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Abstract—The particle size distribution in the Rhine River near Basle (Switzerland) was measured for a
period of over 1 year. Peaks in the measured size distributions were consistently observed in the ranges
of 100-200, 300-700 nm and 1-3 um. The size distributions observed did not vary greatly with time or
flow rate. Predictions of a classical coagulation/sedimentation model agreed well with these field
observations. This agreement between model predictions and field measurements indicated that the
unknown (and probably dynamic) “initial” particle distribution may have been quickly transformed,
either in the river or in the interstitial soil solution, through coagulation and sedimentation into the
characteristic and relatively stable shape experimentally observed.

Key words—aquatic colloids, river, submicron particles

INTRODUCTION

The importance of submicron particles (subsequently
called colloidal particles or colloids) to the distri-
bution of pollutants in natural aquatic systems
has recently been recognized (Baker et al., 1986;
Morel and Gschwend, 1987; Sigleo and Means,
1990). Colloidal particles may sorb significant quan-
tities of both organic and inorganic pollutants due
to their large surface areas relative to their mass.
The relative surface area available for sorption is,
of course, a function of colloidal size. The fate
of colloidal particles is a function of their size
distribution, morphology and composition, as well
as the chemistry and flow-patterns of the surrounding
water body. Thus the particle size distribution
may influence both the mass of a pollutant which
will sorb to colloidal particles and whether the
particles and sorbed pollutant will remain in sus-
pension or coagulate and sediment to a river or lake
bed.

In spite of its importance, little information cur-
rently exists on the size distribution and behavior of
colloidal particles in surface waters (Laxen and
Chandler, 1983; Nomizu et al., 1987; Salbu er al.,
1987; Orlandini et al., 1990; Salbu and Bjornstad,
1990). This is partially due to the difficulty in deter-
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mining submicron particle size distributions. We have
studied the particle size distribution in the Rhine
River near Basle, Switzerland for a period of over 1
year (Perret et al., 1994). In this article we evaluate
the relationship between the observed particle size
distributions, and the season and the flow-rate of the
river. We also compare the observed particle size
distributions to those predicted by a classical coagu-
lation/sedimentation model in order to ascertain
whether currently available coagulation/sedimenta-
tion theory can help to explain the particle size
distributions in the Rhine River, especially in the
submicron domain. The assumptions of such classical
coagulation/sedimentation models are not directly
applicable to rivers. However, our present purpose is
not to model colloid transport in the river, but rather
to semi-quantitatively explore the role of coagulation
and sedimentation in controlling the size distribution
of submicron particles observed in the river.

METHODS

Experimental Methodology

Water samples were collected from the Rhine River at
Birsfelden (Basle, Switzerland) approximately bimonthly.
Samples were collected 1 m below surface level using a high
speed pump. The sampling procedure and site have been
described in detail by Perret et al. (1994). Samples were
fractionated by sedimentation followed by cascade centrifu-
gation and filtration as described by Perret e? al. (1994). The
sedimentation and first and second centrifugation steps were
carried out in the field immediately after sample collection
in order to reduce the possibility of coagulation prior to
analysis.
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The particle size distribution was measured using a
Malvern, Zeta Sizer III, photon correlation spectropho-
tometer (PCS), as previously described (Newman and
Buffle, 1994; Perret et al., 1994). Samples were also exam-
ined by transmission electron microscopy (TEM) (Zeiss
EM109) and the composition of the various size fractions
was determined by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) (Perkin—Elmer, Plasma
1000) (Perret et al., 1994) and total organic carbon (TOC)
analysis (Dohrman, DCR80).

PCS analyses reported here were carried out at a mini-
mum of three scattering angles in order to check for
masking of small particles by the presence of larger more
efficient scatterers, and to verify that all particles, present
in sufficient numbers to be identified, were found
(Schurtenbeger and Newman, 1993). The mean and stan-
dard deviations reported here are based on a minimum of
three, and frequently as many as 15, replicates. These
replicates include analyses made at varying scattering
angles. Therefore variation due to the presence of non-
spherical, irregularly-shaped particles is included in these
standard deviation values.

The total mass of the raw sample and of a sedimented
sample was measured by filtration and gravimetry. The
length of the sedimentation step was chosen to allow
removal of larger, more dense particles (Perret et al., 1994).
Based on Stokes’ law it was estimated that particles greater
than 3um in diameter with densities greater than
1.5 gem? (Jerlov, 1976; CRC, 1989) were removed during
the sedimentation step. The difference in the mass
measured for a raw and sedimented sample was then taken
to represent the percentage of the total mass greater than
3000 nm in diameter.

