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Abstract: The Claus process has been known and used in the industrydorl@0 years. It involves thermal oxidation
of hydrogen sulfide and its reaction with sulfur dioxide tonfiosulfur and water vapor. This process is equilibrium-tadi
and usually achieves efficiencies in the range of 94-97%clwhave been regarded as acceptable in the past years.derst b
operates at the temperature of 573 K, second and third bedateat 523K and 473K. Outlet of each bed enters the condense
Operating temperature of each condenser is about 413K vghiftr condenses in them. In this study catalytic bed poces
of sulfur recovery unit has been mathematically modeled simdilated using MATLAB , and then output conditions of
compounds has been calculated.
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1. Introduction remaining uncombusted two-thirds of the hydrogen sulfide

o ) undergoes Claus reaction (Reacts with,50 form elemen-
Claus process which is used nowadays is a modern procegs gy ifur as follows:

precedes the one pioneered in 1883 based on the reaction of
H,S over a catalyst base with air (oxygen) in shape of sulfur 2H,S+SQ, = %SQ +2H,0; AH = +47kJ/mol  (Il)
and water I]. Sulfur recovery refers to the conversion of hy- o )
drogen sulfide (S) to elemental sulfur. Hydrogen sulfide ~ The remaining S, from the Claus furnace, is reacted
is a byproduct of processing natural gas and refining highWith the SQ at lower temperatures (about 470-620 K) over
sulfur crude oils §]. approximately 90 to 95 percent of re- @n alumina- or titanium dioxide-based catalyst to make more
covered sulfur is produced by the Claus process. The Clagdulfur:
process typically recovers 95 to 97 percent of the hydrogen .3 ) .
sulfide feed stream. Clause process briefly described bellow 2H,S+ S0, = 5, +2H,00AH = —108kJ/mol - (Ii1)
(3. On average, about 70% of,H and SQ will react via Re-

Hydrogen sulfide, a byproduct of crude oil and naturalaction (Il). Note that in the catalytic stage mostly &
gas processing, is recovered and converted to elemental siroduced, which is an exothermic reaction whereas in the
fur by the Claus process. The process consists of multithermal stage Sis the major product and the reaction is en-
stage catalytic oxidation of hydrogen sulfide; each catalyt dothermic. Other allotropes of sulfur may also be present in
stage consists of a gas reheater, a catalyst chamber, angaller quantities. The overall reaction for the entirecpss
condenser. The Claus process involves burning one-third g§:
the H,S with air in a reactor furnace to form Sulfur dioxide
(SO,) according to the following reaction: 3H,S+1:50, = 35, +3H,0; AH = —626kJ/mol

(V)
H,S+ 30, = SO, +H,0; AH = —560kJ/mol  (I) A typical arrangement for the Claus sulfur recovery process

The furnace normally operates at combustion chamber ter‘r%S shown in Figurel,
y op Because this reaction represents an equilibrium chemical

peratures ranging from 980 to 154D (1800 to 2800F) reaction, it is not possible for a Claus plant to converttadl t

with pressures rarely higher than 70 kPa. Before enterln%’ncoming sulfur compounds to elemental sulfur. Therefore,

Z Zudgjr:czzgdﬁ]nzeu;;g ghaesatfrggl;?ih(;?rgzl;j:g?eghégnhb té) or more stages are used in series to recover the sulfur. Each
. atalytic stage can recover half to two-thirds of the inagni
medium pressure steam. About 80 percent of the heat re- y g

leased could be recovered as useful energy Approximatelsu”ur' The_numbe_r of cata_lytic s_tages depends upon thé leve
. ' &f conversion desired. It is estimated that 95 to 97 percent
65.t.0 70 percent of the sulfur is recovered. The cooled 93S€Sverall recoveries can be achieved depending on the number
exiting the condenser are then sent to the catalyst beds. TQ)(? catalytic reaction stages and the type of reheating naetho
used. A schematic of the process flow diagram along with
*Corresponding author, Emaikbedini@modares.ac.ir approximate gas temperatures is shown in Figure

@2010 Bangladesh Uni. of Engg. & Tech.
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——— Catalytic Section —s 2. Modeling of Catalytic Beds
—IJ Modeling of this process consists of three parts which are
g.i,;g,s Mass balance, Energy balance and Condenser formulation.
o svoted

