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RESUMO 

Na SGL Composites, S.A., a formação e a constante sensibilização à segurança visam dar 

a conhecer os procedimentos obrigatórios e indispensáveis, assim como melhorar e adequar o 

comportamento de todos os funcionários da empresa. No entanto, esta atenção tem de ser 

acompanhada por uma prévia avaliação de riscos para implementar o controlo específico, de 

forma a que as possíveis perturbações possam ser corrigidas e, por sua vez, atinjam o estado 

estacionário o mais rapidamente possível. 

No âmbito da FM Global tornou-se necessário avaliar a zona dos reatores de polimerização 

para perceber se, com a instrumentação de controlo já existente, existe alguma 

possibilidade/probabilidade, ainda que mínima, de explosão ou runaway.  

Assim sendo, após conhecer a área de polimerização e estudar a reatividade química do 

sistema de polimerização, desde a cinética à simulação de um sistema adiabático, 

determinaram-se e analisaram-se, recorrendo ao software Aspen Plus e à Instalação Piloto da 

empresa, os seguintes panoramas (considerados os piores cenários plausíveis de ocorrência no 

processo de polimerização):  

• variação do caudal de alimentação da mistura de monómeros (+20% e -20%): observou-

se que a temperatura da mistura reacional diminui com o aumento do caudal da mistura 

de monómeros visto que, apesar de se formarem mais cadeias, o crescimento de cada 

uma não é tão grande, libertando menos energia do que o habitual; 

• variação do caudal de alimentação de sulfato ferroso (+10% e -10%): observou-se que 

é possível controlar a temperatura nos 62°C independentemente da variação do caudal 

de sulfato ferroso; 

• variação do caudal de alimentação de persulfato de amónia (+20% e -20%): observou-

se que a temperatura da mistura reacional diminui com o aumento do caudal de 

persulfato de amónia, mas de forma não linear – é necessária uma determinada variação 

no caudal para variar a temperatura; 

• variação do caudal de alimentação de bissulfito de sódio (+20% e -20%): observou-se 

que a temperatura da mistura reacional diminui com o aumento do caudal de bissulfito 

de sódio, mas mais uma vez de forma não linear – é necessária uma determinada 

variação no caudal para variar a temperatura; 

• perda de agitação: observou-se que em poucos minutos a temperatura da mistura 

reacional aumenta abruptamente; 

• falta de atmosfera inerte: observou-se que não existe qualquer alteração, sendo que todo 

o sistema funciona normalmente; 
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• perda de refrigeração: observou-se que rapidamente a temperatura da mistura reacional 

começa a aumentar gradualmente; 

• variação do pH: observou-se que a temperatura da mistura reacional oscila, mas ronda 

sempre os 62°C; 

• introdução repentina de mistura de monómeros não reagidos: observou-se que a reação 

deixa de ocorrer e a temperatura da mistura reacional aumenta abruptamente. 

Posto isto procedeu-se a uma revisão crítica da instrumentação de controlo e propôs-se que 

seja ponderada a instalação de alguns aparelhos, como um sensor de nível, um separador de 

bolhas, um filtro, entre outros. Por fim certificou-se de que a SGL Composites, S.A. respeita todos 

os aspetos relevantes ao Process Safety Management umbrella, tendo em atenção a segurança, 

a qualidade e o ambiente. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Palavras-chave: acrilonitrilo, acetato de vinilo, poliacrilonitrilo, fibras acrílicas, copolimerização 

radicalar do acrilonitrilo. 
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ABSTRACT 

At SGL Composites, S.A., the formation and constant safety awareness aims to make known 

the right procedures, as well as to develop and adjust the employees’ behavior. However, it is 

also necessary to conduct a detailed risk analysis to implement the right specific control 

instrumentation, in order to correct all the possible perturbations so the stationary state can be 

achieved as soon as possible. 

In the scope of FM Global, it was found necessary to evaluate the polymerization reactors’ 

zone to comprehend if there is any possibility/probability, even slightly, of explosion or runaway, 

despite the existing control instrumentation. 

Therefore, after studying the polymerization area and the chemical reactivity of the 

polymerization system – the reaction kinetics and the adiabatic system simulation –, it was 

determined and analyzed the situations below (considered the worst-case scenarios that are 

possible to occur in the polymerization process) using the software Aspen Plus and the Pilot Unit 

of the firm: 

• variation of monomers bent feeding flow (+20% and -20%): it was concluded that the 

reactional mixture temperature decreases with the monomers bent flow increasing 

because, despite forming more chains, each one does not grow as much, releasing less 

energy than the usual; 

• variation of ferrous sulfate feeding flow (+10% and -10%): it was concluded that it is 

possible to control the temperature around 62°C despite the variation of ferrous sulfate 

flow; 

• variation of ammonium persulfate feeding flow (+20% e -20%): it was concluded that the 

reactional mixture temperature decreases with the ammonium persulfate flow increasing, 

but not in a linear way – a certain flow variation is necessary to vary the temperature; 

• variation of sodium bisulfite feeding flow (+20% e -20%): it was concluded that the 

reactional mixture temperature decreases with the sodium bisulfite flow increasing, but 

once more not in a linear way – a certain flow variation is necessary to vary the 

temperature; 

• loss of agitation: it was concluded that in a few minutes the reactional mixture temperature 

increases abruptly; 

• lack of inert media: it was concluded that there is no variation, thus the whole system 

works normally; 

• loss of cooling: it was concluded that the reactional mixture temperature quickly starts to 

increase gradually; 
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• variation of pH: it was concluded that the reactional mixture temperature oscillates, but 

always around 62°C;  

• unexpected introduction of unreacted monomers bent: it was concluded that the reaction 

stops and the reactional mixture temperature increases abruptly. 

Hereupon, a critical review of the control instrumentation was proceeded and it was proposed 

to be considered the installation of some devices, such as a level sensor, a bubble separator, a 

filter, among others. Lastly, it was possible to verify that SGL Composites, S.A. respects all the 

Process Safety Management umbrella relevant aspects, always considering the safety, the quality 

and the environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: acrylonitrile, vinyl acetate, polyacrylonitrile, acrylic fibers, acrylonitrile free-radical 

copolymerization 



vii 
 

LIST OF CONTENTS 

ACKNOWLEDGEMENTS .............................................................................................................. i 

RESUMO ....................................................................................................................................... iii 

ABSTRACT ................................................................................................................................... v 

LIST OF TABLES .......................................................................................................................... xi 

LIST OF FIGURES ...................................................................................................................... xiii 

LIST OF ABBREVIATIONS .......................................................................................................... xv 

1. Objectives ............................................................................................................................. 1 

1.1. Scope ............................................................................................................................ 1 

2. Working Plan .............................................................................................................. 3 

3. Introduction ................................................................................................................ 5 

3.1. Acrylonitrile ................................................................................................................... 5 

3.2. Polyacrylonitrile ............................................................................................................ 5 

3.3. SGL Composites S.A. .................................................................................................. 8 

3.3.1. Products .............................................................................................................. 10 

4. Literature Overview ............................................................................................................ 13 

4.1. Aqueous Dispersion Polymerization ......................................................................... 13 

4.2. Process Control .......................................................................................................... 15 

4.2.1. Flow Measurement............................................................................................. 16 

4.2.1.1. Magnetic Flowmeters ..................................................................................... 16 

4.2.1.2. Coriolis Mass Flowmeters ............................................................................. 16 

4.2.2. Temperature Measurement ............................................................................... 17 

4.2.2.1. Resistance Temperature Detectors .............................................................. 17 

4.2.3. Controllers .......................................................................................................... 18 

4.2.3.1. Proportional-Integral-Derivative Control ...................................................... 18 

4.2.4. Types of Control ................................................................................................. 19 

4.2.4.1. Ratio Control .................................................................................................. 19 

4.2.4.2. Feedback Control ........................................................................................... 19 

4.2.4.3. Cascade Control ............................................................................................ 20 

4.2.5. Final Control Elements ...................................................................................... 20 

4.2.5.1. Control Valves ................................................................................................ 20 

4.2.5.2. On/Off Valves ................................................................................................. 21 

4.2.5.3. Pumps ............................................................................................................. 21 

4.3. Distributed Control System ....................................................................................... 22 

4.3.1. Alarms ................................................................................................................. 23 

5. Acrylonitrile Polymerization at SGL Composites, S.A................................................. 25 

6. Chemical Reactivity ................................................................................................... 31 

6.1. Kinetics ....................................................................................................................... 31 

6.2. Adiabatic System ....................................................................................................... 32 

7. Process Hazard Analysis ........................................................................................... 35 

7.1. Software Aspen Plus (Polymers) .............................................................................. 35 



viii 
 

7.1.1. Results of the Simulations................................................................................. 36 

7.1.1.1. MB ................................................................................................................... 36 

7.1.1.2. CB .................................................................................................................... 37 

7.1.1.3. CE .................................................................................................................... 38 

7.1.1.4. CD ................................................................................................................... 39 

7.2. Pilot Unit ..................................................................................................................... 41 

7.2.1. Materials ............................................................................................................. 43 

7.2.2. Results of the Experiments ............................................................................... 44 

7.2.2.1. Loss of Agitation ............................................................................................ 44 

7.2.2.2. Lack of Inert Media ........................................................................................ 45 

7.2.2.3. Loss of cooling ............................................................................................... 46 

7.2.2.4. pH increasing ................................................................................................. 47 

7.2.2.5. pH decreasing ................................................................................................ 48 

7.2.2.6. Unexpected introduction of unreacted monomers bent .............................. 50 

8. Process Instrumentation Analysis .................................................................................... 51 

8.1. Improvements made the last 3 years ....................................................................... 54 

8.2. Instrumentation Proposals (for discussion) ............................................................. 54 

8.2.1. Implementation of a Rupture Disk in the Polymerization Reactors  ............... 54 

8.2.2. Implementation of a Manual Self-Cleaning Filter connected to the Overflow
 …………………………………………………………………………………………..56 

8.2.3. Implementation of an Obstruction Detector in the Overflow .......................... 57 

8.2.4. Implementation of a Level Sensor near to DSF entrance .............................. 58 

8.2.5. Implementation of a Bubble Separator before the Flowmeters of the Reactors 
Feeding Streams ................................................................................................................ 59 

8.2.6. Implementation of another Measurement System (Redundancy) .................. 60 

9. Process Safety Management Umbrella ............................................................................ 61 

9.1. SGL Composites, S.A. Policy ................................................................................... 62 

9.2. Management of Change ............................................................................................ 62 

9.3. Mechanical Integrity ................................................................................................... 62 

9.4. Client Importance ....................................................................................................... 62 

9.5. Quality Standards ...................................................................................................... 63 

9.5.1. ISO9001 Certification ........................................................................................ 63 

9.5.2. ÖKO-TEX Certification ...................................................................................... 63 

10. Conclusions ........................................................................................................... 65 

11. Prospects ............................................................................................................... 67 

REFERENCES ............................................................................................................................ 69 

APPENDIXES.............................................................................................................................. 71 

I. Operational Conditions of the Process at SGL Composites, S.A.  ........................... 71 

II. Check-list for the Polymerization Experiments  ....................................................... 72 

III. Flows’ Calibration and Data from the Tests done in the Pilot Unit  ...................... 75 

 Agitation Loss experiment .................................................................................. 75 

 Lack of Inert Media, Cooling Loss and pH Decreasing Experiments  ................... 76 



ix 
 

 pH Increasing Experiment .................................................................................. 78 

 Unexpected Introduction of Unreacted MB Experiment  ...................................... 79 

IV. Rating Scales used in HAZOPs .......................................................................... 80 

 Severity .............................................................................................................. 80 

 Frequency .......................................................................................................... 81 

 Probability .......................................................................................................... 82 

V. Accountability ........................................................................................................ 83 

VI. Workers Questionnaire ....................................................................................... 84 

VII. Appearance Sheet.............................................................................................. 85 

VIII. Incident Investigation ......................................................................................... 86 

IX. Risk Assessment ................................................................................................ 89 

X. Calibration Control of Monitorization and Measurement Equipment  ....................... 91 

XI. Management Procedure of the Monitorization and Measurement Equipment  ..... 93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

 

 

  



xi 
 

LIST OF TABLES 

Table 1. SGL Composites, S.A. products of special type and the respective percentage of the 

2017 total sales ........................................................................................................................... 11 

Table 2. Initiation constant and activation energy at 40°C. Propagation and termination constants 

and the respective activation energy at 25°C [13, pages 68, 81 and 417]................................................. 31 

Table 3. Propagation and termination Arrhenius parameters from an article  [14] and from a polymer 

handbook  [13] ............................................................................................................................... 32 

Table 4. Impact of the variation of MB feeding flow on the reactional mixture temperature ....... 36 

Table 5. Impact of the variation of CB feeding flow on the reactional mixture temperature ....... 37 

Table 6. Impact of the variation of CE feeding flow on the reactional mixture temperature ....... 38 

Table 7. Impact of the variation of CD feeding flow on the reactional mixture temperature ....... 39 

Table 8. Necessary quantities to prepare the feeding solutions ................................................. 43 

Table 9. Required quantities of CB and HS solutions for the reactor’s pre-start ........................ 43 

Table 10. Flows' calibration ......................................................................................................... 75 

Table 11. Punctual data .............................................................................................................. 75 

Table 12. Flows' calibration (the * sign is to indicate there was a change due to the broken tube)

 ..................................................................................................................................................... 76 

Table 13. Punctual data .............................................................................................................. 76 

Table 14. Flows' calibration ......................................................................................................... 78 

Table 15. Punctual data .............................................................................................................. 78 

Table 16. Flows' calibration ......................................................................................................... 79 

Table 17. Punctual data .............................................................................................................. 79 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

 

  



xiii 
 

LIST OF FIGURES 

Figure 1. Fibers produced from PAN ............................................................................................ 6 

Figure 2. Carbon fibers produced from PAN ................................................................................. 6 

Figure 3. Adhesives produced from PAN ...................................................................................... 6 

