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Abstract: A Taguchi robust design method with an Lg orthogonal array was implemented
to optimize experimental conditions for the biosynthesis of triethanolamine (TEA)-based
esterquat cationic surfactants using an enzymatic reaction method. The esterification
reaction conversion% was considered as the response. Enzyme amount, reaction time,
reaction temperature and molar ratio of substrates, [oleic acid: triethanolamine (OA:TEA)]
were chosen as main parameters. As a result of the Taguchi analysis in this study, the
molar ratio of substrates was found to be the most influential parameter on the
esterification reaction conversion%. The amount of enzyme in the reaction had also a
significant effect on reaction conversion%.
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1. Introduction

Triethanolamine (TEA)-based esterquats are potential high-value biodegradable products used as
surfactants and softening agents. There have been an increasing number of researchers concerned with
the study of biodegradable esterquat cationic surfactants since the beginning of the 1990s [1]. Due to
the presence of the ester bond in the cationic surfactant, esterquat cationic surfactants can be degraded
in the environment [2]. With the developing utilization of surfactants in both industry and daily life,
esterquat cationic surfactants have attracted attention for their environmentally friendly, nontoxic and
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biodegradable properties. To date, esterquat cationic surfactants, aside from D1821, were mainly used
as textile softening agents. The application of D1821 was limited by its pollution of the environment
and high costs. Besides biodegradability additional advantages such as excellent softening properties,
suitability for various fabrics and simple preparation procedures, have been discovered with the use of
esterquat cationic surfactants as textile softening agents [1,3-5].

In the production of TEA-based esterquat cationic surfactants by the lipase-catalyzed synthesis
method there are several factors that are important to obtain high conversion yields for the reaction.
The conversions are affected by various parameters such as the enzyme amount, reaction time, reaction
temperature and molar ratio of substrates (OA:TEA). The interrelationships between the above
parameters are complex, and the analysis of this chemical reduction system to optimize the factors is a
time and labor-consuming work. Hence, the analyses using conventional experimental methods
are inefficient.

Therefore the use of the Taguchi robust design method [6-9] was introduced in this paper. The
Taguchi method is a combination of mathematical and statistical techniques used in an empirical study.
It is economical for characterizing a complicated process. It requires fewer experiments to study all
levels of all input parameters, and filters out some effects due to statistical variation. The Taguchi
method can also determine the experimental condition having the least variability as the optimum
conditions. Analysis of experimental data using the ANOVA (analysis of variance) gives the statistical
relationships of the output. Aggarwal, Singh, Kumar, and Singh [10] reported that both the Taguchi
and RSM (Response Surface Methodology) techniques predicted nearly similar results but the time
required for conducting experiments using RSM technique was almost twice that needed for the
Taguchi methodology. Benyounis and Olabi [11] reported that the Taguchi method was one of the
powerful optimization techniques that could improve the product quality and reliability at low cost as
compared to RSM and ANNs (Artificial Neural Networks).

2. Results and Discussion

Taguchi's approach to parameter design provides the design engineer with a systematic and efficient
method for determining near optimum design parameters for performance and any response [12-14].
The objective is to select the best combination of control parameters so that the product or process is
most robust with respect to noise factors. The Taguchi method utilizes orthogonal arrays from design
of experiments theory to study a large number of variables with a small number of experiments. Using
orthogonal arrays significantly reduces the number of experimental configurations to be studied.
Furthermore, the conclusions drawn from small scale experiments are valid over the entire
experimental region spanned by the control factors and their settings [12]. Orthogonal arrays are not
unique to Taguchi, they were discovered considerably earlier [15]. However, Taguchi has simplified
their use by providing tabulated sets of standard orthogonal arrays and corresponding linear graphs to
fit specific projects [16,17].
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2.1. Analysis of experimental data and prediction of performance

The influence of individual factors on TEA-based esterquat production and their performance at
optimum condition using Taguchi approach were analyzed by software (Design Expert Version 6.0.6).
The software is equipped to use from L—4 to L-64 arrays along with selection of 2-63 factors and their
2-5 levels. The automatic design option allows selecting the array used and assigning factors to the
appropriate columns. Experimental data for lipase-catalyzed synthesis of TEA-based esterquat cationic
surfactant with the predicted values are shown in Table 1.

Table 1. Experimental data for lipase-catalyzed synthesis of TEA-based esterquat cationic
surfactant with the predicted values.

