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Abstract: High-temperature desulfurization techniques are fundamental for the development of
reliable and efficient conversion systems of low-cost fuels and biomass that answer to the nowadays
environmental and energy security issues. This is particularly true for biomass gasification coupled
to SOFC systems where the sulfur content has to be minimized before being fed to the SOFC.
Thus, commercially available zinc oxide has been studied and characterized as a desulfurizing
agent in a fixed-bed reactor at high temperatures from 400 °C to 600 °C. The sorbent material was
characterized by XRD, BET, SEM, and EDS analyses before and after adsorption. The sorbent’s
sorption capacity has been evaluated at different temperatures, as well as the breakthrough curves.
Moreover, the kinetic parameters as the initial sorption rate constant kg, the deactivation rate constant
k4, and the activation energy have been calculated using the linearized deactivation model. The
best performances have been obtained at 550 °C, obtaining a sorption capacity of 5.4 g per 100 g of
sorbent and a breakthrough time of 2.7 h. These results can be used to extend ZnO desulfurization
techniques to a higher temperature than the ones used today (i.e., 550 °C with respect to 400 °C).

Keywords: desulfurization; deactivation model; zinc oxide sorbent; energy

1. Introduction

The conversion of low-cost fuels and biomass is nowadays gaining remarkable rel-
evance as a consequence of the increasing environmental and energy security issues.
However, these conversion processes (e.g., gasification) produce organic (tars, sulfur, and
nitrogen organic complex substances) and inorganic (sulfur, chlorine, nitrogen, and alkali
metals) contaminant compounds that have to be removed to avoid processing plant and
environmental issues. Consequently, a significant part of the actual research focuses on
developing profitable and efficient gas purification techniques. Among those contaminants,
H;S is one of the most problematic. The removal of H,S has been mostly conducted through
different kinds of methodologies, such as condensation, catalytic combustion, oxidation
reactions, acid gas treatment, and adsorption. Although these methods are recognized for
their effectiveness, adsorption is highlighted because of being a prevalent desulfurization
treatment, as well as effective in a wide range of working temperatures. Indeed, the low and
medium temperature methods (i.e., up to 100 and 250 °C for condensation and adsorption
on activated carbon) are mature and efficient techniques but generate waste and suffer from
energy inefficiencies requiring one to cool and reheat the gas stream in the recent hot gas
applications as gas turbines, high-temperature fuel cells, and hot chemical processes. Metal

Energies 2021, 14, 8019. https:/ /doi.org/10.3390/en14238019

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1243-4610
https://orcid.org/0000-0003-2380-3159
https://orcid.org/0000-0003-0558-9355
https://orcid.org/0000-0002-7673-3556
https://orcid.org/0000-0002-1603-2125
https://doi.org/10.3390/en14238019
https://doi.org/10.3390/en14238019
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14238019
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14238019?type=check_update&version=1