Figure 4. Engineering components produced from PAN............................................................... 7 

Figure 5. Superabsorbent polymers produced from PAN ............................................................. 7 

Figure 6. Acrylic fiber – tow ........................................................................................................... 8 

Figure 7. Acrylic fiber – staple ....................................................................................................... 8 

Figure 8. Acrylic fiber – top ............................................................................................................ 8 

Figure 9. Acrylic fiber – yarn in a roll ............................................................................................. 9 

Figure 10. Carbon and oxidized precursor fibers .......................................................................... 9 

Figure 11. Nucleation and absorption mechanism during the aqueous dispersion polymerization 

[6, page 826] ....................................................................................................................................... 14 

Figure 12. Scanning electron micrograph of a polymer particle formed by aqueous dispersion 

polymerization: the left one was formed at a 3,5 water/monomer ratio, while the right one was 

formed at a 2 water/monomer ratio [6, page 823] .............................................................................. 14 

Figure 13. Process control variables [8, page 2] ............................................................................... 15 

Figure 14. A schematic magnetic flowmeter [8, page 264] ................................................................ 16 

Figure 15. A schematic Coriolis mass flowmeter [8, page 269] ......................................................... 16 

Figure 16. A schematic typical RTD [8, page 189] ............................................................................. 17 

Figure 17. Three-wire RTD bridge circuit [8, page 191] ..................................................................... 17 

Figure 18. Block diagram of the control process that goes from the input (measured variable) to 

the output (manipulated variable) [9, page 190] ................................................................................. 18 

Figure 19. Typical response of each control action [9, page 198] ...................................................... 19 

Figure 20. Classification of valves [10, page 640] ............................................................................... 20 

Figure 21. A schematic diaphragm actuator: the left valve is an air-to-close one, while the right 

valve is an air-to-open one [10, page 657] .......................................................................................... 21 

Figure 22. A schematic centrifugal pump .................................................................................... 22 

Figure 23. Classification of pumps .............................................................................................. 22 

Figure 24. Cooling control scheme.............................................................................................. 27 

Figure 25. Pictures of a 12 m3 polymerization reactor with the real measures: on the left, it is the 

upper zone; on the right, it is the lower zone. Its diameter is 1,86 m .......................................... 28 

Figure 26. Scheme of the polymerization reactor [12, page 2] .......................................................... 28 

Figure 27. Impact of an adiabatic system on the reactional mixture temperature ...................... 33 

Figure 28. The acrylonitrile copolymerization process schematically ......................................... 35 

Figure 29. Reactional mixture temperature dependence on MB feeding flow ............................ 36 

Figure 30. Reactional mixture temperature dependence on CB feeding flow ............................ 37 

Figure 31. Reactional mixture temperature dependence on CE feeding flow ............................ 38 

Figure 32. Reactional mixture temperature dependence on CD feeding flow ............................ 40 



xiv 
 

Figure 33. Experimental setup used in the Pilot Unit .................................................................. 42 

Figure 34. Pilot Unit installation for the polymerization experiments .......................................... 42 

Figure 35. Impact of agitation loss on the reactional mixture temperature ................................. 44 

Figure 36. Impact of inert media on the reactional mixture temperature .................................... 45 

Figure 37. Impact of cooling loss on the reactional mixture temperature ................................... 46 

Figure 38. Impact of pH intentional increasing on the reactional mixture temperature ............... 47 

Figure 39. pH evolution during the pH increasing experiment .................................................... 47 

Figure 40. Impact of pH intentional decreasing on the reactional mixture temperature ............. 48 

Figure 41. pH evolution during the pH decreasing experiment ................................................... 49 

Figure 42. Impact of the unexpected introduction of unreacted MB on the reactional mixture 

temperature ................................................................................................................................. 50 

Figure 43. Number of occurrences of the most common malfunctions throughout the last 3 years 

(2015 – 2018) .............................................................................................................................. 51 

Figure 44. Cause-effect diagram regarding feed cut................................................................... 51 

Figure 45. Cause-effect diagram regarding reaction temperature out of specification ............... 52 

Figure 46. On the left: cause-effect diagram regarding NSP out of specification; on the right: 

cause-effect diagram regarding area stop .................................................................................. 52 

Figure 47. HAZOP of the polymerization reactor (the rating scales signed here by * are detailed 

in the Appendix IV) ...................................................................................................................... 53 

Figure 48. Rupture disk [16, page 2] .................................................................................................. 55 

Figure 49. Schematic drawing of the rupture disk implementation: A – scheme as it currently is, 

B – scheme after the rupture disk implementation ...................................................................... 55 

Figure 50. Manual self-cleaning filter with a scrapper ................................................................. 56 

Figure 51. Schematic drawing of the self-cleaning filter implementation: A – scheme as it currently 

is, B – scheme after the filter implementation ............................................................................. 57 

Figure 52. Schematic drawing of the distance meter implementation with a zooming: 1 – distance 

meter instrument, 2 – laser that measures the distance marked ................................................ 58 

Figure 53. Level Sensor [18, page 3] ................................................................................................. 58 

Figure 54. Schematic drawing of the level sensor implementation: A – scheme as it currently is, 

B – scheme after the level sensor implementation ..................................................................... 59 

Figure 55. Schematic drawing of the bubble separator implementation (the colored pump is the 

one working): A – scheme as it currently is, B – scheme after the bubble separator implementation

 ..................................................................................................................................................... 60 

Figure 56. Firm's departments organization ................................................................................ 83 

Figure 57. Example of a HAZOP of the continuous polymerization area.................................... 89 

Figure 58. Example of a FMEA of the continuous polymerization area ...................................... 90 

 

 

 



xv 
 

LIST OF ABBREVIATIONS  

AN – Acrylonitrile; 

AV – Vinyl Acetate; 

CB – Ferrous Sulfate Solution; 

CD – Sodium Bisulfite Solution; 

CE – Ammonium Persulfate Solution; 

CP – Continuous Polymerization; 

CSTR – Continuous Stirrer-Tank Reactor;  

DCS – Distributed Control System; 

DIW2 – Deionized Water; 

DSF – Direct Slurry Feed; 

EDTA – Ethylenediamine Tetra Acetic Acid; 

FMEA – Failure Mode and Effect Analysis; 

HAZOP – Hazardous and Operability Study; 

HS – Sulfur Acid Solution; 

MB – Monomers Bent; 

NSP – Internal viscosity control parameter; 

PAN – Polyacrylonitrile; 

PSM – Process Safety Management; 

RTD – Resistance Temperature Detector; 

ST – Inhibitor Solution; 

TRCA – Temperature Register Controller Alarm; 

TW – Cooling Water. 

 

 

 

 



xvi 
 

 

 



1 
 

1. OBJECTIVES 

The present dissertation can be divided in 3 main objectives. In the first place, it was 

necessary to study the chemical reactivity and, based on this information, it was possible to 

proceed to the next step: evaluate the safety risks in different scenarios. As final step, the process 

instrumentation was critically reviewed with possible recommendation on additional safety 

instrumentation, besides confirming the Process Safety Management umbrella. 

1.1. Scope 

The entire work, defined above and developed throughout this dissertation, is based on risky 

scenarios and on the careful review of the circumstances that may lead to a runaway and/or an 

explosion. Moreover, it is important to highlight that, either the worst-case scenarios, or all the 

safety aspects are only focused on the reactors’ zone. 
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2. WORKING PLAN 

Due to the objectives of this work, it was applied a strategy of risks identification by the 

establishment of a cause-effect methodology for each of malfunction possibility. Based on this 

approach, this thesis dissertation has the following final working plan delineated: 

a) Chemical reactivity study 

• Acrylonitrile Copolymerization; 

• Kinetics and mechanism of the re action; 

• Polymerization in adiabatic conditions.  

 

b) Safety risks analysis 

• Determination of the work-case scenarios; 

• Analysis of each scenario (probable cause, estimated probability and preventive 

measures); 

• Faults and abnormal situations that might lead to uncontrolled polymerization; 

• Faults and abnormal situations that might lead to product out of specification or 

unusable. 

  

c) Critical review of the process instrumentation to propose additional safety 

instrumentation, if necessary, just to moderate processual risks. Review of the safety 

system related to the reactor and its functionality. Intercalate report. 

 

d) Elaborate a DRAFT of the Process Safety Management Umbrella. 
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3. INTRODUCTION 

3.1. Acrylonitrile 

Acrylonitrile was first synthetized in 1893 by the French Chemist Ch. Moureau, although it 

had at the time no significant technical or commercial applications until the late 1930s. Just before 

the second world war, IG Farben industry [1] introduced a synthetic rubber based on a copolymer 

of butadiene and acrylonitrile and, during the same period, in USA, projects related to nitrile rubber 

received special support due to their strategic importance. This way, acrylonitrile became 

recognized as a monomer of commercial importance and, in 1950, the acrylonitrile demand began 

to increase due to the acrylic fibers. [2, page 3] 

Nowadays, all acrylonitrile is produced by direct catalytic conversion of propene, oxygen (as 

air) and ammonia, and its world production is approximately 5 million tons per year. In addition, 

acrylonitrile is, today, an industrial intermediate used predominantly in the production of polymeric 

materials: acrylic fibers accounts for 60%, while the plastics accounts for 25% of world 

consumption. [2, page 3] 

 

3.2. Polyacrylonitrile 

Polyacrylonitrile (PAN) was first synthetized by Dr. º Hans Fikentscher and Dr. º Claus Heuck, 

in 1930, in the laboratories of IG Farben, in Ludwigshafen, a German company that patented its 

polymerization method. However, since the polymer was insoluble in most common solvents, the 

substance was considered to be unusable. Even so, the investigations continued and, in 1931, 

Dr. º Herbert Rein, also from IG Farben but in Bitterfeld, discovered that PAN, obtained from a 

sample when visiting the Ludwigshafen plant, could be dissolved in the ionic liquid 1-

benzylpyridinium chloride and converted into fibers. Later in 1942, the same chemist discovered 

a better solvent for the polymer – dimethylformamide, a discovery that allowed to develop the 

spinning process to produce fibers and films. Due to the second world war, the investigations 

were interrupted and the polymerization process was not used in an industrial scale. [3] 

Despite the interruption, when the war time was over, in 1946, DuPont introduced the large-

scale production of PAN to produce the Orlon fibers and patented the wet-spinning process. Later, 

the Dormagen Bayer company introduced the production of Dralon fibers and patented the dry-

spinning process. [3] 

Throughout the production of PAN, it was realized that among its main features is the 

versatility of being able to be chemically modified and thus to produce a wide variety of materials: 

[3] 
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• Fibers 

 

 

 

 

 

 

 

Figure 1. Fibers produced from PAN 

 

• Carbon fibers 

 

 

 

 

 

Figure 2. Carbon fibers produced from PAN 

 

• Adhesives 

 

Figure 3. Adhesives produced from PAN 
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• Engineering plastics 

 

 

Figure 4. Engineering components produced from PAN 

 

• Superabsorbent polymers 

 

 

 

 

 

 

 

 

Figure 5. Superabsorbent polymers produced from PAN 

 

This polymer is essential for textile and high technology applications due to its special properties, 

such as thermal stability, high strength and modulus of elasticity, UV degradation stability, non-

fusible and chemical resistance. Therefore, the main application is in textile industry, while the 

second one is related to the production of carbon fibers. However, there are other minor 

applications which use is growing, such as: [3] 

• fibers for cement reinforcement; 

• filtration membranes; 

• awning fabrics and outdoor applications; 

• oxidized PAN fibers for thermal and acoustic insulation; 

• anti-flame fibers; 

• felts’ manufacture for hot air filtration. 
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3.3. SGL Composites S.A. 

SGL Composites, S.A., former FISIPE – Fibras Sintéticas de Portugal S.A., is a producer of 

acrylic fibers for textile applications and its plant is located in Lavradio, in the county of Barreiro. 

SGL Composites, S.A. produces a variety of acrylic fibers that can be distinguished mostly by 

their shine, color, shape, thinness and shrinkage: [4, page 8] 

• tow – fiber in a continuous tape 

 

 

 

 

 

 

Figure 6. Acrylic fiber – tow 

 

• staple – cut fiber 

 

 

 

 

 

 

Figure 7. Acrylic fiber – staple 

 

• top – converted and brushed tow 

 

 

 

 

 

 

 

 

Figure 8. Acrylic fiber – top 
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• yarn – Open-End 

 

Figure 9. Acrylic fiber – yarn in a roll 

 

Plus, it is also produced carbon and oxidized precursor fibers. 

 

This firm was set up in September of 1973 as a result of a joint-venture between CUF – 

Companhia União Fabril and Mitsubishi Rayon Co. and Mitsubishi Corporation, although it started 

operating in 1976 with a nominal capacity of 12 500 ton/year of acrylic staple and tow. Hereupon, 

SGL Composites, S.A. always tried to associate the industrial and textile experience with the 

synthetic fibers production and the Japanese’s international knowledge. [4, page 5] 

Due to the market expansion, in 1980, the industry’s capacity was increased to 23 000 

ton/year. Simultaneously, the production of acrylic fibers special types was introduced. Later in 

1989, the industrial plant was revamped, increasing the capacity to 36 000 ton/year. [4, page 6] 

In 1990, SGL Composites, S.A. began to export and, in 1995, the production of a new product 

– the black fiber – introduced a new beginning to the industry. [4, page 6] 

During its lifetime, SGL Composites, S.A. gradually created conditions to apply its policy and 

development strategy, so in 1999 the Pilot Unit was planned, where it has been developed some 

special fibers and new technologies, such as flat fiber and gel dyeing respectively. [4, page 6] 

Figure 10. Carbon and oxidized precursor fibers 
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Later in 2003 the capacity reaches 56 000 ton/year, and in the second semester of 2009 the 

Pilot Unit was built. In February of the same year, it was built FISIGEN, holder of the new 

cogeneration plant of Barreiro, that provides the necessary steam and started to operate in the 

end of the year. In July of 2010, the extension of the Pilot Unit was concluded and nowadays it 

allows to: [4, pages 6, 7] 

• test the carbon precursor fibers; 

• develop the new carbon fiber; 

• establish privileged and trustful relationships with the clients of technical fibers.  