Mie analysis (Ford, 1983) was used to convert
the intensity weighted size distributions obtained by PCS to
volume (mass) weighted distributions and subsequently to
the percent of total mass in various size classes (Bott, 1988;
Van der Meeren et al., 1988; Newman and Buffle, 1994).
Size classes were set at <200 nm, 200-700 nm, 700 nm-
1 pum, 1-3 um and >3 um based on the size ranges most
frequently observed for peaks in the size distributions.

A complete size distribution could not be obtained from
a single, unfractionated, sample due to the broad range of
sizes present in the Rhine samples, and the limited resol-
ution possible with PCS. Therefore, a combination of the
particle mass removed during the sedimentation step, as
described previously, and mass weighted size distributions
obtained both for the sedimented sample and the super-
natant from a 5h centrifugation (3700 g) [second centrifu-
gation step; see Perret es al. (1994), Fig. 1 for the complete
fractionation scheme] was used to estimate a composite
distribution. The percentages of particle mass within the
two size classes, 700 nm-1 ym and 1-3 gm, and the per-
centage of particle mass <700nm were based on the
results for the sedimented samples. The percentages of
particle mass between 200 and 700 and <200 nm were then
estimated by multiplying the percentages measured in the
supernatant of the second centrifugation step (5h at
3700 g) by the percentage of particles <700 nm estimated
from the sedimented samples (see Fig. 1). The supernatant
of the second centrifugation step (5 h at 3700 g) was used
preferentially to that of the first centrifugation step (0.5h
at 520 g) because separation of particles smaller and larger
than 700 nm has been found to be more efficient in the
latter centrifugation.

The percent error associated with mass weighted size
distribution measurements was estimated to be approx.
10-15% as discussed in Newman and Buffle (1994). This
error was propagated in the subsequent calculations. Based
on the standard deviations between replicates for the total
mass and sedimented mass measurements and a generous
allowance for the assumptions (such as estimation of par-
ticle density), the total error associated with estimates of
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Fig. 1. Particle size distributions measured by PCS for a
sample collected from the Rhine River on 6 November 1990.
(a) Raw sample, (b) after a 2h sedimentation, (c) after
centrifugation for 1.5 h at 3700 g. Particles in the raw sample
were larger than the upper limit of PCS and frequently
sedimented between replicate analyses.

the percentage of total mass in the various size classes is
approx. 35-45%.

Modeling Methodology

Model description

Basic coagulation theory for hydrophobic colloids,
which is largely based on the seminal work of Von Smolu-
chowski (1918), has been presented in detail elsewhere
(Friedlander, 1977, O’Melia, 1980, 1987; Stumm and
Morgan, 1981; Hirtzel and Rajagopalan, 1985). Combining
the physical processes controlling colloid collision, as
presented in Table 1, the collision efficiency, and Stokes’
law for gravitational sedimentation yields the dynamic
equation that describes the transport of particles in aquatic
systems.

The dynamic equation for the particle size distribution
(discrete form) is given by
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where n,, n;, n, denote the number concentration of particles
of sizes i, j, kK (L7%); a(i,j) is the collision efficiency,
which includes the chemical nature of the particles and the
solution (dimensionless); B(i,j) is a collision frequency
function, which depends upon the hydrodynamic mode
of interparticle approach (L3T~!) (see Table 1 for
the functional relationships for the three particle collision
mechanisms considered); w, is the settling velocity of
particles of size k assumed by Stokes’ law (LT™!), and z is
the depth (L).

The left-hand side of equation (1) describes the rate at
which the number concentration of particles of size k
changes with time (L~>T~'). The first term on the right-
hand side of equation (1) expresses the formation rate of
particles of size k from smaller particles (i, /) having a total
volume v,. The second term describes the loss of particles of
size k by formation of larger aggregates. The third term
describes the loss of size k particles from suspension by
settling.
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Table 1. Functional relationships for the three particle collision
mechanisms considered and for Stokes settling rate

Brownian motion (thermal effects)
BGi,j) = Kyl(1/0)'" + (1/0) P, + 0,
K, =2kT/3p

Fluid shear (flow effects)

BG.j)= K‘h(v‘-m + UI_IIJ »

Ky=G/n

LT

(T
Differential settling (gravity effects)
BGi,J) = Ky(v, + 05 Plo)® — o]
Ky = (6/m)"(g/12 p)p, — p)
Stokes settling

w,=S -2’

S =(1/6 22)"(g/3 u)p, — p) @L'T"

v, v; = particle volume; k = Boltzmann’s constant; 7 = absolute
temperature; p = water viscosity; G = mean velocity gradient;
g = gravitational acceleration; p, = particle density; p = water
density.

