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SORPTION OF ORGANIC ACID COMPOUNDS
TO SEDIMENTS: INITIAL MODEL DEVELOPMENT
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Athens, Georgia 30613
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Abstract — The adsorption to sediments and saturated soils of selecied organic aid compounds was
cxamined as a function of compound and sediment propenies, intrinstc compoind properties ex-
amined included the dissociation constant {pK,) and hydrophobic character, Propertics of the sed-
jment examined included ionjc strength and composition, organic carbon comens and aqueous phase
pH. By varying these propertics, adsorption of botl the sieiral and anionie {orms of these com-
pounds was shown to occur, Adsorption of the newtrat specics ociws similarty to that of other hy-
drophobic compounds that do not contain acidic functional groups. Adsorption of the anionic
species was influenced, however, by intrinsic chemical as well a8 elsctrostasic factors. Adsorption
ol the anionic species 10 a specific sediment was modeled as a finearly dependent function of pH.
Compounds used in this study included 2,4-dinitro-n-rresol (DNOC), 2-(2,4,5-trichlorophe-
noxy)propanoic 4¢id (silvex), peatachlorophenol (PCP). 4-shlara-a-{& iloraphenmylibenzencacetic
acid (DDA} and 4-(2,4-dichlorophenoxy)butyrie acid (2,4-DB).

Keywerds — Sorption Organic acids

INTRODUCTION

Many environmentally relevant organic com-
pounds contain acidic functional groups. Included
are the chlorinated phenoxyalkanoic acids, such as
2,4-dichlorophenoxyacctic acid (2,4-D) and 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T); phenols,
such as 2,3,4,5-tetrachlorophenol, pentachtorophe-
nol (PCP), nitrophenols and cresols; chlorinated
aromatic acids, such as fenac and dicamba; sulfo-
nated compounds, such as azo and anthraquinone
acid dyes and linear alkylbenzenesulfonate (ILAS)
surfactants; organic sulfates and the degradation
products of important pollutants, such as the
maono-esters of phthalic acid. As wilh strictly nos-
polar hydrophobic compounds, the adsorption of
these organic acid compounds to natural soils and
sedimenis significantly affects their movement and
persistence in the environment. Because of the acid
functional group, however, adsorption is highly
dependent upon the degree of dissociation, with
the neutraf form adsorbing to a greater extent than
the corresponding anion. The adsorption of these
compounds to sediments has been modeled siini-

Mention of tradc names or commercial products does
not constitute endorsement or recommendation for usc by
the U.S. Environmental Protection Agency.,

Sedimenss  pK, pH

farly (o that of the nonpolar hydrophabic com-
pounds, 1aking into account dissociation and
assuming that no adsorption of (he anionic form
occurs {1]. This approximati0113 however, is only
valid up to pH values greater than approximately
1 1o Z units abowe the pK, value,

When this diffcrence between pH and pK, in-
creases, a greater exient of the partitioning results
from adsorptioz of the anion. For example, the
partitioning of PCP [p¥, = 4.75) at near neutral
oH can resui! from extensive adsorption of both
{he peuiral and the anjonic forms in both sedi-
went-water and ocwnct-water mixtures {1,2]. Lin-
ear gikyibenrenesulionate surfactants, which exist
esserziallv ondy in 4bw anionic form, adsorb ap-
preciahly o sedimenis, with adsorption being de-
pendent upon chain ¥engrh and benzenesuifonate
position or the chain §3]. Also, various phenoxy-
acetic acids, having pK, values from 2 to 3, ad-
sorb significantly w sediments at near neutral pH
{4-8).

