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a b s t r a c t

Dynamically varying contaminant concentrations pose a challenge in the design and operation of biofil-
ters for air pollution control. One strategy for managing this problem involves installation of a column
packed with granular activated carbon (GAC) to achieve load equalization prior to biofilter treatment.
Research described here was conducted to evaluate the effect of changes in gas flow rates during contam-
inant non-loading intervals on the GAC load equalization process. Toluene served as the model pollutant,
and BPL 4 × 6 mesh GAC served as the model adsorbent. Fixed-bed adsorption/desorption experiments
were conducted with influent toluene concentrations of 250 ppmv (superficial gas velocity 300 m/h)
for durations of 12, 8, and 4 h/day, and no toluene in the influent air for the remainder of the day to
simulate processes with varying work schedules. During toluene non-loading intervals, experiments
were conducted with gas flow rates 1.0, 0.50, and 0.10 times the flow rate during toluene loading inter-
vals. Numerical simulations performed using a pore and surface diffusion model, adapted to account for
nsteady-state
changes in gas flow rate, were in close agreement with experimental measurements. Collectively, experi-
mental data and model simulations demonstrated that relatively small GAC columns (empty bed contact
times on the order of a few seconds) can achieve considerable load equalization even when gas flow rates
are reduced during contaminant non-loading intervals. Results suggest that in cases where the fraction
of time pollutants present in the gas stream are relatively small, use of a passively operated GAC load
equalization process in conjunction with reduction in gas flow rates during contaminant non-loading

cially
intervals may prove espe

. Introduction

Many industrial processes generate off-gases that contain
olatile organic compounds (VOCs) that must be treated to meet
egulatory requirements and protect public health. Biofilters (fixed-
lm bioreactors that make use of microorganisms to oxidize VOCs)
re an attractive air pollution control option for many contam-
nated gas streams because of their comparatively low energy
equirements and low carbon emissions in comparison to thermal
reatment technologies when treating dilute VOC concentrations
1]. While there have been many effective applications of biofilters,
uctuating pollutant concentrations pose a challenge in design and
peration. Temporary periods of high influent contaminant concen-

rations can result in diminished treatment performance because
f limitations in biological reaction capacity and mass transfer rates
2–11]. Likewise, transient periods of low or zero contaminant load-
ng can impose starvation conditions on the microbial communities

∗ Corresponding author. Tel.: +1 225 578 9174; fax: +1 225 578 8652.
E-mail address: moemwil@lsu.edu (W.M. Moe).
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attractive.
© 2009 Elsevier B.V. All rights reserved.

present in a biofilter, resulting in a period of diminished contami-
nant removal efficiency when pollutant loading resumes [12–16].
Transient loading conditions can also lengthen the time required
for biofilter startup [17,18].

One approach for overcoming these challenges is to employ an
integrated system comprised of a passively operated load equaliza-
tion device consisting of a column packed with granular activated
carbon (GAC) located in series prior to the biofilter [8,19]. The
rationale for such a system is that during periods of high influ-
ent contaminant concentration, the GAC adsorbent can temporarily
accumulate contaminants and then subsequently desorb contam-
inants during intervals when concentration in the waste gas is
lower. This can decrease peak contaminant loading to biofilters
subjected to transient conditions, prevent starvation conditions
during periods when influent contaminant concentrations are low
or absent, and provide a means of incorporating a safety factor in

system design [8,19–22].

Previous studies on passively operated GAC load equalization
systems, however, have been limited to cases with constant gas
flow rates during pollutant loading and non-loading intervals.
While it is generally recommended that sufficient airflow should

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:moemwil@lsu.edu
dx.doi.org/10.1016/j.cej.2009.11.012
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Nomenclature

C0,i initial influent concentration (M/L3)
Ci(z,t) adsorbent concentration in bulk phase (M/L3)
Cp,i(r,z,t) adsorbate concentration in adsorbent pores (M/L3)
Dp,i pore diffusivity (L2/T)
Ds,i surface diffusivity (L2/T)
kf,i film transfer coefficient (L/T)
L bed length (L)
m number of components
qi(r,z,t) adsorbent phase concentration (M/M)
R average adsorbent particle radius (L)
V loading rate (L/T)

Greek letters
εP particle void fraction (porosity)
�A apparent adsorbent density (M/L3)
ε bed void fraction
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i component number i

e maintained in biofilters even during periods of no contami-
ant loading to prevent development of anaerobic conditions in
he biofilter [1,14], reduction of gas flow rates during intervals
hen contaminants are not being generated are sometimes used to
inimize power costs associated with blower operation. Because

osts associated with blower operation often comprise a relatively
arge fraction of biofilter operating costs [1], this can have a large
nfluence on total operating costs.

