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 Abstract
Activated carbons (ACs) show great potential for selective adsorption removal of sulfur (SARS) but require improvements in uptake and selectivity. Moreover, systematic equilibria and kinetic analyses of ACs for desulfurization are still lacking. This work examines the influence of modifying a commercial-grade activated carbon (AC) by CO2 and steam treatment for the desulfurization of dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) at 323 K. An untreated AC and a charcoal Norit carbon (CN) were used for comparative purposes. Physicochemical characterization of the samples was carried out by combining N2-physisorption, X-ray diffractometry, microscopy, thermogravimetric and infrared analyses. The steam and CO2 treated ACs exhibited higher sulfur uptakes than the untreated AC and CN samples. The steam treated AC appears to be especially effective to remove sulfur, showing a remarkable uptake (12 mg Sgads-1, 1500 ppmw) due to an increased surface area and microporosity. The modified ACs showed similar capacities to both DBT and the sterically hindered 4,6-DMDBT molecules. In addition, they were found to be selective in the presence of sulfur-free aromatics and showed good multicycle stability. Compared to other adsorbents, the modified ACs exhibited relatively high adsorption capacities. The combination of batch and fixed bed measurements revealed that the adsorption sites of the samples are characterized as heterogeneous due to the better fit to the Freundlich isotherm. The kinetic breakthrough profiles were described by the linear driving force (LDF) model. 
1. Introduction
Recently, researchers have shown an increased interest in developing various strategies to lower the amount of sulfur in liquid hydrocarbon fuels due to increasingly stringent environmental legislations. It is particularly important to treat fluid catalytic cracking streams as they are the main contributors to the sulfur present in hydrocarbon fuels. Conventionally, HDS (hydrodesulfurization) is used to remove organosulfurs from the hydrocarbon fuels. In this process, CoMo/Al2O3 and NiMo/Al2O3 are used as catalysts at temperatures between 573 and 673 K to promote the reaction between hydrogen and the organosulfur compounds.1 This reaction produces hydrogen sulfide gas and the desired sulfur-free hydrocarbons. To meet the currently proposed sulfur levels in hydrocarbon fuels (10 ppmw), it is necessary to use better catalysts with improved-activity and stability, as well as severe HDS conditions such as high temperatures and pressures.2,3,4 However, such conditions stimulate the deposition of coke on the catalyst surface, resulting in its deactivation. Moreover, the addition of hydrogen to the unsaturated hydrocarbons is promoted at high pressures.1 This hydrogenation reaction is particularly undesirable as it alters the fuel properties by decreasing the octane and cetane numbers. Therefore, research advances to improve and develop the current desulfurization processes are crucial. 
[bookmark: _Hlk5286811][bookmark: _Hlk530487479]Selective adsorption removal of sulfur (SARS) is one of the most promising alternative strategies to ultra-deep HDS for lowering the sulfur content of liquid hydrocarbon fuels. This process employs solid adsorbents and, unlike HDS, it operates at less severe temperatures and pressures, without the costly hydrogen consumption. In addition, SARS is effective at removing sterically hindered organosulfurs from the product stream of the conventional HDS, which are known to be of very low reactivity (mainly thiophenic compounds such as DBT and 4,6-DMDBT).5,6 The commercial application of SARS currently centers on the development of selective and stable solid sorbents with high adsorption capacities and fast kinetics. Consequently, various adsorbents, that include metal oxides, metal organic frameworks (MOFs), supported metals, ionic liquids, zeolites and activated carbons, have been investigated for the deep-removal of organosulfurs from diesel, gasoline and model fuels.1 The physicochemical properties of these adsorbents are unique and greatly influence their desulfurization capability.1,7,8 
[bookmark: _Hlk535837960][bookmark: _Hlk530426140][bookmark: _Hlk530425969][bookmark: _Hlk531361641][bookmark: _Hlk5286884][bookmark: _Hlk6918054]Activated carbons (ACs) have received considerable attention as promising adsorbents for producing ultra-clean hydrocarbons fuels via desulfurization since they exhibit relatively low costs, high surface areas, large pore volumes and have the ability to alter their properties by modifying their surface chemistry.1, 9, 10, 11, 12, 13, 14,15 The reported sulfur uptakes of ACs range from 1 to 15 mgS gads-1.16,17,18,19,20,21 These values are comparable to those of zeolites and aluminas (0.1 to 15 mg S gads-1), and relatively lower than those of MOFs and hierarchical N-doped carbons (2-112 mg S gads-1). Table S1 gives a summary of sulfur uptakes for relevant adsorbents. Different strategies have been explored to enhance the sulfur uptake of ACs and make them better adsorbents, including promotion with metals, surface modification using low temperature oxygen plasma,22 and acid treatment.23 It has also been reported that steam and CO2 treatment is a very promising strategy to enhance the sulfur performance of ACs by modifying their surface properties, and consequently producing an increase in surface area. However, most of the studies have focused on removal of SO2,24 and H2S,15,25 using the modified ACs and only few studies have dealt with removal of organosulfur compounds from liquid hydrocarbon fuels. Jeon et al., studied the adsorption of refractory sulfur compounds on ACs exposed to carbon dioxide (CO2) to control their porosity.19 Their results showed that the adsorption capacity was significantly enhanced due to increased surface areas and pore volumes. A linear relationship between the capacity and the pore diameter (0.6 – 1.2 nm) was found. Yang et al., showed that the activation of ACs at high temperatures using steam doubled their DBT uptake due to increases in micropore volume.26 The existing studies have so far focused mainly on DBT adsorption excluding more sterically hindered molecules that are also present in fuels such as 4,6-DMDBT (50-30000 ppmw). Moreover, they have been carried out using batch adsorption systems and minimal attention has been devoted to the study of breakthrough curve analyses, which are essential for the design of industrial scale adsorption units. The study of regeneration of ACs also deserves further investigation since this is an important aspect for their commercial use. Methods such as thermal, steam, biological and chemical/solvent regeneration have been described in the literature.27,28,29,30   
