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PREFACE 

This report contains a detailed design procedure of a plant to manufacture Sulfuric acid from 

Sulfur, as followed by Group 01 as per the allocations of CH 4202 (Comprehensive Design 

Project-09 Batch). Throughout the duration of conducting this project, Group 01 was 

supervised by Prof. (Mrs.) B.M.W.P.K Amarasinghe. 

Chapter 01 of this report contains the highlights of the review of literature carried out with 

regards to the available manufacturing processes of Sulfuric acid. It also contains an 

introduction to Sulfuric acid as a chemical and a brief overview of its chemical and physical 

properties, followed by some safety guidelines on handling. A market analysis for Sulfuric 

acid has also been included here. Chapter 01 is concluded by selection of a suitable overall 

process for design and is justified based on the relative merits and demerits of available 

processes identified during the literature survey.  

An appraisal of the process is carried out under Chapter 02 by analyzing its economic, safety 

and environmental aspects. The economic feasibility of the production plant has been 

evaluated in terms of estimated capital and running costs, and revenue projections based on 

forecasts. Possible physical, chemical and electrical hazards associated with the production 

process have been addressed under Chapter 02 as well, and safety standards to be used in 

design and construction have been pointed out. The environmental impact of species involved 

in the production process is analyzed in chapter 02, along with references on discharge limits. 

Detailed calculations of mass and energy balances conducted for the potential process 

streams of the plant (using MS Excel 2010) are included in Chapter 03. Mass flow rates in the 

mass balance were calculated on a component by component basis, based on process 

requirements. The mass flow rates along with literature referred or assumed stream 

temperatures were used for the energy balance.  Since equipment specific energy inputs (such 

as energy transfer by work done imparted by pumps, compressors, agitators etc) could not be 

determined at this stage of the design, which for the most part is an overall analysis, a 

percentage provision of the total energy transfer by mass transfer were allocated. Utility 

requirements were evaluated based on the energy deficits or surpluses made apparent in the 

energy balance.  

The final chapter of the report contains the Process Flow Diagram (PFD) of the process as 

well as mass and energy flow sheets as concluding submissions along with recommendations 

and key observations made in the design.   
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EXECUTIVE SUMMARY 

In accordance with requirements to be fulfilled under module CH 4202 (Comprehensive 

Design Project), Group 01 was tasked with designing a plant to manufacture Sulfuric acid 

from Sulfur. The report that follows contain a detailed methodology of the approach adopted 

in this regard- which includes a comprehensive survey of available literature and an overall 

selection of a manufacturing process; the feasibility of the design in terms of safety, 

environmental and economic aspects; a detailed balance of mass and energy of process and 

utility flows required, and a set of diagrams depicting the process flow and flow sheets of 

mass and energy.   

The initial review of literature revealed that the current production capacity of Sulfuric acid 

was around 200 million tonnes per year, and is currently growing at about 1.2% per year. A 

majority of its production is driven towards fertilizer and related products. Based on local 

market demand projections, the group was able to deduct that if the Sulfur based effluents 

that are currently disposed from the Ceylon Petroleum Corporation refinery at 25 MTPD 

were to be completely regenerated in the form of Sulfuric acid by installing a manufacturing 

plant of the nature proposed in this report, not only could the acid needs of the local industry 

be completely met, Sri Lanka could become a net exporter of Sulfuric acid, with over 50% of 

production still in excess.  

The production was scaled up to correspond to 35 MTPD of Sulfur input, to account for 

future growth in demand for oil refining in Sri Lank (and the resultant petrochemicals), as 

well as increased local demand for Sulfuric acid itself which is likely to occur following the 

production of sulfuric acid locally. It was calculated that the plant could be constructed at a 

cost of USD 7.6 Million in 2013, and have operating costs up to USD 6.7 million each year at 

full capacity, which was adjusted for inflation which the group took to be around 10%.  

The group recommends that by 2018 the plant could be run at full capacity at which point, 

with the forecast rise in price per kg of Sulfuric acid, sales would produce up to USD 13.6 

Million. In this set up the plant is expected to start accumulating profits in the first quarter of 

2020, delivering a pay back of 7 years and 1 month. In terms of economic feasibility, the 

project could be concluded as being viable; however, the group recommends that a more 

exhaustive calculation procedure be used to estimate cash flows if closer inspection is 

required with reduced assumptions.     
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Based on the literature review, it was revealed and concluded by the group that the double 

contact double absorption process (DCDA) is an optimum choice for a process to 

manufacture Sulfuric acid in terms of its economic feasibility, product purity and 

environmental impact. The group in its analysis for a suitable site has selected the general 

area of Sapugaskanda as a suitable location for installation of the plant, taking into account its 

close proximity to the CPC as well as the Colombo harbor as well as established 

infrastructure and availability of water and other utilities. 

Among the findings made by the group during the mass and energy balance was the fact that 

Oleum could be used as a drying agent (a form of chemical drying) to dry air and Sulfur 

Dioxide streams instead of jacketing with steam . However, the group cautions that using 

Oleum/Sulfuric acid would initially prove questionable as steady state flow requirements 

were found to exceed steady state production of Oleum/ Sulfuric acid. Upon reaching steady 

operation with abundant storage capacity, however, the group recommends that 

Oleum/Sulfuric should be used to chemically induce moisture removal. 

The group was able to reveal from the mass and energy balance that the cooling utility would 

amount to 2.6 MW requiring 260 MT/hr of cooling water. However, the group has identified 

several potential options for energy recovery within the plant itself, and if performed this 

utility could be optimally reduced up to 700 MW or 60 MT/hr. It is recommended that a 

detailed pinch analysis be conducted to determine this figure more accurately. Though energy 

could be recovered as saturated steam, the group has identified that due to the magnitude of 

the temperatures required for process heating, the saturated steam recovered would have to be 

superheated first. Alternatively it is recommended by the group is that thermic fluids be used 

in this regard, while the excess steam capacity could be utilized for in house generation of 

power. The group recommends the conduction of a proper cost benefit analysis comparing 

the capital costs of installing a power plant and using thermic fluid for process heating, as 

opposed to those associated with using superheated steam entirely for process heating.  

As a concluding remark a reflection on the personal benefits and underlying reasons for 

performance could be made. The group notes the personal benefits of obtaining valuable 

insights in to the financial side of process engineering as well as a holistic sense of plant 

design in terms of conducting mass and energy balances and investigating safety and 

environmental issues. The group observes that continuous feed back and coordination being 

the underlying current of successful performance of a project of this magnitude. 



 

 

vi 

 

CONTENTS 

ACKNOWLEDGEMENT ..................................................................................................... ii 

PREFACE ............................................................................................................................ iii 

EXECUTIVE SUMMARY .................................................................................................. iv 

CHAPTER 1 LITERATURE REVIEW AND PROCESS SELECTION ............................ 1 

1.1 INTRODUCTION .................................................................................................. 1 

1.1.1 Sulfuric acid - Background............................................................................... 1 

1.1.2 Manufacture of Sulfuric acid - Evolution ......................................................... 2 

1.1.3 Applications of Sulfuric acid ............................................................................ 3 

1.2 CAPACITY LIMITATIONS .................................................................................. 5 

1.2.1 Availability of raw materials ............................................................................ 5 

1.2.2 Other factors relating to plant capacity ............................................................. 6 

1.3 ECONOMIC ASPECTS OF SULFURIC ACID PRODUCTION ............................ 6 

1.3.1 Consumption and market ................................................................................. 7 

1.3.2 Market supply of Sulfuric acid ......................................................................... 8 

1.3.3 Market demand for Sulfuric acid .................................................................... 10 

1.3.4 Price of Sulfuric acid ..................................................................................... 12 

1.4 SAFETY AND ENVIRONMENTALASPECTS OF SULFURIC ACID 

PRODUCTION ............................................................................................................... 14 

1.4.1 Basic safety issues due to physical properties and behavior of Sulfuric acid ... 14 

1.4.2 Safety issues due to other process materials ................................................... 14 

1.4.3 Environmental Aspects .................................................................................. 15 

1.5 PLANT SITE SELECTION AND LAYOUT ........................................................ 17 

1.5.1 Site selection .................................................................................................. 17 

1.5.2 Plant layout diagram ...................................................................................... 19 

1.6 EXISTING PROCESS ROUTES FOR SULFURIC ACID PRODUCTION .......... 20 

1.6.1 Lead Chamber Process and its development ................................................... 20 



 

 

vii 

 

1.6.2 Contact process .............................................................................................. 24 

1.7 PROCESS SELECTION ....................................................................................... 28 

1.7.1 Comparison between the Lead Chamber Process and the Contact Process ...... 28 

1.7.2 Process selection ............................................................................................ 30 

1.7.3 Establishing of production process ................................................................. 32 

1.7.4 Conclusion: Block diagram of selected process .............................................. 38 

CHAPTER 2 ECONOMIC, SAFETY AND ENVIRONMENTAL ANALYSIS .............. 39 

2.1 OVERVIEW OF ECONOMIC, SAFETY AND ENVIRONMENTAL ANALYSIS 

OF DESIGN .................................................................................................................... 39 

2.1.1 Way forward from the literature review.......................................................... 39 

2.1.2 Economic analysis ......................................................................................... 39 

2.1.3 Safety analysis ............................................................................................... 39 

2.1.4 Environmental analysis .................................................................................. 39 

2.2 ECONOMIC ANALYSIS OF DESIGN ................................................................ 40 

2.2.1 Approach and justification of taken in cost estimation .................................... 40 

2.2.2 Estimation of total initial investment .............................................................. 41 

2.2.3 Estimation of annual operating costs .............................................................. 46 

2.2.4 Projections of revenue .................................................................................... 53 

2.2.5 Making projections of economic performance ................................................ 55 

2.2.6 Conclusion ..................................................................................................... 56 

2.3 SAFETY ANALYSIS OF DESIGN ...................................................................... 56 

2.3.1 General plant safety procedures ..................................................................... 57 

2.3.2 Operational measures of mitigating safety hazards in the process ................... 64 

2.3.3 Identification of major chemical, physical or electrical hazards specifically 

associated with the design in operational units ............................................................. 66 

2.3.4 Chemical, physical and electrical hazards identified in storage tanks and 

mitigation .................................................................................................................... 71 

2.4 ENVIRONMENRAL ANALYSIS OF DESIGN ................................................... 75 



 

 

viii 

 

2.4.1 Sources of gaseous pollutants and mitigation of impact in design and operation

 75 

2.4.2 Minimizing catalytic waste ............................................................................ 78 

2.4.3 Liquid waste .................................................................................................. 79 

2.4.4 Solid waste .................................................................................................... 80 

2.4.5 Noise pollution .............................................................................................. 80 

2.4.6 Other statutory requirements of mitigation of environmental impact .............. 80 

CHAPTER 3 FLOW SHEETING OF MASS AND ENERGY BALANCE ...................... 82 

3.1 OVERVIEW OF METHODOLOGY TAKEN IN CONSTRUCTION OF MASS 

AND ENERGY BALANCE ............................................................................................ 82 

3.1.1 Way forward from the literature survey and the economic, safety and 

environmental analysis ................................................................................................ 82 

3.1.2 General approach used in flow sheet construction .......................................... 82 

3.1.3 Stream naming convention ............................................................................. 89 

3.1.4 Estimation of physical and chemical properties .............................................. 89 

3.2 MASS BALANCE ................................................................................................ 94 

3.2.1 Sulfur melter .................................................................................................. 94 

3.2.2 Air consumption ............................................................................................ 96 

3.2.3 Furnace ........................................................................................................ 100 

3.2.4 Electrostatic precipitator .............................................................................. 103 

3.2.5 SO2 Dryer .................................................................................................... 104 

3.2.6 Converter ..................................................................................................... 106 

3.2.7 Intermediate absorption tower (IAT) ............................................................ 109 

3.2.8 Main absorption tower - MAT...................................................................... 111 

3.2.9 Scrubber ...................................................................................................... 113 

3.2.10 Oleum storage tank ...................................................................................... 114 

3.2.11 Oleum distribution header ............................................................................ 115 

3.2.12 Dilution tank ................................................................................................ 118 



 

 

ix 

 

3.2.13 H2SO4 Storage tank ...................................................................................... 119 

3.2.14 Overall loss provision after burner ............................................................... 121 

3.3 ENERGY BALANCES AND UTILITY REQUIREMENTS .............................. 122 

3.3.1 Sulfur Melter ............................................................................................... 122 

3.3.2 Sulfur furnace .............................................................................................. 128 

3.3.3 Electrostatic precipitator .............................................................................. 131 

3.3.4 Waste heat boiler ......................................................................................... 132 

3.3.5 Heat exchangers ........................................................................................... 134 

3.3.6 Main Air Dryer ............................................................................................ 142 

3.3.7 SO2 Dryer .................................................................................................... 143 

3.3.8 Catalytic Converter ...................................................................................... 145 

3.3.9 Intermediate Absorption Tower .................................................................... 146 

3.3.10 Main Absorption Tower ............................................................................... 148 

3.3.11 Oleum Tank ................................................................................................. 149 

3.3.12 Oleum Header .............................................................................................. 150 

3.3.13 Dilution Tank ............................................................................................... 151 

3.3.14 H2SO4 Tank ................................................................................................. 152 

CHAPTER 4 CONCLUSION AND RECOMMENDATIONS ....................................... 154 

4.1 PROCESS FLOW DIAGRAM ........................................................................... 154 

4.2 MASS FLOW SHEET ........................................................................................ 154 

4.3 ENERGY BALANCE SHEET ............................................................................ 154 

4.4 UTILITIES ......................................................................................................... 157 

4.5 RECOMMENDATIONS AND OTHER OBSERVATIONS ............................... 158 

BIBILOGRAPHY ................................................................................................................ ix 

LIST OF ABBREVIATIONS ........................................................................................... xvii 

ANNEXES ........................................................................................................................ xix 



 

 

x 

 

ANNEX I: CALCULATION SHEETS RELEVANT TO THE ECONOMIC ANALYSIS

 ....................................................................................................................................... xix 

Sheet 1: Fixed Capital Cost ........................................................................................ xix 

Sheet 2: Annual Fixed Cost ........................................................................................ xix 

Sheet 3: Annual Variable Costs ................................................................................... xx 

Sheet 4: Revenue projections ...................................................................................... xxi 

Sheet 5: NPV of Cash Flows and payback ................................................................. xxii 

ANNEX II: RELEVANT EXTRACTS FROM NATIONAL ENVIRONMENTAL ACT, 

NO.47 OF 1980 ............................................................................................................. xxii 

TOLERANCE LIMITS FOR THE DISCHARGE OF INDUSTRIAL WASTE IN TO 

INLAND SURFACE WATERS ................................................................................ xxii 

TOLERANCE LIMITS FOR INDUSTRIAL AND DOMESTIC WASTE 

DISCHARGED INTO MARINE COASTAL AREAS ............................................. xxiii 

ANNEX III: MATERIAL SAFETY DATA SHEETS .................................................. xxiii 

1. Material safety data sheet of sublime Sulfur.................................................... xxiii 

2. Material safety data sheet of Sulfuric acid....................................................... xxiii 

MINUTES OF THE MEETINGS ..................................................................................... xxiv 

First meeting ................................................................................................................ xxiv 

Second meeting ............................................................................................................. xxv 

Third meeting ............................................................................................................... xxvi 

 

 

 

 

 

 

 



 

 

xi 

 

LIST OF TABLES 

Table 1.1  Background information on Sulfuric Acid (Sulfuric Acid) .................................... 1 

Table 1.2 Applications of Sulfuric acid as a catalyst .............................................................. 4 

Table 1.3 End uses of Sulfuric acid (US Sulfur/Sulfuric Acid Market Analysis Final Report, 

2009) .................................................................................................................................... 7 

Table 1.4Top 16 manufacturers of Sulfur in 2010 (World Sulphur Producing Countries, 2012)

 ............................................................................................................................................. 9 

Table 1.5 Market prices of Sulfuric acid of certain global suppliers (Sulfuric acid market 

summary, 2012) (Sulphuric acid MARKET ANALYSIS, 2012) .......................................... 13 

Table 1.6 Market price of Sulfuric acid of selected Chinese suppliers (BAIINFO Sulfuric 

Acid Weekly Report, 2013) ................................................................................................. 13 

Table 2.1Summary of cost of main utilities ......................................................................... 47 

Table 2.2Operating labour and auxiliary costs ..................................................................... 50 

Table 2.3  Breakdown of managerial level wages ................................................................ 51 

Table 2.4 Summary of fixed costs ....................................................................................... 51 

Table 2.5Annual Operating Costs- Summary....................................................................... 52 

Table 2.6 Summary of selling price forecast ........................................................................ 54 

Table 2.7 Summary of projection of economic performance ................................................ 56 

Table 2.8Several forms of PPEs and their points of application in a Sulfuric acid plant ....... 60 

Table 2.9Key process information in the Sulfur burning section .......................................... 66 

Table 2.10 Hazards identified in the Sulfur burning section ................................................. 67 

Table 2.11 Key process information of the catalytic conversion section............................... 69 

Table 2.12 Mitigation measures of burner and converter sections ........................................ 70 

Table 2.13 Average emission levels from stacks of 8 selected Sulfuric acid plants in India .. 77 

Table 2.14 Maximum permissible levels of Sulfur Dioxide and means of measurement ...... 77 

Table 2.15 Contaminants of V2O5 and their affects ............................................................ 78 

Table 2.16  Ballpark figures for liquid waste generation in a 1000 MTPD plant of Sulfuric 

acid ..................................................................................................................................... 79 

Table 2.17 Identification of sources of liquid waste in the process and impact mitigation .... 79 

Table 2.18 Main sources of solid waste identified and treatment methods ........................... 80 

Table 3.1 Sample flow table prepared for the material flow sheet ........................................ 82 

Table 3.2 Sample flow table prepared for the energy flow sheet .......................................... 83 



 

 

xii 

 

Table 3.3 List of variables used in constructing mass and energy balance in MS Excel 2010 

(Extracted directly) ............................................................................................................. 84 

Table 3.4 Allowance for work done as a fraction of energy transfer by input mass transfer in 

each unit ............................................................................................................................. 86 

Table 3.5 The units by which main properties of the process flow have been given in the mass 

and energy balance .............................................................................................................. 88 

Table 3.6 Sulfur melter energy balance ............................................................................... 88 

Table 3.7 SO2 Dryer energy balance extracted directly from MS Excel ............................... 89 

Table 3.8 Boiling Points of species involved in the process (Sinnott, Coulson & Richardson's 

Chemical Engineering Volume 6 (Chemical Engineering Design), 1999) ............................ 90 

Table 3.9Molecular weights of species involved in the process (Sinnott, Coulson & 

Richardson's Chemical Engineering Volume 6 (Chemical Engineering Design), 1999) ....... 90 

Table 3.10 Standard Enthalpies of formation of species involved in the process (Perry, 1999)

 ........................................................................................................................................... 91 

Table 3.11Latent Heats of species involved in the process (Sinnott, Coulson & Richardson's 

Chemical Engineering Volume 6 (Chemical Engineering Design), 1999) ............................ 92 

Table 3.12 Specific Heat Capacities of species involved in the process (Perry, 1999)  ......... 92 

Table 3.13 Molecular weight estimation of fuel oil no 4 .................................................... 102 

Table 3.14 Summarized figures for utility consumption in Sulfur Melter ........................... 128 

Table 3.15  Fuel oil properties and their stepwise application to obtain the fuel quantity 

requirement ....................................................................................................................... 129 

Table 3.16 Steam production from waste heat boiler ......................................................... 133 

Table 3.17 Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet ............................................................................................................ 135 

Table 3.18 Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet ............................................................................................................ 138 

Table 3.19 Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet ............................................................................................................ 140 

Table 3.20Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet ............................................................................................................ 141 

Table 3.21Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet ............................................................................................................ 142 

Table 3.22 Cooling water calculation required to maintain dryer stream temperatures ....... 144 

Table 3.23 Thermic fluid follow rate required for converter operation ............................... 146 



 

 

xiii 

 

Table 3.24 Cooling water required to maintain the absorber stream temperatures .............. 147 

Table 4.1 Total utility distribution of plant ........................................................................ 157 

Table 4.2 Comparison of relative energy contents recoverable .......................................... 159 

Table 4.3 Projections of energy recovery as HP steam ....................................................... 160 

 

LIST OF FIGURES 

Figure 1.2 NFPA triangle for Sulfuric acid (special hazard: reaction with water) ................. 16 

Figure 1.1 Sample label giving elements of a label to be included in storage of H2SO4  
7
 ..... 16 

Figure 1.3 Process flow of the Lead Chamber Process ......................................................... 23 

Figure 1.4 Simultaneous melting and burning of Sulfur ....................................................... 32 

Figure 1.5 Separate melting and burning of Sulfur............................................................... 33 

Figure 1.6 Catalytic conversion of SO2 to SO3 .................................................................... 35 

Figure 1.7 Intermediate absorption tower increasing overall conversion .............................. 36 

Figure 1.8 Main absorption tower ........................................................................................ 37 

Figure 1.9 Complete block diagram of selected process ....................................................... 38 

Figure 2.1 Capital cost vs capacity relationship for Sulfuric acid plants (Garrett (1989)) ..... 42 

Figure 2.2  Safety Hierarchy ................................................................................................ 61 

Figure 3.1 Inlet and outlet streams from the Sulfur Melter ................................................... 95 

Figure 3.2 Inlet and outlet streams from the Main Air Dryer ............................................... 98 

Figure 3.3 Figure 3.4 Inlet and outlet streams from the Sulfur Furnace .............................. 100 

Figure 3.5 Inlet and outlet streams from the Electrostatic precipitator ................................ 104 

Figure 3.6 Inlet and outlet streams from the Sulfur Dioxide Dryer ..................................... 105 

Figure 3.7     Inlet and outlet streams from converter ......................................................... 107 

Figure 3.8 Input and output streams from the intermediate absorption tower ..................... 110 

Figure 3.9 Input and output streams from the main absorption tower ................................. 111 

Figure 3.10 Scrubber inlets and outlets .............................................................................. 113 

Figure 3.11 Solubility data for Sulfur Trioxide in water..................................................... 114 

Figure 3.12 3.13 Inlets and outlets from Oleum tanks ........................................................ 114 

Figure 3.14 Oleum header inlets and outlets ...................................................................... 116 

Figure 3.15 Dilution tank inlets and outlets ....................................................................... 119 

Figure 3.16 Sulfuric storage tank inlet and outlets ............................................................. 120 

Figure 3.17 Input and output streams from the waste heat boiler........................................ 132 

file:///C:/Users/Ishara/Desktop/final%20report%20prjct/stream%20line%20corected%20FINAL%20REPORT%20COMBINED%20ASSIGNMENT%204.docx%23_Toc363895542


 

 

xiv 

 

Figure 3.18 Input and output streams from the air preheater .............................................. 134 

Figure 3.19 Inlet and outlet streams from the converter inlet preheater .............................. 136 

Figure 3.20 Inlet and outlet streams from the absorption precooler .................................... 139 

Figure 3.21 Inlet and outlet streams from the converter return preheater ............................ 140 

Figure 3.22 Inlet and outlet streams from the converter output cooler ................................ 141 

 

 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

1 

 

CHAPTER 1 LITERATURE REVIEW AND PROCESS SELECTION 

1.1 INTRODUCTION 

1.1.1 Sulfuric acid - Background 

The properties of Sulfuric acid vary depending upon its concentration. Direct contact of 

Sulfuric acid with anything from tissues (e.g. skin and flesh), metals, to stones will lead to 

their degradation while a more acidic concentration will lead to their degradation in the form 

of corrosion. Concentrated forms of the acid have strong dehydrating and oxidizing 

properties. According to the Encyclopedia Britannica, upon heating, partial decomposition of 

the pure acid into water and SulfurTrioxide occurs, with SulfurTrioxide escaping as vapour, 

until the concentration of the acid fall to 98.3%.
1
 

Table 1.1  Background information on Sulfuric Acid (Sulfuric Acid) 

Attribute  

Alternate names Oil Of Vitriol, Hydrogen Sulfate 

General appearance/qualities dense, clear (colourless), oily, corrosive liquid 

Specific gravity (25° C) 1.83 (Pure Sulfuric acid) 

Freezing point 10.37° C (Pure Sulfuric acid) 

Boiling point 338° C (98.3% conc. acid at 1 atm) 

Commonly supplied concentrations 78%, 93%,98% 

Related solutions Oleum (Fuming Sulfuric acid) 

It was made clear during the literature review that Sulfuric acid is arguably one of the most 

commonly produced industrial chemicals in the world. Its applications has a wide range-  

from the manufacture of fertilizers, pigments, dyes, drugs, explosives, detergents, and 

inorganic salts and acids, to petroleum refining and metallurgical processes, electrolyte in 

lead–acid storage batteries etc. (Sulfuric Acid) (Davenport & King, Sulfuric acid manufacture 

analysis, control and optimization) . 

                                                
1
 Refer section on environment and safety aspects surrounding available processes of manufacturing Sulfuric 

acid for details on other features of Sulfuric acid relevant to the scope of the plant design for which this 

literature review has been carried out 
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1.1.2 Manufacture of Sulfuric acid - Evolution
2
 

Earliest days: Records of a compound similar to Sulfuric acid in its most primitive form had 

started emerging from around the 16
th

 century. General information gathered during the 

literature survey about how Sulfuric acid came to be what it is today, point towards one 

Johann Van Helmont who had employed destructive distillation
3
 of green vitriol (Ferrous 

Sulfate) and burning of Sulfur to synthesize what had then been referred to as ‘Oil Of Vitriol'. 

Beginning of Industrial scale production: In the 1790s Sulfuric acid had been 

manufactured mainly for the Leblanc process for making Sodium Carbonate. Johann Glauber 

had pioneered the process of by burning Sulfur with saltpeter (potassium nitrate) in the 17
th 

century (History of Sulfuric Acid, 2012) . Where previous production had mainly been lab 

scale based, it was during this time that the economic value of Sulfuric acid has started being 

realized among industry visionaries. But the best days of Sulfuric acid had still not come to 

pass. 

Breakthrough: The development of the Lead Chamber Process by John Roebuck in the mid 

18
th

century was a milestone in Sulfuric acid production, as it afforded the industry to increase 

production capacity; even more significant about this was that the process was deemed far 

more economically viable than any other processes hitherto developed for Sulfuric acid. The 

following decades saw further improvements to the said process – where increased recovery 

of Nitrogen Oxide was achieved, thereby contributing towards the overall improvement of 

the Lead Chamber Process. 

Pinnacle: The evolution of Sulfuric acid production reached its climax in the beginning of 

the 19
th

 century, where Phillips, in Bristol, England, patented the oxidation of 

SulfurDioxideinto SulfurTrioxide over a Platinum catalyst at high temperature. In other 

words, this was the beginning of the development of the Contact Process, by which almost all 

of today’s Sulfuric acid demand is met. The popularity of the contact process also improved 

the lead chamber process, due to competitive advances of the production industry. The 

increased demand for more concentrated forms of the acid (which was far easier and more 

possible with the Contact Process than the Lead Chamber Process), coupled with lower costs 

of production associated with using cheaper catalysts and the resulting lower price led to 

                                                
2
 This section contains information of alternative processes that are elaborated in detail in latter sections. 

3
This itself has evolved into cracking processes that are common in today’s petroleum  industry 
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increase in popularity of the Contact Process and the decline of application of the Lead 

Chamber Process. 

Though the basic principle of the contact process remains unchanged to this day, with the 

dawn of the 20
th

 century, the contact process underwent the following improvements (Lloyd, 

2011). 

 Replacement of catalyst: An even cheaper option for the catalyst was successfully 

implemented – i.e. Vanadium Pentoxide. V2O5 also had the added advantage of being 

more robust to catalyst poisoning and subsequent deactivation. 

 The development of the wet contact process by Lurgi: The catalyst was used for 

converting Sulfur Dioxide containing gases having moisture. Further the air used for 

oxidizing Sulfur Dioxide need not be dry. With this the capital and operation cost for 

the plant was reduced due to reduction of drying machinery equipment, heat recovery 

systems, reduction in cooling water and by-product production. 

 Development of the ‘double’ catalyst process by Bayer in the 1960s: This led to 

higher conversion of Sulfur Dioxide and reduction of fugitive emissions of Sulfur 

Dioxide. This phenomenon involves adding the elementary Sulfur Trioxide absorption 

step ahead the final catalytic stage. The introduction of environmental regulations 

during the period fuelled this development. 

1.1.3 Applications of Sulfuric acid 

Production of Phosphoric acid: Commonly regarded as the main source of consumption of 

Sulfuric acid, the "wet method" of producing phosphoric acid, is used for manufacture of 

phosphate fertilizers. Rock phosphate or, fluorapatite, is treated with 93% Sulfuric acid to 

produce calcium sulfate, hydrogen fluoride (HF) and phosphoric acid (Phosphoric Acid, 

2013). 

Iron and steel manufacturing: Sulfuric acid is used to remove rust, scaling and other forms 

of oxidation from rolled sheet and billets before being used for the manufacture of 

automobiles and other appliances. Since disposal of spent acid and reacquisition of fresh acid 

has been observed to be costly, most steel plants consist of spent acid regeneration (SAR) 

units where spent acid is burnt with natural gas, refinery gas or other fuel sources which 

produce Sulfur Dioxide and Sulfur Trioxide vapours, which are then used to produce "new" 
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Sulfuric acid. SAR units have been incorporated in metal smelting plants, oil refineries, and 

other industries that require bulk quantities of Sulfuric acid. 

Manufacture of Aluminium compounds: Also known as ‘paper maker’s alum’, Aluminium 

Sulphate is produced in large scale in the paper making industry. Aluminium oxides 

(Bauxites) are first purified into Aluminium soaps (Al(OH)3) on paper pulp fibers. Adding 

Sulfuric acid gives gelatinous Aluminium carboxylates, which coagulates the pulp fibers into 

a hard paper surface (THE MANUFACTURE OF ALUMINIUM SULFATE). Also 

Aluminium Hydroxide which is used as a coagulant in water treatment plants is also 

manufactured from Sulfuric acid. 

Manufacture of Ammonium Sulfate: An important nitrogen fertilizer, this is produced in 

mass scale by reacting Ammonia with Sulfuric acid where Ammonia is converted into 

Ammonium Sulfate which gets crystallized and is separated by centrifugation or filtering 

(Gowariker, 2009). Ammonia being a byproduct in coking plants is often supplied to iron and 

steel making plants along with coke to produce the above as a byproduct, which is used as a 

form of disposal of waste Sulfuric acid. The byproduct is then sold as an agro chemical. 

Application as a catalyst: 

Table 1.2 Applications of Sulfuric acid as a catalyst 

Industry Use 

Nylon manufacturing industry Conversion of cyclohexanoneoxime to caprolactam 

Manheim process Conversion of salt into Hydrochloric acid 

Petroleum refining Producing isooctane from isobutene and isobutylene 

Other uses: Sulfuric acid is also an important component in the manufacture of dyes where 

acidic media such as Sulfuric acid is used to ‘set’ the colour of acid dyes that are used to dye 

of silk, wool, nylon and modified acrylic fibres (ACID DYES). Pigments such as Titanium 

Dioxide also employ Sulfuric acid to decompose and dissolve their raw deposits (Eg: 

Limonite in the case of TiO2) (TITANIUM DIOXIDE). Sulfuric acid is also used as the 

electrolyte in lead-acid (car) batteries. It is also used as a general dehydrating agent in its 

concentrated form which is used in detergents. 
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1.2 CAPACITY LIMITATIONS 

1.2.1 Availability of raw materials 

Raw material souring is a main feature that limits the plant capacity. Since Sulfur is the 

predominant raw material for Sulfuric acid manufacturing, other than those that produce the 

latter in the form of recovering oxides of Sulfur, particular attention was given during the 

literature survey to review sources and procurement of Sulfur. 

1.2.1.1 Different methods of sourcing Sulfur based compounds as raw material 

Sulfur is mined in elemental form in volcanic areas or salt domes in buried sedimentary 

regions associated with natural gas and crude oil deposits. According to Chemical 

information Centre maintained online by the Department of Chemistry at University of York, 

Sulfur recovered from oil and natural gas in the petroleum industry now accounts for about 

70% of all Sulfur used (Sulfuric acid - Feedstock). Thus interestingly, Sulfur can be procured 

both upstream and downstream of petroleum refining- i.e. along with crude oil deposits or 

following refining as Hydrogen Sulfide or as Alkyl Sulfides. Sulfur in this form is not only 

toxic, but has the tendency to poison catalysts. In any case, as far as using petroleum 

byproducts as a source for Sulfur is concerned, the byproduct stream must be subject to 

processing to obtain Sulfur in elemental form.
4
 

Sulfur can also obviously be sourced from metal deposits, since some of them exist in the 

form of Sulfides. Galena (Lead based) and Sphalerite (Zinc based) are both Sulfides and are 

usually found together. They are mined in several countries including China, Australia, and 

parts of North and South America. A considerable amount of SulfurDioxide is produced 

when they are roasted during processing, which, due to the emergence of more stringent 

emission controls, are now recovered as Sulfuric acid. 

Moving on, Sulfuric acid is now being ‘regenerated’ in some plants which has been perceived 

recently to be a better option than replenishing with fresh stocks and discharging spent acid. 

All in all, the review of literature pertaining to sourcing of raw material indicated a growing 

trend of sourcing Sulfur in the form of metal smelting vapour emissions, flue gas recovery, 

recovery from oil and gas and recycling of the acid in situ, owing to strict controls on 

emissions; rather than sourcing through direct mining. 

                                                
4
 This is beyond the scope of this literature review and the overall comprehensive design project, where it is 

considered that Sulfur, though sourced from the Petroleum industry, is obtained in elemental Sulfur form as the 

primary raw material for production of Sulfuric acid.  
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1.2.1.2 Input of raw materials to the production process: reviewing options at hand 

Based on information gathered under section 2.1 above, options are as follows: 

(a) By burning molten waste elemental Sulfur (~70% of world production) 

(b) From high SO2 strength metallurgical off-gases (~20%) 

(c) By regenerating spent (used) Sulfuric acid (~10%). 

In the Sri Lankan context, Sulfur mines are unheard of. This eliminates option (b). Further, 

there is no major Sulfuric manufacturing plant currently operating – which eliminates option 

(c). Assuming importing Sulfur is resorted to only in the absence of none of the above 

options being realizable, this leaves us with having to manufacture Sulfuric acid only with 

burning the elemental Sulfur. This is indeed a popular option- it was mentioned before that 

70% of Sulfuric acid is manufactured by burning elemental Sulfur all over the world. All of 

this Sulfur is obtained as a byproduct from refining natural gas or petroleum. 

In the Sri Lankan context, elemental Sulfur can be sourced from the Ceylon Petroleum 

Corporation (CPC) refinery, where Sulfur based compounds are purged as effluents from 

which Sulfur in elemental form has to be derived. According to the data which was given by 

the CPC, 25 metric tons of Sulfur per day is available for downstream production. This is the 

major limiting factor in terms of raw material. 

