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Abstract: Four modified starches with selected charge characteristics including cationic starch (CAS), carboxymethyl starch (CMS), 
amphoteric starch (AMS) and soluble starch (SS) were investigated as depressants for diaspore in reverse flotation test using cationic 
collector (dodecylamine). Adsorption examination, Zeta potential measurement and Fourier transform infrared (FTIR) spectroscopy 
were used to clarify the role of the surface charge characteristics of starches in determining the adsorption behavior and depression 
performance as well as the mineral−starch interaction. Results show that the positively charged starches (CAS and AMS) display 
higher adsorption amounts and also better depression performance compared with the non-ionic (SS) and anionic starch (CMS), 
benefiting from the favorable electrostatic attraction with diaspore and also electrostatic repulsion with collector. FTIR spectroscopy 
proves the presence of hydrogen bonds and chemical complexation between mineral and starches in an integrated manner. 
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1 Introduction 
 

Cationic reverse flotation desilication is a key 
process for the effective utilization of Chinese diasporic 
bauxite in terms of the improvement of aluminum/silicon 
ratio (A/S), by which the gangue minerals, such as 
kaolinite, illite and pyrophyllite, are purposely separated 
via floatation using cationic collectors, while the 
valuable component, diaspore, is depressed for 
enrichment. In this regard, depression of diaspore plays a 
significant role in promoting the separation efficiency in 
reverse flotation, and therefore has attracted a lot of 
interest from academia and industry. It is generally 
accepted that the depressing action occurs with the 
increased hydrophilicity of mineral, competitive 
adsorption and electrostatic repulsion between depressant 
and cationic collector, and strong interaction of 
depressant with the metallic ion of mineral[1]. 
Accordingly, selective depression could be obtained by 
introducing more hydrophilic groups, additional cationic 
substituents, and metal-affinity functionalities into the 
depressant molecules. 

Among the currently available depressants, starch 
distinguishes itself primarily due to its high natural 

abundance, ready availability, renewability, low cost and 
environmental friendship[2−4]. Of particular to the 
researchers is the high number of hydroxyl groups 
therein which lend the polymeric product strong 
hydrophilicity as well as convenient modification. 
Natural starch and its modified derivatives have been 
widely employed as depressants of hematite in reverse 
flotation of iron ore[5−9], but only emerged as an area of 
academic study in the field of diasporic bauxite flotation 
in recent years[10−11]. In this work, a series of 
commercial starch products, which undergo specific 
chemical modification and exhibit certain characteristics 
that allow them to be categorized into cationic starch 
(CAS), anionic starch (carboxymethyl starch, CMS), 
amphoteric starch (AMS), and non-ionic starch (soluble 
starch, SS), were used as depressants for diaspore and 
their depression performances and features were 
investigated in a comparative manner for a better 
understanding of the interaction between mineral and 
polymeric depressants of the starch type. 
 
2 Experimental 
 
2.1 Minerals and reagents 

All of the mineral samples were obtained from  
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Xiaoyi, Shanxi Province of China. The mineral lumps 
were crushed, selected by hand and then ground to a 
diameter smaller than 0.076 mm. Soluble starch 
(Sinopharm Chemical Reagent Co. Ltd., Shanghai), 
carboxymethyl starch (Haixiang Biological Engineering 
Co. Ltd., Shandong), cationic starch (Jinshan Modified 
Starch Co. Ltd., Shandong), and amphoteric starch 
(Hongxing Modified Starch Co. Ltd., Jiangxi) were 
purchased and used as received. The starch solutions 
were freshly prepared by dispersing starch particles into 
a small amount of absolute ethanol, and then they were 
dissolved in hot distilled water. Dodecylamine (DDA) in 
analytical grade was used as the collector. The pH values 
of the respective suspension and solution were adjusted 
using 1 mol/L NaOH or 1 mol/L HCl solutions. The ionic 
strength of solutions was maintained at unity by suitable 
additions of a stock KCl solution. 
 
