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ABSTRACT
Ecosorb removes many malodors, including sulfur dioxide, hydrogen sulfide and ammonia, from
the environment. It is made up of a combination of essential oils consisting of an equilibrium of
neutral organic compounds and organic buffers. Its pH ranges from 4.0 to 6.8.
Acidic malodors such as hydrogen sulfide and sulfur dioxide are removed by at least four
mechanisms including solubility, oxidation/reduction, neutralization and addition across double
bonds. Basic malodors such as ammonia and other amines are removed by at least three mechanisms
including solubility, addition and neutralization. In all cases the final products consist of organic
salts, newly formed organic compounds, very weak natural organic acids (those that were present in
the original essential oil mixture), and malodors dissolved in the water/oil mixture. Resulting organic
compounds are frequently subjected to oxidation or reduction when in solution. In the case of sulfur
dioxide and hydrogen sulfide these reactions result in the formation of free sulfur, or higher oxidation
states including SO2 and SO3.
The removal efficiency is related to the interaction of the above-mentioned mechanisms, the
atomizing efficiency (size and speed of droplets), humidity, temperature and reaction time.
INTRODUCTION
Malodors include acids, bases, and neutral compounds. Several of these are polar compounds
and are water-soluble, others are non-polar and are soluble in other non-polar organic solvents.
An example of using this solubility would be the scrubbing of ammonia gas from the atmosphere
by misting it with water. Although this method can remove ammonia, the reaction is temperature
dependent, reversible and not very efficient. The same statement could be made when applied to
other soluble bases, soluble acids and even to some neutral compounds.
Some malodors, including sulfur compounds, can be oxidized by air when the compounds
are in solution. During this process sulfur compounds can produce sulfur. This procedure is
slow, not very efficient, and dependent
Table 1: Malodor Breakdown
on moisture content, temperature and
mixing with air.
MALODORS
These mechanisms for odor removal
can and will take place naturally,
although inefficiently. Ecosorb contains
a mixture of selected essential oils that
can facilitate the efficient removal of
many malodors.
Wilkinson and Zhang have broken
the malodors down into four main
groups which include bases, acids,
neutrals and those that will not react
with essential oils. A summary of this
breakdown of 37 common malodors is
shown in Table 1.
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Group

Reactions

Number of
Compounds

A.

B a se s

React by acid/base mechanism 13 compounds
plus CH3S, TME, and DMEA.

16

B.

A ci d s

(If they contain relatively small anions) 10
compounds including HCN and phenol, SO2, Cl2
react by addition to a double bond and by
neutralization.

10

C.

Neutrals

Includes styrene, CO, CO2, acetaldehyde,
ozone.

5

D.

Will not react

Possibly will not react with Ecosorb due to
steric hindrance caused by large anion.

6

Total number of malodors

37
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The groups include the following malodors:
Group A: ammonia, butylamine, cadaverine, dibutylamine, diisopropylamine,
dimethylethylamine, diphenyl sulfide, ethylamine, indole, methylamine, putrescine,
pyridine, skatole, triethylamine, trimethylamine
Group B: ethyl mercaptan, hydrogen sulfide, methylmercaptan, propylmercaptan, hydrogen
cyanide, chlorophenol, sulfur dioxide, phenol and sulfurous acid
Group C: acetaldehyde, chlorine, ozone, carbon monoxide, dioxide, and styrene
Group D: allyl mercaptan, amyl mercaptan, crotyl mercaptan, tert-butyl mercaptan,
thiophenol (Contain large anions, which cause steric hindrance. These are not as common or
as volatile as other compounds in Group A and B.)
Dr. Sylvain Savard, a chemist and Project Leader of the Center of Industrial Research for
Quebec, Canada, prepared a report on “The Operating Principles of the Ecosorb System to Neutralize
Odors”1. He pointed out that Ecosorb is a combination of volatile essential oils that are selected
for their ability to neutralize odors. The composition of these essential oils can vary because of
many factors including:
1. Type of soil in which the plant is cultivated.
2. Time of year of harvest.
3. Part of the plant used.
4. Amount of water in the plant.
5. Amount of exposure to the sun during growth process.
6. Storage conditions before distillation.
The solution contains approximately 30 major chemical compounds, and numerous minor
compounds (major and minor in terms of concentration).
Dr. Savard reports that the solution can react through three mechanisms including: Van der Waals
Forces, Zwaardemaker pairing and chemical reactions. The solution is mixed with water and sprayed
into small droplets, which are in the form of a mist or fog and remain airborne for long periods of
time. These small droplets represent a large surface area, which are covered, or partially covered
with a film of essential oils. The electrostatic charges on the droplet surface attract gas molecules.
When in contact, removal by one of three mechanisms can occur. Sometimes this reaction is slow
and other times it is fast. Once captured, the odor is gone. The droplets can cluster, increase in
mass and condense.
Wilkinson and Zhang have studied possible chemical reactions between selected essential oils and
hydrogen sulfide, sulfur dioxide and ammonia. The essential oils being studied contain three types of
substances: weak organic acids, weak organic bases and neutral organic compounds. The acids and
bases react and end up as a buffer solution. The oil mixture has a pH of approximately 4.5. When
diluted the pH is approximately 6.0. This final buffer like solution is fairly stable, but can change
pH with time depending on its environment and how well it is sealed from its environment. We have
found the mixture of essential oils to have a pH between 4.0 and 6.0 in the concentrated form.
1
Dr. Sylvain Savard, a chemist and Project Leader of the Center of Industrial Research for Quebec, Canada, “The Operating Principles of the Ecosorb
System to Neutralize Odors.”
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Based on experimental data already discussed, malodors can be classified into one of three
categories: acids, bases and neutrals. Compounds such as hydrogen sulfide, sulfur dioxide, amine,
ethyl amine, etc. are bases. Compounds such as styrene are neutral. Acids and bases will react with
essential oil buffers in a normal acid/base reaction forming organic salts and water. Many of these
acids and some bases will react with the selected essential oils by addition across conjugated double
bonds. This has been shown to be the case with hydrogen sulfide. The question of neutral compounds
is still to be studied. Whatever the chemical mechanism or mechanisms involved, the amount of
malodor reacting with the essential oils (the bulk kinetic prediction) is much less than the amount of
malodor removed (recalculated amount) because of oils.
Previous reports have shown the particular mixture of oils to be very efficient in removing
hydrogen sulfide, sulfur dioxide, ammonia, mercaptans, and alkylamines.
Dr. Davidovits of Boston College has studied the effects of pH and Van der Waals’ forces on sulfur
dioxide.2 His work is extremely important. He shows how pH greatly affects the amount of sulfur
dioxide that remains dissolved in water droplets. He observed as much as a 300% increase in the
amount of sulfur dioxide that remained in water if the pH was increased from 3.0 to 6.0. He further
concluded that the size and speed of the droplet greatly affected the effectiveness of removing sulfur
dioxide from the atmosphere. He also discusses the tremendous effect pH has on the distribution
constant of sulfur dioxide in water.
If the work of Dr. Savard, Carter Laboratories, Dr. Davidovits, Boston College and Dr. Wilkinson
and Ms. Zhang, Delaware State University are combined, overall mechanisms for the effectiveness of
selected essential oils in removing malodors from the environment develops.
Of primary importance in odor removal is the formation of very small droplets with an initial
high velocity. This will ensure a large surface area and increased opportunity for collisions with gas
molecules. If we are using only water then the efficiency of removing gas molecules now depends
on the solubility of each individual gas in water. The more soluble the gas the more readily it
will dissolve. Once dissolved, the gas will begin to leave the droplet and establish an equilibrium
(according to Henry’s Law) between its concentration in the gas phase and its concentration in the
aqueous phase. The pH of the droplet will greatly affect this solubility by a factor of as much as
300. Some gases are readily soluble, and others only slightly soluble. When selected essential oils
are added to the mix the droplets are covered, or partially covered with a thin layer of essential oils.
These oils attract most gases to the droplet surface where chemical reactions and pH effects come
into play. The oils greatly influence the initial attraction of gas molecules, the pH greatly influences
the solubility (gas uptake), and chemical reactions “irreversibly” remove some of the gas molecules
by forming new, less volatile compounds. The change in the organic content of the droplet and a
resulting change in its polarity all cause a large increase in the distribution constant between gas
molecules in the vapor and aqueous phases. This increase indicates that more of the gas remains
trapped in the aqueous layer than would normally be trapped at a given temperature.

