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Colloidal Titanium Dioxide Separation from Water by
Foam Flotation

YUN-HWEI SHEN
DEPARTMENT OF ENVIRONMENTAL SCIENCE AND ENGINEERING
NATIONAL P1NGTUNG UNIVERSITY OF SCIENCE & TECHNOLOGY
PINGTUNG, TAIWAN, REPUBLIC OF CHINA

ABSTRACT

Colloidal titanium dioxide (TiO2) was separated from an aqueous suspension (1000
ppm) by foam flotation using cationic or anionic surfactants. The effects of surfactant
dosage, suspension pH value, suspension ionic strength, and gas flow rate on the
dispersed-air flotation of colloidal TiC"2 were investigated. TiC>2 separation was al-
most complete in optimum conditions. It was found that the coulombic interaction
between charged TiO2 particle surfaces and ionic collectors plays a dominant role
in this system. Both flotation rate and foamate volume are dependent upon the gas
flow rate. Foam flotation may find application in the separation of submicron T1O2
particles in suspend-photocatalyst systems.

INTRODUCTION

Heterogeneous photocatalysis has recently received widespread attention
for the treatment of anthropogenic compounds in water. A number of photo-
catalysts have been studied, including titanium dioxide (TiO2), iron oxide,
zinc oxide, and cadmium sulfide. TiO2 is commonly used because it is very
photoactive, stable in comparison to other photocatalysts, and has a low cost.
Although extensive studies have been conducted on the mechanisms and
pathways of the photocatalytic degradation of anthropogenic compounds
(1-3), photocatalytic process engineering has received little attention.

In the photocatalytic degradation process, two modes of TiO2 application
are favored: TiO2 suspended in aqueous media and TiO2 immobilized on
support materials, e.g., quartz sand, glass, activated carbon, or a noble metal.
The efficiency of reactors with immobilized photocatalysts seems to be gener-
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2624 SHEN

ally lower than those designs using dispersed TiO2 particles (slurry) due to
reactant mass transfer influence (4). In the case of dispersed TiO2, an increase
of photocatalytic degradation efficiency by at least a factor of 10 is reported
(5) compared to TiO2 applied in fixed-bed configurations (6, 7). However,
because recovery of colloidal TiO2 particles from treated liquid may be an
awkward process (4), the optimal process design for the photocatalytic degra-
dation process has not yet been established. An economic and efficient strat-
egy for solid separation of suspended submicron TiO2 is essential for the
process development of continuous-flow stirred-tank and plug-flow sus-
pend-photocatalyst systems.

As the size of a particle becomes smaller, the surface-to-volume ratio in-
creases and it become advantageous to use surface-dependent properties for
separation. Foam separation processes have been utilized to separate or con-
centrate a variety of constituents from aqueous solution. This technique is
based on the fact that a surface-active material tends to concentrate at the
gas-liquid interface. On bubbling air though the solution, one adsorbs the
surface-active material at the surface of the rising bubbles, which then separate
themselves from the solution as foam. If the substance to be removed is
sbusieve size particles which are not surface active by themselves, the separa-
tion is called microflotation (8). In this case a surfactant (collector) is then
added. The surfactant adsorbs onto the surface of the particle (colloigend)
and renders it hydrophobic. The particles then concentrate at the gas-liquid
interface and are removed normally by air flotation. From the solid/liquid
separation point of view, flotation techniques appear to possess distinct advan-
tages (9): small energy requirements, high efficiency of solid removal, small
space requirements, production of small volumes of sludge with low water
content, and moderate cost. Although foam flotation techniques have been
applied to separate various solids from water such as talc (10), calcite (11),
powder activated carbon, (12) and fine-particle coal (13), to my knowledge
the application of this technique for the separation of submicron TiO2 particles
in suspend-photocatalyst systems from water has not been investigated.

The objective of present study was to evaluate the foam flotation technique
as a possible treatment process for the separation of TiO2 particles from water
and to examine the major operating parameters that may control the process.
These parameters include collector type and dosage, ionic strength of solution,
solution pH, and gas flow rate.

