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1.0 Thesis Background and Objective

1.1 Initial Research (2001-2004)

Research for this thesis began in 2001 with experiments on carbon polishing filters

for the adsorption of volatile organic air pollutants. The objective was to show that by

adding a thin sheet of activated carbon “polishing” filter behind a packed bed (PB), the

breakthrough time (BT) of the system would be greatly enhanced. The expectation was

that the BT of the entire PB/filer system will be much greater than the sum of its parts.

Experiments were performed by generating hexane vapors to be adsorbed by the PB, the

polishing filter, and the combined PB/filer system and measuring the concentration at the

exit to determine BT. However, this project was never completed. In the beginning of

2011, a renewed effort was made to finish this thesis and a new research project was

undertaken. The activated carbon research project is included in this thesis in Appendix A.

1.2 Current Research (2011-2012)

The current research focuses on pulping corn stover using aqueous ethanol and

supercritical carbon dioxide (ScCO2). Current chemical pulping methods generate

harmful pollutants and lead to significant deforestation.  Discovering new technologies

and raw materials for pulping can alleviate some of these concerns.  Corn stover was

chosen because it is one of the most abundant waste generate in the world and has proven

to be a good source for pulping. Ethanol was chosen because it is one of the most

promising chemicals used in organosolv pulping.  ScCO2 was chosen because of its

effectiveness in supercritical fluid extraction.  Due to time and budgetary constraints, only

a preliminary feasibility study was performed, leaving much room for future research.
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2.0 Organosolv Pulping of Corn Stover

2.1 Introduction

2.1.1 Industrial Pulping

Pulp, the main ingredient in the making of paper and paperboard products, is made

by separating the fibers in biomass through mechanical or chemical means. During

mechanical pulping, the biomass is physically ground into fibers while during chemical

pulping, solvents are used to dissolve the lignin that binds the cellulose fibers together.

Mechanical pulping produces high yield, often between 85 to 95%, and is relatively

inexpensive compared with chemical pulping.  High opacity paper can be made from

mechanical pulp, which allows the printing on both side of the sheet, but mechanical pulp

is relatively weak compared with chemical pulp because the grinding action breaks apart

the cellulose.  Because the mechanical process leaves the lignin intact, the pulp will

eventually become discolored when the lignin reacts with oxygen and light. Peroxides,

hydrosulfites and other chlorine-free chemicals are commonly used to bleach the pulp after

production. [1]

In general, the chemical process produces higher quality pulps at lower yields than

mechanical pulping. There are two main types of chemical processes: The Kraft process

and the Sulfite process.  The Kraft process uses a mixture of sodium hydroxide (NaOH)

and sodium sulfide (Na2S) while the sulfite process uses salts of sulfites (SO3
2-) or

bisulfites (HSO3
-).  The Kraft process has become the dominant process because it

produces pulp with stronger fibers; it can accept a wider variety of woods; and most of the

pulping liquor can be recovered.  However, the sulfite process does produce pulp that is
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easier to bleach and refine. [2] As of 2006, about 65% of global pulp production is from

these two chemical processes [3]

2.1.2 Demand for Pulp

The demand for pulp is largely driven by the market for paper and paperboard

products, although pulp can also be used to manufacture a variety of other materials such as

rayon, explosives and photographic films. In North America, the paper and paperboard

consumption experienced significant decline beginning in 2007, leading to a corresponding

decrease in pulp demand.  Between 2006 and 2009, the paper and paperboard consumption

in North America declined 24%, due in large part to the financial crisis in the United States

which caused companies to re-evaluate their paper usage and adopt more efficient

operations to cut costs.  However, the decline in paper and paperboard consumption in

North America was more than offset by the increase in demand due to manufacturing

growth in developing nations such as India and China.  In 2009, the total paper

consumption in China eclipsed, for the first time, those in North America.  The global

paper production reached over 409 million tons in the same year. [4] It is estimated that the

total amount of paper and paperboard production could increase by an annual rate of 1.5%

to more than 550 million tons by the year 2025.  Approximately 187 million tons of

chemical pulp would be needed by then to meet this demand, as compared to the 143

million tons of chemical pulps produced in 2010. [5]

2.1.3 Environmental Concerns

There are many concerns, however, with the current pulping processes.  The Kraft

process emits large amount of hazardous air pollutants including hydrogen sulfide (H2S),

methyl mercaptan (CH3SH), dimethyl sulfide (CH3)2S and dimethyl disulfide (CH3)2S2,
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most of which are odorous, while the Sulfite process emits mainly sulfur oxides (SOX).

Wastewater from the chemical pulp mills may also contain various pollutants such as

reduced sulfur compounds, volatile fatty acids, terpenes, and absorbable organic halides.

Although these pollutants can often be controlled using either abatement technologies (i.e.

wet scrubbers, biofiltration, etc.) or by process modifications and improved operating

parameters, these add to the capital and operating costs of the mills. The Census Bureau

estimates that the average pollution abatement cost of paper mills is 2.3 % of their annual

operating costs, more than four times that of other industries. [6]

The pulp mills, which often integrate the papermaking process, require significant

amounts of energy supplied by the burning of fossil fuels such as coal, oil and gas, which

also contributes to both pollution and cost. Significant amounts of water are used by pulp

and paper mills, which can harm habitats, reduce water levels and alter water temperatures,

thereby affecting aquatic organisms. Furthermore, over 90% of global pulp is made from

wood, which causes significant deforestation, leads to climate change, and harms

biodiversity. [7] In some countries such as the Philippines and China, non-wood material

constitutes the only source of useful cellulose fibers and much of the pulp must be imported.

[8] The demand for imported pulp in China, which can currently only supply 28% of the

pulp required by its pulp and paper industry, has created illegal logging and heavy

deforestation in Indonesia and Russia and unsustainable plantation expansions in other

countries such as Brazil. [9] Developing new pulping technologies and diversifying raw

materials to include more non-wood sources are seen as viable alternatives to alleviate the

many environmental and economic concerns of the current pulping processes.
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2.1.4 Alternative Raw Materials

Currently, between 5-10% of the global pulp production is from non-wood sources

and most of it is produced in China. [10] The most common raw material is agricultural

residues, such as bagasse and straws.  The agricultural residue of interest for this thesis is

corn stover – the stalks, leaves, cobs and husks left over after corn harvest.  It is one of the

most abundant yet underused waste in the world and has already proven to be a good

source of raw material for pulping.  In the beginning of the 20th century, corn stover was

widely used in the U.S. midwest for pulping before being replaced by wood as industry

matured.  Fibers from corn stover are short and slender, leading to high numbers of fibers

per unit weight.  Papers made with them have good printing properties and adequate

strength.  The relatively low lignin content also makes pulping corn stover easier than

wood. [11]

One major advantage of using corn stover, which is produced in an approximate 1:1

ratio to corn cobs, for pulping is its availability. In 2011, over 750 million dry tons were

produced world-wide. [12] In the United States alone, approximately 250 million dry tons

of corn stover is produced each year.  Some of the corn stover in the U.S. is plowed into the

soil to minimize soil erosion and to provide organic carbon to the soil to maintain planting

health and viability. [13] The natural decomposition rate of corn stover depends on the

species and climate, and it is slow, due to the high carbon to nitrogen ratio.  If too much is

left on the field, it would interfere with spring plantings.  If not enough is left on the field,

it may affect future planting potential. [14]

Many studies have shown that portions of corn stover can be removed without

harming the soil.  Perlack, et al. (2005) estimated that the United States can safely remove
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75 million dry tons of corn stover per year from croplands without impacting soil quality.

Conditions such as soil type, soil slope, slope length, tillage practice and crop rotation

determine the amount of corn stover that can be removed in a given area.  Savoie and

Descoteaux estimated, in 2004, that out of 40 million tons of corn stover produced in Iowa

in 1998, 40% (16 million tons) could have been safely removed under conventional tillage

practices and 60% (24 million tons) could have been removed under no-til practices. [15]

The Ohio Agricultural Research and Development Center (OARDC) determined, in 2007,

that removing more than 25% from sloping soils significantly reduced soil carbon

concentrations but that as much as 75% can be removed from clay soils in flat terrain

without negative impact. [16]

The crop yield for corn has also been increasing.  Between 1965 and 2000, the crop

yield increased by approximately 1.7 bushels per acre per year.  The United States

Department of Agriculture (USDA), using a rate of 1.8 bushels per acre per year increase to

project future corn production, estimated that corn yield is expected to increase 25% by

2020 and 50% by 2043, ensuring an ample supply of corn stover. [17] As of 2011, the U.S.

produces an average of 147.2 bushels of corn per acre. [18]

Beside availability, there are other advantages in using corn stover.  The use of

agricultural wastes benefits the local farmers economically by adding value to their crops.

An increase in farm earnings would diminish the need for farm subsidies.  Due to the high

transportation costs, the mills would have to be built close to the farming community,

boosting the local economy by providing jobs and a higher tax base. [19]

However, there are also many disadvantages that have and can prevented corn

stover from becoming a viable source for pulping.  The corn stalks contain large amounts
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of pith (an average of 21%) which does not have much fiber useable for papermaking.

