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Abstract

The effects of trinitrotoluene (TNT) dynamic adsorption on granular activated carbon produced by ‘Miloje Zakic’, Serbia, are presented.
The main task was to determine the conditions for TNT dynamic adsorption in order to remove the dissolved TNT from wastewater. The
effects of temperature, concentration and flow rate in the chromatographic system were examined. Flow rates between®lhawerédm
used. The heights of activated carbon in the columns were 70 and 135 mm while the diameter was 12 mm. The experiments were conducted
at different temperatures (10-80) and TNT influent concentrations ranging from 32.76 to 171 mdAgtare used. The adsorption capacity
of the activated carbon increased with increasing temperature, but it decreased with increasing input concentration and flow rate. The results
obtained indicate that the influence of temperature is greater than was expected and the bed height and the amount of GAC used could be
significantly lowered by increasing the temperature. The possibility of desorbing TNT from saturated activated carbon was also investigated.
The amount of TNT adsorbed per mass unit of adsorbent was calculated using a model that optimally agreed with the experimental data.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Wastewater and groundwater containing TNT are very dif-
ficult to treat and with the more rigorous restrictions being
There has been increasing concern in recent years regardplanned, new processes will be necessary. Currently TNT
ing the removal of trinitrotoluene (TNT) from wastewater as contaminated water is treated by granular activated carbon
environmental regulations have steadily become more strin-(GAC) adsorption and pilot scale plants based on this tech-
gent. Special treatment is required for wastewater streamsnique are operational in some of US military establishments
which contain not only suspended, but also dissolved TNT. [9-12]. However, GAC is atransfer technology and the regen-
These procedures should be safe and efficient and shouldceration of GAC may be an issue depending on the amount of
yield non-toxic effluents. TNT adsorbed. Researchers are exploring numerous chemi-
There are various methods for the separation of dissolvedcal and biochemical treatments, or their combination, to fully
TNT from wastewater. They can be divided into concentra- regenerate and reuse the activated cafti8r16]
tion and destruction methods. Concentration methods mainly A GAC system can be operated in a variety of ways and the
include procedures such as carbon adsorgtie3] and sol- choice of operating modes can have a significant impact on
vent extraction[4]. Destruction methods comprise proce- service life, chemical loading on the GAC at exhaustion and
duresfor destroying TNT by catalytic and advanced oxidation GAC utilization rateq11]. Hinshaw et al[12] investigated
employing UV and hydrogen peroxid®,6], biodegradation =~ competitive adsorption of HMX, RDX, TNT and 2,4-DNT
[7] and incineration8]. on different GACs. Other effects from temperature, actual
versus synthetic pink water, and acetone stripping were also
* Corresponding author. Tel.: +381 11 3303 642; fax: +381 11 3370 3g7. €valuated in this study and are also presented and explained
E-mail addressristicm@tmf.bg.ac.yu (M. Rist). in some referenced 3].

0304-3894/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Dynamic studies on the adsorption of TNT from aqueous
solutions on GAC (producer Miloje Zakic, Serbia) in columns R1
were carried out to generate data for the design of pilot plants \%! }
and possible application for the continuous treatment of ex-
plosives from explosive manufacturing plants. The influence
of parameters such as feed concentration, flow rate and tem- v

perature was investigated. The possibility of stripping TNT
from activated carbon by acetone was also examined.

2. Experimental

2.1. Materials >
. . C - COLUMN
In all the experiments, coconut granular activated carbon R1, R2 - RESERVOIRS
type K-81/B was used as supplied by ‘Miloje Zakic’, Kruse- S e eeaT R2
vac, Serbia. The characteristics and properties of the carbon

are listed inTable 1 All the investigations were carried out
with solutions of TNT (from industrial production) in dis-
tilled water.

Fig. 1. Experimental set-up for column studies.

