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Abstract In the present study, the Taguchi design (TD)
and the Box-Behnken design (BBD) were used to de-
termine the effect of surfactant concentration, flushing
velocity, and dense non-aqueous-phase liquid–
trichloroethylene (DNAPL TCE) mass on the time of
remediation for the removal of DNAPL zones, which is
one of the main persistent sources of groundwater pol-
lution. In the Taguchi approach, the performance of the
response variable is measured based on the signal-to-
noise (S/N) ratio whereas estimation of the full quadratic
model of the parameters is allowed in the Box-Behnken

design. The mean experimental values ranged between
3.97–8.31 and 4.01–9.70 for BBD and TD, respectively.
Surfactant concentration was identified as the most sig-
nificant parameter contributing to remediation efficien-
cy in both design techniques. Minimum remediation
effort was determined as 5.99 at obtained optimal con-
ditions of surfactant concentration (2.5%), flushing rate
(6 cm/h), and DNAPLTCE mass (365 mg) using BBD.
In the case of TD, the optimal conditions were deter-
mined at a surfactant concentration of 10%, 2 cm/h
flushing rate, and 365 mg DNAPLTCE mass. Analysis
of variance (ANOVA) revealed a good relationship be-
tween the predicted and experimental values with 1.96%
and 0.31% of the total variation that was not explained
by the model using TD and BBD, respectively. Conse-
quently, from this comparative study, it was concluded
that BBD was a more suitable alternative to TD for the
evaluation of remediation of DNAPL-contaminated
sites.

Keywords Optimization . Remediation . Groundwater
pollution . Taguchi . Box-Behnken design

1 Introduction

Dense non-aqueous-phase liquids (DNAPLs) are com-
mon cause of groundwater pollution and occur in the
subsurface at numerous contaminated sites. The accu-
mulation of such phases in the subsurface can then
become a long-term source zone for groundwater con-
tamination. Pump-and-treat (PT) technology is
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commonly used for DNAPL remediation. However,
because of the high density, low solubility, and high
interfacial tension of DNAPL with water (γow), PT is
not effective for DNAPL mass removal. The in situ
enhanced solubilization method is a remediation tech-
nique that is based on the use of flushing agents (e.g.,
surfactants, cosolvents, and cyclodextrins) that de-
creases interfacial tension between DNAPL and wa-
ter and increases the apparent solubility of organic
contaminants (Difilippo et al. 2010; Akyol et al.
2013; Tick et al. 2015). Thus, the use of enhanced
flushing can help to increase the efficiency of the
pump-and-treat method and decrease the amount of
time needed to completely flush DNAPLs from the
porous media (McCray and Brusseau 1999; Boving
and Brusseau 2000; Tick et al. 2003, 2015; Tick and
Rincon 2009; Difilippo et al. 2010; Akyol et al.
2013; Akyol and Turkkan 2018; Akyol 2018).

The application of enhanced in situ solubilization is
an effective remediation strategy that can help improve
the efficiency of the pump-and-treat method by optimiz-
ing, control factors. A conventional approach of optimi-
zation, also known as one variable at a time (univariate),
involves variation of one parameter at a time, and it is
often considered an expensive and arduous task. Addi-
tionally, this approach lacks the ability to study the
potential interactions between parameters (Betiku and
Taiwo 2015). However, with the emergence of multi-
variate optimization techniques such as central compos-
ite design, Taguchi design, Doehlert matrix, and Box-
Behnken design, the process has the ability to over-
come these aforementioned difficulties by making
optimization easier, cheaper, and faster with fewer
possible experiments (Özdemir et al. 2014). Also,
these techniques are able to identify the optimum
combination of each variable as well as the interac-
tive effects among the studied variables which is
impossible using the univariate method.

Over the past few years, the Box-Behnken design
(BBD) and the Taguchi design (TD) have found broader
usage and application among researchers due to their
advantage of optimizing multifactor problems with an
optimum number of experimental runs. BBD is a re-
sponse surface methodology which allows for the esti-
mation of a full quadratic model of the parameters
(Bezerra et al. 2008). The most important advantage of
the BBD is the demand for fewer design points com-
pared with a full-factorial central composite design.
Moreover, a BBD avoids extremes and provides

working around extreme factor combinations (Tarley
et al. 2009). This approach also reduces the risk of
update failures as it does not have corners and does
not combine parametric extremes. On the other hand,
poor prediction efficiency at the corners of the design
space and support for limited input parameters (maxi-
mum of 12) are regarded to be the most important
insufficiencies of this approach.

