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Kimberly-Clark. It is a commercial product used in personal care 
products, specifically for diaper applications. Chemically speaking, 
superabsorbent is a cross-linked polyacrylate. The degree of 
cross-linking was evaluated with a home-made expansion test 
similar to the Absorbency under Load as published in numerous 
patent literatures (The detailed procedures are attached in the 
supplement material) with an expansion of 12.3 mm versus 0-0.5 
mm for other polymers [22-25]. There are two polyacrylamides 
in this work. One is designated as C3221 from Ciba-Geigy. It is a 
high molecular weight polyacrylamide1. The intrinsic viscosity for 
C3221 in distilled water is 11.19 dL/g. The other is designated 
as P21450 (CAS # 903-05-08) from Pfaltz & Bauer. The intrinsic 
viscosity for P21450 is 4.76 dL/g. Sodium polyacrylate with a 
molecular weight of 15,000, 8000 and 5100 were purchased 
from the Sigma-Aldrich Company. The intrinsic viscosity for this 
sodium polyacrylate of molecular weight 15,000 is 1.76 dL/g. 
Chitosan was also purchased from the Sigma-Aldrich Company.

1Molecular weights are inferred from the intrinsic viscosity value 
which is related to the molecular weight through the Mark-
Houwink equation.

Introduction
Healthy plant growth and, more specifically, healthy crop growth 
requires fertilized and stable top soil [1-5]. Although soil is a 
renewable resource, it can take hundreds of years to build up 
just a half-inch of topsoil [6-10]. But this amount of topsoil can 
be washed or blown away in a matter of weeks or months when 
unprotected. Current practice for preserving nutrients and water in 
soil is to add a synthetic polymer, labeled as PAM (polyacrylamide) 
with 15-40% of the acrylamide chain segments replaced by an 
acrylic acid group [11-17]. The use of polyacrylamide or PAM as a 
soil-stabilizing additive has been extensively used in agricultural 
applications to control soil erosion during irrigation [18-20]. Orts 
et al. [21] has provided an extensive review on the use of the 
acrylate-acrylamide derivatives of PAM for soil stabilization in 
agriculture, construction and military applications. Since this type 
of polymers have both the acrylamide and the acrylate groups, it 
is important to understand which of the functional groups are 
providing such functionality. In this work, we study soil water 
retention, soil stabilization and soil nutrient retention for various 
homo-polymers either having acrylate side-chains or acrylamide 
side-chains. A commercially available PAM, labeled as Encap® 

AST with 15-40% of the acrylamide chain segments replaced by 
acrylate is also included in the study. 

Experimental Methods and Materials
Polymers
Encap® AST was provided by the Encap Company. It is a 
carboxylate ion modified polyacrylamide. The intrinsic viscosity 
for Encap® AST is 66.68 dL/g. Superabsorbent was a gift from 
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Soils
Three types of soil were used in this study. They are yellow clay 
soil, Entisol (sandy) soil and the Kewaunee soil (clay soil). Yellow 
clay soil was of the order of Silty Loam Soil with main components 
of sand (11.2%), clay (24.8%) and had a pH of 6.8. The soil was 
provided by the Encap. Sandy soil was of the order Entisol and 
in the Loamy Sand textural class classified, characterized, and 
collected from a site in Waushara County, Wisconsin with main 
components of sand (82.9%), and clay (11.0%), and had a pH 
of 6.4 [7]. The Kewaunee soil was of the order Afisol classified, 
characterized, and collected from a site in Waushara County, 
Wisconsin with main components of sand (28.5%) and clay 
(34.7%) and had a pH of 6.8 [26]. 

Coagulants
The coagulants used were calcium carbonate, calcium oxide, and 
aluminum chloride hexahydrate. Coagulant provided by the Encap 
Company is aluminum chloride hexahydrate solution. A typical 
concentration of aluminum chloride hexahydrate solution is 0.06 
M. In a separate experiment when nutrient retention studies 
are required, calcium chloride or calcium chloride dihydrate was 
used as a coagulant. A typical concentration for calcium chloride 
dihydrate is 0.204 M. Since calcium ion carries only +2 charge 
instead of +3 for aluminum cation, the concentration for the 
calcium chloride cation needs to be higher than those required 
for aluminum cations. 

