
Aquatic Toxicity Characteristics of Vinyl Acetate-Acrylic 
Acid (VA-AA) Copolymer-Based Formulations

Shubham N Borole, Paige Kleinow, Gerard T Caneba*
Department of Chemical Engineering, Michigan Tech University Houghton, USA

*Corresponding author: Gerard T Caneba, Michigan Tech University Houghton, USA

Received: 16 September, 2021  Published: 22 October, 2021

Citation: Borole SN, Kleinow P, Caneba GT. Aquatic Toxicity Characteristics of Vinyl Ace-
tate-Acrylic Acid (VA-AA) Copolymer-Based Formulations. Trends Petro Eng. 2021;1(2):1–7. 
DOI: 10.53902/TPE.2021.01.000509

Quick Response Code:

Copyright © All rights are reserved by Gerard T Caneba

Abstract

Since the year 2000, we have been generating vinyl acetate-acrylic acid (VA-AA) copolymers from the free-radical retrograde-percipitation po-
lymerization (FRRPP) process, and we have been formulating them as multipolymeric surfactants for various applications. This work involves the 
use of the Microtox® method to investigate the aquatic toxicity behavior of the aqueous emulsions of VA-AA-based multipolymeric surfactants, and 
their formulations within liquid-liquid and solid-liquid interfaces. Liquid-liquid and solid-liquid interfaces employed in this study are represented 
by crude oil-water and bauxite extraction waste (Red mud)-water mixtures, respectively. Investigations with these interfaces reveal that the VA-AA-
based multipolymers either reduce or eliminate the nascent aquatic toxicities in these mixtures. 
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Introduction

Surfactants find a wide range of uses based on their unique 
properties, particularly their influence on interfacial surfaces. Few 
examples are enhanced oil recovery in petroleum industry, engine 
oil separations in automotive industry,1 and detergents in textile in-
dustry and as a floating agent in ore extraction processes. Because 
of their distinctive macromolecular structure, they are able to ad-
here or adsorb on interfaces, which result in lesser application of 
energy for separation of the phases. 

Specific properties of surfactants are due to their typical molec-
ular structure which comprises of two different and operationally 
opposite structures, called as lyophobic or the hydrophobic group 
and lyophilic or hydrophilic group. The hydrophobic group is the 
tail part and hydrophilic is the head part of a typical surfactant 
structure. In immiscible aqueous solutions, such structures suc-
cessfully remain attached to both phases according to the affinity 

of the group structure. For example, where water is the solvent, the 
hydrophobic part is responsible for distortion of the water phase 
causing increase in free energy of the system, hence requiring less 
work to be done on the system for phase separation. At the same 
time the hydrophilic part remains attached to the water phase pre-
venting the surfactant to be excluded from the system.1 

Hydrophobic groups in surfactant molecules are usually long 
chain hydrocarbons, whereas the hydrophilic part relies on strong 
specific interactions, such as polar, hydrogen-bonded, and ionic 
groups. There are four basic classifications of surfactants based on 
the nature of the hydrophilic head. The following classifies com-
mercial surfactants based on the following functional groups:

• Anionic - The hydrophilic head part is a negatively charged 
group.

• Cationic - The hydrophilic head part is a positively charged 
group.
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• Nonionic - The hydrophilic part does not have any charge.
• Zwitterionic - The hydrophilic part may have both positive and 

negative charges.2 

Further classifications are also available based on nature of 
attached hydrophobic groups, and even the long-range macromo-
lecular architecture of both hydrophilic and hydrophobic groups. 
Current research focusses on comparing various performance 
characteristics of vinyl acetate-acrylic acid (VA-AA) based copo-
lymer surfactants with other commercially available surfactants. 
Typically, the so-called B6-1 VA-AA tapered block copolymer sur-

factant used in this work (Figure 1(a) and 1(b)) has the following 
CAS registry:3,4

Figure 1(a): Molecular structure of the B6-1 VA/AA tapered block copoly-
mer surfactant that was produced from the FRRPP process.

Figure 1(b): Linear bead model of the Vinyl Acetate (open beads) and Acrylic Acid (filled beads) segments that make up the tapered B6-1 VA-AA 
block copolymer.  Bead numbers are drawn to scale to approximate molecular make-up of the blocky VA-AA material with 6wt% AA segments.

