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ABSTRACT

The fouling formation in the EVA production leads to an increase in the residence time of the material. This
result is a favorable condition to generation of the crosslinks during the polymerization. The crosslinking
allows raising the molar mass of the polymer, which after the polymerization reaction are characterized as
gels, thus generating problems in the product quality during production due to contamination of the resin.
This paper describes the fouling process in the reactor, the defouling mechanism, the crosslinking, the scis-
sion of chain and presents a study on the influence of the reaction temperature in relation to the formation of
gels by quantitative analysis by Optical Controller System - OCS. The average temperature rise of the reac-
tion at 10 °C, helped to reduce the generation of gels due to the viscosity reduction over the reactor, which
reduces the polymer residence time in the walls of the tube and consequently the formation of fouling.

Keywords: Crosslinking, fouling, tubular reactor, EVA, OCS.

1. INTRODUCION

In plants producing poly(ethylene-co-vinyl acetate) EVA, a recurring problem is the formation of gels during
and after synthesis of polymerization. According to Henk (2015), the gels are any visible imperfection in
polyethylene film [1]. Contamination in polyolefin film by the formation of gels is a phenomenon that is dif-
ficult to predict, reproduce and resolve. This paper discussed the generation of gels formed from crosslinking
which is the result of unintended mixing of polymers of different density, molecular weight or type of
comonomer during polymerization.

According to Barbosa (2013), this defect can be characterized at the polyethylene film, due to the ap-
pearance of high molar mass molecules or other contaminants that do not melt, during processing of the
product [2]. This side effect, gels, is harmful to the production process, as it causes loss of product quality,
since its application is intended the fabrication of packaging for films what the correspond than half of con-
sumption. As Roman (1997). the film appearance quality is analyzed through the quantity of gels and the
importance this control is not only by the film appearance, but also because the infused, may weaken the ex
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truder balloon, sticking and causing stop in process of transformation EVA [3].

The objective of this work is to study the influence of the reaction temperature with respect to genera-
tion of crosslinking, with two and three reactions during the production of poly(ethylene-co-vinyl acetate)
EVA in a reactor tubular. The study considers that, in lower temperatures there is fouling formation in the
reactor tubes, which increases the residence time of the polymer and allows generation of crosslinks. The
importance of this study when compared to other production methods, lies in the increase of product quality
when applied to the manufacture of tubular films that requires high transparency.

1.1 Production Process of LDPE and EVA

The low density polyethylene (LDPE) and EVA production system includes three sections in the process: the
compression unit, the reactor and schemes product separation. The process consists in compressing ethylene
gas with high purity to the tubular reactor under high pressure (1000 to 3000 atm) and heat until the reaction
initiation temperature and to control in 140-330 °C range. In the reactor is where begin the polymerization
reactions by free radicals. Polymerization in chains of monomers can be initiated by injection into the reactor
of initiator compounds such as oxygen and or organic peroxides or by physical conditions such as radiation
or heat [4-9].

The polymerization through free radical ethylene in the presence of various initiators and chain trans-
fer agents (CTA) under supercritical conditions of pressure and temperature of reaction, are injected into the
reactor entry into additional quantities of ethylene and initiators, these injections in additional multipoint
along the reactor length, with objective to achieve greater productivity and give the resin the desired proper-
ties.

Free radical initiators are the chemicals which, under certain conditions, initiate chemical reactions
and produce free radicals. These radicals are reactive chemical species that have a free electron (not connect-
ed or unpaired). The radicals may also have positive or negative charged species that carry a free electron
(ionic radical). The initiator-derived free radicals are very reactive chemical intermediates and generally have
short life times, half-live of less than 107s [10].

The typical LDPE is a branched polymer formed by polymerization process via free radicals. In this
polymerization type the polymer chain transfer reactions are significant, because they form an active radical
in a main chain. This radical active, propagates mainly to form a long chain branching, but can lead to chain
scission [11].

