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f amino groups on functionalized
graphene oxide for polyurethane nanomaterials:
XPS quantitation vs. functional speciation†

Jakub Ederer,*a Pavel Janoš,a Petra Ecorchard,b Jakub Tolasz,b Václav Štengl,b

Hynek Beneš,c Magdalena Perchaczc and Ognen Pop-Georgievskid

Amino-functionalized graphene oxide was reacted with isocyanate monomer to evaluate the potential

application of GO-NH2 as a functional filler for the preparation of polyurethane nanocomposites. A set

of advanced techniques (XRD, FTIR spectroscopy, Raman spectroscopy, and TEM) was used to

characterize the functionalized samples, together with elemental analysis and XPS, which provided

valuable information on the total N content and the nitrogen (chemical) speciation, respectively. In

addition, a simple and fast spectrophotometric method was developed for the estimation of accessible

amino groups (functional speciation). The method is based on the interaction of NH2 groups with the

anionic dye acid orange 7 under appropriate conditions (pH ¼ 3.6) and shows good precision. It can be

advantageously used for the fast evaluation of the GO-NH2 reactivity with isocyanate monomer and its

applicability as the polymer filler.
1. Introduction

Whereas physicists are still fascinated with the semiconducting
properties,1 room temperature quantum effects2,3 and other
unique phenomena of graphene and other low-dimensional
carbon structures, chemists have found the chemistry of gra-
phene somewhat poor4 and turned back to related laminar
materials bearing various (mainly oxygen-containing) func-
tional groups, many of which were introduced years before
Geim and Novoselov's discovery – see, e.g., Hummers and
Offeman's ‘graphitic oxide’.5

The new generation of graphene derivatives include hydro-
genated graphene (graphane), uorinated graphene (uo-
rographene)6 and graphene introduced with acetylenic chains
(graphyne and graphdiyne),7 as well as sulfonated graphene8 or
N-containing reduced graphene oxide (GO).9 Introduction of the
above-mentioned functional groups to the structure of GO
improves not only the dispersibility and solubility of this
material but also its reaction with other organic molecules,
angelista Purkyně, Králova Výšina 7, 400
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polymers and biological systems.10–12 Nitrogenous functional
groups incorporated into the carbon network can act as active
sites for redox reactions.16 Amino-functionalized carbon mate-
rials (GO, CNTs, graphene, etc.) have found numerous applica-
tions as nanollers in polymer composites and coatings,17

metal-free catalysts for oxygen reduction reactions,18 photo-
luminescent materials19 and materials for immobilization or
release of biologically active molecules.20 The amino groups are
also responsible for the antimicrobial properties of the mate-
rial, via their interaction with negatively charged cell walls.21

Commonly used methods of introducing amino groups into
the GO structure, either during the synthesis of GO precursors
or via the post-synthetic modication of GO,9,10 include doping
under hydrothermal conditions with aqueous ammonia or
hydrazine,10,13 ammonia plasma treatment at high tempera-
ture14 or Hoffman rearrangement.15

Considering the application of GO as nanoller for the
preparation of GO/polyurethane nanocomposites with
improved mechanical, thermal, electrical and ame retardant
properties, good interfacial adhesion between the nanoller
and polymer matrix must be provided.17,22–24 Various methods of
GO chemical modication have been developed to enable the
creation of covalent bonding between GO and polyurethane
precursors.25 The amino-functionalized GO was identied as
a promising polymer ller, as its primary amino groups readily
react with polyisocyanates.26–28 Knowledges about the presence
of the NH2 groups on the GO surface and about their accessi-
bility for the reaction with isocyanates are fundamental to
preserve the correct stoichiometry during the course of
This journal is © The Royal Society of Chemistry 2017
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polymerization, ensuring a high polymerization degree of the
nal nanocomposites.

There are several methods for the analysis of ammonia
surface functionalities (–NH2 functionalities) or other type of
functionalities. Basic methods used for the determination and
evaluation of surface functionalities include spectroscopic
techniques (XPS, FTIR, UV/VIS), as well as some less common
methods, such as thermogravimetric analysis and contact angle
measurement9,29 or titration methods.30,31 For example, XPS
provides information about surface energies, surface composi-
tion and the morphology of the surface.32–34

It is shown in this paper that the XPS technique in combi-
nation with some simple operationally dened procedures
provides more comprehensive information on the usability of
GO-NH2 as a functional ller in polyurethane nanocomposites;
whereas XPS distinguishes between various forms of nitrogen in
the GO-NH2 molecule (chemical speciation), a newly developed
indirect spectrometric method quanties the fraction of NH2

groups that are available for further derivatization (functional
speciation).
2. Experimental
2.1. Chemicals