The adsorprion (0 sediments and soils of these
uzd similar compoounds (having pK, values <6)
has been repovied ysing batch [1,3,5,9], saturated
soli coluron 16-3,10{, wesaturated cotumn {11] and
fieid {12} sysiems. The majority of thesc studies
[1,3-5,9,11,12] allude (o the influence that organic
carbon content of the media may have upon the
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magnitude of partitioning of the anicnic form,
suggesting that hydrophobic attraction may play a
major role in adsorption of these charged specics.
The adsorption of organic anions, however, s in-
fluenced also to some extent by electrastatic forces.
For example, Miller and Faust {9] studied the ad-
sorption of various phenols onto bentonite clay
coated with dimethylbenzyl octadecylammonium,
showing that sorption was ciearly pH dependent,
but the extent of ionization alone was noet suffi-
cient to account for the observed dependence. The
investigators indicated that the nature of the or-
ganic covering on the clay suiface also may have
been affected by pH. Indecd, characterizing the
adsorpiion of organic acids to soils or sediments
must involve determining the importance of both
hydrophobic as well as electrostatic effects. Few
data exist, however, that clearly address both
effects,
Parallel reseacch [2; C.T. Jafvert, J.C. Westall,
E. Grieder, R.E. Schwarzenbach, manuseript sub-
mitted] has described the partitioning behavior of
organic anions in octanol-water, Partitioning of
nonpotar organic compounds between octanol and
watcr has been used extensively to estimalc the par-
titioning ot thesc compounds to sediment crganic
carbon and to biological lipids. For the partition-
ing of organic anjons between octanol and water,
partitioning into the octanol phase occurs by both
free ions and ion-pairs. The magnitude of partition-
ing, therefore, is dependent upon the hydropho-
bicity of the organic anion, the type of counter-
ion present (e.g., monovalent vs. divalent}, and the
concentration of organic and inorganic species. In
these studies, ionic strength and pl-dependent
octanol-water partitioning werc guantitatively in-
terpreted using equilibrium expressions: for acid
dissociation; for transfer of neutral organic species
between phases; for transter of free ions, both or-
ganic and inorganic between phases, as constrained
by electroneutrality of each phase and for transfer
ol ion-pairs between phases.

Scope of this study

Many of the same factors that influence the
transfer of organic acids between octanol and wa-
ter affect the transfer of these compounds in the
more heterogeneous system of sediment-water,
These similar factors include the degree of dissoci-
ation and the hydrophobicity and clectrostatic in-
fizences of both sorbent and sorbate, The goal of
this study, thercfore, was to examine how these
various factors quantitatively influence the parti-
tioning of specific organic acid compounds in a va-
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riety of sediments by manipulating measurable
parameters. Parameters that have been examinced
include the organic carbon content of the sorbent,
the ionic strength and composition of the sedi-
ment-water slurry, the aqueous phase pH and fac-
tors inhercnt fo the organic compounds, such as
their dissociation constant anc degree of hydro-
phobic character.

To this end, using 2 4-dinilro-o-cresol (ODNQOC)
and 2-(2,4,5-trichlorophenoxy)propanoic acid (sil-
vex), we moeasured zdsorption isotherms at the nat-
ural pH for 12 differeat sediments or soils. In
addition, isothcsms were measured as a function of
zdded NaCl and CaCl, concentration. Finally, the
pH-dependent adsorption of DNOC, silvex, PCP
and 3-chlore-a-{4-chioraphenyl}benzencacelic acid
(DDA) were determined using 3 sediment-waier
system in which pH was controled fo specific end
points.

MATERIALS AND METHODS

All test chemicals were used as received from
the Pesticide and Industrial Chemicals Repository,
U.S. Environmental Protection Agency (CPA), aud

all had purity greater than 99% except for DDA
(98.25%).

Adsorption isotherms

Distribution ratios (between sediment or soil
and aqueous phases) of the organic acids used in
this study were determined using well-characterized
sediment and soif samples, collected at various lo-
cations across the midwestern United States (U.5.).
A known weight {1 to § g) of ait-dried sample was
placed in each of 2 serles of glass tubes and
hydrated with Jistilled water for | to 3 d. During
this time. the tupes were vhaken periodically, Then
additions ra wack tube were made using distilied
water, and 0.1 v NaCl, or 0.1 » CaCl,, followed
by the [inal addition of test chemical. Each tube of
a particular experiment was of the same final vol-
ume and solid mass, Tubes were incubated in 2
controfled ternpersture room at 25°C on a variabie
speed rotator. Tubes were rotated end-over-end at
8 to 10 tim=: per minote for 1 out of cvery S min.