2

Davidovits, P. and Jayne, J.T., Department of Chemistry, Boston College, Chestnut Hill, Massachusetts and D.R. Worsnop, M.S. Zahniser, and C.E.
Kolb of Aerodyne Research, Inc., Billerica, Massachusetts “Uptake of SO2 (gas) by Aqueous Surfaces as a Function of pH: The Effect of Chemical
Reaction at the Interface,” Journal of Physical Chemistry 1990, 94, 6041-6048.
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EXPERIMENTAL RESULTS
Mechanisms for Basic Malodors:
There are many amines that have been classified as malodors including triethylamine (TEA), and
dimethylethylamine (DMEA), ammonia, and trimethylamine. These gaseous amines stimulate nerve
endings in the nose and are irritants. They can lead to cell necrosis (cells swell and disintegrate) and
increased permeability of the alveolar walls. They can cause flooding of the alveoli and produce a
delayed pulmonary edema that may be fatal.
Ammonia is extremely soluble in water and will rapidly dissolve. The oils will have some
effect on increasing the attraction of gas molecules to the droplet. A chemical reaction occurs
between essential oil buffers and ammonia forming organic ammonium salts. Ammonia, which
would normally easily leave the droplet, will now remain to a larger extent in the aqueous layer.
This change in the distribution constant will keep the ammonia trapped in the water droplet until
condensation occurs, affecting a very efficient removal of this gas from the environment. Since
ammonia is a base, the oil mixture should be adjusted to a pH of approximately 4.0 to 6.2 to more
effectively remove the gas. This would be true for any basic malodor (alkylamines, etc.). The pH of
the essential oil mixture is typically in this range when used.
Ammonia (Fig. 1) is the most basic amine. It possesses
a nitrogen atom containing a non-bonded electron pair. Its
ability to donate this pair to other chemical compounds
gives it the characteristic of a base. Notice that this is also
true for trimethylamine (Fig. 2), as well as triethylamine
(Fig. 3) and dimethylethylamine (Fig. 4).
Amines, being basic, will react with organic acids
present in essential oils forming organic salts. The ease and
rate of reaction is, in part, a function of the strength of the
base. The strength of these bases can be measured by their
equilibrium constant (Kb). The larger the value of Kb the
more basic is the amine. Ammonia has a Kb of 1.8 x 10-5
(very weak), TME has a Kb of 6 x 10-1 (much stronger),
DMEA has a Kb of approximately 2.3 (stronger than TME) and TEA has a Kb of 5.6 (slightly
stronger than DMEA). Amines will readily react with the weak organic acids present in the selected
essential oils. These weak organic acids are naturally occurring acids, which have proven not to be
toxic or carcinogenic. 3,4
DMEA
amine
(CH3)2(CH3CH2)N:

+
+
+

H+Aorganic acid
H+A-

→
→
→

DMEAH+Aan organic salt
(CH3)2(CH3CH2)N:H+A-

TEA
amine
(CH3CH2)3N:

+
+
+

H+Aorganic acid
H+A-

→
→
→

TEAH+Aan organic salt
(CH3CH2)3N:H+A-

Figure 5: Chemical Reactions
3

Ecosorb was tested for toxicity in accordance with EPA Regulations and was found to have no positive eye irritation reactions, had a zero dermal irritation
score. (Toxicity Category IV for skin effects), not to be toxic by oral ingestion at the 5 g/kg level (Toxicity Category IV), not toxic by dermal application
(Toxicity Category IV), had no positive Buehler tests for skin sensitization, tested not detected for halogenated hydrocarbons and tested not detected for
harmful volatile organics (protocol 624).
4
Results available on request.
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Ammonium salts formed with essential oils are non-crystalline solids, have a low melting
point, are yellow in color, are thermally unstable, are subject to air oxidation, and can undergo
rearrangement to form more stable organic amines. The salts are formed by the reaction of the base
with the acidic portion of the buffers, e.g. ammonium eugenolate, or ammonium acetate.
Ammonia has been found to be virtually 100% removed within 15 minutes after treatment with
the oil mixture both in a laboratory and in actual situations. The oil mixture is more efficient
in removing stronger bases such as TEA and DMEA, which may be present as malodors. Their
concentration levels may be reduced to less than 0.1 ppm on contact.5 The essential oil mixture
was titrated versus a standard solution of ammonia. It was found that 1 mL of the oil mixture was
needed to neutralize 0.00012 g. of NH3. Because of the solubility and distribution factors mentioned
previously, the total amount of NH3 removed from the environment would be much larger than the
amount predicted from chemical reactions alone.
Figure 6: Theoretical Gas Uptake
The number of g. of NH3 removed by 1 mL of the
oils may be as high as 0.012 g.
In the case of NH3 we are dealing with a
substance that is very soluble in water, and is very
reactive at lower pH values. We therefore would
expect the difference between the bulk prediction
and recalculated values, which would correct for
gas-phase diffusion neutralization due to NH3
uptake, to be more pronounced. The increase
in gas uptake would be a much larger factor,
possibly as much as 20 or 100 times as great. In
an attempt to visually see this effect a theoretical
chart of expected values for NH3 was constructed
and is shown in Figure 6.
It would seem that the efficiency of essential oils in holding onto gaseous substances such as SO2,
H2S, and NH3 is a function of the misting efficiency (size and speed of the droplet), the solubility
of the substance in water (which is facilitated by the organic nature of the essential oils a variable
not studied in the above mentioned paper), and the chemical reactions (chemisorption) taking place
between active ingredients in the oils and the gas.
Summary: Selected essential oils will effectively remove the basic malodors NH3, TEA and
DMEA by a combination of mechanisms including an acid-base reaction, increased solubility due
to pH factors, and changes in distribution constants. A portion of the amine forms a non-crystalline
solid ammonium salt, which is readily removed from the air during the scrubbing process. The
remaining amine dissolves in the essential oil/water droplet and is strongly held in the droplet due to
changes in its solubility and distribution constant. Amines have been shown to be virtually removed
within fifteen minutes after contact with the mixture.
Mechanisms for Acidic Malodors:
Acidic malodors include hydrogen sulfide, sulfur dioxide, chlorine, alkyl mercaptans, phenols and
other volatile acids. An essential oil mixture will have the same general mechanism for attracting
these acids as it does for ammonia. In this case the pH of the mixture should be adjusted to 6.0 - 6.2.
5

