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Diethylenetriamine-functionalized reduced
graphene oxide having more amino groups for
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To obtain a high-performance amino-functionalized graphene, a new aminated graphene was prepared
through a substitution reaction between chlorine-functionalized reduced graphene oxide and
diethylenetriamine. The product exhibits high nitrogen content uniformly distributed in its sheets, with
diethylenetriamine covalently attached to these sheets. The C—-N bond in the product was certified by
the Fourier transform infrared spectrum, which implies the successful attachment of diethylenetriamine
to the graphene sheets. The average interlayer spacing is 0.42 nm. Diethylenetriamine features many
more amino groups that act as ligands and spacers during adsorption and layer stacking processes.
Compared with the adsorption capacities of reduced graphene oxide (77.1 mg g~ and activated carbon
(46.7 mg gfl), the product exhibits higher adsorption capacity (291.4 mg gfl). The adsorption process fits
the quasi-first-order model and Langmuir model. Physical adsorption plays a primary role in the
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1 Introduction

Aminated graphene, including aminated graphene oxide (GO) and
aminated reduced GO (RGO), are important graphene deriva-
tives.”> The amino group possesses a certain degree of alkalinity
and high reactivity because of its lone pair of electrons. Compared
with graphene, GO, and RGO, aminated graphene possesses
excellent properties that invoke considerable attention.**

Some composites contained amino groups; although the amine
was not directly attached to the graphene sheet, these composites
still exhibited high performance. For example, the Chen group
prepared polyaniline/nano-Fe;O4/graphene composites, which
displayed a broad band of electromagnetic wave absorption.®

The amino group was directly attached to the graphene sheet
through the commonly used reaction between the carboxylic
acid of GO and the amino group of other compounds. The
products or composites possessed excellent properties. These
compounds might include 1-aminopropyl-3-
methylimidazolium chloride,” 1,4-phenylenediamine or
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a useful intermediate for other graphene materials.

2,3,5,6-tetramethyl-1,4-phenylenediamine,®® amino-modified
MXene (3-trimethoxysilylpropan-1-amine modified MXene),'
ethylenediamine,"*** 4 ,4’-diaminodiphenylmethane,** and
amino acids (e.g., alanine, tyrosine, and cysteine)."

The epoxide of GO can also react with an amino group that is
also attached directly or indirectly to the graphene sheet. These
amino groups might be present in NH,-boron dipyrrome-
thenes' and amino acids.” Although Jana et al. did not
mention the substitution reaction of epoxide, it probably reac-
ted with the amino group of ethylenediamine during the
synthetic process.™

In fact, the epoxide and carboxylic acid of GO can simulta-
neously react with the amino group of various compounds, such
as polyethylenimine,"® diethylenetriamine,' butylamine,** and
polyaniline,* under different conditions.

Although some authors did not explain the type of modifi-
cation reaction, composites or materials still exhibited excellent
performance. Readers might speculate about one or two of the
previously mentioned reactions. Additionally, the carboxylic
acid and amino group can easily form hydrogen bond or elec-
trostatic interaction. The graphene sheet and modifier can form
-7 stacking or -7 conjugated system. These interactions are
also useful procedures for amine-modified graphene. For
instance, the modifier could be polyaniline**?* or pyridine.*®

Other procedures were adopted to attach amines to the gra-
phene sheet. Merkoci et al. prepared cysteamine-modified gra-
phene through the substitution reaction of F on fluorographene
with amino groups on cysteamine. The product contained free
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thiol groups, which made cysteamine-modified graphene-carbon
electrode with good sensitivity to Cd*".?” Amino-functionalized
RGO was also acquired using an amino-silane coupling agent
(3-trimethoxysilylpropan-1-amine) and GO.

Although some methods have been used for the preparation
of aminated graphene, a more feasible and practical method is
still needed urgently. The bond between C and Cl in chlorine-
functionalized RGO (CIRGO)*® can react with ethylenedi-
amine,* mercaptoacetic acid,*® and glycine.* To prepare a high-
performance  aminated graphene, diethylenetriamine-
functionalized RGO (TARGO) was prepared through the reac-
tion between diethylenetriamine and CIRGO. TARGO contains
more amino groups that act as ligands and spacers during the
adsorption and layer stacking processes. Methylene blue (MB) is
a commonly used organic dye that is exceedingly difficult to
decompose in waste streams under visible-light irradiation.
However, it can be decomposed under some high-performance
catalysts.®** Herein, it is selected as a model dye for the
adsorption test.

