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The kinetics of gas adsorption were studied in an air flow apparatus using CCls
and CHCI; as the adsorbate vapors and activaled carbon as the adsorbent. Five
fractions of uniformly activated carbon granules, in size ranges of 0.130 to 0.036 cm
diam, were packed in glass columns to various bed depths and weights, and subjected
at several temperatures to a 0.1 relative pressure of the adsorbate vapor at various
fixed flow velocities. On plotting the ratio of exit to inlet vapor concentrations
against time, sigmoid shaped curves were obtained at all flow rates, carbon weights,
and granule diameters. Vapor breakthrough of the bed was taken as the time when
1% of the inlet concentration appeared in the exit flow stream, (('./Cs) = 0.01.

The Wheeler adsorption equation was used to analyze the experimental data for
a fixed temperature at this breakthrough time (¢,). The adsorption rate constant at
this breakthrough time was first order with respect to gas molecules and essentially
independent of carbon granule diameters. The values were 4000 min™ and 7255 min™'
at 25°C for CCls and CHCI, respectively.

The sigmoid curve for the complete breakthrough of CCls was found to contain
three adsorption rate constants. The pseudo first-order constant was operative when
the concentration of active sites was much larger than the concentration of gas
molecules (0 < €./Co << 0.04); a second-order rate constant was operative when
active sites and concentrations of gas molecules were both affecting the rate (0.04
< (./Ca<065); and a pseudo first-order rate constant with respect to active sites
when the concentration of gas molecules was much greater than active sites (0.65
< C./Cy << 095). Arguments are advanced to explain the variation of the rate con-
stants between large and small carbon granules in terms of a combined mechanism
which involves internal diffusion and surface adsorption.

INTRODUCTION

Many studies have been made on the
thermodynamic properties involved in the
physical adsorption of gaseous adsorbates

* Abstracted in part from a thesis submitted by
L. A. Jonas to the Graduate Faculty of the Uni-
versity of Maryland in partial fulfillment of
the requirements for the degree of Doctor of
Philosophy.

by adsorbents, as cvidenced by the massive
literature (f) on the subject of hetero-
geneous adsorption equilibria. However,
relatively fewer studies have concen-
trated on the adsorption kinetics, espe-
cially at the breakthrough time. Mathe-
matical equations and kinetic processes
describing the process of gaseous adsorbate
removal based on a mass balance which
assumes that the quantity of gas sent into
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an adsorbent bed could be related with the
quantity adsorbed by the bed are in the
literature (2).

A different approach to the kineties of
gas adsorption by beds of adsorbent gran-
wles has been made by Wheeler (3). Four
basie differential equations were  derived
which deseribed concurrent gas adsorption
phenomena in a bed and which required
simultaneous solution. By means of various
simplifying assumptions, the four equations
were  reduced  to one total  differential
equation

—dFjdN = b,/ VI IFY(F), 1

whore solution was
S APk Y
——/ G + constant, (2)

where A was the bed thickness, V, the
superficial velocity, k. the adsorption rate
constant, F' the ratio C,/C, (which under
steady-state conditions was also equal to
W/We.), and ¢(F) a funetion of W,/W., the
ratio of the amount of gas adsorbed to the
maximum amount capable. To evaluate the
constant in Eq. (2), a continuity equation
of mass balance per unit area was set up,
namely, mass of vapor into bed cquals mass
of vapor adsorbed plus mass of vapor
penetrating, or

CoVity = pu [P W@y de 4V, ﬂjcm dt, (3)

where (7, was the inlet concentration in
g/cm?, (M) the concentration as a fune-
tion of bed depth X (em) at any time &,
(min), V,, the superficial lincar velocity of
the gas-air mixture {cm/min), pg the bulk
density of the adsorbent bed (g/cm?*), and
Wi(z) the grams of vapor adsorbed per
gram of adsorbent at a point x in the bed.
If the whole bed were brought into adsorp-
tion equilibrium (saturated) in time ¢,, the
weight adsorbed per unit area would be
psWeA, where W, was the weight (g/g) in
equilibrium with C,, the inlet concentra-
tion. From Eqs. (2) and (3) the break-
through equation for an adsorbent bed of
granules, for small ratios of C',/C, and for
steady state flow and removal processes in
the bed, was derived as
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b= [(osW.)/(ChV1))

X {A - }—[ hl{K(C’o/Cb)I}' (4
vy

where k, was the rate constant (min-') for
the adsorption proecess, (', the breakthrough
concentration (g/em”), and K a factor de-
pending on the shape of the adsorption
isotherm obtained mathematically in the
derivation as an integration constant. For
an arbitrarily fixed ratio of C,/C", = 0.01
we make the assumption (4) that K = 1.

