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APPENDICES
Appendix A: SEM Images of Molecular Sieve Zeolites

Table AL SEM images of 1/8" molecular sieve

Number of :
hatches SEM Images

Fresh

5 batches

15 batches




Number of -
hatches SEM images

25 hatches

35 batches

45 batches
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Table A2 SEM images of 1/16" molecular sieve

Nggntgﬁers()f SEM images
Fresh
x 3500
ol jarfi% |
5 batches
9 gL
x 3500
JP
15 batches

x 3500



Number of -
hatches | SEM images

( .

25 hatches

35 hatches

45 hatches
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Appendix B: Data of Crystal Size Distribution from SEM
Table BL Data of crystal size distribution of 1/8" molecular sieve

Number of Y%quantity
MBatches
Crystal frsh 5 5 % 3% 4
SIZE range batches hatches batches batches batches
(micron \
0.00-0.49 0 0 0 0 0 0
0.50-0.99 0 0 0 4 2 4
1.00-1.49 0 1 ! 26 19 2
1.50-1.99 0 2 24 2 29 3
2.00-2.49 4 22 44 30 3 40
2.50-2.99 iy 40 22 15 15 0
3.00-3.49 45 30 3 4 0 0
3.50-3.99 4 4 0 0 0 0
4.00-4.49 0 1 0 0 0 0
Average crystal size
(gmlcron) 299 2805 2195 1% 1955 18

Table B2 Data of crystal size distribution of 1/16" molecular sieve

Number of Yoquantity
Ahatches
Crystall frsh 5 15 25 35 45
SIZ¢ range hatches batches batches batches batches
(micron \
0.00-0.49 0 0 0 0 0 0
0.50-0.99 0 0 2 4 2 2
1.00-1.49 0 3 15 14 20 32
150-1.99 5 T 23 30 R 39
2.00-2.49 9 17 42 34 25 17
2.50-2.99 3 33 18 18 20 10
3.00-3.49 33 26 0 0 1 0
3.50-3.99 16 13 0 0 0 0
4.00-4.49 2 1 0 0 0 0

Average crystal size
(gmicr%)/n) 3000 282 204 198 1965 175
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Appendix C: Bed Void Fraction

The bed void fraction of both fresh and deactivated adsorbents can be
obtained from Figure AL,

0.80
/ ]
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Diarreter of bed \'D}

Figure C Porosity as a function of the ration of particle diameter to bed diameter
(Leva, 1947).

Appendix D: Mass Transfer Coefficient

The mass transfer coefficient, k, of both fresh and deactivated adsorbents can
be calculated by following equation (Murillo et al., 2004).

]
ikt K +15spDek (D)



Where
k

kf
Rp

K
£
A

80

mass transfer coefficient (1/sec)
fluid mass transfer coefficient (m/s)

radius of pellet (m)

equilibrium constant
porosity of particle

effective diffusivity (ma2s)

The effective diffusivity ( De), which was used in equation D1, is related to Knudsen
diffusivity ( Dk) and molecular diffusivity (Dm), as follows.

=T (J_+r
De=£pl A, +DkJ (o2

Also, the Knudsen diffusivity (D1) and molecular diffusivity ( Dr}can be obtained
from equations D3 and D4, respectively.

rP

Ma
Mb

~/4/3

12
Dk:9.7x10irp( 3 - (DY)
,  0.0018583r32(I/M .+1/M ) 2 (04)
R — j S |

mean pore radius (cm)

absolute temperature (K); and

molecular weight of diffusing species

average molecular weight of bulk species

molecular weight of adsorbate species

total pressure

collision diameter from Lennard-Jones potential; and
collision integral



8l

Appendix E: Breakthrough Curve Prediction Program

This program can be used for predict the breakthrough curve by input the
degree of deacticvation because the parameters in mass balance equation and the
adsorption isotherm were written as a function of the degree of deactivation,