Later, in September of 2012, the SGL Group – The Carbon Company, the largest European 

producer of carbon fibers, concluded the acquisition of 100% of the company’s stock capital. For 

this reason, SGL Composites, S.A. is no longer quoted in Lisbon Stock Exchange. [4, page 7] 

Nowadays, SGL Composites, S.A. is an exporter and the firm’s priority is directed to quality 

and sophistication of the commercialized products, rather than to the produced quantity, 

expecting to gradually abandon the textile industry, dropping the production of commodity fibers 

with lower margin, and enter in the technical applications sector, where the carbon and oxidized 

precursor fibers are the future. [4, page 7] 

3.3.1. Products 

As a result of the advanced characteristics of SGL Composites, S.A. acrylic fibers, a wide 

range of products supply the textile industry and there are two types: the standard and the special 

one. [5] 

The standard type includes FISIVON standard staple, tow and top. FISIVON fiber is not 

affected by long exposure to light and it is resistant to aging, mold, moths, to most organic 

solvents, mineral acids and diluted alkalis.  Besides, it is also highly resistant to both dry and wet 

treatments and it is not affected by normal heat settings carried out at the end of the finishing 

processes. All FISIVON fibers’ answers to all human-ecological requirements related to direct 

contact to skin were fulfilled, including those for baby clothing. [5] The standard fibers are the 

second most demanded product, accounting for 31% of the 2017 total sales.1 

 

 

 

 

 

 

                                                           
1 Numbers withdrawn from an excel file provided by SGL Composites, S.A. on 26/06/2018 



11 
 

The special type has the following range of main products: 

Table 1. SGL Composites, S.A. products of special type and the respective percentage of the 2017 total sales 

 Fiber type [5] Description [5] 
% Sold Quantity 

(2017)1 

 

Color FISIVON 

Colour FISIVON is a fiber dyed by 

the most advanced technology for 

on-line dyeing - the Gel Dyeing 

Process. This is also the most 

ecological and efficient dyeing 

process. 

44 

 

FISIVON – Special 

Tows 

FISIVON extrafine, repco, high, 

medium, low shrinkage, super soft 

and mixed tow. 

7,4 

 

FISIVON – Special 

Staples 

FISIVON superfine, micro, 

unrelaxed and mixed fiber. The 

latter type is also available in gel-

dyed colors. 

2,5 

 

Flat by SGL 

Composites, S.A. 

Fiber with flat cross-section, 

perfectly rectangular, that allows 

excellent imitations of animal pile 

with an incredible natural look and 

very high softness. 

2,5 

 

Besides these products, there are others special types in a lower percentage, such as Black 

FISIVON, Pil Clean and Puma [5], accounting overall for 4% of the 2017 total sold quantity.1 

In addition, besides the fibers that supply the textile industry, there also are technical fibers 

and, as a result of the advanced characteristics of SGL Composites, S.A. products as well, they 

provide advanced solutions in a wide range of applications. [5] This type of fibers accounts for 1% 

of 2017 total sales and it includes Asphal +, Binder +, Filter +, Pulp + and Paper +.1 

Lastly, SGL Composites, S.A. also produces pigmented fiber, oxidized precursor fiber and 

carbon precursor fiber [5], which ones accounts for 2,5%, 3% and 2,6% of the 2017 total sold 

quantity, respectively.1 

 

 

 

http://www.fisipe.pt/catalogo/detalhes_produto.php?id=29&sessao=1
http://www.fisipe.pt/catalogo/detalhes_produto.php?id=29&sessao=1
http://www.fisipe.pt/catalogo/detalhes_produto.php?id=29&sessao=1
http://www.fisipe.pt/catalogo/detalhes_produto.php?id=29&sessao=1
http://www.fisipe.pt/catalogo/detalhes_produto.php?id=29&sessao=1
http://www.fisipe.pt/catalogo/detalhes_produto.php?id=29&sessao=1
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4. LITERATURE OVERVIEW 

4.1. Aqueous Dispersion Polymerization 

In the acrylic fibers industry, the aqueous dispersion polymerization is the most used 

polymerization method [6, page 826], [7, page 11] and, in fact, SGL Composites, S.A. applies this method. 

The reaction type in the aqueous dispersion polymerization is the free-radical type, meaning 

there is a redox system present and the most common one consists of ammonium/potassium 

persulfate (oxidizer), sodium bisulfite (reducing agent) and ferric or ferrous iron (catalyst) – the 

one used by SGL Composites, S.A.. Giving this redox system, the radicals are produced from the 

following two reactions – ferrous iron oxidation by persulfate and ferric iron reduction by 𝑆𝑂2 in 

the bisulfite form: [6, page 827], [7, page 12] 

𝑆2𝑂8
2− + 𝐹𝑒2+ → 𝐹𝑒3+ + 𝑆𝑂4

2− + 𝑆𝑂4
∗− 

𝐻𝑆𝑂3
− + 𝐹𝑒3+ → 𝐹𝑒2+ + 𝑆𝑂3

∗ + 𝐻+ 

These radicals, in turn, react with the monomer to initiate a polymeric chain. Concerning 

termination, it is usually pronounced by radical recombination, although SGL Composites, S.A. 

uses a chain-transfer agent (sodium bisulfite) – in commercial processes, chain transfer 

termination is used to control molecular weight with no effect on the overall rate of polymerization: 

[6, page 827] 

𝑃𝑛
∗ + 𝐻𝑆𝑂3

− → 𝑃𝑛𝐻 + 𝑆𝑂3
∗− 

The initiation step occurs mainly in the aqueous phase, although chain growth is limited since 

the monomer concentration is normally low and the polymer is insoluble in water. [6, page 826], [7, page 

11] 

Depending on the conditions, two cases may occur. On one hand, when aqueous chains 

aggregate or collapse after reaching a certain molecular weight, nucleation may happen – 

phenomenon favored at low conversion, since the aqueous monomer concentration is high and 

the existing polymeric particles are low. On the other hand, the aqueous radicals may be captured 

on the particle surface by an absorption mechanism – phenomenon more likely to happen at high 

conversion, since the monomer concentration is low and the existing polymeric particles are 

significant. [6, page 826], [7, page 11] These two events are schematically demonstrated below: 



14 
 

 

As the reaction proceeds, the particle surface gets gradually richer while the aqueous monomer 

concentration gradually decreases. Therefore, the polymerization continues in this monomer-rich 

layer and, as it is realized in Figure 11, the sorption becomes irreversible as the chain end grows 

into the particle. [6, page 826], [7, page 11] 

In aqueous dispersion polymerization, the polymeric chains grow by the agglomeration of 

primary particles because the nucleation is more likely to occur. This is justified by the poor 

polymer swelling and the significant acrylonitrile water solubility. [6, page 826] The following figure 

shows the structure of this agglomeration: 

The characteristic that differs the images above is the water/monomer ratio – the one used by 

SGL Composites, S.A. is confidential and it is mentioned in a separate document. In fact, this 

characteristic allows to manage the process costs: it was already studied that the process costs 

Figure 11. Nucleation and absorption mechanism during the aqueous dispersion polymerization [6, page 826] 

Figure 12. Scanning electron micrograph of a polymer particle formed by aqueous dispersion polymerization: the left 

one was formed at a 3,5 water/monomer ratio, while the right one was formed at a 2 water/monomer ratio [6, page 823]  
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are significantly reduced at low water/monomer ratios – Mitsubishi Rayon has reported ratios as 

low as 1,5 to increase the particle density and to improve particle dewatering. This cost reduction 

comes in the drying step. [6, page 836] 

Moreover, and as a matter of curiosity, the use of the redox system mentioned above and the 

use of a chain-transfer agent benefit the supply of dye sites. [6, pages 826 and 827] Also, the 

bisulfite/persulfate ratio in the reactional mixture influences the dye site content of the polymer: [6, 

page 827], [7, page 12] 

• if there are no chain transfer reactions, the dye sites are provided by initiator radicals. So, 

if the termination is based on radical recombination, each polymer chain has a dye site 

at each chain end; [6, page 827] 

• if the termination is based on chain transfer, the reducing agent ends a polymeric chain 

with a hydrogen atom while initiates another one with a sulfonate radical. On one hand, 

it is produced polymeric chains with only one dye site. On the other hand, as the polymer 

molecular weight is reduced, the total polymer dye site content is increased. [6, page 827] 

Summing all up, at a given molecular weight, there can be two dye sites per chain at low bisulfite 

levels or one dye site per chain at high bisulfite levels. [6, page 827], [7, page 12] In CP area of SGL 

Composites, S.A., the termination type that occurs is the chain transfer one, however the 

bisulfite/persulfate mass ratio is confidential and it is also mentioned in a separate document. 

4.2. Process Control 

All process systems consist of three factors: the manipulated variables, the disturbances and 

the controlled variables. Relating these factors to SGL Composites, S.A. case, and bearing in 

mind the scope of this work, the manipulated variables are the valve position and the motor speed, 

while the controlled variables are the flows, the temperature, the level, the pressure, the pH and 

the NSP. Hereupon, the control system must face the disturbances adjusting the manipulated 

variables so the controlled variables can return to the set point. [8, page 2] To illustrate this, the 

following scheme is presented: 

 

Figure 13. Process control variables [8, page 2] 

For each controlled variable there is an associated manipulated variable. 

Below some explanations are made, bearing in mind what is used by SGL Composites, S.A. 

in the polymerization reactors area. 
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4.2.1. Flow Measurement 

4.2.1.1. Magnetic Flowmeters 

The magnetic flowmeter is based on a volumetric basis and consists of a nonmagnetic tube 

surrounded by magnetic coils [8, page 263], as the following figure illustrates: 

 

Figure 14. A schematic magnetic flowmeter [8, page 264] 

 Hereupon, the magnetic coils provide a magnetic field, across the entire tube, when an 

electric current is applied. Once the fluid must have a minimum conductivity to act like a conductor, 

when it passes through the magnetic field, a voltage is generated, which value is proportional to 

the volumetric flow regardless the flow profile. Therefore, this type of flowmeters does not have 

in count viscosity changes. [8, pages 264 and 265] 

4.2.1.2. Coriolis Mass Flowmeters 

The Coriolis mass flowmeter is based on the force applied by the fluid’s Coriolis acceleration. 

This type of flowmeter consists of a vibrating tube, where the Coriolis acceleration is created and 

measured: [8, page 269] 

 

Figure 15. A schematic Coriolis mass flowmeter [8, page 269] 

This tube is already designed to have predictable vibration characteristics and it works with 

any fluid that flows at a enough quantity to operate the Coriolis flow tube. Basically, the drive 

assembly shown triggers the tube vibration that is sensed by two position detectors, one in each 

side of the tube. As the vibration frequency depends on the fluid density and the Coriolis 
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acceleration is proportional to the fluid mass, the Coriolis Mass Flowmeter accurately measures 

the fluid mass flow, density and volumetric flow. [8, page 269] 

4.2.2. Temperature Measurement 

4.2.2.1. Resistance Temperature Detectors 

The RTD designation used at SGL Composites, S.A. is Pt 100: Pt means platinum, the 

material RTD is made of, and 100 means the resistance measures 100 Ω at 0°C. In order to 

convert the resistance unit to a temperature unit it is used a function that relates these both 

measure units. The RTD is used to measure the temperature since it provides a good linear 

resistance/temperature relation between 0°C and 200°C. Above 200°C, thermocouples are more 

common to use. In addition, the platinum is the material detectors are made of because it can 

handle high temperatures and provides a good stability, without losing the good linearity between 

the temperature and the resistance. 

A typical RTD is shown below: 

 

Figure 16. A schematic typical RTD [8, page 189] 

The resistance of an RTD is measured using a Wheatstone bridge circuit. Supposedly, it 

would be enough to measure the RTD resistance locally. However, despite the RTD is located 

directly on the equipment, the measurement is done in the control room that can be at any 

distance. Therefore, wires are used to connect the RTD amplifier and the Wheatstone bridge 

measurement circuit. The wire itself has an associated resistance (called lead resistance) that 

leads to a significant error while measuring the temperature. [8, pages 190 and 191] To avoid this problem, 

SGL Composites, S.A. uses the arrangement of three-wire RTD bridge: 

 

Figure 17. Three-wire RTD bridge circuit [8, page 191] 



18 
 

This way, two wires are in opposite sides of the bridge (A and B, in this case), which means their 

resistance is canceled, while the third wire (C, in this case) is the sense lead and allows to 

precisely measure the temperature. [8, page 192] 

 

In addition, the pH and the NSP are also measured at SGL Composites, S.A. – not in a 

continuous way, but according to an established routine because, since the reactional mixture is 

a suspension, if a device is used to obtain a continuous measure, as it was already done in the 

past, a polymeric lay starts forming around the measurement apparatus, making it impossible to 

get a correct measure. These two variables are used to intermediately control the products’ 

quality. 

4.2.3. Controllers 

In industrial processes, it is expected to witness disturbances upon the stationary state of the 

process. However, it is possible to manage them by using controllers that use transfer functions 

to reduce or even to eliminate the error.  

Therefore, the goal is to reduce the error between the process output and the respective set 

point. To do so, the value of the measured variable is first sent to a transducer that produces a 

current output. This current enters the controller where it is compared to the set point and an error 

signal is produced and converted to an output signal. The latter enters the converter which 

produces another output signal that, in turn, is sent to the final control element, which actuates 

depending on the information received. [9, page 188] The following illustration resumes what was 

described: 

 

Figure 18. Block diagram of the control process that goes from the input (measured variable) to the output (manipulated 

variable) [9, page 190] 

The controller is capable of producing an output signal because of the control algorithm. [9, 

page 188] Below, the mode of the control algorithm used by SGL Composites, S.A. is explained. 

4.2.3.1. Proportional-Integral-Derivative Control 

All the controllers at SGL Composites, S.A. uses the three control modes: proportional, 

integral and derivative mode.  

