Environ. Seci. Technol. 1997, 31, 1723-1727

Soil Retention of Trifluoroacetate
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Tha phase out of chioroflucrocarbons (CFCs) has resulted

in the uss of hydrechiomfluorocarbons (HCFCs) and
hydrofiugrocasbons (HECs) as environmentaily acceptable
siternstive chemicals. Teifluoroacetic acid (TFA) has been
identified a3 s degradation byproduct of these compounds,
which largely returns to Earth’s surface via precipitation.
Little is known about the: environmental and scological fate
of TFA. Ssil retention studies were conducted to evaluate
the potential accumuletion of TFA in soil of terrestrial
ecosystems. Batch equililsrium studies showed thatdetectable
TFA was retained by 34 of 54 soils collected from diverse
locations. Retention ranged from a high of 200 to 25 umol
kg~! (0—080% of added TFA). Most soils (43 of 54) did not
retain TFA strangly (> 25%), but soils high in organic matter
and some mineral salls with high iron and sluminum content
exhibited strong retentien. Triflucroscetats retsntion was
correlated (r == 0:80) with % organic matter content.
Organic soiis from wetisnds, peatiands, and a boreal forest
showed the greatast retention. The restention of TFA
increasad with dearessing pH. The magnitude of TFA retention
was similar to Ci™ and Br—. Trifiuoroscetate retention
decreased with increasing concentrations of F-, Cl~, and
SO0#-. The ultimate fate of TFA retained in soils is
ungertain.

intrsduction

The Montreal Protacol and subsequent Amendments have
called for the phsse out of chloroflucrocarbons (CFCs)
because of their role in stratospheric ozons deplstion (1, 2).
The search for environmentaily acceptable replacements for
CFCs has lod to partiaily halogenated compounds, hydro-
chlorofilucrocarbons (HCFCs) and hydrofiucrocarbons (HFCs)
(1, 3). Trifluoroacetic acid (TFA) has been identified as an
atmospheric degradation byproduct of HCFC-123, HCFC-
124, and HFC-134a and is the-only byproduct not considered
to be & naturally occurring compound (4). Trifiuoroacetic
acid will be producedin the atmosphere and transported via
precipitation to the Earth’s suxface (4, 5). The giobal average
TFA concentration inrsinwater for the year 2010 is estimated
 be in the range of 8 x 107%-1 x 1007 M (6). The
environmental fate of TFA deposition is uncertain, and the
ecological consegquences need to be evaluated.

The extent of sorption to soil particles can influence the
transport, bioavailability, and toxicity of solutes, Inputs of
TFA to natural ecosystems may be biodegraded by microbial
processes, assimilated by vegetation, adsorbed by organic
and/or mineral soll, oz transported with drainage water.
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Microbial n of trace levels of TFA has been reported
by Visscher et al. (7) in lake and saltmarsh sediments by
reductive defluorination under anoxic conditions and by
decarboxylation under oxic conditions. However, microbial
degradation has not been reproduced in similar soils under
similar conditions (8) to those used by Visscher et al. (7, and
the significance of microbial degradation as a pathway of
TFA loss remains uncertsin. In any event, the rate of
biodegradation of most organic compounds is influenced by
the degres of adsorption to sofl particies (9). The soil retention
of TFA may decrease the availability of TFA for biodegradation.

Current research suggests that expected environmental
concentrations of TFA are of little concern with respect to
human health, but there is a need to evaluate the effects on
ecosystems (6). Trifluoroacetate is transported from roots
via the n stream and can bioconcentrate in leaf
tissues of plants (10, 11). There are reports of growth
inhibition (11, 12) in tomato and wheat seedlings (>5 x 10™¢
M), sunflowers, mung beans, and wheat (>9 x 10~ M), and
two species of algae out of seven tested (> 1 x 107*M). These
concentrations are 1-3 orders of magnitude above TFA
concentrations anticipated in precipitation. However, a
recent modeling analysis suggests that, under conditions of
high TPA concentrations could be much
greater (>10~* M) in surface waters of seasonal wetlands
within a few decades (19). Recent measurements of TFA in
rain indicate that current concentrations are above estimates
projected for 2010 and cannat be explained by known sources
or precursors of TFA (14). Soil/sediment retention is a
potentially important mechanism of TFA accumulation in
the environment. Soil retention is & critical issue, because
inputs of TFA over an extended period to soils that exhibit
retention may eventually accumulate to ecologically signifi-
cant concentrations, It is Hkaly that retention by soils will
influence bicavailibility and therefore toxicity of TFA to plants.