The experimental apparatus constructed at the Faculty of
Technology and Metallurgy (Belgrade, Serbia and Montene-
gro) consisted of a Pyrex glass jacketed column (C), which
, , ) had been partially filled with granular activated carbon. The
The analytical technique usually used to determine the o4, of the column was 0.5 m and the internal diameter was

concentration of TNT is reversed phase high performance 15 m_ Gravity flow was obtained through the column from
liquid chromatography (RPHPL(}7,18] This methodwas  he top of the reservoir (R1) to the bottom of the reservoir

chosen because of a sufficiently low detection limit, satisfying (R2). The flow-rate was manually maintained at a constant

accuracy and reproducibility, simplicity, as well as the pos- \51ye, by means of valves V1 and V2. Isothermal conditions
sibility of analyzing samples of small volumes up to about ;. the column were obtained by passing hot or cold water

400pl. The HPLC measurements were carried out with & ,:6,,9h the column jacket. The same column was used to
Hewlett Packard 1081 series HPLC system with UV de- gyamine the possibility of activated carbon desorption.
tection at 254 nm. The stationary phase was an Eurospher

RP-18, 250 mnx 4.6 mm i.d. cartridge packed withBnm
particles (Fa. Knauer, Berlin, Germany). The column was
kept at 30°C. A mobile phase consisting of 50% water, 38%

0, 1tri 0, . . . .
methanol and 12% acetonitrile (vol.%) was used at a flow a6 carried out under isothermal conditions at various tem-

ratell of 1.5 ml/min. Fofr the ((ejxfternal (r:]ahbra(;mr:j, atleastthree o a4 res, flow rates, influent concentrations and adsorbent
replications were performed for eac §tan ard concentration.p heights. Fifteen experiments were carried out in order to
The mean was then used for calibration curve.

2.2. Analysis

2.4. Procedure

Experimental examinations of TNT dynamic adsorption

study the effect of each of the four operating variables.
_ In the dynamic experiments, the responses of the column
2.3. Column operation (TNT effluent concentrations as a function of time) on step
_changes of the input concentration were obtained. Column
A scheme of the column system used for TNT dynamic effiuent samples were collected from the effluent line dis-
adsorption is given iffrig. 1 charging from the bottom of the GAC column. Samples for
TNT analysis were collected in 5 ml vials. The effluent con-

;ii’iifatled carbon bropertios centrations were measured by the RPHPLC technique. The
Prop pH of the solutions was about 6.4 and did not significantly
ﬁzza(\:/;)nt density (kg/f) 4435 change before and after adsorptidable 2lists all the ad-
lodine number (mg/g) 1200 sorption experiments and gives an overview of the exper-
Pore volume (cr¥g) 0.9 imental conditions. The heights of activated carbon in the
Surface area BET-N2 (ffg) 1200 columns were 70 and 135 mm while the diameter was 12 mm.
Particle size, mean diameter (mm) 90 The experiments were conducted at different temperatures
Sieve analysis (DIN 4188) (mm) (%) @mm; 2.8 (10-60°C) and TNT influent concentrations ranging from
0.426-1.6mm; 965  32.76 to 171 mg/dfhwere used. Preliminary experiments
<0.425mm; 0.5 were conducted at flow rates between 1 and #/tinBased
<0.355mm; 0.2

on these experiments flow rates of 1, 2 and 4#irwere used
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Table 2 15 -

Experimental conditions in dynamic adsorption experiments Co (mol/dm’)

Experiment 6(°C) m(g) L(mm) F(@dndh) Co(mg/dn?) Qs

E-1 20 3.0 70 2 640 A

E-2 30 3.0 70 2 640 Lok

E-3 60 6.0 135 2 430

E-4 20 6.0 1% 2 4250

E-5 15 6.0 135 2 590 (motkg)

E-6 2 6.0 135 2 376

E-7 60 3.0 70 1 390 o5l

E-8 60 3.0 70 2 360 '

E-9 60 3.0 70 4 450

E-10 60 3.0 70 2 480

E-11 60 3.0 70 2 590

E-12 60 3.0 70 2 540 0o o
E-13 60 3.0 70 2 1680 : e
E-14 60 30 70 4 1650 0 10 20 30 40 50 60 70O
E-15 60 3.0 70 4 17.00 0 (°)

0: temperaturem: activated carbon mask; adsorbent bed heighfE;: flow

rate;Co: TNT input concentration. Fig. 2. Adsorption capacity vs. temperature.

