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A B S T R A C T

A foam fractionation technology of FeCl3 from the simulated aqueous solution was studied by
using dodecylbenzenesulphonic acid and (1-hexadecyl)trimethyl ammonium hydroxide as the sur-
factants, in order to develop a new desalination method, which has the virtues of simple equip-
ments and technology, non-pollution and low cost. The effects of operating parameters such as
pH and height of the bulk liquid, superficial gas velocity, surfactant dosage and separation
sequence of Fe3+ and Cl− on the enrichment ratio and removal rate of FeCl3 were investigated. The
experimental results show that, under the optimum conditions, the removals of FeCl3 approached
to 60.5%, enrichment ratio reached 1.7. Compared with the other surfactants, this technology will
not introduce new acid radical ions andmetal ions in the aqueous solutions and provides a basis for
a new method of removing salt by foam fractionation.

Keywords: dodecylbenzenesulphonic; (1-hexadecyl)trimethyl ammonium hydroxide; foam
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1. Introduction

Desalination is an important unit operation in the
chemical and biochemical engineering separation pro-
cess. At present, the desalination of industrialisation is
processed by using ion exchange and all kinds of mem-
brane separation methods, but these methods need
higher costs, complex equipments and technologies.
However, foam fractionation technology attracts a great
deal of attention [1–3], because it is a simple, inexpen-
sive, environment-friendly, and easy for scale-up
method for the effective separation of surface-active
compounds, proteins [4–6], microorganisms [7], sus-
pended solids [8], aromatic substances [9], and pig-
ments [10] from diluted aqueous solutions. In recent
years, zinc, chromium, copper, cadmium, etc. metal
ions [11,12] and BF4

− [13], etc. acid radical ions can be
effectively removed by foam fractionation, but at the

same time, it will introduce new metal ions such as
Na+ [14] and acid radical ions such as Cl− [15].

Therefore, there are no any reports on removing
salts from aqueous solution by foam fractionation.
The so-called desalination is defined as removing all
kinds of metal cations and acid radical anions which
compose the salts. Therefore, by using hydrogenous
anion surfactants and hydroxy cation surfactants, the
problem of desalination from the diluted aqueous
solution will be resolved. Metal cations exchange with
the H+ of hydrogenous anion surfactants and combine
with the hydrophilic parts of the surfactants. Acid
radical anions of salts exchange with OH− of hydroxy
cation surfactants and combine with the hydrophilic
parts of the surfactants. So when these surfactants are
removed by foam fractionation, the metal cations and
acidic radical anions of salts are also removed, and the
residual H+ and OH− in the bulk liquid of the foam
fractionation column are combined into H2O.
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We have studied the removal of Cu2+ [16], SO4
2− [17]

by using foam fraction respectively.
But simultaneous removal of metal cations and acid

radical anions has not been reported. Thus, in this
paper, a foam fractionation of FeCl3 from the simulated
aqueous solution was studied by using dodecyl-
benzenesulphonic acid and (1-hexadecyl)trimethyl
ammonium hydroxide as surfactants. Thereby a new
method is put forward for removing salts by foam
fractionation.

2. Materials and methods

2.1. Materials

FeCl3·6H2O was obtained from Wen ta xi gui Che-
mical Regent Company (Tianjin, China). Ethanol was
from Fuyu Fine Chemical Limited Company (Tianjin,
China). Dodecylbenzenesulphonic acid and (1-hexade-
cyl)trimethyl ammonium hydroxide were purchased
from Letai Chemical Limited Corporation (Tianjin,
China).

The 752 UV-spectrophotometer was from Exactitude
Apparatus Company (Shanghai, China), Hitachi U-3010
was from Shimadzu Corporation (Japan), fluorescence-
spectrophotometer F-4500 was from Shi mad zu Cor-
poration (Japan) and the pH meter, PHS-3CResearch
type was from Exactitude Apparatus Company Shang-
hai (Shanghai, China). LZB rotameter and AC0-318 air
compressor were from Five Circle Meter Factory (Tian-
jin, China).

