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Figure 1. Activated carbon block and contaminants in water.
2/15



Mass Transfer in Porous Media

(Fluid/solute/media)

Advection/diffusion/reaction

• Characteristics
• Flow direction: outside-in radial

• Dynamic working pressure: 60 psi

• Flow rate: 0.9 gpm

• Contact time: < 1 min

• Reynolds number

�� �
��

�
= ~2,100, laminar flow

• Peclet number

�� �
��

�
>> 1, advection dominant

• Permeability
k = 10-9 to 10-10 m2 Reference: Dickinson, 2017, COMSOL Blog
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RSSCT vs. COMSOL

 Rapid Small-scale Column Test (RSSCT) models
- constant pattern homogeneous surface 

diffusion model (CPHSDM)
- pore surface diffusion model (PSDM) 
o Widely used from 1990’s
o Two-dimensional
o Assumes ideal one-directional plug-flow system
o Homogeneous media
o Best for slow-flow packed bed reactors

 COMSOL Multiphysics®

o Three-dimensional/2-D Axisymmetric
o Calculate complex flow patterns
o Enables heterogeneous media study
o Ability to model various structural designs
o Simultaneously calculates mass balance in the 

porous media/fluid regime

R S S C T C O M S O L  
M u l t y p h y s i c s ®
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Process Diagram
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• Import Geometry 

(CAD STEP)

• Structural Analysis

• Geometry Builder

• Unify structure 

(Booleans and 

Partitions)

• Define boundary 

conditions

• Define materials

• Define inlet/outlets

• Define mesh

• Define dimensions 

(Q, r, d, L, A, u, etc.)

• Calculate characteristic 

parameters (Re, Pe, 

etc.)

• Determine flow regime 

(Laminar)

• Define fluid properties, 

wall conditions, initial 

fluid conditions

• Analyze flow pattern, 

∆P, etc.

• Analyze flow/pressure

• Investigate flow 

patterns in pressure 

vessel

• Dynamic study of 

fluids/particles

• Particle Tracing 

Module

• Visualize movement 

of particles in the 

fluid in reactors.

• Calculate permeability 

• Define porous media 

matrix

• Define diffusion 

coefficients

• Implement multi-

physics study

• Analyze fluid movement 

in porous media

• Couple with reactor 

flow with porous media.

• Apply physical/chemical 

properties of media/solute

• Define mech./chem. 

reaction mechanism

• Analyze adsorption kinetics, 

breakthrough of each solute

• Evaluate heat effect on 

chemical reaction.

• Optimize product design.

Figure 3. Process diagram. 
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Model Equations

Figure 2. The three-dimensional carbon block geometry.
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where 

� and � is the porosity and the density (kg/m3) of the porous media, respectively
� and ��, is the aqueous and particle concentration of chemical species, A (mol/m3)
� is the fluid velocity determined by the reactor design (m/s)
��, is the effective diffusivity of the chemical species, A (m2/s)

• Mass transport equation (convection-diffusion)

• Adsorption isotherm (Langmuir)

��, �
��,���,��,�

1 � ��,�

where 
• ��,���, is the Langmuir adsorption maximum (mol/kg)
• ��, is the Langmuir constant (m3/mol)
• � is the aqueous concentration of chemical species, A (mol/m3)
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Model Equations

Fluid movement in the entire reactor: 

Free and porous media flow (fp)

Mass transport of the chemical species in the porous media: 

Transport of Diluted Species in Porous Media (tds)

interface with a time-dependent study step. 

*contaminants level: ng/L (ppt) - μg/L (ppb)17, 18

Boundary Conditions
• Outlet pressure: � � �� � ∆� = 60 psi (0.41 MPa)
• Inlet flow rate:  � = 0.9 gpm (3.41 L/min)
• Inflow concentration: � � ��
• Wall conditions: no slip

Figure 2. The three-dimensional carbon block geometry. 7/15
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Test Conditions – Std. Method

Test Protocol – NSF/ANSI 53

• NSF International Standard/American National Standard Institute
• Drinking Water Treatment Units (DTWUs) - Health Effect 53
• Influent concentration: ng/L (ppt) – ug/L (ppb)

