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ANALYSIS OF THE REMOVAL OF H,S WITH
IMPREGNATED ACTIVATED CARBON
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Abstract A general mathematical model with its governing equations in dimensionless forms has been
developed to describe the removal of hydrogen sulfide with impregnated activated carbon. An
approximate relationship between the sulfur capacity and the reaction time in a single carbon pellet is
obtained, and criterion to ascertain the rate controlling step of the process can then be deduced. In
the meantime, the choice of the appropriate oxygen concentration and the principle to be followed
are also described.
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1 INTRODUCTION

The removal of H,S through catalytic oxidation with activated carbon has been
found to be economically feasible and is particularly suitable for removing H,S in low
concentrations” ~¥. The sulfur capacity and desulfurizing rate can be greatly increased by
the addition of an impregnating agent™ ®. We have studied the mechanism'”, and found
that this process is mainly due to the oxidation of H,S by the polarized oxygen mo-
lecules and active oxygen atoms in the adsorptive water film with the result of formation
of elemental sulfur, which gradually deposits on the pores of activated carbon. The
impregnating agent serves to a better environment for the catalytic oxidation and a
higher alkalinity on the water film, as well as acting as a catalyst itself. In the course
of desulfurization, the reaction rate decreases with the formation of elemental sulfur be-
cause the active sites are covered by sulfur and the resistance to mass transfer increases
with decreases in porosity. In this paper, we have analyzed the process with taking
these two factors into consideration. The results obtained can be used as the bases for
experimental design and industrial application. Furthermore, they may also be used for
analyzing the process of deactivation of catalyst because of the formation of a solid product.

2 MODEL EQUATIONS
Generally speaking, the desulfurization process follows to the following pattern
HS +(1/2)0=>S v +H;0
The following basic assumptions have been made for the modeling procedure:
(1) The activated carbon particle is spherical in form with a radius of R
(2) Reaction heat is negligible, i.e. the desulfurization process is isothermal;
(3) The reaction occurs only in the adsorptive water film, and the kinetics may be
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described by that formulated in reference [7];

(4) The diffusivities of H,S and O, are independent of their concentrations;

(5) There exists an equilibrium between the gas phase and the adsorptive water
film, and Henry’s law is being obeyed;

(6) Liquid mass transfer can be neglected compared to gas mass transfer.

Then the mass balance equations for A, B and S inside a carbon pellet may be ex-

pressed as

aC}',L ]__: Di.g a
ot R?* OR

dc,
(1= ) L 1y (R'S)=rp,  (i=A, B) (1)

dW/dt=10""Msra

with boundary and initial conditions 2)
ac, oc;
t>07 Ran _a-RT— O R= RP7 D:g 6Rg = fl(ci,0~ci,g) (33)
t=0, ¢,,=0, Wg=0 (3b)
where A,B,S stand for H,S, O, and elemental sulfur respectively.
The equation of desulfurization kinetics may be described as!
ra= Lk ik, Ws oCp gCp o/ (1 Hhpcg )l = (1= We/W ) “)

Since the porosity decreases with the formation of elemental sulfur during the course of
the reaction, the effective diffusivity also decreases with increases in the sulfur capacity.
According to the random pore model, the effective diffusivity is given by

= Di(1=f) (1= pWyy ©)
Obviously, f would be subjected to the following constraint
| BWswo<1 (6)
The overall sulfur capacity may be written as ,
R, \
Wt=L 4nR2(WSp,)dR/%nRgp[ (7
By defining the dimensionless variables and parameters as follows
X.=c,Jc.o 1=R/R,, 1=(D,/R)}, ‘Xs= We/Ws o (8a)
Ba=(~fY(1=BWs X, a=¢e,(1—f +fKy) (8b)
3, =107 MyCy o/ Ws .o ®=Ry\/ pk W /DS, Sh/=k; R,/D,, (8¢)
Ap=kCy o Yk =Dy o/D% s Y= Cao/2Ca0 (8d)
we may rewrite the model Egs. (1) and (2) in dimensionless form as
‘3X =2 G Dy B o)
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0Xy 20X, 0’ X, , AgX, X
Xy T = Pav( = }7 ﬁ’? + an’ )Y@y [+4, X (1~ Xy (10)
d X AgX Xy \
=5 % —-A8 (]~
dr A+ AX, (=X (an
with boundary conditions
0X, 0X Sh,
=0, —=0; y=1, —= —=(1—-X, 12
The overall sulfur capacity in dimensionless form is given as
\ ,
X =W /W, = 3j Xsﬂzd"l (13)
0

