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Removal of Tannic Acid From Aqueous Solution by Cloud Point
Extraction and Investigation of Surfactant Regeneration

by Microemulsion Extraction

H. Ghouas' - B. Haddou' - M. Kameche! - J. P. Canselier? - C. Gourdon?

Abstract The aim of this work is the extraction of tannic
acid (TA) with two commercial nonionic surfactants, sep-
arately: Lutensol ON 30 and Triton X-114 (TX-114).The
experimental cloud point extraction results are expressed
by four responses to surfactant concentration and temper-
ature variations: extent of TA extraction (E), remaining
solute (X;,,) and surfactant (X,,) concentrations in dilute
phase and volume fraction of coacervate (®.) at equilib-
rium. An empirical smoothing method was used and the
results are represented on three dimensional plots. In
optimal conditions, the extraction extent of TA reaches 95
and 87 % using TX-114 and Lutensol ON 30, respectively.
Sodium  sulfate, cetyltrimethylammonium  bromide
(CTAB) addition and pH effect are also studied. Finally,
the possibility of recycling of the surfactant is proved.

Keywords Extraction - Tannic acid - Nonionic
surfactant - Coacervate - Cloud point - Microemulsion

Abbreviations
E Extraction efficiency (%)
Xsw Residual concentration of tannic acid g/L
®c Volume fraction of coacervate phase
Xiw Concentration of residual surfactant g/L.
X Initial concentration of surfactant (%)
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T Temperature (°C)

Tc Cloud temperature (°C)

CMC  Critical micelle concentration

CPE Cloud point extraction

HLB Hydrophile-lipophile balance
CTAB Cetyltrimethyl ammonium bromide

TA Tannic acid

Introduction

The toxicity of naturally occurring polyphenolic com-
pounds, e.g. tannins, to microorganisms and to aquatic flora
and fauna [1, 2] makes their removal from wastewater
relevant. Two types of tannins (hydrolyzable and con-
densed ones) were first distinguished, the former being
found more toxic than the latter [3]. Four classes are now
listed [4]: gallotannins, ellagitannins, complex tannins and
condensed tannins. Tannic acid, commercially available, is
hydrolyzable and belongs to the first class [5, 6]. The
structure of pure tannic acid corresponds to that of a
polyester of glucose and gallic acid (IUPAC name:
B-p-Glucose pentakis(3,4-dihydroxy-5-((3,4,5-trihydroxy-
benzoyl)oxy) benzoate or 2,3-dihydroxy-5-({[(2R,3R,
4S,5R,6R)-3.4,5,6-tetrakis ({3,4-dihydroxy-5-[(3,4,5-trihy-
droxyphenyl)carbonyloxy]phenyl}carbonyloxy) oxan-2-yl]-
methoxy }carbonyl)phenyl 3,4,5-trihydroxybenzoate) but
the commercial compound may also contain esters of
glucose and quinic acid. Its LD50 are 5 g kg~ ' (mice, oral)
and 2.26 g kg~ (rat, oral) [7]. Tannic acid is commonly
found in the human diet including tea, beans, grapes,
strawberries, etc., and regarded as a safe food additive.
It has antimicrobial activity, anticarcinogenic and



antimutagenic potentials and its antioxidant properties
protect from cellular oxidative damage [8, 9, 11]. Through
hydrolysis, hydrolyzable tannins decompose into mixtures
containing gallic acid and pyrogallol, which show
enhanced antioxidant and antimicrobial activities [6, 12].
However, ingestion of large quantities of tannins may
result in adverse health effects [13]. Tannins may injure the
intestinal mucosa [14], alter intestinal secretions [15],
inhibit digestive enzymes [16] and increase the excretion of
endogenous proteins [16]. Tannin components have also
been implicated in the high levels of cheek and esophageal
cancers in some regions of the world, and to produce other
physiological effects such as immune response, hepato-
toxicity and lipid metabolism [9]. Tannic acid (TA) is
generally considered as one of the polyphenolic pollutants
which may cause severe threats to the environment [17]. It
may cause serious problems by reacting with chlorine
disinfectants, form carcinogenic disinfection by-products
during drinking water production [2, 18, 19] and make
wastewater with distinguished color [20]. Large quantity of
hydrolyzable tannin in wastewater with strong color is
harmful to microorganisms, animals and humans, protein
precipitation and decreased utilization in mammalians [17,
21-28]. Furthermore, TA has toxicity for aquatic species
such as algae, phytoplankton, fish, and invertebrates [17,
26-29]. TA enters the water body, coming from plant
medicine, paper, leather, coir and cork processing indus-
tries and textile dyeing and tanning [10, 26, 30, 31].
Therefore, TA must be removed from water and wastew-
ater to protect flora and fauna before effluent is discharged
into the environment.

Several treatment technologies have been reported for
the removal of TA, such as chemical oxidation, adsorp-
tion—coagulation combined systems [32], electrochemical
process [29, 33], ultrafiltration [34], biological process
[35], and adsorption [1, 2, 13, 17, 18, 20, 22, 24-27, 29,
33-35].In the present work, cloud point extraction (CPE)
was investigated to extract and recover tannic acid from
aqueous effluents. For this purpose, the solubilization
properties of micellar solutions of nonionic surfactants
were turned to account. The effect of sodium sulfate,
cetyltrimethyl ammonium bromide (CTAB) addition and
pH was studied in this respect.

