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This report summarizes studies on the interactions o f  tec tiarm-99 (Tc) with. difFerent 

organic compounds and soil minerals under both oxidiziig and reducing conditions. The report is 

divided into four parts and includes (1) effect of natural organic alter ( N O  on the 

complexation and solubility of Tc, (2) complexation between Tc and trichloroethylene (TCE) in 

aqueous solutions, ( 3 )  adsorption of Tc on soil samples from Pa ucah Gaseous Di 

(PGDP), md (4) adsorption and separation of Tc on activated carbon. Various experimental 

techniques were applied to characterize and identifl Tc complexation with organic compounds 

and TCE, including liquid-liquid extraction, membrane filtration, size exclusiom, and gel 

chromatography. Results indicate, within the experimental error, Tc (as pertechnetate, Tc04) did 

not appear to form complexes with groundwater or natural c matter under both 

atmospheric and reducing conditions. However, Tc can form co s with certain organic 

compounds or specific fianctiornal goups such as salicylate. Tc did not appear to form complexes 

with TCE in aqueous solution. Both liquid-liquid extraction and high perfkmnance liquid 

chromatography (HPLC) gave no indication Tc was complexed with TCE. The correlations 

between Tc and TCE concentrations in monitoring wells at PGDP may be a coincidence because 

TCE: was commonly used as a decontamination reagent. Once TCE and Tc entered the 

groundwater, they behaved similarly because both Tc04- and TCE are poorly adsorbed by soils. 

No significant adsorption of TcQ4- was observed by soils fiom PGDP. Even when soils 

and reagent solutions were purged with H-2/N2, Tc adsorption on these soils remained very low, 

probably because a true reducing environment was not attained h these systems. Only when soils 

were added with 5 mg/L Na2S, a relatively high amount of Tc was removed by the PGDP soil. A 

removal of Tc under reducing conditions was attributed to both adsorption and precipitation 

processes. Although, a complexation between natural organic matter and Tc was not observed 

using membrane filtration, size exclusion and gel chromatography techniques, the addition of the 

organic compounds in Tc solution reduced the precipitation loss of TG when a relatively high 

concentration of Na2S was added. Results of these studies suggest Tc is present in PGDP 
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determine if Tc is complexed with natural organic matter and, if so, under what conditions the 

complexes form. 

1.2 1MAmRMLS AND METHODS 

1.2.1 Organic Compounds 

Groundwater samples were obtained from two monitoring wells (MWs), namely MW 66 

and MW 106, at PGDP site, Paduc MY. The total organic carbon content of the groundwater 

samples are 0.23 and 0.2'7 mg C L ,  respectively. Because of the low organic carbon 

concentrations in these samples, they had to be concentrated -3 - 10 times on a Speedvac. The 

concentration process does not significantly change the nature of the organic matter because the 

process uses a low temperature and high vacuum. Detailed physical and chemical properties of 

these groundwater samples are listed in Table 1.1. 

A surface water organic sample, named as GT-NOM? was used as reference, initially, to 

test its complexation with Tc, This organic sample originated fiom a wetland pond in 

Georgetown, SC. Detailed characterization and properties of  this GT-NOM sample are presented 

elsewhere (Gu et al., 1994, 1995). In addition, two model organic compounds with h o r n  

molecular structure, namely salicylic and phthalic acids, were used for their complexation with Tc 

in order to elucidate the mechanisms and hnetiond goups possibly involved in the interactions. 

These organic compounds were selected because they are known to contain similar hnctiond 

groups as found in NOM. 

1.2.2 Chromatographic Separations and Identification 

The complexation of  Tc was studied by reacting Tc with different organic materials, 

collecting samples, and analyzing them over time. Different preparative and analytical WLC 

columns were prepared in order to separate the organic compounds complexe 

those associated with fiee organic molecules. An ISCO HPLC pump (model 2350) was used to 

feed the mobile phase into the column, and an U V  (Linear WMS 200) detector followed by a 

2 
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Radiomatic 500198 flow scintillation detector were used to simultaneously measure the organic 

compounds and Tc activity in the eluent. 