All purchased chemicals were of analytical grade. Acid orange 7
(AO7) was purchased from Sigma-Aldrich (Germany). NaOH,
CH3COOH, H3BO3 and H3PO4 for preparation of Britton-
Robinson buffer (BRB) were purchased from Lach-Ner, Ltd. A
stock solution of anionic dye was prepared in BRB (pH ¼ 3.60).
KBr (FTIR grade, $99% trace metal basis) was used for FTIR
measurement and purchased from Sigma-Aldrich (Germany).
Deionized water from a GORO Pharmpur system (Goro, Prague,
Czech Republic) was used in all experiments with AO7. GO and
ammonia-functionalized graphene oxide (GO-NH2) were
purchased from Sigma-Aldrich (Germany). All chemical
reagents 96% H2SO4, 85% H3PO4, KMnO4, NH4OH, H2O2 and
ethylene glycol used for the synthesis of GO and GO-NH2 were
obtained from commercial sources: Penta, Ltd., and Lach-Ner,
Ltd. Natural graphite was supplied by Koh-i-noor Grate, Ltd.,
Czech Republic. Chemicals used in the reaction with
isocyanate-butyl acetate (>99%, Sigma-Aldrich, Germany) were
stored over 4 Å molecular sieves prior to use: 1,6-diisocyanato-
hexane (HDI) (Desmodur™ H, Covestro, Germany) and dibu-
tyltin dilaurate (95%, Sigma Aldrich, Germany).
2.2. Preparation of the samples

2.2.1. Preparation of graphene. Graphene was prepared
following a previously reported method.35 Briey, natural
graphite was exfoliated in an ultrasonic bath reactor (20 kHz,
2000 W, UIP 2000hd, Hielscher Ultrasonics GmbH, Germany)
under high pressure (5 bar) in ethylene glycol. The graphene
sheets were puried by dialysis with a Spectra/Por 3 dialysis
membrane in distilled water.

2.2.2. Preparation of graphene oxide. GO was prepared by
the oxidation of graphene.36 The dried graphene (1 g) was mixed
with H2SO4 (60 mL) for 10 minutes in a round-bottom ask.
This journal is © The Royal Society of Chemistry 2017
Subsequently, H3PO4 (10 mL) and KMnO4 (3 g) were added. The
reaction mixture was slowly heated to 40 �C for 48 hours.
Additional KMnO4 (1.5 g) was added and stirred for 3 days at the
same reaction temperature. Aerwards, the mixture was cooled
and added to an ice mixture with H2O2 (200 mL). The resulting
product was puried using a Spectra/Por 3 dialysis membrane
in distilled water.

2.2.3. Preparation of amino-functionalized graphene
oxide. GO-NH2 was prepared using a slightly modied method
published previously.10 Briey, a GO water suspension (31 mL,
0.256 g GO) was added to ethylene glycol (53 mL). The reaction
mixture was transferred to a glass autoclave with mixing, and
the aqueous ammonia solution was added (6.5 mL). The auto-
clave was kept at 150 �C for 12 hours. The resulting suspension
was puried using a Spectra/Por 3 dialysis membrane in
distilled water.

2.3. Reaction of amino-functionalized graphene oxide with
isocyanate

GO-NH2 was dried at 80 �C for 24 hours under vacuum. GO-NH2

(25 mg) was dispersed in dried n-butyl acetate (1 mL) using an
ultrasonic bath for 60 minutes. Then, 1,6-diisocyanatohexane
(2.17 mg) in n-butyl acetate solution was added, keeping the
initial NCO/NH2 molar ratio of 1/1, and the mixture was soni-
cated for 60 minutes. Finally, a 1 wt% solution of dibutyltin
dilaurate (0.2 mL) was added as a catalyst. The reaction mixture
was kept at 40 �C under sonication during the reaction between
GO-NH2 and HDI.

The same experiment was also performed for the unmodied
GO.

2.4. Characterization of the samples

The prepared samples were characterized by XRD, Raman
spectroscopy, TEM, XPS, FTIR spectroscopy and elemental
analysis (EA). XRD patterns were collected using a Bruker D2
diffractometer equipped with a conventional X-ray tube (CuKa
radiation, 30 kV, 10 mA). Raman spectra were acquired with
a DXR Raman microscope (Thermo Scientic), and 32 two-
second scans were collected with a 532 nm (3 mW) laser
under a 10� objective Olympus microscope.