In this contribution we examine comprehensively the removal of thiophenic organosulfur compounds from liquid streams of a series of coconut shells derived ACs modified by steam and CO2 treatment. The surface physical properties were characterized by N2 physisorption (including DFT), X-ray powder diffraction, microscopy, thermogravimetric and infrared analyses. The equilibrium and kinetics of the materials were examined using both batch and fixed-bed flow measurements. The equilibria data are described by the Freundlich model, whereas the linear driving force model (LDF) is used to approximate the kinetics. We investigated the adsorption of mixtures of DBT and the sterically hindered 4,6-DMDBT molecule. In addition, the influence of sulfur-free aromatics in their capacity and the regenerability of the materials using solvent extraction is examined since this is relevant for their commercial use. Overall, this work shows that CO2 and steam treatments enhance the sulfur adsorptive performance of ACs mainly due to enhanced porosity. Similarly, we aim to provide important insights into the use of ACs for SARS including relevant equilibria and kinetic data.  
2. Experimental 
2.1 Materials 
[bookmark: _Hlk530511282][bookmark: _Hlk530502009][bookmark: _Hlk6855562][bookmark: _Hlk5286924]DBT (98%), 4,6-DMDBT (97%), tetradecane (C14, 99%), dodecane (99%) and activated charcoal Norit (CN) were purchased from Sigma-Aldrich. General purpose grade silicon carbide (SiC, 99%) was purchased from Fisher Scientific. Coconut shell commercial-grade activated carbon (AC) was obtained from Carbokarn Co., Ltd., Thailand. The AC sample was modified by steam and CO2 treatments. The samples were heated at 1173 K under N2 in a quartz tube placed in a furnace, and then they were kept isothermally for 1 h under steam or CO2 flow to produce the AC_S900 and AC_C900 adsorbents respectively. Finally, they were cooled down to room temperature under N2. The flow was kept constant at 100 ml min-1 during the experiment.  
2.2 Characterization 
[bookmark: _Hlk2011973]A 3 Flex Micrometrics instrument was used for the textural characterisation of the adsorbents by N2 physisorption analysis. The materials were dried at 373 K under vacuum for 24 h. The surface areas were calculated using the Brunauer-Emmet-Teller (BET) equation, while the total pore volume was determined using the Gurvitch rule at P/Po = 0.95. The micropore volume was estimated using three different methods, namely by applying (i) the Dubinin-Radushkevich equation, (ii) the t-plot approach and (iii) NLDFT (non-local density functional theory). The average pore diameter was calculated using the Barrett-Joyner-Halenda (BJH) equation. Transmission electron microscopy (TEM) images were obtained using a JEOL 2010 microscope operating at 200 kV. The morphology of the adsorbents was investigated using a Gemini 1525 FEGSEM Scanning Electron Microscope. X-ray diffraction patterns (XRD) were obtained using a PANalytical X’Pert Pro Multi-Purpose Diffractometer (Cu Kα radiation) in reflection mode at room temperature. The elemental composition of the samples was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, PE Optima 2000 DV). ATR-FTIR spectra were obtained by an Equinox 55 FTIR spectrometer  (Bruker, Germany) with a mercury-cadmium-telluride (MCT) detector. A Golden Gate ATR accessory (Specac, UK) with a top plate that has a single reflection Germanium ATR crystal (incident angle of 45o) was used. The samples were placed on the measuring surface of the Germanium crystal. Good contact between the sample and Germanium was guaranteed by pressing the sample with a stainless steel flat anvil of the ATR accessory. The spectra were obtained with 128 scans and a spectral resolution of 4 cm-1 in the range of 3900-530 cm-1. The obtained data were treated by OPUS (Bruker, Germany) and MATLAB.  Thermogravimetric analysis (TGA), was performed in a TG209 F1 Libra NETZSCH coupled with mass spectroscopy. The sample (20 mg) was heated from 393 to 1000 K at a heating rate of 10 K min-1 in 60 ml min-1 nitrogen. 
2.3 Adsorption experiments
2.3.1 Batch adsorption 
[bookmark: _Hlk6862612][bookmark: _Hlk530426379]Batch adsorption studies were used to determine DBT and 4,6-DMDBT equilibrium adsorption isotherms. For this purpose, a mixture containing both DBT and 4,6-DMDBT in dodecane in the concentration range 350-10000 ppmw (for each compound) was prepared. To test selectivity, mixtures containing DBT, 4,6-DMDBT, and biphenyl (BP) or indole (all with a concentration of 1500 ppmw) in dodecane were prepared. The adsorbents (particle size 355-425 μm) were dried at 373 K for 24 h under vacuum prior to the adsorption measurements. The solution was then contacted with a known mass of adsorbent (30-60 mg) in a 2 mL glass vial and placed on a magnetic hot-plate at a temperature of 323 K for a period of 12 hours to reach equilibrium[footnoteRef:1], while mixing it continuously with a small magnetic bar stirrer. Thereafter, the adsorbent and the treated liquid solution were separated by following a standard protocol based on centrifugation at 5000 rpm.7 The supernatant liquid was sampled into 2 mL glass vials using glass pipettes and characterized by gas chromatography (Shimadzu, GC-2014, with a flame ionization detector). The solutions were prepared in large batches to allow multiple tests, typically the isotherms were measured three times. Overall, good reproducibility was observed.  [1:  The samples reached equilibrium in less than 5 h when they were dried and immediately transferred for adsorption. Control experiments of 5 days corroborated this. ] 

