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Iminodiacetic acid (IDA) is a tridentate ligand, which can capture metal ions by forming two fused five-
membered chelate rings. In this study, we fixed IDA moieties onto a two-dimensional nanocarbon,
graphene oxide (GO), to obtain materials with high and selective adsorption of metal ions. The synthesis
conditions for the GO-IDA composites were optimized, then their structures were characterized by
infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and CHN elemental analysis. In
addition, the heavy-metal removal efficiency and selectivity of the GO-IDA composites with different

length alkyl linkers between the GO and IDA were investigated. An aqueous solution containing 10 metal
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Accepted 10th August 2021 ions (Al, As, B, Cd, Cr, Cu, Mn, Pb, Se, and Zn) was used as a model for contaminated water at pH 7, and
the interactions of the ions with GO-IDA were in the order of Cu > Pb > As > B > Zn > Al = Se. The

DOI: 10.1039/d1na00435b interaction between Cu and GO-IDA was confirmed by XPS and extended X-ray absorption fine
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1. Introduction

Due to the rapid development of industries including mining,
electroplating, leather production, and metal plating, waste-
water contains harmful heavy metals.” Unlike organic pollut-
ants, heavy metals are not biodegradable and are likely to
accumulate in the body.* Some heavy metals such as As, Cd, Cu,
Hg, and Pb are toxic and/or carcinogenic, causing health
problems. Heavy metals are naturally present in groundwater,**
which has caused severe health problems for 6 million people
all over the world.*** Therefore, heavy-metal removal methods
which are cheap, convenient, and easy for treating daily
drinking water are critical. So far, heavy metals in water have
been removed by ion exchange,'”” precipitation,”® reverse
osmosis," electrochemical treatment,” and adsorption.*
Among them, adsorption is especially useful because it is
a simple and contamination-free process.”’”** Iminodiacetic
acid (IDA) shows excellent potential for adsorption of heavy
metals (Table S171);** therefore, IDA-immobilized resins are
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structure (EXAFS), which showed that Cu was coordinated to IDA.

widely used both in analytical research and industry.*»** The
metal ions on IDA can be desorbed by treating with an acid
solution;>* subsequent treatment with a basic solution enables
the resins to be reused. However, pristine IDA is soluble in
water, and recovery is the issue to be solved. In this study, we
aimed to develop a solid-state, high-performance, and recy-
clable adsorbent for heavy metal ions. As a support material for
IDA, we focused on graphene oxide (GO), a carbon material with
a high specific surface area, good hydrophilicity and
biosafety.>*3® GO itself has been reported to have metal
adsorption capacity, and GO-based composites have been re-
ported to have high Pb and As removal efficiency.***” These
reports show the great potential of GO. However, testing GO
materials for selective removal of metals is still not reported; the
previous studies have focused on a specific metal species, which
is far from actual contaminated water in the environment.*® For
more practical evaluation of the selective adsorption by GO-IDA
composites, we used a solution containing 10 types of metal
ions. The adsorption mechanism was investigated to provide
guidance for excellent, selective, heavy-metal removal.

2. Results and discussion
2.1 Covalent functionalization of GO and structure analysis

Covalent functionalization of GO with amine through epoxy
ring-opening amination was applied in this research.** We
initially screened the reaction conditions for the amination of
GO using simple alkylamine as a model compound, then
applying the optimized conditions to our specific target mole-
cule, IDA. The nitrogen content can be a good indicator for the
amine functionalization, therefore, we employed elemental
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Fig. 1

