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This report summarizes studies on the interactions o f t  etium-99 (Tc) with dEerent 

organic compounds and soil minerals under both oxidizing and ing conditions. The report is 

divided into four parts and includes (1) effect of natural organic matter (NOM) 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 Paduc Gaseous Difisian Plant 

(PGDP), and (4) adsorption and separation of Tc on activated carbon. V ous experimental 

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

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

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

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

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

compounds or specific fbnctional groups such as salicylate. Tc did not appear to form complexes 

with TCE in aqueous solution. d high performance liquid 

4P 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 TcQ4- and TCE are poorly adsorbed by soils, 

Both liquid-liquid extraction 

No significant adsorption of TcO4- was observed by soils from PGDP. Even when soils 

and reagent solutions were purged with H2/&, Tc adso tion on these soils remained very low, 

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

were added with 5 mg5 Na2S, a relatively high amount af 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 obse 

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

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

concentration of Na2s was added. Results of these studies suggest Tc is present in PG!DP 
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1. COMPLEXATION S F'EJATURAL ORGANIC MATTER 
99 

1-1 INTRODUCTTON 

-99 (Tc) is a peemi 

radiation risk to m 

bic conditions is the p 

amount of Tc releas 

de with a long hal (2.13~105 years) and 

. The most stable chemical 

ate anion, Tc06, whic 

onment has been increasing t 

ar weapons tests and nuclear processing plants, power plants, and 

e, groundwater contamin 

Portsmouth Gaseous Dfis ion Plant, and 

1967; Clausen et al., 1995). In 1988, th 

north of P resulted in D omental Protection cy issuing an 

nuclear waste sto 

A d d s t r a t h e  Consent Order to dete the nature and extent of o 

Subsequent investigations ident 
.t P 

The possibility that some of the sport of Technetium (Tc) at the Paducah 

of literature suggests NO 

environment (Colombo et al., 1990; 

19%; 

et al., 1993; Pilkington 1990; Wi 

m and Bunzl 1986). In 1993, a preliminary field expe 

of groundwater org 

KY. The study revealed 

transport of Tc at the PGDP site. The 

because both Tc and the organic matter 

weight cut-of'€ at 3000 dalton (no 

c matter on Tc transport was inconclusive 

). The objective of this study was to 
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determine if Tc is complexed with natural organic mattes and, if so, under what conditions the 

complexes form. 

1.2 M A ' l E m S  AND METlELODS 

1.2.1 Organic Compounds 

Groundwater samples were obtained from two monitoring wells ( M w s ) ,  namely MW 66 

and M W  106, at PGDP site, Paducah, KY. 'The total organic carbon content ~f the groundwater 

samples are 0.23 and 0.27 mg C L ,  res ectively. 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 rganic 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 o r i ~ i ~ a ~ e d  fiom a w ~ t l ~ d  pond in 

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

elsewhere (Gu et al., 1994, 1995). In addition, two model. organic compounds 

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

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

These organic compounds were selected because they are h o r n  to contain similar fbnctiond 

groups as found in NOM. 

4P 

1 2.2 Chromatographic Separations and Identification 

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

dollecting samples, and analyzing them over time. Differ 

columns were prepared in order to separate the organic compounds cornplexed with Tc from 

those associated with fiee organic molecules, 

feed the mobile phase into the colu 

LC pump (model 2350) was used to 

and an W (Linear WMS 200) detector fallowed by a 
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Table 1 .I 1 Chemical pro 
and 10 

r obtained from monit 66 

5.1 

11.1 

0.03 

28.0 

0.35 

0.34 

1.87 

10.2 

- 
19.3 

5.4 

4.0 

0.02 0.12 

6.2 6.1 

Alk&nity (mgL) 

Conductivity (pmhos/cm) 

95.1 

358 

86.3 

287 

Total Organic C (mg/L) 0.23 0.27 

Dissolved Oxygen ( m a )  5.8 5.5 

Turbidity (NIT) 4.8 34.7 

42.0 41.6 
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Radiomatic 500T1R 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 free organic compounds or Tc in solution fkom the Tc-organic 

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

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

(?olysep-GFC-P1000, Phenomenex, CA) failed to separate Tc from some org 

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 (l?ha.rmacia Fine 

Cheanical Co., Piscataway, NJ) column packed in 6.6 x 115 m glass columns. The mobile phase 

compositions and experimental conditions varied with each indivi ual experiment and are 

described in detail in the “resuhs and discussion” section. A relatively gh concentration of 

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

detector. 

