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Sulfomethylation of Radiata Pine Kraft Lignin and Its
Use as a Molybdenite Depressant in Selective
Chalcopyrite-Molybdenite Separation by Flotation

Claudia Vidal,*® Isabel Carrillo-Varela,? Pablo Reyes-Contreras,® Leopoldo Gutierrez,%¢
and Regis Teixeira Mendonga 2P*

Sulfomethylation of radiata pine kraft lignin was performed using
formaldehyde and sodium sulfite under alkaline conditions to determine its
potential as a mineral depressant for the separation of molybdenite and
chalcopyrite by froth flotation. Optimal conditions for the sulfomethylation
reaction were 20% (w/w) NazSOs at 130 °C for 4.2 h, which resulted in
lignin with a sulfonate content of 2.2 mmol/g. Microflotation assays showed
that the optimized sulfomethylated kraft lignin (OSKL) depressed the
molybdenite in flotation by 93% using 200 mg/L OSKL, while only 5%
chalcopyrite depression was achieved. The performance of OSKL was
compared with those of commercial lignosulfonates, and the OSKL
displayed a better ability to separate molybdenite and chalcopyrite, even
at lower concentration doses. FTIR and *H-NMR analyses showed that
sulfonic groups were incorporated into the C5 position of the aromatic ring
and into the aliphatic chain of the OSKL. The hydroxymethyl content of the
OSKL was increased, and most 3-O-4', B-1' and 3-5' bonds were broken,
with the exception of the -’ bond. Sulfomethylation gives kraft lignin the
chemical characteristics of a wood-based molybdenite depressant,
making it an alternative to current reagents used in the chalcopyrite-
molybdenite flotation process.
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INTRODUCTION

Lignin is an amorphous, complex, and highly branched polyphenolic macro-
molecule found in wood, annual plants, and agricultural residues, and it accounts for
approximately 20 to 30% of the total biomass (Lange et al. 2013; Abdelaziz et al. 2016).
Its cross-linked macromolecular network is polymerized by three precursors called
monolignols: p-coumarilic alcohol (H unit), coniferyl alcohol (G unit), and sinapyl alcohol
(S unit). These units differ in the number of methoxyl groups attached to the aromatic ring.
The S unit has two methoxyl groups, the G unit has one methoxyl group, and the H unit
has none. In particular, conifer species, such as pine, contain only G-type lignin (Li et al.
2015). The pulp and paper industries are the main source of lignin, with a current annual
production of 70 million tons worldwide (Ahvazi et al. 2016; Bajwa et al. 2019). Lignins
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from kraft and sulfite pulp processes are the most abundant. However, lignin obtained from
these processes undergoes significant structural changes and is not the same as the native
molecules in wood (He and Fatehi 2015; Ahvazi et al. 2016; Bajwa et al. 2019).

Kraft lignin constitutes 85% of the total lignin produced worldwide and can be
recovered from black liquor by acidification and precipitation, resulting in a low-molar
mass and water-insoluble lignin with an increased amount of phenolic hydroxyl groups due
to the cleavage of the fB-aryl ether bonds (Sun et al. 2013; He and Fatehi 2015; Peretti et
al. 2015). Kraft lignin is almost exclusively used as energy for pulp mills, but it can also
be used as a dispersant and coagulant after chemical modifications (Pang et al. 2013;
Ahvazi et al. 2016). However, the lignin in spent liquor from sulfite pulping, known as
lignosulfonate (LS), is water soluble, has a high molar mass, and presents different amounts
of sulfonic groups attached to the aliphatic chain, which facilitates its use in several
applications without prior modification (He and Fatehi 2015; Peretti et al. 2015). LS can
be used as binders, emulsion stabilizers, dispersants in oil drilling and coal-water slurry,
paper coating, and cement admixtures (Ouyang et al. 2009; Yu et al. 2013; Ge et al. 2014;
He and Fatehi 2015; Huang et al. 2018). Furthermore, because LS are strongly anionic
polyelectrolytes that tend to interact with mineral surfaces, they have been investigated for
mineral separation (Pradip and Fuerstenau 1991; Kelebek et al. 2001; Mu et al. 2016; Liu
et al. 2018; Gutierrez et al. 2020). Sadowski (1995) used sodium LS for the selective
separation of salt-like minerals (barite, calcite, dolomite, magnesite) in agglomeration with
carbonate minerals, achieving the separation of barite by the addition of LS. The results
suggested that the addition of sodium LS changes the hydrophobicity at the surface of the
minerals. Ansari et al. (2007a, 2007b) demonstrated that it is possible to separate
chalcopyrite from molybdenite using LS by depressing the molybdenite, indicating that
electrostatic forces and chemical interactions between the anionic polyelectrolytes and
metal-hydroxy sites on the mineral surfaces largely controlled the adsorption process.

The most important mineral byproduct from copper mining is molybdenum. To
obtain copper and/or molybdenum, the recovery and separation of copper sulfides, such as
chalcopyrite (CuFeS2), chalcocite (CuzS), bornite (CusFeS4), and covellite (CuS), from
molybdenite (Mo0S2) is needed; this recovery is performed through a two-stage flotation
process (Ansari et al. 2007a,b; Gutierrez et al. 2020). In this process, sodium hydrosulfide
(NaHS) is widely used for the selective separation of minerals, as its consumption could
reach 20% of the total reagent consumption. As NaHS is a highly toxic reagent, there are
environmental and economic incentives to use fewer chemicals in a more efficient process
(Ansari et al. 2007a,b; Gutierrez et al. 2020). In this sense, the use of LS might represent
an environmentally friendly alternative for mining activity; however, the limited
worldwide production of LS represents a significant drawback (He and Fatehi 2015;
Konduri and Fatehi 2015). Recently, Gutierrez et al. (2020) reported the separation of
chalcopyrite and molybdenite by flotation using lignin derivatives, observing similar
adsorption behavior among the different lignin types.

