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APPENDICES
Appendix A Bed void fraction of each adsorbent layer.
The fractional void in the packed column could he obtained from Figure AL,

The comparison of the bed voidages obtained by estimating from Figure AL and
determining by Chaikasetpaiboon et al. (2002) are shown in Table AL,
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Figure AL Porosity as a function of the ration of particle diameter to bed diameter
(Leva, 1947).



Table Al The comparison of the bed voidage

B
(Figure Al)

Silica gel 0.08 0.36
Mol Siv 4A (1/8") 0.136 0.35
Mol Siv 4A (1/16”) 0.072 0.34

TBed diameter = 3.4 ¢cm

(Chaikasetpaiboon
etal.2002)

0.5994
0.5081
0.5337



Arartix B Cloulations

B.I Axial dispersion coefficient

Dispersion in gaseous systems will occur when a concentration gradient
exists in a packed bed and the turbulent diffusion due to the flow also contributes to
the diffusive mass flux. The dispersion occurs in both radial and axial directions in
the bed. The radial dispersion is not important when the ratio of bed-to-particle
diameters is large. The dispersion coefficient is usually expressed terms of Peclet
number (Pe - 2Rpp/Dzp), and:

(B1)

where Dzis the axial dispersion coefficient, whereas (Pe)mand (Pe)t are the Peclet
numbers for molecular and turbulent diffusion, respectively.

The Peclet numbers are correlated with Reynolds and Schmidt numbers.
One of many empirical correlations has been suggested by Wen and Fan (1975):

1 _ 0-3 (Bl.z)
Pe ReSc '11 38 v

Vv ReScy

for
0.008 < Re <400 and 028 < Sc<2.2

The molecular diffusion coeffient or bulk diffusion coefficient, bm was
determined from Chapman-Enskog equation.

D =1.86x10 3r 32 (B1.2)
perabQ.0

e EEALE

where

[ab]



p total pressure

MWa =  average molecular weight ofbulk species

MWp =  molecular weight of adsorbate species

Cab = collision diameter from Lennard-Jones potential; and
fMAB = collision integral

B.2 Overall mass transfer coefficient
The overall mass transfer coefficient (k) was estimated by using the
correlation, which was defined by Seader and Henley:

1 Dp P B

B2.1
kk = 6kf + 60De ( )

where kf is the mass transfer resistant of the adsorbate from the bulk fluid to the

surface of the particle, which is called mass transfer film coefficient. It could be
determined by Wakao-Funazkri correlation:

k{D n D PG 0'6f
Py l1;111 A (82.2)
Dm A | PDJ

The effective diffusivity, be can be obtained by:

J_=jlr_i_+j_> (82.3)
Ep yDm DkJ

where, r is tortuosity factor. For straight, randomly oriented, and cylindrical pores,
it may be approximated as =3 and 4 for 4A zeolite and silica gel, respectively
(Yang, 1987). The intrapellet void fraction, £p for silica gel was 0.55 while for 4A
zeolite was 0.48 (Howe-Grant, 1992). Knudsen diffusion coefficient, Dk is the
diffusion coefficient related to mass transfer within a pore which occurs when the
molecule in the fluid collide with the pore wall.



where
rp

9.7x10V
Dk X pVM

mean pore radius (cm)
absolute temperature (K); and
molecular weight of diffusing species

(B2.4)
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Aerdx ¢ Gomparison of bumicity aralyzers

In the previous work (Chaikasetpaiboon, 2002), portable humidity
analyzers, Cole Parmer Tri-Sense® Relative Humidity/Air Velocity/Temperature
Meter, were used to measure the humidity level of the gas stream at the entrance and
exit of the adsorber but those analyzers are not sensitive at low relative humidity.
Therefore, a new humidity analyzer, CERMET 1l hygrometer (Michell Instruments
Ltd.), was installed to be compared with the old analyzer.

The experiment was carried out to  dy the comparison of humidity
analyzers with the constant feed flow rate was 130 ml/min, which was equivalent to
the contact time of 34 seconds. The humidity level of the gas entering to the
adsorber measured by the old analyzer was about 60%RH, but at the same line, the
humidity level measured by CERMET Il hygrometer was about 50%RH.
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Figure Cl1 ~ Comparison between CERMET Il hygrometer(A)and Tri-Sense®
Relative Elumidity/Air Velocity/Temperature Meter (¢ ) 50%RH and contact time
34 sec.

Two different breakthrough curves when comparing with the different
analyzers are shown in Figure CI. The amount of time consumed for the outlet



o4

water concentration to start appearing was about 70 hours and 73 hours for Tri-
Sense® Relative Humidity/Air Velocity/Temperature Meter and CERMET |l
hygrometer, respectively. It was observed that CERMET 1l hygrometer was more
sensitive than Tri-Sense® Relative Humidity/Air Velocity/Temperature Meter.