Without depithing, the pith would 1) consume portions of the chemicals and lower the

amount available for pulping, 2) decrease the drainage rate, making washing and

dewatering difficult, and 3) reduce opacity in the final paper product, but depithing would

add considerable capital and operating cost. [20] Corn stover can only be harvested once a

year and must be stored all year long, and it is susceptible to natural disasters such as pests,

fires and droughts. The silica and other minerals in the corn stover also cause problems in

the evaporators and other equipment in the chemical recovery systems of traditional

chemical pulp mills. [21] In addition, due to the seasonal availability of the sources, the

low packing density, and the large area of source recovery, non-wood pulp mills must be

smaller than wood-based pulp mills.  If traditional chemical pulping methods are used, the

smaller mills would operate at a significant economic disadvantage because the economies

of scale favor the larger mills. [21]

2.1.5 Alternative Pulping Technology

“Organosolv pulping” is a general term used to describe pulping using organic

solvents such as alcohols, acids and phenols.  It is more environmentally friendly than

traditional pulping processes because the solvents can be recovered easily through

distillation. It is also the best method that makes building smaller, regional pulp mills

based on agricultural residue economically feasible - It requires lower capital cost and cost

for environmental control equipment; it produces secondary co-products such as furfural,

acetic acid and xylose that can add to the revenue of the mill and diversify the market for

its products (In traditional pulping methods, the use of inorganic chemicals make

separation of co-products difficult); and the silica and other minerals can be separated from
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the cooking chemicals by distillation, thus eliminating the operational problems caused by

them. [21]

2.1.6 Potential for Corn Stover Usage

While corn stover can never fully replace wood as a pulping source due to a variety

of logistical and economic factors (i.e. seasonal availability, transportation costs, the

necessity to build smaller mills, and etc.), there are ways that corn stover can contribute to

pulp production. In the United States and other nations without as much wood shortage,

corn stover may be used as a low cost supplement to wood as small quantities (20-30%) of

non-wood pulp can generally be added without degrading paper quality or interfere with

paper machine operations. [22] Corn stover may also find a niche in the production of

dissolving pulp (pulp with low lignin content (<0.005%) and high (>90%) cellulose content)

because its low lignin content makes it easier to delignify and the hemicellulose can be

dissolved using prehydrolysis. In nations with significant wood shortages such as China

and India, corn stover becomes a viable alternative due to the necessity of using non-wood

fiber sources. Building smaller, regional pulp mills is also more advantageous for

developing nations, which might not have the financial means necessary to construct larger

wood-based pulp mills. (An average traditional pulp mill, as of 2009, costs between $1.3

and $1.5 billion U.S. dollars) [23]

2.1.7 Thesis Objective

This research project investigates the pulping of corn stover (stalk portion) with

aqueous ethanol. The effects of adding supercritical carbon dioxide (ScCO2) to the process

were also investigated. Ethanol was chosen because studies have shown that pulping with

ethanol at various conditions can lead to pulp with higher yield and comparable strength to
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Kraft pulps. [24] ScCO2 was chosen because it is one of the most promising chemical used

in solvent extraction and recent studies have shown that it enhances the delignification

process. [25] The eventual, long term goal is to determine the following.

1. If corn stover can be pulped using the organosolv method (with aqueous

ethanol).

2. If using ScCO2 offers the advantage of shorter pulping time with sufficient

delignification.

However, due to time and budgetary constraints, only a preliminary screening analysis was

performed using a factorial experimental design to identify important factors.

Factorial experimental designs are often used early on to provide a framework for

future investigations.  It can examine a number of variables on different levels to filter out

conditions that lead away from optimization and to focus attention on those that lead

toward optimization. The three variables studied were temperature, cooking time and the

presence of ScCO2.  The two responses investigated were total yield and kappa number,

which measures the degree of delignification. The results of this factorial experiment will

help set suitable operating conditions in future experiments.

2.2 Corn Stover

2.2.1 Structure

Like all biomass, corn stalks consist mainly of cellulose, hemicellulose and lignin.

They also contain parenchyma cells that make up the pith core and ash and extractives in

small amounts.  The cellulose and hemicellulose are collectively known as holocellulose

and are the main source of carbohydrates in biomass. Cellulose is a polymer made up of

D-glycopyranose units, the cyclic form of glucose, linked by β-1,4 bonds.  The degree of
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polymerization (DP) is typically between 10,000 and 15,000, depending on the source of

the cellulose.  The polymer is linear and can form hydrogen bonds easily, leading to a rigid

and stable structure with high mechanical strength.  Cellulose may exist in either crystalline

or amorphous forms.  The crystalline form, in particular, is resistant to chemical

degradation. [2]

Figure 1: Cellulose Structure

Hemicellulose is a polymer of various polysaccharides, which includes glucose

units linked by bonds other than β-1,4 bonds, and has a shorter chain than cellulose - its DP

is between 100 and 200.  It is rarely crystalline or fibrous in nature.  Instead, it is a white

solid material that helps to fill out the fibers.  It can be easily dissolved in aqueous alkali

and does not have the structural stability of cellulose, making it more susceptible to

chemical degradation. [26]

Figure 2: Example of Hemicellulose Structure (Xylan)

Lignin binds the holocellulose together and consists of phenylpropane units. [27]

Because it is a complex polymer, lignin contains different chemical bonding sequences.
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Roughly two-third of the monomers is linked by ether bonds while the remaining is linked

through carbon to carbon bonds.  Lignin can be degraded in acidic or alkaline solvents but

is generally insoluble in neutral ones. [26] Lignin is also more difficult to degrade if it has

high proportion of carbon-to-carbon bonds. [27]

Figure 3: Lignin Structure

During chemical pulping, it is not possible to dissolve the lignin without leaving

some residual lignin or degrading and dissolving some of the holocellulose.  The

hemicellulose fraction is especially susceptible to chemical degradation.  It is the condition

of the remaining holocellulose and the amount of residual lignin left in the pulp that

ultimately determine the effectiveness of the pulping process, the final use of the product,

and how much effort must be made to bleach the pulp after production. Total yield, kappa

number, residual lignin content, strength, brightness, alpha cellulose content and

delignification selectivity are some of the important characteristics used to evaluate the

quality of the pulp, and they can be determined using standards from two main sources –

The Technical Association of Pulp and Paper Industry (TAPPI) and the International

Organization for Standardization (ISO).  For this thesis, only the TAPPI methods are

referenced and used.
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2.2.2 Content

There is a large variation in the reported chemical compositions of corn stover

because they depend on corn type, growing conditions, parts of the plant analyzed and

even differences in analytical methods. [28] However, data has shown that corn stover, in

general, has cellulose content comparable to that of various wood species and lower lignin

content.  The lower lignin content makes corn stover easier to delignify than woods.

Table 1: Reported Corn Stover Fiber and Lignin Content[28]

Component Rydholm % Eroglu % Baroni % Timell %

Cellulose 43.0 54.6 35.4 46.5

Hemicellulose 43.0 20.2 27.0 27.6

Lignin 14.0 17.4 34.0 14.0

Table 2: Fiber and Lignin Content of Various Wood Species [29]

Component Scots Pine % Spruce % Eucalyptus % Silver Birch %

Cellulose 40.0 39.5 45.0 41.0

Hemicellulose 28.5 30.6 19.2 32.4

Lignin 27.7 27.5 31.3 22.0

It is also common for the chemical composition of biomass to be reported by its five

major carbohydrates, which include Glucan, Galactan, Xylan, Arabinan, and Mannan. It is

important to differentiate between the carbohydrates because each one reacts differently to

pulping chemicals, which can affect the pulping yield and quality. A Glucan molecule is a

polysaccharide of D-glucose units and does not differentiate between the β-1,4 linkage

found in cellulose and other bonds in the hemicellulose.  Therefore, it is a measure of both
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the cellulose content and part of the hemicellulose content. Galactan, Xylan, Arabinan, and

Mannan are polysaccharides of galactose, xylose, arabinose, and mannose, respectively,

and makes up the rest of the hemicellulose content. The carbohydrate contents can be

determined using the TAPPI T249 method. Besides the five carbohydrates and lignin, the

corn stover also includes ash and dichloromethane (DCM) extractives. [30] Table 3 below

shows some typical chemical composition of corn stover and various wood species.

Table 3: Chemical Composition of Corn Stover and Various Wood Species [31]

Component Corn
Stover

Aspen Hybrid
Poplar

Arabinan 2.9 4.2 0.7
Glucan 37.4 53.0 43.7

Galactan 2.0 1.6 0.9
Mannan 1.6 2.1 2.3
Xylan 21.1 19.1 15.6
Lignin 18.0 19.1 27.2

Ash 5.2 0.9 1.4
DCM Extractives 4.7 0.0 3.4

Unknown Solubles,
Proteins, etc. 7.1 0.0 4.8

2.2.3 Current Uses

Currently, corn stover is being used as low quality feed for livestock in the U.S.,

which is important with many parts of the country facing severe drought and subsequently,

shortage of hay and winter forage. Because corn stover has relatively little protein,

supplemental protein feedings are needed. [32] For other industries, the use of corn stover

is either on a limited basis or still in the developmental stage.  It has the potential to be a

co-fired feedstock for coal-fired power plants.  The heating value of corn stover

(approximately 14 million British Thermal Units per ton (MMBtu/ton) on a dry basis), is

comparable to some of the western coals (17-18 MMBtu/ton).  Co-firing stover is also

more environmentally sound and can benefit the local economy because it can be
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purchased locally.  The challenge of using corn stover for combustion is that high alkaline

content in the stover ash will increase slagging and fouling in most boilers.  There may also

be cost involved in outfitting current coal-fired power plants with a feed and burner system

that can process the stover. [33]

Many companies are also experimenting using corn stover as raw material in the

production of cellulosic ethanol.  In Missouri, Lifeline Foods is currently developing a pilot

plant that uses corn fiber, corn stover, sorghum, and switchgrass.  The challenges lie in the

high capital and operating costs and the ability to establish a sustainable supply chain. [33] .

2.3 Pulp Characterization

2.3.1 Yield, Kappa Number and Residual Lignin Content

Yield is the amount of pulp that can be produced for a given amount of raw material

and does not differentiate between the holocellulose and lignin content in the pulp. There

are three different types of yields – Total (or unscreened) yield, which is the actual yield of

the pulp coming out of the digester; screened yield, which is the yield taken after the

undigested portion of the biomass has been removed; and the bleached yield, which is

taken after the screened yield has been bleached. [34] For this project, only the total yield

is considered.

