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1 ABSTRACT 

Hydrous metal oxides of Zr, Ti, Hf, Fe, Al, etc. are inorganic ion exchangers that have high 

selectivities and efficiencies for separating and removing fission products, actinides, and other 

undesirable elements from aqueous waste streams. In most cases, these ion exchangers are 

commercially available only as fine powders or as unstable granular particles that are not readily 

adaptable to continuous processing techniques such as column chromatography. 

Hydrous metal oxides can be prepared as microspheres by the internal gelation process. This 

process is unique in that it provides a means of making a usable engineered form of inorganic ion 

exchanger that can be used in large-scale column separations. With such material, the flow 

dynamics in column operations would be greatly enhanced. In addition, the microspheres are in a 

stable form that has little or no tendency to degrade under dynamic conditions. Another advantage 

of the process is that the gelation time and size of the microspheres can be controlled. Also, 

e microspheres can be reproducibly prepared on either a small or a large scale-which is not always J 

true for batch preparation of the powdered or granular forms. 

The use of these materials can be expanded in a number of ways. The process allows for the 

microspheres to be homogeneously embedded with fine particles of other selective ion exchangers, 

and for the microspheres (undried) to be chemically converted to microspheres of other ion- 

exchanger materials such as phosphates, silicophosphates, hexacyanoferrates, tungstates, and 

molybdates. 

This report presents an economic evaluation of the preparation of hydrous titanium oxide 

(HTiO) microspheres by an internal gelation process for use in making ion exchangers, catalysts, and 

getters. It also examines the estimated costs for a company to produce the material but does not 

discuss the price to be charged since that value would take into account company policy-matters 

that cannot be covered here. Since the volume of business is not known, the costs were bracketed 

between the laboratory-scale system of making 1 to 2 lb HTiO/d of dried beads per 8-h day and a 

small pilot-scale system of producing 1 to 2.4 lb HTiO/h. The best esimates were between $286 and 

$534 for the laboratory-scale production of 520 and 260 lb/year, respectively, and between $93 and 

$107 for the pilot-scale production of 1.5 tons/year. The costs of producing microspheres in a pilot- 
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scale facility will be strongly dependent on the scale of the facility and the fraction of time it is used. 

The preparation of inorganic materials as microspheres has the potential for many additional 

applications. If these applications prove to be feasible, the cost of producing the materials could 

be decreased even further. 

1. INTRODUCTION 

1.1 SPHERE-FORMING TECHNOLOGY: NEED AND HISTORY 

Hydrous metal oxides of Ti, Zr, Hf, Fe, Al, etc.; monohydrogen phosphates of Ti and Zr; 

titanates; silicotitanates; tungstates; molybdates; molybdophosphates; phosphotungstates; poly- 

antimonic acid; and hexacyanoferrates are inorganic ion exchangers that have high selectivities and 

efficiencies for separating and removing fission products (e.g., cesium, europium, cerium, 

ruthenium, zirconium, and strontium), actinides, and other elements (e.g., as silver, lead, mercury, 

nickel, zinc, chromium, and fluoride) from aqueous waste streams.rm3 However, in most cases, 

sorbents prepared from these materials are commercially available only as fine powders or as 

unstable granular particles that are not readily adaptable to continuous processing techniques such 

as column chromatography. Some of these powders are also prepared in the form of pellets by using 

binding materials; however, the binders tend to decrease the number of exchange sites that are 

available for use. The binders tend to block pores and passageways to the exchange sites within the 

structures and adversely affect the loading and kinetic behavior of the exchangers. 

The hexametylenetetramine (HMTA)/urea internal gelation technology that has been 

developed over the last decade provides a means of preparing many inorganic ion-exchange 

materials in an engineered form as microspheres, which can improve the flow dynamics for column 

operations and expand the practical applications of these materials.4-6 The present effort is a 

development extension of the work in the 1970s and early 1980s for making nuclearreactor fuels.7-‘4 

During the past 3 years, the microsphere development work has been funded by the DOE Office of 

Science and Technology’s Efficient Separations and Processing Crosscutting Program. Some of the 

highlights of the program were as follows: 
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The development and evaluation tasks for making NaTi microspheres by three different 
methods were completed. 

