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ABSTRACT

PRODUCTION AND DEVELOPMENT OF DE/ANTI ICING FLUIDS FOR
AIRCRAFT

Erdogan, Baris
M.Sc. in Chemical Engineering
Supervisor: Assoc. Prof. Dr. Yusuf Uludag

Co-supervisor: Assoc. Prof. Dr. Goknur Bayram

September 2008, 109 pages

Aircraft are not allowed to take off prior to cleaning of snow and ice deposits that
form on their surfaces under winter conditions to refrain from compromising flight
safety. Water based solutions containing mainly ethylene or propylene glycol, or
both, are employed either to remove the snow/ice layers or to provide protection
against deposition of these layers. The first group of solutions, i.e. de-icing fluids,
are Newtonian and have generally low viscosity so that right after their application
they fall off the aircraft surfaces, providing little or no further protection against
precipitation. Therefore, various anti-icing solutions have then been developed to
provide the prolonged protection due to their non-Newtonian and high viscosity
characteristics. Although the appropriate ranges of viscosity and surface tension
have been determined in a number of studies, actual compositions of these solutions
are proprietary. The main objective of this study is to determine the basic
interactions between the chemical species in de/anti-icing fluids and their effects on

the physical properties of the solutions, especially viscosity, surface tension,
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freezing point and corrosive effect which enable the design of the de/anti icing fluid
composition. A number of polymers and surfactants were dissolved in water-glycol
solutions and used in different compositions to get the desired viscosity and surface
properties. The dependence of viscosity on polymer concentration, pH of the
solutions, glycol content, surfactant concentration, temperature and shear rate were
investigated and reported in detail. Among various chemicals, slightly crosslinked
and hydrophobically modified polyacrylic acid was utilized as a thickener, sodium
oleate and tributyl amine were used as surface agents in the de/anti-icing solutions

whose physical properties satisfied the desired requirements.

In addition to the studies about de/anti icing solutions, synthesis of a new polymer
namely poly (DADMAC-co-vinyl pyyrolidone) was made and its characterization
and performance tests were performed. High swelling ratios (up to 360) were
attained with 0.5 % crosslinker in 2-3 minutes. Moreover, swellings of the gels were
demonstrated to be independent of pH. It was also thought that such a copolymer
having anti-bacterial effect induced by DADMAC (Diallyldimethyl ammonium
chloride) segments and biocompatability of NVP (N-vinyl pyyrolidone) component

would be of interest in biorelated areas.

Keywords: De-icing fluids, anti-icing fluids, aircraft performance, pseudoplastic

rheology, polyacrylic acid, surfactant
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UCAKLARIN BUZLANMALARINI ENGELLEYICi VE ONLEYICI
COZELTILERIN URETIMI VE GELISTIRILMESI

Erdogan Baris
Yiiksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Dog. Dr. Yusuf Uludag

Ortak Tez Yoneticisi: Do¢ Dr. Goknur Bayram

Eyliil 2008, 109 sayfa

Ucaklar kis aylarinda giivenlik tedbirleri geregince kanatlari iizerinde kar ve buz
birikintileri ile birlikte kalkis yapamazlar. Bu yiizden ana bileseni su ve glikolden
olusan ve ucagin buzlanmasimi onleyici ve engelleyici ¢ozeltiler kullanilmaktadir.
Birinci tip ¢ozeltiler u¢agin yiizeyinde bulunan buz ve kar birikintilerini temizlemek
icin kullanilirlar. Bu cozeltiler genel olarak Newton yasasina uyarlar ve diisiik
viskozite degerlerine sahiptirler. Uygulanislarindan sonra kisa siirede kanat
tizerinden akip giderler ve uzun siireli koruma saglayamazlar. Dolayisiyla ugaklar
havalanana kadar ilgili yiizeylere koruma saglayabilmek i¢in buzlanmay1
engelleyici ikinci tip cozeltiler gelistirilmistir. Bu ¢ozeltiler psddoplastik reolojiye
sahiptirler ~ve  yiiksek  viskozite degerleriyle uzun  siireli = koruma
saglayabilmektedirler. Bu sivilarin viskozite ylizey gerilimi gibi fiziksel ozellikleri
bilinse de kompozisyonlar1 gizli kalmistir. Bu ¢alismanin temel amaci buzlanmay1
onleyici ve engelleyici c¢ozeltilerin icerisindeki temel kimyasallar arasindaki
etkilesimleri arastirmak ve bu etkilesimlerin sivilarin viskozite, ylizey gerilimi,
donma noktast ve korozyon etkisi gibi fiziksel Ozellikleri iizerinde yarattigi

degisimleri arastirmaktir. Bu etkilesimlerin aydinlanmasi ile sivilar i¢in uygun
vi



kompozisyonlarin bulunmasi olanakli olacaktir. Calisma cercevesinde bircok
polimer ve yiizey aktif madde glikol-su karnisimlarinda c¢oziilerek degisik
konsantrasyonlarda kullanilmistir. Viskozitenin polimer, glikol, yiizey aktif madde
konsantrasyonu, pH, sicaklik ve kayma hizi ile degisimi gozlenmis, detayli olarak
rapor edilmistir. Kullanilan kimyasallar arasinda ¢ok az capraz baglanmis ve
hidrofobik olarak gelistirilmis poliakrilik asit koyulastirici polimer olarak ve
tributilamin ile sodyum oleat yiizey aktif madde olarak istenen fiziksel 6zelliklere

yakin sonuglar vermislerdir.

Buzlanmay1 Onleyici ve engelleyici ¢oOzeltilerin iiretimi konusunda yapilan
calismalara ek olarak deneyler sirasinda polilDADMAC-ko-vinil pirolidon) adli
yeni bir polimerin sentezi gerceklestirilmistir. Calismanin icerisinde bu polimere ait
karakterizasyon ve performans testlerine de yer verilmistir. Elde edilen sonuclara
gore polimerin % 0.5 oraninda c¢apraz baglanmis formu 2-3 dakikada 360 kat su
emebilmektedir. Aym1 zamanda jelin emme kapasitesi pH ile degisim
gostermemektedir. Bu polimerin DADMAC’tan gelen anti-bakteriyel ve
vinilpirolidon’dan gelen biyolojik uyumlulugu ile biyolojik uygulama alanlarinda

yer bulabilecegi diisiiniilmektedir.

Anahtar sozciikler: Buzlanmayi1 engelleyici c¢ozeltiler, buzlanmay1 Onleyici

cozeltiler, ucak performansi, psddoplastik reoloji, poliakrilik asit, ylizey aktif madde
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CHAPTER 1

INTRODUCTION

Aircrafts are not allowed to take off prior to cleaning of snow and ice deposits that
form on their surfaces under winter conditions to refrain from compromising flight
safety. US Federal Aviation Administration (FAA) proposed the concept of clean
airplane and they stated that, according to the rules numbered as 209 and 121629, an
airplane can not take off before it is totally cleaned up from all ice and snow
deposits on their surfaces [1]. The idea behind these rules is the negative effects of
these deposits on aircraft performance. The negative effects of icing can be
observed in lifting and friction force on aircraft [1,2]. Due to icing, the total weight
of the aircraft increases and so the total lifting force required for take off increases
[2]. At the same time, roughness on aircraft surfaces (See Figure 1) due to the ice
formation increases and that disturb the airflow on the wings so lift coefficient
decreases. These negative effects force the airplane to take-off at higher speeds
close to the emergency conditions [2]. Another effect is related to the angle of
attack, because of icing, the angle of attack necessary for the maximum lifting force
may decrease and this decrease can not be recognized by the sensors of the aircraft
[1]. Icing also increases the friction force applied to the aircraft so that the airplanes
need higher angle of attack for the same lifting force. The last effect of icing on
aircraft performance is observed in decreasing maneuver capability. Because of the
frozen control unites of the aircraft, movement ability is significantly reduced. As a
result of these all negative effects of ice and snow contamination on aircraft
surfaces, aircrafts are not allowed to take off prior to cleaning of these deposits.

De-icing and anti-icing fluids have been utilized in order to remove the snow and

frost from the surfaces of the aircraft since 1930s. The major component of these



fluids is ethylene or propylene glycol which is a strong freezing point depressant
and has high compatibility with aircraft materials. Propylene glycol is more
environmentally friendly than ethylene glycol but also it is the one with higher cost
[3, 4].

De/anti icing fluids are classified in 4 different types as; type-1, type-2, type-3 and
type-4 fluids. Type-1 fluids are generally called de-icing fluids and they are used to
clean aircraft surfaces from snow and ice. They contain at least 70 % of glycol and
trace amounts of surfactant and corrosion inhibitor. They have a Newtonian
rheology in other words; they have constant viscosities over varying shear rates [3].
Type-2 fluids are generally called anti-icing fluids and they are used to protect the
aircraft surfaces against further snow and ice contamination. They contain
approximately about 50 % of glycol and small amount of thickening agent which
makes the solution shear-thinning. Also, there are trace amounts of surfactant and
corrosion inhibitor in the mixture [4]. Type-3 fluids are produced for the airplanes
which have a low take-off speed in order to take place of type-1 fluids. Type-3
fluids are not produced today [5]. Type-4 fluids are also called anti-icing fluids and
they are very similar to type-2 fluids but their viscosities are greater than type-2
fluids so that their hold-over times are greater. Type-4 fluids are generally used in
the countries where the winter conditions are tougher [6].

The application of de/anti icing fluids is carried out either with a one-step or two-
step procedure. In one step procedure, type-1 fluids are utilized and it is generally
applied when it is not snowing. In two-step procedure, first type-1 fluids are used to
clean the contamination on the surfaces. Then type-2 fluids are applied and the
further contamination is prevented. The important thing here is to apply type-2
fluids right after (in three minutes) the type-1 fluid and to be sure that de-icing
fluids are not frozen on the aircraft surfaces [7]. The aircraft surfaces where the

de/anti icing fluids are applied can be listed as [2];

Wing upper surface and leading edge
Horizontal stabilizer

Elevator

Vertical stabilizer

Rudder

YV V. V V V



These surfaces are shown in the following Figure 1.1
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Figure 1.1: The surfaces of the aircraft where the de/anti icing fluids applied

The thickening agent amount in anti-icing fluids increases the holdover time which
is an estimated time that the anti-icing fluid will prevent the formation of the ice and
the accumulation of snow on the protected surfaces of an aircraft. Holdover time
begins when the final application of anti-icing fluid commences and expires when
the anti-icing fluid applied to the aircraft loses its effectiveness [4]. Holdover time
may vary according to the weather and surface conditions such as; air temperature,
humidity, surface temperature, etc. The thickening agent in the anti-icing fluids also
adds shear-thinning behavior to the solutions so that fluids can easily flow off from
the surfaces of the airplanes during take-off maneuver.

The general physics of the shear-thinning fluids is described by Herschel-Bulkely
[4];

T=19+K- 7" (1.1)



where; T: shear stress, T : yield stress, K: consistency, Y : shear rate, B: power law

exponent

In this equation, shear stress over shear rate gives the spontaneous viscosity. The
primary term which contributes to holdover time is yield stress; however the flow

properties are mainly governed by K and B. Therefore, increasing T improves

holdover, and decreasing K and B improves flow-off behavior.

When the fluids are examined from viscoelastic point of view, the complex modulus

is given by,

G" =G'+G" (2.2)

where, G'is in-phase elastic component or shear storage modulus and G'" is out-
phase viscous component or shear loss modulus. The requirements for easier flow is

low elasticity where G'' dominates.

Although anti-icing fluids have been in use since 1930, the standards and tests for
these fluids are determined and authorized after an aircraft accident occurred in
1982 in Washington DC, USA due to icing problems. In the aftermath of this
accident, when public awareness was very high, the International Aviation Industry
marshaled its considerable resources toward the goal of eliminating such accidents.

Their strategy was threefold [8]:

1) To give flight crews, ground crews, flight dispatchers, and traffic controllers,
a proper appreciation of the potential lethality of taking-off with wing ice.

2) To develop improved deicing and anti-icing fluids to specify their chemical
and physical characteristics and their aerodynamic influence.

3) To define and successfully implement operational procedures that would

insure a “clean aircraft” at take-off.

The “clean aircraft” concept is, in large part, assured by the Critical Surface

Inspection, which is a pre-flight external inspection of critical surfaces conducted by



a qualified person, to determine if the surfaces are contaminated by frost, ice, slush
or snow [2].

After FAA declared this threefold strategy, many scientists and engineers tried to
produce de/anti icing fluids in better performance qualities. There are two big
companies producing the de and anti-icing fluids which are Killfrost and Dow.
Their products are quite successful in satisfying the regulations today but the area is
wide open to new developments especially in hold-over times and flow-off behavior
of fluids. Also there has been no production of de/anti icing fluids in Turkey yet.
Therefore, the main objective of this study is to determine the required chemical
species to get the desired physical properties, especially viscosity, surface tension
and freezing point which enable the design of the de/anti icing fluid composition.
To deal with it, a number of polymers and surfactants were dissolved in water-
glycol solutions and used in different compositions to get the desired viscosity and
surface properties. The dependence of viscosity on both polymer concentration, pH
of the solutions, glycol content, surfactant concentration, and temperature and shear
rate were investigated and reported in detail. The relation between polymers and
surfactant molecules in glycol-water solutions were further studied and the effect of
cationic, anionic and nonionic surfactants on both solution rheology and surface

tension were summarized.



CHAPTER 2

BACKGROUND

2.1 The physical properties of the de/anti icing fluids

The basic physical properties of the de/anti icing fluids are determined by Society of
Automotive Engineers (SAE) Aerospace Material Specifications (AMS) 1424-1428
standards, and these properties can be measured according to the procedures stated in
American Society for Testing and Material (ASTM) standards. The basic physical

properties of the fluids are explained in the following sections.

2.1.1 Surface Tension

The de/anti icing fluids are produced in a way that they provide rapid and uniform
wetting and spreading on the surface of the aircraft, maximizing the efficiency and
effectiveness of its application (ASTM D 971). The value of the surface tension is

below 40 Dynes/cm for anti-icing fluids and 45 Dynes/cm for de-icing fluids [9].

2.1.2 Viscosity

Since viscosity varies depending on the force applied on the fluid, when viscosities are
measured and compared, it is important to specify precisely the methods of
measurement. For instance, viscometer type, viscometer model, temperature, rotation
speed, spindle number, and time after beginning of rotation must be reported (ASTM D
445). Therefore, viscosity values are generally given as approximately [9]. For de-icing
solutions viscosity values may change between 10 cP to 50 cP at 20 °C. In the case of

anti-icing fluids, low shear rate viscosities strictly determine the hold-over time and it



changes around 1000 cP to 1500 cP at 20 °C. The high shear rate viscosity shows the
flow-off behavior of these fluids and it is around 100-140 cP at 20 °C. An example of

shear rate-viscosity graph of a typical anti-icing fluid is shown in Figure 2.1.
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Figure 2.1: The rheological behavior of Killfrost ABC-3 (anti-icing) fluid at 20 °C
The equation shown in the corner of Figure 2.1 is called the power law equation of the
fluid and 0.3824 is the power of that equation. Its magnitude shows the shear-thinning

behavior of the fluid.