for further studies at 60C while all experiments at lower An important criterion for the distinction between phys-
temperatures were performed at flow rate of 2tm ical adsorption and chemisorption is the rate of adsorption.
Chemisorption, being a chemical process, frequently requires
2.4.1. Examination of the possibility of activated carbon activation energy and so proceeds at a limited rate, which
desorption increases rapidly with rising temperature. Furthermore, the
The possibility of saturated activated carbon desorption rate becomes measurable only above some temperature min-
with acetone was investigated. The adsorbent was previouslyimum. Therefore, one often encounters the anomaly that the
saturated with TNT at 62C in a dynamic systeni{g. 1) by amount chemisorbed may increase with rise in temperature
passing the solution of a given concentration of TNT through [19].
the activated carbon bed. Acetone was chosen because some All the curves of the TNT amount adsorbed at a given
authorg12,13]have used it for spiking TNT from GAC, and  concentration, plotted against temperature have a minimum
also the solubility of TNT in acetone is high. at 20°C (Fig. 2). At temperatures up to 2@ physical ad-
Saturated activated carbon was washed with distilled wa- sorption predominates and the equilibrium curves show that
ter, valve V2 was then closed and 10 ml of acetone was pouredthe adsorption rate decreases steadily with increasing tem-
into the column. The temperature was maintained &0  perature. The rate of chemisorption is so low that the amount
Sixty minutes later valve V2 was opened and the acetone col-taken up within the period of each measurement is negligible.
lected in the bottom reservoir R2. Afterwards, the adsorbent At 20°C this rate becomes large enough to produce an appre-
bed was rinsed twice with 5 ml of acetone (10 ml altogether) ciable contribution to the total measured adsorption. The con-
and this amount was also collected in the bottom reservoir tribution of chemisorption becomes increasingly large within
R2. temperature region from 20 to 8Q because of the positive
All waste materials including acetone were placed in ap- temperature coefficient of the rate of chemisorption.
propriate containers and stored short-term until they were  The adsorption capacity during continuous column oper-
properly disposed of or recycled at alicensed hazardous wasteation can be estimated by making use of the breakthrough
facility or recycling center. curve; breakthrough being defined as the point when a spec-
ified amount of the adsorbate is detected in the effluent. A
breakthrough of 10% occurs when the concentration of the
3. Results and discussion effluent is 10% of the influent concentration and 50% break-
through occur when the concentration of the effluent is 50%
Although a large volume of data has been collected on of the influent concentration. The area between the ordinate
the dynamic adsorptive behavior of TNT on GAC, only the and the breakthrough curve gives the amount of adsorbate re-
results confirmed by three or more repeated cycles under themoved over the test time. The amount of adsorbate removed
same conditions are presented in detalil. per gram of adsorbentis obtained by dividing the total amount
In the experimental examination of TNT activated carbon of adsorbate removed by the mass of the adsorbent in the col-
adsorption under equilibrium conditions, the mechanism of umn.
TNT adsorption was determined. It was found that the acti-  For the examined systems the ratio of the effluent con-
vated carbon capacity for TNT depended considerably on thecentration C) to the influent concentratiorCf) was plotted
temperatureKig. 2). against time in order to obtain the breakthrough curves. The
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Fig. 3. TNT breakthrough curves for various temperatures: (a) adsorbent 0 50 100 150 200 250
(b) t (min)

bed height 7cm{=20°C (E-1);6 =30°C (E-2)], (b) adsorbent bed height
13.5cmp =60°C (E-3);6 = 20°C (E-4);0 = 15°C (E-5) and) = 2°C (E-6)].
Fig. 4. TNT breakthrough curves for various feed concentrations:

influence of temperature on the breakthrough curve and ad-(®) flow rate 2d/h [Co=36 mg/dni (E-8); Co=48mg/dni (E-10);
Co =59 mg/dn{ (E-11) andCo = 165 mg/drd (E-13)], (b) flow rate 4 drivh

sorption capacity in a dynamic system was examined for a ;X S
flow rate of 2 dni/h and for two activated carbon bed heights [Co=45mo/drt (E-9); Co=167.5 mg/dr (E-14))
(7 and 13.5cm).

The results of the influence of temperature for an adsorbentAs expected, the breakthrough curves were steeper and the
bed height of 7 cm are presentedrig. 3a and forabed height  breakthrough times shorter at higher concentrations for both
of 13.5cm inFig. 3b. flow rates.

