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Figure 2.4: Batch experiment results as combinations of the three pH divisions, and the 
suspension regimes. (a) low pH, settled; (b) low pH, resuspended; (c) pH 
6.2, settled; (d) pH 6.2, resuspended; (e) high pH, settled; (f) high pH, 
resuspended. 
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cadmium in solution binds with the organic matter released from the particle, causing a 

loss in free cadmium (Fig. 2.3 b, c). 

With an increase to pH 6.2 in the settled condition (Fig. 2.4c), free metal ion 

remains the same (Fig. 2.3c) and a peak in the DOC level occurs (Fig 2.3d), suggesting 

that weak 

organic matter from the particle is released into solution. 

Once resuspension occurs (Fig. 2.4d), the free metal ion starts attaching to the 

particle to produce particulate cadmium (Fig. 2.3a). There is still a relatively higher 

amount of DOC than the previous low pH condition {Fig. 2.3d), indicating that the weak 

organic binding sites remained in solution upon resuspension. 

In both the settled and resuspended conditions at high pH (2.4 e, f), no organic 

cadmium remains in solution (Fig. 2.3b), and particulate cadmium becomes dominant (Fig. 

2.3a). In addition, the DOC level drops to its original level (Fig. 2.3d). 

2.3.4 Simplifying the model 

Although this model fits our results, a simpler explanation is desirable. I propose 

that the two operationally defined organic matter types represent two different properties 

of the same substance. 

In the past, several electrostatic models have been proposed to describe the 

electric double layer of charged surfaces and the binding which occurs at the surface. For 

example, since particles in nature are coated with negatively charged NOM, positive 

counter -ions are attracted which form a firmly attached layer around the particles, referred 
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to as the Stern Layer. As more positive ions are drawn towards the negative surface, they 

are repelled by the positive Stern layer. An equilibrium results when the counter-ion 

concentration balances the negative co-ions in the surrounding solution, this region being 

the diffuse layer. Together, the Stern and diffuse layers result in the double layer model 

(4, 33, 34, 35). Schindler and Stumm (21) suggest that the main reactive group on particle 

surfaces are hydroxyl groups, S-OH, which when deprotonated, exhibit Lewis base 

behaviour. Adsorption of metal ions on the surface is described as competitive complex 

formation with one or two hydroxyl groups. pH controls the extent of adsorption and the 

type of double layer on the surface determines the species obtained and their stability. 

Using a constant capacitance model Schindler found "significant correlation" between 

experimental and model data which indicates that the surface complexation model is 

appropriate. 

However, Marinsky (22) noted that, of five electrostatic models proposed to describe 

an electric double layer, each model could represent the data well, but the values of 

corresponding parameters in all five models were not comparable. This indicated that the 

models were of appropriate mathematical form, but did not provide an accurate physical 

description of the surface-solution interface (22). Marinsky considered humic acids to be 

rigid and hydrophilic and also to behave as a polyelectrolyte. 

If a polyelectrolyte is considered to be a charged domain, created by a matrix of 

active sites, both the volume, and the number of binding sites will increase if the amount 

of organic matter in the domain increases. More binding will occur with an increase in 

volume, and not with an increase in surface area (22, 23). 
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Brassard eta/ (20) identified an ampholytic surface site (21) and a polyelectrolyte 

domain (22, 23) in sediment particles. Suspended particles in natural water exchange 

protons according to two important mechanisms which can be related to their visible 

structure. Binding on surfaces imprisoned in the organic matrix accounts for 1/3 to 1/2 of 

the total binding capacity while the rest is caused by a polyelectrolyte sorption in the 

interior of the particle. 

I thus propose that metal ion binding increases with the size of organic colloids. As 

agglomeration occurs, the organic material acquires a polyelectrolyte property with a 

greater affinity for metal ions. The build up of the organic material to produce the 

polyelectrolyte effect could occur either in solution by collision processes (eg Fig. 2.4a to 

2.4b), or on the particle surface (eg Fig. 2.4f). Past a certain pH point, the colloid has a 

greater affinity for the particle. 

The DOM surge is explained by the pH dependent coagulation of humics. At low 

pH, coagulation is promoted by protonation, which reduces charge on the surface, and 

agitation, which increases collision rates (See introduction). This produces colloids larger 

than a 0.2 micron diameter. As pH increases, colloids decrease in size and eventually 

appear in the dissolved phase at pH 6.2, when they are less than 0.2 microns in size. 