After 2 designated time (generally 24 h), the
slurries wers centzifuged at 12,000 rpm (Sorval
RC2-B centrituge, SS-34 rotor) for 40 min. Aque-
ous phases were analyzed isocratically by HPLC
using @ 10-um C-18 guard column and a C-18 an-
alvtical column, The solvent system was from 25 to
40% aceLonitrile in water, depending upon the hy-
drophobicity of the compound being analyzed and
contained 50 mM phosphate (25 mM K,HPO,
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and 25 mM KH,PQy). Duplicate injections were
made of samples and standards. Standard curves,
consisting of five or more points, were forced
through the origin, and generally had correfation
coefficients of greater than 0.99. Adsorption iso-
therms were computed by calculating the solid
phase concentration by difference in total mass of
compound added to total mass recovered in the
aqueous phase. Scveral solid phases were extracted
with acetonitrile, and total recovery efficiencies
werc generally greater than 95%,

pH-dependent experiments

To assess the effects of pH on the distribution
of the organic acids in sediment-water, a pH-stat
was constructed. It consisted of a Fisher Accumet
825MP pH meter, a Fisher DC load interface, a
Bio-Chem Valve Corp. 12-V solenoid valve, a 5-ml
burette used as the titrant reservoir, a reaction
flask with ports for (a) a Ross combination rugged-
glass-bulh pH probe, (b) acid or base addition and
(c) & pressure release vent. Only glass and Teflon
parts were exposed 1o scdiment and water, Wetted
areas of the solenoid valve (exposed to acid or
base} were silicon. Reaction flask contents were
mixed by a magnetic stireer and the entire appara-
tus was maintained at 25°C in a constant temper-
ature room.

For each expcriment, a sediment slucry was
equilibrated for 24 h without addition of acid, basc
or compound. Then, the slurry was spiked with a
specific chemical, to give a total volume of 250 ml,
and a concentration of 0.5 t0 2.0 X 10™% w. The
slurry was equilibrated for 8 to 24 h longer, at
which time a 15-ml sample was removed for cen-
trifugation and HPLC analysis. The pH was low-
cred by 0.5 to 1.0 pH units by addition of 0.5 &
HCI and held constant to within approximately
.05 units by setting the upper {imit on the pH me-
ter. After 8 to 24 h, another sample was taken.
This process was repeated until a final pH value
was reached, generally cqual to 3.5 to 4.0.

To study partitioning at high pH, a new sedi-
ment sfurry was titrated to high pH (9.0 to 10.0) by
addition of 0.5 M NaOH by setting the lower limit
on the pH meter, After 24 h, the slurry was spiked
with the specific chemical to give the same total
volume (250 mly and concentration as before. The
slurry was cquilibrated for 8 to 24 h longer, at
which time a 15-m! sample was removed for anal-
ysis. Generally, after this time period (32 to 48 h),
the pH had stabilized such that addition of acid
was required to lower the pH, repeating the above
procedure for titration of siurries from their nat-

ural pH to lower vatues, For sediment 11, titration
from pH 10.0 1o pH 7.8 (the distilled water pH
value of a 1.0 to 10 sediment-water dilution) gen-
erally resulted in a pH drift of about 0.1 units less
than the set value over a 24-h period, resulting ia
no addition of acid after the initial addition re-
quired 1o reach the set point.

Octanci-water distribution ratios

Distribution ratios were determined as a func-
tion of pH between acranof and water phascs fol-
lowing the proccdueres as described in another
paper [C.T. Jafvert, J.CC, Westall, E. Gricder, R.E.
Schrwarzenbach, manuseript submitted]. Aqueous
phases contained ¢.01 4 KC1, and HCT or KOH to
obtain variable pt vatues between | and 12, Aque-
ous phase concentrations of the organic acids were
determined by HPLC. Concentrations of the or-
ganic acids in the octanol phase were determined
either by difference or by LV analysis.