2 Experiment
2.1 Materials

GO (1 mg mL ") and diethylenetriamine were donated by the
Ctron Advanced Material Co., Ltd, (Xinxiang, China). Other raw
materials of chemical grade were provided by the Henan Ray-
hope Graphene Application Technology Research Institute Co.,
Ltd, (Xinxiang, China).

2.2 Preparation of TARGO

The preparation of CIRGO has been reported in previous liter-
ature.” CIRGO (0.51 g) is dispersed in furanidine (48 mL) using
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ultrasound for 3 h. Diethylenetriamine (3 mL) is added to the
suspension under reflux conditions. The suspension is heated
and stirred for 24 h. The TARGO is filtered and cleaned seven
times with distilled water and furanidine. A windless drying box
is used for drying process (41 °C, 49 h), thereby yielding a black
powder product (0.42 g).

2.3 Batch adsorption

Each adsorption test was conducted in a constant temperature
cradle set at a specific temperature. The concentration of each
solution was measured using a UV/vis spectrometer (663 nm),
and the solutions were examined at desired time.

2.4 Sample tests

Microscopic morphology was obtained using field emission
scanning electron microscopy (FEI-QUANTAFEG 250) and high-
resolution transmission electron microscopy (HRTEM, FEI
Talos F200X). Functional groups were characterized by Fourier
transform infrared (FT-IR) spectra using FTS-40. The chemical
structure was also analyzed by Raman spectroscopy (Renishaw
inVia) with an exciting laser wavelength of 532 nm. The crys-
tallinity of TARGO was characterized by X-ray diffraction anal-
ysis (XRD) using a Bruker D8 Advance instrument with Cu Ko (4
= 1.5406 A). The elemental composition of TARGO was acquired
through X-ray photoelectron spectroscopy (XPS) using the K-
Alpha X-ray photoelectron spectrometer system (hv = 1486.6
eV). The Emmett-Brunauer-Teller (BET) and Barrett-Joyner-
Halenda methods were used with an ASAP 2020 V3.01H
(Micromeritics, USA) to measure the pore volume and specific
surface area.

200 nm

Fig. 1 SEM image (a) and HRTEM image (b) of TARGO, HAADF-STEM images, and elemental mappings of TARGO (c—f).
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3 Results and discussion
3.1 Characteristics of TARGO

SEM (Fig. 1a) and HRTEM (Fig. 1b) clearly depict the micro-
morphology of TARGO, where TARGO sheets curl up and form
folds, suggesting that the product might be a few-layer gra-
phene. To reduce surface energy, single-layer and few-layer
graphene easily form folds. In addition, the attachment of
diethylenetriamine to the sheet is favorable to the formation of
folds. The atoms in the sheet connected to diethylenetriamine
are sp’ carbons, which increase folds or twists. Diethylenetri-
amine, possessing more lone pair electrons, repels the electrons
in the TARGO sheet, thereby further increasing folds. The
presence of diethylenetriamine in TARGO
adsorption performance.

Fig. 1c—f show the corresponding elemental mappings of
TARGO. The nitrogen content is approximately 8.12 at%, indi-
cating a high nitrogen content. The nitrogen distribution
appears uniform in the elemental mappings in Fig. 1d, implying
that diethylenetriamine reacts smoothly with CIRGO. If dieth-
ylenetriamine does not react, then it might dissolve in solvent.
Diethylenetriamine is hydrophilic, while the graphene sheet is
lipophilic. The residual diethylenetriamine on the sheet may
accumulate into droplets, and they can be removed by washing.

The FT-IR spectrum of TARGO is exhibited in Fig. 2a. For
comparison, related spectra of ethylenediamine-functionalized
RGO (ERGO) and RGO are also included in Fig. 2a. The
spectra of TARGO and ERGO exhibit similarities. The band at
3443 cm ! represents the N-H stretch. The bands at 2926 cm ™
and 2858 cm ' correspond to the C-H stretch of ~CH,-. The
band at 1630 cm ' indicates the N-H bond vibration. The bands
at 1412 cm ! and 1184 em™! represent the C-N stretch. The
prominent N-H band and weak C-H band confirm the
displacement reaction between diethylenetriamine and CIRGO.

