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• Composite of nano-MgO and granular ac-
tivated carbon (GAC) was synthesised.

• Claimswere supportedbyXRD, TGA, BET,
UPS, NEXAFS, SEM, TEM and ICP-OES.

• The H2S adsorption capacities were de-
termined following the ASTM D6646
method.

• Composite showed more than five times
higher H2S adsorption capacity than vir-
gin GAC.

• High capacity was attributed to both
physical and chemical adsorption
processes.
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In this study, a composite of nanomagnesium oxide (MgO) and granular activated carbon (GAC) was synthesized
and analyzed for its H2S adsorption capacity. The synthesis of composite involved a spray technique, which incorpo-
rates nano MgO even into micropores of GAC. The nanocomposite was characterized structurally and chemically,
using scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), N2-BET ad-
sorption studies, ultra-violet photoelectron spectroscopy (UPS) and near edge X-ray absorption fine structure spec-
troscopy (NEXAFS) and inductively coupled plasma optical emission spectroscopy (ICP-OES). The composite
described herein showedmore thanfive times higherH2S adsorption capacity than the virginGAC. The high adsorp-
tion capacity shownby theMgO-GAC composite could be attributed to the fact that the composite structure exploits
both physical and chemical adsorption processes simultaneously. The physical adsorptionwas occured at themacro
and mesoporous structure of GAC whereas as the chemical adsorption was at the nano-MgO site. The differential
thermogravimetric (DTG) analysis evidenced that the main mode of chemical adsorption was the oxidation of
H2S, whereas a secondary metal supported addition mechanism was also shown to exist.
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1. Introduction

Hydrogen sulfide (H2S) is among themostwidely discussed gaseous
pollutants in the environment. The toxic effects of H2S are observed on
the nervous [1–3], respiratory [4,5], reproductive systems [6,7] and sec-
ondarily on eyes [3,8–10], skins [9], cardiovascular system [11,12], he-
patic tissues [9], renal system [9], gastrointestinal system [9], immune
system [5] and endocrine system [3]. The common rationale is that
the toxicity of hydrogen sulfide is due to the inhibition of cytochrome
oxidase [13]. However, the participation of reactive sulfur species in
themechanism of H2S toxicity through depletion of glutathione and ac-
tivation of oxygen to form reactive oxygen species have also been ob-
served [13]. Hypoxia, respiratory insufficiencies, pulmonary edema
and neurotoxic effects are some commonly reported impacts of expo-
sure to acute levels of hydrogen sulfide gas [14,15]. As the toxic effects
of hydrogen sulfide have become apparent, many mechanisms of re-
moving hydrogen sulfide in gas streams have also been developed. Cur-
rently catalytic oxidation of H2S using metal chelates is the widely
commercialized method [16–18]. Zeolites [19,20], silica [21], titania
[21] and specially developed resins [21] are some other materials used
for large scale H2S removal processes. Additionally, biofiltration is also
being used for H2S separation [22]. Further, the use of metals and their
oxides for H2S removal has been a widely explored area by many re-
searchers [23–26].

Despite the methods mentioned above, activated carbon and their
composites have also been among the effective options for H2S removal
for several decades. Among the wide variety of carbon based materials,
activated carbon, activated carbon fibers [27] and activated carbon
cloths [28] have been studied for the H2S removal. The presence of a
pore structure and high surface area, as well as functional groups such
as COO−, OHmakes activated carbon, a suitable material for adsorption
of foreign molecules [29,30]. Consequently, activated carbon is widely
used in the removal of pollutants [31], and is one of the major compo-
nents in water filters [32,33] and air filters [34–36]. It is used to filter a
broad range of contaminants, such as volatile organic compounds [36,
37], toxic gases such as SO2 [38], H2S [34,39–43] and certain heavy
metal ions [31–33]. Further, its ability of desorbing the adsorbed gases
at high temperatures has made it an attractive material to be used in
gas filters.

The removal of H2S by activated carbon can occur via several mech-
anisms [28,44]. The addition of sulfur on carbon sites or the substitution
of oxygen atoms on carbon active sites by sulfur or adsorption of sulfur
atoms by metals in a favorable addition reaction have been proposed.
Therefore, incorporation of metals are favorable for H2S adsorption
and higher H2S adsorption capacities have been observed with higher
metal concentrations on the activated carbon species [44].