analysis in this research. Using hexylamine as a model
compound, reaction conditions, such as temperature, GO/
amine ratio, and pH, were optimized to introduce as many
IDA moieties as possible; treatment at 80 °C using a GO/amine
ratio of 1 : 1 at pH 9 was found to be the optimum (Tables S2-
S4t). Next, a GO-IDA composite with a six-carbon alkyl linker
(GO-C¢-IDA) was prepared using the optimum conditions, and
structural analyses were performed. For comparison, analyses
were also performed for GO heated at 80 °C. FT-IR spectra of GO
exhibited peaks at 3450, 1633, 1182, and 1091 cm™ ", corre-
sponding to stretching of hydroxyl, carbonyl, epoxy, and carboxy
groups, respectively (Fig. 1a). In GO-Ce-IDA, additional peaks
were observed, such as a C-H stretching vibration at 2924 cm ™",
amino acid-derived C=0 band at 1562 cm ™', secondary amine
C-N stretching vibration at 1168 cm ™', and tertiary amine at
1033 cm™.%%*! These results suggest that GO-C4¢-IDA contains
the amino acid structure and alkyl linker, consistent with the
formation of the desired structure, as shown in Scheme 1. N 1s
XPS spectra of GO-Cs-IDA were deconvoluted to peaks at
397.9 eV (5%), 399.3 eV (58%) and 400.9 eV (38%), which were
assigned to primary amines, secondary amines and tertiary
amines, respectively (Fig. S1t).*> XPS analysis of the C 1s regions
provided information on the structural changes of GO before
and after the functionalization. Pristine GO has three main
peaks centered at 284.6, 286.7, and 288.8 eV, corresponding to
C-C/C=C, C-0, and C=0 (Fig. 1c). In GO-C4-IDA, the C-O
peak decreased by half (from 48% to 26%) compared to that in
the pristine GO. The deconvolution revealed that an additional
peak at 284.5 eV appeared in GO-Cq-IDA, which would be
derived from C-N bonds formed by the functionalization
(Fig. 1d).** This result suggests that the epoxy group on GO
reacted via ring-opening amination. The introduction of one
Ce—IDA moiety on GO by amination through epoxy ring-opening
reaction provides five C-N bonds (red lines in Fig. 1b). Since the
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(@) FT-IR spectra of GO and GO-Cg—IDA, (b) structure of GO-Cg—IDA; XPS analysis of C 1s region of (c) GO, and (d) GO-Cg—IDA.

C-N bond content in GO-C4-IDA occupies 14% of the total
bonds, the proportion of C-N covalent bond to GO can be
calculated as 2.3% (see ESIt). This value is much smaller than
the decrease of C-O bonds determined by XPS (from 43% to
26%, Fig. 1c and d), suggesting the removal of C-O bonds
during the functionalization by the partial reduction of GO.** In
addition, we compared XRD patterns, Raman spectroscopy, and
SEM images of GO and GO-Ce-IDA. From the XRD patterns
(Fig. S37), it was confirmed that GO-C¢-IDA has a broader and
partially shifted pattern than GO. This result suggests GO is
partially grafted. Raman spectroscopy of GO-Cs-IDA showed
the increase of D band (Fig. S47). This means that the GO was
partially reduced during the attachment of IDA moiety.” We
also compared the SEM images of GO and GO-Cs-IDA
(Fig. S51). GO-Cs-IDA has a smaller size of 1 pym with agglom-
erated morphology. The surface areas of GO and GO-C4-IDA by
BET were significantly low (ca. 10 m”> g~") compared with ideal
graphene (2630 m* g~ '),* because both materials are strongly

Triethylamine

HEN’\/\/\/NHZ \4
b Ethanol

—_
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0
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Scheme 1 Preparation of GO-Cg—IDA.
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Table 1 CHN elemental analyses of GO and GO-Cg—IDA

Content (wt%)

Element GO GO-C4-IDA
C 50 60
H 1.7 4.4
N 0.0 5.2
(0) 48 31

stacked in a dry state. In this study, the available surface of the
materials in water is important. Therefore, the surface area in
water was measured by methylene blue adsorption method.
Methylene blue was adsorbed on GO and GO-C¢-IDA in water,
and the amount of adsorption was calculated by UV-vis. Based
on a previous study (1 mg of methylene blue on carbon mate-
rials corresponds to a surface area of 2.54 m?),*” the surface
areas of GO and GO-C4-IDA in water were 432.7 and 592.4 m>
g, respectively.

CHN elemental analyses of GO and GO-C,-IDA are shown in
Table 1. Nitrogen content of GO-C¢-IDA increased by 5.2%,
suggesting the introduction of IDA onto GO. Considering the
composition of the Cs-IDA moiety (C;oHoN,O4) and the
increase of the nitrogen content, GO-C¢-IDA contains 34.5 wt%
of the C4-IDA moiety.

