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B. aeK08, B. BaH AllceHOU, H . 0Hap, A. BaH Ilym, 
P. BaH FpueKeH. Pacnpe.n.eneHHe Te)!(eJibiX MeTaJIJIOB 
Me)!(JJ.Y 3CTyapHbiMH OTnO)!(eHHliMH H pacTBopeHHOH <t>a-
30H B Ka'ieCTBe cPYHKUHH COJieHOCTH, pH H BpeMeHH 
(JcryapHH p. lllenbJJ.T, HH.n.epJiliHJJ.Hll). 3KcnepHMeHTanb
Roe BblliBJieHHe KOJcPcPHUHeHTa pacnpe.n.eJieRHll (Kd) H 
KHHeTHKH Te)!(eJibrx MeTannos Cd, Cu, Zn H Pb B Ka'iecT
se cPYHKUHH COJieHOCTH H pH OCHOBaHO Ha npoueccax 
necop6UHH H a.n.cop6UHH Me'ieHHOrO pa)J.HOaKTHBHOrO 
HJOTOna 109Cd B ecTeCTeBeHHbiX OTJIO)!(eHHliX 3CTyapHll p. 
llieJibJJ.T (EenbrHli/HH.n.epnaHJJ.Hll). 

.IJ.ecop6UHR Cu B JarpliJHeHHbrx JcryapHbiX OTJIO)!(e
HHliX oqenb neJHa'iHTenbna. Ona ycTaHaBnHsaeTcll 
TOJibKO npH Bb!COKOH COJieHOCTH. npH flOCTOliHHO HHC
KOM pH ( <4) ,[(ecop6UHll JJ.OCTHraeT 100% . .IJ.ecop6UHll 
Pb TO)!(e O'ieHb orpaHH'ieHa H TOJibKO CHnbHOe flOBbJUie
RHe KHCJIOTHOCTH paCTBOpOB 6y.n.eT JcPcPeKTHBHO .n.ecop-
6HpOBaTb JHa'iHTeJibHbie HaKOflJieHHll 3TOrO 3JieMeHTa. 
3Ra'iHTeJibHall .n.ecop6UHll Cd l!BmleTCll cPYHKUHeH scex 
napaMeTpos JKcnepHMeHTa . .IJ.ecop6UHOHHbie npoueccbi 
npoTeKaiOT 6biCTPO H 6onee 60% a.n.cop6Hposannoro Cd 
MO)!(eT nepeHTH B ecTeCTBeHHble BO)J.bl. J1 COJieHOCTb, H 
pH MOryT npHBeCTH K JHa'iHTeJibHOMY HJMeHeHHIO pac
npeneJieHHll Me)!(JJ.y TBepJJ.OH H paCTBOpeHHOH <t>aJOH. 
fpaHHUbi .n.ecop6UHH Zn JaHHMaroT npoMe~TO'iHoe no
JIO)!(eHHe Me)!(JJ.Y cooTBeTCTByJOIIlHMH rpaHHUaMH Cd H 
Pb. l1 conenoCTb, H pH liBJiliiOTCll sa)!(HbiMH napaMeTpa
MH JJ.Jill cop6UHOHHbiX npoueccos B ecTecTBeHoH cpe.n.e. 

A,ncop6UHll 109Cd BJBeCbiO 3CTypHll p. llieJib)J.T HJMeHl!
eTCll B JaBHCHMOCTH OT TeMnepaTYPbl, COJieHOCTH H COCTa
Ba BJBeUieHHoro MaTepHana. TeMnepaTYPa OKaJb!BaeT 
O'ieHb HeJHa'iHTeJibHOe BnHl!HHe Ha OTHOWeHHe Me)!(JJ.y Kd 
H COJieHOCTbiO, B TO BpeMR KaK BnHRHHe COCTaBa BJBeCH 
OKaJbiBaeTCll BeCbMa JHa'iHTeJibHbiM. npe.n.BapHTeJibHble 
peJyJibTaTbr, nOJIY'feHHbre npH Hccne.n.osaHHRX JJ.a)!(e ne-
6onbworo KO.ITH'feCTBa o6paJUOB, noKaJbiBaiOT, 'iTO co
nep)!(aHRe opraHHKH OCa)J.KOB MO)!(eT OKaJaTbCR CaMbiM 
Ba)!(HbJM napaMeTpOM npH a.n.cop6URH Cd. 
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Abstract. The distribution coefficient (K) and kinetics of 
the heavy metals Cd, Cu, Zn and Pb as a function of sa
linity and pH are investigated experimentally considering 
desorption processes and adsorption of 109Cd radiotracer 
for natural particulate matter from the Scheidt estuary 
(Belgium{fhe Netherlands). 

