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A B, Nicholas anthracite was devolatilized at 950°C and then aetivated with €Oy af temporatures
hetween 800° and 950°C in a fluidized reactor with the extent of burnoff ranging fromn 8 1o 65 %2, Threce
particle sizes in the range from 16 x 20 fo 1 x 150 mesh (Tyler) were employed. To charrcterize
the pore structure of the activated anthraeite, surface aren, helivm densily, apparent density, and
pore volume distribution data were obtained, As the netivation pregressed up to 659 hurnoff ab $00°C,
the spoeeific surface aren and pore volume inereased to 2120 m¥g and 0.79 em3/p, respeatively for the
190 x 150 mesh size, Fhese valnes are the maximum obtained for all of the activation eonditions used.
The pore velume distribution of the activated anthraciie can hoe expressed by 2 normal distribution
funetion having three sets of prrametors, taking the logarithm of pore digmeter as the independent.
varinble. For all samples, the first distribution funetion covers the volume of pores smaller than 30 A
in diameter and it comprises about 9297 of the total pore volume. Development of the fine pore
strueture involves a two-fold proeess consisting of (1) opening of pores originally elosed and (2) enlarge-
ment of open pores. The first process predominates at the initial stages of burnoff, while the seeond
process becomes of importance at higher burnofts, Fhe rate of activation of anthracite with CQa over
the temperature range studied is controlled jointly by the chemicn! rate and the rale of diffusion of
C0¢ into the internal pore structure. Consequently, the development of micropores tnkes place less

uniformly with inerease in temperature andfor partiele size,

I. INTRODUCTION

Activated carbons are produced by mild
oxidation of chars produced from various
carhonaceous  maberials  such  as  lignite,
bituminous coal, wood, and nutshells. The
history and nature of the earbonaceous
materiad  as  well process  eonditions
determine the properties of the activated
carbon produeed. It is generally accepied
that aetivated enrbons owe their high
adsorptive eapacities to an internal structure
which consists of a large number of inter-
connecting, fine pores. This internal pore
structure has been deseribed by parameters
such as pore volume, pore surface area, and
pore volume distribution in order to better
winderstand  the adsorptive characteristies
of activated carbons.
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Vin part, based on o Ph.D. thesis submitted
by M. Kawahata to the Graduate School of The
Pennsylvania 8tate University, Januvary, 1000,

2 Per eont burnoff and all of the pore structure
" oare based on o mineral mattor frec hasis

m.f.h.).
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Anthracite has a considerable porosity,
with a large fraction of the porosity in pore
sizes of molecular dimensions?-5. Suitably
treated, this fine pore structure of anthracite
could be utilized for the suceessful produetion
of activated earbons, Clendenin and co-
workers® studied a process for the steam
aebivation of various Pennsylvania anthra-
eites, in which they wvaried temperature,
amount of burnoff, steam flow rate, and
anthracite partiele sive. They coneluded
that anthracite was o suitable raw material
for the produetion of activated earbons.

€

2P, B, Mivseh, Proe. Roy. Sov. {London) A226,
143 (1954

1R, L. Bond and D, 1. T, Spencer, Induatrial
Carbon and Graphite Conference, London, p. 231
{1958),

0% B, Anderson, W, IL Iall, J. AL Lecky, and
K. C. 8tein, J. Phys, Chem. 60, 1548 (HI56).

G F. In Clendenin, W. T. Grifliths, and C. C,
Wright, Prans. Ann. Anthracite Conf. 10, 121,
Lehigh University (1952).
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Hassler 8 studied o process for producing
aetivated carbons {rom  anthracite using
steam in o fluidized bed, At a weight losy
of 2007, the activated anthracite had o
surfnee aren of about 800 m%/g. In both of
the above studies the pore structure of the
product carbons  wns not  thoronghly in-
vestigated.

Numercus papers have been  published
on the pore structure of activated carbons
and on their adsorption characteristics for
rarions adsorbates,  However, the manu-
Facturing process conditions used for activa-
tion of these carbons have not been available
in the literature. 1t was decided, therefore,
ghat in this research o systewatio study of
the effect of process conditions on the pore
structure and adsorption characteristies of
activated anthracites shoukd he made,

The pwrpose of this research then was
coneerned with the following objectives:

(1) to nvestignte the effect of the process
conditions on the pore structure of the
activated anthracites and to clarify the
meehanisnt of development of pore structure
in anthracite as activation proceeds.

(2) to investignte the adsorprive characher-
isties of activated anthracites for organic

-apors as o {unction of the process conditions
and their pore structures,

(3) to evaluate activated anthracites by
compuring  Eheir properties with activated
carbons  presently  being  marketed  com-
mercinlly.

This paper covers the initinl stage ol a
systematie study, with the work being restric.
ted to activation of one anthracite using CO»
ns the oxidizing gas. Fhe fndings pertinent

to objective {1) are presented in this paper.

