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Abstract: Camphor leaves were directly extracted as depressants by using simple physical methods. The active
ingredients and depression mechanism were studied through contact angle measurements, Fourier transform infrared
spectroscopy (FTIR), and atomic force microscopy (AFM). The flotation experiment showed that camphor leaf extract
(CLE) had a strong depression effect on calcite but minimal effect on scheelite. The adsorption morphology detected
using AFM confirmed the existence of active ingredients on calcite. FTIR results indicated that the adsorbed
components on the surface of calcite contained a large number of hydroxyl groups that made calcite hydrophobic. Zeta
potential measurements and FTIR revealed a much higher adsorption amount of CLE on the calcite surface than on the

scheelite surface. The CLE has potential application value in the flotation separation of scheelite and calcite.
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1 Introduction

Scheelite (CaWOQs) is one of the primary
sources of tungsten used in the tool industry to
produce hard and wear-resistant materials [1].
Flotation is a common method to separate scheelite
from calcium-bearing gangue minerals such as
calcite and fluorite by utilising the difference
in the wettability between valuable and gangue
minerals [2—4]. Fatty acids are the most commonly
used collectors for calciferous minerals [5—7].
Owing to the poor selectivity of fatty acids, the
separation of scheelite from calcium-bearing
gangue minerals is wusually achieved using
depressants to modify the wettability.

Sodium silicate is a vital depressant of calcite
in industrial scheelite flotation [8,9]. However,
the required dosage is high, and its selectivity is
limited [10]. Sodium silicate will depress scheelite

when its dosage exceeds a certain amount [11].
Polyphosphates are useful depressants for calcite
but cause the eutrophication of water bodies [12].
Plant gums, which are macromolecular organisms
such as starch [13], seed gum [14,15], and
cellulose [16], are effective inhibitors of calcite and
have been applied in the industry. The gums are
chemisorbed on the calcite surface by reacting with
Ca** site and thus preventing sodium oleate
adsorption [15,17]. However, the synthesis of these
agents requires a complex chemical treatment,
complicated process, and harsh conditions [18—20].
In addition, the synthesis of flotation reagents may
cause environmental pollution [21]. A reagent
that is easy to prepare, widely available, and
environmentally friendly is a good choice.
Therefore, this work aimed to directly extract useful
substances from plants leaf for use as depressants.
The camphor tree is an evergreen tree
belonging to genus Cinnamomum of Lauraceae [22]
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and is widespread in the south of China, including
the south area of Yangtze River and southwest
provinces [23]. The camphor tree is widely utilised
in the wood industry, and its bark, leaf and fruit can
be used to extract essential substances [24—28].
CHEN et al [29] has indicated that the Camphor
leaf extract exhibits an excellent anti-corrosion
property of Q235 steel in HCI medium owing to the
adsorption onto the Q235 steel surface. However,
studies on using camphor leaves for flotation are
limited.

In this study, camphor leaves to be used as a
calcite depressant were directly extracted by using
unprecedented physical methods. The possibility of
flotation separation of calcite and scheelite was
explored. The morphology of active ingredients was
imaged by atom force microscopy, and infrared
spectrum was obtained. This work is useful for
separating scheelite from calcite and paves the way
for the direct use of plants in flotation. The plant
kingdom is the key to the great mineral treasure
provided by the lithosphere.

2 Experimental

2.1 Materials

The resistivity of deionized (DI) water used
in the experiment was over 17 MQ-cm. The AR-
grade sodium oleate (NaOL), HCI, and NaOH
(Sinopharm Chemical Reagent Co., Ltd.) were
used. HCI and NaOH were used to adjust pulp pH,
and methyl alcohol (HPLC grade, evaporation
residue less than 5 mg/L) was applied as solvent.

Figure 1 shows the X-ray diffraction patterns
of calcite and scheelite samples. The purities of
natural calcite (CaCOs) and scheelite (CaWOs)
were 98.0% and 98.7%, respectively, as determined
by chemical analysis. The pure minerals were
crushed, hand-selected, ground, and screened. A
sample of 37—74 um was used in the flotation and
Fourier transform infrared spectroscopy (FTIR)
tests. The whole process was free from metal
contamination.