A U.S. patent (No. 5,821,186) entitled “Method of Preparing Hydrous Titanium Oxide 
Spherules and Other Gel-Forms Thereof” was issued on October 13, 1998. 

A patent disclosure, “Method of Preparing Hydrous Zirconium Oxide Spherules and Other 
Gel-Forms Thereof” was submitted to the ORNL Office of General Patent Counsel in 
September 1998. 

Eichrom Industries, Inc. (Darien, Illinois) obtained a license for the HTiO patent technology 
in June 1997. (Eichrom is also interested in obtaining the license for the HZrO patent 
disclosure.) 

In a Work for Others contract with Eichrom Industries, Inc., HTiO-(NUCLEOSIL resin) 
microspheres were developed. In subsequent tests, they proved to be very effective in 
removing technetium from solutions of low ionic strength.13 

The development and evaluation tasks for preparing AMP-ZrHP microspheres was 
completed. Samples of these microspheres were shipped to the Idaho National Engineering 
and Environmental Laboratory for testing. 

1.2 HMTA/UREA INTERNAL GELATION PROCESS TECHNOLOGY 

The chemistry of the HMTA internal gelation process has been described in detail in a report 

by J. L. Collins et al.’ The results of previous studies showed that four principal reactions were 

involved in the hydrolysis and precipitation of uranyl nitrate hexahydrate and that the kinetics and 

equilibria of these reactions varied with temperature. The chemical behavior observed during those 

studies should hold true for making microspheres of other hydrous metal oxides by the HMTA 

internal gelation process. The four reactions involved in preparing hydrous titanium oxide from 

chilled broths containing acidified titanium tetrachloride, HMTA, and ureacan be shown as follows: 

cornplexation/decornplexation, 

P 2CO(NH,), + Ti4+ = Ti[CO(NH,),],4’; -- (1) 

i 
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4 

hydrolysis, . 

Ti4+ + xH,O = Ti(OH),*yHzO + 4H’ and 
TiO” + xH,O = TiO(OH), l yH,O + 2H’; 

(2) 
T 

4 HMTA protonation, 

(CH,),N, + H’ = (CH,),N,CH+; and (3) 

HMTA decomposition, 

(cH,)6N4cH+ + 3H’ + 6H,0 = 4NH,+ + 6CH,0. (4) 

The major constituents for most broths used for making microspheres of hydrous metal oxide 

are HMTA, urea, and a metal salt. Urea serves as a complexing agent for the metal (reaction 1) and 

at certain concentrations allows for stable broths to be prepared at -0°C that remain clear and free 

of gelation or precipitation for reasonable periods of time. As the temperature of the broth droplets 

rises in the hot organic medium, decomplexation occurs (reaction 1) and thus allows hydrolysis of N 

the titanium (reaction 2). HMTA, a weak organic base, drives the hydrolysis reaction to completion. 

At first, the HMTA molecules are singularly protonated (reaction 3). After most of the HMTA 

molecules (-95%) are protonated, however, they begin to decompose (reaction 4) into ammonium 

ions, which make the system even more basic. Each protonated HMTA molecule can effectively 

remove three additional hydrogen ions. The reaction products are ammonium chloride and 

formaldehyde. In addition to being a complexing agent, urea also functions as a catalytic agent in 
i 

the decomposition of protonated HMTA molecules. 

One of the more interesting features of the chemistry of the process is the conversion of the 

reaction products back to HMTA in the basic wash step. When the microspheres are washed with 

dilute solutions of NH40H to remove the reaction products (NH,’ and CH,O), the reaction products 

react to re-form HMTA,15 which is washed from the microspheres along with any unreacted urea. 

This feature makes it possible, by chemical adjustments with NH4Cl and CH,O , to convert the wash 

solutions back to HMTA/urea solutions that can be reused. The reaction of NH,Cl and CH,O to 

form HMTA is most efficient in the pH range of 6 to 8. This feature aids in making the HMTA 

internal gelation process even more economically attractive. 