Methods
Sedimentation test
The sedimentation test method is designed to measure the 
efficacy of a polymer in flocculating the soil under flooding 
situations. Polymers which help the soil sediment also help 
stabilize the soil during the flooding season. Any salts that carry 
positive charges greater than +1 will have positive effect in 
helping the soil to settle; a higher positive charge (e.g., Al3+) will 
be more effective than (e.g., Ca2+) in a given concentration. 

For aluminum chloride hexahydrate coagulant, a typical 
procedure for executing a sedimentation test was first to prepare 
a clay-coagulant mixture that contains 7.22 g of aluminum 
chloride hexahydrate and 100 g Kewanee soil (pre-ground and 
screened using #40 mesh) in 500 mL of distilled water. The 
coagulant concentration was 0.06 M. A suspension of 20 mL of 
the clay-coagulant was placed in a 100 mL graduated cylinder; 
the cylinder was filled with water to a total volume of 98.0 mL. 
The polymer solution of 1000 ppm, either 1.0 mL or 2.0 mL, was 
added to the suspension. The mixture was inverted 3 times then 
placed on table for the soil to settle and the timer was started. 
The timer stops when the coagulant-soil-polymer mixture 
settles at a 40 mL mark in the graduated cylinder. The polymer 
concentrations used are either 10 ppm or 20 ppm.

In a separate experiment, when soil nutrient (typically, Ca2+) 
retention information is desired, we use calcium chloride 
dihydrate coagulant instead. When calcium chloride is used as a 
coagulant, a 15 g of calcium chloride dehydrate was blended with 
100 g Kewanee soil and the mixture was blended in a high speed 

blender with 500 mL of ultra-pure water2. The calcium chloride 
coagulant concentration was 0.204 M. Transfer a 20 g of clay–
coagulant mixture to a 100 mL graduated cylinder and 98 mL of 
water was added. A 2 mL aliquot of 1000 ppm of polymer was 
then added to the graduated cylinder which was then inverted 
3 times before recording the sedimentation times. Final polymer 
concentrations in the graduated cylinder were 20 ppm.

Water-retention test
The apparatus assembled for this test uses a 500 mL Graduated 
cylinder, large glass funnel, large filter paper disk, and plastic film. 
The large glass funnel was inserted into the 500 mL graduated 
cylinder and the filter paper disk was folded and placed inside the 
glass funnel with the plastic film placed over the top as shown in 
Figure 1. 

In this procedure, approximately 300 g of dry soil (Entisol, or 
sandy soil) and polymer blend (297 g of soil and 3 g of polymer 
which were blended with a laboratory mechanical shaker) were 
first poured into the filter paper funnel and was saturated with 
deionized water. The sample was further soaked with excess 
deionized water until the excess water level rose to just below 
the edge of the filter paper. The funnel was then covered with a 
slightly perforated plastic film to prevent excessive evaporation 
yet still allowing air circulation above water. The sample was 
allowed to drain for approximately 48 hrs. It was then massed 
and placed into an oven at 105oC for at least another 48 hrs. 
The dried sample was then massed and percent moisture was 
calculated. For a wet sample such as sodium polyacrylate which 
was provided as a 35% by weight liquid solution, approximately 
8.6 g of liquid polymer solution (~3g polymer) was blended 
with approximately 297 g of soil in sealed bag to produce a ~1% 
polymer by weight sample.

Nutrient retention studies
The first part of the experiment is similar to those described 
in the Sedimentation Test when calcium chloride was used as 
a coagulant instead of aluminum chloride and water used was 
ultra-pure water. After the soil flocculated, the solution above 
the flocculated soil was collected and then analyzed with Ionized 
Coupled Plasma (ICP) evaluation for calcium ions. A material 
that helps soil retain nutrients (calcium ions) will show a lower 
concentration of calcium ions in solution as these nutrients 
should be bound to the soil. The ICP model at UW-Green Bay is 
a Varian Sequential ICP-OES. The wavelength chosen for calcium 
cation determination is 317.933 nm.

