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a b s t r a c t

The feasibility of foam separation for color removal from direct dyes-containing wastewater was assessed
using actual textile wastewater as the research system and cetyl trimethyl ammonium bromide (CTAB) as
the collector. The influences of liquid loading volume, air flow rate, surfactant concentration, and initial
pH on the removal efficiency and reuse of CTAB in the foamate were studied. The results indicated that
eywords:
oam separation
olor removal
extile wastewater
TAB

using CTAB as a collector for foam separation can provide good foaming quality and effectively remove
color from textile wastewater. Under optimum operational conditions (liquid loading volume 450 mL,
gas flow rate of 500 mL/min, CTAB concentration 20 mg/L, and an initial pH of 7.0), the removal efficiency
reached 88.9%. The residual dye content met the discharge standard for the dyeing and finishing textile
industry (GB4287-92) published by the Ministry of Environmental Protection of the People’s Republic of
China. Using recycled foamate in untreated wastewater, the removal efficiency of 87.5% was obtained

10 m
with CTAB concentration

. Introduction

In recent years the treatment of colored aqueous effluent
treams from textile dye house industries has attracted the atten-
ion of environmentalists and entrepreneurs. Colored wastewater
ot only affects the aesthetic merit and water transparency of
eceiving water bodies [1,2], but there are also environmen-
al concerns about the possible toxicity and carcinogenicity of
ome organic dyes. Various techniques for removing dyes from
he wastewater have been developed, including flocculation,
oagulation [3,4], adsorption [5,6], reverse osmosis [7,8], and
hemical oxidation [9,10]. Although these techniques have color
emoval capabilities, their popularity in application is limited by
isadvantages such as significant sludge production, adsorbent
egeneration, membrane fouling, and high cost.

Foam separation is a process used to separate surface-active
aterials based on the differences in their surface activity. Mate-

ials that are not surface-active can also be separated using
urfactant, which is called a collector [11]. Foam separation has
een used as an effective and low-cost method for wastewater
reatment and has been widely applied to the removal of pro-
eins [12,13], organic materials [14], and metal ions [15,16]. This

echnique has also been applied to the removal of dyes. Kabil
nd Ghazy [17] separated brilliant green, neutral red, eriochrome
lack T, and eosin from aqueous solutions by flotation using oleic
cid as a surfactant. Nearly 100% of the investigated dyes could

∗ Corresponding author. Tel.: +86 22 26564304; fax: +86 22 26564304.
E-mail address: zhaoliangwu@163.com (Z.-L. Wu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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g/L of the wastewater.
© 2010 Elsevier B.V. All rights reserved.

be floated. Choi and Choi [18] studied the removal of Direct Red
from aqueous solutions by using foam separation techniques of ion
and adsorbing colloid flotation. Horng and Huang [19] investigated
foam separation of Direct Blue 1 from simulated wastewater; over
98% of Direct Blue 1 was removed in 5 min. We [20,21] reported
foam separation of crystal violet and methyl orange from aque-
ous solutions wherein the removal efficiency reached 93.5% and
99.4%, respectively. Dafnopatidou and Lazaridis [22] investigated
foam separation of the reactive dyestuffs from simulated and indus-
trial textile effluents. The residual dye content could be lower than
the limit of 300 American Dyestuff Manufacturer’s Institute units
(ADMI). Although the previous studies demonstrated that foam
separation could remove dyes effectively, most focused on ideal
single dye solutions or laboratory simulated wastewater. There
were few reports on the use of this technique for the removal of
dyes from actual textile wastewater. Consequently, it is worth-
while to assess whether foam separation is useful to treat genuine
process-generated effluent.

