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REMOVAL AND RECOVERY OF CARBON DISULFIDE
 
EMITTED BY THE VISCOSE PROCESS:
 

FINAL REPORT
 

by 

Michael J. McIntosh 

1 BACKGROUND AND SUMMARY 

1.1 BACKGROUND 

Teepak, Inc., which manufactures cellulose food casings by means of the viscose 
process, has a plant in Danville, Illinois, that emits approximately 400,000 cubic feet per 
minute (cfm) of water-saturated air containing approximately 100 parts per million (ppm) of 
carbon disulfide (CS2). Both Teepak and the state oflllinois desire to reduce these emissions 
as soon ..as possible; however, the large air flow and very small CS2 concentration result in 
a difficult and costly separations problem without an obvious economically viable solution. 
One possibility is to incinerate the CS2, but a more environmentally and economically 
acceptable alternative is to recover the CS2 for recycle to the process. The recovered CS2 
would be worth about $700,000 annually to Teepak. 

This situation, although it involves an important Illinois industry, is much more than 
a serious local problem. The same problem exists at all plants that use the viscose process 
to manufacture rayon or cellulose products. These plants are located throughout the world 
(two in Illinois, including Teepak). As a result of upcoming clean-air laws, all such plants 
in the United States eventually will be shut down (with severe loss to local economies) unless 
a viable method is found to recover or remove small amounts of CS2 from wet air. 

Teepak has sponsored, with the Hazardous Waste·Research and Information Center 
(HWRIC) of the Illinois Department of Natural Resources, a research project at Argonne 
National Laboratory (ANL) to evaluate current gas-purification and recovery technology and 
to suggest a route of development that will lead to a CS2 recovery process. The Illinois 
Department of Commerce and Community Affairs later provided an Illinois Challenge Grant 
to allow laboratory studies to supplement this effort. This report is a result of all those 
studies. 

1.2 SUMMARY OF WORK COMPLETED 

A literature search covering all aspects ofCS2 removal and recovery produced 10,380 
citations. Further sorting narrowed this group to 855 pertinent references; 235 were selected 
for further study. Of these, more than half were used directly in developing the results of 
this report. 
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Design models for CS2"air separations were developed for gas adsorption and gas 
absorption. A cost model was developed for gas adsorption. Sorption of CS2 in more than 
20 sorbents, both liquid and solid, was measured in the laboratory, and the results were 
translated into equilibrium data. The laboratory data, supplemented with literature data, 
were used in design and cost models to develop information regarding CS2 recovery at 
Teepak. 

A wide range of U.8. experts in separations engineering, plant design and costing, 
and CS2 chemistry were contacted for comment on the information and rationale developed 
from the literature search and modeling efforts. Their suggestions were compiled and 
incorporated into revised models and reporte~ information. 

1.3 SUMMARY OF RESULTS AND CONCLUSIONS 

1.3.1 Literature Evaluation 

The generalliterature contains a large number of reports 'related to CS2 recovery 
from air. Many of these were generally useful, but a majority were found to be quantitatively 
inapplicable to the Teepak case for one or more of the following reasons: 

•	 They relate to concentrations of CS2 often an order of magnitude or 
more larger than the Teepak case. 

•	 They do not address the important process issues related to the Teepak 
case, such as the very high flow rate of air requiring treatment, 
mandated by the Occupational Safety and Health Administration 
(OSHA) personal exposure limits and product quality/process 
specifications. 

•	 They do not provide quantitative data or results upon which an objective 
evaluation can be based. 

1.3.2 Laboratory Testing 

Both equilibrium data and rate data (or estimates) are required to evaluate any 
separations process. In all the data and literature searches associated with this project, only 
one set of applicable equilibrium data was found: adsorption isotherms for CS2 on activated 
carbon. 

Additional adsorption and absorption equilibrium. data for a variety ofsorbents were 
measured at ANL and at Teepak. These data were used .to determine the feasibility of CS2 . 

sorption processes based on the use of specific sorbents. . 
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1.3.3 Gas Absorption 

In the absence of applicable vapor-liquid equilibrium data for CS2 solvents, gas 
absorption was first studied on the basis of theoretical projections "and assumptions (e.g., 
Henry's law coefficients obtained from solubility parameter data and rate data obtained from 
generalized correlations) and reasonable variations from the minimal case. A highly aliphatic 
mineral oil (Kaydol) was tested in the laboratory for equilibrium loading at 100 ppm CS2 and 
found to fit theoretical estimates of Henry's law coefficient. By using the theoretical 
approach, application of conventional gas absorption processes for CS2 removal was shown 
to be relatively expensive, mainly because of low equilibrium CS2 loadings in all possible 
absorbents, with attendant requirements for high liquid flow and relatively low superficial 
gas velocities to avoid flooding i:p. absorption towers. For example, 13 conventional absorption 
towers (12 ft in diameter) would be required at Teepak for CS2 removal only. Application of 
conventional desorption processing to Kaydol (or other possible CS2 absorption liquids) was 
evaluated and found to be infeasible. A very large amount of steam heat would be required. 
Also, because of low equilibrium CS2 loadings and relatively low CS2 vapor pressure at 
desorption temperatures, high vacuum and high temperature would be required. Recovery 
would be very" expensive and "highly inefficient, if not impossible. 

Gas absorption with desorption CS2 recovery, therefore, was concluded to be 
infeasible at Teepak. 

1.3.4 Incineration 

.Catalytic inci~eration w~s judged possible a~ Teepak. Incineration can destroy CS2 
in air but would require a large capital investment and create a difficult S0i'air separations 
problem. Bec~use the main thrust of" the project is to evaluate removal and recovery 
possibilities, incineration must remain a default option. However, catalytic incineration of 
CS2 to 803 (allowing production of sulfuric acid [H2804]' a neutralizer used in the Teepak 
plant) may be possible given a catalyst development effort. Unfortunately, sulfuric acid is 
worth 3.7 cents per pound, while CS2 is worth 18.5 cents per pound. Thus, there is little 
incentive to adopt the catalytic or noncatalytic incineration approach, if recovery of CS2 
remains possible. 

1.3.5 Membrane Separation 

It was determined that no existing ceramic membrane can remove CS2 from air 
effectively, even at high CS2 concentrations. Rubbery polymer membranes are a possibility, 
but none is available specifically for the CSi'air system, and no data have been developed 
that would allow even a preliminary process design to be developed. However, simple 
calculations showed that the driving force in CS2 permeation through any membrane, ceramic 
or rubbery, is so low that a very large membrane surface would be required at high capital 
cost. One expert estimated a minimuin of $25 million for the membrane equipment alone. 
This approach was not ruled out on quantitative grounds; however, research would be 
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required to develop the needed membrane and the permeation data for CS2• Pursuing the 
membrane option is not recommended at this time. 

1.3.6 Noncarbon Adsorption 

In the Teepak application, the CS2-contaminated air flow is normally very wet (80 
to 100% relative humidity). Therefore, any adsorbent would carry some advantage if it could 
be used without first drying the ai:[~; hydrophobic adsorbents would be preferred. In addition, 
CS2 has a very low autoignition temperature in air"(-100°C), so fire is always a concern for 
flammable adsorbents, such as activated carbon. Common noncarbon adsorbents, such as 
coriunon zeolite or silica gel, are hydrophilic and would be' totally poisoned by water~ 

However, many nonflammable, hydrophobic adsorbents exist or can be dev~loped, and it was 
believed that these may have advantages. Of course, common noncarbon adsorbents could 
be used with air drying if they loaded well with CS2, since the cost of air drying has been 
shown (Section 5) to be a relatively low fraction of total carbon adsorption plant costs. 
Therefore, adsorption data were compiled for a variety of noncarbon hydrophobic and 
hydrophilic.; adsorbents. Unf.ortunatelY,.it ,was.found that ,none .Joadedwith CS2 as well as 
carbon, almost within an order of magnitude. Because the adsorbents tested range over all 
classes of commercial adsorption materials, the possibility of fmding one with favorable 
properties does not seem promising. 

1.3.7 Activated Carbon Adsorption 

As mentioned above, a variety of adsorbents were tested in the laboratory for both 
adSorptio~ and desorption" of CS2• The r~sults show"that all adsorbents other than activated 
carbon have relatively low loadin~ capacity for CS2, but that carbon adsorption of CS2 is very 
efficient. In one case, a carbon supplied by Kureha Ltd. was found to contain, at equilibrium, 
8% by weight of CS2 at only 100 ppm CS2 in dry air. It was also desorbed relatively easily 
at only 100°C. Other carbons loaded even higher, but desorption was more difficult. Tests 
also showed that use of wet air can reduce the average loading of CS2 'on carbon by as much 
as 62%, depending on the relative humidity (RR). Use of activated carbon adsorption 
isotherms estimated from laboratory data allowed a general process and cost analysis of 
preliminary process designs to be conducted for a hypothetical temperature-swing, activated­
carbon, gas-adsorption (TSA) plant at Teepak. Provided the problems (discussed below) 
associated with carbon adsorption can be overcome, the results indicate that gas adsorption 
is an expensive but possible means of CS2 recovery. For example, if5% CS2 loading ofcarbon 
is assumed, a grass-roots gas-adsorption plant at Teepak would require 20 operating 
adsorption towers with beds 7.5 ft deep, for a total plant cost of $24.08 million. If the air 
were totally dried before adsorption, the CS2 could be removed by 16 towers with 5.4-ft beds 
at a cost of $23.42 million. If the air were only partially dried to 50% RH, 16 operating 
towers with 5.5-ft beds at a cost of $22.82 million would be required. If the air were both 
pressurized to 50 pounds per square inch gauge (psig) and totaliy dried,. the recovery could 
be accomplished by ten 6.l-ft operating towers at a cost of $23.64 million. Other TSA options 
are given in Section 5. Comparable costs for other forms of carbon adsorption plants, such 
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as the moving bed concept pioneered by Kureha, remain to be evaluated. However, TSA is 
the most basic and simplest of the carbon adsorption configurations and is therefore likely 
to be also the lowest-cost configuration. 

Unfortunately, activated carbon adsorption involves, other problems. For example, 
because ofthe low autoignition temperature ofCS2, a carbonlair/CS2 system would constitute 
a severe fire hazard when heated only slightly. Means to alleviate this danger must be 
developed and tested. Fires likely have occUlTed at historical commerical carbon-based CS2 
recovery installations because of insufficient desorption; if so, the danger might be lessened 
by careful attention to bed temperature during desorption. This idea, together with other 
possibilities, must be verified in tests. Aqditional dete~ents to carbon adsorbent use are the 
possibility of ~S poisoning of the carbon (the Teepak air contains traceH2S), the large 
transport zone (unused bed) requirements of some carbons, and the reduction in adsorptive 
capacity resulting from moisture in the Teepak gas. However, since these deterrents could 
yield to a determined pilot effort, the pilot option is recommended as the next phase of this 
program. 

Calculations indicated .that.steam desorption ..has ,,Significant advantages over 
nitrogen desorption, mainly because steam will condense at relatively high temperature and 
low pressure and because CS2 is immiscible in water. These results should be verified in a 
pilot study. 

It is concluded that further development of carbon adsorption presents the best 
CUITent possibility for CS2 recovery at Teepak. 
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2 TECHNOLOGYSCREENmNG 

2.1 ON-LINE LITERATURE SEARCH 

An extensive on-line survey of chemical abstract literature was conducted. The 
major keyword "carbon disulfide" prod~ced 10,380 references. These were amended by a 
variety of minor keywords (emissions control, waste gas, removal, isolation, scrubbing, 
separation, adsorption, absorption, catalysis), and a subset of 855 articles and patents 
resulted. These were screened for applicability to the Teepak situation, and 235 references 
were selected for further study. The 235 references are given in Appendix C. Table 2.1 lists 
the topics covered by these selections. 

2.2 TELEPHONE SURVEY 

Experts in gas separations, adsorption, adsorbents, catalysts, catalytic incineration, 
membrane separation, vapor-liquid equilibrium, and carbon disulfide (CS2) were contacted 
by 'telephone. In many cases, they were very willing to share'their'knowledge"andprovided 
pertinent suggestions and references. This effort was helpful in obtaining general knowledge 
of the state of technology in these fields. However, data leading to specific technologies of 
promise were not obtained. 

2.3 SUMl\'IARIES OF SEARCH TOPICS 

Pertinent topics are discussed in more detail in this section..The iriformation was . 
taken from both the on-line literature search and the telephone survey. 

TABLE 2.1 Topics from On-Line Search 

Number of 
Topic Selections 

Noncarbon adsorbents for CS2 49 
Removal of sulfur from gas 40 
Removal of CS2 from air 35 
Catalysts for sulfur removal 26 
Activated carbon adsorption 25 
Absorption of CS2 22 
Rayon plants 20 
Vapor-liquid equilibrium of CS2 8 
Microbiological conversion of CS2 4 
Amine-based sorbents 4 
Membrane separations of CS2 2 

Total 235 
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2.3.1 Nonearbon Adsorbents for CS2 

2.3.1.1 Zeolites 

In one study, a 5A zeolite molecular sieve was tested for CS2 adsorption and found 
to follow a Langmuir-type isotherm.! Sodium-, calcium-,and iron-substituted zeolites were 
studied as well. The iron zeolites appeared to have an advantage when used for CS2 
adsorption. Both erionite and mordenite also were tested, but no comparable results were 
found. 

In general, zeolites cannot .adsorb CS2 with as high an initial isotherm slope as 
activated carbon. Since the present case involves a very dilute vapor phase, the initial slope 
is critical; therefore, zeolites do not appear promising candidates for CS2 removal. However, 
actual isotherm data that would allow estimation of breakthrough curves for both adsorption 
and desorption on zeolites were not found. 

Because common zeolite is highly hydrophilic, it cannot be used in the Teepak 
application unless the contaminated air is first dried. 

2.3.1.2 Polymers 

A few ion-exchange resins have been studied superficially in connection with CS2 
adsorption, but data useful to process design were not found.2 In many cases, ion-exchange 
resins did not work well for CS2, although ~S was adsorbed efficiently. However, because 
H2S can be classified as a "hard acid" and CS2 as a "soft base,"3 the particular re·sins used 
could not be expected to adsorb CS2 efficiently. Because the available work on CS2 
adsorption by ion-exchange resins is very limited, the negative results do not necessarily 
indicate that more compatible polymers are not possible. 

Styrene-divinylbenzene copolymer was patented in 1976 as an adsorbent for CS2 
recovery,4 but adequate data to gauge the usefulness of this adsorbent are not available. 
Resins with amine functionalities have been used to remove CS2 and other impurities from 
technical carbon monoxide. 

In general, polymeric adsorbents including resins have been well-used for aqueous 
systems, but their use in gas-phase separations has received very little attention. One reason 
for this lack is that it is difficult tq prepare these materials in sufficiently large particle size 
to allow fixed-bed adsorption columns to operate .at reasonably low pressure drop. At least 
one large chemical company (Dow) currently is addressing this problem. The problem is not 
as critical for fluidized-bed adsorption, and some fluidized-bed polymeric adsorbents have 
appeared, but none that can handle CS2 efficiently have been found. Testing, to be discussed 
in Section 4.3 of this report, verified this conclusion. 
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2.3.1.3 Silane Made-Up Composites 

One major class of composite adsorbents of possible value for CS2 recovery has been 
used in chromatography. Organic silanes can react with the hydrated surfaces of silica gel 
to produce a silane-bonded organic surface: 

R(CHg)gSi(OH)g + HO-I --> R(CHg)Si(OH)2- 1 + H20 (1) 

In Equation 1, R can be any organic radical. Many modified silica gels with different 
Rs can be purchased. Furthermore, organic silanes of many varieties can be purchased and 
used with silica gel to prepare different surfaces according to Equation 1. Alumina also has 
surface hydroxyl groups that can be used to modify its surface. At the present time, no 
studies on CS2 adsorption and silane made-up composites have been found. However, studies 
of amine functionalities for 802 and CO2 have been performed,5 and others appear to be 
under consideration for a variety of adsorbates.6 Section 4.3 contains further discussion of 
silane made-up. adsorbents. 

2.3.1.4 Impregnated Made-Up Composites 

In some cases, a composite adsorbent is made simply by mixing a solid adsorbent 
with a fluid that impregnates the pores. In this case, a chemical bond between the 
impregnated fluid and the pore surface ofthe adsorbent is unlikely. The lack ofa bond would 
be an extreme disadvantage in an industrial process for C82 recovery, because the fluid may 
not stay in the pores during a reasonable number of adsorption/desorption cycles. In one 
case, a" calcium zeolite was impregnated with ammonia and used to adsorb acid gases.7 The 
performance increased the breakthrough time from 52 min to 78 min. In another case, 
activated carbon was impregnated with NaOH solution and used to adsorb CS2 and other 
sulfur gases.8 The adsorption capacity of activated carbon for H28 has been increased by 
impregnating the carbon with heavy metal compounds.9 Data allowing evaluation of 
particular impregnated adsorbents were not found. Surface modification of carbon by 802 
causes polar functionalities to form on the surfaces, thus changing the surface affinity for 
methanol and benzene.10 Because of the low polarity of C82, this technique is not likely to 
be of value in CS2 recovery. 

2.3.1.5 Molecular-Engineered Layers 

Catalytica (Palo Alto, California) has developed another class ofmade-up adsorbent. 
Layers of inorganic complexes held together by columns of organic backbone can form 
structures for adsorption. Catalytica has made many of these structures, with differing 
functionalities. However, the firm declined to provide samples for testing with C82• 
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2.3.2 Carbon-Based Adsorbents 

Activated carbon is prepared by heating various source materials (such as coal, wood, 
and coconut shell) in the absence of air to produce a char. The char is then "activated" by 
heating, in the presence of oxidizing agents such as steam, air, or CO2, to remove the more 
reactive portions of the char and to produce an extensive internal porous structure. Many 
variables are important in this process, and the final ability ofthe activated carbon to adsorb 
and hold a given substance such as CS2 is very dependent on how the carbons are prepared. 
This dependence relates to the internal surface structure and the type of functional groups 
on the internal surface that contain oxygen and hydrogen. To maximize C82 adsorption, 
surface area should be maximized and oxygen functional groups minimized. The ability to 
meet this goal has been developed, and an "H-carbon,1t which contains no surface oxygen 
groups, can be prepared by activating char in H2 at 400°C. Unfortunately, when exposed to 
air the H-carbon slowly gains oxygen. 

Carbon has been used in many different development efforts to adsorb C82 from 
air.11,12 It has several important advantages. First, most activated carbons are at least 
partially hydrophobic, so the wet Teepak air will not prevent CS2 adsorption totally, though 
it may be diminished. Also, because carbon has large internal surface area and excellent 
apparent affinity for C82, carbon loading of C82 can be high at low partial pressure of CS2• 

This loading has been verified in the current study, and tests on various carbons are 
discussed in detail in Section 4. Countering these advantages are the danger of fire for a 
carbonJair/CS2 system desorbed by steam, the possibility that a large transport zone will limit 
the amount of useful bed, and the poisoning effect of H2S contamination (a small 
concentration ofH2S is present [5 to 30 ppm] in the Teepak air). 

Kureha Ltd. has developed a hard activated carbon for moving-bed adsorption. On 
the basis of tests described in Section 4, this or a similar material may have potential for 
fIXed-bed temperature-swing adsorption and recovery of CS2. If an H-carbon has a much­
improved CS2 adsorptive capacity relative to other carbons, it is possible to speculate that H2 
could be used occasionally as a desorbing gas at 300°F or higher for CS2-loaded H-carbon and 
simultaneously could regenerate the H-carbon. This possibility was not explored in the 
current project but could be studied in the pilot phase. 

2.3.3 Removal of CS2 from Air 

The common methods used to remove CS2 from air are mineral oil absorption and 
carbon adsorption. These methods are discussed in more detail in later sections. 

A few less common methods of low efficiency and high cost were found. For example, 
CS2 oxidation in air' can be activated with ultraviolet light.13,14 In one case, a CS2 
concentration of 26 ppm was dropped to zero. However, the treated air flow was very small 
(0.04 cfm). There appear to be two drawbacks to this method: it has been demonstrated only 
at a rate many orders of magnitude lower than needed for industrial application, and it 
destroys CS2 and therefore is not a recovery process. 
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A cryogenic approach has been tried in which the viscose gases were cooled in stages 
to -133°C, thus removing CS2 by condensation.15 The melting point of CS2 is -110°C, so the 
removed CS2 could have been solid. For the Teepak application, the vapor pressure of the 
solid or liquid CS2 must be less than that inherent in the lOa-ppm Teepak air (100/106 = 
10-4 atm) to remove most ofthe.CS2 from the Teepak air. At -133°C, CS2 vapor pressure is 
about 0.017 x 10-4 atm, so about 98% of the CS2 could be recovered in this way. In any case, 
cooling 400,000 cfm of air to -133°C would be difficult at any reasonable cost, even if a heat 
pump were used as discussed.15 

2.3.4 Catalysts for Sulfur Removal 

Most processes for catalytic CS2 removal are related to the Claus Process for catalytic 
reduction ofH2S to elemental sulfur. In this process, which generally treats industrial gases 
that have a high ~S concentration, some of the CS2 is oxidized to elemental sulfur and CO2. 

Residual gases, including C82, often are passed to downstream reactors that hydrolyze CS2 
to H2S for further treatment. Many catalysts for CS2 hydrolysis have been studied, including 
transition metal oxides, alumina, and sulfides. Application of hydrolysis catalysts to the 
Teepak problem would involve catalytic hydrolysis of CS2 in the Teepak air flow and 
subsequent ~S removal by caustic scrub. The catalytic treatment of CS2 in concentrations 
as low as 100 ppm has no precedent. The rate of removal likely would be controlled by 
diffusion and would suffer from the low driving force. A large, expensive reactor and an 
expensive process and catalyst development project certainly would be required. Because the 
main interest ofthis report is CS2 recovery and because CS2 would be destroyed in a catalytic 
hydrolysis process, no further hydrolysis inyestigations are planned. However, this approach 
may have advantages over incineration and can be viewed as an alternative to incineration 
that requires further study. 

Catalytic incineration of CS2 to CO2 and 802 is a technology that could be applied 
without a development project; however, because such a large .yolume of air must be treated 
at Teepak, the reactors and heat exchangers will be large and the cost will be high. Other 
significant drawbacks are that CO2 and 802 are also pollutants and that CS2 is destroyed. 
One positive incentive is that the 802 produced could be used to produce sulfuric acid, a 
viscose feed material. However, CS2 is worth 18.5 cents per pound and H2S04 is worth 
3.7 cents per pound. Because one pound of C82 will produce 2.58 pounds of H2SO4' the acid 
produced will be worth about half the value of the incinerated CS2. Because a catalytic 
reactor to convert 802 to 803 and a sulfuric acid plant also would be required, there is little 
economic incentive for this approach as long as CS2 recovery remains possible. 

2.3.5 Absorption of CS2 

A common way to remove H28 from gases is absorption in an aqueous alkaline 
solution. CS2 also can be removed simultaneously by this procedure, provided that CS2 
absorption products can be removed rapidly and efficiently from solution by oxidation or 
another method. In one case, it was found that 100 ppm CS2 in ventilation air could be 
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reduced to 30 ppm by alkaline scrubbing (9.7 pH) when the absorption product was oxidized 
to sulfur, sulfates, and sulfites with air. 16 An earlier, similar result was reported when 
NaOHIN~C03solution was used and CS2 absorption products were oxidated by dissolved 
quinone.1 In a German patent filed in 1976,18 inorganic oxidants such as free chlorine, 
chemisorbents such as polyalkyline glycols, oxidation promoters such as hydroquinoIl:e, and 
oxidation catalysts such as vanadium salts were mentioned as means ofremoval ofabsorption 
products. The patent contained sufficient details of this process to allow an estimate of the 
nUmber of standard (5-ft diameter) absorption towers required to reduce CS2 from 100 ppm 
to about 20 ppm for the Teepak case of 400,000 cfm. About 105 absorption towers would be 
needed. Data allowing an estimate of the necessary regeneration equipment were not given. 
Because CS2 is destroyed in this process and because Doth the inst~llationcost and the plant 
size would be extremely large, it was judged that the alkaline absorption process should not 
be studied further at this time. 

Other aqueous salt solutions have been tested, such as NaCIO and chelated iron, 
with results similar to those for alkaline solution. 

Physical absorption.of CS2 from, air.byvariOllS..liquids.has been reported frequently 
in the literature. Hydrocarbon oil,19 mineral oil,20 solar oil,2~ and other liquids including 
liquid CS2 have been used.22 Physical absorption of CS2 from air was analyzed and 
evaluated in the current study. The results are discussed in Section 3 of this report. Because 
CS2 recovery and absorbent regeneration are so difficult, gas absorption was judged 
infeasible. 

2.3.6 Rayon Plants 

Various studies have analyzed the viscose process in terms of factors that affect the 
concentration of CS2 enrlssions, such as heat balance, suction sites,23 and spinning area 
configuration.24 One study showed that the cost-benefit of recovering CS2 is 10% of the total 
factory output value.25 Several foreign reviews of H2S and CS2 removal and recovery 
methods have been published,26,27 and a study showing the effects of certain oxides on the 
activated-carbon fire hazard in adsorption recovery has appeared in Russian literature.28 

2.3.7 Vapor-Liquid Equilibrium of CS2 

The design of a separations column that uses any particular solvent to absorb CS2 
from gas requires vapor-liquid equilibrium data for the CS2"solvent system. Very little 
specific information for solvents of higher molecular weight has been found. Some data on 
cyclohexane and other hydrocarbons have been reported,29 but these solvents are probably 
.too volatile for practical use. A Russian study has provided limited data on mineral oil.3o 

More general work that allows rough estimates for a limited number of solvents is 
available. For example, solubility parameters,31 coupled with the Scatchard Hildebrand 
regular solution theory,32 can be used to' estimate binary activity coefficients, provided the 
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two components are nonpolar. Because CS2 is highly nonpolar, this method can produce 
rough estimates for nonpolar solvents such as benzene or paraffins. This approach is taken 
in Section 3. That section also describes bench-scale absorption tests that were used to 
develop data for process analysis of CS2 recovery by liquid solvent absorption. 

2.3.8 Microbiological Conversion of CS2 

The thiobasillus bacteria can destroy CS2 - if an appropriate mode ofcombining the 
gas and bacteria and an efficient means of controlling pH and providing the proper addition 
of nutrients are found.33 One study reported a degradation rate of 70 g/m3.hr.34 In the 
Teepak case, about 213,000 g of CS2 "must be destroyed per hour; therefore, approximately 
220 reaction towers (5 ft by 25 ft) would be required for microbiological conversion. This 
amount is clearly beyond any reasonable economic justification, even ifadditional unfavorable 
aspects, such as the fact that CS2 would be destroyed and that little experience with such 
systems has accumulated, are overlooked. 

2.3.9 Amine-Based Solvents 

Carbon disulfide and carbon dioxide will form chemical complexes with amine: 

R N (2)R - NH2 + CX2 = H - X - C - XII 

where·X is either sulfur or oxygen. This reaction can be reversed with mild heating. Amine­
based absorbents, as well as adsorbents, have been tested for removal and recovery of both­
CO2 and CS2• A variety ofaqueous amine solutions, including ethylene diamine,35 have been 
used to remove CS2 from air and other gases. The solution has been regenerated by vacuum 
distillation at 170°C.35 It is not likely that much CS2 was recovered in this way because CS2 
readily reacts in an aqueous alkaline medium. No data that would allow a quanti~ative 

estimate of removal or recovery rate of CS2 from amine solutions were found. 

It is possible to produce amine-functionalized silica gel36 by reacting organic silanes 
with surface hydroxyl groups. This type ofmade-up adsorbent was discussed in Section 2.3.1. 
No rate or equilibrium information for this type of adsorbent has been found. 

This general approach "is discussed in more detail in Section 4. 

2.3.10 Membrane Separation of CS2 

Two types of membranes commonly are used for gaseous separation: a ceramic or 
inorganic type and a rubbery or organic type. On the basis of extensive telephone 
communication, it was determined that no data or experience exists for CS2 permeation and 
separation through ceramic-type membranes. A very small amount of experience (but no 
data) was found for CS2 permeation through a polydimethylsiloxane membraile,37 which is 
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more rubbery than ceramic. On the basis of rough calculations by one expert contacted, the 
large Teepak air flow and low CS2 concentration would require a capital investment of more 
than $25 million for a membrane separator to separate the plant's CS2. Because no 
permeation data are available for CS2, laboratory data development and a pilot study also 
would be required. This process is expected to be more costly than gas sorption development, 
and no further study of membrane separation was made. 
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3 GAS ABSORPTION
 

3.1. INTRODUCTION
 

In the packed-tower or fIXed-bed type of gas absorption, a nonvolatile absorption 
liquid with minimum dissolved absorbate is sprayed into the top of the tower and flows 
downward through the packing, as shown in Figure 3.1. Gas containing an absorbate or 
substance to be removed (such as CS2) enters the- bottom of the tower and flows up:ward 
through openings around the liquid-drenched packing. In a properly operating tower, the 
liquid is progressively enriched in CS2 as it flows dO'YD-ward, and at the bottom of the tower 
the CS2 concentration in the exiting liquid is maximum. This enriched liquid then must be 
desorbed in a stripping or distillation column and sent back to the top of the tower. Thus, 
the CS2 is recovered in this process. 

3.2 ABSORPTION LIQUID 

3.2.1 Ideal Solutions 

To estimate the required number and dimensions (and thereby the cost) ofabs·orption 
towers, one must first know how CS2 will distribute itselfat equilibrium between the gas and 
liquid phases. If, for example, CS2 has the same affinity for the absorbing liquid as it has 
for liquid C82, the liquid/CS2 solution is said to be "ideal" and Raoult's law applies. A 
simplified approximate form ofRaoult's law, which applies at atmospheric pressure and 25°C, 
can be written as follows: 

(3)y = x (polP) = x (366/760) = O.48x 

where pO is the vapor pressure of· CS2 at 25°C, and y and x are mole fractions of CS2 in the 
gas and liquid, respectively. 