Run  Enzyme Amount Reaction Time Reaction Molar Ratio of Conversion %

No. (w/w %) (hour) Temperature (<C)  Substrates (mole) Actual Predicted
1 0 -1 0 0 48.34 47.29
2 1 0 0 -1 46.27 45.37
3 -1 1 0 1 45.18 44.28
4 1 1 -1 0 42.32 43.01
5 -1 -1 -1 -1 38.98 39.51
6 1 -1 1 1 54.54 55.07
7 -1 0 1 0 45.95 46.64
8 0 0 -1 1 49.29 49.50
9 0 1 1 -1 39.94 40.15

The predicted values were obtained from model fitting techniques were seen to be sufficiently
correlated to observed values. Fitting of the data to various models (linear, quadratic, two factorial
and cubic) and their subsequent ANOVA showed that reaction of esterification was most suitably
described with a “linear” polynomial model. Figure 1 shows predicted value versus actual value
of percentage conversion from Taguchi experimental design so that, the coefficient of
determination (R?) of 0.9770 and the root mean squared error (RMSE) of 0.6932 indicated a good
fit of the model.

Figure 1. Scatter plot of predicted conversion% value versus actual conversion% value
from Taguchi experimental design.
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2.2. Analysis of Variance (ANOVA)

The first step sequential F-tests were performed using analysis of variance (ANOVA), starting with
a linear model and adding terms (linear). As shown in Table 2, under the "Source" column of the table,
the line labeled "Linear™ indicates the significance of adding mean terms. The F-value is calculated for
each type of model, and the highest order model with significant terms normally would be chosen.
Significance is judged by determining if the probability that the F-value calculated from the data
exceeds a theoretical value. The probability decreases as the value of the F-value increases. If this
probability is less than 0.05 the terms are significant and their inclusion improves the model [18]. In
this study, the “linear” model is the highest order model with significant terms (P-value is less than
0.05); therefore, it would be the recommended model for this data. The 2FI (two factorial) model and
higher were found to be aliased. Typically, the selected model will be the highest order polynomial
where additional terms are significant and the model is not aliased [19].

Table 2. Statistical parameters for sequential models.

Sum of Degree of
Source Mean Square  F Value P Value Remarks
Squares Freedom
Mean 18751.65 1 18751.65 - - -
Linear 173.61 4 43.40 11.74 0.0175 Suggested
2FI 12.22 3 4.07 1.59 0.5141 Aliased
Residual 2.56 0 - - - -
Total 18940.05 9 2104.45 - - -

The regression method was used to fit the” linear” (modified) model to the experimental data and to
identify the relevant model terms [20]. The response function to predict the percentage conversion of
ester in the coded variables was as follows:

When a model has been selected, an analysis of variance (ANOVA) is calculated to assess how well
the model represented the data [21]. The values of the coefficients and the analysis of variance
(ANOVA) are presented in Table 3 and Table 4.

Table 3. Analysis of Variance (ANOVA) and statistical parameters of TEA-based
esterquat cationic surfactant reaction (Linear model).

Source Sum of Squares  Degree of Freedom Mean Square F Value P Value
Model 184.07 5 36.81 25.54 0.0116
Residual 4.32 3 1.44 - -
Corrected
188.39 8 - - -

Total
R-Squared 0.9770 Standard Deviation 1.20
Adjusted R? 0.9388 Coefficient of variation % 2.63

.. Predicted Residual Error of Sum of 46.41
Adequate Precision 15.872

Squares (PRESS)
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Table 4. Analysis of Variance (ANOVA) and Regression Coefficients of TEA-based
esterquat cationic surfactant reaction (Linear model).

Coefficient Sum of Degree of Mean
Source . F Value P Value
Estimate Squares Freedom Square
Intercept 47.17 - - - - -
X1 -2.40 34.66 1 34.66 24.04 0.0162
X5 1.64 16.14 1 16.14 11.19 0.0442
X3 2.17 28.25 1 28.25 19.60 0.0214
X, 3.97 94.57 1 94.57 65.60 0.0039
X5° -2.29 10.46 1 10.46 7.25 0.0742

Notes: X;= Enzyme Amount (w/w %), X, = Reaction Time (hour), Xs=Reaction Temperature (C),
X,4= Molar Ratio of Substrates (mole)