Various solutes can be extracted into the coacervate
(surfactant-rich phase) after a temperature rise above the
cloud points of non-ionic surfactants. The CPE process has
been widely applied in the separation of metal ions, small
organic and biological molecules [36—41]. Avoiding the
use of organic solvents and applied with biodegradable
surfactants, CPE is an environmentally-friendly technique
as well as an efficient and selective process that works
continuously, saves energy and can be easily scaled up [42,
43]. However, in order to establish micellar extraction

processes as an alternative to conventional solvent extrac-
tion processes, recycling of the surfactant as well as pro-
duct recovery from the micellar phase is essential [44—47].
The influence of pH on the partitioning of ionizable solutes
is an important parameter to control the extraction and
back extraction efficiency from coacervate [48—50]. In this
paper, the recovery of a complex molecule as tannic acid
from nonionic surfactant micellar phase by pH changing
was found to be impossible. Hence, Winsor I microemul-
sion extraction was investigated as an alternative method
for surfactant recycling.

Winsor I microemulsion is made of an oil in water (Wm)
phase coexisting with an excess oil phase, whereas water in
oil (Om) phase coexisting with an excess water phase leads
to Winsor II microemulsion system [51]. The type of
microemulsion is also strongly affected by the nature of the
nonionic surfactant [52]. Shen et al. [53] investigated the
effect of the HLB of the nonionic surfactant on the type of
microemulsion. A hydrophobic nonionic surfactant (of low
HLB) forms Winsor II microemulsion and a hydrophilic
nonionic surfactant, like TX-114 (HLB = 12.4), is more
soluble in water and allows the formation of Winsor I
microemulsion.

Generally, Winsor I microemulsions are formed by
hydrophobic organic solvents (with a high log P). In such
systems, nonionic surfactant mainly partitions into the Wm
phase. However, a hydrophilic organic solvent (low log P)
forms Winsor II microemulsions in which the nonionic
surfactant mainly partitions into the Om phase [54]. Tem-
perature also largely controls the type of microemulsion
[55]. In water/Triton X-100/n-butyl acetate system, the
type of microemulsion changes from Winsor I at 6 °C to
Winsor II at 50 °C [53]. In this paper, downstream pro-
cessing of the CPE of tannic acid with TX-114 was
investigated. Separation using Winsor I microemulsion
extraction of tannic acid from the coacervate phase by
selection of the solvent as excess oil phase, was achieved.
Diethyl ether (log P = 0.85), petroleum ether (log
P = 3.1) and cyclohexane (log P = 3.2) were selected to
study the effect of this parameter (log P) on the back-
extraction of tannic acid from nonionic surfactant aqueous
solution at 20 °C.

Materials and Methods
Materials

In the present work, coacervate extraction is based on the use
of two biodegradable nonionic surfactants [49, 50, 56-58].
The polyethoxylated octylphenol mixture, known as “Triton
X-114” (TX-114) and having the average formula (CHj);
C—CH,—C (CH3),~®—(OCH,—CH,);sOH (abbreviated as



C8O®E?7.5), was supplied by Sigma-Aldrich. Its critical micelle
concentration (CMC) was 0.2 mM (at 25 °C) and its cloud
point (7c) at 1 wt% in water was 23 °C. The second sur-
factant was a polyethoxylated alcohol known as Lutensol ON
30, equivalent to C;oH,; (OCH,—CH,);O0H. It was provided
by the Badische Anilin- und Soda-Fabrik (BASF) company;
its cloud point at 1 wt% in water was about 25 °C and its
CMC was 0.024 mM (at 25 °C). Cetyltrimethyl ammonium
bromide (CTAB) was purchased from Alfa Aesar; its CMC
was 1.3 107> mol/L (at 25 °C).Tannic acid (CAS Number
1401-55-4, empirical formula C;¢Hs;O4, molar mass
1701.20) was supplied by Sigma-Aldrich.

The pH values of the solutions were adjusted between 1
and 12 by adding drops of aqueous solutions of H,SO,4
(0.1 N) or Ca (OH), (1.5 g/L).

The organic solvents used for surfactant recycling (di-
ethyl ether, petroleum ether, cyclohexane and iso-butanol)
were supplied by Sigma-Aldrich.

Methods
Cloud Point Extraction

The determination of the cloud point was carried out using
a Mettler FP 900 apparatus. The cloud point designates the
temperature at which the clear liquid phase becomes
cloudy.

For the extraction tests, 10 mL of solution containing
the surfactant(at concentrations of 1-12 wt% and tannic
acid at 100 mg/L in deionized water, were settled in a
precision oven for 2 h. In effect, for the surfactant Lutensol
ON 30, the temperature range was 30—45 °C while that for
TX-114 was 25-40 °C. For tannic acid and TX-114, the
dilute phase was analyzed by RP-HPLC under the fol-
lowing conditions: column RP18 (ODS), pressure 95 bar,
flowrate 1 mL/min; 4 = 260 nm, mobile phase H,O/CHj;._
CN/CH;0H, 42.5/50/7.5 (v/v) (tannic acid), H,O/CH;CN/
CH;0H, 7.5/60/32.5 (TX-114).

