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Surface Chemical Studies on Pyrite in the Presence
of Polysaccharide-Based Flotation Depressants
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The interaction of dextrin and guar gum with pyrite has been
investigated through adsorption, flotation, and electrokinetic mea-
surements. The adsorption densities of the polysaccharides onto
pyrite reveal a region of higher adsorption density in the pH range
7.5–11, with a maximum around pH 10 for both polymers. The
isotherms exhibit Langmuirian behavior. The adsorption density of
guar gum onto pyrite is higher than that of dextrin. Electrokinetic
measurements indicate a decrease in the electrophoretic mobility
values in proportion to the concentration of the polymer added.
Co-precipitation tests confirm polymer–ferric species interaction in
the bulk solution, especially in the pH range 5.5–8.5. The pH range
for higher adsorption, significant co-precipitation, and appreciable
depression of pyrite encompass each other. XPS and FTIR spectro-
scopic studies provide evidence in support of chemical interaction
between hydroxylated pyrite and the hydroxyl groups of the poly-
meric depressants. C© 2000 Academic Press

Key Words: polysaccharide; pyrite; flotation; adsorption; co-
precipitation; FTIR; XPS.
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INTRODUCTION

Pyrite is commonly associated as a gangue mineral with
eral base metal sulfides such as copper, lead, and zinc. It occ
an impurity in the Indian copper deposits found at Chitradu
Karnataka; Malanjkhand, Madhya Pradesh; Khetri, Rajast
and Rakha; and other deposits of Bihar. The Pb–Zn ore
Rajasthan also contain pyrite as a constituent sulfide (1
thus becomes important to selectively separate pyrite from
base metal sulfides. Cyanide, sulfide, and hydroxides are
commonly used flotation depressants for pyrite (2). Som
these inorganic depressants, though effective, are found
toxic and pose environmental hazards during handling. Co
quently, attempts are being made to develop alternate rea
schemes, which are environmentally benign. Polysaccha
based reagents have been utilized in the mineral industry
over seven decades, principally as a depressant for a varie
1 To whom correspondence should be addressed. Fax: 91-80-3600
3600683. E-mail: ssmani@metalrg.iisc.ernet.in.
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minerals. These organic polymers are not only nontoxic but
also biodegradable and relatively inexpensive.

Pioneering contributions have been made by Laskowski
co-workers with respect to the interaction of dextrin with seve
sulfides and oxides (3–9). These studies have highlighted
importance of surface metallic species for adsorption to t
place. Further, a good correlation was observed between th
of maximum co-precipitation and the isoelectric points of t
corresponding metal hydroxides. Based on these systemati
detailed studies, it was concluded that the interaction betw
the metal-hydroxy species and dextrin takes place throug
complexation mechanism (3). The interaction of dextrin w
metal hydroxides was studied by FTIR and UV-vis spectrosco
studies by Bhaskar Rajuet al., and a condensation mechanis
was proposed (10). Bogusz and co-workers (11) have shown
dextrin adsorption on pyrite is enhanced in the presence of m
ions. Xu and Aplan (12) have developed a novel system u
metal ion hydroxy complexes and organic polymers for py
depression in coal flotation. The role of dextrin in the xanth
flotation of pyrite and sphalerite has been examined by Kyd
et al. (13).

As a part of an ongoing program, the application
polysaccharide-based depressants, such as dextrin and gua
in the flotation of sulfides and hydrophobic minerals has b
assessed by us (14–18). In the present investigation, the su
property of pyrite in the presence of the above polymers has b
studied through adsorption, electrokinetic, and flotation te
The bulk solution interaction of the polymers with pyrite h
been examined by co-precipitation studies. FTIR and XPS s
ies have been conducted to elucidate possible mechanisms
teraction between the polysaccharide-based reagents and p

EXPERIMENTAL

Materials

A pure mineral sample of pyrite was obtained from Alminro
Indscer Fabriks, Bangalore, India. Mineralogical and X-r
powder diffraction data confirmed that the pyrite sample w
of high purity with only a trace amount of quartz. The sam
was dry ground using a porcelain ball mill at a speed of 60 rp
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INTERACTION OF DEXTRIN A

The ground sample was then dry screened through 150-,
and 37-µm BSS sieves and stored in plastic containers.
−37-µm size fraction was used for the electrokinetic and
sorption studies, while the (−150+ 75)µm fraction was used
for the flotation tests. The BET nitrogen specific surface are
−37µm pyrite was found to be 2.98 m2/g.