2.1.3 Freezing Point

The freezing point for the solutions is the temperature when the first solid crystals start
to occur under a constant pressure. Glycol and the other chemicals present in the fluids
decrease the freezing point of the water, which has role of a solvent in the solution.
There is no meaning of using de/anti icing fluids if the ambient air temperature is lower
than the freezing point temperature of the fluids (ASTM D 1177). The value of the
freezing point is typically -20 °C for de-icing fluids and -37 °C for anti-icing fluids
[10].



2.1.4 The Lowest Operational Use Temperature

The lowest operational use temperature (LOUT) of an anti-icing fluid is generally

recognized as the higher of [10]:
1) The lowest temperature at which it meets the aerodynamics acceptance test for a
given type of aircraft, or

2) The freezing point of the fluid plus the freezing point buffer of 7 °C.

2.1.5 Materials Compatibility

The fluids must not corrode the surfaces of the airplanes, storage tanks and also related
equipments. ASTM F 483, F485, F502, F945, F1110, F1111 test methods are used in
different places of the aircraft, including the painted areas to measure the corrosive

effect of the fluids [2].

2.1.6 pH
The pH value of the de/anti icing fluids is around 7. The value of the pH affects the

corrosive effects of the fluids and also changes the viscosity values; therefore it plays a

vital role in solution behavior [9, 10].

2.1.7 Flash Point

The flash point of a flammable liquid is the lowest temperature at which it can form an
ignitable mixture in air. At this temperature, the vapor may cease to burn when the
source of ignition is removed. These fluids have no flash point as measured by the
ASTM method D 93. During normal use and under proper storage and handling

conditions, de/anti icing fluids are considered to be non-flammable.

The physical properties of currently used de/anti icing fluids are shown in Table 2.1.



Table 2.1: The physical properties of currently used de/anti icing fluids

UCAR Flight
UCAR Ultra+ | Killfrost ABC-S Arctica DG
guard AD 480
Type 4 Type 4 Type 1
Type 4
Water spray
Endurance Test 90-120 60-100 90-100 5.5
(minutes)
High Humidity
Endurance Test 10 12 0.5
(hours)
Freezing Point
. -59 -37 -36 -30
("C)
The lowest
operational use -24 -28 -29 -20
temperature (°C)
Shelf Life (year) 1 2 1
Color Green Green Green Green
Material
Obeys 1,2,3 Obeys 1 Obeys 1 Obeys 1
compatibility*
Surface Tension
35.7 33 33.4 37.9
(Dynes/cm)
pH 8.5-9.5 6.5-7.5 6.7-8.7 9.8
Ignition
Temperature - > 100 °C > 100 °C > 100 °C
(°C)
Density (g/cmg) 1.0875 1.038 1.03 1.1

* SAE AMS 1424D (1), Boeing D6-17487 (2), Douglas CSD #1 Tip II (3)




2.2 De/anti-icing Fluid Patents

Analyzing the de/anti-icing fluid patents gives an idea of what basic chemicals were
used so far and what their missions in the solutions are. The chemicals and the mixing
procedures in the patents were not clearly identified because of probable commercial
concerns. The patents are listed in historical basis and given according to the

developments they brought into the area.

Salvador et al. developed a new fluid exhibiting the particular advantage that it has a
relatively low viscosity under even at arctic temperatures and low shear rates, which
ensures rapid and complete run off of the agent at the take-off of the aircraft even at
extreme conditions [11]. In detail the anti-icing fluid is essentially composed of:

(1) 40 to 65 by weight of a glycol belonging to the group of alkylene groups having
2 to 3 carbon atoms and oxylkylene glycols having 4 to 6 carbon atoms.

(2) 35 to 60 % by weight of water.

(3) 0.05 to 1.5 % by weight of a thickener belonging to the group of crosslinked
polyacrylates having a viscosity of 1000 to 50.000 mPa.s in a 0.5 % by weight
aqueous solution at 20 °C .

(4) 0.05 to 1 % by weight of a water-insoluble component belonging to the group of
mineral oils of composite bases.

(5) 0.05 to 1 % by weight of a surfactant belonging to the group of alkali metal
alkylarylsulfonates.

(6) 0.01 to 1 % by weight of at least one corrosion inhibitor.

In another study, Tye et al. mentioned a new thickening agent called carrageenan and
they claimed that by using this new agent the performance of the anti-icing fluids could
be improved. They showed their results in the following graphs which are actually the
comparison of the new developed fluids with the earlier ones, in terms of viscosity
changes of the fluids with respect to increasing shear rate. In Figure 2.2, the viscosity
changes at low shear rates and in Figure 2.3 the viscosity changes at high shear rates

are shown [12].
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Figure 2.2: The comparison of viscosity changes at low shear rates for carrageenan-

thickened fluids with the earlier ones [12]
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Figure 2.3: The comparison of viscosity changes at high shear rates for carrageenan-

thickened fluids with the earlier ones [12]

It was also stated that, the best carrageenan types for the fluid production were iota and
kappa carrageenans. The preferred composition of an anti-icing fluid consists of 49.875

% water, 49.875 % glycol and 0.25 % of carrageenan.
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In another study, Chan et al. claimed that they found a better fluid in material
compatibility and environmental issues [13]. The composition given in the patent is as

shown:

(1) 50 to 60 % by weight alkali metal acetate to decrease the freezing point,
preferably potassium acetate or sodium acetate.

(2) 0.05 to 0.15 % by weight alkali phosphate ester to decrease the surface tension,
for example; octylphenoxy or nonylphenoxy polyethoxy phosphate ethyl ester.

(3) 0.00005 to 0.075 % by weight environmentally friendly dyes.

(4) 0.08 to 0.1 % by weight corrosion inhibitor, phosphoric acid.

(5) 0.015 to 0.025 % by weight second corrosion inhibitor, sodium silicate.

In another patent Jenkins et al. talked about macromolecular polymers that enhance the
rheology of the fluids [14]. They claimed that their anti-icing fluid will desirably

possess the following attributes:

@) Formation of essentially continuous film coating, after its application by
conventional spraying devices, even on non-horizontal aircraft surfaces
critical to the aircraft’s aerodynamic performance during take-off/lift-off.

(ii) Extended, long-term protective anti-icing action

(iii)  Viscosity and rheology characteristics that promote formation of an
effective tenacious protective film coating, yet enabling the fluid coating to

flow off the aircraft airfoil surfaces during take-off, prior to aircraft rotation.

They added that this invention was based on the unexpected discovery that certain
macromonomer-containing polymers possess particular efficiency as thickeners for
glycol-based aircraft anti-icing fluids. The macromonomer-containing polymers useful

in this invention comprise:

(1) About 1-99.9, preferably about 10-70, weight percent of one or more

unsaturated carboxylic acids

12



(2) About 0-98.9, preferably about 30-85, weight percent of unsaturated monomers,
typically ethyl acrylate

(3) About 0.1- 99, preferably about 5-60, weight percent of one or more
unsaturated macromonomers

(4) About 0-20, preferably 0-10, weight percent or polyethylenically unsaturated

monomers, typically trimethylol propane triacrylate

In another study, Jenkins et al. stated the effect of hydrophobically modified polymers
in the rheology of solutions. The hydrophobic groups in the polymers thicken the
solution better and improve its rheological character [15]. The molecular structure of

the polymer is shown in the Figure 2.4.

Figure 2.4: The molecular structure of the thickener

In this molecular structure, the monomer with subscript x is methacrylic acid and with
subscript y is ethyl acrylate and with subscript z is a hydrophobic monomer with long
alkyl groups. Writers gave the composition of an anti-icing fluid that consists of up to 5

wt % thickener and 0.01 to 0.1 wt % surfactants, corrosion inhibitors etc.
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In another patent, Carder et al. claimed to produce the anti-icing fluid in a concentrated
form and than dilute it prior to usage [16]. They proposed a fluid composition
consisting of;
In weight percent;

(1) 40 % glycol, glycerin or the mixture of

(2) Minimum 0.05 % thickener

(3) Trace amounts of hydroxide to keep the pH at 7

(4) Surfactant to increase the thickening effect

(5) Corrosion inhibitor

(6) Dyes

(7) Water

In the last patent examined, Hu et al. claimed that objective of their new fluid is to
teach and define an improved de-icing and anti-icing fluid composition having a
chemical mechanism to control the diffusion of water and thereby retard the onset of re-
freezing of water on the surface of an applied film of an anti-icing fluid. The
significance of this invention was not to use a thickening agent in the solutions to have
high viscosities, instead Hydrophilic Lipophilic Balance (HLB) agents were used and
the desired rheological properties for the de/anti icing fluids could be obtained. It is
claimed that, HLB molecules are simply kind of surfactants, and they adjust the HLB
values of the solutions so that the rheological behavior of the fluids could be improved
[17]. The proposed composition of an anti-icing fluid is as shown;
In weight percent;

- 45-65 % glycol

- 35-65 % water

- 1 ppm-0.5 % surfactant with a HLB value between 4-18

- 1 ppm-0.5 % emulsifying agent

- 1 ppm-1 % pH controller

- 1 ppm-1 % corrosion inhibitor

-1 ppm-0.5 % foam reducing agent

- 10 ppb-1 % dye

14



2.3 Hydrophobically modified polymers

After the analysis of the patents published so far, it can be clearly seen that the
thickening agent in an anti-icing fluid plays a vital role in fluid rheology and the
polymers are the best candidates to be utilized as thickening agents. Therefore,
literature about synthesis and preparation of the polymers that was used in anti-icing
fluids were investigated and summarized here.

Among various kind of polymers, acrylamide and acrylic acid based polymers are the
most preferred ones to be used as thickening agents, because acrylamide can easily be
suited for the manufacture of high-molecular weight polymers and it is the most
successful monomer in producing water-soluble copolymers that are effective at
polymer concentrations below 1 % by weight [18], and also acrylic acid monomers can
be utilized to synthesize polyelectrolytes so that additional rheological improvements
can be obtained.

These polymers are generally used in hydrophobically modified forms, because
hydrophobic groups placed on a polymer backbone enhance the rheology of the
resulting polymer solutions. Hydrophobically modified polymers actually has been the
focus of considerable research areas such as; paints, foods, pharmaceutical products
and in enhanced oil recovery [19]. A hydrophobically modified polymer usually
consists of a major part of hydrophilic backbone and small proportion of hydrophobic
groups. When dissolved in aqueous solution, the apolar moieties tend to exclude water
and are held together, yielding intra or intermolecular association [20]. Associating
polymers have been prepared by two general methods. The first method is the
copolymerization of water-soluble and hydrophobic monomers. The second method is
the modification of polymers after polymerization to introduce hydrophobic or

hydrophilic groups [21].

2.3.1 Hydrophobically modified polyacrylamides

Hydrophobically modified polyacrylamides are commonly prepared using acrylamide

by free radical polymerization. Acrylamide is a monomer most suited for the
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manufacture of high molecular weight water-soluble polymers [22] which are generally
polymerized with a hydrophobic monomer and other monomers such as acrylic acid.
Figure 2.5 shows the molecular structure of a hydrophobically associating

acrylamide/acrylic acid/dodecyl methacrylate copolymer.

H H CH

1 I 3
—{CHy ~G)—(CH, -C) —(CHy ~C)—

?:0 ?=0 ?'D

NH, OH O(CH,)4,CHy

Figure 2.5: Molecular structure of hydrophobically associating polyacrylamide

(x: 30-100, y:0-70, z: 0.01-1).

In the synthesis of hydrophobically modified polyacrylamides, specialized
polymerization techniques are always required since acrylamide and hydrophobic
comonomers are mutually incompatible [20]. After attempts using heterogeneous [23],
inverse emulsion [24], microemulsion [25], and precipitation [26] copolymerization
processes, the final commonly accepted method 1is micellar free radical
copolymerization in which an appropriate surfactant is used to solubilize the
hydrophobic comonomer [27]. However, the composition of polymer prepared from
micellar process always drifts because of the increased reactivity of the hydrophobic
monomer when solubilized in micelles [28]. In addition, with this copolymerization
technique, it is very difficult to get samples of polyacrylamide and hydrophobically
modified polyacrylamide with similar molecular weights under identical experimental
conditions. This makes it difficult to distinguish between the modified one and the
unmodified polyacrylamide [28]. Furthermore, the reaction mechanism in the micellar
method leads to a polymer with a blocky distribution of the hydrophobes along the
backbone [27].
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2.3.2 Hydrophobically modified polyacrylic acids

Hydrophobically modified polyacrylic acids are different from the polyacrylamide ones
in terms of the electrically charged backbone they have. It is well-known that polymer
of acrylic acid forms a negatively charged polyelectrolyte. Because of the repulsive
forces between the acrylic monomers, the polyacrylic acid chains tend to extend so that
the hydrodynamic volume of the chains increase. This increase enhances the viscosity
of the aqueous solutions of the polymers. Furthermore, the hydrophobically modified
acrylic polymers exhibit the characteristics of hydrophobically modified
polyacrylamides and hydrophobic groups in the backbone of the polyacrylic acids
interact with each other and transient network through molecular associations are
formed. Due to their hybrid nature (i.e. hydrophobes and hydrophilics exist in the same
polymer chain), these polymers are used as rheology modifiers in a variety of
applications [29]. As in the case of polyacrylamides, to have suitable reaction
conditions to synthesize hydrophobically modified polyacrylic acids is a hard task to
achieve. Again most preferred method is micellar copolymerization, but it has lots of
difficulties as in the case of polyacrylamide synthesis.

In Figure 2.6, there is a typical schematic representation and molecular structure of a

hydrophobically modified polyacrylic acid.
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Figure 2.6: Schematic representation of a typical hydrophobically modified polyacrylic
acid polymer together with the molecular constitution of the poly(methacrylic-co-ethyl

acrylate) as an illustration.
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CHAPTER 3

EXPERIMENTAL

The experimental work of this study consists of three main parts which are the
preparation of de/anti-icing solutions, the polymer synthesis experiments and lastly the

characterization part.

3.1 Preparation of de/anti-icing fluids

Various chemicals were used in the preparation of de/anti-icing fluids as shown in
Table 3.1. In every solution preparation, glycol and water were present primarily and
the chemicals like thickeners, surfactants or corrosion inhibitors were additionally
mixed to get the desired physical properties. The solutions were continuously stirred up
to 2 hours to be sure that the mixture was totally homogenized. There was not a strict

order of adding different functional chemicals into the solution.

