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Abstract

In this study, graphene oxide (GO), polyethyleneimine (PEI) and potassium hydroxide (KOH)
were used to synthesize reduced graphene oxide (rGO/PEI-KOH) nanocomposite. The
presence and grafting of PEI molecules on the reduced GO surface were assessed by X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) analyses. The
rGO/PEI-KOH nanocomposite was successfully applied for hexavalent chromium, Cr(VI),
wastewater elimination. The resulting rGO/PEI-KOH adsorbent was found to be highly
effective for Cr(VI) removal at low pH values and achieved a maximum capacity of
experimental adsorption of 398.9 mg/g, which is one of the highest sorption capacity of most
GO- and PEI-based adsorbents reported in the literature up to date. Studying the adsorption
mechanism, the sorption isotherm revealed that the modified-Langmuir model was the best fit
and Cr(VI) removal follows a pseudo-second-order kinetics, with the predominance of
intraparticle diffusion during the first step of adsorption. XPS analysis indicated the presence
of appreciable amount of Cr(III) on the adsorbent surface, which suggests that the adsorbed
Cr(V]) ions were effectively reduced to Cr(Ill) on the rGO/PEI-KOH adsorbent surface
(~70% of the total adsorbed Cr). Cr(VI) adsorption and subsequent reduction to Cr(IIl) both
contributed to the Cr(VI) removal. The results of the present study highlight the benefits of
rGO/PEI-KOH like low cost, environmentally friendly, large toxic Cr(VI) ions adsorption

capacity and its effective reduction to less-toxic Cr(III).

Keywords: Reduced graphene oxide; Polyethylenimine; Cr(VI) adsorption; High adsorption

capacity; Cr(VI) reduction.
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1. Introduction

Chromium is one of the most toxic heavy metals discharged into the environment and
constitutes one of the main causes of environmental pollution associated with a non-negligible
health problem. It commonly originates from diverse industrial wastewaters, derived from
factories of electroplating, tanning, textile dyeing, stainless steel production, water cooling,
and other industries (Barnhart, 1997).

Chromium is usually found in trivalent (III) as well as hexavalent (VI) states. While
Cr(VI) is highly toxic and can lead to severe illnesses such as dermatitis, kidney failure, lung
cancer and even death, Cr(III) is less toxic and represents an important element for the proper
functioning of living organisms (Zhou et al., 2016). Therefore, Cr(VI) is viewed as a critical
polluting agent and is listed by the US Environmental Protection Agency as class A human
carcinogen (US-EPA1998). Hence, eliminating Cr(VI) from wastewater or reducing it to
Cr(III) prior to discharge into the environment is imperative.

Several methods have been developed for the removal of Cr(VI) from aqueous media,
including physical (washing or electrical enrichment), biological (plant enrichment), and
chemical (adsorption and reduction) approaches. However, most of these methods and
particularly the physical and biological processes experience several limitations such as
complexity of operation and elevated costs, and require long periods of time, which has
significantly impeded their use in Cr(VI) treatment. In contrary, the chemical method is a
favored technique because of its flexibility, high efficiency, design and operational simplicity
for the elimination of Cr(VI) and thus it is attracting increasing attention (Zhou et al., 2016;
Wang et al., 2017).

In chemical methods, various adsorbents have been identified to withdraw Cr(VI) from
polluted water, such as activated carbon (Sandhya and Tonni, 2004), KOH-modified

carbonized eucalyptus sawdust (Zhang et al., 2018a), PEI-modified biomass (Deng and Ting,
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2005), mesoporous carbon microspheres (Zhou et al., 2016), iron nanoparticle-decorated
graphene (Jabeen et al., 2011), etc. However, biosorbents have often low surface area and
limited mechanical resistance, causing additional potential secondary emissions in extreme
conditions. On the other hand, bare metallic nanoparticles are readily oxidizable and can
easily agglomerate, while carbon-based adsorbents display a relatively low adsorption
capacity. Such forms of disadvantages have impeded their use for Cr(VI) elimination from
wastewater (Ma et al., 2012; Zhang et al., 2018b). Therefore, the development of new
materials with a large surface area, high removal efficiency, stability in extreme conditions
and easy separation procedure is very attractive.

Most recently, chemical methods for the synthesis of adsorbents exhibiting high
performance for simultaneous adsorption and reduction of Cr(VI) turns to an applicable
research hotspot (Ma et al., 2012; Wang et al., 2017; Zhang et al., 2018b). Graphene oxide
(GO), consisting of a monolayer of carbon atoms covalently bonded, forms one of the
currently most investigated two-dimensional nanomaterial. GO displays an ultra large active
surface area and plentiful of oxygen containing functional groups (e.g., -OH, -C=0, -COOH).
Reduced GO (rGO), obtained from GO reduction using different means, has been investigated
as an efficient adsorbent for Cr(VI) thanks to its high capacity of adsorption (He et al., 2017;
Pakulski et al., 2018).

KOH reduction of GO was firstly reported by Fan et al. (Fan et al., 2008) who noticed that
a chemically stable suspension of graphene can be easily prepared by a simple heating of
exfoliated graphite oxide at mild temperatures (50-90°C) in strongly alkaline conditions. But
no noticeable works has been reported on the Cr(VI) adsorption/reduction by GO treated with
KOH.

Polyethyleneimine (PEI) with plenty of primary and secondary amine groups present in a

macromolecular chain can partially reduce and simultaneously functionalize GO (Shao et al.,
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2016). PEI-functionalized GO exhibits interesting adsorption ability for removing toxic
cations (Pakulski et al., 2018).

