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Abstract: face recoveries that barely reach 50% of the main product
The design of many separation processes is often hindered by in the original raw materials.

the lack of distribution data between two immiscible phases. For complex systems, such as the ones formed by
Inappropriate or partial designs result in inefficiencies that substrates directly obtained from natural sources, predicting
translate into poor recovery of the products, overdesigned the distribution of a substance between two immiscible, or
separation equipment, or additional purification and separation partially immiscible phases, is not an easy task. The current

stages. In recent years, statistically based experimental design  engineering practice relies mainly in experimental measure-
has been successfully used to quantify relevant factorsin many  ments of the distribution data. However, the inherent
biological and chemical processes. In this study, we illustrate  nonlinear (nonideal) behavior of such systems often brings
the capabilities of one of these approaches, the response surface about the need for a large number of experiments to achieve
methodology (RSM) for the optimization of lixiviation processes reasonable inter- and extrapolations of the experimental data
of marigold flower flour for xanthophyll extraction (oleoresin) distribution. Under these circumstances, it is desirable to take
using hexane. The method leads to conditions for the maximum  advantage of experimental strategies based on statistical
recovery of the pigment, allowing the determination of the techniques to minimize the number of experiments required
optimal residence time (14.7 min) and flour-to-solvent ratio (1: to achieve an accurate description of the equilibrium between
5) at 35°C. These values can be used in the lixiviation process  phases. Moreover, if these techniques can be used to predict
in any operation mode. In this study, we illustrate the use of a the conditions of maximum recovery, the data thus gathered
countercurrent process that allows recovery of 97.5% of the will be more accurate, precisely for the more relevant
oleoresin. experimental conditions. One of such strategies is the
response surface methodology (RSM). This methodology
comprises a group of statistical techniques for empirical
model building and model exploitation. The RSM seeks, via
. i a careful design and analysis of experiments, to relate a
The most efficient way to produce many chemical \oqhonse or output variable, to the levels of a number of

products is to extract them from natural sources. The ,.ameters, or input variables, that affect such response. The
challenge faced by scientists and engineers is then to develophSM has been used in many fields to improve the efficiency

the(;separaur?n methods necessary to isolate and ptlmfy sgc_rbf many processes and optimize design variablésiow-

products. The separation processes most commonly used iy er ang despite the success obtained for these applications,
the Biochemical and Chemical industries can be divided into
physical, equilibrium-controlled, and rate-controlled separa- (1) Saval, S.; Pablos, L.; Sanchez, S. Optimization of a culture medium for

; : : : ; streptomycin production using response-surface-methodoRigyesour.
tions. While, in general, clear guidelines to select the most Technol.1993 43, 19-25.

appropriate type of process and identify the relevant operating (2) Harker, M.; Tsavalos, A. J.; Young, A. J. Use of response surface
parameters for a given separation are available, the design methodology to optimize carotenogenesis in the microdligematococcus

. . . luvialis. J. Appl. Phycol1995,7, 399—406.
of the separation process IS often hindered by the lack of 3) rIg’ark, J.W,; r'Jl'pestin,yR. F.; Vergano, P. J.; Park, H. J.; Weller, C. L.

Introduction

accurate distribution data. A good prediction of the equilib- Application of laminated edible films to potato chip packagidgFood
: ) : Sci. 1996,61, 766—768.
rium for a given system may allow the recovery of hlgh (4) Smith, N. K.; Gilmour, S. G.; Rastall, R. A. Statistical optimization of

proportion of the main products, avoiding inappropriate or enzymatic synthesis of derivatives of trehalose and sudEsssyme Microb.

; ; i i Technol.1997,21, 349—354.
partlal deS|gn of the separafion train. On the other hand, (5) Dona, O. J. Response Surface Methodology: An Analytical Method for

inaccurate data may result in inefficiencies that translate into Locating Migrated Contaminant Sources. Government Reports An-
poor recovery of the products, overdesigned separations nouncements and Index; Air Force Institute of Technology, School of

. " . . . Engineering: Washington, DC, 1997; Issue 16.
equipment, or additional purlflcatlon and separations stages. (6) El-Masri, H. A.; Reardon, K. F.; Yang, R. S. Integrated approaches for the

In some cases, the cost of the final product may be doubled  analysis of toxicologic interactions of chemical mixtur€sit. Reu Toxicol.

