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ABSTRACT: In this study, diethylenetriaminepentaacetic acid
(DTPA)-modified magnetic graphene oxide (MGO) was
synthesized for removal of Cu(Il), Pb(II), and Cd(II) ions
from acidic aqueous solutions. The prepared DTPA/MGO
composites were characterized by scanning electron micros-

copy, X-ray diffraction, Fourier transform infrared and X-ray

photoelectron spectroscopies, and zeta potential. The results
showed that DTPA successfully functionalized MGO. Adsorp-
tion experiments indicated that DTPA/MGO composites
exhibited excellent adsorption property in acidic aqueous
solutions. The adsorption processes were applicable for the
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Langmuir adsorption isotherm and the pseudo-second-order model. The maximum adsorption capacities at pH 3.0 for Cu(II),
Pb(Il), and Cd(Il) ions were 131.4, 387.6, and 286.5 mg/g, respectively. The thermodynamic studies demonstrated that
adsorption processes were endothermic and spontaneous. Moreover, the DTPA/MGO composites could selectively adsorb
Pb(II) from multimetal mixed systems. Adsorption—desorption results showed that the DTPA/MGO composites exhibited
excellent reusability. These results suggested that DTPA/MGO composites have great potential in removing heavy metals from

acidic wastewater, especially for Pb(II).

B INTRODUCTION

Heavy metal contamination of water is an important environ-
mental issue all over the world. It may cause serious health risks
toward human beings such as kidney damage, emphysema,
hypertension, neurological effects, and even cancer.' ™ There-
fore, it is necessary to take effective measures to deal with the
heavy metal pollution in wastewater. Up to now, a number of
methods have been used to remove heavy metals from
contaminated water, including filtration,” precipitation,5 bio-
logical treatment,’ ion exchange,7 etc. Besides, adsorption is
regarded as the most promising approach considering that it is
highly effective, relatively low-cost, flexible in design and simple
in operation.” Numerous adsorbents have been developed to
deal with the heavy metal pollution in wastewater such as
activated carbon,” nanoadsorbents,"° zeolite,"" chitosan,'? and
biochar."

In recent years, graphene oxide (GO) has attracted
widespread attention because of its excellent physical-chemical
properties. There are a number of researches focusing on using
GO as an adsorbent to remove heavy metals from
contaminated water.'*™'® GO can be obtained from the
oxidation of graphene, and it contains various functional
groups such as carboxyl, hydroxyl, and carbonyl,'” which are
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effective functional groups to combine with heavy metals.
However, there are some limitations in using GO as adsorbent
to remove heavy metals directly. First, the separation of GO
after adsorption is very difficult due to the preferable water
solubility of GO. Second, GO shows good adsorption capacity
for heavy metals from wastewater only under suitable pH
condition (about pH = 6),'"* but the actual wastewater
containing heavy metals is generally acidic.” To solve these
problems, a large number of materials were used to modify the
GO such as poly(acrylamide),'® polyamidoamine," chitosan,*’
p-cyclodextrin,”'  ethylenediaminetriacetic acid,”* and ethyl-
enediaminetetraacetic acid (EDTA).>
Diethylenetriaminepentaacetic acid (DTPA) is a kind of
common chelating agent for heavy metal removal and contains
five carboxylate groups bound to three nitrogen atoms. Hence,
it has a strong ability to react with heavy metals. Furthermore,
most species of DTPA are H,DTPA®*", H,DTPA>", and
H,DTPA™ in acidic aqueous solutions, which still have the
ability to combine with heavy metal ions.”* The formations of
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Scheme 1. Synthesis Processes and Chemical Structure of DTPA/MGO Composites”
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“(Step 1) synthesis of GO (Step 2) by chemical co-precipitation method to obtain MGO; (Step 3) process of the activation of intermediates of

DTPA; (Step 4) synthesis of DTPA/MGO composites.

these complexes are similar to that of EDTA, but they possess
higher stability when complexed with heavy metals,” and the
process exhibits high adsorption efficiency in acidic wastewater.
Besides, the amine group has a highly reactive activity and can
easily react with many other functional groups.’® Therefore,
DTPA can be used to modify GO via diethylenetriamine as a
cross-linker.

