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ABSTRACT  

660920018 : Major CHEMICAL ENGINEERING 
Keyword : Poly(lactic acid) : PLA, Lignin, Alcoholysis, Chemical modified, 3D-printing filament 

Mr. Wikoramet TEEKA : Development of Poly(lactic acid) Bio -composite 
Filaments by Using Lignin Modified by Alcoholized PLA for 3D -Printing Applications 
Thesis advisor : Associate Professor Sirirat Wacharawichanant 

The aim of this research is to develop 3D printing filament materials from biodegradable 
polymers, based on the chemical integration and chemical recycling concepts of PLA and lignin 
extracted from black liquor waste by acidification under appropriate conditions. Under optimal 
conditions, lower pH adjustment improves the precipitation efficiency of lignin in inorganic acid 
solution, giving better yield, and lignin has amorphous fraction. and has the crystalline form of 
Ca(OH)2 and CaCO3, which is consistent with the results of SEM-EDS and XRD analysis. In the 
chemical recycling of PLA by alcoholysis reaction, the effects of methylene chain length and the 
structural conformation of hydroxyl groups of both primary and secondary alcohols on the reaction 
were studied. From the results of FTIR and 1H-NMR analysis, it shows the transesterification change. 
This shortens the chain structure of PLA. The use of ethylene glycol (EG) provides higher reaction 
efficiency and controls the structure of the resulting oligomer with the PLA:diol ratio. The obtained 
lignin was chemically modified with maleic anhydride (MA) and alcoholyzed PLA using various pre-
treatment and non-pre-treatment methods. It was found that the second pre-treatment, a separate 
step after alcoholysis of PLA, provided the best phase compatibility and the formation of ester bonds 
and hydrogen bonds between anhydride groups and hydroxyl groups of lignin and alcoholyzed PLA, 
and for PLA resin/A-PLA-cured lignin-M composites, the mechanical properties were significantly 
improved with higher strength and rigidity. Adjusting the ratio of alcoholyzed PLA from 3:1 to 9:1 
improved both the material strength and flexibility by approximately 10-35%, indicating a balance 
between flexibility and material strength, as well as improved interphase bonding due to the blending 
behavior of the increased torque values. In addition, the resulting composite materials are shaped 
into filaments for extruders to produce 3D printing filaments, with printing behaviors tested in different 
axes, namely XY (Flat), XZ (Horizontal), and ZX (Vertical), to study the relationship between printing 
direction and mechanical properties of the workpieces. The results of the study showed that printing 
in the XY (Flat) direction provided good adhesion between layers and material loading direction. This 
information can be used as a guideline for adjusting printing conditions to obtain materials with the 
highest efficiency. 
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CHAPTER I  

INTRODUCTION 

1.1 Motivation 

 Plastic pollution in natural environments is a significant concern, garnering attention from 

researchers and the public. Plastic waste threatens ecosystems as organisms can ingest it or 

become entangled [1]. Cheap and durable, plastics degrade into smaller pieces over time, but the 

timeframe for complete degradation remains to be determined. The production of disposable plastic 

has skyrocketed, with common polymers like HDPE, LDPE, PVC, PS, PP, and PET dominating 

production and pollution [2]. Due to their durability, plastics persist in the environment, with 

microplastics and microplastics causing particular concern. Microplastics, less than 5 mm in size, 

are especially problematic as they can be ingested by marine life and act as vectors for pollutants. 

[3] In this regard, PLA is considered a potential bioplastic and has emerged as a popular alternative 

to petroleum-based polymers in many applications [4]. 

 Therefore, this research aims to study or develop biodegradable plastics that can be 

degraded naturally as a substitute for petroleum-based plastics. Biodegradable polymers are 

environmentally friendly and come from renewable sources like polysaccharides or plant /microbial. 

[5]. These materials can also be synthesized from renewable resources such as bio-derived 

monomers [6]. Biodegradable polymers break down into simpler components during biodegradation, 

contributing to elemental cycles such as carbon and nitrogen [7]. Poly(lactic acid) (PLA) is a famous 

that takes approximately 180 days to decompose. Recycling is a good option for upcycling and 

adding value to the materials. The recovery of PET was studied using the Glycolysis method; PET is a 

polyester type similar to PLA.[8] The chemical recycling process converts PLA waste into value-

added starting materials for other methods, such as alcoholysis reaction [9], which uses hydroxyl-

containing substances, especially ethylene glycol (EG), to produce hydroxyl-capped PLA oligomers 

[10]. 

     In agricultural and industrial processes, there are by-products or biomass that can be 

converted to valuable feedstocks, like lignocellulose, cellulose, and lignin [11, 12]. By combining 

ideas using the bio-circular green economy (BCG) principles, researchers are exploring the reuse of 

by-products, such as black liquor from the paper industry. Various cost-effective and environmentally 

friendly methods have been developed to modify lignin [11, 13] for used in multiple applications such 
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as additives, adhesives, and adsorbents [14]. Among these, using it as an additive for bioplastics is 

of interest for reinforcement [15]. 

 Various processes have been developed to enhance bioplastic properties, including using 

additives or fillers, block copolymerization [16]. However, the added additives have little effect on 

improving efficiency. Therefore, various additives have been modified to be suitable as bioplastic 

fillers to improve composite dispersion efficiency. Acid anhydrides, such as maleic anhydride, have 

been employed to adjust their chemical structures through transesterification reactions to suit the 

additive and increase its compatibility [11, 14, 15] 

 The 3D printing process has been widely used and further developed. 3D printing benefits 

production concepts through fused deposition modeling (FDM) technology, commonly known as a 

research interest in 3D printing technology for non-laser applications. It is a low-cost model with high 

potential [17]. In this method, the fiber is the most commonly used commercially, such as acrylonitrile 

butadiene styrene (ABS), poly(lactic acid) (PLA), and various combinations [18]. Otherwise, 3D 

printing still needs to be studied in multiple parameters, such as the mechanical properties of 

filament, temperature, viscosity, and printing characteristics along various axes [19]. 

 In this research, a process for converting black liquor, a by-product of the paper industry, 

into value-added feedstock was developed by extracting its lignin component for use as an additive 

in PLA bioplastic. The extraction parameters were optimized through an acidification process. The 

obtained lignin was subsequently modified to enhance its efficiency as an additive and to improve its 

compatibility with PLA. The next stage of the study involves the chemical recycling of poly(lactic 

acid) (PLA) to produce alcoholyzed PLA (A-PLA) products, which serve as starting materials. The 

alcoholysis parameters—such as the PLA-to-alcohol ratio, reaction temperature, and time—are 

optimized to obtain products with desirable properties for fabricating high-quality PLA filaments. For 

3D printing applications, the factors influencing printing performance and the mechanical properties 

of the printed products are systematically evaluated. 

1.2 Objective 

 The objective of this study is to develop an integrated process for upcycling industrial and 

bioplastic wastes into value-added materials. Specifically, the work aims to extract and modify lignin 

from black liquor, a by-product of the paper industry, for use as a functional additive in PLA 

bioplastics, and to chemically recycle poly(lactic acid) (PLA) into alcoholyzed PLA (A-PLA) 
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precursors for filament fabrication. The combined approach seeks to optimize processing 

parameters and improve material compatibility, mechanical performance, and 3D printing quality—

contributing to sustainable material utilization and circular bioeconomy development. 

1.3 Scope of Research 

 The research investigates optimizing the performance of filament materials by using lignin 

recovered from black liquor in stable conditions and chemically modifying it as an additive. The 

chemical recycling of PLA by Alcoholysis reaction has the potential for 3D printing filament. The 

scope of this research is as follows: 

1.3.1  Develop a lignin recovery process from black liquor by acidification process under 

optimum conditions by varying acidity and alkalinity, types of acid (organic and 

inorganic), and purity.  

1.3.2  Develop a chemical recycling process for poly(lactic acid) (PLA) by alcoholysis 

reaction using ethylene glycol (EG) and glycerol in the appropriate ratio and time to 

be used as a starting material. 

1.3.3  Develop a chemical structure modification process for lignin for use as additives in 

producing high-performance lignin/maleic anhydride/alcoholysis PLA filaments. 

1.3.4  Develop chemically modified bioplastic materials containing A-PLA additives, 

cured lignin-M composites in PLA matrix for efficient 3D printing filaments. 

1.3.5  Study factors affecting 3D printing performance and properties of the printed 

products. 

1.4 Signification of the research 

 This research provides important information on a new approach to efficiently recover lignin 

from black liquor through acidification. Applying the concept of the bio-circular green economy 

(BCG) model and developing additives that have even better abilities to improve the properties of 

biodegradable plastics, including PLA chemical recycling, and finally providing information on 

effective 3D printing methods, to be used in research, industries, and provide benefits to a friendly 

environment. 
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 1.4.1 Research Community 

                    The results from this work can be used as a guideline for further interesting 

developments in lignin extraction. Chemical recycling of PLA develops the processes for other 

applications. Including the ability of additives to improve the properties of polymers in various 

aspects, this work also provides guidelines for developing 3D   printing for multiple parameters that 

affect molding. The research community gains knowledge about the development of lignin extraction 

processes and production using efficient 3D printing technology that can be extended to the 

industrial level to save production time and reduce costs. 

         1.4.2 Industrial sector 

                    The industry can apply the guidelines for creating new material products in 3D 

printing by using resources efficiently, reducing costs, saving time, and having good printing 

efficiency in production.  

         1.4.3 Environment  

                   The bio-circular green economy (BCG) model uses by-products or waste to 

develop value for money in various fields. To reduce the accumulation of garbage (bioplastic) and 

waste (such as by-products) so as not to affect the environment.  It is an increase in the value of 

by-products for other uses, reducing waste in the system and reducing the problem of toxic 

contamination in the aquatic ecosystem. 
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CHAPTER II 

BACKGROUND AND THEORY 

2.1 Poly(lactic acid) (PLA) 

  Poly(lactic acid), or PLA, is a biodegradable polymer made from lactic acid. The 

monomer is typically produced through the fermentation of plant starches such as corn, cassava, 

sugarcane, or sugar beet pulp. Figure 1 depicts two enantiomeric isomers: poly(L-lactic acid) (PLLA) 

and poly(D-lactic acid) (PDLA) [20]. 

 
Figure 1 Stereoisomers of lactic acid [20]. 

 
PLA is produced either by ring-opening polymerization (ROP) of lactides or by condensation 

polymerization of the lactic acid monomers at temperatures above 100 ºC, as shown in Figure 2. 

 
Figure 2 Polymerization reaction of lactic acid [20]. 

 
PLA is biodegradable, compostable, derived from renewable resources, and nontoxic to 

humans and the environment. However, its shortcomings include low thermal resistance and intrinsic 

brittleness [20]. 

2.2 Black Liquor 

 Black liquor is a significant by-product from the paper industry, which contains some 

components that can be converted to value-added products. The composition of black liquor varies 

based on the raw material (softwoods, hardwoods, or fibrous plants) and pulping conditions. It is a 

complex aqueous solution containing organic materials (lignin, polysaccharides, low molecular 
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weight resinous compounds) and inorganic compounds (mostly soluble salt ions). These constituents 

influence its properties, particularly its behavior in the recovery unit (Figure 3) [21]. 

 
Figure 3 Origin of the black liquor in the industrial recovery unit [21]. 

 
Figure 4 illustrates the chemical structures and compositions of black liquor, which contains 

lignin and polysaccharide clusters, salt ions, and water. Lignin, the bonding agent in wood or fibrous 

plant fibers, forms a polymer with phenyl-propane structures. During pulping, lignin fragments and 

carbohydrates dissolve into low molecular weight acids. However, the Xylan fraction, a main 

hemicellulose in hardwoods, remains undegraded and contributes to the composition of black liquor 

[21]. 

 
Figure 4 Simplified schematic representation of the black liquor structure [22]. 