Compared with chemical reduction using strong and toxic agents like hydrazine and
sodium borohydride, chemical reduction with KOH or PEI is less efficient for completely
eliminating the oxygen-containing functional groups on GO, but they have the advantage of
being environmentally friendly. Additionally, their simultaneous use may be interesting as in
chemical reduction processes of GO, elimination of oxygen groups is generally selective
depending on the reducing reagent used (Hayes et al., 2014; Nia et al., 2017). Hence,
combining two soft reducing chemicals may represent an efficient manner to optimize
deoxygenation of GO sheets, while simultaneously functionalizing the resulting rGO.

In the present work, a strong KOH solution containing PEI as a reducing and
functionalizing agent is proposed to prepare a nanocomposite material, rtGO/PEI-KOH, under
mild reaction conditions. The resulting rGO/PEI-KOH was investigated for Cr(VI)
elimination. The rGO/PEI-KOH not only exhibited high adsorption capacity, but it was able

to effectively reduce the adsorbed Cr(VI) to low toxic Cr(IIl) ions.

2. Experimental

2.1. Materials
Polyethylenimine (PEI, MW~25,000), potassium hydroxide (KOH), potassium dichromate
(K2Cr207), and hydrogen chloride (HCI) were purchased from Sigma-Aldrich. Graphene
oxide (GO) powder was obtained from Graphenea-Spain. Milli-Q water (resistivity: 18.2
MQ.cm) was utilized throughout this work.

2.2. Preparation of rGO/PEI-KOH nanocomposite
An easy preparation technique of rGO/PEI-KOH was established in this work. In short, 20 mg

of GO was added to 18 mL of water and sonicated for 1 h to form a homogeneous solution.
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Then, 2 mL of PEI aqueous solution (1 mg/mL) was added. The resulting suspension was
mixed under vigorous stirring for 5 h at room temperature. Thereafter, 40 mg of KOH was
added to the mixture and stirred at 90°C for 24 h. The color of the dispersion changed from
yellow-brown to black, signifying the transformation of GO to reduced graphene oxide (rGO).
The obtained black precipitate was isolated by centrifugation (4600 rpm) and washed
copiously with water and ethanol to remove excess of PEI and KOH. Finally, the rGO/PEI-

KOH was obtained and dried at 80°C for overnight (Scheme 1).

KOH

Refluxing at 90°C
for 24h

GO PEI rGO-PEI-KOH

Scheme 1. Schematic illustration of rGO/PEI-KOH preparation.

2.3. Cr(VI) removal experiments

A stock solution of Cr(VI) (20 mg/mL) was obtained by dissolving K>Cr207 in Milli-Q
water. The stock solution was diluted to prepare different concentrations. We varied the initial
concentration of Cr(VI) from 50 to 700 mg/L, the pH from 2 to 9, the dosage of adsorbent
from 0.5 to 2.5 mg/mL, and the contact time from 10 to 1440 min. 0.1 M HCI or 0.1 M NaOH
aqueous solution was used to adjust the pH value. All adsorption experiments were performed
at ambient temperature. Adsorption experiments were performed by adding 2 mg of rGO/PEI-
KOH into 2 mL of Cr(VI) aqueous solution. After being shaken for 24 h, the solution was
subjected to centrifugation at 13,500 rpm during 5 min and finally UV-vis spectrophotometry
was used to determine the residual concentration of Cr(VI) in the supernatant at the maximum

absorption wavelength of 348 nm in acidic pH and at 372 nm in alkaline pH.
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The effect of initial Cr(VI) amount, pH, and contact time on the efficiency of Cr(VI)
elimination was investigated. Afterwards, the percentage of removal R (%) and the capacity

of adsorption (Qe, mg/g) of Cr(VI) were calculated using equations (1) and (2), respectively:

CE) x 100 (1)

R(%) = (2=

Co
Qe = (Co—=CV/M 2)

Where Co (mg/L) is the initial concentration of Cr(VI) ions, Ce (mg/L) is the equilibrium

concentration of Cr(VI) ions, Qe (mg/g) is the capacity of adsorption, V(L) is the initial

volume of Cr(VI) solution, and M (g) is the mass of the as-elaborated rGO/PEI-KOH.

3. Results and discussion
3.1. Morphological and chemical analysis

Figure 1 depicts the SEM images of rGO/PEI-KOH at different magnifications. It reveals
wrinkled flakes aspect of thin and random rGO/PEI-KOH sheets; the nanosheets are visibly
crumpled in an agglomerated phase. The presence of these many wrinkles is most likely due
to the suppression of the large quantities of negatively charged functional oxygen groups
previously covering the GO during the thermal reaction with PEI-KOH. Indeed, the reduction
of GO, as suggested by the UV-Vis, FTIR and XPS analyses (discussed in the next section),
led to the partial reconstruction of the graphenic network; the sheets then tend to aggregate in
order to diminish the free energy (Huang et al., 2018). Additionally, hydrogen bonding

between the remaining oxygen and the amine groups of PEI might result in these crumpled

rGO sheets.
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Figure 1. SEM images of rGO/PEI-KOH composite at low and high magnifications.

On the transmission electron microscopy (TEM) images of Figure 2, wrinkled graphene
sheets (dark areas) are visible. The images also indicate that the graphene sheets were etched
during the hydrothermal reduction-functionalization of GO; traces of nanopores can be seen
in Figure 2 (Lu et al., 2012; Sun et al., 2012). The nanopores formation is not fully clarified
in this work as usually GO becomes porous during a process where strong radicals like
hydroxyl radicals (OH") are produced locally in the vicinity of rGO surface; these radicals are
known to have ability to break the C—C (sp?) bonds in the graphene sheet, causing its porosity
and could even break GO into ultra-small graphene oxide of zero dimensions (Zhao et al.,
2017). Many oxidation processes are able to produce these highly reactive hydroxyl radicals,
such as photocatalysis, Fenton reactions, ozone, radiolysis, electron beam irradiation,
sonolysis (Wu and Shi, 2010) and high voltage electrical discharge (Sahni and Locke, 2006).
However, these strong radicals could also intervene during elaboration under hydrothermal

conditions in basic media, as reported by Feng et al. (Feng et al., 2016).