Anrandx D Smulation program

PROGRAM BREAKTHROUGH CURVE PREDICTION
ceeeeececeecceececcececececeeeceecececceeeceeeececececcececeeeecececcccccce
Th(! ro ram Was deYeloged forgsol\{ln%othe se{

T i

with
Inite erence aHpromma{lon and ourf 2% éun
method were employed™to solve the partia d| erentia equatlons

cceeececceccccccccccccceceecceceeccececcccccccccccccccccccccccccccccceeeeceec
PLIC

%EE@&%E{( JC?V gté@ Ko time, Csat, RH
' ax=90’,| ma
@I(nalrﬁax y} Q)?ng mrﬁé(x i aTTSaXJmax

OOOOOOOOO
OCooooooo

............................ T
c |tme: 008 INITIAL CONDITION
=] 0 lat time = 0
ey l-%’z sa linlet concentration (mol/1)
\e/I=Q 5;22091 I Superficial velocity
6 _5§

%f(cl =vile A
OPEN(5,file="velocity.dat")
0O =2, imax

it
END DO
OPEN(1,file="datai.dat’)

E'\)D@jl!@(aflontime,i,j,C(i,j),q(i,j),v(i,j)

Call RK4(j,C,q,V,imax,jmax,KC, Kg, dt)
GOTO 20
10 OPEN(2,FILE="DATA2.DAT)
[0 i=2,imax

%210 tlme 0),q(i,1),v(i1),(KC( i,1), =1,4)
i)



20 DO j=2,jmax
DO =2, imax
V(1,j)=vlle_A
(l j)=C0
| C(i,j)= ZQkaTSd m(*é IJ|Jl %+2*KC (2,i,]-1)
| (1,]) +%Lk& é I+jd 6+ *q(( lﬂ 1)+2*Kq(2,1,j-1)
END DO
Call RK4(j,c,q,V,imax,jmax,KC,Kq,dt)
END DO

0O j=I,jmax
time=time+dt Isec

%EN"Z."filez'dataZ.dat')

L REEETRAIPE Sy 4 ) e
WRITE (5,102) time, c( jmax) , q( jmax) (| jmax)

file= 34sec(vnotconst).dat')
?EF\%RQ]JQ@ %%ﬁﬁnec (1,jmax),q(i,jmax),V(i,jmax)
Sfir

END 0O

c CLOSE(Z) ....... Check RUNNING LOOP. ..oovvvcvvescvvesssssssisssssisssssens

&Fo%mleULT.IOO) THEN
B

.................. Format for Input and Output Statements

SRR SL i3 b
j

kkhkkhkkkkhkkhkkhkkhhkkhhkhhkhhkkhhkkhhkkhhkhhhkkkhhkhhkkhhkkhkhkhhkkhkkkxx
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SUBROUTINE RK4(j , ¢,q,V,imax,jmax,KC,Kq,dt)
ERE@EION pc q ¢,q,dc_dt,dg_dt,dt,KCKa,V

Imﬁ H%%])%X Im%gjz{naxg dC %%Iml&]ln}?nxxjmax

(1m ij |m ijax
Define Parameter
DO i=1, imax
CC(1,])=C(1,]
IR
END DO

Call ODEs EQ(j ,imax,jmax,CC,qq,dc_dt,dq_dt,V)
DO i=2, imax

SR e

END [0
Call ODEs EQ(j ,imax,jmax,CC,qq,dc_dt,dg_dt,V)
00 =2, imax

Kl i
G SRR R )

END DO

Call ODEs_EQ(j , imax,jmax,CC,qq,dC_jdt,dg_dt, v)
[0 i=2,imax

Geatl=t

IR R R RS
END DO

Call ODEs EQ(j ,imax,jmax,CC, qq,dc_dt,dq_dt,v)
[0 i=2,imax

RSt L
END DO

Return
End



0 kkkkkkkkkkkkkkhkkkkkkkkkkkkhkhkhkhkkhkkhhkhkkkkkhkhkhkkkkkhkhkhkkkkkhkkhkkkkkk*k

SUBROUTINE ODEs EQ(j ,imax,jmax,c,q,dc_dt,dq_dt,v)

