
C
d

M
a

b

h

•

•

•

•

•

a

A
R
R
A
A

K
G
E
A
D
C

h
0

Colloids and Surfaces A: Physicochem. Eng. Aspects 479 (2015) 52–59

Contents lists available at ScienceDirect

Colloids  and  Surfaces  A:  Physicochemical  and
Engineering  Aspects

j ourna l h om epa ge: www.elsev ier .com/ locate /co lsur fa

ationic  ester-containing  gemini  surfactants  as  retarders  in  acrylic
yeing

ousa  Sadeghi-Kiakhania,∗,  Ali  Reza  Tehrani-Baghab

Institute for Color Science and Technology, Department of Organic Colorants, Tehran, Iran
Department of Chemical and Petroleum Engineering, American University of Beirut (AUB), Beirut, Lebanon

 i g  h  l  i  g  h  t  s

Three  cationic  gemini  surfactants
were  used  as retarders  in acrylic  dye-
ing.
The  kinetic  of  acrylic  dyeing  was
studied  using  various  empirical  mod-
els.
The  surfactants  reduced  the rate  of
cationic dye  adsorption.
The  rate  of  dye  adsorption  was
increased  by  temperature.
The  ester-containing  geminis
showed  much  weaker  blocking
effect.
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Two  ester-containing  cationic  gemini  surfactants  (esterquat  and  betainester  types)  and  one  stable
cationic  gemini  surfactant  with  the  same  spacer  length  between  the two  quaternary  head  groups  were
investigated  as  retarding  agents  in acrylic  dyeing  with  a cationic  dye. The  effects  of surfactant  concen-
tration,  time,  and  temperature  were  studied  on  cationic  dye adsorption  onto  acrylic  fibers.  The  results
indicated  that  the  presence  of ester  bond  in  alkyl  tails  of cationic  gemini  surfactants  has  an  important
role  on  the retarding  action  of  dyeing  process  and  it reduces  the  blocking  effect.  The  dye  adsorption
emini cationic surfactant
ster bond
crylic dyeing
ye adsorption
ationic dye

kinetic  at  various  surfactant  concentrations  and  temperatures  was  studied  by  using  different  empirical
models.  The  cationic  dye  adsorption  on acrylic  fiber  showed  a very  good  correlation  with  the modified
Cegarra-Puente  empirical  model.  According  to  the  obtained  activation  energy  values,  the  dye  diffusion
into  the fiber  depends  significantly  on  the  chemical  structure  of the  used  gemini  cationic  surfactants  and
their concentrations.
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1. Introduction

Acrylic fiber is one of the most popular synthetic fibers and its

annual production was  ∼2.2 million tons/year in 2010 [1,2]. This
fiber has extensive applications in apparel as well as in various
industrial sectors owing to its outstanding physical and chemi-
cal properties such as high strength and good abrasion and insect

dx.doi.org/10.1016/j.colsurfa.2015.03.030
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2015.03.030&domain=pdf
mailto:sadeghi-mo@icrc.ac.ir
dx.doi.org/10.1016/j.colsurfa.2015.03.030


d Surf

r
t
v
m
a

l
g
i
p
a
a
u
f
i
i
w
s
T
o
a
o
f
c

c
g
a
r
e
h
(
f
t
d
s
a
c
l
m
(
t
b
c
s
c
b
o
o
n
o

c
d
o
F
t
b

2

2

2
a

M.  Sadeghi-Kiakhani, A.R. Tehrani-Bagha / Colloids an

esistance. Due to the importance of acrylic fibers in textile indus-
ry, investigation for improving their dyeing properties is still
ery interesting. Acrylic fibers consist of at least 85% acrylonitrile
onomer and typical co-monomers are vinyl acetate or methyl

crylate which makes the fiber dyeable by cationic dyes [3–5].
The cationic dyes used for dyeing anionically modified polyacry-

onitrile fibers usually adsorb very rapidly into the fiber at above the
lass transition temperature (Tg). Due to very strong ion-exchange
nteraction between the cationic dyes and anionic dye sites on the
olymer surface, the dye adsorption is very fast and irreversible to