The objective of research reported here was to characterize GAC
oad equalization performance in cases where gas flow rates are
ecreased during intervals of no contaminant loading. A series of
xed-bed sorption experiments was conducted, with intermittent

oading of toluene and time varying air flow rate. During contam-
nant non-loading periods, air flow rates were reduced to various
ractions (e.g., 0.50, 0.10) of the baseline full flow rate maintained
uring contaminant loading periods. The durations of contaminant

oading tested were 12, 8, and 4 h/day (with associated non-loading
ntervals of 12, 16, and 20 h/day, respectively). A simple theoreti-
al relationship based on mass balance calculations was developed
o determine the maximum GAC column load equalization perfor-

ance that can be achieved at various loading durations and air
ow rate reductions during non-loading intervals. A pore and sur-

ace diffusion model adapted to account for changes in gas flow
ates as a function of time was used to simulate the load equaliza-
ion process.

. Materials and methods

.1. Experimental testing of GAC load equalization

The experimental apparatus used in fixed-bed adsorp-
ion/desorption experiments (supplemental Fig. S1) employed
acked columns constructed of 7.62 cm ID PVC pipe. Each con-
ained a stainless steel support mesh at the bottom, 6-cm depth
lass beads (5 mm diameter) to distribute air flow, a thin layer of
lass wool, a 33.3-cm layer of BPL 4 × 6 mesh GAC (mass 716 g,
acked bed volume 1.52 L) (Calgon Carbon Corp., Pittsburgh, PA),

nother thin layer of glass wool, and another 6-cm glass beads. GAC
as rinsed with distilled water to remove fines, dried at 105 ◦C, and

tored in desiccators prior to use.
The system included two air supply lines constructed of Teflon

ubing. One provided air flow during periods of toluene loading,
ring Journal 157 (2010) 339–347

and the other provided contaminant-free air flow during peri-
ods of no toluene loading. Airflow from each of the supply lines
was controlled by a solenoid valve (Asco Valve Inc., NJ), which
was turned on and off using a microprocessor-based controller
(Chron-Trol, San Diego, CA). Air flow rate in each supply stream
was controlled using an electronic mass flow controller (Aalborg
Instruments, Orangeburg, NY). During toluene loading intervals,
liquid toluene (ACS reagent grade, Sigma, St. Louis, MO) was deliv-
ered by syringe pumps (KD Scientific, Boston, MA) and evaporated
into the air stream. Initial tests conducted prior to placement
of activated carbon demonstrated that components other than
GAC had little or no adsorption capacity for toluene. All exper-
iments were conducted at ambient laboratory temperature of
23 ± 2 ◦C.

Experiments employed three separate columns that were sup-
plied with air containing 250 ppmv toluene for 12, 8, and 4 h/day,
respectively. For all experiments, air flow rate entering the GAC
columns during toluene loading intervals was 22.8 L/min, cor-
responding to superficial gas velocity of 300 m/h in the packed
columns. Initially, each column also received air at full flow of
22.8 L/min during toluene non-loading periods. This loading was
continued until a consistent pattern of attenuated effluent toluene
concentrations was exhibited on a daily basis and daily toluene
mass balance closure was >95%. Hereafter, this condition is referred
to as quasi-steady-state. After quasi-steady-state was achieved at
the initial loading condition, the air flow rate during toluene non-
loading periods was sequentially reduced to 0.50 and then 0.10
times full flow (i.e., 11.4 or 2.28 L/min, corresponding to superfi-
cial gas velocity of 150 or 30 m/h in the packed columns) while
maintaining full flow rate (i.e., 22.8 L/min) during daily toluene
loading intervals. For each loading condition tested, the systems
were allowed to reach quasi-steady-state, and effluent toluene
concentrations were measured for at least 5 days before loading
conditions were changed.

2.2. Analytical procedures

Influent and effluent toluene concentrations were measured
using a model 1312 photo-acoustic multi-gas monitor (California
Analytical, Orange, CA), with concentrations recorded at 1.0 min
intervals.

2.3. Mass balance calculations of ideal load equalization

A simple mass balance approach was employed to calculate the
“ideal” load equalization that could be achieved by GAC columns
subjected to flow rate reductions during periods when no toluene
was present in the airflow. “Ideal” load equalization would be
observed if the toluene concentration exiting the GAC column were
constant as a function of time at a level equal to the flow-weighted
average influent concentration (including toluene loading and non-
loading intervals). In the mass balance approach, it was assumed
that full baseline air flow rate, Qo, would occur during toluene
loading intervals, while a fraction of the baseline airflow would
occur during toluene non-loading periods. At quasi-steady-state,
the toluene mass entering a GAC column on a daily basis would
equal the mass exiting the column on a daily basis (i.e., the net mass
adsorbed would equal the net mass desorbed and there would be
no net accumulation in the column). The total toluene mass exit-
ing the GAC column on a daily basis includes mass exiting during

intervals of full flow (interval when toluene is present in the influ-
ent) and intervals of partial flow (when toluene is absent from the
influent) as indicated in Eq. (1).