5T P i ; 1997,27, 175—197.
because of deficiencies in the separation stages, and one may(?) El-Halouat, A.; Debevere, J. M. Effect of water activity, modified
atmosphere packaging and storage temperature on spore germination of
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the RSM has had limited application in other areas, such aswere performed according to the AOAC 970.64 (1984)
in improving the efficiency and design of separation pro- method® All experiments were replicated.

cesses. In this contribution, we illustrate the application of  Extraction and Quantification of Total Xanthophyll.

the RSM in the design of separation processes using as theThe extractions were carried out in batch processes using
model system a colorant extraction from natural sources. Theanalytical grade hexane (J. T. Baker) under conditions based
design goal is to establish the optimum value of the operatingin an experimental design. When the extraction was con-
variables that could be used in the most common modes ofcluded, both phases (light and heavy) were sepafétEde

the separation equipment operation: batch and continuousjight phase (liquid) was concentrated and analyzed to
concurrent and countercurrent contacting. In previous Work determine the xanthophylls concentratfoand the main

we described a statistically based strategy seeking to achieveeomponents profile was obtained by high performance liquid
the design goal from a single experimental design. Such anchromatography? The heavy phase (solid) was desolven-
approach may prove to be inaccurate and to lack robustnesgized, and the retained solvent volume was determined by
since it is based on extrapolations of a fitted model. In this difference of weights on an OHAUS digital analytical scale
contribution, we proposed a refinement of this original (Explorer, precisiont0.0001 g). Solid free solvent was also
approach, consisting of two-tier strategy. The initial experi- analyzed to determine the xanthophylls concentrafion.
mental strategy is used to construct a low-order model that

predicts the region of maximum yield. Using this prediction Experimental Design

we devise a second experimental design that, statistically, There are four major elements to be established in the
allows a higher-order (and thus more accurate) descriptiongesign of processes based on diffusional forces: the number
of the separation process. The robustness of the obtainecyf equilibrium stages or their equivalent, the time of phase
result is examined by looking at the agreement between thecontact required, the permissible rate of flow, and the energy
two approximations. For our model system, the separation requirements’-¢ These design constraints translate, for our
process involves the lixiviation (extraction via dissolution pyrposes, into the determination of the relevance of four
in a liquid solvent) of marigold flower flour with hexarig:? factors: (A) flour sample weight, (B) solvent volume, (C)
The oleoresin pigment (xanthophylls) obtained from this extraction temperature, and (D) extraction time. The first two
extraction process is used commercially as an additive t0 gre related to the permissible flow rate, the fourth relates
poultry feed. In addition, some xanthophylls had demon- girectly to the contact time, and the third defines (indirectly)
strated properties as cancer prevention agents, ligament repaifhe energy requirements. We performed a factorial fractional
in muscular tissue, aid in enzyme transport, and a preventionexperimental design (divided in half) for two levels of each
agent for age-related macular degeneratiéfiThese proper-  factor (A: 1.0 and 2.0 g, B: 100 and 200 mL, C: 30 and
ties have sparked a renewed interest to develop and improvejp °C., D: 5.0 and 10.0 min.), resulting in &2 factorial

the xanthophylls’ extraction methods to increase yield design. Under the fractional design one should add experi-

extraction. mental tests corresponding to the mean levels of the factors
to account for nonadjustable data and allow us to calculate
Materials and Methods and estimate the prediction error of the statistical model. In
Flour: Solid to Leach. The material used in the Our case we added three additional experiments at these mean
experiments was marigold flower floufégetes erec)awith levels. A fractional factorial design can be interpreted

an average particle size of 0.372 mm and humidity content graphically as depicted in Figure 1. The experimental points
of 10% from Industries ALCOSA S.A de C. V., Guanajuato, are located at the corners and center of the cube in the lower
Mexico. Flour from a single batch was used for all experi- 1€ft corner. The points in the center correspond to the
ments. Both flour and oleoresin analyses to determine the &XPeriments with the mean values of the factors. The coded

total concentration of xanthophylls present in the samples values of the factors for the 11 experimentd (for the lower
level, +1 for the upper level, and 0 for the mean value) are

