This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

The Practical Application of Fractal Dimension in Water Treatment
b o | Practice-the Impact of Polymer Dosing
Peter Jarvis?®; Simon A. Parsons®; Rita Henderson?; Nicholas Nixson® Bruce Jefferson®

@ Centre for Water Science Building 39, Cranfield University, Bedford, United Kingdom ® Yorkshire
Water, Bradford, United Kingdom

To cite this Article Jarvis, Peter , Parsons, Simon A. , Henderson, Rita , Nixson, Nicholas and Jefferson, Bruce(2008) "The
Practical Application of Fractal Dimension in Water Treatment Practice-the Impact of Polymer Dosing', Separation
Science and Technology, 43: 7, 1785 — 1797

To link to this Article: DOI: 10.1080/01496390801974506
URL: http://dx.doi.org/10.1080/01496390801974506

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conmplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496390801974506
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 15 25 January 2011

Downl oaded At:

Separation Science and Technology, 43: 1785-1797, 2008 e Taylor & Francis
Copyright © Taylor & Francis Group, LLC

ISSN 0149-6395 print/1520-5754 online

DOI: 10.1080/01496390801974506

Taylor & Francis Group

The Practical Application of Fractal
Dimension in Water Treatment Practice—the
Impact of Polymer Dosing

Peter Jarvis,! Simon A. Parsons,! Rita Henderson,’
Nicholas Nixson,2 and Bruce Jefferson!

!Centre for Water Science Building 39, Cranfield University, Bedford,
United Kingdom
2Yorkshire Water, Bradford, United Kingdom

Abstract: The application of floc fractal dimension has been investigated in this work
to determine if this parameter can have operational significance in water treatment.
Natural organic matter suspensions were coagulated with aluminium sulphate and
varying concentrations of a non-ionic polymer. The fractal dimensions of the flocs
formed were measured using light scattering and settling combined with image
analysis. By using the correct methodology, optimum floc properties could be deter-
mined using the floc fractal dimension combined with the floc size and strength data.

Keywords: Coagulation, floc, fractal dimension, polymer

INTRODUCTION

The use of fractal dimension (Dy) is widespread in science and many structures
have been described as fractal objects. This includes a diverse range of objects
including gas clouds in space (1), the mammalian lung (2), and cancerous
tumours (3). Fractal structures can be defined as those that:

1. Show self similarity regardless of the scale of investigation.
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2. Show a power law relationship between two variables. This may be the
relationship between the structure perimeter (P) and length (L); the area
(A) and L; or the volume (V) or mass (M) and L (1-3).

P oo [P Dypis the perimeter fractal dimension (1)
A oo [P Dy is the area fractal dimension (2)
V or M oo [PV Dyy is the volumetric fractal dimension 3)

Note that D, will take a different value dependent on the relationship
investigated.
3. May be characterized by a non-integer fractal dimension.

Floc aggregates formed in water treatment have recently been studied as fractal
objects and are examples of mass fractals because both the internal and surface
structure exhibit fractal properties (4). The application of Dy in water treatment
has focused on understanding structural changes to flocs during coagulation and
flocculation and in understanding the properties of floc formed from different
coagulation mechanisms. Much of the work to date has looked into idealized
or synthetic systems involving model particles (such as kaolin, latex,
hematite, or humic acid suspensions) because more is known about the proper-
ties of the particles investigated (5, 6). More recently work has looked at real
systems looking at the floc fractal dimension of flocs formed from real river,
reservoir, and lake systems (7-9).

There is still a paucity of information on how the fractal dimension can be
related to operational performance in water treatment. The aim of this work
was to measure the structural properties of flocs, with particular emphasis
on the fractal dimension, for flocs formed from a real raw water dominated
by natural organic matter (NOM) using two separate techniques (settling
and light scattering). This was to enable an understanding of the structural
implications of dosing polymer at increasing concentrations to the system in
order to act as a floc aid. Other than changing the polymer dose, the coagu-
lation conditions investigated matched the conditions used at the water
treatment works from where the water had been collected. The values of Dy
obtained were compared for each of the techniques and compared with
existing data to further understand how the use of floc fractal dimension
may be used from a practical viewpoint.