The morphology of the samples and visual changes before
and aer sorption were inspected by high-resolution trans-
mission electron microscopy (HRTEM) using a 120 kV TEM
microscope (FEI Talos F200X). Microscopic copper grids
covered by a thin transparent silicon dioxide lm or lacey
carbon were used as specimen supports for TEM investigations.
XPS measurements were performed using a K-Alpha + XPS
spectrometer (Thermo Fisher Scientic, UK) operating at a base
pressure of 1.0 � 10�7 Pa. The data acquisition and processing
were performed using the Thermo Avantage soware. All
samples were analysed using microfocused, monochromated Al
Ka X-ray radiation (400 mm spot size) with a pass energy of
200 eV for survey spectra and 50 eV for high-energy resolution
core level spectra. The X-ray angle of incidence was 30�, and the
emission angle was along the surface normal. The K-Alpha
charge dual compensation system was employed during
RSC Adv., 2017, 7, 12464–12473 | 12465
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analysis, using electrons and low-energy argon ions to prevent
any localized charge build-up. The obtained high-resolution
spectra were tted with Voigt proles. The analyser trans-
mission function, Scoeld sensitivity factors, and effective
attenuation lengths (EALs) for photoelectrons were applied for
quantication. EALs were calculated using the standard TPP-
2M formalism. All spectra were referenced to the C 1s peak
attributed to C–C, C–H at a binding energy of 285.0 eV, which
was controlled by means of the well-known photoelectron peaks
of metallic Cu, Ag, and Au.

The FTIR spectra of GO and GO-NH2 before and aer sorp-
tion were measured by a diffuse reectance Nicolet 6700 IR
spectrophotometer (Thermo Scientic) in transmittance mode
in the 400�4000 cm�1 range at 100 scans per spectrum with 4
cm�1 resolution. Raw FTIR data were processed utilizing the
OMNIC 7.3 soware. The samples for FTIR analysis were rst
lyophilized for 24 hours, subsequently ground in an agate
mortar with KBr in a ratio from 1 : 100 to 1 : 400, and nally
placed in a ball mill for 5 minutes. KBr pellets of 13 mm
diameter were prepared using a hydraulic press (80 kN) for 5
minutes. FTIR spectra of the reaction mixtures with isocyanate
were measured using the attenuated total reectance (ATR)
technique on a Spectrum 100T FTIR spectrometer (Perki-
nElmer, USA) with a DTSG detector equipped with a Universal
ATR diamond/ZnSe crystal. All spectra were recorded in the
650�4000 cm�1 range at 16 scans per spectrum with 4 cm�1

resolution.
Elemental analysis (EA) was performed on a PE 2400 Series II

CHNS/O analyser (Perkin Elmer, USA).
2.5. Spectrophotometric determination of the amino groups

Adsorption studies were performed in 2 mL Eppendorf vials, to
which a GO suspension (200 mL), stock solution of AO7
(concentration range from 2.5� 10�4 to 4.5� 10�5 mol L�1) and
BRBwere added. For the equilibrium studies, the experiment was
carried out for 3 hours at 25 � 1 �C to ensure that equilibrium
was reached. Subsequently, the Eppendorf vials were centrifuged
at 14 000 RPM for 30 minutes. The equilibrium concentration of
AO7 in the supernatant solution was determined using a UV/VIS
spectrophotometer (Cintra 2020, GBC Scientic Equipment,
Australia, controlled by Cintral soware vs. 2.6.) at its maximum
wavelength l ¼ 484 nm. The AO7 concentration was determined
by comparing the absorbance to a previously obtained calibration
curve. All experiments were performed in triplicate, and themean
values were reported. The amount of anionic dye adsorbed on the
GO samples at equilibrium qE (mmol g�1) was calculated using
the following equation:

qE ¼ ðc0 � cEÞV
m

(1)

where c0 and cE (mmol L�1) are the initial and equilibrium
concentrations, V (L) is the volume of the solution and m (g) is
the mass of GO in the solution. A slightly modied method21 for
determining the accessible amino groups was used. Briey, 750
mL of 4.0 � 10�4 mol L�1 AO7, 1.050 mL of BRB and 200 mL of
the analysed GO were pipetted into 2 mL Eppendorf vials. The
12466 | RSC Adv., 2017, 7, 12464–12473
sample processing was in accordance to the previously
described methodology.

3. Results and discussion
3.1. Characterization of GO and GO-NH2

The quality of GO and GO-NH2 was determined by X-ray
diffraction (see Fig. S1†) and Raman spectroscopy (see
Fig. S2†), and the results are presented and discussed in the ESI.†

The surface composition of the pristine and amino-
functionalized GO materials was analysed by XPS. Fig. 1 gives
the high-resolution C 1s, N 1s and O 1s spectra of the different
GO materials. The individual contributions within the high-
resolution spectra are reported in Table 1. The C 1s spectrum
of pristine GO is characterized by contributions at 284.2 � 0.1,
285.0, 285.9 � 0.1, 286.5 � 0.3, 287.7 � 0.5 and 288.8 � 0.2 eV,
arising from the C]C (sp2 bonded carbons), C–C (sp3 bonded
carbons), alkoxy C–O–H (and diminishing C–N), ether and
epoxy C–O–C, carbonyl C]O, and ester and carboxy C(]O)–O
moieties, respectively. The weakly pronounced peak at 291.2 �
0.5 eV arises from the p / p* shake-up transition. The C 1s
spectra clearly show changes in the chemical structure of GO by
ammonia treatment. While the C 1s spectrum of the starting
non-modied GO is dominated by strong ether and epoxy
contributions (ca. 28 at%) at approximately 286.5 eV, the spec-
trum of GO-NH2 prepared by the herein elaborated method
shows only moderate presence of these moieties (not exceeding
5 at%). The spectrum of commercially available GO-2 (GO-NH2