The kappa number is defined as the volume of 0.1 normal (N) potassium

permanganate (KMnO4) solution consumed (through oxidation reactions) by one gram of

moisture-free pulp after ten (10) minutes of cooking time at 25 oC under conditions such

that half of KMnO4 remains unreacted.  Because the consumption of KMnO4 is directly

proportional to the amount of residual lignin, the kappa number is a measurement of the

degree of delignification during the pulping process.  Higher kappa number signifies lower
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delignification while lower kappa number signifies higher delignification.  Conditions that

promote more delignification generally lead to more cellulose and hemicellulose

degradation.  The kappa numbers can be determined using the TAPPI method T236.

During testing, it is normal for the consumption to be between 30% and 70% so a

correction factor is used to convert to 50% consumption. [35]

The actual lignin content can be determined by combining TAPPI method T222

and UM250.  Method T222 determines the amount of acid-insoluble lignin by dissolving

the pulp in sulfuric acid and weighing the undissolved lignin. [36] The small amount of

lignin that is dissolved by the acid can then be analyzed using ultraviolet spectroscopy

through TAPPI method UM250. [37]

The yield, kappa number and residual lignin content do not give any indication of

the conditions of the fibers (i.e. degradation of cellulose structure, pulp strength, brightness,

etc.).  Therefore, it is important not to rely entirely on these characteristics in analyzing a

pulping process. However, these characteristics are often the first ones analyzed because

they give good indications of whether the pulping process should be explored further.

2.3.2 Pulp Strength

The pulp strength is one of the most important characteristic of pulp because it

ultimately dictates how the final product is used. It is directly proportional to the pulp fiber

length, the viscosity and the alpha cellulose content. [38]

Fiber Length

Softwoods, in general, yield pulps with longer fiber length than hardwoods.

Chemical pulps also generally have longer fiber lengths than mechanical pulps. [39]

Greater content of longer fibers indicate stronger pulp. The fiber length is traditionally
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measured by TAPPI method T232, which is a very tedious process.  It involves projecting

the images of the fibers and a measurement grid onto the screen to calculate fiber length.

[40] Two other methods can now be used.  TAPPI method T233 uses screens to classify the

fibers by size while TAPPI method T271 measures the fiber length by automated optical

analyzer using polarized light. [41] [42]

Viscosity

The viscosity is an indication of the chain length (or DP) of the cellulose.  Higher

viscosity usually indicates a higher average DP, stronger pulp and less degradation of the

cellulose.  The viscosity is generally not measured for mechanical pulps because the

cellulose chains are not significantly degraded.  Decreases in viscosity during the chemical

pulping process is usually unavoidable but can be minimized by optimizing the pulping

parameters. [2] The viscosity can be determined using TAPPI method T230 in which the

pulps are dissolved in a cupriethylenediamine solution and the viscosity measured in a

viscometer. [43]

Cellulose Type

Cellulose is divided into three types:  Alpha (α), beta (β) and gamma (γ) celluloses.

The determination of alpha, beta and gamma celluloses depends on the solubility of the

fraction in a 17.5% by weight NaOH solution.  The alpha cellulose is insoluble in this

solution and is the undegraded, high-molecular weight cellulose.  The beta cellulose

dissolves in solution but precipitates when the solution is neutralized and is the degraded

cellulose.  The gamma cellulose remains solubilized in neutral or slightly acidic conditions

and consists of mainly hemicellulose. [44] The presence of high alpha cellulose
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content indicates higher strength and better pulp.  TAPPI method T203 can be used to

determine the types of cellulose in the pulp.

2.3.3 Brightness

The brightness is a term used to describe the whiteness of pulp and is measured

from a scale of 0 to 100%.  It is based on the reflectance of blue light under specific

spectral and geometric characteristics. [38] TAPPI method T452 uses blue light with a

wavelength of 457 nanometers viewed at 45o illumination and 0o geometry. [45] The

brightness of the pulp depends on the amount of residual lignin.  More delignification leads

to brighter pulps and better bleachability.

2.3.4 Delignification Selectivity

Delignification selectivity is the ratio of lignin removal to cellulose removal during

the delignification process.  It is a measure of how much lignin is removed while retaining

as much cellulose as possible.  While this ratio is seldom measured directly, patterns can be

determined by using a yield versus kappa plot.

Figure 4: Yield vs. Kappa Number

In Figure 4, Condition A is more selective than Condition B because the yield is

higher for A than for B for a given kappa number.  However, a higher selectivity does not
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necessarily mean a better pulp.  Sulfite pulping, for instance, is more selective than Kraft

pulping but due to a lower DP, Sulfite pulps are not as strong as Kraft Pulps. [2]

2.4 Organosolv Pulping

The most common solvent used for organosolv pulping are alcohols, especially

aliphatic alcohols with low-molecular weight such as methanol or ethanol.  Other solvents

that can be used include, but are not limited to, aqueous acetic acid, phenols, cresols,

amines, amine oxides, ketones and dioxanes. Because hemicellulose can be easily lost

during organosolv pulping, using a solvent that can discourage their dissolution is key to

obtaining higher yield.  The solvents used in organosolv pulping can be either acidic,

neutral or alkalinic.  The neutral solvents can be made acidic by the addition of an acid

catalyst (solvents or salts) or alkalinic by the addition of a basic solvent (e.g. sodium

hydroxide or anthraquinone).  Neutral acids can also become acidic from the acetic acid

released by the raw material during the pulping process. [24]

According to Sabatier et al (1989), the most important parameter affecting the

selectivity of bagasse ethanol pulping is the pH. [24] The addition of acid solvents,

especially mineral acids such as hydrochloric acid (HCl) and sulfuric acid (H2SO4), as

catalyst can cause lower pulp yield and strength properties, unless the pH is controlled

within a narrow range.  In fact, a mixture of mineral acids and aqueous alcohol creates a

strong hydrolyzing agent for the cellulose.  When acetic acid is released by the raw material,

the solution becomes very acidic, often with pH of under 3.0.  This causes severe

degradation of the cellulose and most of the hemicelluloses are lost. [27] The preferred pH,

according to Kleinert, is between 4 and 10.  Within this range, short cooking time can be

used and the cellulose produced has relatively high strength properties. [24]
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Other factors that affect organosolv pulping include type of raw material,

temperature, pressure, cooking time, solvent type, solvent concentration and pulp-to-

biomass ratio. Enzymes, fungi or steam can also be used to pretreat the raw materials for

better pulpability. Due to the broad range of solvents that can be used, the numerous

conditions that can affect the pulping process, and the various catalysts and pre-treatment

processes, much research has been performed on organosolv pulping. Organosolv Pulping,

A Review and Distillation Study Related to Peroxyacid Pulping, a thesis written by Esa

Muurinen for the University of Oulu (2000) alone referenced over 900 papers written on

organovolv pulping.  A thorough analysis of organosolv pulping can also be found in

Dominggu Yawalata’s thesis, High-Yield Catalyzed Organosolv Pulping of Non-Wood

Fiber Sources, (1996).

Because of the large amount of research that has been performed on organosolv

pulping, it is impractical to perform an exhaustive literature search.  Since this thesis

attempts to test the feasibility of pulping corn stover with aqueous ethanol with and without

supercritical carbon dioxide (ScCO2), only research involving pulping with ethanol, ScCO2,

and non-wood biomass is discussed.

2.4.1 Ethanol Pulping

The advantages of using ethanol (as well as other low molecular weight aliphatic

alcohols) are its low boiling point, low cost and ease of recovery. [27] While using ethanol,

the acetic acid released from the hydrolysis of acetyl group in the wood autocatalyzes the

process.  There are a few mechanisms by which the lignin can be broken down during

acidic pulping.  The main reaction is the cleavage of the α-ether linkages either through the

formation of a quinone methide intermediate or through neucleophilic substitution [46]
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Figure 5: Mechanisms for Breakdown of Lignin.  Top – Cleavage ofα-aryl ether
linkage via a Quinone Methide Intermediate.  Bottom - Cleavage ofα-ether linkage

via Nucleophilic Substitution. B = OH, OCH3, etc. R = H or CH3 [46]

During the pulping process, lignin condensation, the formation of stable carbon to

carbon bonds between lignin units, also occurs, leading to lignin structure that is difficult to

break down.  Many of the solvents used in the organosolv process, including ethanol, can

prevent or slow down lignin condensation.  However, in trials performed with ethanol,

water and acetic acid in the pulping of birchwood, Aliev et al (1990) showed that at high

temperatures (~190 oC), condensation becomes more dominant. [24]

Kleinert et al. has performed extensive research on ethanol pulping since the 1930’s.

In 1940, Kleinert experimented with treating cotton with aqueous ethanol at various

concentrations.  The results showed that ethanol protects the cellulose during

delignification.  Kleinert also determined the following:

 For aqueous mixtures of lower aliphatic alcohols (i.e. methanol, ethanol and

propanol), concentration between 20 and 75% by weight is preferred.

 At temperatures between 180 and 210 oC, aqueous mixtures of lower aliphatic
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alcohols between 20 and 75% by weight have a stronger delignifyng effect on

fibrous plant materials than water-free alcohols.

 In order to shorten pulping time, the temperature used should be between 150

and 200 oC, preferably between 170 and 195 oC.  The cooking time can then

range from one or more hours at the lowest temperature to a few minutes at the

highest temperatures. [47]

In 1971, Kleinert patented a counter-current process for pulping fibrous plant material

using aqueous ethanol (Patent No. US3585104). The ethanol concentration for this process

is 20 – 75 wt. % and the maximum pulping temperature is 180 oC.  The pulp yield was 54%

and the lignin content of the pulp was 1.9%. In 1974, Kleinert discovered that ethanol

pulping can result in 4 - 4.5% higher yield than Kraft pulping if the reaction is carried out

at neutral pH.  In 1975, Kleinert found that ethanol penetrates easily into both hardwood

and softwood, leading to uniform delignification.  In 1976, Kleinert managed to again

produce pulp with slightly higher yield (3.3%) than the Kraft process using beechwood.

