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This study was devoted to the valorization of a plant waste (olive stones): that is widely available in Mediterranean countries in order to remove
mercury from natural gas. The raw material from olive stones was prepared by pyrolysis, chemical activation with phosphoric acid, and physical
activation under steam. Two olive stone-based granular activated carbons were prepared: one with the virgin stones, while the other was
impregnated with sulphur. After treatment, the adsorbents obtained were characterized by determining the iodine number, the methylene blue
index, and by estimating the porous properties by N2 adsorption at 77 K. Thermogravimetric analysis and infrared spectroscopy analysis were
carried out to determine the functional groups before and after mercury adsorption. An experimental study of vapour-phasemercury adsorption by
the activated carbons (virgin and sulphur-impregnated) and a comparison with a commercial material (HGR) were performed. The comparison,
made by analyzing the adsorption in a continuousmode, showed that the proportion of sulphur and the porosity were important for the removal of
mercury. In the conditions used, the mercury adsorption on the ACs studied follows a physisorption mechanism. The results showed that granular
activated carbon-based olive stones (sulphur-impregnated) are very efficient to remove mercury (with 2864 mg/g) and also less expensive than
commercial activated carbon due to their local availability.
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INTRODUCTION

In recent years, Algeria has made considerable efforts to
increase its agricultural production. The state policy focuses on
agricultural subsidies such as interest-free credit and the

planting of productive trees such as olive groves. Thanks to this
policy, five million olive trees have been planted, producing
628 000 tons of olives per year. 25 % of this production is
vegetable waste (olive stones),[1] which is traditionally used for
combustion or is unused.[2] It would therefore be very interesting
to valorize and to transform this waste to obtain new adsorbent
materials that can be used to improve the quality of the
environment by adsorbing pollutant compounds.

Algeria is one of the world’s major exporters of natural gas
(NG). This gas contains many undesirable elements that disrupt
the operation of equipment including CO2, H2O, and heavy metals
such as mercury.[3] In addition to its toxicity, mercury is highly
corrosive to the metals with which it is in contact, forming
amalgams. Aluminum alloys are among themost severely affected
by this phenomenon.[4,5,6] For example, an explosion in 1973 at
the Skikda liquefied natural gas plant in Algeria led to 27 fatalities
and financial losses of $ 1 billion due to catastrophic failure of an
aluminium heat exchanger through reaction with mercury
contaminants.

Mercury is a source of world contamination.[7] Worldwide
mercury emissions from human activities are estimated to be 1000
to 60 000 t/year.[8] At gas industrial plants in Algeria, SONA-
TRACH Company was obliged to install adsorption columns filled
with activated carbon to remove the mercury from natural gas.
The limits that industry can support should not exceed 0.01
(mg/Nm3) for NG and 5 mg/kg for liquefied natural gas (LNG).[6,9]

The mercury content in Algerian natural gas, compared to that of
the world’s deposits, is average: in the natural gas extracted from
the wells in Hassi R’Mel (South of Algeria), for instance, mercury
concentrations range between 50 and 80 (mg/Nm3).[10]

Mercury in natural gas is predominantly present as elemental
mercury. However, in theory the mercury could be present in
other forms: organometallic compounds, such as dimethyl
mercury,methyl ethylmercury, and diethylmercury, or inorganic
compounds such as HgCl2.

[6,9]

The activated carbon used by the SONATRACH Company is
manufactured by Calgon (Carbon Corporation, Pittsburgh,
PA). This activated carbon is well adapted to remove mercury
and its trade name is HGR (mercury Hg Removal). The
purchase of HGR represents a heavy foreign currency burden
for the state.