• Chloroform (VOC): 300 ppb
• PFOA/PFOS: 1.5 ppb
• Ibuprofen: 0.4 ppb
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Full 3D vs. Axisymmetric

Computation time
~1 day

Computation time
~10 min

Figure 2. Model component; (A) full three-dimensional and (B) Axisymmetrical mesh geometry. 9/15



CFD Stationary Analysis

Flow Pressure

Figure 4. Steady state flow analysis; (A) flow velocity (spf), (B) pressure (p). 10/15



Time-dependent Analysis

Animation (x4)

Figure 5. Time-dependent fluid

dynamics analysis with Particle

Tracing for Fluid Flow (fpt)

physics interface.
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Chemical Adsorption Study

1. Organic simulations have been completed on 15 major species including 50 additional 
surrogated organic compounds (total 64 compounds).

2. Simulated for different influent concentration, flow rate, working pressure, temperature, 
reactor design, etc.

Figure 6. Transport study (tds) of chemical species A, after 100 gallons volume treatment. 12/15



Chemical Adsorption Study

Error

Experimental -

RSSCT-Packedbed 2D +42.0%

COMSOL full 3D -3.5%

COMSOL AS +2.4%

Figure 7. The averaged effluent concentration of species A from RSSCT and COMSOL simulations

with respect to volume treated compared to the actual experimental result. The horizontal red dashed

line: 5% breakthrough (95% reduction).

Model Name Full 3D AS

Predefined-mesh Coarse Finer

Number of Elements 14,852 16,854

Element quality 0.6741 0.9335

Volume/area ratio 0.1048 0.0362
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Chemical Adsorption Study

Error

Experimental -

RSSCT

(Estimated Freundlich from

Polanyi Isotherm Estimation)

+782.2%

RSSCT-modified

(Experimental Freundlich) 
-39.8%

COMSOL AS

(Langmuir)
-0.9%

Figure 8. The averaged effluent concentration of species B from simulations with respect to volume

treated compared to the actual experimental results. The red line: 5% breakthrough (95% reduction).
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Conclusions

1. The COMSOL Multiphysics® model used in this transport 
and adsorption study successfully demonstrated not only 

flow patterns in the modulated reactor but also chemical 
concentration changes in the full-scale hollow cylindrical 
porous adsorbent structure. 

2. To accurately simulate the adsorption phenomena in different 
reactors, both adsorption isotherms and fluid movement 
should be considered and compute simultaneously.

3. The results are critically important to enhance contaminant 
reduction performance by optimizing design parameters in 
similar reactor applications.

4. The transport/adsorption model can be used as a platform
estimating the performance of other numerous chemical 
species and emerging contaminants which have different 
physical and chemical properties. 

15/15



References

Aljeboree, A. M., Alshirifi, A. N., & Alkaim, A. F. (2017). Kinetics and equilibrium study for the adsorption of textile dyes on coconut shell activated carbon. Arabian Journal of Chemistry, 10, S3381-S3393.
Chen, G., Dussert, B. W., & Suffet, I. H. (1997). Evaluation of granular activated carbons for removal of methylisoborneol to below odor threshold concentration in drinking water. Water Research, 31(5), 1155-1163.
Chiang, Y.-C., Chiang, P.-C., & Huang, C.-P. (2001). Effects of pore structure and temperature on VOC adsorption on activated carbon. Carbon, 39(4), 523-534.
Cotoruelo, L. M., Marqués, M. D., Díaz, F. J., Rodríguez-Mirasol, J., Rodríguez, J. J., & Cordero, T. (2010). Equilibrium and Kinetic Study of Congo Red Adsorption onto Lignin-Based Activated Carbons. Transport

in Porous Media, 83(3), 573-590. doi:10.1007/s11242-009-9460-8
Crittenden, J. C., Hand, D. W., Arora, H., & Benjamin Jr, W. L. (1987). Design Considerations for GAC Treatment of Organic Chemicals. Journal - American Water Works Association, 79(1), 74-82.

doi:10.1002/j.1551-8833.1987.tb02786.x
Crittenden, J. C., Reddy, P. S., Arora, H., Trynoski, J., Hand, D. W., Perram, D. L., & Summers, R. S. (1991). Predicting GAC Performance With Rapid Small-Scale Column Tests. Journal - American Water Works