L'Th

No general analytical solution exists for the dynamic
equation coupling coagulation with sedimentation: it must
be solved either using simplified analytical solutions or
numerically. In the present work the particle size distri-
bution has been expressed as a finite number of size
intervals, and a set of differential equations of the form of
equation (1) have been integrated numerically over time
(Lawler et al., 1980; O’Melia and Bowman, 1984). For
details concerning selection of size intervals and criteria for
assigning newly formed particles to standard particle size
classes, see Lawler et al. (1980). The model has previously
been applied to lakes by O’Melia and co-workers (O’Melia
and Bowman, 1984; Ali er al., 1985; O’Melia et al., 1985;
Weilenmann et al., 1989).

Model limitations

In the development of the model the following assump-
tions are made: (i) colloids are hydrophobic, (ii) particles are
of identical nature (chemically homogeneous), (iii) particles
before and after each aggregation are rigid spheres, (iv)
volume of solid particles is conserved during agglomeration,
(v) particles approach one another on rectilinear paths, the
path of one particle not being affected by the presence of
another, (vi) collision functions for Brownian motion, fluid
shear and differential settling are assumed to be additive,
(vii) only binary particle encounters are assumed to occur,
(viii) breakup or dissociation of aggregates due to fluid shear
or other processes are not included and (ix) the river is
considered as an idealized settling basin: horizontal trans-
port (the rate of horizontal flow and the physical shape of
the river) has not been taken into account. As explained in
the Introduction these assumptions are not directly appli-
cable to a river system. However, keeping this in mind, and
in the absence of more appropriate models, predictions of
this existing model are helpful for qualitatively interpreting
the behavior of river colloids.

Table 2. River properties used in the model calculations

Property Value
Mean half depth (m) 25
Temperature (°C) 15

Water viscosity (gem~'s™") 1.146 x 10~?
Water density (gcm ™) 0.999
Velocity gradient, G (s™') 10
Coagulation efficiency, a 0.05

Particle density (gcm™*) 1.5

Initial particle distribution Varied
Initial particle concentration Varied

WR 28/1—H

Values used in the model simulations

The values of the parameters used in the model simu-
lations are indicated in Table 2. Some more important
parameters will be discussed briefly below. Properties such
as mean depth and water temperature were directly deter-
mined by the values measured for the Rhine River. Certain
other parameters which could not be easily measured have
been estimated and, in some cases, their influence has been
tested by varying their values in the modeling simulations.
The estimated parameters are the mean velocity gradient,
the particle density and the coagulation efficiency.

Mean velocity gradient. The mean velocity gradient, G,
reflects the rate at which particles contact due to velocity
gradients within the flowing fluid. In the present work a
mean value of 10s~' (Stumm, 1977; Stumm and Morgan,
1981) has been selected as characteristic of Rhine River
conditions.

Particle density. For model calculations some assump-
tions about particle density were necessary. Although it is
clear that in natural systems a wide range of density values
exists (a direct consequence of the diversity of particle types
present), particle density was assumed to be constant over
the entire size distribution and for all particle types present.
The density value assumed in the model was 1.5gcm™3
which has been shown to be representative of observations
in natural waters (Jerlov, 1976; CRC, 1989; Weilenmann
et al., 1989).

Coagulation efficiency. Colloid stabilities can be quantitat-
ively compared using the stability ratio, a. « is a semi-empir-
ical dimensionless parameter which is equivalent to the
fraction of interparticle collisions that result in aggregation.
For a perfectly stable suspension (no successful collisions),
a =0. For a completely destabilized suspension (all col-
lisions produce aggregation), o = 1.

Estimates of a have been calculated in several laboratories
using various particles and solutions (Swift and Friedlander,
1964; Birkner and Morgan, 1968; Hahn and Stumm, 1968;
Edzwald et al., 1974; Tipping and Higgins, 1982; Kebler
et al., 1989). Particle stability ratios measured experimen-
tally for fresh surface waters range over two orders of
magnitude, from about 0.001 to more than 0.1 (Gibbs, 1983;
Ali et al., 1984; Weilenmann et al., 1989). Solution chemistry
(including pH, ionic strength and the specific cations and
anions in solution) as well as surface properties of the
particles control the colloidal stability of natural particles
in aquatic systems: in particular calcium may destabilize
colloids (x increases) while dissolved organic matter may
stabilize them (a decreases).

