis, MO, USA).
Poly-vinyl alcohol (PVA) with molecular weight (MW) of 8000 was
given by Nacalai Tesque (Nacalai Tesque Inc., Kyoto, Japan). Benzyl
peroxide was purchased from Wako Pure Chemical Industries Ltd.
(Wako Pure Chemical Industries Ltd., Osaka, Japan). Iminodiacetic
acid (IDA) was obtained from Sigma (Sigma-Aldrich Inc., St. Louis,
MO, USA). The M-PVAC-IDA is nearly non-porous with specific area
of external surface of 12.9m? g1 which is about 2.2 x 103 times
larger than that of activated carbon of Calgon F-400 of mesh 12-40.
The density of M-PVAC-IDA is about 1.63 g cm~3. The details of syn-
thesis and other properties of M-PVAC-IDA can be referred to the
previous study [1].

2.2. Stage-wise desorption of Cu(Il) for regeneration of adsorbent

The Cu(Il) adsorbed M-PVAC-IDA, A-M-PVAC-IDA, was recov-
ered by magnetic separation. A 5mM EDTA (Nacalai Tesque Inc.,
Kyoto, Japan) with initial pH value of 5.5 was used as regenera-
tion solution and mixed with the A-M-PVAC-IDA in the completely
stirred tank reactor (CSTR). The structural formula of EDTA is dis-
played in Fig. 1, showing four CH,COO~ functional groups capable
for attracting Cu(Il) ions. The volume was controlled in 1L and the
CSTR was operated for 24 h. The atomic absorption spectrometer
(AA) (model AA800, PerkinElmer Co., Norwalk, CT, USA) was used
to measure the concentration of Cu(Il) ion of the solution. The sat-
urated EDTA solution was replaced by the fresh EDTA solution of
5 mM after the desorption process having reached the equilibrium.
The above desorption steps were repeated until no signal of Cu(II)
ioninthe desorbent EDTA solution was detected. The resulted Cu(II)
desorbed M-PVAC-IDA, D-MPVAC-IDA, can then be reused for the
adsorption again.

2.3. Digestion of D-M-PVAC-IDA

In order to correctly characterize the amount of Cu(Il) remained
on D-M-PVAC-IDA, the fusion method was employed to separate the
metal and organics and the followed digestion method was applied
to dissolve the remaining metallic compound for the measure-
ment of Cu concentration [22,23]. It was revealed that the ultimate
decomposition temperature (T;) of M-PVAC-IDA was 600 °C by the
thermal gravity analysis (TGA) (model TGA51, Shimadzu Co., Kyoto,
Japan) in the previous work [1]. Meanwhile, the melting point of
Cu(II) oxide is 1326 °C. The temperature of 1000 °C was thus chosen
for the fusion process to decompose the organics in D-M-PVAC-
IDA. Thus, a 0.2g dried D-M-PVAC-IDA was put in an alumina
crucible and completely flamed at 1000°C in a high-temperature
oven (model muffle furnace DF 40, Deng Yng Co., Taipei, Taiwan).
The fused solid containing iron oxide and Cu(Il) oxide was cooled at
room temperature. For digestion, a 120 mL of 16.67% hydrochloric
acid (HCI) (Nacalai Tesque Inc., Kyoto, Japan) and the fused sample
were put into a wide-mouth bottle followed by ultra-sonification
(model Powersonic 410, Hwashin Technology Co., Daegu, Korea) at
65 °C for 90 min until no residual samples existed in the alumina
crucible. The concentration of Cu(Il) ion in the digested solution
was measured by AA.



372 J.-Y. Tseng et al. / Journal of Hazardous Materials 171 (2009) 370-377

2.4. Cyclic adsorption and desorption operations (CADOs)

About 3.8g D-M-PVAC-IDA was used to perform the experi-
ments of CADOs. A 1L buffer solution with the pH value of 4.5
was prepared by mixing acetic acid (CH3COOH) (Mallinckrodt Baker
Inc., Phillipsburg, NJ, USA) and sodium acetate (CH3COONa) (Wako
Pure Chemical Industries Ltd., Osaka, Japan). A solution with a spe-
cific Cu(Il) ion concentration, say 997 mgL~!, was adjusted using
CuS04-5H,0 (Nihon Shiyaku Industries Ltd., Tokyo, Japan) and
subjected to the adsorption by the D-M-PVAC-IDA to reach the
equilibrium state in the CSTR, resulting in an adsorbent of A-M-
PVAC-IDA saturated with Cu(Il). The resulted A-M-PVAC-IDA after
adsorption at equilibrium was followed by the desorption process
again, which was performed using regenerant solution in a 1L of
controlled volume containing 5 mM EDTA with initial pH value of
5.5 until the concentration of Cu(Il) ion reaches the equilibrium in
CSTR, yielding the regenerated D-M-PVAC-IDA. The adsorption and
desorption cycles were performed 5 times, for which the adsorp-
tion were conducted at five different Cu(Il) concentrations of 997,
792, 595, 294, and 97.3 mg L1, respectively.

3. Kinetic models and equilibrium isotherms

Many adsorption kinetic models had beenreported [24-39] with
the pseudo-first-order and pseudo-second-order equations having
been widely applied. Additionally, the Freundlich and Langmuir
adsorption isotherms were often used to investigate adsorption
mechanism and capacity [40-43]. These four models were elab-
orated in the following sections.

