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Abstract

In this research two-dimensional mathematical models were developed to study
adsorption of single component volatile organic compounds (VOCs) and
competitive adsorption of n-component mixtures of VOCs from dilute gas streams
in a fixed-bed adsorber. The models consist of the macroscopic mass, energy and
momentum conservation equations and isotherm equations. Langmuir isotherm
was used for single component VOC adsorption, while a new multicomponent
isotherm model was derived to predict adsorption equilibria of VOCs mixture
from single component isotherm data. The models were validated with
experiments wherein deviation between measured and modeled data was

quantified using the mean absolute relative error (MARE).

The single component adsorption model predicted the breakthrough curves of the
tested VOCs (acetone, benzene, toluene and 1, 2, 4-trimethylbenzene as well as
the pressure drop and temperature during benzene adsorption with MRAE of 2.6,
11.8, and 0.8%, respectively. The model also showed very good sensitivity to the
changes in operations variables such as temperature and superficial velocity of the
carrier gas, channeling, and adsorbent particle size. The competitive adsorption
model predicted the breakthrough profiles of binary and eight-component VOCs
mixtures with 13 and 12%, MRAE respectively while that of the adsorbed
amounts was 1 and 2%, respectively. These results indicate the accuracy of the
models to simulate a fixed bed adsorber and their potential to be used for

enhancing absorber design and optimization.
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CHAPTER 1 INTRODUCTION



1.1 Background

The definition of volatile organic compound (VOCSs) varies among regulatory
systems depending on whether the emphasis is on their impact to the environment
or directly to human health. For example the United states Environmental
Protection Agency (USEPA) defines VOC as “any compound of carbon,
excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or
carbonates, and ammonium carbonate, which participates in atmospheric
photochemical reactions” *. The Canadian Environmental Protection Act (CEPA)
on the other hand, giving emphasis to commonly encountered VOCs that would
have an effect on air quality, defines VOCs as “carbon-containing gases and
vapors such as gasoline fumes and solvents excluding carbon dioxide, carbon
monoxide, methane, and chlorofluorocarbons” 2. The World Health Organisation
defines VOC as any organic compound whose boiling point is in the range from
(50-100°C) to (240-260°C) ® and the European Union on defines VOC as “any
organic compound having an initial boiling point less than or equal to 250 °C
measured at a standard atmospheric pressure of 101.3 kPa and can do damage to
visual or audible senses” 2. The last definition seems to include most VOCs of

environmental concern and those that have direct health effect on human beings.

VOCs are emitted to the atmosphere from natural (biogenic) and anthropogenic
sources. Natural sources of VOCs include forests, wetlands, oceans and volcanoes
*. The most common anthropogenic sources of VVOCs are vehicular emission,
chemical manufacturing facilities, refineries, factories, consumer, commercial

products and others. ®> Automotive painting operation is the main source of VOCs

2



emissions in the automotive manufacturing industry ® 7. VOCs emission from
automotive painting consists of a mixture of high and low molecular weight
organic compounds including aromatic hydrocarbons, esters, ketones, alcohols,
and glycol ethers  ®. It was reported that that 6.58 kg of VOCs is used as paint

solvents per vehicle in a typical automotive plant in North America .

VOCs are of a concern because of their health and environmental impacts. Some
VOCs degrade in the troposphere to produce different secondary pollutants that
may be harmful to human health as well as to the environment ®°. Some others
are known to be carcinogenic or react in the atmosphere to form mutagenic or
carcinogenic species *°. Prolonged exposure to some VOCs could result in
damage to liver and central nervous system " ' ¥, \VOCs also plays a major role
in the formation of photochemical smog and various toxic by-products under

sunlight *

which in turn leads to respiratory effects in humans, visibility
problems and cause damage to building materials and vegetation. For these
reasons, environmental legislation requires elimination or control of large portion
of VOC emission produced during different industrial activities **> and this

requires improved and efficient abatement methods, particularly for the treatment

of dilute VOC-laden air streams *°.

Technologies generally considered in end of pipe control of VOCs emission
include incineration, absorption, adsorption, catalytic and thermal oxidation,
condensation, biofiltration and membrane separation ** 1 17 18 19,20, 21

Adsorption is a widely used method for VOC control because of its low cost and

high capturing efficiency even at very low concentrations compared to other
3



VOCs control methods ® **%* %, In addition, adsorption is a non-destructive
control method allowing for the recovery of VOCs for possible recycle and reuse.
Fixed-bed adsorption is one of the most widely used industrial and small scale air
pollution control processes. Fixed bed adsorbers could be used to treat VOC-
containing air streams over a wide range of flow rate, (several hundreds to
hundreds thousands of cubic feet per minute) and VOCs concentrations (as low as
several parts per billion by volume (ppbv)) ** . Hence, optimizing the design
and operation conditions of the fixed-bed adsorber is evidently important to

improve the efficiency and reduce the cost of VOC control.

The basis for traditional design and optimization approach of adsorption systems
is the experimental data obtained with pilot scale systems. This approach could
rarely be used to predict the response of the unit to variables other than those
specifically tested for in a pilot scale system and it is also difficult to extrapolate
the design to other applications 2°. Therefore, pilot plant design is usually
expensive and time consuming. However, validated mathematical model can be
used to facilitate the design and optimization of the adsorber by reducing the
number of pilot scale testes required to evaluate various operation conditions
which also reduces the related time and costs %’. Once validated, mathematical
models can also be used to predict response or sensitivity of the adsorber to
changes in variables that can't be easily measured 2* %, Earlier studies 2* 3% 32
% that modeled VOC adsorption in a fixed bed adsorber focused on axial variation

of adsorption and flow parameters. However, such a one-dimensional approach

for simulating a fixed bed can have limited accuracy of prediction. Comparison of



results from experiments and one dimensional model of fixed bed adsorbers
indicates the need for at least a two dimensional (radial and axial) model to
simulate transport phenomena in a fixed bed adsorber **. The concentration wave
fronts at the center and periphery of a fixed bed differ significantly when the ratio
of column diameter to particle size is less or equal to 30 ** 3 |t was also
suggested that the channeling effect is significant even for a larger ratio of column
diameter to the particle size ** "%, Therefore, one-dimensional models are not
sufficient to accurately describe transport phenomena in a fixed bed adsorber and

a two dimensional (2D) model is needed ** 4% %%,

Previous studies on modelling of dynamic adsorption of competing adsorbates

42,43 44 45, 46

focused on binary or ternary mixtures. However, most industrial
emissions usually consist of mixture of more than three adsorbates, as is the case
of emission from automotive painting booths " *’. Hence, there is a need for
developing a mathematical model that can accurately predict competitive
adsorption of mixtures of large number of adsorbates. A comprehensive model for
the study of adsorption process consists of the model for the analysis of dynamic
adsorption (a macroscopic mass, energy and momentum conservation equations)

and the equilibrium adsorption (isotherm equations). These two sets of models

should be coupled and solved together.

1.2 Research Objectives
The goal of this research is to develop and validate a fully predictive two-

dimensional mathematical model to study the process of adsorption of VOC:s,



commonly emitted from automotive painting operations onto a fixed bed of

beaded activated carbon (BAC). Hence, the following objectives can be described.

Modeling and validation of the adsorption of single component VOC
streams which will be done by (a) developing a fully predictive 2D
mathematical model to solve the transport phenomena in a fixed bed
adsorber during adsorption of VOC and validating the model with
experimentally measured data for adsorption of various VOCs selected
based on their molecular weight and or boiling point; and (b)
performing sensitivity analysis to study the model response to changes
in the adsorber’s operation parameters and adsorbent properties.
Modeling and validation of competitive adsorption of mixture of VOCs
onto BAC which will be done by developing (a) a multicomponent
competitive adsorption isotherm model that can predict equilibrium
adsorption of n-component VOCs mixture using single-component
isotherm parameters; (b) a fully predictive two-dimensional transient
mathematical model for the transport of mass, energy and momentum
during the competitive adsorption of n-component VOCs mixture onto

a fixed bed of BAC.

These objectives will be achieved by modeling a small scale fixed-bed adsorber

and conducting experiments using a similar set up and conditions to validate the

model.



This research is significant for the study of VOCs adsorption because: (1) the
model developed is fully predictive and could be used to significantly reduce the
number of experiments needed and related costs for the design of new fixed bed
adsorbers and optimization of the existing ones. (2) The model is sensitive to
operation parameters and adsorbent property so it could be used for screening
purpose during preliminary study and/ or to investigate the optimum operation
condition. (3) The competitive adsorption model developed could be used to study
adsorption of complex mixture of VOCs regardless of the number of components
which is very important to enhance the understanding of competitive adsorption
(4) The isotherm equation model developed can be used to predict the equilibrium
capacity of the adsorbent for each component of the mixture during competitive
adsorption using single component isotherm parameters alone. Overall this
research is very important to increase our understanding of adsorption process in a

fixed bed of porous adsorbent.

1.3 Thesis Outline

The thesis consists of four chapters, each of which will contribute to the main goal
of the study. The second chapter focuses on the modelling and validation of
adsorption of single component adsorbates from gaseous stream. Chapter 3
presents details on the modelling and validation of competitive adsorption of a
mixture of VOCs. The second and the third chapters also review previous
researches conducted in the area of study. Chapter 4 presents the conclusions and

the implication of the results to the field of VOC control.
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2.1 Introduction

Adsorption onto activated carbon has been widely used for controlling emissions
of volatile organic compounds (VOCSs) at low concentration because of its cost
effectiveness, high capturing efficiency and regenerability of the adsorbent for
reuse > 2. The fixed bed is one of the most widely used reactor configuration both
in small and large scale VOC adsorption units. Therefore, detailed knowledge of
transport phenomena in such an adsorber is essential for its proper design,
performance analysis and optimization. Earlier studies ** * % 7 that modeled fixed
bed absorber dynamics in the gas-phase focused on axial variation of adsorption
and flow parameters. However, there is still a need for models that can accurately
predict the two dimensional variation of transport variables, particularly during
adsorption from dilute gas streams. Experimental investigations have confirmed
that conventional one-dimensional models are not sufficient to describe transport
phenomena in a fixed bed adsorber due to the radial variation of flow dynamics in
addition to the axial one ® ®*°. The temperature, velocity, and concentration
gradients in the radial direction are significant and need to be accounted for,
particularly when the particle to bed diameter ratio is less than 30 %,
Daszkowski and Eingenberger = also showed that the radial heat transfer could be
accurately modelled only if radial flow variation is taken into account.
Measurements of radial velocity and concentration profiles showed significant
difference between the center and periphery of the reactor ***>. Measuring radial
variation of flow parameters is difficult. Therefore, developing a mathematical

model that can accurately predict the two dimensional variation of transport
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phenomena during adsorption of VOCs, particularly from dilute gas streams, is

useful for improved design and optimization of fixed bed absorbers.