2.2 Micro-flotation 

The micro-flotation tests were carried out in an 
XFD-type laboratory flotation machine. Pure mineral 
particles (3 g) were placed in a plexiglass cell (40 mL) 
which was then filled with distilled water (30 mL). The 
suspension was agitated for 2 min and the pH was 
adjusted. After the desired amounts of depressant and 
collector being added, the suspension was agitated for 3 
min, and then an 8 min flotation period was conducted. 
The suspensions and tailings were weighed separately 
after filtration and drying, and the recovery was 
calculated. 
 
2.3 Adsorption test 

0.4 g mineral sample was transferred to a 100 mL 
Erlenmeyer flask, and was suspended in a known 
concentration of starch solution. Then, the flask was 
placed in a mechanical shaker at 25 °C for 12 h which is 
long enough for a complete adsorption. At last, the 
mineral suspension was centrifuged for 10 min at 5 000 
r/min and the supernatant was piped out for 
determination of starch concentration by 
spectrophotometric method[12]. The amount of starch 
absorbed on diaspore was calculated from the initial and 
residual concentrations of starch. 
 
2.4 Electrokinetic measurement 

Diaspore ground to a diameter smaller than 5 µm 
was dispersed in a desired amount of 10−3 mol/L KCl 
solution and stirred for 2 min. The pH was adjusted and 
measured. The starch stock solution was added to this 
mixture, followed by stirring for 3 min. Then, the Zeta 
potential was determined by a Brookhaven ZetaPlus Zeta 
potential analyzer (USA). 

2.5 FTIR spectroscopy 
Fourier transform infrared (FTIR) spectroscopy was 

used to characterize the nature of the interaction between 
starch and diaspore. FTIR absorption spectra were 
obtained with KBr pellets using a Fourier transform 
infrared spectrometer Nicolet 6 700 (Thermo Fisher 
Scientific, USA). 
 
3 Results and discussion 
 
3.1 Micro-flotation test 

The recoveries of diaspore by the collector DDA (6 
mmol/L) in the absence and presence of the starch 
depressants (0.1 g/L) were depicted as a function of pH 
value in Fig.1(a). It is shown that diaspore is largely 
recovered (>90%) by DDA in the range of pH 6−10 
without the addition of any depressant. In sharp contrast, 
the recoveries of diaspore can be noticeably depressed by 
starch depressants. Especially, in the case of AMS, the 
recovery of diaspore is highly decreased to as low as 
12% at pH 9. Similarly, the depression performances of 
the other three starches can be established in the order of 
CAS > SS > CMS under the present conditions. 
 

 
Fig.1 Recovery of diaspore by collector DDA (6 mmol/L) in 
the absence and presence of starches as depressant (0.1 g/L): (a) 
As function of pH; (b) At different concentrations of starches at 
pH 9 
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When the concentration of starch depressant was 
also taken into consideration to determine the appropriate 
dose at pH 9, it is found that the recovery of diaspore 
decreases almost linearly with the increase of the starch 
concentration in all cases (Fig.1(b)). By following this 
trend, AMS can even completely suppress the diaspore 
flotation with a low concentration of 0.17 g/L, while 
CAS and SS at the same concentration lead to the 
recoveries of diaspore not more than 5%. As for CMS, 
however, this concentration gives a moderate diaspore 
recovery (30%). Even so, the concentration of 0.10 g/L is 
still a suitable dose for all four starch depressants in view 
of the distinction in their performances. 

The effect of starch depressants on the floatability 
of kaolinite was also investigated for a comparison. As 
seen from Fig.2, the recovery of kaolinite is more or less 
activated by the addition of starch reagents in a broad pH 
range, and nearly keeps a constant level with respect to 
the change of depressant concentration (data not shown). 
The activated flotation of kaolinite by the collector DDA 
in the presence of polymeric additive has been addressed 
elsewhere[13−14]. 
 

 
Fig.2 Recovery of kaolinite by collector DDA (6 mmol/L) in 
the absence and presence of starches as depressant (0.1 g/L) as 
function of pH 
 

These observations that modified starches uniformly 
depress the diaspore and slightly activate kaolinite prove 
the selectivity required for the separation of diaspore and 
kaolinite by reverse flotation. 
 