An « value of 0.05 was used in these simulations. This
value falls within the values found in the literature for
water with calcium concentrations and total organic carbon
content similar to those of the Rhine River (dissolved
organic carbon =1.5mgdm3, calcium concentration =
2 mmol dm ™).

EXPERIMENTAL RESULTS
Size distribution

The range of particle sizes observed on a single
sampling date, and over the course of the year, was
continuous from approx. 50 nm to well above the
upper limit of PCS, approx. 3 um. However, peaks in
the size distribution were generally observed for
particles in the ranges of 100-200 nm, 300-700 nm
and 1-3 um (see Figs 1 and 2). The size distributions
observed in the Rhine River lie within the broad
range of values observed in other rivers (see Table 3).
Note, however, that very few detailed size distri-
butions have been reported in the literature. Most of
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these data have been obtained by chemical analysis or
gravimetry of filtered fractions.

The sensitivity and subsequently the detection limit
of PCS rapidly decrease as the particle size decreases
below approx. 25nm (Newman and Buffle, 1994).
Therefore, based on PCS results, it was not possible
to say whether particles smaller than 50 nm were
absent in the river samples or present in concen-
trations below the detection limit. TEM micrographs
indicated that colloids smaller than 50 nm were pre-
sent, however they were most often either coagulated
with other small colloids or enmeshed in large organic
matrices, and may not have been present as indepen-
dent particles (Filella et al., 1993; Perret et al., 1994).
Perret et al. (1994) showed that special sample prep-
aration and imaging techniques must be used to
successfully image organic structures by TEM. There-
fore organic-inorganic associations may often be
overlooked by TEM. Scanning electron microscopy
(SEM) images of colloidal particles from the Missis-
sippi River also indicated that the majority of the
particles present were coagulated to some degree
(Leenheer et al., 1988; Rees, 1990; Rees and Ranville,
1990).

Although there was variation in the mean values
for peaks in the size distribution over time, this
variation was not obviously related to season. The
presence of three peaks and the approximate size

range of the peaks also appeared to be relatively
constant over time (see Fig. 2). A lack of seasonal
variation in colloidal particle size was also observed
by Ford and Lock (1985) for two Welsh rivers.

The colloidal size distribution did not appear
to be greatly influenced by changes in river flow-
rate. The flow-rate varied from a background
rate ranging from 630 m3s~! (September 1990) to
1235m’*s~' (November 1990) to a flood condition
during which the flow-rate could not be measured
(June 1991).

Mass fractions in the various size classes

The mass fractions estimated by weighing and PCS
are given in Table 4 and Fig. 3. Although the mass
of fractions larger than a few hundreds of nanometers
increased significantly during flood periods (June
1991), such was not the case for colloids <200 nm.
These observations were confirmed by ICP analysis
(see below). Figure 3(a) also suggests that the pro-
portions of mass fractions <1000 nm were most
often between 0 and 10%, while the proportions of
fractions > 1000 nm were more variable but were not
obviously related to flood events.

Although ICP analyses of raw and sedimented
samples might have underestimated the true values
for the reasons given in Perret et al. (1994), it was
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Fig. 2. Range of mean values for peaks in the particle size distribution measured by PCS from September

1990 through October 1991 (see “Experimental Methodology” for the significance of mean values). The

peak means fall primarily in three domains: (a) 100-200 nm; (b) 300-700 nm; (c) 1000-3000 nm. The

smallest size detected by PCS is also indicated. The maximum size measurable by PCS is approx. 3000 nm
(depending on particle density).