An iterative testing of columns and mobile phases were conducted to determine the 

optimal condition to separate the fiee organic compounds or Tc in solution fkom the Tc-organic 

complexes (if my). However, this report only describe those systems that worked best to 

separate and identify Tc and the organic compounds. For example, size-exclusion columns 

(Polysep-GFC-P 1000, Phenomenex, CA) failed to separate Tc fiom some organic compounds 

such as phthalic and salicylic acids under various conditions. The two preparative columns used 

the most were a PDX-Gel-25 (Sigma Chemical Co.) and a Sephadex LH-20 (Pharmacia Fine 

Chemical CO., Piscataway, NJ) column packed in 6.6 x 1 15 m glass columns. The mobile phase 

compositions and experimental conditions varied with each individual experiment and are 

described in detail in the “results and discussion” section. A relatively high concentration of 

organic matter and Tc was used in the experiment because of t  e detection limit ofthe Radiomatic 

detecto F, 

1 3  RESULTS 

1.3.1 Groundwater Organic Matter Characterization 

Groundwater fiom M W  66 and MW 106 contains very low amounts of dissolved organic 

matter, about 0.23 mg C L  and 0.2’7 rng C L ,  respectively. To characterize the groundwater 

organic compounds, the groundwater was concentrated on a Spee -Vac approximately 3- 10 fold. 

The fourier transform ifnffared (FTIR) spectrum (Fig. 1.1) was acquired for the concentrated 

NOM &om M W  106 groundwater (uncontaminated). An F T R  spectrum of groundwater fiom 

M W  66 (contaminated with Tc) was not performed because of complications associated with 

analyses of a radiological sample in a non-radiological laboratory. However, since both 

groundwater samples were from a similar geographic area and depth within the aquifer at the 

PGDP site, it may be generally assumed that the physical and chemical properties of NQM from 

the two different wells are similar in nature. This assumption is based on comparison at the 
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chemical properties of water samples fkom W 6 6  and M W  106 which are very sixYrilar (Table 

1.1). 

The FTIR spectra in Fig. 1.1 was the difference spectra between M W  106 groundwater 

organics and pure water. The base line appeared somewhat noisy largely because of the relatively 

low organic Concentration and high sdt concentration in the concentrated MW 106 groundwater 

sample. Nevertheless, the spectra shows the groundwater organic matter contains oxygen 

fbnctional groups such as -COON or -COO' at -1720 and 1620 em-', and C - 0  and C-OH 

hnctisnal groups between 1200 - 1400 ern? Absorption bands at -2925 and 2855 cm-' are due 

to stretching of -CH3 and -CH2 functional groups. The double bands at -2350 cm-' are due to 

the presence of CO2. Information regarding the physical and chemical properties of NOM from 

Georgetown, SC was given previously (Gu et al.> 1994, 1995). 
I 

1.3.2 Tc Complexation Studies with NOM 

Under Atmospheric Conditions 

Tc complexation with NOM was first studied in a 1 mM NaCl background solution with a 

pH of 7 (Fig. 1.2)- Separations of Tc, NOM, or Tc-NOM complexes were accomplished using a 

PDX Gel-25 preparative column. After mixing Tc reference solution with NOM (1 0 mg/L), a 100 

pL Tc-NOM mixture solution was injected into the cs lum using a 

were taken at different time intervals for a total length of approximately 1 week. The retention 

time for NOM alone (without Tc) was -2.5 min, and only a single W-absorbance peak was 

observed (dashed line, Fig. 1.2a). On the other hand, the retention time for Tc done (without 

NOM) was approximately 5 min (dashed line, Fig. 1.2b). Compared with the U V  absorbance 

peak in Fig Ma,  the relatively broad peak was observed for Tc (Fig. 1.2b) is due to a much 

larger detector cell being used for the Radiomatic detector so a relatively high sensitivity (counts 

per minute, cpm) can be achieved. A large detector cell was also necessary for the mixing of  

eluent and the scintillation cocktail. When a mixture of Tc and NOM was injected, an W- 

absorbance peak occurred exactly at the same position with the same peak hei 
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Fig. la) as the NOM peak when it was injected alone (dashed line). A low W-absorbance peak: 

was also observed between 4 and 6 min (Fig. la) which is due to TcO4- which absorbs 

Additionally, the Tc and NOM in the mixture was eluted at exactly the same position with the 

same peak height (solid lines, Fig. lb) as Tc whe it was injected done (dashed line). No other 

elution peaks were observed even when the initial experiment was mn longer than 30 min. When 

the mixture was injected at different thnes (up to 7 days), the s e observations were obtained. 

The results indicate Tc and NOM were unlikely to be complexed under the given experimental 

conditions. If Tc and NOM were complexed, additional elution peaks would be expected due to 

the Tc-NOM complexes and the elution peaks for the Tc and OM should coincide. 

Similar experiments were repeated using a relatively high Tc concentration and a longer 

equilibration time (more than 3 weeks, Fig. 1.3). No significant complexation reactions between 

Tc and NOM were observed. 

