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A Comparison of Fractal Dimensions of Clay and Humic
Acid Flocs under Optimum Coagulation Conditions

Hira Amjad and Zahiruddin Khan

Abstract—The fractal dimension of floc provides the basic
information on the structure and origin of the flocs. The removal
efficiency of several drinking water contaminants depends upon
the floc characteristics especially in their fractal dimension in
the conventional (coagulation/flocculation) water treatment
process. In this study two synthetic feed suspensions (humic acid
and clay suspension) were prepared and coagulated under
optimum coagulation conditions. Aluminum sulfate (alum,
Al»(S0,)s.18H,0) was used as a principal coagulant for both
humic acid and clay suspensions. The flocs so produced were
measured for their size and fractal dimension distribution as a
function of flocculation time using small angle light scattering
(SALS) technique. Results showed that floc size increases with
an increase in the flocculation time both for humic acid and clay
flocs. Same is true for fractal dimensions of humic acid and clay
flocs. Fractal dimensions of humic acid flocs were somewhat
higher than the fractal dimension of clay flocs due to the
difference in coagulation mechanism involved for the formation
of humic acid and clay flocs.

Index Terms—Fractal dimension distribution, floc size
distribution, small angle light scattering, velocity gradient.

. INTRODUCTION

Usually groundwater has been considered to be a safe
source of drinking water but with everyday rising population
and demands for potable water, have forced authorities to
consider surface water as alternate source of potable water for
public supply [1]. Suspended colloidal particles in surface
water resources are one of the main obstacles of its utilization
as potable water. Turbidity up to certain level does not harm
human health but it can provide refuge to pathogens from
disinfection. These pathogens are responsible for adverse
health effects amongst consumers.

Humic acid is a natural organic matter and sources of
humic acid contamination in drinking water are weathering of
rocks and/or biodegradation of animals and plants [2]. The
yellowish to brown color of water most of the times indicates
the presence of humic acid in water. Humic acid has very high
affinity to form complexes with various pollutants for
example pesticides and heavy metals. These complexes cause
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the ground and surface water contamination. Further, during
chlorination step in drinking water treatment humic acid will
produce toxic disinfection (chlorinated organic compounds
such as trihalomethanes) by-products which exhibit
mutagenic properties [3]. For this reason, removing humic
acid from drinking water resources is a serious issue.

Coagulation is one of the very effective and ancient
methods to remove the humic acid and clay contamination
from drinking water [4]. Other technologies such as oxidative
and absorptive processes can also be employed to remove the
humic acid from the drinking water resources [5].

For effective coagulation process, optimum coagulation
conditions (coagulant dose, pH, velocity gradient,
temperature) are very essential [6]. Floc characteristics such
as size, shape and density are greatly influenced by
flocculation conditions and have direct influence on floc
filterability [7]. Optimal flocculation conditions are required
to agglomerate small particles into large flocs and to reduce
their breakup. Floc size produced by flocculation varies over
a wide range [8].

Floc strength is one of the basic characteristics of floc
nature and it determines the efficiency of solid-liquid
separation process in water treatment system. Flocs that are
once formed during coagulation process tend to break-up due
to irregular shear rate distribution throughout the flocculation
mechanism. In field systems flocs must be strong enough
(Reaction-Limited Aggregation, RLA) to withstand the shear
rates fluctuations in slow mix basin for efficient removal of
solid particles from water. Otherwise the loose clusters of
flocs (Diffusion-Limited Aggregation, DLA) will reduce the
removal efficiency of solid particles. Colloidal particles form
bonds when they come close to each other and the strength of
flocs formed depends on these bonds [9].

The fractal dimension of flocs has great influence on
packing density and settling of flocs which is an important
tool in water treatment systems [10]. Fractal dimension of
flocs is significantly related to the rate of aggregation of
particles  i.e.,  reaction-limited  aggregation  and
diffusion-limited  aggregation. In  diffusion-limited
aggregation particles are very sticky and repulsive forces
between them are very weak so the only limiting factor for
aggregation is time taken for these to come close and
aggregate by the process of diffusion. While in
reaction-limited aggregation particles have relatively strong
repulsive forces and aggregation is limited by time taken by
particles to overcome that repulsive barrier by thermal
activation [11], [12].

With direct filtration and membrane filtration gaining
momentum, the effect of variations in coagulant mixing
conditions and settling of flocs on filtration effectiveness and
flux decline needs exploration.
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Il. MATERIALS AND METHODS

A. Synthetic Feed Water I-Humic Acid Suspension

Humic acid synthetic feed water was prepared using
ultrapure water (~18 MQ cm™) that was supplied by

Barnstead E-pure system. Aluminum sulfate (alum, Al,(SO,)s.

