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ABSTRACT

Heavy metal ions and organic pollutants are hazardous contaminants commonly coexisted in
various real wastewaters usually requiring complex and expensive treatment technologies. Herein,
a novel low-cost agricultural by-product-based adsorbent, ethylenediaminetetraacetic acid-modi-
fied lotus seedpod (EDTA-LSP), was facilely synthesized and further utilized for the removal of
toxic Pb* and malachite green (MG). In single pollutant systems, the EDTA-LSP showed consid-
erably high adsorption capacities and rapid adsorption kinetics for Pb* (225.88 mg g; 30 min)
and MG (347.87 mg g™; 40 min), which could be rarely achieved simultaneously by many previ-
ously reported adsorbents. Particularly, the coexistence of Pb** and MG did not cause significant
mutual interference, and high adsorption efficiencies for the two contaminants were still achieved.
By a series of characterization analyses, it was revealed that the EDTA moieties on the adsorbent
preferentially bound with Pb*, and the formed EDTA-Pb* complexes could serve as effective sites
for adsorption of cationic MG due to their negative charge nature. The differential binding behav-
iors, in turn, largely reduced the competition between the two contaminants and led to a quite
satisfying coadsorption. Besides, this adsorbent could be reused several times without an obvious
decrease in removal efficiencies for Pb* and MG. The low cost, simple synthesis, efficient adsorption/
coadsorption, and excellent reusability indicate the EDTA-LSP is a promising adsorbent candidate
for wastewater cleanup.

Keywords: EDTA-modified lotus seedpod; Adsorption and coadsorption; Differential binding
behaviors; High adsorption performance

1. Introduction

Water contamination with heavy metal ions and organic
pollutants has become an increasingly serious environmen-
tal problem worldwide, which poses a high risk to human
beings and aquatic organisms, rendering the wastewater
cleanup an urgent need [1-3]. A large number of wastewater
treatment technologies have been proposed and widely used
with considerable success [4-6], but most of them only show
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effectiveness for removal of a single class of contaminants
(either heavy metal ions or organic pollutants), possibly due
to the significant difference in physical and chemical prop-
erties between the two classes of contaminants. However,
heavy metal ions and organic pollutants commonly coexist
in various real wastewaters. For instance, textile industrial
wastewater generally contains a considerable amount of
heavy metal ions [7], which act as mordant in the dyeing pro-
cesses. Therefore, the development of efficient approaches
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to simultaneously remove heavy metal ions and organic
pollutants from wastewater is of practical importance and
also remains a challenge. A possible effective protocol is to
upgrade an already existing successful method so that it can
be competent for the simultaneous removal of both classes of
contaminants.

Adsorption has been considered as one of the most pre-
ferred technologies for wastewater treatment owing to its
operational simplicity, wide applicability, and eco-friendliness
[8,9]. Various adsorbents such as activated carbon [10],
mineral [11], resin [12], porous silica [13], industrial wastes
[14], agricultural by-products [15], and nanomaterials [16]
have been developed and successfully applied to the heavy
metal ion and organic pollutant removal. Especially, the
agricultural by-products, mainly composed of lignin and
cellulose, have attracted much attention due to their abun-
dant availability, cheapness, and biocompatibility [17,18].
Moreover, most of them are usually discarded as wastes and
their disposal management is very difficult, so the use of
agricultural by-products as adsorbents will be also of great
significance for solving the disposal problem. A variety of
agricultural by-products like wheat straw [19], rice straw
[20], corncob [21], orange peel [22], banana peel [23], and
peanut hull [24] have therefore been exploited to remove
heavy metal ions and organic pollutants from wastewater.
In most cases, however, natural agricultural by-products
have limited capacities for the removal of heavy metal ions
or organic pollutants due to a lack of surface adsorption
sites. Therefore, using suitable modifiers to functionalize
the surfaces of agricultural by-products for boosting their
adsorption abilities has become an important issue in this
field.

Ethylenediaminetetraacetic acid (EDTA), a well-known
chelating agent, can form highly stable chelates with var-
ious metal ions [25]. Thus, its immobilization onto solid
supports is expected to generate adsorbents with excellent
metal-binding properties. Many solid materials functional-
ized with EDTA have been therefore studied in recent years,
including silica gels [26], magnetic nanoparticles [27], poly-
mer resins [28], and agricultural by-products, etc. [29]. In par-
ticular, due to high hydroxyl content on their surfaces, the
agricultural by-products can be directly modified by EDTA
through a simple interfacial esterification reaction using
EDTA dianhydride as a precursor. This simple but efficient
synthesis makes the EDTA-modified agricultural by-prod-
ucts highly promising adsorbents for practical use in waste-
water treatment. Nevertheless, EDTA-modified agricultural
by-products, as well as other EDTA-modified materials, are
mostly used for heavy metal ion removal, and only a few of
them are tested as adsorbents of cationic organic pollutants.
Moreover, until now, there are hardly any reports on the use
of adsorbents with single EDTA functionality for simulta-
neous removal of heavy metal ions and organic pollutants,
although some studies have recently been conducted on the
functionalization of adsorbents with EDTA and additional
binding sites (e.g., B-cyclodextrin) for coadsorption [7].

