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Abstract- The adsorption to sediments and ~aruratcd >oils of ~(ec11it~ •.Y!!,&nic •l'."id compoun~s was 
examined as a function of comnound and sediment prop~nie~. \ntrinsk wrrtpo;ond propcrttes ex
amined included the dissociation con~tant {pK,,) and hydrop.!wbic ~·n::t:act~r. Pt'tr;>errics of the sed
iment examined included ionic strength and composition, o~gani.<: ca:lx•n comt'!tl and aqueous phase 
pH. By varying these properties, adsorption of hmh the n.:mra~ ;;u;d aniCin\c (orms of these com
pound~ was shown to occur. Adsorption of the ncu.trni species ocn~'s !,imilr.rll' t? ;hat of othe.r h~
drophobic compounds that do not contain a<'idil: functi.:>nal i:>v'.l'll~· Ad$<:r~lo.)_{l of the amo.mc 
$pt:cies was inf1u~nced, however, by intrinsic chemi•:al11s Wfll a~ d!!Cil'Jstarlc tact~··~. ~dsorptlon 
of the anionic sp~ies to a specil'ic sediment wa• tnodeled as a lLnr.ar!;y dcp~ndenJ hmc.uon of pH. 
Compounds used in this study included 2,4-d!nitro-n-r.resul (DNOC), 2-(2,4,5·tnchloroph~
noxy}propanoic acid (silv~x), pentachlorophcnoltPCP). 4·;hlor0-·.1-(-l--..'h1orophenyllbenz~ncacettc 
acid (DOA} and 4-(2,4-dichlorophenoxy)lmtyric al·td (2,4-DB}. 

Keywords- Sorption Organic acids Sediment~ pK. pH 

INTROIJUCTION 

Many environmentally relevant organic com
pounds contain acidic functional groups. Included 
are the chlorinated phenoxyalkanoic acids, such as 
2,4-dichlorophenoxyacctic add (2,4-D) and 2,4,5-
trichlorophcnoxyacetic acid (2,4,5-T); phenols, 
such a~ 2,3,4,5-tetrachlorophcnol, pentachlorophe
nol (PCP), nitrophenols and cresols; chlorinated 
aromatic acid~, such as fcnac and dicamba; sulfo
nated compounds, such as azo and anthraquinone 
acid dyes and linear alkylbenzcnesulfonate (LAS) 
surfactants; organic sulfates and the degradation 
products of important pollutants, such as the 
mono-~stcro of phthalic acid. As with strictly nim
polar hydrophobic compounds, the adsorption of 
these organic acid compounds to natural soils and 
sediments significantly affects their movement und 
persistence in the environment. Because of the acid 
functional group, however, adsorption is highly 
dependent upon the degree of dissociation, wi! h 
the neutral form adsorbing to a greater extent than 
the corresponding anion. The Hdsorption of these 
compounds to sediments has been modeled simi-

Mention of trade names or commercial product$ does 
not constitute endorsement or recommendation for usc by 
the U.S. Environmental Protection Agency. 

iarly to that of the nonpolar hydrophobic com
pounds, taking into account dissociation and 
assuming that no adsorption of the anionic form 
occurs [1). This approximation, bow ever, is only 
valid up to pH values greater than approximately 
l to 2 units ubo'-le the· pK, value. 

When this difference betwt:cn pH and pK. in
<.TC"<~.ses, a greatt"r cr.Ient of the partitioning results 
from adoorprion <•f the anion. For example, the 
panitlor.ing. of PCP (p\1:, ,= ·4.75) at near neutral 
pH can resui! from ext,.msi~c adsorption of both 
the t~el.lirai !lnd tte anlcmic forms in both sedi
n,ent-·watcr and ocmmY..-wat~r mixtures [1,2]. Lin
~a• llikylF.•cnz.et:!.e$UD~m'l!.t.c surfactants, which exist 
·~sent.:rJh: or;l'i in H:.o:· ;mion\c form, adsorb ap· 
r.reciaoJ:/ to. !i~d.imem~, wirh adsorption being de
pendcru up•cm chair1 ltngrh and bcnzenesulfonate 
ro~;i\ion 011 the cl1ail1 [31. A~o. vari?us phenoxy
ac\~l!c acids, ha1·ing pKa values from 2 to 3, ad
:;orb signiik.snrly w sediments at near neutral pH 
f4-8l. 