Alternatively, TD employs a special design of an
orthogonal array (OA) for experimental runs. With this
technique, the performance of the response variable is
measured based on the signal-to-noise (S/N) ratio. The
S/N ratio is the measure of the deviation of the response
from the desired value. Based on the analysis of the S/N
ratio, the optimal levels of the process factors are deter-
mined. The S/N ratio depends on the criterion for the
quality characteristics to be optimized. The characteris-
tic of the S/N ratio is categorized into three criteria: (1)
larger the better (LB), (2) smaller the better (SB), and (3)
nominal the best (NB) (Rosa et al. 2009). The LB
function aims to maximize the response from a system
whereas the SB function attempts to minimize it.

Researchers prefer to use Taguchi’s designs as they
are usually highly fractionated. This reduces costs and
time required for a designed experiment. The most
important drawback of a fractionated design is that some
interactionsmay be confoundedwith other effects. Also,
as orthogonal arrays do not test all variable combina-
tions, all relationships between the variables cannot be
determined by Taguchi’s approach (Prasad et al. 2012).

Optimization techniques in groundwater studies have
focused mainly on groundwater level estimation and the
removal of pollutants such as BTEX, Mn+2, and As (V)
(Khodaei et al. 2017; Moosavi et al. 2014; Esfandiar
et al. 2014; Wantala et al. 2012; Martínez-Villafane and
Montero-Ocampo 2010). Additionally, the usefulness of
the abovementioned techniques for optimizing the
groundwater remediation process has already been dem-
onstrated (McCray and Brusseau 1999; Boving and
Brusseau 2000; Tick et al. 2003, 2015; Tick and
Rincon 2009; Carroll and Brusseau 2009; Difilippo
et al. 2010; Harvell 2012., Akyol et al. 2013; Akyol
and Turkkan 2018; Akyol 2018). A literature review
indicated that physical and chemical factors such as
flushing rate, DNAPL saturation, and surfactant concen-
tration are effective in the remediation process of
DNAPL contaminants from aquifer systems. In short,
there is the need to optimize these parameters to aid in
the effective and quick remediation of DNAPL
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contaminants from the porousmedia. Consequently, this
study was conducted to compare two experimental de-
sign techniques (TD and BBD) in testing the surfactant-
enhanced solubilization performance for DNAPL TCE
source zones trapped in heterogeneous porous media
through a series of 2-D tank experiments. DNAPL
TCE saturation, surfactant (sodium dodecyl sulfate,
SDS) concentration, and flushing rate were further stud-
ied to determine their impact on remediation efficacy.

2 Materials and Methods

2.1 Experimental

A series of tank experiments were conducted to
investigate the efficacy of surfactant-enhanced solu-
bilization for the removal of DNAPL TCE source
zones trapped in a porous media. The rectangular
tank was constructed of stainless steel and tempered
glass, with dimensions of 40 cm long by 20 cm high
by 3 cm wide. This flow cell was equipped with
multiple, evenly spaced injection/extraction ports on
each end. In addition, three ports were evenly
spaced at the top of the flow cell to allow injection
of organic liquid. Watertight seals were made with
silicon sealant. Two silica sand medias with different
median particle diameters (359 μm (40/50 mesh)
and 172 μm (70/100 mesh)) were used for the series
of experiments. The organic carbon content of silica
sand materials is very low (O.C.% = 0.05). Porosity
values are 0.36 and 0.38 for the 40/50 mesh and the
70/100 mesh sand, respectively. Hydraulic conduc-
tivity values are 72 cm/h and 7.2 cm/h for the 40/50
mesh and the 70/100 mesh sand. Trichloroethylene
(TCE), ACS grade (Aldrich), was used as the organ-
ic liquid, and SDS (Sigma-Aldrich) was used as
surfactant. Concentrations of SDS were selected as
2.5%, 6.25%, and 10% as weight (wt) for the exper-
iments. SDS is a relatively cheap anionic surfactant
that is used widely in products such as shampoos,
detergents, and toothpaste (Arslan et al. 2018). SDS
is also the best understood and widely used anionic
surfactant for the remediation of DNAPL source
zones in both bench and field-scale projects due to
the productive and efficient flushing agent on reme-
diation efforts (Boving and Brusseau 2000; Tick and
Rincon 2009; Akyol et al. 2013; Tick et al. 2015;
Akyol 2018; Kilavuz and Akyol 2018). Surfactant

reactions in the subsurface are highly sensitive to
environmental conditions such as pH, ionic strength
of the groundwater solution, and temperature
(Harvell 2012). Our previous tests indicated that
sorption and precipitation of SDS had negligible
impact on overall solubilization behavior for the
similar porous media (silica sand) used herein.

