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Abstract. In this study, floc characteristics such as fractal dimension and settling velocity
were investigated through a flocculantion process with a polyacrylamide (PAM) flocculant
over a range of suspended particle concentrations, suspension type and flocculant dosage.
The floc’s structure and morphology were characterized by optical microscopy and
scanning electron microscopy (SEM) methods. Floc settling velocity was measured in a
settling column in a laboratory. The results showed that, the surface fractal dimension
ranged from 1.044 to 1.415, which quantitatively confirmed the round and layered
structure of flocs observed in SEM analyses. The PAM flocculant was proved to be more
effective in flocculantion process, increasing the settling velocity. Therefore, an
appropriate PAM dosage is an excellent candidate as efficient flocculant. A possible
flocculantion mechanism for PAM was further analyzed. For alkaline or neutral
environments, adsorption and bridging effects are dominant while charge neutralization is
favored in acidic conditions.
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1. Introduction

Sewage discharged by paper mill, coal mine and polluted rivers generally contains suspended particles and
toxic substances. Accordingly, sewage must be treated to remove the particles and harmful substances
before discharging. Flocculation is an essential process for conventional water treatment. Al(IIl) and poly-
aluminum chloride, as coagulants, have been used and investigated in many previous studies for many years
[1, 2, 3]. It is necessaty to find a flocculant that is more economical, easier to operate and less
contamination. In recent years, the application of dissolvable flocculant with high molecular weight has
been received close attentions in the process of wastewater treatment. Polyacrylamide (PAM), an organic
flocculant, contains sulfonic acid, phosphoric acid, or carboxylic acid functional groups [4, 5]. It plays a key
role in solid-liquid separation by aggregation of suspended patticles [6].

Flocs that are formed by various flocculant can show different floc characteristics and these will affect
the dosage of the flocculant and settling velocities of suspended particles. They are two key parameters in
the process of flocculation. For non-cohesive particles, settling velocity is a function of particle size, particle
shape and specific gravity. For flocs, settling velocity, floc size and excess density all become dynamic
constituents. Fractal dimension, one of floc characteristics, is adopted to calculate the settling velocities of
flocs (Eq. (1)).

\'
18 u % 140.15Re*®

where Vg is the settling velocity of an individual floc, @ is a particle shape factor, § is the gravitation
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acceleration, 4 is the water dynamic viscosity, p,and P, are the density of primary particles and the water

density respectively, Us,is the median size, d is the floc size, D is the fractal dimension, @ is the effect of

the size distribution of the primary particles, Reis the particle Reynolds number [7]. The fractional
dimension and various model coefficients are considered in the Eq. (1). Also, Eq. (2) [8, 9] assumes that the
fractal dimension of the aggregate is equal to that of primary particles.
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where d o is the size of the primary particles. An empirically settling velocity expression is given by Soulsby

(1997) [10]:
Vg = g[[lo.sﬁz +1.049D? ]% —10.36) 3)
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where D, = {g ( % —1] / VZ} d, vis the kinematic viscosity.

Several formulas have been proposed for settling velocity, unfortunately, due to the non-linearity of the

flocculation process, floc is difficult to control and settling velocity fail to predict adequately. Even more
importantly, current methods of settling velocity do not take into consideration the kind and dosage of
flocculant. A better understanding of the floc characteristics under various conditions would allow for both
more accurate flocculation process and an improved understanding of the flocculation mechanism.
In this work, flocculation of sand, fly ash and coal suspensions with PAM flocculant have been carried out
with different dosing conditions and with different suspensions. The main aims of the work were: To
compare the effects of PAM flocculant on the structure of flocs by optical microscopy and SEM; to
investigate the fractal dimension of flocs; to predict the optimal dosage of PAM based on settling velocity
and to gain further insight into the mechanism of floc formation.