The sample of guar gum used in the study was obtained f
s.d.Fine-Chem Ltd., Bombay, India, whereas the white dex
sample was a J. T. Baker product. The molecular weight
guar gum and white dextrin were determined by HPLC to
4.22× 106 and 3980, respectively. The polysaccharide soluti
were prepared by dispersing a known weight in cold distil
water and then dissolving it with boiling distilled water. Th
polymer solutions were prepared fresh each day.

Potassium nitrate was used to maintain the ionic strength
nitric acid and potassium hydroxide were used as pH modifi
All the reagents used in this study were of analytical gra
Deionized double-distilled water with a final conductivity
<1.5µmho was used for all tests.

Methods

Adsorption studies. In a typical adsorption test, 0.5 g o
pyrite powder was taken and made upto 50 ml after additio
desired amounts of 10−2 M KNO3, polymer solution of known
concentration and pH in 250-ml Erlenmeyer flasks. The sus
sions were then agitated for 2 h using a Remi Orbital Shakin
Incubator at 250 rpm at 25◦C. After equilibration, the solution
pH was again recorded. The solution was then centrifuged
10 min at 5000 rpm using a Remi Laboratory Centrifuge R
The supernatant liquid was then clarified using Whatman 42
ter paper and analyzed for equilibrium concentration of polym
using a Shimadzu UV-260 Spectrophotometer as per the me
suggested by Duboiset al. (19).

Electrokinetic measurements.Electrophoretic mobility
measurements on pyrite, with and without polymers, w
carried out using a Zeta meter 3.0 instrument (Zeta Meter I
USA) with bright molybdenum anode and platinum catho
electrodes. Potassium nitrate was used to maintain the
strength at 10−3 M. A suspension of pyrite at 0.2 g/l wa
conditioned at a particular pH and equilibrated for one hou
room temperature (27◦C). Measurements were made on pyr
both in the absence and presence of different concentratio
guar gum or dextrin.

Flotation tests. Flotation tests were carried out using
modified Hallimond tube (20). Potassium ethyl xanthate (P
10−3 M) was used as collector for the pyrite flotation. For t
flotation tests, 1 g of (−150+ 75)µm pyrite sample was cond
tioned with 200 ml of double-distilled water at a particular p
for 10 min using a magnetic stirrer. The sample was then tr
ferred to the Hallimond tube, and nitrogen gas was passed a
rate of 100 ml per min. After flotation for 3 min, the conce

trate and the tailing fractions were separately filtered, dried, a
weighed. The recoveries are expressed on a percentage w
ND GUAR GUM WITH PYRITE 83
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basis. In experiments where the polymers were used as de
sants, the sample was further conditioned for 10 min at a gi
pH with the polymer prior to flotation.

Co-precipitation tests. Co-precipitation tests were carrie
out between dextrin/guar gum and ferric ions in aqueous s
tion to elucidate the interaction mechanism in the bulk soluti
A known amount of ferric nitrate solution was mixed with poly
mer solution in such a way that the final concentration of fer
ions was 55 ppm and that of dextrin/guar gum solution 100 p
in 100 ml solution. The desired pH was adjusted by adding
ther nitric acid or potassium hydroxide solution. After 30 mi
the solution was centrifuged at 5000 rpm for 10 min in a Re
Laboratory Centrifuge R8C. The supernatant was then analy
for total iron by using a Thermo Jarrell Ash atomic absorpti
spectrophotometer. Polymer concentration was determined
ing the method of Duboiset al. (19). Similar tests were also
carried out in 100-ml solutions of Fe3+ ions or polymer as con-
trol experiments.