The desorption of Cu from polluted estuarine sedi
ments is very slow. Only at high salinities minor desorp
tion was detected. At persistently low pH ( < 4), desorp
tion was completed to 100 %. Also the Pb desorption is 
very limited and only strong acidification of the solution 
will efficiently desorb a considerable fraction of the ele
ment. The desorption of Cd is significant as a function of 
all the cons.idered parameters. The desorption process is 
fast and up to 60 % of the adsorbed Cd can be released 
into natural water. Both the salinity and the pH can 
change the distribution between the solid and the dis
solved phase significantly. The extent of Zn desorption is 
intermediate between Cd and Pb. Both salinity and pH are 
important parameters to be considered for the sorption 
processes in the natural environment. 

The adsorption of 109Cd on natural particulate matter 
from the Scheidt estuary changes as a function of temper
ature, salinity and composition of the particulate matter. 
The temperature has only a minor influence on the Kd·sa
linity relation, while the composition of the suspended 
matter showed to be very important. Even though the 
number of samples used was small, preliminary results 
show that the organic content of the sediments may be the 
most important parameter for adsorption of Cd. 

A similar relation between the Kd of the adsorption 
process using 109Cd and the desorption process as a func
tion of salinity, indicates that the metal binding character 
of the adsorbed 109Cd may be identical to that of the natu
rally bound Cd released during the desorption process. 
The magnitude of the Kd, however, needs to be deter
mined according to the different environmental para
meters. 
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Y cTaHOBJieHbi H~eHTH'fHbie omorneHHsr Me)f(Jzy Kd 
3KCnepHMeHTaJibHbiX a~cop6QHOHHLIX npoQeCCOB C npH
MeHeHHeM 109Cd H Kd JaBHcsrmHX oT coneHoCTH ~ecop6-
II.HOHHLIX npoQeCCOB. 3TO fiOKaJbiBaeT, 'ITO xapaKTep 
CBSl3H a~cop6HpOBaHHOrO 109Cd MO)f(eT OKa3aTLCSl aHa
JIOrH'fRbiM TOM)', KOTOphrH HMeeT eCTeCTBeHHO CBSl

JaHHhiH Cd, ocBo6o)f(~eHHhiH npH ~ecop6QHOHHhiX npo

ueccax. TeM He MeHee MarHHTY~Y Kd Ha~o onpe~ensrn. 
TOJibKO Y1.fHTbiBasr pa3Hhle napaMeTphJ 06CTaHOBKH. 

Dekov, V., Van Alsenoy, V., Onar, N., Van Put, A., Van Grieken, R. 2000. Partitioning of heavy 
metals between estuarine sediments and dissolved phase as a function of salinity, pH and time 
(Scheidt estuary). - Geologica Bale., 30, 3-4; 65-76 
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1. Introduction 

Over the last decades there have been extensive 
studies of adsorption processes on pure miner
al phases like iron-oxyhydroxides (Forbes et al., 
1974; Davis and Leckie, 1978; Swallow et al., 
1980; Benjamin and Leckie, 1981; Millward and 
Moore, 1982; Dzombak and Morel, 1986; 
Johnson, 1990), hydrous Al

2
0

3 
(Hohl and 

Stumm, 1976; Kummert and Stumm, 1980), hy
drous oxides in general (Mac Naughton and 
James, 1974; Davis and Leckie, 1978; Stumm et 
al., 1980), calcite (Comans and Middelburg, 
1987; Zachara et al., 1988; Bilinski et al., 1991 ), 
Mn0

2 
(Anderson et al., 1973; Loganathan and 

Burau, 1973; Murray, 1975), Si0
2 

and Ti0
2 

(James and Healy, 1972) or specific clay miner
als such as kaolinite (Gupta and Harrison, 
1981; Bilinski et al., 1991) and bentonite (Bilin
ski et al., 1991) as a function of the various rel
evant parameters. One of the most important 
parameters is the pH; adsorption as a function 
of pH results in adsorption edges (e.g. Ben
jamin and Leckie, 1981). Other important pa
rameters are the adsorbent and adsorbate con
centrations (e.g. Leckie et al., 1980), the pres
ence of competitive ions and complexing 
ligands (e.g. O'Connor and Kester, 1975; Mill
ward and Moore, 1982; Bourg, 1983), the char
acteristics of the solid (e.g. Leckie et al., 1980), 
etc. Several models have been suggested to ex
plain the observed phenomena (O'Connor and 
Kester, 1975; Davis and Leckie, 1978; Vuceta 
and Morgan, 1978; Stumm et al., 1980; Farley 
et al., 1985). 

