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Abstract. Laboratory soil sorption experiments have been conspecies. This should result in major differences in the sorption
ducted on pentachlorophenol (PCP) at different pH values in abehavior. In fact, several studies on the effect of pH on the
attempt to elucidate differences in sorption mechanisms besorption of HIOCs have been reported (Schellenbetrgl.
tween the charged and neutral species. Sorption of PCP on sdib84; Zacharat al. 1986; Jafveret al. 1990; Leeet al. 1990;

was investigated by maintaining pH 4 or 8 in batch sorptionStougaardet al. 1990; Christodoulatos and Mahiuddin 1996;
experiments. Pre-equilibration of the soil was necessary t@rey et al. 1997). However, many of these studies use only
maintain a constant pH over the course of the experimentsmacroscopic isotherm approaches and empirical models to
Additionally, a CaC@CO,/N, buffered solution was neces- infer mechanisms. Only kinetic, thermodynamic, and spectro-
sary to maintain a pH of 8. Sorption of the neutral PCP speciegcopic studies can truly lead to mechanistic interpretations.
conformed to a linear isotherm model, while a Langmuir modelpye to the heterogeneous nature of soil, spectroscopic studies
provided the best fit for the charged species. Desorption of thg,e often impractical.

neutral form was completely reversible over the sorption times - opjectives of this research were to explore differences in the
studied but the charged species exhibited some resistance &g,ntion mechanisms of the protonated (neutral) and ionized
desorption. Temperature effects on the distribution Coeﬁ'c'em?charged) forms of pentachlorophenol (PCP) on a silt loam soil.
(Kg) were investigated and thermodynamic parameters Wergcp js g HIOC with a pKof 4.75. In the protonated form, PCP
ca.llcul.ated. The ionized species showed a clear decreasg n Ran behave similarly to other hydrophobic nonionizable or-
with increasing temperature Wh'le. the protongted S;pec'eﬁanic compounds (HNOCs) and partition into the soil organic
showed no apparentotrend. Enthalpiesi(), entropies 459, matter. In the ionized form the charged functional group may
and free energies\(®), support the conclusions that the neu- result in a more specific adsorption reaction with the surface.

tral form of PCP partitions by hydrophobically binding to the The effects of residence time and pH on PCP sorption and

SO.'I while th_e charge_d form sorbs by a more specific exotherblesorption were examined. Temperature effects on the distri-
mic adsorption reaction.

bution coefficient of both species were explored, and thermo-
dynamic parameters calculated to explain the differences.

Differences in soil-sorption mechanisms among organic chem-
icals complicate predictions of environmental fate and theMaterials and Methods
potential for remediation of contaminated sites. Although con-
siderable work has been conducted on the sorption of organi& . .
chemicals (Pignatello and Xing 1996), the controlling mecha- hemicals and Soil
nisms are still largely unknown.

Hydrophobic ionizable organic compounds (HIOCs) offer a PCP was purchased from Sigma (purity95%) and used as received.
unique opportunity to study the importance of chemical Struc_Hexane_ was HPLC graQe. The |n_ternal standard for G_C analysis was
ture on the sorption mechanism. By simply varying the pH, the2,4,5-tr|chlorophenol (Sigma, purity 95%). All inorganic reagents

differences between the charged and neutral forms can bléSEd were analytical grade (Fisher Chemicals). . .
The soil was a surface (Ap) horizon of a Matapeake silt loam (Typic

explored. Basic solution chemistry would indicate that draStiCHapludult) from Delaware. The soil was chosen based on its pH and

differences between such parameters as solubility and c)Ctan%'ercent organic matter. Physicochemical and mineralogical properties

water partition coefficients are to be expected for the twous the soil are as follows: pH- 6.1, cation exchange capacity (CEC),
5.02 cmol/kg, 1.7% organic matter (before equilibration), 29.6% sand,
58.6% silt, and 11.8% clay. Mineral suite of tke2 um clay fraction
was kaolinite~ chloritized vermiculite> quartz> mica. A standard
Correspondence tal. P. DiVincenzo N,/BET analysis yielded a surface area of 5.52gn
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Equilibration of Soll Desorption Studies

