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ABSTRACT 

Poly(ɛ-caprolactone) (PCL) is a widely employed biodegradable polymer synthesized 

commercially using stannous octoate mediated ring opening polymerization (ROP) of ɛ-

caprolactone (ɛ-CL). It needs to be revisited in alignment with green chemistry principles, such as 

less hazardous chemical syntheses. We identified and optimized two emerging methods, Route A: 

Acid-catalyzed ROP of ɛ-CL using hydrogen chloride (HCl) in diethyl ether and Route B: Free-

radical ROP using cyclic ketene acetal (CKA) monomer, 2-methylene-1,3-dioxepane (MDO) 
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which are essentially solvent free, metal free and organic catalyst free. They were then compared 

with the laboratory-scale reproduction of Route C: Stannous octoate mediated ROP of ɛ-CL. 

Laboratory-scale Life Cycle Assessment (LCA) is employed to analyze the potential 

environmental profiles of these three routes by employing a cradle-to-gate system boundary, 

starting from extraction of raw materials and ending with production of 1 g PCL homopolymer. 

The overall findings showed that Route A, the low temperature acid-catalyzed approach was more 

power-efficient and less hazardous compared to Routes B and C, with consideration of sensitivity 

and uncertainty analysis results. Route A was demonstrated to be the most environmentally 

sustainable route with environmental impact reductions of 79.46% (Climate Change), 54.53% 

(Fossil Fuel Depletion), 45.10% (Terrestrial Acidification) and 66.36% (Water Depletion) 

respectively per 1 g PCL, in contrast to Route B. In comparison to C, Route A achieved 43.54% 

(Fine Particulate Matter Formation) and 98.41% (Human Toxicity) impacts reductions per 1 g 

PCL. Route B contributes largely to Climate Change whereas, Route C has the most significant 

influence to Human Toxicity.  

INTRODUCTION  

Polymers are widely applied commercially and most conventional polymers such as 

polyethylene, polypropylene, polystyrene, etc. are non-biodegradable. With their growing 

demands, accumulations of polymers in the environment are a threat to the planet’s 

ecosystem.1,2 Non-biodegradable polymer products which end up in oceans are reported to 

cause widespread environmental pollution that harm marine life.3,4 The applications of 

biodegradable polymers are attractive solutions to overcome this problem.  



 3 

Poly(ɛ-caprolactone) (PCL) is one of the biodegradable polymers of completely 

synthetic origin. It was first developed in the early 1930s5 and soon after that era, its 

production became widespread due to its ability to be biodegraded via the action of 

microorganisms that are widely distributed in various ecosystems.6,7  

From literature, a number of approved medical and drug-delivery devices adopt PCL and 

its copolymers due to its numerous advantages such as customizable degradation kinetics, 

mechanical properties, and reduced difficulty in shaping and manufacturing to produce 

suitable pore sizes favourable for tissue in-growth.8-10 Furthermore, PCL and its 

copolymers matrix in vivo allow the prolonged release of drugs at a specific controllable 

rate along with bioresorbability of the matrix with nontoxic degradable fragments.8 For 

desired PCL application functions, it was also possible to introduce functional groups to 

alter polymer properties.8-10 

Its superior rheological and viscoelastic properties provide ease in manufacturing and 

deploying into a variety of structures. With additional benefits such as low-cost production 

routes and Food and Drug Administration (FDA)11 approval, PCL is a promising polymer 

for design and fabrication of longer-term degradable implants since tailorable degradation 

kinetics for a specific functional site are made possible through physical, chemical and 

biological alteration.8   In addition to these applications, PCL and its copolymers are also 

actively researched for personal care formulations in the form of biodegradable 

microparticle based carriers.    

The conventional formation of PCL takes place by either condensation of 6-

hydroxycaproic acid or the ring-opening polymerization (ROP) of ɛ-caprolactone (ɛ-CL). 
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Polycondensation reactions are chemical reactions in which successive bonds between 

monomers form polymers hence, emitting condensed molecules during bonding process. 

As an example, Nagata et al.12 prepared PCL with a pendant coumarin group by solution 

polycondensation from 7-(3,5-dicarboxyphenyl) carbonylmethoxycoumarin dichloride and 

α, ω-dihydroxy terminated PCL with molecular weights of 1250, 3000, and 10,000 g/mol.  

Due to the demanding conditions needed for water removal and requirement of extremely 

pure monomers, majority of the industry has moved away from polycondensation to ROP 

of ɛ-CL. No water is eliminated as a by-product in ROP of ɛ-CL which resulted in less 

complex, energy saving operations and a near 100% yield. ROP is also preferred for the 

superior polymer properties obtained, such as higher molecular weight and a lower 

polydispersity.13 

Amongst the different mechanisms for ROP, coordination insertion mechanism using 

Stannous octoate, Sn(Oct)2, is widely adopted in the industry due to its low cost, high 

catalytic efficiency and conversion. Sobczak et al.14 carried out homopolymerization 

reactions of ɛ-CL under carnitine (CA)/Sn(Oct)2 system by varying the ɛ-CL/CA ratio and 

temperature. Highest number average molecular weight, Mn recorded is 8,800 g/mol 

(determined by Gel Permeation Chromatography) with a yield of 81.0%.  

Sivabalan and co-authors15 reported ROP of ɛ-CL at 160C under nitrogen atmosphere 

for two hours by using stannous octoate as catalyst and p-Toluenesulfonic acid as initiator. 

Mechanism of the bulk polymerization and kinetics of stannous octoate-catalyzed 

polymerization of -CL has been well documented16 although exact industrial procedures 

are not available in the public domain. In all reported reactions using stannous octoate 

system, high temperature was necessary for activation of ring opening.13   
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PCL made using stannous octoate based ROP is FDA approved, however, the use of 

such tin based compounds may pose risk of toxicity17,18 to aquatic organisms and damage 

to human reproductive system.18 Due to absence of industry data, we collected the 

experimental data of this existing method in the laboratory, performed laboratory-scale 

LCA and compared it with two emerging methods which are essentially solvent free, metal 

free and organic catalyst free. Li et al. highlighted laboratory-scale data plays an important 

role in providing insights for large-scale production during unavailability of industry data.19 

Several other researchers also performed laboratory-scale LCA for environmental impact 

evaluation.20,21  

LCA has been widely implemented to provide systematic and solid scientific basis in 

determining environmental performance of production methods from a systems-wide 

perspective22-24 and it has been positioned as a valuable environmental assessment tool.25-

27 Harding et al.28 revealed that Poly-β-hydroxybutyric acid (PHB), which is made from 

renewable resources, has better environmental performance than propylene (PP) via a 

cradle-to-gate LCA investigation. The LCA results showed almost complete removal of 

ozone layer depletion and significant reduction on abiotic depletion and acidification for 

PHB production. In the past, our team members29 had performed LCA to investigate the 

environmental profiles of solvents and chemicals made from a range of lignocellulose 

feedstock. 

