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Executive SummaryExecutive SummaryExecutive SummaryExecutive Summary    
 

 Carpet can serve as a haven for dust mites, mold, mildew, and bacteria. A 

freshening and disinfecting powder product was designed to address these problems and 

provide a long lasting fragrance. The product includes baking soda to absorb moisture, 

boric acid to serve as a disinfectant, and linalool (lily) fragrance in PLGA (polymer) 

particles to provide a long lasting scent. 

 The following consumer utilities were considered in the design of this product: 

disinfectant effectiveness, scent intensity, fragrance duration, toxicity, odor elimination, 

and scent type. Disinfectant effectiveness related the percentage of mites killed by the 

product to the amount of boric acid per unit area of carpet. A mass transfer model 

allowed for the relation of fragrance particle dimensions to the scent intensity, or 

concentration of linalool at a plane five feet above the carpet, and the fragrance duration. 

The toxicity and odor elimination utilities allowed for the determination of the amount of 

boric acid and baking soda per unit area of carpet, respectively. 

The FCI (Fixed Capital Investment), working capital, and TCI (Total Capital 

Investment) were estimated to be $252,000; $126,000; and $378,000; respectively. 

Maximizing the utility gave a product composed of 0.1% linalool, 0.2% PLGA, 20.06% 

boric acid, and 79.1% baking soda. With the utility maximized, the product could not be 

sold at any price to have a positive NPW (Net Present Worth). Maximizing the NPW 

gave a product composed of 0.01% linalool, 0.02% PLGA, 17.9% boric acid, and 80% 

baking soda. Strauss plots and Monte Carlo simulations demonstrated that the NPW was 

most sensitive to changes in boric acid and baking soda prices.



 

Extended SummaryExtended SummaryExtended SummaryExtended Summary    

Carpet can serve as a haven for dust mites, mold, mildew, and bacteria. On 

average, one gram of dust includes 19,000 dust mites, which results in significant 

amounts of harmful fecal matter. Dust mites require a moist environment and humidity 

above 55% because they do not drink water but absorb it from the air. Dust mites’ main 

food source is dead human skin cells. Humans shed about 1.5 grams of skin cells per day, 

aiding in dust mite growth and reproduction. Molds are microscopic fungi which mature 

rapidly and require moist areas and high humidity for growth. They produce an 

identifiable smell which can be overwhelming and, most importantly, produce health 

hazards, such as floating spores and even lethal mycotoxins. Bacteria produce butyric 

acid, which is known for a rancid butter or vomit smell. Shampooing carpets leaves up to 

20% of the water in the carpet, creating the moist environment in which dust mites, mold, 

mildew, and bacteria thrive. A dry freshening and disinfecting powder product was 

designed to address the problems of dust mites, mold, mildew, and bacteria, as well as 

provide a long lasting fragrance. The product includes baking soda to absorb moisture, 

boric acid to serve as a disinfectant, and linalool (lily) fragrance in PLGA (polymer) 

particles to provide a long lasting scent. Baking soda is an all-purpose absorbent. Boric 

acid is a non-toxic insecticide effective against dust mites, fungus, mold, mildew, and 

bacteria. PLGA allows for the controlled release of linalool, a natural fragrance. 

 A utility function method allows for the quantification of consumer preference. In 

polls, consumers list product characteristics they consider essential and rank the 

characteristics in order of importance. The following consumer utilities were considered 

in the design of this product: disinfectant effectiveness, scent intensity, fragrance 



 

duration, toxicity, odor elimination, and scent type. The budget constraint for the price 

and demand model was found to be 54 million dollars from market analysis. Disinfectant 

effectiveness related the percentage of mites killed by the product to the amount of boric 

acid per unit area of carpet. A mass transfer model allowed for the relation of fragrance 

particle dimensions to the scent intensity, or concentration of linalool at a plane five feet 

above the carpet, and the fragrance duration. Consumer preference was greatest for a 

scent intensity between “Trace” and “Slight.” Consumer preference increased with 

increasing fragrance duration; consumers preferred a product with an infrequent 

application requirement. The toxicity and odor elimination utilities allowed for the 

determination of the amount of boric acid and baking soda per unit area of carpet, 

respectively. The relationship between the toxicity and the amount of boric acid (the most 

toxic component of the product) per unit area of carpet was determined by examining the 

LD50 of boric acid versus various other chemicals. The relationship between the odor 

elimination and the amount of baking soda per unit area of carpet was determined by 

examining the odor elimination quality of existing products. Consumers preferred a lily 

scent when given a choice of lily, rose, and citrus scents. The production process involves 

preparation of the fragrance particles by double emulsion and mixing the fragrance 

particles with boric acid and baking soda. 

Cost analysis and optimization were performed utilizing a price and demand 

model. For preliminary analysis, consumer awareness, diminishing marginal utility, and 

Borid 16 oz. product price were 0.9, 0.8, and $10.00, respectively, and remained constant 

throughout the analysis. Distribution center locations were chosen such that they were 

evenly distributed throughout the continental United States. The population and average 



 

humidity of each distribution center city were utilized to assign the relative amounts of 

production that would be sent to each distribution center. The optimum plant location was 

determined to be Oklahoma City, OK. The FCI (Fixed Capital Investment), working 

capital, and TCI (Total Capital Investment) were estimated to be $252,000; $126,000; 

and $378,000; respectively. 