EXPERIMENTAL

The TiO2 particles (P25 anatase, particle size 30-70 nm, density 3800
kg-m~3,4.02 X 1018 particle-kg"1 at a mean diameter of 50 nm) used in this
study were purchased from Degussa Corp. Reagent-grade sodium dodecylsul-
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COLLOIDAL TITANIUM DIOXIDE SEPARATION 2625

FIG. 1 Schematic diagram of the experimental system. (1) Air tank, (2) regulator, (3) air
flowmeter, (4) needle valve, (5) sparger, (6) flotation column, (7) discharge foam.

fate (SDS, Tokyo Chemical Industry, Japan) and dndprvioyridinium chloride
(DPC, Tokyo Chemical Industry, j.;oan) were used as collectors and frothers
without purification. Reagent-grade NaOH, HC1, NaCl, and distilled water
were used to prepare samples of TiO2 suspension.

A schematic diagram of the foam separation apparatus is shown in Fig. 1.
The flotation column was made of Pyrex tubing, inside diameter 3.5 cm,
length 90 cm. The bottom of the column was closed with a rubber stopper
with holes for a gas sparger and a stopcock to take samples and to drain the
column. The gas sparger was a commercially available 12M gas dispersion
tube (pore size 10-15 jim). A lipped side arm near the top of the column
served as a foam outlet. Nitrogen gas was supplied by a nitrogen cylinder
with a pressure regulator. The gas flow rate was adjusted using a single tube
flowmeter with a needle value.

For foam flotation runs, a 500-mL suspension with a TiO2 concentration
of 1000 ppm, which is a typical concentration used in suspend-photocatalyst
reactors, was prepared in a stirred glass beaker. To ensure complete homoge-
neity, it was sonicated for 10 minutes in an ultrasonic tank. The suspension
pH and ionic strength were adjusted using NaOH or HC1 solutions and NaCl,
respectively. The appropriate amount of surfactant was added and the solution
was stirred at 200 rpm for an additional 5 minutes of conditioning. The solu-
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2626 SHEN

tion was then poured into the flotation column, and the timer was started.
The air flow rate was adjusted to 83 mL/min before the sample solution was
poured into the separation column. The duration of air flow was 12 minutes for
each flotation run. All the experiments were performed at room temperature.

Sample turbidities were measured on a Hach ratio turbidimeter (model
18900). The concentration of TiC>2 in suspension was estimated by absorbance
measurement taken with a Shimazdu UV-160A spectrophotometer using 10-
mm cuvattes at a wavelength of 650 nm. A calibration curve of the absorbance
vs TiO2 concentration was obtained (Fig. 2). Samples were taken before and
after flotation, and the absorbance was determined. The percentage of TiO2

removal was calculated as usual. Foamate volume for each flotation run was
estimated by the displacement of the solution-froth interface during flotation.
In order to understand the effect of solution pH on the surface charge of TiO2

particles, electrokinetic measurements were conducted by using 50 ppm TiO2

suspensions at different pH values using a Zeta meter (Zeta-Meter Inc.). A
total of 10-20 particles was tracked. The average velocity of the particles
was calculated at a known applied voltage to determine the £ potential. The
relationships between the £ potential of TiO2 particles used in this study and
pH at two different ionic strength are shown in Fig. 3. It clearly shows that
the TiO2 particles used in this work have a point of zero charge (pzc) at a pH
around 6.2. Similar pzc values for TiO2 were obtained by other investigators
(14-16).
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RESULTS AND DISCUSSION