 In this paper, laboratory-scale LCA will be performed to compare the environmental 

performances of emerging approaches Routes A: Acid-catalyzed ROP of ɛ-CL using 

hydrogen chloride (HCl) in diethyl ether (ɛ-CL) and B: Free-radical ROP using cyclic 

ketene acetal (CKA) monomer, 2-methylene-1,3-dioxepane (MDO) with the laboratory-
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scale reproduction of Route C: stannous octoate mediated ROP of ɛ-CL.  The emerging 

methods (Routes A and B) are essentially solvent free, metal free and organic catalyst free 

synthesises that require lower temperature than Route C. Hence, they are expected to adhere 

to green chemistry principles such as energy efficiency and safer chemistry for accident 

prevention. 

Attaining PCL polymer by the emerging methods present some challenges in terms of 

obtaining usable molecular weights and other polymer characteristics. Therefore, 

optimization was required before moving on with the laboratory-scale LCA comparison. 

Sensitivity and uncertainty analysis of the Environmental Impact Categories are also 

performed with respect to variation and uncertainties of electrical consumption, as an 

important parameter. 

Such laboratory-scale LCA comparison is particularly relevant due to increasing demand 

for readily biodegradable polymer like PCL for innovative applications in personal care 

formulations, 3D printing and other biomedical materials and the pressing need from 

regulatory authorities towards environmental sustainable processes.   

 

MATERIALS AND METHODS 

In this section, we report the optimized laboratory-scale synthesis procedures of emerging 

methods Routes A:  Acid-catalyzed ROP of ɛ-CL using hydrogen chloride (HCl) in diethyl 

ether and B: Free-radical ROP using cyclic ketene acetal (CKA) monomer, 2-methylene-

1,3-dioxepane (MDO) in comparison with existing method Route C: Stannous octoate 

mediated ROP of ɛ-CL. 
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Routes A and B are essentially solvent free, metal free and organic catalyst free polymer 

synthesis pathways. In Route A, small amount of diethyl ether is used as a carrier for HCl. 

Diethyl ether is significantly evaporated at the reaction temperature and the synthesis can 

be considered essentially solvent free.  

Route A. ε-caprolactone, >99.0% purity (ε-CL, from Tokyo Chemical Industry Co., Ltd) 

was distilled from calcium hydride (from Sigma-Aldrich) under reduced pressure, stored 

over 4Å molecular sieves (from Sigma-Aldrich) and used when required. Chemicals 

required were ε-caprolactone, >99.0% purity (ε-CL, from Tokyo Chemical Industry Co., 

Ltd), calcium hydride and 4Å molecular sieves (from Sigma-Aldrich). Hydrogen chloride 

solution (HCl), 2M in diethyl ether (from Sigma-Aldrich) was utilized in polymerization, 

as per obtained. 

Polymerization approach was modified from Shibasaki et al.30 In a single neck RBF, 

distilled ε-CL (1.03 g, 9.02 × 10-3 mol) and HCl in diethyl ether (9.96 × 10-2 g, 2.73 × 10-3 

mol) were introduced and polymerization took place for 4 hours, at 60°C (Scheme 1). Off-

white solid was obtained after cooling at room temperature.  

________________________________________________________________________ 

Scheme 1. Acid-catalyzed Ring Opening Polymerization of ε-CL 

______________________________________________________________________________ 

Dichloromethane (DCM) was used to dissolve the unrefined polymer and the mixture 

was added by drops to hexane at a high stirring speed. Solvents were then poured away 
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after stirring at room temperature. Subsequently, second and third precipitation were 

carried out. DCM (13.3 g, 1.57 × 10-1 mol) and hexane (65.9 g, 7.65 × 10-1 mol) were used 

in the three precipitations.  PCL polymer was dried in vacuum oven for complete removal 

of residual DCM and hexane to get purified polymer (1 g, yield: 97.0%, Mn = 9,300 g/mol).  

It should be noted that the experimental data presented in this section are scaled to 

functional unit of 1 g PCL. The complete set of Input-output data from Route A laboratory-

scale PCL synthesis, based on actual reaction scale and functional unit of 1 g PCL can be 

found in the Supporting Information (SI). 

Route B. As depicted in Scheme 2, Chloroacetaldehyde dimethyl acetal (from Sigma-

Aldrich), 1,4-butanediol (from Sigma-Aldrich) and p-Toluenesulfonic acid (from Sigma-

Aldrich) were utilized in the synthesis of 2-chloromethyl-1,3-dioxepane (Cl MDO).  

________________________________________________________________________ 

Scheme 2. Synthesis of 2-chloromethyl-1,3-dioxepane 

 

________________________________________________________________________________________________ 

Subsequently, CI MDO, potassium tert-butoxide (from Sigma-Aldrich), Tetrahydrofuran 

(from J.T. Baker), Aliquat 336 (from Sigma-Aldrich), petroleum ether (from VWR), diethyl 

ether (from VWR), sodium sulfate (from VWR), hexane (from VWR) and 10.0% sodium 

bicarbonate solution (from VWR) were utilized in the synthesis of 2-methylene-1,3-dioxepane 

(MDO) monomer (Scheme 3). Cl MDO and MDO production procedures were modified from 

literature procedures and the Input-output data are presented in the SI.31,32  
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MDO and Azobisisobutyronitrile (AIBN, from China supplier) were used as per synthesized 

and supplied for PCL production. 

________________________________________________________________________ 

Scheme 3. Synthesis of 2-methylene-1,3-dioxepane 

 

________________________________________________________________________________________________ 

MDO (1.82 g, 1.59 × 10-2 mol) and AIBN (2.65 × 10-2 g, 1.61 × 10-4 mol) were added 

into the Schlenk flask and mixed. Six cycles of freeze pump thaw were then conducted for 

removal of dissolved gases. Reaction was then carried out for 24 hours at 65°C, as shown 

in Scheme 4.  Polymerization conditions were performed same as our recently published 

paper.33  

________________________________________________________________________ 

Scheme 4. Free-radical Ring Opening Polymerization of MDO 

 

________________________________________________________________________________________________ 

Precipitation was then carried out for three times by using chloroform (27.1 g, 2.27 × 

10-1 mol) as co-solvent and hexane (120 g, 1.39 mol) as anti-solvent. After the series of 

precipitation were completed, PCL polymer was parched in vacuum oven for removal of 
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residual chloroform and hexane solvents to obtain pale yellow sticky gel substance (1 g, 

yield: 55.0%, Mn = 9,700 g/mol).  

The mass balance of Route B was modified in accordance to functional unit of 1 g PCL 

and does not represent the actual scale of reaction. Please refer to SI for the comprehensive 

table which showcase the Input-output data from Route B laboratory-scale PCL synthesis, 

based on actual reaction scale and functional unit of 1 g PCL. 

Route C. Distilled ε-caprolactone was prepared using the same method described under 

Route A. Chemicals required were ε-caprolactone, >99.0% purity (ε-CL, from Tokyo 

Chemical Industry Co., Ltd), calcium hydride and 4Å molecular sieves (from Sigma-

Aldrich). Stannous octoate, 96.0% and p-Toluenesulfonic acid (Sn(Oct)2 and PTSA, from 

Sigma-Aldrich) were used as per provided.  

