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Executive Summary 

This report details the research and design decisions and calculations for the detailed design of a chemical 

process to produce medical-grade polycaprolactone (PCL) on a large scale. These include the constraints 

on the project as well as decisions about reactor type, catalyst system, and separation methods.  

Engineering considerations, market factors, and design norms all influenced the results of this report. The 

medical grade polycaprolactone will be sold for $410 per kg, an economically profitable rate with an 

internal rate of return of 78% over 20 years. 

 

A batch reactor was chosen carry out the polymerization reaction of the monomer caprolactone to PCL, 

because the PCL product needs a molecular weight of 75,000 g/mol, which translates into a viscosity of 

approximately 3x106 cP at the reaction temperature.  Batch reactors are typically best for slow, highly 

viscous reaction systems.  To reduce costs and promote stewardship of resources, the team designed the 

separations process to be continuous, thus eliminating most startup energy use for the separation units.  

Holding tanks were designed to join the batch reactor to the continuous separations process.   

 

The primary use of the polycaprolactone will be in PCL-bioactive-glass composite, which can be used in 

medical procedures such as bone or cartilage repair. As a result, the biocompatibility and purity of the 

product was of utmost importance. Phenyllithium was determined to be the optimum initiator, for a 

system in which neither a solvent nor a traditional catalyst was needed.  Separation and solidification 

methods included adsorption, falling strand devolatilization, extrusion, cooling, and pelletizing. 
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1. Introduction 

The objective of this senior design project was to develop a preliminary chemical process design that 

would allow for mass production of medical-grade polycaprolactone (PCL) to be used in a PCL-

bioactive-glass composite scaffold for in vivo cartilage regrowth. We developed a process design that 

covers the equipment and chemicals used to produce PCL from its monomer caprolactone. Due to the 

theoretical nature of the project, computer simulations and hand calculations were used throughout.  

 

1.1 Project Description 

1.1.1 Problem Definition 

Polycaprolactone can be created from ε-caprolactone, a 7-membered cyclic ester and member of the 

lactone family, when introduced to a catalyst or initiator.  Figure 1 shows the basic reaction of 

caprolactone to polycaprolactone (PCL).  PCL is depicted by its repeat unit, many of which would link 

together to form a long chain. 

 

 

Figure 1: Reaction for manufacturing polycaprolactone [3] 

 

Researchers have found composites containing polycaprolactone and a bioactive glass to possess 

properties similar to cartilage and the ability to bond to surfaces within the body such as bone [6][10]. 

The composite may be formed through various processes, including electrospinning, salt-leaching, and 

thermally induced phase separation [11].  Although the bioactive glass is currently used in bone grafts on 

some occasions, the composite, with its mechanism for osseointegration and variety of potential uses, is 

still being analyzed [12]. Technological advancements and current needs in human-tissue engineering 

present great potential for the manufacturing of medical-grade PCL for use in this composite, which was 

be the primary focus of this initiative. 

 

The current processes for production of medical-grade polycaprolactone are relatively small scale since 

currently medical applicability is limited. However, the potential for increased medical-grade 

polycaprolactone demand due to the technological advancements previously presented exposes an 

unfulfilled niche in the manufacturing industry. Economies of scale provide a basis for understanding 
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why small-scale manufacturing incurs higher capital and operating costs per unit manufactured. On the 

other hand, large-scale manufacturing capitalizes on diminishing marginal costs and increased production 

efficiency. Although the ability to create polycaprolactone of sufficient grade has existed for years, the 

optimized process for doing so with high capacity has yet to be fully established [1]. The large-scale 

manufacturing of PCL, and, in turn, the PCL-bioactive-glass composite, improves the accessibility of 

cartilage replacement alternatives and decreases the overall expense of these procedures. 

 

1.1.2 Solution 

The process consists of two distinct segments: the reaction and the separation. The reaction can be 

executed using various combinations of solvents, catalysts, and initiators requiring different reaction 

times and temperatures. A relatively simple initiator, phenyllithium, can modify the environment to 

encourage a ring-opening mechanism to be performed on the cyclic caprolactone. The process is known 

to be coordination-deprotonation-insertion for phenyllithium. The monomer inserts into the bond formed 

between the lithium and carbonyl group of the caprolactone. This is unlike the mechanism of living 

polymerization that would be performed by an anionic catalyst. The insertion process (for a general rare-

earth metal) is shown in Figure 2. 

 

 

Figure 2: Synthesis of polycaprolactone from caprolactone initiated by a rare-earth phenyl compound 

 

Various other catalysts and initiators were considered for executing the polymerization. However, most 

potential catalysts were rejected for one of four reasons. They were either too complex, and therefore, too 
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expensive, they reacted to form polymer in low yields or with high polydispersity, they required a 

significantly longer reaction time, or they were not biocompatible for the end use of the product. Past 

experiments and industrial data indicated that tin (II) octoate was one of the optimal catalysts for the 

polymerization [2] [12], however, this catalyst had to be rejected due to incompatibility with in vivo use. 

Therefore, phenyllithium, in a stabilizing solution of dibutyl ether, was chosen to carry out the 

polymerization of caprolactone [5]  

 

The phenyllithium system described above has a reaction time of 2.5 hours in a batch reactor with a 

conversion of approximately 50% and a polydispersity index of 1.28 [3]. Polydispersity index is a 

distribution of polymer molecular weights. The reaction produced polymers with an average molecular 

weight of 75,000 g/mol, which is within the appropriate range for medical uses of a PCL-bioglass 

compound. The reaction temperature is carried out at 180oC which is higher than the melting point of 

PCL, so it is considered liquid in the reactor. Due to its pyrophoric character, phenyllithium must be 

shipped in airtight drums and charging to the process will proceed through nitrogen-purged piping and 

valves. Benzene is created during the reaction, which will need to be separated out along with the dibutyl 

ether carrier. This separation will take place within the reactor, as these compounds are gases at the 

reaction temperature. These compounds will be vented as the reaction proceeds. 

 

After the reaction is complete, the polymer is separated from the remaining monomer and volatiles.  The 

separation techniques used in the process include granulated activated carbon (GAC) adsorption, falling-

strand devolatilization, and melt extrusion. GAC adsorption is used to purify nitrogen purged from the 

reactor with benzene and dibutyl ether impurities. The falling-strand devolatilizer and hot melt extruder 

separate the remaining monomer from the lithium and PCL. The monomer is returned to a holding tank to 

be reused in the next batch reaction, to save raw material costs.  A diagram of the process may be seen in 

Section 5.1 and details about each section of the process are provided in Section 6. 

 

1.1.3 Constraints 

For the intended use in tissue engineering, the PCL required the following characteristics:  mechanical 

properties similar to human cartilage, biocompatibility, and ease of sterilization.  Research confirmed the 

biocompatibility of PCL and, with a molecular weight between 50,000 and 100,000 g/mol, is 

mechanically similar to human cartilage [11] [12].  The method of combining the PCL and the bioactive 

glass impacts the characteristics of biocompatibility, sterilization, and mechanical-compatibility.  Further, 

biomedical applications demand a high-purity polymer due to the various health hazards that arise with 

tissue repair. These hazards can include, but are not limited to, introduction of foreign material or 
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remaining starting material impurities in the composite. Any significant amount of leftover impurities 

could result in sickness, infection, inflammation, or other reactions to the foreign material. Cost and 

economic feasibility analysis were conducted to ensure that the required purities can be met at a 

reasonable expense. The economic analysis is presented in Section 7 of the report. 

