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*I. Abstract*



The scope of this project is to design the separation processes involved in the production of acrylic acid. The process begins with a given feed



 stream, the reactor effluent, containing acrylic acid and acetic acid, a marketable byproduct. Through manipulation of column size and reflux ratios, the existing base case process is optimized to produce product streams matching the required stipulations of 99.9% pure acrylic acid and 95% pure acetic acid (Armeniades). By choosing isopropyl acetate as a new solvent over that of the original diisopropyl ether, utility costs are greatly reduced as refrigerated water is no longer needed in the condenser of the solvent recovery tower. Our proposed design reduces capital costs by 18% and utilities costs by 72%. The twenty-year NPV is reduced from $161 million to $59 million, largely due to the introduction of the new solvent and thus the subsequent reduction in utilities.



*II. Introduction*



Acrylic acid and its derivatives are primarily used in the preparation of solution and emulsion polymers (McKetta 401-405). Today's production methods employ the catalytic partial oxidation with polypropylene followed by several rigorous separation and purification steps. The objective of this design project is to optimize the separation portion of this system. The feed to this section of the system enters as the reactor effluent and continues through the process removing undesirable components until the desired specifications are reached.



*A. Qualifications for the Optimized Plant*



Several constraints are placed on this system and must be adhered to in order to produce a reliable and effective result. This first demand stands as the 99.9% purity requirement for acrylic acid. Acetic acid also has a dictated purity of 95% in solution. By reaching these goals, the acrylic plant maintains practicality and efficiency. A second significant requirement is that the pure acrylic acid streams can never reach above 90^o C, for at that point dimerization occurs and the acrylic acid is ruined. This stipulation can be overcome by introducing an inhibitor that is recycled with the solvent. This inhibitor allows for temperatures to reach as high as 95^o C in pure acrylic acid streams (Armeniades).



*III. Vapor-Liquid Equilibrium Considerations*



In order to determine if the thermodynamics package, NRTL, was acceptable for usage in the various separation towers, several binary data regression runs were performed. These regressions were limited to the binary experimental data available from DECHEMA sources. Pairings for several binary interactions were obtained including water-acetic acid, water-acrylic acid, acetic acid-acrylic acid, and finally acrylic acid-isopropyl acetate, the new solvent employed in the optimized case.



 The experimental data given for acrylic acid versus water at 1.035 bar produces a curve that adequately mirrors that of Aspen's NRTL parameters. The same component pairing at 0.267 bar displays similar trends and thus proves that NRTL is suitable for modeling the acrylic acid water split found in the acid extraction and solvent recovery tower. The acetic acid-water pairing also produces desirable results when regressed experimental data is compared to NRTL default values at 0.267 bar. Again, it can be assumed that this split can be accurately modeled with Aspen specifications. Acrylic versus acetic acid, when paired at 0.267 bar, did not show such ideal behavior when comparing the regressed values to the default parameters. However, it was assumed that Aspen's default values were acceptable since deviating behavior was not extreme. Finally, isopropyl acetate versus acrylic acid experimental data at 0.267 bar showed very consistent behavior to both the NRTL default parameters and the regressed curves. Thus it was assumed that NRTL was acceptable for this separation as well. The plots of these trends are found in the Appendix.



*IV. Base Case Design*



*A. Qualifications*



When modeling the base case, the NRTL thermodynamics package was employed due to reasons stated in the Vapor-Liquid Equilibrium section of the report. This thermodynamics package was used on all units except for the acid extraction tower where NRTL-2 was used since neither NRTL or UNIQUAC seemed to be able to properly model such an extraction. Another requirement for proper modeling involved the designation of several Henry's Law components. All normally gas phase components such as propylene, oxygen, nitrogen, and carbon dioxide, were characterized as Henry's Law constituents in order to ensure proper separation of vapor and liquid phases (Davis).



*B. Process Description* Dealing only with the part of acrylic acid production relating to separation processes, the base case design for this project, as dictated by Turton's specifications, begins with the product stream coming out of the reactor as a gas at 310^o C (Turton 716-727). Please refer to the base case PFD found in the Appendix while reading this description of the process. This process design consists of essentially two parts. The first part takes the product stream and changes its phase, temperature, and composition to a state that can be easily separated. The second part is a series of separations that actually purifies the components in