• CAS # [903900-50-5]

• Type of polymer – a reduced regulatory requirement (RRR) 
polymer

• CAS Name of polymer: 2-Propenoic acid with ethenyl acetate, 
hydrolyzed

• Common Name: Partially hydrolyzed vinyl acetate-ammonium 
acrylate copolymer

• Molecular Structure:

Other VA-AA-based in-house copolymer surfactants used in this 
work have similar structure to B6-1.

Toxic effects of effluents that concern people throughout the 
world include those being discharged into the environment from 
agricultural, construction, mining, chemical, health care and many 
other industries. Various biological assays have been utilized to 
determine toxicities of samples, such as those of mysid shrimp 
(Americamysis bahia) and inland silversides (Menidia beryllina),5 
amphipod (Ampelisca abdita) and mysid (Americamysis bahia).6 
Among these, Microtox® Acute Toxicity testing has become wide-
spread because of its advantages in rapidity, simplicity, economic 
cost and portability.7-11 By comparison, conventional acute toxicity 
bioassays utilizing multi-cellular organisms are lengthy and involve 
complex and long exposure periods.12 The wide range of applica-
tions of Microtox® Acute Toxicity testing include assessments of 
surface or waste water, effluents, solid sediments, organic and pure 
compounds.

Surfactants with all their applications are also reviewed for their 
toxic effects on the mode of application they are performed. Here, 
we are aiming to work on using surfactants for oil spill herding and 
recovery, making dispersants for dispersion of crude oil, altering 
waste products into useful substances. Surfactants are basic con-
stituents in these applications, which if applied to oil spills under 

requisite condition may contribute to acceptable damage to the af-
fected environment.13 However, surfactants are found to be toxic to 
marine organisms in various studies conducted by researchers.13-18 
A completely or relatively non-toxic surfactant will serve as boon 
for oil spill control purposes that are prevalent in water bodies. For 
completing this objective, it will be important to know the toxic ef-
fects of surfactants before and after application with different ma-
terials along with different solvents with crude oil compared to the 
effects of crude oil alone. Oil spill control formulations for oil spill 
dispersion contain significant amounts of surfactants in composi-
tion. The toxic contribution of surfactants in the formulation has to 
be studied. In-house synthesized surfactants along with some com-
mercial surfactants, solvents to be used, dispersed crude oil were 
tested for Microtox® toxicity which utilizes special strain of ma-
rine bacterium Vibrio Fischeri (photobacterium phosphoreum),8,19 
a luminescent bacteria, based on change in light intensities due to 
the sample that was exposed.10,20 The Microtox® Testing equipment 
was chosen because of its speed and portability, considering the 
possibility of testing of various upcoming potential dispersants and 
chemicals that might be used for oil spill dispersion or recovery in 
laboratory or the field. Also, it is as comparable screening test as 
long term exposure tests, to get an idea of the toxicity standings of 
dispersant chemicals21 as well as this method proves its suitability 
for toxic screening tests based on its comparative results with both 
vertebrate and invertebrate test results.13 The decision of imple-
menting a surfactant or dispersant for sorted applications cannot 
be finalized based on this testing only. These screening tests play an 
important role however, and as an immediate response assessment.

Aluminum is a packaging material that is almost 100% recycla-
ble at an infinite number of times, using only 5% of the energy it 
takes to produce it the first time. In its production from bauxite ore, 
Alumina is first extracted using a highly basic caustic solution using 
the Bayer Process,22 and the spent ore (tailings) is a red caustic par-
ticulate material that poses risks to human health, to the ground-
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water, livestock, and to the natural and built environment. Address-
ing the fate of waste materials from the extraction of Alumina from 
bauxite ore is needed to complete the sustainability characteristics 
of the use of Aluminum as packaging, structural and decorative ma-
terial; note that Alumina is needed to produce Aluminum through 
the Hall Process.23 This is especially true in light of recent events 
in Hungary in the fall of 2010 when a red mud repository caused 
several deaths and massive ground and structural contamination.

The principal idea or purpose behind this work is to under-
stand and compare toxic effects of various components of a surfac-
tant formulation, for its prior and post applications, on crude oil 
using a handy acute toxicity measurement device. This Microtox® 
device is also used to compare aquatic toxicities of untreated and 
treated Alumina production tailings (called Red Mud) from bauxite 
ore, through the use of VA-AA-based copolymer surfactants. These 
tests reveal that the salt versions of these surfactants are relatively 
nontoxic in water, and in combination with highly caustic red mud 
materials. In mixtures with crude oil, the tests resulted in reduced 
aquatic toxicities compared to commercially available surfactants.