In this paper, we report on the ability of
I, 14) to deseribe the adsorption of CCl,
and CHCI; by aetivated carbon at the
breakthrough titne under conditions of fixed
Cy, Oy, pr, and of varying carbon granule
diameter, temperature, A, and V.

Vapor adsorption isotherms run on the
BPL grade Lot 6098 activated carbon (5)
for CCL and for CHCIl, at 25, 40, and
60°C, arc shown in Fig. 1. The curves show
the usual Type 1 shape and also the ex-
peeted deerease 1n volume of vapor ad-
sorbed at a fixed pressure as the temper-
ature increased. The curves also show that
the lincar portions of the isotherms are
covered by an extremely small range of
vapor pressure. This sharp, steep rise is due
to the high activation of the carbon gran-
ules. From an experimental point of view,
it would be exceedingly difficult to maintain
temperature control in a flow system suffi-
clently elose to assure a constant inlet gas
concentration within the linear portion of
the isotherm. Because temperature control
at 25°C to within +=1°C would not sig-
nificantly affect the inlet vapor concentra-
tion on the plateau of the isotherm, we
chose to confine our experimental work to
the plateau region. Consequently, the rela-
tive pressure for the vapors tested was set
at 0.1; 1., at 25°C, the mean inlet vapor
concentrations were 98.6 mg/liter and
1289 mg/liter for CCl, and CHCL,
respectively.

Papers (6) have appeared in the liter-
ature over the past number of years on the
dynamics of fluid flow entering and exiting
a column. However, the mathematical re-
lations derived have been based on the as-
sumption that the concentration of the ad-
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Fia. 1. Vapor adsorption isotherms on activated carbon: O, CCL at 20°C; X, CHCL, at 25°C; [J, CHCl

at 40°C; A, CHCI; at 60°C.

sorbable vapor was low enough so that a
linear isotherm pertained, a restriction
which we could not meet experimentally.
Consequently, we made no attempt to check
the validity of such mathematical equations
through use of our data.

MATERIALS AND APPARATUS

Activated carbon. A granular carbon ad-
sorbent, BPL grade, Lot No. 6098, manu-
factured by Pittsburgh Activated Carbon
Co. from bituminous coal was used. One
hundred gram batches of the granular car-
bon were sieved into five mesh fractions,
corresponding to mean granule diameters
of 0.130, 0.102, 0.072, 0.055, and 0.036 cm,
respectively.

Carbon tetrachloride. Reagent
grade, Allied Chemical Company.

Chloroform. Reagent ACS grade, Allied
Chemical Company.

Pyridine. (For Karl Fischer Reagent)
Eastman Organie Chemicals Company.

Chromosorb W. Solid support for
PE 154-D gas chromatograph column,
hexamethyldisilizane treated, 60-80 mesh,
Johns-Manville Product Company.

Carbowax 20M. Stationary phase (liquid
coating on solid support) dissolved in
chloroform before coating the Chromosorb
W. The weight ratio of Carbowax 20M to

ACS

Chromosorb W was 1 to 11. Johns-Manville
Products Co.

Solutions. Two solutions of carbon tetra-
chloride in pyridine containing 314.4 mg
and 6.329 mg CCl, per ml and two solu-
tions of chloroform in pyridine containing
313.5 mg and 6.270 mg CHCl; per ml, re-
spectively, were prepared and used as cali-
bration standards for the fractometer.

Chromatograph. The experimental data
were obtained using a Perkin-Elmer 154-D
Vapor Fractometer detecting the chlorinated
hydrocarbon vapor by a thermal conduc-
tivity cell. The 90" X 14" column for the
PE 154-D was packed with 8.3% Carbowax
20M on Chromosorb W. The recorder was
operated at a chart speed of 2 in./min. The
traced area on the recorder chart was con-
verted into a quantity of vapor penetrating
the bed by referring to the calibration curve
previously determined and then into a vapor
concentration in units of g/em?.

Vapor test apparatus. The apparatus
was made of glass tubing fitted together
with standard taper and ball-socket joints.
The apparatus had three functional sec-
tions, one for vapor generation, another for
vapor adsorption by the carbon, and the
third for the detection of the carbon. Spe-
cific features of the apparatus were the gen-
eration of a vapor from a liquid and its
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Fia. 2. Schematic of vapor test apparatus.

dilution with pure air to any desired con-
centration, the range of earbon bed depths
and area exposed to a known vapor con-
centration, and the control of the vapor-
air flow rate into the carbon bed. A sche-
matic of the test apparatus is shown in
Fig. 2.