It is obvious fromFig. 3 that the defined breakthrough Fig. 5 shows the results of experiments obtained at dif-
point, the slope of the response curve, and the adsorption caferent flow rates. All the experiments were conducted using
pacity (which is larger for higher temperatures) are highly a 70 mm bed height for a mass of activated carbon of 3g at
dependent on the bed temperature. As the temperature in60°C.
creases, the TNT effluent concentration in the observed time  Fig. 5a shows the breakthrough curves for experiments
interval decreases. Also, since the chemisorption also takesE-7, E-8 and E-9. The breakthrough curves are very nearly
place, besides physical adsorption, the behavior of the systenparallel and, as expected, a higher flow rate leads to a higher
can be explained by the fact that the coefficient of diffusion effluent TNT concentration.
and the constant of chemisorption rate increase with increas- The breakthrough curves for higher TNT concentrations,
ing temperature. 165mg/dni (E-13) and 167 mg/df (E-14) are given in

The effect of the input concentration of the TNT aqueous Fig. S for the flow rates 2 and 4 din, respectively. The
solution on the breakthrough curve is presentedrion 4. adsorption capacity and the adsorption rate are nearly inde-
The effect is appreciable, however, only for lower flow rates. pendent of the flow rate.
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Fig. 5. TNT breakthrough curves at varying flow rate: (a) lower feed con- (b) t (min)

centration F= 1 dn/h (E-7);F =2 dnt/h (E-8) andF = 4 dr/h (E-9)], (b)

higher feed concentratioff [= 2 dm?/h (E-13);F = 4 dm/h (E-14)]. Fig. 6. Breakthrough curves for TNT adsorption on: (a) fresh activated car-

bon (E-11) and regenerated activated carbon (E-12), (b) fresh activated car-

The behavior of the system at lower concentrations is bon (E-14) and activated carbon regenerated in a Soxlet extractor (E-15).
in accordance with the influence of the flow rate on the
height equivalent of theoretical plates (HETP). The rates acetonitrile, where up to 62% of the added TNT was strongly
used during the experiments (interstitial fluid velocities of bound to the carbon and was not extractable with acetonitrile
0.006, 0.012 and 0.024 m/s) were comparatively high rates[20]. The low efficiency of activated carbon regeneration was
for a chromatographic type of system. For these rates theconfirmed, in comparison with the breakthrough curve of ad-
main resistance to mass transfer is due to pore diffusion sorption of regenerated activated carbon (experiment E-12).
and it increases, together with the HETP, with increas-  The breakthrough curves for fresh and regenerated GAC
ing rate; therefore, the efficiency of the column decreases. are presented iRig. 6a. Obviously, the defined breakthrough
When the input concentration is high, crystallization and degree was achieved earlier and the slope of the breakthrough
polymerization probably take place. Therefore, the pores curve was steeper for adsorption | than for adsorption II.
of the carbon are clogged and the pore diffusion mass This can be explained by the fact that during adsorption at
transfer resistance is very high and independent of flow 60°C, partofthe TNT was irreversibly bound to the adsorbent
rate. surface through chemisorption and the sites for adsorption
remained occupied.

The same results were obtained by the regeneration of ac-
tivated carbon in a Soxlet extractor with acetone. The break-

The whole amount of TNT, which was desorbed from ac- through curve of adsorption of the fresh adsorbent (exper-
tivated carbon was 85.3 mg, measured gravimetrically. Thatiment E-14) and breakthrough curve of adsorption of the
was only 36.7% of the whole amount of adsorbed TNT regenerated adsorbent (experiment E-15) are presented in
(232.4 mg), which was obtained from the material balance Fig. éb.
for adsorption (experiment E-11). Similar results were ob-  The experimental results of activated carbon desorption
tained for the extraction of TNT from activated carbon by showed that the regeneration of activated carbon, previously

3.1. Desorption of the saturated activated carbon
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saturated with TNT by adsorption at 60, would not be Table 3
economical because of the low degree of desorption. Model parameters
Experiment Model | Model Il Model Il

te (Min) ¢ (Min?) 7 (min) D’ (min) tso (Min) tyg (Min)

4. Modeling of dynamic adsorption

E-1 90 80 113 0 90 0

. . . E-2 198 160 276 0 198 1

Three models were applied to describe the experimental g 5 410 150 400 24 400 170
results of the dynamic adsorption of TNT by activated carbon. -6 206 121 397 9 206 50
o E-8 230 128 555 4 230 70

1 Model of normal distributiofi21]; E-9 92 75 140 0 92 1
2 Model of a first order system with dead tiff&2,23]; E-10 203 121 327 16 203 48
3 Model based on gas adsorption kine{24,25]. E-11 132 88 200 5 132 16
E-12 49 33 70 1 49 5