Once formed, the radicals undergo two basic types of reactions: the propagation and termination reac-
tions. In a propagation reaction, the radical reacts to form a covalent bond and a new radical. The three most
common propagation atom abstraction reactions are, -scission and the double carbon-carbon bonds or aro-
matic rings. In a termination reaction, two radicals interact with each other in a destructive reaction, wherein
both radicals form covalent bonds, and the reaction ceases. The two most common reactions are terminated
coupling and unproportional reaction. Since the reaction is a chain propagation reaction, it has become the
most significant aspect of commercial chemical free radicals. The chain reactions by radicals are involved in
many business processes [12].

As the pressure of the reaction medium is increased, the LDPE molar mass tends to increase due to
the higher number of ethylene monomers in proximity to the end of the growing chain, thereby promoting
chain growth, resulting in a product with molar mass in the order of the average molar mass Mw de 3 a
5,8x10° g.mol™ [13]. The increased reaction temperature increases the level of LDPE branching, which re-
duces the degree of crystallinity and density. The higher temperatures promotes the random motion of grow-
ing chains, thereby increasing the likelihood of intramolecular chain transfer reactions. Thus, various molecu-
lar properties of the polymer and the productivity are defined by the reaction conditions, which establishes
control of the free radical mechanism. The high operating temperatures can reach close to 350 °C and result
in unsafe operation conditions, favoring the decomposition reaction [14].

In the tubular reactor, the reaction is initiated by heat from heating the water. Figure 01 illustrates a
temperature profile of a tubular reactor at high pressure and temperature, the steady state of the reaction
along the reactor tubes, where it is possible to observe two and three reactions respectively.
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Figure 1: Temperature profile along the tubular reactor with two and three reactions.

In the LDPE polymerization reactors also known as "high pressure low density" or HPLD, the
polymerization mechanism is a reaction of free radicals leading to the formation of long chain branches, LCB,
that can be as long as the main backbone polymer [15]. The free radical mechanism also leads to the for-
mation of short chain branches, typically one to five carbon atoms long [16].

1.2 Tubular Reactor

The model tubular reactor used in the production of LDPE shows the behavior near the plug flow reactor
(PFR). A tubular reactor for production of LDPE is composed of metallic spiral pipe and its extension, the
ratio of length and diameter. The total length of this reactor, is between 500 and 3000 meters, while its inner
diameter can reach 60 millimeters [4,17]. The reactors are equipped with a control valve located at the reac-
tor outlet which opens periodically to produce a pressure pulse, which generates an increase in speed and the
polymer rips out of the tube wall [18,9]. The axial speeds are also high, usually around 10 m.s™ [9].

A tubular reactor typically LDPE, consists of a complex configuration of reaction zones and intercon-
nected cooling that usually can be divided into three distinct regions: (a) pre-heating region where the mon-
omer is heated by hot water or steam up until polymerization temperature; (b) reaction region, where occurs,
the conversion of part ethylene to polyethylene; and (c) product cooling region where the formed polymer is
cooled until the end of the reaction [19].

The polymerization reaction is highly exothermic, the heat generated by the reaction must be ex-
changed with the refrigerant passing through the jacket of the reactor. The conversion of a typical tubular
reactor is of the order of 20 to 35% [19, 14, 17].

1.3 Fouling in Reactor

The fouling is described in the literature as an insulating polymer film on reactor tube wall caused by phase
separation or by a hydrodynamic boundary layer rich viscous polymer [20]. During the polymerization of the
LDPE process stream is monophasic, but the fouling is caused by the formation of two phases of a mixture of
polyethylene and ethylene fluids in the reactor tubes due to temperature low enough to cause phase separa-
tion. Almost all of the process stream is monophasic, where the mixture of fluid has two phases in the bound-
ary layer near the reactor wall due to temperature low enough, it causes phase separation. The polymer rich
phase is deposited on the inner wall of the reactor, which considerably reduces the heat transfer rate, as illus-
trated in Figure 2. T,, is the reactor wall tube temperature; T; the fouling temperature; T, the temperature at
the fouling surface.
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Figure 2: Representation of the layer of fouling along the wall of the reactor tube [21].

