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Abstract: Polyglycolic acid (PGA) is a biologically friendly material with a wide range of applications.
The production of dimethyl oxalate using coal-based syngas and the hydrogenation of dimethyl
oxalate can produce the polymerization raw material of PGA, glycolide, which requires a methyl
glycolate polymerization and depolymerization process. The intermediate products of the production
process were analyzed using gas chromatogram-mass spectrometry (GC-MS) and Orbitrap mass
spectrometry (Orbitrap MS), which revealed the presence of cyclic and linear PGAs with different
capped ends. The impurities present in the oligomer were mostly methyl-capped PGA and were
retained in the subsequent depolymerization process to glycolide, solvent washing can be used to
remove this part of the impurity and ultimately obtain a refined glycolide product. Furthermore, it
is proposed that the use of the specialized Kendrick Mass Defect (KMD) to plot and analyze PGA
compounds obtained using mass spectrometry can enable the direct classification of PGAs without
the need for exact molecular formula assignment.

Keywords: Syngas-Based; glycolide; mass spectrometry; Kendrick Mass Defect

1. Introduction

Polyglycolic acid (PGA) is a high-end chemical material widely used in various fields,
such as medical materials [1,2], oil and gas exploitation [3], and agricultural production
fields [4]. The condensation of glycolide is one of the main processes for industrial-scale
production of PGA [5,6]. The production capacity and cost of PGA have been constrained
by the utilization of petroleum-based feedstock. However, with the advancements in
the coal-based syngas conversion process, leading to the production of methyl glycolate,
there is potential for a further reduction in PGA’s production cost [7,8]. The industrial
synthesis process of PGA, based on coal-based syngas, involves the use of syngas to
produce methyl glycolate, which is subsequently polymerized into oligomers and then
depolymerized into crude glycolide. Following a refining process, the purified glycolide is
further polymerized to yield high molecular weight PGA. The composition of glycolide
and its related intermediate materials directly affects the quality and yield of the PGA
products [1,9]. Therefore, it is important to know the detailed composition of coal-based
glycolide and its related intermediate materials during the PGA production process, which
contributes to the optimization of the production process of coal-based PGA and enhances
product quality.

Infrared spectroscopy [10,11], thermogravimetric analysis [12,13], and organic elemen-
tal composition are commonly employed for polymer analysis; however, these methods
only provide information on bulk properties and composition, limiting the qualitative
understanding of the impurities and polymers. Gas chromatography-mass spectrometry
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(GC-MS) equipped with electron impact ionization is a useful technique for the quali-
tative analysis of unknown organic compounds. The molecular structure of individual
compounds can be inferred by the characteristic fragment ions obtained from MS [14,15].
However, this method requires vaporization of analytes, which may result in the inability
to detect non-volatile and larger-molecular-weight compounds. Additionally, due to the
limited separation capabilities of gas chromatographic columns, it may not be possible to
distinguish between individual compounds. In recent years, high-resolution mass spec-
trometry (HRMS) has emerged as a powerful technique for the analysis of complex organic
mixtures [16,17]. HRMS combined with atmospheric pressure soft ionization techniques,
such as electrospray ionization sources, enables the analysis of semi-volatile or non-volatile
analytes in complex organic mixtures [14,18–20]. The molecular elemental composition of
organic mixtures can be determined by calculating the precise molecular mass obtained
through HRMS analysis. Furthermore, the functional structure of these compounds can be
identified and classified using mathematical statistical methods based on compositional
parameters, such as the Kendrick Mass Defect [21,22].

In this study, the volatile components of glycolide and its related intermediate materi-
als obtained from coal-based PGA synthesis process were qualitatively analyzed by GC-MS,
while assessing the impurities in each intermediate material. The glycolide and its related
intermediate materials were further characterized by HRMS. Two novel parameters based
on Kendrick Mass Defect were proposed for the statistical analysis and classification of
polymer types and structures. The distribution and transformation of various components
in each intermediate material are examined, and suggestions are provided for guiding the
production process of coal-based PGA.

2. Results and Discussion
2.1. GC-MS Analysis of the Oligomer and Glycolide Samples

The GC-MS analysis provides the composition of the volatile components in the
samples. Figure 1 shows the GC-MS total ion chromatograms for the two oligomers, crude
glycolide, and refined glycolide. It shows that a small amount of glycolide can be detected
in the oligomers, while glycolide is the main component in the crude glycolide and refined
glycolide samples. The injection concentration was deliberately increased during the GC
analysis to determine the impurity composition in these two samples. Consequently, this
resulted in an overloaded GC retention of glycolide, leading to an unusually broad and
asymmetric chromatographic peak. However, despite this distortion, the peak area still
reasonably reflects the content of glycolide. Abundant volatile components were detected
in the oligomers and the crude glycolide, whereas refined glycolide exhibited minimal
impurities. Except for the esterification derivatives of glycolic acid, PGAs with low degree
of polymerization were identified.

