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Abstract: High-degree functionalization of graphene oxide (GO) nanoparticles (NPs) using poly-
dopamine (PDA) was conducted to produce polydopamine functionalized graphene oxide nanopar-
ticles (GO-PDA NPs). Aiming to explore their potential use as nanofiller in membrane separation
processes, the spectral and structural properties of GO-PDA NPs were comprehensively analyzed.
GO NPs were first prepared by the oxidation of graphite via a modified Hummers method. The ob-
tained GO NPs were then functionalized with PDA using a GO:PDA ratio of 1:2 to obtain highly
aminated GO NPs. The structural change was evaluated using XRD, FTIR-UATR, Raman spec-
troscopy, SEM and TEM. Several bands have emerged in the FTIR spectra of GO-PDA attributed to
the amine groups of PDA confirming the high functionalization degree of GO NPs. Raman spectra
and XRD patterns showed different crystalline structures and defects and higher interlayer spacing
of GO-PDA. The change in elemental compositions was confirmed by XPS and CHNSO elemental
analysis and showed an emerging N 1s core-level in the GO-PDA survey spectra corresponding to
the amine groups of PDA. GO-PDA NPs showed better dispersibility in polar and nonpolar solvents
expanding their potential utilization for different purposes. Furthermore, GO and GO-PDA-coated
membranes were prepared via pressure-assisted self-assembly technique (PAS) using low concen-
trations of NPs (1 wt. %). Contact angle measurements showed excellent hydrophilic properties of
GO-PDA with an average contact angle of (27.8◦).

Keywords: graphene oxide; amine-functionalized GO; polydopamine; hydrophilic nanofiller; dis-
persibility; aminated GO

1. Introduction

Graphene and its based materials have been extensively researched recently owing
to their unique and attractive properties. Graphene, which is extracted from natural
graphite, is a two-dimensional material and is made of sp2 hybridized bonded carbon
atoms arranged in a honeycomb structure [1]. One of the commonly explored graphene
derivatives is graphene oxide (GO) that is usually produced from graphite sheets [2].
GO exhibits attractive optical, chemical, and electrical properties caused by the graphene
skeleton and its oxygen content. The oxygenated functional groups located on the edges
of GO sheets cause its hydrophilic properties and make the surface modifications easier
to produce other graphene derivatives [1,3]. GO NPs are generally synthesized by the
oxidation of graphite via the well-known Hummers method [2] and modified/improved
Hummers methods that were developed later to improve the quality of GO NPs [4–6].

Interestingly, GO properties can be significantly tuned/enhanced by a successful
functionalization for a wide range of applications. One of the efficient functionalization
methods being done in this aspect is the amine functionalization of GO NPs. The amination
of GO was investigated in several studies using different amines and was found to enhance
the GO properties such as the hydrophilicity, dispersibility, conductivity, antibacterial
properties, surface area, adsorption capacity, mechanical and thermal stability, and the
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antifouling properties of the materials in contact with water like membranes [7]. Aminated
GO NPs were considered as a promising nanofiller in various membrane processes like
reverse osmosis (RO), forward osmosis (FO), nanofiltration (NF) and ultrafiltration (UF).
In a recent study, Zhang et al. [8] investigated the effect of p-aminophenol-functionalized
GO embedding into thin-film nanocomposite RO membranes (TFN-RO) and reported
a remarkable increase in water flux compared to bare membranes (by 24.5%) and high
NaCl rejection of 99.7%. Further, TFN membranes incorporating the aminated GO ex-
hibited higher antibacterial activity against Escherichia coli (96.78%) compared to those
incorporating pristine GO (90.64%). In a similar study, Xue et al. [9] prepared TFN-NF
membranes incorporating octadecylamine-functionalized GO (GO-ODA). The GO-ODA
based membranes exhibited significant enhancement in the flux (2.5 times the pristine
membrane) and excellent chlorine resistance while maintaining high rejection of sodium
sulfate (98.4%). N-butylamine functionalized GO (GO-ButA) NPs were reported to have
better dispersibility and stability in polymeric solutions and provide higher mechanical sta-
bility for polymeric composites [10,11]. Other applications of the aminated GO NPs include
sensing applications [12], supercapacitors [13], catalysis [14], CO2 adsorption [15], and mi-
crowave adsorption [16]. Table 1 summarizes the recently reported amine-functionalized
GO NPs and their applications.

