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ABSTRACT 

A multilateral effort into managing nonpoint sou- 
rce pollution from agriculture has gotten much 
attention for many years. Particularly during the 
heavy rain season, run-off of turbid water from 
sloped farmlands, fallow ground and/or unmana- 
ged uplands is deteriorated. Flocculant polymer, 
commonly used in wastewater treatment facili-
ties, but now exploited to improve control of se- 
diment turbidity by promoting flocculation of 
particles in construction site. This study used 
the flocculant polymer to control the discharge 
of agricultural nonpoint source pollution and fo- 
sed on the understanding of how soil-water and 
polymer properties affect flocculation perform- 
ce. Therefore, a series of flocculation experi- nts 
under different conditions was evaluated for bet- 
ter polymer clarification efficiency. Various fac- 
tors such as flocculant dose, end-over-end in- 
version of a cylinder, and soil-water properties 
(pH, NaCl, organic matter) were studied. The 
effective flocculant dose that fulfilled fast set-
tling rate was 10mg·L−1. Additional findings in-
cluded that 1) increasing pH decreased the set-
tling rate of soil particle; 2) a positive relation-
ship between the percentage of turbidity reduc- 
tion and a level of salinity in Kaolin suspension 
was observed, and 3) organic matter in soil so- 
lution inhibited PAM adsorption onto soil parti- 
cles, which caused the reduction of flocculation 
performance. The findings of this study revealed 
that flocculant polymer possess good results as 
a turbidity reducetion measure and could further 
provide valuable information to make better de- 
cision on establishment of Best Management Pra- 
ctice for handling agricultural nonpoint source 
pollution. 
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1. INTRODUCTION 

The extent of the impact of climate change on human- 
ity and the environment is not completely studied, but, 
massive efforts have been made. There are many poten- 
tial areas affected by global climate change, for examples, 
human health, biodiversity, food production, economic 
growth, and water resources. As global climate changes, 
the changing magnitudes of nonpoint source (NPS) pol- 
lution and the effectiveness of best management prac- 
tices (BMPs) become magnified and uncertain. A term of 
“nonpoint source pollution” simply means everything in- 
cluding diffuse, difficult to identify, or intermittent sou- 
rce of pollutants [1]. According to the report by Minis- 
try of Environment (2006), the contributing rate of non-
point source pollution to total loading for the four major 
rivers ranges from 42 to 69% depending upon the river 
basin characteristics [2]. It is well known that agricul- 
tural areas are the most problematic and even a small 
number of storms are usually responsible for the annual 
load and besides the meteorological factors are highly 
variable [3]. 

Control of agricultural pollution usually begins with 
measurements to control erosion and sediment runoff. 
Therefore, many BMPs such as grassed waterways, se- 
diment basins, strip cropping, and terracing, were deve- 
loped and applied in the field. However, the conven- 
tional erosion and sediment control measures did not 
meet the water quality standard. Consequently, one emer- 
ging practice promoting flocculation of particles in run- 
offs using Polyacrylamide (PAM) was introduced. Poly- 
acrylamide is the most common type of polymeric floc- 
culant and its variable functionality, positive, neutral, or 
negative charge, produces a good settling performance 
for relative low cost. Polyacrylamide is a white, odorless, 
and water-soluble polymer with the ability to control sur- 
face sealing and crusting; increase seedling emergence, 
reduce runoff and erosion, as well as reduce fertilizer and 
pesticide losses. All these benefits alleviate on- and off- 
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site pollutions [4]. 
The process of flocculation is caused by addition of a 

minute quantity of chemicals termed as flocculants. Most 
flocculants in use today are synthetic water soluble poly- 
mers based on acrylamide and its derivatives and which 
may include either anionic or cationic groups. The floc-
culants can be inorganic (aluminum, iron, etc.) or organic 
(polyacrylamide, starch, etc.) in nature. Previous studied 
found that a small amount of polymeric flocculants re- 
sulted in the same or at least similar results when using 
inorganic flocculants with large volumes [5]. Floccula-
tion has been used to treat wastewater in sewage and 
industrial treatment plants for many years, but recently it 
has been applied to storm water runoff to settle down the 
solids in runoff. 