IMPLICIT NONE
DOUBLE PRECISION RHR Velo Alu,Bmol.Smol. DA,Db.Ds
DOUBLE PRECISION CO,C,q,tKC %tume(:sa { RH
DOUBL PRECISION vive A,e Be

T | Imax jmax,

PARAM T Rgmax =90, max 5000)
M SION C(imax,jmax),q(imax,jmax),v( |max Jmax)

NSION KC(4,imax,jmax) qu 4 imaxjmax)

IR lat time = 0
Csat= 12794E 03
1))=C0

OPEN(9file- breakthroughtxtg{ lopen file to receive input values
REA 9H’QAIu Bmol,Smol,RHR, Velo

RH

Q0= RH*Csat/lOO I|nIet concentration (mol/1)
V= | Superficial velocity
B Iu

b =Bmol
e A=-0.0000002834*DA**2-0.00001597 *DA+0.3698157 Ivoid fraction as
a function of de 8ree of deactivation
e B=-0.00000003348 *0 **2-0.000004606*0 +0.3448013
e"C--0.0004604*Ds* *0.028037+0.329731
l\(IeD(,}f:O.3691822-0.001106*Ds+7.44E-06*Ds**2

v(lj)=vlle_A

WRITE(*)%deactivation of alumina- D
WRITE(* *)%deactivation of 1/8"4 Mo lsiv="D

WRITEF* *E. nput Values !'show input values
WRITE(* *)'%deactivation of 1/16”4A Molsiv=" Ds
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WRITE *5*; %Relative Humidity='RH
WRITE *5*' perficial Velocity=" vI5(cmis)

W&HE *59' Runnin Program '
WRITE(*5)'  Please” Waif

WRITE(*5)
OPEN(5,file='velocity.dat
DO i=2,imax

C(i.j)=0
ik
END DO

OPEN(l ,file-datai .dat)
E&/VDR[I)TOE(I5101)time5553(i5)54(i5)5/(ij)

Call RK4(j,CH¥ImaxjmaxKCKaityI ,DA,Db,Ds)
GOTO 20
10  OPEN(2FILE='DATAZ2.DAT)
DO i=2,imax

1RE%[8(2 13)%)_|1mf)C(| 00, v, DIKC(M,, 15 =L.4)

END DO
20 DOj=2,jmax
DO i=2,imax
V(I j)=vlle_A
C(lj)=C0
:CQ}Q-CI é t/I 2 KC%B&I;H*KC 255-1)

q(ij) glqu édtG*g((i’(J );+2*Kq(255 )
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END DO
Call RK4(j,C,q,v,imax,jmax,KC,Kq,dt,v 1,DA,Db,Ds)
END DO

DO =l ,jmax
time=time+dt ISec
END DO
CLOSE&Z)F
OPEN(?2 file-data?.dat)
DO i1=2,Imax

WRITE(2,102)t |meCS max),q(i,jmax),v(ijmax)
1 (KC(n;1ymax), =I.4),(Ka(n,i;jmax), -ZIB

WRJTE(5,102)time,C(i,jmax),q(1,jmax),v(i, max)
OPEN(ii/file-RESULT.dat')

IF(LEQ.Imax)THEN =~ - y
RITE(3,102)time,C(i,jmax),q(i,jmax),v(i,jmax)

$S 1o

END DO
CLOSE()

........ Check Running LOOD.....ooocvvvveescrivressnen

IF(Stime.LT.400000) THEN
GOTO 10

0T0 999

ND IF
C o v Format for InEut and Out&ut Statements
99 FORMAT(E159,E159E159E159E15.9)
101  FORMAT(FI3.313162E15.9 8E15.9]
102 FORMAT(FI3.33E15.9,8E15.9)



999 STOP
CLOSE(3)

C

*kkkkk

SUBROUTINE RK4(j,C,q,v,imax,jmax,KC,Kq.dt,vl ,DA,Db,Ds)