2.3.2 Breakthrough adsorption  
Breakthrough experiments were undertaken using a dynamic fixed-bed adsorption rig connected to an automatic sampling system, Figure 1. The model diesel solution consisted of 1500 ppmw DBT, 1500 ppmw 4,6-DMDBT and 1500 ppmw C14 (all together dissolved in dodecane). The fixed-bed experiments were performed using a stainless-steel column (internal diameter = 45 mm, length = 229 mm). The operation temperature of the column was reached by means of an externally jacketed concentric furnace. Quartz wool was used to plug the column prior to packing. 1.5 mL of silicon carbide (size 764 μm) was then loaded into the column, followed by 350 mg of adsorbent (size 355-425 μm) admixed with silicon carbide to 1.5 mL and finally 0.6 mL of silicon carbide. After packing, the top of the column was then plugged with quartz wool. The packed column was maintained at a temperature of 323 K using a PID thermal controller. A variac transformer, providing alternating current, pre-heated the model diesel to a temperature of 323 K before it entered the packed column. 
[image: ]
Figure 1 A schematic diagram showing the fixed-bed adsorption rig
A breakthrough adsorption run was carried out using 50 ml of model diesel in a syringe. A constant model diesel volumetric flow rate of 7.53 ml/h was used, which was chosen to achieve a good contact between the liquid and solid in the column, and appropriate sampling breakthrough times. The model diesel exiting the fixed-bed entered an automated valve sampling unit with 23 channels leading to collection vials. The unit had two automated valves with 12 channels each (the 12th channel of the first valve led to the second valve). The collection of the treated fuel at various period points was enabled by using a control program operating at pre-determined time delays. The time delays for the first and second valve were strategically set at 800 and 1200 seconds respectively to allow compact experimental data around the probable break point of the adsorbent and distanced data at the exhaustion point while simultaneously allowing collection of enough treated model diesel for analysis. The sulfur capacities were obtained graphically from the breakthrough tests. The dead volume associated with fluid components, the sampling system and adsorbent-silicon carbide mixing effects were considered by using tetradecane as non-adsorbing tracer. In addition, blank runs with pure silicon carbide were carried out. The ratio of particle size of the adsorbent, length and diameter of the column, and flow rate used were deliberately chosen to minimize external mass transfer and pressure drop effects in the system. 
2.3.3 Adsorption Isotherm Equilibria
[bookmark: _Hlk6856097][bookmark: _Hlk530476697]All the DBT and 4,6-DMDBT adsorption isotherms obtained in batch experiments were repeated at least three times. The mean sulfur adsorption isotherms of all the adsorbents studied were then fit to the Langmuir (equation 1) and Freundlich (equation 2) isotherm models using OriginPro8.6. The Langmuir model assumes that the surface of the adsorbent is homogeneous and localized while the Freundlich isotherm is an empirical model that considers that the surface is heterogeneous. Direct fitting of adsorption data using nonlinear regression is usually preferred since it avoids the problems of changing error distribution and biased parameters associated with linear transformations.31
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2.3.4 Breakthrough Adsorption Kinetics 
To solve the mathematical model equations used to simulate the DBT and 4,6-DMDBT breakthrough curves, the following assumptions were made:
· The fixed-bed adsorption process is described by a one-dimensional axially dispersed plug flow.
· Constant fluid velocity.
· The LDF model can be used to predict the transport of the organosulfurs from the liquid phase to the adsorbed phase.
· The external mass transfer resistance is negligible.
· DBT and 4,6-DMDBT are the only adsorbed species and the Freundlich and Langmuir isotherm models can be used to represent the experimental data. Competition between DBT and 4,6-DMDBT is relatively small.32,21
· Constant pressure and temperature operation.
The mass balance equation of the system can be written as:
  							(3)
The boundary conditions are presented in equations 4 and 5:
At the inlet, (z = 0), a constant flux condition is applied
									 (4)
The following boundary condition is applied at the outlet, (z = L),
												(5)
The LDF model is expressed as:
										(6)