Table 1. Recently reported amine-functionalized graphene oxide (GO) materials and their applications.

Aminated-GO Application Ref.

GO-p-aminophenol RO desalination [8]
GO-ODA NF desalination [9]

GO-TEOA a NF desalination [17]
GO-APTS UF (Natural organic matter removal) [18]
GO-ButA Membrane distillation (MD) [10]

GO-MXDA b FO desalination [19]
a TEOA: Triethanolamine; b MXDA: m-xylylenediamine.

In 2007, Lee et al. [20] found that dopamine could be self-polymerized in alkaline
media to produce a hydrophilic thin polymeric film (polydopamine) that can be used
for various coating applications. Since then, polydopamine (PDA) have been extensively
explored for a wide range of application in material science. Further, PDA is considered an
adaptable platform for further functionalization with the desired functional groups for dif-
ferent purposes because of the presence of abundant functional groups on its surface [21,22].
Because of such unique properties over other amines, PDA has been widely utilized for
the functionalization/modification of several nanomaterials like multi-walled carbon nan-
otubes [23], silver NPs [24], SiO2 and TiO2 NPs [25,26]. The amination of GO NPs using
PDA was reported in some studies for anticorrosion coatings purposes [27], electrocatalysis
applications [28], and sensing applications [29], too. However, no enough investigations on
the structural characteristics of GO-PDA have been reported yet. In this work, we report a
high-degree functionalization of GO NPs with PDA by increasing the PDA: GO ratio (2:1)
and the reaction time via a simple temperature-assisted reflux approach. A comprehensive
analysis using different analytical techniques was conducted to investigate the chemical,
structural, morphological, and thermal properties of the produced GO-PDA and to confirm
the successful functionalization. These techniques include XPS, XRD, Raman spectroscopy,
FTIR-UATR, CHNSO elemental analysis, SEM, and TGA. Furthermore, the hydrophilicity
and dispersion properties of the GO-PDA NPs in different polar and nonpolar solvents
were investigated to confirm its potential use as nanofiller in membrane technology with
various membrane materials and for different purposes.

2. Materials and Methods
2.1. Materials

Natural graphite flakes (-10 mesh, 99.9%) were supplied by Alfa Aesar, Potsdam,
Germany. KMnO4 (99%), H2SO4 (95%), and toluene (≥99.5%) were obtained from Fisher
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Scientific (Waltham, MA, USA). H3PO4 (99%), H2O2 (30%), HCl (35 to 38%), and hexane
(≥98.5%) were purchased from BDH middle east, Dubai, UAE. Dopamine hydrochloride
(DA), ethanol (≥99.8%), tris(hydroxymethyl)aminomethane (Tris), N,N-Dimethylacetamide
(DMA, ≥99%), and 1-Methyl-2-pyrrolidinone (NMP, 99.5%) were purchased from Sigma
Aldrich (St. Louis, MO, USA). dodecane (≥99%) and N,N-Dimethylformamide (DMF,
≥99.8%) were obtained from Honeywell (Charlotte, NC, USA). Polysulfone substrate (PS-
30) with 20 K molecular weight cut-off was purchased from Sepro Membranes, Oceanside,
CA, USA. The deionized water (DIW) was produced using the ELGA PURELAB Option
water purification system, Lane End, UK. All materials were used as obtained without
additional purification.

2.2. GO NPs Preparation

GO NPs were prepared using a modified Hummers method described in earlier
work [30]. In brief, 24 mL of H2SO4 and 6 mL of H3PO4 (4:1 volume ratio) were mixed and
stirred in an ice bath for 5 min. Then 1 g of graphite and 3 g of KMnO4 were gradually
added into the acid mixture under stirring condition. The reactants mixture was then
placed in an oil bath at a temperature of 95 ± 2 ◦C for 30 min. 50 mL of DIW were then
added to the reactants mixture at the same conditions for additional 30 min. The reactants
mixture was then shifted to an ice bath and 20 mL of H2O2 and 150 mL of DIW were slowly
added to the mixture to terminate the reaction. The resultant solution was then kept at
room temperature to cool down, diluted and washed with 20% HCl solution and was then
centrifuged at 7500 rpm for 20 min. The supernatant was then decanted, and the residuals
were washed with DIW and centrifuged many times until the pH became around 6. Finally,
the products were dried in an oven at 80 ◦C for about 48 h. Figure 1 illustrates the oxidation
procedures of graphite to GO.

