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ABSTRACT: The extraction of various minerals is commonly
conducted through froth flotation, which is a versatile separation
method in mineral processing. In froth flotation, depressants are
employed to improve the flotation selectivity by modifying the
wettability of the minerals and reducing their natural or induced
floatability. However, the environmental impact of many current
flotation chemicals poses a challenge to the sustainability and
selectivity of the ore beneficiation processes. To mitigate this issue,
cellulose, particularly nanocelluloses, has been explored as a
potential alternative to promote sustainable mineral processing.
This study focused on silylated cellulose nanocrystals (CNCs) as
biodepressants for sulfide minerals in froth flotation. CNCs
containing thiol silane groups or bifunctional CNCs containing
both thiol and propyl silanes were synthesized using an aqueous silylation reaction, and their performance in the flotation of
chalcopyrite and pyrite was investigated in the presence of a sodium isobutyl xanthate collector. The results showed that the
modified CNCs exhibited preferential interaction between chalcopyrite, and the flotation recovery of chalcopyrite decreased from
∼76% to ∼24% in the presence of thiol-grafted CNCs at pH 6, while the pyrite recovery decreased only from ∼82% to ∼75%,
indicating the efficient selectivity of thiol-silylated CNCs toward chalcopyrite depression.
KEYWORDS: aqueous silylation, nanocellulose, sulfide depressant, microflotation, sulfide ore beneficiation

■ INTRODUCTION
Cellulose, a ubiquitous and versatile biopolymer, offers a
renewable source to develop advanced, green, and eco-friendly
materials and chemicals. The properties of cellulose can be
manipulated through chemical modifications, but its poor
solubility and degradation limit the feasibility of many
treatments. Therefore, cellulose nanomaterials provide an
appealing alternative source to prepare functionalized cellulose
materials, as they can be directly dispersed in aqueous media
without dissolution. Nanocelluloses possess high surface area,
elongated structure, and numerous surface hydroxyl groups
that allow one to incorporate different functional groups on the
cellulose structure.1−3 Previously, cellulose nanomaterials have
been explored in multiple applications ranging from biomedical
products, electronics, and CO2 capture to water treatment.

4−11

Recent studies also used nanocellulose as a mining chemical in
microflotation setups and as flocculants for sulfide miner-
als.12−14

Froth flotation is a widely used separation process in mining
industries for the beneficiation of complex ores. This process
involves the selective attachment of minerals to air bubbles
based on their wettability properties to separate the minerals
from gangue using various inorganic and organic additives.15

Typically, surface active collectors adsorb selectively on the

surface of a specific mineral, increasing its hydrophobicity and
floatability. However, depressants selectively prevent the
adsorption of collectors at mineral/water interfaces, rendering
mineral surfaces more hydrophilic and preventing their
attachment to bubbles, facilitating the selective flotation of
the mineral.16,17

Sulfide depressants are crucial for enhancing separation
selectivity in froth flotation, and inorganic and organic reagents
have been broadly investigated as depressants. However, many
sulfide depressants, such as sodium sulfide, sodium hydro-
sulfide, cyanide, and Nokes reagents, are toxic and require large
quantities of chemicals, leading to high processing costs.18−22

Consequently, synthetic and natural organic polymers, such as
polyglutamic acid (PGA), 2,3-disulfanylbutanedioic acid,
lignosulfonates, thioglycolic acid, polyacrylamide, chitosan,
carboxymethyl cellulose (CMC), and starch, have been
explored to reduce the environmental impact of depres-
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sants.19,20,23−25 Although these depressants are less hazardous,
they often show limited selectivity in sulfide flotation.22,26

The major advantage of organic depressants is their potential
to be tailored through various chemical modifications by
incorporating different functional groups that can effectively
and selectively enhance flotations.22 Thus, there is considerable
interest in developing and optimizing organic polymers as
flotation chemicals. Cellulose, especially nanocellulose, is an
appealing source of advanced, renewable, and sustainable
mining chemicals. Nonetheless, the amenability of nano-
celluloses toward different functionalization reactions repre-
sents a great advantage, and it can be modified with specific
functional groups that render its surface wettability and
enhance cellulose affinity toward specific mineral surfaces,
increasing the efficiency and selectivity in mineral separa-
tion.12−14,27,28

