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Novel Condensed Ring Carboxylic Hydroxamic Acid Studied
in the Flotation Behavior of Diaspore and Aluminosilicates

Yu-Ren Jiang, Li-Yi Zhou, Xiao-Hong Zhou, and Bin-Nan Zhao
College of Chemistry and Chemical Engineering, Central South University, Changsha,
Hunan, P.R.China

Flotation reagents are the critical technique in the flotation
separation process for desilication. Aimed at the highly selective
reagent for direct flotation of diasporic bauxite, a novel compound,
dibenzo-1-(7-carboxyl-4-hydroxyl bicycle [2.2.2] octan-7,8-diyl)
carboxamic acid (DBCA) with two functional groups carboxyl
and hydroxamate in the same molecule, was synthesized through
Diels-Alder reaction followed by oximation reaction. Subsequently,
the floatability of diaspore, kaolinite, and illite was measured by
using DBCA as a collector, the interaction mechanism between
minerals and DBCA was investigated through zeta potential mea-
surements and FT-IR spectrum, and the structure and property
relationship of the collector were also discussed. The flotation
experimental results showed that DBCA had a very strong collect-
ing ability for diaspore, while poor activity was observed for kaolin-
ite and illite. The interaction of DBCA on diaspore surfaces may be
mainly dominated by chemical bonding as the formation of three
chelation rings; however, those on the surfaces of kaolinite and illite
are mainly hydrogen bonding or physical adsorption. Consequently,
it is possible to separate diaspore from such aluminosilicates as
kaolinte and illite employing DBCA as a collector.

Keywords aluminosilicate mineral; carboxylic hydroxamic acid;
diaspore; flotation mechanism; flotation reagent

INTRODUCTION

Bauxite resources are very abundant in China, but
mainly as diasporic type, with the characteristics of high
alumina, high silica, and low Al2O3 to SiO2 mass ratio
(A=S) (A=S less than 7 possesses about 72% of the bauxite
resources) (1). This type of bauxite is difficult to be treated
directly by the Bayer process. It is therefore highly desir-
able to increase the mass ratio of A=S by flotation desilica-
tion before the Bayer process due to its highly economical
efficiency (2). Theoretically, two approaches may be taken
for the flotation desilication of diasporic bauxite, that is,
direct flotation desilication characterized by the flotation

of diaspore and the depression of aluminosilicates and
reverse flotation desilication characterized by the flotation
of aluminosilicates and the depression of diaspore. No
matter which approach is taken, the flotation reagent is
important and also the critical technique (3,4).

Recently, research on reverse flotation desilication of
bauxite was very active and mainly focused on new cationic
collectors for the flotation of aluminosilicate minerals or
new inhibitors for the depression of diaspore. The cationic
polyacrylamide and N-dodecyl-1,3-propanediamine, and
modified starch and polyacrylamide as inhibitors inhibit
diaspore, while it had little effect on the floatability of kao-
linite (5–7). Zhang and Wei (8) reported the polysaccharide
derivatives YX-2 and YF-2. Therein, YX-2 almost com-
pletely inhibited the diaspore flotation at the pH 7, and a
small amount of YF-2 could separate diaspore and
kaolinite. BK501 has a selective inhibitory effect on dia-
spore, but for kaolinite, it has some positive effects (9).
Zhao et al. (10) carried out flotation experiments on three
aluminosilicate minierals using N-dodecyl-1, 3-diamino-
propane as a collector resulting in over 80% of the recov-
eries. Nevertheless, because of the well natural floatability
of diaspore and a poor one of the aluminosilicate mineral,
the difficulty of development of the high selective cationic
collector for aluminosilicate minerals as well as the com-
plexity of reverse flotation, (11) the desilcation by reverse
flotation is still hard to put into practice.