Effects of Collector and pH on Separation

TiO2 separation with SDS at three different pH values are presented in
Fig. 4. In this instance, the three pH values of TiO2 suspension, 4.2, 6.0, and
8.6, represent a strong positive, weak positive, and strong negative surface
charge of the TiO2 particles in suspensions, respectively (Fig. 3). SDS proved
to be effective only when TiO2 is positively charged (pH below 6.2). At a
pH value of 4.2, maximum separation was obtained, recovery being over
99.9% and residual turbidity being below 10 ntu at a 120 ppm SDS dosage.
At pH 8.6, SDS was totally ineffective for TiO2 separation. In this case,
anionic collector ions (SDS) only adsorb on a positively charged TiO2 surface
via coulombic interaction and thereby render it hydrophobic. It is also worth
noting that as the TiO2 surface becomes less positively charged (from pH
4.2 to pH 6.0), separation is slightly reduced and the foamate volume after
separation increased. As the surface charge of TiO2 becomes less positive,
adsorption of SDS onTiO2 surfaces decreases. As a result, the hydrophobicity
of the surface is impaired and separation is slightly reduced. On the other
hand, increasing the free SDS concentration in solution results in an increase
of foamate volume. At pH 8.6, SDS is not expected to adsorb significantly
on the strongly negatively charged TiO2 surface, thus leaving all the SDS in
solution. It is thus expected that the foamate volume will be maximum at pH
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0 50 100 150 200 250

SDS Dosage (mgL1)

FIG. 4 Effect of SDS dosage on TiO2 separation at different pH values of the TiC>2 suspension.

8.6, but this is not the case in our experiments. This is possibly due to a lack
of solid for stabilizing the foam layer at pH 8.6 adversely affecting foaming
ability. Moolman et al. (17) found that hydrophobic particles stabilized froth,
whereas completely wetted particles had no effect on froth stability.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



COLLOIDAL TITANIUM DIOXIDE SEPARATION 2629

TiO2 separation with DPC at three different pH values is presented in Fig.
5. The flotation mechanisms in this case are very similar to separation with
SDS. Cationic DPC proved to be effective only when TiO2 is negatively
charged (pH above 6.2). At a pH value of 10.2, maximum separation was

100 200 300

DPC Dosage (mgL1)

FIG. 5 Effect of DPC dosage on TiO2 separation at different pH values of the TiO2 suspension.
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obtained, recovery being over 99.9% and residual turbidity being below 10
ntu at a 300 ppm DPC dosage. In this case, cationic collector ions (DPC)
adsorbs only on a negatively charged TiO2 surface via coulombic interaction
and thereby render it hydrophobic. It can further be seen from Fig. 5 that at a
DPC dosage below 300 ppm, the separation efficiency for a weakly negatively
charged TiO2 (pH 7.0) was better than that for a strongly negatively charged
TiO2 (pH 10.2). This is presumably due to the fact that a weakly negatively
charged TiO2 requires a lesser amount of cationic DPC to neutralize the
surface charge and render it hydrophobic. This phenomenon was also ob-
served in separation with SDS (Fig. 4) at low SDS dosages. Finally, the
effect of solid particles on foam layer stability was demonstrated again by
the foamate volume data shown in Fig. 5.

Effect of Ionic Strength on the Separation

The effects of ionic strength on the separation of TiO2 with SDS and DPC
are shown in Figs. 6 and 7, respectively. At high surfactant dosage, the separa-
tion efficiency decreases with increasing ionic strength of solution, presum-
ably due to a decrease of the surface charge of TiO2 by the compression of
the electrical double layer around the TiO2 particles such that the surface
charge of TiO2 is no longer enough for a sufficient amount of reverse-charged
surfactant to be adsorbed. For example, the residual turbidity after separation
with 160 ppm SDS was 2, 10, and 20 ntu for solutions with ionic strengths
of 0, 0.002, and 0.085 M NaCl, respectively. However, in the low surfactant
dosage range, in which the amount of surfactant adsorbed was inadequate to
render TiO2 completely hydrophobic, increasing the ionic strength definitely
increased the efficiency of separation. For example, the residual turbidity
after separation with 80 ppm SDS was 925, 18, and 40 ntu for solutions with
ionic strengths of 0, 0.002, and 0.085 M NaCl, respectively. This result,
similar to the pH effect on separation discussed previously, is due to TiO2

being weakly charged by electrical double layer compression and thus requir-
ing a lesser amount of reverse-charged surfactant to neutralize it and render
it hydrophobic. It can also be seen from Figs. 6 and 7 that a weaker charged
surface caused by increased ionic strength leaves more unadsorbed surfactant
molecules in solution and increases the amount of foamate recorded.