(9) Ooijkaas, L. P.; Wilkinson, E. C.; Tramper, J.; Buitelaar, M. R. Medium shown in Table 1. o . .
optimization for spore production @oniothyrium minitansising statisti- The results from this initial design are used as the basis
cally based experimental desigf&otechnol. Bioeng1999,64, 92-100. ; ; ; ;

(10) Navarrete-Bolafios, J. L.; Jiménez-Islas, H.; Rico-Martinez, R.; Dominguez- to predlct the factor Ievels'for WhICh One_ will Obtam.the
Dominguez, J.; Regalado-Gonzalez, C. A statistically based strategy for largest response value. Using this prediction, we devised a
gtgtaﬂﬁgfﬁﬂhﬁbnum data in xanthophylls lixiviatiod. Food Sci2001, second experimental design to reach a more accurate

(11) PHiIip, T.; Berry, J. W. A process for the purification of lutein-fatty from dependence of the response variable with respect to each

marigold petalsJ. Food Sci.1975,41, 163—165. factor level. This complementary strategy takes the form of

(12) Britton, G. CarotenoiddViethods Plant Biochenl991,7, 473—518. _ : : ‘ot

(13) Craft, N. E.; Soares, J. H., Jr. Relative Solubility, Stability and Absorptivity a secor_1q order CompOSIte_ deSIQn that has chara_lc_terlstlt_:s of
of Lutein and Beta-Carotene in Organic SolvertsAgric. Food Chem rotatability and orthogonality and results very efficiently in
1992,40, 431-434. . A . .

(14) Taylor, R. F. Natural Food Colorants as Nutraceuticals: Markets and the number of runs reqUIred' Similar expenmental deSIQnS
Applications. In Abstracts International Congress and Symposium on

Natural Colorants; Acapulco, México, 1996. (16) AOAC. Official Methods of Analysjsl4th ed.; Association of Official
(15) Seddon, J. M.; Ajani, U. A.; Sperduto, R. D.; Hiller, R.; Blair, N.; Burton, Analytical Chemists: Washington, DC, 1984.

T. C.; Farber, M. D.; Gragoudas, E. S.; Haller, J.; Miller, D. T.; Yannuzzi, (17) Treybal, R. EMass-Transfer Operation8rd ed.; McGraw-Hill Inc.: New

L. A.; Willett, W. Dietary carotenoids, vitamins A, C and E, and advanced York, 1987.

age-related macular degeneration. A multicenter stdidém. Med. Assoc. (18) Geankoplis, C. Process Transport and Unit Operations; 3rd ed.; Prentice-

1994,272, 1413—1420. Hall: New York, 1993.
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Second-order design Table 2. Analysis of variance to the first-order modeF

source variation S.S. D.V. P.V.
model 5776.77 3 0.002
residual 904.13 7
total 6680.90 10

aR2=86.467; standard errer 11.367. S.S+= sum of squares; D.= degrees
of freedom; P.V~= probability distribution values.

Table 3. Points on the path of steepest ascent

coded conditions flower flour hexane time  [Xt]

nitial first-order design run A B D (9) (ml) (min) g/kg
3511 0 0 0 1.5 150 75 7212
12 153 -0.68 1.0 2.26 1235 10.0 92.93
Figure 1. Graphical representation of the response surface 13 3.12 —-1.56 2.0 3.06 715 125 102.86
methodology. It includes the first factorial design, the extrapo- 14 4.78 —2.57 3.0 3.89 20.65 15.0 125.49

lation given by the steepest ascent path, along with the factorial 15 6.51 —3.68 4.0 471 —3258 175 ---
design for the new search region (second order design).