The sulfomethylation reaction of lignin involves the addition of a methylene
sulfonate group (—CH2SQO3) into the aromatic ring, i.e., the C5 position of G-type lignin.
Briefly, the precursors formaldehyde (CH20) and sodium sulfite (Na2SOs) under
determined reaction parameters combine to form sodium hydroxymethyl sulfonate, the
reactive species responsible for introducing the sulfonic group into lignin (Meister 2002;
Konduri and Fatehi 2015; Huang et al. 2018; Kazzaz et al. 2019). However, due to the
complex and highly branched polyphenolic structure of lignin along with the
sulfomethylation reaction conditions, different degrees of sulfonation and structural

Vidal et al. (2021). “Sulfomethylating pine kraft lignin,” BioResources 16(3), 5646-5666. 5647



PEER-REVIEWED ARTICLE b | oresources.com

changes of lignin can be promoted, which could affect the depression performance of the
lignin-derived product. Accordingly, the main objective of this work was to investigate the
sulfomethylation of radiata pine kraft lignin under different reaction conditions and
determine the best conditions to depress molybdenite in microflotation assays. Hence, this
work was divided into three sections: functionalization of kraft lignin under different
conditions; microflotation assays of Mo with lignin derivatives; and chemical and
structural characterization of lignin derivatives. The results addressed the ability of
sulfomethylated kraft lignin to separate chalcopyrite and molybdenite by microflotation,
which was compared to the separation ability of commercially available lignosulfonates.

EXPERIMENTAL

Kraft Lignin

Kraft black liquor from radiata pine (60% solid) was obtained from a cellulose pulp
mill located in the Biobio Region (southern Chile). The liquor was diluted to 30% solid
and acidified with H2SO4 at 60 °C until a pH of 3 was reached. The obtained suspension
was allowed to decant for 24 h, and the precipitated lignin was recovered by vacuum
filtration, washed thoroughly with tap water, and dried in a vacuum oven at 40 °C for 48
h. The recovered lignin was stored in dry conditions and used for further chemical analysis
and sulfomethylation procedures. Two commercial lignosulfonates were also used for
comparison, sodium lignosulfonate (Na-LS, CAS number: 8061-51-6) and calcium
lignosulfonate (Ca-LS, CAS number: 8061-52-7), both from Sigma-Aldrich (St. Louis,
MO, USA).

Sulfomethylation of Kraft Lignin

Sulfomethylation of the radiata pine kraft lignin was conducted in a 1-L stainless
steel reactor (Parr Instrument Co, Moline, IL, USA) in alkaline media. Solutions of sodium
sulfite (Na2SO3 97%, Sigma-Aldrich) and formaldehyde (CH20 37%, Sigma-Aldrich)
were added. The Na2SO3/CH20 molar ratio was 0.7, and the solid:liquid ratio was 5:1.
Different reaction conditions were evaluated according to a central composite factorial
design. The parameters evaluated were reaction temperature (130 °C to 160 °C), reaction
time (3 h to 6 h), and Na2SO3 dose (20% to 50% wi/w of the dry weight of lignin), which
were based on the conditions reported by Konduri and Fatehi (2015). After each reaction,
the sulfomethylated lignin solution was recovered, cooled, and frozen. Once frozen, it was
placed in a lyophilizer (ALPHA 2-4 LD plus, CHRIST, Osterode am Harz, Germany) to
remove the aqueous phase. Finally, the modified lignin was recovered in powder form with
a moisture content lower than 5%.

The experimental design was optimized to a defined response variable that was the
ability to depress molybdenite in microflotation assays. The model was defined as a
composite central factorial design. The variables were coded and normalized with unit
values of -1 (defined as the lowest value) and +1 (defined as the highest value), and the
focal point was defined as 0. The conditions for each experiment are described in Table 1.
The influence of each variable was determined by response surface methodology using
MODDE 7.0 software (Umetrics AB, Umed, Sweden). Model equations included the first-
order term to describe the main effects and the second-order term to describe the
interactions. Variance analysis was used for the experimental results, and nonsignificant
effects were excluded from the model regression. Contour diagrams from the model were
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used to define the optimal reaction conditions for molybdenite depression following the
analytical procedures described by Norambuena et al. (2016). Pine kraft lignin was coded
as KL, sulfomethylated kraft lignins were coded as SKL and sulfomethylated kraft lignin
under optimized conditions was coded as OSKL.

Table 1. Experimental Design Used for the Sulfomethylation of Radiata Pine
Kraft Lignin

Experiment Temperature Time Na2S0s T t C
level (T) level (t) level (C) (°C) (h) (% wiw)
SKL-1 0 0 0 145 4.5 35
SKL-2 -1 -1 1 130 3.0 50
SKL-3 0 0 0 145 4.5 35
SKL-4 0 0 0 145 4.5 35
SKL-5 1 -1 -1 160 3.0 20
SKL-6 1 -1 1 160 3.0 50
SKL-7 -1 0 0 130 4.5 35
SKL-8 1 0 0 160 4.5 35
SKL-9 -1 -1 -1 130 3.0 20
SKL-10 0 0 1 145 4.5 50
SKL-11 0 0 -1 145 4.5 20
SKL-12 0 -1 0 145 3.0 35
SKL-13 0 1 0 145 6.0 35
SKL-14 -1 1 -1 130 6.0 20
SKL-15 -1 1 1 130 6.0 50
SKL-16 1 1 -1 160 6.0 20
SKL-17 1 1 1 160 6.0 50

SKL: Sulfomethylated kraft lignin

Microflotation of Molybdenite and Chalcopyrite

Mineral sample preparation for microflotation procedures was detailed by
Gutierrez et al. (2020). The concentration of chalcopyrite in the mineralized rock
specimens was 98.9% with minor amounts of quartz (0.8%) and pyrite (0.3%).
Molybdenite was purified from an industrial molybdenum concentrate to 99.1% with minor
amounts of quartz (0.7%) and pyrite (0.2%). For the microflotation tests, chalcopyrite was
ground to a particle size range of 75 to 50 um, while the particle size of molybdenite ranged
from 38 to 75 um. The flotation of molybdenite and chalcopyrite by using lignin derivatives
was evaluated through microflotation experiments, which were carried out in a 150 mL
Partridge and Smith glass cell using 20 mL/min nitrogen (Nz). Potassium amyl xanthate
(PAX; Solvay, Santiago, Chile) was used as the collector, while methyl isobutyl carbinol
(MIBC; Merck, Darmstadt, Germany) was used as the frother. All experiments were
carried out at pH 9; when different pH conditions were previously evaluated (Gutierrez et
al. 2020), it was observed that selective Cu-Mo separation using lignosulfonates and
sulfomethylated kraft lignin as molybdenite depressant increased as the pH was increased.