 

2.3 Lignin 
 Figure 5 depicts lignin, a biological component present in ordinary wood, one of the most 

essential raw materials in industry. This describes the structures of the cell wall, which includes 

lignin, cellulose, and hemicellulose. As a result, the pulp boiling process requires wood to remove 
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lignin from the pulp. Lignin causes the paper to turn yellow when exposed to light. The eliminated 

lignin will be contaminated with water, known as black liquor. Black liquor is waste from the pulp 

industry. Wood is made up of cells, and the cell wall consists primarily of 3 organic components: 

cellulose (40-60 wt%), hemicelluloses (25-35 wt%), and lignin (15-30 wt%) [23]. 

 
Figure 5 Schematic structures of cell walls [24]. 

 
          The lignin structure is asymmetrical and amorphous and contains the highly complex 

chemical nature of 3 distinct phenylpropane monomers (Figure 6). For the above reasons, lignin is 

not a regular structure like cellulose but a physically and chemically heterogeneous material. 

However, the specific chemical structure still needs to be clarified [25]. 

 
 
Figure 6 Three different phenyl propane monomers (A) p-coumaryl alcohol, (B) coniferyl alcohol, (C) 

sinapyl alcohol [26]. 
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2.4 Transesterification Process 

 Transesterification, a crucial organic reaction, involves the conversion of an ester into 

another through alkoxy moiety interchange. When the reaction involves an ester and an alcohol, it is 

termed alcoholysis. In this context, transesterification is synonymous with alcoholysis of carboxylic 

esters (Figure 7). Typically, in an equilibrium reaction, catalysts, often strong acids or bases, notably 

accelerate transesterification's equilibrium adjustment. Excess alcohol is required to achieve a high 

yield of the ester [27, 28]. 

 
Figure 7 General equation for a transesterification reaction [28]. 

 
 Transesterification finds wide industrial applications beyond laboratory settings. Various 

industrial processes utilize this reaction to produce different compounds [27]. For instance, PET 

(polyethylene terephthalate) production involves transesterification of dimethyl terephthalate with 

ethylene glycol, using zinc acetate as a catalyst (Figure 8) [29]. Numerous acrylic acid derivatives 

are also generated by trans-esterifying methyl acrylate with diverse alcohols, employing acid 

catalysts. 

 
Figure 8 Transesterification of dimethylterephthalate with ethylene glycol [29]. 

 

2.5 Esterification Process 

 Esters, widely used in industrial processes, face conversion and reaction time limitations 

due to equilibrium establishment in Fischer esterification. Ester hydrolysis, the reverse reaction, starts 

with a water supply. Various approaches have been developed to improve conversion and reaction 

rates [30]. 

 Esterification is a key reaction in organic synthesis, with esters prevalent in natural and 

synthetic organic compounds.[31] In Fisher esterification, carboxylic acids and excess alcohols are 

heated with a catalyst to reach equilibrium over time (Figure 9), governed by kinetics and 

thermodynamics. Shifting the equilibrium forward typically requires excess alcohol or continuous 
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water removal. However, the reaction often does not need to be complete, affecting the product yield 

[30]. 

 
Figure 9 General equation for an esterification reaction [30]. 

 

2.6 Internal Mixer 

 An internal mixer typically comprises two rotors within a mixing chamber. The Banbury Mixer 

is a commonly used design (Figure 10), where the rotors (1) rotate towards each other at slightly 

different speeds. Each rotor has a spiral-shaped blade and can be cooled or heated through water 

or a suitable heating agent passage [32]. 

 
Figure 10 Schematic drawing of a Banbury Mixer [32]. 

 

Sprays (3) can chill or heat the mixing chamber (2). The ingredients to be blended enter the 

mixing chamber via the feed hopper (4). A floating weight (5) is powered by compressed air and 

rests on the feed, confining the material to the mixing space and applying pressure. As seen in this 

picture, the mixed material is discharged using the slide discharge mechanism (6). The saddle (7) 

sits between the rotors [32]. 

2.7 Extruders 

 Single-screw extruders are commonly employed in polymer extrusion due to their cost-

effectiveness, simplicity, durability, and favorable performance-to-cost ratio despite their limited 
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mixing capabilities. Many compounding operations include at least one of these machines [33]. A 

single-screw extruder is a drag pump for highly viscous fluids such as polymeric melts. Its usual 

screw configuration consists of 20 or more spins with a pitch close to the diameter, resulting in a 

long, slender machine capable of maintaining and managing significant longitudinal temperature 

gradients. Furthermore, large shear pressures during aircraft landings promote dispersive mixing, 

breaking apart agglomerates like pigments and waxes. Figure 11 shows a conventional single-screw 

extruder [34]. 

 
Figure 11 Typical single-screw extruder [32]. 

 
 The extruder's function is to heat plastic material uniformly, melt it, and force it through the 

extrusion die. This continuous procedure necessitates consistent output from the melt preparation 

apparatus. Because of the limited thermal conductivity, high specific heat, and viscosity of 

thermoplastics, melting is primarily reliant on a revolving screw. The issue of achieving homogeneous 

melt preparation and consistent delivery at suitable pressure has resulted in several extruder designs 

[32]. 

 The two basic types of extruders are single-screw and twin-screw. The single-screw 

extruder is the most widely used (as illustrated in Figure 12). Twin-screw extruders can feature 

parallel or conical screws that can rotate in the same direction (co-rotating) or in opposite directions 

(counter-rotating), as illustrated in Figure 13 [32]. 
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Figure 12 Typical single-screw extruder with a vented barrel [32]. 

 

 
Figure 13 Co-rotating and counter-rotating twin screws [32]. 

 

2.8 Compression Molding Machine 

 Compression molding, one of the oldest plastics forming methods (Figure 14), usually 

consists of four steps [32]:   

 - Pre-formed blanks, powders, or pellets are placed in the lower area of a heated mold or 

die. 

 - The mold's second half is lowered, creating pressure. 

 - Under heat and pressure, the material softens and flows into the mold, with any extra 

material pushed out. Thermoset plastics cross-link in the mold, while thermoplastics solidify after 

cooling under pressure. 

 - The mold is opened, and the portion is removed.  
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Figure 14 Schematic drawing of the stages of the compression molding process. (A) Filling the 
mold; (B) heating the closed mold; (C) opening the mold and removal of the molded part [32]. 

 
Compression molding involves heating and compressing molding powder or pellets to 

create a specified shape. Rapid melting of thermoset materials is required to ensure that the mold is 

filled before solidification occurs. Commercial machines use high pressure and temperatures to 

shorten cycle times. When the mold opens, the ejector pins automatically force the molded product 

out. Figure 15 shows a schematic diagram of a compression molding press and its components [32]. 

 
Figure 15 Schematic drawing of compression molding press and its components [32]. 

 

2.9 3D Printing 

 3D bioprinting, a cutting-edge technology, is widely utilized in various applications, e.g., 

packaging, tissue engineering, and regenerative medicine, to build complex tissue architectures that 

resemble original organs. This method entails depositing layers of cell-laden biomaterials in a 

specified architecture and combining biomaterials, live cells, and precise motor systems to achieve 

more control over structure growth. As a result, it enables the creation of complex structures, such as 

tissue engineering scaffolds with regulated properties and biomedical devices, transforming tissue 

modeling and production [35]. Computer-aided design (CAD) allows for complicated 3D tissue 

structures by employing detailed geometrical data from medical imaging modalities such as X-ray, 
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MRI, and µ-CT scans. The advantages of using 3D bioprinting in the biomedical area include the 

capacity to create individualized patient-specific designs with great precision at a low cost and the 

rapid construction of complicated structures as needed [35]. Fused deposition modeling (fdm), 

direct ink writing (diw), inkjet bioprinting, selective laser sintering (sls), stereolithography (sla), and 

laser-induced forward transfer (lift) are some of the most popular 3d printing processes for printing 

live cells [35]. 

2.10 Fused Deposition Modeling (FDM) 

 Fused deposition modeling (FDM) is a popular process in 3D printing that falls under 

additive manufacturing engineering. It is gaining popularity in research and industry because of its 

capacity to build complicated structures effectively, resulting in less material waste than traditional 

manufacturing processes. FDM, similar to injection molding, enables mass customization by making 

bespoke objects without the need for expensive molds or tools, resulting in low prices despite 

individualized output [36, 37]. 

 The FDM machine heats the filament to a semi-liquid condition at the nozzle before 

extruding it onto a previously printed plate or layer. Polymer filaments are thermoplastic, which allows 

them to fuse during printing and harden at room temperature afterward. Despite its apparent 

simplicity, FDM printing requires complicated processes with interconnected parameters 

determining product quality and material qualities, making it difficult to grasp. Different 3D printing 

items demand different levels of quality and material attributes. The combination of print settings on 

the FDM machine is dependent on filament type and size, emphasizing the need to investigate the 

impact of mechanical performance parameters [37]. 

 The primary parameters of the FDM printing process, as shown in Figure 16a, depict the 

build orientation as determined by the step in which the part is orientated toward the X, Y, and Z axes 

on the build platform. The layer thickness depicted in Figure 16b represents the thickness of the 

layer deposited on the nozzle tip. The user's thickness value in each range is determined by the 

nozzle diameter and limited by the printer's precision. Figure 16c depicts the FDM tool path, which 

includes numerous parameters such as raster angle, width, contour width, number of contours, etc. 

[37, 38]. 
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Figure 16 (a) Build orientations [38], (b) layer thickness [38], and (c) FDM tool path parameters [37]. 

 
 The raster angle, which ranges from 0° to 90°, indicates the inclination of the raster pattern 

relative to the X-axis on the lowest layer. Precision in establishing this angle is critical, especially for 

parts with minor curves, to ensure the best results. Raster width refers to the width of the material 

droplets utilized in the raster, which varies depending on the nozzle tip size. A greater raster width 

results in a stronger interior for the part, but a smaller width reduces production time and material 

utilization [37]. 

2.11 Fabrication of Filament 

 The basic material used in FDM is filament, which is typically made of pure polymer with a 

low melting point. To increase strength, academics and enterprises have created polymer 

composites that combine the matrix with reinforcing components. It produces materials with superior 

structural qualities and functional benefits that are impossible with pure polymer alone. [37] 

Filaments manufactured from commercial pure polymers are often appropriate for direct processing 

in FDM. Composite filament manufacture, on the other hand, necessitates specific handling due to 

the diverse properties produced by each reinforcement added to the composite polymer [39]. 

 Figure 17 depicts the processes of filament production, which include selecting the filament 

diameter, setting extrusion settings, introducing material pellets, and extruding through the nozzle 

die hole until it wraps around the roller machine. [40] Figure 18 depicts the working concept of 

extruder machines in general. It demonstrates how pellets are converted into filaments, beginning 

with their insertion into the hopper and progressing via melting and extrusion [41]. 
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Figure 17 Filament workflow [37]. 
 

 
Figure 18 Extruder machine parts [42]. 

 

2.12 Universal Tensile Machine (UTM) 

 Universal testing devices, such as universal testers, measure materials under tension, 

compression, or bending and provide stress-strain curves. They are available in electromechanical 

or hydraulic configurations with varying load application methods. Electromechanical machines use 

a variable-speed electric motor, a gear reduction system, and one, two, or four screws to move the 

crosshead, which applies tension or compression on specimens. Crosshead speeds can be 

adjusted by changing the motor speed, and precision control is possible with a microprocessor-

based closed-loop servo system. Hydraulic testing devices (Figure 19) use either a single or dual-

acting piston to move the crosshead. Most static hydraulic testing machines have a single-acting 

piston, but manual operation requires setting a pressure-compensated needle valve for loading rate 

control. Closed-loop hydraulic servo systems achieve precise control by replacing the needle valve 

with an electrically driven servo valve [43]. 
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Figure 19 Schematic of a hydraulic universal testing machine [43]. 