EXPERIMENTAL

Compressed air was cleaned and dried
by passage through three tubes connected
in series, each of which contained packed
glass wool and Drierite. This clean dry air
was then split into two parts, one sweeping
across a liquid layer of carbon tetrachloride
or chloroform and beecoming saturated with
adsorbate vapor, and the second part meet-
ing the air-adsorbate vapor stream at a
right angle and diluting the adsorbate vapor
coneentration. The stream of vapor and air
was then directed to a glass reservoir at a
flow rate of 4 liter/min. The reservoir con-
tained two sampling ports closed with 8 mm
glass stopcocks. One port was used to de-
termine the concentration of adsorbate
vapor in the air mixture; the other port to
withdraw this vapor concentration at a
known flow rate through a fixed bed of ac-
tivated carbon to determine its penetration
rate through the bed. The system require-

ment was that the withdrawal flow rate be
equal to or less than the generating flow
rate.

The packed beds of activated carbon
granules were prepared by dropping the
granules into the adsorption column by a
free fall of 122 em. Two adsorption columns
with inside cross-sectional areas of 0.833 and
423 em?, respectively, and were used with
a 14" coarse glass frit, the former column
when packed with carbon granules having
0.036, 0.055, and 0.072 em diam, and the
latter when packed with the 0.102 and
0.130 em granules. The carbon granules
packed on top of the glass frit with uni-
form and reproducible densities dependent
upon the mean granule diameter and the
inside diameter of the adsorption eolumn.

The air flow rates used in the apparatus
were rigidly countrolled by adjusting the
pressure differential of a manometer which
measured the pressure gradient across the
specific glass capillary tube used to eon-
trol the air flow.

The PE154-D gas chromatograph was
used both to determine the inlet vapor con-
cenfration and to monitor the rate of vapor
penetration of the packed bed of carbon
granules. The gas sampling valve (GSV) of
the chromatograph, having a fixed volume
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of 5 e¢m® was inserted in series with the
air-vapor mixture being drawn into the
carbon bed and positioned between the bed
and the vacuum source. The GSV, there-
fore, constantly sampled any chlorinated
hydrocarbon vapor penetrating the carbon
hed as the test proceeded.

The vapor penetration rate was deter-
mined as a funetion of earbon weight, flow
rate, granular diameter, and temperature.
The mean inlet vapor concentrations for
CCl, and CHCl, were 98.6 mg/liter of air
and 128.9 mg/liter of air, respectively, rep-
resenting a relative pressure of 0.102 at
25°C = 1°C. The exit flow from the carbon
bed passed constantly through the GSV,
the contents of which were flushed with
helium into the ge column every 53 sec
when CCI, was the adsorbate vapor. The
test was completed when the area trace
on the chart indicated that the full inlet
concentration was penetrating the carbon
bed without noticeable attenuation, show-
ing that the carbon granules were no longer
capable of adsorbing vapor. The adsorption

carbon for the vapor.
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After the traced arcas on the chart were
converted to vapor quantities, a plot was
made of the ratios of exit concentration,
C,, to the inlet concentration, C,, against
the sampled time t for each specified run.
The plots of C,./C', vs t were sigmoid shaped
curves differing in the slopes of the convex,
straight, and concave segments of the
curves. Figure 3 illustrates such a plot.

For chloroform, because of the higher
column retention time, the exit concentra-
tion was sampled every 70 sec.

The procedure for testing the adsorption
of the carbon bed at 35 and 50° was es-
sentially the same as that at 25°, except
that provision was made for heating the
outside of the glass adsorption column
which surrounded the carbon bed.

REestuLTs AND DISCUSSION

A. Adsorption Characteristics at 1%
Concentration Penetration

1. Modified Wheeler equation. Wheeler’s
Eq. (4) can be transformed, for K = 1, into

column containing the vapor saturated car- Eq. (5)
bon was weighed before being dumped,
thus providing a direct weight method for b = leé [W - ﬁg—l—nk(ﬂ/—gfl} 5)
calculating the saturation capacity of the 0 v
where @ was the volume flow rate
1 T T L T T T T
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Fic. 3. CCl, penetration curves for various weight carbon beds: 0.130 cm diam granules: 1220 ¢m3/min
flow rate: 25°C: O, 1.49¢g; X, 2.12¢g; A, 3.04g; 3.63¢g; [], 429 g.
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(em®/min) equal to the product of area
A (em®) and superficial linear velocity V,,
(em/min), and pQ In(Cy/C,) /k, equal to
W., the critical bed weight or that value
of W when t, = 0.