Tail Gas In a case of Molar flow and Energy balance we used the rate
formula of reactionll. Kinetic reaction of ) in the tem-
perature of 200 and 30Q is as follow B]. Because all the

toco
00
“°°0°o°
[P o

T [ i three catalytic beds operate at same temperature range this
=R Liquid Sular formula seems to be correct:
r = Ka(T)Ph,sP8E° — Ko(T)P,0 @)
Figure 1: Typical arrangement of a Claus uit [ In the above equation if we p@ = CiRT then we have:
TPV r = Ki(T)(RT)**°Ciy,sC8E — Ko(T)(RT)Chio  (3)
A — K1 andK; are defined as bellow:
s ok el
H El
50K, K1 = Kpoexp| — == 4
1= Kio D( RT) (4)
300 K E2
: > Ko = Kypexp| — == 5
2=Koo I0< RT> (5)
K1 andK5 are activation energy of reaction in the forward
Figure 2: Flow diagram of a typical Claus proce3k [ and reverse side. The valueskiy, Koo, E; andE, are as

below:

Ko = 15762M9l€ K, — 506MOle
High-pressure steam (40 atm) is generated in the boiler ' mé s 20 m s

stage and low-pressure steam (3-4 atm) is produced in thie; = 49'41#%’ Ex = 89'3%]@
condensers. A total of two to four catalytic stages are typi-
cally used in order to maximize efficiency. 2.1. Molar Flow Balance
The Claus process is equilibrium-limited. In the furnace e consider catalytic bed as Fig 3; by choosing an ele-

stage the S@produced from the combustion process (Re-ment on the bed we write molar flow balance equations:
action ()) recombines with HS in an endothermic reaction

to form S, (Reaction [1)). Adequate residence time has to ‘ il
be provided in order to allow this reaction, responsible for
60-70% of sulfur conversion, to reach equilibrium. Since th
main Claus Reactionl() is exothermic, this stage calls for
the use of low temperatures in order to shift the equilibrium
constant towards higher product yields. The low tempera:
tures, however, lead to decreased reaction rates, hence t

need for a catalyst. The law of mass action for the Claus (ucis)l (uCiS)

. . 7+dz
reaction is as follows:

dz

3

5 3

PHZO X P388

Kp(T) = 7o @)

H,s % FSQ,

) ) o Figure 3: Sample modeled catalytic bed for molar flow balance
where Kp(T) is the chemical equilibrium constaRy,o and

P, are partial pressures of the products &g, Pu,0 are

partial pressures of the reactants. This equation illtesra Input— Output+ Generation- Consumption=0  (6)
the nature of equilibrium limitations involved in the Claus 1d
process; decreasing the process temperature can inchease t (UGS); — (UGS)zdz+ S,j =0 @)
equilibrium constant and thus increase conversion, but the v dt
lower limit of this temperature and hence the upper limit of dG N

S S ) u— +Kf(C)=0 (8)
equilibrium conversion is set by the condensation tempera- dz
ture of sulfur B-9]. dc

ud—i +H=0 ©)

In above equationsis related to each element of reaction.
For solving the Equationgto 9, we need the rate of reaction
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of each component. We use rate of reaction of H2S as a baa'}s _ . _

. . . _Table 1: Inlet value of each component in the first bed
for our calculations. Rate of each component in the reaction—csmponent HS o) H,0 S
has a relation with stokiometric factor of that component in___Inlet Value (Kmol/hr) 2 1
the reaction, so we can calculate the rate of each component
in the reaction with respect to rate of,&l then by substitu- ] : N A A
tion of Equation (12) in the equation of Eq. (7) to (9) we | LEf it s e
solve the problem. -+ e R

—r(H,9) B B 2r(S,) B r(H,0)
722 = —1(SQ) = % = 22 (10)

P, SO SRR B

2.2. Energy balance

We consider catalytic bed as Figukeby choosing an ele-
ment on the bed and considering input and output energy &
piucy T, then we have:

Molar flow rate profile [kmole/hr]

Input— Output+ Generation- Consumption=0  (11) 0 02 04 06 08 10 12 14 16 18 2
Length of bed [m]

d
g PUCRiT] = (—AH)ri (12)

Figure 5: Molar flow rate variation of 5O, S,, SO,, and H,S in the first
catalytic bed

Gs=G(1—vs) (16)

G.Ys is the amount of condensed sulfur that is entered to the
next bed.

3. Simulation of Process

Simulation of this process has been done by using MAT-
LAB software. All the operating condition and all the phys-
ical and chemical characteristic of the component have been
considered. Physical properties are used as a function of
temperature. Amount of inlet sulfur entered to the first bed
assumed to be 0.1 kmole/hr. We assume this amount of sul-
fur is from the furnace.

