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Abstract

In this study, we have developed a novel mesoporous SiO> - graphene oxide hybrid material
(Si02NH2-GO) as highly efficient adsorbent for removal of cationic organic dyes from water.
The fabrication of such a three-dimensional (3D) SiO,NH>-GO composite has been achieved
via the condensation reaction between the amine units exposed on 3-aminopropyl-
functionalized silica nanoparticles and the epoxy groups on surface of GO. As a proof-of-
concept, SIO2:NH2-GO was used for the removal of archetypical dyes from water and revealed
outstanding maximum adsorption capacity towards methylene blue (MB), rhodamine B (RhB)
and methyl violet (MV) at pH 10 reaching 300, 358 and 178 mg g'! for MB, RhB and MV,
respectively, thus outperforming the neat components of composite, i.e. GO and SiOa.
Moreover, the adsorption process revealed that ~ 99.7 % of MB, RhB and MV have been
removed in only 3 min thereby highlighting the superior nature of SiO>2NH2-GO composite with
respect to most of graphene oxide-based adsorbents of organic dyes. Finally, the composite was
used in solid phase extraction (SPE) as column packing material, for continuous water
purification, thus highlighting the great potential of SiO2NH2-GO for the large-scale removal

of cationic dyes from aqueous solutions.



1. Introduction

The increasing contamination of aquatic systems with organic and inorganic pollutants
represents a major challenge in the field of environmental science.[1] Since the dye
manufacturing was introduced, more than 100 000 different water-soluble organic dyes are
being used in a wide range of industries such as textile, paper, printing, leather, polymer,
cosmetics and others.[2, 3] Noteworthy, organic dyes are considerably toxic for health and
environment even in low concentrations,[4-6] and may cause cancerogenic and mutagenic
effects, which can lead to health disorders such as dysfunction of the liver, brain and central
nervous system.[5, 7, 8] It is well known that about 10-15 % of all dyes used in the industry are
lost in the wastewater during processing. Therefore, the development of highly-efficient and
low-cost purification methods is highly desirable.[9-11] Biodegradation of organic dyes is time-
consuming and ineffective, therefore adsorbents with high (photo)chemical stability gained
considerable attention in purification systems causing development of high performance and
eco-friendly materials for adsorption.[12, 13] Among various dye removal techniques,
adsorption process based on capturing the adsorbate (pollutants) by an adsorbent is attractive
due to wide range of potential sorption materials with high efficiency and affinity toward
miscellaneous contaminants.[14-16] Recently, atomically thin two-dimensional materials
(2DMs) gathered a great interest in the scientific community due to their outstanding
mechanical, electrical, optical and thermal properties, combined with a high chemical
stability.[17] In particular, their highest surface-to-volume ratio endorses these materials as
suitable candidates for the efficient adsorption of a wide range of contaminants.[18-21] On the
other hand, 2DMs are insoluble and difficult to be dispersed in aqueous solutions due to their
hydrophobic nature and tendency to aggregated in aqueous solution via strong van der Waals
interactions. Moreover, their hydrophobic character also hampers the adsorption process of
cationic dyes or heavy metal ions from aqueous solution on their surfaces. In this context, the

adsorption capacity of 2DMs can be significantly increased by decorating them with functional



groups. Notably, its oxygen-containing functional groups such as epoxy, carbonyl and
carboxylic moieties endows graphene oxide (GO) a multitude of facile functionalization
possibilities as well as a good water dispersibility.[22-24] Because of these reasons, GO-based
nanomaterials have been recently considered as attractive candidates for sequestering pollutants
from aquatic systems[24, 25] in view of its superior features over the other adsorbents such as
activated carbon. In fact the latter interacts with pollutants like water-soluble organic dyes via
weak hydrophilic interactions, resulting in weak purification performance.[26] Moreover,
oxygen containing groups of GO may undergo ionization or can act as electron acceptors,
thereby allowing the occurrence of electrostatic interactions, m-n stacking and hydrogen
bonding and eventually also ion exchange between dye molecules and surface of GO.[27, 28]
Not surprisingly, it was reported that GO exhibits ultrahigh adsorption capacity towards
cationic dyes and outperforms other adsorbents. In particular, the adsorption capacity of GO
and its different forms including reduced GO (rGO), magnetic graphene oxide (MGO) and
reduced magnetic graphene oxide (MrGO) was explored by Akrami et. al. [29] for adsorption
of methylene blue (MB), which is one of the most widely used cationic dye. The maximum
values of adsorption capacities were determined as 116 mg/g, 168 mg/g, 82 mg/g and 114 mg/g
for GO, MGO, rGO and MrGO, respectively.[29] Yet, the high dispersibility of GO in water
hampers its use in industrial systems since the residual GO cannot be easily removed from post-
adsorption dispersions and may cause secondary pollution. To overcome this drawback, the
functionalization of GO with organic and inorganic moieties have been explored which resulted
in a large library of GO-based materials exhibiting strong adsorption affinity towards various
pollutants.[28, 30-38] In this case, the fabrication of functionalized materials through covalent
reactions between pristine GO nanosheets are particularly attractive. Noteworthy, the
functionalization presented in this work aimed at generating a hybrid system in which
synergistic effect between both components is one of the most important features of the newly