5 

i 1.3 GENERAL COST CONSIDERATIONS 

i 

Ip 

The cost of producing a pound of the materials described above can vary strongly with the 

scale of the operation. When new products such as these are brought to market, the manufacturer 

usually produces the first quantities in relatively small equipment since the initial demand will be 

small-probably limited to small quantities for tests and demonstrations. As the merits of the 

materials become more evident and their success in demonstrations is confirmed, the demand will 

increase and larger-scale operations will be needed. Thus, the cost of producing the material can 

decrease with time and with increases in demand. The price that a company decides to charge for 

the material would depend on other factors as well as the cost of production. The company could 

demand a significant profit or a rapid write-off of any of its own development and testing costs. On 

the other hand, some companies might decide to restrain the cost during the initial stages of 

production, when costs per pound are high, in an effort to stimulate the market for the materials. 

This report only examines the estimated costs for the company to produce the material-not 

the price they would charge the customer since the latter value would take into account company 

policy (matters that cannot be covered in this report). Recognizing that the costs to produce these 

materials will vary strongly with production rate, this report discusses at the expected initial costs 

for relatively small production rates and then considers the likely costs for large-scale operation. 

Since these materials, as well as similar materials, have been produced by using small bench-scale 

equipment, the nature of the equipment required for such operations is well known. The costs and 

throughput of larger-scale equipment will depend on the skills of the design engineers employed by 

the manufacturer and on the existing equipment in the manufacturer’s facilities. Although it is not 

likely that an accurate and reliable estimate can be developed for the larger facilities at this time, the 

available information allows us to bracket the expected costs that the manufacturer is likely to 

achieve into a reasonably narrow and meaningful range. 

2. BASIS OF COST ESTIMATE 
0 

i 
In preparing a detailed cost estimate, it is important to know the volume of business that may 

be involved. Sphere-producing facilities that were’built in the late 1970s and early 1980s for the 
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production of nuclear reactor fuels ranged from laboratory scale at ORNI, which had the potential 

of producing 1 to 2 lb of uranium (U) per day (8 h), to a small pilot scale at ORNL,12 which 

demonstrated production of 1 to 2.4 lb U/h-and to an even larger-scale plant (also a pilot-scale 

plant) that was built by Exxon Nuclear Company, Inc. “-‘* in Richland, Washington, basedon ORNL 

technology that could produce several kilograms of uranium per hour. Exxon engineers were able 

to modify the system design for a larger plant line that would have produced 44 lb of wet spheres 

per hour, or about 220 lb U/day. Although the larger-scale Sphere-Pat plant was not actually 

constructed, many of the system components were built and tested, Since the volume of business 

is not known, the costs for this estimate are bracketed between the laboratory-scale system for 

making 1 to 2 lb HTiO/day (8 h) of dried beads and a small pilot-scale system for producing 1 to 

2.4 lb HTiO/h. 

Two types of laboratory-scale systems are located in hoods in Building 4501 at ORNL. The 

first type, shown in Figs. 1 and 2, makes use of single-needle, two-fluid-nozzle system that is 

capable of producing 1 to 2 lb/day (8 h) of dried HTiO microspheres per day (8 h). The second 

system, which is used for making monodispersed microspheres with a vibrating-nozzle apparatus, 

is shown in Fig. 3. A tubular nozzle with two or three orifices would be needed for comparable pro- 

duction. Production could be increased with the use of a nozzle with five or seven orifices (Fig. 4). 

Eichrom Industries, Inc., the company that has licensed this technology, will likely start its 

production of microspheres with laboratory-scale apparatus in order to better understand the 

technology and to establish a sufficient market to justify a larger-scale operation. If a hood is 

already available, the investment in equipment to start making microspheres would be less than 

$20K. The primary costs would come largely from labor to operate the apparatus and from the 

purchase of chemicals. Numerous undergraduate students have worked on the development of the 

internal gelation process at ORNL. These students had little difficulty in using the two-fluid nozzle 

apparatus to make microspheres after only a few days of trainin g; however, a few additional days 

of training were’ required when the vibrating-nozzle apparatus was used. Either of these two 

laboratory-scale versions could be operated continuously to increase production. 