RESLLTS
Adsorption isotherm of 2,4-DB

A first step is assessing isotherms {it and linear-
ity. To this end, the adsorption of 4-(2,4-dichloro-
phenoxy)butyric acid (2,4-DB} was measured in
sediment 11 with the adsorbing chemical concen-
tration spanning three orders of magnitude, The
resulting isotherm is presented in Figure [, and in-
formation on sediment 1{ is given in Table 1 [13].
Adsorption was measured after 4 d, at which time
the aqueous phase was removed and replaced with
distilled water, and slurries were “re-equilibrated”
for another 4 d. Below a sediment phase concentra-
tion of 2bout 3.0 x 105 mol’kg (agueous phase =
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Fig. 1. Adsorption cf 2,4-DB to sediment 11. Informa-
tion on sediment 11 is given in Table 1. The sediment
mass to water volume ratio (m/v) was 0.4 kg/L. The
pK, of 2,4-DB is 4.95 [C.T. Jafvert, J.C. Westall, E.
Grieder, R.E. Schwarzenbach, manuscript submitted].
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AN [
Tabic |. Partitioning of NNOC and silvex (o sediments and soils L
{
Sediment properties* Agucous phase propertics :
% ,
Organic CEC % % Conductivity  Ca Ky Ky K (Silvex)/
. Sediment carbon (nie/100g) Clay Sand pH (pmhos/cm) (mgrL) (Silvex) (DNOC)  K,(DNOC)
. » 5 2,28 19.00 310 336 7.15 910 88.4 0.96 r0.07 4.02 +0.07 0.24
P 8 0.3 3.72 6.8 82.4 8,29 250 219 0.077+£0.048 03810.13 .20
9 0.11 12.40 {7.4 7.1 8.29 220 [3.3 003 L4.08 -0.16+0.12 —
; : 13} 1.50 13.86 494 1.7 7.92 710 1020  £.632+0.02 3574013 0.18
q - 12 2.33 (353 24 00753 650 1040 086 +2.05 5.18 1+ 0.67 0.17 ,
13 3.04 i1.86 526 20.3 7.00 570 62.1 248 =418 4.75 £ 0.30 .45 Tig. 2. Adsorpy
) 14 0.48 18.86 63.6 2.1 427 180 6.2 062 2210 2.89 +0.75 - Table 1. -
g 15 0.95 i1.30  35.7 15.6 7.27 400 at6  (Q6U + 018 235028 335
R "f;ﬁ 16 1.20 10.50 39.0 0.5 7.47 240 382 027 =003 1.19+£0.22 0.23
“! " . 18 0.66 {543 395 346 7.52 340 497 020 0086 1.05+x0.8 RV :
i 22 1.67 8.53 212 260 753 710 987 120 2015 3621038 0.5 ' K(DNOC) for
24 0.95 628 20.8 20.5 4.47 320 70  0.63 =005 593145 - ! than 7.0. This’
25 0.76 8.86 205 419 7.75 400 454  0.174+005  0.68+0.28 .23 . L
! i two, also, indic
#Samplcs collected and characterized by J. J. Hassett et al. [13]. ) tributions for
’ similar structy
{ dexed a8 a con
. 1.0 x 10 © »), adsorption is linear (slope of 1.0 on  of pH, adsorption occucs predominantly (but not Analysis o_f
a log solid phase concentration vs. log aqueous  exclusively) by the anionic form of thesc com- was used genet
phase concentration plot); above this concentra-  pounds, as wiil be shown. Hence, the distinction is 100% recoveny
tion, the adsorption curve is easily {it to a Freund-  made between K, values reported here, which may the ﬂQ'{COl_{S §t
: lich isotherm (X, = 3.84, N = 0.8). Similarly, at  result from a combination of partitioning of the centrating’ eft
i the lower concentrations, no appreciable difference  anion and the neutral species, and K, and Ky val- . tion; lhfit is, 1t
b 4 cxists between the adsorption and desorption data.  ues reported later, which separate the contribution ‘ the sedlmen't s
i Al the higher doses, however, the adsorption and  of each form into two distinct constants. compeund in
54 desorption data do not fall on the same line, indi- Several isotiicrms are shown in Figure 2 to con- ment pellet {a!
i cating that some kinetic or nonthermodynamic  trast the magnitude of pantitioning among the ad- the 0vcrlyll1g§
‘. 0y 3 limitations exist for this experimental time frame.  sorbents. The influcece of pH, with respect to on clay surtac
K In other experiments, these effects at higher chem-  pK,. ¢an be seen in Figure 2 by comparing the zei- carbon conter
i & { ical concentration were avoided by using low con-  ative slopes of the isotherms for the two corms-
3 g cenfrations, within analytical constraints, to avoid  pounds, and observing the “enhanced” adsorption Addition of it
£ 31t the need for nonlinear data analysis. Note that cx-  of DNOC in sedimont 24 compared to that of sil-
i,; trapolation of the linear adsorption isotherm for  wex. The measured pH of sediment 24 was4.47. At Results 9&‘
% oY 2,4-DB results in errors of only 4 factor of (wo or  this phi, adsorption of sitvex should occur by both CaCl, solutior
; $ three over the entire range of measurable concen-  the anionie and neutral forms. The adsorption of
:é: B 3 ¥ trations and requires only one fitting parameter  DINOC at this pH, however, occurs predominantly
iy 1 (Ky). as the neutral species.
¥ . . Fos the 11 adsorbents where pH was within the
e Adsorption of "’l"e“f and DNOC range 7.0 w0 8.3, the adsorption coefficients of
S R ; lo various sediments boih sitvex and DNOC are correlated in Figure 3