 

2.13 Field Emission Scanning Electron Microscopy (FE-SEM) 

 The Scanning Electron Microscope (SEM) scans a sample with an electron beam, 

producing images with a high depth of field and spatial resolution due to its short wavelength. Figure 

20 depicts the electron beam column, including an electron gun, condenser, and objective lens. 

When the electron beam interacts with atoms on the sample's surface, it produces signals that may 

be analyzed to provide data such as surface roughness, corrosion pit characterization, corrosion 

location, and the morphology of corrosion products such as oxides. These interactions are detected 

and converted into images, making SEM an effective tool for thorough study [44]. 
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Figure 20 Schematic of Scanning Electron Microscopy (SEM) [44]. 
 

2.14 Fourier Transform Infrared Spectroscopy (FTIR) 

 The Fourier transform infrared (FTIR) spectrometer is an instrument for analyzing substances 

chemical structures and functional groups by measuring radiation absorption in the infrared range. It 

can examine samples of solids, liquids, and gases. Infrared radiation, while invisible, produces heat 

that can be felt. It is classified into three regions: near-infrared (12800-4000 cm-1), mid-infrared 

(4000-200 cm-1), and far infrared (200-10 cm-1). The mid-IR region is especially valuable in chemical 

investigation because molecules absorb infrared radiation, causing molecular vibrations and 

changes. Each organic material has a unique oscillation frequency used to analyze organic 

structures. This analysis shows the link between wave number and transmittance, which make up the 

infrared spectrum (Figure 21) [45]. 

 
Figure 21 Schematic  the main component of FTIR spectrophotometer [46]. 

 

2.16 Proton Nuclear Magnetic Resonance Spectroscopy (1H-NMR) 

 Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy is a potent analytical method 

for examining the molecular structure of organic compounds. It operates on the principle of nuclear 

magnetic resonance, where protons within a sample absorb energy under a magnetic field and emit 

it as radiofrequency radiation upon returning to their initial state. In 1H NMR spectroscopy, a sample's 

hydrogen atoms (protons) are exposed to a strong magnetic field and radiofrequency pulses. The 

protons absorb and emit energy during nuclear magnetic resonance, influenced by their chemical 

surroundings, like neighboring atoms and functional groups. Consequently, distinct signals, or 

resonances, appear in the NMR spectrum for each type of hydrogen atom in the molecule. The NMR 

spectrum is typically displayed as a plot of signal intensity (absorption or emission) against the 
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applied magnetic field strength or, more commonly, against the frequency of the radiofrequency 

radiation. By analyzing the positions (chemical shifts), intensities, and splitting patterns of the peaks 

in the NMR spectrum, chemists can determine the number and types of hydrogen atoms in the 

molecule, as well as their connectivity and stereochemistry. This information is invaluable for 

structural elucidation, identification of unknown compounds, and characterization of chemical 

reactions in organic chemistry, biochemistry, and related fields. (as shown in Figure 22) [47] 

 
Figure 22 Example analysis results of Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy 

[47]. 
 

2.17 X-Ray Diffraction (XRD) 

 X-ray diffraction (XRD) is based on the interaction of X-rays with a material's crystal lattice. 

When X-rays hit a crystalline material, they are scattered by the atoms in the crystal lattice. X-rays' 

constructive and destructive interference causes this scattering pattern as they contact atoms in the 

crystal lattice. Bragg's law governs this interaction, 𝑛𝜆 = 2𝑑sin (𝜃), where 𝑛 represents the order 

of the diffraction, 𝜆 is the wavelength of the X-rays, 𝑑 is the spacing between atomic planes in the 

crystal lattice, and 𝜃 is the angle of incidence of the X-rays concerning the crystal lattice planes. 

Measuring the angles and intensities of diffracted X-rays yields information about the crystal 

structure, including lattice parameters, atomic spacing, and crystal plane orientation. This information 

can be used to identify the crystalline phases in a sample, calculate its crystal structure, and 

examine its physical qualities. XRD is a strong technique used in materials science, mineralogy, 

chemistry, and other domains to analyze the structural properties of crystalline materials. (As seen in 

Figure 23) [48] 
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Figure 23 Schematic representation of the XRD machine. The Bragg–Brentano geometry with a 

sample including crystallites of diameter L, which experience an angular spread defined by L and 
the focus dimension F. (b) is the projection normal to (a) [48]. 

 

2.18 Thermogravimetric Analysis (TGA) 

 Thermogravimetric analysis (TGA) is a thermal analysis technique that examines a sample's 

mass changes as a function of temperature or time in a controlled environment. TGA involves 

steadily heating (or cooling) the sample while continually monitoring its mass. As the temperature 

rises, the sample can undergo various physical and chemical processes, including breakdown, 

dehydration, oxidation, and reduction. These processes cause changes in the sample's mass, which 

is measured by the TGA equipment. Researchers can learn much about a sample's composition, 

thermal stability, breakdown kinetics, and reaction processes by analyzing its mass loss or gain 

across a wide temperature range. TGA is widely used in materials science, chemistry, 

pharmaceuticals, and polymers to characterize and understand the thermal properties of various 

materials [49]. 
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CHAPTER III 

LITERATURE REVIEWS 

3.1 Lignin Precipitation 

Lignin is the most common natural polymer after cellulose, acting as a link between the 

molecules within the structure, making plants strong and durable [50]. Lignin is a significant 

component in black liquor, the by-products from the paper-making industry. The separation of lignin 

from black liquor has been developed, using 3 standard methods: 1. Acidification 2. Ultrafiltration 

and 3. Electrolysis. It was found that the extraction of lignin from black liquor by the Acidification 

method is an efficient and cost-effective method using the Kraft process to precipitate lignin under 

an acidic environment [11, 13, 51]. Preliminary studies have also found that adjusting the pH value to 

below 10 will cause lignin to precipitate more. The type of acid used, namely organic and inorganic, 

affects lignin extraction in terms of yield and environmental aspects. This is because, when using 

inorganic acid, the resulting product will have more sulfur and nitrogen remaining than if used with 

organic acid [11, 12]. The purity of the extracted lignin was also studied when impurities were 

separated from the process. The figure shows FTIR spectra of lignin samples. The spectral bands 

1705 and 1600 cm-1 were observed as plant protein and water contaminants associated with lignin. It 

is the part that indicates the purity of lignin after extraction from the process [52]. 

 
Figure 24 FTIR spectra of kraft lignin (A), Formic acid recovers lignin at different temperatures: 50ºC 

(B), 75ºC (C), and 100ºC (D) [53]. 
 

3.2 Glycolysis of PLA 

 Many studies have focused on recycling postconsumer PET and PLA, which are bio-

polyesters, through transesterification. Figure 25 shows a diagram of the glycolysis depolymerization 
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of PET. [54] The glycolysis of PLA produces hydroxyl-capped low- to medium molecular-weight PLA 

oligomers from the transesterification process with various types of alcohol. The structures and 

properties of glycolyzed products of PLA using ethylene glycol (EG) have been investigated. [55] 

The study kept the reaction temperature at approximately 195ºC. The GlyPLA product was recovered 

by dissolving it in chloroform and precipitating it with methanol. From GPC analysis, molecular weight 

(Mn) and average molecular weight (Mw) were 3600 and 4800, respectively. The process took 30 

min, the temperature was 170ºC, and the weight ratio was 1:2 (PLA: EG). It was found that increasing 

the amount of EG, reaction time, and temperature will cause the Mw value to decrease [10]. 

 
Figure 25 Diagram of glycolysis depolymerization of PET [10]. 

 
3.3 Conventional reflux for glycolysis reaction 

 The cosolvent method is a method for accelerating a chemical reaction or adding a solvent 

that can change the efficiency of the reaction. For example, in the alcoholysis reaction of vegetable 

oil, the efficiency will improve when water is added to the system [56]. Ionic liquids (ILs) have been 

studied as polymer degradation solvents due to their chemical stability characteristics or the ability to 

be a common solution. It can also be used as a single solvent or as a catalyst to increase the rate of 

a reaction [57]. Extensive research has been done on the hydrolysis of PET (or polyester) heated in a 

mixture of triol and glycol at approximately 260ºC. The process is carried out in a reflux condenser 
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(Figure 26.), and a transesterification catalyst is added to heat to about 250ºC, which will retain 

products with low Mw from decomposition [58]. 

 
Figure 26 Diagram of the sample conventional reflux of alcoholysis process [58]. 

 

3.4 Chemically modification  

 3.4.1 Lignin modified (lignin-M) 

 Lignin is a natural aromatic polymer composed of the phenylpropanol structure. [59] 

Extensive research has been conducted on the main components of biomass. Lignin has a complex, 

unordered structure. The units are coumaryl, coniferyl, and sinapyl [60]. Figure 27 shows the 

Structures of monolignols: p-coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl alcohol (S) that 

are connected by ethes or C-C bonds [61]. 

 
Figure 27 Structures of monolignols: p-coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl 

alcohol (S) [61]. 
 

 Therefore, the chemical modification of lignin has been studied for use as an additive in 

polymer modification. Because of the diversity of functional groups such as phenolic, carbonyl, etc., 
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especially the aliphatic and phenolic hydroxyl (OH) groups are the parts which can be modified 

through the esterification process (or alkylation), resulting in some improved chemical properties due 

to structural complexity is an attractive filler material [14]. There have been studies of chemically 

modifying the lignin structure between the chemical structure of the phenolic hydroxyl groups of 

lignin and the anhydride groups of maleic anhydride (or some studies have used acetic anhydride) 

at a temperature and appropriate time [14], as shown in Figure 28. Diagram of the esterification 

process between an anhydride group and phenolic hydroxyl group. 

 FTIR spectrum analysis provides information about the structural changes. Figure 29 shows 

the FTIR spectrum; a wide peak band caused by aromatic and aliphatic hydroxyl in lignin can be 

seen at 3400-3500 cm-1. After the chemical modification of lignin, two peaks appeared at 1722 cm-1 

and 1127 cm-1, indicating the formation of ester groups with C=O and C-O bonds. The adsorption 

bands of the vinyl group were observed at 1617 cm-1, indicating that maleic anhydride can react with 

lignin and that esterification reactions can occur on the surface of lignin [14]. 
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Figure 28 Diagram of the esterification process between an anhydride group and phenolic hydroxyl 
group. 

 

 
Figure 29 FTIR spectra of pristine lignin (A) and chemically modified lignin (B) [14]. 

 
 

3.4.2 GlyPLA-cured lignin-M 

 The OH-capped PLA oligomers have the potential to be used in a variety of chemical 

reactions. Lignin has a complex structure and various functional groups, especially carbonyl groups, 

that create grafting or crosslinking structures for GlyPLA-cured COOH-lignin. 

  3.4.2.1 Melt blending 

  A study was conducted on preparing a copolymer, an example of which was the 

preparation of GENR by mixing ENR20 and glycolysis PLA (GPLA) by melt mixing. The TGA 

thermograms showed a maximum decomposition temperature of 400ºC, with a decomposition 

temperature of 300ºC belonging to ENR. Therefore, the temperature between 350-400ºC belongs to 

the GENR network. The degradation of the lactate block sequence that acts as a crosslinker in ENR 

during the degradation at 450ºC may be due to crosslinking loss. The simulated structure is shown in 

Figure 30. The efficiency of GENR's curing process is examined in terms of compatibility. The solvent 

extraction values for grafting and crosslinking were 12 and 32 %wt, respectively. This indicates the 

crosslinking efficiency of GPLA with ENR. In terms of mechanical properties, it was found that the 

combination of GPLA and ENR Helps increase elongation at break, including tensile strength and 

modulus, as shown in Table 1 [62]. 
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Figure 30 The simulated structure of GENR materials. 

 

 

Table 1 Tensile and impact properties of neat PLA, GENR/PLA, and uncured ENR/PLA blends at 
various blend compositions. 