Direct flotation has been proved to be an efficient
method to desilicate for bauxite, and it has been put into
practice on a commercial scale and has been employed in
several factories in China for years. However, it still has
some limitation, (2) such as high collector consuming,
massive forth producing, trouble in dewater, and disadvan-
tage in metallurgy. The recent research on direct flotation
was principally focused on the flotation process using tra-
ditional anionic reagents such as fatty acids, phosphonic
acids, and their modified or combined compounds (12–
14). Unfortunately, the existing flotation reagents for direct
desilication are relatively poor in selectivity, while the
design and synthesis of new structural features of the
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collectors was paid little attention and the efficient reagents
of bauxite are not found yet. Moreover, it is still difficult to
highly efficiently separate diaspore from bauxite by direct
flotation, for the recovery of an acceptable bauxite concen-
trate was not very high on a commercial scale (2,15). Thus,
it is necessary to find and synthesize new efficient reagents
for direct flotation.

Previously, we synthesized a new structural collector
COBA (16), which had a relatively strong collecting ability
for diaspore while poor for kaolinite and possessed much
better selectivity than salicylic hydroxamic acid (HOBA).
Its collecting performance was mainly dominated by such
difference of polar group as the electronegativity, topo-
logical connectivity index, the group cross-section size,
and hydrophobicity. The results showed that the molecule
with structural features of carboxyl and hydroxamate
group is a good potential flotation reagent. However, such
a structural characteristic reagent has not been reported
by others.

The present work focuses on designing a compound
which possesses both carboxyl group and hydroxamate
with the structural characteristic of collector. As a result,
dibenzo-1-(7-carboxyl-4-hydroxyl bicycle [2.2.2] octan-7, 8-
diyl) carboxamic acid (DBCA) was developed as a
collector for the flotation of such typical mineral in dia-
sporic bauxite as diaspore, kaolinite, and illite, for the
first time. The results of the flotation test and mechanism
investigation indicate that it is possible to separate the
diaspore from the aluminosilicate minerals using DBCA
as a collector.

EXPERIMENTAL

Synthesis

In order to synthesize the target compound, dibenzo-1-
(7-carboxyl-4-hydroxyl bicycle [2.2.2] octan-7,8-diyl)
carboxamic acid (DBCA), with two functional groups of
carboxyl and hydroxamate in the same molecule, anthracen-
9(10H)-one (compound a) was selected as the start raw
material, reacted with maleic monoester (compound b) by
Diels-Alder reaction (17,18) to give the key intermediate
(compound c) followed by oximation reaction (19,20)
employing hydroxamine hydrochloride in the presence of
alkali condition to gain a salt of DBCA, which was acidified
to obtain the target compound DBCA.

The synthesis procedure was presented as follows. A
mixture of anthrone (0.02mol) and maleic monoester
(0.04mol) in glacial acetic acid was boiled under reflux
for 30min, during which time crystals formed. The mixture
was cooled and the precipitates were filtered off, recrystal-
lized in acetic acid and dried to give compound (c) with a
yield of 89.6%. Under stirring at room temperature,
sodium ethoxide (0.02mol) ethanol solution was slowly
dropped into compound (c) (0.02mol) in ethanol. When

the drop of sodium ethoxide ethanol solution finished,
hydroxylamine hydrochloride (0.024mol) was added into
the mixture. Waiting for the mixture was stirred for
8–10min, and then NaOH (0.044mol) in ethanol was
added to the mixture dropwise within 1 h at room tempera-
ture. Subsequently, the mixture was allowed to be heated at
the temperature of 40–50�C and stirred for 3 h. The sol-
ution was reduced by evaporating at 30�C, and then a yel-
low precipitate was obtained as salt of DBCA. Finally, the
yellow precipitate was recrystallized in water and acidified
to pH¼ 3–4 using 5wt% HCl to give the desired product
(DBCA, white crystal powder) with a yield of 75.1%.
m.p: 271.5–272.5�C. IR spectra measured by FT-IR-750
infrared spectrophotometer (Nicolet Corporation, USA):
3250–3550 cm�1 (-OH, -NH), 1679 cm�1 (C=O). Elemental
analysis by Varian EL (III) elemental analyzer, found (%):
C, 66.40; N, 4.32; H, 4.68; calculated for C18H15NO5 (%):
C, 66.46; N, 4.31; H, 4.65.

