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Abstract: Lignin, a complex and heterogeneous biopolymer derived from wood, holds immense
potential as a sustainable feedstock for various industrial applications. Kraft pulping, a widely
employed process in the paper industry, generates black liquor containing lignin along with other
organic and inorganic compounds. The precipitation of lignin from black liquor offers an opportu-
nity for valorization, contributing to the circular economy and reducing the environmental impact.
Although the precipitation process of softwood lignin is extensively documented and outlined in
the existing literature, the identical process originating from hardwood-derived black liquor poses
challenges attributed to the distinct composition of hardwood. This study systematically investigates
the individual and combined influences of temperature and pH on the precipitation of hardwood
lignin from kraft black liquor, utilizing a factorial design to evaluate lignin functional characteristics.
The characterization of the precipitated lignin was performed using various analytical techniques,
mainly NIR, elemental composition, UV-VIS, and calorimetry. The results reveal remarkable in-
teractions between temperature and pH, indicating their synergistic effects on lignin precipitation.
The optimal conditions for hardwood lignin precipitation were identified and successfully upscaled
during piloting experiments conducted under industrial conditions. This research provides valuable
insights into the fundamental factors governing hardwood lignin precipitation from kraft black liquor
and offers a basis for the development of efficient and sustainable lignin recovery processes in the
pulp and paper industry.

Keywords: lignin precipitation; hardwood lignin; kraft black liquor; design of experiments (DoE);
lignin characterization

1. Introduction

Biomass is emerging as a crucial reservoir of diverse materials and chemicals, with
lignocellulosic biomass, in particular, demonstrating vast potential to function as a sustain-
able replacement for traditional fossil fuels [1]. Lignin constitutes a noteworthy component
of all lignocellulosic materials, yet it remains largely underutilized as a raw resource, draw-
ing considerable attention in recent years. Ranked as the world’s second most abundant
biopolymer, lignin showcases a complex structure defined by three primary building blocks
and numerous distinct linkages [2,3]. The research interest in lignin application has intensi-
fied, driven by its potential to be a resource of renewable fuels and innovative materials.
Keyoumu et al. (2004) [4] reported the isolation of approximately 330 to 490 kg of lignin
per ton of birch and pine, respectively, highlighting the substantial yield achievable from
such biomass sources. Considering the escalating production of chemical pulp, predomi-
nantly through kraft pulping, reaching almost 116 million tons in 2020 and an estimated
capacity of approximately 134 million tons by 2025, the prominence of lignin is poised to
rise correspondingly [5].
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Accounting for lignin content, which varies between 25 and 30% in hardwood and
softwood, the estimated yearly supply of lignin ranges from 67 to 81 million tons [6].
Alternatively, drawing insights from Keyoumu et al.’s (2004) projections, the anticipated
lignin production solely from chemical pulping in 2025 is estimated to fall within the
range of 44 to 66 million tons [6].

The established pulp and paper industry focuses on paper production using wood
fibers, while the biorefinery represents a more versatile and sustainable approach to uti-
lizing biomass resources, offering the production of a diverse array of valuable products.
Nowadays, the pulp and paper industry remains in a transition phase to biorefinery, uti-
lizing the kraft process to produce approximately 80% of the theoretically available lignin
for possible material applications. With such status, most of the kraft pulp mills cannot
sacrifice obtainable lignin for any other application because lignin is still a very important
source of renewable energy available on site. Hence, the profitable commercialization
of lignin remains an ongoing focus of research, presenting numerous opportunities for
technological advancements. These opportunities extend to both the direct isolation of
lignin from biomass and its extraction from pulping solutions, such as black liquor. In
recent times, there has been a proliferation of methods designed to isolate lignin [7-10], and
among them, the conventional lignin precipitation utilizing different acids [11] stands out.
The three main current technologies to industrially extract kraft lignin from black liquor
are sequential liquid-lignin recovery and purification (SLRP), and the LignoForce and
LignoBoost processes [12-14]. High-tonnage-scale lignin production from black liquor has
lately become industrially available. Companies, such as Valmet, Andritz, and NORAM
Engineering have developed, to some extent, different isolation technologies, which have
recently been implemented by Stora Enso, Domtar, Suzano, etc.

In general, softwood and hardwood differ in their chemical composition, particularly
in terms of hemicelluloses and lignin content [15]. Softwood, composed of long fibers with
a higher proportion of cellulose, contains lower amounts of hemicelluloses, compared to
hardwood, which impact the filterability of lignin solution during the extraction process.
Hardwood consists of shorter fibers with a higher proportion of hemicelluloses, in particular
the content of xylan, compared to softwood, and contains a lower lignin content relative
to softwood. Lignin in hardwood is composed of syringyl and guaiacyl units in varying
ratios depending on the wood species [16], while softwood lignin is composed of guaiacyl
units and varies little between species [17]. Hence, the delignification of hardwood leads
to the formation of lignin fragments with reduced branching. Lignins of hardwood have
a lower tendency of condensation reactions due to the additional methoxyl group in the
5-position of its phenolic ring [18]. This is a significant prerequisite for the homogeneity of
lignin molecules in the alkaline solution as well as in the lignin molecule recovered from
the black liquor.

Softwood lignins have been thoroughly characterized, and their precipitation behavior
is relatively well understood [19-24]. Additionally, the precipitation and properties of
softwood lignin do not vary significantly between species. However, the precipitation
behavior of hardwood lignins remains less understood. Hence, it is critical to deepen
the fundamental knowledge of how lignin recovery conditions influence the hardwood
lignin properties [15]. The LignoBoost process is a technique for extracting lignin from
black liquor, a by-product of the kraft process in paper manufacturing. In this process,
black liquor is first treated with CO,, which lowers the pH and induces the aggregation
and precipitation of lignin. During the CO, precipitation in the LignoBoost process, the
conditions such as temperature, final pH, and CO, concentration significantly influence
the efficiency of lignin recovery from black liquor. Typically, the precipitation experi-
ments maintain a target temperature of around 60-80 °C, with the majority conducted at
80 °C, although some variations might occur depending on the treatment of black liquor,
such as heat treatment which may lower the temperature to 60 °C for better processing
outcomes. The final pH after CO, addition is generally adjusted to approximately 9-10
for effective lignin precipitation. These conditions are crucial for optimizing the lignin
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recovery process, impacting the aggregate size and the filtration characteristics of the lignin
obtained, which in turn affects its purity and suitability for further applications. After
the initial precipitation and filtration in the LignoBoost process, the lignin filter cake is
resuspended and subjected to acidification using sulfuric acid to further purify the lignin.
This step involves resuspending the lignin at a lower pH, typically around pH 24, using
sulfuric acid or spent acid from chlorine dioxide generation. This resuspension helps to
disperse the lignin particles effectively, preparing them for a subsequent filtration process.
The resuspended mixture is then filtered and washed with diluted sulfuric acid, which
helps remove inorganic impurities and reduces the ash content of the lignin, making it
suitable for high-value applications like carbon fibers [19-24].