Chalcopyrite is a primary copper ore resource29 that has a
growing demand in various industries due to emerging trends
of digitalization and electric transportation, such as the rise of
electric vehicles. Chalcopyrite belongs to the class of sulfide
minerals that generally have similar physical−chemical proper-
ties due to their semiconducting nature. However, selective
separation of chalcopyrite from other sulfide minerals, such as
pyrite, sphalerite, or galena, which do not bear copper in their
structures, is difficult in industrial practice. Usually, sulfide
minerals are well recovered in froth flotation using xanthate
reagents as collectors, but the selectivity of separation is
poor.13,30−32 Therefore, this study provides a selective
separation approach in the beneficiation of chalcopyrite from
sulfidic minerals, including sulfidic tailing.33,34

In this study, a new class of biodepressants based on
cellulose nanocrystals (CNCs) that has been functionalized
through an aqueous silylation reaction was introduced as a
selective depressant in the froth flotation of sulfide minerals.
The silylation enables efficient modification of nanocellulose
substrates, and silane coupling agents presenting two reactive
groups in their structure can be used for the grafting of the
hydrolyzed silanols onto the cellulose with various functional
groups simultaneously.2,6,12,27,35−37 CNCs containing thiol
silane groups or bifunctional CNCs containing both thiol
and propyl silane chains were synthesized to incorporate
functional moieties that can both have an affinity toward
chalcopyrite and modify the wettability of the cellulose.12,27

The grafting was performed in an aqueous reaction medium at
mild temperature to promote the sustainability of the
modification processes and to obtain renewable, efficient,
and selective mining chemicals with controlled wettability
properties.38

Microflotation tests were performed in an in-house built
Hallimond tube, and the efficiency of the cellulose nano-
particles as depressants was investigated using sodium isobutyl
xanthate (SIBX) as a collector. Specifically, the role of pH and
depressant concentration in flotation recovery was elucidated.
The results demonstrated that functionalized biobased nano-
materials can unlock new paths toward more sustainable
mineral processing and improve the flotation selectivity of
sulfide minerals.

■ EXPERIMENTAL SECTION
Materials. A commercial CNC (BGB Ultra) produced from

acetate-grade dissolving pulp (Western Hemlock) using an oxidative
process was purchased from Blue Goose Biorefineries (Canada) and
used in functionalization reactions without any further purification.

The silylation reagents of CNC, 3-mercaptopropyltrimethoxysilane
(MPTMS, 95%) and n-propyltriethoxysilane (PTS), were purchased
from Sigma-Aldrich (Germany) and Gelest (USA), respectively.
Ethanol (96% v/v) solution was supplied by VWR (BDH Chemicals,
France). Diluted NaOH and HCl solutions (Oy FF-Chemicals Ab,
Finland) were used for the pH adjustment. SIBX, which was supplied
by IXOM (Australia), was used as a collector during the micro-
flotation experiments. All reagents were used without any further
purification. Deionized water (18.2 MΩcm) was used throughout the
experiments.
The mineral samples, chalcopyrite and pyrite, were obtained from

Mexico and Peru, respectively. The elemental composition and
mineral structure of the samples have been previously published.12

The minerals were ground in a Retsch planetary ball mill (PM 200,
Germany) by adding 50 g of minerals in each grinding jar with five
stainless steel balls of 15 mm diameter. Grinding of chalcopyrite and
pyrite was performed at rotational speeds of 250 and 350 min−1,
respectively, for 3 min. Finally, with dry sieving, a coarse fraction
(between 63 and 125 μm) was prepared for microflotation. For ζ
potential measurements, a fine fraction size was required. Therefore, 5
g of a mineral sample was ground in a jar with 30 stainless steel balls
of 6.3 mm diameter at 650 min−1 for 30 min. The particle size
distributions were determined through aqueous mineral dispersions
subjected to laser diffraction analysis (Beckman Coulter LS 13 320,
USA), and the results are presented in Table S1 and Figure S1.
Silylation of Cellulose Nanocrystals. Four different silylated