For Lutensol ON 30, the light scattering detector LS 31
(EUROSEP instruments) was used under the following
conditions: air pressure 1 bar, evaporator temperature
55 °C and the gain of the photomultiplier (400).

Microemulsion Back-Extraction

The Winsor I microemulsion was formed by mixing 5 mL
of coacervate, diluted with an equal volume of water, and
10 mL of organic solvent and it was kept in a thermostated
water bath at 20 °C. After complete phase separation and
excess oil removal, tannic acid was determined spec-
trophotometrically in the remaining Wm phase. Separately,
Winsor II microemulsion extraction was used to determine
TX-114 in the Wm phase using iso-butanol as the Om

phase. The sample was diluted with the same volume of
iso-butanol and incubated in a 20 °C water bath for over
6 h. The organic solvent phase was carefully driven out by
stripping of the solvent with nitrogen gas. The residue (TX-
114) was then weighed.

Results and Discussion
Binary and Pseudo-Binary Phase Diagrams

When mixed with micellar solutions, organic solubilizates
may interact with the surfactant polar head group or its
hydrocarbon chain. Thereby, the anorganic solute can raise
or lower the surfactant cloud point [S9-62]. One can notice
in Figs. 1 and 2 the cloud point increase of Lutensol ON 30
and TX-114 by tannic acid addition.
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Fig. 1 Effect of tannic acid and CTAB on the cloud point curves of
Lutensol ON30 and TX-114
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Fig. 2 Effect of sodium sulfate on the cloud point curves of Lutensol
ON30 and TX-114



The impact of several factors, such as the number of
ethylene oxide units of the surfactant, the additives (elec-
trolytes and organic compounds)on the cloud point has
been studied by several researchers [62—68]. In fact, the
water solubility of organic compounds can be lowered in
the presence of electrolytes by the salting-out phenomenon
[65]. Indeed, the change of cloud point remains imper-
ceptible in the case of addition of a low amount (less than
0.01 M) of NaCl to non-ionic surfactant system [49].
However, at higher concentrations (>0.1 M), NaCl reduces
the cloud point [63]. Figures 1 and 2 show the cloud point
lowering of TX-114 and Lutensol ON 30 by Na,SO,. The
salting-out phenomenon favors the weakening of surfactant
head-water interaction [64, 65, 68]. Therefore, salt addi-
tion can save the heating energy cost of a large scale cloud
point extraction. One can also notice in Fig. | that the
cloud points of H,O/TX-114 and H,O/Lutensol ON 30
systems increase significantly upon addition of a small
amount of CTAB (0.1 wt%). The formation of mixed
micelles by incorporation of the ionic surfactant into the
nonionic micelles introduces electrostatic repulsion
between aggregates, thus hindering coacervate formation
and thereby increasing the cloud point dramatically [49, 69,
70].

Smoothing of Extraction Results

The results of tannic acid (TA) extraction from its 100 mg/
L aqueous solutions with TX-114 and Lutensol ON 30
were expressed by four ‘‘responses’” (Y): percentage of TA
extracted (E), remaining concentrations of TA (X, ) and
surfactant (X, ,,) in the dilute phase and coacervate volume
fraction at equilibrium (®.) [62, 63, 71]. For each param-
eter determined by considering central composite designs
[72], the results were analyzed using an empirical fitting
method. The experimental values are used to determine the
adjustable polynomial model constants. The models were
checked by plotting computed data against experimental
results. The quadratic correlation was chosen to give the
slope and regression coefficient (R*) closest to unity.

Y =aqg +a1Xt+a2T+a12X[t+a11Xt2+a22T2 (])

Where X, is the initial concentration of surfactant (%)
and T is the temperature. Such a correlation allows building
the response surface. The quadratic equations for the
properties (E, X, X.w and @), are as follows:

E(rx_114) = 13.945+6.992X,+ 2.307T — 0.005X,T
—0.336X2 — 0.0307> (2)

E(Lutensol) = 16.486 +2.845X, + 1.0007 + 0.029X,T
— 0.0000987 x 107°X? — 0.999 x 10~ '7? (3)

X wirx-114) = 6.390 +2.202X, + 0.115T + 0.01X,T
+0.012X7 — 0.01472

X w(Lutensol) = 2.626 + 8.452X, +0.012T
— 0.190X,T +0.230X? — 0.013 x 10~ 77 (5)

XLW(TX—]M) == 0389 + 0045Xt — 0019T — 0013
x 107 72X, T I+ 2.567 x 107°X? +0.267 x 107°T*

(6)

X w(Lutensol) = 0.082+0.070X, — 6.032 x 107°T — 0.109
x 102X, T + 0.262 x 107°X2 +0.076 x 10712

(7)

Pe(rx—114) = 1.967 + 0.162X; — 0.105T
—0.003X,T+ 0.019 x 107'X? +0.014 x 10°'7%  (8)

Pe(Luensot) = 0.969 + 0.150X, — 0.040T — 0.025
x 107X, T + 0.001X> 4 0.003 x 10~'7? (9)

Extraction Results: Effects of Temperature
and Nonionic Surfactant Concentration

Efficiency

Figure 3 represents the three-dimensional iso-response
surfaces of the studied properties smoothed by the quad-
ratic model (Egs. 2-3). This figure shows that the extent of
tannic acid extraction (E) increases with X,. In this work, E
reaches 95 and 74 % at 12 wt% TX-114 and Lutensol ON
30, respectively. In agreement with previous findings in
other extraction systems, temperature variations have a
slight effect on tannic acid extraction [49, 50, 62, 71, 73].
Hence, propitious conditions (X; and 7) for best CPE
results are situated in the darkest colored zones.