The laboratory-scale apparatus used in this program (Figs. 1 and 2) to make the HTiO 

spherules consisted of a reservoir for heating the silicone oil, a pump for circulating the silicone oil, 
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AN INTERNAL GELATION GEL-SPHERE APPARATUS 

TWO-FLUID NOZZLE TWO-FLUID NOZZLE 

-COOLANT IN -COOLANT IN 

SPHERE-FORMING SPHERE-FORMING 

\ \ 
‘WIRE-MESH BASKET ‘WIRE-MESH BASKET PUMP PUMP 

HOT ORGANIC MEDIUM RESERVOIR HOT ORGANIC MEDIUM RESERVOIR 

Fig. 2. Schematic of the laboratory-scale system for preparing microspheres with a singIe-needle, two-fluid nozzle. 
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SEVEN-ORIFICE NOZZLE’ 

POLYVINYL CHLORIOE 

.SILICONE OIL 

\ SEVEN ORIFICES 

Fig, 4. Schematic of single-fluid pulsed tubular nozzles used to increase the production of microspheres. 
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a chilled-broth pot, a two-fluid-nozzle system for controlling the size of the broth droplets, a glass 

gelation column (forming column), a downstream transport line to provide a residence time for the 

gel spheres to hydrolyze and solidify, and a product collector for holding and aging the gelled 

spheres as well as for separating the silicone oil from the gelled spheres. 

The silicone oil reservoir was a stainless steel open-top rectangular container that was 7 in. 

wide by 8.25 in. long and 11.5 in. deep. Two 250-W stainless steel heating blades were positioned 

at the rear of the reservoir to heat the oil. A thermocouple that was positioned in the basket at the 

bottom and near the front of the reservoir was connected to a Barber-Coleman Controller, which was 

used to regulate the oil temperature. A Thomas Magne-matic stirrer with a stainless steel shaft 

positioned between the two heating blades and a stainless steel impeller located near the bottom of 

the reservoir was used to mix and maintain the oil at the desired temperature. Most of the front 

space in the reservoir was used by a large, removable stainless steel wire-mesh (SO-pm) basket that 

served as a backup to prevent any spilled gelled spheres from being transferred from of the reservoir 

to the circulating pump. . 

. 

. 

An Eastern D-l 1 centrifugal pump was used to pump the hot oil from the reservoir through 

a l/4-in.-ID stainless steel line to the vertically positioned glass gelation column. The flow from the 

pump was divided into two streams, each of which was controlled by manual valves. The flow of 

one of the streams was routed to a position that was about 9 in. above the center of the top of the 

gelation column. Vertically attached to,this line was a l/4-in-ID, 3/8-in.-OD Nalgene tube whose 

outlet end was inserted about 2 in. into the entrance of the gelation column. The Nalgene tube was 

part of the two-fluid-nozzle system that was employed to control the size of the droplets, The other 

hot silicone oil stream from the pump was routed to the glass fitting at the bottom of the gelation 

column and flowed up through a shell surrounding the central gelation tube. The hot oil overflowed 

at the top of the column, first into the central tube and then into an overflow cup. A large Nalgene 

tube was connected to a glass fitting from the overflow cup to route the overflow back to the hot oil 

reservoir. During operation, the flow of oil from the heating shell was normally adjusted to provide 

only a slight overflow. 

The two-fluid nozzle system was very simple; it consisted of a flat-tipped stainless steel 

hypodermic needle, 18 gauge (19 or 20 gauge could also be used), which was perpendicularly 



12 

inserted through the wall of the Nalgene tube to the midpoint of the hot silicone oil carrier stream c 

and was positioned approximately 5 in. above the entrance to the gelation column. The chilled broth 

was jetted into the laminar flowing oil by pressurizing (with air) the broth pot and forcing the broth 

out a tube at the bottom of the broth pot through a short Nalgene line that was connected to the 

hypodermic needle. The size of the droplets formed was dependent on the gauge of the needle used 

and the flow rates of both the hot silicone oil and the broth. 

