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Abstract
Safe and cost-effective production of benzoic acid as an important Received: 18 January 2021
material in the production of industries such as food, Accepted: 4 May 2021

pharmaceutical, plastic, iron and steel, military, etc. especially PR NI Sli-le

under sanctions conditions, has particular importance, especially
that a high percentage of the risks of chemical industry factories
are risks that lead to explosions and human irreparable, material
and environmental damages. The aim was to present an approach
to identify, investigate and control operational and environmental
risks and the cause of these risks. For this purpose, HAZOP Keywords:

technique as one of the most widely used techniques in chemical Risk,

industry and calculation of risk number was used by fuzzy HAZOP Technique,
mathematics to provide a numerical value for different risk types. Benzoic Acid,

A total of 32 risks were identified by process analysis, of which 25 Fuzzy Numbers
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(78.12%) have the risks of explosions, fires and serious
environmental damages that we can avoid extensive material and
human damages by prevention and control.
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1. Primary Hazard Analysis (PHA)

2. Failure Mode and Effects Analysis (FM&EA)
3. Fault Tree Analysis (FTA)

4. Hazard and Operability Analysis (HAZOP)
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Table 1. The most widely used key phrases in the HAZOP technique.

Key words

Concept

No/Not

Less than

More than

As Well As

Part of

Reverse

Other than

The intended parameter is not performed at all or does not exist

The intended parameter is less or lower than normal- Quantitative reduction

The parameter is higher and more than the standard - Quantitative increase

There are other things besides the defined parameter — Qualitative increase

Instead of the intended parameter, there is only a part of it - Qualitative reduction

The parameter, occurs the reverse of the defined state.

The type of parameter is shifted and changed.
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Table 2. Sources HAZOP from 1974 to 2004.

Author /
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. Article | Gguideline Standard
Institute

1974 Lawley Operability Studies and Hazard Analysis v

1977 CIA A Guide to Hazard and Operability Studies v

1981 e Hazards and Operability Studies, The Guideword v

Approach
1983 Kletz “HAZOP & HAZAN”. Identifyir%g and_A_ssessing v
Process Industry Hazards (first edition)
1986 Kletz “HAZOP & HAZAN”. Identifying and A_s_sessing v
Process Industry Hazards (second edition)
1991 HSE Guidance on HAZOP Procedures for Computer- v
controlled Plants
1992 CCPS Guidelines for Hazard Evaluation Procedures 4

Application of HAZOP and What-if Safety
1994 Nolan Reviews to the Petroleum, Petrochemical and v
Chemical Industries

1996 Wells Hazard Identification and Risk Assessment v

1999 Redmill System Safety: HAZOP and Software HAZOP v

HAZOP: Guide to Best Practice. Guidelines to

2000 EPSC Best Practice for the Process and Chemical v
Industries
2001 BS IEC Hazard and Operability studies v
61882 (HAZOP Studies)—Application Guide
2004  McDonald Practical HAZOPs, Trips and Alarms v
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Table 3. HAZOP resources from 2001 to 2020 collected by the authors.

2005 Rolf K. Eckhoff Explosion Hazards in the Process Industries 1st Edition
2008 Dennis Nolan Safety and Security Review for the Process Industries 2nd Edition
2011 Dennis Nolan Safety and Security Review for the Process Industries 3rd Edition
2011 David Smith Reliability, Maintainability and Risk 8th Edition
23 European Symposium on Computer Aided Process Engineering:
Irene Lotero-Herranz and Santos . . .
2013 Galén Automated HAZOP using hybrid discrete/continuous process
models
2014 Dennis Nolan Safety and Security Review for the Process Industries 4th Edition
2015 Frank Crawley, Brian Tyler HAZOP: Guide to Best Practice
2016 S Plant Hazard Analysis and Saf_ejcy Instrumentation Systems1st
Edition
2019 Fernando Jorge Bozzetto Hazop na pratica
2020 Frank Crawley A Guide to Hazard Identification Methods Second Edition
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Figure 1. Graphic view of Benzoic Acid production process.

1. Piping 2. Distillation Column 3. Reboiler 4. Flaker
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Table 4. Systems, subsystems and nodes for HAZOP study.

