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Abstract: Acid/basic potentiometric titration can be used to quantify the red mud surface charge properties. The amount of surface 
active —OH groups and surface charge density on the red mud particles generated from Chinese diaspore bauxite were evaluated 
from the acid/basic potentiometric titration data in 0.1 mol/L or 0.5 mol/L NaCl solution. The results show that the adsorption of 
sodium polyacrylate(SPA) on the red mud surface causes the increase of the surface active —OH groups, which makes the point of 
zero charge(PZC) shift to a lower pH value. However, the adsorption of polyacrylamide(PAM) causes little change. As the 
concentration of NaCl solution increases, the surface charge becomes more positive in acidic solution and more negative in alkaline 
solution, which can be attributed to the presence of a porous surface gel coating on the red mud particles. 
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1 Introduction 
 

Red mud must be separated from aluminate solution 
after alumina digestion and the separation process is 
often enhanced by adding polymeric flocculants. The 
flocculation effectiveness is determined by the 
flocculation property of polymeric flocculants and red 
mud surface property[1]. Red mud contains oxides of 
iron, aluminium, silicon and titanium, which makes red 
mud surface bear lots of hydroxyl groups. The groups 
responsible for the red mud surface charge properties are 
important for the interaction between red mud and 
flocculant molecules serving as active sites[2]. 

The amount of red mud surface active —OH 
groups and the red mud surface charge density can be 
determined by means of acid/basic potentiometric 
titration. This method has been widely used to 
characterize the surface hydroxyl groups of oxides and 
clay minerals[3−4], and was used to determine the 
surface charge properties of activated or pretreated red 
mud particles[5−6]. CHVEDOV et al[2] studied the 
surface charge properties of red mud particles generated 
from different kinds of bauxites such as Jamaican 
gibbsite bauxite and Australian boehmite bauxite, and 
determined the amount of surface active —OH groups 

and the PZC value of red mud particles flocculated with 
high molecular mass sodium polyacrylate by employing 
the acid/basic potentiometric titration. In this study, an 
attempt was made to evaluate the surface charge 
properties of some focculated and unflocculated red mud 
particles generated from Chinese diaspore bauxite in 
NaCl solution using the acid/basic potentiometric 
titration. 
 
2 Experimental 
 
2.1 Materials 

Bayer red mud slurry generated from Chinese 
diaspore bauxite was obtained from a bauxite refinery of 
China Aluminium Co. Ltd (CHALCO). The red mud 
slurry was split into three parts, with two parts being 
flocculated by sodium polyacrylate(SPA) and 
polyacrylamide(PAM), respectively. Each part was then 
separated by centrifugation and the residual alkali lye in 
the centrifuge cake of red mud was removed first by hot 
water washing. Subsequently, the red mud was cleaned 
with dilute HCl solution and then distilled water until 
there was a constant pH value in red mud suspension. 
Finally, the thoroughly cleaned red mud was dried at  
105 ℃ for 2 h. The red mud had an average grain size 
of about 10 µm measured by a Mastersize 2000 laser  
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granulometer (Malvern, U.K.) and the chemical 
compositions are listed in Table 1. The BET method with 
N2 adsorption on a Micromeritics ASAP2020 auto- 
adsorption analyzer (MIKE, U.S.A.) was used to obtain 
the red mud surface properties. The results are listed in 
Table 2.  
 
Table1 Chemical compositions of dry red mud (mass fraction, %) 

CaO Al2O3 SiO2 TiO2 Fe2O3 Na2O Residual

25.22 18.36 14.49 10.45 6.81 5.53 19.14
 
Table 2 Some surface properties of dry red mud 

Type of red 
mud 

Specific surface 
area/(m2·g−1) 

Total pore 
volume/(m3·g−1) 

Average pore 
size/Å 

Unflocculated 14.34 0.054 212.37 
Flocculated 
with SPA 10.10 0.065 182.38 

Flocculated 
with PAM 11.88 0.059 197.68 

 
SPA (Tianjin Kermel Development Centre of 

Chemical Reagents, China) and PAM (Agents for 
Chemicals in Shanghai, China) were commercially pure 
and used to flocculate red mud. The average molecular 
mass of SPA and PAM were 8−10 million and about 3 
million, respectively. The dosage of flocculants was  
200 g per ton dry red mud. 
 
