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ABSTRACT

CYBELE MARTIN BROCKMANN. The Effects of Relative Humidity and Compound
Interaction on the Adsorption of Mineral Oil Vapor by Activated Carbon. (Under the
direction of DAVID LEITH and DAVID ENSOR)

A bench-scale carbon adsorption system was constructed to examine the effects of
relative humidity and compound interaction on the adsorption of specific components of
mineral oil vapor by activated carbon. Small beds of activated carbon were challenged
with single and binary component vapor at low and high relative humidities (less than 13
percent and greater than 87 percent). The components consisted of undecane and
dodecane at nominal concentrations of 4 ppm each. High relative humidity and
compound interaction substantiaily reduced the carbon’s adsorption capacity for both
compounds, however, the effect of the latter was more pronounced on the adsorption of
undecane versus dodecane. The equilibrium adsorption capacity of the carbon for the
single and binary component vapor at high relative humidity was approximately 0.20
grams of vapor per gram of carbon. This adsorption capacity was 24 to 28 percent of the

capacities quoted by the carbon vendor for similar compounds,
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INTRODUCTION

Mineral oils are used in machining operations to lubricate contact surfaces, to
dissipate heat, and to remove ground material from the contact site. While these oils
contain hundreds of organic compounds, the bulk of their mass consists of high molecular
weight alkanes (1).

The application of mineral oil to a machining operation generates a mineral oil mist.
The mist is generated by the splashing of the oil on the contact surface and by the
mechanical action of the machining tools. Most machining operations are equipped with
ventilation equipment that captures the oil mist and directs it to a control device,
typically, several filters in series. The efficiency of these collection systems is often
greater than 99 percent. After the air is cleaned of mist, it is re-circulated back to the
workroom, '

Although re-circulated air is nearly free of mist, it is not likely free of oil vapor. Oil
vapor is present in the re-circulated air stream due to evaporation of oil droplets en route
to the mist collector as well as evaporation of collected mist on the filter media (the latter
is due to the continual passage of air through the collector’s filter). Cooper found that
approximately 10 percent of the incoming oil mist droplets to a collector evaporates and
passes through the collector as vapor (2). Thus, a collector that removes over 99 percent
of incoming oil mist droplets is actually only 89 percent efficient in terms of removing
the total mass of oil that enters the collection system.

Mineral oil vapor in re-circulated plant air may cause adverse health effects from
inhalation; alternatively, the vapor may re-condense on surfaces, may form new mist
droplets, or may cause existing mist droplets to grow. In addition, as the plant air is
exchanged with outdoor air through the normal ventilation process, the plant air becomes
a source of fugitive VOC emissions to outdoor air. For these reasons, effective control of

oil vapor as well as mist droplets is important.



An existing well tested bench-scale carbon adsorption system was modified and
configured to examine the adsorption of specific components of mineral oil vapor by
activated carbon. The effects of high relative humidity (RH) and compound interaction

on adsorption were the primary focus of the investigation.



THEORY

An overview of adsorption theory is provided to support later discussion of the
results. The overview focuses on vapor-phase physical adsorption, which was the type of
adsorption investigated in this research.

Vapor-phase physical adsorption occurs when a vapor molecule in a gas stream
contacts the surface of a solid and is held there by intermolecular forces (e.g. van der
Waals) or secondary valence forces between the vapor and the solid. Although all solids
adsorb vapors to some extent, adsorption is not very pronounced unless the solid
possesses a large surface area. Activated carbon is an ideal solid for adsorption due to its
enormous surface area, most of which is in the form of micropores. The surface area of
activated carbon generally ranges from 300 to 1500 m%/g (3).

The physical forces that attract and retain a vapor molecule to a carbon’s surface
generally increase with molecular weight, size, and boiling point, and decrease with vapor
pressure (4,5). For most organic compounds, molecular weight, size, and boiling point
are inversely related to vapor pressure. Thus, heavy organic compounds tend to adsorb
more strongly than light organic compounds (6).

Adsorption kinetics

The typical adsorption process begins by passing a gas stream containing adsorbate
(the specie(s) to be adsorbed) through a fixed bed of carbon particles. Adsorbate
molecules are transported by the bulk gas flow to the vicinity of the particles. The
adsorbate molecules then diffuse into the quiescent boundary layer surrounding each
particle. The diffusion process through the boundary layer is driven by the difference
between the concentration of adsorbate molecules in the bulk gas and the concentration of
adsorbate molecules at the surface of the particle. Once the adsorbate molecules reach
the surface of a particle, they then diffuse into the pores within the particle. The extent of

the diffusion within the pores depends on the size of the adsorbate molecules and the pore



structure of the carbon. Initial diffusion into the pores occurs fairly rapidly, but as the
pore diameters become smaller the diffusing molecules strike the walls and stick for short
periods of time. The diffusion process continues until each molecule reaches a location
where it no longer has sufficient energy to escape the attractive forces which hold it to the
pore wall. This usually occurs where the pore diameter is not more than approximately
twice the diameter of the adsorbate molecule (7).