obtained composite. Many different features affect this type of property, including specific



surface area, type of interactions between the components, mass transfer efficiency etc.[39]
Another major limitation of neat GO arises from its poor porosity, which limits the number of
available coordination sites. Such a problem can be potentially overcome by covalently
bridging GO layers with molecular pillars to form three-dimensional (3D) macroscopic porous
structures. On the other hand, mesoporous silica, introduced in the 1990s by Kresge,[40] is
attracting a growing interest for water treatment chemistry due to its various remarkable
properties such as high specific surface area, large pore size, chemical inertness. Depending on
the morphological characteristics, presence of different functional groups and adsorption
conditions, mesoporous silica might exhibit good adsorption efficiency towards organic
pollutants. However, 3-aminopropyl-functionalizd silica itself exhibits relatively low
adsorption capacity due to presence of partially protonated amine groups diminishing efficiency
of cationic dyes electrostatic attraction. Yet, because of an abundant repertory of surface
functional groups it can be chemically tailored for excellent selectivity towards specific
contaminants, good stability and low-cost of production.[41-43] Several works exploring
mesoporous silica and silica-modified functionalized with graphene oxide for applications have
been reported, highlighting the potential of those hybrid materials in biomedicine,
electrochemistry as well as efficient adsorption systems for heavy metal ions,
organophosphorus pesticides and other organic contaminants.[44-50]

Here we report a facile and low-cost method to produce a novel generation of GO-based
adsorbent obtained via the condensation between 3-aminopropylsilica particles (SiO2NH>) and
GO for the effective removal of cationic dyes including methylene blue (MB), rhodamine B
(RhB) and methyl violet (MV) from water (Figure 1). Different adsorption parameters were
systematically investigated and a mechanism was proposed. The adsorption kinetics and
isotherms of MB, RhB and MV cationic dyes on SiO2NH>-GO material were estimated with
the pseudo-first and -second order as well as Freundlich and Langmuir isotherm model.

Moreover, the SiO2NH>-GO hybrid was used as solid phase extraction (SPE) column packing



material which allows achieving high flow-rate with excellent recovery, precision and

adsorption at the level of 99% of initial dye content.

SiO,NH,-GO =

Figure 1. Chemical structures of the adsorbent (SiO2NH>-GO) and cationic dyes: methylene
blue (MB) rhodamine B (RhB) and methyl violet (MV).

2. Experimental

2.1 Starting materials

Graphene oxide 4 mg mL"!' aqueous solution was acquired from Graphenea. 3-(aminopropyl)-
functionalized silica (diameter of 40-63 um), methylene blue, rhodamine B, methyl violet,
ethanol, hydrochloric acid and sodium hydroxide were purchased from Sigma Aldrich and used
directly without further purification. All the solutions were prepared using MiliQ DI water (0.05
uS cmt).

2.2 Preparation of SiO:NH>-GO adsorbent

A batch of SiO,NH>-GO is prepared as follows: a mixture of ethanol (50 ml) and GO (50 ml, 4
mg mL!) was sonicated for 15 min and then suspension of 3-(aminopropyl)-functionalized
silica (1 g) dispersed in 200 ml of ethanol was added. The mixture was rigorously stirred
overnight under reflux. The precipitate was then filtrated and rinsed with a large amount of

water and ethanol. The resulting black powder was then freeze-dried for 24h under vacuum.