7 W, Hassler, Proe. Awthracite Canf., Mineral
Industrios Experiment Station, The Pennsylvanio
State University, Bulletin No. 7O, p. 1 (1457).

8 J, W, Hassler, Chem, Kng. FProgr, 52, No. 12,
56 (1950).
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The major results concerning  objectives
(2) and {3) are presented elsewhere?,

11, BEXPERIMENTAL

AL Semples

Aun  anthracite from the St. Nicholas
breaker of the Reading Anthracite Company
was used for ail the activation ruus reported.
The anthracite had & surfuce aren of 1.5 1m%g,
ag determined by No adsorption at T8°I
The proximate analysis of this anthracite
is shown in Table 1.

TABLE 1

Provimate Analysis of St Nieholos
Anthracite (as receivod)

Muoisture [
Volatile matier 3.0
Ash 7.0

Fixed enrbon 88.2

B. dAetivation of Antlratile

1. dpparatus. The activation apparate
is described in detadl in a previous paper:.
Fssentinlly, it eonsisted of a preheater, a
fhuidized reactor, and a product gas-nnalysis
system. The fuidized reactor was a Hostel-
loy-C tube 194 in. LD, by 5 {t long. It wus
heated externally. The sample being activated
was stpported on a paecked bed of 10 x 15
mesh alundum grains,

2, Procedwres,  Bxperbuental proeedures
are given in detail in o previous paper®.
The raw anthracite was fivst devolatilized in
a No stream at H50°C. The devolatilized
anthracite activated to the
burneff by eontinuously monitoring  tho
amonnt of GO produced by gasification.
A part of the activated sample was set
aside for study

wis degired

and the remainder of the
sample was used Tor subsequent runs at
Ligher bhurnoffs.

93, Woawahnte and . L. Walkere, Jr., Proc.
Anthracite Conf., Mineral Indostries Experiment

Station, Fhe Penngylvania State University, Bulle
No. 75, pp. $3-78 (1861}
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3. Preliminary  study on fluidization of
anthracite, Prior to activation runs, the tlow
rate of COq which should be used to obtain
optimum  fluidization conditions for the
different particle sizes of anthracite was
determined in o glass reactor of dimmensions
identical to the Hastelloy-C reaetor. This
preliminary study on  fluidization is also
degeribed in detail in a previows paperf.

4. Eaperimental design and eonditions. The
experimental conditions covered the follow-
ing ranges: {1} activation temperatures
between 800 and 895070, {2) burmofts between
8 and 659, and (3) particle sizes between
G x 200 and 100 % 150 Tyler mesh, Three
series of experiments, namely series A, B,
and ¢ were designed. In series A, the effect
of activation temperature on pore structures
was investigated in the lower and intermediate
wmges of hurnoft. In series B, the burneff

as extended fo the higher range. In series
¢, the effect of particle size on the pore
structure developed was investigated over

o entire range of humoff,

5. Studies on Pore Structure, The activased
anthracites were characterized by the follow-
ing physical data: surface aren, helium and
apparent densities, total open pore volumes,
pore volume distributions, and mieropore
dimensions. A volumetrie low temperature
Ny adsorption apparatus!®, a mereury porosi-
metertt, amd o helium density apparatus!®
were used,

11, EXPERIMENTAL RESULTS

A Phe Effect of Temperature on the Develop-
ment of Pore Structire
1, Aetivation, In the series A experiments,
anthraeite of 42 x G5 mesh size was activated
at 4 temperatures between 860 and 950°C
to hurnoffs of 8, 16, 27, and 389%,. In the

0P, L, Walker, dr., B, J. Foresti, Jre., and G CL
Weiglit, fud. fng. Chen. 45, 1703 (1463).

B R, Rapis. Phi thesis, The Pennsylvania
State University (155},
21, Geller, P, thesis, The Pennsyvlvania

e University {1851,
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series B experiments, based on the expori-
mental results of series A, the degree of
activation was extended to 53 and 6395 at
temperatures of 830 and 850°C, The flow
ate of €0z was 0037 ft4min (S71.02.). The
starting weight of the devolatilized anthea-
eite was 225 and 200 g in the series A and B
experiments, respeetively.

