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INTRODUCTION

The use of granular activated carbon (GAC)!l for the treatment
of pink wastewaters at load and assembly Army Ammunition Plants has
been established as an effective method of pollution abatement.
However, its major drawback 1is the need to incinerate the spent
carbon after the first breakthrough of RDX/TNT. The cost
effectiveness of using GAC would be increased greatly by the
repeated regeneration of the spent carbon in situ with solvent
elution. In addition, the solvent can be recovered economically by
vacuum distillation and the eluted TNT/RDX reused.

Accordingly, the regeneration of GAC by solvent elution was
investigated and initially ronfined to TNT as the adsorbate
(ref 1). 1t was concluded from this preliminary investigation that
there is a loss of capacity of the carbon surface for TNT adsorption
with each successive cycling by solvent (acetone) elution. This
loss of capacity is due to the active nature of the carbon surface
and/or the pore size distribution, 1leading to irreversible
adsorption of TNT.

The TNT adsorbate molecules are attracted first to regions of
the surface which have the highest energy. These reglons are
associated with various functional groups and high energy sites with
surface carbon atoms having incomplete coordination numbers. A
study of the vrelationship of energy site and/or pore size
distributions representing the second phase of the investigation of
the regeneration of carbon by solvent elution is the subject of this
report.

EXPERIMENTAL

The activated carbon used in this study was ¥83(0 odtained from
Calgon Corporation, Pittsburg, PA. The carbon was ground to a 40/80
mesh, washed thoroughly, and dried. All pretreated samples were
obtained from a master batch prepared in this way. Other GAC's used

were FS400 from Calgon Corporation and Witco 337 (now designated as

Grade 965) from Witco Corporation, New York, NY. These GAC's were
alro ground to a 40/80 mesh for comparison purposes. .

lrgg nomenclature “activated charcoal" is synouymous with activated
catbon,




Pretreatments
Gas Treatments

Methane, hydrogen, and argon were used to pretreat FS300,
The carbon was placed in a quartz tube (50 cm by 1.6 cm) and the
proper gas was allowed to flow through the tube, at a flow rate of
2-3 nL/min. After the air had been displaced, the tube was heated
in a tube furnace to the previously calibrated temperature, and
allowed to remain at this temperature for the requisite number of
hours2, Cooling was carried out by allowing the gas to flow until
room temperature was reached. The methane used was a 102 mixture of
methane in 90% argon. Hydrogen and argon were high purity gases.

NO; and NO Treatments

The NO and NO; used were CP quality. The NO and NOy treated
carbons were prepared by allowing the vapors to displace the air in
stoppered flasks and allowed to remain in contact with the vapors at
ambient temperature for the requisite time. Precautions were taken
to absorb the excess vapors in caustic solution when preparing the
sanples,

Some preparations were water-washed to remove the unreacted
NOp or NO. Others were washed with freon and/or acetone to remove
the unreacted NO7 or NO. All preparations were thoroughly dried {n
a vacuum desiccator prior to use.

Silanization

Five grams of FS300 (40/80) was heated overnight at 150°C,
The carbon was placed in a sne liter flask and covered with 75 nlL of
methyl cyclohexane. Ten ml of trivethylchlorosilane was added and
the mixture rvefluxed under an afr condenser for 5 hours. The
solution was decanted, and 50 ml, of u-propanol added to the carbon
and refluxed for another hour. The .slcohol was decanted and the
cachon washed with w-propanol followed by oven drying at 110°C
ovarnight. , .

Stearic Acid

Five grams of F$300 (40/80) was covered with 25 mL of 0.1%
stearic acid in 952 ethanol in a beaker and allowed to stand over-
uight. The solution was decanted and the carbon allowed to air-dry,

ZSee Table 1
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Water Adsorption Isotherms

Water adsorption isotherms were determined . gravimetrically om a
quartz spring balance (Worder Q-irtz Products, Inc) which had an
absolute sensitivity of 7 microgirams per gram of sample. The water
vapor pressures were measured with a 100 mm Barocol (Datametrics,
Inc) capacitive differential manometer sensor and associated
electronics enabling accurate readings to better than 1073 om.

Ultraviolet Analysis of Aqueous Solutions

A Beckman DU spectrophotometer equipped with one centimeter
matched quartz cells was used for the analysis of aqueous solutions
of TNT. A stock solution of TNT (100 ppm) was prepared by
dissolving 100 mg of recrystallized TNT in one liter of distilled
water. Aliquots of the stock solution were taken to prepare 1 to 10
ppm Iinclusively of standard TNT sclutions. The absorbances of these
standard solutions were measured on the spectrophotometer at 230 nm
agalanst a distilled water blank. The absorbances were plotted vs
concentration giving a linear plot. Unknown solutions were diluted
to a concentration in the ramge of 1 to 10 ppm. The absorbances
were determined and their appropriate dilution factor applied to
give the conceutration.

Column Cycling (Adsorption=Desorption)

Critical column variables were determined for the column used in
the column recycling part of this investigation. By taking iuto
account various particle sizes and welghts of carbon a design was
developed which was suitable. This design allows a wide tolerance
for the pressure head over the column.

A 34 x 106 cm glass column with 19/22 joints at both ends was
plugged just above a joint at one end with glass wool. A "U" shaped
siphion outlet was placed at this bottom end of the column and the
top end fitted with a one liter funnel to hold stock TNT solution.
The funnel was equipped with an overflow tube to allow excess
solution to run back into the stock carboy (a 5-gallon polyethylene
bottle). The solution was pumped to the funnel with a peristaltic
puump timed to ke activated 50X of the time, s0 as to maintain a
constant head pressure (4 v = 60 ulL).

Eigiht grams of GAC was accurately weighed into a 250 mlL beaker
and slurried with ca 100 wl water. The slurry was poured ifato the
funnel and allowed to settle in the column with the aid of gentle
tapping and a stresm of wvater where necessary.




The prepared column was clamped in the center of an automatic
20 position fraction collector (Buchler Instruments, Fort Lee,
NJ). The fraction collector was equipped with an activator to
periodically advance an adjustable glass funnel so as to collect the
eluent in one liter polyethylene bottles.