MATERIALS AND METHODS
Coagulation Tests

Experiments were carried out on raw water from a moorland WTWs in the
north of the UK. The water was composed of a blend consisting of 70%
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highly colored moorland water and 30% river water. The water had a
dissolved organic carbon (DOC) content of 9.8 mg/L, ultra-violet light
absorbance at 254 nm (UV,s,) of 32.5 1/m, a zeta potential of —12.7 mV,
and a turbidity of 2.0 NTU. The raw water was coagulated using
aluminium sulphate at a concentration of 5.25 mg/L as Al (the dose as
used by the WTWs at the time of water abstraction) from an Al stock
solution of 4.25% w/w. The polymer used was a high molecular weight
non-ionic polyacrylamide (Flowpam AH912). Polymer was added at concen-
trations between 0 and 0.25 mg/L (at the time of abstraction a dose of
0.175 mg/L was being added to the water at the WTWs in question). The
coagulation pH was controlled at pH 6.0 using 0.1 M NaOH (the pH as
used at the WTWs).

Coagulation and floc formation experiments were carried out on a
PB-900 variable speed jar tester (Phipps and Bird) with 76 x 25 mm flat
paddle impellers using cylindrical jars containing 1 L samples of water. An
initial rapid mix was carried out at 200 rpm for 1.5 minutes. At the
beginning of this period, the coagulant was added into the water. For the
systems where the polymer was dosed, this was added after 1.25 minutes
of the rapid mix to allow dispersion of the polymer. A slow stir period
then followed at 30 rpm for 15 minutes to enable floc growth. NOM
removal was assessed by measuring DOC using a Shimadzu TOC-
500A analyzer and UV,s, removal using a Jenway 6505 UV/Vis
spectrophotometer. The charge of the colloids and particles in the raw
water and coagulated systems were measured using a Malvern Zetasizer
2000 HAS.

Floc Size and Fractal Dimension

Floc size and growth was measured using a previously described technique
(10). Briefly, a laser diffraction instrument (Malvern Mastersizer 2000) was
used to measure the dynamic size of flocs with time. The suspension was
measured by drawing water through the optical unit of the Mastersizer and
back in to the jar using a peristaltic pump. The suspension particle size was
monitored every minute following the addition of the coagulant. Measure-
ments were logged on to a computer for further analysis. During this phase
of work the impact of increased shear rate on floc properties were
measured. This was carried out by increasing the rpm on the jar tester to
200 for 1 minute after the 15 minutes slow stir period. Following the high
shear rate, the rpm were reduced to 30 for a further 15 minutes in order to
monitor floc re-growth potential.

Floc fractal dimension was measured using two separate methods.
Firstly, small angle light scattering (SALLS) was used (subsequently
referred to as Dy;g)). The determination of floc fractal dimension using
SALLS has been well covered elsewhere (11, 12), so only a brief description
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is provided here. The Mastersizer has a ring of photo-detectors at angles
between 0.01-40.6° which detect light scattered by the sample. The
scattered light intensity I(Q) is a function of the wave number Q, where Q
(m~ ") is the difference in magnitude of the incident and scattered laser,
given by:

47mn sin(6/2)

0= )

“4)
Where n is the refractive index of the suspending medium, 6 is the scattered
angle, and A is the wavelength of the radiation in a vacuum. For indepen-
dently scattering aggregates, /(Q) is related to Q and Dy

1(Q) 0 QP19 ®)

A confirmation of the power relationship in 5 is to plot / against Q on a
log-log scale. A power law relationship exists if this yields a straight line,
the slope of which is used to give Dy;g). The relationship only holds when
the length of investigation is much larger than the primary particles and
much smaller than the floc aggregates:

< Q<<
agg parf

(6)

Rgg, 1s the radius of the aggregate and R, is the radius of the primary
particle.

Floc structural information was obtained from the Mastersizer during floc
growth and floc breakage for all of the different polymer doses in the form of
raw intensity output data which could then be converted to provide the angle
of each detector and the intensity of light at each detector using a spreadsheet
provided by Malvern Instruments (Malvern, UK).

The second method used to determine floc fractal dimension was
established from floc sedimentation (subsequently referred to as Dysg)).
A more detailed description of the floc settling apparatus is given in (8).
Briefly, flocs were grown on a jar tester as before and after 15 minutes
of slow stir the flocs were carefully extracted from the jar and introduced
in to a temperature controlled settling column under quiescent conditions.
As flocs settled in the column, they were photographed using a CV M90
charge-coupled device camera (JAI UK). The image grabber was
manually triggered to take a series of 5 images with an interval of 1
second between each frame. The projected area of the floc and the
distance travelled by the floc was measured using image analysis
software (Image Pro Plus from Media Cybernetics). For each polymer
dose investigated, the settling rate of between 56—100 flocs were
measured.

Floc Dys) was measured from the settling rate based on the relationship
between the diameter of a floc (d) and its terminal settling velocity (V,) (7).
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A log-log plot of settling velocity against floc diameter yields a straight line
with a slope of Dyg) — 1.