2.2. Principle and quantification

The anion surfactant-dodecylbenzenesulphonic acid
(C18H29SO3H) can be ionized into C18H29SO3

− and H+ in
the aqueous solution; (1-hexadecyl)trimethyl ammo-
nium hydroxide ([(CH3)3NC16H33OH]) also can be
ionized into (CH3)3NC16H33

+ and OH−, and thereby, in
the aqueous solution of FeCl3, ions exchange reaction
can be written as:

3C18H29SO3Hþ Fe3þ ! C18H29SO3ð Þ3Feþ 3Hþ ð1Þ

2 CH3ð Þ3NC16H33OHþ Cl� ! CH3ð Þ3NC16H33

� �
2
Cl

þ 2OH�

ð2Þ

Hþ þOH� ! H2O ð3Þ

Fe3+ exchanges with H+, combines with C18H29

SO3H
− and forms (C18H29SO3)3Fe, which is absorbed

to the interface of the gas–liquid and concentrated in the
foam phase; Cl− exchanges with OH−, combines with

(CH3)3NC16H33
+ and forms (CH3)3NC16H33

+Cl, which
is also absorbed to the interface of the gas–liquid and
concentrated in the foam phase. At the same time, H+

and OH− are combined into H2O. Thus, this process will
not introduce new metal ions and acid radical ions in
the aqueous solution.

The technology is quantified as follows:

Enrichment ratio bð Þ
¼ concentration of sample in the enrichment liquid

concentration of sample in the initial solution

Removal rate ðR;%Þ
¼ mass of sample in the enrichment liquid

mass of sample in the initial solution
� 100%

2.3. Apparatus

For the process, a foam fractionation system was
designed and setup as shown in Fig. 1. The column
consisted of a cylindrical resin tube (inside diameter
0.04 m, and total length 1.2 m) with one outlet at the top,
and one inlet at the bottom. A quantitative feed solution
of desired concentrations was prepared by dissolving
FeCl3, surfactants in distilled water. The solution was
placed in the column, and the compressed air was
passed through a stainless steel orifice-plate distributor
(porosity, 70 μm) at a definite superficial velocity (the
ratio of cross-section of the column to the air flow rate).
Water loss in the effluent air stream was minimized by
humidifying the air which was passed through a humi-
difier and then went into the column. The complexes of
surfactants with metal cations or acidic radical anions
were combined with the air bubbles rising from the
distributor at the bottom of the column, the foam
was allowed to overflow the top of the column into a

Air
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Foam
Collector
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Fig. 1. Schematic diagram of the foam fractionation system.
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container and collapsed, until no suitable amount of
foam was generated in the foam fractionation, then its
residual solute concentration and the foamate volume
were measured to give the removal rate (R) and enrich-
ment ratio (β).

3. Results and discussion

3.1. The techniques of removing FeCl3 by foam fractionation

In the experiment, the metal ions (Fe3+) and acid
radical ions (Cl−) are removed by using dodecylbenze-
nesulphonic acid and (1-hexadecyl)trimethyl ammo-
nium hydroxide as surfactants. Through the single
factor experiments, some technological parameters
were confirmed such as pH, superficial gas velocity and
so on. On the basis of these single factor experiments,
and by changing the sequences of removal of the FeCl3
(namely, the order of removing cations and anions), we
obtained the optimum technology. The technology that
iron ions (III) were removed before chloride ions was
defined as technology one, and reversely, the technol-
ogy that chloride ions were removed before iron ions
(III) was defined as technology two. Technology one
was first studied.

3.1.1. Effect of dodecylbenzenesulphonic concentrations

Different amount of dodecylbenzene-sulphonic was
added into FeCl3 aqueous solution with 1,000ml, 0.05 g/
L to let its concentration into 0.16, 0.18, 0.20, 0.24, 0.28 g/
L, respectively. Superficial velocity was 19.1 m/h, pH
was 5.0 and liquid height was 0.80 m. When there are
no suitable amount of foam was generated in the
foam fractionation, (1-hexadecyl)trimethyl ammonium
hydroxide was added into the bulk liquid for further
separation of the chloride ions. At the end of the experi-
ments, the volume of the foamate and residual liquid
were measured, at the same time, the concentrations
of the Fe3+ and Cl− in the foamate and the residue
were calculated by using the calibration curve:
C (g/L) = 9.26 × 10−3 A (absorbance),with R2 = 0.9981;
C (g/L) = 2.86 × 10−2 A, with R2 = 0.9984, respectively.
The experiments results are shown in Fig. 2 (-&- and-�- represent removal-^- and -~- represent enrichment
ratio).