On the other hand, Yan et al. [45] explain a different facet for H2S ad-
sorption on activated carbons, suggesting three possible adsorption
modes namely, physical adsorption, chemical adsorption and catalytic
oxidation [45]. Many studies have explored the effects of dynamic con-
ditions such as pH [46], humidity [47], adsorbent (activated carbon)
properties [27,48] and adsorbate (H2S) properties [44] in achieving
themaximumH2S adsorption using activated carbon based adsorbents.

Currently, chemical modifications on activated carbon are themajor
focus, in order to enhance its effectiveness in adsorption of H2S. Most of
these chemical modifications are based on proposedmechanisms of ac-
tion. For example, treating carbonwith alkalinematerial is shown to in-
crease H2S adsorption via an oxygen substitution mechanism are
summarized [45,46,49]. Potassium iodide (KI) is another agent used to
modify activated carbon in order to achieve selective adsorption of
H2S on to surface functional groups of carbon [49]. The introduction of
nitrogen atoms by ammonia is also reported to increase H2S adsorption
capacity, not only by increasing the surface nitrogen groups but also by
changing the distribution of oxygen groups and by changing themicro-
porosity [50]. Further, the introduction of nitrogen functionality on car-
bon matrix via urea [51] and silica-polyamine [52] have also been
reported. Moreover, the use of copper impregnated activated carbon
for H2S removal has also been reported [47]. However the exploitation
of themetal group functionalities to enhance the synergistic adsorption
effects is an area yet to be further explored. In this work a composite of
nano MgO and GAC is fabricated to achieve improved adsorption prop-
erties. The ability of catalyze H2S removal by magnesium hydroxide
(Mg(OH)2) and magnesium oxide (MgO) are also reported [53,54].
The removal of H2S by MgO has been reported to be via chemical ad-
sorption of HS and S on flat MgO(100) surfaces, where the direct inter-
action of H2S with MgO is reported to be relatively weak [54]. Also, the
H2S adsorption by metal oxides alone are feasible only at higher tem-
peratures [55]. The objective of this work is to, fabricate a composite,
by impregnating nanoMgO in a porousmatrix such as activated carbon,
whichwill allow to utilize both chemical and physical adsorption of H2S
thereby increasing the adsorption capacity of the sorbent at room tem-
perature. Hence, it will be a better choice in using for the industrial ap-
plications of removing H2S from polluted gas streams, than using the
metal oxide alone. Incorporation of nano MgO with GAC to evaluate
the efficacy of the composite on catalyzing H2S has not been reported
to the best of our knowledge. Therefore in this study, we impregnate
nano MgO in to activated carbon, in order to ascertain the viability of
this composite for H2S adsorption. The rationale for the composite is
to increase the oxygen substitution mechanism and the metal support-
ed addition mechanism. The novel strategy employed involves the ini-
tial in-situ impregnation of nano magnesium hydroxide (nano-
Mg(OH)2) into GAC and then calcination of nano-Mg(OH)2 to produce
nano-MgO impregnated GAC.

2. Experimental

2.1. Materials and methods

Magnesium nitrate hexahydrate (98%, Research-Lab Fine Chem In-
dustries), ammonium hydroxide (25%, Sigma-Aldrich) and absolute
ethanol (≥98.8%, Sigma-Aldrich) were used as received. Polyvinylpyr-
rolidone (PVP, Molecular weight: 10,000, Sigma-Aldrich) as received,
was used as the nonionic surfactant. Double distilled water was used
in preparing all solutions. Granular activated carbon (GAC) used for
the composite was from Jacobi Carbons Inc., United Kingdom. The syn-
thesis process of nano MgO-GAC has two main steps: first, the impreg-
nation ofmagnesiumhydroxide nanoparticles in toGAC and second, the
decomposition of impregnated magnesium hydroxide into magnesium
oxide, which are summarized in Sections 2.2 to 2.5.