Samples 
Tensile strength 

(MPa) 
Elongation at 

break (%) 
Modulus (GPa) 

Impact strength 
(GPa) 

Neat PLA 36±5 2.2±0.5 2.1±0.10 2.4±0.04 
GENR/PLA 5 42±1 2.5±0.2 2.1±0.10 2.7±0.08 

GENR/PLA 10 30±1 3.0±0.1 1.9±0.05 2.8±0.04 
GENR/PLA 15 31±1 3.5±0.1 1.8±0.08 2.7±0.03 

Uncured ENR/PLA 5 31±1 2.4±0.1 2.1±0.05 2.1±0.05 
Uncured ENR/PLA 10 20±2 1.3±0.1 1.9±0.08 2.8±0.09 
Uncured ENR/PLA 15 14±1 1.1±0.1 1.7±0.10 0.6±0.10 

 

 

3.5 Fabrication of 3D-printing filaments 

 Effect of temperature on extrusion as well as screw speed. A study was conducted using 

data on the diameter of the fibers obtained under various conditions, as shown in Table 2. When the 

screw speed was from 2 rpm to 6 rpm, the diameter of the fibers decreased. Moreover, the extrusion 

temperature increased. In short, the viscosity of a liquid decreases with increasing temperature. This 

improves the flow and does not affect the swelling of the die, as shown in the fiber example in Figure 

31. In Table 2, it can be explained that the melt volume increases with the speed of the screw. This 

will cause the die to become noticeable and have a larger diameter  [63]. 
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Table 2 Filament diameter data were obtained under various extrusion temperatures and screw 
speeds [63]. 

 185°C 190°C 195°C 200°C 
2rpm 1.756 1.680 1.620 1.448 
3rpm 1.760 1.721 1.680 1.575 
4rpm - 1.791 1.727 1.665 
5rpm - 1.831 1.810 1.747 
6rpm - 1.946 1.888 1.857 

*(-) No satisfied filaments obtained 
 

 

  
(a) fabricated at 2 rpm (b) fabricated under 200ºC 

Figure 31 Photography of filaments fabricated under constant extrusion speed (a), or constant 
extrusion temperature (b) [63]. 

 

3.6 Preparation of 3D-printing specimens 

 The effects of 3D printing along different axes were studied. It is explained that the 

orientation of printing is essential in determining the strength of the workpiece, such as impact 

resistance. Flat orientation (XY = 152.5 J/m), horizontal orientation (XZ = 113.2 J/m), and vertical 

orientation (ZX = 77.4 J/m) gave different results. Figure 32 (a) shows an example of printing along 

various axes. The purpose is to study the effects of printing on other layers. The ratio of shell/infill 

along the plate, as shown in Figure 3.10 and Figure 32 (b), shows the layer printing at different 

angles. Referring to Figure 33 (b), the initial and subsequent layers are positioned 90 degrees from 

the previous layer [19]. 
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Figure 32 (a) Printing orientations and (b) raster angles [19]. 
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Figure 33 (a) Rectilinear layer structure, (b) configuration of several layers for FDM materials, and 

(c) manufactured examples (using transparent PLA with light behind) [19]. 
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CHAPTER IV 

METHODOLOGY 

4.1 Materials 

 The chemicals and raw materials for the experiment are summarized in Table 3. 

Table 3 List of chemicals and raw materials used in the experiments. 
Name of Chemicals Grade Supplier 

Black liquor pH ≈ 12 
Siam Kraft Industry Co., 

Ltd, Thailand 
Acetic acid (glacial) (CH3COOH) 100%, AR grade Q RëC™ 

Sulfuric acid (H2SO4) 98%, AR grade Q RëC™ 

Maleic anhydride (C4H2O3) ≥ 99.0% (NT) Sigma-Aldrich 

Ethylene glycol (EG) 99.5%, AR grade Q RëC™ 

N, N-Dimethyl formamide (DMF) ≥ 99.9%, AR grade RCI Labscan Limited 

Ethyl Alcohol (C2H6O) 99.9%, AR grade Q RëC™ 

Poly(lactic acid) (PLA) 
IngeoTM Grade 2003D, 

Density 1.24 g cm-3 
NatureWorks LLC 

Distilled water - - 
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4.2 Apparatus  

 The list of apparatus for this experiment is summarized in Table 4. 

Table 4 List of apparatus utilized in the experiments. 
Apparatus Supplier/Trademark 

Hot plate with Stirrer, IKARC-MAG HS7, IKATRONRETS-D5 
Heating Mantle with Stirrer, Volume 500 ml MS-Series Model MS-ES-303, Made in Korea 

Burette, 50 ml DURAN® 
Round bottom flask, 500 ml DURAN® 

Glass condenser Glassco 
Circulating Water Vacuum Pump - 
Chemistry laboratory glassware DURAN® 
CT Internal Mixer (Cam Type) CHAREON TUT CO., LTD. 

Compression Molding Machine - 
Extrusion Lines Labtech Engineering Co., Ltd. 

3D Printer Delta X200 3D printer 
Universal Testing Machine (UTM) Shimadzu, EZ Test, EZ-LX/EZ-SX Series 

Field Emission Scanning electron microscope 
(FE-SEM) 

TESCAN MIRA3 

Fourier-transform infrared spectrometer (FTIR) BRUKER (ALPHA II) 
Proton Nuclear Magnetic Resonance 

Spectroscopy (1H-NMR) 
AV-500, Bruker Biospin 

X-Ray diffraction (XRD) Bruker AXS Model D8 Advance 
Thermogravimetric Analysis (TGA) SDT Q600, TA Instruments, UK 
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4.3 Experiments 

Part I: Preparation of lignin from black liquor by Acidification process 

 4.3.1 Extraction process 

 The extraction of lignin from black liquor was conducted by acidification. The process of 

adjusting the pH value is divided into two parts. The first method adjusts the pH value with acetic 

acid (CH3COOH), an organic acid. The second method adjusted the pH value with sulfuric acid 

(H2SO4), an inorganic acid. The experiments were divided into steps according to the specified pH 

range to adjust the pH value, as summarized in Figure 34. 

 
Figure 34 Overview of the extraction process of lignin from black liquor by acidification. 

 
 Figure 34 describes the preparation of black liquor with distilled water in a 1:1 ratio, then 

placed in a magnetic stirrer and heated at 60 °C. The pH value was adjusted with acid until the 

desired pH value was obtained. The pH values were adjusted at 3.5, 4, and 6. The experiment is 

divided into 2 parts: 1) Use acetic acid (CH3COOH) and 2) Use sulfuric acid (H2SO4). Once the pH-

alkaline value had been adjusted, the pH-adjusted black liquor sample was left to precipitate and 

then placed in a centrifuge at 6000 rpm for 15 min per cycle to separate solid and liquid particles, 

including contaminants with DI water. The solid fraction was separated after the centrifuge was 

washed by a dialysis process and dried at 60 °C for 24 h in the oven to remove moisture.  

4.3.2 Characterization of lignin from black liquor by acidification  

 The morphology and chemical structure of the resulting lignin extraction were examined as 

follows: 
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  4.3.2.1 Field emission scanning emission microscopy (FE-SEM)  

  FE-SEM images taken from a scanning electron microscope were used to examine 

the lignin's surface morphology and size. The samples were prepared by stabbing them with carbon 

tape and coating them with gold ions for conductivity enhancement. The condition of FE-SEM 

(TESCAN MIRA3) was used at 500X, 1000X, 2000X, and a voltage of 2 kV.   
  4.3.2.2 Fourier-transform infrared (FTIR) spectroscopy  

  The chemical structures and components of the lignin were investigated by an FTIR 

spectrometer, BRUKER (ALPHA II). The spectra were collected in an attenuated total reflection (ATR) 

mode and transmittance mode (TR). The spectra were recorded using 64 scans at a 4 cm-1 

resolution. 

4.3.2.3 Thermal properties  

  TGA analysis with SDT Q600 (TA Instruments, UK) characterized the thermal 

degradation of sample. The powder (10-20 mg) was measured in a nitrogen atmosphere from 50-

800˚C at a heating rate of 10˚C/min 

Part II: Preparation of alcoholyzed PLA (A-PLA) 

 4.3.3 Preparation 

 A-PLA is synthesized by alcoholysis of PLA using poly(lactic acid) (PLA), ethylene glycol 

(EG), and glycerol as reactants. This reaction was carried out using a conventional reflux reactor (as 

shown in Figure 35) at a temperature of 190-200 °C for 12 hours (collecting samples every 2 hours) 

according to different weight ratios of PLA: EG and PLA: Glycerol for comparison, as summarized in 

Table 5. The sample was then volatilized in a vacuum oven at 60 °C for 24 h. 
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Figure 35 Diagram of a conventional reflux reactor for alcoholysis of PLA. 

 
Table 5 Alcoholysis condition of PLA with a conventional reflux reactor. 

No. PLA: EG PLA: Glycerol Temperature (°C) 
1 3:1 3:1 ≈190 
2 6:1 6:1 ≈190 
3 9:1 9:1 ≈190 

  

4.3.4 Characterization of alcoholyzed PLA (A-PLA) products 

 The chemical structures of the alcoholyzed PLA (A-PLA) products were examined using the 

same procedures described in section 4.3.2.2. Additionally, the chemical compositions of the 

samples were examined as follows: 

  4.3.4.1 Proton Nuclear Magnetic Resonance Spectroscopy (1H-NMR) 

  1H-NMR Spectroscopy investigated the chemical structure and components of the 

A-PLA. AV-500, Bruker Biospin, collected the spectra. Samples were prepared in NMR tubes using 

3-5 mg dissolved in solution Chloroform-d, for NMR, 99.8 atom% D, stabilized with silver foil. 

Part III: Preparation of lignin/maleic anhydride/alcoholysis PLA 

 4.3.5 Preparation 

 The chemical modification of lignin and preparation of lignin/maleic anhydride/alcoholysis 

PLA is divided into 4 methods. First method, the conventional reflux reactor is chemically modified 

through the PLA alcoholysis reaction. The second method, the use of solvent solutions for reactions, 
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is chemically modified. The third method, the conventional heating, is employed to chemically modify 

by separating the reaction steps. Fourth method, an internal mixer was used to modify through shear 

force by thermal processing chemically. The chemical structures, compositions, and properties of 

the products from the 4 preparation methods are compared. 

4.3.5.1 Chemically modified in the conventional reflux reactor through A-PLA 
(Method 1) 

The pre-treatment was prepared by adding lignin and maleic anhydride into 

alcoholyzed PLA (at 4 h reaction time) at a ratio of 4:1 (A-PLA: lignin), with the MA concentration set 

at 10 wt%, during the alcoholysis reaction in a simple reflux reactor, as shown in Figure 4.2. The 

process was continued at 190 ºC for an additional 2 h after the alcoholyzed PLA preparation. The 

method and steps are illustrated in Figure 36. 

 
Figure 36 Diagram of the chemical modification in a conventional reflux reactor (Method 1). 

 
4.3.5.2 Chemical modification by conventional heating (Method 2) 

The pre-treatment preparation differs from Method 1 in that the step is separated 

from the alcoholysis of PLA. The obtained alcoholyzed PLA was melted at 120 ºC, followed by the 

addition of lignin and maleic anhydride at a ratio of 4:1 (A-PLA: lignin), with the MA concentration set 

at 10 wt%, for 2 h. The method and steps are illustrated in Figure 37. 

 
Figure 37 Diagram of the chemical modification using conventional heating (Method 2). 
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4.3.5.3 Chemical modification in solution (Method 3) 

The lignin was dispersed into N,N-Dimethyl formamide (DMF) solution and stirred 

until homogeneous, then alcoholyzed PLA and maleic anhydride were added to the solution aand 

heated at 120°C fot 6h. The method and steps are summarized in Figure 38.  

 
Figure 38 Diagram of the chemical modification in solution (Method 3). 