To assecss the variability of partitioning with
sediment source or characteristics, pattition coef-
ficients (K,) for silvex (pK, = 3.07) and DNOC
{pK, = 4.39) were determined using sediments cot-
lected from 13 locations around the midwestern
U.S. Characteristics of the sediments and of (he
resulting aqueous phases are given in Table ! [13]
along with the resulting X, values. The pH of these
sediments was between 7.0 and 8.3 under experi-
mental conditions in all but two cases. In this range

to sedimiem organic carbon content, The scaster in
this figure supports ihe idea that the adsorption of
compounds cuitaining anionic or other polar func-
tiona, groups is influenced by nonhydrophobic in-
teractions on organic carbon as well as possible
mineral contributions to adsorption [14]. Despite
the weuk adsorption observed, however, regressing
the data for either silvex or DNOC gives a slope
(K,) that is gencraily within a factor of two of all
the data. Table 1 also gives the ratio K (silvex)/

Fig. 3. Partti
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Fig. 2. Adserption isotherms of DNOC and silvex to various sediments. Informaiicn on the sediments is given in

Table 1.

K,(DNOC) for the experiments at pH valucs greater
than 7.0. This ratio varies only within a facior of
two, also, indicating that the nonhydrophobic con-
tributions for adsorption of polar compoumds of
similar structure (in this case anions) may be in-
dexed as a constant for cach sediment.

Analysis of experiments in which sediment 9
was used gencrally resulied in slightly greater than
100% recovery efficiency of spiked compound in
the aqueous supernatant. Presumably, this “con-
centrating” effect was caused by negative adsorp-
tion; that is, repulsion of the orgamic anion from
the sediment surface makes {he concentration of
compound in the water associated with the sedi-
meni petlet (after centrifugation) less than that in
the overlying aqueous phase. Negative adsorption
on clay surfaces is well-documented. The organic
carbon content of this sediment is very low.

Addition of inorganic safts

Results of cxperiments using either NaCl or
CaCl, solutions as sediment difuents are shown in

501 T
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z L 2
a J.OAi @
o 2.o-j I '
| N
1.0 i i
i )

¥
o.olgw ey e < 1
0. 2.01 0.02 (]

Fraction Orgenic Carbon

Table 2 and in Fipure 4. Adsorption of both com-
pounds to the sediment was enhanced by addision
ol CaCl,, bus addiion ol NaCl up to 0.05 v
showed little or #0 crhunceruent. Several mecha.
nistic interpretations may be proposed for this
dependence. Salting ouw! can be ruled out {15],
however, as wcll as any major cffect caused by
changes in chemicat activity duc to ionic strength.
A more tenable explanation involves changes in the
surface charge, due to increasing the calcium ion
concentration at the surface, making it more con-
ducive for anionic adsorption. This hypothesis is
strengthened by the observation that adsorption or
exchange cocfficients for (monovalent) sodium
ions onto scdiments is less than that of (divalent)
calcium ions, and the overall change in surface
charge wiil be greater for the addition of the same
number of calcium ions as opposed to sodium
ions. In any case. appreciable addition, beyond
what is found naturally. of “counter-ion™ is re-
quired before significant changes are made in K.
This analysiz is comphicated, however, by the si-
m:ttaneous adéition of chloride.
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Fig. 3. Parlition cocfficients (K} of DNOC and silvex as a function of organic carbon content, where the natural
pH was between 7.0 and 8.3.
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Table 2. Silvex and DNOC in Sediment 11, with added CaCly or NaCl