The Mh'orpcicm ro :;cdtments and soils of these 
and ,;;imil<~r ~-ompounds (having PKa values <6) 
h:t\> b~en r-eported using batch [1,3,5,9), saturated 
soH column [6-S,IOI, 1w::aturated column [11] and 
fieid [12) sys~ems. Tne majority of these studies 
[1,3-5,9,11 ,12] allude 10 the influence that organic 
carbon content of zhe media may have upon the 
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magnitude of partitionirlg of the anionic form, 
sugg~ting that hydrophobic a!lraction may play a 
major role in adsorption of these charged spedcs. 
The adsorption of organic anions, however, is in
fluenced also to some extent by electrostatic forces. 
For example, Miller and Fa us! [9] ~tudied the ad
sorption of various phenols onto bentonite day 
coated with dimethylbcnzyl octadecyiamrnonium, 
showing that sorption was ciearly pH dependent, 
but the extent of ionization alone wa:; not sufi1-
cient to account for the observed dependence. The 
investigators indicated that the nature of the or
ganic covering on the clay surface aiM! may hav~ 
been affe<-"ted by pH. Indeed, characterizing the 
adsorption 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 research [2; C.T. Jafvcrt, J.C. Westall, 
E. Grieder, R.E. SchwarLcnbach, rnanuscrip! sub· 
mitred] has described the parti!ionin!; behavior of 
organic anions in octano!-water. Partitioning of 
nonpolar organic compounds between octanol and 
water has bt.-en used extensively to e~timatc the par
titioning of these compounds to sediment organic 
carbon and to biological lipids. For the partition
ing of organic anions between octanoi and water, 
partitioning into the octanol phase occurs by both 
free ions and ion-pairs. The magnitude or 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 pH-dependent 
cx.ianol-water panitioning were quantitatively in
terpreted using equilibrium cxpn.:ssiom: for acid 
dissociation; for transfer of neutral organic species 
between phases; for transfer Of free ions, both Or· 
ganic and inorganic between phases, as constrained 
by eleclronemrality of each phase and for transfer 
of ion-pairs between phases. 

Scope nf this study 

Many of the same factors that influence the 
transfer of organic acids between octanol and wa
ter affect the transfer of these cum pounds in the 
more heterogeneous system of sediment-water. 
These similar factors include the degree of dissoci
ation and the hydrophobicity and electrostatic in
fluences of both sorbent and sorb ate. The goal of 
this study, therefore, was to examine how these 
various factors quantitatively influence the parti
tioning of specific organic acid compounds in a va· 

riety of sediments by manipulating measurable 
parameters. Parameters that have been examined 
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 inherent ro the organic compounds, such as 
their dissociation comtc:m anc! degree of hydro
phobic character. 

To this end, using 2,4-dinitro-o-cresol (DNOC) 
and 2-(2,4,.'5-trichlorophenoxy)propanoic acid (sil
~·tx), we measured adsorption isotherms at the nat
ural pH for !] differc:lt sediments ::Jr soils. In 
addition, isotherm.! w~rc measured as a function of 
added NaCJ and C'aCI1 concentration. Finally, the 
pH-dependent adwrpcion of DNOC, silvcx, PCP 
and 4-ch!oro-a-(-l--chtorophenyl)bcnzencacetk acid 
(DDA) were determined Llsinp, a sediment-water 
system in ~~;hich pH was conrrol\ed ro specifi•; end 
points. 

MATF.RIAL.'\ AND ME'J.HOO"S 

AJI test chemicals were used ns rr.ceived from 
the Pesticide and lnuustrial Chemic:..ls Repository, 
U.S. Environmental P rotcct1on Agency (EPA.), and 
all had purity greater than 99% excepl for DDA 
(98.25%). 

.4dsorption isotherms 

Distribution ratios (between sediment or soil 
and aqueous phases) of t.he organic acids used in 
this study were detcrrnincxl using well-characterized 
sediment and soil samples, collected at various lo
cation.~ across thl' midwestern United States (U.S.). 
A known weight (I to 5 g) of air·drif"'d sample was 
placed in ea.:h of a series of glass tubes and 
hydrated wir.h db~illed water for l to 3d. During 
this 1 ime. :nt: ~uhes W'!re ~hal:" en periodically. 'f hen 
additions rn >t:ach n;t>c were made using di~t.ilied 
water, anc.J O.l \l :\j"aCI, or 0. J M CaCI2, followed 
by the J!mil addition ct test chemical. Each tube of 
a particular experiment was of the same final vol
ume and S(Jlit\ mar..~. 1ubes were incu!Jatcd in a 
controlled tcrnpentturc room at zs~c on a variable 
speed rotator. Tubes were rotated end-over-end at 
8 to lO tiM-e:. per minute fur 1 out of every 5 min. 