Carter Laboratories, California.
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The higher the pH will more greatly affect the absorption of hydrogen sulfide, and other acidic gases.
The gases will chemically react with the oil buffers forming organic salts, and by adding across
double bonds in conjugated components of the oils, forming new, derivitized essential oils. The
chemical reactions and pH adjustment will greatly increase the efficiency of removing acidic gases
from the atmosphere. The pH of the essential oil mixture is typically at a pH of 6.0 when used.
Sulfur dioxide is an oxidant gas and exposure to it alters pulmonary immunologic responses and
increases the host’s susceptibility to bacterial infection. The gas reacts readily with water and forms
sulfurous acid, which is an irritant.
The above-mentioned compounds are acids, or will form acids when in contact with water. The
compound H2S has been tested and believed to react with Ecosorb by addition across a double bond
as well as by a neutralization mechanism. Several compounds in the mixture contain double bonds,
which can react with acidic malodors.6 Compounds containing a conjugated system of double bonds,
one of them being an electron-withdrawing group such as a carbonyl (C=O), which facilitates the
addition, will more readily react with these acids. A solution of H2S underwent a pH change from
approximately 4.0 to 6.0 when it came in contact with the oils, indicating the elimination of this
acid. Infrared studies of the reaction of H2S with a conjugated aldehyde show loss of one of the
aldehyde’s double bonds. Experimental data indicates the H2S is
removed by the reaction shown in the following reaction. When the
double bonds were removed through the addition of Br2, the oils
proved to be less effective in removing these malodors.
Hydrogen sulfide, when in an aqueous media, can also
be air oxidized to form free sulfur. This may also happen
to organic sulfides. Mercaptans react using the mechanism
illustrated in Figure 7. Ionization of these compounds is shown
Figure 8. Malodors, such as hydrogen sulfide, that have not reacted
chemically, but have dissolved in water droplets, will oxidize over
a period of time. The oxidation products will be less volatile and
therefore will no longer produce an odor problem.
CH3CH2SH
CH3SH

→
→

CH3CH2S- + H+
CH3S- + H+

SO2 + H2O
H2SO3

→
→

H2SO3
H+ + HSO3-

Figure 7

Figure 8: Ionization

Molecular models were constructed for Phenol, H2S, H2SO3, C2H5SH, and CH3SH. These models
were added on to a double bond in a model of a conjugated aldehyde. No steric hindrance

6

Yet unpublished research by Wilkinson and Zhang.
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was noted in the case of Phenol, H2S, H2SO3,
and CH3SH, and only slight hindrance in the
case of C2H5SH. Models of higher molecular
weight mercaptans showed considerable steric
hindrance indicating difficulty in reacting by
the suggested mechanism.
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Figure 9: SO2 Uptake Data

Acidic malodors will also react with the
aforementioned buffers forming organic salts.
It was found that 1 mL of Ecosorb reacted
with 0.000118g. of SO2, and as in the case of
NH3 this value could be as high as 0.0118g.
There are three major factors effecting the
removal of an acidic gaseous malodor from the
environment: (a) uptake as a function of pH,
(b) modeling of the gas uptake (Henry’s Law), and (c) interaction at the interface. Figure 9 was used
to discuss the uptake of the gas SO2 by fast moving water droplets.
The lower curve represents the bulk kinetics prediction, or the amount of SO2 we anticipate
being removed by liquid water. The Y-axis (uptake coefficient) relates to the relative amount of the
gas being removed. Under normal conditions we would anticipate SO2 dissolving into the droplets
of water more efficiently at a pH of 4.0 to 7.0, since the gas is an acid anhydride and will react
chemically much better as the pH increases. This lower curve considers primarily the solubility of
SO2 at the pH listed. The upper curve is what we actually find when studying removal of the gas
under fast-moving droplet conditions. We observe a 4 fold increase in removal efficiency caused by
a combination of the above listed factors:
a) SO2 is more soluble in water that is less acidic, reaching a maximum at a pH of 5.0. The
fact that the droplets are small and fast moving causes more collisions, and increased surface
resulting in a more efficient removal of the gas when using a mist.
b) Because of the limited solubility of SO2 in water, re-evaporation of the gas due to Henry’s
Law is important. A portion of the gas would be lost due to this equilibrium. However, it
is believed that SO2(g) enters the liquid droplet not as SO2(aq), but via a surface complex.
Under these conditions, since there is increased surface area, surface complex formation
would be increased in the presence of a second chemical substance. This leads to:
c) Interactions at the interface. This constitutes a chemisorption process in which, in the
present case, SO2(g) collides with a water molecule at the interface and forms a complex
such as HSO3-. The effect of fast moving, extremely small droplets combined with the above
mentioned three factors make the removal of SO2 more efficient when the sample is misted
with small droplets of water than when we look at reactions of water solutions (H2SO3) of
the gas. In the article we find that the recalculated gas uptake values are greater than the bulk
kinetic prediction by a factor of 4.
Wilkinson and Zhang determined hydrogen sulfide levels in a field test using an MDA Zellweger
monitoring device. This instrument produced higher readings at high humidity versus low humidity
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using identical concentrations of hydrogen sulfide. Hydrogen sulfide levels apparently remained constant
when sprayed with a water solution of essential oils when measured with the MDA device. However,
when a filter containing silica gel was attached to the instrument’s intake line hydrogen sulfide levels
decreases from 15.7 ppm to approximately 1 ppm in twelve minutes. It is apparent that if one is
interested in determining hydrogen sulfide gas alone and not in hydrogen sulfide dissolved in water, then
a water-removing filter must be added to the system. For proper analysis of hydrogen sulfide gas in a
gaseous sample an instrument must be used that: (a) does not use heat to vaporize the sample, (b) is
specific for the gas only, and/or (c) contains a hydrophobic filter to prevent hydrogen sulfide dissolved in
water from being analyzed as hydrogen sulfide gas.
Summary: Selected essential oils have been shown to be effective in removing the malodors Phenols,
H2S, SO2, C2H5SH, and CH3SH from a contaminated atmosphere. Sulfur dioxide, methyl mercaptan,
and ethyl mercaptan were reduced to less than 0.1 ppm on contact with Ecosorb. Hydrogen sulfide took
as long as 15 minutes for removal. Selected phenols were also effectively removed. Acidic compounds
capable of ionizing in water, and not having bulky anions which would cause steric hindrance, will react
with specific compounds contained in the product. Compounds listed in this section meet these criteria.
Acidic malodors will also react with the natural buffers to produce organic salts.
Mechanisms for Neutral Malodors:
Neutral compounds such as benzene and styrene are less soluble in water than acids and bases. They
are also less chemically reactive with most essential oils. At the present time little research has been
done on these compounds. It would seem that pH would have less of an effect on solubility and on the
distribution constant. The electrostatic oil film around droplets would still act to facilitate the removal
of these gases, but the overall effectiveness in removing the gases would be much less than with the
aforementioned compounds. Styrene can react with itself under basic conditions to form polystyrene.
There are compounds in the essential oil mixture that have a conjugated system similar to styrene. It is
proposed that the mixture’s pH be adjusted to levels of 8.0, 9.0, 10.0 to study the effect of these higher
pH’s on the removal of styrene. Additional modification of the scrubber and the oils will be made to
increase the efficiency of removing styrene from the environment
CONCLUSIONS
The most universal scrubber for malodors is water. However, water offers some disadvantages
including its rapid loss of dissolved gases. The uptake of a gas into water is a function of (a) pH, (b) gas
phase diffusion, (c) re-evaporation due to Henry’s Law, (d) change in polarity of water due to polarity
modifiers and (e) interactions at the interface. Ecosorb facilitates the removal of malodors by chemically
reacting with the gas itself, by changing the pH and affecting the solubility of the gas in water, by
increasing the organic makeup of droplets of water, and by possibly increasing the distribution constant
between the gas and water. The effectiveness of Ecosorb in removing high concentrations of malodors is
measured more by its influence in solubility and the distribution constant of malodors in water than in its
specific chemical reactions. The effectiveness of the product in removing low concentrations of malodors
is related primarily to the chemical reactions involved, and less to pH and atomizing characteristic.
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INTRODUCTION
Among environmental problems caused by pollution, in general, air pollution is one of our most
serious concerns. Air pollution is defined as the presence of solid particles, liquid droplets, or gaseous
compounds normally not present in air or which are present in concentrations greater than normal.1
One of these gaseous pollutants is styrene.
Styrene monomer is a colorless to yellowish oily liquid with an aromatic, almost floral and
penetrating odor. Styrene monomer is slightly soluble in water and cannot easily be removed from
the environment. An appropriate way by which hazardous waste species may be reduced from the
atmosphere is by dissolution in water in the form of a cloud of rain droplets.2
Styrene reacts with atomic oxygen or hydroxyl radicals in air.3, 4 It is non-persistent in water
and has a short half-life. As a proof, the concentration of styrene monomer found in fish tissues
is somewhat higher than average concentrations of styrene in the water from which the fish were
taken.5
In spite of its importance and usefulness, OSHA and EPA consider styrene as a hazardous
substance. This chemical is also cited on the special Health Hazard Clean Air Act. The Clean Air Act
of 19906 requires reductions in emissions of toxic VOCs like styrene. Although some urgency exists
to develop systems capable of removing such contaminants down to very low levels, it is necessary
to develop new means to reduce styrene concentration in different wastes where present. Reduction
of styrene concentration in the milieu is not only of benefit for all users of the environment, but
also it will financially help industries by transforming these wastes into non-toxic and possibly
usable materials.
It is known that solubility depends on the ability of a solvent to interact with a solute more
strongly than solute particles interact with each other. Whether water molecules can surround an
organic compound is one of the key factors determining its environmental behavior and impact.
Multifunctional oxygenated compounds can absorb water over the entire range of relative humidity.7
An appropriate way by which hazardous wastes species may be removed from the environment is by
dissolution in water in form of cloud or rain droplets.8 Unfortunately, as said previously, styrene is
not very soluble in water. As a result, this method may not be applicable for styrene.
Work at Delaware State University using Ecosorb (mixture of essential oils) to reduce malodors
such as ammonia, hydrogen sulfide, and sulfur dioxide, demonstrated that these oils react through
several mechanisms, the most important being solubility.