There is a wide range of flocculants available varying 
in chemistry, ionic charge, molecular weight, branching, 
and physical form. Therefore, the selection of a floccu- 
lant for particular application is not based upon their 
chemical and physical composition. Instead, performance 
parameters (e.g., settling rate, residual turbidity, sediment 
volume of flocculant consumption) are used to charac- 
terize the quality or extent of flocculation achieved with 
a given flocculant [6]. Understanding the interaction be- 
tween soil solution and PAM flocculant is important for 
optimizing flocculant performance. Therefore, this study 
conducted a series of flocculation experiments under va- 
rious parameters of soil solution (a change of pH, NaCl, 
and organic matter) to determine their effects on settling 
rate in turbid soil waters. 

2. MATERIALS AND METHODS 

2.1. Synthetic Polymer and Kaolin Source 
Clay 

An anionic synthetic polymer, Magnafloc 336 (Ciba 
Specialty Chemicals, Korea, now BASF Global) with a 
high molecular weight (10 - 15 million g·mol−1) was 
used in this study. Its physio-chemical properties are as 
followings: white granular powder, particle size: 98% < 
1000 μm, bulk density: 0.8 g·cm−3, pH of 1% solution at 
25˚C: 5.5, viscosity at 25˚C of 0.5% solution at shear rate 
5.11: 50 cp, relative viscosity at 25˚C: 4.1). We conduc- 
ted a series of preliminary study to determine an optimal 
concentration of PAM, and the results showed that the 
best settling efficiency of PAM was achieved at a con- 
centration of 10 mg·L−1. This predetermined PAM con- 
centration was fixed as other factors (pH, organic matter 
and soil-water NaCl) were changed to determine their 
effects on flocculation performance. The standard PAM 
stock solution was prepared in 1-Liter of deionized (DI) 
water by adding 10 mg of magnafloc 336 product. 

In this study, Kaolin as the dominant clay mineral 
(70% - 90%) was purchased from the Source Clay Min- 

erals Repository (Columbia, MO, USA) and used. The 
components of Kaolin are: SiO2 of 44.2%, Al2O3 of 
39.7%, TiO2 of 1.39%, Fe2O3 of 0.13%, FeO of 0.08%, 
MnO of 0.002%, MgO of 0.03%, Na2O of 0.013%, K2O 
of 0.05%, F of 0.013% and P2O5 of 0.034% (wt/wt), re- 
spectively. Its chemical characteristics are followings: 
pH between 5 ~ 6, specific surface area of 10.05m2·g−1, 
cation-exchange capacity (CEC) of 2.0 mol·kg−1. Kaolin 
suspensions were prepared immediately before each set 
of experiments, through mixing accurate weight of clay 
powder (75 g) with certain volume of DI water and PAM. 

The adjustment of pH was made by adding hydrochlo- 
ric acid and sodium hydroxide (0.1 M NaOH or HCl) 
ranging from 4 to 9. In case of changing a level of soil- 
water salinity, sodium chloride (NaCl) was added with 
concentrations of 0.5, 1.0, 3.0, 5.0 and 10.0 mg·L−1. Hu-
mic acid (CAS Number 1415-93-6, Sigma-Aldrich, USA), 
the major organic constituents of soil, was added to make 
solutions with concentrations of 0.05, 0.1, 0.15, 0.2 and 
0.25 g·L−1. Any significant interaction among the treat-
ments was defined with respect to their effect on the 
flocculation efficiency in this study. 

2.2. Procedure of Flocculation Test 

Each stopped-Plexiglas cylinder was filled with 1 Liter 
of PAM solution mixed with Kaolin clay powder. After 
6-hr of pre-soaking time, a cylinder was closed, inverted 
10 times then, set upright. The height of the solid phase 
was measured at regular time intervals (0.5, 1, 3, 6, 10, 
15, 20 min). The pre-determined pre-soaking time and 
inversion number were used. 

The settling rate was calculated by plotting the curve 
of height against time (the rate of fall of the mud line in 
suspension within a measuring cylinder). The sample for 
turbidity measurement was withdrawn after 20 min from 
the previous inverted cylinder using automatic pipette 
from a half height of below the surface of suspension. 
The turbidity of these samples was measured using 
2100P turbidimeter (HACH Co., USA) calibrated using 
standard solutions. The samples that withdrawn directly 
after inverting represent the initial turbidity, and the 
measured samples after 20 min are the residual turbidity. 
The percentage of turbidity removal was calculated using 
the initial and final readings of turbidity using an equa- 
tion: (% of initial reading of turbidity − % of final read- 
ing of turbidity)/(% of initial reading of turbidity) × 100. 

