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Abstract: The lyocell process offers an environmentally friendly strategy to produce re-
generated cellulose fibre from biomass. However, it is critical to recover and reuse the
N-methyl-morpholine-N-oxide (NMMO) solvent to maximize the environmental benefits
and lower the cost. This article reviews NMMO recovery and characterization techniques
at the lab and industrial scales, and methods to limit the NMMO degradation during the
process. The article also presents the results of a pilot study investigating the recovery
of NMMO from lyocell manmade cellulosic fibre (L-MMCF) manufacturing wastewater.
The work described includes the development of a calibration curve for the determination
of NMMO content in aqueous solutions using Fourier Transform Infrared Spectroscopy
(FTIR). Successful NMMO recovery from the wastewater was achieved using a rotary
evaporator: the final NMMO concentration was 50, i.e., ready for use in the lyocell process,
and no NMMO degradation was observed. The knowledge in this paper will support
advances in L-MMCF manufacturing and the reduction in textile environmental footprint.

Keywords: n-methyl-morpholine-n-oxide (NMMO); lyocell process; NMMO recovery;
NMMO content determination; Fourier Transform Infrared Spectroscopy (FTIR)

1. Introduction

Cellulose is naturally abundant within the environment [1]. It can be converted into
ethers, esters, or regenerated materials. To produce regenerated materials, cellulose pulp
is dissolved in a solvent to create dope, which is then spun to produce fibre [2]. The
polysaccharide cellulose is made from beta-glucose molecules. They are joined together
with hydrogen bonds, resulting in a crystallized structure not soluble in water [3]. Thus,
nonaqueous solvents must be used for cellulose pulping dissolution [4]. Solvents containing
tertiary amine oxides have successfully dissolved up to 23% pulp, making them useful
solvents to produce cellulosic regenerated materials [5].

Various regenerated materials have been produced. Historically, viscose rayon has
been the most widely used cellulose-regenerated material [1]. The viscose rayon process
uses carbon disulfide (CS,) to derivatize cellulose pulp by converting it into cellulose
xanthate (xanthation process) to prepare the pulp for dissolution in sodium hydroxide [6].
Unfortunately, CS; is toxic to both the environment and human health. Approximately
25-35% of carbon disulfide is not recoverable, and the viscose process results in 200-300 t of
wastewater per one ton of viscose produced [6,7]. Consequently, modern scientific advances
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are being used to reexamine regenerated cellulosic processes to look for alternatives to
viscose [8].

Lyocell manmade cellulosic fibres (L-MMCEF) offer an alternative fibre to viscose
because it is a purely physical, non-derivatized process [4]. To dissolve the pulp, the solvent
N-methyl-morpholine-N-oxide (NMMO) is used. It is part of the tertiary amine oxide
family, composed of a combination of oxidized hydrogen peroxide and the tertiary amine
N-methylmorpholine. Structurally, it proves particularly useful for dissolving cellulose
pulps due to the coordinate-covalent bond between nitrogen and oxygen (Figure 1). The
N-O bond has a dipole moment of 4.38 mD, making it extremely energy-rich [9]. This bond
allows NMMO to dissolve cellulose without any further processing. Thus, it is possible to
create a regenerated fibre using a closed-loop solvent recovery system.

O.,,-CHs
Figure 1. Chemical structure of NMMO.

Despite NMMO's high cost, techno-economic studies based on simulations have
demonstrated the prospect of the lyocell process if NMMO'’s production and recovery are
optimized [10,11]. To contribute to this effort and foster the adoption of the lyocell process
in the textile industry, this article reviews the current literature on the different aspects of
NMMO recovery and reuse after a brief overview of NMMO use in the lyocell process.
The paper also describes the results of a pilot study featuring a lab-scale NMMO recovery

trial for NMMO content determination in L-MMCF wash water and L-MMCEF prototype
samples. It ends with a discussion about avenues of further research.

2. L-MMCF Manufacturing Process

Courtaulds Fibres was the first commercial L-MMCEF fibre manufacturer [1,3,12]. They
started pilot work in the early 1980s. Lenzing optimized the process and is currently the
leading global lyocell producer. Other manufacturers, such as the Thuringian Institute
for Textile and Plastics Research (TITK) Rudolstadt (research facility, lab- and pilot-scale
production), Akzo Nobel, Greencell, Grasim, Shanghi Leo, Baoding Swen, Xinxiang Bailu,
and Shandong Yingi, have more recently released products to the market [1,3,6,12,13]. There
is also Birla Cellulose, which manufactures L-MMCF under Birla Excel™. The popularity
of L-MMCF is trending upward, with a projected compound annual growth rate (CAGR)
of 7.0% from years 2024 to 2030 [14,15]. The L-MMCEF production process includes three
main steps: pulp dissolution, fibre formation, and NMMO recovery (Figure 2).
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Figure 2. The lyocell manufacturing process.

2.1. Pulp Dissolution

The first step in the L-MMCEF process is to dissolve the cellulosic pulp in NMMO
monohydrate [16]. It involves a swelling and a dissolution stage. Pure NMMO has a
melting point of 170 °C [17,18]. However, when combined with 13.3 wt% of water, its
melting point reduces to 74 °C [2]. This melting point can be further reduced as more water
is added. As a result, NMMO is commercially available in a 50% aqueous solution due to
ease of handling. Cellulose pulp feedstock for lyocell dope preparation can swell in a 50%
NMMO-water solution [19]. Swelling is essential for the NMMO to penetrate the cellulose
inter- and intra-crystallinity structures [1,20,21]. In laboratory settings, scientists generally
use up to 9% cellulose concentrations [17,22], while in commercial settings, concentrations
of 10-20% cellulose are typically used [19].