FTIR studies. The infrared spectra of pyrite, dextrin, gua
gum, and the products of interaction between the mineral
the polymers were recorded using a Nicolet Model 400D Fou
Transform Infrared Spectrometer operating in the range 40
400 cm−1. The KBr pellet technique was adopted for recordi
the spectra. Approximately 2 mg of the desired powder sam
was thoroughly mixed with 200 mg of spectroscopic grade K
and pressed into pellets for recording the spectra.

XPS studies. The X-ray photoelectron spectra of the samp
were recorded using the ESCALAB MK-II instrument of V.G
Scientific Ltd., UK. A vacuum of 10−8 Mbar was maintained dur-
ing the data collection. MgKα was the target used in this stud

RESULTS AND DISCUSSION

Adsorption Studies

Detailed adsorption experiments have been carried ou
study the effect of time, pH, and polymer concentration on
adsorption densities of dextrin and guar gum onto pyrite.

Kinetics. The adsorption densities of dextrin and guar gu
onto pyrite as a function of time are shown in Fig. 1. The exp
iments were carried out at a natural pH of 2.7. It is evident t
the adsorption density reaches its saturation value in abou
for both dextrin and guar gum. In all further adsorption studi
the time of equilibration was fixed at 2 h for both polymers. It
is apparent from the figure that the adsorption density of g
gum onto pyrite is higher than that of dextrin.

Effect of pH. The effect of pH on the adsorption densitie
of dextrin and guar gum onto pyrite is shown in Fig. 2. It can
observed that the adsorption density of dextrin steadily increa
with increase in pH from 2.6 to about 10 and thereafter decrea

nd

eight
slightly with increase in pH. In the case of guar gum, there is a
steep increase in the adsorption density from pH 2 to 4 followed
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FIG. 1. Adsorption of dextrin and guar gum onto pyrite as a function
time.

by a marginal increase up to pH 10, and beyond that pH,
adsorption density again decreases. It is interesting to note
a region of higher adsorption density is observed in the pH ra
7.5–11. The higher adsorption density in the alkaline pH ra
may be attributed to the role of hydroxylated and hydrous ox
species. At low pH (<4), there is little hydrous oxide precip
tated, and above pH 11, complete precipitation of the hydr
oxide occurs leading to a decrease in the adsorption density
yond pH 11, the decrease in adsorption density could als
due to increased electrostatic repulsion between the negat
FIG. 2. Effect of pH on the adsorption density of dextrin and guar gum on
pyrite.
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FIG. 3. Adsorption isotherms of dextrin onto pyrite.

charged pyrite and the anionic polymeric chain. Here again,
higher adsorbability of guar gum compared to that of dextrin
clearly reflected.

It is well known that the hydroxyl groups in guar gum are incis
conformation while those in dextrin have atransconfiguration
(21). The higher adsorption of guar gum than that of dextrin o
pyrite may be attributed to the more favorablecisconformation
of its hydroxyl groups apart from its higher molecular weigh

Adsorption isotherms.The adsorption isotherms of dextri
onto pyrite at two different pH values are depicted in Fig.
The adsorption density of dextrin onto pyrite at pH 2.7 sho
an increase with an increase in equilibrium concentration u
about 250 ppm and thereafter attains saturation. The isother
pH 9.2 exhibits a steep rise in the adsorption density espec
at lower concentrations and then gradually tends to a pla
region at high concentrations. The adsorption isotherm at pH
follows the L1 type of the Giles classification (22). On the oth
hand, the isotherm at pH 9.2 indicates that it is of the high affin
H1 type of the Giles classification (22).

Figure 4 portrays the adsorption isotherms of guar gum o
pyrite at three different pH values namely 2.9, 9.1, and 12.3.
increase in the adsorption density with an increase in conc
tration is observed. It is noteworthy that the isotherm at pH
shows the highest adsorption density followed by the isothe
at pH 12.3 and 2.9 in that order. These trends complemen
results reported in Fig. 2. The isotherms at pH 9.1 and 12.3 m
be classified as high-affinity H1 type, whereas that at pH
may be categorized as L1 type as per the Giles category (2

The plot of the reciprocal of the amount adsorbed as a func
of the reciprocal of the equilibrium concentration at all pH valu
studied shows a linear relationship for both dextrin and guar g
(Fig. 5) conforming to the Langmuir equation (23).

