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Abstract: This article is devoted to modeling, researching and optimizing the main properties of
an environmentally clean polymer composition based on oligofurfuryloxysiloxanes (OFOS), which
can be used to produce casting molds and cores in the production of castings from ferrous and
nonferrous metals. Polymer compositions were examined for strength, survivability, gas permeability,
moisture, crumbliness, fire resistance, knockout, and stickability. It has been established that the
increase in the strength of the polymer composition over time obeys an exponential law. Mathematical
equations were derived for all the exponential curves. The indications of compressive strength of the
polymer composition with OFOS with all the acid catalysts used were, on average, as follows: after
1 h—1.3–1.54 MPa; after 3 h—2.5–2.9 MPa; after 24 h—4.9–6.1 MPa, which meets the requirements
for casting molds before pouring with metal. The use of polymer compositions with OFOS ensures
environmental safety of the technological process, due to the lack of emission of toxic substances,
both in the “cold” stage of the process and during casting with molten metal, cooling, knocking out,
and disposal of polymer compositions. This makes it possible to save energy resources, and thereby
reduce the total cost of the entire technological process and castings.

Keywords: cold hardening polymer composition; oligofurfuryloxysiloxanes; catalyst; strength;
survivability; computational modeling; mathematical dependencies; energy efficiency

1. Introduction

Cast metal products account for a significant share in labor intensity and weight for
any mechanical engineering product. The competitiveness of the final products (engines,
machine tools, automobiles, etc.) is determined by the quality of castings, their accuracy
and production efficiency. The improvement of mechanical engineering products occurs
by increasing the complexity, accuracy, quality, performance, reducing the thickness of the
walls and the mass of cast parts, additive casting applications etc. [1,2]. In recent years, the
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metal consumption of products has been reduced by 10–20% [3], and casting allowances
and tolerances have been reduced by more than 1.5–2.0 times [4].

The increasing complexity, accuracy and reduction in thin-walled and cast parts,
along with the requirements of minimizing labor costs and effective environmental pro-
tection, significantly affect the development of technologies for the production of castings.
Senthil et al. [5] proposed vacuum casting, which allows manufacturers to eliminate sand
mixers and other equipment required for hardened sand. This process is generally clean
and free of fumes or odors and the dry sand is simply recycled for the next application.
Kuo et al. [6] explored a type of technology to develop an injection mold with high cooling
performance, by integrating molding simulation and rapid tooling technology. It was found
that using polyurethane foam for a large injection mold saved about 50% of the production
cost. Gacs et al. [7] investigated an adhesion property of the different polymer surfaces that
are treated with various plasma processes parameters. They used a 2n−1 factorial design
of experiments study and observed no correlation between either part of the surface free
energy and the adhesion properties of the prepared surfaces. Rajaguru et al. [8] developed
an indirect rapid tooling using electroless nickel plating for low-volume production of
plastic injection moldings for the rapid prototyping models. The cavity insert can be fabri-
cated using commonly available low-cost materials within 48 h and the tool life is longer
under normal plastic processing conditions. Liu et al. [9] proposed a new water-soluble
calcia-based ceramic core, using epoxy resin binder for investment casting by aqueous gel.
It is reported that such a material could overcome the poor leachability of the common
ceramic core and enhanced the production efficiency. Kuo et al. [10] also experimentally
investigated the effects of four different coolant media on the cooling performance of ten
sets of injection molds fabricated with different mixtures. It was found that the epoxy resin
with 41 vol.% aluminum powder was the optimal formula for making an injection mold,
since a saving in the total production cost of about 24% is made, compared to the injection
mold made with commercially available materials.

The essence of obtaining castings is that the molten and superheated alloy of a given
composition is poured into a pre-prepared mold, the inner cavity of which with the maxi-
mum degree of approximation reproduces the configuration and dimensions of the future
product [11]. The melt, filling the inner cavity of the mold, crystallizes in it and forms a
casting. The outer contours of the casting are formed by the walls of the mold cavity, and
the internal cavities, holes, cavities, channels and complex outer surfaces are formed by
inserts into the molds called rods.

To obtain a casting free from defects, molds must meet a set of certain properties.
Gutowski and Błędzki [12] presented the optimized composite materials with increased
thermal resistance temperature, which allow for the flexible control of material properties
and fabrication. Hamasaiid et al. [13] investigated two aluminum alloys and established
that the apparent solidification time of Al-9Si-3Cu is larger than that of Al-7Si-0.3Mg and it
increases with coating thickness.