In pollution studies, however, one is also in
terested in adsorption processes on natural par
ticulate matter and the reverse process where 
heavy metals mobilize from sediments when 
environmental parameters are changed: e.g. 
during estuarine mixing processes or dredging 
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operations. Extrapolation of the adsorption 
studies of the pure phases to sediments and 
natural suspended matter is rather difficult or 
impossible. Balistrieri et al. ( 1981 ), for example, 
showed that pure oxides are not suitable as 
model substrates for marine particulate metals. 
Sorption/desorption studies on natural sedi
ments have been performed by many research
ers. From these studies, it is known that the 
mobilization of trace metals from natural sus
pended matter is a complex phenomenon, 
where several processes may occur: dissolution, 
diffusion, desorption, ion exchange, redox reac
tion, complex formation, biological effect and 
physical disturbance. It is clear that several en
vironmental parameters (such as dissolved oxy
gen concentration (DO), pH, type and size of 
the solids, presence of ligands, chelating agents 
and humic acids, temperature, and others) af
fect the mobilization process. Some of the stud
ies involve a special setup to imitate the real 
process; e.g. saturation of the particulate mate
rial with radionuclides before the actual mobi
lization is investigated (e.g. Nyffeler et al., 
1984). Although this procedure brings valuable 
insight in the adsorption/desorption process, 
one cannot be sure that the metal binding char
acter of the loaded material is identical to that 
of polluted sediments in situ. VanDer Weijden 
et al. (1977) studied heavy metal mobilization 
from polluted Rhine sediments at different sa
linities and used the solution chemistry to ex
plain the observations. They concluded that 
complex formation is an important factor in 
mobilization processes during estuarine mixing. 
Other workers (Ramamoorthy and Rust, 1978) 
investigated the influence of specific complex
ing agents such as CI· and NTA (nitrilotriace
tate) on polluted sediments. They observed that 
the mobilization of heavy metals is low and 
they persist on sediments for a considerable pe-



riod of time unless there are strong leaching 
agents present. They concluded that there is an 
increase in mobilization when the concentra
tions of complexing agents increases. Lu and 
Chen (1977) investigated the influence of the 
DO on the mobilization process. One of their 
conclusions was that the direction of metal mi
gration is not controlled by the type of the sed
iment but mainly regulated by the chemistry of 
the directly overlying water. Li et al. (1984) in
vestigated the influence of the pH and the salin
ity on coagulation and desorption processes in 
mixing experiments of sea and river water with 
sediments. Prause et al. (1985) could not detect 
considerable mobilization of heavy metals from 
polluted sediments. They concluded that sim
ple cation exchange mechanisms have no im
portance in the mobilization process, but point
ed out the importance of bacterial activities. 
Calmano et al. (1988) used a special device to 
investigate desorption and readsorption by dif
ferent sediment constituents. They found that 
surface effects vary strongly from element to 
element and are strongly influenced by salinity. 
They pointed out the relative importance of or
ganic substrates in binding metals like Cu and Cd. 

The aim of the present study was to investi
gate the extent of mobilization of the heavy 
metals Zn, Cd, Pb and Cu from polluted sedi
ments from the Scheidt estuary and some har
bours along the Belgian coast, when they are 
transported (naturally or anthropogenically) to 
a different aquatic environment. In these areas, 
extensive dredging programs prevent a contin
uous silting up process, and enable the traffic to 
reach the harbours. Permanent dredging works 
in the estuary and the river Scheidt accounted 
for a removal of almost 15 million m3/y during 
the last ten years. The largest part of the 
dredged materials is dumped somewhere else in 
the aquatic environment (Belmans et al., 1989; 
De Wolf and Baeteman, 1991). Since the 
Scheidt estuary contains heavily polluted sedi
ments (Van Alsenoy et al., 1992), we are inter
ested in the extent of the mobilization of heavy 
metals from polluted sediments during dredg
ing operations and other transport ~rocesses. 
After preliminary experiments on the mfluence 
of the concentration of the suspended matter 
and the equilibration time, this study investigat
ed the short-term mobilization processes as a 
function of the salinity (S) and pH. 

An attempt was also made · to compare the 
distribution coefficients obtained under labora
tory conditions for desorption processes with 
those obtained using adsorption of radiotrac
ers, by including adsorption experiments using 
the radiotracer 109Cd. 

2. Materials and methods 
of investigation 

2.1. Sample collection 

Surface sediment samples from the Scheidt 
River and estuary (Belgium{fhe Netherlands) 
were collected with the RfV Belgica using a box
corer. For the desorption experiments, some of 
the most polluted sediments were selected. 
These sediments were taken in: the industrial 
zone around Antwerp off Doel (Doell and 
Doel2), and a harbour along the coastline 
(ZB3) (Fig. 1 ). The sediments were frozen im
mediately after collection and dried at 60 oc 
before the sediment characterization was car
ried out, since dry material is easy to handle 
and the large variability in the water content 
implied low reproducibility for the concentra
tion determinations. It is known, however, that 
drying may change the binding character of the 
metal to the sediment (Kester and Forstner, 
1987). To estimate the impact of the sample 
preservation method, parallel experiments were 
carried out with dried and wet sediments. For 
the adsorption experiments the selected sam
ples were taken in the mouth of the Scheidt off 
Vlissingen (Site 5), offBaalhoek (WS21) and off 
Burcht (Burcht2). Some sediment characteris
tics are given in Table 1. 