One may argue, however, that Tc-NOM complexes may dissociate whe 

were injected into the column because of the reactions between Tc or NOM with the surfaces of 

bed materials. Further experiments were conducted using a size-exclusion analytical column 

(Polysep-GFC-PILOO@, Phenornenex, CA). Separation of Tc and NOM on this column is based 

primarily on the size of the molecules, No interactions or only weak interactions may be expected 

between Tc or NOM and the column packing materials (silica). Larger molecules will be eluted 

earlier because they travel only through large size pores within the column whereas smaller 

molecules are able to enter micropares, so their travel time (or retention time) will be longer. 

Kesults (Fig. 1.4) indicate the retention time for Tc alone or Tc in NOM mixture occurred at -7.8 

miXn whereas retention time for NOM or NQM in Tc mixture was -9.3 nmin. Again, there is no 

indication that Tc was compllexed with NQM under these conditions. 

Similarly, the experiment was conducted using a Sephadex LH-20 preparative colum. 

The retention times of Tc and NOM on this column (data not shown) are -2.3 and 1.4 min 

respectively, and no apparent complexation reactions between Tc and NOM were observed. 
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Tc concentration in solution also decreased but to a lesser extent than without GT-NOM addition. 

When addition of GT-NOM increased to 10 mg C/L7 the Tc concentration in solution also 

increased, especially with high Na2S concentrations. These results indicate the presence of NOM 

reduced or prevented Tc from precipitation as Tc-sulfides or as Tc02 under reducing conditions. 

The observations are also in agreement with Wildung et al. (198 ) who found that IQW molecular 

weight. organic matter (or ligands) to form complexes with Tc, especially with reduce 

Tc. The TC complexes increased the solubility of Tc. Similarly, Pikington (1 990) found pH had 

little effect on the measured solubility of TcOa over the range of 1 to 12.5. On the other hand, the 

presence of small amounts of organic compounds increase the measured solubility of Tc by 

about a factor o f  10. 

Because data in Figs. 1.2 - 1.10 suggest Tc may not be complexed with NOM or 

groundwater organk compounds, the exact mechanisms why GT-NOM decreases Tc 

precipitation is unclear at present. It is possible, however, that the fraction of Tc complexed with 

NOM was small so our technique to detect Tc-NOM complexes was not sensitive enough. As 

discussed previously, the radiomatic detector requires to use a relatively high Tc activity in order 

to obtain a sufficiently high signal to noise ratio. This could have limited our ability to identify 

very smd1 fiactions of Tc complexed with NOM. However, even these results suggest the Tc- 

NOM complexation in aqueous media may not be significant. 

Table 1.3. Effect of organic matter and Na2S OR the solubility of Tc 

Low Tc (pCi/mL) High Tc (pCL%nL) 

33.W0.2 32.7h0.4 3 2 . 2 0 . 2  

32.B0.4 3 1 .%OS 
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agrement with the previous experiment (Figs. 1.2 - 1.5). 

Chromatographs of phthalate, Tc, and Tc-phthalate mixture were plotted in Fig. 1.11. 

The retention time of phthalate (measured by UV absorption) on this column was -2.8 min. A 

small UV absorption peak was also observed at -4.8 min, which was again due to Tc04- in the 

solution. By examining the Tc activity in the effluent, only a single Tc peak was observed, which 

corresponded to the smdi W absorption peak in Fig. l - l l a -  Note that a time delay -30 s 

between the W detector and the Radiomatic detector was not corrected in this graph. Therefore, 

the Tc and phthalate were well separated by the PDX Eel-25 column; no significant complexation 

reactions were confhmed from this experiment. 

On the other hand, the retention times of salicylate (without Tc) and Tc (without 

salicy1ate)on Sephadex LH-20 were about -2.2 and 3.7 min respectively (Fig. 1.12). When a 

mixture of Tc-salicylate solution was injected, the Tc activity peak shifted to -3.8 min whereas 

e (or complexed with Tc) ained unchanged (-3.6 min)" These 

Tc is likely c ate, which result 
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2.1.2 Chromatographic Separation and Identification 

Possible complexation between TCE and Tc was studied by chromatographic separation 

and identification using a Prodigy ODs column (Phensmen CA). The experiment w 

perfarmed under both atmospheric and reducing conditions. Aqueous solutions of TCE (20 

mg/L), Tc04- (0.2 mCUL), or their mixtures were prepared. At a given time inte 

solution was injected into the column for analysis. The mobile phase was a 50% acetonitrile 

aqueous solution with 1 mM NaGl, and the flow rate was 1 xnL/min. TCE was monitored with a 

UVMS detector at a wavelength of 210 m whereas Tc was determined by a Radiomatic flow- 

through detector, as described previously. Similar procedures were followed under reducing 

conditions using 0.5 mlM Na2S. These experiments were limited to 3 days because the TCE 

concentration decreased rapidly with time due to volatilization of  the TCE. 