194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

Figure 2. TEM images of rGO/PEI-KOH sheets at low and high magnifications.

The reduction of GO was monitored by UV-vis spectrophotometry. As shown in Figure 3,
GO displays two bands at 235 nm due to the n—n* transition of aromatic C=C bonds, and 310
nm ascribed to the n—n* transition of C=0 bonds (Fellahi et al., 2011). After PEI-KOH
reduction-functionalization for 24 h, the peak related to the m—n* transition initially at 235 nm
shifted to 258 nm; this red-shift in absorption peak takes place when the m electron
conjugation is restored within the sheets of graphene. Furthermore, the shoulder in the
spectrum disappears, signifying an important decrease of C=0O bonds; these two features

indicate the partial reduction of GO during the hydrothermal process.

rGO/PEI-KOH

Absorbance (a.u.)

GO

200 300 400 500 600 700 800
Wavelength (nm)

Figure 3. UV-vis spectra of GO and rGO/PEI-KOH in water. The inset exhibits the digital

photographs of GO, GO-PEI and rGO/PEI-KOH dispersion in water.

Figure 4 shows the FTIR spectra of GO, PEI and rGO/PEI-KOH FTIR. The following
functional groups were established in the FTIR spectrum of GO sample: O-H stretching

vibrations in COOH group and/or intercalated water (3381cm™), C=O stretching vibration
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(1736 cm™), aromatic stretching vibration of C=C bonds (1623 cm™), and C-O vibrations of
epoxy and alkoxy groups at 1228 and 1056 cm™!, respectively (Budimir et al., 2019).

After reduction-functionalization by PEI-KOH treatment, peak intensities associated with
oxygen containing groups (O-H and C-O stretching vibrations) diminished significantly,
which is a signature of effective GO reduction. In addition, the typical absorption features of
the PEI at 2898 and 2970 cm! corresponding respectively to symmetric and asymmetric C-H
stretching from the -CH:z group of PEI were visible (Budimir et al., 2019). Moreover, the band
at 1736 cm™! nearly disappeared, and a new band attributed to the stretching vibration of N-H
(in the C-NH group) appeared at 1575 cm™ (Ramanathan et al., 2005; Budimir et al., 2019).
Other observed peaks at around 1085 and 876 cm’! are assigned to C-N bond stretching
vibrations and CH> rock + N-H.L bending, respectively (York et al., 2003). These results
clearly confirm that the GO was effectively reduced during the hydrothermal process and the

PEI molecules were attached to the rGO sheets.

PEI

rGO-PEI-KOH

Transmittance (%)

OH

¥ T T T ¥ T T T T T ¥ T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4. FTIR spectra of GO, PEI, and rGO/PEI-KOH.
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The elemental composition of the as-elaborated PEI-KOH reduced-functionalized GO was
examined using X-ray photoelectron spectroscopy (XPS). Figure S5(a) depicts the XPS
spectra of GO and rGO/PEI-KOH. The spectrum of GO essentially comprises the Cis and O1s
peaks at ~285 and ~532 eV, respectively. The peaks in the rGO/PEI-KOH XPS wide scan
located at 285, 400 and 531 eV are ascribed to Cis, Nis and Ojs, respectively. The occurrence
of tiny peaks attributable to Kz, and Kjs in the XPS spectrum originates most likely from
potassium adsorption. Furthermore, the intensity of the oxygen peak was greatly reduced in
the rGO/PEI-KOH as compared to GO, indicating an efficient reduction of GO by KOH-PEI
treatment. The presence of a peak at 400 eV due to Ny proves the successful grafting of PEI
on the rGO sheets (Liu et al., 2013; Budimir et al., 2019). The atomic percentages of each
element (C, O and N) in GO and rGO/PEI-KOH are summarized in Table 1.

The core level of the Cis of GO can be deconvoluted into three distinct peaks centered at
284.8, 286.8 and 288.3 eV, which correspond to unoxidized graphite carbon skeleton (C—C),
hydroxyl/epoxide groups (C—O) and carboxyl groups (C=0), respectively (Figure Sb) (Li et
al., 2001; Liu et al., 2013). The reduction of GO is mainly indicated by three peaks in the Cis
core-level spectrum (Figure Sc) showing the same functional groups, but with decreased
intensities of the groups containing oxygen: the sp>hybridized carbon atoms of graphene (C-
Csp?) at 284.6 eV, the carbon in hydroxyl and epoxide groups (C-O) at 286.5 eV, the
carbonyl groups (C=0) at 287.8 eV, and the carboxyl (OH-C=0) groups at 288.9 eV (Liu et
al., 2013). The band at 285.3 eV is assigned to C-N of the PEI molecules (Shao et al., 2016).

The Nis high resolution peak showed a single component after fitting due to amine groups

from PEI (Figure 5d).

Table 1. Elemental atomic percentage determined using the XPS spectra.

Composite Cis at. % O1s at. % Nis at. %

11
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Figure 5. (a) XPS survey spectra of GO and rGO/PEI-KOH; core level spectra of (b) Cis of

GO, (c¢) Cis and (d) Nis of rGO/PEI-KOH.

The existence of a significant amount of K was identified by the presence of imposing peaks
at 292.9 and 295.7 eV in Figure 5c. Since the binding energy discrepancy between these two
peak components is ca. 2.8 eV, and their intensity ratio is ca. 2:1, they are attributed to the
spin-orbit-split doublet K2pi2 and Kap3p, respectively of potassium cations and oxides (Li et
al., 2001). This suggests that potassium ions probably bind to the remaining oxygen atoms or

are intercalated within rGO sheets.