On colurm cycling was carried out by monitoring the effluent
for TNT concentration from the columns. The breakthrough point was
standardized at an effluent concentration of 1 ppm. Loading the
column with TNT was terminated as soon as sufficient data was
generated to determine this point. The amount of TNT absorbed at !
ppm effluent concentration was considered as the capacity of the
carbon for comparison purposes. The specific adsorption of the

column was calculated by dividing the total amount of TNT adsorbed
by the weight of the carbon in the column.

After breakthrough, the column was desorbed by adding 100 mL
increments of solvent, starting with 20% acetone/water in increments
of 20% up to 100Z acetone until one liter of eluent was collected.

The column was then washed with distilled water until all acetone
was washed out (several

portions of 100 mL each). After
water-washing, the column was ready for adsorption, The acetone
extract was reserved for avalysis.

The amount of TNT desorbed was determined by transferring the
eluate to a one liter volumatvic flask and diluting to the wmark with
acetone. A 10 ml aliquet was transferred to a 500 mL volumetric
flagk and diluted to the mark with water. A 10 mlL aliquot was
transferred to a 250 ml beaker, diluted to 100 mL with water, heated
on a hot plate to evaporate ca 50 mL and insure the removal of the
acetone, The remaining solution was transferrved to a 100 al

volumetric flask,diluted to mark and the concentration determined by
UV spectroscopy.  The

amount of INT desorbed was calculated as
follows:

Amt. TNT, g = l%gg X 2%8 X T&% H TéUU = 0,5xC

where:

C = concentration determined {n ppum.

Batch Cycling (Adsorption-Desorption)

One hundred mg of GAC was accurately weighed {nto a glass
stoppered 1 L Erlenmever flask and 500 ml of a 140 ppm TNT solution
added. This ratio of carbon to volume of stock TNT solution was
always matntained to insure adgorption at the plateau region of the
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adsorption isotherm. The charged flask was placed on a wrist—action
shaker and shaken for 24 hours to assure equilibrium. The amount
adsorbed by the carbon was determined by withdrawing an aliquot of
supernatant solution from the flask and determining the
concentration of TNT by UV spectroscopy. The concentration, Cj ,
was subtracted from the initial concentration, C, , of stock TNT
solution and the specific adsorption calculated by the following:

c —-¢C

0 1
2m

Specific adsorption =

where:

m = welght of carbon, mg
2 = correction factor for the volume of TNT solution used.

The TNT solution was carefully decanted from the carbon and
rinsed once with a small quantity of water. Fifty mL of C.P.
acetone was added to the flask and the stoppered flask was shaken
for one hour. The acetone was decanted into a 250 wmL volumetric
flask. The process was repeated two more times with the washing
being added to the volumetric flask., After dilution to the mark, a
5 wmL aliquot was pipetted into a 250 ol beaker containing
approximately 75 mL of water, and brought to a gentle boil on a hot
plate to evaporate about 50 mL. This process expelled the acetone
giving a residual aqueous gsolution of TNT which was diluted to
volume (100 whL) in a volumetric flask. The concentration was

determined by UV spectroscopy and the specific desorption calculated
as follows:

“ 20, 100 ¢ ¢
Specific desorption == X To00 X & V) -

whaere:

o« weight of carbon (100 mg)
C = concentration of TNT, ppm

The entire operation was repeated for the next cycle using the
eluted carbon remaining in the flask.

Details of column cycling and batch cycling are presented in
the Appendix.

Chemical Regeneration

- The following procedures were carried out on TNT saturated
FS300 carbon from which che rveversibly adsorbed TNT had been




extracted with acetone, and therefore, contained only irreversibly
adsorbed TNT.

Alcoholic KOH: One gram of carbon was reacted at ambient
temperature with 50 mL of 10% alcoholic KOH to produce a red color.
The mixture was heated to 50°C, acidified with sulfuric acid and
diluted to ca 200 mL with water.

Nitric Acid: 'fwo gram of carbon was covered with concentrated
nitric acid and heated gently for one hour. The mixture was allowed
to cool and then washad thoroughly with water.

Ozonation: One gram of carbon was covered with water contained
in a tube into which a diffuser was placed. Generated ozone was
bubbled in for a period of two hours.

Oxalic Acid: One gram of carbon was c¢overed with 100 ol of 5%
oxalic acid and heated to boiling for 4 hours. The mixture was
allowed to cool and stund overnight.

Reduction Procedures: One gram of carbon was reacted in a
1 sodium bicarbonate 1:1 ethanol-water solution with excess sodium
dithionire.

One gram of carbon was mixed with ca 5 grams of zinc
amalgam and covered with 5% HCl. After 15 minutes, 100 ol of water
was added ard the carbon separated from the zinc amalgam by .
flocation,

One gram portions of carbon were reacted with 1 g iron
in 100 cm3 of 30% HCl; 1 g tin in 100 wlL 30% HCl, and 1 g N4 SH {n
100 al, of 54 HCl.

A oue gram sauple of carbon was rvefluxed for one hour
with 5 g MnCly ¢ 6Hz0 and 2 cm” concentrated HCL.

In all cases after the reaction was terminated, the carbon was
separated from the veaction mixture, washed thovoughly and dried at
110°C,

RESULTS AND DISCUSSION
TNT Cycling
Activated carbon shows chemical reactivity due to the presence

at the surface of various chemical functionalities (ref 2)., The
wicroporous structure contains constrictions nmarrow enough to hinder
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oy the free passage of the TNT molecules and thereby renders some of
B the surface unavailable for its adsorption. Additionally, TNT may
adsorb at comnstricted pore openings where the potential force field
is sufficiently high to prevent desorption and where chemical
reactivity may be promoted due to the long residence time of the
adsorbate. Physically, adsorbed TNT is readily removed by acetone
extraction; however, a portion of the TNT is irreversibly adsorbed
leading to degradation of the adsorptive capacity. This capacity
diminishes with successive cycling as the irreversibly adsorbed TNT
accumulates. To obtain activated carbon which may be cycled without
a significant 1loss of capacity, we must consider the chemical
reactivity of the surface, the pore-volume distribution, and the
surface area-pore volume relationship. That these factors are
interrelated is evident in that reactivity leads to the c¢losing of
pores aud loss of surface area.