The Freundlich isotherm model given in equation 2 was used to describe the adsorption equilibrium. The software gPROMS, using a backward finite difference technique, was used to solve the equations given above (first order collocation, 300 grids). A goodness-of-fit analysis based on the 95% 2 criterion was also performed, which indicated that the results obtained from the experiments were sufficient to estimate the parameter with precision. This was deduced by the fact that the 95% t-value was much greater than the 95% reference t-value in all estimated cases. Furthermore, the confidence intervals of 99% indicated a relatively small range in the standard deviation from the final estimated value of the parameter. This implies that the likelihood of the actual value deviating from the estimated value in the model is small. The parameter estimation tool of gPROMS was used to fit the lumped parameter kLDF shown in equation 6.  
3. Results and discussion 
3.1 Characterization of the adsorbents
3.1.1 Transmission-electron and scanning-electron microscopy 
The representative HRTEM and SEM images of charcoal Norit carbon (CN) and the activated carbon (AC) samples are shown in Figure 2. The HRTEM and SEM of the unmodified (AC) and steam (AC_S900) and carbon dioxide (AC_C900) treated activated carbons did not reveal any significant morphological differences. HRTEM images show that the surface of both CN and AC-type samples is nanoporous. However, the AC-type samples, exhibit a layered structure which indicates a higher microporosity than the CN (Figures 2a and b). SEM analysis clearly shows that in contrast to Norit carbon (Figure 2c), the activated carbon samples present irregular cavities and a well-developed porous structure (Figure 2d). Additional TEM and SEM images of the adsorbents are given in Figure S1. 
[image: ]
Figure 2 (a) TEM-CN (b) TEM-AC_S900, (c) SEM-CN, (d) SEM-AC
3.1.2 Crystallographic characterization
[bookmark: _Hlk536194740]The XRD patterns of CN, AC, AC_S900 and AC_C900 adsorbents are presented in Figure 3. All the adsorbents studied display similar XRD profiles and exhibit broad diffraction peaks at 2θ = 26.3° and 43.5°, corresponding to the (002) and (100/101) planes respectively, which are typical of the non-graphitization region (activated carbon treated up to 1173 K).33 The similar broadening properties of the modified and un-modified commercial-grade activated carbon indicate the amorphous nature of the adsorbents and that the modification by CO2 and/or steam activation has only a small effect on their crystallinity. Smaller peaks on the XRD pattern of CN are observed at higher 2θ values. These can be attributed to impurities present on the adsorbent surface, mainly alkali residues such as NaOH. 34 
[image: C:\Users\DI209\Desktop\XRD_figure.jpg]
Figure 3 XRD diffraction patterns of CN, AC, AC_S900 and AC_C900
3.1.3 Textural Characteristics
[bookmark: _Hlk536124901][bookmark: _Hlk536127817][bookmark: _Hlk536129796]The N2 physisorption isotherms of the CN, AC, AC_S900 and AC_C900 adsorbents are presented in Figure 4. CN shows a Type IV isotherm, representing the presence of narrow pores that promote condensation. In agreement with the HRTEM images, the N2 isotherm shows that there is little uptake by CN in the microporous region. In contrast, the AC-type materials clearly show a Type I isotherm, which corresponds to filling of ‘micropores’, rather than monolayer adsorption. The pore-size distributions curves for the as-synthesized materials based on NLDFT calculations are presented in Figure 5. All the samples exhibit similar shape of pore size distribution with three main maxima, i.e. at ~0.53, 0.77 and 1.22 nm. There is however a difference in the respective pore volume between the carbons, with the AC_S900 and AC_C900 exhibiting the highest pore volume at all size ranges followed by AC and then by CN. The pore size distribution of the adsorbents using the BJH method are presented in Figure S2, and clearly shows that the AC samples have less mesopores compared to the CN sample. Table 1 gives the textural characteristics of the materials. As observed, the surface area and the pore volume increase in the order of CN < AC < AC_C900 < AC_S900. The micropore volume obtained by the Dubinin-Radushkevich, t-plot and DFT methods show good agreement. For all the AC-type samples, the micropore volume accounts for more than 85 % of the total pore volume. The fact that the steam and CO2 treated materials exhibited the highest surface area and porosity could be attributed to the removal of carbons atoms produced by C-H2O and C-CO2 reactions. Steam treatment seems to be particularly efficient due to its smaller molecular size, which favors its diffusion and thus leads to a better developed microporosity.35, 36  
Table 1 Textural characteristics of the materials.
	Sample
name
	SBET
(m2/g)
	aPore volume (cm3/g)
	bMicropore volume 
(cm3/g)
	cMicropore volume 
(cm3/g)
	dMicropore volume 
(cm3/g)
	ePore diameter
(nm)