 large extent. To overcome this problem, the temperature control
nd/or electrolyte addition are usually inadequate for achieving a
niform dye adsorption on the fiber (i.e. level dyeing) [6–8]. There-
ore, the use of surfactants as leveling agents (known as retarders
n textile terminology) is strongly recommended in acrylic dye-
ng. Colorless leveling agents (mostly cationic surfactants) compete

ith cationic dyes to adsorb at limited oppositely charged dye-
ites on the fiber surface and within the interior of the acrylic fiber.
his dynamic competitive adsorption reduces the adsorption rate
f cationic dyes, and leads to uniform distribution of dye molecules
t the fiber surface [9–11]. This topic has been studied in a number
f scientific papers and it has been found that the structure of sur-
actants and their concentrations are the main effective factors to
ontrol the dye adsorption rate [12–14].

Gemini surfactants are among new generation of surfactants
omposed of two hydrophobic tails and two hydrophilic head
roups which are bonded together by a chemical linkage. The vari-
bles in their chemical structures can be the length, polarity, and
igidity of the alkyl tails and the linkage/spacer. Most of their inter-
sting physical chemical properties are related somehow to their
igher surface activity and lower critical micelle concentration
CMC) values [15–17]. A much smaller amount of a gemini sur-
actant is required to perform the same function compared with
hat of a monomeric counterpart and this offers the possibility of
ecreasing the environmental impact of formulations [18–20]. A
eries of stable cationic gemini surfactants with various spacers
nd alkyl tail lengths was tested as retarders in acrylic dyeing and
ompared with a single chain cationic surfactant, dodecyltrimethy-
ammonium bromide (DTAB) [12]. They were found to be much

ore efficient than DTAB in reducing the rate of dye adsorption
i.e. as retarders). However, the biodegradation results showed that
he stable cationic gemini surfactants are toxic and not readily
iodegradable. To overcome this problem, we have followed the
oncept of adding a cleavable bond (i.e. ester bond) in the chemical
tructure of these cationic surfactants. The physical and chemi-
al properties of cationic ester-containing gemini surfactants have
een previously studied in a series of papers [21–29]. Two types
f such amphiphiles have been investigated, one with the ether
xygen of the ester bond turned toward the quaternary ammo-
ium group (known as betain-ester type) and one with the reverse
rientation of the ester bond (known as esterquat type) [22,23,29].

The purpose of this study is to investigate the performance of
ationic ester-containing gemini surfactants as retarders in acrylic
yeing with a cationic dye. The results are compared with those
f a stable cationic gemini surfactant with the same spacer length.
urthermore, a series of empirical kinetic models is employed to fit
he kinetic of acrylic dyeing in order to have a better comparison
etween the investigated surfactants.

. Experimental

.1. Materials and equipment
N,N-dimethyldodecylamine (97%), 1,3-dibromopropane (99%),
-dimethylaminoethanol (>99.5%), decanoyl chloride (98%),
cetone (>99.5), ethanol (99.5%), diethyl ether (99%), magnesium
aces A: Physicochem. Eng. Aspects 479 (2015) 52–59 53

sulfate (>99%) and sodium hydrogen carbonate (>99%) were all
purchased from Aldrich.

High bulk acrylic yarn 24/2 Nm type was  used after normal
washing and drying procedure. C.I. Basic Blue 41 (BB41) was pur-
chased from Dystar Co. and used without further purification. The
UV-Visible absorption spectra of dyes in the solution of surfactants
were measured by Cecil 9200 double beam spectrophotometer. A
CDM 210 conductometer (Radiometer) was used to measure the
CMC  values of the surfactants. An Infrared sample dyeing machine
(India) was employed for acrylic dyeing.

2.2. Synthesis of surfactants

The details of synthesis of the surfactants have been reported
in our previous papers [23,25,31]. Schematic presentation of the
synthesis methods is provided in Scheme 1.