The estimated parameters were based on the minimume-13 95 69 122 10 95 3
value of the absolute deviation of the experimental values E-14 66 51 70 0 66 1
29 29 42 0 29 1

from the theoretical curve. The points 6fCp <0.05 were i __ -
not considered because of system unsteadiness at the start.t_c' average value of distributior: s_tandard deviation of dlstrlb‘utlon,
. . time constant of the systerD;: dead time{so: 50% breakthrough timej:
The response of the system (effluent fluid concentrations ;. breakthrough time.
as a function of time) on step changes of the input concen-

tration is given by the following equations: 1.0
1. Model I—a model of normal distribution
A
cir) 1 r—t *
() =—|:1+erf C} (1) 0.8 + .0
CO 2 \/zfc ® A
the error function er¥) is 061 #0
o 440 o E-11
i) = = [ 13 @ S S
erx) = — exp— t ) —
vl o 0.4+ op e Bt
"& v E-6
and N v E-8
/ B
- t—t —te 3) 0.2+ o E-13
V21 2 Eois
wheret’ is the interval of the time (min}; the average value 0.0 g P (%] 1 :

of the distribution (min);z; the standard deviation of the x=(t-t)/ 2 7
distribution (mirf). c c
2. Model Il—a model of a first order system with dead Fig. 7. Comparison of experimental data with calculated response curve

time according to model I.
C(t t—D
Q = Kt [1 + exp :| (4) 10
Co T
where the characteristic points areC(0)/Cy=0; 08l
C(00)/Co=Ky; C(1)/Co=0.632; whereK; is a constantr
the time constant of the systel’ the dead time °
3. Model lll—Yoon—Nelson’s model 0.6+ o E-11
o & E-12
c() —2.1972¢s0— 1)1 < 5 B a0
—=l4exp| ——— 1 5 o " B
Co + p|: 150110 i| ( ) 0.4+ v g:é
v E-8
wheretsg is the time of 50% breakthroughio the time of S bz
10% breakthrough. 0.2 S
The model parameters are giveriliable 3 & E-15
The calculated response curves with parameters from
Table 3as the function of dimensionless time are shown in °'° 2 3

]
Figs. 7-9 x=(t-D)/T
In order to compare the models, the absolute deviations of

the experimental values from the theoretical ones are givenFig. 8. Comparison of experimental data with calculated response curve
in Table 4 according to model 1.
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1.0 Table 5
Total saturation capacity of activated carbon calculated according to model
1]
0.8+ Experiment 6 (°C) Cp m(g) L F Quot
(mg/dn?) (mm)  (dm’h) (mglg)
o E-1 20 6400 3 70 2 0.0804
o 2% o E-11 E-2 30 6400 3 70 2 0.1963
Q S E:éz E-4 20 4250 6 135 2 0.3363
O o B_10 E-6 2 3276 6 135 2 0.0739
0.4 1 m E-4 E-8 60 3600 3 70 2 0.2273
v E-9 60 4500 3 70 4 0.1400
¢ E-1 E-10 60 4800 3 70 2 0.1831
0.2 s s E-11 60 5900 3 70 2 0.1344
o E-14 E-12 60 5440 3 70 2 0.0432
A E-15 E-13 60 16500 3 70 2 0.2428
0.0 HEET 5 E-14 60 1670 3 70 4 0.2598
-4 -2 0 2 4 E-15 60 17100 3 70 4 0.1596

x=-2.917(t50—-t)/(t50—t10)

Fig. 9. Comparison of experimental data with calculated response curve to centrations can be explained by crystallization in parts of the
111 . . .
mode apparatus, which were not heated and crystallization on the

As can be seen froable 4andFigs. 7-9the best agree-  activated carbon itself.
ment of the calculated and experimental values is obtained
for model Il, and this model was used for the calculation
of the total saturation capacity of the activated carbon (g 5. Conclusions
TNT/charge):
The results of the experimental examination of dynamic

Otot = 1/OOF(C — Co)dr = FCO/OO (1 — £> dr (6) adsorption presented in this study show that the adsorption
mJ o 0 Co capacity is highly dependent on the bed temperature, input

By introducing the expression f@/Cy, according to Eq. concentration and flow rate. The adsorption capacity of the