Polymerization conditions were modified15,16 to attain the desired range of Mn = 9,000 – 

10,000 g/mol. Distilled ε-CL (1.38 g, 1.21 × 10-2 mol), Sn(Oct)2 (5.17 × 10-3 g, 1.28 × 10-5 

mol) and PTSA (2.76 × 10-3 g, 1.45 × 10-5 mol) were charged and mixed well for 2 minutes. 

After thorough mixing, the temperature was raised to 140°C for bulk polymerization under 

argon gas atmosphere (Scheme 5). After 4 hours, reaction mixture was cooled to room 

temperature and semi off-white solid was obtained. 

________________________________________________________________________ 

Scheme 5. Stannous octoate mediated ROP of ε-CL 

________________________________________________________________________________________________ 
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The crude mixture was then dissolved in DCM and added dropwise to excess amount of 

hexane under vigorous stirring. After stirring at room temperature for 3h, solvents were 

decanted. A second precipitation was repeated as per above. DCM (18.3 g,  

2.15 × 10-1 mol) and hexane (90.9 g, 1.05 mol) were used in both precipitations. The solid 

was then dissolved in DCM (23 g, 2.71 × 10-1 mol) and washed with de-ionized water. The 

organic phase was separated and dried under reduced pressure using rotary evaporator and 

vacuum oven to get off-white PCL polymer (1 g, yield: 72.5%, Mn = 9,800 g/mol). 

Likewise, the quantities presented here was based on functional unit of 1 g PCL and not 

the actual reaction scale. Input-output data from Route C laboratory-scale PCL synthesis, 

based on actual reaction scale and functional unit of 1 g PCL are presented in the SI.   

LCA Methodology. Herein, the LCA methodology will be carried out according to ISO 

14040 and 14044 standards and frameworks.34,35 The LCA methodology follows the 

following four steps: 1) Goal and scope definition, 2) Inventory analysis, 3) Impact 

assessment, and 4) Interpretation.  

Goal and scope definition. The LCA goal is to compare the environmental impacts of 

three pathways, namely Route A, B and C for the laboratory-scale production of 1 g PCL. 

The scope or LCA system boundary determines the perimeter of exchanges between a 

process chain and the environment. Processing stages start and end within this boundary 

where a chain of material flow and transformation takes place to produce the final product 

of interest. A “Cradle-to-gate” system boundary for LCA comparison, as illustrated in 

Figures 1, 2 and 3 respectively, is modelled using GaBi ts version 9.5.2.4936 LCA software. 

Snapshots of the detailed LCA models are included in the SI as Figures S5, S6 and S7. 

________________________________________________________________________ 
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Figure 1. A schematic cradle-to-gate representation of Route A: Acid-catalyzed ROP of ɛ-CL (-

->: Represents intermediate processes adapted from Ecoinvent 3.641, literature and patent 

procedures, modelled in GaBi ts version 9.5.2.4936 LCA software). 

 

Figure 2. A schematic cradle-to-gate representation of Route B: Free-radical ROP of MDO (-->: 

Represents intermediate processes adapted from Ecoinvent 3.641, literature and patent procedures, 

modelled in GaBi ts version 9.5.2.4936 LCA software). 
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Figure 3. A schematic cradle-to-gate representation of Route C: Stannous octoate mediated ROP 

of ɛ-CL (-->: Represents intermediate processes adapted from Ecoinvent 3.641, literature and patent 

procedures, modelled in GaBi ts version 9.5.2.4936 LCA software). 

________________________________________________________________________________________________ 

LCA modelling parameters for a justified comparison of the three synthesis routes are 

as follows. The cradle starts with the extraction of natural resources (e.g. oil, natural gas, 

minerals, etc.) and the gate ends with the output of 1 g PCL polymer (functional unit). 

Resource and energy consumption, and their associated emissions, are calculated according 

to mass allocation. Cut-off criteria is set at 0.10% of the reference flow and all electrical 

power needs for laboratory-scale processing are supplied by Singapore national electricity 

grid (95.2% natural gas, 0.7% petroleum products, 1.2% coal, and 2.9% others).37 This data 

is representative of the year 2019, quarter one fuel mix for Singapore electricity generation. 

The 2.9% others is assumed to be sourced from Waste-to-Energy (1.45%) and Solar PV 

(1.45%). Sensitivity and uncertainty analysis are included to evaluate the significance in 

variability and uncertainties of the LCIA results by varying electricity consumption in the 

laboratory, as a parameter. The transportation and storage of chemicals in supply chain 

operations are omitted for consideration, due to several reasons. Firstly, supply chain 

operations incur huge environmental impacts and the focus of our paper is to narrow down 
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into the laboratory-scale LCA comparison of the three synthesis routes. Secondly, supply 

chain activities of our chemical suppliers are not readily available for our modelling needs.  

Inventory analysis. Life Cycle Inventory (LCI) involves obtaining relevant Input–output 

information or data pertaining to the processes involved in the defined system boundary. It 

is a very time-consuming and significant procedure in LCA investigations. The reliabilities 

of any LCA investigation and its outcome are entirely dependent on the quality and 

adequacy of data used in constructing LCA models.38,39 Our team40 had elaborated on a list 

of critical factors associated with data selection for LCA studies. In the same work, we have 

illustrated how LCA results are highly dependent on the quality and adequacy of data 

applied. Considering the recommendation, LCA modelling of Routes A, B and C involve 

careful selection of relevant range of information from Ecoinvent 3.6.41 For chemical 

processes not found in Ecoinvent 3.641, Input-output information is obtained from 

Literature Review and Patents. The references to the Literature Review and Patents cited 

can be found in the SI. Input-output data of the laboratory-scale PCL procedures are based 

on the chemicals utilized and generated from the laboratory. The complete information on 

the LCI can be found in the SI.  

Impact Assessment. In LCA, Environmental Impact methods make use of cause-and-effect 

pathways to calculate the causal relationships between environmental intervention (e.g., emissions 

from certain chemicals/substances or process) and its potential impacts (e.g., particulate or acidic 

concentrations in air).42,43  

Different methods are designed to provide indicators for the different impacts 

attributable to products in the Life Cycle Impact Assessment (LCIA) phase.44,45 
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Life Cycle Impact model ReCiPe2016 provides a state-of-the-art Impact Assessment 

method which was applied to generate the selected impacts due to its relevance for the 

evaluation of mid-point environmental indicators required for the case study.46 In this work, 

ReCiPe2016 v1.1 Midpoint (H) has been selected since characterization factors that 

emblematized the global scenario are utilized.46 Furthermore, there was an improvement to 

the consistency of the models across the various impact categories as compared to 

ReCiPe2008.46 

 

RESULTS AND DISCUSSIONS  

Nuclear Magnetic Resonance. All routes gave near quantitative conversion on crude 

product analysis and require purification to remove low molecular weight fractions through 

series of precipitations. It is notable that Route A gave the highest PCL yield of 97.0% as 

compared to Routes B (55.0%) and C (72.5%). The 1H NMR (CDCl3) spectra of the three 

routes after purification were depicted in Figure 4.  