SA) shows approximately 18 at% of these moieties. Strikingly,
compared to its unmodied GO counterpart, the GO-1 (GO-
NH2) material is characterized by stronger contributions at
approximately 286.0 eV. Though strongly overlapped with the
alkoxy C–O–H contributions, this observation is indicative of
the higher concentration of C–N and C]N moieties.

Changes due to the introduction of nitrogen species within
the GO structure are observed in the high-resolution N 1s
spectra. While the nitrogen contribution in unmodied GO did
not overcome 1.4 at%, the total contribution of nitrogen in GO-1
was approximately 6 at%. Contrary to this, the total nitrogen
contribution in commercially available GO-2 was about 3 at%.
The N 1s spectra of GO-2, GO-3 and GO-4 showed two contri-
butions at approximately 399.5 and 401.5 eV, arising from the
amine and charged amine moieties, respectively. The spectra of
the prepared GO-1 showed a signicantly higher concentration
of these moieties (more than 3 at% amines) and an additional
contribution at approximately 389.5 eV, arising from C]N
aromatic nitrogen. The O 1s spectra could be tted with three
contributions arising from O]C, O–C and residual H2O. The O
1s spectrum further veried the observation of the reduced
presence of ether and epoxy moieties in the GO-1 sample. The
XPS data clearly evidenced the more efficient introduction of
amine groups by the herein used modication route.

EA conrmed the higher content of nitrogen in all GO-NH2

samples (GO-1 and GO-2), with 3.7% nitrogen in GO-1 and 4.1%
nitrogen in GO-2. In comparison to the pristine GO samples,
where content of nitrogen was negligible, respectively, for GO-3
0.23% and GO-4 0.53% of nitrogen.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 High-resolution core-level C 1s, N 1s and O 1s XPS spectra of GO-NH2 ((A) GO-1 and (B) GO-2) and GO ((C) GO-3 and (D) GO-4). The
measured spectra are presented with black lines, while their corresponding fitted envelopes are presented in red. The individual contributions of
different functional groups present in the materials are represented with blue lines.

Table 1 Contributions of individual chemical moieties in the high-resolution C 1s spectra of GO-NH2 (GO-1 and GO-2) and GO (GO-3 and GO-
4)

Moiety Binding energy [eV] GO-1 [at%] GO-2 [at%] GO-3 [at%] GO-4 [at%]

C 1s C]C 284.2 � 0.1 41.0 � 2.7 32.4 � 3.4 12.1 � 1.6 3.5 � 0.6
C–C 285.0 11.4 � 0.3 7.0 � 2.6 13.7 � 2.4 33.2 � 6.3
C–OH, C–NH2 285.9 � 0.1 6.6 � 0.2 5.3 � 1.3 4.8 � 1.2 7.6 � 0.9
C–O–C 286.5 � 0.3 3.0 � 0.7 17.9 � 1.3 28.6 � 1.6 18.5 � 5.1
C]O 287.7 � 0.5 6.2 � 0.3 4.6 � 1.3 4.5 � 0.6 2.2 � 0.5
C(]O)–O 288.8 � 0.2 4.8 � 0.2 2.6 � 0.1 1.6 � 0.4 1.2 � 0.5
p / p* 291.2 � 0.3 1.3 � 0.1 0.7 � 0.2 0.1 � 0.1 —a

N 1s C–N]C 398.4 � 0.2 1.4 � 0.2 —a —a —a

C–NH2 399.5 � 0.3 3.2 � 0.1 2.3 � 0.3 0.4 � 0.1 0.9 � 0.3
C–NH3

+ 401.6 � 0.7 1.5 � 0.1 0.9 � 0.3 0.7 � 0.1 0.5 � 0.2
O 1s O]C 531.2 � 0.3 9.0 � 2.6 4.6 � 0.7 4.7 � 1.0 2.3 � 1.2

O–C 532.5 � 0.2 7.2 � 1.6 19.7 � 0.7 28.7 � 0.7 30.2 � 1.5
H2O 534.2 � 0.4 3.4 � 1.3 2.1 � 0.1 —a —a

a Value was below the detection limit of XPS analysis.