After the swelling stage, water from the slurry is evaporated [16,17,22-24]. As the
NMMO concentration increases, dissolution of the cellulose pulp takes place once the
NMMO concentration exceeds 79% [20]. Using a molecular dynamics simulation, Deng
et al. [25] demonstrated that dissolution is due to NMMO breaking the -OH bond in cellu-
lose and forming new spontaneous hydrogen bonds between the cellulose and NMMO.
Some publications mention that dissolution should take place between 90 and 120 °C [26];
however, other researchers specify that dissolution should not be performed at a tempera-
ture above 85 °C to avoid degradation of NMMO and chromophore formation [11,17,27,28].
More importantly, if NMMO reaches 150 °C, there is a risk of thermal runaway reaction [24].
In this case, the solution rapidly self-heats to a temperature of approximately 250 °C, result-
ing in an exothermic reaction due to its energy-rich N-O bond, which releases 222 kJ /mol
when cleaved [24,29-32]. However, even at temperatures lower than 120 °C, degradation
of NMMO can result from side reactions resulting from the interactions between cellulose
and NMMO and water and NMMO [33].
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To limit the amount of degradation and risk of an exothermic reaction during the
evaporation process, the use of vacuum was introduced in 1979 [2,5,34]. The use of vacuum
lowers the boiling point of water, which allows conducting the evaporation process at
a lower temperature and reduces the risk of NMMO degradation. Current techniques
involve wiped film, propulsive, and rotary evaporators [10,11]. In rotary evaporators, a low
vacuum between 15 and 30 mmHg is typically applied in combination with temperatures
ranging between 80 and 100 °C for 240 min [17,22,23,35]. Other methods mentioned include
a twin-screw extruder dissolution system [36] and a kettle-type dissolution system [6].
Additionally, stabilizers such as the phenolic antioxidant propyl gallate (PG) are used to
reduce the possibility of chemical decomposition and minimize exothermic reactions by
trapping by-products [22,37]. Concentrations of PG or an alternative stabilizer are generally
in the range of 0.5-2 wt% [19].

A high alpha cellulose content (>90-95%) is desired to increase the fibre’s mechanical
strength [3]. This is because higher alpha-cellulose content results in a high degree of
polymerization (DP). However, if the DP is too high, the cellulose will not be soluble
or result in a dope too viscous to spin. The optimal DP for the lyocell process has been
found to be between 650 and 750 [16,38]. This ensures proper cellulose fibre swelling and
dissolution in the NMMO.

2.2. Fibre Formation

Typical commercial dope solutions have a ratio of 76% NMMO, 11-14% cellulose,
and 10-12% water [2,3,24,26]. In lab settings, researchers generally use a ratio of 75-85%
NMMO, 8-20% cellulose content, and 5-12% water [24,35,39,40]. The dope is extruded by
being pushed through a spinneret at temperatures between 80 and 120 °C [6,12,36,39,41].
The extrudate is then drawn through an air gap (typically 10-50 mm) to align the cellulose
chains before entering a coagulation bath comprising water at a temperature between
15 and 25 °C [6]. In a production line, the block spinneret typically has a pore diameter
of 4-100 um [6,42]. The high pressure from the spinneret helps the dissolved cellulose
polymerize and create a highly oriented, regenerated cellulose structure [43].

The strength and crystallinity of the regenerated fibres are also affected by the spinning
and draw speed [44]. Tension is applied to the fibre by the drawing arm to further align the
polymer chains. In the water bath, the NMMO leaches out of the lyocell fibre and dissolves
in the water due to a higher affinity with water than cellulose [6,12,24]. This affinity is
due to the highly polar N-O bonds, lending it to be highly hydrophilic. The hydrogen
bonds between NMMO and cellulose get destroyed when water/NMMO concentration is
above 23% [45].

During the fibre formation process, cellulose I with its trans-gauche (tg) structure is
converted to cellulose II, characterized by a gauche-trans (gt) structure (Figure 3) [25,38,46].
The transition from cellulose I to cellulose Il is irreversible [47]. It has been hypothesized
that this irreversibility is due to cellulose II having a more stable structure (i.e., antiparallel
chain stacking) than the cellulose I structure (i.e., parallel chain stacking) [48].
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Figure 3. Structure of each cellulose C6 conformation. This figure illustrates the cellulose conforma-
tion in the original state (a), while dissolved in NMMO (b), and after being dissolved in NMMO (c)
(reproduced [47] with permission from Science Direct).

2.3. Solvent Recovery

The ability to recover and reuse NMMO is a major advantage of the lyocell process
compared to other regenerated cellulose processes [6,25,26]. In addition, residual NMMO
and PG remaining in the fibre result in discoloration (yellowing) and strength reduction [3].
This recovery takes place when the fibre passes through the coagulation and washing
bath. Authors have reported NMMO recovery ratios of up to 99% [20] and 99.5% [26].
This recovery process helps make the lyocell fibre economically feasible due to NMMO’s
high cost [26].

