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h i g h l i g h t s

� The presence of humic acid promoted
the aggregation kinetics at low
temperature.
� The optimum dosage of coagulant

decreased in the presence of humic
acid.
� D2 was always lower in the presence

of humic acid.
� The residual turbidity and small flocs

was significantly lower in the
presence of humic acid.
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a b s t r a c t

In order to discuss the effect of humic acid on improving coagulation performance at low temperature, an
optical method was employed to investigate the aggregation kinetics of kaolin with and without humic
acid at low temperature using a photometric dispersion analyzer (PDA). Moreover, the fractal dimension
(D2) of the aggregates was obtained by photographic technique coupled with image analysis. The pres-
ence of humic acid in the water significantly increased the rate of aggregation at low temperature and
caused a decrease in the number of small flocs. It was found that the optimal dosage of coagulant
decreased in the presence of humic acid. In the model water with only kaolin, the fractal dimension of
flocs with different dosage of alum was nearly the same when coagulation time was longer than
20 min. However, in the presence of humic acid, the fractal dimension of the flocs initially decreased,
and then increased with dosage of coagulant, which suggested that median dosage of alum caused looser
flocs. Comparing the flocs with and without humic acid, D2 was always lower in the presence of humic
acid, which showed that the coagulation mechanisms for these two model waters were dramatically dif-
ferent. The residual turbidity in the model water with humic acid was significantly lower than that with-
out humic acid, and the optimal dosage of alum was two times lower than that without humic acid.
Al(OH)3–humic acid precipitates worked as polymers, which interact with charged particles by bridging
flocculation, charge neutralization or other interactions.

Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Normally, in order to remove particles and other contaminants
from water, coagulation is the most common process. The charac-
teristic of flocs formed in the coagulation are influenced by coagu-
lant type and dosage, mixing intensity and water quality. The size
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and structure of flocs influence the efficiency of solid/liquid sepa-
ration processes, and the characteristics of flocs, change during
the coagulation–flocculation process. Fractal dimensions of flocs
determined by Kim et al. [1], Lin et al. [2,3] and Oles [4] were con-
tradictory. These results may suggest that changes of fractal
dimension of flocs are dependent on mixing pH, coagulant species
and raw water quality.

The collision frequency and growth of aggregates depend on the
chemical surface of micro-flocs with different dosages and species
of coagulant, local shear forces and the suspending electrolyte;
while low temperature retards the coagulation effect, which is a
real problem in cold regions. It is difficult to treat the surface water
with low turbidity at low temperature, such as in the winter of
north China. But the literature is limited and contradictory with
regard to coagulation at low temperature [5–7]. Compared to
single coagulant, the combined coagulants showed superior
coagulation performance at low temperature [8]. With the addition
of polyelectrolytes as coagulant aids, the coagulation performance
is significantly improved at low temperature [9]. Ultrasound can
improve coagulation efficiency for low turbidity water at low
temperature [10]. Although there were many methods can
improve coagulation efficiency, the coagulation mechanism at
low temperature has not been explored. Hanson and Cleasby [11]
found that the effect of both energy input parameters and flow
field characteristics on coagulation performance were insignificant
at low temperature. Xiao et al. [12] examined the chemical aspects
of coagulation, coagulation rate (CR), and turbidity removal
efficiency at low temperature, and identified some mechanisms
of slow coagulation at low temperature. The results show that
low temperature slowed down the coagulation process as reflected
in the decrease in aggregation rate and rate constants [13]. A very
important factor is the effect of temperature on Al hydrolysis.

Humic acid is one component of natural organic matter (NOM)
in water, also usually NOM determines the dosage of coagulant.
Thus it is chosen here by to explore the coagulation mechanism
with alum. The mechanism of low coagulation efficiency at low
temperature, using a mathematical model will be discussed in an-
other paper. Here the coagulation mechanism in the presence and
absence of humic acid at low temperature is explored.

2. Materials and methods

2.1. Materials

Aluminum sulfate hydrate (Al2(SO4)3�18H2O; analytical re-
agent) was used as the coagulant. Stock alum solution was pre-
pared at a concentration of 0.1 M and kept at 4 �C in a refrigerator.

