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Abstract

In the present research, piperazine grafted-reduced graphene oxide RGO-N-(piperazine) was synthesized through a
three-step reaction and employed as a highly efficient nanoadsorbent for H,S gas removal. Temperature optimization
within the range of 30-90 °C was set which significantly improved the adsorption capacity of the nanoadsorbent. The
operational conditions including the initial concentration of H,S (60000 ppm) with CH4 (15 vol%), H.O (10 vol%),
O, (3 vol%), and the rest by helium gas and gas hour space velocity (GHSV) 4000-6000 h-* were examined on
adsorption capacity. The results of the removal of H,S after 180 min by RGO-N-(piperazine), reduced graphene oxide
(RGO), and graphene oxide (GO) were reported as 99.71, 99.18, and 99.38, respectively. Also, the output
concentration of H,S after 180 min by RGO-N-(piperazine), RGO, and GO were found to be 170, 488, and 369 ppm,
respectively. Both chemisorption and physisorption are suggested as mechanism in which the chemisorption is based
on an acid-base reaction between H,S and amine, epoxy, hydroxyl functional groups on the surface of RGO-N-
(piperazine), GO, and RGO. The piperazine augmentation of removal percentage can be attributed to the presence of
amine functional groups in the case of RGO-N-(piperazine) versus RGO and GO. Finally, analyses of the equilibrium
models used to describe the experimental data showed that the three-parameter isotherm equations Toth and Sips

provided slightly better fits compared to the three-parameter isotherms.
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1 INTRODUCTION

Gas emissions are recognized as one of the main sources causing global warming. These emissions, owing to their
chronic exposure, can lead to several negative effects such as photochemical smog and green-house effect [1-6].
Carbon monoxide (CO), hydrogen sulfide (H.S), and sulfur oxides (SOx) are among these gasses that are harmful,

even at low concentrations, for human health and environment [7-12]. Among above compounds, H:S is highly toxic
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and correspondingly resulted in irreparable effects in global environment. There are many sources producing and
releasing HyS into the atmosphere. As an example, degradation of sulfur containing compounds and proteins can lead
to H.S emission. Treatment facilities of wastewater are also other sources emitting H.S. In addition, petroleum
refining, natural gas processing, paper manufacturing, and livestock farming are among activities that lead to releasing
H,S [13]. Previously, the removal processes of H,S (to eliminate it chemically) were expensive and had many
limitations such as need to specific equipment and massive energy. In other words, the elimination of H.S with cost-
effective methods has become a critical issue and attracted attentions of researchers around the world to develop novel
materials. Carbon nanomaterials and metal oxide, due to their outstanding properties such as high stability, capability
for chemical manipulations, high surface area, and cheapness are known as one of the most promising agents to address
a wide range of current challenges in the different fields [14-17]. One of the most famous and practical two-
dimensional structures which has a sp? carbonaceous network and exceptional properties is graphene [18-23].
Graphene could be prepared by simple steps from reduction of graphene oxide (GO). GO contains oxygen
functionalities such as epoxide, ketone and carbonyl, and hydroxy groups [24, 25]. However, these functional groups
might reduce its performance in some applications because of decrease in conductivity properties of GO. On the other
hand, owing to the presence of these oxygen-containing functional groups, it gains a great option such as the ability
of simple functionalization. Unique graphene and GO properties make them outstanding substrates for use in
numerous fields [26-29]. As a result, both these carbonaceous nanomaterials, which one contains a high level of
oxygen functionalities and another one has a thick conductive plane, are used widely in modern academic society.
However, the majority of the oxygen groups of GO could be removed by various reductants to convert it into graphene,
and subsequently, prepared graphene could be further functionalized. The most common reducing agents to remove
oxygen groups of GO include hydrazine, sodium borohydride, hydroguinone, and 1,1-dimethylhydrazine [30, 31].
Reduction of GO with each of these reductants leads to a specific graphene with new properties. In addition to
reductant effect, other factors can influence the properties of prepared graphene, including functional group, reaction

temperature, oxidation methods, and used solvent.

