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Abstract. A single stage conventional Claus catalytic reactor was modified by adding a cold bed adsorption (CBA) reactor operating in low temperatures in series with the former. Activated alumina catalysts in the form of cylindrical pellets impregnated with a promoter were used for the Claus reaction at low temperatures (~1750C) to enhance the H2S conversion from 70% in the Claus reactor to more than 99 percent in the modified setup:
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where x may vary from 2 to 8 and Sx represents the sulphur species like S2, S3, S4….S8. This has been possible by operating the CBA reactor at temperatures below the dew point of sulphur in the reaction mixture. Effects of temperature and catalyst bed depth in the CBA reactor indicated that H2S conversion tends toward 100% at a temperature of 1750C, and 12 inch catalyst bed depth would be considered optimum at a conversion of 99.5%. At 15-18 inch bed depth, the increase in H2S conversion is negligible. At the lowest temperature studied (1750C), the exit gases contained only 0.05% (mole) of the acid gases. The catalytic deactivation through the deposited sulphur was not studied but it was predicted that the deactivation of catalysts did not occur as fast as was expected because sulphur partly plays the role of an autocatalyst in the Claus reaction. Catalyst regeneration by simple elimination of the deposited sulphur did not result in full recovery of the activity of the fresh catalyst.
Introduction
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The modified Claus process is the most common method for the conversion to sulphur of hydrogen sulphide contained in sour crude oil and natural gas. A thermodynamic study of the above reaction can be performed from the Gamson-Elkins curve [1], which shows that two steps are favorable for conversion of H2S to sulphur as follows: 

(i)
The thermal step, where the temperatures are higher than 

6000C and the maximum conversion of H2S is not possible more than 75%. In one plant, at Ram River [2] in Alberta, Canada, the conversion efficiencies near 70% were attained in the Claus furnace.

(ii)
The catalytic step, where the temperatures are lower than 400 0C, the conversion is high since it is an exothermic reaction – 100% conversion of H2S can be obtained at temperatures in the vicinity of 1400C, which is the melting point of sulphur, but catalyst is required to increase the reaction rate. Generally, Claus units utilize two/three catalytic converters.

To obtain the best conversions of H2S, it is necessary to condense the sulphur product at each step (this is the function of the condensers between the furnace and catalytic converters). And, to use the most active catalysts i.e. those which provide a rapid reaction rate and obtain thermodynamic equilibrium as quickly as possible.

If the Claus reaction is carried out in the presence of catalysts under the conditions of the converters, significantly higher yields can be observed compared to those predicted from the data found in the literature [1-7]. This has already been observed in the industrial reactors [8-20]. The difference between predicted and observed conversions can be as high as 10% or even more. Therefore, more accurate data for thermodynamic variables have to be determined to calculate the equilibrium yields realistically. Two possible explanations can be given in terms of:

· Insufficient accuracy regarding standard enthalpies and entropies of formation for all the sulphur species. Note that the values quoted by various authors are widely varying.

· Preferential formation of a particular species of sulphur which is not in equilibrium with the composition of the sulphur vapor at the converter outlet at that particular temperature.

Using the thermodynamic calculations, certain authors [8-10] have recommended using 3 or 4 converters operating under steady conditions at low temperature. In this case, the thermodynamic calculations do indicate the possibility of reaching efficiencies greater than 99%. However, for practical use the rate of reaction should be kept high enough and the solid sulphur, in this case formed and retained in the catalyst, should not deactivate it, at least until high levels of retained sulphur are reached. Previous results [1, 8-10, 20-24] have shown that H2S conversions higher than 90% can be achieved using H2S concentrations in the range 1-5% with a relatively slow catalyst deactivation. Davy McKee AG, Germany has reported [10] that a combination of Claus and Maxisulf process, the latter operating at a temperature between 1350C and 1600C could achieve sulphur recovery efficiencies of up to 99.3%. Similarly, Amoco Production Company, Canada [12], and Aquitane Company of Canada Ltd [11] have developed Cold Bed Adsorption (CBA) and Sulfreen processes that operate at low temperatures below the sulphur dew point, have also higher H2S conversion efficiencies (99%+). These figures make the Claus process at low temperature a potential technological process of great interest, especially, if the operating conditions and catalyst properties could be optimized.