Several techniques exist for solvent recovery. For instance, liquid-liquid extraction is a
technique commonly used to separate and purify bioproducts in the biomass biorefinery
industry as well as in the separation of organic compounds from wastewater [49,50]. In
theory, liquid-liquid extraction could be used to remove water from the used NMMO
solvent; it would involve the addition of a water-immiscible organic solvent to separate the
water from the NMMO [51]. Drying compounds can be added to further dry the NMMO.
The added drying compounds and the organic solvent would be removed through filtration
and distillation. However, this method will completely remove the water content from
the NMMO solvent and require the addition of water for reuse in the L-MMCEF process.
The addition of chemicals in the purification process may also result in contamination of
the NMMO. As a result, evaporating water from the NMMO-containing water has been
the most commonly used method due to the simplicity of the process [26]. However, it is
energy intensive.

Initially, NMMO recovery was generally completed in a one-step process, where
water would be evaporated from the NMMO-containing aqueous solution to increase
NMMO concentration to 50% [52]. Techniques include film evaporation [11] and rotary
evaporation [43,45]. However, the one-step process results in byproducts and chromophore
formation. The presence of byproducts in the coagulation bath reduces the amount of
NMMO that can be recovered, which increases the overall fibre production costs [10].

To improve the efficiency of the NMMO recovery process, researchers have explored
multistage evaporation for the L-MMCF process. Multistage evaporation consists of a
purification stage followed by evaporation [6]. For instance, Guo et al. describe a three-step
process comprising an air floatation stage, an ion exchange stage, and an evaporation
stage [26]. According to these authors, this is the best technique to industrialize the
lyocell process.

For the air flotation process, flocculation precipitation and filtration in an air flotation
machine have been used at industrial scales to remove contaminants in the wash bath
after fibre extrusion [53]. Hemicelluloses, coloured materials in the coagulation bath,
and any undissolved particle matter are examples of these contaminants [26]. Guo et al.



Fibers 2025, 13,3

6of 21

found organic flocculants such as dicyandiamide formaldehyde to be superior to inorganic
flocculants such as poly-aluminum chloride (PAC) for the purification of NMMO-containing
L-MMCF wash bath solutions [26]. Both chemicals are commonly used in wastewater
treatments [54].

The next step is the removal of dissolved substances, byproducts, excessive PG, and
metal contaminants. Cation-anion exchange resins are often used for this purpose [10].
Guo et al. used a strongly basic macro-porous anion exchange resin and a strongly acidic
cation exchange resin [26]. Both resins could be regenerated using 5% hydrochloric acid
and 4% sodium hydroxide, respectively. However, NMMO cannot be 100% recovered due
to the ion exchange process. The cation exchange resin absorbs some NMMO, which ends
up in the hydrochloric acid used for the resin regeneration process. As a result, NMMO
consumption generally varies from 0.01 to 0.03 kg per kg of fibre produced [12]. PG was
one of the soluble contaminants successfully removed from the NMMO wastewater via the
ion exchange process as evidenced by high-performance liquid chromatography (HPLC)
combined with a 280 nm UV detector [26].

Finally, the evaporation stage is performed using multi-effect evaporation or mechani-
cal vapor recompression (MVR) to increase NMMO concentration [26]. After this operation,
the NMMO-water mixture can be reused in the lyocell process. The principal factors affect-
ing the recovery of NMMO are the presence of contaminants and the degradation state of
NMMO, e.g., due to processing at high temperature.

Using the ion-exchange recovery system proposed by Guo et al. [26], Hytonen et al.
conducted a techno-economic analysis using simulations and investigated multiple NMMO
recovery methods [10]. A simplified recovery system (three stages) and a base case recovery
system (six stages) were compared. The first three stages consisted of using a filtration
block, ion exchange, and evaporation; in the six-stage process, the last three stages recycled
the NMMO back into the recovery system. The base case recovery system resulted in the
highest recovery rate/cost ratio because the simplified recovery scenario was associated
with higher steam demands. Additionally, the six-step recovery system resulted in a 99.5%
NMMO recovery rate, while the simplified recovery system resulted in a 98.9% NMMO
recovery rate. Hytonen et al. found that a decrease in NMMO recovery rate from 99.7% to
98.9% resulted in a 5.4 times increase in NMMO makeup costs.

Multistage evaporation has also been explored in lignocellulose processes [45,55]. In a
techno-economic analysis, Shafei et al. demonstrated that multistage evaporation can lead
to an 80% increase in efficiency, indicating that most of the NMMO energy consumption
resulted when NMMO concentrations go from 70 to 86% [52].

2.4. Reuse of Recovered NMMO

The dissolution power of recovered NMMO in the lyocell process has not been
described within the literature. However, related information can be found in studies
on methane production as a by-product in biofuel processes [35,45]. Jeihanipour et al.
used NMMO for the separation of cellulose from cotton/polyester and viscose/polyester
blended textile waste [45]. The recovered cellulose was then converted to methane. The
researchers did not observe any difference in methane production efficiency when NMMO
was recovered via evaporation or fresh NMMO was used. Kabir et al. investigated how
fresh NMMO would compare to recovered NMMO for the pretreatment of forest residues
and barley straw in biofuel processes [35]. No effect of the use of recycled NMMO on
methane production was observed for up to five NMMO reuse cycles in the case of barley
straw. For forest residues, on the other hand, the methane production efficiency decreased
by 45% and 55% after three and five NMMO reuses, respectively, compared to the use
of fresh NMMO solution for the lignocellulosic material pretreatment. The researchers
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attributed the difference observed in the effect of NMMO reuse between barley straw and
forest residues to the higher lignin content and presence of bark in the forest residues that
may have led to the formation of by-products and NMMO degradation. Thus, NMMO's
potential to be recycled at a high rate would be contingent on whether the other compounds
within the pulp catalyze NMMO degradation reactions [6].

