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Abstract 19 

Ordered mesoporous SBA-15 and COK-12 supports with similar mesopore diameter were loaded 20 

with 15 wt.% of CuO and evaluated as adsorbents in a desulfurization process involving SOx 21 
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adsorption and regeneration. Both SBA-15 and COK-12 have a hexagonal arrangement of 22 

parallel tubular mesopores. The impact of relatively small differences of the structural and 23 

textural properties of the two supports on SOx adsorption and regenerability is investigated. After 24 

impregnation with copper nitrate solution and calcination at 500 ºC, the samples do not show any 25 

characteristic XRD pattern of copper-based phases, confirming the highly dispersed state of 26 

CuO, which is also checked by Transmission Electron Microscopy (TEM). The COK-CuO15 27 

sample has slightly higher porosity than the SBA-CuO15 sample. The pore volume of both 28 

supports is slightly reduced after impregnation-calcination and shaping (Pelletized, Crushed and 29 

Sieved – PCS) steps. As for its SOx adsorptive properties, after fifteen adsorption-regeneration 30 

cycles at 400 °C, the COK-CuO15_PCS sample exhibits dynamic and total adsorption capacities 31 

higher than those of the SBA-CuO15_PCS adsorbent. In addition, both adsorbents preserve their 32 

adsorption capacities over the fifteen cycles. The COK-12 support for the CuO active phase 33 

provides very promising results in comparison with the literature data for SBA-CuO15 34 

adsorbent. 35 

Keywords: COK-12; SBA-15; CuO-based adsorbents; porosity; SOx adsorption capacity. 36 

 37 

1.  Introduction 38 

SOx is a hazardous by-product of fossil fuel combustion and many industrial processes. The 39 

exploitation of thermoelectric power plants and especially those based on coal, petroleum 40 

refining, the production of natural gas and the refining of metal ores, are the main sources of 41 

SOx. It is known that the adsorption of sulphur oxides on atmospheric particles, especially from 42 

urban or industrial pollution, substantially provokes deleterious effects on human’s health 43 

(asthmatic diseases, respiratory diseases, etc.). It also impacts the environment (acid rain and 44 

formation of atmospheric aerosols) [1-3]. Therefore, the reduction of SOx gas emissions in 45 
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industrial and/or urban areas, especially in heavily populated areas, is highly desirable. The use 46 

of regenerable SOx adsorbents is a very promising approach [1, 4]. It is an alternative to the 47 

conventional industrial flue gas desulfurization processes (dry or wet lime injection) currently 48 

implemented, which are very energy-intensive and produce little or no recoverable gypsum 49 

waste.  50 

SOx contained in combustion gases are mostly SO2. SOx adsorbents should be able to catalyse 51 

the oxidation of SO2 to SO3 (SO2 + ½ O2 → SO3), chemisorb SO3 as metal sulphates (x SO3 + 52 

MOx → M(SO4)x) and be regenerable by decomposing the sulphate salt (M(SO4)x → x SO3 + 53 

MOx) at relatively low temperature  [5].  54 

Several copper-based adsorbent materials have been studied for this purpose [6-9]. CuO has been 55 

studied as the active phase due to its good catalytic activity towards SO2 oxidation and its ability 56 

to make sulphate salt by chemisorb SO3 as CuSO4 [1, 4, 5]. In addition, it can be easily 57 

regenerated by simple heat treatment under a reducing atmosphere at a temperature of 400 °C 58 