Electrokinetic Studies
to The electrophoretic mobilities of pyrite as a function of pH in
the absence and presence of different concentrations of dextrin
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FIG. 4. Adsorption isotherms of guar gum onto pyrite.

and guar gum are shown in Figs. 6a and 6b, respectively.
measurements have been conducted using 10−3 M KNO3 as
an indifferent electrolyte. It is apparent from the figures t
the isoelectric point (iep) of pyrite is located around pH 6.8.
acidic pH values, pyrite shows positive electrophoretic mobil
whereas in the alkaline pH range, it is negatively charged
has been reported that the positive charge originates from
formation of a partially hydrolyzed cationic species, and it
eliminated in the pH range of complete hydrolysis (24). Sim
iep values around pH 6–7 have been reported by other wor
(13, 25) for pyrite. The addition of different concentrations
dextrin (Fig. 6a) or guar gum (Fig. 6b) in the range of 1 to 10 p
FIG. 5. Plot of reciprocal of adsorption density versus reciprocal of equ
librium concentration of dextrin and guar gum.
D GUAR GUM WITH PYRITE 85
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FIG. 6. Electrophoretic mobility of pyrite as a function of pH in the absen
and presence of different concentrations of (a) dextrin and (b) guar gum.

correspondingly reduces the negative electrophoretic mob
values in proportion to the polymer concentration, presuma
without any shift in the iep value, resembling the influence
an indifferent electrolyte. A similar depression of the surfa
charge of pyrite in the presence of dextrin was also observe
Kydroset al. (13).

Since the polymers appear merely to reduce the e
trophoretic mobility in absolute magnitude under all the pH co
ditions studied, the primary effect of the large macromolecu
seems to be to shift the slipping plane further away from
interface. These results suggest that some conformational
rangements of the macromolecules take place with increa
extension of the looping chain, when the polymer concen
tion is further increased. These observations are in conson
with the results of the effect of the adsorption of large nonio
molecules on the zeta potentials reported by many researc
(9, 26–29).
i- The adsorption of the polymeric depressants, namely dex-
trin and gum, at the pyrite surface brings about a reduction of
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FIG. 7. Effect of pH on the flotation recovery of pyrite in the absence a
presence of dextrin and guar gum.

the electrophoretic mobility values, rendering the pyrite surf
hydrophilic.

Flotation Studies

The flotation recovery of pyrite as a function of pH, in t
absence and presence of dextrin/guar gum, is depicted in F
Potassium ethyl xanthate (PEX, 10−3 M) was used as the collec
tor for pyrite. It is apparent that complete floatability of pyrite
observed up to pH 5.5. Beyond pH 5.5, the recovery decre
drastically to around 20% at pH∼6.5 and remains at that valu
up to pH 12. The depression of pyrite at alkaline pH is due
the preferential adsorption of hydroxyl ions in comparison
the collector ions. Similar results have been obtained by o
workers (11, 13).

In the presence of dextrin, there is not much of a chang
the flotation recovery up to pH 5, but it steeply drops to ab
40% at pH 5.6, and in the pH range 7–12 the flotation recove
further reduced (≈18%). With respect to guar gum, the flotatio
recovery of pyrite decreases steeply from about 90% at p
to about 30% at pH 5.5. It is further lowered to about 15%
pH 8 and remains close to that value upto pH 12. It can
observed from the figure that the depression action with g
gum is marginally better than that with dextrin, complement
the adsorption data.