2.2 Preparation method of depressant

Fresh green leaves were picked from the
camphor tree and washed by ethyl alcohol first and
then with water to remove the organic pollutants
and dust. 50 g of cleaned leaves were crushed with
50 mL of DI water by a juicer (BG—JS4, Midea
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Fig. 1 X-ray diffraction patterns of calcite (a) and
scheelite (b)

Group Co., Ltd., China). The pulp of the camphor
sucked out with a syringe and
centrifuged to separate the liquid and solid. The
schematic of the preparation of camphor leaf extract
is shown in Fig. 2. This supernatant solution was
used as the depressant and named CLE. The
concentration of this solution is replaced by the
concentration of total organic carbon (mg/L) as
determined by TOC-LCPH analyzer (Shimadzu,
Kyoto, Japan).

leaves was

2.3 Flotation experiment

Flotation was conducted in an XFG flotation
machine (Exploring Machinery Plant, Changchun,
China) with a 40 mL cell and impeller speed of
1992 r/min. The order of flotation was shown in
Fig. 3. In brief, 2.0 g of mineral and 40.0 mL of
water were added to the flotation cell, and then each
reagent was added and stirred for 2 min. The froth
was scraped out using a plastic blade for 3 min. The
froth products were dried and then weighed to
calculate the flotation recovery.
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Fig. 2 Schematic diagram for preparation of camphor leaf extract
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Fig. 3 Flow chart of pure mineral flotation

2.4 Contact angle measurements

The contact angle was measured by a sessile
liquid drop method [30]. A piece of pure calcite and
scheelite was cut into flat surfaces parallel to the
top and bottom. The samples were polished with
three fineness abrasive papers in the coarse-to-fine
order. The finest abrasive paper has a particle size
of less than 0.1 um. The samples were washed
thoroughly with water in ultrasonic wave for 2 min,
conditioned in each reagent solution for 2 min, and
subjected to the contact angle measurement. The pH
of the solution was adjusted individually using HCI
and NaOH. After each test, the sample was
re-polished to obtain a fresh surface and then
subjected to the next measurement. Every condition
was repeated three times, and each result was read
twice.

2.5 Fourier transform infrared spectroscopy

(FTIR) analysis

FTIR was used to detect the CLE components.
A Spectrum One FTIR (Shimadzu Corporation,
Kyoto, Japan) was used, and potassium bromide
tablet and transmission methods were adopted. The
analysis was conducted from 4000 to 400 cm™'
using 32 scans with a resolution of 2 cm ™.

The sample was prepared as follows: 2 g of
minerals were added to the solution with 35.4 mg/L

CLE. After being stirred for 10 min, the pulp was
filtered and rinsed five times with water to remove
the non-adsorbed reagent. The minerals on filter
paper were dried in a vacuum oven at 40 °C. After
drying, the minerals were placed in a 10 mL test
tube with a stopper and added with 3 mL of methyl
alcohol (HPLC grade, evaporation residue less than
5mg/L). The minerals in methyl alcohol were
shaken at 40 °C for 24 h in a temperature-controlled
shaker to extract the reagent adsorbed on their
surface. After centrifugation to remove the minerals,
the methyl alcohol was completely evaporated at
40 °C. Another 3mL of methyl alcohol was
vaporized as a blank control. FTIR was also used to
detect the residue after evaporation.

2.6 Atomic force microscopy imaging

The adsorption of the substance on the calcite
surface was detected by Multimode 8 (Bruker,
USA) in the air under the ambient temperature of
20 °C [31]. The test probe (Scanasyst-air, Bruker,
USA) was a single silicon nitride probe with a
resonance frequency of 70 kHz, and a spring constant
of 0.4 N/m. The AFM images were analysed using
the software NanoScope Analysis 1.9.

Fresh calcite cleavage plane was smashed and
picked to obtain a flat and clean surface. The
samples were stirred in the solution with CLE
concentration of 35.4 mg/L, rinsed gently with DI
water, and dried naturally. Contamination was
prevented throughout this process. Another fresh
calcite cleavage plane was used as a blank control.

2.7 Zeta potential measurement

Zeta potential measurements were conducted
in a zeta potential analyzer (Malvern Instruments
Ltd., United Kingdom) to analyse the surface
electrical properties. 40 mg calcite or scheelite
sample (<5 um) was added to 40 mL 0.001 mol/L
KCI supporting electrolyte. The pH was adjusted
with HCl or NaOH to desired value. CEL was
added to form 15.0 mg/L CLE solution and stirred
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for 2 min. The pulp was precipitated for 2 min to
remove large particles. Three measurements were
repeated, and the average was applied.