The solubility dynamics of lignin in alkaline conditions are predominantly steered
by phenolic hydroxyl groups, representing the primary ionizable groups in lignin [25].
These groups, typically existing in concentrations ranging from 2 to 5 mmol/g, play a
pivotal role in the behavior of lignin in different chemical environments. As the pulping
process unfolds, active alkali engages with lignin, instigating the fragmentation of the
polymer into smaller, water/alkali-soluble fragments [26]. Within the realm of the kraft
pulping process, the reactions governing lignin behavior can be broadly classified into
degradation reactions and condensation reactions. Favorably, degradation reactions yield
smaller lignin fragments that enhance the solubility in water/alkali solutions, facilitating
dissolution [27]. Conversely, condensation reactions culminate in the formation of alkali-
stable bonds, resulting in lignin insolubility in alkali solutions and a subsequent decrease in
digestion efficiency [28,29]. The intricacies of the protonation process are influenced by the
pKa values of lignin molecules, which, in turn, are susceptible to various parameters such
as temperature, ion strength of the solution, type of solvent, and the molecular structure of
lignin. Significantly, this recovery process tends to favor lignin molecules characterized by
higher pKa values [25,30]. Moreover, as the acidification process progresses during lignin
precipitation, a series of condensation reactions occur. These chemical reactions lead to the
formation of new carbon—carbon (C-C) and carbon-oxygen—carbon (C-O-C) bonds within
the lignin structure. Notably, these condensation reactions become increasingly prevalent at
pH levels below 4, where the acidic environment facilitates the linking of lignin molecules
through these newly formed bonds. Below pH 4, the increased concentrations of alkene
and ester bonds suggest condensation and acid-catalyzed esterification reactions [31].

This multifaceted interplay of chemical reactions and environmental variables under-
scores the nuanced dynamics governing both the precipitation and subsequent recovery of
lignin within industrial processes. The intricate understanding of these processes is pivotal
for advancing sustainable and efficient lignin utilization in various applications.

Several articles have studied the influence of temperature and pH on lignin precipita-
tion [32-36]. For example, one study indicates that precipitation conditions also influence
different lignin properties, such as yield, color, molecular weight, etc. This study identi-
fies pH as the primary factor affecting the recovery yield through acidification, followed
by residence time and temperature, all positively correlated with yield. Lowering the
pH during the recovery results in lighter-colored lignin with reduced molecular weight
and increased dispersity, while higher temperatures yield darker lignin with an increased
molecular weight. The molecular weight of lignins can undergo modifications, not only
through alterations in functional groups but also due to precipitation conditions, with
pH and temperature during the precipitation process playing crucial roles in determining
the final lignin properties. Lowering the pH, for instance, not only increases the yield of
precipitation but also results in a reduction in the molecular weight of lignins, indirectly
elevating their Heating Value (HHV) [12].

The primary objective of this research was to establish the influence of the precipitation
conditions on the physicochemical properties of the obtained technical lignin, with a focus
on the temperature and pH of the acid precipitation step. Acid precipitation, commonly
employed to extract lignin from black liquor, involves gradually reducing the pH by
introducing a strong acid. Several previous studies [32-36] have demonstrated the impact



Forests 2024, 15, 1028

40f21

of temperature and pH on the lignin structure, with notable effects on particle sizes,
color, molecular weight, and various other characteristics. In this study, the design of
experiments (DoE) was utilized to control the potential variables and assess the impact
of experimental factors, specifically pH and temperature, on the properties of lignin. The
laboratory experiments, aided by the modeling approaches, were followed by pilot-scale
lignin recovery experiments conducted under industrial conditions, which successfully
validated the previously obtained results.

2. Materials and Methods
2.1. Samples and Chemicals

Hardwood kraft black liquor (42%-43% DS, pH = 13.5) was provided by Mondi SCP
(Ruzomberok, Slovakia). Hardwood feedstock is based on a mixture of different species
in varying ratios, where the major part comprises beech (Fagus spp.), as well as poplar
(Populus spp.), ash (Fraxinus spp.), oak (Quercus spp.), larch (Larix spp.), and birch
(Betula spp.). Sulfuric acid (96% w/w) was purchased from Central Chem (Bratislava, Slovakia).
Carbon dioxide 2.5 was supplied by Messer Tatragas (Bratislava, Slovakia).

2.2. Methods

Approximately 100 L of kraft black liquor in one batch was precipitated using carbon
dioxide with a flow of 20 L/min until a pH of around 9.5 was reached. The temperature
of the process was 65 °C in one batch, and aging was conducted for 30 min after the
desired pH was reached. Alkali lignin was then filtered using an Andritz filter press,
air dried for 1-3 days, and transported to STUBA laboratories. The prepared amount of
alkali lignin served as the raw material for further laboratory experiments. Acid-washed
lignin was precipitated from alkali lignin solution using approximately 100-150 g of alkali
lignin which was acidified using 50% (w/w) sulfuric acid. The acidified solution was then
aged for 30 min and filtered using a Buchner funnel. The precipitation parameters (pH
and temperature) were defined according to the design of experiments (see Table 1). The
conditions for lignin precipitation were calculated using the design of experiments software
implemented in MS Excel (ver. 16.85). The range of the factors were between 2 and 4.5
for pH and 25 and 80 °C for temperature, respectively. The borders for both factors were
chosen according to the previous literature research mentioning the influence of pH and
temperature during precipitation. In addition, the design of experiments can provide a
wider overview of the influence of pH and temperature on the specific lignin properties and
can help to predict the specific properties of lignin using modeling. The created samples
were then characterized using elemental analysis, NIR, UV-VIS, and calorimetry.

Table 1. Selected conditions for lignin precipitation from alkali lignin according to the design
of experiments.

Coded Values Real Values
#N T PH T[°C] PH
1 -1 -1 33.05 2.37
2 1 -1 71.95 2.37
3 -1 1 33.05 413
4 1 1 71.95 413
5 —1.414 0 25.00 3.25
6 1.414 0 80.00 3.25
7 0 —1.414 52.50 2.00
8 0 1414 52.50 4.50
9 0 0 52.50 3.25
10 0 0 52.50 3.25
11 0 0 52.50 3.25
12 0 0 52.50 3.25
13 0 0 52.50 3.25
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2.3. C,H, N, and S Elemental Analysis

The elemental analysis was performed using an elemental analyzer, Vario Macro
Cube, from Elementar Analysensysteme GmbH (Hanau, Germany). The calibration of
the instrument was carried out using sulfanilamide as a standard. A CHNS (carbon,
hydrogen, nitrogen, and sulfur) module with the combustion tube temperature of 1150 °C
and reduction tube temperature of 850 °C was used.

