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ABSTRACT: Resin was modified with ferrocene (Fc) to enhance removal of Methylene Blue (MB) and Cu®" from simulated waste-
water. The FTIR, N,-BET, and X-ray fluorescence analysis confirmed that Fc was successfully grafted onto the surface of resin. The
adsorption capacity of Fc modified cation exchange resin (FMCER) was calculated to be 392.16 mg/g Cu’* and 10.01 mg/g MB.
Both processes were spontaneous and exothermic, best described by Langmuir equation. Pseudo-first-order kinetic model satisfied the
adsorption of MB, while the intraparticle-diffusion model fitted the kinetics of Cu** adsorption best. The result revealed a multilayer
adsorption of Cu?* on FMCER, and the kinetics maybe controlled by intraparticle diffusion, film diffusion, and competition force.
The adsorption of MB and Cu®* on FMCER were physicosorptive, with activation energies of 2.09 and 1.27 kJ/mol. pH 27 and 4-5
are optimum for the removal of MB and Cu®", and pH 4 is optimal for the simultaneous removal of MB and Cu®". © 2014 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41029.

KEYWORDS: adsorption; kinetics; resins; dyes/pigments

Received 18 January 2014; accepted 15 May 2014
DOI: 10.1002/app.41029

INTRODUCTION

More than 2000 chemicals (dyes and agents) are used in textile
industry,' and 20% of these are discharged as textile industrial
effluents without any pretreatment.” Some inorganic salts (such
as copper sulfate) were used in the textile process in order to
assist the solid of color and uniform the blooming.”> Thus, metal
ions exist simultaneous with dyes in effluents discharged.

Textile wastewater has been considered as a serious environment
offender, for its damage on the public’s health and the toxicity
to biological systems.* Textile wastewaters are usually of high
chemical oxygen demand (COD), and toxic, with low light pen-
etration,” which may decrease the photosynthetic efficiency of
aquatic plants.®

Many efforts have been made in mitigating the negative influen-
ces. Conventional methods including photolysis,” ozonation,®
membrane extraction,”'® filtration,'"'* and biological process'"
are used in the treatment of dyeing wastewaters. The high cost,
requirement of long time, and the complex processes have lim-
ited the wide application of the technologies mentioned above.
Adsorption is considered a promising technology in treatment
of wastewaters containing low concentration of heavy metals or
dyes. Advantages of adsorption are simplistic, ease of operation,
and non-introduction of extra energies and toxicities. Materials
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such as zeolites,'* starch graft copolymers,'® activated carbon,'®
hydrous oxides,'” saw dust,'® etc., have already been used suc-
cessfully in wastewater treatment as adsorbents. Magnetic chito-
san composites'® and grafted chitosan®® were reported of high
efficiencies for the adsorptive removal of dyes and metal ions
from simulated water, but with drawbacks of complex synthesis
process and limited range of pH window.

Resin has already been focused on since several years ago. Espe-
cially, it was widely used in environmental pollution remedia-
tion of both organics and inorganics.”’>* It has been
successfully used in the adsorptive removal of precious met-
1s*472¢ (Au, Ag, Cu, Cr, etc.) and dyess’27 (basic yellow 87, reac-
tive blue). But investigations on treatment of dyes and metal
ions from simulated wastewaters were not enough, which might
give more effective guidance to treatment of real wastewaters
discharged from industries. Vidhyadevi et al.,”® proposed the
use of poly azomethinethioamide resin as adsorbent for the
removal of Cd*" and Methy Red simultaneously. But the syn-
thesis process of the adsorbent is complex.

a

This study attempts to prepare a low-cost and high-effective
adsorbent for the simultaneous removal of Cu®’* and MB in
aqueous solution. Cation exchange resin was chosen for its wide
application and cost efficiency, but with drawbacks of the lim-
ited range of pH and low adsorption capacity. Ferrocene (Fc) is
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Table I. SQX Calculated Results of Untreated Resin and FMCER (%)