It became necessary to check and to treat the presence of
mercury within the oil and in the gases with regard to human
health and also to protect equipment. In the case of mercury
control, in the natural gas treatment processes, the mercury
vapours are generally adsorbed by an adsorbent material. Table 1
shows the techniques most used with sulphur, metal oxides/
sulphides, metals (particularly silver) as active agents on porous
alumina, zeolite, and activated carbon supports.[11,12] For the
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activated carbons, as a function of the rawmaterials, the activation
method, and the sulphurization protocol, the adsorption capacity
can be very different. So, it is important to be able to control the
chemistry surface and the porosity of the adsorbent material to
improve the mercury adsorption capacity.[7,8,13]

Our goal was to study the transformation of solid waste (olive
stones) into sulphur-impregnated activated carbon for the removal
of mercury from natural gas.

Throughout this work, it has been important to improve the
performance of the sulphur-impregnated adsorbent produced
from olive stones (in comparison with a commercial activated
carbon) in order to eliminate mercury in natural gas. The
valorization of this adsorbent not only allows us to eliminate
mercury, but especially to obtain efficient and cost-effective
adsorbents.

EXPERIMENTAL

The preparation of the activated carbon used in this study was
conducted in accordance with the experimental protocol devel-
oped in our laboratory.[14–17] The procedure for impregnating
activated carbon with sulphur was designed based on several
control parameters. Among these, the impregnation temperature
and the initial sulphur carbon ratio (SCR) in the impregnation
furnace are the two most important factors. A fixed-bed column
was used to evaluate the adsorption capacity of these adsorbents
for vapour-phase mercury. The system was used in the
equilibrium state, and the adsorption capacity of each adsorbent
was estimated based on the cumulative amount adsorbed to
achieve complete breakthrough of mercury. Given that the
adsorption capacity of these adsorbents is strongly related to the
actual shapes of sulphur within the carbon particles, the
interaction between the carbon and sulphur, and the microstruc-
ture of the carbon particles, it is necessary to consider the physical
and chemical characteristics at a microscopic level. Generally, the
specific surface area and pore size distribution are the two main
parameters used to describe the textural properties of an
adsorbent. These parameters were measured using nitrogen
adsorption at 77 K, the iodine number and the methylene blue
index. Infrared spectroscopy was used to detect the possible forms
of sulphur on the adsorbent. The adhesive strength of the surface
of the sulphur atoms and the thermal stability of these adsorbents
were evaluated using thermogravimetric analysis (TGA),[18–21]

while the actual sulphur content was determined by a sulphur
analyzer.

Activated Carbon Production

Preparation method of unmodified AC from olive stones is based
on our previous studies.[14–17] The olive stones were collected
from an olive plant discharge in the area of Zemmora (west of
Algeria). They were washed, dried overnight at 110 8C, and

crushed in a Vierzen grinder. For the activation procedure, the
particles were then soaked in a 50 % phosphoric acid solution
for 2 h 30 min at 170 8C (a reflux apparatus was used: a flask to
which is attached a condenser to convert phosphoric acid back to
liquid form. The temperature is measured by a laser thermome-
ter indicated 170 8C) then heated at 750 8C for 3 h (for activation
and removal of structural water). The obtained adsorbents were
washed with hydrochloric acid (0.1 N) and distilled water until
the washing water tested with lead acetate revealed no presence
of phosphor and the pH value stabilized. The prepared activated
carbons were dried at 110 8C for 24 h, and then ground and
sieved to obtain a particle size of 0.5–1.6 mm.[14–17] The
commercial activated carbon (HGR) was used as a reference
in order to assess the performance of our olive stone-based
activated carbons for mercury removal from natural gas. The
following abbreviations were used in this study: GAC for olive
stone-based granular activated carbon by chemical activation
using phosphoric acid and physical activation under steam;
GACS for sulphur-impregnated olive stone-based granular
activated carbon; and HGR for the commercial activated carbon
from Calgon Carbon Corporation, Pittsburgh, PA. HGR is
manufactured from bituminous coal and impregnated with a
minimum of 10 % sulphur, specifically for using in mercury
removal.