Table 1. Coded levels for the 11 experiments generated by Results and Discussion

the initial experimental design with their corresponding The results of the experiments generated from thé 2
I I hophyll . . .
response value (total xanthophyll extracted) design are expressed as a function of the total extraction of

run (flcﬁjr) (sol%ent) (temp%rature) (tir%e) cgr?géﬂ?r%rt]i)g:% xanthophyll (responsp variable), a.s shown in the last F:olumn
of Table 1. The variance analysis show (for a confidence
1 -1 +1 -1 +1 60.80 interval of 0.05) that the main factofsandD are significant,
2 -1 -1 +1 +1 53.12 and in a smaller degree, the fact®and the interactio\B
3 0 0 0 0 76.52 = CD.1% Using Yates’ algorithr¥ it can be shown that the
g +é _%) +% _10 87%5(:18 variable C (temperature) is not significant in determining
6 +1 +1 +1 +1 97.39 the yield of the extraction within the range explored in our
7 +1 -1 -1 +1 125.22 experiments. Consequently, we set this variable constant to
8 +1 +1 -1 -1 55.65 its mean level for the remaining essays. With this informa-
18 j 4__% J_ri j gg'gg tion, it is possible to describe the relationship that exists
11 0 0 0 0 76.52 among the significant facto, B, andD by constructing a
regression-based polynomial model using least-squares. For
2 Grams of xanthophyll/kilogram of oleoresin. this case, the regression model obtained is the following:

[xanthophyll concentrationf

were originally proposed by Box and Behnken in 1950. 79 194 21 .69A— 7.55B+ 14.05D

Statistical Analysis.We used ANOVA procedures with

probapility distribution values in the analysis of data (Stat- Here, the variables are specified in their coded units. The
graphl_cs_plus val _software)._V\l_e a_nalyzed th‘? effects of giandard error of the model is 11.367, and the correlation
the principal factors in the maximization of the yield of the . atficient /) is 86.467. In this equation one implicitly
oleoresin extraction. Data analysis usin_g Ieast-square_s allo‘_"’sassumes that the dependence of the response variable with
us to construct a model that describes the relationship jognect to the factors is linear and that the effects of these
between the factors and the yield. factors are additive. The analysis of variance (Table 2) shows

Multistage Countercurrent Operation-Shanks System. reason to question the adequacy of these assumptions
An efficient extraction of the pigment can only be achieved |, qer a statistical basis.

using multiple contact operations. We examine the validity  1pq results of this initial design are shown graphically in

of the results obtained by the RSM methodology on & pjgyre 1, along with the fitted first-order model. The model
multistage countercurrent operation, where the solution to . pe tentatively accepted as a rough geometrical repre-
be withdrawn is in contact with the freshest solid and the ¢ontation of the underlying response functioner the
fresh solvent is added to the solid from which most of the experimental region explored thus fafsing this model, we
solute has already been leached. The system can, of COUrS§e4rch for the region for which the xanthophyll extraction
be operated with any number of stages. Its purpose is t0yij| he maximized, following the path of steepest ascent,

increase the mass transfer over and above what is possibleyerhendicular to the contour lines, indicated by triangles in
with a single stage and obtain higher concentrations on theFigure 1. A convenient set of points of the steepest ascent

