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Abstract The presence of dyes is one of the main con-

tributors to the organic load in textile effluents. In this

study a mixture of surfactants, produced from animal/

vegetable fats, was used to remove the Direct Yellow 27

dye from a synthetic wastewater through an ionic floccu-

lation process. It was evaluated the effect of contact time,

temperature, and surfactant concentration on dye removal

efficiency. It was also evaluated the kinetics, equilibrium,

and diffusion mechanism of the process. The kinetics of the

process was well described by both Pseudo-second order

and Elovich models. The transport of dye molecules to the

surfactant flocs is controlled by the external layer.

Equilibrium data showed a good fit to the Langmuir model.

A removal rate of 93% was achieved in a single stage, after

5 h of contact time.

Keywords Anionic surfactants � Application of

surfactants � Interfacial science

Introduction

Water pollution is a consequence of several human activ-

ities, causing serious health problems to the population.

Textile wastewater is of great concern due to its toxicity

levels. The dye bath generates large volumes of effluents

containing heavy metals, aromatic compounds, halo-

genated hydrocarbons, surfactants, antifoaming agents,

sodium salts, and dyes unfixed to the textile material [1].

Dyes are toxic substances with mutagenic and carcinogenic

properties that can also cause allergic skin reactions [2].

Azo dyes are molecules that are not decomposed under

sunlight or radiant energy due to their high photolytic

stability [3]. The azo bond (–N=N–) is responsible for the

resistance against aerobic bacterial attack [4]. Therefore, it

is important to use the appropriate wastewater treatment to

obtain effective pollutant removal. With this goal, many

researchers are being challenged to develop novel

wastewater treatment processes.

Among the techniques used for wastewater treatment,

one can highlight the coagulation-flocculation method [5],

advanced oxidation processes [6], nanofiltration [7], and

the adsorption process. In the latter, different types of

adsorbents are used, such as silica gel [8], alumina [9], and

zeolites [10]. Processes involving the azo dye degradation

can generate aromatic amines, which are considered
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carcinogenic and can accumulate in the food chain,

harming human health and endangering ecosystems [3].

Surfactants have been studied as separating agents in

several processes, such as cloud point extraction [11],

microemulsion [12], and micellar enhanced ultrafiltration

[13]. Another promising process is the ionic flocculation,

which uses low cost carboxylate surfactants. Carboxylate

surfactants are molecules obtained easily through the

saponification reaction of vegetable oils and animal fats

using sodium hydroxide. The chemical structure of a bio-

sourced carboxylate surfactant consists of a nonpolar tail

group (linear hydrocarbon chain) bound to a polar head

(carboxylate group). In aqueous media, these surfactants

react with calcium ions forming low solubility salts, pro-

ducing scummy deposits [14]. According to Zapf et al.

[15], in most systems with divalent counterions, the Krafft

temperature is much higher than the one of single-charged

systems. For carboxylate surfactants, this temperature is

higher than 100 �C, making them unattractive for appli-

cations in aqueous media. On the other hand, this insolu-

bility in water and the presence of a nonpolar tail make

these surfactants attractive for ionic flocculation, because

the insoluble surfactant, under stirring, aggregates to form

flocs capable of adsorbing organic compounds in aqueous

media.

In this work, ionic flocculation was used to remove

Direct Yellow 27 dye from a synthetic textile wastewater.

A new separating agent, consisting of insoluble flocs of

calcium surfactant, was obtained by adding a calcium

chloride solution to the surfactant solution. The experiment

evaluated the effects of contact time, surfactant concen-

tration, and temperature on process efficiency. The authors

also investigated the equilibrium and diffusion mechanism

of the dye molecules to the flocs.

Materials and Methods

Materials

The base soap was the surfactant used in this study, which

was produced from a mixture of coconut oil (5%) and beef

tallow (95%) [16]. The Direct Yellow 27 (DY27) dye

(molar mass = 662.62 g/mol, kmax = 393 nm, C25H20N4

Na2O9S3) was obtained from Ciba-Geigy. Calcium chlo-

ride (CRQ) was used for surfactant flocculation. Tests were

carried out in a thermostatic bath provided with a stirring

system (Water Separability Tester, Koehler Instrument

Company, Inc., USA). Dye concentrations before and after

experiments were measured by UV–Vis spectrometry

(Varian Analytical Instruments, Cary 50 Conc, USA). All

chemicals were used without previous purification, and

distilled water was employed to obtain solutions and syn-

thetic wastewater containing dye.