2.2 Acid/basic potentiometric titration 

The surface charge of red mud particles was 
determined using the acid/basic potentiometric titration 
technique described in Ref.[7]. About 0.13 g dry red mud 
was placed into stopper-bearing glass bottles with 70 mL 
of 0.1 mol/L or 0.5 mol/L NaCl solution. The red mud 
suspension was then equilibrated for approximately 14 h 
on a reciprocal shaker, then the pH value of the 
suspension was determined by a digital pH-meter (model 
PHS−10B, China). The titrations began at pH 4 and 
ended at pH 11 to avoid red mud dissolution. Two 
identical suspensions were completely titrated from pH  
4 to 11, separately, with 1 mol/L HCl and with 1 mol/L 
NaOH by using a microburette. After each HCl or NaOH 
addition, the suspension was shaken for 14 h, then the pH 
value was recorded. The temperature of the whole 
titration process maintained at 25 .℃  
 
3 Results and discussion 
 
3.1 Total amount of surface active —OH groups on 

red mud particles 
Titration curves exhibit the response of the red mud 

system to the changes in the pH value as acid or base is 
added. The typical potentiometric titration curves of the 
slurries in 0.1 mol/L or 0.5 mol/L NaCl solution are 

shown in Figs.1−3. 
The red mud surface active —OH groups 

(represented by Si—OH) are able to adsorb or desorb H+. 
Si—OH comes from the surface structural hydroxyl 
groups of red mud or the carboxyls of SPA adsorbed on 
red mud surface. The general acid-base equilibrium can 
be written in Eqn.(1), where the Si atom can be replaced 
 

 
Fig.1 Titration curves of unflocculated red mud slurry 
 

 
Fig.2 Titration curves of red mud slurry flocculated with SPA 
 

 
Fig.3 Titration curves of red mud slurry flocculated with PAM 
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by such atoms as Fe, Al and Ti since the oxides of these 
elements are the main compositions of the red mud.  
 

 
 (1) 

 
As seen in Figs.1−3, the addition of the red mud 

particles to NaCl solution results in inflection in titration 
curves, each of which is split into three zones (ZonesⅠ−
Ⅲ ). In basic aqueous solution (ZoneⅠ ), the slurry 
particles carry ionized surface active —OH groups (Si－
O–) with exposed oxygen atoms on the red mud surface 
and can consume protons. In this stage, the pH drop with 
HCl addition is only due to the consumption of protons 
to neutralize free OH– ions in NaCl solution. Because 
free OH– ions are more mobile and accessible, they are 
first consumed in titration. Near the neutral pH value, 
almost all free OH– ions are consumed during titration 
and there is a sharp drop of the pH value to another stage 
(Zone Ⅱ). Titration curves are flatten out to some extent 
depending on the red mud type to form Zone Ⅱ, where 
only surface active —OH groups (Si—O– or Si—OH) 
form Si—OH or Si—OH2

+. Because all the added HCl is 
consumed by the surface active —OH groups in titration, 
a constant pH value is present. The first bend between 
ZoneⅠand Zone Ⅱ, and the second bend between Zone 
Ⅱ and Zone Ⅲ  in titration curves respectively 
correspond to the beginning and the end of the titration. 
Therefore, the total amount of the surface active —OH 
groups of the red mud can be calculated from Zone Ⅱ 
of the curves by Eqn.(2) or Eqn.(3) and the results are 
shown in Table 3. In Zone Ⅲ of Figs.1−3, the drop in 
the pH values is due to the accumulation of protons as 
HCl is added. 

RM

II1
OHSi 2m

n
N

∆
=−                              (2) 

RM

II2
OHSi 2A

n
N

∆
=−                              (3) 

where  N1
Si—OH and N2

Si—OH are the total amount of the 
red mud surface active －OH groups in mol/kg and 
mol/m2, respectively, ∆nⅡ is the mole amount of HCl 
consumed in Zone Ⅱ, mRM is the mass of the dry red 
mud in the suspension in kg, ARM is the total red mud 
surface area in m2, and “2” indicates that the red mud 
particles can consume twice protons as many as the total 
red mud surface active －OH groups. 