2. Penetration time vs bed weight. The
penetration or breakthrough time (7), ¢,
was defined as the time at which 1% of
the inlet concentration appeared in the
stream  (C,/Cy, = C,./C, = 0.01}). Values

451

first-order adsorption rate constant k,, in
min-!, were calculated from the slopes and
the x-axis intersections of the lines obtained
by plotting ¢, vs W from Eq. (5). The cal-
culated results are listed in Table 1 and
shown graphically in Fig. 5. Reference to
Fig. 5* shows that k, is essentially inde-
pendent of granular size over the size range
used. Also, it i3 observed that for a granu-
lar size of 0.072 em or less, the kinetie sat-

TABLE 1

CCly KiNETIC SATURATION CAPACITY AND RATE

CoNSTANT AT 19; CONCENTRATION BREAKTHROUGH

as A FuncrioNn oF CarBON GRANULE DIAMETER

dp Q
Granule Flow M
diam rate Slope
(em) (cm?/min) (min/g)
0.130 430 8.696
600 5.911
900 4.274
1220 3.366
0.102 430 11.11
600 7.632
900 5.116
1220 3.822
0.072 430 13.64
600 11.09
900 7.600
1220 5.576
0.055 430 15.50
600 10.63
900 7.444
1220 5.773

We We o
Saturation Critical Rate
capacity bed wt constant
(8/g) (g) (min™")
0.367 0.220 3655
0.332 0.270 4156
0.378 0.460 3659
0.391 0.560 4074
Mean 0,367
0.473 0.200 3022
0. 441 0.275 3980
0.451 0.400 4104
0.460 (. 550 4046
Mean 0.456 Mean 3950
0.592 0.234 3665
0.671 0.310 3860
0.690 0.440 4080
0.686 0.590 4124
Mean 0.660
0.65Y9 0.210 3904
.636 0.275 4160
0.678 0.385 4290
0.703 0.5H0 4230

Mean 0.669 Mean 4040

Overall Mean 4000

of t, at the breakthrough time were ob-
tained from the sigmoid curves for each of
the specified conditions. The values of t,
were then plotted against carbon bed
weights for each of the flow rates for each
of the granule sizes in accord with Eq. (5).
Straight line curves were obtained. Figure
4 illustrates such a plot for CCl, at 25°C
using 0.055 em diam granules.

3. Saturation capacity and rate constant.
The kinetic capacity W,, in gram vapor
adsorbed per gram activated carbon, and the

uration capacity no longer depends on
granular size. Total saturation capacities,
W.., obtained by weighing the completely
saturated earbon beds at complete concen-
tration breakthrough, 1e, C./C,=10,
are listed in Table 2. On examining the data
for the 0.055 cm granules, it is evident that
its W, value of 0.669 ¢ CCl,/g carbon at
C./C, of 0.01 represents 98.2% of its maxi-

* Plotted as granular volume, assuming granule
sphericity.
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Fie. 4. CCL breakthrough time as a function of
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mum possible capacity attainable at com-
plete saturation, indicating that for the
remaining range of 0.01 <C./C, <10
very little more CCl, can be adsorbed. For
our larcest eranule namolv 0.130 em dmm

VUL L1Agooy gaqiliis, Lgillicl 228 O

the We/W,, value is 62%.

4. Penetration time vs residence time.
The residence time, 7, for a vapor in a bed
of carbon granules is defined as

/T FEAAN

T =ANVL {0)
Since W = Adps and Q@ = AV, then Eq.
(0 oo bin woronidbban oo
\U) Call YT icwiliiLtll as
w
T= g @
wrB

Values of r were calculated at the various

TABLE 2
CCl; ToraL SaTUurAaTION CaPaciTY OF CARBON
GRANULES AT CompLiTE CONCENTRATION
BREAKTHROUGH: WEIGHT METHOD

W
Total saturation capacity, g/g
Granule Granule Granule Granule
diam diam diam diam
0.065 0.072 0.102 $.130
(cm) (cm) (cm) (em)
0.704 0.659 0.618 0.597
0.711 0.682 0.619 0.591
0.690 0.673 0.620 0.593
0.688 0.665 0.618 0.595
0.697 0.644 0.615 0.589
0.675 0.645 0.615 0.585
0.673 0.675 0.602 0.604
0.693 0.674 0.619 0.607
0.697 0.665 0.604 0.588
0.675 0.665 0.612 0.609
0.683 0.669 0.633 0.594
0.682 0.655 0.615 0.604
0.688 0.638 0.615 0.597
0.698 0.664 0.623 0.585
0.651 0.654 0.621 0,582
0.654 0.661 0.607 0.580
0.661 0.658 0.621 0.573
0.656 0.662 $.572
0.667 0.669 0.580
0.665 0.571
Mean Mean Mean Mean
0.681 0.662 0.617 0.590

flow rates for each bed weight. On plotting
values of penetration time, ¢, as ordinate
against the corresponding residence time, 7,
as absecissa, four linear plots are obtained
which tend to converge at a common z-axis
intercept corresponding to ¢, =0 and
7 = 7. We conceive 7. to be a critical resi-
dence time. The value of 7. was 0.00105
min.