The effect of dextrin/guar gum concentration on the flotat
recovery of pyrite at three different pH values is portrayed
Fig. 8. It can be observed that the flotation of pyrite is hardly
fected at pH 3.5 up to 10 ppm dextrin/guar gum concentratio
marginal depression is observed in the concentration range
100 ppm of dextrin/guar gum at pH 3.5. The flotation recov
of pyrite at pH∼5.5 drops appreciably to about 40 and 30%

the addition of 50 ppm of dextrin and guar gum, respective
It may be recalled that in the absence of the depressants,
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recovery of pyrite is close to 85% at this pH (Fig. 7). It can
observed that pyrite is significantly depressed at pH 10.5 in
presence of 1–100 ppm dextrin/guar gum concentration, tho
similar results were obtained even in the absence of the p
meric depressants. Here again, guar gum is found to be a sli
better depressant than dextrin. The flotation recoveries are
siderably reduced in the pH range 6–12, both in the abs
and in the presence of the polysaccharides. In other words
pH range of efficient depressant action of the polysacchar
overlaps with that of pyrite depression in presence of hydro
ions of the added alkali. However, the depressant action o
tested polysaccharides is also clearly discernible in the pH ra
5 to 5.5, wherein the flotation recoveries are reduced to a
30–40%, when compared to∼85% floatability of pyrite in the
absence of the polymers at this pH value.

Co-precipitation Studies

The results of the co-precipitation tests conducted by in
acting dextrin or guar gum with ferric ions are given in Fig.
It is apparent from the figure that the total concentration of i
species decreases significantly from about 50 to below 5
in the pH range 6 to 8.5 and thereafter increases once aga
about 45 ppm at pH 12. It has been reported (30) that fe
ion hydrolyzes much more readily than ferrous iron comme
ing at pH 1. At acidic pH, di-[Fe2(OH)4+2 ] and mononuclea
[FeOH2+ and Fe(OH)+2 ] species are formed while Fe(OH)3 and
Fe(OH)−4 appear in neutral and basic media. The enhancem
in the residual concentration of iron above pH 8.5 may be
tributed to the formation of such soluble species. From Fig
it can be observed that there is not much of a change in
residual concentration of ferric species in the pH range in
tigated in the presence of dextrin/guar gum. However, the
a significant decrease in the concentration of dextrin or g
gum in the presence of ferric species, particularly in the
range 5.5 to 8.5, attesting to their interaction in the bulk so
tion. The pH values for maximum co-precipitation are close
ly.
the

FIG. 8. Effect of dextrin and guar gum concentration on the flotation re-
covery of pyrite.
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FIG. 9. Effect of pH on the residual concentration of dextrin or guar gum
and iron.

The FTIR spectrum of pyrite is portrayed in Fig. 10a. There is
−1 may be attributed
a broad band centered around 3255 cmthat
FIG. 10. FTIR spectra of (a) pyrite, (b) pyrite intera
ND GUAR GUM WITH PYRITE 87

7.5 and 7 for dextrin and guar gum, respectively. In the abse
of ferric ion, the dextrin or guar gum concentration is unalter
as a function of pH. These studies further testify to the fer
hydroxy species–polymer complex formation in the bulk so
tion and are in close agreement with the results of interac
of various metal ions with polysaccharides (3, 31–34). In t
context, it is pertinent to recall that Liu and Laskowski (3) fou
a good correlation between the pH of optimum co-precipitat
of dextrin/metal ion and the isoelectric point of the correspon
ing metal hydroxide. In the case of the ferric–dextrin syste
the pH of maximum co-precipitation was found to be about 7
which is in good agreement with the results of this study. T
iep values of ferric hydroxide and other hydroxo-complexes
iron are reported to be in the range of pH 7.4 to 8.4 (35), wh
falls in the pH range of maximum co-precipitation found in th
investigation. Although the adsorption densities of dextrin a
guar gum onto pyrite were found to maximum at pH 10, a
gion of higher adsorption density was clearly observed in
pH range 7.5 to 11, which encompasses the pH range of m
mum co-precipitation found in this study, as well as the repor
values of the isoelectric point of ferric hydroxy species.