After a dc.~ignateu Lime (generally 24 h), the 
slurries wer:: centrifuged at 12,000 rpm (Sorval 
RC2-B centrifuge, SS-34 rotor) for 40 min. Aque
ous phases wer~ analyzed isocratically by HPLC 
using a 10-J.'m C-18 guard column and a C-!8 an
alytical column. The solvent system was from 25 to 
401lJG acetonitrile in water, depending upon the hy
drophobicity of the compound being analyzed and 
con(ained SO mM phosphate (25 mM K2 HP04 

.· 
I 

and 25 mM i 
made of sarnj 
consisting ol 
through the 1 
coefficients o 
therms were· 
phase concen 
compound~ 
aqueous Phas 
with acetonii 
were generall 

pH-depende~ 
To assess;; 

of the organi 
was construC! 
825MP pH~ 
Bio-Chem V~ 

parts were e~ 
areas of the 
base) were s 
mixed by an 
tus wa~ rnair 
ature room,; 

For each 
equilibrated:· 

slurry was .f 
which time.·; 
tri fugation < 
ered by O.S. 
HCI and hi: 
0.05 units !5; 
tcr. After 8 
This proces 
was reachet 

To stud} 
ment slurry 
addition of 
on the pH r 
with the sp 
volume(25( 
slurry was: 
which time 
ysis. Genet; 
the pH h~ 
was requi~ 
procedure·· 



:ating measurable 
.ve been examined 
.~nt of the sorbent, 
ition of the sedi· 
phase pH and fac-
1lpounds, such as 
degree of hydro-

-o-cresol (DNOC) 
ropanoic acid (sil
ltherms at the nat
:.ents :>r soils. In 
:d as a function of 
ation. Finally, tb.e 
'.[QC, silvex, PCP 
·Jcnzeneacetic acid 
a sediment-water 
:cd to speci fie end 

THODS 

as received from 
nicals Repository, 
gency (EPA), and 
except for DDA 

sediment or soil 
tnic acids used in 
wcll-c haraL'terizcd 
:ted at various lo
!ted States (U.S.). 
-dried sample was 
glass tubes and 
l to 3d. During 

>eriodically. Then 
de using distilled 
CaCl 2, followed 

ical. Each tube of 
1e same final vol
e incubated in a 
soc on a variable 
lend-over-end at 
<t of every 5 min. 
.erally 24 h), the 
000 rpm (Sorva! 
or 40 min. Aque
tically by HPLC 
nand a C-18 an
:n was from 25 to 
ling upon the hy
·ing analyzed and 
~5 mM K2HP04 

.. 
I 

Sorption of organic acid compounds 1261 

and 25 mM KH2P04). Duplicate injections were 
made of samples and standards. Standard curves, 
consisting of five or more points, were forced 
through the origin, and generally had correlation 
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. Several solid phases were extracted 
with acc:tonitrile, and total recovery efficiencies 
were generally greater than 95o/o. 

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-bulb pH probe, (b) acid or base addition and 
(c) a pressure release vent. Only glass and Teflon 
parts were exposed Lo sediment and water. Wetted 
areas of the solenoid valve (exposed to acid or 
base) were silicon. Reaction 11ask contents were 
mixed by a magnetic stirrer and the entire appara
tus was maintained at 25°C in a constant,temper
ature room. 

For each experiment, a sediment slurry was 
equilibrated for 24 h without addition of acid, base 
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 to 2.0 x w-~ M. 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
ered by 0.5 to 1.0 pH units by addition of 0.5 M 

HCI and held constant to within approximately 
0.05 units by setting the upper limit 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 equal to 3.5 to 4.0. 

To study partitioning at high pH, a new sedi
ment slurry 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 ml) and concentration as before. The 
slurry was equilibrated for 8 to 24 h longer, at 
which time a 15-ml 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 slurries from their nat-

ural pH to lower values. For sedimem ll, titration 
from pH 10.0 to 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 in 
no addition of acid after the initial addition re
quired to reach the set point. 

Octanol-water distribution ratios 

Distribution rlltio.~ were determined as a func
tion of pH between frSanol and water phases fol
lowing the procedures as described in another 
paper [C.T. Jafvert, J.C. Westall, E. Grieder, R.E. 
Sthwarzenbach, manliscript submitted). Aqueous 
phases contained C:.Ol M KCI, and HCI or KOH to 
obtllin variable pH val\.l(."S between I and 12. Aque
OtL> phase cOl:l<:entra!iNl~ of the organic acids were 
detennin~d by HPLC. Gr>ncentrations of the or
ganic acids in tile O<lano~ phase were determined 
either by differena: or ~Y U V analysi.~. 