As shown in Figure 1, three zones are present in a carbon bed during adsorption: a
saturated zone, a mass transfer zone (MTZ), and a fresh zone. The saturated zone is
located at the entrance to the bed and represents the carbon which has already adsorbed
its maximuom capacity of adsorbate. The MTZ is the section of the carbon bed where
adsorbate is removed from the carrier gas stream. The fresh zone is downstream of the
MTZ and represents the region of the bed where adsorption has yet to take place. During
the adsorption process, the MTZ moves down the bed in the direction of flow.
Breakthrough (i.e., the appearance of adsorbate in the effluent) occurs when the MTZ
reaches the end of the bed. Breakthrough is often plotted as a percentage of inlet mass or
concentration of adsorbate versus time.

The adsorption rate, and hence, the shape of the concentration profile in the MTZ
depends on various factors such as the structural properties of the carbon, the properties
and concentration of the adsorbate, and the contact time of the gas flow with the carbon.
For an adsorption system with fast kinetics (i.e., a narrow MTZ), a plot of breakthrough
versus time should remain level until the carbon is almost saturated, and then rise sharply.
Such a plot is desirable in practice, and is referred to as a sharp breakthrough curve. The
converse situation, where poor kinetics cause the effluent concentration to begin varying
soon after the start of the adsorption run, generates what is called a distended
breakthrough curve (8).

In multicomponent adsorption, more than one MTZ exists in a carbon bed due to
differences in the adsorbabilities of the components. In general, the MTZ of a less

strongly adsorbed component locates downstream of the MTZ of a more strongly
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adsorbed component (9). This situation occurs for two reasons. One is that the less
strongly adsorbed component generally has a smaller molecular weight and size than the
more strongly adsorbed component, which allow it to diffuse into the pores of the carbon
quicker. The second reason is that the more strongly adsorbed component can displace
the less strongly adsorbed component from adsorption sites it already occupies, and thus
force it to desorb and move down the bed to find new sites (10). Because of this
displacement, breakthrough of the less strongly adsorbed component occurs earlier than
that of the more strongly adsorbed component. In addition, the breakthrough plot of the
latter (plotted as a percentage of inlet mass or concentration) appears with a hump above
100 percent (11). The hump is the portion of the breakthrough curve where the effluent
concentration of the less strongly adsorbed component is equal to its inlet concentration
plus its desorbed concentration (12).

Adsorption equilibrium

Because chemical reactions do not occur in physical adsorption to permanently attach
an adsorbate molecule to a carbon’s surface, an adsorbate molecule can desorb relatively
easily and frequently does. In the presence of a positive concentration driving force,
adsorption occurs more frequently than desorption on average, and the net mass flow is
from the gas phase to the adsorbent surface. This is the situation with new carbon when
adsorbate is first introduced. As more adsorbate is adsorbed, the driving force for
adsorption is reduced. At equilibrium, the adsorption and desorption rates are equal, and
adsorbate 1s no longer removed from the gas. If the adsorbate concentration is reduced at
equilibrium, desorption will begin to occur and the adsorbent will lose contaminant (13).

For single component adsorption, adsorption equilibrium occurs when breakthrough
of the component reaches 100 percent of its inlet mass or concentration. For multi-
component adsorption, adsorption equilibrium occurs when breakthrough of the most
strongly adsorbed component reaches 100 percent. At equilibrium, the carbon contains
its maximum mass of adsorbate, The equilibrium adsorption capacity for each adsorbate

(1.e., each specific component/compound) is a function of the types and concentrations of
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all adsorbates in the gas stream, adsorption temperature, and characteristics of the carbon,
such as particle size and pore structure.

An adsorption isotherm relates the equilibrium adsorption capacity of a carbon for a
specific adsorbate to the partial pressure of the adsorbate in the gas stream at a fixed
temperature. Figure 2 shows a family of isotherms having the shape typical of adsorption
on activated carbon (14). The shapes of the isotherms in Figure 2 suggest that the
capacity of a carbon’s surface for adsorbed material is limited and that at increasing
concentrations of adsorbate this capacity is more and more closely approached.

Relative humidity

The RH in an air stream can have a significant impact on the adsorption capacity of a
carbon. Although water vapor has weak adsorption forces, the concentration of moisture
in an air stream is typically several orders of magnitude higher than adsorbate
concentrations. Thus, a substantial amount of water vapor can adsorb on a carbon. For
adsorbates with weak adsorption forces and that are insoluble in water, the carbon’s
capacity for the adsorbate tends to be reduced as humidity increases (15,16). Adsorbates
with strong adsorption forces may displace adsorbed water, resulting in little or no
humidity effect on the carbon’s capacity (17).