Energies 2021, 14, 8019

20f 14

oxides, solid mixtures of metal oxides, mixtures of an inert oxide [1-11], zeolites [12-15],
activated carbon [16-18], and clays [19,20] are used to carry out the desulfurization process.
Among those materials, metal oxides have been deeply studied: Chung et al. [1] studied the
H,S removal by using cobalt-containing sorbent from 300 to 500 °C and obtaining a com-
plete sulfidation after less than 90 min. Otherwise, Ko et al. [2] investigated Zn-Mn-based
sorbents supported on silica, zirconia, and alumina at high temperatures (500-700 °C).
With a high inlet H,S concentration of 1 x 10* ppm and a weight hourly space velocity
(WHSV) set at 2000 mLh_lg_l, the sorbents worked for 15 min before the outlet concentra-
tion started to increase considerably. The best working temperature has been reported at
600 °C. Ko et al. [3] analyzed a commercial sorbent based on 30% MnOy and 60% Fe,O3
and 10% inert material. The best working temperature was set at 600 °C with an outgoing
flow having less than 10 ppm of H,S and reaching 120 min before the outlet concentration
suddenly became more than 100 ppm. Yasyerli et al. [4] studied the activities of copper
oxide and Cu-V and Cu-Mo Mixed Oxides for the H,S removal between 300 and 700 °C
and a flow rate between 100 mL min~! and 160 mL min~. In this case, the sorbent worked
for about 40 min before depleting its desulfurization efficiency. On the other hand, the most
notable features related to desulfurization sorbents entail high desulfurization capacity,
good chemical stability, fast adsorbing kinetic reactions, and not less important, they are
affordable and plentiful [5]. Such characteristics are represented by zinc oxide, largely used
in industry [6], being a remarkable H,S sorbent mainly because of fast kinetic and high
stability under reducing conditions. In the available literature, many works refer to the
effectiveness of zinc oxide used as a sorbent at temperatures equal to or lower than 400 °C.
L. Li et al. studied mesoporous silica materials supported with different ZnO loadings
at very low temperatures having a complete sulfidation in an hour or less [7]. Similar
work has been performed by Wang et al. [8] by using mesoporous silica with zinc oxide
(ZnO) nanoparticles, obtaining comparable results. Kim et al. [9] analyzed a commercially
available zinc oxide sorbent with space velocity ranging from 8000 to 24,000 h~! and in
a range temperature from 25 to 450 °C. With an inlet H,S concentration of 2000 ppm, the
sorbent has been able to adsorb for 360 min before reaching an outlet concentration of about
3 ppm with 30% of steam into the gas stream sorbent capacity decreases with increasing
steam content and increasing space velocity. Furthermore, another process was developed
by Rosso et al. [10], which consisted of evaluating ZnO sorbents synthesized by the citrate
method. It showed effective H,S adsorption at 250 °C from 100 to less than 1 ppm, with
a breakthrough time of about 9 h, obtained with a space velocity of about 105 h~! and
adsorbing up to 31 mg per g of sorbent. Particularly, Jung et al. [11] followed a complete
H,S removal using Zn-based sorbents supported on alumina at 1 atm, 650 °C, and for
400 min. Comparing all these investigations, it is worthwhile to mention that the tempera-
ture remained below 650 °C and it is suggested to operate under 450 °C to avoid a critical
pathway divided into two steps: (i) zinc oxide or sulfide reduction to elemental zinc, and
(i) sorbent volatilization [21,22]. Recently, energy production by using green technological
applications is gaining attention. Such high-tech application comprises the solid oxide fuel
cell (SOFC) that enables the electrical energy production from biomass gasification with
very high efficiency and low environmental impacts compared to traditional technologies
(e.g., biomass gasification coupled to internal combustion engine). This energy production
is characterized by an attractive generation of syngas composed of Hy, CHy, CO, and
CO,, although subsequent purification gas treatments are required to remove hazardous
compounds like H,S. Based on these statements, several works have demonstrated that the
optimal H)S concentration to achieve reliable electrochemical results should be less than
2-3 ppm [23-26]. The processes implementation at higher concentrations can put at risk the
proper SOFC operation. Another relevant operative working parameter is the temperature
of SOFC (from the 650-750 °C of the anode supported to the 750-850 °C of the other
SOFC types) that are similar to the gasification temperature, normally 750-850 °C [23-27].
Thus, it is fundamental to increase the temperature of the intermediate gas conditioning
to minimize the energy losses, and in particular for the ZnO sulfur removal process, and
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especially for the already commercially available ZnO sorbent that can be applied on large
scale. For that reason, in this work, a commercial zinc oxide sorbent for the removal of
HjS, normally used with a temperature ranging from 50-400 °C, has been evaluated in the
temperature range between 400 and 600 °C in a fixed-bed reactor, focalizing the attention
on not exceeding the safe limit level of H,S outgoing concentration in more than 2-3 ppm.
Also, the sorption capacity has been evaluated and kinetic parameters, as the initial sorp-
tion rate constant kg and the deactivation rate constant k4, have been calculated by using
the linearized deactivation model. Finally, structural morphological and compositional
characterizations have been performed.

2. Experimental Test Bench

The catalytic activity of the selected sorbent was analyzed by feeding Ny, N> + HjS,
H,O through the sorbent bed. Corresponding blank tests were considered to understand
the behavior of the whole system without any disturbance. The experimental setup of the
overall scheme is shown in Figure 1. The detail of each section is explained below.
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Figure 1. Current experimental setup for Sorbent Testing.