After pH 6.2, there is dispersion of organic colloids and accumulation on the particle 

surface. 
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Chapter 3 

METAL ION BINDING DURING FLOCCULATION UNDER UNIFORM SHEAR STRESS 

3.1 INTRODUCTION 

A polyelectrolyte model has been proposed to explain the binding of metal ions to 

sediments during settling and resuspension. According to Smoluchowski (14), shear 

stress is also a major cause of flocculation. The following describes the design of the 

apparatus required to obtain a uniform shear stress to measure flocculation rates and 

metal ion partitioning with the sediment. 

3.1.1 Design of the apparatus to control shear stress 

Fluid shear is transmitted to the water column and shallow sediments by waves at 

the surface. The resulting mixing of the water column drives processes of aggregation and 

disaggregation of suspended particles. 

Adequate control of Smoluchowski's three collision functions (Equations 2, 3, and 

4) is required to fix the particle size distribution. The first two functions of Brownian 

coll isions and differential settling are dependent on state variables, but, to produce a 

definable fluid shear requires a laminar, two-dimensional flow in order to define the 

velocity gradient and thus shear stress. 
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Theoretically, this is obtainable with a liquid contained between two infinite parallel 

plates; practically, it is done with concentric cylinders, one or both rotating. The flow 

produced between them is called a Couette flow. 

The velocity distribution in the fluid between two plates is found by integrating 

Navier-Stokes equations (12}. For a radius, r to any point in the annulus, with tangential 

velocity, u and angular velocity, w (where u = wr}, a steady uniform flow in the direction 

rotation is represented by the Navier-Stokes equations as: 

du u 
- + - = constant 
dr r 

(19) 

By integrating and setting u = W(R1 for r = R1 (radius of inner cylinder} and u = w2·R2 for 

r = R2 (radius of outer cylinder} as boundary conditions, the distribution over the annulus 

becomes: 

which gives 

du 
-= 

dr 

w~; - w1R12 

R;- R12 

( w1 - w2) R; R; 1 

R;- R12 r 
(20) 

R 2 2 
2 - R1 

(21.) 
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and 

u 
- = 
r 

oo~; - oo1R12 

R;- R12 
+ 

(oo1 - oo2) R1
2 R; 1 

R;- R12 r2 
(22) 

The mean velocity gradient (Gm) over the annulus width, R2 - R1, must take into account 

the rotation of the whole apparatus which does not generate shear stress. Gm is given by 

averaging the difference between the velocity gradient and the rotation of the whole 

apparatus: 

(23) 

In our case, only the outer cylinder rotates and oo1 = 0: 

(24) 

Typically, the maximum shear stress occurring in the natural environment is about 

six dynes cm-2 (10). This represents the equivalent of a severe storm. The generation of 

suitable shear gradients is done by proper selection of drive mechanism and cylinder size. 

If the cylinders get too small in diameter, they rotate too fast and centripetal forces become 

significant. The annulus width also affects velocity gradient range and flow stability. A 

narrow annulus is preferred since smaller shear variations occur. Taylor (36) predicted 

that a two-dimensional flow is stable at higher shear stresses if only the outer cylinder is 
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rotating. However, there is a limiting outer rotation speed for the flow to remain laminar. 

By combining van Duuren's equation (12) for mean velocity gradient (Equation 25) and 

expression for limiting rotation frequency as a function of cylinder size (Equation 26), a plot 

of maximum shear stress attainable in a laminar flow versus inner cylinder radius can be 

T = 4 TT J.l R1 R2 f 

m Ri - R12 
(25) 

produced (See Figure 3.1 ). 

(2 6) 

where T m is shear stress (dyne cm-2
) , 1-1 is viscosity (g cm-1 s-1) , f is rotation frequency, R1 

and R2 are inner and outer cylinder radii (em), and vis the kinematic viscosity (v = 0.1 cm2 

s-1 for a sediment suspension). For a narrow annulus width of 2 mm, Figure 3.1 

demonstrates that an inner cylinder width of about 3.4 em will give the maximum required 

laminar shear stress of about 6 dyne cm-2. 

Ideally, the cylinders should have infinite length to avoid end effects. Practically, 

a length of about 30 em is sufficient. These concentric cylinders may be oriented vertically 

which limits end effects, but sedimentation effects on larger floes are serious. To avoid 
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sedimentation, the cylinders are mounted horizontally. Finally, it is desirable to be able 

to imprison a fluid within these moving walls and still be able to replace the suspension 

inside when necessary (12). A device which meets these criteria is called the Couette 

flocculator, and is pictured in Figure 3.2. For our flocculator design, inner and outer 

cylinder widths of 3.4 and 3.6 em were chosen, leaving an annulus width of 2.0 mm (Figure 

3.3). The length was 25 em and the inner and outer cylinders were made of delrin and 

acrylic, respectively. 