2.4. Higher Heating Value (HHV)

The higher heating value (HHV) was determined using an FI'T Calorimetric Bomb
(FTT Scientific, East Grinstead, UK) using a standard method [37,38].

2.5. Near-Infrared (NIR) Analysis

The spectroscopic analysis in the present work was performed by using NIR spec-
troscopy, and the functional groups analysis was performed by employing the multivariate
calibration models recently developed by Sumerskii et al., 2023 [39]. The PLS calibra-
tion model based on 248 kraft lignins were transferred to one of the Mondi Labs and
incorporated in the routine analyses of precipitated kraft lignins. Briefly, the NIR spec-
tra of the hardwood kraft lignins were obtained by using the Multi-Purpose Analyzer
FT-NIR (Bruker Optics, Ettlingen, Germany) in the wavenumber range of 800 to 2500 nm
(12,500 to 4000 cm~!) with a spectral resolution of 8 cm~!. Prior to the NIR measurements,
the lignin samples were dried in the oven at 50 °C. The PLS calibration model was applied
to the obtained spectra and further processed via the Opus software (version 6 or newer,
Bruker Optics, Ettlingen, Germany) to obtain the required lignin characteristics such as
functional groups (hydroxyl, methoxyl, carboxyl groups) and number average molar mass
(Mp), weight average molar mass (My), and dispersity index (Dy).

2.6. UV-VIS Analysis

UV-VIS analysis was measured according to previous work [40—42]. The procedure
was as follows: After an overnight drying period at 80 °C, approximately 5 mg of lignin
was accurately weighed and dissolved in a solution containing 5 mL of dioxane and
5 mL of 0.2 M NaOH. Some solutions appeared turbid and were subsequently filtered
through a 0.45 um PVDF membrane filter. A 2 mL aliquot from each lignin solution was
then diluted to a final volume of 25 mL using either a pH = 6 buffer solution (prepared
from sodium citrate and citric acid to the exactly measured pH) or 0.2 M NaOH solution,
resulting in a final lignin concentration of approximately 0.04 g/L. UV-VIS spectra were
recorded on a CECIL spectrophotometer in the absorption range of 200450 nm, employing
a scan speed of 5 nm/s and a resolution of 1 nm. The lignin solution with pH = 6 served
as a reference, against which alkaline solutions were measured. Absorbance values at
300 and 350 nm, relative to the solution containing 0.2 M NaOH, were recorded from the
difference spectra. As outlined in the original work of Gartner et al. [41] six structural
types of phenolic structures exist, with maxima at 300 nm and 350-360 nm attributed to
unconjugated phenolic structures (I and III), and that at 350-370 nm attributed to conjugated
structures (II and IV).

To obtain the concentration of individual phenolic structures in mmol/g, the following
absorbance-based formulae were developed [40,41] and applied in their original form in
this work:

(@) Non-conjugated phenolic structures (I + III)
OH(I+III) = {0.250 x A3ponm (NaOH) + 0.0595 X Azsonm(NaOH)} x 1/(c xd) (1)

(b) Conjugated phenolic structures (II + IV)

OH(I +IV) = {0.0476 X Assonm(NaOH)} x 1/(c x d) @)

(c) Total amount of phenolic hydroxyl groups
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OH(I + II + I1I + IV) = {0.250 X Asgonm (NaOH) 4 0.107 x Azsonm (NaOH)} x 1/ (c x d) 3)

where A)—absorbance at a given wavelength divided by the corresponding molar absorp-
tivity; c—mass concentration in g/L; d—pathlength through the sample in cm.

2.7. Optimization of the Selected Parameters

The optimization of the desired experimental conditions was systematically conducted
utilizing the Solver add-in program within MS Excel. The optimization process is grounded
in a regression equation of the form:

Yy = by + bix1 + baxa + braxixa + b11x3 + b3 (4)

In this equation, the coefficients (bg, b1, by, b1z, b11, b2y) are derived from the thor-
ough evaluation of the design of experiments (DoE). The variables x; and x; represent the
coded values assigned to the selected factors, while y symbolizes the measured values
encompassing parameters such as hydroxyl groups, Higher Heating Value (HHV), ele-
mental composition, molecular weight, and more. This rigorous computational approach
enables the identification of the optimal conditions by iteratively adjusting the factors and
predicting the corresponding outcomes based on the regression model. The utilization of
the Solver add-in facilitates an efficient and systematic exploration of the experimental
parameter space, ensuring the derivation of conditions that yield the optimized results for
the specific properties under consideration.

2.8. Production of Lignin under the Piloting Conditions

Following the optimization process of the lignin properties through the statistical
modeling, we established the specific laboratory conditions for lignin precipitation at 80 °C
with a final pH of 2. This laboratory-prepared lignin (LL) was generated as per the protocol
outlined in the previous sections. The LL underwent analytical characterization using the
analytical methods described above to validate the predictive modeling. Following this,
the process was upscaled to generate around 150 kg of hardwood kraft lignin in a pilot
setting at Mondi SCP pulp mill in RuZomberok, Slovakia (see Figure 1).

Figure 2 presents a simplified scheme of the pilot unit for lignin precipitation. At the
core of the unit is the chemical reactor, which is fitted with a stirrer to ensure the mechan-
ical mixing. The process starts with the dosing of black liquor using a dedicated pump,
followed by the addition of carbon dioxide through a separate pump to acidify the black
liquor. A dedicated pump supplies sulfuric acid, and an automatic pH detector adjusts the
precipitation conditions accordingly. A circulation pump ensures that the mixture remains
homogeneous and also aids in moving the lignin through a filter press for separation. This
setup highlights the sequential and synergistic interaction of each component essential for
pilot-scale lignin production. In the present study, the LignoBoost process was employed
as a well-established technique for extracting kraft lignin from hardwood black liquor. The
black liquor with dissolved solids of 42%-43% was taken directly from the evaporation
plant of the mill. In this process, black liquor is first treated with carbon dioxide gas,
which lowers the pH and induces the aggregation and precipitation of lignin. The final
pH after CO; addition is generally adjusted to approximately 9.5-10.5 for quantitative
lignin precipitation. Following CO, precipitation, the solids are filtered out, and then the
obtained alkali lignin is re-suspended in water and sulfuric acid with a pH of around 2.5 to
eliminate the impurities. Thus, two fractions of hardwood lignin were precipitated from
black liquor at distinct pHs (pH 9.5 and 2.5). The characterization of the precipitated lignin
was performed using various analytical techniques, including NIR, elemental composition,
UV-VIS, and calorimetry, revealing remarkable interactions between temperature and pH
that indicate their synergistic effects on lignin precipitation.
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Figure 1. Images (a,b) representing pilot unit used for lignin precipitation and (c) shows the produced
pilot lignin.

Black
pump pump

COz pump EEETOR Filter

press
PUMP

Figure 2. Simplified scheme of pilot unit for lignin precipitation.