[4]. The use of a support for CuO is essential to improve the dispersion and the reactivity 59 

associated with it and the regenerability of the adsorbent subjected to adsorption-regeneration 60 

cycles. Alumina-supported copper adsorbents have been reported in the literature, but alumina 61 

may react with SO2 forming species more difficult to decompose which may compromise the 62 

performance and lifetime of the adsorbent [6, 9-14]. Activated carbon-supported copper 63 

adsorbents have also been investigated, but they have the drawback of retaining some SO3 by 64 

physisorption which complicates the adsorption-desorption process [7, 15-17]. SBA-15 ordered 65 

mesoporous silica-supported CuO adsorbents offer quite promising prospects. In fact, these 66 

adsorbents combine high adsorption capacities and excellent stability and regenerability in 67 

adsorption-desorption cycles at 400 °C [4, 5]. Ordered mesoporous silica like SBA-15 is an 68 

attractive support due to its high specific surface in mesopores that allows good dispersion of the 69 

active phase [5, 18, 19]. Moreover, its pore diameter (5 -10 nm) ensures good diffusion of 70 
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gaseous pollutants towards the active CuO species [5, 18-20]. Ordered mesoporous silica is also 71 

chemically inert and thermally stable in the SOx adsorption process.  72 

However, the synthesis of SBA-15 type materials involves relatively expensive precursors, being 73 

carried out under strongly acidic conditions in presence of concentrated HCl. Previous works 74 

reported the synthesis of ordered mesoporous silica called COK-12 with mesopore architecture 75 

similar to SBA-15 as at quasi-neutral pH, in the presence of citric acid/citrate buffer solution. 76 

This method does not use chemically aggressive conditions, can be performed in a continuous 77 

process and can be adapted for shaping and forming into tablets, foams and structured catalysts 78 

[21-28]. Thus, COK-12 may be considered as an attractive alternative to SBA-15 from a 79 

manufacturing point of view. COK-12 has been reported to be an excellent support for many 80 

applications, including catalysis on supported metal compounds such as Ni, Pd, TiO2 and 81 

Pt/TiO2, Na2WO4-MnxOy, Co3O4, and molybdenum and iron oxides [25, 29-37]. Further 82 

applications of COK-12 are the synthesis of mixed matrix membranes [38], fluorescence of dye-83 

loaded COK-12 [39], and drug delivery applications [40]. CuO loaded COK-12 has not been 84 

reported before. In this work the application potential of CuO loaded COK-12 in adsorptive 85 

separation of SOx from flue gases, was evaluated and compared to SBA-15-CuO adsorbent. 86 

 87 

2. Experimental methods 88 

2.1 Synthesis of SBA-15 and COK-12 ordered mesoporous silica  89 

The SBA-15 ordered mesoporous silica was synthesized as follows: 10.5 g of Pluronic P123 90 

were dissolved in a solution containing 50 mL of HCl (37%) and 330 mL of distilled water in a 91 

500 mL beaker at 55 °C. After complete dissolution, 22.5 g of tetraethylorthosilicate were added 92 

and the solution was kept under stirring at 55 °C for 24 h. The temperature was then increased 93 

until 90 ºC for 24 h. The precipitate obtained was isolated by centrifugation, washed with 94 
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distilled water, dried at 60 ºC overnight and calcined in ceramic plate at 300 ºC for 6 h (ramp of 95 

1 ºC.min-1) in order to remove the organic template. 96 

COK-12 was synthesized as follows. Pluronic P123 (4.05 g), citric acid monohydrate (3.65 g) 97 

and trisodium citrate dehydrate (2.62 g) were dissolved in distilled water (107.55 g). The 98 

solution was stirred overnight at room temperature. In a separate recipient, sodium waterglass 99 

(10.44 g) was diluted with distilled water (30.21 g) and added to the previous mixture at once 100 

under stirring. The new mixture was aged for 24 h without stirring at room temperature and then 101 

heated at 75 °C for 48 h in a closed recipient. The COK-12 product was recovered by filtering 102 

(with polypropylene Millipore filters) and purified by rinsing with distilled water. It was dried at 103 

80 °C. Calcination of the dry material was done in ceramic plate at 550 °C using a heating rate of 104 