In the present case, CS2 is in very low concentrations in the gas, and it is more 
useful to use Henry's law:38 p = kx, but if K is defined as the ratio of Henry's law constant, 
k, to total pressure (i.e., K =kIP) it is a constant independent of x or y, at least in the range 
of very low x and y. Here, p is the partial pressure of CS2• To be brief, we refer to K as 
"Henry's law constant" in the following discussion, and we may write: 

y = Kx (4) 

In the special case of an ideal solution, which is ideal over the total range x =0 to x = 1.0, 
Raoult's law and Henry's law aroe identical, so the value of K for such an ideal solution is 
known; it is 0.48. For such a hypothetical solution, for example, ifK is larger than 0.48, the 
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gas phase concentration is higher at equilibrium 'and CS2 has proportionally less affinity for 
the absorbing liquid than for liquid CS2. If K is smaller than 0.48, CS2 has proportionally 
more affinity for the absorbing liquid than for liquid CS2. If K is very low, the absorbing 
liquid may form a chemical bond with CS2, so the process may not be strictly physical 
absorption. 

Values of K for nonideal physical absorbents (such as oils or other organic or. 
inorganic liquids) are about the same order of magnitude as 0.48, roughly between 0.1 and 
1.5. In general, few liquids can produce a K for CS2 lower than 0.48, and such liquids often 
are unsuitable as absorbents for other reasons, as will be seen in Section 3.7. 

3.2.2 Solubility Parameter as a Criterion for Absorbent Selection 

CS2 has no permanent polarity and no tendency for hydrogen bonding but very high 
polarizability. As can be seen in charts of solubility parameters,39,40 some organic 
compounds come more or less close to having these same properties, and this similarity would 
make them good candidates for a CS2 absorption liquid. Benzene is one of these. 
Unfortunately, benzene is a relatively volatile liquid mid has an appreciable vapor pressure 
at ambient temperature. Therefore, it could not be used economically as a CS2 absorbent, 
because the air exiting the absorption column would be highly contaminated with benzene, 
a known carcinogen. 

From study ofthe CS2 absorption literature, it appears likely that the best absorbent 
candidates are aliphatic hydrocarbon oils with high molecular weight. In general, vapor­
liquid equilib~um data for CS2 solutions are no~ avail~ble in the litera~ure except for. a few 
solvents of no value to CS2 gas absorption. Some oils were tested in the current project and 
will be discussed later. However, to present a general orientation to the pro.blem we first 
discuss how K can be estimated for such liquids from regular solution theory and solubility 
parameter data. 

For example, Table 3.1 was compiled by referring to a table of solubility 
31parameters. As mentioned above, solubility parameters have three components: hydrogen 

bonding, permanent polarity, and polarizability. Because CS2 has no hydrogen bonding or 
permanent polarity components but is highly polarizable, the solvents chosen for Table 3.1 
have extremely low hydrogen bonding and zero permanent polarity component. If the three 
vector components of solubility parameters are considered to be hydrogen bonding, polarity, 
and polarizability, 0 represents the scalar value of a solubility parameter in the table. 

By using Regular Solution Theory,40,41 it is easy to show that the activity coefficient 
(y) for a binary liquid solution can be written as: 

(5) 
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TABLE 3.1 Solubility Parameters and Henry's Law Constants 
for Various Solvents 

Solubility Henry's Law 

Solvent 
Parameter, b 
(eaVcm3)O.5 

Molar Volume, v 
(em3/mole) 

Constant, 
K 

Butane 6.89 100.3 1.27 
Deeane 7.67 194.5 0.83 
Deealin 9.18 154.4 0.51 
Heptane 7.48 146.5 0.91 
Hexadecane 7.97 183.8 0.73 
Isopentane 6.85 116.3 1.31 
Nonane 7.67 178.6 0.83 
Octane 7.57 162.5 0.87 
Pentane 7.09 115.1 1.13 
Triethylpentane 6.89 165.0 1.28 
Carbon disulfide 10.00 61.0 0.48 

where ~I and ~2 are the scalar solubility parameters of the two compounds, VI is the molar 
volume of component 1, and <P2 is a ratio dependent on molar volumes and mole fractions: 

(6) 

By using Equation 5, a rough estimate of Henry's Law constant c~ be obtained: 

(7)K = 0.48 .exp(N/RT) 

Equation 7 was used to estimate Henry's law. constants for solutions of CS2 in the solvents 
of Table 3.1; the results are in the last column. In this case, N was calculated at Xl = 0.01 
because Henry's law is applicable at low solute concentrations. 

Several of the solvents in Table 3.1 would be possibilities for absorbing CS2, but 
unfortunately they are too volatile for actual use in an absorption column. This statement 
is demonstrated more clearly in Table 3.2, in which the Clausius-Clapyron equation38 has 
been used to estimate the vapor pressure of the best five solvents from Table 3.1. 

As shown in the eighth column ofTable 3.2, in most cases the solvent in air leaving 
a hypothetical gas absorption column would be higher in estimated concentration than the 
entering CS2. Even the least volatile solvent, Hexadecane (50 ppm leaving), is unacceptable, 
both environmentally and economically. The next step would be to seek solvents with the 
same chemical structure but higher mo·lecular weight and lower ambient vapor pressure. 
Even then, few possibilities exist. For example, the chemical structure ofbenzene, one of the 
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TABLE 3.2 Estimated Gas Absorption Losses for Various Absorbentsa 

Estimated 
BP p MIvap p vap Outlet Losses 

Absorbent K MW (OC/oF) (g/cm3) (Btu/lb) (atm) (ppm) (mole/min) 

Decalin 0.51 138 193/379 0.896 129 2.46 x 10-3 2,460 2.51 
Hexadecane 0.73 226 287/548 0.775 100 5.02 x 10-5 50 0.051 
Decane 0.83 142 174/345 0.730 119 5.12 x 10-3 5,115 5.22 
Nonane 0.83 128 151/303 0.718 123 1.26 x 10-2 12,603 12.86 
Octane 0.87 114 126/258 0.704 130 3.01 x 10.2 30,097 30.71 

a	 K =Henry's law constant, MW =molecular weight, p =liquid density, LUI yap =heat of vaporization, 
p yap =pressure of solvent vapor, Outlet =concentration at absorber outlet. 

better solvents for CS2, is a single aromatic ring, but, as discussed above, benzene has low 
molecular weight and appreciable vapor pressure at room temperature. The higher molecular 
weight analogs ofbenzene.are naphthalene and anthracene. Unfortunately, the melting point 
of naphthalene is 80°C and that of anthracene 213°C, totally precluding both as possibilities. 
In general, it will be difficult to find analogs of higher molecular weight that are liquid and 
not highly viscous at room temperature. Some forms of mineral oil have reasonably low 
volatility and viscosity at ambient temperature. One such oil was tested and produced a 
Henry's law constant of 0.24. This is discussed further in Section 3.7. 

Rather than look for further data on aliphatic liquids, we used a generalized and 
varia~le Henry's law constant to assess the potential of gas absorption for. CS2-recovery. If 
absorption seems viable in general, further searching for favorable liquids could proceed as 
outlined above. 

3.3 ABSORPTION TOWER ANALYSIS 

With these simple ideas concerning ideal solution and Henry's Law in mind, it is 
possible to evaluate CS2 absorption in general terms without the need to define the vapor­
liquid equilibrium of CS2 and various absorben~s explicitly. We fIrst set up an absorption 
tower analysis procedure from which we developed a family of absorption tower computer 
programs. Their use with variable inputs allowed general conclusions about CS2 removal and 
recovery to be reached. 

The computer programs are based on common fundamental absorption tower 
calculations.42 First, an overall CS2 balance on the absorption column is performed to define 
an "operating line." The mass transfer coefficients for CS2 transport from gas to gas/liquid 
interface and from gas/liquid interface to liquid are estimat~d. The operating line, the mass 
transfer coefficients, and Equation 4 with an assumed K are used to estimate the required 
absorption tower height for a given condition of CS2 absorption. The details of these 
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calculations, along with the main Fortran computer program that was developed, are 
presented in detail in Appendix A. 

3.3.1 Tower Diameter 

The prQgTams were used first to determine the effect of tower diameter on the 
required number of towers. The towers were assumed to be packed with l-in. Raschig rings. 
A hypothetical absorbing liquid with Henry's law constant K =0.5 was assumed. The towers 
also were assumed to receive air contaminated with 100 ppm CS2 and to emit cleaned air at 
10 ppm. The effect of moisture in the ~ was not ad~essed explicitly but was lumped with 
other effects that may slightly increase the Henry's law constant. The hypothetical 
absorption liquid was assumed to have zero vapor pressure and the molecular weight (102) 
and viscosity of propylene carbonate (a common absorption liquid). To show the effects of 
pressure, individual plots for various total operating pressures (minus the required pressure 
drop) are included in the graphical presentation to follow. The calculations are based on 
optimizing the liquid rate required for the 400,OOO-cfm flow of the CS2-contaminated air and 
iterating to match bed depth to. available pressure .drop.A "flooding curve," taken from Perry 
and Chilton's Chemical Engineers' Handbook,43 was incorporated numerically into the code 
and is shown in Figure 3.2. 

Thus, the total cross-sectional area is fixed by the liquid and gas rates and other 
settings mentioned above, the necessity to obtain optimum gas/liquid contact, and the 1 in. 
of H20 per foot of gas side assumed pressure drop in the tower. The parameters used in the 
calculations to follow are, in general, shown in Table 3.3. As shown in Figures 3.3a and 3.3e, 
absorption bed depth and gas superficial velocity are constant as tower diameter is varied. 
However, variation in tower diameter changes the number of towers required because the 
total cross-sectional area is fixed for a given pressure. Tower diameter is plotted against the 
required number of towers in Figure 3.3b. If only one tower is to be used and inlet pressure 
is 1 psig (plus the required pressure drop), the tower must be much larger than 30 ft in 
diameter. However, if30 towers are used they need be only approximately 7 ft in diameter. 
Because towers 12 ft in diameter, the largest that can be obtained from vendor stock, are less 
expensive than field-prefabricated towers, and are common for large gas flows, this diameter 
was chosen as the standard for further analyses. Figure 3.3b shows that approximately 12 
towers 12 ft in diameter would be required to handle the Teepak air at 1 psig. If the air were 
compressed to 100 psig, only five towers would be required. 

3.3.2 Superficial Velocity 

As shown in Figure 3.3e, the superficial gas velocity for the absorption tower is 
274 ftlmin for 1 psig. This figure is calculated by: . 

v = (QI(NT AT»(P/(P + 14.7)) (8) 
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TABLE 3.3 Values Used in Gas Absorption 
Calculations 

Parameter Value 

Liquid density (lb/ft3) 74.5 

Liquid molecular weight 102 

Liquid viscosity (cp) 0.3 

CSfliquid diffusion 5.0 x 10-5 

coefficient (ft2/hr) 

Tower diameter (ft) 12 

Outlet CS2 concentration 10-5 

(mole CS2 + mole air) 

Inlet- CS2 coneentration 10-4 
(mole CS2 + mole air) 

Inlet liquid loading 0 

Optimum liquid rate multipliera 1.5 

Air viscosity (cp) 0.018 

CSz'air diffusion coeffi<;ient (ft~/hr) 0.62 

Inlet pressure (psig) 1.0361 

Outlet pressure (psig) 1.0 

a See Appendix A, Section A.2. 

In this formula, Q is volumetric rate, NT is number of towers, P is 1 psig plus pressure drop 
requirements, and Ar is cross-sectional area. To determine ifthis velocity is ofa proper order 
ofmagnitude that is compliant with common absorption tower operating norms, an empirical 
factor called a "v-load" term44 is calculated: 

(9) 

where V is superficial velocity in ftJs and the ps are vapor and liquid densities. For the 
1-psig case, we obtain V10ad ::: 0.154. V10ad should vary between 0.05 and 0.3; therefore, 0.154 
is acceptable, and the calculated gas velocity is appropriate for the I-psig case. 
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FIGURE 3.3c Superficial Velocity vs. Diameter 

3.3.3 Operation at Elevated Pressure 

For higher pressures, V10ad would drop to about 0.015 below the suggested low, ifit 
is assumed that velocity drops according to the reduced volumetric fl..ow and that pr~ssure 

drop is constant. Thus, it may be concluded that at higher pressures, higher velocities should 
be used (providing additional pressure drop), further reducing the required number of towers. 

However, compression of400,000 cfm of air is very costly. Figure 3.4, prepared from 
data supplied by Ingersoll Rand,45 shows a plot of approximate capital costs for compressors 
versus pressure. Also plotted is brake horsepower, a number proportional to power 
consumption and thus to compressor operating costs. A trade-off between the compression 
costs and the samgs in tower costs through compression could be possible (see Figures 3.3b 
and 3.4), provided a reasonable estimate of tower costs is available. Tower height is analyzed 
further after the following brief discussion of the advantages to Teepak of concentrating CS2 
emissions into less air. 

3.3.4 Reduction.in Air Rate by Concentrating CS2 

IfCS2 could be concentrated, the number of towers required would be reduced. The 
absorption computer programs again were us~d to demonstrate this effect. Figures 3.5a and 
3.5b show the variation in required bed depth and number of 12-ft-diameter towers as the 
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CS2 is concentrated into less air. Pressures of 1, 5,20, and 100 psig are shown. If, for the 
1-psig case, the Teepak CS2 flow (8.4 Ib/min) were dispersed into less air to increase the 

· concentration·to 200 ppm, approximately six towers would-be required. However, if the CS2 
were concentrated into the same amount of air and the air was compressed to 100 psig, only 
2.6 towers would be required. Because the" curve of Figure 3.5b is steepest at lower 
concentrations, most of the advantage of concentration occurs below 800 ppm. For example, 
for the 1-psig case, concentrations from 100 ppm to 800 ppm reduce the number of towers 
from 6 to 1.5, but concentrations from 800 ppm to 2,000 ppm only reduce the number of 
towers from 1.5 to 0.6, an additional one-tower reduction. 

3.3.5 Tower Height Dependence 

. The number of towers required, while important, is not the only dilemma in gas 
absorption of CS2• The ability of the liquid to absorb CS2 and the rate of mass transfer of 
CS2 from gas to liquid will determine the bed depth (tower height), a very important 
economic factor. Bed depth depends on many factors, but three are especially important: 

•	 The Henry's law constant (K) will define the ability of the liquid to . 
absorb and hold CS2. 
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•	 The inlet concentration of CS2 in the air will affect the ability of the 
liquid to absorb C82, and it also will affect the rate of mass transfer of 
C82 from the gas into the liquid. . 

•	 The outlet concentration of CS2 defmes the required· efficiency of 
separation; therefore, bed depth depends directly on this factor. 

The effect of inlet concentration was discussed in the previous section. Next, the 
effects of Henry's law constant and outlet concentration will be explored. 

3.3.6 Effect of Henry's Law Constant 

Figure 3.6a shows the variation of bed depth as K ranges from 0.1 to 1.0. Table 3.3 
contains the other important inputs for this calculation. Figure 3.6b shows'how the number 
of towers varies with Henry's law constant. This constant affects the number of towers 
because highly absorbing liquids (with low K) require less liquid flow to remove the same 
amount of C82• Additional .gas. can then be s.ent through each tower, thus reduciI!g the 
required number of towers. This effect is also seen in Figure 3.6c; superficial gas velocity is 
higher at low K. The slopes of the curves for all pressures are small, so K does not have a 
large effect. 

In regard to the discussion of absorbing liquids presented previously, one possibility 
would be a Henry's law constant a few percent higher than the ideal solution case, say 
K = 0.5, whjch (as shown in Table 3.1) may be achieved by decalin. Figures 3.6a and 3.6b 
predict, for the 1-psig case, that 12 towers. 13.7 ft high and 12 ft in diameter would be 
required. Pressure at 100 psig, for the It = 0.5 case, would reduce the requirements to five 
towers 9.9 ft high and 12 ft in diameter. Reducing K to lower values does not help much, 
because the slopes of the curves are shallow. For example, if a liquid with K =0.1 was found, 
10 towers 12 ft high would be required to clean the gas to 10 ppm for the 1-psig case and four 
towers 7 ft high for the lOO-psig case. 

3.3.7 Effect of Outlet Concentration 

Figures 3.7a and 3.7b depict the effect of changing the outlet concentration 
requirements. In these figures, tower height and number of towers are plotted against outlet 
concentration for four different pressures and the standard case (towers 12 ft in diameter, 
400,000 cfm, K = 0.5, and 100 ppm inlet). As shown in Figure 3.7a and as expected, the 
outlet concentration has a large effect on bed depth. However, Figure 3.7b shows that the 
outlet conc~ntration has only a relatively small effect on number of towers. If we take the 
most favorable hypothetical case, in which it is assumed Teepak is only required to clean the 
gas to 40 ppm (a very unlikely situation given the current clean-air laws), and if an absorbing 
liquid ofK =0.5 were available, then Figures 3.7a and 3.7b predict that about 11 towers 5 ft 
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high would be required at 1 psig and five towers 4 ft high at 100 psig. Conversely, if the gas 
must be cleaned to 2 ppm, then twelve 25-ft-high towers would be required at 1 psig. It can 
be concluded that, given the Teepak case of 400,000 cfm of 100 ppm CS2, the degree of 
cleanup required will have a large effect on the cost of a gas absorption recovery system. 

3.3.8 Effect of Pressure Drop 

The pressure drop usually associated with gas absorption is between 0.5 and 1.5 in. 
H20 per foot of bed. If additional pressure drop is used, the velocity of gas flow will increase 
and more gas can be forced through a given absorption tower. Therefore, the required 
number of towers will decrease, as shown in Figure 3.8b. But the figure also shows that the 
curves flatten out with increasing pressure drop. In addition, bed depth increases with 
pressure drop, as shown in Figure 3.8a. We thus may conclude that there is no advantage 
to increasing pressure drop above approximately 1.0 in. H20 per foot. 

3.4 MASS-TRANSFER COEFFICIENT 

The least accurate part of the bed depth calculation is the estimation of mass­
transfer coefficients in the tower. The gas film transfer coefficient (kg) controls the rate of 
transport of CS2 to the liquid surfaces. The liquid film transfer coefficient (kl) controls the 
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rate of tra~sport of CS2 into the bulk liquid. In the absorption tower model used to prepare 
Figures 3.3a through 3.8c, these coefficients were obtained by using well-known correlations, 
which are the best ,available but are probably less accurate than most correlations used for 
other, simpler, heat- and mass-transfer applications. For the gas side coefficient, the 
correlation of Taecker and Hougen46 was used. For Raschig rings, this correlation is: 

(10)
 

where ~ is a factor for Rashig rings, G is the mass velocity of the gas stream in lb/hroft2
, Dg 

is the gas phase diffusion coefficient, and M is the average gas molecular weight (about 
29Ib/mole). 

For the liquid side coefficient, the correlation of Shulman47 was used: 

(11)
 

where D1 is liquid-phase diffusion coefficient (ft2/hr), D is the diameter of a sphere that hasp 
the same surface area as an element of packing, L is liquid rate (lblhr-ft2), arid PI is liquid 
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density. Similar correlations have been shown to reproduce data from a large variety of 
packed tower systems to accuracies of ±30% for gas side coefficients.43 

Therefore, varying these coefficients over a range larger than the possible error 
bands is valuable in assessing the effect on bed devth and determining if an inaccurate mass 
transfer coefficient could change the current assessment of gas absorption for CS2 recovery 
significantly. In the case where Henry's law constant (10 is 0.5, pressure is 1 psig, and CS2 
concentration is 100 ppm in and 10 ppm out, tower height changes as both the gas and liquid 
coefficients (kg and k1) are varied (see Figure 3.9). The values of kg and kl ~calculated from 
Equations. 10 and 11) were multiplied by factors ranging from 0.1 to 2.0, so that the 
variation was from 10% to 209% of the estimated value. The adjusted kg is plotted on the 
horizontal axis in Figure 3.9, and each curve represents a different multiplication factor for 
kg as shown. When the kl multiplication factor is 1.0 and the gas-side mass-transfer 
coefficient (kg) is varied from 0.7 to 1.3, a ±30% range, tower height will change from 18 ft 
to about 11 ft. The variation in tower height for this ±30% variation in kg is +38% but only 
-15%. Therefore, around the 13-ft mean the gas phase coefficient has a much larger effect 
if it is in eITor on the minus side. For example, a -75% elTor will increase tower height by 
21 to 34 ft, while a +75% eITor will reduce tower height by only 4 to9 ft. ·"This effect also 
occurs for liquid phase coefficients. As seen in the figure, if kg were underestimated by an 
order ofmagnitude, the estimated tower height would rise from 13 ft to 49 ft, while if it were 
overestimated by an order of magnitude, height would drop from 13 ft to 11 ft. 

From these results, we may conclude that, within the usual ±30% error band for 
mass-transfer correlations, tower height may be estimated too high but is not likely to be 
estimated significantly too low as a result of using the correlations (Equations. 10 and 11). 
In any case, the error is not likely to exceed 40%. 1 

3.5 LIQUID PROPERTIES 

In Section 3.2, it was shown that an aliphatic liquid potentially could produce a 
Henry's law coefficient for CS2 solubility of 0.5 or lower. This liquid could be some type of 
paraffinic oil of unknown density, viscosity, and molecular weight. Rather than estimate 
these properties for an unknown fluid, we used the properties of a common gas absorption 
liquid, propylene carbonate; in the calculations.48 Because these liquid prop~rties, along with 
the liquid diffusion coefficient, are used to calculate the mass-transfer coefficient, it is 
necessary to evaluate the sensitivity of tower height estimation to inaccuracies in these 
properties. The computer model was run with each property varying between -50% and +50% 
of the values in Table 3.3. The results are given in Figures 3.10a and 3.10b. For example, 
the liquid density used in these calculations was 74.5 Ib/ft3, so in the figures the variation 
in tower height and number of towers is given as ~ function of liquid density as it varies from 
37.25 lb/ft3 to 111.75 Ib/ft3. Similarly, the liquid molecular weights varied between 51 and 
153, liquid viscosity between 0.15 cp and 0.45 cp, and diffusion coefficient between 
2.5 x 10-5 ft2/hr and 7.5 x 10-5 ft2/hr. All these properties attain the values used in previous 
calculations and meet at a common point in the center of the figures. Results for larger 
variations are given in Section 3.7. 
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Figure 3.l0a shows that the variation in tower height for ±50% variation of the 
liquid properties is as follows: density ±l8%, viscosity ±3%, molecular weight ±5%, and 
diffusion coefficient: ±9%. From Figure 3.l0b, we see that varying molecular weight, 
viscosity, and diffusion coefficient has a negligible effect on number of towers but that 
varying liquid density has a noticeable effect. From this result, we may conclude that, for 
limited variation of liquid properties other than density, the effect on 'tower height and 
number of towers is well within the band created by uncertainties in mass-transfer 
coefficient. Therefore, the estimates in Section 3.3 will apply to other possible liquid solvents 
of similar density. However, solvents with different densities could produce different results 
and should be accounted for. For example, most hydrocarbon densities are about 56 Ib/ft3. 

Figures 3.l0a and 3.l0b show that, at this density, such a solvent requires a correction of 
1.6-ft tower height reduction; also, five additional towers are required for such a solvent. 
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3.6 ABSORPTION TESTS
 

The results of Section 3.5 clearly show that the physical properties of the absorbing 
liquid are important, even within the likely error band of ±30%. As mentioned in 
Section 3.2.2, Henry's law constant can be expected to be 0.5 or less for aliphatic oils. Such 
oils can have m'uch larger variation in physical properties than those investigated in 
Section 3.5. For example, Kaydol, a mineral oil distilled from petroleum by Witco 
Corporation, is 100% saturated hydrocarbon and should be a good absorbent for C82. A 
.comparison of the physical properties of Kaydol and propylene carbonate is given in 
Table 3.4. 

The ability ofKaydol to absorb CS2 at 100 ppm was measured by modifying the ANL 
dynamic adsorption test rig (see Section 4.1.2 for a discussion of the adsorption test rig). 
Figure 3.11a shows a schematic of the modified test rig. Metered air is mixed with metered 
CS2"air to produce a flow of air with 100 ppm C82• The mixture is p~eheated by an oil bath 
and flows into a sparger that bubbles the gas through Kaydol. Absorption is detected by 
semicontinuous measurement of CS2 concentration in the off-gas with the flame photometric 
detector· of a' gas chrom·atogmph.·Ther-esult8()f. one -such t-est ar-esohown in Figure 3.11b. 
The loading is calculated by integrating the difference between inflow and outflow over time. 
As shown in the figure, the loading of 4.03 x 10-4 mole CS2 per mole Kaydol translates into 
a Henry's law constant of 0.248. This value indicates that CS2 has a high affinity for Kaydol. 
Therefore, Kaydol is, relatively, a very good absorbent for CS2• However, at 100 ppm, the 
partial pressure of CS2 relative to its vapor pressure at the same temperature is very small; 
therefore, the magnitude of loading of CS2 in Kaydol is very small. 

3.7 KAYDOL ABSORPTION CALCULATIONS 

Figures 3.12a and 3.12b were prepared with the absorption tower model in 
Appendix A and with the pressures, diffusion coefficients, inlet-outlet concentrations, and 
other nonliquid property constants of Table 3.3 (similar to the calculations in Section 3.3). 
The physical property constants were those of Kaydol. These figures depict the model's 
prediction of variation in absorption ·bed depth and in number of towers when Henry's Law 

TABLE 3.4 Properties of Absorption Liquids 

Propylene 
Property Carbonate Kaydol 

Density (lb/ft3) 74.5 54.7 
Molecular weight 102 424 
Viscosity (Cp) 
CS2 diffusivity (ft2/hr) 

0.3 
5 x 10-5 

58.82 
2.5 x 10-6 
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constant is varied and when an absorbing liquid with the physical properties of Kaydol is 
used (see Table 3.4). Figures 3.13a and 3.13b show the results when propylene carbonate 
properties are used for the absorbing liquid. The effects ofvery different physical properties 
are evident from a comparison of the two sets of curves. For example, it is clear that an 
absorption system that uses a liquid with Kaydol properties requires significantly more 
absorption bed depth and more towers than a system that uses a liquid with propylene 
carbonate properties. The additional requirements depend on the magnitude of the liquids' 
Henry's law constants, but in general, as seen in the figures, additional requirements exist 
for all values of Henry's Law constant. 

To discern the effect ofHenry's law const~t more easily, additional plots were made 
as liquid viscosity was varied for two different values of Henry's law constant. The plots are 
shown in Figures 3.14a, 3.14b, 3.15a, and 3.15b. From this comparison, it can be seen that 
at 1 psig, a reduction in Henry's law constant from 0.5 to 0.25 reduces bed depth by an 
average ofless than 1 ft and reduces tower requirements by two. We conclude that reduction 
of Henry's law constant is not a highly effective means of reducing the cost of CS2 gas 
absorption (see also Figures 3.6a and 3.6b). Therefore, in this case the effects of physical 
properties of the absorbent exceed those of other factors. 

Figures 3.16a, 3.16b, 3.17a, and 3.17b depict the effect of CS2 diffusivity in the 
liquid. The first two figures were obtained from computer runs that used the diffusivity of 
propylene carbonate (5 x 10-5 ft2Jhr), and the others were obtained by using the Kaydol value 
(2.5 x 10-6 ft2Jhr). From this comparison, it can be seen that diffusivity has a large effect on 
required bed depth, which more than doubles as diffusivity drops from that of propylene 
carbonate to that of Kaydol. 

Figures 3.18a and 3.18b, as compared with 3.19aand 3.19b, show the effect of liquid 
density. Under the conditions described in these figures, the 36% increase in density from 
propylene carbonate to Kaydol is seen to have a relatively small effect. 

Figures 3.14a through 3.19b demonstrate that an increase in molecular weight tends 
to increase the number of towers significantly but reduce the bed depth. 

In summary, Figures 3.12a through 3.19b make it clear that reducing the molecular 
weight and viscosity of the absorbent will tend to reduce the number of towers, while 
increas~g the molecular weight, viscosity, and diffusivity will reduce bed depth. Reduced 
density also tends to reduce bed depth. Because diffusivity has a relatively large effect on 
bed depth, the best compromise probably would be to look for a liquid with high diffusivity 
(to reduce bed depth) but also with low viscosity and molecular weight (to reduce the number 
of towers). 
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3.8 SYSTEM REQUIREMENTS FOR GAS ABSORPTION 

3.8.1 Liquid Pumping 

Because CS2 loading is very low for any absorption liquid in contact with 100 ppm 
CS2 in air, a large flow of liquid would be required. Calculations outlined in Appendix A 
show that about 7,000 gallons per minute (gpm) of tota! absorbent flow would be required at 
about a 30-ft head. Pumping tables43 show that this flow would utilize about seven 
1,000-gpm centrifugal pumps. The cost of the pumps would be roughly $30,000. 

3.8.2 Desorption Heating Requirements 

To recover the small concentration ofCS2 in the absorption liquid, all the liquid must 
be heated to at least 300°F (150°C). The flow rate of liquid, as shown in Appendix A, will be 
about 40,000 molelhr. For paraffin-based oils, specific heat is approximated with the 
formula:43 

(12)Cp = 0.425/d 1/2 + O.0009(t - 15) 

where C is in cal/g·oC (or Btullb·oF), d is density (g/cm3), and t is temperature (OC). Thep 
total heating requirement for desorption, therefore, can be estimated as a function ofheating 
temperature for absorbing liquids of various densities and molecular weights. For example, 
to heat 4 x 104 molelhr Kaydol (d = 54.7/62.4 = 0.877, molecular weight = 424) from 77°F· to 
300°F requires 2 x 109 Btu/hr. Steam tables show that the heat ofvaporization of saturated 
water at 300°F and 69 psi is 907.4 Btullb. Heating the Kaydol thus would require about 
2.2 x 106 lblhr of saturated steam at 300°F and 69 psi. 