Heat effects

As shown in Figure 2, adsorption capacity is inversely related to adsorption
temperature. Energy in the form of heat is released when an adsorbate molecule adsorbs
on a solid surface; the released heat is similar to the heat of liquefaction of the vapor.
The released heat may either be transported away by convection and conduction, and/or
the bed itself may absorb the heat. Temperature increases can be significant at high
adsorbate concentrations, but at low adsorbate concentrations the generation rate is low

and the heat is transported away without large temperature increases in the bed (18).
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EXPERIMENTAL DESIGN

The primary focus of this research was to examine the effects of high RH and
compound interaction on the adsorption capacity of mineral oil vapor by activated carbon.
The experimental design consisted of challenging small beds of activated carbon with
single and binary component mineral oil vapor at low and high relative humidities (less
than 13 percent and greater than 87 percent). Table 1 shows the test matrix for this

design.

Table 1. Experimental Test Matrix

Component 1

low RH* | high RH

2 (# tests) 2

[

:d; low RH 2 2

o

Q

=

5 | highRH 2 2
.

*RH = relative humidity

In selecting the types and concentrations of components to test, the objective was to
approximate the mineral oil vapor analyzed by Cooper, which consisted primarily of
tetradecane and hexadecane at 0.17 and 0.25 ppm, respectively (19). Undecane and
dodecane were the highest molecular weight alkanes that could be generated in sufficient
quantities as vapors. Challenge concentrations ranged from 4 to 5 ppm. The challenge
concentrations were higher than the concentrations reported by Cooper to allow

quantification at low percentage breakthrough points.



EXPERIMENTAL SETUP AND PROCEDURES

Figures 3 and 4 are schematics of the experimental set-up for the single and binary
component challenge tests, respectively. For the single component challenge tests, the
experimental set-up consisted of one carbon bed, one water bubbler, two component
bubblers, and a diffusion vial chamber. For the binary component challenge tests, the
experimental set-up consisted of two carbon beds, two water bubblers, two component
bubblers, and a diffusion vial chamber. For both set-ups, the carbon bed(s) and bubblers
were located inside of an incubator (indicated by the dashed box in Figures 3 and 4) to
keep the system temperature constant (the incubator was set at 25 °C).

Dry (less than 13 percent RH) compressed lab air was used to prepare challenge gases
and calibration gases. The lab air was initially dried in a refrigerated dryer, and then
cleaned at high pressure in a carbon bed, a molecular sieve bed, and filter. The quality of
the compressed air was regularly checked using a dew point hygrometer, and the GC/FID.

Each carbon bed had a dedicated water bubbler for adding water vapor to its challenge
gas (water bubblers were only used to prepare high humidity challenges). The component
bubblers were used to add component vapors to the challenge gases of both beds. To
prepare challenge gases, air flows through the bubblers were varied until the desired
concentrations and dew points were achieved (determined using the GC/FID and the
hygrometer, respectively). During testing, challenge concentrations were measured
hourly and the dew point daily to ensure that the challenge conditions remained constant.
Challenge concentrations and dew points were very constant during testing indicating
constant evaporation rates from the bubblers.

During testing, the liquid levels in the bubblers were monitored daily. Water
evaporated quickly from the bubblers, and was replenished on a daily basis. The
components evaporated very slowly from the bubblers, and were replenished once during

testing.
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Calibration gases were prepared by passing dry compressed air through a heated glass
chamber that contained diffusion vials of undecane and dodecane. The chamber was
maintained at a constant temperature by circulating a heated silicone oil through the
chamber’s jacket. By maintaining a constant temperature in the chamber, the diffusion
vials emitted a constant amount of vapor into the passing air stream. Constant diffusion
rates were verified by measuring the weights of the vials several times during testing.
Weight loss with time was constant for both vials indicating that their diffusion rates
were constant. The gas stream exiting the chamber was diluted with dry compressed air
to create different levels of calibrations gases. These gases were used to calibrate the
challenge gases during testing. Appendix A contains a complete description of the
calibration method.