Experimental Set-up

The experimental set-up consisted of a mixing chamber, a preheater, a Claus reactor, a CBA reactor, a sulphur condenser and some flow meters and valves (see the schematic flow diagram of the setup, Fig. 1).

The gas mixing chamber (GMC) was a cylindrical chamber; 2 inch nominal diameter, schedule 40, 12 inch long made of glass and filled with inert rachig rings and anhydrous CaCl2 to affect proper mixing and removal of water vapor of the feed gases.

The preheater comprised a ¾ inch nominal diameter, schedule 40, stainless steel tube, 12 inch long, heated electrically by means of nichrome resistance wire. The rate of heating was controlled with the help of a variable auto-transformer. The preheater furnace was suitably insulated.

The Claus reactor (CR) comprised a 1 inch nominal diameter, schedule 40, 20 inch long stainless steel tube, heated indirectly in a furnace, which was heated electrically by a variable auto-transformer. The furnace was suitably insulated. The sulphur condenser (SC) was a double-pipe heat exchanger, comprised of 1.5 inch nominal diameter, schedule 40, stainless steel tube, 28 inch long and 5 inch nominal diameter, schedule 40, carbon steel shell. The condenser was installed at an inclination to facilitate draining of liquid sulphur. Hot oil at a temperature range of 150 0C to 160 0C was circulated through the condenser to maintain the flow properties of sulphur (melting point of sulphur 140 0C). The CBA reactor comprised a 1 inch diameter stainless steel tube, 23 inch long, heated indirectly by an electric furnace. The furnace was suitably insulated. The valves were all gate and needle types, and made of stainless steel. The regeneration loop was electrically traced to maintain the temperature above the dew point of sulphur.

Materials

Three gases nitrogen, sulphur dioxide, and hydrogen sulphide were of commercial grades; the purity of SO2 commercial grade was 98.5% and others being nitrogen and oxygen (1.3%), and traces of moisture. Hydrogen sulphide gas was 99.9% pure with traces of nitrogen/oxygen. The catalysts were commercial grade alumina cylindrical pellets ½ inch long, ¼ inch diameter, having bulk density 0.833 kg/L, surface area 300 m2/gm, porous volume micropores φ (15-30 0A)=0.42 ml/g, micropores φ 75 0A=0.06 ml/g. The catalyst manufacturer was Engelhard Minerals and Chemicals Corporation, USA.


Experimental Procedures

Adsorption cycle: The feed gases, nitrogen, H2S, and SO2 were taken from three different cylinders, each of which was fitted with two stage pressure regulators to maintain the system pressure at 1 atmosphere. Each gas passed through capillary flow meters and flow rate was measured. Flow rates were adjusted so that the desired gas compositions were obtained at the exit of the gas mixing chamber (GMC). Gases from the capillary flow meters were connected by a triple-point junction and sent to sampling probe (SPC-1), where the gas sample was taken and analyzed by the Gas Chromatograph. Flow rates were adjusted till the desired gas compositions as well as the space velocity were achieved. The feed gases were then passed through the preheater to raise the feed gas temperature to 300 0C. The tube of the preheater was heated up to sufficient temperature in order to impart the desired temperature of the feed gases. The temperature of the feed gases was checked with the help of a dial thermometer. The valves 2, 5, 7, and 9 remained closed while the others 1, 3, 4, 6, and 8 remained open during the adsorption cycle.