Scheme 1 Reaction scheme of GO-NH2 and HDI.
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3.2. Reactivity of GO-NH2

As revealed by XPS analysis (Table 1), the amino-functionalized
GO contains sufficient amounts of N-containing groups or
moieties of a different nature. In the following experiments, the
reaction with isocyanate was used to verify the accessibility of
primary amino groups in GO-NH2 for reaction with HDI
monomer and thus evaluate the potential application of GO-
NH2 as a functional ller for the preparation of polyurethane
nanocomposites. The reaction between the amino groups of
GO-NH2 and the isocyanate groups of HDI results in the
formation of substituted urea according to Scheme 1.

The progress of the reaction between the primary amino
groups of GO-NH2 and the isocyanate groups of HDI was
This journal is © The Royal Society of Chemistry 2017
monitored using ATR-FTIR (Fig. 2). The extent of the reaction
was observed from the consumption of isocyanate groups at
2265 cm�1 (Fig. 2A). The peaks at 3325 cm�1, 1616 cm�1 and
RSC Adv., 2017, 7, 12464–12473 | 12467
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Fig. 2 (A) ATR-FTIR spectra of pure HDI and reaction mixtures after 20 and 95 min of reaction between GO-NH2 and HDI in n-butyl acetate. (B)
ATR-FTIR spectra of dried and washed GO-NH2 before and after reaction with HDI.
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1568 cm�1 are assigned to N–H stretching, amide I (C]O) and
amide II (a combination peak of N–H bending and C–N
stretching vibrations), respectively,37–41 indicating the formation
of a urea linkage according to Scheme 1.

Fig. 2B displays the FTIR spectra of the dried and washed
GO-NH2 material before and aer reaction with HDI. The urea
absorption peaks (at 3325 cm�1, 1616 cm�1 and 1568 cm�1) as
well as the peaks at 2856 and 2932 cm�1, corresponding to the
symmetric and asymmetric CH2 groups of HDI, are present in
the ATR-FTIR spectrum of GO-NH2 aer reaction with HDI,
which proved the covalent bonding of HDI and the formation of
disubstituted urea. The presence of an unreacted NCO band
(2265 cm�1) indicates that not all NH2 groups were accessible
for reaction with HDI due to steric hindrance.

Contrary to that, the FTIR spectrum of a GO and HDImixture
displayed no signicant decrease in the NCO peak (2265 cm�1)
with increasing reaction time, indicating that the reaction
between GO and HDI practically did not proceed (Fig. 3).

The ATR-FTIR ndings were corroborated with the comple-
mentary XPS data (Fig. 4 and Table 2). The binding of HDI
Fig. 3 ATR-FTIR spectra of pure HDI and the reaction mixtures after
20 and 125 min of reaction between GO and HDI in n-butyl acetate.

12468 | RSC Adv., 2017, 7, 12464–12473
molecules to GO-NH2 leads to a signicant rise in the sp3

carbon contribution and a concomitant rise in the C–Nmoieties
at 286.0 � 0.1 eV to 18.8 at%. The presence of urea NH–C(]O)–
NH moieties, as a product of the covalent bonding of HDI
molecules to GO-NH2, leads to an increase in the originally
observed ester and carboxy C(]O)–Omoieties at 288.8� 0.1 eV.
The presence of HDI molecules is further supported by the
increase in the N 1s signal at 399.8 � 0.1 eV, originating from
the formed urea and unreacted isocyanate groups. Similar
trends were observed in the C 1s and N 1s spectra of the GO
material reacted with HDI. However, the concentration of the
formed carbamate NH–C(]O)–O groups (289.0 � 0.1 eV), as
a result of the reaction between the isocyanate groups of HDI
and the hydroxyls of GO carbamate, is lower. The lower reac-
tivity of GO is further corroborated by the N 1 s spectra and the
presence of up to 7.6 at%NH–C(]O)moieties of carbamate and
unreacted isocyanate groups.
3.3. Adsorption isotherm data

Adsorption isotherms describe the relationship between the
adsorbate and adsorbent when the adsorption process reaches
an equilibrium state. Langmuir, Freundlich and Langmuir–
Freundlich isotherms are widely used for describing the rela-
tionship between the adsorbed dye concentration and the
concentration of the solution at equilibrium.42,43 These three
adsorption models were also chosen to evaluate our experi-
mental data for AO7 adsorption to the GO-NH2 and GO mate-
rials in aqueous solution (25 � 1 �C).

The Langmuir adsorption isotherm assumes monolayer
adsorption on a homogenous surface. The adsorption process
occurs on a surface with a nite number of denite localized
sites, which are identical and equivalent.44,45 The Langmuir
adsorption isotherm in the non-linear form can be expressed by
the following equation:

qE ¼ qMAX

KLcE

1þ KLcE
(2)

where cE is the equilibrium dye concentration (mmol L�1), qE is
the equilibrium amount of dye adsorbed per unit weight of
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 High-resolution C 1s, N 1s and O 1s XPS spectra of (A) GO-NH2 and (B) GO reacted with HDI. The measured spectra are presented with
black lines, while their corresponding fitted envelopes are presented in red. The individual contributions of different functional groups present in
the GO materials are represented with blue lines.

