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In this study, dynamic modeling and analysis of carbon dioxide adsorption in a hybrid
honeycomb adsorbent bed composed of activated carbon, zeolite 13X, and carbon molecular
sieve were investigated. The rationale for using this hybrid adsorbent is to take advantage of
the complementary properties of its components. Activated carbon provides high specific
surface area and diverse diffusion pathways, zeolite 13X offers polar and cationic sites with
strong affinity toward CO_, and carbon molecular sieve contributes microporous structure
and molecular sieving effects, which can enhance adsorption capacity and dynamic column
performance. In addition, the honeycomb structure provides regular flow channels, reduces
pressure drop, and improves gas-solid mass transfer during the adsorption process. A
mathematical model was developed based on gas-phase mass balance, the linear driving force
kinetic model, and adsorption equilibrium isotherms. The model was validated using
experimental adsorption capacity data and the main trends of breakthrough behavior. The
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results showed that increasing pressure enhanced CO, adsorption capacity, whereas
increasing temperature decreased adsorption capacity, which is consistent with the
exothermic nature of physical adsorption. The optimized adsorbent composition containing
30 wt% zeolite 13X and 70 wt% CMS showed the best performance within the investigated
operating range. Sensitivity analysis indicated that pressure, adsorbent composition, and
temperature were the most influential parameters affecting CO, adsorption capacity. The
main contribution of this work is the conversion of experimental data for a hybrid
honeycomb adsorbent into a validated dynamic modeling framework for analyzing
adsorption capacity, breakthrough behavior, and the effects of operating parameters.
Keywords: Dynamic modeling, carbon dioxide adsorption, honeycomb bed, adsorption
isotherms, parametric analysis.

odS

Jolds (oS 35 (6595343 O3l iy 50 o2 Sl 63 iz wal 8 (Kol d Julowi 9 g 3lw oo g3 () 59
S oleied GSone oSy @3l (ol G0 04wl plnil JoSUgo JUyE (05 9 13X cadgiy (Jlad opyS
ol & e (63980 (gl o g YU 039 b b Jlad (1 )5 45 (5 9k el ilizo gl JoSo sl S 39
& o YU oo 3 o (9l g (ahad (s uli 5929 o 4 13X Cud gy i (g0 oS (S9N g0 (o i
Jdy g @da caudyb (Jedge JUsE 1 g lojio ) sbsle b (Jodge JUsE (35 g 0400 oy vnsT (60
Sge 9 HLid Cl Jals (b 2 plide (b o Sml b 3 (5y9 A HLS L .aBS co Sgte 1) (et (Samolind
S8 ey dijlse Al (@8l Joo S oo @oly8 (115 ST (60 (Somlins i gl (b i o LI
gy 9 i Cadyb (o Groslo b g cll anwgi (Jola sbap gl g (s 45 yxo (59 8 S B
crgo Lo Gl g i cadyb ulidl e ge jLAS ol a5 ols Lid guls o (ol &5 (S
Yo Jolds dine oS 5 (ruiamad ol 515l 00258 0T (68 (S 38 002 (5l )5 Coplo b a5 g 0 o Slals
Julo 010 (LS 00y 1 Lo |y 0090z 50 1) 8 ;o (g YL CMS Jjg wuoyo Ve 9 13X Cadgiy (F39 oo
Alio ¢y (Lol e 3 )10 > Candyb 3 1y 1 oy iy o 4 Lod 9 Q0L S 5 LA 4 01 (LS ol
Jolo gl (i liiel BB (Solas gilwow ©ozsle SO & (oS 5 (5945348 O3l (2 2 gbesls o
el Fldos b ol )l il g s LS, (i cad )b