The feed gases passed the Claus reactor at 300 0C. The catalyst bed occupied the middle section of the reactor tube. The feed gases reacted to produce elemental sulphur, which would be in gaseous state. The temperatures were measured at three different points along the length of the catalyst bed. The exit gases from Claus reactor containing sulphur vapor passed in to the sulphur condenser (SC) followed by sulphur collector (SLC). The sulphur condenser was maintained at a temperature above the melting point of sulphur (140 0C) by circulating hot oil at temperatures 150-160 0C. At the top of the collector, wire mesh screen was provided to retain entrained sulphur particles escaping with the gases. The exit gases were then allowed to pass through the sampling probe (SPC-2) by opening the valve 9 for a short time. The gases were then trapped in SPC-2 and valves 4, and 9 closed. The gases essentially free of any sulphur entrainment passed to the CBA reactor, which was maintained at a temperature between 175 0C and 300 0C. The temperature of the catalyst bed was measured at three different points using the dial thermometers. The catalyst used in the CBA was the same as in Claus reactor. Since the Claus reaction was carried out at a temperature below the dew point of sulphur, the product sulphur was condensed in the catalyst pores. The exit gas samples were taken from SPC-3, and vented through the NaOH scrubber before connecting to the exhaust system. Fouled catalysts were then taken out after stopping the batch, and weighed to measure the sulphur deposited in the catalyst pores. The catalyst was replaced for next batch of reaction.

 Regeneration cycle: Deactivated catalyst loaded with sulphur was regenerated by passing hot nitrogen gas through the CBA reactor. The valves 5, 6, 7, 2, 4, and 9 remained open while valves 1, 3, and 8 remained closed. CBA reactor was heated to 300-310 0C. The nitrogen gas at this temperature swept away all the sulphur that was deposited in the catalyst pores, and the gas containing sulphur vapor was cooled in the condenser downstream to recover the product sulphur. When the regeneration was completed, CBA reactor was cooled back to the operating temperature and switched to the adsorption cycle.

Results and Discussion

The catalytic conversion of the Claus reaction was studied over a range of experimental conditions. The Claus reactor was operated throughout the experiment at a fixed temperature of 3000C. The gas hourly space velocity (GHSV) was kept at 1000 hr-1 since this was found to be optimum in preliminary experiments. It was intended to investigate mainly the CBA performance hence temperature of CBA was varied from 175 0C to 300 0C. Two different inlet compositions were tried.

Each experiment was continued until a decline in H2S conversion occurred indicating fouling of the catalyst with sulfur deposition. Samples of feed and exit gases were collected for analysis before the decline in catalyst activity started. The Claus conversion was determined from the consumption of H2S or SO2.

GC analysis: A dual column gas chromatograph equipped with a thermal conductivity detector (TCD) and a 1 mV potentiometric recorder was used for the gas analysis. It was found that 6 feet by 1/8 inch column packed with 80-100 mesh silica gel (BDH Chemical Grade) at 145 0C with hydrogen flow rate of 28 ml/min is required for the analysis. Since the peak for SO2 had tailings, conversion was usually measured from H2S peak areas. The H2S/SO2 conversion was usually measured by maintaining the ratio of H2S concentration in the exit gas to that in the feed constant. It was ensured that H2S/SO2 ratio in the exit gas was always 2:1 to make this simplification valid.

H2S Conversion vs. Temperature: The cumulative H2S conversion at two different H2S concentrations in the feed gases, as a function of temperature of CBA reactor is shown in Fig. 2. As the temperature increases the H2S conversion goes down which is very much expected due to exothermic nature of the Claus reaction. Therefore, the lower the temperature, the higher is the H2S conversion. However, sulfation keeps increasing rapidly, which needs more frequent regeneration. The rate of Claus reaction is more in the temperature range 250-300 0C but it becomes much slower as the temperature decreases to 175 0C. This may possibly occur due to the increased of deactivation of the catalyst by deposited sulfur as well as the temperature.