3.2 MATERIALS AND METHODS 

3.2. 1 The Couette Flocculator 

Shear stress experiments were performed in a Couette flocculator (Figure 3.2), 

length 25 em and annulus gap of 2.0 mm. The inner and outer cylinders were made of 

Delrin and acrylic, respectively. The inner cylinder was clamped horizontally to two 

anchored seats. Two end pieces were threaded and contained 0-rings and bearings for 

easy removal, a good seal, and smooth rotation. A stopcock was built into one end for the 

removal of air bubbles. Four inleUoutlet ports were built in the inner cylinder. 

Polyethylene tubing was fed through each port to access the annulus volume. Two ports 

were widened into a shallow cone shape (diameter= 1.9 em) on the inner cylinder surface, 

and were topped with a filter support to hold a 0.2 ~m membrane (Nuclepore) (Figure 3.3). 

A large rubber 0-ring (#250) was used as a belt and attached to the motor shaft in front 
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Figure 3.2: The Couette flocculator (Burban and Lick, 1989). 
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Figure 3.3: The Couette flocculator (cross-section and filtration ports). 
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in order to rotate the outer cylinder. The motor (Gerald K. Heller Company, Model # 2T60 

1110, variable speed, reversible, direct current, shunt wound motor} was connected to a 

speed controller (Gerald K. Heller Company, Model# 810 Motor Controller, 115V AC 

Power}. The outer cylinder was also fitted with a tachometer to measure the speed of 

rotation of the tube. 

Floc size was measured by the Northern Reflections image analysis program 

(Empix Imaging}. The flocculator was illuminated with a fibre optic ring illuminator (Cole 

Parmer, Model # 97 41-50, Low-noise illuminator). A video camera (shutter speed 1/1 0000 

sec), connected to both a microscope objective (2.5 X} and bellows, was suspended over 

the flocculator (Figure 3.4) and adjusted so that the camera field covered a 2 mm by 2 mm 

area. Five pictures of floes were taken in rapid succession. Each photo was deinterlaced 

to produce two separate images, for a total of 10 photos for each time sample. A 

background image, taken at full speed, was subtracted, and a low pass filter was applied, 

before thresholding. The resulting image was analyzed to produce a data file containing 

the floc area, perimeter, long and short chords for each particle. The diameter was 

determined from the particle surface area and an average particle size was obtained for 

each group of photos at a given time. 

3.2.2 Floc aggregation/disaggregation analysis 

Procedures for analysing floc aggregation and disaggregation under a uniform 

shear stress are presented in Figure 3.5. Initially, a series of photos were taken at full 
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Figure 3.4: Image analysis configuration. 
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Figure 3.5: Procedure for analysis of floc aggregation/disaggregation under a uniform 
shear stress. Further details are presented in Appendix C. 
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speed and averaged to produce a background photo. Afterwards, the flocculator was set 

at several shear stresses. At each shear stress, seven sets of photos were taken over a 

period of two hours. Further details are presented in Appendix C. 

3.2.3 Analysis of metal ion binding under shear stress 

3. 2. 3. 1 System calibration 

Preparation: The flocculator was cleaned by removing all 0-rings and soaking the inner 

and outer cylinders in a nitric acid bath (pH 2) for 24 hours. Sediment suspensions were 

prepared as described previously and metal ion cocktails at 100 and 50 ppb were prepared 

by diluting Plasmachem Associates, Inc. 1000 ppb, ICP-MS standards. The metal ion 

cocktails were prepared at a pH of about 2. When mixed with the sediment suspensions 

the resulting pH ranged from about 7- 7.3. 

Sediment metal ion background: Procedures for analysing background metal ions 

naturally existing in a sediment background under a uniform shear stress are presented 

in Figure 3.6. The flocculator was filled with a sediment suspension and rotated at several 

shear stresses. At each shear stress, supernatant samples were taken and a generaiiCP­

MS scan was performed to determine the level of metal ions naturally present in the 

background. Further details are available in Appendix C. 
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Figure 3.7: Procedure for determining metal ion concentration drift with speed. Further 
details are presented in Appendix C. 
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Metal ion concentration drift with shear stress: Procedures for analysing metal ion 

concentration drift with increasing shear stress are presented in Figure 3.7. The 

flocculator was filled with a metal ion cocktail and sampled after one hour of rotation at four 

different shear stresses. A semi-quantitative ICP-MS scan was performed. Further details 

are available in Appendix C. 