At a given condition of temperature and reactor pressure, the temperature of the inner wall of the reac-
tor tube is the critical parameter that determines when fouling occurs, this must be controlled by coolant tem-
perature. This phase separation occurs in the coldest region of the tubular reactor tube. Figure 3 represents
the radial temperature profile in the reactor tube and the heat flow direction [21, 22]. Where, T,, is the reactor
wall tube temperature; T the fouling temperature; T, the temperature at the fouling surface; and T» is the
process temperature.
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Figure 3: Radial temperature profile in the reactor tube [21].

1.4 Mechanism of Defouling

According Bucheli et al. (2005), defouling is the removal of polymer scale layer that is attached to the inner
wall of the tubular reactor tube. In normal operation, the polymerization plant in tubular reactors, utilizes two
defouling mechanisms: the pressure control valve of the reactor opens and closes in controlled purge cycles,
causing drag of the polymer in the tube wall owing to speed fluid [21]. The efficiency of this effect is de-
pendent on the distance from the valve [23] and the operation in the reactor is called purge or bamping; (b)
another way is the thermodynamic defouling through the temperature increase in the wall tube at the reactor
or increase coolant fluid temperature to remove fouling deposits. Increasing the reactor wall temperature
causes a subsequent increase in the incrusted polymer temperature, this allows the incrustation becomes de-
tached from the surface, being carried by the flow of ethylene, thereby reducing the thickness of the fouling
layer [22].

1.5 Chemical Degradation

Chemical degradation can be evidenced by the presence of contaminants, which may be catalyst or initiator
residues, monomer impurities or additives. Some of these contaminants are not reactive under inert atmos-
phere and without light, but when exposed to light in the presence of oxygen become degrading agents effec-
tive. Thus, chemical degradation is classified as: external chemical agents, and chemical agents internal to the
polymer [24;25].

Chemical degradation occurs not only when the polymer is exposed to some aggressive chemical
agent but may also occur due to contamination during the industrial process, such as catalyst residues, initia-
tors, impurities in the monomer, or even by external etching agents, Such as lubricating oils, fuels, metal ox-
ides. Among the chemical processes that can interfere in the degradation of the polymer, oxidation is one of
the most common, being called thermo-oxidation. During processing, the chemical degradation starts from
free radicals that are attacked by oxygen, that processes may occur and that modify the properties of the pol-
ymers, such as chain breaks and crosslinking [24;25].
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1.6 Thermal degradation

The sensitivity of the polymers to temperature depends on the structure and type of chemical bond present in
the polymer chain. Degradation consists of a process of reactions involving the scission of polymer backbone
bonds and the formation of others and consequently the change of the chemical structure and the reduction of
the molar mass, which implies changes in the physicochemical properties. The complete decomposition of a
polymer involves a complex of reactions that may be endothermic and / or exothermic. The endothermic re-
actions are related to processes of bond rupture, depolymerization and volatilization. Exothermic processes
are generally associated with oxidation reactions [26;24].

There are several chemical mechanisms of thermal decomposition of polymers: (i) random chain scis-
sion, in which the division occurs at apparently random locations in the polymer chain; (ii) scission in the
final chain, wherein individual monomer units are successively removed at the end of the chain; (iii) chain
removal, wherein atoms or groups that are not part of the polymer chain (or backbone) are cleaved; And (iv)
cross-linking, whereby linkages between polymer chains are created [27].

Thermal degradation of the thermoplastic copolymer, polyvinylacetate (EVA), produced at different
relative concentrations between the comonomers, the degradation temperature range is between 250 and
400 °C, quantitatively producing acetic acid during this process. Polyethylene is a more stable polyolefins
and begins to degrade from 400 °C with C-C bond breakage and crosslinking, forming very few volatile
products. In the EVA copolymer, the formation of acetic acid begins long before any breakage of C-C chem-
ical bonds occurs in the main chain, with two well defined degradation stages occurring [28].