Table 3.1: Chemicals used in the preparation of de/anti-icing fluids

Chemical Molecular formula Purity Source
Ion
Water H,0 Deioni- | exchan-
zed ge
resins
99+ % .
Ethylene glycol C,H4(OH), SPp. Gs. Aldrich
. . Mw: .
Polyacrylic acid (CH,CH COOH)n 450000 Aldrich
Poly(acrylic acid-co-maleic (CH,CHCOOH)x(CHCOOHC | 50 % aq. Aldrich
acid) HCOOH)y Solution
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Polyacrylic acid partial
sodium salt, lightly

crosslinked (CH,CH COONa)n Aldrich
acrgi)izq(?c;:er))/ggtz(s:ﬁ;? _salt (CHCH Aldrich
crosslinked COOK)x(CH,CHCONH,)y
sdiam sl graf plyeiylens | [y (CHCH COONax i
oxide crosslinked 2 2LHRVNELY
Benzotriazole CgHgN3H 99 % Aldrich
Carboxymethylcellulose .
sodium salt CsHicOsNa Sigma
Oleic acid CHj3(CH,);CHCH(CH,);COOH ~(9G9C(§b Sigma
Sodium dodecyl sulfate (SDS) CH;(CH,),,080;Na 99 g | Siema-
1“ yisu ARV ¢ | Aldrich
. . Sigma-
Sodium Hydroxide NaOH 98 % Aldrich
. 70 % GEMS
(Z:(t)h%/)l hexyl sulfosuccinate CaoHs0-NaS aqueous PEC
solution RW
2-Ethoxyphenol C,HsO0C¢H,OH 98 % Aldrich
Hexadecyltrimethylammoni- .
im bromide CHj3(CH,)sN(Br)(CH3);3 80 % Aldrich
. . Sigma-
Triethylamine (CyHs)sN 99 % Aldrich
Potassium hydrogen .
phosphate trihydrate K,;HPO,4.3H,0 99+ % | Aldrich
Tetrabutylammonium >09 0%
tetrafluoroborate (TBAF) (CH;CH,CH,CH2)4N(BFy) B Fluka
>
[CHy(CHYrLNED(CHy), | =79 | Fluka

Dimethyldioctadecylammoni-
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um chloride (DAC)
Hexadecyltrimethylammoni- >08% .
um bromide (CTAB) CH3(CH_)1sN(Br)(CH3)3 =n Sigma
Polyoxyethylene(40) 70 % Sioma-
isooctylphenyl ether (CyH,00),0OH aqueous Al%lrich
(Triton X-405) solution
Slightly crosslinkled and Caroblo'
hydrophobically modified (CH,CH COOH)x(CH3)y 99 % p
. . Ultrez
polyacrylic acid (HMPA) 10
Tributyl amine [CH3(CH,)3]sN >?2}'(5:)% Fluka

3.2 Polymer synthesis experiments

In order to find the most suitable rheological behavior for the fluids, different polymers
were tested and some of them were synthesized directly in the laboratory. The
synthesized polymers are namely: poly(acrylic acid-co-maleic acid), poly(DADMAC-
co-acrylamide), poly(DADMAC-co-vinylpyyrolidone), polyacrylamide and
poly(acrylic acid-co-maleimide). Different reaction procedures were performed for

each polymer synthesis as follows:

3.2.1 Poly(acrylic acid-co-maleic acid) synthesis

3.2.1.1 The heat induced reaction

In a 250 mL volume of three-necked flask equipped with a reflux condenser and a
nitrogen inlet, 30 ml of 1,4-dioxane was added as solvent. Then, 18 g maleic anhydride,
8.176 g acrylic acid, and 0.164 g AIBN were added into the dropping funnel which was
placed onto the three-necked flask under nitrogen. The flask was placed in a constant
temperature oil bath and the funnel was opened to have a dropwise flow. The reaction

was conducted at 80 °C under continuous stirring for 3 h. The mixture was then cooled

21




to room temperature and poured into 150 mL of toluene. The solvent was decanted and
the residue was dissolved in water and then reprecipitated in toluene and purified. The

polymer was isolated by decanting and dried at 70 °C under vacuum for 24 h.

3.2.1.2 The redox induced reaction

In an erlenmeyer 36 g DADMAC, 9.8 g maleic anhydride and 30 ml distilled water
were mixed and the erlenmeyer was put into ice bath. Then 28 g of NaOH was
dissolved in 40 mL water and added to the erlenmeyer slowly. Because the reaction is
highly exothermic this procedure was conducted in an ice bath. After the addition of 50
mL of water into the erlenmeyer, 2.28 g ammonium persulphate was added with 2.2 g
triethanolamine into the erlenmeyer. Reaction took 5 minutes and then the polymer was

dissolved in the erlenmeyer by water and taken out.

The reaction scheme is shown in Figure 3.1.

OH HO
0 0
Q OH 0
)J\ + 0 OH —
OoH . m n
0 oH
acrylic acid maleic acid

Polyjacrylic acid-co-maleic acid)

Figure 3.1: The reaction scheme of poly(acrylic acid-co-maleic acid)

3.2.2 Poly(DADMAC-co-acrylamide) synthesis

3.2.2.1 The heat induced reaction
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In a 100 mL volume of three-necked flask equipped with a reflux condenser and a
nitrogen inlet, 3.054 g acrylamide was dissolved in 7 mL water. Then 12.436 g
DADMAC was added with 0.27 g 2, 2’-azo bis-(2-methyl propionamidine)
dihydrochloride (initiator). The flask was placed in a constant temperature oil bath. The
reaction was conducted at 65 °C under continuous stirring for 2 h. The mixture was
dissolved in water and taken out.

3.2.2.2 The redox induced reaction;

6.108 g acrylamide was dissolved in 14 mL of water and added to an erlenmeyer with
24.872 g DADMAC. Then 0.1 g potasyumpersulfate was added as an initiator into the
erlenmeyer. The reaction was conducted with the addition of 0.5 mL triethanolamine

under room temperature for 5 minutes

The reaction scheme of the copolymer is shown in Figure 3.2.

?S\A—pw

acrylamide

DADMAC
Poly(DADMAC co-acrylamide)

Figure 3.2: The reaction scheme of Poly(DADMAC-co-acrylamide)

3.2.3 Poly(DADMAC-co-vinyl pyyrolidone) synthesis

In a 250 mL volume of three-necked flask equipped with a reflux condenser and a
nitrogen inlet, 24.9 ¢ DADMAC solution, 11.2 g vinyl pyrrolidone and 0.562 g 2, 2’-

azo bis-(2-methyl propionamidine) dihydrochloride were mixed under nitrogen. Then
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32.4 mL distilled water was added so that the final total monomer concentration was to
be 40 % by weight. The flask was placed in a constant temperature oil bath. The
reaction was conducted at 60 °C under continuous stirring for 1 h. The mixture was
cooled to room temperature and poured into 150 mL of isopropanol. The solvent was
decanted and the residue was dissolved in 60 mL methanol and reprecipitated in
acetone (100 mL). The polymer was isolated by decanting and dried at 70 °C under
vacuum for 24 h.

The reaction scheme of the copolymer is shown in Figure 3.3.
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DADMAC Yinyl Pyyrolidone
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M CI-
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Poly{DADMAC co-vinyl pyyrolidone)

Figure 3.3: The reaction scheme of Poly(DADMAC-co-vinyl pyyrolidone)

3.2.4 Crosslinking Copolymerization of DADMAC with NVP

The crosslinking copolymerization was carried out in highly concentrated aqueous
solutions of the monomer mixture (40 %). In a typical procedure, a mixture of 9.94 g
(0.04 mol) commercial N,N-diallyl N,N-dimethylammonium chloride solution (65 %),
1.07 g (9.5 %10~ mol) 1-vinyl 2-pyrrolidone, 0.16 g (5x10™* mol) TAP and 0.14 g
(5%10™* mol) 2, 2’-azo bis-(2-methyl propionamidine) dihydrochloride were placed in a
100 mL volume of three-necked flask equipped with a reflux condenser and a nitrogen

inlet. The mixture was purged with nitrogen for 2 minutes.
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Then 8.26 mL distilled water was added so that final total monomer concentration was
40 % by weight. The flask was placed in a constant temperature oil bath and the
reaction was conducted at 65 °C under continuous stirring.

Generally gelation took place within 15-60 min depending on the crosslinker content.
The gel formed was left to stand for 24 h at this temperature, in order to complete the
crosslinking polymerization. The resulting transparent gel was broken up and washed
with water three times (3x400 mL) in a cotton purse. The gel samples were then

transferred onto glass plates and dried at 75 °C under vacuum for 24 h.

3.2.5 Polyacrylamide synthesis

15 g acrylamide was dissolved in an erlenmeyer containing 35 mL water. Then 0.1 g
potassium persulphate was added to the solution. After it was dissolved completely, 0.5
mL triethanolamine was added to the erlenmeyer and polymerization reaction was
conducted for 5 minutes.

The reaction scheme of polyacrylamide is shown in Figure 3.4.

\)J\NH —

2
H,N 0

acrylamide .
polyacrylamide

Figure 3.4: The reaction scheme of polyacrylamide

3.2.6 Poly(acrylic acid-co-maleimide) synthesis

Prior to the polymer synthesis, the hydrophobic monomer (maleimide) was synthesized.
Equal moles of maleic anhydride and alkyl amine were dissolved in dimethoxane at 80-
90 °C. The mixture was stirred until the solution became transparent. Then, in a 250 mL
volume of three-necked flask equipped with a reflux condenser, acetic anhydride was

added in stoichometric ratio. The mixture was stirred for 3 hours at 120 °C. The

25



mixture was then precipitated in water and the precipitated maleimide was washed with

petroleum ether in order to have purification from unreacted monomers. Then, the

resulting monomer was left at 50 °C and dried.

The synthesized maleimide was reacted with acrylic acid in a proper alcohol solution in

1/100 initiator ratio with a crosslinker which was tetraally piperazinium dichloride in a

1/1000 ratio. After waiting for 1 day in order to be sure that the reaction was totally

completed, the resulting polymer was precipitated in diethyl ether and then dried at 50

°C under vacuum.

The chemicals used in the synthesis reactions are given in Table 3.2.

Table 3.2: The chemicals used in polymer synthesis reactions

Chemical Molecular formula Purity Source
Acrylamide CH,=CHCONH, > 98 % Fluka
Maleic anhydride C4H>03 > 99 % Merck
Triethanol amine N(CH,CH,0H); 99 % Merck
Acrylic acid CH,=CHCOOH 99 % Aldrich
N-vinyl pyyrolidone CsHoNO 99 % Aldrich
Acetone CH;COCHj3 99.8 % Merck
Ethanol CH;CH,0OH 95 % Aldrich
Methanol CH;0H 99 % Sigma
Petroleum ether Mixture of hydrocarbons Analytical | Sigma Aldrich
(benzene) grade
N,N-diallyl N,N- 65 wt % aq '
dimethylammonium | (CH2=CHCH,),N(CI)(CH3), . Aldrich
: solution
chloride
Acetic anhyride (CH;C0O),0 99.5 % Sigma-Aldrich
Synthesized in
Tetraally
laboratory
piperazinium (CH,=CHCH,)4N(Cl),
(explained in
dichloride (TAP)
section 3.2.7)
.. . Synthesized in
Azobisisobutyronitrile (CH3),C(CN)N=NC(CH3),CN y
(AIBN) laboratory
2, 2’- azo bis-(2- (C4N3Hog),2HCI 97 % Aldrich
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methyl
propionamidine)

dihydrochloride

Diethyl ether (CH3CH,),0 99.7 % Aldrich

3.2.7 Preparation of tetraallyl piperazinium dichloride (TAP)

TAP was prepared by quaternization of N,N’-diallyl piperazine with allyl chloride. To a
250 mL volume of flat bottom flask, 33.2 g (0.2 mol) N,N’-diallyl piperazine and 36.7
g (0.48 mol) allyl chloride were added and the mixture was left to stand for over two
months at room temperature. The white solid was leached in 50 mL of diethyl ether and
quickly filtered. The residue was washed with acetone (25 mL) and ether (25 mL).
Since the product is very sensitive to humidity, it was stored in closed bottle without

further drying. The crude yield was 52.2 g (81.2 %).

3.3 Characterization

3.3.1 Characterization of de/anti icing solutions

The characterization tests of the de/anti-icing fluid mixtures were performed with

rheometer, surface tensiometer, pH meter and refrigerator.

3.3.1.1 Rheometer

The rheological behaviour of the polymer solutions was tested by using the Brookfield
Rheometer Model LVDV-III U with a spindle no SC4-34 in a small sample adapter.
The device has a 0.01-250 rpm speed range. The measurements were conducted at 20
°C and the data acquired was processed by using Brookfield Rheocalc computer

program.
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3.3.1.2 Surface Tensiometer

The surface tension of the solutions was measured by using a Cole Parmer Surface
Tensiomat 21 with a platinum-iridium ring (circumference: 5.965 cm). The surface

tension values were measured in between 30-70 Dynes/cm.

3.3.1.3 pH meter

pH of the solutions were measured by using Inolab wtw series pH 72e pH meter.

3.3.1.4 Refrigerator

The freezing point of the solutions was tested by using Revco Ult350-5V-32
refrigerator with - 40 °C minimum stable temperature and 90 L capacity. The freezing
point experiments were made by first allowing the solution to freeze with a
thermometer inside the beaker, then the frozen solutions were melted at room

temperature and the temperature where the solution started to flow was recorded.

3.3.1.5 Corrosion test

The sample of aluminum plates taken from the airplane wings were immersed into
solutions at 88 °C under constant air flow (~2 ml/s). After 15 days, the loss of weight of

the plates per area were calculated.

3.3.2 Characterization of the synthesized polymers

The characterization tests of the synthesized polymers were made with Nuclear
Magnetic Resonance (NMR) spectra and Gel Permeation Chromatography (GPC).
NMR spectra of the polymers were obtained in D20 by a Bruker Ac (250 MHz)
spectrometer. GPC analyses of the polymer samples were performed in water with a
flow rate of 0.5 mL / min using Hewlett Packard 1050 A series instrument and aqueous

polyethylene glycol solutions were used as standards.
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CHAPTER 4

RESULTS AND DISCUSION

4.1 De-icing (Type-1) Fluid Production Results

De-icing fluids are mainly glycol and water mixtures with trace amount of some
functional chemicals such as; surfactants, corrosion inhibitor, pH controllers, etc. [17,
30, 31]. The surfactant molecules lower the surface tension of the fluid and allow
easier spreading on the surfaces of the airplane. The corrosion inhibitors protect the
aircraft surfaces from corrosion and the pH controllers stabilize the solution pH in
desired values. To get the desired viscosity, surface tension, freezing point values and
also minimum corrosion effect, different compositions of surfactants, pH controllers
and corrosion inhibitors are tested with varying glycol-water contents. According to the
values cited in the literature, the surface tension of the fluids must be around 40
Dynes/cm at 25 °C, the viscosity of the fluids must be in between 10-50 cP at 20 °C,
and the freezing point of the 50 % diluted solutions of the fluids must be around -20 °C
[32-35]. All viscosity measurements in this study are made at 20 °C and surface tension
measurements are made at 25 °C unless a temperature is specified. In choosing the
functional chemicals for preparing the fluids, the most frequently used ones are

preferred as shown in Table 4.1.
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Table 4.1: The functional chemicals used in Type-1 fluid and the composition ranges.

Chemical Type

Chemical

Concentration range (wt %)

Surfactant (S) 2-Ethoxyphenol 0-2
Corrosion inhibitor
Tributylamine 0-4
(CD
pH Controller Potassium hydrogen phosphate 005

(pH ©)

trihydrate

The functional chemicals are tested at their maximum and minimum concentrations and

the surface tension, viscosity and the freezing point values are recorded. The results are

shown in Table 4.2.