One can transform Wheeler’s Eq. (5) into
Eq. (8), namely,

= (Weps/Co)l(W/Qp5)
=~ (1/k.) In(Co/CI]. (8)

By analogy with Egs. (5) and (7), it is
evident that the critical residence time =,
ean be identified in Eq. (8) as

Te = El; In (g—\) 9)
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5. Effect of granular diameter. Using the
values of the adsorption rate constant and
kinetic saturation capacity determined
from tests on the above carbon granule
diameters, it was deemed worthwhile to
see if one could predict the breakthrough
time for smaller granular diameters and
cheek the results with experimental mea-
surements. For this purpose experimental
data were obtained on 0.036 em diam car-
bon granules at a flow rate of 430 em®/min.
The kinetic saturation value, W,, was taken
as 0.67 g/g based on the 0.055 diam data.
With €, Q. pu, Co/Ch, k. equal to

TABLE 3
CCly BreaxtHroUGH Time as A Funcriox oF
CarnoNn Weignt ror 0.036 cm
DIAM GRANULES

ly
T Breakthrough time
W Residence (min)

Carbon time

wt (g) (min) Calculated Iixperimental
0.422 0.00248 3.8 3.6
0.605 0.00356 6.6 6.6
0.773 0.00455 9.2 8.9

0.0000986 g CCl,/em?, 430 em®/min, 0.395,
100, and 4000 min™, respectively, values
of £, were caleulated at several values of W
through use of Eqg. (8) and compared with
the experimental data. The agreement was
excellent and these results are shown in
Table 3.

6. Effect of temperature. The break-
through time, &, for 1% of the inlet vapor
concentration penetrating the ecarbon bed
was determined for various bed weights of
0.055 cm diam granules with carbon tetra-
chloride and chloroform at several temper-
atures. The experimental data for both
vapors are shown in Table 4. Saturation
capacities, critical weights and adsorption
rate constants were calculated as already
discussed. These data are shown in Table
5. It is apparent that the rate constant de-
creases markedly with an increase in
temperature.

7. Mechanism and thermodynamic as-
pects. If one assumes that the adsorption
mechanism can be represented by the
process

ki
V+S=2V.S§,

ko

(10)
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TABLE 4
BreakrHrOoUGH TiMe As s FuUNCTION OF
CarsoN Wuignrs ror 0.055 cM pram
GRrANULES: 444 cv3/mMin @ 35°C; 466 cm3/
MIN @ 50°C; 437 cm3/MIN @ 30°C

1)
T Break-
w Residence through
Temp Carbon time time
(°C) Vapor wt (g) (min) (min)
35 CCl, 0.584 0.00317 5.1
0.690 0.00375 6.2
0.867 0.00471 10.1
1.007 0.00547 12.1
1.262 0. 00686 15.5
50 CCl, 0.702 0.00364 2.1
0.902 0.00467 4.4
1.049 0.00544 6.1
1.197 0.00620 7.0
1.418 0.00735 10.1
30 CHClL; 0.88 0.00477 7.9
50 CHCl; 0.548 0.00284 1.3
0.689 0.00357 4.2
1.054 (). 00546 6.3
1.361 0.00706 7.5
1.292 0.00670 8.7

2 Mean bulk density was 0.414 g/cm?.

then the rate of the process is given by the
following cquation

—d(V)/dt = k(V)(S) — k(V - S), (1)

where (V), (8), and (V - S) represent con-
centrations of adsorbable vapor, unoccu-
pied active sites, and occupied sites, respee-
tively. Since in the discussion so far we
have been concerned with the situation
when the number of active sites is large
compared to the incoming vapor molecules,

JONAS AND SVIRBELY

ie, (8) > (V), we can rewrite the rate
equation as

—dV)/dt = k/(V) — (V- 8). (12)

Material balance shows that

Vo= V) =(V-8), (13)
so Eq. (12) becomes
— d(V)/dt = (k' + k) (V) — k(Vo).  (14)