The natural soil pH is 6.1. Experiments were conducted at both pHDesorption studies were conducted on samples that had sorbed PCP
4 and pH 8 to compare the protonated and ionized forms of PCPfor varying amounts of time. The concentration of PCP (5-6 mg/L)
Due to the soil’s relatively high buffering capacity it was necessarywas similar for both species. After sorption, 80% of the solution
to equilibrate the soil to the desired pH of the experiment. Thisvolume was removed (20 ml) and replaced with PCP-free solution at
would allow for a constant pH over the course of the entire the same pH as the original sorption experiments. Samples were then
experiment. Soil (20 g) was washed three times with a 250-miPlaced back on the orbital shaker at 5Q rpm for 2 days. Tubes were
solution (pH 4.0 or pH 8.0) of 0.01 M Cag10.02% NaN (bac removed from the sh_aker after 2 days. Aliquots of the supernatant were
teriological inhibitor) by shaking at 150 cycles/min in 250-ml th_en collgcted over time. Aqueous _samples were separated anq stored.
ive replicates were used at each time interval. Controls (no soil or no

plastic screw capped bottles for 24, 48, and 48 h. Samples wer CP) comprised 17% of all the samples.

centrifuged in between washes for 20 min at §l4o0il was then
oven-dried at 50°C for approximately 48 h and screened to pass
through a U.S. standard No. 10 mesh (2 mm). .
A modification of the above procedure was necessary for the pH 8 €mperature Studies
studies. During the first wash it was necessary to repeatedly spike the
suspensions wit4 M NaOH. This was done every few hours over the Temperature studies were carried out identically to other sorption
course of 10 h until the pH was stabilized at 8.0. The washingstudies. Temperature control chambers and rooms were used to main-
procedure was then carried out identical to that described above. tain constant temperatures at 4, 25, and 55°C. All samples were
Equilibration of soil also serves as a washing step to help removeéquilibrated for 5 days. Seven replicates were used at each data point,
nonsettling microparticles and dissolved organic matter, which haveénd the initial concentrations for all samples were less than 5.5 mg/L.
been implicated in the solids concentration effect (O’Connor and
Connolly 1980; Voice and Weber 1985; Mackay and Powers 1987).
Mixing at a faster speed (150 cycles/min) and centrifuging at a sloweAnalysis
speed (514) than is used for the sorption and desorption studies (50
rpm, 6,315g) helps increase the washing efficiency (Gschwend anda|l aliquots of samples were acidified and extracted with hexane using
Wu 1985). standard liquid-liquid extraction procedures. UV spectrophotometric
The supernatant of the washing solutions was analyzed for organianalysis showed no detectable amount of PCP remaining in the aque-
carbon content after each wash. This was done on a Beckman-Eastmans phase. Each sample was injected twice into a gas chromatograph
915B total organic carbon (TOC) analyzer. equipped with a mass spectrometer (MS) detector. The observation
was made that MS analysis was most consistent within the concentra-
tion range of 0.5-2.5 mg/L of PCP. Therefore, an attempt was made to
have all the samples analyzed within this concentration range in order
to reduce error. The integrity of the chromatography (the nonexistence
of any aberrant peaks) and the recoverability of 95% of the PCP after
100 days suggested the absence of degradation.
Loss of PCP over the course of the experiments was negligible, with
the controls (no soil) containing 99% of the original PCP concentra-
tion. Soil extraction with h_ot_ methanol (DiVincen_zo 1996) recov_ered Results and Discussion
greater than 95% of the initial PCP concentrations. An experiment
designed to study mixing showed that mixing beyond 2 days had no
effect on sorption (results not shown). Sorption Kinetics
The pH 4 studies used a 0.01 M CgCD.02% NalN solution
adjusted wi 3 M HCI to a pH of 4.0. Preliminary studies demon- Preliminary studies indicated that the initial rapid kinetics for
strated that a pH of 8 was not maintainable even with the equilibratethoth species were similar with an “apparent equilibrium”
soil. For these studies a CaGGO,/N, buffered solution was pre  reached in approximately 48 h. The distribution coefficient
pared. A 103 M CaCOs, 0.02% NaN solution was stirred for several (Kd) at the 2_day “apparent equ”'bnum” for the ionized form
hours with a CQ/N,, gas mixture bubbling through the solution. This (at pH 8 no appreciable amount of PCP is in the protonated
was continued until the system came to equilibrium as determined b¥0rm) was 5 L/kg and 109 L/kg for the protonated form (taking
a stable pH. N was then bubbled through to adjust the pH to 8.0. j15 account the fraction of PCP that is ionized at pH 4.1).
Solgtion was filtered through Whatman 42 filter paper to remove We previously reported that the slow sorption stage (sorption
undissolved caco ) . beyond 48 h) of the protonated form of PCP is concentration
Glass centrifuge tubes (25 ml) with Tefftined screw caps were o .
filled with either 1.00 or 2.00 g of soil (determined to be appropriatede.pendent .(D!Vm(.:enzo and. Spark; 1997). As. a pur_ely quali-
in previous experiments) and 24.9 ml of PCP solution and placed Oﬁatlve_descrlpt!on, if we ConSId.er a §|mple two-site sene§ m.Odel
in which sorption takes place into site 1 (apparent equilibrium)