2.3 Characterization

The morphology of SiO>NH>-GO was analyzed by scanning electron microscopy (SEM) with
a FEI Quanta 250 FEG instrument equipped for energy dispersive X-ray (EDX) analyses. The
accelerating voltage was 5 keV incident beam energy. SEM samples were placed on alumina
substrates. X-ray powder diffraction (XRD) experiments were conducted on powder specimens
using Bruker ASX D8 Advanced equipped with Cu anode with Ka radiation (A = 1.5418 A).
Diffraction patterns were collected at room temperature in the scattered angular range between
6° and 40° with an angular resolution of 0.02° per step and a typical counting time 4 of 10 s per
step. Fourier transform infrared (FTIR) spectra of samples were recorded on Perkin Elmer
Spectrometer (Spectrum Two) equipped with ATR Diamond in the range of 400-4000 cm!.
The specific surface areas were measured by means of a Micromeritics ASAP 2050 surface
area and porosity analyzer. The specific surface area was calculated from adsorption/desorption
isotherms of N> at 77 K by multi-point Brunauer—-Emmett-Teller (BET) method. The pore size
distribution was obtained from Barret—Joyner—Halenda (BJH) method. The samples were
previously outgassed for 10 hours at 100 °C. X-ray photoelectron spectroscopy (XPS) analyses
were carried out on a Thermo Scientific KAlpha X-ray photoelectron spectrometer with a basic
chamber pressure of ~10" mbar and an Al anode as the X-ray source (X-ray radiation of 1486
eV). Spot sizes of 400 pm were used and pass energies of 200.00 eV for wide energy scans and
10.00-20.00 eV for scans were used. 5 mg of GO, SiO2NH> and SiO>2NH»>-GO were attached to
copper film. Thermal gravimetric analysis (TGA) decomposition curves are recorded in the
range 25-700°C operating under nitrogen atmosphere, with a thermal step of 10 °C/min on a
Mettler Toledo TGA/SDTA851e system. Raman spectra were recorded by a Renishaw
microscope with a 100x objective, laser excitation wavelength of 532 nm and laser power of
0.05%. The silicon peak at 520.3 cm™!' was took as reference for wavenumber calibration. Point

of zero charge of adsorbent was determined following previously reported method.[51] The



concentration of samples was evaluated using UV-Vis spectra observing adsorption at 664, 554,
579 nm for methylene blue, rhodamine B and methyl violet, respectively.

2.4 Adsorption studies

The maximum adsorption capacity (qmax) Was investigated by adsorption isotherms representing
the mathematical relation of the organic dye adsorbed by one gram of adsorbent to the
equilibrium solution concentration at constant temperature.[52] The adsorption of organic dyes
on SiO2NH2-GO was carried out by mixing 5 mg of adsorbent and 15 ml of dye solution at the
desired concentration, then solution pH was adjusted with HCI (0.1 M) or NaOH (0.1 M) to
study the effect of initial pH. The mixtures then were stirred with speed of 400 rpm for 24 hours
at room temperature to achieve the adsorption equilibrium. The adsorbent was separated from
the dye solution by centrifugation and the equilibrium concentration of the dye in solution was
determined by means of UV-Vis spectroscopy. The adsorption capacity g (mg g!) of dyes onto

SiO2NH>-GO hybrid was calculated from the following equation:

(CO - Ce)V

Maas

Where g (mg g!) is amount of organic dye adsorbed on SiO>-NH>-GO at equilibrium, Cy and C.
are the initial and equilibrium concentrations of dyes in solutions (mg L!) respectively, V is the
volume of solution (L) and maqss is mass of adsorbent used (g). Among various adsorption
isotherm models Freundlich and Langmuir are most commonly used for the analysis of organic

dyes adsorption. The Freundlich model can be expressed as[16, 52]:

e = KFCel/n

where Kr (L mg') and 1/n are the Freundlich adsorption constant, representing adsorption
capacity, and adsorption intensity, respectively. C. represents equilibrium concentration of
organic dye while ¢. is amount of dye adsorbed at equilibrium time. The Langmuir is

represented by following equation:



— qmaxKL Ce
RS ENCAN
where C,and ¢, are as defined above, g, (mg g') and K; (L mg"') are Langmuir adsorption

constants related to adsorption capacity and adsorption rate, respectively.

2.5 Kinetics and thermodynamics

In the present study, the kinetics of an adsorption process are investigated using the pseudo-
first and pseudo-second order rate adsorption models were performed at 298, 303, and 313 K
under the conditions of pH 10 by mixing 30 mg of adsorbent into 50 ml (conc.
50 mg L) of MB, RhB and MV at 25°C at pH of 7. The pseudo-second-order rate equation of

McKay and Ho can be represented as:

t 1 t

= +
q: kyqz  q.

where g., ¢: and ¢ are defined above, k represents rate constant (g min! mg™).
The thermodynamics of the adsorption process was investigated by using the aforementioned
conditions at three different temperatures: 298, 313 and 333 K. The free energy changes of the
sorption reaction are given by the following equation:

AG°® = —RTInkK,
where AG® represents standard Gibbs free energy change, R is the ideal gas constant (8.314J
mol'K™), T is the absolute temperature (K) and Ky is the distribution coefficient. The enthalpy
AH? and the entropy AS° changes can be calculated from the van’t Hoff equation:

L JAH AS°
o = pr TR

2.6 Solid Phase Extraction (SPE) experiments
The SPE purification column was prepared by placing 2 g of SiO2NH2-GO suspended in
distilled water inside of glass column with diameter of 30 mm and lower frits of 5 pm. Column

filling was firstly activated using NaOH solution (100 mL, 0.1 M). Adsorption experiments



were carried out by passing one liter of each organic dye (50 mg L!) through SPE column and
then determined by UV-Vis spectroscopy. In order to re-generate SPE column, 1 M HCI
followed by Millipore deionized water was passed through the column. The adsorption capacity
variation upon SiO>2NH>-GO regeneration is defined as: (¢/qmax) x 100, where gmax 1s maximum

adsorption capacity.