RESTJLTS 

Adsorption isotherm of 2,4-DB 

A first step is assessing isotherm fit and linear· 
ity. To this end, the adsorption of 4-(2,4-dichloro
phenoxy)butyric acid (2,4-DB) was measured in 
sediment 1 1 with the adsorbing chemical concen
tration spanning three orders of magnitude. The 
resulting isotherm is presented in Figure I, and in
formation on sediment 11 is given in Table 1 [131. 
Adsorption was measured after 4 d, at which time 
the aqueous phase \Hls removed and replaced with 
distilled water, and slurries were "rc-equilibrated" 
for another 4 d. Below a sediment pha~e concentra
tion of abot>l 3.0 x 10" 6 mol/kg (aqucaus phase= 

Fig. 1. Adsorption cf 2,4-DB to sediment I I. Informa
tion on sediment I I is given in Table I. 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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Tablr I. Partitioning of DNOC and silvex lo Rr:dimenH and soils 

Sediment propmie~· A.quco~:. phase propcrtic.\ 

% 
Organic Cf:.C % Ill~ Omclurtivity Ca K 

(Sil~~lC) 
K 
~ 

K 0 (Silvcx)l 
K,.(DNOC) Scdimcm carbon (m<"/100 Sl Clay Sand pH (!•mhos/em) (mg/L) (DNOC) 

5 2.28 19.00 3!.0 33.6 7. !5 910 88.4 0.96 .t 0.07 4.02 :t 0.07 0.24 
8 0.15 3.72 6.8 82.4 8.29 250 23.9 0.077 .•. 0.048 0.38 ± 0.13 0.20 
9 0. If 12.40 ( 7.4 7. I 8.29 220 !J.3 ·-0.03 l O.CHi -0.!6 ± 0.12 

II !.50 13.86 49.4 1.7 7.92 7l0 102.0 0.632 ± 0.02 J.57 J.: 0.!3 0.18 
12 2.33 13.53 35.4 0.0 7.53 650 104.0 0.86 ± U.05 5.!8 ..1: 0.67 il.l7 
!3 3.04 l 1.86 52.6 20.3 7.00 570 62.1 2.18 ~ (iJS 4.75 J; 0.50 :1.45 
14 OAR iR.86 63.6 2.1 4.27 180 6.2 0.62 J. 0.10 2.89 t 0.75 
15 0.95 il.JO 35.7 15.6 7.27 400 fJ1.6 0,6U ~ ()_1)5 2.35.!: 0.28 /).25 
16 1.20 10.50 39.0 0.5 7.47 240 18.2 0.).7 ,,{i,\)J J.J9 ± 0.22 0.2J 
18 0.66 15.43 39.5 34.6 7.52 340 49.7 0.20 :!:.0.086 1.05:!: 0.18 ().19 
22 !.67 8.53 21.2 26.1 7.53 7!0 98.7 1.29 :: 0.15 3.62 i: 0.38 <US 
24 0.95 6.28 20.8 20.5 4.47 320 7.0 0.63 -.!: 0.05 5.93:f:l.4S 
25 0.76 8.!!6 20.S 41.9 7.75 400 45.4 0.!74 i: (),{.\5 0.68 _+ 0.28 l} .. 2J 

•samples collected and characterized by J. J. Hassell ct al. fl3J. 

1.0 x 10 6 M), adsorption is linear (slope of 1.0 on 
a log solid phase concentration vs. log aqueous 
phase concentration plot); above this concentra
tion, the adsorption curve is easily fit to a Freund
lich isotherm (Kr == 3.84, N = 0.8). Similarly, at 
the lower concentrations, no appreciable difference 
exists between the adsorption and desorption data. 
Al the higher doses, however, the adsorption and 
desorption data do not fall on the same line, indi
cating that some kinetic or nonthcrmodynamic 
limitations exist for this experimental time frame. 
In other experiments, these effects at higher chem
ical concentration were avoided by using low con
centrations, within analylical constraints, to avoid 
the need for nonlinear data analysis. Note that ex· 
trapolation of the linear adsorption isotherm for 
2,4-DB resulrs in errors of only <t factor of rwo or 
three over the entire range of measurable cont:'.en-
trations and requires only one fitting parameJ.er 
(K"). 

Adsorption o.fsi!vex and DNOC 
to various sediments 

To assess the variability of partitioning with 
sediment source or characteristics, patlition coef
ficic:nts (K") for silvex (pK. = 3.07) and DNOC 
(pK. = 4.39) were determined using sediments col
lected from 13 locations around the midwestern 
U.s. Characteristics of the sediments and of the 
resulting aqueous phases are given in Table I [13} 
along with the rcsultingK" 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 

of pH, adr.orption o('cur~ predominantly (hut not 
exclusively) by the anionic form of these corn
pounds, a~ wiil be shown. Hence, the distinction ls 
made betWl'Cn Kn values reported here, which may 
resulT from a combination of partitioning of the 
anion and 1he neutra! species, and Kd and K~1 val· 
ues reported !ater. which separate the contribution 
of each form into two distinct constants. 