In this work, we fabricated a novel EDTA-modified
agricultural by-product based on the covalent grafting of
EDTA moieties onto the lotus seedpod (LSP) and examined
its unique adsorption and coadsorption properties in the
removal of Pb* and cationic organic pollutant (malachite

green, MG) from single and binary solutions. It is worth not-
ing that, the LSP is a very common agricultural by-product
in South China and has recently been applied to adsorp-
tive removal [30], but there is yet no attempt to improve
the adsorption ability of LSP through EDTA modification.
The Pb* and MG are selected as model pollutants because
they are harmful and frequently found in various real
wastewaters. Through batch adsorption investigations, it
was demonstrated that the EDTA-modified LSP exhibited
high adsorption capacities and rapid adsorption rates for
removal of Pb* and MG in single pollutant systems. More
importantly, the adsorption efficiency of EDTA-modified
LSP kept almost unchanged for Pb* and only exhibited a
slight decrease for MG in their coexistence, indicating that
there was no significant mutual interference between the
two classes of contaminants. Based on the results of char-
acterization analyses, coadsorption mechanism was sub-
sequently proposed. Besides, the excellent reusability of
EDTA-modified LSP was also verified via cyclic operation.

2. Experimental
2.1. Raw material and chemicals

Raw LSP was received from East Lake, Wuhan, China.
Acetic acid (HAc), hydrogen peroxide (H,0,, 30 wt.%), nitric
acid, sodium hydroxide, EDTA, acetic anhydride, pyridine,
dimethylsulfoxide (DMSO), malachite green (MG), and
nitrate salts of metal ions (Pb*, Na', K*, Mg*, and Ca?*) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the chemicals and reagents employed
in this work were commercially available and in analytical
reagent grade. Distilled water was used throughout the

experiments for solution preparation.

2.2. Synthesis of EDTA-LSP

Prior to synthesis, the raw LSP was converted into
well-defined fibers via a facile pretreatment according to the
reported procedure [31]. Briefly, the raw LSP (0.6 g) were
pretreated in the mixed solution of H,O, (30 wt.%, 5 mL)-
HAc (5 mL) under reflux for 3 h to convert into desired
fibers. The fibers were collected by filtration and washed
several times with water and ethanol, followed by drying
at 70°C. Meanwhile, the EDTA was dehydrated into EDTA
dianhydride via reaction with acetic anhydride for subse-
quent use [32]. Then, the EDTA-LSP was synthesized by a
simple interfacial esterification reaction between LSP fibers
and EDTA dianhydride, and the process could be briefly
described as follows: 0.75 g of LSP fibers were immersed in
the mixed solution containing dried DMSO (100 mL), EDTA
dianhydride (3.46 g, 13.5 mol), and dried pyridine (5 mL).
The mixture was stirred at 60°C for 20 h under nitrogen pro-
tection. Afterwards, the modified LSP fibers (EDTA-LSP)
were filtered and washed with deionized water, ethyl alco-
hol, acetone, and CH,CI, before being dried under vacuum.

2.3. Characterizations

Microstructure information on the samples were obtained
by an optical microscope (OM, KE510-B, Seepack, China)
with the magnifications of 40x and 100x under crossed polars,
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where the images were captured by the connected computer
equipment. Morphological analysis of materials were car-
ried out using a scanning electron microscope (SEM, SU8010,
Hitachi, Japan) equipped with an energy dispersive spec-
troscopic (EDS) micro-analysis system (OXFORD). Infrared
spectra of samples were measured by a Fourier transform
infrared spectrophotometer (FT-IR, VERTEX 70, Bruker,
Germany) within a wavelength range of 4,000-400 cm™. To
acquire the surface charge features of materials involved in
this work, zeta potential measurements were determined
using a SurPASS 3 (Anton Paar). In order to determine the
element composition and chemical valence in these samples,
X-ray photoelectron spectroscopy (XPS) analysis were con-
ducted using a scanning ESCALAB 220I-XL spectrometer
with a monochromatic Al Ka radiation (1,486.6 eV) and a step
increment of 0.1 eV. The binding energies of the measured
spectra were normalized on the basis of Cls peak at 284.8 eV.

2.4. Adsorption and coadsorption procedures

For single pollutant system, typical adsorption process of
Pb* or MG onto EDTA-LSP was carried out as follows: 5 mg
of EDTA-LSP was added into 10 mL of simulated wastewa-
ter containing Pb* (100 mg L™; pH 5) or MG (100 mg L™;
pH 6), and then the mixture was shaken with the speed of
200 rpm. After the adsorption was reached equilibrium,
the solid fibers were separated from solution by filtra-
tion. The adsorption capacity of EDTA-LSP was calculated
according to the following equation:

C —-C )xV
qe=7(° ) (1)

m

where g, represents the adsorption capacity of EDTA-LSP
for Pb* or MG (mg g™'); m is the mass of EDTA-LSP (g); V is
the volume of the Pb* or MG solution (L); C; (mg L™); and
C, (mg L™) are the initial and equilibrium concentrations of
Pb* or MG solution, respectively.