Retention of organic compounds by soil depends upon
the specific chsmical properties of the compound and soil
properties. The trifiucroacetic acid molecule consists ofboth
hydrophilic (COO~) and hydrophobic (CFy) functional groups
(15). Trifiucroacetic acid is an acidic organic compound that
predominantly occurs as an anion (pK, = 0.81) (16) under
environmental conditions. This class of organicsisconsidered
highly mobile and susceptible to leaching from soils. In the
only study of TFA adsorption in the literature, three agri-
cultural, non-acidic soils were found to retsin only 0.1-2.6%
of added TFA (17). This study did not include any soils that
are known to retain organic anions, particularly soils enriched
with iron and aluminum or organic matter. Moreover, the
concentration of TFA. used in this experiment was 4 orders
of magnitude larger than values anticipated in the environ-
ment over the next 20 years.

Ths objectives of this study were to evaluate the sorption
of TFA on a variety of soils and minerals at concentrations
values and to evaluate the soil
characteristics and conditions that influence TFA sorption.
In addition, the retention of TFA was compared with the
retsntion of major inorganic anions. Finally, the influence
of pH and the presence of competing anienson TFA retention
by soil were evaluated.

Materials and Metheds

Fleld Soll Sampies and Their Characterization. Thirty-five
sofl samples wers obtained from 13 terrestrial sites of the
National Science Foundstion (NSF) Long-Term Ecological
Research (LTER) Program. The LTER is a network of
intensively studied ecosystems that represent important
ecological zonss, ranging from arctic (Toolik Lake) and boreal
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TABLE 1. Characteristics and TFA Adserption Parsmeters for Selected Soils

v o
{ocation/seil class soil

{0.01M Cally)

Bonanza Creek, AK organic horizon 5.30

Inceptisol mineral horizon 461

Coweeta, NC A horizon (mesic) 416

Oxisol AB horizon (mesic) 420

A horizon {frigid) 412

Lysina, Czech Republic  Oa horlzon 2.78

Spodosol E horizon S aWn

Bs1 horizon 3.34

Bs2 horizon 3.81

C horizon 4,05

Hubbard Brook, NH Oa horizon 3.04

Spodosol E horizon 3.18

Bh horizon 3.58

Bs1 horizon 4.01

Bs2 horizon 4.70

. wetland 8.04

Lake Agassiz, MN peat core 3.22
Histosol

Konze Prairie, KS surface soil 5.85
Mollisol

Niwot Ridge, CO orgenic horizon 433

Inceptisol minerasl horizon 471

organic matter  clay CEC x [
% (%  (cmol kg™ (umolkyg™) (Lkg™)
82.5 3 683.6 . 245 11
303 5 12.1 10 0.88
9.4 3 2.1 26 1.5
8.2 9 1.4 4 0.68
243 -7 5.4 76 1.2
38.5 5 20.8 32 0.7
29 2 4.0 27 0.30
79 ] 11.8 30 0.54
7.1 7 7.3 45 0.53
4.0 1 3.7 60 0.60
79.5 8 17.2 84 3.9
1.4 2 1.0 19 0.34
17 4 125 21 0.68
8.1 6 2.3 18 0.42
08 3 0.05 13 0.17
75.2 2 173 180 58
93.3 1 17 260 20
10.1 27 23.1 28 18