In comparing Fig. 3a and b, we notice that the extent of
tannic acid extraction (E) obtained using TX-114 is higher
than that obtained with Lutensol ON 30. The presence of
more EO units in TX-114 could provide it with higher
solubilization (in the palisade) and extraction capacities
towards tannic acid.

Residual Concentration of Tannic Acid (X,,,)

Figure 4 shows that the percentage of remaining tannic
acid in the dilute phase, X;,, decreases as X, increases, but
it increases slightly with 7. Thus, beyond the cloud point,
excessive heating is note favorable for CPE [62]. Hence, at
propitious conditions of X, and 7T (light colored zones),
solute concentration reduction in the dilute phase was
about 40 and 60 times using Lutensol ON 30 and TX-114,
respectively.



Fig. 3 Extraction extent of
tannic acid E (%) = f (X, 1),
calculated by the quadratic
model (Egs. 2, 3)

AN

Fig. 4 Remaining
concentration of tannic acid,
Xsw = f Xy, 1), calculated by
the quadratic model (Egs. 4, 5)

BB NS

Concentration of Residual Surfactant (X,,,)

The surfactant loss in the dilute phase is a very important
parameter. The process becomes inefficient if a new pol-
lutant is detected in the dilute phase after extraction.
Indeed, a biodegradable surfactant (polyethoxylated alco-
hol or alkylphenol) was used due to their satisfactory
biodegradable activities [56, 57]. However, surfactant loss
in the dilute phase is not economic even when the surfac-
tant is biodegradable. Figure 5 represents the correspond-
ing three dimensional iso-response curves fitted by the
quadratic models (Egs. 6, 7). It is shown that, for both
surfactants (TX-114 and Lutensol ON 30) the behavior of
X;w 1s similar. This figure shows that increasing tempera-
ture (7) and lowering surfactant concentration allows
residual surfactant concentration (X,,,) reduction. Such
results were obtained in previous studies with other
polyethoxylated alcohols, in agreement with the lower
aqueous solubility of alkoxylated nonionic surfactants at
high temperature [50, 62, 63, 71].In addition, one can see

Extent of tannic acid extraction

Residual concentration of tannic acid in the dilute phase

Extent tannic acid extraction
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in Fig. 5 that the residual TX-114 concentration is higher
than that of Lutensol ON 30 (CMC = 0.024 mM), which is
in agreement with the CMC values.

Volume Fraction of Coacervate

Figure 6a and b represent the iso-response surfaces of ®c
vs X, and T. When X, increases, ®c increases almost lin-
early, due to the progressive enrichment of the coacervate
in micelles. This increase in volume of the coacervate is
also associated with the retention of water molecules by the
hydrophilic groups of TX-114 and Lutensol ON 30. This
observation was also made in previous studies using other
micellar systems [49, 50, 61, 62, 71, 73-75]. So, it is
advantageous to use less surfactant to have a smaller vol-
ume of coacervate. We also notice that the elevation of
T reduces @c, the coacervate becoming increasingly con-
centrated in surfactant. Indeed, the heat input tends to
eliminate the hydration water molecules retained in the
coacervate by hydrogen bonds with the polar head of the



Fig. 5 Remaining
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surfactant (dehydration). Now, it will be essential to focus
on the values of @c because this parameter plays a decisive
role in the implementation of the process and its progress.
According to the results, the optimal ®c value for the
couples Triton X-114/tannic acid and Lutensol 30/tannic

acid is 0.03 at 45 and 40 °C, respectively.

Effect of Inorganic Salt on the Rate of Extraction,
E (%)

Generally, after electrolyte addition, the organic compound
solubility in water decreases. This behavior is related to the
salting-out phenomenon. Thereby, hydrogen bonds
between water molecule sand both surfactant polar head
group and tannic acid molecules become weaker than those
observed in the absence of electrolyte. Hence, tannic acid
and surfactant become less soluble in water and can be

easily concentrated in the coacervate [71, 73]. One can
notice in Fig. 7 that electrolyte increases tannic extraction
yield (E). According to [64], the presence of electrolyte in
nonionic surfactant system makes it more hydrophobic and
reduces thereby the critical micelle concentration (CMC)
and Tc, which increases the surfactant solubilizing capacity
and, consequently, improves the extraction efficiency
(Fig. 7).