4P 

1 3  JXESULTS 

1.3.1 Groundwater Organic Matter Characterization 

Groundwater from Mw 66 and M W  106 contains very low ounts of  dissolved organic 

matter, about 0.23 mg C L  and 0.27 mg C/L, respectively. To characterize the groundwater 

organic compounds, the groundwater was concentrated on a Speed-Vac ~ ~ ~ r ~ ~ a t e l y  3-10 fold. 

The fourier transform infi-ared (FTIR) spectrum (Fig. 1.1) was acquired for the concentrated 

NOM fiom M W  106 groundwater (uncontaminated). An FTIR spectrum of groundwater from 

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

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

groundwater samples were fksm a similar geographic area and d 

PGDP site, it may be generally assumed that the 

the two diEerent wells are similar in nature. This asurn 

thin the aquifer at the 

roperties of NOM fiom 

comparison at the 
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chemical properties of water samples from MW 66 and M W  106 which are very similar (Table 

1.1). 

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

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

low organic concentration and high salt concentration in the concentrated MW 106 groundwater 

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

hnctional groups such as -COOHI or -COO- at -1720 and 1620 cm-’, d C - 0  a d  C-QH 

fbnctional groups between 1200 - 1400 ern? Absorption bands at -2925 and 2855 crn-’ are due 

to stretching of - c H 3  and -CH* fbnctional groups. The double bands at -2350 em” are due to 

the presence of COz. Information regarding the physical and chemical properties of 

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

1.3.2 Tc Complexation Studies with NOM 

Under A fmospheric Conditions 

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

pW of 7 (Fig. 1.2). Separations of Tc, NOM, or Tc-NOM complexes were accomplished using a 
4P 

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

p L  Tc-NOM mixture solution was injected into the column using a Rheodyne injector. Samples 

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

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

observed (dashed line, Fig. Ma). On the other hand, the retention ti e for Tc alone (without 

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

peak in Fig. 124 the relatively broad peak was observed for c pig. 1.2b) is due to a much 

larger detector cell being used for the Kadiomatic detector SQ a relatively high sensitivity (counts 

per minute, cpm) can be achieved, A Iarge detector cell was a l s ~  necessary for the mixing of 

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

absorbance peak occurred exactly at the same position with the same peak height (solid lines, 

6 
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Fig. la) as the NOM peak when it was injected alone (dashed line). A low VV-absorb 

was also observed between 4 and 6 min (Fig. la) which is due to Tc04- which absorbs UV.  

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 when it was injecte 

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

the mixture was injected at difEerent times (up to 7 days), the same 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 eluti n peaks would be 

the Tc-NOM complexes and the elution peaks for the Tc and NOM shod 

ashecl line). No other 

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 en their nzixtblre 

were injected into the column because of the reactions between Tc or NOM with the su~aces  of 

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

(Polysep-GFC-P 1000, Phenomenex, CA). Separation of Tc an 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 ~01u1n.n packing materials (siliea). Larger molecules will be eluted 

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

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

Results pig. 1.4) indicate the retention time for Tc alone or Tc in NOM mixture occurred at -7.8 

rnin whereas retention time for NOM or NOM in Tc mixture was -9.3 min. Ag 

indication that Tc was complexed with NOM under these conditions. 

4P 

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

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

respectively, and no apparent complexation reactions between c and NOM were observed. 
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1.3.3 Tc complexation Studies with Groundwater Organics from PGDP 
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1.3.4 Membrane Ultrafiltration Studies 
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organics fiom PGDP. 

c activity in aq e and after filtratio 

10 rnL Amicon Cell 

Tc Reference 

MW-66 Groundwater 

hdW-66 Concentrated 

TC + GT-NOM 

TC + GT-NOM 

5460 5680 

2800 3080 

7200 8120 
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50 mL Amicon Cell 
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6630 

3420 

6350 

6670 

M on Tc precipitation an under reducing 

under reducing 

a given Tc sol 

c ion levels were studi pCi/mL). Without Tc 

C on in solution decreas on increased f?o 1-31, 

ement with our pr S. With the addition of 1 rng C/L 
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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 L 2  the Tc concentration in solution also 

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

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

The observations are also in agreement with Wildung et al. (1986) who found that Pow molecular 

weight organic matter (or ligands) to form complexes with Tc, especially with reduced forms of 

Tc. The Tc complexes increased the solubility of Tc. Similarly, Pikington (1990) found pH had 

little effect on the measured solubility of TcOz 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 of 10. 