1.2.2 Other factors relating to plant capacity 

Availability of human resources skilled and unskilled also affects the performance of the 

production process. This has to been seen in terms of the hazards surrounding both the end 

product and raw materials involved, and the technical knowhow of operation and 

maintenance required. Labour would have to be sought selectively, particularly if it is to be 

mostly local, where very specific induction procedures would have to be implemented. 

The other factor that limits the plant capacity is obviously market supply and demand. This is 

addressed under Chapter 1.3 below. 

1.3 ECONOMIC ASPECTS OF SULFURIC ACID PRODUCTION 

Sulfuric acid is one of the most high volume product chemicals being manufactured across 

the globe. Numbers given by manufacturers, industry related consultants and other market 

observers place the Sulfuric acid production in recent years to be around 200 million tonnes 

(Peacock). Indeed it is because of this significant place Sulfuric acid production occupies in 
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the industrial chemical manufacture sector, that it is commonly regarded that a country’s 

industrial development, and by extension, economic growth can be measured by its 

production contribution of Sulfuric acid. 

1.3.1 Consumption and market 

Several sources that were referred during the literature review indicated that among the end 

uses of Sulfuric acid, an overwhelming majority is driven towards the fertilizer industry, 

while the remainder is chiefly divided among metal processing, petroleum downstream 

industries such as alkylation, paper industry and other industrial chemicals such as Titanium 

Dioxide, Ammonium Sulfate etc. The approximate breakdown is as follows according to 

Nexant Inc., a US based consultancy focusing on energy management. 

Table 1.3 End uses of Sulfuric acid (US Sulfur/Sulfuric Acid Market Analysis Final Report, 2009) 

End use % 

Phosphoric acid and fertilizer production 70 

Copper leaching 5 

Petroleum alkylation 4 

Pulp and paper 3 

Ammonium Sulfate 2 

Aluminium Sulfate 1 

Other 15 

In a broader sense, Sulfuric acid has widely varied uses and plays some part in the production 

of nearly all manufactured goods. The major use of Sulfuric acid is in the production of 

fertilizers, e.g., superphosphate of lime and ammonium sulfate. It is also widely used in the 

manufacture of chemicals, e.g., in making hydrochloric acid, nitric acid, sulfate salts, 

synthetic detergents, dyes and pigments, explosives, and drugs. Petroleum refining is another 

destination of Sulfuric acid, where it is used to wash impurities out of gasoline and other 

refinery products. The metal industry occupies a growing portion of consumption - e.g., in 

pickling (cleaning) iron and steel before plating them with tin or zinc. Rayon which is the 

electrolyte in the lead-acid storage battery commonly used in motor vehicles is also 

manufactured from Sulfuric acid (referred to as ‘battery acid’, containing about 33% H2SO4). 

Considering the global consumption hubs of Sulfuric acids, recent trends show declines, 

mostly in Europe- eg: former USSR, Western Europe, and Central and Eastern Europe since 

the late 1980s. On the other hand, IHS, a US based global information service provider has 
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indicated major increases in recent years, occurring lower and middle income countries such 

as China, Cambodia, the Democratic People's Republic of Korea, Laos, Mongolia and 

Vietnam, Southeast Asia (Indonesia, the Republic of Korea, Malaysia, Myanmar, the 

Philippines, Singapore, Taiwan and Thailand), Central and South America, Southwest Asia 

(Afghanistan, Bangladesh, Bhutan, India, Nepal, Pakistan and Sri Lanka), and the Middle 

East (Sulfuric Acid, 2012). Hence this leading information provider has perceived Sri Lanka 

also as a country where the consumption of Sulfuric acid has seen growth in recent years. 

It is also worth mentioning that environmental controls imposed by governments on Sulfur 

emissions (mainly SulfurDioxide), have prompted many industries, particularly in metal 

smelting to consider SulfurDioxide being recovered as Sulfuric acid. On the other hand, this 

is also a restriction on main Sulfuric manufacturing plants themselves, as it too would have to 

impose controls on its fugitive emissions of SulfurDioxide. 

Specific attributes of the Sulfuric market has been addressed separately under supply and 

demand aspects. Based on available literature, existing manufacturing processes of Sulfuric 

acid - mainly the more obsolete Lead Chamber Process and the more efficient and common 

Contact Process (and its variations), deals with similar economic issues, which involve 

mainly, balancing the market forces of supply and demand. 

1.3.2 Market supply of Sulfuric acid 

When reviewing available literature it became apparent that sources of Sulfuric acid supply 

are mainly determined based on two criteria. 

 Nature of raw material sourcing 

 Availability of labour – skilled and unskilled 

1.3.2.1 Raw material sourcing 

Raw material sourced as Brimstone: Sulfuric acid manufacturing by Contact process or by 

more obsolete processes use Brimstone as the main raw material. Brimstone is another name 

for Sulfur, and are found in volcanically active regions, hot springs and salt domes. 

According to Sulfuric industry experts and consultants such as the British Sulfur Consultants, 

Sulfuric acid production by Sulfur as the initial raw material accounts for 62% of the global 

supply (Peacock).Industrial experts refer to the contribution of above as the ‘voluntary 

capacity’ of Sulfuric acid supply. Raw material in the form of elemental Sulfur is commonly 

sourced via by products from petroleum refining. This may be the main source in the case of 
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the design for which this literature review is carried out- where the supplier is the Ceylon 

Petroleum Corporation. 

Table 1.4Top 16 manufacturers of Sulfur in 2010 (World Sulphur Producing Countries, 2012) 

Country Production in 2010 (‘000 MT) 

United States 9 900 

China 9 400 

Russia 7 100 

Canada 7 000 

Germany 3 800 

Japan 3 400 

Saudi Arabia 3 200 

Kazakhstan 2 000 

UAE 2 000 

Mexico 1 700 

Iran 1 600 

Chile 1 600 

South Korea 1 600 

France 1 300 

India 1 200 

Australia 930 

Venezuela 800 

Raw material sourced downstream from metal smelting: Sulfuric acid is used as a 

dissolving medium in metal extraction processes (Eg: Copper, Nickel). Within the same 

process, during what is known as ‘Roasting’, the part of the Sulfur deposits present in the 

medium are removed as SulfurDioxide, along with other gases, which are collectively 

referred to as ‘smelting gas’. Since SulfurDioxide is also a state through which Sulfuric 

manufacturing processes proceed, this is considered also as a source of ‘raw material’ as far 

as Sulfuric production is considered. According to the same group stated above, Sulfuric 

manufacture by smelter gas as the starting point account for about a quarter (26%) of the 

global supply of Sulfuric acid. This actually accounts for the case where most metal smelting 

plants contain Sulfuric ‘regeneration’ units, where the acid is manufactured from smelter gas 

to be resupplied to its own plant, as Sulfuric acid is needed in the leaching operation. Thus 
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here Sulfuric manufacturing units act as effluent treatment units, and is known industrially as 

the ‘involuntary capacity’ of Sulfuric acid supply. 

Other sources for raw materials : Most metal deposits exist as sulfide or pyrites (eg: 

CuFeS), these also account as minor sources. 

1.3.2.2 Market supply statistics 

Statistics indicate that Asia and Oceania (mainly Australia) account to 35-40% of total 

Sulfuric acid supply while the Americas together account for almost a quarter of world 

supply, while Total supply in 2013 has been projected to amount to 250 Million tonnes 

(Peacock). Though China and Australia are among the largest producers of Sulfuric acid, due 

to the magnitude of their local market both these nations are among the top importers of 

Sulfuric acid, along with India and Chile. Europe, South Korea and Japan do produce in 

excess and are net exporters and in fact leading exporters of Sulfuric acid (Boyd, 2010). 

Raw material price is a major supply side variable that has a profound impact on final product 

price. Based on many journal and news articles on economic aspects of Sulfuric acid 

production, this notion clearly held when it comes to Sulfuric acid too, in that Price of Sulfur 

has a major downstream influence on price of Sulfuric acid. It should also be understood 

however, that this apply mainly to Sulfur sourced directly from Brimstone. Supply tends to be 

inelastic as far as other sources of Sulfur are concerned
5
, such as petroleum refining and coal 

fired power plants, where Sulfur is a byproduct (Boyd, 2010). Being massive industries on its 

own, they do not have a pivotal enough relationship with the Sulfuric acid industry, to 

influence its ultimate price. That said, according to M & M, US based Market Research 

Company and consulting firm, and as stated above, supply of Sulfuric acid is attributed to 

increasing of production of Sulfur. In fact, statistics indicate 90% of Sulfur volume produced 

is used for Sulfuric acid manufacture (Sulphuric Acid Market, by Manufacturing Process, 

Product Type / Concentration, & Application – Global Consumption Trends, Forecasts up to 

2018). Of course, it could be argued that this doesn’t come as a huge surprise, when 

considering the fact that Sulfur accounts for more than 60% of feedstock for Sulfuric acid. 

1.3.3 Market demand for Sulfuric acid 

Sulfuric acid is one of the world’s largest volume industries, and arguably the largest 

industrial chemical produced by mass in the United States. According to news articles and 

                                                
5
i.e Higher prices of Sulfur (or Sulfuric acid for that matter) doesn’t promote an increase in supply. 
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market projections provided by industrial experts, and industry specific data providers, 

demand for Sulfuric acid for the next few years seem to be growing at a rate of 1.5-2.5% 

(Sulfuric Acid: 2011 World Market Outlook and Forecast, 2011) (Sulfuric Acid, 2012). 

When analyzing the nature of the demand for Sulfuric acid, several attributes were observed. 

In general however, it is worthwhile mentioning that the multifarious industrial applications 

of Sulfuric acid, that spans across many facets of the manufacturing industry, catering to a 

wide range of human needs is the driving force behind this trend in demand. For instance, 

fertilizer demand for Sulfuric acid is forecast to grow at about 2.3% during 2011–2016 

(Sulfuric Acid, 2012). In response, several new phosphate fertilizer plants are scheduled to be 

constructed over the forecast period, mostly in northern Africa, the Middle East and China. 

Industrial observers’ further point out that non fertilizer Sulfuric acid demand will come 

primarily from nickel and other metal processing operations. Being a downstream industry of 

Sulfuric acid, this has profound implications on the overall market for Sulfuric acid. 

Population growth and its consequences: Increasing population growth automatically 

increases, among other things - consumption of food and also requires increased levels of 

infrastructure. These two effects are significant in terms of the demand on Sulfuric acid. 

Population growth intensifies need for more cultivation of land for food, which in turn fuels 

need for more fertilizer. Statistics gathered during the course of the literature survey indicate 

that 52% of total consumption of Sulfuric acid is attributed to the massive phosphate fertilizer 

industry (PERP Program - Sulfuric Acid, 2009), where the manufacture of wet phosphoric 

acid has a large impact. Thus increase in demand for fertilizer has a significant impact on 

demand for Sulfuric acid. Firms specializing in forecasting and monitoring industry 

performance have noted that upcoming fertilizer plants in China, Middle East and South 

America would increase fertilizer capacity by 8 million metric tons (Sulfuric Acid, 2012), 

which obviously would have a complementary effect on the demand for Sulfuric acid. 

Another observation by these analysts that has attributed to a persistent increase in demand is 

the rising income of middle income families, causing them to move towards consuming more 

nutritional crops, which again prompts an increase in demand for fertilizer. 

As far as the second effect of population growth is concerned, the increased demand for 

metals such as Copper and Nickel tends to increase demand for Sulfuric acid, as more acid 

needs to be produced to cater for higher levels of metal processing such as leaching of ore. 

According to IHS, a leading global industry specific information provider, between 2009-

2012, increase in Nickel and Copper leaching, had led to increase in demand for Sulfuric acid 
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by almost 8 million metric tons. They further observe that increased prices in such metals 

would further increase its supply, thereby prompting them to make further projections in 

increased acid demand (Sulfuric Acid, 2012). 

The increased demand in petroleum refining, pulp and paper and other chemicals - all of 

which tends to increase in demand with population growth ultimately prompt further 

increases in demand for Sulfuric acid (Sulphuric Acid Market, by Manufacturing Process, 

Product Type / Concentration, & Application – Global Consumption Trends, Forecasts up to 

2018).  Due to its uses in all of the above industries, growth of these industries complements 

growth in Sulfuric acid production. It is therefore evident that demand for Sulfuric acid 

depends on the demand for its end products. 

Note: The Sri Lankan market for Sulfuric acid will be addressed more specifically in 

Assignment 2. 

1.3.4 Price of Sulfuric acid 

From revelations about demand for Sulfuric acid made during the literature review, and 

elaborated above under demand and supply related aspects, it was noted that throughout the 

last couple of years, the global market for Sulfuric acid varied from being in excess supply, 

thus resulting in low prices at times; to excess demand at times, thus resulting in soaring 

prices. Most of these observations were made by referring to journal and news articles 

published by various interest groups and reputed market analysis groups. 

In March 2008, Sulfuric acid prices in the US were at a staggering $329/ton according to 

‘Purchasing Data’, a business intelligence Centre dealing with chemicals, metals and 

electronics consumption sectors. Buyers at that time had speculated that the rising price of 

Sulfur, increased demand for Sulfuric acid from complementing industries such as the 

fertilizer industry and short supply of Sulfuric acid may have attributed to the rise in price. 

Long term slowdown of Sulfur supply from US refineries was cited as an example for the 

latter case (Hannon, 8). 

Interestingly, another industry alongside fertilizer and metal processing industries that might 

add pressure on the Sulfuric acid production was identified as contributing to the rise in price 

– the Ethanol fuel industry. Sulfuric acid is used as a vital catalyst in the acid hydrolysis of 

Ethanol from Ethylene, where the latter is a petrochemical obtained downstream from the 
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refining industry. Increased interest in biofuels, where blending Ethanol with gasoline might 

have contributed to this. 

The volatility in the market which was abetted further by the global economic crisis in 2008 

was somewhat stabilized by 2010, and price levels dropped toward normal rates, with 

commencement of several new plants adding to the supply of Sulfuric acid, along with the 

revival of economic activity around the world following the recession in 2008. The price 

levels experienced more recently are indicated below. 

Table 1.5 Market prices of Sulfuric acid of certain global suppliers (Sulfuric acid market summary, 2012) (Sulphuric 

acid MARKET ANALYSIS, 2012) 

Region 
Spot Price (US$/MT) 

13 Sep 2012 19 Sep 2012 18 Oct 2012 25 Oct 2012 

Sulphuric Acid - FOB Bulk 

NW Europe, Spot 

China, Spot 

Sulphuric Acid - CFR Bulk 

US Gulf, Spot 

US vessel import, Spot 

Chile, Spot 

 

50-55 

N/A 

 

85-95 

N/A 

110-120 

 

50-55 

N/A 

 

85-95 

N/A 

110-120 

 

45-60 

58-65 

 

N/A 

90-100 

100-110 

 

45-60 

55-60 

 

N/A 

90-100 

100-110 

 

Table 1.6 Market price of Sulfuric acid of selected Chinese suppliers (BAIINFO Sulfuric Acid Weekly Report, 2013) 

Supplier 

Local market price
6
 (US$/MT) 

(approx.) 

3 Jan 2013 28 Feb 2013 

Xulong Chemical (North China) 

Hengyuan Chemical (North China) 

Dalian Chemicals (Northeast China) 

Suopu Group (East China) 

~95 

~88 

~98 

~95 

~90 

~80 

~98 

~95 

                                                
6
Prices are estimates based on a depiction of price stability with time in a weekly report of Sulfuric acid market 

stability in China, by ‘Baiinfo’, (renamed from Mineral Bulleting of China in September 2011)  which is an 

intelligence and information service dealing with industry raw materials such as Sulfuric acid, Sulfur, coal, iron 

ore, petroleum coke etc. in China. These figures were obtained from the weekly report for 22-28 Feb 2013. 
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Zhuzhou Smelting (Central China) 

Xijiang Chemical (South China) 

~77 

~65 

~70 

~65 

1.4 SAFETY AND ENVIRONMENTALASPECTS OF SULFURIC ACID 

PRODUCTION 

1.4.1 Basic safety issues due to physical properties and behavior of Sulfuric acid 

Being a strong acid, mixing with water should be always exercised with caution – 

recommended practice is to send the acid stream to water during dilution. The dehydrating 

properties of concentrated acid apply even to organic materials, and so, can cause severe skin 

burns if made contact with skin. Also mists emanated from heated Sulfuric acid concentrated 

solutions are hazardous to inhale, where excessive inhalation might prove to be fatal. Long 

term exposure at low concentrations with skin may dry up and redden skin while inhalation 

may damage teeth and enamel, and inflammation and irritation will be brought upon the 

respiratory system. Lung and larynx cancers have been associated with exposure to Sulfuric 

acid based inorganic mists (Sulfuric Acid, 2013). Storage and handling of Sulfuric acid 

therefore needs prescribed protective procedures be implemented. 

1.4.2 Safety issues due to other process materials 

1.4.2.1 Sulfur 

Sulfur will burn in air yielding oxides of Sulfur if ignited by spark or flame. This means 

within the plant any Sulfur dust suspended in air is at risk of ignition from flame, static or 

friction spark. Spark resistant tools, nonferrous conveyor parts etc are recommended when 

handling Sulfur. Formation of mists of Sulfuric acid, through exposure of Sulfur Trioxide to 

water vapour, should be prevented. Area classification must be adhered to in the event of 

accumulation of Sulfur dust in a particular section of the plant. 

During storage, steam can be added to the vapour headspace of a molten Sulfur tank as a 

form of blanketing to displace any air (and thus Oxygen) present. In the event of a fire in a 

small to medium storage tanks of molten Sulfur, splashing of Sulfur is preferred to water, as 

formation of steam could pressurize the confined space inside a storage tank. However, in the 

case of bulk storage tanks of molten Sulfur, a fine spray or fog of water is preferred. Carbon 

Dioxide fire extinguishers are recommended in fighting Sulfur fires (Sulfuric Acid plant 

safety - Sulfur, 2003). 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

15 

 

1.4.2.2 Oxides of Sulfur 

Very toxic inhalation of Sulfur Dioxide is regarded as being fatal, or at minimum cause 

excessive irritation of nose and throat. Skin contact harms the skin similar to Sulfuric acid, 

and direct contact with the liquefied gas if Sulfur Dioxide can chill or freeze the skin. Effects 

on eyes etc on contact have consequences similar to previous materials. Similar to Sulfur 

Dioxide, workers may be susceptible mainly by inhalation and contact with the skin. Toxic 

effects could take time to detect. 

Personal Protective equipment in the form of respirators, breathing apparatus (for 

emergencies), dust tight goggles (Sulfur handling areas), safety glasses with side shields 

(Molten Sulfur storage areas), face shields, fire retardant clothing, heat resistant gloves 

(molten Sulfur storage area) are being used in the industry based on information gathered on 

safety aspects (Sulfuric Acid plant safety - Sulfur, 2003). 

Note: Safety aspects will be looked into more detail in chapter 2 including safety incidents 

involving Sulfuric acid, Material Safety Data Sheets (MSDS) etc. 

1.4.3 Environmental Aspects 

When choosing a plant site, the permissible tolerance levels for various effluents should be 

considered based on statutory requirements and attention should be given to potential 

requirements for additional waste treatment facilities. Effluent disposal must be performed 

with aid from special facilities without creating a public nuisance. Local regulations cover 

disposal of toxic and harmful effluents, and the appropriate authorities must be consulted 

during the initial site survey to determine the standards that must be met. This is also 

associated with the compilation of an Environmental Impact Assessment (EIA), details 

relevant to which will be addressed under chapter 2. 

The most important environmental issues facing the Sulfuric acid manufacturing industry are 

fugitive emissions of oxides of Sulfur and Sulfuric acid mist. The principal sources of 

pollutant are from the burning of Sulfur, which creates SO2. In plants that maintain high 

standards of sustainability, most of the SO2 made is converted to Sulfuric acid and recovered, 

but a portion of the chemical is emitted to the atmosphere. Ambient air quality is of concern 

due to emissions of SO2 and therefore must be monitored periodically. 

Disposal of Sulfuric acid Sulfuric acid is done by being placed in sealed containers, or by 

being absorbed into vermiculite, dry sand or earth. Sulfuric acid is also being disposed of by 

dilution or neutralization. 
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Transportation and storage: From a transportation perspective, Sulfuric acid is classified as 

a flammable solid and the relevant sign should be displayed on the transportation.  The sign 

may also be displayed in bulk storage areas. The transportation of chemicals is regulated by 

government agencies to ensure minimum standards are met in terms of the equipment and 

procedures used with the ultimate goal of protecting the general public. Relevant details 

should be shown in the label of the container. For Hazardous materials there are methods of 

labeling. Given below is a sample label whose contents are in accordance with the Globally 

Harmonized System of Classification and Labeling of Chemicals (GHS). The apex body 

dealing with industrial safety in the US, the Occupational Health and Safety Administration 

has made it mandatory for this type of labels to be displayed during storage and transport of 

chemicals such as Sulfuric acid. The National Fire Protection Agency (NFPA) another 

federal authority that issues safety standards in the US also deals with safety aspects. The 

NFPA triangle indicates the hazard posed by a chemical in terms of health (blue), 

Flammability (red) and reactivity (yellow) and another hazard specific to the chemical in 

question                     

Figure 1.2 NFPA triangle for Sulfuric acid (special hazard: reaction with water)7 

                                                
7
Image source: http://www4.uwm.edu/usa/safety/general_safety/hazcom/ 

  

 

Figure 1.1 Sample label giving elements of a label to be included in storage of H2SO4
 

http://www4.uwm.edu/usa/safety/general_safety/hazcom/
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1.5 PLANT SITE SELECTION AND LAYOUT 

1.5.1 Site selection 

The selection of site is such that selection it ensures safety of both human and environment 

surrounded. In addition, the plant should be located in a way such that to get the row 

materials easily and to distribute the finished products easily. Also it is better to locate the 

plant in an industrial area with relatively less population so it will be easy to secure the area 

in an unforeseen sudden accident.  

Sulfuric acid to be produced from the plant is expected to exceed the local market 

consumption hence the majority will be exported. Therefore the plant should be located near 

a harbor in order to reduce the transport cost of finished products. In this case, Colombo, 

Galle, Hambanthota, Trincomalee and Kankasanthurai areas are all suitable candidate areas 

as far as proximity to a harobur is concerned.  

However an overriding priority should be given to the fact that raw material for the plant- 

Sulfur will be supplied form the Ceylon Petroleum Corporation Refinery therefore it will be 

very convenient to locate the plant within the vicinity of refinery. This is to reduce raw 

material transport costs, particularly Sulfur is obtained readily in tis molten state, where long 

transport distances would complicate matters greatly. 

 

 

 

 

 

 

 

 

 

Figure 1.3 Satellite image of CPC and its the vicinity 
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Figure 1.4 Satellite image of CPC, Colombo harbor, general area of the sites circled in yellow 
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Considering all above aspects the best location for the plant will be Sapugaskanda area in 

Kiribathgoda which is about 13km away from Colombo Sea port. This area is a developed 

industrial area and with the availability of  the Kelani River fresh water  required for the plant 

can be easily fulfilled. Road system is excellent with paved roads and can be easily reached 

to the Colombo harbor. Moreover land areas are readily available which belongs to both 

private and government parties. Although the area is rapidly being urbanized, it is certainly 

less dense than the immediate vicinity of the CPC refinery and relatively low inhabited 

swathes of land are still available. 

As an alternative, duringthe literature survey it was found that a land belongs to the CPC 

refinery with an extent of about 80 acers is available next to the CPC refinery premises. As 

the main raw material is obtained from the refinery this will be the best available land for the 

plant. If the project can be implemented as a government subsidiary this area can be used 

with a minimum cost  

1.5.2 Plant layout diagram 

Taking into account safety considerations as well as process requirements highlighted under 

section 1.6 and 1.7, an overall layout diagram of the plant could be given as shown below. 

 

Figure 1.5 Tentative plant layout diagram 
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1.6 EXISTING PROCESS ROUTES FOR SULFURIC ACID PRODUCTION 

When summing up the review of literature, it could be noted conclusively that overall, there 

are two main processes for manufacture of Sulfuric acid that are adopted at plants across the 

globe as mentioned below. 

1.  Lead chamber process 

2.  Contact processes 

However, minor variations within these main two processes also exist. Further, there are also 

other processes which are not as popular in the industry, as the top two processes were, such 

as, 

● H2O2 process 

● Activated Carbon process 

As far as the contact process is concerned the literature review pointed out 3 different 

processes that are based on the general operating principle of the contact process. 

1. Single contact process 

2. Double contact process 

3. Wet Contact Process (WCP) 

1.6.1 Lead Chamber Process and its development 

As mentioned under sections above, this was a crucial development in the development of 

viable production processes for Sulfuric acid. John Roebuck and Samuel Gardner introduced 

a method to produce the Sulfuric acid in lead lined chambers. . 

Typical steps and reactions of the lead chamber process are as follows (Lloyd, 2011). 

Step 1 - Burning of KNO3 (potassium nitrate/niter/saltpeter) and Sulfur in lead chambers: 

Sulfur is oxidized by KNO3 and produces SulfurTrioxide. It works as an oxidizing agent and 

provides oxygen to the reaction: 

6 KNO3(s) + 7 S(s) -----> 3 K2S + 6 NO (g) + 4 SO3(g)  (5.1) 

Step 2- In presence of water, the SulfurTrioxide converts to Sulfuric acid. 

SO3(g) + H2O(l) -----> H2SO4(aq)  (5.2) 

https://en.wikipedia.org/wiki/John_Roebuck
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This batch process was the original lead chamber process that John Roebuck and Samuel 

Gardner introduced at 1746. At that time no air was introduced to the lead chambers during 

the reaction. Later the continuous addition of air was suggested by Clement and Desormes. In 

addition to that at about 1806 they defined the action of KNO3 in the lead chambers. 

In 1835, the process of recovering Nitrogen from Nitrogen Monoxide was introduced by 

Joseph Gay Lussac. This proved to be very important for reduction of KNO3 as a source of 

Nitrogen. The reactions recovering Nitrogen was more important to limit the usage of KNO3. 

This was one of the economically important factors that made the Lead Chamber process 

more attractive then. KNO3 being expensive, the material cost reduced due to reduced 

amount of KNO3. The recovery reactions are follows, 

Step 3 - Produced nitrogen oxide reacts Oxygen in presence of water, giving Nitrous acid. 

4 NO(g) + O2(g) + 2 H2O(l) -----> 4 HNO2(l)  (5.3) 

Step 4 - Produced Nitrous acid react with SulfurDioxide for produce Sulfuric acid as the 

main product. In addition the Nitrous Oxide formed would be reusable. 

4 HNO2(l) + 2 SO2(g) -----> 2 H2SO4(aq) + 4 NO(g)  (5.4) 

Due this improvement of the process, KNO3 requirement was limited to topping up the 

Nitrogen amount. Further developments were added to the lead chamber process and the 

operating cost reduced with them. 

1.6.1.1 Modern Lead Chamber Process 

Step 1 - Sulfur and KNO3 is burnt in the Sulfur burner and the KNO3 burner. SO2 is provided 

to the lead chambers in two ways 

1. Burning of elemental Sulfur with air and producing SO2. 

2. Burning of Sulfur containing ores 

The heat energy required to melt the Sulfur and KNO3 results in the final product of SO2, NO2 

and NO being at a temperature over 1000
o
C. 

The burning of Sulfur done in one of two ways as indicated below: 

https://en.wikipedia.org/wiki/John_Roebuck
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1. Melting the Sulfur in a Sulfur smelter and pumping the molten Sulfur into the 

reactor to be sprayed from the top. Air stream is provided countercurrent to 

oxidize Sulfur. 

2. Sulfuris burnt directly to react with air in the Sulfur burner and the resultant 

SO2 stream is taken as the output of the reactor. 

Nitrogen can also be provided in two ways: 

1.      Decomposition of niter at high temperature in presence of the acid. 

2.      Air oxidation of Ammonia to Nitric Oxide in the presence a catalyst. 

Step 2 – Next, the products from the burners are filtered. The modern chamber process has 

three main towers: 

1.   Glower tower 

2.   Lead chambers 

3.   Gay- Lussac tower 

Hot SO2 gas is entered from the bottom of the glower tower and the Nitrogen oxide gases are 

entered from the up and are set to flow as counter current liquid flow. In this tower the oxides 

of Nitrogen are removed from the Sulfuric acid. At that reactor SO2is mixed and reacted with 

Sulfuric acid with NO and NO2. This has the following features: 

 Concentration of the chamber acid and stripping of Nitrogen Oxides from the liquid to 

the gas is occurred at this tower. Concentration of the chamber acid is achieved from 

the evaporation of water from the acid. This is owing to the hot gases entering the 

glower tower. The hot gas evaporates a considerable amount of water in the chamber 

acid. The concentration of the acid output works out to be about 62-68 % Sulfuric 

acid according to literature. 

 Some amount of SO2 reacts with the hot air containing O2 and is oxidized to SO3.The 

produced SO3 is dissolved in the acid being produced in the glower tower. 

 The dissolved Nitrogen Oxide is stripped from the acid and is conveyed along the 

outlet gas stream of the glower tower. 
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Step 3 - This outlet gas stream is conveyed to the lead chambers which gives the process its 

name, wherein it is first set to react with water (in the lead lined rooms). At the lead chambers 

the reaction mix is subject to a series of reactions. Due to this complexity there are usually 

three to twelve lead chambers in series. The gas is set to pass though all lead chambers. The 

formed acid is condensed on the walls and collected on the floor of the lead chambers. This 

formed acid called the chamber acid. 

Step 4 - After the lead chambers, the gases are sent to the Gay- Lussac tower. It is essentially 

a reactor where any traces of acid contained gases are ‘washed’ off. Further, in this tower the 

nitrous vitriol forms from the reaction of remaining SulfurDioxides and Nitrogen Oxides. 

This nitrous vitriol can be used in the glower tower. In addition to that the waste gases 

separated from the Gay-Lussac tower must treat before being purged to the atmosphere. 

Cooled acid steams can be obtained from the glower tower which was circulated from the 

glower tower to the Gay- Lussac tower. This is the final product which has 78% concentrated 

Sulfuric acid. 

 

Figure 1.6 Process flow of the Lead Chamber Process8 

An alternative mechanism and reactions for the Sulfuric production in the lead chamber had 

been proposed by Lunge and Berl. 

                                                 
8
 Image source: http://chemtips.blogspot.com/2011/11/lead-chamber-process-lead-chamber.html 

 

http://chemtips.blogspot.com/2011/11/lead-chamber-process-lead-chamber.html
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Step 1 - The Sulfur should burn to form SulfurDioxide as the starting step. The produced gas 

is directed to the Glower tower. 

S + O2----->SO2  (5.5) 

Step 2 - The reaction with Nitrous fumes due to presence of H2O and NO2 

NO2 + SO2 + H2O ----->HOSO2.NO(OH)  (5.6) 

Step 3 - The oxidations of HydroxynitroSulfuric acid 

2 HOSO2.NO(OH) + O-----> 2 HOSO2.NO2 + H2O  (5.7) 

Step 4 - The Nitrosulfuric acid isomerized 

2 HOSO2.NO2-----> 2 HOSO2.ONO  (5.8) 

Step 5 - The Sulfuric acid formed by Nitrosulfuricacid and Nitrous acid is formed as a 

byproduct. 

HOSO2.ONO+ H2O----->HNO2+ H2SO4  (5.9) 

Step 6 – Alternative step 5. 

2 HOSO2.ONO+ SO2 + 2H2O----->H2SO4 + 2HOSO2.NO(OH)    (5.10) 

The mixing of gas affects the process efficiency in the lead chamber process. The 

implementation of packed towers done by Gaillard-Parrish and Peterson has been considered 

as a good improvement in this process. 

1.6.2 Contact process 

1.6.2.1 Development 

Refer section 1.1.2 for the development of the contact process, its evolution and general 

reasons for its preference over other processes. In general, when considering the capacity 

more than a century since its development, we can see expanded production plants which 

have over the 5000 metric tons per day are in the plants with a global clientele. This increase 

can be attributed to the increasing demand for the Sulfuric acid due to various aspects, the 

more recent of which has been addressed in section 1.3 based on the findings of the literature 

review. Also larger equipment, reduced gas strength and increasing gas flow rates could well 

have affected this kind of improvement of the capacity in the contact process (Friedman). 
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1.6.2.2 Identifying individual steps 

Contact process can be divided into the following main steps. Among these main steps, 

several sub process are used to optimize the manufacturing process. 

1. Combining of Sulfur and oxygen; 

2. Purifying SulfurDioxide in the purification unit; 

3. Adding excess ofoxygen to SulfurDioxide in presence of catalyst vanadium oxide; 

4. High concentrated Sulfuric acid is added to SulfurTrioxide , as a result Oleum is 

produced 

5. Water is added to Oleum and 98% Sulfuric acid is formed. 

Basic chemical reactions associated with this process are as follows. 

• S(l) + O2(g) - > SO2(g)  (5.11) 

• SO2(g) + ½ O2(g) < - > SO3(g) Δ = -99 kJ/mol  (5.12) 

• SO3(g) + H2SO4(l)  - > H2S2O7(l)  (5.13) 

• H2S2O7(l) +H2O(l) - > 2H2SO4(l)   (5.14) 

1.6.2.3 Process in detail 

A detailed account of the key stages in the contact process followed in Sulfuric acid plants is 

given below (Louie, 2005). 

STEP 1 SO2 Production and Purification: Assuming that purified elemental S can be 

obtained for our process, first step involves spraying melted Sulfur into an excess of dry air at 

atmospheric pressure. For this step, dry air is obtained by passing air through a Sulfuric acid 

bed, a dehydrating agent. This is done to avoid acid mist and corrosion in downstream pipes 

(Refer equation 5.11) 

Since the mixture of SulfurDioxide and air obtained may contain various impurities, which 

must be removed; (otherwise, it will lead into catalyst poisoning and loss in efficiency) 

several purification steps are followed which includes a dusting tower, cooling pipes, a 

scrubbing tower, a drying tower, an arsenic purifier and testing box. 

During this purification, the mixture is initially passed through an electric precipitator; 

consisting of a chamber with high electric potential wires. The electric charge attracts solid 

particles present in the stream. Then gas mixture is led to a water scrubber where it is 

completely freed from dust particles. 

http://en.wikipedia.org/wiki/Oxygen
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It then dried by a spray of concentrated Sulfuric acid in another chamber through arsenic 

purifier where every trace of arsenic oxide is removed. 

During this first main step, an excess of air (Oxygen) ensures the Sulfur reacts completely. 

The combustion of Sulfur generates a lot of heat. It is necessary to cool the gas stream from 

1000
o
C to around 450

o
C, the optimum temperature for the next step. Heat exchangers are 

used to remove the excess heat and recycle this heat energy so it can be used to re melt more 

Sulfur or power turbines for electricity. 