2.3. Conductometry measurements for CMC determination

The plot of specific conductivity versus concentration of an
ionic surfactant solution can be used to determine the critical
micelle concentration (CMC) of the surfactant. By increasing the
concentration of surfactant in solution, the conductivity increases
linearly. There is a break and change in the slop of increment at
CMC  as a result of counterion binding to the formed micelles. The
measurements were performed with a CDM 210 conductometer
(Radiometer) in a temperature-controlled double walled glass con-
tainer with water circulation. For each series of measurements, an
exact volume of 10 ml  Millipore water (resistivity ∼18 M�)  was
introduced into the vessel. The solution was  then titrated with
the surfactant solution with known concentration and the specific
conductivity was measured every 2–3 min  after each addition.

2.4. Acrylic dyeing

In acrylic dyeing by cationic dyes, every acrylic fiber shows a
finite saturation value associated with the anionic sites in the fiber.
The saturation concentration (Cs) of BB41 on the acrylic fiber was
obtained to be 6% (over weight of fiber) based on the standard test
procedure [30]. This value is very important for practical dyeing of
acrylic fiber and is the dye concentration at which 90% exhaustion
on to the fiber is achieved. The initial dye concentration was set at
1.5% (o.w.f.) (i.e. one quarter of the saturation concentration) for the
rest of the dyeing experiments. Therefore, the initial dye concen-
tration would be always lower than the amount needed to interact
with all available oppositely charged dye-sites on the fiber which
results in fast dye adsorption on to fiber at above Tg temperature.

The pH of the dye-bath was  adjusted to 4.5 by using 1% (o.w.f.)
acetic acid (glacial) and 1% (o.w.f.) sodium acetate crystals. The
liquor to acrylic fiber ratio was  adjusted to 50:1 by adding distilled
water. This liquor to fiber ratio has also been used in the stan-
dard test method for determination of saturation characteristics
of dye and other kinetic studies [29]. The dye adsorption study was
investigated at three different temperatures (i.e. 90, 95 and 100 ◦C),
and at various surfactant to dye molar rations. The dyeing proce-
dure was  carried out using an Infrared sample dyeing machine.
For monitoring the kinetic of dye adsorption, 12 acrylic samples
(each 1 g) were dyed simultaneously in 12 different steel cylinders
containing the prepared dye solution. After reaching to set tem-
perature and at various time intervals (i.e. 5, 10, 15, 20, 30, 60, 90
and 120 min), one cylinder was  removed from the dyeing machine
and quenched by fast cooling under the tap water. The dyed sam-

ples were then removed from each dye-bath immediately to stop
the dyeing procedure. It should be noted that the dye adsorption
on acrylic fiber stops at temperature below the Tg of the fiber
(around 80–85 ◦C). The absorbance of the dye solution, after certain
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cheme 1. Synthesis rout for (a) stable gemini surfactant 12Q-3-Q12, (b) dodecyl b
omenclatures, Q represents quaternary ammonium group, E stands for ester bon
umbers indicate the carbon atoms in methylene chain.

ilution, was measured at �max of BB41 (605 nm)  before and after
he dyeing process using a UV-Vis spectrophotometer. The percent-
ge of dye adsorption onto acrylic sample was calculated using Eq.
1):

ye absorption % = (C0 − Ct)
C0

× 100 (1)

here C0 is the initial dye concentration and Ct is the dye concen-
ration at time t after reaching to the set temperature.

It is important to note that no change is observed in the visible
pectra of cationic dye solution in the presence of different con-
entrations of cationic surfactants which shows that there is not
ny apparent interaction between the cationic dye and the cationic
urfactants in the solution.

.5. Pretreatment effect

Acrylic samples were first pretreated in surfactant solutions 2%
o.w.f) individually at 100 ◦C for 2 h and the samples were rinsed
horoughly and dried. The dye adsorption onto these pretreated
amples was investigated in the same way as described in Sec-
ion 2.4. This was to determine the ability of dye molecules to
eplace the pre-adsorbed surfactant molecules onto the acrylic
ber.