Thermo-degradation occurs through the action of heat, chemical attack or shear (residence time). The-
se phenomena exert a accented effect on its thermal stability, causing the loss of property by reaction with the
oxygen present in the atmosphere, forming oxidized products of low molar mass and carbon dioxide (CO2).
The thermo-oxidation occurs due to the presence of oxygen according to a mechanism that comprises four
steps: initiation, propagation, branching and termination [29].

1.7 Crosslinks

The crosslinks reactions are those leading to the formation of insoluble and infusible polymers in which the
chains are attached and form a three-dimensional network structure, called crosslinking [30,31, 32,33].

The reticule formation, hinders approximation of chains and the molecular interactions which reduces
the sliding of the same ones, increasing the mechanical strength and thus tend to become insoluble and infu-
sible polymer. During the crosslinking, branching of the polymer chains are recombined forming a polymer
with a molar mass very high or considered infinite. A polymer is considered to have infinite molar mass,
when the value measured is greater than the molar mass of the analysis equipment can measure [30,31,34].

According Tamboli et al, (2004) polyethylene crosslinking process occurs in four phases: initiation,
propagation, branching and termination. Figure 4 shows an example of the mechanism by crosslinking poly-
ethylene energy radiation abstraction of hydrogen and the generation of free radical in the polymer chain [31].

PN

weCH,y~CH, - CH,~ CH;~CH,~CHymw —» wCH,—CH,+ CH,~CHz~CH,~CHymw
Polyethylene l

wCH,~CHy—CH,~CHyw <— 2 CH,~CH;—CHy~CHymw

W"'CHZ_CHZ—CHZ_CHZW
Figure 4: Crosslink polyethylene by high-energy radiation, adapted of Paoli, (2008) [24].

The free radicals formed propagate or recombine intramolecular or intermolecular form in the poly-
mer. In intramolecular recombination occurs cyclization of the polymeric matrix and at the intermolecular it
has the crosslinking. In the case of polyethylene, in an inert environment, prevails the crosslinking with an
increased molar mass due to degradation [24,35]. The simple crosslinking reaction of the EVA copolymer is
exemplified in Figure 5 through various polymer chains with functional groups capable of reacting together
to form chemical bonds C-C. If these polymer chains are exposed to certain conditions, wherein the function
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al groups can react then these chains are connected by means of a new link C-C, forming a giant polymer
molecule in the medium reaction [36].

wCH,— CR—CH,~ CHR — CH,— CHR
2 **CH,~ CR— CH,~ CHR — CH,~ CHR"» —>
w+CH,~ CR— CH,~ CHR — CH,~ CHR

Figure 5. Example of EVA crosslinking reaction, adapted of Paoli, (2008) [24].

1.8 Scission of Chain

The chain scission is the breaking of a chemical bond, when energy applied to the chemical bond is greater
than the bonding energy. This energy may be provided by light, gamma radiation, heat or shear (mechanical
disruption). One of the features that allows the split is when the chain has a binding of lower energy than the
simple carbon bond (C-C) de 83 kJ mol™ [24,37].

In the case of polyethylene, produced by polymerization by addition reactions, the breaking of the
chemical bond in the main chain will correspond to the breaking of a single C-C bond, reducing the molar
mass of the polymer chain. The scission of the C-C bonds may be homolytic or heterolytic. Homolithic scis-
sion corresponds to the breaking of the covalent bond with an electron remaining attached to each fragment,
forming two free radicals. In heterolithic scission, the electron pair becomes attached to one of the negatively
charged fragments (anion) and the other fragment will be deficient of positively charged electrons (cation).
The most commonly observed is homolytic scission, which generates alkyl macroradicals. Heterolytic scis-
sion occurs in some situations where the polymeric material is exposed to energies much higher than the
binding energy and produces ions (cations and anions) and radical ions [24].

The scission of carbon bonds (C-C) can occur by breaking the covalent bond where electrons remain
in the fragment, forming two free radicals or by exposure to more higher binding energies producing ions and
radicals [32].