STEP 2 Catalytic Oxidation of SO2 and SO3: Clean, dry SulfurDioxide is the feedstock for 

this stage (Refer equation 5.12). This SulfurDioxide is mixed with purified air at pressure 

slightly higher than atmospheric in a counter current manner, and is passed through a catalyst 

tower, called a converter. The tower contains several layers (usually 3-4 as per referred 

literature) of loosely packed Vanadium Pentoxide or Platinum on perforated shelves. The 

catalyst is placed in vertical iron pipes inside the converter. The preheated mixture of 

SulfurDioxide and air form SulfurTrioxide (The Contact Process, 2013). 

Catalytic oxidation of SO2 is a reversible process, which depends on several factors such as 

the correct catalyst, temperature and pressure. Platinum was formerly employed as a catalyst 

for this reaction, but is now considered susceptible to poisoning by arsenic impurities in the 

Sulfur feedstock and it is comparatively expensive, vanadium (V) oxide (V2O5) is now highly 

preferred in commercial productions. K2O may be used as a promoter to enhance the activity 

of the catalyst. 

The mechanism for the catalytic action occurs in two steps: 

Step 1: Oxidation of SO2 into SO3 by V
5+

: 

2 SO2 + 4V
5+

 + 2 O
2-

 2 SO3 + 4V
4+

  (5.15) 

Step 2:  Oxidation of V
4+

 back into V
5+

 by oxygen (catalyst regeneration): 

4 V
4+

 + O2 → 4 V
5+

 + 2 O
2-

  (5.16) 

Several factors are taken into account when considering the optimum pressure and 

temperature for this catalysis 

Equilibrium Considerations: To maximize the yield the following measures are adopted: 
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* Supply of excess oxygen 

* Apply high pressure (due to 1.5:1 ratio) 

* Apply low temperatures (as reaction is exothermic) 

Kinetic Considerations: Deals with catalytic usage, application of high temperature and 

pressure. 

Energy Considerations: Minimizing energy use (thus cost)includes dealing with the 

following. 

* Applying atmospheric pressure (as high-pressure containers are expensive) 

* Optimizing use of catalysts, or justifying if catalysts are needed as cost of 

researching, producing and using them are high 

* Heat recovery from exothermic reactions (combustion of Sulfur) 

According to the Le Chatelier's principle, at a lower temperature, a high pressure should be 

used to shift the chemical equilibrium towards the right, hence increasing the percentage 

yield. However, too low temperatures also are not recommended, as it will lower the 

formation rate to an uneconomical level. Hence to increase the reaction rate, high 

temperatures (450 °C) are maintained in the gas stream line by the heat exchangers in the 

previous processing section. 

High pressure would favour the forward reaction. Data gathered from literature points out 

that it is not possible to build acid resistant towers, which can withstand high pressures. A 

pressure of 760 - 1520 mm of Hg is used. Excess of oxygen is necessary, as it would favour 

the forward reaction.   Thus, a 5:1 air: SO2 ratio is used (essentially 1:1 O2:SO2) creating an 

excess of oxygen. While maintaining above conditions and in the presence of vanadium 

pentoxide, a conversion rate of 96% can be obtained by this process, according to literature. 

 

STEP 3 Absorption of SO3: The SulfurTrioxide from the final catalyst bed is dissolved in 

98% Sulfuric acid in the absorption tower. The acid is sprayed over the SO3 and produces an 

oily liquid called Oleum. (Refer equations 5.13). This is preferable over directly dissolving 

Sulfurtrioxide in water as this forms Sulfuric acid mists, due to the large heat of dissolution 

(130 kJ/mol), which are hard to control and difficult to coalesce. In addition, it is difficult to 
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separate the Sulfuric acid gas from others such as nitrogen once it is produced in gaseous 

form. 

STEP 4 Conversion of Oleum to H2SO4: In dilution tanks, water is mixed with Oleum to 

produce 98% Sulfuric acid (18M). (Refer equation 5.14) 

Oleum is reacted with water to form concentrated H2SO4. The average percentage yield of 

this reaction is considered to be around 30%. It is sold either as concentrated (98%) or diluted 

acid. 

 

1.7 PROCESS SELECTION 

1.7.1 Comparison between the Lead Chamber Process and the Contact Process 

1.7.1.1 Economic aspects 

Product quality and concentration: It was indicated under section 1.5 that the concentration 

of the final product from the contact process is about 98% Sulfuric acid. Recall also that the 

output concentration of the final product in Lead Chamber Process is more dilute acid content 

of 62%-78%. The reason for this difference can be attributed to the Catalytic activity of V2O5 

which delivers an impressive 99.5% conversion in the catalytic converter in the contact 

process. Of course it should be borne in mind that regardless of the quality achieved within 

the process, impurities in raw materials will affect the ultimate purity. Major disadvantages in 

the Lead Chamber process in terms of productivity thus include the limitations in throughput, 

quality and concentration of the acid produced with respect to the Contact Process.Currently 

most end uses of Sulfuric acid are for the high concentrated form. Thus in terms of product 

capacity and concentration, the contact process is a more attractive option. 

Operating cost: The operating cost as the name implies is driven by the requirements that 

are unique to the process. In chemical processes operating pressure and temperature occupies 

a significant portion of this. For the contact process it was stared under section 1.5.2 that high 

pressures favour the forward reaction in the catalytic converter (i.e. SO3). However, larger 

pressures and temperatures automatically increase the plant operating cost. Fortunately 

however, this high pressure requirement only amounts to 1-2 atm in the contact process 

where it is sufficient to achieve the desire 99.5% conversion. In other words, at pressures 

only slightly above the atmospheric, the marginal pressure rise is sufficient to obtain the 
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target yield, and since the operating pressure requirement is not abnormally high, cost of 

equipment are lower than what could have been expected. 

Energy consumption: Energy consumption for Sulfur burning is same for the two process 

because in our case elemental sulfur will be procured to produce sulfur dioxide. In the old 

lead chamber process however, there are other reactions to produce nitrogen oxides. So it 

could be generally stated that the lead chamber process require more energy for burning of 

KNO3. The burning step is in any case, the main energy consuming step. In the modern lead 

chamber process, SO2is sent to the glower tower. That means the initial step of the both 

processes is same. In addition to thisthough, in the lead chamber process 3 to 12 lead 

chambers are operated as convertors which overall consume higher energy amount to provide 

and circulate the gases and other liquid acids for the lead chambers. 

In the contact process there is a specific column as converter and even in the case of the 

double contact double absorption contact process, only few additional gas conveying lines are 

needed. The contact process therefore consumes less energy amount in terms of gas and 

liquid circulation utilities of the plant. This advantage is due to the fact that the contact 

process is compact and less of gas circulation needs than the lead chamber process and this 

matter because more gas conveying require more pumps and air blowers 

As far as heat emission and heat recovery systems are concerned, the two main processes are 

mostly equal owing to the following reasons: 

• Contact process- Sulfur burning step need over 1000
o
C and the catalytic 

conversion step needs 450
o
Cto operate in the optimum range. The catalytic 

conversion step and absorption step both generate heat. It follows that this heat 

could be recovered. The high temperature involved certainly makes the heat high 

‘quality’ heat; the exact quantities could be established after conducting a pinch 

analysis. 

• Lead Chamber Process- The temperature requirement in KNO3 and S burning 

exceed 1000
o
C and that heat requirement might be more than the contact process 

requirement. In fairness however, modern lead chamber process also send SO2 to 

the glower tower which can balance out the energy consumption. 

1.7.1.2 Safety aspects 

Production of Sulfur Dioxide is a key step in both processes. Fugitive emissions amounting to 

impressible levels or process hazards resulting in major leaks of SO2would compromise the 

health of factory personnel and even beyond. The environmental impact of oxides of Sulfur 
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are thus common in both cases. In addition however, the lead chamber process involves 

production of oxides of Nitrogen as catalysts for the reactions where Burning of Niter leads 

to production of NO. This is subject to oxidation by Oxygen. 

2 NO + O2 → 2 NO2  (6.1) 

With presence of water this nitrogen dioxide can convert to the nitrous acid and nitric acid. 

2 NO2 + H2O → HNO2 + HNO3  (6.2) 

These two acids have a considerable risk factor where they may be emitted to the 

environment through pipes and 3 main towers in the lead chamber process. These reactions 

also form part of the lead chamber process reactions in the lead chambers. The contact 

process therefore has a relatively lower impact on the environment. 

1.7.2 Process selection 

Engineering design require emphasis on risk reduction in terms of safety and wellbeing of 

personnel, society and the ecosystem. Optimum process selection for Sulfuric acid should 

incorporate process and economic realities with minimum risk and minimum foot print on the 

environment. 

Considering the above comparison of the two processes the contact process have more 

advantages in terms of its relative advantages in terms of operations economics, energy and 

safety issues elaborated under section 1.6.1. Considering above factors, the Contact 

Process will be selected. 

A complete process selection, however require identification of the minor variations within 

the contact process.  There are 3 main processes that come under the contact process. 

● Single contact single absorption process(SCSA) 

● ·Double contact double absorption process(DCDA) 

● Wet Contact Process (WCP)-This is not widely used in large scale due to sulfuric acid 

mist generation in the absorption of the SO3 to H2O directly. 

1.7.2.1 Comparison between SCSA and DCDA 

SCSA: The single contact single absorption process is the older (of the two) process in the 

chemical industry among Sulfuric production plants where the contact process had been 

implemented. In comparison with other forms of the contact process, the single contact single 

absorption process hold more heat of the gas than the double contact double absorption 

process. The reason for this phenomenon is that the heat losses are less due to the absence of 

intermediate absorption process prior to the main absorption unit. The SCSA also results in 

the flue gas downstream of the main absorption tower containing more Sulfur Dioxide, since 
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the trace amounts of SO2from the converter has not been captured with an intermediate 

system. 

The SCSA process exists in modern plants to process Sulfur Dioxide gases with low content 

(3%-10% SO2) or where the content of Sulfur Dioxide varies widely regardless of the range. 

The disadvantage of the SCSA process lies in the fact that the maximum SO2 conversion is 

about 98%. By adding a second SO3 absorber and one or two catalysts beds, 99.5% - 99.9% 

conversion efficiency can be achieved. The DCDA process can thus achieve higher 

conversion than the SCSA process (Riegel & Kent, 2003). 

DCDA: The principle in the Double Contact Double Absorption system stems from the 

observation that the unconverted SO2of the product stream from the converter could be 

reduced if the product stream with gases (SO2) and (SO3) are passed through absorption 

towers twice to achieve further absorption and conversion of SO2 to SO3 and thereby 

production of higher grade Sulfuric acid. 

Under a DCDA system, the SO2-rich gases enter the catalytic converter, and are converted to 

SO3, achieving the first stage of conversion. The exit gases from this stage contain both SO2 

and SO3 which are passed through intermediate absorption towers where Sulfuric acid is 

trickled down packed columns and SO3 reacts with water increasing the Sulfuric acid 

concentration. Though SO2 too passes through the tower it is unreactive and comes out of the 

absorption tower. This stream of gas containing SO2is passed through the catalytic converter 

bed column again achieving up to 99.8% conversion of SO2 to SO3 and the gases are again 

passed through the final absorption column thus resulting not only achieving high conversion 

efficiency for SO2 but also enabling production of higher concentration of Sulfuric acid. It 

should be noted that in order to facilitate the optimum temperature requirements of the 

converter and the absorbers a combination of heat exchangers are required to cool the product 

stream from the converter entering the intermediate absorption tower and then heated prior to 

its return back to the converter (Moeller & Winkler, 1968). 

In reality, the conversion factor of the primary catalytic converter is about 80% - 93%; the 

conversion efficiency depends on the contact bed arrangements and the contact time (The 

European Sulphuric Acid Association (ESA), 1999). It is only after the intermediate 

absorption and the subsequent return that the 99.5% conversion is achieved. The Le 

Chatelier's principle indicates that resending the unreacted SO2 sans the product SO3 back to 

the column, (following intermediate absorption of SO3) the equilibrium of the conversion 

reaction becomes more forward biased, thereby converting more SO2. Though this required an 
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additional couple of heat exchangers and an absorption column, this process results in an 

increase in the overall efficiency and hence the productivity. Therein lies our justification for 

preference of the DCDA over SCDA as the type of contact process for Sulfuric acid 

manufacturing. 

1.7.3 Establishing of production process 

The previous chapter and sections have given an account of the findings from the review of 

literature with regards to the available production processes and auxiliary aspects surrounding 

Sulfuric acid production. Also included were the justifications on process selection focusing 

on operational aspects as well as economic and safety considerations, out of available 

processes elaborated under chapter 5. What follows is the suggested process flow of the 

manufacture of Sulfuric acid indicating minor variations possible and additional justifications 

for each specific selection. 

1.7.3.1 Unit 1: Sulfur burning 

Assuming 100% pure sulfur can be obtained from the CPC; there are two technological 

methods for the producing Sulfur Dioxide from elemental Sulfur. Both cases require a lager 

heat content to melt the Sulfur. Theoretically the temperature must be over 1000
o
C. 

● Option 1: Sulfur can be directly burnt in the Sulfur burner with presence of dry air by 

applying heat. In this case, the sulfur melting and contact with the air is performed in 

the same space. A notable disadvantage is the reduction of efficiency in the event of a 

temperature drop due to an operational malfunction, hazard or any other aberration. 

 

Figure 1.7 Simultaneous melting and burning of Sulfur 

● Option 2: The melting of Sulfur is performed separately without contact of the air for 

oxidation into SO2. The molten Sulfur is supplied to a reactor (sprayed) along with a 

countercurrent flow of dry air to enable the oxidation reaction and produce Sulfur 

Dioxide. The compromise of target efficiency state above is less likely to occur in this 

configuration. 
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Figure 1.8 Separate melting and burning of Sulfur 

Option 2 is thus selected by considering the constant efficiency of Sulfur oxidation that is 

operationally more favorable with less variation on the composition of process material. 

1.7.3.2 Unit 2: Air drying 

The required process air wherever required in the process is supplied by one unit. The air 

must be filtered and dried since, if air supply is contaminated with dust, moisture etc., the 

poisoning of the catalyst is possible, which can cause a notable reduction in the conversion 

efficiency and high utility cost during the operation other than extra cost of replacement of 

catalyst. 

High concentrated H2SO4 (i.e. finished product) can be used in theory for this purpose, 

however, Oleum is preferred. Partly because using the finished product stream (or pre 

dilution Sulfuric stream) again for upstream operations where direct contact will be made 

with upstream products was not regarded as appropriate altogether and partly because Oleum 

has a higher ability to absorb moisture due to its more concentrated form. Based on this 

notion, Oleum will be selected as the dehydrating medium. 

1.7.3.3 Unit 3: Gas cleaning unit (SO2) 

This is one of the points in the process from where existing processes deviate from each 

other. The sulfur dioxide that had been created from burning molten sulfur in dry air will 

contain ash particles etc, which must be removed in order to ensure the flawless operability of 

downstream units such as the heat exchangers and the converter unit which otherwise could 

be compromised if particulate matter fouls heat exchangers or in the case of the converter 

unit- might even affect the catalytic performance of the catalyst. Therefore a near perfect 
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efficiency is to be expected from the cleaning unit. The literature review revealed several 

options that could be used that are used elsewhere in gas cleaning operations
9
. 

1. Bag Filter 

2. Electrostatic Precipitator 

3. Scrubber 

4. Cyclone 

Option 1: While bag filters are a common form of gas cleaning, the intense temperatures     

(~1000
o
C) involved make most bag filters impractical. A survey of specifications of available 

bag filters showed that even those designed specifically for high temperature operations are 

not expected to operate as far into high temperatures as those in our case. This, coupled with  

the higher power consumption costs involved in pulling the flue gas through the fabric filters, 

the frequent maintenance required in solenoid valves that are in place to handle the flow of 

compressed air, and the frequent deterioration of bags (and the associated cost of 

replacement) make bag filters a less desirable choice, allowing examining of other options. 

Option 2: In a scrubber, the dust particles are absorbed to another phase such as liquid. For 

particle sizes of particles as minute as dust particles, the separation efficiency depends on the 

properties of the liquid. Further when using wet scrubbers above 1000
o
C,the intense 

temperature will cause the evaporation of the liquids used in the scrubbers which has the 

possibility of poisoning of the catalyst downstream. This would also provide the need to have 

additional equipment such as coolers, as well as dryers to again dry the Sulfur Dioxide stream 

before it is sent to the converter. 

Option3: In the case of a cyclone it is questionable as to whether it would be compatible with 

the particle size involved. Further, no notable instances were found during the literature 

survey where cyclones are used over electrostatic precipitators. 

Option 4: Electrostatic precipitators are said to achieve good efficiency in removing the 

smallest dust particles with least affect from intense temperatures. None of the issues in bag 

filters apply in the case of electrostatic precipitators which are also cheaper and durable than 

the other filtering units mentioned above. This is therefore chosen as the medium for gas 

cleaning. 

 

Note: The temperature of the outlet SO2 steam from the filtering unit is around 1000 
0
C .  The 

catalytic converter that is directly downstream however, needs to be maintained around 

                                                 
9
A noteworthy feature of this stream that may have to be borne in mind when contemplating the most suitable 

operation of gas cleaning is that the temperature in the stream is in the neighborhood of 1000
o
C 
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450
o
C to meet optimum equilibrium conditions. A heat exchanger arrangement may be 

needed to both cool this stream and also maintain the inlet SO2 stream around450
o
C. A heat 

exchanger is also needed to cool down the Catalytic converter because the reaction is 

exothermic. This can be achieved by the using heat exchangers to the stream lines which 

connect the intermediate absorption tower and the catalytic converter. Where energy 

integration via heat recovery is not possible, a boiler unit may be required to be installed 

which may be anyway needed for melting Sulfur at the outset. 

1.7.3.4 Unit 4:  Catalytic converter 

The catalytic converter is the 4 stage packed bed usually in place in the in contact process. 

The reaction in the converter is exothermic reaction where temperature rise is expected. 

However, maintaining the 450
o
C temperature is essential to maintain the maximum 

conversion around the optimum equilibrium condition (other than maintaining pressure 

around the 1-2 atm). 

 

Figure 1.9 Catalytic conversion of SO2 to SO3 

1.7.3.4.1 Selection of catalyst 

The catalytic action obviously plays a major role in the conversion step in both lead chamber 

process and the contact process and its variations. The use of Platinum for the puropose of 

catalysis has two main disadvantages, even though it has a satisfactory level of activity.  

Mainly this has to do with its high cost of acquisition, and thus has the effect of increasing 
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the capital cost and operating cost (the latter has to do with the regular maintenance needed). 

Secondly Platinum catalysts have a lower threshold for inactivation by poisoning. 

Vanadium (V) Oxide as a possible candidate for catalysis of Sulfuric acid manufacturing 

(oxidation of Sulfur Dioxide) has been under consideration since the beginning of the 20
th

 

century.  In comparison, V2O5 has the following advantages. 

 Relatively low tendency to poisoning from contamination. 

 The lower cost of acquisition and operation. The latter is due to lower cost of 

replacement owing to the lesser degree of poisoning. 

 Overall, a better option to be used in large scale production plants. 

Owing to the relatively higher economic feasibility of Vanadium (V) Oxide, it will be 

selected as the catalytic medium for the proposed process. It must also be stated that during 

the literature review, this component had been referred in many cases as a suitable option, 

which also implied the apparent merits V2O5 holds over other candidates for catalysis. 

1.7.3.5 Unit 5: Intermediate absorption tower: 

The intermediate absorption tower is inserted to the selected process to achieve the high 

conversion efficiency in the conversion of SO2 to SO3as justified under DCDA in section 6.2. 

The produced SO3is fed to main absorption tower. Sulfuric acid must be fed from storage 

tanks and the outlet stream of Oleum is sent to their designated storage tanks. 

 

Figure 1.10 Intermediate absorption tower increasing overall conversion 
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1.7.3.6 Unit 6: Main absorption tower 

SO3 reacts with Sulfuric acid and produces Oleum. The usual absorption tower in the contact 

process is to be selected. The exothermic absorption might require a heat exchanger to be 

installed to maintain the temperature of the absorption process to prevent excessive formation 

of Sulfuric mist that once formed, will be carried over by in the flue gas. 

 

Figure 1.11 Main absorption tower 

1.7.3.7 Unit 7: Flue gas treatment 

Flue gas from the main absorption tower contains oxides of sulfur (and possibly oxides of 

nitrogen contain due to high temperature during Sulfur melting and burning). A required to 

scrubber is required to treat flue gas prior to discharge (flue gas desulfurization) 

1.7.3.8 Unit 8: Oleum tank 

Oleum produced in the plant requires holding tank. The tanks can be used as the starting 

point of distribution of Oleum for air drying unit, while the tanks are to be fed from main and 

intermediate absorption columns. 

1.7.3.9 Unit 9: Dilution tank 

Oleum is converted to Sulfuric acid in the dilution tanks. The flow rate of water is dependent 

on the required concentration and Oleum collecting flow rate. These tanks can also be used to 

equalize the produced final sulfuric acid concentration.  The Sulfuric acid streams fed to main 

and intermediate absorption tower originates from the tank. Tanks should contain agitators to 

facilitate proper mixing and homogenization. The final product from dilution tanks should be 
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98% Sulfuric. Heat exchangers may be installed to capture heat emitted during dilution if 

required. 

1.7.4 Conclusion: Block diagram of selected process 

Based on features of available processes that had been identified during the review of 

literature and based on above justifications, a block diagram depicting the process flow for 

the production of Sulfuric acid is given below. 

Figure 1.12 Complete block diagram of selected process 
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CHAPTER 2 ECONOMIC, SAFETY AND ENVIRONMENTAL ANALYSIS 

2.1 OVERVIEW OF ECONOMIC, SAFETY AND ENVIRONMENTAL 

ANALYSIS OF DESIGN 

 

2.1.1 Way forward from the literature review 

The manufacturing process of Sulfuric acid from Sulfur that had been conclusively selected 

and justified based on the findings of the review of literature, from here onwards, will be 

specifically considered as the basis for the economic, safety and environmental analysis of 

the design. Under the previous assignment, economic, safety and environmental features had 

been approached in a general context; or in other words, merely as overall attributes of 

Sulfuric acid and its common applications. The objective of this report is to address these 

exclusively as features in the selected process- more specifically, in terms of the equipment 

present in the process (such as heat exchangers, absorption columns, storage tanks etc), 

process and utility lines, location of site etc. 

2.1.2 Economic analysis 

Under this section, attention will be given to process economics, in the form of estimating 

capital expenditure (purchasing of land, structures, equipment etc), operating expenditure 

(material, labour, energy etc) and the overall financial viability. The analysis will be based on 

a chosen plant capacity which itself would reflect the projected input capacity of Sulfur as the 

primary raw material. The financial viability of the design would be investigated based on the 

projection of revenue flows against expenditure as well as the initial investment. 

2.1.3 Safety analysis 

The safety analysis first takes account of general safety measures that should be adopted in a 

chemical manufacturing plant- in terms of engineering controls, administrative controls etc. 

Aspects of fire safety are addressed within this context. Then the safety features specific to 

the design is discussed based on the identification of chemical, physical and electrical hazards 

present in the design. 

2.1.4 Environmental analysis 

The environmental impact of the design will be assessed in the environmental analysis. Points 

in the process flow that emits substances that exert an adverse impact on the environment 

would be identified. Forms of waste that would be generated in the plant means of mitigating 
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its environmental impact would be analyzed. Existing statutory procedures that are put in 

place during plant design to mitigate environmental impact would also be looked into. 

It should be pointed out that individual environmental aspects of Oxides of Sulfur as well as 

other process materials (that could be perceived as having an adverse impact on the 

environment) were addressed under assignment 1, in terms of their physical properties and 

general behaviour. The objective of the environmental analysis in this report would be to 

address their impact in terms of the nature of the design. 

 

2.2 ECONOMIC ANALYSIS OF DESIGN 

2.2.1 Approach and justification of taken in cost estimation 

Cost estimation of a chemical production plant is a very complicated but highly important 

aspect. Industrial plants are designed to produce products in large scale and maximize their 

profit with minimum investment. Hence, the costing of design has the utmost importance in 

any design, as it is the first evaluation factor of the feasibility of the manufacturing plant and 

selecting the exact manufacturing process. 

Design cost estimation is the monetary description of the costs associated to the plant that is 

based on fixed and working capital. Fixed Capital is the total cost required to erect a full 

functional plant ready to start up. This is the cost paid to install the plant with its equipment 

and eventually this will end up as the scrap value after the end of the project life span. 

Working Capital is the additional funds required for the process continuation once it is started 

up to the point of income generation. Total investment required for the plant design is the 

sum of fixed and working capital. 

At the initial stages of the designing, a rough but adequate financial proposal is required. Due 

to the existence of several unknown factors a well-defined and perfectly accurate estimation 

could not be practically done. According to sources available, it was found that at the early 

stages of the design, in other words during the flow sheet stage, capital cost calculations is 

done preliminary with an accuracy of around 30% (Sinnott, Coulson & Richardson's 

Chemical Engineering Volume 6 (Chemical Engineering Design), 1999). 

The estimation of capital cost in the section that follows is based on rapid capital cost 

estimation methods such as historical cost analysis and factorial method of cost calculations. 
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Accuracy of these estimations is highly dependent on the stage of the plant design and 

available data of the same. The estimation has been done based on data available at this stage 

and approximations have been made to approximate unknowns based on certain sources. 

Historical cost analysis: Ideally more accurate cost estimation and economic projections 

could have been made following preparation of flow sheets with mass and energy balances, 

following which equipment capacities could be ascertained (which permits equipment costs 

to be approximated far more accurately). A historical cost analysis could be done in the 

absence of the above. It is thus a very basic method of estimations, which uses available data 

for plant costs, during the past. The cost of the new design could be approximated based on 

similar designs (i.e. where manufacturing of the same chemical had been done) depending on 

literature values of plants that were built in the past. The historical cost analysis can be done 

either in the form of equations (where known capacity and cost is compared with the target 

capacity to estimate the cost that would be incurred for the target capacity), or in the form of 

graphs. The estimation would then have to be adjusted for inflation. In this regard, the 

Chemical Engineering Index has been used. 

Note: It should be pointed out that cost calculations have been rounded up to the nearest 

whole number (or nearest USD or LKR). What is presented in this chapter is for the most 

part, a summarized version of the calculations along with the approach taken in calculation 

along with justifications and assumptions made. Appendix I should be referred for MS Excel 

calculation sheets. 

2.2.2 Estimation of total initial investment 

2.2.2.1 Fixed capital cost estimation based on historical cost 

The knowledge of the earlier projects can be used as data for this calculation from which a 

quick estimation for the plant cost can be done (Sinnott, Coulson & Richardson's Chemical 

Engineering Volume 6 (Chemical Engineering Design), 1999). 

        (
  

  
)
 

  (1.1) 

Where C1= capital cost of the project with capacity S2 

C2= capital cost of the project with capacity S1 

While the above relation is regarded as being a rough guide for most chemical manufacturing 

plants, a chart was obtained that was specifically applicable for Sulfuric acid which had 
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indicated the relationship of plant fixed capital cost with capacity that is extracted and 

provided below (Sinnott, Coulson & Richardson's Chemical Engineering Volume 6 

(Chemical Engineering Design), 1999). 

 

Figure 2.1 Capital cost vs capacity relationship for Sulfuric acid plants (Garrett (1989)) 

Plant capacity: As established under assignment 1 the Sulfur is obtained from the Ceylon 

Petroleum Corporation (CPC) where it is disposed of as an effluent. Though current figures 

amount up to 25 MT of Sulfur per day, considering the rise in transportation and electricity 

consumption, a 40% provision would be added to account for future expansion. 

Hence, amount of Sulfur sourced from the CPC = 35 MTPD 

A simple material balance based on stoichiometry can be used to estimate the maximum 

output of Sulfuric acid obtainable from the above load. 

                    
               

                
 

                    
         

         
 

Hence,  

                                  (1.2) 
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Applying the chain of chemical reaction that leads to formation of Sulfuric acid starting from 

Sulfur is used as follows to obtain the maximum yield of Sulfuric acid as moles. 

(Assumption: 100% conversion and negligible losses at each stage) 

S(l) + O2(g) - > SO2(g) 

                                                         (1.3) 

SO2(g) + ½ O2(g) < - > SO3(g) 

                                                            (1.4) 

SO3(g) + H2SO4(l) - > H2S2O7(l) 

                                                        (1.5) 

H2S2O7(l) +H2O(l) - > 2H2SO4(l) 

                                                          (1.6) 

Comparing relationships 1.2, 1.3, 1.4, 1.5 and 1.6, it could be seen that 

                                                                  

The half of the formed sulfuric amount must need for the production process. 

Therefore the plant capacity can be evaluated as shown: 

                                        
    

   
   

  

    
  

 

 
              (1.7) 

Since the graph in Figure 2.1 that is used to estimate the plant cost is based on tons (US) 

where 1 MT = 1.10231 tons, the above capacity is equivalent to 108.5 tons/day 

Therefore, from Figure 2.1, since the correlation applies to 1989, 

                                                    (1.8) 

2.2.2.2 Adjustment of fixed capital cost to present year 

The figure obtained above can only be used if it is adjusted to present time. The chemical 

engineering plant cost index (CEPCI) takes into account most factors that may have affected 

a plant cost between 1989 and the present. Since this index is specifically defined for plant 

costing and comparison with previous years, the reliability of above is likely to be high. The 
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CEPCI for 1989 was approximated as 350.0 while 2011 index was obtained as 585.7 

(Chemical Engineering Plant Cost Index (averaged over year)) . 

Now,                                       (
               

               
) 

        (
     

   
)                  (1.9) 

Based on the indications in the graph the correlation seems to be based on plants in the US. 

Then, the capital cost for 2013 should be calculated according to the average inflation rates of 

the US. 

Average Inflation for the year 2012 (I) = 2.1 %
10

 

The future value (F) of result obtained in 1.9 (P) could be obtained in this manner up to 2012. 

          , n=1 (2011 to 2012)  (1.10) 

                                     (fixed capital cost of plant in 2012) 

Effective interest rate (    ) for the year 2013 from the data given till May was found to 

be1.52%. 

Interest rate (r) till June 2013, 

            , n= 2 (till June, for the first half of the year 2013) 

= 0.0152= (1+r)
 2 

Hence,    r = 0.752 %till June 

          

                                     (Fixed capital cost for the plant in 2013 

June) 

An assumption must be made in this regard that the relative installation costs in the US and 

Sri Lanka are approximately similar, as this difference (not unlike differences in purchasing 

power of consumer goods in different countries) cannot be accurately predicted, especially 

since it was further regarded that the CEPCI can be reasonably applied regardless of the 

location of the plant in the globe (in the absence of any indication to the contrary). 

                                                 
10

 Data extracted from: http://usinflation.org/us-inflation-rate/ on June 20, 2013 

http://usinflation.org/us-inflation-rate/
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The above value is the capital cost for plant installation cost. A cost is incurred for initial 

catalyst requirement for the catalytic converter. Only 5% of catalyst amount should be 

replaced for a year. So this annual replacement of catalyst can be considered as utilities while 

the initial catalyst cost must be considered as the part of total capital cost. 

Initial catalyst requirement for the plant = 200 l per MT of 100% Sulfuric acid (Outotec® 

Sulfuric Acid Plants, 2012) 

=                                  

  
                                 

    ) ton = 141.05 ton 

Cost of V2 O5 = USD 3,350 per ton (obtained online) 

Cost of initial catalyst acquisition=                 

= USD 472,517 

                                                  

                              (1.11) 

=USD 6,885,676+ 472,517= USD 7,358,193 

Total fixed capital for the plant in June 2013 (present) is therefore USD 7.6 Million 

approximately. 

2.2.2.3 Estimation of working capital 

According to rule of thumb estimates working capital for chemical plants is generally 

regarded to be 10-20% of fixed capital cost (Sinnott, Coulson & Richardson's Chemical 

Engineering Volume 6 (Chemical Engineering Design), 1999). 

Results from relatioship1.11 can be used to obtain fixed capital estimates. 

                                                      (1.12) 

                              

The total investment required initially can be estimated based on the approximations made 

above: 

                                                              (1.13) 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

46 

 

                         USD 8,829,831 

Total capital investment is therefore approximately USD 9 million. 

2.2.3 Estimation of annual operating costs 

Annual operating costs were mainly considered as having two components- variable costs 

(costs that increase with the increase in production activity) and fixed costs (costs incurred 

throughout the year regardless of production activity). The figure obtained for annual 

operating costs are incurred every year and should be compared with the expected revenue 

when projecting economic performance. 

Note: It was assumed throughout this section that the number of working days per year was 

300 (i.e. 25 days a month). 

2.2.3.1 Estimation of variable costs 

Raw material cost: Sulfur is the main raw material and assumed as being purchased from 

CPC. The current market price was obtained online. 

                                                            

          
       

  
 

                                                           

Cost for water was assumed to be negligible. 

Miscellaneous materials (plant supplies): This includes safety equipment, instrument chart 

and accessories, pipe gaskets and cleaning materials of the plant. As a rough guide, this cost 

can be approximated from the maintenance cost which it self is approximated as a fraction of 

the total fixed cost (Sinnott, Coulson & Richardson's Chemical Engineering Volume 6 

(Chemical Engineering Design), 1999). 

                                                                  (1.14) 

                                          (1.15) 

                            {                     }            

Utilities: Costs of electricity and steam can be thought of as the main utilities, while costs 

would also be incurred for instrument air, process water, cooling water and Nitrogen. Other 
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than that cost of replacement of 5% of catalyst was considered as an annual utility 

requirement. 

The per MT of Sulfuric acid utilility requirements of electricity and steam were obtained 

from an online document published by a reputed Sulfuric acid plant designing firm 

(Outotec® Sulfuric Acid Plants, 2012). It was obtained online
11

 that heating oil class No 4 is 

used in industrial grade burners. The energy figure was thus calculated assuming that a 

majority of the plant electricity load would be utilized for the Sulfur burner. Though this is 

somewhat of an overestimation, the intense temperature of burning (~1200
o
C) was taken into 

account. Other electricity intensive operations such as pumping and cooling have been 

accounted for under electricity cost. This overstatement was done to make sure that all costs 

would be covered adequately with allowance for margin of error that could arise out of 

understating. The price per gallon of heating oil no 4 was also obtained online
12

. (Annex I 

should be referred for detailed calculation sheets.) 

Table 2.1Summary of cost of main utilities 

Main utility Amount(per day) Cost($ per day) 

Electricity (Sinnott, Coulson 

& Richardson's Chemical 

Engineering Volume 6 

(Chemical Engineering 

Design), 1999) 

60 KWh/ 1MT 1,614 

Heating Oil No 4 45,378.9MJ(1,137.83 gal(US)) 826 

Steam 294 MT 5,460 

Total cost for main utilities 7,900 

For other utilities (cooling water, instrument air, Nitrogen), except cost for catalyst as utility 

were assumed as, 10% from main utilities. 