3. Results and Discussion

3.1. Synthesis and Characteristics of SiO;NH>-GO

In order to understand the nature of the interaction between the SiO;NH; and GO, a
comprehensive physical and chemical analysis was performed. Scanning electron microscopy
(SEM) was employed to study the morphology of the multicomponent systems. The images in
Figure 2¢ show that SiO,NH>-GO exhibits a homogenous porous structure with respect to
pristine SiO,NH> and GO (Fig. 2a-b). Energy-dispersive X-ray spectroscopy (EDX)
investigation (Figure 2b) provided evidence for the uniform distribution of the SiO;NH>

particles within the hybrid SiO,NH>-GO material.

’ 'GOSiO,NH,

Figure 2. Scanning electron microscopy (SEM) image displaying the morphology of a)
SiO,NH2 b) GO and c¢) SiO.NH>-GO and EDX elemental mapping of d) carbon (C, blue), e)
oxygen (O, green) f) silicon (Si, purple).



The porosity of SiO2NH2-GO was investigated by adsorption-desorption isotherms of Ny at 77
K. It revealed a specific surface area, as calculated by Brunauer-Emmett-Teller (BET) model,
of 405.5 m?g-!. Such value is much greater than the one quantified in the starting GO material
which displays a specific surface area of ca. 108 m? g'!. The increase is provided by attachment
of GO sheets to the SiO>NH, with large specific surface area (341.8 m? g!), which can be also
observed on XRD spectra as significant increase in the inter sheets spacing (Figure 3a). The
average pore size diameter, as calculated with the Barrett-Joyner-Halenda (BJH) model,
amounts to 70.4 A (see Table S1 in Supporting Information). Fourier transform infrared
spectroscopy (FTIR) was used to prove the covalent cross-linkage of the SiO,NH; particles to
GO (Figure 3b). The pristine GO displays typical peaks corresponding to a variety of oxygen-
containing functional groups. The peak at 1724 c¢cm! is attributed to the C=0 stretching of
carboxylic acid groups, 1624 cm™ to the sp?> C=C bonds, 1216 cm™' and 1054 cm™! to C-O
stretching of epoxy and alkoxy groups, respectively and a broad band due to O—H stretching
vibrations in carboxyl and alcohol functionalities around 3390 cm'.[53] The spectra of
SiO>NH: exhibit very strong and broad band at 1075 cm™ which is usually assigned to the Si-
O-Si asymmetric stretching vibrations, whereas the band at 801 ¢m™! corresponds to Si-O-Si
symmetric stretching vibrations. Once the aminosilica interacts with GO, a reaction between
amine groups of SiO>2NH: with epoxy units located on the basal plane of GO flakes takes place.
As a result, the reaction is accompanied by a strong decrease in the intensity of the C-O band
with the appearance of strong and broad absorption at 1075 and 801 cm!, which was not
monitored in the neat GO and corresponds to Si-O-Si bond from SiO.NH> material. Such a
result confirmed the structural integrity of SiO,NH> whose architecture is well retained in the
hybrid structures SiO,NH>-GO. Moreover, the shift of peak at 1631 cm! visible on SiO,NH,
spectra which corresponds to N-H bending of primary amines shifts to 1670 cm™ confirming
formation of secondary amine group while functionalization. The significant decrease of peak

intensity at 1724 cm!, compared to the spectra of pristine GO and SiO>-NH>-GO, suggests the



partial reduction of carbonyl species, which takes place during the functionalization process.
The SiO2NH2-GO hybrid was further characterized by Raman spectroscopy which is a well-
established technique to explore carbonaceous materials. Raman spectra (see Figure S1) exhibit
two prominent peaks of GO, i.e. the D band (1358 cm™) corresponding to sp3-hybridized carbon
atoms and the G band (1592 cm!) originated from the scattering of the E»g photon of the sp?-
hybrydized carbon bond from the aromatic regions of GO.[54, 55] Comparably, in spectrum of
SiO2NH>-GO the value of G band shifts to a lower wavenumber, reaching 1586 cm’!, thereby
confirming the covalent functionalization of the graphitic materials.[56] Typically, chemical
modification of graphene materials is often characterized by the changes in the ratio of the D
and G bands areas. The intensity ratio Ip/lg is commonly used to determine the degree of
functionalization of graphene-based nanostructures.[57] As the result of the functionalization,
the Ip/lg intensity ratio increases from 0.93 to 1.12, offering an indirect evidence of the
increased content in sp? carbon atoms upon functionalization. The crystallinity, and in particular
the interlayer distance within GO and SiO:NH>-GO were investigated by wide-angle X-ray
scattering (WAXS) (Figure 3c). A typical sharp peak 26 at ~10.01° for pristine GO corresponds
to an interlayer spacing of 0.87 nm due to the (002) reflection of stacked GO sheets, in
accordance with previously reported values.[58, 59] Additionally, an amorphous peak at 20 =
22.15° was recorded and corresponds to silica particles characterized by variable Si-O-Si bond
angles. Upon functionalization process, the typical 20 peak of GO (distance 1.06 nm) shifts
toward lower angles 20 = 8.35°, which can be assigned to solvent molecules intercalation.
Moreover, the high intensity of broad peak coming from amorphous content provides evidence
for the presence of a significant amount of silica in the SiO>2NH>-GO hybrid material. The
thermal stability of GO, SiO2NH: and SiO:NH>-GO was investigated by means of thermal
gravimetric analysis (TGA). Figure S2 reveals that GO undergoes a significant weight loss (ca.
40%) in the range of 150-300°C, likewise the SiO>NH>-GO composite, indicating the