Figure 25-3 in Perry's handbook43 indicates that the installed cost in 1969 of a steam 
generation package providing 3 x 105lblhr of low-pressure steam is $1.2 million. Assuming 
6% yearly inflation from 1969 to 1992, the installed cost of a dedicated steam plant for the 
Teepak absorption system would be about $1.2 x 106(1.06)23 (2.2 x 106)/(3 x 105) = $33 
million. This very large cost is the result of the low CS2 conce.ntration in the Teepak air 
emissions. 

3.8.3 Desorption Processing 

As mentioned in the previous section, desorption requires vac.uum heating to reduce 
the ability of the liquid to hold CS2• To approximate the vapor-liquid equilibrium CS2 
concentration under the evacuated and heated conditions, we assume Raoult's law applies: 

(13) 
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where P is total pressure, y is the mole fraction of CS2 in the vapor, po is vapor pressure of 
pure CS2 at the system temperature, and x is the mole fraction of CS2 in the liquid. 

To use Equation 13, CS2 vapor pressure data are required. Perry's handbook43 

provides such data for QOF to 120°F.. Because higher temperatures· are required, the data 
plotted in Figure 3.20 have been extrapolated. Thus, on the basis of classical 
thermodynamics, vapor pressure will have an exponential relationship to temperature (i.e., 
the Clausius-Clapyron equation applies): 

(14) 

From the figure, MI/R = 5966.5 and C = 13.066. Eqquation 14 can now be used to obtain 
the pure CS2 vapor pressure, given any value of TR. 

If desorption is assumed to occur at subatmospheric pressure in a heated vessel, 
Equations 13 and 14 (along with the original CS2 10ading of the desorption liquid, ~) can be 
used to estimate the percent recovery. For this calculation, it "is assumed that 
thermodynamic equilibrium is attained in the desorption vessel. Let F ~ equal moles of 
CS2 per second carried with the inlet solution into the vacuum stripper and Fs = moles of 
solvent carried in per second. The inlet mole fraction of CS2 is thus: 

(15) 

This equation can be rearranged to give the molar rate of CS2 into the stripper: 

(16) 

Let F ~ =moles CS2 per second out of the vacuUm stripper as carried with the solvent: 

(17) 
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where X is the mole fraction of CS2 in the solution leaving the stripper. Let Q be theo 
percentage of CS2 recovered by vacuum stripping of the inlet solution: 

Q = lOO(F i _ F o)/F i (18) 
c c c 

Substituting Equations 16 and 17 ~to Equation 18 and rearranging the order, we obtain an 
expression for Q in terms of inlet and outlet CS2 mole fractions: 

(19) 

Let us assume Raoult's law applies to the solution leaving the vacuum stripper. From 
Equation 13, we have 
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(20) 

We further assume that at the temperature and pressure of the vacuum stripper, the solvent 
has negligible vapor pressure compared with dissolved CS2• Therefore, Yo = 1 and 
Equation 20 becomes: 

(21) 

Outlet mole fraction (x )' can be written in terms of T (temperature in OF) and P (pressureo
in psi of the vacuum stripper) by combining Equations 21 and 14. . 

X = P/472597.8 exp(-5966.5/(T + 460») (22)
o 

Combining Equations 22 and 19 allows the percentage recovered (Q) to be calculated in terms 
of inlet mole fraction (~), temperature of the desorber (T), and desorption absolute pressure 
(P). Figures 3.21a through 3.21e were prepared by us~g Equation 19 to show the 
requirements for vacuum stripping recovery, assuming the solution is ideal in the sense of 
Raoult's law. As seen in previous sections, solvents with good ability to hold CS2 would be 
near-ideal. Solvents that could load up higher in CS2 than near-ideal solutions would.not be 
ideal, but they would be very difficult to desorb. Thus, the ideal assumption is reasonable 
for estimates of desorbability of CS2. 

For perspective, we first recall from Appendix A that the maxim.um loading of 
absorption liquid with a Henry's law constant of 0.48 is ~ =1.39 x 10-4• Also, the measured 
maximum loading of Kaydol was ~ =4.028 x 10-4, as shown in Figure 3.11b. 

We fIrst assume ~ = 1 x 10-4 and ask what vacuum stripper temperatures and 
pressures are required to obtain at least 80% recovery of CS2. From Figure 3.21a, it is clear 
that recovery of CS2 from a solution for which ~ =1 x 10-4 is not feasible. Recovery of 80% 
at 300°F would require a pressure of about 0.01 psia, an expensive process vacuum to 
maintain. To desorb at 0.5 psi would require a temperature of 1,600°F. Again, this level is 
clearly infeasible, b·ecause most solvents would be destroyed at such a temperature. 

Figure 3.21b shows that, if ~ =5 x 10-4, 500°F and 0.1 psia are required for 80% 
recovery. Temperatures above 900°F are needed if a 0.5-psia vacuum is used. This 
requirement clearly would be very expensive. 

Figure 3.21c shows that, at ~ =50 x 10-4, a potentially feasible temperature of300°F 
would require a 0.2-psia vacuum. A 1.0-psia vacuum still would require 500°F, a 
temperature close to the threshold of decomposition for many organic solvents. 
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Figure 3.21d shows that, at ~ =0.01, a 300°F recovery is possible at 0.4 psia. Figure 
3.21e shows that, if the liquid could be concentrated to 0.1 mole fraction of CS2, vacuum 
stripping would work well, resulting in 80% recovery either at 10 psia and 400°F or at" 4 psia 
and 300°F. 

On the basis of the results given above and in Sections 3.8.2 and 3.8.3, we must 
conclude that, although gas absorption could be used to remove CS2 from the Teepak 
emissions at a high bu~ possible plant cost, the recovery of CS2 from the necessarily large 
absorption liquid flow is economically infeasible. Furthermore, because the absorption liquid 
could not be regenerated, the possibility of using gas absorption as a removal method only 
would be precluded. 
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4 GAS ADSORPTION
 

4.1 PRELIMINARY ANALYSES 

4.1.1 Adsorbents 

An extensive literature study was conducted to identify the adsorbents best for CS2 
recovery. The following items are the main conclusions from that effort: 

•	 CS2 has the following properties: no permanent polarity, no hydrogen. 
bonding, and very high polarizability. Because these characteristics are 
roughly those of aliphatic hydrocarbons and also are close to those of 
benzene and certain other special aromatics, it was supposed that 
polymeric adsorbents that were styrene-based and had aliphatic linkages 
would be good candidates. 

•	 Activated carbons can be manufactured in·a nonoxidizing·environment, 
thus nearly eliminating oxygen functionaIities on the internal surface. 
Such materials are termed "H-carbons." The internal surfaces of 
oxygen-free carbon resemble graphite. Because graphite has no polarity 
and is highly polarizable, it was believed that H-carbons should be 
studied extensively. A variety of different H-carbons are available 
commercially, and it was decided that a range of these could offer good 
possibilities. 

•	 It is well known that CS2 can react with amine groups to form a weakly 
bonded chemical compound. Furthermore, this reaction can be reversed 
with mild heating. It was suggested that, ifpreparation of the internal 
surface of an adsorbent to carry amine groups was possible, this surface 
would make CS2 adsorption possible. On the basis of the literature 
(mostly electrochemical studies), it was found that amine functionalities 
can be bonded to surfaces containing hydroxyl groups. Because both 
silica gel and. alumina contain hydroxyl groups on their internal 
surfaces, it was decided to learn the techniques of preparing amine­
functionalized silica gel and alumina adsorbents. 

•	 Zeolites are well-known adsorbents for many separation problems. 
However, zeolites generally adsorb water more strongly than most other 
substances. Therefore, if water is present in the mixture to be 
separated, it will adsorb strongly and poison the surface for other 
adsorbents. This effect is especially relevant for CS2, which has physical 
adsorption characteristics very different from those of water. 
Unfortunately, the Teepak emissions that carry CS2 are usually 
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saturated with water vapor. Therefore, common zeolites are not believed 
to be good candidates for an adsorption process at Teepak. 

In recent years, however, several hydrophobic adsorbents have been 
developed, mostly by Union Carbide Corporation at its research facility 
near Tarrytown, New York. One of these, called Silicalite, is made of 
silica and has a zeolite structure but does not contain the metals that 
tend to make common zeolites hydrophilic. Another hydrophobic zeolite 
material now being tested at Tarrytown is called Purasiv. It ma:r be 
that these materials, because of their alleged hydrophobic charac­
teristic~, could load well with CS2 in the presence of water. 

•	 Activated alumina, common zeolite, and silica gel are used extensively 
as adsorbents in process industries for many types of separations. In 
spite of the hydrophilic nature of these materials, it was believed they 
should be tested for CS2 adsorption. 

•	 A large number of .prepared adsorbents are us.ed in laboratory and 
industrial processes such as chromatographic separations and ion 
exchange. Although these adsorbents are only available in small 
quantities and are very expensive, it was decided that several of these 
should be tested for CS2 adsorption. 

4.1.2 Adsorbent Test Rig Design 

A gas adsorption ~dynamic test rig' with the folloWing features was designed: 

•	 Variable flow rate of adsorbent gases'; 

•	 Precise control of flow by using accurately calibrated gas rotometers; 

•	 Ability to adjust mixing to allow any concentration of mixed gases to be 
sent to the adsorption column; 

•	 Variable length of adsorption column to adjust for materials of widely 
varying mass transfer zones; 

•	 Ability to detect effluent from the adsorption column at concentrations 
as low as 1 ppm CS2 (molar basis) by using a flame photometric detector 
that is part of the Shimadzu gas chromatograph purchased for the 
project; 

•	 Continuous, automatic, and unattended sampling with automatic 
readout and programmable time-delay between samplings; 
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•	 Accurate temperature control of the column at settings between DOC and 
170°C; and 

•	 Desorption testing ofvariable desorption gases, adjustable temperature, 
and a large range of flow dilution (to allow the flame photo.metric 
method to detect high absorbate concentration). 

4.1.3 Modeling 

The literature was searched extensively for ·~vailable models that would allow the 
anticipated experimental data to be cOITelated and would"estimate the practicality of a given 
adsorbent for the Teepak situation. A large amount of arcane information was found. 
Generally, adsorption modeling methods are based on nonsteady solution of partial 
differential equations, and the results are not easy to use in a practical way. We wanted to 
frnd a simple method that could be used to estimate the length of the mass transfer zone in 
adsorption (early tests at Teepak indicated large mass transfer zones for many adsorbents). 
In particular, the effect of particle size.is .important, as both mass transfer zone length and 
pressure drop requirements depend, at least in part, on particle size. 

As a result of this search, we developed a set ofcomputer programs that will produce 
a preliminary process design (number of towers, tower height, tower diameter, pressure drop 
requirements, etc.) given the characteristics of the adsorption isotherm for an adsorbent. 
These programs are based on the work of Basmadjian.49 Details are given in Appendix B. 

4.2 LABORATORY ADSORPTION TEST RIG 

4.2.1 Procurement 

In general, construction of the test rig followed prior planning, but some delays 
affected the schedule. 

It was originally planned to purchase a Hewlett-Packard Gas Chromatograph with 
a custom flame photometric detector, an automatic sampling valve, and a programmable 
controller. However, the low bid was for a comparable model from Schimadzu Scientific 
Instruments, Inc. Because we were unfamiliar with this equipment, it was necessary to 
study the system before it was used. From this study it was determined that an automatic 
sampling valve was necessary. The valve was developed with the help of Schimadzu 
technicians. The Shimadzu equipment performed adequately. 

It was originally planned to use an automatic machine to obtain adsorption 
isotherms for each ofthe adsorbents. Accordingly, Porous Materials, Inc. (Ithaca, New York), 
was asked if it could supply a BET machine that could be used with CS2 at very low 
pressures. (The concentration of CS2 in the Teepak air is only 100 ppm, the mole fraction 
is only 10-4, and the partial pressure is less than 0.00015 psi.) Porous Materials assured us 
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that it could provide an adequate machine, won the bid, and promised delivery before 
March 31, 1991. When the BET machine still hadn't been delivered by May 15, the latest 
date it could be of use to the project, the purchase contract with Porous Materials, Inc., was 
canceled. Fortunately, the dynamic test rig, coupled with the Basmadjian model, was 
adequate for adsorption evaluations. 

4.2.2 Fabrication 

Construction of the adsorption test rig began in April 1991. An angle-iron frame was 
built to hold the five flow controllers and tubing. A. constant-temperature oil bath was 
purchased and tested for temperature controllability. It was found to be ade"quate at ±O.5°C 
control for both adsorption temperature (25°C) and desorption temperature (about 150°C). 
Delivery of the Schimadzu gas chromatograph with flame photometric detection was 
somewhat delayed; when it arrived, it was necessary to construct an electronic timing and 
trigger device that would automatically activate the air-driven sampling switch and allow 
adjustment by the programmable gas chromatograph controller. 

Figure 4.1 shows the layout of the test rig. The fIrst rotometer controls the flow of . 
dilution air, which mixes with the flow of CSiair from the 1,OOO-ppm CS2/air tank. The 
relative settings of these flow meters can produce an adsorption column feed stream with any 
CS2 concentration between 0 ppm and 1,000 ppm. 

This mixing feature is especially important because it allows the adsorbent to be 
equilibrated with any concentration of CS2, effectively producing an isotherm point for the 
given material in the adsorption column. Because the flame photometric detector can det~ct 

and record very low CS2 concentrations, it is possible to determine sorbent loading without 
weighing the column - simply by ,integrating the difference between inflow and outflow of 
CS2 continuously. 

The other rotometers control the flow of nitrogen to the column and to the flame 
photometric detector. Since CS2 is highly ignitable (autoignition temperature ofabout 100°C) 
and carbon is very combustible, the column cannot be desorbed safely with air. Nitrogen 
must be used, and the consequent features are incorporated into the rig design. One 
rotameter is used in desorption. Nitrogen dilution of the flow to the flame photometric 
detector is also necessary. During desorption tests, depending on the loading and retention 
characteristics of the column materials, larger CS2 concentrations must be measured. 
Concentrations of several thousand ppm CS2 can take up all the available detection band, 
and the reading will "peg out" at the high end. With the nitrogen dilution feature, the CS2 
concentration can be diluted until accurate continuous measurement is possible. 

The oil bath temperature controller has two important functions. First, it provides 
oil with.an accurately and precisely controlled temperature for external use. In this case, the 
bath's built-in pump is used to send the oil to an outer jacket around the adsorption column. 
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With a large column/jacket heat transfer area, the bath oil can control adsorption column 
temperature accurately. This control is especially important in desorption tests, which may 
require a temperature near 300°F. 

The second function is to provide temperature conditioning of the inlet air. In 
addition to the jacketing effect, the inlet gas to the column must be controlled or it is possible 
a cooler lower section of the adsorption column could tend to exaggerate the CS2 retention 
of a portion of the column and possibly skew the data. To prevent this, the inlet gas is 
passed through coils submerged in the bath fluid, as shown in Figure 4.1, and the 
preconditioned gas is sent directly into the column bottom. 

The adsorption column is made ot glass and is fitted with gas input and output 
sections of porous ceramic that allow an even distribution of flow into and out of the column 
with minimal possibility of channeling. The column length is variable; the maximum height 
is about 20 cm. The diameter is fixed. As mentioned above, the column is jacketed to allow­
accurate temperature control. The jacket also is made of glass and allows a cylindrical 
column of heat transfer fluid (in this case, oil) to flow upward. This fluid completely 
surrounds the adsorption column and is -separated only by the glass wall of the column. 
Temperature equilibrium is attained quickly and is maintained as long as the temperature­
controlled fluid continues to flow. 

4.2.3 Testing 

Testing of the adsorption rig components followed construction. The most critical 
feature. of the system, was the fl~e photometric d~tector. During the shake-down tests, it 
was found that, as mentioned previously, the d~tector could be overwhelmed at high CS2 
concentration~ and that, as a result, the desorption tests would be partly.ineffective, 
especially during early desorption. This finding required a slight redesign and refabrication 
of the test rig to incorporate the nitrogen dilution system shown in Figure 4.1. 

Calibration of the flame photometric response was a large part of the shake-down 
testing program. A very accurately prepared mixture of air and CS2 was purchased and, by 
using known dilution factors and rotometers 1 and 2, a calibration curve for CS2 over all 
possible levels was prepared. This step was considered especially important because the 
accuracy of any equilibrium measurement (as when the rig is used to estimate adsorp.tion 
isotherms) depends on the cumulative accuracy of outlet gas detection. 

Tests on actual adsorbents in the column demonstrated the importance ofminimizing 
flow resistance. Some of the tubing used in the system was one-sixteenth of an inch in 
diameter. When large flows were required, excessive pressure drap occurred and prevented 
testing at adsorption pressures near 1 psig. Accordingly, tubing of this size was replaced or 
made as short as possible. This correction reduced flow resistance and allowed adsorption 
to proceed at pressures near 0 psig. 
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Additional adsorption tests on activated carbon confirmed the assumption, made 
during experimental design, that fmal equilibrium column loading could be estimated with 
reasonable accuracy by continuously recording the CS2 concentration exiting the column and, 
at saturation (i.e., when outlet concentration equals inlet concentration), by subtracting the 
cumulative exiting CS2 mass from the cumulative entering CS2 mass. 

4.2.4 Adsorbent Preparation 

As discussed in Section 4.1, the adsorbents planned for testing were all commercially 
available except the amine-functionalized material.', Because no literature was found on 
preparing this material for adsorbent testing (although much experience exists in general 
silane functionalization),50 a large amount of exploratory work was necessary to develop a 
method that provided reasonable assurance that the surfaces actually were covered with 
amine. Because this work constituted a significant fraction of the effort expended in this 
project, a summary of the work follows. 

4.2.4.1 Organosilane Surface-Covering Procedure 

Liquid aminosilanes were obtained from Union Carbide (trade number AIIOO). They 
were dried by molecular sieve dehydration for several hours. Silica gel or activated alumina 
was prepared by drying overnight in an oven heated to l10aC. The silica gel was removed 
from the oven, allowed to cool for five minutes in a humidity-controlled vessel (50% relative 
humidity). This procedure introduced a consistent amount of water vapor onto the internal 
s¢aces of the absorbent. The dry AIIOQ was removed frpm the desiccqtor. The silica gel 
was dumped quickly into a beaker containing dry toluene, and the organosilane was added; 
then the mixture was stilTed for two hours. The reaction that o~curred was as follows. 

Excess water on the surface hydrolyzed the aminosilane (AllDO): 

(23) 

The hydrated silane then reacted wit~ chemically attached OH groups that are always 
present on the silica surface: 

Sufficient OH groups are estimated to exist on silica and alumina so that a monolayer of 
amino groups formed on the silica gel. 
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4.2.4.2 Estimation of Surface Reaction Effectiveness 

Silica gel with 300 m2jg should be able to attach 0.9 millimoles of aminosilane per 
gram of silica gel. To estimate the extent of this reaction, the solid was dried, treated with 
a known amount of 0.1 NHCl (0.1 N NaOH), and then titrated with base. This procedure. 
resulted in an average value of 0.62 millimoles/g, so the process was not 100% efficient. 
However, it was adequate and an adsorbent with attached amine was produced. Amine­
functionalized alumina was prepared by the same procedure, and the treated material carried 
an average of 0.56 millimoles of amine per gram. 

If it were assumed that ea~h amine func~io:b.ality could adsorb one CS2 molecule, 
then the maximum loading of the adsorbent would be about: «0.56 + 0.62)/2) (76 x 10-3) = 
0.045 g CS2 per gram adsorbent or, at equilibrium, the adsorbent would carry about 4.5% by 
weight of CS2• Because this loading is comparable to activated carbon's capacity for CS2, we 
were encouraged to continue the effort to prepare amine-functionalized adsorbents. 

4.2.4.3 Infrared Spectra of Amine-Functionalized Adsorbents 

To ensure further that the adsorberits were receiving the aID.inosilane on the surface, 
an extensive Fourier Transform Infrared (FTIR) analysis was conducted. Pellets ofKBr were 
prepared by mixing modified and unmodified adsorbents with a reagent grade of KBr 
(200 mg) and pressing the mixture into disks. The amount of adsorbent used varied from 
0.5 mg to 50 mg. However, the best results were obtained when the adsorbent weight was 
about 4 mg. 

The covalent bond (Al-O-Si) between the adsorbent and AllOO could not be observed 
from FTIR spectral observations because ofthe obscuring effect ofthe water regio~. However, 
the CH band (about 2,900 cm-I ) could be observed. Also, the area of the OH band (about 
3,500 cm-I ) was shown to decrease. By observing the CH peak and the OH peak, we may 
conclude that the alumina and Al100 are covalently linked. These results are shown in 
Figures 4.2 and 4.3, which are representative of the results for the other adsorbents. 

4.3 DATA COLLECTION 

Data from this study are from two sources. While the contract was being negotiated, 
while funds were not yet available, and later while ANL was waiting for delivery of items 
with long lead times (e.g., the Shimadzu gas chromatograph), Teepak agreed to undertake 
adsorption testing at the facility in Danville, Illinois. Accordingly, one of their on-line 
chromatographs, which already was calibrated for CS2/air detection, was modified to serve 
as a detector and constant temperature oven for a small adsorption column. With this 
equipment, Teepak tested the full range of adsorbents before the construction of the 
adsorption test rig at Argonne was complete. These data are presented below, along with 
data obtained using the Argonne test rig. The results are shown in Figures 4.4 through 4.9. 
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4.3.1 Common Adsorbents 

Silica gel, activated alumina, and the clay mineral mordenite (a material commonly 
used in nonprocess adsorption) were studied in the adsorption tests. As seen in Figure 4.4, 
silica gel, activated alumina, and unwashed mordenite have very little ability to clean CS2 
from air. In each case, CS2 was never reduced below 50 ppm, and breakthrough of the inlet 
concentration, 100 ppm, occurred in less than an hour. Water-washed mordenite had the 
most ability to hold CS2, but even in this case the 100-ppm flow was never reduced below 
40 ppm. Table 4.1 shows the loading attained for all adsorbents tested. Because the common 
adsorbents can hold little CS2, they are clearly unsuitable for use at Teepak. 

4.3.2 Prepared Adsorbents 

Several different substrates were reacted with aminosilanes to produce an adsorbent 
containing amino groups. Figures 4.5 and 4.6 show the ability of these materials to hold up 
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CS2. In each case, the aminosilane treatment resulted in no significant advantage for CS2 
removal. Some results were interesting, however; in particular, the amino treatment seemed 
to improve the ability of activated alumina to hold up CS2, but no such difference was noted 
for silica gel. 

One diphenyl silane treatment was tried; results indicated that the resulting 
adsorbent was very ineffective in holding up CS2• It had 100% holdup for a.few· minutes, but 
within 15 min the 100 ppm had nearly broken through. The results in Figure 4.5 were 
obtained by using materials treated with aminosilanes in ANL laboratories. A commercially 
prepared aminosilane/silica gel was obtained so that parallel tests could be run to'eliminate 
any possibility that the ANL material was not properly prepared (and therefore did not hold 
up CS2 properly). These materials, obtained from Waters, Inc., were tested in the ANL 
adsorption rig. The results are shown in Figure 4.6. The figures clearly show that the 
commercially prepared aminosilane/silica gel is not a better absorbent for CS2 than the ANL­
prepared materials. These treated adsorbents, therefore, have no practical value for CS2 
recovery at Teepak. . 
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4.3.3 Polymeric Adsorbents 

The polymeric adsorbents tested were obtained from Dow Chemical Company. They 
were styrene-based and, according to solubility theory, should have had at least some ability 
to remove CS2. Figures 4.7, 4.8,. and 4.9 show that, except for XUS-40285, which has some 
small holdup ability, these adsorbents are little better than the common adsorbents. As 
shown in Table 4.1, their loadings are better than those of the common adsorbents but are 
still relatively small. It must be concluded that the polymers have little potential for CS2 
recovery. 

Figures 4.10 and 4.11 show the holdup characteristics ofamberlite, a commonly used 
chromatographic packing. Again, both the breakthrough plot and the loading (see Table 4.1) 
are not encouraging. 
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TABLE 4.1 Adsorbent Loadings 

Maximum Loading, <Io 
(grams CS2 per gram 

adsorbent) 

Adsorbent Teepak Argonne 

Mordenite (washed) 
Silica gel 
Activated alumina 
Silica gel (treated with aminosilane) 
Alumina (treated with aminosilane) 
Adsorbent polymer XUS-40285 
Adsorbent polymer XUS-43436 
Adsorbent polymer XUS-40323 
Amberlite 
Silicalite 
Activated carbon (xtrusorb) 
Kureha carbon 
BPL carbon 
PCB carbon 

0.0041 
0.001 

. 0.0015 
0.0019 

<0.0001 
0.0074 
0.0037 
0.0010 
0.0021 
0.0134 
0.042 
0.062 
0.056 
0.085 

0.002 

0.010 

0.0005 
0.0020 
0.0120 
0.063 
0.088 
0.064 
0.114 

4.3.4 Hydrophobic Adsorbents 

Figures 4.12 and 4.13 show the breakthrough curves for Silicalite, a silica-based 
molecular sieve. This material clearly has some holdup potential, and in Table 4.1 we also 
see that it has a higher loading than the polymers and common adsorbents. Figure 4.13 
shows that under desorption at 150°C.(300°F) Silicalite releases CS2 rapidly, desorbing in 
about 20 min. However, further testing with moist air showed Silicalite to be poisoned by 
moisture; in practice, it does not measure up to its alleged hydrophobicity. Therefore, 
Silicalite is not promising for the Teepak application. 

4.3.5 Activated Carbon Adsorbents 

Four different activated carbons are characterized ~n Figures 4.14 through 4.18. 
Each has very favorable breakthrough properties, especially the Kureha bead carbon (GBAC 
carbon), which will hold up any CS2 breakthrough for 7 hr after the inlet flow begins. 
Furthermore, the plot for GBAC carbon rises very sharply with time after breakthrough, 
indicating a very short mass-transfer zone. This zone would translate into an efficient fixed­
bed adsorption proce"ss, provided pressure drop was not excessive. The zone effect may be 
related to particle size (small for the bead carbon), so further evaluation will be necessary. 
Figure 4.17 also shows that desorption of GBAC carbon at 100°C requires more than 10 hr. 
CS2 thus is held tightly in the GBAC carbon and requires considerable activation for 
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moderate desorption rates. This characteristic mayor may not lessen the appeal of the 
GBAC carbon and indicates further desorption study is needed. 

In general, the carbons loaded up very well with CS2• The concentration in the gas 
phase is only 100 ppm CS2, about 0.027 weight percent or O.O~ mole percent, and at 
equilibrium this concentration produces a loading range from 5 to 11 weight percent in 
carbon adsorbent. Carbon has a great affinity for CS2, and at present this phenomenon 
represents the best hope for removal and recovery from the Teepak air. 

Table 4.1 shows that carbons generally load about an order ofmagnitude higher than 
the other adsorbents studied. Activated- carbon is clearly superior to any of the materials 
tested so far and may make efficient adsorption and recovery possible at Teepak if the other 
known problems (H2S and H20 poisoning, water loading, fire hazard) can be overcome. 
Evaluation of the desorption capabili~y of carbon will require further study. 

Table 4.1 shows PCB to be the highest loading carbon. Since loading will have a 
pronounced effect on adsorption efficiency, the effect of loading (qo) is evaluated in 
Section 4.4.4. 
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4.4 DATA CORRELATION 

The adsorption data presented in Section 4.3 are interesting from a scientific 
viewpoint; the extreme difference in CS2 loading between activated carbon and all other 
adsorbents tested has not been reported· previously. However, the primary goal of the current 
project was not to develop scientific data but rather to develop information that will lead to 
a viable CS2 recovery process at Teepak. Therefore, the data must be translated into 
processinformation, and this information in turn must allow estimation offeasibility and cost 
for installation at Teepak. Data correlation thus is in terms of adsorption process design. 
In the present context, this effort concentrates on fixed-bed, thermal swing adsorption (TSA). 
Parametric studies are used to determine how the important process design parameters 
(those that· affect feasibility and cost) change as independent variables change. 

Other carbon adsorption processes are also possible, such as moving bed and 
pressure swing adsorption. These are not addressed in this report because (1) TSA is the 
most fundamental and simplest process and represents a good basis for the comparisons and 
parametric studys that follow in this report, and (2) insufficient resources are available for 
analyses of other processes. This, along with desorption analyses, must come at a later phase 
of. the Teepak project. 
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4.4.1 Gas Adsorption Process Description 

4.4.1.1 Adsorption 

In fIXed-bed, thennal swing gas adsorption, adsorption towers are packed with 
adsorbent particles such as activated carbon. All adsorbents have extensive pore structure 
with very large internal surface area. Particle size usually varies between 0.25 and 0.1 in. 
but can be another specified size ifrequired. Gas containing a substance to be removed (such 
as CS2) enters either the top or the bottom of the tower and flows upward or downward 
through openings between particles. The adsorbate diffuses into the pores of the adsorbent 
and is physically adsorbed onto the internal surfaces. Ifthe carrying gas (in the Teepak case, 
air) does not have much affinity for the adsorbent surface and hence has a much smaller 
equilibrium adsorption concentration, the carrying gas will pass through the column and 
leave the ads"orbate behind. The concentration of adsorbed CS2 gradually will build up until 
it attains equilibrium with the CS2 in the feed gas, after which no more CS2 can be removed 
from the gas. The .adsorbent is then said to be "loaded." It is important to realize that, 
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because loading is an equilibrium phenomenon, the loading for a given adsorbent depends 
directly on the inlet concentration of the gas. 