Experimental

Materials and chemicals

The crude oil used in this work was light sweet crude from a 
Gulf of Mexico oilfield. Commercial surfactants were obtained from 
various company sources, and vinyl acetate-acrylic acid-based co-
polymer surfactants were produced in-house through the FRRPP 
process.3 Surfactant samples with 1% by weight aqueous solutions 
were prepared (up to 300ml), and stored in air tight containers. 
Red mud samples were obtained from blended cut samples of var-
ious operations in India, Jamaica, Venezuela, and Brazil (donated 
by Tailings Management Systems of Ontario, Canada). All reagents 
used were analytical grade, except for water that came from the dis-
tilled water source.

Apparatus and procedure

The Microtox® Test equipment (Figure 2) consists of Micro-
tox® Model 500 (M500) (Modern Waters, Inc. of Newcastle, Del-
aware) analyzer which is a biosensor-based measurement system 
that uses bioluminescence technology to monitor harmful sub-
stances. It is a temperature-controlled, self-calibrating photometer 
that measures light intensities emitted by bioluminescent bacteria 
(Vibrio-Fischeri) in the presence of samples and reference stan-
dards. The decrease in light intensities as a result of the presence 
of toxic substances is related to toxicity values measured in terms 
of effective concentration at 50% of reduction in light intensity dis-
play at different times (typically, after 5 and 15 minutes of expo-
sure) expressed as EC50 in “%” or “mg/l”. The device also consists 
of incubator system which is used to maintain temperatures of the 
“reagent well (1)” at 5oC and, “read well (1)” and “Cuvette or Incu-

bator wells (30)” at 15oC, where reconstituted bacteria and testing 
samples are placed respectively. The tested data is calculated and 
stored using Microtox® Omni software which can be connected to 
the analyzer. 

Three solutions obtained along with the system are Diluent, Re-
constitution Solution and Osmotic Adjustment Solution (OAS). All 
the samples while testing was diluted at 1:2 by addition of diluents. 
Reconstitution solution is used for revival of the bacteria reagent 
after removal from the freezer. Diluent and Reconstitution solution 
are basically 2% NaCl solutions specially prepared with ultrapure 
non-toxic water, while OAS is a 22% NaCl solution used to adjust 
osmotic pressure of samples at higher concentrations. For sample, 
diluent and reagent transfers; the use of 3ml syringes, 10µl fixed 
pipettor and 500-5000µl variable pipettor and 0-1ml high preci-
sion syringes were used as required. 12x75mm2 cylindrical boro-
silicate glass cuvettes for testing are obtained from Modern Water 
Inc. From above materials the Microtox® model M500, Bacterial 
Vials, Microtox®Omni Software, Diluent, Reconstitution solution, 
OAS solution and cuvettes were obtained from Modern Water Inc. 
The Microtox® testing is based on following experimental design 
concerning important elements like sample state, Microorganisms 
used, dose type, end point determination and exposure period Fig-
ure 3. 

Figure 2: Front perspective view if the actual Microtox® M500 analyzer.

Figure 3: Diagram of the top panel of the Modern Water Microtox® M500 
Analyzer.
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Several samples were prepared and tested as per the Microtox® 
manual from AZUR Environmental, formerly Microbics Corporation 
(Modern Water Inc.).24 The samples were tested in duplicates at a 
time or twice to obtain EC50 values expressed as “%” values with 
95% confidence range. The EC50 values have inverse relationship 
with toxic effect of the sample; implying higher EC50 values indi-
cate low toxicity and vice-versa. The end points were at 15min or 
10min (based on toxic effect) after addition of reagent to samples 
at different concentrations. The standard test was performed with 
Zinc Sulfate Heptahydrate as a standard before opening a reagent 
lot for testing.

Known concentrations of contaminants were prepared before 
conducting each respective test. The Microtox® M500 Analyzer is 
switched ON and some time is allowed for the Read well, Reagent 
well and Incubator wells to reach their required temperatures. The 
software Microtox® Omni is started and based on the sample, type 
of test is selected from a list shown on screen. Accordingly, cuvettes 
are placed in corresponding positions in the Incubator wells and 
the Reagent well. In the Microtox® system there are several tests 
that can be selected based on the sample concentration and expect-
ed toxicity values. The necessary tests for our samples are among 
2% Basic Test, Basic Test (45%) and 81.9% Basic Test, where the 
percentages relate to the amount of concentration added in diluent 
for osmotic adjustments. We conducted the tests based on expected 
toxicity values and haziness factors.