The flow cell tank configuration consisted of a
homogeneous pack of 40/50 sand as the matrix, with
a layer of 70/100 sand placed along the bottom
boundary (Kilavuz and Akyol 2018). The DNAPL
TCE source zones were created as direct injection
into the pools created at the top of the 70/100 mesh
low-permeability layer (Fig. 1).Tank experiments
were conducted under steady-state and saturated
flow conditions. For the experiments, various
amounts of DNAPL TCE injections were applied
directly into the pools created at the top of the 70/
100 mesh impermeable layer and kept for 48 h to
settle down (Fig. 1). After 48 h, SDS was injected at
a constant rate, equivalent to pump and treat and
other enhanced-flushing rates of approximately 2–
10 cm/h. As shown in Table 1, the experiments were
conducted at 3 different pore-water velocities (2, 6,
and 10 cm/h), amounts of DNAPL TCE mass (365,
547.5, and 730 mg), and SDS initial concentrations
(2.5%, 6.25%, and 10%) to identify the determina-
tion of better remediation performance. The percent
NAPL saturation (Sn) values are in the range of
0.13–0.26. The initial SDS concentrations, DNAPL
TCE masses, and pore-water velocities were chosen
similar to other studies (Akyol et al. 2013; Kilavuz
and Akyol 2018; Akyol 2018).

Trichloroethylene samples were analyzed immedi-
ately using an ultraviolet-visible spectrophotometer
(Varian Cary 150) at a wavelength of 230 nm. The
effect of SDS on TCE absorbance was negligible for
the analysis. Experiments were terminated when the
TCE effluent concentration reached below 1 mg/L.
Pore volume (PV) that represents the “time of reme-
diation” is calculated as the duration of flushing
when the TCE concentration declined to below the
measurable detection limit (< 1 mg/L). PV is dimen-
sionless time representing the amount of time for
flushing of total pores in porous media. “Remedia-
tion efficacy” indicates the performance of remedia-
tion which is calculated by time of remediation. High
efficacy means effective (fast) remediation and low
efficacy means ineffective (slow) remediation.
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2.2 Design of Experiment and Analysis

2.2.1 Taguchi Design

The Taguchi design was used to determine the optimum
conditions for groundwater remediation and compare with
the results obtained with the Box-Behnken design (BBD).
Three controllable process variables were considered with
each factor and varied at three different levels as shown in
Table 1. An L9 orthogonal array (OA) was selected to
observe the influence of process parameters on the reme-
diation performance of the DNAPL source zone. Success
of remediation was achieved when the TCE effluent con-
centration reached below 1 mg/L. The layout of the OA is
given in Table 2. The independent variables considered
included surfactant concentration (A), flushing rate (B),
and DNAPLTCE mass (C). To achieve a statistical mea-
sure of the process performance, the signal-to-noise (S/N)
ratio was used to evaluate the performance of the
process response. In the simplest terms, the S/N ratio
refers to the ratio of the mean value of the data set to
its standard deviation. Since the objective in the
present study was to minimize remediation time,

“smaller the better—SB” was used to determine
the S/N value for each response using Eq. (1)

S�
N ¼ −10 log

1

n
∑
n

i¼1
Y i

2

� �
ð1Þ

where n represents the total number of repetitions of
each test run and Yi represents the percentage re-
sponse variable realized in repeat experiment i car-
ried out under similar experimental conditions
(Mutala et al. 2018).