Attainment ofloading begins at the gas inlet end of the column and gradually moves 
toward the outlet end. This process is shown, for a downward-flow tower, in Figure 4.19. 
Between the fully loaded particles and the particles that have been exposed only to clean air 
is a zone called the "mass transfer zone" or "adsorption zone" where the particles are in the 
process of being loaded. In some cases this zone can be very wide, especially if resistance to 
diffusion of CS2 is high and if CS2 has less affinity for the adsorbent at lower CS2 
concentrations (the "unfavorable isotherm" case). When the front of the mass-transfer zone 
reaches the outlet and CS2 begins to exit the column, "breakthrough" has occurred. At this 
point, the gas flow usually is redirected to another tower of fresh adsorbent. This 
"breakpoint" is defined by stipulating some small value for y (i.e., defIning the minimum CS2 
concentration that can be tolerated). However, if the flow continues the outlet concentration 
will increase until the back side of the mass-transfer zone reaches the outlet. At that point, 
all the adsorbent in the column is loaded and no further separation is possible. The length 
of the mass-transfer zone has important economic significance because a large mass-transfer 
zone will leave much of the adsorbent in the column less than fully loaded at breakthrough. 
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4.4.1.2 Desorption 

When flow is switched to a fresh tower, the loaded tower then must be desorbed to 
recover the CS2 and to prepare the tower for reuse..Desorption results from elevating the 
temperature and purging the adsorbent with a CS2-free gas (such as steam or nitrogen) so 
that the adsorption equilibrium is shifted to low CS2 affinity for the adsorbent. The CS2 so 
released is then swept out of the column with the purge, which should he as small as 
possible. CS2 thereby becomes concentrated in the purge gas and can be recovered by 
condensation or distillation. 

There are several conditions under which CS2 can be recovered from.desorption gas 
by cooling and pressurization. We first discuss the N2 desorption case. The vapor pressure 
of CS2, P~g2' at various temperatures can be expressed in terms of the Clausius-Clapyron 
equation. The constants for this equation have been obtained from vapor pressure and 
temperature data for CS2 in Section 3. The result is: 

PCS2 = 472550.55 exp [-5966.5/(T + 460)] (25) 

where PCS2 is the vapor pressure in psia of CS2 at temperature T in OF. 

A formula for the moles of CS2 condensable per mole of desorption gas (Q) can be 
given in terms of PCS2 and the concentration of CS2 in the desorption gas: 

(26) 

The fIrst term on the right side of Equation 26 represents the moles of CS2 per mole of N2 
(desorption gas) when x moles of CS2 are contained in 1 million moles of total gas (i.e., the 
concentration of CS2 in the desorbing gas is x ppm). The second term represents the moles 
of CS2 per mole ofN2 when the desorbed total vapor is in equilibrium with pure CS2 liquid 
at the given temperature and total pressure (P). Therefore, Q represents the difference 
between the desorption vapor loading at the desorption temperature and the loading at the 
condensation temperature. .If Q is zero or below, liquid CS2 cannot be obtained by 
condensation. As Q increases, improved recovery becomes possible. Qcan be converted into 
molar percent of CS2 recoverable (R) by dividing Equation 26 by x1(106 - x)100: 

(27) 

Combining Equations 25 and 27, assuming. P is 1 atm, and plotting R versus x for 
various condensation temperatures produces· Figure 4.20a. This figure shows the important 
interactive effects of condenser temperature (TC) and CS2 desorption gas concentration 
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(x ppm). Condensation temperatures near the freezing temperature of water (32°F) and' 
concentrations near 500,000 ppm are required for at least 80% recovery after inert gas 
desorption. Even if a condenser operates at 32°F, recovery is not possible if concentration is 
less than 175,000 ppm. To make 50% recovery possible, concentration must be 300,000 ppm; 
80% recovery is possible at 500,000 ppm. For gas at 500,000 ppm, about 35% recovery is 
possible with a condenser at 62°F, and 20% recovery is possible at 73°F. 

The 82°F curve is below zero R at all concentrations below 500,000 ppm; therefore, 
if condensation is to be avoided in ducts that transport the loaded desorption gas to the 
condenser, the temperature in these ducts must be 8.2°F or above. 

The preceding discussion assumes atmospheric pressure. If the loaded desorbing gas 
is compressed, condensation and recovery at lower concentrations and higher temperatures 
becomes possible. For example, Figure 4.20b shows that 80% recovery is possible at 2 atm 
total pressure, 320,000 ppm, and 32°F. More than 50% recovery is possible at 500,000 ppm 
at 90°F. The decision on condenser pressurization must be based on economic concerns and 
is beyond the scope of this study. It .will ,require more specific and detailed analyses of 
condenser systems. 

Steam as a desorption medium also was briefly analyzed. Such usage would 
eliminate an N2/steam heat exchange step. Because steam is condensable and liquid CS2 and 
water are immiscible, a phase rule38 analysis is required. Before the phase analysis, 
preparation of concentration/temperature plots for CS2 and ~O is necessary. 

From published data,43 the Clausius-Clapyron equation that relates temperature 
(T in OF) to H 20 vapor pressure (pw in psia) has been developed as follows:w 

Cw = 8.835 X 103 

(28)K w = 7.531 x 106 

Pw = K w exp(C/(Tw + 460)) 

The corresponding equation for CS2 is: 

Cc =. -5.966 x 103 

(29)K c = 4.7255 x 105 

Pc = K c exp(C/I'c+ 460)) 
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In an ~O/CS2 system, the total pressure (P in psia) is given by: 

(30)P = pw + Pc 

In terms of CS2 concentration (x in ppm), Pc is given by: 

(31)Pc = xP10-6 

Equations 28 and 29 can be inverted as follows: 

(32) 

(33) 

After incorporating Equations 30 and 31, both Equations 32 and 33 can be plotted on the 
same diagram. The result, Figure 4.21a, gives the temperatures, as a function ofx, at which 
both CS2 and H20 liquid vapor pressures become equal to their partial pressures in the 
desorbing steam when the total pressure is 1 atm. Assuming desorption with superheated 
steam, a vapor consisting of steam plus x ppm of CS2 vapor will exit the desorption tower. 
If the CS2 concentration is 400,000 ppm and the desorption temperature is 300°F (150°C), 
the desorption gas before it enters the condenser can be represented as point A on Figure 
4.21a. The phase rule for point A gives: 

no. of components - no. of phases + 2 = degrees of freedom 
(34)

2-1+2=3 

With pressure and composition fIXed, the system has one more degree of freedom, so 
temperature can be reduced further in the condenser, and no condensation will occur until 
point B is reached. Then the H20 partial pressure is equal to ~O vapor pressure, and water 
will begin to condense; thus another phase appears: liquid H20. The phase rule for point B 
gives: degrees of freedom =2 - 2 + 2 =2. 

With only two degrees of freedom and pressure fIXed, vapor composition must vary 
when T is reduced further, and H20 will continue to condense. When point C is reached, CS2 
partial pressure is equal to CS2vapor pressure, and liquid ~S2 will begin to condense. But 
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liquid CS2 and water are immiscible, so three phases will be present: degrees of 
freedom =2 - 3 + 2 = 1. 

With only one degree offreedom, taken up by fIXed pressure, further cooling will not 
change temperature or vapor composition but will result in condensation of the vapor at 
constant composition and temperature until all vapor is condensed. Thus, in principle at 
least, it is always possible to obtain 100% CS2 recovery at any concentration. In practice, 
however, limitations of heat transfer rate may result in condensation of less than 100%. 
Figure 4.21a shows that the desorption effluent (steam and CS2 mixture), if at 500,000 ppm 
and 1 atm total pressure, can yield 100% CS2 recovery if cooled to 76°F. At 1 atm and only 
100,000 ppm, the desorptioneffiuent must be cooled'to 12°F to allow 100% recovery. 

If the desorption effiuent is compressed to 2 atm, complete recovery is possible at 
higher temperatures. For example, Figure 4.21b shows that cooling to only 115°~ is needed 
at 500,000 ppm and 2 atm; at 100,000 ppm and 2 atm, cooling to only 38°F is required for 
possible 100% recovery. 

We conclude that, because' of steam condensation,C'S2 recovery through steam 
desorption can be achieved at higher yields and with less cooling than CS2 recovery through 
nitrogen desorption. This conclusion is based only on thermodynamics. A complete analysis 
that uses practical rate estimates to defme heat exchange surface is required to verify the 
advantage. Only temperature swing adsorption has been analyzed in this report. However, 
the moving bed technology uses continuous withdrawal of carbon for desorption, so further 
advantages of pressurized steam desorption may occur in a moving bed system. This 
evaluation will occur early in the next phase of this project. 

4.4.2 Solid Adsorbents and Isotherms 

Many adsorbents are used in gas adsorption separation processes. All have extensive 
porous structure and hundreds of square meters of internal surface area per gram. As 
mentioned in Section 4.1.1, the commonly used adsorbents are activated carbon, zeolite, silica 
gel, and alumina. A few others are available, such as polymeric materials (usually styrene 
based) and various ion-exchange resins, which can have different chemical functionalities on 
their internal surfaces. These materials usually have significantly less surface area than 
activated carbon and other commonly used adsorbents. Testing of all of these adsorbent 
types for CS2 was discussed in Sectio~'4.1.1. 

As in the case of gas absorption into a liquid sorbent, it is necessary to understand 
how CS2 will distribute itself at equilibrium between the gas and sorbent phases for solid 
sorbents. This .information then can be used to estimate the required number and 
dimensions of adsorption towers and the required flow rates in an adsorption system for 
Teepak. 
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An inverse measure of an adsorbate's affinity for an adsorbent is the "separation 
factor" R. It is defined as follows: 

(35) 

where y is CS2 concentration in the gas phase and q is CS2 concentration in the solid phase 
in equilibrium with y. The term Yo is a reference gas concentration (in this case, the highest 
available concentration, or the inlet gas concentration) and <Io is the cOITesponding solid­
phase CS2 .concentration at equilibrium with inlet gas. The units of y and q are arbitrary 
arid, in this case, we take the units of y as ppm and of q as grams of CS2 per gram of 
adsorbent. Ify is low and q high, then CS2 has high affInity for the adsorbent and R will be 
low. Conversely, if CS2 has low affinity for the adsorbent, R will be high. Separation factor 
is an important input in process calculations for a CS2 adsorption separations plant. 

To use separation factor for design, experimental data relating y and q over a given 
range at a given temperature are needed. Such data usually are plotted with q on the 
vertical axis, and the result is called an "isotherm." Figure 4.22 shows two isotherms for 
CS2 adsorption on activated carbon, one at 77°F and the other at 300°F.51 This plot 
represents the only high-quality measured set of isotherm data that we have found in the 
literature for CS2 adsorption on any adsorbent. In the Teepak case, CS2 partial pressure is 
0.00147 psia (100 ppm), which is not discernible on Figure 4.22. Figure 4.23 shows an 
expanded view of an isotherm representative of CS2 on carbon. (Thi~ figure is an 
enlargement of the left side of the 77°F curve in Figure 4.22.) At 100 ppm CS2, carbon can" 
adsorb more than'5% of its weight in CS2• As mentioned in Section 4.3, this loa-ding is much 
larger than that for any other adsorbent, making carbon the adsorbent of choice for CS2 
recovery. In Section 4.3, data from CS2 adsorption measurements for a variety of different 
adsorbents were presented in the form of "breakthrough plots similar to that shown in 
Figure 4.19. Each breakthrough plot represents one point on the adsorption isotherm, the 
point at which CS2 concentration is 100 ppm in air. The cOITesponding vertical distance to 
the isotherm we call the maximum loading and give the symbol qo. The maximum loading 
represents the grams C82 per gram adsorbent in equilibrium with a vapor containing 
100 ppm C82. 

Because more than one point on the CS2 isotherms for the adsorbents tested was not 
obtained, it is necessary to generalize the isotherm concept so that a proper characterization 
of the adsorption isotherm can be defined and systematically varied in later calculations. In 
other words, because of funding limitations it was impossible to produce, in this project, 
enough breakthrough plots at different CS2 concentrations to create adequate isotherms for 
each adsorbent. Therefore, we developed a method of estimating separation factor from the 
single measured~. Because CIa represents the essential CS2 maximum-Io"ading 
measurement, it is believed that this method will give consistent relative estimates ofloading 
that can be used to estimate th.e range of effectiveness of gas adsorption for CS2 recovery. 
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First, the time adsorption is to cease (the breakpoint) must be stipulated. Referring 
to Figure 4.19, we see that .when the volume of effluent reaches V3' the concentration of CS2 
is y = Cc' which is 10% of Yo = Co' the feed concentration. This level is a reasonable 
defmition of breakpoint for the Teepak case, as it represents a CS2 removal efficiency of 
considerably more than 90%. If we make this assumption, we have y/Yo = 0.10 and 
Equation 35 can be rearranged: 

(36)R ~ (qJq - 1)/9 

In the Basmadjian method, which will be used"for process calculations, if both the 
maximum loading (qo) and the equilibrium loading (q) at the breakpoint (y = 0.1 Yo) are 
known, R can be estimated and adsorption column height calculated with reasonable 
accuracy. However, because only qo was measured for each adsorbent, a method of relating 
q to the measured qo must be defined. Figure 4.24 has been used for this purpose; it defines 
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the shape of isotherms from qo = 0.01 to qo = 0.10. The isotherm shape characteristic of 
carbon has been retained, and the initial slope, defined by qo' is used to define q. Figure 4.25 
shows a curve fit from Clo/q data extracted from Figure 4.24. A regression equation was fitted 
from the data and used to give a numeric relationship between q and qo. This relati.onship, 
combined with Equation 29, was used to obtain R in the computer program (to be discussed 
later) that was developed to relate qo to adsorption plant requirements. 

4.4.3 Adsorption Tower Design 

The means o~ varying the adsorption isotherin described above ma~e it possible to 
evaluate CS2 adsorption in general terms and to estimate design of an adsorption plant for 
CS2 removal and recovery. 

Because gas adsorption is a nonsteady process, the required calculations include time 
as an additional variable. Therefore, gas adsorption analysis methods can be quite complex. 
Many methods and techniques have been developed for such calculations. Of these, many 
are complicated, arcane, and only valid for certain conditions (e..g., constant separation factor, 
diffusion controlling, etc.). In an effort to provide a simple method with proven accuracy, 
Basmadjian49 has published graphs from which gas adsorption tower design can proceed. 
This method allows the bed depth (i.e., tower height) to be estimated given values for the 
input items shown in Table 4.2. 

To calculate the required number of adsorption towers, the superficial gas velocity 
in the adsorption bed is needed. This velocity depends on bed depth, pressure, and flow 
resistance of the packed. bed. Published pressure drop and velocity curves were used to 
develop a method of iterating between a velocity calculation that assumes bed depth and a 
Basmadjian calculation that yields a revised bed depth. Algorithms were developed to 
interpolate in both the Basmadjian graphs and the pressure-drop graphs. The complete 
calculation was programmed for computer solution. Appendix B contains the details of this 
calculation and also lists the main computer program, which is coded in Microsoft Fortran 77. 
The program shown, ADSORB.FOR, gives bed depth, tower requirement, and superficial gas 
velocity as functions of loading of the adsorbent (qo). Other programs (not given) were 
developed from ADSORB.FOR t~ estimate the effect of other important factors such as 
breakthrough time, tower diameter, and pressure drop. 

By using ADSORB.FOR and the numeric inputs from Table 4.2, the following results 
were obtained: 

• Number of towers required = 18 

• Bed depth =5 ft 
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TABLE 4.2 Input for Adsorption System 
Calculation, Nominal Case 

Factor Value 

Separation factor 
Breakthrough time 
Gas flow rate 
Inlet gas concentration 
Bed density 
Particle size 
Particle diffusivity 
Tower diameter 
Breakpoint concentration 
Maximum loading (<Jo) 
Total available pressure drop 
Total pressure 

Eq.35
 
16 hr
 

400,000 cfm
 
Yo =100 Pfm
 

301b/ft
 
4 x 6 mesh
 

1.01 x 10-3 ft2/min
 
12 it
 

10 ppm
 
0.05 gig 

2 psi 
15.7 psi (1 psig) 

.12 
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Thus, for the case defined in Table 4.2, the 400,OOO-cfm Teepak air flow, after drying, 
can be reduced from 100 ppm CS2 to 10 ppm by splitting the flow into 18 adsorption towers, 
each with activated carbon packing 5 ft deep. As each tower becomes filled in 16 hr, it must 
be taken off-stream and steam-desorbed. Thus, more than 18 towers must be available to 
provide spares during desorption. As in Section 3 for gas absorption, we now proceed to 
analyze the gas adsorption case further, varying some of the more significant input 
parameters. 

4.4.4 Effect of Maximum Loading 

The model was run with all numeric inputs given in Table 4.1, except that the 
maximum loading (qo) varied from 0.01 to 0.10. The results are shown as the I-psig case in 
Figures 4.26a, 4.26b, and 4.26c. As expected, the capacity of an adsorbent to load with CS2 
at 100 ppm, as defined by qo' has a large effect on the depth of adsorbent bed required. As 
seen in Figure 4.26a, if the adsorbent will load with only 1% CS2, then the required bed 
depth is more than 10 ft, but if the adsorbent will load with 10% CS2, 2.5 ft is sufficient bed 
depth. The nominal case is 5% loading, which results in the nominal -bed depth of 5 ft as 
mentioned in the previous section. 

If the effect of qo is limited strictly to bed depth, then the difference between 10 ft 
and 2.5 ft may not have overriding economic significance. However, as bed depth increases, 
resistance to flow through the bed also increases, and, at constant pressure drop, the gas 
throughput diminishes and the number of towers required to handle the Teepak flow 
increases. This effect is seen in Figure 4.26b. Thus, 30 towers with 10-ft bed depth are 
required for the 1% CS2 loading case, while only 13 towers With 2.5-ft bed depth are required 
for the 10% case. Eighteen towers with 5-ft bed depth are needed for the nominal 5% case. 
This effect can be seen in another way by plotting the superficial gas velocity through the 
tower as a function of maximum loading, as shown in Figure 4.26c. Thus, the gas velocity 
through the 1% loading adsorbent is only 100 ftlmin, while the velocity for the shorter 10% 
loading bed is 230 ftJmin. This effect is caused by the imposition of constant pressure drop. 
In Section 4.4.8, the advantages of allowing larger pressure drops are considered. 

The calculations shown are for dry gas. However, laboratory testing has shown that 
one of the main effects of using a humidified gas in carbon adsorption, as at Teepak, is that 
the maximum loading of the carbon is reduced. Comprehensive data on hindrance of CS2 
adsorption by H20 was not obtained. However, measurement of CS2 loading at 100 ppm for 
both the dry air case (0% relative humidity [RH]) and the wet air case (100% RH) have been 
obtained for GBAC carbon by Teepak. The results are 6.2% and 2.24% respectively. Teepak 
also obtained a plot of H20 loading on GBAC carbon as a function of RH at 32°C from the 
German firm. Lurgi. This is given in Figure 4.27; the lower curve. Note that at 100% RH the 
H 20 loading is 31%. 
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With the following assumptions the CS2 1oading, at 32°C, can be estimated over the 
range of RH from 0 to 100%. 

1.	 The loading 6.2% at 0% RH represents 100% occupation of the CS2 
adsorption sites on carbon. 

2.	 The loading 2.24% at 100% RH represents (2.24/6.2) 100 = 36% 
occupation of the CS2 adso;rption sites on carbon. 

3.	 The H20 blocking of CS2 adsorption sites is given by: 

100-36 sites blocked by H20 = 64 = 2.06 CS2 sites 
31 H20 sites occupied 31 H20 sites 

4.	 The ratio 2.06 holds over the adsorption range and applies to carbon 
adsorbents in general. 

Given the above assumptions, Table 4.3 is constructed for carbon adsorption. Figure 4.27 is 
constructed from the table. Figures 4.27, 4.26a and 4.26b can be used to estimate the 
requirements for a wet gas. For example, as seen in Table 4.1, the qo measurements for the 
carbons tested range from 4% to 11%. Thus, from Figure 4.27 we estimated maximum 
loading (39% of the dry case for 100% RH) and from Figures 4.26a and 4.26b, we estimated 
the required bed depth and number of towers for each of the carbons. The results for the 
100% RH case are shown in Table 4.4, which also presents comparable data for the best 
noncarbon' adsorbent tested, the "hydrophobic zeolite" Silicalite. This material was thought 
to be water-repellent, but when it was tested with wet gas its maximum loading was found 
to diminish by 50%. Figures 4.26a and 4.26b were not prepared for maximum loading less 
than 0.01, as required for the wet Silicalite case, but by extrapolating to the left a rough 
estimate was obtained. Comparison of the Silicalite data in Table 4.4 with the carbon data 
indicates that the noncarbon adsorbents tested, including Silicalite, are of little interest for 
the Teepak application. 

4.4.5 Effect of System Pressure 

If the Teepak gas were pressurized before being sent to adsorption towers for CS2 
removal, the volumetric flow rate would be proportionally reduced, and ~ would increase due 
to the increased CS2 partial pressure. This reduced flow would require fewer towers but 
increased bed depth. For example, if CIa =0.06, compression from 1 psig to 100 psig would 
reduce the number of towers from l~ to 7.6, as seen in Figure 4.26b, but would increase bed 
depth from 5 ft to 6.4 ft (see Figure 4.26a). Although the lO-tower reduction would reduce 
tower cost significantly, the required compressors would be an added expense. Figure 3.4 
shows that the cost of compressors for 100 psig is $8 million, much higher than the cost of 
10 towers. Compression to 20 psig would reduce the number of towers to 12 (6-ft bed depth) 
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TABLE 4.3 Carbon Disulfide Loading at 100 ppm Vapor 
Concentration as a Function of Relative Humidity 

Surface Surface 
H20 Loading 

(%) 
RH 
(%) 

Blockage 
(%) 

Available 
(%) 

CS2 Loading 
(% of dry case) 

0.06 34.0 0 100 100 
1.4 46.0 2 98 98 
2.5 51.1 5 95 95 
7.2 59.5 15 ~85 85 

10.0 ·63.0 20 80 80 
15.0 68.0 28 78 78 
23.8 76.0 40 60 60 
28.7 84.0 52 48 48 
30.5 90.0 58 42 42 
30.9 95.0 60 40 40 
31.0 100.0 62 38 38 

TABLE 4.4 Estimated Tower and Bed Depth Requir~mentsfor Activated Carbon 
and Hydrophobic Zeolite for Dry and Wet Gas Cases 

Maximum Loading, 
Dry Gas Wet Gas<to 

Number Number 
Carbon Wet of Bed of Bed 

Adsorbent Dry (39% of dry) Towers Depth Towers Depth 

Extrusorb 0.0525 0.0205 17.9 4.8 25 7.5 
BPL 0.0600 0.0234 17.0 4.4 23 7.2 
Kureha 0.0750 0.0293 15.0 3.5 21 6.4 
PCB 0.0995 0.0388 12.8 2.5 19 '5.7 
Silicalite 0.0127 0.0064 29.0 9.5 >35 >12 
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but would require $4.25 million for compressors, again a' high cost. Compression to 5 psig 
only lowers the number of towers by two, but the cost is not given in Figure 3.4. 

It is concluded that pressurization for the sole purpose of reducing volumetric flow 
and thus the required number of towers is not useful. More details relative to this are given 
in Section 5. 

4.4.6 Effect of Breakthrough Time 

As shown in Table 4.2, the nominal ga-s adsorption case assumes a 16-hr 
breakthrough time. However, if the breakthrough time were longer, the adsorption towers 
would require additional bed depth to accommodate the extra required adsorption capacity. 
The deeper beds would produce additional resistance to flow and decrease the gas throughput 
per tower, so that additional towers would be required. Therefore, attaining the lowest 
capital costs would require minimal breakthrough time. However, very short breakthrough 
time probably would incur excessive labor and operating costs. In the absence of an analysis 
to define the optimum.breakthro.ugh time, we have chosen 16 4r (two8-hr labor shifts). 

To define the specific effect ofdifferent breakthrough times, Figures 4.28a, 4.28b, and 
4.28c were prepared. For a 3-hr breakthrough time, 13.4 towers of2.75-ft bed depth would 
be required at 1 psig, and the bed superficial velocity would be 220 ftlmin. A 30-hr break­
through time requires 21.8 towers of 6.6-ft bed depth and produces a superficial velocity of 
135 ft/min. The nominal case of 18 towers of 5-foot bed depth is obtained from the figures 
for a 16-hr breakthrough time. Pressurizing the gas will reduce the number of towers but 
increase bed depth as shown. However, as mentioned in the previous section, pressurization 
is not likely to result in an overall economic advantage because of the cost of compressors. 

4.4.7 Effect of Tower Diameter and Total Pressure 

The nominal case in Table 4.2 assumes that the towers are 12 ft in diameter because 
this diameter is the largest standard size and larger towers would require special fabrication 
at a much higher cost. 

At a given pressure and pressure drop, the Teepak gas flow will maintain constant 
bed depth and superficial velocity, both independent of tower diameter. Under these 
conditions, the number of towers varies as the inverse square of tower diameter. 
Figures 4.29a, 4.29b, and 4.29c show how bed depth, number of towers, and superficial 
velocity vary with tower diameter at different total pressures. 
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4.4.8 Effect of Pressure Drop 

Previous adsorption plant calculations assumed a constant 2-psi pressure drop over 
the bed depth of the towers, as given in Table 4.2. Because of this assumption, the bed depth 
and number of towers for the nominal case were 5 ft and 18 towers, respectively, on the basis 
of a superficial velocity of 160 ftlmin. However, if additional pressure drop were supplied, 
the flow of gas through the towers would increase, thereby lowering the required number of 
towers. Thus, to some extent, tower requirements can be reduced at the cost of gas com­
pression and additional process complexity. A detailed analysis to define the cost optimum 
is beyond the scope of this study, but some general conclusions can be drawn from 
Figures 4.30a, 4.30b, and 4.30c. Figure 4.30bshows clearly that if total pressure i~ 1 psig, 
much of the advantage of pressure drop occurs in the first 5 psi. For example, if pressure 
drop is raised from 2 psi to 5 psi, the required number of towers drops by five (from 18 to 13). 
Further increase of pressure drop has much less effect. A 10-psi elevation of pressure drop, 
from 5 psi to 15 psi, only reduces the tower requirement by four (from 13 to 9). Raising 
pressure drop to more than about 5 psi probably would not be worth the added process 
complexity. We have chosen 2 psi as an inexpensively low but adequate pressure drop. 

When pressure drop increases, superficial velocity increases; therefore, the adsorption 
tower mass-transfer zone tends to elongate, thus increasing the required bed depth. 
Figure 4.30c shows the rise of superficial velocity with pressure drop. An increase of 14 psi 
(from 1 to 15 psi) causes an increase in superficial velocity of 200 ftlmin (from 120 to 
320 ftlmin). Figure 4.30a shows how this difference in tower velocity translates into 
increased bed depth. That is, the 14-psi increase in pressure drop will result in a 6-ft bed 
depth increase (from 4 ft to 10 ft). However, as mentioned above, a large fraction of the 
tower requirement reduction occurs when pressure drop is increased from 1 psi to 5 psi. So, 
although the number of towers is reduced from 24 at 1 psi to 13 at 5 psi, bed depth only 
increases by 3 ft, from 4 ft at 1 psi to 7 ft "at 5 psi. This contrast is an additional reason to 
restrict imposed pressure drop to less than 5 psi. 

Figures 4.30a, 4.30b, and 4.30c also show the effect of increased total pressure level, 
which tends to reduce tower requirements and increase bed depth requirements. 

From these figures, it may be concluded that supplying a pressure drop of a few psi 
will have a beneficial effect on tower requirements at the expense of some additional bed 
depth. However, pressure drop increases from 1 psi to above about 5 psi will not be as 
beneficial as increases from 1 psi to pressure drops 5 psi or below. 

Of course, the particular response to pressure drop shown in the figures depends on 
the bed characteristics, especially bed particle size and shape, and on the adsorptive and 
mass-transfer characteristics of the particular adsorbent. The present case involves a 
4 x 6 mesh BPL carbon bed. Other bed materials w~uld exhibit different numerical values, 
but the general conclusions would be the same. 
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4.4.9 Effect of Transport Resistance 

The nominal case of Table 4.2 assumes a particle diffusion coefficient (Dp) of 
.	 1.011 x 10-3 ft2/min. -This value was estimated for the BPL carbon by using generalized 

correlations. The details of this estimation are given in Appendix B. Because Dp is 
estimated, not measured, it is assumed to have some error. We have not been able to 
evaluate the likely error band for these estimates. Therefore, we now present dependent 
variable calculations based on a broad variation of D •p

As pointed out by Basmadjian,49 the value of D p used in developing adsorbent 
behavior can be considered an overall transport resistance. Thus, variation ofDp can account 
for not only pore diffusion resistance but also film resistance and axial dispersion: 

(37) . 

where Dpo is the effective overall diffusivity, D is the particle pore diffusivity, kf is film p 
transfer coefficient, l/kda is axial dispersion resistance, and a is transport surface area. 
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With all inputs from Table 4.2 constant except Dpo' the adsorption tower model was 
run to evaluate the effect of combined transport resistance on bed depth, superficial velocity, 
and number of towers. The results are shown in Figure 4.31. Dpo was varied from 
10-4 ft/min to 200 x 10-4 ft/min, and the three dependent variables (bed depth, number of 
towers, and velocity) were plotted on the same graph. In the figure, the nominal case 
(0.001 ft2/min) represents the first mark after the origin. From the figure, it is clear that 
transport resistance greater than that in the nominal case (i.e., lower Dpo) could have a 
significant adverse effect on the cost, because both bed depth and number of towers rise 
sharply to the left from the nominal case. Likewise, it is clear that reduction of transport 
resistance would have a small advantage in terms.of reduced bed depth and number of 
towers. The practical conclusion is that mass transfer resistance must be minimized when 
designing a gas adsorption column for Teepak. Controllable factors that will help reduce 
resistance are superficial velocity, particle size, packing, and pore characteristics of the 
adsorbent. These factors can be studied most effectively in a small adsorption pilot facility. 