Distilled water with an electrical conductivity 20 mS/cm was used in all the
experiments, and the pH was adjusted to 9 using CaO and NaOH. All the experiments were
performed in a 0.01 M NaCl solution using 25 ppm collector and 25 ppm MIBC. In the
experiments, 1 g of the mineral (molybdenite or chalcopyrite) was first mixed in a beaker
with 100 mL of solution for 5 min at pH 9. The lignin samples were added to the suspension
and conditioned for an additional 10 min. Finally, the suspension was transferred to the
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microflotation glass cell, the nitrogen valve was opened, the flotation process was carried
out for 2 min, and the froth was scraped off every 10 s. A constant pulp level in the
microflotation cell was maintained by adding a background solution prepared at the same
composition and pH of the original solution. Once the process was completed, the
concentrate and tailings were filtered and dried in an oven at 100 °C for 1 h. The recovery
was calculated as the mass of the concentrate divided by the mass of concentrate plus the
mass of tailings. All tests were conducted in triplicate.

Elemental Analysis

The lignin samples were weighed in ceramic crucibles and then placed in a muffle
furnace (NABERTHERM, N100/H), where they were converted to white or grayish ashes.
The procedure was performed in two heating steps, the first at 380 °C for 120 min and the
second at 525 °C for 180 min. After the reaction was completed, the sample was allowed
to cool in a desiccator until a constant weight was reached. The ash content was determined
by weight difference.

Degree of Sulfonation

The content of sulfonic groups (SOs-) was determined by conductometric titration
(Stranel and Sebok 1999). To convert all the SO3™ to HSOs™ groups, 1 g of each sample was
acidified by adding 0.1 M HCI until a pH of 5 was reached, and then 30 mL of the acidic
lignosulfomethylated solution was titrated with 0.01 M NaOH. NaOH solution was added
every 2 min, and the conductivity was recorded at each point by a conductivity meter (HI
2315, HANNA Co., Seoul, Korea). The obtained titration curves showed two points of
change, where A indicated the neutralization of the free acid by NaOH, and B represented
the titration of all the HSOs- groups. The content of sulfonic groups in each
lignosulfomethylated group was calculated by Eq. 1,

50,- (mmol) _ [V(NaOH) ZC (NaOH)] )

where SOs- is the sulfonation degree (mmol/g), V (NaOH) is the volume (mL) of NaOH
solution used for titration between points A and B, C (NaOH) is the concentration of NaOH
solution (mmol/mL), and g is the dry mass of the sample used.

Molecular Weight Determination

Acetylation of the sulfomethylated lignin samples (30 mg) was conducted prior to
the molecular weight determination by adding 4 mL of pyridine/anhydride acetic solution
(2:1). Sulfomethylated lignin was also subjected to the same procedure, as it is soluble in
THF (Konduri and Fatehi 2015). The reaction was left in the dark at room temperature, and
after 10 h, 40 mL of distilled water was added. The mixture was centrifuged at 4000 rpm
for 5 min, pyridine/anhydride acetic acid (supernatant) was removed, and the precipitate
was vacuum-dried. The acetylated sample was dissolved in 2 mL of tetrahydrofuran (THF)
and then filtered using 0.22 ym PTFE membranes for molecular weight determination
using gel permeate chromatography (GPC, Shimadzu Co. Kyoto, Japan). The separation
was carried out within Phenogel GPC columns (Phenomenex, Torrance, CA) filled with
cross-linked polystyrene-divinylbenzene (PSDVB). Two 300 x 7.8 mm Phenogel columns
(Phenogel 5u 10E3A and Phenogel 5u 10E6A) and a Phenogel 5u guard column were used.
THF was used as the mobile phase at a flow rate of 1 mL/min. The fractionated sample in
the column eluent was detected using a UV-VIS detector at 280 nm. The weight average
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molecular weight (Mw), number average (Mn), and polydispersity (Mw/Mn) were obtained
after calibration with 10 polystyrene standards (GPC/SEC calibration Kits).

Fourier Transform Infrared (FTIR) Spectrometry

The spectra were obtained on a PerkinElmer FTIR spectrometer (PerkinElmer, Inc.,
Waltham, MA, USA). The samples were dispersed in a matrix of KBr and pressed to form
pellets. The sample collection was obtained in the range of 4000 to 400 cm™ at a resolution
of 4 cm™ using ACD/Spectrus Processor software (ACD/Labs, Toronto, ON, Canada). The
spectra were baseline-corrected and normalized at 1510 cm™, the wavenumber shift that is
associated with C=C stretching of the aromatic ring (G) in lignin (Faix 1991).

'H Nuclear Magnetic Resonance (NMR) Spectroscopy

Each sample was dissolved in deuterated dimethyl sulfoxide (DMSO-d6), as
described by Qin et al. (2015). *H NMR spectra were recorded on a Bruker 400 MHz NMR
spectrometer (Karlsruhe, Germany) in the range of 0 to 10 ppm. The central solvent
(DMSO-d6) peak was used as an internal chemical shift reference point. The obtained
spectra were analyzed using ACD/Spectrus Processor software (ACD/LABS, Canada).