decomposition of oxygen-containing functional groups.[60] Notably, SiO-NH> exhibits high



thermal stability showing a minor weight loss starting at 350°C caused by organic content
decomposition, which is also observed for the SiO2NH>-GO hybrid. High-resolution X-ray
photoelectron spectroscopy (XPS) measurements of pristine GO and SiO,NH>-GO made it
possible to gain further information onto the chemical composition of materials (Figure 3d-f).
The significant difference between the carbon (Cls), oxygen (Ols) and nitrogen (N1s) peaks
provided evidence for the chemical bond formation between the oxygen-containing functional
groups on the surface of GO and amine groups from SiO;NH». In particular, wide energy
spectrum exhibited the appearance of new peaks in SiO2NH>-GO hybrid material at 400.4 eV,
144.6 eV and 102.0 eV corresponding to N1s, Si2s and Si2p signals, respectively (Figure S3).
The Cls XPS spectrum of the neat GO (Figure 3d) shows typical peaks at 284.5 eV (C-C/C=C),
287.8 eV (C-0), 286.6 eV (C=0) and 288.6 eV corresponding to carboxylic species present on
edges of GO. Comparably, the Cls spectra of SiO,NH>-GO feature a new prominent peak at
286.0 eV, which can be assigned to C-N bonds present in amino silica and also resulting from
the reaction of amine groups with opening epoxy rings (Figure 3f). Moreover, a significant
decrease of peak corresponding do C-O moieties suggests major functionalization due to
epoxide ring opening. In parallel to the functionalization reaction, a slight reduction of carbonyl
functional groups on GO surface is observed on Cls spectra, which is in the line with FTIR
results. The high resolution Ols spectrum of SiO2NH>-GO indicates the presence of both Si-O
and C-O peaks at 532.2 eV and 533.5 eV, respectively also existing in Ols spectra of GO and
SiO,NH: solely (Figure S4a-c). Moreover, changes due to the introduction of nitrogen species
within the GO structure are observed in the high-resolution Nls spectra indicating the
successful functionalization of SiO>.NH; with the GO nanosheets (Figure S4d-f). The Nls
spectrum of SiO2NH: can be deconvoluted into three main peaks at 399.0 eV and 401.5 eV and
402.5 eV which can be ascribed to residual primary amines, secondary amines created while
opening of epoxides and quaternary amines (NH4") which co-participate in functionalization

providing electrostatic interactions with deprotonated carboxylic species. Notably, the amount



of N-C bonds increases due to reaction between NH> groups of silica with epoxy-carbon atoms

on surface of GO.
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Figure 3. (a) BET adsorption/desorption isotherm of N> for SiO2NH>-GO composite. (b) FTIR
spectra of GO, SiO2NH> and SiO>NH>-GO composite. (¢) XRD patterns of GO, SiO>NH; and
Si0>,NH2-GO composite. Cls high-resolution XPS spectra of: (d) GO, (e) SiO.NH> and (f)
SiO>NH>-GO.

Zeta potential measurements done in aqueous solutions of GO and SiO>NH> samples in function
of pH (Fig. S14) provide important insight into the dispersion stability of colloids and
electrostatic interaction between different graphene oxide sheets. The obtained results reveal
that, the zeta potential of GO is highly negatively charged with an average value of -35 mV at
pH over 4, which are resulting from the presence of the oxygen species its surfaces. It is evident
from the literature that a zeta potential absolute value of higher than 30 mV indicate the stability
of the graphene oxide suspensions.[61] On the other hand, the SiO-NH; is negative surface

charged when pH value is above 8 and the negative charge density increases with the increasing



pH. The zero point of zeta potential for SIO.NHo is reached at pH 8.3 due to the protonation of
amine groups on the surfaces. As a result, the deprotonated surface of SiO>.NH; favors the

adsorption of cationic species by electrostatic attraction in a pH range of 10-12.