Foam separation, however, cannot be used directly to remove
dyes from wastewater because textile wastewater alone cannot
produce stable foam when aerated. Direct dyes can be classified
as anionic dyes. They carry negative charges in aqueous solutions
due to the presence of sulfonate (SO3

−) groups [23]. Therefore,
CTAB was chosen as a surfactant in order to produce stable foam
and to promote the formation of dye–surfactant complexes by

electrostatic interactions. Fig. 1 presents exemplarily the complex
structure formed between Direct Black 17 and CTAB. The com-
plexes are adsorbed on the surfaces of bubbles rising through the
liquid. The interstitial water between bubbles is drained out by
gravity such that dye–surfactant complexes are concentrated and

dx.doi.org/10.1016/j.jhazmat.2010.06.024
http://www.sciencedirect.com/science/journal/03043894
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Performance indicators used for the foaming process are the
removal efficiency (R) and the foamate volume (V),

R (%) = A − B

A
× 100,
Fig. 1. Structure of DB 17−

he remaining liquid is clarified. Precipitation of the dye–surfactant
omplexes occurs in the foamate because the concentration of
ye-complexes in the foamate increases significantly while their
olubility decreases.

In this study foam separation was adopted for color removal
rom actual textile wastewater. Experiments were carried out in a
onventional bubble column and CTAB was used as the collector.
he effects of process parameters such as liquid loading volume, air
ow rate, CTAB concentration and initial pH on the color removal
fficiency and reuse of CTAB in the foamate were studied. The objec-
ive of our work was to determine the effectiveness of using foam
eparation to treat actual textile wastewater.

. Materials and methods

.1. Wastewater characteristics

The wastewater samples were obtained from a textile mill
ocated in Hebei, China. Table 1 presents the characteristics of the
ntreated wastewater and the discharge standard for the dyeing
nd finishing textile industry (GB4287-92) published by the Min-
stry of Environmental Protection of the People’s Republic of China.
he samples contained direct dyes (Direct Black 56, Direct Blue
5, Direct Blue 6, Direct Black 17, Direct Yellow 12, Direct Brown
5, and Direct Brown 1) and auxiliary chemicals (NaOH, Na2CO3,
a2SO4, NaCl, Na2S2O4, CH3COOH, H2O2, brightener, detergent,
nd swelling agents). Undiluted effluent was used for each study.

.2. Chemicals and analytical methods

Analytical CTAB, chemicals including hydrochloric acid and
odium hydroxide were purchased from Tianjin Damao Reagent
actory (China). The color in Pt–Co unit was determined using a
olor meter (Hanna HI93727, Hanna Instruments, Italy) at 470 nm.
he chemical oxygen demand (COD) was measured by the standard
ichromator closed reflux method (APHA-1989) using a COD ana-

yzer (HACH American). The pH was measured using a pH meter
pHS-25, Shanghai Jingke Instruments, China).
.3. Equipment

Fig. 2 presents the foam column used in this study. The column
as 120 cm high with an inner diameter of 32 mm and was made

f organic glass. An air stone diffuser mounted at its bottom was

able 1
he textile wastewater characteristics.

Parameters Concentration Discharge standard

pH 7.2 6–9
Chemical oxygen demand (mg/L) 728 100
Total suspended solids (mg/L) 72 70
Color (Pt–Co) 150 50
complex (molar ratio 1:1).

used as the gas sparger. A rotameter (LZB-3WB, 60–600 mL/min,
Wuhuan Instruments, China) was used to control the flow of com-
pressed air, which was passed through the sparger, generating
bubbles in the bulk liquid phase. A collection spout was fitted over
the top of the column to direct the flow of foam to a collection
vessel.

2.4. Experimental procedure

The foam column was operated at room temperature (20 ◦C).
CTAB was added into a certain volume of the wastewater (between
350 and 550 mL) at concentrations ranging from 10 to 30 mg/L. The
initial pH of the wastewater was then adjusted to a certain pH value
(from 4 to 7) by adding HCl (1 mol/L) or NaOH (1 mol/L). The treated
wastewater was then poured into the column. Air flow rate was
adjusted to a certain value (between 400 and 600 mL/min). The
experiments were run until foam ceased to exit the outlet.