RESULTS AND DISCUSSION

Kraft Lignin

The elemental composition of the kraft lignin obtained from the black liquor of
radiata pine pulping showed a CHO content commonly observed in kraft lignins (Table 2).
The content of carbon predominated over that of the other elements (52.5% C), while the
N, S, and ash contents remained relatively low (Cardoso et al. 2009; Hu et al. 2016; Zhang
et al. 2018; Haz et al. 2019). Because NazS was added during the kraft pulping procedure,
a determined amount of sulfur was expected in the elemental composition of kraft lignins
(Cardoso et al. 2009). The precipitated kraft lignin had a weight average molecular weight,
Mw, of ~1670 g/mol, a number average molecular weight, Mn, of ~870 g/mol, and
polydispersity (Mw/Mn) of 1.9 (Table 2).

Table 2. Elemental Analysis, Molecular Weight and Sulfonation Degree of Kraft
Lignin, Commercial Lignosulfonates, and Sulfomethylated Kraft Lignin under
Optimal Reaction Conditions

sample | C | B | O | N | S |Ashes| My Moo | MM | Osn?;n t
(%) | (%) | (%) | (%) | (%) (%) | (g/mol) | (g/mol) | (g/mol) (mmol/g)
KL 525 57 | 319 | 2.8 | 38 | 33 | 1670 | 870 1.9 -
OSKL | 338 | 49 | 428 | 2.7 | 158 | 190 | 940 680 14 22
NalS® | 448 | 45 | 11.9 | <22 | 7.2 | - | 54x10° | — 1.4
CalS® | 419 | 52 | 234 | <22 | 56 18x10° - 1.0

aGutierrez et al. (2020). KL: Kraft lignin, OSKL: Opt|m|zed sulfomethylated kraft I|gn|n Na-LS:
Sodium lignosulfonate, Ca-LS: Calcium lignosulfonate. The Na-Ls and Ca-LS Mw data were
provided by the manufacturer. The standard deviation for each variable measured was lower than
1%.

During kraft pulping, hydroxide and hydrosulfide ions act together to accelerate
lignin degradation and dissociation, reducing its molecular mass (Cardoso et al. 2009).
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Thus, the molecular weight of kraft lignins can vary widely (Garcia et al. 2009; Rashid et
al. 2016; Jiang et al. 2017; Haz et al. 2019). The low polydispersity confirms the uniform
character of the kraft lignin obtained through precipitation with H2SO4 (Zhou and Lu
2014).

Sulfomethylation of Radiata Pine Kraft Lignin

The sulfomethylated kraft lignins (SKLs) obtained under the different
sulfomethylation conditions (Table 1) were evaluated according to their elemental
composition, molecular weight, molybdenite depression ability and sulfonation degree,
whose data are provided in Table 3. The C, H, O, N, and S contents ranged from 43.5 to
51.9%, 4.7 to 7.3%, 25.9 to 49.3%, 2.5 to 9.8%, and 2.5 to 11.5%, respectively. The Mw
spanned from ~501 to ~1098 g/mol, while the molybdenite depression varied from 6.9%
to 62.9%. The samples that showed the highest and lowest ability to depress molybdenite
were selected for further determination of the sulfonation degree, which spanned from
0.552 to 1.846 mmol/g.

Table 3. Elemental Analysis, Molecular Weight, Molybdenite Depression, and
Sulfonation Degree of Sulfomethylated Kraft Lignin (SKL)

Sample OC (!_' (? (I,\I OS M '\Igcégrt:aii?cl)tne Cc? r?[?ant
(%) (%) (%) (%) (%) | (g/mol) (%)? (mmol/g)
SKL-1 48.4 6.2 33.4 2.6 9.4 1045 58.1 1.8
SKL-2 49.0 6.4 375 2.5 4.6 886 17.6 0.7
SKL-3 45.6 4.7 40.6 6.6 2.5 896 51.1 nd
SKL-4 45.2 4.7 33.6 5.1 115 1023 50.8 nd
SKL-5 56.7 5.3 25.9 5.1 7.0 897 38.6 nd
SKL-6 50.6 5.3 32.0 4.7 7.4 999 52.9 1.6
SKL-7 45.8 4.8 36.7 5.7 7.0 810 18.2 nd
SKL-8 45.1 4.9 33.6 9.8 6.7 1098 58.2 1.8
SKL-9 49.8 5.1 33.2 6.2 5.8 701 28.7 nd
SKL-10 | 46.7 4.9 37.3 5.4 5.7 1019 62.9 1.8
SKL-11 | 50.4 5.6 30.2 2.7 111 1013 50.2 nd
SKL-12 | 47.9 5.2 34.9 4.8 7.2 957 47.9 nd
SKL-13 | 51.2 6.7 31.9 2.6 7.7 639 11.5 0.6
SKL-14 | 51.6 7.0 34.1 2.7 4.6 782 30.9 nd
SKL-15 | 45.1 6.5 38.8 3.5 6.2 513 9.2 0.6
SKL-16 | 51.9 7.3 33.1 2.6 5.2 830 39.9 nd
SKL-17 | 43.5 6.3 49.3 2.7 8.9 501 6.9 0.6

aMolybdenite depression was determined with 100 mL/g SKL concentration in microflotation
assays. nd: not determined. Standard deviation for each variable was lower than 1%.