If k, is markedly less than k,’, then
pseudo first-order kinetics would appear, a
fact which we have experimentally estab-
lished. The equilibrium constant, K;, can
be defined in terms of the adsorption rate
constant k,” (or k,) and the desorption rate
constant k. by

K: = k/ks. (13)

The temperature study on vapor adsorption,
discussed in the previous section, was made
using the 0.055 em diam granules, which
no longer showed the kinetic saturation
capacity to be dependent on granular size
(Section A-3). Thus intragranular diffusion
cannot be considered rate controlling for
this granular size and adsorption can take
place as rapidly as the gas molecules are
transported by bulk (gas) diffusion to the
granule. Accepting this argument, the re-
lationship between the adsorption rate con-
stant k. and the cquilibrium constant K
(dimensionless) was defined as

]\‘,v = KLDg/A., (16)

where 4 is the cross-sectional area in em?
and D is the gas diffusion coefficient for
the adsorbed vapor in em?/min. Values of

TABLE 5
CaArRBON ApsorprioN Propertriks ¥or CCl, anp CHCl; ar 1%, PenkTraTiON: 0.055 ¢M DIAM
GRANULES AT VARIOUS TEMPERATURES

CCl CHCl;
Carbon properties 25°C 35°C 50°C 25°C 50°C
Saturation capacity, g/g 0.669 0.662 0.466 0.616 0.428
Critical weight, g 0.205 0.264 0.505 0.113 0.264
Ads rate constant, min—! 4000 3207 1759 7255 3367
Diffusion coeff cm?/min 4.266 4.632 4.974 4.704 5.484
Equilibrium constant 781 577 295 1290 511
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TABLE 6
THERMODYNAMIC PARAMETERS FOR (GAS ADSORPTION

AH° R
Vapor (ecal/mole) 25°C
e, =700 —3es0
CHCl, —7040 — 4240

AGe
(cal/mole)

AS° @25°C

35°C 50°C (cal/mole °K)
C3R000 —3650 0 —11.%
— ~ 4000 —9.39

D¢ were first caleculated by use of Gilliland’s
Equation (8). Then values of K, were eal-
culated by use of Iq. (16). Results are
tabulated in Table 5. Values of AH®, AG®
and AS® were caleulated in the usual way
through use of Eqx. (17), (18), and (19),
respectively.

dlog K, AH®

da/Ty T T Ay (17)
AG® = —RTIn K, (18)
AG® = AH® — TAS®, (19)

The results of these caleulations are shown
in Table 6.

The values of AH® for CCl, adsorption
and CHCI, adsorption were —7510 cal/
mole and —7040 cal/mole, respeetively.
These values for the heats of adsorption
compare quite closely with the literature
values for heats of hquefaetion of —7230
cal/mole for CCl, and —86910 cal/mole for
CHC,. Small but fimte difference between
the larger adsorption heats and smaller
liquefaction heats are shown by Brunauer
{9) to be characteristic of vapors whose
isotherm at low pressure is conecave to the
pressure axis (Type 1).

B. Adsorption Characteristics at
Complete Breakthrough

1. Dimensionless sigmoid curve. As al-
ready mentioned when the vapor penetra-
tion of carbon beds is followed from initial
to complete breakthrough and the ratio
of exit to inlet concentration is plotted
against time a sigmoid curve (2g, 5b, 5¢) is
obtained. Furthermore, for a fixed inlet
concentration, temperature, and earbon
granule diameter the exit concentration was
a function of carbon bed weight and flow
rate. The curve for any one size carbon

granule diameter can he generalized by
plotting the dimensionless concentration
parameter (ratio of exit to inlet concentra-
tion, (',/C,) against a dimensionless time
parameter (ratio of time of test to vapor
residence time in the bed, ¢/r. Such a plot
should show the approach to saturation or
exhaustion of the activated carbon.

The times at which various cexit to inlet
coneentration ratios occurred were deter-
mined for cach of the four carbon granular
fractions and the dimensionless time ratios
were then obtained by dividing by the
residenee time of the vapor in the bed. For
any oue carbon granule diameter, the time
ratios were independent of carbon weight
and flow rate, since the residence time +
itself s an explieit function of these param-
cters. In view of the fact, however, that the
saturation capacity was dependent upon
granule size for the two larger diameter
granules (0,130 and 0.102 cm) but essen-
flally independent of the size for the two
stnaller (0072 and 0.055 em), the
data for the two larger sizes and for the
two smaller sizes were separately averaged.
These data arve plotted in Fig. 6. The curves
show the expeected longer time for initial
bed penetration and the expected steeper
slope for the smaller granules. Further-
more, there iz a convergence of the two
curves at a time ratio of about 3600. When
the curves are interpreted as the rate of
exhaustion of the carbon beds, the con-
vergence of the curves represents the ap-
proach to equilibrium saturation of the
carbon for the vapors, a valid reason for
the independence of granular diameter at
the convergence point.