H2S Conversion vs. Concentration: H2S conversion increases significantly with the increase of H2S concentration in feed gases. The Claus conversion for 6% H2S in feed gases is approximately 65% and that at 3% H2S in feed is approximately 52%. The H2S conversion increases more rapidly at a lower H2S concentration in feed gases. At a temperature of 1750C, the conversion for both gases tends toward 100 percent. With higher H2S concentration, though there is continuous sulfation giving rise to catalyst deactivation, the increased partial pressure of reactants more than offsets the deactivation. The H2S equilibrium conversion as a function of temperature is provided in literature [2, 21], and it was observed that the difference in predicted and observed conversions can be as high as 10% or even more. Therefore, more accurate data for thermodynamic variables have to be determined which would make it possible to calculate the equilibrium yields more realistically.

H2S Conversion vs. Catalyst bed depth - The cumulative H2S conversion as a function of catalyst bed depth of CBA reactor is shown in Fig. 3. The shape of conversion versus catalyst depth curve depends, to a large extent, on the gas velocity used [23], but there would always exist an optimum catalyst depth for each set of conditions, above which the addition has a negligible effect on the conversion achieved. It was found that a 12 inch bed depth would be considered optimum at a conversion efficiency of 99.15 percent. At bed depths between 15 and 18 inch, the increase in H2S conversion is negligible. It was seen that there was no significant change in the catalytic activity of a fresh and regenerated catalysts. The activity profiles of the fresh and regenerated catalyst are shown in the same graph (Fig. 3).

Sulphur loading: on the alumina catalyst with temperature and H2S concentration is shown in Figure 4. At temperatures below 2750C, under the reaction conditions, alumina catalysts become heavily loaded with sulphur and all the more so as the H2S concentration in the feed gases increases from 3 % to 6 %. There is a sharp increase of sulphur loading for 6% H2S up to a temperature of 2250C, but it becomes sluggish below this temperature. The curve for 3% H2S shows a regular increase of sulphur loading and it keeps increasing even beyond 200 0C. This may occur depending on the pore volume of the catalyst, since at lower H2S concentration the catalyst surface may not be fully covered with sulphur. At 1750C, the exit concentration is as low as 0.05 %. 

H2S Conversion vs. Water vapor: The H2S conversion of 99.1%, obtained experimentally is higher than that calculated from thermodynamic equilibrium which is 97% [1]. Such higher conversions have been observed by various authors [1, 2, 6, 23, and 24] and reported at least in part due to errors in the thermodynamic properties of the sulfur species (S2 to S8) used in predicting the equilibrium conversions. It has also been reported [21] that the possible reasons for this may be as (i) sulphur adsorption on the alumina surface, (ii) capillary effects which cause a reduction in the sulphur vapor pressure, and (iii) effect of dissolved gases, e.g. H2S on sulfur vapor pressure. Another reason for achieving high conversion in the present study may be the absence of water vapor in the feed gases. It has been reported [7, 23] that the absence of water vapor has a significant role in the Claus conversions. H2S conversion increases more than two times when the partial pressure of water decreases from 35% to 5%. The reasons were reported to be the water vapor which dilutes the gas, favors the reverse reaction, 2H2O +3S ↔ SO2 +2H2S, and decreases the rate of Claus reaction itself. Some evidence for the retarding effect of water had been reported [25] though in a slightly modified system (oxygen was also present). However, some others have indicated [3] that water removal has proven so low on alumina that its influence on the reaction kinetics can be discarded but it is significant on sepiolite [clay mineral with a structural formula Si12Mg8O30(OH)4(H2O)4.8H2O]  since higher conversions could be attained [3, 22].


Conclusions

The experimental results of Claus conversion carried out in this study using a Claus reactor and a CBA reactor, have provided the basis for selecting the optimum operating conditions for the CBA reactor in the two stage unit. Under suitable process conditions it has been possible to achieve a conversion efficiency which is higher than 99%. Inclusion of CBA reactor proved to be unique since it is simple and logical extension of Claus sulphur recovery plant.

However, further work is obviously needed to improve upon the existing low temperature Claus processes. More experimental studies of this process for further work are recommended on the following lines:

1. Typical gas compositions available of sulphur recovery plants in refineries and gas plants should be used for further studies of this process.