Maximizing the utility gave a product composed of 0.1% linalool, 0.2% PLGA, 

20.06% boric acid, and 79.1% baking soda. With the utility maximized, the product could 

not be sold at any price to have a positive NPW (Net Present Worth). Maximizing the 

NPW gave a product composed of 0.01% linalool, 0.02% PLGA, 17.9% boric acid, and 

80% baking soda. This composition resulted in a NPW of $1,730,000. Strauss plots and 

Monte Carlo simulations demonstrated that the NPW was most sensitive to changes in 

boric acid and baking soda prices.   
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IntroductionIntroductionIntroductionIntroduction    

Every time someone walks into a home they are hit by “the smell.” This wave of 

smell is pleasant some of the time, but most of the time it is very unpleasant. Women and 

men from all walks of life perform numerous tasks to defend against such odors. Their 

tactics include lighting candles, spraying air fresheners, and tossing carpet powders 2-3 

times a week in 4-5 rooms. These methods can add a significant burden to a family’s 

budget when the product cost and frequency of application is taken into account. Another 

problem these consumers face is that current products only mask the odor for a few days 

without eliminating the cause. There is a growing need and a potential market for a 

product which not only could be applied once every few months, but also would 

eliminate dust mites, mold, mildew, and the odor produced by bacteria. Such a product 

would have to produce a lasting scent for a much longer time than the present products on 

the market. With existing technologies, these goals can be accomplished in an affordable 

manner for the consumer. 

 In designing such a product, a desirable goal would be to eliminate pests such as 

dust mites, mold, and mildew, as well as do away with the odor produced by bacteria. 

Each of these problems has a preferential environment which must be understood in the 

hopes of irradiation. Dust mites, which are considered to be the most common cause of 

allergies and asthma, are microscopic arachnids (400 mm length) that are globular in 

shape. In 10 weeks, just one of the millions of dust mites that inhabit a given carpet will 

produce over 2000 fecal particles and even more enzyme infested dust particles that can 

cause potential health problems.1 These particles are also easily suspended in the air for 

long periods of time. On average, one gram of dust includes 19,000 dust mites, which 
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results in significant amounts of harmful fecal matter.2 Dust mites require a moist 

environment and humidity above 55% because they do not drink water but absorb it from 

the air. Dust mites’ main food source is dead human skin cells. Humans shed about 1.5 

grams of skin cells per day, aiding in dust mite growth and reproduction. 

 Molds also pose many health problems, as well as unpleasant odors. Molds are 

microscopic fungi which mature rapidly and require moist areas and high humidity for 

growth. They produce an identifiable smell which can be overwhelming and, most 

importantly, produce health hazards, such as floating spores and even lethal mycotoxins. 

Mildew, a form of mold, can also pose potential problems for carpets due to its musty 

odor.3,4 

 Bacteria have also been found to cause a substantial problem for carpets. 

Researchers have found that most carpets contain large quantities of anaerobic bacteria 

which emit a chemical called butyric acid. Butyric acid is known for a rancid butter or 

vomit smell. These bacteria are found in the latex backing of the carpet, and they also 

require moist environments to reproduce.5 

 While shampooing carpets provides a means for cleaning stains and removing dirt 

from carpets, this process can produce some problems. Up to 20% of the water used for 

carpet cleaning can remain in the carpet, creating the moist environment in which dust 

mites, mold, mildew, and bacteria thrive. This situation is analogous to shampooing one’s 

hair and not rinsing it; a soapy, sticky residue is left behind that clings to any dust particle 

that is present.  

The current leading carpet products on the market include, but are not limited to, 

Arm & Hammer, Borid, and Capture Clean. Arm & Hammer contains around 99% 
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sodium bicarbonate or baking soda and around 1% fragrance. This product absorbs odors 

and provides a fresh smell for a few days. Borid is approximately 100% boric acid and is 

designed to eliminate dust mites, mold, mildew, and bacteria. However, Borid does not 

provide a scent to mask the odors these pests create. Capture Clean is around 100% 

baking soda and absorbs smells leaving carpets fresh.6,7,8,9 These products, however, do 

not confront both the problems of odor and the causes of the odors, nor do they last a 

considerable length of time. A design is needed that will address both of these issues. 

 The challenge involved in the development of a novel product lies in designing a 

freshening and disinfecting powder. The powder must contain an element to absorb 

odors, kill pests, and most of all create a scent that will last for weeks. A potential 

chemical to absorb odors is sodium bicarbonate or baking soda,10 to kill dust mites is 

boric acid or tannic acid,11 to kill mold and mildew is boric acid or sodium propionate,12 

and to neutralize smell from bacteria is baking soda.13,11 Potential fragrances that could 

be used in the design include citral which smells like lemons, geraniol which smells like 

roses, or linalool which smells like lilies.14,15,16 

The chosen design was a product composed of baking soda, boric acid, linalool, 

and a slow release polymer, PLGA, to encapsulate the linalool. Baking soda, which is 

sodium bicarbonate, is a white solid alkaline crystalline powder and is produced by the 

solvay process with around 100,000 tons produced each year. It is an all-purpose 

adsorbent which can be used in the refrigerator, carpet, microwave oven, etc. It can also 

be used for pest control, cosmetics, and even as a cleaning agent.17 Boric acid is a mild 

acid which is used as an insecticide, antiseptic, and a flame retardant. Boric acid, which 

exists as a colorless crystalline or white powder, is mainly used as a non-toxic insecticide 
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for cockroaches, fleas, dust mites, fire ants, and termites. The small boric acid crystalline 

particles cling to the insects’ legs and cause fatal chemical burns. Boric acid can also be 

used exterminate fungus, mold, and mildew making it a great component in this product 

design.18,10,11,12,13 The fragrance linalool is a naturally occurring terpene alcohol which 

can also be synthesized in large quantities. Linalool is found in many flowers and spice 

plants and is used in many household products such as soaps, detergents, and lotions.14 

To utilize the fragrance linalool effectively for slow release, the polymer PLGA will be 

used.  PLGA, or poly(lactic-co-glycolic acid) is a polymer micro sphere (10 mm diameter) 

which has been approved by the FDA and has been used in a variety of slow release 

applications. Many of its uses result from its biocompatibility, as well as 

biodegradability. PLGA degrades by hydrolysis of the ester linkages in the presence of 

moisture and can be composed in different rations of copolymers (x and y shown below) 

allowing for more control of the degradation time. PLGA degrades to the original 

monomers, lactic acid and glycolic acid.  