Impregnation Procedure of Activated Carbon by Sulphur

Figure 1 shows the configuration of the experimental system used
for the impregnation of elemental sulphur on the solid substrate.
The procedure consisted in mixing a quantity of olive stone-based
activated carbon with a predetermined amount of sulphur with a
specific sulphur carbon ratio (SCR ¼ 1/4). It is powdered
elemental sulphur S8, 0.985 g/g (98.5 % w/w) purity, particle
diameter < 0.6 mm (Panreac, Barcelona). The mix was put under
a nitrogen streamwith a fixed flow rate of 60 (mL/min) for 20min

Table 1. Various of mercury removal systems for natural gas streams[11]

Active compound Support/medium Fate of mercury

Sulphur Carbon/alumina HgS
Metal sulphide Carbon/alumina HgS
Silver Zeolite Ag-Hg amalgam
Thiol/oxidizing agent/chelating agent Scavenger solution Soluble Hg(II) compound
Metal oxide/sulphide Metal oxide HgO/HgS

Figure 1. Experimental system used for impregnation method.
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at room temperature to completely remove traces of oxygen in the
tube and create an inert atmosphere. For thefinal step, themixwas
heated at 600 8C, the oven temperature was adjusted to the desired
setting andmaintained for 2 h under a nitrogenflow (60 mL/min).
After cooling the furnace to room temperature, the activated
carbon was recovered and then treated with nitric acid (6 mol/L)
for 5 h at room temperature (to remove unfixed sulphurmolecules
on the adsorbent surface) followed by washing with water and
drying at 110 8C for 24 h.[19–23] It is well known that the
sulphurization at higher temperatures resulted in higher sulphur
content and more stable sulphur species.[13]

Characterization of Adsorbent

Sulphur analysis

The sulphur content of GAC, GACS, andHGRwasmeasuredwith a
WICKBOLD sulphur analyzer. The sample was drawn and burnt
in the flame of an oxyhydrogen burner. The combustion products
were absorbed in the appropriate reagent. The solution obtained
was recovered and subjected to a separate titration according to
the ASTM D2785-80 standard.[24]

Iodine number and Methylene Blue index

Iodine number is a widely used parameter for activated carbon
characterization due to its simplicity and rapid assessment of
activated carbon quality. It gives an estimation of its surface area
and porosity.[25] Usually, adsorbents with a high iodine number
have a high surface area and are suitable for adsorbing small
compounds.[26] Iodine concentration was determined volumetri-
cally using 0.05 mol/L sodium thiosulphate with thyodene as an
indicator at a residual iodine concentration of 0.01 mol/L
according to ASTM.[24] This analysis was followed by that of the
methylene blue index to determine the existence of micropores
and mesopores in the prepared activated carbons.[16]

Porous structure analysis using nitrogen adsorption isotherms

The textural properties of the ACs studied in this work were also
characterized through a conventional nitrogen adsorption iso-
therm at �196 8C (77 K) using a Micromeritics ASAP 2020
apparatus. The samples were previously degassed at 250 8C for
24 h under a residual vacuum of less than 10�4 Pa. The specific
microporous volume (W0) and the mean pore size (L0) were

determined from the linear part of the Dubinin-Radushkevich (D-
R) plot.[27,28] The Sing aS plots[29] were also used to determine the
external specific surface Sext (m

2/g), assuming that for slit-shaped
micropores the specificmicroporous surface Smicro (m

2/g) could be
estimated using the specific microporous volume and the mean
pore size.[27] The micropore size distribution was determined by
the DFT method integrated in the Micromeritics software.

Infrared spectroscopy analysis

IR analyseswere carried out using the Perkin Elmer SpectrumTwo
FT-IR with ATR sampling accessory, at room temperature in the
400–4000 cm�1 wavenumber range, with 2 cm�1 resolution.