A brief procedure for testing is shown as follows with appro-
priate and basic lab guidelines that are expected to be followed. 
The method is simple to perform since every instruction will be 
displayed by the software, but proper care while transferring and 
adding materials is the responsibility of the experimenter which is 
challenging to maintain. To start with a 2% Basic Test with 1 sam-
ple, 1 control and 4 dilutions or concentrations place cuvettes in 
Rows A and B along with a cuvette in the Reagent Well. Add 500µl 
diluent from B1 to B5 and 1000µl from A1 to A4. Add 100µl sample 
to A5 followed with addition of 2000µl diluent to A5 to make a 2% 
concentration of sample. Make serial dilutions of 1:2 (1000µl) from 
A5 to A4 … A3 to A2 and discard 1000µl from A2. This prepares a 
concentration range in increasing order from A1 to A5.

The Reagent vial was then removed from the freezer and re-
agent added to the Reagent Well as per the instructions. Add 10µl 
reagent from B1 to B5. The initial light intensity (Io) values were 
measured after pressing the Start button on the screen, by inserting 
cuvettes in Read well and pressing Read button every time. Sam-
ple transfers were made from A to B for all the concentrations and 
start the timer on software screen. The software will prompt for 
readings after 5 minutes and accordingly time-dependent intensity 
(It) values at 5 minutes can be measured. Similarly, intensities at 
different times, such as 5, 15, or 30 minutes, can be measured by 
inserting the times while starting the software.

After recording intensities or light measurements, the sample 
report appeared on the screen instantly displaying light intensity 
values, EC50 values, CI range, Toxicity units and graphs based on 
gamma and EC50 values. The Gamma values are based on pre- and 
post- intensities of light emissions by the bacteria. The typical ratio 
of 12ml distilled water to around 2.27g treated or untreated red 
mud were prepared and mixed in a shaker at 65°C for 2 days, in 
order to carry out accelerated simulated leaching of contaminants 
into an aquatic environment at room temperature. Then, the red 
mud material was separated by centrifugation, and the upper aque-
ous layer was analyzed with the Microtox® system.

Results and Discussion

For toxicity ratings the Qureshi horizontal toxicity ranking sys-
tem shown in Table 1 is followed [Qureshi25 and Bulich 26 (Microbics 
Corporation). This means that for less than 25% of contaminant to 
reduce the level of bioluminescent bacteria by 50% corresponds to 
an extremely toxic contaminant. The other side of the range indi-
cates that if greater than 100% of contaminant concentration re-
duces the bioluminescent bacteria to 50% of its original amount, 
then we have a nontoxic contaminant. These rankings, xin turn, 
have a time-dependency based on the amount of time of exposure 
of the bioluminescent bacteria to the contaminant to result in its 
reduction to 50% level. In the Microtox® testing system, such ex-
posure times are 5, 10 and 15 minutes.
Table 1: Qureshi’s percentage ranking system.25

EC50 % Rank Class

<25% 1 Extremely Toxic

25-50% 2 Highly Toxic

51-75% 3 Moderately Toxic

76-100% 4 Slightly Toxic

>100% (no toxic effect) 5 Non-Toxic

In Table 2 below, commercial chemicals were checked for com-
parability purposes. Before and during the test the recommended 
Zinc Sulfate hepta Hydrate standard test was performed according 
to the test protocol displayed by the Microtox® Omni software. The 
mean results were comparable to range 1.5mg/l-3mg/l.27,28 Further 
Acetone, Isopropyl Alcohol (IPA) and t-Butanol were tested for tox-
icity values considering their applications in oil spill dispersants as 
solvents for surfactants and crude oil. Before application of these 
solvents, an idea of toxicity range with Microtox® was important. 
The toxicity of all these solvents can be classified as toxic according 
to the ranking system indicated in Table 1. Acetone is less toxic than 
IPA and t-Butanol, but its effect as solvent in dispersant is very low 
since it can barely dissolve crude oil components. Similar effects are 
shown by IPA and t-Butanol and hence further toxic effects should 
be investigated. Also, there are other potential solvents as well as 
currently used solvents in the market for application in oil spill 
dispersion. Polyethylene Glycol (PEG) and Methyl Cellulose were 
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tested as they are used in food industry and must show non-toxic 
effects. PEG is widely used in drug delivery system and biomedi-
cal applications.29 Methyl Cellulose also has similar applications. 
Both samples were tested at 1wt% in water and the test protocol 
followed was 2% Basic test. In both cases hormetic effects were ob-
served implying the samples were nontoxic.