Infrared Spectroscopic Results
cted with dextrin, and (c) pyrite interacted with guar gum.
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TABLE 1
Characteristic IR Frequencies of the Polymers

Wave number for Wave number for
dextrin (cm−1) guar gum (cm−1) Characteristic group

3384 3384 O–H stretching vibration
2924 2924 C–H stretching of CH2 group
1641 1657 Ring stretching of glucopyranose

or galactose/mannose
1440, 1419, 1372 1450, 1414, 1350 Symmetrical deformations

of CH2 group and numerous
C–OH deformations

1155, 1083 1155, 1078 C–OH and primary alcoholic
–CH2OH stretching mode

1021 1021 –CH2 twisting vibration
860, 767 871 Glucopyranose or galactose/mann
933, 767 930, 770 Ring stretching and ring deformat

modes of theα-D-(1–4),
α-D-(1–6) linkages

to hydrogen-bonded hydroxyl groups. The absorption band
the range 1200–1000 cm−1 may be assigned to pyrite (36). In th
region, there is an intense band at 1143 cm−1 and a shoulder a
1083 cm−1. Similar bands have been reported by other work
(37). The bands in the region 600–800 cm−1 arise due to the
surface oxidation of pyrite. The characteristic IR frequencie
dextrin and guar gum are summarized in Table 1.

The FTIR spectra of pyrite after interaction with dextrin a
guar gum are depicted, respectively, in Figs. 10b and 10c.
band at 2924 cm−1 in the case of free polymer due to C–
stretching of the –CH2 groups is split into a doublet and appe
at∼2923 and 2867 cm−1, both in the case of dextrin- and gu
gum-adsorbed pyrite samples. The bands at 1641 and 1657−1

due to ring stretching of glucopyranose in the case of dex
and that due to galactose and mannose for guar gum app
slightly lower wave numbers, namely 1632 and 1627 cm−1, for
pyrite containing adsorbed dextrin and guar gum, respecti
The weak bands in the region 1350–1450 cm−1 due to symmet
rical deformations of CH2 and COH groups appears at alm
the same wavenumbers after adsorption, though with red
intensities. The bands at 1083 and 1021 cm−1 due to primary al-
coholic –CH2OH stretching mode and CH2 twisting vibrations,
respectively, for dextrin appear slightly altered after adsorp
at 1084 and 1027 cm−1, respectively (Fig. 10b), due to inte
action of the –CO groups of the polymers with pyrite. On
other hand, in the case of the guar gum-adsorbed pyrite
same bands appear at 1087 and 1015 cm−1 as those at 1078 an
1021 cm−1 for free guar gum. It is noteworthy that the band
∼930 cm−1 in the free polysaccharides is absent after ads
tion onto pyrite, due to chemical interaction. The weak ba
at ∼770 cm−1 due to ring stretching and ring deformation
α-D-(1–4) andα-D-(1–6) linkages are reduced in the intens
and appear at 786 and 782 cm−1 after adsorption of dextrin an
guar gum, respectively.
Based on IR studies with respect to the interaction of lead
droxide with dextrin, Liu and Laskowski (3) have reported th
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the intensities of the bands at 930 and 760 cm−1 are strongly
influenced by substitution on the hydroxyl groups. An intere
ing observation made by them was that these peaks of de
disappeared, when lead hydroxide was in excess, due to com
formation with dextrin involving C-2 and C-3 hydroxyl group
In a subsequent FTIR study, Bhaskar Raju and co-workers h
proposed that the complexation between dextrin and calcium
droxide proceeded through a condensation mechanism inv
ing the hydroxyl groups at the C-2, C-3, and C-6 positions
dextrin. Further, the intensity of the band at∼930 cm−1 was
also found to be strongly reduced (10). The IR spectral res
of the present study also revealed the absence of the 930−1

band, while the band at 770 cm−1 was reduced in intensity du
to chemical interaction. Moreover, in the IR spectra of ferric h
droxide interacted with dextrin or guar gum, the characteri
peaks at 770 and 930 cm−1 originating from the polysaccharide
were conspicuously absent (Fig. 11). The spectral results
corroborate the chemical complexation mechanism, origin
proposed by Liu and Laskowski (3).