Fig. 2 shows that the removal rate of Fe3+ firstly
increases and then decreases with increasing of the
dodecylbenzenesulphonic concentration from 0.16 to
0.28 g/L at a superficial velocity of 19.1 m/h, but its
enrichment ratio firstly decreases and then increases.
When the concentration of the surfactant was too
low, the foam phase was unstable and cannot form con-
tinuous foam phase, as a result, the enrichment ratio
was high, and the removal rate was low. At

dodecylbenzenesulphonic concentration 0.20 g/L,
98.6% of the iron ions (III) were removed, but the
enrichment ratio was only 2.1. When the addition
amount of the surfactant was more than its critical
micelle concentration, it will form micelle and compete
for effective gas–liquid interface. As a result, the
removal rate of iron ions (III) was decreased [18]. It can
be seen from Fig. 2 that the removal rate of iron ions (III)
was higher than that of chloride ions and when
the concentration of the surfactant was 0.20 g/L, the
removal rates of the iron ions (III) and chloride ions are
98.6% and 62.9%, respectively. The increase of the con-
centration of surfactant results in a downward trend
of the enrichment ratio of the chloride ions.

3.1.2. Effect of superficial gas velocity

The initial concentration of FeCl3 solution was
0.05 g/L with the volume of 1,000 ml, the concentration
of dodecylbenzenesulphonic solution was 0.24 g/L, the
pH of bulk liquid was 5.0, and the liquid height was
0.80 m. The effect of superficial gas velocity on removal
rate is shown in Fig. 3.

Superficial gas velocity is an important parameter in
the foam fractionation system. As it can be seen from
Fig. 3 that the removal rate of Fe3+ firstly increases and
then decreases, but the enrichment ratio presents down-
ward trend. The removal rate and enrichment ratio are
affected by the hydromechanical characteristics of the
column. At lower superficial gas velocity, the air bub-
bles stay on the bulk liquid for a long time, the mass
transfer of the gas–liquid interface was full and the
liquid holdup of the foam was small, so the enrichment
ratios of iron ions (III) and chloride ions reach 2.5 and
1.6, respectively. With the increasing of the superficial
gas velocity, the time of the air bubbles stay on the bulk
liquid was shortened, the mass transfer of the gas–
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Fig. 2. Influence of surfactant concentration on β and R.
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liquid interface can not be processed fully and the rising
rate of the foam phase was speeded up, all of these fac-
tors will result in increase of the liquid holdup and
decrease of the enrichment ratio.

3.1.3. Effect of pH

The effect of the foam fractionation of FeCl3 was also
dependent on the pH of the initial solution. The bulk
liquid was adjusted pH to 3.5, 4.0, 4.5, 5.0, 5.5 (using
HAc or NaOH), respectively. At superficial velocity
15.9 m/h, liquid height 0.80 m and concentration of the
surfactant 0.24 g/L, the foam fractionation was
conducted.

Fig. 4 presents that the removal rate and enrichment
ratio increased to a maximum (98.9% and 1.9, respec-
tively) with the increasing of the pH from 3.5 to 4.5,
then decreased from pH 4.5 to 5.5. With low pH values,
the little foam was produced from bulk liquid and
entrained more liquid holdup, so it can be seen from
Fig. 4 that the effect of removing iron ions (III) was

very low. This was caused by the excess hydrogen ion
concentration. According to the electrostatic adsorp-
tion principle, hydrogen ion also combined with sur-
factant and was adsorbed to the surface of the bubble
to compete the limited gas–liquid interface, thus the
removal rate of the iron ions (III) was decreased. With
the increasing of the pH, the liquid holdup of the foam
was decreased gradually, and the enrichment ratio of
iron ions (III) was increased. When the pH was more
than 4.5, the foam was produced slowly, the removal
rate decreased again. According to the above-
mentioned, we can conclude that: the pH not only
influences the binding mode between the metal ions
and the surfactant, but also influences the liquid
holdup of foam and the removal rate of the metal ions
[19,20], Sarkar et al. [21] and Xie Jihong et al. [20] also
proved that pH play an important role in the foam
fractionation.

3.1.4. Effect of height of bulk liquid

The initial concentration of FeCl3 solution was
0.05 g/L with the volume of 1,000 ml. The height of bulk
liquid was changed to 0.56, 0.64, 0.72, 0.80, and 0.88 m,
respectively. At superficial velocity 15.9 m/h, pH 4.5 and
concentration of the surfactant 0.24 g/L, the foam frac-
tionation was conducted.