1 °C.min-1 in order to remove the organic template. 105 

 106 

2.2 Preparation of SBA-CuO15 and COK-CuO15 samples 107 

608 g of Cu(NO3)2·3H2O was dissolved in 20 mL of distilled water. 3 g of support powder was 108 

added to this solution and then stirred at 200 rpm for 4 h at room temperature. The beaker 109 

containing the mixture was introduced in a water bath heated at 60 °C, under stirring, until the 110 

water was completely evaporated. Afterwards, support powder impregnated with copper nitrate 111 

(15 wt.% of CuO) is dried overnight at 60 °C in an oven. Then, the impregnated powder is 112 

calcined under synthetic air flow (60 NL.h-1) in a fixed-bed reactor (Ø = 5 cm) at 500 °C for 6 h 113 

using a heating rate of 1 °C min-1.  114 

For the SO2 adsorption experiments, the SBA-CuO15 or COK-CuO15 powders were Pelletized 115 

(0.25 t.cm-2, 2 min), Crushed and Sieved using a 250-355 µm sieve (SBA-CuO15_PCS and 116 

COK-CuO15_PCS samples, respectively). 117 

Table 1 shows the nomenclature adopted for all samples under investigation. 118 

(Table 1) 119 
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 120 

2.3 Characterization of samples  121 

Powders were characterized by X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF), 122 

Transmission Electron Microscopy (TEM) and N2 physisorption. 123 

X-Ray powder Diffraction was performed in a reflection mode on a PANalytical X'Pert 124 

diffractometer (Cu Kα radiation, λ =1.5418 Å) equipped with an X'Celerator detector. 125 

Measurements were achieved for 2θ angle values in the 5−70° range, by step of 0.02°, with a 126 

time of 220 s by step.  127 

The same diffractometer was used to record the XRD patterns at low angles (2θ range from 0.7 128 

to 5°). A glass support was used as sample holder that was attached directly to the apparatus. 129 

Under these conditions, the thickness of the deposited powder can vary from one sample to the 130 

others. Therefore, a variation of peaks’ intensity, but also a shift along 2θ axis of the XRD 131 

pattern, can be observed. Consequently, it is difficult to give an uncertainty of the unit cell 132 

parameter ahex.  133 

The copper oxide content in the samples was determined by X-Ray Fluorescence spectrometer 134 

(Philips MagiX) on samples previously compacted in 13 mm diameter pellets. From numerous 135 

experiences realised on standard materials, the relative uncertainty of copper content is equal to 136 

2%. In this case, the uncertainty of the measurement has been estimated from the appropriate 137 

Student’s t (to obtain the 95% confidence interval). The errors are mainly due to the whole of the 138 

experiments (impregnation step, XRF analyses).  139 

Transmission Electron Microscopy micrographs were obtained with a Philips CM200 140 

microscope equipped with a LaB6 filament. The accelerating voltage was 200 kV.  141 

Nitrogen physisorption analyses were performed on a Micromeritics Tristar apparatus. The 142 

samples were first outgassed at 150 °C for 24 h under vacuum. Microporous volume (cm3.gads
-1 143 

or cm3.gSiO2
-1) was determined at p/p0 = 0.02. Mesoporous volume was determined from the 144 
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desorption branch of the isotherm between p/p0 = 0.4 and p/p0 = 0.9. Pore size distributions were 145 

calculated by the BJH (Barrett-Joyner-Halenda) method on the desorption branch of the 146 

isotherm. From our numerous experiences on standard materials, the relative uncertainty of the 147 

adsorbed volume is estimated to 5 and 7% for results expressed in cm3.gads
-1 and cm3.gSiO2

-1 STP 148 

respectively. For the pore diameter, it is close to 3%. The errors are mainly due to the 149 

impregnation step, laboratory weight scale and measurement apparatus.  150 

2.4 SO2 adsorption tests 151 

The SO2 adsorption and regeneration experiments were carried out on a home-made fully-152 

automatized device in a fixed-bed configuration [1]. The SBA-CuO15_PCS or COK-153 