________________________________________________________________________ 
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Figure 4. 1H NMR (CDCl3) spectra of (a) Route A: Acid-catalyzed ROP of ɛ-CL, (b) Route 

B: Free-radical ROP of MDO and (c) Route C: Stannous octoate mediated ROP of ɛ-CL 

______________________________________________________________________________ 

Gel Permeation Chromatography (GPC). GPC analysis indicated Route A, B and C gave 

polymers with comparable number-average molecular weight, Mn = 9,000 – 10,000 g/mol and 

polydispersity (Table 1) after purification. 

________________________________________________________________________ 

Table 1. GPC results for PCL from Route A: Acid-catalyzed ROP of ɛ-CL, Route B: 

Free-radical ROP of MDO and Route C: Stannous octoate mediated ROP of ɛ-CL 

PCL Mn 

(g/mol) 
Mw 

(g/mol) 
PDI 

PCL 
from 

Route A 
 

 
9,300 

 
16,500 

 
1.8 

PCL 
from 

Route B 
 

 
9,700 

 
23,600 

 
2.4 

PCL 
from 

Route C 
 

 
9,800 

 
21,000 

 
2.1 

________________________________________________________________________ 

Route C gave a slightly polydisperse polymer than Route A which indicate better 

molecular weight control of Route A. This could be attributed by the lower reaction 

temperature of 60°C.  Another notable feature of Route A is that the carrier solvent for the 

inorganic acid catalyst may be avoided completely in future scale-up. In nonconventional 

Route B which is based on free radical chemistry, bioderived diols could be used for the 

preparation of MDO, further opening up opportunities for environmental benefits.    
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Additionally, Route B PCL microstructure is different from the other approaches due to 

possibility of ring retained propagation and branching.  Such microstructural differences 

are expected to provide benefits in applications where crystallinity is not preferred and for 

biodegradability enhancement. 

Life Cycle Assessment. ReCiPe2016 v1.1 Midpoint (H) provides results across many 

impact categories. Out of these, the following seven Environmental Impact Categories: 

Climate Change in kg CO2 eq., Fine Particulate Matter Formation in kg PM2.5 eq., Fossil  

Fuel Depletion in kg oil eq., Freshwater Eutrophication in kg P eq., Human Toxicity in kg 

1,4-DB eq., Terrestrial Acidification in kg SO2 eq. and Water Depletion in m3 were selected 

in our study.  

These seven Environmental Impact Categories are selected since they are prevalent in 

leading to significant threats to the areas of protection mentioned below. Climate Change, 

Fine Particulate Matter Formation, Human Toxicity and Water Depletion are the 

Environmental Impact Categories that ultimately lead to damage to human health. 

Freshwater Eutrophication and Terrestrial Acidification are responsible in causing damage 

to ecosystems and Fossil Fuel Depletion tells us the loss to our resource availability.50 

Environmental Impact Categories such as Ionizing Radiation and Land use are not 

considered due to its negligible effect in the current processes used.  

The cradle-to-gate impacts are assessed for the functional unit of 1 g of PCL for Routes 

A, B and C. Under each environmental impact category, the enormous results generated are 

grouped into eight headings. They are: Electrical power used for polymer synthesis, 

Electrical power used for chemicals/solvents production, Heat energy used for 

chemicals/solvents production, Fossil-based resources used at refinery, Hazardous waste 
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incineration, Polymer synthesis processes, Chemicals/solvents production processes and 

Water treatment processes.  

Climate Change. At a glance of Figure 5, Route B led to the highest overall Climate 

Change (CC) impact of 1.75 kg CO2 eq., which was approximately 4.87 and 1.62 times 

greater than A and C.  

Electrical power used for polymer synthesis in Route B (0.84 kg CO2 eq.) has the highest 

impact on CC due to longer polymerization duration of 24 hours as compared to 4 hours in 

Routes A and C. The high CC impacts were “indirect emissions” that mainly illustrate the 

large amount of electrical power generated from the experimental procedures and 

associated laboratory equipment utilized for the synthesis of PCL. 

Route B has the utmost impact to CC from electrical power used for chemicals/solvents 

production (4.25 × 10-1 kg CO2 eq.) and chemicals/solvents production processes (1.45 ×10-

1 kg CO2 eq.) groups. Hydrogen gas production via natural gas reforming (1.76 × 10-2 kg 

CO2 eq.), CI MDO (3.80 × 10-3 kg CO2 eq.) and MDO synthesis (1.09 × 10-2 kg CO2 eq.) 

made up the top three contribution (87.7% of the total). In the case of CI MDO and MDO 

synthesis, it was due to energy-intensive processes - long reaction hours and prolonged 

period of vacuum distillation. Meanwhile, hydrogen gas production via natural gas 

reforming attributed 92.9% to CC, under chemicals/solvents production processes.  

Hazardous waste incineration (4.29 × 10-1 kg CO2 eq.) of Route C resulted in more severe 

CC impacts compared to Routes A and B. This was pertaining to the treatment of larger 

amount of hazardous waste generated from Route C per 1g PCL, which amounted up to 

2.47 × 10-1 kg in contrast to A and B (7.89 × 10-2 kg and 1.46 × 10-1 kg).   
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Rotary evaporation (99%) and vacuum oven drying (1%) were the polymer synthesis 

processes leading to higher CC impacts in Route C than Routes A and B.  

Overall, Route A has the lowest influence to CC. It was proven to be most energy 

efficient out of the three routes since production of chemicals/solvents utilized less 

complicated approaches and polymer synthesis require only a short reaction time of 4 hours.  

________________________________________________________________________ 

 

Figure 5. Climate Change results for the production of 1 g PCL from Route A: Acid-

catalyzed ROP of ɛ-CL, Route B: Free-radical ROP of MDO and Route C: Stannous octoate 

mediated ROP of ɛ-CL. The inset indicates results from 0.0 to 2.0 × 10-2 kg CO2 eq. for 1 

g PCL. 

________________________________________________________________________ 

Fine Particulate Matter Formation. Figure 6 shows the total impact and categorized 

impacts of Fine Particulate Matter Formation (FPMF), in which 2.26 × 10-4, 3.69 × 10-4 and 

4 × 10-4 kg PM2.5 eq. were derived from Routes A, B and C respectively.  



 20 

Electrical power used for polymer synthesis in Route B (2.97 × 10-4 kg PM2.5 eq.) 

brought about the highest impact to FPMF. This was owing to longer polymerization time, 

as previously mentioned. 

Fossil-based resources and chemicals/solvents production processes of Route C made 

up 1.66 × 10-4 and 1.61 × 10-4 kg PM2.5 eq. of FPMF respectively, the greatest amongst the 

three synthesis processes. FPMF from fossil-based resources of Route C originated from 

DCM production (1.52 × 10-4 kg PM2.5 eq.), petroleum refinery operation (1.03 × 10-5 kg 

PM2.5 eq.) and benzene production (3.39 × 10-6 kg PM2.5 eq.) (99.86% of the total).  