Jolod «oder lap gl (698 iV i (2,5 ST (68 e ((Saeled (§3lud e 0]l wals

Syl

doddlo —)
4295 (S Gbe S 5 (ool Sl Jolse (n Sete 512 Olgre 4 92 )3 ()5 aeST (g cdale 1
sleosl s [1] el 08,5 > 58 cpl gilolax 5 0ds slp sl I8 slag,gld anwg 1) glos s
el 333yl 392y (e Ca 5 [V 5 Y] D b G anT B e ()8 0nnST (68 Qi e il




(e lidie y odlitinl Sl 5 Slles (Solo by 6551 Srae s & (b i sloan ] b e
210 5F] wlosss 5l 55 slagl,> 5l S ST 63 ileliz slp 5e slagby, 3 (S Slsie
Gl g glessly Al e oSt A dx s dsrr (Phb 5 el D3l Sl daan] B Gl
S oo Wl Slles slaas o

2 8505 5 dlse oz 5H(CMS) JsSge JLg ¢S 518X 2oy JF] (AC) Jlab (S asile placil
390 scmlin (s pdy Rl (plss 9 Vb ohag ghaw (Jodsie jLlo Lo a5 aites ()5 anST 0 Sl
(S ST (69 JsSUga b (58 (Seilinly iUl slo uiSemyy Jelo 418X 2ol [V] sl 5715 4z
S8 gl )5 (gl e s 5o 5 ()l 3l SO plgie 4 Jled )8 a5 (Jle po o ls (2YL Qi 8l
S Silulaz Gl a7 Glojazg S LSl Jdo 4 CMS (08 (g9 5l el conlin by
b oy sla s o lime Ol,3 S0 4 iodls ol 5l eslinal (Jlo ool b LAl 0iS o ool )8 1) g8
el olpen (Sl g )lb Bl g oy JUI Zasgaze VU jLad 28l L ol e

& slr A5 68l Glaie 4 6550854 (sl s 0% 4 4l Lle sl drwgi 3l sla Lo o
s calate sla JUS ils Juds a b, lis b ol ool 48,5 )18 4> 55 5590 Johiie 6l yins (slacydgasne
olas Sldllas [a] axms oo <)) 1) G o ,Shoe g oaniidn dgnge |y py JUH (oS JLad cdl g YU oles

(5 e JE! Cuaglio 5 5V o2 JH] g 005y (510 i b i 19 (55503545 (5l i o5 ool
S gige sla)bsl conl odle 0gb 0w (loy Gl 5 Cdx Cedib Gl 4 e a5 Wl
3ae g anilo 1y Los 5 Jlid (logi b (rbaws i glaany T3 o oolinl bl sy 5 ()8 2 (S
D] Wlosls (lis 095 5l cao Lasl i 5o colicn

Wlgi oo a5 Conl QI gg5 dix Julls oS 5 sl Lisle 1 eolatwl die) ol j0 (pe oo S, 51 (SO
ISl 553655 sy S 55 OMS 513X AC (S 5 S b layon S50 4 slyo 51 Sy o slilye
Sl 5 5l s pald |y Seile oSl 5 (6 S wpdir o) ey pmslie Jolo & liiand
@ e CMS V% 4 13X gy 1Y+ Cad o 4 ol ol digy oS5 oS wileals las o ,20
g Gl g (5530 JLSle (rimmen 05d o0 (1) SeST (60 Dz Cud)b azg LB Ll
g oo Sloyd il b awslie jo o> sl ples Ses g (VO M 5l i b) o5

5 oo Cubyl (6 Foilil o latagh | ()l (228 Slallls ;3 4z BB slac i o925 b
S)ge yoS e 9,8es (S 5 Sl iledae Gres o hld 5 wilails 8505 Joles LS,
Jsl sloe 5550 <55 (gl it o (6,153l e ] 3 ool (oildite a5 Il 45 sl w35 )3 axgs

o Jos 3l oslitul [V ] 058 oo gmmms ixio Gopiamw dige b g byl conlas Judos o>

'Honeycomb




Lulyd 5o e 5, i oSl alinyd 5 j25aSY b Jolss slop sl 5 LDF asle St
S oo p2l 3 1) alise Slles