                                               (1.16) 

                                                     

                                                 
11

 Sourced from :http://www.engineeringtoolbox.com/fuel-oil-combustion-values-d_509.html  on June 21, 2013.  
12

 Sourced from :http://www.indexmundi.com/commodities/?commodity=heating-oil on  June 21, 2013. 

http://www.engineeringtoolbox.com/fuel-oil-combustion-values-d_509.html
http://www.indexmundi.com/commodities/?commodity=heating-oil
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Of the initial catalyst quantity acquired it was assumed that 5% needs to be annually 

replenished while the remainder could be regenerated. The initial cost of acquisition of 

catalyst was estimated in section 2.2.2 as USD 472,527. 

Hence annual cost of replacement of catalyst =                              

                              

                                                               (1.17) 

               

Other forms of variable costs such as shipping and packaging were regarded as not applicable 

in this scenario as all raw materials are to be sourced locally. 

2.2.3.2 Estimation of fixed costs 

As the name implies, the types of costs that would be annually incurred regardless of 

production levels would be regarded in this section as fixed costs. 

Maintenance cost: The maintenance cost is to include maintenance of the machines, spare 

part costs, cost of replacing units and repairing and cost of maintenance labour. The fraction 

indicated below is a general estimate that is often made regarding annual cost of maintenance 

(Sinnott, Coulson & Richardson's Chemical Engineering Volume 6 (Chemical Engineering 

Design), 1999). 

                                           (1.18) 

Capital charges: A value was set aside in the form of ‘depreciation’ of the capital. The 

investment required (calculated under section 2.2.2) is recovered as a charge on the project. 

This could be perceived as an interest payment, if a part or all of the total investment has 

been financed by borrowing. In any case, to account for the above, an annual allocation of 

15% of fixed capital is made (Sinnott, Coulson & Richardson's Chemical Engineering 

Volume 6 (Chemical Engineering Design), 1999). From equation 1.11, fixed capital was 

estimated to be USD 10,801,041. 

                                           (1.19) 

                              

Cost allocation for insurance and local taxes: The annual insurance premium paid to 

insurers is typically taken as 1% of fixed capital. Local taxes calculated on the value of the 
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site are generally approximated to be 2% of fixed capital (Sinnott, Coulson & Richardson's 

Chemical Engineering Volume 6 (Chemical Engineering Design), 1999). 

                                 (1.20) 

                          

                                                  (1.21) 

                            

Operating Labor: A formula was referred that relates the number of unit operations of the 

plant, the plant capacity and a coefficient which is based on the degree of automation of the 

plant, as shown below (Holloway, Nwaoha, & Onyewuenyi, 2012). 

                         

                      
   

                         

                                                  
  (1.22) 

 

The number of unit operations was considered to be 9 (Sulfur furnace, Dryers, Reactor, 

Catalytic Reactor, Intermediate Absorber, Main Absorption Tower, Scrubber, Dilution Tank), 

and all the storage tanks (Molten Sulfur, Oleum, 98% Sulfuric acid, Final product Sulfuric 

acid and others such as storage of Water, Fuel oil, heating oil, Gas holder for Nitrogen etc) 

were regarded as 1 unit. The coefficient was taken to as 10, assuming the plant has a high 

degree of automation (if the plant was to be highly automated, the source of the formula 

indicated the t should be taken as 10). 

Hence: 

                         

                      
= 10  

 

             
 

                    
   

   
     

 

             
                         

According to legislations surrounding minimum wage in Sri Lanka, a rate of 7500-9500 LKR 

per month is to be paid to industrial skilled labour
13

. This was interpreted as a very general 

figure that is applicable for all forms of industries. In the case of a core chemical 

manufacturing plant such as one for Sulfuric acid, a range of critical operations should be 

conducted where specifically trained labour  are required. It should also be borne in mind 

about the risks involved and stringent measures that has to be practiced, to constantly 

                                                 
13

 Data obtained online at: http://www.salary.lk/home/salary/minimum-wage on 21 June 2013 

http://www.salary.lk/home/salary/minimum-wage
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mitigate hazards from occurring. Taking into account all these complexities surrounding 

Sulfuric acid manufacturing the skilled labour minimum wage was taken to be 25,000LKR. 

Daily wage of skilled labourer, assuming 300 working days and a daily shift of 8 hours: 

Wage per labor =
         

   
         per day per labourer 

 
    

 
= LKR 125 per hour per labourer 

To convert to US dollars (Exchange rate on 20/06/2013) = LKR 1 = USD 0.0078 
14

 

 

No of Labors per day, assuming 3 shifts =326.38/8= 40.79 ~ 41 

 

Other cost related to Labor per day can be found as below (Sinnott, Coulson & Richardson's 

Chemical Engineering Volume 6 (Chemical Engineering Design), 1999): 

 

● Laboratory costs: 20-23 per cent of Operating Labor 

● Supervision: 20 per cent of item of Operating Labor 

● Plant overheads: 50 per cent of item of Operating Labor 

Table 2.2Operating labour and auxiliary costs 

Cost centre LKR (per day) USD( per day) 

Operating Labor 40,798 318 

Laboratory Cost 9,383 73 

Supervision 8,160 64 

Plant Overheads 20,399 159 

Total 78,740 614 

It has been assumed that administration overheads are included within the plant overhead 

cost. Technical officer level labour has been included as supervision. 

Labour cost with regards to executive level employees is not covered in the above 

calculation. In order to account for the total annual labour cost therefore a further couple of 

assumptions were made. It was assumed that the plant would employ two executive level 

engineers (presumably managerial level- plant manager and engineering manager) and six 
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 Figure obtained from:  http://fx-rate.net/USD/LKR/ on 21 June 2013 

http://fx-rate.net/USD/LKR/
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plant engineers (approximately 1 engineer overlooking two unit operations and 1-2 

maintenance engineers). Ballpark wage levels were assumed for both categories as shown: 

Table 2.3  Breakdown of managerial level wages 

Category # Monthly Wage rate Total LKR (USD) 

Top level (Plant manager 

and Manager in Engineer 

or Head of Engineering) 

2 LKR150,000 

(1,170 USD) 

300,000 (2,340) 

Middle level (plant 

engineers- operations and 

maintenance) 

6 LKR 100,000 

(780 USD) 

600,000 (4,680) 

Total 900,000 (7,020) 

 

A summarized version can be shown below where costs were estimated as percentages were 

estimated out of fixed capital costs (Sinnott, Coulson & Richardson's Chemical Engineering 

Volume 6 (Chemical Engineering Design), 1999) (Holloway, Nwaoha, & Onyewuenyi, 

2012). 

Table 2.4 Summary of fixed costs 

Fixed cost type Estimation  Cost per year($) 

Maintenance cost 10% of fixed capital 735,819 

Capital charges 15% of fixed capital 1,103,729 

Insurance 1% of fixed capital 73,581 

Local taxes 2% of fixed capital 147,163 

Operating labor $ 318/day * 300 95,466 

Laboratory costs 23% of operating labour 21,957 

Supervision 20% of operating labour 19,093 

Plant overheads 50% of operating labour 47,733 

Executive wages Assumed 84,240 

Total Annual Fixed Cost  2,328,783 

2.2.3.3 Estimation of annual operating cost 

The approximations made in sections 2.3.1 and 2.3.2 is added up to obtain the annual 

production costs. In order to obtain the annual operating cost, one final addition is made, in 
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the form of a further approximation as shown below (Sinnott, Coulson & Richardson's 

Chemical Engineering Volume 6 (Chemical Engineering Design), 1999). 

                                                                              

                               (1.23) 

Table 2.5Annual Operating Costs- Summary 

 

 Cost USD per year 

VARIABLE COSTS 

 Raw materials 1,680,000 

Miscellaneous materials 73,581 

Utilities + Replenishment of catalyst 1,327,062 

Shipping/packaging N/A 

Total Variable Cost (A) 3,080,644 

 

 FIXED COSTS 

 Maintenance 735,819 

Operating labour + Executive wages 179,706 

Laboratory costs 21,957 

Supervision 19,093 

Plant overheads 47,733 

Capital charges 1,103,729 

Insurance 73,581 

Local taxes 147,163 

Total Fixed Cost (B) 2,328,783 

Direct Annual Production Costs(A+B) 5,409,428 

Indirect Costs: Sales expenses + General 

overheads +R&D (30% of A+B)    (C) 1,352,357 

Annual Operating Cost (A+B+C) 6,761,785 
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2.2.4 Projections of revenue 

Similar to previous sections on costing, several assumptions were made in order to establish 

projections of revenue (monetary inflows). The approach followed can be summarized as 

follows: 

In order to establish the revenue that could be earned, it was assumed that the expenditure 

spent by firms in Sri Lanka on importing Sulfuric acid from overseas suppliers (in the 

absence of locally produced Sulfuric acid) would flow towards us. In using this approach the 

following three assumptions were made: 

 The amount of Sulfuric acid that could be produced from the entire output of Sulfur 

that is disposed from the CPC is much more than the current demand for Sulfuric acid 

within the country. Therefore, it was assumed that the balance would be readily 

exported in its entirety, since the current global market is such that there is a growing 

demand for Sulfuric acid internationally. No price difference was considered between 

export market and the local market. 

 Secondly the possible butterfly effects of the development of a Sulfuric acid plant 

locally such as increased local demand due to emergence of downstream industries 

such as fertilizer plants (built following the construction of this plant) were not 

considered to occur in the foreseeable future since such an incident cannot be 

predicted with reasonable conviction. Making such as assumption was not regarded as 

prudent since it would anyway have led to a scaling up of revenue projections, thus 

overstating cash inflows. Such overstated projections are not deemed appropriate in 

aiding decision making. 

 Thirdly, assumption 1 above was slightly adjusted to exclude the import duty in the 

form of customs tariff that is usually levied on imported Sulfuric acid. This causes the 

import cost to be slightly higher than the equivalent cost if the price had been same as 

the global market price. In order to capture the local market, the local product has to 

be made more attractive to local buyers, by offering the same product at lower prices. 

This duty was assumed to be 12% of total price. 

Import statistics were obtained online
15

, where the site itself had sourced the statistics from 

the United Nations Commodity Trade Statistics Database. The figures sourced and the 

                                                 
15

 Obtained from: http://www.indexmundi.com/trade/imports/?country=lk&commodity=280700 on June 19, 

2013 

http://www.indexmundi.com/trade/imports/?country=lk&commodity=280700
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estimation of the trend line projecting sales prices for the next 8 years is included in Annex I 

Sheet 5. The trend showed a steadily rising price for Sulfuric acid. A summarized version of 

the results is shown below: 

Table 2.6 Summary of selling price forecast 

Year Forecast Price 

($/kg of Sulfuric acid) 

2012 0.235 

2013 0.276 

2014 0.317 

2015 0.358 

2016 0.399 

2017 0.440 

2018 0.481 

2019 0.522 

2020 0.563 

2021 0.604 

2.2.4.1 Scaling up of plant capacity to obtain revenue and operating costs 

In the calculation that was leading up to the projection of economic performance, it was 

assumed that the initial investment in its entirety was made on the present day and that the 

construction of the plant on the site chosen would begin momentarily. It was assumed that 

construction, mechanical completion and commissioning would take all of the following two 

years and part of the year following. 

It was thus considered that for years 2013, 2014 and 2015 the plant would not be producing 

any output, while the plant will only produce 20% of its maximum output in 2016. This was 

to take account of any time delays that could possibly made due to modification of design 

midway during construction and commissioning delays due to various complications. The 

plant was assumed to be able to produce 50% of its maximum capacity in 2017- this 

assumption was made with the idea that it is a common practice for freshly commissioned 

plants to operate only up to a fraction of its total capacity for a while to give time for 

operations to be optimized, the complexities of equipment to be fully understood, for safety 

systems to be put in place, to play around with controls to monitor productivity etc. In a 
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nutshell, the plant needs to be ‘put through its paces’ to see if the staff could cope with the 

complexities involved before it could run full bore. 

2.2.5 Making projections of economic performance 

The aim of making projections is to aid in decision making with regards to the financial 

viability of the project. The feasibility is examined in terms of the payback period. 

Payback period of an industrial scale manufacturing plant is a very important indicator, which 

reflects the accomplishment of the project in monetary terms. Simply, payback period is the 

time required to cover the initial investment by operating the plant and selling goods 

produced in the plant. It is always preferred by investors to have a quick payback. 

The total investment of our plant, revenue over upcoming years, production capacities of the 

plant, bank interest rates, inflation and product market value of Sulfuric have been taken into 

account in this particular case to estimate the pay back. In this regard, a fixed bank interest 

rate of 12% given for the fixed deposit have been used as the discounting rate for next nine 

years, for Net Present Value (NPV) calculation of the present value of future revenue
16

. In 

addition, the inflation rate was considered as fixed, 10% for each upcoming year. This 

assumption had to be made since inflation cannot be reasonably forecasted since it could vary 

unpredictably with changes in government monetary policy. 

With the above mentioned assumptions on inflation and discounting rates the present value of 

each net cash flow over a period of years was obtained. 

For any year after the initial investment: 

                           

                                                                     (1.24) 

Where, 

                                            

                                            

                                                 (1.25) 

(n=period of time in years from present time) 

                                                 
16

 Obtained from: http://web.boc.lk/index.php?route=information/information&information_id=40 on 23 June 

2013 

http://web.boc.lk/index.php?route=information/information&information_id=40
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Now, present value of all such net cash flows of years could be calculated as: 

                               

                                                  (1.26) 

Refer Sheet 5 of Annex I for detailed calculation of NPV. A summarized version is included 

in the table below: 

Table 2.7 Summary of projection of economic performance 

Year NPV of cash flow (USD) Cumulative cash flow (USD) 

2013 -7,358,194 -7,358,194 

2014 0 -7,358,194 

2015 0 -7,358,194 

2016 458,153 -6,900,040 

2017 1,275,485 -5,624,555 

2018 2,721,174 -2,903,381 

2019 2,792,380 -111,001 

2020 2,754,686 2,643,684 

2021 -7,358,194 5,240,886 

2.2.6 Conclusion 

From table 2.7, it can be seen that in first three years, revenue takes a minus value, as a 

position to make profits cannot be made due to partial completion of the plant. In fourth and 

fifth years production capacity is considered as limited due to reasons justified above. In the 

8
th

 year profits are seen to start accumulating. Hence by linear interpolation it could be 

concluded that at the payback period is approximately 7 years and 1 month. The project is 

viable since the payback is reached within 10 years, as 10 years is generally regarded as the 

lifetime of chemical plant, though this consideration is taken merely for accounting purposes 

(Sinnott, Coulson & Richardson's Chemical Engineering Volume 6 (Chemical Engineering 

Design), 1999). . 

2.3 SAFETY ANALYSIS OF DESIGN 

As stated under chapter 1, general safety measures that should be put in place in the plant are 

first considered and is followed by measures specific to the design 
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2.3.1 General plant safety procedures 

A Sulfuric acid manufacturing plant or any chemical manufacturing plant for that matter 

should adopt a range of safety procedures to ensure the safety and wellbeing of its staff and 

the smooth operation of its equipment and prevent hazards or operability issues from arising. 

This should therefore apply for a Sulfuric acid manufacturing plant such as ours also. Such 

safety measures can be categorized in different ways; broadly they could be classified as 

shown: 

 Design strategies and continuous inspection. 

 Health and safety communication. 

 Safety practices and personal protective measures. 

 Emergency planning. 

The recognized safety measures in the selected process can be classified according to above 

titles as below. 

Design strategies and continuous inspection: Safety measures which are established during 

the design and implementation of the process and some methods which are used during the 

operation are included under this category. The measures mentioned below are those that 

should be incorporated for implementing general occupational safety in any Sulfuric acid 

plant. 

 The administration building should be located away from the plant, storage sections, 

laboratory and the workshop. 

 Operational units should be laid out in the design in such a way that harmful gasses 

from the plant such as oxides of Sulfur and Hydrogen Sulfide will not be carried by 

the prevailing wind to the administration building, health Centre, canteen or any 

populated area outside the complex. This should be done via vapour dispersion 

modeling techniques taking into account the wind patterns generally associated with 

the general area of the site and also the properties of the particular vapours. 

 The layout design should be done so that it is free from dead ends of roads. 

 The boundaries of the plant should be consolidated by a strong wall for security and 

safety purposes. 

 Noise controlling measures should be adopted for the plant sections such as where air 

blowers, high duty transfer pumps and mixing vessels are located. 

 Proper illumination should be carried out inside the plant. 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

58 

 

 The Sulfuric acid production process involves several operations that involve 

vapours- being used as reactants, products, or in the case of the catalytic converter, 

both. Proper ventilation in the plant is thus essential so that fugitive emissions of 

oxides of Sulfur are displaced and fresh air is diffused inside. Proper ventilation 

should be given particular attention during initial design as a means of eliminating 

and reducing the probability of hazards. 

 The operational units of the plant and the storage units of molten or solid Sulfur, 

intermediate products such as Oleum and Sulfuric acid should be sufficiently 

separated as permitted in practicality. The ‘practicality’ aspect should be borne in 

mind, in that although it is an accepted practice in any chemical manufacturing plant 

to locate its finished goods storage away from operational units, the same may not 

apply to that extent as far as raw material and intermediate goods are concerned. This 

particularly applies in the case of 98% Sulfuric and Oleum storage, since they are 

being utilized in several plant operations. Complexities associated with transferring of 

molten Sulfur also meant that raw material storage tanks should be located as closely 

as permitted by a hazard analysis (HAZAN). 

 As a part of inbuilt design to minimize risk of fires, roads should be constructed as a 

firebreak 

 Proper accessibility to the sections housing main plant items (MPIs)and the storage 

units should be ensured. 

 General safety procedures recommend that the power station, pump station, switch 

station and the boiler-compressor house should be located away from the process 

area. 

 More specific policies should also be adopted in the design itself- valves and 

instrumentation should be reasonably accessible to operators, safety lifts and ladders 

should be incorporated near the Sulfur burner, converter and absorption columns as 

well as storage tanks. 

 The boiler, dilution tanks, and fluid streams in the process should be insulated. 

Insulation not only serves the purpose of conserving required process temperatures, 

but also reduces risk of injury to operators in the event of contact with high 

temperature surfaces. 

 Rotating and moving parts should be regularly inspected and rotating parts of 

equipment should be covered with guards. Other maintenance practices such as 
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inspection of contaminable points of ducts and pipes, regular visual inspection of 

cracks, loose connections etc, regular checking of quality of sensors, alarms and other 

means of instrumentation, regular sampling of air to ensure compliance with 

discharge limits, conducting of geological surveys to check for pollution of land and 

adjacent water bodies etc, should also be adopted and the frequency of these 

inspections should be established preferably during design stage by conducting 

HAZANs based on historical data obtained from other Sulfuric acid plants. Other 

similar practices include performing shutdown for repair and refurbishment per a 

predetermined time interval. 

 As a means of ensuring continuous attention that plant safety is not compromised and 

measures incorporated into plant operations to ensure safe and smooth operation are 

being carried out and safety features inbuilt to plant and equipment design are in 

working condition, safety tours and walkthrough audits should be conducted during 

operation. Walkthrough audits aid process engineers and managers to monitor 

effectiveness of existing policies/procedures, identify work practices/conditions that 

are potentially harmful to employees and actively take corrective measures as 

reasonably practicable. 

Health and safety communication: Practices which are used to communicate safety 

protocols lie under this category. This includes periodic training of employees with regards to 

occupational health and safety and risk prevention, incorporating safety signs in the plant that 

comply with standards issued from local or internationally recognized bodies such as the 

Occupational Safety and Health Administration (OSHA) in the US or the Health and Safety 

Executive (HSE) in the UK, proper labeling of equipment, demarcation of plant areas and 

walk ways, providing instruction manuals of equipment, establishing access points to 

material safety data sheets (MSDS) of process materials in loading/unloading bays of Sulfur 

and Sulfuric acid, storage units and operational areas etc. 

Safety practices and personal protective measures: Safety measures, which should be 

followed by employees during operations, are classified under this category. These include 

using suitable work schedules to avoid fatigue, use appropriate personal protective equipment 

(PPEs) to protect body from injury by blunt impacts, electrical hazards, heat, chemicals and 

infections, ensuring that workers are given proper facilities to clean themselves after their 

shift, and periodic monitoring of employee health via appropriate medical tests. 
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Table 2.8Several forms of PPEs and their points of application in a Sulfuric acid plant 

Type of PPE Application 

Hard hats The skull is protected from impacts, penetration injuries and electrical 

injuries. Generally hard hats should be worn at any processing/storage area 

inside the plant. They would be of special importance particularly in rather 

compact areas in the process such as near the converter and the multiple 

absorption columns which has process lines to and from each other, with a 

series of process to process or utility driven heat exchangers, or units that has 

multilevel platforms- any of which are restricted head spaces where risk of 

head injuries are high. 

Safety shoes Feet are protected from falling or rolling objects, sharp objects, hot liquid 

splashes, hot surfaces and electrical hazards. Usually are recommended to be 

worn throughout the plant-even in administrative sections. 

Goggles Eyes are protected from flying fragments, hot liquid splashes and dusts. 

Operators in high concentrated Sulfuric acid or Oleum production units and 

dilution tanks where splashing is possible must be required to wear them. 

Respirators Inhalation of hazardous vapors or particulates are prevented such as oxides of 

Sulfur, Sulfuric mist, Oleum vapor, Hydrogen Sulfide, Sulfur dust etc. 

It is also worth mentioning that PPEs are just one form of safety protocols usually established 

in chemical manufacturing plants in what is known as the ‘safety hierarchy’ – the ‘response’ 

recommended in the safety hierarchy for a given hazard is based on its severity and 

likelihood. 
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Figure 2.2  Safety Hierarchy 

 

Emergency planning: Procedures which should be followed by employees at an emergency 

belong to this category. Examples include allocating an assembly point near the 

administration building in case of emergency, with directions to the said point appropriately 

displayed, incorporating a functioning and frequently tested alarming system and using fire 

extinguishers to extinguish small fires in emergency situations. The importance of keeping 

sufficient amount of first aid medicals within the plant is high especially when it comes to 

exposure to materials such as Sulfuric acid, where it is timeliness of the treatment that is 

needed rather than the complexity of it. This is also extended to the idea that directions of all 

emergency first-aid equipment, including emergency showers, eye-wash stations, first-aid 

kits and stretchers should be clearly given with signs. Further other than first aid in situ, for a 

plant such as this, a health Centre near the plant should be installed. 

SEGREGATION – classify hazardous area as different zones eg: ‘safety 

zones’, area classification. The areas with the Sulfur burner- high risk zone 

ENGINEERING CONTROLS- if none of the above is sufficient include 

relevant safety measures in the design-eg: venting, by pass lines, hard wired 

high level shut off, flame proofing motors etc 

ADMINISTRATIVE CONTROLS- if all else above is insufficient, 

establish rules eg: job rotation schedules to reduce working times, SOPs etc 

PERSONAL PROTECTIVE EQUIPMENT – considered as the last resort 

ELIMINATION – if the hazard could be eliminated, it should be attempted 

without going further down in the hierarchy. 

SUBSTITUTION- check if the action that results in a hazard can be 

substituted 
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Examples for other implementations include: 

 Backup services such as water should be maintained, in the form of tanks, fire ponds 

etc to be used in an emergency. 

 Detailed procedures for immediate evacuation of workers, who may need assistance 

in reaching emergency exists must be established. 

 Distress committees consisting of supervisors and workers (with an experienced staff 

member designated as the fire warden) to act in an emergency situation must be pre 

implemented with monthly or as periodically as appropriate rehearsal sessions 

performed. 

Other miscellaneous safety regulations recommended: 

 Compliance of employees to standard operational procedures (SOPs) should be 

ensured and the idea that each is made aware of the inherently existing hazards in 

their line of duty with minimal space for negligence should be communicated 

 Proper area classification based on international standards should be established, with 

an authorization system installed for entry into each section followed by mandating a 

specific dress code with PPEs appropriate for each section. The relevant PPEs must be 

available at the point of entry into the section. Restricted access areas must be 

maintained in critical sections such as the Sulfur burning section or bulk storage units. 

 To minimize a hazardous situation during a spillage of molten Sulfur, Oleum or 

Sulfuric acid due to leaks or failure of a storage vessel, all tanks should be designed 

with a bund (dyke) around them as a form of primary containment. The contents of 

these bunds should then be made to drain to catch pits sloped away from the tank farm 

which act as secondary containment. 

 Proper practices should be implemented in areas containing flammable materials/ 

vapours such as prohibition of mobile phones, static discharges, flame proof wiring, 

motors and lighting. This applies to areas that are likely to contain Sulfur dust, molten 

Sulfur or Hydrogen Sulfide vapor- i,e unloading and raw material storage areas, 

Sulfur melter and burner areas. 

 Speed limits (Eg: 5 kmph, 20 kmph) should be enforced appropriately in the roads 

inside the plants and the road leading to the site entrance. Lower speeds should be 

recommended in Sulfur unloading or Sulfuric acid loading areas where heavy vehicles 

are likely to be in operation. 
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2.3.1.1 General means of mitigating fire hazards 

A well-functioning fire prevention and fire extinguishing program is essential for a Sulfuric 

acid manufacturing plant. Fire hazards in such a plant can arise from all 3 forms of chemical, 

physical and electrical hazards, since certain process materials are classified as flammable; 

the features of the operation (high temperature, high pressure points etc) are such that fire 

hazards could emerge due to faults of personnel or otherwise (i.e. physical hazards), and 

finally as is the case malfunctioning electrical connections and other forms of electrical 

hazards too can lead to fire hazards. 

Fire safety assurance measures such as segregation of units, safe distances between tanks or 

other sections, and other features that could be incorporated into the design are states 

elsewhere in this section. A range of administrative measures could also be implemented 

which involve contingency plans etc. Eg: Emergency Management Plan providing emergency 

measures to be implemented to protect both operators and local communities from potential 

toxic products releases. 

Workers should have a proper idea to identify the correct equipment. Extinguishers, fire 

hoses and other fire safety equipment (alarms, exit signs, emergency lights) need to be 

checked on a regular basis to ensure they are in working condition. Typically a quick visual 

check is to be done at least monthly by an employee or the monitor in the area. 

Extinguishers and hoses must be checked and documented at least once a year by a qualified 

inspector. They also must keep a documentation to verify that they have been inspected. 

Extinguishers must be recharged anytime that they have been used, if the seal broken, or if 

the internal pressure is lower. Even if an extinguisher was only used a small amount it must 

be serviced and reuse without service should be avoided. 

Extinguishers must be conspicuously located and readily accessible for immediate use in the 

event of fire. This doesn’t mean they should be located as near to the potential sources of fire 

as possible (Eg: attached or place at the base of a tank having flammable contents), since this 

would make it impossible to reach to the fire extinguisher if the unit in question were to 

actually catch fire due to whatever reason. 

Building Fire Exits: Each workplace building must have at least two means of escape 

remote from each other to be used in a fire emergency. Fire doors must not be blocked or 

locked to prevent emergency use when employees are within the buildings. 
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Portable Fire Extinguishers: Each workplace building must have a full complement of the 

proper type of fire extinguisher for the fire hazards present. 

Emergency Evacuation Planning: A written emergency action plan for evacuation of 

employees which describes the routes to use and procedures to be followed by employees. 

The alarm system may be voice communication or sound signals such as bells, whistles or 

horns. Employees must be made aware of the evacuation signal. 

Fire Prevention Plan: Housekeeping procedures for storage and cleanup of flammable 

materials and flammable waste must be included in the plan. Recycling of flammable waste 

such as paper is encouraged; however, handling and packaging procedures must be included 

in the plan. 

Personal protective equipment (PPE) : PPEs are to be used as a supplement to but not as a 

substitute for engineering controls. PPE used in a sulfuric plant might include chemically 

resistant gloves, eye wear, footwear, coveralls and respiratory protection. PPE may be used as 

a sole means of control if the use of other controls is not feasible (Occupational Health and 

Safety Manual, 2004) 

Fire Response Procedures: Generally, the RACE procedure is used. This comprises of  

‘Rescue’ (rescuing those in immediate danger), ‘Alarm’ (activating fire alarms to alert 

others), ‘Confine’ (controlling the spread of the fire by turning of electric equipment etc.) and 

‘Evacuate’ (Reaching the nearest fire exist and exit signs should be followed) (Fire and Life 

Safety Compliance Guide, 2009). 

2.3.2 Operational measures of mitigating safety hazards in the process 

Certain measures should be put in place that can be regarded as preventive methods of 

ensuring uninterrupted and safe operation. These apply to even plan shutdown occasions 

(preventive maintenance) as well as emergency shutdown scenarios. Ensuring that operators 

learn to adopt such measures during general operation and during maintenance, could help in 

preventing safety incidents. Following is a compilation of such measures, some of which are 

administrative controls, and others generally recommended operational practices that should 

be practiced in advance to mitigate certain physical, chemical and electrical hazards. 

 Flammable gas inside Sulfur or Sulfuric storage tanks or the Sulfur melter should be 

kept below its Lower Explosive Limit (LEL) by introducing inert gas in to the vessel 

(blanketing), for instance Nitrogen. This should be at least done prior to maintenance 

if hot work is planned to be done on the surrounding. 
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 Oxygen concentration should always be measured inside a storage tank or other MPIs 

such as the melter or burner before a job is to be conducted inside the equipment. This 

would be especially true in the case of a tank (eg: Liquid Sulfur storage) whose head 

space may be subject to inerting with Nitrogen owing to the presence of flammable 

vapour such as Hydrogen Sulfide in its headspace. Though Nitrogen prevents a 

flammable environment being built up inside regardless of the contents, this causes 

Oxygen level to be very low. Working in such conditions could easily lead to 

asphyxiation which could be fatal. Most of these equipment are classified as ‘confined 

spaces’ and according to relevant standards by OSHA or HSE, workers should only 

be allowed inside after they are issued a work permit to do so. 

 Pressure indication should not be relied on a single pressure gauge. Occasionally its 

accuracy should be checked by an independent gauge for comparison. Such measures 

should be especially implemented in intensive pressure applications such as steam 

generation, steam lines to heat exchangers and the Sulfur burner where pressure drops 

or surges should be rectified as soon as possible. Pressure gauges should also not be 

exclusively relied on in the case of ensuring sure zero pressure. Operators should be 

instructed to open all available drain or vent valves to release the remaining pressure. 

Caution must be taken against possible instances where pressure could be trapped in a 

dead zone (eg: in between two closed valves- applies for startup following a 

shutdown). 

 Material compatibility should be verified via several sources in order to avoid 

unintended reactions. During plant shut down period, many jobs are performed 

simultaneously. In such a situation, workers must be trained to guard against using 

same equipment (eg: pumps) for sever operations unless their compatibility is assured. 

Material safety data sheets of process materials should be made available at several 

locations even within the same section for quick reference. 

 Several equipment or pipelines designed to be used only in shutdown time should be 

thoroughly checked prior to usage for corrosion etc. as they are not commonly used. 

 In yearly preventive maintenance period, there are not only permanent workers 

involved in plant shutdown activities but there will be contractor workers and 

temporary workers. Steps should be put in place to educate them adequately about all 

the potential hazards that may exist in the area where they work. 
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 Temporary electric connections are commonly used for driving portable pumps or 

exhaust blowers in shutdown time. Extra care should be taken to avoid electric spark 

generation especially in an area classified as having a flammable atmosphere such as 

the melter. 

2.3.3 Identification of major chemical, physical or electrical hazards specifically 

associated with the design in operational units 

In order to systematically identify the hazards present in the design the process flow can be 

divided into sections and analyzed individually. The analysis focuses on the equipment 

involved, condition and composition of the process materials involved and their means of 

transfer. Each section would contain multiple units in the process so identified under 

assignment 1, and divided such that it includes one of the following major units in the 

process: 

 Burning of molten Sulfur to produce Sulfur Dioxide 

 Catalytic conversion of Sulfur Dioxide into Sulfur Trioxide, absorption and dilution 

 Storage areas 

2.3.3.1 Burning of Sulfur 

When identifying safety hazards and process issues that could lead to operability faults in this 

section, the following has been taken into account: 

Table 2.9Key process information in the Sulfur burning section 

Key equipment Sulfur melter, molten Sulfur storage tanks, Sulfur transfer 

pumps, Sulfur burner 

Key operations  Melting of Sulfur at ~120
o
C 

 Storing Sulfur at above molten condition 

 Pumping of molten Sulfur maintained at above condition 

to burner 

 Atomization and subsequent burning of molten Sulfur at 

temperatures up to 1120
o
C 

Type and nature of 

process material/s 

Molten sulfur , Filtered and dried air 

Significant conditions in 

process 

High operational temperatures (Melter, tanks and pumps at 

~120-150
o
C; Burner at temperatures beyond 1000

o
C) 
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Taking the above features into account, along with the inherent hazards associated with the 

process materials involved the following hazards could be identified. 

Table 2.10 Hazards identified in the Sulfur burning section 

Location of 

possible hazard 

Type/description of hazard and possible consequences/implicaitons 

Sulfur melter Fire hazard: As in our case, Sulfur is mainly obtained from 

desulfurization processes in petroleum refining and thus unconverted 

amounts of Hydrogen Sulfide may still be entrapped in the raw material 

( Merichem Gas Technologies). The melting process can also produce 

vapours of Hydrogen Sulfide and Carbon Disulfide, which can form 

ignitable air/vapour mixtures upon contact with hot surfaces. H2S is 

classified as a flammable gas and can exceed its lower flammability 

limit at low concentrations in the tank headspace (4% by volume in air 

(Phillips Petroleum Company, 1995)) 

Upstream storage 

of elemental Sulfur 

 

General areas of 

storage tanks, 

melter and burner 

General hazards to personnel due to Hydrogen Sulfide, Sulfur dust: 

Contact with skin or eye, or inhalation could cause difficulties. Can 

result from a leak in transfer lines to or from storage tanks to melter. 

Burn hazards to personnel from molten Sulfur 
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Molten Sulfur 

storage tanks 

 Flammable environment in tank headspace: Hydrogen Sulfide 

liberated during Sulfur melting can be carried over during 

transferring of molten Sulfur from melter to tank via pump. 

 Explosive environment in tank headspace:  If venting of 

headspace is improper and the stagnant conditions lead to the 

development of an anaerobic environment which promotes the 

reaction of H2S with iron in the Cabon Steel tank structure and 

forming FeS. This layer is considered to be a corrosion barrier 

and will remain stable if the conditions remain anaerobic. 

However, when the space is opened during maintenance, FeS  

beingpyrophoric (can undergo spontaneous combustion in 

presence of O2) along with the presence of Sulfur which is also 

flammable can produce a hazardous environment that can lead 

to accidents if not taken account of beforehand. 

Pump transferring 

molten Sulfur to 

storage 

Malfunction or failure of pump: Can arise due to several causes. 

 Failure of control valve controlling melter level with pump 

discharge side could cause the pump to shut off, leading to  

possible overflowing and subsequent spillage of molten Sulfur 

in the melter. Similar to Sulfur in powder form, molten Sulfur 

too is regarded as flammable. Overflow and failure in 

containment could also cause burn hazards on personnel 

exposed during an emergency arising out of this hazard. 