For each challenge test, a test bed holder was packed with approximately 25 grams of
a 4 by 8 mesh, activated, granular, coconut sheil carbon manufactured by Flanders Filters.
The packed carbon was 4.8 cm in diameter and had a nominal depth of 2.54 ¢m (the latter
is a typical thickness for a commercial carbon bed). The flow rate through the bed was
set at 27 1/min to give a contact time of 0.1 s; the latter was recommended by the carbon
vendor. The vendor noted that industry practice is to calculate contact time by dividing
superficial velocity by bed depth, which in this case were 25.4 ¢cm/s and 2.54 cm,
respectively. The airflow of the challenge gas was controlled by a mass flow controller
(MFC) located downstream of the carbon bed (MFC 6 in Figure 3 and MFCs 6 and 7 in
Figure 4). The additional MFCs and rotameters shown in Figures 3 and 4 were used for
coarse control of the system. While MEFC 6 was factory calibrated, its settings were
checked with a bubble flow meter to ensure that 27 L/min were delivered to the system.

For each test, the carbon was challenged for a minimum of 72 hours, although many
tests were run longer. During testing, the upstream challenge and downstream effluent
gases were sampied and analyzed several times an hour by the GC and FID (both were
automated). Dry compressed air and calibration gas samples were also analyzed. Table 2

provides information regarding the GC and FID and how they operated during testing.




Table 2. Properties and Operation of Analytical Equipment

Instrument:
Detector:
Injector:
Sample Size:

Column:

Carrier flowrate:

Detector gases:

Data System:

GC Oven Program:

Hewlet Packard 5890 Series II GC
Flame lonization Detector

Gas Sample Loop

1.0 mL

Rt,-Volatiles

60 meter length

0.53 mm inside diameter

2.0 um film thickness

Helium (Ultra High Pure) 11.2 mL/min
Hydrogen (Ultra High Pure) 30 mL/min
Zero grade compressed air 350 mL/min
Hewlett Packard Chemstation

110 °C initial

Hold 3 min

Ramp 4°C/min

Final Temperature 150 °C

Hold 7 min

14



RESULTS

Table 3 is a summary of the challenge conditions tested. Duplicate tests were carried
out for each condition. Due to a programming error, downstream samples were not
collected during the first sixty hours of the high humidity/binary component challenge
(run 7). For this reason, two additional tests (runs 8 and 9) were conducted at this
challenge condition.

Figures 5 and 6 are plots of the breakthrough curves for undecane and dodecane,
respectively. The breakthrough curves for each component represent four challenge
conditions: low humidity/single component vapor; high humidity/single component
vapor; low humidity/binary component vapor; and high humidity/binary component
vapor. Figure 7 is a plot of the breakthrough curves of both components for the binary
component tests. In all plots, the y-axis is the mass of the component in the effluent gas
from the carbon bed as a percentage of the mass of the component in the chalienge gas to
the carbon bed. The x-axis is adsorption time of new carbon.

Table 4 presents adsorption capactties for undecane and dodecane determined from
the breakthrough curves in Figures 5 and 6. For each breakthrough curve/run in Figures 5
and 6, adsorption capacity is equal to mass adsorbed during the run minus mass desorbed
during the run. Mass adsorbed is proportional to the area above and to the left of the
breakthrough curve, up to 100 percent breakthrough. Mass desorbed is proportional to
the area below the breakthrough curve and above 100 percent breakthrough. Figures 8
and 9 are graphical illustrations of these areas for the breakthrough curves of run 6. The
areas were determined using computer-based numerical integration.

Figures 10 and 11 present adsorption capacities and breakthrough times for runs of
dodecane and undecane which reached 20 percent breakthrough, respectively. For these
runs, mass adsorbed is proportional to the area above and to the left of the breakthrough

curve, up to 20 percent breakthrough.
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DISCUSSION

Run 12 in Figure 5 was the only run that reached equilibrium. For single component
challenges, equilibrium is reached when breakthrough of the component reaches 100
percent (as was the case for run 12). For binary component challenges, equilibrium is
reached when breakthrough of the more strongly adsorbed component (dodecane in this
experiment) reaches 100 percent. As seen in Figure 6, none of the breakthrough curves
for dodecane reached 100 percent.

The adsorption capacity for run 12 in Table 4 is an equilibrium adsorption capacity.
For all other runs, the adsorption capacities in Table 4 are “end of the run” capacities, i.e.,
they are not equilibrium adsorption capacities. These end of the run capacities are not
proportional to equilibrium adsorption capacities. For example, capacity of a component
at 50 percent breakthrough is not equal to 50 percent of the component’s equilibrium
adsorption capacity. Thus, comparing capacities at less than 100 percent breakthrough is
not useful in terms of equilibrium capacity. Nevertheless, capacities at less than 100
percent breakthrough do provide practical information. Most commercial carbon beds are
not operated until they reach equilibrium; instead, the beds are operated until they reach a
low percentage of breakthrough, at which point the carbon is either regenerated or
replaced. Thus, for a given percentage of breakthrough, capacities as well as
breakthrough times can be compared to determine how much contaminant a bed will
adsorb and how long it will operate. For this experiment, capacities and breakthrough
times are compared at 20 percent (Figures 10 and 11).