1

Zhang, Ying. Mechanism of Odor Control by Essential Oils, Master of Science Thesis, Delaware State University: Dover, April 1997, 1.
Stanley, E. Manahan. Environmental Chemistry, 6th Ed, 1986, 569.
3
Hoigne, J., Bader, H., Rate Constants of Ozone with Organic and Inorganic Compounds in Water. 1. Non-Dissolving Organic Compounds, Water Res.
1983, 17, 83-173.
4
Brede, O., Helmstreit, W., Mehnert, R. Nanosekunden-Pulsradiolyse Von Styrol in Waessriger Loesung, J. Prakt. Chem. 1974, 316, 14-302.
5
AQUIRE Database, ERL-Duluth, U.S.E.P.A.
6
Amy, Hudson. Taking Control of Styrene Emissions, Composites Technology, Sept / Oct 1996.
7
Irona, Nongkynrih and Mahendra, K. Quinolinium Dichromate Oxidations. Kinetics and Mechanism of the Oxidative Cleavage of Styrenes, J. Org. Chem.
1993, 58, 4925-49928.
8
Hurd, C. D., Green, F. O., J. Am. Soc. 1939, 61, 2979.
2
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As demonstrated, original Ecosorb is not as efficient in neutralizing chemicals such as styrene
(only 10 - 30% reduction) and benzene because not only are these substances less soluble in water
than are acids and bases, but they are also less chemically reactive. Because Ecosorb contains a
mixture of both low and high molecular weight oils, as well both water-soluble and water insoluble
oils, it was recommended that its composition be Modified to include fewer low molecular weight
and fewer water soluble oils. These changes would make the new product, referred to as Ecosorb 206,
less soluble in water, but also increase the solubility of styrene in the product. Initial tests were made
on two different types of the modified product. One of the two samples was more promising than the
other and was selected for further testing.
The main purpose of this research was to use this new product in an attempt to more efficiently
reduce environmental styrene levels. This research included kinetic studies on possible styrene
degradation once in solution and to isolate and identify degradation products.
EXPERIMENTAL
New product 1 (M69795) and new product 2 (M69794) are modified versions of Ecosorb.
They are water suspensions of natural plant oils and are produced by Odor Management, Inc.
of Barrington, IL. These experimental products are designed as styrene odor neutralizers and are
non-toxic.
To identify product components, a method using a HP 5890 GC/MS, was created to separate
components and to analyze data using the Wiley Library. The scan mode was used to detect total
mass to charge (m/e) fragments. Chromatograms of the standard product, Ecosorb 606 and the
new Ecosorb 206 were obtained and compared. Ecosorb 206 contained greater concentrations of
less water soluble, high molecular weight components and lower concentrations of the more water
soluble, lower molecular weight components.
Styrene, as a relatively non-polar, hydrophobic organic compound is only slightly soluble in water,
having a solubility of 55 +/- 10 ppm (wt/vol.) at 24°C. Therefore, the relative insolubility of styrene
in water involves the selection of a solvent (solution), which will increase styrene’s solubility (Table
1). Previous studies by Delaware State University’s chemistry department researchers demonstrated
that styrene’s solubility increases to approximately 4,000 ppm in water that was saturated with
concentrated Ecosorb.9 However, this increased solubility was not sufficient to reduce styrene
concentrations in a polluted environment. When water containing smaller amounts of Ecosorb 206
(suspended either with constant agitation, or dissolved with the aid of another organic solvent) the
same styrene solubility was achieved. The use of smaller amounts of Ecosorb 206 than Ecosorb
606 affected a much larger dissolution of styrene making this new product a much more efficient
scrubbing solution.
A Plexiglas/gas chamber, with a volume of approximately 1.12ft3, was used in this experiment. Air
was passed through a bubbling tube containing styrene and a flow-controlled bypass. By clamping
the bypass one could control styrene flow and thus total styrene concentration while maintaining a
constant total flow rate.