The initial approach to this problem has been to pacify the
gurface by reacting the high energy sites with molecules which would
then permit subsequently adsorbed TNT molecules to be easily
desorbed. To evaluate the cycling characteristics of various GAC's,
it was necessary to establish an experimental method which would
pernit adsorption/desorption cycling as rapidly as possible. For
this purpose, we have designed a one point adsorption/desorption
experiment; choosing the conditions so that the adsorption alway-
occurs at the plateau of the previously developed isotherm. Elution
is maximized by allowing an excess of solvent (acetone) to contact
the adsorbent-adsorbate complex for three periods of at least one
hour each. This treatment was found to remove all the reversibly
adsorbed TNT. (Soxhlet extraction did not remove significantly more
TNT). Typically, carbons were batch cycled for six cycles to give a
reasonable estimate of the behavior of the carbon insofar as
degradation was ccncerned. A few carbong were cycled for up to 18
cycles (tables 8 and 9). The agreement betwean six cycles and many
cycles is fairly closej hence, an extrapolation from 6 cycle results
can be done with some confidence. By using this technique, a given
pretreated sample could be evaluated in 1 co 2 weeks depending on
the number of cycles rvequired. Promising caundidates were then
selected for pilot columns study.

Gravnalar activated carbons are manufactured 1in various mesh
gizes and comparing these various carbons would involve differvences
due to diffusion. A 40/B0 mesh size obtained by grinding was
therafore utilized as the standard tessing gize o as to allow
cowparisons from one carbon to another”. This size allowed an

: 3The periphery of a GAC pacticle may exhibit different properties
[ from the central portion, therefore, any final testing must be
carried out on the original particle size.

’ o
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increase in the loading and sharpened the breakthrough point of the
columns. Testing in columns was caried out on a continuous
adsorption basis to approach plant conditions as closely as
possible. The specific adsorption of the columns, for the purpose
of comparigon, was calculated by dividing the amount of adsorbed TNT
by the weight of the carbon used in the column, even though the TNT
is not adsorbed uniformly over the length of the column.

Table 1 shows the effects of the various pretreatments upon the
surface area of the FS300. It is evident that most of the
pretreatments have lowered the surface area; a few treatments did
not significantly change the area; hydrogen treatment at 1000°C
increased the surface area by 10%. It is also shown that treatments
with such reagents as N0y , NO, stearic acid, and wmethane at
temperatures higher than 700°C have reacted with the carbon surface
and closed off a portion of the micropore surface area.

Table 2 lists the values nbtained from the linerization of the
second order kinetic treatment of data from the cycling experiments
(batch and column) on various 40/80 mesh untreated and pretreated
activated carbons. A second order kinetic model is used because the
data (the specific adsorption for consecutive cycles) fits this
model, at least, to the extent of the cycling we have carried out.

The specific adsorption (zero intercept), Co , at zero cycles
and the slope of the equation were determined from a least aquares
analysis of the data. The correlation coefficient obtained is a
measure of the mathematical validity of the devised equation, and
the extent of deviation from the number one (1) 1is proportional to
the degree of scatter of the data points. The slope of the line is
related to the rate of degradation with cycling. The nature of the
model 1s such that the slope is positive instead of an expected
negative one. For a standard of comparison the virgin carbon was
cycied 1in triplicate for the batch experiments. The {nitial
capacities had a standard deviation of 0.0l and the slopes a

standard deviation of 0.021,

As stated before, the experimental data follows the second
orvder kinetic model (figs. 1 and 2). This relationship holds for
both the batch experiments and the column experiments. The specific
adsorption for the batch is at the igotherm plateau and the specific
adsorption for the column 1is calculated at the 1 ppm breakthrough

point.
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To evaluate the carbons, the areas under the degradation curves
are integrated; this takes into account the rate of degradation and
the capacity of the carbon. The areas may then be compared to FS300
as the standard. A significant increase in area indicates an
improvement, and conversely, a decrease shows a poorer carbon.

The integrated linear plot gives the following equation:

A, (Area) = mn2 /2 + n/Co
Where:
A= ydn
y = 1l/c
m = slope, n = cycle number
¢ = specific adsorption
Co = specific adsorption at n =0

Since the linear plot gives a value derived from a reciprocal
relationship, for ease of comparison we have taken the reciprocal of
A, so that a larger positive number shows an improvement over the
standard.

Table 3 shows the areas calculated from the degradation curves
of the various pretreated FS300's and two other commercially
available carbons, namely FS400 and Witco 337. The significapt

difference at the 95X level for the b§§°h experiments is 3 x 107 »

and for the column experiments, 2 x 1077,

The GAC's which demonstrated some improvement in their cycling
characteristics as evidenced by a higher area for the batch cycling
experiments were the 1000°C hydrogen treated FS300, the FS400, and
the Witco 337, The FS300 pretreated with methane, NOy and NO were
chosen for column study for purposes of comparing their cycling
characteristics.

The results in table 3 show a significantly higher area in the
column cycling chavacteristics for the hydrogen treated corbon, the
8400, and the Witco 337. The other pretreated FS300 carbon, as
previously indicated by the batch determinations show a lower area
than the virgin FS8300. The ijmprovement for the hydrogen treated
carbon in the batch experiments was borderline, yet the column
experiment improvement was significantly pgreater. Since the
hydrogen treatments were carried out at different times, it is
possible that there may be slight differences due to variations in
the preparations. This appears to bhe a common occurance with GAC,
f.e., velatively poor reproducibility of adsorption properties, The
FS400 and Witco 337 showed significantly higher areas under the
curves and, thevefore, iwproved cycling chavacteristics over the
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F8300. The water adsorption-desorption isotherms for the carbous
have given some insight into the reasons for these differences in
cycling characteristics.