Component Untreated Resin FMCER
© 97.5416 96.0021
S 1.2748 2.7353
Na 0.3668 0.4862
Fe 0.0037 0.0580
Others 0.8131 0.7184

electron-rich, and it can lose an e~ to form Fc*, and be regen-
erated by obtaining an e, which characteristic may allow it
alleviate the repulsion in the adsorption process. Thus, Fc was
chosen to modify the cation exchange resin in this study, in
order to enlarge the pH window for the adsorption onto resin.
Comparison of the structure and the physicochemical character-
istics of the untreated resin and the Fc modified cation exchange
resin (FMCER) were done through Fourier transform infrared
spectroscopy (FTIR), Brunauer-Emmett-Teller isotherm (BET),
and X-ray fluorescence (XRF) analysis. Influences of parameters
such as initial solution pH, reaction temperature, initial concen-
tration, and the dose of adsorbent on Cu’?" removal were inves-
tigated. The adsorption isotherms, kinetics, and thermodynamics

for the removal of MB and Cu®" were examined.

EXPERIMANTAL

Reagents

Cation exchange resin (001X7) was obtained from Daomao
Chemical Reagent Plant; Alcohol, Methylene Blue, CuSO,, and
NaOH were purchased from Sinopharm Chemical Reagent Co.
Ltd., Shanghai, China; Fc was obtained from Jingchun Chemical
Reagent Co. Ltd., Shanghai, China; H,SO, was obtained from
Chuandong Chemical Reagent Co. Ltd., Chongqing, China. All
chemicals used in this study are analytical grade and all solu-
tions used are prepared daily using deionized waster made from
Millipore system with a resistivity of 18.25 MQ cm.

Preparation of the Fc Modified Cation Exchange Resin

The modification process was performed in a 3-L reactor. Firstly,
100 g of the cation exchange resin (001X7) was dispersed in
250 mL mixed acids (HCl : HNO;=1 : 1) and kept intense
shaking for about 2 h to remove impurities. After that, the resin
was washed with deionized water repeatedly until neutral and
dried at room temperature after being filtrated out. In the syn-
thesis step, 1 L of alcohol was used as solvent, 300 g of resin was
mixed with 100 g of Fc, stirred at the speed of 150 rpm, at
303 K, and the reaction time was 6 h. The product was filtered
to be separated and the solid phase was washed with alcohol to
remove the excessive Fc. The solid obtained was dried at room
temperature for 24 h, and then dried at 353 K for 3 h. The
product was used as adsorbent and stored in a sealed bottle.

The structure of the materials was investigated by means of N,-
BET analysis performed on a Micromeritics TriStar II unit. Pore
distributions and pore volumes were calculated using the
adsorption branch of the N, isotherms based on BET equation.
Elemental analysis of the two adsorbents was obtained from
XRF analysis, and the analysis was performed on a Rigaku
ZSX100e instrument. Characterization of Fc loaded on the
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cation exchange resin was performed by FTIR using a Varian
600-IR spectrometer.

Batch Experiments

All experiments were carried out in batch using flasks (250 mL)
with resin/liquid ratio of 1 g/L. The whole process was kept
stirred at the rate of 275 rpm at 303 K. The mixture of MB and
Cu®" was prepared by dissolving given amounts of MB and
CuSO,-5H,0 in deionized water and the solution was freshly
prepared daily.

To determine the optimal time required for MB and Cu**
removal by FMCER, 0.1 g adsorbent was added into 100 mL of
640 mg/L CuSO45H,0 and 10 mg/L MB solution and stirred
for 10—420 min at pH 4.

The effect of pH on adsorption was investigated at initial Cu*"
concentration of 640 mg/L and MB 10 mg/L performed with
solution pH varied from 2 to 7 at 303 K. The initial solution
pH was adjusted using 1 mol/L NaOH and H,SO, solution.

The influence of various dose of adsorbent (0-2.0 g/L) on the
adsorptive removal of MB and CuSO,-5H,0 was investigated at
303 K.

The adsorption isotherms were studied at 293, 303, and 313 K.
A 100 mL 640 mg/L CuSO, and 10 mg/L MB mixture was equi-
librated with 0.1 g FMCER for 420 min. Samples obtained at
time intervals were filtered through a 0.45-um filter membrane
after adsorption.

The residual Cu®® in solution was determined on an atomic
absorption spectrophotometer (Shimadzu AA 6300C); residual
MB in solution was detected using a UV—vis spectrometer (Shi-
madzu 2450).