The proportional control reduces the error by leading the system to a new steady-state value 

[9, page 192] (the difference between the new stationary state and the original one is called offset  [9, 

page 198]). The integral control integrates the offset, eliminating it, so the system returns to the 

original steady-state value. [9, page 198] Although in an oscillatory way. [9, page 198] The derivative control 
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derives the offset, eliminating it as well, so the system returns to the original steady-state value 

but with no oscillations. [9, page 198] 

Gathering the three control modes, the proportional-integral-derivative control has an 

improved response: the error is reduced quicker, meaning there is a stabilizer action of the 

proportional mode, the controlled variable returns to the original steady-state value, meaning the 

offset is eliminated by the integral mode, and it happens with little or no oscillations, meaning the 

stabilization is quicker and the error amplitude is reduced/eliminated by the derivative mode. [9, 

pages 197 and 198] 

The following figure shows the response of the control types: 

 

Figure 19. Typical response of each control action [9, page 198] 

4.2.4. Types of Control 

In CP area, SGL Composites, S.A. has implemented the three following control types.  

4.2.4.1. Ratio Control 

The ratio control is usually used when keeping a certain proportion between two flows of two 

different streams is important/necessary. [9, page 370] The actuator is placed only in one of the 

streams and, after the two flows are read, it operates to keep the required ratio. [9, page 371] Though 

there is no direct control over the magnitude of the controlled variable, which may lead to 

instability of the system. Hereupon, the ratio control may be ineffective. 

4.2.4.2. Feedback Control 

The feedback control is the normal/basic type – the transmitter reads the controlled variable 

and sends a signal to the controller. After comparing the read value and the setpoint, the controller 

sends a signal to the actuator, which adjusts the manipulated variable to correct the controlled 

variable. [9, page 361] However, if the indicator response time is slow or if the indicator is located far 

from the disturbances zone, the actuator response may lead to instability of the system. 

Hereupon, the feedback control may also be ineffective. 
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4.2.4.3. Cascade Control 

The cascade control measures two variables – the master one that is the controlled variable, 

and the slave/secondary one that is used to reduce the response time – and has two controllers. 

Basically, the primary controller controls the master variable and adjusts the set point of the 

secondary controller that, in turn, controls the secondary variable. Hereupon, the secondary 

control loop acts quickly to maintain the secondary variable close to the set point adjusted by the 

primary controller by measuring the master variable. [9, page 354] 

4.2.5. Final Control Elements 

The final control devices convert the control signal into the correct action to control the 

system, having a direct influence on the process. [8, page 275] The final control devices that are 

mentioned below are control valves and pumps. Despite on/off valves do not control any variable, 

this type is also mentioned here. 

4.2.5.1. Control Valves 

A control valve is an apparatus used to regulate the flow of fluids by varying the area of the 

existing orifice. [10, page 639] It basically consists of an actuator and a valve that, in turn, is divided 

into the body and the trim. [9, page 423] The following figure shows the existing control valves 

classification: 

 

Figure 20. Classification of valves [10, page 640] 

The area of the valve orifice is changed by an actuator depending on the required flow – here, 

it will only be described the type of actuator SGL Composites, S.A. uses in the CP area.  

The actuator designation depends on the energy used and, as it can be realized by Figure 20, 

there are pneumatic, electric, hydraulic and manual actuators – the pneumatic one is the most 
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used. In fact, in the CP area of SGL Composites, S.A., all the actuators are pneumatic since the 

valves are diaphragm valves. This actuator type positions the stem according to the air pressure, 

existing the air-to-close valve and the air-to-open valve. These valves are based on a linear 

movement. [10, page 657] As the air pressure increases, in the air-to-close valve the plug moves 

downward and restricts the fluid flow that passes through the valve, while in the air-to-open valve 

the plug moves upward and allows greater fluid flow to pass through the valve. [9, page 187] 

 

Figure 21. A schematic diaphragm actuator: the left valve is an air-to-close one, while the right valve is an air-to-open 

one [10, page 657] 

A pneumatic signal is sent to the pneumatic actuator, which is received by the positioner. 

Depending on the required stem position, the sent pressure signal changes. [10, page 657] 

4.2.5.2. On/Off Valves 

This type of valves is either fully open (on) or fully closed (off), but it does not control any 

variable. Thus, even if the process deviates only slightly from the set point, the valve moves from 

one extreme position to the other one. [9, page 194] 

4.2.5.3. Pumps 

Other final control device are pumps, which are used to move fluids from one place to the 

other by mechanical action. This device is simple to operate, energy efficient and can provide 

both flow and pressure control in a single piece of equipment. [8, pages 302 and 303] 

In the CP area of SGL Composites, S.A., the pumps used are the centrifugal ones. These 

pumps are dynamic, meaning the fluid velocity and the resulting momentum are used to move 

the fluid through the piping system. Therefore, a centrifugal pump imparts velocity to the process 

fluid and, as it leaves the pump, the velocity is converted into pressure energy. [8, page 303] A scheme 

is shown below: 

Stem 

Diaphragm 

Air 

Air 

Coil 

Coil 

Plug Plug 
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Figure 22. A schematic centrifugal pump 

Usually, centrifugal pumps operate at a fixed speed but, if a control valve is used in the 

discharge line, as it is an energy-consuming device, the pump operates at a variable-speed to 

compensate the energy loss. [8, page 303] 

Although centrifugal pumps are the most common, there are other types as shown below: 

 

 

 

 

 

 

 

 

 

 

 

4.3. Distributed Control System 

DCS is a design concept that distributes the process control to computer modules, and each 

of them controls one to four instrument loops. Therefore, the operator is able to monitor the 

operation of each local process. [8, page 315] 

Microprocessor-based controllers perform loop controls and apply logic functions, collect and 

analyze process data and finally transfer it to the rest of the system. The process control and 

monitoring (through a screen) are possible due to controllers, input/output systems and their 

associated field devices, but the attention goes to the communication of input and output signals 

between the process and the DCS. Basically, the input/output systems consist of signal 

Figure 23. Classification of pumps 
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conversions, using control functions, required by measurement devices and control elements. 

Regarding the operators in the control room, it is only necessary to provide information about the 

inputs and outputs to be controlled, since the DCS internal software performs the control 

functions. [8, pages 316 and 317] 

Summing all up, the DCS console allows the operators to control and monitor either an area 

of the plant or a specific zone. Moreover, DCS software stores long-term data and it is possible 

to obtain graphics that change colors, level and messages. [8, page 318] These graphics are as a 

function of time and can show dynamic detail or long-term trends (the time segment can be 

selected to be a few minutes to a few hours). [9, page 587] 

4.3.1. Alarms 

Giving the importance of being aware of the problems that are possible to occur in a process, 

it is necessary that the control software is able to detect and report them – this is usually done by 

an alarm. At SGL Composites, S.A., all the alarms are based on a visual and an audible signal. 

During the configuration of the alarms, their limits and type of annunciation are specified, as well 

as their priority rate (the alarms of the most critical variables have a highest priority, while the 

alarms of less critical variables have a lower priority). [9, page 587] 

In the polymerization area of SGL Composites, S.A., all the flows, the temperature, the 

pressure and the motor sign of all the reactors have an alarm associated – a higher and a lower 

alarm, depending if the value is higher or lower than the set point, respectively. 
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5. ACRYLONITRILE POLYMERIZATION AT SGL COMPOSITES, S.A. 

The acrylonitrile polymerization at SGL Composites, S.A. is based on a free-radical reaction 

of the acrylonitrile and the vinyl acetate. [11] 

This exothermic reaction takes place in an aqueous medium and occurs continuously under 

quasi steady state conditions with an 88% conversion. The reaction is performed in 3 of 4 CSTR 

reactors, in order to vary the production regime of this area, and the redox system consists of 

aqueous solutions previously prepared of ferrous sulfate, sodium bisulfite and ammonium 

persulfate. The first one works as a catalyst of the reaction, while the latter is an oxidizer and the 

main initiator. Concerning sodium bisulfite, it is a chain-transfer agent that also regenerates the 

oxidized form of the ferrous ion and, hence, acts simultaneously as an initiator. [12, page 1] The 

initiation and propagation reactional mechanisms are as follows: [7, page 12]  

Initiation 

𝑆2𝑂8
2− + 𝐹𝑒2+ → 𝑆𝑂4

2− + 𝑆𝑂4
−∗ + 𝐹𝑒3+ 

𝐻𝑆𝑂3
− + 𝐹𝑒3+ → 𝑆𝑂3

−∗ + 𝐹𝑒2+ + 𝐻+ 

Propagation 2 

 

Concerning the termination step, free-radical polymer chains can terminate by three mechanisms: 

Chain Transfer (more likely to happen) [7, page 11] 

𝑆𝑂4(𝐶𝐻2𝐶𝐻𝐶𝑁∗)𝑛
−

+ 𝐻𝑆𝑂3
− → 𝑆𝑂4(𝐶𝐻2𝐶𝐻𝐶𝑁)𝑛𝐻− + 𝑆𝑂3

−∗ 

 

Radical Recombination 2 

𝑆𝑂4𝐶𝐻2𝐶𝐻𝐶𝑁∗− +  𝑆𝑂4(𝐶𝐻2𝐶𝐻𝐶𝑁∗)𝑛−1
−

→ 𝑆𝑂4(𝐶𝐻2𝐶𝐻𝐶𝑁)𝑛𝑆𝑂4 2− 

 

Disproportionation 2 

𝑆𝑂4𝐶𝐻2𝐶𝐻𝐶𝑁∗− +  𝑆𝑂4𝐶𝐻2𝐶𝐻𝐶𝑁∗− → 𝑆𝑂4𝐶𝐻 = 𝐶𝐻𝐶𝑁− + 𝑆𝑂4𝐶𝐻2𝐶𝐻2𝐶𝑁 − 

                                                           
2 Mechanisms shown and explained in a presentation at SGL Composites, S.A. on 04/2018 

… 

… 
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As it can be confirmed, sodium bisulfite is both a reducing agent and a chain-transfer agent. 

Besides all the solutions mentioned above, a sulfur acid filtered solution is also applied to keep a 

constant pH, which value is confidential and is mentioned in a separate document. [12, page 1] 

On the one hand, the monomers bent, previously prepared, is fed continuously in each reactor 

by direct discharge in the reactional mass, as well as the deionized water and CE. The latter is 

fed separately so the reaction does not initiate earlier. On the other hand, the solutions of CB, CD 

and HS are fed through the DIW2 admission stream, at such distance that it is possible to 

uniformly mix them before entering the reactors. All the feedings mentioned above are completed 

in the top of the reactors. Moreover, the reactional mixture is continuously agitated by a propeller-

type stirrer, describing an axial movement. While the reaction occurs, the polymer suspension is 

expelled out of the respective reactor by overflow. However, since this discharge is not 

uninterrupted giving the nature of the product, the direct slurry feed – a little column – is used to 

receive the reactor’s overflow and to feed the next equipment direct and continuously.  

The inhibitor solution is added in the reactors discharge tube to prevent the reaction to last. 

[12, pages 1 and 2] This is possible because this solution is composed by: [12, page 2] 

• oxalic acid, which is an antioxidizer; 

• EDTA, to complex the iron and prevent it from starting the reaction; 

• sodium bicarbonate, which increases the pH of the suspension and consequently 

disfavors the reaction by neutralization. 

The reactional temperature value is confidential and it is also mentioned in a separate 

document. Nevertheless, the temperature is controlled by the cooling water that circulates in the 

cooling jackets of the reactors, in a closed circuit and with a high flow. Its admission is found in 

the low zone of the respective jacket and its discharge is in the superior side zone. The TW water 

comes from the cooling tower, where it is cooled along with the posterior tubular heat exchanger 

that uses chilled water. TW is cooled in the end to 18°C, as well as MB and DIW2 feeding streams, 

but in a plate heat exchanger, to avoid an overload of the cooling system. [12, page 1] A scheme of 

the cooling circuit and the respective control is exposed below: 
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Figure 24. Cooling control scheme 

The cooling control scheme above confirms the cooling water comes from the cooling tower, 

and enters the cooling jacket with the help of the centrifugal pump. This scheme also confirms 

the TW flows in a closed loop, although only a small portion. The major quantity returns to the 

cooling tower to proceed to the cooling process once more. Besides monitoring the pressure, by 

pressure indicators, the temperature is also monitored by a temperature register. Now, regarding 

the reactional mixture temperature, it is controlled by a temperature register controller with an 

associated alarm and its value is indicated on the panel. This TRCA is connected to a diaphragm 

valve, which receives a pneumatic signal from the controller and actuates depending on the 

information – bearing in mind the reaction is exothermic, if the reactor inner temperature 

increases, the valve opens so more TW flow can circulate in reactor’s jacket and decrease the 

temperature in question; and vice-versa. In addition, to realize if all malfunctions possibilities were 

considered, the inlet and outlet streams’ pressure were known: 2 bar and 1 bar, respectively. This 

way, if the centrifugal pump stops working, the pressure difference is enough for TW to flow. 
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A picture of a 12 m3 reactor is presented below: 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

as well as its scheme:  

 

Figure 26. Scheme of the polymerization reactor [12, page 2] 

                                                           
3 Pictures taken on the spot on 18/06/2018 

2,41 m 

2,09 m 

Figure 25. Pictures of a 12 m3 polymerization reactor with the real measures: on the left, it is the upper zone; on the 
right, it is the lower zone. Its diameter is 1,86 m 
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About the construction materials of the equipment and their surrounding pipes, these are 

corrosion resistant to not contaminate the reactional mixture with metallic ions – copper, iron or 

mercury – that might catalyze the reaction – these ions influence, not only the polymerization 

reaction, but also the thermal stability of the polymer color. Therefore, all the pipelines and 

equipment are made of stainless steel, except for the ones HS and CD solutions cross which are 

made of PVC. In the reactors case, except for the stirrers shafts that are also made of stainless 

steel, these are constructed in aluminum, not only to avoid the reaction catalysis since this 

material is not composed by iron, but also because of its high heat transfer coefficient and its low 

tendency to form inlays. [12, page 2] 

Given the importance of not losing heat and protecting people from burns, aluminum isolation 

is used in steam, condensates and some process pipes. 