P e O Ol @0 s Lo i Sl Slles gla il Conles 5 gel)ly JloS ol 2 ogdle
Cd> S8 by S5 mel)l cp e Ol 4 Lad A wileols lis Sldllas oyle G wn1,8 o 5luag,
ol o i cud b ol cel Ysane Lo iuldl a5 Jb> 0 wed oo a3l S anST 60
3les 25 B b 55 Ol S5 g i (pwiin (b 500 g 5NV 005 e (S5
DS B s O)9e Gloyer Dyge 4 dl g 31 e

(Jose Jbse 25 9 Sl oS il S5 2 S ST 63 iz o)l y0 sasie Slalllas v L
P ooy b (Jgons 0adn Gla i jite SDI> n S97ge lagtegn 3l 2y KB
sy 23 S0 Shae 5 o35l (sl jtel )l (lotl Gl byl Vgons lalllan cul 5 ilosgy S yaie
@ bos led lejen Jlans; pomie zg s clle Glej Sl (gt (Sesls )b, Lol ol oas
el 00y (g3l Joe e Ojgods S ()5 5aY adl LSl s SO 0 oSl cuS 5 s Gl

5 ,Slee g 413l AC/IBXICMS oS 55 (555554 il Al (Bainsss (L3 om0 dlie ,o K0 (som )
a5 sl gmie 5 (Sllo plloninl (g )lirle sla(Shig cmdr oyl a5l T S st 60 i
28y Jaloxs sl 00 i ozl S g il 025 oo Butee aalllas o (Jl> nl bk g
g yolo lie o5 ol GISE il s 3,5 oo &) il Sllos slo sl S ooyt 5 5 (Seolivs
2 S SeeST 0 @i 8, i Gl e lisl BB (Seelis oo S 05 s o0 Bl ]
el AC/1I3XICMS .S 55 (5 ,8034Y i

i (Saolnd Joo rg e el oy BB ol e oz 5 polo lie (sale s cobol el
slapsgnl g LDF (St Joo G5 51 o2 aijlon il 0 (o5 5 (6)9:3)aY (g 50 (25 ST (63
Jelo pow e (i el 6l 43 sla g g gLl o)l o slaosls jlesliiul iags ¢ Jolus
sly @emlr Al plaz 5 10dz 0 Slee 5 O3 oS 5 5 G Jsb 0lyz (00 ded lid Glojen Sl
Wz O3l S (Byae o Bro pil dllie (5,915 scnlply il Slles Lulys 53 g 18, iy
BB g o0 cp i (Seelod Jow S 4 S 5 6y95aY Gl gz ool Jlasl jo asl s
ol 2,5 ST 60 i an B ssleaigs ¢ Judow 6l eolaul

ot $lp (Sealos Joe SO (riyliiel g dnng 1ol dlie Bas wadply (Ldag) SBL @ 4z L
275 addllas B> 5 dllis () .l AC/IXICMS oS 5 (6,905548Y s 10 (0,5 ST (g0 Qi L8,
5 g 3 peie HZC Gil> Cis 8 Shee 60500l 5 obdasin wols o5 [A] Bawy L3
3,10 55 505 iz 8 ,Shes p (Sliles Glayel )l Sl o) g 3 (e oS (gt Sl L3, (5l e