18H,0, reagent grade, Sigma Aldrich) was used as a principal
coagulant. 1 g of sodium humate (MW 4,000 to 23,000 Da,
Sigma-Aldrich) was mixed in 1 L of ultrapure water for three
days to prepare the stock solution of humic acid. To adjust the
pH of that stock solution to 8.0, 0.1M HCI was used. Then the
stock solution was filtered through a 0.45 um nitrocellulose
membrane (Millipore) and stored in the dark at 4°C. A TOC
analyzer was used to measure the concentration of humic acid
in the stock solution and the concentration of stock solution
was in range of 240 to 280mg (TOC)/L. This stock solution
was diluted to 10 mg(TOC)/L (as confirmed by TOC
measurements) for the coagulation flocculation experiments.
To provide the sufficient carbonate alkalinity 1mL of 2mM
solution of NaHCO; was added per 5L of diluted stock
solution of humic acid.

B. Synthetic Feed Water Il — Clay Suspension

To prepare the stock suspension of clay deionized water
and kaolin clay (Spectrum Chemicals) was used. For this
purpose, 3 g of kaolin clay was suspended in 1L of deionized
water and mixed it at 300 rpm for 30 min. After mixing the
suspension was allowed to settle for 24 hr on room
temperature. After settling the top 800 mL of stock
suspension was decanted in a separate jar and further diluted
using deionized water to maintain the turbidity in range of
30-35 NTU. A turbiditimeter of Hach 2100N was used to
measure the turbidity of clay suspension. A 0.1 M NaOH
solution was used to adjust the pH of synthetic feed water
around 8.7 + 0.1. The particle size distribution of clay
synthetic water was characterized by using Malvern
Mastersizer 2000 and it was dgy = 0.98 um.

C. Coagulation and Flocculation

For coagulation of humic acid suspension, stock solution of
aluminum sulfate was prepared by dissolving 10 g of
aluminum sulfate in 1 L of ultrapure water. A jar test
apparatus (Model 7790-400, Phipps & Bird) with 2 L
cylindrical beakers was used for coagulation experiments. For
coagulant dose determination various amounts of the
coagulant were added into 1 L of the synthetic feed water. The
rapid mixing was provided for 1 min at 200 rpm. Flocculation
was done at 40 rpm for 20 min (Table 1). Using the impeller
diameter of 7.5 cm, the G value for flocculation was 42 s™.
For coagulant dose determination, before coagulant addition,
the pH of the solution was adjusted to 5.5 for flocculation.
After flocculation the floc suspension was allowed to settle
for 30 min, and then 40 mL of supernatant sample was
collected approximately 2 cm below the water surface using a
micropipette and tested for humic acid concentration using a
TOC analyzer. In all coagulation and flocculation
experiments the temperature of feed water was kept constant
in range of 25 + 0.5 °C.

For clay suspension coagulation, stock solution of
aluminum sulfate was prepared by mixing 1 g of aluminum

sulfate in 1 L of deionized water. The
coagulation/flocculation apparatus and conditions for clay
flocs were the same as for humic acid flocs. Turbidity of clay
suspension was measured using turbiditimeter (Model Hach
2100N).

D. Determination of Floc Fractal Dimension

To determine the fractal dimension of flocs by small angle
light scattering technique, Malvern Mastersizer 2000
instrument was used. The dependence of the intensity | of
scattered light on the scattering vector Q was recorded using a
manufacturer’s provided soft module for this instrument.

Q =%sin(§j (1)

where 4 is the wavelength of the incident light, the scattering
angle is ¢, and the refractive index of solvent (water) is n. A
linear fit to the double logarithmic plot of the power law
dependence of intensity on the scattering vector was used to
determine the fractal dimension of aggregates:

1(Q) < Q™ )

E. Measurements of Floc Size and Fractal Dimension
Distribution

A light scattering instrument (Malvern Mastersizer 2000,
Malvern) was used to measure the floc size and fractal
dimension distribution as a function of flocculation time [13].
A peristaltic pump (Model no. 7520-00, Masterflux,
Cole-Palmer) was used to circulate the humic acid floc
suspension continuously between jar test beaker and optical
unit of Mastersizer (Fig. 1). This pump was operated at flow
rate of 25 mL/min and installed downstream of the
Mastersizer to reduce the floc breakup. To measure the floc
size and their fractal dimension as a function of flocculation
time the Mastersizer was programmed to take the reading
after every 30 s during the entire duration of flocculation
process.

Same procedure is used to measure the floc size and fractal

dimension of clay flocs.
Mixing jar of Jar test
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Fig. 1. Experimental set up for floc size and fractal dimension measurement.