12
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Raman spectroscopy is a powerful and widely employed technique for characterizing
graphene based structures involving disorder and defects (Fang et al., 2013). The Raman
spectra of GO and rGO/PEI-KOH are depicted in Figure 6. They indicate important structural
changes in graphene sheets before and after treatment with PEI-KOH. It can be seen that the
D peaks (disorder induced symmetry Aig mode) of GO and rGO/PEI-KOH are located at
1360 and 1357.3 cm’!, respectively, while the G bands (due to the E>; mode associated with
the bond stretching of sp>-bonded carbon atoms in hexagonal, two-dimensional lattices) are at
1589.4 and 1590 cm™!, respectively.

It is worth noting that the chemical changes in graphene-based materials are marked by
variations in the D and G band ratios; these variations in the relative intensities of the D and G
bands (D/G) reflect modifications in GO electronic conjugation state during the reduction-
functionalization phase. Commonly, the ratio Ip/lg serves to quantify the disorder level in
graphene and rGO; this disorder can be related to vacations, impurities, dislocation, dangling
bonds at the edges of the rGO sheets and to the decrease of the average size of the sp’
domains, but can also be the signature of an augmentation of the C sp® hybridization caused
by molecules grafted to the 2-D hexagonal carbon lattice. After the reduction-
functionalization of GO with PEI-KOH, the intensity ratio Ip/Ig rises from 0.79 for GO to
1.13 for rGO/PEI-KOH. Usually, reducing GO consists mainly in the elimination of the
oxygen functional groups (these later are known to induce sp* hybridization of the carbon
atoms) from the graphene sheet; when the GO is reduced, sp> hybridization diminishes, and
the graphene sheet is more or less restored, which is generally accompanied by a diminution
in the Ip/Ig ratio. This is not the case in this work as a non-negligible augmentation of Ip/Ig is
observed despite the fact that oxygen functionalities have been significantly eliminated as it
was proven by XPS and FTIR analyses. We can speculate two reasons for this increase in

Ip/IG ratio: either it highlights the large presence of sp* carbon atoms on GO due the grafting

13
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of PEI molecule, a signature of the mesoporosity and/or a decrease in the average size of the
sp? domains in rGO sheets (Fang et al., 2013; Liu et al., 2013; Tong et al., 2015; Singh et al.,
2017; Pakulski et al., 2018).

Also the red-shift of the D-band (from 1360 to 1357.3 cm’!) testifies the actual
functionalization of reduced GO (Budimir et al., 2019). Such results confirm that PEI was
effectively grafted on the rGO layer during the reduction-functionalization process; these

results are well consistent with the FTIR and XPS data.

2D

Intensity (a.u.)

I/l4= 0,79

rGO-PEI-KOH

I/le=1,13

—rrrT T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Raman shift (cm™)

Figure 6. Raman spectra of GO and rGO/PEI-KOH.

The thermal behavior of the rGO/PEI-KOH was evaluated by thermogravimetric and
differential thermogravimetric (TG/DTG) analysis. Figure S1 exhibits the TG analysis curve
of the as-prepared rGO-PEI-KOH, displaying different weight losses within the temperature
range tested. The initial weight drop (15.4%) between ambient temperature and 150°C is
more possibly caused by the evaporation of adsorbed water molecules. A second weight loss
(7.4%), observed in the range 150-270°C, is related to the removal of oxygen-containing
functional groups. Finally, the weight loss (12.8%) in the 270-550°C temperature range

corresponds to the covalently bonded PEI molecules pyrolysis, suggesting that the rGO

14
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surface was modified by PEI (Liu et al., 2013). The results confirm again the surface grafting

of PEI molecules on rGO sheets.

3.2. Cr(VI) elimination performance of the rGO/PEI-KOH composite

3.2.1 Effect of adsorbent dosage

The effect of adsorbent dosage on the Cr(VI) removal, for a fixed pollutant concentration

of 100 mg/L, was investigated and the results are displayed in Figure 7. The percentage of

removal increases from 87.78 to 100% by increasing the adsorbent dosage from 0.5 to 2.5

mg/mL. For adsorbent dosage from 0.5 to 1 mg/mL, the removal efficiency increases until

reaching ~100%; this means that the more adsorbent in the solution, the higher the availability

of exchangeable sites for metal ions (Sandhya and Tonni, 2004).
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1204 ® ]
E
o 100+ .,
o - -80 E
804 ¥
‘...,
o4 e L 70
®.,..
404 ]
- o- Qe(mg/g)
20 T T v T v T v T 60
0.5 1.0 1.5 2.0 25

Adsorbent dose (mg/ml)

Figure 7. Effect of rGO/PEI-KOH dosage on the capacity of adsorption (Q.) and removal

efficiency (R) (initial Cr(VI) concentration: 100 mg/L, pH 2, room temperature, contact time:

24 h).

On the other hand, the adsorption capacity Qe shows a clear decrease, suggesting a possible

formation of microscopic agglomerates of rGO/PEI-KOH sheets that would reduce the access

to all adsorption sites. Exceeding the adsorbent dosage of 1 mg/mL, the removal efficiency

15
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remains roughly at ~100%, while the adsorption capacity continues dropping; this is expected

given the presence of more adsorbent than what is necessary to remove all the pollutant.