The thermal scission is the chemical bond breakage by the thermal effect, where the energy of the
connection depends on several factors such as the number branching of the polymer, the kinds of substituents
along the polymer chain and the existence or absence of defects originated by polymerization. Mechanical
scission of chemical bonds can occur in polymers when they are subjected to a shear stress [24].

According Ribeiro (2006) [35], the fission and crosslinking processes may coexist and the effects de-
pend on the characteristics of the constituents of the polymer, temperature or other degradants agents. One of
the aspects that differentiate the two effects is that scission occurs a decrease of the molar mass and cross-
linking occurs an increase thereof [38].
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2. MATERIALS AND METHODS

The methodology used in this work consists of removing one of the three polymerization reactions during the
EVA production. During the polymerization with three reactions, peak temperatures are lower due to the con-
trol of the polymer properties. The removal of a reaction will allow operate with higher temperature peaks,
this fact will help reduce fouling in the reactor due to increasing the resin temperature and, consequently, an
increase in temperature in the wall of the reactor tube.

The quality control method applied to the resins used in the production tubular film is determined by
amount of contamination by gels. The method of analysis can be established by optical detection. This tech-
nique has online impurities inspection system, with the flat or tubular film, by detecting with high resolution
camera and special lighting system developed by Optical Controller System - OCS, by calculating the bright-
ness using the software reading is FSA100. The system facilitates the recognition of gels as optically recog-
nizable defects in the film. The Gels are distributed in pre-established categories and the defects are assigned
to the relevant section of the film.

The reading of the gels was carried out on flat film with a thickness of 38 + 5 um, 2.5 m?, which cor-
responds to 42 m long and 0.075 m wide, where it was determined the number of defects per 2.5 m? and by
category, according shown in Table 01. In this study, only the results of category 1 - CAT1 gels were consid-
ered. CAT is the category of classification of gels according to their size.

Table 1: Classification of gels by their dimensions.

CATEGORY DIMENSIONS OF GELS
01 up to 0,5 mm
02 >0,5t0o 1 mm
03 >1to1,5mm
04 >1,5mm

Figure 6 shows an image photograph of the gel taken at the OCS machine, of the EVA film, during
the film analizing process.

)

Figure 6: Photograph of a gel in the CAT1 held by OCS.

The results found were analyzed through statistical methods, to establish a correlation of results gels
found as two three polymerization reactions.

3. RESULTS AND DISCUSSIONS

Figure 7 shows the results of the amount of gels in the film samples generated every hour of production, as
well as the average reaction temperature at time of analysis. It can be observed that the average value of reac-
tion temperature with two reactions remained higher than the value of three reactions throughout the tests.
Sometimes the results of analysis of gels with three reactions were below 400 gels in CAT1, where it is pos-
sible to verify that the average temperature reactions with three approaches 185 °C. The results with two re-
actions, show an increase of gels even when the average temperature value is close to 190 °C. The average
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profile of temperature with two reactions was 11 °C above the temperature with three reactions.
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Figure 7: Temperature profile along the tubular reactor with two and three reactions.

It can be seen in Figure 8, the temperature distribution along the tubular reactor at high pressure in a
steady state, where we can see and compare the profile with two and three reactions is during the experiment.
It was not possible to increase further the temperature according to the control limit in the fluidity index of

the resin.
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Figure 8: Temperature profile along the tubular reactor with two three reactions.

Figure 9, we can see the profile of velocity as a function of reaction temperature, concerning operating
time with two three reactions. The average results of speed for the better and the worst result with two reac-
tions the speed value was 10,91 m.s™ with 223 gels and 10,91 m.s™ with 866 gels. With three reactions with
speed of 10,88 m.s™ and 185 gels, to 10,84 m.s™* and 896 gels.
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Figure 9: Velocity profile of the gas along the tubular reactor with two three reactions.

The results analyses obtained through statistical methods using the MINITAB software, establish a
correlation between the amount of gels met in the two and three polymerization reactions.

This experiment was used as the upper limit of process control (UCL), the given index in the product
specification that is equal to 500 gels in CATL.