Seawater was collected in the North Sea at 
station NS (Fig. 1 ), where the concentration of 
pollutants is lower than in the coastal area. The 
water samples were taken with Niskin bottles, 
and pH, T, DO, S, and other parameters were 
obtained on the spot with electrode facilities 
present on board. River water was taken in the 
Scheidt River ofT Burcht. For some experiments 
artificial seawater was used (Riley and Chester, 
1971). 

2.2. Analytical methods 

All glass and plastic ware was soaked in diluted 
HNO solutions for several days and thorough
ly rin~ed with de-ionized water further purified 
over a Milli-Q system (Millipore Corp.) before 
further use. All reagents used were of the supra 
pure grade. The sediment characterization was 
performed using energy-dispersive X -ray fluo
rescence (XRF) and atomic absorption spec
trometry (AAS). For detailed information we 
refer to Van Alsenoy et al. (1992), where the 
pollution level of these sediments is extensively 
discussed. The dissolved concentrations were 
determined with AAS or anodic stripping volta
mmetry (ASV), depending on the concentra
tions of the heavy metals of interest. 
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Fig. 1. A - Map of the North Sea with sampling area indicated. B - Map of the studied area showing the 
positions of sample sites. Bar in lower right is 10 km long 

AAS was performed using a Perkin Elmer PE 
3030 flame spectrometer and a Perkin Elmer 
PE-5100 Zeeman instrument provided with a 
graphite furnace. Depending on the element, 
measurements were carried out with matrix 
modifier, pyrolytically coated graphite tubes 
and L'vov platforms. 

Differential pulse ASV was performed using 
a PAR polarographic analyzer/stripping volta-

68 

meter model 264 provided with a PAR static 
Hg drop electrode model 303 (Princeton Ap
plied Research). The initial voltage was set to -
1.25 V. Stripping for the elements Zn, Cd, Pb 
and Cu was obtained by varying the voltage 
from -1.25 V to+ 0.15 V by 5 mV.s·1• The pH of 
the samples was acidified to 3.0 - 3.5. Often the 
concentration variation in the samples did not 
allow simultaneous determination of the four 



metals ions. In these cases Pb and Cu were de
termined using an initial voltage of -0.6 V and 
stripping was obtained by reversing the voltage 
up to 0.00 V. These measurements were carried 
out at a pH lower than 2. Zn and Cd were de
termined at pH ::::: 4 with an initial voltage of -
1.25 V and reversing up to -0.6V. 

The radioactivities of the solution before and 
after equilibration with 109Cd were measured 
using a Ge(Li) detector, coupled to a Canberra 
2010 amplifier and a 4096 multichannel analyz
er (Type NS 700 Pulse Height Analyzer Econ 
II, Northern Scientific Inc.). To avoid varia
tions in the geometric factors. the samples were 
at all times compared to a standard containing 
the same amount of radiotracer in deionized 
water further purified over a Milli-Q system. 

3. Experiments 

Preliminary experiments were carried out to 
determine the influence of the total suspended 
matter concentration (TSMC) and the equili
bration time on the desorption of the metals for 
different sediments. Subsequently the influence 
of salinity and the pH was investigated by equil
ibrating the polluted sediments in mixtures of 
sea and river water. The single and combined 
effects of salinity, temperature and composi
tion of the suspended matter on the adsorption 
of Cd to natural suspended matter and sedi
ments in sea and river water was investigated 
using the radiotracer 109Cd. 

The influence of the TSMC was investigated 
by equilibrating the polluted sediments with 
seawater, using sediment concentrations be
rween 5 and 1 00 g/1. Sediments were used in
stead of natural suspended materials since a 
large number of experiments were carried out 
on each sample, implying that a large amount 
of material was needed. The chosen sediments 
contained mainly clay fraction ( < 63 ~m). The 
investigated suspended matter load was much 
higher than those encountered in the surface 
water of the natural environment (1 0-100 mg/1). 
These high concentrations had to be used since 
lower TSMC resulted in dissolved heavy metals 
concentrations below the detection limits. This 
approach also favoured comparison with other 
studies where similar concentrations were used 
(e.g. Prause et al. (1985) used 15 g/1). Equilibra
tion was performed by allowing the sediment
water mixtures to rotate slowly in polyethylene 
est tubes on a test tube rotator for several days. 

The kinetics of the desorption process were 
investigated by allowing the sediments to equil
ibrate in sea and river water, by rotating them 

slowly in polyethylene tubes with a TSMC of 20 
g/1. At preset time intervals, the mixture was 
centrifuged and a few ml were subtracted for 
analysis. The withdrawn volume was replaced 
by the same amount of fresh sea or river water. 

Solutions of different salinity were obtained 
by mixing filtered (over a Nuclepore membrane 
with 0.4 ~m pore diameter) sea and river water 
in different ratios. The salinity was determined 
using the method of Mohr (Riley and Chester, 
1971 ). The sediment samples were equilibrated 
over 5 to 7 days in solutions of different salinity 
and subsequently filtered and the dissolved 
heavy metal concentrations were determined. 