 

The volume of PCL produced and the economic feasibility of the process depended on the market for the 

PCL-glass-composite and its potential uses in tissue engineering. Based on current processes and PCL 

demand, we concluded that a batch reactor would produce a sufficient supply of PCL most efficiently. 

Batch reactors also provide better control over the extent of polymerization. Again, the proposed system 

was designed to produce 10,000 kg of composite material (8,000 kg of PCL) per year.  However, the 

option to oversize the continuous separations process remains, as this would provide room for increased 

demand and increased production.  The designed process is intended to be sold to and implemented in an 

existing specialty chemicals or polymer processing plant, due to the expected low demand, and its 

economic feasibility was analysed accordingly. 

 

1.1.4 Market 

The intended market for the medical-grade PCL product is any client with specific demands that could 

require a composite-based cartilage replacement. This client will likely be a composite manufacturer who 

will combine the PCL with bioactive glass and then 3D print the necessary scaffold for the patient. This 

client has the responsibility of coordinating between the doctor and the polymer manufacturer to ensure 

that the patient receives the correct scaffold. Therefore, the polymer manufacturer’s responsibility is 

providing the client with highly pure, medical-grade polycaprolactone. The necessary purity of this 

polymer will be discussed later in the report. 

 

The PCL-glass composite enables improved cartilage regrowth and a potentially longer lifetime than the 

current prosthetic options. Polycaprolactone has various other uses outside the medical field, such as hot-

melt glue or an additive for many resins. However, due to the purity and quality of the process and 

polymer being developed, the use of the proposed product remains in the medical field for tissue 

engineering and scaffold implementation. If it is desired, potential minor modification of this design could 

be performed to create lower-grade PCL, such as industrial grade or food grade product, however, this 

additional analysis was not performed. Similar process designs typically involve a patent process, so that 

companies interested in implementing the design would be required to pay an agreed amount of money to 

use the patented design. The exact size of the market has not been determined yet since this is emerging 

technology, so we set a reasonable estimate of 8,000 kg of PCL produced per year, of the millions of 
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cartilage replacements in the US per year. It was decided that this technology will probably not be 

suitable for all replacements, so it was estimated that less than 10% of these surgeries would involve 

implementation of the composite. This helped to better estimate the feasibility of this technology, even 

considering a relatively small market. 

 

1.1.5 Scope 

As previously discussed, the main focus of this project was the development of an optimal process for 

manufacturing medical-grade polycaprolactone from ε-caprolactone. Due to a lack of materials, 

equipment, and time, experimental data that is typically obtained in the lab was instead researched and 

gathered from others’ prior experiments and applied to the circumstances and conditions of this system as 

appropriate. Again, the potential to look at other applications of polycaprolactone exists, however, to 

reduce complexity and maintain feasibility of a detailed design, these alternative applications were not 

analyzed.  The combination of PCL and bioactive glass was also determined to be outside of the scope of 

this project, since this step would likely be performed at another facility specializing in composite 

manufacturing. 

 

1.1.6 Background 

Discovery of the PCL-bioactive-glass composite occurred during research for artificial cartilage-

replacement alternatives. Initially, researchers considered bioactive glass as a sole component for 

cartilage replacement. However, it was soon realized that bioactive glass itself also embodied undesired 

qualities, such as brittleness and a tendency to fracture when implemented in high-stress environments 

like knees or hips [1]. These complications stimulated much of the further research that lead to the final 

PCL-containing composite. After various alternatives were developed and rejected, researchers found a 

polymer that could be combined with the bioactive glass to better resemble the qualities of actual 

cartilage. This was polycaprolactone. When combined with bioactive glass, the composite exhibited new 

characteristics highly desired in cartilage-replacement materials [1]. Not only did the developed 

composite increase in its rigidity and flexibility, it also was able to bond to surfaces like bone and 

encouraged cartilage regrowth [1] [11]. 

 

1.2 Team Members 

1.2.1 Kyle Disselkoen 

Kyle was born and raised in Cedar Rapids, Iowa. He is a double major in chemical engineering and 

chemistry and will attend Stanford for a PhD in inorganic chemistry. He has been a summer research 

assistant at Calvin College, Vogel Paints, and Michigan State University. 
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1.2.2 Jenna Sjoerdsma 

Jenna Sjoerdsma grew up in the small town of Ayden, North Carolina.  She studied chemical engineering 

at Calvin and plans to attend graduate school at Notre Dame to complete a PhD in Chemical Engineering.  

She interned at Vertellus Specialties, Inc. in Zeeland, MI. 

 

1.2.3 Benjamin Tomaszewski 

Benjamin Tomaszewski was raised in the small, victorian port city of Manistee, MI. He is currently 

completing his senior year of chemical engineering at Calvin College and desires to work in the 

pharmaceutical or petroleum industry after graduation in May 2017. He has interned as a chemical 

engineer for a small startup company called CASEQ Technologies, as well as at Pfizer in Kalamazoo, 

Michigan. 

 

1.3 Advisors 

1.3.1 Primary Faculty Advisor:  Jeremy VanAntwerp, PhD 

Jeremy VanAntwerp is a chemical engineering professor at Calvin College. He attended Michigan State 

University for his undergraduate degree and received his doctorate in chemical engineering from 

University of Illinois, Urbana-Champaign.  Professor VanAntwerp offered the team guidance, technical 

information, and access to resources throughout the entire course of the project. 

 

1.3.2 Primary Industry Advisor:  Phil Brondsema, PhD 

Phil Brondsema is a Global Product Steward with Celanese.  He holds a doctorate in chemistry and has 

worked in polymer manufacturing for many years.  His contacts and knowledge in the field of 

polymerization were invaluable. 

 

1.3.3 Chemistry Faculty Advisor:  Chad Tatko, PhD 

Chad Tatko is a chemistry professor at Calvin College. He attended Wheaton College for his 

undergraduate degree and received his doctorate in organic chemistry from  the University of North 

Carolina Chapel Hill.  He provided the team with chemistry and biocompatibility insights. 

 

1.3.4 Secondary Industry Advisor:  Bobby Deck 

Bobby Deck is a Process Technology Fellow with Celanese.  He provided excellent advice on the 

separations process steps, from personal experience working with polymerization and devolatilization 

processes. 
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1.4 Senior Design 

Our team consists of three senior chemical engineering students who completed a year-long project that 

functions as the capstone course for Calvin College. The project occurs in conjunction with a senior 

design class structured to guide students through the project. Senior design projects incorporate a wide 

range of classroom learning from technical engineering courses to other STEM courses to humanities 

courses like oral rhetoric. Calvin College is a private, Christian, liberal arts college with a flourishing 

engineering program of about 100 graduates per year in four concentrations: chemical, 

civil/environmental, computer/electrical, and mechanical engineering.   
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2. Project Management 

2.1 Team Organization 

The team used a collaborative work style, which provided an advantage through the work ethic 

and decision-making abilities of each individual.  Each individual was able to recommend new 

ideas, changes, and improvements.  Tasks were split equally, and major decisions were made as 

a group.  For the majority of research and technical work, all team members participated, but one 

often took the lead.  The assigned tasks below were lead by one individual with aid and input 

from one or both of the other team members. 