CuO15_PCS (250-355 µm size) samples were deposited onto a fused silica frit (100 – 160 μm) 154 

in a tubular quartz reactor (internal diameter = 6 mm). The Gas Hourly Space Velocity (GHSV) 155 

was taken equal to 25000 h−1. The SO2 adsorption steps were performed under a 14 NL.h-1 156 

(SLPH – Standard Litre Per Hour) gas stream containing 250 ppmv of SO2 and 10 vol.% of O2 157 

(balance N2). SO2 mole fraction at the reactor outflow was measured by an UV analyser. The 158 

adsorption step was systematically performed at 400 °C during 6000 s. The dynamic SO2 159 

chemisorption capacity (Cads75 ppmv expressed in milligrams of adsorbed SO2 per gram of CuO in 160 

the adsorbent material tested) was obtained through the integration of the SO2 breakthrough 161 

curves until the SO2 concentration at the outlet of the system reaches 75 ppmv. This integrated 162 

value is obtained as follows: 163 

��������� =

� � 
�� − ����

���

��

10� �� ����
  !"# 164 

where 
� is the gas volumetric flow rate in NL.h-1 (SLPH), �� and � are respectively the inlet 165 

(250 ppmv) and outlet SO2 concentrations in ppmv, �� is the molar volume of a gas (22.4 L.mol-
166 

1 at 0 °C and 1 atm), ���� is the mass of CuO in the adsorbent within the fixed-bed in g,  !"# is 167 
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the molecular mass of SO2 (64 g.mol-1), and �� and ��� (in h) are respectively the starting time 168 

and the time at which the SO2 concentration reaches 75 ppmv. 169 

The regeneration step was performed isothermally with the previous adsorption step, under a 14 170 

NL.h-1 (SLPH) gaseous flow of 0.5 vol.% of H2 (in N2) gas mixture during 1200 s. The total SO2 171 

chemisorption capacity (i.e. the amount of SO2 chemisorbed during the whole adsorption step 172 

expressed in mgSO2/gCuO) was obtained from the integration of the Temperature Programmed 173 

Desorption (TPD) curve from the start of the desorption step until less than 5 ppmv of SO2 was 174 

detected on the analyser, as follows: 175 

�����$��% =

� � � ��

�&

��

10� �� ����
  !"# 176 

where �����$��% is the total SO2 chemisorption capacity of the adsorbent in mgSO2/gCuO, � is the 177 

outlet SO2 concentration in ppmv, and �� and �' (in h) are respectively the starting time and the 178 

time at which the SO2 concentration reaches less than 5 ppmv. 179 

 180 

The SBA-CuO15_PCS and COK-CuO15_PCS adsorbents were subjected to 15 adsorption-181 

regeneration cycles. 182 

The copper sulphation ratio (%) was determined as the ratio between SO2-adsorbed species 183 

(molSO2/gadsorbent) to the CuO content in the adsorbent (in molCuO/gadsorbent). 184 

The relative uncertainty of the adsorption capacities, was determined by means of the 185 

propagation of uncertainty method. They are estimated to 4 and 7% for total and dynamic SO2 186 

adsorption capacities respectively. The relative uncertainty of sulphation ratio is estimated close 187 

to 4%. Indeed, capacities are calculated from mass of CuO in the adsorbent, gas flow rate and 188 

concentration of SO2 in gas phase, which are experimentally estimated and associated with 189 

measurement uncertainties. These uncertainties come from the use of mass flow meters, gas 190 

analysers, laboratory weight scale, and the impregnation step. 191 
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 192 

 193 

3. Results and discussion 194 

Low angle X-ray diffraction patterns of SBA and COK samples, are shown in figure 1a.   195 

 196 

(Figure 1)  197 

 198 

Both samples exhibit three diffraction peaks in the low-angle region corresponding to the (100), 199 

(110) and (200) reflection planes of the hexagonal structure with P6mm symmetry (figure 1a). 200 