3.1. Pseudo-first-order equation

The simplest model to analyze the adsorption and desorption
kinetics is the pseudo-first-order equation, which can be formu-
lated as below:

% = k1a(Gea — qra) (foradsorption)
(1)
or dg—;d = —k14(qtd — Geq) (fordesorption)

where kq is the rate constant, and g. and q; are respectively the
solid-phase-concentrations of metal adsorbed on the adsorbent (q)
at equilibrium and any time t. The subscripts a and d denote the
processes of adsorption and desorption, respectively. Integrating
Eq. (1) with the initial condition, qts = qoq OT Qg =qoq at t=0, for the
adsorption or desorption, respectively, yields Eq. (2):

Gta = Gea — (Qea — Goa)eXp(—kiqt) (foradsorption)

(2)

Orqrq = qed + (qod — dea)eXP(—kiqt) (fordesorption)

The value of g; of adsorption or desorption is calculated accord-
ing to Eq. (3):

_ [(Coa — Gra)V1a]

qta + qoa
s (3)
_ [(Ctqg — Cog)VLA]
Orqed = dod — B

where Cp is the initial concentration of Cu(Il) ion in solution
(mgL-1), C; is the concentration of Cu(Il) ion in solution (mgL-1)
at t, and V| is the volume of solution and mg is the mass of the
adsorbent or desorbent.

3.2. Pseudo-second-order equation

The pseudo-second-order equation, which is assumes that the
adsorption behavior is controlled by a second-order reaction, is

expressed as below:

dgtm = kag(Qea — Gia)®  (foradsorption)
(4)
or % = —kog(qeq — qed)2 (for desorption)

where k,, and ky4 are the rate constants of the second-order kinetic
models of adsorption and desorption, respectively. Integrating Eq.
(4) with initial condition, g = qoq OT qtg = qoq at t= 0 for the adsorp-
tion or desorption, respectively, then gives

qoa — Gea .
—— ——_— (foradsorption
k2at(gea — Goa) + 1 ( P ) (5)

ded — dod :
Orqyg =Qeq + ————————~—— (fordesorption)
@A kogt(Geq — Goa) — 1
Because Egs. (2) and (5) are non-linear, therefore, the non-linear
algorithms, such as Levenberg-Marquardt [9], were applied to com-
pute the rate constants (k; and k;) and theoretical capacity of
adsorption in equilibrium state (ge).

qta = Qea +

3.3. Adsorption isotherms

The Freundlich and Langmuir adsorption isotherms are often
used to interpret the adsorption phenomenon at the interface
between solid and liquid phases.

The Freundlich adsorption isotherm is an empirical equation
proposed in 1906 [25]. It is hypothesized that the heat of adsorp-
tion decreases as a function of natural logarithm with the increase
of surface coverage of adsorbent, indicating that adsorption sites on
the surface of adsorbent possess different adsorption energies. The
Freundlich isotherm equation in the linear form of log ge vs. log C.
is expressed as:

log qe = logkr + nllog Ce (6)
F

where ¢, and C, represent the solid-phase and liquid-phase con-
centrations of Cu(Il) ion at equilibrium, respectively, and kr and ng
are constants.

The Langmuir adsorption isotherm was reported in 1918 [34]
to describe the adsorption phenomenon at the interface between
solid and liquid phases for mono-molecular layer. The Langmuir
model assumes that the surface of the adsorbent is homogeneous,
adsorption energy is uniform for each adsorption site and solute
uptake occurs by monolayer adsorption. The equation in the linear
form of C./qe vs. Ce is displayed as:

% _ (ﬁ) + (%) ) (7)

where q; and K; represent the monolayer adsorption capacity and
equilibrium constant for the adsorption, respectively.

4. Results and discussion

4.1. Stage-wise desorption of Cu(Il) from A-M-PVAC-IDA for the
regeneration

Fig. 2 shows the relationship between the equilibrium concen-
tration C, and dosage of desorbent liquid (in terms of the ratio of
accumulated desorbent liquid used Lt to mass of adsorbent Sg) after
each desorption run. The C. after each desorption stage decreases
with increasing L7/Sy as expected. The decrease of Ce is rapid up
to the third desorption stage while slow after the forth desorption
stage. Consequently, further desorption of Cu(ll) after six desorp-
tion runs is restrained by the low Ce. It is noted that the C, after
seven desorption runs is lower than the instrument detection limit
as the value of L7/Sy increases from 1500 to 1750 mLg~!. This thus
confirms that the Cu(Il) adsorbed on the A-M-PVAC-IDA is nearly
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Fig. 2. Stage-wise desorptions of Cu(Il) from A-M-PVAC-IDA using 5mM EDTA as
regenerant solution at initial pH value (pHo) 5.5. C: concentration of Cu(ll) ion in
solution (mgL-1); C: equilibrium C; Ly: accumulated regenerant solution used (sum
of L;); Sp: initial mass of adsorbent A-M-PVAC-IDA, =4 g; L;: volume of fresh regener-
ant solution used for ith desorption, =1000 mL; i: count number of desorption stage,
i=6 for this case; A-M-PVAC-IDA: exhausted or Cu(Il) adsorbed M-PVAC-IDA.
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Fig. 3. Kinetics of adsorption of Cu(Il) ion on the regenerated adsorbent D-M-PVAC-
IDA during cyclic adsorption (CA) and desorption operations (CADOs) at fixed pH
value of 4.5 with buffer solution. g: solid-phase concentration of Cu(ll) (mgg1);
G’ q during adsorption at any time t. Symbol, line: experiment, prediction. (¢, CA1),
(0, CA2), (A, CA3), (O, CA4), (*, CA5): initial C for CA (Coq) =997, 792, 595, 294, 97.30
mgL-1.---, —: pseudo-first-order model, pseudo-second-order model. CAi: The ith
adsorption during CADOs; i=1-5. D-M-PVAC-IDA: regenerated or Cu desorbed M-
PVAC-IDA.