The adsorptive removal efficiency (%) of adsorbate on FMCER
and the amount of adsorbate adsorbed (gq,) were calculated
respectively, from the following equations:

Co—Ce.
WZOTXIOO% (1)
0

go=——— )

where C, (mg/L) is the initial concentration of Cu**/MB, C,
(mg/L) is the concentration of Cu®"/MB at equilibrium, V (L)
is the volume of solution, and W (g) is the mass of adsorbent.
Adsorption kinetics was also investigated, and the quantity of
Cu”**/MB (g, mg/g) adsorbed at time ¢ was calculated using the
following equation:

V(G—GC)

= (3)

where C, (mg/L) is the concentration of Cu**/MB at time t.

RESULTS AND DISCUSSION

Characterization of FMCER

The loading of Fc on cation exchange resin was determined by
XRF and the results are shown in Table I. The increase of Fe
indicated that Fc was successfully modified onto cation
exchange resin. The calculated increased amount of Fe was
0.05%, meaning 0.19% (wt/wt) of Fc in FMCER.
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Table II. Untreated Resin and FMCER Characterization Data
Untreated resin FMCER
Swp (M2/g) 217 1.69
9 A Pore width (nm) 2.08 1.89
T A ‘
E L e Fe 2.76 2.39
E all "N :'i \ - Untreated Resin 476 3.69
Z VoV ™M ~ -
I A NN 6.34 .38
SN I Bl
[ i
I‘fl I‘, 1/ CH modification process. The reason maybe that Fc was connected
CFe PC-He to the external surface and the micropore surface of the resin.
300 1000 1500 2000 2500 3000 3500 000 Thus, the diameters of the pores of resin decreased after the

Wavenumber (nm)
Figure 1. FTIR analysis of FMCER.

The FTIR spectra of Fc, untreated resin, and FMCER in the
range of 4000-400 cm ' are shown in Figure 1. As shown in
Figure 1, the peaks at 48598 cm ', 1407.83 cm ' and
1105.33 cm ™', 998.96 cm ™', 3091.38 cm ™' can be ascribed to
C—Fe band, C—C band in cyclopentane, DC—H and C—H
band in the spectra of Fc, respectively. All peaks of the
untreated resin can be observed in the spectra of FMCER, indi-
cating that the framework of resin was kept well after the modi-
fication. No absorbance of 485.98 cm™' and 3091.38 cm™'
could be found in the spectra of FMCER, this result indicated
that C—Fe band in Fc molecular broke, but the absorbance at
1407.83 cm ™! appeared after the modification of resin with Fc.
All the results mentioned above indicated that cation exchange
resin has been chemical modified by Fc successfully. C—Fe in Fc
broke and C in cyclopentane connected to the surface of cation
exchange resin.

As shown in Figure 2 and Table II, the surface characterization
of FMCER shows that its micropore surface area (Syp) is meas-
ured to be 1.69 m?*/g, and the pore diameters mainly distributed
at 2.08, 2.76 and 4.79 and 6.34 nm, while the Syp of untreated
resin is measured to be 2.17 m*/g and the pore diameters are
1.89, 2.39, 3.69, and 5.38 nm. Both the Sy;p and pore diameters
of FMCER are both decreased from the untreated resin in the

@ FMCER
Q —O— untreated resin

1.2x10"
1.0x107 F
8.0x107 F
6.0x10™

4.0x10™ F

dV(d) (ce/nm/g)

20x107%

0.0 -

0 1 2 3 4 5 6 7 8 9 10
Pore Width (nm)

Figure 2. Pore size distributions of FMCER and untreated resin.
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modification and the Syp decreased accordingly.

Influences of Important Factors on the Simultaneous
Adsorptive Removal of MB and Cu** onto FMCER