For binary component runs, the mass of undecane adsorbed at equilibrinm is equal to
the mass of undecane adsorbed at 100 percent breakthrough minus the portion of this
mass desorbed by dodecane (20). The equilibrium mass of undecane cannot be
determined until dodecane reaches equilibrium (and hence, desorption of undecane

stops). Since dodecane did not reach equilibrium in the binary runs, the equilibrium mass
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of undecane for these runs could not be determined. However, the breakthrough curve for
undecane reached 100 percent in each binary run. Thus, the maximum mass of undecane
adsorbed by the carbon was determined for each run. These maximum masses (shown in
column 9 of Table 4) can be compared among themselves and with the equilibrium mass
of undecane in run 12.
Effects of compound interaction

As shown in Figures 5 and 6, for undecane and dodecane, the breakthrough curves of
the binary component/low RH runs eluted much earlier than the breakthrough curves of
the single component/low RH runs, indicating a reduction in adsorption capacity due to
the presence of the other compound. Similarly, the breakthrough curves of the binary
component/high RH runs eluted much earlier than the breakthrough curves of the single
component/high RH runs, also indicating a reduction in adsorption capacity due to the
presence of the other compound. Since a component in a binary challenge is competing
with another component for a fixed number of adsorption sites, it seems plausible that the
capacity for the component in the binary challenge would be less than the capacity for the
component in a single component challenge. As a single component challenge, the
component has more available adsorption sites. These observations are supported by
comparing the mass of undecane adsorbed at 100 percent breakthrough for runs 12 and 9
(see Table 4). Inrun 12, the challenge gas contained undecane at 5 ppm and moisture at
87 percent RH; the mass of undecane adsorbed at 100 percent breakthrough was 5.09
grams. Inrun 9, the challenge gas contained undecane at 4.92 ppm, dodecane at 4.07
ppm, and moisture at 87 percent RH; the mass of undecane adsorbed at 100 percent
breakthrough was 2.32 grams, or less than half the amount measured for undecane alone.

While undecane and dodecane appear to compete for adsorption sites when present as
a binary challenge, dodecane also displaces undecane from adsorption sites. As shown in
Figure 5, four of the five breakthrough curves for undecane in the binary component runs
exceeded 100 percent (one binary run did not last long enough for the breakthrough of
undecane to exceed 100 percent). Of the binary component runs, run 7 came closest to

reaching equilibrium; at the end of the run breakthrough of dodecane was at 94 percent
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and breakthrough of undecane was at 102 percent (after peaking at 129 percent) (see
Table 4 and Figure 7). For this run, dodecane displaced 34 percent of the adsorbed mass
of undecane.

The displacement of undecane by dodecane seems to explain why the earlier elution
times of the breakthrough curves of the binary component versus the single component
runs are much more pronounced for undecane than for dodecane. For dodecane, the
earlier elution of the binary runs is apparently due to competition with undecane for
adsorption sites. For undecane, the earlier elution is apparently due to competition with
dodecane for adsorption sites, plus desorption by dodecane,

As discussed in the experimental design section, the challenge gases were generated
(as closely as possible) to have each of the components at the same concentration. This
was done to minimize adsorption differences due to concentration differences. Due to
limitations of the equipment, identical concentrations could not be reproduced from test
to test (see Table 3). However, even with small amounts of variability, the breakthrough
curves of similar challenge conditions were superimposed upon each other. For example,
the average challenge gas concentrations of undecane for runs 10 and 12 were 4.73 and
5.00 ppm, respectively (both challenge gases were at 87 percent RH). Despite these
differences, the breakthrough curves of these runs were superimposed upon each other
(see Figure 5). This suggests that breakthrough differences between different challenge
conditions are due to compound interaction and humidity effects rather than small
variations in challenge concentrations.

Effects of relative humidity

While breakthrough curves for water were not plotted, breakthrough of water for high
humidity challenges occurred rapidly. Downstream measurements of dew point showed
that the carbon saturated with water within an hour of starting a test.