ooliiwl 890 oy (GB0SI1D g poow o gi Y

Sty Jlab (S ol (28 5 695554 s 59 (S S Tiss i (Sanlizs (5l canllas ol 5o
g oo 42l OPUF 5L sk b0 b po8 ol 2 (o2 9590 D3l i plonil (JoSdge JUye ()5 5 13X
ol Slasay b cole sl ol dlie o wlhad Jlasay ol slaeyles 59, » Sl slo,og
oS aeST (60 ©dx gz sosls § LAl (g LSl Slasuiv aSl el sais IS 5,20 g0
Jost 5 5 13X iy (Jlab 0,8 (sl jog, canllas 51 5o loas oolis] fFatuss 5 (25 Alio
ol laieds wSol ozl eolatul b atin glacas o LY 5 gilwoslel 5l e J5SUge
Crdigel (w0l SlasaY YO ppi ojlail b 5L sk Uyes b ped slooyles (59, p cdumo Jlas]
S9-58Y SujeelS QA U wad S Cele B Dowdy ogaades 4z 0 100 sles ;o sabiosls il
50,08 35 03 09250 (228 sloesls Jlod 5 (sl (loJae p ol dllis (ol pln T cnsay ol
5 ekaie cdalllas cpl 4o .ol o (555 Al a0 j0 Gila Shaasin 5 SlasaY e o5 ol
So S aSl s Q3 izl e wus olewd B G LSes AC/IBX/ICMS LS 5 il
5 038, lSS Sl lgeas sb sk 0B 5k pod aly SLSle (nl jo icenl (65054 a8l LSl o eelS
S35 2 by Y So D504 CMS § 13X AC Jolts L3l )3 g aiS 0 Jos 5 0z jsee e
Sad Jlail g5 5 Baee O3l gl lee Jlasl el pliy g8 oo CorsiS (5,50558Y slo JUS (slao,lsss
Wgm Je5i5 Boyb jl 4 gd oo slml jul jeh> g (b (Sots (GlasaY &b 5l cwl g Lo
LCMS 5 13X AC Lo Wz olionds

Sy o i @lizl 1 wandls (659550 Q3 Cajanls S g | LSl (nl (o Sles oSy
E5ite 53585 (5lo s 5 VU oy rbio b JUsb 0,8 08 o il JaSo o 5 43,5 15 sy
Just 15 o, LCMS 50,8 oS (53 0 o Yl o5 e 5 e (slaclo L 13X el
Bl (25 Pl 0 Sles vy S jo Wl S lie Qi 0 Shes o plejee g0 (JeS)ge
el 32y (555554 s G o Bzl (nl (60,8as 5 g LSl oS 5 ol asly s oz 56 LSS
Lol oo o,Lil ouuds sy p (s3> dcgarme 4y dlie ol o AC/ 1I3X/ICMS Allasl a5 csl S8 a4 p3Y
O 50 303 CMS S3g ooy Ve g 13X S3g doyo Yo ol oy55 sloosls bl » HZCaigs oS 5
el 320 AC s

Soy Ve g 13X edgsy (Sig w0 Ve Jold 3l a8 5 (B oy (8 e 20 s bl
BET o35 zdaw /Y7 glem? aciils lylo digad cpl .l 0als 3,20 HZC Jlaic b aS 009 CMS 5
Sl Solads VS Ll YYIVY M 6,0 Lawgio olail o V/FP CM3/G &l ja> o N OOF/AT Mg L ol

S Olgreds OPUR (g8 )l lisle ol jo wes oo (LA 1) (oS5 s)aeja¥ D3l s L




Hybrid honeycomb adsorbent bed
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Figure 1. Schematic representation of the hybrid honeycomb adsorbent bed structure, including the OPUF
support and AC, 13X, and CMS adsorbent layers.
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Table 1. Input parameters of the dynamic CO> absorption model and their determination method

Value/Range Unit  Symbol Determination method Parameter Reference
23 L Experimental data Adsorption column length [8]
8.5 cm D Experimental data Internal column diameter [8]
0.02-4 bar P Experimental data Operating pressure [8]
303-343 K T Experimental data Temperature [8]
50-300 mL/min Q Experimental data Flow rate [8]
30 wt% 13X+ — — Experimentally optimized HZC adsorbent [8]
70 wt% CMS composition composition
0.636 g/lcm? pb Experimental measurement HZC adsorbent density [8]
1554.84 m2/g SeeT BET analysis Specific surface area of [8]
HZC adsorbent
1.46 cm3/g Vp BET analysis Total pore volume [8]
37.73 Nm dp BET/BJH analysis Average pore size [8]
50 — Nz Numerical setup Number of spatial grid This Work
points
1 S At Numerical setup Time step size This Work
1.2x107° m2/s Df Mass transfer relation Gas-phase diffusion [8]
coefficient
2.05%x107° m2/s Dp Literature data Diffusion coefficient in [17]
zeolite 13x
1.94x1077 m2/s Dp Literature data Diffusion coefficient in [18]
CMS
— st Kior Fitting to experimental data Overall mass transfer This Work
coefficient
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Table 2. Parameters used in the LDF kinetic model and mass transfer relationships