	CN
	589
	0.39
	0.25
	0.13
	0.21
	6.72

	AC
	844
	0.46
	0.41
	0.35
	0.35
	3.52

	AC_C900
	916
	0.52
	0.44
	0.37
	0.41
	3.51

	AC_S900
	1085
	0.60
	0.51
	0.41
	0.49
	3.58


a- Gurtvich rule (Pore volume, P/Po = 0.95)
b- Dubinin-Radushkevich
c- t-plot
d- DFT (< 2 nm)
e- BJH method

[bookmark: _Hlk5287950][image: ]
Figure 4 N2 physisorption isotherms of adsorbents


Figure 5 Pore width distribution of adsorbents (NLDFT, N2 at 77 K on carbon slit pores)
3.1.4 Surface chemistry characterization
The surface functional groups of the AC samples were studied using ATR-FTIR (Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy). Three distinctive regions of bands were identified: (1) 1750-1650 cm-1, (2) 1650-1350 cm-1, and (3) 1350-950 cm-1, Figure 6. The first band represents the stretching vibration of the C=O double bond, the second band with the main absorbance at 1550 cm-1 corresponds to the C–OH bending mode and the third band with a maximum at 1050 cm-1 is mainly associated with vibration of the C–O bond. The spectra of the AC samples show similar absorption bands with only small differences in their absorbance and shifts in wavenumbers of positions of their peaks. This indicates that all the samples have the same functional groups and exhibit only small differences in surface chemistry. The absorbance of the C=O band is similar for all the samples. The slight decrease in the absorbance of the C-OH band was observed for the modified samples compared to the untreated AC could be related to the C-CO2 and C-H2O reactions with the basic surface sites.24 The higher value of absorbance of the third band for AC_S900 suggests that steams favours the development of C-O groups on the surface of the activated carbon, which is in agreement with the literature.36 
[image: ]
Figure 6 ATR-FTIR spectra of AC, AC-S900, and AC-C900 samples measured at room temperature.
The TGA patterns of the ACs present three main weight loss stages. The first stage is below 400 K and corresponds mainly to physiosorbed water while the second and third stages (between ∼ 600 K and above ∼ 750 K) correspond to the evolution of surface groups like phenols, ethers, carboxylic acids, as well as to carbon skeleton decomposition, Figure 7a. The weight loss is larger for the modified ACs compared to the pure AC since additional surface groups are formed during the activation procedures. The MS spectra clearly show that the intensity of the H2O signal is higher for AC_S900 whereas AC_C900 desorbs a larger amount of CO2, Figure 7b. This reflects that the C-H2O and C-CO2 gasification reactions successfully take place producing CO during the activation pretreatments leading to further development of porosity.37 This agrees with the FTIR, textural and morphological results obtained. 
[image: ]
Figure 7 (a) Thermograms of AC, AC_S900 and AC_C900. (b) Evolution of CO2 and H2O species. 

3.2 Sulfur adsorption measurements
The equilibria sulfur adsorption capacities of charcoal Norit carbon (CN) were investigated at different temperatures ranging from 303 to 353 K. These tests were based on the treatment of a 1500 ppmw 4,6-DMDBT solution. Although the adsorption capacities were very similar, a slightly higher value was obtained at 323 K (Table 2). This suggests that although adsorption is thermodynamically favored, there tends to be low diffusion rates at low temperatures, resulting in a sulfur uptake maxima. This agrees with observations reported by Song et al.38 who studied the desulfurization uptake of zeolite-based adsorbents between 293 and 373 K. It is worth mentioning that when dried, all the adsorbent materials exhibited higher capacities for DBT and 4,6-DMDBT (Table S2). Therefore, all the adsorption capacities reported here correspond to dried materials. 
Table 2 Effect of adsorption temperature: 4,6-DMDBT (C12) capacities, 1500 ppmw  
	T (K)
	mol 4,6-DMDBT 
kg gads-1
	mg S g ads-1
(4,6-DMDBT)