The cooking temperature was 185 oC, the pulping time was 30 minutes and the liquor-to-

wood ratio was 10:1. [24]

Other researchers have also made contributions to ethanol pulping research.

Baumeister and Edel (1980) discovered that pulp with comparable strength properties to

Sulfite pulps can be produced under the following conditions:  A liquor-to-wood ratio of

6:1, a minimum cooking time of 23 minutes, a temperature of 205 oC, a pressure of 4.1

MPa and an ethanol concentration of 50%.  Adding a catalysts improved delignification

and reduced carbohydrate degradation.  Acetic acid was added to adjust the pH.  Lower pH

values led to higher delignification. [24]
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Myerly et. al. (1981) proposed a process to produce pulps with similar tensile

strength to Kraft pulps using 50 weight % ethanol at a temperature of 200 oC.  In the same

project, it was discovered that the pH of the pulping liquor decreased from 7 to 3.8 due to

the cleavage of acetyl groups from the hemicelluloses.  Young & Achmadi (1983)

discovered that for aqueous ethanol, the pulping results are highly dependent on pulping

temperature and liquor-to-wood ratio.  To achieve high delignification, it is preferred that a

liquor-to-wood ratio close to 20:1 be used.  The research team managed to create yields

close to 50% and a kappa number of 30 using this ratio, one hour of cooking time at 100 oC

and another hour at 165 oC.  The pulps produced have similar lignin content to softwoods

Kraft pulps (kappa number 32). [24]

In 1986, Pereira et al. used 50 volume % ethanol at a temperature of 165 - 180 oC to

produce pulp with yields above 60% and residual lignin content of about 10% from

Eucalyptus Globulus.  In 1987, Koell & Lenhardt treated Birchwood with 50 volume %

aqueous ethanol, 1-butanol and ethylene glycol in a continuous flow reactor between 225

oC and 250 oC.  The pulp was delignified by more than 90% and can be bleached easily.

Due to the high temperatures, the cellulose had low DP.  In 1987, Guha et al. produced pulp

with satisfactory strength properties by pulping rice straw with 50% aqueous ethanol and 6

% ethylenediamine at 120 oC.  The pulp yield was 51% and the kappa number was about

23. [24]

Ivanow and Robert (1987) determined that various inorganic additives can also be

added to aqueous ethanol to produce relatively high yields, good delignification and good

physical characteristics.  The additives depolymerize the lignin and protect the

polysaccharides.  Ethanol improved the selectivity of delignification by increasing the
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solubility of lignin and reducing the hydrolyzing power of the liquor.  The solvent also

improved the transfer and adsorption of the reagents in the wood.  Among the additives

tested, ammonium sulfide, sodium sulfite in ammonia and ammonium chloride achieved

good results. [24]

In 1988, Primakov & Barbash determined that the optimal conditions to pulp

larchwood with aqueous solutions of ethanol and sulfur dioxide (SO2) are the following:

Temperature of 125 -145 oC, sulfur dioxide concentration of 15-24% and pulping time of

25-60 minutes.  The yield was 57.6% while the kappa number was 28.6.  In 1989, Faass et

al. determined that organosolv pulping does not need to be either acidic or basic to

delignify wood but that neutral conditions should suffice.  At neutral conditions, high

temperature and short cooking times can be used without significantly damaging the pulp.

High quality pulps can be produced using cooking temperatures between 200-240 oC and

less than 20 minutes cooking time if sodium bicarbonate (Na2CO3) is used to buffer an

ethanol-water-methylanthraquinone solution. [24]

2.4.2 Pulping With Non-Wood Biomass

Studies have been performed on pulping using non-wood biomass, including corn

stover (mostly the stalk portion). Visperas et al. pulped abaca, a banana plant, with 30%

aqueous ethanol.  The plant was cooked for 4 hours at a temperature of 180 oC.  The yield

was 68.4% while the kappa number was 19.6, but the strength properties were inferior to

that of abaca pulped with NaOH. [48] Hemp was also pulped with uncatalyzed aqueous

ethanol by Tjeerdsma et al. (1994) and Zomers et al. (1995). Results show that a yield of

71% can be achieved from bast fibers with residual lignin content of less than 1%.  The

solvent had a 60% volume ethanol, the temperature was 195 oC, the cooking time was 2.5
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hours and the hemp to liquor ratio was 1:7.  The yield from core fibers was 43% with a

residual lignin content of 4.3% and kappa number of 26.  The ethanol content was 60

volume % ethanol; the temperature was 205 oC; the cooking time was 2.5 hours; and the

hemp to liquor ratio was 1:10. [49] [50]

Agkul and Toxluoglu (2010) pulped cotton stalks by adding ethanol and

anthraquinone to soda (sodium hydroxide) pulping.  Results show that adding ethanol and

anthraquinone significantly increased the pulp yield and reduced kappa number.  The

anthraquinone and ethanol prevented cellulose degradation, resulting in higher viscosity

pulps.  The highest brightness and tensile and burst strength resulted from the addition of

40% ethanol in soda pulping. [51].

Byrd, Medwick, et. al., in 2006, discovered that the stalk fraction of the corn stover

produced higher total and screened yield than the other fractions.  The stover samples with

higher ash, water solubles, and extractives also had a less favorable response to pulping,

needing 37% more alkali to reach the same kappa number. [52]

In 2010, a study was published by Jirleska, et al, for the pulping of whole corn

stalks using ethanolamine. Results show that the mechanical properties of handsheets

obtained are around similar range to those from hardwood pulps. [53] In 2011, research

was performed on the pulping of corn stover using the Alkali-Sulphite-Antragunonee-

Ethanol (ASAE) method. It was found that 1) The pulp yield and residual lignin decreases

with increase in temperature and cooking time, 2) Organosolv pulps obtained from corn

stalks at temperature between 130 oC and 170 oC are similar to hardwood sulphate pulps

and can be used for manufacturing of paper and cardboard, and 3) It is possible to bleach

organosolv pulp obtained from corn stalks using non-chlorine bleach. [54]
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2.4.3 Pulping With ScCO2

ScCO2, with a critical temperature of 31.1 oC and critical pressure of 7.4 MPa, has

become one of the most promising solvent used in supercritical fluid extraction.  ScCO2 is

relatively nontoxic, does not combust, and its critical parameters can be easily achieved. Its

low surface tension and viscosity allows it to penetrate rapidly through the extracted

material. [55] As a co-solvent for pulping, it generates an anomalous porosity and lamellar

structure within the biomass, thereby increasing the accessibility of the organic matter for

the pulping reagent and improving pulping efficiency. In a recent study by Schrem, et al,

experiments showed that the degradation rate for a lignin model compound at 140 oC using

ScCO2 is as fast as the rate at 180 oC without ScCO2 and that the activation energy for the

delignification reaction with ScCO2 (42.0 kJ/mole) is considerably lower than without

ScCO2 (between 53.0 and 68.9 kJ/mole). It was concluded that not only does the presence

of ScCO2 affect the accessibility of the organic material, it also changed the chemical

pathways, activation parameters and thus the kinetics of the delignification process. [25]

High pressures are essential to promote the reaction of the solvent with the lignin.

Pasquini et al. used ScCO2 at both sub and supercritical conditions with a 1-butanol and

water mixture to delignify sugarcane bagasse.  An eight run factorial experiment was

performed with temperatures of 150 and 190 oC, pressures of 7 and 23 Mpa, 1-butanol

concentration of 60 and 90% and pulping time of 45 and 105 minutes. The following

results were obtained.

 High pressure produced pulp with higher yield, but its effects are less noticeable

when it comes to the residual lignin and delignification extent.

 High temperatures produced pulp with higher residual lignin yet lower yield due
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to the extensive degradation of the cellulose.

 Variation in cooking time exhibited different effects for residual lignin,

depending on the pressure.  At higher pressure (23 MPa) at the same

temperature and 1-Butanol content, different cooking times produced pulps with

similar residual lignin.  However, at lower pressure (7 MPa) at the same

temperature and 1-butanol content, higher cooking times produced pulps with

higher residual lignin content.

 For solvent concentration, higher butanol content led to higher residual lignin

contents, higher yields and lower delignification extent.

The results also showed that at 190 oC, 7 Mpa, 60% 1-butanol concentration and 105

minutes of cooking time allows for the highest delignification (94.5%). [56]

Pasquini et al. also extracted lignin from sugar cane bagasse and Pinus Taeda wood

chips using aqueous ethanol and ScCO2. Results show that the optimum conditions for

delignification were 16.0 Mpa at 190 oC.  The degrees of delignification under these

conditions are 93.1% for the wood chips and 88.4% for sugar cane bagasse.  The yields

were 43.7% for wood chips and 32.7% for sugar cane bagasse.  Higher pressure led to

similar yields but lower delignification.  Most of the delignification occurred within the

first 30 minutes of cooking time, possibly due to the high pressure and the high acidity

(from the carbonic acid generated by the cooking of CO2 and water).  It was also

determined that temperature has much greater influence than pressure on yield and

delignification. [57]

Kiran, et al. performed high pressure extraction and delignification of red spruce

with binary and ternary mixture of acetic acid, water and supercritical CO2.  Results show
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that with acetic acid-water binary mixtures containing 73 mole % acetic acid, high

delignifications (between 70 to 95%) were achieved with relatively high yields (60 to 50%).

The resulting pulp also had physical properties comparable to that of conventional pulp.