Metal ion concentration drift with time: Procedures for analysing metal ion 

concentration drift with time under a uniform shear stress are presented in Figure 3.8. The 

flocculator was filled with a metal ion cocktail and set to rotate at a fixed shear stress. 

Samples were taken over 15 min intervals for 1.75 hours and after 4.5 and 24 hours. 

Further details are available in Appendix C. 

3. 2. 3. 2 Metal ion binding analysis 

Procedures for analysing floc aggregation and disaggregation under a uniform 

shear stress and in the presence of metals are presented in Figure 3.9. The flocculator 

was filled with sediment suspended in a metal ion cocktail. After rotating at a fixed shear 

stress for two hours, a photo and an aliquot of the filtrate were taken. This process was 

repeated at several shear stresses. Further details are available in Appendix C. 

65 



t'\ e -\-ov \ ec.rti CJ0 

d(+a~ \ B 

~) Co..
1 

Zn, fe 
1 

) M~ >Cu.> M(\) 
l , A \) S r ) \\YL J 

~o.. (_So p~b) 
cld H 1_0 

CD Se 1 cd- 2.. 2 din~ /ern z. 

® Co llecJ -f.-ll fn>:t( 
Dve.r- \5 r'Y\l 1\.utc 
1 (\-\-cr-voJ s . 

Figure 3.8: Procedure for determining metal ion concentration drift over time. Further 
details are presented in Appendix C. 
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Figure 3.9: Procedure for analysing metal binding during sediment flocculation under a 
uniform shear stress. Further details are presented in Appendix C. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Calibration of the apparatus 

Figure 3.1 0 is an example of a typical particle size distribution for sediments in our 

Couette flocculator. When calculating a mean particle size for a distribution, for simplicity, 

a nonnal distribution was assumed, with one average size. The average was taken as a 

representative to estimate total particle surface and volume. Clearly the distribution is bi­

modal, which indicates that a single average may not be the most appropriate 

representation of the data. In the following discussion, mean particle size does assume 

a normal size distribution. 

Several reports (10, 11, 13) describe work that studied the effects of fluid shear, and 

sediment concentration on the rates of aggregation and disaggregation of sediments. The 

results show that the median floc size decreases as the shear stress increases, and as the 

suspended sediment concentration increases. It follows that for a constant mass of 

sediment in a constant volume, the growth of larger particles leads to a decrease in 

particle number. 

Data from our studies show that a plot of particle size and number versus time, at 

constant suspension loading and shear stress (Figure 3.11 ), demonstrates that steady 

state was reached in 30 minutes. When shear stress is increased by increasing the speed 

of the flocculator, the steady state particle size decreases. This effect is more pronounced 

as the particle concentration increases (Figure 3.12). 

68 



Total= 225 

60 

50 

~40 
c 

~ 30 
0"" 
(J) 

u: 20 

10 

0 I I I I I I I I I I ! 

1 10 100 1000 
Size (micron) 

Figure 3.10: Typical particle size distribution taken from our Couette flocculator. 
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We found a ~value of 2.2 for the Coote's Paradise sediments (Figure 3.13), which 

agrees with Kavanaugh's range for low ionic strength environment. In our case, however, 

some deviation from the expected log-linear relationship occurs at both the low and high 

ends of the particle size range, which is explained by the limits of our camera system. 

Because our particle size analysis system does not see or count all particles less than 1 0 

!Jm, fewer than expected small particles were detected. At the opposite end, too many 

large particles were counted which is due to the threshold function clumping particles 

together, which by eye, should not be. This produced an apparent higher count of 

particles larger than 1 OO!Jm. Filella et al (37) have shown that a bimodal distribution tends 

to reduce to a unimodal one over time. Initially, small and large particles disappear very 

quickly, the former due to efficient Brownian coagulation and the latter because they settle 

down more quickly than they are formed by coagulation. Over time, these differences are 

reduced and a unimodal distribution is recovered. They attribute their bimodal distribution 

to a measurement artifact. This result suggests that the deviations at low and high particle 

sizes in Figure 3.13 could be due to insufficient equilibration time, and, that with further 

flocculation time, a unimodal distribution would be reached. This suggests that the 

scattered data (Figure 3.13) is due to the bimodal distribution. If true equilibrium had been 

reached, the scattered points would fall back to the expected values, thus we consider only 

the linear region. 