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

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

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

NOM was small so our technique to detect Tc-NOM complexes was not sensitive e 

discussed previously, the radiomatic detector requires to use a relatively high Tc activity in order 
4P 

to obtain a sufficiently high signal to noise ratio. This could have limited OUT ability to identifj 

very small fiactions of TC complexed with NOM. How er, even these results suggest the 

NOM complexation in aqueous media may not be significant. 

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

Low Tc (pCi/mL) 

0.001 

0.01 

0.1 

33.W0.2 3 2.73~0.4 61232 6 16k7 60W2 

3 2. U0.4 3 1 .WO.§ 3 0. $=to. 9 59933 596k2 598&§ 

21.W0.7 29.6Lt0.2 29.W0.1 45W17 51W34 565k6 
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1.3.6 Te Complexation Studies with Salicylic and Phthalic Acids 

Because NOM and groun er organics are such complex mixtures of natural organic 

s, the exact structure and al groups of these organic materials are still unclear. 

s of NOM and its roles in contaminant binding and This has been a serious drawback in 

transport (Gu et d., 1994, 1995). 

molecular structure and fbnctional gro 

e such a difficulty, model 

ed in these studies 

e and phthalic aci model organic compounds, n 

different preparative columns were us the separation of Tc from these two organic 

compounds. Phthalate and Tc were fo arated best on the PDX Gel-25 column 

whereas salicyl and Tc were be phadex LH-20 co . Retention time of 

Tc on the PDX Gel-25 columns were -4.8 and -2.2 min, respectively, in 

eernent with the previous experiment 

Chromatographs of phth hthalate mixture we tted in Fig. 1.11. 

The retention time of phthalate 

small U V  absorption geak was 

solution. By examining the Tc act 

absorption) on this c 

* P  

t, only a single Tc pe 

nded to the small U V  abso . 1.11a. Note that a 

between the UV detector and the 

ate were well separat Gel-25 column; no 

reactions were confinned fi-om this experiment. 

On the other hand, the S cylate (without Tc) and Tc (without 

n Sephadex LH-20 were n respectively (Fig. 1.12). When a 

Tc activity peak shifted to -3.8 min whereas 

s remained unchanged (-3.6 fin). These 

mixture of Tc- icylate solution was i 

salicylate (or complexed with Tc) e 

observations suggest Tc is likely eo 

time of Tc (complexed with salic 

coincided he UV absorption p 
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for the mixture was attributed to both salicylate and TcOd ch absorb UV and the relatively 

Tc concentration. 
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2. COMPLEXATION STUDIES OF TRZCf-ILOROETHYT,ENE WITH Tc 

d correlation betw (TCE) and Tc concentration is found at 

concern Tc may be 

Therefore, the 

wells at the PGD 

ed with TCE and therefore c 

this part of the stud 

d reducing conditions. 

2.1 IMAT.ERI[ALS AND M3ETHODS 

2.1.1 Liquid-Liquid Extraction 

Tc04- is very soluble in water. However, TCE is insoluble in water but soluble in organic 

be extracted eom 

ect an 

increased proportion of Tc (complexed g extracted by because TCE-Tc 

vents such as hexane. Previous stud 

eous solution by a single extrac 

shown that >99% of T 

c and TCE are comple 

4k complexes (if any) should have a anic solvents in co son with Tc04-. 