11

Submicron particles in the Rhine River—II

“Jo)jew dwedio [epIojjoDLi

‘paydde pjeg uo puadop suonisod yead, .
‘[ouueyd ury) e ySnosy) Suimoy suoisuadsns spornaed s1euondRly 0 3010) [EINJLIUD Jemorpusdiad € SAZINN (J.].) UOIBUONDRI) MOp P[oY UoNBIUSWIPAg||
‘PIoY [eSNJLNUSO B Ul [RLID)BW [BPIO[]0d JO uolsuadsns ' jo Ajsuap [edando ur s8ueyo Y} sazinn yoigm anbiuyosa) e st sisk[eue uoneIUIWIPISOIoYdh
‘uoneyudwipasoloyd 10 §Od Aq parewrnss suesw Yead jussardar sanjea asayJ§
‘sojdures paiayy jo Anounaesd £q paarssqo sem saponted jo sseur 15918218 oY) yorym ui sa3uer azis ayy yuasatdar sanfea asay Lt
*103E81seAUl 2y} 0} IsaIaul Jo afuel azis Y Jo/pue sisk[eue Jo poyldwr dy) Aq parwi] Ajuanbaiy 219Mm PoaAIIsSqo $IZIs YL
‘poyrawr Sunysom uowwiod B 0) JunsoL10d 181y noyim s[qeredwod A[1dalp jou e
SpOY1aW snotiea 353yl Aq paonpoid suonnguisp Y ‘pasn anbiuysa) jeanAjeue oY) ut pakojdwa poyyaw (K)susrur FuLsiiess S Jo Jaqunu ‘awnjoa ‘sseur) SunySiom oY) JO UOTIOUNY € ST PAUIRIqO UOTINQUISIP 3ZIS Y,

(6861) v 12 apreaiy

(9861) piod pue Y007
(s861) ¥2071 pue piog
(1861) /v 12 uuewgyoy
(8861) 12 12 19099
(z861) ‘v 12 spyeysteIRy]

(0661) /v 12 13qeM

(0661) 19SIEY] PUER BQUIOD)

(8861) v 12 nzIwoN
(L861) v 12 nziwoN

(L861) [ozuep pue soFsfien

(0661) aqtauey pue s33y
(0661) 22y
(8861) v 12 193Yuda]

(£861) ‘7 12 JUDA 9P UBA

POAIOSQO SOZIS UI UOIBLIEA [BUOSEIS OU

spooy Suunp pajeAd[d
NG MO [BULIOU JB JUEISUOD UOIBIIUIIUOD PIOf[0D
2)B1-MOJj I2ALI Ul UONIBLIBA [BUOSE3S 0) paje[al syead

wr g0
10 wr g< sassep ul sapnted jo ssew 3sa3eId oY)

ssewr [2)0) aY) Jo 9, ¢ dn apew wr ¢> SpIOj0d
2JeI-MOfj 12AU puE
UONBIJUSOUOD PIO[[0d UOMIaq paalssqo diysuonear

SSew [2101 9Y) JO %¢[—§ dn opew wu gop> SPIO[|0d

wu o7
»+ WU 00T ‘001

wu QgL-08Y

wu 087-0LT
wu 0TE-00¢
wu 08z

wu 08+—-00v
uu 09¢—01¢€
§wu opH—09T

jwrzi—¢

Hwr [—wugr>

LM 000°00€-MIN 000°001
Hwr £0-MI 000°001

Hwr £0-mI 0001 >

HEMN 000°001 <-MW 0001 >

wu 00$—001

wu 0s-T

wr g <—wu gOg

w [-wu o]
wu g0 -wu of

wr 9" |-Wu 067

wrf go-uIu ¢

uonen|y

uonenjy
uoneny
uonen|y
| A41-uonEIUAWIpas

| 4.1 -uoneIuawIpas

uoneny

uonednjinuad ‘uonen[y

WAL ‘uonednjunuso

SOd ‘Suiaals ‘uoneiudWIPas

W4s
‘§Dd ‘lpuoneyusunpasojoyd
‘uonesy[y ‘uoNBIUAWIPIS

uoneny

epeue)
‘suIeal)s 1apio 1s| fealog

‘swrean)s Jopio Y3y [earog
sajepy ‘19qy ‘SopamA|D
V'S ‘ddississiy

Bl[ENSNY ‘eliex

V'S ‘0peIo[0) ‘UID ‘Ld

PUBIIZING “WE[D

BpRUB) ‘9dUAMET IS

uedef ‘emedieuoys

VS 001D emyony)

V'S ‘SESURNIY ‘ONYM
‘04O ‘UnOSSIN
‘stoutf|[ ‘rddississiy

puejjoH ‘ouryy

ERENEYE)

BjuEliiliifvg]

uonnqLISIp 9ZIs Ul syesd

4paAlssqo sazig

+«Pasn sanbruyoo],

pojdures JaATy

sojdwes JoAU Ul paAsesqo sapnaed [epiofo) ‘¢ dqel



112 MEREDITH E. NEWMAN et al.

Table 4. Particle mass observed in each size class of the Rhine River

samples
Size class Mass Percent of
Date* (nm) (mg dm~3) total mass

22/1/91 > 3000 2.4 38.8
1000-3000 2.8 46.6
700-1000 0.2 29
200-700 0.5 9.3
<200 0.2 2.4