In this work, to facilitate GO to separate from an aqueous
solution after adsorption, magnetic nanoparticles were loaded
on GO to synthesize magnetic graphene oxide (MGO).”
Meanwhile, DTPA was grafted onto MGO via diethylenetri-
amine through an amidation reaction. To our knowledge, no
research that used DTPA to modify magnetic graphene oxide
was observed in previous literature. Thus, this study aims to
demonstrate the possibility of DTPA/MGO composites as a
promising adsorbent for the removal of heavy metal ions from
acidic aqueous solutions and to provide insight into Cu(Il),
Pb(1l), and Cd(II) ions adsorption from acidic aqueous
solutions on the basis of isotherm, kinetics, and thermodynamic
analysis.

B EXPERIMENTAL SECTION

Materials. Graphite powder and diethylenetriamine were
obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). 1-Ethyl-3-(3-dimethylaminoprophy) car-
bondiimide hydrochloride (EDC) and N-hydroxyl succinimide
(NHS) were purchased from Civi Chemical Technology Co.,
Ltd. (Shanghai, China). DTPA was supplied by Xiya Reagent
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Research Center (Shandong, China). All other chemicals are
analytical grade and used as received. The desired concen-
tration of Cu(II), Pb(II), and Cd(II) ions solutions were
obtained by diluting of 1000 mg/L Cu(1I), Pb(II), and Cd(1I)
stock solution (see Supporting Information, Table S1).

Preparation of GO. GO was synthesized from natural
graphite by a modified Hummer’s method.”® Briefly, natural
graphite powders (6 g) was first preoxidized by mixed K,S,054
(5 g) and P,O; (S g) with H,SO, (24 mL), and stirred at 80 °C
for 6 h. After, the products were washed with ultrapure water
until the solution became neutral and dried in a 60 °C vacuum
oven for 12 h. The obtained preoxidized graphite and 5 g of
NaNOj; were slowly added to 240 mL of concentrated H,SO,,
in a round-bottomed flask under stirring. Meanwhile, KMnO,,
(30 g) was gradually added at three different times. The
dispersion was kept in an ice bath to maintain the temperature
below 10 °C and stirred for 4 h. Then the temperature was
raised to 35 °C for 2 h, and 500 mL of ultrapure water was
slowly added with continuous stirring. Next, the temperature
was increased to 98 °C for 1 h. After, this mixture was diluted
by adding 1000 mL of ultrapure water at room temperature.
Subsequently, 40 mL of 30% H,O, was dropwise added to
remove the redundant MnO,”, and the mixture was washed
with 10% HCI until impurity ions were completely removed.
Finally, the product was washed to neutral with excessive
ultrapure water, and was sonicated for 2 h to obtain GO
dispersion.
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Figure 1. SEM images of MGO (a) and DTPA/MGO (b); magnetic susceptibility of the DTPA/MGO (c).
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Figure 2. XRD patterns of GO (a), MGO and DTPA/MGO (b); FT-IR spectra of the GO, MGO, DTPA/MGO (c) and DTPA/MGO after

adsorbed Cu(II), Pb(II), and Cd(IL) ions (d).

Preparation of DTPA/MGO Composites. MGO was
obtained by the coprecipitation method.”” First, 200 mL of 0.05
M Fe® and 0.1 M Fe** mixture was added to 1000 mL of 2
mg/mL GO solution under continuous stirring. Then, 150 mL
of ammonia was dispersed into the mixed solution and the
mixture was continuously stirred in an 85 °C water bath for 45
min to form Fe;O,—GO composites. The DTPA/MGO
composites were synthesized by an amidation reaction between
DTPA and MGO via diethylenetriamine as a cross-linker.”’
The DTPA (800 mg) was dissolved in 400 mL of low-
concentration ammonia solution. Next, 20 mL of 0.1 M EDC
and 20 mL of 0.1 M NHS were added to the solution under
continuous stirring for 2 h,*" then 10 mL of diethylenetriamine
was dropwise added. After that, the mixture was added into 2.0
g of MGO dispersion with continuous stirring in an 80 °C
water bath for 6 h. After being cooled to room temperature, the
resulting product was separated by a permanent magnet and
washed repeatedly with ultrapure water until the solution was
about neutral. Finally, the product was dried in a freeze drier
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and stored in a desiccator for the following experiments. The
synthesis processes of DTPA/MGO composites are described
in Scheme 1.