T eriment was performed 

nCi/L) was prepared in aqueous 

2,4.5, 7, and 72 h intervals and mi 

3 mL hexane. Samples were then shak 

r concentration o The Eh of the s 

ut TCE) was also prepared and d using exactly the same p 

above. 
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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 (Phenomenex, @A). The experiment was 

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

mg/L), TcO4- (0.2 mCi/L), or their mixtures were prepared. At a given time interval, 100 p.L 

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

aqueous solution with 1 mM NaCl, and the flow rate was 1 mL/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 mM NazS. These experiments were limited to 3 days because the TC 

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

2.2 RESULTS AND DISCUSSTON 

Results o f  hexane earaction of Tc-TCE complexes are shown in Table 2.1 (at 200 mg/L 

TCE) and Table 2.2 (at 400 mdsJ TCE) under both at ospheric and reducing conditions. The 

initid Tc activity in aqueous solution was -23,500 pCi/mL. As expected, hexane extraction of 

Tc04- fiom aqueous solution (without TCE) was very low and r from -0.03% to 0.1%. 

Mixing a TCE aqueous solution with Tc04- solution did not result cant 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 ount of Tc was extracted by hexane 

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

9 P  

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

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

satisfactory separation and identification of Tc an TCE mixture were accomplished by using a 

Prodigy analytical column obtained fiom Phenornenex, 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, 4"CE concentration decreased 
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e extraction of ed with Tc fiom the 
pCi/mL Tc . Data are the average o 

- _ _  

Tc Extracted (pCVrnL) 

Sample 2 h  4.5 h 7 h  72 h 

Under oxidizing conditions 

TCE + Tc 

Tc Reference 

28.8 18 20 

15.6 13.8 12.2 

Under reducing conditions 

18.2 

9.6 

-- 

TCE + Tc + Na2S 9.6 8.6 8.4 7.8 

Tc 3- NazS 13.6 10.2 13.8 11.6 

Hexane extraction of plexed with Tc f%o s solution 
22,548 pCi/mL Tc an Data are the duplicate 
nts. 

_ -  

Tc Extracted (pCi/mL) 

Sample 2 h  5 h  7 h  24 h 
~- 

Under oxidizing conditions 

TCE + Tc 6 8.7 24.4 

7.7 6.9 22.3 18.3 

Under reducing conditions 

TCE + Tc + Na2S 9.1 6.3 9 19.1 

TC + MazS 9.7 5.6 6.1 16.7 
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substantially with storage time although its retention time remains unchanged (-9.7 fin, Fig. 2.2). 

The decreased TCE concentration is primarily attributed to its volatilization loss during storage. 

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

addition, TCE also leaked through the septum of the standard 40 niL or 20 d vi& Therefore, 

a periodic sampling of Tc inevitably lead to a loss of TCE to the 

a decreased TCE peak height with time Fig. 2.2). 

250 
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c4 
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W 

g 100 
ch 
o\ 

50 

0 

I I 1 I 

0 3 6 9 12 15 

Retention Time ( 

Fig. 2.1. Chromatographs of Tc (by Radiomatic liquid scintillation counting) at different 
time intervals using a Prodigy analytical column. 
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3.  Tc ADSOWTION ON SOES FROM PADUC 

3.1 MATERIALS AND M[IETHODS 

3.1.1 Soil Samples and Preparation 

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

MW 262 at the PGDP site. Both monitoring wells are located within a security fence in the 

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

collected represent each of the five hydrogeologic units 0 present at the PGDP site (Clausen 

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

collected at a depth of 8 to 10 ft. Typically, HU-1 extends fEom the ground surface to a depth of 

20 A whereas HU-2 section extends from 20 to 30 ft. Samples SS-1, 2B, and 3B are 

representative of HU-3 and were collected at a depth of40 to 4 . This unit consists o fa  sandy 

clay. This unit typically extends fkom 30 to 50 ft below the und surfiice. Sa 

represents Hu-4 and is a gravelly sand unit. Typically, HU-4 ranges from a depth of 50 to 60 R. 

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

regional gravel aquifer at the PGDB site. This unit consists of a poorly sorted very coarse gavel. 

This unit typically ranges fiom a depth of 60 to 100 fi below the 

4P 

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

each of four bags fioin M W  261 (SPT-1,6,8,12) and three bags fiom MW 26% (SS-3B, SS-1, and 

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

used to collect soil which passed through 1 mm sieve into large mouth plastic containers. 