2. Adsorption rate constants. The curves
shown in Fig. 6 consist of three major line
segments. FKach line segment represents a

S1ZOS
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F1e. 6. Dimensionless concentration as a function of dimensionless time for various carbon granule
diameters: O, 0.130 and 0.102 ¢cm diam; A, 0.072 and 0.055 ¢m diam.

different rate at which gas has penetrated
the carbon bed, starting with the first slow
change of exit concentration with time, the
second segment showing a linear relation
between C,./C, and t/7, and the third seg-
ment the slow approach of C,/C, toward its
limiting value of 1. We have extracted ad-
sorption rate constants from the three line
segments through the use of a model for
concentration change.

(a) Model for concentration change.
The carbon granule is viewed as surrounded
by a volume of space within which a spe-
cific concentration of gas exists starting
with the inlet concentration, Cy, at ¢ = 0. As
adsorption of the gas in this surrounding
volume proceeds with time, the number of
gas molecules per unit volume capable of
being adsorbed also decreases. The rate of
this decrease is the rate of gas adsorption
and its concentration dependence deter-
mines the order.

(b) Active sites for adsorption. If
CCl, molecules were to be placed on a sur-
face the closest approach of one molecule
to another, assuming a cross-sectional area
of 36.7 X 107 c¢m?® per molecule and no
interactions, would result in 2.7 X 10**
molecules per em? On the assumption that
one gas molecule is adsorbed onto one active
site, there would then be a maximum of

2.7 X 10 active sites per em”. Hayward
and Trapnell (10) state that on the average
10%% active sites per em® exist on a clean
metal surface. Since the activated carbon
had an internal pore area of 1058 m?/g,
there could be a maximum of 2.86 X 10*
active sites per gram of carbon. Assuming
that all the sites were available for CCl,
adsorption, it would be possible for 2.86 X
10°* CCI, molecules to be adsorbed per
gram of carbon. The mean inlet concentra-
tion of 0.986 X 10t g CCl,/em? air at 25°C
is equivalent to 3.9 x 10*" CCl, molecules/
cem® of air.

{c) Rate of gas concentration change.
The rate of gas concentration decrease can
be calculated for the generalized sigmoid
curve as follows:

(1) Transform Eq.

{20), namely,

t/r = (1Qps)/W. (20)

The real time ¢ in minutes is caleulated
for the following standard conditions:
weight W = 1g; volume flow rate @ =
1000 cm?/min; bulk density pp = 0.401
g/em? for the 0.130 and 0.102 cm diam
granules and pp = 0.424 g/cm?® for 0.072
and 0.055 cm diam granules.

(2) Caleulate the values of ¢ for
specific C,/C, values from the correspond-

(7) into Eq.
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ing t/r values by use of Eq. (20). For ex-
ample, for the larger diameter granules at
a C,/C, value of 0.01, the ¢/7 value is 1312
and the calculated ¢ value is 3.27 min. This
leads to a calculated value of 12.75 X 10*°
olecules of CCl, adsorbed. Since at ¢t = 0,
there were 2.86 X 10* active sites, there
ow remain 15.85 X 10%° active sites. This
stepwise procedure was continued at various
inereasing values of C,/C,.
In Fig. 7 plots are shown of 1/C — 1/C,
s t over the C,/C, range of 0.01-0.80 in
gccordance with the usual procedure for a
second-order reaction when both reactants
are present in equal concentrations. The
resulting straight line curves for both
large and small diameter carbon granules
spanned most but not all of the data points
plotted, and therefore the straight lines
were drawn only through the range over
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which second-order kineties were appli-
cable. The slopes of the lines were obtained
from a regression analysis of the data.
These slopes represent the second-order
rate constants and were equal to 2.19 X 10-*
(active sites/g)~! min for the large di-
ameter granules and 5.49 X 107%* (active
sites/g)-! min? for the small diameter
granules. Furthermore, an analysis of the
lines showed that second-order kinetics per-
tained over the 1/C — 1/C, range of 3.50—
8.00 and 8-15.50 for the small and large
diam granules, respectively. By back cal-
culation these numbers correspond to a
C./C, range of 0.04-0.60 and 0.03-0.65 for
the large and small diameter granules,
respectively.