Water Adsorption/Desorption Isotherms

Water is unique as an adsorbate due to its unusual properties,
which 1s explained by its intermolecular hydrogen bonding. The
nature of water adsorption in the low pressure region of the
isotherm up to a relative pressure of 0.4 is due to the presence of
active sites from oxygen complexes on carbon. The water molecules
hydrogen bond at these primary sites and act as secondary adsorption
sites, and via hydrogen bonds, adsorb other water molecules. This
results in complexes of water molecules forming in the pores (ref
3). As the pressure rises, the probability of adsorption increases
due to the increase in the number of secondary adsorption centers.
The steep rise in the adsorption isotherm curve in this relative
pressure region 1s assoclated with the condensation in the pores

which occurs as a function of related pressure and pore diameter
according to the Kelvin Equation.
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On the adsorption side of the hysteresis loop, the vapor
oressure 1s in equilibrium with menisci in the body of the pores.
On the desorption side, the vapor pressure is in equilibrium with
menisci at the pore mouths. Thus, we can look at the hysteresis
loop with the desorption leg desorbing in order of decresasing pore

openings and the adsorption leg adsorbing in order of increasing .
pore diumeters (ref 4).

Water adsorption/desorption isotherms shown in figures 3
through 7, were umeasured on 40/80 mesh carbon samples of FS8300,
FS400, Witco 337, and a series of FS300 pretreated samples. The
water isotherms measured on all samples exhibited the characteristic
S-shaped isotherm where the amount adsorbed at relative presgures
below 0.4 was low due to surface hydrophobicity and where the
adsorption increased rapidly in the relative pressure vange of 0,4
to 0.8. Pronounced hysteresis was observed in the desorption leg
for all isotherms. Carbouns which were treated with N0y or NO showed
an increased hydrophilicity, the isotherm (fig. 6) showing an early
rise in the amount adsorbed. The general interpretation for these
isotherms 1is that the surface 1s relatively hydrophobic, i.e.,
contain a low concentration of polar gites, and a high concentration
of pores in the diameter range of 20 to BOA , where the pore
openings are smaller than the body of the pores. A detailed
analysis of the results, however, indicated that all carbon samples
showed differences in the degree of surface hydrophilicity and pore
slze discribution in the raunge investigated.
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The pore size analysis from the adsorption/desorption isotherms
were carried out according to two procedures. One procedure, uses
the adsorption/desorption isotherm for FS300 as the standard and
compares the results obtained from the other samples with this
standard. The results depicted in figures 8 and 9 and tabulated in
table 4, show the change in pore size distribution relative to
FS300. The absolute pore size distribution cannot be obtained from
the water adsorption isotherms because a standard, i.e., a carbon
sample known to contain no pores, does not exist for these carbon
samples.,

The results of the size distribution of the pore bodies
relative to FS300 as shown in fig. 8 and in table 4 for FS400, Witco
337, and different pretreated samples of FS300, show that FS400 has
a higher concentration of pores over the diameter range of 20 to
80A, which 1s the reason for the higher surface area of this
sample. The Witco 337 charcoal shows a lower concentration of pores
below 50A, and a much higher concentration above 50A, Both the
methane and hydrogen high temperature treatment of FS300 lead to
decreases in the pore size distribution between 20 aund 80A. In the
case of the hydrogen treatment, where the surface area has been
increased, it must be assumed that this treatment shifts the pore
size distribution to higher diameters (refs 5,6). Both the NO and
NOp treatment of FS300 leads to an increase in pore diameter below
40 and 50A, respectively, and a decrease in higher diameter pores.
Figure 9 and table 4, show the vesults of the analysis of size
distribution for the pore openings relative to FS300. The results
are slmilar to the changes shown for the pore bodies in that the
Witco 337, and the methane and hydrogen treated FS300 all show
initial decreases in the pore size distribution. The results are
different, however, in that the decrease is over a much narrouer
range for Witco 337 and FS300/Hy /1000°C. In the second method, the
pore size distribution is calculated from the hysteresis loop in the
water adsorption-desorption isotherms (figs. 3 through 7). The
results of this analysis, demonstrated in figures 10 and 11, show
the pore size distribution of the pore opening relative to that of
the body of the pore where the pore opening is smaller.

The results show that the hydrogen treated FS$S300 and Witco 337
have the highest concentration of pore size openings in the range of
30A to B0A with the Witco 337 being higher after extrapolating the
experimental results. The FS300 and FS400 all showed similar pore
concentration in this range. The NO and NOj treated FS300 both
showed a decrease in the concentration of pore size openings in this
range.

11
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The following conclusions can be drawn from this analysis. The
FS300 and FS400 have pores which are similar in shape. The FS400,
however, has a higher concentration of mesopores”. The Witco has a
lower concentration of pores below 504 and a much higher
concentration of pores above 50A, leading to a significantly higher
surface area, The pores in the Witco sample also exhibit a high
ratio of pore opening diameter to pore body diameter as compared to
FS300 and FS400, in the range of 35A to 60A, but with a higher ratio
below 35A. However, the absolute diameter of the pore opening
diameter 1increases above 35A as compared to all the carbons
investigated. The NO9 and NO pretreatments of FS300 have the common
effect of closing the pores with small openings and decreasing the
size of larger pores, thus, decreasing the specific surface area.
The methane pretreatment on FS300 has the effect of closing pores
over a wider pore size range, but to a smaller extent than NOs and
NO. Hydrogen pretreatment of FS300 has the effect of increasing the
dimensions of the pores in the range of 30 to 60A., The pore
openings are especially affected in that they are decreased below

45X and increased above this value with a subsequent increase in
surface area.

Desorption

As pointed out in the previous report (ref 1), there is always
gsome vresidual TNT remaining on the carbon due to chemisorption
and/or very strong physical adsorption. Diffusion problems are also
implicit in this connection as the time to desorb using acetone is
much lags than the time of adsorption. Table 5 shows the typical
data derived from cycling a column of 40/80 mesh FS300, The first
cycle desorption vremoves the least amount of TNT, subsequent
desorptions remove significantly more. Although the analytical
procedure has a relatively large error, it can be seen that each
cycle leaves behind some irreversibly adsorbed TNT.

The data in table 6 under {incremental desorpiion (for one
desorption cycle) shows that most of the TNT is removed with the

first few hundred mL of acetone, and that further exposure to
solvent removes only minuscule amounts.