The model system consists of a group of nonlinear partial differential equations,
and thus they have to be solved numerically. In this paper, the difference method is
used for the radius variable

0X, 1

G 3Ay Kun i) (14)
a’X, 1 )
_5;7—2_ = 'Z? (Xi'_,+l_2Xi.j+Xi,j—l) ¢g=1t,2, ~,N) (15)

Substituting Egs. (14) and (15) into the governing Egs. (9) — (11), they can be
transformed into a set of ordinary differential equations. Consequently, the model can
be solved with the Runge-Kutta method of changing time step length. N is usually
chosen as 8 to attain sufficient calculation accuracy.

3 ASYMPTOTIC BEHAVIOR AND APPROXIMATE SOLUTION

3.1 Kinetics control

When the overall rate is controlled by chemical kinetics, the reactant concentration is
uniform throughout the pellet, and X,= X;=1. Under these conditions, the sulfur ca-
pacity can be directly obtained by integrating Eq.(11)

X =20 @7 /[(1 + As) (1 +0,D21)] (16)

3.2 External diffusion control

When the process is controlled by external diffusion, the overall desulfurization rate
equals to the rate of mass transfer from main stream to the surface of the carbon par-
ticle, while sulfur deposits uniformly within the carbon pellet. When the external diffusion
of A is the sole resistance, the overall rate may be expressed as

dX,/dt=30,Sh, a7
Integrating the above equation gives
X,=30,Sh,t (18a)

Similarly, when there exists only the external diffusion resistance of B, then
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Xt:365'})KShBT/yC (18b)

3.3 Internal diffusion control
If the reaction rate is rapid enough in contrast to the diffusion process, it may be con-
sidered that the reaction occurs only at a certain interface inside the carbon pellet. As
the reaction proceeds, elemental sulfur deposits only on the interface approaching the
maximum sulfur capacity, and the reaction interface would shift gradually to center of
the pellet.

When the overall rate is solely controlled by the internal diffusion of A, X;=1 in
the whole outer reaction area where the reaction rate is zero. Such case may be de-
scribed by the following governing equation

. 0X, 2 0X, + 62XA)
A ot n On on? (19)
with boundary conditions
=1, Xa=0; n=1, Xa=1
where = A 1 A (1%)
Ba'=(1—f)(1—pWs ) (19b)

In addition, the amount of mole A diffused should equal to that of the elemental sul-
fur formed at the reaction interface, and may be readily formulated as

dnc P 7 aXA
P NN | (20)
with initial condition
=0, n,=1 (20a)

Solving Eq(19) by the variable separation method gives the local concentration of A
at any time inside the pellet as

2 ¢ (— [ oam 2 Bi . . [nn(ﬂ—ﬂc)] n—1.
= —= 1] sin +
’Inzl ( I=n." a, ] 1=n, n(1-n,) 21)
Combining Eq.(21) with Eq.(20) gives
dn —d.8,) nn B
C - + —_ — 2 _—A
P S {1 22 (= 1rexp[—(— o r]} (22)
The sulfur capacity related to 5, can be calculated by
X=1-n (23)

Therefore, the overall reaction rate can be obtained by combining Eq.(22) with Eq.(23)

dX, 36,8 n. , B
e ﬂm’; {1+2Z (=1 expl=(20) i—Ar]} (24)

Applying the quasisteady state condition X,/01~0, Eq.(24) reduces into a solution in
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the form of ordinary function

1 1 1 1
— — — 2+ . 3
T 6SBAI ( 6 2 nc 3 ’TC)
25)
SR NS IO VS [P ‘
5SBA/ [ 2 3 Xt 2 (1 Xt) ]

Comparing Eq.(24) with Eq.(25), we can conclude that the bigger the value of f,'/«,,
the more the possibility to use the quasisteady state condition. Fig.1 shows the
desulfurization rate curves from Eq. (24) and (25) at different values of B, Jo,
respectively. We can see that sulfur capacity may be calculated with Eq.(25) when
B, =0.005.