	303
	0.15 ± 0.01
	4.81

	323
	0.20 ± 0.01
	6.41

	333
	0.15 ± 0.01
	4.81

	353
	0.15 ± 0.02
	4.81



[bookmark: _Hlk536124499][bookmark: _Hlk536208541]The equilibria data of the adsorption isotherms of the organosulfur compounds on the different adsorbents were fitted to both the Langmuir and Freundlich isotherm equations. Figures 8a and 8b show that, for all the adsorbents, an increase in the equilibrium concentration led to further increases in the adsorption capacity. Moreover, isotherms of the adsorbents fit the Freundlich isotherm model better. Previous research has shown that the adsorption data of organosulfurs on activated carbons is best represented using the Freundlich isotherm for similar concentration ranges.39,30,21 This indicates that these adsorbents are characterized by heterogeneous active sites, allowing for further increases in the adsorption capacity at high equilibrium concentrations.[footnoteRef:2] The adsorption isotherms presented show enhanced capacities for the CO2 and steam treated samples, increasing in the order of CN < AC < AC_C900 < AC_S900. Consequently, the Freundlich liquid-solid interaction parameter () increases in the same order as shown in Table 3 and Table 4. This trend correlates with the adsorbent textural properties presented in section 3.1.3, i.e. the adsorption capacity increases with microporosity and surface area. As mentioned above, it is known that activation with steam and CO2 as gasifying agents involves C-H2O and C-CO2 reactions respectively, resulting in the removal of carbon atoms causing the development of porosity and thus enhanced desulfurization efficiency.37 [2:  The suitability of the Sips isotherm was also assessed. Similar fittings to those obtained by the Freundlich model were obtained. ] 

[image: ]
Figure 8 Adsorption equilibrium isotherms of CN, AC, AC_C900, AC_S900, Freundlich fitting (continuous line) and Langmuir fitting (dotted line). (a) DBT and (b) 4,6-DMDBT

[bookmark: _Hlk536199412][bookmark: _Hlk7004342]The adsorption capacity and micropore volume show good correlations (R2> 0.95) with the adsorption capacities of DBT and also 4,6-DMDBT. The corresponding correlation plots between capacity and micropore volume and surface area are presented in Figure 9. This corroborates that the textural properties of the adsorbents play a key role in adsorptive desulfurization. The micropores produced by steam and CO2 treatment provide abundant active sites and subsequently increased desulfurization capacities. The volume of specific micropores governs capacities by physical interactions that mainly includes - interactions.40 It is known that activated carbons form donor acceptor complexes between the -electron system of aromatic rings (thiophene) and adsorption sites with electron donor character. The aromatic ring adsorbs parallel to the solid surface preventing any steric hindrance from alkyl groups.1,5,37  As shown by ATR-FTIR and TGA analyses, the differences in surface chemistry of the ACs samples are relatively small and thus expected to have only a small effect in the sulfur uptakes observed. ICP analysis showed that the content of impurities (e.g. Na, K, Mg, Al and Cu) for the AC, AC_C900 and AC_S900 samples is similar and below 1 wt%, which indicates that they also do not contribute to the differences in adsorption capacities observed, Table S3.
The values of the  parameter obtained for DBT and 4,6-DMDBT isotherms were similar. This therefore indicates that there is a competitive affinity of both molecules to the adsorbents and suggests that the methyl groups of the 4,6-DMDBT molecule do not inhibit the adsorption performance of these materials, making them promising adsorbents for SARS. Analogous observations have been reported by other authors for similar adsorbate-adsorbent systems.16, 14, 41
[image: ]
Figure 9 Correlation between capacity and (a) micropore volume and (b) surface area (NLDFT, N2 at 77 K on carbon-slit pores)

Table 3 Parameters for adsorption isotherms (DBT, 323 K)
	Sample
name
	Langmuir isotherm
	Freundlich isotherm

	
	m (mol   kg-1)
	b (m3  mol-1)
	R2
	k (mol   kg-1)
	n (-)
	R2

	CN
	0.20 ± 0.012
	2.64 ± 0.835
	0.93
	0.12 ± 0.004
	3.50 ± 0.307
	0.98

	AC
	0.32 ± 0.018
	1.22 ± 0.293
	0.96
	0.16 ± 0.004
	2.78 ± 0.128
	0.99

	AC_C900
	0.35 ± 0.024
	1.17 ± 0.319
	0.95
	0.17 ± 0.005
	2.81 ± 0.150
	0.99

	AC_S900
	0.40 ± 0.037
	1.11 ± 0.403
	0.92
	0.20 ± 0.010
	2.99 ± 0.326
	0.97



Table 4 Parameters for adsorption isotherms (4,6-DMDBT, 323 K)
	Sample
name
	Langmuir isotherm
	Freundlich isotherm