In addition, the effect of the cationic surfactants on desorp-
ion of the cationic dye from pre-dyed fibers was determined. The
yed samples were placed in the surfactant solution 1% (o.w.f) and
reated at 100 ◦C for 2 h. At the end of this procedure, the amount
f desorbed dye into the dye-bath solution was determined using
V-Vis spectroscopy.

.6. Empirical kinetic models
The empirical kinetic models can be used to estimate the dyeing
ate constant which shows how fast the dye adsorption takes place.
here are a number of empirical kinetic models for determination of
ester gemini 12E′1Q-3-Q1E′12, and (c) dodecylesterquat 11E2Q-3-Q2E11. In these
erquat type), E′ stands for ester bond in reverse order (Betainester type) and the

the rate constant (k) such the zero order or parabolic equation (Eq.
(2)), the first order or exponential equation (Eq. (3)), the Cegarra
and Puente equation (Eq. (4)) and the modified Cegarra-Puente
equation (Eq. (5)) [14,30].

dCt

dt
= k

Ct
→ Ct = k

√
t (2)

dCt

dt
= k(C∞ − Ct) → ln

(
1 − Ct

C∞

)
= −kt (3)

ln

(
1 − C2

t

C2∞

)
= −kt (4)

ln

[
− ln

(
1 − C2

t

C2∞

)]
= a × ln k + a × ln t (5)

2.7. Activation energy

Apparent activation energy in the dyeing process (Ea) can be
calculated from the empirical Arrhenius equation (Eq. (6)) [32]:

ln k = ln k0 − Ea

RT
(6)

where k is the rate constant; R the gas constant (8.314 J/mol K), and T
the absolute temperature (K), and Ea is apparent activation energy
of adsorption (J/mol). Plotting the rate of adsorption against the
reciprocal temperature gives a reasonably straight line, the gradient
of which is −Ea/R.

3. Results and discussion

3.1. Syntheses and physical-chemical properties of the surfactants
The synthesis of cationic gemini surfactants can be fol-
lowed by two different methods as can be seen in Scheme 1.
In the first method, (Scheme 1-a and b), the target geminis
(12Q-3-Q12 and 12E′1Q-3-Q1E′12) with short spacer (s = 3) are
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ynthesized from the reaction of the corresponding alkyl bromide
ith N,N,N′,N′-tetramethyl-1,3-diaminopropane. For synthesis of
odecyl bromoacetate (i.e. the intermediate product in Scheme 1-
), one may  react 1-dodecanol with Bromoacetyl bromide in
ichloromethane [29]. In the second method (Scheme 1-c) which

s more common in synthesis of cationic gemini surfactants with
ong spacer (s > 3), the gemini is obtained from the reaction of corre-
ponding fatty tertiary amine with 1,3-dibromopropoane. The fatty
ertiary amine in this work (i.e. N-(2-(dodecanoyloxy)ethyl)-N,N-
imethylamine) was synthesize by reaction of 2-(N,N-dimethyl)
minoethanol and lauroyl chloride as previously described in
etails elsewhere [24,25,29].

The CMC  values of the surfactants were measured by conduc-
ometery method (Section 2.3). The CMC  values of 12Q-3-Q12,
2E′1Q-3-Q1E′12, and 11E2Q-3-Q2E11 were found to be 0.99 mM,
.24 mM,  and 0.31 mM,  respectively at 25 ◦C. The CMC  values of the
ster-containing surfactants are very close to each other as a result
f similar alkyl tail length and chemical structure. These CMC  values
re 3–4 times smaller than the CMC  value of 12Q-3-Q12 as a result
f longer alkyl chain length. These CMC  values are at least 10 times
maller than those of the corresponding single chain surfactants
22,23,27], which is favorable from economic and environmental
oint of view [15].