Figure 1. Schematic illustration of GO synthesis via the modified Hummers method.

2.3. Functionalization of GO with Dopamine

The amine functionalization of GO NPs with PDA was performed via the temperature-
assisted reflux method [11]. Briefly, 100 mL of 10 mM Tris solution was prepared, and the
pH was adjusted to 8.5 using HCl. 100 mg GO and 200 mg DA were dispersed in the Tris
solution using a bath sonicator for 1 h. The GO-PDA suspension was stirred at 60 ◦C for
48 h in an oil bath under the reflux conditions. The functionalized NPs (GO-PDA) were then
washed and extracted by the solvent evaporation approach. The resulted product was in the
form of fine powders and was dried under vacuum at 80 ◦C overnight. Figure 2 illustrates
the functionalization reaction of GO and the anticipated chemical structure of GO-PDA.
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Figure 2. Illustration of the functionalization reaction of GO with polydopamine (PDA).

2.4. Characterization of GO and GO-PDA NPs

The produced NPs were characterized using various characterization techniques
to confirm the functionalization and to explore its effects on GO properties. XPS mea-
surements were conducted over a 0–1200 eV range on a Kratos AXIS Ultra DLD (Kratos
Analytical Ltd, Manchester, UK) with Al-Kα source and X-ray power of 15 Kv and 20 mA.
The elemental compositions of GO and GO-PDA were analyzed using FLASH 2000 elemen-
tal analyzer (Thermo Scientific™, Waltham, MA, USA). XRD measurements were carried
out using EMPYREAN PANalytical diffractometer (Malvern Panalytical B.V., Eindhoven,
Netherlands) equipped with a Cu-Kα radiation source (λ = 1.5406 Å). FTIR-UATR spectra
were determined using FTIR Perkin Elmer 2000 in the range of 400–4000 cm−1 to study the
surface functional groups of pristine GO and GO-PDA.

Raman spectra of the prepared NPs were obtained with DXR Raman Spectrometer
operated with a 532 nm laser and a 10× objective (Thermo Scientific™). Moreover, the mor-
phological structure of GO and GO-PDA NPs was investigated using SEM analysis that
was conducted using the JEOL model JSM-6390LV. TGA analysis was conducted to assess
the thermal stability of both samples using Pyris 6 TGA (PerkinElmer, Waltham, MA, USA)
under nitrogen gas at a 10 ◦C/min heating rate and over a temperature range of 30–800 ◦C.

2.5. Dispersibility and Hydrophilicity Measurements

To investigate their dispersion properties, pristine GO and GO-PDA were dispersed
in DIW and different organic solvents including, hexane, DMA, DMF, dodecane, toluene,
and NMP. The dispersion tests were performed in an ultrasonic bath (SONREX DIGITEC
DT 255 H, BANDELIN electronic, Berlin, Germany) for 2 h at room temperature and a
concentration of 0.5 mg/mL.

To investigate the hydrophilicity properties of the pristine GO and GO-PDA, both sam-
ples were deposited on a PS-30 substrate using the pressurized assisted self-assembly (PAS)
approach [31]. In brief, two stock dispersions containing 0.02 mg/mL of GO and GO-PDA
NPs in DIW were first prepared using an ultrasonic bath sonicator for 2 h to ensure a good
dispersion of the NPs (Figure 3). 50 mL of the stock solution was then transferred to a
dead-end membrane cell (Sterlitech, Kent, WA, USA) with effective cross-sectional area
of 14.6 cm2. The cell was then pressurized with 4 bar of nitrogen gas to force the water
to pass through the substrate while GO/GO-PDA NPs are being assembled. The NPs
composition in the obtained membranes is 1 wt. % with respect to the effective area of
PS-30. The obtained membranes were then dried in an oven at 50 ◦C. Figure 3 illustrates the
PAS technique for PS/GO and PS/GO-PDA membranes preparation. The hydrophilicity
of the pristine and the coated membranes was then explored using the OCA15 Pro contact
angle analyzer (DataPhysics, Stuttgart, Germany). The contact angle measurements were
carried out at room temperature and using a DIW droplet of 2 µm at different points of
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each membrane sample (minimum of 10 points) and the average contact angle value was
then calculated.