Extraction by Mixed Micelles

The formation of mixed micelles in the Lutensol ON
30/CTAB system is confirmed by the dramatic cloud
temperature rise in the presence of cationic surfactant
(Fig. 1). One can see in Fig. 8 that the extraction extent
(E) of TA increases significantly with increasing CTAB
concentration. Hence, additional beneficial properties can
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Fig. 8 Effect of CTAB on the extraction extent of tannic acid, £ (%)

be observed when nonionic and ionic surfactants co-exist.
The positive charge of CTAB molecules increases the
affinity of the numerous electronegative phenolic oxygen
atoms of tannic acid towards the micellar aggregates [76].
Such results were obtained in other systems using mixed
micelles [49, 50].

Effect of pH on the Extraction Extent

The deprotonation of a weak acid or the protonation of a
weak base increases the aqueous solubility of the solute
and induces a reduction of surfactant-solute interactions.
Under these conditions, only a small amount of ionized
solute can be solubilized and extracted, unlike neutral
molecules. Tannic acid is a weak organic acid (pKa = 10),
consequently its ionization is strongly dependent on pH.

100 +

95 1

—o— 1wt.% TX-114(40°C)

—u—1wt.% Lutensol ON30(45°C)

E(%)
&

80 1
L — L .
\./
75 1
70 T
0 2 4 6 8 10 12
pH

Fig. 9 Effect of pH on the extraction extent of tannic acid, E (%)

However, tannic acid extraction extent remains constant for
all pH values (Fig. 9). Hence, the back-extraction of this
solute from the coacervate was not possible by changing
pH [77].

Winsor I Microemulsion Extraction

The results of reuse of the surfactant (coacervate of Triton
TX-114) for two successive cycles after back-extraction of
tannic acid using Winsor I Microemulsion extraction, are
given in Table 1. The hydrophobic organic solvents, pet-
roleum ether and cyclohexane, showed limited extractive
capacity for tannic acid and most of acid was left in the Wm
phase. In contrast, the more hydrophilic organic solvent,
diethyl ether, extracted most of tannic acid into the excess
oil phase and only two clear phases were observed.

Conclusion

The application of CPE for the removal of tannic acid from
waste water is confirmed. Like other methods, this tech-
nique is capable of removing soluble pollutants from
industrial effluents (Table 2). In order to optimize its
operation, four parameters that control the effectiveness of
this technique were analyzed, i.e. E, X, X;. and (.. The

Table 1 Results of regeneration of a coacervate of TX114

Diethyl ether Cyclohexane Petroleum ether
Log P [70] 0.85 32 3.1
V (mL) 17 10 13
r (wt%) 95 85 70

V (mL) volume of excess oil phase, r (wt%) percent recovery of tannic
acid



Table 2 Removal extent (%) of
tannic acid with different

separation methods

Separation methods of tannic acid Removal extent (%) References
Electrochemical oxidation 94.0 [33]
Adsorption-coagulation combined systems 87.5 [32]
Ultrafiltration and nanofiltration 78.0 [34]
Biological process 85.2 [35]
Adsorption on polyaniline adsorbent 90.0 [17]
Cloud point extraction 95.5 This work

choice of optimal conditions requires a compromise
between all four parameters. Extraction percentages around
95 % for TX-114 and 87 % for Lutensol ON 30 were
obtained at temperatures ranging between 40 and 45 °C,
with very low coacervate volume fraction (0.03).In addi-
tion, the concentration factor of the solute can be increased
when a minimal volume fraction of coacervate (().) was
obtained at low X,. Na,SO, and CTAB increase the
extraction extent of tannic acid but pH change shows no
effect. Thereby, surfactant regeneration cannot be achieved
by pH changing. Diethyl ether was selected for the strip-
ping of organic compound from the coacervate using
Winsor I microemulsion extraction.

References

1. Field JA, Lettinga G (1992) Toxicity of tannic compounds to
microorganisms. In: Hemingway WR, Laks PE (eds) Plant
polyphenols, basic life sciences, vol 59. Springer, Wageningen,
The Netherlands, pp 673-692

2. De Nicola E, Meric S, Gallo M, Iaccarino M, Della Rocca CR,
Lofrano G, Russo T, Pagano G (2007) Vegetable and synthetic
tannins induce hormesis/toxicity in sea urchin early development
and in algal growth. Environ Pollut 146:46-54

3. Singleton VL (1981) Naturally occurring food toxicants: phenolic
substances of plant origin common in foods. In: Chichester CO,
Mrak EM, Stewart GF (eds) Advances in food research, vol 27.
Academic Press, New York, pp 149-242

4. Khanbabae K, van Ree T (2001) Tannins: classification and
definition. Nat Prod Rep 18:641-649

5. Schofield P, Mbugua DM, Pell AN (2001) Analysis of condensed
tannins: a review. Anim Feed Sci Technol 91(1-2):21-40

6. Chung SY, Reed S (2012) Removing peanut allergens by tannic
acid. Food Chem 134:1468-1473

7. Tannic acid (2015) https://fr.wikipedia.org/wiki/Acide_tanni
que;en.wikipedia.org/wiki/Tannic_acid. Accessed 30 Nov 2015

8. Pulido R, Bravo L, Saura-Calixto F (2000) Antioxidant activity of
dietary polyphenols as determined by a modified ferric reducing/
antioxidant power assay. J Agric Food Chem 48:3396-3402