3.2.2 pH effect

The adsorption tests were carried out at an initial concentration of Cr(VI) of 100 mg/L, a
24 h contact time, an adsorbent dosage of 1 mg/mL, in the pH range from 2 to 9 at room
temperature. The solution pH greatly affects the stability of Cr(VI) species and the adsorbent
charge, thereby affecting the adsorption efficiency. Figure 8a illustrates the predominance
diagram of K>Cr207 in water at different pH values. It indicates that the prevailing forms of
Cr(VI) ion in solution are chromate (CrO4)*, dichromate (Cr.O7)*, and hydrogen chromate
(HCrO4)” and predominant ions are related to the solution pH and overall concentration of
chromate. Cr(VI) is in the form of anionic species, like HCrO4~ (pH range 2.0-7.0) and
CrO4* (pH range 7.0-10.0) (Fan et al., 2012) are the dominant species.

Figure 8b displays the zeta potential of rGO/PEI-KOH at different pH values. The
rGO/PEI-KOH sheets are globally negatively charged even they are grafted with PEI
molecules, which are positively charged at low pH. Indeed, the amine groups are protonated
under strong acidic conditions, which is beneficial for the Cr(VI) anions adsorption through
electrostatic interactions. In contrast, uncharged (—NH2) or deprotonated (-NH") groups,
occurring under basic conditions, will repel these anions thus inhibiting their adsorption. On
the other hand, the overall negative charge of the adsorbent sheets remains beneficial, and
even necessary, as it will supply the adsorbent with H* ions necessary for the Cr(VI)
reduction, as we will be seen in the last section (LLuo et al., 2017; Wang et al., 2017).

Figure 8c depicts the adsorption capacity at different pH values. We can notice the
absence of Cr(VI) removal by rGO/PEI-KOH for a pH value higher or equal to 3. Indeed,

upon increasing the pH from 3 to 9, the divalent CrO4> amount rises by gradual conversion of
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HCrOy7; also the protonation degree of the surface is weakened under weak-acidic/basic
conditions, resulting in greater electrostatic repulsion between ions charged negatively and the
adsorbent surface (Zhou et al., 2016). Nevertheless, strong acid conditions corresponding to
pH lower or equal to 2 is beneficial for Cr(VI) elimination by rGO/PEI-KOH as it promotes
more positive amine groups and less negative Cr(VI) species.

Hence, the pH of the solution, which greatly influences the stability of Cr(VI) species and the
electrostatic charge of the adsorbent, impacts significantly the adsorption efficiency. The pH

2, being the optimal one, was used for all subsequent experiments.
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Figure 8. (a) Cr(VI) species predominance diagram as a function of pH; (b) Zeta potential of
rGO/PEI-KOH; (¢) Adsorption capacity at different pH (initial Cr(VI) concentration:

100 mg/L, adsorbent dosage: 1 mg/mL, room temperature, contact time: 24 h).
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362  3.2.3 Initial concentration effect
363 The influence of the initial Cr(VI) concentration on adsorption capacity of rGO/PEI-KOH
364 is depicted in Figure 9; the Cr(VI) ions are adsorbed favorably on the rGO/PEI-KOH surface
365 at pH 2. The adsorption capacity of rGO/PEI-KOH increases rapidly with increasing the
366 initial concentration of Cr(VI) from 100 to 700 mg/L, implying that there are enough
367 adsorption sites on the adsorbent and attesting the attraction effectiveness between the
368  protonated adsorbent and the hydrochromate anion. The results revealed that the Cr(VI)
369 maximum adsorption capacity of rGO/PEI-KOH is (398.9+16.9 mg/g) at room temperature,
370  which is greater than the capacity of PEI-modified graphene (324 mg/g), as shown in the last
371  section.
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150 4 -} |
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373 Figure 9. Effect of initial Cr(VI) concentration on the adsorption capacity (black) and the
374 removal efficiency (red) of rGO/PEI-KOH (pH 2, adsorbent dosage: 1 mg/mL, room
375 temperature, contact time: 24 h).
376  On the other hand, the removal efficiency decreases with the increase of Cr(VI) concentration.
377  This is most likely related to the total available adsorption sites, since they are limited for a
378 fixed adsorbent dose and consequently we approach saturation at a higher Cr(VI)
379  concentration.
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3.2.4 Adsorption isotherm study

The adsorption equilibrium data give very important information needed to understand the
adsorption process correctly. The understanding of adsorption isotherms is important for
optimizing the adsorption process pathways and implementing adsorption systems effectively
(Ayawei et al., 2017). Hence, the linear and nonlinear forms of modified-Langmuir, Temkin,
Freundlich and Dubinin-Radushkevich isotherm models were used to fit experimental data; Ce
(mg/L) and Q. (mg/g) are the equilibrium Cr(VI) concentration and adsorption capacity,
respectively; the initial concentration of Cr(VI) is represented by Co (mg/L).

The classic Langmuir adsorption isotherm was derived for the gas phase adsorption
process. It supposes a homogeneous surface where the binding sites have the same energy and
affinity (equivalency of the adsorption sites) and where adsorption occurs in a monolayer;
also it assumes that adsorbed molecules do not interact with each other (Langmuir, 1918; Luo
et al., 2017). Recently, a modified Langmuir equation has proved to me more applicable for
modeling liquid adsorption data. This model is given according to the following equations

(Azizian et al., 2018):

2 — (KML_l)Ce Cs (3)
Qe KMLQm KMLQm

Ky C
Qe _ Qm ML “e (4)

(Cs—Ce) + Km1Ce

Where Q) is the maximum adsorption capacity, Cs is the saturation concentration of Cr(VI) in
liquid-phase (45,000 mg/L) and Ky is the constant of modified Langmuir.