completely desorbed from the adsorbent. For further verification
of this, the digestion of the desorbed adsorbent D-M-PVAC-IDA
after seven desorption runs was implemented for the measure-
ment of Cu(Il) content on the D-M-PVAC-IDA, indicating a negligible
amount of 0.16 mgg~1.

4.2. Cyclic adsorption and desorption

4.2.1. Adsorption kinetics

Fig. 3 depicts the time (t) variation of solid-phase concentration
of Cu(Il) (q¢a) for the cyclic adsorption (denoted as CA) of Cu(Il) ion
on the regenerated adsorbent D-M-PVAC-IDA during CADOs. The
results indicate that the lower initial concentration of Cu(Il) ion in
the solution for CA (Copq) is, the shorter the adsorption equilibrium
time is. In the case at the lowest Cp, of 97.3 mgL~1, the adsorption

Table 1
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Fig. 4. Kinetics of desorption of Cu(Il) from the Cu(Il) ion adsorbed adsorbent of
A-M-PVAC-IDA during CADOs using 5 mM EDTA regenerant solution at pHg 5.5. q¢4:
q during desorption at t. Symbol, line: experiment, prediction. (¢, CA1), (O, CD2),
(4, CD3), (O, CD4), (*,CD5): initial q for desorption (qoq) = 56.54, 44.43, 32.33, 20.22,
9.20mgg!. ---, —: pseudo-first-order model, pseudo-second-order model; CDj:
the jth desorption during CADOs; j=1-5.

reaches equilibrium with the shortest time of about 6 h as estimated
at g = qoa + 0.95(gea — goq)- On the other hand, at the highest Cy, of
997 mgL-1, it takes about 12 h as estimated to reach the equilibrium
state. However, the initial adsorption rate dq./dt increases as Coq
increases. This is contributed by the larger difference of geq and q¢q
at t, which gives a larger driving force of (geq — qtq). The trend is
consistent with that for the other adsorption system [24].

The pseudo-first-order and pseudo-second-order equations
were applied to describe the kinetics of adsorption for the cases
with various Cy,. The results of rate constants (k14 and kaq), equilib-
rium concentrations of solid-phase (geq) and correlation coefficient
(r2) are listed in Table 1. The value of kq, of the pseudo-first-order
equation decreases with increasing Cp,. Similar variation trend
of the rate constant kp, with Cy, obtained applying the pseudo-
second-order kinetic model is also observed. The high values of
r2 (>0.97) of fittings using both pseudo-first-order and pseudo-
second-order equations indicate good agreements. However, the
Gea Obtained using the pseudo-first-order kinetic model is more
accurate than that using the pseudo-second-order kinetic model as
compared with the experimental value. Therefore, the pseudo-first-
order equation is more suitable than the pseudo-second-first-order
equation for predicting the qeq.

4.2.2. Desorption kinetics

Fig. 4 displays the kinetics of desorption of Cu(II) from the Cu(lI)
ion adsorbed adsorbent A-M-PVAC-IDA during CADOs. In the case
with the lowest initial the solid-phase concentration of Cu(ll) at
Goq=9.20mg g1, the desorption reaches equilibrium with solid-
phase concentration of g.4 at the shortest time of about 50 min as
estimated at q;4 =qoq — 0.95(qoq — Geq)- On the contrast, the longest
equilibrium time of about 100 min is needed for the case with the
highest qgg of 56.54mgg~1. The shorter desorption equilibrium
time is due to the less amount of adsorbate of (qog — geq) to be des-

Kinetic parameters for adsorption of Cu(Il) ion on the regenerated adsorbent of M-PVAC-IDA (D-MPVAC-IDA) during cyclic adsorption and desorption operations (CADOs) at

fixed pH value of 4.5 with buffer solution at 25°C.

Run Initial concentration Experimental data First-order kinetic Second-order kinetic

Coa (mgL~") Cea (mgL~1) ea (mgg) kiq (h~1) Gea (mgg") r kaq (gmg="h1) Gea (Mgg™1) 2
CA1 997 786 56.54 0.326 56.53 0.992 6.50E-03 64.90 0.994
CA2 792 649 44.43 0.329 44.69 0.986 9.40E-03 50.55 0.986
CA3 595 487 32.33 0.52 32.26 0.983 2.34E-02 35.26 0.988
CA4 294 229 20.22 0.526 20.46 0.977 413E-02 22.18 0.98
CA5 97.3 73.5 9.20 0.7 9.14 0.993 1.16E-01 9.65 0.975

C: concentration of Cu(Il) in solution (mgL~"); Coq, Ceq: Initial and equilibrium C for adsorption; g: concentration of Cu(Il) on solid phase (mgg'); qes: equilibrium g for

adsorption; r?: correlation coefficient.
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Table 2

Kinetic parameters for desorption of Cu(Il) from the Cu(Il) ion adsorbed adsorbent of M-PVAC-IDA (A-M-PVAC-IDA) during CADOs using 5 mM EDTA regenerant solution at

initial pH value (pHp) 5.5 and 25°C.