XPS Results

Fe 2p3/2 in FeS2 is expected about 707 eV B. E. The a
received sample shows no intensity in this region (Fig. 12(i
The peak maximum of 2p3/2 appears at 711.2 eV B.E., whic
is attributable to a trivalent ion (Fe3+), while the 2p1/2 peak
appears at 725.5 eV B.E. After interaction with the polymers,
intensities of both the 2p3/2 and 2p1/2 peaks of pyrite are reduce
and the binding energy values are slightly lowered, attestin
its chemical interaction with the polymers (Fig. 12(i)a–c).

An examination of the as-received mineral sho
(Fig. 12(ii)a) a rather sharp S 2p feature at 168.1 eV B. E. Th
spectrum also portrays a weak peak at 161.3 eV B. E.
former could be attributed to sulfate, whereas the latter is du
sulfide (FeS2) (38). Upon adsorption of guar gum (Fig. 12(ii)c
the low binding energy feature gains in intensity at the expe
of the high binding energy structure. In the dextrin-trea
sample, the enhancement of the 161-eV feature is comparat
lower (Fig. 12(ii)b).

O 1s in all these samples (Figs. 12(iii)a–c), appears as a
gle peak around 530 eV B. E. This could be attributed t
surface oxide or sulfate. O 1s in the case of pyrite appears
530.8 eV B.E., while it is slightly shifted to lower B.E. afte
interaction with dextrin and guar gum. The C 1s region of the
polymer-exposed samples (Fig. 12(iv)c) is shifted to lower bi
ing energy values (∼283 eV B.E.), confirming the adsorption o
the polymers (Figs. 12(iv)b and 12(iv)c). The C 1s in the case
of the pyrite sample at 285 eV B.E. is due to the presenc
impurity carbon.

An evaluation of all the regions suggests the presence
thick oxide and sulfate layer at the surface of the free mine
Bulk sulfide is evident from S 2p spectrum, whereas it is no
apparent from the Fe 2p spectrum. This is because of the larg
hy-
at
attenuation length of S 2p electrons. This suggests an upper
limit of the thickness of the contaminant layer, on the order



89

on
tio
INTERACTION OF DEXTRIN AND GUAR GUM WITH PYRITE
t
r
t
2

e
d

to
n

a
ia
in
s
s
i

t

u

be-
ange
nd
ree-
trin

ge
ccha-
n of
t due
es-
pH

ared

t of
face
nd
rric
.4–
of
this

ted
FIG. 11. FTIR spectra of (a) ferric hydroxide, (b) ferric hydroxide

of 50 Å, for the attenuation length of S 2p electrons. The fac
that the sulfate peak decreases in intensity upon exposu
the polymer shows that it acts as an inhibitor layer preven
reaction with atmospheric oxygen. While the intensity of Sp
features due to sulfide is large, corresponding enhanceme
not seen for Fe 2p features. This is again attributed to the low
mean-free path of the Fe 2p electrons. In the dextrin-treate
sample, the intensity of S 2p due to sulfide is low compared
the guar gum-interacted sample; correspondingly, the inte
of the 711-eV B. E. structure in the Fe 2p spectrum is also
weak. This could be due to a relatively weaker interaction
dextrin with the mineral. The lower S 2p intensity of the sulfide
peak in this sample cannot be attributed to a larger overl
thickness, since the molecular weight of dextrin is substant
smaller. This suggests that the interaction strength of dextr
the mineral is weaker than that of guar gum. This also lead
poorer surface passivation. The XPS data reinforce the re
of the FTIR spectroscopic studies in support of the chem
interaction mechanism for the pyrite–polymer systems.

Adsorption Mechanisms

Based on the studies carried out at the pyrite–solution in
face and in the bulk solution, the following facts emerge:

(1) A region of higher adsorption density of dextrin/guar g

to pyrite is observed in the pH range 7.5–11, with the adso
n maximum being around pH 10.
interacted with dextrin, and (c) ferric hydroxide interacted with guar gum.
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of
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to
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(2) The co-precipitation tests show strong interaction
tween the polysaccharides and the ferric species in the pH r
5.5–8.5, with the maximum co-precipitation taking place arou
pH 7–7.5 for the two polymers. These results are in good ag
ment with those reported earlier for the ferric hydroxide–dex
system (3).