	
	m (mol   kg-1)
	b (m3  mol-1)
	R2
	k (mol   kg-1)
	n (-)
	R2

	CN
	0.17 ± 0.009
	3.86 ± 1.149
	0.94
	0.12 ± 0.004
	3.82 ± 0.377
	0.97

	AC
	0.35 ± 0.023
	1.14 ± 0.284
	0.96
	0.17 ± 0.003
	2.58 ± 0.110
	0.99

	AC_C900
	0.36 ± 0.025
	1.24 ± 0.329
	0.96
	0.18 ± 0.004
	2.69 ± 0.135
	0.99

	AC_S900
	0.41 ± 0.039
	1.14 ± 0.398
	0.93
	0.21 ± 0.009
	2.86 ± 0.291
	0.97



[bookmark: _Hlk536195245]Figure 10a and 10b show typical DBT and 4,6-DMDBT breakthrough profiles for the adsorbents studied. The breakthrough profiles exhibit a steep increase, suggesting the occurrence of fast initial kinetics. When approaching equilibrium, both the DBT and 4,6-DMDBT breakthrough profiles indicate slightly slower adsorption kinetics. The sulfur capacities obtained from batch studies and breakthrough profile analyses (Table 5) were in good agreement, indicating that the experimental procedure followed was appropriate. As discussed before, CO2 and steam treatment of the activated carbons led to higher adsorption uptakes. Consistent with the adsorption equilibrium isotherms, the breakthrough profiles of DBT and 4,6-DMDBT presented similar affinity towards the organosulfurs. This could also be related to the similar sizes of the DBT (6.07 x 9.81 Å) and 4,6-DMDBT (6.26 x 9.80 Å) molecules.37 Table 6 shows that the adsorption capacities of the steam and CO2 modified ACs of this study are in a similar range of sulfur uptakes (2-14 mgSgads) that have been reported for commercial and treated ACs.  
[bookmark: _Hlk523655051][bookmark: _Hlk523655569][bookmark: _Hlk523656003]The evolution of the organosulfur compounds in the effluent is better predicted with the Freundlich than with the Langmuir expression (Figure S3). The optimal LDF effective mass transfer coefficients corresponding to the Freundlich fitting, kLDF, for the CN sample were 0.001 s-1 whereas the ACs samples exhibited kLDF parameters in the range of 0.0001 s-1 to 0.0005 s-1. The optimum values of kLDF are in the same order of magnitude as those estimated in research dealing with the removal of sulfur compounds using zeolite-based adsorbents.38,42 A sensitivity analysis on the kLDF for CN using smaller (0.001 s-1) and larger (0.1 s-1) values than the optimal is shown in Figure S4. As expected for low mass transport adsorption systems, increases in the kLDF values tend to result in much sharper and steeper breakthrough profiles. As observed in Figure 10a and 10b, when approaching the inlet DBT or 4,6-DMDBT concentration, the approximated breakthrough profile using the optimal kLDF value overestimates the experimental data from the fixed-bed adsorption experiments. However, commercial adsorption beds will be regenerated well before any sulfur slip appears. The important part of the breakthrough curve is the fast-initial uptake, and this is well described by the LDF model presented in this work. The fit of the top part of the profile may be enhanced if transport and energy limitations are included in the model.43 The competitive behavior of DBT and 4,6-DMDBT is relatively small under the operating conditions used, and thus the Langmuir and Freundlich models considered in this work provide an estimate of the adsorption equilibria. More detailed statistical analyses are recommended to further validate the use of the Freundlich model over the Langmuir model. Moreover, the use of multicomponent isotherm expressions are expected to provide a more accurate and appropriate representation. Preliminary analyses show that the Bi-Langmuir multicomponent model describes adequately the low sulfur concentration range but fails to predict the high range (Figure S5). Freundlich-type multicomponent isotherms may allow to describe the whole range of concentrations, and therefore future studies should assess the suitability of these type of models in detail.44    
In addition, the use of film and pore diffusion based LDF models could be explored (i.e. individual film and pore kLDF parameters instead of a lumped value).45,8,46 The use of more rigorous modelling approaches is expected to improve the description of the experimental dynamic behavior. 
Table 5 Adsorption capacities obtained with breakthrough curve experiments (1500 ppmw, 323 K)
	Sample
name
	mol DBT kg ads-1
	mg S g ads-1
(DBT)
	mol 4,6-DMDBT 
kg gads-1
	mg S g ads-1
(4,6-DMDBT)

	CN
	0.20
	6.4
	0.18
	5.80

	AC
	0.31
	9.9
	0.32
	10.2

	AC_C900
	0.33
	10.6
	0.34
	10.9

	AC_S900
	0.37
	11.8
	0.38
	12.2



Table 6 Adsorption capacities of ACs
	[bookmark: _Hlk531363673]
Authors
	
mg S
g ads-1
	Adsorbate
(Sulfur compound)
	
Methodology

	
Adsorbent/
Conditions


	Seredych et al.16 
	1.16-14.95
	DBT, 
4,6-DMDBT
	Breakthrough
	Modified AC
(Arenes treatment)
Ambient

	Selvavathi et al.17
	0.83-2.83
	DBT, 
4-MDBT, 
4,6-DMDBT
	Breakthrough
	AC
(Promoted with Nickel)
Ambient

	Xiao et al.18
	0-14
	BT, DBT, 
4-MDBT, 
4,6-DMDBT
(aromatics and Nitrogen compounds)
	Batch
	Commercial AC
Ambient