Automotive painting booths are the main source of VOCs emission during vehicle
manufacturing. These emissions, which are typically captured using adsorption,
consist of organic compounds, which contain different functional groups, and
have a range of boiling points, and adsorption and desorption properties ***.
Hence it is useful to understand adsorption dynamics of VOCs and the effect of
operation conditions on the adsorber performance. The main objective of this
study is to develop a comprehensive model that can accurately simulate transport
phenomena during VOC adsorption in a fixed bed adsorber. For this purpose, a
two-dimensional model, solved using the finite element method, was developed
and validated using measured data. The model was also used to examine the effect
on the adsorber performance of variation of relevant operation conditions, such as

adsorbate loading, carrier gas temperature, pressure drop, and adsorbent particle

size.

2.2 Model Development and Validation

2.2.1 Physical Model and Assumptions

The simulated adsorber consisted of a reactor with a 0.76 cm inner radius (R)
containing a 12 cm long fixed-bed of BAC with 0.75 mm mean particle diameter
(dp). A 10 standard liters per minute (SLPM) air stream containing 1000 ppmv of
the VOC entered from the top of the reactor at a superficial velocity (Vs) of 0.914

m/s and exited from the bottom of the reactor. Major assumptions used in model
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development include negligible variation of flow properties in the angular
direction, negligible adsorption of the carrier gas, ideal gas behavior, and

symmetric flow condition and geometry along the adsorber center plane.

2.3 Governing Transport Phenomena

2.3.1 Adsorbate Mass Balance

Derivation of the governing equation for the mass transport is based on the
concept that the fixed bed of porous adsorbent particles consists of a stationery
(solid adsorbent) phase and a mobile (gas) phase. The adsorbate is transported in
the mobile phase by convection and dispersion. The advection-dispersion
transport equation is derived based on the conservation of adsorbate mass flux
entering and leaving a small representative element of the bed (equation 2.1).

Definition and value of the model input parameters and variables are presented in

Table 2.2.
£ 50— V(DEVC) + V(UE) + Siy = 0 oo 2.1

The bed porosity, &, varies with radial distance from the reactor center (equations
2.2,2.3,and 2.4) *®

& =& (1 +f x exp (6 ?)) .............................................................................................. 2.2
14
where g, = 0.379 + ,)(:)'0—78 ................................................................................................ 2.3
(%)—1.8
T 2.4
€p
D, O
and D D | 2.5
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19,14

where the radial and axial mass dispersion coefficients are given by equations

2.6a and 2.6hb, respectively.

ScR

D, = (ao + “8"")"8—’:‘3 ............................................................................................................ 2.6a
ScR

Dax = (0t + TP)DT? ........................................................................................................ 2.6b

The governing transport equation in the solid phase (adsorbent) is similar to that
in the gas phase except that the contribution of convection and dispersion to the
adsorbate transport is negligible and the main mass transport takes place by
diffusion of the adsorbate in the porous adsorbent particles. Such diffusive
transport takes place by pore and /or surface diffusion which can be modelled at
individual particle level, but is time and computationally intensive. Alternatively,
an approximation using the linear driving force (LDF) % model can be used
(equation 2.7) to describe the diffusion of the adsorbate in the adsorbent. The LDF
has similar accuracy to more complex diffusion models in predicting mass
transfer in the adsorbent particle 2>*°. Coupling of the solid and gas phase
governing equations is made through source/sink terms, whereby the mass sink in

the gas phase is equal to the mass source in the solid phase.

S G e 2.7

S is proportional to the adsorbed phase concentration gradient and mass transfer

will take place until equilibrium is reached (equation 2.8).

St = Kou(Cge = €5) oo 2.8
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The overall mass transfer coefficient, K, accounts for the external (gas-solid
interface) diffusion, pore diffusion and surface diffusion mass transfer

resistances®®:

_ GOEPCODeff

O 2.10
€ T VPOrePp -vvveesseeeresss e 2.11
e 2.12
T, = SP% .......................................................................................................................................... 2.13

The effective diffusion coefficient is the resultant of molecular and Knudsen

diffusion coefficients:

e 2.14

Desf  Dap Dk

where Dag *° and Dy ** are expressed as:

MA+MB
D, = 1073T175 N Ma¥a e 2.15
P((Z V)A0.33_(ZV)BO.33)

Dy = 9700r, /Ml ...................................................................................................................... 2.16
A

A temperature-dependent Langmuir isotherm (equation 2.17) was used to model

the equilibrium condition because of its accuracy at low concentration *.

qmb c
P . 2.17
b = b,exp (‘ ““‘) 2.18
. R )
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2.3.2 Energy Balance

In balancing the energy fluxes from and into a small representative element of the
bed, two basic assumptions were made, namely thermal homogeneity between the
solid and gas phases and negligible viscous heat dissipation. Heat transport takes

place by convection and diffusion (equation 2.19), similar to mass transport.

Co 5 + CotPPUVT = V. (KetVT) =S oo 2.19

The effective heat capacity of the solid and gas phases, C, , is calculated using

equation 2.20.

CV = (1-£b)ppCpp + sbprpf .............................................................................................. 2.20

Ker is the symmetric thermal diffusion tensor:

K, 0

O K | oo 2.21

Kef =

The axial and radial thermal dispersion coefficients (K and K;) account for the
stagnant bed conductivity, Kp, and the effect of convection on the thermal

conductivity (the second term in equations 2.22a and 2.22b)*®.

Ki= Ky + 3 POOK(. o 2.22a
K= K F 5 POOK st 2.22b
Kp= (1 - sb)kp + Ebkf ......................................................................................................... 2.23

Because other sources such as viscous dissipation are considered negligible, the
main heat source to the system during adsorption is the heat of adsorption

(equation 2.24):

G 0 2.24
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The heat of adsorption is dependent on the properties of the adsorbate and

adsorbent 3

AH,q=103.2 + 1.16a + 0.76AH,,, — 3.87IP — 0.7y — 26. 1Wpc... 2.25

2.3.3 Momentum Balance

The gas is assumed Newtonian and its flow behavior in porous media depends on
properties of the solid matrix and the flowing gas and the flow velocity. The
porous matrix is stationery and its linear momentum is negligible hence the most
significant interaction forces contributing to momentum dissipation are the
friction forces that the gas encounters at the boundaries of the pore. In this study,
a modified momentum balance equation (equation 2.26) which accounts for Darcy
and Brinkman viscous terms, Forchheimer inertial term, and Navier—Stokes’

convective term *® was used to model the non-Darcy gas flow in the BAC.

pe [ (Ou ul _
—((a) + (0.V) Z) = CWPHV.] — S oo 2.26

Er

where the shear stress is defined in terms of gas viscosity (equation 2.27).

J= <£lr (usu + (V)T — ;”f(v. u)l)) ........................................................................ 2.27

The momentum sink of the flow in a fixed bed of porous adsorbent is accounted

for by Darcy’s friction loss, Forchheimer’s inertial term, and an adsorption sink:

S=(%+B|v|+ss—‘:‘)u ............................................................................................................ 2.28

The continuity equation accounts for the compressibility of the gas and an

adsorption sink:
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a(g,-pr)
ot

A V. (D) = St e 2.29

The bed permeability (K) is a function of particle diameter and bed porosity

2
_ sb3dp
RO gy 2.30
Forchheimer’s drag coefficient () is a function of bed permeability and particle

and bed diameter *&:

B = D 2.31

cF=o.55(1 ~5.5 (g—z)> ......................................................................................................... 2.32

2.3.4 Initial/ Boundary Conditions and Input Parameters

For mass transfer, a concentration boundary condition (BC) at the inlet and a flux
boundary condition at the outlet were used. For heat transfer, a temperature
boundary condition at the inlet, a constant flux (outflow) boundary condition at
the outlet, and a convective heat flux at the wall were specified. For momentum
balance, a normal velocity boundary condition at the inlet and an atmospheric

pressure were specified at the outlet Table 2.1.
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Table 2.1.Initial/ Boundary conditions and input parameters

Physics Inlet Outlet (Z=0) Adsorber wall Initial
(Z=H) (r=R) condition
(t=0)
Mass transfer c=c, Boundary flux  Zero flux c=0
Cs=Csp —n. (DVc)=0 cs=0
—n. (DVcg) =0
Heat transfer ~ T=Tine —n. (KVT)=0 o = kw (T, —T) T=295K
Momentum V,=0.914 P=1 atm No slip P=1 atm
transfer m/s u=0

Parameters used in the current simulation and their respective sources are

provided in Table 2.2.
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Table 2.2. Model parameters

Parameter Description Value /equation Units

Source

b

CSO

pf

PP

Temperature- m*/kg
dependent

Langmuir affinity

coefficient

Pre-exponential Table 2.2 m*/kg
constant in
Langmuir isotherm

Gas phase kg/m®
concentration

Empirical 1
correction factor

for Forchheimer’s

drag coefficient

calculation

Inlet gas 1000 ppmv
concentration

Adsorbed phase kg/m?
concentration

Equilibrium kg/m?
adsorbed phase
concentration

Adsorbed phase kg/m?
concentration

equilibrium with

inlet gas phase

concentration.