3.3.2 Analysis of metal ion binding under shear stress 

Sediments suspended in a fluid subjected to shear stress will collide with each 
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Figure 3.13: Particle size distribution analysis using the method of Hunt (15) , Kavanaugh 
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other, causing flocculation. Tsai (1 0) demonstrated that collisions due to shear stress 

contributed significantly to the overall collision frequency function. As aggregation occurs, 

particle surface area decreases and volume increases as the steady state particle size 

increases. It is expected that as floc size changes, the metal ion partitioning between the 

solution and sediment phases will change. If the binding of metal ions to the sediment 

surface is related to particle surface area, the total amount of bound metal ion should 

decrease with increasing floc size. If the metal ion binding is particle volume dependent, 

the opposite will occur; metal ion binding will increase with floc size. 

3. 3. 2. 1 System calibration 

If accurate analysis of the metal ion content in the Couette flocculator is to be made, 

it is essential to know the background metal ion level arising from sediment suspensions 

in the flocculator, or from operation of the flocculator itself. 

Sediment metal ion background determination: As the shear stress increased, in all 

cases except for iron, the metal ion intensity remained constant. This indicates that no 

metal ions we considered would be released from the sediment in the flocculator as it 

rotates, under typical experimental conditions. The metal ions which are expected to bind 

to sediment when added to the system (nickel, copper, zinc, and cadmium), were naturally 

present at, or below 15 ppb. The increase in iron metal ions is likely due to the continual 

rusting of the bearing casings in the ends of the flocculator tube. This will be minimized 

by the dismantling, cleaning, and lubrication of the inside workings of the end pieces with 

silicon grease before each experiment. 
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Metal ion concentration drift with shear stress changes (no sediments): The data is 

presented in Appendix D. As the shear increased, slight variations in the original metal 

ion cocktail concentration of 100 ppb occurred. Iron ions approximately doubled at the 

highest shear stress of 10 dynes/cm2
. Appendix D demonstrates that, at shear stresses 

ranging from 1.6 to 4.4 dyne/cm2
, the majority of the remaining metal ions varied within 6% 

of their average concentration. The average concentrations for calcium and sodium are 

not an accurate reflection of the flocculator system because the ICP-MS analysis proved 

to be extremely variable for these elements, due to memory effects from previous samples. 

Metal ion concentration drift with time (no sediments): Appendix E presents the ICP­

MS data obtained when cocktail 8 in the flocculator was sampled over time at a shear 

stress of 2.2 dyne/cm2
. Of the metal ions in cocktail 8, cadmium, copper, nickel, and zinc 

are expected to bind most significantly to sediments. With no sediments present, over time 

cadmium, copper, and nickel remained constant for 24 hours (Figure 3.14 ). However, the 

zinc started to increase after about five hours from 50 ppb to a maximum of 300 ppb at 24 

hours. Appendix E demonstrates that, for the average concentration over 24 hours, a 

relative error of less than 9% was accumulated for each of cadmium, copper, nickel , and 

zinc. The remaining metals all had relative errors less than 13 % after 24 hours. These 

errors tended to significantly increase over the final 20 hours of the experiment. If an 

experiment was designed such that its duration would be no longer than 4 hours, relatively 

insignificant drift would occur over the time period. 

75 



~ 

..0 
~ 
~ 
~ 

~ 
0 • ......c 

-+--1 
C\S 
;....c 

-+--1 
~ 
<1.) 
0 
~ 
0 
0 
~ 

C\S 
-+--1 
<1.) 

s 

200 

.... 
100 .... .... ... .... .... ... 

:a: .... 
A ... :& A: • m ~ !!l a I I = 

0 
0 1 2 

time (hours) 
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3.3.2.2 Metal ion binding analysis 

Data from our studies show that, over time at each shear stress tested, the floc size 

increased while the particle count decreased as equilibrium was approached (Figure 3.15). 

Larger floc sizes were obtained at slower rotation speeds (Figure 3.16). In general , the 

floc size increased at lower rotation speeds more significantly when metal ions were added 

to the system (Figure 3.17) than when no metal ions were present. This strongly suggests 

that the presence of the metal ions on the sediment surface neutralizes the charge, 

thereby decreasing colloidal stability and increasing flocculation. A small amount of metal 

ion added to the system caused a relatively large change in the properties of the floes 

formed , without significantly changing the double layer properties of the particles. 

Hunt, Kavanaugh and Filella's beta value analysis of our floc size distribution in a 

metal ion cocktail (13 = 2.5) was comparable to our system with no metal ions (Figure 3.18). 