Figure 3. Illustration of the GO/GO-PDA assembly using the pressure-assisted self-assembly (PAS) technique.

3. Results
3.1. Structural Properties of GO and GO-PDA

The structural change represented by the XRD patterns of pristine GO and GO-PDA
NPs is shown in Figure 4. The diffraction peak of the GO sample at 11.2◦ corresponds to the
001 plane of the hexagonal crystal structure of GO [4]; while the peak at 25.9◦ corresponds to
the 002 plane which can be attributed to unoxidized graphite in the synthesized GO [32–34].
The incomplete oxidation of graphite results in the formation of graphite-GO mixture which
is considered one of the main drawbacks of Hummers-based methods [6]. For GO-PDA,
the 001 plane was shifted to 10.9◦ with the presence of several peaks confirming the
structural change resulted from the functionalization reaction. A sharp diffraction peak has
emerged in the GO-PDA patterns at 21.7◦ which is close to the graphite diffraction peak at
25.9◦ indicating a partial reduction of GO [35]. The diffraction peaks at 31◦, 32.2◦ and 32.9◦

have been previously reported with PDA functionalized carbon nanotubes (CNT-PDA)
and they were related to the PDA [36]. Further, the diffraction peaks around 41.4◦ and 42.9◦

were previously reported with rGO/PDA NPs [37]. The interlayer spacing of the samples
(d-spacing) can be correlated to the oxygenated functional groups of GO. The interlayer
spacing of the 001 plane (d(001)-spacing) was calculated by Bragg’s equation to be 7.9 Å
for GO which is close to the values reported for GO synthesized by modified Hummers
methods [4,33,38]. The d(001)-spacing of GO-PDA was found to be 8.1 Å indicating a slight
expansion in the interlayer spacing. The expansion in the interlayer spacing confirms
the formation of new oxygenic functional groups from the PDA between the GO layers.
This can be also demonstrated in the SEM images of GO and GO-PDA presented in Figure 5.
SEM images at different magnifications show a clear difference in the morphological
characteristics resulted from the amination of GO. Images of the unfunctionalized GO NPs
exhibit sharp, clear, and smoother flakes while the GO-PDA NPs exhibited rougher surface
and irregular structure. SEM images at high magnifications show well distribution and
attachment of PDA particles on the surface and between the GO sheets which lower the
stacking level of GO layers and expands the interlayer spacing as demonstrated by XRD
results. The TEM images in Figure 6 depict two distinct morphologies of GO and GO-PDA
NPs. GO NPs exhibited wrinkled surface and highly transparent sheets which can be
related to the lower stacking level of GO sheets. The high transparency and wrinkled
surface indicate a high oxidation level of GO sheets [30,39]. In contrast, the TEM images
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show dense and opaque surface of the GO-PDA NPs indicating a successful grafting of
PDA on the GO surface, which agrees with the results obtained by the SEM images.

Figure 4. XRD patterns of GO and GO-PDA nanoparticles (NPs).

Figure 5. SEM images of GO and GO-PDA NPs.