Thermogravimetric analysis

The thermal stability of the activated carbon was determined by
thermogravimetric analysis (TGA) using a STA 449 F5 Jupiter1 �
Simultaneous TGA-DSC by burning off the coating in air at
1500 8C. The samples (10–20 mg) were heated at 10 8C/min to
1500 8C. Thermogravimetric analysis (TGA) is an analytical
technique used to define a material’s thermal stability and its
fraction of volatile components by monitoring the weight change
that occurs as a specimen is heated.

Mercury Adsorption

The experiments were carried out to observe mercury removal by
the adsorbents (GAC, GACS, and HGR) from the gaseous phase.
The experiment was carried out in a downflow fixed-bed column
in a bench-scale experimental system, shown in Figure 2. The
fixed-bed column was made of a Pyrex glass tube 85 mm long and
10 mm in internal diameter. The fixed bed column operating
parameters are shown in Table 2. The experiments were carried
out at standard temperature and pressure. The level of mercury in
the natural gas averaged 35.8 mg/m3 (at room temperature) and
remained constant throughout the experiment. To facilitate the
direct comparison of various mercury adsorbents, the experimen-
tal conditions in the column, in each run, were always kept the
same. The concentration of elemental mercury in the gas stream
was continuously controlled by an Elemental Mercury Instru-
ments Analyzer (UT3000 Mercury Ultra Tracer) which provides a
compact and reliable tool for measuring mercury in gases at ultra
trace levels. The amount of mercury adsorbed in each run was
calculated by integrating the area above the breakthrough curve,

Figure 2. Schematic of mercury adsorption fixed-bed column system.
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with the following Equation (1):[30]

q ¼ F
m

Z t

0
ðCin � CoutÞdt ð1Þ

with q is the adsorption capacity (mg/g), F is the flow rate
(m3/min), t is the time (min), Cin is the initial concentration of
mercury (mg/m3), and Cout is the output concentration (mg/m3).

The experiment was completed when the Mercury Instruments
Analyzer indicated that the effluent concentration from the
column was the same as the inlet concentration.

RESULTS AND DISCUSSION

Characterization of Activated Carbons

Sulphur analysis

Table 3 represents the mass fractions of sulphur contained in the
activated carbons studied. The sulphur content values of GACS
and HGR are very close, respectively 12.35 % and 11.66 %, and
higher than the value of GAC (almost 0).

Porosity of the prepared samples

The porosity characterization results obtained with different
methods are in agreement as shown in Table 3. The Methylene
blue is mainly adsorbed in mesopores and larger micropores
depending on themolecule’s dimension. The results show that the
three ACs have approximately the same proportion of mesopores
and micropores with very similar methylene blue index values

(169 mg/g, 176 mg/g, and 172 mg/g, respectively, for GAC,
GACS, and HGR). The activated carbons prepared from olive
stones were mainly microporous, with a low value of specific
external surface, but the shape of the nitrogen adsorption/
desorption isotherm showed that they contained some mesopores
and most probably some macropores. The iodine has a small
dimension which allows to reach the microporous system. The
number of iodine is a technique of porous characterization which
allows to obtain a global estimation of the microporosity
(Table 3).[31] The iodine number results were in agreement with
the results obtainedwith the nitrogen adsorption isotherms. GACS
seems to have amore extensivemicroporous system than the other
ACs with a larger specific microporous volume (0.48 cm3/g). The
N2 adsorption-desorption isotherms (Figure 3) for the activated
carbons studied showed that the materials were essentially
microporous (domain at very low P/P0) but also contained some
mesopores (especially GACS) as indicated by the shape and the
hysteresis loop of the N2 isotherms.
The values of the BET surface area (SBET ¼ 881, 1029 m2/g),