18.6
6.1

5.5 17 0.19
104 4 0.32

-
- N

(Bonanza Creek) sites in Alaska to a tropical rain forest in
Puerto Rico (Luquillo). These sites encompass a wide range
of soil and ecological conditions (18). Soil samples were also
obtained from Lake Agissaz Peatlands, Minnesota; near Found
Lake, Wisconsin; Lysina and Pluhuv Bor, Czech Republic;
and Manaus, Belem, and a Brazilian craton in Brazil. Atmost
sites, a surface and subsurface soil sample were collected,
but for some sites only a single surface soil was obtained. At
three sites (Lysina and Pluhuv Bor, Czech Republic, and the
Hubbard Brook Experimental Forest, New Hampshire) soil
samples were obtained from each of the major soil horizons.
A total of 34 soil samples were used in the batch equilibrium
study. Adsorption isotherms were also conducted for several
well-characterized soil minerals (Na-montmorillinits, ka-
olinite, llite, aluminum hydroxide, and silicon dioxide) to
evaluate the ability of these materials to retain TFA.

important chemical and physical parameters, including soil
PH (19), total soil C and N (20), % organic matter (LOY) (20),
soil texture (% clay, % silt, % sand) (19), exchangeable cations
{calcium (Ca*), magnesium (Mg?"), potassium (K*), sodium
(Na), iron (Fe™), and aluminum (AP*)] (21), cation exchange
capacity (CEC) (21), and water-extractable anions [chloride
(CI"), nitrate (NOy"), and sulfate (SO2-)] (19). Acid—oxalate,
pyrophosphate, and citrate~dithionite extractable Fe** and
AP* fractions were also determined (19).

Sorption Experiments. Batch equilibrium soil sorption
studies were conducted on each of the soils. A 1:5 and 1:20
soil to solution ratio was used for organic and mineral soils,
respectively. A range of sorbate concentrations (0,2, 4, 7, 10,
20, 30, 40 umol Na—~TFA L) were used for each soil to develop
sorption isotherms at ambient pH. These concentrations of
TFA were chosen to be comparable with anticipated envi-
ronmental conditions. Each soil was weighed into a 50-mL
polypropylene centrifuge tube, the adsorbate was added, and
the suspension was equilibrated on a reciprocating shaker
for 24 h at 25 °C, The samples were then centrifuged and
filtered through 0.45-4m polypropylene fiber membrane filters
(Gelman Sciences, Ann Arbor, MI). The TFA concentration
of thefiltrate was analyzed using ion chromatography (Dionex,
Model DX 500). The difference between the amount of TFA
initiaily in the adsorbate solution and the amount
after equilibration was determined to be the amount of TFA
retained by the sofl. Instrument reproducibility- studies
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determined that a difference of >0.3 xmol L~* was significant
TFA retention. Trifluoroacetats retention was reproducible
within 3 gmol L™! for soils with low organic matter content
(<17%) and 5 umol L for soils with high organic matter
content (>17%) in replicate samples. Since no specific
mechanism of sorption is determined by this method, we
have used the more general term “retention” to indicate the
amount of TFA remaining in the soil. No detectableretention
of TFA by the polypropylene tubes was found.

Langmuir and Freundlich adsorption isotherms were
plotted and fitted to evaluate the extent of retention of TFA
on all of the soils. The Langmuir adsorption maximum (X1)
was determined using OPTIMO, an optimization program
that allows for the inclusion of uncertainty
to a Langmuir model (22). The sorption distribution coef-
ficient (K was determined for the special case of the
Freundlich model where the Freundlich coefficient (n) = 1.
When the sorption data showed better fit with the Langmuir
model, the linear portion of the fsotherm was used to
determine Ky. This may introduce some error into

the use of X3 when evaluating the sorption of TFA, but the

distribution constant is widely used as an index of chemical
retention by soil, and this approach facilitates a comparison
of TFA retention to other Distribution constant
(K2 was reproducible within 0.09 L kg™ for soils with low
organic matter content (<17%) and 0.16 L kg~ for soils with
high organic matter content (>17%) in replicate samples. A
description of the Langmuir and Freundlich adsorption
isotherins is provided in Travis and Etnier (23).
Bonanza Creek (BNZ OH) organic horizon and Coweeta