By linear and nonlinear fittings, the Q. capacity and Ky constant are extracted from
experimental data (Figure 10a and 10e) and presented in Table 2; Q,, obtained is close to the

experimental value (398.9 £16.9 mg/g).
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404  The modified-Langmuir isotherm parameters as well as the regression coefficient obtained
405 (Table 2) suggest Adsorptive Interaction Effectiveness between the protonated rGO/PEI-

406  KOH adsorbent and the hydrochromate anion.
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Figure 10. Linear fitting of (a) modified-Langmuir, (b) Temkin, (c) Freundlich, (d) Dubinin-
Radushkevich and (e) nonlinear fitting of adsorption isotherm models (pH 2, adsorbent

dosage: 1 mg/mL, room temperature, contact time: 24 h).

The Temkin model of isotherm takes into-account the effects of the interaction between
adsorbed molecules in the adsorption process. The adsorption energy (AHags) in this model
displays a linear decrease when surface coverage rises, due to adsorbent—adsorbate
interactions (Avyawei et al., 2017; Darabi et al., 2018). The following equations give the

nonlinear and linear forms of the Temkin isotherm model (Temkin, 1941):

Q. = ALn(KrC,) 5)

Q. =AInK;r + AlnC, (6)
RT

A== ™

Where A is related to the Temkin constant b corresponding to the adsorption heat, Kr is the
Temkin isotherm equilibrium binding constant, R is the gas constant and T is the temperature
(Darabi et al., 2018). Kt and A are extracted from the linear and nonlinear fittings (Figure
10b and 10e), whose values are reported in Table 2. The positive sign of b indicates an
exothermic process (Ferrandon et al., 1995), and its value (27.19 kJ/mol) suggests that
chemisorption may be an important part of the adsorption process (Ho et al., 2002).

The isotherm of Freundlich (Freundlich, 1906) is used when adsorption occurs on surfaces
that are heterogeneous, showing a non-uniform adsorption heat distribution. The expression
describing this isotherm encompasses the heterogeneity of the surface and the active sites (and
their energy) exponential distribution. The Freundlich sorption isotherm is given by the

equations (8, 9) (Ayawei et al., 2017; Darabi et al., 2018):
Qe = KpC."" (8)
InQ, = = InC, + InK; 9)
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Where the constant KFr is related to the relative adsorption capacity of the adsorbent and n is a
constant indicating the adsorption intensity (the lower the 1/n value the stronger the
adsorption intensity (Darabi et al., 2018)). The linear and nonlinear fittings allow obtaining
easily these constants (Figure 10c and 10e) whose values are summarized in Table 2. The
isotherm of Freundlich is extensively used in heterogeneous systems, the value of (1/n)
ranging from O to 1 may be an indicator of the degree of surface heterogeneity, surface being
more heterogeneous as (1/n) approaches zero (Foo and Hameed, 2010). The 1/n value
obtained here (0.33) is closer to zero than to unity and may imply a chemisorption process
(Foo and Hameed, 2010).
The Dubinin—Radushkevich (D-H) isotherm is usually used to describe the mechanism of
adsorption onto a heterogeneous surface with a Gaussian energy distribution. Generally, this
isotherm is expressed as follows (Ho et al., 2002; Foo and Hameed, 2010):

Q. = Qpexp(—Bpe?) (10)

InQe = InQp — Bpe? (11)
where Qp is the maximum adsorption capacity, the activity coefficient Bp is related to mean
sorption energy, € is Polanyi potential. By fitting (Figure 10d and 10e), Bp is extracted from
the slope of the fitting and Qp from the intercept.

The ¢ is estimated using Eq.12:
1
e=RTin|1+ C—e] (12)

where R, T and C. represent the gas constant, absolute temperature and adsorbate equilibrium
concentration, respectively.

The mean sorption energy E necessary to detach a molecule from its position in the sorption
space to the infinity, which is a measure of the nature of adsorption (physical or chemical) is

expressed as:

E = (13)
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The E value, determined using equation (13), is 73 kJ/mol. The Qp value (353.47 mg/g) is
consistent with both the Qmax value (446 mg/g) previously determined with the modified-
Langmuir isotherm and the experimental one (398.9+16.9 mg/g).

The results provided in Table 2 show that the regression coefficient R? in the Dubinin-
Radushkevich (0.864) is lower than that of modified-Langmuir, Temkin and Freundlich
fittings, indicating that D-H data do not correlate as well as for the previous isotherms. The
Cr(VI) removal simulation data using the modified-Langmuir model (R? = 0.997) are better
than those obtained by the Freundlich (R? = 0.938) and the Temkin (R? = 0.972) models,
demonstrating that Cr(VI) adsorption process on rGO/PEI-KOH is best fitted by the modified-
Langmuir model; this result indicates that Cr(VI) sorption onto rGO/PEI-KOH is not
exceeding a monolayer coverage on a homogeneous surface with active sites well distributed
throughout.

Table 2. Isotherm rate constants and regression coefficients for different models.

Models Parameters Linear Nonlinear
Langmuir Qmax (Mg/g) 446.00 445.97
Kwme (L/mg) 1042.10 1047.11
R? 0.997 0.982
Temkin A (unitless) 91.12366 91.11
Kr (L/mg) 0.27 0.27
b (kJ/mol) 27.1891 27.1
R? 0.972 0.972
Freundlich Kr (mg/g) (L/mg)'/ 62.74 73.30
n 3 3.32
R? 0.938 0.933
Dubinin- Qm (mg/g) 353.47 361.96
Radushkevich B (mol*/kJ?) 9.38011E° 6.6496E~
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E (kJ/mol) 73 86.71

R? 0.864 0.829

3.2.5 Effects of contact time and adsorption kinetics study

Cr(VI) kinetics of adsorption on rGO/PEI-KOH are estimated with the pseudo-first and
second order models by fitting kinetic experimental data. Thereby, the influence of the contact
time on Cr(VI) adsorption was studied (Cr(VI) concentration: 100 mg/L at pH 2.0). Figure
11a reveals that the capacity of adsorption rises rapidly within the first 4 h; afterward, it
continues to raise slowly and approaches equilibrium at around 24 h. Both the kinetic models,
pseudo-first-order and second-order, are given by the following equations (Ho and Mckay,
1999; Azizian, 2004):

Pseudo-first-order:

Qr = Q. (1 —e~f4) (14)
Pseudo-second-order:

0, = QZK,t
b 14Q.K,

(15)

Where Q. is the quantity of adsorbed pollutant at equilibrium, Q; is the amount of adsorption
at t time, and K and K> are the pseudo-first order and pseudo-second order rate constant,
respectively.