 
4.3.5.4 Chemically modified in an internal mixer through thermal processing 

(Method 4) 

This preparation step differs from the other methods in that no pre-treatment was 

performed. Instead, thermal processing was carried out by simultaneously adding alcoholyzed PLA, 

lignin, and maleic anhydride into the internal mixer together with the PLA matrix at proportions of 1, 3, 

and 5 wt%. The additives were introduced at a ratio of 4:1 (A-PLA: lignin), with the MA concentration 

set at 10 wt%,at 170°C, rotor speed 50 rpm for 20 min. The method and steps are illustrated in Figure 

39. 

 
Figure 39 Diagram of the chemical modification in an internal mixer (Method 4). 

 

 4.3.6 Characterization of alcoholyzed PLA-cured lignin-M composites 

 The chemical structure was examined using the same procedures described in sections 

4.3.2.2. 
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Part IV: Blend of neat PLA resin with alcoholyzed PLA-cured lignin-M composites 

 4.3.7 Preparation  

The commercial PLA pellets were melted at 170 ºC until the torque value was constant in an 
internal mixer. Alcoholyzed PLA-cured lignin-M composites from 4.3.5.1 (Method 1), 4.3.5.2 (Method 

2), and 4.3.5.3 (Method 3) were added, and the mixture was further blended for 20 min with a rotor 

speed of 50 rpm. The A-PLA-cured lignin-M composites contents were varied at 1, 3, and 5 weight%. 

Then, molded by compression molding, polymer composites were dried in an oven at 80 °C for 1 h to 

evaporate moisture. The samples were fabricated into dumbbell, bar, and film shapes for appropriate 

analyses at 170 °C, 4000 psi in 10 min, as summarized in Figure 40. 

 
Figure 40 Diagram of preparation of PLA/A-PLA-cured lignin-M composites. 

 

 4.3.8 Characterization of PLA/A-PLA-cured lignin-M composites 

 The mechanical of the resulting PLA/A-PLA-cured lignin-M composites were examined as 

follows: 

  4.3.8.1 Mechanical properties  

  The tensile tests were performed according to ASTM D 638 using a universal test 

machine by Shimadzu, EZ Test, EZ-LX/EZ-SX Series. Tensile tests were obtained at room 

temperature with a 50 mm/min crosshead speed. The dumbbell-shaped specimens of all the 

blending samples were stretched continuously speed until they failed. Each value obtained 

represented the average of the results of twelve samples. 

Part V: Optimization of filament fabrication and Printing performance and properties of the printed 
specimens 

4.3.9 Preparation 

 PLA pellets and PLA/Lignin were made into monofilament with an extrusion speed of 50 rpm 

using a counter-rotating twin-screw extruder in the temperature range of 160-190 °C. PLA/A-PLA-

cured lignin-M composites samples at the optimum ratio were then ground. Small particles with a 

cutting mill utilize 3 essential parameters: the V rotor (Speed: 1500 rpm), the 0.5 mm sieves, and the 
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cyclone-suction unit under liquid N2. The reduced samples are used as raw material to produce 3D-

printed filaments. The monofilament with different extrusion speeds, such as 35 and 50 rpm (referring 

to PGE35 and PGE50, respectively), was fabricated as described above, as shown in Figure 41.  

 
Figure 41 Diagram of preparation of Optimization of filament fabrication and Printing performance 

and properties of the printed specimens. 
 

 The filaments are used as starting materials for 3D printed parts by extruding the sample 

into filaments. The specimens were designed and exported in STL file format by the Free CAD 

software and then sliced in G-code format by the Ultimaker Cura (version 4.8.0). Then, the created 

specimens were printed by a Delta X200 3D printer to investigate the printing performance and 

prepare the Izod impact specimens. The tensile test was compared to commercial PLA filaments, 

and printed in XY (Flat), XZ (Horizontal or On edge), and ZX (Vertical or Up-right), as shown in Figure 

42. 

 
Figure 42 Diagram of the designed samples in XY (Flat), XZ (On edge), and ZX (Up-right) printing 

orientations. 
 

4.3.10 Characterization of printed tensile test specimens 

 Dumbbell-shaped specimen conforming to ASTM D638 Type IV for tensile testing methods. 

It was designed and printed in XY (Flat), XZ (On Edge), and ZX (Top Right) printing using a Delta 

X200 3D printer. The mechanical properties were examined using the procedures described in 

section 4.3.8.1. 

 



  38 

CHAPTER V 

RESULTS AND DISCUSSION 

Part I Characterization of lignin from black liquor by acidification 

 The morphology, chemical compositions, and chemical structures of lignin extracted from 

black liquor by acidification with different types of acids and pH conditions were characterized. 

5.1 Lignin from black liquor by acidification 

 5.1.1 Morphology 

 The morphology of the lignin product extracted from black liquor was examined. The 

acidification process is done by comparing two different acids, organic and inorganic acids, and by 

examining the morphological structure with SEM, as shown in Figure 43. Under low-acidic conditions 

(pH 6), the particles are predominantly in the form of crystalline tetragonal dipyramids, with an 

average size of approximately 5 µm. When the pH was further reduced to 4 and 3.5, a reduction in 

crystalline particles was observed, accompanied by the appearance of non-porous solid flakes, 

which are indicative of the amorphous nature of lignin [11, 64]. 

  
(a) (b) 
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(c) (d) 

Figure 43 SEM micrographs of (a) black liquor, and the extracted lignin from black liquor by 
acidification at various pHs: (b) 3.5, (c) 4, and (d) 6. 

 

 
Figure 44 SEM-EDS spectrum of the crystalline fraction of the extracted products obtained        

at pH 6. 
 

 

 The SEM-EDS analysis indicated that these crystals contained Ca, C, and O, as summarized 

in Figure 44. This suggests that these crystals are likely Ca(OH)2 and CaCO3 residues from the 

pulping process during the chemical recovery stage [64, 65]. This reduces the solubility of lignin in 

black liquor solution, and it begins to precipitate at pH 6. The major source of Ca2+ in black liquor 

explains this partly because lime (CaO) is used in the chemical recovery step to recover NaOH for 

use within the system [66]. As the acidity decreased, the crystal content also decreased, while an 

amorphous fraction, indicating the amorphous nature of lignin, was observed. The increase in lignin 

fraction compared to the decreased Ca2+ crystals is consistent with the product yield as shown in 

Table 6, which was caused by acidification to reduce the solubility of lignin in black liquor solution to 

cause precipitation [64].  
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The results from acidification with different types of acids and different pH ranges showed 

that the pH value affected the precipitation of lignin in the synthesis from black liquor, as summarized 

in Table 6. The acidification reduces the solubility of lignin by neutralizing its negative charges, 

resulting in increased lignin precipitation. The lower the solubility of lignin, the % Yield increases, 

even at the same acidity condition. This is because the chemical structures of the two types of acids 

are different, and their ability to break down is different [51]. 

Table 6 The effects of acid types and pH range on the product yields of lignin extraction. 

Acid Type and pH Amount of acid used (mL) %Yield 

Organic acid 
(Acetic acid) 

pH 3.5 35.2 40.15 
pH 4 19.2 15.03 
pH 6 7.4 1.62 

Inorganic acid 
(Sulfuric acid) 

pH 3.5 10.8 43.97 
pH 4 7.4 23.29 
pH 6 4.2 13.97 

 

5.1.2 Crystallinity  

The crystalline structure and crystalline content of Ca compounds relative to the recovered 

lignin at different acidification pH levels of 3.5, 4, and 6 were examined by XRD, as shown in Figure 

45-46. The signals at 22, 24, 28, 37, 40, 42, and 47° represent the Ca(OH)2 and CaCO3 phases [65, 

67]. This confirms that in the chemical recovery process in the paper industry, substances like 

Ca(OH)2 react with Na2CO3 to separate NaOH and CaCO3 from each other. However, if the 

separation or filtration is incomplete, some compounds remain in the black liquor solution [66, 68]. 

The relative intensities of these signals decreased with the pH of the acidification, reflecting the lower 

relative content of the Ca compounds compared to lignin. This agrees with SEM and SEM-EDS 

results. It is noted that the peaks at 32, 20, and 14° may be due to contamination by cellulose.  
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Figure 45 XRD traces of the extracted lignin from black liquor by CH3COOH acid at various pHs:   

(a) 3.5, (b) 4, and (c) 6. 
 

 
Figure 46 XRD traces of the extracted lignin from black liquor by H2SO4 at various pHs:              

(a) 3.5, (b) 4, and (c) 6. 
 

 5.1.3 Chemical structures 

The chemical structures of the lignin products extracted from black liquor with organic and 

inorganic acids at different pH conditions were characterized. The FTIR spectra of the dried black 

liquor were compared with the extracted products in Figures 47-48. The characteristic bands of the 

functional groups in the lignin structure, i.e., phenolic and carbonyl, were examined. Lignin is 

typically composed of three alcohols: paracoumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. 

These are further subdivided into three phenyl propanols: p-hydroxyphenyl (H), guaiacyl unit (G), 

and syringyl unit (S) [52]. The C=O stretching band at 1708 cm-1 corresponds to the carbonyl group, 
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while bands 1638 and 1642 cm-1 correspond to hemicellulose [12, 69]. The weak band at 

approximately 1591 cm-1 is associated with the C=C stretching mode of aromatic rings. The C=O 

stretching band of carboxylate (COO) was observed at 1570 cm-1, indicating the ability of lignin to 

dissolve in the black liquor. The band at 1324 cm-1 is attributed to the C-O stretching mode of (S), 

while the band at 1266 cm-1 is attributed to the characteristic of (G) [70, 71], and the bands at 

approximately 1112 and 1032 cm-1 are associated with the vibration of the C-H in the aromatic of the 

(S) and (G) rings, respectively [11, 69, 71]. 

 
Figure 47 FTIR spectra of lignin synthesis from black liquor by acidification with various acids: (a) 
Black Liquor, (b) Lignin synthesis by CH3COOH pH 3.5, (c) Lignin synthesis by CH3COOH pH 4, 

and (d) Lignin synthesis by CH3COOH pH 6. 
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Figure 48 FTIR spectra of lignin synthesis from black liquor by acidification with various pHs: (a) 
Black Liquor, (b) Lignin synthesis by H2SO4 pH 3.5, (c) Lignin synthesis by H2SO4 pH 4, and (d) 

Lignin synthesis by H2SO4 pH 6. 
 

The product yield obtained from acidification at different pH conditions is different. Since 

acidification affects the solubility of lignin in black liquor solution, which may be due to protonation of 

COO- to COOH, causing lignin in solution to precipitate [72, 73], a decrease in the intensity of -COO- 

was observed at the peak position of 1570 cm-1 or a negative band at the frequency in the difference 

FTIR spectra, as shown in Figures 49-50. The C=O stretching mode of -COOH groups was also 

observed at 1708 cm-1. The intensity of the positive difference band at 1708 cm-1 increased with 

decreasing pH conditions, while the opposite trend was observed for the negative difference band at 

1570 cm-1, which is consistent with the obtained product yield. 
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Figure 49 Difference FTIR spectra generated by subtracting the dried black liquor sample from 
the extracted lignin products at different acidification by CH3COOH conditions: (a) pH 3.5, (b) pH 

4, and (c) pH 6. 
 

 
Figure 50 Difference FTIR spectra generated by subtracting the dried black liquor sample from 

the extracted lignin products at different acidification by H2SO4 conditions: 
(a) pH 3.5, (b) pH 4, and (c) pH 6. 