obtained with the elaborated ACs and reported in Table 3, can be
favourably compared with other activated carbons produced from
olive stones.[14,32] They are higher than those of HGR (868 m2/g).
A previous study reported that high impregnation temperatures
could re-open the clogged micropores of the activated carbon,
thereby increasing the associated specific surface areas.[33] This
enables the cyclic sulphur molecules, namely S6 and S8, to
penetrate through the macro- and meso-pores and reach the
micropores of the activated carbon.[34] As the micropores are the
main activated sites for adsorbates to be adsorbed onto the surfaces
of the activated carbon,[35,36] the different increases in various
pore volumes might be important for the mercury adsorption
efficiencies of the sulphur-impregnated activated carbon. Table 3
and Figure 3 illustrate the increase in pore volume of various pore
sizes after elemental sulphur impregnation at elevated temper-
atures for GACS. It shows that the pore volume of micropores and
partial mesopores significantly increased.[37]

Figure 4, illustrating the distribution of the pore size obtained by
DFT method, confirms that the GAC, GACS, and HGR are mainly
microporous but that the distributions are slightly different. GACS
seems to bemore fully developed than the other two; however, the
mean pore size (L0) of GAC is lower than the mean pore size of the
other activated carbons.

Table 2. Operating parameters of the fixed-bed column

Granular activated carbon GAC GACS HGR

Particle size (mm) 0.5–1.6 0.5–1.6 0.7–1.6
Mass (g) 1 1 1
Flow rate (L/min) 5 5 5
Bed density (g/mL) 0.465 0.474 0.578
Column diameter (mm) 10 10 10
Initial concentration C0 (mg/m

3) 35.8 35.8 35.8
Bed depth (mm) 27.4 26.9 22.0
Residence time (s) 25.80 25.32 20.76

Table 3. Physical properties and chemical adsorption characteristics of
activated carbons studied

Adsorbents

Properties GAC GACS HGR

Sulphur content (%) 0.60 12.35 11.66
SBET (m2/g) 881 1029 868
L01 (nm) 1.01 1.11 1.15
L02 (nm) 1.83 2.30 2.13
Sext (m

2/g) 15 24 65
Smicro (m2/g) 634 649 539
Stot (m

2/g) 649 673 604
Wt (cm

3/g) 0.39 0.48 0.43
W0 (cm3/g) 0.32 0.36 0.31
Iodine number (mg/g) 725 816 683
Methylene Blue index (mg/g) 169 176 172

Figure 3. Nitrogen adsorption isotherms at 77 K for the activated carbon
samples studied.
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Infrared spectroscopy analysis

After impregnation inside adsorbents, in particular activated
carbons, the forms of sulphur are various.[20] The carbon-sulphur
links depend on the structure of the carbon. It is well known that
there were organic sulphur compounds of hydrogen sulphide
when the carbonaceous adsorbents contained hydrocarbon
compounds.[38] Therefore, it is necessary to determine the existing
forms of sulphur inside the carbons in order to predict the possible
reactionmechanism betweenmercury and sulphur. There are two
kinds of sulphur groups: in the bulk of the activated carbons (not
characterized in FTIR) and on the surface of the activated carbons
(identification in FTIR).[8]

An infra-red (IR) technique was adopted to study the sulphur
forms inside the adsorbents. One advantage of the IR technique is
that it is able to detect the di-polar vibration between two different
atoms in a compound. Therefore, strong bands can be founded for
S-H, S-O, and S-C groups if these chemical bonds of sulphur exist
in the carbons. On other hand, elemental sulphur or a S-S
combination will not be detected by IR due to the absence of di-
polar vibration.