.2. Retarding action of surfactants

.2.1. Surfactant concentration effect
The cationic dye absorption onto acrylic sample at initial

ye concentration of 1.5% (o.w.f) and at two different surfactant
oncentrations (Surfactant: Dye molar ratios = 0.25 and 0.5) was
nvestigated at 100 ◦C (Fig. 1). The results clearly show that in the
bsence of any surfactant, the dye absorbs quickly onto acrylic
ber which is the cause of non-uniform dyeing on the samples.
y increasing the concentration of the cationic surfactants in the
ye bath, the rate of dye absorption decreases substantially. Some
etarders are strongly bonded to the oppositely charged dye sites on
he fiber in case they are used at high concentrations. A permanent
locking effect can be observed when the stable gemini surfac-
ant (i.e. 12Q-3-Q12) is used while the other two ester-containing
eminis have not caused this problem which is beneficial from the
yeing point of view. This suggests that inserting a weak cleav-
ble bond (e.g. ester bond) in the alkyl tail of the surfactants will
olve the blocking effect of the retarders. The ester bond in these
urfactants is susceptible to chemical hydrolysis especially at ele-
ated pH and temperature [30,31]. It has been shown that an
ster-containing gemini surfactant has extremely slow chemical
ydrolysis in water at pH below 4 [33]. Upon chemical hydroly-
is at elevated dyeing temperature, 12E′1Q-3-Q1E′12 breaks into
odecanol and the diquaternary-dicarboxylic salt and 11E2Q-3-
2E11 breaks into dodecnionc acid and the diquaternary-diol salt.
he resulting degradation products are not able to compete with
he cationic dye for adsorption (i.e. they are not retarder anymore)
nd as a result the ester-containing surfactants do not show any
ermanent blocking effect in the dyeing process.

The position and direction of the ester bonds in alkyl tails toward
he cationic head groups in 12E′1Q-3-Q1E′12 and 11E2Q-3-Q2E11
re also playing a very important role in chemical hydrolysis as
t has been mentioned in other papers [12,29]. Compared with
1E2Q-3-Q2E11, 12E′1Q-3-Q1E′12 is susceptible to faster chemi-
al hydrolysis. The cationic head groups withdraw electron from
he carbon of carbonyl group and make it more prone to nucle-

philic attacks. Obviously, the carbon of carbonyl group is closer
o the cationic head groups in 12E′1Q-3-Q1E′12 than in 11E2Q-3-
2E11 which results in faster chemical hydrolysis in alkaline and
ild acidic condition.
Fig. 1. BB41 absorption (%) onto acrylic fiber in the presence of the gemini surfac-
tants at (Surfactant: Dye molar ratios = 0.25 and 0.5) at 100 ◦C (a) 12Q-3-Q12, (b)
11E2Q-3-Q2E11, and (c) 12E′1Q-3-Q1E′12.

The mechanism of dyeing of acrylic fibers with cationic dyes
involves electrostatic interaction between the anionic sites on the
fiber and the dye cations. This electrostatic interaction can be
reinforced further by the hydrophobic interaction between the aro-
matic part of the dye cation and the methylene chains in acrylic
polymer. Acrylic dyeing can take place by an ion-exchange pro-
cess in which the dye cations adsorb at the surface of the fiber and
displace smaller inorganic cations such as the sodium ions which
are often attached to the anionic sites of the fiber. The availabil-
ity of anionic dye sites increases dramatically by increasing the
temperature above the Tg of the acrylic fiber [9–11].

The dye cations are adsorbed initially on the fiber surface. In the
next step, they should diffuse into the interior of the fiber. Any sig-

nificant diffusion is possible only by the freeing of the dye molecules
from their local interactions with the polymer. This is affected by
elevating the temperature of the dyebath which increases the poly-
meric chain motions and reduces the packing obstruction against
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Fig. 2. BB41 absorption (%) onto acrylic fiber in the presence of geminis (Surfactant:
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In the second set of experiments, the pre-dyed acrylic samples
ye  molar ratio = 0.5) at different temperatures; (a) 12Q-3-Q12, (b) 11E2Q-3-Q2E11,
nd (c) 12E′1Q-3-Q1E′12.

iffusion of the dye molecules. These two distinct effects of tem-
erature combine to assist the penetration of dye molecules into
he fiber [9–11].