Secondary sulfur (8.30 × 10-5 kg PM2.5 eq.) and sulfuric acid (7.78 × 10-5 kg PM2.5 eq.) 

production processes were the top two predominant chemicals/solvents production 

processes of Route C (99.99% of the total). 

It was worthwhile to note that Routes A and C utilizes significant DCM as the co-solvent 

during the polymer purification process. The use of DCM as the co-solvent was eliminated 

during laboratory purification process of Route B since chloroform was utilized. For this 

reason, Route B recorded the least effect to FPMF from fossil-based processes. 

Furthermore, when comparing Route C to B, the secondary sulfur and sulfuric acid 

production processes contribution was generally three orders of magnitude higher. 

Correspondingly, Route A to B also saw the same phenomenon.   

Although Route B recorded the least effect to FPMF from fossil-based resources and 

chemicals/solvents production processes, Route A was deemed to be a more 

environmentally friendly approach with its notably lower contribution to FPMF from 

electrical power used for polymer synthesis. 

________________________________________________________________________ 
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Figure 6. Fine Particulate Matter Formation results for the production of 1 g PCL from 

Route A: Acid-catalyzed ROP of ɛ-CL, Route B: Free-radical ROP of MDO and Route C: 

Stannous octoate mediated ROP of ɛ-CL. The inset indicates results from 0.0 to 1.0 × 10-5 

kg PM2.5 eq. for 1 g PCL. 

________________________________________________________________________ 

Freshwater Eutrophication. With reference to Figure 7, Route B (1.19 × 10-6 kg P eq.) has 

the highest contribution to Freshwater Eutrophication (FE), followed by A (3.22 × 10-8 kg P eq.) 

and C (2.43 × 10-11 kg P eq.). 

Diethyl ether and soda powder manufacturing operations in Routes A and B led to 

substantial Freshwater Eutrophication (FE). FE is caused by inorganic emission of 

phosphorus into freshwater. 

Diethyl ether production process in Routes A and B contributed 3.22 × 10-8 and 1.19 × 

10-6 kg P eq. Freshwater Eutrophication respectively. No impact to FE was found from 

diethyl ether production process in Route C, seeing that it was not utilized. 

Soda powder production process of Route A and B rendered 1.34 × 10-11 kg P eq. and 

1.95 × 10-12 kg P eq. FE impacts accordingly. Soda powder production in Route C led to 
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1.26 × 10-3 % FE, which pales in comparison to the total Freshwater Eutrophication impacts 

of all three synthesises (1.22 × 10-6 kg P eq.). 

In summary, it is rejoicing to mention that FE does not pose as much environmental risk 

than other Environmental Impact Categories with its lower order of magnitude.  

________________________________________________________________________ 

 

Figure 7. Freshwater Eutrophication results for the production of 1 g PCL from Route A: 

Acid-catalyzed ROP of ɛ-CL, Route B: Free-radical ROP of MDO and Route C: Stannous 

octoate mediated ROP of ɛ-CL. The inset indicates results from 0.0 to 4.0 × 10-10 kg P eq. 

for 1 g PCL. 

________________________________________________________________________ 

Human Toxicity. Figure 8 shows that Route C (2.41 × 10-1 kg 1,4-DB eq.) significantly 

outweigh A (3.83 × 10-3 kg 1,4-DB eq.) and B (8.82 × 10-3 kg 1,4-DB eq.) with its paramount 

contribution to Human Toxicity (HT). Routes A and B involve less harmful polymer syntheses 

with the essential omission of solvent, metal and organic catalyst. This in turn generated less toxic 

substances to human.  
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Polymer synthesis processes (2.36 × 10-1 kg 1,4-DB eq.) and fossil-based resources (4.80 

× 10-3 kg 1,4-DB eq.) in Route C have the most undesirable effects on HT as compared to 

the other two synthesis routes. Rotary evaporation and vacuum oven drying which are 

classified under polymer synthesis processes, brought 98.55% and 1.45% to HT impact. 

DCM production process contributes > 99.99% under fossil-based resources to HT.  

Chemicals/solvents production processes (2.40 × 10-3 kg 1,4-DB eq.) in Route B has the 

highest HT impact among all three syntheses.  The top three inputs were: MDO synthesis 

(67.00%), gaseous chlorine production via mercury cell electrolysis (16.16%), and hexane 

(10.56%) production. 

Route A (1.53 × 10-3 kg 1,4-DB eq.) recorded three order of magnitude higher HT than 

B (6.61 × 10-6  kg 1,4-DB eq.), from fossil-based resources. It was attributed to higher usage 

of DCM.  

Nonetheless, considering the overall picture, Route A is the least contaminating out of 

these three routes with its lower HT contribution from polymer and chemicals/solvents 

production processes in comparison to B. 

________________________________________________________________________ 
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Figure 8. Human Toxicity results for the production of 1 g PCL from Route A: Acid-

catalyzed ROP of ɛ-CL, Route B: Free-radical ROP of MDO and Route C: Stannous 

octoate mediated ROP of ɛ-CL. The inset indicates results from 0.0 to 1.0 × 10-2 kg 1,4-

DB eq. for 1 g PCL. 

________________________________________________________________________ 

Terrestrial Acidification. Route B (1.22 × 10-3 kg SO2 eq.) brought the highest impact to 

Terrestrial Acidification (TA), with electrical power used for polymer synthesis (80.81%) taking 

the major segment, followed by chemicals/solvents production process (12.39%) and fossil-based 

resources used in refinery (5.04%). 

Electrical power usage of the laboratory equipment in Route B produces 9.76 × 10-4 kg 

SO2 eq. TA, resulting in the highest impact amongst the syntheses. Polymerization reaction 

was predominantly (98.65%) the source due to the long reaction time of 24 hours, followed 

by precipitation (0.90%) and vacuum oven drying (0.45%). 

Fossil-based resources (2.54 × 10-4 kg SO2 eq.) and chemicals/solvents production 

processes (5.54 × 10-4 kg SO2 eq.) of Route C led to more serious consequences of TA 

compared to Routes A and B. DCM production accounted major contribution of 81.52% to 

TA in fossil-based resources, followed by 13.97% from petroleum refinery operation. The 

production chains of secondary sulfur (2.86 × 10-4 kg SO2 eq.) and sulfuric acid  

(2.68 × 10-4 kg SO2 eq.) materials in Route C, were the top two leading chemicals/solvents 

contributing to TA. 

Furthermore, it was interesting to note the trend of TA in Figure 9 closely resembles to 

FPMF Impacts (Figure 6). This is due to significant emissions of sulfur dioxide (SO2), 

which is the common air pollutant leading to TA and FPMF. Overall, TA Impact was higher 
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than FPMF Impact due to other acidifying emissions such as nitrogen oxide (NOx) and 

ammonia (NH3). 

In consummation, the remarkably low input to TA from Electrical power used for 

polymer synthesis of Route A attributed it to be the most eco-friendly method out of the 

three. 