 Failure in maintaining heated conditions in the tank (eg: flow 

control valve in steam line into steam jacket failing open) 

leading to overheating of molten Sulfur. Sulfur heated beyond 

157
o
C undergoes a 10

4 
fold increase in viscosity due to shift in 

molecular structure from individual S8 rings to long interwoven 

molecular chains (Davenport & King, Sulfuric acid manufacture 

analysis, control and optimization), causing a dramatic increase 

in pumping power requirement, possibly failing it- causing a 

blockage in line. If the blocked Sulfur is solidified the operation 

would have to be halted immediately assuming quick detection. 

 The above incident could also happen if the steam supply to the 
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pump (Sulfur pumps are those that has to be kept heated in order 

to maintain the required temperature so as to maintain the 

molten condition of the Sulfur) were to malfunction so that the 

temperature drops, causing the Sulfur to solidify within the 

pump chamber. A blockage of line could result in operability 

issues which, if undetected or not appropriately responded to, 

could lead to hazards of the form mentioned above. 

Pump transferring 

molten Sulfur from 

storage tanks to 

burning 

 Similar hazards could arise due to solidifying of Sulfur for 

reasons mentioned under Sulfur filling pump to storage tanks. 

 Failure of pump due to similar reasons to above pump could 

overfill the storage tanks. 

Burner unit  General potential for a hazard:The high temperatures involved 

in excess of 1000
o
C in this unit itself presents a hazardous 

environment particularly to personnel. 

 Overpressure hazard: The unit facilitates a gas-gas reaction. 

Thus a change in pressure can easily occur by changes in gas 

flow rates of air or atomized vaporized Sulfur- where 

malfunctioning of flow control (Eg: failing open) could lead to 

overpressure scenarios and subsequent pressure relief- relieving 

flammable vapours into the surroundings. 

2.3.3.2 Catalytic conversion of Sulfur Dioxide into Sulfur Trioxide 

Similar to the previous unit, when identifying hazardous elements in the design the following 

aspects have been taken into account. 

Table 2.11 Key process information of the catalytic conversion section 

Key equipment Gas cleaning unit-Electrostatic precipitator, Boiler, Precooler, 

Catalytic reactor, air blower, packed absorbers, coolers 

Key operations  Reduction of temperature of Sulfur Dioxide stream from 

>1000
o
Cto below 500

o
C by recovering process heat to 

generate steam 

 Maintaining SO2 inlet stream to converter at 450
o
C by 

precooling. 

 Maintaining inside of catalytic reactor at 450
o
C for high 
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productivity. 

 Cooling of SO2+SO3 intermediate stream before being 

sent to intermediate absorber. 

 Reheating of above stream (now stripped of SO3)  to 

450
o
C prior to being reentered to converter. 

 

Type and nature of 

process material/s 

High temperature gaseous stream of Sulfur Dioxide, Gas 

mixture stream of oxides of Sulfur, Filtered and dried air 

Significant conditions in 

process 

High operational temperatures (Electrostatic precipitator, boiler, 

transfer pumps, precooler in contact with ~1000
o
C streams; 

converter outlet streams at 450
o
C) 

The main types of hazards identifiable in the converter section deal with high operational 

temperatures and materials present in the section in question. Hence they could be observed 

as both chemical and physical hazards. For instance the high temperature streams involved in 

the process presents an inherent burn hazards to personnel. The reaction being one where all 

species are gases and that the high sensitivity of gas loading to pressures mean that the unit is 

relatively more vulnerable to overpressure and subsequent pressure relief than other units. If 

pressure relief were to occur, a bulk emission of oxides of Sulfur would occur, which has dire 

consequences to personnel and the environment. 

2.3.3.3 Means of mitigating hazards identified in burning and conversion sections 

Table 2.12 Mitigation measures of burner and converter sections 

Hazard identified Means of mitigation 

Fire hazard in Sulfur melter due to 

presence of Hydrogen Sulfide vapours 

Blanketing of vapour phase with Nitrogen: 

Eliminates the source of ignition eventhough the 

H2S present could exceed the LEL. Alternatives 

include sparging of air or using steam eductors 

along with maintaining proper venting to vent the 

contaminated air. 

Overflow hazard in melter due to failure 

of control valve controlling discharge 

pump 

Constructing proper bunding (dyking). 

Implement high level alarm in melter. 

Overflow hazard in molten Sulfur storage Bunding, High level alarm, incorporating a spare 
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tanks due to malfunction of tank 

discharge pump 

tank with a proper valve arrangement so that the 

flow could be diverted to this tank in the event of 

a possible overflow. 

Burner unit Enforcement of PPEs and other engineering 

controls, frequent inspection of integrity of flow 

control apparatus, 

Converter  Enforcement of PPEs such as eye 

goggles. 

 Careful monitoring of precooler to control 

temperature- redundancies should be 

incorporated to ensure that temperature is 

always at 450
o
C. 

 Periodic inspection of pressure relief 

devices such as pressure relief valves, 

bursting discs of the converter should be 

done, since both high temperature and the 

reaction being gas-gas increase 

probability of overpressure than other 

situations. 

2.3.4 Chemical, physical and electrical hazards identified in storage tanks and 

mitigation 

Material of construction and installation specifications: Sulfuric acid and Oleum storage 

tank size is determined by the type of acid delivery (tank truck or tank car) and by the 

expected weekly or monthly acid requirements. A capacity of at least 50 percent greater than 

the delivery unit but not less than two weeks’ operating requirement is regarded as a good 

practice. As the life expectancy of a properly designed storage tank is typically at least 15 

years, tank installation should be sized not only for the immediate requirements but also for 

anticipated future requirements. For low concentration of Sulfuric acid, (<68% w/w) 

phenolic-lined tanks or chemical lead-lined tanks are recommended while higher strengths at 

lower temperatures require the tank material of construction (MOC) to be mild steel (MS), 

similar concentrations at higher temperatures require the MOC to be stainless steel (SS) in 

view of corrosion risks. Hence higher temperatures materials (i.e. even in the range of >90% 

w/w) could be stored in MS tanks only if temperatures are low (~40
o
C) and moist air is set to 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

72 

 

be displaced from the tank head space (Chemical Safety Handbook, 2002). In the case of 

higher grade Sulfuric acid, which should be kept free from contamination with iron and other 

corrosion products, storage tanks are resin lined. In general, all Sulfuric acid tanks are 

fabricated with welded joints. Concrete piers are used with steel grillage during installation 

for purposes of inspection and leak correction. 

Possible flammable hazards (chemical hazards) and mitigation in design itslef: Sulfuric 

acid and Oleum storage tank contents which are in highly concentrated form can react with 

the metal in the tank; which if undetected can lead to corrosion and subsequent failure of the 

vessel. In addition, Hydrogen gas which emits from the above reaction is flammable and 

explosive. Therefore, consequences stemming from this include large emissions of flammable 

vapour, spillages etc. Hazards of this nature can be mitigated during the design stage itself by 

incorporating air vents on sulfuric acid tanks. This allows normal breathing with temperature 

changes to handle surges of air from compressed air unloading, and to prevent the 

accumulation of hydrogen gas.The vent lines should ideally be constructed of acid resistant 

material such as polyvinyl chloride (Sulfuric Acid Handbook, 2007). A minimum 2” schedule 

80 vent/overflow line piped down to ground level and away from the loading line within the 

dike (Chemical Safety Handbook, 2002). If carbon steel is used for a vent line, iron sulfate 

can build up in the line over time requiring periodic checks to prevent blockage and possible 

tank collapse during acid transfer. 

Mitigation in operation by administrative controls: The hydrogen gas evolved in the tank 

will also be carried off by air vents. Therefore open lights and smoking should be strictly 

prohibitedin this area- this is hazard mitigation in the form of administrative controls. 

Flammable gas tests should be carried out during operation whenever repair or any other 

situation where entry into the tank is required. The tank space should be regarded as a 

‘confined space’. OSHA and HSE standards on confined spaces involve administrative 

controls in the form of work permits, where any personnel who enter the space must be 

issued a work permit by a designated superior officer.  A hydrogen meter and spark proof 

tools and lights should be used, and open flames and welding should be voided. 

Physical and other forms of hazards and their means of mitigation: In addition to above 

means of mitigation of corrosion, pipe layout could be designed so that unloading lines of 

Sulfuric acid or Oleum are placed away from the side of the tank to reduce corrosion to the 

side wall, where propagation of cracks is at its highest tendency. The lines and the tank 
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should also be equipped appropriately with man ways and high level alarms. Periodic 

agitation by incorporating recirculation pumps or otherwise is another form of corrosion 

hazard mitigation where stagnation of acid on surfaces is prevented. A cleaning schedule of 

tanks should be established in general to remove Iron Sulfate deposits at the tank bottom. The 

outside of the storage tank should be covered with a light colored paint to reflect the sun’s 

heat and to maintain the lowest possible tank shell temperature. Vinyl-based coatings have 

been used in areas subject to strong acid exposure (Chemical Safety Handbook, 2002). 

Blockage of pipelines and valves due to trapping of solids is another common type of process 

hazards. If not detected and rectified soon enough, a blockage could lead to operability issues 

arising from downtime, or worse leaks, isolation of sections, reverse flow due to back 

pressure etc. All of these itself could create even more serious incidents which could be more 

than operability issues. In the case of Sulfuric acid or Oleum transfer, Iron Sulfate solids that 

may have settled at the bottom could be agitated and pumped out along with the process flow. 

In order to minimize this, a stand pipe suction line placed several inches above the tank 

bottom should be considered (Chemical Safety Handbook, 2002). Overflow hazards which is 

a form of physical hazard can be mitigated during the design phase itself. One such practice 

recommended is by equipping loading lines with a flanged plug valve adjacent to the main 

hook up flange to allow rapid shut off and containment of the acid in the line in the event of 

the tank being over filled (Sulphuric Acid Technical Bulletin, 2002). 

Corrosion and means of mitigation:Corrosion is a chemical hazard whose consequences 

can lead to several serious physical hazards as well including vessel failure. Mitigation of 

corrosion hazards requires characterization of means of corrosion in tanks in the form of 

hazard identification. Corrosion of tank shell can be caused if the insulation material is 

compatible with rainwater, which would cause the ambient water to invade the insulation and 

creep into the shell causing coating failure. In the case of a Sulfuric acid tank, leaks and drips 

can also get trapped between insulation and tank shell causing dilution of the acid and 

accelerated corrosion. Other, less frequent causes of external corrosion in the case of a Sulfur 

tank result from interaction with either elemental Sulfur or  

Sulfuric acid that could accumulate in the ground and base area surrounding the tank 

following a previous leak, spillage or improper bunding. Liquid Sulfur or Sulfuric acid 

exposed in this manner can work its way into the surrounding base and soil (Clark). 
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When considering internal corrosion,the Ferrous Sulfate deposits that are formed in the tank 

also serve to inhibit further corrosion by forming a protective layer. Conditions such as 

turbulence, dilution and agitation deteriorate this layer thereby subjecting the steel surface to 

accelerated and localized corrosion. Solidifying and subsequent attack on steel by Sulfur 

deposits which lead Sulfur storage tanks being weakened is another form of physical hazard 

due to internal corrosion that could be identified in Liquid Sulfur storage tanks. This could be 

attributed to inadequate heating or insufficient insulation. Therefore heating above the 

melting point of Sulfur (~120
o
C) should be maintained to mitigate physical hazards arising 

out of internal corrosion in molten Sulfur storage tanks. If tanks were to be heated by steam 

coils rather then by jackets, optimum location of coil can go a long way towards mitigating 

the said hazard. If vessels are kept under heated conditions around 120
o
C, the water that 

could have crept to the vessel walls can be vaporized, thereby preventing external corrosion. 

Overflow hazards is a main form of physical hazard that arises in storage tanks due to various 

reasons most of which is similar to overflow hazard scenarios that were examined in sections 

pertaining to Sulfur burning and conversion. Mitigation of overflowing could be incorporated 

in the vessel design itself by proper bunding. American Petroleum Institute (API) as well as 

NFPA 30 standards should be adhered to in addressing spill containment. It is recommended 

that storage tanks be enclosed by a secondary containment wall or dike having a capacity no 

less than 110% of the largest tank volume or sometimes is 125% of the capacity of tank. Dike 

material should be of concrete or earth lined with compacted clay or a synthetic liner such as 

DunsealHypalon in which the bund height prevents stored liquid surging over the top of the 

bund in the event of a catastrophic failure of the primary containment (Sulphuric Acid 

Technical Bulletin, 2002) (Sulfuric Acid Handbook, 2007). The containment area should be 

kept dry and clean. In the event of a leak, the acid should be neutralized and pumped out 

before it reaches a sewer or waterway. 

Electrical hazards identified in storage units and their mitigation: Other than the general 

electrical hazards that are possible in any unit such as faulty wiring, welding in flammable 

areas, lightening threat should also be considered. Lightning related fires can be attributed to 

direct strikes or secondary effects related to bound charges, electromagnetic pulses, 

electrostatic pulses and earth currents. A storage tank with a vapour headspace containing 

flammable vapours (as in the case of molten Sulfur as well as Sulfuric tanks)or vent valves 

could be ignited if the tank lies within the direct strike zone in the event of a lightening, either 

from the heat emitted or charges present.Secondary effects obviously have a higher impact 
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zone. Tight sealing to prevent the escape of liquids or vapors and installation of Flame 

arrestors are recommended means of mitigation (Chang & Lin). 

2.4 ENVIRONMENRAL ANALYSIS OF DESIGN 

A plant design of Sulfuric acid production has an environmental impact in the form of 

pollution problems in the area where the plant is located. It is the responsibility of the 

management to consider possible techniques to minimize the emission of gaseous compounds 

such as oxides of Sulfur or Sulfuric acid mist and other solid and liquid waste by complying 

with the emission standards and discharge limits which are provided by the central 

environmental authority (CEA). Waste can be treated in house prior to discharging them into 

the environment. Possible pollutants in the sulfuric production using contact process include 

dust particles of raw sulfur, oxides of sulfur, acid mist and liquid sulfuric acid apart from that 

spent catalyst and other waste from blow down. The main reason for the oxides and acid mist 

to release to the environment is poor conversion and absorption in the process. Efficient 

processing methods will reduce the emission of these gaseous elements. 

2.4.1 Sources of gaseous pollutants and mitigation of impact in design and operation 

Oxides of Sulfur(SOx) and acid mist are the main forms of gaseous pollutants present in 

manufacture of Sulfuric acid that can be considered as having an adverse environmental 

impact if not mitigated. The absorption column and the catalytic converter can be considered 

as a main point of emission of Oxides of Sulfur and possibly small quantities of acid mist (in 

the case of the absorption columns); since they can be released to the atmosphere as residue 

air. Sulfur Trioxide emissions can be thought of as the main pollutant that could be emitted 

from the main absorption tower including due to poor absorption, while Sulfur Dioxide can 

be emitted from the catalytic converter due to poor conversion features. Though acid mist 

(i.e. emission of Sulfuric acid from the reaction of SO3 with water) too could be emitted from 

absorption columns, the dilution tanks and Oleum storage tanks are more noticeable points of 

emission for acid mist. 

It should also be noted that, holistically speaking, fugitive emissions are an inherent feature in 

a production process of this nature, as large pipeline lengths exist in the design with various 

ancillaries fitted to them (pumps, valves, instrumentation, joints, bypasses and other line 

tappings), and a number of equipment also are present with several openings and joints made. 

When minute emissions from all these points are added up together as fugitive emissions, 
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they might well present an impact on environment, where the design must ensure that these 

emissions do not exceed statutory limits of discharge. 

The properties of above pollutants its properties have an adverse affect on the environment 

and also the public health. Several means can be looked at when considering mitigation of 

impact. 

 Design of equipment for better conversion 

 Effective use of catalyst and installation of  mist eliminators in columns and tanks 

 Improving absorption features in absorption columns 

 Using scrubbers 

2.4.1.1 Absorption column 

Structure of the tower packing improves the efficiency of absorption while creating a uniform 

gas distribution, resulting in intimate mixing and radial distribution of the liquid and gas 

streams. The increased efficiency offers improvements in moisture removal from the 

incoming air and minimizes the chance for escaping of SO3, providing more effective contact 

with the down flowing acid stream. 

2.4.1.2 Scrubbers 

Normally in the Double Contact Double Absorption (DCDA) process, scrubbers are to 

operate only at startup and shut down because the system is not properly stable at the time 

and as a result, the amount of feed and product gasses being released from the stack is higher. 

In order to minimize the impact on the environment in the general operation too, scrubber 

operation is recommended. 

When using a scrubber, the environmental standard emission levels provided by the Central 

Environment Authority of Sri Lanka (CEA) should be adhered to. The scrubbing system is 

selected based on the maximum permissible concentration of the SOX gas concentration 

dischargeable. Dilute Caustic Soda solution, ammonia, limes solution can be used as the 

scrubbing liquid. 

The average emission levels from stack of some Sulfuric Acid Plants in India as per the 

information received through questionnaires/in-depth monitoring of 8 Sulfuric Acid Plants 

are given below (Comprehensive Industry Document on Sulfuric Acid Plants, May 2007). 
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Table 2.13 Average emission levels from stacks of 8 selected Sulfuric acid plants in India 

No. Plant Capacity 

(MTPD) 

Avg. SO2emission 

(kg/MT of Acid) 

Avg.acid mist 

emission 

(mg/Nm
3
) 

Avg. SO3 

emission 

(mg/Nm
3
) 

1. up to 100 1.7 - 3.1 25 - 30 - 

2. 101-500 1.8 - 2.8 19 - 26 124-140 

3. above 500 1.9 - 2.6 11 - 19 85 - 130 

 

2.4.1.3 Air quality management: operational stage mitigation of impact 

Continuous measurement of ambient air quality would be required to measure emissions of 

SOx. Regulatory authorities often insist on ambient air quality monitoring parameters. 

Presence of SOx in the air leads to acid rains and also sulfuric acid mist can be present in the 

air. According to the GAZETTE EXTRAORDINARY OF THE DEMOCRATIC 

SOCIALIST REPUBLIC OF SRI LANKA - 15.08.2008, Maximum permissible level of SO2 

to the ambient air is given below. Acceptable methods of measurements are also given in the 

gazette. 

Table 2.14 Maximum permissible levels of Sulfur Dioxide and means of measurement 

Pollutant Average 

time 

Maximum 

permissible level Methodof  measurement 

μgm-3 ppm 

 

S (SO2) 

24 hrs. 80 0.03  

Pararosaniliene Method 

or equivalent Pulse 

Flourescent method 

8 hrs. 120 0.05 

1hrs. 200 0.08 

2.4.1.4 Effective use of V2O5 catalyst to mitigate environmental impact of design 

To maintain a proper catalytic (V2O5) reaction process several environmental factors need to 

be considered, because the contamination of the catalyst is obviously the main reason for 

poor conversion of Sulfur Dioxide in the converter. Some sources of contamination of V2O5 

given below (Rehder, Apr 15, 2008). 
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Table 2.15 Contaminants of V2O5 and their affects 

Contaminant Impact/ Features 

Chlorides Reduces catalytic activity. Maximum recommended limit in the gas is 

approximately 1.0 ppmv 

Arsenic (As As2O3) Poisons the catalyst. Maximum affect is done at about 550
o
C- though 

this temperature is not reached in the proper operation of the converter, 

can still cause some loss at 450
o
C 

Selenium Catalytic activity is reduced at temperature below 400 
0
C; hence at the 

operational temperatures of 450
o
C, its affects if present (which it self 

is not the case) are minimal. 

Carbon monoxide The conversion of SO2 to SO3  can be reduced if present. 

Dust The catalytic process could be hindered if present by preventing 

contact of catalyst with SO2 .Pressure drop through bed can be 

increased if plugging of dust in the catalytic bed is to occur. Both these 

events could lead to reduction in activity. 

Fluorides Reduces catalytic activity 

2.4.2 Minimizing catalytic waste 

Catalytic waster could be minimized if units to regenerate V2O5 are installed in situ. A cost 

effective regeneration with unused catalyst disposal process meeting environmental standards 

should be recommended. The caustic leaching method is a common method that is used to 

recover V2O5 catalyst in Sulfuric acid plants. This method involves the use of NaOH in 

mixing and subsequent heating with the spent catalyst; and then being poured to hot water, 

whereupon a filtrate is obtained. The filtrate should be sent through an activated carbon 

packed bed where the V2O5 is absorbed and the unabsorbed should be sent to further 

treatment, after which it is released. The filter cake should be regarded as solid waste and 

safely disposed away from urban areas
17

. The mixing and pouring provides the following 

reactions: 

4 NaOH + V2O5 (Spent catalyst)    Na4V2O7 + 2H2O    (4.1) 

Na4V2O7 + 2H2O  V2O5 + 4NaOH   (4.2) 

                                                 
17

 Refer section 4.4 on solid waste disposal on means of mitigating environmental impact on non-regenerated 

catalytic waste. 
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Alternative means of mitigating environmental impact of catalyst waste by catalytic 

regeneration include the Acid Leach process and Salt Roast process (Falak.O.Abas, 2008). 

2.4.3 Liquid waste 

Several possible points of discharge of liquid waste could be identified in a Sulfuric acid 

production plant. It should be treated prior to disposal depending on the properties of the 

waste water generated since the properties of the waste could be either highly acidic or alkali 

with high dissolved solids. 

In quantitative terms, according to a study conducted by the Central Pollution Control Board 

of the Ministry of Environment and Forests of India, the following figures can be given as 

ballpark numbers on liquid waste in a 1000 MTPD Sulfuric acid plant (Comprehensive 

Industry Document on Sulfuric Acid Plants, May 2007). 

Table 2.16  Ballpark figures for liquid waste generation in a 1000 MTPD plant of Sulfuric acid 

Source Waste water duty (kL/day) 

Regeneration from Demineralized Plant 30-40 

Boiler Blow down 50-100 

Cooling Tower Blow Down 100-250 

Miscellaneous 100 

 

Table 2.17 Identification of sources of liquid waste in the process and impact mitigation 

Source Mitigation of impact 

Spillage or leakage of 

acid in the system 

Should be treated with an alkaline solution prior to discharge. 

Water used in Waste 

Heat Boiler 

 

Raw water should be filtered and hardness should be reduced by 

preliminary treatment. Good processing of stream in terms of less 

deposition on tubes and less blow down is assured only if the above 

is performed. The remainder with high TDS (after demineralized 

portion is used as boiler feed water) could be used in scrubbers after 

correcting the pH level. 

Water used in Cooling 

Tower 

 

Similar treatment as boiler feed water is required in order to avoid 

scale formation in heat exchangers. The high TDS water filtered out 

of preliminary treatment can be used for floor washing or other low 
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profile cleaning purposes. 

2.4.4 Solid waste 

Table 2.18 Main sources of solid waste identified and treatment methods 

Source of solid waste Mitigation of impact 

Sulfur-ash sludge 

remaining in gas cleaning 

filters 

Could be sold to another party as a raw material for some other 

processes like manufacturing firecrackers. 

 

Waster from catalyst 

regerneration (or if not 

regenerated this applies to 

the spent catalyst) 

Landfill disposal: by fixation of catalyst (The catalyst is ‘fixed’ 

in an inert matrix, usually concrete or glass (also known as 

vitrification) prior to controlled deposit in a suitably licensed 

landfill site. The fixation process is designed to prevent metals 

leaching into the landfill site), or by direct landfilling where the 

catalyst is deposited directly into a suitably licensed landfill site 

in compliance with national legislation. Residual activity is 

commonly reduced by mixing the catalyst with lime. 

 

2.4.5 Noise pollution 

Air blowers, boilers and pumps can be regarded as the main sources of noise. Noise level 

should not be maintained beyond the maximum permissible level which depends on the area 

where plant is located. Sound proofing walls could be a form of minimizing the effect of 

noise and suitable ear plugs should be provided for those who work around the areas 

identified as high noise generating. 

2.4.6 Other statutory requirements of mitigation of environmental impact 

Environmental Impact Assessment (EIA) and Environmental Protection License (EPL) are 

regarded as one of the main instruments measuring sustainability development. The increased 

use of natural resources to fuel the increased growth of industrial activity has led to major 

concern about the pressure that is being exerted on the environment. An EIA can be used to 

find adverse impacts on the environment at early stages so precaution can be taken. 

The identification of impacts should be followed during selection of the plant location. The 

EIA is obtained through the CEA and is essentially a way of identifying the extent of 

compliance that will be needed with CEA regulations. In order to go with the project CEAs 
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permission should get through EIA. The EIA is to provide information on the potential 

negative and positive environmental and social impacts of the project 

Environmental protection license are required only for specific industries depending on their 

pollution activities. Sulfuric production plants are listed under part A (High polluting 

industries) –Chemicals manufacturing or formulating or repacking industries of The National 

Environmental Act, No.47 of 1980 

In order to obtain the EPL, theplant must meet its requirements some of which 

 The standards for discharge of wastewater into the environment: Termed as the 

National Environmental (Protection & Quality) Regulations No 01 of 2008. 

 Standards on control of noise emissions from industries by the Gazette Notification 

no. 924/12 dated 23.05.1996 termed as National Environmental (Noise Control) 

Regulations No. 01 of 1996. 

 Interim standards on vibration control are being imposed on the certain vibration 

causing activities until such time the final vibration control standards are made. 
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CHAPTER 3 FLOW SHEETING OF MASS AND ENERGY BALANCE  

3.1 OVERVIEW OF METHODOLOGY TAKEN IN CONSTRUCTION OF MASS 

AND ENERGY BALANCE 

 

3.1.1 Way forward from the literature survey and the economic, safety and 

environmental analysis 

The manufacturing process of Sulfuric acid from Sulfur that had been conclusively selected 

and justified based on the findings of the review of literature, and then evaluated in terms of 

economic, safety and environmental dimensions will be now analyzed on a quantitative 

manner. This will be done by first performing a mass balance on a component by component 

basis on each process stream to and from each unit. They will then be quantified in terms of 

the energy content available in each stream with respect to a reference state. The results of 

the energy balance will then be used to estimate utility requirements. Assumptions would be 

made in order to overcome the constraints that exists due to the unavailability of equipment 

specific data at this point 

3.1.2 General approach used in flow sheet construction 

As a general step, the substances that will be present in the main process stream at some point 

or other in the process was listed. The following compounds were thus identified: 

Table 3.1 Sample flow table prepared for the material flow sheet 

SULFUR INPUT 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur   

Sulfur Dioxide   

Sulfur Trioxide   

Oleum   

Sulfuric Acid   

Water   

Hydrogen Sulfide   

Oxygen   

Nitrogen   

Carbon Dioxide   

TOTAL   

In order to maintain the consistency of the balance, all of them have been regarded as 

‘species’ or constituents present in any process stream in the material flow- regardless of 
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whether they are actually present or not. In the latter case, their individual flow rate could be 

considered as null. In this manner stream data for each stream were compiled in the form of a 

table in the mass balance (material flow sheet) and the equivalent energy balance as shown 

below, with the name of the stream as its heading. 

Table 3.2 Sample flow table prepared for the energy flow sheet 

Stream Temperature (oC)  
 Stream Pressure (atm)  
 SULFUR INPUT 

Species Flow Rate (kmol/hr) Sp. Enthalpy (kJ/kmol) kW 

Sulfur    

Sulfur Dioxide    

Sulfur Trioxide    

Oleum    

Sulfuric Acid    

Water    

Hydrogen Sulfide    

Oxygen    

Nitrogen    

Carbon Dioxide    

TOTAL    

3.1.2.1 Mass Balance 

The mass balance was prepared for the plant operating under steady state (and thus zero 

accumulation assumed) with a one hour basis. 

                                                       (1.1) 

During the preparation of the balance a set of parameters that would have to be considered as 

variables were identified for future benefit. Provisions were allocated individually for 

equipment where they are deemed significant and overall provision for all others to make the 

figures as realistic as possible. 
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Table 3.3 List of variables used in constructing mass and energy balance in MS Excel 2010 (Extracted 

directly) 

# Parameter Figure Unit 
Default 
figure 

1 Maximum Sulfur input load into the plant 35 MT/day 35 

2 Operational capacity as a percentage of maximum capacity 100% w/w 100% 

3 Operational Sulfur input load (From #1 and #2) 35 MT/day 35 

4 No of working days per month 25 days 25 

5 No of working hours per day 24 hours 24 

6 Load of unconverted H2S in the Sulfur input (% total input) 1% w/w 5% 

7 Percentage provision for losses during melting of Sulfur 1% w/w 1% 

8 Removal % of  moisture in air (in the main air dryer) 100% w/w 99% 

9 Percentage provision for losses during burning of Sulfur 1% w/w 1% 

10 Percentage removal of moisture in SO2 by SO2 dryer 100% w/w 99% 

11 
Percentage removal of Sulfur dust from main stream in dust 
collector 99% w/w 99% 

12 Degree of conversion: Sulfur burner 99% v/v 99% 

16 Degree of conversion: catalytic reactor bed 4 (from top) 99.5% v/v 99.5% 

17 Degree of conversion: catalytic reactor 1 - 3 beds (from top) 93.3% w/w 93.3% 

18 Deg. of conversion: cat. reactor bed 4 (from top) - New Value 96.0% w/w 96.0% 

19 Excess Air Supplied to the Converter 10.0% v/v 10.0% 

20 Absorption Efficiency in Intermediate Absorption Tower 100.0% w/w 100.0% 

21 Excess Sulfuric Supplied to IAT 0.0% w/w 0.0% 

22 Material Content Percentage directed to IAT 90.0% w/w 90.0% 

23 Absorption % SO3 in main absorber 99% v/v 99% 

24 Absorption % SO3 in int. abosorber 99% v/v 99% 

25 Overall provision for losses downstream of Sulfur burner 3% w/w 3% 

26 
Percentage of excess air in air stream into main dryer for 
Combustion of fuel 20% v/v 10% 

27 
Percentage of excess air in air stream into main air dryer for 
Sulfur burning 10% v/v 10% 

28 Percentage of excess air in air stream into converter 10% v/v 10% 

29 
Percetage of Sulfur Dioxide present gas outlet line from 
furnace 11% v/v 18% 

30 Concentration of product Sulfuric acid 99% w/w 98.5% 

31 Chain length of combustion fuel oil 50 C atoms 50 

32 C:H ratio of combustion fuel oil 10.204 
C /H 
atoms 10.204 

33 
Abs.humidity figure to estimate water vapour content in inlet 
air stream 0.02713 

kg 
(H2O/dry 
air) 0.02713 

34 Percentage of H2S04 from the H2SO4 Tank 98.5% w/w 98.5% 

35 Percentage of H2O  from the H2SO4 Tank 1.5% w/w 1.5% 

36 
Percentage of Excess Oleum sent to main air dryer and SO2 
dryer 0.0% w/w 0.0% 
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3.1.2.2 Energy Balance and utility requirements 

Identifying and quantifying components in the energy balance: In a general sense energy 

can be entered in to a unit from its inputs- process or utility (i.e. by mass transfer from 

process lines or by heat transfer from utility lines) or in the form of work done (work done 

against pressure where operating pressure in the unit is not atmospheric but significantly 

above or below it, or shaft work involved in mixing or pumping). Since all units of the 

proposed plant (melter, furnace, converter, absorption columns, dilution tanks etc) are 

operated under atmospheric conditions, work done against pressure (pressure volume work) 

was considered as negligible when comparing to energy transfer via heat and mass transfer.  

However, it should be noted that as far as the energy in the process flow is considered the 

energy input from these will only be a portion of the amount that is considered as the 

remainder of the efficiency rating, and for instance, only a fraction of the energy that is 

imparted to a fluid during pumping will remain within since the balance is likely to be 

consumed during transport, which was anyway its purpose. 

Therefore, in order to properly identify the energy content of a stream, a percentage of the 

energy content input by mass transfer was taken as that of energy transfer by work transfer 

for each unit. This approach was taken partly since the exact energy content in the stream due 

to work done could not be quantified directly without knowledge of power ratings or 

efficiencies of pumps, compressors, fans that provide such energy to fluids at this stage where 

equipment specific information could not be verified. When assuming this provision, a larger 

provision was assumed for units where such work imparting equipment would obviously be 

present such as the air dryer (air compressors), furnace (fans, slurry pumps), dilution tanks 

(agitators) etc. The provisions of energy allocated are given in the table below (extracted 

directly from MS Excel flow sheet): 
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Table 3.4 Allowance for work done as a fraction of energy transfer by input mass transfer in each unit 

WORK DONE ALLOCATIONS  

Equipment Allocation (% of inlet energy) 

Melter 2% 

Air Dryer 5% 

Heat Exchangers 1% 

Furnace 5% 

SO2 dryers   3% 

Waste Heat Boiler 2% 

Catalytic Converter 2% 

Absorption Columns   2% 

Oleum Storage tanks   0.5% 

Sulfuric acid storage tanks 1% 

Dilution tanks 2% 

  

Quantifying energy transfer by mass transfer: The energy balance was done with the 

objective of evaluating the utility requirements of the unit in mind. This is because when 

evaluating the energy content at unit inlets and outlets in terms of their enthalpies at the 

relevant temperatures with respect to the reference state of standard temperature and pressure 

(STP), the deficit or surplus of energy obtained (after providing for losses) reflects the utility 

duty. Where literature on existing plants does not indicate for a unit that utilities are likely to 

be needed, the imbalance of energy was allocated as a loss- that could be justified in terms of 

fugitive emissions of gas etc. 

When the above is taken into account, energy balance expression for a unit in the proposed 

plant operating at steady state was considered as shown. 

                                                                 (1.2) 

It is the net difference arising out of energy generated and consumed that should be 

considered when evaluating utility loads. It is important to note that this policy only yields 

accurate results only when this is done with the mindset that utility duties (Eg: wherther or 

not to steam jacket or cool a unit) are unknown. As previously pointed out the energy balance 

is done, together with literature on operating temperatures to evaluate and justify utility 

needs. 