Systems

Sub Systems

Iranian Chemical Engineering Journal - Vol. 20 - No. 118 (2022)

1,11 Temperature control by thermometer
Transfer of toluene to 99 Liquid Lbvb
11 underground warehouses ., iquid pressure control by barometer
equipped with movable roofs
1,13 Check the liquid level with a level gauge
Storage and 1,2,1 Temperature control by thermometer
maintenance of . . o
Installation of spare tank with 1,22 Liquid pressure control by barometer
toluene as a raw
terial 12 pressure gauge, level gauge and
materia ' thermometer next to the main 1,2,3 Check the liquid level with a level gauge
tanks
Transfer of toluene to the spare tank in
1,24 .
case of leakage of the main tank
Installation of firefighting
1,3 equipment for the chemical 1,31 Annual control of equipment
industry
Apply temperature of 150 to 180 degrees
2,11 .
Celsius
. 2,1,2 Apply pressure 5 to 7 bar
21 Entrance toluene into reactor PPy P
Placement of ' through a piping system Performing chemical interactions with
2 liquid toluene in 913 catalysts and oxidation and conversion of
the reactor "~ liquid to vapors at this pressure and
temperature
Use water for cooling to prevent increase
2,2 Cooling system 2,2,1 the temperature to more
than 180 °C
Vapors enter the condenser from the
Transfer of vapors from the 3,11 P reactor
Placement of 3,1 reactor to the condenser via . L
. - Conversion of steam to liquid in the
3 toluene vapor in piping above the reactor 3,1,2
condenser
the condenser
3,2 Return to reactor 32,1 Liquid return from condenser to reactor




Systems

Sub Systems

Placement in the
distillation column

Placement of
5 vapors in the
reboiler

Placement of
vapors in flacker

3,3

3,4

3,5

3,6

3,7

41

4,3

4,4

51

53

6,1

6,2

Repeat the movement of
materials between the reactor and
the condenser until the end of the

oxidation process
Temperature and pressure drop
due to the end of the oxidation
process

Pressure breaker after condensers
Auxiliary pressure breaker

Gas measuring and gas purifiers
devices

Transfer of vapors from the
reactor to the distillation column

Spiral heating system containing
oil

Exit of lightweight gases

Gas measuring and gas purifiers
devices

the inlet valve Opening

Material purification by heat of
oil coil heating system

Transfer of vapors to the reboiler

Vapor refrigeration process

In Flacker

3,2,2

3,31

34,1

3,51

3,61

3,7,1

411

4,12

42,1

43,1

4,41

511

51,2

52,1

531

6,1,1

6,2,2

Conversion of liquid to steam in the
reactor

Reach temperature below 150 °C and
pressure reach less than 5 bar

Control the pressure in an acceptable
range below 7 bar
Activation of spare barometer if the first
barometer does not work
Combining different gases with each
other and with water, to produce other
chemical compounds
As soon as the temperature and pressure
drop of the system, the oxidation cycle
ends. In this case, the distillation column
valve is controlled.

Gases enter the distillation column

Raising the temperature between 120 and
130 °C

Lighter gases with less boiling point than
benzoic acid are released out of the
system

Combining different gases with each
other and with water to produce other
chemical compounds

Checking the inlet valve

Opening the inlet valve

Apply temperature of 250 ° C

Transfer from reboiler to flaker by piping
system

Reduction of vapor temperature to 120
degrees by 15 degree water cooling
system

Control the temperature of the final
product at about 35 by a thermometer
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Table 5. Keywords and components used to study HAZOP.

Number of .
umbero Number of nodes Key word Corresponding parameter
subsystems

1,11
1 11 112
11,3

Less than/More than Temperature
Less than/More than pressure
Less than Level
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Table 6. Linguistic terms and corresponding fuzzy numbers.

Verbal variable states

The general meaning of the variable

Triangular fuzzy

number
Critical Very high effect (0,8,1,1)
Seriously High effect (0,5,0,7,0,9)
mieraly ol el Moderate Medium effect (0,4,0,5,0,6)
effect
Minor Low effect (0,1,0,3,0,45)
Negligible Negligible effect (0,0,0,15)
Prabability of High High probability of occurrence (0,7,1,2)
occurrence Medium Medium probability of occurrence (0,2,0,5,0,8)
Low Low probability of occurrence (0,0,0,3)
1. Risk Impact (RI) 2. Critical 3. Serious
4. Moderate 5. Minor 6. Negligible
7. Risk Probability (RP) 8. High 9. Risk Factor (RF)
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Table 7. Classification of process risks based on verbal variables and fuzzy number of risk priority.