2.2. Synthesis of magnesium hydroxide nanoparticles andMgO nanoparticles

For the preparation of magnesium hydroxide nanoparticles, a well-
established alkaline precipitation method [56] was used with some
modifications. The modifications to the original procedure include the
changes in reaction temperature, solvent polarity and the surfactants.
Mg(NO3)2.6H2O(s) (4 g, 0.0156 mol) was dissolved in a 20 mL mixture
of double distilled water and ethanol (1:1 v/v). The nonionic surfactant,
PVP (1 g, 0.0001mol) was dissolved in another 20 mL mixture of water
and ethanol (1:1). The resultant mixture was heated to 65 °Cwhile stir-
ring. A 5 mL amount of NH4OH (aq) (6.5 M) was then added drop wise
to the above reaction mixture with continued stirring while main-
taining the temperature at 65 °C. After the complete addition of the
base, the reaction mixture was allowed to cool to room temperature
(27 °C), with continued stirring. The cloudy nanometal hydroxide solu-
tion was then centrifuged (Sigma 3–18) at 9000 rpm for 15 min and
nanoMg(OH)2(s) particles were separated. The precipitate waswashed
and centrifuged using a water/ethanol (1:1) mixture. The precipitate
was subjected to the temperature of 360 °C in a muffle furnace
(Nabertherm) to achieve MgO nanoparticles. Both synthesized nano
Mg(OH)2 and nano MgO were characterized using Scanning electron
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microscopy (SEM), X- ray diffraction (XRD) and Thermo gravimetric
analysis (TGA).

For the synthesis of magnesium oxide-activated carbon (MgO-GAC)
composite pre-dried GAC (100 g) was sprayed with nano magnesium
hydroxide solution (45mL), using an in-house developed spray appara-
tus. For the decomposition step, the nano-Mg(OH)2 impregnated GAC
sample was then heated in a muffle furnace (Nabertherm) at 360 °C
for 3 h. In order to prevent the combustion of GAC, the decomposition
was done in N2 environment. In order to increase the MgO content in
the final composite, the GAC sample was subjected to four consequent
spray cycles of Mg(OH)2, followed by drying after each cycle. During
the decomposition, theNH4NO3 by productwas converted into nitrogen
and water at a temperature around 250 °C [57].

2.3. Characterization of nano magnesium hydroxide and nano magnesium
oxide

The surface morphology of Mg(OH)2 nanoparticles was analyzed
using scanning electron microscopy (Hitachi SU 6600, SEM) and trans-
mission electron microscopy (TEM) in the scanning transmission elec-
tron microscopic mode (STEM) at 200 kV (FEI Technai G2 F20 field
emission TEM). The X-ray diffraction (Bruker D8 FOCUS) patterns
were recorded to obtain the crystal structure of the synthesized nano-
particles, and also to confirm the purity of the product. (Cu Kα (λ =
1.5418 Å), 40 kV and 40mA) Thermogravimetric analysis of the synthe-
sized magnesium hydroxide nanoparticles and the surfactant (PVP)
were carried out (TA Instruments, SDT Q600) under N2 atmosphere at
a heating rate of 20 °C/min, in order to determine the calcination tem-
perature for the nanocomposite synthesis.

2.4. Characterization of MgO-GAC composite

The scanning electron microscope was used to study the surface
morphology of the four MgO-GAC composites. The XRD patterns and
TGA analyses were done in the similar manner described in Section 2.
The surface area and the pore structural properties of MgO-GAC com-
posite and the virgin GAC were investigated by N2 adsorption at 77 K
(Quantachrome Autosorb iQ Surface Area Analyzer). The samples
were degassed at 300 °C for 3 h, prior to each analysis and each sample
was run in triplicates.

The bonding nature between MgO and GAC was assessed by syn-
chrotron radiation (SR) based Ultra Violet photoelectron spectroscopy
(UPS) and near edge X-ray absorption spectroscopy (NEXAFS). The
UPS and NEXAFS measurements on GAC andMgO/GAC nanocomposite
was performed at the Materials Science beamline at ELETTRA synchro-
tron, Trieste, Italy. Samples were outgassed in the sample load-lock
until the base pressure of the load-lock fell below 5 × 10−7 mbar and
then were transferred directly to the experimental chamber for mea-
surements, in which, the base pressure with the samples inserted was
~5 × 10−10 mbar. Spectra were referenced to the binding energy (BE)
of Au 4f core level recorded from a clean Au sample attached to thema-
nipulator and were normalized to the incoming photon flux, I0, and to
the number of scans. UPS spectra were recorded at normal emission
(NE) mode which probes few top most layers of the sample. Therefore
the survey and core level spectra recorded at their respective photon
energies collect photo-emitted electrons mostly from the surface of
the nanocomposite. C and O K-edge NEXAFS data were recorded in
Auger electron yield (AEY) mode, using the C and O KLL Auger regions
respectively, with the incident beam at normal and grazing (10°) angles
to the plane of the GAC and MgO/GAC samples. The polarization of the
incident SR beam is ~90% horizontal from the bending magnet source.
The background of core level spectra was subtracted using 4th order
polynomial function and the spectra were acquired using a SPECS
Phoibos 150 hemispherical electron energy analyzer with a 1D-DLD de-
tector. The quantification of Mg content in the four composites was
done by ICP-OES analysis of acid digested composites.
2.5. H2S adsorption studies