Table 4.2: The effect of the functional chemicals on the physical properties of Type-

1 fluids
Surface Freezing

S Viscosity | Tension Point

Sample | Glycol | Water | (wt Cl | pHC (cP) | (Dynes/cm) (°C)
no (wt %) | (wt %) | %) |(wt%)|(wt %) * *k Hkok
1 90 10 0 0 0 13.9 51.6 -30
2 90 9.5 0 0 0.5 13.8 51.8 -31
3 90 8 2 0 0 15.6 50.74 -30
4 90 6 0 4 0 16.5 40.1 -31
5 80 20 0 0 0 9.4 52.1 -25
6 80 19.5 0 0 0.5 10 53.5 -26
7 80 18 2 0 0 10.5 51.1 -25
8 80 16 0 4 0 14.1 40 -25
9 70 30 0 0 0 6.7 55.5 -20
10 70 29.5 0 0 0.5 7.2 54.8 -20
11 70 28 2 0 0 7.4 52 21
12 70 26 0 4 0 8.75 39.9 -21
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(* All viscosities were measured at 20 °C and because all the solutions are Newtonian
as expected. Only one viscosity value was recorded.)
(** All surface tensions were measured at 25 °C)

(*** The freezing point tests were made by diluting the solutions with 50 wt % water)

In Figure 4.1, the effect of functional chemicals on the viscosity of solutions is
observed. As it is seen from the graph, the viscosity values of the solutions increase by
addition of any of the functional chemicals but they still stay in the desired range. Also
it is seen that, solutions exhibit a Newtonian behavior, in other words the viscosity of

the solutions does not vary with changing shear rates.

—e— Surfactant —— Corrosion inhibitor —a—pH Controller

Bulk \

20

" ——
12

Viscosity (cP)

70 80 90

Glycol concentration (wt %)

Figure 4.1: The effect of functional chemicals on the viscosity of the solutions at
different glycol concentrations

(Bulk solution does not contain any additives)
Figure 4.2 depicts the effect of functional chemicals on the surface tension of the

solutions. If each chemical is examined individually it can be said that, pH controller

increases the surface tension of the solutions with a small amount. The surfactant alone
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is insufficient in decreasing the surface tension of the solutions and surprisingly
corrosion inhibitor which is tributylamine reduced the surface tension near 40
Dynes/cm. Therefore, it is concluded that, tributylamine is a multifunctional chemical

and can be used to reduce the surface tension as well as a corrosion inhibitor.

—e— Surfactant —a— Corrosion inhibitor —a— pH Controller —— Bulk

60

—
—— —%

50 A

45

40N i i

35 A

Surface Tension (Dynes/cm)

30 ‘
70 80 90

Glycol concentration (wt %)

Figure 4.2: The effect of functional chemicals on the surface tension of the solutions at

different glycol concentrations.
Figure 4.3 shows the effect of functional chemicals on freezing point. Presence of the

chemicals had slight effect on the freezing point of the solutions. Hence glycol content

of a solution mainly determines the freezing point.
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Figure 4.3: The effect of functional chemicals on the freezing point of the solutions at

different glycol concentrations.

After the investigation of the effect of each individual chemical on the physical
properties of the solutions, the effects of the functional chemicals to the solutions are
examined when two or three of them exist together in the solution containing 80 % by

weight glycol (See also Table 4.3).

1. Surfactant and pH Controller effect
When these two functional chemicals are used together, it is seen that, the viscosity and
freezing point values are in between the desired values (8-15 cP) but surface tension is

relatively high (50 Dynes/cm).

2. Surfactant and Corrosion Inhibitor effect
When these two chemicals are used together, the viscosity and the freezing point values
again do not change much (8- 15 cP) but the surface tension of the solution decreases

more than the case where each chemical used individually (37 Dynes/cm).
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3. pH Controller and Corrosion Inhibitor effect
In this case, it is observed that the physical properties of the solution remained constant

as in the case where the corrosion inhibitor used alone (8-15 cP, 40 Dynes/cm).

4. Surfactant, Corrosion Inhibitor and pH Controller effect
When three chemicals exist in the solution together, the situation is the same as the one
when corrosion inhibitor and surfactant molecules are used together (8-15 cP, 37

Dynes/cm).

Table 4.3: The effect of functional chemicals on the physical properties of the polymer

solutions when two or three of them are used together at 80 % glycol concentration.

Viscosity (cP) | Surface Tension (Dynes/cm) (at | Freezing Point
Chemical Type
(at 20 °C) 25°C) (°C)
S and pH C 10-15 50 -26
S and CI 10-15 36 -26
pH C and CI 10-15 40 -26
S, pH C and CI 10-15 37 -26

After the observation of the effect of functional chemicals on the solution properties, it
is concluded that the viscosity of the solutions always remain in the desired range and it
does not vary much with the addition of functional chemicals. The pH controller has no
effect on the viscosity, surface tension and freezing point of the solutions. The freezing
point of the solutions strongly depends on the glycol content rather than any other
functional chemicals. The surfactant which is 2-ethoxyphenol can not reduce the
surface tension to desired values, instead the corrosion inhibitor shows double
functionality and it can reduce the surface tension and lastly when the surfactant
molecules and pH controllers are used together, the surface tension can be reduced to

lower values.

If the effect of glycol concentration on the physical properties of the solutions is

considered, it is seen that, as the glycol concentration of the solution increases, the
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freezing point and surface tension of the solution decreases and the viscosity of the
solution increases. When we measure the bulk properties of the glycol-water mixtures

with no functional chemicals inside (See Table 4.4), we get the expected results.

Table 4.4: The physical properties of the solutions varying in glycol concentration

Glycol | Water Viscosity Surface Tension Freezing Point
(wt %) | (wt%) | (cP)(@20°C) | (Dynes/cm) (@ 25°C) (°C)
100 0 16 49 -12
90 10 13.9 51.6 -29
80 20 9.4 52.1 -46
70 30 6.7 55.5 <-5l1
0 100 1 72 0

Because reducing the surface tension near 40 Dynes/cm is not an easy task for the
surfactants utilized so far, different surfactants are further tested and the effects of these

surfactants are discussed in section 4.2.

In conclusion, type-1 fluids are actually basic de-icers and it is possible to adjust the
final physical properties of the solutions by changing the concentration of functional
chemicals inside the solution. Thus, a final composition for a de-icing fluid can be
proposed (See Table 4.5), after testing different functional chemicals and the
interactions between them. Actually, the main difficulty in producing this fluid is
reducing the surface tension, but that problem is also solved by trying different kinds of

surfactants.
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Table 4.5: A proposed composition of de-icing fluid and its physical properties

Glycol % 90
Water %10
2-Ethoxyphenol % 0.1
Potassium hydrogen
phosphate trihydrate *02
Tributylamine % 0.05
Viscosity 15.1 cP
Surface tension 39.1 Dynes/cm
Freezing Point -20°C
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4.2 Anti-icing (Type-2) Fluid Production Results

The major distinction between de-icing and anti-icing fluids stems from their rheology.
For de-icing fluids, viscosity does not depend on shear rates, but for anti-icing fluids it
must depend on shear rates. This means that when the aircraft is at rest or moving at a
low velocity, the viscosity of the type-2 fluids must be high in order not to flow-off
from the wings so that type-2 fluids protect the aircraft surfaces from further icing or
snowing. However, when the aircraft accelerates to take-off on the runway, due to the
increasing shear rate, the viscosity of type-2 fluids must drop rapidly and they must
flow-off from the surfaces of the airplane so that they leave a clean surface at the time
of lift-off and do not affect the aerodynamics of the airplane [8]. In other words, the
anti-icing fluids must be shear-thinning. To have a shear-thinning anti-icing fluid,
thickeners are utilized in the solutions. In this study, five different polymers are
synthesized as; poly(acrylic acid-co-maleic acid), poly(DADMAC-co-acrylamide),
poly(DADMAC-co-vinylpyyrolidone), polyacrylamide, poly(acrylic-co-maleimide).
Furthermore, different polymers are purchased namely; polyacrylic acid, poly(acrylic
acid-co-maleic acid), lightly crosslinked polyacrylic acid partial sodium salt,
crosslinked poly(acrylic acid-co-acrylamide) potassium salt, crosslinked poly(acrylic
acid) partial sodium salt graft polyethylene oxide, carboxymethylcellulose sodium salt
and slightly crosslinked hydrophobically modified polyacrylic acids. The rheological
behavior of these polymers are tested in water-glycol mixtures and recorded by using a
rheometer. Also, the effect of other functional chemicals such as corrosion inhibitors,
surfactants and pH controllers on the rheology of the solutions are investigated and
recorded. Following rheological characterization and obtaining solutions of desired
viscosity behavior, surface tension, freezing point or corrosive effect of the polymer

solutions are also investigated.
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4.2.1 The synthesized polymers and their rheological behaviors

4.2.1.1 Poly (acrylic acid-co-maleic acid) (AMC)

This polymer is initially considered as the best candidate, because most patents refer to
copolymers of acrylic based monomers [11, 13-17]. The polymerization reaction has a
free-radical polymerization mechanism and the reaction is made by using solution

polymerization technique.

4.2.1.2 Poly (DADMAC-co-acrylamide) (DA)

Although, the application area of these copolymers is normally the dewatering
processes of mineralized solutions, we first wanted to use this copolymer as a
thickening agent. DADMAC monomer in this copolymer is a quaternal molecule with
positively charged ions. It is thought that the copolymer chains of this monomer would
expand linearly in the aqueous solutions so that the viscosity of the solutions would
increase. This copolymerization reaction has a free-radical polymerization mechanism
similar to the previous one and the reaction was made by using solution polymerization

technique.

4.2.1.3 Poly (DADMAC-co-vinyl pyyrolidone) (DCVP)

This polymer was only synthesized in an earlier study in 1990 [36]. The two monomers
have both high solubilities in water so the resulting copolymer has high solubility in
water. Vinylpyrrolidone has a biocompatibility and the polyelectrolytes made from this
monomer attract attention in various applications such as sludge dewatering and
membrane production [37, 38]. This polymer was also never used as a thickener before.
The experiments performed so far showed that the characterization results of the
previous study are not consistent with our results. Therefore, we decided to study this
polymer further and publish a short paper about the copolymerization behavior and

characterization of this polymer. These results are shown in Appendix Al.
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4.2.1.4 Polyacrylamide (PA)

Polyacrylamide is a famous thickening agent and also acrylamide is a very cheap
monomer and it can be used a co-monomer with acrylic acids as cited in the literature
[39]. The monomer acrylamide is also known to be carcinogenic but the polymer of

acrylamide does not show such effects [40].

The rheological behavior of the synthesized polymers are tested with increasing shear
rates in aqueous and glycol solutions in case of the addition of surfactants, corrosion
inhibitors and pH controllers and the results are summarized in Table 4.6. According to
the results, it can easily be said that none of the polymers achieved to have a strong
shear-thinning behavior. The bulk solutions of all the polymers in water totally
exhibited Newtonian behavior except that DA and AMC showed small amount of
shear-thinning behavior in water-glycol mixtures. Generally additives could not
increase the shear-thinning behavior except for Triton X-405 addition into aqueous DA
solutions. The addition of potassium hydrogen phosphate trihydrate into the solutions
results in lowering the viscosity values in almost all cases. This decrease may be
explained by the hindrance effect of the salt which results in the coiling of the
polyelectrolyte chains. The only noteworthy result belongs to 5 % of DA polymer in
glycol-water mixtures. The viscosity in that case decreases from 198 cP to 161 cP.
However, even in that case the polymer amount used in the solution is quite high and
the maximum viscosity acquired with respect to that is quite low. Also, by increasing
shear rate the viscosity decreases only by 30 cP. Therefore, the trials on new polymers
and the explanation of the shear-thinning behavior of solutions are further investigated

and shown in the following sections.
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Table 4.6: Rheological behavior of the solutions of synthesized polymers with

additives
Viscosity in water-glycol mixtures
Viscosity in water (cP)
(cP) (50 % - 50 %)
Shear
Polymer @ =
( rate 4 g 4 g
percenta = = —~ o 3 ~ —~ =
h s | = | = | = 5 = | = | =
ge) change F% g g = i F% g =) g i
(rpm) :CZD z z Z O :CZD Z Z = O
S |la|@ | 0|z | T |« |4 | 0|z
4 4
= . = .
/M aa}
DA 121- 198- | 194- 195- | 87-
32-250 125 125 | 125 80 125
(5 % wt) 113 161 | 164 162 81
AMC 15-
10-95 11 37 47 15 10 35 37 15 10
(1 % wt) 11
DCVP 72-
4-37 71 70 71 70 60 70 70 70 61
(5 % wt) 77
PA
32-250 161 161 | 160 | 160 | 174 | 160 | 160 | 160 | 160 | 170
(5 % wt)

(S1: Triton X-405, S»: AOT, CI: Tributylamine, pH C: Potassium hydrogenhosphatetrihydrate)

4.2.2 The Purchased (Commercial) Polymers and Their Rheological Behaviors

4.2.2.1 Polyacrylic acid (PAA) and Poly(acrylic acid-co-maleic acid)

The rheological behavior of polyacrylic acid solutions is varied in terms of PAA
concentration, glycol and additive content of the solutions, however no shear-thinning
behavior is observed for poly(acrylic acid-co-maleic acid) probably due to its low
molecular weight. The viscosity changes are analyzed in terms of different

concentrations of PAA, glycol and other additives.

The effect of PAA concentration in the solution can be seen in the Table 4.7
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Table 4.7 The effect of polymer concentration on solution (50 % water-50 % glycol)

viscosity
PAA Viscosity at low | Viscosity at high | Viscosity loss
Viscosity loss
concentration shear rates shear rates (difference)
(percentage %)
(wt %) (1-10 1/s) (cP) | (50-70 1/s) (cP) (cP)
10 11817 11185 632 5.4
8.5 5459 5159 300 5.5
7.5 2998 2894 104 3.5
6.5 1680 1635 45 2.7
6 1065 1033 32 3
5.5 686 686 0 0

It can be observed from Table 4.7 that as the concentration of PAA decreases in the

solution, the viscosity at low shear rates, high shear rates and also the difference

between them decrease. Moreover, the viscosity loss reaches to zero at 5.5 % PAA

concentration. In other words, the entire shear thinning behavior is lost. The reason for

that may be the insufficient number of chains to entangle at low polymer

concentrations.

The effect of glycol concentration on the solution rheology can be seen in Table 4.8.

Table 4.8: The effect of glycol concentration on solution viscosity at 4 wt % PAA

Glycol Viscosity at low | Viscosity at high Viscosity loss Viscosity loss
concentration shear rates shear rates (difference) (Percentage)

(wt %) (1-10 1/s) (cP) | (50-70 1/s) (cP) (cP) (%)

90 1750 1690 60 34

80 1600 1532 68 4.3

70 790 742 48 6.1

60 536 500 36 6.7

50 332 304 28 8.4
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The dependency of glycol concentration on solution rheology is measured at the
concentrations where the effect of polymer concentration disappears, i.e. below 5 wt %
PAA. It can be seen from Table 4.8 that, glycol content in the solution decreases the
shear-thinning behavior of the solution but not significantly. Since, PAA has relatively
low solubility in glycol than water; the solvent-solute interactions may lead to such a

shear-thinning behavior.