In addition, after the reaction step, the slurry proceeds to a column so the unreacted 

monomers can be separated. This is followed by filtration and washing steps and, after that, the 

polymer is pelletized, dried, ground and finally stored for later spinning. [6, page 836] To produce PAN 

fibers after obtaining the polymer, there are those who apply the dry-spinning process, but SGL 

Composites, S.A. follows the Mitsubishi Rayon example and applies the wet-spinning process 

using dimethylacetamide as solvent. 
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6. CHEMICAL REACTIVITY 

The chemical reactivity study was divided in kinetics research and in an adiabatic system 

simulation. The kinetics research helped to understand the role each monomer performs during 

copolymerization and to embrace the system as three different parts, in order to understand their 

different energetic behavior. The adiabatic system simulation allowed to understand how the 

system reacts under adiabatic conditions. 

6.1. Kinetics 

As implicitly mentioned, PAN is a copolymer, and the distribution of both monomers is the 

great importance and curiosity. Such parameter is described by the respective reactivity ratios 

that, for this case, were withdrawn from [13]. The reactivity ratio is the ratio of the rate constant for 

adding to the chain the same monomer at the chain end to the rate constant for adding the other 

monomer. Assuming that monomer 1 is AN and monomer 2 is AV, the values are: 𝑟1 = 4,05 [13] 

and 𝑟2 = 0,04 [13]. This is a limiting case and means that, in the initial stage of copolymerization, 

AN is incorporated faster and PAN is rich in AN but, when it gets depleted, more AV segments 

are added. 

During software handling (Aspen Plus), the required kinetic information was related to 

Arrhenius parameters – the activation energy, being the energy required for the reaction to occur, 

and the pre-exponential factor, being related to collision of molecules and their orientation. Such 

information, withdrawn from [13], is therefore presented in Arrhenius equation form: 

 𝑘 = 𝐴𝑒−𝐸𝐴 𝑅𝑇⁄  (1) 

 

and, according to [13], the parameters’ values of the initiation, propagation and termination are 

included in the following table: 

Table 2. Initiation constant and activation energy at 40°C. Propagation and termination constants and the respective 

activation energy at 25°C [13, pages 68, 81 and 417] 

 EA (kcal/mol) 𝒌𝒙 (Lmol-1s-1) 

Initiation 20,0 1,65 × 10−2 

Propagation 4,1 1,54 × 104 

Termination 5,4 2,70 × 109 

 

With the information above and giving the fact the initiation constants were determined at 40°C 

[13, page 68] and the propagation and termination ones were determined at 25°C [13, page 81], each pre-

exponential factor was calculated. Hereupon, the stages that complete a polymerization reaction 

are defined by the following equations: 

 𝑘𝑖 = 1,50 × 1012 𝑒−20,0 𝑅𝑇⁄  (L/mol.s) (2) 
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 𝑘𝑝 = 1,56 × 107 𝑒−4,1 𝑅𝑇⁄  (L/mol.s) (3) 

 𝑘𝑡 = 2,45 × 1013 𝑒−5,4 𝑅𝑇⁄  (L/mol.s) (4) 

 

About the initiation, it is important to mention that the values found are related to the initiator 

potassium persulfate [13, page 68] but, as this component is a good substitute for ammonium 

persulfate, assuming the values above is reasonable. 

In addition, and to support the above-mentioned results, the kinetic parameters related to 

propagation and termination were found as well in an article. [14, page 221] The following table 

compares the results from both references: 

Table 3. Propagation and termination Arrhenius parameters from an article  [14] and from a polymer handbook  [13] 

 Article Polymer Handbook 

 EA (kcal/mol) k0 (Lmol-1s-1) EA (kcal/mol) k0 (Lmol-1s-1) 

Propagation 4,1 3 × 107 4,1 1,56 × 107 

Termination 
5,4 (radical recombination) 

2,3 (chain transfer) 

3,3 × 1013 (radical recombination) 

6,7 × 105 (chain transfer) 
5,4 2,45 × 1013 

 

As it can be seen, the propagation and termination Arrhenius parameters are quite similar 

between both references, although the article specifies two different types of termination – radical 

recombination and chain transfer. Comparing both references, it can be concluded that the 

termination values withdrawn from the polymer handbook are related to radical recombination, 

giving the similarity. In fact, theoretically, termination is usually pronounced by radical 

recombination (chain transfer is more likely to happen during SGL Composites, S.A. process 

because of a chain-transfer agent existence). If there is a chain-transfer agent, a polymeric chain 

can terminate by chain transfer and, analyzing Table 3, it is more likely to happen since the 

activation energy is lower than the activation energy of radical recombination (which means the 

energy required for the chain transfer reaction to occur is lower, then more probable). 

Despite the similarity, the values withdrawn from the polymer handbook were used in the 

future work, since the article is not recent (from 1959), there are no initiation parameters’ values 

in it and the method used (dilatometric method) to determine the values on Table 3 is not precise. 

6.2. Adiabatic System 

Bearing in mind the estimation of the maximum temperature the polymerization reactor can 

reach without any exchange of heat, during the experiments in the Pilot Unit (a topic later 

explained on this dissertation) it was simulated an adiabatic system by leaking the cooling jacket 

out. Although it is not a 100% isolated, that experiment led us to a realistic idea of what could 

happen on the industrial polymerization reactor. The result is presented below: 
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As it was expected, the reactional mixture temperature increased abruptly due to no cooling. 

Despite the agitation, since the heat could not be exchanged with any cooling liquid, the reaction 

exotherm was not regulated and the reactional mixture started hardening. Although this test was 

stopped around 70°C, it was observed that the temperature does not stabilize, therefore it would 

increase infinitely until the reactional mass solidifies completely. 

Moreover, this experiment had a setback: initially, instead of leaking the cooling jacket out, a 

greater quantity of cooling water was circulating inside of it – that is why there is a temperature 

drop in Figure 27. 

In case this scenario happens industrially, due to a pipe rupture for example, in the first place 

the alarm associated to the reactional mixture temperature is triggered. However, many reasons 

can be behind this rise: in this case, it is noticed by the TW outlet temperature indicator. The 

response to this possible scenario, in case the system is not recovered, is to stop and clean the 

reactor out, as the operators well know. 

  

Figure 27. Impact of an adiabatic system on the reactional mixture temperature 
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7. PROCESS HAZARD ANALYSIS 

In order to diagnose the probability of runaway or explosion at the polymerization reactor, the 

worst-case scenarios were analyzed. To do so, the software Aspen Plus was used to understand 

the behavior of the reactional mixture towards the flow variation of the feeding solutions, while in 

the Pilot Unit it was studied the behavior of the reactional mixture towards the cooling and 

agitation loss, the lack of inert media, the pH variation and the unexpected introduction of 

unreacted MB. These deviations were evaluated through the reactional mixture temperature. 

7.1. Software Aspen Plus (Polymers) 

The software used for the first simulations was Aspen Plus, but more specifically the Polymers 

template. 

The Polymers template is a general-purpose process modeling system for the simulation of 

polymer manufacturing processes. The modeling system includes modules to estimate 

thermophysical properties, to perform polymerization kinetic calculations and associated mass 

and energy balances. [15, page 5] After establishing the stationary state, there is a module of 

sensibility analysis, in which the simulations are based on, where it is possible to understand how 

a manipulated variable impacts the variable to be studied. 

So, to proceed to the sensibility analysis, first each component present in the feeding 

solutions was defined, and then the following flowsheet that resumes the reactor zone was 

prepared: 

Then, the polymerization reaction was described, as well as its kinetics, and lastly the inlet 

conditions of each stream and working conditions of each block were defined. These conditions 

are the ones used industrially (Appendix I). The reactor here simulated was a 12 m3 one and, 

after running the known stationary state, it was obtained an overflow temperature of 62,03°C. 

Meanwhile, the simulations began and the reactional mixture temperature was measured at the 

overflow. 

 

Figure 28. The acrylonitrile copolymerization process schematically 
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7.1.1. Results of the Simulations 

7.1.1.1. MB 

The first scenario being analyzed is the variation of MB solution’s flow. The table below 

describes the sensitivity analysis in question and the deviation here employed was between less 

20% and more 20%. 

Table 4. Impact of the variation of MB feeding flow on the reactional mixture temperature 

QMB (L/h) Treactional mixture (°C) 

2986 63,91 

3135 63,52 

3285 63,13 

3434 62,75 

3584 62,37 

3733 62,00 

3882 61,64 

4032 61,28 

4181 60,93 

4331 60,59 

4480 60,25 

 

The red numbers indicate the standard conditions of this solution. In order to facilitate the results 

conception and its comprehension, the following graphic was drawn:  

 

Figure 29. Reactional mixture temperature dependence on MB feeding flow 

In MB case, the temperature of the reactional mixture linearly decreases with its feeding flow 

increasing and vice-versa. In fact, if there are more monomers reacting, there are more radicals 

forming, which means that more chains are growing at the same time. However, the residence 

time remains, so each chain does not grow as much and, thus, the final polymer chains are 
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smaller. This results in polymeric chains with lower molecular weight and that is why the energy 

released is lower than the usual and, consequently, the temperature decreases. However, to a 

large variation of flow corresponds a low variation of temperature (the maximum temperature 

indicated by Figure 29 is 63,91°C). 

7.1.1.2. CB 

The next scenario to analyze is the variation of the catalyst solution’s flow. Table 5 resumes 

the results of this simulation and the deviation here employed was between less 10% and more 

10%. 

Table 5. Impact of the variation of CB feeding flow on the reactional mixture temperature 

QCB (L/min) Treactional mixture (°C) 

0,757 62,03 

0,774 62,03 

0,791 62,03 

0,807 62,03 

0,824 62,03 

0,841 62,03 

0,858 62,03 

0,875 62,03 

0,891 62,03 

0,908 62,03 

0,925 62,03 

0,757 62,03 

 

Yet again, the red numbers indicate the standard conditions of this solution and the data is 

gathered in the following graphic:  

 

Figure 30. Reactional mixture temperature dependence on CB feeding flow  

61,5

61,8

62,0

62,3

62,5

0,750 0,770 0,790 0,810 0,830 0,850 0,870 0,890 0,910 0,930

T
re

a
c

ti
o

n
a

l 
m

ix
tu

re
 (
°C

)

QCB (L/min)



38 
 

In CB solution case, there is enough cooling water flow to answer the released heat deviation 

due to the flow variation, so the reactional mixture temperature is controlled around 62,03°C, 

maintaining its stationary state value. 

7.1.1.3. CE 

This scenario is related to the variation of the initiator solution’s flow. Table 6 summarizes the 

results of this simulation and the deviation here employed was between less 20% and more 20%. 

Table 6. Impact of the variation of CE feeding flow on the reactional mixture temperature 

QCE (L/min) Treactional mixture (°C) 

4,54 62,38 

4,77 62,38 

5,00 62,38 

5,22 62,38 

5,45 62,08 

5,68 62,08 

5,91 62,08 

6,14 62,08 

6,36 61,78 

6,59 61,78 

6,82 61,78 

 

Once more, the red numbers indicate the standard conditions of this solution, which temperature 

is different from the stationary state temperature (62,03°C). This difference was not expected, 

however the RTD only measures up to the tenth, so this difference is not detectable. The data 

above is represented in the graphic below: 

 

Figure 31. Reactional mixture temperature dependence on CE feeding flow 
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In CE case, the reactional mixture temperature decreases with CE feeding flow increasing, 

although not in a linear way: contrary to what happens in MB case, here the temperature does 

not change along any flow variation (that is why the graphic has the shape of a stair). Curiously, 

the temperature always varies 0,30°C. Hereupon, there is enough cooling water flow to answer 

the released heat deviation, and so to control the reactional mixture temperature around 62°C, 

but only for a narrow range of CE flow. Despite the temperature variations, the values above and 

below the standard one are within the alert limits (62±1,5)°C. 

Additionally, the feeding flow of the initiator solution must be carefully controlled, since its 

increase leads to polymeric chains with lower molecular weight, resulting from more chains 

growing up at the same time during the same residence time of the stationary state, which 

consequently leads to a reactional mixture temperature decrease that in turn leads to a slow 

reaction that may even stop. 

 
7.1.1.4. CD 

The last scenario is related to the variation of the transfer agent solution’s flow. The table 

below resumes the results of this simulation and the deviation here employed was between less 

20% and more 20%. 

Table 7. Impact of the variation of CD feeding flow on the reactional mixture temperature 

QCD (L/min) Treactional mixture (°C) 

5,47 62,44 

5,74 62,44 

6,02 62,44 

6,29 62,44 

6,57 62,09 

6,84 62,09 

7,11 62,09 

7,39 62,09 

7,66 61,74 

7,94 61,74 

8,21 61,74 

 

Again, the red numbers indicate the standard conditions of this solution, which temperature is 

different from the stationary state temperature (62,03°C). This difference was once more not 

expected, however the RTD only measures up to the tenth, so this difference is not detectable. 

The data above is presented in the graphic below: 
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Figure 32. Reactional mixture temperature dependence on CD feeding flow 

Like the previous case, the reactional mixture temperature decreases with CD feeding flow 

increasing, although not in a linear way: once more, the temperature does not change along any 

flow variation (that is why this graphic also has the shape of a stair). Comparing CE and CD 

simulation results, the slope between the different temperatures is softer in this case, since it is 

necessary a bigger flow variation for temperature to vary – the system is more sensitive to CE 

variations. Despite this difference, it is also concluded there is enough cooling water flow to 

answer the released heat deviation, and so to control the reactional mixture temperature around 

62°C, but only for a narrow range of CD flow. Besides, despite the temperature variations, the 

values above and below the standard one are as well within the alert limits (62±1,5)°C. 