[58]

Machado et al. studied the delignification of Eucalyptus Globulus using a mixture

of dioxane and CO2 at a pressure of 17 MPa, temperature between 160 and 180 oC and 300

minutes of cooking time.  At the temperature range studied, only small increases in lignin

and hemicellulose extraction were observed.  The selectivity of the extraction depends on

the concentration of dioxane and CO2.  Solutions with high concentration of CO2 extract

hemicellulose preferentially while maximum lignin extraction was observed with pure

dioxane. [59]

2.5 Experimental Method

2.5.1 Material and Apparatus

Corn stalks were obtained from the Bradford research facility at the University of

Missouri, Columbia, cut into pieces approximately 0.75 to 1.0 inches long, placed in a zip

lock bag, and stored in a refrigerator to maintain constant humidity and prevent degradation.

The stalks were not depithed because the focus of this project is to investigate the extent of

delignification and total yield and not to study the quality of paper it produces.  Better

drainage resulting from depithing would have been required if papers were to be made.
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a) Whole b) Cut Pieces
Figure 6: Corn Stalks

The corn stalk was sent to the lab at Georgia Tech Institute of Paper Science and

Technology to determine its chemical composition.

Table 4: Chemical Composition of Corn Stalk Used

Component Percent Dry Weight (%)
Arabinan 1.89
Glucan 40.04

Galactan 0.64
Mannan 0.00
Xylan 17.76
Lignin 21.17

Ash 5.13
DCM Extractives 0.71

Unknown Solubles,
Proteins, etc. 12.66

A Parr 4575 batch reactor with a total volume of 500 ml was used for the

experiments.

Figure 7: Parr 4575 Batch Reactor
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The reactor bomb is made of T326 Stainless Steel.  The inside diameter is 2.5 inches

and the depth is 6.63 inches.  It has a recommended maximum working capacity of 375 ml

as the bomb cannot be filled to over 75% of its available free space.  Dangerous pressures

can develop if the available free space is not sufficient to accommodate the expanding

liquid during heating.  The 115 volt heater is controlled using a Watlow 981 series

controller.

Aqueous ethanol with 96% alcohol content was used as solvent (before dilution to

50%). When extra pressure was needed, nitrogen was supplied via an ISCO 260D syringe

pump controlled by a SFX-200 controller.

Figure 8: ISCO 260D Syringe Pump

2.5.2 Analytical Procedure

The two responses analyzed were total yield and the kappa number. The total yields

were determined by dividing the dry pulp weight with the dry stalk weight. The kappa

numbers were determined using a scaled-down version of the TAPPI method T236 om-99.



30

The consumption of KMnO4 decreases slightly for the first two to three days before

stabilizing, so the pulps were left for at least three days before testing.

The chemicals needed for the TAPPI T236 test include 0.1 Normal (N) KMnO4, 4.0

N sulfuric acid (H2SO4), 0.2 N sodium thiosulfate (Na2S2O3), and 1.0 N potassium iodide

(KI). The H2SO4 and the Na2S2O3 were purchased from Fischer Scientific while the

KMnO4 and the KI were prepared by dissolving the proper amounts of dry powders (3.16

grams of KMnO4 and 16.6 grams of KI) in deionized water. The KMnO4 solution was also

boiled during mixing and any liquid lost was replaced. Before running each batch of

experiments, the KMnO4 was standardized with sodium oxalate (Na2C2O4).

To determine the kappa number, the weight of the pulp that can consume between

30 to 70% of the KMnO4 was disintegrated in 250 ml of deionized water using a standard

mixer.    This weight is found by trial and error starting with approximately 0.75 g. 30 ml

of H2SO4 was mixed with 30 ± 0.1 ml of the KMnO4 solution and added to the

disintegrated pulp specimen. The beaker that held the KMnO4 and H2SO4 mixture was

rinsed with 50 ml of deionized water and the washings were added into the reaction

mixture. The reaction was allowed to continue for exactly ten (10) minutes.  At the

midpoint of the reaction, the temperature of the solution was measured so that the final

kappa number can be corrected for temperature variations.  6.0 ml of a 1.0 N KI solution

was added to stop the reaction once the ten (10) minute mark is reached. The solution was

then immediately titrated with the 0.2 N Na2S2O3 solution.  A separate pulp specimen from

the same batch was dried to determine the moisture content of the pulp so that the pulp can

be corrected for the dry weight. A blank determination was also carried out using the same

procedure but omitting the pulp specimen.
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The actual KMnO4 consumed was determined by using the following.

= ( ). (1)

Where P = Amount of KMnO4 consumed (ml)

b = Amount of thiosulfate consumed in the blank (ml)

a = Amount of thiosulfate actually consumed by the test specimen (ml)

N = Normality of the thiosulfate

The percent consumed was calculated by dividing P by the amount of KMnO4 used. The

percent consumed must be between 30% and 70%.  If the percent consumed was outside of

this range, the pulp was tested again using a different pulp weight. The kappa numbers

were then calculated using

= [1 + 0013(25 − )] (2)

Where   K = kappa number

W = weight of moisture-free pulp in the specimen (g)

f = factor for correction to a 50% KMNO4 consumption, taken from Table 1 in the

TAPPI experimental procedures for the T236om-99 test.

t = Actual reaction temperature in oC

2.5.3 Preliminary Experiments

Experiments were first performed at the same conditions to see if consistency can

be achieved.  The moisture contents of the raw corn stovers were determined by drying
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them in an oven at a minimum of 65 oC for at least twenty-four hours.  Three moisture

content tests were performed on the corn stover and the results were consistent, at 7.2 ± 0.1

%.  Approximately 7.18 grams of corn stover (6.66 grams dry weight) and 111 ml of 50

volume % aqueous ethanol were placed in the reactor.  The ratio of liquor to dry stover

weight (L/S) is 15:1.  The reactor was heated to a temperature of 160 oC for a total time of

65 minutes, which included approximately 23 minutes of ramp up time.  After cooking, the

pulps were washed in 1,000 mls of 1% aqueous NaOH solution and enough distilled water

(approximately 1,000 mls) through a paper filter and a Buchner funnel until the solution

became clear and the pH is near neutral.  The wet pulps were then dried in an oven at a

minimum of 65 oC for at least twenty-four hours to obtain the dry pulp weight.  A total of

four experiments were performed.

2.5.4 Factorial Experiment

After consistent experimental results were achieved, a 23 full factorial experiment

was performed to test the effect that temperature (T), cooking time (τ), and ScCO2 (C) have

on yield and kappa number.  The temperatures tested were 150 oC and 170 oC; the cooking

times were varied between 50 and 80 minutes including ramping time; and half of the tests

were performed with ScCO2 and half were performed without ScCO2. These ranges were

chosen based on results from a previous factorial experiment performed in the lab. The

previous factorial experiment was performed at cooking times of 90 and 135 minutes

(including 45 minutes of ramp up time), temperatures of 160 and 180 oC, and with or

without ScCO2.  Results showed that in the presence of ScCO2, most of the weight loss

occurred earlier than the 90 minutes of reaction time.  It was also determined that with

ScCO2, the yields for experiments at 180 oC were too small (less than 20%) to be of any
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practical use in pulping, although the kappa numbers (~25) were low. Therefore, the

current factorial experiment was performed with shorter cooking times and lower

temperatures.

The factorial design is given below in Table 5.  The table shows the runs in standard

order, but not the order with which they were performed.

Table 5: Factorial Experiment Design in Standard Order

Levels T (oC) τ (Min) C
+ 170 80 Yes
- 150 50 No

Runs T τ C T Τ C

1 - - - 150 50 No
2 + - - 170 50 No
3 - + - 150 80 No
4 + + - 170 80 No
5 - - + 150 50 Yes
6 + - + 170 50 Yes
7 - + + 150 80 Yes
8 + + + 170 80 Yes

The moisture content of the raw corn stover was determined again by drying them

in an oven at a minimum of 65 oC for at least twenty-four hours.  Three (3) tests were

performed and the results were consistent at 7.75 ± 0.1%. Undried corn stover at 7.18 g

(6.62 g dry weight) was placed into the reactor and pulped with 111 ml of 50 volume %

aqueous ethanol.  The ratio of solvent to stover is 15:1.  The reactor was heated to the

desired temperature and then kept at that temperature for the desired time.  For the

experiments at 150 oC, the ramp up time was approximately 28 minutes.  For the runs at

170 oC, the ramp up time was approximately 27 minutes.  The ramp up time was similar for

the different temperatures because the setting on the reactor can be changed to dictate the
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ramping time.  During the runs without ScCO2, a pressure of 200 psi was reached at 170 oC.

Nitrogen was injected from a compressed cylinder to increase the pressure during the

150oC runs so that all of the experiments were performed under the same pressure.

During the runs with ScCO2, the vessel was first pressurized to 800 psi with a

compressed CO2 cylinder and then heated to the desired temperature.  At 170 oC, the

resultant pressure after heating is 1,500 psi.  During the runs with 150 oC, the pressure was

adjusted to 1,500 psi by injecting nitrogen with the syringe pump. After delignification, the

pulps were washed with 1,000 ml of 1% aqueous NaOH and enough distilled water

(approximately 1,000 ml) until the washing liquor ran clear and pH is near neutral.  The

pulps obtained were then oven dried at a minimum of 65 oC for at least twenty-four hours.

2.6 Results and Analysis

2.6.1 Preliminary Experiment

The results from the preliminary experiments are given below in Figure 9.

The yield is 55.7 ± 4.3% while the kappa number is 34.9 ± 2.2.  The numbers show that

consistent results can be achieved with the current system and experimental procedure.

The results also suggest that further research is warranted.  The kappa number is low

enough for the pulp to be considered bleached grade while the yield is high enough.

Figure 9:  Preliminary Experimental Results on Yield and Kappa
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2.6.2 Factorial Experiment

The following results were obtained from the factorial experiments.