V, o de(S)*‘ (7)

For both methods of measuring floc fractal dimension, a mass fractal is
given where Dy can take values between 1 and 3. A higher value of Dy
indicates a more compact structure, whilst lower values indicate a more
open and stringy structure.

RESULTS
Coagulation Tests

The removal of NOM with increasing polymer dose for this raw water was seen
to increase with increasing polymer dose (Table 1). The percentage removal of
DOC (46—58%) was much lower than for the removal of UV,s, absorbing
compounds (84—88%). This reflects that UV,s, absorbing NOM can be more
easily removed by coagulation due to the increased charge and higher MW
(molecular weight) of this type of NOM when compared to the non-UV,sy
absorbing NOM which is normally composed of smaller MW and un-charged
compounds. These compounds are usually recalcitrant to removal by coagu-
lation. The reduction of the magnitude of the negative charge of the zeta
potential from —12.7mV to +1.3 mV with increasing polymer dose was
interesting given that the polymer used was non-ionic. However, given that the
floc properties were significantly different with an increase in polymer dose, the
increase in the zeta potential was likely to be a reflection of the improved NOM
removal seen at higher polymer doses through better adsorption/exchange of
NOM on to the larger flocs formed at higher polymer dose (Fig. 1).

Table 1. Removal performance of the different treatment systems with increasing
polymer

DOC mg/L UV254 l/m
Floc system—
polymer dose (% removal (% removal Zeta potential
added mg/L in brackets) in brackets) mV
Raw water 9.8 325 —12.7
0 5.4 (46%) 5.6 (84%) -9.6
0.05 5.6 (43%) 5.1 (84%) -7.1
0.10 5.5 (44%) 4.3 (87%) —4.7
0.15 5.3 (46%) 3.5 (89%) 0.5
0.20 4.1 (58%) 4.0 (88%) -0.5

0.25 3.6 (64%) 4.1 (87%) 1.3
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Figure 1. Floc growth, breakage and regrowth with time for increasing polymer
doses.

Floc Size and Fractal Dimension

The floc size was seen to increase with increasing polymer dose (Fig. 1). When
no polymer was dosed, the median floc size at the end of the slow stir period was
358 pum, this increased to 849 pm for the highest polymer dose of 0.25 mg/L.
The biggest change in floc size was observed when the polymer dose was
increased from 0.10 mg/L to 0.15 mg/L which resulted in an increase in
median floc size of 230 wm. When the floc suspensions were exposed to an
increase in shear rate of 200 rpm, the flocs broke, but the response was
dependent on polymer dose. The systems dosed with 0.10 mg/L polymer and
below broke to a similar size (160—190 pwm). At polymer doses of 0.15—
0.20 mg/L the flocs broke to 260 wm whilst the highest polymer dose only
broke to a size of 320 wm. There was little difference in the floc regrowth
potential of each of the systems. Although the higher polymer doses regrew
to larger floc sizes, all of the flocs reached between 55-65% of the previous
size reached after the initial 15 minutes slow stir. The incapacity of the floc
system to regrow to the size seen previously is an observation seen before
and is thought to result as flocs re-structure during breakage, resulting in
fewer active bonding sites being available for reattachment (13, 14).

Examples of the derivation of floc fractal dimension from the log-log plot
of scattered light intensity (Q(I)) against wave number (Q) are shown in Fig. 2
for the systems containing no polymer and the highest polymer dose
(0.25 mg/L). For all calculations of Dy ), the correlation co-efficient of
the regression line was high (R* > 0.99) indicating highly significant relation-
ships between the two parameters. The fractal dimensions obtained using
SALLS for each of the polymer doses are shown in Table 2.
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Figure 2. The relationship between the scattered light intensity (I) and the wave num-
ber (Q) on a log-log scale and the determination of the fractal dimension for different
flocs during the initial growth phase (A) and breakage phase (B) for i) flocs formed with
no polymer added and ii) the highest polymer dose added.