 

 5.1.4 Thermal properties 

 Thermal gravimetric analysis (TGA) was used to determine the thermal stability and 

composition of the products, as shown in Figure 51, by comparing with the dried product from black 

liquor. The results showed that most of the degradation steps occurred in the temperature range of 

250-400°C [64, 74]. This is consistent with the covalent bond degradation, such as the cleavage of 

C-C and C-O-C bonds of the aromatic network. However, this difference was observed in the 

samples obtained at high pH values. This degradation was higher than normal temperatures in the 

range of 250-450°C. The degradation of Ca(OH2) compounds was observed in the temperature 

range of 350-450°C, whereas that in the temperature range of 600-700°C is due to the degradation of 

CaCO3 compounds [75-77]. This is due to the presence of inorganic substances that precipitated 

together with lignin during the acidification process. The results indicate that there are inorganic 

constituents present in the recovered lignin, and this directly affects the thermal degradation 

behavior of the products from this process [78, 79]. 
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Figure 51  Thermal degradation behavior of precipitated products obtained from acetic and 

sulfuric acid extraction at different pH values. 
 

The results of the total amount of lignin and Ca compounds in each sample, calculated from 

the yield TGA results, are summarized in Figure 52. It was found that the type of acid and the acidity 

condition had an apparent effect on the composition of the products separated from black liquor, 

with sulfuric acid having a better acidification efficiency than acetic acid [79, 80]. The results reflect 

that the use of sulfuric acid provides higher product purity and lower Ca contamination compared to 

the use of acetic acid. This is also consistent with the TGA results which showed higher 

decomposition peaks of Ca(OH2) and CaCO3, which is supporting evidence that the products from 

acetic acid use contain more inorganic contaminants when compared to the proportion of 

compounds in the products, where the proportion calculated from weight residue (%) or weight loss 

(%) can be calculated using equation (1). 

  Mass (g)  = % (as fraction) x initial mass (g)   (1) 

*initial mass = 8.7592 g (black liquor) 
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Figure 52  Productivity ratios of lignin and calcium compounds obtained from products precipitation 

using acetic acid and sulfuric acid at different pH levels. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



  47 

Part II Characterization of Alcoholyzed PLA (A-PLA) 

 The effects of primary and secondary alcohols on the alcoholysis of PLA were investigated. 

Chemical structures and compositions of the products (A-PLA) and the impact of the alcoholysis 

condition are discussed below. 

5.2 Alcoholysis of PLA  

5.2.1 Alcoholysis of PLA Product by Primary Alcohols 

 The effect of the number of hydroxyls in the polyols on the reaction activity was studied 

using ethylene glycol (EG) and glycerol. The physical characteristics of alcoholyzed PLA (A-PLA) 

products at ratios of 3:1, 6:1, and 9:1 are shown in Figure 53. The alcoholysis of PLA with EG yielded 

solid-liquid or gel-like products, each with a yellow color and gradually darker shades, with the color 

of these products changing from yellow to light brown to dark brown as the PLA: EG feed ratio 

increased to 9:1 wt/wt. In contrast, the alcoholized PLA products with glycerol were golden yellow 

and changed to light brown to dark brown according to the reaction rate of all three ratios and had a 

gel-like physical appearance at 3:1 and solid-liquid ratios at 6:1 and 9:1 wt/wt. 

  
Alcoholyzed PLA by ethylene glycol Alcoholyzed PLA by glycerol 

Figure 53 Appearance of alcoholyzed PLA products: A-PLA-EG and A-PLA-Gly samples obtained 
from PLA: diol ratios of 3:1, 6:1, and 9:1 wt/wt. 

 
  

3:1 

6:1 

9:1 9:1 

6:1 

3:1 
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5.2.2 Chemical Structure by FTIR spectroscopy 

The alcohols containing different hydroxyl groups in both primary and secondary alcohols, 

namely ethylene glycol (EG) and glycerol, are used as reactants in the alcoholysis of PLA. The 

alcohols are first characterized by FTIR spectroscopy, as shown in Figure 54. The hydroxyl group 

(OH) vibration mode of EG is located at 3293 cm-1, while the asymmetric stretching of the methylene 

group (CH2) is at 2944 cm-1, and the methylene (CH2) with the methine (CH) band at 2878 cm-1. The 

important bands used to confirm the reaction of ester cleaving are the -COO- asymmetric, -COO- 

symmetric, and C-C vibration located at 1089, 1040, and 885 cm-1, respectively [54, 55, 81]. The 

FTIR spectrum of glycerol is shown in Figure 5.10. The hydroxyl group (OH) at 3271 cm-1, as 

methylene group (CH2) at 2939 cm-1, and methylene (CH2) with methine (CH) stretch at 2882 cm-1, 

while the -COO- asymmetric, -COO- symmetric, and OH vibration modes are observed at 1115, 

1040, and 992 cm-1, respectively [82].  

 
Figure 54 FTIR spectra of ethylene glycol (EG) and glycerol. 

 

FTIR spectra of alcoholyzed PLA (A-PLA) products from the alcoholysis by EG are illustrated 

in Figure 55. The hydroxyl group (OH) is observed as a broad peak at 3293-3530 cm-1 with higher 

intensity than EG intensity and shifted position [83]. This indicates a decrease in hydrogen bonding 

between -OH and -OH groups and an increase in hydrogen bonding between -OH and C=O caused 

by the decreasing amount of -OH groups when the ratio of PLA to EG increases from 3:1, 6:1, and 

9:1 respectively, The band shifts to higher frequency are due to the interaction between hydrogen 

bonds of -OH groups and the carboxylic acid of the C=O stretching, with a shift at approximately 

1746-1739 cm-1 [55]. The shift in the position of the peak depends on the increasing ratio of diols, 
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resulting in a higher hydrogen bonding of -OH to -C=O-. The FTIR analysis results are used as a 

quantitative analysis in which the mechanism of the alcoholysis reaction is investigated. The ester 

groups of C-O stretching at 1127 cm-1, C-O-C stretching at 1080 cm-1 and C-O bending at 1040 cm-1 

are important characteristics that reflect the transesterification degree, generating products with 

different structures and compositions [9, 82]. The intensity of C-O-C at 1080 cm-1 decreased with 

increasing proportion of diols until reaching equilibrium, indicating the change of product structure or 

chain-cleaving ability of ethylene glycol (EG) toward PLA structure. 

  

 
Figure 55 FTIR spectra of (a) neat PLA, (b) ethylene glycol (EG), and (c)-(e) alcoholyzed PLA 
products from alcoholysis with ethylene glycol (reaction time of 4 hr): 3:1, 6:1, and 9:1 wt/wt. 

 

Similarly, FTIR spectra of alcoholyzed PLA (A-PLA) products by glycerol also showed the 

hydroxyl groups (OH) located at 3271-3504 cm-1. This also exhibited OH shift characteristics and a 

broad peak similar to alcoholysis with EG, as shown in Figure 56. When the ratio of PLA to glycerol 
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increased from 3:1, 6:1, and 9:1 wt/wt, respectively, the product obtained from the 3:1 wt/wt ratio with 

more glycerol has a lower molecular weight or higher -OH chain ends according to the reaction rate. 

It has stronger hydrogen bonds with carbonyl groups, resulting in a lower shift of the C=O peak 

(1739 cm-1) [9, 55]. This contrasts with the 9:1 wt/wt shift to 1745 cm-1 ratio, which gives similar 

results to alcoholysis by EG in the formation of hydrogen bonding interactions between hydroxyl 

groups and affects the carboxylic acid of the C=O stretching depending on the amount of diols 

added. 

To explain the transesterification mechanisms of the products, the characteristic changes of 

-OH and C-O-C with decreasing intensity can be observed after the reaction [55]. The C-O-C 

stretching characteristic of the ester bond at 1080 cm-1 was observed as an important characteristic 

for detecting the transesterification reaction interaction of the alcoholized products, similar to 

alcoholization with EG. The intensity of C-O-C stretching decreased with increasing proportion of 

diols with increasing reaction rate, indicating the change of product structure after alcoholization. 
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Figure 56 FTIR spectra of (a) neat PLA, (b) ethylene glycol (EG), and (c)-(e) alcoholyzed PLA 
products from alcoholysis with glycerol (reaction time of 4 hr): 3:1, 6:1, and 9:1 wt/wt.  

 

5.2.3 Quantitative Analysis by FTIR spectroscopy 

 The quantitative analysis results can be used to study the alcoholysis reaction for complete 

reactions or to adjust the reaction conditions as appropriate for the application to obtain products 

with specific chemical structures and compositions. The carboxylic acid (C=O) changes are 

examined by using data on normalized peak area, as shown in Figure 57, and then comparing the 

product data during alcoholysis with ethylene glycol (EG) and glycerol. The peak area of the 

carboxylic acid (COOH) chain ended at 1720 cm-1 and C=O stretching at 1747 cm-1, normalized by 

that of the reference methyl (CH3) asymmetric at 1450 cm-1. The data are summarized in Figure 58 

(a) and (c). The shift of the peak position to low frequencies may be due to the formation of strong 

hydrogen bonds between the -OH groups of alcohols, increasing the amount of carboxylic acid at 

the chain ends in proportion to EG and glycerol, as well as an increase in the reaction rate [82, 83]. 

The quantitative analysis technique using FTIR spectroscopy was also applied to the 

characteristic bands to describe the changes in the transesterification reaction upon alcoholysis of 

PLA with EG and glycerol. In the transesterification reaction of PLA alcoholysis with EG and glycerol, 

the changes in the amount of ester bonds (-CO-O-) were observed, as shown in Figures 55 and 56. 

The procedures and methods used are examined by using data on the normalized peak area of C-O 

stretching at 1127 cm-1 is normalized by that of the reference C-O-C stretching at 1080 cm-1 [9, 55], 

and the data are summarized in Figure 58 (b) and (d). It was found that the amount of ester bonds 

decreased with increasing reaction rate as the reaction rate increased, including the proportion of 

EG and glycerol. 
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Alcoholyzed PLA by Ethylene glycol (EG) 

 
Alcoholyzed PLA by Glycerol 

Figure 57 FTIR curve fitting procedures of alcoholyzed PLA products (reaction rate at 4 hr) in the 
regions of carboxylic acid (-COOH). 
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Figure 58 FTIR curve fitting result on carboxylic acid (-COOH) and ester group (-COO-) from 

alcoholyzed PLA by ethylene glycol (EG); (a-b) with glycerol; (c-d) by dividing to reference peak of 
1450 and 1127 cm-1. 

 

5.2.4 Chemical compositions by 1H-NMR spectroscopy 

 Since the alcoholysis reaction produces a mixture of PLA products with different molecular 

weights and chemical structures, detailed structural analysis using 1H-NMR spectroscopy is 

required. From the FTIR spectra results in Figure 5.14, it can be seen that alcoholysis with EG is more 

efficient than glycerol due to several factors, such as steric hindrance, which has a different structure 

due to EG having a smaller molecular size and straight chain arrangement [84]. In contrast, glycerol 

has a branched chain arrangement, creating a greater structural barrier, making it difficult for PLA to 

access ester bonds for reactivity [10]. In addition, glycerol has a higher viscosity, resulting in slower 

diffusion than EG, which has a lower viscosity, resulting in better mass transfer because molecular 

(a) (b) 

(c) (d) 
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movement significantly affects reaction kinetics [54, 85]. Therefore, alcoholysis of PLA with ethylene 

glycol (EG) is suitable for this application.  