cellulose nanocrystal samples, i.e., CNCs containing thiol silane
groups (CNC-thiol), and mixed CNCs containing both thiol and
propyl silane chains (CNC-mix) were synthesized through aqueous
silylation reactions (Figure S2). Thiol-silylated CNCs were obtained
using a chosen cellulose-MPTMS mass ratio of 1:0.5 (CNC-thiol I)
and 1:1 (CNC-thiol II). The CNC-mix samples were fabricated with
both thiol and propyl silane reagents simultaneously as described in a
previous study27 using the cellulose-MPTMS-PTS mass ratio of
1:0.5:0.5 (CNC-mix I) and 1:1:1 (CNC-mix II). Before silylation
reactions, the pH value of CNC suspensions (1% w/w) was adjusted
to 4 using a 1 M HCl solution. A fresh silane solution (10% v/v) was
prepared by dissolving the desired silane reagent in ethanol while the
mixture was mixed with a magnetic stirrer for 10 min. Finally, the
silane solution was added dropwise to the aqueous CNC suspension
using a micropipet while constantly stirring at room temperature for 2
h. The CNC suspension was then heated at 80 °C for a predefined
time of 3 h to favor the condensation reaction and formation of Si−
O−cellulose bonds. After the reactions, all of the functionalized CNC
samples were washed using dialysis bags and placed in a beaker of 2 L
volume to remove nonreacted silanes. The dialysis bags were stirred in
a mixture of deionized water and EtOH (7:3 H2O/EtOH) for 24 h,
followed by stirring in deionized water for four days only. Fresh
washing liquid was changed every 24 h.
X-ray Photoelectron Spectroscopy Analysis and Grafting

Amount. An ESCALAB 250Xi X-ray photoelectron spectrometer
(Thermo Fisher Scientific, UK) with a monochromatic Al Kα (1486.6
eV) source was used to analyze the carbon, oxygen, silicon, and sulfur
contents of the pristine and silylated CNC films (Table S2). The films
were prepared by diluting pristine and silylated CNC samples in 40
mL of deionized water to a final consistency of 0.5% w/w and drying
them overnight at 50 °C. The grafting amount (GA) of thiol silane
groups (mmolreagent/gCNC) was calculated based on the sulfur content
of CNCs-thiol and CNCs-mix, whereas GA of propyl silane groups
was calculated from silicon content.27

ζ Potential Analysis. The ζ potential was determined for aqueous
suspensions of pristine and silylated cellulose nanocrystals, pure
minerals, and mixed suspensions containing pure minerals con-
ditioned with CNC-thiol II at pH values of 4, 6, 9, and 11 using a
Malvern ZetaSizer Pro (Malvern Panalytical, UK) based on
electrophoretic mobility measurement. A 10 mM NaCl background
solution with a preadjusted pH value was used for all samples. The
CNC suspensions were diluted by adding 100 μL of 0.1% w/w
aqueous CNC sample to 10 mL of a background solution, while the
pure mineral dispersions were prepared by adding 10 mg of mineral to
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10 mL of a background solution. Finally, the mixed solutions were
obtained by adding 10 mg of pure minerals to 10 mL of a background
solution, followed by 100 μL of a 0.1% w/w aqueous CNC-thiol II
sample. After the minerals were added, the pH was readjusted to
desired levels using NaOH or HCl. The data were collected at room
temperature, and six measurements were performed for each sample.
Contact Angle Measurement. The static contact angles of

sessile droplets on pristine and silylated cellulose nanocrystal films
were measured using a drop shape analyzer (DSA 25 Krüss,
Germany). To prepare cellulose films, the CNC samples were diluted
in 40 mL of deionized water to a final consistency of 0.5% (w/w) and
then dried in an oven at 50 °C to obtain self-standing films. A drop (8
μL) of deionized water was placed on the cellulose film surface to
measure the static contact angle. Six droplets were placed in different
locations on the cellulose film for each sample and analyzed by using
the ellipse-fitting model, which can measure the contact angle of a
nonasymmetric drop.
Captive bubble measurements were conducted using flat mineral

specimens (chalcopyrite and pyrite) of appropriate size and surface
topology, immersed into an aqueous phase, and placed on two stands
with the functional surface arranged horizontally facing the bottom of
a transparent container. The mineral surface must be partially wetted
by water to prevent a thin aqueous film from hindering the
attachment of the gas bubble to the specimen surface and obstructing
the formation of a three-phase contact line. The specimens were
conditioned in 25 mL of 10 mM NaCl solution with a preadjusted pH
value of 4, 6, 9, and 11. In each case, 100 μL of either SIBX 0.1% w/w
or CNC-thiol II 0.1% w/w was added separately to the NaCl solution
and stirred for 10 min. The simultaneous effect of the depressant and
collector was analyzed by adding first CNC-thiol II (100 μL) for 10
min under stirring, followed by SIBX (100 μL) and conditioning for
10 min. Finally, the specimens were rinsed with deionized water and
placed on a holder in the background solution. A small air bubble with
a volume of 8 μL was attached to the bottom of the flat specimen
immersed in 25 mL of the background liquid, and the contact angle
was recorded at six different locations of the flat surface using a drop
shape analyzer (DSA 25 Krüss, Germany). For each new measure-
ment, the specimens were properly polished to avoid any oxidation or
contamination and ensure an appropriate smoothness of the surface
using a small drop of diamond paste (1 μm) on a velvet cloth and
subsequently rinsed twice with EtOH and H2O.
Transmission Electron Microscopy. Transmission electron