2.2 Metal adsorption tests

Selectivity in metal-ion adsorption was evaluated using a stan-
dard solution containing 10 kinds of metal ions (Al, As, B, Cd,
Cr, Cu, Mn, Pb, Se, Zn). Initially, the adsorption performance of
the IDA molecule and of GO was examined. We found that the
IDA molecule has a strong interaction with Cu, and GO has
a strong affinity for Pb (Fig. S67).
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Fig. 2 (a) Cu and Pb adsorption by GO-C,-IDA. (b) Optimized
structures of GO-C3-IDA, GO-Cg—IDA and GO-Cy,-IDA by DFT
calculation (grey: carbon, blue: nitrogen, red: oxygen, hydrogen is
omitted for simplicity).
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Based on this result, we investigated metal-ion adsorption
using GO-C,-IDA. The different lengths of alkyl linker may
provide different behaviors in water, affecting metal adsorption.
The metal adsorption efficiency of Cu was in the order: C > C;,
> C; (Fig. 2a). When the alkyl linker was short (C3), GO-C,-IDA
showed high selectivity for Pb, suggesting GO was mainly
responsible for the adsorption by this sample.”® This result
suggests that the IDA in GO-C4-IDA has a stronger effect than
seen in GO-C;-IDA. We assume that the IDA moieties interact
with the GO surface when the alkyl linker is short, and lose their
chelating effect for metal ions. In contrast, a longer hydro-
phobic alkyl linker prevents IDA from interacting with the GO
surface, enabling the IDA to chelate metal ions instead. This
assumption was confirmed by DFT calculations of optimized
structures; in GO-C;-IDA, the IDA moiety is closer to the GO
surface than it is in GO-Ce-IDA (Fig. 2b). In addition, calcula-
tion of the chelation energy* between IDA and Cu revealed that
the alkyl substituent enhanced the stabilization (Table S67).
However, when the alkyl linker was longer (e.g., Ci,), its
hydrophobicity restricted the covalent functionalization reac-
tion, limiting the introduction of the IDA moiety, and reducing
adsorption performance (Table S77).

Next, the adsorption experiment was carried out at pH 1 (the
as-obtained metal standard solution) and pH 7 (adjusted with
ag. NaOH). The experiment cannot be performed under alkaline
conditions, because of the formation of metal hydroxide
precipitates. At pH 7, improved selectivity and efficiency were
observed for all metal ions compared with those at pH 1. This
would be because the surface charge of GO becomes positive
under acidic conditions, and repulsion of metal ions occurs.>
Furthermore, coordinating and chelating functional groups on
GO-Cg-IDA in acidic solutions are COOH and OH; thus, the
decrease in pH inhibits coordination and chelation. In contrast,
in neutral to alkaline conditions, carboxylate and alkoxylate are
generated, and the surface of GO is negatively charged, leading
to the improved interaction with metal ions. At pH 7, GO-Cg4-
IDA showed the following order of adsorption: Cu > Pb > As >B >
Zn > Al = Se > Cr = Cd (Fig. 3). This result does not follow the
order for the stability constants of the corresponding IDA
complexes for metal ions: Cu > B > Cr > Cd = Pb (Fig. S6t),""*

100
90 A
80 A
70 A
60 1
50 A
40 1
30 A
20 A
10 A

GO-C4-IDA [pH 1] ®GO-C4-IDA [pH 7]

Removal efficiency (%)

Al As B Cd Cr Cu Mg Pb Se Zn

Fig. 3 The removal efficiency of 10 different metal ions using GO-
Ce—IDAatpH 1and 7.
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(a) XPS analysis of the Cu 2p region for (i) Cu(OAc),, (i) Cu@GO, and (iii) Cu@GO—-Cg—IDA. Red lines correspond to Cu carboxylate, and

blue lines correspond to Cu?* ion. (b) Proposed adsorption modes of Cu on GO-C6—IDA. (c) EXAFS spectra of Cu@IDA (red line) and Cu@GO—

C6—-IDA (blue line) at k space.

suggesting a synergetic effect of GO, alkyl linker, and IDA. The
utilization ratio of the IDA moiety of GO-C4-IDA for Cu was
calculated to be 97% (Table S97).