3 Results

3.1 Flotation experimental results

Figure 4 shows the effect of pH on the
recovery of calcite and scheelite with and without
depressant. NaOL was used as the collector at a
concentration of 30.0 mg/L. In the absence of CLE
depressant, the calcite and scheelite exhibited good
floatability and were difficult to separate. In the
presence of 29.9mg/l. CLE depressant, the
recovery of calcite was less than 20%. However, the
depressant had minimal influence on the flotation of
scheelite. The different floatabilities of calcite and
scheelite with CLE treatment indicated that this
agent had a selective depressing effect on calcite,
and the depression was not affected by pH.

100
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8 Calcite + NaOL
S 401 —v— Scheelite + NaOL

NaOL: 30 mg/L
2ok CLE: 29.9-&_%___’;
0 L 1 L 1 1
6 7 8 9 10 11 12
pH

Fig. 4 Recovery of calcite and scheelite using different
reagents

Figure 5 shows the relationship between
flotation recovery and CLE concentration. When
CLE was added, the recovery of calcite decreased
sharply with the increase in the depressant CLE
concentration. This result shows that CLE has a
strong depression effect on calcite. On the contrary,
even when CLE concentration increased, scheelite
still had a good recovery (>70%). At CLE
concentration of 29.9 mg/L, the recoveries of
calcite and scheelite were 17.3% and 70.8%,
respectively.

The depress effect of CLE on a mixture of
scheelite and calcite (mass ratio of 1:1, WOs grade
of 39.7%) was studied on the basis of single

mineral flotation, and the result is shown in Fig. 6.
When the depressant CLE was not added, the grade
and recovery of WOs; in froth products with
30 mg/L NaOL were 37.9% and 78.3%, respectively.
This result means that calcite and scheelite were not
separated. When the depressant CLE (15.0 mg/L)
was added, WOs grade was increased to 58.0%, and
the recovery decreased to 71.2%, indicating that
calcite is more depressed than scheelite in the
mixed ore. When the concentration of CLE
increased to 29.9mg/L, CLE also exhibited a
degree of depression effect on scheelite, and the
recovery of WO3; was reduced to 47.4%. In mixed
mineral systems, the behavior of the minerals often
deviates from what is expected by single mineral
flotation [32]. In the pulp, CaCOs precipitates on
the scheelite surface, resulting in the latter having
the nature of the former [33]. This phenomenon
explains why scheelite was also slightly depressed.
Selectivity index (SI, S) is an indicator for
evaluating flotation separation efficiency and is
calculated by Eq. (1), which denotes the recovery
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Fig. 5 Relationship between minerals recovery and
concentration of CLE
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Fig. 6 Flotation recoveries and grades of WO; in mixed
ore of calcite and scheelite
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and rejection of two components [34]. Large SI
value corresponds to good separation performance.
R, represents the recovery of scheelite in flotation
concentrate, and J, represents the recovery of
calcite in the flotation tailing. The results are given
in Table 1. When CLE (15.0 mg/L) was used as the
depressant, the SI value was 2.62, which was more
remarkable than the value of 0.77 without CLE.
CLE has a certain selective depression effect on
calcite, from a comprehensive grade and recovery
perspective.

§= R xJ,
(100-R,)x(100-J,) 1)

Table 1 Selectivity index (SI) values in different
flotation reagent schedules

¢(CLE)(mgL™")  RJ/% Jo/% SI
0 77.9942  14.16+2.5  0.77+0.1
15.0 71.18+1.7  72.94+52  2.62+0.4
29.9 4733442 8316  2.11£0.3

3.2 Contact angle results

Contact angles were measured to investigate
the wetting behaviours of CLE on calcite and
scheelite, and the results are presented in Fig. 7.
Generally, the contact angle is positively correlated
with hydrophobicity and floatability. The contact
angles of fresh calcite and scheelite were 37.1° and
43.4°, respectively, which increased to 77.9° and
76.9°, respectively, after 30 mg/L NaOL was added.
This finding indicates that oleate is adsorbed on the
mineral surfaces and has increased the floatability
of calcite and scheelite. When 35.4 mg/L CLE was
added before NaOL, the contact angle of the calcite
increased slightly from 37.1° to 46.1°, and that of
the scheelite increased from 43.6° to 77.9°. This
result indicates that CLE has no effect on scheelite
hydrophobicity adjusted by NaOL, but could
maintain calcite hydrophilicity.