A programmable muffle furnace, Carbolite Gero (30-3000 °C) CWF 11/13 + 3216, was
used to obtain a temperature-controlled operation for the sorbent testing. The furnace
temperature was controlled via a PID controller acting on a closed-loop control on the
temperature reading from the thermocouple integrated into the furnace. An additional
thermocouple (type K) was installed at the furnace inlet to observe the temperature of the
sorbents. The technical gas distribution system consists of two different technical gases:
pure Ny, and the mixture of N, and 1000 ppm H,S to proceed with the experiments inside
the reactor.

The gas pressure is established in two different manners: (i) at the first stage (out-
door) from 200 bar to 5-15 bar, and (ii) at the second stage (indoor) from 5-15 bar to the
operating pressure of the test bench (around 1.5 bar). As Mass Flow Controllers (MFC),
the Bronkhorst EL-Flow is used. The MFC’s are connected and controlled via the data



Energies 2021, 14, 8019

4 of 14

acquisition module/data logger with the proprietary communication protocol Flow-bus of
the MFC’s. A gas bubbler is kept at constant temperature by a hot-plate magnetic stirrer
(Heidolph MR Hei-Tec). It is integrated into the system to humidify the pure N, flow
as a function of the temperature at the bubbler. Temperature-controlled line heaters are
used throughout the pipeline length (hotline) until the entrance of the furnace to prevent
condensation after humidifying the flow. The data acquisition and control system consists
of National Instruments” cFP-1808 module, which has different modules for analog input,
analog output, and thermocouple measurements. The connection is through LAN with
RJ45-R]J45 cable. A custom LabVIEW software developed as a web server is used. At the
outlet, the gas composition is evaluated by analyzing the results obtained by the Micro-GC,
Agilent 990 gas chromatographer, (with an accuracy of +1% of scale) with its proprietary
software Agilent Open Lab Chromatography Data System.

The technical gases, supplied by SIAD, have the following gas purities:

e Nj, 99.999% (impurities H;O < 5 ppm; Oy <5 ppm; C,Hpm < 0.5 ppm; Hy < 0.5 ppm)
o N3 99.9999% + HyS 1000 ppm (with £2.1 ppm uncertainty)

While setting up the experimental tests, all sensors and actuators have been calibrated
manually. Before each testing period, N, + HS at 1000 ppm has been sent to the Micro-GC
for measurement verification. The system was tested at each junction point before the
beginning of each experiment with a special commercial liquid to confirm that there are
no leakages. Prior to starting experiments, the pipeline’s tubes were saturated with H,S
since tubes can also adsorb H;S. The operating time depends on the testing conditions
(flow, composition, and temperature). The testing procedure after closing the system is as
follows: the N, gas, that flows through the by-pass of the furnace, is switched to the reactor
where steel tubes are heated. Steam is added to the gas stream by the bubbler brought
at the right temperature assuring the correct partial pressure value and the consequent
volume percentage content. The pipeline after the addition of steam is pre-heated to
150 °C to avoid steam condensation that is added /injected into the system. The tests were
conducted without interruption. In case of an interruption, the system is immediately
flushed with N gas until experimental parameters return to the original values. After
each test, when the system was in the cooling down phase, to preserve the sorbent’s
properties, the system was flushed again with Nj. Finally, the Micro-GC calibration
has been performed after each run. The sorbent is carefully taken out and inspected
by weighing and visual inspection. Morphological and structural characterization were
performed by using a high-resolution electronic scanning microscope Auriga-Zeiss (SEM),
and the PHILIPS PW 1830 diffractometer, respectively. The diffractometer operated using
a CuKa source (A = 1.5418 A) and a 20 angle ranging from 25° to 70° at a scan rate of
20 min~!. Finally, Balmer Emmett and Teller (BET) analysis has been carried out using the
Fisons System instrument (model: SORPTY 1750).