As it is important to control MB, CB and/or CE feeding flow, the CD feeding flow is no 

exception since its increase leads to polymeric chains with lower molecular weight, but in this 

case it results, not only from more chains growing up at the same time during the same residence 

time of the stationary state, but also from chain termination, which consequently leads to a 

reactional mixture temperature decrease that in turn leads to a slow reaction that may even stop. 

 

In spite of the results obtained with Aspen, in reality the impact of any reagent flow variation 

might not be exactly as shown in the graphics above. The difference may be the fact that in reality 

there is a controller response which may be slow, probably due to its own lag or due to the 

controller good stability that leads to a slower response. Consequently, the intervention of 

operators must be needed and the human factor is also not considered by Aspen – the response 

time of a software is clearly faster than the response time of a human. Industrially, the same 

deviation can be handled differently and can have different results, unlike Aspen that is not 

influenced by any of these external and uncontrollable factors. 
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Additionally, in case any of the deviations above happens industrially, and bearing in mind 

today’s control system at SGL Composites, S.A., the alarm associated to the reactional mixture 

temperature is triggered. However, many reasons can be behind this deviation: in this case, it is 

noticed by the feeding flows indicators, which each of them also has an alarm associated. The 

response to this possible scenario, in case the system is not recovered, is to stop and clean the 

reactor out. 

7.2. Pilot Unit 

The Pilot Unit is an infrastructure where the following processes are simulated in a pilot scale: 

4 

• polymerization; 

• dope preparation; 

• spinning; 

• cutting and baling. 

Thus, the process in the Pilot Unit goes from the acrylonitrile to the fiber production. Moreover, 

the aim of these simulations is to develop new products and processes, as well as optimizing the 

existing ones. 4 

Nowadays, as SGL Composites, S.A. belongs to the SGL group, the Pilot Unit utilizes the 

oxidized and carbon fiber precursors for new developments. To do so, the infrastructures used 

(the processes mentioned above) had to be updated. 4 

In 2010, the Pilot Unit was revamped to install a conversion unit of precursors into carbon 

fibers. Now, the process goes from the acrylonitrile to the carbon fiber production. 4 

 

 

 

 

 

 

 

 

 

                                                           
4 Information provided by SGL Composites, S.A. via e-mail on 04/07/2018 



42 
 

Now, concerning the polymerization experiments, the experimental setup is presented below: 

5 

 

 

 

 

 

 

 

 

 

 

and so, the installation where the experimental setup was: 5 

 

 

 

 

 

 

 

 

 

 

While in Aspen Plus a 12 m3 reactor could be defined, in the Pilot Unit the experiments were 

carried out in a 5,7 L reactor (consequently, the industrial conditions had to be adjusted to this 

volume). Once the experimental setup was prepared, there was a check-list for the polymerization 

tests to be completed (Appendix II). 

Furthermore, the registration sheet of each experiment (the calibration of the flows and the 

data that was punctually obtained during the tests) is presented in the Appendix III. Below, during 

results presentation, what all the graphics illustrate after the tests results (marked with a black 

circle) is the reactor stoppage and its cleaning. 

 

                                                           
5 Picture provided by SGL Composites, S.A. on 04/09/2018 

Inlet streams 

Overflow 

Cooling water circulation 

Experimental 

setup 

Feeding 

tanks 

Figure 33. Experimental setup used in the Pilot Unit 

Figure 34. Pilot Unit installation for the polymerization experiments 
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7.2.1. Materials 

Before starting the experiments of the worst-case scenarios, it was necessary to prepare the 

required solutions, bearing in mind the following quantities: 

Table 8. Necessary quantities to prepare the feeding solutions 

 msolid (g) Total (g) 

CD 1592 80000 

CE 404 80000 

CB 1800 80000 

HS 200 19000 

AN+AV 
11383 (AN) 

14376 
1013 (AV) 

 

Concerning the monomers bent, it was supposed to use the one continuously and already 

prepared in the processual area. As it was not possible, the MB was prepared in the Pilot Unit, 

even though the AN came from its storage tank. At the end of these preparations, the solutions 

were agitated with nitrogen during 5 to 10 minutes. 

As it is discriminated in the check-list (Appendix II), during the reactor’s pre-start there were 

two steps involving the addition of CB and HS, each one in its right time. These solutions are from 

the previous preparations, but only the following quantities are added: 

Table 9. Required quantities of CB and HS solutions for the reactor’s pre-start 

 mliquid (g) 

CB (1:1000) 103 

HS 26 

DIW2 3975 

 

Hereupon, together with the other steps completed, it was all set to start the tests. 
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7.2.2. Results of the Experiments 

7.2.2.1. Loss of Agitation 

As first experiment, it was studied the impact of the agitation loss on the reactional mixture 

temperature. The result is presented below:  

 

 

 

 

 

 

 

 

 

 

 

As it can be realized, once the agitation stopped the reaction continued and its respective 

heat concentrated instead of dispersing. Naturally, the reactional mixture temperature increased 

abruptly and uncontrollably and the reactional mass started solidifying. 

In case this scenario happens industrially, the reactional mixture temperature alarm is 

triggered so the operators can be aware. When it happens, it all the variables that can cause such 

effect must be checked – in this case, there are two possibilities since the stirrer can stop for two 

reasons: either there is a problem in its coupling or an electrical problem. 

On the one hand, if the problem is in the stirrer’s coupling, the engine sign remains on, but 

the stirrer power decreases, whose value is indicated on the panel. Hereupon, the reactor must 

be stopped and cleaned out. 

On the other hand, if the problem is electrical, the engine sign is off, so its alarm is triggered. 

In this case, the operators try to start the engine up again and, if it does not respond, the stirrer 

must be fixed. As the stirrer cannot be stopped for more than 5 minutes, when it does the reactor 

must be stopped and cleaned out. 

Figure 35. Impact of agitation loss on the reactional mixture temperature 
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As a curiosity, if there is an energy cut, the stirrer is connected to the emergency generator, 

which actuates within seconds. Furthermore, on the first business day of every month the 

generator is checked so that possible problems can be fixed. 

7.2.2.2. Lack of Inert Media 

Another worst-case scenario was related to the reactor start up with no inert media. The 

following graphic resumes the data: 

 

Figure 36. Impact of inert media on the reactional mixture temperature 

As the aim of the inert media is to suppress the reactive atmosphere, this circumstance does 

not influence the reactor operation. Therefore, it is expected to start and to work normally with no 

impact on the reactional mixture temperature, as it is shown by Figure 36. 
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7.2.2.3. Loss of cooling 

Regarding the cooling loss scenario, the graphic below sums it up:  

 

Figure 37. Impact of cooling loss on the reactional mixture temperature 

The difference between this experiment and the adiabatic system simulation is that, in this 

case, the cooling water remained still inside the jacket. Therefore, as it was expected, the 

reactional mixture temperature increased markedly due to the cooling loss and again the 

reactional mixture started hardening. 

In case this scenario happens industrially, in the first place the reactional mixture temperature 

alarm is triggered. When it happens, the operators must check all the variables that can cause 

such effect – this situation is noticed by the TW inlet flow indicator, whose value would be lower, 

and whose variable has an alarm associated. The response to this possible scenario, in case the 

system is not recovered, is to stop and clean the reactor out.  

Additionally, at 3:08 pm (4 hours and 48 minutes after), the cooling water was drained to 

simulate the adiabatic system clarified above. 
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7.2.2.4. pH increasing 

The pH experiment started with its intentional increase. Both data (reactional mixture 

temperature and pH) are presented below: 
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Figure 39. pH evolution during the pH increasing experiment 

Figure 38. Impact of pH intentional increasing on the reactional mixture temperature 
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Regarding pH variation, it was regulated with the acid flow and surprisingly the pH value 

increased gradually stabilizing around 4, while the reactional mixture temperature poorly 

oscillated around 62°C.  

Concerning safety matters there is no problem associated with pH variation, since the 

reactional mixture temperature remains constant. However, as a curiosity, the NSP value was 

measured to register that this scenario influences the product quality. Moreover, as 

polymerization experiments with CE in the Pilot Unit were never done at the time, the NSP value 

was also measured under right industrial conditions with the system stabilized (standard value). 

The result obtained was 0,164 comparing to the central value – 0,175. 

Since the temperature in question remains constant, this scenario is harder to notice if it 

happens industrially. Yet, if this happens, the operator realizes it mainly by the pH measurement 

routine (every 8 hours) and, although it looks not enough, because something can happen during 

the time pH is not measured, such circumstance can be possibly controlled by the acid inlet flow 

as well, whose indicator has an alarm associated. 

7.2.2.5. pH decreasing 

To complete the pH variation experiment it was intentionally decreased as well. Again, both 

data (reactional mixture temperature and pH) are presented in the figures below: 

 

 

Figure 40. Impact of pH intentional decreasing on the reactional mixture temperature 
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The variation in question here was also regulated with the acid flow. When it was increased, 

the pH value oddly increased as well until it was noticed the HS tube was broken (zero flow). 

Meanwhile, the tube was replaced and the increased HS flow was established, which resulted in 

an instantaneous and sudden pH decrease (therefore, the increased HS flow was adjusted 

because the one established was too much). The pH reduction was accompanied by an abruptly 

reactional mixture temperature decrease, since a significant quantity of a cold stream was 

introduced. During this experiment, it was necessary to increase the cooling jacket temperature 

so the activation energy was enough to stimulate the reaction. Once the reaction started to 

release heat, the cooling jacket temperature was gradually adjusted until returning to the 

stationary point. 

Similar to the prior scenario, if this happens industrially, it may be hard to notice, but again 

the operator realizes it mainly by the pH measurement routine (every 8 hours) and possibly by 

the acid inlet flow as well, whose indicator has an alarm associated, as mentioned above. 
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Figure 41. pH evolution during the pH decreasing experiment 
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7.2.2.6. Unexpected introduction of unreacted monomers bent 

The last worst-case scenario to be tested was the sudden introduction of unreacted 

monomers bent, as the figure below well illustrates: 

 

 

 

 

 

 

 

 

 

 

 

To test this possibility, half of the reactional mixture was first drained out of the reactor and 

then the same quantity of MB was suddenly introduced in it, while the stirrer was off – that is why 

there is a temperature peak. As a significant amount of a cold stream was introduced, when the 

stirrer was rebooted, the reactional mixture temperature decreased instantly and abruptly. 

Nevertheless, while MB reacted, the reactional mass temperature increased.  

Meanwhile, the cooling jacket temperature was reduced to recover the reactor standard 

temperature. The reactor inner temperature discreetly decreased, but then it started to rise again 

to the point there was no longer an overflow – the reactional mixture had solidified.  

Concerning safety matters, if this happens industrially, the temperature alarm is obviously 

triggered and the operator is aware of this scenario by the MB flow indicator, which also has an 

alarm associated. Due to the fact this scenario originates a harder solidification, probably the 

system would be uncontrolled and lost. The response to this situation, as always, is to stop and 

clean the reactor out. 

 
 

Figure 42. Impact of the unexpected introduction of unreacted MB on the reactional mixture temperature 
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8. PROCESS INSTRUMENTATION ANALYSIS 

Before doing a critical process instrumentation review, some relevant information was 

collected. After analyzing the previous worst-case scenarios, the most common non-conformities 

related to the reactors’ zone were gathered and are detailed in the graphic below: 6 

 

Obviously, more attention was given to the first three malfunctions, whereas the first suspension 

is basically the overflow but, while the obstruction of the overflow is related to the reactor’s exit, 

the obstruction of the first suspension is related to the DSF’s entrance. 

All these malfunctions might lead to a feed cut, or to a reaction temperature out of 

specification, or to an NSP out of specification or, lastly, to an area stop. The following fishbone 

diagrams resume these cause-effect relations: 6 

                                                           
6 Information provided in an excel file by SGL Composites, S.A. on 08/05/2018 

Figure 43. Number of occurrences of the most common malfunctions throughout the last 3 years (2015 – 2018) 

Figure 44. Cause-effect diagram regarding feed cut 
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Figure 45. Cause-effect diagram regarding reaction temperature out of specification 

Figure 46. On the left: cause-effect diagram regarding NSP out of specification; on the right: cause-effect diagram regarding area stop 
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Furthermore, just to ensure all major failures were considered, the following HAZOP was proceeded:

Figure 45. HAZOP of the polymerization reactor (the rating scales signed here by * are detailed in the Appendix IV)  

* * * 
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Concerning lines nº 6 and 7 (Figure 45), bearing in mind that the MB and DIW2 streams are 

normally cooled to avoid the overload of the cooling system, the positive consequences are due 

to the lower probability of that overload given the lower temperature of MB and DIW2 streams. 

This data helped understand the deviations that might happen more frequently, the respective 

causes and the right actions. 

8.1. Improvements made the last 3 years 

Nevertheless, over time some improvements were made: 

i. regarding the obstruction of the CB stream, the answer was to acidify the solution. This 

malfunction was a consequence of the iron precipitation, that in turn was hindering the 

passage of the CB solution. Reducing its pH makes the precipitation more difficult and, 

thus, avoids the pipe blocking. Therefore, bearing in mind the pH of the reactional mass, 

it had to be adjusted with the HS solution. 

 

ii. regarding the abnormal feeding of the additives, the answer was to implement Coriolis 

flowmeters. This malfunction was a consequence of electromagnetic flowmeters’ use, 

which measure the volumetric flow and convert it to mass flow by using a defined density. 

However, the density is always changing, so the flows indicated had errors associated. 

The new flowmeters measure the mass flows and the respective instant density, so the 

volumetric flows are correctly calculated; 

 
iii. regarding the monomers ratio out of specification in the feed tank, an automatic system 

was constructed to avoid the contamination of the solution ready to feed the reactor, when 

a new one is being prepared. To do so, it was settled a condition that only allows the 

preparation of a new solution when the valve that fills the feed tank is closed. 