This indicates that the same collision mechanics occurred in both experiments, which is 

expected since all experiments were performed in the same apparatus under a uniform 

shear stress. Similar outliers at low and high particle sizes were apparent. Again , we 

attribute these deviations to artifacts of our particle size analysis system. 

Of the metal ions present at 500 ppb in cocktail B, cadmium, copper, nickel , and 

zinc were expected to bind to sediments. The extent of binding increased as follows: 

nickel, cadmium, zinc, copper, ranging from about 100 ppb bound to the sediment to 490 

ppb bound to the sediment (Figure 3. 19). In order to compare the affinity of metal ions to 

Coates Paradise sediment to other sediments, a distribution coefficient (Ko) can be 
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calculated. Tessier (38) expresses partitioning of metal ions between solution and 

sediment using this distribution coefficient, Ko (Ug): 

(27) 

where MP is the concentration of metal ion bound to particles in j.Jg/L, Md is the free 

concentration of the metal ion in j.Jg/L, and CP is the particle concentration in mg/L. 

Values of log Ko were calculated for each of cadmium, copper, nickel, and zinc from 

the metal ion partitioning data under uniform shear stress (Figure 3.19) and are presented 

in Table 3.1 and plotted on Figure 3.20: 

Metal log Ko First hydrolysis 

ion constant (log K) 

Cd 3.2 -10 

Cu 4.2 -8 

Ni 2.6 -10 

Zn 3.4 -9 

Table 3.1 : Metal ion distribution coefficients 

Ko values have been related to the first hydrolysis constant for the metal ion in seawater 
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Figure 3.20: 

1 2 

1 2 

LOCK~ 

Log Ko values versus the first hydrolysis constant of the metal ion in 
seawater (39) for interfacial (0.5- 3 em) and deep sediment (15- 19 
em) from the Panama Basin and for goethite (a-FeOOH) and buserite 
(Mn01.59} (38). Log Ko values were added for cadmium, copper, 
nickel, and zinc binding to 1 g/L Coote's Paradise sediments. 
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(39). Figure 3.20 compares our results with experimental data from Balistrieri eta/ (39) 

and Baes eta/ (40) (Figure 4 in 38). A correlation between log Ko and log K (hydrolysis 

constant) is apparent and our data is consistent with the reported metal ion binding to both 

sediments and artificial surfaces. Although falling in the same order of magnitude, Figure 

3.20 also demonstrates the widely varying affinity of different sediments for one metal ion. 

A simple assumption that log Ko is related to log K does not explain all the binding of metal 

ions to different surfaces. 

Changes in metal sorption with particle size indicate what part of the floc is 

important for metal exchange. Assuming floes to be incompressible volumes, the total 

surface area should increase with smaller floc sizes while the volume of individual floes 

should decrease. It follows that the decrease in metal ion sorption in Figure 3.19 is due 

to processes occurring int he volume of the floes, not on the surface as proposed by 

surface complexation models. 

Balistrieri eta/ ( 41) found that values of Ko tend to decrease with increasing particle 

concentrations. Since Ko is a ratio of particle bound metal ion to dissolved metal ion, the 

actual amount of metal ion binding is decreasing with increasing particle concentration. 

Honeyman and Santschi (42) propose that the increase in Ko is caused by a filtration 

artifact. We propose that the decrease in metal ion binding with increasing particle 

concentration is due to a polyelectrolyte effect. Increasing concentration has been shown 

to result in more collisions and decreased particle size as show by Burban eta/, Tsai , et 

a/, and Lick eta/ (1 0, 11 , 13) and by the results in our Couette flocculator. According to 
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the polyelectrolyte theory, this would result in a decrease of metal ion binding, due to a 

volume decrease in each particle. 
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SUMMARY 

Binding sites for a constant particle size distribution were characterized with pH 

edge titrations. A proton binding site and a cadmium-proton exchange site were identified. 

Two significant causes of aggregation and disaggregation in natural waters are 

differential settling and shear. A batch titration of both settled and resuspended sediments 

demonstrated that metal ion binding increased with the size of organic colloids and 

therefore with floc volume. This behaviour is contrary to surface complexation theory 

which assigns binding to the surface of particles. This leads to the proposal that, as 

agglomeration occurs, the organic material acquires a polyelectrolyte property with a 

greater affinity for metal ions. 
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FUTURE WORK 

Further experiments with the Couette flocculator could provide further evidence of 

the polyelectrolyte model. Marinsky (43) determined that a change in ionic strength results 

in a change in the indifferent ion concentration (See equation 28). This affects the proton 

concentration inside the polyelectrolyte domain which, in turn, affects the apparent stability 

constant. 