Characterization. The surface morphology of the MGO
and DTPA/MGO composites were analyzed by scanning
electron microscopy (SEM, Tecnai G2 F20, USA). The
magnetic properties of the DTPA/MGO composites were
tested by using a permanent magnet directly. The spacing
structures of GO, MGO, and DTPA/MGO were recorded by
using an X-ray diffractometer (XRD, Rigaku D/max-2500,
Japan). FT-IR spectra of the DTPA, MGO, DTPA/MGO, and
DTPA/MGO composites after being adsorbed were measured
on a spectrophotometer (Varian 3100, USA). The XPS
measurements of the MGO and DTPA/MGO composites
were performed by using an X-ray photoelectron spectrometer
(Escalab 250 xi Thermo Fisher, USA). The zeta potential of
DTPA/MGO composites was measured on a zetasizer
(ZEN3600 UK) at different pH values.
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Figure 3. XPS spectra of MGO and DTPA/MGO (a); C 1s XPS spectra of MGO (b); and DTPA/MGO (c); zeta potential of DTPA/MGO (d).

Batch Adsorption Experiments. Adsorption experiments
were performed by adding 10 mg of DTPA/MGO composites
to SO0 mL conical flasks containing 25 mL of Cu(II), Pb(II), and
Cd(II) ions solution. Then, the flasks were placed in a 20 °C
water bath shaker that was operated at 180 rpm for 24 h. The
experimental procedures to determined the influence of the pH
value of the solution on adsorption processes were as follows:
10 mg of DTPA/MGO composites was added into 25 mL of
100 mg/L Cu(ll), Pb(Il), and Cd(II) ions solution,
respectively. Different concentrations of HCl or NaOH
solutions (0.01—1.0 M) were used to adjust the initial pH
values of solutions from 1.5 to 6.0. As a comparison, similar
experiments were also conducted by adding 10 mg of MGO.
The adsorption isotherm experiments were analyzed by adding
10 mg of DTPA/MGO composites to solutions; the initial
Cu(II) and Cd(II) ions concentrations varied from 10 mg/L to
300 mg/L and the concentration of Pb(II) varied from 10 mg/
L to 400 mg/L. For the adsorption kinetic analysis, 40 mg of
DTPA/MGO composites were added into 100 mL of 100 mg/
L Cu(II), Pb(II), and Cd(II) ions solution with a contact time
ranging from 0 to 360 min. The samples were taken for Cu(II),
Pb(II), and Cd(II) ions concentration measurements at specific
time intervals. Then, the mixtures after adsorption were
separated by a permanent magnet and filtered through a 0.22
pum aperture of the membrane; the concentrations of metal ions
in the filtrate were measured by atomic adsorption spectros-
copy (PerkinElmer AA700, USA). The adsorption capacity (g,
mg/g) was calculated by the following equation:

Q. =I[(C - C)V]/m (1)

where C, and C, are initial and final concentrations of the
solution (mg/L); V is the initial volume of the solution (L); m
is the mass of adsorbent (g).

B RESULTS AND DISCUSSION

Characterization of DTPA/MGO. The surface character-
istics of MGO and DTPA/MGO composites are shown in
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Figure 1. The images clearly show that the DTPA/MGO
composites had a relatively rougher surface than MGO, which
might be due to the immobilization of DTPA onto the surface
of the MGO layers. It can be concluded that the rough DTPA/
MGO composites process a larger special surface, which might
be beneficial for bonding more heavy metal ions. The magnetic
susceptibility of the DTPA/MGO composites is demonstrated
in Figure 1c. It showed that the DTPA/MGO composites (0.4
mg/mL) could be recovered completely from the aqueous
solution through a permanent magnet. This indicated that
DTPA/MGO had good magnetism, could be recycled by a
magnet, and would not cause repollution.