The effect of additives on the solution rheology can be summarized in Table 4.9.

Table 4.9: The effect of additives on solution (50 % water-50 % glycol) viscosity at 4

wt % PAA
Additive and its Viscosity at low 'Vlscoszty at Viscosity Viscosity loss
orcentace shear rates high shear rates loss (Percentage %)
p § (1-10 1/s) (cP) | (50-70 1/s) (cP) |  (cP) ge 7
- 332 304 28 8.4
AOT (1 %) 600 470 130 21.7
Triton X-405 (1 %) 340 310 30 8.8
Potassium hydrogen
phosphate trihydrate 335 312 23 6.9
(0.5 %)
Tributylamine
390 346 44 11.3
(1 %)
Sodium hydroxide
1319 1190 129 9.8
(1 %)

When the results presented in Table 4.9 are analyzed, it can be observed that: AOT has
a great contribution to the shear-thinning behavior of the solutions. This fact may be
explained by the interaction between long polyoxyethylene molecules and polyacrylic
acid chains. These interactions are probably interrupted at high shear rates leading to a
shear-thinning behavior. In addition, huge viscosity increase due to addition of sodium
hydroxide to the solution can also be observed. This happens because of the ionization

of the acrylic acid chains at high pHs. The ionized chains hold the solvent molecules
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and stabilize them which results in solutions with high viscosity. In Figures 4.4 and 4.5,
the best rheological behaviors are obtained by using polyacrylic acid for the solutions

containing the additives listed in Table 4.9.
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Figure 4.4: Rheological behavior of the solution (50 % water-50 % glycol) containing
4 % PAA, 1 % AOT and 1 % NaOH

43



1500

1400 .\\

1300

y = 1456 70057

1200

Vis cosity {cP)

1100

1':":":' T T T T T T
a 2 4 2] g 10 12 14

Shear rate (1/s)

Figure 4.5: Rheological behavior of the solution (50 % water-50 % glycol) containing
4 % PAA, 1 % Triton X-405 and 1 % NaOH

When the performance of the fluids shown in Figure 4.4 and Figure 4.5 are analyzed,
the low shear viscosity values seem to be quite enough to have long hold-over times for
aircraft. However the high shear viscosity of the fluids is too high to flow-off from the
surfaces of the aircraft at desired rates. In other words, the shear-thinning behavior of
these solutions is inadequate to be used in aviation. This fact can also be expressed in
terms of the power law equations of the fluids. In these equations, the magnitude of the
power of “x” (shear rate) shows how fast the fluid will loose its viscosity. In these
fluids, this x values are in between 0.05 to 0.1. However in actual type-2 fluids, x

values are approximately 0.4 [3], which designates a good shear-thinning behavior.

4.2.2.2 Carboxymethylcellulose

It is known that, carboxymethylcellulose (CMC) is a derivative of cellulose formed by
its reaction with alkali and chloroacetic acid. Generally it is used in food industry as a

viscosity modifier or thickener, and to stabilize emulsions. The average chain length

44



and degree of substitution are of great importance in the rheology of the CMC
solutions; the more-hydrophobic lower substituted CMCs are thixotropic but more-
extended higher substituted CMCs are shear-thinning [41].

Although, the rheological behavior of CMC solutions is quite shear-thinning, it is not
enough to use in anti-icing fluids. The viscosity change of polymer solutions and the

effect of two surfactants on solution rheology are shown in Table 4.10.

Table 4.10: The effect of additives on solution (50 % water-50 % glycol) viscosity at
0.5 wt % CMC

Additive and its Viscosity at low Viscosity at Viscosity Viscosity

weioht percentage shear rates high shear rates loss loss
gntp 8¢ 1 (1-10 1/s) (cP) | (50-70 1/s) (cP) |  (cP) (%)

- 1160 683 477 41

AOT (0.1 %) 1210 596 614 51

Triton X-405
1100 780 320 29
(0.1 %)

A typical shear rate-viscosity graph of a CMC solution is shown below in Figure 4.6. In
the graph, the high shear viscosity is quite low but the low shear viscosity is also too
low to protect the aircraft surfaces. The power of x in the equation of the graph is about
0.21 well below 0.4. The relative increase in shear-thinning behavior in the solutions
can be explained in terms of hydrophobic interactions occurring between chains. These

interactions are discussed in detail in the next part.
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Figure 4.6: The rheological behavior of CMC at 0.5 wt % in aqueous solution.

4.2.2.3 Crosslinked Polyacrylic acids

Rheological behavior of aqueous solutions of four different crosslinked polyacrylic
acids are examined; namely, lightly crosslinked polyacrylic acid partial sodium salt,
crosslinked poly(acrylic acid-co-acrylamide) potassium salt, crosslinked poly(acrylic
acid) partial sodium salt graft polyethylene oxide and slightly crosslinked
hydrophobically modified polyacrylic acids (HMPA). The first three of them are
actually superabsorbent polymers and they swell when they are faced with water. We
could not achieve to dissolve these polymers even at small concentrations and could
not get a homogeneous solution; therefore their viscosity values could not be measured.
On the other hand, experiments done with HMPA gave very satisfying results and
finally the desired rheological behavior for a typical anti-icing solution is acquired.

The rheology of HMPA solutions is affected by various factors such as, polymer
concentration, pH of the solution, surfactant concentration, corrosion inhibitor

concentration, glycol-water content, and temperature.
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4.2.2.3.1 The effect of HMPA concentration on solution rheology

It is widely known that the polymer concentration in the solution increases the viscosity
of the solution due to the resistance to flow by dissolved polymer chains. As HMPA is
a hydrophobically modified polymer, its behavior in aqueous solutions is interesting.
Hydrophobic groups tend to interact with each other, and the rest of the polymer chain
which consists of carboxylic acid groups tends to interact with water molecules. The
unusual molecular structure of these polymers leads to a non-linear concentration-
viscosity relationship. It is known that the viscosity of the solutions mainly changes in
the three concentration regimes which is observed in Figure 4.7 and can be explained in
terms of different modes of hydrophobic association. In regime 1 (c<<c.), the polymer
chains are isolated and, as a result, only intramolecular associations are possible. The
solution viscosity in this region is similar to that of unmodified polymer analogs except
that HMPA chains do not dissolve in the solution because each chain forms a cluster
and is coiled onto itself and they totally behave as a different phase in the aqueous
solutions. When the dilute HMPA solutions are left for 1 hour, the phase separation can
be observed in terms of coloration in the solution. In regime 2 (¢, < ¢ < cyp), the
polymer chains become overlapped and the hydrophobes are engaged in intra- and
intermolecular associations. Therefore, this region is characterized by a very rapid
increase in viscosity due to the transformation from intra- to intermolecular association
with an expected strong dependence on concentration. Also, phase separation does not
occur in this region and a suspension like mixture of polymer and water forms. In
regime 3 (¢ > cy) the hydrophobes are mainly engaged in intermolecular interactions.

Thus, a weaker dependence on concentration is expected [29].
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Figure 4.7: Schematic representation of possible hydrophobic interaction modes in
different concentration regimes (taken from ref. [29]).

(cL: lower concentration, cy: upper concentration)

In Figures 4.8, 4.9 and 4.10, the rheological behavior of the HMPA aqueous solutions
in increasing polymer concentration are shown.

The rheological behavior of 1 wt % HMPA solution is seen in Figure 4.8, the low shear
viscosity is very low at around 45 cP and the high shear viscosity is around 20 cP. The
equation at the corner of the figure is the power law equation of the curve and

significance of the equation is explained as mentioned in following chapters.
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Figure 4.8: Rheological behavior of 1 wt % of HMPA solutions
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When the concentration increases to 2 wt %, the viscosity increases drastically (nearly
300 times) as can be seen from Figure 4.9. Here it can be said that the intermolecular
hydrophobic interactions become significant. The power of the solution also increased

to 0.6895 which can be seen from the equation at the corner of the Figure 4.9.
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Figure 4.9: Rheological behavior of 2 wt % of HMPA solutions

As can be seen from Figure 4.10, if the polymer concentration is further increased to 4
wt %, the viscosity continues to increase but not as much as in the previous case. Also
the power of the fluid increases to 0.8288 which is the twice of the value needed for a

typical anti-icing fluid.
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Figure 4.10: Rheological behavior of 4 wt % of HMPA solutions

These observations validate the mechanism behind the interactions of the polymer
chains and water molecules. The sharp decrease in viscosity of solutions at high shear
rates shows the strong shear-thinning behavior of the solutions. To understand that
interesting behavior, first of all the mechanism of pseudoplastic solutions must be

analyzed.

Pseudoplastic mechanism

The basics of this mechanism can be explained in terms of entanglements between
polymer chains in the solution. At low shear rates these entanglements stay in stable
form and stabilize the solvent molecules and increase the solution viscosity. But at
higher shear rates these entanglement points start to untangle and chains start to flow in
the direction of flow and the viscosity decreases. In other words, polymer chains resist
the flow at low shear rates, and at high shear rates this resistance gets lost. In highly

hydrophilic homopolymers, these entanglement points occur due to the mechanical
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reasons. Therefore they can easily untangle at low shear rates. So shear-thinning
behavior can not be observed (See Figure 4.11, case I). In order to have a high shear-
thinning behavior, these entanglement points must be reinforced by additional
secondary forces which cause higher resistance to flow. In general, this modification is
done by introducing hydrophobic groups to the hydrophilic polymer backbone. These
hydrophobic groups attract each other in the solution and form a network structure in
solution. This structure can also be named as a hydrophobically crosslinked polymer
chains. These hydrophobic interactions hold the polymer chains in entangled form at
low shear rates and resist the flow. However, at high shear rates these interactions start
to disappear and the viscosity decreases (See Figure 4.11, case II). When these
modified polymers are dissolved in aqueous solution, the hydrophobic groups tend to
favor intra- and interpolymer associations to minimize their exposure to the water.
Intrapolymer association may dominate at low polymer concentrations, whereas

interpolymer association becomes prominent at high polymer concentrations [42, 43].

Figure 4.11: The effect of hydrophobic groups on entanglement points and

pseudoplastic mechanism (7The red dots represent hydrophobic groups).

I: In that situation the hydrophilic homopolymers are entangled only by mechanically.
Therefore, even at very small shear rates these entanglements start to disappear and
polymer chains can not resist the flow. That results in a total Newtonian behavior, same

viscosity at all shear rates.
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II: In this case, the hydrophilic polymers are modified by binding hydrophobic groups.
Hydrophobic groups generally consist of long alkyl molecules and they are like
surfactants. This modification introduces new secondary forces to the entanglement
points. These new forces do not break down at low shear rates and resist the flow, so
that the viscosity of the solution increases. As the shear rate increases these forces can
not resist and the viscosity of the solution decreases. In conclusion, the solution gains a
strong shear-thinning behavior. Also, when the shear rate is removed, the solution gains

its initial viscosity again.

4.2.2.3.2 The effect of ionization degree on solution rheology (pH effect)

The effect of ionization degree of polyacrylic acid chains has a great influence on
solution viscosity. As it is mentioned, at low HMPA concentrations the polymer exists
as emulsion particles in the form of insoluble carboxylic acid. Each emulsion particle
contains polymer molecules in a collapsed configuration. The viscosity of the system
prior to neutralization is close to that of water (3 cP). The acid group (COOH) is not
hydrolyzed, and there is no intermolecular hydrophobic association (See Figure 4.12 1.
case). When NaOH is added to the solutions, it neutralizes the acid group (COOH) on
the polymer chain. As a result, the particle is solubilized due to the acid and base
reaction and COO'Na" groups are formed along in the polymer chains. As the pH value
increases, the repulsion between the negative charges increases hence the coils unfold.
This will further result in intramolecular and intermolecular hydrophobic associations.
At a pH of approximately 4-6 (See Figure 4.12 II. case) the low shear viscosity reaches
a maximum value, then the viscosity starts to decrease and at about pH=9 it reduces to
30 cP which is very close to its first value. This peak in the viscosity value can be
explained by optimum ionic repulsion occurred along the polymer backbone. To a
certain neutralization degree the repulsion along the chains increase the hydrodynamic
volume of the chains. At the same time the secondary forces occurring in intra and inter
chain fashion through hydrogen bonding and hydrophobic interactions. These result in
high viscosity increment in the solution. However, after certain ionization degree, the

ionic repulsion along the chains and between the chains increases too much and the
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network structure caused by the secondary forces begins to disintegrate. These
combined effects cause a sharp fall in solution viscosity. At pH around 9 (See Figure
4.12 III. case) no interchain or intrachain interaction occurs between the polymer

chains and the viscosity turns back near to its initial value.

-

I II III
Figure 4.12: The behavior of the chains with respect to their ionization degrees

(The red dots represent the hydrophobic groups)

The rheological behavior of the HMPA solutions under increasing pH condition is
shown in the following figures for different polymer concentrations. They confirm the

effect of ionization degree on solution viscosity.

Firstly, in Figure 4.13, the change of low shear viscosity with increasing NaOH
concentration is given for a 0.05 wt % HMPA solution. It is seen that the viscosity of
the solution starts to increase by the increasing NaOH concentration and after the

viscosity reaches maximum it starts to decrease to its initial value.
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Figure 4.13: The change of low shear viscosity of 0.05 wt % HMPA solutions
composed of 50 % water and 50 % glycol with the addition of NaOH

The maximum viscosity obtained for 0.05 wt % HMPA solution is around 250 cP and it
is obtained at around 2.8 mM NaOH concentration. This corresponds to the pH value of
6. The molarity of polymer in the solution is calculated as 7 mM by assuming the
polymer as a homopolymer of acrylic acid and by taking the molecular weight as 72
g/mole. The maximum viscosity is obtained at NaOH concentration which is around 40

% of the polymer concentration for 50 % water- 50 % glycol mixtures.

When the concentration of the polymer in the solution is increased to 0.075 wt %, it is
seen that the viscosity rise in the solution gets larger (See Figure 4.14). This fact can be
explained by the increase of the interchain interactions of the hydrophobic groups.
These interactions occur in small concentrations relative to the previous unneutralized

solutions due to the increase in the hydrodynamic volume of the polymer chains.

54



14000

12000 -

10000 -

8000

6000 -
4000 / \\
2000

0 2 4 6 8 10 12
NaOH Concentration (mM)

Viscosity (cP)

Figure 4.14: The change of low shear viscosity of 0.075 wt % HMPA solutions
composed of 50 % water and 50 % glycol with the addition of NaOH

In this case, the maximum viscosity is obtained at around 4.2 mM NaOH concentration
and the polymer concentration is 10.42 mM. It can be seen that the required NaOH
concentration to achieve the maximum low shear viscosity is again around 40 percent
of the polymer concentration in the solution. Therefore it can be concluded that, the
ionization degree of the polymer chains reaches its optimum value at 40 % of NaOH

concentration with respect to polymer concentration to have a maximum viscosity.
When we look at the pH change in the solution by the addition of NaOH (See Figure

4.15), the viscosity values start to increase at around pH=4 and increases up to pH=6

and reaches it maximum then it starts to decrease.
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Figure 4.15: The change of low shear viscosity of the 0.075 wt % HMPA solutions
composed of 50 % water and 50 % glycol with pH

The viscosity increase with addition of NaOH is tried to be tested on the polymer
solutions with a 0.1 wt % polymer concentration but the viscosity of the solution
increased to 12000 cP which is over the measurement limits of the LVDV rheometer
therefore the viscosity values could not be measured correctly. The reason for that
increment can easily be explained by the increase of the interchain interactions of the

polymers in the solution.