Influence of Reaction Time on Adsorption. The equilibrium
time is assisted to be found out in the effect of contact time on
the adsorption of MB and Cu®" onto FMCER, and the correla-
tions between the amount of MB/Cu®* adsorbed onto the fixed
amount of adsorbent and the reaction time can also be ascer-
tained. The effect of contact time (0-420 min) on the adsorption
capacity of MB/Cu”>* in simulated wastewater and Cu®* aqueous
solution were studied and the results are given in Figure 3. The
results indicated that the removal efficiency and the adsorptive
removal of Cu’" and MB increased as the reaction progressed,
since at the beginning of the reaction, the initial concentrations
provide an important driving force to overcome the mass transfer
resistance of MB and Cu®" between the liquid phase and the
solid phase.”” With the passage of time the initial concentration
decreases and consequently the driving force, Cu?* and MB were
adsorbed onto FMCER through cation exchange on surface of
the resin. Points need to be emphasized are: firstly, the adsorptive
removal of Cu®" from simulated wastewater was much slower
from simulated wastewater than that from Cu®" aqueous solu-
tion. The adsorption capacity was also decreased with the pres-
ence of MB, which was attributed to the competition of MB.
Secondly, the adsorptive removal of MB is much faster after 2.5
h than in the beginning of the reaction. The reason maybe that
the diameter of Cu®>" is much smaller than that of MB molecu-
lar, and the bulk of MB in solution exist as MB™, thus, the com-
petition between MB™ and Cu®" resisted the approaching of
MB™ to FMCER; on the other hand, the transformation Fc «
Fc™ occurred on the surface of FMCER and the ion leached into
aqueous surrounding FMCER to decrease the repulsion and the
competition. The adsorption of MB reached equilibrium at 7 h,
while the adsorptive removal of Cu®" attained the equilibrium at
about 6 h. Thus, in this study, 7 h was chosen as the contact
time to reach equilibrium and used in the following studies.

Influence of Solution pH on Adsorption. Initial solution pH
has been reported as an important parameter that influences
the adsorption of metal ions and dye molecules.’ In this study,
the adsorption of MB and Cu®*" were both discussed at the
range of initial solution pH 2-7, because the Cu>" precipitated
under alkaline conditions. Adsorption processes with a fixed
100 mL, 10 mg/L MB, and 640 mg/L CuSO, aqueous solution
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Figure 3. Influence of contact time on the adsorption of MB and Cu®**"
on FMCER.

at various pH values were designed to examine the effect of pH,
and the results are shown in Figure 4. The adsorption capacities
of MB and Cu®* onto FMCER both increased as the initial
solution pH increased from 2 to 4 to reach a plateau and the
maximum adsorption capacities were obtained as 247.13 mg/g
and 9.18 mg/g for Cu’* and MB, respectively, at pH 4, which
means 38.59% removal of Cu®" and 91.84% removal of MB
from aqueous solution. High removal efficiencies for both Cu*"
and MB were shown at pH 4 and 5. The removal efficiencies of
MB and Cu’" at pH=5 were detected to be 91.84% and
38.28% respectively, and the adsorption capacities were calcu-
lated to be 9.18 and 245.06 mg/g. The uptake of MB and Cu®"
decreased as the solution pH further increased, and the removal
efficiencies of MB and Cu®* at pH 7 were determined to be
87.63% and 27.03%, and the adsorption capacities were calcu-
lated to be 8.76 and 173.01 mg/g, accordingly. The reasons
maybe that the properties of adsorbent (surface charge) and
adsorbate (degree of ionization and dissociation of functional
groups) varied under different operating conditions,” and the
suppression of the electrostatic repulsion impede the approach-
ing of the adsorbates to FMCER; the Fc loaded on the surface
of resin can easily donate or accept an e, which helped buffer-
ing the electrostatic repulsion and strengthening the attraction.
Thus, initial solution pH has influenced the performance of
FMCER a lot, and pH 4 and 5 were determined to be the opti-
mum pH window for the adsorption of MB and Cu®*.