3.2 Adsorption test 

Selective separation in reverse flotation is mainly 
achieved by the adsorption of the depressant onto the 
surface of valuable minerals. Therefore, the investigation 
of adsorption of starches on diaspore was carried out at 
different concentrations of depressant at pH 9 under the 
same ionic condition (10−3 mol/L KCl). As observed in 
Fig.3, approximately comparable adsorption amounts  
(ca. 2 mg/g) for different starches are obtained at the 

initial concentration of 20 mg/L. The subsequent 
increase of starch concentration results in the 
concomitant increase of adsorption amounts for all four 
depressants, among which CAS exhibits the fastest 
increasing speed in nearly linear growth while SS gives 
only a slow and reluctant growth. What’s more, it is 
noted that all starches except for CAS are approaching 
the adsorption equilibrium at a higher concentration 
around 0.15 g/L. For each starch, the adsorption amount 
and the depression performance can be reasonably well 
correlated; that is, the more adsorption, the more 
depression. However, there is no such one-to-one 
correspondence among the four depressants due to their 
difference in interaction with diaspore. 
 

 
Fig.3 Adsorption of starch on diaspore as function of starch 
concentration (pH=9) 
 
3.3 Zeta potential measurement 

The effect of starches on the Zeta potential of 
diaspore is presented in Fig.4. The isoelectric point (IEP) 
of diaspore is located around pH 7.8 in the absence of 
starch, which is in good agreement with the previous 
report[15]. It is well known that the surface of mineral 
carries positive charges at pH lower than IEP and 
negative charges at pH higher than IEP, and generally, 
the adsorption of modified starches will affect the surface 
potential of mineral. 

As shown in Fig.4, the adsorption of CMS strongly 
decreases the positive charges while increases the 
negative charges of diaspore so as to put the whole curve 
negatively in broad pH range, as expected for a 
negatively charged reagent. On the contrary, CAS causes 
the corresponding curve positively, resulting from the 
typical cationic character of starch. The IEP of diaspore 
is shifted to a higher pH (9.0) when being treated with 
AMS, which indicates that AMS is more or less 
positively charged. In comparison, SS keeps the IEP 
almost as the same and leads the zeta potential close to 
zero, exhibiting a nature of non-ionic polymer[16−17]. 
Based on these observations, the charges residing at the 
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starch molecules could fundamentally account for the 
major difference in adsorption amounts of starches on 
diaspore at pH 9 (Fig.3), in which CAS and AMS that are 
positively charged result in the higher adsorption due to 
the extra electrostatic interaction between starch and 
diaspore compared with the non-ionic SS and anionic 
CMS. Nevertheless, the adsorption of CMS on diaspore 
still occurred in alkaline media, giving a hint for the 
existence of other types of interaction between CMS and 
diaspore, such as chemical complexation or hydrogen 
bonding, to overcome the electrostatic repulsion[18]. 

According to the Zeta potential measurement, it 
could be rationally deduced that the surface charge 
characteristics of starches exert a significant influence 

 

 

Fig.4 Zeta potential of diaspore as function of pH in the 
presence and absence of depressants 

on their depression performances in inhibiting diaspore 
when working with the collector DDA. In the case of 
CMS, the negatively charged starch is prone to promote 
the adsorption of the cationic DDA collector by 
electrostatic attraction so as to decrease the 
hydrophilicity of diaspore surface and limit its 
depression, while CAS and AMS that are positively 
charged are able to exclude the adsorption of DDA to 
some degree by electrostatic repulsion and subsequently 
furnish a better depression performance, as verified by 
the flotation test (Fig.1(a)). The reason for the higher 
depression ability of AMS than CAS could be explained 
by the superior hydrophilicity of the former[19]. 
 