The nonlinear fitting of the kinetic data is presented in Figure 11a and the obtained kinetic
parameters are listed in Table 3. The comparison of the regression coefficient (R?) values
revealed that the adsorption kinetics of Cr(VI) onto rGO/PEI-KOH are well-described with
the pseudo-second-order model. In addition, the absorption capacity (Qe.ca=94.67 mg/g),
calculated from the pseudo-second order kinetic model, is closer to that obtained
experimentally (Qe.exp= 99.38 mg/g). This result is predictable, because this model is adequate

for a concentration of solute not too high as it is the case in this work (Azizian, 2004).
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In order to investigate the mechanism of mass transfer during the adsorption process, the
Weber-Morris model for intraparticle diffusion (Ho and Mckay, 1999; El Ouardi et al., 2019)
was used. Weber-Morris stated that if intra-particle diffusion is the rate-controlling factor
during an adsorption process, uptake of the adsorbate varies with the square root of time
(equation (16)).

Qe = Kinet /2 + C (16)
Where Ky is the intraparticle diffusion rate constant. Figure 11b shows that the plots of Q

t'2 are multi-linear, indicating that Cr(VI) adsorption mechanism occurs in three

versus
distinct stages. The first stage with the largest slope (Kint1) 1s due to an important diffusion of
Cr(VI) anions from the solution to the intraparticle regions; the R? value indicates that at this
first step of the adsorption process, the intraparticular diffusion is the predominant factor. The
second linear stage, with lower Kiy and R? values, suggest that the intraparticle diffusion
becomes less predominant, this is probably linked both to the decrease in the Cr (VI)
concentration gradient between the intraparticle regions and the solution, as well as a
diminution of the available adsorption sites (intraparticle). For the final stage, with the lowest
Kine and R2, the process evolution ultimately resulted in a non-predominant intraparticle
diffusion as the system approaches equilibrium. This is presumably due to a drop in the

concentration gradient (between solution and intraparticle regions) as well as the almost-

saturation of the intraparticle adsorption sites.
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Figure 11. (a) Pseudo-first-order and pseudo-second-order nonlinear fitting and (b)

intraparticle diffusion linear fitting for Cr (VI) adsorption onto rGO/PEI-KOH (pH: 2,

concentration of Cr(VI): 100 mg/L, adsorbent dosage 1 mg/mL, room temperature, time of

contact 24 h).

Table 3. Cr(VI) kinetic adsorption parameters onto rGO/PEI-KOH.

Kinetic models Parameters
Pseudo-first-Order
K (min™) 0.056
Qe.cal(mg/g) 88.96
R? 0.898
Pseudo-second-Order
K> (g/mg min) 0.0009
Qe.cal (mg/g) 94.67
R? 0.975
Intraparticle diffusion
Kint (mg/g min'’?) 6.24
C 34.25
R? 0.991
Kin (mg/g min'’?) 2.13
) 58.70
R? 0.973
Kina (mg/g min'/?) 0.40
GCs 85.19
R? 0.892

3.2.6 Cr(VI) adsorption-reduction mechanism
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To further analyze the Cr(VI) elimination mechanism by rGO/PEI-KOH, XPS was used to
examine the elemental composition after the adsorption of Cr(VI). As shown in Figure 12a,
the peaks of Crzp appear in the solid material, confirming that Cr(VI) is adsorbed successfully
onto the material. The XPS spectrum of the Crp, further indicates that there are four
components at 577.4, 580.2, 586.9 and 590.6 eV. The peaks at 577.4 and 580.2 eV represent
Cr2p32 orbitals, while the components at 586.9 and 590.6 eV are due to Crzpi2 orbitals. The
577.4 and 586.9 eV peaks are ascribed to Cr(I1I), while 580.2 and 590.6 eV peaks are related
to Cr(VI) (Ma et al., 2012; Zhang et al., 2013; Nezar et al., 2019). These results clearly
indicate that both Cr(VI) and Cr(III) ions coexist on the rGO/PEI-KOH surface with 70.3 at%
of Cr(Ill) of the total amount of adsorbed chromium, signifying a good reduction of the
adsorbed pollutant.

Figure 12b displays the high-resolution Nis XPS spectrum of rGO/PEI-KOH composite
prior to and after Cr(VI) elimination. Before adsorption, the spectrum consists of one peak
corresponding to N5 of the amine group. After adsorption process in acidic conditions (pH 2),
the Nis can be deconvoluted into two peaks: a preponderant peak related to the amine group
slightly shifted to higher binding energy, and a second peak at 401.4 eV due to the protonated
amine groups (-NH3"). As explained above, at this pH value and K>Cr4O7 concentration used,
the chromium predominant species is the hydrochromate anion, HCrO4, and it is worth
noting that at this acidic pH, the PEI molecule is known to present a maximum protonation of
amine groups, almost all these groups become positively charged (Curtis et al., 2016).

The HCrO4™ anions are electrostatically attracted to the protonated amine groups where they
will be adsorbed, as illustrated by equation (17) (Wang et al., 2017):

-NH3* + HCrO4~ — NH;*--HCrO4 (17
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Figure 12. Core level XPS spectra of (a) Crzp and (b) Nis of the rGO/PEI-KOH adsorbent

before and after adsorption of Cr(VI).