CoQoto = CavgQoto + CavgfQ Qotp (1)
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To investigate the effects of GAC packed bed depth on load
equalization in systems with decreases in air flow rate during
M.M. Nabatilan et al. / Chemical E

here Co = influent toluene concentration during the load-
ng interval; Cavg = the flow-weighted average effluent toluene
oncentration at quasi-steady-state, assuming perfect load equal-
zation; Qo = volumetric air flow rate during toluene loading
ntervals (full flow); fQ = fraction of the baseline volumetric air
ow rate maintained during toluene non-loading intervals (par-
ial flow); to = daily duration of toluene loading at full volumetric
ir flow rate (i.e., at Q = Qo); tp = daily duration of no toluene loading
ith air at partial flow (i.e., at Q = fQQo).

Dividing all terms in Eq. (1) by the air flow rate during
oluene loading intervals (Qo) and then rearranging terms results
n definition of the ideal load equalization, expressed in terms of
imensionless effluent toluene concentration, as shown in Eq. (2).

Cavg

Co
= to

to + fQ tp
(2)

.4. Pore and surface diffusion model

The pore and surface diffusion model (PSDM) described by Crit-
enden et al. [23] and Hand et al. [24] was adapted to simulate the
ynamic toluene adsorption and desorption on GAC under load-

ng conditions characterized by reduced flow rates during pollutant
on-loading intervals. The PSDM is a dynamic fixed-bed model that

ncorporates several assumptions [25]: (1) plug-flow conditions
xist in the bed; (2) linear driving force describes the local bulk
hase mass flux at the exterior surface of the adsorbent particle;
3) local adsorption equilibrium exists between the solute adsorbed
nto the GAC particle and the solute in the intra-aggregate stagnant
uid; (4) intraparticle mass flux is described by surface and pore dif-

usion; and (5) adsorption equilibrium of an individual compound
an be represented by the Freundlich isotherm equation.

In the PSDM, two partial differential equations (PDEs), obtained
or each adsorbing component from mass balances on the bulk
as phase and the adsorbed phase, are coupled together from an
ssumption of local equilibrium at the exterior of the adsorbent
article. Derivation of these equations for conditions of constant
as flow rate has been presented previously [23,25,26].

The bulk gas phase mass balance for component i (in this case,
oluene) is given by Eq. (3) (see Nomenclature section for definition
f variables).

∂Ci

∂t
(z, t)+V(t)

∂Ci

∂z
(z, t) + 3

kf,i(1 − ε)
εR

[
Ci(z, t) − Cp,i(r = R, z, t)

]
= 0

(3)

This is identical to the equation for the bulk gas phase mass
alance presented previously [23,25,26] except that in the equation
resented here, the term V(t) describes the intermittent change in
elocity brought about by intermittent change in gas flow rate (as
pposed to an assumed constant flow rate in the previous work
23,25,26]).

The initial and boundary conditions are respectively:

i (z, t) = 0 at 0 ≤ z ≤ L, t = 0 (4)

i(z, t) = C0,i(t) at z = 0, t > 0 (5)

In the adsorbent, the intraparticle phase mass balance for com-
onent i in an assumed spherical particle is given by:

1
r2

∂

∂r

[
r2Ds,i

∂qi

∂r
(r, z, t) + r2Dp,iεP

�A

∂

∂r
Cp,i(r, z, t)

]

= ∂

∂t

[
qi(r, z, t) + εP

�A
Cp,i(r, z, t)

]
(6)
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The initial condition and boundary conditions are, respectively:

qi(r, z, t) + εP

�A
Cp,i(r, z, t) = 0 at 0 ≤ r ≤ R, t = 0 (7)

∂

∂r

[
qi(r, z, t) + εP

�A
Cp,i(r, z, t)

]
= 0 at r = 0, t ≥ 0 (8)

Ds,i�A
∂qi

∂r
(r = R, z, t) + Dp,iεP

∂Cp,i

∂r
(r = R, z, t)

= kf,i

[
Ci(t) − Cp,i(r = R, z, t)

]
(9)

Concentration of component i in the gas phase of GAC pores and
in the adsorbent phase of particles are coupled in Eq. (10) with the
assumption that the adsorption rate is much faster than the mass
transfer rate (assumption of local equilibrium).