3.3 AFM imaging results

Usually, organic macromolecular depressants
work through pre-adsorption on the mineral surface,
preventing that of collectors [15]. Therefore, AFM
was applied to observing the calcite surface and
determining whether the substances were absorbed
on the surface. The height and 3D images of calcite
in the absence of CLE are given in Figs. 8(a, b).

pH: 8-9 1 Blank
100 | [ 30 mg/L NaOL
30 mg/L NaOL + 35.4 mg/L CLE

—~ 80} 77T'9 7(%9 77.9
3\-/ I it
()
)
8§ 60f
2 46.3 43.4
B 37.1 . I
S 40 :

20+

0
Calcite Scheelite

Fig. 7 Contact angles of calcite and scheelite with
different agents

The freshly cleaved calcite was clean and flat with
few impurities, and root-mean-squared roughness
was 0.363 nm. The adsorption morphology on the
mineral surface could be intuitively reflected.
Figures 8(c, d) shows that the surface morphology
of calcite changed after treatment with 35.4 mg/L
CLE at pH 8-9. Many protrusions evenly appeared
on the surface as indicated by the red circle. This
result indicates that the components have spot-
shaped adsorption on calcite.

3.4 FTIR results

The components of camphor leaf extract are
highly complex for direct analysis to distinguish the
various substances in CLE. From the perspective of
adsorption, the adsorbed substances were extracted
from the mineral surface, and the substances that do
not work were ignored.

Figure 9 shows the FTIR spectra of calcite,
blank control (calcite treated with methyl alcohol),
and surface extract (calcite conditioned with CLE
and treated methyl alcohol). In the spectra of the
calcite and blank control, the strong peaks at 1435
and 1427 cm™' represented the stretching vibration
of CO3 of calcite [3]. From the spectrum of
blank control, it can be speculated that the main
components of blank control were methanol residue
and calcite. From the spectrum of surface extract, it
can be speculated that the main component was the
active ingredient of CLE.

In the spectrum of blank control (Fig.9), the
peak at 3407 cm™' corresponded to the stretching
of —OH groups and intermolecular and intra-
molecular hydrogen bonds [3,35]. The —OH groups
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Fig. 8 AFM morphologies of bare calcite (a, b) and calcite treated with 35.4 mg/L CLE at pH 89 (c, d): (a, ¢) Height

image; (b, d) 3D image
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Fig. 9 FTIR spectra of calcite, blank control, and surface
extract

were from impurities of methyl alcohol and
hydroxylation of calcium on residual calcite
surface [36]. The absorption peaks at 2921 and
2851 cm™' were attributed to the stretching of
—CH,— and —CHj3, respectively [37]. For peak
intensities, those of hydroxyl peak and methylene
peak were almost the same. Numerous unidentifiable

peaks were also found in the fingerprint area
(1300—400 cm ™).

In the spectrum of surface extract (Fig. 9),
the peaks of —OH, —CH,— and —CH; were
observed at 3429, 2921, and 2852cm’,
respectively. The absorption peaks were observed at
1642 and 1403 cm™' due to the asymmetric and
symmetric stretching vibrations of the carboxylate
group, respectively. Compared with that in the
blank control sample, the intensity of —OH peak
was much stronger than that of —CH,— and
—CHj;. With methanol residue as a reference, the
proportion of hydroxyl in the surface extract was
significantly higher than that in the methanol
residue. Hence, hydroxyl-containing organics might
be present in the surface extract. Hydroxyl is a
hydrophilic group found in many organic
depressants [15]. The hydroxy group on the mineral
surface enhances the mineral hydrophobicity. In
conclusion, the substances exhibiting the depression
effect in CLE were the organic compounds that
contain several hydroxyl groups.
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Figure 10 shows the FTIR spectra of scheelite,
blank control (scheelite treated with methyl
alcohol), and surface extract (scheelite conditioned
with CLE and treated methyl alcohol). In the same
way as analysis above, it can be seen that the
—OH peak at 3399 cm™' of surface extract is
stronger than that of blank control, and much
smaller than —CH3s and —CH, peaks. It can be
concluded that a little amount of CLE was also
adsorbed on the scheelite surface.