________________________________________________________________________ 

 

Figure 9. Terrestrial Acidification results for the production of 1 g PCL from Route A: 

Acid-catalyzed ROP of ɛ-CL, Route B: Free-radical ROP of MDO and Route C: Stannous 

octoate mediated ROP of ɛ-CL. The inset indicates results from 0.0 to 2.5 × 10-5 kg SO2 

eq. for 1 g PCL. 

________________________________________________________________________ 

Water Depletion. As depicted in Figure 10, Route B has the highest water consumption of 

1.63 × 10-2 m3. On the other hand, Route A has the lowest water consumption of 5.50 × 10-3 m3. 

Chemicals/solvents production processes (1.62 × 10-2 m3) were the main 

pillarcontributing to Water Depletion (WD). In view of the chemicals/solvents used in 
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Route B, the production of butane-1,4-diol (63.74%) and hexane (19.24%) utilized large 

amount of water, amounting to 1.34 × 10-2 m3.  

Butane-1,4-diol was the main ingredient used in production of Tetrahydrofuran, the 

solvent required in MDO monomer synthesis of Route B. Since Routes A and C were based 

on ROP of ɛ-CL, use of Butane-1,4-diol was excluded. 

Based on the functional unit of 1 g PCL, Route B consumed the highest amount of 

hexane (120 g), followed by C (90.90 g) and A (65.90 g). Since hexane production utilized 

water, Route B led to higher WD than the other two routes.  

As per the analysis above, Route A is a more water conserving route as compared to the 

other two routes.  

________________________________________________________________________ 

 

Figure 10. Water Depletion results for the production of 1 g PCL from Route A: Acid-

catalyzed ROP of ɛ-CL, Route B: Free-radical ROP of MDO and Route C: Stannous octoate 

mediated ROP of ɛ-CL. The inset indicates results from 0.0 to 2.0 × 10-4 m3 for 1 g PCL. 

________________________________________________________________________ 
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Overall Environmental Impacts. In order to provide an overview of all three synthesis routes, 

overall Environmental Impacts can be analysed by plotting all Environmental Impact Categories 

of interest into a column chart, as illustrated in Fig. 11.  

Climate Change (CC) is the major driving factor of Environmental Impacts. Route B 

accorded the highest CC impact of 1.75 kg CO2 eq., followed by Routes C (1.07 kg CO2 

eq.) and A (3.59 × 10-1 kg CO2 eq.). Compared to Route B, Routes A and C achieved an 

impact reductions of 79.46% and 38.41% respectively, for CC (Table 2).  

________________________________________________________________________ 

Table 2. Relative percentage of Environmental Impact Categories of Routes A, B and C, 

with Route B defined as the 100.00% column 

Environmental 
Impact Categories 
 

Route 
A 

Relative 
Percentage 

(%) 

Route 
B 

Relative 
Percentage 

(%) 

Route 
C 

Relative 
Percentage 

(%) 
 
Climate Change 
[kg CO2 eq.] 
 

 
3.59 × 

10-1 

 

 
20.54 

 

 
1.75 

 

 
100.00 

 

 
1.07 

 

 
61.59 

 

 
Fine Particulate 
Matter Formation 
[kg PM2.5 eq.] 
 

 
2.26 × 

10-4 

 

 
61.26 

 

 
3.69 × 

10-4 

 

 
100.00 

 

 
4.00 × 

10-4 

 

 
> 100.00 

 

 
Fossil Fuel 
Depletion  
[kg oil eq.] 
 

 
8.22 × 

10-2 

 

 
45.47 

 

 
1.81 × 

10-1 

 

 
100.00 

 

 
1.26 × 

10-1 

 

 
69.52 

 

 
Freshwater 
Eutrophication  
[kg P eq.] 
 

 
3.22 × 

10-8 

 

 
2.68 

 

 
1.20 × 

10-6 

 

 
100.00 

 

 
2.43 × 
10-11 

 

 
Negligible 

 

 
Human Toxicity  
[kg 1,4-DB eq.] 
 

 
3.83 × 

10-3 

 

 
43.38 

 

 
8.82 × 

10-3 

 

 
100.00 

 

 
2.41 × 

10-1 

 

 
> 100.00 

 

Terrestrial 
Acidification  
[kg SO2 eq.] 

6.69 × 
10-4 

 

54.90 
 

1.22 × 
10-3 

 

100.00 
 

1.05 × 
10-3 

 

86.37 
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________________________________________________________________________ 

CC impact has an order of magnitude and/or higher than the other environmental 

impacts. Thus, the other environmental impacts seem insignificant compared to CC. 

________________________________________________________________________ 

 

Figure 11. Overall Environmental Impacts results for the production of 1 g PCL from 

Route A: Acid-catalyzed ROP of ɛ-CL, Route B: Free-radical ROP of MDO and Route C: 

Stannous octoate mediated ROP of ɛ-CL. The inset indicates results from 0.0 to 2.0 × 10-1 

for 1 g PCL. 

________________________________________________________________________ 

Overall Environmental Impacts without Climate Change. Due to higher order of magnitude 

of Climate Change (CC) as compared to other environmental impacts, CC is removed from Fig. 

12 for a detailed insight into the seriousness of other impacts.  

Water Depletion  
[m3] 
 

 
5.50 × 

10-3 

 

 
33.64 

 

 
1.63 × 

10-2 

 

 
100.00 

 

 
7.43 × 

10-3 

 

 
45.45 
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Route C (2.41 × 10-1 kg 1,4-DB eq.) led to the highest Human Toxicity (HT) impact. 

From Table 3, Routes A and B achieved HT impact reductions of 98.41% and 96.34% 

respectively, when compared to Route C. 

________________________________________________________________________ 

Table 3. Relative percentage of Environmental Impact Categories of Routes A, B and C, 

with Route C defined as the 100.00% column 

________________________________________________________________________ 

Environmental 
Impact Categories 
 

Route 
A 

Relative 
Percentage 

(%) 

Route 
B 

Relative 
Percentage 

(%) 

Route 
C 

Relative 
Percentage 

(%) 
 
Climate Change 
[kg CO2 eq.] 
 

 
3.59 × 

10-1 
 

 
33.36 

 

 
1.75 

 

 
> 100.00 

 

 
1.07 

 

 
100.00 

 

 
Fine Particulate 
Matter Formation 
[kg PM2.5 eq.] 
 

 
2.26 × 

10-4 
 

 
56.46 

 

 
3.69 × 

10-4 
 

 
92.17 

 

 
4.00 × 

10-4 
 

 
100.00 

 

 
Fossil Fuel 
Depletion  
[kg oil eq.] 
 

 
8.22 ×  

10-2 

 

 
65.40 

 

 
1.81 × 

10-1 
 

 
> 100.00 

 

 
1.26 × 

10-1 
 

 
100.00 

 

 
Freshwater 
Eutrophication  
[kg P eq.] 
 

 
3.22 ×  

10-8 
 

 
> 100.00 

 

 
1.20 × 

10-6 
 

 
> 100.00 

 

 
2.43 × 
10-11 

 

 
100.00 

 

 
Human Toxicity  
[kg 1,4-DB eq.] 
 