2.3. Data Analysis 

Each experiment was conducted in three replicates. 
Significant differences were analyzed through analysis of 
variance (ANOVA), where differences were considered 
significant at 0.05 confidence level. In addition, Pearson 
correlation coefficients were calculated using Excel to de- 
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hrs of pre-soaking time did not improve the flocculation 
performance. 

termine relationships between soil-water properties (pH, 
soil organic matter, and soil-water NaCl concentration) 
and turbidity reduction. The effect of the number of end-over-end inversions of 

the cylinder using the predetermined optimum flocculant 
dosage (10 mg·L−1) on both the settling rate and the per- 
centage turbidity removal was studied. The settling rate 
was slightly affected by the number of inversion. It was 
concluded that the efficient mixing of the flocculant and 
the suspension in the cylinder requires about 10 inver- 
sions (data not shown). We also found that the adding 
more inversion broke up the aggregates which resulted in 
higher residual turbidities. 

3. RESULTS AND DISCUSSION 

Settling rate, which was measured from the rate of de- 
scent of the mud line, provides a qualitative indication of 
the aggregate dimensions. It is normally measured by cy- 
linder tests, where dilute polymer is dosed into a stan- 
dard cylinder mixed by inversion (Figure 1). 

3.1. Preliminary Study on PAM Pre-Soaking 
Time, Number of End-over-End 
Inversion and PAM Optimal Dose 

As shown in Figure 3, the settling of Kaolin suspen- 
sion using PAM became faster as the amount of PAM 
increased. It can be explained by the fact that PAM was 
adsorbed on clay particles (high specific surface area) 
and helped particles to aggregate into clusters. The com- 
parison study of clay suspension with and without using 
PAM, it was observed that the height of interface de- 
creased with time at the beginning, and the sedimentation 

There are many types (powder, liquid, emulsion and 
block) of PAMs which have slightly different properties 
and ability to react with a specific solution. Therefore, 
prior to the flocculation test, we conducted a series of pre- 
liminary study to predetermine the essential factors such 
as PAM pre-soaking time, number of end-over-end cy- 
linder inversion, and PAM optimal dose. 

 

 

An interesting result found during a preliminary study 
was that the settling rate varied as a function of the pre- 
soaking time. Therefore, this study allowed a various 
pre-soaking time (1, 3, 6, 9, 12, 18 and 24 hrs) prior to an 
actual flocculation test. The settling velocity was calcu- 
lated by dividing settling rate with time for clear com- 
parison between each treatment. Flocculation behavior of 
soil aggregates followed by PAM adsorption onto soil 
particles requires a certain time to react and the best set- 
tling rate of soil particles was achieved at the pre-soaking 
time of 6 hr (Figure 2). We also found that longer than 6 Figure 1. Schematic of flocculation test using 1-L cylinders.  
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Figure 2. Effect of pre-soaking time on flocculation performance. 
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Figure 3. Determination of optimal dose of PAM in Kaolin solution. 
 
became lower for both cases as settling time increased. 
When settling occurs using PAM, a sharp decrease in set- 
tling rate was noticed. Also the beginning settling period 
was very short using PAM compared with its counterpart 
without PAM. Moreover increase in PAM dose from 10 
to 25 mg showed an appreciable increase in settling rate 
but has a little effect on the percentage removal of clay 
turbidity. It is interesting to note that the faster settling 
rates and lower residual turbidities may be achieved by 
using 10 mg of PAM.  

3.2. Effect of Suspension pH 

The ranges of pH values from 4 to 9 covered the three 
basics (acidic, alkaline, and neutral) at given predeter- 
mined pre-soaking time (6 hr), end-over-end inversion 
number (10 times), and optimal PAM dose (10 mg·L−1). 
The results showed that anionic PAM was slightly effect- 
tive in neutral (pH = 7.0) or acid solutions (pH = 4 ~ 6) 
rather than alkaline solution (pH = 8 ~ 9) (Figure 4). 
Overall the percentage of turbidity removal for acidic 
and neutral pHs was about 74%, while the one for alka- 
line pHs was about 60%. This can be explained by the 
fact that kaolinite forms a card-house-type structure due 
to the electrostatic attraction between the negatively charg- 
ed basal surface and the positively charged edge surface 
at low pH. In case of high pH, both kaolinite basal and 
edge surface are negatively charged and therefore the elec- 
trostatic repulsion exists, which indicates low rate of flo- 
cculation capacity [7]. 

The overall trend of settling rates as a function of pH 
values was consistent with a study by Taylor et al. (2002) 
[8]. However, it was not significantly different (p > 0.05) 
as expected. This might be caused by the fact that a large 
increase in the residual turbidity after longer time (10 
min vs. 60 min) allowed for flocs to settle [8]. This indi- 

cates that only 20 min settling time may not be enough to 
get any noticeable result. 