3.1.2 Soil Batch Adsorption Experiments 

Under Atmoqheric Conditions 

Two grams of soil were carefidly weighed into a series of 10 mJ, centrifkge 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 ~ ~ ~ c ~ ~ t r ~ ~ i o  of  0.01 M CaC12. A Tc stock 
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solution of known activity was 

pCi / ’d .  Samples were shaken for 2 h e 

c concentration ranged ftom 0 to -25 

nd, centfifkged for 30 min at 2000 rpm, and 

for soil settlement. clear supernata 

sured as described p 

Two sets of experiment were p 

experiments were then carried out s 

The second set of experime 

above under atmospheric conditions. 

was noticed aRer addition of Na2S 
*9P 

were the same as previous experiments. 

3.2 

T five different soil m P  under 

atmospheric conditions. Within the al error, adsorption of Tc on these soils is 

n . These resuIts are not s surfaces are negativ 

an anion, so that Tc04- is repelled 

reported previously (Bondietti and 

W and Bunzl 1986). For et al. (1990) reported, under aerobic 

e soil minerals. 

and Scoppa 1987; She 

C was not significant es of soils, and 

by the organic soils. 
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Fig. 3.1. Adsorption of Tc by soils from Paducah, Kentucky, under atmospheric conditions. 
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When the adsorption experiment was pedormed under H2M2 atmosphere (Fig. 3.2), we 

observed that Tc adsorption was only d for certain soils but, in general, Tc was 

not retained by the soils the ental error. However, Sheppard et al. 

(199 ed that Tc adsorption i 2 orders of m under reducing 

an under oxidizing con possible explanation 

the result of a true re ion under H2/N2 atmosphere i ronment not 

being 

evidence for th is  includes soil sediment 

in our experiment by s 

ggesting the pres . This implies that 

suspension was not sufficiently reduced. 

In contrast, when the adsorp 

with the addition of 5 mg/L Na2S, 

was performed under a HZNZ atmosphere 

d that adsorption of Tc was significantly 

3.3). The partitioning coe d fiom -20 to -100 mL/g. These results 

eement with that o (1 990) and other investigators 

removed under red 

nation of adsorp 

However, it is pointe 
r P  

not be shply  due to the adsorption 

TcOz or Tc-SUI s). Toverifythe Tc under low Tc co 

itions, we added d nts ofNa2S into a Tc-refere 

equilibration for overnight, clear Tc-re 

oss increased as the 

Na2S concentration (BO.01 

increased, especially at a 

Na2S concentrations below 0.005 M, Tc 

ntration in reference solutions remain 

itation of Tc occurred. Thes e an increased Tc re 

ay be primarily due to adsorption of 
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meq/g (Yaxnagishi and Kubota 1989). However, a much lower maximum adsorption (on the 

order of meq/g) is expected for the treatment of only slightly contaminated groundwater 

(e.g., containing 3000 pCi TcL or -loa m o l  TcL). The present study was undertaken to 

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

environmental conditions, such as pH, electrolyte composi t~o~ and concentration, Column 

transport and recovery studies were performe with actual contamhated ~ ~ ~ n d w ~ ~ e ~  to 

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

4.2 MATERIALS AND IMET€?ODS 

4.2.1 Activated carbon and Tc standard 

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

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

(Mlli-Q plus system, Bedford, MA) by repeated decanting md sedimentation to remove 

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

(NI&Tc04 dissolved in water) was obtaine from Isotope Products Laboratories in Burbank, 

California. The Tc radioactivity was 37.1 pCi/g f 2.2%. 

4P 

4.2.2 Adsorption Experiment 

Adsorption of TcOd on activated carbon was performed in various background electrolyte 

solutions including 0.01 M CaC12, 0.01 M NaNO3, 0.01 M Na2S04, Na-salicylate and phthalate at 

pH -6.5, and two groundwater samples fiorn monitoring wells 66 and 106 at PGDP in 

Paducah, Kentucky. MW 66 is contaminated with Tc at -3000 pCi/L (or -0.18 pa), whereas 

h4W 106 is not contaminated. 

The adsorption experiments were initiated y mixing 0.1 g activated carbon with 14.9 mL 

of the background electrolyte solution in 25 mL, Teflon centri &e tubes to which 0.1 mI, of Tc 

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

to 110,000 pCi/L (or 6.5 pgk) and equilibrium concentrations fiom 0 to 6500 p C K  (or 0.38 
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(Spectra/Chrom CF-1) was used to collect the e uent every 30 min (for a total volume of 3 mL). 