4.5 CONCLUDING REMARKS ON ADSORPTION 

This Section has given the detailed results from a program intially designed to find 
an adsorbent that would have optimal characteristics relative to CS2 recovery. The program 
was undertaken with the ·hope that an effective absorbent could be found or developed that 
was nonflammable and could not be poisoned easily by H20 and H2S. Without the resources 
to conduct an expensive and very uncertain adsorbent development program, we are forced 
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to conclude that no such adsorbent exists or will be developed. We are further forced to 
conclude that flammable, poisonable activated carbon is a very efficient adsorbent for CS2, 

exceeding all others tested. The practical conclusion is that carbon represents the best hope 
for an adsorptive solution at Teepak. We have evaluated the temperature swing adsorption 

.	 process and found it to be a possibility (see also Section 5), provided the flammability and~ 

poisoning issues can be overcome. Process evaluations of other types of carbon adsorption 
plants, such as moving bed systems, will be conducted separately. A pilot plant project to 
optimize a carbon process for Teepak is envisioned. 
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5 GAS ADSORPTION COST STUDY 

In Section 4 and Appendix B, gas adsorption was analyzed as a unit operation. 
Graphs were presented to show the bed depth, number of towers, and superficial velocity 
obtained for a variety of cases. These results suggest that gas adsorption with carbon 
adsorbent is a possibility for use at Teepak. However, the ultimate criterion must be cost. 
To provide Teepak with additional information for assessing the possibility ofimplementating 
this technology, capital costs were developed for several variations of temperature-swing 
adsorption (TSA) plants receiving the 400,OOO-cfm flow of Teepak air contaminated with 
100 ppm CS2. 

Figure 5.1 give.s details of the adsorption plant used as a reference or base case; the 
other cases vary as shown in Table 5.1. The data given in Table 5.1 on number of towers, 
bed depth, and velocity were taken directly from Figures 4.26a thrqugh 4.30c. Other 
assumptions were given in Table 4.2, except for total pressure. The base case of Table 5.1 
is for 5 psig, rather than 1 psig as shown in Table 4.2. 

As seen for the base case in Figure 5.1, the Teepak flow of contaminated air is split 
into four equal flows, and each is sent to a large blower for boosting pressure to 5 psig. The 
air then enters four refrigerant dryers that cool the gas with cold glycol refrigerant in coils 
and remove moisture to less than 10% relative humidity (RH). The dry air is then combined 
into a single manifold and sent to the adsorption towers, which are housed in a prefabricated 
building. The air is split into 16 equal streams, each of which enters a single adsorption 
tower with carbon bed depth of 5.4 ft. In the towers, CS2 is removed and the clean air is 
discharged to the atmosphere. As shown in Table 4.2, the breakthrough time is 16 hr; 
therefore, after a given adsorption tower has been operating for 16 hr, the CS2 concentration 
of the existing air will rise to 10 ppm, ~he breakpoint. The flow will then be directed to a 
freshly desorbed and cooled tower, and the old tower will be desorbed. As shown, each tower 
can be cooled with chilled water or heated with 150-psig steam by internal bed coils. 

Desorption will be accomplished first by sealing the tower and flushing with N2, and 
then by using steam coils to heat the bed to the desorption temperature (typically 30QoF) and 
flooding the tower with 30QOF steam, which will carry off the CS2. This .preheating action 
will prevent the desorption steam from initially exiting the tower with low CS2 concentration 
while the bed is being heated and will allow more efficient condensation and recovery of CS2. 
When the desorption is completed, the hot bed must be cooled to less than 200°F before 
admitting CS2 to avoid the possibility of fire. The CSisteam mixture from desorption flow 
is sent to a chilled water condenser where the steam is condensed. Then the resulting 
CSiH20 vapor is further condensed in a refrigerant condenser and the .liquid CS2 decanted 
and stored. 

Costs of several other cases in addition to the base case described above were 
estimated to allow comparisons and to determine the advantages of various options. These 
other cases are shown in Table 5.1. Tables 5.2 through 5.9 give the results of individual cost 
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TABLE 5.1 Cases Assumed for TSA Cost Study 

Case Description 

Number 
of 

Towers 

Bed 
Depth 

(ft) 

Superficial 
Velocity 
(ft/min) Desorption 

Moisture 
in Gas 

Pressure 
(psig) 

~p 

(psi) 

1 Base 16 5.4 148 Steam Dry 5 2 
2 N2 desorption 16 5.4 148 N2 Dry 5 2 
3 Wet gas 16 5.5 146 N2 50%RH 5 2 
4 Wet gas 16 5.5 146 Steam 50%RH 5 2 
5 Very wet gas 20 7.5 .116 N2 80%RH 5 2 
6 Very wet gas 20 7.5 116 Steam 80%RH 5 2 
7 High pressure 10 6.1 80 Steam Dry 50 2 
8 High pressure 6 11 135 Steam. Dry 50 8 

estimates and provide some additional details pertaining to the assumptions made. 
Table 5.10 summarizes the information in Tables 5.2 through 5.9, and Figure 5.2 shows this 
information in graphic form. 

Table 5.10 and Figure 5.2 make it clear that certain .capital items, such. as the steam 
plant, water cooling, CS2 separation, and piping and fitting, do not vary from case to case. 
However, other items vary significantly and are helpful in understanding how best to 
optimize the process and minimize cost. The major cost change when using nitrogen 
desorption is the additional $950,000 cost of the nitrogen feeding and·heating system. Thus, 
we may conclude that steam desorption is less costly. It also may be more practical for 
recovery, as discussed in Section 4.4.1. 

Comparip.g cases 1, 4, ~d 6 indic~tes that drying th~ air before adsorption is very 
costly if the aim is a completely dry gas. However, partial drying to about 50% RH results 
in substantial savings i~ dryer capital, while the additional adsorption tower cost reflected 
by the bed depth requirement is not significant. This savings is the reason partial drying 
(case 4) shows the lowest capital costs of all cases studied. Case 6 (no drying) results in 
lower drying capital costs, but additional tower and installation costs more than compensate 
for this savings. 

Comparing cases 1 and 7 shows that an increase in total pressure (case 7) 
significantly reduces adsorption tower costs and installation charges but compensates for this 
reduction with the need for compressors. The compressors cost much more than the blowers 
used in case 1. Comparing cases 7 and 8 shows that if additional pressure drop is supplied, 
the velocity through the tower greatly increases, which allows a significant reduction in the 
number of required towers and therefore in tower costs. Unfortunately, these reductions are 
negated because the bed depth increases so much that the towers become too tall for the 
.prefabricated buildings. Taller buildings, at greater cost, would be required. This factor, 
along with more complex installation and higher condenser costs, cancel the advantage of 
high pressure drop. 



110 

TABLE 5.2 Carbon Disulfide Recovery 
System Cost Estimate: Base Case 
(case 1) 

Item 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

Air blowers (8 units) 
400,000 cfm at 5 psig 
Including full-flow (100%) 
air dryer 

Carbon towers (20 units) 
Complete package including 
control panel 

Steam condensers 

Cooling tower and chilled 
water system 

Water/CS2 separator 

Piping and fitting 

Process building 
15,000 tt2, prefabricated 
Without foundation 

Installation cost 

Subtotal 

Engineering and 
construction management 

Contingency at 25% 

Total estimated cost 

Cost ($) 

375,000 

4,000,000 

5,200,000 

150,000 

800,000 

200,000 

1,200,000 

1 750,000 

3,200,000 

15,S75,000 

2,858,000 

4,683,000 

23,416,000 
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TABLE 5.3 Carbon Disulfide Recovery 
System Cost Estimate: Nitrogen 
Desorption (case 2) 

Item 

Steam generator plant 
40,000 lb/hr at 150 psig 
Complete package, gas fired 

Nitrogen heating and 
feed system 

Air blowers (8 units) 
400,000 cfm. at 5 psig 
Including full-flow (100%) 
air dryer 

Carbon towers (20 units) 
Complete package including 
control panel 

Gas mixture cooling 
condensers 

Cooling tower and chilled 
water system 

Water/CS2 separator 

Piping and fitting 

Process building 
15,000 rt2, prefabricated 
Without foundation 

Installation cost 

Subtotal 

Engineering and 
construction management 

Contingency at 25% 

Total estimated cost 

Cost ($) 

375,000 

950,000 

4,000,000 

5,200,000 

200,000 

800,000 

200,000 

1,200,000 

750,000 

3,500,000 

17,175,000 

3,091,000 

5,066,000 

25,332,000 
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TABLE 5.4 Carbon Disulfide Recovery 
System Cost Estimate: Wet Gas at 50% 
Relative Humidity (case 3) 

Item 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

Nitrogen heating and feed 
system 

Air blowers (8 units) 
400,000 cfm at 5 psig 
Including full-flow (50%) 
air dryer 

Carbon towers (20 units) 
Complete package including 
control panel 

Gas mixture cooling 
condensers 

Cooling tower and chilled 
water system 

-Water/CS2 separator 

Piping and fitting 

Process building
 
15,000 rt2, prefabricated
 
Without foundation
 

Installation cost 

Subtotal 

Engineering and 
construction management 

Contingency at 25% 

Total estimated cost 

Cost ($) 

375,000 

950,000 

3,600,000 

5,200,000 

200,000 

800,000 

200,000 

1,200,000 

750,000 

3,500,000 

16,775,000 

3,019,000 

4,948,000 

24,742,000 
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TABLE 5.5 Carbon Disulfide Recovery 
System Cost Estimate: Wet Gas with 
Steam Desorption (case 4) 

Item 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

Air blowers (8 units) 
400,000 cfm.at 5psig 
Including full-flow (50%) 
air dryer 

Carbon towers (20 units) 
Complete package including 
control panel 

Steam condensers 

Cooling tower and chilled 
water system 

Water/CS2 separator 

Piping and fitting 

Process building . 
15,000 tt2, prefabricated 
Without foundation 

Installation cost 

Subtotal 

Engineering and 
construction management 

Contingency at 25% 

Total estimated cost 

Cost ($) 

375,000 

3,600,000 

5,200,000 

150,000 

800,000 

200,000 

1,200,000 

750,000 

3,200,000 

15,475,000 

2,785,000 

4,565,000 

22,825,000 
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TABLE 5.6 Carbon Disulfide Recovery 
System Cost Estimate: Very Wet Gas with 
Nitrogen Desorption and 80% Relative 
Humidity (case 5) 

Item Cost ($) 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

375,000 

Nitrogen feed and heating system 950,000 

Air blowers (8 units) 
400,000 cfm at 5 psig 

3,000,000 

Carbon towers (24 units) 
Complete package including 
control panel 

6,000,000 

Gas mixture cooling condensers 200,000 

Cooling tower and chilled 
water system 

800,000 

Water/CS2 separator 200,000 

Piping and fitting 1,200,000 

Process building 
15,000 tt2, prefabricated 
Without foundation 

750,000 

Installation cost 3,800,000 

Subtotal 17,275,000 

Engineering and 
construction management 

3,109,000 

Contingency at 25% 5,096,000 

Total estimated cost 25,480,000 
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TABLE 5.7 Carbon Disulfide Recovery 
System Cost Estimate: Very Wet Gas 
with Steam Desorption (case 6) 

Item 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

Air blowers (8 units) 
400,000 cfm at 5 psig 
Including full-flow (100%) 
air dryer 

Carbon towers (24 units) . 
Complete package including 
control panel 

Steam condensers 

Cooling tower and chilled 
water system 

Water/CS2 separator 

Piping and fitting 

Process building 
15,000 rt2, prefabricated 
Without foundation 

Installation cost 

Subtotal 

Engineering and 
construction management 

Contingency at 25% 

Total estimated cost 

Cost ($) 

375,000 

3,000,000 

6,000,000 

200,000 

800,000 

200,000 

1,200,000 

750,000 

3,800,000 

16,325,000 

2,939,000 

4,816,000 

24,080,000 



116 

·TABLE 5.8 Carbon Disulfide Recovery 
System Cost Estimate: High Pressure 
with Dry Gas (case 7) 

Item 

Steam generator plant 
40,000 lb/hr at 150 psig 
Complete package, gas fired 

Compressors (8 units) 
400,000 cfm at 50 psig 
Including full-flow (100%) 
air dryer 

Carbon towers (12 Wlits) 
Complete package including 
control panel 

Steam condensers 

Cooling tower and chilled 
water system 

Water/CS2 separator 

Piping and fitting 

Process building 
15,000 ft2, prefabricated 
Without foundation 

Installation cost 

Subtotal 

Engineering and 
construction management 

Contingency at 25% 

Total estimated cost 

Cost ($) 

375,000 

6,000,000 

3,800,000 

200,000 

800,000 

200,000 

900,000 

750,000 

3,000,000 

16,025,000 

2,885,000 

4,727,000 

23,637,000 
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TABLE 5.9 Carbon Disulfide Recovery 
System Cost Estimate: High Pressure 
with Deep Towers (case 8) 

Item 

Steam generator plant 
40,000 lb/hr at 150 psig 
Complete package, gas fired 

Air blowers (8 units) 
400,000 cfm at 50 psig 
Including full-flow (50%) 
air dryer 

Carbon towers (10 units) 
Complete package including 
control panel (tall) 

Steam condensers 

Cooling tower and chilled 
water system 

Water/CS2 separator 

Piping and fitting 

Process building 
15,000 rt2, prefabricated 
Without foundation 

Installation cost 

Subtotal 

Engineering and 
construction management 

Contingency at 25% 

Total estimated cost 

Cost ($) 

375,000 

6,000,000 

2,500,000 

400,()00 

800,000 

200,000 

800,000 

1,500,000 

3,200,000 

15,775,000 

2,840,000 

4,654,000 

23,269,000· 
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TABLE 5.10 Summary of all CS2 Recovery System Cost Estimates ($l,OOOs)
 

Item Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Steam plant 
40,000 Iblhr. 
150 psig, gas fired 

375 375 375 375 375 375 375 375 

N2 feed and 
heating system 

950 950 950 

Air compressors 
and dryer 
50 psig, 400,000 cfm' 

6,000 6,000 

Air blowers and dryer 
5 psig, 400,000 cfm 

4,000 4,000 3,600 3,600 3,000 3,000 

Adsorption towers 5,200 5,200 5,200 5,200 6,000 6,000 3,800 2,500 

Condensers (steam or 
N2 cooling) 

150 200 200 150 200 200 200 400 

H2O cooling ;and 
chilling 

800 800 800 800 800 800 800 800 

CS2 separator 200 200 200 200 200 200 200 200 

Piping and fitting 1,200 1,200 1,200 1,200 1,200 1,200 900 800 

Building 
15,000 ft2 
Prefabricated 

750 750 750 750 750 750 750 1,500 

Instal~ation 3,200 . 3,500 3,~00 3,200. 3,800 3,800 3,000 3,200 

Engineering and 
construction 
management 

2,858 3,091 3,019 2,785 3,109 2,939 2,885 2,840 

Contingency (25%) 4,683 5,066 4,948 4,565 5,096 4,816 4,727 4,654 

Total $23,416 $25,332 $24,742 $22,825 $25,480 $24,080 $23,637 $23,269 
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From the above data, it is concluded that: 

• Steam desorption is preferred to N2 desorption. 

• Partial drying is preferred to no drying or total drying. 

• Minimum pressure (5 psig) is preferred to high pressure (50 psig). 

• There is no advantage in supplying high pressure drop. 

• The installed cost of a TSA plant at Teepak will be about $23 million. 
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APPENDIX A
 

GAS ABSORPTION TOWER: SAMPLE CALCULATION
 

The calculations for the gas absorption towers make the following assumptions: 

•	 Air flow: 400,000 cfm 

•	 Inlet air: 100 ppm CS2, 5 psig 

•	 Outlet air: 10 ppm CS2, 4.963~ psig 

•	 Countercurrent contact of inlet air is with a liquid with the properties 
of propylene carbonate: 

Pl = 74.5 Ib/ft3
 

Molecular weight = 102
 
Viscosity = 0.3 cp or 0.73 lb/ft-hr
 
Diffusivity of CS2 (D1) =5 x 10~5 ft2Jhr
 

•	 Bed properties: packing 1.0-in. ceramic Rashig rings 

•	 Tower properties: 12-ft diameter 

A.t	 VAPOR/LIQUID EQUILIBRIUM ASSUMPTION 

For a sample calculation, assume K =0.48, where y =Kx. 

A.2 LIQUID RATE IN TOWER 

. The optimum liquid rate is approximately that required to give 1.5 times the rate 
for equilibrium at the tower bottom. Let ~ and GM be the total liquid sorbent (excluding 
CS2) and total gas rates in moles/hr. A material balance on the complete system (possibly 
more than one tower) gives: 

(A.1) 

where 1 and 2 represent the bottom and top of the tower, respectively, and x and y represent 
the mole fraction of CS2 in the liquid and gas, respectively, as shown in Figure A.1. For 
100 ppm feed, we have: 

Yl = 100 mole CS2/(l06 mole air + 100 mole CS2) == 10-4 
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For 10 ppm outlet, we have: 

For this balance, assume K = 0.48 and that equilibrium exists at the tower bottom. Thus, 
the concentration in the liquid (Xl) is the following: 

Xl =y l /0.48 = 2.08 x 10-4 

Also assume th~ entering liq~d is free of CS2: 

To get the moles in 400,OOO-cfm gas, use the ideal gas law: 

GM = 4 x 105 PIRT = (4 .x105 ·ft8/min) (1 atm) (60 minlh.r)1 

(0.73 ft 8 •atm/moleOR) (537°R) = 61,222 mole/hr 

By using Equation A.1, the minimum liquid rate is calculated as follows: 

LM = 61,222 mole/hr (10-4 - 10-5)/(2.08 x 10-4 - 0) = 26,449 mole/hr 

The optimum rate is usually taken to be 1.5 times the rate for equilibrium at the tower 
bottom. The optimum liquid rate is thus: 

LM = 1.5(26,449) = 39,673 mole/hr 

or, in terms of pounds: 

LM = 4,046,646 lb/hr 

The new' Xl can be calculated from a rearranged form of Equation A.1: 

A.3 REQUIRED NUMBER OF TOWERS 

To obtain the required number of towers, we first must determine the allowable gas 
and liquid rates in towers filled with the particular packing to be used. In this case, we 
chose 1.0-in. Rashig rings, a common packing. Correlations are available that can be used 
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to determine the allowable gas flux into a tower ofknown diameter and liquid flow. Gas flux 
must be limited because, if the gas flow up the tower is too large, the liquid won't be able to 
flow downward easily and the tower will become flooded with liquid and require excessive 
pressure drop. Figure 18-39 of Perry and Chilton's Chemical Engineers' Handbook, a 
generalized pressure-drop curve, has been adapted f~r this purpose (see Figure 3.2, p. 20).* 

For a calculation with 1.0-in. Rashig rings, several factors are required. From Perry 
and Chilton (pp. 18-22*), we obtain the packing factor (Fp) of155. The water-to-liquid density 
ratio is: '¥ =62.4/74.5 =0.84. The input for the pressure-drop curve requires both the mass 
ratio of liquid to gas, 

UG = 39,735(102 Ib/mole)/[(61,222)(29 lb/mole)] = 2.28, 

and the density ratio ofgas to liquid. The gas density can be obtained with the ideal gas law: 

Pg = PMlRT = P(29)/O.73(537) = O.074P 

where P is in atmospheres, absolute. 

The required abscissa for the pressure-drop curve becomes: 

In order to proceed, we must know the pressure of the inlet gas. Because the tower: 
requires some pressure drop, some gas pressurization equipment will be required. On the 
other hand, more extensive gas compression, although expensive, may have adv:antages. 
Because the volume to be treated is reduced, the number of required towers decreases and 
concentration increases, thus increasing the driving force for mass transfer. The trade-off 
must be based on costs. A thorough analysis of this trade-off is beyond the scope of this 
report, but some of the important effects of pressure are considered in Section 3.3.3. For the 
purposes of this example, we will assume that pressure is 5 psig and that 0.036 psig pressure 
drop is available. For a first iteration, we take bed depth (tower height) as Z =1.0 ft. This 
value results in a pressure drop per foot of bed depth of: 

PD = [(5 psig - 4.9639 psig)27.684 in. H20/psi]!1 ft bed 

PD = 1.0 H20/ft bed 

L(Pg'Pl)1I2/G = 2.28[0.074(19.7/14.7)17,415]112 = 0.0832 

*Perry, G.H., and C.H. Chilton, 1973, Chemical Engineers' Handbook, 5th Ed., McGraw-Hill, 
New York. 
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With these assumptions, the figure yields: 

This gives: 

G = JO.075[0.074(19.7/14.7)]74.5(32.2)1155(0.84XO.3)o.2 = 0.413 IbIs· ft2 

By using G, the total cross-sectional tower area can be calculated: 

= GM<MWair)/G = (61,222 molelhr)(29 Ib/mole)1ATOT 

[(0.413 IbIs ·ft 2)(3,600 slhr)] = 1,194 ft 2 

To obtain the number ofrequired towers, a tower diameter must be selected. We have chosen 
12-ft-diameter towers, and: 

NT = 1,194 ft 2/(1t(12 ft)2)/4) = 10.56 

Now G becomes: 

G = (61,222 x 29)/(10.56)(1t)(144/4) = 1,487 lblhr· ft 2 

A.4 REQUffiED TOWER HEIGHT 

We must now calculate the required height of the 11 towers of 12-ft diameter. The 
calculated height will be compared later with the assumed height, and the calculation will 
be iterated until agreement is reached. The height depends on the rate at which CS2 can be 
transferred from the gas to the bulk of the liquid. This rate depends on the driving force, the 
difference in CS2 concentration between the bulk gas and the bulk liquid. This will be quite 
small because the gas concentration at the tower bottom can be no larger than Y2 =10-4 and 
the liquid concentration will be zero only at the top of the tower and will increase to 
~ =1.39 x 10-4 at the tower bottom for the ideal liquid case, as shown in Section A.2 above. 

Also, there is some resistance to transport ofCS2 over the liquid/gas interface. Based 
on the available correlations for packed towers (see Perry and Chilton, pp. 18-33 and 18-38*). 
The interfacial mass-tran~fer coefficients are calculated as shown in the following sections. 

*See footnote, p. 128. 
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A.4.1 Gas Side Mass-Transfer Coefficient 

For the gas side, we use the Taecker and Hougen correlation (CEP, pp. 44 and 529*). 
We fIrSt obtain the Chilton-Colburn 'J factor" for Rashig ring packing: 

where G is the gas rate in Ibfh.r.ft2 , Ab is the packing surface area per ring, and Jlr is gas 
viscosity in lbfh.r·ft (Perry and Chilton, p. 3-211t ). The mass-transfer coefficient for the 
partial-pressure driving force is given by: 

where Pa is the partial pressure of air. 

k = 0028J(1,487 Ibfh.r'ft 2)]r 4.35 x 10..,2Ib/ft·hr ]. -0.67 
p • 1 Pa(29 lb/mole) L(0.0992 Ib/ft 3XO.62 ft2fh.r) 

where Pg = 0.074~ = 0.074 (19.7/14.7) = 0.0992.
 

Because the mass-transfer coefficient relative to mole fraction driving force is given by
 

where P t is total pressure, and because, in the Teepak case Pa == P t : 

kg = 1.88 molefh.r·ft 2 

*Taecker and Hougen, 1948, Chern. Eng. Progr., pp. 44 and 529. 

tSee footnote, p. 128. 
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A.4.2 Liquid Side Mass-Transfer Coefficient
 

For the liquid side, the Shulman correlation (AIChE J., p. 255*) is used:
 

where k is the "liquid side mass-transfer coefficient for concentration driving force, L is thec 
liquid rate in Iblhr.rt2, D1 is liquid diffusion coefficient in Ib·ftJh.r, and Dp is the diameter of 
a sphere that has the same surface area as a unit of packing. For 1-in. Rashig rings, Dp is 
0.117 (R. Treybal, p. 16St ) and: 

L = (4,046,646 Iblhr)/[(10.56 towers)1t122 ft 2/tower)/4] = 3,389 lblhr.ft 2 

k =	 5 X 10-5 ft 21hr (25.1) ((0.117 ftX3389 Iblhr o ft2) p..45 0.73Ib/ft·hr
 

c 00117 ft l .(0.73Iblfto hr) )
 7-4..5	 Ib (5x 10-5 ft 2) 

ft 3 hr 

k = 2.55 ftJh.rc 

The liquid side mass-transfer coefficient for mole fraction is given by: 

k1 = 1.86 molelhr .ft 2 

A.4.3 Absorption Tower Material Balances 

Figure A.2 shows an imaginary surface for material balances in the tower. Balancing 
CS2 in and out over the surface results in the relationship: 

Using the known values for ~, GM, and Y2 in this equation allows the "operating line" to be 
plotted as shown in Figure A.2. In addition, Henry's law gives another relationship between 
the liquid and gas concentrations, assuming eqUilibrium exists. This relationship is plotted 
on the figure as the "eq~librium curve." 

*Shulman et al., 1955, Am. Inst. Chern. Engr. J., p. 255. 

tTreybal, R., 1968, Mass Transfer Operations, 2nd Ed., p. 168. 
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Another important balance is obtained by noting that the flux of C82 out of the gas 
is equal to the flux into the liquid. These fluxes can be written in terms of the liquid and gas 
side mass-transfer coefficient (kg and k1), the interfacial concentrations (x* and y*), and the 
bulk concentrations (x and y). Equating the fluxes produces the following equation, which 
allows the interfacial concentrations to be written in terms of the bulk concentrations: 

(A.2)(y - y *)/(x - x *) = -(k1a)/(kga) 

For the present case: 

(y - y *)/(x - x *) = -1.86/1.82" = -1.023 

80 let the slope (8) be -1.023. This relationship is shown in Figure A.2 as lines of slope 8 
from the inlet conditions on the operating line to the interfacial conditions on the equilibrium 
line. The next balance gives the flux from the gas phase to the liquid phase over the 
interfacial surface contained in a very small segment (dz) of the tower: 

(A.3) 

where A is the tower cross-sectional area. If y* were known as a function ofgas phase mole 
fraction (Y), then this equation could be integrated to yield tower height. 

A.4.4 Log Mean Concentration Difference 

Because we are working with very dilute C82 concentrations, we may assume that 
both the operating line and equilibrium curve ofFigure A.2 are straight as shown. Given this 
assumption, and noting that Equation A.2 gives the slope (8) of the line connecting the 
operating condition with the equilibrium curve, Equation A.3 can be integrated to yield: 

(A.4) 

where the log mean temperature difference is given by: 
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FIGURE A.2 Relationship 'of Interfacial Concentrations to Bulk 
Gas and Liquid Concentrations for CS2 Absorption Tower(s) 

The relationship between interfacial and bulk concentrations and the equilibrium curve can 
then be used to calculate the tower height as follows: 

(y - y *)/(x - x *) = S 

y* = Kx* 
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We then solve for x*: 

y - 'Kx * = (x - x *)S 

x *8 - Kx * = 8x - y 

x * = (Sx - y)/(S - K) 

This value is the interfacial liquid concentration in terms of the bulk concentrations: 

x * = -1.0~5(1.39 x 10-4
) - 10-4 

= 1.612 X .10-4 
1 -1.015 - 0.48 

~* = -1.015(0) - 10-5
= 6.69 X 10-6 

-1.015 - 0.48 

(y - y*)1 = sex - x*) 

(y - Y *)1 = -1.015 (1.39 x 10-4 - 1.612 x 10-4) = 2.26 x 10-5 

(y - Y *)2 = -1.015 (0 - 6.69 x 10-6) = 6.79 x 10-6 

(y * - Y)ln = (6.79 x 10-6 - 2.26 x 10-5)/(ln[6.79 x 10-6)/(2.26 x 10-5)] = 1.319 X 10-5 

A.4.5	 Calculation of Tower Height 

Equation A.4 can now be solved to give the required tower height: 

(6122 mole/hr) (10-4 - 10-5)Z= --..,..	 ~-----

113.1 ft 2 1.88 mole ·15ft -1 (1.315 x 10-5) 
hr.ft 2 
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Z = 13.1 ft 

Because we assumed Z = 1.0 ft to begin this calculation, we must revise the estimate ofZ and 
go through the procedure again. Six cycles produce convergence, as shown in Table A.1·. 
These calculations have been programmed in Fortran (Microsoft version 4.1) and used to 
produce the figures shown in Section 3 of this report. Code listings with extensive comments 
are given in the following pages. 