3. Results and Discussion
3.1. Adsorption Tests

The conditions for the testing campaign are presented in Table 1, and the parame-
terization is done between 400 and 600 °C. This temperature range has been selected for
the desulfurization temperature near the biomass gasification and SOFC temperatures
system. Most of the research has been carried out up until 400 °C. If the temperature of the
conditioning could be increased, the energy required to cool down the gas after gasification
and heating up would be decreased. The step size is selected as AT = 50 °C to find out the
50 °C temperature window, where the sorbent works more efficiently. The experiments are
performed for more than 4 h to have enough data to estimate the deactivation model.
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Table 1. Sorbent experimental set-up.

Experimental Conditions

Sorbent (grams) 0.5 + 0.001
T (°C) 400-600
N> (vol.%) 82
H,S (ppmv) 410
H,0 (vol.%) 18
P (bar) 0.95-1.05
GHSV (h 1) 25,000
N, (NmL min~1) 250
Total flow (Nml min—1) 305 +1
Bed Length (BL) (cm) 1.5
Particle diameter(cm) 1.5-3.0

To represent an average content of a biomass gasification syngas, the H,S and H,O
content have been selected to 410 ppm and 18% in volume, respectively [10].

Moreover, two different tests have been performed varying gas flow rate and bed
length (BL) to obtain other values of GHSV equal to 40,000 h~! and 50,000 h~?, respectively.
In particular, the flow rate has been increased by 60%, and the BL has been diminished by
half, working at 550 °C and 600 °C, respectively.

The exothermic [5] reaction, taking place into the bed, is the following:

ZnO(S) + HZS(g)H ZHS(S) + HZO(g)

The results of the experimental campaign are plotted in Figures 2—4. Figure 2 shows
the effluent H,S concentration as a function of time with same length bed (BL) and flow
rate equal to 1.5 cm and 305 Nml min~!, respectively. Figure 3A shows the linear trend
of In(In(Cy/C)) vs. time as the activation model predicts, while in Figure 3B the fitting of
breakthrough curves has been reported. The fitting has been obtained by using the kinetic
parameters, reported in Table 2, figured out by the analysis of experimental data.

30
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Figure 2. Outlet H,S concentration vs. time at different temperatures (400, 450, 500, 550, and 600 °C).
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Figure 3. (A) Linear trend of In(In(Cy/C)) vs. Time for a temperature ranging from 400 °C to 600 °C; (B) Breakthrough
curves fitting results with a bed length equal to 1.5 cm and GHSV equal to 25,000 h~1.
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Figure 4. (A) Linear trend of In(In(Cy/C)) vs. Time; (B) Breakthrough curves fitting results with
different GHSV at 550-600 °C and different bed lengths at 600 °C.

Table 2. Linearized deactivation model and breakthrough curves parameters. Obtained by experimental and fitting results.

T Bed Length GHSV KoMads 1 kq 2 tp ts Vs LUB MTZ
el [em] 1 CEE) kg S R g ) femhy fem] femp 5% SCe
600 08 50000 0.9 318 0226 090 003 75 0106 08 160 075 27
550 1.5 40000 1.62 895 0327 097 070 8.7 0.172 1.38 2.76 53 27
600 1.5 25000 1.72 675 0171 071 142 143 0.104 1.35 2.70 29 27
550 1.5 25000 1.90 739 0182 070 272 136 0.109 1.21 242 5.4 28
500 15 25000 162 525 0185 098 092 130 0115 139 279 18 24
150 15 25000 140 394 0206 097 042 113 0132 146 291 10 20
400 1.5 25000 1.45 385 0212 097 045 108 0.140 1.43 2.86 1.0 19

Instead, Figure 4A depicts the linear trend of In(In(Cy/C)) vs. time for two different
cases: when only the BL has been varied, halving its value at 600 °C; while in the other
case, when only the total gas flow rate has been increased to 490 Nml min~!, at 550 °C.
Moreover, Figure 4B reports a fitting and a comparison with previous conditions. The
adsorbed H;S is calculated at the breakthrough time. In this work, breakthrough time
(tp) was defined as the time from the beginning of sorption to the instant that outlet H,S
concentration reached 2 ppm and the deactivation model has been used. Many models
have been used in the literature [28,29], but the deactivation model worked very well in
most cases [2,4,30], also for desulfurization adsorption with ZnO [2,4,5,7,31]. For example,
Frilund et al. [5] studied the desulfurization of biomass syngas using ZnO-based adsorbents
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and analyzed their results utilizing the deactivation model. They obtained a long-term
breakthrough curve with a GHSV of 21,000 h~! and an initial H,S concentration of about
100 ppm. Similarly, H.F. Garces et al. [31] successfully used the deactivation model for their
desulfurization adsorption experiment with ZnO sorbent using a GHSV of 47,750 h~! and
a temperature ranging from 50 to 400 °C. Therefore, the following deactivation model is
taken into account, which neglects external mass-transfer limitations, isothermal conditions,
and deactivation of the adsorbent is a first-order equation with respect to the solid surface.