an orbital shaker at 50 rpm in the dark (to prevent photolysis) at 25 . . ) . ; .
1°C, for a minimum of 48 h. In all experiments there was a minimum and diffusion occurs from site 1 into site 2 (slow sorption), then

of 20% of the samples used as controls (no soil or no PCP). Sampldb IS the concentration in site 1 that is important in controlling
were collected and centrifuged at 6,34.%or 15 min. A portion of the ~ the slow sorption stage (Brusseatial. 1991). To compare
aqueous phase was stored for analysis. Particle degradation was sho@curately the slow sorption kinetics for the two species, the
to be negligible as determined by,lBET analysis before and after concentrations in site 1 after 48 h must be similar.

mixing (before 5.52+ 0.41 nf/g, after 5.60+ 0.52 nf/g). Any percent A kinetics experiment was conducted in which the initial
difference in surface area was less than the inherent error of the BEPCP concentration was substantially higher (19.8 mg/L) for the
analysis. ionized species compared to the protonated species (5.1 mg/L).

Sorption Studies
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This resulted in sorbed concentrations after 48 h (“apparent 1500
equilibrium”), into site 1, which were comparable. Results are

shown in Figure 1 as the change in the sorbed fract®C)

with time, whereS is the sorbed concentration (mg/kg) a@d |0, |
is the aqueous concentration (mg/L). Each point is the averagé&’ o E -

of two replicates. There is no statistically significant change in= o T

S/C for the ionized species at 21 days of sorption (95% CI),$ Eu Line of o pH4IH0I
when compared to 2 days of sorption. The protonated form  °° "Appatent o pHT7I%02
shows a significant change at 14 days of sorption. This was Equiibrium
determined by a comparison of means between the seven
replicates at 3.6 days and the two replicates at 14.1 days. A o048 8§ 8 , 8 - :
95% confidence interval was used. 0 5 1o 15 20 25 30

This experiment allows a slow kinetics comparison, which .

Time (Days)

eliminates a possible concentration bias. It suggests that any

d'ﬂer_en?es in the S_IOW sorption stage between the protona’[egig. 1. Sorption kinetics of pentachlorophenol on soil at a pH of 4.1
and ionized forms is a result of something other than a conang 7.9. Depicted as the rate of increase in the sorbed fraction (S/C)
centration gradient created by differences in the extent ofyith time. The line of “apparent equilibrium” is for the pH 4.1 data
sorption into site 1. For some other reason, it appears that the
slow sorption of the ionized species is inhibited in some way.

One concern was that the initial equilibration of the soil at 400.0

pH 8 would dissolve a substantially greater fraction of soil O pH4l:01
organic matter (SOM) when compared to the pH 4 equilibra- . |
tion. If SOM is the major sorbing medium, then certainly the _ © pH79%02

overall sorption will be reduced. However, more importantly, %ﬁ
this might explain why the slow sorption stage was not presents  200.0+
at pH 8. To address this concern we analyzed the supernatant
of the washing solutions for organic carbon (OC) content after

each wash. The pH 8 solution removed twice as much organic 1000

carbon (14.2%) from the soil than the pH 4 wash did (7.1%).