Influence of Adsorbent Dose on Adsorption. Various concen-
trations of FMCER (0-2.0 g/L) combined with a fixed 100 mL,
10 mg/L MB and 640 mg/L CuSO, at the optimum pH were
investigated. The adsorption capacities and removal efficiencies at
the equilibrium of both Cu®" and MB are shown in Figure 5.
The results revealed that both the adsorption capacities and the
removal efficiencies increased as the dose of adsorbent increased
in the limit ranges of 0-0.25 g/L for MB and 0-1.0 g/L for Cu’".
The maximum ¢, of 247.13 mg/g for Cu®* and 29.58 mg/g for
MB were reached with the adsorbent dose of 1.0 g/L and 0.25 g/
L, respectively. The adsorption capacities of Cu** as well as MB
showed inverse relationship to adsorbent dose in further increase.
This phenomenon is favored in studies for making the best use
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of adsorbent. The MB removal efficiency increased and reached a
plateau at about 0.5 g/L, while the removal efficiency of Cu®"
increased as the dose of adsorbent increased. As the removal effi-
ciency of MB increased from 73.96% to 96.39%, the adsorption
capacity decreased from 29.58 to 4.82 mg/g, the removal effi-
ciency of Cu®" increased from 38.59% to 50.16% whereas the
adsorption capacity decreased from 247.13 to 160.5 mg/g. The
reason is that more adsorbent added enabled more available sur-
face area and binding sites for MB and Cu®* in solution.”*™*
About 1 g/L FMCER was chosen as the optimal condition for
the treatment of MB and Cu®" in simultaneous wastewater, for
the highest adsorption capacity of Cu®". Under this condition,
most MB in solution can be removed (the removal efficiency was
96.39%). And the FMCER can be withdrawn and further used in
the treatment of MB in a new cycle, theoretically.

Adsorption Isotherms

The adsorption isotherms of MB and Cu®* on FMCER at 293,
303, and 313 K were discussed and the results are shown in Fig-
ure 6(a,b). The adsorption capacities of MB and Cu’* onto
FMCER increased as the initial concentrations of MB and Cu**
increased. Adsorption capacities of MB and Cu*" onto FMCER
decreased as temperature increased from 293 to 313 K, indicating
that the removal of MB and Cu®" from aqueous by FMCER is
an exothermic process. The adsorption capacities of MB and
Cu”" according to their initial concentrations of 10 mg/L and
640 mg/L turned out to be 8.23 mg/g and 218.03 mg/g at 303 K.

The experimental data were analyzed following the isotherm
models of Langmuir, Freundlich, and Dubinin—Radushkevich.

Langmuir isotherm assumes monolayer adsorption and sup-

poses a finite number of homogeneous adsorption sites,” and
the Langmuir model is described by eq. (4):
Qmaxbce
= 4
T, @

And the linear form of Langmuir model is described by eq. (5):
C. 1 C.
+

Qe Qmax b Qmax

where ¢, is the equilibrium adsorptive capacity (mg/g), C, is the
equilibrium concentration (mg/L), Quna.x (mg/g) and b (L/mg)

(5)

u] D
sl D/j‘,,, ) D-—‘_‘_‘D 490
.- o TR MB) T 180
200 | —o—g_(Cu”) -
2 I 470
—C—Cu” removal efficiency @ %
150 b —0O0— MB remoaval efficiency l6o é
(o]
T 4150 g
e
100 - 2
/O_ o 1 40 g
50 o O \O =
TR 130
(o]
oL_® L e |,
2 3 4 5 6 7

pH
Figure 4. Influence of initial solution pH on the adsorption of MB and
Cu** on FMCER.
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150 | / /; is0 & The results indicated that the Langmuir model was able to
o — G0 2 properly describe the isotherm of both Cu?** and MB adsorp-
100 L / —m—g (MB) 5 tion onto FMCER (correlations coefficient > 0.990). The
/O —o—g (Cu*) 2 adsorption capacities of Cu®" and MB were calculated to be
50 1 o —0— MB removal efficiency = 392.16 mg/g and 10.01 mg/g at equilibrium. The Freundlich
. —0—Cu™" removal efficiency model also fit the adsorption of Cu’* and MB onto FMCER
ol e — s g g g g consistently with correlations coefficient >0.97. Dubinin—
e A 1z 2.0 Radushkevich model was also used in this study for the fitting,

Concentrations of adsorbent (g/L)

Figure 5. Influence of the dose of adsorbent on the adsorption of MB
and Cu”" on FMCER.

are constants related to the maximum adsorption capacity and
the energy of the adsorption, respectively.

The separation factor Ry of the Langmuir isotherm which indi-
cates whether the adsorption process is favorable (0 < R; < 1),
unfavorable (R; > 1), or linear (R; = 1) can be calculated from
eq. (6)°°:

1

R=——
L 140G,

(6)
The calculated R; values at different initial concentrations of
MB are listed in Table III.