TABLEA.l Iteration for Bed Depth of Absorption .Tower 

Gas Side Liquid Side Log 
Estimated Superficial Mass Mass Mean 

Bed Gas Number Transfer Transfer Driving Calculated 
Depth 

(ft,) 
Velocity 
(ftlmin) 

of 
Towers 

Coefficient 
(molelhr.ft2) 

Coefficient 
(mole/hr.ft2) 

Force 
(x 1q5) 

Bed Depth 
(ft) 

1.0 249 10.6 1.82 1.'86 1.32 '12.8 
6.9 123 21.4 1.20 1.36 1.36 9.3 
8.1 115.8 22.8 1.16 1.16 1.3634 9.02 
8.56 113.3 23.3 1.14 1.31 1.3646 8.94 
8.75 112.4 23.5 1.14 1.30 1.3651 8.90 
8.825 112 23.6 1.13 1.30 1.3653 8.89 
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C PROGRAM TO ESTIMATE ABSORPTION TOWER HEIGHT 
C AND NUMBER OF TOWERS AS A FUNCTION OF HENRYS 
C LAW COEFFICIENT FOR VAPOR/LIQUID EQUILIBRIUM. 
C GIVEN: DIAMETER; FLOW RATE OF GAS TO BE 
C TREATED; INLET AND OUTLET CONCENTRATIONS OF 
C ABSORBATE; GAS, LIQUID AND PACKING PROPERTIES 
C ; AND PRESSURE. THE CALCULATION USES THE 
C LOG MEAN DRIVING FORCE AND IS THEREFORE 
C RESTRICTED TO LOW ABSORBATE CONCENTRATIONS. 
C WRITTEN BY MICHAEL MCINTOSH, JUNE 1991 

C	 ABSORB. FOR 

1 FORMAT (lX,4FS.4) 
2 FORMAT (lX,5FS.4) 
3 FORMAT (lX,4ES.4) 
4 FORMAT (lX,F4.3) 
5 FORMAT (lX,FS.4) 
6 FORMAT (lX,F9.4) 
7 FORMAT (lX,6FS.4) 

REAL CL1(7),CL2(7),CL3(7),CL4(7),CL5(7),CL6(7)
 
REAL ~,KH,LCON1,LM,LCON2,JY,JL,KG,KL,LREN
 

REAL LMDF, JV , NT
 
OPEN(12,FILE='C:\WP\ABDAT')
 
OPEN(13,FILE='A:\HT100.PRN')
 
OPEN(14,FILE='A:\NT100.PRN')
 
OPEN(15,FILE='C:\WP\PDDAT')
 
OPEN(16,FILE='A:\VS100.PRN')
 

C	 READ COORDINATES OF LINE SEGMENT ENDS 
C	 FOR FLOODING CURVE INTERPOLATION 

DO S, I=1,7 
READ(15,7) CL1(I),CL2(I),CL3(I),CL4(I),CL5(I),CL6(I) 

C PRINT*, CL1(I),CL2(I),CL3(I),CL4(I),CL5(I),CL6(I) 
S .CONTINUE 

C	 INPUT LIQUID PROPERTIES 
READ (12,1) DL,MWL,VISL,DIFFL 

C DL=DENSITY OF LIQUID, LB/FT3 
C MWL=MOLECULAR WEIGHT LIQUID 
C VISL=VISCOSITY OF LIQUID, CP 
C DIFFL=DIFFUSION COEFFICIENT, CS2 IN LIQ.,FT2/HR 
C PQ=VAPOR PRESSURE OF CS2, 537 RANKIN 

PO=366 
C PRINT*,'DL,MWL,VISL,DIFFL--------------------' 
C PRINT*, DL,MWL,VISL,DIFFL 

C	 INPU~ TOWER PROPERTIES 
READ (12,2) DI,VCON2,VCON1,LCON2,OPLR 

C DI=TOWER DIAMETER, FT 
C VCON2=CS2 INLET CONCENTRATION IN GAS, MOLE FRACTION 
C VCON1=CS2 OUTLET CONCENTRATION 
C LCON2=CS2 INLET CONCENTRATION IN LIQUID, MOLE FRACTION 
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C OPLR=OPTIMUM LIQ. RATE FACTOR
 
C PRINT*,,DI,VCON2,VCON1,LCON2,OPLR-----------------,
 
C PRINT*,DI,VCON2,VCON1,LCON2,OPLR

C-------------------------------------------------------­

. C INPUT GAS PROPERTIES 
READ (12,2) AI,VISV,DIFFV,P,PO
 

C PO=OUTLET ~RESSURE, PSIG
 
C P=TOTAL PRESSURE, PSIG
 
C AI=PACKING AREA PER VOLUME BED,l/FT
 
C VISV=VISCOSITY OF VAPOR, CP
 
C DIFFV=DIFFUSION COEFF. CS2 IN GAS, FT2/HR
 
C PRINT*,'AI,VISV,DIFFV,P,PO-~------------------'.
 
C PRINT*,AI,VISV,DIFFV,P,PO .
 

C------------------------------------------------------­
PA=(P+14.7)/14.7
 
PMM=PA*760
 
DV=29.*PA/.73/537.


C--------------------------------------------------------
C	 ASSUME INITIAL BED DEPTH
 

Z=l. .
 

c---------------------------------------------------------
C	 VARY HENRY'S LAW CONSTANT
 

DO 1000 I=1,100
 
KH=.1+I*.009
 

c---------------------------------------------------------
C CALCULATE INLET PRESSURE
 
C SET P DROP 1.0 IN. H20/FT
 
10 P=Z/27.684+PO
 

PD=l. 
C PRINT*,'P=',P
 

IF (PD .GT. 50.) THEN
 
PRINT*,'PD>50.,Z=',Z
 
PAUSE
 
PD=50.
 
END IF
 

C--------------------~-------------------------------------
C ESTIMATE GAS RATE, GM, MOLE/HR
 

Q=40./VCONl
 
C PRINT*,'Q=',Q
 

GM=Q*60/(.73*537.)
 
C PRINT*,'GM=',GM
 

c----------------------------------------------------------
C	 ESTIMATE OPTIMUM LIQUID RATE, LM, MOLE/HR
 

LCON1=VCON1/KH
 
LM=OPLR*GM*(VCON1-VCON2)/(LCON1-LCON2)
 

C PRINT*,'LM=',LM

C----------------------------------------------------------

C CALCULATE TOWER BOTTOM LIQUID CONCENTRATION .
 

LCON1=LCON2-GM*(VCON2-VCON1)/LM
 
C PRINT*,'LCON1=',LCONl


C----------------------------------------------------------

C	 CALCULATE PARAMETER FOR FLOODING CURVE
 

X=LM*MWL* (DV/DL ).**.5/ (GM*29. )
 
C-----------~------------~~--------------------------------
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C OPLR=OPTIMUM LIQ. RATE FACTOR
 
C PRINT*,'DI,VCON2,VCON1,LCON2,OPLR-----------------,
 
C PRINT*,DI,VCON2,VCON1,LCON2,OPLR

C--------------------------------------------------------
C	 INPUT GAS PROPERTIES . 

READ (12,2) AI,VISV,DIFFV,P,PO
 
C PO=OUTLET PRESSURE, PSIG
 
C P=TOTAL PRESSURE, PSIG
 
C AI=PACKING AREA PER VOLUME BED, 11FT
 
C VISV=VISCOSITY OF VAPOR, CP
 
C DIFFV=DIFFUSION COEFF. CS2 IN GAS, FT2/HR
 
C PRINT*,'AI,VISV,DIFFV,P,PO-~------------------'
 
C PRINT*,AI,VISV,DIFFV,P,PO'

C------------------------------------------------------­

PA=(P+14.7)/14.7
 
PMM=PA*760
 
DV=29.*PA/.73/537.


C--------------------------------------------------------
C	 ASSUME INITIAL BED DEPTH
 

Z=l.

C---------------------------------------------------------
C	 VARY HENRY'S LAW CONSTANT
 

DO 1000 I=1,100
 
KH=.1+I*.009
 

C---------------------------------------------------------
C CALCULATE INLET PRESSURE
 
C SET P DROP 1.0 IN. H20/FT
 
10 P=Z/27.684+PO
 

PD=l. 
'C PRINT*,'P=',P' 

IF (PD .GT. 50.) THEN 
PRINT*,'PD>50.,Z=',Z 
PAUSE 
PD=50. 
END IF 

c----------------------------------------------------------
C ESTIMATE GAS RATE, GM, MOLE/HR
 

Q=40./VCONl
 
C PRINT*,'Q=',Q
 

GM=Q*60/(.73*537.)
 
C PRINT*,'GM=',GM

C----------------------------------------------------------

C	 ESTIMATE OPTIMUM LIQUID RATE, LM, MOLE/HR
 

LCON1=VCON1/KH
 
LM=OPLR*GM*(VCON1-VCON2)/(LCON1-LCON2)
 

C PRINT*,'LM=',LM
C----------------------------------------------------------

C CALCULATE TOWER BOTTOM LIQUID CONCENTRATION
 

LCON1=LCON2-GM*(VCON2-VCON1)/LM'
 
C PRINT*,'LCON1=',LCONl

C----------------------------------------------------------

C	 CALCULATE PARAMETER FOR FLOODING CURVE
 

X=LM*MWL*(DV/DL)**.5/(GM*29.)
 
C~---------------------------------------------------------
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C OBTAIN FLOODING PARAMETER BY INTERPOLATION 
C CHE HNDBK FIG 18-39 TO OBTAIN ORDINATE F 

CALL DPPLT(X,PD,F,CL1,CL2,CL3,CL4,CL5,CL6) 
C PRINT*,'X=',X 
C PRINT*,'PD=',PD
C--------------------------------------------------------
C CALCULATE GAS FLUX, G, LB/(SEC FT2) 

G=(F*DL*DV*32.2/(155*(62.4/DL)*VISL**.2»)**.5 
C PRINT*,'G=',G
C--------------------------------------------------------
C CALCULATE TOTAL CROSS-SECTIONAL AREA, AT, FT2 

AT=GM*29./G/3600 . 
C PRINT*,'AT=',AT
C------------------------------------------------------------
C CALCULATE SUPERFICIAL VELOCITY IN THE TOWER, VS,FT/MIN 

VS=4.E5*14.7/(P+14.7)/AT 
C PRINT*,'VS=',VS 
C------------------------------------------------~------------
C· CALCULATE TOWER CROSS-SECTIONAL AREA, AS, FT2 

AS=3.1417~DI**2/4. 
C .PRINT*, , AS=' ,AS
C------------------------------------------------------------
C CALCULATE NUMBER OF TOWERS, NT 

NT=AT/AS 
C PRINT*,'NT=',NT
C-------------------------------------------------------------
C CALCULATE REVISED GAS FLUX, LB/(HR FT2) 

G=GM*29/NT/3.1417/DI**2*4 
C PRINT*,'NEW G=',G 
C--~---------~-------~-------------~---------------------------
C CALCULATE GAS SIDE MASS TRANSFER COEFFICIENT 
C CALCULATE COLBURN J FACTOR FOR GAS SIDE MASS TRANSFER 

JV=1.07/(G*.2074/VISV/2.42)**.41 
C PRINT*,'JV=',JV 
C CALCULATE COEFFICIENT 

KG=JV*G/29./(VISV*2.42/DV/DIFFV)**.67 
C PRINT*,'KG=',KG
C---------.-------------------------------------------------------

C CALCULATE LIQ. MASS TR. COEFFICIENT 
C CALCULATE LIQ. TOWER FLUX, L, LB/HR FT2 

L=LM*MWL/NT/AS 
C PRINT*,'L=',L 

KL=DIFFL*25.1*(.117*L/VISL/2.42)**.45 
1 *(VISL*2.42/DL/DIFFL)**.5*DL/MWL/.117 

C PRINT*,'KL=',KL
C--------------------------------------------------------------
C CALCULATE RELATIONSHIP BETWEEN BULK & INTERFACIAL. 
C MOLE FRACTIONS 

S=-KL/KG 
C PRINT*,'S=',S . 
C-------------------------~------------------------------------
C CALCULATE VAPOR PHASE DRIVING FORCES AT TOP & BOTTOM 

XEQ1=(S*LCON1-VCON1)/(S-KH) 
C PRINT*,'XEQ1=',XEQl 
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XEQ2=(S*LCON2-VCON2)/(S-KH) 
C PRINT*,'XEQ2='/XEQ2 

C---------------------------------------------------------------

C	 CALCULATE LOG MEAN DRIVING FORCE 

YDIF1=S*(LCON1-XEQ1) 
C PRINT*,'LCON1='/LCON1 
C PRINT*,'YDIF1=',YDIF1 

YDIF2=S*(LCON2-XEQ2) 
C PRINT*,'YDIF2=',YDIF2 

LMDF=(YDIF2-YDIF1)/LOG(YDIF2/YDIF1) 
C PRINT*,'LMDF=',LMDF"
C--------------------------------------------------------------

C	 CALCULATE REVISED BED DEPTH 

ZREV=GM*(VCON1-VCON2)/(NT*AS*KG*AI*LMDF)
C---------------------------------------------------------
C	 COMPARE pREVIOUS TO REVISED BED DEPTHS 

DZ=(ZREV-Z)/ZREV 
C PRINT*,'DZ=',DZ 
C PRINT*,'ZREV=',ZREV 
C PRINT*,'NT=',NT 

PRINT*,'---------------------------------'
C---------------------------------------------------------
C	 RE-ITERATE IF GREATER THAT 1% DIFFERENCE 

IF (ABS(DZ) .LT.• 01) THEN 
BD=ZREV 
ELSE 
Z=Z+ZREV*.5*DZ 
GO TO 10 
END IF 
PRINT*,'BED DEPTH=',BD,' ****************~************' 

PRINT* , , NT=' , NT 
PRINT* / 'KH=' , KH 

c----------------------------------------------------------
C	 WRITE BD, VS AND NT 

WRITE (13,5) BD 
WRITE (14,6) NT 
WRITE (16/6) VS 

1000	 CONTINUE 
STOP 
END 

SUBROUTINE DPPLT(X,PD,F,CL1,CL2,CL3,CL4,CL5,CL6) 
C SUBPROGRAM TO READ & INTERPOLATE IN FLOODING CURVES 
C FOR DIMENSIONLESS NUMBER FROM WHICH G CAN BE OBTAINED 

REAL NI1,NI2
 
REAL CL1(7),CL2(7),CL3(7),CL4(7),CL5(7),CL6(7)
 

C	 DETERMINE SEGMENT AND SET DP COORD'S 
IF « X . LT . .01 ) •OR. (X . GT. 2.» THEN 
PRINT*,'X OUT OF RANGE, X=',X 
STOP 
END IF 
IF «X .GE•. 01) .AND. (X .LT.. 04» THEN 
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NSEG=l 
Al=-2. 
A2=-2. 
Cl=-1.3979 
C2=-1.3979 
ELSE IF «X .GE •• 04) .AND. (X .LT•• 1» THEN 
NSEG=2 
Al=-1.3979 
A2=-1.3979 
Cl=-l. 
C2=-1. 
ELSE· IF· ( (X • GE • . 1) . •AND:, (X ,. LT • • 2 » THEN 
NSEG=3 
Al=-l. 
A2=-1. 
Cl=-.699 
C2=-.699 
ELSE IF « X • GE . . 2 ) • AND . (X •LT • • 4 » THEN 
NSEG=4 
Al=-.699 
A2=-.699 
Cl=-.3979 
C2=-.3979 
ELSE IF «X . GE. .4) •AND . (X . LT. 2.» THEN 
NSEG=5 
Al=-.3979 
A2=-.3979 
Cl=.301 
C2=.301 
END IF 
PRINT*,'NSEG=',NSEG 

C DETERMINE PD LEVEL AND ASSIGN F COORD'S 
IF «PD .GT. 50.) .OR. (PD .LE •• 05» THEN 
PRINT*,'PD OUT OF RANGE FOR FLD G CURVES' 
STOP 
ELSE IF « PD . GE. 1.5) . AND . (PD . LE. 50.» THEN 
J=l 
K=2 
Nll=50. 
NI2=1.5 
ELSE IF « PD . GE . 1.) . AND . (PD . LT • 1. 5 » THEN 
J=2 
K=3 
NI1=1.5 
NI2=1. 
ELSE IF « PD • GE • • 5) •AND • (PD •LT • 1 • » THEN 
J=3 
K=4 . 
NIl=l. 
NI2=.5 
ELSE IF « PD • GE . . 25) . AND • ( PD •LT . • 5 » THEN 
J=4 
K=S: 
Nll=.5 
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NI2=.25 
ELSE IF « PD • GE • • 1 ) •AND • ( PD • LT • • 25 » THEN 
J=5 
K=6 
NI1=.25 
NI2=.1 
ELSE IF «PD .GE•• 05) .AND. (PD .LT•• 1» THEN 
J=6 
K=7 
NI1=.1 
NI2=.05 
END IF 
CALCULATE BOUNDING P CURVES & INTERPOLATE FOR P 
IF (NSEG .EQ. 1) THEN 
D1=LOGIO (CLl (J) ) 
D2=LOG10 (CLl (K) ) 
Bl=LOGlO (CL2 (J) ) 
B2=LOG10 (CL2 (K) ) 
ELSE IF (NSEG .EQ. 2) THEN 
Dl=LOG10(CL2(J) ) 
D2=LOG10(CL2(K) ) 
Bl=LOG10(CL3(J) ) 
B2=LOGIO(CL3(K) ) 
ELSE IF (NSEG .EQ. 3) THEN 
Dl=LOG10(CL3(J) ) 
D2=LOGIO(CL3(K) ) 
B1=LOG10(CL4(J) ) 
B2=LOG10(CL4(K) ) 
ELSE IF (NSEG .EQ. 4) THEN 
D1=LOG10(CL4(J) ) 
D2=LOG10 (CL4 (K) ) 
Bl=LOG10(CL5(J) ) 
B2=LOG10 (CL5 (K) ) 
ELSE IF (NSEG .EQ. 5) THEN 
Dl=LOG10 (CL5 (J) ) 
D2=LOGIO(CL5(K» 
Bl=LOGlO(CL6(J) ) 
B2=LOG10(CL6(K) ) 
END IF 
Yl=lO.**«(Bl-Dl)/(Cl-Al»*(LOGlO(X)-C1)+B1) 
Y2=lO.**«(B2-D2)/(C2-A2»*(LOGIO(X)-C2)+B2) 
F=(PD-NI1)*(YI-Y2)/{NII-NI2)+Yl 
END 
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APPENDIXB
 

GAS ADSORPTION TOWER: SAMPLE CALCULATION
 

The calculations for the gas adsorption towers are made on the basis of the following 
assumptions: 

•	 Air flow: 400,000 cfm 

•	 Inlet air flow: 100 ppm CS2, 5 psig 

•	 Breakthrough air flow: 10 ppm CS2, 4.6 psig 

•	 Adsorbent: isotherm shape similar to Calgon BPL carbon 

•	 Bed properties: density 30 Ib/ft3 

•	 Average particle radius: 4 x 6 mesh (R =0.0065 ft) 

•	 Tower properties: 

Diameter: 12 ft
 
Breakthrough time: 10 hr
 
Total pressure drop: 0.4 psi
 

B.l SEPARATION FACTOR 

The adsorption isotherm for BPL activated carbon is shown in Figure B..1. The inlet 
gas has a CS2 concentration of 100 ppm, which in mole ratio (nearly identical to mole fraction 
for this small concentration) is: 

Y = 100/106 = 10-4 mole CS2 per mole air 

In weight ratio, the inlet concentration is: 

Yo	 = 100 mole CS2(76 lb/mole CS2)/(106 mole air)(29 Ib/mole air) 

= 2.62 x 10-4 lb CS2 per lb air 

From the isotherm of Figure B.l, the maximum bed loading is: 

qo = 4.9 x 10-2 lb CS2 per lb sorbent 
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FIGURE B.l Expanded View of Carbon Isotherm . 

Because breakthrough is defined as a gas concentration of 10 ppm CS2 (i.e., Y=2.62 x 10-5 Ib 
CS2 per Ib air) from the isotherm, the corresponding equilibrium bed loading is: 

q = 8.5 x 10-3 Ib CS2 per lb sorbent 

The ratios are: 

Y/Yo = 2.62 x 10-5/2.62 x 10-4 = 0.1 

q/qo = 8.5 x 10-3/4.9 x 10-2 = 0.1735 
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and the separation factor is: 

R = 0.1(1 - 0.1735)/0.1735(1 - 0.1) = 0.5293 

B.2 FLOW RATE AND PRESSURE DROP 

The flow rate of the gas (or its superficial velocity) through the adsorption bed 
depends on pressure drop from inlet to outlet and on packing characteristics. Figure B.2 
shows superficial velocity at the tower inlet for a give;n pressure drop and inlet pressure. To 
use this graph, one must know the bed depth. Because the bed depth (or tower height) is the 
object of this design, the calculation must be iterative. An assumed beq. depth is used in 
Figure B.2 to give velocity. The calculation then proceeds to obtain bed depth. The 
previously assumed bed depth is adjusted and t;b.e calculation iterated until the assumed and 
calculated bed depth agree. 

For a fIrSt guess, let us take bed depth (Z) to be 1.0 ft. Pressure drop now becomes: 

(5 psig - 4.6 psig)(27.684 in. H20/psig)/1.0 ft = 11.07 in. H20/ft 

and, from Figure B.2, superficial velocity (VS) is: 

VS = 158 ftlmin 

B.3 NUMBER OF TOWERS 

After superficial velocity is known, it is possible to calculate the required number of 
towers. This is obtained by dividing the total volume of gas, which is approximated at 5 psia 
by using the pressure ratio factor (14.7 + 5)/5, by the volume flow per tower. Note that the 
area of a 12-ft-diameter tower is 113.1 ft2. 

NT = 4 x 105 ft 3/min(14.7/(14.7+5))/158 ft/min)113.1 ft 2 = 16.~ 

B.4 PORE DIFFUSIVITY 

We now calculate the pore diffusivity for BPL carbon adsorbent. First we must 
obtain the fluid diffusivity (Dr), which can be estimated from the Hirschfelder, Bird, and 
Spotz equation: 
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(B.l) 

(See Perry and Chilton's Chemical Engineers' Handbook, p. 3-232.*) 

An outline of the computations of the constants for this equation follows. To get In, 
fIrSt calculate: 

*Perry, G.H., and C.H. Chilton, 1973, Chemical Engineers' Handbook, 5th Ed., McGraw-Hill, 
New York. 
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ECS21k. = 1.15(319) = 366 

kT/E12 = 298/264 = 1~13 

Perry and Chilton (Table 3-309)* indicate that In is 0.687, the molar volume of air is 
29.9 cm3/mole, and the molar volume of CS2 is 76/1.263, or 60.2 cm3/mole. The collision 
diameter is calculated: . 

r12 = (1/2) 1.18(60.2113 + 29.91/3) = 4.14A 

B = [10.7 - 2.46 {(l/76 + 1/29)] x 10-4 = 1.016 x 10-3 

Dr = 1.016 x 10-3 J1/76 + 1/29 (298)3/2 = 0.0969 em 2/8 
(1)(4.14)2(0.687) 

With fluid diffusivity (Dr) available, we can now proceed to estimate pore diffusivity (Dp) (see 
Perry and Chilton, pp. 16-19):* 

[ ( j2 j1D=X 3 1tM +1 
p -:r 4r 2RT Dr 

We will use data for Calgon BPL carbon: internal porosity (X) =64%, tortuosity ('t) =4, and 
average pore radius (r) =30A. Thus: 

Dp = 0.16(0.025 x 0.0881 + 10.322)-1 = 0.0155 cm 2/8 

Dp = (0.0155 em 2/s)(60s/min)(O.03295 ft/em)2 

*See footnote, p. 145. 
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B.5 NUMBER OF REACTION UNITS
 

The number of reaction units (NR) is a dimensionless group that is a measure of the 
diffusional resistance to adsorption. It defines the sharpness of the adsorption wave. 

2
 
R + 1 

= 30 (1.01 x 10-3 ft2/min) 1.0 ft ~~1_~ = 2.966 
(6.5 x 10-3 ft)2 158 ft/min 0.529 + 1 

The particle diameter (2r) is that of a 5 mesh opening, 0.156 in. 

B.G	 GAS MASS FLUX 

Gas mass flux (G) can be obtained from the molar flow in area of tower and number 
of towers (NT): 

G = (4 X 105 ft 3/minX1 atm)(29 lb/mole)/ 

= 15.67	 Ib/ft 2 ·min 

B.7 THROUGHPUT PARAMETER 

Solutions of a reaction-kinetic model by Hiester and Vermeulen have been adapted 
by Basmadjian for graphical solution of throughput parameter (Z).* That is, given 
separation factor (R) and number of reaction units (NR), Basmadjian has constructed graphs 
for obtaining throughput parameter. Figure B.3 shows the graph for the 90% removal case 
(e.g., inlet CS2 concen't!ation = 100 ppm, outlet CS2 concentration = 10 ppm). For the present 
calculation, with R =0.5293 and NR =2.966, Figure B.3 yields: 

1 - Z = 0.8193 

or 

*Basmadjian, D., 1980, Rapid Procedures for the Prediction ofFixed-Bed Adsorber Behavior, Ind. Eng. 
Chern. Prac. Des. Devel., 19:129..137. 
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Z = 0.1807 

Z is defined as follows: 

where t is breakthrough tim~, p is bed density, and z is bed depth. Bed depth (or tower 
height) can now be calculated from the above equation: 
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(2.62 x 10-4 lb CS2 per lb air)(15.7 lb air per min · ft 2)(60 minlhr)10 hr 
z = 

(4.9 x 10-2 lb CS2 per lb sorbentX30 lb sorbent per ft 3)0.1807 

z = 9.29 ft 

B.8 ITERATION FOR BED DEPTH 

Because the initial guess for bed depth was 1:0 ft an4 the calculatif?n yielded 9.29 ft, 
it will be necessary to iterate until the assumed and calculated bed depths agree within a 
small tolerance. Let us take this tolerance as 1% of bed depth. The iteration is performed 
best by guessing a new value, repeating the steps above, and comparing the results. These 
calculations are easily done; the results are shown in Table B.1. Note that the new guess for 
z is a point between the old and new values. Multiplying the converged value, 1.9 ft, by the 
number of towers gives the total bed depth: 

Total BD = (1.9 ft)(25.9) = 49.2 ft 

These calculations have been programmed in Fortran (Microsoft version 4.1) and 
used to produce the figures shown in Section 4 of this report. Code listings with extensive 
comments are given below. 

TABLE B.l Iteration for Bed Depth of Adsorption Tower 

Estimated Calculated
 
'Bed Number Mass Thr0ugh- Bed
 
Depth Velocity of Reaction Flux put Depth
 

(ft) (ft/min) Towers Units (lb/ft·min) Parameters (ft)
 

1.0 158 16.7 3.0 15.7 0.1807 9.3 
5.14 50.6 52.2 47.6 5.0 0.892 0.60 
2.87 76.7 34.4 17.5 . 7.6 0.730 1.11 
1.99 99.1 26.6 9.4 9.8 0.588 1.79 
1~89 102.9 25.6 8.6 10.2 0.561 1.94 
1.917 101.9 25.9 8.8 10.1 0.568 1.901 
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C PROGRAM TO ESTIMATE ADSORPTION TOWER HEIGHT 
C AND NUMBER OF TOWERS AS A FUNCTION OF 
C ISOTHERM SHAPE. GIVEN: DIAMETER; 
C FLOW RATE OF GAS TO BE TREATED; INLET AND 
C OUTLET CONCENTRATIONS OF GAS, 10 & 100 ppm; 
C PACKING PROPERTIES; AND PRESSURE. 
C THE CALCULATION USES THE BASMADJIAN GRAPHICAL 
C PROCEEDURE, IND. ENG. CHEM. PD&D, 1980, 19, 
C Pgs 129-137.ISOTHERMAL SORPTION ASSUMED, THUS 
C PROGRAM RESTRICTED TO LOW ADSORBATE CONCENTRATIONS. 
C WRITTEN BY MICHAEL MCINTOSH, JULY 1991 

C	 ADSORB.FOR 

1 FORMAT (lX,3F8.4) 
2 FORMAT (lX,F8.4) 
3 FORMAT (lX,6F8.4) 
4 FORMAT (lX,4F8.4) 
5 FORMAT (lX,F8.4) 

REAL NR,NT
 
REAL CL1(5),CL2{S),CL3(5),CL4(5),CL5(5),CL6(5)
 
REAL CLH1(16),CLH2(16),CLH3(16),CLH4(16),CLH5(16),CLH6(16)
 

OPEN(12,FILE='C:\WP\ADDAT')
 
OPEN(13,FILE='C:\MCAD\B1.PRN')
 
OPEN(14,FILE='C:\MCAD\N1.PRN')
 
OPEN{15,FILE='C:\MCAD\V1.PRN')
 
OPEN(22,FILE='C:\WP\DPDAT')
 
OPEN(32,FILE='C:\WP\HVDAT')
 

C	 READ COORDINATES OF LINE SEGMENT ENDS FOR 
C	 PRESSURE DROP PLOT 

DO 6 I=1,5 
READ(22,3) CL1{I),CL2(I),CL3(I),CL4(I),CL5(I),CL6(I) 

C PRINT*,CL1(I),CL2(I),CL3(I),CL4(I),CL5(I),CL6(I) 
6 CONTINUE 

C	 READ COORDINATES OF LINE SEGMENT ENDS FOR 
C	 HEISTER VERMULEN PLOT 

DO 7 I=1,16 
READ(32,3) CLH1(I),CLH2(I),CLH3(I),CLH4(I),CLH5(I),CLH6(I) 

C PRINT*, CLH1(I),CLH2(I),CLH3(I),CLH4(I),CLH5(I),CLH6(I) 
7 CONTINUE 

C	 INPUT SORBENT PROPERTIES 
READ (12,1) DB,RP,DIFP 

C . DB=DENSITY OF BED, LB/FT3 
C RP=AVE.RADIUS OF PARTICLE, FT 
C DIFP=DIFFUSION COEFFICIENT, CS2 IN PARTICLE, FT2/HR 

C PRINT*,'DB,RP,DIFP--------------------' 
C PRINT*, DB,RP,DIFP 
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C INPUT TOWER PROPERTIES 
READ (12,4) DI,P,PO,T 

C DI=TOWER DIAMETER, FT 
C P=INLET PRESSURE, PSIG 
C PO=OUTLET PRESSURE, PSIG 
C T=BREAKTHROUGH TIME, HOURS 
C PRINT*,'DI,P,PO,T-----------------' 
C PRINT*,DI,P,PO,T 

C OPTION 
C READ ISOTHERM VARIABLES, QREF AND QREFO, EQUILIBRIUM 
C SORBENT LOADINGS FOR 10 & 100 ppm CS2 IN GAS. 
C DO 8 I=1,9 
C READ (12,5) QREF(I) 
C PRINT*,'QREF(I)=',QREF(I)
 
C8 CONTINUE
 
C DO 9 I=1,9
 
C READ (12,5) QREFO(I)
 
C PRINT*,'QREFO(I)=',QREFO(I)
 
C9 CONTINUE
 
C-----------------------------------------------------~-
C	 SET INLET & OUTLET GAS CONCENTRATIONS, CREF, CREFO 
C	 UNITS: MOLE CS2/MOLE AIR 

CREFO=(76./29.)*1.E-4 
CREF=CREFO/10. 