As a first approach to the obtained data, correlations among the different variables
were established. A positive and significant correlation was observed between the
molybdenite depressing ability and the molecular weight of the SKL samples (Fig. 1a).
This behavior has been reported earlier for commercial LS, where high-molecular weight
fractions showed a stronger depressing effect during molybdenite flotation assays (Ansari
et al. 2007a,b). Similar observations were made recently by Gutierrez et al. (2020) in
commercially available LS. However, the depressive effect of those LSs was similar to that
of low-molecular-weight sulfomethylated kraft lignin. The authors suggested that the
sulfonation degree could explain the similar depression ability of LS and SKL compounds
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with different molecular weights (Gutierrez et al. 2020). In this regard, a greater number
of sulfonic groups on the lignin molecules results in a higher anionic charge density (He
and Fatehi 2015; Konduri and Fatehi 2015; Huang et al. 2018). Hence, as expected, a
significant and positive correlation was observed between the molybdenite depression and
the sulfonation degree (Fig. 1b). However, Deng et al. (2011) reported that the loading
density of sulfonic groups decreased at elevated molecular weights of sodium-LS
recovered from spent sulfite pulping liquor. In this study, the sulfonic group content
increased as the molecular weight increased in sulfomethylated kraft lignin (SOs- content
vS. Mw, r = 0.91, p<0.0001). However, the molecular weight magnitude of LS was much
higher (54000 to 18000 g/mol) than that of the kraft and sulfomethylated lignins (501 to
1098 g/mol), as shown in Tables 2 and 3, respectively.
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Fig. 1. Regression lines and correlation index of sulfomethylated kraft lignin (SKL) features.
(a) Molybdenite depression vs molecular weight and (b) molybdenite depression vs. sulfonation
degree.

Experimental Design to Optimize Sulfomethylation of Kraft Lignin
The main bottleneck of sulfomethylation reactions is the low reactivity of lignins.
Herein, the reactivity is determined by the ability of the carbon-5 sites in the phenolic units
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of the lignin to react with the chemical precursors. Thus, the content of unsubstituted
phenolic units reflects the reactivity of lignin in sulfomethylation (Wu et al. 2012). For this
reason, G-type radiate pine lignin was used in this study. However, the formation of side
reaction products has also been reported to affect the yield of sulfomethylation. The
formation of these undesirable products can be influenced by the reaction conditions
(Konduri and Fatehi 2015; Huang et al. 2018), which are assumed to affect the separation
performance of the final product due to the relation of the charge density of lignin and
sulfomethylate group content (Konduri and Fatehi 2015). Hence, the experimental design
evaluated the influence of time, temperature and Na2SOsz concentration on the
sulfomethylation reaction and allowed us to determine the optimal conditions for
increasing molybdenite depression by the modified kraft lignin. The model equation was
obtained using multiple linear regressions, where Y corresponded to the independent
variable (response), defined as the ability to depress molybdenite. The linear, quadratic and
interaction coefficients of the dependent variables Xi (time), X2 (temperature), and Xs
(Naz2SOs concentration) were described according to Eq. 2:

Y = 445 (+3.1) — 9.6[X;](£2.4) — 13.6[X3](+2.4) — 27.4[X,]2(+4.4) (2)

The model equation was evaluated through ANOVA with a 95% confidence level.
The statistical values for the model were F = 11.049, p-value=0.001, and R?=0.917, where
interactions among the variables were observed, but not all the variables showed a
significant influence in the model. The temperature variable (X2, p-value=0.38) did not
have a significant influence on the model, while the time (X1, p-value=0.0042) and Na2SOs3
concentration (Xs, p-value = 0.0005) showed a significant influence on the molybdenite
depression. The contour diagrams describing the estimated response surface for the ability
to depress molybdenite are shown in Fig. 2. The interaction of time (3 to 6 h) and
temperature (130 to 160 °C) was analyzed at 20% Na2SOs (Fig. 2a), 35% Na2S0s (Fig. 2b)
and 50% Naz2SOs (Fig. 2c). The highest capacity to depress molybdenite (64.6%) could be
obtained at 20% Na:SOs (Fig. 2a). In contrast, high Na2SOs concentrations in the
sulfomethylation reaction might be detrimental to the depression ability of the modified
kraft lignin (Fig. 2b and 2c). However, condition optimization showed that similar reaction
temperatures (~130 °C) and times (~4.25 h) are needed to obtain maximum molybdenite
depression at each Na2SOs concentration evaluated.

Increased temperature and prolonged reaction time have a negative effect on the
sulfomethylation yield (Huang et al. 2018) and the charge density of lignin (Konduri and
Fatehi 2015) because the efficiency of the side reactions increases. The main undesirable
product that affects the sulfomethylation yield is sodium thiosulfate, which is formed from
a side reaction between CH20 and Na2SOs (Pang et al. 2008; Konduri and Fatehi 2015;
Huang et al. 2018). Similarly, a high Na2SO3s dose reduces the sulfomethylation yield,
probably due to the enhancement of the mentioned side reactions (Wu et al. 2012; Konduri
and Fatehi 2015). Furthermore, the increase in Na2SOs concentration implies an increase
in the CH20 dose. The addition of CH20 can introduce hydroxymethyl groups to the
aromatic ring of lignin, allowing the incorporation of sulfonic groups into the lignin
structure. However, an excessive dose of CH20 can produce a more condensed hydroxy-
methylated lignin due to aldol condensation and disproportionation reactions (Yu et al.
2013), which could affect the sulfomethylation yield and depression ability of lignin.

The maximum molybdenite depression ability using 100 mg/L sulfomethylated
kraft lignin was estimated to be 75%, obtained under sulfomethylation conditions of 130
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°C, 4.2 h, and 20% (w/w) Na2SOs. Experimentally, 100 mg/L sulfomethylated kraft lignin
obtained under the latter conditions depressed 80 + 5% of molybdenite particles through
microflotation assays.
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Fig. 2. Estimated response surface for the ability to depress molybdenite (%) obtained as a result
of the optimization of the experimental design using (a) 20% Na2SOs, (b) 35% Na2SOs and (c)

50% Na2SOs. Molybdenite depression was determined with 100 mL/g SKL. SKL: sulfomethylated
kraft lignin.