Polymeric surfactants prepared by Dr. Gerard T. Caneba, were 
tested for toxicity, aiming its applicability towards use in oil spill 
dispersion and oil recovery procedures. Along with that few com-
mercially available surfactants were also tested as shown in Table 
3. Table 4 further displays toxicity comparisons and classification of 

surfactants based on horizontal toxicity ranking system as tabulat-
ed previously in Table 3.

Horizontal ranking system analysis for toxicity, showed non-
toxic effects by VA-AA surfactants, namely: 11/12/99 Product and 
6/1/00 Sample #5 emulsions. In both cases there was increase in 
light intensities (It) at times 5 and 15min, compared to the intensi-
ties at time zero (I0). Aqueous VA-AA 4/26/12 B6-1 surfactant was 
moderately toxic with mean toxicity value between 51 and 75%. 
Further, 9/11/02 Surfactant, Igepal DM 970 and Triton X 155 were 
highly toxic with toxicity values between 25-50%. Commercial De-
tergent and Sodium Dodecyl Sulfate were ranked extremely toxic 
as expected.
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Table 2: Microtox® summary data for Standards and Solvents.

Sr. No. Name of Sample Initial Concentration (wt%) Type of Test
EC/IC 50 Value

5min 15 min

1 Zinc STD 0.01 Zinc STD Test - 0.00%

2 Zinc STD 0.01 Zinc STD Test - 0.00%

3 Methyl Cellulose 1 2% Basic Test Nontoxic Nontoxic

4 Polyethylene Glycol (PEG) 1 2% Basic Test Nontoxic Nontoxic

5 Acetone Pure Basic test Toxic Toxic

6 Acetone Pure 2% Basic Test 0.99% 0.81%

7 Isopropyl Alcohol Pure Basic test Toxic Toxic

8 Isopropyl Alcohol Pure 2% Basic Test 1.04% 1.81%

9 t-Butanol Pure Basic test 4.18% Toxic

10 t-Butanol Pure 2% Basic Test 0.19% 0.19%

Nontoxic – Bacterial Stimulation or hormetic effects
Toxic – Light Emission reduced to zero (Complete death of bioluminescent bacteria)

Table 3: Toxicity data for Basic Tests on Surfactants with Initial Conc., Type of Test and EC/IC 50 (%).

Sr. No. Name of Sample Initial Concentration (wt%) Type of Test
EC/IC 50 Value

5min 15 min

1 9/11/02 VA-AA Product 0.5 81.9% Basic Test 37.74% 38.75%

2 11/12/99 VA-AA Product 1 81.9% Basic Test Nontoxic Nontoxic

3 11/12/99 VA-AA Product 0.5 81.9% Basic Test Nontoxic Nontoxic

4 4/26/12 VA-AA B6-1 Product 0.5 81.9% Basic Test 68.53% 159.20%

5 4/26/12 VA-AA B6-1 Product 1 81.9% Basic Test 58.25% 49.15%

6 6/1/00 VA-AA Sample #5 0.5 81.9% Basic Test Non-Toxic Nontoxic

7 6/1/00 VA-AA Sample #5 1 81.9% Basic Test Non-Toxic Nontoxic

8 Igepal DM 970 1 81.9% Basic Test 47.59% 51.63%

9 Triton X 155 0.5 81.9% Basic Test 34.42% 39.30%

10 Triton X 155 1 81.9% Basic Test 15.09% 15.02%

11 Sodium Dodecyl Sulfate (SDS) 1 Basic Test Toxic Toxic

12 Sodium Dodecyl Sulfate (SDS) 1 2% Basic Test 0.02% 0.00%

13 Micro 90 1 Basic Test Toxic Toxic

14 Micro 90 1 2% Basic Test 0.20% 0.21%

Nontoxic – Bacterial Stimulation or hormetic effects
Toxic – Light Emission reduced to zero (Complete death of bioluminescent bacteria)
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Table 4: Toxicity comparisons & classification based on horizontal toxicity rank-
ing system.