The chemical composition of alcoholzed PLA (A-PLA) products, indicated that A-PLA 

consists of two possible structures when the single primary hydroxyl groups (OH) of EG react via 

transesterification, will be in the form (A), while the structure (B) will be in the form where the primary 

hydroxyl groups (OH) at both ends of the chain react with PLA. The ethylene glycol poly-lactate has 

signals of methyl groups (b ~ 1.57 and d ~ 1.49 ppm) and methine groups (a ~ 5.17 and c ~ 4.36 

ppm) [82, 86]. As excess ethylene glycol feed compositions are employed, structure (A) is a major 

product. This is reflected by the absence of the characteristic signals of structure (B), associated 

with methylene (e” ~ 4.33 ppm) protons [82, 87]. The unique signals of structure (A) are observed; 

methylene signals (e’ and eº ~ 3.81 ppm). The unreacted hydroxyls in ethylene glycol units are 

reflected by the methylene (e1 ~ 3.65 ppm) and singlet hydroxyl groups (e2 ~ 5.65 ppm). The 

dilactate exhibits methyl signals (L’ ~ 1.79 ppm) and methine groups (L ~ 4.92 ppm) [55, 82, 86]. In 

addition, the mechanism of the alcoholysis reaction of PLA via the transesterification process and the 

chemical structure of the A-PLA product are shown in Figure 59. 
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Figure 59 1H-NMR spectra of (a) ethylene glycol (EG), (b) alcoholyzed PLA at 9:1,                     

(c) alcoholyzed PLA at 3:1, and (d) neat PLA. 
 

 5.2.5 Quantitative Analysis by 1H-NMR spectroscopy 

The chemical structure of A-PLA with EG is shown in Figure 60. The amount of chemical 

conformation can be calculated by integrating the methylene group bands of conformation (A) or (B) 

(e’ and eº ~ 3.81 ppm, and e” ~ 4.33 ppm) divided by the combined methylene group values of both 

conformation (A) and (B) (e’, eº, and e”) [10, 87]. The amount of conformation formed can be 

calculated from the methylene signals of each conformation, with the results summarized in Figure 

5.16. From the 1H-NMR results, the degree of polymerization (DP) change can be calculated using 

equation (1). The results of this calculation are summarized in Table 7. 

Degree of Polymerization (DP) =  intensity of methine (CH) repeating unit  (1) 

    Intensity of methyl (CH3) chain ended 
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Figure 60 The compositions of products obtained from alcoholysis of PLA by different diol contents. 
 

The calculated results of alcoholyzed PLA (A-PLA) products processed with different 

alcoholysis ratios in Table 7 show a reduction in the chain length of the A-PLA products compared to 

commercial PLA (Mn ~ 84,000 g/mol-1) [87]. The FTIR analysis results showed a similar trend as 

shown in Figure 5.14, indicating that the PLA chains were degraded by the transesterification 

reaction with ethylene glycol (EG) in increasing proportion. 

Table 7 Summary of structure compositions of alcoholyzed product as a feed different ratio, 
calculated from 1H-NMR spectra. 

PLA:EG feed ratio (wt/wt) 
Structural compositions 

DP 
3:1 0.81 
9:1 8.91 
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Part III Characterization of chemical modification lignin/maleic anhydride/alcoholysis PLA reaction  

The products obtained from the lignin extraction process and the alcohol-treated PLA are 

used as raw materials for chemical modification using various pre-treatment and non-pre-treatment 

methods to select them for their performance. 

5.3 Chemical modification lignin/maleic anhydride/alcoholysis PLA reaction 

The chemical modification experiments are summarized in Table 8, comparing both pre-

treatment and non-pre-treatment methods of lignin/maleic anhydride/alcoholysis PLA reaction, which 

differ in terms of reaction systems and application suitability, resulting in different product properties 

and usability. The pre-treatment method 1 is similar to the pre-treatment method 2, but the reaction 

proceeds in a continuous manner from the alcoholyzed PLA, requiring constant temperature and 

system control. This method is suitable for research that requires consistent control of the 

mechanism and structure of the product, but in a similar way to method 2, the alcoholyzed PLA step 

is separated, and then a lower heat is applied to the alcoholysis of PLA reaction to initiate the 

reaction [88]. This process reduces the complexity of the system compared to conventional reflux 

reactor systems and is therefore suitable for laboratory or semi-industrial sample preparation where 

simplicity of scalability is emphasized over accuracy. And in the third pre-treatment method, a 

solvent, DMF, is used to help disperse lignin and enable alcoholyzed PLA and maleic anhydride 

(MA) to disperse evenly [14, 89]. The solvent acts to help the movement of molecules and promotes 

the reaction to occur more thoroughly. However, the presence of residues from preparation will affect 

the mechanical properties of the product. Although this method helps to disperse well, it has the 

limitation of solvents. And for the last form, the non-pre-treatment method 4 is thermal processing is 

the use of shear force and heat within the internal mixer, the main mechanism of this form is physical 

mixing. This is a simple process that does not take long and can be scaled up to the industrial level. 

Therefore, this method is suitable for large-scale production applications and has process efficiency. 

Although the use of solvents helps in good dispersion, there are side effects of solvents on the 

product, while thermal processing is more convenient and gives better results. However, for 

chemical methods, pre-treatments 1 and 2 are suitable for controlling the reaction and adjusting the 

product structure. 
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Table 8 Comparison of preparation methods and their suitability for lignin/maleic 
anhydride/alcoholysis PLA reaction. 

Method Process Applicability 
Pre-Treatment 1 

(Conventional reflux 
reactor) 

The continuous chemical modification with 
alcoholysis reaction of PLA. 

Suitable for applications requiring control 
of reactions and chemical structures. 

Pre-Treatment 2 
(Conventional heating) 

The separation of the chemical modification 
process from the alcoholysis of PLA. 

Suitable for scale-up in laboratory or semi-
industrial applications and reaction 

control. 
Pre-Treatment 3 

(Solution) 
The chemical modified using a solution. 

It has good dispersibility but has 
problems for solvent residue. 

Non Pre-Treatment 4 
(Thermal Processing) 

the use of thermal processing through the 
use of shear force and heat. 

It is the most scalable method, but 
additives should be used to improve 

compatibility. 
 

 
 

 
Figure 61 FTIR spectra indicating chemical interaction and grafting formation in lignin/maleic 

anhydride/alcoholysis PLA reaction prepared by different methods. 
 

 From the analysis of FTIR spectra, it was found that the samples prepared by various 

methods as shown in Figure 61 showed changes indicating the occurrence of chemical modification 

reactions. Indicating the occurrence of chemical modification reaction, the carbonyl groups (C=O) 

band at approximately 1750-1735 cm-1 has a shift pattern indicating the formation of ester bonds 

from grafting between anhydride groups and hydroxyl groups of lignin or chain ended of alcoholyzed 

PLA, and there is also a broad peak with shoulder at approximately 1710 cm-1 [90-92]. This is related 

to the formation of carboxylic acids upon chain cleavage. In addition, the shift of peaks at 1383 and 
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1366 cm-1 was observed upon pre-treatment, showing the peak at 1376 cm-1, indicating the presence 

of methyl groups (CH3) within the structure due to the enhanced interphase interaction [93]. While the 

shift of the band around 978 cm-1, which is related to the vibration of C-C/C-O-C bonds of the chain 

arrangement pattern and crystal structure of PLA, and the band at 821 cm-1, represents the vibration 

of the aromatic ring (C-C) of lignin, indicate the interaction in this system [93, 94]. 
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Part IV Characterization of PLA resin with alcoholyzed PLA-cured lignin-M composites 

 The products obtained from chemical modification processes using various methods, both 

pre-treatment and non-pre-treatment, are selected to be efficient materials. This research will study 

the effects on the melted behavior of polymers and the mechanical properties of the materials. 

5.4 PLA resin with alcoholyzed PLA-cured lignin-M composites 

 5.4.1 Mixing behavior of polymer composites 

 From the analysis of mixing torque curves as shown in Figure 62 from the mixing of polymers 

in the internal mixer, it was found that the changes can clearly explain the mixing behavior and melt 

viscosity of the polymer system. From the preparation of additives in different forms by pre-treatment 

methods 1, 2 and 3, it shows lower torque values than other systems. This may be due to the 

continuous alcoholysis process of PLA causing chain scission of the polymer and reducing the 

average molecular mass [95, 96]. This results in a decrease in the viscosity of the liquid and a 

decrease in the rotational resistance of the mixture. It acts as a plasticizer or lubricant of the system, 

improving mixing [97]. Due to the low torque value, it indicates a reduced melting resistance and 

from the sample image which is mixed in a homogeneous manner as shown in Figure 62. 

 On the other hand, the system of non pre-treatment method 4 (Thermal processing), which 

relies on shear force and heat without chemical modification before mixing. The torque values were 

close to those of neat PLA, indicating that no chemical changes or intermolecular interactions 

occurred during the thermal mixing process. The system was only physical mixing, resulting in 

limited interphase bonding and poor compatibility between PLA and lignin [98]. 
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Figure 62 The mixing torque curve obtained from the internal mixer was used to analyze the mixing 
behavior and melt viscosity evolution of the polymer composites. 

 

5.4.2 Mechanical properties 

 While the pre-treatment in method 2, adjusting the ratio of alcoholyzed PLA to 9:1 (optimum 

condition), it was found that the torque value increased as shown in Figure 62, indicating the 

interaction between molecules in the system. The increase in torque in such cases can be explained 

by the interaction between the anhydride groups of MA and the hydroxyl groups of lignin and 

alcoholyzed PLA product, causing covalent grafting and hydrogen bonding within the system, which 

enhances the compatibility between the phases. [89, 99] 

 The mechanical properties testing of PLA resin/A-PLA-cured lignin-M composites from 

different preparations as shown in Figure 63, it was found that the preparation by method 2 gave the 

highest tensile strength and Young’s modulus values, with average values of approximately 60-70 

MPa and 2700-2800 MPa, respectively. This is higher than the preparation by methods 1, 3 and 4 by 

an average of about 10-15%. This result indicates the better distribution of lignin and the interaction 

between the phases, [14, 100] as shown in Figure 62. In addition, the elongation at break was found 

to be slightly reduced compared to neat PLA at approximately 1.5-2%, which is consistent with the 

increased rigidity in Young’s modulus, unlike method 3 which incorporates DMF solvent in the 

preparation process, which causes problems of solvent retention and polymer chain degradation 

[101]. This resulted in very brittle materials and could not be tested mechanically in samples with 

increased volumes of 3 and 5 wt%, due to degradation of the PLA matrix and internal void formation. 

This is consistent with the diagram in Figure 64, which describes the brittle composites mechanism 

due to solvent residues and short filler molecules from continuous alcoholysis of PLA [102]. While the 

material prepared by method 4 showed strength values close to neat PLA and decreased with 

increasing filler content, reflecting the absence of phase interaction, only physical mixing, the 

preparation by method 2 was therefore the most suitable method. Due to the good balance between 

interphase bonding reaction and the structural stability of the polymer matrix, the researchers chose 

to use method 2 for further study by adjusting the ratio of alcoholyzed PLA from 3:1 to 9:1 to increase 

the chain length and the number of functional groups that can bond with lignin to help enhance the 

interphase bonding and reduce the brittleness of the composite material at the molecular level [102]. 
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Figure 63 Mechanical properties of PLA resin/A-PLA-cured lignin-M composites, prepared from 

different methods and content. 
 

 
Figure 64 Cause-effect diagram of polymer pre-treatment 3 forming. 

 

Mechanical properties testing of PLA resin/A-PLA-cured lignin M shown in Figure 65 showed 

that adjusting the preparation ratio in Method 2 from the original 3:1 alcoholyzed PLA to 9:1 gave 

significantly improved mechanical properties compared to the original, with the material strength 

increasing by approximately 10-15% and the flexibility increasing by approximately 30-35%, while 

the rigidity of the material decreased slightly from Young’s modulus by approximately 5-10%, 
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reflecting the balance between strength and toughness of the material in the appropriate direction. 