However, this difference of 7.1% would not be significant 0.0 r T T

enough to reduce the slow sorption stage substantially. In 0 10 20 30 40
independent studies (data not shown), even when 63% of the C, (mg/L)

SOM was oxidized using hydrogen peroxide, a significant slow

sorption stage for the protonated species after 14 days was stitig. 2. PCP sorption isotherms at pH 4.1 and 7.9. The data for pH 4.1
detectable. Ball and Roberts (1991) have shown intraorganiwas fit with the linear sorption model and the data for pH 7.9 was fit
matter diffusion to be significant even for aquifer solids of lesswith the Langmuir model

than 0.1% organic carbon.

to the solubility limit (DiVincenzo and Sparks 1997). This
Sorption Isotherms might suggest a partitioning mechanism into the SOM.
These isotherm differences between the two species might

At this point it appears that the ionized form of PCP does notsuggest a difference in the rapid sorption mechanism that can
exhibit a pronounced slow sorption stage when compared to thee attributed to the ionized form reacting more specifically with
protonated species. It might either be repelled by the negativel{he surface when compared to the protonated form. This more
charged SOM or clay surfaces (Hamaker and Thompson 1973pecific association with the surface could result in a hindrance
Banerijiet al. 1986), has a different slow sorption mechanism,of the PCP when it attempts to diffuse to sites deeper within the
and/or reacts more specifically with the surface resulting in &0il matrix. Furthermore, because we are speculating that the
hindrance of the slow sorption stage. mechanism for the ionized species is adsorption, we can cal-

To explore the third possibility we conducted comparativeculate the sorption maximum using the nonlinear Langmuir
sorption isotherm experiments at pH 4 and 8. Figure 2 showshodel. The nonlinear Freundlich model was unable to describe
the two isotherms at the two pH values. These samples werie latter data points, as it does not predict a sorption maxi-
equilibrated for 6 days and therefore do not represent anynum. The Langmuir equation yielded a sorption maximum of
significant slow sorption. Each point is the average of three250 mg/kg (RSD= 2.5%), which is well below the maximum
replicates. Error bars representing standard deviations of themount sorbed at pH 4. This suggests that there might be a
sorbed concentration (maximum standard deviation for all samlimited number of sites available and a more specific adsorp-
ples = 9.9) are too small to be seen. The pH 8 isotherm istion reaction may be taking place. Stapletdral. (1994) found
nonlinear (f = 0.879, relative standard deviation of slope similar differences between the two PCP species for sorption
[RSD] = 16.6%) when compared to the linear isotherf=r  onto HDTMA modified clay. Ehrlich and Huang (1993) found
0.993, RSD= 5.6%) at pH 4. We previously showed that the linear sorption of chlorophenols onto a soil (6.9% SOM) and
sorption of the protonated form on this soil was linear out closenonlinear Langmuir sorption onto kaolinite.
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Desorption Studies 5.0 T

T o O
With increasing sorption time, both species of PCP showed a 404 1 1
decrease in the amount desorbed. When the sorption time was
increased from 2 to 21 days, the percentage desorbed afteré% 3.0+
days decreased from 95% to 68% and 86% to 49% for the
protonated and ionized species, respectively. This effect has 207 o 5
been reported repeatedly in the literature (Pignatello and Xing )
1996). However, the mechanism causing this might differ for Lo4 * QpHd3:02
the two species. opH75£03

When desorption times for the 21-day samples were in- 0.0

T T i T T T
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037
creased from 2 to 8 days, the percentage desorbed for the

protonated species increased to 94%. This might imply that the
PCP needs time to diffuse out of the soil matrix. Banetjal.

(1986) found PCP sorption to be nearly completely reversiblejy 3 Temperature dependency plots for the sorption of pentachlo-

at lower pH values. The ionized form (pH 7.9) of PCP showedophenol on soil at pH values of 4.3 and 7.5. Error bars represent one
only 50% desorption. This form of PCP may be more stronglystandard deviation

sorbed to the surface and is therefore resistant to desorption.