 

Kyle Disselkoen 

Kyle was the webmaster, in charge of developing and updating the project website.  He also was 

primarily in charge of kinetics, energy balance, and economics research and calculations. 

 

Jenna Sjoerdsma 

Jenna functioned as the team organizer, keeping the team up-to-date on deadlines and arranging 

meetings.  She was in charge of updating the material balance and the process flow diagram.  

She took the lead on research into viscosity and biological issues. 

 

Benj Tomaszewski 

Benj mastered the modeling and simulation program SuperPro and was tasked with the lead in 

modeling the process.  He was also the primary member in contact with Professor Tatko on 

chemistry and biocompatibility issues. 
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3. Requirements 

3.1 Biomedical Use 

Biomedical application of any material demands high purity and biocompatibility, as well as significant 

testing to prove the feasibility of its application. Biocompatibility is highly important with cartilage and 

tissue repair or regrowth, which involves internal surgical binding and long-term service. The composite 

was proven to have properties similar to that of actual cartilage, which ensures that the cartilage will 

regrow and the scaffold will remain intact until the cartilage is fully regrown [6].  PCL slowly degrades 

into biocompatible molecules over three or four years [11], so that the regrowing cartilage may fully 

repair.  The material had to also be easily sterilizable. Sterility is key in biomedical applications due to the 

health hazards that are present when introducing an outside substance into the body. Hazards must not 

only be recognized but analyzed, and the results of those hazards must be acknowledged and understood. 

If the product is not able to be sterilized easily, the chance of outside contaminants entering the body 

increases significantly, which could negatively impact the feasibility of the application. Sterility and 

biocompatibility were major considerations throughout the design process. 

 

3.2 Deliverables 

3.2.1 Project Proposal & Feasibility Study (PPFS) 

A PPFS was completed during the first semester, alongside smaller tasks, such as system material 

balances, the project website, and an overall system process flow diagram (PFD).  See section 3.2.4 

Process Flow Diagrams for more information on the PFD. 

 

3.2.2 Posters 

The team designed posters for Engineering Fridays at Calvin, one in the fall semester and one in the 

spring.  These posters were geared toward future engineering students and their parents and intended to 

display the progress made on the project.  For Senior Design Night, two final posters were designed, 

showcasing the team’s work and the final design.  The main poster may be viewed in the Engineering 

Building during the 2017-2018 school year, and both the main poster and the PFD poster may be seen on 

the team’s website, the link to which is in section 3.2.3 Website.  

 

3.2.3 Website 

The team website contains the documents submitted throughout the year, a project overview, and details 

about the team members and Calvin engineering. The URL for the website is 

http://engr.calvinblogs.org/16-17/srdesign02/.  

http://engr.calvinblogs.org/16-17/srdesign02/
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3.2.4 Process Flow Diagram (PFD) 

Several iterations of the PFD were completed throughout the course of the year, as the process was 

updated and optimized.  The final version (Figure 3) shows the main reaction, separation, and 

solidification operating units, as well as auxiliary equipment such as pumps and condensers. 

 

3.2.5 Final Design Report 

The intent of this final design report is to demonstrate the procedure for designing a process to produce 

8,000 kg of medical-grade polycaprolactone per year. The report details key design decisions and 

considerations that were made during the optimization of the process. The final report was delivered to 

the team’s advisor, Professor VanAntwerp, on May 10, 2017. 
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4. Design Criteria 

4.1 Economics 

One of the primary concerns of this project is to determine whether the proposed design will be 

economically feasible. This will depend on how efficiently the polymer and composite can be 

manufactured, as well as on how much of the composite the market will sustain. The market for 

medical-grade PCL is rather small, making competitiveness in this market difficult.  Currently, 

no market exists for the composite, as it has only been produced at bench-scale.  Thus, if the 

composite can be produced at large scale, it will be competing only with traditional methods of 

cartilage replacement.  

 

4.2 Product Grade 

Due to the biomedical applications of the PCL, the polymer product must be of medical-grade or quality.  

Medical-grade polymers typically must have very low impurities, (i.e. < 1%), including residual monomer 

and initiator.  To achieve this quality of material, industry implements good manufacturing practices 

(GMPs), sometimes called current GMPs or cGMPs.  In the United States, the FDA’s Center for Drug 

Evaluation and Research (CDER) sets GMPs [8]. 

 

For our project, the product grade particularly drove the design of the separations process.  The high 

purity required meant that multiple stages of rigorous separation techniques needed to be used to reach the 

impurity levels listed in Table 1. 

 

Table 1.  Maximum impurity levels for in-process chemical properties in final PCL product 

Name of Impurity Maximum Allowable Level Data Source 

Caprolactone (Monomer) 2000 ppm [30] 

Lithium 900 ppm [19] 

Benzene 2 ppm [29] 

Dibutyl Ether 5000 ppm [29] 

 

 

4.3 Environmental Impact 

According to BASF, caprolactone is a skin, eye, and lung irritant and a potential carcinogen [18]. 

Caprolactone should not be released to the environment without proper authorization. With large-scale 
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manufacturing, it is likely that purged material will have to be sent to a processing facility due to the 

environmental hazards of purging large amounts of the reagents.  

 

Phenyllithium, as an initiator, will be used in relatively small amounts (about a 200:1 monomer-to-

initiator ratio). We do not expect phenyllithium to be released into the environment. If it was, it would be 

a safety hazard as it is pyrophoric.The small amount of lithium that results from the initiation process will 

be contained in the final product polymer, so it will also not be released.  

 

Dibutyl ether and benzene will be vented from the reactor and enter a GAC adsorber. The effluent from 

the adsorber will still contain a small amount of both chemicals, which must meet EPA and OSHA 

guidelines. 

 

Most of the materials used in this process are relatively low hazards to the environment in small 

quantities. Recycling the materials as much as possible decreases the amount of processing that is 

required for purged material. Outside processing should be minimal since material will only be purged if 

accumulation begins to occur; most of the feed materials can be reused. 

 

Since energy usage is also a significant concern, we considered how to minimize the environmental 

impact of keeping much of our process equipment at elevated temperatures. Using high pressure steam at 

the same temperature as the heat source for all of the process units allowed for the design of a single trunk 

line of steam entering the process and another exiting to a large boiler. Limiting the number of boilers 

needed for the process reduces energy usage.   

 

4.4 Marketability 

The market for PCL is not as extensive as more common polymers such as PCV or PCP, and with a rather 

low demand for the substance, the process would likely not draw much interest. Throughout the late 

1970s and early 1980s, the market for PCL increased dramatically due its “rheological and viscoelastic 

properties” [11]. However, newer polymers soon out-competed and replaced PCL, and the market for 

polycaprolactone subsided.  In the past decade, newly developed applications for PCL and similar 

substances caused the market to expand, and a resurgence of PCL use occurred.    