3. NMMO Degradation

To produce both lyocell dope and recover NMMO, water must be evaporated (Sec-
tion 2.3). While some authors mention that it is a physical process and does not result in
chemical alteration [4], NMMO degradation may still occur due to the presence of contami-
nants in the cellulose pulp as well as the interaction of NMMO with cellulose and water
(Section 2.1). NMMO can undergo homolytic reactions, which result in the cleavage of the
N-O bond [24]. This is often the result of the presence of transition metals within the pulp,
which can potentially lead to thermal runaway reactions. Alternatively, different heterolytic
reactions can occur. NMMO could degrade into N-methylmorpholine (NMM) accompanied
by cellulose reductants and/or into morpholine. NMM can be recombined with hydrogen
peroxide to regenerate NMMO [24,56]. Or NMMO can undergo a Polonovski decomposi-
tion process or reaction, which involves the transformation of a tertiary amine N-oxide into
an iminium ion intermediate. In this case, NMMO transforms into a carbonium-iminium
ion before decomposing into morpholine and formaldehyde [17,24]. Welder et al. found
that NMMO degradation mainly results from Polonovski reactions [17]. PG and other
additives are used to mitigate the risk of homolytic and heterolytic reactions by neutralizing
transition metals [57] and by binding to NMMO'’s degraded intermediates [33].

4. NMMO Characterization
4.1. NMMO Content Measurement Technigues

Researchers have explored different techniques to characterize the NMMO content in
water and solid media. When NMMO concentration is high, its content in water can be
easily quantified based on density [24,58]. Rosenau et al. demonstrated that the difference
between NMMO (density at 1.25 g/cm?) and water (density at 1.00 g/cm3) allows for a
rough NMMO content estimation based on densitometry and refractometry [24]. However,
NMMO content can be difficult to quantify when its concentration in water is very low
or if it remains within the fibre itself. As a result, a variety of other techniques have been
explored to characterize NMMO content (Table 1).

Differential scanning calorimetry (DSC) is one of the most common techniques used
for thermal analysis [60]. It monitors the difference in heat absorbed or released between a
sample and a reference when the two samples are heated and/or cooled. DSC permits fast
temperature screenings with high heating rates [29,59,60]. This fact is critical to monitor
autocatalytic reactions within cellulose/NMMO solutions. Wendler et al. used a DSC
analysis and a mini autoclave to characterize NMMO [17]. The DSC measured initial
autocatalytic degradation onsets between 140 °C (with additives) and 158 °C (without
additives). Their results demonstrated the importance of additives such as PG to limit
autocatalytic reactions.



Fibers 2025, 13,3

8 of 21

Table 1. NMMO Characterization Techniques.

Characterization Technique

Findings

References

Density

Allows for a rough estimation of NMMO content
within high concentrations of water

[24,58]

Differential scanning calorimetry

Temperature screening for autocatalytic reaction
detection

[17,22,29,59,60]

High-performance liquid
chromatography

Quantifies the amount of NMMO in solutions by
separating the mixture into principal components
Does not allow separation for overly
contaminated samples

[22,61-64]

UV Detection

No direct measurement of NMMO. Estimation of
NMMO content after reduction to NMM

Has a higher separation capacity on complicated
samples compared to HPLC

[17]

Headspace gas chromatography

No direct measurement of NMMO but estimate
NMMO content after being reduced to NMM
Has a higher separation capacity on complicated
samples compared to HPLC

[16,19,58]

Nuclear magnetic resonance

One of the main techniques to measure cellulosic
and NMMO crystallinity index

Has been used to determine reactive components
within PG

[19,65-69]

Electron spin resonance

Determine NMMO secondary radical formation
Lower resolution than NMR

[22,70]

X-ray diffractometer

Measure the crystallinity of NMMO in swollen
pulp samples

[20,71-75]

Fourier Transform Infrared
Spectroscopy

One of the main techniques to measure NMMO
and cellulose functional groups

[67,71-75]

HPLC is one of the most powerful laboratory chromatography techniques [61]. It

separates mixtures of substances into their principal components as different components

travel through the column at different rates depending on how they interact with the

stationary phase of solid particles in the column. A detector then generates an electrical
signal when exposed to the separated components [61]. HPLC has been successfully applied
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for the quantification of NMMO in solutions in lyocell production [17,62,63]. Wendler
et al. combined it with a UV detector with a far-ultraviolet wavelength (192-195 nm) for
improved spectral response [17]. The UV detector has also been useful in deciphering
the role of PG as a stabilizer for NMMO dope solutions [24,64]. Konkin et al. combined
HPLC with DSC to detect amines and aldehydes in the NMMO molecule in the fingerprint
region [22]. Sohn et al. used both reverse-phase and ion-exchange HPLC to separate
morpholine from NMMO [63]. Unfortunately, HPLC does not have the column separation
capacity to handle contaminated samples, which does not make it useful in determining
NMMO content in biorefinery processes [16].