Increasing the proportion of alcoholyzed PLA with higher molecular weight results in increased 

interphase force transfer within the material and reduced stress concentration within the polymer 

material. [103] This is consistent with the mixing behavior shown in Figure 62, where the increased 

torque values indicate a stronger melt viscosity due to the stronger interphase interaction. The 

increased torque values also explain the stronger interphase adhesion. Although the material stability 

is slightly decreased in Young’s modulus, the overall structure is not affected by the increase in 

mechanical strength and toughness. Therefore, adjusting the ratio of alcoholyzed PLA to 9:1 is 

considered the most suitable ratio (optimum condition) for further applications as it can create a 

good balance between strength, toughness and interphase adhesion, both mechanically and 

structurally. [100]  From the study of the amount of additives added, it was found that 1 Weight% is 

the appropriate proportion. Although the strength values    of the materials of each proportion are not 

different, at 1 Weight%, it tends to give a more constant and stable value with low fluctuation. [104, 

105] 

 
Figure 65 Mechanical properties of PLA resin/A-PLA-cured lignin-M composites from method 2 and 

optimum condition different content. 
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Part V Characterization of optimization of filament fabrication and Printing performance and 
properties of the printed specimens 

5.1 Filament fabrication for 3D printing 

 The optimum condition mixture is PLA resin/A-PLA-cured lignin-M prepared by method 2 at 

a ratio of 1 wt% and used as a raw material for filament production for 3D printing using a counter-

rotating twin-screw extruder with a 1.75-mm die. The monofilament of PLA resin and optimum 

condition of PLA/A-PLA-cured lignin-M composites with an extrusion speed of 35 rpm were 

successfully produced using a 1.75 mm extruder die, an extrusion temperature of 165-200ºC, and a 

filament drawing speed of approximately 3 ± 1 m/min. The diameter of the produced filaments is in 

the range of 1.25-1.65 mm (in Figure 67 (b)), which is smaller than the standard 3D filament of 1.75 

mm (in Figure 67 (a)). The uneven diameter of the filaments is caused by the coarse scaling and 

unstable control during the filament extrusion process. 

 
Figure 66 Overall filament fabrication for 3D printing. 

 

 
Figure 67 The final filament specimens of (a) PLA commercial and                                          

(b) PLA resin/A-PLA-cured lignin-M composites. 
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5.2 3D printing performance  

 The printing performance was verified by printing tensile test samples using a Delta X200 

3D printer with the printing parameters specified in Table 9. The dumbbell-shaped was printed for 

each filament in 3 orientations as XY(Falt), XZ(Horizontal), and ZX(Vertical) orientations. A support 

structure called a brim is cut from the sample after the printing process. The printing time for each 

type of specimen, namely XY(Falt), XZ(Horizontal), and ZX(Vertical) orientations were 50, 120, and 

150 min, respectively, as shown in Figure 68, showing the dumbbell-shaped specimen according to 

ASTM 638 Type IV standard for tensile testing. The printing time varies depending on the number of 

printing layers. The printing tests showed that the PLA/A-PLA-cured lignin-M composites filament 

samples could be printed in all printing directions, but in the XZ(Horizontal) direction, a distortion of 

approximately 5-10% of the sample base was observed during printing. Since the XZ printing 

method prints two sample bases and welds them together, the joints of the samples may not be well 

bonded [106]. The mechanical properties of the PLA/A-PLA-cured lignin-M composites printed 

tensile test show the average force transfer from the test. Printing in the XY(Falt) direction has better 

overall average Young’s modulus, tensile strength, and elongation at break. Because printing along 

the XY axis has better fiber adhesion along the applied force direction than printing along the XZ and 

ZX axes [107], because printing along this axis has a high number of layers from printing, resulting in 

a large number of workpiece joints, when subjected to force, the adhesion force between layers will 

decrease and the resistance capability will be low [108, 109]. Therefore, the number of layers in 

printing has a direct effect on the adhesion force between layers, including the contact surface area 

of each layer of the workpiece [110]. A larger number of layers in a print allows each layer to cool 

quickly from the melt and has less time for polymer chain diffusion between layers, resulting in less 

complete fusion. Conversely, printing with fewer layers allows for better fusion and adhesion between 

layers [14, 111]. 

Table 9 The printing parameter of neat PLA and PLA resin/A-PLA-cured 
lignin-M composites tensile specimen. 

 

Printing Parameters Conditions 

Layer height (mm) 0.2 

Shell wall thickness (mm) 1 

Shell top or bottom thickness (mm) 0.80 

Infill density (%) 100 

Infill pattern Longitudinal 
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Infill line direction 0/90º 

Infill overlap percentage (%) 10 

Infill layer thickness (mm) 0.15 

Filament dimeter (mm) 1.25-1.75 

Nozzle dimeter (mm) 0.4 

Filament flow (%) 100 

Raster orientation 0/90º 

Printing orientation 
XY(Flat), XZ(Horizontal), and 

ZX(Vertical) 

Printing speed (mm/s) 60 

Travel speed (mm/s) 120 

Enable print (mm/s) Yes 

Brim width (mm) 3 

Plate temperature (ºC) 60-70 

Nozzle temperature (ºC) 190-210 

Nozzle diameter (mm) 0.4 
 

 
 
 

 
 

 

 

   
XY (Falt) XZ (Horizontal) ZX (Vertical) 

 

Figure 68 The final printed dumbbell-shaped for tensile test of (a) PLA commercial and (b) PLA 
resin/A-PLA-cured lignin-M composites. 

 

 The results of the mechanical property tests of the 3D printed parts are shown in Figure 69. 

It was found that printing in the XY (Flat) direction gave tensile strength and elongation at break 

values of 66 MPa and 4.79%, respectively, which were higher than printing in the XZ (Horizontal) and 

ZX (Vertical) directions. However, the rigidity values were similar because in printing in the XY 

direction, the fiber alignment is parallel to the direction of the applied force, allowing for force transfer 

directly through the fiber structure with high efficiency. As a result, the material's strength and 

toughness are better than printing in other directions. [107, 109] While printing in the XZ and ZX 
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directions has a higher number of interlayers passes and the applied tensile force is perpendicular to 

the structural interface, the interlayer interface area has lower interlayer polymer chain diffusion, 

resulting in lower interlayer adhesion and easier brittle fracture. Therefore, printing in the XY 

direction, with good interlayer bonding and fiber alignment in the same direction as the applied 

force, as well as printing with a higher surface area, has superior properties. [14] 

  

 
Figure 69 Mechanical properties of 3D-printed specimens at different printing orientations (XY, XZ, 

and ZX). 

 
From the morphology of the fiber arrangement in different directions, as shown in figure 70 

and 71. It was found that the structure of the workpiece printed in the XY direction has the fiber 

orientation arranged continuously in both the same direction as the force and alternating diagonal 

orientations, allowing the force to be transferred directly through the fiber direction and down along 

the slanted free line, resulting in the material receiving two-step tensile force and good force sharing 

between each layer of fibers [109]. This results in a ductile fracture pattern with a rough fracture 

surface, showing the elongation and movement of the polymer chains before fracture. And for 
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printing in the XZ direction, the filament is oriented in line with the tensile force direction, causing the 

force to be transferred along the filament. Cracks begin to appear as separation of individual fibers 

at some points, consistent with moderate mechanical values. Conversely, printing in the ZX direction 

creates a seam between layers perpendicular to the tensile force, especially in the ZX direction when 

the material is subjected to force. Force is transferred directly to the structural joints. When stress 

builds up, the joints will fracture. This results in brittle fractures, a smoother surface and more visible 

layering. [107, 109] 

 
Figure 70 Microstructural morphology of 3D-printed specimens at different printing orientations (XY, 

XZ, and ZX). 
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Figure 71 Fracture surface morphology of 3D-printed specimens at different printing 

orientations (XY, XZ, and ZX). 

 
 Printing in the XY (Flat) direction was the most efficient option, with the fiber orientation 

parallel to the tensile direction. The PLA/A-PLA-cured lignin-M composites were found to have 

improved mechanical properties compared to neat PLA, with the Young’s modulus and tensile 

strength values indicating improved force transfer between the polymer structures. This improvement 

in mechanical properties was attributed to the covalent and hydrogen bonding between the 

anhydride groups of MA and the hydroxyl groups of lignin and at the chain ends of alcoholyzed PLA, 

which enhanced the interphase adhesion [9, 14, 89]. This results in a structure with better lignin 

distribution and reduces the occurrence of segregation within the material. Although the elongation is 

slightly reduced, it reflects an increase in material strength, which is typical of materials with stronger 

interphase adhesion [88, 110]. Thus, PLA/A-PLA-cured lignin-M composites demonstrate an optimal 

balance between strength and structural stability and are suitable for efficient application as filament 

materials for 3D printing. 
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Figure 72 Mechanical properties of 3D-printed specimens in the XY printing orientation, comparing 

neat PLA and PLA resin/A-PLA-cured lignin-M composites. 
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CHAPTER VI 

CONCLUSIONS 

6.1 Conclusions 

The lignin extracted from black liquor by acidification process. The study found that 

inorganic acid (H2SO4) gave higher precipitation efficiency than organic acid (CH3COOH), with a 

yield of 43.97% at pH 3.5, which was related to the reduction of Ca(OH)2 and CaCO3 crystals and 

amorphous morphology according to SEM-EDS and XRD results. FTIR analysis confirmed the 

protonation of COO- to COOH as the main mechanism of precipitation, thus the use of inorganic acid 

under acid-base conditions at pH 3.5 is most suitable for the extraction of high yield and purity lignin. 

To be used as raw materials in the chemical modification process and further applications. 

Study of alcoholysis of PLA with different diols revealed that ethylene glycol (EG) provides 

better transesterification reaction efficiency than glycerol due to its lower molecular size and 

viscosity, which allows for faster molecular diffusion. The FTIR analysis results revealed a shift of 

C=O peak at 1746 cm-1 to the position of 1739 cm-1 and a change of C-O-C intensity at 1080 cm-1, 

indicating the formation of new ester bonds and the reduction of the PLA base structure, while the 
1H-NMR results confirmed that the alcoholyzed PLA products obtained from ethylene glycol (EG) 

were mostly mono-terminated and had significantly lower degree of polymerization (DP), with a 

PLA:EG ratio of 9:1  gave the most suitable alcoholysis value, EG is therefore the most suitable 

reagent and has a controllable structure for further application as a raw material. 

The chemical modification of lignin/maleic anhydride/alcoholyzed PLA reaction system 

showed that the preparation method with pre-treatment 2 (Conventional heating) gave the highest 

efficiency. Due to the good controllability of the reaction mechanism, as confirmed by the shift of the 

C=O peak at 1750-1735 cm-1 in the FTIR spectra indicating the formation of new ester bonds, the 

PLA resin/A-PLA-cured lignin-M composites prepared by this method had tensile strength and 

Young’s modulus values of approximately 60-70 MPa and 2700-2800 MPa, respectively. When the A-

PLA ratio was adjusted from 3:1 to 9:1, it was found that the material could maintain a balance 

between strength and elasticity by approximately 30-35%, and the mixing-torque of the samples also 

showed higher torque values reflecting the increase in interphase bonding force and melt viscosity. 

Therefore, it can be concluded that the pre-treatment method using the second method and the A-

PLA ratio of 9:1 is the most suitable condition for preparing PLA resin/A-PLA-cured lignin-M 
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composites with good interphase adhesion, high mechanical properties, and can be further 

developed for 3D printing filaments or engineering biomaterials. 

3D printing filaments from PLA resin/A-PLA-cured lignin-M composites prepared using a 

pre-treatment method 2 and an additive content of 1 wt% were successfully formed into filaments 

using a counter-rotating twin-screw extruder, yielding filaments with an average diameter of 1.25-

1.65 mm, which is suitable for 3D printing. The printing test results show that the material can be 

printed in all directions, but there is a slight distortion in the XZ direction due to the imperfect bond 

between layers. Mechanical properties testing of the parts revealed that printing in the XY (Flat) 

direction gave the highest tensile strength and modulus values due to the better interlayer adhesion 

and the fiber orientation along the applied force direction, indicating that the number of printing 

layers and the interlayer melting influence the material strength. Therefore, composite materials 

prepared under these optimal conditions have high potential for use as bio-filament materials for 3D 

printing, offering a balance between strength and flexibility, as well as effective adhesion between 

layers of the workpiece. 
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