Conductivity

pH (mhos/cm) K, (Silvex} K (DNOC)
Nalural 7.92 0.7 0.632 + 0.01% 3.57 £ 0.130
0.0f M CaCly 7.98 2.29 (.978 = 0.064 4.46 £ 0.294
0.025 M CaCl, 7.58 2.29 1.25 % 0.0797 5.64 £ 0.53
0.05 u CaCly 7.43 8.1 145 2 0.104 7.60 + 0.696
0.0 M NaCl 8.03 1.77 G.732 £ 0.151 341 10902
0.025 M NaCl 8.10 132 0.618 = 0.090 3.61 £ 0.492
0.05 w1 NaCl 7.90 5.90 0.741 £ 0.22t 3.73 1 0.693

Partitioning as a function of pH

Distribution ratios of four compounds were de-
termined in sediment 11 as a function of pH. The
compounds were chosen to vary in their magnitude
of partitioning and in their degree of dissociation
at various pH values. The main point of this exer-
cise was to attempt to factor the partition coef-
ficiéhts (X,) of these compounds into discrete
coefficients for the neutral species {K,) and the
anionic species (K;). These constants are defined
as;

- _{_Mlscd
Ky = AT (1
- {A .lﬁcd
K= TAT )
with
_ A
= TTHA] 3

where |HA),, (mol/kg) and {HA] (m) are the
neutral species sediment and aqueous phase con-
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Fig. 4. Adsorption isotherms for silvex as a function

centrations, respectively; and [A7), . (mol/kg)
and [A~] (M) are the anionic species sediment and
aqueous phase concentrations, respectively. Be-
cause only total concentration of compound in
each phase can be detcrmined analytically, mass
balance equations are needed for toral concentra-
tion in the aqucous phase ([HA1, ), total concen-
tration in the sediment phase ((HA],,) and total
concentration in the system ([[HA},, refercnced 1o
the aqucous phase volume),

(HALq = [HA] + {A7] @
[HA], = [HALa + [A" Jica &)
[HA]J = (HA)q + (m/0) (HA (6)

where (m/v) is the sediment mass (kg) to agueous
volume (L) ratio.

At pH values below or near ihe pK, of a com-
pound, the distribution coefficient for the neutral
species (K) can be calcoiated by combining Equa-
tions 1, 3, 4 and 6 and assuming {HAJ,, = [HA L.
giving K4 in tevius of measurable parameters,
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Table 3. Constants used i modeling the adsorption of creanic acid compounds 1o sediment 11

Compound  (m/v)*  pK.®  log Kou® 108 Kowi® 10§ Kou/Kow logRe  log K log Ky/K;
pPCP 0.0s 4,78 5.24¢ 1.60 37 3.0 3.33 -0.33
DDA 0.08 3.66 4,48 G¢.70 3.8 2.45 2.3 0.14
DNOC ¢.10 4.46 2.16 -0.57 2.7 1.93 2,83 -0.9
Silvex 0.10 3.07 3.80 -0.13 3.9 1.87 2.03 ~0.16

aSediment mass to water volume ratio (kg/t.).

5C. T. Jafvert. I. C. Westall, F.. Grisder, R. E. Schwarzenbach, manuseript submitted.
“Kow; 15 the octanol-water distribution ratio measured usiag 0.1 M KCI and 0.01 w KOH in the aqucous phase with
approximately 3 % 107 M of the organic anion in the octano} vhase.

9K, Schellenberg et al. [1].

_ ([HA), ~ [HA]2g)/ (m/v)
*T HOHALAH] + K

Values of K, calculated from Eguation 7 ai low
pH, for the four compounds investigaled are given
in Tablc 3.

A first approximation to adsorption of aid
compounds is to assume that no adsorption of the
anionic species occurs at any pH. Using this as-
sumption (i.e., [A J,q = 0.0 M), we can obtain an
expression for the fraction of total compound in
the aqueous phasc by using the same equations as
thosc used in determining K above,

[HA} +{A"}
(HAL

_ (K. +{H'}))
T (K, + (H'] + KJH Y (m/v)

fnrq=

(Model 1)

Results, comparing the experimentally observed
adsorption of PCP in sediment 11 to calculated ad-
sorption using Model I, are shown in Figure 5. Be-
fow pH 6 (1.25 units above the pK,), this model
fits the data reasonably well, Above this pH, ap-
preciable adsorption of the anion occurs, as indi-
cated hy the under prediction of adsorption.
indeed, at pH = 8.0, the amount actually adsorbed
is approximately 25%; however, Model I predicts
this to be less than 5.0%.