Verbal Fuzzy number of Verbal
Risk ID Name of node variable of y variable of
intensity probability

Fuzzy number Fuzzy number of
of probability Risk Factor

intensity

Temperature control

11,1 by thermometer Critical (0,8,1,1) (0,0,0,3) (0,0,0,3)
Liqui
1,12 iquid pressure Critical 038,1,1) Low (0,0,03) (0,0,03)
control by barometer
heck the liquid level
113  Checktheliquidlevel g, o) (0,8,1,1) Low (0,0,03) (0,0,03)
with a level gauge
T |
.91 emperature contro Critical 038,1,1) Low (0,0,03) (0,0,03)
by thermometer
Liqui
1,22 iquid pressure Critical (0,8,1,1) Low (0,0,03) (0,0,03)
control by barometer
Check the liquid level
1,23 _ Iquic fev Critical 038,1,1) Low (0,0,03) (0,0,03)
with a level gauge
Transfer of toluene to
the spare tank in case L.
12,4 | 11 L
2, i el a s Critical (0,8,1,2) ow (0,0,0,3) (0,0,0,3)
main tank
Annual control of ..
1,31 : Critical (0,8,1,1) Low (0,0,0,3) (0,0,0,3)
equipment
Apply temperature of
2,1,1 150 to 180 degrees Critical (0,8,1,1) Low (0,0,0,3) (0,0,0,3)
Celsius
Appl 5to7
21,2 PPl przfr”re 0 Critical 038,1,1) Low (0,0,0,3) (0,0,0,3)

Performing chemical
interactions with
catalysts and
213 oxidation and - Critical (0.8,1,1) Low 0,0,0,3) (0,0,0,3)
conversion of liquid
to vapors at this
pressure and
temperature
Use water for cooling
to prevent increase

22,1 Critical (0,8,1,1) Low (0,0,0,3) (0,0,0,3)
the temperature to
more than 180 ° C
Vapors enter the
31,1 condenser from the Critical (0,8,1,1) Low (0,0,0,3) (0,0,0,3)
reactor
Conversion of steam
3,1,2 to liquid in the Critical (0,8,1,1) Low (0,0,0,3) (0,0,0,3)
condenser
Liquid return f
3,21 1qud refuirn from Critical 0.8.1,1) Low (0,0,0,3) (0,0,0,3)
condenser to reactor
3o  Conversionofliuid o) (0:8,1,1) Low (0,0,0,3) (0,0,0,3)
to steam in the reactor
331 Critical (0,8,1,1) Low (0,0,0,3) (0,0,0,3)
Reach temperatures
below 150 ° C and
341 oW an Critical 0.:8,1,1) Low (0,0,0,3) (0,0,0,3)
pressures reach less
than 5 bar
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Risk ID

351

3,6,1

3,71

411

41,2

42,1

43,1

44,1

511

5172

521

531

6,11

6,2,2

Name of node

Control the pressure
in an acceptable
range below 7 bar
Activation of spare
barometer if the first
barometer does not
work
Combining different
gases with each other
and with water, to
produce other
chemical compounds
As soon as the
temperature and
pressure drop of the
system, the oxidation
cycle ends. In this
case, the distillation
column valve is
controlled.
Gases enter the
distillation column
Raising the
temperature between
120and 130 ° C
Lighter gases with
less boiling point than
benzoic acid are
released out of the
system
Combining different
gases with each other
and with water to
produce other
chemical compounds
Checking the inlet
valve
Opening the inlet
valve
Apply temperature of
250°C
Transfer from
reboiler to flocker by
piping system
Reduction of vapor
temperature 120
degrees by 15 degree
water cooling system
Control the
temperature of the
final product at about
35 by a thermometer

Verbal

variable of

intensity

Critical

Critical

Critical

Moderate

Moderate

Moderate

Moderate

Moderate

Seriously

Seriously

Seriously

Seriously

Minor

Minor

Fuzzy number of

intensity

(0,8,1,1)

(0,8,1,1)

(0,8,1,1)

(0,4,0,5,0,6)

(0,4,0,5,0,6)

(0,4,0,5,0,6)

(0,4,0,5,0,6)

(0,4,0,5,0,6)

(0,5,0,7,0,9)

(0,5,0,7,0,9)

(0,5,0,7,0,9)

(0,5,0,7,0,9)

(0,10,0,3,0,45)

(0,10,0,3,0,45)

Verbal

variable of
probability

Low

Low

Low

Low

Low

Low

Low

Low

Medium

Medium

Medium

Medium

High

High

Fuzzy number
of probability

(0,0,0,3)