2. Swrface arew. Nitrogen adsorption iso-
therms at 787K for all the samples were
essentially of Type 1, indicating that mono-
layer adsorption  predominated!.  Surface
areas could, therefore, be estimated closely
using the Langmuir equation. Caleulated
speeific surface areas are listed in Table L

TABLE IT
Varietton in Speeifie Surface Areas for 42 % 68 Mesh

Aetivated Anthracites with Changes (n Burnoff and
Aetivation Temperature

surfeee uren, m¥fg of anthrneite
Burnoft four aetivation at
o0 1 s00%C | 8s0°C E RUNRC TR
nil —_— — — hyi
8 204 264 2t 200
16 472 73 HO 385
2 812 T4 727 628
38 14133 1072 TR BT
a8z e 1400 — ¢
G5 F - 1540 — 3 1601

A variance analysis based on the Foratio
test was used to separate the effeet of activa-
tion temperature from the effect of bhurnoft

14EL B Rivs, Jr., Catalysis, Reinholbd, New York
(1954), Vol. I, p. 1.

tlor o eloser approximation of surface area,
the BET eqmiion applicable where the number of
adsorpiicn layers is limited by the swalls of pores
having extremely small dismeters shoull he used!s,
However, the use of this cqguation!$ s laborious
und resulted in surface areas within 59 of ihose
caleulpicvd using the Langmuir cquation, for thoe
anthracites activated to 8 and 38%, burnoff at
00°C. Thoerefore, the Langmuir cquation was used
for the remainder of the samples,

188, Brunauer, P, H, Emmets, snd B, Teller,
JooAmer. Chem. Sovo 00), 308 (F045), ..

16 1, GL Joyper, BB Weinboergor, snd O, W,
Montgomery, J. Admer, Clien, Soe, 67, 2182 (1045).
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on the development of surfuce area, The
estimated varianee of these two fuctors was
compared to the variance of the two-factor
interactions to obtain F-ratios, using the
data up to 389 burnolf. This F-ratio test
revealed thut the effect of temperature is not
significant between 800 and $400°C, whereas
the eflect of burnoff is highly signifieant.
At each temperature, the specific surface
area increased Hnearly with burnoff. At
ackivation temperatures of 900°C and below,
the increase in area per unit of burnoft was
preater than at 850°C.

Taking o unit weight of devolatilized
anthracite as o basis, the wvariation of
surfnee area with hurnoff for activation
temperatures of 850 and 950°C is caleuluted
and shown in Fig. 1. The optimam burnoff

1080
4 -~ B50°C.
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i, 1. Variation of surface area with burnoff

fur 42 = 63 mesh anthracite activated at

8§50 mul 050°C.  (Busis—a unit weight of

devolatibized anthracite}
is ca. 509%, for both temperatures | the specific
surfuce arcas at this bhurnofll are 1420 and
1130 % for activation temperntures of
850 and 950°C, respectively.

3. Apparent wid hellum densities,
devolatilization, anthracite may he
sidered to consist of & earbon and a mincral
matter phase. Assuming the additivity of
the vohimes of these two phases, a negligible
internal porosity in the mineral matter,
and & mineral density of 2.7 g/emd,17 the

After
con-

17 AL AL Wandless and J. C. Macrae, Fuef (London)
13, 4 (1934),
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antd helhun  densities
mineral-matter-free

mensured appzu’ent

were converted to a

basis. The caleulated densities are listed
in Table IIT and a typical variation of
2

densities with burnoft is shown in TFig.

PR A 2.70 y
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g g
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5 200§
Gy =
o0 =
oy >
a =
z z
2 4
Z F
] E T
£ g
-«

o5 . . : : . .

4 0. 70, 3. 40 50 40 70
BURN-OFF, %5, m.mlb,
TFrg, 2. Variation of spparent aml helium
densitics  with  burnoff for 42 % 65 mesh

anthraeite aetivated at 850°C,

The apparent densities (p,) decreased Hnearly
with burnoff at  all  temperatures.  The
helinm densities (Py,) iInereased with burnoff
the rate of change deereasing as burno
proceeded.

4. Pore volwme. The specific, total pore
volame, Vi, is caleulated from the difference
between the specific volumnes given by the
apparent and helium densities'8, The specifie
pore volume, ¥y, the volume in pores
greater than 300 A in diameter, was obtained
directly from the porosimeter data. The
gpecific pore volumes, ¥p and Vy, are listed
in Table 111,

A variance analysis was made to separate
the effect of temperature and hurnoft on the

W shoukd be noted thatd this is actually the
specifie, total pore volume open to hettum. The
specifie, total pore velame, open plus elosed to
helium, has no$ been considercd in detail in this
work, From X-ray diffraction measurements of
the devolattlized anthracite’®, the true density is
estinmted to be 2,20 g/em®, or the speeifie, total
pore volume, open plus closed, is 0.18 cindfg. This
can be compared with the specifie, total pore
volume open to helium, 011 em¥yg, which gives
389 closed porosity in the unectivated unthracite,

AL AL Short, Ph.D. Fhesis, The Peansybvay’
State University (1961)
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TABLE I

Variation in Densities and Pore YVolumes of 42 x G5 MMesh Activated fnthracites with
Changes in Burnoff and Activation Temperature