 

Creating a process and supplier that can make medical-grade PCL, and then use that product to 

manufacture cartilage replacement composites would allow the company to operate in their own market. 

Rather than buying more expensive medical-grade polymer, they could manufacture their own from 
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cheaper starting materials. Using that product in creating a cartilage replacement composite, rather than 

selling the polymer to an intermediate manufacturer would then allow them to maximize profit since they 

would be selling the composite material themselves. Running both manufacturing processes themselves 

would increase upfront and operation costs, but this would be balanced by selling the composite material 

themselves, rather than just selling the polymer to a composite manufacturer. The market for a cartilage-

replacement composite like this also a sole or primary supplier, so being the primary supplier for this 

composite would make it difficult for competitors to grow. The main competition for this composite, 

then, would be prostheses. However, prostheses typically only last about 10 years before surgery is 

necessary again. If the composite can increase this replacement time, or be a one-time surgery, just that 

development alone would give people an incentive towards the product.  

 

The preliminary design for this plant proposes to produce 8,000 kg per year of polycaprolactone, which 

will be combined with bioactive glass to form a composite. Caprolactone was assumed to have a purchase 

price of $1.35 per lb [39]. Phenyllithium is $20 per liter when purchased in bulk but since the 

monomer:initiator ratio is so low, the cost is not prohibitive [40]. Medical grade polycaprolactone is 

worth significantly more than its raw material precursors. Section 7 provides more information regarding 

the economic dimension of the design. 

 

4.5 Design Norms 

The design norms of stewardship, integrity, caring, and justice served as further design criteria for this 

project [15].  Due to the call to stewardship of the earth and its resource, the design limits use of 

hazardous chemicals and reduce waste by recycling where possible.  The norms of integrity, caring, and 

justice called for a design that would produce an end product safe for biomedical use and that was capable 

of performing as claimed. 

 

As stewards of the earth, engineers are responsible to all current and future inhabitants of the 

environment. Engineering involves decisions that are scaled such that a single decision can have a 

measurable impact on the environment in ways that daily habits do not. We considered the environmental 

impact of our project directly alongside the minimization of costs and the maximization of revenue.  

 

Our product will have integrity and be a just product if it meets or exceeds expectations given by the 

medical-grade designation and functions reliably despite adverse circumstances. A knee or hip 

replacement should not cause undue pain to the recipient and should allow them to fruitfully interact with 

society in ways that were not possible before the surgery.  
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The impetus for our project was a focus on caring for those in need of a hip or knee replacement. Given 

the millions of surgeries occurring per year in the United States, it is clear that an improvement in surgical 

technique would have a significant impact on the health and well-being of the population of the US.  A 

PCL-bioactive-glass composite has the potential to improve surgeries substantially.  
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5. Process Overview 

5.1 Process Flow Diagram (PFD) 

Our overall system for manufacturing polycaprolactone consists of two main sections: a batch 

reactor and a continuous separation process.1  The two sections are joined with a holding tank.   

Both the reactor and the holding tank must undergo a nitrogen purge to prevent the contents from 

contacting air or water, which would react with the pyrophoric initiator.  The purge vent on these 

systems contains nitrogen as well as the other volatiles in the system, namely benzene and 

dibutyl ether.  The outlet of this vent stream is sent through an activated carbon adsorber, which 

removes the benzene and dibutyl ether to levels safe for release into the environment. 

 

From the reactor effluent holding tank, the polymer-monomer mixture is sent to a falling-strand 

devolatilizer and then a hot melt extruder to evaporate off the monomer and remaining light 

impurities.  The monomer pulled off in these separation units is recycled, condensed, and sent to 

another holding tank.  The hot polymer product from the extruder is sent to a water bath for 

cooling and then through a pelletizer.  The pellets are then dried in a low heat, dehumidified air 

dryer.  A diagram of this overall system is shown in Figure 3 and descriptions of the units in 

shown may be found in Tables 2 and 3. 

 

 

                                                      
1 Design specifications and decisions are explained further in Section 6 “Process Design” for each piece of the 

process. 
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Figure 3. Process flow diagram (PFD), including reaction and separation processes
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Table 2.  Names and descriptions of main process equipment 

Name of Unit Description Size 

AD01 Granular Activated Carbon (GAC) Adsorber 400 lb canister 

COND01 Condenser for Monomer Recycle 5 m2 surface area 

COOL01 Cooling Table 10 m 

EXTR01 Hot Melt Extruder 15 Nm/cm3 

FSD01 Falling-Strand Devolatilizer 16 m3 

HT01 Fresh Monomer Holding Tank 6.25 m3 

HT02 Recycled Monomer Holding Tank 6.25 m3 

HT03 Reactor Effluent Holding Tank 6.25 m3 

PEL01 Pelletizer 10 kW motor 

R01 Batch Reactor 1.5 m3 

 

Table 3. Names and descriptions of auxiliary process equipment 2 

Name of Unit Description 

CP01 Centrifugal Pump on HT01 

CP02 Centrifugal Pump on HT02 

CP03 Centrifugal Pump on COND01 

PDP01 Positive Displacement Pump after R01 

PDP02 Positive Displacement Pump after HT03 

VP01 Vacuum Pump on FSD01 

VP02 Vacuum Pump on EXTR01 

 

 

5.2 Energy Balance 

5.2.1 Heat Transfer 

To perform an energy balance on the proposed system, the energy consumption for each piece of 

equipment was calculated. It was assumed that the reactor would operate isothermally at 180 degrees 

                                                      
2 Pump sizing is given in Table 6. 



18 

 

celsius. Therefore, two stages of energy transfer were assumed for the reactor: heating of reactants and 

maintaining reactor temperature. Heat capacities of the reactants were used for determining the energy 

needed for heating the contents to 180 degrees celsius. Values for thermal conductivities, convective heat 

transfer coefficients, jacket thicknesses, and insulation thicknesses were assumed based off of textbook 

problems. These values can be found in Table 4. 

 

Table 4. Assumed values for necessary heat transfer parameters for process tanks. 

Thermal 

Conductivity 

of Stainless 

Steel 

(W/m K) 

Thermal 

Conductivity 

of Insulation 

(W/m K) 

Convective Heat 

Transfer Coefficient 

to Inside 

(W/m k) 

Convective Heat 

Transfer Coefficient 

to Outside 

(W/m k) 

Thickness 

of Jacket 

(m) 

Thickness 

of Outside 

Insulation  

(m) 

20 0.064 5,680 11.4 0.005 0.02 

 

These same parameters were used in the energy calculations for the reactor, holding tank after the reactor, 

and condenser.  The energy necessary for heating of the reactor (before and during the reaction) can be 

found in Table 5. 

 

Table 5. Energy values for heat transfer before and during reaction. 