On the other hand, when the reaction is controlled only by the internal diffusion
of B, we may also obtain the reaction time corresponding to a certain overall sulfur
capacity
| 1

1 2
[3—‘3—)((*7(1“&)/3] (26)

= Yc
OB’
3.4 Approximate solution
Sohn and Szekely™ * have derived an approximate solution for a general non-catalytic
gas-solid reaction process. It is stated that the time required to attain a certain conver-
sion equals approximately to the sum of the time required to attain the same conver-
sion in every separate controlling step. Applying this concept to our desulfurization re-
action system, we can calculate the reaction time required to attain a certain amount of
sulfur capacity X, from the following expression

'}’C 1 l +A‘B Xl 1 ’yc 1 1 1 2/3
STx + + + + 5 -7 X-50-X
F ( 39.Shy  3Sh, )X‘ o7, T-x \Br T )| 7 T3 A AK

(27)

1.0

0.80}

0.20

Figure 1 Plot of X against time at different values of Figure 2 Comparison of numerical solution with
B foa(8,=0.01, B,=0.5) approximate solution
Bafan 1-5%107% 2—=1%107% 3=5%107% 4= 1% 10°% (@=2, =10, Sh=1, f=0.5, 3:=0.01)
—_— i lution; ---- roximate solution
- solution to Eq.(25) numerical solution approxima
1*/1)3:1, yx=2, }’c:l; 2—).B=0.5, '}‘x=2, ')’C=];

3—-28=5, k=1, yc=0.1; 4—4s=0.2, yx=1, pc=0.5
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Fig.2 shows the comparison of the results from numerical solution with approximate
solution. It may be readily seen from the figure that they are in excellent agreement un-
der all conditions. That is to say, Eq.(27) can give a satisfactory representation of the
exact solution.

3.5 Criterion for process control

It is noted from the approximate solution [expressed by the Eq.(27)] that the time re-
guired for attaining a certain amount of sulfur capacity consists of three parts: the
time under the control of external diffusion, the time under the control of internal dif-
fusion and the time under the control of reaction kinetics. Apparently, the importance
of each step may be readily evaluated by the relative values of the three time terms. As-
suming that the step which contributes 95% of the time to the overall reaction time
(X,=0.5) is the controlling step, then we can readily draw the following conclusions.

When y,<0.25, external diffusion may be negligible, and when 7, <3, internal dif-
fusion may be negligible. But, when y, = 1050, the process is controlled by internal diffusion.

where
C % 1 1+,IB) _( 1 Yo >/< 1+,13)
= + y VT -+ ; 28
' ( 37 Shy 3Sh, )/( (Df\'ln ’ Ba YxBa (pfs/ln (28)

4 EFFECT OF OXYGEN CONCENTRATION ON THE DESULFURIZING PROCESS
Generally speaking, increases in oxygen concentration favor the desulfurizing rate. But
it will lead to the problem of excess O, in the product gas. Moreover, the effect of
increasing O, concentration on improving desulfurization rate is not very significant
when 4,>> 1. Therefore, we expect to find a criterion for the optimization of the O,
concentration.

As mentioned above, the desulfurization process is zero order with respect to O,
when the O, concentration is excessively higher than the H,S concentration. For this
case, the process is independent of oxygen concentration. The lower the concentration
of O,, the greater will be the effect of it on the process, and also the less the sulfur ca-
pacity will be. We here define the ratio of them as oxygen effect factor, which is de-
noted by {,

1 |

Wn'dn/ J W ndn (29)

0

(o= WI/WLO:J

0

where Wy, is the sulfur capacity when the process is independent of oxygen

concentration. Accordingly, the value of (, reflects the extent of effect of O,
concentration on the reaction.