9

Zhang, Ying. Mechanism of Odor Control by Essential Oils, Master of Science Thesis, Delaware State University: Dover, April 1997, 1.
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Misting experiments were carried out using 0.33 CFM, 1 CFM, and 5 CFM of air flow with a
total styrene concentration of approximately 400 ppm (wt/vol.) and a misting rate of 6.6 mL/ min
with dilutions of Ecosorb 206 in 35% isopropanol. The isopropanol was used to increase solubility
of Ecosorb 206 in water and had a small affect on the overall solubility of styrene. The solution was
diluted to 1/25, again to1/50 and a third time 1/100 with water. The chamber was first sprayed with
styrene under different flow rates (those cited before) until a constant concentration of approximately
400-ppm (wt/vol.) was reached. A 1 mL sample of styrene vapor was removed from the outlet of
the chamber and was injected into the GC/MS as a standard. The chamber was misted separately
with the different diluted solutions of Styrosorb using an adjustable pressure pump and nebulizer
while maintaining a constant airflow. In each case outlet samples were removed after approximately
5 minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes and 30 minutes. Evaluation of styrene
levels at the end of each experiment was made using heights of selected styrene fragments obtained
from chromatograms. Average percent reductions of styrene were measured and confidence limits
calculated at both 90% and 95% confidence levels. Results of these experiments are summarized
in Tables 2-7.
Odor Management, Inc (OMI) in California manufactured a scrubber, similar to Delaware State
University’s prototype. Field tests at Molded FiberGlass Companies/ West in Adelanto, California
and again at Lasco Bathware in Anaheim, California were arranged in an attempt to test the prototype
scrubber in removing styrene from a fiberglass fabrication process. A Dyna-FID hydrocarbon gas
analyzer with a flame ionization detector (FID), a total hydrocarbon gas analyzer, was used to
determine styrene concentrations at MFG West. A similar Rat Fitsch analyzer was used at and
provided by Lasco. The aim of these tests was to confirm laboratory findings in an actual field
environment while using a greater airflow. The equipment was designed as a prototype model,
not operating under realistic process volumetric airflow, but operating under acceptable airflow
conditions to prove the concept. The prototype model system operated at approximately 650 CFM.
Air handling systems at MFG West were designed to discharge 75,000 CFM. Exhausts were
on the roof and nearly inaccessible from the ground. To simplify the experiment, MFG/ West
constructed a mock spray booth with two filter elements. The mock booth was attached to the
scrubber blower assembly inlet with flexible metal ducting. MFG /West then provided a resin spray
assembly and an operator. The scrubber assembly consisted of the blower, a contact / mixing
chamber into which the product was atomized, and a filter assembly fixed down stream of the
chamber. Liquid flow rates inside the chamber could be varied through the addition or removal of
atomization nozzles and by changing nozzle orifice size. The field test at MFG West confirmed
the lab findings; styrene can be removed from process air using Ecosorb 206 with a coalescing
filter design
The second field test at Lasco was performed to confirm the findings of the experiment at MFG
West while using actual process air and experiment with effluent recirculation. Lasco owned and
provided the analyzer. Actual process exhaust gas was fed to the inlet of the scrubber blower via
75 feet of flexible ducting attached to a tap on one of the Lasco exhaust stacks.
Ecosorb solutions contain natural hydrocarbons. Therefore, the FID measured styrene and also
the presence of these hydrocarbons in exhaust air of both field experiments. To avoid confusion
in exhaust readings by the FID, each analysis was preceded with a measurement of background
conditions. Given the system design, exhaust background was expected to remain constant and could
be subtracted from the total yielding styrene exhaust count. Table 8 summarizes field test results at
Lasco Bathware and shows a strong correlation between percent reduction of styrene in field tests
with laboratory styrene reductions. The instruments were calibrated with methane and the actual ppm
count is 1/8 of those shown (methane contains a single carbon and styrene contains eight).
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Condensates from the successful California field tests were collected, shipped to Delaware State
University and analyzed for the presence of styrene. This was done to confirm field-test data that
styrene was collected. No styrene was found in any of three samples. Liquid condensates were
decanted and residues, collected from the bottom of all containers, were analyzed and found to
contain the styrene degradation byproducts shown in Figure 6.
The above results led to further laboratory investigations. At completion of laboratory tests
involving misting styrene with Ecosorb 206 condensates were collected from the laboratory’s
experimental chamber for analysis. Then, 1uL of condensate was injected into a GC/MS at
predetermined intervals over approximately fifteen minutes (15 min). A plot of log abundance vs.
time for the first fifteen minutes showed first order kinetics. The average rate constant for the
degradation of styrene in water was 0.270 and in Ecosorb 206 solution 0.278, or approximately equal
rates of degradation. Figure 1, Figure 2. This is better illustrated in Figure 3 where the straight lines
are parallel indicating equal rates of degradation. Over the next twenty-four hours the same test
was repeated in order to determine styrene degradation with respect to time. Figure 4 and Figure
5 show this degradation.
DISCUSSION
Ecosorb 206 contains plant extracts consisting of essential oils having functional groups able to
react with malodors and a larger concentration of higher molecular weight oils. Therefore, essential
oils in Ecosorb 206 are capable of removing styrene vapor once dispersed into the chamber. This
dispersion is a major key in the effectiveness of the process involving essential oils. It was necessary
to keep solutions agitated during the misting operation.
A general scrubber for the removal of pollutants (malodors) is water. The dissolution of gaseous
molecules into liquids is a combination of four processes:
• Diffusion of gas molecules to the liquid surface
• Accommodation of gas molecules on the surface
• Possible chemical conversion to form a soluble product
• Liquid-phase diffusion of dissolved products away from the liquid surface
The connection of processes 2 and 3 with 4 is strongly dependent on solubility of the gas in the
liquid (expressed by the Henry’s law constant). If mass accommodation is faster than liquid diffusion
the surface becomes saturated in the trace gas, leading to re-evaporation of dissolved trace gases,
which reduces the net uptake rate. The ability of a gas to diffuse into water is greatly affected by
the surface area of the water and the likelihood of collision. A large number of fine water droplets
moving at a rapid velocity are major factors in the initial removal of malodors by misting techniques.
If the surface of fast moving water droplets is modified by the addition of substances having various
polarities (found in Ecosorb), the solubility of gases can be greatly changed, and these modifiers can
intensely effect the distribution constant.
Misting chamber tests were made at total airflows of 0.33 CFM, 1 CFM, 5 CFM; styrene
concentrations of 400 ppm (wt./vol.) and a misting rate of 6.6 mL/min were made using various
Ecosorb concentrations.
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It was found when analyzing our data that a 90 % confidence level, even though discarding
many of the extreme data, produces a more realistic average. Therefore, considering the apparatus
utilized, using a 90 % confidence level is more acceptable than using a 95% confidence level.
Analysis of obtained data from the chamber test, indicated that a 1/50 solution of Ecosorb 206 is most
efficient in removing styrene at any of the three flow rates tested. It is capable of removing styrene
concentrations between 70% and 84% with 400-ppm styrene inlet conditions.
Compared to previous similar works, and as mentioned earlier, actual reduction of styrene
concentrations observed during these experiments is explained by the following hypothesis: micro
droplets of water are covered with a thin layer of the components of Ecosorb. This oil shell creates
an electrostatic attraction for gas molecules in the general environment of the droplet. The malodor’s
molecules are attracted to the droplet surface where some of the molecules chemically react, while
others dissolve in the droplet itself. Some of the more water-soluble oils dissolve in the water droplet
thereby changing the polarity of the droplet and also changing the solubility of the malodor in the
droplet. The overall effect of this change in polarity is to decrease the distribution constant between
malodors in the vapor state and dissolved in water. A decrease in the distribution constant, resulting
in a decreased loss of the malodor to the atmosphere, will also bring about a more irreversible
absorption of the malodor in water, than would be experienced in water alone. In addition, the size
and speed of the droplets intensely affected the potency of removing styrene from the chamber. Also,
because of neutrality of styrene, pH of the actual mixture has less effect on solubility and on the
distribution constant.
Data obtained from degradation of styrene were used to study its kinetics. Results indicated that
styrene concentration decreased with time and concentrations of styrene dropped 96% after 24 hours
most of this reduction occurring during the first fifteen minutes. These data yield straight lines when
they are plotted as logarithms of styrene abundance versus time.
Constants of degradation (rate constant) k were determined. Rate constants are related to the speed
of a chemical reaction. k = 0.278 when styrene reacted in water after 15 min. k = 0.270 when styrene
reacted in an Ecosorb 206 / 2-propanol / water solution after 15 min. Because the rate constants are
similar the degradation of styrene in water was similar to that in an Ecosorb 206 solution.
Equations of straight lines mentioned earlier represent kinetics of a one-compartment model.
According to theory relative to compounds that can be described by one-compartment models,
styrene elimination occurs through a first-order process. This means that rate of elimination of
styrene at any time is proportional to its amount in the environment at that time. As styrene is
eliminated by first- order kinetics, time required for styrene concentration to decrease by one-half
is constant in each environment. Ecosorb 206 diluted 1/25 or 1/50 is approximately 4 times more
efficient than Ecosorb 606 and 88 times more efficient than water in removal of styrene.
Condensate formed the next day consisted of a clear liquid. This can be explained by the fact
that most molecules with higher molecular weights, that characterize insolubility of essential oils, are
removed by falling out of suspension during coalescence. The present liquid contains only dissolved
lower molecular weight or water-soluble oils, some higher molecular weight oils and dissolved
styrene. Dissolved styrene increases solubility of all oils making the condensate clear. Previous
degradation studies proved that styrene, present in the liquid rapidly degraded. Small amounts of this
product injected into a GC/MS and then analyzed using a Wiley library permitted confirmation of the
presence of benzoic acid, benzene dicarboxylic acid and bicyclo [4.2.0] octa-1,3,5-triene. Possible
pathways of these products are shown in Figure 6. These compounds fall out of solution and were
present at the bottom of the condensate container. Condensate samples did not reveal any of these
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degradation products when injected into a GC/MS. They were removed by decanting all liquid, then
dissolving the residue in methanol from the floor of the chamber and analyzing by GC/MS followed
with a library search. Products obtained from the reaction between Ecosorb 206/water mixture and
styrene have been confirmed when compared to products obtained when styrene was reacted with
selected strong oxidants. Their formation is justified by the fact that one of the pathways of styrene
alteration consists in catalytic oxidation of the side chain to styrene 7,8-oxide followed by catalyzed
conversion by epoxide-hydrolase to phenyl glycol. The latter can be glucoronided directly and
oxidized further to mandeleic acid, phenylglyoxylic acid and benzoic acid. The similarity between
obtained results and catalytic oxidations demonstrate the efficiency of using carefully blended
essential oils such as Ecosorb 206 to reduce styrene levels in the environment.
Also, during biotransformation of styrene in humans approximately 90% of absorbed styrene is
eliminated as mandelic acid and phenylglyoxylic acid in the urine.
CONCLUSIONS
Once in solution, styrene is rapidly degraded. Because of its poor solubility in water a major
difficulty in removing styrene vapor is getting it into solution.
Absorption and chemical reactions help explain reduction of styrene from the environment using
essential oils (Ecosorb). The rate-controlling step is adsorption of styrene on the surface of droplets
of Ecosorb followed by dissolution. The latter depends on solubility of styrene, pH of the solvent
and water–gas interaction.
As water solubility of a gas decreases, concentration of essential oils (Ecosorb) must increase.
Styrene, a slightly water-soluble compound, is more readily removed using a new product, Ecosorb
206. Efficiency of Ecosorb is improved by adding 2-propanol as an additional solvent. This alcohol
facilitates solubility of styrene even though it adds another hydrocarbon that can make the rate
of removing difficult to measure when using analytical devices other than a GC/MS. Avoiding
this addition will require slightly higher concentrations of Ecosorb with either constant agitation or
modification with a surfactant to keep it suspended in water. Since styrene reduction is based on its
solubility, it is helpful if a coalescing scrubber is used and condensate collected. In addition, this
condensate may be recycled and after being used several times, treated as waste.
GENERAL COMMENTS:
• Ecosorb 206 diluted 1/25 is 4 times more efficient in getting styrene into solution than
Ecosorb 606.
• Ecosorb 206 diluted 1/25 is 88 times more efficient in getting styrene into solution than
water.
• Once in solution styrene degrades into one of 3 compounds (benzoic acid, benzene
dicarboxylic acid and an intermediate bicyclo [ 4.2.0] octa-1,3,5 triene). This degradation is
independent of the solution used to dissolve styrene. The intermediate is unstable and rapidly
changes to benzene dicarboxylic acid, also named phthalic acid.
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• Between 70% to 100% of styrene can be effectively removed from an environment by:
A) Forcing the styrene containing air though a scrubber.
B) Misting with fine droplets of water.
C) Coating these droplets with a carefully formulated mixture of essential oils.
D) Forcing the droplets to efficiently coalesce.
E) Collecting, enriching with new essential oils and recirculating the condensate.
F) Degrading the styrene to reduce hazardous waste concentrations.
Getting malodors into solution is of primary importance in their removal and subsequent
degradation. Ecosorb 606 and Ecosorb 206 facilitate dissolution of water-soluble and/or water
insoluble malodors, through chemical reactions increase degradation of acidic and basic malodors
and assists in preventing the malodor’s return to the vapor state.