Methods

Preparation of Samples

Samples were prepared by dissolving the surfactant in

distilled water into 100-mL test tubes to obtain solutions

with surfactant concentration ranging from 290 to

650 ppm. The systems were vigorously stirred (680 rpm,

30 min) until all the surfactant was solubilized. After this

step, the calcium chloride stock solution (3600 ppm) was

added and homogenized, under stirring (100 rpm, 5 min),

to obtain samples with calcium concentration/surfactant

concentration ratio equal to 1:2. This proportion was fixed

to ensure the formation of calcium surfactant flocs. After

floc formation, the required volume of the dye stock

solution (2000 ppm) was added, under stirring (100 rpm),

to obtain 100 ppm initial dye concentration. All procedures

were carried out in a thermostatic bath (30, 40, and 50 �C).

Kinetic Study

For the kinetic study, 4-mL sample aliquots were taken at

regular time intervals (0.5, 5, 15, 30, 45, 60, 90, 120, 150,

180, 240, and 300 min). The kinetic models of Pseudo-

second order [17] and Elovich [18] were used to describe

the experimental data. The linearized equations for the

Pseudo-second order and Elovich models are given by

Eqs. 1 and 2, respectively:

t

qt
¼ 1

k2q2e

� �
þ 1

qe

� �
t; ð1Þ

qt ¼
1

b

� �
lnðtÞ þ 1

b

� �
ln ab; ð2Þ

where qt and qe are the flocs uptake capacities at any time

and at equilibrium, respectively, k2 is the rate constant of

the Pseudo-second order model, a and b are the constants

of the Elovich model.

The validity of each model was evaluated considering

the error function, based on the normalized standard

deviation, given by Eq. 3:

Error ð%Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
qexp � qmod

� �
=qexp

� �2
N � 1

s
� 100; ð3Þ

where, qexp and qmod are the uptake capacities obtained

experimentally and using the models, respectively, and N is

the number of experimental points.
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Diffusion Mechanism

Although the kinetic models are useful to describe the

uptake capacity at different contact times, they are not

able to determine which stage controls the diffusion in a

process. For this purpose, two models were tested: the

intra-particle diffusion model and the Boyd diffusion

model.

The determination of diffusivity is not a simple task and,

in diffusion studies, the diffusion rate can be written in

terms of the square root of time [19]. The uptake capacity

using the intra-particle model can be obtained by using

Eq. 4:

qt ¼ kipt
1=2 þ C; ð4Þ

where, kip (mg/g min0.5) is the intra-particle diffusion rate

constant and C is a constant that is proportional to the

thickness of the external layer [20], i.e., the higher the

value of C is, the thicker the layer will be [21].

The second model used to describe the diffusion

mechanism was the Boyd model. This model is given by

Eq. 5 [20]:

F ¼ 1� 6

p2
X1
n¼1

1

n2
expð�n2BtÞ; ð5Þ

where, F = qt/qe is the fractional attainment of equilibrium

at time t and Bt is a function of F. The value of Bt can be

obtained by using Eqs. 6 and 7:

For F[ 0:85: Bt ¼ �0:4977� lnð1� FÞ; ð6Þ

For F\0:85:
ffiffiffi
p

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p� p2F

3

� �s !2

: ð7Þ

The analysis was performed by plotting the calculated Bt

values against time t. If the plot is linear and passes through

the origin, then pore diffusion controls the rate of mass

transfer. If the plot is nonlinear or linear without passing

through the origin, then the diffusion in the film or

chemical reaction controls the rate of mass transfer

[21–23].

Equilibrium Study

The Langmuir model was used to evaluate equilibrium data

(Eq. 8):

Ce

q
¼ 1

qmn
þ Ce

qm
; ð8Þ

where, qm is the maximum uptake capacity, n is the

Langmuir model constant, and Ce is the concentration at

equilibrium in the aqueous phase. The equilibrium iso-

therms were obtained by plotting Ce/q against Ce.

Results and Discussion

Kinetic Evaluation

Figure 1 shows the plot of dye removal efficiency versus

contact time, at 30, 40, and 50 �C. The surfactant con-

centration was fixed at 650 ppm based on a previous study,

in which this concentration presented the best results for

dye removal [16].