	Jeon et al.19 
	0-2
	BT, DBT, 
4,6-DMDBT
	Batch
	Modified AC
(CO2 treatment) Ambient

	Zhou et al.20 
	1-7
	BT, DBT, 
4-MDBT, 
4,6-DMDBT
	Batch and Breakthrough
	AC from various precursor materials
Ambient

	Bu et al.21 
	4-14
	4,6-DMDBT
(aromatics)
	Batch and Breakthrough
	Commercial AC, Dynamic at 348 K



[bookmark: _Hlk6847167][image: ]Figure 10 Breakthrough curves of CN, AC, AC_C900, AC_S900 and Tracer (C14). Experimental data (symbols), modelling description (lines), kLDF [s-1].  (a) DBT and (b) 4,6-DMDBT
Preliminary studies indicate that the steam and CO2 treated samples exhibit a more stable performance over multiple adsorption-desorption cycles than the untreated samples, which can be related to their enhanced porosity and microporous network leading to further available sites for sulfur adsorption-desorption (Figure S5).47 In addition, it was observed that the presence of biphenyl, a structurally similar aromatic hydrocarbon, inhibits only slightly the DBT and 4,6-DMDBT uptake of the materials. The relatively small decrease in capacity observed was within experimental error and could be related to the formation of additional π-complexes leading to competitive adsorption.9 Indole, an aromatic heterocyclic organic compound containing nitrogen is adsorbed more preferentially than DBT producing a significant decrease in uptake (Table S4). It has been reported that indole occludes the pores of ACs reducing the space available for adsorption of thiophenic molecules.1,48 Future studies should consider more detailed selectivity and long stability analyses since they are relevant for the commercial application of the adsorbents.   
4 Conclusions 
[bookmark: _Hlk2010795][bookmark: _Hlk3743971]The adsorption uptake and kinetics of highly active CO2 and steam treated activated carbons, an untreated activated carbon and a charcoal Norit carbon (AC_C900, AC_S900, AC and CN respectively) were investigated. The sulfur uptake of the samples showed a maximum at 323 K due to favorable thermodynamics and diffusion rates. The adsorption capacities of the adsorbents increase in the following order: CN < AC < AC_C900 < AC_S900. The higher uptake of the steam and CO2 treated carbons (~12 and ~11 mg S•gads-1) is ascribed to enhanced textural properties generated during the treatment. Surface chemistry effects were found to be relatively small. In particular, the volume of micropores is enhanced and governs capacities by physical interactions that mainly include π-complexation. Steam appears to be especially effective due to its smaller molecular size favoring diffusion and the subsequent development of a microporous structure (DFT and t-plot analyses). Compared to other adsorbents, the modified ACs showed good adsorption capacities. For all the adsorbents, similar selectivities towards DBT and 4,6-DMDBT were observed. This indicates that the methyl groups present in the 4,6-DMDBT do not inhibit the adsorption performance of the materials, making them very attractive for commercial applications. Preliminary studies indicate that the materials show good selectivity in the presence of biphenyl, but their capacity is reduced in the presence of indole. The steam and CO2 treated samples showed a more stable performance over multiple adsorption-desorption cycles than the untreated samples, which is relevant for their practical application. All the isotherms fit the Freundlich model better, indicating the presence of heterogeneous active sites. The breakthrough curve profiles of the materials were adequately represented by the LDF model and showed fast initial kinetics coupled with slow diffusion phenomena when approaching equilibrium. The findings of this work promote the development of SARS systems with enhanced capacities and provide useful information for the design of commercial adsorption units. Future work will involve further investigation of optimal operating conditions and scaling up aspects including long-term experimental assessment. In addition, more rigorous equilibrium and kinetic model approaches will be investigated. 
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Nomenclature
[bookmark: _Hlk1985454]           Liquid-solid interaction parameter in Langmuir model (m3mol-1)
          Component i liquid-phase concentration (molm-3)
   Component i liquid-phase concentration in the feed (molm-3)
         Axial dispersion coefficient (m2s-1) = 5.3E-08
           Liquid-solid interaction parameter in Freundlich model (molkg-1)
     Linear driving force effective mass transfer coefficient (s-1)
L 	 Length (m)
         Monolayer capacity in Langmuir model (molkg-1)
          Exponent constant in Freundlich model (-)
          Superficial liquid velocity (ms-1) = 1.2E-04
    Capacity of component i in the adsorbed phase (molkg-1)
      Capacity of component i in equilibrium (molkg-1)

        Packed bed void fraction = 0.407
   Packed bed density (kgm-3) = 495
Acronyms
AC		Activated carbon
AC_C900	Activated carbon pretreated with CO2 at 1173 K
AC_S900	Activated carbon pretreated with steam at 1173 K
BP		Biphenyl
CN		Norit carbon
DBT		Dibenzothiophene
4,6-DMDBT	Dimethyldibenzothiophene 
HDS		Hydrodesulfurization
SARS		Selective adsorption removal of sulfur
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