§ 3
i
it Apparent density | Helium  density Bpecific, total 8pocifie pore
Burnolff pore volume, e volmne, 1y
A pas lem? PHe, glom? e {1 = 300 Ay, e
i i
I Activated at 8300°C
8 1.314 ; 1.95 .15t 00.006
16 42, [.99; 3,208 (07
27 1.28, 2.07y 302 413
38 117y 2,10 i 0.302 (420
Activated at 850°C
8 140 1.064 0.162 0.0086
14 1.3y 1.98q 0.215 012
27 1,28y 2.07 (1.296 0.012
a4 1.13; 211 0.-40% 0.020
52 1.03g 212 0.4491 0.026
15 .887% 214 0461 0.047
Activated at 900°C
8 | I 1.8, | (3.15% 0,005
16 { Ldt; 2,01, i 0.210 .O10
27 I 1.275 2.044 E 0.206 0,016
38 ' IREY 211, [ 0,393 0.01%
i Activated st $50°C
nit 1.5835 1,00y J .18 (L0033
8 1.9y 1.04, : {L16GE 0.007
16 1.41g RATIH .207 (.00
27 i 1297 2,05y [ 0.2583 0.015
a8 [.17g 2,004 ! 0.375 0.018
52 1.07g 2074 ' 0447 0042
G4 091 i 211y ' 04625 0.0i55
;
varintion of speeifie, total pore volume, 0.
using the data up to 389, burnoff, A variance
analysis hased on the Fratio test showed
. . . . - L ¥al £
that the effeet of Inunoft is highly signifieant,
whereas the effect of activation temperature n;
is not significant between 800 and 900°C. 2
Taking a unit weight of devolatilized anthra- 5
cite as a basis, the varintion of total pore 2
volume with burnofl is calewlated and is 3
shown in Ig. 3. The total pore volume ) ' _
o e 10 0 30 40 50 ) 70

goes through a maximum at e, $3%, burnofl
for lLoth temperatures. Specifie, total pore
volumes af this bhurnoff are 0.43 and 0.39
emdfg for activation temperatures of 850
and 950°C, respectively.
5. Pore volwme distribution. Pore volume
distributions for pores greater than 300 A
dinmeter were obtained by use of the
ereury porosimeter. Pore volume distribu-

BURN-OFF, %, m.m.Lb.

Fic. 3. Variation of total pore volume with

burnoff for 42 x 65 mesh auflracite setivated

st B30 and H0°C.  (Basis—n unit weight of
devolatilized anthraeite).

tions for pores smaller than 300 Ain diameter
were obtained from Na adserption isotherms
by the method proposed by Cranston and
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Inkley®t. En their method, the increment
of pore sizes {or computation of the distribu-
tion was 20 A from 300 to 100 &, 10 A down
to 50 A, 5 A down to 20 A and 2 A down to
10 A, Since Fypand ¥y are known, the specifie
pore vohune in pores smaller than 10 A
in diameter may be calealated.  Thus,
complete cumulative pore volume distribu-
tions eoutd be calenlated. When they are
plotted agaimst  dinmeter on logarithmic
probability paper, three straight tines are

FIETH CARBON

approxinmted. A typical example of such
a plot is shown in Fig. 4

The pore volume which ks available to
No ot 78K ean he estimated from the
isotherm  data af a
assuming the normal lguid

adsorption relative

pressure of 1.0,

CONFERENCE

give. Tt is noted that the cumuiative pore
volume distribution plob when extrapolated
to pore siwes smaller than 10 A in dinmeter
passes close to the point which is plotted
agsuming (Fp — Fa} to be fn pores less than
3 A in dinmeter,

The cumulative distributions
be expressed mathematicaity by using normal
distribution funetions having three different
sets of parameters for all the samples exeept
those activated at 050°C beyond 27%) burnof,
These three distributions are arbitrarily calted
the first, second and thivd distributions i
the order of inereasing pore dinmeters. For
the sumples which are  exceptions, the
fivst  distribution  function ter
divided further into two funetions, The nor-

pore can

needs he

128
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.
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CUMULATIVE PORE VOLUME, °5

Fie, 4. Pore voltane distribution of 42 x 65 mesh anthracite activated ot 8507°C to 3897 burnofl.

density for adsorbed Nao molecules, This
pore volume, ¥y, iy tower than the pore
volume, Vg, for all of the samples, suggesting
that (Fp — V) is the pore volume in pores
avadlable to helium at room  temperature
but closed to Ne at T8°K. Based on the
molecular dimensions of these molecules,
it appears that this volume is in pores of
dinmeter less than 3 A, Molecular
stwdies?t also support this value for pore

sieve

M RW, Cranston and T AL Inkley, Adeances in
Cutatysdis, Academie Press, New York, Vol IX
(1957}, pp. FH3-1EL

D, W, Breck, W, (. Eversole, K. AL Milton,
T, B, Reed, and P, L. Thomas, J. Adwmer, Chene, Soe,
78, 5963 (19506).

mal distribution functions ean be expressed as
L (4 — pl°
P prl:— B ——] dy (1)

where ¢ is In L),

D is the diameter in A,

¥ is the pore volume in %, and

poand o are the mean and variance of
the distribution fanctions.