Figure 2 illustrates the XRD patterns of GO, MGO, and
DTPA/MGO composites. For GO, a strong peak at 20 = 10.7°
occurred, which was due to many oxygen-containing functional
groups on the surface of GO. These results were consistent
with the previous study.”’ For MGO and DPTA/MGO
composites, the peaks at 30.2°, 35.5°, 37.5°, 43.3°, 53.4°,
57.2°, and 62.5° were observable. These peaks correspond to
the cubic spinel crystal planes of Fe;0,.>> Compared with the
XRD pattern of GO, the peak at 26 = 10.7° of GO vanished in
the patterns of MGO and DPTA/MGO composites because
the signals of the carbon peak are too weak and are covered up
by iron oxides peaks. The XRD patterns of MGO and DPTA/
MGO composites were almost similar, which indicated that no
changes of the crystalline phase of Fe;O, occurred in the
synthesis process.

The FT-IR spectra of the DTPA, MGO, and DTPA/MGO
composites are shown in Figure 2c. The FT-IR spectrum of
DTPA showed that a strong peak appeared at 1730 cm,
which indicated the existence of abundant carboxyl groups in
DTPA. In the spectrum of MGO, the peak at 3436 cm™
indicated the presence of O—H. The peak at 1642 cm™" was
attributed to the stretching vibration of —COO~, which may be
derived from the —COOH on the Fe,O,-coated GO.” The
peak appearing at 580 cm™' is associated with the Fe—O
stretching vibration, while in the FT-IR spectrum of DPTA/

DOI: 10.1021/acs.jced.6b00746
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MGO composites, —COOH, —NHCO—, and N—H bonds
appear at 1730, 1636, and 1616 cm™, respectively.”” The peaks
at 1384 and 1035 cm™" corresponded to C—OH and C—O—-C
stretching vibration, respectively. After chemical grafting was
performed, the spectra showed the new vibration peaks at 1730,
1636, and 1616 cm™' due to DTPA and diethylenetriamine
grafted onto the surface of MGO. The FT-IR spectra of the
DTPA/MGO after adsorption are shown in Figure 2d. The
results showed that the peaks of DTPA/MGO composites at
3440 cm™ from O—H, 1730 cm™" from carboxyl, and at 1636
cm™" from carbonyl changed significantly after absorbing heavy
metal ions. This suggested that those functional groups were
involved in the reaction with heavy metals, which led to the
changes of the original peaks.

The chemical speciation of elements in MGO and DPTA/
MGO composites was further confirmed by XPS. The full scan
XPS spectrum (Figure 3a) of DPTA/MGO composites showed
that the peaks at 711, 533, 400, and 285 eV belonged to Fe 2p,
O 1s, N 1s, and C Is, respectively.** Comparing the XPS results
of atomic content DPTA/MGO composites to MGO, we
found that that element content of C, O, N, and Fe at DPTA/
MGO composites were 53.28, 37.36, 5.13, and 4.23%,
respectively. The element content of C, O, N, and Fe at
MGO were 5842, 3225, 0.96, and 8.37%, respectively. It
indicated that the amount of N 1s was significantly increased,
which was originated from diethylenetriamine and DPTA. The
O/C atomic ratio of DPTA/MGO composites (0.70) was
considerable higher than MGO (0.55), which might be
attributed to the high oxygen content of the introduced DPTA.

In the C 1s spectrum of MGO (Figure 3b), four obvious
peaks appeared at 288.2, 286.9, 286.3, and 284.6 eV,
corresponding to C=0, C—0—-C, C-0, and C—-C groups
of MGO, respectively.”” The C Is spectrum of DPTA/MGO
composites (Figure 3c) shows five componential peaks at
288.9, 287.5, 286.5, 285.6, and 284.6 eV, which belonged to the
bonds of —O—-C=, —NHCO-, C-0, C—-N, and C-C,
respectively. Additional —O—C=, —NHCO-—, and C-N
bonds were observed. —O—C= and C—N were originated
from DTPA. The existence of ~NHCO— adequately proved
that the —COOH groups of DTPA were combined with the
—NH, groups of diethylenetriamine. Thus, it indicated that
DTPA had been grafted successfully to the MGO surface via
diethylenetriamine.

The pHzpc (pH at point of zero charge Figure 3d) of
DPTA/MGO composites estimated by electroacoustic spec-
trometry was approximately 2.2, which shows that the prepared
DPTA/MGO composites are negatively charged when the pH
value of the solution is greater than 2.2; this resulted in
electrostatic interactions between DTPA/MGO composites
and heavy metal ions.