 

Fully immersed in water, PLGA can last up to 2 months and much longer with the lower 

levels of moisture found in carpets.19 PLGA allows liquids (medical and commercial) to 

be stored and released slowly over time and will be designed to encapsulate the fragrance 

linalool. An example of a micro sphere is shown below:20 
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PLGA particle 
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U=   Uiwi

U = utility w = importance weight

i = characteristic

∑U=   Uiwi

U = utility w = importance weight

i = characteristic

∑

UtilitiesUtilitiesUtilitiesUtilities    

The utility function allows for the quantification of consumer preference. The 

utility equation is given by: 

 

 

 

 

 

 

In polls, consumers list product characteristics they consider essential and rank 

the characteristics in order of importance. The consumer poll results can be used to assign 

weights to the important characteristics such that the sum of the weights equals one. The 

weights allow for each characteristic to be considered in relation to the other 

characteristics during the product design. The important characteristics, along with their 

respective weights appear in Table 1. 

 
Table 1 

Characteristic Weight 
Disinfectant Effectiveness 0.21 
Scent Intensity 0.22 
Fragrance Duration 0.19 
Toxicity 0.09 
Odor Elimination 0.15 
Scent Type 0.14 

 
Tests are then performed to measure the happiness of the consumer. Test results allow for 

the relation of desired product characteristics to physical properties of the product. 
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The budget constraint, Y, is given by the following equation: 

 
 
 

where P and D refer to the price and demand, respectively, and 1 and 2 refer to our 

product and the competitor’s product, respectively. Utilizing the equation above with a P2 

and D2 equal to $10.00 and 5,400,000, respectively, the budget constraint, Y, is equal to 

$54,000,000. Likewise, this budget constraint correlates well with the size of the carpet 

disinfectant market which has also been shown to be approximately 54 million dollars. 

Disinfectant Effectiveness 

Disinfectant effectiveness 

relates the percentage of mites 

killed by the product to the 

amount of boric acid per unit 

area of carpet. The first step in 

determining this utility was to 

relate the utility of the consumer 

to the percentage of mites killed. 

As shown in Figure 1, consumer 

utility was directly proportional to the percentage of mites killed. The consumer would be 

completely satisfied with 100% of the mites killed, and the consumer would be 

completely dissatisfied with 0% of the mites killed. The relationship between percentage 

of mites killed and the amount of boric acid per unit area of the carpet could be found 

utilizing a statistical method, such as a random walk generator as shown below in Figure 

2211 DPDPY +=

Figure 1 Utility versus Disinfectant Effectiveness (% of mites killed) 
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Random WalkRandom Walk

Figure 2 Random Walk Schematic 

2.  The complex nature of boric acid and the way in which it kills different insects (eating 

the crystals versus only having to touch the crystal) results in an exponential function due 

to mathematical description of the random walk.  This was used in correlation with an 

assumed 20% of the formulation of the competitor killing 90% of the mites21,22  and is 

shown in Figure 3. This corresponds to 

the amount of boric acid the competitor, 

Borid, has in their formulation, which is 

near 0.1 g/ft2. The relationship between 

utility and amount of boric acid per unit 

area is shown in Figure 4. Because the 

utility is a linear function of 

effectiveness, the relationship between 

utility and amount of boric acid per unit 
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Figure 4 Utility versus amount of boric acid per unit area. 

area, shown in Figure 4, resembles the relationship between effectiveness and the amount 

of boric acid per unit area.  
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Scent Intensity and Fragrance Duration 

 Scent intensity relates the 

fragrance concentration to the 

number of fragrance particles per 

unit area of carpet.  From Figure 5, 

consumer preference is greatest for 

a “Trace” scent intensity. Utility 

subsequently decreases with 

increasing scent intensity; 

consumers are increasingly displeased as the scent intensity approaches “Extreme.” 

 A research article by Kamadia, Yoon, Schilling, and Marshall in the Journal of 

Food Science23 allowed for the quantification of the concentration of linalool detectable 

by the human nose (threshold) and the concentration at which the linalool fragrance 

becomes overwhelming. Kamadia, et al. studied various amounts of linalool and used 

human subjects to determine the intensity of each sample 1.5 feet away from the sample, 

25 minutes after the sample was prepared. Fick’s second law of diffusion for a flat plate 

is shown below: 

 

 

 

where Ca is the concentration of linalool, t is time, Dab is the diffusion coefficient of 

linalool in air, and z is the distance at which the linalool is smelled. The solution to the 

equation is given by: 

2

2
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c
D

t
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∂

∂

)
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erfCCCC

ab

aoasasa −−=

Figure 5 Utility versus Scent Intensity 
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where Cas is the concentration at the surface and Cao is the concentration infinitely away 

from the source. Using the equation above, the concentration at 1.5 feet and 25 minutes 

after the sample was prepared was found. The researchers found certain samples from 

which the scent was just at threshold and samples from which the scent was 

overwhelming. The results are shown below: 

Table 2 
Linalool (ppm in water) 
from Research Paper 

Conc. (M) at 1.5 
feet & 25 mins 

Conc. (nM) at 1.5 
feet & 25 mins 

Utility from polled 
consumers 

0 0 0 50 

0.5 4E-10 0.4 70 

2.5 2E-9 2 100 

12.5 1E-8 10 99 

62.5 5E-8 50 90 

312.5 2.6E-7 260 82.5 
 

Subjects found that at 0.5 ppm, the linalool reached the threshold which corresponds to a 

linalool concentration of 4E-10 M. At 2.5 ppm, the concentration of linalool was at the 

most pleasant level corresponding to a concentration of 2E-9 M, and at 312.5 ppm the 

linalool was overwhelming corresponding to a concentration of 2.6E-7 M. These values 

serve as a reference point for scent intensity utility quantification. 