final product. path is shown in Table 3. The proposed ascent path suggests

(19) Montgomery, D. CDesign and Analysis of Experimentéth ed.; John COHQI.UOI’IS (r_un 14 in Table 3)_ giving the _beSt yleld'
Wiley & Sons, Inc.: New York, 1997. Additional points beyond run 14 will not be feasible because
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a)Contours of Estimated Response Surface b)Contours of Estimated Response Surface
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Figure 2. Plots of response for the operating variables analysis showing an optimum point.
Table 4. Box—Behnken design and data obtained from 2a, b, and c). These plots hint at the presence of a global
experimental runs optimum, a set of operating conditions on the three variables,
D xanthophyll that leads to maximum xanthophyll extraction. The location
run  (flour) (hexane)  (time)  concentrations of the optimum becomes a simple example of locating an
1 1 1 0 114.98 extremum for a multidimensional system via derivation of
> 1 +1 0 118.84 t_he second—prder model and solution of the resulting set of
3 +1 -1 0 134.18 linear equations:
4 +1 +1 0 138.68
5 -1 0 -1 113.7 o[Xt]
6 -1 0 1 119.7 A =7.30— (2)4.66A— 0.028B— 3.75D=0
7 +1 0 -1 130.2
8 +1 0 +1 121.7 a[Xt
9 0 -1 -1 111.74 % = 5.60— 0.028A— (2)4.41B+ 0.79D=0
10 0 -1 +1 112.82
11 0 +1 -1 128.76 a[Xt
13 0 0 0 135.74
14 0 0 0 133.98 ; ; —
15 0 0 0 1378 The system solution shows the following resuit:= 0.83,

B = 0.62, andD = —0.11 as optimum values for the
2 Grams of xanthophyllikilogram of oleoresin. extraction. Using the transformation;(> optimum factor
value [(factor upper boun¢ factor lower bound)/2} mean
the solvent volume is reduced to zero (run 15). Graphs of factor value) one obtains the decodified factor values. This

these results suggest that subsequent experiment should bBrocedure indicates that the extraction should take place
made in the neighborhood of run 14. In this point a new allowing for 14.7 min residence time and handling a flour-
(Box—Behnken) design was made (Table 4) using the levels {0-nexane ratio of 1:5 (see Figure 2 a, b, and c) to maximize
of the three remaining main variables suggested by the firstth® pigment extraction. A verification run around these
design and the steepest ascent péth 8 and 5 g,B: 16 conditions gives a response of 138.28 g/kg of xanthophyll
and 26 mL,D: 12.5 and 17.5 min). Since one would expect extracted which compares favorably against the predicted
that the region described by these new experiments will model value of 140.58 g/kg. N

contain the optimum of the xanthophyll extraction, we seta ~ Countercurrent Extraction. Using these conditions, we
design that will allow us to describe the system via at least set an extraction battery in countercurrent operation in nine

a second-order model to achieve better accuracy. stages until the steady state was reacfiet. the end, the
liquid phase (extract) and the solid phase (leached flour) were
[xanthophyll concentrationf 135.84+ 7.30A+ 5.60B+ separated for analysis from each stage. The extract consists

0.35D— 4.66/% — 4418 — 9.980F — 0.028AB— 3.75AD+ of a mixture of hexane, recovered xanthophyll, and fatty
0.79BD acids. The leached flour consists of a mixture of hexane,

unrecovered xanthophyll, and flower flour. The extracts were
This description was once again obtained via least-squaresconcentrated on a rotary evaporator, eliminating hexane until
from the 15 experimental runs of the BeBehnken design.  an oleoresin-type sample was obtained and the solvent was
The model was also used to construct response plots (Figureemoved from the leached solids. The analysis of the liquid-
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Table 5. Distribution of xanthophyll in each stage for the Predesign Xanthophyll Extraction ProcessOur results

Shanks systerh allow the predesign of a xanthophyll lixiviation plant for
stage X Y processing marigold flowers flour. They indicate that with
the use of a countercurrent system with nine stages the
1 1.55 0.41 expected recovery is 97.5%. The system should be operated
g %:gg ;:éi with a 1:5 flour-to-hexane ratio, phase contact time of 14.7
4 4.32 8.49 min, and operation temperature of 36. The conditions
5 12.8 19.95 cited are the basis to determine the equipment cross-sectional
6 22.7 28.87 area and energy requirements for operation. Such determina-
; 23:2 %:g% tions should take into account the stage efficiency and should
9 723 975 guarantee high recovery yields and absence of unwanted

changes in the final products.
aX = total xanthophyll percentage in solid phade= total xanthophyll