Energy from Steam to 

Reactor 

Before Reaction 

(kJ/hr) 

Energy from Steam to 

Reactor 

During Reaction  

(kJ/hr) 

303,000 33,500 

 

The necessary steam flow rate for achieving this heat transfer is 2.4 kg/s and 0.26 kg/s, respectively. This 

steam flow rate was calculated based on a temperature change of 15 degrees celsius in the steam. High 

pressure steam was selected as the heating fluid due to the high temperature required for maintaining a 

viscous polymer. 

 

The energy necessary for maintaining a holding tank temperature of 180oC is 44,800 kJ/hr, which 

demands a steam flow rate of 0.35 kg/s. Again, this assumes a 15oC change in the steam temperature. 
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The condenser uses ambient-temperature3 water to lower the temperature of the recovered monomer 

below its boiling point of 252oC. The required amount of energy to be removed from the monomer is 

about 20,300 kJ/hr, which will require a water flow rate of approximately 0.06 kg/s. This assumed a 

temperature increase of 25oC in the water. 

 

5.2.2 Electricity 

The energy balance also required calculations for electricity consumption by the extruder, cooling table, 

pelletizer, and various pumps that are used. Three types of pumps are used in the process, which include 

two high-viscosity positive displacement pumps, two vacuum rotary vane pumps, and three liquid 

centrifugal pumps. The specifications for these pumps can be found in Table 6. 

 

Table 6: Specifications for the three types of pumps implemented in the proposed design 

Type of Pump 

Maximum 

Power 

(HP) 

Efficiency 

Electricity 

Consumption 

 (kW) 

Capacities 

High viscosity 

positive displacement 

pump, lobe 

3 0.6 3.73 50 gal/min 

Vacuum rotary vane 

pump 
30 0.5 37.3 

min pressure: 0.3 bar, 

600 ft3 per min 

Liquid centrifugal 

pump 
8 0.85 9.94 

max pressure: 39 psi, 

200 gal/min 

 

The electricity consumption by the cooling table and extruder was 10 kW and 108 kW, respectively, 

which were determined based on the specifications for this equipment found in user manuals. The 

electricity value for the extruder incorporated assumptions about efficiency (about 65%) and percent 

torque (about 80%). The cooling table was assumed to have an efficiency of about 75%. These 

specifications can be found in section 6.4.2 for the extruder and section 6.4.3 for the cooling table and 

pelletizer. 

                                                      
3 Approximated as 25oC.  Ambient temperature will change with the seasons and the geographic location of the 

plant. 
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5.3 Modeling and Simulation 

Given the limited kinetic data available for the complex polymerization process, Microsoft Excel was 

used to model the reaction (see section 6.2.2). The length of polymer chains was modeled at various 

reaction times appropriate to the catalyst data available. SuperPro was used for modeling the separations 

portion of the process. SuperPro is a process simulation program capable of modeling both continuous 

and batch processes, but cannot model polymerization reactions. For modeling the separation within the 

reactor, a flash was used, which sent the overhead vapors of the reaction to a GAC adsorption unit to be 

purified before release. This was done under batch conditions since a batch reactor was chosen. The 

purification of the PCL product was modeled as a continuous process to reduce energy usage required for 

startup and shutdown. The devolatilization that occurred within the extruder was modeled as a flash prior 

to the extruder since SuperPro does not contain devolatilization extruders. 
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6. Process Design 

6.1 Monomer and Initiator 

Supplementary tables from a review of the various methods of producing PCL detail over 100 catalysts 

and initiators that can successfully induce the polymerization of caprolactone to polycaprolactone [3]. 

Project constraints were applied to the list to eliminate most of the possible catalysts. Overly complex 

catalysts would be too expensive for large scale production of PCL. Catalysts that did not produce high 

yields would require additional expensive separation processes to separate unreacted monomer from the 

polymer product. Many catalysts did not produce a polymer product with a molecular weight or 

polydispersity index within the project constraints. Lastly, availability of the catalyst on a large scale was 

considered.  

 

The team originally planned to use tin (II) octoate as the catalyst, with toluene as the solvent and butyl 

alcohol as the initiator.  However, tin is not biocompatible and proved too difficult and expensive to 

separate from the polymer, so the supplementary tables of catalysts and initiators were reviewed once 

more with the added criteria of biocompatibility.  Phenyllithium was chosen as the optimum catalyst 

option, though it functions as an initiator, not as a catalyst.  The reaction with phenyllithium does not 

require a solvent, so the team chose not to use any solvent to reduce the separation and recycling needed 

in the process.  However, phenyllithium must be transported in dibutyl ether, so a small amount of dibutyl 

ether also had to be separated out of each batch of PCL.  Phenyllithium is also a pyrophoric chemical, 

meaning that it spontaneously combusts when it contacts oxygen in air.  Special handling requirements 

due to this are discussed in subsequent sections. 

 

Phenyllithium break apart into benzene and lithium; however, it is still a more biocompatible choice than 

most of the catalyst options, because the benzene can be removed with relative ease due to its low boiling 

point.  Lithium, in low doses, is safe for consumption and is, in fact, used in medications to treat manic 

depressive disorders.  Research into lithium dosages showed that the amount of lithium in the final 

product would be safe for implantation in the human body without any separation steps to remove the 

lithium.  The long-term daily dose for lithium medications is 900-1200 mg per day [19].  The team’s final 

PCL product would contain only about 300 mg of lithium per kg of PCL.  A typical implant would 

contain well under a kilogram of PCL and would be implanted for up to three years before degradation 

completed.  So, the amount of lithium released into the human body on a daily basis could be expected to 

be at least a full order of magnitude smaller than the recommended pharmaceutical dosage.  Since 

ingested chemicals do not necessarily impact the body in the same way that implanted chemicals would, 

the team also researched the absorption and excretion pathways of lithium to determine how reliably 
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information on oral dosages would compare to implantation dosages.  This research showed that ingested 

lithium is almost exclusively absorbed into the blood, as opposed to being directly excreted through either 

the urinary or renal tracts [20].  Lithium in an implant would also be taken up in the blood before any 

form of excretion could occur, so it was determined that the oral pharmaceutical dosages of lithium could 

be used to determine safe levels of lithium in the PCL for implantation. 

 

6.2 Reactor 

6.2.1 Reactor Design and Materials 

Broadly, reactors can be categorized by how material is processed, either in batches (batch reactor) or in a 

continuous flow (continuous stirred-tank reactor, CSTR, or plug flow reactor, PFR). Batch reactors tend 

to be used for smaller quantities of material or for slow reactions with viscous products. Flow reactors 

often have better mixing and can accommodate high reactant concentrations. Dr. Brondsema 

recommended using a batch reactor for the polycaprolactone polymerization process given the benefits 

above. The designed process is for a relatively small quantity of polycaprolactone, and the molten 

polymer is very viscous so it would be difficult to keep the product flowing in a continuous flow reactor.  

 

The reactor is to be constructed of stainless steel to avoid metallic impurities entering the final product 

and to prevent any side-reactions from occurring with the reactor.  Stainless steel is the typical material of 

construction for pharmaceutical and medical-grade process units. 

 

Due to the high viscosity of the polymer, a helical-ribbon agitator blade was determined to be optimal 

[21].  An anchor paddle was combined with the helical-ribbon blade to scrape the sides of the reactor 

vessel and prevent charring of the polymer due to the high heat of the jacketed reactor sides.  The agitator 

blade must also be stainless steel. 