Effect of Gas Flow Rate on the Separation

Flotation experiments were performed at three different gas flow rates (27,
83, and 153 mL/min) with the results shown in Fig. 8. The suspensions for
the SDS and DPC tests were maintained at pH values of 4.2 and 10.2, respec-
tively. SDS and DPC dosages were also held constant at 160 and 260 ppm,
respectively, while the ionic strength was constant at 0 M NaCl. The separa-

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



COLLOIDAL TITANIUM DIOXIDE SEPARATION 2631

lNaCI]=0.000 moIL1

[NaCl]=O.002 moIL-1

[NaCIH.085 moIL-1

s= 100
90
80
70
60
50
40
30
20
10
0

50 100 150 200 250

SDS Dosage (mgLr1)

FIG. 6 Effect of ionic strength on TiO2 separation with SDS at pH 4.0.

tion of TiO2 in this system seemed to be insensitive to variation of the gas
flow rate except that the use of higher flow rates resulted in a greater amount
of foamate. A high gas flow rate generally results in fast rising foam in the
column and very poor foam drainage. In addition, TiO2 flotation kinetic data
for the different gas flow rate experiments are presented in Fig. 9. The flotation
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• [NaClJ-O.OOO molL1

• [NaCl]=0.002 molL"1

* [N«C11=0.085 molL-1

200 300

DPC Dosage (mgl/1)

FIG. 7 Effect of ionic strength on TiO2 separation with DPC at pH 10.4.

of TiO2 apparently follows a simple first-order rate model which agrees with
the literature on floatation kinetics (18). The observed value of first-order
rate constants (/fc) in this study was in the range of 3.74-0.69 min"1. These
results shown that both SDS and DPC are capable of TiO2 separation in a
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short time (less than 6 minutes) even at a relatively low gas flow rate (27
mL/min). Also, Fig. 9 indicate that the TiO2 flotation rate increases with
increasing gas flow rate, and flotation runs with SDS generally have a faster
kinetic constant than runs with DPC.
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FIG. 8 Effect of gas flow rale on TiO2 separation with SDS and DPC.
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FIG. 9 Flotation of TiO2 with SDS and DPC as a function of time at different gas flow rates.

CONCLUSIONS

The results of this study demonstrate the feasibility of separation of sus-
pended submicron TiO2 from water using foam separation with anionic and
cationic collectors. Under the appropriate operating conditions, nearly 100%
TiO2 recovery could be achieved. It was found that coulombic interaction
between the charged TiO2 particle surface and the ionic collectors plays a
dominant role in this system. Variation of TiO2 surface charge conditions by
changing the solution pH and the ionic strength affects adsorption of ionic
collectors onto TiO2 particles and further affects separation. The rate of foam
flotation of TiO2 is fast in this system. Both flotation rate and foamate volume
are dependent upon the gas flow rate. It is concluded that foam flotation
with ionic surfactants is an effective process which could be applied to the
separation of submicron TiO2 particles in suspend-photocatalyst systems.
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The major concerns for the proposed method are the recovery and reuse
of surfactant and T1O2. Slapik et al. (19) investigated recovery of surfactant
from the collapsed foamate by displacement of SDS surfactant from Fe(OH)3

floe surface with hydroxide ion. The same,process may be applied to
SDS-TiO2 and DPC-TiO2 systems. This process permits recycle of the sur-
factant and causes the surfactant-loaded TiC^ surface to become clean and
reusable. Further work is needed to demonstrated this feasibility of surfactant
and TiC>2 recovery for this system.
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