C PRINT*,'CREFO=',CREFO 
c-------------------------------------------------------
C	 INITIAL ASSUMPTION OF BED DEPTH (TOWER HEIGHT), FT 

Z=1. 
. C----------------------------~--------------------------

C VARY ISOTHERM 
. DO 1000 I=1,10 

C-----------------------------~-------------------------
C CALCULATE AVAILABLE PRESSURE DROP, IN. H20/FT 
10 DP=(P-PO)*27.684/Z 
C PRINT*,'I=',I 
C PRINT*,'Z=',Z 
C PRINT*,'P=',P 
C PRINT*,'DP=',DP 

IF (DP .GT. 100.) THEN 
PRINT*,'DP>100.,Z=',Z 
PAUSE 
DP=100. 
END IF 

C--------------------------------------------------------

C OBTAIN SUPERFICIAL VELOCITY, VS, FROM P DROP CURVE 

CALL DPPLT(P.,DP,VS,CL1,CL2,CL3,CL4,CLS,CL6) 
C PRINT*,'VS=',VS
C--------------------------------------------------------
C ' CALCULATE NUMBER OF TOWERS, NT 

NT=400000.*4.*(14.7/(P+14.7»/(VS*3.1417*DI**2) 
C PRINT*,'NT=',NT
C-------------------------------------------------------­
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C CALCULATE SEPARATION FACTOR, R
 
QREFO=I*.Ol 
QREF=-.006359998276821
 

1 +1.333007461100351*QREFO
 
1 -83.69609296694398*QREFO**2
 
1 +2.4904545814991*10**3*QREFO**3
 
1 -3.527991511917114*10**4*QREFO**4
 
1 +2.212820559997559*10**5*QREFO**5
 
1 -3.88888903137207*10**5*QREFO**6
 

C PRINT*,'QREF,QREFO---------' 
C PRINT*,QREF,QREFO 

YRA=CREF/CREFO 
QRA=QREF/QREFO 
R=(YRA*(l.~QRA»/QRA/(l.-YRA) 
IF (R .GT. 1.0) THEN .
 
R=1.0
 
END IF
 

C PRINT*,'R=',R
C---------------------------------------------------------

C	 CALCULATE NUMBER OF REACTION UNITS, NR 

NR=30.*DIFP*Z/(RP**2*VS*(R+l» 
C PRINT*,'NR=',NR 

IF (NR .LT. 1.) THEN 
PRINT* , , NR< 1 ' 
PAUSE 
NR=1. 
ELSE IF (NR .GT. 1000.) THEN 
PRINT*,'NR>1000' 
PAUSE· 
NR=1000. 
END IF

C---------------------------------------------------------

C OBTAIN THROUGHPUT PARAMETER, ZHV,·FROM 
C HIESTER-VERMEULEN PLOT 

CALL HVPLT(NR,R,ZHV,CLH1,CLH2,CLH3,CLH4,CLH5,CLH6) 
C PRINT*,'ZHV=',ZHV
C--------------------------------------------------------

C CALCULATE GAS MASS FLUX, G, LB/FT2 MIN 

G=400000.*29./(.73*537.*NT*(3.1417*DI**2/4» 
C PRINT*,'G=',G
C--------------------------------------------------------

C	 CACULATE REVISED BED DEPTH, ZREV 

ZREV=CREFO*G*T*60./(QREFO*DB*ZHV)
C--------------------------------------------------------

C	 COMPARE PREVIOUS TO REVISED BED DEPTHS 

DZ=(ZREV-Z)/ZREV 
C PRINT*,'DZ=',DZ 
C PRINT*,'ZREV=',ZREV 
C PRINT*,'NT=',NT 
C PRINT*,'-------------------------------~-'

C---------------------------------------------------------

C	 RE-ITERATE IF GREATER THAN 1% DIFFERENCE 

IF (ABS(DZ)· .LT.. 01) THEN 
BD=ZREV 
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ELSE. 
Z=Z+ZREV*.25*DZ 
GO TO 10 
END IF 
PRINT*,'BED DEPTH=',BD,' ****************************~, 

C---------------------------------------------------------
C RE-ITERATE IF GREATER THAN 1% DIFFERENCE 
C IF (I .LT. 6) THEN 
C FAC=.Ol 
C ELSE IF (I .GE. 6) THEN 
C FAC=.OOl 
C ELSE IF (I .GE. 7) THEN 
C FAC=.OOOl 
C END IF 
C IF (ABS(DZ) .LT•• 01) THEN 
C BD=ZREV 
C ELSE 
C Z=ZREV*(l.+FAC*DZ) 
C GO TO 10 
C END IF 
C PRINT*,'BED DEPTH=',BD,'*******************************' 
C---------------------------------------------------------
C SEND BED DEPTH, NUMBER OF TOWERS, VELOCITY 
C TO MATHCAD FOR PLOT 

WRITE (13,2) BD
 
WRITE (14,2) NT
 
WRITE (15,2) VS
 

1000	 CONTINUE 
STOP 
END 

SUBROUTINE HVPLT(NR,R,ZHV,CLH1,CLH2,CLH3,CLH4,CLH5,CLH6) 
C SUBPROGRAM TO READ & INTERPOLATE 
C IN THE HIESTER-VERMEULEN PLOTS 
C FOR FRACTIONAL CONCENTRATION 
C BREAKTHROUGH IN GAS ADSORPTION 

REAL NR,NI1,NI2 
REAL CLH1(16),CLH2(16),CLH3(16),CLH4(16),CLH5(16),CLH6(16) 

C PRINT*,'NR,R=',NR,R 
C DETERMINE SEGMENT AND SET R COORD'S 

IF «R .GE. 0) .AND. (R .LT•. 333» THEN
 
NSEG=1
 
A1=O
 
A2=O
 
Cl=.333
 
C2=.333
 
ELSE IF {( R • GE. . 333) . AND . (R • LT. .5» THEN
 
NSEG=2
 
AI=.333
 
A2=.333
 
·Cl=.5
 
C2=.5
 
ELSE IF {(R .GE.. 5) .AND. (R .LT.. 666» THEN
 
NSEG=3 .
 



155
 

ELSE 
Z=Z+ZREV*.25*DZ 
GO TO 10 
END IF 
PRINT*,'BED DEPTH=',BD,' *****************************, 

c----~----------------------------------------------------
C RE-ITERATE IF GREATER THAN 1% DIFFERENCE 
C IF (I .LT. 6) THEN 
C FAC=.Ol 
C ELSE IF (I .GE. 6) THEN 
C FAC=.OOl 
C ELSE IF (I .GE. 7) THEN 
C. FAC=. 0001 
C END IF 
C IF (ABS(DZ) .LT.. 01) THEN 
C BD=ZREV 
C ELSE 
C Z=ZREV*(l.+FAC*DZ)
 
C GO TO 10
 
C END IF
 
C PRINT*,'BED DEPTH=',BD,'**************************~****'
 

C---------------------------------------------------------

C	 SEND BED DEPTH, NUMBER OF TOWERS, VELOCITY 
C	 TO MATHCAD FOR PLOT 

WRITE (13,2) BD 
WRITE (14,2) NT 
WRITE (15,2) VS 

1000	 CONTINUE 
STOP 
END 

SUBROUTINE HVPLT(NR,R,ZHV,CLH1,CLH2,CLH3,CLH4,CLH5,CLH6) 
C SUBPROGRAM TO READ & INTERPOLATE 
C IN THE HIESTER-VERMEULEN PLOTS 
C FOR FRACTIONAL CONCENTRATION 
C BREAKTHROUGH IN GAS ADSORPTION 

REAL NR,Nl1,NI2 
REAL CLH1(16),CLH2(16),CLH3(16),CLH4(16),CLH5(16),CLH6(16) 

C PRINT*,'NR,R=' ,NR,R 
C DETERMINE SEGMENT AND SET R COORD'S 

IF « R • GE. . 0) •AND . (R •LT . . 333 » THEN 
NSEG=l 
A1=O 
A2=O 
Cl=.333 
C2=.333 
ELSE IF « R • GE • • 333) •AND . (R . LT • • 5 » THEN 
NSEG=2 
A1=.333 
A2=.333 
Cl=.5 
C2=.5 
ELSE IF «R .GE•. 5) .AND. (R .LT.• 666» THEN 
NSEG=3 
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Al=.5 
A2=.5 
C1=.666 
C2=.666 
ELSE IF «R .GE•• 666) .AND. (R .LT •.• 833» THEN 
NSEG=4 
Al=.666 
A2=.666 
C1=.833 
C2=.833 
ELSE IF «R .GE•• 833) .AND. (R .LE. 1.» THEN 
NSEG=5 
Al=.833 
A2=.833 
C1=1. 
C2=1. 
END IF 

C PRINT*,'NSEG,Al,A2,Cl,C2=',NSEG,Al,A2,C1,C2 
C DETERMINE NR LEVEL AND ASSIGN R COORD'S 

IF (NR .GT. 1000.) THEN 
~RINT*,'NR OUT OF RANGE FOR HV PLOT, >1000' 
STOP 
ELSE IF «NR .GE. 4.) .AND. (NR .LT. 6.» THEN 
J=l 
K=2 
NI1=4. 
NI2=6. 
ELSE IF {(NR .GE. 6.) .AND. (NR .LT. 8.» THEN 
J=2 
K=3 
Nl1=6. 
NI2=8. 
ELSE IF «NR .GE. 8.) .AND. (NR .LT. 10.» THEN 
J=3 
K=4 
NI1=8. 
NI2=lO. 
ELSE IF «NR .GE. 10.) .AND. (NR .LT. 20.» THEN 
J=4 
K=5 
NI1=10. 
NI2=20. 
ELSE IF «NR .GE. 20.) .AND. (NR .LT. 40.» THEN 
J=5 
K=6 
NI1=20 •. 
NI2=40. 
ELSE IF «NR .GE. 40.) .• AND. (NR .LT. 60.» THEN 
J=6 
K=7 
NI1=40. 
NI2=60. 
ELSE IF «NR .GE. 60.) .AND. (NR .LT. 80.» THEN 
J=7 
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K=8 
Nll=60. 
NI2=80. 
ELSE IF «NR .GE. 80.) .AND. (NR .LT. 100.» THEN 
J=8 
K=9 
NI1=80. 
NI2=100. 
ELSE IF {(NR .GE. 100.) .AND. (NR .LT. 200.» THEN 
J=9 
K=10 
Nll=100. 
NI2=200. 
ELSE IF «NR .GE. 200.) .AND. (NR .LT. 400.» THEN 
J=10 
K=11 
Nll=200. 
NI2=400. 
ELSE IF «NR .GE. 400.) .AND. (NR .LT. 600.» THEN 
J=11 
K=12 
NI1=400. 
NI2=600. 
ELSE IF «NR .GE. 600.) .AND. (NR .LT. 800.» THEN 
J=12 
K=13 
Nll=600. 
NI2=800. 
ELSE IF «NR .GE. 800.) .AND. (NR .LE. 1000.» THEN 
J=13 
K=14 
Nll=800. 
NI2=.1000. 
ELSE IF « NR • GE. 2.) •AND . (NR •LT. 4.» THEN 
J=14 
K=15 
NI1=2. 
NI2=4. 
ELSE IF «NR .GE. 1.) .AND. (NR .LT. 2.» THEN 
J=15 
K=16 
NI1=1. 
NI2=2. 
END IF 

C CALCULATE BOUNDING NR CURVES & INTERPOLATE FOR NR 
IF (NSEG .EQ. 1) THEN 
Dl=LOG10(CLH1(J» 
D2=LO~10(CLH1(K» 

Bl=LOG10(CLH2(J»
 
B2=LOGIO(CLH2(K»
 
ELSE IF (NSEG .EQ. 2) THEN
 
D1=LOG10(CLH2(J»
 
D2=LOGIO(CLH2(K»
 
Bl=LOG10 (CLH3 (J» .
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B2=LOG10{CLH3(K» 
ELSE IF (NSEG .EQ. 3) THEN 
Dl=LOG10{CLH3(J» 
D2=LOG10(CLH3(K» 
Bl=LOG10(CLH4(J» 
B2=LOG10(CLH4(K» 
ELSE IF (NSEG .EQ. 4) THEN 
Dl=LOG10(CLH4(J» 
D2=LOG10(CLH4(K» 
Bl=LOG10(CLH5(J» 
B2=LOG10(CLH5(K» 
ELSE IF (NSEG .EQ. 5) THEN 
Dl=LOG10(CLH5(J» 
D2=LOG10(CLH5(Kj) 
Bl=LOG10(CLH6(J» 
B2=LOG10(CLH6(K» 
END IF 
Yl=lO.**«(Bl-D1)/(Cl-Al»*R+(Dl*C1-Al*Bl)/(Cl-A1» 
Y2=lO.**«(B2-D2)/(C2-A2»*R+(D2*C2-A2*B2)/(C2-A2» 
ZHV=1-({NR-NI1)*(Y1-Y2)/(NI1-NI2)+Y1) 
PRINT*,'Dl,D2,B1,B2,Y1,Y2=',Dl,D2,Bl,B2,Yl,Y2 
PRINT*,'-------------------------------------' 

END 

SUBROUTINE DPPLT(P,DP,VS,CL1,CL2,CL3,CL4,CL5,CL6) 
SUBPROGRAM TO READ & INTERPOLATE 
IN PRESSURE DROP CURVES 
FOR SUPERFICIAL VELOCITY 
IN PACKED BEDS - 4X6 MESH PACKING 

FORMAT (lX,6F8.4) 

REAL NIl, NI2 
REAL CL1(14),CL2(14),CL3(14),CL4(14),CL5(14),CL6(14) 
PRINT*,'P,DP=',P,DP 

DETERMINE SEGMENT AND SET DP COORO'S 
IF «DP .LE. 100.) .AND. (DP .GT. 10.» THEN 
NSEG=l 
A1=2. 
A2=2. 
Cl=l. 
C2=1. 
ELSE IF «DP .LE. 10.) .AND. (DP .GT. 3.» THEN 
NSEG=2 
Al=l. 
A2=1. 
Cl=.4771 
C2=.4771 
ELSE IF « OP •LE . 3.) . AND . (DP . GT . 1.» THEN 
NSEG=3 
Al=.4771 
A2=.4771 
Cl=O 
C2=O 
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ELSE IF « DP . L~ . 1 .) . AND • (DP . GT • . 3 » THEN 
NSEG=4 
Al=O 
A2=O 
Cl=-.5229 
C2=-.5229 
ELSE IF « DP •LE • •3 ) •AND • (DP •GT • • 1» THEN 
NSEG=5 
Al=-.5229 
A2=-.5229 
Cl=-l. 
C2=-1. 
END IF 

C	 DETERMINE P LEVEL AND ASSIGN DP COORD'S 
IF «P .LT. 0) .OR. (P .GT. 500.» THEN 
PRINT*,'PRESSURE OUT OF RANGE FOR P-DROP PLOT' 
STOP 
ELSE IF « P •GE • 0 ) •AND • (P •LT • 50.» ~HEN 

J=l 
K=2 
Nl1=O. 
NI2=50. 
ELSE IF «P .GE. 50.) .AND. (P .LT. 150.» THEN 
J=2 
K=3 
NI1=50. 
NI2=150. 
ELSE IF «P .GE. 150.) .AND. (P .LT. 300.» THEN 
J=3 
K=4 
NI1=150. 
NI2=300. 
ELSE IF «P .GE. 300.) .AND. (P .LT. 500.» THEN 
J=4 
K=5 
Nll=300. 
NI2=500. 
END IF 

C PRINT*,'J,K,Nl1,NI2' 
C PRINT*,J,K,Nl1,NI2 
C PRINT*,'CLl(l),NSEG=',CLl(l),NSEG 
C CALCULATE BOUNDING P CURVES & INTERPOLATE FOR P 

IF (NSEG .EQ. 1) THEN
 
D1=LOG10 ( CL1 (J) )
 
D2=LOGI0 (CLI (K) )
 
Bl=LOG10(CL2(J) )
 
B2=LOGIO (CL2 (K) )
 
ELSE IF (NSEG .EQ. 2) THEN
 
Dl=LOG10(CL2(J) )
 
D2=LOGIO(CL2(K»
 
Bl=LOGlO(CL3(J) )
 
B2=LOGIO (CL3 (K) )
 
ELSE IF (NSEG .EQ. 3) THEN
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Dl=LOG10(CL3(J» 
D2=LOG10 (CL3 (K) ) 
Bl=LOG10(CL4(J» 
B2=LOG10 (CL4 (K) ) 
ELSE IF (NSEG .EQ. 
Dl=LOGlO(CL4(J» 
D2=LOGIO(CL4(K) ) 
Bl=LOGlO'(CLS(J) ) 
B2=LOGIO (CLS (K) ) 
ELSE IF (NSEG .EQ. 
Dl=LOGlO(CL5(J) ) 
D2=LOG10 (CL5 (K) ) 
B.l=LOGlO (CL6 (J) ) 
B2=LOGIO (CL6 (K) ) 
END IF 

4) THEN 

5) THEN 

C PRINT*,'Dl,D2,Bl,B2' 
C PRINT*,Dl,D2,Bl,B2 

Yl=lO.**«(Bl-Dl)/(Cl-Al»*(LOGlO(DP)-Cl)+Bl) 
Y2=lO.**«(B2-D2)/(C2-A2»*(LOGIO(DP)-C2)+B2) 

C PRINT*,'Yl,Y2' 
C PRINT*,Yl,Y2 

VS=(P·-NI1) * (YI-Y2) / (NII-NI2) +Yl 
END 
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REMOVAL AND RECOVERY OF CARBON DISULFIDE
 
EMITTED BY THE VISCOSE PROCESS:
 

FINAL REPORT
 

by
 

Michael J. McIntosh
 

1 .BACKGROUND AND SUMMARY
 

1.1 BACKGROUND 

Teepak, Inc., which manufactures cellulose fQod casings by means of the viscose 
process, has a plant in Danville, illinois, that emits approximately 400,000 cubic feet per 
minute (cfm) of water-saturated air containing approximately 100 parts per million (ppm) of 
carbon disulfide (082). Both.Teepak and the, state oflllinois desire to reduce these emissions 
as soon as possible; however, the l~ge air flow and very small CS2 co~centration result in 
a difficult and costly separations problem without an obvious economically viable. solution.. 
One possibility, is 'to incinerate the 082, but a more environmentally and economicaIly 
acceptable alte~ative is to recover the CS2 for recycle to the process. The recovered CS2 
would be worth"about $700,000 annually to Teepak. 

This situation, although it involves an important Illinois industry, is much more than 
a serious local problem. The same problem exists at all plants that use the viscose process 
to manufacture ~yon or cellulose products. These plants are located throughout the world 
(t~o in Illinois, including Teepak). As a result of upcoming clean-air laws, all su.ch plants 
in the Unite'd States eventually will be shut down (with severe loss to local economies) unless 
a viable method is found to recover or remove small amounts of CS2 from wet air. 

Teepak has sponsored, with the Hazardous Waste·Research and Information Center 
(HWRIC) of the Illinois Department of Natural Resources, a research project at Argonne 
National Laboratory (ANL) to evaluate current gas-purification and recovery technology and 
to suggest a route of development that will lead to a CS2 recovery process. The Illinois 
Department ofCommerce and Co~unityAffairs later provided an Illinois Challenge Grant 
to allow laboratory studies to supplement this effort. This report is a result of all those 
studies. 

1.2 SUMMARY OF WORK COMPLETED 

A literature search covering all aspects ofCS2 removal and recovery produced 10,380 
citations. Further sorting narrowed this group to 855 pertinent references; 235 were selected 
for further study. Of these, more than half were used directly in developing the results of 
this report. 
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Design models for CSiair separations were developed for gas adsorption and gas 
absorption. A cost model was developed for gas adsorption. Sorption of CS2 in more than 
20 sorbents,both liquid and solid, was measured in the laboratory, and the results were 
translated into equilibrium data. The laboratory data, supplemented with literature data, 
were used in design and cost models to develop information regarding CS2 recovery at 
Teepak. 

A .wide range of U.8. experts in separations engineering, plant design and costing, 
and CS2 chemistry were contacted for comment on the information and rationale developed 
from the literature search and modeling efforts~ .Their suggestions were compiled and 
incorporated into revised models and reporte~ information. 

1.3 SUMMARY OF RESULTS AND CONCLUSIONS 

1.3.1 Literature Evaluation 

The general literature contains a large number of reports related to CS2 recovery 
from air. Many ofthese were generally useful, but a majority were found ~o be quantitatively 
inapplicable 00\: the Teepak case for one or more of the following· reasons: 

.,\
,'.	 . 
jO'. 

•	 They relate to concentrations of CS2 often an order of magnitude or 
more larger than the Teepak case. 

•	 They do not address the important process issues related to the Teepak 
case, such as the very high flow rate of air requiring t~eatme~t, 

mandated by the Occupational Safety and Health Administration. 
(OSHA) personal exposure limits and product quality/process 
specifications. 

•	 They do not provide quantitative data or results upon which an objective 
evaluation can be based. 

1.3.2 Laboratory Testing 

Both equilibrium data and rate data (or estimates) are required to evaluate any 
separations process. In all the data and literature searches associated with this project, only 
one set of applicable equilibrium data was found: adsorption isotherms for CS2 on activated 
carbon. 

Additional adsorption and absorption equilibrium. data for a variety ofsorbents were 
measured at ANL and at Teepak. These data were· used .to determine the feasibility of CS2 . 

sorption processes based on the use of specific sorbents. . 
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1.3.3 Gas Absorption 

In the absence of applicable vapor-liquid equilibrium data for CS2 solvents, gas 
absorption was first studied on the basis of theoretical projections 'and assumptions (e.g., 
Henry's law coefficients obtained from solubility parameter data and rate data obtained from 
generalized correlations) and reasonable variations from the minimal case. A highly aliphatic 
mineral oil (Kaydol) was tested in the laboratory for equilibrium loading at 100 ppm CS2 and 
found to fit theoretical estimates of Henry's law coefficient. By using the theoretical 
approach, application of conventional gas absorption processes for CS2 removal was shown 
to be relatively expensive, mainly because' of low equilibrium' C'S2 loadings in all possible 
absorbents, with attendant requirements for high liquid flow and relatively low superficial 
gas velocities to avoid floodingi:Il absorption towers. For example, 13 conventional absorption 
towers (12 ft in diameter) would be required at Teepak for CS2 removal only. Application of 
conventional desorption processing to Kaydol (or other possible CS2 absorption liquids) was 
evaluated and found to be infeasible. A very large amount of steam heat would be required. 
Also, because of low equilibrium CS2 loadings and relatively low CS2 vapor pressure at 
desorption temperatures, high vacuum and high temperature would ·be required. Recovery 
would be very expensive and highly inefficient, if not impossible. 

Gas absorption with desorption CS2 recovery, therefore, wa's concluded to be 
infeasible ·at T~epak. 

1.3.4 Incineration 

.Catalytic inci~eration w~s judged possible a~ Teepak. Incineration can destroy CS2 
in.air but would require a large capjtal investment and create a difficult SOiair separations 
problem. Bec~use the main thrust of. the project is to evaluate removal and recovery 
possibilities, incineration must remain a default option. However, catalytic incineration of 
CS2 to 803 (allowing production of sulfuric acid [~SO4]' a neutralizer us·ed in the Teepak 
plant) may be possible given a catalyst development effort. Unfortunately, sulfuric acid is 
worth 3.7 cents per pound, while CS2 is' worth 18.5 cents per pound. Thus, there is little 
incentive to adopt the catalytic or noncatalytic incineration approach, if recovery of CS2 
remains possible. 

1.3.5 .Membrane Separation 

It was determined th,at no existing ceramic membrane can remove C82 from air 
effectively, even at high CS2 concentrations. Rubbery polymer membranes are a possibility, 
but none is available specifically for the CSiair system, and no data have been developed 
that would allow even a preliminary process design to be developed. However, simple 
calculations showed that the driving force in CS2permeation through any membrane, ceramic 
or rubbery, is so low that a very large membrane surface would be required at high capital 
cost. One expert estimated a minimuin of $25 million for the membrane equipment alone. 
This approach was not ruled out on quantitative grounds; however, research would be 
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required to develop the needed membrane and the permeation data for CS2. Pursuing the 
membrane option is not recommended at this time. 

1.3.6 Noncarbon Adsorption 

.In the Teepak application, the CS2-contaminated air flow is normally very wet (80 
to 100% relative humidity). Therefore, any adsorbent would carry some advantage if it could 
be used without first drying the ai~; hydrophobic adsorbents would be preferred. In addition, 
CS2 ·has a very low autoignition temperat~e in air"(-10QoC), so fire is always a concern for 
flammable adsorbents, such as activated carbon. Common noncar~on adsorbents, such as 
coriunon zeolite or silica gel, are hydrophilic and would be" totally poisoneq by water: 
However, many nonflammable, hydrophobic adsorbents exist or can be developed, and it was 
believed that these may have advantages. Of'course, common nqncarbon"adsorbents could 
be used with air drying if they loaded well with CS2, since the cost of air dryjng has been 
shown (Section 5) to be a relatively low fraction of total carbon adsorption plant costs. 
Therefore, adsorption data were compiled for a variety of noncarbon hydrophobic and 
hydrophilic adsorbents. Unfortunately, it was found that none loaded withCS2 as well as 
carbon, almost within an order of magnitude. Because the adsorbents tested rang,e over all" 
class.es of commercial adsorption materials, the possibility of fmding one with favorable 

,\: 

properties doe.~ not seem promising. 

1.3.7 Activated Carbon Adsorption 

.."
As mentioned above, a variety of adsorbents were tested in the laboratory for both .... . 

adso~tion and desorption of CS2• The results show that all adsorbents other than activated 
carbon have relatively low loadin~ capacity for CS2, but that carbon adsorption of CS2 is very 
efficient. In one case, a carbon supplied by Kureha Ltd. was found to contain, at equilibrium, 
8% by weight of CS2 at only 100 ppm CS2 in dry air. It was also desorbed relatively easily 
at only 100°C. Other carbons loaded even higher, but desorption was more difficult. Tests 
also showed that use of wet air can reduce the average loading of CS2 ·on carbon by as much 
as 62%, depending on the relative humidity (RH). Use of activated carbon adsorption 
isotherms estimated from laboratory data allowed a general process and cost analysis of 
preliminary process designs to be conducted for a hypothetical temperature-swing, activated­
carbon, gas-adsorption (TSA) plant at Teepak. Provided the problems (discussed below) 
associated with carbon adsorption can be overcome, the results indicate that gas adsorption 
is an expensive but possible means ofCS2 recovery. For.example, if5% CS2 loading ofcarbon 
is assumed, a grass-roots gas-adsorption plant at Teepak would require 20 operating 
adsorption towers with beds 7.5 ft deep, for a total plant cost of $24.08 million. If the air 
were totally dried before adsorption, the CS2 could be removed by 16 towers with 5.4-ft beds 
at a cost of $23.42 million. If the air were only partially dried to 50% RH, 16 operating 
towers with 5.5-ft beds at a cost of $22.82 million would be required. If the air were both 
pressurized to 50 pounds per square inch gauge (psig) and totaliy dried,. the recovery could 
be accomplished by ten 6.1-ft operating towers at a cost of $23.64 million. Other TSA options 
are given in Section 5. Comparable costs for other forms of carbon adsorption plants, such 
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as the moving bed concept pioneered by Kureha, remain to be evaluated. However, TSA is 
the most basic and simplest of the carbon adsorption configurations and is therefore likely 
to be also the lowest-cost configuration. 

Unfortunately, activated carbon adsorption involves, other problems. For example, 
because'ofthe low autoignition temperature ofCS2, a carbon/air/CS2 system would constitute 
a severe fIre hazard when heated only slightly. Means to alleviate this danger must be 
developed and tested. Fires likely have oCCUlTed at historical commerical carbon-based CS2 
recovery installations because of insufficient desorption; if so, the danger might be lessened 
by careful attention to bed temp'erature during desorption. This idea, together with other 
possibilities, must be verified in tests. A~ditional dete~ents to carbon adsorbent use are the 
possibility of ~S poisoning of the carbon (the Teepak air contains trace H2S), the large 
transport zone (unused bed) requirements of some carbons, and the reduction in adsorptive 
capacity resulting from moisture in the Teepak gas. However, since these deterrents could 
yield to a determined pilot effort, the pilot option is recommended as the next phase of this 
program. 

Calculations i.D.dicated that steam desorption, has' significant ~dvantages over 
nitrogen desorption, mainly because ste~ will condense at r~lativelyhigh temperature and 
low pressure ~d bec~use CS2 is ~mmiscible in water. These results should be verified in a 
pilot study. .:~. .. 

It is concluded that further development of carbon adsorption presents the best 
CUITent possibility for CS2 recovery at Teepak. 
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2 TECHNOLOGYSCREENrnNG 

2.1 ON-LINE LITERATURE SEARCH 

An extensive on-line survey of chemical abstract literature was conducted. The 
major keyword "carbon disulfide" prod~ced 10,380 references. These were amended by a 
variety of minor keywords (emissions control, waste gas, removal, isolation, scrubbing, 
separation, adsorption, absorption, catalysis), and a subset of 855 articles and patents 
resulted. These were screened for applicability to the Teepak situation, and 235 references 
were selected for further study. The 235 references are given in Appendix C. Table 2.1 lists 
the topics covered by these selections. . 