2,2 RESULTS ANP) DISCUSSION 

Results of hexane extraction of Tc-TCE complexes are sho Table 2-1 (at 200 r n f l  

TCE) and Table 2.2 (at 400 mg/L TCE) under both atmospheric ducing conditions. The 

initial Tc activity in aqueous solution was -23,580 pCi/mL. As expected, hexane extraction of 

Tc04- fiom aqueous solution (without TCE) was very law md ranged &om -0.03% to 0.1%. 

Mixing a TCE aqueous solution with Tc04' solution did not result in a significant increase in Tc 

activity in the hexane extract, which ranged from -0.03% to 0.12% under oxidizing conditions, 

Similarly, under reducing conditions, only an insignificant amount of Tc was extracted by hexane 

regardless of the TCE concentration. These results suggest Tc is not cornplexed with TCE. 

Chromatographic separation and identification of TcQ4- and TCE mixture was then tested 

by using a variety of preparative and analytical KPLC columns. By trial and error, the most 

satisfactory separation and identification of Tc and TCE mixture were a ~ c ~ r n ~ l i s ~ ~ ~  by using a 

Prodigy analytical colum obtained from Phenonnenex, CA (Figs. 2.1-2.3). Fig. 2.1 shows a 

retention time of -2.2 min for Tc04-* The Tc radioactivity and retention time did not change with 

time (over a 72-h period) as expected. On the other hand, TCE concentration decreased 
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substantially with storage time although its retention time remains unchanged (-9.7 min, Fig. 2.2). 

The decreased TCE concentration is primarily attributed to its volatilization loss 

A previous study (West et al., 1994) revealed that TCE loss to head space could occur rapidly. In 

addition, TCE also leaked though the septum of the standard 40 or 20 a vials. Therefore, 

a periodic sampling of Tc inevitably lead to a loss of TCE to the headspace, which accounted for 

a decreased TCE peak height with time (Fig. 2.2). 
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Fig. 2.1. Chromatographs of Tc (by Radiomatic liquid scintillation counting) at dEerent 
time intervals using a Prodigy analytical colum. 
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3. Tc ADSOWTION ON SOILS FROM PBDUCM, KENTUCKY 

3.1 M[ATERpALS AND METHODS 

3.1.1 Soil Samples and Preparation 

Soil samples were obtained during the installation of the mo toring wells MW 261 and 

n/rw 262 at the PGDP site, Both monitoring wells are located w i t h  a security fence in the 

north-central area of the plant, approximately 2,000 fi southeast of ?dw 66. The soil samples 

collected represent each of the five hydrogeologic units (Ixrs> present at the PGDP site (Clausen 

et al., 1992). Sample SPT-IL is a representative af HU-1 and consists of a silty clay and was 

collected at a depth of 8 to 10 A. Typically, W-1 extends firom the ground surface to a depth of 

20 R whereas H[u-2 section e;tends fi-om 20 to 30 ft. 

representative of H?.J-3 and were collected at a depth of 40 to 45 A. This unit consists of a sandy 

clay. This unit typically extends from 30 to 50 A below the ground surface. Sample SPT-8 

represents HU-4 and is a gravelly sand unit. Typically, HU-4 ranges ftom a depth of 50 to 60 A. 

The final sample, SPT-12, was collected at a depth of' 92 to 94 f and represents HU-5 or the 

regional gravel aquifer at the PGDP site. This unit consists ofa  poorly sorted ve 

Thb unit typically ranges fiom a depth of 60 to 100 A below the ground sug-face. 

Samples SS-1, 2 

Soil preparation and washing procedures were as follows. Approximately 500 g sail from 

each offour bags froin MW 261 (SPT-1,6,8,12) and three bags from h4W 262 (SS-3 

SS-2B) were collected into glass beakers and dried over 24 hours at 105 "C. A soil grinder was 

used to collect soil which passed through 1 m sieve int large mouth plastic containers. 