Figure 6. TEM images of GO and GO-PDA NPs.
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The FTIR spectra of the pristine GO and GO-PDA NPs are shown in Figure 7. The spec-
tra of the prepared GO confirm the oxidation of graphite owing to the presence of sev-
eral bands attributed to oxygen functionalization around ~1041, 1220, 1707 cm−1 corre-
sponding to C–O–C epoxy stretching vibration, C–OH bending vibrations of hydroxyl
groups, and the C=O stretching vibration of carbonyl groups on the edges of GO sheets,
respectively. The band at ~1620 cm−1 corresponds to C=C skeletal vibration from unoxi-
dized graphene [5,39] while the band at ~3300 cm−1 corresponds to the O–H stretching
vibrations which is attributed to the water molecules intercalated between the GO sheets [6].
The successful functionalization of GO NPs can be confirmed by the emerging bands in
the spectra of GO-PDA that are attributed to the amide functionality at ~1285, 1500, 1619,
3038, and 3184 cm−1. These bands have been previously reported in literature and were
related to PDA [40–42]. Further, it was found that the C=O band at 1707 cm−1 was almost
disappeared with GO-PDA demonstrating a partial reduction of GO NPs [28].

Figure 7. FTIR spectra of the pristine GO and GO-PDA NPs.

Raman spectroscopy is a crucial tool for analyzing GO and other graphene-based
materials. A good analysis of the Raman spectra provide quantitative and qualitative
information about the properties of GO like defects, the number of layers, and crystallite
size [43]. Raman spectra of the synthesized GO and GO-PDA are shown in Figure 8a.
The two distinctive bands for graphene-based materials, G and D, are existing in both
spectra at ~1590 and ~1350 cm−1, respectively. It is well-known that the intensities ratio of
these bands (ID/IG) in the first-order spectra is related to the crystallite size of GO NPs [44].
Several studies reported that the ID/IG ratio is inversely proportional to the sp2 crystallite
size [44,45]. Consequently, the first-order spectra of both samples were deconvoluted and
fitted into four peaks, D, D”, G, and D’ at ~1352, 1495, 1585, and 1610 cm−1, respectively.
A fifth peak (D*) emerged in the spectra of GO-PDA at ~1188 cm−1 which was earlier
reported and attributed to disordered graphitic lattices [46,47]. The ID/IG ratio was then
estimated from the fitted spectra. Figure 8b,c) depicts the spectra deconvolution and
peak fitting of GO and GO-PDA, respectively. From the estimated intensities (ID and IG),
the crystallite size (La, nm) for both samples was then calculated using the Tuinstra−Koenig
model [48]:

La =
(

2.4 × 10−10
)

λ4(ID/IG)
−1

where λ is the laser wavelength (nm). The parameters of G and D bands and the evaluated
crystallite sizes La of GO and GO-PDA NPs are presented in Table 2. The crystallite sizes
estimated from the ID/IG ratios were found to be 10.9 and 15.2 nm for the pristine GO and
GO-PDA, respectively. Further, the ID/IG ratio of GO-PDA (1.3) was found to be lower than
this of the pristine GO (1.8) indicating lower oxygen content of GO-PDA [39,49]. This is in
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a good agreement with the results obtained from XRD and FTIR analyses. The complete
bands parameters are listed in Table S1 in the supplementary information. Second-order
bands around (~2500–3200 cm−1) are also presented in the spectra of both samples which
is attributed to second-order phonon processes [43]. The second-order spectra were decon-
voluted into three peaks, 2D, D+D’, and 2D’, as depicted in Figure 8. Bands parameters
estimated from the deconvolution and fitting of the second-order spectra are listed in
Table S2 of the supplementary information. The second-order bands are associated with
the quality of GO [50]. The positions of the 2D and D+D’ peaks were reported to be
good estimators of graphitization degree, represented by Csp2 content, in GO NPs [47].
It was demonstrated in our previous work [30] that the correlations reported by López-
Díaz et al. [47] don’t always provide accurate values of the Csp2 content especially when
other elements like nitrogen are presented in the sample. However, it can be said that the
positions of 2D and D+D’ shifts to higher wavenumbers with samples having lower oxygen
contents. Therefore, the slight shift of 2D and D+D’ positions in the GO-PDA spectra could
be attributed to the lower oxygen content of GO-PDA due to the partial reduction resulted
from the functionalization reaction.

Figure 8. (a) Raman spectra of GO and GO-PDA and illustration of Raman spectra deconvolution
and peaks fitting for (b) GO and (c) GO-PDA.
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Table 2. D and G bands’ parameters of Raman spectra and the estimated crystallite size.