The diffraction profile of the COK sample is slightly shifted to smaller angles in comparison 201 

with the SBA sample and therefore, COK and SBA samples have lattice parameters of 10.7 and 202 

10.3 nm, respectively. However, such short variation of lattice parameters could also be due to 203 

an artefact related to the sample holder used (glass plate, see experimental section). 204 

Figure 1b shows diffraction patterns of SBA-CuO15 and COK-CuO15 samples. According to 205 

these patterns, no diffraction peaks of deleterious phases or CuO are observed which may 206 

indicate that copper species are in strong interaction with the supports, and therefore, 207 

homogeneously distributed on the supports. Moreover, the hexagonal structure of the support is 208 

preserved after the impregnation step (XRD patterns not reported) . 209 

Figure 2 exhibits the nitrogen physisorption isotherms of SBA, COK, SBA-CuO15 and COK-210 

CuO15 samples. The microporous and mesoporous volumes and pore diameter values are shown 211 

in Table 2. The adsorbed volumes were expressed in cm3/g of adsorbent and cm3/g of SiO2. 212 

 213 

(Figure 2)  214 
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(Table 2) 215 

All samples exhibit type IV adsorption isotherms with H1-type hysteresis loop. Such isotherms 216 

correspond to mesoporous materials with well-ordered cylindrical pores, as defined by IUPAC 217 

[41].  218 

The adsorption and desorption isotherms of SBA and COK samples have a different appearance. 219 

Despite a similar microporous volume, the COK sample shows a slightly higher mesoporous 220 

volume (0.60 vs 0.52 cm3.g-1 of SiO2) than that of SBA-15. In addition, the COK sample shows a 221 

larger pore diameter (7.1 vs. 6.6 nm). 222 

The isotherms of SBA-CuO15 and COK-CuO15 samples are quite different from those of the 223 

non-impregnated samples, in particular regarding the adsorbed volumes (y-axis). A decrease in 224 

microporous and mesoporous volume is observed which cannot be explained by the densification 225 

of the samples since the volumes expressed per gram of SiO2 are also lower. In fact, SBA-CuO15 226 

and COK-CuO15 samples show a decrease in mesoporous volume (cm3.g-1 of SiO2) by 17% and 227 

12%, respectively. Such a decrease might be due to the calcination at 500 °C to get the CuO 228 

adsorbents. However, the decrease in porous volumes (micro and meso) is more pronounced for 229 

the SBA-CuO15 sample. Therefore, the COK-CuO15 sample displays a higher mesoporosity 230 

(23%) than the SBA-CuO15 sample. In addition, the pore diameter decreases significantly for 231 

the SBA-CuO15 sample (6.2 nm instead of 6.6 nm for the SBA sample) compared to the COK-232 

CuO15 sample, which presents similar pore diameter before and after the impregnation step (7.0 233 

vs 7.1 nm for the COK sample).  234 

When the samples are submitted to shaping in order to use them in the SOx adsorption tests, the 235 

shaping has an impact on the porous volume of both samples. According to Table 2, the 236 

pelletized, crushed and sieved SBA-CuO15 and COK-CuO15 powders (SBA-CuO15_PCS and 237 

COK-CuO15_PCS, respectively) show a slightly decrease in micro and mesoporous volumes. 238 

On the other hand, the pore diameter does not change for both samples after shaping.  239 
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 240 

TEM and STEM micrographs of the SBA-CuO15 and COK-CuO15 samples are shown in figure 241 