Table 6: Factorial Experiment Results

Runs Temp (C) Time (Min) ScCO2 Yield (%) Kappa
Number

1 150 50 No 60.4 39.9
2 170 50 No 52.7 33.1
3 150 80 No 56.6 26.2
4 170 80 No 49.4 19.4
5 150 50 Yes 59.6 28.9
6 170 50 Yes 48.6 20.4
7 150 80 Yes 57.6 28.4
8 170 80 Yes 47.6 20.7

The factorial results were analyzed using the method of contrast coefficients and plotted.

(a) Yield

(b) Kappa Number

Figure 10: Effect of Variables on (a) Yield and (b) Kappa Number
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The dotted lines are the standard errors calculated from the method of pooled variances

using partial duplication of the factorial experiments. The duplications were for runs 1, 3

and 5. Any responses that are less than the errors or on the same order of magnitude are

considered insignificant while any responses much higher than the errors are considered

significant.

For yield, all of the main effects and the T x C interaction are clearly above the level

of noise while the other interactions are on the level of noise. Because τ does not

participate in significant two-way interactions, it can be interpreted on its own.  Increasing

τ decreases the yield by an average of 2.4%. The T x C two-way interaction on yield is

plotted below in Figure 11.

Figure 11: T x C Interaction on Yield

Adding ScCO2 at the lower temperature did not produce much effect while adding

ScCO2 at the higher temperature led to a decrease in yield.

For the kappa number, all of the main effects and the τ x C interaction are clearly

above the level of noise while the other interactions are below the level of noise. Since T

does not participate in significant two-way interactions, it can be interpreted on its own.

Increasing the temperature decreases the kappa number by an average of 7.4 units.
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Considering the T x C interaction on yield, this suggests that at the lower temperature of

150 oC, adding ScCO2 can lead to comparable delignification without much loss in yield.

The τ x C interaction on kappa number is plotted below in Figure 12.

Figure 12: τ x C Interactions

At 50 minutes of reaction time, adding ScCO2 decreased the kappa number significantly

(11.9 units) while at 80 minutes of reaction time, adding ScCO2 did not cause much effect.

It should also be noted that adding ScCO2 at 50 minutes produced kappa number that are

on the same order of magnitude as the run at 80 minutes without ScCO2, showing that it is

possible to use ScCO2 to decrease the reaction time to obtain the same delignification.  This

was confirmed by looking at the raw data, as shown below in Table 7.

Table 7: Kappa Number Comparisons

T (oC) Time (min) ScCO2 Kappa Number
150 50 Yes 28.9
150 80 No 26.2
170 50 Yes 20.4
170 80 No 19.4

At both 150 oC and 170 oC, the kappa number at the shorter reaction time with ScCO2 is of

similar magnitude as the kappa number at longer reaction time without ScCO2.
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In order to optimize the process, a new variable, θ, is introduced. This is the ratio of

the yield to kappa number multiplied by 10.  The constant is used so that the numbers

would be larger and the differences can be clearly seen. Because it is desirable when the

yield is highest while the kappa number is lowest, the optimal condition is when θ is the

highest. The standard error was calculated by pooling the variances obtained from the

propagation of errors.

Figure 13: Effects on θ

For θ, all three main effects and the τ x C interaction are clearly above the level of noise

while the other interactions are on or less than the level of noise. The effect of T can be

interpreted on its own.  Changing the temperature from 150 oC to 170 oC increases θ by

2.7. The τ x C interaction is plotted below.

Figure 14: τ x C Interaction on θ
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Adding ScCO2 at 50 minutes improved θ significantly (6.7 units), offering better ratio of

yield to kappa number, while adding ScCO2 at 80 minutes did not provide much

improvement. According to these results, the conditions for the best compromise between

yield and kappa number occurs at 170 oC and 50 minutes of reaction time with ScCO2.

2.7 Comparison to Other Studies

This thesis produced yields that, in general, were slightly lower than that of other

studies on corn stalks.  The yields obtained from Barbash, et al. in pulping of corn stalk

using the ASAE method are well above 60 % at the same magnitude of cooking time.

Barbash et al. did obtain yields close to 50% but only after pulping at 170 oC for more than

120 minutes. [54] The kappa numbers obtained (between 19 and 40) were higher than that

of the study performed by Jirleska, et al. (between 4.4 and 17) on pulping of corn stalks

using ethanolamine. [53] However, it should be noted that the other studies used other

species of corn stover and pulped them using different solvents and operating conditions.

With regards to ScCO2, this study showed that most of the delignification occurs

very early in the process if ScCO2 is used.  There is virtually no difference in the kappa

numbers as the cooking time is increased from 50 minutes to 80 minutes at the same

temperature.  This is consistent with Pasquini’s research, which concluded that most of the

delignification occurred within the first 30 minutes when pulping sugar cane bagasse with

ethanol and ScCO2. [57]

2.8 Conclusions

Results from the factorial experiments show that temperature, reaction time, and the

presence of ScCO2 are all significant factors in pulping.  Of particular importance are the

following observations.
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 Adding ScCO2 at 150 oC did not decrease yield significantly while at 170 oC,

the addition of ScCO2 led to a yield decrease.

 Adding ScCO2 at 50 minutes of reaction time improved delignification

significantly while adding ScCO2 at 80 minutes of reaction time did not

produce much effect.

 Adding ScCO2 at 50 minutes of reaction time improved drastically the ratio

between yield and kappa number, but not at 80 minutes.

 Pulping at 50 minutes with ScCO2 produced similar kappa number than

pulping at 80 minutes without ScCO2.

These observations showed that 1) ScCO2 may be used to shorten the cooking time to

obtain the same kappa numbers (delignification) as those of longer cooking times, 2)

ScCO2 may be used at shorter cooking times to improve the ratio of yield and kappa

number, and 3) the condition that produced the best compromise between kappa number

and yield is 170 oC, 50 minutes of reaction time, and with ScCO2.

2.9 Future Work.

With the addition of ScCO2, the time dependence of yield and kappa number is

suspected to follow the pattern given below in Figure 15, where most of the weight loss and

delignification occurs at short cooking times.
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Figure 15: Expected Kappa Number and Yield Time Dependence

Experiments should be performed to plot kappa number and yield versus cooking time to

confirm this conclusion. The eventual goal is to determine if adding ScCO2 can produce

high delignification at very short reaction times with acceptable yield. .

Furthermore, because the kappa number and yield does not give the condition of the

pulp, it is recommended that other pulping characteristics such as viscosity, alpha cellulose

content, and fiber length be determined at the optimal condition of 170 oC, 50 minutes of

reaction time and with ScCO2 to see if the pulp is of paper-making quality.  There are also

many other variables such as pH level, solvent content, liquor to biomass ratio that may

affect the different pulp characteristics. These should all be tested at various conditions to

see how they affect the pulp quality.

It is also suggested to perform experiments at various temperature and reaction

times to develop a surface response curve on θ as shown below in Figure 16.
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Figure 16: Example of a Surface Response Plot

Surface response plots can also be plotted for other variables such as pressure, solvent

content, pH, and etc. to determine how these affect θ and at which conditions θ is optimized.
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Appendix A: Polishing Filter Research Project

A.1 Introduction

A.1.1 Indoor Air Pollution

In the last few decades, indoor air quality has become an increasingly important

topic in environmental research.  Studies have shown that even in industrialized cities, the

contamination of indoor air is often more severe than that of outdoor air.  People also spend

approximately ninety (90) percent of their time indoors, making the risk from indoor air

pollution greater than that of outdoor air pollution.  Many of the contaminants are

chemicals released into the air from different sources in the building.  Some common

sources include oil, gas, kerosene, coal, wood, and tobacco.  Outdoor air containing

contaminants such as radon and pesticides can also enter the building to add to the severity

of indoor air pollution. [60] Therefore, more and more research has been conducted to

determine how indoor air quality can be improved.

A.1.2 Volatile Organic Compounds

There are two important types of indoor air pollutants:  Those that are in solution

in air (e.g. volatile organic compounds (VOCs)) and those that are in suspension in air (e.g.

particles and aerosols).  The focus of this thesis is VOCs.  VOCs may be emitted into

indoor air from a variety of sources including, but not limited to, paints, cleaners, pesticides,

adhesives, liquid fuels, cooking oil and even dry-cleaned clothing.  Studies have shown that

on average, the VOC concentration in indoor air may be two to five times that of outdoor

air.  VOCs are known to cause various health ailments such as eye, nose and throat

irritation; headaches; loss of coordination; nausea; liver, kidney and central nervous system
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damage.  Some VOCs may even cause cancer.  Therefore, it is important to find ways to

eliminate the VOCs in indoor air. [60]

A.1.3 Methods of Improving Indoor Air Quality

There are three basic methods of improving indoor air quality.  One way is to

control the sources of VOC emissions.  However, in many instances, the sources of

emissions may either be unknown to the building occupants or could be so numerous

(including the building occupants themselves) that controlling them becomes impractical.

Another method is to dilute the contaminated indoor air with “fresh” air, but the “fresh” air

brought from outside may contain outdoor pollutants and dilution has an energy cost.  The

third method is to use air cleaners, which is the focus of this study.  There are many

different types of air cleaners available.  Most involve the use of a solid adsorbent to adsorb

airborne chemicals.  One of the most common adsorbent used is activated carbon

A.1.4 Activated Carbon

Activated carbon is one of the oldest known adsorbents.  Ancient Hindus filtered

their drinking water with charcoal, and in the thirteenth century, carbon materials were used

in sugar purification.  While people in ancient times used activated carbon primarily for the

filtration of liquids, people of the modern age have discovered that activated carbon can be

a very useful tool in the filtration of gaseous pollutants. [61]

There are several reasons why activated carbon has become such a common

adsorbent.  It is very porous and therefore, has a large surface area for adsorption; it can be

easily regenerated for reuse through heating at high temperatures; and it can be produced

easily and in mass quantities, making it inexpensive compared with other adsorbents.