Chemical Regeneration

Most of the TNT adsorbed on activated carbon is easily desorbed
with acetone. The residual is chemigorbed or held by very strong
physical torces. Other solvents such as dimethyl formamide,

AMasopores have a width of from 20-500 .

12
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dimethylsulfoxide, benzene, and triethanolamine at temperatures up
to 80°C were not effective in removing any more TNT, and were
difficult to remove from the carbon. An investigation was carried
out to determine if <chemical reactions could solubilize this
chemisorbed portion. As shown in table 7, chemical treatment of the
carbon resulted in varying degrees of surface area loss, Treatment
with alcoholic KOH, high temperature reaction with magnesium
chloride hexahydrate, hydrochloric acid, zinc, nitric acid, cxalic
acid, and ozonation all proved destructive to the surface area. As
these methods would not be practical on a large scale, both for
safety and economic reasons, further investigation of this phase was
dropped. Previous attempts to chemically regenerate carbon have not
been successful (ref 7).

CONCLUSIONS

The use of chemical regeneration is not feasible for the
reactivation of GAC as it damages the pore structure, tends to be
costly, and generates harmful by-products for disposal,

Due to the heterogeneous nature of the activated carbon
surface, there is an inevitable loss of TNT adsorptive capacity
after each successive adsorption/solvent desportion cycle, The
standard carbon, FS300 as shown previously, has one third of its
surface area unavailable to TNT adsorption. This fact, plus the
loss of surface area due to irreversible adsorption at the high
energy asites of the pore openings, accounts for its poor TNT cycling
characteristics.

The TNT adsorption/desorption cycling behavior of the various
pretreated and other carbons were compared to the standard carbon,
F$300, by integrating the areas under the linear degradation curves,
which were derived from a second order kinetic model, The
integrated areas depend upon the rate of degradution (slope) and the
specific capaczity of the carbon for the TNT (y dintercept). The
highest areas will have high intercepts and a small slope. By means
of water adsorption/desorption isotherms it was found that
pretreated carbons which had lower integrated arcas and hence,
poorer TNT cycling capacity than the standard FS300, showed a
decrease in the concentration of higher diameter pores. Conversely,
the other carbons 'th higher integrated areas and hence, better TNT
cycling capacity than the standard FS3(Q showed pore size
distributions that had an increased concentration of pore diameters
in the higher range, 1i.e., from 50A to lQ00A, and a higher ratio of
pore opening diameter to pore body diameter.
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The observations summarized above, have lead to an
understanding of the requirements for a GAC which would be more
suitable for the adsorption/solvent regeneration cycling of TNT.
This improved GAC should have an increased pore concentration in the
pore diameter range of from 50A to 100A, with a high ratio of pore
opening diameter to pore body diameter. The larger pore openings
would tend to minimize the blockage of pores by the irreversible
adsorption of TNT at the high energy sites of the pore openings.
The present carbon, high in micropore concentration, should
therefore, be replaced by a commercially available carbon high in
the lower diameter size range of mesopores. To this end, carbons
should be screened by TNT adsorption/desorption cycling and pore
size distribution determinations for optimum regenerative behavior.
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Table 1. Surface areas of virgin and pretreated carbons.

?

B L L T

: Treatment Surface area, m? /g
' FS300 (virgin) 1026
TNT-sat/soxh-ext 578
CH,/4 hr/600°C 1044
CH,/4 hr/650°C 976
3 . CH,/3 hr/700°C - 1044
i CH4/5 hr/700°C 1065
] CH,/4 hr/750°C 649
i Ar/4 hr/1000°C 1049
i Hp/4 hr/1000°C 1157
! NO2/72 hr/H0 694
: NO2/72 hr/freon 696
E N03/72 hr 777
¢ NO2/72 hr/freon/acetone 537
! NOz/18 hr 650
; NOz/4 hr 693
: NO2/14 hr/freon 642
g NO/72 hr/Hg0 842
: NO/4 hr/freon 811
P NO/4 hr/ B0 805
? NO/4 hr/freon/acetone 732
Silanized 959
Stearic acid 741
§ Witco 1311
: Fs400 1119
i
{
H
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Table 2. Rates of degradation of pretreated carbons .,

Batch
Correlation
Treatment Slope Co coefficient
FS300 (virgin) 0.128 0.49 0.92
TNT-sat/soxh ext 0.294 0.42 0.88
CH4/4 hr/600°C 0.169 0.41 0.90
CH4/4 hr/650°C 0.184 0.45 0.96
CH,/3 hr/700°C 0.080 0.44 0.91
CH4/5 hr/700°C 0.120 0.44 0.86
CH4/4 hr/750°C 0.096 0.28 0.69
Ar/4 hr/1000°C 0.141 0.44 0.89
Ha/4 hr/1000°C 0,135 0.52 0.95
NO2/72 hr/Hz0 0.150 0.35 0.86
N02/72 hr/freon 0.124 0.33 0,94
~ NOo/72 hr 0.304 0.38 0.99
i N02/72 hr/freon/acetone 0.199 0.29 0.79
f NO2/18 hr 0.116 0.32 0.68
NO2/4 hr 0.205 0.35 0.97
NO3/4 hr/freon 0.139 0.32 0.82
NO/72 hr/H20 0.161 0.38 0.87
NO/4 hr/freon 0.207 0.40 0.96
NO/4 hr/Hg0 0.060 0.44 0.87
NO/4 hr/freon/acetone 0.083 0.33 0.67
Silanized 0.231 0.52 0.91
Stearic acid 0.234 0.47 0.96
Witco 337 0.063 0.63 0.97
5400 0.041 0.55 0.75
Colunmn
F5300 (virgin) 0.250 0.50 0.94
CH7/4 hr/700°C 0.353 0.48 0.93
Ha/4 hr/1000°C 0.335 0.76 0.98
NO»/72 hr 0.468 0.33 0.93
NO/4 hr/H20 0.289 0.40 0.78
Witco 0.183 0.63 0.98
PS400 0.232 0.57 0.89

All carbons were FS300, 40/80 wesh, unless otherwise listed. i
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Table 3. Integrated areas under degradation curves .