The H2S testing capacity was performed according to the method,
ASTM D6646. Humidified air (relative humidity 80% at room tempera-
ture) containing 1% (10,000 ppm) of H2S was passed through a column
of GAC (diameter 2.5 cm; bed height 15 cm). The test was stopped at
breakthrough concentrations of 50 ppm.

The composites before and after H2S adsorption were analyzed by
Energy Dispersive X-ray spectroscopy on an SEM (Thermoscientific
SEM-EDX). In order to understand the mechanism of adsorption, the
differential thermogravimetric analyses (DTG) of as prepared and the
exhausted composites were carried out using TA Instruments (SDT
Q600) in air at a heating rate of 10 °C/min. Also, MgO-GAC composites
with increasing MgO content, were prepared by increasing the number
of spray cycles and the H2S adsorption capacities in each was tested in
order to get more evidence on the mechanism of H2S adsorption.

3. Results and discussion

3.1. Characterization of magnesium hydroxide and magnesium oxide
nanoparticles

The synthesis of MgO nanoparticles from nano Mg(OH)2 could be
considered to occur via chemical reactions as given in Eqs. (1) and (2).

Mg NO3ð Þ2 sð Þ þ 2 NH4OH aqð Þ→Mg OHð Þ2 þ 2 NH4NO3 aqð Þ ð1Þ

Mg OHð Þ2 sð Þ→MgO sð Þ þH2O lð Þ ð2Þ

Also, the base NaOH, which was used in the original method was re-
placed by NH4OH in order to eliminate the possible contamination of
nanocomposite by sodium (Na+) ions. This results in NH4NO3 as a by-
product, which is decomposed into N2 and H2O at 200–300 °C.

According to the TEM image (Fig. 1a) the synthesized Mg(OH)2
nanoparticles are spherical in shape. The particle size varies only within
the range of 2–5 nm and therefore a narrow size distribution is obtain-
ed. However, few agglomerated sites are also visible. This procedure
clearly shows the synthesis of very small Mg(OH)2 nanoparticles com-
pared with previous reports [56]. This Mg(OH)2 was subjected to calci-
nation to form MgO nanoparticles. The SEM image of the MgO after
calcination step reveals that the majority of the particles are in 50 nm
range and in nearly amonodispersion. The shape of the particles is near-
ly spherical with some agglomeration sites.

The TGA analysis of nano Mg(OH)2, MgO-GAC and PVP is given
in the Fig. 2. The thermogravimetric analysis of as-synthesized
Mg(OH)2 suspension shows three weight loses around 150 °C,
375 °C and 450 °C. The weight loss at 150 °C could be attributed to
the evaporation of surface bound water. The weight loss at 375 °C is
due to the conversion of Mg(OH)2 to MgO. The weight loss at 450 °C
in the TGA profile of Mg(OH)2 can be attributed to the decomposition
of surfactant, which is also confirmed by the TGA profile of PVP given
in Fig. 2. There are no major weight loses in the TGA profile of nano
MgO composite until 700 °C, which confirms the thermal stability of
the composite. A small weight loss around 714 °C is mainly due to the
decomposition of carbon in the composite.