Table 2. Fractal dimension values as calculated using SALLS during floc growth,
breakage and re-growth and the fractal value obtained from floc settling

Fractal Dimension

Salls Settlement
Max floc Max floc
Floc system- Growth size Breakage Re-growth size
Polymer (95% Clon (95% Clon (95% Clon (95% Clon (95% CI on
dose added slope) slope) slope) slope) slope)
0mg/L 2.19 2.45 2.28 2.46 1.70
(2.15-2.23) (2.37-2.52) (2.25-2.32) (2.35-2.57) (1.56-1.86)
0.05 mg/L 2.18 2.40 2.27 242 1.56
(2.14-2.22) (2.35-2.45) (2.23-2.31) (2.31-2.53) (1.45-1.67)
0.10 mg/L 2.20 241 231 2.39 1.87
(2.16-2.24) (2.39-2.44) (2.26-2.36) (2.39-2.47) (1.72-2.04)
0.15 mg/L 2.32 2.40 2.37 2.38 1.74
(2.35-2.30) (2.36-2.44) (2.30-2.44) (2.31-2.47) (1.64-1.87)
0.20 mg/L 2.26 2.37 2.36 2.36 1.95
(2.23-229) (2.33-241) (2.29-2.44) (2.30-2.42) (1.86-2.04)
0.25 mg/L 2.33 2.34 2.50 2.38 —
(2.29-2.37) (2.32-2.37) (2.42-2.58) (2.31-2.45)
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The Dy s) value was seen to increase with increasing polymer dose during
the growth phase (measurement taken from minute 4 in Fig. 1) from 2.19 to
2.33 with increasing polymer dose. The biggest increase in Dy;g) was from
an increase in polymer dose from 0.10 to 0.15 mg/L. It was interesting to
note that for all systems the fractal value increased as the flocs grew to their
maximum size (measurement taken after 15 minutes of growth). However,
the order of Dy, reversed after 15 minutes of floc growth (i.e. the
maximum floc size for each system) with the no polymer and lowest
polymer doses having the biggest increase and highest value of Dyyg).
When the flocs where broken the Dy;s) value decreased for most of the
polymer systems, however, this was dependent on the polymer dose. For
example, when no polymer was added, Dy, decreased from 2.45 to 2.28;
however, the extent of this change was reduced with increasing polymer
dose such that the Dy value did not significantly change at doses of 0.15
and 0.20 mg/L. The highest polymer dose showed an increase in Dyyg)
during the breakage phase from 2.34 to 2.50. After the floc re-growth
period, the floc fractal dimension returned to values previously seen for the
maximum floc size.

The floc settling distribution with increasing floc size for each polymer
dose is shown in Fig. 3. The fractal values obtained for flocs from settling
were those for fully grown flocs formed after 15 minutes on a jar tester
(Table 2). The trend in Dyg, generally showed an increase in floc fractal
dimension with increasing polymer dose; the reverse of that was seen using
SALLS. When no polymer was dosed, the Dyg) was 1.70; however, there
was a high degree of uncertainty on this value (analysis of the 95% confidence
interval (CI) on the slope of this line indicated that the fractal dimension could
have taken a value between 1.56—1.86). At a polymer dose of 0.05 mg/L the
Dys) was 1.55 (95% CI, 1.45-1.67). At higher polymer doses between 0.10
and 0.15 mg/L, the Dy, increased to 1.87 (95% CI, 1.72-2.04) and 1.74
(95% CI, 1.64—1.87) respectively, indicating a trend of more compaction
with increasing polymer dose. At 0.20 mg/L the Dy, value was significantly
higher at 1.96 (95% CI, 1.86-2.04). Interrogation of the 95% CI of the slope
indicated that the highest polymer dose had a significantly larger Dy, than the
no polymer system and the lowest dose of 0.05 mg/L.

DISCUSSION

Polymer dosing into pre-clarified water is a widely used tool in drinking water
treatment to aid floc formation and improve the removal of these aggregates
during the clarification processes. Therefore, as may be expected, the
WTWs investigated in this work sees better clarification performance when
polymer is dosed compared to when it is not dosed (15). The particle sizing
results clearly showed an increase in floc size and improved resistance to
increased shear rate with increasing polymer dose. Improved resistance to
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Figure 3. The relationship between settling rate and floc size for systems with
increasing polymer dose.

increased shear rate was apparent because polymer dosed systems were able to
maintain a larger average size after exposure to a high shear rate (200 rpm).
The impact of larger floc size and improved resistance to shear rate with
increasing polymer dose can be seen to have a clear link with plant operational
performance. For example, a greater number of larger flocs will clarify better,
particularly in sedimentation clarification systems (16). However, the oper-
ational significance of Dy was less clear.
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A highly heterogeneous system has been analyzed in this work (with
NOM of different MW, coagulant-NOM precipitates and turbidity com-
ponents contributing to the overall floc structure), it is likely that the
primary particles that make up the floc are of a similar structure (relatively
homo-dispersed primary particles composed of a heterogeneous mixture of
components).