3.2. Adsorption of organic dyes on SiO,NH,-GO

To investigate the superior adsorption capacity of the SiO.NH>-GO, batch tests of the
adsorption performance of SIO2NHz, GO and SiO>NH>-GO were conducted. Three prototypical
water-soluble cationic dyes were chosen, i.e. methylene blue (MB), rhodamine B (RhB) and
methyl violet (MV). Qmax and additional parameters obtained from Langmuir and Freundlich
isotherm models are summarized in Tables S2. The Freundlich isotherm can be employed to
describe heterogonous surfaces and multilayer adsorption system, while the Langmuir model
can be assigned for the assumption of monolayer adsorption excluding interactions between
adsorbed molecules. For the sake of comparison, control experiments, in which starting
materials of GO or SiO>NH: are used as adsorbents, are also carried out (see Table S3 and
Figures S5-S6). Noteworthy, the adsorption isotherms of organic dyes on SiO.NH>-GO
composite are fitted better by Langmuir model than by the Freundlich, suggesting the majority
of monolayer coverage (Figure 4a-c). However due to the complexity of adsorption process,
both mechanisms might occur simultaneously. The maximum adsorption capacities at pH 10
are 300 mg g! for MB, 358 mg g'! for RhB and 178 mg g'! in case of MV. Notably, the obtained
values are almost three times greater than in case of adsorption on GO itself and several times
higher than values obtained for SiO2NH,. The gmax values expressed in mmol g~! amount to
0.97, 0.79 and 0.42 for MB, RhB and MV, respectively, implying that 1 g of SiO2NH2-GO can
adsorb from approx. 0.5 to 1 mmol of cationic dyes from aqueous solutions. These values can
be considered as very promising for the sorbents of cationic dyes compared to the previously
reported chemically modified graphene materials (see Table S4 in Supporting Information).

Noteworthy, while the overall charge of investigated dyes is nearly identical, the maximum



adsorption capacity expressed in mmol g! revealed the significant difference between MB,
RhB and MV. In general, carbonaceous materials such as CNTs[62] or activated carbons[63]
show the highest adsorption for MB, medium values for MV and the lowest adsorption for RhB.
This variation is commonly attributed to the dye molecular size. For the larger dye molecules,
adsorption can only occur at surface and it is difficult for the dyes to enter into the inner smaller
pores of carbons. Such dye adsorption behavior is notably different for SiO.NH>-GO, where

the maximum adsorption capacity of three dyes follows the trend MB > RhB > MV.

Noteworthy, although in general the functionalization of GO results in formation of highly
porous structures, the pore sizes of such systems are rather low. This trend is also reflected in
the present case where the large surface area (405.5 m? g'!) is accompanied by pore size of
diameter of around 70 A, which limits the accessible area for large dyes (RhB) penetration. On
the other hand, the adsorption capacity of RhB on the SiO.NH>-GO surface is supplemented by
the strong electrostatic interaction resulting from the presence of both positive and negative
charges in RhB structure. Furthermore, the pKa values for MB, RhB and MV are 3.8, 3.7 and
9.4, respectively.[64, 65] As the maximum adsorption was investigated at pH 10, MB and RhB
are completely deprotonated at this conditions while MV might occur residual protonated

groups which results in its lower adsorption capability.
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Figure 4. Uptake of organic dyes as the function of initial concentration of (a) methylene blue
(MB) (b) rhodamine B (RhB) and (c) methyl violet (MV). The uptake experiments were carried
out at pH=10 (stirring speed 400 rpm, t=24h). (d) Experiments conducted at different pH values.



(e) Time dependent organic dyes sorption on SiO>NH>-GO material (Co= 50 mg g'! T= 25 °C,
stirring speed = 300 rpm, pH = 7). (f) The kinetic plots obtained by pseudo-second order model
reactions.