Gas heat capacity  2gg g (3_33 + Jkg.K
0.000575T2 — 232)

T2

Adsorbent particle  706.7 J/kg.K
heat capacity

Effective J(m*.K)
volumetric heat

capacity of the

solid-gas system

Symmetric mass cmé/s
dispersion tensor

Molecular cm?/s
diffusivity of the
adsorbate in air

Axial dispersion cm?/s
coefficient

32

Equation 2.1

Equation
2.32

Table 2.1
Equation 2.7

Equation 2.9

Equation
2.10

34

35

Equation
2.20

Equation 2.5

Equation
2.15

Equation
2.6b
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Deff

D«

Dr

AH,q

AHy,p

Kef

ke

Reactor diameter

Effective diffusion
coefficient

Knudsen diffusivity

Average particle
diameter

Radial dispersion
coefficient

Body force
Heat of adsorption

Adsorbate heat of
vaporization

Shear stress
Bed permeability

Axial thermal
diffusion
coefficient

Stagnant bed
thermal
conductivity

Symmetric thermal
diffusion
coefficient

Air thermal
conductivity

Overall mass
transfer coefficient

Adsorbent particle
thermal
conductivity

Radial thermal
diffusion
coefficient

Wall heat transfer
coefficient

0.01524

0.00075

1.521 x 1071173 —
48574 x 1078T? +
1.084 x 107*T —
0.00039333

0.17

2.4 K¢
o Koo +0.0545 (1-

dp 1/3
22) Re, P,

cm?/s
cm?/s
m
m?/s
N/m?
kd/mol
kJ/mol
N/m?

2

m

W/m.K

W/m.K

W/m.K

W/m.K

W/m.K

W/m.K

Measured

Equation
2.14

Equation
2.16

17

Equation
2.6a

Equation
2.26

Equation
2.25
33-35

Equation
2.27

Equation
2.30

Equation
2.22b

Equation
2.23

Equation
2.21

36

Equation
2.10

37

Equation
2.22a

38
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Pe,

Pr

Qe

Om

lonization potential

Molecular weight
of adsorbate and
air, respectively

Number of data
points

Pressure

Molecular Peclet
number for heat
transfer

Prandtl number

Adsorbent
equilibrium
capacity

Adsorbent
maximum
equilibrium
capacity

Variable radial
distance

Radius of the
adsorber

Particle Reynolds
number

Ideal gas constant
Momentum sink
Schmidt number

Heat source

Mass sink
Adsorption time
Temperature

Gas inlet
temperature

Wall temperature

Gas flow velocity
vector

pfvs dp

He
8.314

¥
PfDaB

300

295

eV
g/mol

Pa

a/g

a/g

J/(mol.K)
N/ m®
1

J(m?3.s)

kg/(m®.s)
S
K

K

K

m/s

33

Equation
2.26
39

38

Equation
2.17

Table 2.3

19

19

Equation
2.24

Equation 2.1
Equation 2.1

Equation
2.19

BC1

BC1

Equation
2.26
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v Resultant velocity m/s Equation
2.28
Viore Adsorbent pore 0.57 cclg Measured
volume
V, Superficial velocity 4Q m/s Calculated
m(Dy)?
Whic Average micropore  1.02 nm Measured
width
4 Axial distance m
Greek Symbols
Parameter Description Value /equation Unit Source
o Polarizability (cm®x100 *
24)
a Empirical 20 1 0
correction factor
for mass diffusion
terms
B Forchheimer’s kg/m* Equation
drag coefficient 2.31
y Surface tension mN/m  ®
€ Bulk bed porosity 1 Equation 2.3
£ Particle porosity 1 Equation
2.11
& Bed porosity as a Equation 2.2
function of radial
distance from the
center
g Gas viscosity Pa.s COMSOL
material
database
Pb Bulk bed density 606 kg/m® Measured
s Gas density kg/m® COMSOL
material
database
Pp Particle density kg/m® Equation
2.12
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Tp Particle tortuosity 1 Equation

2.13
Ev)a Atomic diffusion 1 30
v volumes

2.3.5 Solution Method

Simulation of the coupled mass, energy and momentum balance and constitutive
equations was performed using COMSOL Multiphysics version 4.3a where the
developed governing equations were solved numerically using the finite element

method.

COMSOL’s built-in models for mass transfer in a porous adsorbent assume
instantaneous equilibrium between the gas and the adsorbent and negligible mass
transfer resistance, which is not the case for adsorption from dilute streams where
the mass transfer resistance is significant. Hence, simulation of mass transfer was
performed using equation-based modelling through COMSOL’s PDE interface

and coupled to the built-in energy and momentum transport models.

Best modeling practices suggest the use of higher order elements; at least second
order element and even higher order element should be used for convective term
to avoid solution instability “>*2. In this study a second-order element for
concentration, temperature and pressure and a third-order element for velocity
field were used with systematic mesh refinement until a grid-independent solution
was obtained, as confirmed by the calculated 0.42% relative error in concentration

using 13,847 elements and 26,772 elements.

25



2.3.6 Experimental Method

To validate the model, breakthrough experiments were performed using four
selected VOCs. A stainless steel tube with a 0.76 cm inner radius and a height of
15 cm was filled with 13.3 g of microporous BAC. The reactor was loaded in such
a way that the net height of the BAC bed was 12 cm. A 1.5 cm thick glass wool
layer was used at the top and bottom of the reactor to support the bed. The effect
of the glass wool layer on the flow and adsorption was considered negligible. The
BAC had a BET area of 1390 m%/g, micropore volume of 0.51 cm®g, and total
pore volume of 0.57 cm®/g. The concentration at the outlet of the reactor was

measured using a flame ionization detector (FID) (Baseline Mocon, Series 9000).

For the validation of the temperature profile a 0.9 mm thermocouple (Omega) was
inserted at the center of the reactor to measure instantaneous temperatures during
adsorption. The pressure drop across the adsorbent bed during adsorption was
determined as the difference between the pressure drop across the reactor
(measured with a mass flow controller, Alicat Scientific) with and without the

BAC.

To determine the Langmuir model parameters, the adsorption isotherms for
acetone, benzene, and toluene were determined gravimetrically using a sorption
analyzer (TA Instruments, model VTI-SA) at 25°C and nitrogen as carrier gas. A
detailed description of the experimental set-up was presented elsewhere'’. The
system logged the equilibrium weight of the BAC sample (3-5 mg) in response to

a step change in the concentration of the adsorbate in the carrier gas. The
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equilibrium was assumed to be reached when the weight change is less than 0.001
wt percent in 5 min. For 1, 2, 4-trimethybenzene, the isotherm was obtained by
completing a mass balance on a reactor loaded with 7g of BAC and adsorbing at
250, 500 and 1000 ppmv of 1, 2, 4-trimethybenzene in a 10 SLPM air stream at
25°C. The adsorption setup and method is similar to the one used in the model

validation experiments.

The non-zero data points from the model and experiment were compared and

evaluated using the mean relative absolute error (MRAE) .

|experimental value—modelled value)|

* 100, 2.34

MRAE = = 3

experimental value

When calculating the MRAE between measured and modelled temperature, the
temperature was expressed in °C to avoid apparent low relative error bias from

expressing the temperature in K.

The overall error in predicting the concentration and temperature was also
evaluated using the root mean square error (RMSE) normalised by the influent

stream concentration (in ppmv) and temperature (in °C), respectively *.

- _ 2
RMSEzjizycwwmmm””mem”””mmmﬁ £100 . 2.35

influent stream value

27



2.4 Results and discussion

2.4.1 Isotherm Parameters

The Langmuir isotherm parameters were determined by fitting measured

experimental data for each adsorbate to the linearized isotherm equation (equation

2.36). In this equation the slope of the lines is (#) and the y-intercept is (qi)

m

are determined graphically Figure 2.1.

1 1 1
— = o et 2.36
de bqmC + dm

4
3.5 &
W 3
4
N 25 V= 0.008x +2.4481
g°_=_° ’ R2 = 0.9954
& 15
- 1
0.5
0
0 20 40 60 80 100 120 140 160
1/c (m3/kg)
a
3.5
3
= y = 0.0025x + 2.3678
o 2 3
4 R2=0.9754
o 15
23
— 1
0.5
0
0 50 100 150 200 250 300
1/c (m3/kg)
b
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2 y = 0.0006x + 2.4039
R*=0.9587
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Figure 2.1. Linearized form of Langmuir isotherm to determine the isotherm
parameters for (a) acetone, (b) benzene (c) toluene (d) 1, 2, 4-
trimethybenzene (TMB)

The temperature dependent Langmuir affinity coefficient at 25°C (bzs) was
determined from the figures and used to determine the pre-exponential

constant, b, (Equation 36).

Table 2.3 describes summery of the Langmuir isotherm parameters.

Table 2.3 Langmuir isotherm parameters
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Compounds q,, (kg/Kkg) b, (m®kg) b,

Acetone 0.41 306 3.38E-07
Benzene 0.42 947 1.45E-07
Toluene 0.42 4006 1.38E-07
1, 2, 4-Trimethybenzene 0.46 7241 1.54E-11

2.4.2 Model Validation

Breakthrough experiments were used for validating the model performance
because the concentration profile is coupled to the other flow variables such as
flow velocity, pressure and temperature. Figure 2.2 shows modelled and measured
breakthrough curves of individual organic adsorbates selected based on their
range of boiling points, acetone (56°C), benzene (80°C), toluene (111°C) and 1, 2,
4-trimethylbenzene (TMB) (170°C). The model predicted the experimental
breakthrough curves for the selected VOCs with an overall MRAE of 2.6% and
RMSE of 1.0%. The agreement between the model and the experimental results is
encouraging, as the model only uses independently determined properties of the

adsorbent and adsorbate, and the adsorber geometry and operating conditions.