- % = deIXan = kda (1)
where:
da/dt is the rate of change of adsorbent activity
kq is the deactivation rate constant, h—!
Cp is the HyS concentration in the gas phase
a is the solid active sites.
As we assume that the deactivation of adsorbent is a first-order equation, n =1 and
m = 0.
In(in( A0 )) — jn(K0Mads ) _y @
Ca Vg
where kj is the initial adsorption rate constant, m,q; is the adsorbent weight and Vg is the
total gas flow rate. The evaluation of the deactivation model proposed for the analysis
of the experimental data is presented in Figure 3, where Equation (2) is plotted vs. time,

obtaining a straight trend with the slope of —ky and an intercept equaling ln(%).

Consequently, the adsorption rate constant and deactivation rate constants are calculagted.
From Figures 3 and 4, it is possible to observe that the experimental data fit quite well.
Therefore, from experimental tests and by using the deactivation model some parame-
ters have been directly calculated as the values of kg, ky sorption capacity at breakthrough
(SCp) (g-sulfur/100 g-sorbent), and the breakthrough time t;,. These values are reported in
Table 2. In our experiments, ky decreases when the temperature rises, while the kq value
increases up to 550 °C then, it diminishes. The trend of kg values is coherent with that
reported by Frilund et al. [5] and Garces et al. [31], but it is not possible to state the same
thing for ko because for Frilund et al. it decreases with temperature, while the opposite
happens for Garces et al. Anyway, the unit of magnitude is quite similar to both cases
confirming the accuracy of the results. Concerning the SCy,, considering the same HjS
breakthrough concentration (2 ppmv), the values obtained in this work are about one
order bigger than those attained by Frilund et al. [5], even if they worked with a lower
initial H»S concentration. In contrast, the SCj, is slightly lower than values reached by
Garces et al. [31], but in this case, both the initial and the breakthrough H,S concentra-
tions are much higher. Furthermore, fitting the breakthrough curves, other parameters
such as the equilibrium time (¢,, considered the time needed to reach the same inlet H,S
concentration in the outlet flow), final sorption capacity at equilibrium time (SC.), mass
transfer zone length (MTZ, where a concentration profile arises inside the reactor), and
stoichiometric time (t;) have been estimated. The stoichiometric time is defined as the
maximum concentration breakthrough time obtainable if the concentration profile into
the bed was strictly vertical (plug flow breakthrough); practically, in the presence of the
MTZ, the stoichiometric time, 5, divides it into two equal areas (t; is equidistant between
ty and t.). Regarding the parameters above mentioned, the respective results are shown in
Table 2. The sorption capacity of the sorbent (SCy,) at breakthrough and the breakthrough
time (#;) basically increase with increasing temperature until 550 °C, reaching a value of
5.4 g of sulfur per 100 g of sorbent and 2.72 h, respectively, then they decrease. Indeed,
sulfur removal efficiency is kinetically promoted at higher temperatures but, being an
exothermic process [5], it is thermodynamically favored at lower temperatures. Moreover,
Zn volatilization [21,22] can also cause a decrease in adsorption. This behavior is also
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confirmed by the estimated values of SC,, which are greater at higher temperatures even
if the reaction is exothermic, highlighting kinetic limits at lower temperatures. The SCy,
determination is relevant for kinetic studies, but the SC, evaluation is required to know
the real quantity of H,S that can be removed by sorption. Thus, knowing that value, it is
possible to determine, for example, the sorbent quantity needed to guarantee the operation
of the gas conditioning system for a specific time.