In this research, to synthesize an efficient material for the removal of H.,S, GO was first reduced by sodium
borohydride to prepare graphene, and then, prepared graphene was functionalized by piperazine to achieve effective
nanoadsorbent. The synthesized nanoadsorbent was characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), Fourier-transform infrared (FT-IR), and transmission
electron microscopy (TEM). Both GO and piperazine-modified reduced GO were used for H,S gas removal.
According to the obtained results, piperazine-modified reduced GO, due to the presence of amine functional groups
and providing additional polar sites, enhanced the adsorption of H,S. Consequently, synthesized nanoadsorbent might

be considered as a high capacity adsorbent for removal of hazardous acid gases.

Herein, we would like to report the preparation of a new nano adsorbent base on Reduce Graphene oxide
functionalized with Piperazine (RGO-N-(piperazine)) and employing it as a nano adsorbent for the first time. The
aims of this research are: 1) to characterize the structural and chemical properties of the newly synthesized RGO-N-

(piperazine), and 2) to examine whether the functionalization on the basis of graphene oxide can act as a nano



adsorbent. According to the gain results, RGO-N-(piperazine) nano adsorbent can be used as a H,S gas adsorbent at
high concentrations of H.S gas with high efficiency. This study is reported for the first time in this research. The
results revealed that RGO-N-(piperazine) has better H,S adsorption performance due to the presence of amine

functional groups on the surface of graphene sheets.

2 EXPERIMENTAL
2.1 General

Natural flake graphite (99.95%), sodium borohydride (98.0%), potassium permanganate (99%), sulfuric acid (>98%),
piperazine, EtOH and H,O, (30%) were purchased from Merck. The apparatuses utilized in this research were power
X-ray diffractometer, Philips PW-1840 equipped with Cu Ka radiation source, and a scanning electron microscope
(SEM) (TESCAN). FT-IR spectroscopy was obtained using Broker (VERTEX 70) spectrum, while X-ray diffraction
technique and scanning electron microscopy were used to characterize the samples. To characterize functional groups
of graphene sheets after treatment, X-ray photoelectron spectra (XPS) were obtained using a VG Escalab 200R

spectrometer equipped with a hemispherical electron analyzer.

2.2. Preparation of GO

The graphene oxide sheets were prepared according to the modified Hummer’s method [32]. For pre-oxidation of
graphite solid powder, 125 ml of concentrated sulfuric acid was added to 2.5 g of the initial graphite powder and the
mixture stirred at room temperature for 24 hours. After the time has elapsed, 15 g of oxidizing agent (KMnO,) was
gradually added to the reaction mixture. After that, the reaction was stirred for another 72 hours at 55 °C. Then, a
mixture of 25 ml of H,O, 30% and 200 ml of water was added to the reaction mixture. The resulting mixture was
centrifuged and rinsed several times with a mixture of deionized water and HCI 10% to remove impurities from the
product. Finally, brown solid of GO was obtained after drying in an oven at 65 °C.

2.3. Synthesis Preparation of graphene oxide grafted with piperazine

2.5 g of GO was dispersed in 125 mL of water, followed by the addition of 7.5g of piperazine in 125 mL of ethanol.
The mixture was allowed to stir for 24 h under reflux before the separation of the resulting GO-NH (filtration, washing
with water and ethanol, and drying at 80 °C). Modification of GO with piperazine was carried out by ring opening of

epoxide group and formation of C-N band on GO surface [33].

2.4. Preparation of piperazine grafted-reduced graphene oxide RGO-N-(piperazine)



As-prepared GO supported piperazine was diluted in 540 mL DI water and 3 mg/mL NaBH4 (7.50 g) was added to it.
The mixture was stirred at 80 °C for 1 h under reflux. Finally, the collected black product was dried under oven vacuum
at 45 °C [25].