Flotation Performance

The individual minerals of diaspore, kaolinite, and illite
were obtained from Henan, China. All the individual min-
eral samples were hand-picked, and ground in porcelain
mill with agate ball to pass 74 mm. The purity of the miner-
als was identified at least 90% (the results of mineralogical
analysis by X-ray). Analytical grade sodium hydroxide and
hydrochloric acid solution were used for the pH control.
0.1mol=L of DBCA aqueous solution was newly prepared
before its use. Distilled water prepared in our laboratory
was used in all tests.

Flotation tests were performed in a XFG-35 flotation
machine with 30mL effective cell volume. The impeller
speed was fixed at 1650 rpm. In each test, 2.0 g mineral
samples were dispersed in 30mL distilled water. After
adjusting suspension pH to a desired value, a desired dos-
age aqueous solution of DBCA was added and the suspen-
sion was stirred for 5min, and then the froth product was
gathered for 5min. The floated and unfloated fractions
were collected and dried separately. The mass of the solid
in each fraction was determined and used to calculate the
recovery.

FT-IR Spectroscopy

In order to characterize the nature of the interaction
between the collector and the minerals, the infrared spectra
of collector as well as samples with or without collectors
pretreated are measured by the KBr technique spec pure
KBr was dried at 120�C for 4–6 hours, then ground in
agate mortar into powder inside, and then an appropriate
amount of KBr, together with samples powder was grown,
and finally pressed into the tablet. Model FT-IR-750 Infra-
red spectrophotometer from Nicolet CO., USA was used to
obtain the IR spectra. The mineral samples were ground to
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be less than 2 mm in an agate mortar before being con-
ditioned with 2� 10�2mol=L collectors.

Zeta Potential Measurement

Zeta potential was measured on a Delsa-440SX Zeta
potential instrument (Brookhaven Corporation, USA).The
mineral sample was further ground to less than 5 mm in an
agate mortar. The mineral suspension containing 0.01%
(mass fraction) solid was dispersed in a beaker for 15min
by using 1� 10�3mol=L KNO3 solution as a supporting
electrolyte, and then HCl or NaOH was added to adjust
the desired pH value. The measurement error was found
to be within �0.5mV after at least three measurements in
each condition.

RESULTS AND DISCUSSION

Collecting Behavior of DBCA on Minerals at Different
pH Value or in Different Concentration

The impact of the pH value on the diaspore, kaolinite,
and illite flotation using 2� 10�4mol=L DBCA as a collec-
tor was presented in Fig. 1 The results showed that in the
pH range of 3�7 the recovery of diaspore rises with
increasing pulp pH value, while in the pH range of 7�11,
the recovery of diaspore decreases with the increase of
pH value. At pH around 7, the diaspore has very good
floatability with the flotation recovery above 97%. This
pH value happens to be commonly reported as the range
of the pKa value of hydroxamic acid (21), so such a coinci-
dence was often used as an interpretation of the flotation
peak. As for aluminosilicates, with the increase of pH value
there was slight growth in the floatabilty of kaolinite and
slight decrease in that of illite. However, DBCA did not

present strong collecting ability to the two aluminosilicate
minerals in the whole tested pH range from 3 to 11.

At a fixed pH 7, Fig. 2 presented the flotation results of
diaspore, kaolinite, and illite with different concentration
of DBCA. It was shown that, when the concentration of
DBCA increasing from 1� 10�4mol=L to 5� 10�4mol=L
the recovery of diaspore almost remained unchanged with
a basically recovery of 97%. Also, the floatability of the
two aluminosilicate minerals varied little, and the recovery
of kaolinite kept a level no more than 26% while that
of illite maintained less than 17% in the tested DBCA
concentration.