Figure 4: Sample modeled catalytic bed for energy balance

2.3. Condenser formulation

Gas composition of inlet gas to the condenser contains a
large amount of sulfur; because the condenser temperatufle Results
is about 140C so the produced sulfur will be condensed and - gagjts of simulation with respect to inlet condition of Ta-
separated. The mostimportant pointin sulfur recovery@n th o 1 56 a5 follow. Also, the length of catalytic bed assumed
catalytic bed is that all the sulfur is not totally separaited to be 2n; this length is divided to 100 parts.
each bed, and a portion of the sulfur will enter the next bed, The variations of mole flow rate of each component in
so the condensed sulfur in second and third bed is equal t9,., bed are shown in Figures 5 through 9.

the sum of produced sulfur of thgt bed and amount of sulfur Figures 5 to 9 are obtained by solving molar flow balance
that is transferred from the previous bed. Amount of SUIfurequation. As it is clear the composition of@ and $ will

that is remain in gaseous phase in each condenser and gk jncreased, and the composition ojgHand SQ will be

tered to the next bed is calculated from bellow refations:  yecreased. Because the variation of compositions in second

(13) and third beds are less sensible, variation of compositions

of S,, H,S, SG and H,0 are shown separately. Results of

Because the liquid phase in the condenser only containginning our program for molar flow balance are shown in

sulfur soxs = 1. P; is the saturation pressure of the sulfur Table2.

andP; is operating pressure. Figures of temperature variation in catalytic beds are

shown bellow. Figures 10, 11 and 12 are obtained by solving

XsP; =Yysh

Vs = B (14)  energy balance equation. As it is clear temperature varia-
R tion in each bed is not sensible and beds work at a constant
temperature.
Y= 2 as "

B 1-ys
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Figure 6: Molar flow rate variation of $S0O,, and HS in the second cat-

alytic bed
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Figure 7: Molar flow rate variation of 5O in second catalytic bed

5. Conclusion

This research was carried out in a gas refinery plant.
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Figure 8: Molar flow rate variation of §6, SG and S in the third catalytic
bed
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Figure 9: Molar flow rate variation of 5O in the third catalytic bed

sulfur is about 3.02 kmol/hr, this amount of sulfur is equal t
separation of about 1200 kg/day sulfur in a sour gas sulfur

jfecovery unit. The molar flow rate and temperature of ex-

this study, sulfur separation process via catalytic bed-mog!Stence products can be specified by using this model. Also

eled and simulated. Modeling has been done with the bas

g\e amount of condensed sulfur in each bed can be calculated

of molar flow and energy balance relations. Inlet flow rateSIMPIY-

to the first bed has been shown in the Tahl&he length of

catalytic bed assumed to be 2 m, this length divided to 100Nomenclature
parts, and in each point of division the mass and energy bal-

ance equation have been solved, so molar flow rate of eachH
component in each bed has been calculated. With a simpl

calculation sulfur mass balance can be shown, so:

Reaction Enthalpy Difference (kJ/mol)
Density, kg/nt
Concentration of componentkmol/m?)

Sulfur (Furnace) + Sulfur (S9 + Sulfur (H,S)= Sulfur (out
put) + Sulfur (Condensed) E1
By solving above relation it is shown that inlet and outlet =i
G

n
Table 2: Flow rate of components in each bed P
Inlet /Outlet Flow Rate of the Beds (Kmol/hr) B S, SO, H,S Ps
Inlet Flow rate to the First bed 0 0.02 1 2 Pt
Outlet Flow rate from the First bed 1.852 1.389 0.074 0.148
Inlet Flow rate to the Second bed 1.852 9.71E-05 0.074 0.148 R
Outlet Flow rate from the Second bed 1.881 0.022 0.060 0.119
Inlet Flow rate to the Third bed 1.881 6.71E-05 0.060 0.119

0.004 0.057 0113 S
T

Outlet Flow rate from the Third bed 1.887

Cp Specific heat capacity (kJ/kg.K)

Activation energy; forward reaction (kJ/mol)
Activation energy; reverse reaction (kJ/mol)
Gas phase flow rate in condenser (kmol/hr)
quantity in kmol

Pressure (Pa)

Sulfur saturation pressure (Pa)

Operating pressure (Pa)

Gas constant (Padtkmol.K)

Rate of reaction (kmol/fs)

Cross sectional area of catalyst bed?m
Temperature (K)
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Figure 10: Temperature variation in the first catalytic bed
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