Treatment

F$300, virgin
CH,/5 hr/700°C
Ha/4 hr/1000°C
N02/72 hr

NO/4 hr./H0
FS400

Witco 337

INT sat'd/extracte
CH,/4 hr/600°C :
CH, /4% hr/850°C
CHy/3 hr/700°C
CH./4 hr/750°C
Ar/4 hr/1000°C
N02/72 hr/H O
N02/72 hr/freon
N0,/72 hr/acetone
N02/18 hr.

NO2/4 hr

NO2/4 hr/freom
NO/72 hr/H20

N0/4 hr/freon
NO/4 hr/freon/acetone
Silanized

Stearic acid

Significant diff. at
95% level

Area x 107>

Batch

69
63
72
54
53
86
94
51
56
60
66
43
62
50
49
41
48
48
47
34
53
51
64
59

All carbons were F$300, 40/80 mesh, unless

otherwise listed.

17
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Column

61
33
72
35
50
68
78
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Breakthrough,
Specific ads.
at 1 ppm

Cycle
number

SO WL LW

Increment
number

R

Total

0.48
0.39
0.36
0.34
0.32
0.29
0.30

Table 6.

Table 5.

Total specific
adsorption

Volume, mlL

300
100
100
200
100
100
100

1000

Amount adsorbed was 2,52g -~ 77.8% desorbed.

19

Column adsorption/desorption cycling.

Specific
desorption

Percent
desorption

0.39
0.36
0.32
0.34
0.30
0.33
0.33

73.6
85.7
82.0
89.5
78.9
97.1
91.7

Incremental column desorption for ome cycle.

Amount
desorbed/

1.750
0.165
0.006
0.010
0.014
0.009
0.006

1.960

g
L0
S
S8
it
5
4
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Table 7,

Treatment

ane*
Sulfuric acid
Reduction
Reduction
Oxalic acid
Ozone

Nitric acid

Effect of chemical regeneration
on surface area of FS300.

Surface area,

e

n?/g

945
848
318
655
114
723
469

*
40/80 mesh FS300 was saturated with TNT and
then soxhlet extracted with acetome.

20
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Table 8, Batch cycling of 40/80 mesh FS300/Argon/4 hrs/1000°C .

Cxcle number
1

%; = 0.235u+1.806

cory, coeff, = ,917

Specific adsorption

0.41
0,42
0.34
0.36
0.34
0.32
0.27
0.27
0.27
0.27
0,26
0.23
0.24
0.23
0.22
0.15
0.15
0.15

PN S L
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Table 9. Batch cycling of 40/80 mesh FS300/CH,/600°C/4 hr.

Cycle number Specific adsorption
1 0.38
2 0.31
3 0.34
4 0.35
5 0.31
6 0.32
7 0.27
8 0.26
9 0.23

10 0.24

-% = 0,1740+2.453 corr coeff., = ,909
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Linear plots of specific adsorption deactivation as a
function of adsorption/desorption cycling according to a
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Table A-1. Small column® adsorpilon/desorption cycling
as a function of particle size of FS3%0.

. Cumulative TNT

Volumeb Retained, mg Effluent, mg

Thru liters Coarse "~ 40/80  Coarse 40/80
1st Adsorption

116 118 1.70
227 236 5.90
342 354 1.30
444 472 13.90
542 390 18.40
632 704 24.90
719 818 28.30
796 932 38.40

o o o
[ ]

» .

COOOO0OQ0OO
L]
OCOOONDOOO

lst Desorption
474 674
591 805
617 8J1
626 837
636 847

644 833

.

OO0 W WL L M
WS WN T

. e 0w -

O —OoOC O

2ad Adsorption
120 120
240 241
360 362
478 484
596 504
668 729
757 854
84l 979

.
s & o

[l R RPN XE CN., W
- - - » - -
RN OCO DD
COOCCO OO
VNSO~ S

e » =

COoOCcCOoOW®

£ W

2nd Desorption

87.1
$1.8
93.4
94.0
24.6
95.2
95.7

p

1 646 852

2 699 896

3 716 912
0.4 722 920

3

6

0

.

-
PY
Wk OO =D

728 925
732 928
143 936

« s »

S OOCOOC0 B3I WL 10N

e & e

oo e o Qo ~)
QO ~J ~t OO Wk O

.

aParcicle Size FS300 Weight, g Length, cm ‘Diamecer, cm Volume, cm3
Coarse 3.001 8.1 1.0 6.37
40480 3.031 7.2 1.0 5.67

bAverage rate 1.4 cm3lmiu; adsorption from aqueous solution, desorption
with acetona.




:
ié-

aParticlu size FS300 Weipht, = Lensth, cw Diameter, cm Volume, co

Coarse

b 40,80

with acetone.

3.005
3'031

37

8.1
1.2

1.0
1.0

6.37
5‘67

Table A-1. Small column® adsorption/desorption cycling as a
function of particle size of FS300 (Cont'd)
Cumulative TNT
Volumeb Retained, mg Effluent, mg
Thru liters  Coarse 40/80 Coarse 40/80
3rd Adsorption
1 131 134 5.5 2.3
2 257 269 10.1 2.1
3 375 414 19.0 8.5
4 459 524 27.7 2.2
5 540 632 30.8 4.0,
6 623 780 67.4 2.1
7 701 Q10 77.9 2.2
8 752 1039 80.0 2.1
3rd Desorption
0.1 576 847 76.6 814
0.2 657 891 87.4 85.7
0.3 685 316 91.0 88.2
, 0.4 704 934 93.6 89.8
: 0.5 725 954 96.3 91.6
: 0.6 734 968 98.5 94.1
{ 1.0 146 988 99.3 96,2
: 4th Adsorptica
: 1 132 137 8.0 3.3
: 2 2617 274 5.1 2.9
: 3 323 383 56.4 2.9
4 4 409 480 - 25.9 15.0
: 5 501 618 63.0 17,5
P ) 600 743 56.0 1.0
: - 4th Desorption
i 01 444 316 13.7 69.5
S 02 584 659 97.4 89.0
& 0.3 606 631 100.5 91.8
b 0.4 619 691 102.5 93.0
0.5 626 701 104.5 95.0
z 1.0 651 121 107.0 97.1

Average rate 1.4 co”fuin; adsorption from agueous solution, desorption

e e




Table A-2. Small column® adsorption/desorption cycling
as a function of particle size FS300.