9. Chung KT, Wong TY, Wei CI, Huang YW, Lin Y (1998) Tannins
and human health. Crit Rev Food Sci Nutr 38:421-464

10. Higazy A, Hashem M, ElShafei A, Shaker N, Hadya MA (2010)
Development of anti-microbial jute fabrics via in situ formation
of cellulose—tannic acid—metal ion complex. Carbohydr Polym
79:890-897

11. Gulcin R, Huyut Z, Elmastas M, Aboul-Enein HY (2010) Radical
scavenging and antioxidant activity of tannic acid. Arab J] Chem
3:43-53

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Kim TJ, Silva JL, Kim MK, Jung YS (2010) Enhanced antioxi-
dant capacity and antimicrobial activity of tannic acid by thermal
processing. Food Chem 118:740-746

Huang JH, Liu YF, Wang XG (2008) Selective adsorption of
tannin from flavonoids by organically modified attapulgite clay.
J Hazard Mater 160:382-387

Reddy NS, Pierson MD, Satthe SK, Salunkhe DK (1985) Dry
bean tannins: a review of nutritional implications. ] Am Oil Chem
Soc 62:541-549

Mitjavila S, Lacombe C, Carrera G, Derache R (1977) Tannic
acid and oxidized tannic acid on the functional state of rat
intestinal epithelium. J Nutr 107:2113-2121

Deshpande SS, Sathe SK, Salunkhe DK (1984) Chemistry and
safety of plant polyphenols. In: Friedman M (ed) Nutritional and
toxicological aspects of food safety. Plenum Press, New York,
pp 457-495

Wang J, Ji Y, Ding S, Ma H, Han XJ (2013) Adsorption and
desorption Behavior of Tannic Acid in Aqueous Solution on
Polyaniline Adsorbent. Chinese J Chem Eng 21(6):594-599

Lu ZY, Jiang BC, Li AM, Wang X, Ma YF, Sheng XP (2010)
Competitive adsorption of tannic acid and phenol onto a bi-func-
tional polymeric adsorbent. Acta Chim Sinica. 68(5):437-442
Lin YL, Chiang PC, Chang EE (2007) Removal of small tri-
halomethane precursors from aqueous solution by nano filtration.
J Hazard Mater 146(1-2):20-29

Liu F, Luo XG, Lin XY (2010) Adsorption of tannin from
aqueous solution by deacetylated konjac glucomannan. J Hazard
Mater 178:844-850

Constabel CP, Barbehenn RV (2011) Tannins in plant-herbivore
interactions. Phytochem 72(13):1551-1565

Anirudhan TS, Ramachandran M (2006) Adsorptive removal of
tannin from aqueous solutions by cationic surfactant-modified
bentonite clay. J Colloid Interface Sci 299:116-124

Gnanamani A, Sekaran G, Babu M (2001) Removal of tannin
from cross-linked and open chain polymeric tannin substrates
using heme peroxidases of Phanerochaete chrysosporium. Bio-
proc Biosys Eng 24:211-217

Vinod VP, Anirudhan TS (2001) Sorption of tannic acid on zir-
conium pillared clay. J Chem Technol Biotechnol 77:92-101
Hamdi N, Hamdaoui S, Srasra E (2014) Sorption of tannin from
aqueous solutions on organo-modified smectite-illite. Int J
Environ Res 8(2):367-376

Wang JH, Zheng SR, Liu JL, Xu ZY (2010) Tannic acid
adsorption on amino-functionalized magnetic mesoporous silica.
Chem Eng J 165:10-16

LinJ ZhanY, ZhuZ XingY (2011) Adsorption of tannic acid from
aqueous solution onto surfactant-modified zeolite. J Hazard
Mater 193:102-111

Lowry J, Sweeney CMC, Palmer B (1996) Changing perceptions
of the effect of plant phenolics on nutrient supply in the ruminant.
Aust J Agric Res 47(6):829-842

Buso A, Balbo L, Giomo M, Farnia G, Sandona G (2000) Elec-
trochemical removal of tannins from aqueous solutions. Ind Eng
Chem Res 39(2):494-499



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Halkes SBA, Van den Berg AJ, Hoekstra MJ, du Pont JS, Kreis
RW (2001) Treatment of burns: new perspectives for highly
purified tannic acid? Burns. 27(3):299-300

Kang WT, Kassim MJ (2011) A correlation study on the phenolic
profiles and corrosion inhibition properties of mangrove tannins
(Rhizophora apiculata) as affected by extraction solvents. Corr
Sci 53:569-574

Chanil JB, Narong PB, Jeill OC, Kyoung HC, Min JD, Yoon Y
(2015) Removal of humic and tannic acids by adsorption—coag-
ulation combined systems with activated biochar. J Hazard Mater
300:808-814

Govindaraj M, Muthukumar M, Raju GB (2010) Electrochemical
oxidation of tannic acid contaminated wastewater by RuO2/IrO2/
TaO2-coated titanium and graphite anodes. Environ Technol
31:1613-1622

Javier BF, Acero JL, Leal Al, Gonzalez M (2009) The use of
ultrafiltration and nano filtration membranes for the purification
of cork processing wastewater. J] Hazard Mater 162:1438-1445
Li WW, Li XD, Zeng KM (2009) Aerobic biodegradation
kinetics of tannic acid in activated sludge system. Biochem Eng J
43:142-148