 Fragrance duration relates 

the application frequency to the 

amount of linalool in the 

fragrance particles. Figure 6 

shows consumer utility versus 

application time. Consumer 

Figure 6 Utility versus Application Time (days) 
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preference increases with increase in application time; consumers are more satisfied with 

longer fragrance duration. 

 

Mass Transfer Model 

Mass transfer quantifies the 

relationship between the scent intensity 

and fragrance duration utilities and 

fragrance particle characteristics. In a 

fragrance particle, liquid linalool is coated 

with the polymer PLGA. A fragrance 

particle schematic appears in Figure 7, 

where R1 is the inner radius, R2 is the 

outer polymer boundary, Dm is the diffusion coefficient of linalool in PLGA, and Da is 

the diffusion coefficient of linalool in air. 

The available fragrance particle design parameters are the number of particles per unit 

area (n) and the amount of fragrance in each particle (L). Figure 8 shows a schematic 

R1 R2

Dm
Da

liquid

PLGA
air

R1 R2

Dm
Da

liquid

PLGA
air

Figure 7 Fragrance Particle Schematic 

Figure 8 Number of particles per unit area (n) representation 



- 13 - 

representation of the number of particles per unit area, which is related to the scent 

intensity utility. In the evaluation of the scent intensity utility, the amount of linalool in 

each particle (L) is fixed, and the number of particles per unit area (n) is varied. Figure 9 

shows a schematic representation of the amount of linalool in the fragrance particles (L), 

which is related to the fragrance duration utility. In the figure, the amount of linalool 

increases from left to right, and the polymer thickness coating the linalool core decreases 

from left to right. 

Figure 10 shows the expected trends in linalool concentration for variations in these 

design parameters. For a fixed amount of fragrance in each particle (L), the linalool 

concentration would increase with increasing numbers of particles per unit area (n). For a 

fixed number of particles per unit area (n), the duration time would decrease with 

increase in amount of fragrance in each particle (L). As the amount of fragrance in each 

particle is increased, the layer of PLGA separating the liquid fragrance core and the 

surrounding air would be thinner, and the liquid fragrance would be able to diffuse 

rapidly out of the particles. 

Figure 9 Amount of linalool in particles (L) representation 

Amount of 
Linalool (L) 

PLGA coating 
thickness 
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The mass 

transfer model 

involved diffusion of 

linalool from a single 

fragrance particle. 

The following 

assumptions allowed 

for analysis of the mass transfer of linalool out of a fragrance particle. Diffusion from the 

particle was assumed to be radially symmetrical. The surrounding air was assumed to be 

semi-infinite; the concentration of linalool at r equal to infinity was assumed to be zero. 

Linalool was assumed not to degrade within the particle. The PLGA coating was assumed 

not to degrade appreciably during the fragrance duration. 

As long as liquid linalool remains in the inner cavity, the concentration at the 

inner radius (R1) is equal to the saturation concentration, and linalool diffusion through 

the PLGA coating does not change with time. Diffusion from the outside polymer surface 

is diffusion into a semi-infinite medium. 

The diffusion coefficient of a small hydrophobic probe in PLGA was determined 

by Kang as (3-10) × 10-12 cm2/s ((1-3.6) × 10-12 m2/hr).24 The diffusion coefficient of 

linalool in PLGA was determined by adjusting for the molecular weight using the 

following equation: 

 

 

probe
linalool

probe
m D

MW

MW
D =

Figure 10 Trends expected with fragrance particle design variations 
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where Dm is the diffusion coefficient of linalool in PLGA, MWprobe is the molecular 

weight of the small hydrophobic probe used by Kang, MWlinalool is the molecular weight 

of linalool, and Dprobe is the diffusion coefficient of the small hydrophobic probe used by 

Kang in PLGA. The diffusion coefficient of linalool in PLGA used in the mass transfer 

model was 3.6 x 10-10 m2/hr. 

Fick’s second law in spherical coordinates for steady state is given by: 

 
 
 

where C is the concentration of linalool (mol/L) and r is radial position (m). Integrating 

twice yields: 

 
 
 
where a and b are constants. The concentration of linalool is equal to the saturation 

concentration given by Raoult’s law at the inner polymer boundary (R1). The second 

boundary condition is given by setting the flux of linalool out of the particle equal to the 

flux of linalool into the air at the polymer boundary (R2). The concentration of linalool 

outside of the polymer boundary was described by diffusion into a semi-infinite medium 

in spherical coordinates, where C* is the concentration of linalool in the air surrounding a 

fragrance particle. The boundary conditions are given below. 
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Using the boundary conditions, the concentration profile of linalool is given by: 

 

 

 

The concentration profile can be used to determine the concentration of linalool at the 

polymer boundary (R2), which is given by: 

 

 

 

Application of the concentration profile of linalool and the equation describing linalool 

diffusion into a semi-infinite medium allowed for the determination of the concentration 

profile during the time liquid linalool remained in the fragrance particle. After the entire 

amount of liquid linalool had been released from the particle, Fick’s second law was 

solved again for diffusion into a semi-infinite medium with the initial condition equal to 

the concentration profile at the time when all of the liquid linalool had just evaporated 

from the fragrance particle and the boundary condition of the concentration at the 

polymer boundary, C(R2), equal to zero. 