3.  242 

 243 

(Figure 3) 244 

 245 

TEM images (figures 3a, 3c) of the SBA-CuO15 and COK-CuO15 samples reveal the ordered 246 

hexagonal structure. STEM images (figures 3b, 3d) evidence the highly-dispersed active phase 247 

on the supports, in agreement with the XRD results. The images also reveal the difference 248 

particle shape of COK-12 compared to SBA-15. This is due to the typical tablet like morphology 249 

of COK-12 [21-23]. 250 

 251 

Figure 4 shows the SO2 breakthrough curves for the first, fifth, tenth and fifteenth adsorption 252 

cycles for the SBA-CuO15_PCS and COK-CuO15_PCS adsorbents.  253 

 254 

(Figure 4) 255 

 256 

For the COK-CuO15_PCS adsorbent, the time to reach the SO2 breakthrough decreases over the 257 

cycles. In the case of the SBA-CuO15_PCS adsorbent, this decrease is observed from the second 258 

cycle. 259 

The evolution of the dynamic and total SO2 adsorption capacity (see experimental section) 260 

expressed per mgSO2.gCuO
-1 and copper sulphation ratio along cycling experiments is presented in 261 

figure 5a and figure 5b, respectively. 262 

 263 
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(Figure 5) 264 

 265 

The COK-CuO15_PCS adsorbent presents higher dynamic and total adsorption capacities than 266 

the SBA-CuO15_PCS adsorbent under 15 adsorption-regeneration cycles (figure 5a). After 267 

fifteen adsorption-regeneration cycles, the increase is close to 16% and 7%, respectively. For 268 

both SO2 adsorption capacities, the difference between COK-CuO15_PCS and SBA-269 

CuO15_PCS is close to the uncertainty of the measurement, but along all the cycles, these values 270 

are always higher for the COK-CuO15_PCS adsorbent. This behaviour difference may be related 271 

to the higher porosity of the COK-12 adsorbent, which would allow a better accessibility of SO2 272 

to the active sites. Another explanation could be the nature and the dispersion of the copper 273 

based active phase, which could be more different on the COK-12 support and slightly more 274 

efficient in SOx trapping. For both adsorbents, the total adsorption capacities are stable under 15 275 

cycles. COK-CuO15_PCS and SBA-CuO15_PCS adsorbents exhibited a sulphation rate of 59% 276 

and 55%, respectively (figure 5b) which is close to the uncertainty of the measurement (4%).  277 

When the total capacity is expressed in mg of SO2 per gram of adsorbent, COK-CuO15_PCS and 278 

SBA-CuO15_PCS display total adsorption capacity of 76 and 70 mgSO2/gadsorbent, respectively, 279 

which is in accordance with previously published values also obtained with SBA-15 silica 280 

support [1, 4].  281 

The results of structural, textural and microstructural characterization after the last adsorption 282 

and regeneration cycle are presented in figures 6, 7 and 8, respectively.  283 

Wide angle X-ray diffraction patterns of the adsorbents after adsorption and regeneration 284 

multicycle experiments (COK-CuO15_PCS_AT and SBA-CuO15_PCS_AT samples) are shown 285 

in figure 6.  286 

 287 
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(Figure 6)  288 

COK-CuO15_PCS_AT and SBA-CuO15_PCS_AT adsorbents exhibited two small diffraction 289 

peaks at 2ϴ = 36.4º and 43.3° corresponding to the metallic copper (ICDD Nº 00-004-0836) and 290 

Cu2O (ICDD Nº 00-005-0667) phases, respectively. The reductive regeneration step (0.5 vol.% 291 

of H2 in N2) of the sulphated adsorbents is responsible for the presence of Cuº [42]. While, the 292 

presence of the Cu2O phase is due to the partial reduction of copper sulphate at 400 °C [43]. 293 

According to the literature, the sintering of Cu species can lead to a partial pore blocking of the 294 

support thus reducing its porous volume [4], while the presence of Cu+ species is highly 295 

beneficial for the SOx adsorption process [19, 42].  296 

 297 

The nitrogen physisorption isotherms of COK-CuO15_PCS_AT and SBA-CuO15_PCS_AT 298 

adsorbents and their corresponding data are shown in figure 7 and Table 2, respectively. 299 