Cp,i(r, z, t) = qi(r, z, t)∑m
k=lqk(r, z, t)

[∑m
k=lnkqk(r, z, t)

niKi

]ni

(10)

To implement the numerical approach in solving the system of
PDEs describing the dynamics in a fixed-bed adsorber, a modifica-
tion of the MATLAB program previously described by Nabatilan et
al. [22] was employed. The program used a solution methodology
that closely followed the numerical approach presented by Fried-
man [26] and Crittenden et al. [23]. The PDEs, initial conditions,
and boundary conditions were first converted into dimension-
less form and then reduced to a system of ordinary differential
equations (ODEs) by the method of orthogonal collocation [23,26].
In the present model, some dimensionless parameters (including
dimensionless time) are a function of the fluid residence time in
the packed bed, which in turn is a function of gas flow rate and
velocity; hence, these were intermittently updated throughout the
simulation period to account for step changes in flow rates. Addi-
tional details regarding dimensionless parameters and calculation
methodology are presented as supplementary material (Appendix
A).

The resulting system of ODEs was solved using the MATLAB
solver ode15s, which is designed for stiff problems. The ode15s
subroutine is a variable order solver based on the numerical dif-
ferentiation formulas (NDFs); optionally, it uses the backward
differentiation formulas (also known as Gear’s method) that are
usually less efficient [27]. During the validation process of the MAT-
LAB code, the effect of the number of collocation points in the axial
and the radial directions was investigated by systematically vary-
ing the number of collocation points from 5 to 22 and from 3 to 6 in
the axial and radial directions, respectively. All of the model sim-
ulations presented here were conducted with 18 axial collocation
points and 6 radial collocation points, reflecting conditions where
an increase in number of collocation points would not have made
a difference in the results reported.

Calculations using the PSDM require equilibrium parameters,
kinetic parameters, physico-chemical properties of adsorbing com-
pound(s) and adsorbent, gas properties, concentration data, and
column dimensions. Parameter values and sources of data input to
the model are presented in Supplementary Table S1. Time varying
influent air flow rates and influent toluene concentrations input to
the model were identical to the target loading conditions that were
experimentally tested.
toluene non-loading intervals, the new MATLAB code was used to
simulate transient loadings with GAC packed bed depths ranging
from 2.0 to 50.0 cm.
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. Results

.1. GAC column load equalization at various reduced air flow
ates during contaminant non-loading periods

Following the start of loading to each of the experimentally
ested columns, there was an initial period during which toluene
ccumulated in the GAC column and no toluene was detected in the
ffluent (see example in Supplementary Fig. S2). Eventually, break-
hrough occurred, and then a consistent pattern of attenuated efflu-
nt toluene concentrations was exhibited on a daily basis. Here-
fter, this condition is referred to as quasi-steady-state behavior. In
he case of 250 ppmv toluene loading for 12 h/day and uncontam-
nated air flow at the same rate during contaminant non-loading
ntervals, appreciable toluene breakthrough was observed after 9
ays, and quasi-steady-state was achieved after approximately 14
ays of intermittent toluene loading (Supplementary Fig. S2).

Experimental measurements and model simulations of quasi-
teady-state toluene concentrations exiting from GAC columns
eceiving gas flow with 250 ppmv toluene for daily durations (to) of

2, 8, and 4 h/day and uncontaminated air at various flow rates
fQ = 1.0, 0.50, or 0.10) during toluene non-loading intervals are
hown in Fig. 1. Each graph depicts data from a 5-day interval with
ontaminant concentrations measured at 1-min intervals. Time
ero on each plot corresponds to the start of a loading period

ig. 1. Experimental measurements (black), PSDM simulations (blue), and “ideal bufferin
oaded with 250 ppmv toluene at full flow rate (i.e., 22.8 L/min) during a portion of each
i.e., fQ = 1.0, fQQo = 22.8 L/min); middle: 50% of full flow (i.e., fQ = 0.50, fQQo = 11.4 L/min);
oading period: 12 h/day (left); 8 h/day (middle); 4 h/day (right). (For interpretation of th
ersion of the article.)
ring Journal 157 (2010) 339–347

after quasi-steady-state was achieved. The y-axis of each graph
depicts the dimensionless effluent toluene concentration (effluent
concentration divided by corresponding target influent concentra-
tion entering during the loading interval, Co = 250 ppmv). Measured
influent toluene concentrations were found to closely match tar-
get concentrations (within 5% of target values, data not shown).
In all columns, experimentally measured maximum and minimum
toluene concentrations exiting the GAC columns on a daily basis
were consistently reproducible (differing by <3%), and mass bal-
ance calculations verified that toluene mass entering and exiting
the columns on a daily basis were essentially equal (mass balance
closure ≥95%).