Parameter Symbol Value/Relation Unit Determination method Reference
LDF Kinetic Value fitted from the Dynamic data fitting [19]
coefficient breakthrough curve
Overall mass k i_1,1 m/s Combined film and intra [14],[15]
transfer coefficient k ki kp particle resistance model
Film mass transfer ks K =SSP m/s Sherwood relation [16]
coefficient a
Intra particle mass kp Kp:ShPDP m/ s Sherwood relation [16]
transfer coefficient af
Film Sherwood Shg SH=0.91Re%43Sc1/3 — Empirical relation [17]
Number
Particle Sherwood Shy SH,=2+1.1Re%65c03 | Wankao-Funazkri [17]
Number correlation
Coz diffusivity in Dy D=1.2x107° m2/s Mass transfer data [16]
the gas phase
Effective Dp Dp=2.05%x107° m?/s Reference mass transfer [16]
diffusivity in 13x model
zeolite
Effective Dy Dp=1.94x10"" m?s | Reference mass transfer [16]
diffusivity in CMS model
Hydraulic ds 1 Mm OPUF structural [8]
diameter of the characteristics
honeycomb
channel
Time step for At 1 S Numerical setting This Work
kinetic Solution
Number of spatial N; 50 — Numerical setting This Work
nodes
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Figure 2. Changes in carbon dioxide absorption capacity as a function of temperature and pressure in a
composite honeycomb column based on the predicted model.
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Table 3. Indicators used for dynamic validation of the model based on CO:2 percolation curves

Dynamic validation Definition Purpose of use
index
Breakthrough time, t; Time at which C/C, reaches 0.05 Evaluates the onset of CO;
breakthrough from the column
50% breakthrough Time at which C/C, reaches 0.50 Compares the central position of the
time, tso breakthrough curve
Relative saturation Time at which C/C, reaches 0.95 Assesses how close the column is to
time, t[] saturation
Slope of the mass- Rapid change in C/C, in the middle region | Evaluates the intensity of mass transfer
transfer zone of the breakthrough curve
Dynamic capacity, gayn | Integral of the area above the breakthrough Calculates the actual column capacity
curve under flow conditions
Temporal error Difference between tex, and tmogel Measures the accuracy of dynamic
percentage prediction
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Table 4. Comparison of the performance of isotherm models in simulating carbon dioxide absorption.
Isotherm model RMSE (mol/kg) R2

Langmuir 0.08 0.987
Freundlich 0.11 0.981
Sips 0.09 0.985
Toth 0.10 0.983
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Table 5. Role of hybrid adsorbent components in CO2 absorption performance
Adsorbent Structural/surface role Expected effect on CO; adsorption
component

Zeolite 13X Provides polar and cationic sites with higher Enhances CO, uptake at low and
adsorption energy moderate pressures
CMS Introduces micropores and molecular-sieving Increases micropore-based capacity and
effects improves dynamic adsorption behavior

18




AC Increases accessible surface area and helps Improves molecular accessibility and
distribute the adsorbent phase more uniformly reduces diffusion limitations
Honeycomb Provides ordered flow channels and lowers Improves mass transfer and delays
structure pressure drop breakthrough
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Figure 3. Carbon dioxide absorption based on the ratio of adsorbents in a hybrid honeycomb column.
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