2.5. H.S adsorption set-up

The schematic of the laboratory absorption of hydrogen sulfide gas is shown in Fig.1. The amount of H,S gas input
required for testing in this study was 60000 ppm, along with CHs4 (15 vol%), H,O (10 vol%), O (3 vol%), and the rest
by helium gas. The concentration of feed and outlet hydrogen sulfide gas in this experiment was measured by a
potentiometer titration instrument (Mettler DL 40GP) that equipped with an Ag-Ag.S electrode (DM 141-SC). A fixed
base reactor with a diameter of 31 mm and a length of 500 mm was selected and 3 g of the desired adsorbent was
placed inside the gas absorption reactor. The feed flow rate of gases mixture was 200 mL/min absorption system and
the amount of adsorbent weight was selected by the desired space velocity. The desired temperature was adjusted

using a temperature controller.

<Fig. 1>

3. Result and discussion
3.1. Characterization of the GO and RGO-N-(piperazine) nanoadsorbents

A schematic illustration of the three-step synthesis pf RGO-N-(piperazine) is shown in Scheme 1. In the first step, GO
was initially prepared via oxidation of graphite powder with KMnQO4 and H,0, (30%) in acidic solution according to
the Hummer’s method. Afterward, GO was aminated through nucleophilic ring-opening of the epoxy groups on its
surface upon treatment with piperidine. Finally, GO was reduced by NaBH, in a manner of a previously reported
method [29].

< Scheme 1>

The Fig. 2 shows a FT-IR spectrum for GO and RGO-N-(piperazine). Expectedly, the apparent difference between
absorption bands suggests successful formation of RGO-N-(piperazine). The characteristic peak for hydroxyl group
related to C-OOH and C-OH appeared in the range of 2550-3600 cm™ as a broad peak. However, the concentration of
COOH after reducing the GO decreased and was confirmed by the appearance of a less broad signal in the range of
300-3500 cm* for RGO-N-(piperazine) spectrum. Furthermore, the peaks at 1729, 1622, 1389 and 1070 cm™ in GO
spectrum can be assigned as the stretching vibrations of C=0, C=C, C-O-C, and C-O, respectively [34]. The peak at

1232 cm* in Fig. 2b can be attributed to the stretching vibration of the amino C-N bond formed by amination of the



GO with piperazine. Moreover, the characteristic stretching vibrations appearing at 3410 cm™ in the spectrum of the
RGO-N-(piperazine) (Fig. 2b) corresponds to the N-H bond which was overlapped with the O-H stretching vibration.
In addition, the presence of the piperazine ring on the surface of GO is also ratified by appearance of the C-H stretching
vibration at 2908 cm™ in the spectra of the RGO-N-(piperazine). This result clearly confirms the successful
functionalization of the GO with piperazine functional groups [34].

<Fig. 2>

The XRD patterns of GO and RGO-N-(piperazine) are depicted in Fig. 3. In the GO patterns, the distinctive peak
(002) atnear 20 = 12° isrelated to the oxygen functional groups which are intercalated between graphene sheets during
oxidation process. The diffraction peak at 20 = 49 ° is related to (100) which can be observed at both GO and RGO-
N-(piperazine). After modification of graphene oxide with piperazine, the intensity of the peak at 12° was tangibly
decreased in comparison with that of GO. In addition, the broad peak at about 26 = 24° can be assigned as partially
reduction of GO sheets. However, the peak at 26 = 12° indicates the presence of oxygen functional groups even after

functionalization of GO with piperazine [35].

<Fig.3>

X-ray photoelectron spectroscopy (Fig. 4(a)) was employed to examine the chemically structure of GO and RGO-N-
(piperazine). According to the XPS spectrum of RGO-N-(piperazine), the intensity of O 1s decreased compared to
that of GO, indicating the functionalization of GO with piperazine. Furthermore, the appearance of the N 1s peak
confirms the creation of nitrogen containing functional groups on the GO sheets [36]. The high resolution of XPS
spectra of C 1s, O 1s and N 1s were investigated to further evaluate the quantity of the surface of GO and RGO-N-

(piperazine).