Since the first distributions are of prime
hmportance in characterizing the adsorptive
characteristics of netivated carbons, onl
their parameters arve listed in Table 1
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TABLE IV
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Variation in Parameters and Liniting Values of the Fivst Pore Volume Distribution
Punction for 42 x 65 Mesh Activated Anthracites with Changes in Burnoff and
Activation Temperaturs

Burnoft
" o a o Fras A Fa,®9%
Activated at 800°C
8 1.52 1.42 3.3 23 90
16 203 [1R4Y) 3.4 a0 93
a7 b 3.1 [N 8.2 25 93
38 2,33 0.70 3.4 a0 02
Activated at 850°C
8 1.52 1.30 3.0 20 a6
16 1.89 1.01 3.8 a5 04
£7 208 (.83 3.4 30 04
38 208 73 3.3 28 02
52 2.60 {59 3.4 340 91
i) 2,78 .87 3.4 32 50
; Aectivated nt H00°C
§ 135 | pas 3.4 30 94
16 .85 LG9 3.3 2 94
27 2,07 0.64 3.3 27 92
38 2,35 Q.83 3.4 38 83
Activated at 450°C
nil — 224 3.34 ! 3.7 38 {3
g .92 1.57 3.4 30 G4
16 1.68 1.2} 3.5 33 R2s
27 242 ! 075 3.4 30 131
R 121 | 1,47 2.3 e £9
38 2.55 {74 3.7 38 43
61 1.41 ] e 40
52 1,88 (.53 3.4 30 B4
312 1.30 2.8 — 39
i3] 3.05 {40 3.5 35 86
3.55 1.27 2.7 —_ 285

& Yalues st upper limit of first distribution function (see Fig. 4).

A typieal wvaristion of these parameters
with burneft’ is shown in Fig. § for the
anthracite activated ot 850°C. The mean of
the distribution increases and the variance
decreases with increasing hurnoft,

It is noted that for all the activated
anthracites, the first distribution accounts
for approximately 929, of the total pore
velume, and the upper Himit of the distribu-
tion lies approximately at a pore dinmeter
of 30 A. The second and third distribution
funetions together account for approximately
89, of the total pore volume. The transition
point between the second and the third
Yistributiens is approximately 10,000 A for
«ll samples.

5

a0
20 |-

b

(=]

x

-«

S
10k
0.0 . . : : ) . o

° 0 20 30 40 50 &0 70

BURN.OFF, %, m.m.ib.

Fra. 3. Variation of parameters of the first pore

vodume

distribution

function with burnoft

for 42 x 05 mesh anthracite activaied at §50°C.
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6. Micropore dimensions. Assuming eylin-
drical pores, the average pore diameter can
be caleulated from the pore volume distri-

bution function. The general expression
of the pore volume distribution is,
dFfdy = f(y) (2)

For cylindrieal pores having o diameter
between D and D 4 d(D), the following
relationship holds:

(EVpfDYdV = dd {3)

Then, for peres having dinmeters between
Dy and D,

‘.’i’::f(y
41 J “‘_j"z(l!/ = . (4}
¥y
where o is the pore surface arveax. The

average pore dinmeter may be defined as
ey 5 f1y) _
"":J Jdy = J —-dy (5)
DJw w D
Substituting By, (1) for f(y),

_ 2 — o
D o= exp(w——)w-———) X

=

™ i (y — ]“)2
J exp| - e ]dy
" Lo

. Yu i 2y 19
[. 'expl:._ E{“Wm(g ” ) ] dy

el
N -

Then, the pore surface area is

X Zp — ot
A=AV (‘X]_}{—— W] X

9

a1l ly —(p — o)
xJ " ex ,[_ —————————mm] dy (7}
a, V 2n)o
Similarly, for eylindrical pores having dia-
meters between D and D 4 d(D),
Vpd Vo= (m4) DAL (8)

where L iy the total pore length. ¥or pores
having dinmeter between Dy und Dy,

22

¥ f )
4 Fpf ey = L 9
(4 Vo)) f.v, =4 ()
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The average square dismeter may be defined

i 2 Yu f
. Sondy = f} %‘ﬂdy

— i
D2J oy, iy T

Combining Fgs, (1), (%), and (10), the pore
length is

L]

(10)

4V . e
L= expl[— 2{p — 67)] x
il
”’ 1 fy —(p — 267}
® e X o e Lty
v, V{2w)o 2ad
(11}
From Egs. (0}, (7) and {11), micropore
dimensions (average pore diameter, pere
sarface area, and pore length} can be eal-
culated for any pore size range,
These mieropore dimensions  caleulated
for pores over the range 38 < D < 304

arc plotted against burnolf in Figs. -8,
113 H
. .
« - 1
x L i
w ~w. FE0C o
5 . :
Z .
< -
e P gt 850°C
w 1ok . : :
o S i
- A ~g H
g e g
< -~ i
5 ; <
H : : £ : : i ;
g W il an 40 50 &0 70

BURM.OFF. %5, mm.ib.