 order to meet commercial requirements. It must first be noted that the modeling in this project, including the base case, was done in Aspen. However, try as we might, the recycle streams could not properly be modeled. Therefore, the recycle streams were "broken" (Davis). The flow and composition of a stream flowing out of a unit were checked to make sure that they reasonably matched that of the flow and composition of the "same" stream that entered into a unit in an earlier part of the process. The first unit the product stream enters is the quench tower, which quickly lowers the temperature of the entering stream. The purpose is to put the acrylic acid into a cool, liquid state that will not readily dimerize. Also, this separates out the gaseous material in the product stream such as nitrogen, carbon dioxide, oxygen, and propylene. These components exit out the top along with some fugitive acrylic and acetic acid that is still in the vapor phase. The gases enter a gas absorber and are absorbed using deionized water. The water absorbs the acrylic and acetic acids and allows the other gases to continue on to an incinerator to be burned. The bottoms stream of the absorber containing the water and acids is mixed with the bottoms stream of the quench tower. The mixture is cooled and then reaches a splitter. The vast majority is recycled into the quench tower, where it is used to quench the incoming product stream, while a fraction is fed into the acid extractor. The acid extractor is a liquid-liquid extraction column. The acid containing water enters through the bottom feed stream. The top feed stream contains an organic solvent - diisopropyl ether. The two liquid phases flow counter-currently through a 15-tray liquid-liquid extractor. The acids enter solution with the diisopropyl ether and exit out the top stream with a fraction of the water, and the water exits out the bottom stream with a very small amount of solvent. The top stream continues on to the solvent tower, which is a packed distillation column. Because of acrylic acid's ability to dimerize easily at high temperatures, all of the distillation processes are performed in part with vacuum distillation. The solvent and remaining water leave in the distillate stream at 0.12 bar and 13^o C. Refrigerated water is used to condense the distillate. Some is refluxed back into the column, but the distillate is then heated up to 40^o C and used as a recycle and is re-fed into the acid extractor. Meanwhile, the acids leave the solvent tower in the bottoms and are fed into the acid tower. The acid tower is a 36-tray distillation column that again operates in vacuum conditions. The acetic acid leaves the top at 47^o C and 0.07 bar, while the acrylic acid leaves in the bottoms. Both the acrylic and acetic acids are warmed and compressed to normal pressure levels. Both now meet the given requirements. Namely, that acrylic acid must be 99.9% pure and that acetic acid must be 95% pure. Only one detail remains. The bottom stream from the acid extractor is nearly completely water save for a small amount of solvent. This stream is fed to another distillation column, this one containing eight trays. Here, the solvent is separated out the top stream and then joins the solvent recycle stream re-entering the acid extractor tower. The bottom stream is only water that is sent to wastewater treatment (Turton 417-426). While our optimized process does physically vary from this base case design, the columns, their order and relation to each other, and



 purposes remain the same. Therefore, with the exception sizes of units, states of compounds, and the solvent, this description is a good guide to the optimized process.



*C. Base Case PFD* Modeled from Turton's design, the following PFD includes several modifications in that a flash tower is used to represent the quench tower found in the early part of the design. The recycle streams are also "cut," as mentioned above in order to eliminate the problem of recycle convergence in Aspen. The solvent recovery tower is modeled as a packed column while the acid and waste towers are modeled as distillation columns.



*V. Optimization*



*A. Qualifications*



When considering how to optimize the existing base case, it was decided to begin new implementation with the acid extractor. This leaves the quench tower and gas absorber fitted to base case specifications (Turton 717-726). Such a decision was made since we believed both vessels to be accurately modeled already. Deionized water was kept as the absorber's solvent of choice since any introduction of a new solvent would require further separation downstream. Separation column choice and position was also maintained since the base case design separates specific constituents according to heuristics (Seider 141-170). The largest stream is separated first as seen in the solvent tower. This specific tower also performed the easiest separation leaving a later column to separate the acrylic and acetic acid. Optimization techniques focused on revamping the existing columns as well as experimenting with a variety of solvents.



*B. Description of Major Changes to Existing Process*



*a. Solvent Choice* The first improvement made is in choosing a new solvent for the liquid-liquid extraction process. The new compound, isopropyl acetate, replaces diisopropyl ether and is advantageous in several aspects, the most important being the ability to remove the need for refrigerated water in the solvent recovery tower's condenser. This change is facilitated due to isopropyl acetate's higher boiling point, 90^o C, which allows for a higher temperature in the condenser (Smallwood



 195-200). In the evacuated conditions, this higher temperature falls at approximately 37^o C as compared to the 13^o C dictated in the base case thus allowing for 30^o C cooling water to be used to condense the distillate. By freeing ourselves of the refrigerated water, we are able to save over $11,000,000 per year in utility costs.