3.3. Adsorption mechanism

It is well known that different factors involving structure and functional behavior of adsorbate
impact on the dye adsorption mechanism. Among them, pH is well-known to affect the structure
of adsorbent as well as the final form of compound used in adsorption process.[35, 66, 67] To
gain further insight into the adsorption process, the effect of solution pH, initial dye
concentration and contact time were examined. In general, GO-based materials exhibit higher
adsorption capabilities towards cationic dyes at higher pH values.[29] In particular, above pHpzc
when the surface of GO is negatively charged the adsorption of cationic molecules is favored.
The increase of negative charge on GO surface occurs as a consequence of carboxylic and
hydroxide species deprotonation at pH > pHpz. Thus, the maximum adsorption values of
organic dyes on GO are observed at pH > 3.9 and remain similar when the pH of solution is
increased up to 12 (Figure S12). Similar tendency is observed for aminosilica as the
deprotonation of amine groups and well known dissociation of silanol groups take place,[68]
and leads to the generation of negative charges resulting in the higher adsorption efficiency
with the increase of pH (Figure S12). The effect of pH on the adsorption of MB, RhB and MV
on SiO2NH2-GO hybrid material was investigated at pH range from 2 to 12. The adsorption
capabilities of SiO:NH2-GO at different pH are presented in Figure 4d. Notably, low pH
conditions (2-6) result in low adsorption capability as only approx. 20% for MB and MV and
less than 35% for RhB of the initial dyes were removed at pH 4. At pH 7, which corresponds
to point of zero charge of SiO>2NH>-GO, a further increase in the adsorption efficiency is
observed. Further experiments revealed a maximum adsorption capacity of 99.7% relative to
initial dyes content at pH = 10. Alongside the electrostatic interactions, which rule the

adsorption mechanism, the planar structure of GO sheets favors the presence of n-m interactions.



In the present case organic dyes act as m-electron acceptors of residual m-electron rich regions
of GO enhancing the adsorption of dyes as previously reported for graphene based
nanostructures.[69, 70]

On the other hand, we have used FTIR to monitor the interaction between dyes and SiO>NH>-
GO in the solution (Figure S7). The spectra recorded after adsorption of dye displayed a
significant increase of the peak at 3418 cm™' which can be attributed to presence of hydrogen
bonds and indicates that such interactions might be also important in organic dyes adsorption.
Moreover, after adsorption of MB there is a slight shift from 1607 to 1601 cm™! corresponding
to C=C bonds and the existence of confirming n-m interactions. Unfortunately, understanding
the exact adsorption mechanism is a more complicated task, which goes beyond the scope of
this work. However, it is fair to conclude that the aforementioned results suggest that tested
cationic dyes can be easily adsorbed via electrostatic interactions and this type of interactions
play a significant role in the adsorption of MB, RhB and MV onto the surface of SiO.NH>-GO.
In accordance with the abovementioned analyses, we may conclude that size and large specific
surface area of silica particles facilitates homogenous distribution of GO on SiO, limiting the
aggregation of components themselves. Ultimately, the combination of GO and SiO,NH,
allows formation of hybrid composite with enhanced adsorption performance towards cationic

dyes.

3.4. Kinetics and Thermodynamics of Adsorption

A kinetic investigation of the adsorption process can be accomplished by evaluating the rate
and mechanism of mass transfer of adsorbate from liquid phase to solid adsorbent surface. The
time required to reach equilibrium is an important parameter for dye removal. The pseudo-
second-order kinetics model has been extensively used to predict dye adsorption kinetics.[71]
It reveals that the adsorption displays a remarkable increase at the beginning of the experiments

and then it reaches a plateau. Figure 4e shows that the initial rate of cationic dyes adsorption



increased sharply with time and reached a maximum ~99.7% within 3 min, and then it reaches
a plateau. When the initially fast adsorption process is over, the dyes adsorption kinetic rate
was adjusted by mass transport in the composite material.[72, 73] The experimental values of
adsorption capacity and linear regression coefficient showed that the adsorption of cationic dyes
is better fitted by pseudo-second order kinetics (Figures 4f) than pseudo first order kinetics
(Figure S8), indicating that the adsorption process is driven by the strong surface complexation
of cationic dyes with the oxygen and nitrogen containing groups of SiO:NH>-GO. The
calculated kinetic parameters for adsorption of MB, RhB and MV dyes at pH 10 are listed in
Table S5.

The thermodynamic analysis such as standard Gibbs free energy change (AG®), the enthalpy
change (AH®) and entropy change (AS°) were calculated for better understanding of the nature
of adsorption behavior. The values of 4H° and 4S° can be calculated from the slope and
intercept, respectively by plotting the values of /nKy vs. 1/T (Figure S9). The thermodynamic
parameters from the fitting line such as Gibbs free energy change (G°), the enthalpy change
(4H?), the entropy change (4S°) and correlation coefficient (R?) are listed in Table 1.

Table 1. Thermodynamic parameters for adsorption of cationic dyes (MB, RhB, MV) onto
Si02NH>-GO composite.

AG° AH° AS°
Dye T(K) R?
(KJ mol ) (KJ mol ™) (KJ mol'' K1)
298 -2.7
MB 313 -3.7 19.6 74.9 0.994
333 -5.3
298 -0.3
RhB 313 24 52.6 177.1 0.992
333 -6.5
298 -1.4
MV 38.8 112.9 0.997

313 -3.0




333 -5.4

The negative values of 4G? determined at all of the experimental temperatures confirmed the
spontaneous nature of the adsorption process. With the increasing temperature, the values of
Gibbs free energy change (4G°) become more negative indicating the increased adsorption
capacity at equilibrium. The positive values of AH® denote the endothermic nature of adsorption
of cationic dyes onto SiO>NH>-GO composite. On the other hand, the positive values of 4S°
shows the increment randomness at the surface of adsorbent during the adsorption process

which can be reflected by the affinity of the SIO.NH>-GO for the cationic dyes.