The XRD spectra obtained for nano Mg(OH)2, nano MgO, MgO-GAC
and virgin GAC are shown in Fig. 3. The X-ray diffraction of nano-
Mg(OH)2 clearly shows the peaks at the 2θ positions of 19°, 33°, 38°,
51°, 59°, 62° and 68° (Fig. 3.a) which can be assigned to (001), (100),
(101), (102), (110), (111), and (013) planes respectively (ICSD). The
XRD pattern of nano MgO obtained is given in fig. 3.b. This clearly
shows that the highest intensity peak is at 2θ, 43° (200) crystal planes
of MgO and other diffraction peaks assigned to 2θ, 37° (111), and 2θ,
62° (220) crystal planes (ICSD). However, XRD data forMgO-GACnano-
composite reveals no distinctive peaks corresponding to nanoMgO (Fig.
3c) other than two broad peaks at 2θ positions 26°and 44° which can be



Fig. 2. TGA profiles of nanoMg(OH)2 suspension, MgO-GAC composite and the surfactant
(PVP).

Fig. 1. (a) TEM image of Mg(OH)2 nanoparticles (b) SEM image of MgO nanoparticles.
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assigned to GAC [58]. The absence of peaks corresponding to MgO can
be attributed to two reasons. One reason could be that the amorphous
nature of MgO nanoparticles formed on GAC [59] and the other could
be due to the overlap of the main peak of MgO at 43° inside the GAC
peak that appears at 44°.
Fig. 3. XRD pattern of (a) nano-Mg(OH)2 (b) nano-MgO (c) MgO-GAC.



Table 1
MgO content and the H2S adsorption capacity of vigin carbon and MgO-GAC composite.

Sample Mg (mg/kg) as
detected by ICP/OES

Calculated MgO
(w/w) %

H2S adsorption
capacity (mg/g)

Virgin GAC Not detected – 53
MgO-GAC 6900 1.2 275

131I.W. Siriwardane et al. / Materials and Design 136 (2017) 127–136
3.2. Morphological study of nanocomposite by SEM

Fig. 4 illustrates the SEM analysis of virgin carbon (a) and the MgO
nanoparticles in the nanocomposite (b, c, d and e). However, as the im-
ages are those of localized areas, they do not provide quantitative infor-
mation on the MgO content in the composite structure. Shape of the
synthesized MgO nanoparticles on the surface of the GAC is nearly
spherical and the narrow size of the particle size distribution is also
confirmed.
3.3. Quantification of the nano-MgO in the composite

According to the ICP-OES analysis, the detected quantities of Mg
quantity in the virgin carbon and the composite and the calculated re-
spective MgO (w/w) amounts are summarized in Table 1. The calculat-
edMgO content in the composite is 1.2% and the detectedMg content is
6900mg/kgwhich is equal toMgO content of 1.15%. This proved the im-
pregnation of nano MgO is almost 100%. However, in virgin GAC, the
MgO concentration was below the detectable levels.
Fig. 4. SEM Images of (a) Virgin activated
3.4. Bonding nature of nano-MgO with activated carbon

The permanent impregnation of nano-MgO onGAC, based on the re-
spective core level binding energies of each element, is further con-
firmed by ultra violet photoelectron spectroscopy (UPS) and near
edge X-ray absorption fine structure spectroscopy (NEXAFS). Fig. 5 (a-
d) shows the survey and C1s, O1s andMg2p core level spectra recorded
fromGAC andMgO-GAC nanocomposite. The survey spectra of GAC and
GAC/MgO are dominated by the presence of a conspicuous peak at a
binding energy (BE) of 285 eV. In addition, there is another noticeable
peak at a BE of 533 eV. Only in the case of MgO-GAC nanocomposite, a
very feeble additional response at a BE of 52 eV is seen. Further peak
carbon (b,c,d,e) MgO-GAC composite.



Fig. 5. Core level spectra of GAC and MgO-GAC composites: (a) full range scan from 150 to 600 eV (b) C 1 s at 400 eV (c) O 1 s at 630 eV and (d) Mg 2p at 150 eV.
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intensities of the spectra recorded from MgO-GAC composite (285 and
533 eVs) are less than those recorded from GAC. Based on the informa-
tion of activated carbon obtained via different processes and nature of
the functional groups with various hetero atoms [60–63], the peak ob-
served at a BE of 285 eV is assigned to the basal plane hydrocarbon
C\\C, or C\\H [64,65]. The weak but perceptible peak seen at a BE of
533 eV is assigned to surface oxygen functional groups [60–63], The
kind of surface oxygen functional group can further be identified by
deconvolution of this narrow region scans, which is given in supple-
mentary information.