PLICI o dt ) |
EEEE a i %L 2 800 AN A 50

; @nga (L
E aXJmax Imax,jma aXJ ax

Define Parameter

([128 toetalsbze<(aj }%r}g gn th
g AT
c Parameter of Adsorber Zone-A (Silica gel)
%?_ZA %32% 8ulk nSIty of a%orbent ZoneA
|s eTs10 rough Zong-A
frac lon of Zone
C s Parameter of Adsorber Zone-B (4ADG 1/8
8 Bl o aaarage A
frac lon of Zone
C o e Parameter of Adsorber Zone-C (4ADG 1/16")
%E’ 830}57 77%51%4 S%léld S?e 3|00]c a%roorl?gﬁtzéﬁgecc
ra lon one
gnt """"""" d% g %H?E Oigéhgegm C?Esﬁa \Bgr%n\} 11 Transfer coefici
C sty (BN NORN, WNIVERS
Csast4 1 é @ | For Linear-Isotherm
D0 i=2,5
gstar(i,j)=al*c(i,j)
dg_dt(i,j)=kI*(gstar(i,j)-q (i,]))
d02C_dz2(i,j)=(1/(dz**2))* (C(i+1,j)-2*c(i, j)+c(i-1, }))
de_dz(i,j)=(1/(2*dz))*(C(i+1,j)-C(i-1.) )
dv ~dz(i,))=-((I-e_A)/ (e A*Ct))*dq_dt(i, j)*db_A/l.8
i, ])=dz*(dv_dz(i,j))+v(i-1,])

1 [Qgﬁdt e DA A Wt AL 98



..................... Zong-B (Mol Siv 1/8")rvvvrsrmssrrsirnsnn

aZZ 32 %8 8886? (é‘,gtat IFor Langmuir-Isotherm

% ]07 %61 IFor Exponential-Model
60/Csat

DO i=5,60

1f (C(i,j).GE.0.000255877) then
qstar(i,j)=yl+ad*exp(ml*c(i,j))
Else
qstar(i,j)=(a2*C(i,j))/(1+b2*C(i,}))
END If
dq_dt(i,j)=kI*(gstar(i,})-q (i.}))
d2C_dz2(i,j)=(1/(dz**2))* (C(i+L,])-2*c(i,j)+c(i-1,)))
de_dz(i,j)=(l/(2*dz))*(C(i+1,j)-C(i-1,}))
dv_dz(i,j)=-((I-e_B)/ (e_B*Ct))*dq_dt(i,j)*db_B/I.8

V(5.])=v(5,])*e_AleB
( J)=dz*(dv_dz(i j))+u(i |J)
1 Ih OO B Gl W ) 3SR i 5y
ENDD) ..... Zong-C (Mol Siv 1/16") cevvevessrmssisnrsrsnen
a%:%OG %66? %astat IFor Langmuir-Isotherm
6 IFor Exponential-Model
é 80§€§1/Csat
8?1% IFor Freundlich-Model
D0 i=61,89

1f(C(i,j).LE.4.4778559E-04) then
gqstar(i, j)=(ad*c(i,j)/(1+ 3*(i,]))

1T (C(i,j) .GE.7.9322018E-04)then
qstar(i,j)=a6*((C(i,j)/Csat)**n)
Else

qstar(i,j)=y2+ad*exp(m2*c(i,j))



1

End If
END |f
dq_dt(i,j)=kI*(qstar(i,j)-q(i,j))
d2C_dz2 (i, j)=(1/ (Z**2)) C(i+1,j)-2%c (i, j)+c(i-1,]))
de_dz(i,j)=(1/(2*dz))*(C(i+1,j)-C(i-1.))
dv_dz(i,j)=-((I-e_C)/ (e_c*ct))*dq_dt(i,j)*db_c/I.8
V(i,j)=dz*(dv_dz(i,j))+v(i-1,j)

(60 j) (60 j)*e Ble C

S P LRGN R A K e Gy 0

END DO
I=imax

qstar(imax,j)=qstar(imax-1,j)
dq_dt(imax,j )=dq_dt(imax-1,j)
d2C_dz2(imax,j)=0
dc_dz(imax,j)=0
dc_dt(imax,j)=dc_dt(imax-1,j)
dv_dz(imax,j)=dv_jdz(imax-1,j)
V(imax,j )=v(imax-1,j)

Return

End

60
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Appendix E Experimental setup.

Figure El Experimental Setup: A = Rotameter, B = Mass flow controller, ¢ =
Humidifiers, D = Humidifier analyzers (Parmer Tri-Sense® Relative Humidity/Air
Velocity/Temperature Meter), E = Humidifier analyzer (CERMET Il hygrometer) F =
Adsorber, G = Temperature controller, H = Electric heater.



Appendix F Adsorber layout.

Table FI' Adsorber layout of the multi-layer adsorber used in the adsorption study

HElght Actual

Adsorbent T volume
Adsorber Layout dsorbent Type o) ratiol
(%)
. Silica gel 0.4 4.3
R T
e MolSiv (Zeolite) Type 4A
,. 5’_’ with pellet size 1/8” & 023
borlis - MolSiv (zeolite) Type 4A 29 33 4
o ——> With pellet size 1/16” | |
: ,;’:4, '- . *Inert material used as an
""" e Ceramic ball adsorbent support

Adsorber volume: 75 ml
IPTT Public Co.,Ltd.
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