Isaacson and Frink (1984) found some chlorophenols to have

specific sorbate-sorbent interactions resulting in sorption irre-

versibility, but did not closely monitor the pH. data for the ionized species. Mehriah al. (1991) suggested
that hydrophobic interactions might not be independent of
temperature. This could also be a result of temperature effects

Temperature Studies on solubility and ionization constants. Small changes in either
of these would affect the distribution coefficient. At the higher

One way to help elucidate sorption mechanisms is to calculatB™ the solubility of PCP is approximately two orders of

thermodynamic parameters. This can be accomplished by meéﬁ&lgnitUde greater, and we are roughly three orders of magni-

suring the sorption as a function of temperature. There ardude above the pK Small changes in either of these would not

several instances in the literature where this approach is utéubstantlally affect & The ionized species shows a clear

lized for sorption of organic compounds on soil surfaces (Mo_d_ecrease in Kwith increasing temperature (correlation coef

reale and Bladel 1979; Horzempa and Di Toro 1983; Curl an icient= 0.99). Although it was shown that the ionized form of
Keolelan 1984 McCI(;skey and Bayer 1987: Cano'eiaal CP conforms to a nonlinear isotherm, the initial concentration
1992 Goss 1992° Ehrlich and Huang 1993; Patal 1996:  used for the temperature studies was well within the linear
Severtson and Banerjee 1996; Brucher and Bergstrom 19975§1nge of the isotherm.

Depending on the sorbate and the sorbent studied, an increaseTable 1 shows the results using the above equations. The

in K4 with increasing temperature can be expected (Moreal&alcmatedAGo ano_IA_S° value_s are shown .W'th plus or minus
and Bladel 1979; Di Toro and Horzempa 1982: Curl angone standard deviation. Statistical analysis usirigtest with

Keolelan 1984: McCloskey and Bayer 1987: Brucher andunequal variances confirms that AlG° andAS®° values at pH
Bergstrom 199’7) or a decrease in Kith increaéing temper 4.3 are statistically different (95% confidence) than their cor-
ature (McCloskey and Bayer 1987; Piattal. 1996; Severtson responding pH 7.5 values at the same temperature. The mag-

and Banerjee 1996; Brucher and Bergstrom 1997). nitude of AH® suggests a weak type of bonding. However, the

Using the following standard thermodynamic equations Orlevalue for the ionized species (pH 7.5) is four times the value of

can calculate enthalpies, entropies, and free energies. the protonated sp_ecies. _These values agree well with other
parameters found in the literature for chlorophenols. Severtson

R and Banerjee (1996) calculated values-6f.8 kcal/mol and

UT (KD

InK,= ~AH%on + constant (Eq.1)  —2.6 kcal/mol for 2,4-dichlorophenol (2,4-DCP) and 2,4-5-
RT trichlorophenol (2,4,5-TCP), respectively, on wood pulp at pH
4.00. Ehrlich and Huang (1993) found a range »f 0.5
AG°=RT In K4 (Eq.2)  kcal/mol for 2,4-DCP and 2,4,5-TCP on soil and kaolinite.
The standard free energy chang&;°, is negative for both
AGP® = AH® — TAS® (Eq.3) species, as would be expected for product-favored reactions.

However, they show opposite trend&G° for the ionized

Here,AH;Orp is the heat of sorptionAG® is the free energy, species decreases (becomes less negative) with increasing tem-
AS° is the entropyR is the gas law constant, aridis the  perature. The protonated species shows an increageGh
absolute temperature. Equation 1 shows that if the heat ofvith increasing temperature. The entropy values for both spe-
sorption is independent of temperature, one should obtain aies are constant over the temperature range as would be
straight line when graphing In Kas a function of 1T. expected. However, once again they show distinct differences.