1. RESULTS AND DISCUSSIONS

A. Dose Optimization
Alum dose required for the maximum removal of humic
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acid and clay was determined by coagulant dose optimization The turbidity of synthetic feed water of kaoline was 30-35
tests. Coagulant dose optimization tests included coagulation,  NTU. Fig. 3 showed the turbidity removal from synthetic clay
flocculation and settling process. The maximum humic acid  solution as a function of alum dose. At alum dose of 5 to 5.5
removal was achieved for the alum dose of 70 mg/L  mg/L maximum turbidity removal was achieved. Therefore
approximately which corresponded to pH 5.5 [14]. Fig. 2 5.5 mg/L alum was selected as the optimum coagulant dose
showed the removal of humic acid from synthetic feed water  for synthetic feed water of kaoline.

as a function of alum dose variations.

TABLE I: COAGULATION AND FLOCCULATION CONDITIONS AND FLOC CHARACTERISTICS FORMED BY THESE CONDITIONS

Synthetic soln. Conc. of soln. Coagulation Flocculation Floc characteristics
Alum dose, pH Mixing rate, G Floc size?, Fractal dimension®, Ds
mg/L um
Humic acid 30 mg/L 70 55 42 303 2.667
Clay 33.4NTU 55 7.5 42 125 2.149
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Fig. 5. Clay floc size distribution as a function of flocculation time.

diameter and percent changes in floc volume of humic acid Conditions: G=42 s-1; 5.5 mg(alum)/L; pH 7.5.

flocs as a function of flocculation time are shown in Fig. 2.
These flocs are prepared at a G value of 42 s, alum dose 70
mg/L and pH of 5.5. The maximum floc size of humic acid
flocs was ~303 um that was achieved at 20 min of flocculation
time.

Fig. 3 represents the volume average diameter of clay flocs
formed at G value of 42 s, 5.5 mg/L of alum dose and a pH of
7.5. During the flocculation stage flocs started to grow in size
at 3 min of flocculation time and reached to maximum size
~125 pm at flocculation time of 20 min. Fig. 4 shows that 20
min of flocculation time gives the maximum volume
percentage of larger flocs. In flocculation process aggregation

C. Fractal Dimension Distribution

Fractal dimension distribution of humic acid and clay flocs
as a function of flocculation time is shown in Fig. 5. These
results were obtained from light scattering of humic acid and
clay flocs using approach adopted by [13], [15]. As the
flocculation of humic acid and clay flocs is dependent upon
flocculation time, the fractal dimension of flocs also vary with
flocculation time. At start of the flocculation time the flocs
formed were fragile, porous and small in size. As the
flocculation time increases flocs under the effect of shear

and breakage of flocs occur simultaneously. Finally a force grow in size, compactness and density. The colloidal

steady-state achieved when floc growth overcomes the floc aggregates fit in the small pores in the flocs. As a result the
breakage [10]. flocs formed are more solid, tightly packed and having higher

fractal dimensions [16].
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Fig. 6 shows that fractal dimension of humic acids flocs is
higher than those of clay flocs at their respective optimum
coagulant doses. The possible reason for the lower fractal
dimension of clay flocs is the coagulation conditions on which
the flocs are produced. In clay coagulation/flocculation the
dominant phenomenon was sweep flocculation. So the flocs
produced were relatively weak and exhibited low fractal
dimensions. Whereas humic acid flocs produced were
developed under adsorption and charge neutralization
conditions. For charge neutralization, the suspended particles
go through several collisions and attachment cycles before
stabilization. As a result, the humic acid flocs obtained were
stronger and compact in shape and exhibit higher fractal
dimensions.

.............

HA flocs

@ Clay flocs

Fractal dimension of flocs, Df

Flocculation time, min

Fig. 6. Fractal dimension distribution of humic acid (HA) and clay flocs as a
function of flocculation time.

IV. CONCLUSIONS

Two synthetic feed suspensions were prepared to study the
effect of coagulation conditions on humic acid and clay floc
characteristics. Aluminum sulfate was used for the
coagulation/flocculation of both suspensions. Optimum
coagulant dose was measured for both synthetic feed
suspensions using jar test apparatus. The mixing speed and
time was same for both synthetic feed suspensions. Somehow
the pH and coagulant dose were different for the two different
synthetic feed suspensions. Floc growth in size with the
flocculation time was observed in both suspensions using
small angle light scattering (SALS) technique. For both humic
acid and clay flocs the floc size produced was maximum at the
end of flocculation process. Fractal dimensions of humic acid
and clay flocs were also increased with the flocculation time
under the effect of shear force applied to them in flocculation.
The fractal dimensions of humic acid flocs were higher than
the fractal dimensions of clay flocs. The reason for this
difference is coagulation mechanism of these two flocs. As in
case of humic acid charge neutralization was the reason for
flocculation while sweep flocculation was found to be
dominant in case of clay flocs. As a result the humic acid flocs
were more strong and compact when compared with the clay
flocs. These results can be applied to field conditions to see
the effect of floc size and fractal dimension on membrane
fouling.
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