In case the dye adsorption onto the fiber is not uniform, it would
e very difficult to fix the problem as a result of strong electro-
tatic interaction of the dye molecules with oppositely charged
ye sites and low migration rate. Thus, it is very important to con-
rol the rate of dye adsorption from very early stages in the dyeing
rocess by using suitable retarders.

Fig. 2 shows that the rate of dye adsorption is very high and
he complete dye adsorption is achieved in about 10 min  which
ncreases the risk of unlevel dyeing (i.e. non-uniform distribution
f dye molecules at the fiber surface). The presence of cationic sur-
actants as retarders has decreased the rate of dyeing and delayed
he time needed for the complete dye adsorption.

The effect of different gemini surfactants on the dye absorption
%) at the same surfactant: dye molar concentration was studied
t different temperatures (Fig. 2). The plots clearly show the
ffect of temperature on dye adsorption and the rate of dyeing. As

reviously explained, the segmental motion of the polymer chains

ncreases exponentially at temperature higher than Tg and more
ationic dyes/surfactants can diffuse and adsorb at oppositely
Fig. 3. Dye absorption (%) of cationic dye onto pretreated acrylic fiber at 100 ◦C after
2  h.

charged dye-sites on and within the fiber. Thus, the dye adsorption
rate will increase considerably with increasing temperature.

There is a slightly different trend in the dye adsorption plots vs.
time as can be seen in Fig. 2(a) & (b) and (c). By considering the same
dyeing conditions (e.g. same amount of acrylic fiber, cationic dye,
temperature, and time), the only effective parameter on dyeing rate
of absorption on acrylic fiber is the type of retarder. The betainester
type gemini surfactant (12E′1Q-3-Q1E′12) with lower chemical sta-
bility seems to have a weaker retarding effect among the geminis.
The only way  we can explain the differences in rate of dye adsorp-
tion on acrylic fiber is that the ester bond in the ester-containing
gemini surfactants gradually hydrolyzes during the dyeing process
at high temperature. As a result, the surfactant losses its stability
and it can not compete with the stable cationic dye in the dye bath.

The ester-containing gemini surfactants have an ester bond in
each of their alkyl tails close to the cationic head groups. The pres-
ence of the ester bond can also affect the charge density on the polar
head group of the surfactants. It is reasonable to assume that the
charge density of the polar head groups in 12Q-3-Q12 is higher than
those in the ester-containing gemini surfactants and the surfac-
tant can adsorb faster and bond stronger with oppositely charged
dye sites on acrylic fiber. This can be another explanation for why
12Q-3-Q12 is a stronger retarder in acrylic dyeing than other two
ester-containing gemini surfactants [34].

3.3. Migration test

For understanding the effect of pretreatment at concentrated
dye or surfactant solution individually on dye migration from
the fiber, a series of acrylic samples was prepared as explained
in section 2.5. For the first set of experiments, the pretreated
acrylic samples in the cationic surfactant solutions at 2% (o.w.f)
were dyed at 100 ◦C (Fig. 3). The dye absorption (%) onto the pre-
treated acrylic samples shows that the cationic gemini surfactant
s have blocked some of the anionic dye sites permanently and the
cationic dye cannot access to these adsorption sites at tempera-
ture as high as 100 ◦C after 2 h. The order of blocking effect of the
surfactants is as 12Q-3-Q12 > 11E2Q-3-Q2E11 > 12E′1Q-3-Q1E′12.
Thus, the pretreatment with 12E′1Q-3-Q1E′12 and 11E2Q-3-Q2E11
shows a weaker effect in comparison with that of 12Q-3-Q12. This
strong blocking effect shows that the cationic dye molecules can-
not replace the adsorbed surfactant molecules at anionic sites of
acrylic fiber.
were treated in the cationic surfactant solutions at 2% (o.w.f.) at
100 ◦C over 2 h (Fig. 4). In absence of any surfactant, almost no
dye desorption can be observed. So, prolongation of the dyeing
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Table  1
The dyeing rate constants along with their regression coefficients in the acrylic dyeing with BB41 cationic dye in the presence of the gemini surfactants at various Surfactant:
Dye  molar ratios at 100 ◦C.