Several trends are readily apparent from the experimental mea-
surements depicted in Fig. 1. First, for a given duration of daily
toluene loading (to), average effluent concentrations observed at
quasi-steady-state increased as flow rate during the toluene non-
loading period decreased. For example, for the GAC column loaded
with toluene for 12 h/day (Fig. 1, column 1), the average dimen-
sionless effluent toluene concentrations increased from 0.50 to
0.67 to 0.88 (corresponding to 125, 168, and 219 ppmv toluene,

respectively), as air flow rate during toluene non-loading inter-
vals decreased from 22.8 to 11.4 to 2.28 L/min, respectively (i.e.,
for fQ = 1.0, 0.50, and 0.10, respectively).

Second, for a given flow rate during toluene non-loading inter-
vals (fQQo), a shorter duration of daily toluene loading (to) resulted

g” (red) toluene concentrations exiting GAC columns (33.3 cm packed bed depth)
day and at various flow rates during toluene non-loading periods. Top: full flow

bottom: 10% of full flow (i.e., fQ = 0.10, fQQo = 2.28 L/min). Duration of daily toluene
e references to color in the citation of this figure, the reader is referred to the web
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Fig. 2. “Ideal” GAC column load equalization (lines) and experimental measure-
ments (symbols) at quasi-steady-state for various daily durations (to = 12, 8, or
4 h/day) of 250 ppmv toluene loading and various airflow rates during toluene non-
loading periods (expressed in terms of fQ , the fraction of the baseline gas flow rate
M.M. Nabatilan et al. / Chemical E

n lower average effluent toluene concentrations. For example,
hen the flow rate during toluene non-loading intervals was half

f that during the toluene loading interval (i.e., fQ = 0.50), the
imensionless average effluent toluene concentrations (±standard
eviations) determined over 5 days of monitoring at quasi-steady-
tate were 0.67 ± 0.01, 0.48 ± 0.01, and 0.28 ± 0.002 for loading
urations of 12, 8, and 4 h/day, respectively (Fig. 1, row 2). At
he same time, variation between daily minima and maxima
lso decreased as duration of the daily toluene loading interval
ecreased. For the shortest duration of loading tested here (i.e.,

o = 4 h/day), effluent toluene profiles were almost straight lines
ith little variation between daily maximum and minimum con-

entrations; hence, the highest degree of load equalization for the
ame fQ. This is consistent with the previous finding that an increase
n load equalization occurred when the fraction of time during

hich toluene was supplied to GAC columns decreased when gas
ow rates during toluene non-loading intervals were the same [21].

PSDM simulations were in close agreement with experimen-
al measurements. Differences between measured and modeled

aximum daily effluent concentrations were consistently small,
veraging 3.6 ppmv (C/Co = 0.014). Discrepancies were largest for
he case of 12 h/day toluene loading and no decrease in flow
ate during toluene non-loading intervals (i.e., fQ = 1.0), but the
ifference was relatively small, 7.4 ppmv (C/Co = 0.030). Similarly,
he difference between measured and modeled minimum daily
ffluent concentrations were also consistently small, averaging
.1 ppmv (C/Co = 0.028) with largest discrepancy of 14.2 ppmv

C/Co = 0.056) in the case of 12 h/day toluene loading with flow rate
f 2.28 L/min during toluene non-loading intervals (i.e., fQ = 0.10).

As further described in Section 3.2 below, the toluene concentra-
ions exiting the GAC columns in all of the loading scenarios tested
ere were close to the concentrations expected from “ideal” load
qualization (see dashed lines in Fig. 1).

.2. “Ideal” load equalization in columns with flow rate reduction
uring contaminant non-loading periods

Dimensionless effluent toluene concentrations expected for
deal load equalization conditions, as calculated by Eq. (2) for
oading scenarios comprised of various durations of daily toluene
oading (to) and various fractions of air flow rate turn-down (fQ)
uring toluene non-loading intervals, are shown in Fig. 2. As shown

n the figure, mass balance calculations demonstrate that toluene
oncentrations exiting a GAC column load equalization device once
uasi-steady-state conditions are achieved have an upper limit
hat approaches the influent concentration (i.e., C/Co = 1.0) as the
raction of air flow during the toluene non-loading interval (fQ)
pproaches zero. This results from the fact that as the volume of
lean air passing through a GAC column decreases, there is less
ir volume for toluene temporarily accumulated in the column to
e distributed into. If the air flow rate during toluene non-loading

ntervals was zero, in the absence of net accumulation in the GAC
olumn (a necessary condition for quasi-steady-state), the efflu-
nt toluene concentration would equal the toluene concentration
ntering during the loading interval. Alternately, if the flow rate
uring the toluene non-loading rate is greater than zero, then the
ass of toluene exiting the column is diluted into a larger volume