The model and experiments revealed a sharper breakthrough curve for acetone
(Figure 2.2a) and a more gradual breakthrough curve for TMB (Figure 2.2d). This
is because among the selected adsorbates, acetone is the smallest in size with the
lowest diffusion resistance while TMB is the largest with the highest diffusion
resistance. The good agreement supports the accuracy of the model assumptions,
equations, and parameters. It also suggests that the model could be used to study

the adsorption dynamics of a wide range of adsorbates, including the VOCs in
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paint emissions which consists of a large number of organic compounds with a

range of functional groups and physical properties *°.
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Figure 2.2. Comparison of the modeled and experimental breakthrough
curves of acetone, (b) benzene, (c) toluene and (d) 1,2,4-trimethylbenzene on
BAC. MRAE and RMSE were 2.0 and 1.2 % for acetone, 0.4 and 1.1 % for
benzene, 4.0% and 1.0 % for toluene, and 4.0% and 0.7 % for TMB,
respectively
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2.4.3 Adsorbed Phase Concentration Distribution

Figure 2.3 shows the variation of axial and radial adsorbed-phase concentration
for benzene. As the adsorbate is fed into the bed, the inlet portion of the bed
becomes saturated and the mass transfer zone moves down the bed until the entire
bed is saturated. The variation of the adsorbed phase concentration in the radial
direction shows that the wall region of the bed is saturated earlier than the bed
center because of channelling near the wall. This would be seen as an earlier
breakthrough than if the model was a one-dimensional model along the bed center

line.
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Figure 2.3. Solid-phase concentration of benzene on BAC indicating earlier
saturation at the bed periphery compared to the bed center. (a) Progress in
bed saturation with benzene over time and (b) the radial adsorbed phase
concentration of benzene in the mass transfer zone (Z = 90 mm from the
outlet, t= 33 min)
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2.4.4 Temperature Distribution

The model results for two-dimensional temperature distribution during benzene
adsorption reveal that the thermal wave advances through the bed with the mass
transfer zone (MTZ) but at a higher velocity (Figure 2.3a). At t=33min, the MTZ
is at 30 mm from the reactor inlet (Figure 2.3a) whereas the heat transfer zone is
at about 40 mm (Figure 2.4a). Adsorption is an exothermic process and the bed
temperature could increase depending on the adsorbate loading and heat of
adsorption. The BAC bed temperature was highest for 1, 2, 4-trimethybenzene
followed by toluene, benzene, and acetone (Figure 2.4b). This order is the same as
the order of the heat of adsorption for the selected compounds. Figure 2.4 b
reveals that the bed temperature during adsorption also varied across the bed, and
is higher at the center than at the periphery due to the convective heat transfer at
the wall. The results obtained using this model are consistent with previous

experimental measurements * 3% 446

which supports the reliability of this model
to predict instantaneous radial and axial temperature profiles accurately for the

VVOCs evaluated. Similarly, the model predicted the transient temperature profile
at the center of the bed (r=0.0 cm, z=8.0 cm, Figure 2.4c) with a MRAE of 0.8%

and RMSE of 3.9%.
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Figure 2.4. Temperature distribution during adsorption on BAC: (a) bed
temperature profile 33 min after the start of benzene adsorption, (b) radial
temperature profile during adsorption of acetone, benzene, toluene and 1,2,4-
trimethylbenzene in the respective mass transfer zone and (c) comparison of
modelled and measured temperature profile at the center of the reactor
(r=0.0 cm, z=8.0 cm)
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2.4.5 Pressure Distribution and Velocity Field

Pressure drop is mainly influenced by the porosity of the adsorbent bed. The
lowest pressure drop during benzene adsorption occurs at the outlet of the reactor
and the maximum at the inlet (Figure 2.5). The modelled net pressure drop across
the bed after 33min of adsorption is about 3.0 kPa which is comparable to the
experimentally measured one (3.4 kPa). The MRAE (11.8 %) could be due to the

47.38 in the model and/or

use of gas viscosity instead of effective viscosity
experimental error in measuring the pressure drop. The axial variation of pressure
drop reflects axial variation of velocity (Figure 2.5). The axial flow velocity
decreased sharply in the inlet region because the flow encounters high bed
resistance and further reduction in the MTZ (40 mm from the inlet at 33min) due
to the additional momentum sink during adsorption, and increased towards the
outlet as the pressure drop linearly decreased and enabled the gas to expand
(Figure 2.5). The higher pressure drop at the top of the reactor stabilizes the flow
and allows sufficient contact time for mass transfer and reduce the effect of

channeling (Figure 2.3a). This agrees with Chahbani and Tondeur’s conclusion on

the importance of pressure drop in fixed-bed adsorption®.
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Figure 2.5. Variation of pressure and axial velocity in the bed during
adsorption of benzene at 33 min after the start of adsorption

2.4.6 Parametric Study

In typical industrial applications, absorbers are often downstream of the plant and
the absorber’s performance could be affected by the performance and variation in
process parameters of upstream plant operations. Therefore, it is useful to
understand how the adsorber performance is affected when its operational

parameters and input conditions are varied.
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2.4.6.1 Effect of Adsorbate Loading, Carrier Gas Temperature, and

Superficial Velocity

The effect of carrier gas temperature on adsorption of benzene was modelled and
experimentally validated. Increasing the inlet gas temperature from 300K to 308K
resulted in 22.5% reduction in the bed service time (defined as the time when the
outlet adsorbate concentration is 1% of the inlet, i.e. the 1% breakthrough time)
because higher temperature lowers the adsorption capacity of the adsorbent
(Figure 2.6a). Good agreement was observed between the model and experimental

results.

To investigate the effect of adsorbate inlet concentration on the bed temperature,
benzene concentration in the inlet air was incrementally increased from 1,000
ppmv to 30,000 ppmv in the model. The maximum adsorption temperature
attained for each case is plotted against the inlet concentration in Figure 2.6b. The
increase in the adsorbent temperature is directly proportional to benzene
concentration because of the proportionately higher heat released per unit of gas
flow through the adsorber. This result is consistent with earlier experimental

measurements™®,

To investigate the effect of the superficial velocity, every other conditions and
parameters were kept constant and the base case superficial velocity was
increased and decreased by a factor of two. The 5% breakthrough time decreased
by (55%) for 2Vs while it increased by 109% for Vs/2 (Figure 2.6c). A slight
change in the shape of the breakthrough curve was also observed as indicated by

the throughput ration (TPR) which is the ratio of 5% breakthrough time to the
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50% breakthrough time. The TPR decreased from 0.93 to 0.87 as the superficial
velocity increased from Vs to 2Vs indicating a relatively shallower breakthrough
while it increased to 0.94 when the superficial velocity decreased to Vs/2
indicating a relatively steeper breakthrough “°. This is because the lower is the
superficial velocity; the longer is the contact time and the more efficient is the

mass transfer. These results are consistent with previous findings® 2,

39



- = = model (308 K) model (300 K)
O experiment (308 K) © experiment (300 K)

c

o

1D P O
1{@0&03 od,veeoo ©
BoEo $ s

o

DOEZ02 o

o o
$20E+02 o
0.00E+00 <>——A—-+——e—e—&0

0.00E+00  5.00E+01  1.00E+02  1.50E+02  2.00E+02  2.50E+02
Time (min)

a

380

y = 0.0028x + 297.96

Adsorbent temperature
w(K)

40 R2=0.996
300
0 10,000 20,000 30,000
Adsorbate inlet concentration (ppmv)
b
2Vs Vs === Vs/2
>
£ 1000 —
3 [ [ /
= 750 7
S 500 / /
E / :
c 250 t
)
o 0 -
O 0 100 200 300 400 500
Time (min)
C

Figure 2.6 (a) Effect of carrier gas temperature on benzene breakthrough, (b)
modeled effect of inlet benzene concentration on bed temperature, and (c)
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40



2.4.6.2 Effect of Particle Size

Activated carbon adsorbents are characterized by their micropores into which the
adsorbate molecules need to diffuse. As the adsorbent particle size increases, the
mass transfer resistance increases since the adsorbate needs to travel a longer path
to reach the deepest micropores. Hence some of the adsorbate molecules would
penetrate the adsorbent bed before it is saturated, and the breakthrough curve
becomes shallower. On the other hand, as the adsorbent particle size decreases,
the mass transfer of the adsorbate becomes faster, the overall rate of adsorption
becomes higher and the breakthrough curve becomes sharper (Figure 2.7a)
resulting in more complete bed utilization, possibly allowing a reduction in

operational costs. Further research is still needed to confirm the model results.

The variation in the radial velocity as a result of variation in the radial bed
porosity is related to the adsorbent particle size. The maximum radial velocity was
obtained at about one particle diameter from the wall of the reactor due to
channelling (Figure 2.7 b) which is also consistent with previous measurements “°.
Reducing the particle size by half reduces the channeling effect while doubling

the particle size increases the channelling effect (Figure 2.7b).

Decreasing particle size increases the bed utilization efficiency which will
decrease adsorbent or servicing costs but increases the pressure drop and energy
consumption. The pressure drop increases because the bulk bed porosity decreases
and the flow resistance through the bed increases. Increasing particle size has the

opposite effect (Figure 2.7¢).
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The results obtained in this paper are encouraging as they show that the model can
accurately predict the mass, heat, and momentum transfer using adsorbate and
adsorbent properties (without the need for fitting parameters) and the adsorber’s
operating conditions. Hence the model could be used to optimize operational
parameters and the adsorbent material during the design of an adsorber in order to

minimize overall operational costs.
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CHAPTER 3 MODELING COMPETITIVE ADSORPTION
OF MIXTURES OF VOLATILE ORGANIC COMPOUNDS

(VOCS) ONTO BEADED ACTIVATED CARBON (BAC)

A version of this chapter will be submitted for publication. Reproduced with
permission from Dereje Tamiru Tefera, Zaher Hashisho, John H. Philips, James

E. Anderson, Mark Nichols
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3.1 Introduction

Painting booths are the main source of volatile organic compounds (VOCs) in the
automotive industry >, These emissions originate from the use of solvent-based
and waterborne paints and consists of a complex mixture of organic vapours with
wide range of functional groups, boiling point, and volatility 3. VOCs from
automotive painting operations are often sent to an abatement system to reduce
their potential impact on public health and the environment before discharge to
the atmosphere *. Adsorption on a fixed bed of activated carbon is a commonly
used abatement method for capturing VOCs emissions from industrial gas
streams. Multicomponent adsorption involves both the interactions among the
adsorbates and the adsorbate-adsorbent interactions, with the complexity of
multicomponent adsorption increasing as the number of components in the
mixture increases . One of the most important adsorbate-adsorbate interactions in
multicomponent adsorption is competition for the active adsorption sites. In
competitive adsorption, a component with stronger affinity to the adsorbent will
preferentially adsorb and can reduce the adsorbed phase concentration of the
component with weaker affinity °. In a fixed bed adsorber, the effects of
competitive adsorption are observed as a component with weaker affinity showing
an increase in outlet concentration above its inlet concentration as it is displaced
from the adsorbed phase by a second component with stronger affinity °. Because
experimental study of multicomponent adsorption is usually expensive and time-
consuming, development of mathematical models to predict multicomponent

adsorption is very important for better understanding of the process, and for
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proper design, analysis and optimization of fixed bed adsorbers for VOCs

emission control.