microscopy (TEM) analysis was used to visualize the structure of
the silylated CNCs using a Tecnai G2 Spirit 120 kV instrument
(Thermo Fisher Scientific, UK). The silylated CNC suspensions were
placed on a sample holder by using a carbon-coated copper grid. A
small droplet of 0.1% w/w poly-L-lysine suspension was added to the
top of the grid, and the excess was removed by touching the corner of
a filter paper. The CNC suspensions were first diluted with deionized
water, and then, a small droplet was poured onto the grid’s surface.
Finally, a 2% (w/w) uranyl acetate solution was dropped to negatively
stain the sample; the excess was removed with the corner of a filter
paper. The samples were dried overnight at room temperature and
analyzed under standard conditions using an acceleration voltage of
100 kV. Images were captured using a Quemesa camera (Olympus
Soft Imaging Solutions GMBH, Münster, Germany), and the length
and width of individual cellulose nanocrystals were measured using
ImageJ software.
Field Emission Scanning Electron Microscopy. FESEM Ultra

(Zeiss Ultra Plus Oberkochen, Germany) with energy dispersive
spectroscopy (EDS) analysis was used to image and address the
variation in the elemental composition of pure chalcopyrite and pyrite
surface after reacting with CNC-thiol II. Initially, the surface of
minerals (chalcopyrite or pyrite) was gently refreshed in a porcelain
mortar by grinding for 1 min; then, 1 g of the pure mineral was added
in 100 mL of 10 mM NaCl background solution at pH 6 and stirred
for 1 min. CNC-thiol II solution (0.1% w/w) was then added to
obtain a final concentration of 2.5 mg/L, and the slurry was stirred for
another 5 min. After the second conditioning, the minerals were
vacuum filtered, rinsed with 100 mL of background solution, and

dried at 50 °C overnight. The mineral powder was deposited onto a
carbon tape and coated with carbon before imaging with a 15 kV
electron high tension.
Microflotation Tests. Microflotation experiments with single

minerals were performed in an in-house-built Hallimond tube (200
mL). The mineral floatability was tested with pure minerals (1 g),
then with SIBX as a collector, and simultaneously with an SIBX
collector and pristine and silylated CNCs as depressants as a function
of pH (4, 6, 9, and 11), and finally with different concentrations of
CNC-thiol II (2.5, 5, 10, 15, and 20 mg/L). Initially, the surface of the
mineral was gently polished in a porcelain mortar through grinding for
1 min to remove any superficial oxidation. The mineral powder was
then dispersed into 100 mL of a 10 mM NaCl background solution
with a predefined pH value and stirred for 1 min. To investigate the
effect of the collector, a 0.1% w/w SIBX solution was added to the
dispersion after mineral conditioning to obtain a concentration of 2.5
mg/L, and the mixture was stirred for 5 min. The simultaneous effect
of collector and depressant was analyzed by adding 0.1% w/w CNCs
solution to the dispersion after mineral conditioning to obtain
concentrations of 2.5, 5, 10, 15, and 20 mg/L and stirring for 5 min,
followed by the addition of 0.1% w/w SIBX solution (2.5 mg/L) and
stirring for another 5 min. After completing each conditioning, the
slurry was transferred into the Hallimond tube and adjusted to the
desired water level with the background solution. For all the flotation
tests, compressed air at a flow rate of 50 mL/min and a flotation time
of 5 min was used. The collected chalcopyrite and pyrite from the
overflow and underflow were separately filtered, dried, and weighed to
determine recoveries. Each flotation test was performed in triplicate.

■ RESULTS AND DISCUSSION
Aqueous Silylation of CNCs with Thiol and Propyl

Silanes. A commercial CNC was grafted in aqueous silylation
reactions with MPTMS or simultaneously with MPTMS and
PTS to obtain thiol-silylated cellulose nanocrystals or
bifunctionalized nanocrystals containing both thiol and propyl
silane moieties (Figure S2). The silylation reactions were
performed using two different cellulose-to-silane mass ratios at
an acidic pH of 4. Previous publications indicate that acidic
hydrolysis of MPTMS promotes the formation of reactive
silanol groups and reduces the self-condensation reaction of
ensuing silanols.39 In this study, MPTMS was highly reactive
under acidic conditions, with 95% of silanes hydrolyzed to
silanol groups after a 2 h reaction. In addition, silane solution
concentrations of 10% w/w facilitated silanol formation and
reduced self-condensation.35 The dissolution of silane first in
ethanol further increased its solubility in the aqueous reaction
medium and ensured uniform coverage of the reagent on the
CNC substrate.40