These second-order rate constants in
units of (active sites/g)~! min' were con-
verted to the more familar units of (moles/
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Fia. 7. Second-order kinetics for CCl, adsorption: O, 0.130 and 0.102 cm diam granules; A, 0.072 and
0.055 em diam granules; drawn lines, computer regression lines.
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TABLE 7
CCly ApsorrrioN Ratke CoNsTANTS FOR LARGE AND SMaLL Diam CArRBON GRANULES

Range Kinetics

CCl; Adsorption rate constant

0.130 and 0.102 cm
diam carbon granules

0.072 and 0.055 cm
diam carbon granules

Pseudo first order
wrt gas molecules

0 <C:/Co £0.04

0.04 < C./Cy < 0.65 Second order

Pseudo first order
wrt active sites

0.65 < C./Co £ 0.95

3950 min~! 4040 min™!

0.186 (B’E Simin=t 0,441 200 Yo
liter liter

0.032 min™! 0.054 min™!

liter) ! min? (see Appendix) and are listed
in Table 7.

It was behieved that for C,/C, values
greater than 0.65 the density of active sites
was rapidly decreasing and, therefore,
beyond this point one should observe pseudo
first-order kinetics with respect to active
sites. Figure 8 shows the graphical method
usually used for testing first-order kineties.
The C,/C, range of 0.70-0.25 was used. The
slopes of the lines were obtained from equa-
tions obtained by a regression analysis and
the rate constants were calculated from the
slopes. The results are listed in Table 7.

Since gas adsorption by a fixed bed of
carbon granules begins as a pseudo first-
order process with respect to gas molecules
and ends, with the earbon approaching satu-
ration, as a pseudo first-order process with
respect to vacant active sites, it is evident
that a erossover period must exist when the
densities of gas molecules and active sites
becomes approximately equal. During this
time period, shown in Fig. 7 to be short in
duration, second-order kinetics prevail. The
sigmoid curve shows this in general as the
straight line portion of the curve.

When complete saturation occurs, the
bed becomes transparent to the inlet gas
concentration and the rate constant of gas
adsorption is reduced to zero.

3. Nature of diffusion mechanism. Ref-
erence to Table 7 shows that cach of the
rate constants applicable to the threc exit
concentration ranges in the complete break-
through curve is greater to some degree for
the small diam granules than for the larger

ones. In the sequential steps of external
(bulk) diffusion, internal (intraparticle)
diffusion, and surface adsorption, a sig-
nificantly slow intraparticle diffusion step
would manifest itself in an increased over=
all rate constant for the small granule
compared to the large ones. There is some

20.93 "
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2091 -
2090

2070

2070

LOG (ACTIVE SITES REMAINING /GRAM CARBON)

20.69

20.68 1 1 I I
5 ] 7 8 9
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Fia. 8. Concentration of carbon active sites for
CCl, adsorption as a function of time: A, 0.130 and
0.102 em diam granules; O, 0.072 and 0.055 cm diam
granules; drawn lines, computer regression lines.



ADSORPTION

evidence for this condition, since we show
inf Fig. 5 that the kinetie saturation ca-
pacity W, is a function of carbon granule
sige and it does not reach its maximum
value until the carbon granule is 0.072 cm
diam or smaller. Masamune and Smith (11)
n a study of the adsorption of nitrogen by
beds of porous vycor particles have re-
pbrted that internal diffusion processes de-
términed the overall rate for particles
ldrger than 0.02 em diam. In the study of
the adsorption of ecthane on silica gel,

OF CARBON TETRACHLORIDE AND CHLOROFOR)M
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Schneider and Smith (6e) have reported
that for particles 0.01 em diam the contri-
bution of internal diffusion and surface ad-
sorption to the overall rate constant was in
the ratio of 55-45; whercas for particles
0.05 em diam the ratio was 85-4.
Accepting our results to be outside ex-
perimental crror, we conelude that a com-
bination of internal diffusion and surface
adsorption is the controlling mechanism.
Evidence for combined mechanisms being
rate controlling has been shown hefore (12).

APPENDIX
Conversion of (active sites/gram carbon)™ min~! to (moles/liter)™ min=:

2.19 X 10-2 ( active sites )‘1

gram carbon

- (().4()1 g (-arbon)" i (100() cm“)“‘ ) ( 1 active site)
emd liter gas molecule

Ty 3 . N X = N | N\ -
) (b.OZ X 10% gas mole(ulea) ) (0..)66 liters an) - 0.186 (molea) ! -

mole

liter carbon liter

* Volume void fraction of packed bed of carbon granules.
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