<Fig. 4>

The Figure 4(b) illustrates the C 1s spectra of GO. The distinctive peaks at 285.1, 286.9, and 288.1 eV are assigned
as sp? C-C bonds, C-O, and C=0, respectively. Fig. 4(c) shows the O 1s spectra of GO in which the peaks at 531.1
and 533.7 eV are related to C-O and C=0, respectively [37]. The high-resolution spectra of C 1s for RGO-N-
(piperazine) is depicted in Fig. 4(d). Three distinctive peaks at about 285, 286.4, and 288.1 eV are associated with C-
C, C-N, and C=0, respectively. Therefore, the alteration of C 1s for RGO-N-(piperazine) versus GO indicates the
functionalization of GO with piperazine due to the creation of C-N bonds. The formation of C-N bonds was further
confirmed by FTIR analysis. The N 1s spectra of RGO-N-(piperazine) is shown in Fig. 4(e). Two components in this
spectrum at 399.1 and 401.6 eV are attributed to the C-N and N-H bonds, respectively. The O 1s spectra of RGO-N-



(piperazine) (Fig. 4(f)) reveals the presence of C=0 and C-O bonds due to the two components at 531.2 and 532.9 eV,
respectively, [38].

FE-SEM images in Fig. 5 (a-b) show that both GO and RGO-N-(piperazine) consist of randomly accumulated and
wrinkled thin sheets closely associated with each other forming a disordered solid. The TEM image in Fig. 5 (c) shows
the morphology of the as-prepared RGO-N-(piperazine) with crumpled layers. SEM and TEM images of GO and
RGO-N-(piperazine) revealed that the functionalization procedure does not have any prominent impact on the

morphology of graphene sheets.

<Fig.5>

Fig. 6 presents the energy dispersive X-ray (EDX) spectra of the RGO-N-(piperazine). As illustrated by these EDX
images, the expected elemental components are per-formed for piperazine grafted-reduced graphene oxide RGO-N-
(piperazine) (C, O, N). The mass percentages of the corresponding elements calculated from the EDX analysis are
presented in Fig. 11. These results provided further evidence for successful grafting of GO films with piperazine ring

and pre reduction with NaBH..

< Fig. 6 >

3.2. H2S adsorption test

Table 1 indicates the output concentration and percentage of H,S removal by utilizing different nano adsorbents
including RGO-N-(piperazine), GO, and RGO. As can be seen, the H,S output concentration after 180 min for RGO-
N-(piperazine), GO, and RGO were found as 90, 369, and 488 ppm, respectively. The removal percentage of H,S after
180 min for RGO-N-(piperazine), GO, RGO were calculated as 99.84, 99.38, and 99.18, respectively. By using the
H,S gas feed concentration with a real sample in gas reservoir of Gachsaran area (Iran), the amount of 60000 ppm
was selected and to compare the performance of the nano adsorbents, certain amount of each adsorbent (3 g) was

separately used for the H,S adsorption analysis.

<Table 1>

According to our achievements, all the adsorbents shows an appropriate capacity for the adsorption of H.S gas.
However, RGO-N-(piperazine) exhibits the best performance in comparison with GO and RGO. This can be related
to the attached piperazine ring on the surface of GO and the presence of amine groups which enhance the physisorption
and chemisorption of H,S molecules. The improvement of adsorption capacity for GO in comparison with RGO can

be related to the presence of oxygen containing functional groups such as hydroxyl, epoxy and carboxyl on the surface



of GO. Hence, it can be concluded that the oxygen atoms on the GO sheets play an important role for the adsorption
of H,S molecules and this effect overcome the impact of the intensification of spacing layers which occurs by reduction
of GO [39].