For reuse of CTAB, the foamate was centrifuged at 5000 rpm
for 10 min using a high-speed centrifuge (3K18 Sigma, Germany).
The dye–surfactant precipitate was collected; the residual foamate
and the untreated wastewater with CTAB concentrations from 5 to
15 mg/L were mixed and added into the column to carry out the
next operation.

2.5. Performance indicators
Fig. 2. Experimental apparatus for foam separation.
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3.4. Effect of initial pH

The effect of the initial pH of the wastewater on the removal effi-
ciency and the foamate volume is shown in Fig. 6. The increase of the
ig. 3. Effect of liquid loading volume on removal efficiency (R) and foamate volume
V) (CTAB concentration = 30 mg/L, air flow rate = 500 mL/min, initial pH 7.2).

here A is the color of initial liquid sample and B is the color of the
esidual liquid sample left in the column at the end of experiments.

. Results and discussion

.1. Effect of liquid loading volume

The effect of the liquid loading volume on the removal efficiency
nd the foamate volume is shown in Fig. 3. As the liquid loading
olume increased, the removal efficiency increased from 65.8% to
1.3%. The greater removal efficiency indicated that the increase of

iquid loading volume induced greater residence time of bubbles in
he bulk liquid phase. Longer residence time ensured sufficient con-
act between bubbles and the bulk solution, which allowed more
urface-active compounds to be adsorbed at the liquid–air interface
f bubbles.

Performance indicators of foam separation are commonly pre-
ented in terms of the removal efficiency and the enrichment
fficiency. The foamate volume can reflect the performance of the
nrichment efficiency. A larger foamate volume means a lower
nrichment of surface-active compounds due to a higher liquid
old-up in the foam phase. The foamate volume was also found
o be larger as a result of more entrainment of liquid in the foam
esulting from a shorter foam residence time in the foam phase.
herefore, 450 mL of liquid loading volume was chosen for the
ubsequent experiments.

.2. Effect of air flow rate

The air flow rate, which influences the rate of foam formation
s well as bubble size and foam residence time, plays a signifi-
ant role in the process of color removal from wastewater by foam
eparation. As shown in Fig. 4, the removal efficiency and the foa-
ate volume increased as the air flow rate increased. Higher air

ow rate led to a larger quantity of gas bubbles and, thus, more
ye–surfactant complexes could be transported into the foam and
dsorbed onto the bubble surfaces. When the air flow rate was
igher than 500 mL/min, the removal efficiency increased only
lightly (from 80.5% to 84.1%). This could be explained that with
ncreasing the air flow rate, the mean bubble radius increased
24,25], thus the interfacial area per unit volume of air decreased

nd the bubble residence time in the bulk liquid phase also
ecreased since larger bubbles had higher rise velocities [26]. The
roduction rate and rise rate of bubbles increased and the rate of
oam drainage due to gravity remained constant, and thus the foa-

ate volume increased. By balancing both the removal efficiency
Fig. 4. Effect of air flow on removal efficiency (R) and foamate volume (V) (liquid
loading volume = 450 mL, CTAB concentration = 30 mg/L, initial pH 7.2).

and the foamate volume, 500 mL/min was the most suitable air flow
rate.

3.3. Effect of concentration of CTAB

The effect of the concentration of CTAB on the removal efficiency
and the foamate volume is shown in Fig. 5. By increasing the surfac-
tant concentration, the removal efficiency and the foamate volume
increased. This could be attributed to the fact that, at higher CTAB
concentration, foam capacity and foam stability became higher and
more dyes could be connected to CTAB polar “heads” with a posi-
tive charge. When CTAB concentration was higher than 25 mg/L, the
removal efficiency increased somewhat (from 83.2% to 92.5%) and
the foamate volume increased significantly (from 6.8 to 24 mL). The
former may be because the adsorbed surfactant at the liquid–air
interface was close to saturation and excessive surfactant could
contest the valid liquid–air interface with the formed complexes.
The more significant increase in the foamate volume was due to
the increase of liquid hold-up in the foam phase. Considering the
above factors, 20 mg/L appeared to be the most suitable CTAB con-
centration.
Fig. 5. Effect of concentration of CTAB on removal efficiency (R) and foamate volume
(V) (liquid loading volume = 450 mL, air flow rate = 500 mL/min, initial pH 7).