Characterization of Silylated CNCs: TEM, XPS,
Contact Angle, and Electrophoretic Mobility. According
to TEM analysis, the pristine CNC consisted of typical rod-like
cellulose nanocrystals with an average width of 3−8 nm and a
length of 50−350 nm.41 The functionalized CNCs maintained
their morphology and were similar in size, with an average
width of 3−6 nm and a length of 250−360 nm (Figure S3).
The grafting amount (GA) of silanes on CNCs was
determined by using X-ray photoelectron spectroscopy by
analyzing the elemental contents of silicon and sulfur in
pristine and silylated CNCs (Table S2). The increase in the
mass ratio of silylation agents, such as MPTMS and PTS
promoted the grafting reaction, and both CNC-thiol II and
CNC-mix II had a total GA of >1.5 mmol/g in terms of Si
content. This increase in GA was also noted in the sulfur
content of thiol-silylated CNCs, and the sulfur amount
increased from 0.22 to 1.05 mmol/g (CNC-thiol I vs CNC-
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thiol II), respectively, when the mass ratio of MPTMS
increased from 1:0.5 to1:1. However, the low sulfur content
of bifunctionalized CNC at higher silylation reagent mass
ratios (CNC-mix II) indicated that the simultaneous silylation
reaction with MPTMS and PTS was dominated by the PTS;
i.e., the CNC-mix was mainly grafted by alkyl silanes. This
difference could be attributed to a higher degree of MPTMS
self-condensation. In addition, the total silane content of CNC-
mix II was only slightly higher than that of CNC-thiol II (1.67
vs 1.59 mmol/g), indicating that the initial mass ratio of silanes
was probably too high for efficient bifunctionalization, resulting
in a more pronounced self- or heterocondensation of silanols.
The static contact angles showed that the hydrophobicity of

the functionalized CNCs increased as silane and sulfur
concentrations increased (Table S3). CNC-thiol II, with a
higher content of silanes, also exhibited a higher static contact
angle value of 68.6° (Table S3), whereas CNC-thiol I
(approximately 38.0°) had a lower value. CNC-mix II had a
contact angle of 52.5°, indicating that the higher amount of
propyl silane promoted the formation of a more homogeneous
cellulose film and decreased the surface roughness. Overall, the
contact angle for all functionalized CNCs remained relatively
low (<70°).
Throughout the examined conditions (pH range 4−11), all

CNCs exhibited a negative electric surface ζ-potential, which
was only slightly influenced by the silylation reactions (Figure
S4). This could be due to the relatively low proportion of pH-
responsive SH groups on CNC surfaces compared with surface
hydroxyl groups, and their moderately low acidity (despite the
acidity being higher than that of hydroxyls in pristine
cellulose). Overall, the ζ-potential of samples behaved similarly
as a function of pH, with the ζ-potential becoming more
negative at alkaline conditions due to deprotonation and less
than −25 mV at pH 11 for all CNCs.
Flotation of Chalcopyrite and Pyrite Using Silylated

CNCs as Depressants. The performance of silylated CNCs
as depressants in the flotation of chalcopyrite and pyrite was
elucidated using an in-house built microflotation cell. First, the
floatability of single mineral suspensions was investigated in
terms of flotation recovery as a function of pH values (4, 6, 9,
and 11) in the presence and absence of a commercial SIBX
collector (Figure 1). Both minerals exhibited inherently poor
floatability without the collector throughout the entire pH
range, with an average recovery of ∼20% for chalcopyrite and
∼10% for pyrite. The maximum recovery of 33% was obtained
with chalcopyrite at pH 6. The SIBX collector improved the
recovery of both chalcopyrite and pyrite significantly, and the
maximum recovery (86% for chalcopyrite and 93% for pyrite)
was reached at pH 4. SIBX can promote the floatability of
sulfidic minerals efficiently, despite its limited selectivity, and
as demonstrated in this study, it cannot separate chalcopyrite
and pyrite selectively from their mixtures because of their
similar recovery.30−32 One approach is to use high amounts of
lime to depress pyrite at pH values well above 10 or by the
depression of chalcopyrite, as suggested in this study.
The mineral floatability was further elucidated using pristine