The resulting pilot lignin (PL) was characterized, comparing the laboratory lignin (LL)
and pilot-scale product with the initial predictive models.

3. Results
3.1. Elemental Composition and Higher Heating Value (HHV)

The heating value, often referred to as the calorific value or heat of combustion, serves
as a crucial parameter defining the energy content of a material, such as biomass [43]. The
Higher Heating Value (HHV) represents the heat released during the combustion of a fuel
with both the original and generated water in a condensed state. This parameter holds
paramount importance in designing and simulating thermal systems, whether the biomass
is combusted directly or co-fired with other fuels [44,45]. The correlations between the
HHYV and proximate analysis data, including ash content, fixed carbon, volatile matter,
and moisture, have been established through various equations. Additionally, there is a
direct correlation between the elemental composition of a material and its HHV [46—48].
The elemental composition of lignin, specifically its oxygen and hydrogen content, directly
impacts the quantity and types of functional groups (mostly hydroxyl groups), as well as
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the polymer chain length determined by the number of carbon and hydrogen atoms. The
sulfur content within lignin is particularly critical for its downstream applications. When
lignin containing sulfur is incinerated, sulfur oxidizes lead to the formation of indirect
greenhouse gases, predominantly sulfur dioxide (SO,) [49]. Therefore, it is essential to
assess regularly the sulfur levels in lignin destined for combustion processes. Furthermore,
it is prudent to minimize the sulfur content to meet international standards for various
materials, ensuring both environmental protection and regulatory compliance. In Table 2,
the results depict the elemental composition and HHV of lignin samples prepared according
to the design of experiments.

Table 2. Elemental composition and HHV of lignins prepared according to DoE.

0, 0, o, o, HHV
Sample C[%] H [%] N [%] S [%] [MJ/ke]

1 59.44 + 0.07 5.83 + 0.11 0.20 £ 0.02 1.65 £ 0.04 25.10
2 60.63 + 0.12 5.80 = 0.09 0.24 £ 0.03 1.70 £ 0.03 24.54
3 58.14 + 0.46 5.69 £+ 0.15 0.22 £ 0.03 1.42 +0.08 24.71
4 59.85 + 0.15 5.56 £+ 0.05 0.25 £+ 0.004 1.62 £ 0.02 25.20
5 59.45 + 0.11 5.63 = 0.03 0.25 £ 0.04 1.52 £0.02 22.43
6 60.73 + 0.27 5.63 £+ 0.05 0.23 +0.01 1.55 £+ 0.02 22.85
7 59.22 + 0.12 5.58 £+ 0.05 0.27 £ 0.04 1.76 £0.02 25.21
8 59.48 + 0.17 5.65 £+ 0.04 0.21 £ 0.01 141 £0.01 25.58
9 60.64 + 0.13 5.58 £ 0.003 0.25 +0.03 1.70 £ 0.03 24.39
10 58.93 £ 0.35 5.57 = 0.03 0.26 + 0.01 1.55 £ 0.01 25.63
11 59.02 + 0.19 5.54 + 0.01 0.20 £ 0.03 1.56 £ 0.01 25.38
12 58.93 +0.31 5.50 &+ 0.04 0.20 £ 0.03 1.60 £+ 0.03 25.18
13 58.19 + 0.26 5.56 £+ 0.05 0.22 £ 0.02 1.66 £ 0.01 2497

3.2. Structural Characterization of Lignin via NIR Spectroscopy

The utilization of Near-Infrared (NIR) analysis offered a comprehensive evaluation of
the various characteristics inherent to the prepared lignins, encompassing the molecular
weight, concentrations of aliphatic and phenolic hydroxyl groups, carboxylic groups, and
more. This sophisticated chemical characterization serves as a valuable tool for discerning
the specific aspects of lignin samples most significantly influenced by the variations in pH
and temperature during the precipitation process. Numerous research studies underscore
the pivotal role played by the concentration of hydroxyl groups [7,41,50], marking it as one
of the crucial determinants for subsequent applications.

By employing NIR analysis, a multifaceted understanding of lignin properties is
achieved, allowing a detailed examination of the molecular attributes and functional group
concentrations. This intricate chemical profiling serves as a guidepost for deciphering
the nuanced impact of the precipitation conditions on the resulting lignin composition.
Among these attributes, the concentration of hydroxyl groups has emerged as a focal
point, recognized for its paramount importance in governing the suitability of lignins for
diverse applications. The extensive data obtained by the NIR analysis not only enrich the
understanding of lignin behavior but also position researchers to strategically manipulate
the precipitation conditions to tailor lignin properties for specific end-use applications. The
measured characteristics of lignins are presented in Table 3.

Table 3. NIR characterization of prepared lignins.

Sample \Y M, Py Ph-OH R-OH OCH;3; COOH S-Unit G-Unit
[g/mol] [g/mol] [mmol/g] [mmol/g] [mmol/g] [mmol/] [mmol/g]  [mmol/g]
1 6250 3650 1.7 3.60 1.44 5.53 0.34 2.60 1.10
2 5850 2750 2.1 3.92 1.45 593 0.36 2.77 1.19
3 6650 3800 1.8 3.67 1.47 5.62 0.35 2.64 1.15
4 6100 2900 21 3.96 1.54 6.05 0.32 2.80 1.18
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Table 3. Cont.
Samole Mw M, b Ph-OH R-OH OCH; COOH S-Unit G-Unit
P [g/mol] [g/mol] M [mmol/g] [mmol/g] [mmol/g] [mmol/] [mmol/g] [mmol/g]
5 6100 3500 1.7 3.82 1.47 5.83 0.35 271 1.19
6 6400 2700 2.4 3.82 1.43 572 0.36 2.68 1.23
7 5650 3500 1.6 3.60 1.26 522 0.33 2.55 1.28
8 6850 4000 1.7 3.55 1.46 5.47 0.33 2.55 1.14
9 6000 3650 1.6 3.39 1.36 517 0.32 2.46 1.11
10 6900 4000 1.7 3.41 1.46 5.30 0.32 2.47 1.10
11 6500 3500 1.9 3.46 1.45 532 0.32 2.49 1.11
12 6550 3750 1.8 3.60 1.46 5.54 0.33 2.59 1.14
13 6550 3800 1.7 3.48 1.44 5.37 0.32 2.52 1.11

3.2.1. My, Py, and COOH Groups’ Concentration

The preparation conditions and outcomes are detailed in Table 3, shedding light
on the intricacies of the lignin precipitation under varying temperature and pH settings.
The analysis underscores the stability of carboxyl group concentration, varying modestly
between 0.32 and 0.36 mmol/g, and intriguingly, revealing no significant correlation with
changes in temperature or pH. This implies a robustness in the formation of carboxyl
groups, regardless of the conditions during the precipitation process.