Effect of Initial pH Value. The pH value of the solution is
a very important factor in the process of adsorption. It has an
impact on the surface charge and states of the binding sites of
adsorbent. The effects of solution pH on the adsorption
capacity of MGO and DTPA/MGO were investigated at pH
values from 1.5 to 6, and the results are presented in Figure 4. It
is found that adsorption processes of MGO were strongly
dependent on pH. The adsorption capacity of Cu(Il), Pb(Il),
and Cd(II) ions were increased with the solution pH increasing
from 1.5 to 6.0. As compared to MGO, the adsorption
processes of DTPA/MGO composites were weakly affected by
pH and excellent adsorption capacity was obtained at pH 3—6.
This result was consistent with another study®® and could be
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Figure 4. Effect of pH on adsorption behavior of Cu(II), Pb(IL),
Cd(1I) onto MGO and DTPA/MGO. (C, = 100 mg/L, m/V = 0.4
mg/mL, T =293 K, t = 24 h).

explained by the ionization degree and the surface charge of the
adsorbent. Low pH inhibited the deprotonation of carboxyl and
hydroxyl groups on MGO, which consequently weakened the
electrostatic interaction between MGO and metal ions,” so it
has low adsorption capacity under acidic conditions, but on the
surface of DTPA/MGO composites, the carboxyl of MGO was
modified by DTPA. When the pH is 2.5, the species of DTPA
are H,DTPA> (27.17%), H,DTPA?>~ (14.93%), H,DTPA~
(54.39%), and H{DTPA* (3.51%).** Ignoring a very small part
of the protonated species, the largest part of DTPA has the
ability to form stable complexes with metal ions. This is the
reason why the DTPA/MGO can achieve high adsorption
properties in acid aqueous solution. Considering that the actual
wastewater containing heavy metals is usually strongly acidic,”
pH 3.0 was chosen as the experimental condition to investigate
adsorption properties of DTPA/MGO composites under acidic
condition.

Adsorption Isotherms. An adsorption isotherm expresses
the relationship between adsorption capacity (q., mg/g) and
concentration of adsorption equilibrium (C,, mg/L). Figure S

—=— Cu(ll)
3501 |—e— pb(ll)
—a—cd(ll)|
300+
250
%5 200
o0
g
= 1501
100
50
0- T T T T T
0 50 100 150 200 250 300
Ce (mg/L)

Figure S. Adsorption isotherms of Cu(II), Pb(II), and Cd(II) ions on
DTPA/MGO (pH = 3.0, m/V = 0.4 mg/mL, T = 293 K, t = 24 h).

shows Cu(II), Pb(II), and Cd(II) ions adsorption isotherms of
DTPA/MGO composites. In this study, the experimental data
of metals uptake onto DTPA/MGO composites were analyzed
by Langmuir and Freundlich isotherms. The Langmuir model is
expressed as follows:

DOI: 10.1021/acs.jced.6b00746
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Figure 6. Langmuir (a) and Freundlich (b) isotherms for the adsorption of Cu(II), Pb(II), and Cd(II) ions on DTPA/MGO.

C/q,=C/q, +1/(kg,) @)
The Freundlich isotherm is described as follows:
log g, = log k. + (1/n) log C, 3)

where C, (mg/L) is the concentration of equilibrium; g, (mg/
g) is the equilibrium adsorption capacity; q,, (mg/g) is the
maximum adsorption capacity corresponding to the Langmuir
model; k; (L/mg) is the Langmuir adsorption constant. K and
n are Freundlich constants related to the adsorption capacity
and adsorption intensity, respectively. The values of q,,, and k;,
can be derived from the slope and intercept of C./q, versus C..
The values of n and K can be obtained from the slope and
intercept of log g, versus log C..