Microflotation of Molybdenite and Chalcopyrite

Sulfomethylated kraft lignin under optimized conditions (OSKL; sulfomethylation
of kraft lignin at 130 °C, 4.2 h, with 20% Na2SOs) was prepared, and its potential as a
mineral depressant was evaluated. To use sulfomethylated kraft lignin in the selective
separation of molybdenite and chalcopyrite in flotation procedures, it must depress only
the molybdenite particles and not the chalcopyrite. Microflotation experiments of
molybdenite and chalcopyrite were carried out using different OSKL concentrations to
depress the molybdenite and chalcopyrite minerals at a pH of 9, which was adjusted with
lime (Fig. 3). The molybdenite depression increased as the OSKL concentration increased,
reaching the maximum molybdenite depression (93%) at 200 mg/L OSKL (Fig. 3a). In
contrast, the chalcopyrite depression showed slight increases with the different OSKL
concentrations, reaching a maximum depression of 5% at 100 mg/L OSKL (Fig. 3b). At
higher concentrations (200 mg/L), the chalcopyrite depression did not increase markedly.

The depression ability of the OSKL was compared with that of Na-LS and Ca-LS
under the same microflotation conditions (Fig. 3). The molybdenite depression of Na-LS
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ranged from 4% to 56%, increasing the depression of molybdenite as the LS dose
increased. Similar behavior was observed for Ca-LS (4 to 59%). Chalcopyrite depression
ranged from 2 to 4% in Na-LS and 2 to 5% in Ca-LS. These results showed that
sulfomethylated kraft lignin has a better ability to separate molybdenite and chalcopyrite
minerals, even at lower concentration doses. Based on the structural features of these lignin
samples (Table 2), the higher performance of the OSKL might be mainly due to its sulfonic
degree, which is higher than that of the LS samples (Ansari et al. 2007a; He and Fatehi
2015; Huang et al. 2018; Gutierrez et al. 2020).
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Fig. 3. Depression of molybdenite (a) and chalcopyrite (b) minerals by sulfomethylated kraft lignin
and commercial lignosulfonates at different concentrations. OSKL: optimized sulfomethylated
kraft lignin. Na-LS: Sodium lignosulfonate. Ca-LS: Calcium lignosulfonate. All microflotation
experiments performed at a pH of 9.

In high pH ranges, LS molecules are negatively charged due to the dissociation of
carboxylic, sulfonic, and phenolic groups (Nanthakumar et al. 2010). However,
chalcopyrite and molybdenite surfaces are also negatively charged (Chander and
Fuerstenau 1972; Castro et al. 2016). Less lignosulfonate adsorption is expected on these
mineral particles as a result of electrostatic repulsion, which might explain the weak
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depression of chalcopyrite flotation at alkaline pH. However, it does not explain the strong
depression of molybdenite. It has been proposed that at alkaline pH adjusted with lime,
successive adsorption of Ca(OH)* leads to the precipitation of calcium hydroxide on the
molybdenite edges, which generate metallic sites that enhance lignosulfonate adsorption
and promote the depression of molybdenite flotation (Gutierrez et al. 2020).

Ansari and Pawlik (2007b) tested several lignosulfonate types in flotation assays
using ethyl xanthic acid as the chalcopyrite collector, dodecane as the molybdenite
collector, and MIBC as the frother. They observed that chalcopyrite was slightly depressed
(~10 to 25%) using a 50 mg/L concentration of several Na-LS types at a pH of 9 adjusted
with lime, while 50 mg/L Ca-LS significantly depressed the chalcopyrite particles (~90%).
Instead, 50 mg/L Na-LS depressed approximately 90 to 95% of molybdenite at a pH of 8,
while very low concentrations of Ca-LS (5 to 10 mg/L) induced very strong depression of
molybdenite (Ansari and Pawlik 2007b). These results agree with the flotation values
reported in this work (Fig. 3); however, in addition to the particle surface behavior and pH
conditions, the depression performance also depends on the type of collector used. In a
previous work (Gutierrez et al. 2020), commercial LS and SKL samples were tested as
molybdenite depressants in selective Cu-Mo separation by flotation using different
collectors. The results indicated that LS can depress chalcopyrite flotation when sodium
isopropy| xanthate is used as a collector, but this effect can be mitigated by using PAX as
a collector, thus making the potential separation of both minerals possible. This result
might be explained by the long chain of PAX, which prevents lignosulfonates from being
adsorbed onto chalcopyrite but not the adsorption of these reagents on molybdenite,
maintaining the hydrophobicity of the chalcopyrite and allowing its recovery (Leja 1982;
Gutierrez et al. 2020).

Characterization of Sulfomethylated Kraft Lignin under Optimized
Conditions

Chemical and structural characterization of the sulfomethylated kraft lignin under
optimized reaction conditions (OSKL) was performed and compared to the
characterization of the initial kraft lignin (KL). Table 2 shows the elemental composition
results of the KL and OSKL. Noteworthy differences in the elemental composition between
the samples were observed. The KL sample had a considerable amount of carbon (52.5%),
and it was decreased remarkably after the sulfomethylation reaction (33.8%). This result is
in accordance with previous studies that reported a low carbon content for lignosulfonates
(Baker and Rials 2013; Hemmila et al. 2019; Gutierrez et al. 2020). A minor amount of
nitrogen was observed (~2.8%), which might be due to some impurities of the samples. A
meaningful increase (from 3.8 to 15.8%) in the sulfur amount was observed in the
sulfomethylated kraft lignin; this increase was expected after the sulfomethylation reaction.
Because lignosulfonates with high sulfur content are better dispersants for cement and coal-
water slurry (Zhou et al. 2006; Ouyang et al. 2010), several studies have focused on
increasing the sulfur content of lignin products (Wu et al. 2012; Yu et al. 2013; He and
Fatehi 2015; Konduri and Fatehi 2015; Huang et al. 2018). Matsushita and Yasuda (2005)
evaluated different chemical methods for the conversion of pine lignin into sulfonated
products, achieving an increase in the sulfur content from 4% to 11% through
sulfomethylation, and the magnitude of the increase was quite similar to our results.
However, the oxygen and ash contents also increased, indicating that inorganic residues
were incorporated during sulfomethylation. The Mw, Mn, polydispersity and the sulfonic
degree of KL and OSKL are shown in Table 2. After the sulfomethylation reaction, the Mw
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and Mn decreased from 1650 to 940 g/mol and from 870 to 680 g/mol, respectively. The
polydispersity decreased slightly, indicating that the uniform character of the lignin
improved after the sulfomethylation reaction, as was reported in other investigations (He
and Fatehi 2015; Ouyang et al. 2010). Regarding the sulfonic groups, sulfomethylated
lignin with a sulfonation degree of 2.2 mmol/g was obtained under the optimized
sulfomethylation conditions. Similar values were reported for sulfomethylation reactions
under comparable conditions (Ouyang et al. 2010; He and Fatehi 2015; Qin et al. 2015).