 

When the process is implemented, the energy draw on the agitator may be correlated with viscosity, and 

thus with molecular weight, to determine quickly when the reaction is complete.  This would allow for 

repeatable quality in terms of polymer molecular weight.  A high energy draw alarm could also be used to 

determine if the reaction has proceeded too far and the polymer become too viscous.  If not caught in 

time, this could cause the polymer to completely solidify in the reactor, which would essentially ruin the 

reactor.  If an over-polymerization is caught in time, a chemical quench or an inert solvent, such as 

toluene, may be used to stop it.  A chemical quench would be the preferred method, since a quenched 
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batch might still be saved.  A batch flooded with toluene would have to be sent to waste handling, but the 

reactor would be preserved.4 

 

6.2.2 Kinetics 

The initiator phenyllithium was chosen for its biocompatibility and other favorable properties. However, 

there is not a large amount of published data on the compound performing the ring-opening 

polymerization of caprolactone. Specifically, there is not time-dependent kinetic data for the process. In 

lieu of this data, the data for tin(II)-octoate provided a basis for kinetic analysis of the reaction.  

 

The polydispersity values for ideal addition polymerization were calculated. Equations 1 and 2 were used 

to calculate the distribution and the number average polymer length [9]. The instantaneous concentration 

of the monomer is related to the initial concentration [M]0 (mol/L), the time constant τ (min), a rate 

constant k (L/mol∙min), and the initial concentration of the initiator [A]0 (mol/L). The concentration 

of the growing polymer [AM]j (mol/L)  is also a function of the number of monomer units j.  

 
 

Equation 1 

 

 
 

Equation 2 

A kinetics graph of the natural log of the concentration ratio of monomer versus time is 

shown below [4]. The initial concentration of monomer and initiator was also provided. This 

allowed us to calculate a rate constant k in [L/mol∙min] from the slope of the graph (Fig. 4, 

below) of line #1. 

 

                                                      
4 Acknowledgements to Phil Brondsema for his expert advice and ideas on these topics. 
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First, Equation 1 was used to determine the concentration of monomer as a function of time. Then 

Equation 2 was used to plot the concentration of the growing polymer chain at various lengths, as shown 

in Figure 4. 

 

 

Figure 5.  Weight distribution (j[AMj]) as a function of the number of monomers per polymer (j), with time of 

reaction as a parameter 
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Figure 6.  Concentration of polymer of length j ([AMj]) as a function of the number of monomers per polymer (j), 

with time of reaction as a parameter 

 

 

6.2.3 Removal of Volatiles 

The nitrogen purge on the reactor also allowed for the removal of some volatiles during the reaction.  

Since the optimum reaction temperature of 180oC was well above the boiling points of both benzene 

(80oC) and dibutyl ether (142oC), both components would be in the vapor phase in the reactor.  

 

Table 7. Normal boiling points (at 1 atm) of components to be separated from PCL product 

Component Normal Boiling Point 

Benzene (initiator product) 80.1 oC 

Dibutyl ether (initiator carrier) 142.4 oC 

ε-caprolactone (monomer) 253 oC 

 

The release vent on the nitrogen purge could then also be used to purge benzene and dibutyl ether.  This 

stream needed to be cleaned of volatiles before it could be released, so it was run through a granular 

activated carbon (GAC) adsorber to remove the benzene and dibutyl ether to acceptable levels for 
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environmental release.  The EPA requires that no more than 2 weight percent benzene be in the stream 

emitted to the environment and that the overall amount of organic volatiles released be 5 weight percent 

or less [28]. 

 

6.2.4 Polymer Degradation 

Charring and degradation of a polymer must be considered when exposing it to high temperatures.  

However, PCL undergoes no degradation until it reaches a temperature of approximately 350 oC [3].  No 

indication of charring was stated in the literature on PCL; since the team lacked the resources to test this, 

an assumption was made that no significant charring would occur below 350 oC.  The melt extruder is the 

process unit operating at the highest temperature, and since it is operating at reduced pressure it will not 

operate about 300oC.  

 

6.3 Reactor Effluent Holding Tank 

The effluent from the reactor must be pumped into a holding tank to join the batch reactor to the 

continuous separations process.  This tank was designed to hold two batches of effluent, and thus has a 

volume of 6.5 m3.  To prevent the polymer-monomer mixture from solidifying in the tank, a jacketed tank 

design was chosen, with the temperature of the polymer maintained near 180oC.  The tank also has an 

anchor paddle agitator to scrap any polymer from the sides of the tank to prevent charring. 

 

6.4 Separation Processes 

To purify the PCL to medical-grade requirements, the polymer needed to be separated from the remaining 

monomer, initiator, and other impurities in the reactor effluent.  The following separations and solids-

handling operations were used:  a falling-strand devolatilizer, a hot melt extruder, a cooling table, and a 

pelletizer.  Like the reactor, all of the separation units needed to be made from stainless steel to prevent 

metallic impurities from entering the final product and to prohibit the process material from reacting with 

the equipment walls. 

 

6.4.1 Falling Strand Devolatilizer 

A falling strand devolatilizer (FSD) functions much like a flash, which is a large vertical tank run under 

vacuum pressure to pull off the lighter components as vapor.  The advantage of the FSD over a simple 

flash was the ability of the FSD to handle, and effectively remove volatiles from, high viscosity 

substances [31].  An FSD schematic may be seen in Figure 7. 
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Figure 7.  Schematic of a falling-strand devolatilizer [38] 

 

The FSD, the first step of the separation process, served to evaporate off the about 94% of the unreacted 

monomer in the reactor effluent, by lowering the pressure of the mixture to 0.3 bar.  The FSD brought the 

mass percent of monomer down from 50% to approximately 3%.  The evaporated monomer was sent to a 

condenser to be cooled and recycled.  The monomer-polymer mixture remaining in the bottom of the FSD 

was directly deposited into the extruder through a conical bottom with an auger to move the viscous 

material. 

 

6.4.2 Hot Melt Extrusion 

A twin-screw extruder was necessary to handle moving the highly viscous polymer after removal of the 

majority of the excess monomer in the falling-strand devolatilizer.  The hot melt extruder was used to 

evaporate off more of the monomer, to reduce the monomer level to within the acceptable impurity limit 

of 2000 ppm monomer in the final PCL product.  The monomer vapor from the extruder was collected 

above the extruder and sent to be condensed and recycled along with the vapor from the falling-strand 

devolatilizer. 