2.2.2 Box-Behnken Design

The Box-Behnken design applied had three independent
factors: X1, X2, and X3, each on three levels coded − 1, 0,
and + 1 for low, intermediate, and high value, respectively
(Table 3). The aimwas to evaluate the relationship between
response and independent variables and to optimize the
relevant conditions of variables with the aim of predicting

Fig. 1 Physical media
configuration and representative
DNAPLTCE injection

Table 1 Control factors and levels

Symbol Variable Unit Level 1 Level 2 Level 3

A Surfactant
concentration

% 2.5 6.25 10

B Flushing rate cm/h 2a 6b 10c

C DNAPLTCE mass mg 365 547.5 730

a PV = 12 h for 2 cm/h flushing rate
b PV = 6 h for 6 cm/h flushing rate
c PV = 2.4 h for 10 cm/h flushing rate

Table 2 Layout of L9
orthogonal array (OA)
designs

Experiment no. Parameters

A B C

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2
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the best value of responses. In all, a total of 15 experiments
were employed. In the study, it was aimed to minimize the
remediation time (response variable) by optimizing SDS
concentrations, DNAPL TCE masses, and pore-water ve-
locities (independent variables). The variables optimized
wereX1 in the range of 2.5 to 10;X2, 2 to 10; andX3, 365 to
730, respectively. The time of remediation was considered
as experimental response. Table 4 shows the BBD matrix
of the factors and levels in the experimental design. Anal-
ysis of variance (ANOVA) was used to evaluate the sig-
nificance of each term in the fitted equations and to esti-
mate the goodness of fit.

3 Results and Discussion

3.1 TCE Concentration Behavior

The contaminant elution curves obtained from some of
the flow-cell tank experiments are presented in Fig. 2.

The TCE elution curves are shown as concentration
(mg/L) versus pore volume (PV). The time of remedia-
tion was calculated as dimensionless pore volume (PV).
This was determined by calculating the duration of SDS
flooding. SDS flooding was terminated when TCE ef-
fluent concentration reached below 1 mg/L. The time of
remediation (dimensionless PV) of TCE with various
conditions is reported in Table 5 and Table 8. According
to the experiments, initial TCE effluent concentrations
were higher than its solubility (1300 mg/L) in the pres-
ence of SDS solutions as is expected. The elution curves
for the SDS-enhanced dissolution experiments exhibit-
ed a relatively extensive period wherein the TCE con-
centrations increased to a maximum value, then finally
decreased relatively rapidly until reaching the detection
limit or lower below 1 mg/L. This behavior is also
consistent with observed non-ideal TCE dissolution be-
havior (Russo et al. 2009; Difilippo et al. 2010; Mahal
et al. 2010; Akyol et al. 2013; Akyol and Turkkan
2018). For all of the flow cell experiments, the later
stage of mass removal was controlled by pool-
dominated zones with higher-saturation zones. Those
results from the experiments indicated that DNAPL
saturation, SDS concentration, and flushing rate had a
significant impact on remediation effort. Accordingly,
the optimization of these parameters is critical for the
development/implementation of an effective remedia-
tion effort for a real-world DNAPL-contaminated field
site or demonstration.

3.2 Results of the Box-Behnken Design

Based on the results obtained from the 15 experimental
runs using BBD with three independent factors and
three levels (Table 5), the following empirical second-
order polynomial equation (Eq. 2) was developed show-
ing the interactions between the proposed independent
variables to minimize the remediation time of the pool-
dominated TCE zones trapped within the low-
permeability layer (70–100 mesh). The quadratic model
consisted of three linear, three quadratic, and three

Table 3 Experimental ranges and levels of the independent variables

Symbol Variable Unit Level (− 1) Level (0) Level (+ 1)

X1 Surfactant concentration % 2.5 6.25 10

X2 Flushing rate cm/h 2 6 10

X3 DNAPLTCE mass mg 365 547.5 730

Table 4 Box-Behnken design matrix for the experiment of 15
runs

Experiment no. X1 X2 X3

1 1 0 1

2 − 1 0 − 1
3 1 0 − 1
4 0 − 1 1

5 − 1 1 0

6 − 1 0 1

7 1 1 0

8 0 0 0

9 0 1 − 1
10 0 0 0

11 1 − 1 0

12 0 − 1 − 1
13 0 1 1

14 0 0 0

15 − 1 − 1 0
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interaction terms. The significance of each coefficient in
the equation was determined by F test and P values. The
F test values indicated that all the factors and interac-
tions considered in the experimental design are statisti-
cally significant (P < 0.05) at the 95% confidence level.
All the terms were included in the modeled equation
regardless of their significance.