(28) 

The polyelectrolyte model predicts a dependence of binding on ionic strength and a 

retardation of binding equilibrium due to diffusion inside the floc. 

It would be useful to examine the binding in a polyelectrolyte for varying size and 

ionic strength. The basic procedure required is presented in a flow chart (See Figure Ill) . 

We hypothesize that a decrease in binding with increasing ionic strength will occur. In 

addition, as the particles/polyelectrolyte increase in size, equilibrium will be further 

delayed. It is also expected that as the particle size increases, increased adsorption will 

occur due to larger particles. 

A sediment suspended in a metal ion cocktail would be prepared at three different 

ionic strengths: low, medium, and high. The flocculator would be filled with one of the 

sediment suspensions and rotated at several different shear stresses. At each shear 
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Figure Ill: Flow chart describing the procedure required to examine binding in a 
polyelectrolyte under varying size and ionic strength. 

stress, photos and an aliquot of the filtrate would be taken at fixed time intervals for a fixed 

period of time. The photos would be used to determine the particle size distribution and 

ICP-MS analysis of the aliquots would be used to determine when equilibrium in the 

Couette flocculator was reached and at what metal ion concentration. The entire 

experiment would be repeated with the remained sediment suspensions at varying ionic 

strengths. 
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APPENDICES 

Appendix A: Slope and y-intercept values for cadmium ISE calibration without 
a membrane. 

Exposure conditions slope (stnd error) I ~-interce~t { stnd err} I 
no exposure, no 29.5 (0.8) -79.6 (1.6) 
membrane 

no exposure, membrane 27.8(0.4) -85.4 (0.8) 

pH 5, 5 minutes 28.7 (0.7) -83.2 (1.4) 

pH 4, 1.25 hours 25.3 (1.2) -82.4 (2.4) 

pH 5, 2.0 hours 20.4 (3.1) -96.7 (6.4) 

_pH 6, 3.0 hours 12.5 (5.6) -116.8 (11.7) 

pH 4, 3.5 hours 5.0 (5.2) -127.5 (10.8) 
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Appendix 8: Experimental details for batch settling and resuspension 
experiments 

Sediment stock was diluted to 3 g L-1 in 0.01 M NaN03, and spiked with 10-4 M Cd2
+. 

1 00 ml portions were acidified with 0.1 N HCI over a range of pH from 3 to 8. Similar 

solutions containing 0.01 M NaN03, 10-4 M Cd2
+, and dd H20 (in place of sediment) were 

also prepared as blanks. Two sets of 15 sediment solutions and 7 blanks were mixed well 

on a rotary shaker for 20 min and allowed to settle for 24 hours. The supernatant was 

decanted from one set and the second set was resuspended for 8 hours. The pH and Cd 

of both the supernatant and the resuspended solutions were measured with electrodes. 

An aliquot was collected by reverse filtration. The free and organic cadmium were 

determined for both sets of filtrates, in duplicate, by atomic absorption spectroscopy (AAS) 

and the dissolved organic carbon (DOC), in triplicate, by perchloric acid digestion followed 

by IR adsorption of carbon dioxide. 
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APPENDIX C: Experimental details for Couette flocculator experiments 

Floc aggregation/disaggregation analysis 

The flocculator was filled with 120 ml a 1 g L"1 sediment suspension and was then 

operated at full speed (1 0 dynes/cm2 
) for at least 15 minutes. A series of 8 photos was 

taken. The intensity of corresponding pixels from each photo were averaged to produce 

a background photo. Next, the flocculator was slowed to the test shear stress. Photos 

were taken over a period of two hours at 0, 15, 30, 45, 60, 90, and 120 minutes. When the 

photos were completed, the flocculator was increased to full speed again to break up the 

floes, then slowed to the new test speed. This entire process was repeated for four shear 

stresses: 1.6, 2.2, 3.3, 4.4 dyne/cm2
. 

Analysis of metal ion binding under shear stress 

System calibration 

Sediment metal ion background determination: The flocculator was filled with 120 ml 

of a 0.1 g/L sediment stock. After running the flocculator at several shear stresses (1.6, 

2.2, 3.3, 4.4 dyne/cm2
) for 1 hour, samples were taken from each port, with Hamilton city 

tap water as the replacement fluid. 1 0 ml of replacement fluid was allowed to flow into the 

flocculator and 5 ml was collected from each exit port. A general ICP-MS scan was 
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performed in order to determine the levels of metal ions naturally present in the sediment 

suspension and the Couette flocculator background. 