GO Sample Curve Peak Center (cm−1) Peak Area (arb. unit) ID/IG La

GO
D 1352 334053

1.8 10.9G 1588 189857

GO-PDA
D 1352 59039

1.3 15.2G 1583 46638

3.2. Compositional Properties of GO and GO-PDA

XPS survey spectra were recorded to explore the surface elemental compositions,
nature, and the chemical states of the functional groups of both samples. The complete XPS
survey spectra of GO and GO-PDA in Figure 9 shows the existence of O 1s and C 1s core-
levels around binding energies of 531 and 284 eV, respectively. The small peaks at 166 eV
correspond to S 2p indicating the presence of trace amounts of sulphur in both samples.
The N 1s peak emerged in GO-PDA spectra at binding energy of ~398 eV indicates that
GO was successfully aminated with PDA. Additional two peaks emerged in the spectra of
GO-PDA around 196 and 266 eV corresponding to Cl 2p and Cl 2s due to the chlorine con-
tent of dopamine. For a better interpretation of the XPS spectra, C 1s and O 1s core-levels
were deconvoluted and the abundance percentage of functional groups are presented in
Figure 10a–d. Four peaks were obtained by deconvoluting the C 1 s region of GO: C=C/C–
C (40%) at a binding energy of 284 eV attributed to sp2 bound graphitic carbon, C–O (41%)
at 286 eV related to the epoxide groups, C=O (14%) of the carbonyl functional groups at
287 eV, and the carboxylic group on the GO edges (COOH) at 289 eV (5%). These peaks
were reported in the literature for GO NPs [5,33,51]. Similar peaks were obtained from the
deconvolution of C 1s core-level of GO-PDA in addition to a fifth peak corresponding to
C–NH2 at a binding energy of 281 eV emerged from the PDA amine groups [52], which re-
sulted in a slight reduction in the compositions of oxygen-containing groups. The deconvo-
lution of the O 1s spectra illustrated in Figure 10c,d resulted into four main peaks, O–C=O,
C=O, C–O, and C–O–C, at binding energies of ~530, 531, 533, and 535 eV, respectively [4].
The N 1s peak emerged in the GO-PDA spectra was deconvoluted and fitted into three
main peaks at binding energies of 402, 399, and 396 eV corresponding to primary amine
(N–H2), secondary amine (N–H), and aromatic/tertiary amine (N–C) functional groups,
respectively, as illustrated in Figure 10e [53–55]. The primary amine is linked to the
dopamine, the secondary amine corresponds to the polydopamine and the tertiary amine
corresponds to the tautomers of 5,6-dihydroxyindole and 5,6-indolequinone [54].
Peak parameters and the corresponding atomic compositions estimated from the XPS
fit are listed in Table S3 of the supplementary information.

Figure 9. XPS survey spectra of GO and GO-PDA.
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Figure 10. High-resolution and deconvolution of XPS spectra of (a) GO C 1s, (b) GO-PDA C 1s, (c) GO O 1s, (d) GO-PDA O
1s, and (e) GO-PDA N 1s core-levels.

Tables 3 and 4 list the elemental compositions of GO and GO-PDA as determined by
the XPS and CHNSO elemental analyzer, respectively. When comparing the compositions
obtained by the two techniques, it is clearly seen that the carbon is overestimated in
the XPS analysis for both samples which is previously observed in some studies in the
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literature [4,5,33,56]. The difference between the elemental compositions obtained from
the two techniques can be related to the fact that the CHNSO analyzer gives information
about the bulk sample [57,58]; while XPS can only provide information about the average
distribution on the surface only [59]. The results obtained from CHNSO analysis show a
good oxidation degree of graphite to GO with an oxygen content of 50 wt. % and an atomic
O/C ratio of 0.8. However, the functionalization with PDA resulted in partial reduction
of GO lowering its oxygen content to 37.7 wt. % and O/C ratio to 0.6 which agrees with
the FTIR results. The reduction is not as significant as this reported with other amines
like n-butylamine [11], dodecylamine [60] or melamine [61], which can be ascribed to
the oxygenated functional groups of PDA that compensated some of the reduced oxygen
in GO.