2. Materials and Methods
2.1. Materials

Due to differing shape, size, specific gravity and density of sand, fly ash and coal they exhibit vastly
different settling velocities and flocculation characteristics. Therefore, they were used as suspended
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sediments in the experiments. A laser particle analyser (Winner2008D, Jinan Winner particle Instrument
Co., Ltd., China) was used prior to the experiment to measure the deflocculated grain size distribution of
the sample (Fig. 1). Deflocculation was obtained by sonicating the sample for 10 min prior to measurement
in the laser particle analyser. The d, of sand, fly ash and coal was 39.63pm, 13.73pm and 77.25pm

respectively. The specific density of sand, fly ash and coal was 2.65, 2.3 and 0.85 respectively. They were
dispersed in 1000mL of deionized water in a high-speed blender. Polyacrylamide (PAM, analytical grade;
Tianjin Kermel Chemical Reagent Co., Ltd., China) was used as flocculant. Na-hexametaphosphate
((NaPos)s, Tianjin Bodi Chemical Co., Ltd., China) was selected as a chemical dispersant. The chemicals
used in the experiments were of analytical grade and deionized (DI) water was employed for all
experimental work. The main experiment equipment were: Electronic balance (SQP, Sartorius Scientific
Instrument Co., Germany), Freeze drying machine (FD-1D-80, LaboGene companies, Denmark), Research

grade microscope imaging system (U-HGLGPS, OLYMPUS company, Japan), Scanning electron
microscope (5-4800, JEOL company, Japan).
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Fig. 1. Grain size distribution of the primary sediment sample used in the experiment

2.2. Experimental Setup

The experimental setup in this study uses a 1000ml measuring cylinder, a high-resolution optical
microscope and a freeze drying machine (Fig. 2). The 1000ml measuring cylinder was used for flocculation
reaction and measuring settling velocity. Flocs were extracted from the bottom of the cylinder by pipet.
Then they were freeze dried and observed by an optical microscope and SEM. Details of the testing
methods are provided below.

Settling Column :
Sample  Freeze Dryer Imaging System Floc Image
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Fig. 2. Schematic of the setup for experiments with an example image
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2.3. Flocculation Experiments

Flocculation experiments were carried out using a program-controlled measuring cylinder apparatus at
ambient temperature. An orthogonal experiment is conducted to find the optimal dosage for the PAM.
According to the experimental design, the following experiments were performed (Table 1). “A” and “B”
stand for concentration of suspension and concentration of PAM respectively. Three different suspensions
were assessed: sand, fly ash and coal. In addition, the influence of PAM on the flocculation process was
studied for each suspension.

Table 1. The factorial experiments of concentration of suspension and PAM.

Sample no. A (g/I) B (g/L) Sampleno. A (g/L) B (g/L) Sampleno. A (g/L) B (g/L)

1 5 0 12 15 0 23 1 0.04
2 5 0.002 13 15 0.002 24 3 0.04
3 5 0.005 14 15 0.005 25 5 0.04
4 5 0.01 15 15 0.01 26 7 0.04
5 5 0.02 16 15 0.02 27 9 0.04
6 5 0.03 17 15 0.03 28 15 0.04
7 5 0.04 18 15 0.04 29 20 0.04
8 5 0.05 19 15 0.05 30 30 0.04
9 5 0.06 20 15 0.06

10 5 0.08 21 15 0.08

11 5 0.1 22 15 0.1

In a preliminary study, according to Table 1, sand, fly ash and coal were added into 1L deionized water
respectively to give a required concentration. After 3 min of vigorous stirring at 200 rpm, with the help of
(NaPos)s, the suspension were prepared. The stock solution of PAM was prepared using deionized water
before test. The specific process consisted of an initial period of rapid stirring after suspension was mixed
with PAM, followed by 5 min of slow stirring and finally settling for about two hours. The effects of
different types of suspension at different concentrations were examined by a similar test procedure. After
that, the flocs were collected and analyzed for their characteristics.

The flocs were transferred from the measuring cylinder to glass slides using a pipet with an 8 mm inner
diameter mouth [11-13]. One end of the pipet was inserted just below the surface of the water and the
other end was controlled by fingers. The flocs were disposed of and redraw whenever the collecting process
was not done carefully enough. Then the flocs on the glass slides were freeze-dried. Finally an image of the
flocs was captured by a microscope imaging system. The images were analyzed by Image-pro Plus 6.0
software [14].