 
3.83 ×  

10-3 
 

 
1.59 

 

 
8.82 × 

10-3 
 

 
3.66 

 

 
2.41 × 

10-1 
 

 
100.00 

 

 
Terrestrial 
Acidification  
[kg SO2 eq.] 
 

 
6.69 × 

10-4 
 

 
63.56 

 

 
1.22 × 

10-3 
 

 
> 100.00 

 

 
1.05 × 

10-3 
 

 
100.00 

 

 
Water Depletion  
[m3] 
 

 
5.50 ×  

10-3 
 

 
74.02 

 

 
1.63 × 

10-2 

 

 
> 100.00 

 

 
7.43 × 

10-3 

 

 
100.00 
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Routes B and C led to 2.20 and 1.53 times more Fossil Fuel Depletion (FFD) when 

compared to Route A (8.22 × 10-2 kg oil eq.). Top two sources leading to FFD in all 

syntheses are petroleum refinery operation and extraction and production of natural gas. 

Route B consumed the highest amount of hexane than A and C. This in terms led to 

higher consumption of naphtha (naphtha is an input to hexane production) which was 

produced from crude oil in Petroleum refining process. Additionally, petroleum ether 

output from Petroleum refinery was also utilized as a solvent in MDO monomer synthesis.  

Route B accorded high natural gas consumption, which was predominantly utilized in 

hydrogen gas production via natural gas reforming. The hydrogen gas evolved was then 

utilized in molybdenum carbide production. Molybdenum carbide was then inputted for 

potassium tert-butoxide production and potassium tert-butoxide was eventually applied in 

MDO synthesis. DCM production in Route B also require minor amount of natural gas. 

DCM is required to produce AIBN, the initiator compound to drive free-radical 

polymerization mechanism. 

Hence, these factors explained why higher FFD resulted from Route B. It was generally 

due to the complex series of intermediate processes leading up to MDO synthesis and  

solvents (hexane and DCM) usage. Since Routes A and C avoided the use of MDO 

monomer, lessened impacts to FFD were observed. 
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________________________________________________________________________ 

 

Figure 12. Overall Environmental Impacts (without climate change) results for the 

production of 1 g PCL from Route A: Acid-catalyzed ROP of ɛ-CL, Route B: Free-radical 

ROP of MDO and Route C: Stannous octoate mediated ROP of ɛ-CL. The inset indicates 

results from 0.0 to 1.0 × 10-2 for 1 g PCL. 

________________________________________________________________________ 

Sensitivity analysis. Sensitivity analysis is performed to ensure that the obtained laboratory-

scale LCA results from all routes are not significantly affected by the data variation. Sensitivity 

analysis of all the above seven Environment Impacts Categories is conducted via applying a 

standard deviation of ±20% to the existing electricity consumption of the processes in the PCL 

synthesises. The specific breakdown of data variation in percentage from each laboratory unit 

process and total contribution are tabulated in Table 4. Greatest overall impact of data variation to 

FPMF (±8.06%) is observed, followed by TA (±8.01%) and CC (±4.81%) for Route B. Route B 

recorded the greatest data variation in comparison to Route A or C (Table 4). It is worthy to note 

that the other four Environmental Impacts Categories (FFD, FE, HT and WD) are not affected by 
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±20% change in electricity consumption. Across all routes, Polymer Synthesis stage resulted in 

the highest data variation. Whereas, Precipitation stage has the lowest data variation. 

______________________________________________________________________________ 

Table 4. Sensitivity analysis results of Routes A, B and C, with ±20% change in electricity 

consumption of the Laboratory Unit Processes 

________________________________________________________________________ 

Uncertainty analysis. Monte Carlo simulation is employed to quantify uncertainty in the 

laboratory-scale LCA of Routes A, B and C, with iterations of 10,000 runs. The standard deviation 

(SD) of ±20% change in electricity consumption was applied as per the settings for the sensitivity 

analysis. The frequencies of different outputs generated from the Monte Carlo simulation are 

represented as normal distribution. Results of the uncertainty analysis are reported in Table 5.  

The ±20% change in electricity consumption has no effect to FFD and WD. Uncertainty was higher 

Laboratory  

Unit Processes 

CC (%) FPMF (%) TA (%) 

Routes A B 

 

C A B 

 

C A B 

 

C 

Vacuum Distillation ±1.16 NA ±0.52 ±0.65 NA ±0.49 ±0.73 NA ±0.62 

Polymer Synthesis ±2.18 ±4.74 ±0.97 ±1.23 ±7.95 ±0.93 ±1.36 ±7.90 ±1.16 

Precipitation ±0.03 ±0.04 ±0.04 ±0.01 ±0.07 ±0.03 ±0.02 ±0.07 ±0.04 

Aqueous Workup NA NA NA NA NA NA NA NA NA 

Rotary Evaporation NA NA ±0.14 NA NA ±0.13 NA NA ±0.16 

Vacuum Oven Drying ±0.06 ±0.02 ±0.03 ±0.03 ±0.04 ±0.03 ±0.04 ±0.04 ±0.03 

TOTAL ±3.43 ±4.81 ±1.69 ±1.93 ±8.06 ±1.61 ±2.14 ±8.01 ±2.01 
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for Route B, followed by A and C. Considering the uncertainty analysis results, impacts of Route 

A was affirmed to be lower than Route B or C for CC, TA, FPMF and HT. Route C was also 

confirmed to give the lowest impact to FE from the uncertainty analysis. Due to the large standard 

deviation (SD) of 15.70% for FPMF of Route B, the 75% and 90% percentile uncertainty analysis 

results deemed that Route B will overtake Route C and led to higher FPMF impact.   

______________________________________________________________________________ 

Table 5. Uncertainty analysis results of Routes A, B and C, with ±20% change in electricity 

consumption of the Laboratory Unit Processes 

Environmental 

Impact  

Categories 

 

Route  Mean SD 10% 

percentile 

25% 

percentile 

75% 

percentile 

90% 

percentile 

Climate 

Change 

[kg CO2 eq.] 

 

A 

 

3.59 ×  

10-1 

 

4.92% 

 

3.36 ×  

10-1 

 

3.47 ×  

10-1 

 

3.71 ×  

10-1 

 

3.81 ×  

10-1 

 

 

B 

 

 

1.75 

 

 

9.40% 

 

1.54 

 

1.64 

 

1.86 

 

1.96 

 

C 

 

 

1.08 

 

 

2.23% 

 

1.04 

 

1.06 

 

1.09 

 

1.11 

Fine Particulate  

Matter 

Formation  

[kg PM2.5 eq.] 

 

A 

 

2.26 ×  

10-4 

 

2.76% 

 

2.18 ×  

10-4 

2.22 ×  

10-4 

2.30 ×  

10-4 

2.34 ×  

10-4 

 

B 

 

 

3.69 ×  

10-4 

 

 

15.70% 

 

2.95 ×  

10-4 

 

 

3.31 ×  

10-4 

 

 

4.08 ×  

10-4 

 

 

4.43 ×  

10-4 

 

 

C 

 

 

4.00 ×  

10-4 

 

2.00% 

 

3.89 ×  

10-4 

 

 

3.94 ×  

10-4 

 

 

4.06 ×  

10-4 

 

 

4.11 ×  

10-4 

 

Freshwater  

Eutrophication  

[kg P eq.] 