The Raman spectrum of TARGO is exhibited in Fig. 2b. The G
band at 1585 cm ™' corresponds to the sp® C of the graphitic
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Fig. 2 FT-IR (a) and Raman (b) spectra of TARGO.
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phase. The D band at 1344 cm ' is associated with the sp> C of
crystal imperfections and disorders in TARGO. Notably, the D
band is stronger than the G band, and the intensity ratio of D/G
is approximately 1.5. In addition, diethylenetriamine was graf-
ted onto the TARGO sheet, and the amount of sp® C was
augmented. The sheet stacking of TARGO might be more
disordered, thereby reducing the crystallinity of TARGO.

The essential component and electronic state of the atoms in
TARGO were analyzed using XPS, as shown in Fig. 3. The
binding energies at 283.6, 284.8, and 287.2 eV connect to the sp>
carbon, C-N and C-0O, and carboxy group, respectively (Fig. 3a).
The binding energy at 398.9 eV corresponds to N (Fig. 3b). The
binding energy at 531.0 eV connects to O (Fig. 3c). The TARGO
contains C (75.52 at%), N (9.40 at%), and O (15.08 at%)
elements, as displayed in the survey spectrum in Fig. 3d. The

essential component of TARGO also proves that
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Fig. 4 XRD spectrum of TARGO and those of relevant materials (e.g.,
ERGO and RGO).
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diethylenetriamine has been successfully attached on the
TARGO sheet through displacement reaction between CIRGO
and diethylenetriamine.

The diffraction analysis of TARGO is exhibited in Fig. 4.
Compared with ERGO and RGO, the 2-theta angle of TARGO is
approximately at 23.6°. The interlayer spacing of TARGO (0.42
nm) is wider than that of ERGO (0.38 nm), which may possibly
improve the adsorption performance of TARGO. Diethylenetri-
amine attached to a sheet acts as pillaring agent during the
sheet stacking process. The close proximity of sheets in a highly
compact manner is difficult to achieve, and then the interlayer
spacing of TARGO is enlarged. Adsorbate might easily come
into the inner of adsorbent TARGO, and its adsorption capacity
might be enhanced.

The TARGO was characterized using nitrogen sorption to
determine the specific surface area and pore volume. The
nitrogen adsorption-desorption isotherm exhibits a character-
istic IUPAC type-IV curve, indicating the presence of numerous
pores in the fabricated material (Fig. 5a). The surface areas of
the TARGO and RGO are 293.2 m® g ' and 319.9 m> g/,
respectively. These values were obtained by fitting the isotherm
to the BET model. The pore volumes of TARGO and RGO are
0.443 cm?® g~ ' and 0.278 ecm® g, respectively. Porosities of
TARGO and RGO are further confirmed by porosity distribution
analysis based on the original DFT (Fig. 5b). The incremental
pore volume of TARGO is higher than that of RGO within the
range of 14-100 nm. Although TARGO exhibits a smaller surface
area than RGO, its improved pore sizes are favorable for
enhancing MB adsorption.

3.2 Adsorption

Extrinsic factors have evident effects on the adsorption perfor-
mance of TARGO, especially the adsorbent dosage, tempera-
ture, and acidity-alkalinity of solution.
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Fig. 5 Typical nitrogen adsorption and desorption of TARGO (a) and
pore size distribution curves of TARGO and RGO (b), IPV = incremental
pore volume.
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Fig. 6 Adsorbent dosage (a) (MB concentration = 12 mg L%, 200 mL,
adsorption time =5 h, pH =7, room temperature), temperature (b) (MB
concentration = 10 mg L%, 200 mL, adsorption time = 2 h, pH = 7),
and pH value (c) (MB concentration = 10 mg L™, 200 mL, adsorption
time = 4 h, room temperature) affect the adsorption process and
adsorption capacities of TARGO, RGO, and AC (d) (MB concentration =
8 mg L%, 100 mL, pH = 8, room temperature).