TABLE 1: Solubility of Styrene in Various Liquids (ppm = g/106mL)
H 2O @
24oC

35% 2-Propanol @
24oC

Conc. Ecosorb @
24oC

25% Ecosorb206 @
24oC

55 ± 10ppm

165 ± 30ppm

4000 +/- 500ppm

4000 ± 700ppm

TABLE 2: Average reduction after measuring reduction every 10 minutes for 50 minutes - Using
a Confidence Level of 90% and discarding values outside of the Confidence Limit using standard
t table values.
Airflow = 0.33 CFM, Styrene conc. = 400 ppm (wt./vol.), Misting rate = 6.6 mL/min.

Ecos orb 206 dilution

Ave rage % Re duction of Styre ne

1/4

9 4 .4

1/25

83.9

1/50

79.1

1/100

7 5 .3
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TABLE 3: Average reduction after measuring reduction every 10 minutes for 50 minutes - Using
a Confidence Level of 95% and discarding values outside of the Confidence Limit using standard
t table values.
Airflow = 0.33 CFM, Styrene conc. = 400 ppm (wt./vol.), Misting rate = 6.6 mL/min.

Ecos orb 206 dilution

Ave rage % Re duction of Styre ne

1/4

8 5 .2

1/25

94.4

1/50

79.1

1/100

82.3

TABLE 4: Average reduction after measuring reduction every 10 minutes for 50 minutes - Using
a Confidence Level of 90% and discarding values outside of the Confidence Limit using standard
t table values.
Airflow = 1.0 CFM, Styrene conc. = 400 ppm (wt./vol.), Misting rate = 6.6 mL/min.

Ecos orb 206 dilution

Ave rage % Re duction of Styre ne

1/4

8 0 .6

1/25

64.6

1/50

89.7

1/100

54.4

TABLE 5: Average reduction after measuring reduction every 10 minutes for 50 minutes - Using
a Confidence Level of 95% and discarding values outside of the Confidence Limit using standard
t table values.
Airflow = 1.0 CFM, Styrene conc. = 400 ppm (wt./vol.), Misting rate = 6.6 mL/min.

Ecos orb 206 dilution

Ave rage % Re duction of Styre ne

1/4

8 0 .6

1/25

64.5

1/50

83.7

1/100

54.4
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TABLE 6: Average reduction after measuring reduction every 10 minutes for 50 minutes - Using
a Confidence Level of 90% and discarding values outside of the Confidence Limit using standard
t table values
Airflow = 5.0 CFM, Styrene conc. = 400 ppm (wt./vol.), Misting rate = 6.6 mL/min.