The polymeric characteristics such as molar mass values obtained by means of the NIR
spectroscopy revealed the dispersity index (D)), and the average molecular weight (M)
exhibited a noteworthy resilience to variations in both temperature and pH, as reflected in
the Dy values spanning from 1.6 to 2.4 and My, ranging between 2700 and 4000.

This resilience in Dy and My, suggests that the molecular characteristics of the precipi-
tated lignins exhibit significant stability against fluctuations in temperature and pH levels
across a spectrum of precipitation conditions.

3.2.2. Hydroxyl and Methoxyl Groups

The intricate nuances in the relationship between precipitation conditions and various
hydroxyl groups have been brought to light through an examination of the results. The
phenolic hydroxyl groups exhibited a distinct quadratic relationship with temperature,
revealing a noteworthy local minimum around 48.7 °C. This phenomenon underscores
the intricate temperature sensitivity of phenolic hydroxyl concentrations during lignin
precipitation. In contrast, the aliphatic hydroxyl groups presented a linear dependence on
pH, with the highest concentration expected at a less acidic pH of 4.5, and the lowest value
was observed under highly acidic conditions (pH = 2.0); see Figure 3. This observation
aligns with the expectation that pH plays a pivotal role in influencing the concentrations of
aliphatic hydroxyl groups. Similarly, the methoxyl groups showcased a quadratic depen-
dence on temperature, with the highest concentration anticipated at 80 °C and the lowest
at approximately 49.7 °C. This quadratic relationship emphasizes the intricate temperature-
driven variations in methoxyl group concentrations during the precipitation process.

3.3. Structural Characterization of Lignin via UV-VIS Spectroscopy

The phenolic hydroxyl groups can be categorized into two types: conjugated and
non-conjugated hydroxyl groups. Due to the variable structure of lignin, hydroxyl groups
may become conjugated via double bonds on the carbon in the phenylpropane unit. In a
study examining the reactivity of various hydroxyl (-OH) groups in kraft lignin exposed to
4.4’ MDJ, 3!'P NMR analysis revealed the complete consumption of aliphatic -OH groups
in both lignin types within 15 min, with residual aromatic groups persisting after 90 min.
Furthermore, a hierarchical reactivity was observed among phenolic -OH groups, with
H units exhibiting the highest reactivity, followed by G and S units [50]. Non-conjugated
hydroxyl groups in lignin tend to exhibit higher reactivity toward other substances com-
pared to conjugated hydroxyl groups. Conjugated hydroxyl groups are part of aromatic
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rings, which exhibit reduced reactivity due to electron delocalization which decreases their
nucleophilicity. However, these conjugated hydroxyl groups can still react, although the
reaction occurs at a slower rate [51].

Temperature [°C]

Ph-OH [mmol/g]

Temperature [°C]

Figure 3. Dependence of aliphatic hydroxyl groups (left) and phenolic hydroxyl groups (right) on
precipitation conditions (pH, temperature).

The results presented in Table 4 highlight the changes in the concentration of both the
conjugated and unconjugated hydroxyl groups within the lignin structure, influenced by
the variations in pH and temperature during the precipitation process. Through a thorough
analysis and subsequent statistical modeling, distinct trends emerged: the unconjugated
phenolic hydroxyl groups showed a quadratic relationship with temperature, while the
conjugated phenolic hydroxyl groups exhibited a synergistic dependence on both pH and
temperature during the precipitation process. Interestingly, the conjugated hydroxyl groups
did not demonstrate any dependence on the individual precipitation conditions, while the
unconjugated hydroxyl groups showed no intricate relationship with the pH during the
precipitation process.

Table 4. UV-VIS characterization of prepared lignins.

Sample Non-Conjugated OH Conjugated OH Total Ph-OH
[mmol/g] [mmol/g] [mmol/g]
1 1.91 0.28 219
2 1.06 0.20 1.26
4 2.21 0.33 254
5 1.92 0.27 219
6 2.89 0.35 3.24
7 2.58 0.33 291
8 1.43 0.24 167
9 1.81 0.26 2.07
10 1.94 0.30 294
11 1.16 0.27 143
12 1.57 0.29 1.86
13 1.36 0.22 159
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3.4. Production of Lignin under the Piloting Conditions

The design of experiments (DoE) methodology laid the groundwork for refining the
precipitation process and modeling the resulting lignin’s characteristics under specific
conditions. The laboratory lignin (LL) synthesis adhered to this optimization framework,
with its predicted properties based on the DoE model. Additionally, pilot lignin (PL)
was produced and subjected to selected analytical methods for characterization. Due to
the variability in the influence of the experimental factors (pH and temperature) on the
lignin’s properties, the modeling was particularly tailored to those properties demon-
strably affected by the chosen conditions. The empirical data and model predictions for
both LL and PL are detailed in Table 5. It is worth noting that the PL production at Mondi’s
RuZomberok facility was not preceded by modeling, as was the case for the LL, due to the
variable nature of the industrial-scale conditions. The production of the PL was essentially
exploratory, aiming to provide a foundational understanding of Mondi’s lignin production
and to gather the relevant data for the subsequent research endeavors.

Table 5. Tabulated results for LL and PL, juxtaposed with DoE predictions for LL.

Non-

. Conjugated OH Total Ph-OH Ph-OH
Sample Conjugated OH [mmol/g] [mmol/g] [mmol/g] R-OH [mmol/g] OCHj; [mmol/g] M,, [g/mol]
[mmol/g]
LL—model 20+11 0.235 £ 0.086 222 413 +0.23 1.35£0.11 6.01 £0.41 5530 + 680
LL—real values 1.64 0.30 1.94 3.89 1.27 5.49 7130
PL—real values 2.02 0.30 2.32 3.53 3.53 4.89 7130

The data in the table illustrate the variances between the anticipated outcomes from the
design of experiments (DoE) and the empirical values acquired through analytical testing.

4. Discussion
4.1. Elemental Composition and Higher Heating Value (HHV)

The results presented in Table 2 underscore the substantial impact of the precipitation
conditions on the elemental composition of lignins and their Higher Heating Value. Notably,
the HHV demonstrates a significant dependence on the precipitation temperature, while
the pH during the precipitation process does not exert a discernible effect on the final value.
In other words, the influence of pH on the HHYV of the lignin falls within the experimental
error range. This suggests the intriguing possibility of manipulating the Higher Heating
Value of isolated lignins by adjusting the precipitation temperature. Further calculations
indicate that the optimal HHYV is expected at approximately 56.7 °C, with a calculated value
of 26.02 £ 1.20 MJ /kg. These findings emphasize the potential to tailor lignin properties,
specifically its energy content, by controlling the precipitation conditions, offering insights
for the applications in various industrial processes.