Run Initial concentrate Experimental data First-order kinetics Second-order kinetics
Goa (mgg™") Ceq (mgL™") Ged (Mgg™") kig (h°1) Gea (Mgg™") r kag (gmg='h1) Gea (Mgg™") r?

CD1 56.54 198 436 1.74 470 0.995 3.48E—02 —4.093 0.975
CD2 44.43 154 3.86 1.80 3.23 0.996 4.86E—02 —3.409 0.975
CD3 3233 111 3.11 1.98 3.55 0.991 8.40E—02 —0.565 0.995
CD4 20.22 65.7 2.93 3.30 3.22 0.996 3.09E-01 1.757 0.997
CD5 9.20 288 1.62 6.42 1.79 0.996 2.26E-00 1.528 0.997
God» Geq: initial and equilibrium g for desorption; Ceq: equilibrium concentration C for desorption; r%: as specified in Table 1.
orbed. Similarly to the adsorption, the initial desorption rate dq,/dt 70
increases with increasing qqq4, also contributed by the larger driving 60k 3
force of (4 — Geq)- “ 2-

The kinetic parameters of desorption for the pseudo-first-order o ; L&
and pseudo-second-order equations are listed in Table 2. The values 2 401 b ®
of r2 corresponding to the two kinetic equations display compatible 5 30t PR
features with r2 >0.97. However, the values of g,4 predicted using = ol P :
the pseudo-second-order equation are not accurate except for the - LT
case with oy =9.20 mg g~!. On the contrast, the pseudo-first-order 1or i s’
model accurately predicts the values of g.4, supporting its valid- 0 - ‘ . .
. . . 0 200 400 600 800 1000
ity for all the examined cases with qgq of 9.20, 20.22, 32.33, 44.43 ?
and 56.54 mg g~ 1. The better applicability of the pseudo-first-order Ce(mg L)

model may due to the strong affinity of EDTA to Cu, resulting that
the desorption rate is mainly dependent on the amount of Cu on
the surface remained to be desorbed (i.e., Gig — eq)-

Further examination of the values of k4 in Table 2 illustrates
that k{4 decreases with increasing qg4. The trend is similar to that
of adsorption of Cu(Il) ion from the solution. Moreover, comparing
the values of kq4 in Table 2 with those of kq, in Table 1 indicates
that the values of rate constant of desorption are about one order of
magnitude higher than those of adsorption. Thus, the use of EDTA
to remove the Cu(Il) form the A-M-PVAC-IDA is a fast desorption
process.

4.3. Isotherms and mechanism of adsorption

4.3.1. Adsorption isotherm of Cu(II) ion in solution on
D-M-PVAC-IDA

The adsorption isotherms of Cu(ll) ion in solution with pH
values of 1, 2 and 4.5 at 25°C on the fresh M-PVAC-IDA
were established in the previous work [1]. For the case with
pH 4.5, the Freundlich adsorption isotherm g, =I<FC91/ "F gives
nr=1214 and kr=3.53 x 10~3 in unit (mmolg~') (mgL-1)-08237
with g. in mmolg-! and C, in mgL-1. With ¢, in mgg~! and
Ce in mgL-!, the kf is equal to 2.244 x 10-! in unit (mgg™1)
(mgL-1)-08237 Besides, the Langmuir isotherm qe = K; q; Ce/1 +K; Ce
gives q; =1.205 x 10~ mmol g1 and K; =4.029 x 10~2Lmg~! with
geinmmolg~! and C.inmgL-1. With ge inmgg~' and C. inmgL-!,
the gq; is equal to 7.657 mgg~!. As shown in Fig. 5, the Freundlich
adsorption isotherm obtained from the previous work is compared
with the g, of the adsorption in the CADOs of the present study,
indicating good agreement. The good agreement also supports that
the adsorption equilibrium isotherm and the characteristics of the
regenerated adsorbent D-M-PVAC-IDA were not altered by regen-
eration.