The Freundlich isotherm is an empirical equation assuming that
the adsorption process takes place on heterogeneous surfaces
and adsorption capacity is related to the concentration of dye at
equilibrium. And the Freundlich isotherm model is usually used
to satisfy adsorption processes with low concentrations of
adsorbate.” The Freundlich isotherm model is described by eq.

(7):
4e=KrC (7)

And the linear form of Freundlich model is described by eq.
(8):

1
Ing.=InKp+—-InC, (8)
n

where g, is the equilibrium adsorptive capacity (mg/g), C, is the
equilibrium concentration (mg/L), Kr and n are Freundlich
constants that relate the adsorption capacity and the intensity
of adsorption, respectively, and can be calculated from Figure
7(b) and the results are shown in Table III.

Dubinin—Radushkevich isotherm model which is based on the
Polanyi’s adsorption theory is in agreement with adsorption iso-
therms of microporous adsorbents.”” The Dubinin—Radushke-
vich isotherm model is described by eq. (9):

Ing.=In qm*ﬂfz 9)

where g, is the equilibrium adsorptive capacity (mg/g), q,, is
the maximum adsorption capacity (mol/g), and ¢ is the Polanyi
potential given in eq. (10):
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but the results indicated that the Ing, of both Cu®’* and MB
showed non-linear fit to & (correlations coefficient < 0.5). R?
for the linear fit of Cu®>" to Langmuir and Freundlich equations
are 0.999 and 0.974, respectively. This result indicated that the
Langmuir and Freundlich equations both fitted the adsorption
of Cu®" well. On comparing the adsorption capacities calcu-
lated, Langmuir model is considered to fit the adsorption of
MB and fit Cu®* better than Freundlich equation and

10
a
st ST = el
e
- . A
| e 7
6 // - -
s ///’ 2 i
E e o
= 4 p /‘
L :"‘// ] = 293K
- —— 303K
f —A—313K
0 1 i 1 i 1 L 1
0.0 0.5 1.0 1.5 2.0
C (mg/L)
250
b
200
150 |-
)
&
E
= 100}
B 293K
® 303K
A 313K
L L L L 1 "
200 300 400 500

C, (mg/L)

Figure 6. Adsorption isotherm of (a) MB; (b) Cu** onto FMCER, condi-
tions are: pH =4, 1.0 g/L EMCER, with the initial MB concentration var-
ied from 0 mg/L to 10 mg/L and the initial Cu** concentration from
0 mg/L to 640 mg/L.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41029



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

Table III. Langmuir, Freundlich, and Dubinin—Radushkevich Model Parameters for Adsorption of MB and Cu®* on FMCER

Langmuir model

Freundlich model

Dubinin-Radushkevich

ge (mglg) b R? R, ne

Kr R® Qm (mollg) B (mol?/kJ?) R

Cu?* 392157 0.0037 0.999 02976 1.4084
MB 10.009 21694 0.990 0.0441 1.7060

-3.427 x10°° 0.964
-0.937 x 1072 0.498

3.6369 0.974
6.6212 0.983

195
4.7998

monolayer and multilayer adsorption of Cu?* happened
simultaneously.

The separation factor R; of MB and Cu?" adsorption were cal-
culated to be 0.0441 and 0.2976, respectively, which indicated
that the adsorption of MB and Cu’' are favorable. On the
other hand, the value # of the adsorption of Cu®** onto FMCER
is greater than 1 (n=1.4084), which also indicates that the
adsorption of Cu”" exhibits a favorable shape and the value 1/n
reveal a multilayer adsorption of Cu’* onto the active sites on
the surface of FMCER.””™°

Adsorption Kinetics

To study the adsorption mechanism well, the pseudo-first order,
pseudo-second order, and Weber—Morris models were fitted to
experimental data obtained in MB and Cu®" adsorption in
order to study the kinetics of the process. The linearized
pseudo-first order model represented by Lagergren assumes that
the rate of change of solute uptake with time is directly propor-
tional to the difference in saturation concentration and the
amount of solid uptake with time,** and the equation is
described in the following equation:

(11)

where g, and ¢q, (mg/g) are the adsorptive uptakes at equilib-
rium and time t, respectively. k; (1/h) is the rate constant of the
first-order adsorption. The model parameters g, and k; can be
obtained from the intercept and slope of the linear of the plots
of In(q, — g,) vs. t [Figure 8(a)].