A comprehensive model for the adsorption process consists of a model for the
analysis of dynamic adsorption (macroscopic mass, energy and momentum
conservation equations) coupled to a model of equilibrium adsorption (isotherm
equations). Previous studies on modelling dynamic adsorption of competing
adsorbates focused on binary ® ”® or ternary  *° mixtures. However, most
industrial emissions usually consist of mixture of more than three adsorbates, as is
the case of emissions from automotive painting booths *. Hence, there is a need
for developing a mathematical model to predict the multicomponent competitive

adsorption of mixtures of any number of adsorbates.

To model equilibrium multicomponent adsorption, the first and the simplest
model used was the extended Langmuir isotherm equation. The Langmuir
isotherm was extended by Butler and Ockrent ** to predict binary component
adsorption with the same assumption that Langmuir made for single-component
adsorption. The Langmuir isotherm was then extended to predict equilibrium
adsorption of multicomponent mixtures *2. Due to discrepancies of the extended
Langmuir isotherm model seen for concentrated feed systems, various
investigators developed different multicomponent isotherm models such as
isotherms based on ideal adsorbed solution theory and real adsorbed solution
theory *? as well as isotherm models based on potential theory 3. Jain and
Snoeyink ** demonstrated the limitation of extending single-component Langmuir

isotherms to competitive adsorption of binary systems and proposed a new form
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of competitive isotherm model, called the modified Langmuir-like equation, for
binary mixtures of organic compounds in wastewater. A similar model was then
developed for the prediction of competitive adsorption of a ternary mixture from
liquid stream *°. These models are computationally simple and showed very good
prediction capability for low concentration streams but are limited to ternary
component mixtures. In the current work, a new n-component adsorption model
similar to Jain and Snoeyink’s model was derived to predict the competitive
adsorption isotherm of any n-component VOCs mixture from the gas phase, with

n limited only by computational capability.

The goal of this research is to develop a fully predictive mathematical model to
study the competitive adsorption of a mixture of VOCs. This will be achieved by
developing: 1) a multicomponent competitive adsorption isotherm model that can
predict equilibrium adsorption of an n-component VOCs mixture using single-
component isotherm parameters; 2) a fully predictive two-dimensional
mathematical model for the transport of mass, energy and momentum during the
competitive adsorption of the n-component VOCs mixture onto a fixed bed of

beaded activated carbon.

3.2 Model Development and Validation

3.2.1 Physical Model

The bench scale adsorber used to validate the model consisted of a cylindrical
reactor with a 0.76 cm inner radius (R) loaded with 7.16 g of beaded activated
carbon (BAC) particles (mean diameter = 0.75 mm) resulting in a net bed length
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(L) of 6.5 cm. A 10 SLPM air stream containing 500 ppmv of the test adsorbates
entered from the top of the reactor at a superficial velocity of 0.914 m/s and exited
from the bottom of the reactor. The flow field was calculated using 2-dimensional
axisymmetric geometry to reduce the computational time. Major assumptions
made include: negligible variation of flow properties in the angular direction;
negligible adsorption of the carrier gas; ideal gas behavior; and symmetric flow

conditions.

3.3 Governing Transport Phenomena

The model is based on the concept that the fixed bed adsorber consists of two-
phases, the mobile (gas) phase and the immobile (solid adsorbent) phase where
mass transfer of adsorbate is described by advection-dispersion and by diffusion
in the gas and solid phases, respectively. The multi-component transport model
was developed by extending a validated single-component transport model *° to n-
components coupled with a new competitive adsorption isotherm model. Table
3.1 provides the definitions and equations for the model variables and

parameters.
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1.1.1 Mass Balance for the Gas Phase

The convection-dispersion mass transfer equation for the transport of multiple

adsorbates in the gas phase (i component) is:

aC;

v V(Dig V) + V(UC) + Spyi = 0 oo 3.1

3.3.2 Mass Balance for the Solid Phase

The diffusive adsorbate transport in the solid phase is approximated using the

linear driving force (LDF) model * 2,

0Cg
ot

= kov,i(cse,i - CS,i) = Sm,i ............................................................................................. 3.2

3.3.3 Multicomponent Competitive Adsorption Isotherm

A competitive adsorption isotherm model (equation 3.3) was derived to predict
the equilibrium adsorption of the n-component adsorbate mixture using single-
component isotherm parameters. Derivation of the competitive adsorption

isotherm equation is provided in the Appendix A .

D 33

—_ n
dei = Zk=i—1+(2}<=1bjcj)

Where: q,; is the equilibrium adsorption capacity of the i™ component (i =1 to n);

ax=(qmk — Amxk+1) fork=iton-land ay = qp,, , fork=n

b is the affinity coefficient * where j=1 to k



Equation 3 was coupled with the mass transfer model (equations 3.1 and 3.2) to
model the competitive adsorption of both a binary mixture and an eight

component mixture of VOCs.

3.3.4 Energy Balance

The energy balance assumes local thermal equilibrium between the solid and gas
phase; and negligible viscous heat dissipation and pressure work. Hence,

convection- diffusion heat transport was used 2.

aT
Cy 5+ CptppUVT = V. (ReVT) = B St 35

The domain heat source due to the adsorption of the i component, neglecting the

viscous dissipation, is given as:

dcs,i

Shi = (TAHaa i) g oo 3.6

3.3.5 Momentum Balance

A modified momentum balance equation (equation 3 7) which accounts for Darcy
and Brinkman viscous terms, Forchheimer’s inertial term, and Navier—Stokes’
convective term”® was used to model the non-Darcy gas flow of multicomponent

VOC:s in the fixed bed adsorber.

ps [ (Ou ul _
;((E) + (V) Z) SR T 3.7

The shear stress is defined in terms of fluid viscosity (equation 3.8).
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J= (81 (usu + (Vu)T — é ue(V. u)l)) .............................................................................. 3.8

Momentum dissipation of the flow in the fixed-bed adsorber is accounted for by
Darcy’s friction loss factor, Forchheimer’s inertial term, and a sink term due to

the adsorption of the n components (equation 3.9).

S:(%+B|V|+Z?%rsm'i)u ..................................................................................................... 3.9

The continuity equation accounts for the compressibility of the fluid and the sink

due to the adsorption of the n components (equation 3.10).

d(eps)

ot + V. (pfu)22?=1 Sm,i .................................................................................................... 3.10

3.3.6 Variable and parameters definition

Table 3.1 shows the definition of the model variables and parameters.
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Table 3.1 Model variables and parameters

Symbol Description Value /Formula Units Source
b; Temperature- Equation 3.4 m*/kg 9
dependent
Langmuir affinity
coefficient
b, Pre-exponential Table 3.3 m*/kg Equation
constant in 3.15
Langmuir
isotherm
Ci Gas phase Equation 3.1 kg/m? N/A
concentration
Cr Empirical d 1 20
correction factor  0-99|1— 5.5 (D_i)
for
Forchheimer’s
drag coefficient
calculation
Co,i Inlet gas 250 for binary mixture, ppmv Table 3.2
concentration 62.5 for eight-component
mixture
Cs. i Adsorbed phase  Equation 3.2 kg/m? ol
concentration
Cee, i Equilibrium Pb0e. kg/m? N/A
adsorbed phase
concentration
Csoi Adsorbed phase  ppQmi kg/m® N/A
concentration in
equilibrium with
inlet gas phase
concentration
Cpt Gas heat capacity 286.9(3.33 + JkgK %
0.000575T? — 1600/T?)
(air)
Cop Adsorbent heat ~ 706.7 (BAC) JkgK %
capacity
Cy Effective (1-€5)PpCpp+epPrCpr JmK) »
volumetric heat
capacity of the
solid-gas system
D; Symmetric mass D, 0 cm?/s N/A
dispersion tensor 0 Dgyi
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Adsorbate heat of
vaporization

Unit vector
Shear stress

Bed permeability

Axial thermal
diffusion
coefficient

Stagnant bed
thermal
conductivity

Symmetric
thermal diffusion

-3p175 [MAitMB
107°T
MA,iMB

P(EVALS-EE*)’

ScRep\ Dagj
P AB,i
(0(0 + 2 ) Ep
0.0152
1 1 1

Deri  Dapi Dk

9700 T
' My,i

7.5x10™ (BAC)

103.2 + 1.160; +

0.76AH,,,; — 3.87(IP,) —

0.7y; — 26.1wpyic
Table B.1

N/A

Equation 3.8

Sb3dp2
150(1 — &)?

1
Kb + E Peokf

(1 — ep)kp + gpk¢

K, 0
0 Kix

cm?/s

cm?/s

cm?/s

cm?/s

m?/s

N/m?*

m/s?

kJ/mol

kJ/mol

N/m?