4.3.2. The adsorption mechanism

The mechanism of chelating reaction can be well interpreted by
Crystal Field Theory [44]. As the electron pairs of ligand approach
to metal ions along x, y and z axis, two out of five d-orbitals of ions,
namely d,? and dy?_,?, directly come near the electron pairs, result-
ing in highly concentrated negative charges accompanied with the
enhancement of energy level. The remaining d-orbitals, including

Fig.5. g, vs.Cefor adsorption of Cu(Il) ion in solution onto D-M-PVAC-IDA with fixed
pH value of 4.5 at 25°C. g.: equilibrium q. Symbol, line: experiments adsorption in
CADOs, prediction [1]; ---: Freundlich.

dxy, dy;, and dy,, are adversely away from the electron pairs, indi-
cating lower energy level. The former and latter sets are called eg
and tyg orbitals, respectively. The energy difference between eg and
tyg is referred to as “octahedral crystal field splitting”, generally
denoted as /\ . It explains that if the complex is irradiated by a light
wave with an energy of /\ , the energy is absorbed to give rise the
energy level of electrons from tyg to €g. In terms of ultraviolet or
visible light spectrum, the absorption peak would shift to higher
frequency or shorter wavelength which means the higher energy.
Fig.6illustrates the FT-IR spectra of A-M-PVAC-IDA (curve A) and
M-PVAC-IDA (curve B) obtained [1]. The relative absorption peaks
representing the carboxylic group (-COO~) of M-PVAC-IDA after
adsorption shift from 1603 and 1393 cm~! of curve B to 1628 and
1420cm™! of curve A, respectively. The phenomenon is induced
by the formation of coordinate covalent bonds attributed to the
electron pairs provided to copper ions by carboxylic group. In addi-
tion, the absorbances of tertiary amine and secondary alcohol at
1112 and 1265 cm~! of curve B shift to 1138 and 1296 cm~!of curve
A, respectively. This is because the nitrogen atom of the tertiary

Absorbance

1
1138 1296 1420 1628
1000 1200 1400 1600

-1
Wave numbers (cm )

Fig. 6. Infrared absorption spectra of A-M-PVAC-IDA and M-PVAC-IDA. (A) A-M-
PVAC-IDA with adsorption of Cu(Il), (B) M-PVAC-IDA without adsorption of Cu(Il)
(free ligand).
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Fig. 7. Cu(Il) ion reacts with M-PVAC-IDA forming a square planar complex.
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Fig. 8. Isotherms for desorption of Cu(ll) from A-M-PVAC-IDA using 5mM EDTA
with pHO of 5.5 at 25 °C. Symbol, line: experiment, prediction. - - -, - - —: Freundlich

(R%2=0.986), Langmuir (R? =0.907).

amine as well as oxygen atom of the secondary alcohol individu-
ally offers electron pairs to Cu(Il) ions to form coordinate covalent
bond. In summary, the M-PVAC-IDA totally provides four coordina-
tion numbers to Cu(Il) ions to form square planar complex. Based
on Crystal Field Theory [44], this square planar complex arises from
the d-orbitals, dy?_y2, of Cu(ll) ions approaching to electron pairs
of M-PVAC-IDA, as displayed in Fig. 7.

4.4. Isotherms and mechanism of desorption

4.4.1. Desorption isotherm of Cu(Il) from A-M-PVAC-IDA in EDTA
regenerant

Fig. 8 depicts desorption of Cu(Il) from the A-M-PVAC-IDA using
EDTA regenerant. The parameters of desorption obtained from
the regression of curve fitting applying the Freundlich adsorption
isotherm in the form of Eq. (6) are listed in Table 3. The correlation
coefficient r2 is 0.975, indicating that the desorption is satisfacto-
rily fitted with the Freundlich model. The Freulllgllich constants kg
and nf are 0.429 with unit of (mg g*lv) (mgL 1)/ (0r6.77 x 103
with unit of (mmolg=1) (mgL™! )71/ Fand 2.25, respectively.

On the other hand, analyzing the desorption results via the
Langmuir adsorption isotherm using Eq. (7) gives the values of
parameters of q; and K; in Table 3 with the regression line also
plotted in Fig. 8. The correlation coefficient r2 is 0.953, imply-
ing that the Langmuir adsorption isotherm is also suitable to
describe the desorption isotherm as well. The maximum adsorp-
tion capacity of mono-molecular layer q; and equilibrium constant
Kpare4.2mgg! (or6.62 x 10-2mmolg-1)and 6.81 x 10-2Lmg!,
respectively. Comparing the value of q; of 6.62 x 10-2 mmolg~!
for the desorption using EDTA with that of 0.121 mmol g-! for the
adsorption of Cu(Il) ion in the solution on D-M-PVAC-IDA indicates
that former is lower than the latter. Thus, the EDTA is suitable to
remove the Cu(Il) form the A-M-PVAC-IDA for the desorption pro-
cess to regenerate the adsorbent.

Further comparing the validities of the Freundlich and Lang-
muir adsorption models based on the correlation coefficients and
determination coefficients (R?), one notes that the former is more
suitable than the latter. Moreover, the acid dissociation of func-
tional group of carboxylic acid on the surface of M-PVAC-IDA
may not be homogeneous at the initial pH (pHg) of 5.5, indicat-
ing that the adsorption sites on the surface of M-PVAC-IDA may
possess different potential energies to form surface complex. This
also demonstrates that the Freundlich adsorption model is more
appropriate to describe the desorption isotherm than the Langmuir
adsorption model.