It can be observed in Fig. 1 that dye removal efficiency

increases with contact time, achieving up to 93% dye

removal. It is also observed that equilibrium is attained at

180 min contact time. Equations 1–3 were applied to

determine which kinetic model appropriately describes the

kinetic data. Table 1 shows the constants of the Pseudo-

second order and Elovich models. Analyzing the data of R2

and the error function one can conclude that the applied

models are adequate to describe the kinetic data.

According to Wu et al. [18], the Elovich model is used

when chemisorption occurs and the mass transfer rate

decreases with contact time due to saturation of available

sites in the surface. Dotto and Pinto [24] state that the

Pseudo-second order kinetic model assumes that uptake

process is a pseudo-chemical reaction. Therefore, the

adsorption of DY27 in the surfactant floc is considered as a

chemical process.

Equation 9 gives the approaching equilibrium factor

(RE), which is derived from the Elovich equation [18].

According to this factor, the kinetic curve shows four types

of behavior: slow rising (RE[ 0.3), mild rising

(0.1\RE\ 0.3), fast rising (0.02\RE\ 0.1), and close

to instantaneous equilibrium (RE\ 0.02):

RE ¼ 1

qrefb
; ð9Þ

Fig. 1 DY27 removal efficiency versus contact time (initial surfac-

tant concentration = 650 ppm)
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where, qref is the uptake capacity at the longest operation

time (300 min). The calculated RE values were 0.18, 0.17,

and 0.16, for 30, 40, and 50 �C, respectively, suggesting
that the kinetic curve behavior is in the mild rising zone.

In the ionic flocculation it is essential to define the

operating time to reduce operational costs. The relation

between uptake capacity and the operation time depends on

the RE value. Equation 10, presented by Wu et al. [18], was

used to determine the best operating time:

tx

t0:85

� �
¼ exp

ðX � 0:85Þ
RE

	 

; ð10Þ

where, tx and t0.85 are the operating times required to

achieve an uptake capacity at time t and at time to obtain

85% of qe, respectively, and X is the qt/qref ratio.

The plots of tx/t0.85 versus X in is shown in Fig. 2. When

X increases, the interaction between dye and floc increases

(decreasing the surfactant consumption); however, tx/t0.85
also increases (increasing the operation time). The opti-

mum value for X must be based on economic criteria.

Based on Fig. 2, an operating time of 120 min was

defined to reduce process costs, considering that the anal-

ysis was performed for 85% dye removal efficiency and

that the floc used in this research is from natural sources

and relatively inexpensive. This operating time was used in

the equilibrium experiments.

Diffusion Mechanism

To understand the diffusion mechanism, the intra-particle

diffusion model and the Boyd diffusion model were used to

determine the rate limiting step of dye diffusion process

into the surfactant floc.

The linear fit of the uptake capacity (qt) versus the

square root of time (t1/2) was evaluated to test the intra-

particle diffusion model. As can be observed in Fig. 3 all

plots present multilinear behavior [20, 21, 23, 25]. This

multilinear behavior indicates that two or more stages are

controlling the diffusion process [23, 24, 26]. Stage 1

represents the diffusion in the external layer, Stage 2

indicates the intra-particle diffusion, and Stage 3 represents

the final equilibrium stage, where the intra-particle diffu-

sion decreases due to the low concentration of dye in the

solution and low availability of active sites on the floc

surface [27].

It can be seen in Fig. 3 that the straight lines in the plots,

for all studied temperatures, deviate from the origin,

showing that the constant C of Eq. 4 is not zero, and

indicating that the external layer presents a resistance for

dye diffusion, i.e., in the liquid film around the floc (Stage

1). Table 2 shows the values of the intra-particle diffusion

constant and the determination coefficient for the stages

involved in the diffusion process.

Table 2 shows that the constant of the intra-particle

diffusion rate presents its maximum value at Stage 2, for all

evaluated temperatures (intra-particle diffusion). The last

stage shows the lowest values for the diffusion constant,

because, at this stage, the dye concentration is smaller and

the diffusion process reaches its final equilibrium [26].

According to Allen et al. [19], this last stage occurs very

quickly and does not represent a controlling step. Stage 1,

which corresponds to diffusion in the external layer, shows

a lower diffusion constant than Stage 2, suggesting that this

stage controls the diffusion process.

