Optimal Blending via Statistical Design of Experiments (DOE)
Tailored to Formulation

A case study on the application of a powerful statistical tool for
chemical process and product development

By Zivorad R. Lazic (Email zivorad.lazic@basf.com) and Mark ]J. Anderson

1.0 Introduction

Invented by the French in the 1890s as “artificial silk,”? Rayon is manufactured by
regenerating naturally-occurring cellulosic fiber. It is highly absorbent, soft and
comfortable. Thus rayon has become a choice material for tampons. By cutting groups of
spun rayon filaments into discrete lengths, called “staple,” it becomes much like cotton.
Staple fibers range from 1.5 to 15 denier. (Denier is a unit of measure for thickness - 1
denier equals 1 gram per 9,000 meters.).

To formulate a blend of rayon fibers that produces maximal tampon absorbency, a
statistically-based design of experiments (DOE) approach, developed specifically for
mixtures, was taken advantage of. It produced a response surface map that allowed tampon
manufactures to predict how rayon blends perform in terms of absorbency and other
important attributes.

2.0 Mixture Design of Experiments

Mixture DOE’s are an efficient method for studying products made from the components at
various levels.Z As the number varied components increases, so does the number of blends.
For example, a formulator who wishes to evaluate three ingredients that may exhibit
nonlinear blending effects must produce at least six distinct blends to model such behavior.
Equation (1) details this non-linear second-order model, called a “quadratic,” where Y
represents the predicted response:

Y=B1A+ BzB+ BgC+ B12AB+ B13AC+ Bz3BC (1)

This equation contains six coefficients (the ’s ), so a minimum of six unique blends is
required. The letter variables A, B and C represent the three individual mixture
components. The second-order terms AB, AC and BC represents two-component
interactions - better described as non-linear blending effects.

By restricting our experiment to three components, our design not only requires fewer
blends, it also produces two-dimensional ternary plots (also known as “phase diagrams”)
that provide complete information about the response-property at a glance.

Aided by specialized DOE software,? we conducted an experiment to reveal the complex
effects of three different rayon fibers, characterized by



denier, on tampon absorbency:

A. M-1127: Denier: 1.1, Staple Length: 1-9/16”, Soft Finish: Takemoto 60/40, TiO:
0.0%

B. M-8575: Denier: 5.5, Staple Length: 2”, Soft Finish: RSF-15, TiO2: 0.0%
C. M-8257: Denier: 3.0, Staple Length: 1-9/16”, Soft Finish: Tween 20, TiO2: 0.6%

Fourteen rayon fiber blends, shown in Table#1, were prepared in 60 pound batches
according to an augmented mixture design called the “simplex-lattice” A simplex is a
geometric figure with one more vertex than the number of components-dimensions. The
three components we have here form an equilateral triangle. The textbook# lattice design
provides the three pure components (corners of the triangle - numbers 1, 4 and 11 in the
table) and the three two-component blends (mid-points of the edges - 2, 3 and 5). In
addition to these 6 mixtures, the software specified the three-component ‘centroid’ blend
(1/3rd of each - number 10 in the table) and 3 check-blends (7, 8 and 9), bringing the total
of unique combinations to 10, of which four of these (*11-14, * asterisked) were suggested
to be replicated to provide a measure of pure error for estimating potential lack of fit.

Table#1: Simplex lattice mixture design on tampon fiber blends

NO. | Batch 60[lbs] Responses (Properties)
Growth | Density | Absorbency | Capacity | Weight
Al B | C|(2h-0h) | (g/cm®) () (g/8) ()
1 |60 0| 0] 0.857 0.493 7.706 3.207 2.511
2 13030 0] 1.408 0.486 7.961 3.152 2.526
3 130] 0]30] 1.304 0.494 7.925 3.140 2.523
4 0/ 60| 0] 1.876 0.466 8.172 3.234 2.527
5 0|30 30| 1.720 0.474 8.159 3.228 2.528
6 0| 0|60 1.296 0.469 8.580 3.387 2.533
7 |40 ] 10| 10| 1.244 0.498 8.234 3.276 2.514
8 || 10| 40| 10| 1.446 0.474 8.278 3.321 2.492
9 | 10] 10| 40| 1.490 0.476 7.982 3.197 2.497
10 [ 20| 20| 20| 1.161 0.486 7.913 3.191 2.480
11*] 60| 0| 0] 0.727 0.505 8.004 3.179 2.519
12*¥] 0] 0] 60] 1.402 0.467 8.383 3.340 2.510
13*] 0] 60| 0] 1.236 0.477 8.048 3.238 2.485
14*]1 30| 30| O] 1.175 0.487 7.973 3.198 2.494

Each fiber blend was prepared as follows:



Blend rayon staple fibers thoroughly;
Card and draw different fiber blends to get slivers with 6.56 g/m;
Condition slivers for 48 hours to reach equilibrium moisture about 11%;

Slivers are used to form fiber mat in special tool;

SN

Cut fiber mat into 20 sample pads;
6. Make 20 tampons from sample pads on lab-scale machine.

After measuring the properties for all tampons made from each blend, the results were
averaged (see Table 1 for the data) and entered into the software for statistical analysis.

3.0 Findings

Although the lattice for this mixture design was built to support a second-order (quadratic)
model, the augmented points suggested by the program provide for a fit of an additional
term that captures three-component nonlinear blending, ABC, called the “special cubic.”
Figure 1 shows an example of a special cubic surface that could potentially be revealed by
the mixture design detailed in Table 1.

7
2.53 -"9,,/////////
)
o N
o 2.51 NRE ) 7 )
2 NIERNNNY u"h'iwv-ﬁ‘:&%%%%%%
o 20 N
8 ' N R A R A=s
E N2 | T
©
] 2.48
o
0

B (60)

Figure 1: Special cubic non-linear blending that could potentially be discovered

With the aid of the software, the data from tampon response were fitted to linear, quadratic
and special cubic mixture polynomial models. Linear terms sufficed for all measured
responses excepting the weight, which exhibited no significant variation by blend (simply
model this by the mean). Figure 2 shows the response surface for the primary response of
absorbency. Notice its distinctly tilted planar shape, which is characteristic of a significant
linear model. It reveals that material C, the three-denier rayon fiber, provides the maximum
predicted result for absorbency.
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Response surface for absorbency

Figure 2

minimized, but in this case it did not vary significantly), the most desirable blend is flagged
in Figure 3 - a graphic generated by the numerical multiple-response optimization tool in
the DOE software. It predicts better overall properties by blending in a small amount of the
low-denier fiber. Obviously this requires a tradeoff of absorbency for the benefit of

liquid squeezes out too easily when the tampon is compressed. The very poor absorbency
capacity and density. Follow up work will be needed to explore this optional blend.

predicted for the 1.1 denier fiber (“A”) probably results from the incapacity of the

The three-denier rayon fiber provides the best tampon absorbency. This fiber represents
restricted spaces between its filaments.

the best combination of absorbent capillary suction and liquid retention under pressure.
The next best material is the 5.5 denier fiber (“B”), but its lower absorbency means that

Maximizing all measured responses (excepting growth, which normally would be

4.0 Conclusions
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Figure 3: Most desirable blend of rayon components taking all properties into account
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