The main volume of the obtained castings (75–80%) is made in one-time forms, the
properties of which determine the quality of the castings. The occurrence of surface casting
defects [14] is due to the unsatisfactory quality of the molding materials and mixtures from
which the mold is made. Chen and Kaufmann [15] proposed an approach for the application
of machine learning in the prediction and understanding of casting surface related defects.
They developed six different machine learning algorithms by which production data
from a steel and cast-iron foundry can be used to create models for predicting casting
surface-related defects.

The processes of making molds, which occupy an important place in the production
of castings, are constantly being improved. Grimzin et al. [16] developed a technology
for the preparation and drying of molds and cores based on sand–plaster mixtures. It
determined the values of strength, durability, gas permeability, friability that make up the
quality of a casting. The strength of the mold must be such that the configuration and
dimensions of the mold do not change during the process of filling with the melt, during
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crystallization [17] and for some time during its subsequent cooling [18], until the poured
metal acquires sufficient strength to maintain the configuration of the casting. However,
the strength should not be high during the shrinkage of the casting, or the mold’s resistance
to shrinkage will cause stresses and cracks in the castings. These two mutually opposing
requirements can be met in the manufacture of molds based on polymer compositions.

Today, a greater number of casting molds are made using cold-hardening mixtures
(CHM) based on polymer compositions in single and serial production in industrialized
countries. Ponomarenko et al. [19] proposed a new method of manufacturing cores based
on CHM, which harden at room temperature. This is due to the high strength of the
mixture at low consumption, the ability to control the curing rate of the mixture in a wide
range [20], the absence of a drying operation and the need for drying equipment [21], easy
knocking out of mixtures from the internal cavities of castings and castings from molds [22],
low energy consumption of the process, which greatly simplifies and reduces the casting
manufacture cycle [23].

However, one significant problem is the negative impact of the products of thermal
degradation of polymer compositions on the safety of human life and the environment [24].
When used, from 30 to 40% (by mass) of toxic products are formed in the form of gases
and condensate [25]. A significant part of the degradation products remains in the waste
mixtures. Today, it is almost impossible to refuse CHM based on polymer compositions in
the foundry industry. Therefore, the development and application of environmentally clean
compositions of cold-hardening mixtures for casting molds, based on polymer compositions
with preservation of the indicators of their basic physical, mechanical and technological
properties, and the development of their preparation technology is the actual problem with
the production of cast parts.

The paper aims to model, research and study the main properties of an environmen-
tally clean polymer composition based on oligofurfuryloxysiloxanes (OFOS), which can be
used to produce casting molds and cores in the production of castings from ferrous and
nonferrous metals.

Acid-curing synthetic polymers (resins) are products of the polycondensation of formalde-
hydes with carbamide (urea) and/or phenol and/or furfuryl alcohol and include the following:
urea-formaldehyde (urea) resins; urea-formaldehyde-furan (urea-furan) resins; urea-phenol-
formaldehyde (urea-phenolic) resins; phenolcarbamide-formaldehyde (phenolcarbamide)
resins; phenol-formaldehyde (phenolic) resins and phenol-formaldehyde-furan (phenol-furan)
resins. The polymer composition based on OFOS also cures under the action of acids. How-
ever, the use of polymer compositions with OFOS ensures the environmental safety of
the process, due to the absence of release of toxic substances, both in the “cold” stage of
the process and during pouring with molten metal, cooling, knocking out and disposal of
polymer compositions.

The main research objectives are to develop and optimize the mathematical models
of technological process for obtaining environmentally clean casting molds based on
polymer compositions.

2. Materials and Methods

Polymer compositions, consisting of an oligomer, hardener or catalyst and filler, are
used to make the molds. The curing is carried out by a polycondensation reaction, which
continues in the CHM with the addition of a catalyst.

We use an environmentally clean binder based on oligofurfuryloxysiloxanes (OFOS)
as an oligomer in the production of the casting molds. OFOS is a mobile liquid of a dark
brown color, which solidifies under the action of acid hardeners. In its composition, OFOS
does not contain diphenylolpropane, toxic or poisonous substances (such as phenols and
aldehydes), which are released during thermal destruction during the pouring of molds
with molten metal.