Concluded from Figs. 1 and 2, the flotability of the
three minerals is in the order of diaspore> kaolinite
> illite when using DBCA as a collector, and it possesses
very good collecting ability to diaspore and poor collecting
activity to either kaolinite or illite. This means that DBCA
has a good selectivity for diaspore flotation. Accordingly,
the diaspore may be possibly separated from kaolinite
and illite by using DBCA as a collector.

FT-IR Spectra of Minerals Treated or Untreated
by DBCA

Figure 3 presented the IR spectra graph of diaspore,
kaolinite, and illite with and without DBCA. According
to the infrared spectra of DBCA, the reagent characteristic
absorption peaks appeared at 3250–3550 cm�1(-OH,
>NH), 1679 cm�1 (>C=O) and others, etc. After being
conditioned by DBCA, the appearance or disappearance
of the characteristic absorption peaks was observed on dia-
spore, kaolinite, and illite, and a different shift of wave-
number happened in the IR spectra between the reagent
and different mineral.

FIG. 1. Effect of pH value on the flotation of minerals using 2� 10�4

mol=L DBCA as a collector.

FIG. 2. Effect of DBCA concentration on mineral flotation at pH 7.0.
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For diaspore treated by DBCA, the 3250–3550 cm�1

absorption band of DBCA disappeared, which should be
the result from reaction of –OH in -COOH or -CONHOH
with diaspore and the brokenin of O-H bond (16); At the
same time, the >C=O absorption peak of the reagent
shifted down to 1650 cm�1 from 1679 cm�1, which may
explain that the oxygen atom of >C=O provided the

lone-pair electron to the aluminum ions on the diaspore
surface to form a chemical bond.

The spectra of kaolinite treated by DBCA exhibited a
peak at 1640 cm�1 (that was 1638 cm�1 without DBCA),
which may be caused by the formation of N-H . . .O hydro-
gen bond between the group of -NHOH in DBCA mol-
ecule and the oxygen on kaolinite surface (22). Similar to
kaolinite, the hydrogen bond was formed in illite with
DBCA as well, where the peak of 1637 cm�1 shifted to
the lower wavenumber and higher intensity of 1635 cm�1.

To sum up, treated by DBCA, the characteristic absorp-
tion of DBCA on diaspore shifted more while those of the
two aluminosilicate minerals shifted only slightly. There-
fore, this may illustrate that the interaction between DBCA
and the diaspore is mainly chemical adsorption, while
DBCA on kaolinite and illite is hydrogen bonding or physi-
cal adsorption. Since the chemical bond is stronger than
the hydrogen bond or physical adsorption, the recovery
of the diaspore is at a high level and those of aluminosili-
cates are at a relatively low level, which is consistent with
the flotation results by using DBCA as a collector.

Zeta Potential of Minerals Treated or Untreated
by DBCA

Figure 4 described the relationship between the pH value
and the zeta potential of diaspore, kaolinite, and illite
untreated or treated by DBCA. The results presented
that the isoelectric point (IEP) determined was 6.2, 3.8,
and 3.0 for diaspore, kaolinite, and illite without DBCA,
which are generally consistent with the previous reported lit-
eratures (16, 22). Compared with kaolinite and illite, the dia-
spore has a relatively higher IEP. When pH>IEP, the zeta
potential of diaspore, increases rapidly with the negative
growth of pH values, while pH reaching 10, it keeps nearly
invariance. However, the zeta potential of kaolinite and illite
falls significantly with the growth of the pH value and has no
significant change when the pH reaches 6 or above.