GO is converted to RGO by chemical and thermal methods. The spacing between the layers in GO is 8.27 A and also
amount of oxygen in GO is 33.25%. In the chemical method reduction by NaBHs, the interlayer distance between GO
sheets increases to 9 and oxygen content decreases to below 20% [39]. Comparison between the synthesized nano
adsorbents shows that RGO-N-(piperazine) has the highest adsorption capacity for H,S removal or lowest output,
according to Table 1. This observation can be attributed to the presence of additional piperazine rings on the surface
of GO which can create amine functional groups. Piperazine is a six-member ring of organic base compounds.
Therefore, it can be assumed that NH-containing rings undergoes an acid-base chemical reactions with H,S gaseous
molecules. Tables 2 indicates the textural properties of utilizing different nano adsorbents (GO, RGO and RGO-N-
(piperazine). The textural and surface properties of GO, RGO and RGO-N-(piperazine) are summarized in Table 2.
According to results, the RGO-N-(piperazine) shows a larger pore volume, specific surface area, and pore size than
GO and RGO.

<Table 2>

According to the Scheme 1, nano adsorbents have verity polar sites and chemical center. Therefore, H.S adsorption
capacity can be alternatively changed by various atoms and functional groups. The presence of piperazine functional
group attached GO sheets provides polar sites and improves the chemical and physical adsorption. Piperazine is an
organic base compound and functionalization of graphene oxide with piperazine leads to increase basicity properties,
chemical reactivity and polarity sites of the RGO-N-(piperazine) through enhancing chemical reactivity by acid-base
reactions. As a result, the adsorption capacity of RGO-N-(piperazine) is usually increased for the polar adsorbents via

the formation of hydrogen bonds in the presence of piperazine ring [40-41].

Figure 7 shows the adsorption capacity of H,S output concentration for the nano adsorbents including RGO-N-
(piperazine), RGO and GO. The H,S output concentration after 60 minutes for RGO-N-(piperazine), RGO, and GO
were found to be 104, 450, and 360 ppm, respectively. After that, there is no change between 60-120 minutes. Finally,
the H,S output concentration for RGO-N-(piperazine), RGO, and GO were found to be 135, 480, and 365 ppm,
respectively. In addition, Fig. 7 demonstrates that the H,S gas adsorption on the nano adsorbents decreases by

increasing the contact time due to the saturation of surface functional groups with H,S molecules.

<Fig. 7>



Figure 8 indicates the effect of temperature and GHSV on the H,S adsorption. Owing to the fact that lower amount of
GHSV reduces the H,S concentration and enhances the capacity of the adsorbents, increasing the amount of GHSV
from 4000 to 6000 h* leads to obvious augmentation of H.S concentration. Since a lower GHVP will cause corrosion,
high amount of GHPV was used. For industrial protection, the prepared nano materials can be used as an attachment
to enhance the sweetening capacity of the unit.

< Fig. 8>

Fig. 9 indicates the effect of temperature on the H,S adsorption. As shown in Fig. 9, the concentration of H,S gas is
decreased by increasing the temperature from 0 °C to higher temperatures leading to shorter residence time. In the
range of 50-90 °C, there is no any significant alteration for final concentration. This feature provides an opportunity

for reducing the operational temperatures which is suitable for industrial applications.

<Fig. 9>

As summarized in Table 3, the experimental data resulted from the present work are compared with some previous
reports. These results indicate that RGO-N-(piperazine) has higher HpS-adsorption capacity at 90°C (the highest
temperature examined in this study). However, because of the differences in experimental conditions, comparison

between these studies must be done with caution.

<Table 3>

3.3. Adsorption Isotherms

Adsorption equilibrium isotherm data for H,S gas adsorption on GO, RGO and RGO-N-(piperazine) were obtained at
pressures up to 1 bar using Langmuir [47], Toth [48] Freundlich [49], Sips [50] and Unilan [51]. The equation, the
regression coefficient (Rz), and effective parameters for each isotherm are given in Table 4. By non-linear regression
models, the experimental data were fitted by different isotherms using CF tools. According to the Table 4, the R
values of all the isotherms studied are close to unity, indicating that all of them are good models for the adsorption of
H.S gas by GO, RGO and RGO-N-(piperazine). Also, the Langmuir equation appeared to provide a better fit for the
initial H,S gas adsorption by RGO-N-(piperazine), while slightly higher R, values were observed for Sips and Toth

isotherms. For the sake of clarity, only the Langmuir and Toth isotherms are presented in Fig. 10.