Reference state: When constructing the energy flow sheet, the energy at input and output per 

unit content of material to any unit was calculated by placing STP as reference. 
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(1.3) 

Suppose the reference is taken as standard temperature and pressure (STP). Then: 

                                                 
   ∫       

 

  
   (1.4) 

Where: 

   = Enthalpy of formation of species at temperature T (with respect to STP) 

   
 = Standard enthalpy of formation of species (i.e. at STP) 

The integration term included reflects the adjustment that has to be made to the standard 

enthalpy when it has to be considered at an elevated temperature. This could be viewed as the 

incremental rise in enthalpy since it is defined that: 

             (1.5) 

Hence equation 1.4 makes perfect sense since it is the incremental increase in enthalpy that is 

being evaluated as shown: 

         
                    

    ∫   
 

  
  (1.6) 

Equation 1.4 represented a case with no phase change occurring. If one were to occur at 

temperature    (say). Then: 

         
   ∫       

  

  
                     ∫        

 

  
     (1.7) 

In this manner the energy content present in each stream was quantified on a per unit material 

basis (in the form of ‘specific enthalpies’ (kJ/kmol)), so that the calculation could be made 

simpler. Once obtained for each speices in a stream  (process line) the total enthalpy present 

in the line with respect to a reference enthalpy was obtained  as shown: 

∑                                                 

                                                      (1.8) 
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The molar flow rate was obtained from the mass balance. During the mass and energy 

balance, the properties mentioned above were evaluated in units given below: 

Table 3.5 The units by which main properties of the process flow have been given in the mass and energy 

balance 

Property Unit of property used 

Mass flow rate MT/hr 

Molar flow rate kmol/hr 

Enthalpy (Specific enthalpy) at T (wrt STP) kJ/kmol 

Specific heat capacity kJ/kmol K 

Energy flow rate kW 

Ultimate consolidation of energy balance for each unit: The energy balance for each unit 

will be shown on a stream by stream basis and the energies into and out of a unit via process 

and utility streams will be totaled first. Secondly the energy content entered as work done 

according to the policy mentioned above will be taken into account, and it would be assumed 

that much of this energy would be considered from the outlet side as energy losses. With this 

arrangement, the balancing figure when the input is totaled against the output would become 

the balance figure, as shown- thus a deficit in energy at the outlet is to be supplied (as steam 

etc.) and a surplus in energy at the outlet is to be removed (as cooling water etc). In this 

manner utility duties could be determined, and a sample preparation is shown below. 

Table 3.6 Sulfur melter energy balance 

  

Balancing energy requirements in units with reacting systems: The above arrangement 

was displayed slightly differently when the species undergo a chemical reaction within a unit. 

Then as per equation 1.2, the generation and consumption of energy (driven by generation 

and consumption of species) must be included in the balance in order to reconcile the outlet 

energy content with the energies in the inlets. The energy released in formation of species and 

Stream T (oC) Energy (kW) Stream T(oC) Energy (kW)

(9) SULFUR INPUT 30 -1.86 (10) MOLTEN SULFUR 150 31.29

Utilities (Steam jacket) 33.15 Losses 150 0.04

Work done (pumping, agitator) 0.04  

31.32 31.32

IN

TOTAL

OUT

TOTAL
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the energy consumed in reactant species within the units can be isolated during the 

determination of species by species energies in a given stream. This approach has been used 

for the energy balance in the Sulfur furnace, dryers, catalytic converter, absorption columns 

and the dilution tank. 

Table 3.7 SO2 Dryer energy balance extracted directly from MS Excel 

 

 

3.1.3 Stream naming convention 

In order to uniquely identify each stream, a naming convention was used. This convention 

has also been used in the next chapters as a form of summarizing flow results. The 

convention mainly seeks to divide process streams (or material streams) and utility streams. 

A prefix ‘MS’ was used to denote the former, while ‘US’ was used to denote the latter. 

3.1.4 Estimation of physical and chemical properties 

3.1.4.1 Boiling and melting points 

Normal boiling and melting points were required in the energy balance to calculate the 

specific enthalpies of species present in a stream at a given temperature. 

 

 

Stream T (oC) Energy (kW)

PARTIALLY COOLED SULFUR DIOXIDE WITH FLUE GAS 350 -3,636.71

OLEUM FOR SO2 DRYER 40 -14,103.70

Energy released (gen. of Sulfuric acid) -496.06

Work done (pumps, vac. Pumps/ejectors) 532.21

-17,704.25

IN

TOTAL

Stream T(oC) Energy (kW)

FILTERED DRIED SULFUR DIOXIDE TO PREHEATER 350 -4,208.24

OLEUM RETURN TO HEADER 40 -14,390.44

Energy consumed (reaction of Oleum and Water) -279.44

Excess heat to be removed (Cooling jacket) 216.62

Losses 957.23

-17,704.25

OUT

TOTAL
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Table 3.8 Boiling Points of species involved in the process (Sinnott, Coulson & Richardson's 

Chemical Engineering Volume 6 (Chemical Engineering Design), 1999) 

Species Normal  Boiling point (
o
C) 

Sulfur* (The Element Sulfur) 445 

Sulfur Dioxide -10.2 

Sulfur Trioxide 44.8 

Oleum* (Oleum, Sulfur Trioxide, and Sulfuric 

Acid ) 

138 

Sulfuric Acid* (Normal Boiling Points- Sulfuric 

Acid-Water system, 2008) 

337 

Water 100 

Hydrogen Sulfide -60.4 

Oxygen -183 

Nitrogen -195.8 

Carbon Dioxide -78.5 

In addition to the above, Sulfur, being a solid at room temperature is melted during operation, 

which required the knowledge of its, melting point, which was extracted from literature to be 

at 115
o
C (The Element Sulfur) 

3.1.4.2 Molecular weights 

Molecular weight of each component is used to convert the mass based material flow rates to 

molar flow rates in the energy balance. The molecular weights of components were obtained 

as shown. 

Table 3.9Molecular weights of species involved in the process (Sinnott, Coulson & Richardson's Chemical 

Engineering Volume 6 (Chemical Engineering Design), 1999) 

Species Molecular weight 

Sulfur 32 

Sulfur Dioxide 64.063 

Sulfur Trioxide 80.058 

Oleum 178 

Sulfuric Acid 98 

Water 18.015 

Hydrogen Sulfide 34.08 
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Oxygen 31.999 

Nitrogen 28.013 

Carbon Dioxide 44.01 

3.1.4.3 Standard enthalpies of formation 

The reference state for calculation of energy input was taken to be standard temperature and 

pressure STP. i.e 1 atm and 25 
0
C. Thus in order to obtain the input and output energy content 

with respect to the above reference, the standard enthalpies of formation of each species were 

required to be obtained. 

Table 3.10 Standard Enthalpies of formation of species involved in the process (Perry, 1999)
18

 

Species Standard Enthalpy of Formation (kJ/mol) 

Sulfur 0.00 

Sulfur Dioxide -296.81 

Sulfur Trioxide -394.93 

Oleum (Energy Balance of Alkyl 

aryl sulfonate production plant) 

-683.92 

Sulfuric Acid -810.40 

Water -285.84 

Hydrogen Sulfide -19.96 

Oxygen 0.00 

Nitrogen 0.00 

Carbon Dioxide -393.51 

 

3.1.4.4 Latent heats of fusion and evaporation 

When calculating energy content of each component in a stream at a given temperature with 

respect to a certain reference, certain components may have phase changing temperatures half 

way in between the stream temperature and the reference. Thus, the said component’s energy 

content would have to include their latent heat of fusion or vapourization. For species such as 

Nitrogen, Oxygen, Carbon Dioxide, Hydrogen Sulfide or Sulfur Dioxide, this isn’t the case, 

as all of them are very stable gases. For others however, the latent heat figures were required 

to be referred. 

                                                 
18

 Similar to Table 1.2, the reference given here does not apply to species marked with an asterisk, whose 

boiling points were obtained from different references, which are cited where necessary. 
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Table 3.11Latent Heats of species involved in the process (Sinnott, Coulson & Richardson's Chemical 

Engineering Volume 6 (Chemical Engineering Design), 1999)19 

Species Latent Heats (kJ/kmol) 

Sulfur* Fusion (Latent Heat 

of Melting of some 

common materials) 

1,254.4 

Vaporization (Fluids- 

Latent Heat of 

Evaporation) 

48,320 

Sulfur Trioxide Vaporization 40,679 

Oleum*
20

 Vaporization 56,000 

Sulfuric Acid* Vaporization 

(Sulfuric Acid, 2008) 

56,000 

Water Vaporization 40,683 

3.1.4.5 Specific heat capacities (at constant pressure: Cp) 

Specific heat capacities of substances, particularly for those of gases, vary with temperature, 

though sometimes assumed otherwise. Variations are mostly corrected by presenting specific 

heat capacity as a function of temperature. Since a range of temperatures have to be dealt 

with, it was in general regarded that the function is applicable. In order to evaluate the energy 

content of the substance undergoing a temperature change the above functions were 

integrated. 

Table 3.12 Specific Heat Capacities of species involved in the process (Perry, 1999) 
21

 

Species Temp. 

range (
o
C) 

Specific Heat capacity (kJ/kmol K) 

Sulfur
22

 25-95                                     

95-115                                     

                                                 
19

 Similar to Table 1.2, the reference given here does not apply to species marked with an asterisk, whose 

boiling points were obtained from different references, which are cited where necessary. 
20

 Due to unavailability of latent heat data regarding Oleum, it had to be assumed that Latent of of evaporation 

of Sulfuric acid can reasonably be estimated as that of Oleum as well.  
21

 Similar to Table 1.2, the reference given here does not apply to species marked with an asterisk, whose 

boiling points were obtained from different references, which are cited where necessary. 
22

 Since Sulfur in its vapour form is seldom regarded, specific heat coefficients for that particular range were not 

found in literature. Thus it was assumed that Sulfur vapor behaves in a manner that is similar to that of its most 

common gaseous oxide which is SO2 
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Oleum* 25-178              (Oleum, 2010) 

>178 
23

                                            

         

Sulfuric Acid* 25-337                 (Liquids and Fluids- Specific Heats) 

>337                                            
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23

 Due to unavailability of data regarding the specific heat capacity of Oleum vapour, it was assumed that it 

would at least approximate that of Sulfuric Acid.  
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3.2 MASS BALANCE 

The basic source of raw material for the process is Sulfur, to be sourced from Ceylon 

Petroleum Cooperation Refinery situated at Sapugaskanda, where it is a byproduct. figures 

acquired from the CPC with regards to the exact quantity of Sulfur that is usually produced 

per day was then scaled up to 35 tons of Sulfur. It was assumed that acid Sulfur is received in 

its elemental form with a high purity. 

3.2.1 Sulfur melter 

Basis: 1 hour 

Assumptions: 

 Raw material is received as elemental sulfur. 
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 Load of unconverted Hydrogen Sulfide in the Sulfur input as a percentage 

of total input load is 1%. 

 

 

 

 

Figure 3.1 Inlet and outlet streams from the Sulfur Melter 

The mass flows of streams numbered are given in order below: 

 

SULFUR INPUT(MS 01) 
Species Flow Rate (MT/hr) w/w (%) 
Sulfur  1.4438 99.00 
Sulfur Dioxide 0.0000 0.00 
Sulfur Trioxide 0.0000 0.00 
Oleum 0.0000 0.00 
Sulfuric Acid 0.0000 0.00 
Water 0.0000 0.00 
Hydrogen Sulfide 0.0146 1.00 
Oxygen 0.0000 0.00 
Nitrogen 0.0000 0.00 
Carbon Dioxide 0.0000 0.00 
TOTAL 1.4583 100.00 

 

 

Solid sulfur should be heated and melted at first. For this purpose, semi-underground melter 

& settler is used. This is a semi-underground pit made of reinforced concrete with steam 

heater coil. One side of the pit is melter, where steam heater coils and an agitator are 

equipped and solid sulfur is dumped into it. A pump is fitted to the other end of the settler to 

pump up the molten sulfur. 

It is also assumed that percentage provision for losses during melting of Sulfur is 1%. 

 

 

 

MELTER 
Elemental Sulfur 

(MS-01) 

Sulfur losses during melting (MS-02) 

Molten Sulfur (MS-03) 
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LOSSES DURING MELTING(MS 02) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0144 99.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0001 1.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 0.0146 100.00 

MOLTEN SULFUR (MS 03) 

Species Flow Rate (MT/hr) w/w (%) 
Sulfur  1.4293 99.00 
Sulfur Dioxide 0.0000 0.00 
Sulfur Trioxide 0.0000 0.00 
Oleum 0.0000 0.00 
Sulfuric Acid 0.0000 0.00 
Water 0.0000 0.00 
Hydrogen Sulfide 0.0144 1.00 
Oxygen 0.0000 0.00 
Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 1.4438 100.00 

 

3.2.2 Air consumption 

An air blower is installed before Drying Tower and combustion air to Sulfur Furnace is sent 

by this blower. Multi-staged turbo type and the material can be carbon steel. Flow volume 

shall be calculated from production capacity of acid .Pressure shall be the total of draft 

resistance of each equipment, duct and orifice for flow rate measurement. Usually, pressure 

shall be 25 - 30kPa for single contact and 30 - 35kPa for double contact process. Efficiency 

of the blower is usually as high as 65% or more. Mostly, blower is driven by steam turbine 

and the steam is from waste heat boiler of sulfuric acid plant itself. 

3.2.2.1 Air intake from blower 

Assumptions: 

 Dried air Stream consists of only 79% Nitrogen and 21% Oxygen. 
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 Chosen absolute humidity figure to estimate water vapor content in inlet air 

Stream is 0.027125 kg (H2O/dry air). 

 Percentage of excess air in air Stream into converter is 10%. 

 Percentage of excess air in air Stream into main air dryer for Sulfur burning 

is 10%. 

 Percentage of excess air in air Stream into main dryer for Combustion of fuel 

is 20%. 

 The air is properly filtered before entering the blower so that only the gas is 

containing the Stream. 

 

AIR(MS 04) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.3766 2.64 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 2.9153 20.45 

Nitrogen 10.9670 76.91 

Carbon Dioxide 0.0000 0.00 

TOTAL 14.2588 100.00 
 

Calculation Steps: 

Amount of sulfur consumed in furnace   = 1.4009 MT/hr 

So required oxygen (since mol. Weight is same)  = 1.4009 MT/hr 

Required excess oxygen supply    = 1.4009 MT/hr*1.1 

=1.541Mt/hr 

Required fuel rate
24

     = 0.1926 MT/hr 

So required oxygen for fuel
25

    = 0.6031MT/hr 

Total required oxygen flow rate for furnace   = 2.1440 MT/hr 

Oxygen required for converter
26

    = 0.7712 MT/hr 

                                                 
24

 Refer section 3.3.2 for calculation of required fuel content 
25

 Refer section 3.2.3 for calculation methodology 
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Total oxygen needed     = 2.9153 MT/hr 

So Nitrogen inflow rate    = 2.9153 *(79/21)= 10.967 Mt/hr 

Absolute humidity estimation
27

 (Humidity ratio of air)   = 0.027125 kg 

(H2O/dry air) 

So water content      = 13.8823 *0.027125 

= 0.3766 MT/hr 

So total air inflow rate     = 14.2588 MT/hr 

 

3.2.2.2 Main air dryer 

If H2O exists in combustion gas, this will lately combine with SO3 and form very fine H2SO4 

mist, which shall cause many troubles in downstream equipment. Therefore, H2O in the 

combustion air should be absorbed and removed. The Drying tower is likely to be a packed 

column. Conventional type is a cylindrical carbon steel tower lined with acid-proof porcelain 

brick. Column packing is also porcelain and supported by acid-proof porcelain brick bar or 

grid. Though there are many types of packing, Super Intallox Saddle (SIS), which has high 

performance and low pressure drop, is widely used lately. SIS has some sizes, i.e. 1in., 2in., 

3in. As the size increases, pressure drop lowers but relative surface area decreases. 

Assumptions: 

 Percentage removal in total moisture in air is 99%. 

 

 

 

 

 

Figure 3.2 Inlet and outlet streams from the Main Air Dryer 

 

Section 3.3.12 should be referred for calculation of Oleum flow rate required.  

 

                                                                                                                                                        
26

 Simple stoichiometry gives 1.4009/2 = 0.7712 MT/hr since molecular weights of S and O2 are same. 
27

 Assuming an ambient temperature of 30
o
C 

DRYER  

Oleum   inflow (MS-05) 
Dried air (MS-07) 

Air from blower (MS-04) Wetted oleum outflow (MS-06) 
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OLEUM FOR AIR DRYING(INFLOW) (MS 05) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 3.7206 5.72 

Sulfuric Acid 61.3623 94.28 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 
Nitrogen 0.0000 0.00 
Carbon Dioxide 0.0000 0.00 

TOTAL 65.0829 100.00 
 

WETTED OLEUM FROM AIR DRYING (OLEUM RETURN)(MS 06) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 65.4591 100.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 65.4591 100.00 
 

FILTERED DRIED AIR(MS 07) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 2.9153 21.00 

Nitrogen 10.9670 79.00 

Carbon Dioxide 0.0000 0.00 
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TOTAL 13.8823 100.00 
 

3.2.3 Furnace 

Molten sulfur is combusted in Sulfur furnace and forms SO2. Gas temperature reaches 

1,050℃～1,100℃. Mostly there are horizontal, cylindrical shape furnaces. Sulfur is supplied 

to one end through sulfur burner with dry air and combusted in it. Combusted gas goes out 

from the end. Molten sulfur is sprayed by special burner and combusts as fine particle. 

Usually spraying media is not used and the sulfur is sprayed by pump pressure. Combustion 

air is previously dried in Drying Tower and supplied to the furnace, around sulfur burner. At 

the end of the burner, a spraying nozzle is attached.  

Assumptions: 

1. Percentage provision for losses during burning of Sulfur is 1%. 

2. Degree of conversion in Sulfur burner is 99%. 

3. Percentage of Sulfur Dioxide present in gas outlet line from furnace is 11%. 

(Davenport & King, Sulfuric acid manufacture analysis, control and 

optimization) 

4. The nitrogen gas in the inlet air Stream is not making any reaction in the 

furnace. 

5. Fuel oil #4 used for combustion is a 50-50 blend of #2 and #6 oil. (Literature 

merely indicates that #4 is a blend of #2 and #6 and that the exact proportion 

depends on the application (Fuel Oil).) 

6. The content of Oxygen and Nitrogen inherently present in the fuel oil is 

negligible compared to the amount present in the entering air stream. 

 

 

(MS-12) 

 

Figure 3.3 Inlet and outlet streams from the Sulfur Furnace 

 

FURNACE 
Molted sulfur (MS-03) 

Dried air (MS-08) 

Losses during burning (MS-11) 

Fuel inflow (MS-10) 

Flue gas with so2 (MS-12) 
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FILTERED DRIED AIR TO FURNACE(MS 08) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 2.1440 21.00 

Nitrogen 8.0657 79.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 10.2097 100.00 
 

MOLTEN SULFUR (MS 03) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  1.4293 99.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0144 1.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 1.4438 100.00 
 

SULFUR DIOXIDE WITH FLUE GAS & DUST(MS 12) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0142 0.12 

Sulfur Dioxide 2.8045 23.71 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0199 0.17 

Hydrogen Sulfide 0.0143 0.12 

Oxygen 0.2406 2.03 

Nitrogen 8.0657 68.20 

Carbon Dioxide 0.6670 5.64 

TOTAL 11.8261 100.00 
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Calculations: 

Refer section on Sulfur furnace in chapter 3 for the calculation of fuel flow rate required. In 

order to calculate the outlet flow rates of flue gases that go alongside the produced Sulfur 

Dioxide, an idea of the molecular formula of the fuel oil had to be determined in order for the 

standard combustion calculation to be done and a value for the molecular weight of the oil 

had to be included for the mole balance. However, like many popular petrochemicals the fuel 

oil in question too, was found to contain a mixture of hydrocarbons. In this back drop the 

molecular formula was taken not as a precise formula, but as a ratio between Carbons to 

Hydrogen to Oxygen. It should also be pointed out that the standard combustion calculation 

methodology was applied here regardless of the added complexity in this scenario, since the 

Fuel oil which is used as a combustion fuel here is not a pure hydrocarbon comprising of only 

Carbon and Hydrogen, but contains some Oxygen, Nitrogen and possibly Sulfur. Considering 

these issues assumptions #5 and #6 had to be made. 

Once the molecular formula was approximated in this manner, literature findings about the 

chain lengths of fuel oils were used to develop the C:H ratio while assuming that whatever 

Oxygen that is present inherently is negligible with respect to the quantity of Oxygen that is 

needed. Otherwise the combustion calculation would have been highly complicated. Standard 

chain lengths of #4 was given to vary from 20-70 and in some sources 12-70. Taking this into 

account and the previous assumption (assumption #5, which itself was based on literature) the 

chain length was taken as 50 Carbons (Fuel Oil) (Speight & Arjoon, 2012). 

Table 3.13 Molecular weight estimation of fuel oil no 4 

 C H O+N S Molecular 
weight Ratios for #4 oil 85.75 12.5 0.75 1 

Based on no of C atoms 50 7.289 0.437 0.583 635.57 
Following the establishment of the ratios of the content of Carbon atoms to others and linking 

it with the actual number of Carbon atoms, the combustion equation could be written, 

keeping in mind assumption #6 and the fact that excess air is 20% with respect to the 

combustion of the fuel oil. 

         (  
 

 
)                  

 

 
               

A simple mole balance of Oxygen and Nitrogen yields: 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

103 

 

               and                  

From table 2.1 above, x=50 y= 7.289 gives A=10.364 and B=233.822 

Required fuel flow rate: 0.1926 MT/hr 
28

 

Thus, no of fuel moles = 192.6/635.57 = 0.303 kmol 

From above, since excess Oxygen and Nitrogen moles are 10.364/mol of fuel and 233.822 

mol of fuel respectively, 

                                                                        

In the same manner, Nitrogen and Carbon Dioxide quantities for combustion requirements 

were obtained. Oxygen requirement for burning of Sulfur could be quantified based on the 

oxidization of Sulfur with a 10% excess allocated and a simple mole balance of Oxygen to 

obtain 1.5409 MT/hr (i.e. 1.4009 MT/he * 110%- since molecular weight of Sulfur and 

Oxygen are same). 

3.2.4 Electrostatic precipitator 

Electrostatic air cleaner is a particulate collection device that removes particles from a 

flowing gas (such as air) using the force of an induced electrostatic charge. Electrostatic 

precipitators are highly efficient filtration devices that minimally impede the flow of gases 

through the device, and can easily remove fine particulate matter such as dust and smoke 

from the air Stream. In this process, sulfur dioxide gas is leaving the furnace with flue gas 

and other unburned particles such as unburned carbon particles from fuels some fly ash, 

unburned minerals etc. 

Assumptions: 

Percentage removal of Sulfur dust from main Stream in dust collector is 99% 

 

 

 

 

                                                 
28

 Refer section 3.2 for calculation of fuel quantity needed 

ELECTR: 

PRECIPITATOR 

Flue gas from burner (MS-12) 
Clean gas (MS-14) 

Dust collected (MS-13) 
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Figure 3.4 Inlet and outlet streams from the Electrostatic precipitator 

CLEAN SULFUR DIOXIDE WITH FLUE GAS(MS 14) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0001 0.00 

Sulfur Dioxide 2.8045 23.74 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0199 0.17 

Hydrogen Sulfide 0.0143 0.12 

Oxygen 0.2406 2.04 

Nitrogen 8.0657 68.28 

Carbon Dioxide 0.6670 5.65 

TOTAL 11.8121 100.00 

 

DUST COLLECTED(MS 13) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0140 100.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 0.0140 100.00 

 

3.2.5 SO2 Dryer 

This is a simply absorption tower which is used to remove the moisture containing in the 

sulfur dioxide stream sent from ESP unit. If this gas stream entered to the downstream 

processes without drying, it will ultimately lead to process failures due to catalyst poisoning 

inside the reactors by water. So it is again purified by contacting with oleum, which was 

produced on site. The oleum is introduced from the top and gas is sent from bottom. The 

leaving stream is containing only dry sulfur dioxide gas. 

Assumption: Percentage removal of moisture in SO2 by dryer is 100%. 
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Figure 3.5 Inlet and outlet streams from the Sulfur Dioxide Dryer 

MS-14 refers to the stream whose flow table was given under the previous section. Other 

stream mass composition is given below. The calculation of precise Oleum flow rate required 

will be addressed in section 2.11 

OLEUM FOR SO2 DRYER (MS 16) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.1961 3.14 

Sulfuric Acid 6.0488 96.86 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 6.2449 100.00 

OLEUM RETURN TO HEADER (MS 17) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 6.2648 100.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 6.2648 100.00 
 

SO2 

DRYER  

Oleum   inflow (MS-16) 

Wetted oleum outflow (MS-17) So2 + flue gas from ESP (MS-14) 

Dried gas (MS-18) 
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DRY SULFUR DIOXIDE (MS 18) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0001 0.00 

Sulfur Dioxide 2.8045 23.78 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0143 0.12 

Oxygen 0.2406 2.04 

Nitrogen 8.0657 68.40 

Carbon Dioxide 0.6670 5.66 

TOTAL 11.7922 100 
 

3.2.6 Converter 

In the design there are four V2O5 catalysts filled packed bed type converters. Cleaned & 

filtered airs together with SO2 produced, are supplied to the converters to produce SO3. First 

three units are connected series and the fourth reactor is used to convert SO2 recovered from 

Intermediate Absorption Column (IAT) mainly and about 10% of feed from the top reactors.  

For mass balance calculations in the conversion unit, the first three reactor beds of the 

converter are considered as a single unit, though material is directed through Heat exchangers 

at each stage. This method was used, as there is no any mass change while heat exchanging. 

However, an exploded view of the reactors have not been indicated but the main output lines 

have been calculated considering it as a one unit. 

Assumptions: 

 It is assumed that only SO2 conversion is taking place in the reactors as all other 

available gases are thermally stable under these operating conditions. 

 5% of V2O5 Catalyst are to be regenerated at the end of each year because of the S 

dust present in the SO2 feed. 

SO2 fed into the converter is reacted within the first 3 beds with an overall conversion 

efficiency of 93.25%. This is calculated as follows considering the conversion efficiency of 

each bed (from top to bottom). 

Conversion of 1
st
 bed = (1*40%) 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

107 

 

Conversion of 2
nd

 bed = [1 - (1*40%)] * 55% 

Conversion of 3rd bed = {1 - (1*40%) - [1 - (1*40%)] * 55%}* 75% 

Overall Conversion Efficiency = 93.25% 

Conversion efficiency decreases with the temperature of the bed. As a result, top bed shows 

the smallest conversion rate due to accumulation of heat in the gas stream coming from the 

bottom beds. 

According to the stoichiometric ratios O2 required to convert SO2 into SO3 is calculated and 

air is supplied with 10% (V/V) excess to achieve an effective conversion. 

Other tracer gases are neglected and only O2, H2S, CO2 and N2 are accounted in the mass 

balance. No changes were considered in these gases as their thermal stability is very high. 

Also by literature, we found that only 05 - 10% of the feed is directed to 4
th

 Catalyst bed to 

convert the unreacted SO2 (Davenport & King, Sulfuric acid manufacture analysis, control 

and optimization). Hence, it was decided to direct 90% of the converted material from top 3 

beds to Intermediate Absorption Tower. Remaining 10% is introduced to the 4
th

 bed which 

has 94% conversion efficiency and output is then directed to main absorption tower for 

further purification. 

 

 

 

 

 

Figure 3.6     Inlet and outlet streams from converter 

 

 

 

 

CONVERTER  So2 feed (MS-18) 

Filtered dried air (MS-09) 

SO3 to M.A.T (MS-21) 

  Unconverted so2 From IAT (MS-20) Partially converted so2 to I.A.T (MS-19) 
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DRY SULFUR DIOXIDE (MS 18) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0001 0.00 

Sulfur Dioxide 2.8045 23.78 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0143 0.12 

Oxygen 0.2406 2.04 

Nitrogen 8.0657 68.40 

Carbon Dioxide 0.6670 5.66 

TOTAL 11.7922 100 

 

FILTERED DRIED AIR TO CONVERTER (MS 09) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 
Sulfur Trioxide 0.0000 0.00 
Oleum 0.0000 0.00 
Sulfuric Acid 0.0000 0.00 
Water 0.0000 0.00 
Hydrogen Sulfide 0.0000 0.00 
Oxygen 0.7712 21.00 
Nitrogen 2.9013 79.00 
Carbon Dioxide 0.0000 0.00 

TOTAL 3.6726 100.00 

 

UNCONVERTED SULFUR DIOXIDE RETURN(MS 20) 
Species Flow Rate (MT/hr) w/w (%) 
Sulfur  0.0001 0.00 
Sulfur Dioxide 0.1704 1.58 
Sulfur Trioxide 0.0000 0.00 
Oleum 0.0000 0.00 
Sulfuric Acid 0.0000 0.00 
Water 0.0000 0.00 
Hydrogen Sulfide 0.0129 0.12 
Oxygen 0.2754 2.56 
Nitrogen 9.6940 90.15 
Carbon Dioxide 0.6003 5.58 
TOTAL 10.7531 100.00 
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PARTIALLY CONVERTED SULFUR DIOXIDE(MS 19) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0001 0.00 

Sulfur Dioxide 0.1704 1.30 

Sulfur Trioxide 2.3537 17.96 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0129 0.10 

Oxygen 0.2754 2.10 

Nitrogen 9.6940 73.96 

Carbon Dioxide 0.6003 4.58 

TOTAL 13.1067 100.00 
 

SULFUR TRIOXIDE(MS 21) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0001 0.00 

Sulfur Dioxide 0.0076 0.06 

Sulfur Trioxide 0.4887 3.92 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0143 0.11 

Oxygen 0.3126 2.51 

Nitrogen 10.9670 88.04 

Carbon Dioxide 0.6670 5.35 

TOTAL 12.4573 94.65 
 

3.2.7 Intermediate absorption tower (IAT) 

IAT is used to recover the SO3 present in the output line of first three reactor beds. All SO3 

present in the IAT feed, is considered removed by 98.5% Concentrated Sulfuric as oleum. 

Assumptions: 

 IAT is considered as an ideal absorption unit.(100% Efficiency) 

 No Excess H2SO4 provided 

 All available H2O reacts with Oleum and produce H2SO4 



Design of a plant to manufacture Sulfuric acid from Sulfur 

 

110 

 

Sulfuric flow rate required for this absorption process is calculated using SO3 and Sulfuric 

reaction ratios. It is found that 90.95% concentrated oleum can be produced from the IAT. 

Remaining SO2, O2, CO2, H2S N2, which is directed to 4
th

 catalyst bed is further reacted to 

obtain more SO3 yield. 

 

 

 

 

 

 

Figure 3.7 Input and output streams from the intermediate absorption tower 

 

MS-19 and MS-20 was put in the previous section. 

98% SULFURIC FOR MAIN ABSORPTION 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.5922 98.50 

Water 0.0090 1.50 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 0.6012 100.00 

 

 

 

 

Partially converted so2 to IAT (MS-19) 

 

IAT oleum outlet (MS-23) 

 

H2SO4 (98.5%) inflow (MS-22) 

Unconverted so2 from IAT (MS-20) 

I.A.T 
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OLEUM FROM INT. ABSORBER (MS 23) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 4.8027 90.95 

Sulfuric Acid 0.4781 9.05 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 5.2808 100.00 

 

3.2.8 Main absorption tower - MAT 

Main absorption tower is used to recover the SO2 produced from the 4
th

 reactor and to emit 

the unwanted gaseous compounds present in the process stream. 99% of SO3 present in the 

feed is considered removed by 98.5% concentrated Sulfuric acid as Oleum. 

Assumptions: 

 SO2 gas absorption efficiency 99% 

 All other gasses get removed at the main absorption tower 

 No reaction between SO3 and H20 

 No Excess H2SO4 provided 

 

 

 

 

 

Figure 3.8 Input and output streams from the main absorption tower 

 

 

M.A.T 

H2SO4 (98.5%) line (MS-24) 

M.A.T oleum outlet (MS-25) 

Tail gas from M.A.T (MS-26) 

SO3 to M.A.T (MS-21) 
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SULFUR TRIOXIDE(MS 21) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur 0.0001 0.00 

Sulfur Dioxide 0.0076 0.06 

Sulfur Trioxide 0.4887 3.92 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0143 0.11 

Oxygen 0.3126 2.51 

Nitrogen 10.9670 88.04 

Carbon Dioxide 0.6670 5.35 

TOTAL 12.4573 100.00 

 

TAIL GAS FROM MAT(MS 26) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0076 0.06 

Sulfur Trioxide 0.0049 0.04 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0143 0.12 

Oxygen 0.3126 2.61 

Nitrogen 10.9670 91.60 

Carbon Dioxide 0.6670 5.57 

TOTAL 11.9733 100.00 

 

OLEUM FROM MAIN ABSORBER(MS 25) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.9866 90.95 

Sulfuric Acid 0.0981 9.05 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 1.0847 100.00 
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3.2.9 Scrubber 

In the process the SOx gasses, specially SO2 and acid mist can be released as the residue air 

from the main absorption tower including SO3 (poor absorption), SO2 (poor conversion) and 

acid mist (due to sulfuric acid). These must prevent from entering the environment due to its 

properties which can affect the environment and also the public health. A scrubber is used to 

minimize the effect of that by dissolving those gases in water. Scrubbing system can be 

Operate only at startup and shut down. 

 

 

 

 

 

 

Figure 3.9 Scrubber inlets and outlets 

In order to estimate the degree of recovery of gases from the tail gas the solubility properties 

were used from the curve shown below. 

 

 

 

 

 

 

 

 

 

 

   Process Water (MS-33)  

Water + SO2 (MS-35)  Tail Gas (MS-26) 

Scrubber 

 Treated gas (MS-34) 
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Figure 3.10 Solubility data for Sulfur Trioxide in water
29

 

Tail gas flow rates  were given in the previous section.  

3.2.10 Oleum storage tank 

Oleum tank is used to receive the oleum produced by IAT and MAT. 

Assumptions: 

 No reaction occurs in the Oleum Tank 

 

 

 

 

 

Figure 3.11 3.12 Inlets and outlets from Oleum tanks 

OLEUM FROM MAIN ABSORBER(MS 25) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.9866 90.95 

Sulfuric Acid 0.0981 9.05 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 1.0847 100.00 
 

 

 

 

                                                 
29

 Source: http://docs.engineeringtoolbox.com/documents/1148/solubility-so2-water.png 

OLEUM 

TANK  

Oleum from main absorber (MS-25) Oleum to the oleum header (MS-27) 

Oleum from int. Absorber (MS-23) 
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OLEUM FROM INT. ABSORBER (MS 23) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 4.8027 90.95 

Sulfuric Acid 0.4781 9.05 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 5.2808 100.00 
 

OLEUM TO THE OLEUM HEADER(MS 27) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 5.7893 90.95 

Sulfuric Acid 0.5762 9.05 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 6.3655 100.00 

 

3.2.11 Oleum distribution header 

Oleum Header is used to distribute Oleum for necessary locations and to receive the return 

back. It is assumed that no reaction occurs in Oleum tanks. 

 

` 

 

tank 

Oleum distribution header 

Oleum to oleum Header (MS-27) wetted oleum from air drier (MS-06) 

Wetted oleum from so2 drier 

(MS-17)  Oleum to air drier (MS-05) 

oleum to dilution (MS-28) 
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Figure 3.13 Oleum header inlets and outlets 

 

OLEUM TO THE OLEUM HEADER(MS 27) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 5.7893 90.95 

Sulfuric Acid 0.5762 9.05 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 6.3655 100.00 

 

Calculation: Oleum requirement for drying was calculated based on the idea that both 

Sulphuric and Oleum has the ability of absorbing moisture from a system. In order to 

estimate the quantity of drying it was first established that at least the stoichiometric amount 

should be supplied (i.e. an equal molar flow rate of water removed). Once this was calculated 

the amount of Sulfuric acid generated from the reaction between water and Oleum was 

considered and the amount of Sulfuric acid was calculated based on a similar stoichiometry. 