The small changes in polymer concentrations and pH lead to drastic increases in
solution viscosity as can be seen from the Figure 4.14 and Figure 4.15. While the low
shear viscosities are affected very much from the pH and polymer concentration, the

viscosities at high shear rates do not change that much as shown in Figure 4.16.
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Figure 4.16: The rheological behavior of 0.075 wt % HMPA solution at pH=6 in 50 %

water-50 % glycol solution.

The power law equation of the solution prepared by 0.075 wt % HMPA (See Figure
4.16) is:

n=5763.4 y 00418 4.1

CCn 00 XI79%13

In this equation, “y” represents the shear rate (x) that is exerted on the fluid and “n
represents the viscosity (y) value at that shear rate and 0,6418 is called as the power of
the fluid and it determines how much the solution is shear-thinning. As the power of
the solution increases, the shear-thinning behavior of the solution increases too.

It is known that the shear rate on the surfaces of the aircraft during take-off is
approximately 140 1/s. When 140 is plugged in as “x” value in Equation 4.1, ’y” value
or viscosity value turns out to be 241.8 cP. It means that, solution has a low shear

viscosity at around 13000 and high shear viscosity at around 240 cP. The viscosity loss

of this fluid is around 99 %. This high performance of these fluids makes them special
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and maybe a better candidate as an anti-icing fluid than the commercially available
ones. Low shear and high shear viscosity values of these solutions can further be

adjusted by changing the concentration of the polymer and pH of the solution.

In Figure 4.17, the change of viscosity at different polymer concentrations can be
observed. It is clearly seen that trace amount of changes in polymer concentration in

solution leads to drastic changes in viscosity values.
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Figure 4.17: The rheological behavior of polymer solutions at different polymer

concentrations (at 50 % glycol 50 % water and pH at around 5.2)
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4.2.2.3.3 The effect of glycol-water concentration on solution rheology

As it is mentioned before, anti-icing solutions are mainly the mixture of glycol and
water, due to the very low freezing point of their mixtures. Generally ethylene glycol is
preferred rather than propylene glycol because of economical reasons. The advantage
of propylene glycol comes from its environmentally friendly nature. In this study
ethylene glycol is preferred. In the currently used anti-icing fluids, 50 % water-50 %
glycol by weight is the most preferred composition but there are also solutions
containing 60 % and 70 % glycol. Glycol content of the solutions changes the freezing
point of the solutions and also their viscosities.

In Figure 4.18, the rheological behavior of HMPA solutions at different glycol

concentrations are shown.
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Figure 4.18: The rheological behavior of HMPA solutions at 0.064 wt % concentration
with different glycol-water content. (S1: 50 % water-50 % glycol, S2:40 % water-60%
glycol, S3: 30 % water, 70 % glycol)

It can be seen from the Figure 4.18 that, as the glycol content increases in the solution

the low shear viscosity decreases. This fact can be explained by the increase in the
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hydrogen bonding and the polar-polar interactions between water and carboxylic acid
groups. It is also known that the inter- and intramolecular hydrogen bonds formed in

ethylene glycol are weaker than those in water [44].

4.2.2.3.4 Dependency of solution rheology on surfactant concentration

Surfactants are used in anti-icing solutions in order to reduce the surface tension and
increase the wetting ability of the fluids. The surface tension of the fluids also affects
the aerodynamics of the airplane. Surfactant molecules also change the solution
rheology interestingly. Up to a certain surfactant concentration, they result in increase
in the viscosity and shear thinning behavior of the solutions. But above that
concentration they start to decrease the viscosity of the solutions. That’s why, with the
presence of surfactant molecules in the solution, interpolymer association is enhanced
by the interaction between the hydrophobic groups on polymer backbone and surfactant
molecules [45-48]. A drastic increase in solution viscosity at concentrations around the
surfactant critical micelle concentration (cmc) is attributed to interpolymer cross-
linking through the formation of mixed micelles involving the surfactant molecules and
the hydrophobes from different polymer chains (See Figure 4.19, C<cmc). A
subsequent decrease in viscosity with further increase of the surfactant concentration
above the cmc is ascribed to the breakdown of the cross-linking network as sufficient
surfactant is available to form micelles with each individual polymer hydrophobe (See

Figure 4.19, C>cmc).
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Figure 4.19: The schematic representation of the polymer chains at above and below
cmc (Red dots represent the hydrophobic groups and blue dots represent the surfactant

molecules)

The interactions of the surfactant molecules with the hydrophobic groups on polymer
backbone around cmc and the behavior of the polymer chains can also be observed in

Figure 4.20.
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Figure 4.20: Schematic representation of the interactions of hydrophobically modified
water soluble polymers with surfactants at three different surfactant concentrations
corresponding to Regions 1, 2 and 3. Polymeric hydrophobic microdomains are

denoted by the black dots (Taken from reference [45]).
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The effect of three anionic, three cationic surfactants and one nonionic surfactant on
HMPA solution rheology and surface tension are tested. These surfactants affect the

viscosity of the solutions while decreasing the surface tension in general.

4.2.2.3.4.1 The effect of anionic surfactants

- Sodium dodecyl sulphate (SDS)

Sodium dodecyl sulphate is a widely used anionic surfactant. The molecular formula of
SDS is CH3(CH,);;SO4Na". When it is dissolved in the solution, sodium metal ionizes
and a long alkyl group with SOy- in the head solubilizes in the water and attract with
hydrophobic groups on polymer backbone. The change in surface tension and rheology

of the solutions are given in Figures 4.21 and 4.22.
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Figure 4.21: The viscosity change of 0.07 wt % HMPA solution (50 % water and 50 %
glycol) with addition of SDS
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Figure 4.22: The surface tension change of HMPA with addition of SDS at different

glycol-water content

(S1: %50 glycol-%50 water, S2: %60 glycol-%40 water, S3: %70 glycol-%30 water)

When SDS concentration increases above 0.065 mM, the viscosity of the polymer
solution starts to decrease. In other words, it is experimentally observed that 0.065 mM
is critical micelle concentration for SDS in 9.63 mM HMPA solution. The surfactant
amount is the 0.675 % of the polymer amount. Unfortunately, the surface tension of the
solution does not reduce to 40 Dynes/cm even at 6 mM SDS concentration. Therefore,

SDS is not suitable to be used as a surfactant in HMPA solutions.
- Aerosol-T (AOT)
AOT or 2-ethyl hexyl sulfosuccinate is a well-known surfactant too. Its molecular

ormula 1s 2 gH 7 sH 7 s Na'. en 1t 1s dissolved 1n water, a
f la is (CH,COOCgH;7)(CHCOOCsH;7)SO3Na*. When it is dissolved i

long alkyl group is ionized and interacts with hydrophobic groups on the polymer
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backbone. The change in surface tension and rheology of the solutions are given in

Figures 4.23 and 4.24.
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Figure 4.23: The viscosity change of 0.067 wt % HMPA solution (50 % water and 50
% glycol) with addition of AOT
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Figure 4.24: The surface tension change of HMPA solution with addition of AOT
(S1: %50 glycol-%50 water, S2: %60 glycol-%40 water, S3: %70 glycol-%30 water)

For AOT, cmc is measured below that is for SDS. Around 0.044 mM AOT, the
solution viscosity starts to decrease which shows that all surfactant molecules bind all
individual hydrophobes. This concentration is the 0.48 % of the polymer concentration.
The surface tension of the AOT-polymer solution decreases to desired values at around

0.5 mM AQOT concentration which is 10 times larger than cmc of AOT.

- Sodium oleate (NaO),

Sodium oleate is the chemical that is used in most of the soaps and also it is a well-
known anionic surfactant. In this study, NaO is synthesized from oleic acid and sodium
hydroxide in methanol as a solvent. The molecular formula of NaO is
CH;3(CHy)7(CH)»(CH,);COO'Na" . It gives a long alkyl group with negatively charged
head group when dissolved in water. The change in surface tension and rheology of the

solutions are given in Figures 4.25 and 4.26.
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Figure 4.25: The viscosity change of 0.067 wt % HMPA solution (50 % water and 50
% glycol) with addition of NaO
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Figure 4.26: The surface tension change of HMPA solution with addition of NaO

(S1: %50 glycol-%50 water, S2: %60 glycol-%40 water, S3: %70 glycol-%30 water)

The best surfactant among these three anionic surfactants is determined as sodium
oleate because it is the most successful surface agent in lowering the surface tension. It
can reduce the surface tension of the polymer solutions to 40 Dynes/cm at around 0.4
mM concentration and it does not reduce the low shear viscosity of the polymer

solutions until 0.052 mM concentration (0.56 % of polymer concentration).

4.2.2.3.4.2 The effect of cationic surfactants

In general, cationic surfactants increased the viscosity of the solutions better than
anionic surfactants; even 0.004 mM surfactant in solution can give rise to the viscosity
values. Besides, they are very weak in reducing the surface tension of the solutions.
This fact can be explained by the enforced polymer network by hydrophobic and
electrostatic interactions. Because there are two additional forces that strengthens the

network structure, the shear-thinning behavior of polymer solutions get increased more
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with respect to the case in anionic surfactants. After certain surfactant concentration, on
the other hand, the viscosity values start to decrease because surfactant molecules start
to interact with each individual hydrophobe molecule in the chain and the network
structure is broken similar to anionic surfactant experiments. It is observed that cationic
surfactants are very weak in reducing the surface tension of the solutions. The reason
for that may be found in the electrostatic interactions between polymer chains and
surfactant molecules. These interactions may stiffen the surfactant molecules near thr
polymer backbone and exclude them more from the surface interactions relative to the
anionic ones. In other words, the alkyl groups with cationic head group may be
attracted by the polymer chains and screened there. Therefore they can not contribute to
the surface interactions, and surface tension remains at high values. In this study, the
effects of three cationic surfactants on solution rheology and surface tension are

examined.

- Tetrabutylammonium tetrafluoroborate (TBAF)

Tetrabutylammonium tetrafluoroborate is commonly used as electrolyte in organic
solutions. Its chemical formula is (CH;CH,CH,CH,)sN(BF;). When it is dissolved in
water, alkyl groups with cationic head group starts to interact with hydrophobic groups
on polymer chains. The effects of TBAF concentration on solution rheology are shown
in Figures 4.27 and 4.28. 0.008 mM TBAF concentration result is included in a
different graph because at that concentration the solution viscosity increases rapidly
and reaches to 14000 cP. That obstructs the visualization of the other graphs. TBAF
can not reduce the surface tension of the polymer solutions. The effect of all cationic

surfactants on surface tension is given in Figure 4.33.

69



—e—Bulk —=—0.025 mM TBAF 0.05 mM TBAF
0.075 mM TBAF —x—0.2 mM TBAF —e—0.004 mM TBAF

2000
1800 %
1600

1400 -

1200

1000 -

Viscosity (cP)

800 -

600 -

400 -

Shear rate (1/s)

Figure 4.27: The rheological behavior of polymer solutions (0.064 wt % HMPA in 50
% glycol) with the addition of TBAF in low viscosity range
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Figure 4.28: The rheological behavior of polymer solution (0.064 wt % HMPA in 50
% glycol) with 0.008 mM TBAF concentration in high viscosity range

The maximum viscosity is acquired with 0.008 mM TBAF concentration. As it is seen
from Figure 4.28, the low shear viscosity increases nearly up to 10 times of its bulk

value. After 0.008 mM concentration the viscosity of the solution starts to decrease.

- Hexadecyltrimethylammonium bromide (CTAB)

Hexadecyltrimethylammonium bromide (CTAB) is generally used as bactericidal and
cationic detergents. Its chemical formula is CH3(CH,);sN(Br)(CHs3);. This surfactant
also can not reduce the surface tension of the polymer solutions either. But it changes
the rheology of the solutions remarkably. The change of viscosity and surface tension

of the solutions are shown in Figures 4.29 and 4.30.
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Figure 4.29: The rheological behavior of polymer solutions (0.064 wt % HMPA in 50
% glycol) with the addition of CTAB in low viscosity range
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Figure 4.30: The rheological behavior of polymer solution (0.064 wt % HMPA in 50
% glycol) with 0.008 mM and 0.012 mM CTAB concentration in high viscosity range

It can be understood from Figures 4.29 and 4.30 that, the maximum viscosity is
obtained at 0.008 mM CTAB concentration. After that concentration, the viscosity

starts to decrease.

- Dimethyldioctadecylammonium chloride (DAC)

Dimethyldioctadecylammonium chloride is generally used in fabric softeners,
cosmetics, and hair conditioners primarily for its antistatic effects as a well-known
surfactant due to its two long-chain hydrocarbon groups. Its chemical formula is
[CH3(CH>)17]oN(CI)(CHj3),. This surfactant behaves in a similar way as the previous
cationic ones and increases the viscosity of the solutions remarkably in certain
concentrations, but it is also inefficient in lowering the surface tension of the solutions.

The effect of DAC on solution rheology is shown in Figures 4.31 and 4.32.
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Figure 4.31: The rheological behavior of polymer solutions (0.064 wt % HMPA in 50
% glycol) with the addition of DAC in low viscosity range
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Figure 4.32: The rheological behavior of polymer solutions (0.064 wt % HMPA in 50
% glycol) with the addition of DAC in high viscosity range

It can be clearly seen that the maximum viscosity enhancement is acquired at 0.012
mM DAC concentration. Also this is the best performance in enhancing the viscosity of
the solutions among all cationic and anionic surfactants. Like other cationic surfactants,
DAC does not reduce the surface tension of the polymer solutions. The behavior of all

cationic surfactants in reducing the surface tension is summarized in Figure 4.33.
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Figure 4.33: The change of surface tension of the polymer solutions (0.064 wt %
HMPA in 50 % glycol) by addition of cationic surfactants

As it is stated above, none of the cationic surfactants is capable of reducing the surface
tension of polymer solutions near to desired values. Notably, significant polymer-
surfactant association still occurs even if the surfactant ion and the ionic group of the
HMPA polymer are of the same charge, indicating that the hydrophobic effect is the

driving force in these interactions.
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4.2.2.3.4.3 The effect of nonionic surfactant “Triton X-100"

The nonionic surfactant, p-tert-octylphenoxy polyethylene ether (Triton X-100) is
selected because of its extensive use in industrial and pharmaceutical formulations and

in biochemical research [50]. The effect of Triton on solution rheology is similar to the

anionic and cationic ones as can be seen from Figure 4.34.
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Figure 4.34: The rheological behavior of polymer solutions (0.067 wt % HMPA in 50

% glycol) with the addition of Triton X-100

It can be observed that after 0.25 mM Triton concentration, the viscosity of the solution
starts to decrease. The surface activity of the Triton can be observed in Figure 4.35. It

is seen that, Triton is not successful in decreasing the surface tension of the polymer

solutions.
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Figure 4.35: The change of surface tension of the polymer solutions (0.064 wt %
HMPA in 50 % glycol) by addition of Triton
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4.2.2.3.5 The effect of corrosion inhibitor on solution rheology

Benzotriazole (BT) not only reduces the corrosive effect of de/anti icing solutions but
also it decreases the low shear viscosity of the solutions. This decrease may be forced
by the broken network structure of polymer chains in the solution due to the interaction
of the aromatic group of the BT with the hydrophobic domains in the network. The
decrease in the solution viscosity by the increase of BT concentration in the solution

can be observed in Figure 4.36.
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Figure 4.36: The effect of BT concentration on low shear viscosity of 0.08 % HMPA

solutions composed of 50 % water and 50 % glycol

4.2.2.3.6 The effect of temperature on solution rheology

The viscosity of the HMPA solutions increases with decreasing temperature as

expected. The rheological behavior of the polymer solutions at three different
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temperatures can be observed in Figure 4.37. Indeed, the low shear viscosity of the
solutions steadily increases by decreasing temperature.