IMPLICIT NONE

DOUBLE PRECISION DA,Db,Ds,v

DOUBLE PRECISION CC,q0,C.q, dC dt,dg_dt,dt,KC,Ka,v
EGER ij,imax,jmax

oo

C(imax,Jmax),q(imaxjmax),dC_dt(imax, Jmax)
N dg_dt(imax,jmax),KC(4,imax,jmax),Kq(4.imax,jmax)
ON CClimax,jmax).qq(imax,jmax) v(imax jmax)

BB

iDs = Smol
DO i=l,imax
CC(ij)=C(i)
qa(ij)=a(ij)
END DO
Call ODEs_EQ(j,imax,jmax,CC,qq,dC_dt,dq_dt,v,vI.DA,Db,Ds)
DO i=2,imax
KC?HH (N 1
CCECC Q(Jrlg [2*KC(l i I,J

0q(1}=qq(ij)*(d Kq,d
END DO

Call ODEs_EQ(j,imaxjmax,CC,qq,dC_dt,dq_dt,v,v,DA,Db,Ds)
DO i=2,imax

—
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a4 )

CC(i +(dt/2)*KC(2
s oot ke i

END DO
Call ODEs_EQ(j,imax,jmax,CC,qq,dC_dt,dq_at,v,vI, DA,Db,Ds)

DO i=2,imax

KC(3,] ti
et o)
CC(i)=CC(i)+(dt)*KC(3.1j)
q( |15 =qq(ij)+ d“)qu“J
END DO
Call ODEs_EQ(j,imax:,jrmax,CC,qq;dC_at,dq_dt,v,vl, DA,Db,Ds)
DO i=2,imax

KC(4,]j |;
Kq(4,1,))=dq_dt

END DO
Return

End

i

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

SUBROUTINE ODEs_EQ(j,imaxjmax,c,q,dC_dt,dq_dt,v,vI ,DA,Db,Ds)

LDNDNT
g 2
>Z
= <
=
~
—
RS
}I
|

le Ae Be C,dg at

SDDEDD
ooa>o
ZZZ.Q_Z
=
b_g?o_
.00
D:D_%
)
o0
=
o
~o
=
(@p]
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E PRECISION DA,Db,Ds

R lma.wma.x . .

I Cg ax,Jmax),q(imax,jmax),dC _dt(imaxjmax)
SION d2C _dz2(imax,jma),dC_dz(irfmaxjmay),qstar(imax.jmax)
DIMENSION dq_at{imax,jmax),v(imax;jmax),dv_dz(irnax,jmax)

ly|= Veli) | Superficial velocity

.............. Define Parameter.

=58 I Total hed Ien?th
dz=L/ 8max-zg !St%p size for Tength
A i

Pa=1 0133E408 | atmospheric pressure
P0=1.01325E+06

do_A=0.73743 I Bulk density of adsorbent

DL A=0.028249704 | Axial disPersion through Zone-A
e A=-0.0000002834*DA**2-0.00001597*DA+0.3698157 Void fraction

ofZone-A

C

C

Zone-C

rd_A=(-0.0053*DA**2-0.1761*DA-195.93)/10

db B=0.66529 I Bulk density of adsorbent Zone-B
D EB:O 027733066 | Axial dispersion throuqh Zone-B
e B=-

0.00000003348*Dh**2-0.000004606* Db+0.3448013 1Void fraction of
rd_B-(-0.0026461 *Db**2-0.0098614*Db-283.2747)/! 0

....... Parameter of Adsorber Zone-C (UI-94 1/16")
db ¢ =0.66529 I Bulk density of adsorbent



%15 I Axial dispersion through Zone-C
en

If(Ds.LE.62.38) 1Void fraction of Zone-C
e C=-0.0004604*Ds**0.028037+0.329731
(@ C=(-53.02706*Ds**0.0287672-1167.399)/! 0

e c=0,3691822-0.001106*Ds+7.44E-06*Ds**2
frd C=(3637.953-134.6133*Ds+0.9053535*Ds**2)/10

Con Adsorp jon Isotherm Constant Parameter.........

kI =-0.000000001345*DA**2-0,0000003543 *DA+0.00006169 ! Effectiv

overall mass transfer coeficient

k2 =-0.0000000008449*Dh**2-0,0000003555*Db+0.00004525

k3 =-0.000000007212*Ds**2-0.0000007993*Ds+0.0001557
C o J ..JZoneA S|I|cagel) ................