For Pb*-MG binary systems, the adsorption followed
the process described above, expect that the contaminants
Pb* (10-300 mg L) and MG (500 mg L) coexisted in the
simulated wastewater (pH 5).

2.5. Reusability process

To evaluate the reusability of EDTA-LSP in removal of
Pb* or MG, 100 mg of EDTA-LSP, and 200 mL of Pb* solution
(100 mg L; pH 5) or MG solution (50 mg L™; pH 6) were
added to a glass bottle. Then, the mixture-contained bottle
was shaken in a shaker at 120 rpm for 30 min. Afterwards, the
exhausted adsorbent was separated from the treatment solu-
tion by filtration. Then, EDTA aqueous solution (0.1 mol L;
pH 4.5) and CH,CH,OH-H,O mixture (v/v = 1:1; pH 2) were
used as the eluents of Pb*-adsorbed and MG-adsorbed
EDTA-LSP, respectively. After regeneration, the EDTA-LSP
was reused for the next cycle. Removal rate was estimated
according to the following equation:

(Co — Ce)
Removal rate (%) = e x100% )

0

where C; and C, represent the initial and equilibrium con-
centrations of Pb* or MG (mg L) in treatment solutions,
respectively.

3. Results and discussion
3.1. Material characterization

As illustrated by Scheme 1, the EDTA-LSP is synthe-
sized via a simple interfacial esterification reaction between
LSP fibers and EDTA dianhydride, where the LSP fibers and
EDTA dianhydride are pretreated or preprepared accord-
ing to the previously reported procedures [31,32]. Then,
the as-synthesized EDTA-LSP with fibrous morphology
and EDTA-rich surface was developed as an adsorbent
for removal of Pb* and MG from simulated wastewa-
ters. Optical microscope and SEM measurements on LSP,
EDTA-LSP, Pb*-adsorbed EDTA-LSP, and MG-adsorbed
EDTA-LSP were carried out, and the obtained images are
presented in Fig. 1. It can be clearly seen that the LSP sam-
ple consists of yellow fibers with diameters ranging from
100 to 200 mm and lengths of up to micrometers and the
surface morphology of LSP is rough (Figs. 1a and e). The
LSP-based adsorbent with well-defined fibrous structure
should be somewhat advantageous over the conventional
granular adsorbents because it can provide a well-bal-
anced compromise between high adsorption efficiency
and convenience for separation of adsorbent from adsorp-
tion solution. After EDTA modification and further uptake
of Pb* or MG, the size and morphology of fibers do not
occur obvious change (Figs. 1b—d and g-h), indicating that
the LSP has a good chemical stability. Interestingly, the
effectiveness of EDTA-LSP for adsorptive removal of MG
can be detected visually by observing change in the color.
Specifically, upon mixing of EDTA-LSP and MG solution,
the EDTA-LSP fibers show a color change from yellow to
green (Fig. 1d), indicating that the MG molecules are effec-
tively enriched on the surface of EDTA-LSP via adsorption.
Moreover, the remarkable ability of EDTA-LSP to remove
Pb* is also verified by the EDS mapping analysis on the
Pb*-adsorbed EDTA-LSP sample (Figs. li-m). Evidently,
the Pb element has a dense and homogeneous distribution
on the surface of Pb*-adsorbed EDTA-LSP sample. Taken
together, our results indicate that EDTA moieties have been
successfully grafted onto the surface of LSP with a high con-
centration level, which is expected to endow the EDTA-LSP
adsorbent with high adsorption capacities for Pb* and MG
removal.

To verify the changes of surface functional groups before
and after grafting of EDTA on the surface of LSP, the ATR
FT-IR spectra for LSP and EDTA-LSP were investigated.
As shown in Fig. 2, the main adsorption peaks of LSP are
located at 3,333.8; 2,899.4; 1,733.2; and 1,031.7 cm™, which
correspond to O-H or hydrogen bonds, C-H of -CH -
groups, O-C=0 of esters in hemicellulose, and C-N and/or
C-O groups in cellulose, respectively [33-35]. After EDTA
modification, these peaks are still observed. However, an
absorption peak at 1,644.9 cm™ newly appears in the spec-
trum of EDTA-LSP, which can be assigned to the asymmetric
stretching frequency of carboxyl groups [36], proving that
EDTA graft successfully onto LSP fibers.
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Scheme 1. Preparation procedure of EDTA-LSP.
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Fig. 1. Optional microscope images of LSP (a), EDTA-LSP (b), Pb*-adsorbed EDTA-LSP (c), and MG-adsorbed EDTA-LSP (d), the SEM
images of LSP (e), EDTA-LSP (f), Pb*-adsorbed EDTA-LSP (g), and MG-adsorbed EDTA-LSP (h), EDS elemental mapping images of

Pb?*-adsorbed EDTA-LSP (i-m).