Cumulative TNT

Volumeb Retained, mg Effluent, mg
thru liters Coarse 40/80 Coarse 40/80
lst Adsorption

153 153
306 306
459 459
612 612
764 765
916 918
1065 1070
1206 1222
1339 1365

10 1445 1506

11 1540 1633

12 1622 1764
1st Desorption

0.100
0.00
0.00
0.22
0.24
0.28
0.31
0.80
9,50

. e o o o
O OO UNWRARODNO O

O RN EWN -
e o
QOO OO WOOo

-

e S S T T T

.

NDONDONDNSPOOOOO
L]

~N W W

1049 1186
1232 1333
1272 1348
1385 1361
1496 1390
1507 1419
1517 1530

WO
NWB ;P
s ® o

W oo

2nd Adsorption
145 145
290 290
435 435
580 599
146 749
887 847
1160 1041

1225 1058

0
0
0
1
8
i
2
3
4
3
6
7
8

k|
3particle Size FS300 Welght,g Lenpth,cm Diameter,cm Volume, cm

Coarse 4,000 8.1 1.0 6.37
40/80 4.00 7.9 1.0 6.39
Average rate 1.7 cm’/min; adsorption from aqueous solution, descyption

with acetone.




Table A-2. Small column® adsorption/desorption cycling
as a function of particle size FS300. (cont'd)

Cumulative TNT

b

% Volume Retained, mg Effluent, mg

b thru liters Coarse 40/80 Coarse 40/80
gvt 2nd Desorption

W 0.1 959 814 78.2 69.0
é ' 0.2 994 863 8l.1 73.2
I 0.3 1019 981 83.2 83.2
Ef 0.4 1045 997 85.3 84.6
[t 0.5 1059 1010 85.4 85.7
& 1.0 1191 1038 97.2 88.0
E- 3rd Adsorption
L - 1 . 110 120 0.10 0.20
g ' 2 225 240 0.33 0.60
‘§ - 3 330 360 0.30 0.30
- 4 480 480 0.35 0.30
: 5 649 600 1.06 0.40
., 6 806 767 12,6 22.8
L 7 1055 911 20.4 34,6
E- 8 1189 1020 35.0 56.3
18 3rd Desorption

] 0.1 772 620 64.9 60.8
13 0.2 955 932 80.4 81.6
. 0.3 963 962 81.0 84.6
i 0.4 979 979 82.4 86,2
g 0.5 994 991 83.6 87.4
ﬁ_f 1.0 1013 914 85,2 89.6
ﬁg a 3
8 Particle Size FS300 Weight,g Length,cm Diameter,cm Volume, cm

f Coarse 4,000 8.1 1.0 6.37

40/80 . 4.00 7.9 1.0 6.35

Average rate 1.7 cm”/min; adsorption from aqueous solution, desorption
with acetone.
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Table A-3. Small column® adsorption/desorption cycling
as a function of particle size FS300.

Cumulative TNT

VolumeP Retained, mg Effluent, mg
thru liters Coarse 40/80 Coarse 40/80
1st Adsorption
1 154 154 0.20 0.21
2 308 308 0.23 0.19
3 462 462 0.24 0.36
4 616 616 0.37 0.37
5 770 770 0.18 0.47
6 924 924 0.37 0.17
7 1078 1078 0.71 0.60
8 1232 1232 0.60 0.50
9 1386 1386 0.64 0.60
10 1540 1540 0.59 0,55
11 1694 1694 0.58 0.54
12 1848 1854 0.56 0.52
13 2002 2002 0.59 0.60
14 2156 2156 0.83 0.52
15 2300 2300 0.97 0.59
16 2454 2454 0.82 0.58
17 2608 260¢ 0.63 0.49
18 2761 2762 1.04 0.46
19 2913 2916 2.30 0.53
20 3064 3070 3.10 0.46
21 3205 3215 4,00 0.60
22 3344 3360 6,20 0.84
23 3481 3505 8.20 0.57
24 3625 3660 11,0 0.59
25 3761 jgal 19.4 8.30
26 3891 3969 25.0 15.40
2?7 4017 4104 29,8 20,40
28 4136 4230 36.4 24,0
29 4245 4384 46.0 32.0

K]
8particle Size FS300 Weight,g Length,cm Diameter,cm VYolume, cm

Coarse 10.000 21,2 1.0 16.6
40/80 10.00 21.9 1.0 17.2

bAveruge rate 4 cmslmin; adsorption from agueous solution, desorption
with acetone.
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Ta ble A-3 .

Small column? adsorption/desorption cycling
as a function of particle size FS300. (Cont'd)

Cumulative TNT

Coarse
40/80

with acetone.

10,000
10.00

Volumeb Retained, mg Effluent, mg
thru liters Coarse 40/80 Coarse 40/80
1st Desorption
0.1 2640 3250 62.6 75.8
0.2 3431 3760 80.8 87.6
0.3 3585 3885 84,6 90.8
0.4 3602 3906 85.4 91.2
0.5 3610 3921 85.0 91.9
1.0 3670 3751 86.4 92.3
2nd Adsorption
1 123 123 0.24 0.30
2 246 246 0.40 0.10
3 369 369 0.63 0.18
4 484 484 0.60 0.23
5 599 599 0.68 0.42
6 714 714 0.35 0,40
7 829 829 0.40 0.40
8 944 944 0.62 0.38
9 1060 1060 0.62 0.65
10 1176 1176 0.54 0.52
11 1292 1292 0.54 0.52
12 1408 1408 0.52 0,42
13 1524 1524 0.40 0.20
4 1643 1643 0.60 0.40
15 1762 1762 0.50 0.46
16 1871 1871 0.40 0.50
17 1990 1990 0.50 0.60
18 2109 2109 0.50 0.40
19 2228 2228 0,070 0.40
20 2347 2347 0.60 0.38
21 2466 2466 0.68 0.44
22 2585 2585 0.73 0.46
23 2700 2700 1.30 0.42
24 2808 2815 6.9 0.70
25 2912 2930 11.3 0.83