This solvent exhibits a solubility of 1.8g of water/100ml of solvent (Scheflan 472-473). This is slightly less than that of diisopropyl ether. Thus less water is taken into the product stream exiting the extraction tower. This ultimately reduces the loads on some of the heat exchangers present.



Isopropyl acetate is also advantageous in that its usage allows for an approximate one-third reduction in the solvent flowrate. For, due to a greater affinity for acrylic acid, less solvent is needed. This, in turn, reduces the number of stages needed in the solvent recovery tower (McCabe 295-300). These changes are seen in economic savings for both equipment cost and bulk solvent cost.



Another aspect introduced with the solvent involves the addition of inhibitors to the system. These compounds reduce the formation of the acrylic acid dimer and allow operating temperatures to slightly exceed the previously described cutoff of 90^o C. In fact, by using these inhibitors we are able to raise the temperature in our reboiler to 95^o C without the fear for dimerization (Armeniades).



*b. Removal of heat exchanger*



As mentioned above, with the new solvent, temperatures leaving the solvent tower's condenser are much higher than in the base case. This higher temperature produces an added benefit in that is creates a hotter recycle stream entering the acid extractor. Previously, a heat exchanger was needed to increase the recycle stream's temperature from 13^o C to 40^o C. With the new distillate temperature of 37^o C and little effect from the waste tower's heat input to the recycle stream, this heat exchanger is no longer needed, thereby reducing capital costs and utility costs. This alteration can be seen in the optimized PFD found in the Appendix.



*c. Ability to reduce column size and tray number*



After choosing the new solvent, specialized column optimization practices were performed in order to analyze the actual stage number requirement for each unit. Through iterative procedures, each column's concentration profile was analyzed in Aspen so that conclusions can be made on at what plate maximum outlet concentration is achieved and



 therefore which remaining stages are superfluous. This method results in significant plate reductions for the acid tower that previously stood at 36 stages, but only requires 27 stages to achieve correct separations. The waste tower loses several stages, also, as it decreases from 9 to 7. Even the acid extractor is sized down from 16 to 12 stages. The solvent tower is the only enigma in that as a packed vessel, it had no specifications on tray number, but was only said to be 34 meters high. Upon analysis of this vessel, it was determined that 16 theoretical stages are needed in order to ensure proper separation of the solvent form the product phase.



*d. Reduction of heat duties*



The optimization practices mentioned above also provided for reductions in heat duty for the condensers and reboilers of the acid tower and waste tower. Already small to begin with, this equipment becomes more efficient as the previously dictated base case reflux ratios are adjusted until better separation occurs and heat duty is lowered (Schweitzer I-225-I-240). Table 1 shows the relationship between reduced reflux ratio and the lessened heat duties.



*Table 1:Comparison of Duties and Reflux Ratios in the Base and Optimized Cases* Solvent tower Acid tower Waste tower Optimized Base Case Optimized Base Case Optimized Base Case Reflux Ratio



 2 1.1 15 15 32 50 Condenser duty (MMkcal/hr) -26.5714 -25.7597 .5028 .5256 .3666 .2710 Reboiler duty (MMkcal/hr) 26.6104 23.7006 .4973 .4876 1.7738 1.5896



*C. Optimized PFD*



 *VI. Materials of Construction*



Due to the large corrosive effects of acrylic acid and acetic acid, stainless steel must be used in constructing all towers. This choice reduces the occurrence of rust and erosion on the equipment thus lowering replacement costs and repair (Kroschwitz 287-309). Tower internals should be fabricated out of glass, polyethylene, or polypropylene. These materials are relatively resistant to he corrosive effects of the acids. This is apparent in the base case's choice of a polyethylene packing for the quench tower. In the solvent recovery tower, stainless steel packing is used. Stainless steel trays are found on the other towers in order to prolong the structures' lives and withstand column conditions.



*VII. Safety Considerations*



Several of the components found in the separation portion of an acrylic acid plant are dangerous and must be dealt with carefully. Acrylic acid is the first hazardous material that requires special storage and handling considerations. Due to its flammability rating of 2, acrylic acid must be stored at temperatures below that of 90oC. For at this temperature dimerization occurs and also the possibility of explosion. Also a very corrosive material, the constituent causes severe burning when contacted with skin or any membrane. Likewise prolonged contact with untreated storage vessels will result in severe corrosion. Acetic acid is also extremely corrosive as well as flammable with a flammability rating of 2. This material should be kept in cool dry well ventilated areas. All storage containers should be grounded as to avoid potential sparking. Acetic acid does cause severe burns when contacted without proper protection. Inhalation, ingestion, or contact requires medical attention as soon as possible. Empty acetic acid storage vessels must be dealt with carefully since residue remains on the inside. The final chemical that merits safety consideration is that of the solvent, isopropyl acetate. This component is also flammable and must be stored away from open flames as well as away from other oxidants. Spillages should be contained in glass containers or if only a small amount is present. Sand should be used to soak up the remaining residue. If isopropyl acetate is exposed to air, then ignition can result as well as a slow decomposition into acetic acid. This implies that such a compound must be treated with care (Cornell PDC Webpage).