The peak intensity of C 1s and O 1s for MgO/GAC nanocomposite is
less than those observed for GAC, which confirms that the nano-MgO
present on GAC surface as immobilized particles or as an over-layer. Be-
cause immobilized particles/over-layer could impede photo-emitted
electrons from GAC (i.e., substrate/over-layer scenario) leading to a de-
crease in the intensity of substrate peaks. Further the decrease in inten-
sity is also possible with scattering by nano-MgO particles. The decrease
in the peak intensities for MgO/GAC nanocomposite can clearly be ob-
served when narrow region scans of C1s and O1s are observed more
closely which are shown in Fig. 5(b) and (c) confirming the presence
of MgO on activated carbon. The BE position of theMg 2p core level ob-
served here (shown in Fig. 5(d)) is about 1 eV shifted towards higher
values compared to that observed for the Mg 2p core level for ultra-
thin MgO films [66]. Peak shifting to higher BEs in UPS is usually associ-
ated with surface charging effects and it is well known that MgO is a
good insulating metal oxide [67]. The spectral line shape of Mg 2p ob-
served here reveals that other oxidation states of magnesium or ele-
ments other than Mg present on the surface together with nano-MgO.
Peak deconvolutions and the assignment of the peaks in Mg 2p core
level spectra is given in supplementary information.

Fig. 6(a) and (b) illustrate the C and OK edge NEXAFS spectra of GAC
and nano MgO/GAC composite systems. The spectra were recorded in
Auger ElectronYield (AEY)modewhere the intensity of the emittedpri-
mary Auger electrons is a direct measure of the X-ray absorption pro-
cess. AES is highly surface sensitive technique, similar to UPS. The X-
ray absorption of the carbon K edge is due to 1s–2p electronic transi-
tions and usually consists of two energy regions associated with 1s–π*
transitions at ~284–288 eV and 1s–σ* transitions at N289 eV [68]. For



Fig. 6. K edge NEXAFS spectra of (a) GAC (b) MgO-GAC composite.

Table 2
BET surface area and the pore structure characteristics of the nanocomposites.

Sample BET surface
area (m2/g)

Average pore
volume (cc/g)

Average pore
size (Å)

Micropore
volume (cc/g)

Virgin GAC 1678 ± 41 0.748 ± 0.03 8.877 ± 0.16 0.629 ± 0.01
MgO-GAC 1358 ± 39 0.595 ± 0.01 8.772 ± 0.23 0.515 ± 0.01
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all highly ordered graphitic carbons, these transitions give rise to peaks
at 285.4 and 291.7 eV, respectively [69–71]. However, one or two addi-
tional resonances in the energy range 286 to 289 eV are sometimes ob-
served although the origin of these peaks is not universally agreed. In
Fig. 6(a), a very clear resonance peak is observed at photon energy of
285.4 eV and two other small peaks at photon energies 291.6 and
292.8 eV. For GAC and MgO/GAC nanocomposite, C K edge spectra al-
most coincide with each other. The peak observed at 285.4 eV is un-
doubtedly arising due to transition from C 1s to π*. Two other small
peaks observed at photon energies of 291.6 eV and 292.8 eV are inter-
esting and originating from the transitions C1s to σ* [72]. The existence
of these resonance transitions have been observed with commercially
available graphite samples previously [68] and theoretical calculations
show that these peaks are due to the partial overlap of the pxy orbitals
with pz orbitals along c-axis of structurally non-equivalent carbon
atoms that belong to two-different sub-lattices (A- and B-type carbons
[68,72]). In addition, there are feeble signs for possible peaks in the en-
ergy range 286 to 298 eV as can be seen in the spectra that can be attrib-
uted to peaks in this range to C\\O or C\\H bonds. However, theoretical
work suggests that the peaks in this range are due to the presence of de-
fects such as atomic vacancies [73]. Given the observationsmade in core
level spectra in thiswork (Supplementary information) and the variable
nature of the GAC, it is probably circumspect to assign these peaks to
C\\O or C\\H. In principle, other functional groups attached to carbon
observed in core level spectra (Supplementary information) should
also display their corresponding transitions within this energy range.