Several isotherms arc ~hown in Figure 2 to con· 
trast the magnitude of partitioning among tne atl
sorbents. The intlucnc~ of pH, with respect to 
pK., can be seen in Figure 2 by comparing the ;ei· 
ative slopes of the isotherms for the two com
pounds, and ob~;erving th<; "enha11ccd" adsorption 
of DNOC In sedim.-.:nt 24 compared to that of ~il
vcx. Th~ mea~ured pH or ~edimcnt 24 was 4.4'1. At 
this pH, adsorption of ~ilvex should occur by both 
the a.nionic and neutra: fcrms. The adsorption of 
DNOC a: this pH, however, occurs predominantly 
as the neutn;l species. 

FN the ll adscrher\($ where pH was within the 
range 7.0 11.1 8.3, the adsorption coefficients of 
bo:.h silvc-,;, and DNOC are correlated in Figure 3 
to >edimem .orgal;k carbon content. The scatter in 
lhis figure mpports ih~ idea that the adsorption of 
compounds ;;r,t;taining anionic or other polar func
tiona~ groups is influenced by nonhydrophobic in
teractions on organic carbon as well as possible 
mineral contributions to adsorption fl4j. Despite 
the weuk adsorption observed,_howevcr, regressing 
the data for either sUvex or DNOC gives a slope 
( Koc) that is generally within a fal.tor of two of all 
lhe data. Table I also gives the ratio Kp(silvex)/ 

fig. 2. Adsorpt.i 
Table I. 
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C) 
K,(Silvex)/ 
Kp(DNOC) 

0.07 0.24 
0.!3 0.20 
0.12 
0.13 0.!8 
0.67 0.!7 
0.50 0.45 
0.75 
ll.28 0.25 
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0.18 0.19 
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1.45 
J.28 0.25 
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Fig. 2. Adsorption isotl1erms of DNOC and .liii'('X 10 various scdin:enl\. !nf{)r;·r.aliC•Ii ;:1; : 1;,: sediment.~ i.1 given in 
Table l. 

K"(DNOC) for the experiments at pH values greater 
than 7 .0. This ratio varies only within a factor of 
two, also, indicating that the nonhydrophobic con
tributions for adsorption of polar compounds of 
similar structure (in this case anions) may be in
dexed as a constant for each sediment. 

Analysis of experiments in which sediment 9 
was used generally resulted 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 organic anion from 
the sediment surface makes lhe concentration of 
compound in the water associated with the sedi
ment pellet (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 experiments using either NaCl or 
CaCI2 solutions as sediment diluents are shown in 

6.01 
! 5.01 

~ 1.0~ e J 
~ J,Oi 

T • 

I "' 2.0i 
l.O·J :£ f:r 1 
0.0 ~.,__.-~~· .. ..........._... ~~· •• , 
0~ O.Ql 0.02 0.0~ 

Fraction Organic;: Corban 

Table 2 and in figure 4. A<.borption of both c:onl
pounds to the sediment wai' enham:ed hy addidun 
of CaC11 , but addi1ion of NaCI up to 0.05 M 

showed little or no cnhunament. Sever;tl m'·cha · 
nistic interpretation~ may be proposed fm this 
dependence. Sall:i.ng out can br. ruled Olll ! 15}, 
however, as well as any major effect caused by 
changes in chemical activity due to ionic strength. 
A more tenable explanation involves changes in the 
surface charge, due to increasing the calcium ion 
concentration at the su;face, making it more con
ducive for anionic adsorption. This hypothesis is 
strengthened by the observation that adsorption or 
exchange coefficients for (monovalent) sodium 
ions onto sediments is less than that of (divalent) 
calcium ions, and the overall change in surface 
charge will be greater for the addition of the same 
number of calcium ions as opposed to sodium 
ions. In any c:>..se, appreciable addition, beyond 
what is found naturally. of "coumcr-ion" is re
quired beforr. <,ignificaut changes are rnad.e in Kr. 
Thi) analysis i~ compiicatcci, however, by the si
maltam:ous ~!ddition of chinridc. 

T 

' ·'· 

froctlor. Oryanlc Corbcr. 