Polymers 2022, 14, 1883 4 of 13

During hardening, a polymer composition is formed with a spatial network structure
where, along with longitudinal bonds, their macromolecules also have cross-links. This
structure provides high mold strength.

OFOS can be obtained in various modifications, containing 4 to 6 moles of furfuryloxy
groups. In this work, MF4, MF5, MF6 oligomers containing 4, 5, 6 furfuryloxy groups,
respectively, are studied. Ethyl silicate-40 (ETS-40), furfuryl alcohol and a catalyst are used
to obtain OFOS.

The processes that occur in the polymer composition are structurally described in Figure 1.
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Figure 1. Structural scheme of processes that occur in polymer composition.

An ion-radical mechanism polymerizes the polymer composition, by revealing double
bonds in furan cycles at normal room temperatures. At the same time, it heats up to a
temperature of 60...70 ◦C, due to the heat of polymerization of double bonds and forms a
mesh structure in conditions of cold molding of molds and cores. The interaction of the
components with the oligomer OFOS does not form free furfuryl alcohol, as, for example,
when using furan resins.

The thermal destruction of the mesh polymer composite binder occurs when pouring
the molten metals into the molds. As a result of thermal destruction, CO2 and H2O vapors
are released into the atmosphere, and an inorganic solid residue SiO2 is formed, which can
be reused.

The technology of manufacturing the molds and rods using these polymer composi-
tions ensures the environmental safety of the technological process, due to the absence of
toxic and toxic substances, both in the “cold” stage of the process when pouring the molten
metal, cooling, embossing, and disposal of molding mixtures. It eliminates the operation of
knocking the cores out of the castings and castings out of the molds, making it possible to
use low-cost tooling. In addition, their use makes it possible to save energy resources, and
thereby reduce the total cost of the entire technological process and the target product for
the castings.

The quality of the casting mold is determined by the quality of the molding polymer
compositions used in their manufacture.

In this work, the main properties of polymer compositions were studied, on which
the quality of castings during sand casting depends. These include strength, survivability,
gas permeability, moisture, crumbliness, refractoriness, knockout, and stickability. The
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methods for studying the physical-mechanical and technological properties of the polymer
composition were based on standard research methods.

The polymer composition for making the molds was prepared in the following way.
Per 100 w.p. of quartz sand 2K1O302, 1–2 w.p. of 50–70% aqueous acid solution was added.
Benzenesulfonic acid (BSA), p-toluenesulfonic acid (PTSA) and sulfosalicylic acid (SSA)
were used in this work. The components were thoroughly mixed for 60 s, then 1.2–2 w.p.
of OFOS was added and again thoroughly mixed for 120 s. Different modifications of the
OFOS with 4 to 6 moles of furfuryloxy groups were used.

The resulting polymer composition was molded into a 9-seat mold, kept for 30 min,
and the samples were removed from the mold.

3. Results and Discussions
3.1. Modeling of Compressive Strength of Polymer Compositions

Based on the experiments, it was found that the strength readings, according to the
technological test for compression of the polymer composition with OFOS with all the acid
catalysts used, were, on average, as follows: after 1 h—1.3–1.54 MPa; after 3 h—2.5–2.9 MPa;
after 24 h—4.9–6.1 MPa, which meets the requirements for casting molds before pouring
with metal.

Of interest is the information on the increase in compressive strength of the polymer
composition in the initial time period. It is primarily due to the opening time of the core
box or the time when the mold is ready for pouring. This is one of the most significant
technological and economic parameters in the foundry to produce molds and cores. During
this time, the “lag” in forming the strength of the polymer composition of the inner cores of
the rod or molds is eliminated.

Figures 2–4 show the dependence of the increase in the compressive strength of the
polymer composition for three hours using MF4, MF5, andMF6 types of OFOS in various
acid catalysts.
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Graphic dependences were obtained by exponential approximation of the data using
the least squares method according to the following equation:

Y = C×ebx, (1)

where c, b—constants,
e—base of natural logarithm.
As a result of data processing in the studied interval, it was found that the increase in

the strength of the polymer composition over time obeys an exponential law. For all the
exponential curves, mathematical dependences were obtained.

Table 1 shows the mathematical dependences of the increase in the strength of the
polymer composition with OFOS and the magnitude of the approximation reliability R2.