For oxygen functional groups on carbon materials, oxygen K-edge
(543.1 eV) NEXAFS is preferred over carbon K-edge (284.2 eV) since it
minimizes the strong interference from the carbon substrate. Fig. 6(b)
shows O K-edge NEXAFS spectrum of GAC and MgO/GAC recorded at
NE mode at room temperature. The spectra clearly demonstrate the
presence of distinctive features at photon energies of 530.2, 531.8,
533.3 and 539 eV. An oxygen K-edge spectrum of oxygen containing
functional group mainly consists of a pre-edge peak and a white-line
(the first intense post-edge peak). By measuring known functional
groups in reference compounds, it is determined that oxygen functional
groups on carbonmaterials can be grouped into three categories, name-
ly, carboxyl-type, carbonyl type and hydroxyl type. In general carboxyl
type consists of strong pre-edge peak at about 531 eV and a broad
whiteline at 539 eV, carbonyl type includes strong pre-edge peak at
below 530 eV and a broad whiteline at 539 eV and hydroxyl type con-
tains absence or very weak pre-edge peak at about 531 eV and a
broadwhiteline at 536–538 eV. Given that the peaks observed at a pho-
ton energy of 530.2 and 531.8 eV in this spectrum can safely be assigned
to the π* state of C_O, which may belong to the carbonyl groups bond-
ed to an aromatic ring [74] and also likely to originate from COOH
groups attached at the GAC edge site [75,76] The presence of both
types of these atomic groups on GAC was seen in the core level spectra.
Peaks responsible for σ* state of O\\H are expected to be present at
about 535.5 eV [74,77]while those for theπ* state of C\\O from epoxide
groups at about 534 eV [75]. Here we observe a clear resonance peak at
533.3 eV forMgO/GAC system, while this resonant peak is absent but an
alternative peak shifted down to 531.8 eV is seen in GAC (Fig. 6B trace
A). In the case of carboxyl-type functional groups, in addition to a strong
pre-edge peak at about 531 eV and a broad white line at 539 eV, there
also have a small second pre-edge peak at about 533 eV. As the presence
of these groups for MgO/GAC is observed in the core level spectra, pre-
sumably this clear resonance peak at 533.3 eV could result from the car-
boxylic type (carboxyl, ester, and anhydride) functional groups
associated with interactions between the MgO and GAC. The O K-edge
spectral line shape of the spectra is in line with similar measurements
carried out previously by other workers [73].

3.5. Surface area and the pore characteristics of the nanocomposite

Surface area and the pore structure are vital factors for the perfor-
mance of the activated carbon. The surface area, pore volumes and the
sizes inferred based on N2 adsorption isotherms are summarized in
the Table 2. The surface areas were calculated using the BET isotherms
[78]. The total pore volume and the average pore sizes were calculated
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at the P/P0 of 0.99. This includes all micropore, mesopore and
macropore volumes. In addition, the micropore surface area and the
pore volumes were calculated using the t-method by de Boer [79]. Usu-
ally, the t-method is useful in calculating the micropore volumes in the
presence of mesopores, which is suitable for activated carbons.

Upon impregnation of the MgO nanoparticles, both the surface area
and the pore volume tend to decrease. This is due to the blocking of
pores by MgO nanoparticles as previously observed [49]. This is in line
with the decrease in the average pore volume as predicted by the iso-
therm results. However, the average pore size of theMgO-GAC compos-
ite remain to be similar having a size around 8.8 Å. This confirms the fact
that the macropores in the activated carbon, have not been clogged. On
the other hand, the micropore volumes predicted by the t-method also
decrease upon impregnation ofMgO. Hence, the BET results confirm the
successful formation of the MgO-GAC nanocomposites, having MgO
nanoparticles occupy the micropores of activated carbon matrix.
Fig. 8. DTG curves of exhausted MgO-GAC composite, as prepared MgO-GAC composite
and virgin GAC.
3.6. H2S adsorption capacity and the mechanism of adsorption

The H2S gas adsorption capacity obtained using the ASTM D6646
method for the MgO-GAC sample is also summarized in the Table 1,
where the adsorption capacity of the composite is 275 mg/g, whereas
for virgin GAC, it remains to be 53 mg/g. This H2S capacity shown by
theMgO-GAC composite is higher than those of the copper andmanga-
nese composites of activated carbon, reported before [24,47]. The SEM-
EDX analysis of the MgO-GAC composite after H2S adsorption con-
firmed the presence of adsorbed sulfur, as shown in Fig. 7.