Surfactant Surfactant: dye molar ratios Parabolic (Eq. (2)) First order (Eq. (3)) Modified Cegarra-Puente (Eq. (5))

k R2 k R2 k R2

12Q-3-Q12
0.25 0.0228 0.919 0.008 0.905 0.0345 0.996
0.5 0.0411 0.923 0.0084 0.923 0.0088 0.983

12E’1Q-3-Q1E’12
0.25  0.046 0.794 0.0292 0.927 0.055 0.984
0.5  0.0754 0.857 0.0323 0.980 0.0283 0.980

11E2Q-3-Q2E12
0.25  0.063 0.906 0.027 0.899 0.0440 0.986
0.5  0.0145 0.941 0.0044 0.867 0.0095 0981

Table 2
The dyeing rate constants along with their regression coefficients in the acrylic dyeing with BB41 cationic dye in the presence of the gemini surfactants at 0.25 Surfactant:
Dye  molar ratio at various temperatures.

Surfactant T (◦C) Parabolic (Eq. (2)) First Order (Eq. (3)) Modified Cegarra-Puente (Eq. (5))

k R2 k R2 k R2

12Q-3-Q12
90 0.0356 0.969 0.0045 0.924 0.0016 0.996
95  0.0035 0.829 0.0173 0.890 0.0140 0.993

100  0.0228 0.919 0.008 0.905 0.0345 0.996

12E’1Q-3-Q1E’12
90  0.0345 0.953 0.0083 0.936 0.0109 0.997
95  0.0352 0.849 0.0277 0.924 0.0325 0.995

100  0.046 0.794 0.0292 0.927 0.055 0.984

11E2Q-3-Q2E12
90  0.0368 0.976 0.0053 0.940 0.0022 0.989
95  0.0516 0.947 0.0198 0.915 0.0184 0.992

100  0.063 0.906 0.027 0.899 0.0440 0.986

Table 3
The correlation coefficients values (R2) in the acrylic dyeing with BB41 in the different surfactants.

R2 Parabolic (Eq. (2)) First order (Eq. (3)) Modified Cegarra-Puente (Eq. (5))

Minimum 0.794 0.8
Average 0.89 0.9
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models. The rate constants obtained from the modified Cegarra-
ig. 4. Dye desorption (optical density) from the pre-dyed acrylic samples in the
resence of the cationic gemini surfactants at 2% (o.w.f.) at 100 ◦C after 2 h.

rocedure can not fix the unlevel dyeing and once the dye
s adsorbed at fiber surface via ion exchange interaction with
nionic dye-sites, it is very difficult to be desorbed. However, the
ationic gemini surfactants showed very good ability to replace the
dsorbed dye molecules and as a result the dye molecules desorb
o the dye bath solution. The effectiveness of the surfactants for
ausing dye desorption from the fiber to the solution is as: 12Q-
-Q12 > 11E2Q-3-Q2E11 > 12E′1Q-3-Q1E′12 which is in the same

rder as what it was found for the blocking effect. This shows that
he presence of an ester bond in the alkyl tails of the cationic gem-
ni surfactants plays an important role in retarding effect of the
67 0.98
16 0.985

surfactants. This suggests that one may  be able to fix the unlevel
dyed sample by treating it in cationic surfactant solution at high
temperature to facilitate the migration. The suitable surfactant con-
centration needed for this purpose should be obtained by a series
of sample dyeing.

3.4. Kinetic study

A series of kinetic models as described in section 2.6 was
employed to study the dyeing kinetic process on acrylic fiber and
the rate constants were determined accordingly. In the light of the
results obtained, the effect of the cationic gemini surfactants on the
rate of dye absorption is reported in Tables 1 and 2. Fifteen differ-
ent dyeing systems were studied by these models and it was  found
that the modified Cegarra-Puente empirical model (Eq. (5)) fits the
dyeing process somewhat better than the other models.

The mean and minimum correlation coefficients of the all 15
experiments are reported in Table 3 for comparison. It should be
noted that the correlation coefficients were also calculated for the
other kinetic equations (e.g. parabolic, second order, etc.), but these
equations did not show good fitting with the experimental data.