As indicated in Table 3, the coating of SPA on the 
red mud surface results in an increase in the total amount 
of surface active —OH groups. And the coating of PAM 
causes little change in the total amount of —OH groups 
in the unit of mol/m2, but an obvious decrease in the unit 
of mol/kg. During flocculation in caustic solution, 
the —COONa groups in the polymeric chain of SPA are  

Table 3 Total amounts of red mud surface active —OH groups 
Total amounts of red mud surface 

active —OH groups Red mud 
sample 

mol/kg mol/m2 

Unflocculated 3.27 2.28×10−4 

Flocculated 
with SPA 3.87 3.83×10−4 

Flocculated 
with PAM 2.68 2.25×10−4 

 
ionized to —COO− groups, which combine with hydroxyls 
of the red mud surface by hydrogen bond and are 
consumed[8]. However, there are also lots of free      
—COO− groups on the mud surface against this consump- 
tion. As a result, the total amount of the active —OH 
groups on the mud surface increases with SPA coating on 
the surface, which accords with the results by 
CHVEDOV et al[2], where the surface active —OH 
groups of Bayer red mud from Jamaican gibbsite bauxite, 
and from Australian boehmite bauxite are increased by 
flocculation, respectively, from 1.2×10−4 mol/m2 to 2.7
×10−4 mol/m2 and from 11.9×10−4 mol/m2 to 12.4×
10−4 mol/m2.  

Red mud separation in alumina production is 
operated in the basic condition, which can cause the 
hydrolysis of some —CONH2 to form —COO− in PAM 
polymer chains[9]. Then partially hydrolyzed PAM 
adsorbs on the red mud surface via hydrogen bond, 
which reduces the surface active hydroxyl groups. The 
amounts of free carboxyls from partially hydrolyzed 
PAM and their —OH groups are close to the decreased 
amounts of the hydroxyls on the mud surface due to 
PAM adsorption. Thus, the total amount of active —OH 
groups per unit area on the mud surface almost doesn’t 
change. But the red mud surface active —OH groups per 
unit mass decrease obviously, due to the aggregation of 
flocs and the reduction of specific surface area of the 
mud after the flocculation with PAM (as shown in Table 
2). 
 
3.2 Surface charge density of red mud particles 

The surface charge of red mud particles can be 
derived from acid/basic titration because it is usually 
governed by the proton’s adsorption/desorption of the 
surface active —OH groups. The surface charge density 
(σ) can be calculated from the titration curves (Figs.1−3) 
and Eqn.(4)[10]: 

 
=−= −+ )( OHH ΓΓσ F  

F(CHCl−CNaOH+[OH−]−[H−]/A)                (4)  
where  σ is the surface charge density (C/cm2), F is the 
Faraday constant, +HΓ and −OHΓ  are the adsorbed 
amounts of H+ and OH− (mol/cm2), respectively, CHCl and 
CNaOH are the concentrations of the added HCl and NaOH 
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in NaCl solution (mol/cm3), respectively, [H+] and [OH−] 
are the concentrations of H+ and OH− in NaCl solution 
obtained from pH measurements (mol/cm3), and A is the 
total red mud surface area per unit volume of NaCl 
solution (cm2/cm3). 

The curves of the surface charge density (σ) vs the 
pH value for the red mud are presented in Figs.4−6, 
respectively. The results in Figs.4−6 demonstrate that the 
overall pH dependence of the surface charge density (σ)  
 

 
Fig.4 Surface charge of unflocculated red mud slurry 
 

 
Fig.5 Surface charge of red mud slurry flocculated with SPA 
 

 
Fig.6 Surface charge of red mud slurry flocculated with PAM 

has a similar shape for either flocculated or unflocculated 
red mud. The surface charge properties can be 
represented by the point of zero charge (PZC) defined as 
the pH value at which the net charge on the surface is 
zero. The PZC value of the red mud is located at the 
intersection[5−11] of acid/basic potentiometric titration 
curves in Figs.4−6 and listed in Table 4. 
 
Table 4 PZC of red mud 
Unflocculated Flocculated with SPA Flocculated with PAM

8.25 7.60 8.24 
 

As seen in Table 4, the PZC value is minimal for the 
red mud by flocculation with SPA. The adsorption of 
SPA with —COO− groups on the surface makes the 
negative surface charge increase. Neutralizing the 
negative charge calls for more H+, resulting in the 
decrease in PZC. The PZC value of the red mud 
flocculated with PAM is almost equal to that of the 
unflocculated red mud, because the adsorption of PAM 
causes little change in the amount of the —OH groups of 
surface. 