3.1 .2  Soil Batch Adsorption Experiments 

Under Atmospheric Conditions 

Two grams of soil were carefilly weighed into a series of 16 m& centrifbge tubes. A total 

of 16 soil samples, 8 reference samples, and 2 blanks were prepared for each soil type. Calcium 

chloride was added to each sample to give a final concentration of 0.01 M Ca@12. A Tc stock 

34 



tion of hown activity was then add 

s were shaken for 2 h 

tial Tc concentration rang 

wed to sit overnight for soil s 

illation cocktail easured as described 

_Under Redue!= Conditions 

Two sets of experiment W ns. In the first set of 

, all reagent solutions, w were degassed wit 

a. mixture of H2 (I. (90%). The absence of oxyg 

r was maintain 

erirnents were then carried out si 

der more drastic r 

mg/L NazS within the aslaero 

r addition of Na2S an 

e as previous experime 

3,2 €tESULTS AND DISCUSSION 

ws the adsorption of 

itions. Within t error, adsorption of Tc on these 

results are not su 

and Scoppa 1987; S 

and B u d  1986). For ex d et al. (1990) 

es of soils, and 

35 



2Q 

15 

10 

5 

0 

-5 

-10 

MW261 SPT-1 (IIU-I) 
' 0 MW 261 SFT-6 (HU-2) 

A Nw 261 SPT-8 @W4) 
# M W  261-SPT-12 (HU-5) 

c3 m 

a 
I a ,  I I I 

0 

20 

15 

10 

5 

0 

-5 

-10 

5 10 15 20 

Tc in Solution. (aCVrnL) 
25 

Ea MW 262 SS3B (Ew-3) 
" 8 MW262 SS-1(HU-3) 

A MW 262 S S - ~ B  (Ku-4) 

1 1 1 I I 

A 

5 

Tc in Solution (pCi/mL) 

Fig. 3 . 1 .  Adsorption of Tc by soils from Paducah, Kentucky, under atmospheric conditions. 



When the adsorption experiment rmed under €I2& atmo (Fig. 3.2), we 

d that Tc adsorption was a s 4  for certain so al, Tc was 

retained by the 

that Tc adsorption i 2 orders of m ' 

under oxidizing c a A possible explanation 

under H& atmosphere i result of a true r 

b ned in our experiment b oil reagent solut sible 

r this includes soil se sorption experi ar to be 

suggesting the pres This implies that soil 

suspension was not sufficiently reduced. 

In contrast, when the ad as performed under 

with the that adsorption of 

. 3.3). The partitioning 

re in agreement with that o 

d fiom -20 to -100 mL/g. These results 

. However, it is po removed under red 

simply due to the adsorption combination of adso 

of Tc under low Tc con 

- n concentration in 

a2S concentration ( At Na2S concentrations belo 

reference soluti ely stable, su g 

n of Tc occurred. e an increased Tc 

y due to adsorpti n of 5 mg/L Na2S (Fig. 3.3 

ation of Tc-sulfides. imply that if redu ns existed at 

Tc f b m  solutio dsorption to th s. 

37 



20 

15 

10 

5 

0 

-5 

-10 

20 

15 

10 

5 

0 

-5 

-10 

I I I I 

MW 261 SF'T-1 (J3-J-1) 
' O MW 261 SIT-6 (HU-2) 

A W V  261 SPT-8 (EIu-4) 
% MW 261-SFT-12 (HU-5) 

m 

1 
I I I I 1 I _I 

0 3 6 9 12 15 

Tc  in Solution (pCV 

I I I I 1 

M W  262 SS-3B (HU-3) 
. O MW 262 SS-1 (W-3) 

A M W  262 SS-2B (HU-3) 

I I I I I I I 
0 3 6 9 12 15 

Tc i~ Solution (pCi/nilL) 

Fig. 3.2. Adsorption of Tc by soils from Paducah, Kentuc 
glove-box. 

38 



350 

300 

250 

200 

150 
4 
c) 100 

50 

0 

t 1 

O MW262 SS-1 
A MW262SS-2 

0 3 6 9 12 15 

Tc in Solution hCi/mL) 

tion of Tc by soils 
mosphere in a glove 

, Kentucky, in 5 mg/I, Na2S n and 

39 



90-4 10-3 110-2 

S in Solution ( 
a 

10-1 

Fig. 3.4. Effects ofNa2S concentration an the precipitation o f  Tc fiorn aqueous satution. 