RT ¼ 5:97−1:19X 1 þ 0:96X 3−0:05X 1
2 þ 0:08X 2

2

þ 0:03X 3
2−0:24X 1X 2−0:20X 1X 3

þ 0:15X 2X 3 ð2Þ

where X1, X2, and X3 are the linear coefficients; X1, X2
2,

and X3
2 are the quadratic coefficients; and X1X2, X1X3,

and X2X3 are the interaction effect coefficient regression
terms, respectively. The determination coefficient (R2)
was used to further test the fitness of the modeled
equation. The sign of the coefficients is used to deter-
mine the impact of a parameter on the response variable
(Ido et al. 2018). Positive coefficients of the flushing
rate and the DNAPL TCE mass indicate an increase in
the remediation time. Conversely, the negative coeffi-
cient of the surfactant concentration indicates that an
increase in surfactant concentration would result in a
decrease in the remediation time.

In the study, the statistical significance of the qua-
dratic models was checked by the ANOVA test. The
significance of each regression coefficient can be
checked by the P value which indicates a statistical
confidence of a factor estimate. A P value less than
0.05 indicates that a term is significant whereas a value
greater than 0.1000 indicates that a term is not signifi-
cant (Anwar et al. 2018). The regression model obtained
for the DNAPL TCE mass removal was significant as
determined by the F and P values (Table 6). The regres-
sion determination coefficient (R2) and goodness of
prediction (adjusted R2) determined were 0.9984 and
0.9955, respectively. The regression determination
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Fig. 2 TCE concentration elution behavior (C vs. PV)

Table 5 Experimental design and results for remediation of
DNAPL

Experiment no. Independent
variable

Dependent variable
(time of remediationa)

X1 X2 X3 Actual values Predicted values

1 1 0 1 5.48 5.52

2 − 1 0 − 1 6.02 5.99

3 1 0 − 1 3.97 3.99

4 0 − 1 1 5.94 6.00

5 − 1 1 0 8.22 8.31

6 − 1 0 1 8.31 8.29

7 1 1 0 5.41 5.45

8 0 0 0 5.96 5.97

9 0 1 − 1 5.91 5.86

10 0 0 0 5.93 5.97

11 1 − 1 0 4.24 4.15

12 0 − 1 − 1 4.31 4.38

13 0 1 1 8.14 8.07

14 0 0 0 6.01 5.97

15 − 1 − 1 0 6.09 6.06

a Indicates the time of remediation in terms of dimensionless pore
volume (PV)

  161 Page 6 of 14 Water Air Soil Pollut         (2019) 230:161 



coefficient indicates a high degree of correlation be-
tween the observed and predicted values, whereas an
adjusted R2 shows the high significance of the model
(Table 7). The R2 obtained implies that 99.84% of the
obtained response was explained by the model. Thus,
only 0.16% of the total variance cannot be explained by
the model. Furthermore, it is evident (i.e., from values in
Table 6) that the regression model for the response was
found to be highly significant, with a high F value of
345.7 and a very low P value of < 0.0001. The predicted
R2 of 0.976 is in reasonable agreement with the adjusted
R2 of 0.9955; i.e., the difference is less than 0.02.
Additionally, adequate precision with a ratio greater
than 4 is desirable and the ratio of 58.42 obtained in this
study indicates an adequate signal, implying that the
model can be used to navigate the design space. The
insignificant value of lack of fit (P < 0.05) further
indicated validity and/or accuracy of the quadratic
model (Table 6). However, a relatively lower value
of the coefficient of variance (CV = 1.51%) for re-
sponse suggests a good precision and reliability in
the conducted experiments.

Figure 3 shows the relationship between the actual
and predicted values of the response for remediation
time of a DNAPL specifically for the controlled exper-
iments of this study. The experimental values varied
between 3.97 and 8.31 which is in good agreement with
the predicted values. The high correlation coefficient
(R2 = 99.69%) observed between the experimental re-
sults and the predicted values in Eq. (2) indicated that

the model is accurate by exhibiting a good agreement
between the experimental and predicted values of the
response variable. Only 0.31% of total variation was not
explained by the model.

3.2.1 Effect of Independent Variables on Remediation
Effort

The BBD model was used to evaluate the effects of the
independent variables (i.e., surfactant concentration,
flushing rate, and DNAPL TCE mass) on the remedia-
tion effort for the mass removal of DNAPL entrapped in
a porous media with the aim of evaluating the optimum
process conditions. Graphical representations of the
three-dimensional (3D) response surface and counter
plots are illustrated in Figs. 4, 5, and 6. Such represen-
tations are provided to help visualize the effect of the
three control factors on the remediation efficacy of
DNAPL sources in porous media.