2. The first goal of the catalytic study should be to have a rate expression, which provides a means of designing the reactors. A suitable kinetic model has to be found out based on performances recorded in industrial units in conjunction with their particular operating conditions.

3. Newly developed commercial catalysts from Kaiser Aluminum and Chemicals Corporation, RhÔne-Poulenc, Engelhard Minerals and Chemical Corporation, Alcoa, BASF and others should be tried out.

4. Influence of reversible and irreversible catalyst aging should be studied spectroscopically (EPR Spectra). Investigations on fresh and regenerated catalysts are needed.

5. Study of regeneration techniques using traces of H2S is important since it claimed to have a significant effect upon restoring the activity of partially deactivated alumina catalysts. The effect of deposited sulphur to act as an auto-catalyst in the Claus reaction.

6. Influence of new catalysts (γ-alumina) in varying particle size and porosity with suitable promoters and in combination with a desiccant such as zeolite/molecular sieve should be studied for higher efficiency as well as removal of water vapor, which is present in the Claus gas stream as a reaction by-product.
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استرداد الكبريت بطريقة كلاوس المعدلة باستخدام الإمتزاز على مهد بارد

بيجوي ك باهاراتيا1، يوسف صالح الصغير2، وحيد عطية المصري2، فهد صالح المبدل2، روبرت أمين3
1أرامكو السعودية – الرياض – المملكة العربية السعودية، 2قسم الهندسة الكيميائية – كلية الهندسة – جامعة الملك سعود – المملكة العربية السعودية، 3قسم هندسة النفط، جامعة كرتين التقنية، بيرث، استراليا.

( استلم في 12/04/2003م،وقبل للنشر في 26/10/2003م )
ملخص البحث. تم تعديل مفاعل كلاوس الحفّاز التقليدي بإضافة مفاعل الإمتزاز على مهد بارد بالتسلسل وعند درجات حرارة منخفضة. تم استخدام حفازات الألومينا المنشطة على شكل حبيبات اسطوانية مُشْربة بمادة مُعَزِّزة في تفاعل كلاوس عند درجات حرارة منخفضة (في حدود 175 درجة مئوية) لتحسين تحول H2S من 70% في مفاعل كلاوس إلى أكثر من 99% في المفاعل المعدل حسب التفاعل:
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حيث x تتغير من 2 إلى 8 و Sx تمثل أنواع الكبريت مثل S2، S3، S4 ....S8. وقد كان هذا ممكنا بتشغيل مفاعل الإمتزاز على مهد بارد تحت درجة حرارة الندى للكبريت في خليط التفاعل. تشير دراسة تأثير درجة الحرارة وعمق مهد الحفّاز في مفاعل الإمتزاز على مهد بارد إلى أن نسبة التحول تقترب من 100% عند درجة حرارة 175 مئوية. ويمكن اعتبار 12 بوصة العمق الأمثل لهذا المفاعل بنسبة تحول تساوي 99.5%، بينما تصبح الزيادة في نسبة التحول طفيفة عند عمق مهد من 15 إلى 18 بوصة. نسبة غازات الأحماض في الغازات الناتجة هي 0.05% (مول) فقط عند أقل درجة حرارة استخدمت. لم يتم دراسة تخميد الحفّاز بواسطة الكبريت المترسب ولكن تم تقُدّير أنه لم يحدث بالسرعة المتوقعة، لأن الكبريت - جزئيا - يلعب دور حفّاز ذاتي في تفاعل كلاوس. تجديد الحفاز بالإزالة البسيطة للكبريت المترسب لم يؤدي إلى استرجاع كامل لنشاط الحفّاز الأصلي.
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Fig. 1. Schematic flow diagram of experimental setup.
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Fig. 2. Cumulative H2S conversion with CBA reactor temperature.





�


Fig. 3. Cumulative H2S conversion with catalyst bed depth of CBA reactor.
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Fig. 4. Sulfur deposition on alumina catalyst CBA with reactor temperature.
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