W/m.K

W/m.K

W/m.K

23

24

Measured

25

26

27

28

20

29

Appendix B
N/A

N/A

20

30

N/A
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Kr

kov,i

Ma,
Mg

Pe,

Pr

qe,i

qm,i

coefficient

Gas thermal
conductivity

Overall mass
transfer
coefficient

Adsorbent
particle thermal
conductivity

Radial thermal
diffusion
coefficient

Wall heat
transfer
coefficient

lonization
potential
Molecular weight

Gas molecular
weight

Gas pressure

Molecular Peclet
number for heat
transfer

Prandtl number

Adsorbent
equilibrium
capacity
Adsorbent
maximum
capacity

Radial distance

Radius of the
adsorber

Particle Reynolds
number

Ideal gas
constant

Momentum sink

1.521 x 1071173 —
48574 % 107 8T% +
1.084 x« 107* —

0.0003939333 (Air)

608pCo,iDeff,i

2
rpCSO,idp

0.17 (BAC)

1
Kb + § Peokf

2.4 Kg
EKbed + 0054@ (1 —

dp 1/3
Db) Re, P,

Table B 1

Table B 1
29 (Air)

Equation 3.7
Vs pfcpfdp
K¢

HeCpf
ke
Equation 3.3

Table 3.3

Variable
Dy
2

Kt
8.314

Equation 9

W/m.K

1/s

W/m.K

W/m.K

eV

g/mol
g/mol

Pa

a/g

9/g

J/(mol.K)

N/ m?

31

28

32

30

33

Appendix B

3

N/A
30

33

N/A

Calculated

N/A
N/A

28

N/A
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due to adsorption

Sc; Schmidt number Hf 1 28
PtDAB,i
Shii Heat source due  Equation 3.6 Jmis) N/A
to adsorption
Smi Mass sink due to  Equation 3.2 kg/(m®s) N/A
adsorption
t Adsorption time  Variable S N/A
T Temperature Equation 3.5 K N/A
Tintet Gas inlet 300 K (BC2)
temperature
Ty Adsorber wall 295 K (BC2)
temperature
u Gas flow velocity Equation 3.7 m/s N/A
vector
[v| Resultant Equation 3.9 m/s N/A
velocity
Vpore Adsorbent pore 0.57 (BAC) cm/g Measured
volume
Vg Superficial 0.914 m/s Table 3.2
velocity
Whic Adsorbent 1.02 (BAC) nm Measured
average
micropore width
Z Axial distance Variable m N/A
Greek Symbols
Parameter Description Value /equation Unit Source
a; Polarizability Table B 1 cm®x10*  Appendix B
ap Empirical 20 1 2
correction factor
for mass diffusion
terms
B Forchheimer’s ] kg/m* 20
drag coefficient PrK
Yi Surface tension TableB1 mN/m Appendix B
& Bulk bed porosity 379 + 2978 1 20
(Co)-1s
p
- - 16
g Particle porosity PpVpore 1
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20

€ Bed porosity as a 1-—¢g,
function of radial & | 1+ ( . )
distance from the b
center ( R— r>>
xexp| 6
dp
g Gas viscosity Temperature dependent Pa.s COMSOL
material
database
Pb Bulk bed density 606 kg/m® Measured
Ps Gas density Temperature dependent kg/m? COMSOL
material
database
Py Adsorbent Pp kg/m? 2
particles density 1—g,
T, Adsorbent 1 1 4
particles £ 2
tortuosity P
S V)i Atomic diffusion  Table B 1 1 2
volume
v Atomic diffusion  20.1 1 s
volume of air
Indices
i Component index ranging from 1 to n components
j Summation index ranging from 1 to k
k Summation index ranging fromiton
n Number of adsorbates in the mixture

**N/A: Not applicable

3.3.7

Initial and Boundary Conditions

The initial and boundary conditions used with the model are summarized in
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Table 3.2 . For mass transfer, a concentration boundary condition at the inlet and a
flux boundary condition at the outlet were used. For heat transfer, a temperature
boundary condition at the inlet, a constant flux boundary condition at the outlet,
and a convective heat flux at the wall were specified. For momentum balance, a
normal velocity boundary condition was set at the inlet and a constant pressure

was set at the outlet.
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Table 3.2 Initial and boundary conditions

Physics Inlet Outlet (Z=0) Adsorber wall Initial
(Z=H) (r=R) condition

Mass Ci=Co,i Boundary flux Zero flux ;=0

transfer C5,i=Cso,i —n.(DVc¢;)=0and ¢, =0

—n.(DVc,,;) =0

Heat T=Tinket —n. (KVT)=0 40 = ky (T, —T) T=295K

transfer

Momentum  Vs=0.914 P=1atm No slip P=1atm

transfer m/s u=0

3.3.8 Method of Solution

Simulation of the coupled mass, energy and momentum balance was performed
using COMSOL Multiphysics version 4.3a where the developed governing
equations were solved numerically using the finite element method. A second-
order element was used for concentration, temperature and pressure while a third-
order element was used for velocity to avoid solution instability and enhance
convergence ***". Convergence of the solution was confirmed by systematic mesh
refinement until a grid-independent solution was obtained. The final solution was
presented using a total mesh of 43,868 elements which showed a relative

deviation of only 0.80% from the solution obtained by using a finer mesh, 61,898.

3.3.9 Experimental Methods

To validate the model, measured breakthrough concentrations and amounts of
adsorbates adsorbed for a binary mixture and an eight-component VOCs mixture

from a previous study * were used. The modelled scenarios used the same
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adsorbent properties and similar experimental conditions as those for the

experimental measurements.

The deviation between the modelled and measured breakthrough profiles was
evaluated using two error metrics. For non-zero data points, mean relative

absolute error (MRAE) *® was used.

ental value—modelled value|

MRAE = Xy [lexzert €100 3.12

experimental value
Where N is the number of data points compared.

The overall error in predicting the experimental breakthrough profiles was
evaluated using the root mean square error (RMSE) normalised by the influent

stream concentration .

- _ 2
RMSE = \/%211" (e e ) %100 3.13

influent stream value

In addition to the comparison to breakthrough concentrations, the model was
validated by comparing the modeled amounts of each specie adsorbed on the
BAC to the amounts measured by solvent extraction of the BAC following the

adsorption as reported in Wang et al.>.

The prediction of the competitive multicomponent adsorption isotherm is based
on single-component adsorption isotherm parameters which were obtained by
fitting single-component experimental adsorption isotherm data to the single-
component Langmuir isotherm model. Single-component adsorption isotherm

data of the VOCs (n-heptane, n-butanol, n-butyl acetate, 2-heptanone, 2-
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butoxyethanol, n-decane, indane, 2,2-dimethylpropylbenzene and 1,2,4-
trimethylbenzene) were obtained through mass balance on a fixed bed of 4to 5 g
of BAC adsorbing at three different influent VOC concentrations in a 10 SLPM
air stream at 25°C. Detailed information about the experimental setup used for the
adsorption has been described previously %" 3. Adsorption was continued until
equilibrium between the gas and the adsorbent was reached as indicated by
effluent gas concentration measured using a photoionization detector (Minirae
2000, Rae Systems). Adsorption was stopped 20 min after the measured effluent
and influent gas concentrations were equal, to ensure that equilibrium between the
gas and solid phases had been reached. The experimental single component
adsorption isotherms and the isotherm parameters are provided in the Supporting

Information.

3.4 Results and Discussion

3.4.1 Single Component Isotherm Parameters

The pure component Langmuir isotherm parameters were determined by
linearizing the corresponding isotherm equation (equation 3.14) and fitting the
resulting equation to measured isotherm data Figure 3.1, obtained by completing a

mass balance on a reactor loaded with 4 to 5g of BAC and adsorbing at 25°C

where air is used as carrier gas. In equation 3.14 the slope of the line is ( .1 )
j4mi

the y-intercept is (i) Hence, b; and g,,; can be readily calculated at 25°C.

dmi

o e ——— 3.14

Gei biqmiC dmi




Knowing the value of bj at 25 °C (using Figure 3.1and equation 3.15), b, can be

calculated using equation 3.15

bjat 25°C

—AHad)

bo’j - exp( TR

............................................................................................ 3.15
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Figure 3.1 Calculation of Langmuir isotherm parameters for individual
compounds (a) 1,2,4-trimethylbenzene, (b) 2,2-dimethylpropylbenzene, (c)
indane, (d) decane, (e) 2-butoxy ethanol, (f) 2-hepatnone, (g) heptane, (h) n-
butyl acetate, and (i) n-butanol.

Table 3.3. shows Langmuir isotherm parameters for each compound: the

maximum adsorption capacity (qm,), the Langmuir affinity coefficient at 25°C (b;

at25°C) and the pre-exponential constant in the temperature dependent Langmuir

affinity coefficient (b, ).
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Table 3.3.Langmuir isotherm parameters

Compound Om.i b; at25°C Do
(Kg/Kg) (m*/kg) (m*/kg)

1,2,4-trimethylbenzene 0.46 1242 9.73389E-12
2,2-dimethylpropylbenzene 0.46 7216 9.3829E-12
Indane 0.46 5338 8.64472E-13
Decane 0.45 4455 6.08374E-13
2-butoxyethanol 0.45 3148 2.34228E-13
2-heptnone 0.44 2287 1.77605E-13
Heptane 0.37 2083 5.00574E-12
n-butyl acetate 0.42 1843 9.86569E-15
n-butanol 0.42 1710 1.51552E-15

3.4.2 Binary Component (n=2) Adsorption

Figure 3.2a shows the adsorption breakthrough curves of a mixture of n-decane
(decane) and n-heptane (heptane) as compared to the experimental result from a
previous study °. The model predicted the measured breakthrough curves of the
binary mixture with a MRAE of 13% and RMSE of 11%. While numerical error
and/ or model assumptions could be contributors, the deviation is most likely due
to the experimental error in measuring the breakthrough concentrations with
tedlar bags and gas chromatography-mass spectrometry (GC-MS) 2. For instance,
after the bed was completely saturated and heptane was no longer adsorbing or
being displaced by decane, the measured effluent concentration of heptane ® was
as low as 86% of the expected (inlet) concentration. Similarly, the effluent decane

concentration was measured to be as much as 111% of the inlet concentration at
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300 min, which is unlikely as there were no other adsorbates in the mixture that

should be capable of displacing decane.