The coefficients of the model were evaluated for significance with a Fisher’s F-test. The ANOVA
indicates that the model F-value of 25.54 implied the model was significant. There was only 1.16%
chance that the model F-value this large could occur due to noise. In general, the calculated F-value
should be several times greater than the tabulated value for the model to be considered good [22]. The
coefficient of determination (R?) of the model is obtained 0.9770, which indicates 97.70% of the
variability in the response could be explained by the model. When R? approaches unity, the better
empirical model fits the actual data [22]. Normally, a regression model, having an R*value higher
than 0.9 is considered as model having a very high correlation [23]. The present R*-value, therefore,
reflected a very good fit between experimental and predicted values. The adjusted determination
coefficient (Adjusted R? = 0.9388) was also satisfactory, confirming the significance of the model. The
Coefficient of Variation (CV) as the ratio of the standard error of estimate to the mean value of the
observed response (as a percentage) is a measure of reproducibility of the model and as a general rule a
model can be considered reasonably reproducible if its CV is not greater than 10% [24]. A lower value
of coefficient variation (CV = 2.63%) clearly showed a high degree of precision and a good deal of
reliability of the experimental values [25]. The model also showed adequate precision by the measured
the signal to noise ratio. The ratio greater than 4 is desirable. Thus, a ratio of 15.87 indicated an adequate
signal. This model can be used to navigate the design space.

The P-values are used as a tool to check significance of each variable, which also indicate the
interaction strength between each independent variable [26]. The smaller P-values show the bigger the
significance of the corresponding variable [18]. P-values in this study less than 0.05 indicate model
terms are significant. From the results obtained in Table 4, all the linear coefficients, and the quadratic
term were significant model terms (P-value less than 0.05). The final model to predict the percentage
of conversion of TEA-based esterquat cationic surfactant reaction catalyzed by Novozyme 435 is
shown in Equation (1).

Negative values of coefficient estimates denote negative influence of parameters on the reaction. It
was observed that all the linear coefficients of the model gave positive effect except coefficient
estimate for enzyme amount (X3) in the model of percentage conversion. This may be due to the
percentage of conversion was negatively affected by the presence of higher amount of enzyme as the
ratio of ester amount/ initial amount of enzyme is lower at higher enzyme amount compared to lower
enzyme amount. Besides, it was observed that has significant effect to the reaction. Indeed, despite the
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negative value, amount of enzyme has one of the biggest effects to response after the effect of molar
ratio of substrates.

[ Y (Conversion %) = 9.79 + 0.84 X, + 0.33 X3 + 1.09 X; + 397X, —0.04X2] (1)

where Y = Percentage of Conversion, X; = Amount of Enzyme, X, = Reaction Time, X; = Reaction
Temperature and X, = Substrate Molar Ratio (OA: TEA)

2.3. Optimization of reaction and model validation

Three solutions with different desirability values were used to predict the optimal conditions for
Novozyme-catalyzed production of TEA-based esterquat cationic surfactants and they are presented in
Table 5. Experiments were then carried out under the recommended conditions and the resulting
responses were compared to the predicted values. The largest reaction conversion% (49.94%) was
obtained in experiment number 3 compared to the other two experiments. The optimum reaction
parameters were: enzyme loading of 5.50 wt % of oleic acid, amount of oleic acid of 17.70 mmol,
amount of triethanolamine of 8.85 mmol (molar ratio of substrates 1:2), reaction time of 14.44 hours
and reaction temperature of 61 <C. The relative deviation of 3.14% is also obtained from the Taguchi
experimental design. Comparison of predicted and actual values revealed good correspondence
between them, implying that the empirical model derived from Taguchi experimental design can be
used to adequately describe the relationship between the factors and the response in Novozyme-
catalyzed synthesis of TEA-based esterquat cationic surfactant.

Table 5. Optimum conditions derived by Taguchi design for TEA-based esterquat cationic
surfactant synthesis.