Results and Discussion
Water retention 
Plants need water to grow. It is important for a soil to uptake 
and retains water during a rainy season so that the water can be 

2Ultra-pure water was used for because the supernatant will be 
collected for calcium ion concentration determination using the 
ionized coupled plasma technique. The regular deionized water 
may contain unwanted calcium ion in the water to make the 
measurements undesirable.
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prepared by Encap® AST is highly viscous. A separate experiment3 
suggested that this highly viscous solution may seal most of the 
pores in the soil making the soil almost impervious to water. Thus, 
it is suspected that high water retention values obtained in Table 
1 and Figure 2 could be artificial, not real water retention values. 
To help the soil retain water, the polymer must be a cross-linked 
polyelectrolyte such as superabsorbent.

Sedimentation studies
Aluminum chloride hexahydrate as a coagulant

The sedimentation times for a given soil conditioner are usually 
time dependent. An illustration for this is shown in Figure 3. In 
Figure 3, the blue dots show the sedimentation times of the 
soil alone after repeating experiments while the orange dots 
show the sedimentation times of the soil with Encap® AST after 
repeating experiments. Without the presence of any polymer, 
the sedimentation times of the control (Figure 3) remain 
relatively constant at approximately 540 s. In the presence of 
Encap® AST, the sedimentation times increase from 255 s to 
almost 560 s after repeating test multiple times with the same 
sample. This phenomenon is similar to what have been observed 
on the thixotropic behavior for a clay-detergent mixture in which 
after forceful shaking, a gel-like texture becomes liquid-like; but 
it takes time for mixture to resume back to the gel-like structure. 
Because sedimentation time for the soil-polymer mixture is time-
dependent, in this paper, the sedimentation time reported refers 
only the initial sedimentation.

Figure 4 shows the sedimentation times for Kewanee soil in 
the presence and the absence of the polymer. In Figure 4, it 
clearly shows that a polymer that carries the amide groups 
(polyacrylamide, C3221, and chitosan) will help the soil settle 
faster. This is expected as most soil particles carry negative 
charges. Polyamides upon protonation in aqueous solution will 
carry positive charges. A charge-charge interaction between 
the polymer and the soil particle results in precipitation 
and flocculation. It is surprising to see negatively-charged 
polyacrylate including Encap® AST, pilyacrylate with molecular 
weight 15,000 and superabsorbent are also effective in settling 
the soil although not as effective as the polyamide polymers. 
It needs to be stressed that these negatively charged polymers 
show substantially time-effects in soil settlement. For example, 
for polyacrylate of molecular weight, 15,000 the settlement 
times increase initially of 152 s to final settlement times of 356 
s after 26 settlement studies. This dramatic time effects in soil 
settlement were not observed for polyamide polymers. 

Calcium chloride as a coagulant
We repeat the sedimentation studies with calcium chloride as a 
coagulant. Using calcium chloride allows us to probe how well 
the polymer helps the soil to retain one of the vital soil nutrients, 
the calcium ion. The results are shown in Figure 5.

3When the soil-AST polymer blend (Placed above a funnel) was 
saturated with water on top of the blend, the water did not flow 
through the blend for 3-days indicative the pores in the soil were 
plugged by the polymer.

slowly released to plants during the dry season. These properties 
are especially important for a sandy soil of the Entisol type which 
has main components of sand (82.9%), and clay (11.0%) [7]. The 
water retention studies developed in this work were intended 
to study how well a polymer can help a sandy soil to uptake and 
retain water.

Initial samples studied are superabsorbent, a cationic polymer 
of Ciba-Geigy, designated as C3221, and sodium polyacrylate 
of molecular weight of 15,000, and Encap® AST. The results are 
shown in Table 1 and Figure 2.