Total 6.1 100
12/3/91 >3000 1.8 28.5
1000--3000 3.7 57.2
700-1000 0.2 3.2
200-700 0.7 10.1
<200 0.1 1.1

Total 6.5 100
30/4/91 > 3000 29 54.0
1000-3000 0.9 16.6
700-1000 0.6 11.5
200-700 0.9 17.3
<200 0.1 0.6

Total 5.4 100
17/6/91 > 3000 637.6 91.0
1000-3000 16.1 23
700-1000 1.4 0.2
200-700 455 6.5

<200 0 0

Total 700.6 100
13/8/91 > 3000 8.8 81.7
1000-3000 0.7 6.7
700-1000 03 2.8
200-700 0.8 7.1
<200 0.2 1.7

Total 10.8 100
22/10/91 > 3000 4.2 60.0
1000-3000 20 27.7
700-1000 0.1 1.8
200-700 0.5 6.9
<200 0.2 3.0

Total 7.1 100

*Samples were collected on six dates. Duplicate samples were
collected on each sampling date. Each duplicate was then
fractionated and multiple analysis (3—15) were performed on
each fraction.

possible to observe the seasonal evolution of the
elemental concentrations in the various size fractions.
The results [Fig. 4(a)(c)] indicated that the compo-
sition of the various colloidal size classes varied little
with time or flow-rate. As mentioned above, ICP
analyses also showed the concentration of larger
particles to be strongly influenced by river flow-rate
while the concentration of smaller particles
(<200 nm) was much less affected [Fig. 4(a)(c)].
A similar trend was observed for the organic
matter content as measured by TOC. TOC could not
be measured in centrifuged fractions, for the reasons
given in Perret et al. (1994), but the time evolution of
TOC in raw water, sedimented samples and filtrates
of 0.8 and 0.05 um pore size membranes are given in
Fig. 4(d). In all “normal” flow-rate situations, the
organic matter content of raw water was primarily
composed of molecules smaller than 0.05 um. This
agrees with the generalization that in aquatic systems
containing primarily pedogenic organic matter, the
“particulate” organic carbon (>0.45 um) represents
< 10% of the TOC (Buffle, 1988). On the other hand,
during the flood event of June the proportion of

100
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Fig. 3. (a) Percentage of mass concentration and (b) total
mass concentration in the various size classes in the Rhine
River from September 1990 through October 1991.

organic matter >0.8 um increased significantly
[Fig. 4(d)], as did inorganic elements [Fig. 4(a)—-(c)].
Zumstein and Buffle (1989) also observed the “par-
ticulate” pedogenic organic matter content of rivers
to be correlated to storm events.

The cause of the size dependent effect of river
flow-rate on mass loading is not known. However,
an intuitive explanation is that the increased river
velocity during the flood maintained large particles in
suspension which would have sedimented at normal
velocities. Submicron colloids do not require in-
creased velocities to remain in solution since their
sedimentation rate is extremely slow even during
quiescent conditions.

Similar observations of increases in the mass
concentration of larger particles during periods of
high flow have been made in the Glatt River in
Switzerland (Waber et al., 1990) and several rivers in
the U.S.A. (Leenheer et al., 1988; Rees, 1990; Rees
and Ranville, 1990). Lock and Ford (1986) observed
that the mass concentration of larger particles in
several Canadian rivers decreased during periods of
extremely low flow at the end of summer and after the
beginning of winter freezing.
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Fig. 4. (a)«(c) The mass concentration of Ca, Al and Fe measured by ICP for each sampling date. The
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Table 1 for the estimated maximum particle size in each fraction]. The metal concentrations observed
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concentrations. The supernatant of the second centrifugation, which contained smaller particles, varied
less. (d) Time evolution of TOC in the raw water, sedimented samples and filtrates of 0.8 and 0.05 um pore
size membranes.

The mass concentration and the percentage of total
mass in each size class for each sampling date are
listed in Table 4. The average percentage of the total
particle mass in each size class over the entire
sampling period was:

Percent of total mass

Size (nm) (mean + 1 0)
> 3000 59.1 +24.1
1000-3000 262 +£22.0
700-1000 3.7+39
200-700 9.5+4.0
<200 1.5+ 1.1

These values agree with values measured using
mass fractionation by filtration in the Rhine River in
Holland (Van de Meent et al., 1987) and several
major rivers in the U.S.A. (Leenheer et al., 1988;
Rees, 1990; Rees and Ranville, 1990) (Table 3).