f air, resulting in a lower average effluent toluene concentra-
ion. At fQ = 1.0 (the case of constant air flow during loading and
on-loading intervals) and constant pollutant concentration during

oading intervals, ideal load equalization results in a dimensionless

ffluent pollutant concentration equal to the fraction of time pollu-
ants are present in the influent (see Eq. (2)). For pollutant loading
urations of 12, 8, and 4 h/day as was experimentally tested here,
his corresponds to dimensionless effluent concentrations of 0.50,
.33, and 0.17, respectively.
maintained during toluene non-loading intervals). Data points represent average
concentrations determined from 5 days of experimental measurements in 33.3 cm
packed bed depth columns. Upper bars represent the average daily maxima, and
lower bars represent the average daily minima measured at quasi-steady-state.

Experimentally measured data from 33.3 cm packed bed depth
GAC columns are depicted in Fig. 2 as symbols. Each data point rep-
resents the average toluene concentration exiting the GAC column
during 5 days of monitoring at quasi-steady-state. Upper and lower
bars represent the average dimensionless maximum (Cmax/Co) and
minimum (Cmin/Co) daily effluent toluene concentrations, respec-
tively. As shown, the experimental data were in close agreement
with the ideal load equalization levels. This demonstrates that com-
paratively small columns (packed bed depth 33.3 cm, EBCT of 4.0 s
during full flow conditions) can achieve close to the maximum
theoretical degree of load equalization.

3.3. Model simulation of GAC column performance at various
column heights

To further explore the range of load equalization behavior
expected from GAC columns subjected to intermittent loading
conditions combined with gas flow rate reduction during contam-
inant non-loading intervals, additional model simulations were
performed for the loading conditions that were experimentally
tested but for a variety of longer and shorter GAC bed depths
(ranging from 2 to 50 cm). Input parameters, other than column
dimensions and GAC mass used in simulations, were identical to
those corresponding to experimental tests.

To represent the data in a form amenable to direct use as a
tool for design or analysis, Cmax/Co and Cmin/Co were plotted as
a function of bed depth (Fig. 3). Similar to what was reported
previously for cases of constant air flow rate [20–22], toluene
was more attenuated (i.e., characterized by lower Cmax/Co and
higher Cmin/Co) as bed depth increased, asymptotically approach-
ing “ideal” buffering for all of the loading conditions analyzed here.
Simulation results demonstrate that the packed bed depth neces-
sary to approach the ideal buffering level decreases as the fraction
of time for toluene loading decreases. Consistent with the near

constant effluent toluene concentration profiles experimentally
observed for cases of toluene loading 4 h/day (Fig. 1, last column),
simulation results indicate that GAC columns having less than half
of the experimentally tested packed bed depth of 33.3 cm would
have been sufficient to achieve near ideal load equalization of
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ig. 3. PSDM simulation results for maximum (filled symbols) and minimum (ope
ed depth at quasi-steady-state for influent toluene concentration of 250 ppmv for
oluene non-loading intervals (fQ ranging from 1.0 (top) to 0.10 (bottom). Dashed li

oluene at all three air flow rates tested (fQ = 1.0, 0.50, or 1.0) during
oluene non-loading intervals (Fig. 3, last column). For cases with
oluene present for a longer duration per day (i.e., 12 or 8 h/day),
he GAC bed depth required to approach ideal load equalization
as longer (Fig. 3, first two columns).

.4. Toluene mass fluxes

Consistent with the fact that toluene concentrations exiting the
AC columns (Fig. 1) were relatively constant with time, toluene
ass fluxes exiting the GAC columns were relatively constant with

ime when there was no change in flow rate (i.e., fQ = 1.0) during
ollutant non-loading intervals (Fig. 4, row 1). When the airflow
ate during pollutant non-loading intervals was reduced to 0.50
r 0.10 times the flow rate provided during toluene loading inter-
als, however, toluene mass fluxes varied considerably (Fig. 4, rows
–3). Maximum mass fluxes were observed during toluene load-

ng intervals (full flow rate) while minimum fluxes were observed
uring intervals of toluene non-loading when air flow rate was
educed to a fraction of the full air flow. For a given daily duration of
oluene loading (to), higher daily maximum mass fluxes and lower
aily minimum mass fluxes were observed as the flow rate during
oluene non-loading intervals decreased. For example, when the

olumn received toluene loading 4 h/day, daily maximum toluene
ass fluxes averaged over 5 days of quasi-steady-state increased

rom 49.7 g/m2 h (grams toluene per m2 GAC bed cross-sectional
rea per hour) to 82.9 and 187 g/m2 h when flow rate during the
0 h/day interval of toluene non-loading was reduced from 1.0 to
bols) daily dimensionless effluent toluene concentrations as a function of packed
day (left), 8 h/day (middle), and 4 h/day (right) with various gas flow rates during
note ideal buffering levels.