 300 

(Figure 7) 301 

 302 

After adsorption and regeneration multicycle experiments, the adsorbents showed a similar 303 

mesoporous volume decrease (close to 15-16%). Furthermore, the shape of the hysteresis loop of 304 

the SBA-CuO15_PCS adsorbent evolves from the type H1 to the type H5 after fifteen 305 

adsorption-regeneration cycles. According to IUPAC [41], the type H5 loop is related to a pore 306 

structure having opened and partial blocked mesopores. For the SBA-CuO15_PCS_AT 307 

adsorbent, the partial mesopore plugging is caused by the presence of copper-based 308 

nanoparticles, as highlighted by the diffraction patterns and TEM images (figure 8). The pore 309 

diameter decreases more sharply for the COK-CuO15_PCS sample after the cycling 310 
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experiments, however, its pore diameter still remained higher than for the SBA-CuO15_PCS 311 

sample (6.4 vs 5.9 nm). 312 

TEM micrographs of the aged adsorbents (SBA-CuO15_PCS_AT and COK-CuO15_PCS_AT 313 

samples) are shown in figure 8a and figure 8b, respectively.  314 

 315 

(Figure 8) 316 

 317 

These results highlight the sintering of copper species in both SBA-15 and COK-12 supports. It 318 

is also observed that some copper-based particles are larger than the pores size of the supports 319 

and therefore are on their surface. Despite the sintering phenomenon, SBA-CuO15_PCS and 320 

COK-CuO15_PCS adsorbents preserve their adsorption capacity over the fifteen adsorption-321 

regeneration cycles. 322 

 323 

4. Conclusion 324 

The study of the effect of the support on the structural, textural and SOx adsorption properties of 325 

CuO/SBA-15 and CuO/COK-12 adsorbents provides interesting results. The XRD analyses 326 

confirm the hexagonal structure of the SBA-15 and COK-12 supports. The impregnation and 327 

shaping processes have an impact on textural properties. SBA-CuO15_PCS and COK-328 

CuO15_PCS adsorbents presented a total loss of 38% and 33% of the mesoporous volume, 329 

respectively. Moreover, pore diameter is decreased significantly for the SBA-CuO sample after 330 

the impregnation process. Highly-dispersed active phase-based SBA-CuO15_PCS and COK-331 

CuO15_PCS adsorbents have been tested in SO2 adsorption and regeneration experiments. The 332 

COK-CuO15_PCS adsorbent displays higher dynamic adsorption capacities than SBA-333 

CuO15_PCS under 15 adsorption-regeneration cycles. Such a result could be explained by a 334 
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better accessibility of SO2 to the active sites of the COK-CuO15_PCS adsorbent, due to its larger 335 

porosity and shorter mesopores due to a more favourable particle morphology. Despite the 336 

sintering phenomenon, the SBA-CuO15_PCS and COK-CuO15_PCS adsorbents preserve their 337 

SO2 adsorption capacity over the cycling experiments. Therefore, COK-12 support for the CuO 338 

active phase appears to be quite promising as SO2 adsorbents also taking into account the 339 

simplicity of the preparation method and its cost. 340 
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Figure 1: (a) Low angle XRD patterns of SBA and COK samples and (b) wide-angle XRD 
patterns of SBA-CuO15 and COK-CuO15 samples. 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 2: Nitrogen physisorption isotherms at – 196 °C of SBA, COK, SBA-CuO15 and 
COK-CuO15 samples. 
 

  
 

  
 
 
Figure 3: TEM (a, c) and STEM (b, d) micrographs of SBA-CuO15 (a,b) and COK-CuO15 
(c,d) samples. 
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Figure 4: SO2 breakthrough curves of SBA-CuO15_PCS and COK-CuO15_PCS samples, 
after first, fifth, tenth and fifteenth adsorption and regeneration cycles.  
  



 

 
 
 

 
 

Figure 5: Evolution of the dynamic (filled symbol) and total (empty symbol) SO2 adsorption 
capacities (a) and copper sulphation ratio (b) during 15 adsorption and regeneration cycles of 
SBA-CuO15_PCS and COK-CuO15_PCS samples.  
 