2.4. Measurement of Settling Velocity

After flocculation, sedimentation tests were followed in order to calculate the settling velocity. A 1000ml
measuring cylinder used for measuring flocs settling velocity had an inner diameter of 50mm and a height
of 400mm, which was sufficient to avoid wall effects and to allow flocs to reach terminal velocity [13, 15].
Settling velocity was calculated using the distance traveled by a floc and the travel time measured by a
digital-display stopwatch. If the fluid within the cylinder is assumed to be still, the settling velocity of each
floc is determined as

AZ
Vg = 3 )

where AZ is the vertical displacement of the floc centroid, At is the time over which the floc was tracked.
This approach has already been used successfully in previous studies and it has been demonstrated that the
test method is feasible [16-18].
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2.5. Measurement of Fractal Dimensions

“Self-similarity” [19], the similarity of observed structures regardless of the scale of magnification, is
indicative of their fractal character. For self-similar fractal, the Hausdorff dimension (Eq. (5)) is adopted to
calculate the fractal dimension.

log (N
D, < lim 29 (N-)

where Dy is the fractal dimension, N is a number covering its image, I' is the size [20, 21].

®)

3. Results and Discussion
3.1. Morphological Analysis

Flocs falling through the still water in the measuring cylinder were imaged by research grade microscope
imaging system and scanning electron microscope (Fig. 3) [22-24]. The first three images correspond to
flocs produced by sand, fly ash, coal and PAM respectively and they were examined by optical microscopy.
The last one illustrate flocs produced by sand with PAM was examined by scanning electron microscope.
Although the first three flocs were obtained with the use of different suspensions (sand, fly ash and coal),
no significant differences were observed in their structure. The noted differences can be attributed to the
cuboid shape of sand particles, the spherical shape of fly ash and the irregular shape of coal. These particles
are the building blocks of clusters which gather and flocculate with PAM to produce flocs. Similar images
of flocs were descripted by Kumar et al. (2010) [16] and Keyvani et al. (2014) [22].

To better understand the effect of PAM, a clear and unambiguous SEM (scanning electron microscope)
image was presented in Fig. 3(d). The surface morphology of floc was changed significantly after being
flocculated by PAM. A round and layered structure with a large number of pores was found on the surface
of floc. The particles were gathered and compacted by PAM. The porous feature is expected to exert
positive effects on bridging adsorption and enmeshment [14].

ad = ) : ‘dl: ol |
Fig. 3. Selected images of four flocs types: (a) sand, (b) fly ash, (c) coal, obtained by optical microscopy
and (d) obtained by scanning electron microscope

3.2. Fractal Dimension Analysis

Many studies have been noticed and used fractal dimension for defining floc structure [25, 26]. In this study,
a normal distribution of the fractal dimensions for a given floc size has been observed (Fig. 4). The
calculated fractal dimension of the sand-PAM samples ranged from 1.044 to 1.415 with an average of 1.15
and a standard deviation of 0.069 for 649 individual flocs. This result is in a good agreement with the
Lech’s results. The fractal dimension of Al sludges ranged from 1.3713 to 1.4858, and the values of Fe
sludges ranged from 1.2478 to 1.3564 [27]. Additionally, the fractal dimension of APAM is 1.35 [14]. This
implies that the applied method adequately fits the set of images of flocs.

The range of variations in objects selected from the surface of the images is sufficient to find out the
self-similarity of the analyzed flocs. The fractal dimension of flocs identified on the surface of images of
sand-PAM samples is indicative of their fractal nature and structure. The jagged and porous structure of
flocs is thus mathematically validated. The PAM flocs characterized by a lower value of fractal dimension
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have a greater ability to adsorb suspensions during sweep flocculation than the aggregates with a higher
value of fractal dimension.
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Fig. 4. Distribution charts for Flocs

3.3. Effect of the Flocculant Dose on the Settling Velocity

The broader goal of examining the floc properties was ultimately to better understand the settling velocity
relationship with flocculant dose under different conditions. Figure 5 shows a plot of settling velocity as a
function of flocculant dose for different suspension kinds and concentrations. As show in Fig. 5, the
settling velocity increased with increasing flocculant dosage. A less dosage resulted in non-uniform
distribution of flocculant in the suspension environment, which limited the combination between
suspended particles and PAM. However, for a high dosage, the result indicated a substantial reduction in
PAM removal efficiency. The reason is that when the flocculant dosage exceeds a certain value, further
increases in flocculant dosage will cause PAM molecules to wrap around flocs such that the flocculant
exhibits protection rather than flocculation. Therefore, an appropriate flocculant dosage is required in
flocculation process.
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Fig. 5. Obsetved settling velocity versus flocculant doses between 0 and 0.1 [g/L], with suspension
concentrations are 5 [g/L] (a) and 15 [g/L] (b).