In(g.—q:)=Ing,— ki t

The linearized-pseudo-second order model proposed by Ho*!
illustrates the velocity dependence on the capacity of adsorption
in the solid phase but no dependence on the concentration of
the adsorbed substance is described in the following equation:

t 1 t
a k-4 g
where k, (g/mgh) is the rate constant of the second-order

adsorption. k, and ¢, can be calculated from the intercept and
slope of the linear of the plots of #g, vs. t [Figure 8(b)].

(12)

The estimated parameters g,, ki, k», R* are listed in Table IV.

The adsorption kinetics of Cu** and MB are presented in Fig-
ure 8(a,b). The kinetic data of MB adsorption were better fitted
by the pseudo-first order model (R®=0.848) than pseudo-
second order (R*>=0.163) and intraparticle diffusion models
(C<0). The adsorption of Cu®" followed both the pseudo-first
order and pseudo-second order kinetics, especially the pseudo-
second order model for the consistent to the experimental data.

It’s the difference of the adsorption capacities at equilibrium
and any time ¢ that drives the adsorption of the adsorbate onto
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Figure 7. (a) Langmuir; (b) Freundlich; (c¢) Dubinin—Radushkevich
adsorption isotherms fit for MB and Cu®* onto FMCER.
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Figure 8. Kinetic plots for the adsorption of MB and Cu>* on FMCER: (a) Pseudo-first order plot; (b) pseudo-second order plot for the adsorption of
MB and Cu®>" and Weber—Morris kinetic model for the adsorption of (c) Cu®>*, and (d) MB on EMCER

adsorbents, and the adsorption capacity is in correlation to the
amount of active sites on adsorbent surface.*” The pseudo-
second order model fitted the adsorption process of Cu’*
(1) Cu** in solution diffuse from liquid phase to liquid—solid
interface (film diffusion); (2) adsorbate further moved to solid
surface and diffuse into particle pores (intraparticle diffusion);
(3) adsorption of Cu>™ onto the active site in inner and outer
surface of FMCER.

well:

Commonly, the rate of adsorption may be controlled by intra-
particle diffusion and film diffusion. Herein, the Weber—Morris
model was chosen to fit the kinetic adsorption data of Cu®* in
order to reveal the contributions of the surface and the intra-
particle diffusion to the kinetic process. The Weber—Morris
equation is described in the following equation:

Table IV. Kinetic Parameters for MB and Cu** Adsorption Using FMCER

gi=kat'*+C (13)

where C (mg/g) is the boundary layer thickness; kiq (mg/g~min1/2)

is the intraparticle diffusion rate constant. The results are
shown in Figure 8(c,d), and the parameters are also listed in
Table IV.

The kinetics of Cu?* adsorption fit the pseudo-second order of
Weber—Morris well (R* = 0.995), according to the results of fit-
ting experimental data presented in Table IV. The correlation
coefficient R* of MB adsorption based on pseudo-first order
model was much higher than that based on pseudo-second
order model. Although the correlation coefficient R* of MB
adsorption calculated from fitting to the pseudo-first order of
Weber—Morris model is 0.998, the boundary layer thickness can-
not be obtained. The pseudo-second order of Weber—Morris

Kinetic model Pseudo-first order

Pseudo-second order

Intraparticle diffusion model

Adsorbate ki (h™Y)  ge (mglg) R? k> (g/mg h) ge (mglg) R? Kig C R®
Cu?* 0.313 233.7939 0.9931 0.32 x 1072 311.527 0.9896 11.3618 1.1794 0.9946
MB 0.385 16.1848 0.8485 4.44 x 107° —-134.228 0.1628 1.0482 / 0.9983
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Table V. Thermodynamic Data for the Adsorption of MB and Cu** onto FMCER

AG® (kJ/mol)
Adsorbate 293 K 303 K 313K AHe (kJ/mol-K) AS° (kJ/mol)
Cu?* —-1344.2 —-1300.73 —-1234.59 —5746.6543 —-9397.1351
MB —-12782.9 -11707.7 -10669.5 —-24.5191 -18.2761

model is most suitable in describing the adsorption kinetic of
Cu®", while the pseudo-first order model describes the adsorp-
tion of MB better. For Cu®" adsorption, the intraparticle diffu-
sion is an important rate-limiting step, but not the sole, for the
g~t""? plot does not go through the origin. The kinetics maybe
controlled by intraparticle diffusion, film diffusion, and the
competition force simultaneously. The control of adsorption
rate might be possible with a better control of external mass
transfer and intraparticle diffusion parameters such as stirring
rate and temperature.*’