Results of modeling simulations

The effect of varying initial mass particle concen-
tration, initial particle size distribution, and time on
the calculated size distributions was analyzed because
the total mass particle concentration and the initial
size distribution were either unknown or varied with
time and location. Previous simulations demon-
strated that model predictions were less sensitive to
changes in G or « than to particle concentration or
initial particle size distribution (Filella and Buffle,
1993). Given the wide range of particle sizes con-
sidered in the numerical solution, the use of a logar-
ithmic division of particle sizes was necessary.

Results are presented as discrete plots of particle
volume, dV/d(logd,), versus logd, (d,= particle
diameter). This representation was chosen because
it has the advantage that the total volume concen-
tration between any two sizes is equal to the area
under the curve between those sizes (Stumm and
Morgan, 1981).
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Figure 5(a), (b) and (c) shows the size distribution
evolution with time for three initially monodisperse
suspensions having the same initial mass concen-
tration (1 mgdm™3) but different sizes: (i) 10 nm
particles [Fig. 5(a)]; (i) 200 nm particles [Fig. 5(b)];
(ii)) 4 um particles [Fig. 5(c)]. Similar evolutions
for the same initially monodisperse suspensions,
but for initial mass particle concentrations closer
to those measured in the river for each particle
class, were also calculated: (i) 0.0l mgdm™* for
10 nm particles (0.1% of the total mass concen-
tration in the river, see Table 4) [Fig. 6(a)]; (i)
0.2 mgdm~> for 200 nm particles (2% of the total
mass concentration) [Fig. 6(b)]; (iii)) 6 mgdm~3 for
4 um particles (60% of the total mass concentration)
[Fig. 6(c)].

From Figs 5 and 6 it is evident that particles
smaller than 200 nm were predicted to coagulate
rapidly even at quite low concentrations: all 10 nm
particles disappeared in less than 2h forming
more stable agglomerates of 100-300 nm. Particles
of 200 nm coagulated slowly to give agglomerates
hardly larger than the initial 200 nm particles. Four
micrometer particles disappeared fairly rapidly by
sedimentation.

From these figures a dependence of the size distri-
bution evolution on the initial mass concentration
and on time may be deduced. To gain further insight
into this dependence specific simulations were per-
formed. Figure 7(a) shows the evolution with time
(up to 8 days) for an initially monodisperse solution
(200 nm) with an initial mass concentration close to
that observed in the river (0.2 mgdm~?). The same
results but represented as the evolution of the mean
size with time are depicted in Fig. 7(b). These figures
confirm that particles of this size range undergo a
slow coagulation process.

Figure 8(a) shows the distributions obtained for the
same initially monodisperse suspension (200 nm)
after 2 days when the initial mass concentration
varies over three orders of magnitude (from 0.01 to
10 mg dm~—?*). Figure 8(b) shows the change in the
mean size with time under the same conditions. The
effect of increasing particle concentration demon-
strated by these simulations might explain the fact
that the mass concentration of particles smaller than
200 nm was estimated to be zero for the sample taken
during the flood when the total mass particle concen-
tration was nearly 700 mg dm 3.

The size distribution evolution with time for
the case of an initially tridisperse system: uniform
concentration (1 mgdm™? each) of 10nm, 200 nm
and 4 um particles is shown in Fig. 9. The results
obtained confirm the previous observations: the
small particles disappear rapidly while a stable peak
appears at 100-300 nm. Larger particles are removed
by sedimentation.

Similar behavior can be observed in Fig. 10 where
the evolution of an initially continuous particle size

MEREDITH E. NEWMAN et al.

t=0 h

(a)

t=2 h

te2d

[dV/d(logd,)]-10°® (um®)

0.01 0.1 1 10
Particle size (um)

5.0
t=0 h

(b)

3.0
20
1.0

0
6.0
40
3.0
20
10

t=2 h

5.0
40 |
30
20

t=2d

[dV/d(logd,)]-10°® (um®)

0.01 0.1 1 10
Particle size (um)

6.0
40T tu0h
30
20
1.0

6.0
4.0 -
30
20+
1.0

t=2 d

5.0

401 ta10d

[dV/d(logd,)]- 10 (um®)

20 -
1.0

| ..

0 0.01 0.1 1 10
Particle size (um)

Fig. 5. Simulation results for (a) an initially monodisperse

10 nm particle size distribution; (b) an initially mono-

disperse 200 nm particle size distribution; (c) an initially

monodisperse 4 um particle size distribution. Initial particle

concentration = 1.0mgdm~? in all cases. Values of other
parameters as in Table 2.
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distribution (power law distribution with f =4)*
ranging from 1 nm to 100 um is shown.