The infrared spectra of GAC, GACS, and HGR are presented in
Figure 5. The spectra of GAC and GACS are identical (the bands of
the GACS aremore intense), except for the bands at 550–770 cm�1

and at 1072 cm�1 which confirms the presence of sulphur groups

in GACS. For HGR, there is a more intense band at 1166 cm�1,
which is also characteristic of sulphur groups in particular
sulphoxide groups (S ¼ O).[39]

The IR spectra of all the sorbents show three major peaks,
located at about 1070, 1556, 2350 cm�1. Attribution of these bands
is generally as follows: the band of 1070 cm�1 is ascribed to the
stretching vibration of phenolic hydroxyl but also can be assigned
to the thiocarbonyl (C ¼ S)[39] or sulphoxides (S ¼ O),[36] the band
at 1556 cm�1 is attributed to the presence of highly conjugated C-O
in quinone/carbonyl structure or S-C groups,[40–42] and the band
of 2350 cm�1 is attributable to phosphine P-H.[39] The chemical
activation of the olive stone-based AC by H3PO4 induced the
appearance of new functional groups, which transforms the
surface structure of the prepared samples, there are these bands in
GACS IR at these positions. However, the S-H band and S-C band
appear at 1400 and 1200 cm�1, respectively for the IR spectra of
GACS and HGR.[20,43] Under high impregnation temperature
(600 8C), any remaining organic compounds on the carbon
surface were evaporated or decomposed to simple compounds
and carried out by the N2 gas. Even if some simple sulphur
compounds could be formed (e.g. H2S, CS2, or SO2), these
chemicals would leave the system at this temperature. There is no
band corresponding to these functional groups, IR results further
confirmed this hypothesis. Therefore, the major sulphur forms on
the carbon surface would be elemental or short chain sulphur
molecules.[20]

Thermogravimetric analysis

The TGA curves of the three activated carbon samples (Figure 6)
show a first mass loss below 200 8C, attributed to the removal of
the physisorbed water in the micropores and the mesopores.
This mass loss is greater than 22 % for GAC and 11 % for HGR,
versus less than 2 % for GACS. This difference is probably due to
the different activation procedures. It can be noted that GAC
loses practically all its mass between 50 8C and 150 8C.

The TGA curve of GACS shows one peak at 250 8C and one
peak at 450 8C which can be due to surface H2S groups
decomposition as reported by Feng et al.[7] The mass loss is
13.51 % for GACS in this domain of temperature. In function of
the nature of the surface sulphur groups the decomposition
temperature can be different. The TGA curve of the HGR shows a
mass loss at 300 8C approximately which can be also attributed
to sulphur groups. These results are in agreement with the
sulphur content (Table 3) and the FTIR spectra. A third mass
loss of 10 %, 9 %, and 6 % in the range of 500 8C to 1000 8C was
observed for HGR, GACS, and GAC respectively which can be
attributed to decomposition of surface oxygen groups. The latter
can be attributed to a final oxidation of the carbonaceous
material after reaction with H3PO4 T > 650 8C.

Mercury Adsorption

The C/C0 breakthrough curves versus time for different adsorbents
with a mass m ¼ 1 g, the initial concentration C0 ¼ 35.8 mg/m3,
and a flow rate of 5 L/min are shown in Figure 7.

All the breakthrough curves are S-shaped. The adsorption
capacities of the activated carbons were calculated by the
integration of the breakthrough curves presented in Figure 7, up
to 80 % saturation of the column.[30]

According to the calculations of the capacity of the activated
carbon fixed bed, the adsorption capacity of GACS (2864 mg/g) is
better that of HGR (2414 mg/g). On the other hand GAC has a low
adsorption capacity (151 mg/g) under the experimental conditions

Figure 4. Microporous size distribution from DFT of the activated carbons
studied.

Figure 5. FTIR spectra of activated carbons GAC, GACS, and HGR.
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shown in Figure 7. The prepared product (GACS) can effectively
replace efficiently the commercial activated carbon (HGR). These
results are in agreement with the TGA curve (Figure 8).

For the three AC, the curves corresponding to AC after mercury
adsorption show a peak at 200 8C–300 8C, which corresponds to
mercury desorption.[8] This peak is more intense for GACS and
HGR.