40 



CTWE ADSORP OF Tc BY A 

CTION 

n ofTc-cont s become an inc ublic 

s of dollars are by DOE on site inve 

and remedial act gies 

hetic exch d extraction ar are 

cient, expensive, and generate large 

ous studies have ex exchange resins et 

owex SRB-OH and 1 et al., 1993, Dowex 1-X8 

et al., 1993) or the 

93) to remove 

ion. First, a relatively 

because of'a c 

at a much hi Tc04- in solution), Se ion 

ely slow and c hours to several 

ic resins. For example, Del ) found that -9 

r (1 L) was removed sin, but after 4 days o Tc 

adsorbed on resins is usually difficult to desorb @el-Cul et al., 1993), and the process generates 

s organic compuun 

n adsorbed both o 

orous graphitic carb ove cationic Tc- 

h-level liquid waste, 

41 



meq/g (Yamagishi and Kubota 1989). However, a much lower m ~ m u m  adsorption (on the 

order of lo-’ meq/g) is expected for the treatment of only slightly contaminated goun 

(e.g., containing 3000 pCi TcL or -IO6 mmol resent study was undertaken to 

investigate the ability of activated carbon to remove low levels of Ts: under a variety of 

environmental conditions, such as pH, electrolyte composition, and concentration. Column 

transport and recovery studies were performed with actual contaminated 

determine the feasibility of using activated carbon to remediate Tc-contaminated 

4.2 MATEXUALS AND IMETIBIODS 

4.2.1 Activated carbon and Tc standard 

A granular activated carbon sample (Nuchar WV-G) was obtained fiom West Virginia 

Pulp and Paper in Covington, Virginia. Before use, the sample was washed with purified water 

(Mdli-Q plus system, Bedford, MA) by repeated decanting and sedimentation to remove fine 

carbon particles and then air dried and stored in a plastic bottle. The Tc standard solution 

(Nl&Tc04 dissolved in water) was obtained fiam Isotope Products Laboratories in Burb 

California. The Tc radioactivity was 39.1 pCi/g 2.2%. 

4.2.2 Adsorption Experiment 

Adsorption of T c 0 i  on activated carbon was performed in various background electrolyte 

solutions including 0.01 M CaC12, 0.01 M WaN03, 0.01 M Na2S04, Na-salicylate md 

pH -6.5, and two groundwater samples fiom monitoring wells 

Paducah, Kentucky. M W  66 is contaminated with Tc at -3000 

MW 106 is not contaminated. 

66 and 106 at PGDP in 

(or -0.18 pgk), whereas 

The adsorption experiments were initiated by mixi 0.1 g activated carbon with 14.9 

of the background electrolyte solution in 25 mL Teflon centrifbge tubes to wkich 0.1 mL of Tc 

stock solution (varying in concentration) was added. The initial Tc concentrations ranged f?om 0 

to 110,000 pC& (or 6.5 pgL) and equilibrium concentrations fiorn 0 to 6500 pCi/L (or 0.38 
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(SpectrdChrom CF-1) was used to collect the effluent every 30 fnin (for a total volume o f 3  ML). 

An aliquot (2 mL) was then mixed with a 5 HiE scintillation cocktail 9 mL scintillation vials and 

assayed for Tc radioactivity as described previously. The recovery of Tc w s estimated by 

comparing the Tc injected into the column to the mount of Tc in the eflluent. DSerent chemical 

reagents were examined for their ability to desorb TcQ4- fiom activated carbon, and include 0.5 M 

Na-salicylate, Na-phthalate, NaCI, NaNO3, and Na2 SO4. 

4.2.4 Tc Removal from Contaminated Groundwater 

Colum experiments were performed to test the ability of activated carbon to remove Tc 

fpom actual contaminated groundwater. The initial experiment used 0.5 g activated carbon 

packed in a 6.6 x 30 mm glass column. About 18 L of Tc-contaminated groundwater (MW 66) 

fiom PGDP was continuously pumped into the colum. For convenience, the flow rate varied 

ftom 2 mll/min during the day to 1 ent was collected in 1 L plastic 

bottles, and 10 mL aliquots were used to measure the Tc activity with a liquid scintillation 

analyzer. The above experiment was repeated using 1.5 g activated carbon with a constant flow 

rate of 1 mL/min. After 12 L of MW 66 oundwater passe though the column, the input 

solution was switched to a synthetic groundwater containing high levels of T c 0 i  (ranging from 

-28,000 to 40,000 pCi TcL). The synthetic groundwater was composed o f 2  rnM Ca@12, 2 

Na2S04, 1 mM NaNQ3, and 0.5 mg/L dissolved organic carbon obtained from a wetland pond in 

Georgetown, South Carolina (Gu et al.> 1994). A total of -6 E synthetic groundwater was 

pumped though the column. To recover the Tc adsorbed on activated carb n, 0.5 M salicylate at 

pH 8.8 was pumped into the column at a flow rate o f 0 2  d / m i n .  The efTluent was collected and 

analyzed as described previously. 
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By using high ionic strength solutions (Ci, SO4=) or organic anions as a b a ~ k ~ o ~ ~ d ,  the 

adsorption of Tc04- was reduced significantly (Fig. 4.2 and Table 4.2). In particular, Kd values in 