3.2. Adsorption of Pb*" and MG onto EDTA-LSP in single
pollutant systems

3.2.1. Effect of pH

Solution pH is a key parameter, which possibly influ-
ences the adsorption process, particularly the adsorption
capacity. Thus, the effects of solution pH on the adsorption
capacities of EDTA-LSP for both Pb* and MG were investi-
gated. Given that Pb* will be partially or completely precip-
itated at high pH values (i.e,, pH > 5), the solution pH for
Pb* adsorption was adjusted in the range of 1-5, and the
results of adsorption capacity as a function of pH are shown

in Fig. 3a. Evidently, the Pb* uptake increases continuously
with the increase of solution pH and achieves a maximum
value at pH 5. According to previous studies, the binding of
Pb* ions to the EDTA moieties on a solid adsorbent is sup-
posed to be driven by the surface complexation [25], and the
process can be described by the following equation:

H,Y? +Pb* = PbY> +2H’ )
where EDTA is marked as H,Y*. In the light of this, the
pH-dependent adsorption behaviors presented in Fig. 3a
is understandable. In strong acidic solutions (e.g., pH 1),
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Fig. 2. FT-IR spectra of LSP and EDTA-LSP.

the H* ion has a high concentration, which will severely
inhibit the complexation between H,Y*> and Pb*, as illus-
trated by Eq. (3), thereby leading to a low adsorption capac-
ity. As pH increases, the number of H* ion decreases, and
COOH groups will be gradually converted into -COO~ forms
due to deprotonation, which favors the chelation between
adsorbent and Pb* to achieve a high adsorption capacity [29].
Based on the obtained results, the solution pH value is set to
be 5 for Pb*" adsorption in the following experiments.

For MG adsorption, solution pH was adjusted over the
range of 2-8, since MG would become unstable at lower or
higher pH values. As shown in Fig. 3b, the adsorption of
EDTA-LSP toward MG is also obviously pH-dependent. The
adsorption amount increases with increasing pH from 2 to
6 and then reaches a plateau at pH > 6. This phenomenon
can be well-explained as follows. Carboxyl groups of EDTA-
LSP are easily protonated at low pH, which will weaken the
electrostatic attraction between negatively charged adsorp-
tion sites and positively charged MG, thereby leading to a
relatively low adsorption capacity. When the solution pH
increases, these carboxyl groups of the adsorbent become
deprotonated, which promotes the interaction of active sites
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with MG and thus enhances the adsorption capacity [37].
Hence, pH 6 is selected as the optimum pH for subsequent
MG adsorption experiments.

3.2.2. Effect of adsorbent dosage

Adsorbent dosage effect on Pb* and MG removal was
investigated by adding a certain amount of EDTA-LSP (2.5
30 mg) into the pre-prepared Pb* or MG solution (10 mL,
100 mg L™). The mixture was shaken with the speed of
200 rpm at 298.15 K for 1 h, and then the residual Pb* or MG
concentration was tested to determine the adsorption capac-
ity and removal efficiency. As shown in Figs. 4a and b, with
the increase of the EDTA-LSP dosage, the removal efficiencies
of Pb* and MG from the aqueous solution increase because
of the increased availability of adsorption sites (i.e., EDTA
moieties), which results in higher uptakes of Pb* and MG
at constant concentrations. Specific adsorption capacity is a
measure of the amount of Pb* or MG bound by unit weight
of adsorbent. The competition of the pollutant ions or mole-
cules for the sites available causes the decrease in the specific
adsorption capacity with increment in adsorbent dosage [38].

3.2.3. Effect of coexisted ions

High selectivity of an adsorbent is always argued to
be an important trait toward target metal ion in the pres-
ence of other metal ions. Large amounts of light metal ions
such as Na*, K*, Ca*, and Mg*" are concomitants along with
Pb? ions in real wastewaters. Therefore, the effect of these
common foreign interfering ions on adsorption capacity of
EDTA-LSP toward Pb* is investigated. As shown in Fig.
5, the presence of Na* and K* with concentrations ranging
from 0 to 10 mmol L™ has no obvious influence on Pb*
uptake, indicating their ineffectiveness in forming chelates
with EDTA-LSP [39]. By contrast, the introduction of Ca* or
Mg?* into the EDTA-LSP/Pb* adsorption system can cause
a slight decrease in adsorption capacity, which should be
ascribed to the competitive coordination of Ca* or Mg* to
carboxyl groups of EDTA-LSP [40]. Nevertheless, it should
be noted that even when the Ca* or Mg* concentration
(10 mmol L™) is ten times more than that of Pb* (200 mg L™,
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Fig. 3. The adsorption capacity of EDTA-LSP for Pb* (a) and MG (b) as a function of solution pH.



Y. Liu et al. / Desalination and Water Treatment 191 (2020) 126-139

—f;) 20013) — ° ° 100

50 — > =
& 1609 L30 &
z 5
g 1204 'S
§ n 60 &a
g 804 <___B\. =
g ° \- 20 2
£ 40 ~. £
Z ~
< ol . —L20

25 5 10 15 20 30
Adsorbent dosage (mg)

131

o~ L 100

en J ~
%0200 S
E N~
= 160+ -80
2 g
I5) L
£ 120 2
< 60 o
(&) o
g w s
2 L40 2
g 401 £
g [
< ol : : : —L20

25 5 10 15 20 30
Adsorbent dosage (mg)

Fig. 4. Effect of adsorbent dosage on the adsorption capacities and removal efficiencies of EDTA-LSP towards Pb* (a) and MG (b).

equivalent to 0.952 mmol L), the adsorption amount of
EDTA-LSP for Pb* only decreases by less than 6.3 % (Fig. 5).
The result indicates that the chelation interaction between
Pb* and EDTA-LSP adsorbent is so strong that the coexis-
tence of these interfering metal ions does not induce sig-
nificant suppression on Pb* uptake. Therefore, the novel
EDTA-LSP adsorbent with strong ability to capture Pb*
from complex solutions might be applicable to real waste-
water treatment.