FTIR Spectroscopy

FTIR spectra were obtained for LK and OSKL samples (Fig. 4) to distinguish the
differences between the functional groups. The FTIR spectra can be separated into two
regions: the 4000 to 2700 cm™ “informative” region, which corresponds to OH and CH
stretching vibrations, and the 1800 to 800 cm™ “fingerprint” region, which is assigned to
stretching vibrations of different groups. In the informative region, the strong broad band
at 3400 cm™ is assigned to different OH stretching modes, while the band at 2900 cm™ is
related to asymmetric and symmetric CH stretching (Collier et al. 1997; Schwanninger et
al. 2004). In the OH stretching region (3400 cm™), the broad band observed for both
samples resulted from the stretching vibration of aromatic and aliphatic OH in lignin (Liu
et al. 2014). After sulfomethylation, the relative absorbance intensity of the band at 3400
cm ! was increased, revealing an increase in free and associated OH groups (Lu et al. 2017).
It has been reported that under sulfomethylation conditions, the content of hydroxymethyl
groups attached to the lignin molecule increases, and sulfonic groups can be introduced in
the aromatic ring bonded to these groups (Matsushita and Yasuda 2005; Yu et al. 2013;
Yang et al. 2014). This seems to be the reason for the observed increase in the absorbance
intensity of the OH region (Table 4). The variation in wavelength, shape, and overall width
of the OH region after the sulfomethylation reaction suggests a more uniform conformation
of hydrogen bonding between the OH groups (Oh et al. 2005). The CH stretching region
exhibited two well-resolved peaks at 2933 and 2845 cm™, which are assigned to the
stretching vibration of the CH band in the CH2, CHs, and CHsO groups of lignin (Collier
et al. 1997). Both remained invariant in shape, wavelength, and intensity after
sulfomethylation (Table 4).

In the fingerprint region, the bands that contribute to the peak at 1700 cm™ were
assigned to C=0 stretching vibrations of the carboxyl, carbonyl, and acetyl groups (Faix
1991; Schwanninger et al. 2004; Ahvazi et al. 2016), whose absorbance intensity was
drastically reduced after sulfomethylation (Table 4). The carbonyl is a reaction site during
sulfonation (Ahvazi et al. 2016), and its decrease might indicate that the sulfomethyl groups
may be introduced not only into the aromatic structure but also into the aliphatic chain of
the lignin (Madzhidova et al. 1998). The bands at 1600 and at 1510 cm™ are assigned to
C=C stretching of the aromatic ring of lignin (Harrington et al. 1964; Faix 1991), and both
remained relatively invariant after sulfomethylation, which confirms that the sample
retains aromatic rings in its skeleton structure. The bands detected at 1460 and 1421 cm™
are caused by stretching in the asymmetric bending in CHs and C-H deformation and
phenol-ether bonds of lignin, respectively (Liu et al. 2014), while the band at
approximately 1369 cm™ is assigned to the in-plane deformation vibration of phenolic
hydroxyl and CHs (non-etherified phenolic OH groups in lignin resulting from the cleavage
of B-O-4 and a-O-4 linkages during kraft pulping) (Tejado et al. 2007; Sun et al. 2013).
The band at 1273 cm™ is assigned to the C-O stretching and C-O linkage in guaiacyl
aromatic methoxyl groups (Pandey and Pitman 2003; Liu et al. 2014).
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Fig. 4. FTIR spectra for radiata pine kraft lignin (KL) and optimized sulfomethylated kraft lignin
(OSKL)

After sulfomethylation, the intensity of the latter mentioned bands remained
invariant. The band at 1211 cm™ was assigned to the C—O stretching vibration of phenolic
hydroxy! and phenolic ether (Faix 1991; Sun et al. 2013), while the band at 1134 cm™ was
assigned to CH in-plane deformation (Faix 1991; Boeriu et al. 2004). After
sulfomethylation, both bands at 1211 and 1134 cm™ were masked by prominent bands
contributing to a peak at 1145 cm™, which can be ascribed to the contribution of S=0
stretching (Qin et al. 2015; Li et al. 2018), where bands at 1169 and 1190 cm™ have been
reported for the asymmetric stretching vibration of SOs2. The band at 1082 cm, assigned
to C-O deformation in secondary alcohols and aliphatic ethers (Faix 1991), was absent
after sulfomethylation. The absence of any absorption bands for secondary hydroxyl
groups (~1085 cm™) suggests the substitution of sulfonate groups at Ca during the
modification of lignin with sulfonated sodium salt (Ahvazi et al. 2016). However, the band
at 1032 cm'!, assigned to aromatic C—H in-plane deformation, C-O deformation in primary
alcohols, C—H stretching, and S=0 stretching (Yang et al. 2014; Li et al. 2018), persisted
after chemical modification. The presence of the 1032 cm™ band in the initial kraft lignin
indicates the presence of sulfonate groups, which were probably incorporated into the
lignin structure during the kraft pulping procedure (Hu et al. 2016). However, after
sulfomethylation, the absorbance intensity of the band at 1032 cm™ was notably increased
(Table 4), indicating that additional sulfonic groups were attached to the lignin structure.
Bands at approximately 858 and 810 cm™ were assigned to the C—H out-of-plane
deformation vibration of guaiacyl (Faix 1991; Sun et al. 2013), which shifted to higher
wavenumbers and was slightly reduced in absorbance intensity (Table 4). The fingerprint
region below 1400 cm™! is difficult to analyze because several bands contribute to it.
However, this region contains specific vibrations that allow the structural evaluation of
lignins (Boeriu et al. 2004). In this case, no peaks related to S-type lignin were observed
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(bands at 1326 cm™, 1115 cm, 825 cm?, and 843 cm are specific vibrations of S-units);
this result confirms the G-type nature of the kraft lignin obtained in this work. Finally, the
sulfomethylated sample showed a band at 677 cm™, which is assigned to the S-O group of
the sulfonic acid group that is absent in the initial kraft lignin. The band at 620 cm™ is
characteristic of the C=S linkage and has also been linked to the S—O group, which was
increased after sulfomethylation (Table 4) (El-Araby et al. 2014; Giang et al. 2016;
Hemmila et al. 2019). Additionally, the appearance of the band at 530 cm™ after
sulfomethylation is related to sulfonic acid groups grafted to lignin (Ahvazi et al. 2016).