The Langmuir and Freundlich isotherms parameters was
obtained by means of linear fitting, as shown in Figure 6, and
the calculated parameters are presented in Table 1. The value

Table 1. Parameters for the Langmuir and Freundlich
Models of Cu(II), Pb(II), and Cd(II) Ions on DTPA/MGO
(pH = 3.0, m/V = 0.4 mg/mL, T = 293 K, t = 24 h)

Langmuir model Freundlich isotherm

metal ion  Q,,,, (mg/g) K (L/mg) R? Kg 1/n R?
Cu(1I) 131.41 0.056 0.993 22.44 0.331 0.981
Pb(1I) 387.59 0.063 0.997 39.72 0.458 0.934
cd() 286.53 0058 0994 2941 0463 0967

of the correlation coefficient is a criterion of fitting degree for
the system. Table 1, it indicates that the Langmuir model (R* >
0.99) shows a better correlation than the Freundlich model
(0.934 < R* < 0.981), indicating that the Langmuir model is
more consistent in evaluating sorption equilibrium, which
indicated that Cu(II), Pb(II), and Cd(II) ions adsorbed as a
monolayer covering the DTPA/MGO composites. Further-
more, the values of K; are between 0.056 and 0.063 (0 < K; <
1), which impies that the adsorption processes are favorable.
The g, values calculated from the Langmuir model were
131.41, 387.60, and 286.53 mg/g for Cu(Il), Pb(II), and
Cd(II) ions, respectively. Comparing Q... values of Cu(Il),
Pb(II), and Cd(II) ions adsorption to other adsorbents (Table
2), the results showed that the DTPA/MGO composites
present a higher adsorption capacity.

Adsorption Kinetics. Figure 7 shows the adsorption kinetic
of Cu(II), Pb(II), and Cd(II) ions by DTPA/MGO composites
at different time intervals. In this study, the pseudo-first-order
and the pseudo-second-order model were employed to analyze

412

Table 2. Comparison of the Maximum Adsorption Capacity
of Cu(II), Pb(II), and Cd(II) Ions on Various Adsorbents

metal Quax
adsorbent ions (mg/g) refs
amino-functionalized magnetic Cu(1I) 25.77 38
nanoparticles
graphene oxide aerogel Cu(1I) 29.59 39
graphene oxide membranes Cu(1I) 72.6 14
graphene oxide/polyamidoamine Cu(11) 68.68 40
modified bagasse Cu(II) 101.01 41
graphene oxide Cu(I1) 117.5 16
DTPA/MGO Cu(1I) 13141 this study
amino functionalized magnetic Pb(1I) 2795 42
graphenes
PAS-GO Pb(ll) 3125 26
SMG Pb(II) 6.00 43
LS-GO-PANI Pb(I) 2164 17
magnetic chitosan/graphene oxide Pb(1I) 7641 44
L-tryptophan Functionalized GO Pb(1I) 222 45
DTPA/MGO Pb(1I) 387.6 this study
Grapheme oxide nanosheets Cd(11) 44.64 8
graphene oxide membranes Cd(1r) 83.8 14
amino functionalized magnetic Cd(I1) 27.83 38
graphenes
P(AANa-co-AM)/GO hydrogel Cd(1n) 196.4 46
kapok-DTPA cd) 1637 36
magnetic graphene oxide Cd(1n) 91.29 37
DTPA/MGO Cd(I) 28656 this study
200+
1604
E‘D 1204
e
5‘ 80-
=
e cu(ll)
401 —e—Pb(Il)
—a— Cd(ll)
04
0 50 100 150 200 250 300 350 400
t (min)

Figure 7. Effect of time on adsorption behavior of Cu(II), Pb(II), and
Cd(II) ions on DTPA/MGO (C, = 100 mg/L, pH = 3.0, m/V = 0.4
mg/mL, T = 293 K).
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Figure 8. Pseudo-first-order (a) and pseudo-second-order models (b) for Cu(1I), Pb(II), and Cd(II) ions on DTPA/MGO.

Table 3. Parameters for the Pseudo-First-Order and Pseudo-Second-Order Models of Cu(II), Pb(II), and Cd(II) Ions on

DTPA/MGO
pseudo-first-order pseudo-second-order
metal ion q. (cal) (mg/g) K, (1/min) R? q. (cal) (mg/g) K, (mg/g min) R? goexp (mg/g)
Cu(1I) 85.75 0.121 0.870 96.7 0.0143 0.9988 96.25
Pb(1I) 186.5 0.141 0.919 207.03 0.0229 0.9992 20S.5
Ccd(1) 145.28 0.112 0.977 169.20 0.0204 0.9994 168.25

the kinetic models. The pseudo-first-order model kinetic
equation is expressed as follows:
log(qe — qt) =logq, — kit/2.303 (4)
The pseudo-second-order model kinetic equation is
described as follows:

t/q, = l/kzqe2 +t/q, (s)
Where g, (mg/g) is the equilibrium adsorption capacity; q;
(mg/g) is the adsorption capacity at time # k; is the rates
constant of the pseudo-first-order; k, is the rates constant of the
pseudo-second-order model.