Optimal Conditions Conversion %
. Relative
Exp. X1 X5 X3 X4 Actual Predicted L.
Deviation
1 5.50 14.06 61.00 2.00 47.34 48.49 2.37
2 5.50 14.00 60.83 2.00 46.27 48.44 4.48
3 5.50 14.44 61.00 2.00 49.94 48.42 3.14

Notes: X; = Enzyme Amount (w/w %), X, = Reaction Time (hour), X3 = Reaction Temperature (<C),
X, = Molar Ratio of Substrates (mole)

The lower amount of Novozyme 435 is required to produce the respective amount of product in the
aforementioned experiment. From the process point of view, it would be desirable to use lowest
enzyme amount to achieve maximum conversion of substrate [27]. This is because Novozyme 435 is
more expensive that the other substrates, thus high reaction conversion obtained by low amount of
enzyme. Moreover, shorter reaction time and lower reaction temperature were considered in
optimization process because longer reaction time and higher reaction temperature lead to enzyme
denaturation and both could resulted in lower reaction conversion especially in longer reaction time.
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3. Experimental
3.1. Materials

Novozyme 435, Candida antarctica lipase B immobilized on a macroporous acrylic resin (10,000
propyl laurate units per gram), was purchased from Novo Nordisk A/S (Bagsvard, Denmark). The
enzyme is a granular product with a particle size of 0.2— 0.6 mm. The bulk density of Novozyme 435
is 350— 450 kg/m>. n-Hexane obtained from J.T. Baker (USA) was used as the organic solvent. Oleic
acid and triethanolamine were purchased from Merck (Germany). All other chemicals used in this
study were of analytical reagent grade.

3.2. Method

Enzymatic esterification and analysis of samples

The reactions were performed in 50 mL flasks and specified volumes of hexane were added as
solvent. Different molar ratios of oleic acid and triethanolamine were mixed and different amounts of
lipase were subsequently added. The reaction was performed under reflux system on magnetic stirring
at different temperatures and for different time periods, as shown in Table 6.

Table 6. Variables and their levels employed in the Taguchi robust design method.

Coded Level of Variable

Variable Units

-1 0 1
X3 Enzyme Amount %w/w 3 5 7
X, Reaction Time Hour 8 16 24
X3 Reaction Temperature < 55 60 65
X, Molar ratio of substrates OA:TEA (mole:mole) 1.1 2:1 3:1

At the end of the experiment periods, the reaction was terminated by dilution with ethanol-acetone
(30 mL, 50:50, v/v). The enzyme particles were then separated by filtration and the remaining free acid
in the reaction mixture was determined by titration with 0.1M NaOH in the presence of
phenolphthalein and a pH meter. The moles of acid reacted were calculated from the values obtained
for the blank (without enzyme) and test samples. The ester formed was expressed as equivalent to
conversion of the acid. The accuracy of the method to follow ester formation was confirmed using thin
layer chromatography.

4. Conclusions

A Taguchi robust design method with an Ly orthogonal array was implemented to optimize the
experimental conditions for the synthesis of TEA-based esterquat cationic surfactants using a lipase
catalyzed synthesis method. Enzyme amount, reaction time, reaction temperature and molar ratio of
substrates (OA:TEA) were chosen as main parameters. As a result, molar ratio of substrates (OA:TEA)
and enzyme amount were the main parameters having a significant effect on percentage conversion of
the reaction. A percentage conversion of 49.94% was obtained using a low amount of enzyme, which
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matched well with the predicted value of 48.42%. Therefore, this study serves as another example for
the application of the Taguchi methodology for improvement of a biotechnological process.

Acknowledgements

The financial assistance provided by Universiti Putra Malaysia under contract Graduate Research
Fellowship (GRF) is gratefully acknowledged.

References

1. Miao, Z.,; Yang, J.; Wang, L.; Liu, Y.; Zhang, L.; Li, X.; Peng, L. Synthesis of biodegradable
lauric acid ester quaternary ammonium salt cationic surfactant and its utilization as calico
softener. Mater. lett. 2008, 62, 3450-3452.

2. Guo, X.F,; Jia, L.H. Synthesis and Application of Cationic Surfactants; Chemical Industry Press:
Beijing, China, 2002.

3. Waters, J.; Kleiser, H.H.; How, M.J.; Barratt, M.D.; Birch, R.R.; Fletcher, R.J.; Haigh, S.D.;
Hales, S.G.; Marshall, S.J.; Pestell, T.C. A new rinse conditioner active with improved
environmental properties. Tenside Surfact. Det. 1991, 28, 460-468.

4. Puchta, R.; Krings, P.; Sandkuehler, P. A New Generation of Softeners. Tenside Surfact. Det.
1993, 30, 186-191

5. Levinson, M. Rinse-added fabric softener technology at the close of the twentieth century. J.
surfact. Deterg. 1999, 2, 223-235.

6. Ebrahimiasl, S.; Yunus, W.M.Z.W; Kassim, A.; Zainal, Z. Prediction of grain size, thickness and
absorbance of nanocrystalline tin oxide thin film by Taguchi robust design. Solid State Sci. 2010,
12, 1323-1327.