Surface extract

3399 2851
B

2920 lank control

3396
2851

2920 Scheelite

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Fig. 10 FTIR spectra of scheelite, blank control, and

surface extract

3.5 Zeta potential results

Zeta potential plays an important role in
depicting interfacial interaction phenomena in the
flotation field. The adsorption of reagents on the
surface of calcium-containing minerals could
change zeta potential of mineral surface [14].

Figure 11 displays the zeta potential of calcite
and scheelite as a function of pH. Due to the
preferred dissolution of calcium ions, the calcite

10
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CLE: 15.0 mg/L
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Fig. 11 Zeta potential of calcite and scheelite as function
of pH

and scheelite surfaces are negatively charged in pH
rang of 8.0—12.0. After CLE treatment, the zeta
potential of calcite was negatively shifted about
12mV, and the zeta potential of scheelite was
negatively shifted about 4 mV. The sharp negative
shift of calcite in the entire pH range indicates the
large amount of CLE adsorption on the surface of
calcite. Moreover, it is also indicated that the CLE
was adsorbed on the scheelite surface with a small
amount.

4 Discussion

When NaOL was used as the collector, calcite
and scheelite exhibited good floatability and were
difficult to separate without applying a depressant.
The flotation experiment showed that CLE had a
strong depression effect on calcite, but minimal
effect on scheelite. In mixed mineral systems, the
behavior of the minerals often deviates from what is
expected by single mineral flotation [32]. In the
pulp, CaCOj; precipitates on the scheelite surface,
resulting in the latter having the nature of the
former [33]. This phenomenon explains why
scheelite was also slightly depressed. The
depression effect of CLE did not change over the
whole range of pH, suggesting that this depressant
has stability in practical application. The contact
angle results were consistent with those from the
flotation test, indicating that CLE could keep the
surface wettability of calcite at a low level. The
components in CLE acting as calcite depressant
were adsorbed on the calcite surface and hindered
the NaOL adsorption, thus rendering the surface
hydrophobicity.

With the use of the proposed method, the
preparation of the depressant is simple and only
requires camphor leaves. The concentrator to be
used could be equipped with a juicer for the direct
production of depressant. This process requires no
complex chemical reactions, no harsh reaction
conditions, no pollution in the synthetic agent
process, and no long-distance transportation of
agents. By directly using plants, this method has
achieved energy efficiency and environment-
friendliness. Given that CLE comes directly from
plants, this material is easily biodegradable. Leaf
residues can be used as fertilizer to return to the
soil.

Infrared spectrum analysis indicated that the
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adsorbed components on the surface of calcite
contained a large number of hydroxyl groups,
explaining why calcite became hydrophobic and
depressed. Accurately interpreting the infrared
spectrum is difficult due to the interference of
impurities in methanol. For example, the apparent
interference of carbonyl groups makes it difficult to
identify the presence of carbonyl groups in CLE.
Hence, the functional component has not been
isolated. Regardless, this method of extracting
adsorbents from mineral surfaces may be feasible to
other analysis techniques. Researchers with relevant
expertise could analyse these substances in future
studies. This work is beneficial to the further study
of the direct application of plant-based depressants
and provides new ideas for the research and
development of new flotation agents.

5 Conclusions

(1) When CLE was used in single mineral
flotation, the flotation of calcite was depressed
from 85.4% to 17.3%, and the scheelite recovery
remained at a high level. In mixed mineral systems,
the grade of WO3 was increased from 37.9% to
58.0%, and the recovery of WO; decreased from
78.3% to 71.2% with 15.0 mg/L CLE; however,
scheelite flotation deteriorated at high concentration
of CLE (29.9 mg/L).

(2) The adsorption morphology detected using
AFM had confirmed the existence of active
ingredients on calcite. The active ingredients in
CLE were adsorbed on the calcite and thus impeded
the NaOL adsorption. Zeta potential measurements
and Infrared spectrum revealed a much higher
adsorption amount of CLE on the calcite surface
than that on the scheelite surface; this result can
explain the significant decrease in calcite recovery.

(3) Infrared spectrum results indicated that the
adsorbed components on the surface of calcite
contained a large number of hydroxyl groups that
make calcite hydrophobic. CLE is an easily
biodegradable, economic and environment-friendly
depressant for separating calcite and scheelite.
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