In the previous study[12], the PZC value of the 
unflocculated red mud from gibbsite bauxite is 8.1±0.2, 
which equals to 8.25 of the present study within the 
errors. The red mud is a complex of such oxides as Fe2O3, 
Al2O3, SiO2 and TiO2, and its PZC value lies on the 
contents and the PZC values of these oxides[13], which 
are 8.5, 9, 2, and 7, respectively[11]. Here only SiO2 has 
an acidic PZC value. The red mud containing more silica 
should have a lower PZC value. The content of SiO2 of 
the present red mud is limited (Table 1), therefore there 
is an alkaline PZC. Chinese diaspore has much worse 
digestion performance than gibbsite, e.g. the digestion 
process usually calls for lots of CaO added to improve 
the leaching rate of Al2O3. As a result, Bayer red mud 
from this process contains a great amount of CaO, while 
the red mud from gibbsite bauxite contains over 37% 
Fe2O3[12], which is much higher than that of diaspore 
used in the present study. Therefore, the PZC values of 
the red mud both from gibbsite and diaspore are almost 
equal because the PZC value of CaO is 8.1, very close to 
the PZC value of Fe2O3[14]. 

Figs.4−6 demonstrate that the red mud surface in 
equilibrium with H+ or OH− ions has a zero charge at the 
PZC value by the formation of neutral Si—OH. The 
positive charge of the red mud at pH below the PZC 
value is attributed to chemisorption of H+ forming     
Si—OH2

+ on the neutral surface. And at pH above the 
PZC value, the negative charge on the red mud surface 
forms Si—O–. In the region near PZC, the surface charge 
density (σ) drops sharply with the pH increasing, which 
is due to acid/basic titration of the red mud surface    
—OH groups. Under much more basic or acidic condition, 
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the charge change is the result of partial dissolution of 
some components in the red mud. 

As shown in Figs.4−6, the surface charges are 
extended at higher ionic strengths. This ion effect can be 
attributed to the presence of a porous surface gel coating 
on the red mud particles. The gel coating is helpful to ion 
transport and is formed during the shake equilibrium 
process of red mud suspension. Charged surface sites of 
the red mud do not directly contact with NaCl solution 
because of the porous gel layer. H+ ions may diffuse 
through the porous gel layer to the inner layer to change 
the charge density of the red mud surface[11]. In NaCl 
solution with the suspension mud, Na+ ions are adsorbed 
on the porous surface layer and play the role of 
transferring H+. As NaCl concentration increases, the 
amount of Na+ ions adsorbed on the porous surface layer 
increases, which can promote the diffusion of H+ ions 
from bulk solution to the mud surface to increase the 
positive surface charge under acidic condition, or the 
diffusion of H+ ions in surface active  —OH groups to 
bulk solution to increase the negative surface charge 
under basic condition. 

As shown above, the red mud particles carry the 
negative charge under a strongly basic condition. 
Digesting liquor containing the red mud in alumina 
industry usually has a pH above 12 and therefore it 
carries the negative surface charge. In general, the 
flocculants for the red mud separation are anionic. Since 
both the red mud and flocculants carry negative charge, 
flocculant molecules can adsorb on red mud surface only 
by nonelectrostatic attraction such as hydrogen bond, 
interaction via Na+ or Ca2+ bridge[15−16] and so on. 
 
4 Conclusions 
 

1) The acid/basic potentiometric titration was used 
to characterize the red mud surface charge properties. 
Due to —COO− groups in the polymeric chain of SPA, 
the adsorption of SPA on the red mud surface results in 
the increase of the slurry surface active —OH groups, 
but the adsorption of PAM causes little change.  

2) The PZC value of the red mud relates to the type 
of flocculants. The SPA adsorption produces a shift in 
the PZC value toward a lower pH value, while the PZC 
value of the red mud flocculated with PAM is close to 
that of the unflocculated.  

3) The red mud carries a positive charge in strongly 
acidic solution and a negative charge in strongly caustic 

solution. With the increases of the NaCl concentration, 
the surface charge becomes more positive in acidic 
region and more negative in alkaline region. 
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