The amount of adsorbent that affects adsorption perfor-
mance is displayed in Fig. 6a. The amount of TARGO is 1.0, 2.0,
3.1, 5.0, and 6.0 mg in a 100 mL MB solution (10 mg L™"). The
total amount of adsorbate MB remains constant. As the dosage
of adsorbent increases, adsorption velocity is expedited, while
adsorption capacity decreases. For convenience, 2.0 mg of
adsorbent will be adopted in the next experiment.

Adsorption temperature has a distinct influence on adsorp-
tion performance. The temperature parameters of the experi-
ment were set as 293 K, 313 K, 333 K, and 343 K, and the
corresponding adsorptions at different temperatures are dis-
played in Fig. 6b. Adsorbate diffusion is mainly controlled by
temperature. As temperature increases, the diffusion of adsor-
bate also intensifies, making it easier for the adsorbate to reach
the surface and macropores of TARGO. From 293 K to 333 K,
adsorption increases with temperature. When temperature
exceeds a certain value, adsorbate diffusion is exacerbated,
adsorbate easily leaves from TARGO, and the desorption
process of MB intensifies. At 343 K, adsorption capacity is lower
than that at 333 K. For the next experiment, temperatures of 293
K, 313 K, and 333 K will be used.

Fig. 6¢c shows the adsorption values at different pH values.
Adsorption increases from pH = 4 to 9. In acidic conditions,
hydrogen ions bind to the amino groups, forming the ammo-
nium radicals. Ammonium radical and MB" are positive and
repel each other. At neutral and alkaline conditions, MB" can
combine lone pair electrons of amino group instead hydrogen
ions. Adsorption slightly decreases from pH = 9 to 10. In strong
alkaline conditions, MB can form dimers and trimmers. The pH
= 8-9 is adopted in the experiment.

Fig. 6d shows the adsorption of RGO, active carbon (AC), and
TARGO at room temperature. The adsorption capacity of AC is
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Table 1 Adsorption capacities to MB for some porous materials,
graphene-based materials reported in the literature

Adsorbent Adsorbing capacity (mg L") Reference
Porous SiO, 74 34
SBA-15 45 35
MGC 66 36
FGS 73 37
Zeolite-rGO 53 38

approximately 46.7 mg g~ '. The adsorption capacity of TARGO
is approximately 291.4 mg g~ or four times higher than that of
RGO (77.1 mg g~ ). Moreover, the adsorption capacity of TARGO
was higher than those of other adsorbents reported in Table 1.

3.3 Kinetic model of adsorption

The adsorption kinetics model provides useful information and
identifies the rate-determining step of adsorption process.
Three kinetic models are used to describe the adsorption data

in a non-equilibrium state.
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In most kinetic studies of adsorption, quasi-first and quasi-
second-order rate equations have been adopted synchro-
nously. Often, one is considered better than the other according
to the differences in the correlation coefficient and calculated
adsorption quantity.

Fig. 7a-c and Table 2 show the linear fitting results of quasi-
first-order model for three different concentrations (4, 8, and
12 mg L") at three temperatures (293 K, 313 K, and 333 K). This
model exhibits high linear correlation coefficient at three
experimental temperatures in Table 2. The differences between
the maximum adsorption capacity of the estimated value (ges)
and the experimental value (¢ex,) can be accepted. The kinetics
process can be described by the quasi-first-order model.

Fig. 7d-f and Table 3 show the linear fitting results of quasi-
second-order model for three different concentrations (4, 8, and
12 mg L") at three temperatures (293 K, 313 K, and 333 K). This
model possesses the highest linear correlation coefficient at three
experimental temperatures in Table 3, because of its high fault
tolerance. Marginal differences were observed between geg and gexp.