*VIII. Pricing Considerations*



 *A. Equipment Sizing* In order to price the equipment present in both the base case and optimized design, several stipulations were observed. First, when pricing heat exchangers for the base case, heat transfer area was determined through heat duty correlations found in Turton. Thus when calculating heat transfer area for the optimized case, a ratio was set up between the heat duties and heat transfer areas for both cases. This provided an accurate approximation for the sizing of the new heat exchangers since heat transfer coefficients and temperature changes were considered constant between these two scenarios (Turton 681-689). An example of this type of calculation is found in the Appendix. Columns were sized according to tray number as well as to empty space found in both the top and bottom of the columns. This dead space, for the base case, was calculated by subtracting the space taken up by stages (20-24" between each stage) from the length given in the problem synopsis (Armeniades). The leftover space was then divided in two to account for the void at the top and bottom of the column. This void space was then included in a ratio when determining the dead space required for the shorter optimized columns.



*B. Utilities Calculations* All calculations for utility flowrates and pricing are found in the Calculations section of the Appendix.



*IX. Economics* The base case design consists of various towers, pumps, vessels, and heat exchangers used to achieve the desired separation. The total grass roots cost of the base case design is $26,641,000. A yearly operating cost of $15,800,000, largely consisting of refrigerated water costs, is needed to run the plant. These figures equate to a 20-year NPV of $161,000,000 at a 10% discount rate (Seider 380-390).



The optimized design consists of a similar plant design with some slight changes, including the elimination of one heat exchanger and the downsizing of some of the separation towers. This improvement yields a total grass roots cost of $21,712,000 for the optimized plant. The most impressive cost savings occur with the elimination of refrigerated water. The changes in the optimized design lead to a yearly operating cost of $4,445,000, a decrease of almost 72%. This substantial decrease in yearly operating costs yields a 20-year NPV of $59,555,000, or savings of 63%.



*Table 2: Economic Breakdown of Base and Optimized Cases* *Base Case*



 *Optimized Case* *Total Grass Roots Cost* *$26,641,000* *$21,712,000*



*Total YOC* *$15,786,114* *$4,445,099* Electricity $64,608 $64,608 Cooling Water $225,201 $749,431 Low Pressure Steam $3,368,785 $3,368,785 Refrigerated Water $11,888,000 $0 Labor $262,274



 $262,274



*Total NPV (20 years)* *$161,000,000* *$59,555,000*



*TOTAL Savings:**63 %* As seen in the chart, the major savings come in the reduction of utility costs by eliminating the need for refrigerated water. As seen in the Figure 1, the initial startup costs of the plant are not too distance, but over 20 years, the savings of the optimized case over the base case are realized.



Gross profits for this process not excluding raw materials costs are found in Table 3.



*Table 3: Gross Profits* *Chemical* *$/lb** *Amount Produced* *kmol/hr* *Total Profit* *$/yr* *Acrylic Acid* 0.87 87.161



 96,377,914 *Acetic Acid* 0.36 5.525 2,106,549 * Chemical Marketing Reporter



*X. Conclusions*



Through complete analysis of the base case design for the acrylic acid production process as outlined by Turton, our design group was able to improve on several aspects of the existing design in order to lower overall cost and well as create a more efficient process. When deciding what aspects to modify, it was determined that the quench tower and gas absorber of the base case should not be changed since they operated as effectively as possible in the base case. Another point that cemented this decision was that if a new solvent was introduced into the absorption system, then another separation would be required downstream leading to increased capital and utilities costs. The changes that were implemented in our optimized design included the removal of extraneous stages on all of the towers and the reduction of heat duties in the acid and waste tower. Both of these adjustments allowed for price reduction as well as a more efficient running of the process. The most significant change to the base case, however, was the decision to use a new solvent, isopropyl acetate, over that of diisopropyl ether. This choice was based on many reasons including this substance's low solubility of water in the solvent, which allowed for less solvent to be taken into the product stream exiting the extraction tower. However, the most salient reason for choosing this solvent stood as isopropyl acetate's higher boiling point. Boiling at nearly 25^o C higher than diisopropyl ether, the solvent created a higher temperature in the condenser of the solvent recovery tower. This raised temperature of 37^o C exceeded that of available cooling water at 30^o C. This meant that no longer was refrigerated water required in condensing the distillate of the recovery tower. By using cooling water instead, utilities prices were radically lowered and thus the overall process cost was reduced. One final significant change that resulted from the new solvent was that by creating higher temperatures in the solvent recovery tower's distillate (solvent recycle stream) a heat exchanger that had previous existed along this recycle at the feed to the extraction tower was no longer needed since the temperature of the stream was already high enough.