7. Tsai, H.H.; Wu, D.H.; Chiang, T.L.; Chen, H.H. Robust Design of SAW Gas Sensors by Taguchi
Dynamic Method. Sensors 2009, 9, 1394-1408.

8. Joo, Y.K.; Zhang, S.H.; Yoon, J.H.; Cho, T.Y. Optimization of the Adhesion Strength of Arc lon
Plating TiAIN Films by the Taguchi Method. Materials 2009, 2, 699-7009.

9. Bolboac, S.D.; Jantschi, L. Design of experiments: Useful orthogonal arrays for number of
experiments from 4 to 16. Entropy 2007, 9, 198-232.

10. Aggarwal, A.; Singh, H.; Kumar, P.; Singh, M. Optimizing power consumption for CNC turned
parts using response surface methodology and Taguchi's technique--A comparative analysis. J.
Mater. Process. Tech. 2008, 200, 373-384.

11. Benyounis, K.; Olabi, A. Optimization of different welding processes using statistical and
numerical approaches-A reference guide. Adv. Eng. Softw. 2008, 39, 483-496.

12. Phadke, S.M. Quality Engineering Using Robust Design. Prentice Hall: Englewood Cliffs, NJ,
USA, 19809.

13. Kackar; Raghu, N. Off-Line Quality Control, Parameter Design, and the Taguchi Method. J.
Qual. Technol. 1985, 17, 176-188.

14. Taguchi, G. Introduction to Quality Engineering; Asian Productivity Organization: Dearborn, Ml,
USA, 1986; Distributed by American Supplier Institute Inc.



Molecules 2010, 15 4680

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Bendell, A. Introduction to Taguchi Methodology, Taguchi Methods; In Proceedings of the 1988
European Conference, City, country, 1988; Elsevier Applied Science: London, England,
1981-1914.

ASI. Taguchi Methods: Implementation Manual; American Supplier Institute Inc (ASI):
Dearborn, Ml, USA, 1989.

Taguchi, G.; Konishi, S. Orthogonal Arrays and Linear Graphs; American Supplier Institute Inc.:
Dearborn, MI, USA, 1987.

Muralidhar, R.V.; Chirumamila, R.R.; Marchant, R. A response surface approach for the
comparison of lipase production by Candida Cylindracea using two different carbon sources.
Biochem. Eng. J. 2001, 9, 17-23.

Anderson, M.J.; Whitcomb, P.J. RSM Simplified: Optimizing Processes Using Response Surface
Methods for Design of Experiments; Productivity Press: New York, NY, USA, 2005.

Myers, R.H.; Montgomery, D.C. Response Surface Methodology: Process and Product
Optimization Using Designed Experiments; John Wiley & Sons, Inc: New York, NY, USA, 1995.
Yadav, R.; Srivastava, D. Studies on the process variables of the condensation reaction of
cardanol and formaldehyde by response surface methodology. Eur. Polym. J. 2009, 45, 946-952.
Hamzaoui, A.H.; Jamoussi, B.; M’nif, A. Lithium recovery from highly concentrated solutions:
Response surface Methodology (RSM) process parameters optimization. Hydrometallurgy 2008,
90, 1-7.

Li, Y.; Lu, J. Characterization of the enzymatic degradation of arabinoxylans in grist containing
wheat malt using response surface methodology. J. Am. Soc. Brew. Chem. 2005, 63, 171-176.
Beg, Q.; Sahai, V.; Gupta, R. Statistical media optimization and alkaline protease production from
Bacillus mojavensis in bioreactor. Process Biochem. 2003, 39, 203-209.

Yuan, X.; Liu, J.; Zeng, G.; Shi, J.; Tong, J.; Huang, G. Optimization of conversion of waste
rapeseed oil with high FFA to biodiesel using response surface methodology. Renew. Energy
2008, 33, 1678-1684.

Liu, J.Z.; Weng, L.P.; Zhang, Q.L. Optimization of glucose oxidase production by Aspergillus
Niger in a benchtop bioreactor using response surface methodology. World J. Micro. Biotech.
2003, 19, 317-323.

Krishna, S.H.; Sattur, A.P.; Karanth, N.G. Lipase-catalysed synthesis of isoamly isobutyrate-
optimisation using a central composite rotatable design. Process Biochem. 2001, 37, 9-16.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