A 

 

3.22 ×   

10-8 

 

1.23 ×  

10-13 

 

3.22 ×  

10-8 

 

3.22 ×  

10-8 

 

3.22 ×  

10-8 

3.22 ×  

10-8 
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CONCLUSION 

In this work, we unveiled the first published laboratory-scale LCA comparison of PCL 

via emerging methods, Route A: Acid-catalyzed ROP of ɛ-CL and Route B: Free-radical 

ROP of MDO versus existing method, Route C: Stannous octoate mediated ROP of ɛ-CL. 

Routes A and B are nonconventional rarely used approaches which are developed and 

optimized from two earlier references. They are essentially solvent free, metal free and 

  

B 

 

 

1.20 ×  

10-6 

 

 

2.17 ×  

10-13 

 

 

1.20 ×  

10-6 

 

1.20 ×  

10-6 

 

1.20 ×  

10-6 

 

1.20 ×  

10-6 

 

C 

 

 

2.43 ×  

10-11 

 

 

1.12 ×  

10-13 

 

 

2.43 ×  

10-11 

 

2.43 ×  

10-11 

 

2.43 ×  

10-11 

 

2.43 ×  

10-11 

Human 

Toxicity  

[kg 1,4-DB eq.] 

 

A 

 

3.82 ×   

10-3 

 

2.48 × 

10-13 

 

3.82 ×   

10-3 

3.82 ×   

10-3 

3.82 ×   

10-3 

3.82 ×   

10-3 

 

B 

 

 

8.82 ×  

10-3 

 

 

2.92 × 

10-13 

 

 

8.82 ×  

10-3 

 

8.82 ×  

10-3 

 

8.82 ×  

10-3 

 

8.82 ×  

10-3 

 

C 

 

 

2.41 ×  

10-1 

 

 

1.85 × 

10-13 

 

 

2.41 ×  

10-1 

 

2.41 ×  

10-1 

 

2.41 ×  

10-1 

 

2.41 ×  

10-1 

Terrestrial  

Acidification  

[kg SO2 eq.] 

 

A 

 

6.69 ×  

10-4 

 

3.07% 

 

6.43 ×  

10-4 

 

6.55 ×  

10-4 

 

6.83 ×  

10-4 

 

6.95 ×  

10-4 

 

 

B 

 

 

1.22 ×  

10-3 

 

 

15.60% 

 

 

9.78 ×  

10-4 

 

 

1.09 ×  

10-3 

 

 

1.35 ×  

10-3 

 

 

1.46 ×  

10-3 

 

 

C 

 

 

1.05 ×  

10-3 

 

 

2.64% 

 

1.02 ×  

10-3 

 

 

1.03 ×  

10-3 

 

 

1.07 ×  

10-3 

 

 

1.09 ×  

10-3 
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organic catalyst free. For the benefit of the environment, understanding and evaluating the 

impacts of these alternative methods in comparison to the existing method serve to advance 

the environmental sustainability of polymer production. Under Materials and Methods 

section, polymer synthesises procedures of Routes A, B and C and LCA methodology were 

presented.  Cradle-to-gate LCA of the laboratory-scale syntheses were then performed and 

compared for the functional unit of 1 g PCL. Cradle-to-gate LCA results shown that 

Climate Change outweighs the other impact categories in contribution to environmental 

impacts.  

Route B has the highest impact to Climate Change, mainly due to substantial amount of 

electrical power used for polymer and chemicals/solvents production processes. Other than 

Climate Change, Route B led to the greatest impact in Fossil Fuel Depletion, Water 

Depletion, Freshwater Eutrophication and Terrestrial Acidification impact categories. 

Significant contribution by all syntheses can also be seen for Fossil Fuel Depletion. Main 

sources leading to Fossil Fuel Depletion were extraction and production of natural gas and 

petroleum refinery operation. Higher FFD resulted from Route B due to higher usage of 

hexane and complicated chains of intermediary processes leading up to MDO synthesis.  

Route C resulted in the worst environmental impacts to Fine Particulate Matter 

Formation and Human Toxicity. 97.94% of Human Toxicity impacts mainly originate from 

rotary evaporator and vacuum oven drying processes, which are applied for solvent 

removal. These processes emit 1,4-dichlorobenzene-equivalents (1,4 DCB-eq.) into the 

environment. 

Therefore, for reduction of Environmental Impacts to the environment, the goals are to 

reduce Climate Change, Fossil Fuel Depletion and Human Toxicity Impacts. For Climate 
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Change, it can be accomplished by optimizing the laboratory-scale processes for monomer 

and polymer synthesis through streamlining of steps, reaction duration reduction and use 

of more energy-efficient equipment i.e. vacuum pump, magnetic stirrer hot plate and 

vacuum oven to bring down the electricity consumption.  

In the aspect of lessening Fossil Fuel Depletion and Human Toxicity Impact, the focus 

is to eliminate the use of solvents in our study. DCM and hexane led to the release of 

halogenated organic emissions to air which contributes greatly to Human Toxicity. 

However, the complete elimination of solvents use may not be probable since they are 

essential for many purposes i.e. polymers purification. Tapping into alternatives such as 

green solvents may be the way to go. However, it is important to note that the potential 

green solvents should have a lesser environmental footprint to make it a viable option.  

Route A is proven to be the most energy-conscious route with less complex chemical 

processes and short polymerization duration. Additionally, Route A employed a less 

hazardous polymer synthesis route with essential omission of solvent, metal and organic 

catalyst. This in turn generated less toxic substances to the Environment. It is worthwhile 

to note that for future scale-up, elimination of diethyl ether in Route A synthesis is feasible. 

HCl gas can be directly employed, making the process completely carrier solvent free. 

In closing, Route A is the most environmentally sound process out of the three polymer 

synthesis routes for six out of seven Environmental Impacts: Climate Change, Fine 

Particulate Matter Formation, Fossil Fuel Depletion, Human Toxicity, Terrestrial 

Acidification and Water Depletion. This is further affirmed via the sensitivity and 

uncertainty analysis results of the cradle-to-gate life cycle Environmental Impact 

Categories by considering variation and uncertainties of electrical consumption. 
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Performing laboratory-scale LCA for emerging synthesis methods are very much needed as the 

future demand of readily biodegradable polymers like PCL are expected to increase exponentially 

owing to the regulatory forces and heightened awareness of the industry and the consumers. 

Although some useful insights from this laboratory-scale LCA may likely be a forecast of 

environmental concerns at industrial-scale, it is vital to improve, scale-up, conduct an industrial-

scale LCA and perform Techno-Economic Assessment in the future. These will provide a well-

rounded sustainability overview based on environmental and economical perspectives.  
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Comparison of emerging nonconventional synthesises to existing approach provide guideline for 

sustainable future production of highly used biodegradable Poly(ɛ-caprolactone) polymer.  