<Table 4>

< Fig. 10>

4 CONCLUSIONS

In this study, GO, RGO, and RGO-N-(piperazine) were applied as adsorbents for the elimination of H,S gas. GO was
synthesized by modified Hummer’s method and functionalized through a one-step chemical reaction with piperazine.
The results revealed that RGO-N-(piperazine) has better H,S adsorption performance due to the presence of amine
functional groups on the surface of graphene sheets. The presence of nitrogen atoms in the piperazine rings can provide
additional polar sites on the surface of graphene sheets to enhance the interaction between H,S molecules and amine
functional groups during physisorption and chemisorption process. Furthermore, the attendance of basal sites at amine
functional groups accelerate the acid-base reaction between amine functional groups and H,S molecules. In general,
functionalization of GO with nitrogen containing functional groups can be utilized as a high capacity adsorbent for

removal of hazardous acid gases.
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Table 1. H,S removal percent and output concentration (ppm) of the as-prepared adsorbents (GHSV=4000 h-1 and
H.S feed concentration 60000 ppm).

Time (min) Time (min)
Adsorbent
60 120 180 60 120 180
Removal (%) H,S Output concentration (ppm)

RGO-N- 99.95  99.89  99.84 25 64 90
(piperazine)
GO 99.40 99.39 99.38 360 365 369
RGO 99.25 99.20 99.18 450 480 488

Table 2. Textural properties of GO, RGO and RGO-N-(piperazine).

Sample Pore volume . Pore size (nm)
(cm?. g Specific surface
area (m?. g™)
GO 0.138 104.449 5.3
RGO 0.148 118.24 5.5
RGO-N- 0.214 170.65 7.4
(piperazine)




Table 3. Comparison of HyS-adsorption capacity from the present work with those reported for other materials used

in laboratory-scale H,S-adsorption processes.

Entry Adsorbent Temperature Feed H2S Gas volume H.S adsorption
(°C) (ppm) range (Cm3) | (gH2S/gAdsorbent)
[Ref.]
1 Activated carbon 121.85 3000 0.00036-0.021 0.005/0.295 42
2 Activated carbon cloth 25 5000 0.00044-0.052 0.018/0.358 4
modified by ammonia
treatment
3 Graphene/Graphite 25 1000 0.0015-0.064 0.007/0.159 #

oxide with copper
hydroxy chlorides

4 Alkaline activated 25 5000 0.00044-0.052 0.018/0.358 %
carbon
5 Alkaline carbon 30 10000 0.0044-0.13 0.06/1.86 46
nanotubes
6 RGO-N-(piperazine) 90 60000 0.002-0.003 2/2.2
7 GO 90 60000 0.002-0.003 1.9/2.2

8 RGO 90 60000 0.002-0.003 1.8/2.2




Table 4. Determined isotherm model constants for the adsorption of H,S on RGO-N-(piperazine), GO and RGO.

Equation/ Isotherm Parameter Adsorbents
RGO-N- GO RGO
(piperazine)
Langmuir a 5.38 4.324 2.88
_ax k 4.228 3.657 1.94
Y =1 kx R? 0.9844 0.9811 0.9784
Toth a 3.34 2.824 1.764
_ ax b 3.235 2.242 1.845
Y= 1 c 2.081 3.084 7.054
(1 + (bx))e R’ 0.994 0.988 0.991
Freundlich a 1.076 1.065 1.071
1 n 2.597 2.248 1.411
y =axn R? 0.9681 0.9621 0.9601
Unilan a 1.294 1.252 1.23
a 1+ besx b 4.298 2.854 1.477
y ==y s 0.00917 0.00845 0.00712
R 0.9865 0.9812 0.9785
Sips a 1.123 1.1221 1.121
1 b 5.219 3.845 2.786
_ _ax)r n 0.7887 0.7231 0.6864
R? 0.997 0.9811 0.9894

1
1+ (bx)n
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Fig. 1. Schematic view of the setup used for the H,S removal experiments.
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Fig. 6. The EDX of RGO-N-(piperazine).
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