The hot oil carrying the droplets from the two-fluid nozzle tube flowed directly into the 

central concurrent flow tube of the jacketed gelation column, where it was desirable for the droplets 

to begin to gel. On exiting the gelation column, the gelling spheres flowed into a Nalgene serpentine 

transport line (l/4 in. ID and l/16 in. OD). This line was long enough (about 8 ft) to allow the 

gelling spheres to have a total residence time of 25 to 35 s in the collection basket. The transport 

time also included the time the spherules were passing through the 62-cm-long gelation column. The 

gelation column and the serpentine transport line were designed to be a siphoning system with a 

gravity head of about 60 cm for oil temperatures 65 to 95°C. 

The product collector, a cylindrical stainless steel wire-mesh (150~pm) basket that was 

c 

positioned above the hot oil reservoir, was used to collect and separate the gel spheres from the hot 

oil as it exited the serpentine transport line. The collected gel spheres were aged by lowering the 

product collector into the reservoir for 20 min (normally between 15 and 30 min). After aging, the 

bulk of the oil was drained from the gel spheres and the residual oil was removed by a series of 

washing steps with trichloroethylene (TCE), then with 0.1 M NH,OH, and finally with deionized 

water to remove the reaction impurities. 

Another basket of similar design was also positioned above the hot oil reservoir to filter the 

return oil from a Nalgene tube that was connected to the overflow drain line at the top of the gelation 

column. 

Reaction temperature and gelation time are important variables in the process. The organic 

medium must be water immiscible and have a density slightly higher than that of the aqueous broth. 

Large droplets are formed most efficiently if there is a density difference of 0.05 to 0.10 g/cm’ 

between the organic medium and the broth. (It can be less for small droplets.) Other important 

factors that need to be considered include flammability, toxicity, impurities, cost and disposal. The 

r 
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organic medium can be either a one-component solvent or a binary mixture. For example, TCE can 

be used at temperatures up to 65°C. Silicone oils, such as Dow Coming Silicon Fluid 200, work 

well throughout the temperature range of 45 to 100°C. Mixtures of 75% perchloroethylene (PERC) 

and 25% isoamyl alcohol (IAA) or 75% PERC and 25% hexanol can also be used at temperatures 

up to 90 and 85 “C, respectively. Microspheres that are formed and gelled in these mixtures or in 

TCE do not require an organic wash after the aging step. Organic forming media with high 

viscosities or boiling points (e .g., 2-ethyl-1-hexanol, silicone oil, orpure PERC), when drained from 

the microspheres after the aging step, leave a residual film on the microspheres that needs to be 

removed by washing with a more volatile organic. TCE, carbon tetrachloride, or hexane can be used 

for silicone oil; isopropyl alcohol for PERC; and carbon tetrachloride for 2-ethyl-1-hexanol. In a 

production facility, an organic medium that does not have to be removed from the microspheres by 

another organic agent would be more economical. Ideally the production of quality microspheres 

at the lowest cost would necessitate the use of a broth formulation that would allow the microspheres 

to be prepared at a low temperature in an organic medium that could be recycled and required no 

organic washes. For the present cost estimate, it was assumed that one of the PERC-alcohol 

mixtures would be employed as the gel-forming medium rather than silicone oil. 

3. ANNUAL COST~ESTIMATE F’OR LABO&iT-(j;lrlk’-sCAiE F;1’C&IF$ 

For the basis of this economic evaluation, we chose a broth formulation for preparing HTiO 

microspheres that had a fairly rapid gelation time of 10 to17 s in the temperature range of 90 to 

70°C respectively. Even at 6O”C, the gelation time was a usable 26 s. The concentrations of the 

chemicals in the broth were as follows: TiCl, (0.8 M), HMTA (1.8 M), urea (1.8 M), and HCl 

(0.7&Q. About 3.73 L of this broth would be needed to provide 1 lb of air-dried HTiO microspheres 

that could be used as sorbent. The chemical composition of the microspheres is thought to be 

Ti(OH&H,O, where x varies between 1 and 2, depending on the drying time. In the drying 

process, it is best not to overdry the microspheres (remove the water of hydration). 