Statistical analysis of the data regarding the film results in the polymerization process with two three
reactions performed through the graphical analysis of the two cases identifies that it is out of statistical pro-
cess control, signaling an alert in the production of the product, given that the chart points were outside the
control limits.

Figure 10 shows a chart of the results with control samples to the amount of gels during the produc-
tion of EVA with 3 reactions, which gave an average X equal to 421, the control lower limit value in the
(LCL) 137 and control upper limit (UCL) equal to 705 gels.
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Figure 10: Control chart with the results gels in CAT1, with 3 reactions.

Figure 11 shows a control chart with results of the samples to the amount of gels during the produc-
tion of EVA 2 reactions, which gave an average X equal to 303, the control lower limit (LCL) 108, the
boundary UCL control top equal to 498 gels.

Chart Control - 2 Reactions
3000
2500 -
2000 -
o
£
& 1500 -
8
2 10004
500 '\ UCL=498
X=303
04 LCL=108
1 50 100 150
Samples

Figure 11: Control Letter to the results of gels in CAT1, with 2 reactions.

The normal analysis by Anderson-Darling was performed and demonstrated the data distribution was
not normal because P-value < 0.05. Because of robustness regarding the use of control charts and calculation
capability preferred to not transform the data set (using the Box-Cox procedure) in a lognormal, distribution
as shown in Figures 12 and 13. The data of the process reactions were normal in 3 with P-value < 0.05 and
not normal reactions were 2 with P-value < 0.044, very close to an acceptable value is 5%.
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Figure 12: Test normal through the lognormal results in gels CAT1, with 3 reactions.
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Figure 13: Test by normal lognormal results in gels CAT1, with 2 reactions.

Based on Six Sigma methodology, it can observe the process capability index in Figure 14 which
shows the results of the analysis of gels in the film through the OCS for 3 reactions. Through these indices
can be seen that the process is unable to meet specifications and produce products with a minimal margin
defects. The Cpk and Ppk are below the minimum specified values, and Cpk = 0.56 and Ppk = 0.10 (greater
than 1.67 are considered satisfactory). The ZBench index found for the total process capacity (Overall Capa-
billity), was ZBench = 0.63 Sigma, demonstrating that the process quality levels and product are not meeting
specifications. The number of defects per million in the process (Overall Performance) was 265349 PPM,
featuring 2 sigma process as not meeting the criteria for acceptance.
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Figure 14: Capabiliy index in gels in CAT1, with 3 reactions.

Capability index shown in Figure 15 through the lognormal distribution with the results of film analy-
sis by OCS to two reactions show that the process is able to meet specifications and produce product with a
minimum margin of defects. The Cpk and Ppk indices are below the minimum specified values, and Cpk =
0.95 and Ppk = 0.30 (greater than 1.67 to be satisfactory). The ZBench index found for the total process ca-
pacity (Overall Capabillity), was ZBench = 1.37, demonstrating that the levels of quality of process and
product are meeting the specifications. The number of defects per million in the process (Overall Perfor-
mance) was 84739.1 PPM, featuring The process currently meets the customer's requirements, and at 3 sigma.

EVA 2 Reactions
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Figure 15: Capabiliy index in gels in CAT1, with 2 reactions.
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4. CONCLUSIONS

Through this study it can be seen that the results in CAT1 gels are directly influenced by the formation of
fouling in the reactor, due to the increased residence time in the reactor. The physical and thermal conditions
in the reactor and other steps of the production process EVA which favor a reduction of residence time are
not important for crosslinking and consequent generation of gels in the polymer. The temperature has a deci-
sive role in the viscosity of the mixture in the reaction medium, confirming to the processing of the polymer
throughout the reactor and reducing the residence time for fouling.

Performance results in gels, are strongly related to the operating temperatures than the number of reac-
tions, but working with two reactions allowed raise the average temperature of the reaction medium and,
maintain control of the variables that determine the melt index.

This study may be expanded to other reaction conditions or process so that the statistical analysis of
the data are within the statistical process control.
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