Table 2 Contributions of individual chemical moieties in the high-resolution C 1s, N 1s and O 1s spectra of GO-NH2 and GO after reaction with
HDI

Moiety Binding energy [eV] GO-NH2 + HDI [at%] GO + HDI [at%]

C 1s C]C 284.2 � 0.1 4.8 � 1.6 —a

C–C 285.0 33.7 � 1.3 34.0 � 1.0
C–OH, C–NH2 286.0 � 0.1 18.8 � 2.2 9.1 � 0.3
C–O–C 286.8 � 0.3 3.3 � 0.6 12.5 � 1.3
C]O 287.9 � 0.3 0.7 � 0.6 6.7 � 1.2
NH–C(]O)–NH 288.8 � 0.1 8.7 � 0.4 —a

NH–C(]O)–O 289.0 � 0.1 —a 5.4 � 0.7
N 1s NH–C(]O)– 399.8 � 0.1 18.5 � 0.5 7.6 � 0.3

C–NH3
+ 401.4 � 0.1 —a 1.8 � 0.2

O 1s O]C 531.2 � 0.3 8.2 � 0.3 7.6 � 1.1
O–C 532.5 � 0.2 3.2 � 0.6 15.4 � 1.0

a Value was below the detection limit of XPS analysis.
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adsorbent (mmol g�1), qMAX is the maximum amount of dye
adsorbed per unit weight of adsorbent to form a complete
monolayer coating (mmol g�1) and KL is the Langmuir
adsorption constant (L mmol�1).

The Freundlich adsorption isotherm is commonly used for
describing non-ideal and reversible adsorption at heteroge-
neous surfaces. This isotherm is not limited to monolayer
formation and is now commonly used for describing adsorption
processes of organic compounds on carbon (especially active
carbon) materials or molecular sieves.44,46 The Freundlich
adsorption isotherm in the non-linear form can be expressed by
the following equation:

qE ¼ KFcE
1/nF (3)
This journal is © The Royal Society of Chemistry 2017
where KF is the Freundlich isotherm constant (L g�1), nF is the
adsorption intensity, cE is the equilibrium dye concentration
(mmol L�1), and qE is the equilibrium amount of dye adsorbed
per unit weight of adsorbent (mmol g�1).

The Langmuir–Freundlich isotherm (L–F) is a useful and
versatile isotherm, which combines the advantages and
behaviours of the Langmuir and Freundlich isotherms.47

Advantageously, at low adsorbate concentration, L–F is reduced
to the Freundlich isotherm. By contrast, at high concentrations,
L–F behaves as a Langmuir isotherm with monolayer adsorp-
tion capacity.44 The L–F equation can be expressed in the
following form:

qE ¼ qMAX

KLFcE
1=nLF

1þ KLFcE1=nLF
(4)
RSC Adv., 2017, 7, 12464–12473 | 12469
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Fig. 5 Fits of the Freundlich (solid line), Langmuir (dashed line) and
Langmuir–Freundlich (dotted line) isotherms for the adsorption of
AO7 on GO samples (GO-1 to GO-4).
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where cE is the equilibrium dye concentration (mmol L�1), qE is
the equilibrium amount of dye adsorbed per unit weight of
adsorbent (mmol g�1), qMAX is the Langmuir–Freundlich
maximum adsorption capacity (mmol g�1), KLF is the equilib-
rium constant for a heterogeneous solid (L mmol�1) and nLF is
the heterogeneity parameter.48

Amount of free AO7 aer the adsorption experiment was
evaluated using the equation obtained from the linear regres-
sion of the calibration plot, y ¼ 18062x + 0.0368, which shows
a good correlation coefficient (R2 ¼ 0.9989) and RSD < 3% (see
Fig. S3 and S4†). Isotherms were measured in the concentration
range of 6.5 � 10�5 mol L�1 to 2.5 � 10�4 mol L�1. The
maximum adsorption amount (qMAX), correlation coefficient
(R2), and other parameters of all isotherms are presented in
Table 3, and the isotherms are shown in Fig. 5.