To examine the scent intensity as a function of time, a plane of interest was 

defined at r equal to 5 ft. Each particle was assumed to have a total diameter of 10 

microns. The amount of linalool in each particle (L) was fixed at 90% of the total 

particle. The concentration at 5 ft as a function of time for a range of number of particles 

per unit area (n) of carpet for the first mass transfer model appears in Figure 11. The 

concentration of linalool increased with increasing number of particles per unit area. 
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From Figure 11, the linalool concentration for 0.00219 g of particles per ft2 most closely 

matched the maximum consumer utility for the greatest length of time. The mass transfer 

model allowed for the relationship between consumer utility and number of particles per 

unit area (n) shown in Figure 12.  

 

 

 

 

 

 

 

 

 

The total time of fragrance duration is given by integrating the concentration 

profile from time equal to zero to t*, the total time of fragrance duration. 
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Figure 11 Linalool concentration versus time at r equal to 5ft for a range of number 
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The total time is given by: 
 
 
 
 
The total time of fragrance duration was determined using the same number of particles 

per unit area (n) and varying the amount of fragrance in each particle (L). The linalool 

concentration as a function of time at a plane five feet from the surface of the carpet for 

various inner particle radii appears in Figure 13. As the inner radius increased, the 

fragrance was able to diffuse rapidly out of the fragrance particles. 

 
 

 

 

 

 

 

 

 

 

 

 

Mass transfer calculations related to the total time of fragrance duration allowed for the 

relationship between fragrance duration and the amount of linalool in the particles spread 
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Figure 13 Linalool concentration at five feet for various inner radii 
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over a unit area of carpet. Figure 14 shows the total time of fragrance duration versus the 

amount of linalool in the particles. The duration increases with increase in amount of 

linalool in the particles spread over a unit area of carpet until the duration time reaches a 

maximum. The duration time subsequently decreases with increase in amount of linalool 

in particles spread over a unit area of carpet because the thickness of the polymer coating 

the liquid fragrance decreases and allows the fragrance to diffuse rapidly out of the 

particles. 

 

 

 

The mass transfer model provides a conservative estimate of total time for fragrance 

duration. In reality, diffusion would be directed upward from a plane containing a 

number of fragrance particles. The concentration profile from one fragrance particle 

would be influenced by nearby particles. The total time for scent duration using the  

Figure 14 Total time of fragrance duration versus amount of linalool in fragrance 
particles spread over a unit area of carpet 
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model was calculated assuming the fragrance diffused through 100%, 75%, and 50% of 

the particle surface area for a particle containing with a 4.5 µm inner radius (an amount 

of fragrance (L) equal to 90%). A comparison of total times for fragrance duration 

appears in the following table. 

Table 4 

Diffusion Area Duration 

100% Particle Surface Area 7.6 weeks 

75% Particle Surface Area 10 weeks 

50% Particle Surface Area 15 weeks 

  

Figure 15 Utility versus amount of linalool in fragrance particles spread over a unit area of 
carpet 
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Figure 17: Toxicity standard 

Toxicity 

Toxicity relates the 

amount of boric acid per unit 

area of carpet to the toxicity of 

the product.  As shown in 

Figure 16, the consumer utility 

was directly proportional to the 

toxicity of the product. The 

consumer would be completely 

satisfied with a product that has a low toxicity, and the 

consumer would be completely dissatisfied with a product 

that has an extreme toxicity. The relationship between the 

toxicity and the amount of boric acid (the most toxic 

component of the product) per unit area could be 

determined by examining the LD50 of boric and 

various other chemicals shown in Table 5 to the right.  The 

LD50 is a quantitative 

way to determine the 

toxicity of a 

chemical.  It is the 

amount, in grams, 

that would kill 50% 

Table 5 

  

Substance  LD50 (g) 
Nicotine 3.75 
Caffeine 14.40 
Aspirin  75.00 

Tannic Acid 169.50 
Boric Acid  202.50 
Linalool 221.30 

Table Salt 225.00 
Benzoyl Benzoate 300.00 

Baking Soda  315.00 
Grain Alcohol 1050.00 

Figure 16 Utility versus Toxicity 
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of human subjects weighing 165 lbs.  Utilizing the LD50 of the various chemicals, a 

standard can be established to determine the toxicity of boric acid based on its LD50. 

However, this standard is unnecessary because both the competitor’s product and our 

product are using the same 

chemical with the same toxicity.  If 

this were not the case, Figure 16 

and 17 could be used to calculate 

the resulting utility shown in 

Figure 18.  

Figure 18 Utility versus Boric Acid (g ft-2) 
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Figure 20: Odor Elimination versus amount of baking soda per unit area. 

Odor Elimination 

 Odor elimination, or 

freshness, relates the amount of 

baking soda per unit area to the 

freshness of the product. 

Freshness is the property of 

something that smells new and 

clean; baking soda does this in a 

solid-gas reaction of the alkaline 

base with an acidic gas such as hydrogen sulfide, rotten egg smell. As shown in Figure 

19, the consumer utility was directly proportional to the freshness of the product. The 

consumer would be completely satisfied with a product that has a high freshness (100% = 

completely fresh), and the consumer would be completely dissatisfied with a product that 

is not fresh at all (0%=no freshness).  The relationship between freshness                    

                                                        

and the amount of baking soda per unit area was determined by calculating the odor 

Figure 19 Utility versus Freshness Scale 
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Figure 21: Toxicity standard 

absorption of baking soda for specific amounts as shown in Figure 20.  The function is 

linear due to the kinetics of the solid-gas reaction in which the reactants (odor and baking 

soda) are in a 1:1 molar ratio.  The graph depicts that as one mole of baking soda reacts 

with the acidic gas, one mole of odor is eliminated.  Odor elimination is a depiction of 

how effective baking soda is at neutralizing odor; therefore, in Figure 20 the effective 

percentage is the percentage of odor neutralized. Because the utility is a linear function of 

freshness, the relationship between utility and the amount of baking soda per unit area is 

exactly the same as the relationship between freshness and amount of baking soda per 

unit area and is shown below: 
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Scent 

The best scent was determined by polling consumers as to which scent they would 

prefer out of citral which smells like lemons, geraniol which smells like roses, and 

linalool which smells like lilies.  The graph below shows the results: 

 

 

 

 

 

 

 

 

According to the graph above, consumers preferred to have the product smell like lilies. 