When treated by DBCA at a different pH value, the var-
iety of zeta potential of diaspore, kaolinite, and illite is
almost the same as that without DBCA; however, diaspore
has a more negative zeta potential than kaolinite or illinite
in mostly tested pH range. These results present that DBCA
could be adsorbed on the surface of the three minerals. Since
the fact that DBCA possesses very high collecting activity to
diaspore and low activity to the aluminosilicates, it can be
concluded that the adsorption of DBCA on diaspore is a
chemical one and those on the aluminosilicates are physical
ones or hydrogen bond, which is in agreement with and
confirms the conclusion resulted from IR spectra.

Analysis of the Relationship of Collector Between
Structure and Properties

According to the calculation formula of group electro-
negativity Xg (23), group topological connectivity index

FIG. 3. FT-IR spectra of mineral with and without reagent (a) Diaspore;

(b) Kaolinite; (c) Illite.
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Gg (24), group cross-section size dg (4), and hydrophobic
constant (4), the indices for DBCA were calculated, the
results of which associated with those of COBA and
HOBA (16) and were listed in Table 1. Usually for the flo-
tation reagent, a relatively large value of Xg or Gg indicates
that the reagent is intensively adsorbed on the oxide min-
eral, the relatively large value of dg shows the better selec-
tivity of the reagent among minerals, and the relatively
large value of logP gives intensive hydrophobicity resulting
in high collecting ability of a collector to a mineral.

Analyzed from the HSAB principle, the three reagents
belong to the hard base type flotation reagents while dia-
spore, kaolinite, and illite are the hard acid type minerals,
but kaolinite and illite is relatively softer than the diaspore.
Seen from Table 1, compared with COBA and HOBA, the
DBCA has a relative higher value of Gg, dg and logP. These
present the foot that the DBCA possesses highly intensive
adsorption force on the diaspore, high selectivity, and high
hydrophobicity, which leads to very high collecting activity
to the diaspore and low collecting activity to aluminosili-
cate minerals when DBCA is employed as a collector.

Analysis of Adsorption Model of DBCA
on Diaspore Surface

In the polar group of the DBCA, the oxygen atoms of
>C=O and –OH in the carboxyl group –COOH, the oxy-
gen atoms of >C=O and –NHOH in the hydroxamate
group all have lone-pair electron whose negative value of
net charge is relatively high, which indicates that these oxy-
gen atoms may become the possible bonding atoms in
DBCA. The negative value of the net charge of the above
minerals is big. The net charges of the isolated molecules
are �0.7300, �0.7886, and �0.9345 respectively, which
indicates that the four O atoms may be the bonding atoms
of the DBCA with the mineral. Meanwhile, the distance of
these oxygen atoms is 4�6 atoms which are in accordance
with the requirement to form the five to seven membered
rings. These characteristics combined with the evidence
provided by IR spectra and zeta potential mentioned above,

TABLE 1
The performance index of DBCA, COBA and HOBA

Reagent Xg Gg dg=nm logP

DBCA 4.1(-COOH),3.8(CONHOH) 0.90 91 1.30
COBA 4.1(-COOH),3.8(CONHOH) 0.86 87 1.01
HOBA 3.9(-OH),3.8(-CONHOH) 0.80 73 0.60

FIG. 4. Relationship between zeta potential and pH value with or with-

out DBCA (a) Diaspore; (b) Kaolinite; (c) Illinite.

SCH. 1. Adsorption model of DBCA on diaspore surface.
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an adsorption model of DBCA on diaspore surface is sug-
gested as Scheme 1, where four oxygen atoms in the polar
group of DBCA donate electrons to the aluminum atom on
the diaspore surface to form three cycle chelation rings.

CONCLUSION

By implanting the carboxyl and hydroxamate into the
same molecule, a novel collector DBCA was synthesized
for the first time. It possesses very high collecting activity
to the diaspore and low collecting ability to kaolinte or
illite. The essential of DBCA for highly selective flotation
of diaspore may be the four oxygen atoms in its polar
group donate electrons to the aluminum atom on the dia-
spore surface to form three chelation rings. It is possible
to separate diaspore from the aluminosilicate minerals
using DBCA as a collector.
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