3.4 FTIR analysis 

Infrared spectroscopy is a useful tool to study the 
interaction between mineral and reagent. In Fig.5, the 
FTIR spectra of diaspore samples conditioned with and 
without starches are presented. In the spectrum of 
diaspore, the three absorption bands are assigned to   
—OH stretching vibration at 2 117.76 and 1 985.84 cm−1, 
—OH bending vibration at 1 067.41 and 966.58 cm−1, 
and Al—O vibration at 704.27 and 579.91 cm−1. After 
adsorption, the bands due to — OH stretching of 
diaspore slightly shift in all cases, suggesting the 
starch−mineral interaction through their hydroxyl groups, 
most possibly by forming intermolecular hydrogen bonds. 
Likewise, the Al—O vibration is also found to be shifted 
to higher wavenumbers more or less, such as for 

 

 
Fig.5 FTIR spectra of diaspore samples conditioned with and without starches 
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diaspore+CAS (704.27, 582.31 cm−1), diaspore+CMS 
(707.47, 580.91 cm−1), diaspore+AMS (708.07 and 
583.31 cm−1), and diaspore+SS (704.27, 580.60 cm−1). 

The FTIR spectra of CAS, CMS, AMS, and SS are 
given in Fig.6. The adsorption bands in regions of      
3 500–3 300 cm−1 and 3 000–2 800 cm−1 are assignable 
to —OH and —CH stretching vibration, respectively. 
The other bands correspond well to the vibrational 
modes of the chemical bonds reported previously[20−26]. 
Due to the intense infrared absorbance of diaspore, a 
difference spectroscopy was employed to highlight the 
starch adsorption. As shown in Fig.6, the — OH 
stretching band of CAS (3 420.65 cm−1), CMS (3 430.92 
cm−1), and AMS (3 440.66 cm−1) are upshifted to 
3448.35, 3 452.45, and 3 441.11 cm−1, respectively, 
evidencing the involvement of —OH groups of these 
starches in the adsorption on diaspore[17, 27]. What’s 
more, in the difference spectrum of CMS-adsorbed 
diaspore, two adsorption bands appearing at 1 598.62 
and 1 416.13 cm−1 can be assignable to the subtle shifts 
of the original carboxyl groups of CMS (1 604.72,     
1 418.91 cm−1), which is inductive of the association of 
carboxyl groups with the reactive Al sites on diaspore 
surface. These observations are well consistent with the 
findings in Zeta potential measurement and, 
consequently, suggest the presence of starch−diaspore 
chemical interaction by forming surface complex 
between polysaccharide oxygen atoms and surface 
aluminum atoms of diaspore. However, the adsorption of 
SS on diaspore was hardly observed even if by 

examining the difference spectroscopy (Fig.6). The 
possible reason for this could be the relatively small 
amount of SS absorbed on diaspore (as revealed in 
adsorption test) which is not sufficient to show 
adsorption bands in FTIR spectrum[28]. 
 
4 Conclusions 
 

1) Starch derivatives were found to be applicable 
and selective as depressant for diaspore in reverse 
flotation using the cationic collector (dodecylamine, 
DDA), owing to their strong depression on diaspore and 
slight activation on kaolinite. The performances of four 
modified starches for the suppression of diaspore are 
determined in the order of amphoteric starch (AMS) > 
cationic starch (CAS) > soluble starch (SS) > 
carboxymethyl starch (CMS). 

2) The surface charge of starches is essential to their 
adsorption amounts and depression performances with 
respect to diaspore. At pH 9, positively charged starches 
(CAS and AMS) display higher adsorption amounts due 
to the extra electrostatic interaction between starch and 
diaspore and also exhibit better depression performances 
by partly excluding the adsorption of the cationic 
collector DDA, compared with the non-ionic SS and 
anionic CMS. On the other hand, a higher hydrophilicity 
helps AMS to achieve a better depression performance 
than CAS. 

3) The adsorption of positively charged starches 
(CAS and AMS) on diaspore in acidic media and anionic 

 

 
Fig. 6 FTIR spectra of starches and corresponding difference spectra 
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starch (CMS) on diaspore in alkaline media solidly 
indicates the presence of starch−mineral interaction more 
than electrostatic force. FTIR spectroscopy is 
informative to support the existence of hydrogen bonds 
and chemical complexation (through hydroxyl or 
carboxyl oxygen with aluminum sites) between mineral 
and starches. 
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