The influences of temporal and persistent 
changes in the pH on the desorption were in
vestigated. From the previous experiments and 
data from the literature (Li et al., 1984; Cal
mano et al., 1988), the salinity is known to be an 
important parameter. To examine if the pro
cesses are the same in different water masses, 
parallel experiments were carried out in sea
and river water. As a first experiment, seawater 
was acidified with HCl, for river water HN03 
was chosen because Cl- can form strong com
plexes with e.g. Cd2+, which may result in more 
important mobilization due to complexation, 
while only the pH dependence was under inves
tigation. The Cl- added to the seawater is negli
gible compared to the Cl- present. To increase 
the pH, NaOH was used in both sea- and river 
water. Ten points between pH 3 and 10 were 
selected. During the equilibration time, the DO, 
redox potential and the pH were checked on a 
daily basis. In some samples the DO changed 
significantly during equilibration time: it could 
drop to half the original value. This study is re
stricted to oxidative processes, and during the 
equilibration, enough 0

2 
(3-8 mg/1) was present 

to ensure oxidative processes. The redox poten
tial showed less fluctuations during equilibra
tion and oxidative conditions were always 
present. In this first experiment, the pH of the 
samples was not kept constant during equili
bration, which implied a rapid restoration to 
the original pH. These experiments were in
cluded to mimic the effect of temporal changes 
in the pH. In a second experiment the pH was 
several times readjusted to an acid pH (2.6 ± 
0.2) to examine the effect of multiple decreases 
in the pH. Finally the effect of a constant 
change of pH was investigated by allowing the 
sediments to equilibrate with sea- and river wa
ter where the pH was kept constant during the 
time of the experiment. 

The single and combined effects of the salin
ity, temperature and composition of the solid 
phase on the adsorption of Cd on natural sus-
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pended matter was investigated. The solutions 
of different salinity were obtained by filtering 
estuarine water of different salinities, with the 
missing salinities being replaced by artificial 
seawater dilutions. Addition of a minimal 
amount (20 ~l) radio-isotopic 109Cd ( 453 d) 
(carrier free CdCl2 in 0.1 M HCI, 6.5 ~g Cd/ml) 
resulted in a dissolved Cd concentration of 0.52 
~gfl or 4.6 10-9 M, which is a realistic value for 
dissolved Cd concentrations in the Scheidt es
tuary where the concentrations range from < 
0.1 to > 3 ~g Cdfl. The sediment (150 ~g) was 
allowed to equilibrate for 4 hours (Salomons 
and Forstner, 1984) in 250 ~~ solution of differ
ent salinity containing the radiospike 109Cd. 
Mechanical stirring ensured a constant circula
tion of the sediment, resulting in an optimal 
contact between particulate and dissolved 
phase. The temperature was kept constant at 
7 oc; the pH of the solutions were kept constant 
at pH=8. It was experimentally .determined t~at 
a stabilization process of 35 mmutes for artifi
cial seawater ensured a constant pH of 8 during 
the 4 hours of reaction time. The pH was regu
larly checked and the samples with a pH devi
ating from pH=8.00± 0.05 were rejected. The 
temperature dependence of the distribution co
efficient of the adsorption process was investi
gated for three temperatures: 7 oc. 13 oc; and 
18 oc, which are commonly encountered m the 
natural environment. The temperature was kept 
constant (to 0.5 oc) during the experiment by 
the using a cryostatically cooled ethanol/water 
bath. The salinity dependence at three different 
temperatures (l 0-15-20 oc) and for three dif
ferent sediments was investigated for different 
solutions of artificial seawater. The sediments 
differed significantly in concentration of Fe, 
Mn, organic matter and heavy metals contents 
(Table 1). 

Table 1 

Elemental concentration, organic C content 
and the abundance of the clay fraction 
(<63 J..Lm)of the studied sediments 
Site <63 c Ca Fe IMn Zn Cu ~d 
identi- J.l.ffi (%~ (%) (%) ~g/g) {J.l.gfg {J.l.gfg' {J.l.g/g) 
fication I(%) 
Site 5 1.6 5.2 10.81320 390 36 0.28 
ws 21 0.47 1.0 1.3 95 290 18 0.20 
Burcht 2 - 9.7 5.8 0.67 590 490 94 9.9 
Doell 83 3.2 4.1 4.2 730 550 280 12.4 
Doe12 97 2.5 4.3 5.21100 670 130 13.0 
ZB3 83 6.3 8.6 3.0 640 190 15 0.90 
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4. Results and discussion 

The distribution coefficient Kd for the desorp
tion experiments was calculated using: 

C . I 
K _ parllcu ate "th· 
d- • Wl • 

c solution 

C . = the particulate metal concentra-
part•culate • ( / ) 

tlon ~g g 
C . = the dissolved metal concentration 

solut1on (~g/l) 

For the radiotracer experiments the Kd was 
calculated by: 