3.3. Effect of Suspension NaCl 

We used deionized water in all tests. Therefore, any 
available cations were from the soil itself. Sodium chlo- 
ride added for varying the conditions. A level of salts in 
Kaolin suspension was prepared by adding Sodium chlo- 
ride (NaCl) acted as a monovalent cation source. Figure 
5 shows that the interaction of anionic PAM by the same 
minerals and soils increased significantly as the concen- 
trations of dissolved salts increased. The percentage of 
turbidity removal was ranged from 48% to 58% as the 
concentration of NaCl increased. In addition, the correla- 
tion between turbidity reading of supernatant and NaCl 
concentration was highly negative (r = −0.914) at a con- 
fidence level of 95%. 

Since the concept of relative flocculation power is a 
comprehensive index of charge screening ability for ca- 
tions, this phenomenon signified that the mechanism of 
PAM sorption enhancement by salts is mainly because of 
their charge screening ability [9]. In this study, addition 
of monovalent cation, namely, Na+ showed a slight syner- 
gistic effect of about 10% on flocculating activity through- 
hout the NaCl range (0.1 ~ 10 mg·L−1). 

3.4. Effect of Suspension Organic Matter 

Organic matter had a negative effect on PAM floccula- 
tion performance as shown in Figure 6. It is obvious that 
the sorptive affinity of the soils to PAM increased after 
some of the organic matter was removed. This phenome- 
non was in agreement with earlier observations by Nad- 
ler and Letey (1989) [10]. 

S   oil organic matter plays an important role in forming  
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Figure 4. Effect of pH on settling rate. (Left) entire view, (Right) enlarged of dot area of entire view. 
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Figure 5. Effect of soil-water salt level on flocculation performance (Left). Changes of turbidity in supernatant at different con- 
centration of NaCl in suspensions (Right). 
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Figure 6. Response of flocculation performance with a change of organic matter (Left), response of turbidity in supernatant on a 
change of organic matter (Right). 
 
soil aggregates. However, at a presence of flocculant, 
removal of soil organic matter breaks down soil aggre- 
gates and exposes new accessible sites for PAM sorption, 
which definitely increases the sorption amount of PAM. 
In addition, in the normal soil pH range of 5 to 9, the ma- 
jority of functional groups in organic matter carry a ne- 

gative charge. Decrease in the content of organic matter 
reduced the electrostatic repulsion between soil parti- 
cles and anionic PAM molecules, and thus increased the 
flocculation performance. The correlation between tur- 
bidity readings of supernatant and concentration of soil 
organic matter was highly positive (r = 0.968). 
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4. CONCLUSIONS 

The flocculation kinetics of anionic polyacrylamide in 
Kaolin suspensions has been investigated as a function of 
pH (4 ~ 9), soil-water NaCl (0.5~10 mg·L−1) and soil or- 
ganic matter (0.05 ~ 0.25 g·L−1). Essential factors, such 
as PAM & soil-water pre-soaking time, the number of 
end-over-end inversion and PAM optimal dosage, were 
pre-determined through a preliminary study and they 
were fixed throughout the a series of flocculation test. 

The settling rate of Kaolin suspension without PAM 
was low especially and the settling rate and percentage 
turbidity removal increased with increasing PAM dose. 
The optimum PAM dose required for obtaining a faster 
settling rate and corresponding clear supernatants was 
10mg. Settling rate and percentage of turbidity removal 
slightly decreased as the number of end-over-end inver- 
sions of the cylinder increased. The effect of pH showed 
that the flocculation performance decreased as pH in- 
creased due to electrostatic repulsion as the majority of 
soil surfaces are negatively charged. The presence of 
monovalent cation (Na+) in Kaolin solution increased 
PAM sorption and finally lead to more soil particles floc- 
culated. High organic matter contents reduced the PAM 
sorption, possibly because of the reduction of accessible 
sorptive sites once organic matter can cement inorganic 
soil components into soil aggregates and increase the 
electrostatic repulsion between soil particle surfaces and 
PAM molecules. 

This research explored the effect of soil and water pro- 
perties on PAM flocculation using a series of cylinder 
test. The kinetics of PAM flocculation under the field 
conditions might be different; however, the findings of 
this study clearly showed that synthetic polymer (PAM) 
had great capacity of turbidity reduction. Results from 
this study could provide valuable information to make 
better decision on establishment of Best Management 
Practice in agriculture to meet water quality standards. 
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