However, the quantitative analysis of the adsorbed H2S amount
using SEM-EDX is not realistic as the EDXwill only give location specific
results during a particular analysis.

The high level of H2S adsorption demonstrated by this nanocompos-
ite could be attributed to its ability to adsorb H2S both physically and
chemically. According to BET analysis, it is clear that the nanomaterial
deposition has happened into the micropores which is evident by the
slight decrease of micropore volume after impregnation process. In
Fig. 7. SEM-EDX map of the MgO-GAC
otherwords, it implies that themacro andmesopore structure of the ac-
tivated carbon has not been clogged upon impregnation. According to
Huang et al. [47] this could be considered as the non-exhaustibility of
the activated carbon, thereby making the physical adsorption of H2S
molecules still possible by the composite material.

On the other hand, the chemical adsorption of H2S on the composite
happens by substitution of O atoms by S as well as by metal supported
addition mechanism. The comparison of differential thermogravimetric
analyses (DTG) of virgin carbon, as prepared MgO-GAC composite and
the exhausted MgO-GAC composite (i.e. after H2S adsorption) are
given in Fig. 8.

The two peaks appear around 100 °C and 600 °C in all three DTG
curves are due to the loss of moisture and decomposition of carbon re-
spectively. As the water content in the exhausted composite is higher
composite after H2S adsorption.



Table 3
H2S adsorption capacities of MgO-GAC nanocomposites with increasing MgO content.

MgO (w/w)% in the nanocomposite H2S adsorption capacity (mg/g)

0.2 50
0.6 125
0.9 175
1.2 275
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than that of as prepared composite, it is clear that the H2O was formed
by O substitution during H2S adsorption (Eq. (3)).

MgOþH2S→MgSþH2O ð3Þ

Mg−Sþ O2→Cþ SO2 ð4Þ

MgOþH2S→Mg−SþHS ð5Þ

Moreover, the chemical adsorptionmechanism of H2S byO substitu-
tion is further proved by the increased H2S adsorption capacity of the
nanocomposite with the increased oxygen content in the composite
(Table 3). Even though, this evidence suggest the increased
nanomaterial concentration on GAC for improved chemical adsorption
capacities, the maximum concentration of MgO in the final composite
has to be fine-tuned in such a way, that it would not hinder the physical
adsorption capacity of H2S, because the increased nano-MgO can have a
negative effect on the total pore volume of the GAC.

The two broadpeaks in the region of 200 °C–400 °C, appeared only in
the exhaustedMgO-GAC composite, are due to the adsorbed sulfur spe-
cies in two different chemical environments. As established in previous
analyses, the peak at 235 °C is due to loss of sulfur dioxide (formed by an
oxidationmechanism),whereas the peak at 303 °C is due to oxidation of
elemental sulfur adsorbed on the catalyst [47,51]. Formation of SO2 hap-
pens by the oxidation of elemental S on the catalyst (Eq. (4)). In addi-
tion, a metal supported addition mechanism is possible, due to the
presence of metal ion sites with vacant s and p orbitals which are
good potential electron acceptors for sulfur. Themost likelymechanism
is the site specific adsorption of H2S byMgO (100) surfaces as suggested
in some previous analyses (Eq. (5)) [53,54].

The economic feasibility and the ease of preparation of this nano-
composite make it a potential solution for H2S removal in large scales
as well. Further, the chemical modification of activated carbon intro-
duced here, which is nano-MgO, is nontoxic and makes this composite
more promising for practical applications. However, careful optimiza-
tion of the MgO concentration in the composite, assessing the effects
of other contaminants in laden streams on adsorption capacity and op-
timization of spray conditions could be identified as the future studies
before scaling up the proposed method.

4. Conclusion

The nanomagnesium oxide and activated carbon composite report-
ed herein remains a novel composite for gas adsorption applications. It
serves as a high capacity material for H2S removal from gas streams.
The comprehensive structural andmorphological informationwell con-
firmed the efficient H2S removal ability of the reportedMgO-GAC nano-
composite. Further, the scalable adsorption capacity of this novel
composite, just by varying the nano-MgO composition on the
composite, makes it commercially attractive for different gas purifica-
tion applications. Further improvement of this composite in terms of
nanomaterial composition, size and the surface area exposed after the
impregnation will undoubtedly broaden its potential commercial appli-
cations in gas adsorption.
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