[~ ] v 03 . h· Kd= --1-.1 ,Wit. 
Ae g 

A = the activity of the solution before 
0 

equilibration ( counts/1 00 s) 
A = the activity of the solution after 

e equilibration ( counts/1 00 s) 
V = the volume of the solution (ml) 
g = the mass of the sediment (g) . 
The preliminary experiments on the relatiOn 

between the distribution coefficient and the 
TSMC showed that the Kd changed paraboli
cally with the TSMC for all elements in all sam
ples except for Cu, which showed a constant 
behaviour over the investigated range. At high 
TSMC (Fig. 2 A), high Kd values were found 
since only small fractions were able to mobilize. 
This could be attributed to saturation of the so
lution. The K decreases with decreasing TSMC 
since larger hactions of the element are al
lowed to dissolve. The Kd then reaches its min
imum and starts to increase again with decreas
ing TSMC. This increase in Kd is caused by a 
dilution of the dissolved concentration. The 
maximum fraction of the element under the 
given circumstances has mobilized. Further de
crease in TSMC will further increase the Kd. 

An example of the results of the preliminary 
kinetic experiments for Cd is presented in Fig. 
3, which shows the typical relationships found 
between the K and the equilibration time. Dur
ing an observ:tion time of more than a week, 
measurable concentrations of Cd, Pb and Zn 
were detected within the first minutes of con
tact. For Cu only after several days (>5 days), 
measurable dissolved concentrations were de
tected. Depending on the element and the sed
iment, different kinetics were found. The estua
rine sediments achieved equilibrium in a few 
days for most of the elements (e.g. Fig. 3). The 
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Fig. 2. Distribution coefficient Kd (A) and the fraction of 
the Cd desorbed (B) as a function of the TSMC. Crosses 
= Doell ; rectangles = Doel2 
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Fig. 3. Distribution coefficient Kd as a function of equili
bration time, for estuarine sediments in sea and river wa
ter. Rectangles = Doell -Sea; crosses = Doel2-Sea; stars 
= Doell-River 

harbour sediments showed a constant mobiliza
tion through time, indicating that the equilibri
um was reached within the first half hour of 
contact. For these sediments cation-exchange 

may be an important mechanism for Cd and 
Zn. These results are in contrast to those found 
by Prause et al. (1985), where no significant re
lease of Cd and Pb was determined within 24 
hours contact of dredge spoil and original estu
arine water. Our results show (Fig. 3) that there 
is little difference between the kinetics in sea
and river water, indicating that the same pro
cesses are occurring in different water masses. 
Generally, Cu desorbs very slowly from pollut
ed sediments in "unpolluted" sea- and river 
water: for some sediments, reaction times long
er than a week were necessary to detect any Cu 
desorption at all. For Cd and Zn a few hours up 
to a few days are necessary to obtain equilibri
um, depending on the characteristics of the 
sediments. From these experiments it was seen 
that Cd desorbs most easily from,polluted sed
iments put into contact with "unpolluted" sa
line water. The sediments from the estuary mo
bilize 50 to 60 % of the Cd present, while the 
sediments from the harbours along the coast 
mobilize up to 35 % of the Cd content. Up to 
1 0 % of the particulate Zn of the estuarine sed
iments was transferred to the saline water, while 
this was only 2 % for the sediments from the 
harbours along the coast. Pb and Cu redissolve 
in much smaller fractions: the fraction of Pb 
redissolved never reached 1 %, while Cu never 
reached 3 %. Generally, the estuarine sedi
ments released higher fractions of elements in 
saline water than the sediments of the coastal 
harbours, which originate from saline environ
ments. These ease-of-release sequences are 
comparable to those found in the literature: 

Cd > Zn > Cu (VanDer Weijden et al., 1977); 
Cd > Pb > Cu (Dong et al., 1985). 
The distribution coefficients decrease with 

increasing salinity (Fig. 4 A) and larger frac
tions of the elements can desorb when the sa
linity increases (Fig. 4 B). The influence of the 
salinity on the sorption processes has been ex
plained before in the literature (Salomons and 
Forstner, 1984). The effect of the ionic strength 
at changing salinities can affect the surface 
constants (Bourg, 1983), ions as Ca2+ and Mg2

:+

may compete for surface sites (O'Connor and 
Kester, 1975; Gupta and Harrison, 1981; Mill
ward and Moore, 1981) and chloro-complexes 
may compete with sorption processes (Salo
mons, 1980; Bourg, 1983). Cu showed only a 
detectable desorption at the highest salinity; no 
desorption was encountered at salinities < 25 %o. 
Bourg (1983) found that surface constants are 
greater for Cu than for Zn, while the chloro
constants are smaller, resulting in lower des
orption fot Cu. There are significant differenc-
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Fig. 4. Distribution coefficient Kd for Cd (A) and the frac
tion of Zn desorbed (B) as a function of the salinity. Rect
angles = Doell; crosses = Doel2; stars = ZB3 

es between the Kd and the fraction of the ele
ments mobilized for the different sediments 
and different elements: linear, non-linear and 
constant functions were found, but no system
atic trend was detected (Fig. 4). This may imply 
that different binding types for Pb and Zn are 
present in different sediments. No correlation 
was found between the Fe, Mn or organic con
tent of the sediments, and the mobilization of 
Cd, Cu, Pb and Zn. The number of samples and 
the range of Mn, Fe, C and heavy metal con-

org 
tent was, however, too small to draw general 
conclusions. 