Afterwards, Cr(VI) reduction takes place resulting in Cr(IIl) formation thanks to m-electrons
of rGO, which serves as a donor of electrons in the Cr(VI)/Cr(III) reduction process (Ho et al.,
2002; Ma et al., 2012; Darabi et al., 2018), according to equation (18):
HCrO4 + 7H* +3¢ —» Cr*+4H,0  E’=+135V (18)
This E° positive value indicates that Cr(VI) is a strong oxidant at this low pH. Also, it can be
noticed from equation (18) that the reduction of Cr(VI) is concomitant with an important
consumption of protons; we presume that this property may explain that most amine groups
are deprotonated after adsorption (Figure 11b), but it does not explain why they are not
reprotonated as it is expected in this still relatively acidic medium (Curtis et al., 2016). A
possible response is given by the equation (19) (Deng and Ting, 2005; Zhao et al., 2016):
-NH; + Cr’* — -NH,Cr* (19)

This equation illustrates the chelation between Cr(Ill) species and the deprotonated amine
groups (-NH>), thus preventing an ulterior reprotonation; a chelated complex may be formed
by coordination between newly formed Cr(III) and -NH> group thanks to the fact that Cr(III)

cation has an empty orbital and the amine group has a lone pair of electrons (Dai et al., 2012).
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On the other hand, we speculate that the blue shift observed for the Nis of the amine group
after chromium adsorption is related to this chelation.

Scheme 2 illustrates the adsorption/reduction process, and Table 4 depicts the values of some
other adsorbent capacities for Cr(VI) reported in the literature. We can clearly see that the
adsorption capacity of 398.9+16.9 mg/g at ambient temperature is among the highest recorded

values.

@ ®

. @ \..cm-/ % Cr{w) cr(i)

&/ v "
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Scheme 2. Schematic illustration of the mechanism of Cr(VI) removal by rGO/PEI-KOH.
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Table 4. The maximum adsorption capacity of Cr(VI) compared with some indicative

reported works.

Adsorbent Qmax (Mg/g) Reference
Mesoporous carbon microspheres 156.3 (Zhou et al., 2016)
RGO/PEI/Fes04 266.6 (Wang et al., 2017)
Commercial activated carbon (CAC) 15.47 (Sandhya and Tonni,
2004)
KOH-modified carbonized Eucalyptus 45.88 (Zhang et al., 2018a)
sawdust
PEI-modified-biomass of Penicillium 279.2 (Deng and Ting,
chrysogenum 2005)
Iron nanoparticle decorated graphene 162 (Jabeen et al., 2011)
P(TA-TEPA)-PAM-RGO 397.5(35°C) (Zhang et al., 2018b)
3-aminopropyltriethoxysilane-functionalized 215.2 (He et al., 2017)
graphene oxide (AS-GO)
Magnetic B-cyclodextrin/graphene oxide 120.1 (Fan et al., 2012)
nanocomposite (MCGN)
ED/DMF/rGO 92.15 (Zhang et al., 2013)
Amino functionalized graphene oxide 123.4 (Zhao et al., 2016)
decorated with Fe;O4 nanoparticles (AMGO)
Reduced graphene oxide—montmorillonite (GCM) 12.86 (Zhang et al., 2015)
Polyethyleneimine modified eggshell 160 (Liu and Huang,
membrane (PEI-ESM) 2011)
Ionic liquid modified reduced graphene oxide (IL- 232.55 (Nasrollahpour et al.,
rGO) 2017)
Sulfonated magnetic graphene oxide (SMGO) 222.22 (Alizadeh et al.,
2017)
Graphene/MgAl-layered double hydroxides 172.55 (Yuan et al., 2013)
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(G-MgAI-LDH)

Triethylenetetramine modified graphene oxide/ 219.5 (Ge and Ma, 2015)
chitosan composite (TGOCS)

rGO-PEI-KOH 398.9 (25°C) This work
rGO-PEI 324.0 (25°C) This work

4. Conclusion
A graphene-based adsorbent was elaborated by reacting graphene oxide (GO) with
polyetheylenimine (PEI) and potassium hydroxide (KOH) at 90°C. Under these experimental
conditions, GO sheets were partially reduced while being at the same time functionalized with
PEI moieties. XPS, Raman, FTIR and TGA characterization proved an appreciable
deoxygenation of GO as well as the effective grafting of PEI on the rGO sheets. The as-
prepared rGO/PEI-KOH adsorbent exhibits an adsorption capacity of 398.9 mg/g for Cr(VI)
at room temperature. Compared to other works in the literature, this value is among the
highest reported. This adsorption is mainly attributable to the electrostatic interactions
between the chromium anion species and the low pH induced protonation of amine groups.
The isotherm plots suggest that during Cr(VI) sorption process rGO/PEI-KOH shows a
homogeneous surface where active sites are well distributed throughout; also, the results
suggest that chemisorption may play a non-negligible role in this process. Investigating the
adsorption kinetics, we found that it follows pseudo-second order model, which is consistent
with the Cr(VI) concentration range used. In addition, by applying the Weber-Morris model,
we noticed that intraparticle diffusion phenomena play a predominant role in the initial phase
of Cr (VI) adsorption. The subsequent Cr(VI) reduction to Cr(Ill), which attained 70.3% of
the total adsorbed chromium, is related to the oxidative action of the hydrochromate anion on

the rGO/PEI-KOH sheet, since this later acts as electron donor (n electrons). The results of
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this work represent an interesting way to eliminate Cr(VI), while offering the advantages of
reduced cost, high capacity of adsorption and respect for the environment. Therefore, it could

be a promising adsorbent in environmental applications.
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