However, there are also disadvantages to using activated carbon.  There is a significant
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pressure drop across a carbon packed bed (PB) system, and it is not efficient in adsorbing

volatile gases with low molecular weights.  Reemission of adsorbed chemicals back into

the air stream is also a concern.  An EPA study showed that Toluene adsorbed by activated

carbon can reenter the air stream if the pollutant level entering the carbon bed is decreased.

This is a consequence of Le Chatlier’s Principal applied to the dynamic equilibria reached

between a saturated adsorbent and contacting vapor stream.  Furthermore, relative humidity

greater than 50% can reduce adsorption capacity of carbon, and some compounds, such as

ketones, can cause carbon fires due to high heat released during the adsorption process. [60]

Activated carbon can be manufactured from a variety of materials high in carbon

content.  Common raw materials include coal, wood dust, nutshells, and peat.  In order to

produce activated carbon, the raw materials are first dehydrated, and then carbonized,

driving off inessential organics such as CO2, CO, and acetic acid vapors, and leaving

mostly elemental carbon in the product.  The remaining carbon product is then “activated”

with oxidizing agents such as steam or carbon dioxide at high temperatures, normally

between 600 oC – 1000 oC.  It is during this process that excess tar is burnt off and a porous

structure in the carbon is formed, giving the product more surface area for adsorption. [61]

A.1.5 Carbon Packed Bed

A carbon packed bed (PB) is perhaps the most common type of air cleaner in use

today.  PBs can be constructed into many different shapes and sizes (i.e. configured as gas

masks for personal protection against harmful chemicals) and collective protection can be

accomplished by scale up to handle high volumes of contaminated air.  Often, a carbon

adsorption system consists of two or more PBs connected in series.

The adsorption process is exothermic and the heat released will lower adsorption
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capacity of the carbon. Breakthrough occurs when the PB can no longer adsorb all the

chemicals before it passes through the bed.  It is at this point that the PB can either be

regenerated or replaced, based on economic considerations. At breakthrough, the PB still

retains some capacity to adsorb chemicals.  This capacity gradually decreases with time

until the carbon is completely saturated and is unable to adsorb any chemicals.  The rate of

saturation depends on factors such as adsorbate size, adsorbent porosity, gas velocity,

temperature, and humidity. [61]

Regeneration of PBs can be done by heating the carbon at high temperatures.  This

infusion of energy allows the adsorbed molecules to break away from the carbon surface.

However, heating at high temperatures may be destructive to the carbon.  Therefore,

complete desorption of the carbon is usually not achievable since the heat is often kept low

so its destructive effect on the carbon is minimized. A small amount of adsorbent would be

left during each cycle of regeneration, leading to a gradual decrease in the adsorptive

capability of the active carbon.  The desorption energy is given by ED=QA+∆EA, where QA

is the heat of adsorption, ∆EA is the activation energy, and ED is the energy of desorption.

[61]

Regeneration can also be accomplished by the use of chemicals such as dimethyl

ether and triethanolamine. The extracting solvents used are normally polar, protophilic

organic solvents with large dipole moments.  The chemicals remove the contaminants by

reacting with them and the resulting product can then be removed from the carbon by

heating or treatment with steam.  The disadvantages of using chemical regeneration is that

it requires a large amount of chemical reagents for complete desorption and also a method

to extract it from the carbon. [61]
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A.1.6 Variables that Affect Adsorption

Temperature

One important parameter affecting adsorption is the temperature, and the effect of

the temperature difference can be given by

)/(51.010)/(
1.6

5 WSaCSg
T


 (3)

where

T = temperature rise, oF

W = Saturation capacity of bed at t + t, oF

C = Inlet concentration, ppm

Sg = Specific heat of gas, BTU/ft3/ oF (22.2 for hexane)

Sa = Specific heat of adsorbent, Btu/lb/ oF (0.25 for activated carbon)

assuming that there is a thermal equilibrium between the gas and the bed, and  the

temperature at the outlet is the same as the temperature of the bed.  Solving equation (1) for

saturation capacity, the following is obtained.
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S
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1.610

51.0

5 (4)

This suggests that as temperature increases, so does the saturation capacity of the bed. [61]
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Bed Depth/Carbon Loading

The bed depth for a packed bed column must be deeper than the length of the mass

transfer zone in which the chemicals must travel to be completely adsorbed.  The

determination of the MTZ can be determined experimentally by the formula

xttt

pthTotalBedDe
MTZ




)/( 122
(5)

Where

t1= time required to reach breakpoint

t2 = time required to saturation

x = degree of saturation in the MTZ [61]

Gas Velocity

The velocity of the gas stream is limited by the adsorbent crushing velocity, and

depends upon the type of adsorbent.  The MTZ is directly proportional to that of the

velocity.  As the velocity increases, the length of the MTZ increases as well. [61]

Pressure Drop

Although the system pressure drop does not directly affect adsorption, it is still an

important factor governing an operating system.  Therefore, a description of the pressure

drop in a packed bed/polishing filter system is given. The Ergun equation is usually used

to describe the pressure drop in a packed bed system.  It is most commonly used for the

intermediate flow regime.
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where

ΔP = Pressure drop

ε = Void fraction

μ = Gas viscosity

ν0 = superficial velocity

L = Depth of packed bed

Dp = Particle diameter

ρ = Density

In the laminar flow region, pressure drop can be given by the Blake-Kozney Equation.

23
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 (7)

In the turbulent flow region, the pressure drop can be given by the Burke-Plummer Equa-

tion.
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L
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However, the Ergun equations do not account for drag form losses and is useful for only

beds with porosity less than 50%.  Filter materials, composed of fibrous materials, usually

have a porosity of more than 80%.  Therefore, other equations must be derived for use on a

filter.

There are two factors involved in a pressure drop equation.  First, there’s the

pressure drop due to viscosity, and then there’s the pressure drop due to inertia.  Each

component has friction losses and form drag losses.
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The pressure drop resulting from viscous friction losses can be calculated using a

form of the Blake-Kozeny equation.
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Where

gc = Gravitational constant

Φ = Shape Factor = 6/(Dav) where av is the surface to volume ratio

є= Void fraction of bed

θ= Angle of flow paths through bed

τ = Tortuosity of cubic cell with one sphere inside = 1+(1/2)(1- є)

L = Distance traveled

The pressured drop due to form drag loss is given by
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The total pressure drop due to viscous losses then is the sum of the two pressure drops.
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Where XFD = є2/12(1- є)

Using a friction factor correlation for turbulent flow inside a pipe, one can calculate the

inertial friction loss.
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Where Cf is the coefficient of friction for turbulent flow.

Substituting for the hydraulic radius and the interstitial velocity gives a form of the Burke-

Plummer equation.
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The inertial form drag losses can be estimated
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CFD is the Coefficient of from drag given by the difference in coefficient of drag and

coefficient of friction (CFD=CD-CF).

The overall inertial pressure loss is then given by
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One new technique for producing filters is through the sintering process.  The metal

fibers produced during the sintering process are of different shapes and sizes.  Taking this

into account, the following formula can be used to determine the equivalent diameter of the

solids in the porous media.
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Where

Sp = Total particle surface area

Vp = Total volume of particles

xi = Volume fraction of component i

The total pressure drop for a mixture of solid particles and fibers of any shape is then given

by the following equation.
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A.2 Literature Search

Much research has already been performed on using activated carbon to adsorb

pollutants.  Siriwardane, et al. compared the adsorption of fuel gas, mainly carbon dioxide

(CO2), using molecular sieves and activated carbon.  At pressures below 25 pounds per

square inch (psi), the adsorption capacity for CO2 was lower for activated carbon than for

molecular sieve 13x, but at pressures greater than 25 psi, activated carbon had considerably

higher adsorption capacity for CO2. [63]

Alcaniz-Monge et al. (1994) activated carbon using CO and steam.  The differences

in using these two techniques were analyzed.  It was discovered that activation by CO

produces a microporous structure and causes a decrease in tensile strength with more burn-
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offs of organics.  Meanwhile, activation by steam produced a structure with larger pores

while holding the tensile strength constant through the activation process. [64]

Zhang et al. (2000) studied the adsorption of n-alkane volatile organic compounds

(VOCs) using activated carbon granules.  Seven different alkanes-pentane, hexane, heptane,

octane, nonane, decane and undecane-were tested and their breakthrough curves plotted.

Because it was not practical to test the granular activated carbon at concentrations that

normally exist in indoor air (such test would require more than 1,000 hours of operations),

the tests were performed at high concentrations and extrapolated to determine the

effectiveness of the granular activated carbon under indoor conditions. Results showed that

the VOC mass adsorbed decreased with decreasing initial concentration, especially at

concentrations less than 5 ppm.  Because indoor VOC concentrations are generally less

than 5 ppm, this suggests that granular activated carbon is not an effective filter for normal

indoor use. [65]

Debasish studied the removal of VOCs using activated carbon fibers and to

compare its performance to that of other commercially available adsorbents (i.e. granular

activated carbon, silica gel and zeolites).  A fixed tubular packed bed was used at

temperature between 35 and 100 oC, gas concentration between 2,000 and 10,000 ppm, gas

flow rate between 0.2 and 1.0 standard liters per minute and adsorbent weight between 2

and 10 grams.  The results showed the following.

 BT decreased considerably with increase in concentration levels (generally

greater than 1%).

 Longer breakthrough and adsorption times occur at a bed temperature of 50 oC.

 Under identical operating conditions, the activated carbon fibers showed greater
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adsorption capacity for VOC than other adsorbents in pellets or powder form,

including granular activated carbon, zeolites and silica gel.

 Repeated regeneration of activated carbon fibers did not cause any appreciable

degradation in adsorption performance.

 DC electrical heating is effective for regenerating the activated carbon fibers.