Table 3. XPS elemental compositions of the GO and GO-PDA NPs.

Sample Atomic Composition (at.%)

C 1s O 1s N 1s S 2p Cl 2p Cl 2s

GO 74.58 24.52 0.5 0.4 - -
GO-PDA 69.94 20.61 6.61 0.11 1.82 0.91

Table 4. CHNSO elemental compositions of the GO and GO-PDA NPs.

Sample Wt.% At.%

N C H S O N C H S O O/C

GO 0.3 46.8 2.6 0.3 50.0 0.2 40.3 27.1 0.1 32.3 0.80
GO-PDA 7.8 49.8 4.8 0.0 37.7 4.7 35.2 40.1 0.0 20.0 0.6

3.3. Dispersibility and Hydrophilicity

Figure 11 presents photographs of GO and GO-PDA suspensions after sonication.
Pristine GO exhibited good dispersibility in DIW, NMP, DMF, and DMA; while with other
solvents (i.e., hexane, toluene, and dodecane), the dispersibility was very poor. These ob-
servations were previously reported in some studies in literature and are mainly attributed
to the polarity of GO [11,62]. In contrast, GO-PDA showed high dispersion in all solvents
except in hexane with average dispersibility. The high dispersibility of GO-PDA in polar
and nonpolar solvents expands its potential uses for various applications over the pristine
GO including surface functionalization of RO and NF membranes [8,63], anticorrosive
coatings [64], conductive inks [65], and oil recovery [66]. Figure 12 presents the optical mi-
crographs of GO and GO-PDA dispersion in DIW with a low concentration (0.02 mg/mL).
It is obvious that the pristine GO NPs agglomerate even at this low concentration. In con-
trast, GO-PDA NPs showed less agglomeration and have better dispersibility in water
than the pristine GO. This observation indicates that GO-PDA NPs have higher dispersion
stability in water with less agglomeration. This could be attributed to the hydrophilic
functional groups of PDA that provide better dispersibility and stability of GO NPs.

Figure 13 depicts photographs of the pristine PS-30 and the NPs coated membranes
with their hydrophilicity in terms of contact angle. Obviously, the surface hydrophilicity
of PS-30 was slightly enhanced with GO NPs deposition. The average contact angle of
the pristine PS-30 substrate was measured to be 76.7◦ while it was reduced to 53.3◦ after
the coating with the GO layer. This observation has been reported in several studies with
different membrane materials and was attributed to the hydrophilic nature of GO [67,68].
Interestingly, the contact angle was much lower (27.8◦) with the assembly of the GO-PDA
layer suggesting higher hydrophilicity of GO-PDA than the pristine GO NPs. The high
hydrophilicity of GO-PDA can be explained by the presence of abundant hydroxyl groups
of PDA that is consistent with the predicted chemical structure of GO-PDA NPs in Figure 2.
The high hydrophilicity accompanied by the high dispersibility makes the GO-PDA NPs
efficient nanofiller in membrane technology. The high dispersibility allows the utilization
of GO-PDA with different types of membranes that use NMP, DMF, and DMA to prepare
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mixed matrix membranes (MMMs), dodecane or hexane, to prepare thin-film nanocompos-
ite (TFN) membranes, or water to prepare coated membranes based on assembly approach.
In a recent study, we compared the effect of embedding pristine GO NPs and GO-PDA on
the ultrafiltration performance of polysulfone (PSF) mixed matrix membranes (MMMs) [69].
Different concentrations of the pristine GO and GO-PDA NPs were embedded into the
PSF matrix using the well-known phase inversion technique. The results showed superior
enhancements in the flux without influencing the rejection. PSF MMMs incorporating
0.1 wt. % GO-PDA exhibited a pure water permeability of 326.5 LMH/bar compared to
182.9 and 164.5 LMH/bar with pristine PSF and PSF incorporating the same concentra-
tion of pristine GO. Additionally, GO-PDA-based membranes showed high antifouling
performance against organic and protein fouling and exhibited 30% increase in the flux
recovery ration (FRR) compared to the pristine PSF. The advantageous performance of
GO-PDA membranes is mainly attributed to the higher dispersibility and hydrophilicity of
the functionalized GO compared to the pristine GO NPs. One of the main drawbacks of
pristine GO is the poor dispersion in some solvents which causes agglomeration and hence
limiting the overall performance of the membrane [68,70]. The use of GO-PDA NPs is not
limited to MMMs as the high dispersibility would enhance their utilization with different
membrane processes and with different materials.