Figure 21 Utility versus Scent Type 
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Production ProcessProduction ProcessProduction ProcessProduction Process    

The production process involves preparation of the fragrance particles by double 

emulsion and mixing the fragrance particles with boric acid and baking soda. A basic 

schematic of the production process appears in Figure 22. 

Linalool encapsulated by the polymer PLGA is produced by a double emulsion 

technique, specifically water/oil/water double emulsion.  Aqueous linalool is emulsified 

in organic methylene chloride containing the polymer PLGA, creating the primary 

emulsion or the water/oil emulsion.  The diagram below represents the primary emulsion, 

where f1 is the aqueous linalool and f2 is the methylene chloride/PLGA solution.  The 

primary emulsion can then be fed through a nozzle to break the colloid into many 

particles or can be sonicated on a larger scale. 

Double 
Emulsion

Mixing

Product

Fragrance 
Particles

Other Raw 
Materials

Double 
Emulsion

Mixing

Product

Fragrance 
Particles

Other Raw 
Materials

Figure 22 Schematic of Production Process 
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Once the primary emulsion is complete, the emulsion is transferred to an aqueous 

solution of water and PVA, an emulsifying agent.  This solution is now a water/oil/water 

double emulsion.  The PVA ensures that the small colloids stay at that small spherical 

size instead of collecting together as thermodynamically expected.  The water/oil/water 

solution is then placed in a rotary evaporator to evaporate the volatile organic methylene 

chloride, leaving a water/PVA solution and PLGA encapsulating the linalool as shown 

below:  

 

 

 

 

 

 

 

The solution can then be centrifuged to collect the PLGA that encapsulates the linalool 

resulting in the micro spheres seen in Figure 25: 

Figure 23 Double Emulsion Process Illustration 

Figure 24 Double Emulsion Process Illustration 
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Fragrance 
Particles

Baking 
Soda Boric Acid

Mixer

Packaging

Fragrance 
Particles

Baking 
Soda Boric Acid

Mixer

Packaging

 

    

A schematic of the mixing process appears in Figure 26. 

Figure 25 PLGA Microspheres 

Figure 26 Process Flow Diagram 
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Cost AnalysisCost AnalysisCost AnalysisCost Analysis    

Cost analysis and optimization were performed utilizing a price a demand model 

shown below: 

 

 

where P is the price, D is the demand, Y is the budget constraint, a is the consumer 

awareness, b is the superiority function, and r is the diminishing marginal utility.  The 

subscripts 1 and 2 refer to our design and the competitor’s design, respectively.  The 

budget constraint, Y, introduced earlier, was determined by finding the product of the 

competitor’s price and demand, which also agreed with the analysis of the disinfectant 

market’s size.  The consumer awareness, a, is a function of time and advertising.  An 

example illustration is shown in Figure 27. 

                   

The awareness of a new product will be relatively low during the first few years of its 

introduction to the market. Consumer awareness will increase with time until it reaches a 

maximum.  The illustration above also depicts the differences in advertising.  A high α 

value corresponds to a company which advertises heavily and a low α corresponds to a 
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Figure 27 Alpha versus Year 
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company which advertises very little.  With more advertising, the consumer awareness 

increases more quickly, which allows a company’s product to earn a larger profit.  The 

amount of money spent on advertising in the price and demand model was directly 

proportional to the demand (amount of the market possessed by our company).  For a 

demand of 1, $5,000,000 was spent on advertising, and for a demand of 0, no money was 

spent on advertising as shown below: 

                         

 

All other demands received advertising money in a linear fashion as shown above. 

The superiority function, β, relates the competitor’s utility or preference to our 

utility or preference as shown below: 

 

 

where U2 and U1 are the utility of our competitor’s product and the utility of our product, 

respectively.  Utilizing the utility functions, U2 was found to be 62.  The diminishing 

marginal utility, r, is a variable introduced to ensure concavity to the price and demand 

model.  It ensures that the model reflects the realistic situation in which as the consumer 

buys more of a product, they do not continue to be as happy with the product. 
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Figure 28 Advertising versus Demand 
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 For preliminary analysis, the budget constraint, consumer awareness, the 

diminishing marginal utility, and Borid 16 oz. product price were found to be 

$54,000,000, 0.9, 0.8, and $10.00 respectively, and remained constant throughout the 

analysis.  Utilizing these numbers and a b found from our product composition in the 

price and demand model, the demand could then be found for a given price which we as 

the product designers can set at any price we choose.  An illustration of this is shown 

below at a variety of α values: 

 

 

 

 

 

 

 

 

The figure above illustrates how the demand is a function of the price.  As the price 

decreases, the demand increases to 1 (100% of the market), and as the price becomes 

higher the demand decreases to 0 (0% of the market).  The effect that the consumer 

awareness has on the price and demand is also shown.  As the consumer awareness 

decreases, the trends shift further to the left indicating that the product must be sold for 

much less to have the same amount of the market.  This low consumer awareness and 

product price could be detrimental for a company’s profit and will be seen later in the risk 

analysis section.  