If adsorption of the anion is allowed, as ex-
pressed by Equation 2, combination of Bqua-
tions 1-6 results in a new expression for the fraction
of total compound in the aqueous phasc,

o [HAL +1A7)
RENT T
(K, + {H")

T K+ (H¥] + (KB + K Ko) (m/0))
(Model II)

i & Dalo Painty
—  lWoded }
A
2 7B o ek i
o J Mode IV
6
8 D'r“j
s i
2
£
M 4
k=]
g el
& o
W :

0.0 v TS

20 30

Fig. 5. The pH <lependent adsorption of PCP to sedi-
ment 11, and resvlts usiag the four models presented. The
sediment woss to waier volume ratio (m/v) was (.05
kg/L., Six data points result from titration down {rom pH
7.8 (the natural pH of the slurry), and five points result
from titrating betweer: 9.9 and 6.4 after an initial increase
in pH by NaOW addztion,

Results comparing this model to PCP data also are
shown in Figure §, calculating K from ¢he distri-
bution rato at the highest pH value, Clearly, at in-
termediate pH values of environmental relevance
(7.6 w0 8.5}, this model also underestimates adsorp-
tion of the ionic pentachlorophenate, suggesting a
pH deperdence on K. Values for the apparent
K4 can be calculated for each intermadiate data
point on Ihe ilration curve,

= HALHT) + ) = KH '} {HALg o
o K,[HAI,,

Results of calculated Ky values are shown in Fig-
ure 6 as a function of pH along with the equations
for the corresponding regressions for all four com-
pounds studied. For PCP the increase in K is ap-
proximately 50% for each pH unit decrease. Using
the regression equation for PCP, we can now pro-
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to-
j @ POP. loglKg) = (~Ca%)pH = 24
~~ 54
> 4
N 1 °
”ﬂé j ONOK, mg(Kg) = (~Q.J)ph + 2B
- I3
0}0‘! Siivax, togiKgy ~ [-.4)pn » 20
i
g OA, mglhg! = (~S4H + 28
5]+ e ¢ e sy e e Ty
40 so 8 in ae 88 168 v
pH

Fig. 6. Calculated values for Ky as a function of pH

and the resulting regression cquations for the four
compounds.

pose Model! III which is identical to Model 1l ex-
cept for this pH dependence,

ur it

aq =JSeq Where log Ky = (—0.19)pH + 2.4
(Model 1)

Results from this model also are shown in Fig-
ure § for PCP. Model I corresponds to the “best
fit” for adsorption of an organic acid compound
assuming (a) invariant adsorption from solution of
the neutral speeies with pH, and (b) lincar pH-de-
pendent adsorption of the anionic species as de-
scribed by Figure 6.

Some type of pH dependence on adsorption
of the anion may secm obvious, resulting from
changes in the surface charge or degree of pro-
tonation of the organic carbon matrix. Indced,
according to Stern, the total free energy of adsorp-
tion of a charged species equals the sum of the in-
trinsic chemical adsorption energy and the
electrostatic or coulombic adsorption cnergy,

AGgy, = AGGem + 4GS 9

The intrinsic chemical adsorption energy (AGSum)
is largely a function of hydrophobic forces,
whereas the electrostatic energy (AGY) is largely a
function of the degree ot ionic character expressed
by the adsorbing species and of the surface poten-
tial or charge of the adsorbent. Hence, the slopes
in Figure 6 correspond, in large measure, to the
sediment-dependent change in the electrostatic con-
tribution to adsorption, whereas the intercepts
correspond to the relative individual compound
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Fig. 7. The pl{-dependent adsorption of the four organic
acids in sediment 11, and predicted partitioning using
Model IV and the vataes of Kg. Xi, and Kj, given in
Table 3. with ¢; equal to ~0.3.

specific electrostatic and chemical contribution.
‘The slopes in Figure 4 may be somewhat dependent
upon the specific adsorbing anion. [t may be rea-
sonable, however, to assume, both mechanistically
and statistically, that thesc slopes result entirely
from electrostatic changes in the sediment and,
therefore, should be identical, or at least similar,
for compounds of similar form, Using an “aver-
age” slope (a;) of —0.3 and the midpoints of the
calculated regressions, new intercepts can be calcu-
laled for each compound, corresponding to the in-
trinsic chemical component of adsorption. These
new inlcrcepts (X;) arc given in Table 3. They in-
dicate the relative magnitude of partitioning of
these anitons independent of pH.