Headspace gas chromatography (HS-GC) is another effective technique for measuring
volatile substances. It has been used to investigate both NMMO and PG [16,19]. It also has
a higher separation capacity on complicated samples compared to HPLC. As HS-GC only
measures volatile substances, NMMO must be converted into volatile substances such as
NMM before GC testing. Zhang et al. and Zeng et al. both used HS-GC to determine NMM
content in NMMO-based biorefinery process solutions [16,58]. Zhang et al. also created a
calibration curve for NMMO quantification in biofuel production [16]. Finally, Melikhov
et al. used HS-GC to demonstrate that gallic acid morpholine can be used as a stabilizer in
cellulose-NMMO solutions, which aligns with Wendler et al.’s results demonstrating the
importance of additives in autocatalytic reactions [17,19].

X-ray diffractometer (XRD) analysis is used to investigate the crystallinity of materials.
In many cases, researchers have employed it to measure the crystallinity of NMMO swollen
pulp samples as NMMO content increases [20]. Before full dissolution, XRD recorded a
35-42% drop in crystallinity in cellulosic pulps due to swelling in NMMO. As NMMO
concentration in the solution increased, the cellulose crystallinity index decreased.

Fourier Transform Infrared Spectroscopy (FTIR) is another form of characterization
technique used to analyze unknown samples [72]. The peaks in the FTIR spectrum cor-
respond to various molecular functional groups [65]. Luo et al. used FTIR to determine
the cellulose, water, and NMMO content in lyocell slurries [76]. The authors used the
angle spectrum (Common Astronomy Software Applications (CASAS)) 6.6 and partial least
squares (PLS) models to convert the absorption spectra and extract the content informa-
tion. Zhao et al. also used a combination of FTIR, NMR, and XRD to show that NMMO
crystal structure degradation in cellulose dope solution began between 70 and 100 °C. This
exposure resulted in degradation of cellulose crystal structure too [74]. Above a cellu-
lose concentration of 6%, NMMO crystallization decreased, with NMMO recrystallization
occurring during the cooling process when it was heated below 100 °C.

When comparing the efficiency of these different techniques at measuring NMMO
content, the following conclusions can be drawn based on the information provided above.
DSC and XRD do not directly quantify NMMO content. Density measurement is a useful
strategy for large concentrations of NMMO present in water; however, it is not accurate
enough to quantify smaller amounts. On the other hand, HPLC, FTIR, and HS-GC have
been successfully used to determine small amounts of NMMO in water. Yet, HS-GC does
not directly measure NMMO content but rather estimates it through NMM. HPLC, in
particular when combined with UV detection, offers a slightly more precise estimate of
NMMO content than FTIR. However, HPLC is more complex and less accessible than FTIR,
which may be sufficient for lab-scale investigations if all the compounds present have been
identified and more appropriate for industry settings due to its simplicity of use.

4.2. NMMO Degradation Monitoring Techniques

Initially, NMMO degradation was qualitatively monitored via the colour change
to an amber hue in the L-MMCF dope due to chromophore formation [33]. However,
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chromophore formation can arise both from NMMO decomposition and the stabilization
process by PG [26]. When oxidized, PG generates coloured bis(ortho-quinone) [28]. As
a result, colour change is not a very accurate measurement of NMMO decomposition.
Gallamides, such as gallic morpholide, have been reported to offer equivalent stabilizing
efficiency of the lyocell process as PG without generating as much change in colour in the
dope solution as PG [19,68]; however, it does not seem to be widely used.

Spectroscopy techniques are often used in combination with thermal analysis to
characterize the degradation of NMMO. For example, Wendler et al. combined UV /VIS
spectroscopy and DSC to determine byproduct formation in the NMMO-cellulose solu-
tion as evident by a change in colour at 40 nm [17]. Additionally, UV detection has been
employed to monitor NMMO degradation through its melting point and chromophore
content [24]. Rosenau et al. also used UV fluorescence detection with thin-layer chro-
matography to show that NMMO does not play a reducing role when transition metals are
introduced to the lyocell process [31].

Nuclear magnetic resonance (NMR) is used to determine molecular structures present
within samples [65]. This is achieved specifically by detecting changes between hydrogen
bond structures. Within the lyocell process, it has been used to determine the reactive
components of PG [19,68]. Using a combination of thin-layer chromatography and NMR,
Rosenau et al. found that NMMO in lyocell solutions has an oxidizing role that is catalyzed
by transition metals [31].

Similarly, ESR (electron spin resonance) has been used to study radical formation
from NMMO degradation. Konkin et al. used ESR to determine NMMO secondary radical
formation resulting from both the cleavage between the N-O bond and amine aldehyde
ring degradation [22,70]. In this experiment, ESR was combined with UV irradiation by
an excimer laser at temperature intervals of 77-120 K [22]. This kinetic range specifically
targeted secondary-forming radicals.