Using crude glycolide as a case study, the impurities present therein were identified.
The characteristic ions of these compounds are m/z 100, 117, and 131. The corresponding
mass chromatograms are shown in Figure 2. The m/z 100 fragment ion is derived from
the C4H4O3 moiety in PGAs, rendering it a reliable indicator for both linear and cyclic
PGAs. For linear PGAs, the fragment ions of m/z 117 and 131 are predominantly observed
when the end position corresponds to the carboxyl or methyl ester, respectively, providing
a reliable means for distinguishing between these two types of PGAs. The compounds in
the oligomers and glycolides samples were further identified and are depicted in Figure 1
with appropriate annotations. In addition to the aforementioned polymers, two plasticizer
compounds (phthalic acid esters, PAEs) were also detected and labeled with green dot
in Figure 1.
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Figure 1. GC-MS total ion chromatograms of the two oligomers, the crude glycolide, and the refined
glycolide samples.

In all these samples, the detection of cyclic PGAs was negligible due to the limited
efficiency of the transesterification polymerization reaction involving methyl glycolate. The
volatile components in both oligomer samples exhibited a similar composition, primarily
comprising linear carboxyl-terminated PGAs. In contrast, the impurities identified in the
crude glycolide sample exhibited a significantly lower degree of polymerization, while
an increased abundance of methyl-terminated PGAs were observed. The composition
obtained by GC-MS can only provide a limited representation of the volatile components
present in the samples, thereby imposing certain constraints on the results. Consequently,
further analysis will be carried out in conjunction with the subsequent findings acquired
through HRMS.
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Figure 2. GC-MS total ion chromatogram and mass chromatograms of m/z 100, 117, and 131
of the crude glycolide. The m/z 100 represents a combination for the linear and cyclic PGAs,
while the m/z 117, 131 correspond to linear PGAs with hydrogen or methyl group at the terminal
position, respectively.

2.2. ESI(+) Orbitrap MS Analysis

Compounds with high boiling points and strong polarities can be effectively ana-
lyzed using ESI MS, whereas PGA represents an ester compound characterized by lower
polarities but very high boiling points. The small amount of Na+ present in the sample
preparation process or sample injection process will form sodium adduct ions in ESI(+) MS,
as shown in Figure 3a. The compounds exhibiting higher abundance in the mass spectra
are characterized by peaks with a repeat mass of 58.00548, corresponding to polymers with
glycolic acid as their repeating unit.
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Kendrick Mass Defect (KMD) analysis is commonly used in mass spectrometry to
categorize ions with similar repeating units by converting the exact mass of the repeating
unit’s decimal number into an integer mass, thereby ensuring their uniformity in terms of
mass defects. For better categorize polymers in this study, two parameters KMDEnd group

(CH2) and KMDGA are defined respectively using measured m/z:

KMEnd Group (CH2)
= ((m/z − mNa+) mod 58.00548)× 14.00000

14.01565

KMGA = (m/z − mNa+)×
58.00000
58.00548

KMD = KM − int(KM)

where m/z is the precise mass to charge ratio of the ion detected in the mass spectrometer
and mNa

+ is the precise mass of the Na+ ion. The difference between m/z and mNa
+ is the

exact mass of the polymer assuming that all of the ions detected are the adduct ion of
polymer and Na+. The molecular formula composition of the capped end is obtained by
dividing the exact mass of the polymer by the repeating glycolic acid unit and taking the
remainder (using operator mod).

Using these two parameters and the molecular formula of the polymers, it can be
known that if a series of polymers have the same end group structure, they will have
both the same KMDEnd group (CH2) and KMDGA, whereas if two polymers have different
carbon numbers for the end group structure, they will have the same KMDEnd group (CH2)
but different KMDGA. Using such a parameter, a KMD plot (Figure 3b) can distinguish the
different types of polymers, where the size of the dots and the different colors represent
the relative peak intensity of the base peak. In practical calculations, m/z needs to be
additionally shifted slightly towards higher values (0.0002 Da in this study) in order to
eliminate the effects caused by random errors in the residual (operator mod) and rounding
(operator int) functions (more calculation details are shown in Supplementary Materials).
Cyclic PGA is directly composed of several glycolic acid units as it contains no end groups,
and, therefore, both KMDEnd group (CH2) and KMDGA are 0, appearing in the lower left corner
of the KMD plot. As for the linear PGAs, without a capping end or with a methyl or ethyl
capping end, they have added [H2O], [OCH4], and [OC2H6], respectively, in their molecular
formulae compared to the cyclic PGAs, which means that their KMDGA is different but the
KMDEnd group (CH2) has the same value, indicating that their capping structure belongs to
the homolog. In addition to the various PGAs identified above, there are several unknown
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PGA families that have not been identified. However, even if the molecular formulae of
these polymers are not accurately identified, the use of a KMD plot can still allow the
rapid classification of different types of PGA compounds without the need for molecular
formulae matching calculations.