Substituting Eq.(29) into Eq.(27) gives the expression of effective oxygen factor in
relation to other variables as

Xl/(() l X[ ] l l 1
+ —_ _Lta— 23 —
3ShA ¢/2\ CO—Xl + ﬂA' [ 2 3 ~X1/C0 D) (1 X(/Co) ]
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Y 1 . 1+4, X 1+9y./y | 1 1
+ + i 24 SR N T P 23
( 3yxShy ~ 3Sh, M o7, T-X B [5 = 53X~ 5 A-X)"T (30)
Y | 1+ 4, X L+7y./y 1 1 1
+ t ok o 4L 1 0
Syeshy T EsEONT B, Tox Ty a3 XN (XM 6o

Variation in oxygen concentration would lead to changes in the values of y. and 4,
and in turn influences value of (. Figs. 3 and 4 are the relationships between oxygen effect
factor {, with y. and Ay respectively. It is noted that the effect of oxygen on the
desulfurization process is greatest at the beginning of the reaction, and the effect of kin-
netic parameter y. is greater than that of the concentration parameter A,.

1.00( 7 1.00p-
1
0.80t 2 0.80( //
3
'3 0.60F 7 o 0.60
0.40t7 5 0.40}
6 .
0.20 N N L 0.20 1|’2r3‘a49036 L
00.200.400.600.801.00 "7700.200.40 0.600.801.00
X, X,
Figure 3 Effect of iz on (, Figure 4 Effect of y. on (,
(Sha=Shy=1, B,/ =1, &,=1, =1, y.=0.2) (Sha=Shy=1, /=1, &=1, =1, 4,=0.2)

Ag:1—10; 2—-5, 3-2; 4—-1; 5-~0.5; 6-0.2 jor 1-0.2; 2-0.5; 3—1; 4-2; 5-5; 6—10
5 CONCLUSIONS

(1) A desulfurization process can be described with quasisteady state when f//x,>0.005.

(2) External diffusion may be negligible when y, <0.25.

(3) Internal diffusion may be negligible when y, <3, but when y,2 1050, the process
is controlled by internal diffusion.

(4) The effect of oxygen concentration on desulfurization process is most
outstanding at the early stages of the reaction. The suitable O, concentration may be
ascertained by the oxygen effect factor determined by Eq.(30).

(5) Sulfur capacity within a single carbon pellet can be calculated through an
approximate solution to Eq.(27).

NOMENCLATURE

Cio initial concentration, mol L ™"
gas concentration, mol *L ™'

. gas effective diffusivity, cm® * min™'
D!, gas effective diffusivity without water film and elemental sulfur, cm® »min ",
! ratio of the volume fraction of water film to the total pore volume
Ky, Henry constant of gas-liquid equilibrium
k, reaction rate constant, ml+g~' +min""'
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k, adsorptive constant of O,, L »mol™’

ke coefficient of external mass transfer, cm «min'

M, molecular weight of sulfur (Mg=32), g +mol™

N total number of difference point

R radius variable, cm

R, radius of carbon particle, cm

r, reaction rate, mmol «g ' + min™

Sh, Sherwood number (Sh;=k.,R,/DS, )

t reaction time, min

W mass of sulfur formation in one gram of activated carbon

Ws o maximum mass of sulfur formed in one gram of activated carbon

w, averaged sulfur capacity over the whole carbon pellet

X, dimensionless gas concentration

X, X, dimensionless sulfur capacity

o, B, 8, dimensionless variables defined by Eq.(8)

B volume parameter of deposited sulfur

B parameter defined by Eq.(19b)

Y%» Yo parameters defined by Eq.(8d)

Ve modified Thiele number (y,= @,/8,")

Vws Vs parameters defined by Eq. (28)

& porosity

o effect factor of oxygen

n dimensionless radius

e dimensionless radius of reaction interface

Ap dimensionless parameter for adsorptive O,

P density of impregnated carbon, g eml™'

T dimensionless time

D, Thiele number (Q)A=Rp\/ pk]Ww/Dg‘g)

Subscripts

A hydrogen sulfide

B  oxygen

g  gas phase

i A orB

j serial number of difference point

L  liquid phase

S sulfur
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