Since the dynamic test was carried out at room temperature,
adsorption of mercury is attributed to physisorption.[7,8,44] The
chemical structure could play an important role in mercury
adsorption.[45]

Mercury removal by activated carbon is influenced by many
factors including adsorbent properties, such as pore size distribu-
tion, pore size and specific volume, specific surface area to make
sites available for mercury removal. The large size of mercury

atoms makes that they have the tendency to occupy pores up to
2 nm in the activated carbon.[8] A sample with low micropore
volume can be rapidly saturatedwhereasmesoporous volumewill
enhance mercury removal.
For an efficient mercury adsorption in gaseous phase, the AC

must have a pore diameter in excess of 2 nm.[8] Besides, the
presence of sulphur groups at the surface of the adsorbent
improves themercury adsorption capacity.[7,8,13] It is therefore not
surprising that themercury adsorption capacity of GAC is low, as it
has no specific chemical sites and depends mainly on the physical
properties of pores for mercury adsorption (its mean pore sizes are
1.01 nm and 1.83 nm). For GACS and HGR, removal of a
significant amount of mercury is considerably more effective
through the contribution of the sulphur impregnated in the
activated carbon, indicating that it is both a surface chemistry

Figure 6. Thermogravimetric analysis (TGA) (weight loss versus temperature) of activated carbons: GAC (a), GACS (b), and HGR (c).
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adsorption and adsorption into the pores because the two ACs
have approximately the same porosity (Table 3). Nevertheless, the
mean pore sizes of the GACS are higher than themean pore sizes of
the HGR as shown by the microporous size distribution from DFT
(Figure 4) and the values of the L02 (2.30 nm for GACS and
2.13 nm for HGR).

Figure 9 presents the FTIR of the activated carbons before and
after adsorption. The intensity of the bands corresponding to
sulphur groups are more important for GACS and HGR after
adsorption which shows that the sulphur groups have been

modified (link between mercury and sulphur groups).[7,13] Thus,
for GACS and HGR, there is a contribution of the presence of
sulphur groups on the surface of the material which favours the
process of mercury adsorption, but there is also an important
contribution of adsorption in the porous system, most probably in
the microporous and mesoporous systems. Indeed, the adsorption
capacity of GACS is 16 % higher than that of HGR for the same
sulphur content (approximately 12 %). The specific total surface
(comprising the microporous and mesoporous surfaces) of the
GACS is 10 % higher than that of the HGR. Besides, the specific
microporous surface (649 m2/g) of GACS is 16 % greater than that
of HGR (539 m2/g), but all the microporosity is not available for
mercury adsorption (only pores close to 2 nm).

CONCLUSION

This study was devoted to the enhancement of an unused and
widely available plant waste (olive stones) for the removal of
mercury from natural gas. The development of olive stone-based
activated carbon by chemical activation in the presence of
phosphoric acid and impregnated with sulphur was chosen.

Results show that the non-sulphur olive stone-based activated
carbon captures a weaker amount of mercury (151 mg of
mercury / g carbon) than the sulphur-impregnated (2864 mg/g)
and commercial activated carbon (2414 mg/g). It is clear that the
performance of activated carbon impregnated with sulphur in
mercury adsorption is strongly linked to the textural and chemical
properties of sulphur and carbon. Once the vapour phase mercury
molecules go through the activated carbon pores (up to 2 nm), and

Figure 7. Breakthrough curve for the different adsorbents with mass
m ¼ 1 g, C0¼ 35 800 ng/m3, and F ¼ 5 L/min

Figure 8. Thermogravimetric analysis (TGA) of activated carbons: GAC, GACS, and HGR before and after mercury adsorption.
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are fixed on its surface, they can combine with the carbon to form
an intermediate and then react with sulphur, or they can react
directly with sulphur.

In conclusion, this study has shown that the procedure used in
our laboratories to prepare activated carbon from olive stones
proved to be quite efficient for the removal of mercury from
natural gas, GACS can be manufactured according to an industrial
process, however it is better to assess the cost beforehand by an
economic study.
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