Ecos orb 206 dilution

Ave rage % Re duction of Styre ne

1/4

75.5

1/25

4 5 .4

1/50

7 3 .5

1/100

4 3 .4

TABLE 7: Average reduction after measuring reduction every 10 minutes for 50 minutes - Using
a Confidence Level of 95% and discarding values outside of the Confidence Limit using standard
t table values
Airflow = 5.0 CFM, Styrene conc. = 400 ppm (wt./vol.), Misting rate = 6.6 mL/min.

Ecos orb 206 dilution

Ave rage % Re duction of Styre ne

1/4

75.8

1/25

4 4 .9

1/50

71.8

1/100

4 4 .0
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TABLE 8: Field Test Results - Lasco Bathware, November 4, 1998

Liquid Flow,
gpm

Dilution

Inlet ppm

Outlet ppm
Styrene

ppm
Reduction

% Reduction

25:1

600
600
700
740

110
120
220
300

490
480
480
440

81.6%
80.0%
68.5%
59.4%

50:1

600
600
700
740

110
120
220
300

490
480
480
440

81.6%
80.0%
68.5%
59.4%

0.292

23:1

580
580
660
460*

150
150
240
240*

430
430
420
220*

74.0%
95.0%
89.5%
79.0%*

0.422

50:1

400
380
440*

20
40
90*

380
340
350*

95.0%
89.5%
79.0%*

0.234

0.198

*Recirculated
Outlet ppm styrene is outlet total minus outlet background
ppm = wt/vol
Data from Odor Management, Inc.

Figure 1: Degradation of Styrene in Water after 13 minutes – Determination of Initial Rate Constant

The initial styrene degradation rate
is very rapid and follows first order
kinetics. The average rate constant (k)
for this reaction at 24°C was 0.270.
Good linearity was obtained with a
coefficient of correlation, R, equal to
0.9887 and R2 = 0.9993.
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Figure 2: Degradation of Styrene in Ecosorb 206 / 2-Propanol / Water after 13 Minutes - Determination of
Initial Rate Constant

The initial styrene degradation rate
is very rapid and follows first order
kinetics. The average rate constant (k)
for this reaction at 24°C was 0.278.
Good linearity was obtained with a
coefficient of correlation, R, equal to
0.9708 and R2 = 0.9424.

Figure 3: Degradation of Styrene in Ecosorb 206 / 2-Propanol / Water and in Water after 13 Minutes Determination of Initial Rate Constant
Styrene degrades rapidly when
in solution. Rates of degradation
are independent of the makeup
solutions. The rate constants (k)
for degradation of styrene in water
and in a mixed solvent containing
Styrosorb were 0.278 and 0.270
respectively (experimentally
equal). This figure shows almost
identical styrene degradation rates
in the two solvents.

Figure 4: Degradation of Styrene in Water

There is an initial rapid styrene
degradation followed by a slow
degradation reaching the instrument’s
detection limit in 24 hours.
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Figure 5: Degradation of Styrene in Ecosorb 206 / 2-Propanol / Water after 24 Hours

There is an initial rapid styrene
degradation followed by a slow
degradation reaching the instrument’s
detection limit in 24 hours.

Figure 6: Degradation of Styrene

Figure 7: Degradation of Styrene in a Solution of Ecosorb 206 - Laboratory Test
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Effect of Ecosorb 206
on the Solubility of Benzene

TOXTRAP, Inc.
1059 Horsepond Rd.
Dover, DE 19901
USA

July 11, 2000
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SOLUBILITY OF BENZENE IN WATER AT 23OC
Three benzene standards prepared using ethanol as a solvent (g benzene/100 mL solution):
1. 0.036 %
2. 0.059 %
3. 0.098%
Each standard was injected into a HP 5890 Gas Chromatograph equipped with dual flame ionization
detectors. Each injection was split into two different columns thereby producing four chromatograms per
standard. Results are shown in Figure 1. Good linearity was obtained with a coefficient of correlation
of 0.9935.
Two 100-mL water samples. At 23oC, were saturated with benzene and allowed to stand for two
hours. The top 1⁄4 layer was removed by aspiration (to remove any undissolved benzene), a 1-uL
sample removed from the center of remaining solution and analyzed using the same protocol used with
standards. Four chromatograms were obtained with each solution. The following results were obtained:
Benzene concentration in sample #1 = 0.070%
Benzene concentration in sample #2 = 0.082%
Average benzene solubility in water = 0.076% (@ 23oC)
*Columns:

A. 30 m 0.53 mm ID, Restek RTX-BAC-1
B. 30 m 0.53 mm ID, Restek RTX-BAC-2

Figure 1 and Table 1: Peak Area vs.
Concentration of Benzene in Ethanol

Section 4: Reference Materials

% CONC.

AREA

0

0

0.36

108631

0.59

167245

0.98

243055

Page 4.30

ECOSORB® ENGINEERING MANUAL

Rev: 2/01

SUMMARY:
Table 2-6: Solubility of Benzene in Solution Containing Ecosorb® 206
Table 2

6 mL solution + 0.9 mL benz ene
1/100

1/50

1/25

2.26 +/- 0.17

5.43 +/- 0.56

6.75 +/- 2.04

Standard deviation

0.15

0.48

1.73

Percent standard deviation (CV)

6.43

8.79

25.66

Solution pH

4.3

4.2

3.7

Mean solubility (% in g/100 mL)

Table 3

6 mL solution + 0.9 mL benz ene (BASIC SOLUTION)
1/100

1/50

1/25

6.17 +/- 0.87

5.10 +/- 0.34

11.47 +/-0.84

Standard deviation

0.74

0.29

0.71

Percent standard deviation (CV)

11.95

5.75

3.21

7.7

7.7

7.7

Mean solubility (% in g/100 mL)

Solution pH

Table 4

6 mL solution + 3.0 mL benz ene
1/100

1/50

1/25

12.56 +/- 4.59

16.49 +/- 3.36

28.83 +/- 3.97

Standard deviation

3.90

2.85

3.37

Percent standard deviation (CV)

31.07

17.30

11.69

4.3

4.2

3.7

Mean solubility (% in g/100 mL)

Solution pH
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Table 5

6 mL solution + 3.0 mL benz ene (BASIC SOLUTION)

Mean solubility (% in g/100 mL)

1/100

1/50

1/25

4.27 +/- 0.84

11.77 +/- 5.37

10.03 +/- 1.68

0.71

4.57

1.43

16.65

38.80

14.24

7.7

7.7

7.7

Standard deviation
Percent standard deviation (CV)
Solution pH

Table 6

6 mL solution + 3.0 mL benz ene in 30% 2-propanol
1/100

1/50

1/25

7.79 +/- 2.79

8.60 +/- 4.52

23.70 +/- 1.43

Standard deviation

2.37

3.84

1.22

Percent standard deviation (CV)

30.41

44.63

5.14

4.3

4.2

3.7

Mean solubility (% in g/100 mL)

Solution pH

DISTRIBUTION CONSTANT (Kd):
• 1/100 causes a 15.54% decrease in benzene release to the atmosphere.
• 1/50 causes a 17.34% decrease in benzene release to the atmosphere.
• 1/25 causes a 22.97% decrease in benzene release to the atmosphere

Figure 2: 6 mL of Solution
+ 0.9 mL Benzene
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Figure 3: 6 mL of Solution
+ 0.9 mL Benzene
(made Basic with NaOH)

Figure 4: 6 mL of Solution
+ 3.0 mL Benzene

Figure 5: 6 mL of Solution
+ 3.0 mL Benzene
(made basic with NaOH)
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Figure 6: 6 mL of Solution
+ 3.0 mL Benzene in
30% 2-propanol

Figure 7: Distribution Constant
(Kd) for Benzene Solutions of
Ecosorb 206 @ 60oC.