Polymers 2022, 14, 1883 7 of 13

Table 1. Mathematical dependences of the increase in the strength of the polymer composition with
OFOS on the type and concentration of the catalyst.

Acid Catalyst Formula for OFOS Type
MF4 MF5 MF6

50% BSA y = 0.3697 e0.6212x

R2 = 0.8023
y = 0.4328 e0.5461x

R2 = 0.7421
y = 0.3724 e0.6026x

R2 = 0.7861

50% PTSA y = 0.5985 e0.5699

R2 =0.9728
y = 0.6168 e0.6215x

R2 = 0.84
y = 0.756 e0.3649x

R2 = 0.6543

50% SSA y = 0.0196 e1.7227x

R2 = 0.9491
y = 0.3349 e0.9615x

R2 = 0.8102
y = 0.4277 e0.6849x

R2 = 0.8381

70% BSA y = 0.6361 e0.3433x

R2 = 0.7048
y = 0.578 e0.4452x

R2 = 0.7354
y = 0.5137 e0.5187x

R2 = 0.7081

70% PTSA y = 0.8012 e0.4743x

R2 = 0.7257
y = 0.9947 e0.4079x

R2 = 0.7404
y = 0.9036 e0.4307x

R2 = 0.8362

70% SSA y = 0.1098 e1.2038

R2 = 0.8767
y = 0.3659 e0.7291x

R2 = 0.8751
y = 0.2034 e0.5949x

R2 = 0.895

Figure 5 shows the exponential dependences of the increase in the strength of the poly-
mer composition using MF4, MF5, MF6 type OFOS in the presence of a 50% BSA catalyst.
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The establishment of the patterns of the increase in the strength of the polymer com-
position and their graphical representation makes it possible to present information in a
simple and visual form. For example, from comparing the strength of a polymer composi-
tion with different oligomers (MF4, MF5, and MF6), we can conclude that an increase in the
degree of polymerization n leads to an increase in its strength, regardless of the catalyst.

A dependence analysis showed that the strength of the samples of the polymer com-
position increases with decreasing catalyst concentration, i.e., the strength of the samples
with a catalyst and with an acid content of 50% is higher than with a catalyst content of
70%. This is due to the high activity of hydrogen ions because, in the composition of 50%
of the catalyst, there is more water than in the composition of 70% of the catalyst. At
normal temperatures (t = 25–30 ◦C), sand grains have a more uniform envelopment, and
the reaction with OFOS is faster.
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The analysis of the data indicates that the samples with the 50% PTSA catalyst in
this time period have a higher compressive strength than the samples with the 50% BSA
catalyst. The initial compressive strength of the specimens with the SSA catalyst increases
more slowly than that of the specimens with the BSA and PTSA catalysts.

The main method for regulating the survivability of a polymer composition is to
change the degree of polymerization n of the resin and its quantity, concentration, and
consumption of the catalyst solution. Ceteris paribus, the survivability of the polymer com-
position is the lower that the higher the temperature of the materials and the environment.

The curing speed determines the pot’s life. It depends mainly on the polymer com-
position, the quality of the raw materials and their temperature, the ambient temperature,
and the intensity and duration of mixing. Data analysis showed that the survivability of
mixtures based on MF4, MF5, and MF6 in the presence of BSA, PTSA, and SSA catalysts
is within 4–17 min. Moreover, an increase in the concentration of the catalyst leads to a
decrease in survivability. The gas-forming capacity averages 10.5–11.8 cm3/g, which is a
good indicator for polymer compositions in manufacturing molds. The gas permeability
of the polymer composition is >200 units. The shedding of all-polymer compositions is
insignificant and is in the range of 0.1–0.36%.

The moisture content of the polymer composition depends on the concentration of
the catalyst in the following way. With an increase in the concentration of the catalyst,
its moisture content decreases. The moisture content of the polymer composition ranges
from 0.02 to 0.06%. Knockout is good because during thermal degradation, the OFOS
is completely burned out. The polymer composition in the mold near the casting and
gating systems crumbles, and the cores are usually completely or partially destroyed. The
adhesion of the polymer composition to the core box and model is minimal, and the burn-in
is negligible.

3.2. Modeling of Optimal Parameters and Properties of Polymer Composition

A planned experiment was carried out to simulate the properties of a polymer compo-
sition based on OFOS.