percentage in liquid phase. Conclusions

The analysis presented here demonstrates the application
of RSM as a robust tool for optimization of the lixiviation
process of marigold flower flour. At the core of this work
lies the issue of selecting a set of basis points for the
construction of a regression-based model that reproduces the
dependence of the “response” of the system with respect to
the operating variables. The RSM seeks to address this
problem by choosing points that lie in regions associated
with high probability. In our illustration, the high yield output
obtained shows good convergence and robustness properties.
Furthermore, different order approximations are obtained
from model outputs from different sampling points, and the
agreement between successive order approximations is a
strong indicator of a good fit. In our illustration, the
agreement in the order of magnitude and relevant factor
values predicted by the two successive models confirm that
the obtained conditions are nearly optimum in a statistical
% sense. Alternatively, one could use a random choice of
e experimental points from the entire set of possible experi-
= &~ mental conditions, which could lead to poor estimates of the
! = yields of the output values. The RSM, however, presents
- = some limitations. If the probability distributions of the inputs

exhibit strong discontinuities, the probability density esti-
Retention times mates using RSM are likely not to converge.
Figure 3. Chromatograph of HPLC for the saponified oleo- The RSM is, in general, useful to address uncertainty
resin obtalned_ as final product from the multistage counter- analysis of complicated models in many engineering fields.
current operation. . .
It represents a potentially valuable alternative to the currently

phase concentrate of the last stage (stage 9) reveals thaprévalent methods of uncertainty analysis that are compu-
97.5% of the original amount of xanthophyll contained in tationally prohibitive for complex systems. _

the marigold flower flour is recovered (Table 5). The The use of regresswn_models based on experimental Qata
unrecovered xanthophyll quantified in the first stage repre- t© describe physicochemical phenomena should be examined
sents about 1.55% of the total xanthophyll present in the carefully. The resulting models could be inaccurate because

flour. The mass balances applied to the system indicate a®f €xperimental errors and a poor selection of “relevant

loss of 0.95% of the total xanthophyll due in part to the factors” and their operation values. Under these circum-

product deposited in the laboratory equipment. s_tances, the prediction of “optimal” conditions via extrapola-
Analysis of the Oleoresin with High Performance tion of the models should always be tested. The use of RMS

Liquid Chromatography (HPLC). The extracted oleoresin strategy illustrated here provides an alternative to overcome
obtained in the stage 9, was analyzed by HPLC to determinetn€Se concerns.

the concentration of their main components. The resulting 1 N€ two-tier strategy illustrated here leads to improved
profile is shown in Figure 3. The main components are lutein extraction conditions that require 16% less solvent and results

(85.59%) and zeaxanthin (4.54%). They indicate that the "N 2% higher purity of the recovered pigment with respect
concentrations of the original components are conserved and(zo) Quackenbush F. Wo Miler. 5. L - e ot

. . uackenpusn, . i nier, . L. omposition ana analysis O e
Cal’ll kzgzzocompared favorably with those reported previ- carotenoids in marigold petald. Assoc. Off. Agric. Chema972 55, 617—
ouslyo 621.

927

7.

lutein

zeaxanthin

2.214
3.874
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to the cases for which only a single experimental design is plant begins operation at the optimum; it will eventually
used!® While these improvements may appear small, they “drift” away due to changes in raw materials, environmental
can be important in determining the economical feasibility regulations, equipment, and operating personnel. Thus, full-
of the process. scale processes are also susceptible of profiting from the use
When the amount of solvent per unit of feed is fixed, the of RSM.
number of stages required decreases as solvent rate or The RSM technique can be straightforwardly extended
solvent-to-solid ratio increases. Since the capacity of the in the study of other types of separations used in biochemical
equipment for handling the larger liquid flow must at the or chemical processes whenever the data distribution between
same time increase, the cost of equipment must then pasghases cannot be described from fundamental principles.
through a minimum. The extracts solutions become more
dilute as solvent rate is increased; consequently, the cost ofAcknowledgment
solvent removed increases. The total cost, which is the sum \We gratefully acknowledge financial support by the
of fixed and operation costs, reaches a minimum at the Sistema de Investigacion Miguel Hidalgo (SHIGO) and the
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The response surface methodology is mainly applied to (COSNET).
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