The interesting point here is the change of pH with the temperature. As the temperature
decreases, the ionization of polyacrylic acid decreases and so the pH of the solution
increases. As it is shown in Figure 4.15, the viscosity of the solutions decreases rapidly
after it reaches maximum at certain pH. Therefore, if the solution is prepared at a pH
value corresponding to the maximum viscosity at certain polymer concentration, the
further decrease in temperature will tend to decrease the viscosity, while the reduction
in the mobility of the chains will tend to increase the viscosity of the solutions. The

outcome of these two contradicting effects will give the resulting polymer viscosity.
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Figure 4.37: The change of viscosity of HMPA solutions (0.067 wt %, 50 % water- 50

% glycol) with increasing temperature.
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4.2.2.3.7 Corrosion Tests

These tests are applied on the aluminum plates in order to predict whether the candidate
de/anti icing solutions will cause any corrosion on aircraft surfaces. The aluminum
plates are immersed into solutions at different benzotriazole concentrations at 88 °C
under constant air flow. After 15 days, the loss of weight of the plates per area are

calculated and tabulated in Table 4.11.

Table 4.11: Corrosion test results for anti-icing fluids

1 2 3 4

Benzotriazole concentration - % 0.01 | % 0.05 | % 0.1

Weight of the aluminum before test (g) | 6.5587 | 7.6435 | 6.0725 | 5.5487

Weight of the aluminum after test (g) | 6.5577 | 7.6425 | 6.0725 | 5.5487
Loose of weight in g/m2 0.48 0.27 0 0

It can be seen from Table 4.11 that, even in the case where 0.01 % BT is used in the
solutions, the corrosion rate is too low, around 0.27 g/mz. The maximum allowable
corrosion is 4 g/m2 as mentioned in Aerospace Material Specifications 1375. If the BT

concentration is further increased, no corrosive effect is observed in the plates.

After the corrosion tests applied for the anti-icing solutions, the same procedure is
followed for the de-icing fluid solutions containing 0.01 % benzotriazole. In this case
only 0.23 g aluminum metal is lost for Im® in 15 days. This result is also considered to

be lower than the standards.

4.2.2.3.8 Freezing point tests

The freezing point of anti-icing fluids strictly depends on glycol content of the
solutions. The presence of solutes in the solution lowers the freezing point further.

Therefore, the freezing points tabulated in the literature for glycol-water mixtures are
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useful to have a guess of the actual freezing points of anti-icing fluids. The following

table shows the freezing points of glycol-water mixtures at different concentrations.

Table 4.12: The freezing points of ethylene glycol-water mixtures [51]

Ethylene Glycol Freezing Point

Concentration (wt %) (°C)
0 0
10 -4
20 -7
30 - 15
40 -23
50 -34
60 -48
70 <-51
80 -46
90 -29
100 -12

Experiments to measure the freezing point of the solutions are conducted by using a
refrigerator. The experimental results for anti-icing solutions are shown in Table 4.13.

The results agree well with those shown in Table 4.12.

Table 4.13: The freezing point test results of anti-icing solutions containing polymer,

surfactant and corrosion inhibitor

Ethylene Glycol Freezing Point
Concentration (wt %) (°C)
50 - 36
60 <-40
70 <-40
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The freezing tests of de-icing solutions are conducted by preparing the mixtures of 50
% water and 50 % de-icing solutions as it is used in the aviation. The results are listed

in Table 4.14.

Table 4.14: The freezing point test results of de-icing solutions containing surfactant

and corrosion inhibitor

Ethylene Glycol Freezing Point
Concentration (wt %) (°C)
50 -12
60 - 17
70 -21

4.2.2.3.9 Stability test

The stability test is simply made for measuring the shelf life of the anti-icing fluids.
Because of the limited time of the study, the solutions can be aged only for 106 days at
room temperature while protected from sunlight. The rheological behavior and surface
tension of a water-glycol solution containing both polymer, surfactant and corrosion
inhibitor is measured and compared. The surface tension of the solution is measured as
39 Dynes/cm before and after the test. In Figure 4.38, the change of the rheology of the

old and new polymer solutions can be observed.
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Figure 4.38: The comparison of the new and 106 days old anti-icing solution.

It is clearly observed that the old and new polymer exhibit the same rheology so that
we can conclude that the physical properties of the polymer solutions are not affected
with duration of more than 3.5 months. However, the actual case can be observed only
by performing the stability test for adequate time mentioned in SAE AMS 1424-1428

standards which is 12 months.
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4.2.2.4 The synthesis of hydrophobically modified polyacrylic acids

According to the satisfying results acquired from the crosslinked polyacrylic acids, the
synthesis of a hydrophobically modified and slightly crosslinked polyacrylic acid is
made in scope of the study. This synthesis is performed with direct synthesis method
by using solution polymerization technique. Maleimide is chosen as a hydrophobic
monomer, because it would also be synthesized in the laboratory. There are few
sources about this reaction cited in the literature. In one of them, the reaction is
conducted in dioxane as a solvent [52], and the other one these monomers were used to
synthesize a terpolymer [S3]. A synthesis reaction of these monomers in alcohol as a
solvent is never performed before.

The hydrophobic monomer maleimide is named by its long alkyl groups attached to it.
In this study, two alkyl amines are utilized, as dodecyl amine and hexadecyl amine.
The reaction procedures of maleimide and the resulting polymer are given in
experimental part.

Unfortunately when this polymer is dissolved in water and the rheological behavior of
the solutions is tested, no shear-thinning behavior is obtained even at high polymer
concentrations. It is thought that, the synthesis reactions must be repeated again and the
possible experimental errors must be eliminated in order to have a working polymer.
However, these studies may be handled in another study because they are not directly

related with the objective of this thesis work.
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CHAPTER 5

CONCLUSIONS

The aim of this study is to produce and develop de and anti icing fluids for aircraft.

To fulfil this objective, the relations between the functional chemicals inside a

typical de/anti icing fluid are investigated and the effects of these chemicals on the

basic physical properties of the solutions such as viscosity, surface tension, freezing

point etc. are clarified. The following conclusions are drawn:

For Type-1 fluids;

The effect of functional chemicals on physical properties of type-1 fluids is
found to be strictly dependent on glycol water concentration except for the
surface tension. To reduce the surface tension to 40 Dynes/cm,
ethoxyphenol, tributyl amine and sodium oleate are utilized as surfactants.
Benzotriazole is chosen as a corrosion inhibitor and in corrosion tests,
aluminum plates lose 0.23 g/m” in solutions containing 0.01 % benzotriazole

in 15 days.

For Type-2 fluids;

Water-glycol mixture is chosen as a raw material in the anti icing solutions
because of its very low freezing point. 50 % water-50 % glycol mixtures
exhibit -37 °C freezing point. It is experimentally observed that the water
content in the solution increases the solution viscosity due to the higher
hydrogen-bonding capability of water.

Various polymers are used in order to enhance the rheologhy of the solutions
such as acrylic and acrylamide based polymers. Some of these polymers are
synthesized in the laboratory, like poly(DADMAC-co-vinyl pyyrolidone)

and some of them are purchased, like crosslinked polyacrylic acids. Among
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these polymers, slightly crosslinked hydrophobically modified polyacrylic
acid (HMPA) is chosen as a thickener due to its superior performance in
enhancing the solution viscosity and shear thinning behaviour. By changing
the polymer concentration, pH of the solution, surfactant concentration,
corrosion inhibitor concentration, glycol-water content, and temperature, the
rheologhy of polymer solutions can be adjusted. To emphasize, the viscosity
of HMPA solutions is found to be strictly dependent on the solution pH. For
example the low shear viscosity of a polymer solution containing 0.075 wt
% HMPA can vary between 10 cP to 12000 cP at different pH values. The
maximum viscosity is obtained at pH=6 with a 40 % NaOH concentration of

the HMPA concentration.

- Sodium oleate is the most effective surfactant in reducing the surface tension
of the solutions. Surfactants are found to enhance the viscosity of the
solutions up to a certain concentration, after that, they decrease the viscosity.
Anionic surfactants have better performance in reducing the surface tension,
for example sodium oleate reduces the surface tension of 50-50 % water-
glycol mixtures to 32 cP at 0.8 mM concentration. The non-ionic surfactant
Triton X-100 does not show significant surface activity and surface tension
of the glycol-water solutions does not change remarkably.

- Benzotriazole is chosen as a corrosion inhibitor due to its high protection
against corrosion of the aircraft surfaces, besides its reducing effect on
solution viscosity. In the corrosion tests, the aluminium plates lose 0.27 g/m2
for the anti-icing fluid solutions

Besides the investigation carried on the relations between the chemicals in de/anti
icing fluids, an invention of a new polymer namely poly(DADMAC-co-vinyl
pyyrolidone) is made and the characterization and performance tests of this polymer
are performed. It is concluded that such a copolymer having anti-bacterial effect
induced by DADMAC segments and biocompatibility of NVP component would be

of interest in medicine or other biorelated areas.
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APPENDIX A

MINOR RESULTS of the LABORATORY WORK

During the experiments conducted in the laboratory in order to find a suitable
polymer for an anti-icing solution, the synthesis of a new polymer namely
Poly(Diallyldimethyl ammonium chloride-co-vinyl pyyrolidone) (DCVP) is made.
The studies about this new polymer are handled in two parts, in one of which the
characterization of the polymer is made and several tests are applied. During the
synthesis studies the polymer exhibites some characteristics that are in parallel with
water superabsorbants. Therefore, this potential application is explored although
this piece of work is not directly relevant to this study. In the second part, the results

of performance tests of superabsorbant are reported.

A.1 The characterization of the Poly(DADMA C-co-vinyl pyyrolidone) (DCVP)

Since discovery by Butler and Ingley [54] in 1951, cyclopolymers and copolymers
of dialkyl diallyl ammonium halides have gained great interest. Polymerization of
these monomers takes place by cyclization to give polymers with five membered
pyrrolidinium rings in the main chain. To date N, N-dimethyl, N, N-
diallylammonium chloride, DADMAC, is one of the most important precursors for
cationic polyelectrolytes, probably due to its high charge to mole ratio. These
polymers have found extensive use in sludge dewatering [55], bacteria killing [56]
and antistatic formulations [57].

Combination of the physical and chemical properties of polyDADMAC with those

of PNVP by copolymerization seemed to be interesting. It was concluded that such

94



a copolymer having anti-bacterial effect induced by DADMAC segments and
biocompatability of NVP component would be of interest in medicine or other bio
related areas.

Synthesis of DADMAC-NVP copolymers was reported by Topchiev and coworkers
in 1990 [36]. This is the only report dealing with the subject. However structure and
copolymerization data given seemed to be ill defined. Based on the reactivity ratios,
r; =1 =1 and absence of some typical *C and proton signals of the homopolymers,
the copolymerization has been erroneously assigned to ‘“azeotropic
copolymerization” instead of “ideal copolymerization”. In this part of the study
radical copolymerization of DADMAC with NVP in concentrated aqueous solution
is re-investigated using 2, 2’-azo bis-(2-methyl propionamidine) dihydrochloride as
initiator. Reactivity ratios of the monomers are determined based on chlorine
analysis of the resulting copolymers. Structural characterization of the copolymers
is carried out by HNMR and analytical measurements. The copolymerization

procedure is explained in the experimental part.

A.1.1 Determination of the Reactivity Ratios of the Monomers

To inspect the copolymerization reactivity ratios of the monomers, a series of small
scale batch polymerizations are performed using various DADMAC (monomer-1)
to NVP (monomer-2) ratios in the same conditions. The polymerizations are
terminated after 30 min by precipitation in acetone to attain low conversions (22.7-
60.5 %). DADMAC contents of the resulting copolymers are assigned by analysis

of chloride ions and data is collected in Table A.1.
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Table A.1: Characteristics of the copolymers obtained by initiation with ABP in
aqueous solutions with various monomer ratios (Conditions; total monomer conc.

40.0 % w/w, ABP /[Monomers] = 1/ 100, at 60 °C).

Total Chlorine ( 1 jz (I—Flj ( f, j [210l —1)
monomer X X
concentration /i conten_tj Fi 1= F I-1 Fy
% (w/w) (mmolg™)
0.25 1.92 0.2363 0.3591 -0.744
0.40 2.72 0.3475 0.8345 -0.585
30 0.5 3.13 0.4132 1.420 -0.420
0.6 3.65 0.4974 2.2735 -0.016
0.75 4.26 0.6040 5.9006 1.033
0.4 2.86 0.3710 0.2914 -0.4636
40 0.5 3.64 0.4954 1.0186 -0.0186
0.6 4.07 0.5700 1.6974 0.3684
0.8 5.18 0.7790 4.5392 2.8652

The resulting data are evaluated by Finemann-Ross method [58] based on so called
“copolymerization equation” where, r; and r, are the reactivity ratios of the
monomers, respectively for DADMAC. Fi and fi denote molar ratios of DADMAC
in the copolymer and in feed composition, respectively.