(0,0,0,3)

(0,0,0,3)

(0,0,0,3)

(0,0,0,3)

(0,0,0,3)

(0,0,0,3)

(0,0,0,3)

(0,2,0,5,0,8)

(0,2,0,5,0,8)

(0,2,0,5,0,8)

(0,2,0,5,0,8)

0,7,1,1)

0,7,1,1)

Fuzzy number of

Risk Factor

(0,0,0,3)

(0,0,0,3)

(0,0,0,3)

(0,0,0,18)

(0,0,0,18)

(0,0,0,18)

(0,0,0,18)

(0,0,0,18)

(0,1,0,0,35,0,72)

(0,1,0,0,35,0,72)

(0,1,0,0,35,0,72)

(0,1,0,0,35,0,72)

(0,07,0,3,0,45)

(0,07,0,3,0,45)
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Figure 2. Membership function of risk intensity and probability of occurrence.
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Table 8. Risk classification.

Risk classification

Range of risk factor

Insignificant 0 <RF <0,05

Acceptable 0,05 <RF<0,2

Unacceptable 0,2<RF<0,7
Unbearable 0,7<RF<1

s slasl &y 63U olael bos .Y
DasS s oS il |y (el slael 4y (g5 slasl (53 S has
19,5 has (o slasl 1) (550 slael plgi oo g, ez
‘YC«{B—‘A‘ Bz YL g, e B S e b (655 e Bl g,
5 Cagds slbar s ot eSle s, ¢ (s oSl 35,
by S Lo gy ol 5 (S el RFS )R Sy by,
Slael has sla by, cnigl) ez 51 J& 55 50 b (555 0 dlaii
() ik, U sllae allie opl jo [¥V]cl ok slael 4 30
o ool il ahad ay (g5L8 slael bos gl m ig, o=l

Irvlea

RFD:fo x RF(x) dx (\C)

J, RF(x) dx

LS ) (Ghvdiawd A

Slive p oSy o A8lg slacl 4y (656 slael Los Al o 51

Gaaws (pl g6 (A) Jgoo ol (gaiaing S, ;9556 s
Joos BB e g Jgd BB (53 JB Gazbiog S ez 0,
ool a5 S,y sae (V) dlal, 5l oolasnl b ams oo ol

exhad i a0 S, ol 5 Sy Jlaizl (551 sae g

1. Centroid Method

2. Max-Membership Principal

3. Weighted Average Method

4. Mean-Max Membership Middle of Maxima
5. Center of Largest Area

(1€=+) 03D 9 390 0 ploud — iy Jw = Yyl (Foud (P Sdieo &3 psdis

el B3I b S 9 30wl )..J,J :Ulb')ls 23 Sy L;_!l._!_)ﬂ

A3

A’-?A LR — obl&m 9 ébﬁ\&)



e 2300l b SS9 30 Sl 395 B IS )5 Sin ) 2L

A3

A’—;A LRl — obl&o.b 9 ‘_él’.bl})

7y

S0 9 5 el aad 05wl B slasiew y gaiadiens 4 Jgua

Table 9. Risk classification of Benzoic Acid production process.

Diffused risk Classification Diffused risk

number (RF) number (RF)
1,11 0,1 Acceptable 22,1 0,1
11,2 0,1 Acceptable 31,1 0,1
11,3 0,1 Acceptable 3,12 0,1
12,1 0,1 Acceptable 32,1 0,1
12,2 0,1 Acceptable 32,2 0,1
1,2,3 0,1 Acceptable 33,1 0,1
12,4 0,1 Acceptable 34,1 0,1
1,31 0,1 Acceptable 35,1 0,1
2,11 0,1 Acceptable 3,6,1 0,1
21,2 0,1 Acceptable 3,71 0,1
2,13 0,1 Acceptable 411 0,06

Classification EL:::)S:E (;T:I; Classification
Acceptable 4,12 0,06 Acceptable
Acceptable 42,1 0,06 Acceptable
Acceptable 4,31 0,06 Acceptable
Acceptable 441 0,06 Acceptable
Acceptable 51,1 0,39 Unacceptable
Acceptable 51,2 0,39 Unacceptable
Acceptable 52,1 0,39 Unacceptable
Acceptable 53,1 0,39 Unacceptable
Acceptable 6,1,1 0,273 Unacceptable
Acceptable 6,2,2 0,273 Unacceptable
Acceptable
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