For the optimization parameters (y), the polymer composition properties’ leading
physical and mechanical indicators were chosen—compressive strength and survivability
(y1 and y2, respectively). The polymer compositions with different percentages of oligomers
and catalysts were studied.

The following variable factors were chosen: the amount of OFOS oligomer introduced
(x3), the amount (x1), and the concentration (x2) of the catalyst used. PTSA was used as a
catalyst.

The intervals of the variation in the factors and their values at the main, upper and
lower levels are shown in Table 2.

Table 2. Conditions for conducting experiments to obtain a polymer composition based on OFOS.

Factors Amount of Acid, % Concentration of Acid, % Amount of OFOS, %

The code x1 x2 x3
Main level 1 60 2

Variation interval 0.5 10 1
Top level 1.5 70 3

Lower level 0.5 50 1

The planning matrix for experiments 26−3 is shown in Table 3. The mathematical
model considered the influence of variable factors and their paired interactions.

To exclude the influence of systematic errors caused by external conditions, the studies
specified by the planning matrix were carried out in a random order, randomized in time.
The order of the studies was chosen according to the table of random numbers.

The experimental error was considered during the experiment, i.e., reproducibility
variance. Reproducibility variance was assessed from the results of parallel studies. Each
investigation in the planning matrix was carried out three times to do this.
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Table 3. Planning matrix and indicators of initial parameters.
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x0 x1 x2 x3 x1x2 x1x3 x2x3 y1 y2

1 1.5 70 3 + + + + + + + 1.22 5
2 0.5 70 3 + – + + – – + 0.23 9
3 1.5 50 3 + + – + – + – 1.75 7
4 0.5 50 3 + – – + + – – 0.49 10
5 1.5 70 1 + + + – + – – 0.92 3
6 0.5 70 1 + – + – – + – 0.20 5
7 1.5 50 1 + + – – – – + 1.29 6
8 0.5 50 1 + – – – + + + 0.72 8

As a result of processing the experiments, the following system of equations was obtained:

y1 = 0.85 + 0.44x1 − 0.2x2 + 0.07x3 + 0.12x1x3 [MPa], (2)

y2 = 6.6 − 1.4x1 − 1.3x2 + 1.3x3 [min], (3)

The obtained equations can be used to evaluate the influence of the input parameters
on the properties of the polymer composition and optimize it.

Based on the mathematical models on a technological basis (curing cycle), the following
two groups of compositions have been developed: a polymer composition with a normal
curing cycle OFOS-N (20–40 min) and an accelerated curing cycle OFOS-S (5–10 min).

The resulting equations can be used to optimize the composition of the polymer
composition. The resulting system of Equations (1) and (2) was taken as a basis.

When analyzing the obtained data, it was established that the influence of the variable
factors on the optimization parameters corresponds to the theoretical ideas about the
formation of the properties of the polymer composition during its preparation.

The strength of the polymer composition increases with an increase in the amount
of OFOS and the amount of PTSA catalyst. It has been established that, at the studied
concentrations and normal temperature, the lower the catalyst concentration, the higher
the strength of the polymer composition.

The survivability of the polymer composition decreases with an increase in the amount
of catalyst and a decrease in the amount of OFOS. The process parameters of the polymer
composition are also affected by the pairwise interactions of the initial components.

Based on the developed mathematical models, a nomogram was constructed that
describes the relationship between the technology parameters and the polymer composition
properties. The nomogram is a means of a graphical solution to this problem.

When constructing the nomogram, it was considered that, for production conditions,
the compressive strength should be in the range from 1.0 MPa to 1.5 MPa, and the surviv-
ability should be from 7 to 10 min. The nomogram is shown in Figure 6. Line AB represents
the set of points for which the compressive strength is 1.0 MPa, and line CD is 1.5 MPa.
Similarly, direct AD is 7 min for survivability, and direct BC is 10 min. Quadrilateral ABCD
is a set of points that meet the requirements for the quality of the polymer composition.
If we assume that using the OFOS oligomer of more than 2.0% and the catalyst of more
than 1.0% is considered an irrational use of materials the region of optimal values for the
properties of the composite is the region described by the AMNK polygon.
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on OFOS at a catalyst concentration of 50%: AB—direct line for which the compressive strength is
1.0 MPa; CD—direct line for which the compressive strength is 1.5 MPa; AD—direct line for which
survivability is 7 min; BC—direct line for which survivability is 10 min; ABCD—area that meets the
requirements for the quality of the polymer composition; AMNK—the area of optimal values for the
properties of the polymer composition.