Figure 29 Demand versus Price for various alpha values 
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Shipping and Distribution Model 

A preliminary model was utilized to estimate costs associated with shipping the 

product and to determine an optimum plant location. The product was assumed to be 

shipped by truck. Product composition, price, demand and budget constraint were 

assumed to be constant for every region of the continental United States. Distribution 

center locations were chosen such that they were evenly distributed throughout the 

continental United States. The distribution centers are listed in Table 6 and shown in 

Figure 30. 

Table 6 

Distribution Center Locations 

Olympia, WA Albany, NY 

Salt Lake City, UT Sacramento, CA 

Denver, CO Phoenix, AZ 

Austin, TX Helena, MT 

Jefferson City, MO Baton Rouge, LA 

Indianapolis, IN St Paul, MN 

Tallahassee, FL Nashville, TN 

Columbia, SC Harrisburg, PA 

 

The population and average humidity of each distribution center city were utilized 

to assign the relative amounts of production that would be sent to each distribution 

center. Five possible plant locations were chosen in the southeast and south central 

regions of the United States. The possible plant locations were chosen for their high 

Figure 30 Distribution Center Locations 
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productivity per dollar invested.25 The potential plant locations and the costs to ship the 

product to each appear in Table 7. The optimum plant location was Oklahoma City, OK. 

Table 7 

Plant Location Cost per gal 

Montgomery, AL $ 304 
Jackson, MS $ 289 
Atlanta, GA $ 304 
Little Rock, AR $ 260 
Oklahoma City, OK $ 250 

 

TCI and NPWTCI and NPWTCI and NPWTCI and NPW    

The net present worth, NPW, over the course of the ten year project is shown by 

the following formula: 

 

 

where n is the year, CF is the cash flow for year n, k is the first year, Vs is the salvage 

value of the equipment, Iw is the working capital, and TCI is the total capital investment.  

A spreadsheet that was used for the calculation is shown below: 
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Raw Materials Pricing 

The price of PLGA was found to be $5300/lb.26 The price of linalool was found to 

be $16/lb.27 The price of boric acid was found to be $1.62/lb.28 The boric acid market was 

estimated as 5% of the total consumption used for disinfectant purposes.29 

Operating Labor and Utilities 

Operating labor was calculated based on Figure 6-9 in Peters, et al.30 Ten 

processing steps and 300 operating days per year were assumed. The average wage of 

$19.05 per hour for chemical process operators was utilized in this calculation.31 Utilities 

were estimated as 110% of the power required to operate a 12 hp ribbon mixer capable of 

processing 50 ft3 of solid material, adjusted for the necessary capacity.32 

Equipment Sizing and Pricing 

Equipment sizes and prices were calculated as a function of two weeks 

production. Solids storage tanks were priced using the carbon steel data from Figure 12-

52 in Peters, et al.33 The double emulsion process equipment, including the sonicator, 

rotary evaporator, centrifuge, and freeze dryer, was determined to be adequate up to 

100% plant capacity. The sonicator, Misonix Sonicator® S3000, was priced from 

Structure Probe, Inc.34 The rotary evaporator, Rotovap BUEVP-E-150, was priced from 

Analytical Instrument Recycle, Inc.35 The centrifuge, C-3 Select Centrifuge, was priced 

from Lab Essentials, Inc.36 The freeze dryer, Virtis Benchmark Freeze Dryer, was priced 

from Surplus Lab, Inc.37 The process mixer was priced using the mixer data from Figure 

12-52 in Peters, et al.38 
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All other pricing utilized data from Table 6-9 in Peters, et al. The FCI, working 

capital, and TCI were estimated to be $252,000; $126,000; and $378,000; respectively. 

OptimizationOptimizationOptimizationOptimization    

The optimization of the design began with optimizing both the utility and the 

NPW.  The utility was optimized by varying the four product amounts to maximize the 

utility or preference, b, of the product for the consumer.  Solver was used in Microsoft 

Excel to vary all compositions simultaneously to determine a maximum b for the product.  

The following table includes six different product scenarios found by Solver: 

Table 8 
Product (% of Formulation) 

Linalool PLGA Boric Acid Baking Soda b 

0.0050% 0.0109% 21.24% 78.75% 0.86 
0.0100% 0.0217% 17.86% 82.11% 0.82 
0.0200% 0.0434% 17.31% 82.63% 0.76 
0.0557% 0.1208% 19.20% 80.62% 0.74 
0.0750% 0.1628% 20.06% 79.70% 0.735 
0.1000% 0.2170% 20.56% 79.12% 0.68 

 

Maximizing the utility gave a product composed of 0.075% linalool, 0.1628% PLGA, 

20.06% boric acid, and 79.70% baking soda.  In optimizing the utility, it is understood 

that at such high utilities and low b the product may be unreasonable to produce due to its 

high raw materials cost, which is the case in this situation.  With the utility maximized, 

the product cannot be sold at any price to maintain a profitable NPW. 

 Next, the NPW was maximized using Solver to vary all the product compositions 

simultaneously to find the optimum NPW.  Much care was taken to ensure that only 

scenarios which would be realistic (that would have a scent above the threshold) were 
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analyzed.  The following graph shows different product scenarios and thus different β 

values with the resulting NPW: 

                

 

 

The b that maximized the NPW was 0.735, which corresponds to a product with a 

composition of 0.01% linalool, 0.0217% PLGA, 17.86% boric acid, and 82.11% baking 

soda.  This composition resulted in a NPW of $1,730,000 and the graph shown  

below illustrates how the NPW is a function of b: 

 

Figure 31 NPW versus Price 

Figure 32 NPW versus β 
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At a very low b (0.68) the product satisfies the customer greatly, yet it is too costly to 

produce.  As the b increases the product becomes more cost effective (b = 0.735) 

maximizing the NPW.  As b increases even more the product’s low utility (b = 0.9) 

results in the consumer’s unhappiness with the product, and the product loses money. 