WatanabeH TanakaH (1978) A Non-ionic surfactant as a new
solvent for liquid-liquid extraction of zinc(Il) with 1-(2-pyridy-
lazo)-2-naphthol. Talanta 25:585-589

Bordier C (1981) Phase separation of integral membrane proteins
in Triton X-114 solutions. Biol Chem 256:1604-1607

Hung KC, Chen BH, Liya EY (2007) Cloud-point extraction of
selected polycyclic aromatic hydrocarbons by nonionic surfac-
tants. Sep Purif Technol 57:1-10

Paleologos EK, Giokas DL, Karayannis MI (2005) Micelle-me-
diated separation and cloud point extraction. Trends Anal Chem.
24(5):426-436

Duarte LJN (2005) Extraction a deux phases aqueuses a I’aide
d’alcools polyéthoxylés en vue de 1’élimination de polluants
organiques et d’ions métalliques. Thése de Doctorat, INP-Tou-
louse, France

Canselier JP, Gourdon C, Nogueira LJN, De Barros Neto EL,
Haddou B, Gumila C (2007) Procédé d’extraction sans solvant
des polluants organiques et métalliques. Patent N° FR2900145
(A1), WO-2007-122158 (PCT/EP2007/053777)

Ferrera ZS, Sanz CP, Santana CM, Rodriguez JJS (2004) The use
of micellar systems in the extraction and pre-concentration of
organic pollutants in environmental samples. Trends Anal Chem
23(7):479-489

Anastas PT, Warner JC (1998) Green Chemistry: Theory and
Practice. Oxford University, New York, p 30

Cheng H, Sabatini DA (2007) Separation of organic compounds
from surfactant solutions: a review: separation science and
technology. Sep Sci Technol 42:453-475

Kungsanant S, Kitiyanan B, Rirksomboon T, Osuwan S,
Scamehorn J (2008) Toluene removal from nonionic surfactant
coacervate phase solutions by vacuum stripping. Sep Purif
Technol 63:370-378

Kungsanant S, Kitiyanan B, Rirksomboon T, Osuwan S,
Scamehorn J (2009) Recovery of nonionic surfactant from VOC-
contaminated coacervate phase solutions by co-current vacuum
stripping: effect of surfactant concentration, temperature, and
solute type. Sep Purif Technol 66:510-516

Harrison RG (2003) Bioseparations science and engineering.
Oxford University, New York

Ingram T, Mehling T, Smirnova I (2013) Partition Coefficients of
Ionizable Solutes in Aqueous Micellar Two-Phase Systems.
Chem Eng J 218:204-213

Haddou B, Guitri N, Debbab A, Gourdon C, Derriche Z (2011)
Cloud point extraction of Orange II and Orange G using neutral

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

and mixed micelles: comparative approach using experimental
design. Sep Sci Technol 46(5):734-743

Ghouas H, Haddou B, Kameche M, Derriche Z, Gourdon C
(2012) Extraction of humic acid by coacervate: investigation of
direct and back processes. J Hazard Mater 205-206:171-178
Mathew DS, Juang RS (2007) Role of alcohols in the formation
of inverse microemulsions and back extraction of proteins/en-
zymes in a reverse micellar system. Sep Purif Technol
53:199-215

Wang Z, Xu JH, Liang R, Qi H (2008) A downstream process
with microemulsion extraction for microbial transformation in
cloud point system. Biochem Eng J 41:24-29

Shen LJ, Zhang XH, Liu MZ, Wang ZL (2014) Microemulsion
extraction of monascus pigments from nonionic surfactant using
high polarity of diethyl ether as excess oil phase. Sep Sci Technol
49:2346-2351

Watarai H (1997) Microemulsions in separation sciences.
J Chromatogr 780:93-102

Ben Ghoulam M, Moatadid N, Graciaa A, Lachaise J (2004)
Quantitative effect of nonionic surfactant partitioning on the
hydrophile-lipophile balance temperature. Langmuir
20:2584-2589

Thiele B, Giinther K, Schwuger MJ (1997) Alkylphenol
ethoxylates: trace analysis and environmental behavior. Chem
Rev 97:3247-3272

Jonkers N, Laane RWPM, Voogt P De (2005) Sources and fate of
nonylphenol ethoxylates and their metabolites in the Dutch
coastal zone of the North Sea. Mar Chem 96:115-135

Falbe J (1986) Surfactants in consumer products: theory, tech-
nology and applications. Springer, Berlin

De Barros Neto EL, Canselier JP, Gourdon C, (2001) Organic
solvent-free extraction of phenol through liquid-coacervate sys-
tems. Solvent Extraction for the 21st Century, SCI, London,
1171-176

Hinze WL(1992) Cloud point extraction and preconcentration
procedures for organic and related pollutants of states concern.
Water ResourResInstUnivNC. 92-269

Materna K, Szymanowski J (2002) Separation of phenols from
aqueous micellar solutions by cloud point extraction. J Colloid
Interface Sci 255:195-201

Haddou B, Canselier JP, Gourdon C (2003) Purification of
effluents by two-aqueous phase extraction. Trans IChemE (Chem
Eng Res Des) 81(A):1185-1192