According to our experimental data, the adsorption process of
AO7 can be described very well by the Freundlich and Langmuir–
Freundlich models under the concentration range studied. Very
good t to the Freundlichmodel for the AO7 dye (GO-1 and GO-2)
suggests that the surface is heterogeneous. Adsorption is limited
with multilayer coverage and interaction between the adsorbed
molecules. The heterogeneity parameter nF is used to indicate
whether the adsorption is a chemical process (nF < 1), a physical
process (nF > 1) or linear (nF ¼ 1). A value of 1/nF < 1 or 1/nF > 1
indicates normal adsorption; otherwise, it is indicative of coop-
erative adsorption. The measured values of nF > 1 and 1/nF < 1
indicate that the physical process and Langmuir isothermmodel
are favourable for all samples.

On the other hand, in the case of the Langmuir isotherm
model, there is a very important parameter, RL (separation
factor). The separation factor (RL), calculated using eqn (5)
(results are not presented), can be used to verify whether the
adsorption of the studied systems is favourable (0 < RL < 1),
irreversible (RL ¼ 0), linear (RL ¼ 1) or unfavourable (RL > 1).

RL ¼ 1

1þ KLcE
(5)

The values of RL < 1 under our conditions (concentration
range of 2.5 � 10�4 to 4.5 � 10�5 mol L�1) indicate favourable
adsorption in the AO7-GO-NH2 system.

The Langmuir constant KL relates to the affinity of the
binding sites for the adsorbate.49 It can be said that the affinity
Table 3 Freundlich, Langmuir and Langmuir–Freundlich model consta
samples

Sample

Freundlich Langmuir

KF (L g�1) nF (—) R2 (—) KL (L mmol�1)
qMAX

(mmo

GO-1 1.428 6.714 0.9532 810.9 0.940
GO-2 1.118 9.873 0.9905 850.9 0.845
GO-3 0.035 3.313 0.6906 26.0 0.025
GO-4 0.095 15.43 0.4339 240.1 0.085

a Fixed parameters.

12470 | RSC Adv., 2017, 7, 12464–12473
of the AO7 dye decreases in the order of GO-2 > GO-1 > GO-4 >
GO-3.

The heterogeneity parameter, obtained from the L–F model,
conrmed our observation that the adsorption process of the
dye corresponded to the Freundlich model. However, the
samples GO-3 and GO-4 did not follow any of the used
isotherms.

The negligible adsorption of GO-3 and GO-4 is caused by the
limited presence of non-protonated functional groups or the
intercalation of AO7 into the GO structure. It can be said that all
tested GO-NH2 samples (GO-1 and GO-2) are perspective
sorbents with relatively high sorption capacities of anionic dyes
under our studied conditions. We suppose that the higher
sorption capacity of GO-NH2 is probably caused by the presence
of accessible protonated amino groups (probably in the form of
–NH3

+), which easily interact with –SO3
� in the AO7 dye. We

found that the non-ammonia-functionalized samples GO-3 and
GO-4 are not very effective sorbents for anionic dyes, which is
not in compliance with certain results in the available
literature.45,50

The total amount of accessible amino groups in the GO and
GO-NH2 samples obtained by the sorption of AO7 are presented
in Table 4.
nts and correlation coefficients for the adsorption of AO7 onto GO

Langmuir–Freundlich

l g�1) R2 (—)
KLF

a

(L mmol�1)
qMAX

(mmol g�1) nLF (—) R2 (—)

0.8799 2 1.849 3.937 0.9392
0.6995 0.5 3.281 7.585 0.9858
0.6483 0.5 0.105 2.770 0.5038
0.3297 0.5 0.283 11.095 0.3373

This journal is © The Royal Society of Chemistry 2017
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Table 4 The amount of amino groups (number of performed
measurements n ¼ 3) on the GO-NH2 (GO-1 and GO-2) and GO (GO-
3 and GO-4) samples, determined by AO7 absorption after 3 hours of
equilibration

Sample qNH2
(mmol g�1) RSD (%)

GO-1 0.85 0.59
GO-2 0.83 2.58
GO-3 0.02 1.63
GO-4 0.09 4.08

Fig. 7 FTIR spectra of GO-1 before (solid line) and after (dashed line)
AO7 sorption.
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The contents of the amino groups estimated from the AO7
adsorption are signicantly lower the content of nitrogen
determined by EA, which can be explained by the presence of
another type of N-containing functional groups (non-
accessible). We supposed that by using the AO7 adsorption
method, we were able to determine only the amount of acces-
sible amino groups (functional speciation), which correlated
well with the stoichiometry of the GO-NH2-HDI reaction
mentioned above. The results in Table 4 show that there was
a signicant amount of amino groups present in the GO-NH2

samples, while the non-functionalized GO samples (GO-3 and
GO-4) contained practically zero accessible amino groups. The
calculated values for the GO-3 and GO-4 samples can be prob-
ably ascribed to the weak interaction of AO7 with GO surface
functionalities or the intercalation of AO7 into the structure of
GO but not to the accessible amino groups.