3.2.4. Adsorption isotherms

Adsorption isotherms are not only valuable in describ-
ing adsorbate-adsorbent interaction but also very useful
in optimizing adsorption systems [41]. Therefore, the iso-
thermal experiments of Pb* and MG adsorptions onto
EDTA-LSP were conducted at three different temperatures
(298.15, 308.15, and 318.15 K), and the results are shown in
Fig. 6. It can be observed that the EDTA-LSP exhibits a high
adsorption efficiency for Pb* removal (Fig. 6a). The maxi-
mum adsorption capacities of EDTA-LSP for Pb* at 298.15,
308.15, and 318.15 K are 225.88, 212.98, and 204.94 mg g™,
respectively. Fig. 6d indicates the excellent adsorption prop-
erty of EDTA-LSP for MG; the maximum adsorption capac-
ities at 298.15, 308.15, and 318.15 K are 347.87, 318.74, and
310.61 mg g, respectively. The adsorption capacities of
EDTA-LSP toward Pb* and MG decrease with increase of
the temperature, which reveals that the adsorptions of both
Pb* and MG onto EDTA-LSP are exothermic processes [5].
Furthermore, a comparison of Pb* and/or MG adsorption on
EDTA-LSP and many previously reported adsorbents were
investigated, and the results are summarized in Table 1.
It can be seen that the adsorption capacity of EDTA-LSP for
Pb?* and MG is higher than those of the mostly listed adsor-
bents. Moreover, the EDTA-LSP has a distinctive advantage
over other adsorbents because it can be used as a dual-use
adsorbent for removal of both Pb* and MG.

To depict the processes of Pb* and MG adsorption onto
EDTA-LSP, these isothermal adsorption data are fitted by
two commonly used theoretical models (i.e., Langmuir and
Freundlich models). In general, the Langmuir adsorption
model represents adsorbate in solution homogeneously
adsorbing onto solid surface by the means of monolayer,
whereas the Freundlich adsorption model describes the
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Fig. 5. Effect of common interfering ions on the adsorption
capacity of EDTA-LSP for Pb*.

interaction between adsorbate and adsorbent surface in man-
ner of heterogeneous adsorption [8,32]. The linear forms of
both theoretical models can be expressed as follows [52]:

11, 11 )
9. 9. Ka,C,
1
Ing, =InK, +=InC, 5)
n

where C is the equilibrium concentration (mg L™) of Pb*
or MG in aqueous solution, respectively; g, and g, are the
equilibrium and maximum adsorption capacities (mg g™') of
EDTA-LSP for Pb* or MG, respectively; K, is the Langmuir
binding constant (L mg™); K, (mg'™"" LV* g') and 1/n are
Freundlich constants, respectively.

The linear Langmuir and Freundlich isotherm plots for
the adsorption of Pb* and MG onto EDTA-LSP at three tem-
peratures are presented in Fig. 6. Examination of these plots
suggests that the linear Langmuir isotherm is a perfect model
for the adsorption of Pb* and MG onto EDTA-LSP. Table 2
lists the isotherm parameters (q,, K, K, and 1/n) and the
coefficients of determinations (R?). Comparing these R* val-
ues, it can be clearly seen that the Langmuir model appears
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and MG onto EDTA-LSP and the fitting plots predicted by Langmuir isotherm (b and e) and Freundlich isotherm (c and f) at three

different temperatures.

Table 1

Comparison on adsorption capacities among various Pb** and MG adsorbents

Adsorbents Modifying agents T (Mg g7 pH References
Pb* MG
Typha angustifolia biomass EDTA 263.90 5 [42]
Magnetic nanoparticle EDTA 100.20 7 [25]
Mesoporous silica EDTA 273.20 5 [43]
Magnetic baker’s yeast EDTA 99.26 5.5 [39]
Chitosan-silica hybrid EDTA 130.50 3 [44]
[-cyclodextrin/chitosan EDTA 114.80 5 [36]
Cellulose filter paper EDTA 227.30 7 [32]
Mercerized cellulose Triethylenetetramine 192.30 6 [27]
Groundnut husk EDTA 124.80 5 [45]
Ginger waste H,SO, and ZnCl, 188.60 9 [46]
Rice husk NaOH 21.32 7 [47]
Magnesium phyllosilicate Aminopropyl 334.80 9.8 [48]
Fe,0,-5i0O, nanorods Mg(NO,), 125.15 4.8 [49]
Rice straw Citric acid 256.41 6 [50]
Jute fiber Phosphoric acid 136.58 8 [51]
Lotus seedpod EDTA 225.88 5 This work
Lotus seedpod EDTA 347.87 6 This work
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Table 2
Adsorption isotherm parameters for Pb* and MG adsorption onto EDTA-LSP
Adsorbate T (K) Doonp Langmuir isotherm model Freundlich isotherm model
mg&?) g mggh)  K@mg) R K (mg " Lirg) — 1/n R
298.15 225.88 228.83 0.1663 0.9985 135.0574 0.0916 0.9316
Pb* 308.15 212.98 218.34 0.1067 0.9979 94.8721 0.1463 0.9375
318.15 204.94 211.86 0.0895 0.9967 89.8085 0.1481 0.9682
298.15 347.87 355.87 0.1257 0.9995 111.8893 0.2167 0.9279
MG 308.15 318.74 326.80 0.1137 0.9998 93.3429 0.2328 0.9002
318.15 310.61 322.58 0.0845 0.9998 75.1698 0.2671 0.8940