'H Nuclear Magnetic Resonance (NMR) Spectroscopy

The *H NMR spectra of KL and OSKL are shown in Fig. 5. *'H NMR is regularly
used in the structural investigation of lignin and allows the chemical environment of
protons to be detected. Signals at & 9.4 to 8.0 are assigned to the more predominant phenolic
hydroxyls (Li and Lundquist 1994), such as phenolic groups not conjugated with carbonyl
groups. In detail, Li and Lundquist (1994) reported that signals at 6 9.4 to 8.5 are assigned
to unsubstituted phenolic units, while signals at 6 8.5 to 8.0 are assigned to condensed
phenolic structures (C5 substituted), such as biphenyl structures. In the range & 9.4 to 8.0,
signals were detected in KL, whose intensity was drastically decreased after the
sulfomethylation reaction. The signals at 6 8.0 to 6.2 are attributed to the protons of the
aromatic ring (Yang et al. 2014). The signals at 6 8.0 to 7.2 are attributable to the aromatic
protons of the H units or vinylic groups (Yu et al. 2013). Low-intensity signals were
detected in the KL sample at this region, probably due to the vinylic groups, but after
sulfomethylation, the signals were almost unnoticeable. Signals at § 7.2 to 6.8 are attributed
to aromatic protons of G units, which were more intense in the KL sample than in the
OSKL sample. At d 6.8 to 6.2, signals associated with the protons in S units were expected,
but they were not detected. The reduction in the signal intensity of the region assigned to
the aromatic protons after sulfomethylation is evidence of the introduction of sulfonic
groups into the aromatic ring of the lignin. The chemical shifts of Ha, Hf and Hy in -
bonded structures are in the region of 6 6.2 to 4.0, where the signals of aliphatic protons in
the linkages of $-O-4', B-1', B-5' and B-f' are approximately 6 6.2 to 5.7, 5.7 t0 5.2, 5 4.9
to 4.4, and & 4.3 to 4.0, respectively (Yang et al. 2014; Lu et al. 2017). The protons
associated with the latter mentioned structures were detected in the KL sample, but after
sulfomethylation, the intensity in the region was dramatically decreased. The signals in the
range of 6 4.0 to 3.2 are attributed to protons of the methoxyl and hydroxymethyl groups
(Yang et al. 2014; Jiao et al. 2018), and their intensity increased after sulfomethylation.
Signals at 6 3.9 to 3.6 are assigned to -OCHs hydrogens and ~ & 3.3 to -CH2 hydrogens
from hydroxymethyl groups (Jiao et al. 2018). During sulfomethylation, formaldehyde
introduces a hydroxymethyl group into the lignin at the C5 position of the aromatic ring,
which is the main reaction location in the sulfonation reaction with sodium sulfite (Yu et
al. 2013; Kazzaz et al. 2019). Thus, the increase in the signal intensity in this region is due
to the introduction of hydroxymethyl groups in the OSKL. Furthermore, the weakness of
the signal intensity from o 3.9 to 3.6 might indicate the extent of demethoxylation during
the sulfomethylation reaction. The signals from & 2.2 to 0.6 are assigned to protons of the
aliphatic chain of lignin (Hong et al. 2015), whose intensity was decreased after
sulfomethylation. This observation agrees with the FTIR results that evidenced the
aliphatic chain as a reaction site during sulfonation (Madzhidova et al. 1998; Ahvazi et al.
2016).
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CONCLUSIONS

1. The experimental design, which evaluated the effect of temperature, time, and Na2SOs
concentration on the depressing ability of lignin, demonstrated that the optimal
conditions of sulfomethylation for mineral flotation purposes are 20% Na2SOs at 130

°C for 4.2 h.

2. Microflotation assays demonstrated that the sulfomethylated kraft lignin obtained
under the optimized conditions has a better performance for the selective separation of
molybdenite and chalcopyrite than the commercial lignosulfonates studied.

3. The results showed correlations between the molybdenite depression vs. molecular
weight and sulfonation degree of the sulfomethylated kraft lignins.

4. The Fourier transform infrared (FTIR) and proton nuclear magnetic resonance (*H
NMR) results showed that after sulfomethylation under optimized conditions, the
aromatic G-units of lignin prevailed, hydroxymethyl group content increased, and
sulfonic groups were incorporated into the C5 position of the aromatic ring but also
into the aliphatic chain of kraft lignin.

5. Overall, sulfomethylation enables radiata pine kraft lignin to act as a molybdenite
depression agent. Radiata pine kraft lignin has promising potential as an alternative
reagent for the copper and/or molybdenum flotation process.
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