8particle Size FS300 Weight,g Length,cm Diameter,cm Volume, cm'3

21,2
21.9

4l

1.0
1,0

16.6
17.2

bAverage rate 4 cm”/miy; adsorption from aqueous solution, desorption
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Table A~3. Small column® adsorption/desorption cycling
as a function of particle size FS300. (Cont'd)

Cumulative TNT

VolumeP Retained, mg Effluent, mg
thru liters Coarse 40/80 Coarse 40/80
2nd Adsorption
26 3013 3043 14.0 1.92
27 3108 3154 20.0 4,30
28 3199 3261 24,0 10,0
29 3286 3357 29.3 19,3
30 3365 3447 36.0 24,6
2nd Desorption
0.1 2460 2630 73.1 75.7
0.2 2715 2968 80.8 85.4
0.3 2785 3015 82.8 87.8
0.4 2792 3029 83.1 88.0
0.5 2812 3043 83.6 88.2
1.0 2874 3106 85.4 89.4
3rd Adsorption
1 125 125 0.10 0.00
2 250 250 0.10 0.00
3 375 375 0.09 0.08
4 500 500 0.50 0.33
5 636 636 0.10 0.30
6 172 772 0.70 0.49
7 907 908 0.91 0.55
8 1043 1044 0.60 0.48
9 1155 1155 0.54 0.65
10 1267 1268 0.70 0.40
11 1379 1380 0.70 0.60
12 1527 1529 1,23 0,31
13 1657 1660 1,70 0.18
14 1787 1792 2.30 0.95
15 1927 1936 3.10 0.30
16 2064 2074 3.00 1.50
17 2201 2212 3,48 2.38
18 2311 2324 7.50 8.10
19 2421 2428 12,00 16.00
20 2525 2503 15.00 34.00
21 2623 2580 21.0 52.0

3

8particle Size FS300 Weight,g Length,cm Diameter,cm Volume, cm
Coarse 100000 21.2 1.0 16-6
40/80 10.00 21.9 1.0 17.2

bAverage rate &4 cm3/miu; adsorption from aqueous solution, desorption
with acetone,
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Table A-3. Small column® adsorption/desorption cycling
as a function of particle size FS300. (cont'd)

Cumulative TNT

Volume® Retained, ug Effluent, mg
thru liters Coarse 40/80 Coarse 40/80
3rd Desorption
0.1 1065 1520 40,0 57.6
0.2 1773 2038 66.6 78.2
0.3 2194 2479 82.4 95.2
0.4 2243 2532 84.9 97.0
0.5 2265 2550 84,6 98.0
0.6 2277 2562 85.8 98.3
1.0 2295 2581 86.2 99.2

3
3particle Size FS300 Weight,g Length,cm Diameter,cm Volume, cm

Coarse 10.000 21.2 1.0 16.6
40/80 10.00 21.9 1.0 17,2
Average rate 4 cm /min; adsorption from aqueous solution, desorption

with acetone,
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: Table A-4. Small column® adsorption/desorption cycling
: as a function of particle size FS300.

Cumulative TNT

VolumeP Retained, mg Effluent, mg
B : thru liters Coarse 40/80 Coarse 40/80
v . Adsorption
: 1 154 154 0.31 0.24
. ! 2 308 308 0.51 0.60
f— 3 462 462 0.46 0.31
1 : 4 616 616 0.34 0.34
B 5 770 770 0.75 0.80
: 6 924 924 0.61 0.71
. 7 1078 1078 0.63 0.71
g 8 1232 1232 0.84 0.71
k: 9 1386 1386 0.49 0.37
10 1540 1540 0.55 0.39
Ji 1 1694 1694 0.73 0.68
. 12 1848 1848 0.81 0.70
H 13 2002 2002 0.64 0.34
vi 14 2156 2156 0.70 0.42
18 15 . 2310 2310 0.62 0.74
-? 16 2464 2464 0.79 0.82
y 17 2618 2618 0.70 0.72
' 18 2872 2872 0.79 0.72
19 3040 3040 0.57 0.60
20 3208 - 3208 0.30 0.35
21 . 3376 3376 0.29 0.63
22 3544 3544 0.11 0.27
23 3542 3542 0.11 0.17
24 3722 3722 0.24 0.29
25 3872 3872 0.61 0.21
26 4022 4022 0.23 0.60
27 4172 4172 0.32 0.65
28 4327 4327 0.36 0.10
29 4482 4482 0.10 0.40
30 4627 4627 0.36 0.21
31 4772 4172 0.21 0,34
32 4917 4917 0.12 0.32

3
3particle Size F$300 Weight,g Length,cm Diameter,cm Volume, cm .

Coarse 20.00 12-3 2-0 39.’0
, 40/80 20,00 12.3 2.0 39.4
i Average rate 4 cm”/min; adsorption from aqueous golution, desorption
with acetone,
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Table A~4. Small column® adsorption/desorption cycling

as a function of particle size FS300. (Cont'd)

Cumulative TNT

VolumeP Retained, mg
thru liters Coarse 40/80
Adsorption (cont'd)

33 5062 5062

34 5205 5205

35 5348 5348

36 5491 5491

37 5634 5634

38 5776 5777

39 5917 5921

40 6055 6065

41 6190 6208

42 6325 6351

43 6461 6494

44 6604 6647

45 6745 6798

46 6880 6847

47 7011 6995

48 7125 7107

. 49 7242 7211
50 7354 7308

Degorption

0.1 3380 3870

0.2 5460 5775

0.3 5900 6330

0.4 6079 6511

0.5 6169 6584

1.0 6349 6786

3
3particle Size FS300 Weight,g Length,cm Diameter,cm Volume, cm

Coarse 20,00 12.3
40/80 3 20,00 12.3

Average rate 4 cm”/min; adsorption from aqueous soluéion, desorption

with acetone,

. 45

Effluent, mg
40/80

Coarse
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