2.3. Composition of the Impurities in the Samples from Different Process Units

The oligomers were derived from the polymerization of methyl glycolate, with the
majority of the oligomers being PGA with a lower degree of polymerization. The poly-
merization process begins with the transesterification reaction between methyl glycolates,
which produces different oligomers. The results of both GC-MS and Orbitrap MS analyses
indicate that some cyclic and linear oligomers were the main composition of the sam-
ples. These oligomers were mainly methyl-capped. Figure 4 shows the distribution of the
polymerization degrees observed in the cyclic and linear polymers, as determined using
the Orbitrap MS analysis of the different samples. Furthermore, the GC-MS analysis re-
vealed a high abundance of glycolide and methyl-diglycolic esters. These methyl ester-like
compounds, also known as methyl-capped oligomers, also may have originated from the
esterification reaction or the small molecule alcohol residue of methyl ethanoate present
in the feedstock. Furthermore, the same methyl ester compounds are also present in the
subsequent process product—crude glycolide.
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It is evident that the primary component of both crude and refined glycolide is glycol-
ide. However, crude glycolide exhibits the most complex composition of impurities, which
are not present in high levels but can significantly impact the polymerization capability of
glycolide. These impurities encompass all the types of compounds previously analyzed,
including cyclic PGAs and linear PGAs with different end caps. It is the linear PGAs that
are mainly detected in the chromatograms. Given that crude glycolide is derived from
the depolymerization of oligomers, analysis of these oligomers has revealed the possible
presence of various small molecules of alcohols in the system. These small molecular
alcohols are key compounds that can result in the production of unexpected impurities in
crude glycolide.
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3. Experimental Section
3.1. Samples and Regents

The samples were collected from the PGA unit in the CHN Energy Yulin Chemical
Co., Ltd. Plant, Yulin, China, including oligomers, crude glycolide, and refined glycolide.
The production of glycolide employs a coal-based syngas-derived process, as illustrated in
Figure 5. Dimethyl oxalate (DMO) was firstly produced from syngas and then hydrogenated
to produce methyl glycolate [23]. The methyl glycolate is polymerized to form oligomers,
the intrinsic viscosity of which are controlled between 0.25% and 0.35%. The oligomers
are further depolymerized and cyclized to crude glycolide, which has a low purity (about
80%). The purity of refined glycolide can be increased to 99.20% after solvent washing with
isopropanol, while the acid content is less than 200 ppm. In the subsequent process, the
refined glycolide will be further polymerized to produce PGA.
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Analytical grade methanol was purchased from Beijing Chemical Reagents Company,
Beijing, China, which was purified by distillation with a 9600 spinning band distilla-
tion system (B/R Instrument, Easton, PA, USA) before use. Analytical grade 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) was purchased from Aladdin Biochemical Technology Co.,
Ltd, Shanghai, China.

3.2. GC-MS Analysis

The composition of the volatile components of the oligomers, the crude glycolide, and
the purified glycolide were analyzed using GC-MS. The samples were dissolved in HFIP
to a concentration of 10 mg/mL for the good solubility of the fluorine-containing solvent
for the polymers [2,24]. The GC-MS analysis was carried out using a Bruker SCION TQ
GC-MS, Bremen, Germany. The injector temperature of the GC was set at 300 ◦C. The GC
was equipped with an HP-5MS (30 m × 0.25 mm × 0.25 µm) fused silica capillary column.
The oven temperature was programed from 50 ◦C to 310 ◦C at 5 ◦C/min with an initial
hold time of 5 min and a final hold time of 13 min. The carrier gas was helium kept at
a constant flow rate of 1.0 mL/min. The injection volume was 1 µL in splitless injection
mode. The 70 eV electron impact ion (EI) source and the ion transfer tube temperatures
were set at 230 ◦C and 250 ◦C, respectively. The MS were scanned from m/z 35 to m/z 500
with a period of 0.7 s. A solvent delay of 3 min was implemented for the analysis.