The adsorption kinetic plots showed that the adsorption
reached adsorption equilibrium in a very short time, and most
of the Cu(II), Pb(II), and Cd(II) ions were removed within 20
min. The cause of this phenomenon could be the strong
attractive forces between Cu(II), Pb(II), and Cd(II) ions and
DTPA, which leads to fast diffusion of Cu(Il), Pb(II), and
Cd(1I) ions into the interlayer space of the DTPA/MGO. The
linear fitting degrees of the two models are shown in Figure 8.
The correlation coefficients calculated from the pseudo-first-
order and the pseudo-second-order models are presented in
Table 3. Comparing g, with g, for Cu(II), Pb(II), and Cd(II)
ions. The g, values obtained by the pseudo-second-order
equation are 96.25 mg/g, 205.5 mg/g, and 168.25 mg/g, which
are close to the values obtained by the experiment. However,
the calculated g, values obtained by the pseudo-first-order
equation are not in agreement with the experimental g, values,
suggesting that the adsorption of Cu(Il), Pb(II), and Cd(II)
ions does not follow the pseudo-first-order kinetics. The values
of the correlation coefficients of the pseudo-second-order
model for Cu(Il), Pb(II), and Cd(II) ions are 0.9988, 0.9992,
and 0.9994, respectively. All of them are higher than the values
obtained by the pseudo-first-order model. It vividly indicated
that the applicable adsorption kinetics followed the pseudo-
second-order model. These results indicated that the overall
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rates of the adsorption of Cu(Il), Pb(II), and Cd(II) ions onto
DTPA/MGO were controlled by chemical adsorption.
Thermodynamic Studies. Whether the adsorption process
can be carried out spontaneously is determined by the energy
and entropy of the reaction. The absorption isotherms were
conducted under different temperature (293 to 323 K) to study
the effects of temperature on adsorption capacity. The effects of
temperature on Cu(IL), Pb(II), and Cd(I) ions adsorption are
presented in Figure 9. It can be seen that with the increase of

270 1
240 1
2101
~ —a— Cu(ll)
Fo | —e— Pb(Il)
E, 180 —a—cdqn)
L
o
150
120 4
T T T T T T T
290 295 300 305 310 315 320 325
T (K)

Figure 9. Effect of temperature on adsorption capacity (C, = 100 mg/
L, pH = 3.0, m/V = 0.4 mg/mL, t = 24 h).

temperature, the adsorption capacity is increasing, which meant
that the adsorption process was endothermic. The thermody-
namic parameters (AH, AS°, and AG®) for Cu(II), Pb(II), and
Cd(II) ions adsorption on DTPA/MGO composites can be

calculated using the following equations:*’
InK®= AS'/R — AH'/RT (6)

AG = —RT InK° (7)
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0
K" =4q,/C, (8)
T is the temperature of the solution (in Kelvin), R is the gas
constant (8.314 J-mol™' K™'), and K° is the thermodynamic
equilibrium constant. Thermodynamic parameters were calcu-
lated according to eqs 6—8. Linear fitting of In K° vs 1/T for the
adsorption of Cu(II), Pb(1I), and Cd(II) ions on DTPA/MGO
composites were described in Figure 10. The values of AH’/R

3 N 5 Intercept  slope R
= Cu)| o oxe 2w osr
® PbD| & i G oo
3.04 A Cd(n
2.5 1
2.0 \
<
= 154
1.0
0.5 \\\
0.0
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Figure 10. Linear plot of In K° vs 1/T for the adsorption of Cu(II),
Pb(II), and Cd(1I) ions on DTPA/MGO.

and AS/R are equal and the slope and intercept by In K°
against 1/T gives a straight line, respectively. The results are
shown in Table 4. The negative values of AG® indicated that

Table 4. Thermodynamic Parameters of Cu(II), Pb(II), and
Cd(II) Ions Adsorption on DTPA/MGO

metal T AG AH

AS
(kJ (K™'/mol))

ion (K) (kJ/mol) (J/mol) R?