In order to ensure complete absorption of water (and thus reaction) it was assumed that 

Oleum needs to be added in excess, and a variable in the form of excess Oleum was added to 

the calculation. Figures obtained in the excel sheet are given in the tables below: 

 

 

 

 

 

Oleum to so2 drier (MS-16) 
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WETTED OLEUM FROM AIR DRYING (OLEUM RETURN) (MS 06) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 65.4591 100.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 
Nitrogen 0.0000 0.00 
Carbon Dioxide 0.0000 0.00 
TOTAL 65.4591 100.00 

 

OLEUM RETURN TO HEADER(MS 17) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 
Oleum 0.0000 0.00 

Sulfuric Acid 6.2648 100.00 
Water 0.0000 0.00 
Hydrogen Sulfide 0.0000 0.00 
Oxygen 0.0000 0.00 
Nitrogen 0.0000 0.00 
Carbon Dioxide 0.0000 0.00 
TOTAL 6.2648 100.00 

 

OLEUM TO THE DILUTION TANK (MS 28) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 1.8725 27.69 

Sulfuric Acid 4.8891 72.31 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 6.7616 100.00 
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OLEUM FOR AIR DRYING(MS 05) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 3.7206 5.72 

Sulfuric Acid 61.3623 94.28 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 65.0829 100.00 
 

OLEUM FOR SO2 DRYER(MS 16) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.1961 3.14 

Sulfuric Acid 6.0488 96.86 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 6.2449 100.00 

 

The excess quantity of Oleum and Sulfuric stream reflects the idea that the steady state 

quantity of Oleum/ Sulfuric acid produced must be topped up with pre produced quantities 

from storage to fulfill this demand. 

3.2.12 Dilution tank 

In the Dilution Tank H2SO4 Production occurs using process water 

H2S2O7 + H2O = 2 H2SO4 

This gives 98.5% pure H2SO4 
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Figure 3.14 Dilution tank inlets and outlets 

 

OLEUM TO THE DILUTION TANK (MS 28) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 1.8725 27.69 

Sulfuric Acid 4.8891 72.31 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 6.7616 100.00 
 

SULFURIC ACID(MS 30) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 6.9509 98.50 

Water 0.1059 1.50 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 7.0568 100.00 
 

3.2.13 H2SO4 Storage tank 

 

Dilution tank 

Process water from purification unit (MS-29) 

Sulfuric acid (MS-30) Oleum to the dilution Tank from header (MS-28) 

Sulfuric acid final product (MS-31) 
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Figure 3.15 Sulfuric storage tank inlet and outlets 

SULFURIC ACID(MS 30) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 6.9509 98.50 

Water 0.1059 1.50 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 7.0568 100.00 
 

SULFURIC ACID FINAL PRODUCT (MS 31) 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur  0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 3.4755 98.50 

Water 0.0529 1.50 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 3.5284 100.00 

 

MS-22 and MS-24 streams have been given under sections 2.7 and 2.8 

H2SO4 Storage 

Tank 
Sulfuric acid (MS-30) 

                        Overall provision for losses after burner (MS-32) 

98% sulfuric acid   for int. Absorber (MS-22) 

98% sulfuric acid for 

main absorber (MS-24) 
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3.2.14 Overall loss provision after burner 

Losses have been individually given in the melter and furnace but not afterwards. In order to 

account for this an overall loss provision will be added to account for losses in the converter, 

absorption columns and dilution and storage tanks. 

 

  OVERALL PROVISION FOR LOSSES AFTER BURNER – MS-32 

Species Flow Rate (MT/hr) w/w (%) 

Sulfur 0.0000 0.00 

Sulfur Dioxide 0.0000 0.00 

Sulfur Trioxide 0.0000 0.00 

Oleum 0.0000 0.00 

Sulfuric Acid 0.0000 0.00 

Water 0.0000 0.00 

Hydrogen Sulfide 0.0000 0.00 

Oxygen 0.0000 0.00 

Nitrogen 0.0000 0.00 

Carbon Dioxide 0.0000 0.00 

TOTAL 0.0000 0.00 
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3.3 ENERGY BALANCES AND UTILITY REQUIREMENTS 

Section 3.1.2.2 should be referred for the general procedure followed in construction of 

energy balances. As stated, the individual energy content of each process stream was first 

calculated on a species by species basis (based on their specific enthalpies- above section 

should be referred at this point for precise methodology). Estimation of work done by a 

percentage allocation, loss allocations and utility requirements were followed then. The 

overall balance for each unit was used to ascertain utility requirements.  

For purposes of clarity individual stream energy content on a species by species basis is 

included only for the melter along followed by the overall balance. The energy balance of 

subsequent units will contain only the overall balance and individual stream energies should 

be understood as having obtained in a manner similar to that of the melter.  

Note: The overall balance for each unit has been directly extracted from MS Excel 

calculation sheets without formatting of font, size etc.  

3.3.1 Sulfur Melter 

Sulfur procured from external parties (Eg: CPC) is melted in this unit beyond the melting 

point of Sulfur up to a temperature of 150
o
C. 

Assumptions: 

 Sulfur procured is in its rhombic form which is the most stable and the common form 

of Sulfur available. 

 The complexities in transmitting molten Sulfur are taken into account by allocating a 

higher loss provision (4%) than other units. The increased utility consumption which 

arises from this could then be regarded as having taken into account the steam 

jacketing of transmission lines and pump up to the point of the furnace, in addition to 

the preliminary steam requirement for melting. 

 Since the melter is to be operate under atmospheric pressure,work done against 

pressure is neglected. Any residual energy input from shaft work is also assumed to 

be negligible 

Calculation of enthalpy at inlet (content of energy at inlet): 
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Eg: Calculation of specific enthalpy of Sulfur at 30
o
C- The changes undergoing in Sulfur was 

accounted. No phase change occurs between STP and 30
o
C. Thus only the incremental rise in 

enthalpy was calculated. From equation 1.4 and table 1.5: 

                                                       

      
   ∫                               

   

   

   

                      

From the mass balance: 

                                                  
  

  
  

       

  
 

      

      
 

                 

Hence, 

                                                             

          
    

  
         

   

    
   

    

      
            

Similarly, for other species present in the inlet, a similar calculation was performed: 

                             ∑                                            

                                           

Calculation of enthalpy at outlet (content of energy at inlet): 

Eg: Calculation of specific enthalpy of Sulfur at 150
o
C- The changes undergoing in Sulfur 

was accounted. Sulfur undergoes change in molecular structure at 95
o
C and then melts at 

115
o
C. From equation 1.4 and table 1.5: 

                                                        

      
   ∫                               
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 ∫                                           
   

   

  ∫                                           
   

   

                   

        
  

    
        

                                                           

(The reduction in quantity reflects the loss provision) 

                                                              

        
    

  
       

   

    
   

    

      
             

Similarly, accounting for all species present in the outlet: 

                                                         

Applying energy balance to the melter: 

                                 

                                         

Where Q: Energy to be supplied or removed- i.e. utility requirement 

                           

Thus            

The figure Q placed on the energy inlet side gives a positive figure, which means that the 

quantity given in the figure should be externally supplied. Since the unit is a melter this is as 

expected. Thus the melter should be supplied with steam giving delivering a load of 32.2 kW. 

Utility options: 

Option 1: Process to process heat exchange- The waste heat boiler downstream is to produce 

steam by capturing the heat liberated in the combustion of Sulfur in the furnace, a portion of 

that steam could be utilized to provide the above load. 
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Option 2: Direct supply by external utilities 

Completed balance: 

 

 

 

 

 

Energy content by material streams: 

MS-01 

Stream Temperature (oC) 30  
 Stream Pressure (atm) 1 

SULFUR INPUT 
Species Flow Rate (kmol/hr) Sp. Enthalpy (kJ/kmol) kW 
Sulfur 45.1172 39 0.4896 
Sulfur Dioxide 0.0000 -296,615 0.0000 
Sulfur Trioxide 0.0000 -393,639 0.0000 
Oleum 0.0000 -682,537 0.0000 
Sulfuric Acid 0.0000 -809,723 0.0000 
Water 0.0000 -285,681 0.0000 
Hydrogen Sulfide 0.4279 -19,785 -2.3517 

Oxygen 0.0000 148 0.0000 
Nitrogen 0.0000 147 0.0000 
Carbon Dioxide 0.0000 -393,330 0.0000 
TOTAL 45.5451 

 
-1.8621 

 

MS-02 

Stream Temperature (oC) 150  
 Stream Pressure (atm) 1 

MOLTEN SULFUR 
Species Flow Rate (kmol/hr) Sp. Enthalpy (kJ/kmol) kW 
Sulfur 44.6660 2,669 33.1113 
Sulfur Dioxide 0.0000 -290,812 0.0000 
Sulfur Trioxide 0.0000 -343,360 0.0000 
Oleum 0.0000 -649,429 0.0000 
Sulfuric Acid 0.0000 -793,494 0.0000 

SULFUR  

MELTER 

MS-01 MS-03 

US-01 Losses 

US-02 
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Water 0.0000 -239,010 0.0000 
Hydrogen Sulfide 0.4236 -15,501 -1.8241 
Oxygen 0.0000 3,800 0.0000 
Nitrogen 0.0000 3,721 0.0000 
Carbon Dioxide 0.0000 -388,650 0.0000 
TOTAL 45.0897 

 
31.2871 

Losses: 

Stream Temperature (oC) 150  
 Stream Pressure (atm) 1 

LOSSES DURING MELTING 

Species Flow Rate (kmol/hr) Sp. Enthalpy (kJ/kmol) kW 
Sulfur 0.0005 2,669 0.0003 
Sulfur Dioxide 0.0000 -290,812 0.0000 
Sulfur Trioxide 0.0000 -343,360 0.0000 
Oleum 0.0000 -649,429 0.0000 
Sulfuric Acid 0.0000 -793,494 0.0000 
Water 0.0000 -239,010 0.0000 
Hydrogen Sulfide 0.0000 -15,501 0.0000 

Oxygen 0.0000 3,800 0.0000 
Nitrogen 0.0000 3,721 0.0000 

Carbon Dioxide 0.0000 -388,650 0.0000 

TOTAL 0.0005 
 

0.0003 

Overall Balance: 

IN 

Stream T (oC) Energy (kW) 

SULFUR INPUT 30 -1.86 

Utilities (Steam jacket) 170 33.15 

Work done (pumping, agitator)   0.04 

      

      

      

TOTAL 31.32 

Added provision for energy transfer via work transfer 2% 

 

OUT 

Stream T(oC) Energy (kW) 

MOLTEN SULFUR  150 31.29 

Losses   0.04 

      

      

      

      

TOTAL 31.32 
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Utility requirements for the melter: 

The balance indicated in the energy balance indicates an energy deficit that can be sourced 

from the energy captured in the waste heat boiler. The steam flow rate equivalent to above 

requirement depends on the pressure or saturation temperature chozen. A practice in the 

industry when determining approximate steam consumptions is to obtain steam pressure at 

the target material temperature and then add a further ~45 psig to approximate the steam 

pressure requirement (Steam system bset practices: Selecting the Optimum Steam Pressure 

for Process Applications, 2009). 

                                            

                                                                  

                                              30            

                                              

                                                                               

                

The above figure is obtained from steam tables at 150
o
C saturated steam. 

From the energy balance above: 

                           

                         
          

              
       

  

 
                

The above calculation is summarized in the table below which has been directly extracted 

from the mass and energy balance.sheets on MS Excel 

 

 

 

                                                 
30

 Steam tables were referred online at http://www.spiraxsarco.com/resources/steam-tables/saturated-steam.asp 

http://www.spiraxsarco.com/resources/steam-tables/saturated-steam.asp
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Energy deficit (Surplus) (kW) 33.15 

Medium Steam 

Target temperature of material stream (oC) 150 

Steam pressure at above temperature (psig) 54.301 

Actual steam pressure (psig) 99.301 

Steam temperature (oC) 170 

Heat transferred from steam at above temperature 
(kJ/kg) 

2,050.51 

Steam flow rate (kg/s) 0.0162 

Steam flow rate (tonne/hr) 0.0582 

 

3.3.2 Sulfur furnace 

The Sulfur furnace is used to facilitate the high temperature prerequisite for burning of 

Sulfur. In other words, in order to generate SO2 from Sulfur by contact with O2, Sulfur must 

be sublimated to its vapour form which requires temperatures in the neighbourhood of 

1400K. Fuel oil no 04 has been selected as the external energy source that provides this 

energy. 

However, once these conditions are provided, the combustion of Sulfur is exothermic, and so 

heat is liberated. This heat is of high ‘quality’ and leads to increase of temperature to the 

furnace operating temperature of 1400 K and is recovered in a downstream boiler. 

This led to a situation in which the energy balance for the furnace must be done in two steps. 

Step 1: Calculation of heat released during combustion of Sulfur 

Combustion of Sulfur is the same as formation od Sulfur Dioxide and so, heat of formation 

data were used and brought up to the temperature of the boiling point of Sulfur where 

combustion would proceed as per literature. 

Step 2: Fuel oil properties and fuel quantity calculation 

The table below has been extracted directly from the MS Excel sheets in the mass and energy 

balance. Under ‘Heat required’, the above energy requirement has been included in kJ/hr 

which is then used to calculate the fuel quantity based on calorific values and unit conversion. 

 

Table 3.14 Summarized figures for utility consumption in Sulfur Melter 
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Fuel oil type: Fuel oil no 4 (Industrial burner grade) 

Heating value 143,100 min 148,100 max Btu/US gal 

Conversion factor 1 Btu/US gal 278.7 J/litre   

Heating value 39,881,970 min 41,275,470 max kJ/m3 

Density: (sp. gravity) 0.876 min 0.979 max API 30.0-13.0 

Heating value 45,527 min 42,161 max kJ/kg 

Heat req for S burning 8,121,782.19 kJ/hr 2,256.05 kW   

Fuel req 178.39 min 192.64 max kg/hr 

      so2 formation enthalpy stp -296.81 kJ/mol       

cpdt for stp to 717 .8k 19,454.33 kJ/Kmol       

total heat for  so2 kj/mol -277,358.67 kJ/Kmol       

so2 production in furnace 43.78 kmol/hr       

total heat as kj/hr -12,141,975.44 kJ/hr       
 

Table 3.15  Fuel oil properties and their stepwise application to obtain the fuel quantity 

requirement 

Therefore since the furnace operating temperature is known from literature to be 1400 K, the 

energy content of the outlet stream could be found. Since the heat of reaction is also known, 

the heat released during combustion of Sulfur is known. The balance energy corresponds to 

the energy required from combustion fuel. 

Step 3: Estimation of energy recoverable from the furnace 

Once the fuel liberates above energy content by combustion, since the reaction conditions for 

combustion of Sulfur are met, Sulfur combustion takes place, which is exothermic. The 

reason for the energy balance for the furnace to be considered in a stepwise approach can be 

made evident if a general energy balance equation is produced for the furnace, assuming 

steady state operation (i.e. negligible accumulation) 

                                                              

More specifically, this amounts to: 
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It is reasonable to assume that it is the energy content of the fuel that is consumed in the 

process in order to facilitate its operation, thus: 

                                           

This gives the actual balance form: 

                                                 

                                              

                    

Assuming negligible work done against pressure (and thus negligible energy transfer by work 

transfer and shaft work), the above expression implies that unless calculated explicitly as 

under step 1, a direct application of the balance wouldn’t have taken into account the fuel 

requirement. 

Energy balance for the furnace: 

 

 

 

 

 

 

 

 

Stream T (oC) Energy (kW)

MOLTEN SULFUR 150 31.29

FILTERED DRIED PREHEATED AIR TO FURNACE 120 278.84

Energy generated (Combustion of S) -3,372.77

Energy supplied (Combusiton fuel) 2,256.05

Workdone (Sulfur pumps, fans, klin shaft work) 1.56

-805.03

IN

TOTAL

5%Added provision for energy transfer via work transfer

SULFUR  

FURNACE 

MS-03 MS-12 

US-02 Losses 

MS-08 
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3.3.3 Electrostatic precipitator 

Assumptions: 

A 7
o
C loss in stream temperature has been assumed in the form of transmission losses as the 

hot gas stream with dust moves through the equipment. 

The precipitator is assumed to remove 99% of the dust in the inlet stream and the dust is 

considered as containing entirely of unreacted Sulfur. 

 

 

 

 

 

 

 

Stream T(oC) Energy (kW)

SULFUR DIOXIDE WITH FLUE GAS & DUST 1,127 -829.22

Provision for losses 24.19

 

-805.03

OUT

TOTAL

Stream T (oC) Energy (kW)

SULFUR DIOXIDE WITH FLUE GAS & DUST 1127 -829.22

-829.22

IN

TOTAL

ELECTROSTATIC

PRECIPITATOR 
MS-12 

MS-14 

MS-13 

Losses 
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3.3.4 Waste heat boiler 

The excess heat generated in the Sulfur furnace is recovered by way of a waste heat boiler. 

The main parameter that was taken into consideration in this unit was the temperature the 

process stream will be dropped to by recovering heat, or in other words the extent to which 

heat could be recovered from the boiler. This temperature setting was subject to several 

settings: 

 While the temperature could be dropped from 1127
o
C to anywhere in the lower 

hundreds, it followed that steam producing temperature, by general heat transfer 

principles would have to be less than the hot stream. 

 Though steam could be produced at higher temperatures then the steam producing 

pressure too increases, increasing chances of compromise of operational safety. 

Keeping both of these aspects in mind, it was also found in literature that waste heat boilers 

downstream of Sulfur furnaces typically recover heat form the combustion process up to 

350
o
C (Roy, Birnbaum, & Sarlis, May 2007). A 10% loss was assumed to incorporate boiler 

blow down losses, transmission losses etc. 

 

 

 

 

 

 

 

Figure 3.16 Input and output streams from the waste heat boiler 

Stream T(oC) Energy (kW)

CLEAN SULFUR DIOXIDE WITH FLUE GAS 1,120 -877.87

DUST COLLECTED 22.08

Losses 26.57

-829.22

OUT

TOTAL

WASTE 

HEAT 

BOILER 
MS-14 MS-14 

US-03 

Losses 

US-04 
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Overall balance: 

IN 

Stream T (oC) Energy (kW) 

SULFUR DIOXIDE WITH FLUE GAS & DUST (MS-14) 1127 -829.22 

Work done (vacuum pumps/ ejectors)   16.58 

      

      

      

      

TOTAL -812.64 

Added provision for energy transfer via work transfer 2% 

 

OUT 

Stream T(oC) Energy (kW) 

PARTIALLY COOLED SULFUR DIOXIDE WITH FLUE GAS (MS-
14) 350 -3,636.71 

Consumed in generation of steam 1,120 2,526.74 

Losses   297.33 

      

      

      

TOTAL -812.64 

 

Steam production: As mentioned above, a heat recovery equivalent to a temperature drop 

from 1120
o
C to 350

o
C is to be captured from the waste heat boiler. Similar to the calculation 

that is shown under section 3.3.1 for steam rate required, the steam production rate from the 

waste heat boiler could be calculated. The steam temperature was based on the policy 

mentioned above that temperatures should not be too high so as to cause safety issues. Based 

on literature high pressure (HP) steam is produced from the waste boiler. Thus steam pressure 

of 8 bar was chozen for which the enthalpy of vaporization was referred accordingly. 

Table 3.16 Steam production from waste heat boiler 

Maximum energy recoverable (kW) 2,758.84 

Provision for losses during recovery 0.10 

Steam pressure chozen (bar) 8.00 

Steam temp at above P (oC) 170.50 

Heat transferrable at chozen steam P (kJ/kg)31 2,047.73 

Steam production rate (MT/hr) 4.37 

                                                 
31

 Enthalpy of vaporization at chozen temperature, from: http://www.spiraxsarco.com/resources/steam-

tables/saturated-steam.asp 

http://www.spiraxsarco.com/resources/steam-tables/saturated-steam.asp
http://www.spiraxsarco.com/resources/steam-tables/saturated-steam.asp
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Where the recoverable heat refers to the balance of energy in gas stream between boiler inlet 

and outlet as indicated in the overall balance table (i.e. -829.22-(-3,636.71)).  

 

3.3.5 Heat exchangers 

3.3.5.1 Air preheater 

As per operational requirements, air entering the Sulfur furnace has to be preheated up to 

about 120
o
C (Davenport & King, Sulfuric acid manufacture analysis, control and 

optimization). Therefore similar to previous cases the specific enthalpy of each species (in 

this case Nitrogen and Oxygen) for the required temperature increase was calculated (30-

120
o
C). The energy balance is as shown: 

 

 

 

 

 

 

 

 

Figure 3.17 Input and output streams from the air preheater 

 

 

 

 

 

AIR PREHEATER 
MS-08 MS-08 

US-06 

US-05 
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Overall balance: 

IN 

Stream T (oC) Energy (kW) 

FILTERED DRIED AIR TO FURNACE (MS-08) 30 14.55 

Utilities (steam) (US-05)   264.29 

Work done (pumping)   0.15 

      

      

      

TOTAL   278.98 

Added provision for energy transfer via work transfer 1% 

 

OUT 

Stream T(oC) Energy (kW) 

FILTERED DRIED PREHEATED AIR TO FURNACE 120 278.84 

Provision for Losses    0.15 

      

      

      

      

TOTAL   278.98 

 

Thus applying the energy balance yields the energy deficit that has to be supplied externally. 

A portion of the heat captured in the waste heat boiler is utilized here as the source of utility. 

By performing a similar calculation to one at the Sulfur melter the results below could be 

tabulated as shown. 

Energy deficit (Surplus) (kW) 264.29 

Medium Steam 

Target temperature of material stream (oC) 120 

Steam temperature (oC) 170 

Enthalpy of vaporization (kJ/kg) 2,047.73 

Steam flow rate (kg/s) 0.1291 

Steam flow rate (tonne/hr) 0.4646 

 

Table 3.17 Summarized utility calculation extracted directly from the mass and energy balance excel 

sheet 
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3.3.5.2 Converter inlet preheater 

Literature on industrial Sulfuric acid manufacture indicates that the Sulfur Dioxide inlet 

should be preheated to a temperature of 450
o
C (Davenport & King, Sulfuric acid manufacture 

analysis, control and optimization). Therefore this heater should be placed downstream of the 

SO2 dryer in order to raise the temperature back to 450
o
C. It could be argued that the waste 

heat boiler recover only up to 450
o
C instead of going further down to 350

o
C. However, the 

heat exchanger was placed regardless due to two reasons: 

 If the waste heat boiler (WHB) were to recover less heat so that the exit gas 

temperature could be at a higher temperature, it would mean having to produce steam 

at a higher pressure and saturation temperature when there are demands in the process 

for moderate temperature heating such as the air preheater mentioned under section 

2.5.1. 

 It is a process requirement that the inlet SO2 stream be at a temperature of 450
o
C 

when the stream enters the converter. Hence for process control, quality and process 

stability purposes the above heater should be placed with a temperature control loop 

on the steam side so that higher temperature loads on the inlet side could be detected 

and the steam rate reduced accordingly. 

 

 

 

 

 

 

Figure 3.18 Inlet and outlet streams from the converter inlet preheater 

 

 

 

 

CONVERTER 

INLET 

PREHEATER 

MS-18 MS-18 

US-07 

US-08 
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CATALYTIC CONVERTER PREHEATER 

  

Heat In Heat Out 

Stream (oC) 350 Stream(oC) 432 

Species kmol/hr kJ/kmol kW kJ/kmol kW 

Sulfur  0.0044 2,380.86 0.00 7,567.00 0.01 

Sulfur Dioxide 43.7772 -281,642.75 -3,424.87 -278,013.48 -3,380.73 

Sulfur Trioxide 0.0000 -374,577.04 0.00 -371,657.91 0.00 

Oleum 0.0000 -646,793.99 0.00 -582,289.66 0.00 

Sulfuric Acid  0.0000 -775,874.00 0.00 -711,369.66 0.00 

Water 0.0028 -215,410.09 -0.17 -212,736.34 -0.16 

Hydrogen Sulfide 0.4194 -7,654.08 -0.89 -4,757.27 -0.55 

Oxygen 7.5191 10,306.03 21.53 12,661.92 26.45 

Nitrogen  287.9262 9,896.99 791.56 12,096.41 967.46 

Carbon Dioxide 15.1548 -378,985.12 -1,595.40 -375,481.73 -1,580.65 

TOTAL -4,208.24   -3,968.18 

Total Heat Requirement (kW) 240.056 

 

The enthalpy values of streams named above are given in order below. The enthalpy 

calculations are done similar to those that were detailed under section 4.1. 

Utility requirement: Due to the high temperatures involved saturate steam wasn’t 

considered as the best option for a heat source, since higher temperatures mean higher 

operating pressure for the boiler, which in terms of safety may not be advisable. In any case 

however, beyond temperatures of 374
o
C, which is the critical temperature for water, saturated 

steam , or the vapour phase of water in contact with its liquid phase does not exist. Further at 

higher temperatures of this nature, hot oil, of thermic fluid is considered as a better heating 

medium. Even thermic fluids however, are not common for heating applications as high as 

450
o
C. Dynalene MS-1 is one such heat transfer fluid that can be used as a thermic fluid for 

high temperature heating. It has a molten salt base (Dynalene MS-1 Technical Data Sheet) . 

The utility calculation was done by settting the minimum temperature of the thermic fluid 

15
o
C above the maximum temperature of the process stream. A temperature drop of 60

o
C 

was taken for the thermic fluid, after which the required thermic fluid flow rate was easily 

obtained assuming negligible heat transfer losses as shown below and summarized in the 

table below: 
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   (Dynalene MS-1 Technical Data Sheet) 

                                                 

Applying    ̇         , 

                                  
   

         
           

Energy deficit (Surplus) (kW) 240.0559 

Medium Thermic Fluid 

Target temperature of material stream (oC) 432 

Outlet temp of thermic fluid chozen 447 

Specific heat capacity at above T (kJ/kg K) 1.45 

Temp difference of thermic fluid chozen 60 

Thermic fluid flow rate needed (kg/s) 2.76 

Thermic fluid flow rate needed (MT/hr) 9.9333 
 

Table 3.18 Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet 

3.3.5.3 Cooler from Converter to Intermediate Absorption Tower (IAT) 

The Double Contact Double Absorption process of Sulfuric acid manufacturing involves 

sending a portion of the partially converted gas stream to an IAT where produced Sulfur 

Trioxide is absorbed to a 98% Sulfuric acid stream. In order to bring this stream to a 

temperature that is recommended for absorption conditions of the two streams the 

temperature of the upstream flow should be reduced. The inlet temperature to the column has 

been taken as the temperature that the stream is supposed to have after exiting the 3
rd

 bed 

(from the top) of the converter which is 471
o
C (Davenport & King, Sulfuric acid manufacture 

analysis, control and optimization). The IAT, according to literature operates in the expected 

conditions when the gas stream has a temperature in the range of 271
o
C (Davenport & King, 

Sulfuric acid manufacture analysis, control and optimization). 
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Therefore it is assumed that in between the converter and the cooler, and the cooler and the 

IAT, the lines are sufficiently insulated so that temperature drops due to transmission losses 

are negligible. 

 

 

 

 

Figure 3.19 Inlet and outlet streams from the absorption precooler 

 

Heat Balance: 

CONVERTER TO INT. ABS. TOWER COOLER 

  

Heat In Heat Out 

Stream (oC) 471 Stream (oC) 217 

Species  kmol/hr kJ/kmol kW Sp. Enthalphy(kJ/kmol) kW 

Sulfur  0.00 8,749.84 0.01 3,041.20 0.00 

Sulfur Dioxide 2.66 -276,010.15 -203.90 -288,518.79 -213.14 

Sulfur Trioxide 29.40 -326,122.83 -2,663.30 -343,291.88 -2,803.51 

Oleum 0.00 -577,559.56 0.00 -606,570.48 0.00 

Sulfuric Acid (98%) 0.00 -706,639.57 0.00 -791,650.49 0.00 

Water 0.00 -211,262.30 0.00 -220,544.39 0.00 

Hydrogen Sulfide 0.38 -3,148.91 -0.33 -13,131.96 -1.38 

Oxygen 8.61 13,955.92 33.36 5,772.40 13.80 

Nitrogen  346.06 13,302.23 1,278.70 5,620.98 540.32 

Carbon Dioxide 13.64 -373,540.52 -1,415.23 -385,596.63 -1,460.91 

TOTAL -2,970.69   -3,924.81 

Total Heat Removal (kW) 954.12 

 

Utility requirements: The cooling water requirement was calculated assuming that cooling 

water is supplied at 25
o
C and that the water flow rate should be such that cooling water 

undergoes a temperature rise of only 10
o
C. This is because a normal cooling tower operation 

uses ambient air or slightly above ambient air, where cooling water returned cannot possess 

too high a temperature. 

ABSORPTION 

PRECOOLER MS-19 MS-19 

US-09 

US-10 
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Thus similar to the calculation in 3.3.5.2, the flow rate required can be calculated: 

                                  
   

        
            

 

Energy Deficit /Surplus (kW) 954.12 

Medium Cooling Water 

Initial temperature of Cooling water (oC) 25 

Temperature rise set(oC) 10 

Cooling water flow rate (kg/s) 22.72 

Cooling water flow rate (MT/hr) 81.78 

 

Table 3.19 Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet 

3.3.5.4 Heater from Intermediate Absorption Tower to Converter 

After the absorber operation (which required a cooler stream) the outlet gas stream returned 

to the converter needs to be heated back to the level required before the stream is input into 

the fourth and final bed of the converter. The absorption of Sulfur Trioxide into 98% Sulfuric 

acid is exothermic and according to literature, heats up the liquid stream in the absorber by 

almost 30
o
C from the recommended temperature of 67

o
C (Davenport & King, Sulfuric acid 

manufacture analysis, control and optimization). Since the specific heats of the gases are 

much less than the liquid stream a much higher temperature drop is expected, and is assumed 

to have a temperature difference of about 20
o
C with the liquid ourlet. The section on the 

energy balance of the int. absorption tower should be referred to here.  

 

 

 

 

 

Figure 3.20 Inlet and outlet streams from the converter return preheater 

A heat balance similar to 3.3.5.2 could be done to ascertain that the required temperature rise 

corresponds to a heat demand of 995.5 kW. 

CONVERTER 

RETURN 

PREHEATER 

MS-20 MS-20 

US-11 

US-12 
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Utility requirement: Similar to section 3.3.5.2, the temperature range applicable for this 

heater also favours thermic fluid to be used, and assuming the heat transfer fluid is supplied 

from the same source, the required utility flow rate could be estimated by a calculation that is 

perfectly similar to one done in 3.3.5.2, and summarized in the table below. 

 

Energy deficit (Surplus) (kW) 995.4718 

Medium Thermic Fluid 

Target temperature of material stream (oC) 432 

Outlet temp of thermic fluid chozen 447 

Specific heat capacity at above T (kJ/kg K) 1.45 

Temp difference of thermic fluid chozen 60 

Thermic fluid flow rate needed (kg/s) 11.44 

Thermic fluid flow rate needed (MT/hr) 41.1919 

 

Table 3.20Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet 

3.3.5.5 Cooler from Converter to Main Absorption Tower 

Similar to above absorption operational requirements must be adhered, which requires 

cooling of the gas stream from the fourth bed temperature of 437
o
C in the converter to 187

o
C 

(Davenport & King, Sulfuric acid manufacture analysis, control and optimization). 

 

 

 

 

 

Figure 3.21 Inlet and outlet streams from the converter output cooler 

A heat balance similar to 3.3.5.3 could be done to ascertain that the required temperature drop 

corresponds to a heat demand of 995.5 kW. 

Utility requirements: Based on similar assumption and methodology of calculation, the 

required cooling water flow rate could be obtained, and the results are summarized below: 

CONVERTER 

OUTPUT 

COOLER 

MS-21 MS-21 

US-13 

US-14 
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Energy Deficit /Surplus (kW) 917.66 

Medium Cooling Water 

Initial temperature of Cooling water (oC) 25 

Temperature rise set(oC) 10 

Cooling water flow rate (kg/s) 21.85 

Cooling water flow rate (MT/hr) 78.66 

Table 3.21Summarized utility calculation extracted directly from the mass and energy 

balance excel sheet 

3.3.6 Main Air Dryer 

 

 

Oleum is sent to dry moisture present in air. Absorption of moisture to Oleum results in the 

formation of Sulfuric acid as highlighted in the section on contact process. The reaction is 

exothermic. For the purposes of conducting the balance it was assumed that the increase in 

temperature of the Oleum stream is negligible during the operation. This assumption was 

taken in the absence of literature on stream temperatures. A comparison on the flow rates 

determined by the mass balance could be used here to justify this assumption- water content 

in the air stream amounted to only 0.38 MT/hr (out of 14.26 MT/hr of air) while the Oleum 

stream had a flow rate of over 65 MT/hr. 

Overall balance: 

IN 

Stream T (oC) Energy (kW) 

AIR (MS-04) 30 -1,638.94 

OLEUM FOR AIR DRYING (MS-05) 40 -144,922.51 

Energy released  (gen. of Sulfuric acid)   -9,410.67 

Work done (compressor)   81.95 

      

      

TOTAL -155,890.17 

Added provision for energy transfer via work transfer 5% 

 

 

 

Wetted Oleum (MS-09) 

Dry air (MS-08) 
 

Air (MS-04) 

Main Air drier 

Oleum (MS-05) 
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OUT 

Stream T(oC) Energy (kW) 

WETTED OLEUM FROM AIR DRYING (OLEUM RETURN) 40 -150,362.21 

FILTERED DRIED AIR 30 19.79 

Energy consumed (reaction of Oleum & Water)   -5,629.70 

Provision for Losses    81.95 

      

      

TOTAL -155,890.17 

 

As indicated under section 3.1.2.2, the generation and consumption of energy due to the 

occurrence of a chemical reaction needs to be accounted to reconcile the inlet and outlet 

energy. Calculation of specific enthalpies for assumed stream temperatures and molar flow 

rates from the mass balance (as given in detail under section 3.2.1) was used to calculate the 

energy available with water and Oleum on the inlet side while a similar procedure was 

followed to calculate the energy content of generated Sulfuric acid on the outlet side. The 

former should be considered as energy consumed while the latter should be considered as 

energy released during reaction. 

3.3.7 SO2 Dryer 

Since no indications could be found regarding any interaction between SO2 and Oleum, it 

was assumed that SO2 shows no affinity towards Oleum in the way that moisture does. 

Overall balance: Since Oleum and water are consumed and Sulfuric acid is generated, these 

figures were included in the balance (as justified under 3.1.2.2) of energy.  