Model 1V is now proposed, which uses the val-
ues of Ky and K, in Table 3. with o, = —0.3,

= o where log K = oi(pH) + log K;
{Model I'V)

In total, this model uses five parameters. One con-
stant, pK,, is tnlrinsic to the adsorbate; two con-
stants, K, and K;, describe the interactions between
adsorbate and adsorbent; one constant, o;, is in-
trinsic to the adsorbent and pH (or {H*}) is the
independent variable. The experimental data for
all five compounds are shown in Figure 7, along
with Model IV results using the constants given in
Table 3. This fit for PCP also is shown in Figure S,
to compare model sensitivities,

Because the need exists to determime a priori ad-
sorption of these and similar compounds under a
variety of natural conditions, adsorption energies
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Sorption of organic acid compounds

must be factored into measurable or predictable
quantities, as has been attempted here, The ad-
sorption of neutral organic compounds is the sim-
plest case, where the adsorption energy is largely
determined by hydrophobic interactions. Octanol-
water distribution (K, in turn, has been used as
a measure of chemical hydrophobicity. Similarly,
comparisons were made hiere between the distribu-
tion coefficients determined in sediment-water sys-
terus, and the distribution of the same compounds
in octanol-water, at pH values where ejther the
neutral or anionic species dominated the adsorp-
tion pracess. Table 3 contains the X, values for
the neutral forms of these compounds, as well as
the octanol-water distribution ratios (X)) of these
compounds at pH 12 in 0.1 m KCI. Because the dis-
tribution ratio of organic anions between octanol
and water is a function of the organic concentra-
tion (because of ion pairing), the organic concenira-
tion in octanol, reported in Table 3, was controlled
to within a factor of 2,

For PCP, DDA and silvex, organic-carbon-
normalized partition cocfficients are, within a fac-
tor of two, equal to the K,,,,. A similar trend exists
for distribution of the anions. The unique parti-
tioning of DNOC can be seen morc clearly by ex-
amining the difference in distribution between the
neutral and anionic species in each of the svstems,
rcported as log X,/ K, for octanol and log K,/
K, for scdiment. in both cases, the difference in
partitioning among PCP, DDA and silvex is ap-
proximately equal. For DNQC, however, these val-
ues are approximately an order of magnitude fess.
This deviation likely results from differences in
polarity caused by the nitro groups on DNOC,
making the relative magnitude of partitioning (of
both the neutral and anionic species) to the sor-
beats different, while maintaining a similar “differ-
ence” in partitioning belwecn the neutral and
anionic specics.

SUMMARY

This study has examined faclors that influence
the adsorption of various organic compounds that
contain a single, relatively strong, acidic functional
group. The main emphasis has been to character-
ize the adsorption process “mechanistically” for
further quantitative structure-activity relationship
development. The final model (IV) presenied in-
cludes adsorption mechanisms for both the neutral
and anionic species.

The adsorption of the neutral species is the sim-
plest case, wherein the adsorption energy is largely
determined by hydrophobic intcractions. On the
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other hand, adsorption of the anionic species is
influenced by intrinsic chemical as well as elec-
trostatic factors. For the organic anions, it scems
rational to assume, from the data presented, that
the chemical-specific dependence stems predomi-
nantly from hydrophobic interactions, which are
attenuated by the clectrostatic interactions. In turn,
these electrostatic interactions arc most nolably
expressed during changes in pH of the sediment
sturries. Changes in total ionic composition of the
medium for natural systems may be of lesser im-
portance compared to changes in surface properties
(i.e. charge) resulting from varying p}l, although
the tonic composition of natural systems. also, may
influence snrface charge,

in this study, adsorption of the aniomi: species
was modeled as a linearly dependent functicn of
pH. The ratianale for this dependence may result
becsuse a “distribution” of pK, values generally
oxisty on humic material [16, and refcrences
therein}; hence, adsorption of charged species onio
this matrix shouk! coincide with these cuyves.
Here, oniy onc sediment system (sediment 1) was
examinzd and ciearly more evideuce is needed tc
confirm this general pH dependence.
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