Metal ion concentration drift with speed: Next, the flocculator was filled with a metal 

ion cocktail. Each metal was at 100 ppb in deionized, distilled water (Cocktail A: Si, Ca, 

Fe, Cd, Mg, M, Ti, AI, Sr (100 ppb), Na (160 ppb)). The flocculator was sampled after one 

hour of rotation at four different shear stresses: 1.6, 2.2, 3.3, and 4.4 dyne/cm2
• At each 

speed, both filter ports were sampled independently. 10 ml of replacement cocktail was 

allowed to flow into the flocculator and 5 ml was collected from each exit port. A semi­

quantitative ICP-MS scan was performed. 

Metal ion concentration drift with time: The flocculator was filled with a metal ion 

cocktail containing 50 ppb of Si, Ca, Zn, Fe, Cd, Mg, Cu, M, Ti, AI, Sr, and Ni, and 80 ppb 

of Na (Cocktail B) in deionized distilled water. The flocculator was set to rotate with a 

shear stress of 2.2 dyne/cm2
, and both filter ports were sampled separately over 15 minute 

intervals for 1.75 hours by allowing fresh cocktail to be pulled by gravity into the flocculator 

as the filtrate dripped out of each hole over the time interval. A sample from each hole was 

also collected after 4.5 and 24 hours of rotation at this speed. A quantitative ICP-MS scan 

was performed. 

Metal ion binding analysis 

The flocculator was filled with 120 ml of a 1 g L-1 sediment suspension in a matrix 
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of metal ion cocktail B at 500 ppb at pH 7 .3. The flocculator was rotated at a shear stress 

of 2.2 dyne/cm2 for 120 minutes. Then, a picture and a 5 ml aliquot of the filtrate were 

taken as described previously, the first to determine floc size, the second to determine 

metal ion partitioning. Filtration proceeded slowly ( 1 0 mUhr) to minimize particle 

entrapment on the filter surface. This filtrate was simultaneously replaced with deionized, 

distilled water. After each experiment, the shear stress was increased to 10 dyne/cm2
, and 

then lowered to the new shear stress. This process was repeated at 1.6, 1.9 and 4.4 

dyne/cm2
. 
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APPENDIX D: 

Metal 0.7 
ion dyne 

cm2 

AI 100 

Ca 120 

Cd 89 

Fe 87 

Mg 100 

M 96 

Na 205 

Si 98 

Sr 88 

Ti 83 

Metal ion concentrations and relative error for cocktail A for six different 
shear stresses. 

1.1 1.6 2.2 3.3 4.4 Avg. Relative 
dyne dyne dyne dyne dyne Error 
cm2 cm2 cm2 cm2 cm2 Cone. % 

(ppb) 

99 112 111 102 113 106 6.1 

98 143 122 112 539 189 5.7 

87 83 88 80 114 90 6.0 

78 182 229 226 227 171 4.8 

93 104 104 99 179 113 5.7 

93 94 86 93 88 91 5.3 

144 267 142 68 739 261 8.3 

135 116 114 105 144 119 28.7 

91 87 89 85 93 89 5.1 

80 68 70 69 80 75 6.1 
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Appendix E: 

Metal ion 

AI 

Ca 

Cd 

Cu 

Fe 

Mg 

M 

Na 

Ni 

Si 

Sr 

Ti 

Zn 

Meal ion concentrations and relative error for cocktail 8 over 24 
hours. 

Time: Time: Time: Time: Time: 
15 min 30min 45min 60min 75min 

64 63 67 64 67 

397 233 285 299 366 

64 57 61 56 58 

60 59 57 58 58 

41 42 38 43 45 

75 64 63 74 84 

48 51 55 53 54 

322 153 151 155 149 

92 86 87 84 83 

95 92 73 82 82 

48 53 56 50 51 

39 41 39 40 39 

120 95 128 98 108 

100 



Appendix E continued ... 

Metal Time: Time: Time: Time: Average Relative 
ion 90min 105 min 4.5 hours 24 hours Cone. Error 

(ppb) % 

AI 66 71 78 88 66 9 

Ca 447 481 556 630 316 12 

Cd 56 56 61 58 56 7 

Cu 62 63 72 35 59 8 

Fe 51 57 111 460 87 13 

Mg 97 97 121 130 79 9 

M 56 56 57 62 53 8 

Na 145 119 240 194 138 13 

Ni 83 81 91 99 80 9 

Si 78 67 72 103 78 10 

Sr 52 53 55 55 52 8 

Ti 36 33 26 13 35 9 

Zn 124 138 178 332 131 9 
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