and silylated CNCs as depressants in the presence of SIBX as a
collector. The CNC concentration during the conditioning of
the minerals was 10 mg/L, while the concentration of SIBX
was kept constant at 2.5 mg/L throughout all experiments.
Microflotation tests were performed at pH 4, resulting in high
recovery with both minerals in the presence of SIBX (without
CNCs Figure 1), and at pH 9, promoting the recovery of

chalcopyrite, which is the most promising condition for the
selective flotation of chalcopyrite (Figure 1).
Figure 2 shows that the addition of both pristine and

silylated CNCs significantly decreased the overall recovery of
both minerals, with chalcopyrite showing the highest decrease
in floatability. However, in the presence of pristine CNC and
CNC-thiol I, pyrite recovery increased unexpectedly at pH 9
(the recoveries being 64% and 62% vs 54%, respectively). This
anomaly could be explained by poor CNC interaction and
adsorption on the pyrite surface at high pH, as well as more
pronounced bubble formation due to unabsorbed CNC.
Generally, silylated CNCs with a higher degree of substitution,
such as CNC-thiol II and CNC-mix II, demonstrated a higher
depressing efficiency toward both chalcopyrite and pyrite,
whereas the pristine CNC and CNCs with a lower GA, such as
CNC-thiol I and CNC-mix I, demonstrated a lower and similar
performance.
The performance of CNC-thiol II, which demonstrated the

most efficient depression activity among the synthesized
CNCs, was further revealed as a function of pH (4, 6, 9, and
11) at a constant CNC concentration of 10 mg/L (Figure 3a).
CNC-thiol II substantially affected the floatability of both
minerals below pH 9, with chalcopyrite and pyrite recovering
at ∼25% and 44%, respectively, indicating a general depression
of these minerals. At a high pH of 11, the role of CNC-thiol II
in mineral recovery was negligible, implying that the
interaction between the mineral surfaces and silylated CNCs
was poor, which could be due to the charge repulsion caused
by the high negative surface charge density of both
constituents. Generally, thiol-silylated CNC (CNC-thiol II)
demonstrated a stronger depression efficiency with chalcopyr-
ite under specific conditions, implying its potential to promote
the selectivity of chalcopyrite/pyrite flotation.
The dependency of the flotationability of chalcopyrite and

pyrite on the concentration of CNC-thiol II was investigated at
a constant pH of 6 (Figure 3b). The recovery of the minerals
differed substantially as a function of CNC dosage, and a
drastic decrease in chalcopyrite floatability was observed at a
low CNC dosage of 2.5 mg/L. Its recovery remained low at
approximately 25%−30%. In turn, the recovery of pyrite

Figure 1. Flotation recovery of chalcopyrite and pyrite in the absence
and presence of SIBX as a collector (2.5 mg/L); error bars represent
standard deviations (n = 3).
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decreased continuously with CNC-thiol II concentration,
reaching a low recovery of 25% at a CNC dosage of 20 mg/
L. Consequently, the depressant efficiency of CNC-thiol II
toward chalcopyrite was significantly higher than that of pyrite,
demonstrating the potential of silylated CNCs for selective
depression of chalcopyrite under specific conditions.
To confirm the actual efficiency of CNC-thiol II as a

depressant toward chalcopyrite and pyrite under appropriate
flotation process conditions, mineral recoveries were deter-
mined at an optimal CNC concentration of 2.5 mg/L at pH 6
(Figure 3c) and compared with the performance of pristine
CNC. The flotation selectivity in terms of the difference in
chalcopyrite and pyrite recovery was 3.9% without any CNC,
25.5% with pristine CNC, and 51.8% with CNC-thiol II.
Therefore, the nonmodified CNC exhibited an inherent
attraction on the surface of the mineral and pronounced
depression activity toward chalcopyrite. The presence of a thiol
moiety grafted onto the cellulose surface further promoted this
selectivity. Overall, thiol-silylated CNC had a better affinity
and interaction with chalcopyrite than pyrite, and the silylation
significantly increased selectivity. In summary, both the
characteristics of CNC and the processing conditions were

crucial in obtaining a selective depression of chalcopyrite. A
maximum difference in the recovery of chalcopyrite and pyrite
of ∼52% was obtained with a CNC-thiol II and SIBX
concentration of 2.5 mg/L at a pH value of 6, indicating the
potential of CNC-thiol II as a selective depressant for
chalcopyrite.
In previous studies, thiol groups containing chemicals, such

as pseudo-glycolythiourea acid (PGA), tiopronin, and
dithiothreitol (DTT) have been used to selectively depress
chalcopyrite.24,42,43 Thiol groups can absorb chemically on the
chalcopyrite surface, while the hydrophilic moieties of
chemicals protrude toward the water interface. Thiol groups
were covalently linked with the copper sites on the
chalcopyrite surface when using DTT and PGA,24,43 whereas
tiopronin formed a five-membered chelating ring via carbonyl
and thiol groups bonded with the copper atoms into the
chalcopyrite.42 Therefore, the interactions between thiol
groups grafted onto the cellulose and mineral surfaces
enhanced the selective depression of chalcopyrite with CNC-
thiol II. Meanwhile, the hydroxyl groups of adsorbed CNC are
directed toward the aqueous phase, resulting in a highly
hydrophilic chalcopyrite surface. However, further studies will