Association, 83(1), 77-87. doi:10.1002/j.1551-8833.1991.tb07088.x
Hall, K. R., Eagleton, L. C., Acrivos, A., & Vermeulen, T. (1966). Pore- and Solid-Diffusion Kinetics in Fixed-Bed Adsorption under Constant-Pattern Conditions. Industrial & Engineering Chemistry Fundamentals,

5(2), 212-223. doi:10.1021/i160018a011
Hand, D. W., Crittenden, J. C., Arora, H., Miller, J. M., & Benjamin Jr, W. L. (1989). Designing Fixed-Bed Adsorbers to Remove Mixtures of Organics. Journal - American Water Works Association, 81(1), 67-77.

doi:10.1002/j.1551-8833.1989.tb03324.x
HÚMpola, P. D., Odetti, H. S., Fertitta, A. E., & Vicente, J. L. (2013). THERMODYNAMIC ANALYSIS OF ADSORPTION MODELS OF PHENOL IN LIQUID PHASE ON DIFFERENT ACTIVATED

CARBONS. Journal of the Chilean Chemical Society, 58, 1541-1544.
Inal, F., Yetgin, S., Aksu, G. T., Simsek, S., Sofuoglu, A., & Sofuoglu, S. C. (2009). Activated Carbon Adsorption of Fuel Oxygenates MTBE and ETBE from Water. Water, Air, and Soil Pollution, 204(1), 155.

doi:10.1007/s11270-009-0034-8
Keller, A. A. (1999). Health and environmental assessment of MTBE: the California perspective.
Kuennen, R. W., Taylor, R. M., Van Dyke, K., & Groenevelt, K. (1992). Removing Lead From Drinking Water With a Point-of-Use GAC Fixed-Bed Adsorber. Journal - American Water Works Association, 84(2), 91-

101. doi:10.1002/j.1551-8833.1992.tb07309.x
Kuennen, R. W., Van Dyke, K., Crittenden, J. C., & Hand, D. W. (1989). Predicting the Multicomponent Removal of Surrogate Compounds by a Fixed-Bed Adsorber. Journal (American Water Works Association),

81(12), 46-58.
McKay, G., El Geundi, M., & Nassar, M. M. (1987). Equilibrium studies during the removal of dyestuffs from aqueous solutions using Bagasse pith. Water Research, 21(12), 1513-1520.
Performance Data Sheet, eSpring Water Purifier. (2019).
Ruddy, E. N., & Carroll, L. A. (1993). Select the best VOC control strategy.
Shih, T. C., Wangpaichitr, M., & Suffet, M. (2003). Evaluation of granular activated carbon technology for the removal of methyl tertiary butyl ether (MTBE) from drinking water. Water Research, 37(2), 375-385.
Shim, W. G., Lee, J. W., & Moon, H. (2003). Adsorption of Carbon Tetrachloride and Chloroform on Activated Carbon at (300.15, 310.15, 320.15, and 330.15) K. Journal of Chemical & Engineering Data, 48(2),

286-290.
Stocking, A. J., Suffet, I. H., McGuire, M. J., & Kavanaugh, M. C. (2001). Implications of an MTBE odor study for setting drinking water standards. Journal‐American Water Works Association, 93(3), 95-105.
Summers, R. S., & Laura, C. (1992). Standardized Protocol for the Evaluation of the GAC: AWWA Research Foundation.
Tsai, J.-H., Chiang, H.-M., Huang, G.-Y., & Chiang, H.-L. (2008). Adsorption characteristics of acetone, chloroform and acetonitrile on sludge-derived adsorbent, commercial granular activated carbon and activated

carbon fibers. Journal of Hazardous Materials, 154(1), 1183-1191.
Yu, Q., Zhang, R., Deng, S., Huang, J., & Yu, G. (2009). Sorption of perfluorooctane sulfonate and perfluorooctanoate on activated carbons and resin: Kinetic and isotherm study. Water Research, 43(4), 1150-1158.



Acknowledgement

Special thanks to Dr. Roy Kuennen, Mr. Bill Luke

Water PD & Simulation Center of Excellence (CoE)



Thank you