Fig. 3. Partition cocfficiems (Krl of DNOC and ~ilvex as a funt:lion or organic carbon content, where the natural 
pH was between 7.0 and 8.3. 
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Table 2. Silve.~ and DNOC in Sediment I I, with added CaCl2 or NaCI 

Conduc!ivity 
pH (mhos/em) 

Natural 7.92 0.71 
0.01 l4 CaCJz 7.98 2.29 
0.0Z5 M CaCf2 7.58 2.29 
0.05 M CaCf2 7.43 8.'12 
0.01 MNaCI &.03 1.77 
0.025 M NaCI 8.!0 J.J2 
0.05 M NaCI 7.90 5.90 

Partitioning as a function of pH 

Distribution ratios of four compounds were de
termined in sediment 1 I 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 cxer· 
cise was to attempt to factor the partition coef· 
fici~ts (Kp) of these compounds into discrete 
coefficients for the neutral species ( Kd) and the 
anionic species (K";). These constants are dcfin('d 
as: 

with 

K _£HALd 
d- [HAl 

(I) 

(2) 

(3) 

where [HAl,cd (mol/kg) and f.HAJ (M} are the 
neutral species sediment and aqueous phase con· 

"' 
4.0~ 

" j -: 0.0 ¥ !'loCI lfl'i:ed' it..,., 

" 0.0 fotj NoQ c 0,0; td NoCI 

! 
J • 

J.O . O.O~!f W NaCI . O.OS.,. NcC/ 
)< 
0 

"' ~ 

in z.o 
" ., 
" .r 
0. 

11 
1.0 

.fi 
o.oL_,....._........,.... ... .......,_. .........., " " "' 0~ 1~ ~~ J~ 4G 

Aqueo~~ ?hose Si!ve)( (J.LM) 

Kr(Silvex) K1,(DNOC) 
·---~-------

0.632 ± 0.0!9 3.57±0.130 
0.978 = 0.064 4.46 ± 0.294 
1.25 :t 0.0797 5.64 :t 0.53 
1.45 ± 0.104 7.60 ;+; 0.6% 
0.732 ± 0.151 ).4[ L 0.902 
0.618 ;t 0,090 3.61 ± 0.492 
0.741 ± 0.221 3.73 :i: 0.693 

ccntrations, respectively; and [A- ],,,1 (mol/kg) 
and [A-J (M) are ib.e anionic species ~;cdiment and 
aqueous phase .:.oncentrations. respectively. Be· 
cause only total com.:entration of compound in 
each phase can be determined ano.lylicall)', mass 
balance equations are needed for t.otv.l concern ra
tion in the aqueous phase ([HAl.,), total CO!lcen
tration in the sediment phase ([HAJ,,) and ~otal 
concentration in the system ([HAJ,. referenced to 
the aqueous phase volume), 

[HAlaq = [HAj + [A-] (4) 

IHA],"" !HAJ.Q + (m!v)[HA!,, (6) 

where (mlv) is the sediment mass (kg) to aqueous 
volume (L) ratio. 

At pH values below or near ihe pK, of a com
pound, the distribution coefficimt for the neutral 
species ( Kd) can be cak:ulated by combining Equa
tions I, 3, 4 atld6 and assuming tHAJ,.""' [HA!._-o. 
giving Kd in terms of measurable parameters, 

~ 

501 "' 0 o.o M. C.l20, "" 
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~ 

" c.o.h. "' -r-~._.,.....,..._, 

0.0 1.0 >..0 3.0 4.0 

Aqueous Phose Silv•• (J.LM) 

Fig. 4. Adsorption isotherms for silvcx as a function of inorganic ion composition of sediment II ~lurrics. 
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Tablt' 3. Constan!s used in modeling the athorption of crganic add compound< to sediment II 

·---···--·· 
PCP 0.05 4.75 5.24" 1.60 3.7 j,O 3.33 -0.33 
DDA 0.08 3.66 4.4~ 0.70 3.8 2.45 2.31 0.14 
DNOC 0.!0 4.46 2.!6 -0.57 2.7 1.93 2.83 -0.9 
Silve.~ 0.10 3.07 3.80 -0.13 3.9 1.87 2.03 -0.16 

•sediment mass ro water volume ratio (kg/L). . . 
~C. T. Jafvert. J. C. Wcstail, F.. Grieder •. R. E. Schwar':enba·~h. manuscnpt su!Jmr;tcd.. . , ~" .· 
··K . is the octanol-wo.ter di~tribmion ra11o measured ustng 0.1 ~ KCI and 0.01 M f\011 m the aqueous pha.~ \\Ilh 
a;p~oximatdy 3 x 10-• M of the organic anion in the octanol 1/~ase. 

"K. Schellenberg C't n\. jlj. 