Figure 11. Photographs of GO and GO-PDA dispersions in various solvents.
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Figure 12. Optical micrographs of GO and GO-PDA dispersion in DIW (0.02 mg/mL).

Figure 13. Contact angle of PS-30, PS/GO, and PS/GO-PDA membranes.

3.4. Thermal Stability

The thermal stability of the pristine GO and GO-PDA was studied using TGA analysis.
Figure 14 illustrates the TGA curves of GO and GO-PDA and their corresponding deriva-
tives. Three stages of weight loss can be observed from the TGA curves of both samples.
A minor weight loss around 100 ◦C attributed to the release of water intercalated between
GO sheets [6,71]. The second stage represents the thermal decomposition of unstable
oxygenic functional groups (carboxyl, epoxy, and hydroxyl) [33,72] resulting in a major
weight loss of the sample. The major weight loss of GO and GO-PDA occurred around 243
and 263 ◦C, respectively, as depicted by the derivative curves. This indicates better thermal
stability, at this stage, of GO-PDA than the pristine GO which can be explained by the
partial GO reduction and the replacement of some oxygen-containing functional groups
with amine groups that slow down the thermal decomposition. The final stage of thermal
decomposition occurs then at high temperatures at which the most stable functional groups
decompose [33,38]. The weight of GO-PDA at the final stage decreased sharply to 50%
around 440 ◦C; while the 50% loss occurred around 612 ◦C for pristine GO. The TGA
curves also suggest a lower char yield of GO-PDA (about 35% at 600 ◦C and 13% at 800 ◦C)
compared to the pristine GO (about 52% at 600 ◦C and 19% at 800 ◦C). The difference in
thermal stability of GO and GO-PDA can be related to the different functional groups
presented in each sample, as the thermal decomposition is highly dependent on the bond
dissociation energies [33].
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Figure 14. TGA curves and the corresponding derivative curves of GO and GO-PDA.

4. Conclusions

Facile functionalization of GO NPs with PDA has been reported in this work to obtain
highly aminated GO NPs with superior hydrophilic properties. Starting from natural
graphite, GO NPs were synthesized using a modified Hummers method. All character-
ization techniques confirmed the successful functionalization of GO NPs. FTIR-UATR
and XPS spectra showed the presence of several nitrogen-containing functional groups
corresponding to amine groups of PDA. Also, a partial reduction in oxygen content was
confirmed by XRD, FTIR-UATR, Raman spectra, XPS, and CHNSO elemental analysis
caused by the reduction of C=O in functionalized GO. Raman spectra showed the two
typical bands of GO (D and G) in both samples with a lower ID/IG ratio for GO-PDA
suggesting different crystallite properties and defects and lower oxygen content. This was
also confirmed by XRD analysis which showed different interlayer spacing (d-spacing) for
both samples. The interlayer spacing for GO-PDA was higher than this of pristine GO that
can be attributed to the presence of newly formed oxygenic functional groups from PDA.
TGA analysis showed that GO-PDA decomposes faster and has a lower char yield than the
pristine GO due to the different functional groups in each sample. Interestingly, GO-PDA
showed better dispersibility in polar solvents (water, DMF, DMA, and NMP) and nonpolar
solvents (hexane, dodecane, and toluene). The high dispersibility expands the range of
potential applications of GO-PDA. Further, the hydrophilicity represented by contact angle
was significantly improved because of the abundant hydroxyl groups of PDA, even with
low concentrations of GO-PDA layer (1 wt. %) on the PS substrate. Therefore, GO-PDA
has the potential as nanofiller for modifying different membrane materials and types due
to the higher hydrophilicity and dispersibility.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-037
5/11/2/86/s1, Table S1: Bands parameters estimated from the Raman first-order spectra fits, Table S2:
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and the atomic compositions estimated from the XPS spectra fits.
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