Toxicity Surfactant

Nontoxic
11/12/99 VA-AA Product 

6/1/00 VA-AA Sample #5

Moderately Toxic 04/26/12 VA-AA B6-1

Toxic

9/11/02 VA-AA Product

Igepal DM 97

Triton X 155

Very Toxic
Micro 90

Sodium Dodecyl Sulfate (SDS)

In-house VA-AA and commercial surfactants mixed with crude 
oil were subjected to mechanically enhanced dispersion and tested 

for toxicity with the Microtox® equipment. Untreated crude oil and 
mechanically dispersed crude oil were also subjected for toxicity 
checks. Toxicity values for the aqueous crude oil/surfactant mix-
tures are shown in Table 5 below.

Untreated crude oil showed highest acute toxicity as compared 
to surfactant mixtures and dispersed crude oil only. It is evident 
that dispersion had reduced impacts on the luminescent bacteria. 
Further we look for addition of which surfactant had minimum 
effects. The readings suggest that 11/12/99 Product shows less-
er toxicity compared to mixtures of commercial surfactants Igepal 
DM 970 and Triton X 155 dispersed with crude oil. The table shows 
toxicity comparisons of surfactant-crude oil mixtures tested for 
2% Basic Tests, because of the limited solubility of crude oil in the 
aqueous dispersions.
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Table 5: Toxicity comparisons of crude oil/surfactant mixtures.

Sr. No. Name of Sample Initial Concentration (wt%) Type of Test
EC/IC 50 Value

5 min 15 min

1 11/12/99 VA-AA Product in Crude Oil MED 1S+5CO 2% Basic Test 0.34% 0.82%

2 Crude Oil MED 1 Basic Test 3.40% 3.39%

3 Crude Oil MED 1 2% Basic Test 1.02% 0.96%

4 Igepal DM 970 in Crude Oil MED 1S+5CO 2% Basic Test 0.11% 0.10%

5 Triton X 155 in Crude Oil MED 1S+5CO 2% Basic Test 0.06% 0.02%

6 Crude Oil Untreated 1 2% Basic Test 0.07% 0.08%

7 Crude Oil Untreated 1 2% Basic Test 0.08% 0.08%

MED – Mechanically Enhanced Dispersion
1S+5CO – 1wt% Surfactant+5wt% Crude Oil

A plot of % Effect vs Concentration was obtained for untreated 
red mud (Figure 4), which indicates that red mud is toxic in water, 
because the points go through the 50% Effect horizontal line at rel-
atively low concentration (EC50). Based on a collection of results, 
we also found that the lowest amount of VA-AA copolymer (6wt% 
AA relative to VA-AA solid) to treat red mud samples from pH=13 to 
pH=8 is 4.5wt% VA-AA relative to red mud and VA-AA (total solids 
basis), from the reactor fluid solution containing mostly azeotropic 
t-butanol-water (88.7wt% t-butanol) at 15wt% VA-AA copolymer 
or from solutions of VA-AA in either acetone, ethyl acetate, or THF. 

Treatment in this fashion resulted in non-toxic treated red mud 
though the Microtox® method, as shown in Figure 5. The reason is 
that the % Effect in Figure 5 has a downward pattern, and it does 
not intersect the 50% Effect horizontal line. The resulting material 
is a powder or a consolidated solid block that easily disintegrated 
into a coarse powder upon immersion in water. When partial pH 
treatment (down to pH value of 9) was employed for VA-AA in-
corporation of 3.3wt% relative to total solids, Microtox® analysis 
seemed to show borderline result.

Figure 4: Mictrotox result (% Effect vs Concentration) for untreated red mud 
in water, after 5 and 15 minutes of exposure.  All three duplications show the 
same pattern for this untreated red mud sample.

Figure 5: Microtox® trace for nontoxic treated red mud (called Treated Red 
Mud 1) with the lowest VA-AA proportion of 4.5wt% relative to total solids.  
This shows nontoxic behaviour because the % Effect in Figure 5 has a down-
ward pattern, and it does not intersect the 50% Effect horizontal line.  All 
three duplications show the same pattern for this untreated red mud sample.
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Conclusion

Using of the Microtox® acute aquatic toxicity measurement 
method, the in-house vinyl acetate-acrylic acid (VA-AA) copoly-
mer-based surfactants generated from the FRRPP process have 
been generally found to be nontoxic as self-emulsions in aqueous 
solutions. When the VA-AA copolymer-based surfactants are ap-
plied on liquid-liquid and liquid-solid interfaces as represented by 
crude oil-water and red mud-water mixtures, either reduced aquat-
ic toxicities or toxicity elimination were realized.
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