(3) Significant depression of pyrite is seen in the pH ran
6–12, both in the absence and in the presence of the polysa
ride samples. Thus, there is an overlapping of the pH regio
effective depressant action of the polysaccharides and tha
to the hydroxyl ions of the alkali alone. However, the depr
sant action of the polymers is unambiguously discernible at
5–5.5, wherein the recoveries drop to about 30–40%, comp
to about 85% in the absence of the polysaccharides.

(4) Electrokinetic studies indicate that the isoelectric poin
the pyrite sample is located around pH 6.8, suggestive of sur
oxidation, which is confirmed by the X-ray photoelectron a
FTIR spectroscopic studies. The isoelectric points of the fe
hydroxo complexes are reported (35) in the range of pH 7
8.4, which falls in the pH range of maximum co-precipitation
ferric hydroxy species–polysaccharide systems studied in
investigation.

(5) FTIR data indicate the disappearance of the 930-cm−1

band and a decrease in the intensities of the 770-cm−1 peak in the
case of both dextrin- and guar gum-interacted and hydroxyla

rp-pyrite samples. These facts may be attributed to the chemical
complexation between the ferric hydroxy species on pyrite and
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FIG. 12. X-ray photoelectron spectra of pyrite in the absence and pres
of dextrin and guar gum for (i) Fe 2p, (ii) S 2p, (iii) O 1s, and (iv) C 1s regions.

the hydroxyl groups of the polysaccharides, in keeping with
mechanism postulated by Liu and Laskowski (3).

(6) The results of the XPS studies are also indicative of ch
ical interaction between ferric species and the polysacchari

From the foregoing discussion, it is evident that there is
overlap in the pH ranges of higher adsorption, significant
precipitation, and pronounced depression. Additionally, the
ported values of the isoelectric points of ferric hydroxide enco
pass the pH range of maximum co-precipitation observed in
study. Thus, in the pH range of strong hydroxylation of pyr
surface, higher adsorption of the polysaccharides takes p
leading to appreciable depression of pyrite. At this juncture
is pertinent to recapitulate that a good correlation was obse
between the pH values of optimum co-precipitation, maxim
adsorption density, significant depression, and the isoele
points of the relevant hydroxides in the case of the interactio
dextrin with galena and heazlewoodite (3, 39). Since iron ex
in variable valency states, several hydroxy species are forme
solution, and consequently, the region of higher adsorption,

timum co-precipitation, and the isoelectric points of the hydro
species of iron are spread over a pH range. The findings of this
N, AND PRADEEP

nce

he

m-
es.

an
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re-
m-
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ace,
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ved
m
tric
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op-

vestigation are in good agreement with the results of Laskow
and co-workers for various minerals (39). The interaction me
anism postulated by them is applicable to the pyrite–dextrin/g
gum system, namely that the hydroxyl groups on the polysac
rides interact with the iron hydroxy species formed on the py
surface in a certain pH range, through a chemical complexa
process. This is schematically represented below:

|
C-OH|
C-OH|

+ Fe−OH−→
|
C-O|
C-O|

H
�

Fe+ H3O+. [1]

CONCLUSIONS

From the results of this investigation, the following conc
sions can be drawn:

1. Adsorption measurements indicate that a higher am
of dextrin and guar gum are adsorbed onto pyrite in the
range 7.5–11 and exhibit a maximum around pH 10. The
sorption isotherms follow Langmuirian behavior for both de
trin and guar gum. Additionally, guar gum adsorption onto py
is higher than that of dextrin.

2. Electrokinetic experiments show that the electrophor
mobility values are reduced in proportion to the amount of
polymer adsorbed.

3. Co-precipitation tests show significant interaction betw
the polysaccharides and ferric hydroxy species in the pH ra
5.5–8.5.

4. The pH range of higher adsorption density, significant
precipitation, and appreciable depression of pyrite encom
each other.

5. XPS and FTIR spectroscopic studies provide evidenc
support of chemical interaction between hydroxylated pyrite
the hydroxyl groups of the polymers.
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