Tz, 6, Varistion of average pere dimmeter over

the range of 34 < D <304 with burnoff

for 42 % 65 mesh anthracite activated at 850

and 050°C.

They were caleulated by taking a unit
weight of devolatitized anthracite as o basis.
Comparing Fig. 7 with Fig. 1, a significant
difference hetween the areas caleulated from
the Langmuir equation and from the pore
volume distribution funetion is observed,
especially for the samples of lower burnoffs,
These differences eould be explained on the
basis that the area assigned to a molecule
of adsorbed Ne in ealeulation using the
Langmuir equation {16.4 A2) is fow in the
ense of extremely fine eylindrical pores.



MODE OF TOROSITY DEVELOPMENT TN ACTIVATED ANTHRACITE 259
and 0.18 ft3/min (8.T.12)) for 100 x 150 and
2 ool T | 6 x 20 mesh sizes, vespectively, These gas
g e " flow rates produced optimum fluidization
- oy conditions. The variations of pore structure
< L aseC. with burnoff are presented in Figs. 0-11.
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B. The Effeel of Authrucite Particle Size on.

the Development of Pore Struchwre

1. Activation. In order to investigate the
effeet of anthracite particle size on the
development of pore strocture upon activa.
tion, two additional particle sizes, 16 x 20
and 100 x 1530 mesh (Tyler), were chosen.
The activation temperatore was fixed at
900°C, and the variation of the pore strueture
vas investigated ot burnofls of 8, 22, 44 and
gt 65%,. The flow rates of COs were 0.02

BURN.OFF, %, mobb.

Fra. 9. Varviabion of speeific surface area with

hurnoff for three particle sizes of anthracite
activatod nd 900°C.
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Fie. 10, Variation of speeific total pore volume
with burnefl for three particle sizes of nnthraciie
activafed at 000°C,

For the 42 x 65
variation of pore structure extended
beyond 389, by interpolation of the data
found previously for activation at 850 and
450°C.  This extension
figures by dotted lines.

mesh particle size, the

was

is shown in the
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2. Swrface wren, As shown in Fig. 9, the
gpecific surface area developed upon activa-
tion of the 16 x 20 mesh size fraction is
considerably less than that developed upon
activation of the two smaller particle size
fractions, Up to aboul 25%, burnoff, the
development of speeific surface area in the
100 x 180 and 42 x 65 mesh maberial is
similar. At higher burnoffs there is gome
suggestion  that area is developed more
effectively in the 100 x 150 mesh sive
fraction.

3. Densities wnd pore volwme. The helivm
densitios for the 16 x 28 mesh fraction were
essentindly constant at about 191 g/em®
over the entire range of burneft. The appa-
rent densities decreased Hnearly with barnoft
for all the sives, the deereuse being more
marked for the two smaller mesh fractions,

As shown in Fig. 10, the ehange of specifie,
total pore volume for the 100 x 150 mesh
size is linear with burnoff up to ce. &9,
beyond this burnofl the inerease is more
rapid. Over the entire range of burnoll, the
specifte, total pore volume for this particle
size is somewhat higher than for the 42 x 65
mesh size, The development of specifie,
total pore volume for the 16 x 20 mesh
fraction is considerably less thun that for
the smaller sives.

4. Pore volime distribution wd micropore
disnensions. In agreement with the resulis

FIFTH CARBON CONFERENCE

for the 42 x 65 mesh size, the first distribu-
tion funetion accounts for approximately
9200 of the total pore volume for the
100 = 150 mesh size and it covers the range
of pores less than ee. 304 in diameter.
The first distribution function for the 16 = 20
mesh size fraction needed to be divided into
two functions,

The variation of the wverage pore dinmeter
over the range 3 A < D < 30 A with burnoft
is shown for the three different particle size
fractions in Fig, 11, For the 16 x 20 mesh
size froction, the average pore diameter is
essentially constant at 9 A over the entire
range of bumofl investigated, For the two
smaller particle size fractions, there is a
substantinl inerease in average pore diameter
with bumofl.

IV. DISCUSSION
Activated carbons whieh are suitable for
vapor phase adsorption must contain a
farge internal surfnee arean in micropores

having diameters only somewhat  larges
than the mokecular dinmeter ol the vapor

to be adsorhed. In this case, physieal
adsorption results, beeause of the attraetive
interaction energy between the adsorbate
molecules and the surface atoms of the pores,
It is generally agreed in the case of carbon,
and most other solids, that the abtractive
interaction energy®®23 ariges from dispersion
forees primarily, with the role of electrostatic
polarization energy being small,

Anthracite is a suitable materinl for the
production of activated carbons sinee it has
a considerable pore vohime in pores of and
below molecular dimensions. It was suggested

by Hirsch? that anthracite consists of
graphitic lamellne of various dimmeters.