As shown in Figures 5 and 6, for both compounds, the breakthrough curves of the
high RH/single component runs eluted earlier than the breakthrough curves of the low
RH/single component runs, indicating a reduction in adsorption capacity due to the

presence of water vapor. Similarly, the breakthrough curves of the high RH/binary
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component runs eluted earlier than the breakthrough curves of the low RH/binary
component runs, also indicating a reduction in capacity due to the presence of water
vapor. These effects are similar to compound interaction effects in that at high RH, both
single and binary component challenges have to compete with water vapor for adsorption
sites, which in turn, reduces the capacity for the components. These observations are
supported by comparing the mass of undecane adsorbed at 100 percent breakthrough for
runs 5 and 8 (see Table 4). Inrun 5, the challenge gas contained undecane at 4.76 ppm,
dodecane at 4.15 ppm, and moisture at less than 13 percent RH, the mass of undecane
adsorbed at 100 percent breakthrough was 2.76 grams. In run 8, the challenge gas
contained undecane at 4.83 ppm, dodecane at 4.14 ppm, and moisture at 87 percent RH,;
the mass of undecane adsorbed at 100 percent breakthrough was 2.21 grams. The
relatively high percent RH in run 8 appears to have decreased the adsorbed mass of
undecane.

While the presence of high RH reduced the capacity of the components, the effect was
not as pronounced as the compound interaction effect, i.e., the earlier elution times of the
high RH runs versus the low RH runs were not as pronounced as the earlier elution times
of the binary component runs versus the single component runs. The relatively small
impact of high RH is interesting. As noted in theory, although water vapor has weak
adsorption forces, the concentration of moisture in an air stream is typically several orders
of magnitude higher than adsorbate concentrations (in these experiments 87 percent RH
was approximately equal to 23,000 ppm). A great deal of published research shows that
high RH often causes dramatic reductions in the adsorption capacity for low
concentrations of adsorbates (21). Because undecane and dodecane have such high
molecular weights (156.31 and 170.34 g/mol respectively), the adsorption strengths of
these compounds are expected to be very large. As aresult, these compounds are likely
able to displace much of the water that adsorbs on the carbon.

Equilibrium adsorption capacity

As noted earlier, tun 12 in Figure 5 was the only run to reach equilibrium. The

challenge gas for this run contained undecane at 5 ppm and moisture at 87 percent RH.
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The equilibrium adsorption capacity for this run was 0.202 grams of undecane per gram
of carbon. Also noted earlier, Run 7 almost reached equilibrium; at the end of the run,
breakthrough of dodecane was at 94 percent and breakthrough of undecane was at 102
percent (after peaking at 129 percent) (see Table 4 and Figure 9). The challenge gas for
this run contained undecane at 4.39 ppm, dodecane at 3.99 ppm, and moisture at 87
percent RH. Interestingly, the total capacity for undecane and dodecane at the end of this
run was .199 grams of undecane and dodecane per gram of carbon, which was similar to
the total capacity for undecane in run 12. This suggests that the total capacity for the
carbon at a RH greater than 87 percent is approximately 0.20 grams of component(s) per
gram of carbon. This value is substantially smaller than adsorption capacities provided
by the carbon vendor, which were 0.712 and 0.843 g vapor/g carbon for tetradecane and
pentadecane, respectively). Note, the vendor did not provide the concentrations and
adsorption temperature for which these adsorption capacities apply.

While the capacities of the rest of the runs in Table 4 did not reach equilibrium, they
provide some insight as to what the capacities would have been had the runs reached
equilibrium. For the single component runs that did not reach equilibrium, the
equilibrium adsorption capacities would have been greater than the capacities shown in
Table 3 because adsorption was still taking place when the runs were stopped. For the
binary component runs, the equilibrium adsorption capacities for undecane would have
been less than those shown in Table 4 because undecane was still desorbing when the
runs were stopped; for dodecane, the equilibrium adsorption capacities would have been
greater than those shown in Table 4 becanse dodecane was still adsorbing when the runs
were stopped and would not have been displaced by undecane. Depending on the extent
of the remaining adsorption of dodecane and desorption of undecane, the equilibrium
capacities for undecane and dodecane combined could have ranged from less than to
greater than the totals shown in Table 4.

Nonequilibrium adsorption capacity

As shown in Figure 10, for the single component runs of dodecane that reached

20 percent breakthrough, the low humidity run had a higher capacity and longer
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breakthrough time (0.0765 g/g and 79 hours, respectively) than the high humidity run
(0.0554 g/g and 62 hours, respectively). A similar comparison between the single
component runs of undecane could not be made because the low humidity runs were
stopped prior to 20 percent breakthrough. For the binary component runs that reached 20
percent breakthrough, the low humidity runs had higher capacities and longer
breakthrough times for each component than the high humidity runs (Figures 10 and 11).
For the high humidity runs that reached 20 percent breakthrough, the single component
runs had higher capacities and longer breakthrough times for each component than the
binary component runs. For the low humidity runs that reached 20 percent breakthrough,
the single component run of dodecane had a higher capacity and longer breakthrough time
than the capacities and breakthrough times of dodecane in the binary component runs. A
similar comparison between the single and binary component runs of undecane could not
be made because the single component, low humidity runs of undecane were stopped
prior to 20 percent breakthrough.