A plot of the left term of the equation versus coefficient of r; on the right hand side
gives straight line (See Figure A.1). From the slope and intercepts of the plot the
reactivity ratios are found; r;=0.79 and r, = 0.82, for the copolymerization with 40
% total monomer concentration. This result can be ascribed to high tendency of the
monomers to the copolymerization. However, in the case of 30 % of the total
monomer concentration, chloride analyses of the copolymers reveal significantly
different reactivity ratios, r; = 0.32 and r, = 0.84. Such an unusual result implies
concentration dependency of the reactivity ratio of DADMAC component. This is
not surprising because copolymerization of this monomer with acrylamide was also
reported to be concentration dependent [59]. This result implies less preference of
the growing radical with DADMAC end units to the same monomer in dilute

conditions, due to Coulombic repulsion between the quaternary ammonium groups.
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Figure A.1: Finemann-Ross plot for the copolymerization of DADMAC with NVP,

in aqueous solutions, with 30 % (upper curve) and 40 % (lower curve) total

monomer concentration

A.1.2 H-NMR spectra of the polymers
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Figure A.2: H-NMR spectrum of copolymer obtained by polymerization equimolar
DADMAC-NVP mixture in concentrated aqueous solution ( 40 % w/w).
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H-NMR spectrum of the copolymer (See Figure A.2) represents pyrrolidinium and
pyrrolidone units in the structure. The down field signal at 3.8 ppm is associated
with methyne protons of PNVP component. Protons of the methylene and methyl
groups attached to the quaternary nitrogen in poly (DADMAC) segment represent
broad signal in 3.1-3.4 ppm range. Other aliphatic proton signals lie below 2.7 ppm.
The signal at 4.7 ppm indicates DOH originating from extremely high hygroscopic
nature of the copolymer. The peaks in 1-1.4 ppm range are absent in the spectra of
the homopolymers. These signals can be ascribed to main chain methylene protons
at the connecting points of alternating monomers. Integral ratio of a and b signals to
those below 3.5 ppm indicates a molar ratio of 0.489 DADMAC in the copolymer,
which is slightly lower than that of the feed composition (See Table A.1). Similarly
DADMAC ratios of the copolymers are somewhat less than those of the feed
compositions. However, the molar compositions fairly match with those predicted

by the chlorine analyses as shown in Table A.2.

Table A.2: Compositions and copolymerization parameters of DADMAC-NVP
copolymers, estimated based on chlorine analysis.

Molar ratio of GPC
DADMAC/ . Chlorine DADMAC
Reac. Yield [n]
NVP . -1 Content
. time (%) (dlg™) -1
molar ratio (mmolg™) by b
. y
chlorln'e NMR Mn Mw
analysis
1/3 1h 90.6 13.5 2.00 247 % | 24.2 % | 13900 | 16000
1/1 1h 78.8 9.2 3.70 50.6 % | 48.9 % | 11000 | 14700
3/1 lh 87.0 5.1 5.04 57.1 74.2 % | 9600 | 11500

A.1.3 Concentration-viscosity relation of the polymer solutions

It is not surprising that aqueous solutions of the copolymers do not show linear
viscosity concentration relationship, i.e. specific viscosities do not reduce by
dilution. Instead the data obey Fuoss-Strauss equation (See Equation A.1) indicating

typical polyelectrolyte behaviour of the copolymers in aqueous solution [60].

98




. s A
Fuoss-Strauss equation: 77_p = (A.1)
1+ BvC

Indeed n/C versus Jc plots give straight lines which are characteristics of
polyelectrolytes. Here A is intrinsic viscosity and B is a factor associated with
electrostatic interaction of polymer with the solvent. All the copolymer samples
with different DADMAC contents show linear plots. Figure A.3 shows Fuoss-
Strauss plot of the copolymer with low DADMAC content (24.7 %). Linearity of
the plot must be due to complete ionization of the quaternary ammonium groups

involved.
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Figure A.3: Typical Fuoss-Strauss plot for aqueous solution of the copolymer with
DADMAC / VNP: 1/3.

A.1.4 Polymerization rate

The copolymerization proceeds rapidly in concentrated solutions and reasonably
high conversions (up to 70 %) are attained within 80 minutes for the case of 30 %
(w/w) total monomer concentration, as shown in the conversion-time plot in Figure

A.4-a. These data give linear semi-logarithmic plot in Figure A.4-b indicating first
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order kinetics with a rate constant of 2.48-10 s™, for the copolymerization of 1/1

mixture of the monomers at 60°C.
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Figure A.4: Conversion-time plots for the copolymerization of DADMAC-NVP

mixture (1/1) (a) and its relevant first order kinetics plot (b).

A.1.5 Gel permeation chromatography of the polymer

GPC traces of the copolymer samples show unimodal curves indicating copolymer
formation. Figure A.5 shows chromatogram of the 1/1 copolymer as a
representative example. The GPC traces indicate weight average molecular weights
in 11.500-16.000 range depending on the reaction time and monomer ratios (See

Table A.2).
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Figure A.5: GPC trace of DADMAC-NVP (1:1) copolymer in water.
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A.2 Production of superabsorbent hydrogels

Superabsorbent hydrogels are crosslinked polymers exhibiting unusually high water
uptake abilities [61]. These materials have found extensive use mostly in
manufacturing of baby diapers [62] and sanitary napkins [63] etc. These have been
used also in agriculture to retain moist in the soil [64] and in construction to protect
buildings from water drainage [65]. Humidity control in food packaging [66] and
pressure sensitive switching in electronics [67] are other applications of super
absorbents. Commercial super absorbent hydrogels are almost confined to
crosslinked poly (acrylic acid). Swelling of this polymer depends on pH of the
solution and ionization degrees of the carboxyl group involved [68]. Although water
sorption behavior of the crosslinked quaternary ammonium polymers (polyquats) is
well known, there is yet no study dealing with super absorbency of the hydrogels
with cationic charges.

Theoretical models on the gel swelling assume equilibrium between elastic, osmotic
and polymer-solvent interaction forces [69]. In the case of charged hydrogels, the
latter is negligible compared with the osmotic forces. Since contribution of osmotic
forces to the swelling depends on ionization degrees of the charged groups,
logically fully ionized nature of the quaternary ammonium groups is expected to
give poly (DADMAC) hydrogels with super water sorption abilities, if sufficient
elasticity is imparted.

Here, the synthesis of superabsorbent DADMAC-NVP copolymer gels and
performance tests thereof are made, using N,N, N’,N’-tetraalyl piperazinium
dichloride as a crosslinker.

Using the procedure explained in section 3.2.4, a series of gel samples with varying
comonomer ratios and crosslinker contents is prepared.

In the first series mol fraction of the crosslinker (TAP) is kept constant at 1 % and
molar ratio of DADMAC component is changed to be 0, 0.3, 0.5, 0.7 and 0.995. In
the second series, equimolar DADMAC-NVP mixtures are polymerized in the
presence various amounts of TAP (in 0.5 %, 1 %, 2 %, 5 % molar ratios). In the

third series, poly (DADMAC) gel with 0.5 % and 1 % mol crosslinker is prepared.
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A.2.1 Swelling Measurements

Swelling of the gel samples were followed gravimetrically at room temperature. A
weighed amount of dried gel (usually 0.1 g) is taken in a pouch and soaked into
distilled water in a beaker. The pouch was removed at specific time intervals and
left to suspend for a while (usually 30 min) for drainage of excess water. The bag
was dried by a soft paper and weighed. Net weight of the swollen gel was assigned
by subtracting wet weight of the bag. Wet weight of the bag was determined
separately by the same way. Swelling ratio of the gel, q is defined as; water uptake

per gram of dry polymer.

_ Qs - ery

A2
Q.. (A.2)

q

Qs and Qqry are weights of the swollen and dry gels respectively. The equilibrium

swelling values were determined based on weights of the samples after contacting
with water for 16 h. Average of three measurements was used to assign the swelling
ratios.

The effect of salt or acid on the water uptake capacity was studied similarly, except
the gel samples were allowed to swell in NaCl and HCI solutions in appropriate
concentrations (0.017-6.85 M).

The same procedure was followed in the kinetic experiments. To make precise
assignments measurements were performed as soon as possible, in which final

weights of swollen gels were determined after rapid suction.
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Figure A.6: Crosslinking terpolymerization of DADMAC with NVP and TAP.

The reactions, under these conditions, result in gelation within 15-75 min,
depending on concentration of the crosslinker, TAP (See Figure A.6). This
procedure result in hard and transparent gels in high yields (> 92%).

Since polymerization or copolymerization of diallylammonium monomers takes
place mostly via five-membered ring formation, structures of the gels obtained in
this work must contain pyrrolidinium units in the main chain, as depicted in Figure

AL6.

A.2.2 Swelling Characteristics of the Gels

Swelling of dry gel samples are assigned by weight gains in the swollen state.
Figure A.7 shows that the swelling ratio of the gel sample 1 % mole of TAP
increases monotonically by increasing DADMAC content.

In the case of the gel consisting of DADMAC and TAP (1 % mole), the equilibrium
volume swelling ratio rises up to 150, whereas this ratio is around 21 for the case of

crosslinked PNVP gel. This reveals that  incorporation of NVP comonomer
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segments into gel structure does not bring significant enhancement in the swelling
ratios. Moreover the gels having NVP are also brittle. It is obvious that, presence of
this component does not provide any elastic contribution to accommodate more

water in the crosslinked polymer matrix.
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Figure A.7: Effect of DADMAC content on volume swelling ratio of the gels with

1 % (mol/mol) crosslinker.

Although swelling ratio of any super absorbent polymer is known to be strictly
depending on the crosslink density, we have also studied the effect of the
crosslinker content on the swelling ratio due to its double cationic group. Figure A.8
shows the equilibrium swellings versus crosslinker molar ratio of the gel with 1/1 -

DADMAC/ NVP molar ratio.

It is shown that, increasing TAP content of 1/1 - DADMAC/ NVP gel from 0.5 % to
5 % decreases its swelling ratio from 205.3 to 27. Most probably, herein the actual
cross-link density differs from the stoichiometry of TAP employed on account of its

inefficient incorporation. To inspect the crosslinking efficiency of TAP, the
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crosslink densities are estimated by Flory-Rehner equation (See Equation A.3) [70]

based on the swelling data in Figure A.8.

In(l—v,)+v, +xv; + N [V12/3(V(2) )2/3 -V, /2]— \4 V;VZ =0 (A.3)

T

where, v, is the volume fraction of polymer in the swollen state, y is polymer-

solvent interaction parameter, N is average number of repeating units between two

crosslink points, vJ is volume fraction of the polymer after preparation. V; is molar
volume of solvent and Vr is molar volume of the polymer repeating unit.
Using average density of the polymer as 1.12, v)= 0.377 and average molar

volume of the polymer, 71.:13Ocm3g'1, number of the repeating units between the

crosslink points, N was calculated for each sample.
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Figure A.8: Volume swelling ratios of 1/1 DADMAC/ NVP gel with varying TAP
(0.5-5 %) contents.

Poly (DADMAC)-water interaction parameter ) was taken as 0.038 by
extrapolation of the data given by Seetharaman et al [71]. Here the quaternary

ammonium groups in DADMAC and TAP segments are assumed to be fully ionized
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at all concentrations. Therefore, mol fractions of the charged segments, f in these
gels are taken as molar ratios of the cationically charged groups of the monomers.

Accordingly the f parameter is in 0.50-0.525 range.

Table A.3: Swelling and crosslinking characteristics of 1/1 DADMAC-NVP gels

with various crosslinker contents.

[TAP] Volume N Crosslink N
/[Monomers] | swelling ratio (Expected)a (Density) b (Calculated)c
5/100 26.9 20 0.0195 51
2/100 56.8 50 0.0100 99
1/100 107.3 100 0.0061 164
0.5/100 206.0 200 0.00376 265

(a) : Moles of monomers used per mole of the crosslinker. (b): In mol/mol,
calculated from Flory-Rehner equation. (c) : calculated from Flory-Rehner
equation

The resulting N values were compared with those theoretically predicted from
stoichiometries of the gel formulations. Table A.3 shows that the Flory-Rehner
equation indicates higher repeating units than those of the shoichiometry, which
implies less efficiency of the crosslinker. For instance, 5 % (mol / mol) crosslinker
employed corresponds to 20 repeating units, whereas the equation indicates 51
repeating units. However, at lower crosslink densities these values come closer. The
equation implies 265 repeating units instead of 200 for a half percent of the
crosslinker. Significant differences between the practical and theoretical numbers of
the repeating units can be ascribed to strong electrostatic repulsion between TAP
molecules with two positive charges. Dilution of the crosslinker reduces
intermolecular forces and practical N value approaches to the theoretical value.

The highest swelling ratio, 360 was observed for poly (DADMAC) gel with 0.5 %
TAP. Although there is no commonly approved lower limit for the super-
absorbency, the highest swelling ratio, 360 attained in this work falls in 200-1000
range which was reported for poly (acrylic acid)-based superabsorbents [72]. In
this study, it is also attempted to prepare gels with even lower crosslinker contents.

Unfortunately, we were not able to obtain any gel using TAP lower than 0.5 % in
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the same polymerization conditions. This must be due to repulsion of its quaternary

groups.

A.2.3 Swelling Kinetics of the Gels

All the gel samples show unusually fast swellings in distilled water. Figure A.9
shows swelling ratio-time plots of gel samples with different DADMAC and
crosslinker contents. The curves A and B at the bottom represent swelling of the
crosslinked (1 %) hydrogels with 70 % and 99.5 % DADMAC respectively. The
upper curve (Curve-C) is for the poly (DADMAC) gel with 0.5 % crosslinker. In all
cases, the swelling curves exhibit sudden jumps within 2 minutes and level off

beyond that.
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Figure A.9: Swelling ratio-versus time plots for the gels with 70 % DADMAC and
1 % TAP(A), 99 % DADMAC and 1 % TAP (B) and 99.5 % DADMAC and 0.5 %
TAP (C).
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Swelling kinetics of polyelectrolyte gels is defined by the following differential
equation [73];

dQ(t)

=k[Q,,, —Q(1)] (A4)
dt
where, k is the “swelling exponent”.
Integration of this equation gives, k= —hn{l _ QO } (A.5)
t Qmax

Using the swelling kinetic values in Figure A.9, ln{l—&} versus t plots is

drawn in 0-2 min time range. From the slopes of the straight lines, the swelling
exponents are estimated to be k= 2.72><10'2, 2.80x107 and 2.86 x107 s for the
curves A, B and C respectively.

Obviously sharp rise of the curves is due to fast flow of water into the gel matrices

to compensate the osmotic pressure between inside and outside of the gel particles.

A.2.4 The Salt Effect

Swelling ratios are shown to be greatly reduced by NaCl in water. This reveals
typical “salt effect” on poly (DADMAC) gels as reported by Khokhlov and his
coworkers [74] on DADMAC-methylene bisacrylamide gels.

Figure A.10 shows that swelling ratio of poly (DADMAC)-TAP (1%) gel is
reduced from 145 down to 30 in 2 M NaCl solution and further increase in
concentration of brine does not change the swelling ratio.

Molar concentration of the quaternary ammonium group at this point can be

calculated by,
—1/161'2 =0.206 M
30x10
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Here 1 gr of polymer is absorbed by 30 gr of water.

This value fairly matches with the concentration of NaCl (~0.25 M) at the inflection
point of the swelling curve. Sharp decrease in the swelling by NaCl is clear

evidence for the effect of salt on the cationic gels.
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Figure A.10. Swelling ratio of poly (DADMAC) gel with 1 % (mol / mol) TAP,

as a function of NaCl (o) and HCI (o)concentration.

Similar shrinking effect was observed in the presence of HCI. Having neither proton
releasing nor proton accepting group, poly (DADMAC) segments are not sensitive to
pH changes. Therefore, effect of HCI is due to its ions rather than its acidity. Indeed
in the presence of HCI the swelling ratio-concentration curve exhibits almost the
same trend as in the case of NaCl (See Figure A.10). The same shrinking effect of

NaCl is also observed in other gel samples containing NVP.
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