The interaction effect of the surfactant concentration
and flushing rate on remediation is illustrated in
Fig. 4a, b. It can be seen from the plot that an increasing
surfactant concentration, as well as a decreasing flush-
ing rate, reduced the time of remediation. Thus, the
remediation performance (i.e., time/cost) of DNAPL
zones in representative porous media is more efficient
with a lower flushing rate and a high surfactant concen-
tration. The flushing rate and/or surfactant concentration
had a significant impact on mass transfer from the
NAPL phase into the aqueous phase (Tick and Rincon

Table 6 An analysis of variance
(ANOVA) for the response sur-
face quadratic model

Source Sum of squares df Mean square F value P value

Model 25.52 9 2.84 345.70 < 0.0001

X1 11.38 1 11.38 1386.81 < 0.0001

X2 6.30 1 6.30 768.13 < 0.0001

X3 7.33 1 7.33 894.08 < 0.0001

X1X2 0.2304 1 0.2304 28.09 0.0032

X1X3 0.1521 1 0.1521 18.54 0.0077

X2X3 0.0900 1 0.0900 10.97 0.0212

X1
2 0.0105 1 0.0105 1.28 0.3092

X2
2 0.0217 1 0.0217 2.65 0.1648

X3
2 0.0037 1 0.0037 0.4513 0.5315

Residual 0.0410 5 0.0082

Lack of fit 0.0378 3 0.0126 7.70 0.1171

Pure error 0.0033 2 0.0016

Cor total 25.56 14
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2009; Carroll and Brusseau 2009; Akyol 2018). This
phenomenon was due to the fact that the use of a
flushing agent decreases interfacial tension and in-
creases the “apparent” solubility of hydrophobic con-
taminant (TCE DNAPL), thereby reducing the time of
remediation of pool-dominated TCE source zones
(Difilippo et al. 2010; Akyol et al. 2013; Akyol 2018).
Similarly, the interactive effect of the DNAPL TCE
mass and surfactant concentration on remediation effi-
cacy is depicted in Fig. 5a, b. As it can be seen from the
figures, when the surfactant concentration increases and
the DNAPL TCE mass decreases, the time of remedia-
tion decreases. Moreover, the interaction effect of the
flushing rate and surfactant concentration exerted a
more pronounced positive impact (due to a higher coef-
ficient) on remediation efficacy (i.e., time) than the
linear effect of DNAPL TCE mass and surfactant con-
centration. It is also clear that both flushing rate and
surfactant concentration have individual impacts on re-
mediation efficacy as the coefficient of both parameters
is positive and their interaction effect is also positive.

However, surfactant concentration has a more positive
impact on remediation efficacy than flushing rate as the
individual coefficient value is higher for the former than
the latter. It can be seen that a decreased remediation
effort (i.e., time) was obtained for lower DNAPL TCE
mass and flushing rate (Fig. 6a, b). The maximum
remediation of the pollutant in the experimental system
was obtained at X1 = 2.5%, X2 = 6 cm/h, and X3 =
365 mg. The theoretical time of remediation (PV) pre-
dicted under the above conditions was 5.99.Fig. 3 Predicted and actual values for remediation time

Table 7 ANOVA results for the quadratic model

Std. dev. 0.0906 R2 0.9984

Mean 6.00 Adjusted R2 0.9955

CV % 1.51 Predicted R2 0.9761

Press 0.6113 Adeq precision 58.4163

Fig. 4 Effect of surfactant concentration and flushing rate on
remediation time. a Contour plot and b 3D surface plot
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3.3 Results of the Taguchi Design

The result obtained from the BBD was compared
with that from the TD method to determine the
optimal conditions for DNAPL removal/remediation
and to select the parameters having the most direct
influence on time of remediation. The factors chosen
as control factors were the same as the BBD
(Table 1). Each combination of experimental condi-
tions was performed in triplicate, and overall, there
were 27 experimental runs. For each experimental
condition, the average value (mean) of the response

was determined and their respective S/N ratios–
smaller is better for remediation efficacy was calcu-
lated based on Eq. (1) and the results are tabulated
(Table 8). The optimization of the response variable
was considered from the S/N ratio in each level of
parameters. The effect of the operating parameters on
remediation time in terms of the S/N ratio was based
on the “smaller the better” (since the lowest remedi-
ation time was the desirable scenario). The highest S/
N ratios correspond to the optimum condition for
maximum remediation effort. Table 9 shows the S/
N ratios and means (average values) for the response

Fig. 5 Effect of DNAPL TCE mass and surfactant concentration
on remediation time. a Contour plot and b 3D surface plot

Fig. 6 Effect of DNAPLTCE mass and flushing rate on remedi-
ation time. a Contour plot and b 3D surface plot
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variable. Additionally, the highest difference in the
independent variables indicates the strongest influ-
ence on the response variable. Consequently, it was
observed that surfactant concentration (A) with a
delta (max-min) value of 3.41 resulted in the most
p r o n o u n c e d e f f e c t o n t h e r em e d i a t i o n
performance(decreased time and maximum efficien-
cy) of the pollutant source, followed by DNAPL
TCE mass (C) and flushing rate (B), respectively.