 

 

 

 

 

Wetted Oleum (MS-17) 

Heater (MS-18) 

SO2 (MS-14) 

Dryer 

Oleum (MS-16) 
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IN 

Stream T (oC) Energy (kW) 

PARTIALLY COOLED SULFUR DIOXIDE WITH FLUE GAS (MS-14) 350 -3,636.71 

OLEUM FOR SO2 DRYER (MS-16) 40 -14,103.70 

Energy released (gen. of Sulfuric acid)   -496.06 

Work done (pumps, vac. Pumps/ejectors)   532.21 

      

      

TOTAL -17,704.25 

Added provision for energy transfer via work transfer 3% 

 

OUT 

Stream T(oC) Energy (kW) 

FILTERED DRIED SULFUR DIOXIDE TO PREHEATER (MS-18) 350 -4,208.24 

OLEUM RETURN TO HEADER (MS-17) 40 -14,390.44 

Energy consumed (reaction of Oleum and Water)   -279.44 

Excess heat to be removed (Cooling jacket)   216.62 

Losses   957.23 

      

TOTAL -17,704.25 

 

Since the stream temperatures are maintained at their initial values, but the reaction is 

exothermic, obviously the residual heat generated should be removed by cooling. The cooling 

utility is quantified in a manner similar to that under section 3.3.5.3 to obtain the water flow 

rate required. 

Table 3.22 Cooling water calculation required to maintain dryer stream temperatures 

Energy Deficit /Surplus (kW) 216.62 

Medium Cooling Water 

Initial temperature of Cooling water (oC) 25 

Temperature rise set(oC) 10 

Cooling water flow rate (kg/s) 5.16 

Cooling water flow rate (MT/hr) 18.57 
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3.3.8 Catalytic Converter 

 

 

 

 

 

Overall balance: 

 

Added provision for energy transfer via work transfer 2% 
 

 

Literature indicated that the catalytic reactor consists of heating units placed in between each 

bed to maintain the reactor temperature. This is reflected in the energy balance by the heat 

deficit of 648 kW in the outlet. Similar to most heat demands around the converter unit, the 

high temperatures that are above the critical temperatures of water prevents saturated steam 

IN

Stream T (oC) Energy (kW)

(21) DRY SULFUR DIOXIDE 432 -3,968.18

(25)UNCONVERTED SULFUR DIOXIDE RETURN 432 -435.40

(5)FILTERED DRIED AIR 30 5.23

Utilities (Heating) 648.37

Workdone (compressor,pumps, vac. Pumps/ejectors) 87.97

TOTAL -3,662.01

Stream T(oC) Energy (kW)

(23) SULFUR TRIOXIDE 437 -779.29

(22) PARTIALLY CONVERTED SULFUR DIOXIDE 471 -2,970.69

Provision for losses 87.97

TOTAL -3,662.01

OUT

CONVERTER  

Air Feed Line (MS-09) 

To M.A.T (MS-21) 

To I.A.T (MS-19) From I.A.T (MS-20) 

SO2 Feed Line (MS-18) 
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from becoming the heat source and so, like other units such as the converter preheater, 

thermic fluid mentioned in section 3.3.5.2 is used. 

Table 3.23 Thermic fluid follow rate required for converter operation 

Energy deficit (Surplus) (kW) 648.3674 

Medium Thermic Fluid 

Target temperature of material stream (oC) 471 

Outlet temp of thermic fluid chozen 486 

Specific heat capacity at above T (kJ/kg K) 1.45 

Temp difference of thermic fluid chozen 60 

Thermic fluid flow rate needed (kg/s) 7.45 

Thermic fluid flow rate needed (MT/hr) 26.8290 

 

3.3.9 Intermediate Absorption Tower 

 

 

 

 

 

Overall balance:           

Added provision for energy transfer via work transfer 2% 

I.A.T 

3
rd

 Reactor Outlet (MS-19) 

IAT Oleum Outlet (MS-23) 
H2SO4 (98.5%) Line Outlet (MS-22) 

4
th

 Reactor Inlet Outlet (MS-20) 

Stream T (oC) Energy (kW)

(22) PARTIALLY CONVERTED SULFUR DIOXIDE 217 -3,924.81

(35)98% SULFURIC FOR INT. ABSORPTION 67 -6,808.05

Energy released (gen. of Oleum) -5,125.78

Workdone (pumps, vac. ejectors) 214.66

-15,643.98

BAL 0.00

IN

TOTAL
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Stream T(oC) Energy (kW)

(25) UNCONVERTED SULFUR DIOXIDE RETURN 117 -1,430.87

(26) OLEUM FROM INT. ABSORBER 97 -6,224.00

Energy consumed (abs. of SO3 in H2SO4) -8,328.18

Excess heat to be removed (cooling) 124.41

Provision for losses 214.66

-15,643.98

OUT

TOTAL

            

 

Literature indicated that the liquid Sulfuric stream temperatures of 67
o
C as optimum for 

absorption operation while contact with the higher temperature gas stream as well as the 

exothermic absorption of SO3 in to Sulfuric which is exothermic (given the generation of 

Oleum) results in the temperature of the stream increasing by around 30
o
C. The gas stream 

which releases its heat content to the liquid at much lower temperatures that should be above 

the temperature profile of the liquid (as per fundamentals of heat transfer) and is assumed to 

be held at around 20
o
C above the maximum temperature to which the Sulfuric stream gets 

heated to. The fact that the balance indicates as shown above the presence of excess heat is an 

indication that the heat liberated from the reaction is such that the outlet temperature in 

reality should be higher. At this point however, the required cooling water rate is shown 

below. Chapter 4 should be referred for further analysis in terms of heat integration. 

Table 3.24 Cooling water required to maintain the absorber stream temperatures 

Energy Deficit /Surplus (kW) 124.41 

Medium Cooling Water 

Initial temperature of Cooling water (oC) 25 

Temperature rise set(oC) 10 

Cooling water flow rate (kg/s) 2.96 

Cooling water flow rate (MT/hr) 10.66 
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3.3.10 Main Absorption Tower 

 

 

 

 

 

 

 

 

 

Added provision for energy transfer via work transfer 2% 
 

 

 

Stream T (oC) Energy (kW)

(23) SULFUR TRIOXIDE 187 -1,696.95

(32)98% SULFURIC FOR MAIN ABSORPTION 67 -1,398.57

Energy released (gen. of Oleum) -1,052.92

Workdone (pumps, vac. ejectors) 61.91

-4,086.53

IN

TOTAL

Stream T(oC) Energy (kW)

(24) OLEUM FROM MAIN ABSORBER TO STORAGE 87 -1,278.31

TAIL GAS 87 -1,496.88

Energy consumed (abs. of SO3 in H2SO4) -1,714.23

Excess heat to be removed (Cooling) 340.98

Provission for losses 61.91

-4,086.53

OUT

TOTAL

 From H2SO4 Tank (MS-24) 

To Oleum Tank (MS-25) 

Tail Gas (MS-26) 

 From Converter (MS-21) 

Main Absorption 

Tower 
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3.3.11 Oleum Tank 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stream T (oC) Energy (kW)

(24) OLEUM FROM MAIN ABSORBER TO STORAGE 87 -1278.31

(26) OLEUM FROM INT. ABSORBER 97 -6224.00

Workdone (pumping) 75.02

-7,427.28

IN

TOTAL

Stream T(oC) Energy (kW)

(27) OLEUM FROM  STORAGE 80.00 -7502.34

Losses 75.06

-7,427.28

OUT

TOTAL

To the Oleum Header (MS-27) 

From the MAT (MS-25)  From IAT (MS-23) 

Oleum Tank 
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3.3.12 Oleum Header 

Oleum Header is used to distribute Oleum for necessary locations and to receive the return 

back, 

 

 

 

 

 

 

 

 

 

 

Added provision for energy transfer via work transfer 0.5% 
 

Stream T (oC) Energy (kW)

(27)OLEUM FROM  STORAGE 80 -7,502.34

(37)WETTED OLEUM FROM AIR DRYING (OLEUM RETURN) 40 -150,362.21

WETTED OLEUM FROM SO2 DRYING (OLEUM RETURN) 40 -14,390.44

Workdone (pumping) 861.27

-171,393.71

IN

TOTAL

To the Dilution tank (MS-28)  

To the Oleum Header (MS-27)  

From the SO2 dryer (MS-17)   

From the Air dryer (MS-06)  

Oleum Header 

To the Air dryer (MS-05)  To the SO2 dryer (MS-16)  
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3.3.13 Dilution Tank 

 

 

 

 

 

 

                                       

 

Stream T(oC) Energy (kW)

(28) OLEUM FOR SO2 DRYER 40 -14,103.70

(29) OLEUM FOR AIR DRYER 40 -144,922.51

(30) OLEUM TO DILUTION TANKS 40 -13,228.88

Provision for losses 861.27

-171,393.81

OUT

TOTAL

Stream T (oC) Energy (kW)

(30) OLEUM TO DILUTION TANKS 40.00 -13,228.88

(36)PROCESS WATER FOR DILUTION 30.00 -1,301.09

Energy released (gen. of H2SO4) -4,736.13

Workdone (pumping, agitation) 290.60

-18,975.49

IN

TOTAL

2%Added provision for energy transfer via work transfer

 

 

From the Oleum Header (MS-28)   

Water (MS-29) 

To the H2SO4 storage Tank (MS-30)   

Dilution Tank 
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3.3.14 H2SO4 Tank 

 

 

 

 

  

 

 

 

 

Added provision for energy transfer via work transfer 1% 

 

Stream T(oC) Energy (kW)

(31) SULFURIC ACID (98.5%) 70.00 -16,415.11

Energy consumed (reaction of Oleum with water) -2,850.98

Provision for losses 290.60

-18,975.49

OUT

TOTAL

Stream T (oC) Energy (kW)

(31) SULFURIC ACID TO STORAGE 70 -16,415.11

Workdone (pumping) 166.22

-16,248.89

IN

TOTAL

 

 

H2SO4 

Storage Tank 

From Dilution Tank (MS-30) 

Final Product (MS-31) 

To the IAT (MS-22) To the MAT (MS-24) 
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Stream T(oC) Energy (kW)

(32) SULFURIC FOR MAIN ABSORPTION 67 -1,398.57

(35) SULFURIC FOR INT. ABSORPTION 67 -6,808.05

(34) SULFURIC ACID (98.5%) FINAL PRODUCT 67 -8,206.42

Provision for losses 164.15

-16,248.89

OUT

TOTAL
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CHAPTER 4 CONCLUSION AND RECOMMENDATIONS 

4.1 PROCESS FLOW DIAGRAM 

The process flow diagram for the proposed manufacturing process of Sulfuric acid from 

Sulfur is given in the following page. Standard symbols (British) have been used in preparing 

the diagram and it has been done on Microsoft Visio. 

Where clear symbols have been unavailable, symbols that represent the unit as close as 

possible was chozen and added. 

Each main unit of the process has been mentioned by name, while several other recurring 

equipment such as heat exchangers and pumps have been included directly. Different 

symbols have been used to denote gas transfer pumps from common liquid transfer pumps. 

The common symbol for centrifugal pump has been used for all pumps including the molten 

Sulfur transfer pumps. 

Only valves that mark a junction between three lines have been included (the symbol for 

three way valves have been used in this regard), while other valves have not been included. 

Figure 4.1  Process Flow Diagram of process  

4.2 MASS FLOW SHEET 

The mass flow sheet that contains the mass balance for the process detailed in this report is 

given in the sheet following the process flow diagram.  Basis of the mass balance is given in 

terms of MT/hr, and units involved are indicated as blocks. Units where merely heat transfer 

(such as heat exchangers) and work transfer (such as pumps) takes place are not included. In 

units with reacting systems (furnace, dryers, converter, absorption columns, dilution tanks), 

the balance of species involved in the reaction are maintained through small calculation 

boxes placed adjacent to a unit question.  

Figure 4.2 Mass Flow Sheet of process 

4.3 ENERGY BALANCE SHEET 

The sheet on which the energy calculations were performed for each stream in the form of a 

flow sheet that corresponds to the mass flow sheet is also attached for reference. In addition 

to the units in the mass flow sheet, this contains the heating/cooling units. 

Figure 4.3 Energy balance sheet 
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4.4 UTILITIES 

Given that all main reactions in the process are exothermic and at the same time the core 

reactions of the above which are the burning of Sulfur and the conversion of SO2 to SO3 

occur at relatively large temperatures, a combination of utilities were seen and were given 

appropriately in each unit. A summary of the utility flow is given below: 

Table 4.1 Total utility distribution of plant 

Unit 

Utility 

Steam Cooling Water  Other 

kW MT/hr kW MT/hr Type kW MT/hr 

Melter 33.15 0.0525           

Air Dryer               

Air Preheater 264.29 0.4182           

Furnace         CF 2,256.05 0.19 

Electrostativ Precipitator               

Waste Heat Boiler (WHB)               

SO2 Dryer     216.62 18.57       

Converter Preheater         TF 240.06 9.93 

Catalytic Converter         TF 648.37 26.823 

Int. Abs. Tower (IAT)     124.41 10.66       

Main Abs. Tower (MAT)     340.98 29.23       

Converter to IAT Cooler     954.12 81.78       

IAT to converter Heater         TF 995.47 41.19 

Converter to MAT Cooler     917.66 78.66       

Oleum Storage Tanks               

Dilution Tanks               

H2SO4 Int. Storage Tanks               

Product Cooler     16.73 1.4       

Final Product ST. Tanks               

TOTAL 297.44 0.47 2,570.52 220.33   4,139.95 78.15 

        Steam Generation capacity of WHB 

Pressure, temperature and quatntity 8 bar 170.5 oC 4.3651 MT/hr 

Energy utilized out of above       0.4706 MT/hr   

Remaining (for power generation) 8 bar 170.5 oC 3.8945 MT/hr 

Total cooling load in converter section  1,871.78 kW 160.44 MT/hr     

If another WHB is intalled to capture the above: 

Reduced cooling water load 698.74 kW 59.89 MT/hr   
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4.5 RECOMMENDATIONS AND OTHER OBSERVATIONS 

Based on the analysis and calculation the group can make several observations and 

recommendations in the event of further deliberations made on the technical and financial 

viability of the design proposed. 

In the design that was proposed above, the primary energy recovery unit implemented was 

the waste heat boiler located downstream of the Sulfur burning furnace to recover the heat 

carried out by the hot gas stream at temperatures in excess of 1000
o
C to 350

o
C. Although the 

energy recoverable as calculated in section 3.3.4 amounts to approximately 2.76 MW, in the 

current design only about 10% of this heat is utilized for process heating (in the Sulfur melter 

and the air preheater). As elaborated under section 3.3.5, since heating applications in the 

Converter unit comes to temperatures above the possible range of saturated steam, which 

meant that thermic fluid types would have to be sought. Thus the group recommends that the 

excess steam available be utilized for in house power generation. Super heaters would have to 

be installed in this regard along with turbines etc.  

The waste heat boiler mentioned above was used to recover the high quality heat in the sulfur 

furnace as 8 bar HP steam. In the same manner the outlet gas streams from the converter to 

the absorption columns could also be considered as a point of heat recovery since they too 

carry gas at temperatures of 470
o
C, which can also be utilized to produce HP steam. In the 

current design, a significant amount of cooling water- about 160 MT/hr (160,000 litres/ hour), 

have been allocated to remove this heat amounting to almost 1.88 MW 
32

. Literature indicates 

that the burner and the converter are the two units in the plant that could be used for energy 

recovery in the form of steam. In this regard the group can recommend installing another 

boiler or sizing the above mentioned waste heat boiler to handle both capacities. 

Since the high heating temperatures prevents usage of saturate steam, thermic fluid 

amounting up to 78 MT/hr supplying 1.88 MW of heat is allocated in the design for process 

heating of the converter and its adjoining lines 
33

. Though thermic fluid is certainly the 

preferred option as far as high temperature heating is concerned high pressure superheated 

steam might be an option- though superheated steam is preferred for power generation.  

                                                 
32

 Table 4.1 
33
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In any case, the group recommends that a comprehensive pinch analysis be conducted to 

further optimize utility consumption of heating (currently up to 2.1 MW) and cooling 

(currently up to 2.6 MW). A main reason for this justification is that the fact that process to 

process heat exchange could be used in some units is obvious. Further, as stated above, 

allocating the heat removed from the converter by cooling water for process to process heat 

exchanger alone, can almost reduce cooling utility up to a 28-30% (from 2.6 MW to 700 kW 

at least)
34

. At even a most basic glance, one can instantly surmise that due to the range of 

exothermic reactions involved the energy recovery potential is high in a plant of this nature. 

Available literature in this regard indicates the following breakdown of recoverable energy in 

various sections of the plant (Louie, 2005). 

Table 4.2 Comparison of relative energy contents recoverable 

Unit Contribution to recoverable energy in the entire plant 

Sulfur Furnace 52% 

Catalytic converter 17% 

Absorption columns + Dilution tanks 28% 

Blower (heat of compression) 3% 

 

The burner and the converter energy recoverable segments can be roughly considered as high 

grade energy that could be used for process heating and power generation while the 

remainder is mostly low grade that could be used for minor heating applications such as 

water heating, inline heating of process lines such as molten Sulfur transfer lines etc.  

In terms of steam production, comparison with available literature suggests that up to 1.4 

tonnes of HP steam can be produced in Sulfuric acid plants such as the one proposed per 

metric ton of 100% acid produced (Louie, 2005). Design group 01 feels that if the 

recommendation of installing or further increasing energy recovery to the point of the 

catalytic reactor converter the above target could be comfortably met, if not surpassed, as 

illustrated below (Extracted directly form MS Excel 2010 calculation sheets).  

 

 

                                                 
34
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Table 4.3 Projections of energy recovery as HP steam 

Maximum energy recoverable (kW) 2,758.84 

Provision for losses during recovery 0.10 

Steam pressure chozen (bar) 8.00 

Steam temp at above P (oC) 170.50 

Heat transferrable at chozen steam P (kJ/kg) 2,047.73 

Steam production rate (MT/hr) 4.85 

  

Max heat recoverable from converter (kW) 1,871.78 

Total high quality energy recovery (kW) 4,630.62 

Modified steam production rate at same P (MT/hr) 8.14 

Max. Sulfuric  production rate35 (Mt/hr)  4.47 

HP steam  prod. potential from waste heat (T/T of H2SO4) 1.40 

Lit. based steam prod. potential (MT/hr) 6.25 

 

As indicated above, if the excess heat in the converter is not taken into account, steam 

production capacity of 4.85 MT/hr would meet up to 78% of the literature based target of 

6.25 MT/hr. If the heat in the converter outlet gas streams is recovered in full (up to the 

temperatures recommended as gas inlet temperatures of absorption columns) this target could 

be surpassed up to 8.14 MT/hr, or by 30%. A proper pinch analysis would reveal exactly how 

much is possible to be recovered along by a suitable cold stream also in the process, which is 

still likely to indicate an on par recovery of energy in comparison with literature. 

                                                 
35

 Ideal figure: assuming zero losses, zero down time, based on initial figure of 35 MTPD of Sulfur input, which 

translates into 107 MTPD of 100% Sulfuric acid, or 4.46 MT on an hourly basis. 
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LIST OF ABBREVIATIONS 

 

API   American Petroleum Institute 

CEA   Central Environmental Authority 

CEPCI   Chemical Engineering Plant Cost Index 

CFR   Cost and Freight 

CPC   Ceylon Petroleum Corporation 

CPC   Ceylon Petroleum Corporation 

DCDA   Double Contact Double Absorption 

DCDA   Double Contact Double Absorption 

EIA             Environmental Impact Assessment 

EPL   Environmental Protection License 

FOB    Free on Board 

GHS Globally Harmonized System (Classification & labeling of chemicals) 

HAZAN  Hazard Analysis 

HAZOP  Hazard and Operability Study 

HSE   Health and Safety Executive 

IAT   Intermediate Absorption Tower 

LEL   Lower Explosion Limit 

MAT   Main Absorption Tower 

MOC   Material of Construction 

MPI   Main Plant Items 

MS   Material Stream 

MS   Mild Steel 
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MSDS    Material Safety Data Sheet 

MTPD   Metric Tons Per Day 

NFPA   National Fire Protection Agency 

NPV    Net Present Value 

OSHA   Occupational Safety and Health Administration 

PFD   Process Flow Diagram 

PPE    Personal Protective Equipment 

SCSA   Single Contact Single Absorption 

SOP   Standard Operational Procedures 

STP   Standard Temperature and Pressure 

TDS   Total Dissolved Solids 

UAE    United Arab Emirates 

UK    United Kingdom 

US    United States 

US   Utility Streams 

USSR    United Soviet Socialist Republics 

WCP   Wet Contact Process 

WHB   Waste Heat Boiler 

WRT   With Respect To 
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ANNEXES 

ANNEX I: CALCULATION SHEETS RELEVANT TO THE ECONOMIC ANALYSIS 

Sheet 1: Fixed Capital Cost 

H2SO4 weight produced (MT) 214.375 
  estimated cost($)(1989.col-rech) 6,000,000.000 
  Chemical plant cost index(1989) 350.000 
  Chemical plant cost index(2011) 585.700 
  estimated cost ($) (2011- assumed as today) 10,040,571.429 
  fixed capital cost for plant ($) 10,040,571.429 
      
      
  Average Inflation (USA)   
  2012 0.021 
  Value of fixed capital cost 2012 10,251,423.429 
  Assume 2013 till May(Effective interest rate) 0.015 
   Interest rate for first half 0.008 
  Value of fixed capital cost 2013 June 10,328,514.133 
  initial cost for catlyst amount($) alibaba 

based 3,350.000 141.05 472,526.70 

total Fixed capital(plant&catlyst(2013/6)($) 10,801,040.837     
 

Sheet 2: Annual Fixed Cost 

  LKD /DAY USD/DAY USD/YEAR 

total maintanance cost(TMC)(10%FC)     1,080,104.08 

Operating labour(maning estimates) 40,797.50 318.22 95,466.15 

Laboratory costs(23%OP.Labor) 9,383.43 73.19 21,957.21 

Supervision(20%OP.Labor) 8,159.50 63.64 19,093.23 

Plant overheads(50% OP.labor) 20,398.75 159.11 47,733.08 

wages for execative level 900,000.00 7,020.00 84,240.00 

Capital charges(15%Fixed capital)     1,620,156.13 

Insurance(1% fixed capital)     108,010.41 

Local taxes(2% fixed capital)     216,020.82 

total fixed cost     3,292,781.10 
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Sheet 3: Annual Variable Costs 

  price amount total ($)     per year 
sulfur cost (s) 
alibaba based($)per 
MT 160.00 35.00 5,600.00     

1,680,000.0
0 

Miscellaneous  
materials(10%TMC)     

108,010.4
1     108,010.41 

              

Utilities price amount cost 1998 2,011.00 
per 
day(2013) cost 2013 

Mains water  
(process water)($/MT) 0.20 19.69 0.00       

Electricity($/MJ) 0.02 
45,378.9

0 1,043.71 1,569.46 1,614.47   

Fuel oil($/MT) 
2.75$/ 
galoon 1,137.83 0.00   825.60   

Cooling water  
(cooling 
towers)($/MT) 0.01 1.97 0.00       

Steam (from direct  
fired boilers)($/MT) 12.00 294.12 3,529.47 5,307.34 5,459.55   

total main utility cost     4,573.18 6,876.80 7,074.01   

total         7,899.62 
2,369,884.9

0 

Compressed air  
(9 bar)($/m3) 0.01 0.00 0.00       

Instrument air  
(9 bar) (dry)($/m3) 0.01 0.00 0.00       

nitrogen 0.00 0.00 0.00       

10% for other +  
main utility cost         8,689.58 

2,606,873.3
9 

catlyst(VK69) 
(5%replacement per 
year) 

3,350.0
0 7.05       23,626.34 

total utility cost           
2,630,499.7

2 

total variable cost($/y)           
4,418,510.1

3 
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Sheet 4: Revenue projections 

Past statistics of imports of Sulfuric acid to Sri Lanka: (obtained from 

http://www.indexmundi.com/trade/imports/?country=lk&commodity=280700 on 20 June 

2013) 

Year Trade Value Weight (kg) Quantity 
Global market 

price ($/kg) 

2005 $602,604  4,384,602 4,384,602 $0.14  

2006* $858,953  8,106,249 8,106,249 $0.106  

2007 $897,942  4,640,389 4,640,389 $0.194  

2008 $1,342,586  3,622,800 3,622,800 $0.371  

2009 $530,369  3,430,192 3,430,192 $0.155  

2010 $840,365  3,549,798 3,549,798 $0.237  

2011 $1,007,738  3,448,374 3,448,374 $0.292  

 

*Data not included in the trend analysis owing to its abnormal variation from other figures in 

the data set.  

Trend line and price forecast for projection of future revenue: 

 

 

y = 0.0416x + 0.0719 
R² = 0.8333 
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Sheet 5: NPV of Cash Flows and payback 

Year 
Estd price  
$/kg 

Prod. 
Factor 

Plant 
capacity  
(kg/year) 

Revenue 
($) 

Op. cost 
adjusted  
for inflation ($) 

NPV of  
cash flow 
($) 

Cumulative  
NPV ($) 

2013 0.276 0 0 0 0 -7,358,194 -7,358,194 

2014 0.317 0 0 0 0 0 -7,358,194 

2015 0.358 0 0 0 0 0 -7,358,194 

2016 0.399 0.2 6,431,250 2,258,141 1,799,987 458,153 -6,900,040 

2017 0.440 0.5 16,078,125 6,225,450 4,949,965 1,275,485 -5,624,555 

2018 0.481 1 32,156,250 13,611,098 10,889,923 2,721,174 -2,903,381 

2019 0.522 1 32,156,250 14,771,295 11,978,915 2,792,380 -111,001 

2020 0.563 1 32,156,250 15,931,493 13,176,807 2,754,686 2,643,684 

2021 0.604 1 32,156,250 17,091,690 14,494,488 2,597,202 5,240,886 

2022 0.645 1 32,156,250 18,251,888 15,943,936 2,307,951 7,548,837 

2023 0.686 1 32,156,250 19,412,085 17,538,330 1,873,755 9,422,592 

2024 0.727 1 32,156,250 20,572,283 19,292,163 1,280,119 10,702,712 

2025 0.768 1 32,156,250 21,732,480 21,221,379 511,101 11,213,812 

2026 0.809 1 32,156,250 22,892,678 23,343,517 -450,840 10,762,972 

2027 0.850 1 32,156,250 24,052,875 25,677,869 -1,624,994 9,137,978 

 

ANNEX II: RELEVANT EXTRACTS FROM NATIONAL ENVIRONMENTAL ACT, 

NO.47 OF 1980 

TOLERANCE LIMITS FOR THE DISCHARGE OF INDUSTRIAL WASTE IN TO 

INLAND SURFACE WATERS  

Total suspended solids mg/1, max. 50 

Particle siz of the total 

suspended solids 

μm, less than 850 

pH at ambient temperature   6.0 - 8.5 

Biochemical oxygen demand 

(BOD5 in five days at 200cor 

BOD3 in 

three days at 270
o
C) 

mg/1, max. 30 

Temperature of discharge 0
o
C, max. Shall no exceed 400

o
C in 

any section of the stream 

within 15 m down stream 

from the effluent outlet. 

Oils and greases mg/1, max. 10 
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Chemical oxygen demand 

(COD) 

mg/1, max. 250 

Sulphide (as S) mg/1, max. 2.0 

 

TOLERANCE LIMITS FOR INDUSTRIAL AND DOMESTIC WASTE 

DISCHARGED INTO MARINE COASTAL AREAS 

Total suspended solids mg/1, max.  150 

Particle size   

Floatable solids 

Settlabe solids 

  

mm, max. 

μm, max 

  

3 

850 

pH at ambient temperature    5.5 - 9.0 

Biochemical oxygen demand 

(BOD5 in five days at 200cor 

BOD3 in 

three days at 270
o
C) 

mg/1, max.  100 

Temperature of discharge 0
o
C, max.  450

o
C at the point 

of discharge 

Oils and greases mg/1, max. 20 

Chemical oxygen demand 

(COD) 

mg/1, max. 250 

Sulfide (as S) mg/1, max. 5.0 

ANNEX III: MATERIAL SAFETY DATA SHEETS 

Extracts from material safety data sheets for molten Sulfur and Sulfuric acid are included. 

1. Material safety data sheet of sublime Sulfur:  

Extracted from: http://www.sciencelab.com/msds.php?msdsId=9925143    

2. Material safety data sheet of Sulfuric acid: 

Extracted from: http://www.sciencelab.com/msds.php?msdsId=9925146 

http://www.sciencelab.com/msds.php?msdsId=9925143
http://www.sciencelab.com/msds.php?msdsId=9925146
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MINUTES OF THE MEETINGS 

First meeting 

 
 

 
Project Name: 

Design of a plant to manufacture Sulphuric Acid 

from Sulphur 

 
Group 

No: 

1 

 
Date of Meeting: 

14 March 2013  
Time: 

1.45 pm 

 

 
Meeting Facilitator: 

Prof. Padma Amarasinghe  
Location: 

DCPE Ground 

floor meeting 

room 

 
Attendees 

Prof. Padma Amarasinghe, R.T.S. Perera, 

H.D.R.C. Jayasuriya, D.M.I.C. Embogama, 

L.G.H.P. Anuruddha, E.R.J.M.D.D.P. 

Wijesekara, W.A.M.S. Bandara,   

 
Meeting 

No: 

1 

 

 
 

 
1. Meeting Objective 

To get an overview about the structure of the comprehensive design project in general, and the specific 

plant design that has been allocated to group 1 in particular. 

 
2. Meeting Agenda 

Topic Owner Duration given 

Overview on plant design, sequence of assignments Prof. Padma Amarasinghe 15 min. approx. 

Plan for term C and semester 7 with regards to the plant 

design 

Prof. Padma Amarasinghe 10 min. approx 

Criteria on which the plant would be divided among 

members in the individual design 

R.T.S.Perera 3 min. 

Quantification of sulphur as primary raw material and its 

different sources, and how the economies of scale matters 

in selecting sources and its quantity.  

Prof. Padma Amarasinghe 4 min. 

Scope of the plant design that needs to be done in terms of 

plant operations, eg: the scope of effluent treatment  

D.M.I.C. Embogama 3 min. 

Clarification regarding documentation, different ways of 

creating references, standards followed in referencing 

R.T.S.Perera 5 min. 

 
3. Pre-work/Preparation (documents/handouts to bring, reading material, etc.) 

Description Prepared by 

  

 

Minutes Prepared R.T.S.Perera 
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Second meeting 

 
 

 
Project Name: 

Design of a plant to manufacture Sulphuric Acid 

from Sulphur 

 
Group 

No: 

1 

 
Date of Meeting: 

20th March 2013  
Time: 

11.00 AM 

 

 
Meeting Facilitator: 

Prof. Padma Amarasinghe  
Location: 

DCPE Ground 

floor lunch room 

 
Attendees 

Prof. Padma Amarasinghe, R.T.S. Perera, 

R.J.M.R Jayasinghe , H.D.R.C. Jayasuriya, 

D.M.I.C. Embogama, L.G.H.P. Anuruddha, 

E.R.J.M.D.D.P. Wijesekara, K. Subasgar, . 

W.A.M.S. Bandara 

 
Meeting 

No: 

2 

 
 
 

 
1. Meeting Objective  

Mainly the meeting was about process selection, scope of work to do and writing the Literature Review 

 
2. Meeting Agenda 

Topic Owner Duration given 

Minutes of previous meeting were read and approved R.T.S.Perera 3 min. approx. 

Sulphuric acid production from contact process as a viable 

method over lead chamber process 

R.T.S.Perera, R.J.M.R 

Jayasinghe 

10 min. approx 

Regulations regarding the Environmental Impact by the 

plant on the area which is going to be located 

D.M.I.C. Embogama, 

R.J.M.R Jayasinghe 

4 min. 

Scope of design to be done when there are minor processes 

along with the main process. Ex-Heat recovery system   

E.R.J.M.D.D.P. 

Wijesekara, R.J.M.R 

Jayasinghe 

7 min. 

The purity level of the Sulphur as a raw material    H.D.R.C. Jayasuriya 3 min. 

Clarifications regarding the Assignments and the format of 

the report. 

 

 

 

 R.J.M.R Jayasinghe, 

R.T.S.Perera 

8 min. 

 

 

 

 

 

 

 

Some of the works were divided among members 

 Amount of Sulphur obtainable from ceylon 

petroleum corporation 

 Economy aspects of Sulphuric acid 

 

W.A.M.S. Bandara 

 

K. Subasgar 

5 min 
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3. Pre-work/Preparation (documents/handouts to bring, reading material, etc.) 

Description Prepared by 

- - 

 
 
 

 
Minutes Prepared by: 

 
D.M.I.C. Embogama 

 
 

Third meeting 

 
 
Project Name: 

Design of a plant to manufacture Sulphuric Acid 

from Sulphur 

 
Group 

No: 

1 

 
Date of Meeting: 

27th March 2013  
Time: 

1.45 PM 

 

 
Meeting Facilitator: 

Prof. Padma Amarasinghe  
Location: 

DCPE lecture 

room 3-1 

 
Attendees 

Prof. Padma Amarasinghe, R.T.S. Perera, 

R.J.M.R Jayasinghe , H.D.R.C. Jayasuriya, 

D.M.I.C. Embogama, L.G.H.P. Anuruddha, 

E.R.J.M.D.D.P. Wijesekara, K. Subasgar, . 

W.A.M.S. Bandara 

 
Meeting 

No: 

3 

 
 
 

 
1. Meeting Objective  

Meeting was about work carried out during last week, process selection, process parameters, selection of 

internal unit operations and  writing the Literature Review 
 
2. Meeting Agenda 

Topic Owner Duration given 

Minutes of previous meeting were read and approved. D.M.I.C. Embogama 2 min.  

Work carried out during last week. R.T.S.Perera 4 min. approx 

Described the rough sketch diagram including main unit 

operations. 

R.T.S.Perera, H.D.R.C. 

Jayasuriya, 

3 min. 

Discussion about nitrogen involvement and specific reasons 

for some steps in the process (sulfur trioxide conversion 

step). 

R.T.S.Perera, H.D.R.C. 

Jayasuriya, R.J.M.R 

Jayasinghe. D.M.I.C. 

Embogama 

8 min. approx 
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Raw material quantities.  W.A.M.S. Bandara, 

R.J.M.R Jayasinghe 

2 min. 

Discussions about 

 Conversion assumptions 

 Intermediate absorption tower 

 Sulfur burner 

 Availability of equilibrium data 

 

 

 

 R.T.S.Perera, R.J.M.R 

Jayasinghe, H.D.R.C. 

Jayasuriya E.R.J.M.D.D.P. 

Wijesekara, L.G.H.P. 

Anuruddha, K. Subasgar 

10 min. 

 

 

 

 

 

 

 

 

3. Pre-work/Preparation (documents/handouts to bring, reading material, etc.) 

Description Prepared by 

Rough sketch diagram including main unit operations R.T.S.Perera, H.D.R.C. Jayasuriya, 

 
 
 

 
Minutes Prepared by: 

 
H.D.R.C. Jayasuriya 
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