The above observations for nonequilibrivm adsorption capacities are similar to the
observations for equilibrium adsorption capacities. Namely, that high relative humidity
and compound interaction reduce adsorption capacity and accelerate breakthrough.
Kinetics

Breakthrough occurred immediately for all runs. Assuming no bypass, immediate
breakthrough indicates that the kinetics of the system are poor. The rate limiting step
may be the diffusion of the adsorbates through the boundary layer or their diffusion into
the pores of the carbon. The former can be improved by increasing the contact time of
the gas flow with the bed, whereas the latter may be improved by selecting a different
type of carbon. Activated carbon is primarily made from three types of sources: coconut
shells, coal, and wood. In talking with various carbon vendors, activated carbon made
from coconut shells has the smallest pore sizes whereas wood has the largest. One
vendor has suggested that the size of undecane and dodecane molecules may be much too
large for much of the pore sizes of coconut based activated carbon. If this is the case,

switching to a carbon with larger pore sizes would improve adsorption rate, and at the
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same time would increase adsorption capacity {(due to the increase in the number of
accessible/available sites for adsorption).
Desorption

As discussed in theory, chemical reactions do not occur in physical adsorption to
permanently attach an adsorbate molecule to a carbon’s surface. Consequently, an
adsorbate molecule can desorb relatively easily and frequently does. In the presence of a
positive concentration driving force, adsorption occurs more frequently than desorption
on average, and the net mass flow is from the gas phase to the adsorbent surface. If the
adsorbate concentration is reduced, desorption will begin to occur and the adsorbent will
lose contaminant. This phenomenon in shown in Figure 12, which is a plot of the
breakthrough curves of run 7. Figure 12 differs from previous plots of run 7 in that it
shows breakthrough curves following the time that the component bubblers were turned
off (at approximately 232 hours). The breakthrough curves past 232 hours represent the
mass of undecane and dodecane desorbing from the carbon. Desorption occurred because
the challenge gases no longer contained adsorbates, thus, the driving force for adsorption

no longer existed.
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CONCLUSIONS

Equilibrium adsorption capacity was reached for two high humidity runs, one
of which consisted of undecane and dodecane at 4.39 ppm and 3.99 ppm,
respectively, and another which consisted of undecane at 5.00 ppm. The
equilibrium adsorption capacity of the binary run was 0.199 grams of total
vapor (undecane and dodecane combined) per gram of carbon. The
equilibrium adsorption capacity for the single component run was 0.202 grams
of undecane per gram of carbon. These equilibrium adsorption capacities are
substantially lower than the capacities quoted by the vendor for similar
compounds, specifically, tetradecane and pentadecane at 0.712 and 0.843

grams of vapor per gram of carbon, respectively.

Mineral oil vapor consists primarily of tetradecane and pentadecane at 0.17
and 0.25 ppm. While tetradecane and hexadecane likely adsorb more strongly
to a carbon than undecane and dodecane (due to their higher molecular
weights), their concentrations in a mineral oil vapor are substantially less than
those of undecane and dodecane examined in this research (concentrations of
the latter ranged from 4 to 5 ppm each). Because adsorption capacity is
proportional to concentration, the adsorption capacity of carbon for mineral oil
vapor is likely Iess than the capacities of undecane and dodecane reported in

this research.

For a given flowrate, reducing the inlet concentration of an adsorbate to a
carbon reduces the mass loading rate of the adsorbate onto the carbon. If the
adsorption capacity of the carbon does not decrease with a reduction in

adsorbate concentration (meaning the change in adsorbate concentration
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occurs on the flat region of the adsorbate isotherm [see Figure 2]), then the
breakthrough times of the adsorbate at the reduced concentration will be
longer than the breakthrough times of the adsorbate at the higher
concentration. Longer breakthrough times occur in this situation because the
carbon is filling up to the same capacity as at the higher concentration but at a
slower mass loading rate. If the adsorption capacity of the carbon decreases
with a decrease in adsorbate concentration (i.e., the change in adsorbate
concentration occurs on the slope of the adsorbate isotherm [see Figure 21),
then the breakthrough times of the adsorbate at the lower concentration may or
may not be longer than those at the higher concentration. The breakthrough
times at the lower concentration will be longer than those at the higher
concentration if the percent reduction in mass loading rate is greater than the
percent reduction in adsorption capacity. Typically, the percent reduction in
mass loading rate is greater than the percent reduction in adsorption capacity,
thus, lower concentrations generally lead to longer breakthrough times. If
these conditions hold for the "low" concentrations of mineral oil vapor found
in practice (low meaning relative to the concentrations examined in this
research), then breakthrough times of mineral oil vapor should be longer than

those reported in this research.