2.3 Fine structure analysis of metal-adsorbed GO-C4-IDA

To understand metal-ion selectivity of GO-C¢-IDA, detailed
structural analyses were performed. XPS analysis of Cu-
adsorbed GO (Cu@GO) and GO-Ce-IDA (Cu@GO-Ce-IDA)
showed a different chemical state compared with that seen in
the Cu precursor, CuSO,-5H,0 (Fig. S10t). Assuming that the
Cu ion coordinates to the carboxyl group, Cu(OAc),, as a refer-
ence Cu carboxylate compound, was analyzed by XPS (Fig. 4a
and i). Deconvolution of the Cu 2pj3/, region of Cu@GO and
Cu@GO-C4-IDA revealed that both materials have peaks at 953
and 933 eV (red lines in Fig. 4a), which correspond to the lines
found for Cu(OAc),. Other peaks at 955 and 935 eV are assigned
to Cu ion derived from Cu(OH), (blue lines in Fig. 4a); Cu@GO
contained a larger amount of Cu ion on its surface.*® Cu@GO-
Ce—IDA contained 73% of Cu carboxylate and 27% of Cu ion,
while Cu@GO contained 37% of Cu carboxylate and 63% of Cu
ion. These results confirm the contribution of IDA moiety to the
Cu adsorption (Fig. 4b). For a more detailed understanding of
the interaction between Cu and GO-C4-IDA, we measured X-ray
absorption fine structure (XAFS). XAFS analysis is further cate-
gorized as either X-ray absorption near edge structure (XANES,
—50 to +50 eV) or extended X-ray absorption fine structure
(EXAFS, +50 to +1500 eV). XANES provides information on the
electronic states and coordination structures of an element.>*
We found that Cu in Cu@GO-C¢-IDA was in a divalent or
higher state (Fig. S111). EXAFS provides information on the
local structure (number of coordinated atoms, interatomic
distance, and coordinated atomic species) around the target
element.”® Comparison of the EXAFS vibrations of Cu-IDA
complex®***” and Cu@GO-Cs-IDA revealed that both materials

5826 | Nanoscale Adv, 2021, 3, 5823-5829

showed similar patterns (Fig. 4c), suggesting the successful
coordination of Cu by the IDA moiety. Finally, the Pb chemical
state was determined for Pb@GO-C4-IDA, because Pb is
proposed to adsorb onto the GO surface.”® XPS analyses of the
Pb 4f,,, region for Pb-IDA complex, Pb@GO, and Pb@GO-Ce-
IDA were performed. The chemical state (as indicated by the
XPS spectra) of Pb in Pb@GO-C¢-IDA was different from that in
the Pb-IDA complex, but similar to that of Pb@GO (Fig. S121),
confirming the adsorption of Pb directly onto the GO surface
(Fig. S137).

3. Conclusions

In conclusion, we have synthesized GO-C,-IDA with different
lengths of alkyl chain linkers. Cq chain linker was the optimum
for metal adsorption. GO-C¢-IDA showed selective adsorption
for Cu because of the chelating interaction between the Cu and
the IDA moiety. GO is known to have a strong affinity with Pb,
but IDA functionalization altered the metal-ion selectivity. The
modes of adsorption of Cu and Pb on GO-C¢-IDA were analyzed
by EXAFS and XPS. This study enables us to construct a strategy
for selective adsorption of specific metals by functionalization
with specific chelating moieties, and choice of appropriate
linkers and surface chemistry of GO.

4. Experimental
4.1 Materials

Graphite was purchased from Bay Carbon Inc.; 1,3-propanedi-
amine, 1,6-hexanediamine, 60% H3;AsO, and Pb(OAc), were
purchased from Tokyo Chemical Industry Co., Ltd; and 1,12-
dodecanediamine, methyl 2-bromoacetate, CuSO,-5H,0, methy-
lene blue and NaOH were purchased from Fujifilm Wako Pure
Chemical Industries, Ltd. Triethylamine, HCl, and HNO; were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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purchased from Nacalai Tesque Co., Ltd; iminodiacetic acid (IDA)
and metal standard solution V (100 mg L~ " Al As, B, Cd, Cr, Cu,
Mn, Pb, Se, Zn in 0.1 mol L~ " HNO; aq.) were purchased from
Kanto Chemical Co., Ltd; and solmix (ethanol: 85.5%, n-propyl
alcohol: 9.6%, methanol: 4.9%, water: less than 0.2%) was
purchased from Japan Alcohol Trading Co., Ltd. The synthesized
materials were characterized by Fourier transform infrared (FT-IR)
spectroscopy (Shimadzu, IR Tracer 100), X-ray photoelectron
spectroscopy (XPS) (JEOL, JPS-9030), X-ray diffraction (XRD) (Mal-
vern Panalytical, Aeris), Scanning Electron Microscope (SEM)
(Hitachi High-Tech Science Corporation, S-5200), Raman spec-
troscopy (JASCO Corporation, NRS-3100) and CHN elemental
analysis (EA) (PerkinElmer, 24001I). The metal-ion concentrations
were measure by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Seiko Instruments, VISTA-PRO). Cu K edge
X-ray absorption fine structure (XAFS) spectra were acquired in the
BL01B1 beamline at Spring-8. Transmission spectra were obtained
using a double-crystal Si(111) monochromator. The energy cali-
bration was accomplished by adjusting the first peak top of the
spectrum of Cu foil to 8980.3 eV. The oxygen content was calcu-
lated from EA, as shown in eqn (1).