Cu(II) 293 —2.436 19.52 68.23 0.996
303 —2.567
313 —2.682
323 —2.863

Pb (H) 293 —7.552 30.60 120.57 0.986
303 —7.802
313 —8.306
323 —8.685

cd) 293 -5.116 2162 8452 0991
303 —5.238
313 —5.408
323 —=5.571

the adsorption processes are spontaneous. The positive values
of AH? confirmed the endothermic nature of the overall
adsorption processes and positive values of AS® suggested that
the random nature of the solid/solution interface increased
during the adsorption processes.

Selective Adsorption Test. In most cases, there are several
heavy metal ions coexisting in wastewater. Therefore, it is
necessary to test the adsorption performance of an adsorbent in
a multimetal system. In this study, the competitive adsorption
of Pb(I), Cu(Il), Cd(II), Zn(II), and Ni(II) ions mixed
solution onto DTPA/MGO composites was conducted. A 40
mg sample of DTPA/MGO composites was added to 100 mL
of solution that contained 100 mg/L of each kind of metal. For
comparison, a similar experiment was carried out in 100 mg/L
Pb(II) solutions. The results are shown in Figure 11 where it
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Figure 11. Selective adsorption properties of DTPA/MGO.

can be seen that the DTPA/MGO composites showed
excellent adsorption selectivity for Pb(I) ions. This may be
because the high ionic radius of Pb(II) ions led to the
formation of a more distorted structure between DTPA
chelates and Pb(Il) ions, which was more likely to occur in
the complex reaction.** In addition, under the condition of the
existence of other heavy metal ions, the adsorption capacity of
DTPA/MGO composites to Pb(II) decreased slightly, which is
due to the competition for adsorption sites between coexisting
ions and Pb(II). The results suggested that Pb(II) ions could be
separated from wastewater containing Cu(II), Zn(II), Ni(II),
and Cd(II) ions by using DTPA/MGO composites.
Desorption and Reuse Studies. Taking the practical
application into account, an ideal adsorbent should show good
regeneration ability and high adsorption capacity. In this study,
the DTPA/MGO composites of adsorbed Cu(II), Pb(II), and
Cd(II) ions were collected by a permanent magnet and
thoroughly rinsed with ultrapure water. Then, they were placed
in 0.1 M HCI solution under stirring for desorption. The
regenerated DTPA/MGO composites were dried in a freeze
drier and used for adsorption—desorption experiments. As
shown in Figure 12, the total adsorption capacity of DTPA/
MGO composites for Cu(II), Pb(II), and Cd(II) ions after six
cycles decreased approximately 8.2%, 15.5%, and 10.3%,
respectively. The slight decrease in the adsorption capacity
may be due to the loss of the binding sites on the surface of the
adsorbent during the process of adsorption and desorption.
The adsorption—desorption results indicated that the prepared

240
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[ Pb(11)
I Cd(1)

210

180

150
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Adsorption-desorption cycles

Figure 12. Adsorption—desorption cycles of Cu(II), Pb(II), and
Cd(II) ions adsorption on DTPA/MGO.
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DTPA/MGO composites could be an ideal heavy metal
adsorbents.

B CONCLUSIONS

A new adsorbent, DTPA/MGO composites, has been
successfully prepared by an amidation reaction between
DTPA and MGO through diethylenetriamine as a cross-linker.
The prepared DTPA/MGO composites had much higher
adsorption capacity than original MGO. The maximum
adsorption capacities obtained from the Langmuir model for
Cu(II), Pb(II), and Cd(II) ions were 131.4, 387.6, and 286.5
mg/g, respectively. Cu(1I), Pb(II), and Cd(II) ions adsorption
on DTPA/MGO was weakly dependent on pH, and the
adsorbents also have great adsorption capacity under acidic
conditions. The adsorption process is fast which could reach
adsorption equilibrium within 20 min and follow the pseudo-
second-order kinetic model. The thermodynamic studies
demonstrated that adsorption processes were endothermic
and spontaneous. What is more, the DTPA/MGO composites
showed great adsorption selectivity for Pb(II) and exhibited
excellent reusability. On the basis of the experimental results,
DTPA/MGO composites can be a potentially suitable material
for removal of heavy metals from acidic aqueous solutions,
especially for Pb(II).
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