 

Based on the information above, there are in fact some proposals that would improve the 

process efficiency and increase the operational safety: 

8.2. Instrumentation Proposals (for discussion) 

8.2.1. Implementation of a Rupture Disk in the Polymerization Reactors 

While the reactors are operating, the pressure may increase, so it is usual to implement a 

relief valve (vent stream). However, in polymerization reactors, solid polymer frequently adheres 

to the seat of the valve and glues all the periphery. When the pressure increases, the valve may 

not open and that is why it is a common safety practice to install a rupture disk for an overpressure 

slightly higher than the spring of the valve. Plus, since froth is formed, an oversize duct is 

necessary to lead it to an appropriate size container. 
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Figure 46. Rupture disk [16, page 2] 

It is factual that the pressure can be also relieved through the overflow, but this airway is 

usually obstructed as well, when the pressure increases. 

Objective: to relieve the pressure when the relief valve cannot, with no worries concerning 

possible obstructions.  

Advantages:  

• there is a way to release the pressure, when and while the relief valve is obstructed or 

when the seat of the valve is glued with polymer; 

• there is a way to release higher pressures than the usual. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. Schematic drawing of the rupture disk implementation: A – scheme as it currently is, B – scheme after the 

rupture disk implementation 

B A 
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8.2.2. Implementation of a Manual Self-Cleaning Filter connected to the Overflow 

As it can be seen in Figure 43, one of the most common deviation is the obstruction of the 

overflow, which leads to parameters out of specification and to malfunction of pumps and valves. 

In order to avoid the repeat feed cut or the probable need to shut the area down, a possible 

suggestion is to implement a manual self-cleaning filter in the overflow: 7 

 

Figure 48. Manual self-cleaning filter with a scrapper  

The idea is for the polymeric suspension to enter the screen (the lateral zones are closed on the 

top) and trap the debris inside it, while the cleaned polymeric suspension passes through the 

filter’s tiny holes and continues its way. When the filter saturates, the inlet pressure rises 

exceeding the outlet pressure (atmospheric pressure) and an operator must rotate the scrapper 

to clean the filter. Now, to warn the operators about the pressure difference, there are two 

pressure indicators – one in the inlet stream and other in the outlet stream. 

In case this proposal is implemented, an expansion of the overflow pipe would probably be 

necessary. 

Objective: to remove the inlays and, thus, mitigate its accumulation. 

Advantages:  

• no need to interrupt the process flow during filter cleaning and inlays removing; 

• less problems in adjacent pumps and valves; 

• DSF’s obstruction is not so frequent; 

• the basket filters’ baskets near to DSF do not have to be cleaned or replaced as 

frequently; 

• no operator contact with liquid during cleaning operation; [17, page 2] 

                                                           
7 Manual self-cleaning filter designed by Secil and constructed to its own use – document provided by 

Professor João Bordado on 22/06/2018 
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• minimized product loss – during both process production and system cleaning; [17, page 

2]  

• increased quality output – minimum disruption to product flow; [17, page 2]  

• reduced contamination – less possibility of accidents or operator exposure to the 

fluid. [17, page 2]  

 

 

 

 

 

 

 

 

 

 

 

 

 

8.2.3. Implementation of an Obstruction Detector in the Overflow 

Still regarding the most common deviation mentioned above, a different suggestion is to 

implement a distance meter, which measures the distance between the overflow and the reactor’s 

wall (set point distance). Therefore, in case an obstacle appears, the distance will be different, 

which certainly indicates, in this case, there are inlays. 

Objective: this suggestion aims to preliminarily warn the operators of any accumulation in 

the overflow, as soon as possible. 

Advantages: 

• the operators are warned in advance of any accumulation problem in the overflow; 

• the response to the problem is faster and can be prevented. 

 

 

 

 

 

A B 

Figure 49. Schematic drawing of the self-cleaning filter implementation: A – scheme as it currently is, B – scheme after 

the filter implementation 
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8.2.4. Implementation of a Level Sensor near to DSF entrance 

Still concerning the problem of lumps’ accumulation, it can also happen in the DSF entrance, 

where, if so, a column of polymeric material begins to form and must be controlled with a level 

sensor: 

 

Figure 51. Level Sensor [18, page 3] 

Objective: this suggestion aims to preliminarily warn the operators of any accumulation in 

the DSF, as soon as possible. 

Advantages: 

• the operators are warned in advance of any accumulation problem in the DSF; 

• the response to the problem is faster and can be prevented. 

 

 

 

 

Figure 50. Schematic drawing of the distance meter implementation with a zooming: 1 – distance meter instrument, 2 – 

laser that measures the distance marked 

1 2 
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8.2.5. Implementation of a Bubble Separator before the Flowmeters of the 
Reactors Feeding Streams 

While preparing the solutions/mixtures and racking them to the feeding tanks by gravity, 

bubbles can be formed. Despite having no weight, the bubbles take up some volume, fact that 

might lead to wrong measures in the volumetric flowmeters. Therefore, when they are used, the 

bubbles must be eliminated by implementing a bubble separator – in this case, it would only be 

implemented in the MB stream, since it is the only stream that still has a volumetric flowmeter. 

Objective: to eliminate possible bubbles that might be formed while the feeding solutions go 

to the reactors. 

Advantages: 

• flowmeters correct indication of the flow values; 

• unnecessary corrections/interventions are avoided. 

 

 

 

 

 

 

 

Figure 52. Schematic drawing of the level sensor implementation: A – scheme as it currently is, B – scheme after the 

level sensor implementation 

A B 
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8.2.6. Implementation of another Measurement System (Redundancy) 

This suggestion is a case of redundancy due to the possibility of implementing another 

measurement system, despite the existing one. Even so, applying the measurement devices only 

in key points is probably better. Moreover, this instrumentation is, almost certain, stored, so it is 

not really an investment. 

Objective: to ensure all the values are correctly indicated so the processual system works 

the best way.  

Advantages: 

• no doubts of all values in the reactors zone; 

• any calibration needed is instantly noticed; 

• any malfunction due to a device damage is instantly noticed; 

• unnecessary corrections/interventions are avoided. 

 

 

 

 

 

 

 

 

 

 

Figure 53. Schematic drawing of the bubble separator implementation (the colored pump is the one working): A – scheme as it currently is, B 

– scheme after the bubble separator implementation 

A 
B 
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9. PROCESS SAFETY MANAGEMENT UMBRELLA 

Process Safety Management provides the whole firm a structured guidance on how to 

manage numerous hazards. [19] Therefore, the Environmental, Health and Safety Management 

are top priority, allowing SGL Composites, S.A. to be responsible, sustainable and build trust with 

employees and society. [20, page 2] SGL Composites, S.A. includes all elements PSM Umbrella 

should contain: 

i. Document Policy; 

ii. Objectives; 

iii. Accountability; 

iv. Risk Assessment; 

v. Risk Management; 

vi. Mechanical Integrity; 

vii. Management of Change; 

viii. Incident Investigation; 

ix. Emergency Response; 

x. Contractor Oversight; 

xi. Employee Selection; 

xii. Competency; 

xiii. Training; 

xiv. Auditing. 

Accountability is clear at SGL Composites, S.A. everyday work, as it can be seen in Appendix 

V. Whenever a new employee starts working at SGL Composites, S.A., the first weeks are 

reserved for the training program – the employee must know how to overview the process and its 

operating procedures – and for the worker evaluation. From time to time, a new training program 

is provided and the employee is once more evaluated. Likewise, if a contractor is needed, the firm 

must guarantee the new member is trained and evaluated. The documentation acknowledging 

that is mandatory and whenever necessary a new evaluation must be acquired. Besides, a 

suitable employee must oversight him. In Appendix VI, the questionnaire provided to everyone, 

either a firm’s employee or a contractor, is presented. In addition, the employees are trained to 

be able to respond towards an emergency with proper actions. Every time an incident occurs, an 

investigation begins (Appendix VIII) so the causes can be identified, and a corrective measure 

can be developed and implemented. Furthermore, SGL Composites, S.A. makes a risk 

assessment, like a HAZOP and/or a FMEA (Appendix IX – Figure 55 and Figure 56, respectively), 

so each possible deviation is evaluated, the consequences are known and correct changes are 

made for the system to be able to answer to the nonconformities. 
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9.1. SGL Composites, S.A. Policy 

The quality management and organization principles at SGL Composites, S.A. are based on 

an existing policy, which states important orientational ethics concerning the firm’s proceeding. 

This policy is implemented and operated by the directors, the leaders, the departments, the 

functional areas and processes, through objectives identification, goals, indicators and 

consequent monitorization and control of execution. [4, page 12] 

9.2. Management of Change 

 Over time, the technology improves and better equipment is constructed. Consequently, the 

firm feels the need to update the industry technology so its functionality does not get retarded. In 

addition, through a risk assessment, some irregularities are noticed. Either case, some changes 

are necessary through years and, in fact, some proposals were made in the previous chapter. In 

case SGL Composites, S.A. decides to implement any of them, the procedures regarding process 

changes must be written – the chemicals and/or the technology and/or the equipment. Likewise, 

any relevant information is updated in the same document. This is the usual way SGL 

Composites, S.A. practices management of change. 

9.3. Mechanical Integrity 

As it is clear, controlling the mechanical integrity is essential in every industry to ensure the 

process equipment is correctly installed and operates properly. 

The employees involved in maintaining the mechanical integrity are trained and, despite 

respecting the verification plan, they must have a critical spirit and adjust the checking frequency 

every time an equipment does not operate as expected.  

An example of a failure is in Figure 43, regarding the replacement of the HS flowmeter manual 

valve. If its operation had been better controlled and the verification period had been adapted, 

maybe the operators could have prepared the process for the situation, instead being obliged to 

produce polymer out of specification. If it gets more frequent, another option is to isolate the 

manual valve, creating a bypass around it. 

Appendix X and XI show the 2018 calibration plan of monitorization and measurement 

instruments and its management procedure, respectively. 

 

Besides the 14 topics mentioned above, it is important to refer SGL Composites, S.A. position 

towards the client: 

9.4. Client Importance 

The main objective is the satisfaction of the clients and other relevant interested parts. To 

reach this goal, SGL Composites, S.A. established a set of processes and working procedures, 
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which purpose is the identification of the clients’ requests and the continuous improvement of 

their satisfaction. [4, page 12] 

The performance of these procedures, directly connected to the fulfillment of the clients’ 

requests, is revised in audits and through the specific indicators defined, besides being 

communicated and monitored by the Administration in usual meetings. [4, page 12] 

 

In addition, in today’s extremely competitive world, due to increased legislative and regulation 

requirements and in order to respond to Community and National Policies on Security and 

Environment, it is important to refer the implemented Management Systems that are in harmony 

with such issues as Quality, Environment, Security and Health. [21] 

9.5. Quality Standards 

9.5.1. ISO9001 Certification 

As its matrix, Management System has adopted the Quality Management System in 

compliance with the ISO 9001:2008 standard, in which are integrated the following sub-

categories: Environmental Management and Occupational Health and Safety, aiming to satisfy all 

parties. [21] 

9.5.2. ÖKO-TEX Certification 

The Öko-Tex Standard 100 appeared in 1992, due to the consciousness emerged in Europe 

regarding a possible textile-allergies relation, and since then it has become the threshold of 

certification for the textile and clothing industry. This standard label placed on textile products and 

accessories guarantees the absence of substances harmful to anyone’s health. [21] 

Presently, SGL Composites, S.A. certificate covers the tow, the staple, the yarn as ecru and 

gel dyed, and the top as ecru, blanched, pigmented, gel dyed and anti-bacterial. [21] 
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10. CONCLUSIONS 

SGL Composites, S.A. is an acrylic fiber producer and the production process follows the one 

created by the Japanese (Mitsubishi Rayon) – wet spinning process, with several punctual 

improvements made along the time since the construction. 

In the scope of FM Global, this dissertation was directed to the polymerization reactors in 

order to study the occurrence probability of explosion or runaway. This part of the thesis was 

based on computational simulations and experimental work.  

Regarding the computational simulations, the software used was Aspen Plus, Polymers 

template, and the deviations triggered were just related to the variation of the reagents feeding 

flow. By these results, it was witnessed the temperature varies with the variation of any reagent 

feeding flow, but CB. However, the variation of MB feeding flow has a different impact on the 

reactional mixture temperature than the variation of CD and CE feeding flows: in MB case the 

temperature variation is linear, while in CD and CE cases the temperature does not change with 

any flow variation. This impact difference might be related to the fact that CD and CE are present 

in faster reactions (initiation and/or termination), while MB is the principal reagent during 

propagation (a reaction that takes up almost all the free-radical reaction time). Nonetheless, it 

cannot be forgotten that, although in reality the adjustment of the manipulated variables is 

automatic, the possible controller slow response and the possible intervention of an operator are 

not considered, therefore the differences between the results returned by the software and the 

real-life results are to be expected. Even though it was confirmed that, so far, the existing control 

loops and the used controllers, as well as the room operators’ training and experience, have 

proved to be able to prevent a nefarious occurrence, such as a runaway, the controller response 

can be improved to avoid the “human error”. Returning to the results, despite changing, almost 

all temperature variations are within the alert limits – bigger MB feeding flow variations might 

result in unacceptable temperatures; however, that MB feeding flow values are unlikely. 

Summarizing the computational simulations, there is no reason to be threaten by any variation of 

reagents feeding flow. There is no probability of explosion or runaway: no result was alarming 

and it was confirmed that SGL Composites, S.A. has the necessary control instrumentation to a 

correct automatic adjustment and the required equipment to alert the operators of the anomalies 

that are occurring at the time. 

Concerning the experimental work, it could be concluded that the pH increasing, pH 

decreasing and the lack of inert media do not affect the reactor safety. But, the pH variation 

scenarios affect the product specification. Actually, during the pH increasing experiment, the NSP 

was sent to measure: 0,164, while the central value is 0,175. Concerning the agitation loss, 

cooling loss, adiabatic system and the unexpected introduction of unreacted MB scenarios, these 

affect the reactor safety and are hard to control since the reactional mixture solidifies in minutes 

and its temperature increases infinitely. Even so, accidents are avoided because, meanwhile, the 
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reactor is immediately stopped and cleaned out – no one lets the reactor to reach its maximum. 