The Dy, values reported were significantly lower than those obtained
using SALLS which is a result consistent with other studies (12). The differ-
ence is due to the fact that fractal dimension is an operationally defined value
based on the method used to generate the value. The Dy, generated from
SALLS refers to the structure of the floc aggregates over a small length
scale whilst that determined by settling refers to the global structure of the
overall floc.

The two different techniques for measuring floc fractal dimension gave
contrasting trends in that the Dy, decreased with an increasing polymer
dose whilst there were indications that Dyg, increased with increasing
polymer concentration. As seen in previous studies, the spread of the data
for determination of fractal dimension was much greater for settlement
when compared to SALLS as reflected by low correlation co-efficients for
the regression line through the data (Fig. 3) (17). This is as a result of a
number of factors influencing floc settlement behaviour such as floc orien-
tation and advection effects. For the lowest polymer dose, which resulted in
the smallest floc, there was the most scatter (R2 = 0.18). This was because
when no polymer was dosed there was a more inconsistent floc structure
and a weaker overall aggregrate. The floc were therefore more susceptible
to changes in environmental conditions during the measurement procedure
(17). For this type of scattered system, the fractal dimension number is
probably an average of a range of values taken by the floc in the system.
When polymer was added the relationship became stronger with R? co-effi-
cients of >0.30 and this increased to a highly significant relationship at
0.20 mg/L polymer (R?=0.82) as a result of a more consistent floc
structure as polymer was dosed.

The difference in the Dy measured from the two different techniques
was a reflection that the fractal dimension of different sized aggregates
was being measured in the (4). The resolution of the image analysis
system used with the floc settling apparatus was only able to measure the
properties of floc >100 wm. For SALLS the Dy;s) of the microflocs in
the system were measured (from Equation (6), typically of flocs that
were <10 pm (8, 12). The results therefore show that the small microflocs
within the whole floc became more open as the polymer dose was
increased, whilst the overall floc becomes more compact as polymer dose
was increased. As was indicated here, previous work has shown that an
increase in polymer dose usually results in an increase in overall floc
fractal dimension (18, 19). However, most work has shown an increase
in microfloc fractal dimension with increasing polymer dose when
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SALLS has been used (12, 18, 20). This difference was likely to be
explained because these previous workers used the polymers as the
principal coagulant or because of charge differences in the properties of
the polymers used. Polymer bridging was the most likely mechanism for
bonding by the non-ionic polymer used in this work due to the increased
probability of attachment in these polymers (21). In this case, increased
polymer dosing appeared to give a more open structure for the microflocs
formed after 15 minutes growth as a result of polymer bridging giving
more tenuous bonding (12). The fractal dimension of microflocs during
breakage stayed the same at low polymer dose or increased for systems
of high polymer dose where the overall floc size was very large (polymer
doses of >0.15mg/L). It was hypothesized that increased polymer
bridging within the microfloc at high polymer dose held the aggregates
together under the high breakage shear rate due to the strong bonding of
the polymer. For the microfloc in the systems with low or no polymer
dose an opening up of these structures was seen at higher shear rates
due to the weaker bonding in the floc when little or no polymer was
present.

The increase in the overall Dyyg, of the whole floc as found from settling
with increasing polymer dose indicated that the polymer bridging within the
overall floc produced more compact aggregates. The exception here was for
the no polymer dosed system, that appeared to have a high fractal
dimension but the high scatter and low correlation co-efficient make this
value very questionable. This indicated that in the small floc systems with
low concentrations, the more compact microflocs have weaker inter-
bonding forces between the microfloc giving rise to a smaller, inconsistent,
and more loosely connected overall aggregate. At higher concentrations of
polymer, the increased magnitude and strength of bridging bonds was likely
to give a stronger and overall more compact structure.

From a practical perspective, polymer is frequently used in order to
increase floc size and result in a distribution of fewer smaller particles in
order to increase floc strength and settlement (21). The fractal dimension
analysis used in this work suggested that SALLS analysis should be restricted
to the small microflocs in the system. Settling gives a better understanding of
the properties of the whole floc in the system and is therefore of more oper-
ational use because it is the removal of the bulk of the flocs that is
important during clarification. Importantly, care must be taken with settling
data to understand if there is a significant relationship between the settling
rate and floc size and an understanding of the range of values that the
fractal dimension may take to determine if there are significant differences
between Dy from different systems. In this work, the fractal dimension
analysis identified an increase in the compaction of the whole floc with
increasing polymer dose; however, there was only a statistically significant
increase between the low and high polymer doses. The fractal value must
also be used in combination with floc size, strength, and settling rate data in
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order to give a complete understanding of how floc operational properties
change with different variables.
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