factors that influence TFA

physical and chemical
characteristics and relatively high TFA retention (Table 1).
The pH dependence of TFA retention was determined using
20 samples of both of the soils. A 1:5 and 1:20 soil to solution
ratiowas used for BNZ OH and CWT AF, respectively. Thirty-
milliliter volumes of 30 umol L~! Na~TFA were added to 50-
mL polypropylene centrifuge tubes and shaken for 1 h at 25
*C. After theinitial period, acid (HNO,) or base
(NaOH) was added to adjust the final pH in a range from 2
t0 10. After an additional 24 h of equilibration, the pH value
of each sample was measured, and this pH was used as the
final reaction value. Samples were analyzed as described for
the batch equilibrium samples. '




RetcnﬁoaofTFAwueompuedtothcretmtionofother

inorganic anions by conducting batch adsorption
madietonl!NZOi-hndCWl‘AFusingﬂwﬁde(P').Cl‘.
TFA-, bromide (Br-), NOy~, and SO&~. A range of sorbent
concentrations (0, 5, 10, 15, 20, 30, 40, 60, 80, 120, and 180
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24 h. After the initial equilibration, 10 mL of 40 ymol L-!
Na~TFA wasadded. The samples then were equilibrated for
anadditionsl24 b, Triffuoroacetats retention was determined
the same as described previously. '

Sorption
of TPA retention, ranging from no detectabls retention to
mmammummm A subset of 12 soils
mmammmmwamm
of the TFA retention characteristics
found in this study. These soils encompass a wide range of
' Selected chemical and

(35~20%) content and low organic matter content (<10%)
were generally characterized by linear adsorption (C-type).
Wﬂ~ﬂMMMWM)mm
and low cliy content (<10%) typically showed an asymptote
or adsorption maximum (L-type). Isotherms for soils with
Mmmmmmmm

mmmammmm
aluminum hydroxide (Xe=3.7 L kg™1) and 2:1 clay minerals
[Na-montmorrillints (Ks = 2.9 L kg™) and illite (Ka = 1.1 L
kg™ retained TFA to some extent. Minerals exhibiting TFA
Mnmwwmmmm
mmwmmm Retention of TFA was
not evident for kaolinite or silicon dicxide. During the
of TEA retention by illite, & high concentration
(MML“)&W‘WM&W.@M

e

distilled water to remove the SO, Aliquots of illite were
wnshedtwiccm=0.991.kg")andthmtimesm= 1.1L
krl).dmudnsthesm“ concentration in the equilibrating
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at the 0.01 probability ievel. The analysis was on
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relationships
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mawpﬁnrmm The adsorp-
ﬁonofhnlcwhmmsoﬂmdmmmhtyplanyhpﬂ-
adsorption increases with de-
Mpndmmﬂummﬂmdwﬂm TheCWT
edge, with a marked
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TFA Retention Relative to Other Anlons. The results of
ﬂumpnbmdﬂl\mﬂmtomdmmu
BNZOﬂ-ndCWTAthhovminPigmz. The order of
mmdmwmmmr >> SO&
> CI- > TFA~ > Br- > NOy™. Triffuoroacetate retention on
mcnonmnc:uksdlwudmihtwnr. The order of

mﬂmofmmbycwrl\l’wu?‘-sor>
CI-=TFA- > Br- > NOy™. Triffucroacetate retention on the
Coweeta soil was similar to CI~ and Br~.

increasing
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BNZ OH soil.
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indicate a need for further process level studies of TFA
retention by soil organic matter and mineral surfaces. If TFA
is not strongly retained by soil then the transport of TFA
would be governed largely by the amount and frequency of
precipitation and drainage. The strongretention of TFA may
indicate that soil may be a permanent sink for TFA. There
is a critical need to assess the reversibility and bioavailability
of TFA retained by soils.
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