DISCUSSION

As previously mentioned, size distributions ob-
served in the Rhine River were relatively constant
with time and appeared to be little influenced by
changes in season or river flow-rate. Although, as
previously discussed, the coagulation/sedimentation
model used required several simplifying assumptions,
size distributions predicted by the model agreed
reasonably well with the distributions observed in the
river.

This agreement between model predictions and
field observations may have resulted from either one
or both of the following two processes: (i) the
observed particle size distribution, or at least its
lower range, resulted from coagulation processes
occurring within the interstitial soil solution prior to
entering the river; (ii) the unknown (and probably
dynamic) “‘initial” particle size distribution leached
from the soil into the river was rapidly transformed
through coagulation and sedimentation into the
characteristic and relatively stable shape experimen-
tally observed, with depletion in both small and large
particles.

Well separated colloidal particles smaller than
50 nm were observed by medium resolution TEM
(Perret et al., 1994). One explanation for this dis-
crepancy between classical model predictions and
these TEM observations is that coagulation of very
small colloids may not occur only with other hydro-
phobic particles but also with hydrophilic organic
macromolecules and matrices. Such colloid—organic
matrix associations were frequently observed by high
contrast, high resolution TEM in the Rhine River
samples (Perret et al., 1994) and in other surface
waters (Filella et al., 1993). Furthermore, since, as
mentioned previously, these organic matrices may be
difficult to visualize by TEM, some small colloids
frequently appear as isolated entities in medium
resolution, low contrast TEM images while they

*The size distribution function, n(d,), of a population of
coagulating particles is defined by

AN =n(d,)- Ad,

where AN is the number of particles with a diameter
in the size interval Ad,, per unit volume of fluid.
Atmospheric acrosols (Friedlander, 1960) and hydrosols
(Lerman et al., 1977; Lerman, 1979; McCave, 1984) are
found to exhibit the power law

n(d,) = (AN/Ad,) = Cd,™*

where the exponent § is a constant. For environmental
samples, f is found to lie in the range 2.0-5.0 and is near
4.0 in many cases. A particle size distribution following
a power law with an exponential coefficient, 8, of 4.0
corresponds to an equal distribution of particle volume
or mass in every logarithmic size interval.
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centration = 6 mg dm>. Values of other parameters as in
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are, in reality, bound by a very thin filamentous
material. Such associations between hydrophobic and
hydrophilic colloids are not currently considered by
classical coagulation theory, and further study of
their formation is necessary.

In any case, both observations and model predic-
tions suggest that particles smaller than 1 um were
controlled by either efficient Brownian coagulation or
association with organic matrices either in the inter-
stitial soil solution or in the river, and that large
particles entering the river through mechanical soil
erosion settled from suspension faster than they were
replenished by erosion or coagulation. Although the
model predicted particles larger than 3-S5 um to be
completely removed by sedimentation, some larger
particles probably remained suspended because the
hydraulic loading (m s ') of the river was higher than
Stokes’ settling velocity. This was confirmed by the
observed increase in the mass concentration of par-
ticles larger than 1 um with increasing flow-rate,
while the mass concentration of submicron particles
was observed to be much less influenced by flow-rate.

In spite of the fact that the mass of particles smaller
than 200 nm was observed to be less than 2% of the
total particle mass, the number and the total available
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surface area of such particles could have remained
relatively high compared to that of larger particles.
For example, the following three colloidal solutions
have the same total surface areas (40cm?dm™’):
0.0l mgdm~® of 10nm particles, 0.2mgdm~> of
200 nm particles and 4 mgdm~> of 4 um particles.
Therefore, quite small colloids may play a significant
role in the transport of both nutrients and toxic
compounds.

CONCLUSION

The results of a comparison of field data with
classical coagulation/sedimentation model predic-
tions indicated that the colloidal particle size distri-
bution in the Rhine River was maintained in a
relatively steady-state condition by gravitational
sedimentation of particles larger than 3-5 ym and
by rapid Brownian coagulation and association of
particles smaller than approx. 100 nm with organic
matrices.

Although particles smaller than 200 nm made up
less than 2% of the total particle mass, they con-
tributed significantly to the available colloidal surface
area. Because particles of this size are expected to
remain in suspension and be transported with the
water flow, they may be important to the fate of both
organic and inorganic pollutants.
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