When the height of bulk liquid was low, the foam
stays on the column for a long time and the liquid
among the bubbles have enough time to reflux, so
higher enrichment ratio can be obtained; conversely, the
greater height of the bulk liquid results in the smaller
height of foam phase, then the foam phase can not fully
discharge the liquid, thus the liquid holdup of the foam
phase was increased. It can be seen from Fig. 5 that the
removal rate of Fe3+ reaches 98.7% at height of bulk
liquid was 0.72 m.
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Fig. 3. Influence of superficial gas velocity on β and R.
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According to the above-mentioned, the suitable
single factor conditions of removing iron ions (III) can
be obtained: pH 4.5, superficial gas velocity 15.9 m/h,
height of bulk liquid 0.72 m and concentration of the
dodecylbenzenesulphonic 0.24 g/L. Then, fixing the
conditions of separating iron ions (III), foam fractiona-
tion of the chloride ions were conducted by varying the
superficial gas velocity and the concentration of the (1-
hexadecyl)trimethyl ammonium hydroxide. The
results can be seen from Figs. 6 and 7.

Fig. 6 represents the influence of superficial gas velo-
city on the removal rate of chloride ions. When the
superficial gas velocity increased from 12.7 to 22.3 m/h,
the removal of chloride ions firstly increase and then
decrease. The superficial gas velocity increased continu-
ously can increase the gas–liquid interface of bubbles,
at the same time more chloride ions exchange effectively
with hydroxide ions and are adsorbed to the gas–liquid
interface, thus it was helpful for the foam fractionation
[22,23]. But the higher superficial gas velocity, on the one
hand, shortens the residence time of the air bubbles; on

the other hand, increases the gas holdup, and result in
the enrichment ratio to be decreased. The lower superfi-
cial gas velocity prolong the time of the air bubbles
stay on column, thus when the foam get to the top of
the column, the liquid holdup was little, this agree
with the reported by Liu et al. [24] and Uraizee and
Narsimhan [25].

As it can be seen from Fig. 7 that the removal rate
of chloride ions increased with the increasing of the
concentration of (1-hexadecyl)trimethyl ammonium
hydroxide from 0.16 to 0.32 g/L. Because the concen-
tration of the surfactant wont exceed its critical
micelle concentration, it will not form the micelle,
at the same time, the surface tension of the bulk
liquid decreased from 59.4 to 51.3 N/m2. The foam-
ability and surface adsorption capacity of the bulk
liquid increased with the increasing of the concentra-
tion of the surfactant, and then the chloride ions have
more chances to combine with the surfactant. At low
concentration of the surfactant, the surface tension of
the bulk liquid was high; the foamability of the bulk
liquid decrease and the foam phase was unstable.
What’s more, when the concentration of the (1-hexa-
decyl)trimethyl ammonium hydroxide was low,
the coalescence was serious among the bubbles, the
liquid holdup in the foam phase was very low, thus
the enrichment was high.

3.2. The comparison of two different technologies

Because the single factor experiment of technology
two was similar to technology one, it will not be made
a concrete analysis, and its suitable single factor condi-
tion of removing chloride ions can be obtained: pH 4.5,
superficial gas velocity 19.1 m/h, height of bulk liquid
0.72 m and surfactants concentration 0.28 g/L. The sui-
table single factor conditions of the two different tech-
nologies were compared and the results are shown in
Table 1. As it can be seen from Table 1 that: the removal
rate of iron ions (III) in technology one was close to that
of chloride ions in technology two. In technology one,
the removal of iron ions reaches 98.6%, and that of
chloride ions 63.0%; in technology two, the correspond-
ing values are 98.4% and 60.5%. However, the enrich-
ment ratio of iron ions (III) and chloride ions in
technology two are higher than that of technology one.
So technology two was the more reasonable operation
technology.

4. Conclusions

(1) Dodecylbenzenesulphonic acid and (1-hexadecyl)
trimethyl ammonium hydroxide have shown excel-
lent foaming quality, and when the metal ions or
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acid radical ions were removed in the simulated
aqueous solution by using them as the surfactants,
the system wont be introduced new metal ions or
acid radical ions.

(2) By comparing the two different technologies, tech-
nology twowas themore reasonable operation tech-
nology. The single factor conditions of removing Cl−

are pH 4.5, Superficial gas velocity 19.1 m/h, height
of bulk liquid 0.72 m and concentration of (1-hexa-
decyl)trimethyl ammonium hydroxide 0.28 g/L; and
that of the Fe3+ are superficial gas velocity 15.9 m/h,
concentration of dodecylbenzensulphonic acid
0.24 g/L, then the removal rate and enrichment ratio
are 60.5% and 1.7, respectively.
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