0.01 M Na-salicylate were reduced to -8.7 d / g ,  and to -37 mL/g in 0.01 M Na-phthalate. 

These observations indicate that organic anions %re more c ~ ~ p ~ t i t i ~ e  than NO3-, Cf, and S S , =  for 

adsorption onto activated carbon, therefore reducing the adsorption of Tc 

Anion exchange has been proposed as the reaction mechanism between Tc 

sur%aces (Yamagishi and Kubota 1993; Yamagishi and Kubota 1989). However, our results do 

not appear to support this conclusion. If anion exchange is the domin reaction mechanism, one 

would expect a much smaller adsorption of T c 0 i  because the background electrolyte 

concentration (0.01 M Cf, SO;, or NO3-) was about 5-7 orders of magnitude higher than that of 

Tc04- (-lo-* M) in solution. 

exchange) by the electrostatic interactions. Thus, we propose that the surface reactions (or 

specific adsorption) and possible H-bonding between T c 0 i  anions and the 4-8  or --C-OH 

knstional groups on activate carbon are the dominant interaction mechanism, whereas the 

electrostatic interactions enhance the adsorption process or reduce the fiee ene 

adsorption. The presence of oxygen-containing fUnctiana1 groups (e.g. ,  -OW, C-0-C) on 

activated carbon surfaces i s  well known. These hnctional g o u  s have played a remarkable role 

iss the processes of' carbon utilization (Gornezserrano et al., 1994; Newcornbe et al., 1993). Upon 

oxidation with &(I2, other oxygen. fbnctiond ~ O U P S ,  such as C== and COO-, have also been 

identified by FTIR spectroscopy (Gomezserrano et al., 1994). These oxygen functional grou 

are believed to be important for the removal of many organic: compounds duri water treatment 

(Gomezserrano et al., 1994; Newcornbe et al., 1993; Warta et d., 1995). For example, Warta et 

al. (1995) have observed that, under oxic conditions, more dissolved org c compounds can be 

adsorbed by activated carbon than under reducing conditions. They suggest the oxidation of 

activated carbon surfaces results in an increase in surface oxygen hnctiomd goups which thereby 

enhances the surface complexation reactions between activated carbon. and the organic 

compounds in water. 

These anions would compete with Tc 
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4.3.2 pH-dependent Adsorption o f  Tc04- 

The pH-dependent adsorption ofTc0 i  on activated carbon was studied between pH -4.5 

and -9.5 (Fig. 4.4). This pH range represents the groundwater pW at many contaminated sites. 

Results indicate adsorption of TcQi on activated carban decreases slightly as pH increases from 

4.5 to 9.5. At pH -9.5, however, adsorption of TcOi remained relatively high, 

observed at pH -4.5. 

groundwater in a wide range of pH values by activated carbon. 

These results demonstrate Tc0.Q- can be effectively removed from 
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Fig. 4.3.  pH-dependent adsorption of Tc04- by activated carbon at an initial concentration 
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1993). The Kd values for this process ranged di-om only 2.5 to 1500 at an ionic strength of 2.0. 

Del Cul et al. (1993) reported that Reillex 402 (a poly-4-vinylpyridine cross-lied with 2% 

divinylbenzene fiom Reilly Industries, Inc.) pefiomed better than Dowex 

removal. However, they also found the industrial lex 402 did not per6ox-m as well as 

Dowex SRB-OH in removing TcQ4-. In addition, a relatively large amount of resins and a longer 

equilibration time (ranging from 24 h to 6 weeks) were rep~rted as necessary for these resins to 

reach equilibrium. Del Cul et al. (1993) found that only -90% of TcO4- was removed from the 

P'aducah groundwater (1 L) with -1 g Dowex SlU3-0H resin after 4 days of equilibration. In 

contrast, TcQ4- adsorption on activated carbon is almost instantaneous and much more effective, 

as will be discussed below. Iron metal fillings and ferrous sulfide were found to be very effective 

in removing Tc04- because of a reduction of Tc04- to Tc02. The disadvantages of this technique, 

however, are that a relatively long equilibrium time is required for the cheKnicd reduction to occur 

@el-Cul et al., 1993), and the process may suffer pore clogging problems 

release of Tc04- after an extended period as a result of re-oxidation. 