Additionally, and regarding the existing instrumentation, it was once more confirmed that SGL 

Composites, S.A. has the necessary control instrumentation to a correct automatic adjustment 

and the required equipment to alert the operators of the anomalies that are occurring at the time. 

Summarizing the experimental work, it is necessary to be vigilant of any system alteration but still, 

nefarious occurrences are prevented, at least any of those triggered by the scenarios here 

simulated. 

The process instrumentation was critically reviewed and some proposals were made to 

contribute to the overall process safety and to increase the “intrinsically safe” components. 

Summing all up, there is no need to be threaten about a possible explosion or runaway, at 

least considering the operating procedures, the operators’ training and experience and the 

existing control instrumentation. However, a progress that can be made gradually over time is the 

improvement of the controllers’ response, decreasing its slowness that sometimes may require 

the intervention of an operator. 
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11. PROSPECTS 

Once completed this description of the performed work, it is time to propose a future work.  

In the CP area of SGL Composites, S.A., after the reaction step, it is necessary to filter the 

polymeric suspension and to dry the pellets meanwhile formed, as it was already mentioned. 

Although the low water/monomer ratio provides a wet cake moisture level of 100% or less, instead 

of 200% for conventional ratios (3-5), [6, page 836] in the drying zone there still is a 12 sections dryer 

– a problematic, longstanding and elaborated system. 

Hereupon, a possible future work is to study the feasibility of the replacement of the actual 

dryer by a spray dryer, a more recent technology. This equipment consists in a chamber 

connected to a hot air system to eliminate the existing humidity in the product, by atomization. 

The product is atomized inside the chamber, while is submitted to an air stream at an appropriate 

temperature, in order to remove the solvent (water in this case) by quick vaporization. [22] 

The spray dryer revolutionized the drying process, once it is one of the most versatile and 

flexible drying systems in the market. Besides, it is expected an extremely fast and efficient drying, 

so the processual time is reduced, an excellent operation yield and low operation costs. Using a 

spray dryer, there is no product degradation, as well as a homogeneous residual humidity during 

all process and a low energy consumption. It is an apparatus easy to install and to operate, which 

reduces the manpower time in the drying sector. Lastly, the occupied space is significantly 

reduced, the dried product obtained is of a high quality and the quality-price relation is the greatest 

– it is an advantageous equipment. [22] 

To operate this “major modification” of the drying process, it is important to perform several 

tests in a small pilot spray dryer, with a complete range of polymer suspensions. The main 

objective of these trials in a pilot unit is to get information for the design of the drying process, 

such as: 

• adjust the atomizing head to the rheology of the suspension; 

• optimize droplet size to assure the complete drying of the droplets; 

• fine tuning of the characteristics of the final dried powder (average size, porosity, 

hardness and other important characteristics for the subsequent solution preparation). 
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APPENDIXES 
I. OPERATIONAL CONDITIONS OF THE PROCESS AT SGL COMPOSITES, S.A. 

Due to confidential reasons, the operational conditions of the process are not disclosed. 

Nevertheless, such information is mentioned in a separate document.
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II. CHECK-LIST FOR THE POLYMERIZATION EXPERIMENTS 
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III. FLOWS’ CALIBRATION AND DATA FROM THE TESTS DONE IN THE PILOT UNIT  

✓ AGITATION LOSS EXPERIMENT 

Table 10. Flows' calibration 

 
Required values Initial calibration Final calibration 

Q (g/min) rpm Q (g/min) rpm Q (g/min) rpm 

MB (B6) 20,39 15,3 
20,59 (water) 

20,73 (solution) 
16,7 

21,45 
21,45 

16,7 

CB (B1) 15,86 36,0 
15,09 (water) 

15,59 (solution) 
15,93 (solution) 

36,8 
16,36 
16,69 

36,8 

CD (B3) 15,16 34,8 
15,28 (water) 

15,03 (solution) 
15,21 (solution) 

34,8 
14,88 
14,92 

34,8 

CE (B7) 15,48 36,5 
15,07 (water) 

15,76 (solution) 
36,5 

14,82 
15,08 
15,12 

36,5 

HS (B10) 4,29 67,9 
4,00 (water) 

4,45 (solution) 
25 

1,30 
1,64 
1,53 

25 

ST (B5) 2,26 30,6 
3,77 (water) 

4,00 (solution) 
15 

3,92 
4,02 

15 

 

 

Table 11. Punctual data 

t Treactor (°C) Tjacket (°C) pHreactor Observations 

11h04 54,98 57,50  HS addition 
11h24 54,95 58,00  CB addition 
11h34 54,99 58,00  Start up on 2/3 of the flow 

11h39 (t=0) 54,55 57,90  Start up on 2/3 of the MB flow 
5’ 54,10 58,00   
15’ 54,03 59,90   
22’ 55,56 64,20   
36’ 59,33 64,90   
45’ 60,59 65,80 2,15 Overflow 
50’ 60,91 65,80   
53’ 61,00 65,80  ↓ HS to 50 rpm 

1h03 63,30 62,80   
1h07 63,65 59,50 2,28 ↓ HS to 30 rpm 
1h17 61,28 59,80  ↓ Cooling flow from 220 to 180 rpm 
1h22 60,79 59,70 2,43  
1h35 63,17 62,90 2,70  
1h50 61,46 63,20 2,73 ↓ HS to 25 rpm 
2h 63,10 62,90 2,87  

2h10 63,16 61,10 2,84 ↓ HS to 20 rpm 
2h20 62,42 60,90 2,93 ↑ HS to 25 rpm 
2h37 61,92 60,70 2,91 Stirrer off 
2h46 61,20 63,78   
2h49 68,00    
2h50 69,00    
2h54 68,00   End of test 

 

 

 



76 
 

✓ LACK OF INERT MEDIA, COOLING LOSS AND PH DECREASING EXPERIMENTS 

Table 12. Flows' calibration (the * sign is to indicate there was a change due to the broken tube) 

 
Required values Initial calibration Final calibration 

Q (g/min) rpm Q (g/min) rpm Q (g/min) rpm 

MB (B6) 20,39 16,7 
21,50 
20,67 

16,4 
20,63 
20,58 

16,4 

CB (B1) 15,86 36,8 15,89 35,3 
15,85 
16,16 
16,22 

35,3 

CD (B3) 15,16 34,8 15,09 34,8 
14,82 
14,92 

34,8 

CE (B7) 15,48 36,5 
15,05 
15,38 

37 
15,10 
15,13 

37 

HS (B10)  25 
1,66 
1,63 

25 
3,23* 
3,29* 

13* 

ST (B5)  15    15 

 

 

Table 13. Punctual data 

t Treactor (°C) Tjacket (°C) pHreactor Observations 

9h30 55,04 58,00  HS addition 
9h50 55,05 58,10  CB addition 
10h05 54,77 58,30  Start up on 2/3 of the flow 

10h10 (t=0) 54,36 58,00  Start up on 2/3 of the MB flow 
10’ 56,13 64,30   
20’ 58,14 66,10   
30’ 60,32 66,70   
40’ 61,63 65,80   
45’ 61,43 65,00  Overflow/Return to the standard flows 
50’ 61,27 65,20 2,56 ↓ HS to 24 rpm 

1h00 61,31 61,30 2,96  
1h20 61,92 62,50 2,93  
1h30 62,57 61,80   
1h38 62,50 61,50 3,10  
1h41 61,92 61,50  Test: ↑ HS to 100 rpm 
1h46 61,70 61,80 3,20  
1h48 61,67 61,70  ↑ HS to 200 rpm 
2h00 61,97 61,50 3,18 Broken HS tube (Q=0) 
2h05 61,90 61,60  Return HS to 200 rpm 
2h10 59,48 61,50 2,04 ↓ HS to 100 rpm 
2h15 55,74 64,50 1,66  
2h35 58,35 64,60 1,50  
2h45 63,37 55,80 1,70  
2h48 63,39 55,60   
2h58 60,28 61,00 1,83  
3h12 61,94 61,50 1,91  
3h11 61,93 61,60  ↓ HS to 18 rpm 
3h25 61,99 61,50 2,00  
3h31 62,00 61,80  ↓ HS to 13 rpm 
3h38 62,15 61,50 2,05  
3h41 62,22 61,70  ↓ HS to 0 rpm 
3h46 61,77 60,20  ↑ HS to 13 rpm 
3h55 61,60 60,50 2,34  
3h57    ↓ HS to 0 rpm 
4h07 61,82 61,60 2,52  
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4h19 62,51 60,70 2,67  
4h32 62,16 60,20 2,85  
4h41 62,43 60,60 2,95 The cooling water circulation was stopped 
4h44 63,40 60,50   
4h45 63,85    
4h46 64,30    

4h46,40 64,69    
4h47 64,80    

4h47,07 65,00   Attempt to drain the cooling jacket 
4h49 65,15    
4h50 65,04    
4h51 64,92    
4h52 64,73    

4h53 64,70   
The cooling jacket was drained (adiabatic 

system simulation) 
4h54 65,30    
4h56 65,76    
4h57 66,27    
4h58 66,80    
4h59 67,29    
5h00 68,06    
5h01 68,32    
5h02 68,67    
5h03 69,12   End of test 
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✓ PH INCREASING EXPERIMENT 

Table 14. Flows' calibration 

 
Required values Initial calibration Final calibration 

Q (g/min) rpm Q (g/min) rpm Q (g/min) rpm 
MB (B6) 20,39 16,7 20,32 16,4 20,47 16,4 

CB (B1) 15,86 36,8 
16,16 
15,54 
16,03 

35 
16,16 
16,31 

35 

CD (B3) 15,16 34,8 
14,88 
15,15 

35,1 
14,92 
14,95 

34,8 

CE (B7) 15,48 36,5 
14,47 
15,08 

37,3 
15,60 
15,63 

37,3 

HS (B10)  25 
2,20 
1,48 
1,61 

75 1,60 75 

ST (B5)  15    15 

 

 

Table 15. Punctual data 

t Treactor (°C) Tjacket (°C) pHreactor Observations 

9h40 54,87 57,60  HS addition 
10h00    CB addition 
10h10    Start up on 2/3 of the flow 

10h15 (t=0)    Start up on 2/3 of the MB flow 
45’ 58,93 65,60  Overflow 
49’ 60,21 65,60  Return to the standard flows 
52’ 60,59 65,70 1,75  

1h02 59,69 61,50 1,78 HS flow cut-off 
1h17 60,08 62,90 1,90  
1h30 62,21 61,00 2,18  
1h42 61,97 61,70 2,48  
1h56 62,31 61,40 2,78  
2h06 62,09 61,50 3,06  
2h16 62,10 61,40 3,21  
2h27 61,97 61,50 3,30  
2h38 61,99 61,40 3,55  
2h49 62,06 61,60 3,67  
3h00 62,03 61,30 3,75  
3h10 62,01 61,30 3,91  
3h20 61,87 61,50 3,92  
3h30 61,97 61,50 3,96  
3h40 62,01 61,40 3,99  
3h53 62,01 61,40   
3h56 61,95 61,30 4,05  
4h07 61,86 61,40 4,04  
4h19 61,89 61,60 4,30  
4h29 61,93 61,40 4,06  
4h40 61,85 61,30 4,09 End of test 
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✓ UNEXPECTED INTRODUCTION OF UNREACTED MB EXPERIMENT 

Table 16. Flows' calibration 

 
Required values Initial calibration Final calibration 

Q (g/min) rpm Q (g/min) rpm Q (g/min) rpm 

MB (B6) 20,39 16,4 20,24 16,6 
21,30 
20,90 

16,6 

CB (B1) 15,86 35,0 16,01 35 16,17 35 

CD (B3) 15,16 34,8 15,16 34,8 
14,70 
14,80 

34,8 

CE (B7) 15,48 37,3 
15,30 
15,41 

37,5 15,37 37,5 

HS (B10)  75 
5,10 
1,62 

24 
2,65 
2,61 

40 

ST (B5)  15    15 

 

 

Table 17. Punctual data 

t Treactor (°C) Tjacket (°C) pHreactor Observations 

9h30 54,74 58,10  HS addition 
9h50 55,40 58,10  CB addition 
10h00 55,13 58,00  Start up on 2/3 of the flow 

10h05 (t=0) 54,93 59,80  Start up on 2/3 of the MB flow 
5’ 55,97 61,00   
30’ 58,76 66,20   
37’ 61,49 64,50  Start up on 100% flow 
40’ 61,34 64,00  Overflow 
45’ 61,25 65,30 3,08  
50’ 62,22 65,10 3,10  

1h03 62,42 63,30 3,14  
1h17 62,35 62,50 3,30 ↑ HS to 35 rpm (1h25) 
1h35 61,64 62,70 3,20 ↑ HS to 45 rpm (1h37) 
1h48 61,83 62,90 2,97  
1h59 61,85 62,80 2,95  
2h15 61,90 62,90 2,87 ↓ HS to 40 rpm 
2h30 62,19 63,00 2,91  
2h40 62,29 63,30 2,94  

2h55    
The reactor was drained/The stirrer 

was stopped 
2h58    Fresh MB addition 
2h59 64,77 63,10  Stirrer rebooted 
3h10 57,40 62,90 1,94  
3h20 59,72 66,00 1,86  
3h30 68,26 60,60 2,63 End of test 
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IV. RATING SCALES USED IN HAZOPS 

✓ SEVERITY 
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✓ FREQUENCY 
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✓ PROBABILITY 
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V. ACCOUNTABILITY 

  

Figure 54. Firm's departments organization 
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VI. WORKERS QUESTIONNAIRE 
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VII. APPEARANCE SHEET 
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VIII. INCIDENT INVESTIGATION 
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IX. RISK ASSESSMENT 

Figure 55. Example of a HAZOP of the continuous polymerization area 
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Figure 56. Example of a FMEA of the continuous polymerization area 
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X. CALIBRATION CONTROL OF MONITORIZATION AND MEASUREMENT EQUIPMENT 
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XI. MANAGEMENT PROCEDURE OF THE MONITORIZATION AND MEASUREMENT EQUIPMENT 
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