0.50 and 0.10 times full flow rate. For a given reduction in flow
rate during the daily pollutant non-loading interval (i.e., fixed fQ),
toluene mass flux rates decreased with decreasing duration of daily
pollutant loading. For example, when flow rates during pollutant
non-loading intervals were reduced by half (i.e., fQ = 0.50), average
maximum daily toluene fluxes were 197, 142, and 82.9 g/m2 h for
daily toluene loading durations of 12, 8, and 4 h/day, respectively.

For illustrative purposes, dimensionless maximum (Nmax/No)
and minimum (Nmin/No) daily toluene mass fluxes correspond-
ing to ideal load equalization levels were calculated for various
durations of daily pollutant loading (to = 12, 8, or 4 h/day) and var-
ious flow rate reductions during pollutant non-loading intervals
(fQ = 0–1.0) based on Eq. (2) and the column geometry and tar-
get loading rates employed in the experimental testing (Fig. 5).
Mass fluxes are expressed in dimensionless form as the ratio of
the maximum or minimum flux exiting the GAC column to the flux
entering during toluene loading intervals (No). Fluxes calculated
from experimental measurements in 33.3 cm bed depth columns
loaded with 250 ppmv toluene are depicted as symbols with error
bars representing standard deviation. Due to the high consistency
in experimental data, most of the error bars are obscured by sym-
bols in the graphs.

As depicted in Fig. 5, maximum mass fluxes have an upper limit

that approaches the level during loading period (i.e., Nmax/No = 1.0)
as flow rate during the pollutant non-loading interval approaches
zero. Minimum fluxes, on the other hand, have a lower limit that
approaches zero. For a given duration of daily toluene loading
(to), at quasi-steady-state and ideal GAC buffering, maximum and
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Fig. 4. Quasi-steady-state toluene mass fluxes exiting GAC columns (33.3 cm packed bed depth) loaded with 250 ppmv toluene at full flow rate (i.e., 22.8 L/min) during a
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ortion of each day and at various flow rates during toluene non-loading periods. E
QQo = 22.8 L/min); middle: 50% of full flow (i.e., fQ = 0.50, fQQo = 11.4 L/min); bottom:
to): 12 h/day (left); 8 h/day (middle); 4 h/day (right). (For interpretation of the refe
he article.)

inimum fluxes converge to a common level when the air flow
ate during pollutant non-loading intervals is equal to the flow rate
uring pollutant loading intervals (i.e., fQ = 1.0). As shown, exper-

mental measurements from 33.3 cm packed bed columns were
uite close to the ideal levels.

. Discussion

Data presented in Fig. 1 support the previously reported find-
ng [19–22] that toluene mass can be temporarily accumulated in a
AC column during intervals when influent concentrations are high
nd then desorb within a sufficiently short time interval (i.e., dur-
ng each loading cycle when influent contaminant concentrations
re low or zero) to be of practical benefit as a passively operated
oad dampening equalization mechanism even with intermittently
aried air flow rates. The only driving force necessary for toluene
esorption was the decrease in influent contaminant concentration

mposed by the gas stream. Regeneration of the GAC through other
eans (e.g., heating, pressure swing [11,28]) was not necessary.
Comparison of dynamic model simulations with experimental

easurements (Fig. 1) revealed a good qualitative and quanti-

ative fit for quasi-steady-state breakthrough curves. In fact, in

any cases the symbols denoting model simulations are obscured
y the experimentally measured data points because of the close
t, particularly for the 4 h/day toluene loading scenario. At the

ongest daily duration of toluene loading (i.e., 12 h/day), the model
ental values: black lines; model simulations: blue lines. top: full flow (i.e., fQ = 1.0,
f full flow (i.e., fQ = 0.10, fQQo = 2.28 L/min). Duration of daily toluene loading period
s to color in the citation of this figure, the reader is referred to the web version of

consistently over-predicted the maximum effluent toluene concen-
trations exiting the GAC columns, but by a relatively small amount.
Considering the fact that all model simulations reported herein
were conducted exclusively using parameter values reported in the
literature without any additional calibration, the predictive capa-
bility of the model is impressive. This provides further validation
that the PSDM is able to well describe the process of load equal-
ization in GAC columns receiving intermittent loading of toluene
vapors as reported previously [20–22]. The approach for extending
the model to allow simulation of dynamic loading condition char-
acterized by time varying air flow rates in addition to time varying
influent pollutant concentrations may prove useful in analysis of
systems subjected to a wide variety of unsteady loading conditions.