The sandy soil has an average of moisture content of 
approximately 24-25%. Any soil conditioner must aim to boost 
the moisture content beyond that target range. Superabsorbent, 
a cross linked polyacrylate, boosts the moisture content to 
66.0%. In contrast, sodium polyacrylate alone reduces the soil 
natural moisture contents from 24.5% to 22.5% while a high 
molecular cationic polymer, C3221, only moderately increased 
the moisture content to 32.2%.

It is quite surprising that Encap® AST, an acrylate modified 
polyacrylamide boosts the moisture retention to 65%. One 
intriguing observation is that Encap® AST is a very high molecular 
weight polymer and a polymer blend of both a cationic polymer 
(polyacrylamide) and some anionic side chains. The solution 

Figure 1 An assembly for studying water-retention efficacy 
of soil conditioning.

Sample Average moisture 
Contents (% H2O)

Standard 
deviation

Composition
(Weight % of 

polymer)
Control (no polymer) 24.50 0.41

Superabsorbent 65.98 1.96 1.02
Encap® AST 65.08 4.22 0.99

Sodium polyacrylate 
(Mwt 15,000) 22.46 0.43 1.06

Ciba Geigy C3221 32.22 0.31 1.00

Table 1: Water retention efficacy of various polymers.
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Nutrient retention studies
The nutrient retention studies are aimed to investigate how well 
the soil retains key nutrients such as calcium ions or magnesium 
ions after they flocculate with the aid of the polymer. If the 
polymer helps the soil to retain the calcium ion, the flocculate 
would uptake more calcium ion leaving less calcium ions in the 
supernatant. The Ionized Coupled Plasma is well suited to study 
how much calcium ion left in the supernatant.

Figure 6 shows the ICP studies of the calcium ion concentrations 
in the liquid phase after the Kewanee soil settles. The results 
indicate that with Kewanee soil, Encap® AST, superabsorbent, and 
one type of anionic polymer (molecular weight=8000) do help 
the soil to retain the calcium ion. These results are consistent 
with previous research by Grubusic et al. [5] who theorized 
that carboxylate group help chelate the calcium ion leaving less 
calcium ion in the liquid phase.

Conclusion
Superabsorbent polymers help the sandy soil to retain the water, 
increasing the moisture content from a norm of 24% to 66% after 
the soil was saturated with deionized water and allowing the soil-
water mixture to drain under normal gravity condition over 48 
hrs. High molecular weight polyacrylamides help the Kewanee 
soil to settle using either the aluminum hydroxide or calcium 

Figure 2 A bar chart depicting the efficacy of water retention 
properties of various polymers. The error bar represents 
the standard deviation.
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Figure 3 Effect of a polymer on sedimentation time.
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Figure 4 Effect of a polymer on sedimentation time with 
Kewanee soil and aluminum chloride hexahydrate 
coagulants. The error bars are the standard deviation. 
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Although the results are largely similar to those shown in 
Figure 4 for the sedimentation times using aluminum chloride 
hexahydrate as a coagulant, (for example, the polyamide 
polymers are very effective in settling the soil), there is one major 
differences: Encap® AST is very effective in settling the Kewanee 
Soil with calcium chloride, the polymer is not effective in settling 
the same soil with aluminum chloride hexahydrate.

The effectiveness of Encap® AST can be ascribed to its high 
molecular weight (very high viscosity), and its polyacrylamide 
backbone with some of the acrylamide substituted with the 
acrylate. We have no explanations the soil settlement differences 
for Encap® AST in these two types of coagulant systems.

Figure 5 Effect of a polymer on sedimentation time with 
Kewanee soil and calcium chloride coagulants.
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Figure 6 Calcium ion concentrations in the liquid phase after the 
Kewanee soil are settled with the polymers.
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chloride coagulants. Polymers with both acylamide and acrylate 
side chains help the Kewanee soil to retain calcium nutrients 
when the soil is coagulated with calcium chlorides.
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