The intraparticle diffusion model is commonly used to
explore the diffusion mechanism in adsorbents. Although the
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Fig. 7 Three kinetic models, quasi-first-order model of 293 K (a), 313 K (b), and 333 K (c); quasi-second order model of 293 K (d), 313 K (e), 333 K
(f), and intraparticle diffusion model of 293 K (g), 313 K (h), and 333 K (i).
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Table 2 Pseudo-first-order In(ge — g¢) = In(ge) — kit
Parameters
Temperature Concentration (mg L") Ky (x107> min ™) Qest (mg g ™) Gexp (Mg g™ R
293 K 4 2.63 144.8 174.3 0.971
8 3.91 226.0 264.2 0.959
12 3.95 310.7 361.3 0.967
313 K 4 2.67 140.7 189.3 0.876
8 2.32 241.4 306.2 0.902
12 2.05 387.2 445.1 0.892
333 K 4 2.52 182.5 231.7 0.802
8 3.21 335.8 434.9 0.914
12 3.23 483.9 565.4 0.902
Table 3 Pseudo-second-order t/q; = 1/k2Ge> + t/qe
Parameters
Temperature Concentration (mg L") K, (x107° min™") Qest (mg g™ Gexp (Mg g™ R’
293 K 4 5.50 76.3 174.3 0.980
8 1.80 149.3 264.2 0.968
12 1.23 208.3 361.3 0.990
313 K 4 7.97 91.7 189.3 0.996
8 4.77 131.6 306.2 0.994
12 2.45 161.3 445.1 0.999
333 K 4 5.36 104.2 231.7 0.975
8 1.72 188.7 434.9 0.962
12 1.01 258.7 565.4 0.955

intraparticle diffusion model exhibits moderate correlation
coefficient at three experimental temperatures in Table 4 and
Fig. 7g-i, it is not suitable for describing the MB adsorption on
TARGO. The values of Kyir and C increase with temperature.
None of the fitted lines are found across the origin, implying
that the intraparticle diffusion partly affects the adsorption
process but is not the only rate-determining step.

3.4 Isothermal adsorption model

To analyze the adsorption mechanism, the equilibrium data of
the adsorption process were described by three commonly used
isothermal adsorption models, namely, Langmuir, Freundlich,
and Dubinin-Radushkevich (Du-Ra) model.

Table 4 Intraparticle diffusion g = kqi¢ tY? + C
Parameters
Concentration
Temperature (mg L") Kge(mgg 'h ) c(mgg™) R
293 K 4 15.0 15.0 0.985
8 32.5 18.02 0.971
12 45.5 7.43 0.989
313 K 4 15.5 32.5 0.924
8 23.3 41.4 0.946
12 33.9 23.2 0.956
333 K 4 18.9 23.0 0.838
8 36.8 38.3 0.969
12 60.6 22.9 0.926

© 2024 The Author(s). Published by the Royal Society of Chemistry

The Langmuir isotherm might be the most prominent and
widely applied equation used to explain the adsorption equi-
librium. Fig. 8a shows the linearity of C./q. and C.. The data and
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Fig. 8 Three isothermal adsorption models, namely, Langmuir (a),
Freundlich (b), and Du—Ra (c).
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Table 5 Constants and parameters derived from three adsorption isotherm models
Models and equations Constants 293 K 313 K 333 K
gm (mg g™ 416.7 500.0 625.0
Langmuir b (L mg) 1.13 0.500 0.313
Celqe = 1/qmb + Celqm Ry, Co=4mgL™" 0.181 0.333 0.444
Ry, = 1/(1 + bCy) Co=8mgL™" 0.0996 0.200 0.285
Co=12mgL™" 0.0687 0.143 0.210
R 0.991 0.981 0.987
Freundlich Ky (mg g~ ' (L mg™ )" 200.5 301.8 438.8
In(ge) = In(Ky) + (1/n)In(C.) nt 0.336 0.305 0.284
R 0.989 0.989 0.967
Dubinin-Radushkevich gs (x107°> mol g 1) 0.88 1.05 1.36
In(g.) = In(gs) - B> B (mol®> k]2 x 107%) 15.0 4.42 2.31
& =RTIn(1 +1/C,) E (k] mol™") 1.83 3.36 4.65
E = (2B)? R? 0.916 0.918 0.939

relevant constants are displayed in Table 5. The main parameter
of the Langmuir equation that shows the shape of the isotherm
curve is Ry, a dimensionless parameter that can be obtained in
Table 4. The adsorption isotherm was irreversible when the
amount of R;, was zero, and a desirable isotherm could be ob-
tained if it was between zero and one. If Ry, is much larger than
one, then an undesirable absorption isotherm will be achieved.
The values of R;, are between zero and one, which indicates
a favorable process. The values of g, at 293 K, 313 K, and 333 K
are 416.7, 500.0, and 625.0 mg g~ ', respectively. The linear
correlation coefficients (0.991, 0.981, 0.987) are high, which
show the strong linear dependence of C./gq. and C.. The
adsorption process can be described by the Langmuir model.