Suspension of different concentrations generally exists in real water samples. For further clarification
about the point above, comparison between the three suspensions was made from another perspective. As

118 ENGINEERING JOURNAL Volume 21 Issue 3, ISSN 0125-8281 (http:/ /www.engj.org/)



DOI:10.4186/¢j.2017.21.3.113

such, the flocculation efficiency of PAM may vary depending on the sample to which it is applied. The
effect of suspension concentration on settling velocity was investigated at the flocculant dosage of 0.04g/L.
The results are shown in Fig. 6. As shown in Fig. 6, it was found that the settling velocity of flocs sharply
increased with the increase in suspension concentration below 10g/L. However, when suspension
concentration was further increased from 10 g/L to 30 g/L, settling velocity remained basically stable with
less variation, which could be attributed to the limited flocculant dosage. A higher dosage of the flocculant
is required to remove increasing concentration of particles from water. The reason is that with the increase
in suspension concentration the distribution of flocculant macromolecules within the volume of suspension
slows down.
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Fig. 6. Obsetrved settling velocity versus suspension concentrations between 1 and 30 [g/L], with
flocculant dose is 0.04 [g/L]].

3.4. Analyzing Possible Flocculation Mechanism

PAM has been used in flocculation processes for water purification and is known to lower flocculation
dosage requirements and increase settlement. The possible flocculation mechanism of PAM was analyzed
besides investigation of the settling velocity. It may be that PAM is able to adsorb in a patchwise manner
and bind particles by electrostatic attraction or by a bridging mechanism. The flocculation mechanism of
PAM could be summarized as follows. In acidic environments charge neutralization had a key role in the
flocculation process. Additionally, in alkaline and neutral conditions, adsorption and bridging effect
dominated the process. Finally, flocs settled down to the bottom through the bridging effect, thus resulting
in enmeshment and sweeping effects that seized particles from water |28, 29].

4. Discussion

In this study the effect of PAM on settling velocities of different suspensions were evaluated. Results
revealed the average fractal dimension of sand-PAM flocs samples was 1.15. Other researchers who
measured and calculated the fractal dimension of APAM is 1.35 [14]. In addition, settling velocities were
measured at different suspension types and concentrations. Results revealed a faster settling velocity for the
same suspension when the PAM dosage was appropriate. However with increasing PAM dosage, results
revealed as expected in a decrease in settling velocities. Compared with the previous studies [30], the results
are credible. Figure 3 gave a reasonable interpretation between the above results and theory. PAM has a
significant effect on suspension settling rate. This is due to the fact that an appropriate PAM dosage leads
to better bridging adsorption and enmeshment [14].
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5. Conclusions

This laboratory study has examined the floc characteristics of PAM under variable flocculant dosage,
suspension kind and suspended patticles concentration. The main findings can be summarized as:

M

2

€)

The applied image analysis method revealed that the examined flocs were composed of self-similar
aggregate-flocs with fractal properties. SEM images and the value of surface fractal dimension
quantitatively describe the aggregate-flocs. The aggregate-flocs were characterized by lower values
of surface fractal dimension and a round and layered structure with a large number of pores,
which were observed in SEM analyses.

Flocculation of PAM was evaluated by settlement test procedure using the sand, fly ash and coal
suspension. The settling velocity in each experimental condition was measured in a settling column.
Flocculant dosage and suspension concentration determine the settling velocity and by this affect
the flocs characteristics of the PAM. An appropriate PAM dosage is an excellent candidate as
efficient flocculant for the treatment of wastewater.

The knowledge of aggregation mechanisms of flocs was the key parameter required. Charge
neutralization, sweeping by precipitation enmeshment and bridging had important roles in the
flocculation process. Moreover, these mechanisms may explain the influence of PAM on flocs
characteristics.

Nomenclature

Vg: is the settling velocity of an individual floc

o: is a particle shape factor

g: is the gravitation acceleration

M: is the water dynamic viscosity

Pyt is the density of primary particles

Pu: is the water density

O, : is the median size

d: is the floc size

D,: is the fractal dimension

0 is the effect of the size distribution of the primary particles
Re: is the particle Reynolds number
N: is the number of primary particles in the floc of linear size o
d is the size of the aggregate floc

d p’ is the size of the primary particles

V. is the kinematic viscosity

AZ - is the vertical displacement of the floc centroid
At: is the time over which the floc was tracked

N L is a number covering its image

r: is the size
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