Haddou B, Taibi A, Bouberka Z, Bouabdesselam H, Derriche Z
(2007) Separation of neutral red and methylene blue from
wastewater using two-aqueous phase extraction. Sep Sci Technol
42(12):2677-2691

SaitoH ShinodaK (1967) The solubilization of hydrocarbons in
aqueous solution of nonionic surfactants. J Colloid Interface Sci
24:10-15

Schott H, Hans SK (1975) Effect of inorganic additive on solu-
tions of nonionic surfactants II. J Pharm Sci 64(4):658-664
Schott H (1998) Comparing the surface chemical properties and the
effect of salts on the cloud point of a conventional non-ionic sur-
factant, Octoxynol 9 (Triton X-100), and of its oligomer, Tyloxapol
(Triton WR-1339). J Colloid interface Sci 205:496-502

Schubert KV, Strey R, Kahlweit M (1991) A new purification
technique for alkyl polyglycol ethers and miscibility gaps for
water CiEj. J Colloid Interface Sci 141:21-29

Akita S, Takeuchi H (1995) Cloud point extraction of organic
compound from aqueous solution with non-ionic surfactants. Sep
Sci Technol 30:833-837

Valaulikar BS, Manohar C (1985) The mechanism of clouding in
triton X-100: The effect of additives. J Colloid Interface Sci
108(2):403-406



70. Sharma KD, Sudha G, Suri SK, Randhawa HS (1989) Studies on
mixed surfactant systems: effect of some anionic surfactant on
the cloud point of poly(nona)oxyethylated nonylphenol. J Am Oil
Chem Soc 66(7):1015-1017

71. Haddou B, Canselier JP, Gourdon C (2006) Cloud point extrac-
tion of phenol and benzyl alcohol from aqueous stream. Sep Purif
Technol 50(1):114-121

72. Box G, Draper N (1987) Empirical Model Building and Response
Surfaces. Wiley, New York

73. Talbi Z, Haddou B, Bouberka Z, Derriche Z (2009) Simultaneous
elimination of pollutants dissolved and dispersed from cutting oil
wastes using two-phase aqueous extraction methods. J Hazard
Mater 163(2/3):748-755

74. Ghouas H, Haddou B, Bouabdesselam H, Bouberka Z, Derriche Z
(2010) Elimination of fuel spills from effluent using cloud point
extraction methods. J Hazard Mater 180:188-196

75. Gullickson ND, Scamehorn JF, Harwell JH (1989) Liquid-coac-
ervate extraction. In: Scamehorn JF, Harwell JH (eds) Surfactant-
based separation processes. Marcel Dekker, New York,
pp 139-153

76. Buffle J (1988) Complexation reactions in aquatic systems: an
analytical approach. Ellis Horwood, Chichester

77. Fendler JH (1982) Membrane mimetic chemistry. Wiley Inter-
science, New York

Halima Ghouas received her engineering degree in industrial
chemistry (option: chemical engineering) and her Ph. D. degree from
the University of Science and Technology of Oran (USTO). Her work
in the Laboratory of Physical Chemistry of Materials was based on
the remediation of industrial waste by cloud point extraction (CPE)
with biodegradable surfactants.

Boumediene Haddou is a professor of chemical engineering at the
University of Science and Technology of Oran (USTO), and a
researcher at the Laboratory of Physical Chemistry of Materials. His
work has focused on liquid-liquid extraction, cloud point extraction,
membrane separation and emulsion stability.

Mostefa Kameche is a professor of chemical engineering at the
University of Science and Technology of Oran (USTO). The research
activities developed by his team at the Laboratory of Physical
Chemistry of Materials are focused on the characterization of ion
exchange membranes, for applications in separation processes such as
dialysis and electrodialysis and in microbial fuel cells They also
related to the improvement of lithium-ion batteries.

Jean Paul Canselier (now retired) was an associate professor at the
National Polytechnic Institute of Toulouse (National School of
Chemistry, Materials, Chemical and Industrial Engineering, ENSIA-
CET) and a researcher at the Chemical Engineering Laboratory. His
research interests are related to the physical chemistry of surfactant
systems, namely micelles, emulsions, microemulsions, surfactant-
based separations and formulation. He has authored or co-authored
more than 80 journal articles and book chapters, and as many
conference papers.

Christophe Gourdon is Professor of Chemical Engineering at the
ENSIACET (INP Toulouse). As a CNRS researcher for 10 years at
Chemical Engineering Laboratory of Toulouse, his own work was
focused on solvent extraction and related technology, and more
generally on the study of liquid—liquid and solid-liquid dispersed
flows. Professor since 1992, he developed a scientific strategy based
on promoting intensified continuous processes. He is the leader of a
team whose topics are: microreactors, milli heat-exchanger reactors,
process intensification. Consultant of various companies (Total,
Arkema, Rhodia, Sanofi...), director of CRITT Process Engineering,
and recently he contributed in the creation of the MEPI in Toulouse
(an industrial demonstration platform for innovative processes). He
was expert at the MSTP, Chairman of the CNU Section 62 (Energy
and Process Engineering), Vice-President of INP Toulouse, and since
2011 he is scientific delegate of the HCERES, in charge of the
evaluation of the research activities of the national labs in the field of
engineering sciences.