The poor packing of these irvegularly shaped

12 3, M. Dubinin, fadustrial Carbon and Graphite
Conference, London (EDG8), p. 210,

2L L. Kington and W, Laing, Prans. Farada
Soee, 51, 287 {1953).
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lamellae is thought to produce pores. Bond?24
and Gregg and Pope? suggested that coanl
contains flat cavitics some 40 to 60 A across,
connected with fine eapillavies having a
cross section very little in excess of the eross
section of a nitrogen molecule. The pro-
duction of activated carbons from anthracite
may be considered to consist of the opening
of sub-moleenlar pores and the enlurgement
of melecular pores to an extent sueh that an
adsorbate will undergo a resulting, strong
attractive internction with the surface. If
the pores are not developed suffieiently, the
repalsive energy between the molesnle to be
adsorbed and the pore surface predominates,
with adsorption being slow and/for negligible.
If the pores are over-developed, the aftractive
interaction beecomes small and adsorption
ab low relative pressures is negligible. Thus,
the development of the pores is o result of the
strategical removal of carbon atoms by
gasification,

Tt is important that gasification oceurs with
v high degree of uniformity from the surfuee
to the center of the particle, if an activated
carbon having optimum properties is to be
produced. If the reaction temperature is
too high, or the particle size of carbon too
large, Walker and co-workers®® have shown
that the carbon-earbon dioxide reaction
proeceds non-uniformly through the particle,
with some of the interior of the particle
unrencted. This is called reaction Zone 1126,
At low over-ndl burnofls, a large fraction of
each particle will have undergone negligible
reaction. At high overall burnoffs, the
exterior porbion of each particle will have
undergone too great a reaction resulting either
in the complete disappenrance of carbon or
the leaving of o reacted shell which is too
weak to withstand handling.

R, L. Bond, Nature, London 178, 104 (1056),

25 8. F. Gregg and M. 1. Pope, Fuel, London 38,
501 (1859).

P, L. Walker, Jr., . Rusinko, Jr. and L. G.

ustin, Advances in Calalysis, Academic Press,
How Yorl (1869), vol. XTI, p. 133,

DEVELOPMENT IN

ACTIVATED ANTHRACITE 261

Walker and co.workers®6 showed that the
dimensionless group

( R )(dn) 5 (12
CrDege/ \ dt - K

where, K is the radius of the particle, em,

CE is the reactant coneentration,
mofes COs/en?,

Dyrris the effective diffusion coeflicient,
cmfsee, and

dn/dt is the over-all yeaction rate per
unit of geometric surface area of
the particle, moles COufem?fsee,

can he used to prediet the uniformity of
gasifieation, if retardation hy products can
he neglected.

For a first order reaction, if this group is
less than 0.03, gasification should proceed
uniformly through the particle. If this group
is greater than 6.0, gasifieation should
proceed in Zone IT. Fhe operation of an
activator ot a temperature sufficiently low
to attain  uniform  gasifiention may  Dbe
impraetical economically, becanse of the low
refe of throughput of aetivated carbon.
In this case, the desirability of produecing a
uniformly activated produet must be halanc-
ed against the desivability of a high through-
put rate in order to select optimum aperating
eonditions, These operating conditions will
result in a value of ¢y between 0.03 nnd 6.0.

Tt is of interest to caleulate the values of
%y for some of the activating conditions
used in this study. This ealeulation is made
somewhat uncertain by the guestion of
what value to use for Dy, At present,
studies are underway in this laboratory to
measure Doy on anthracites at activation
temperatures. In lieu of appropriate experi-
mental data at this time, the elfective
diffusivity is estimated {from the following
equations given by Wheeler2?

2T AL Whesler, Advances in Catalysis, Aendomic
Press, New York (1931}, vol. IIT, pp. 240-327.
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(13)
(14}

D= el — et/
Derr = D(tjy)e)

where D is the diffusion coefficient in « single

eylindrienl pore, em?/sec,

¢ s the mean molecular velocity,
entfsec,

A is the mean free path, em,

d is the pore dinmeter, om,

4 is the tortuosity factor, and

e is the sarface porosity.

"The surface porosity is physically the fraction
of the particle boundary area corresponding
to the eross sectional area of pores through
which the rencting gas diffuses in from the
exterior. Assuming that each pore has two
openings to the external surface, < is 1/3
of the appropriate volume porosity for a
spherical particle. The tortuosity in Bq. (14)
includes the degree of pore interconnections
and pore constrictions, as well as the ratio
of tortuous length to the straight path
length,