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

assayed for Tc radioactivity as descri ed previously. The recovery of Tc was estimated by 

comparing the Tc injected into the column to the amount of Tc in the effluent. DZferent chemical 

reagents were examined for their ability to desorb TcQ4- fiom activated carbon, 

Na-salicylate, Na-phthalate, NaC1, NaN03, and Na2S04. 

4.2.4 Tc Removal fiom Contaminated Groundwater 

Column experiments were performed to test the ability of activated carbon to rem 

from actual contaminated groundwater. 

packed in a 6.6 x 30 mm glass column. About 18 L of Tc-contaminated groun 

from PGDP was continuously pumped into the column. For convenience, the 

from 2 ml/min during the day to 1 mllmin at night. The e ent was collected in 1. L plastic 

bottles, and 10 niL, 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 m'll/min. After 12 L o f W  66 groundwater passed through the column, the input 

solution was switched to a synthetic groundwater containing high levels of TcOi (ranging fkom 

-28,000 to 40,000 pCi Tc/L). The synthetic groundwater was composed of 2 mM CaC12, 2 mM 

Na2S04, 1 mMNaNO3, and 0.5 mg/L dissolved org c carbon obtained fiom a wetland pond in 

Georgetown, South Carolina (Gu et al., 1994). oundwater was 

pumped through the column. To recover the Tc adsorbed on activated carbon, 0.5 M salicylate at 

pH 8.8 was pumped into the colu ent was collected and 

analyzed as described previously. 

The initial experiment used 0.5 g activated carbon 

i P  

A total of -6 L synthetic 

at a flow rate of 0.2 ml[_l/min. The 



DISCUSSION 

ed in Table 4.1. 

oved by activated c 

66 and M W  106 

background of 0.01 

. The molar concentr 

d to that of Cf, SO,", or 

to that of T c O ~  

'4P 

ed carbon in varying 
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By using high ionic strength solutions (Ci, SO4=) or organic anions as a background, 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 are more competitive than NO3-, Cf, 

adsorption onto activated carbon, therefore reducing th 

Anion exchange has been proposed as the rea 

surfaces (Yamadshi and Kubota 1993; Yamagishi 

not appear to support this conclusion. If anion exchange is the 

would expect a much smaller adsorption of TcOd because the background electrolyte 

concentration (0.01 M ci, SO[, or N03) was about 5-7 orders of m de higher than that of 

TcOd (-lo-' M) in solution. These anions would compete with TcQi for adsorption (or 

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

specific adsorption) and possible €€-bonding betwe the X-0 or -C-OH 

fbnctional groups on activated caban are the ominant interaction mechanism., whereas the 

electrostatic interactions enhance the adsorption process or reduce the free energy of TcC& 

adsorption. The presence of oxygen-containing fbnctional groups ( e g ,  --ON[, C-0-C) on 

activated carbon surfaces is well known. These fixnctiond groups have played a remarkable role 

in the processes of carbon utilization (6omezse et al., 1994; Newsombe et al., 1993). Upon 

oxidation with &O,, other oxygen hnctional s, such as C=O and COO-, have also been 

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

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

(Gomezserrano et al., 1994; Newcsmbe et al., 1993; Warta et al., 1995). For example, Warfa et 

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

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

activated carbon surfaces results in an increase in su ce oxygen ~ n c ~ i o ~ ~  

enhances the surface complexation reactions between activated c a b  

compounds in water. 

ta 1989). However, Q U ~  results do 

ant reaction mecha 

6 P  
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4.3.2 pH-dependent Adsorption of TcOd 

The pH-dependent adsorption of TcOd on activated carbon was studie between -4-5 

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

Results indicate adsorption of TcOd on activated carbon ecfeaSeS 

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

observed at pH -4.5. 