The study reveals a correlation between the sulfur content and the pH value at which
the precipitation occurs; specifically, an inverse relationship has been observed. Higher pH
levels during the precipitation process correspond to lower sulfur incorporation into the
lignin. This is a reasonable outcome, considering that using sulfuric acid in the precipitation
process might result in the integration of sulfur into the lignin’s structure. Nevertheless,
the sulfur content remains relatively minimal across the board, with the maximum concen-
tration predicted by the model being 1.75 & 0.13%. Although lignin is not directly utilized
as a biofuel, it holds potential as an additive in conjunction with other substances like
sawdust [52,53], or it can undergo conversion into biodiesel or biogas [54,55], processes
which subsequently reduce the sulfur levels to meet the regulatory standards.

In practical terms, the ability to control the HHV through temperature adjustments
holds implications for industries relying on lignin as a renewable energy source. Lignin-
derived biofuels, for instance, could benefit from an optimized HHV, impacting the com-
bustion efficiency and overall energy yield. For example, lignin serves as a valuable
source of energy in the pulp and paper industry. Approximately 98% of its production
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is predominantly employed for heat and electricity generation [56]. The economic sig-
nificance of lignin-derived heat is further emphasized by its market value, ranging from
6 to 10 USD/K] [57]. Moreover, this finding may extend to applications beyond energy, in-
fluencing the design of lignin-based materials for diverse industrial processes. As research
progresses, understanding the nuanced relationship between the precipitation conditions
and HHV provides a valuable tool for customizing the lignin properties, opening avenues
for the innovation in sustainable energy and materials production. Further investigations
into the specific mechanisms underlying HHV sensitivity to temperature could refine these
applications and contribute to the broader landscape of lignin utilization.

4.2. Structural Characterization of Lignin via NIR Spectroscopy
4.2.1. My, By, and COOH Groups’ Concentration

However, delving deeper into the results of the analysis, an intriguing layer of com-
plexity emerges when scrutinizing My, Py, and carboxyl groups (COOH). The data reveal a
lack of specific dependence on the chosen parameters or any discernible synergistic impact
resulting from the variations in pH and temperature. While the overall trends suggest
minor discrepancies in the case of Py and COOH groups, coupled with a wider range of
M, these nuanced variations hint at the possibility of an underlying influence from pH
and/or temperature. These findings prompt further contemplation, raising the prospect
that the observed influences might be more pronounced or subdued within an extended
spectrum of selected parameters. It remains plausible that the molecular intricacies of
lignin precipitation respond to a range of pH and temperature conditions that surpass
the confines of those examined in this study. Therefore, future investigations employing
a broader or more refined set of pH and temperature variations could potentially unveil
subtle dependencies that have eluded detection within the specific range explored in this
study. This nuanced approach to exploration is essential for unraveling the intricate inter-
play of factors that shape the molecular composition of precipitated lignins, contributing to
a more comprehensive understanding of the precipitation process.

Despite there being no observed dependence of M,,, Dy, and COOH groups on the
temperature or pH during the lignin precipitation, this does not necessarily imply that these
factors have no effect on these characteristics. Table 3 reveals the variations in these values
across the different lignin samples. In summary, although the influence of temperature
and pH on these parameters is evident, the variability is so significant that it becomes
unpredictable in our modeling. Therefore, the primary focus has shifted to other functional
groups in lignin, particularly hydroxyl groups, while there is limited interest in carboxyl
groups due to their small representation among all the functional groups in lignin. To
explore the potential dependencies further, it may be advisable to adjust the boundaries
of the design of experiments, such as narrowing the range between the star points (the
boundaries of the experiment, with coded values equal to 1.414), which could lead to
more precise results unaffected by the wide range of the experiment.

4.2.2. Hydroxyl and Methoxyl Groups

The lignin structure is rich in various functional groups, including phenolic hydroxyl
groups, aliphatic hydroxyl groups, methoxy groups, carbonyl groups, and carboxylic acid
groups [58]. Among these, the phenolic hydroxyl groups are typically the most reactive.
This high reactivity is attributed to their ability to participate in a wide range of chemical
reactions, such as oxidation, reduction, and various coupling reactions, which are crucial
for modifying the lignin for different applications in materials science and bio-based
products [50].

Table 6 acts as a comprehensive repository, consolidating the predicted values for
the parameters displaying dependence on at least one factor. These predictions, derived
through the meticulous calculations facilitated by the Solver add-in program in MS Excel,
offer valuable insights into the anticipated variations in the hydroxyl group concentrations
under the diverse precipitation conditions. This predictive analysis contributes signifi-
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cantly to our understanding of the nuanced interplay between the temperature and pH
during the lignin isolation process, paving the way for informed adjustments and op-
timizations of the lignin precipitation protocols. From the calculated results, it can be
assumed that the variability of the concentration of different functional groups is significant
for phenolic hydroxyl groups and methoxyl groups where the variation represents more
than =1 mmol/g of lignin. For aliphatic hydroxyl groups, this variability is not so signif-
icant but is still present and reliable. In the realm of lignin utilization, the concentration
of hydroxyl groups plays a pivotal role, catering to the diverse application needs. Higher
concentrations are indispensable in fostering hydrogen bond formation with hydrophilic
polymers and enhancing the surface wetting properties, crucial for bio-based polymers and
coatings to improve adhesion and material compatibility [50,59]. On the other hand, lower
hydroxyl group concentrations are sought after for their ability to fine-tune the chemical
reactivity in specific syntheses and to modulate the solubility characteristics, aiding in the
creation of materials with tailored solubility and reactivity profiles [60,61]. Lower concen-
trations of hydroxyl groups might be preferred in applications where reduced reactivity and
higher thermal stability are desired, such as in certain thermoplastic applications, to avoid
premature cross-linking or degradation during processing. This strategic manipulation of
hydroxyl group concentration paves the way for optimizing lignin’s functionality across
various industrial applications, underlining its versatility as a sustainable resource.

Table 6. Predicted highest and lowest values for functional groups of lignins.

Ending Group Max. Value Min. Value
o =0.05

Ph-OH [mmol/g] 413 +0.23 3.46 +0.23

R-OH [mmol/g] 155+ 0.11 1.32 £ 0.11

OCHj3 [mmol/g] 6.24 £+ 0.41 5.31 £ 0.41

The centrality of hydroxyl groups in the lignin structure is underscored by their dual
role as the most reactive sites and the most abundant functional groups. These hydroxyl
functionalities serve as pivotal contributors to lignin’s reactivity, influencing its adaptability
and responsiveness in various applications. Their significance is not only quantitative but
also qualitative, contributing to the hydrophobic and hydrophilic properties of lignin and
shaping its surface energy characteristics. In the context of lignin’s chemical structure,
hydroxyl groups emerge as the primary reactive sites, fostering interactions with other com-
pounds in the diverse chemical processes. The abundance of hydroxyl groups allows for a
plethora of potential reactions, making them the key determinants in tailoring lignin for
specific applications. This versatility is particularly evident in the realm of rubber prepara-
tions, where the incorporation of hydroxyl-rich lignin in combination with sufficient carbon
content enhances its utility as a filler [62], influencing the material’s mechanical properties.