The deleterious effect of compound interaction on adsorption capacity of a
binary component vapor was more pronounced for undecane than dodecane
due to the displacement of the former by the latter. This finding suggests that
for a multicomponent vapor (i.e., one consisting of more than two
components), displacement will occur for all components except the one with
the strongest adsorption force (for mineral oil vapor, the latter is typically the

component with the highest molecular weight).
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For a carbon that performs well, breakthrough should not occur at the start of
the adsorption process unless a small amount of the challenge is bypassing the
bed. Even when the latter occurs, a plot of breakthrough versus time should
remain level until the carbon is almost saturated, and then rise sharply. This
was not the case for the carbon examined here. The breakthrough curves for
both components eluted immediately after challenging the carbon, which
indicated that the width of mass transfer zone of each component was wider
than the thickness of the carbon bed. While adding additional carbon to the
end of the bed would have delayed this breakthrough, the adsorption of the
components was still poor in that the shapes of the breakthrough curves were
distended. As postulated in the discussion section, the poor adsorption may
have been due to an insufficient contact time or the inability of the

components to find a sufficient number of “accessible” pore sites.

Desorption occurred immediately after turning off the component bubblers. In
most industrial settings, contaminant generation rates are not constant but vary
with the processes that produce them. For example, certain processes only
operate during the day, and then shut down overnight. If the ventilation
system that captures the contaminants operates continuously, “clean” (i.e.,
contaminant free) air passing through the carbon bed could potentially strip off
the contaminants. For this reason, carbon beds should only be operated when

a driving force for adsorption exists.



RECOMMENDATIONS FOR FUTURE WORK

Each of the six run conditions (i.e., undecane at low RH, undecane at high
RH, dodecane at low RH, dodecane at high RH, undecane and dodecane at
low RH, and undecane and dodecane at high RH) should be carried out at
several concentrations to develop an isotherm for each component.
Developing isotherms will provide a better understanding of the equilibrium
adsorption capacity of the carbon for each component under various

conditions.

The above experiments should be run using challenge gases with compositions
similar to mineral oil vapor (i.e., tetradecane and pentadecane at 0.17 and
0.25 ppm, respectively). Additional components may be added to the
challenge gases to observe desorption of more than one component. As
mentioned in the Conclusions section, for a multicomponent vapor that
consists of more than two components, displacement will occur for all

components except the one with the strongest adsorption force.



APPENDIX A - Calibration Methods

As discussed under Experimental Design, calibration gases were prepared by passing
dry compressed air through a heated glass chamber that contained diffusion vials of
undecane and dodecane (see Figures 3 and 4). The chamber was maintained at a constant
temperature by circulating a heated silicone oil through the chamber’s jacket. The
temperature of the oil was maintained by an Allied Fisher Scientific Refrigerated Bath
Model 90. By maintaining a constant temperature in the chamber, the diffusion vials
emitted at a constant rate into the air stream. Constant diffusion rates were verified by
measuring the weights of the vials several times during testing. The weights were
measured with a microgram Mettler electronic scale. Weight losses with time are shown
in the Iast two columns of Table 5 and are plotted in Figures 13 and 14. Note, two oil
bath settings were used. During the first nine tests of the experiment, the oil bath was set
at 55 °C. During the last three tests, the bath was set at 74°C. The higher bath
temperature was used to shorten the measurement time between weighing of vials.

Calibration gases were sampled as often as possible during testing. Response factors
for undecane and dodecane were calculated for each sample of calibration gas. A
response factor is the response of an analytical instrument to a compound in a gas sample
divided by the concentration of the compound in the gas sample. Response factors are
relatively constant if an instrument’s response is linear with concentration.

Table 6 is a summary of the calibration samples analyzed during testing and their
corresponding response factors. On the first day of testing (05/1/98), five different
concentrations of calibration gases were analyzed (see the top of page 1 of Table A-2).
The response factors at the five different concentrations were averaged. For both
components, the individual response factors were all within plus or minus ten percent of
their average. This suggested that the instrument was linear for each compound. To

double check for linearity, the responses versus concentrations were plotted in Figure 15.
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The straight line of this plot confirms that the instrument was linear for both compounds.
For the remainder of the experiment (05/02/98 through 08/24/98), numerous calibration
samples were analyzed and their response factors compared with the average response
factors determined on 05/01/98. Nearly all of the response factors determined during this
period were within plus or minus 15 percent of the latter (see bottom of page 45),
suggesting that the response of the instrument was nearly constant throughout the
experiment.

The average response factors determined on 05/01/98 were used to quantitate the
concentrations of undecane and dodecane in the challenge and effluent gases. For
example, to quantitate a sample of challenge gas for undecane, the undecane response of
the sample was divided by the average response factor for undecane determined on

(5/01/98.
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