([HA),- [HA).q)l(mlv) 

K~"" [H+l[HA).q/((l-1' J + K.) 
(7) 

Values of Kd, calculated from Equation 7 at low 
pH, for the four compounds investigated arc give:~ 
in Table 3. 

A first approximation to adsnrption of :;.,~·1 

compounds is to assume that no adsoq~tion ~r thl! 
anionic species occurs at any pH. Usmg tlus as
sumption (i.e., JA ·J.c~ = 0.0 M), we can obtain ~n 
exprcs~ion for the fraction of total compo.und tn 
the aqueous phase by using the same equations as 
those used in determining K~ above, 

1 [HAl +[A { 
/aq =. 'HA' 

t J, 

= (K. + !H_~--- (Model I) 
(K~ + fH' 1 + KdiH+](mlv)) 

Results, comparing the experimentally observed 
adsorption of PCP in sediment 1 I to calculated ad
sorption using Model I, are shown in Figure 5. Be
low pH 6 (1.25 units above the pK.), this model 
fits the data reasonably well. Above this pH, ap
preciable adsorption of lhc anion occurs, a.s indi
cated ;y the unde~ prediction of adsorption. 
Indeed at pH "'8.0, the amount actually adsorbed 
is appr~xirnately 250Jo; however, Modell predicts 
this to be less than 5.00Jo. 

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

I
n== [HA] +[A-] 

aq [HAl, 

(K. + {H+}) :::; ____ _c.__::_~~-~:-::-:-:--:-:-: 
(Ka + [H+j + (Kd!H+l +KdiKa)(mlu)} 

(Model II) 

r:" :,.4Rj 
c 
0 

'it 
" ~t 
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oH 

.Fig. 5. The vi:-hiep•;ndent ad~orptiou of PCP to S~di
mcnt II and result~ using the four models presented. fhe 
~edimcnt l'!••.ss tn W<1tcr volume ratio (m/u) was 0.05 
kg/L. Six data points result from titration do~ from pH 
7.8 (the natur~f !'f.! of the slurry), and fiv~ ~~m~s result 
from titrrJing b1'Tw~cr. 9.9 and 6.4after an mmal mcrcase 
in pH b~· NaOH ~dditinn. 

Results compa;ing this model to PCP data also are 
shown in 11igur<' 5, calculating Kd; from lhe distri
burion ra:io at the highest pH value. Ck-arly, at in
ter.medi.a!c pH values of environmentai relevance 
(7 .ll co S.5). thi~ model also undcrestimo;tes adsorp· 
tiOJ; of the ionic pentachlorophcnate, suggesting a 
pH depr.r•.den~:e on Kai• Values for the apparent 
Ka; t{tn he .;alculated for each intermediate data 
point on rlJt' tilration curve, 

Kc,-= .lf_~AltsqWl + Ka)- KdiH 'I (HA]a9 (B) 
K.[HAlaq 

Results of calculated Kdl values are shown in Fig
ure- 6 as a function of pH along with the equations 
for the corre~ponding regressions for all four com
pounds studied. For PCP the increase in Kdl is ap
proximately 500Jo for each pH unit decrease. Using 
the regression equation for PCP, we can now pro-
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j I ;:1M, :"f<•ci' - {-..uj,H + u 

-,5·1o~r,._.,....,....,•y~,-__,....,...l ... ~l ..-~TI 
.. r.O S.o a:O 7.0 s'.o 9.0 10.0 '.~.0 

pH 

Fig. 6. Calculated values for Kd; as a function of pH 
and the resulting regression equations for the four 
compounds. 

pose Model III which is identical to Modelll ex
cept for this pH dependence, 

!~~~ ::f~~. where log Kd; = (-0.19)pH + 2.4 

(Model HI} 

Results from this model also are shown in Fig
ure 5 for PCP. Model HI corresponds to the "best 
fit" for adsorption of an organic acid compound 
assuming (a) invariant adsorption from solulion of 
the neutral species with pH, and (b) linear 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 seem obviotts, resulting from 
changes in the surface charge or degree elf pro
conation of the organic carbon matrix. Indeed, 
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 energy, 

(9) 

The intrinsic chemical adsorption energy (.lC<~cm) 
is largely a function of hydrophobic forces, 
whereas the electrostatic energy (.1G~) is largely a 
funclion of the degree of 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 

~ • PCP 

tP L0·1 o ONQ(", ' ~- • Q Q 

i::l·::.~T 
~ ··J -. /I .. / ~: . 
,?. 0.21 _;:£~- J 

J--_._.. _ _... 