Initially, i.e., prior to breakthrough, both decane and heptane were completely
adsorbed because there were enough active adsorption sites for both, resulting in a
zero effluent concentration (Figure 3.2a). At about 75min after the start of
adsorption, heptane broke through and its effluent concentration then rapidly
increased beyond the inlet concentration until it reached a maximum value of 2.3
times its influent concentration (at about 143 min) because of continuous
desorption due to displacement by decane from the inlet region of the bed. The
deviation between the modelled and measured peaks could be due to
approximation errors such as errors in determining mass transfer resistance and
equilibrium parameters and /or experimental error in concentration measurements.
Subsequently, the heptane effluent concentration decreased until reaching its
influent concentration. Decane broke through at 152 min and continued to adsorb
until the bed was completely saturated (about 248 min after the start of

adsorption).

Figure 3.2b compares the amounts of decane and heptane adsorbed at the
conclusion of the experiment (300 min after the start of adsorption) as given by
the model and as experimentally determined. The model predicted the total
amount adsorbed with a 1% MRAE compared to the experimentally determined
value. The MRAE was larger for heptane (200%) than for decane (0.74%), in part
since the adsorbed amount of heptane was smaller and could lead to a larger

relative error. Inhomogeneity of the BAC sample may have also contributed.
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Extraction was performed for a small representative sample, about 1 g, taken from
the 7.169 of saturated BAC after adsorption. ® Because heptane is preferentially
found towards the outlet part of the bed at the end of adsorption, if the entire bed
sample was not well mixed prior to sampling and extraction, the experimental

result could underestimate the overall adsorbed amount of heptane.

The mechanism of competitive adsorption of heptane and decane can be seen in
Figure 3.2c, showing the evolution of the two-dimensional adsorbed phase
concentration distribution of each component in the bed at 45, 75 and 180 min
after the start of adsorption. After 45 min decane was adsorbing closer to the inlet
of the bed (about 15 to 25 mm from the inlet) by displacing adsorbed heptane
while heptane adsorbed on the readily available adsorption sites where there was
no competition from decane (about 25 to 40 mm from the inlet). In general the
portion of the bed saturated with decane increased with adsorption time and
heptane was continuously displaced from the region closer to the inlet by decane.
After 75 min from the start of adsorption the adsorbed phase concentration
distribution of heptane showed a more diffuse mass transfer zone since heptane
was displaced by decane closer to the inlet and adsorbed on the unoccupied
adsorption sites closer to the outlet. In contrast, decane showed a narrower mass
transfer zone. After 180 min decane had almost completely displaced heptane and
occupied the entire bed. Figure 3.2c also shows the velocity of mass transfer zone
is higher for heptane which indicates that heptane has a higher rate of diffusion
and adsorbs faster than decane. On the other hand decane was still adsorbing

when heptane broke through indicating that decane has stronger affinity to the
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adsorbent and adsorbed by displacing heptane which is consistent with the
literature *°. The latter point is substantiated by the values of the Langmuir

affinity coefficient and the mass transfer resistance, which was higher for decane.
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Figure 3.2. Competitive adsorption of decane and heptane (a) comparison of
experimental * and modelled breakthrough curves, (b) comparison of amount
adsorbed 300 min after the start of adsorption of each component with the
measure data ® and (c) adsorbed phase two-dimensional concentration
distribution at 45, 75 and 180 min after the start of adsorption

3.4.3 Multicomponent (n=8) Adsorption

Figure 3.3a compares the modelled breakthrough curves of an eight-component
VOC mixture with experimentally measured ones 2. The mixture contained
organic solvents representing different functional groups present in VOCs that are
commonly present in automotive painting emissions. Detailed information about
the properties of these adsorbates and the composition of the influent gas is given
elsewhere 3. The modelled and measured breakthrough curves were in good
agreement as indicated by the MRAE and RMSE values of 12 and 9 %,

respectively. The deviations are most likely due to experimental error *. For
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example the effluent concentration of displaced light adsorbates such as n-butanol
and n-butyl acetate should equal their influent concentration towards the end of
adsorption; however, they were lower. The magnitude of experimental error is
shown by the fact that the experimentally measured concentrations of most
species fluctuated by up to £ 5 ppmv towards the end of adsorption. Inaccuracies

of model approximation could also be reflected in the error metrics.

In the first 70 min after the start of adsorption all compounds adsorbed and the
total effluent concentration was about 0.25 % of the total influent concentration.
At 70 min the effluent concentration of butanol increased sharply and then
reached a maximum of 121 % more than its influent concentration at about 133
min. This was followed by the breakthrough of n-butyl acetate whose effluent
concentration also increased rapidly to reach a peak value of about 121 % more
than its influent concentration at 144 min. This was followed by 2-heptanone and
2-butoxyethanol which showed an overshoot of 50 and 19 % respectively. The
overshoot of these four compounds is attributed to the effect of concentration on
the adsorbent followed by rapid displacement by more strongly adsorbing
components (decane, indane, DMPB and TMB and/ or by displacing themselves
as any compound with higher affinity to the adsorbent can displace the one with
lower affinity. The first two components, n-butanol and n-butyl acetate, showed a
very fast adsorption rate which is partly due to their higher molecular diffusivity
and the enhancement of the diffusion rate by displacement by the heavier
components in the mixture **. On the other hand, the strongly competing

adsorbates (TMB, DMPB, indane and decane) had relatively diffuse breakthrough
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curves and needed longer times to reach saturation. This is because these
adsorbates have stronger adsorption affinities to BAC which increased their
diffusion resistance and reduce their rate of diffusion. Also, these compounds both

adsorb to unoccupied sites and by displacing more weakly adsorbing components.

Figure 3.3b compares the modelled and measured amounts adsorbed (by percent
weight of BAC) of each component 390 min after the start of adsorption . In
general, there is very good agreement between the measured and the modelled
values except for low molecular weight compounds. The MRAE between the
modelled and experientially determined total mass adsorbed was 2.2%. The
MRAE was larger for the lighter compounds possibly due to inhomogeneity in the
extracted sample and/or the smaller amounts adsorbed of the lighter compounds.
Wang et al. ® reported that the amounts adsorbed based on solvent extraction of
the BAC was lower than the amounts adsorbed obtained by integrating the areas

above the breakthrough curves.
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Figure 3.3 Competitive adsorption of n-butanol, n-butyl acetate, 2-
heptanone, 2-butoxyethanol, decane, indane, 2, 2-dimethylpropylbenzene
(DMPB), and 1, 2, 4-trimethylbenzene (TMB); (a) comparison of
experimental ® and modelled breakthrough curves and (b) comparison of
experimental * and modelled masses adsorbed of each adsorbate 390 min
after the start of adsorption

Figure 3.4 illustrates the two-dimensional adsorbed phase concentration
distribution of each component of the mixture after 75 and 105 min from the start
of adsorption. The inlet part of the bed is occupied with the four more strongly
competing components and the adsorbed phase concentration of light components
(with weaker affinity to the adsorbent) occupied the region towards the outlet of
the bed. The pattern within the advancing mass transfer zone in the bed is
consistent with the breakthrough of the respective components. Components with

weaker affinity to the adsorbent diffused faster and occupied the adsorption sites
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faster than the strongly competing ones, as indicated by the movement of their
mass transfer zones. Of the eight components, n-butanol, n-butyl acetate, and 2-
heptanone are the most readily displaced adsorbates and their adsorbed phase
concentration showed four distinct regions in the bed from the inlet down to the
outlet: where they were almost completely displaced, where they are being
displaced, where their rate of adsorption dominates desorption due to
displacement, and where they are adsorbing. This is consistent with the
breakthrough indicated by the corresponding overshoots (Figure 3.3a) and the
Langmuir affinity coefficient. The displaced adsorbates have lower affinity
coefficient, heat of adsorption, mass transfer resistance relative to the
corresponding displacing adsorbates. In addition, the displacement of the lighter
adsorbates decreased their mass transfer resistance and resulted in their relatively
sharper breakthrough curves consistent with previous experimental findings. **
On the other hand, the heavier adsorbates had a shallower breakthrough not only

due to their higher mass transfer resistance but also because they adsorbed by

displacing the lighter adsorbates which further retarded their mass transfer rate.
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Figure 3.4. Adsorbed phase concentration distribution of 1, 2, 4-
trimethylbenzene (1), 2, 2-dimethylpropylbenzene (2), indane (3), decane (4),
2-butoxyethanol (5), 2-heptanone (6) n-butyl acetate (7) and n-butanol (8), (a)
75 and (b) 105 min after the start of adsorption.
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In general the model developed in this study showed promising accuracy in
predicting the dynamics of competitive adsorption of VOCs from the gas stream.
The model is fully predictive and theoretically could be used for the study of
competitive adsorption of any n-component VOC mixture. The newly derived
multicomponent competitive adsorption isotherm equation, coupled with the
dynamic adsorption model, reasonably described the equilibrium adsorption of a
2- and 8-component VOC mixture. The result of the study is helpful to understand

the mechanism of competitive adsorption from the gas phase.
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4.1 Conclusion

This research set out to develop a fully predictive and accurate two dimensional
mathematical model to investigate adsorption of volatile organic compounds from
diluted gaseous stream in a fixed bed adsorber. This research is important because
it contributes to the understanding of the mechanism of adsorption of single and
multicomponent VOCs from diluted gas streams. The model developed in this
study could be used to facilitate the design and optimization of the fixed bed
adsorber and reduces the number of pilot scale testes required to measure the

effect of various operation and design variables.