Four terms are included in the total cost estimate: chemical (reagent) costs, manpower costs, 

and maintenance and capital charges. The chemical costs for preparing 1 lb of HTiO microspheres 
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are given in Table 1. The fact that the wet microspheres only have to be dried at ambient * 

temperature should also help keep the production cost lower. The total cost of producing 1 lb of 

spheroidal HTiO sorbent without recycling the wash solution is <$46.66. It should be noted that 

this cost may be high for production operation because lower prices might be negotiated with a 

supplierfor material of suitable quality. If the wash solution is recycled in order to reuse the HMTA 

n 

and urea in broth preparations, the price of the chemicals would be ~$37.53. Recycling the wash 

solution. would also help to minimize waste generation costs. In a study by R. J. Polley et al.,” it 

was found that the ideal conditions for the optimal preparation of HMTA was to mix ammonium 

salts with formaldehyde at a mol ratio of 2: 1.5 and a pH of 6 to 8 in the temperature range of ambient 

to 40°C. Concentration of the wash solution should be achieved by heating in an open tank at a 

temperature of less than 80°C. Long-term heating of HMTA/urea solutions at 100°C can lead to 

the formation of other organics from the reaction of urea with HMTA.12 In addition to production 

economics, the recycle of formaldehyde is important for environmental reasons. 

Table 1. Chemical costs for HTiO preparation 
_; 

Feed ‘. cost Requirement cost 

%hemicals of chemical ..‘. (lb of chemical per lb of exchanger 

($/lb)” of exchanger) 
($/lb) 

TiCl, 25.83 1.25 32.29 

HMTA 4.17 2.08 8.67 

Urea 2.17 0.89 1.93 

HCl 

Wash chem’icals 

3.03b 0.68 2.05 
,. ., 

NH,OH 

Recycle chemicals -’ 

4.79” 0.36 1.72 

NH&l 7.00 0.21 I!I 0.07 

‘Based on prices in Aldrich Catalog for fine chemicals. 
b$8.01/L (12.1 M). 
“$9.55 (14.8 M). 

1.47 +_ 0.49 
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The manpower costs that are reported in Table 2 include fringe benefits and all other costs 

usually associated with operations. In the example shown here, “rent” of the facility is also included 

. in the manpower costs. (Other companies may charge overhead to pay for operation of the building 

as a separate charge.) Manpower costs are also expected to be relatively insensitive to the scale of 

operation and would increase significantly only when additional shifts or more operators are 

required, such as for pilot-plant-scale operations. 

Table 2. Manpower costs for system operation 
’ : -” 

.” l̂__l.__ _ I 

+ .I. 
..’ : 

, :; ;’ %,: _:: ,.: :. ::‘:.:.“,“: “: : Time ,required ’ “. Rate ‘1 .. ;.Cost: :. . . : . . . :: i’ ‘,_. .. ,.. .. .: . 

Employee ” ’ : 
._. ’ 

Task i : .,“. “, 
: : .,.,’ 

(h/year):” : ,($/h) ($&year) ’ .’ 

Engineer Supervision, problem solving, 208 70 14.6 

. 

optimization 

Technician Feed preparation, system 2080 50 104 

or chemical operation, chemical recycling, 

operator and waste processing 

The cost for the specific equipment needed for this operation is relatively small-estimated 

to be approximately $20K for the bench-scale systems discussed here. The lifetime of a bench-scale 

operation should be relatively short, and a larger facility would probably be required after 2 to 

4 years (after testing of the material has generated sufficient demand that a pilot-scale facility: is 

needed). For this estimate, a charge of $lOWyear is estimated to cover depreciation and 

maintenance of the equipment. Because of the short lifetime’of the equipment, the uncertainty in 

the maintenance costs, and the small contribution to the product cost, a more-detailed capital cost 

analysis or a present-worth analysis was not justified. 