[66]

Ramos performed research on the adsorption of VOCs using activated carbon cloths

derived from Lyocell, a novel regenerated cellulose nanofiber fabric. Adsorption isotherms

for n-hexane, benzene and toluene onto activated carbon cloths were developed.  The

adsorption capacity of the cloth manufactured at 964 oC was 1.5 times greater than at 864

oC.  This is due to the higher specific surface area, average pore diameter and large

micropore volume of the cloth made using the higher temperature. [67]

A.3 Polishing Filter Concept

The polishing filter (PF) concept involves the use of a thin layer of carbon

imbedded metal mesh placed downstream of the carbon PB, as shown in Figure A.1.   As

contaminated air passes through the PB, the chemical vapors become adsorbed by the PB.

After the PB reaches some fraction of its saturation capacity, the vapors start penetrating

through the bed.  However, as these chemicals break through, they are adsorbed in the PF,

keeping the air coming out of the system clean.  It is believed that by adding this PF, the

BT of the combined system will be multiples greater than the sum of its components.

The cause for this lies in the different concentration input profiles to the polishing

filters.  In the breakthrough test for the PF alone, the full concentration of the pollutant is

adsorbed by the PF and does not vary with time.  However, if the PF is placed behind the
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PB, then the input concentration to the PF depends on the concentration exiting the PB.

which increases gradually with respect to time. Therefore, it takes much more time for the

PF in the combined PB/PF system to reach breakthrough than in the PF only system.  This

is illustrated in Figure A.2.

A.4 Polishing Filter Construction

The PF was fabricated at Auburn University’s Center for Microfibrous Materials

Manufacturing using a wet lay paper making/sintering process whereby carbon particles as

small as ten microns are incorporated into a microfibrous metal mesh.  First, using

traditional high-speed wet-lay paper-making techniques, metal (e.g. nickel, steel, or cupper)

fibers with diameters from 2 to 20 microns were mixed together with cellulose and carbon

particles, and manufactured into sheets and rolls.  This vaporizes the cellulose fibers and

fuses the metal fibers at their junctures. The carbon particulates became trapped in the

interlocking structure.  The cellulose fibers acted as binders and pore formers in the

manufacturing.  However, there is no limit as to how much cellulose can be added in the

sintering process.  Therefore, fiber structures with a variety of void volumes can be

constructed.  Fiber structures manufactured with this process can have void volumes of

over 98%. [68]

The benefits of this process are many.  For example, using high-speed paper making

process to construct filters costs considerably less than the air lay methods common in

industry.  It is estimated that using the paper-making process can produce the media at one-

third the cost of the air lay process.  Furthermore, the filters constructed using the sintered

process has a lower overall pressure drop than that of filters constructed using current

manufacturing procedures. [68] In traditional PB structures, only narrow void volumes can
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be constructed and the effective pore size is dependent on the particle diameter.  Using

the sintering process allows for the construction of fibrous sheets with tailored physical

properties such as  void volume, porosity, surface area, permeability, particle size, layer

thickness, etc.  The ability to create sheets with tailored physical properties allows the

designer to create large void volumes with selected pore sizes which are entirely

independent of fiber diameter.  As a result, intraparticle heat and mass transport are

significantly enhanced.  Meanwhile, due to the lack of particle-to-particle contact,

decreasing particle size leads to an increase in mass transfer as well.  In summary, the PF

construction allows for low pressure drop with good heat and mass transport.  Moreover,

the interlocking structure prevents channeling by acting as a static mixer. [62]

A.5 Preliminary Experiments

A.5.1 Experimental Procedure

First, the BT for the PB and PF were found individually by creating airflow

through each device and measuring the concentration downstream with the PID.  Then,

the PF was installed behind the PB and the BT of the PB/PF system was found.  The

experiments were taken to full saturation to provide data for the calculation of saturation

percentage.  The experimental conditions used for these experiments are summarized in

Table A.1.
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Table A.1:  Experimental Conditions

Parameters Values

Volumetric Flow 1.1 cfm

Packed Bed ID 2 in.

Packed Bed Linear Velocity 50 fpm

Packed Bed Carbon 20 g

Polishing Filter Size 13 cm x 13 cm x 0.45 cm

Polishing Filter Linear Velocity 6.05 fpm

Hexane Concentration Range 410 ppm – 490 ppm

Pressure Drop in Packed Bed 1.15 in H2O

Pressure Drop in Filter 0.524 in H2O

Combined Pressure Drop 1.674 in H2O

These conditions were chosen based on reproducibility.  Many of the desired

parameters could not be produced due to system constraints.  For example, a linear

velocity through the filter of 6.05 ft/min was chosen because it was the maximum

velocity that could be generated with the fans used in the apparatus.

A.5.2 Experimental Setup

A diagram and a picture of the experimental setup is shown in Figure A.3. The

VOC of choice in the experiment was hexane, a chemical with minimal acute toxicity.

Hexane vapors were generated using a bubbler and sent to a mixing duct.  A fan installed

at the one end of the duct forced the vapors downstream to the other end of the duct to

generate an air flow and also to dilute the hexane into manageable concentrations.. Part

of the air/hexane mixture was diverted to a fume hood for safe release while the

remaining air/hexane mixture was diverted to a separate duct where the experiments

took place.  The air/hexane mixture entered one end of the experimental duct where two
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fans in series sent it downstream towards the exit.  The PB and PF can both be mounted

at the exit, either individually or in series.  Baffles were installed past the PB and PF to

ensure uniform mixing of hexane at breakthrough.  If there are any channeling effects,

this ensures that the first breakthrough can be detected.  A MiniRae 2000

photoionization detector (PID) was used at the exit to measure hexane concentration.

The polishing filter used for the experimentation had the following content

Table A.2: Polishing Filter Content

Content Size
Carbon Loading 52.1 mg/cm2

Ni Loading 40.8 mg/cm2

Ni Fiber Diameter 4 & 8 micron (1:3 ratio by
weight

BPL Carbon 80 x 40 mesh

Thickness 0.35 cm
Volume % Ni 1.5 %

Volume % Carbon 17.1 %
Voidage % 81.3 %

Surface Area 1030 m2/g
Pore Volume 0.41 cc/g

Mass of Carbon 8.8 g

The packed bed was constructed using a 3-inches long plastic tube with a 1-inch inside

diameter.  The carbon was held in place in the middle of the tube by using a 1-inch

diameter circular screen and a rubber washer at each end.  The carbon used for the

packed bed was a 12 x 30 mesh ASZM-TEDA carbon impregnated by copper, zinc,

silver, molybdenum, and triethylenediamine.
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Figure A.4:  Packed Bed

A.6 Factorial Experiments

A.6.1 Experimental Setup

A 25-1 factorial experiment was performed to test the polishing filter.  The setup

is basically the same as that of the preliminary experiments, with the following

exceptions.  First, hexane vapors were generated using two bubblers in series, instead

of one.  It was hoped that this would saturate completely the bubbles with hexane and

provide a more consistent hexane input concentration.  Secondly, it was discovered that

the dilution duct was not necessary. The hexane vapors can be directly injected into the

experimental duct and the concentration of hexane would be manageable.   Thirdly, a

protective covering was placed over the polishing filter to prevent the shedding of

carbon particles.  This protective covering, however, generated a large pressure drop,

and two fans in series can no longer generate sufficient air flow through the packed bed

and polishing filter.  Therefore, an industrial blower was used in conjunction with the

two fans to generate a sufficient range of air flows. A heat lamp was used to heat up the

air if higher temperature is desired.

Carbon
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A.6.2 Experimental Procedure

The experimental design is given in Table A.3. The factors that were tested are

PB carbon loading (C) , face velocity (V), packed bed diameter (D), polishing filter

depth (F), and temperature (T).  The filter depth was varied by using either one PF or

two PF stacked together. Again, some of the parameters of the system were elected due

to reproducibility.  For instance, the temperatures used for the experiments differed by

only thirteen degrees because this was the maximum temperature difference that could

be produced with the heat lamp.

Table A.3:  Polishing Filter Factorial Experiment Design

C (g) V (ft/min) D (in) F (cm) T (oC)

- Level 10 30 2 0.35 22
+ Level 20 50 4 0.70 35

A.7 Summary

Although this project was never completed, limited data shows that the BT of

the overall system to be 4 times the sum of its parts, which is a lower value than was

expected. After ceasing operations, research on the polishing filter was performed by

Run C V D T
F=C X V X D X

T
1 - - - - +
2 + - - - -
3 - + - - -
4 + + - - +
5 - - + - -
6 + - + - +
7 - + + - +
8 + + + - -
9 - - - + -
10 + - - + +
11 - + - + +
12 + + - + -
13 - - + + +
14 + - + + -
15 - + + + -
16 + + + + +
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Dr. Donald R. Cahela and Dr. B.J. Tatarchuk of Auburn University.  In their

presentation, “Design Rational and Performance Benefits of Polishing Filter Adsorbents

Using Sintered Microfibrous Metallic Network as Carriers for High Effectiveness

Sorbent Particles,” results show that using a 0.5 cm packed bed of ASZM-TEDA

activated carbon and 3.5 mm thick polishing sorbent at a face velocity of 3.4 m/s, the

packed bed had a BT of approximately 5 minutes and the polishing sorbent had a BT of

approximately 20 minutes for a sum of parts of 25 minutes.  The BT of the combined

PB/PF system had a breakthrough time of almost 100 minutes, leading to a ratio of 4:1

between combined breakthrough time and sum of parts.  The chemical used was

dimethyl methylphosphonate (DMMP) at 3,000 mg/m3. [69]

A.8 Conclusion and Future Work

Even though the ratio of overall BT to the sum of its parts appears lower than

expected, more research must be performed to determine if the polishing filter is a

viable method for indoor air pollution control.  The concentration used for this study is

much greater (at 350-450 ppm) than concentrations normally found in indoor air (< 5

ppm).  Therefore, it is recommended to perform long term testing using typical

concentrations in indoor air.
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