to produce a more reasonable linear fitting to the experimen-
tal data than the Freundlich model. The results manifest that
the binding sites (i.e., EDTA) of EDTA-LSP are uniformly
distributed on the surface, and the uptakes of Pb* and MG
are considered as monolayer adsorptions [53].

3.2.5. Adsorption kinetics

Adsorption kinetics can offer important information
regarding the adsorption rate and possible pathway of adsor-
bate uptake on adsorbent, and therefore, in large part deter-
mines the potential application of adsorbent. In this study,
the relationship between contact time and the adsorption
amount of Pb?* and MG on EDTA-LSP was studied, and the
results are shown in Fig. 7. Obviously, the adsorptions of both
Pb* and MG onto EDTA-LSP proceed very fast. For instance,
only 30 min is already sufficient for Pb* to reach adsorption
equilibrium at all the investigated initial Pb* concentrations
(50, 100, and 200 mg L). Many previous studies showed the
equilibrium time for Pb* adsorption on a variety of adsor-
bents is in the range of 120-300 min, for example, 120 min for
rice husk modified by tartaric acid [54], 180 min for peanut
husk modified by formalin [55], and 240 min for wood pulp
modified by ethylenediamine [56], and 300 min for modified
spent coffee grains with citric acid [57]. The required contact
time in this study is lower than the bottom value, implying
the rapid fast rate of EDTA-LSP. Such rapid binding should
be attributed to the highly accessibility of EDTA moieties of
EDTA on EDTA-LSP.

Furthermore, pseudo-first-order and pseudo-second-or-
der kinetic models were adopted here in order to understand
the kinetic processes in depth [41]. Their linear forms are
expressed as follows [52]:

In(q, —q,)=Ing, -kt ©)
LI S @)
q, kq, 4.

where g, and g, represent the adsorption capacities (mg g™')
of EDTA-LSP toward Pb* or MG at equilibrium and at time ¢
(min), respectively; k, (min™) and k, (g mg™ min™) are the rate
constants of pseudo-first-order and pseudo-second-order
models, respectively.

Fitting experimental data with above-mentioned kinetic
models for initial Pb* concentrations of 50, 100, and
300 mg L and for initial MG concentrations of 50, 200, and
400 mg L were performed, and the results are shown in
Fig. 7. Intuitively, in all cases, the experimental data are
in accordance with the plots predicted by pseudo-second-
order model, which implies the applicability of this model
for description of these adsorption processes. The kinetic
parameters (k, k,, q, .., and q, ,,) and the corresponding
correlation coefficients (R*) were also calculated, and the
results are summarized in Table 3. By comparing the R* val-
ues, it can be found that all these adsorption processes obey
pseudo-second-order model rather than pseudo-first-order
model. This conclusion is further supported by the fact
that the adsorption capacity predicted by pseudo-second-
order model (q,,.,) is very close to the experimentally
obtained (G, exp)-

3.3. Coadsorption behavior and mechanism

Above results indicate the feasibility of EDTA-LSP as
an adsorbent for removal of Pb* and MG in single pollut-
ant solutions. In view of the fact that heavy metal ions and
organic pollutants commonly coexist in the real wastewa-
ters, it is of significance to further investigate the coadsorp-
tion behavior of EDTA-LSP in the coexistence of Pb? and
MG. For this purpose, a batch coadsorption experiments
were carried out, where removal efficiencies of EDTA-LSP
toward Pb* and MG in binary pollutant solutions (pH 5)
were determined at a fixed MG concentration (500 mg L)
and varying Pb* concentrations (10-300 mg L™). As shown
in Fig. 8, the adsorption capacity of EDTA-LSP toward Pb*"
was basically unchanged over the entire concentration range
of Pb* investigated, despite the presence of highly concen-
trated MG (500 mg L™) in the solutions. The results indicate
that the affinity between EDTA-LSP and Pb* is very strong,
which ensures high removal efficiency of EDTA-LSP toward
Pb* and can effectively prevent the interference from MG.
Interestingly, it is found that the adsorption of EDTA-LSP
toward MG is also very effective in binary pollutant sys-
tems. When the concentration of Pb? increases from 10 to
300 mg L7, the adsorption capacity of EDTA-LSP toward
MG only exhibits a rather limited decrease. This result
evidently demonstrates that the EDTA-LSP can serve as a
dual-use adsorbent for simultaneous removal of Pb? and
MG without significant mutual interference between the
two classes of contaminants.
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Fig. 7. Effect of contact time on the adsorption capacity of EDTA-LSP toward Pb* (a) and MG (d); adsorption kinetic data of Pb* and

MG onto EDTA-LSP and the fitting plots predicted by pseudo-first
at three different concentrations.