 

The extruder was sized based on a polymer throughput and viscosity.  Ensuring the twin-screw extruder 

can generate the necessary torque for extruding a high-viscosity polymer is a key aspect for sizing this 

piece of equipment.  Pure PCL, with the required molecular weight of 80,000 g/mol and at the process 

temperature of 180oC, has an approximate viscosity of three million centipoise.  The throughput for the 

extruder was based on the initial demand of the PCL (about 8,000 kg/yr).  However, it is likely for the 

demand for the composite and thus the PCL to increase over time, thus investing in a larger extruder from 

the beginning could be desirable.  The recommended extruder would have specifications similar to the 
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Leistritz ZSE 50 MAXX extruder shown in Table 8 and detailed in Figure 8, with a max torque around 

2000 N-m and a max screw speed of about 1200 rpm. 

 

Table 8. Specifications for proposed extruder design [26] 

 
 

 
 

Figure 8. Schematic and picture of a feasible extruder for the proposed process [26] 

 

6.4.3 Solidification 

Due to PCL’s low melting temperature of approximately 60oC, the extruder alone would not be effective 

at cooling the polymer sufficiently to produce evenly cut pellets.  The output of the twin-screw extruder is 

a strand of PCL containing residual lithium from the catalyst.  Polymers are typically cooled in a water 
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bath or with a spray of water, as it offers a higher heat capacity than cooled air.  However, because 

lithium reacts vigorously with water, the PCL must be cooled with chilled, dehumidified air.  The 

polymer will be extruded onto a cooling table similar to the one shown in Figure 9, although, as 

previously state, the proposed process will require air cooling rather than water. 

 

 
 

Figure 9. Process diagram of proposed cooling table/pelletizer, which features water-spray cooling rather than our 

proposed air-cooling method [27] 

 

The cooling table will feed directly into the pelletizer, which cuts the cooled polymer strand into uniform 

pellets before packaging.  Often, pelletizing would be performed in the same unit as the extruder, 

however, the incomplete cooling in the extruder due to the low melting temperature of PCL prevent this.  

Thus, a cooling-table-pelletizing combination unit was added to the process after the extruder.  The 

technical data for this type of cooling table is shown in Table 9. 

 

Table 9. Specifications for proposed cooling-table-pelletizer design [27] 
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Due to the relatively low throughput of our separations process (about 1 kg/min), a cooling-table-

pelletizer combined unit similar to the JSG 200 is recommended.  Again, increasing the equipment size to 

allow for increased demand in the scaffold may be a cost-effective consideration when implementing this 

process. 

 

6.5 Clean Room 

Since the PCL pellets are intended for medical application, the final processes of extrusion, 

cooling, and pelletizing will take place in an ISO Class clean room.  This will ensure that the 

final product does not come in contact with contaminants that could harm the end-user.  Only an 

ISO Class 5 or ISO Class 6 clean room will be required, because the pellets will undergo further 

purification during composite manufacturing. The particle content in ISO Class 5 and ISO Class 

6 clean rooms is about 0.1-1.0% of a typical non-graded area, which will require implementation 

of high efficiency particulate air filters.5 

 

6.6 Monomer Recycle 

To reduce waste and expenses, the unreacted monomer remaining in the reactor effluent stream exiting 

the reactor was recycled as it was pulled off in the falling-strand devolatilizer and extruder.  These 

recycled streams were sent through a condenser to fully liquefy the monomer so that it could be pumped 

back to the appropriate holding tank.  No further separation was performed on the monomer recycle 

streams, as the amounts of benzene 5and dibutyl ether in these recycled streams were minimal and any 

excess volatiles would be removed in the reactor and holding tank during the next batch.  

 

6.7 Safety 

Safety in chemical plants is incredibly important, not only for the well-being of employees but also for the 

productive and consistent operation of the plant. The plant design includes several common safety 

features, as well as a few that are more unique to this design. Federal law requires implementation of a 

wide range of safety procedures and consistent testing and upkeep of those features.  

 

The process equipment operated at high temperatures will be equipped with temperature alarm systems 

that alert the operator of temperature irregularities. If the temperature deviation is significant enough, the 

control system will alter the fluid flow rate or temperature to change the temperature inside the vessel 

accordingly. Since the polymerization reaction is not strongly exothermic [25], there is not a significant 

                                                      
5 Knowledge of ISO classification system obtained during internship at Pfizer in the summer of 2016. 
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risk of a runaway reaction. The more significant risk is a decrease in temperature leading to solidification 

of the polymer in one of the vessels which would be very difficult to clean out and keep the process 

operational. Pressurized vessels will also have high pressure alarms that operate in a similar manner to the 

temperature alarms.  

 

Since phenyllithium is pyrophoric [23], additional materials handling procedures are set in place. 

Pyrophoric materials spontaneously combust when they contact air (specifically, oxygen) at or below 

55oC. In small quantities, Class D fire extinguishers are used to prevent such fires from burning further. 

All vessels holding phenyllithium, including the vessels that it is transported in, are flushed with nitrogen, 

an inert gas. The high purity nitrogen will come from a stream already available from the larger chemical 

plant. Backup containers of nitrogen will be in place in case of a situation where the standard stream of 

nitrogen is not available. Significant personal protective equipment will be used by any operators who are 

handling the pyrophoric material.  

 

For the reactor, falling-strand devolatilizer, and effluent holding tank, pressure relief valves and rupture 

discs will be in place in case of an unexpected increase in pressure. Although this event is unlikely, it is 

important to have these valves in place to prevent an explosion of the entire vessel. At high pressure, a 

control system will open the pressure relief valves, which will vent to the GAC adsorber. The pressure 

rupture discs do not use a control system; they burst under a significantly elevated pressure, which for this 

process would be around 10 bar.  

 

6.8 Waste Handling 

The used carbon from the adsorber, which will contain benzene and dibutyl ether, will need to be treated 

as hazardous waste.  It will be sent to a carbon reactivation facility, potentially the same facility that 

supplied the activated carbon, so the contaminants may be burned off and the vessel recharged.  
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7. Economics 

7.1 Capital Costs 

When considering the economic implications of building a chemical plant, it is important to consider both 

capital costs (one-time purchases of equipment) and operating costs (continual purchases of consumable 

goods). Of course, other economic realities like taxes, depreciation, loans, and market shifts must also be 

taken into account to fully understand the profitability of the design. First, the capital costs were estimated 

with tables and figures from Peters and Timmerhouse [22] and scaled to the present day using the CEPCI 

index [24]. 

 

Table 10 shows the estimated capital cost for each major piece of process equipment in the design. 

Because of the demands of pharmaceutical grade polymer processing, all of the equipment is made with 

stainless steel. This increases the price of equipment significantly compared to carbon steel, the most 

common material, but it is necessary for the process. The figures presented in Peters and Timmerhouse 

scaled costs of equipment by their most relevant metric, usually size. Sizes of equipment were based off 

the amount of material being processed, which was not as high as many chemical plants.  

 

Table 10. Capital costs for process equipment 
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The Chemical Engineering Plant Cost Index (CEPCI) is a single number that changes over time to track 

changes in price for chemical engineering process equipment. It is chosen from a statistically random 

sample of various industries that use chemical processing units. For this project, an index of 541.7 (the 

average value for 2016) was used for all of the capital cost calculations. 

 

In Table 11, the total purchased cost is simply the sum of all of the purchased costs of the equipment. The 

total capital cost is a more complicated calculation. Table 7 shows the additional costs associated with the 

unit operation equipment. Buying the equipment is not enough: it must be designed, installed, connected 

to piping, insulated, and wired with instrumentation and electricity. The percentages shown are 

percentages of the total purchased cost. Therefore, the total capital cost is the sum of the total purchased 

cost and the additional costs for each of the additional costs.  