4.4.2. The desorption mechanism

The desorbent EDTA, which can bind metals via the formation
of covalent bonds by electron pairs in four acetate and two amine
groups, is a chelator with six coordination sites (Fig. 1). In the
aqueous solution containing Cu(Il) ions, EDTA and M-PVAC-IDA are
chelating agents or ligands competing with each other. According
to Crystal Field Theory [44], the d,? and dx?_,? orbitals of Cu(II)
ion can approach the electron pairs of EDTA, forming the octa-
hedral structure (Fig. 9) [45] more stable than the square planar
structure (Fig. 7). The affinity of EDTA to Cu(ll) ion is stronger than
that of M-PVAC-IDA with stability constant (Kyy ) of the former
(Kcuepta = 1020-5) greater than that of latter (Kcypa = 1011°) [46]. The

Table 3
Parameters of desorption isotherms of C(II) from A-M-PVAV-IDA using EDTA regenerant with pHp 5.5 at 25°C.
Desorption isotherm Equation Parameter This study i R?
Langmuir qe =(KrqrCe)/1 + K. Ce Ky (Lmg1) 6.81E-02 0.953 0.907
qr(Lg™") 4.20
or g, (mmolg) ; 6.62E—02
ke = (mgg-)(mgL™") /" : 0.43 0975 0.986
Freundlich qe = ke Cl/mF orky = (mmolg-1)(mgL™")" /n 6.77E-03
ng = (dimensionless) 2.25

Ce: equilibrium concentration of Cu(Il) in EDTA solution (mgL~'). ¢.: equilibrium g (mgg-! or mmolg-'); r: as specified in Table 1; R?: determination coefficient, =
1- ([Z Ve — Y )2]/[2 Ve —Ym )Z]) where y. and y., and y;, are the experimental and predicted results, and average of experimental values, respectively.
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Fig. 9. Cu(Il) ion reacts with EDTA forming an octahedral complex [45].

Ky is defined according to the follows. Thus, the EDTA is a good
regenerant.

[ML]
[M][L]

where M and L are the metal and ligand, respectively.

M+Le ML, Ky, = (8)

5. Conclusions

In this study, EDTA was employed as a regenerant solution to
desorb Cu(Il) from the exhausted or Cu(Il) loaded magnetic polymer
adsorbent M-PVAC-IDA noted as A-M-PVAC-IDA. The regenerated
or Cudesorbed M-PVAC-IDA denoted as D-MPVAC-IDA regaining its
adsorption ability was reused to adsorb Cu(ll) ion from the Cu(II)
ion-containing solution. Some conclusions may be drawn as fol-
lows:

(1) Stage-wise desorptions using EDTA for a certain runs, say 7 runs,
satisfactorily remove the Cu(Il) from the A-M-PVAC-IDA for the
reuse.

(2) The adsorption characteristics of the regenerated adsorbent D-
M-PVAC-IDA were not altered by the regeneration process.

(3) For cyclic adsorption and desorption operations, the pseudo-
first-order kinetic model is suitable to describe the adsorption
as well as desorption kinetics.

(4) The kinetic results indicate that the value of rate constant of
desorption is about one order of magnitude higher than that of
adsorption, revealing that the use of EDTA to remove the Cu(Il)
from the A-M-PVAC-IDA is a fast desorption process.

(5) The equilibrium behavior of desorption of Cu(Il) from A-M-
PVAC-IDA using EDTA regenerant can be well described by the
Freundlich desorption isotherm, showing good agreement with
the experimental data of stage-wise desorptions and desorp-
tions of CADOs.

(6) The adsorption and desorption mechanism analyses show that
EDTA reacts with Cu(Il) ion forming the octahedral complex
more stable than square planar complex of M-PVAC-IDA with
Cu(Il) ion, suggesting that the EDTA is a good regenerant to
remove the Cu(Il) form the A-M-PVAC-IDA for the desorption
process to regenerate the adsorbent.

Acknowledgement

This study was supported by the National Science Council of
Taiwan.

References

[1] J.Y. Tseng, C.Y. Chang, Y.H. Chen, C.F. Chang, P.C. Chiang, Synthesis of micro-size
magnetic polymer adsorbent and its application for the removal of Cu(ll) ion,
Colloids Surf., A 295 (2007) 209-216.

[2] C.E.Chang, C.Y. Chang, W. Holl, Adsorption behavior of 2-naphthalenesulfonate
on activated carbon from aqueous systems, Ind. Eng. Chem. Res. 42 (2003)
6904-6910.

[3] CE. Chang, CY. Chang, W. Holl, Investigating the adsorption of 2-
mercaptothiazoline on activated carbon from aqueous systems, J. Colloid
Interface Sci. 272 (2004) 52-58.

[4] C.F.Chang, C.Y.Chang, W. Holl, M. Ulmer, Y.H. Chen, H.J. Grof3, Adsorption kinet-
ics of polyethylene glycol from aqueous solution onto activated carbon, Water
Res. 38 (2004) 2559-2570.

[5] Y.H. Chen, C.Y. Chang, C.C. Chen, C.Y. Chiuy, Y.H. Yu, P.C. Chiang, C.F. Chang, Y. Ku,
Decomposition of 2-mercaptothiazoline in aqueous solution by ozonation with
UV radiation, Ind. Eng. Chem. Res. 43 (2004) 1932-1937.

[6] Y.H. Chen, C.Y. Chang, S.F. Huang, N.C. Shang, C.Y. Chiu, Y.H. Yu, P.C. Chiang,
J.L. Shie, C.S. Chiou, Decomposition of 2-naphthalenesulfonate in electroplat-
ing solution by ozonation with UV radiation, ]J. Hazard. Mater. 118 (2005)
177-183.