Table 3

-order (b and e) and pseudo-second-order (c and f) kinetic models

Kinetic parameters of pseudo-first-order and pseudo-second-order kinetic models for Pb* and MG adsorption onto EDTA-LSP

Pseudo-first-order model

Pseudo-second-order model

Adsorbate C,(mgL™) yexp (mgg™) k, (min™) Do (MG &) R? k,(g mg? min™) oca2 (MG g7 R?
50 98.56 0.0790 29.60 0.7969 0.0088 100.20 0.9997
Pb* 100 173.10 0.0767 52.38 0.8541 0.0062 174.83 0.9999
300 225.88 0.0729 60.95 0.8675 0.0057 227.27 0.9998
50 92.78 0.0784 21.64 0.8087 0.0212 93.55 0.9998
MG 200 301.09 0.0949 69.33 0.8536 0.0057 303.95 0.9999
400 346.26 0.1015 131.04 0.9067 0.0035 349.65 0.9992

In order to understand the coadsorption behavior, a
series of characterization analyses were conducted. The
XPS analyses were first performed to measure the bind-
ing energies of EDTA-LSP and Pb*-adsorbed EDTA-LSP
(Fig. 9). As shown in Fig. 9b, the double peaks of Pb 4f
orbital at 138.78 and 143.48 eV appear in Pb*-adsorbed
EDTA-LSP, which confirms the successful adsorption of
Pb*" ions by EDTA-LSP adsorbent. Fig. 9c shows the O 1s
spectra of EDTA-LSP and Pb*-adsorbed EDTA-LSP. The
binding energy of O 1s for the EDTA-LSP is 532.38 eV, which
shifts to 532.88 eV after the Pb* adsorption. This change
signifies the contribution of carboxyl groups to Pb* adsorp-
tion [39]. The same tendency is also found in the N 1s spec-
tra of EDTA-LSP and Pb*-adsorbed EDTA-LSP (Fig. 9d),
indicating that the nitrogen atoms could share electrons
with Pb*. Furthermore, the C 1s XPS spectra of EDTA-LSP

and Pb*-adsorbed EDTA-LSP are compared. As shown in
Fig. 9e, the C 1s spectrum of EDTA-LSP can be deconvo-
luted into four peaks with differentiated binding energy
values, which can be attributed to the carbon atoms in the
forms of C-C (284.33 eV), C-N (285.73 V), C=0 (286.55 eV),
and O=C-O (288.19 eV), respectively [58]. After Pb* uptake,
the peaks of C—C (284.79 eV) and C=0O (286.44 eV) remain
almost unchanged, while the peaks of C-N (285.62 eV)
disappears and the binding energy of O=C-O (288.61 eV)
changes (Fig. 9f), which is on behalf of the contributions
of C-N and O=C-O to the formation of Pb complexation.
Based on these XPS survey results, it can be inferred that
the adsorption of Pb* onto EDTA-LSP is driven by the sur-
face complexation between EDTA and Pb*, where the O
and N of EDTA act as coordination atoms responsible for
the binding of Pb*".
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Fig. 8. Coadsorption behaviors of Pb* and MG onto EDTA-LSP
at pH 5.

Fig. S1 shows FT-IR spectra of MG, EDTA-LSP, Pb*-
adsorbed EDTA-LSP, and MG-adsorbed EDTA-LSP. It is
observed that the characteristic peak of carboxyl groups
shifts obviously from 1,644.9 to 1,583.8 cm™ after Pb*
adsorption, which further confirms the formation of coor-
dination interaction between the carboxyl groups and Pb*
ions. Meanwhile, a new peak at 1,170.3 cm™ appears after
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MG adsorption, indicating that MG can be also effectively
adsorbed onto the EDTA-LSP. Moreover, by carefully com-
paring the FT-IR spectra of EDTA-LSP and MG-adsorbed
EDTA-LSP (Fig. S1), it can be seen that the characteris-
tic peak of MG does not exhibit any shift in wavenumber,
implying that the MG adsorption onto EDTA-LSP is driven
by electrostatic interaction instead of chemical binding.