K. Lu et al. / Journal of Hazardous M

F
l

i
e
t
f
m
o
s
t
w
e
C

e
r
t
v
c

3

t
i
r
m
r
i
r
4
a
T
8
i
t
w
r
t

T
E

[

[

[

[

[

[

[

ig. 6. Effect of initial pH on removal efficiency (R) and foamate volume (V) (liquid
oading volume = 450 mL, air flow rate = 500 mL/min, CTAB concentration 20 = mg/L).

nitial pH had little effect on the foamate volume, while the removal
fficiency reached the maximum value at pH 7. In acidic conditions,
he removal efficiency decreased from 88.9% to 55.6%. The reasons
or this were: firstly, direct dyes anions were protonated, which

ade the formation of dye–surfactant aggregate difficult [27]; sec-
ndly, lower pH induced the decrease of foam quantity and foam
tability due to decreased surface tension and viscosity of the solu-
ion. We also observed lower color removal in alkaline conditions
hich agreed with Choi and Choi [18]. It was thought that the pres-

nce of excessive OH− competed with the direct dye anions for
TAB. Thus the most suitable initial pH was 7.

Under the optimum operational conditions the color removal
fficiency reached 88.9%, which was roughly the same as the result
eported in Dafnopatidou and Lazaridis [22]. However, the concen-
ration of CTAB 20 mg/L used in our study was lower than their CTAB
alue of 100 mg/L. The difference may be due to different types and
oncentrations of dyes in the wastewater.

.5. Reuse of CTAB in the foamate

In the foam separation process CTAB was used as the collec-
or for dyes and formed the complexes that could be precipitated
n the foamate. The rest of CTAB was used as foaming agent and
emained in the foamate. Therefore, the residual CTAB in the foa-
ate could be reused to treat the untreated wastewater, thereby

educing the total amount of CTAB required and, thus, the expense
n an industrial application. Experiments were conducted with the
ecycled foamate, using 21.8 mL of recycled foamate mixed with
50 mL of wastewater. Small amounts of CTAB (5–15 mg/L) were
dded to the wastewater prior to the mixing with recycled foamate.
he results are presented in Table 2. The removal efficiency reached
7.5% when CTAB concentration of the wastewater was 10 mg/L. By

ncreasing CTAB concentration there was only a slight increase in

he removal efficiency. Thus CTAB concentration of 10 mg/L of the
astewater appeared to be the most suitable concentration with

ecycled foamate. The results suggested that the residual CTAB in
he foamate could be reused to treat the wastewater.

able 2
ffect of CTAB concentration of the fresh wastewater on removal efficiency.

Concentration
of CTAB (mg/L)

Removal
efficiency (%)

Foamate
volume (mL)

5 81.6 10
10 87.5 19.8
15 87.9 22

[

[

[

[

[

[

aterials 182 (2010) 928–932 931

4. Conclusion

Foam separation, using CTAB as the surfactant, was found to
be an effective method for color removal from textile wastewater.
Under optimum operational conditions the color removal efficiency
reached 88.9% and the foamate volume was 21.6 mL. The color
of wastewater decreased from 150 to 17 Pt–Co and met the dis-
charge standard. Wastewater COD decreased about 50%, from 728
to 365 mg/L. Using residual CTAB in the foamate to treat wastew-
ater achieved a removal efficiency rate of 87.5% while the CTAB
concentration in the wastewater was only 10 mg/L. Foam separa-
tion appears to be a cost effective method for color removal from
textile wastewater.
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