Y 
A summary of annual product costs during the early phases of production utilization is given 

in Table 3. Note that at this scale, the dominant term is manpower cost, which is approximately 

. inversely proportional to the throughput and is likely to range between approximately $534 and 

$286/lb for production scales of 260 to 520 lb/year. With costs so dependent on manpower cost, it 
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would be desirable to operate at a higher throughput for only part of the time; therefore, it is not 

unreasonable to expect costs of initial samples of the material to be in the range of $250 to $400/lb. 

Table 3. Summary of annual product costs for laboratory-scale facility 

Assume l-lb/day production at 260 lb/year Assume 2-lb/day production at 520 lb/year 

Chemical cost = 260 lb/year x $37.53 = $9,758 Chemical cost = 520 lb/year x $37.58 = $19,542 

Manpower cost = $119,000 (full burden) Manpower cost = $119,000 (full burden) 

Equipment/maintenance/replacement = $10,000 Equipment/maintenance/repiacement = $10,000 

Total cost = $137,908 Total cost = $148,542 

Cost/lb = -$534 Cost/lb = -$286 

4. ANNUAL COST ESTIMATE FOR PILOT-SCALE FACILITY 

A pilot-scale facility with production-line equipment for preparing air-dried microspheres 

at the rate of 1 to 2.4 lb/h can also be built at modest costs. The production-line equipment would 

probably be based on modified designs that have been described in patents and reports by Haas 

et al.,” Williams: and Kilian et al.16 Many of the components of these systems are similar because 

they are based on the engineering design concepts described by Williams9 (Pigs. 5 and 6). Exxon’s 

system” was of similar design, but the Exxon engineers modified several components to make them 

more efficient and productive. The gel-forming system used by Haas et al.” (Figs. 7 and 8) seemed 

to simplify the process even more. Procedures and equipment were developed using PERC as the 

organic gelation medium. A trough (Pig. 8), which was improved after initial testing, was designed 

to replace the gelation-forming column. Production rates of 2.4 lb/h were achieved, and equipment 

performance and product uniformity were successfully demonstrated. A modified system of this 

type might be an important “next step” for Eichrom or any other company that might want to use this 

technology to prepare sorbents or catalysts. A simpler drying system might need to be designed in 

which the washed microspheres would be conveyed to large drying trays that would automatically 

be inserted and stacked in open-ended racks with about l-in. gaps between the trays to allow heated 
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Fig. 6. Continuous internal gelation concepts using silicone oil and trichloroethylene wash. 



. c * . 

‘, 

I 

Fig. 7. Schematic of continuous perchloroethylene-based gel sphere engineering facility. 
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air to pass over the microspheres. Each tray could be covered with two to three layers of 

microspheres. The racks would be moved into a drying room, which would have a constant flow 

of moist heated air. The temperature of the microspheres should be kept below 50°C to maintain 

the water of hydration. Drying equipment such as that described by Williams,g Haas et al.,” and 

Kilian et a1.16 could be employed to make catalyst in which the HTiO would be converted to titanium 

oxide. 

The most important factor in making composite microspheres to be used as sorbents is the 

design of the broth mixing vessel. A predetermined mass of fine powder of the sorbent or catalyst 

would be added to the mixed broth and kept in suspension with a mixing system. A baffle at the 

opening to the broth supply line to the microsphere-forming device would keep the line from 

plugging. Normally, this line is kept as short as possible and can be vibrated.‘ Adding 0.5 lb of 

powder to a volume of broth formulation equivalent to 1 lb of air-dried HTiO microspheres would 

provide a total mass of composite microspheres of 1.5 lb. The preparation or purchase costs of an 

additive would increase the cost per pound of composite microspheres. The cost of the composite 

microspheres on a mass basis is the weighted average of the cost of the additive and the HTiO 

microspheres. Thus, the per-pound cost of the eomposite microspheres would be less than that of 

the pure HTiO microspheres if the per-pound cost of the additive were lower than the per-pound cost 

of the pure HTiO microspheres. 