 

Risk AnalysisRisk AnalysisRisk AnalysisRisk Analysis    

Risk analysis was performed to determine what effect variations on the raw 

materials cost would have on the NPW of the product.  Two types of risk analyses were 

performed, which included Strauss plots and Monte-Carlo simulations.  The Strauss plots 

examined how sensitive NPW of the product was to each raw material by varying the raw 

material cost 20% of its 2007 mean; whereas, the Monte-Carlo simulation varied all the 

raw materials costs 20% of their 2007 mean simultaneously, giving a much more accurate 

economic depiction of the product NPW.  The graph below shows a Strauss plot for 

baking soda:  

                       

 Figure 33 NPW versus Baking Soda Cost 
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The graph which has a slope of -1,500,000 indicates how sensitive the NPW is to the 

baking soda cost.  The following table illustrates the sensitivity of each component: 

 

Table 9 
Component Slope/Sensitivity 

Linalool -150 
PLGA -400 

Boric Acid -300000 
Baking Soda -1000000 

 

The table indicates that fluctuations of the linalool and PLGA raw material costs will not 

affect the NPW as much as boric acid and baking soda.  It should be addressed also that 

this analysis used an assumption of $19.44 per container, which resulted in a 450,000 

demand.  If the demand increased substantially so too would the sensitivity of the 

components as shown below:                    

 

 

As seen in the graph, as the price decreases, the demand increases. This increase in 

demand would require much more raw materials, and subsequently the sensitivity of raw 

Figure 34 NPW versus Baking Soda Price for various Prices per container 
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material price would go up as seen above for baking soda.  The sensitivity of the baking 

soda raw material cost goes from -1,000,000 when the price per container is $21.00 and 

the demand is 1,600,000 to -1,700,000 when the price per container is $19.00 and the 

demand is a much higher 2,000,000.  It can be inferred from this analysis that if the price 

dropped lower and the demand went any higher, it could have drastic effects on any price 

fluctuation in the raw materials cost. The table below shows this trend in more detail for 

each of the four components of the product: 

Table 10 (Slope in hundreds) 

Price per container Linalool PLGA Boric Acid Baking Soda 
$19  -9 -3 -8000 -16,000 
$20  -7 -3 -6000 -13,000 
$21  -4 -2 -3000 -10,000 

 

As the product price drops for each component, the sensitivity of the raw material cost on 

the NPW increases.  It can also be inferred from the table that the sensitivity is a function 

of the composition.  This product has a composition of 0.01% linalool, 0.0217% PLGA, 

17.86% boric acid, and 82.11% baking soda.  The trends in sensitivity are also in 

accordance with the composition, the baking soda has the highest percentage of 

formulation and also the highest sensitivity.  Therefore, if the composition is changed so 

too would the sensitivity of each component. 

 Monte-Carlo simulations were also performed to analyze risk; however the 

simulations varied all raw materials cost simultaneously instead of individually.  The 

simulation consisted of 500 scenarios and was performed at a variety alpha values as 

shown below: 
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Figure 35 Monte Carlo, a=0.9, 54 million dollar budget constraint. 

Figure 36 Monte Carlo, a=0.85, 54 million dollar budget constraint. 

 

 

 

With a budget constraint of 54 million and an alpha of 0.9 there is a 5% chance of losing 

money and a 95% chance of making money. 

 

 

With a budget constraint of 54 million and an alpha of 0.85 there is a 14% chance of 

losing money and an 86% chance of making money. 

 



- 41 - 

Figure 37 Monte Carlo, a=0.8, 54 million dollar budget constraint. 

 

 

 

With a budget constraint of 54 million and an alpha of 0.8 there is a 99% chance of losing 

money and a 1% chance of making money. 

 

All calculations have been based of budget constraint of 54 million dollars which is the 

size of the disinfectant market.  If the air freshener market size is taken into an account 

the budget constraint grow to 152 million giving a NPW around 13 million dollars.  Most 

likely these two markets will overlap due to the product sharing qualities from both.  Due 

to this fact an average of the two markets should be used for budget constraint’s analysis.  

Another alternative is polling consumers as to how much they will spend, within their 

budget, for a product with qualities such as twice the duration, effectiveness, freshness, 

safety, and more pleasant scent than the competitor’s product.  The results are shown to 

the below: 

Utilizing the new 97 million dollar budget 

constraint a NPW of $6,800,000 was found 
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Figure 38 Monte Carlo, a=0.9, 98 million dollar budget constraint. 

Figure 39 Monte Carlo, a=0.8, 98 million dollar budget constraint. 

which is the more reasonable number.  Therefore Monte-Carlo simulations were also ran 

with this budget constraint to determine the risk involved as shown below: 

 

 

With a budget constraint of 97 million and an alpha of 0.9 there is a 1% chance of losing 

money and a 99% chance of making money. 
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Figure 40 Monte Carlo, a=0.7, 98 million dollar budget constraint. 

With a budget constraint of 97 million and an alpha of 0.8 there is a 1% chance of losing 

money and a 99% chance of making money. 

 

 

 

With a budget constraint of 97 million and an alpha of 0.7 there is a 66% chance of losing 

money and a 34% chance of making money. 

 

It is reasonable to assume that the actual results would be closer to the last two graphs 

due to the product being relatively new and unknown. 
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Future ConsiderationsFuture ConsiderationsFuture ConsiderationsFuture Considerations    

 Future considerations include solving the time dependent mass transfer model, 

utilizing PLGA particles for the disinfectant portion of the product, varying all price and 

demand parameters, and performing a more detailed shipping and distribution estimate 

with different budget constraints for different regions of the United States. 
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