Kaolin clay (Shanghai, China) was used as the model suspen-
sion. The stock suspension was prepared in a way similar to that
of Yukselen and Gregory [14] and diluted to give a final solids con-
tent of 50.0 g/L. The mass mean particle size of kaolin suspension
was about 1.3 lm (Mastersize 2000E, Malvern Inc., UK).

Five grams of humic acid (Shanghai, China) was dissolved in
0.1 M NaOH, and mixed with a magnetic stirrer for 24 h. The pH
of the filtered solution was adjusted to 7.5 by adding 0.1 M NaOH.
The suspension was filtered using a filter paper and by a 0.45 lm
membrane filter. The solution was diluted to 1000 mL in a measur-
ing flask and was stored in the dark. Total Organic Carbon (TOC)
was measured by high temperature oxidation at 680 �C (SHIMA-
DZU, TOC-VCPN), and the TOC of the stock humic acid solution
was found to be about 1.94 g/L.

Two model waters were prepared for flocculation tests. For mod-
el water I, the stock suspension was diluted in Harbin tap water, Chi-
na, to give a clay concentration (16.3 mg/L) with turbidity of 8.0
NTU. For model water II, 5 mg/L of humic acid solution (1.94 mg/L

TOC) was added into model water I. Model water II was put aside
for 12 h to achieve adsorption equilibrium (less than 5% HA here).
Harbin tap water has medium total hardness (Ca. 160 mg/L as
CaCO3) and alkalinity (Ca.60 mg/L as CaCO3) and a pH of around
7.7 in winter. The temperature of the water was kept 4 ± 1 �C.

2.2. Apparatus and procedures

2.2.1. Jar test
Experiments on the kinetics of coagulation were performed

using the ‘‘turbidity fluctuation’’ technique, as used in the Photo-
metric Dispersion Analyzer (PDA-2000, Rank Brothers, UK). The
experimental procedure was similar to that of Yukselen and Greg-
ory [14]. In this method, the average transmitted light intensity
(dc value) and the root mean square (rms) value of the fluctuating
component are measured. The ratio (rms/dc) is often termed the
Flocculation Index (FI) and it provides a sensitive measure of parti-
cle aggregation [15]. After the FI value reached an initial steady va-
lue, coagulant was added into the model water and the FI value was
recorded via a PC computer every 1 s. The stirring speed of the floc-
culator was set as 400 rpm for 1 min and then 40 rpm for 30 min.

2.2.2. Image acquisition and analysis
As the diameter of the primary particles used in this study was

larger than the laser wavelength, the fractal dimension of the flocs
was not suitable to be measured by the small-angle light scattering
[16,17]. Thus the real-time image analysis technique was used to
measure the particle morphology in the stirred jar directly.

The main components of the image-processing system [18],
included a computer-controlled digital CCD camera, lighting
provided by a strobe light, image acquisition, and image analysis
software, as our previous research [19]. The images were obtained
from an interrogation window of about 10 mm � 7.5 mm with a
resolution of 205 pixels/mm for the present set of experiments.
Although the small branches of the flocs were difficult to capture,
compared with the method of Chakraborti et al. [18], the field of
view was 10 times larger, and it could easily capture more and lar-
ger flocs. All data were recorded on the hard drive of a PC and a
public domain software package, Scion-image (Scion Corporation),
was used to analyze the captured images. The two-dimensional
fractal dimension is defined by a power law relation between pro-
jected area (As) and the characteristic length of the aggregates, l
[18,20,21]:

As � lD2 ð1Þ

where D2 is the two-dimensional fractal dimension.
Here real l and real area were substituted with the long dimen-

sion (in pixels) and the total pixels in the aggregate image, respec-
tively. Flocs with l value larger than 15 pixels (75 lm) were used
for the calculation of fractal dimension, and flocs larger than 2 pix-
els (10 lm) were used to calculate the average floc size, since smal-
ler flocs are difficult to resolve. The size of a floc is calculated as the
diameter of a circle with the same projected area.

2.2.3. Zeta potential and turbidity
The zeta potential of flocs was measured using a zeta sizer

(Nano series, Malvern Inc., UK). The residual turbidity was deter-
mined by a WTW TURB555IR turbidimeter (Germany).

3. Results and discussion

3.1. Zeta potential of model waters

As shown in Fig. 1, the zeta potential of the flocs increased with
dosage of alum. Zeta potential in model water II was lower than that
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