As stated earlier, the four terms that need to be included in the total cost estimate are the 

chemical (reagent) costs, manpower costs, and maintenance and capital charges. In estimating the 

cost of producing air-dried microspheres at the rate of 2.4 lb/h, the cost of chemicals to prepare a 

pound of sorbent would remain the same as that for the laboratory-scale facility, about $37.53 (see 

Table 1). This value assumes that the wash solutions are recycled in order to reuse the HMTA and 

urea. If a pilot-scale facility were to operate on a 24-h schedule, 5 days per week, it would require 

two operators for each 8-h shift. In the case of a multiple-operation plant, one full-time technician 

with the half-time assistance of another technician might be enough labor. For this estimate, we will 

assume that two technicians will be needed. Table 4 gives the estimate for the fully burdened 

manpower costs. 

. 
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The price of production equipment, including controls, is estimated to be in the range of 

$200K to $500K. The equipment costs would have only a small impact on the cost per pound if the 

equipment could be used for a number of years. It will be assumed that the cost of the production 

equipment and controls cost is the larger value ($500K) and production lasts 5 years. If there is a 

long-term demand for production, the equipment, which is durable, could last much longer. The 

higher estimated average cost for the 5-year period would be between $lOOK and $130Wyear, which 

also includes depreciation, interest, and maintenance. The larger estimated value of $130K/year was 

chosen to ensure that replacement equipment and repairs were included. 

Table 4. Manpower costs for system operation 

Time required Rate cost 

Employee Task Wyear) cm) @Wear> 

Engineer Supervision, problem solving, 416 70 -29 

optimization 

Technician Feed preparation, system 12,480 50 -624 

operation, chemical recycling 

Table 5 gives the estimated costs for a pilot-scale facility that can produce 5.6 tons of air- 

dried microspheres per year for use as sorbent or catalyst. At this rate, the cost per pound of sorbent 

would be about $107. For a larger facility, in which a technician’s time could be shared, the same 

work might be done with 1.5-person shifts. If this were the case, the price per pound of sorbent 

might be decreased by 15% to about $93. 

The cost of making microspheres wil .l be strongly dependent on the scale of the pilot facility 

and the fraction of the time it is used. Some companies may have existing facilities that would be 

suitable for producing the material in campaigns with little or no modification. That is, it may be 

possible to prepare this material between the campaigns conducted to make other products. In such 

cases, the cost of the pilot-scale quantities of microspheres would be relatively low. There is 
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* obviously no practical way to determine accurately the cost of making the material in the facilities 

. 

of different companies, but knowing that the chemical cost alone is likely to be approximately $40/lb 

and that the product can be prepared in a bench-scale facility for as little as $300/lb, one can estimate 

that a pilot facility might be able to prepare the material at a total cost of $90 to $150/lb at 

production rates of a few tons/year. 

Table 5. Summary of annual product costs for a pilot-scale facility at 2.4~lb/h production 
,“^ _, .~ 

Assume 43.2-lb/day production at 11,232 lb/year” 

Chemical cost per year = 11,232 lb/year x -$37.53 = -$421,500 

Manpower cost = -$653,000 (full burden) 

Capital, maintenance, depreciation = -$1‘30,000 

. 

Total cost = -$1,205,000 
,, 

cost p& pound = i$l& -., j, 
_’ 

: ;I .’ .I .; I: ii:., 1 ,, ,‘. ; .: . . . 

a Pounds sorbent produced per year = (2.4 Ib/h)( 18-h production/day)(5 days/week)(52 weeks/year) 
= 11,232 lb/year. 

If the manpower, capital, and maintenance costs scale as the throughput to the 0.5 power and 

the chemical costs remain constant, the cost for 2 tons/year would be approximately $120/lb-avalue 

that lies within the estimated range. This could even be a conservative estimate since manpower 

costs at this scale of operation might vary with a smaller power of the throughput and the cost of 

chemicals could be much less than that used in the estimates. Such scaling powers are usually most 

successful when the labor and capital costs are likely to be proportional. Note also that scaling the 

costs in this manner even for equipment is less reliable when the nature of the equipment changes, 

as is likely to happen in the transition from bench-scale to pilot-scale facilities; however, this may 

not represent a serious uncertainty in the final costs until the capital costs become a dominant term. 

. 

E 
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