0.04-.,-;·~·;.;.::;..r --r • ~l _.....,...,......._~,.............., 
J.O A..Q !1,0 6.0 7.0 B.C D.O lOll 

pJI 

Fig. 7. The pH -<fependcru ad1orp1 i11n oflhcfour organic 
acids in sediment II, and prcdirted partitioning using 
Model IV and the v~laes of Kd, K;, and K., given in 
Table 3. with O'i equal to -0.3. 

specific elec!rosta!i~ ~nd chl!mi.::al contribution. 
The slopes in Figure {J may be somewhat dependent 
upon rhc specific adsorbing anion. It may be rea
sonable, however, to assume, both mechanistically 
and statistically, that these slopes result entirely 
from electrostatic changes in the sediment and, 
therefore, should be identical, or at least similar, 
for compound~ of similar form. Using an "aver
age" slope (aJ of -0.3 and the midpoints of the 
calculated regressions, new intercepts can be calcu· 
fated for each compound, corresponding to the in
trinsic chemical component of adsorption. These 
new intercepts (K;) arc given in Table 3. They in
dicate the relative magnitude of partitioning of 
rhcse anions independent of pH. 

Model IV is now proposed, which uses the val
ues of Kd and K, in Table J. with o; = -0.3, 

f~'ci =f~~. where log K.1; = a1(pH) + logK; 

(Model IV) 

ln !otaJ, this model us~s five parameters. One con
stant, pK •• ·,s intrinsic w the adsorbate; two con
stants, Kd and K;, describe the inll:ractions between 
adsotbate and adsorbent; one constant, a;, is in
trinsic to the adsorbent and pH (or {H+)) is the 
independent variable. The experimental data for 
all five compounds arc 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 5, 
to compare model sensitivities. 

Because the need exists to determine a priori ad
sorption of these and similar compounds under a 
variety of natural conditions, adsorption energies 
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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
watcr distribution (Kow), in turn, has been used as 
a measure of chemical hydrophobicity. Similarly, 
comparisons were made here between the distribu
tion coefficients determined in sediment-water sys· 
!ems, and the distribution of the same compounds 
in octanol-water, at pH values where either the 
neutral or anionic species dominated the adsorp
tion process. Table 3 contains the K,w values for 
the neutral forms of these compounds, as well as 
the octanol-water distribution ratios (K1) 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 concentra
tion in octanol, reponed in Table 3, was controlled 
to within a factor of 2. 

For PCP, DDA and silvex, organic-carbon~ 
normalized partition coefficients are, within a fac
tor of two, equal to the Kow· A similar trend exists 
for distribution of the anions. The unique parLi
tioning of DNOC can be seen more dearly by ex· 
anJining the difference in distribution between the 
neutral and anionic species in each of the systems, 
reported as log K0 wl Kow! for octanol and log Kd/ 
Ki for sediment. In both cases, the difference in 
partitioning among PCP, DDA and silvex is ap
proximately equal. For DNOC, however, these val
ues are approximately an order of magnitude less. 
This deviation likely results from differenc~s in 
polarity caused by the nitro groups on DNOC, 
making the relative magnitude of partitioning (of 
both the neutral and anionic species) to th(.! s<.Jr· 
bents different, while maintaining a similar "differ
ence" in partitioning belwecn the neutral and 
anionic species. 

SUMMARY 

This study has examined factors that influen<:e 
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 strueture-activity relationship 
development. The final model (IV) presented in
dudes 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 intcral.iions. On the 

other hand, adsorption of the anionic species is 
influenced by intrinsic chemical as well as elec
trostatic factors. For the organic anions, it seems 
rational to assume, from the data presented, that 
the chemical-specific dependence stems predomi
nantly from hydrophobic interactions, which are 
attenuated by the ckctrostatic interactions. In turn, 
these elcx-trostatic interactions arc most notably 
expressed during changes in pH of the sediment 
slurries. Changes in total ionic composition of the 
medium for natural systems may be of lesser im
portam:c compared lo changes in surfac~ properties 
(i.e. ch::trge) resulting from varying pH, although 
the ioni<: .:-ornj.)osition of natural systems. also, may 
influen~ surface charge. 

In tlti~ study, adsorption of the ani om;; ~pedes 
was mc>deled a~ a linearly dependent function of 
pH. The- rationale for this dependence may n:sul! 
bt>..:.,w~e .a "distribution" of pK. valueF ~r-~nt:.ra.lly 
..::xists on hurnk material [16, and rcft'rcrK;~~ 

thereh1j; hence, adsorption of charged specie> muo 
this ma!rix sho!l!d coincide with these em \'t'S. 

Here, tmiy one S\!ctim,~nt system (sediment J I J \\ :1.s 
cxamin~d an<l dearly more evidence is needed rc 
confirm tni~ ge-neral pH dependence. 
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