As it can be seen in Table 3, the dyeing kinetic can be described
by the modified Cegarra-Puente empirical model somewhat better
than the other kinetic models that were used and the minimum and
average of the correlation coefficients were found to be 0.98 and
0.985, respectively which were much higher than those of other
Puente model are depicted vs. temperature for the three cationic
gemini surfactants (Fig. 5). This figure clearly shows that the
dyeing rate constants increase almost linearly by increasing the
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Fig. 5. Dyeing rate constants of BB41 in the presence of the gemini surfactants at
different temperatures using Eq. (5).

Table 4
The activation energy in acrylic dyeing process in the presence of gemini cationic
surfactants.

Surfactant Ea (kJ/mol) R2

No-surfactant 112.57 0.989
12Q-3-Q12 344.44 0.949
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11E2Q-3-Q2E11 337.84 0.948
12E’1Q-3-Q1E’12 182.48 0.963

emperature and in the absence of any retarder; the dyeing rate
onstants are quite high. By addition of the gemini cationic sur-
actants as retarders, the dyeing rate constants decrease to a large
xtent and this is more pronounced than the effect of the tem-
erature. The values of dyeing rate constants in the presence of
he gemini cationic surfactants are very close to each other while
he betainester type gemini surfactant shows somewhat weaker
etarding effect. The order of the retarding action effectiveness
or the gemini surfactants (i.e. lower dyeing rate constant) is as:
2Q-3-Q12 > 11E2Q-3-Q2E11 > 12E′1Q-3-Q1E′12.

.5. Activation energy

The temperature dependence of dyeing constants is most often
epresented by an Arrhenius equation (Eq. (6)). The apparent acti-
ation energy (Ea) decreases with increasing temperature above Tg.
he Ea values of the dyeing systems in the absence and presence
f the retarders were calculated and reported in Table 4 (see Sec-
ion 2.7). The Ea increases greatly in the presence of the retarders;
herefore the dye molecules require more energy to overcome the
nergy barrier caused by the presence of the cationic gemini surfac-
ants. The Ea values are close for 12Q-3-Q12 and 11E2Q-3-Q2E11
hile 12E′1Q-3-Q1E′12 has much lower Ea value.

. Conclusion

The retarding action of cationic gemini surfactants in acrylic
yeing was investigated, and it was found that they are effec-
ive for reducing the rate of cationic dye adsorption. There are
wo concerns regarding the stable cationic gemini surfactants: (a)
hey are not biodegradable, and (b) they show blocking effect
n dyeing process. To overcome these problems, the concept of
sing a cleavable bond (i.e. ester bond) in the alkyl tail of the
emini surfactants was employed. Two ester-containing cationic

emini surfactants (11E2Q-3-Q2E11 and 12E’1Q-3-Q1E’12) were
ynthesized and their physical-chemical properties as well as
heir retarding effect in acrylic dyeing were studied. The results
ere compared with those of the stable gemini surfactant

[

[

aces A: Physicochem. Eng. Aspects 479 (2015) 52–59

(i.e. 12Q-3-Q12). The kinetic of acrylic dyeing process by a com-
mercial cationic dye (BB41) was  investigated at different surfactant
concentrations and temperatures. It was  found that the rate of
dyeing process was increased by increasing the dyeing tempera-
ture and decreasing the concentration of surfactants. The dyeing
kinetic data fitted the empirical modified Cegarra-Puente model.
The order of retarding and blocking strength of the surfactants in
the dyeing process was  as 12Q-3-Q12 > 11E2Q-3-Q2E11 > 12E′1Q-
3-Q1E′12 showing that the insertion of an ester bond in alkyl tail
of a gemini surfactant not only can improve the biodegradation
profile of the surfactants, but also it reduces the blocking effect
in acrylic dyeing. Therefore, the proof of concept was successful
and the insertion of a cleavable bond in the alkyl tails of the gem-
ini surfactants improved both the biodegradability profile and the
retarding blocking effect.
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