Figure 7 shows the main effect plot for remediation
effort. This plot is used to show how each factor affects
the response variable and determines the optimum factor
levels (based on the S/N ratio) for the response variable
as well. The highest time of remediation was observed

to be 7.35 PVat 2.5% surfactant concentration. Decreas-
ing surfactant concentration resulted in a decrease in the
time of remediation. A further decrease in surfactant
concentration from 6.25 to 2.5% amounted to a reduc-
tion in remediation effort by 1.19.

However, the DNAPL TCE mass and the flush-
ing rate are inversely proportional to the remedia-
tion efficacy with the highest remediation time
achieved at 7.27 mg and 7.05 cm/h for the former
and latter, respectively. The time of remediation
significantly increased with an increase in flushing
rate from 2 to 10 cm/h, resulting in the reduction of
the remediation efficacy by 1.91. In the case of
DNAPL TCE mass, the highest remediation efficacy
in terms of the lowest remediation time (most effi-
cient) was achieved at the lowest DNAPL TCE mass
(365 mg). A further increase in DNAPL mass from
547.5 to 730 mg resulted in a decrease in the reme-
diation time by 1.39. This is because of the fact that
when having a lower mass of DNAPL TCE with a
lower flushing rate, a greater remediation efficacy
was induced for a DNAPL-contaminated media.
Generally, the amount of mass removal through en-
hanced solubilization is an important aspect for eval-
uating the remediation efficacy of the DNAPL
source zone (DiFilippo and Brusseau 2008;
Difilippo et al. 2010; Akyol et al. 2013; Tick et al.
2015). Consequently, it is imperative to accurately
select the desired level of the parameters as it affects
the remediation effort for DNAPL removal in porous
media.

From Fig. 7, the optimal condition is A3B1C1. In
other words, the best conditions for quick remedia-
tion of the pollutant from a porous media are A3

(surfactant concentration) at level 3 (10%), B1 (flush-
ing rate) at level 1 (2 cm/h), and C1 (DNAPL TCE
mass) at level 1 (365 mg), i.e., the highest value of
surfactant concentration and the lowest values of
DNAPL mass and flushing rate appeared to be the
best choice for quick remediation (i.e., most efficient)
of a given pollutant in a porous media.

To further ascertain and observe the practical
contribution and statistical significance of each fac-
tor on the time required for the remediation of the
DNAPL-contaminated site, analysis of variance
(ANOVA) was employed. The responses obtained
after performing the experiments following the ex-
perimental matrix designed by the TD method are
tabulated in Table 10. The most significant

Table 8 L9 orthogonal designs and average experimental results
of response with S/N ratios

Experiment no. A B C Time of remediation
(average)

S/N ratio

1 1 1 1 5.27 − 14.44
2 1 2 2 7.07 − 16.99
3 1 3 3 9.70 − 19.73
4 2 1 2 5.08 − 14.12
5 2 2 3 7.05 − 16.96
6 2 3 1 5.98 − 15.53
7 3 1 3 5.06 − 14.08
8 3 2 1 4.01 − 12.06
9 3 3 2 5.48 − 14.78

Table 9 Response table for signal-to-noise (S/N) ratio and mean
for remediation

Level A B C

S/N ratio

1 − 17.05 − 14.21 − 14.01
2 − 15.54 − 15.34 − 15.30
3 − 13.64 − 16.68 − 16.93
Max-min 3.41 2.47 2.92

Rank 1 3 2

Mean

1 7.347 5.138 5.086

2 6.036 6.042 5.878

3 4.850 7.052 7.269

Max-min 2.497 1.914 2.183

Rank 1 3 2
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parameter affecting the response variable was recog-
nized by calculating the contribution factor for each
parameter. From the analysis, it was observed that

surfactant concentration (A) with a contribution of
41.86% and P < 0.018 was the most significant pa-
rameter influencing remediation effort (i.e.,