Fig. S2 gives the zeta potential values of EDTA-LSP, Pb*-
adsorbed EDTA-LSP, and Pb*-MG-coadsorbed EDTA-LSP at
pH 5. Clearly, the zeta potential of EDTA-LSP is significantly
negative, which should be attributed to easy deprotonation
of the carboxyl groups of EDTA-LSP under such conditions.
After Pb*" uptake, the obtained Pb*-adsorbed EDTA-LSP is
still negatively charged, and the magnitude of its zeta poten-
tial is close to that of EDTA-LSP (Fig. S2). This result implies
that when Pb* ions bind to the EDTA moieties on EDTA-
LSP, the resulting EDTA-Pb* complexes exist in the anionic
form. After further adsorption of MG onto the Pb*-adsorbed
EDTA-LSP, the Pb*-MG-coadsorbed EDTA-LSP has a nearly
neutral zeta potential (Fig. S2). This should due to the shield-
ing effect of cationic MG on the negatively charged Pb*-
adsorbed EDTA-LSP.

Based on above-mentioned characterization results, a
possible coadsorption mechanism is proposed (Scheme 2).
When Pb* and MG coexist in an aqueous solution, the Pb* can
be preferentially adsorbed onto EDTA-LSP via a strong sur-
face complexation process. Notably, the formed EDTA-Pb*
complexes on the EDTA-LSP surface are negatively charged,
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Fig. 9. XPS spectra of EDTA-LSP and Pb*-adsorbed EDTA-LSP: (a) wide scanning spectra of EDTA-LSP and Pb*-adsorbed EDTA-
LSP; (b) Pb 4f spectra of EDTA-LSP and Pb*-adsorbed EDTA-LSP; (c) O 1s spectra of EDTA-LSP and Pb*-adsorbed EDTA-LSP;
(d) N 1s spectra of EDTA-LSP and Pb*-adsorbed EDTA-LSP; (e) C 1s spectra of EDTA-LSP; (f) C 1s spectra of Pb**-adsorbed EDTA-LSP.
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Fig. 10. Reusability of EDTA-LSP for Pb* (a) and MG (b) removal.

which can subsequently act as effective adsorption sites for
capturing cationic MG from aqueous solution via electro-
static interaction. Benefitting from the differential binding
behaviors, the competition between Pb* and MG can be
largely reduced and a satisfying coadsorption is therefore
achieved.

3.4. Reusability of EDTA-LSP

Reusability of solid adsorbent is well-known to be
an imperative factor for evaluating its potential practi-
cal application. Thus, further attempt was made by us to
reuse the exhausted EDTA-LSP after regeneration by elu-
tion, where EDTA aqueous solution (0.1 mol L7; pH 4.5)
and CH,CH,OH-H,0 mixture (v/v = 1:1; pH 2) were used
as eluents for desorption of the adsorbed Pb* and MG,
respectively. The removal efficiencies of EDTA-LSP for Pb*
and MG under different reuse cycles are shown in Fig. 10.
It can be seen that the removal rate for Pb* is nearly 100%
in the first cycle and still reaches 98.7% after six cycles
(Fig. 10a). The effectiveness of EDTA aqueous solution for
Pb* desorption should be ascribed to the strong chelating
interaction between EDTA and Pb*, which contributes to a
facile release of Pb* ions from the EDTA-LSP surface to bulk
solution. Fig. 10b presents the cycle-dependent removal effi-
ciency of EDTA-LSP for MG. It is clearly observed that the

1004 b)

Removal rate (%)

1 2 3 4 5 6
Recycle number

EDTA-LSP retains 96% of its initial removal rate after six
cycles, indicating that the employed acidic ethanol solution
is sufficiently effective for MG desorption. This should be
in large part due to the principle of compatibility between
similar species. Moreover, use of acidic solution to regener-
ate carboxyl groups on adsorbent surface is also in favor of
weakening electrostatic interaction and facilitating the elu-
tion of MG from adsorption sites [59-61]. The satisfactory
recycling performance of EDTA-LSP reflects that the cova-
lent grafting of EDTA moieties onto LSP is stable enough
to avoid the leaching of active sites during reuse. All these
investigations indicate that the EDTA-LSP should be sus-
tainably used for the adsorptive removal of heavy metal
ions and organic pollutants from wastewaters.

4. Conclusions

In summary, a novel EDTA-modified agricultural
by-product (EDTA-LSP) was facilely fabricated based on the
covalent grafting of abundant EDTA moieties onto the LSP,
and its intrinsic adsorption and coadsorption properties in
the removal of Pb* and MG were elucidated. Batch adsorp-
tion investigations indicated that the EDTA-LSP was highly
efficient for adsorptive removal of Pb* and MG from sin-
gle pollutant systems, exhibiting considerably high adsorp-
tion capacities (Pb*: 225.88 mg g™'; MG: 347.87 mg g') and
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rapid kinetics. More importantly, when used in Pb*-MG
binary systems, the EDTA-LSP exhibited unique differen-
tial binding behaviors. The surface EDTA moieties prefer-
entially bound with Pb*, and then the formed EDTA-Pb*
complexes carrying negative charge could effectively adsorb
cationic MG, which led to a less competitive and quite satis-
fying coadsorption. Moreover, this adsorbent could remain
high and stable removal efficiencies for Pb* and MG during
reuse. Findings from this study may help the development
of inexpensive but efficient methods that can be applicable
to complex wastewater treatment. Moreover, the gained
insight into the unique coadsorption properties of EDTA-
LSP should have implications for understanding the binding
process that occurred between a mono-site host material and
multiple guest species.
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