For example, point T on the nomogram shows that, when used in a mixture of OFOS in
an amount of 1.5% and a catalyst of 0.8%, the mixture will meet the production requirements.
Point A shows the minimum number of components that must be taken to obtain a polymer
composition of the required quality.

Based on the data of the nomogram, it is possible to adjust the parameters of the
polymer composition preparation process by changing the number of components, which
can be used to quickly control the properties of the polymer composition.

The use of a nomogram makes it possible to stabilize the properties of a cold-hardening
polymer composition under industrial conditions and makes it possible to carry out the
following:

• To predict the strength and survivability of a cold hardening polymer composition;
• For a given strength or survivability, determine the required compound of a cold

hardening polymer composition.

A technological process has been developed to prepare core and molding cold-hardening
polymer compositions based on OFOS to obtain high-quality castings. The cold hardening
polymer composition, which satisfies the requirements for the quality of castings, is deter-
mined by the following range of values: for the OFOS oligomer, it is from 1.0% to 2.0% and
for the PTSA catalyst, it is from 0.6% to 1.0%.

The prospect of using the proposed polymers lies in the fact that it is not required to
change the technological process of manufacturing molds for obtaining the castings that
exist at the enterprise for their use. However, the production of these polymers has not yet
been put on an industrial basis.

Further studies suggest modifying the compositions of OFOS polymers to be able to use
them to produce massive castings from high-alloy steels, with a melting point above 1500 ◦C.

4. Conclusions

The polymer compositions based on OFOS were investigated for survivability,
gas-holding capacity, moisture, gas permeability, crumbling, flame retardancy, and knock-
out. The analysis of the obtained results of the work showed that the content of OFOS
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in the polymer composition is the leading indicator of design. It determines the strength
characteristics of cores and molds, quality of castings, sanitary and hygienic characteristics
of the process, and its technical and economic efficiency. An increase in polymerization
measure leads to an increase in strength.

The main method of controlling survivability is to change the degree of resin polymer-
ization and the catalyst solution’s amount, concentration, and consumption. Increasing
the concentration of the catalyst and the degree of polymerization of the resin leads to a
decrease in the survivability of the polymer composition. Other things being equal, the
lower the survivability of the mixture, the higher the temperature of the materials and
the environment.

It was found that the strength of the polymer composition increases with decreasing
catalyst concentration, i.e., its strength with a catalyst containing 50% acid is higher than
with 70% acid, which is due to the high activity of hydrogen ions. The analysis of the data
shows that the polymer composition with the PTSA catalyst has a higher compressive
strength than the samples with the BSA and SSA catalyst.

A planned experiment was carried out to simulate the properties of a polymer compo-
sition based on OFOS. The following can be noted: the influence of variable factors on the
optimization parameters corresponds to the theoretical ideas about forming the properties
of a cold-hardening polymer composition during its preparation.

The strength of the polymer composition increases with an increase in the amount
of OFOS and the amount of PTSA catalyst. It has been established that, at the studied
concentrations and normal temperature, the lower the catalyst concentration, the higher
the strength of the polymer composition.

A technological process has been developed to prepare core and molding cold-hardening
polymer compositions based on OFOS to obtain high-quality castings. The cold hardening
polymer composition, which satisfies the requirements for the quality of castings, is deter-
mined by the following range of values: for the OPOS oligomer, it is from 1.0% to 2.0% and
for the PTSA catalyst, it is from 0.6% to 1.0%.

Based on the mathematical models on a technological basis (curing cycle), the follow-
ing two groups of compositions have been developed: mixtures with a normal curing cycle
OFOS-N (20−40 min) and an accelerated curing cycle OFOS-S (5−10 min).

Further studies suggest modifying the compositions of OFOS polymers to be able to use
them to produce massive castings from high-alloy steels, with a melting point above 1500 ◦C.
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Nomenclature

CHM Cold-hardening mixtures
OFOS Oligofurfuryloxysiloxanes
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ETS-40 Ethyl silicate-40
BSA Benzenesulfonic acid
PTSA p-toluenesulfonic acid
SSA Sulfosalicylic acid
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