The synergy of aliphatic hydroxyl groups, especially in tandem with hydroxymethy-
lation, showcases their multifaceted impact on lignin’s mechanical attributes. This phe-
nomenon, demonstrated in the heightened tensile strength, extends to adhesive applica-
tions, where aliphatic hydroxyl content assumes a pivotal role in augmenting the properties
like the thermal stability and density in polyurethane adhesives [63]. Beyond these mechan-
ical enhancements, hydroxyl groups also play a crucial role in dictating the hydrophobic
and hydrophilic nature of lignin, significantly impacting its interaction with water and other
polar or non-polar substances. Moreover, these groups contribute to the surface energy
properties of lignin, influencing its compatibility with various matrices and substrates.

In summary, the versatile and abundant nature of hydroxyl groups renders them as
linchpins in the chemical reactivity and application-specific modifications of lignin. Their
pivotal role in influencing the mechanical properties, hydrophobicity, hydrophilicity, and
surface energy highlights the intricate interplay between lignin’s chemical structure and its
functional attributes, further expanding the avenues for its utilization across the diverse
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domains. Predicting the concentration of hydroxyl and methoxyl groups in lignin based
on the pH and temperature during the precipitation process can significantly impact its
application in various industries. For example, in the creation of bio-based materials, the
specific concentrations of these groups can influence the reactivity, solubility, and thermal
stability of the lignin-derived products. This ability allows for the tailored design of lignin
for its use in adhesives, coatings, and bioplastics, optimizing the performance characteris-
tics such as adhesion strength, flexibility, and degradation resistance, thereby enhancing
the value and utility of lignin in sustainable materials development. The abundance of
aliphatic hydroxyl groups in lignin enhances its solubility in diols, benefiting the delig-
nification in biomass fractionation [64]. In polyurethane production, a higher hydroxyl
concentration modifies the cure rates, adds rigidity, and improves the cross-linking [65].
For the biocatalysis of carbohydrates, the selective acylation of lignin’s hydroxyl groups
is key [50]. These groups also increase the solubility in water and other solvents, aiding
various chemical reactions, particularly with diisocyanates [50,64]. Thus, hydroxyl-rich
lignin finds wide application from delignification to chemical synthesis, underscoring its
versatility and functional importance.

4.3. Structural Characterization of Lignin via UV-VIS Spectroscopy

Lignin’s hydroxyl functionalities, comprising both aliphatic and phenolic types, are
fundamental to its chemical behavior and utility across a spectrum of applications. These
groups are pivotal in the manufacture of polyurethanes, the facilitation of biocatalytic
processes, and the delignification step in biomass processing [51,66]. Their reactivity is a
key determinant of lignin’s performance in chemical synthesis, influencing the hydrogen
bonding capabilities and enhancing the surface wetness [67]. Furthermore, the nature and
quantity of these hydroxyl groups affect lignin’s molecular weight distribution and compat-
ibility, broadening its applicability in the fields of material science and biotechnology [68].
The presence and reactivity of these groups thus dictate lignin’s solubility and its functional
fit for various industrial and scientific uses. Drawing from the referenced materials, it
emerges that the phenolic hydroxyl groups in lignin are more consequential than their
aliphatic counterparts. These groups are integral to defining the physical and chemical
characteristics of lignin, exerting a profound influence on the commercial processes such
as pulping, bleaching, and various modification reactions, attributable to their heightened
reactivity and functional versatility. The role of phenolic hydroxyl groups extends to
governing the structure, reactivity, and breakdown pathways of lignin, establishing them
as pivotal factors in determining lignin’s overall properties and its potential industrial
applications [69]. Hence, the consensus from the provided literature points to the phenolic
hydroxyl group’s predominance in importance within lignin’s structure.

The phenolic hydroxyl groups in lignin, differentiated into conjugated and non-
conjugated varieties, hold substantial importance, meriting the focused research of these
entities. Employing UV-VIS spectroscopy, researchers can differentiate between conju-
gated and non-conjugated phenolic hydroxyl groups, shedding light on the effects of the
precipitation conditions on these groups. According to the literature [41,42,69,70], the con-
centration of conjugated phenolic hydroxyl groups is approximately 0.39 mmol/g, while
the non-conjugated phenolic hydroxyl groups range from 1.03 to 1.67 mmol/g. The non-
conjugated groups, in particular, are essential for lignin’s reactivity and play a decisive role
in the critical industrial processes such as pulping, bleaching, and chemical modifications.
Their pronounced influence on lignin’s physical and chemical properties confirms that
the non-conjugated phenolic hydroxyl groups as more central to lignin’s functionality in
various chemical applications, surpassing the conjugated groups in terms of importance
within the lignin structure.

Our analysis, augmented via statistical modeling, suggests that the concentration of
conjugated hydroxyl groups in lignin is synergistically influenced by both the pH and
temperature during the precipitation process, whereas the presence of non-conjugated
hydroxyls demonstrates a quadratic dependence on the precipitation temperature alone
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(see Figure 4). It is encouraging to note that a relationship has been established between the
precipitation conditions and the corresponding lignin parameters. Specifically, the phenolic
hydroxyl groups exhibit a quadratic dependency on the precipitation temperature, a pattern
that holds true for the non-conjugated hydroxyl groups, which are also found in greater
abundance than their conjugated counterparts. Upon closer examination, we observed
that the conjugated hydroxyl groups’ concentration, which is notably lower than that of
the non-conjugated hydroxyls, is affected by both the pH and temperature. This synergy,
however, does not significantly impact the overall concentration of the total phenolic
hydroxyl groups. The literature indicates that the non-conjugated hydroxyl groups in kraft
lignin typically range from 1.03 to 1.67 mmol/g [42,69,71]. Our results indicate a broader
range of 1.35 to 3.09 mmol/g for lignins prepared under DoE-guided conditions, as shown
in Table 7. Despite a higher than anticipated error margin, it is the intrinsic variability
and complexity of lignin’s structure that predominantly contributes to this discrepancy,
underscoring the challenges in predicting lignin properties due to its inherent heterogeneity.
For the conjugated hydroxyl groups, the observed range of 0.18-0.39 mmol/g aligns with
the existing literature values, approximately 0.39 mmol/g [42]. The smaller modeling error
for the conjugated hydroxyls compared to the non-conjugated ones is attributed to their
lower concentration and reduced structural variability.

Conjugated OH [mmol/g]
o
w

Temperature [°C]

Non-conjugated OH [mmol/g]

,'"'3.1 pH

Temperature [°C]

Figure 4. Dependence of conjugated hydroxyl groups (left) and non-conjugated hydroxyl groups
(right) on precipitation conditions (pH, temperature).