4.3.3 Separation of Tc04- from Contaminated Groundwater 

To vefi  the ability of activated carbon to remove Tc04- from actual contaminated 

groundwater, a small colum (6.6 x 30 m) was wet-packed with only 0.5 g activated carbon. A 

small column was prepared to limit the amount of groundwater (containing -3000 

required to pass through a larger column before a breaktho h of TcO4- could be sbsemed. 

Adsorption capacity of TcQ4- on activated carbon is reported to range firom 0.26 to 0.6 m d g  

(Yamagishi and Kubota 1993; Yamagishi and Kubota 1989) whereas the BGDP ~ ~ u ~ ~ w a t ~ r  Tc 

concentration was on the order of IO-* M. Column results (Fig. 4.4) indicate no Tc breakthrough 

was observed when more than 14,000 pore volumes of  contaminated groundwater (fiorn M Y  66) 

was passed through the column. A full brealahrough of TcO4- was not observed, even &er 

-23,000 pore volumes of groundwater was pumped through the column. 3[n a separate 

experiment, a longer column (6.6 x 85 mm) was prepared with I S g advated carbon. Mer  an 
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Fig. 4.4. Breakthrough of (a) 'rc04' fiom Nw 66 groundwater in a packed column (6.6 x 
30 nun) with 0.5 g activated carbon. 

4.3.4 Recovery of Tc04- fiom Activated Carbon 

Recovery of adsorbed Tc fporn activated carbon was performed in packed columns to 

evaluate recovery of Tc and for ossible reuse o f  the carbon (Fig 4.5). Desorption of Tc fiom 

carbon would be necessary to minimize waste disposal of spent carbon if the tec 

to remediate Tc-contaminated groundwater. Results indicate (Fig. 4.5) injected TC (I00 pL at 

varying concentrations) was completely adsorbe by activated carbon in all experiments. These 

results are consistent with the batch adsorption experiments ig. 4 .9 ,  which show >99% Tc 

removal from the aqueous solution. The Tc 4- solution was injected at -25 pore volumes and 

eluted with an additional. 25 pore volumes of water before the eluent was switched to a recovery 

reagent (Fig. 4.5). When the input solution was switched to 0.5 M Na-salicylate, des0 

Tc04- occurred rapidly. A complete recovery (-100%) of adsorbed Tc was observed except for 
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Salicylate is more effective than phthalate in desorbing the adsorbed TcO, Ei-om activated carbon 

but, on the other hand, offers an effective way to recover the adsorbed Tc far possible reuse and for 

regeneration of activated carbon and waste minimization. Therefore, the use of activated carbon to 

rernediate TcQ4--contaminated groundwater is a promising technology that i s  cost-effective md 

requires minimal installation and maintenance. A treatment module (or colum) can be used as part 

of a pump-and-treat facility to remove Tc04- fiorn contaminated groundwater. 

Because adsorbed TcQ4- can be recovered quantitatively fioni activated carbon, another 

important application of this technique is for quantitative analysis of TcQ4- in enviromentd 

samples containing low levels of Tc (Le., <lo0 pCi/lL). Existing methodologies for analyzing low 

levels of Tc are tedious and expensive. In a number of separation methods for the enrichment of 

Tc, the main step consists of an adsorption on an anion exchanger, This step is time consuming and 

the yield is quite low (Sattelberger et al., 1989). In comparison, solvent extraction (e.g., by 

tetraphenylarsoniurn chloride) is preferred (Ebralova et al. 199 1 ; Sanelberger et al., 1989). 

However, solvent extraction requires the use of expensive and toxic chemical rea 

tetraphenylarsoniurn chloride and chloroform. More importantly, perhaps, it generates a relatively 

large quantity of secondary waste and the yield is between 80 and 85% (Sattelberger et al., 1989). 

Therefore, a relatively simple analytical procedure is proposed on the basis of this research. The 

methodology includes the following steps, provided that the oundwater has a low dissolved 

organic carbon (e.g., < 1 mg CL) and ionic strength (cO.01): (1) a small activated carbon column 

(e.g. ,  5 x 100 mm) is prepared and washed with puri water; (2) a sufficient amount of 

contaminated groundwater (e.g., 1 L if groundwater contains >lo p i/L Tc04) is quantitatively 

pumped through the colum, (3) the input solution i s  then switched to salicylate at pH -8.5-9 to 

hitiate the desorption process (a low flow rate is recommended to dlow suficient equilibrium time 

for desorption to occur), and (4) finally, the effluent; is collected and nixe with an appropriate 

scintillation cocktail for liquid scintillation analysis. If a large number of samples are to be 

analyzed, the above procedure may be simplified by using a special separation hmel instead of a 

chromatographic column and a HPEC pump. 
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