 



 
Figure 6: Wide-angle XRD patterns of SBA-CuO15_PCS_AT and COK-CuO15_PCS_AT 
samples.  

 
 

 
Figure 7: Nitrogen physisorption isotherms at – 196 °C of SBA-CuO15_PCS and COK-
CuO15_PCS samples before and after (AT) adsorption and regeneration multicycle 
experiments. For a better visibility, the isotherms are shifted along the Y-axis. 
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Figure 8: TEM micrographs of SBA-CuO15_PCS_AT (a) and COK-CuO15_PCS_AT (b) 
samples. 

(b) 
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Table 1 – Nomenclature of prepared samples. 

 

Samples Nomenclature 

SBA-15 powder  SBA 

COK-12 powder COK 

SBA-15 powder impregnated with 15 wt.% of copper oxide 

and calcined at 500 ºC  
SBA-CuO15 

Pelletized, Crushed and Sieved (250-355 µm) SBA-CuO15 

powder 
SBA-CuO15_PCS 

COK-12 powder impregnated with 15 wt.% of copper oxide 

and calcined at 500 ºC 
COK-CuO15 

Pelletized, Crushed and Sieved (250-355 µm) COK-CuO15 

powder  
COK-CuO15_PCS 

 

 

 
 
Table 2 – Textural properties of SBA and COK samples and of their CuO-containing 
derivatives before and after (AT) the last adsorption and regeneration test. The CuO content 
(wt.%) in the impregnated samples is also shown. 
 

Sample 
% of CuO 

(wt.%)a 

Porous volumeb Pore 

diameter 

(nm)e 

  Microporousc Mesoporousd  
  (cm3/gads) (cm3/gSiO2) (cm3/gads) (cm3/gSiO2)  

SBA  0.27 ± 0.01 0.27 ± 0.02 0.52 ± 0.03 0.52 ± 0.04 6.6 ± 0.2 

SBA-CuO15 15.6 ± 0.3 0.17 ± 0.01 0.20 ± 0.01 0.37 ± 0.02 0.43 ± 0.03 6.2 ± 0.2 

SBA-CuO15_PCS --- 0.13 ± 0.01 0.15 ± 0.01 0.32 ± 0.02 0.38 ± 0.03 6.0 ± 0.2 

SBA-CuO15_PCS_AT --- 0.10 ± 0.01 0.12 ± 0.01 0.27 ± 0.01 0.32 ± 0.02 5.9 ± 0.2 

COK  0.24 ± 0.01 0.24 ± 0.02 0.60 ± 0.03 0.60 ± 0.04 7.1 ± 0.2 

COK-CuO15 15.8 ± 0.3 0.16 ± 0.01 0.19 ± 0.01 0.45 ± 0.02 0.53 ± 0.04 7.0 ± 0.2 

COK-CuO15_PCS --- 0.14 ± 0.01 0.16 ± 0.01 0.40 ± 0.02 0.47 ± 0.03 6.9 ± 0.2 

COK-CuO15_PCS_AT --- 0.10 ± 0.01 0.12 ± 0.01 0.34 ± 0.02 0.40 ± 0.03 6.4 ± 0.2 
a Determined by XRF analysis. The two values are similar; the relative uncertainty is estimated to 2%. 
b The relative uncertainty is equal to 5 and 7% for porous volume expressed in cm3/gadsorbent and cm3/gSiO2 respectively 
c Determined from the adsorbed volume at p/p0=0.02. 
d Determined from the desorption branch of the isotherm between p/p0= 0.4 and p/p0= 0.9.   
e Determined from raw data using the BJH method on the desorption branch. The relative uncertainty is equal to 3%. 
 
 
 
 
 



 

 

 

SBA-15 

COK-12 

Impregnation 

by 15 wt.% of 

CuO 

SO2 adsorption capacity: COK-CuO15 > SBA-CuO15 