 Overall, the changes implemented in our optimized design created an overall cost savings of 63% over the base case while achieving the purity requirements of 99.9% for acrylic acid and 95% for the acetic acid stream. Detailed charts of equipment sizes and flowrates follow in the Appendix in order to depict the final details of our optimized design.



*XI. Recommendations*



Although we feel that our project does accurately and successfully depict an efficient acrylic acid separations system, there are several details that we would like to explore if afforded extra time for research and development. First, we would like to do more research into the optimum column sizing requirements. We understand that extra plates should be included in the column despite where the distillation/separation stops (Ludwig 175-200). These extra stages increase capital cost which is, however, ultimately offset by the large reduction in utilities costs.



Another recommendation is to complete further research on solvent choice to perhaps find a suitable ether that will extract less water that both the isopropyl acetate and the diisopropyl ether. Ethers with long carbon changes are preferable over most other solvents since this chain allows less water to be dissolved into the solvent (Doolittle 255-260).
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*XIII. Appendix*



*A. VLE Data Plots*



*B. Flowrates and Specifications of Selected Streams*
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60.5819



102.3377



 84.2763 Pressure (bar)



0.212



0.19



0.12



1.1



1 Total flow (kmol/hr)



990.5011



87.1986



5.5254



1171.9493



1.394 Components (kmol/hr)



Water



 188.9394



0



0



1171.7047



0.065 Acrylic acid



2.0671



87.1608



0.1946



0.2445



0 Acetic acid



0.7842



0.0379



5.3298



0.000043



 0 Nitrogen



0.0123



0



0



0



0 Oxygen



0.00111



0



0



0



0 Carbon dioxide



0.0258



0



 0



0



0 Propylene



0.000955



0



0



0



0 Isopropyl acetate



798.6702



0



0.00095



0



1.3288



 *C. Equipment Summary*



*Towers*



Quench



Absorber



Acid Extractor



Solvent Tower



Acid Tower



Waste Tower Diameter (m)



5.3



3.5



2.2



7.5



2.4



2.3 Height (m)



 12



11



7.45



23.8



19.5



6.4 Pressure (barg)



1.4



1



1.4



-1



-1



0 Height of packing (m)



10



-



 -



20.8



-



Trays



-



15



11



-



27



7 Reflux ratio



-



-



-



2



 15



32 *Pumps*



P-101



P-102



P-103



P-104



P-105



P-106 Power (kW)



106.2



0.9



51.3



1.2



9



1 Suction Pressure (barg)



 2.4



0.19



0.12



0.07



2



3.46 *Heat Exchangers*



E-101



E-102



E-103



E-104



E-105



E-106



E-107



E-108 Type



 S & T  Fixed Tube



S & T  Floating Head



S & T  Floating Head



S & T  Floating Head



S & T  Fixed Tube



S & T  Floating Head



S & T  Fixed Tube



S & T  Floating Head Material of Const.



SS/CS



SS/CS



SS/CS



CS/CS



CS/CS



SS/CS



 CS/CS



SS/CS Area (m^2)



2550



891



7710



19.7



73.3



187



210



10.3



*D. Calculations*



In our optimized design we did not use refrigerated water. However, in order to compare our optimized design to the base case and realize our savings, it is necessary to calculate the cost of refrigerated water. The base case uses 5182.0 tonne/hr of refrigerated water. In the heat exchanger the temperature enters at 10^o C and exits at 15^o C. The price that we found for refrigerated water was on an energy basis, specifically 3 p/kW-hr, where 100 p equals one British pound (Chemicals, Utilities, and Materials Cost Guide 1998 Webpage). We assumed that the exiting 15^o C water was cooled back down to 10^o C. Knowing that one calorie is equal to a 1^o C change in 1 g of water, the mass flow rate of water, the temperature change of the water, and the cost of the energy, it is an easy matter to calculate the annual cost of the refrigerated water. Please follow the calculations below:
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