Table 7. Predicted highest and lowest values for phenolic hydroxyl groups of lignins.

Ending Group Max. Value Min. Value
o =0.05
Conjugated OH [mmol/g] 0.392 + 0.086 0.181 + 0.086
Non-conjugated OH
31+11 14+11
[mmol/g]

The previous results showed that it is possible not only to affect the concentration
of the functional groups, but it is possible to specify the properties of lignin on a very
concrete level, such as the non-conjugated or conjugated type of phenolic hydroxyl groups.
By precisely adjusting the precipitation conditions to affect either the conjugated or non-
conjugated phenolic hydroxyl groups in lignin, we can customize the lignin-based materials
to exhibit the desired characteristics specific to their intended applications. This targeted
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approach could enhance the performance of lignin in the production of resins and adhe-
sives [72,73], where the reactivity of the non-conjugated hydroxyl groups is particularly
valuable. Similarly, the modification of the conjugated hydroxyl groups might be leveraged
to fine-tune the thermal stability and interaction properties of lignin polymers [51,69,74].
Such selective adjustment during the lignin precipitation stage not only offers a more
environmentally friendly and cost-effective route compared to post-synthesis chemical
modifications but also ensures greater consistency and quality in the end-product’s perfor-
mance, tapping into the full potential of lignin as a versatile bioresource.

4.4. Production of Lignin under Piloting Conditions

To enhance our understanding of lignin variability, we scaled up its production, start-
ing with a lab-scale batch of approximately 2.5 kg, analyzed in line with the DoE for
lignins for comparison. The results for this lab-scale lignin (LL) are detailed in Table 5.
Subsequently, we aimed to validate the scalability of our approach by producing around
150 kg of pilot-scale lignin, assessing its compatibility with industrial-scale operations
in the hardwood black liquor processing pulp mills. This scaling process emphasized
the evaluation of the crucial lignin properties influenced by the precipitation conditions.
However, transitioning from the lab to an industrial scale introduces challenges such as
process scalability, equipment adaptation, and economic feasibility. While the lab exper-
iments underscore the potential for lignin extraction, scaling to the pulp mill operations
necessitates the optimization of the separation techniques, ensuring the efficient extraction,
and modifying the equipment for mass production. Economic assessments are vital to
ensure the cost-effectiveness of the scaled-up processes, underpinning the investment in
the necessary infrastructure and technology for comprehensive lignin valorization. Suc-
cessfully scaling lignin production requires the addressing of these technical, operational,
and economic hurdles to leverage lignin’s full value in industrial applications [75,76].

Table 5 reveals the discrepancies between the design of experiments (DoE) model
predictions and the real-world measurements for the laboratory lignin (LL). The DoE model
anticipated a non-conjugated hydroxyl group content of 1.98 mmol/g with an error margin
of +1.068, suggesting a significant variability; however, the actual LL value measured was
outside of this range at 1.64 mmol/g. Similarly, the conjugated hydroxyl group content
was predicted to be 0.24 mmol/g with an error of £0.086, while the real value was slightly
higher at 0.30 mmol/g. The predicted total Ph-OH of 4.13 mmol/g, with an error of £0.231,
also overestimated the real measurement of 3.89 mmol/g. For the pilot-scale lignin (PL),
not intended for direct comparison due to different processing conditions, we observed an
actual non-conjugated OH content of 2.02 mmol/g, which is higher than both the predicted
and the actual values for the LL. The conjugated OH and total Ph-OH contents for the
PL also deviated from the LL’s values, emphasizing the impact of different production
conditions. The errors from the DoE calculations are notably wide for some measurements,
such as the non-conjugated OH group, indicating a high degree of uncertainty in the
model’s predictions. The aliphatic hydroxyl groups (R-OH), methoxyl groups (OCH3z), and
molecular weight (M) also differed significantly between the predicted and actual values
for the LL, with the actual molecular weight of the LL and PL far exceeding the model’s
expectation, indicating that the model may not fully capture the complex polymerization
dynamics that occur during lignin processing. These variations between the model and
actual measurements underscore the complexities of lignin chemistry and highlight the
challenges in scaling up from DoE to actual industrial processes, reaffirming the importance
of the empirical adjustments based on real-world data.

In our study, the discrepancies observed between the DoE model predictions and
the empirical measurements can be attributed to a range of factors. Firstly, the inherent
limitations of the DoE model may not have fully encapsulated the complex interactions
or accounted for all the variables influencing the lignin precipitation process. Secondly,
the process variability could lead to deviations, especially when the conditions such as
temperature and pH may fluctuate beyond the controlled parameters set within the experi-
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mental design. Thirdly, the scale-up from the laboratory to pilot scale can introduce new
dynamics—differences in the mixing rates, heat and mass transfer efficiencies, and resi-
dence times—that were not present or considered during the modeling phase. These factors
collectively contribute to the variation between the predicted and actual values, underscor-
ing the challenges of modeling complex biopolymer processes like lignin precipitation.

For a better understanding of lignin behavior under the precipitation conditions, it
is necessary to deeply understand the changes in the lignin properties during the whole
process. To be able to precisely model and predict the lignin properties, it can help to
conduct other DoE not only at the lab scale but try to implement this DoE at the pilot
scale. In addition, under the industrial conditions, there are some factors which are hard
to influence, and there are some factors which can also affect the properties of lignin.
The possible parameters which can enhance the model and affect the properties of lignin
indicated in the literature are the precipitation and filtration temperature [77,78], the
concentration of acid [79,80], the final pH [81,82], and also the type of the acid [80,83] used
for the precipitation process.

5. Conclusions

In summary, our investigation advances the comprehension of hardwood lignin pre-
cipitation from kraft black liquor, emphasizing the significant role that the precipitation
conditions play in shaping lignin’s physicochemical traits. Through methodical experimen-
tation and detailed analysis, we have described several critical insights as follows:

e  The phenolic and aliphatic hydroxyl groups’ concentration is crucially influenced by
the precipitation conditions, specifically the temperature and pH, showcasing the
potential for targeted property modification.

e  The conjugated hydroxyl groups demonstrate a synergistic dependency on both the
pH and temperature, whereas the non-conjugated hydroxyl groups exhibit a quadratic
dependency primarily on the temperature.

e  Scaling up the lignin extraction process from the lab to pilot process under the indus-
trial conditions has validated the applicability of our results.

e  The differences between the DoE predictions and actual measurements highlight the
inherent complexities of lignin chemistry and the necessity for empirical adjustments.

For future research directions, the following steps could be pivotal in further enhancing
the utility and application of lignin:

e  Broadening the scope of the DoE to include pilot-scale experiments, thereby providing
a more comprehensive understanding of the scalability and industrial applicability of
the process.

e Investigating additional parameters that may influence the lignin properties, such
as acid concentration and type, to refine the predictive model and optimize lignin’s
functional characteristics.
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