3.3. Orbitrap MS Analysis

The oligomers, crude glycolide, and purified glycolide were also subjected to analysis
using ESI(+) Orbitrap MS for determination of their composition. Prior to the analysis, the
samples were dissolved in HFIP and subsequently diluted in methanol to a concentration
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of 200 mg/L. The HRMS analysis was carried out using a Thermo Scientific Orbitrap
Fusion MS (San Jose, CA, USA) coupled with an electrospray ionization (ESI) ion source,
which can achieve a mass resolution of 500,000 at m/z 200. The prepared sample solutions
were injected directly into the ESI source at a flow rate of 10 µL/min using an injection
pump. Spray voltage under positive-ion ESI modes was −3.6 kV. The sheath, auxiliary,
and sweep gas flow rates were set as 8.0, 3.0, 0.1 Arb, respectively. The vaporization
and the ion transfer tube temperature were 50 ◦C and 300 ◦C, respectively. The source
fragmentation voltage was set at 100 V to eliminate the association of the target compounds
with glycolide or methanol. The ions in the range from m/z 100 to m/z 1200 were recorded
in a 1 min detection period. The mass spectrum data were exported into a Microsoft
Excel file using Thermo Xcalibur software (https://www.thermofisher.com/order/catalog/
product/OPTON-30965 (accessed on 5 August 2024)), and subsequently processed with
a custom-built program for precise molecular formula assignment based on the accurate
molecular mass. The principle and specific details of the data processing have been
described elsewhere [25].

4. Conclusions

The composition of the products and impurities in the PGA synthesis process, obtained
using coal-based syngas, was analyzed using GC-MS and ESI HRMS. Impurities detected
in those samples were mainly methyl capped linear PGA, methyl diglycolate and PAEs,
and those linear PGA remains in crude glycolide product. The solvent-washed and refined
glycolide contains small amounts of methyl capped linear PGA and PAEs.

The use of high-resolution mass spectrometry revealed the presence of numerous
compounds with higher degrees of polymerization and higher boiling points than those
observed in the GC-MS analysis. Although some of the peaks have not yet been identified,
the types of composition of the cyclic and linear polymers were generally consistent with
the GC-MS results. The use of high-resolution mass spectrometry enabled the accurate
determination of the capping composition based on the molecular weight. The KMDEnd group

(CH2) vs KMDGA plot allows for the clear classification of different series of polymers, while
the number of GA units vs the different series of polymers plot facilitated the understanding
of the polymerization degree, and the distribution of the different series of polymers.
The KMD plots from the different samples demonstrated that the oligomers contained
methyl capped linear PGAs retained in the crude glycolide. Furthermore, solvent washing
effectively removes the vast majority of the small molecule polymer impurities.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules29163759/s1, Table S1: ESI(+) MS spectra of different samples.
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9. Flieger, M.; Kantorová, M.; Prell, A.; Řezanka, T.; Votruba, J. Biodegradable plastics from renewable sources. Folia Microbiol. 2003,
48, 27–44. [CrossRef]

10. Ellis, G.; Marco, C.; Gómez, M. Highly resolved transmission infrared microscopy in polymer science. Infrared Phys. Technol. 2004,
45, 349–364. [CrossRef]

11. Ellis, G.; Santoro, G.; Gómez, M.A.; Marco, C. Synchrotron IR microspectroscopy: Opportunities in polymer science. IOP Conf.
Ser. Mater. Sci. Eng. 2010, 14, 012019. [CrossRef]

12. Soccio, M.; Lotti, N.; Finelli, L.; Gazzano, M.; Munari, A. (2-Hydroxy isobutyric) acid containing poly(glycolic acid): Structure–
properties relationship. J. Polym. Sci. Part B Polym. Phys. 2010, 48, 1901–1910. [CrossRef]

13. Zhao, N.; Ma, Z.; Xiong, C. Effect of Poly(L-lactic acid) on Hydrolytic Degradation of Poly(glycolic acid). Int. J. Polym. Mater.
Polym. Biomater. 2012, 61, 587–595. [CrossRef]

14. Ren, H.; Hu, H.; Yu, B.; Du, Y.; Wu, T. Identification of polymer building blocks by Py–GC/MS and MALDI-TOF MS. Int. J. Polym.
Anal. Charact. 2018, 23, 9–17. [CrossRef]

15. Maruyama, F.; Fujimaki, S.; Sakamoto, Y.; Kudo, Y.; Miyagawa, H. Screening of Phthalates in Polymer Materials by Pyrolysis
GC/MS. Anal. Sci. 2015, 31, 3–5. [CrossRef] [PubMed]