Figure 5 includes the Kd for the adsorption 
process and the percentage of the Cd sorbed as 
a function of the salinity. As a matter of com
parison, some desorption data are simulta
neously presented. Some precaution is, howev
er, necessary since the TSMC and the Cd con
centrations were different for the adsorption 
and desorption experiments, while Kd changes 
as a function ofboth these parameters. Regard
less the position of the curves, the Kd of the ad
sorption and desorption processes can be treat
ed identically in the salinity range > I 0 o/oo for 
different sediments of the same region. Even at 

72 

Salinity {pm) 

80 .-------------------------------~ 

m\ OC 
~ 60 

] 50 
~ 
t3 40 .... 
0 

g 30 
·~ 

"' .<: 20 

' ' '-t 
' ,+ 

' ' ' +. ... ... .... 
.... 
~"'+ -.... 

- .... _ """"k. ..... -.... 

----~... 
--~ 

~ IOL=~::::;:::~===::====-J 00 10 15 20 25 30 35 
Salinity (pm) 

Fig. 5. Distribution coefficient Kd (A) and the fraction of 
Cd sorbed (B) as a function of the salinity. Rectangles = 
desorption Doell; crosses = adsorption Burcht; triangles 
= desorption Doel2 

lower salinity (0-10 %o) the changes in Kd with 
salinity are very similar for the adsorption and 
the desorption process. These conclusions indi
cate that the metal binding character for the 
adsorbed 109Cd may be identical to the natural
ly bound Cd released during the desorption 
process. The magnitude of the Kd, however, 
needs to be determined according to the differ
ent environmental parameters. The fraction of 
the elements adsorbed reached easily 80 to I 00 
% for adsorption; desorption involves only a 
few percentage of the elements, except for Cd 
where up to 50 to 60 % of the present Cd can 
mobilize. 

The pH of the acidified solutions returned 
back to the original value during the first min
utes of contact with the sediments. The alkaline 
samples, however, needed several days to re
duce the pH back to its original reading. The 
sediments were equilibrated at the original pH 
(7.6±0.2) for several days after the temporal 
change in pH. A slight increase in mobilization 
was detected when the pH was temporarily de
creased, while a temporal increase in pH de
creased the mobilization of the heavy metal's 
for pH = 8-I 0. The influence of the temporal pH 



difference on the K (Fig. 6 A) and the extent of 
mobilization (Fig. ~B) varies from sediment to 
sediment and also from element to element. 

Cu seems to be relatively unaffected by a 
temporal pH change and gives a fairly constant 
mobilization over the investigated pH range 
(Fig. 6). The extent of mobilization was compa
rable for the three stud~ed samples and 
amounted to approximately l %of the Cu con
tent of the polluted sediments. The Zn, Pb and 
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Fig. 7. Desorption as a function of pH. Open circles = Zn; 
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Cd mobilization changes with temporal chang
es in the pH of the overlying water (Fig. 6). The 
difference in Kd and the fraction of the element 
mobilized is, however, small in the pH range 
between pH=3-8. The largest difference is 
found at the higher pH values. For the three in
vestigated sediments at the most acidic pH, the 
sediments released respectively 9, 8 and 3 % of 
the Zn concentration and 65, l 00 and 50 % of 
the Cd concentration, which differs only by l or 
2 % of the fraction released at natural pH. At 
the highest pH, Zn was released in the order of 
0 and 2 % and Cd between 0 and 60 %. The 
desorption of Pb was only slightly affected by 
this initial change in pH, but mobilization larg
er than l% was not encountered . 

Consecutive increases in the pH do not affect 
the Cu mobilization. The total fraction mobi
lized with or without changes in the pH result
ed in a Cu release of ca. l %. Since the Cu des
orption is very slow, short-lived changes in pa
rameters have no influence whatsoever on the 
desorption process. The mobilization of Cd on 
the contrary, is very fast but it is also relatively 
unaffected by sequential pH adjustments, since 
most of the available Cd mobilizes during the 
first reaction minutes. The total fraction of Cd 
released with or without pH differences chang
es little. The mobilization of Zn and Pb is clear
ly affected by multiple pH differences and rela
tively larger fractions are mobilized with every 
acidification. 