In arder to estimate the effective diffusivity
from Bqs. (13) and (14), a pore structure
model must be postulated, since D and «
depend upon the size and volume of pores
through whieh the rate-controlling diffusional
process tukes pluce. It is recalled that for
the majority of the activated anthracites,
the pore volume distributions ean be express-
ed mathematienlly by normal distribution
functions having three different sets of
parameters.  These  distributions  are  ar-
bitrarily called the first, second and third
distributions in the order of increasing pore
diameter. It is proposed that pores in the
second and third distributions, together,
serve as main arberies for transport of the
reacting gases from the exterior surface of
the particles to the pores of the first distri-
bution, which feed off the larger pores within
the interior of the particle. Nonamiformity
of activation in the anthracite particles
(in the radial direction) then would be

CONFERERCE .

eauseck by a radial coneentration gradient
in the arterial pores,

The average pore dimmeter of the arterial
pores can be ealeulated from the relationship
43V/ES = d, where ZF and I4 arc the
total pore volume wnd pore surface area,
respectively, in the second and third distri-
butions. The total pore surface arca in the
second and third distributions is commputed
by summing incremental areas caleulated

over cach  volume inorement from the
expression, A = 4V/d, whered is the average
pore diameter increment.  This
caleulation gives an avernge pore diameter, d,
of about 80 A for the second and third
digtributions; this diameter is essentially
constant between 8§ and  35Y%)  burnefl
Using this diameter and a tortuosity of 20
from results of Hutcheon and co-workers on
nuclear graphite?s, values of Dypp and then
$2y were caleulated for representative activa-
tion conditions and are given in Table V.,
Tor the representative runs considered in the
caleulntions, these results prediet that only
those ynns involving activagion of the 16 x 20
mesh anthracite at 900°C would be expected
to be in Zone II. The experimental results
confirm this prediction, since the surface

in the

areas and pore volumes developed upon
astivation of the 16 x 20 mesh anthracite
are markedly lower than fhose developed
within the smaller mesh sizes of anthracite.
1t is clear, however, that even for the two
smaller mesh sizes of anthracite, a decrease
in activation tempernture or particle size
shonld resalt in some inerease in pore develop-
ment at comparable burnoffs. Such is seen
to be the case from the experimental surface
aren and pore volume results,

During the activation of anthracite with
C0., the following two processes ean take
place: (1) the formation of new pores by
preferential removal of carbon atoms or
the opening of new pores which existed

28 J. M. Hutcheon and B. Lougstaff, Tndustriol
Cuarbon and Graphite Conference, London (1358
p. 258,
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TABLE ¥

Swmmeary of Diffusion-Contrel Criteria for Representative Aetivaling Conditions

Activation conditions .
% ! Dty R (&) /et
Temp, °C | Burnoff, Partiele 1 em¥fsec cin mele/em® | mole/em®see diy
| b size ;
84} E 8 42 % Ba 348w -8 133 = 102 L0 = 10-9 046 x 10~ 0.17
90 | 8 42 » 85 4.1 1.35 0.04 KA .84
9h0 | 8 {2 w 65 4.1 1.33 .84 5.0 1.9
900 i 38 42 x 65 7.8 1.35 0.84 £7 0.85
900 b 100 % 130 5.0 .63 .89 i.3 0.18
a0 | $ 18 % 20 | &1 155 1.0 14.0 15.5
800 i A4 100 x 130 ] 8.5 {6+ €194 3.1 0.26
8400 41 16 » 20 &6 4.50 1.0 17.3 P4,

originally but which were closed, and (2)
the enlargement of pores which existed or
were newly opened. These two processes can
be followed by references to Figs, 6-8, Con-
sider, for example, the samples activated at
950°C, Both the pore surface area and pore
length inerease rapidly up to 169 burnoif,
Beyond this hurnoff, the increase in arca is
less, with the area heing essentially constant
between 27 and 0% burnoff, 'With further
burnofl, the aren decreases. Beyond 169
burnoff, the pore length gradually decreases
and the average pore diameter starts to in-
erease,

The general yules to be applied for the
antlysis of these micropere dimensions are
as follows:

(1} Opening of new pores increnses arew
and length. The effect on pore dinmeter
depends on the pore sizes of newly opened
pores.

(2} Enlwgement of pores increnses pore
diameter and area hut has no effect on pore
length,

{3) Combination of adjacent pores, hy

gasifying away pore walls between them
decreases the area and length greatly.

() Transformation of some pores to the
larger pore siwe range by  enlargement
deereases area and lengsh, but this decrease
will be ecnncelled, at least partially, by
enlargement of pores in the smaller dinmeoter
range of the distribution.

By applying these general rules to the
350°C data summarized above, it is conelnded
that the formation of new pores and en-
largement of pores oceur simultancounsly,
although during the initial stages of burnoff
the opening of new pores predominates.
At a certain stage of burnoff, the enlargement
of pores exceeds the opening of new pores.
This transition is estimated to take place at
16%, burnofl for aetivation at 950°C. By
similar reasoning, this transition is estimated
to oeccur at 279% burnoff for aetivation at
850°C.,

The anthors wish to thanlk the Conunenweaith
of Pennsylvania under their conbinuing coal rescarch
program f{or supporting this study.