The first part (chapter two) of the research concentrated on the development and
simulation of a 2D single component VOC adsorption model. The model was
validated for different VOCs selected based on their molecular weight, boiling
point and affinity to the adsorbent in order to ensure the accuracy of the model for
the adsorption of a range of VOCs emitted from automotive painting operations.
The model was validated for effluent concentration, pressure and temperature
with experimentally measured data from a bench-scale fixed bed adsorber. The
deviation of the model result from the measured effluent concentration, pressure
and temperature, as measured by the relative mean relative absolute error
(MRAE) was 2.6, 11.8 and 1.1% respectively indicating that the model has
comparable accuracy to the experimental tests and could be used to reduce the
number of experiments needed. To complete the validation of the single
component model, the response of the model to changes in the adsorber’s

operation condition (carrier gas temperature, adsorbate loading, superficial
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velocity) and adsorbent property (particle size) was investigated. The model was
found to be sensitive to changes to the operation conditions and adsorbent particle
size and the response of the model was consistent with earlier experimental

studies. The major conclusions of the parametric study are the following:

¢ As the adsorbate loading increases, the bed temperature increases,
¢ As the carrier gas temperature increases, the breakthrough time decreases,
¢ As the superficial velocity increases, the breakthrough time decreases and

the breakthrough become more diffused,

L)

¢ As the particle size decreases, the breakthrough become sharper
indicating enhanced mass transfer rate.
The second part of this research focused on the modeling of competitive
adsorption of n-component mixture of VOCs from dilute gas streams. This was
done by extending the validated single component dynamic adsorption model
(chapter 2) to predict competitive adsorption of mixture of adsorbates and
deriving a new competitive adsorption isotherm model. The model was validated
using published (breakthrough curve and total amount adsorbed) data on the
competitive adsorption of binary and an eight component mixtures of VOCs. For
the binary and eight-component mixtures, the MRAE of the breakthrough profiles
was 13 and 12%, respectively while the MRAE of the adsorbed amounts was 1
and 2%, respectively which confirms the accuracy of the model to predict
competitive adsorption of mixture of VOCs. This study is important because it
enhance the understanding of competitive adsorption of mixture of VOCs

regardless of the number of adsorbates involved which was not available in
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previous studies. The major conclusions from study of competitive adsorption are

summarized as follows:

+ During initial stage of the adsorption of mixture of VOCs onto BAC there
Is abundant adsorption sites, thus strongly adsorbing as well as weakly
adsorbing components can readily adsorb onto vacant adsorption sites
though there is still competition. However, as adsorption time increases
the inlet region of the bed is dominated by strongly adsorbing
components. This is because adsorbates with higher affinity adsorbed by
displacing weakly adsorbed components. The weakly adsorbing
components (relatively faster mass transfer rate) on the other hand move
ahead with the bulk fluid and occupy the fresh adsorption sites first in the
front part of the bed. This process continues until the mass transfer zone
of the lighter components reach the outlet region of the bed. After that
adsorbates with higher affinity continue to adsorb by displacing the
weakly adsorbed components until they occupy the whole region of the
bed. As a result the large portion of the adsorbed phase concentration
consists of the heavier or strongly adsorbing components as the
adsorption time increases. The effluent concentrations of weakly
adsorbing components sharply increase, once they breakthrough, to a
value above their inlet concentration because they are displaced from the

adsorbed phase.
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¢+ The competition of the components for the adsorption sites could be
related to heat of adsorption, affinity coefficient, and mass transfer
resistance as follows:
= The higher is the affinity coefficient the stronger is the
competition of the component, i.e. components with higher
affinity coefficients displace components with lower affinity
coefficients.
= The higher is the mass transfer resistance the higher is the
competition of the adsorbate. This is because the mass transfer
resistance itself depends on the affinity of the adsorbate
(adsorbent-adsorbate interaction), hence the higher is the affinity
of the adsorbate for the adsorbent the more strongly it adsorbs and
the higher is the pore or surface diffusion of the adsorbate.
= The higher is the heat of adsorption the higher is the competition
of the adsorbate for adsorption sites. The stronger is the adsorbate

adsorbent interaction the higher is the heat of adsorption.

4.2 Recommendation for Future Work
The research completed for this thesis has highlighted a number of topics that

needs further research. The major research areas are:

¢ The effect of carrier gas moisture on the adsorption of VOCs. The general
understanding in the existing literature is that the presence of moisture can

reduce the adsorption capacity of activated carbon for VOCs, particularly
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for polar ones. Hence, accurate analysis of the effect of moisture on
adsorption of VOCs should be investigated.

In order to offset the effect of moisture on the adsorption of VOCs onto
activated carbon some industries increase the adsorption temperature.
However, the higher is the adsorption temperature the lower is the
adsorption capacity of the adsorbent to the adsorbate. The model
developed in this study could be modified to account for the effect of
temperature on the moisture content and adsorption of water vapor and
VOCs. Hence the model can help in finding the optimum adsorption
temperature.

The model could be modified to simulate the desorption process following
VVOC(s) adsorption. This could be very helpful to investigate the most
important parameters affecting the process of regeneration.

Another immediate research topic is the modelling of different adsorber
configurations such as fluidized bed, moving bed etc. This could be
helpful in selection of the best adsorber configuration for a particular VOC

adsorption application.
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APPENDIX A Derivation of Isotherm Equation for Competitive
Adsorption

Single component Langmuir isotherm model was extended by Butler and Ockrent
! to predict competitive adsorption of mixture of binary component until Jain and
Snoeyink ? revealed the limitation of the former extension of single component
Langmuir isotherm to competitive adsorption of binary system and proposed a
new form of competitive isotherm for binary mixture of organic compounds from

wastewater (equation A1 and A2) wherein (qm1>qmz) °.

(@m1—qm2)b1C b,C
q1= R e e R L ST Al
1+b1C1 1+b1C1+b2C2
b,C
qz = i e, A2
1+b1C1+b2C2

The model for adsorption competing binary mixture was then modified for the

prediction of ternary (g1 > Gmz > Gmz) Mixture from an agueous system *.

4, = (@m1-Gm2)b1C1 | (@m2_qm3)b1C1 qm3b1C1 A3

1 TbiCs 5.Ci45sC, TRDCLADL GGy e
(qm2_qms3)b2C b,C

qy = —mzAma 22 D022 s A4

— dm3b3C3 A5
DGy by Gyt bgCy ™ oo e

qs

91


file:///C:/Users/user/Downloads/competitive%20adsorption-Supporting%20Information-Sep%203-ZH.docx%23_ENREF_1
file:///C:/Users/user/Downloads/competitive%20adsorption-Supporting%20Information-Sep%203-ZH.docx%23_ENREF_2
file:///C:/Users/user/Downloads/competitive%20adsorption-Supporting%20Information-Sep%203-ZH.docx%23_ENREF_3
file:///C:/Users/user/Downloads/competitive%20adsorption-Supporting%20Information-Sep%203-ZH.docx%23_ENREF_4

General isotherm equation for i component adsorbate

In the current study, the model for competitive adsorption of ternary system was
extended for n-component mixture of VOCs for adsorption from a gas stream and

tested with an eight-component VOCs mixture in which (g1 > Q2 > Gmz >

g, = (@m1-am2)b1C1 | (Gm2_9m3)b1C1 (qm3—qma)b1Cy1 (@ma=qms)b1C1
1 1+b1C1 1+b1C1+b2C2 1+b1C1+b2C2+b3C3 1+b1C1+b2C2+b3C3+b4C4,
(@ms—Aqme)b1C1 N

14b1Cy+byCy+bsCs+bsCar bsCs

(qme—am7)b1C1 + (qm7- 9ms)b1C1

dmgb1C1 A6

1+b1C1+b2C2 +b3C3+b4C4+b5C5+b6C6+b7C7+b8C8

q; =

(@m2_qm3)b2Cz (qm3—qma)b2C; (qma=qms)b2C2
14b1C1+byCy | 14+b1Cy+byCa+bsCs | 14+byCy+byCy+bsCatbyCy

(@ms—Aqme)b1C1
14b1Cy+byCy+b3Cs+bsCayr bsCs

(qme—am7)b2C2 (qm7- Ams)b2C>

Amgb2C2 A7

1+b1C1+b5Cp+b3C3+bsCat+bsCsybCo+b7Cr+bgCy

qs = (@m3—qma)b3Cs3 (@ma—Aqms)b3Cs (qms—qme)b3Cs
N (@me—Aqm7)b3Cs (qm7- qms)b3Cs

- +
1+b1C1+b2C2+b3C3+b4C4+b5C5+b6C6 1+b1C1+b2CZ+b3C3+b4C4,+b5C5+b6C6+b7C7

Amgb3C3 A8
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Q4 = (@ma=qms)bsaCs (qms—qme)bsaCa

N (Ame—qm7)baCy + (dm7- dms)baCs

qmgbaCy A9
7 DLCotDyCytbaCatbaCatboCorbaCatbyCyabaly s

gs = (qms—qme)bsCs N (qme—qm7)bsCs

(dm7- 9ms)bsCs
1+b1C1+byCy+b3C3+bsyCa+bsCs4+bgCo+b;Co

ImelsCs e, A10

e = (@me—am7)bsCe + (qm7- qms)beCs

Imeb6Ce e, All

_ (dm7- Ams)b7C7 n

q7

Qm8b7C7 A12

qs L A13

T 14b1C1+byCa+b3C3+byCatbsCsbgCo+byCr+bgCy

The general form for the competitive adsorption isotherm equation for the i™

adsorbate in a mixture of n VOCs could then be written as:
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ql - Zk:l 1+Z;'€=1bjC]’. ........................................
Where:

ax=(qmx — qm+1) fork=1iton-1

and a, = g, fork=n
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APPENDIX B Physical Properties of the Adsorbates

Table B. 1 shows the physical properties of the adsorbates studied.

Table B. 1. Physical properties of the adsorbates

Compound Ma (Z V) AHp, %t a®? SELD ) p 822
(9/mol) Ai (kdJ/mol) (100 (mN/m) (eV)
24cm3)
Butanol 74.10 91.28 43.29 8.71 25.57 10.14
n-Butyl acetate 116.20 133.72 36.14 12.61 24.35 10.10
Heptane 100.21 147.18 36.66 13.60 20.14 9.90
2-Heptanone 114.20 148.70 39.5 13.51 24.80 9.37
2-Butoxyethanol 118.20 137.68 47.06 13.00 27.40 10.00
n-Decane 142.30 168.3 38.75 19.10 23.90 10.20
1,2,4-trimethybenze 120.20 152.06 39.2 15.87 28.70 8.27
Indane 118.20 127.90 49.05 15.48 27.50 8.40
2,2- 148.20 192.98 46.74 19.59 28.80 7.71

Dimethylpropylbenzene
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