Figure 2. Flotation recovery of (a) chalcopyrite and (b) pyrite in the presence of CNCs and SIBX; error bars represent standard deviations (n = 3).

Figure 3. Flotation recovery of chalcopyrite and pyrite (a) as a function of pH in the presence or absence of CNC-thiol II as depressant and SIBX
as a collector, (b) as a function of CNC-thiol II concentration at pH 6, and (c) in the absence (reference) and presence of SIBX, CNC, and CNC-
thiol II at pH of 6 and at a concentration of 2.5 mg/L; error bars represent standard deviations (n = 3).
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be required to investigate the preferential interaction of thiol-
silylated CNC-thiol II with the chalcopyrite surface.
Wettability of Minerals in Presence of Propyl Silane

CNC. Static contact angle measurements have traditionally
been used to assess and predict the floatability of minerals,
although wetting behavior may not realistically indicate the
actual performance of the flotation process. The contact angle
is a thermodynamic quantity obtained under equilibrium
conditions, whereas flotation is a highly dynamic process. In
addition, other factors may affect the flotation, such as the
physical and mechanical features of thinning liquid films upon
collision, the hydrodynamics of mineral−water suspensions,
and the orthokinetic attachment of mineral particles to the air
bubble.44 In this study, a captive bubble method, which reflects
the behavior of a complex flotation system better than the
static sessile-drop technique, was used to analyze the
wettability of minerals under aqueous conditions, although a
flat mineral surface used in the captive bubble measurement
does not exactly represent individual particles.45

Minerals are commonly classified as either polar (naturally
hydrophilic), which interact strongly with water molecules, or
nonpolar (inherently hydrophobic with contact angles above
60°), which do not readily interact with water molecules.

Sulfide minerals such as chalcopyrite and pyrite are commonly
categorized as naturally hydrophobic minerals.16 However, in
this study, both chalcopyrite and pyrite exhibited a low
hydrophobicity of approximately 60° (Figure 4a, b), and this
relatively high polarity was reflected in the low inherent
floatability of both minerals in microflotation (Figure 1). The
SIBX collector significantly increased the hydrophobicity of
both minerals, with the maximum contact angle being 74.1° for
chalcopyrite and 73.3° for pyrite at pH 4, respectively. The
addition of CNC-thiol II significantly decreased the contact
angle values of both minerals, inferring that silylated CNC
interacted with mineral surfaces and decreased their hydro-
phobic character.
Figure 4c shows the contact angle of pristine minerals before

and after separately or simultaneously adding the SIBX
collector and CNC-thiol II into the conditioning solution at
an optimum flotation pH of 6 (Figure 3a). Chalcopyrite
exhibited a systematically lower contact angle under all
conditions except for the reference (pure minerals), and this
difference in contact angle values was increased when thiol-
silylated CNC was dosed in the solution. This behavior
indicated the preferential adsorption and interaction of CNC-
thiol II with chalcopyrite, supporting the findings on reduced

Figure 4. Contact angle (captive bubble method) of pure mineral specimens: (a) chalcopyrite, (b) pyrite after conditioning with SIBX or CNC-
thiol II, and (c) after conditioning with SIBX or CNC-thiol II, respectively, at pH of 6; error bars represent standard deviations (n = 6).