3.4. Characterization of samples before and aer sorption of
AO7

Changes in the samples before and aer sorption of AO7 dye
were observed by FTIR (Fig. 6 and 7) and TEM (Fig. 8). The FTIR
spectrum of pristine AO7 (shown in Fig. 6 and 7) contained the
most important bands located in the region of 2000–1000 cm�1.
The band at 1512 cm�1 was assigned to –N–H bond vibra-
tions,51–53 and according to Zhang et al., the band at 1447 cm�1

corresponded to the azo bond vibration.53,54 The band at 1625
Fig. 6 FTIR spectra of GO-3 before (solid line) and after (dashed line)
AO7 sorption.

Fig. 8 TEM images of GO-1 before (A) and after (C) sorption, GO-3
before (B) and after (D) sorption.

This journal is © The Royal Society of Chemistry 2017
cm�1 was a combination of phenyl ring vibrations and C]N
stretching group.53 The bands in region 1600–1450 cm�1 were
linked to characteristic aromatic C]C vibrations.51,53,54 The
bands located in the region of 1250–1000 cm�1 were assigned to
the S–O stretching52,54 and aromatic ]C–H bending vibrations.54

The peaks at 1036 and 1127 cm�1 corresponded to the coupling
between the benzene mode and ns(SO3).53 The FTIR spectra of GO
before and aer (dashed line) sorption of AO7 are shown in Fig. 6.
The typical vibrations of GO at 3424, 1738, 1625, 1403, 1240 and
1080 cm�1 were observed for O–H stretching, C]O stretching,
C]C stretching, O–H deformation, C–O epoxy stretching, and
C–O alkoxy stretching bands.55 The FTIR spectra of GO-NH2

before and aer (dashed line) sorption of AO7 are shown in Fig. 7.
The amination causes the attenuation of 3424, 1738, 1240 and
1080 cm�1 vibrations. The typical bands of primary amines, N–H
RSC Adv., 2017, 7, 12464–12473 | 12471
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and C–N stretching vibrations, were observed at 1570, 844 and
1207 cm�1.10,49 It should be noted that the bands were expanded
and shied by approximately 10 cm�1 for the out-of-plane N–H
bending vibrations from 841 to 834 cm�1.

The band at 1600 cm�1 (Fig. 7) can be assigned to the N–H
stretching of amine groups,10,12,17 and aer the adsorption of
AO7, this band disappeared. This can be explained by the
interaction of the dye with the amine groups, as seen in Fig. 7,
where the bands appearing in the region 1250–1000 cm�1 cor-
responded to S–O stretching (from –SO2 of the dye).52,54 The
band at 1190 cm�1, which appeared aer the adsorption of AO7,
can also be assigned to the sulfonate group vibration,56 and
band at 1443 cm�1 probably to N]N stretching.53 The same
results were observed for the second sample. From the results
discussed above, we assume that the AO7 dye reacted speci-
cally with the amino groups of GO-NH2.

The TEM images (Fig. 8) display the different morphologies
of the GO and GO-NH2 samples before and aer AO7 sorption.
No signicant morphological differences were found in the GO-
3 sample (Fig. 8B and D) before and aer AO7 sorption, showing
the minimal sorption affinity to the AO7 dye. Contrary to that,
the amino-functionalized sample GO-1 (Fig. 8A and C) showed
morphological changes caused by the sorption of AO7 dye and
subsequent agglomeration. This observation conrmed our
assumption that AO7 dye interacts specically with the GO-NH2

surface under the selected experimental conditions.

4. Conclusions

It follows from the investigations of the GO-NH2 reactions with
isocyanate monomer that the NH2 groups on the GO surface play
a key role in the preparation the polyurethane nanocomposites.
We developed a simple and fastmethod to determine the amount
of amino groups accessible for the reaction with isocyanate
monomer. Together with XPS, these methods provide valuable
and complementary information about the GO-NH2 reactivity
and allow to evaluate the potential applicability of GO-NH2 as
a functional polymer ller. The quantication of accessible
primary amino groups was done using the spectrophotometric
method based on the interaction of positively charged groups
with the anionic dye AO7. All amino-functionalized samples
exhibited higher affinity to AO7 dye, contrary to GO samples
without NH2 groups. It was found that ammonia-functionalized
GO samples are perspective sorbents for anionic dyes under the
selected conditions, contrary to non-functionalized GO samples,
according our results. The presence of amino groups on the GO-
NH2 surface was also conrmed by FTIR and XPS, and the
presence of nitrogen was determined by EA.

The accessibility of amino groups of GO-NH2 was success-
fully veried by reaction with HDI, demonstrating the
perspective application of GO-NH2 as a functional ller for
polymer composites.
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35 V. Štengl, Chem.–Eur. J., 2012, 18, 14047–14054.
36 V. Stengl, S. Bakardjieva, T. M. Grygar, J. Bludská and
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