16. Marshall, A.G.; Hendrickson, C.L.; Jackson, G.S. Fourier transform ion cyclotron resonance mass spectrometry: A primer. Mass
Spectrom. Rev. 1998, 17, 1–35. [CrossRef]

17. Comisarow, M.B.; Marshall, A.G. Fourier transform ion cyclotron resonance spectroscopy. Chem. Phys. Lett. 1974, 25, 282–283.
[CrossRef]

18. Wallace, W.E.; Guttman, C.M. Data analysis methods for synthetic polymer mass spectrometry: Autocorrelation. J. Res. Natl. Inst.
Stand. Technol. 2002, 107, 1. [CrossRef]

19. Jackson, A.T.; Williams, J.P.; Scrivens, J.H. Desorption electrospray ionisation mass spectrometry and tandem mass spectrometry
of low molecular weight synthetic polymers. Rapid Commun. Mass Spectrom. 2006, 20, 2717–2727. [CrossRef]

20. Cody, R.B.; Fouquet, T.N.J.; Takei, C. Thermal desorption and pyrolysis direct analysis in real time mass spectrometry for
qualitative characterization of polymers and polymer additives. Rapid Commun. Mass Spectrom. 2020, 34, e8687. [CrossRef]

21. Roach, P.J.; Laskin, J.; Laskin, A. Higher-Order Mass Defect Analysis for Mass Spectra of Complex Organic Mixtures. Anal. Chem.
2011, 83, 4924–4929. [CrossRef]

22. Kendrick, E. A Mass Scale Based on CH2 = 14.0000 for High Resolution Mass Spectrometry of Organic Compounds. Anal. Chem.
1963, 35, 2146–2154. [CrossRef]

23. Chu, G.; Yang, Q.; Zhao, L.; Zhang, D.; Xie, J. Conceptual Design and Techno-Economic Analysis of a Novel Coal-to-Polyglycolic
Acid Process Considering Wind–Solar Energy Complementary Features for Green H2 Production and CO2 Reduction. ACS
Sustain. Chem. Eng. 2023, 11, 5937–5952. [CrossRef]

24. You, Y.; Youk, J.H.; Lee, S.W.; Min, B.-M.; Lee, S.J.; Park, W.H. Preparation of porous ultrafine PGA fibers via selective dissolution
of electrospun PGA/PLA blend fibers. Mater. Lett. 2006, 60, 757–760. [CrossRef]

25. Shi, Q.; Pan, N.; Long, H.; Cui, D.; Guo, X.; Long, Y.; Chung, K.H.; Zhao, S.; Xu, C.; Hsu, C.S. Characterization of Middle-
Temperature Gasification Coal Tar. Part 3: Molecular Composition of Acidic Compounds. Energy Fuels 2013, 27, 108–117.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0142-9612(00)00101-0
https://doi.org/10.3390/polym14163375
https://www.ncbi.nlm.nih.gov/pubmed/36015633
https://doi.org/10.3390/ijms241210121
https://doi.org/10.1007/s10965-020-02187-1
https://doi.org/10.1038/s41428-019-0182-7
https://doi.org/10.1002/jctb.7129
https://doi.org/10.4028/www.scientific.net/AMR.433-440.457
https://doi.org/10.1007/BF02931273
https://doi.org/10.1016/j.infrared.2004.01.015
https://doi.org/10.1088/1757-899X/14/1/012019
https://doi.org/10.1002/polb.22065
https://doi.org/10.1080/00914037.2011.610040
https://doi.org/10.1080/1023666X.2017.1362834
https://doi.org/10.2116/analsci.31.3
https://www.ncbi.nlm.nih.gov/pubmed/25792267
https://doi.org/10.1002/(SICI)1098-2787(1998)17:1%3C1::AID-MAS1%3E3.0.CO;2-K
https://doi.org/10.1016/0009-2614(74)89137-2
https://doi.org/10.6028/jres.107.005
https://doi.org/10.1002/rcm.2660
https://doi.org/10.1002/rcm.8687
https://doi.org/10.1021/ac200654j
https://doi.org/10.1021/ac60206a048
https://doi.org/10.1021/acssuschemeng.2c07612
https://doi.org/10.1016/j.matlet.2005.10.007
https://doi.org/10.1021/ef301431y

	Introduction 
	Results and Discussion 
	GC-MS Analysis of the Oligomer and Glycolide Samples 
	ESI(+) Orbitrap MS Analysis 
	Composition of the Impurities in the Samples from Different Process Units 

	Experimental Section 
	Samples and Regents 
	GC-MS Analysis 
	Orbitrap MS Analysis 

	Conclusions 
	References