Adsorption Thermodynamics

In order to identify the inherent energetic changes which is
associated with the adsorption process, thermodynamic proper-
ties and the influence of reaction temperature on the adsorption
removal of MB and Cu?" were investigated at 293, 303, and
313 K. Thermodynamic parameters such as change in standard
free energy (AG°), enthalpy change (AH°), and entropy changes
(AS°) can be determined using eqs. (14) and (15), thermody-
namic data can be calculated from the Langmuir equations. The
Langmuir constant K is related to the enthalpy of adsorption.

—AG,4 =RTIn (Ky) (14)
AG°=AH°—TAS® (15)

R (8.314 J/mol K) is the gas constant, T (K) is the absolute
temperature, and K (L/mg) is the standard thermodynamic
equilibrium constant defined by Q./C.. The values AH® and
AS° can be calculated from the slope and intercept of Vant’s
Hoff plots of InKj vs. T . The results of AG®, AH°, and AS°
are listed in Table V.

The negative AG® values at various temperatures indicated the
spontaneous nature of the adsorption of MB and Cu®" on to
FMCER, revealing an increased randomness at the solid solution
interface during the fixation of the dye on the active sites of
FMCER. The negative value of AH° identified both the adsorp-
tion of MB and Cu®>" as exothermic processes, indicating that
the adsorption capacities are increased as the temperature
decreased.**™° Also, the negative value of AS® suggests that the

Table VI. Activation Energies Calculated of the Adsorption of MB and
Cu** on FMCER

Adsorbate MB Cu®*

Parameter T (K) kq (h™%) Eg (kJ/mol) ko (g/mgh) Eq (kJ/mol)

293 0.437 2.094 0.0038 1.272
303 0.385 0.0032
313 0.264 0.0028
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randomness decreases the removal of MB and Cu?’" on
EMCER.*

As it has been investigated above, pseudo-first order model fit
the adsorption of MB well and the pseudo-second order model
was better to fit the Cu>* adsorption experimental data, thus,
the rate constant values k; and k, for the adsorption of MB and
Cu®" were used to determine the activation energies, E, (kJ/
mol), for the processes by the Arrhenius equation:

Ink= Ea +InA
RT

(16)

where A and E, are Arrhenius factor and the activation energy
(kJ/mol), respectively. The rate constants k; and k, for MB and
Cu®" adsorption and the activation energy values obtained at
293, 303, and 313 K are shown in Table VI.

As it can be seen in Table VI, the kinetic rate of the adsorption
process decreased as the reaction temperature increased, and the
activation energy value determined was 2.094 kJ/mol and 1.272
kJ/mol for adsorption of MB and Cu®", respectively. The activa-
tion energy lower than 40 kJ/mol indicates a physical process,
while the range of 40-800 kJ/mol means a chemisorption pro-
cess.”® Thus, it can be concluded that the adsorption of MB and
Cu”" on FMCER are both physical adsorption process. Actually,
both physicosorption and chemisorption may occur simultane-
ously on the surface, a layer of molecules may be physically
adsorbed on a top of an underlying chemisorbed layer.*’

CONCLUSIONS

FMCER was prepared and used in the treatment of wastewater
containing MB and Cu®>". The BET analysis confirmed that the
modification decreased the micropore surface area and pore
diameter of cation exchange resin. The FTIR analysis revealed
that Fc was grafted to the surface of the resin. Results of the
batch experiments designed for the investigation of the adsorp-
tion process indicated that the Langmuir isotherm model
describes the adsorption of MB well. The kinetic studies show
that the adsorption of MB onto FMCER followed pseudo-first
order kinetic model, while the adsorption of Cu®" followed
Webber—Morris model. The negative value of AG® confirmed
the spontaneous nature of the adsorption process. The adsorp-
tion processes of both MB and Cu®" are physiosorptive, and
the activation energy (E,) were calculated to be 2.094 kJ/mol
for MB adsorption and 1.272 kj/mol for Cu®" adsorption.
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