(4) into Eq.(6), one obtains: activated carbon increased with increasing temperature, but it
decreased with increasing input concentration and flow rate.
Otot = lFCOr exp(D’/t) @) Some authorgl] obtained similar results for TNT ad-
m sorption on GAC using a column of 50 mm diameter, a bed
The calculated values of the total saturation capagity, height of 800 mm and a feed concentration of 100 mg/dn
are given inTable 5 room temperature. Obviously, the influence of temperature is

The data given iffable 5confirmed the previous conclu- ~ greater than was expected and the bed height and the amount
sions about the influence of temperature, concentration andof GAC used could be significantly lowered by increasing the
flow rate on TNT adsorption, including the possibility of acti- temperature.
vated carbon regeneration. Increase of the saturation capacity The results of activated carbon desorption indicate that

of activated carbon in the case of extremely high input con- the regeneration of activated carbon, previously saturated
with TNT by adsorption at 60C, would not be economi-

Table 4 cal because of the low desorption degree. GAC could only
Absolute deviations of the experimental values from the theoretical ones  be defined as successful if a technology enabled 100% of the
Experiment Absolute deviation f&/Co > 0.05 (%) activated carbon to be regenerated and reused.

Modal 1 Model I Model 11 The results obtalr_led by modeling the dynamlc adsorptlon,
= 130 160 e based on the experimental results, confirmed the previously

i > obtained conclusions.

E-2 186 118 197 . . "
E-4 295 228 212 According to the experimental results, conditions for
E-6 126 121 135 TNT dynamic adsorption for removing dissolved TNT from
E-8 88 9.8 102 wastewater were determined. In order to increase the effi-
E-io 13; 122 1;’*‘7‘ ciency of the system, it was recommended that the process
E11 105 63 113 be carried out under the following conditions:
E-12 191 51 210 .
E-13 202 6.2 213 — increased temperature (about°€D,
E-14 204 151 211 — lower flow rate,
E-15 116 153 235 — low input concentrations of TNT in the wastewater (less

Total absolute deviation 145 118 1686 than 60 ppm).
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Naturally, the economic effects must also be considered. [5] R. Alnaizy, A. Akgerman, Water Res. 33 (1999) 2021.
Concerning increased temperature, there are usually no addi-[6] C.K. Scheck, F.H. Frimmel, Water Res. 29 (1995) 2346.
tional expenditures for heating the column, because the heat "] Zégwang, T. Chow, N.R. Adrian, Environ. Toxicol. Chem. 19 (2000)
of the reactor cooling fluids may be used. 8] N.J. Duijm, F. Markert, J. Hazard. Mater. A90 (2002) 137.

A low flow rate increases the efficiency of the system, but (o] w.J. wujcik, W.L. Lowe, P.J. Marks, Environ. Prog. 11 (3) (1992)
on the other hand it requires large dimensions of the appa-  178.
ratus for achieving a defined capacity. We should therefore [10] H.M. Helimann, U. Weismann, M.K. Stenstrom, Environ. Sci. Tech-
balance a decrease of the costs due to increase of the a(:l— nol. 30 (5) (1996) 1485. .

.. . . 11] Sandeep Ojha, M.S. Thesis, University of California, Los Angeles,

sorbent efficiency with an increase of costs because of large 1997,
dimensions. Increase of the activated carbon capacity by I0W-[12] G.p. Hinshaw, C.B. Fanska, D.E. Fiscus, S.A Sorensen, Granular
ering the input concentration could be performed and in that activated carbon (GAC) System performance capabilities and opti-
case a thorough primary purification of the wastewater is mization, MRI Project No. 81812-S, USAEC, Report No. AMXTH-
required. TE-GR 87111, Midwest Research Institute, 1987. Available from

. . . . . . NTIS, Springfield, VA, Order No. ADA.179828.
Further Investigations in this area should be directed to- [13] J. Lee, M.S.E. Henke, G. Speitel, Performance evaluation of granular

wards the examination of applying fibrous activated carbon, activated carbon at Plantex: rapid small-scale test to simulate removal
because of its large sorption capacity and good dynamic prop-  of high explosives from contaminated groundwater, NRCP-1998-10.
erties concerning adsorption and desorption processes. [14] J.P. Knezovich, J.I. Daniels, M.K. Stenstrom, H.M. Heilmann, Lux-

embourg international symposium of former military sities and de-
militarization of explosive ordonance, Louxembourg 1994.
[15] P.A. Goodfellow, P. Ramirez, Emerging Technol. Hazard. Waste
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