5. Pilot Study of NMMO Residual Content Characterization
and Recovery

Based on the conclusions of the comparison between the different characterization
techniques in Section 4.1, FTIR was explored as a technique to quantify the NMMO content
in lyocell fibre wash wastewater. It has been used by Luo et al. to determine the cellulose,
water, and NMMO content in lyocell slurries [76]. However, the authors applied the angle
spectrum (CASAS) and partial least squares (PLS) models to the absorption spectra to
extract the content information. As a result, there is potential for a simplified FTIR-based
NMMO quantification method that would be applicable for industrial use.

The strategy selected for NMMO content quantification by FTIR relied on molecular
functional groups found in NMMO but not in the other compounds present in the lyocell
fibre wash wastewater. A C-N tertiary amine bond is present in the NMMO chemical struc-
ture (Figure 1), which is not present in cellulose, PG, and water (Figure 4). This C-N tertiary
amine bond has been associated with an absorbance in the range of 1100-1200 cm L [77-79].
The experiments conducted involved three steps. First, the spectrum of samples of NMMO
solution, water, cellulose pulp, and PG (used to limit NMMO thermal degradation) were
analyzed by FTIR to confirm the choice of the selected peak. Second, a calibration curve
was constructed by measuring several serial dilutions of NMMO in water. Finally, the
NMMO content in lyocell fibre wash wastewater was measured before and after NMMO
recovery treatment by evaporation.
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Figure 4. Chemical structure of cellulose (a), PG (b), and water (c).

5.1. Materials

The dissolving pulp was acetate-grade acid sulphite aspen wood pulp with a 95%
alpha-cellulose content. It was supplied by Innotech Alberta, Canada. A 50 wt%
NMMO/water solution was supplied by Huntsman International LLC (Salt Lake City,
UT, USA). PG (97%) was obtained from Sigma-Aldrich (St. Louis, MO, USA), and MilliQ
distilled water was produced using a MilliporeSigma™ Milli-Q™ Direct Water Purification
System (Sigma-Aldrich, St. Louis, MO, USA).

The wastewater used in the study originated from the wash bath of lab-scale L-MMCF
production using the acetate-grade acid sulfite aspen wood pulp sheet mentioned above [8].
In addition to the dissolving pulp, NMMO, and water, the cellulose dope contained 2% of
PG to improve NMMO stability.

5.2. Methods
5.2.1. NMMO Content Characterization

The NMMO content in solid and liquid samples was measured using a Frontier MIR
NIR spectrometer (Perkin Elmer, Shelton, WA, USA) coupled with a Universal Attenuated
Total Reflectance (UATR) diamond/ZnSe top plate, set in the range of 3,600 and 600 cm ™!,
and resolution of 4 cm™!, with a total number of scans of 16. To establish the calibration
curve, serial dilutions of 40 wt%, 25 wt%, 12.5 wt%, 6.25 wt%, 3.125 wt%, 1.56 wt%,
0.78 wt%, 0.39 wt%, and 0.195 wt% NMMO by volume were prepared from the 50 wt%
NMMO/water stock solution and measured by FTIR, and their absorbance was recorded.
FTIR measurements were also performed on the 50 wt% NMMO/water stock solution,
distilled water, unevaporated and evaporated filtrate from lab-scale L-MMCF production
wastewater, and PG.

5.2.2. NMMO Recycling Process

Since it is the most employed technique for NMMO recovery as described in Section 2.3,
evaporation was used to concentrate wastewater from the lab-scale L-MMCEF spinning
wash bath. The wastewater was filtered using fine filter paper (pore size 2-5 pm). No other
purification technique was applied. An aliquot of the filtered wastewater was collected for
further analysis, and the remainder was concentrated using a rotary evaporator system
(Biichi, New Castle, DE, USA), which comprised a rotavapor (R-200), a vacuum controller
(V-800), a vacuum pump (V-500), and a heating bath (B-49). The temperature of the heating
bath was set to 90 °C. Rotary evaporator rotation began when the mixture began to boil
at approximately 60 °C. The level of vacuum was increased until the pressure reached
3 kPa (0.435 psia). When the temperature reached 90 °C, the rotation rate was increased to
280 rotations per minute (RPM). The evaporation was stopped when the solution turned to
an amber colour, which occurred after approximately 240 min.
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5.3. Results
5.3.1. Peak Selection

Figure 5 shows representative examples of the FTIR spectra of 50 wt% NMMO/water,
deionized water, PG, and a sample of wood-based dissolving pulp measured between
600 and 3600 cm~!. Water, PG, and pulp are the three compounds that would likely be
present in L-MMCF production wastewater in addition to NMMO. Figure 5 also includes a
detailed view displaying the 1081-1150 cm ! area of the FTIR spectra.
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553
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Figure 5. FTIR of lyocell process components. FTIR of the 50 wt% NMMO /water stock solution (dark
blue), deionized water (orange), propyl gallate (green), and wood-based dissolving pulp (light blue).
The first chart (a) shows an image of the entire FTIR scan. The second chart (b) shows a zoomed-in
image of the FTIR scan from wavelengths 1050-1081 cm .