As is reported in the literature MTZ = 2LUB [5] where LUB is the length unused bed.
These values can be expressed as

LUB = L~( - tb) 3)
ts

Concerning the LUB and MTZ values, from the breakthrough capacity results, the
bed length is not sufficient for the LUB sizing concept to be used for the results in this
investigation [5]; nevertheless, the concept of the mass-transfer zone can be useful to un-
derstand the experimental results, also in this study, and the deactivation model represents
the experimental data quite well. In all experiments relative to the mass-transfer zone, the
short bed length produces a decrease in the utilization rates and sorption capacity.

Indeed, by halving the bed length, t;, is widely lowered, reaching about 2 min, and
SCe also decreases highly since the bed length is practically equal to the LUB. This means
that at breakthrough, most of the bed has remained unused.

However, by increasing the GHSV at 600 °C and 550 °C, there is no change in SCe.
Accordingly, if the bed length does not change, the SC;, does not change either. The
saturation velocity (vs) equal to the ratio between the bed length and the ¢, is directly
proportional to the supply flow, suggesting that the overall resistance of the process is
not a function of GHSV and that the external mass transfer resistance may be neglected
as the deactivation model assumes. Furthermore, the presence of MTZ and the slight
influence of temperature [32] on the v suggests that the global resistance is a function of
the intraparticle mass transfer resistance.

Since commercial-scale adsorption processes, due to pressure drop constraints, typ-
ically use particle sizes larger than 1000 pum, as in this work, even if the external mass
transfer can be neglected, as the deactivation model suggests, the internal intraparticle
diffusional resistances and then the intraparticle mass transfer limitations, with this particle
size range, are significant.

Therefore, to decrease the internal mass transfer resistance, it would be necessary
to act on the particle size [33]. In general, the particle size can affect the mass transport
throughout themselves since changing the path of the gas inside the particles, the mass
transfer resistance changes as well. Thus, small particles can offer lower intraparticle
resistance, whereas decreasing the particle size can increase pressure drops. Therefore,
further investigations should be conducted varying the particle size range to understand if
the particle size is a critical factor.

Moreover, following the same procedure carried out in the literature [34,35] by plotting
In(kp) as a function of the reciprocal term of temperature in Kelvin, the Arrhenius plot has
been obtained and reported in Figure 5. The apparent activation energy has been calculated.
It is about 17 k] mol~! and its results tend to be quite in line with the value obtained by
Karim et al. [35].
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Figure 5. Arrhenius plot for energy activation determination.

3.2. Sorbent Characterization

By analyzing the SEM images, it is possible to clearly observe that the surface of ZnO
particles is very porous and made up of very fine grains with heterogeneous morphology
and size. Figure 6 shows the morphology of nanoparticles that varies from small spherical
particles to big polyhedral nanoparticles and even micro and nanorods. Also, a plate-like
morphology is present. The size ranges from microparticles to nanoparticles. By using the
BET analysis, the particles specific surface is equal to 43 m? g~ 1.

1 g : ; 15 .
er Mag = 10.00 KX | o Mag = 50.00 KX

k= D — — . " - - —

Figure 6. SEM ZnO sorbent before adsorption.

The composition of ZnO particles has been evaluated by EDS analysis and reported
in Table 3. In Figure 7, the EDS spectrum and the red/green mapping of the particles,
respectively, have been reported, showing mainly the presence of zinc and oxygen, apart
from impurities such as aluminum and carbon. The former is present in the pristine
material and the latter is due to the sample holder.

Table 3. BET analysis of the pristine sample and after adsorption at breakthrough and equilibrium
time at 550 °C.

Initial Composition Composition at Composition at
Element Wi® /p Breakthrough Time Equilibrium Time
° wit% at 550 °C wt% at 550 °C
(@) 20.89 19.14 5.98
S 0 4.53 24.63
Zn 77.72 75.03 68.05

Al 1.39 1.30 1.34
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|
B(.‘.(_‘,tl'n,\'.J Zn

Figure 7. Energy-dispersive X-ray spectroscopy (Elemental Analysis) of sorbent before adsorption.
The embedded map includes (a) oxygen and (b) zinc.