Figure 7 gives the "desorption edges" in sea
water as a function of the pH. In contrast with 
the pure phases where adsorption increases 
from 0-l 00 % over 1 or 2 pH units, desorption 
seems to be spread over 4 to 5 pH units. At low 
pH the desorption was almost complete for the 
investigated elements except for Pb which 
reached only 60 % desorption for some sedi
ments. If the position of the desorption edges 
does not differ significantly with TSMC, the 
natural changes in pH (6-8.5) may induce sig
nificant differences in the extent of desorption 
for Zn and Cd, but not for Pb and Cu. 

Drying the sediment has little effect on the 
position of the "desorption edges" (Fig. 8). Dry
ing does not seem to change significantly the 
metal-sediment binding character involved in 
desorption. The composition of the overlying 
water does have a significant effect. The effect 
of the difference in salinity is largest for Cd and 
is seen over the whole pH range. The influence 
of the salinity on the position of the "desorp
tion edge" for Zn, Cu and Pb is smaller and was 
only seen at the lower pH. 
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The adsorption of Cd to natural particulate 
matter in estuarine water is temperature depen
dent (Table 2). Several factors may be impor
tant to the temperature dependence of adsorp
tion processes (Machesky, 1990): equilibria be-
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Table 2 
Influence of the temperature on the adsorption 
of Cd on natural particulate matter 
from the Scheidt River 

Temperature 
(·q 

7.0 ± 0.5 
13.0 ± 0.5 
18.0 ± 0.5 

K 
(g}l) 

1.89 ± 0.13 
3.25 ± 0.25 
4.91 ± 0.44 

Percentage 
adsorbed (%) 

53± I 
66 ± 1 
75 ± 1 

tween solution forms of an absorbing ion are 
temperature dependent, the zero point of 
charge changes with temperature, the adsorbed 
to solution phase ratios of cations will vary with 
temperature and the kinetics may also be tem
perature dependent. The results reported by 
Machesky (1990) indicate a decrease in cation 
adsorption with decreasing temperature for hy
drous Fe oxides. This decreasing trend was also 
recorded for natural particulate matter. The re
sults suggest that there is a linear relationship 
between the ~ and the temperature (Table 2), but 
the number ot experiments is too limited to make 
general conclusions. The temperature has minor 
influence on the relation between adsorption and 
salinity (Fig. 9). Bale (1987) found separated par
allel curves at different temperatures. 

The relation of the distribution coefficients 
and the salinity for 3 different sediment sam
ples is summarized in Fig. 10. An exponential 
relation [Kd = exp(a + b.S + c.S2)] could be 
found between the salinity and the distribution 
coefficient with a correlation coefficient of 
0.97-0.99. Similar relationships were found be
tween the % ·adsorbed and the salinity for all 
the sediments. Even though the number of sed
iments used (n=3) was very small, we calculat
ed correlation coefficients between sediment 
characteristics and the distribution coefficient. 
No correlation was found between the Kd and 
the total Fe and Mn content with r ranging be
tween -0.36 and 0.1, but there is a high correla
tion between the K and the organic matter 
content with r=0.99. 'The importance of the or
ganic material during sorption processes has 
been pointed out frequently in the literature 
(e.g. Calmano et al., 1988). 

5. Conclusions 

This work determined experimentally the distri
bution coefficient of Cd, Cu, Zn and Pb consid
ering desorption processes and the adsorption 
of 109Cd for natural particulate material from 
the Scheidt estuary. The desorption of Cu from 



polluted sediments is very slow. Only at high 
salinities, minor desorption was detected. At 
persistently low pH ( < 4) desorption was com
pleted to 100 %. Also the Pb desorption is very 
limited and only strong acidification of the so
lution will desorb considerable fractions of the 
element. The desorption of Cd is significant as 
a function of all the parameters. The desorp
tion process is fast and up to 60 % of the ad
sorbed Cd can be released into natural water. 
Both salinity and pH can change the distribution 
between the solid and the dissolved phase consid
erably. The extent of Zn desorption is intermedi
ate between Cd and Pb. Both salinity and pH are 
important parameters to be considered for the 
sorption processes in the natural environment. 
Temporary changes in the pH change the desorp
tion of Zn and Pb irreversibly, but have only a 
minor influence on the desorption of Cu and Cd. 
The character of metal-sediment binding, which 
is involved in the desorption process is not 
changed by drying the sediment. 

The adsorption of 109Cd on natural particu
late matter from the Scheidt estuary changes as 
a function of temperature, salinity and compo
sition of the particulate matter. The tempera
ture has only a minor influence on the Kftfsalin
ity relation, while the composition of tne sus
pended matter showed to be very important. Even 
though the number of samples used was very low, 
the preliminary results show that the organic con
tent of the sediments may be the most important 
parameter for the Cd adsorption. 

The similar relation between the Kd of the 
adsorption process using 109Cd and the desorp
tion process as a function of salinity, indicates 
that the metal binding character of the ad
sorbed 109Cd may be identical to the naturally 
bound Cd released during the desorption pro
cess. The magnitude of the Kd, however, needs 
to be determined according to the different en
vironmental parameters. 
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