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

as pH increases 

These results demonstrate TcO/ c 
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Fig. 4.3. pH-dependent adsorption of Tc04- by activated carbon at an initial concentration 
of -18 pCi/ll, (or 1.1 mg TcL). 
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1993). The Kd values for this process ranged from only 2.5 to 1500 at m ionic 

Del Cul et al. (1993) reported that Reillex 402 (a poly-4-vinylpyridine cross-1 

divinylbenzene Erom Reilly Industries, Inc.) performed better than Dowex SlXE3-QH in Tc 

removal. However, they also found the industrial grade illex 402 did not perf'orm as well as 

Dowex SRB-OH in removing Tc04-. In addition, a relatively large ount of resins and a longer 

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

reach equilibrium. Del Cul et al. (1993) found that only -90% of Tc04- was removed fiom the 

Paducah groundwater (1 L) with -1 g Dowex SRB-OH re after 4 days of equilibration. In 

contrast, Tc04- adsorption on activated carbon is almost instantaneous and much more 

as will be discussed below. Iron met fillings and ferrous sulfide were found to be very eEective 

in removing Tc04- because of a reduction ofTc04- to TcOz. The disadvantages of this technique, 

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

@el-Cul et al., 1993), and the process may sufjFer pore clog problems and potential re- 

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

4 P  

4.3.3 Separation of TcO, from Contaminated Groundwater 

To veri@ the ability of' activated carbon to remove TcOd fkom actual cant 

groundwater, a small column (6.6 x 30 m) was wet-packed with only 0 3  g activated carbon. A 

small column was prepared to limit the amount of groundwater (containing -300 

required to pass through a larger column before a breakthrough of TcQ4- could be observed. 

Adsorption capacity of TcQ4- on activated carbon is reported to range fiom 0.26 to 0.6 m o V g  

(Yamagishi and Kubota 1993; Yamagishi and Kubota 1989) whereas the P groundwater Tc 

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

was observed when more than 14,000 pore volumes of contaminated roundwater (fiom W 66) 

was passed through the column. A hll. breakthrough of Tc 4- was not obsexved, even after 

-23,000 pore volumes of groundwater was ~ ~ ~ ~ e d  though the column. In a separate 

experiment, a longer column (6.6 x 85 m) was prepared wit 1.5 g activated carbon. After an 
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Reference contaminated groundwater 

Pore Volume (x 1000) 

Fig. 4.4. Breakthrough of (a) Tc04- fiom M W  66 
30 mm) with 0.5 g activated carbon. 

4.3.4 Recovery of TcO,' from Aaivated Carbon 

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

evaluate recovery of Tc and for ossible of the carbon Pig. 4.5). Desonption of 'ITC fiQm 

carbon would be necessary to rninimize waste disposal o f  spent carbon if the technique is applied 

to remediate Tc-contaminate groundwater- Results indicate Fig- 4.5) injected T@ (100 PL at 

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

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

removal fiom the aqueous solution. The TcOd solution was injected at -25 pare volumes and 

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

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

Tc04- occurred rapidly. A complete recovery (-100%) o f  adsorbed Tc was absewe 
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Salicylate is more effective than phthalate in desorbin d TcO,' from activated carbon 

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

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

remediate TcO&contaminated groundwater is a promising technology that is cost-effective and 

requires minimal installation and maintenance. A treatment module (or column) can be use 

of a pump-and-treat facility to remove TcO,' &om Contaminated ~ Q ~ n d w a t e r .  

Because adsorbed Tc04- can be recovered quantitatively om activated G 

important application of this technique is for quantitative analysis of TcOd in environmental 

samples containing low levels of TC @e., <10Q pCi/L). Existing methodologies for analyzing low 

levels of TC are tedious and expensive. In a number of separation methods for the exu-ic 

Te, the main step consists of an adsorption on an anion exchanger. This step is time consuming a 

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

tetraphenylarsoniurn chloride) is preferred (Karalova et al., 199 1 ; Sattelberger et al., 1989). 

However, solvent extraction requires the use of expensive and toxic chemical reagents such as 

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

large quantity of secondary waste and the yield is between 86 md 85% (Sattelbe er et d., 1989). 
* f* 

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

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

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

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

contaminated groundwater (e.g. ,  1 L if groundwater contains >10 pCilL Tc04) is quantitatively 

pumped through the column, (3) the input solution is then switched to salicylate at pH -85-9 to 

initiate the desorption process (a low flow rate is recommended to allow sufficient equilibrium t h e  

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

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

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

chromatographic column and a HPLC pump. 

me1 instead ~f a 
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