Csat=1.2794E-03

al=1.197121-0.0290791 *DA+0.0001773*DA**2  !'For Freundlich-
Isotherm

AM-" 290 .DA»2,0,29.0,289536 ,

.01=-0.0005461 *DA**2+0.0834425*DA-1.48687

qstar(ij)=al*((100*C(i,j)/Csat)**bl)

dq_at(1,)}=k1*(qstar(1,)}-q(1 )

d2C_dz2(i,j)=(I/(dz**2))*(C(i+l,j)-2*C(ij)+C(i-1)))

dC_dz(1)=(V(2*dz))*(C(i+1))-C(-1) ))

dv_dz(i,j)=-(vI*rd_A)/(e_A*PO*((2*rd_A*(i-I)*dz/P0)+1)**1.5)
v(i,J=dz*(dv_dz(i )} +v(i- )

dC dt(ij)=DL_A*d2C dz2(i, *dC _dz(i
1 -((T-e (A) le_A)*dq_dt(i,j) *d(bJ)A/I( %)C |17*d\(/1)dz (i.j)

C oo Zone-B (Mol Siv 1/8")
Psat=3169904.00
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a2=-1.269777*Db* *0.5740309+17.50962
h2=70,87607*Db* *0.3887716+20,02354
t1=-1.038514*Db* *(0.1542384+2.902765
d1=0.0425293*Dh**0.4721149+0.1048701
|[3)0=PO %2*rd A*0.3/PO)+)**0.5

Gl/tI LH (g2 S'J)/Csat J(((1#(b2*C(i j)/ Csat)**tl)**

c(i,j)/Csat
da_dt( )=k *(ostar(i j)-o(1 )
d2C_dz2(ij)=(1/(dz**2))*(C(i+1 j)-2*C(i,j)+C(i-1)))
dC_dz(i,j)=(I/(2*dz))*(C(i+1})-C(i-1 )
dv_dz(i,j)=-(v(4))*rd_B)/(PO*((2*rd_B*(i-4)*dz/P0)+l)**1.5)
v(i,j)=dz*(dv_dz(i,j))+v(i-l})
V(5,))=v(5,)*e_Ale B

O R )

1

......... Z0ng- Cs Mol Siv 1/163
a3=-1 .441778*Ds**0.5831572+18.0277
3=15.51344*Ds**(,7242306+24.18842
t2=-1.740397*Ds* *0.1264964+3 877282
12=0.0262151*Ds* *(.7678798+0.1262725
Psat=3169904.00
P0= P0 ((%grd B*5.6/P0)+1)**0.5

08 (468l 2
(

da_d(i j)=k3*(astar(ij)-a(1j))
d2C_dz2(i,j)=(1/(dz**2))*(C(i+1,j)-2*C(i,j)+C(i-l))
de_dz(ij J=(V(2*dz))*(C(i+1} )-C(-11))
dv_dz(i,j)=-(v(60,j)*rd_C)/(PO*((2*rd_C*(i-60)*dz/P0)+l)**15)



v(61) )=v(6 )*e Ble C
v(i,))=dz*(av_dz(ij))+v(i-l])
N
END DO

I=imax _ ,
star(imax,j)=gstar(imax-l )

do_dt(imax,j)=dq_dt(imax-I])
d2C_dz2(imax,})=0
dc_dz(imaxj)=0
dC_dt(imax,j)=dC_dt(imax-lj)
dv_dz(imaxj)=dv_dz(imax-1 j)
v(imax,j)=v(imax-l)

Return

End

Breakthrough Cuive Prediction

D Breakthrough Curve Prediction Program

¢ DevelopedbyPPC

I8-Clifdv da(ii)

116"4A Molsiv
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