The spectrum corresponding to the 50 wt% NMMO/water solution shows a well-
defined medium peak at 1116 cm ™!, which can be attributed to the C-N tertiary amine
bond in NMMO [77,80]. On the other hand, the FTIR spectrum of deionized water is
completely featureless in the 1081-1150 cm ™! area. In the case of PG, its FTIR spectrum
in the 1081-1150 cm ! area includes two peaks: one at 1097 cm~!, corresponding to
C-O stretching, and the foot of a peak at 1192 cm 1, which has been attributed to C-C
stretching [81]. These two peaks might interfere with the measurement of the NMMO
C-N tertiary amine bond at 1116 cm~!. However, the concentration of PG in the cellulose
dope, and thus in the wash bath wastewater, is very low compared to NMMO: 2 wt% for
PG and 50 to 85 wt% for NMMO in the dope solution. Therefore, even if the height of
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the 1116 cm ™! peak is not much higher than the signal for PG around the C-N 1116 cm ™!
peak in Figure 5, the effect of PG FTIR peaks on the measurement of NMMO content in
wash bath wastewater is expected to be negligible. In the case of the signal elicited by the
cellulose pulp, the 1081-1150 cm ! area features a peak at 1100 cm ™!, corresponding to
C-O stretching [77]. However, similarly to PG, the pulp content in the L-MMCF wash bath
wastewater is likely to be much lower than NMMO. As the height of the 1100 cm~! peak in
the cellulose pulp is about half that of the 1116 cm~! peak corresponding to the NMMO
C-N tertiary amine bond, it is not expected to significantly affect the determination of the
NMMO content in the L-MMCF wash bath wastewater using the 1116 cm ! peak.

5.3.2. Calibration Curve for NMMO Content Determination

Figure 6 shows the FTIR spectra in the 1092-1142 cm~1 area for 50 wt%, 40 wt%,
25 wt%, 12.5 wt%, 6.25 wt%, 3.125 wt%, 1.56 wt%, 0.78 wt%, 0.39 wt%, and 0.195 wt%
aqueous NMMO solutions (by volume) and MilliQ water. They show a gradual increase in
the 1116 cm ! peak height as the NMMO concentration in the aqueous solution increases.

= 50%
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e ().39%

e ().20%
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1092

Wavenumber (cm1)

Figure 6. FTIR spectra in the 1092-1142 cm 1 area of the 50% NMMO/water stock solution, serial
dilutions, and distilled water.

A calibration curve for the determination of NMMO content in L-MMCF production
wastewater was constructed using the results for the 50 wt%, 25 wt%, 6.25 wt%, 1.56 wt%,
and 0.195 wt% aqueous NMMO solutions (by volume) and MilliQ water, which were
measured in triplicate. Figure 7 displays the variation in the mean height of the 1116 cm ™!
peak in the FTIR spectra as a function of the NMMO concentration. A positive linear
relationship is observed with an R-squared value of 0.9995. This high R-square value
indicates that this curve can be used as a calibration curve for the determination of NMMO

content in L-MMCEF production wastewater.
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Figure 7. Variation in the 1116 cm~! peak height in the FTIR spectra as a function of the NMMO
content in the solution. The error bars correspond to the average of measurements performed
in triplicate.

The limit of detection (LOD) for unknown concentrations was determined using a
linear regression model, then multiplying the standard error of the fit by 3.3 and dividing
the product by the slope of the calibration curve. The limit of quantification (LOQ) was
determined by multiplying the standard error of the fit by 10 and dividing the product
by the slope of the calibration curve. The results are shown in Table 2. The low values of
LOD at 0.04 wt% and LOQ at 0.1 wt% indicate the suitability of the method for the NMMO
content quantification in L-MMCEF production wash wastewater.

Table 2. LOD and LOQ corresponding to the NMMO content calibration curve in Figure 7.

Concentration (wt%)
Limit of detection (LOD) 0.04
Limit of quantification (LOQ) 0.1

5.3.3. NMMO Recycling from L-MMCF Production Wastewater

The NMMO content in the filtrate of the L-MMCF production wastewater before and
after evaporation using a rotary evaporator (Section 5.2.2) was quantified using the FTIR
peak at 1116 cm~! and the calibration curve shown in Figure 7. The FTIR spectra in the
1080-1150 cm ! range are shown in Figure 8. They show a well-defined peak at 1116 cm !
in the data corresponding to the filtrate of the L-MMCF production wash wastewater
before and after evaporation. Prior to the rotary evaporation, the amount of NMMO in the
filtered waste was 2.7 wt% (Table 3). After 240 min of evaporation, the NMMO content
reached 51.4 wt%. This concentration is very close to the NMMO content in the NMMO
stock solution used for pulp dissolution in the L-MMCF production process. No significant
amount of NMMO was detected in the condensed water from the wastewater evaporation
process (Figure 8 and Table 3).
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Figure 8. NMMO concentrations before and after rotary evaporation recovery.

Table 3. NMMO content in L-MMCEF production wastewater filtrate before and after rotary evapora-
tion, as well as in the condensed water from wastewater evaporation.

Sample NMMO Concentration (wt%)
Filtered wastewater 2.7
Filtered and evaporated wastewater 51.4
Condensed water from wastewater evaporation 0.2

The FTIR spectrum of the NMMO/water solution recovered by rotary evapora-
tion from the L-MMCF production wastewater was compared to that of the 50 wt%
NMMO/water stock solution. As shown in Figure 9, the two spectra perfectly over-
lap in the 600-3600 cm ! range (R-square of 0.99997). This indicates that NMMO had not
experienced any significant degradation during the recovery process from the L-MMCF
production wastewater by rotary evaporation. The amber colour observed in the evapo-
rated wastewater was potentially due to PG chromophore formation, which would not
produce a large effect on the FTIR spectrum due to the low PG content. The same amber
colour was observed in the NMMO/water/cellulose/PG dope after it had been evaporated
to increase the NMMO concentration from 50 to 85 wt% [8].
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Figure 9. Comparison of FTIR spectra of the stock solution (50% NMMO/water) and the NMMO
after recovery (50% NMMO/water solution recovered by rotary evaporation) from the L-MMCF
production wastewater.