O(Wt%) = 100 — (C + H + N) (1)

4.2 Synthesis of graphene oxide-iminodiacetic acid
composite (GO-C,-IDA)

GO was prepared by the modified Hummers' method.* 33 g of
graphite and 990 mL of sulfuric acid were mixed and stirred while
cooling with ice water. Next, 99 g of potassium permanganate was
slowly added, and the mixture was allowed to stand at 35 °C for 2
hours. 990 mL of ice water was then added, after which 30%
hydrogen peroxide solution was gradually added to the obtained
reaction mixture at room temperature until foaming did not occur.
After that, the mixture was stirred for 30 minutes. Centrifugation
was repeated until pH >3. For the preparation of GO-Ce-IDA
(Scheme 1), 0.25 g of 1,6-diaminohexane (2.2 mmol) was added to
20 g of GO dispersion (1.24 wt% in water) using 30 mL of solmix as
a solvent, and the mixture was stirred at 80 °C for 24 hours. The
reaction mixture was centrifuged twice with water. Afterwards,
0.32 mL of triethylamine (2.3 mmol) was added to the
diaminohexane-treated GO using 30 mL of ethanol as a solvent.
0.23 mL of methyl-2-bromoacetate (2.4 mmol) was added, and the
mixture was stirred at 70 °C for 24 hours.*® The reaction mixture
was centrifuged twice with water: solmix = 1 : 1, once with 3 M aq.
HCI, and twice with water. The GO-C4-IDA was obtained as
a powder by freeze-drying overnight. Other GO-IDA composites,
such as GO-C;-IDA and GO-C;,-IDA were prepared with the same
procedure using 1,3-diaminopropane and 1,12-diaminododecane,
respectively. GO-Cy-IDA was prepared by mixing GO and IDA, and
the reaction mixture was centrifuged twice with water: solmix =
1:1, once with 3 M aq. HCl, and twice with water.

4.3 Metal adsorption test

10 mg of GO-C,—IDA and 2 mL of test solution containing
10 mg L' of Al, As, B, Cd, Cr, Cu, Mn, Pb, Se, and Zn in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Adsorption/desorption process of metal ions on/from
GO-Cg-IDA.

0.01 mol L™ ag. HNO; were stirred for 0.5 h, and homogenized
with an ultrasonic homogenizer (BILON, BILON150-Y) for 10
minutes. The mixture was suction-filtered using a membrane filter
(isopore 0.2 um hydrophilic membrane) and washed with MilliQ
water. The obtained solution is termed Sample 1. To double-check
the amount of adsorbed metal ions on GO-IDA, the membrane
with GO-IDA was immersed in 5 mL of 2 M HNO; to leach out the
metal ions,*" dispersed by sonication for 4 minutes, stirred for 1 h,
and suction-filtered using another membrane filter. The obtained
solution was termed Sample 2 (Scheme 2). The metal-ion
concentrations of Sample 1 and Sample 2 were measured by
ICP-AES. The initial metal concentration is denoted C;, the metal-
ion concentration of Sample 1 is C,, (metal ions in water), and of
Sample 2 is C, (metal ions adsorbed on GO-IDA). The removal
efficiency was calculated from eqn (2) and (3).*®

Removal efficiency (%) = Co/C; (2)

C=C,+C, (3)
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