[7] CS.Chiou, C.E. Chang, C.Y. Chang, Y.P. Wu, C.T. Chang, Y.S. Li, Y.H. Chen, Mineral-
ization of polyethylene glycol in aqueous solution by hydrogen peroxide with
basic oxygen furnace slag, Environ. Technol. 25 (2004) 1357-1365.

[8] C.F.Chang, C.Y. Chang, T.L. Hsu, Preparation and adsorptive application of novel
superparamagnetic zirconia material, Colloids Surf., A 327 (2008) 64-70.

[9] KH. Chu, M.A. Hashim, Desorption of copper from polyvinyl alcohol-
immobilized seaweed biomass, Acta Biotechnol. 21 (2001) 295-306.

[10] V.K. Gupta, M. Gupta, S. Sharma, Process development for the removal of lead
and chromium from aqueous solutions using red mud—an aluminum industry
waste, Water Res. 35 (2001) 1125-1134.

[11] V.K. Gupta, A.K. Srivastava, N. Jain, Biosorption of chromium (VI) from aqueous
solutions by green algae Spirogyra species, Water Res. 35 (2001) 4079-4085.

[12] V.K. Gupta, S. Sharma, Removal of zinc from aqueous solutions using bagasse
fly ash—a low cost adsorbent, Ind. Eng. Chem. Res. 42 (2003) 6619-6624.

[13] V.K.Gupta,l. Ali, Removal of lead and chromium from wastewater using bagasse
fly ash—a sugar industry waste, J. Colloid Interface Sci. 271 (2004) 321-328.

[14] V.K. Gupta, V.K. Saini, N. Jain, Adsorption of As (III) from aqueous solutions by
iron-oxide coated sand, J. Colloid Interface Sci. 288 (2005) 55-60.

[15] V.K. Gupta, A. Rastogi, Biosorption of lead from aqueous solutions by non-living
algal biomass Oedogonium sp. and Nostoc sp.—a comparative study, Colloids
Surf., B 64 (2008) 170-178.

[16] A. Denizli, G. Ozkan, M.Y. Arica, Preparation and characterization of magnetic
polymethylmethacrylate microbeads carrying ethylene diamine for removal of
Cu(II), Pb(II), and Hg(II) from aqueous solutions, J. Appl. Polym. Sci. 78 (2000)
81-89.

[17] ].S. Huang, X.T. Li, Y.H. Zheng, Y. Zhang, R.Y. Zhao, X.C. Gao, H.S. Yan, Immo-
bilization of penicillin G acylase on poly[(glycidyl methacrylate)-co-(glycerol
monomethacrylate)]-grafted magnetic microspheres, Macromol. Biosci. 8
(2008) 508-515.

[18] M.S. Kim, M.S. Cho, HJ. Choi, PMMA coated carbonyl iron microbeads and their
magnetic characteristics, Phys. Status Solidi A 204 (2007) 4198-4201.

[19] T. Maekawa, M. Kuroshima, Microorganisms-immobilized Magnetic Carriers, A
Process for Producing Carriers, U.S. Patent 6, 043, 068, March 28, 2000.

[20] D. Tanyolac, A.R. Ozdural, BSA adsorption onto magnetic polyvinylbutyral
microbeads, J. Appl. Polym. Sci. 80 (2008) 707-715.

[21] C.C.Zhang, X.Li,].X.Pang, Synthesis and adsorption properties of magnetic resin
microbeads with amine and mercaptan as chelating groups, J. Appl. Polym. Sci.
82(2001) 1587-1592.

[22] J.L. Shie, J.P. Lin, C.Y. Chang, D.J. Lee, C.H. Wu, Pyrolysis of oil sludge with addi-
tives of sodium and potassium compounds, Resour. Conserv. Recycl. 39 (2003)
51-64.

[23] J.L. Shie, J.P. Lin, C.Y. Chang, C.H. Wu, DJ. Lee, C.F. Chang, Y.H. Chen, Oxidative
thermal treatment of oil sludge at low heating rates, Energy Fuels 18 (2004)
1272-1281.

[24] CE. Chang, C.Y. Chang, K.E. Hsu, W. Holl, P.C. Chiang, Removal of methomyl
pesticide by adsorption using novel hypercrosslinked polymer of macronet MN-
100, J. Environ. Eng. Manage. 17 (2007) 311-318.

[25] H. Freundlich, Uber die adsorption in losungen, Z. Phys. Chem. 57 A (1906)
385-470.

[26] V.K. Gupta, Equilibrium uptake, sorption dynamics, process development and
column operations for the removal of copper and nickel from aqueous solution
and wastewater using activated slag-a low cost adsorbent, Ind. Eng. Chem. Res.
37 (1998) 192-202.

[27] V.K.Gupta, A. Rastogi, V.K. Saini, N. Jain, Biosorption of copper (II) from aqueous
solutions by Spirogyra species, J. Colloid Interface Sci. 296 (2006) 59-63.

[28] V.K. Gupta, A. Rastogi, Sorption and desorption studies of chromium (VI) from
nonviable cyanobacterium Nostoc muscorum biomass, J. Hazard. Mater. 154
(2008) 347-354.