DISCUSSION
Solubility Data:
Six studies: 6 mL of various dilutions of Ecosorb 206:
1. Added 0.9 mL of benzene (note pH of each solution).
2. Added 0.9 mL of benzene and sufficient dilute NaOH to change pH to 7.7.
3. Added 3.0 mL of benzene
4. Added 3.0 mL of benzene and sufficient dilute NaOH to change pH to 7.7.
5. Added 3.0 mL of benzene to soln. made to equal 30% 2-propanol
6. Determined distribution constant ratios of benzene in various concentrations of Ecosorb206.
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The following statistical data were calculated:
• % benzene,
• standard deviation,
• confidence limit at 90% confidence level, and
• coefficient of variation (% relative standard deviation).
When benzene was added, samples were mixed, allowed to stand for 2 hours and the top 1⁄4 to 1/3
removed by aspiration. (to remove un-dissolved benzene from surface).
In all cases % benzene in solution increased with an increase in concentration of Ecosorb 206. Graphs
contain equation of trend line. The slope is indicative of effect of increasing concentration of 206 as
related to total concentration of benzene.
When 0.9 mL of benzene was added a larger increase (> slope & % benzene values) occurred when
solution was made basic. Basic solutions also had a tighter range (lower CV). No free benzene was
observed and it was assumed that solutions were not yet saturated with benzene.
When 3.0 mL of benzene was added to 6 mL of solutions an obvious two-layer interface occurred,
indicating that an excess of benzene was present. After two hours, the upper 1⁄4 to 1/3 was removed by
aspiration. In this study acidic solutions had much greater concentrations of benzene, again indicated by
% benzene values and a larger slope. CV values were slightly better in acidic solutions.
Solutions containing 30% 2-propanol efficiently dissolved benzene, but with inconsistent results.
As Ecosorb 206 concentrations increased, the amount of benzene remaining in solution, compared to
benzene released to the environment, increased. Or conversely, as Ecosorb 206 concentrations increase,
less benzene is released (a negative slope).
As benzene was added to solutions of Ecosorb 206, solutions became milky white indicating that
benzene was both dissolved and suspended (emulsified). Total efficiency is the sum of these two factors.
In high benzene concentrations, increasing pH made little contribution in benzene removal. Dilutions
of 1/00 contained 8-16 % benzene, 1/50 dilution contained 23-30% and 1/25 contained 24-32%. Once
trapped, benzene will begin to leave the solution and reach equilibrium between benzene in liquid and
benzene in vapor (Kd). When this factor is studied with benzene in water and compared to equal amounts
of benzene in various solutions of Ecosorb 206 we found 1/100 206 caused a 15.54% decrease in
benzene release, 1/50 caused a 17.34% decrease and 1/25 caused a 22.97% decrease.
Solutions of 1/100 increase benzene removal by approximately by a factor of 165, 1/50 by a factor of
217 and 1/25 by a factor of 377 or 37.700%.
Based on this study, Ecosorb 206 should greatly improve removal of benzene and assist in preventing
benzene vapors from returning to the environment. A dilution of 1/100 would appear to be efficient in
removing small amounts of benzene, while 1/50 may be required for higher benzene concentrations.
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SOLUBILITY OF BENZENE

Tables 7-11: Solubility of Benzene

6 mL of solution + 0.9 mL benz ene
Standard Average concentration/Area Ratio = 3.72E - 07

pH
Area

1/100

1/50

1/25

4.3

4.2

3.7

%

Area

%

Area

%

6.47E + 06

2.41

1.61E + 07

5.99

1.48E + 07

5.51

5.82E + 06

2.17

1.49E + 07

5.54

1.37E + 07

5.10

6.31E + 06

2.35

1.44E + 07

5.36

2.34E + 07

8.7

5.65E + 06

2.10

1.30E + 07

4.84

2.07E + 07

7.7

Mean %

2.26

5.43

6.75

Standard deviation

0.15

0.48

1.73

C.L.

0.17

0.56

2.04

CV

6.43

8.79

25.66

6 mL of solution + 3.0 mL benz ene
Standard Average concentration/Area Ratio = 3.72E - 07

pH
Area

1/100

1/50

1/25

4.3

4.2

3.7

%

Area

%

Area

%

4.39E + 07 16.33 3.92E + 07

14.58 7.08E + 07

26.34

4.17E + 07 15.51 3.65E + 07

13.58 6.88E + 07

25.59

2.58E + 07

9.60

5.24E + 07

19.49 8.71E + 07

32.40

2.37E + 07

8.82

4.92E + 07 18.30 8.33E + 07

30.99

Mean %

12.56

16.49

28.83

Standard deviation

3.90

2.85

3.37

C.L.

4.59

3.36

3.97

CV

31.07

17.30

11.69
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6 mL of solution + 3.0 mL benz ene
Standard Average concentration/Area Ratio = 3.72E - 07

pH
Area

1/100

1/50

1/25

4.3

4.2

3.7

%

Area

%

Area

%

4.39E + 07 16.33 3.92E + 07

14.58 7.08E + 07

26.34

4.17E + 07 15.51 3.65E + 07

13.58 6.88E + 07

25.59

2.58E + 07

9.60

5.24E + 07

19.49 8.71E + 07

32.40

2.37E + 07

8.82

4.92E + 07 18.30 8.33E + 07

30.99

Mean %

12.56

16.49

28.83

Standard deviation

3.90

2.85

3.37

C.L.

4.59

3.36

3.97

CV

31.07

17.30

11.69

6 mL of solution + 3.0 mL benz ene (BASIC SOLUTION)
Standard Average concentration/Area Ratio = 3.72E - 07

pH
Area

1/100

1/50

1/25

7.7

7.7

7.7

%

Area

%

Area

%

1.10E + 07

4.09

4.38E + 07 16.29 3.14E + 07

11.68

9.09E + 06

3.38

4.06E + 07 15.10 2.88E + 07

10.71

1.36E + 07

5.06

2.21E + 07

8.22

2.48E + 07

9.23

1.22E + 07

4.54

2.01E + 07

7.48

2.29E + 07

8.52

Mean %

4.27

11.77

10.03

Standard deviation

0.71

4.57

1.43

C.L.

0.84

5.37

1.68

CV

16.65

38.80

14.24
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6 mL of solution + 3.0 mL benz ene in 30% 2-propanol
Standard Average concentration/Area Ratio = 3.72E - 07

pH
Area

1/100

1/50

1/25

4.3

4.2

3.7

%

Area

%

Area

%

1.62E + 07

6.03

1.50E + 07

5.58

6.72E + 07

25.00

1.48E + 07

5.51

1.35E + 07

5.02

6.52E + 07

24.25

2.74E + 07

10.19 3.33E + 07

12.39 6.28E + 07

23.36

2.54E + 07

9.45

11.42

22.17

3.07E + 07

5.96E + 07

Mean %

7.79

8.60

23.70

Standard deviation

2.37

3.84

1.22

C.L.

2.79

4.52

1.43

CV

30.41

44.63

5.14

Table 12: Distribution Constant

Distribution Constant Study using Headspace Analysis

1 mL water + 1 mL std. Benzene solution
1 mL 1/100 Ecosorb 206 + 1 mL std. Benzene solution
1 mL 1/50 Ecosorb 206 + 1 mL std. Benzene solution
1 mL 1/25 Ecosorb 206 + 1 mL std. Benzene solution
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4.27E + 06
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