To know the real SC¢, around 0.5 g of sorbent was used to adsorb at 550 °C, for more
than a day, until the concentration of the outgoing gas was equal to the incoming one. Then,
SEM, EDS, BET, and XRD analyzes were performed on that sorbent.

Figure 8 shows SEM micrographs of particles after the sorption process, the mor-
phology seems to be more homogenous, mainly at higher magnification, likely due to
the adsorption process at high temperature. In Figure 9, EDS spectra and the mapping
(aided by colors) of the outer surface of ZnO particles after the sorption process have been
reported. Elements like Zn, O, and S have been detected along with Al and C due to
impurities already described. In this case, the presence of S is abundant, and it seems to be
complementary to oxygen, as expected. Furthermore, BET analysis indicates a decrease
of particles specific surface that becomes equal to 31 m? g~! due to a probable loss of
porosity after H,S adsorption due to a larger volume occupied by ZnS [5]. Finally, SEM and
EDS analyses of the internal part of particles are shown in Figures 10 and 11, respectively.
From SEM micrographs, also, in this case, the inner morphology appears to be a little bit
more homogeneous even if with nanoparticles more agglomerated and sintered, while the
previous findings were different compared to the pristine material in terms of composition,
as shown in EDS analysis reported in Table 3. In Figure 11, the inner part of ZnO particles
is shown along with the colored mapping to depict the location of the three elements. Also,
a significant presence of sulfur is detected, while the oxygen presence appears only where
sulfur concentration is lower, namely in the middle of the particle.

Figure 8. SEM ZnO sorbent external surface after adsorption.
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Figure 9. Energy-dispersive X-ray spectroscopy (Elemental Analysis) after adsorption. The embed-
ded map of elements (a) sulfur; (b) oxygen; (c) zinc also can be seen.
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Figure 10. SEM ZnO sorbent inner part after being used.

Figure 11. Inner part of ZnO, particles after being utilized XRD analysis: (a) sulfur; (b) oxygen; (c) zinc.

The data are shown in Table 3. They confirm the results obtained from the break-
through curves. Hence, this sorbent has a high sulfur adsorption capacity reaching satura-
tion with an amount of adsorbed sulfur equal to about 25 wt% when the temperature is
550 °C.

Moreover, XRD diffractograms confirm the adsorbing capacity. Figure 12a shows the
peaks of the pristine material before adsorption and practically only ZnO is present. It
exhibits a hexagonal crystalline structure corresponding to the zinc oxide pattern from
the crystallography open database (C.O.D. 9004181). The peak profile indicates a material
characterized by a scarce crystallinity, as shown by the broadened peaks that typically
characterize amorphous materials. After adsorption in Figure 12b, a new phase is present
corresponding to the ZnS formation (C.O.D. 9013162) that exhibits a quite amorphous
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hexagonal crystalline structure. However, some zinc oxide is still present. For both phases,
Miller’s indexes are reported.

a)

2000 —
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Figure 12. XRD diffractograms of sorbent (a) before adsorption, (b) after adsorption.

4. Conclusions

The focus of the work is to assess the possibility to approach the gas conditioning
upstream condition with the subsequent working temperature of SOFC in a more effi-
cient energy system. Therefore, commercially available zinc oxide has been studied and
characterized as a desulfurizing agent in a fixed-bed reactor at high temperatures up to
600 °C. The sorbent’s sorption capacity has been measured at different temperatures, as
well as the breakthrough curves. The best performances have been obtained at 550 °C,
obtaining a sorption capacity of 5.4 g per 100 g of sorbent and a breakthrough time of
2.7 h. Furthermore, the kinetic parameters such as the initial sorption rate constant kg
and deactivation rate constant kq have been evaluated in all tested working temperature
conditions using the linearized deactivation model. The activation energy has been then
calculated to be about 17 k] mol~!. Moreover, by calculating MTZ and LUB parameters, it
has been possible to establish that both the internal intraparticle diffusional resistances and
intraparticle mass transfer limitations are significant for these sorbent particles. Further-
more, the sorbent material was characterized by XRD, SEM, BET and EDX analyses before
and after adsorption, obtaining coherent results.
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