[29] V.K. Gupta, A. Rastogi, Biosorption of lead from aqueous solutions by green
algae Spirogyra species: kinetics and equilibrium studies, J. Hazard. Mater. 152
(2008) 407-414.



J.-Y. Tseng et al. / Journal of Hazardous Materials 171 (2009) 370-377 377

[30] V.K. Gupta, A. Rastogi, Equilibrium and kinetic modeling of cadmium(II)
biosorption by non-living algal biomass Oedogonium sp. from aqueous phase,
J. Hazard. Mater. 153 (2008) 759-766.

[31] Y.S. Ho, G. Mckay, A Comparison of chemisorption kinetic models applied to
pollutant removal on various sorbents, Process Saf. Environ. Prot. 76 (1998)
332-340.

[32] Y.S. Ho, T.H. Chiang, Y.M. Hsueh, Removal of basic dyes from aqueous solution
using tree fern as a biosorbent, Process Biochem. 40 (2005) 119-124.

[33] S. Lagergren, About the theory of so-called adsorption of soluble substances,
Kungliga Svenska Vetenskapsakademiens, Handlingar 24 (1898) 1-39.

[34] 1. Langmuir, The adsorption of gases on plane surfaces of gases, mica and plat-
inum, J. Am. Chem. Soc. 40 (1918) 1361-1403.

[35] R. Leyva-Ramos, N.A. Medellin-Castillo, A. Jacobo-Azuara, ]. Mendoza-Barron,
L.E. Landin-Rodriguez, ].M. Martinez-Rosales, A. Aragon-Pina, Fluoride removal
from water solution by adsorption on activated alumina prepared from pseudo-
boehmite, J. Environ. Eng. Manage. 18 (2008) 301-309.

[36] R.Leyva-Ramos, A. Jacobo-Azuara, O.L. Torres-Rivera, R.M. Guerrero-Coronado,
M.S. Berber-Mendoza, P. Alonso-Davila, Adsorption of chromium (VI) from
water solution onto organobentonite, J. Environ. Eng. Manage. 18 (2008)
311-317.

[37] C. Namasivayam, K. Prathap, Removal of thiocyanate by industrial solid waste
Fe(III)/Cr(III) hydroxide: kinetic and equilibrium studies, J. Environ. Eng. Man-
age. 16 (2006) 267-274.

[38] S.Rengaraj, S.H. Moon, Kinetics of adsorption of Co(II) removal from water and
wastewater by ion exchange resins, Water Res. 36 (2002) 1783-1793.

[39] R. Subha, C. Namasivayam, Modeling of adsorption isotherms and kinetics of
2, 4, 6-trichlorophenol onto microporous ZnCl, activated coir pith carbon, J.
Environ. Eng. Manage. 18 (2008) 275-280.

[40] V.K. Gupta, D. Mohan, S. Sharma, Removal of lead from wastewater using
bagasse fly ash-a sugar industry waste material, Sep. Sci. Technol. 33 (1998)
1331-1343.

[41] V.K. Gupta, S. Sharma, Removal of cadmium and zinc from aqueous solutions
using red mud, Environ. Sci. Technol. 36 (2002) 3612-3617.

[42] V.K.Gupta, C.K.]Jain, L. Ali, M. Sharma, V.K. Saini, Removal of cadmium and nickel
from wastewater using bagasse fly ash—a sugar industry waste, Water Res. 37
(2003) 4038-4044.

[43] C. Namasivayam, M.V. Sureshkumar, Removal of sulfate from water and
wastewater by surfactant-modified coir pith, an agricultural solid ‘waste’ by
adsorption methodology, J. Environ. Eng. Manage. 17 (2007) 129-135.

[44] M. Laing, Solvent extraction of metals is coordination chemistry, in: G.B. Kauff-
man (Ed.), Coordination Chemistry—A Century of Progress, ACS symposium
565, American Chemical Society, Washington, D.C., 1993, pp. 382-394.

[45] H.Felber, S. Rezzonico, M. Mariassy, Titrimetry at a metrological level, Metrolo-
gia 40 (2003) 249-254.

[46] EM.M. Morel, ].G. Hering, Principles, Applications of Aquatic Chemistry, second
ed., John Wiley & Sons Inc., New York, 1993.



	Kinetics and equilibrium of desorption removal of copper from magnetic polymer adsorbent
	Introduction
	Experiments
	M-PVAC-IDA adsorbent
	Stage-wise desorption of Cu(II) for regeneration of adsorbent
	Digestion of D-M-PVAC-IDA
	Cyclic adsorption and desorption operations (CADOs)

	Kinetic models and equilibrium isotherms
	Pseudo-first-order equation
	Pseudo-second-order equation
	Adsorption isotherms

	Results and discussion
	Stage-wise desorption of Cu(II) from A-M-PVAC-IDA for the regeneration
	Cyclic adsorption and desorption
	Adsorption kinetics
	Desorption kinetics

	Isotherms and mechanism of adsorption
	Adsorption isotherm of Cu(II) ion in solution on D-M-PVAC-IDA
	The adsorption mechanism

	Isotherms and mechanism of desorption
	Desorption isotherm of Cu(II) from A-M-PVAC-IDA in EDTA regenerant
	The desorption mechanism


	Conclusions
	Acknowledgement
	References