 

Table 11. Additional costs for process equipment 

 

 

The last entry in Table 11 is the biocompatibility study. This includes the purchase of biocompatibility 

data from another manufacturer as well as an in-house study to determine that the specific product 

produced is biocompatible. The FDA permits companies to perform a “read-across”, which is a risk 

assessment based on an existing study of a very similar material. An argument is developed based on the 

similarity to another company’s product. These are much less expensive and time-consuming than 

conducting the entire biocompatibility test alone.  

 

7.2 Operating Costs 

Operating costs for a chemical plant are due to a wide range of activities, many of which will be lumped 

together in larger categories (see Appendix Table A.2.10). The primary categories for operating costs are 

raw materials, utilities, and labor. For raw materials, our analysis showed that in a large chemical plant, 

nitrogen was very inexpensive at $0.21 per 100 cubic feet [32]. Even though the reactor is continually 
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purged with nitrogen over the course of the reaction, the nitrogen costs were not significant enough to be 

considered separately. 

 

The utilities that are required for this design are high pressure steam, process water, and electricity. The 

high pressure steam is used to heat all of the vessels that are above room temperature. The process water 

is used to cool the condenser and the cooling table air stream. Electricity powers the pumps throughout 

the process, including the vacuum pumps on the extruder and the compressor that drives airflow through 

the nozzles on the cooling table. Given the cost of process water at $0.354 per GJ and the amount we 

need, the cost is not significant [33].  

 

Table 12 shows the operating costs for this design. Labor was calculated to be $40 per hour (including 

benefits) [34], electricity at $0.06 per kWh, and high pressure steam at $17.70 per GJ [33]. Raw material 

prices were calculated from the ICIS website or scaled to those values if the costs were not available [35]. 

The “Other” category in the table covers costs for process water, nitrogen, shipping and handling, 

maintenance, etc. 

 

Table 12. Annual operating cost categories and amounts 

 

 

7.3 Payback Period 

The payback period is calculated using the capital outlay, operating expenses, and expected profits. To 

better model the economics, the after-tax cash flow (ATCF) model shows how taxes are paid and how 

capital equipment depreciates over time. Specifically, the General Depreciation System (GDS), set up by 

the Internal Revenue Service (IRS) applies well for chemical manufacturing plants. Operating profits are 

taxed using the federal income tax rates. The ATCF model takes these two into account and allows for the 

calculation of a payback period. The payback period is the amount of time it takes for an investment to 

recoup all of the money invested, i.e. to break even. Of course, the goal of any investment is to produce 
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profits so ideally the payback period will be short enough that the plant will operate for many years at a 

profit.  

 

For our design, the IRS permits a GDS depreciation over 5 years for the category “Manufacture of 

Chemicals and Allied Products” [36]. In the tax analysis, a minimum annual rate of return (MARR) of 

15% is used to compare the profitability of this venture to other possible projects. The MARR assumes 

that there are projects that can make a 15% return annually so this design needs to exceed that value to be 

economically feasible. Also since this design is assumed to be implemented by a relatively large chemical 

company, a federal income tax level of 35% will be used, which is the level for companies making more 

than $18,333,333 annually [36].  

 

The bulk market price of medical grade polycaprolactone is not well defined because currently companies 

are only producing it on a kg scale. Vornia Bio-Inks sells the product for $3,800 per kg in lots of 1 kg 

each [37]. Since we are designing a bulk process, our polymer should sell for significantly less. Our 

calculations show that selling the polymer for $410 per kg is sufficient for a payback period of exactly 

one year [Table A.3.5]. This price is obviously significantly lower than the Vornia price (approximately 

an order of magnitude), which shows two things. First, the economy of scale is important in chemical 

processes. Second, pharmaceutical materials tend to have very high profit margins because the cost of the 

material is not a significant percentage of the total cost of the procedure.  

 

If the polymer is sold at $410 per kg, and the expected lifetime of the process equipment is 20 years, the 

present worth of the process is just over $11 million and the internal rate of return (IRR) is 78%. Overall 

this analysis shows that if the market for bulk medical grade polycaprolactone is present, manufacturing it 

is an excellent investment. Even if costs are higher than expected, the IRR is very high so even with an 

increase in costs the process would remain economically feasible. 
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8. PCL-Glass Combination 

Over a dozen documented methods of combining polymers with a bioactive glass exist [6].  The two 

methods that specifically use PCL are electrospinning [7] and salt-leaching [6].  The criteria for choosing 

a combination method would include the porosity of the composite, the maintenance of both PCL and 

glass properties, ease of purification, and scalability of the process from bench to industrial scale.  The 

team performed preliminary research into combination methods but determined the design of a 

combination process to be outside of the scope of this project, since the PCL-glass combination step 

would likely be performed by a manufacturer specializing in composites. 

 

 

  



37 

 

9. Conclusion 

This report details the initial research and design decisions for the detailed design of a chemical plant that 

can produce medical-grade polycaprolactone (PCL) on a large scale. These include the constraints on the 

project as well as decisions about reactor features, catalyst system, and separation methods. Key designs 

features of reactors, falling-strand devolatilizers, and extruders were presented, such as operation 

temperature and pressure and equipment materials of construction. Engineering considerations, market 

factors, and design norms all influenced the results of this report. The primary use of the polycaprolactone 

will be in PCL-bioactive-glass composite, which can be used in medical procedures such as bone or 

cartilage repair. The medical grade polycaprolactone will be sold for $410 per kg, an economically 

profitable rate. Combination methods for the PCL-bioactive-glass composite were researched to gain a 

better understanding of the requirements for the polycaprolactone. This composite production is intended 

to be executed by an outside party. 
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12. Appendix 

A.1  PCL Process Material Balance 

 

Material balance for PCL production process 

 



43 

 

A.2 Energy Balances 

Table A.2.1. Volume calculations for each tank 

 

Table A.2.2. Sizing calculations for condenser 

 

Table A.2.3. Extruder operating conditions 

 

 

Table A.2.4. Energy consumption calculations for extruder 
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Table A.2.5. Energy consumption calculations for condenser 

 

 

Table A.2.6. Component data used for reactor and holding tank energy balances 
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Table A.2.7. Reactor, holding tank, and condenser energy balances. 
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Table A.2.8. Final energy balance values for reactor and condenser 

 

 

Table A.2.9. Energy balance on the 3 types of pumps 

 

 

Table A.2.10. Final annual cost calculations based on electricity, utilities, labor, and starting materials 
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A.3  Tax and Profitability Analysis 

Table A.3.1 General Tax Information 

 

 

Table A.3.2 General Profitability Information 

 

 

Table A.3.3 After Tax Cash Flow Spreadsheet for 20 Year Lifetime 

 

 

Table A.3.4 Economic Benchmarks of the Design 

 

 

Table A.3.5 One Year Payback Period Determination of Price 
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A.4  Safety Data Sheets (SDSs) for Process Chemicals 

Benzene 
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Caprolactone 
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Dibutyl Ether 
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Lithium 
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Phenyllithium 
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Polycaprolactone 
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