3.5. Solid Phase Extraction (SPE) with SiO:NH»-GO

Currently exploited purification methods rely on time-consuming techniques usually generating
problems including secondary pollutions or separation difficulties. Therefore, solid phase
extraction process constitutes an attractive alternative for removal of contaminants such as
cationic organic dyes. Due to the fast kinetics of adsorption process, the high saturation uptake
capacity, the optimal pore size and high specific surface area as well as loose and powdery
structure of obtained adsorbent we opted to apply the SiO.NH>-GO hybrid as solid phase
extraction (SPE) column filling for rapid, effective and continuous adsorption of presented
organic dyes. As the column was loaded with adsorbent, the filling was firstly activated with
NaOH, to provide negative charge on the surface and enhance effectiveness of adsorption
process. The uptake of the cationic dyes (MB, RhB and MV) from aqueous solutions was
studied by using as-prepared SiO2NH>-GO material at the desired concentration and pH. The
initial pH of solution can strongly affect the surface charge of adsorbent by dissociation of
functional groups on active sites of GO as well as the ionization of organic dyes. To establish
the adsorption mechanism, measurements of zero-point charge (pHp.c) of the adsorbent are

essential. The pHpz indicates the value of pH which refers to neutral charge of adsorbent and



constitutes one of the key factors for understanding the adsorption on carbon-based
materials.[32, 74] The point of zero charge of SiO.NH>-GO corresponds to pH = 7.0 (Figure
S10). Thus, at pH>7 (pH>pH,.c), the surface charge of composite is negative. As a consequence,
a significant adsorption process is observed at pH>7 because the electrostatic interactions
between the cationic dyes and SiO2NH>-GO become stronger. Comparably the adsorption
capacity of MB is almost ~5.2 times greater at pH=10 compared to acidic conditions. Notably,
a dramatic difference is observed for MV, where basic conditions allow to increase the
adsorption capacity even up to 33 times. The reusability of the column filling was conducted
following the procedure described in previous section. The solid phase extraction experiments
revealed that <99 % of MB, RhB and MV (Fig. S12) can be immediately adsorbed in just 3 min
thereby highlighting the superior nature of SiOoNH>-GO composite with respect to most of
graphene oxide-based adsorbents of organic dyes which typically requires long adsorption time,
lower efficiency and separation problems (see Table S4 in Supporting Information).

The ability of the SiO2NH>-GO regeneration was determined in ten subsequent adsorption-
desorption cycles, which is very important for its potential application. As presented on Figure
S11, a decrease of about 7 % in the removal efficiency decreases of is observed after the first 2
cycles. Further experiments showed that each cycle causes a slight decrease of adsorption
capacity, which might be explained by the collapsing of pores due to high volumetric flow of
analyte over the experiments (~4L per cycle) resulting in lower pore volume after adsorption
(Tab. S1). After 10 cycles the system is still able to adsorb from approx. 0.3 to 0.5 mmol of

cationic dyes from aqueous solutions, which is more than 60% of initial adsorption capacity.

4. Conclusion
In summary, we have presented an easy and effective approach towards synthesis of SIO-NH;-
GO composite, and its high efficiency for removal of cationic dyes from water. Various

complementary characterization methods were employed to confirm the covalent attachment of



3-aminosilica-functionalized silica to GO. The novel porous material, with its high specific
surface area (405.5 m? g!), exhibited high affinity toward cationic organic pollutants. The
adsorption experiments show that cationic dyes (MB, RhB and MV) can be quantitatively
adsorbed at pH 10 with maximum adsorption capacity as high as 300, 358 and 178 mg g,
respectively. The results proved superior performance of SiO.NH>-GO comparing to GO and
aminosilica used for preparation of hybrid material. The adsorption mechanism of organic dyes
on SiONH>-GO composite is ruled by the electrostatic interactions, however the planar
structure of GO sheets favors the presence of m-m interactions, which further enhance the
adsorption of MB, RhB and MV. The high maximum adsorption capacity as well as the time of
adsorption provide much higher efficiency of dye removal than other GO-based sorbents of
cationic organic dyes. Moreover, the obtained composite exhibited fast kinetics and was
additionally efficiently investigated toward continuous adsorption as column filling. The
presented system displayed excellent adsorption efficiency of ~99.7% for MB, RhB and MV in
3 min, high stability and reusability toward removal of cationic organic dyes paving the way to
development silica-GO based materials of high-efficiency and low-cost water purification

technologies.
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