As shown in Figs. 1 and 2, toluene was well buffered near the
ideal level at all of the experimentally tested loading conditions,
demonstrating that close to the maximum theoretical level of load
equalization (Eq. (2)) can be achieved by GAC columns with EBCTs
that are small compared to the EBCTs typical of biofilters (which
are typically on the order of 30–60 s [1]). Inspection of model-
generated curves shown in Fig. 3 indicates that GAC bed depths
substantially smaller than the experimentally tested columns could

have achieved roughly the same degree of load equalization for
many of the loading scenarios, especially with 4 h/day toluene load-
ing.

While toluene concentrations exiting the GAC columns sub-
jected to daily flow rate reductions during pollutant non-loading
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Fig. 5. Maximum (top) and minimum (bottom) dimensionless toluene mass fluxes
at quasi-steady-state for various daily durations (to = 12, 8, or 4 h/day) of 250 ppmv

toluene loading and various decreased airflow rates (fQ = 0–1.0) during daily toluene
non-loading periods (tp = 12, 16, and 20 h/day). Lines represent mass fluxes during
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degrading biofilters, Water Res. 35 (2001) 1407–1414.
deal load equalization. Symbols represent averages determined from at least 5 days
f experimental measurements in columns with GAC packed bed depth of 33.3 cm.

ntervals were relatively constant with time, toluene mass fluxes
xiting the columns dynamically varied with changes in gas flow
ate. Maximum toluene fluxes were observed during the pollutant
oading intervals (when air flow rates were highest) while mini-

um fluxes were observed during toluene non-loading intervals
hen air flow rates were reduced. Minimum fluxes were not equal

o zero even when no toluene was being supplied to the system,
s long as at least some air flow was continuously supplied to the
ystem. Toluene, which temporarily accumulated in the GAC dur-
ng the daily loading intervals, redistributed in the reduced airflow.
he redistribution in time when toluene exited the column relative
o when it entered resulted in maximum toluene concentrations
Fig. 1) and fluxes (Figs. 4 and 5) exiting the columns that were
ower than the influent loading.

In an integrated system comprised of a GAC column followed by
biofilter, this could be used to achieve the practical advantage of
ecreasing peak contaminant loading rate to the biofilter. If design
f a downstream biofilter was based on peak contaminant loading
ate as advocated by some authors [20,29,30], a smaller biofilter
ould be used to remove the VOCs. Alternately, a GAC column
ould be used to increase pollutant removal efficiency or provide a
afety factor in design [20]. Importantly, this approach could also

e used to continuously supply substrate to the biofilter (albeit at
lower mass loading rate) to maintain induction of degradative

nzymes and minimize starvation of microorganisms in the biofil-
er. Previous research has demonstrated that supplemental feed at
ring Journal 157 (2010) 339–347

a contaminant mass loading rate equal to a relatively small fraction
of that during normal loading (e.g., 12%) could decrease the length
of time required for a biofilter to regain high removal efficiency
following shut-down periods by as much as 70% [13]. Use of a GAC
load equalization device to provide such contaminant feed could
avoid two potential disadvantages of providing supplemental con-
taminant feed to biofilters from an external source. First, it would
avoid the additional cost of the supplemental chemical feed-stock,
and second, it would avoid the risk of increasing the overall con-
taminant mass emitted by the facility if the supplement itself was
not completely degraded in the biofilter.

In practice, operators of biofilters treating contaminated gas
streams sometimes employ air flow rate reductions during pollu-
tant non-loading intervals to minimize electricity costs associated
with blower operation while still maintaining aerobic conditions
within the biofilter beds. Research reported here demonstrates that
GAC columns can achieve effective load equalization even with
decreased flow rates during pollutant non-loading intervals. Such
an approach is likely to be especially attractive for processes where
contaminants are present in the waste gas for a relatively small
fraction of the day. The lower the air flow rate during the pollutant
non-loading interval and the longer the daily pollutant loading rate,
the higher the resulting average effluent toluene concentration and
maximum daily mass flux.

5. Conclusions

• Overall, results from this study demonstrated that load equaliza-
tion can be achieved by GAC columns which receive intermittent
toluene loading in combination with intermittent reduction of air
flow rates during toluene non-loading intervals. As the reduction
of flow rate during the non-loading period increased, the maxi-
mum degree of toluene load equalization that can be achieved by
GAC columns decreases.

• GAC column performance under conditions studied with inter-
mittently reduced gas flow rates in columns of packed GAC bed
depth of 33.3 cm (4.0 s EBCT at full flow) were able to achieve
toluene load equalization close to the theoretical maximum cal-
culated based on overall mass balances.
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