The Freundlich model is also used to describe the adsorp-
tion process. The linearities of In(gq.) and In(C.) at three
temperatures are shown in Fig. 8b, whereas data and relevant
constants are displayed in Table 5. The constants of the model,
Ky (mg g )/(mg L)) and n (dimensionless), can be calcu-
lated based on the graph. These values indicate the amount of
MB adsorption per unit of equilibrium concentration and the
distribution of the MB particles bound to the TARGO surface. A
smaller 1/n value indicates a more feasible adsorption process.
The linear correlation coefficients (0.989, 0.989, 0.987) are low,
demonstrating the weak linear dependence between In(g.) and
In(Ce).

Electrostatic Interaction

Fig. 9 Mechanism for the adsorption of MB on TARGO.
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Du-Ra model is generally introduced to identify physical or
chemical adsorption. The adsorption data were analyzed using
this model. The linearities of In(g.) and &> at three temperatures
are shown in Fig. 8c, and the data and relevant constants are
displayed in Table 5. The linear correlation coefficients (0.916,
0.918, 0.939) in three isothermal adsorption models are the
lowest. The average adsorption energies at 293 K, 313 K, and 333
K are 1.83, 3.36, and 4.65 k] mol ™, respectively. These values
suggest that physical adsorption is primary in the adsorption
process.

TARGO comprises carbon rings with a sp> hybrid that can
form a w-m link with aromatic dyes, such as MB (Fig. 9). Three
possible modes of hydrogen bonding can occur between the
TARGO and MB. The amine functional groups in MB can form
hydrogen bonds with the amino, carboxylic, and hydroxyl
groups of TARGO. Additionally, some carboxylic groups can
form carboxylate ions. The carboxylate ion can form electro-
static interaction with MB".

3.5 Recovery and reusability of TARGO

The recovery procedure is simple. First, MB-loaded TARGO
(100 mg g ') was mixed with four different eluents for 12 h
(Fig. 10a). The desorption rates of ethanol (95%), 0.1 M HCV/
ethanol (10:90, v/v), 0.1 M HCl/ethanol (20:80, v/v), and
water are 46.4%, 87.5%, 98.5%, and 18.7%, respectively. This

Hydrogen Bond
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o
N
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_N s _N_
N
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Fig. 10 (a) Desorption efficiency of pre-adsorbed MB. Desorption

solution: ethanol (1), 0.1 M HCl/ethanol (10: 90, v/v) (2), 0.1 M HCl/
ethanol (20 : 80, v/v) (3), and water (4); adsorbed MB = 100 mg g%,
mass of adsorbent = 4.0 mg, volume of eluent = 200 mL, room
temperature. (b) Reusability of TARGO. Adsorption condition: mass of
adsorbent = 4 mg, MB concentration = 30 mg L™, contact time =4 h,
room temperature; desorption condition: volume of eluent = 200 mL,
contact time = 12 h, room temperature.

experiment adopted the 0.1 M HCl/ethanol (20: 80, v/v) as an
eluent.

The reusability of TARGO is also a crucial factor for an
adsorbent. The adsorption-desorption process was conducted
six times (Fig. 10b). The adsorption capacities are 100, 98.8,
98.4, 98.1, 97.6, and 96.8 mg g '. The desorption amounts are
99.2, 98.3, 96.9, 96.1, 95.8, and 94.9 mg gfl. The changes in
different adsorption capacities and desorption amounts are
small, suggesting that TARGO might exhibit considerable
stability for potential applications.

4 Conclusion

TARGO was prepared to increase the number of amino groups
and produce new aminated graphene. The product was char-
acterized by SEM, HRTEM, FT-IR, Raman, XPS, and XRD. The
TARGO has high nitrogen content, that is, 8.1 at% (by elemental
mapping) or 9.4 at% (by XPS). The C-N bond in TARGO was
certified by FT-IR, and the stretching C-N is at 1412 cm ™' and
1184 cm™". Compared with RGO, the D band of TARGO is
stronger, and the amount of sp® carbon is increased. The
adsorption capacity of TARGO for MB is high, which is
approximately fourfold of RGO. Amine easily reacts with other
chemical compounds, and TARGO will be a useful intermediate
material used for preparing graphene materials.
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