6. Discussion

Information obtained from literature on L-MMCF and biofuel production processes
shows the potential of NMMO recycling and reuse. These recovery processes would lead
to lower production costs, as well as reduce the environmental footprint in L-MMCF
manufacturing. However, NMMO degradation during the recovery process should be
minimized by using a temperature as low as possible. The recycled NMMO should also
be free from any contaminants, including PG used for NMMO stabilization and NMMO
degradation by-products.

The results described in this article provide a strategy to quantify the NMMO content
in aqueous solution. It relies on a peak at 1116 cm ! in the fingerprint region of the FTIR
spectrum of FTIR. This peak has been attributed to the C-N stretch from the amine group
in the NMMO molecule. The fact that this peak at 1116 cm ™! is in the NMMO fingerprint
region constitutes an advantage as it is the unique signature of the compound. Even if
water, pulp, and PG are present in the wash wastewater, they do not feature this C-N
stretch. Therefore, they do not interfere with the determination of NMMO content using
this peak.

This method of NMMO content determination based on the 1116 cm ™! peak height
offers the advantage of simplicity compared to the strategy based on the use of angle
spectrum (CASAS) and partial least squares (PLS) proposed by Luo et al. [76]. It is thus
very well adapted for monitoring the NMMO content in solutions at the different stages of
the L-MMCF manufacturing process in commercial settings.

However, this method has some limitations. First, it only determines intact NMMO
and does not indicate if some of the NMMO has been degraded. Second, it cannot be used
to determine the residual NMMO content in the lyocell fibre due to the presence of the
peak at 1100 cm ™! associated with the C-O stretch in the cellulose molecule. This peak is
more prominent in cellulose, so identifying NMMO from cellulose within the L-MMCF
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is not possible. Finally, the possible signal interference was only assessed with water,
cellulose pulp, and PG. In theory, contamination of the cellulose by other compounds
could compromise the precision of the method. In practice, due to the sensitivity of the
L-MMCF manufacturing process to the presence of contaminants (e.g., runaway exothermic
reactions with NMMO), dissolving pulp is manufactured with controlled parameters to
remove contaminants; the presence of an unknown or uncontrolled chemical species in the
wastewater from L-MMCF production would thus be highly improbable.

In the case of NMMO recovery, the strategy based on rotary evaporation used in the
trial described in this paper would need to be complemented by prior purification of the
wastewater to remove dissolved contaminants, including PG, cellulose, and any residual
hemicellulose and lignin. The presence of these contaminants, and their build-up over
multiple NMMO recovery treatments, would affect the efficacy of NMMO at dissolving
cellulose. Techniques such as flocculation precipitation followed by filtration and cation-
anion exchange resins should be used for this wastewater purification operation. To ensure
the quality of the recovered NMMO, it is critical that the levels of possible contaminants
present in the wastewater before evaporation be determined, for example, by FTIR.

7. Conclusions

This article reviewed the existing literature on NMMO, including its role in L-MMCF
manufacturing with cellulose swelling and dissolution. NMMO recovery techniques
were also described. In the L-MMCF manufacturing process, flocculation and filtration
are used to remove suspended particulates. Then, ion exchange blocks or cation-anion
exchange resins remove dissolved chemicals such as PG and metal contaminants. NMMO'’s
potential to be recycled depends on its degree of degradation, which results from byproduct
formation throughout the L-MMCEF process.

The article also depicts techniques used to quantify NMMO content and degradation.
NMMO content in liquid and solid media can be determined directly by densimetry, DSC,
HPLC, XRD, and FTIR, and indirectly by measuring its degradation products by HS-GC.
Other techniques have also been used to monitor specifically its degradation behaviour:
spectroscopy, NMR, and ESR.

The article also includes the results of a pilot study on the recovery of NMMO from
L-MMCF manufacturing wastewater. An NMMO calibration curve was developed using
FTIR by monitoring the peak specific to the tertiary amine group in NMMO at 1116 cm ™.
This calibration curve was successfully used to determine the NMMO content in the
L-MMCF manufacturing wastewater before and after NMMO recovery using a rotary
evaporator. The NMMO solution produced after the recovery process had the desired
50 wt% concentration for cellulose dissolution using the lyocell process. No signs of NMMO
degradation were detected in the FTIR spectrum of the recovered NMMO solution.

To the authors” knowledge, the review part of the paper constitutes the first com-
prehensive survey of the NMMO recovery processes and characterization techniques. In
addition, the pilot study offers a simple method of NMMO content determination and
recovery suitable for lab settings. However, the recovery treatment will need to be comple-
mented with a purification process to remove dissolved contaminants from the wastewater
before the evaporation process. The information contained in this paper will support
advances in L-MMCF manufacturing and contribute to efforts towards the reduction in
textile environmental footprint.
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