Figure 5. ζ-potential of (a) pure chalcopyrite and (b) pyrite and after the addition of CNC-thiol II, as a function of the pH value; error bars
represent standard deviations (n = 6).
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floatability of minerals in the presence of thiol-silylated CNC.
However, the difference in contact angles of minerals was
significantly smaller than the difference in floatability (compare
with Figure 3c), indicating that other factors could be
responsible for the recovery of chalcopyrite and pyrite or
that the contact angle measurement did not accurately reflect
the conditions during microflotation. This highlights the
complex morphology and heterogeneous surface chemistry of
CNCs and minerals. For example, the contact angle measure-
ments were performed under quasistatic conditions, in which
the grafted silanes may orient themselves toward more
favorable phases, i.e., so that the hydrophobic propyl groups
protrude toward the air bubble and the relatively hydrophilic
thiol groups toward the mineral surface, thus the grafting may
slightly affect only the surface wettability.46,47 Moreover, the
CNC may form a heterogeneous and patchy-like coating on
the mineral surface, which is difficult to measure using the
contact angle method.
Influence of Thiol Silane CNCs on ζ-Potential of

Mineral Suspensions. Figure 5 shows the ζ-potentials of
chalcopyrite and pyrite particles before and after reacting with
CNC-thiol II. Chalcopyrite shows a positive ζ-potential (∼18
mV) at an acidic pH of 4, and it decreases sharply and almost
linearly to a constant level of approximately −32 mV at pH 9.
The addition of CNC-thiol II significantly reduced the ζ-
potential at a pH range from 4 (+17 vs −14.8 mV) to 6 (−7.0
vs −20.7 mV), while the change in surface charge caused by
CNC is only minor under alkaline conditions. CNC-thiol II
shifts the initial ζ-potential toward less negative values at pH
ranging from 9 (−32.1 vs −24.1 mV) to 11 (−32.5 vs −26.9
mV). Under alkaline conditions, the small ζ-potential differ-
ence between pure and CNC-thiol II-coated chalcopyrite
indicates that CNC adsorption on the chalcopyrite surface is
low. This finding correlates with the flotation results shown in
Figure 3a. However, pure pyrite exhibited some differences in
its surface charge behavior, with the ζ-potential being more
stable at acidic pH and the isoelectric point being at pH of ∼7.
Notably, both minerals have similar ζ-potentials in the
presence of CNC-thiol II, except at a highly alkaline pH of 11.
Morphology and Elemental Composition of Mineral

Surfaces in the Presence of Thiol Silane CNCs. The
surface structure and elemental composition of individual
chalcopyrite and pyrite particles were revealed via FESEM and
EDS analyses to directly detect the presence of CNC on the
mineral surfaces. Figure S5 shows the visual appearance of
mineral particles before and after conditioning with CNC-thiol
II and the five different locations used for elemental mapping
(Table S4). After conditioning of mineral with CNC-thiol II, a
significant decrease in Cu and S contents (attributed to the
elements of chalcopyrite) and an increase in Si content
(attributed to the silylated CNC) were observed, indicating the
presence of silylated cellulose nanocrystals on the mineral
surface. The large variation in the elemental contents and
standard deviations suggested that CNC-thiol II was unevenly
distributed on the mineral surface, forming hydrophilic patches
on the chalcopyrite surface, as supported by the flotation and
contact angle results (Figures 3c and 4a). This inhomogeneous
adsorption was probably due to variations in adsorption sites
on the mineral surface, differences in cleavage surfaces
produced during particle crushing and grinding,48 and the
rod-like shape of CNC. The minor changes in the contents of
the main elements of pyrite (Fe and S) and the absence of Si
(silylated CNC) suggested that the interaction between CNC-

thiol II and pyrite was poor or negligible, consistent with the
flotation results (Figure 3c) and supporting the preferential
adsorption of silylated CNC on chalcopyrite.

■ CONCLUSIONS
Silylated cellulose nanocrystals, that is, CNCs containing thiol
silane groups and bifunctionalized CNCs containing both thiol
and propyl silane chains, were synthesized using aqueous
silylation reactions, which were demonstrated to be a smart
approach to modify the CNCs, combining the use of a
renewable resource and sustainability modification reactions.
Their performance as depressants in the flotation of
chalcopyrite and pyrite in the presence of an SIBX collector
was investigated in a microflotation system. Thiol-silylated
CNC with the highest degree of grafting (CNC-thiol II)
demonstrated the best selectivity toward chalcopyrite
depression at a relatively low concentration of 2.5 mg/L,
with a 52% difference in chalcopyrite and pyrite recovery,
indicating preferential adsorption of silylated CNC on
chalcopyrite over pyrite, as confirmed by EDS analysis. In
summary, the silylated CNCs provide a new class of
sustainable biodepressants that could be used for promoting
the flotation selectivity of sulfide minerals. In addition,
renewable depressants based on bifunctionalized nanocellu-
loses can pave the way toward more sustainable mineral
processing decreasing the drawbacks related to inorganic and
polymeric depressants and enhancing the efficiency and
selectivity of ore beneficiation processes. Further studies will
be conducted to investigate the efficiency and selectivity of
silylated CNCs in mixed mineral systems.
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