The Boyd diffusion model was used to confirm whether

the controlling step of the diffusion process occurs at Stage

1. This model allows one to identify which stage controls

the diffusion process, i.e., the diffusion in the external layer

or the intra-particle diffusion. Figure 4 shows the plots of

Bt versus time.

If the plots shown in Fig. 4 are linear and cross the

origin, the pore diffusion controls the process. On the other

Table 1 Constant of kinetic

models obtained for different

temperatures

T (�C) Pseudo-second order Elovich

qe (mg/g) k2 (g/mg min) R2 Error (%) a (mg/g min) b (g/mg) R2 Error (%)

30 152.21 3.1 10-4 0.998 5.69 32.17 0.0403 0.962 3.43

40 153.14 3.6 10-4 0.999 3.60 39.47 0.0408 0.957 3.74

50 147.71 4.8 10-4 0.999 3.56 62.20 0.0452 0.921 4.85

Fig. 2 Plot of tx/t0.85 versus X applying the Elovich model for DY27

dye uptake in the surfactant floc
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hand, if the plots are nonlinear or deviate from the origin,

the dye diffusion is controlled by the external layer [22]. In

all cases evaluated in Fig. 4, the plots are nonlinear,

indicating that the rate controlling step is the diffusion in

the external layer, as shown by the intra-particle model.

Equilibrium Behavior

Equilibrium data were obtained for different surfactant

concentrations (290–650 ppm), since in higher concentra-

tions the improvement in dye removal efficiency is not

significant to justify higher surfactant consumption. The

contact time was set at 120 min based on kinetic evaluation

(‘‘Kinetic Evaluation’’). The Langmuir model (Eq. 8) was

applied to describe the equilibrium data of the dye

adsorption on surfactant flocs. Table 3 shows the values of

the Langmuir constants (qm and n), the coefficient of

Fig. 3 Uptake capacity versus the square root of time according to

the intra-particle diffusion model for DY27 dye uptake in the

surfactant floc at: a 30 �C, b 40 �C, and c 50 �C

Table 2 Intra-particle diffusion constant (mg/g min0.5) for all stages

involved in the diffusion process

T (�C) Stage 1 Stage 2 Stage 3

kip,1 R2 kip,2 R2 kip,3 R2

30 5.61 0.972 8.48 0.978 1.22 0.771

40 3.58 0.872 6.83 0.975 0.94 0.964

50 4.72 0.931 5.88 0.968 0.47 0.855

Fig. 4 Bt vs. t fits according to the Boyd model (DY27 concentra-

tion = 100 ppm; surfactant concentration = 650 ppm)

Table 3 Data of Langmuir model constants, separation factor, and

coefficient of determination in all evaluated temperatures

Temperature (�C) qm (mg/g) n (L/g) RL R2

30 142.86 1.21 0.008 0.974

40 163.93 0.22 0.043 0.990

50 172.41 0.21 0.045 0.968
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determination, and the values of the separation factor, RL

(Eq. 11):

RL ¼ 1

1þ bC0

: ð11Þ

Table 3 shows that the experimental data are well fitted

by the Langmuir model (R2[ 0.96). According to the

separation factor value, the Langmuir isotherm can be

classified into four types: unfavorable (RL[ 1), linear

(RL = 1), favorable (0\RL\ 1), and irreversible

(RL = 0). It can be observed that all separation factor

values are between 0 and 1, therefore, the dye uptake in the

floc can be classified as favorable. It is also observed that

the values of qm increases with temperature, showing that

temperature enhances the interaction of DY27 with the

active sites available onto the floc surface. This might be

due to the changes in the pore size of the floc as well as to

an increase in the number of adsorption sites available at

higher temperatures [28].

Conclusions

This study assessed the adsorption of Direct Yellow 27 dye

onto calcium surfactant flocs. The main findings are listed

below:

• The pseudo-second order and Elovich models are

suitable to describe the kinetics of the process.

• The kinetic is classified as mild rising according to the

approaching equilibrium factor.

• The transport of dye molecules to the surfactant flocs is

controlled by diffusion in the external layer.

• The dye uptake onto surfactant flocs is a favorable

process, achieving up to 93% dye removal.
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