Fig. 7 Main effect plot showing the effect of control factors on remediation time. a Mean of S/N ratios and b mean of means
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decreased remediation time) followed by DNAPL
TCE mass (32.78%) and flushing rate (24.61%)
(Table 10). Flushing rate had the least contributing
factor because the number of pore volume flushes
per hour was proportional to the time of remedia-
tion. Residence time, which is related to flushing
rate, also had negligible impact on remediation effi-
cacy using surfactant-based enhanced solubilization
(i.e., SDS) (Akyol et al. 2013). The percentage con-
tribution of combined error was considerably low at
~ 0.75% which indicates that the factors chosen in
the TD approach for the experimental trials in the
current study explain the variations in the response
variable extremely well.

The predicted mean of remediation effort (REopt) at
the optimum levels (SB) using the control factors
A3B1B1 was computed via the following predictive
equation (Eq. 3) (Taguchi et al. 2005):

REopt ¼ T avrg þ A3−T avrg

� �þ B1−T avrg

� �

þ C1−T avrg

� � ð3Þ
where REopt is the predicted average, Tavrg is the
average of the experimental results, and A3B1C1 is
the average value of RE with process parameters at
their respective optimum levels (Table 9). The pre-
dicted REopt for the combination of control factors
A3B1C1 was ~ 9.51 PV. It was observed that the
predicted value obtained from the optimal condi-
tions for REopt was close to that of experiment no.
3 (9.70), where the highest value of remediation
efficiency among the 9 trials was obtained. It should
be noted that the control factors for experiment no. 3
were identified as A1B3C3 (Table 8). The most sig-
nificant revelation of the present study is that the
control factors for experiment no. 3 and that of
REopt were the same, i.e., A1B3C3 (mean values),
which is in agreement with the generalized rule of
selection of the remediation process of pollutant

entrapped in the porous media. Furthermore, the
predicted and experimental values were very close
to each other, with an error of 1.96%. This clearly
demonstrates that the Taguchi approach is an effec-
tive method for determining the optimal processing
factor settings to optimize the remediation effort of
the DNAPL-contaminated media.

4 Conclusion

Contamination of groundwater by chlorinated solvents
such as trichloroethylene (TCE) is a widespread prob-
lem around the world and poses serious risk to human
health due to its carcinogenic nature. Chlorinated sol-
vents generally enter the subsurface as dense non-
aqueous-phase liquids (DNAPL), and accumulation of
DNAPL mass can exist as pooled sources at the bottom
of aquifers (or above low-perm boundaries) and become
a long-term aqueous-phase source zone for groundwater
contamination. In situ remediation of DNAPL source
zones using surfactants in such systems is crucial for
protecting the water quality of aquifer systems having
significant groundwater resource potential. The time of
remediation varies depending on the concentration of
the surfactant, the flushing velocity, and the mass of
DNAPLTCE in the system. In this study, the effective-
ness of the Taguchi optimization method was compared
with that of the Box-Behnken optimization method in
order to minimize the time of remediation. The results
revealed surfactant concentration as the most significant
contributing factor for the minimization of remediation
time in the removal of DNAPL TCE mass, whereas
flushing rate was the least contributing factor in the
application of both TD and BBD. As surfactant concen-
tration increases, the potential for surfactant sorption
may increase which may be one issue for the efficacy
of surfactant-enhanced remediation for real world prob-
lems. The sorption of SDS with various concentrations

Table 10 Results of the analysis of variance—remediation effort (time)

Source DF Adj SS Adj MS F value P value Contribution (%)

A 2 9.3579 4.67895 56.08 0.018 41.86

B 2 5.5032 2.75161 32.98 0.029 24.61

C 2 7.3298 3.66488 43.93 0.022 32.78

Error 2 0.1669 0.08343 0.75

Total 8 22.3577
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(2–8%) had a negligible impact on the overall solubili-
zation behavior for this study. But, selection of the
surfactant concentration should be taken into account
for better remediation efficacy in bench and field-scale
studies. It was further revealed that the remediation
efficacy for the removal of DNAPL trapped in a porous
media was enhanced with an increase in surfactant
concentration and a decrease in flushing rate and
DNAPL TCE initial mass. In conclusion, the results
of the ANOVA showed little variation in the
modeled equation using BBD as compared to TD
(1.96%), indicating that BBD could be recognized
as a suitable approach in the remediation effort of
DNAPL-contaminated sites.
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