Figure 3 shows the results as the change jra&a function  AS° for the protonated species is positive, whereas it is nega-
of temperature. Error bars represent one standard deviatiotive for the ionized species.
Data for the protonated species shows no apparent trend and itThe positive entropy value for the protonated species may
has substantially more scatter (confirmed Fbyest) than the suggest an entropy-driven process. Hydrophobic bonding, the
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Table 1. Calculated thermodynamic quantities for the protonated  Acknowledgments.We would like to thank Douglas R. Ware for lab-
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Temperature pH 7.5 pH 4.3
Quantity (K) (kcal/moly (kcal/mol}
AH° 279-329 -2.2 —0.50
AG® 279 -1.1+0.11 —2.4+0.27 References
AG® 298 -1.0+0.06 -2.7+0.12
AG: 329 ~0.87*0.16 —2.8+0.23 Ball WP, Roberts PV (1991) Long-term sorption of halogenated or-
AS 279 —0.0041+ 0.00041 0.0062- 0.00070 ; : ; ; . e
AS® 298 —0.0040+ 0.00024  0.0072 0.00032 ganic chemicals by aquifer material. 2. Intraparticle diffusion.
) - ) ’ Environ Sci Technol 25(7):1223-1236
AS° 329 —0.0042+ 0.00077 0.007@- 0.00058

Banerji KS, Piontek K, O'Connor JT (1986) Pentachlorophenol ad-

aplys-minus values represent one standard deviation. sorption on soils and its potential for migration into ground water.
In: Hazardous and industrial solid waste testing and disposal.
ASTM, STP 933, vol 6, pp 120-139

Brucher J, Bergstrom L (1997) Temperature dependence of linuron
sorption to three different agricultural soils. J Environ Qual 26(5):
1327-1335

most common mechanism attributed to sorption of HNOCs

onto soil surfaces, is an entropy driven process (Hassett a’}%*russeau ML, Jessup RE, Rao PSC (1991) Nonequilibrium sorption of

Banwart 1989). The positive entropy comes from the 10ss 0f  4ganic chemicals: elucidation of rate-limiting processes. Environ

the structured water surrounding the sorbate. This tendency for = s¢j Technol 25(1):134-142

hydrophobic bonding will typically increase with increasing Cancela GD, Taboada ER, Sanchez-Rasero F (1992) Carbendazim

temperature (Hamaker and Thompson 1972). This is demon- adsorption on montmorillonite, peat and soil. J Soil Sci 4399-111

strated by the increase ikG° with increasing temperature. Christodoulatos C, Mahiuddin M (1996) Generalized models for pre-
The decrease iAG® with increasing temperature, for the diction of pentachlorophenol adsorption by natural soils. Water

ionized species, is consistent with an exothermic adsorption ~Environ Res 68(3):370-378

process. An exothermic reaction becomes less and less favoryrl RL, Keolelan GA (1984) Implicit-adsorbate model for apparent

anomalies with organic adsorption on natural adsorbents. Environ

able as the temperature is increased. This yields a negative Sci Technol 18(2)-916-922

entropy due to the loss of freedom as the moIecuIe; _adsorb TBi Toro DM, Horzempa LM (1982) Reversible and resistant compo-
the S_urface. These results suggest a more specific surface nents of PCB adsorption-desorption: isotherms. Environ Sci Tech-
reaction as a consequence of the presence of the charged o 16(9):594-602
functional group. Some possibilities might be hydrogen bond-divincenzo JP (1996) Slow sorption kinetics of pentachlorophenol on
ing, charge transfer, ion exchange, and ligand exchange soil. Ph.D. diss., University of Delaware, Newark, DE
(Shimizuet al. 1992). However, considering the magnitude of DiVincenzo JP, Sparks DL (1997) Slow sorption kinetics of penta-
the enthalpy, ion exchange can be eliminated, and hydrogen chlorophenol on soil: concentration effects. Environ Sci Technol
bonding (Goss 1992) and charge transfer (Hamaker and 31(4):977-983 _ _
Thompson 1972) are the most likely candidates. Although thé&rlich RS, Huang CP (1993) Adsorption of chlorophenols onto soil
heat of sorption is small, one study that was not conducted was and Ifaollnlte: ef_fects of the properties of adsorbent and adsorbate.
. . . J Chin Inst Environ Eng 3(2):143-152
to I.OOk at the .Chaf‘ge n thermodynamlc parametgrs over t”’m':'Goss K (1992) Effects of temperature and relative humidity on the
Th_|s may provide interesting results and help elucidate the slow sorption of organic vapors on quartz sand. Environ Sci Technol
soil binding mechanism. 26(11):2287-2294
Grey TL, Walker RH, Wehtje GR, Hancock HG (1997) Sulfentrazone
adsorption and mobility as affected by soil and pH. Weed Sci
45:733-738
Summary Gschwend PM, Wu S (1985) On the constancy of sediment-water
partition coefficients of hydrophobic organic pollutants. Environ

Sorption-desorption data and thermodynamic calculations suq_-|amsack'eTreJC\?vnOTI#C?SS:SQO?]_?& (1972) Adsorption. In: Goring C, Ha-

gest that there are distinct differences in the soil-sorption ™ \ouer 3 (eds) Organic chemicals in the soil environment. Marcel
mechanisms for the charged and neutral forms of pentachloro-  pekker, New York, NY, pp 49-144

phenol. The charged form follows a Langmuir-type sorptionyassett JJ, Banwart WL (1989) The sorption of nonpolar organics by
and shows some resistance to desorption. Thermodynamic cal- soils and sediments. In: Sawhney B, Brown K (eds) Reactions and
culations suggest an exothermic adsorption reaction. The neu- movement of organic chemicals in soils. Soil Science Society of
tral form follows a linear sorption and shows fairly complete ~ America, Madison, WI, pp 31-44

reversibility. This suggests a partitioning mechanism and idiorzempa LM, Di Toro DM (1983) The extent of reversibility of
supported by thermodynamic calculations demonstrating an Polychlorinated biphenyl adsorption. Water Res 17(8):851~

entropy-driven hydrophobic binding process. This research ) . . .
adds to the growing body of knowledge that sorption mecha!s32¢son PJ, Frink CR (1984) Nonreversible sorption of phenolic
compounds by sediment fractions: the role of sediment organic

nisms for ionizable organic compounds vary with pH (sorbing -0 Environ Sci Technol 18(1):43-48

species). Furthermore, thermodynamic data supports the magafert T, westall JC, Grieder E, Schwarzenbach RP (1990) Distri-
roscopic observations, and this information may aid both in  pution of hydrophobic ionogenic organic compounds between
predicting environmental fate and in developing remediation  octanol and water: organic acids. Environ Sci Technol 24(12):
strategies for these compounds. 1795-1803
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Lee LS, Rao PSC, Nkedi-Kizza P, Delfino JJ (1990) Influence of organic chemicals to natural particles. Environ Sci Technol 30(1):
solvent and sorbent characteristics on distribution of pentachloro-  1-11
phenol in octanol-water and soil-water systems. Environ Sci TechSchellenberg K, Leuenberger C, Schwarzenbach RP (1984) Sorption
nol 24(5):654-661 of chlorinated phenols by natural sediments and aquifer materials.

Mackay D, Powers B (1987) Sorption of hydrophobic chemicals from Environ Sci Technol 18(18):652—657
v_vater: a hypothesis for the mechanism of the particle concentrageyertson SJ, Banerjee S (1996) Sorption of chlorophenols to wood
tion effect. Chemosphere 16(4):745-757 _ _ pulp. Environ Sci Technol 30(6):1961-1969

McCloskey WB, Bayer DE (1987) Thermodynamics of fluridone ghimizy, v, yamazaki S, Terashima Y (1992) Sorption of anionic
adsorption and desorption on three California soils. Soil Sci Soc pentachlorophenol (PCP) in aquatic environments: the effect of
Am J 51:605-612 pH. Wat Sci Tech 25(11):41—48

Mehrian T, de Keizer A, Lyklema J (1991) Effect of temperature On.StapIeton MG, Sparks DL, Dentel SK (1994) Sorption of pentachlo-

the adsorption of organic cations on charged surfaces. Langmuir ) S
P 9 g g rophenol to HDTMA-clay as a function of ionic strength and pH.

7:3094-3098 . ; )
Moreale A, Bladel RV (1979) Soil interactions of herbicide-derived _ Environ Sci Technol 28(3):2330-2335

aniline residues: a thermodynamic approach. Soil Sci 127(1):1-g>tougaard RN, Shea PJ, Martin AR (1990) Effect of soil type and pH
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