2.2 TELEPHONE SURVEY 

Experts in gas separations, adsorption, adsorbents, catalysts, catalytic incineration, 
membrane separation, vapor-liquid equilibrium, and carbon disulfide (CS2) were contacted 
by ·telephone. In many cases, they were. very willing to share their knowledge and provided 
pertinent suggestions and references. This effort was helpful in obtaining general knowledge 
of the state of\~chnologyin these fields. However, data leading to specific technologies of 
promise were ~ot obtained. 

2.3 SUMMARIES OF SEARCH TOPICS 

Pertinent topics are discussed in more· detail in this section..The iriformation was . 
taken from both theon-line literature search and the telephone survey. 

TABLE 2.1 Topics from On-Line Search 

Number of' 
·Topic Selections 

Noncarbon adsorbents for CS2 49
 
Removal of sulfur from gas 40
 
Removal of CS2 from air 35
 
Catalysts for sulfur removal 26
 
Activated carbon adsorption 25
 
Absorption of CS2 22
 
Rayon plants 20.
 
Vapor-liquid equilibrium of CS2 8
 
Microbiological conversion of CS2 4
 
Amine-based sorbents 4
 
Membrane separations of CS2 2
 

Total 235 
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2.3.1 Noncarbon Adsorbents for CS2 

2.3.1.1 Zeolites 

In one study, a 5A zeolite molecular sieve was tested for CS2 adsorption and found 
to follow a Langmuir-type isotherm.! Sodium-, calcium-, and iron-substituted zeolites were 
studied as well. The iron zeolites appeared to have an advantage when used for CS2 
adsorption. Both erionite and mordenite also were tested, but no comparable results were 
found. 

In general, zeolites cannot adsorb CS2 with as high an initial isotherm slope as 
activated carbon. Since the present case involves a very dilute vapor.phase, the initial slope 
is critical; therefore, zeolites do not appear promising candidates for CS2 removal. However, 
actual isotherm data that would allow estimation ofbreakthrough curves for both adsorption 
and desorption ~n zeolites were not found. 

Because common zeolite is highly hydrophilic, it cannot be used in the Teepak 
application unless the contaminated air is first dried. 

\1 

2.3.1~ Polymers . 

. . A few ion-exchange resins have been studied superficially in c9nnection with CS2 
adsorption, but data useful to.process design were not found.2 In ~any cases, ion-exchange 
resins did not work well for CS2, altho~gh ~S was adsorbed efficiently. However, because 
~S can be classified as a "hard acid" ,and CS2 as a "soft base,..3 the particular re'sins used. , 
could not be expected to adsorb CS2 · efficiently. Because the available work on CS2 
adsorption by ion-exchange resins is very limited, the negative results do not necessarily 
indicate that more compatible polymers are not possible. 

Styrene-divinylbenzene copolymer was patented ill: 1976 as an adsorbent f()r CS2 
recovery,4 but adequate data to gauge t~e usefulness of this adsorbent are not available. 
Resins with amine functionalities have been used to remove. CS2 and other impurities from 
technical carbon monoxide.' 

In general, polymeric adsorbents including resins have been well-used for aqueous 
systems, but their use in gas-phase separations has received very little attention. One reason 
for this lack is that it is difficult tq prepare these materials in sufficiently large particle. size 
to allow fixed-bed adsorption columns to operate at reasonably low pressure drop. At least 
one large chemical company (Dow) currently is addressing this problem. The problem is not 
as ~ritical for fluidized-bed adsorption, and some fluidized-bed polymeric adsorbents have 
appeared, but none that can handle CS2 efficiently have been found. Testing, to be discussed 
in Section 4.3 of this report, verified this conclusion. 
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2.3.1.3 Silane Made-Up Composites 

One major class of composite adsorbents of possible value for CS2 recovery has been 
used in chromatography. Organic silanes can react with the hydrated surfaces of silica gel 
to produce a silane-bonded organic surface: 

(1) 

In Equation 1, R can be any organic,radical. Many modified silica gels with different 
Rs can be purchased. Furthermore, .organic silanes of many varieties can be. purchased and 
used with silica gel to prepare different surfaces according to Equation 1. Alumina also 4a~ 

surface hydroxyl groups that can be used to modify its surface. At the present time, no 
studies on'CS2 adsorption and silane made-up composites have been found. However, studies 
of amine functionalities for S02 and CO2 have been performed,5 and others appear to be 
under consideration for a variety of adsorbates.6 Section 4.3 contains further discussion of 
silane;m.ade-up. adsorbents. 

2.3.1.4' Impregnated Made-Up Composites 
~ , 

In sothe cases, a composite adsorbent is made simply by miring a solid adso~ben~ :' " 
with a flUid that impregnates the pores. In this case, a' cheIn:ical bond between ~e 

impregnated fluid and the pore surface ofthe adsorbent is' unlikely. The lack o~ a bond would 
be an extreme disadvantage in an industrial process ~or CS2 recovery,'bec~use the fluid may 
not stay in the pores during a reasonable number of adsorption/desorption cycles. In one 
case, a' calcium zeolite was impregnated with ammonia and used to adsorb.acid gases.7 The 
performance increased the breakthrough time from ,52 min to 78 min. :4l another case, 
activated carbon was impregnated with·NaOH solution 3.1;1d.used to adsorb CS2 and other 
sulfur gases.8 The adsorption capacity of act~vated carbon for H2S has..been incr~ased by 
impregnating the carbon with heavy metal compounds.9 Data. allowing ev~uation of 
particular impregnated adsorbents were not found~ Surfac.e modification of carb.on by 802 
causes polar functionalities to form on the surfaces, tp.us changing the surface affinity for 
methanol and benzene.10 Because of the low polarity of C82, this technique is not likely to 
be of value in CS2 recovery. 

2.3.1.5 Molecular-Engineered Layers 

Catalytica (Palo Alto, California) has developed another class ofmade-up adsorbent. 
Layers of inorganic complexes held together by columns of organic backbone can form 
structures for adsorption. Catalytica has made many of these structures, with differing 
functionalities. However, the firm declined to provide samples for testing with CS2• 
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2.3.2 Carbon-Based Adsorbents 

Activated carbon is prepared by heating various source materials (such as coal, wood, 
and coconut shell) in the absence of air to produce a char. The char is then "activated" by 
heating, in the presence of oxidizing agents such as steam, air, or CO2, to remove the more 
reactive portions of the char and to produce an extensive internal porous structure. Many 
variables are important in this process, and the final ability ofthe activated carbon to adsorb 
and hold a given substance such as CS2 is very dependent on how the carbons are prepared. 
This dependence relates to the internal surface structure and the type of functional groups 
on the internal surface that contain oxygen and hydrogen. To maximize CS2 adsorption, 
surface area should be maximized and oxygen functional groups minimized. The ability to 
meet this goal has been developed, and an 9tH-carbon," which contains no surface oxygen 
groups, can be prepared by activating char in 1I2 at 400°C. Unfortun.ately, when exposed to 
air the H-carbon slowly gains oxygen. 

Carbon has been used in many different development efforts to adsorb CS2 from. 
air.11,12 It has several important advantages. First, most activated carbons are at least 
·partially hydrophobic, so the wet Teepak air will·not prevent CS2 adsorption totally, though 
it may be diminished. Also, because carbon has large internal surface area·and excellent 
apparent affinity for CS2, carbon loading of CS2 can be high at low partial pressure of CS2. 

This loading has been verified in the current study, and· tests on various carbons are 
discussed in detail in Section 4. Countering these advantages are the danger of fire for a 
carbon/air/CS2 system desorbed by steam, the possibility that a large transport zone willli~t 

the amount of useful bed, and the poisoning effect of ~S contamination (a small 
concentration of~S is present [5 to 30 ppm] in the Teepak air).. 

Kureha Ltd. has developed a hard activated carbon for moving-bed adsorption. On 
the basis of tests described in Section 4, this or a similar material may have potential for 
fIXed-bed temperature-swing adsorption and recovery of CS2• If an H-carbon has a much­
improved CS2 adsorptive capacity relative to other carbons, it is possible to speculate that H2 
could be used occasionally as a desorbing gas at 30QOF or higher for CS2-loaded H-carbon and 
simultaneously could regenerate: the H-carbon. This possibility was not explored in the' 
current project but could be studied in the pilot phase. 

2.3.3 Removal of CS2 from Air 

The common methods used to remove CS2 from air are mineral oil absorption and 
carbon adsorption. These methods are discussed in more detail in later sections. 

A few less common methods oflow efficiency and high cost were found. For example, 
CS2 oxidation in air' can be activated with ultraviolet light.13,14 In one case, a CS2 
concentrati~n of 26 ppm was dropped to zero. However, the treated air flow was very small 
(0.04 cfm). There appear to be two drawbacks to this method: it has been demonstrated only 
at a rate many orders of magnitude lower than needed for industrial application, and it 
destroys CS2 and therefore is not a recovery process. 
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A cryogenic approach has been tried in which the viscose gases were cooled in stages 
to -133°C, thus removing CS2 by condensation.15 The melting point of CS2 is -110°C, so the 
removed C82 could have been solid. For the .Teepak application, the vapor pressure of the 
solid or liquid CS2 must be less than that inherent in the 100-ppm Teepak air (100/106 = 
10-4 atm) to remove most ofthe.CS2 from the Teepak air. At -133°C, CS2 vapor pressure is 
about 0.017 x 10-4 atm, so about 98% of the CS2 could be recovered in this way. In any case, 
cooling 400,000 cfm of ~ to -133°C would be difficult at any reasonable cost, even if a heat 
pump were used as discussed.15 

2.3.4 Catalysts for Sulfur Removal 

Most processes for catalytic CS2 removal are related to the Claus Process for'catalytic 
reduction of~S to elemental sulfur. In this process, which generally treats industrial gases 
that have a high ~S concentration, some of the CS2 is .oxidized to elemental sulfur and CO2• 

Residual gases, including CS2, often are passed to downstream. reactors that hydrolyze CS2 
to H2S for further treatment. Many catalysts for CS2 hydrolysis have been studied, including 
transition metal oxides, alumina, and sulfides. Application of hydrolysis catalysts to the 
Teepak .problem would involve catalytic hydrolysis of CS2 in the Teepak air flow and 
subsequent ~S removal by caustic scrub..The catalytic treatment.ofCS2 in concentrations 
as low as 100 \ppm has no precedent. The rate of removal likely would be controlled by 
~usion and wc;»uld suffer from the low driving force. .A large, expensive reactor and an 
expensive process and catalyst development project certainly would be required. Because the 
main interest ofthis report is CS2 recovery and because CS2 would be destroyed in a catalytic 
hydrolysis process, no furt~er hydrolysis inyestigations are planned. However, this approach 
may have advantages over incineration and can be viewed as an alternative to incineration . 
that requires further study. 

Catalytic incineration of CS2 to CO2 and 802 is a technology that could be applied 
without a development project; however, because such a large volume of air must be treated' 
at Teepak, the reactors and heat exchangers will be large and the cost will be high. Other 
significant drawbacks are that CO2 and 802 are also pollutants and that CS2 is destroyed. 
One positive incentive is that the 802 produced could be used to produ'ce sulfuric acid, a . 
viscose feed material. However, CS2 is worth 18.5 cents per pound and H2S04 is worth 
3.7 cents per pound. Because one pound of CS2 will produce 2.58 pounds of H2S04, the acid 
produced will be worth about half the value of the incinerated C82• Because a catalytic 
reactor to convert 802 to SOg and a sulfuric acid. plant also would.be required, there is little 
economic incentive for this approach as long as CS2 recovery remains possible. 

2.3.5 Absorption of CS2 

A common way to remove H2S from gases is absorption in an aqueous alkaline 
solution. CS2 also can be removed simultaneously by this procedure, provided that CS2 
absorption products can be removed rapidly and efficiently from solution by oxidation or 
another method. In one case, it was found that 100 ppm CS2 in ventilation air could be 
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reduced to 30 ppm by alkaline scrubbing (9.7 pH) when the absorption product was oxidized 
to sulfur, sulfates, and sulfites with air. 16 An earlier, similar result was reported when 
NaOHlNa.rC03 solution was used and CS2 absorption products were oxidatedby dissolved 
quinone.1 In a German patent filed in 1976,18 inorganic oxidants such as free chlorine, 
chemisorbents such as polyalkyline glycols, oxidation promoters such as hydroquinoIl:e, and 
oxidation catalysts such as vanadium salts were mentioned as means ofremoval ofabsorption 
products. The patent contained sufficient details of this process to allow an estimate of the 
nUmber of standard (5-ft diameter) absorption towers required to reduce CS2 from 100 ppm 
to about 20 ppm for the"Teepak. case of 400,000 cfrn. About 105 apsorption towers would be 
needed. Data allowing an estimate of the necessary regeneration equipment were not given. 
Because CS2 is destroyed in this proces~ and because Doth the installation cost and the plant 
size would be extremely large, it was judged that the alkaline absorption process should not 
be studied further at this time. 

Other aqueous salt solutions have been tested, such as NaCIO and chelated iron, 
with results similar to those for alkaline solution. 

Physical absorption ofCS2 from air by various liquids has been reported frequently 
in the literature. Hydrocarbon oil,19 mineral oil,20 solar oil,2~ and other liquids including 
liquid CS2 have been used.22 Physical absorption of CS2 from air was analyz~d and 
evaluated in the, current study. The results are discussed in Section 3 of this report. Because 
CS2 recovery and absorbent regeneration are so difficult, gas absorption was judged 
infeasible. 

2.3.6 Rayon Plants 

Various studies have analyzed the viscose process in terms of fact,ors th.at affect ,the 
concentration of CS2 enrlssions, such as heat balance, suction sites,23 and spinning area 
configuration.24 One study showed that the cost-benefit of recovering CS2 is 10% of the total 
factory output value.25 Several foreign reviews of H2S and CS2 removal and recovery 
methods have been published,26,27 and a study showing the effects of certain oxides on the 
activated-carbon fire hazard in adsorption recovery has appeared in Russian literature.28 

2.3.7 Vapor-Liquid Equilibrium of CS2 

The design of a separations column that uses any particular solvent to absorb CS2 
from ga.s requires vapor-liquid equilibrium data for the CS2"solvent system. Very little 
specific information for solvents of higher molecular weight has been found. Some data on 
cyclohexane and other hydrocarbons have been reported,29 but these solvents are probably 
.too volatile for practical use. A Russian study has provided limited data on mineral oil.sO 

More general work that allows rough estimates for a limited number of solvents is 
available. For example, solubility parameters,31 coupled with the Scatchard Hildebrand 
regular solution theory,32 can be used to· estimate binary activity coefficients, provided the 
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two components are nonpolar. Because CS2 is highly nonpolar, this method can produce 
rough estimates for nonpolar solvents such as benzene or paraffins. This approach is taken 
in Section~. That section also describes bench-scale absorption tests that were used to 
develop data for process analysis of CS2 recovery by liqU:id solvent absorption. 

2.3.8 Microbiological Conversion of CS2 

The thiobasillus bacteria can destroy CS2 - ifan appropriate mode of combining the 
gas and bacteria and an efficient means of controlling pH and providing the proper addition 
of nutrients are found.38 One study reported a degradation rate of 70 g/m3.hr.34 In the 
Teepak case, about 213,000 g of CS2 'must be destroyed per hour; therefore, approximately 
220 reaction. towers (5 ft by 25 ft) would be required for microbiological conversion. This. 
amount is clearly beyond any reasonable economicjustification, even ifadditional unfavorable 
aspects, such as the fact that CS2 would be destroyed and that little experience with such 
systems has accumulated, are overlooked. 

2.3.9 Amine-Based Solvents 

Carbon disulfide and carbon dioxide will form chemical complexes with amine: 
'\l ',. 
,~ 
.,\ 

Y" 

R N (2)R - NH2 + CX2 = H - X - c - XH 

where'X is either sulfur or oxygen. This reaction can be reversed with mild heating. Amine­
based absorbents, as well as adsorbents, have been tested for removal and recovery of both­
CO2 and CS2• ~ variety ofaqueous amine solutions, including ethylene diamine,35 have been 
used to remove CS2 from air and other gases. The solution has been regenerated by vacuum 
distillation at 170°C.35 It is not likely that much CS2 was recovered in this way because CS2 
readily reacts in an aqueous alkaline medium. No data that would allow a quanti~ative 

estimate of removal or recovery rate of CS2 from amine solutions were found. 

It is possible to produce amine-functionalized silica gel36 by reacting organic silanes 
with surface hydroxyl groups. This type ofmade-up adsorbent was discussed in Section 2.3.1. 
No rate or equilibrium information for this type of adsorbent has been found. 

This general approach "is discussed in more detail in Section 4. 

2.3.10 Membrane Separation of CS2 

Two types of membranes commonly are used for gaseous separation: a ceramic or 
inorganic type and a rubbery or organic type. On the basis of extensive telephone 
communication, it was determined that no data or experience exists for CS2 permeation and 
separation through ceramic-type membranes. A very small amount of experience (but no 
data) was found for CS2 permeation through a polydimethylsiloxane membraile,37 which is 
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more rubbery than ceramic. On the basis of rough calculations by one expert contacted, the 
large Teepak air flow and low CS2 concentration would require a capital investment of more 
than $25 million for a membrane separator to separate the plant's CS2. Because no 
permeation data are available for CS2, laboratory data development and a pilot study also 
would be required. This process is expected to be more costly than gas sorption development, 
and no further study of membrane separation was made. 
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3 GAS ABSORPTION 

3.1. INTRODUCTION 

In the packed-tower or fIXed-bed type of gas absorption, a nonvolatile absorption 
liquid with minimum dissolved absorbate is sprayed into the top of the tower and flows 
downward through the packing, as shown in Figure 3.1. Gas containing an absorbate or 
substance to be removed (such as CS2) enters the: bottom of the tower and flows up:ward 
through openings around the liquid-drenched packing. In a properly operating tower, the 
liquid is progressively enriched in CS2 as it flows dO'YIlward, and at the bottom of the tower 
the CS2 concentration in the exiting liquid is maximum. This enriched liquid then must be 
desorbed in a stripping or distillation column and sent back to the top of the tower. Thus, 
the CS2 is recovered in this process. 

3.2 ABSORPTION LIQUID 

3.2.1 Ideal Solutions 

To est4nate the required number and dimensions (and thereby the cost) ofabsorption 
, towers, one mUSt first know how CS2 will distribute itselfat equilibrium between the gas and 
liquid phases. If, for example, CS2 has the same affIDity for t~e absorbing liquid as it has 
for liquid CS2, the liquid/CS2 solution, is said to be "ideal" and Raoult's law applies.' A 
simplified approximate form ofRaoult's law, which applies 'at atmospheric pressure and 25°C, 
can be written as follows: 

(3)y = x (polP) = x (366/760) = O.48x 

where po is the vapor pressure of· CS2 at 25°C, and y and x are mole fractions of CS2 in the 
gas and liquid, respectively. 

In the present case, CS2 is in very low concentrations in the gas, and it is more 
useful to use Henry's law:38 p = kx, but ifK is defined as the ratio of Henry's law constant, 
k, to total pressure (i.e., K =kIP) it is a constant independent ofx or y, at least in the range 
of very low x and y. Here, p is the partial pressure of CS2• To be brief, we refer to K as 
"Henry's law constant" in the following discussion, and we may write: 

y = Kx (4) 

In the special case of an ideal solution, which is ideal over the total range x = 0 to x = 1.0, 
Raoult's law and Henry's law ar'e identical, so the value of K for such an ideal solution is 
known; it is 0.48. For such a hypothetical solution, for example, ifK is larger than 0.48, the 
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FIGURE 3.1 Schematic of Gas Absorption Tower 
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gas phase concentration is higher at equilibrium 'and CS2 has proportionally less affinity for 
the absorbing liquid than for liquid CS2. If K is smaller than 0.48, CS2 has proportionally 
more affinity for the absorbing liquid than for liquid CS2• If K is very low, the absorbing 
liquid may form a chemical bond with CS2, so the process may not be strictly physical 
absorption. 

Values of K for nonideal physical absorbents (such as oils or other organic or. 
inorganic liquids) are about the same order of magnitude as 0.48, roughly between 0.1 and 
1.5. In general, few liquids can produce a K for CS2 10wer than 0.48, and such liquids often 
are unsuitable as absorbents for other reasons, as will be seen in Section 3.7. 

3.2.2 Solubility Parameter as a Criterion for Absorbent Selection 

CS2 has no perinanent polarity and no tendency for hydrogen bonding but very high 
polarizability. As can be seen in charts of solubility param~ters,39,40 some organic 
compounds come more or less close to having these same properties, and this similarity would 
make them good candidates for a CS2 absorption liquid. Benzene is one of these. 
Unfortunately, benzene is .a relatively volatile liquid :aD.d .has an appreciable vapor.press~e 

at. ~bient temperature. Therefore, it ·could no~. be used economically as a. CS2 absorbent, 
because the a4- exiting the absorption column would be highly contaminated with benzene, 
a known carcinogen. 

From study ofthe CS2 absorption literature, it appears likely that the best absorbent 
candidates are aliphatic hydrocarbon oils with high molecular weight. 

• 
In general, vapor-

I 

liquid equilib~um data for CS2 solutions are no~ availqble in the litera~ure except for. a few 
solvents of no value to CS2 gas absorption. Some oils were tested in the current project and 
will be discussed later. However, to present a general orientation to the pro?lem we fIrst 
discuss how K can be estimated for such liquids from regular solution theory and solubility 
parameter data. 

For example, Table 3.1 was compiled by referring to a table of solubility 
31parameters. As mentioned above, solubility parameters have three components: hydrogen 

bonding, permanent polarity, and polarizability. Because CS2 has no hydrogen bonding or 
permanent polarity components but is highly polarizable, the solvents chosen for Table 3.1 
have extremely low hydrogen bonding an.d zero permanent polarity component. If the three 
vector components of solubility parameters are considered to be hydrogen bonding, polarity, 
and polarizability, 0 represents the scalar value of a solubility parameter in the table. 

By using Regular Solution Theory,40,41 it is easy to show that the activity coefficient 
(y) for a binary liquid solution can be written as: 

(5) 
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TABLE 3.1 Solubility Parameters and Henry's Law Constants 
for Various Solvents 

Solubility Henry's Law 

Solvent 
Parameter, a 
(eaVem3)O.5 

Molar Volume, v 
(em3/mole) 

Constant, 
K 

Butane 6.89 100.3 1.27 
Decane 7.67 194.5 0.83 
Decalin 9.18 .154.4 0.51 
Heptane 7.48 146.5 0.91 
Hexadecane 7.97 183.8 0.73 
Isopentarie 6.85 116.3 1.31 
Nonane 7.67 178.6 0.83 
Octane 7.57 162.5 0.87 
Pentane 7.09 115.1 1.13 
Triethylpentane 6.89 165.0 1.28 
Carbon disulfide 10.00 61.0 0.48 

where 01 and. 02 are the scalar solubility parameters of the two compounds, VI is the molar 
volume of component 1, and <1>2 is a ratio dependent on' molar volumes and mole fractions: 

(6) 

By using Equation 5, a rough estimate of HeI?IY's Law constant c~ be obtained: 

(7)K ::; 0.48 exp{NIRT) 

Equation 7 was used to estimate Henry's law. constants for solutions of CS2 in the solvents 
of Table 3.1; the results are in the las~ column. In this case, N was calculated at Xl =0.01 
because Henry's law is applicable at low solute concentrations. 

Several of the solvents in Table 3.1· would be possibilities for absorbing CS2, but 
unfortunately they are too volatile for actual use in an absorption column. This statement 
is demonstrated more clearly in Table 3.2, in which the Clausius-Clapyron equation38 has 
been used to estimate the vapor pressure of the best five solvents from Table 3.1. 

As shown in the eighth column ofTable 3.2, in most cases the solvent in air leaving 
a hypothetical gas absorption column would be higher in estimated concentration than the 
entering CS2• Even the least volatile solvent, Hexadecane (50 ppm leaving), is unacceptable, 
both environmentally and economically. The next step would be to seek solvents with the 
same chemical structure but higher motecular weight and lower ambient vapor pressure. 
Even then, few possibilities exist. For example, the chemical structure ofbenzene, one of the 
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TABLE 3.2 Estimated Gas Absorption Losses for Various Absorbentsa 

Estimated 
BP p MIvap p vap Outlet Losses 

Absorbent K MW (OC/oE) (g/cm3) (Btu/lb) (atm) (ppm) (mole/min) 

Decalin 0.51 138 193/379 0.896 129 2.46 x 10.3 2,460 2.51 
Hexadecane 0.73 226 287/548 0.775 100 5.02 x 10.5 50 0.051 
Decane 0.83 142 174/345 0.730 119 5.12 x 10.3 5,115 5.22 
Nonane 0.83 128 151/303 0.718 123 1.26 x 10.. 2 12,603 12.86 
Octane 0.87 114 126/258 0.704 130 3.01 x 10.2 30,097 30.71 

a	 K =Henry's law constant, MW =molecular weight, P =liquid density, MI vap =heat of vaporization, 
p vap =pressure of solvent vapor, Outlet ~ concentration at. absorber outlet. 

better solvents for CS2,.is a single aromatic ring, but, as discussed above, benzene has low 
molecular weight and appreciable vapor pressure at r~om temperature. The higher molecular 
weight analogs ofbenzene are naphthalene and anthracene. Unfortunately, the melting point 
of naphthalene is BO°C and that of anthracene 213°C, totally precluding bo.th as possibilities. 
In general, it'will be difficult to find analogs of higher molecular weight that are liquid and 
not highly viscous at room temperature. Some forms of mineral oil have reasonably low 
volatility 'and -ri~cosity at ambient temperature.. One such oil was tested and produced a 
Henry's law constant of 0.24. This is discussed further in Section .3.7. 

Rather .than look for further data on aliphatic liquids, we used a g~neralized and 
varia~le Henry's law constant to assess the potential of gas abs.orption for, OS2. recovery. If. 
absorption seems viable in general, further searching for favorable liquids, could proceed as 
outlined above. 

3.3 ABSORPTION TOWER ANALYSIS 

With these simple ideas concerning ideal solution and Henry's Law in mmd, it is 
possible to evaluate CS2 absorption in general terms without the need to defme the vapor­
liquid equilibrium of CS2 and various absorben~s explicitly. We fIrst set up an absorption 
tower analysis procedure from which we developed a family of absorption tower computer 
programs. Their use with variable inputs allowed general conclusions about CS2 removal and 
recovery to be reached. 

The computer programs are based on common fundamental absorption tower 
calculations.42 First, an overall CS2 balance on the absorption column is performed to define 
an "operating line." The mass transfer coefficients for CS2 transport from gas to gas/liquid 
interface and from gas/liquid interface to liquid are estimat~d. The operating line, the mass 
transfer coefficients, and Equation 4 with an assumed K are used to estimate the required 
absorption tower height for a given condition of CS2 absorption. The details of these 
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calculations, along with the main Fortran computer program that was developed, are 
presented in detail in Appendix A. 

3.3.1 Tower Diameter 

The prqgrams were used first to determine the effect of tower diameter on the 
required number of towers. The towers were assumed to be packed with 1-in. Raschig rings. 
A hypothetical absorbing liquid with Henry's law constant K =0.5 was assumed. The towers 
also were assumed to receive air contaminated with 100 ppm CS2 and to emit cleaned air at 
10 ppm. The effect of moisture in the ai~ was not ad~essed explicitly but was 'lumped with 
other effects that may slightly increase the Henry's law constant. The hypothetical 
absorption liquid was assumed to have zero vapor pressure and the molecular weight (102) 
and viscosity of propylene carbonate (a common absorption liquid). To show the effects of 
pressure, individual plots for various total operating pressures (minus the required press.ure 
drop) are included in the graphical presentation to follow. The calculations are based on 
optimizing the liquid rate required for the 400,000-cfm flow of the CS2-contaminated air and 
iterating to match bed depth to available pressure drop. A "flooding curve," taken from Perry 
and Chilton's Chemical Engineers' Handbook,43 was incorporated numerically into the code 
and is shown in Figure 3.2. 

\l 
,~,,' 

Thus,\}\~p.e total cross-sectional area is fixed by the liquid and gas rates and other 
settings mentioned above, the necessity to obtain optimum gaslliquid contact, and the 1 in. 
ofH20 per foot ofgas side assumed pressure drop in the tower. The parameters used in the 
calculations to follow are, in general, shown in Table 3.3. As shown in Figures 3.3a and 3.3e, 

, absorption bed depth and gas superficial velocity are constant as tower diameter is varied. 
However, variation in tower diameter changes the number of towers required because the 
total cross-sectional area is fixed for a given pressure. Tower diameter is plotted against the 
required number of towers in Figure a.3b. If only one tower is to be used and inlet pressure 
is 1 psig (plus the required pressure drop), the tower must be much larger than 30 ft in 
diameter. However, if30 towers are used they need be only approximately 7 ft in diameter. 
Because towers 12 ft in diameter, the largest that can be obtained from vendor stock, are less 
expensive than field-prefabricated towers, and are common for large gas flows, this diameter 
was chosen as the standard for further analyses. Figure 3.3b shows that approximately 12 
towers 12- ft in diameter would be required to handle the Teepak air at 1 psig. If the air were 
compressed to 100 psig, only five towers would be required. 

3.3.2 Superficial Velocity 

As shown in Figure 3.3e, the superficial gas velocity for the absorption tower is 
274 ftlmin for 1 psig. This figure is calculated by: . 

v = (QI(NT AT))(P/(P + 14.7)) (8) 
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TABLE 3.3 Values Used in Gas Absorption 
Calculations 

Parameter Value 

Liquid density (lb/ft3) 

Liquid molecular weight 

Liquid viscosity (cp) 

CS0iquid diffusion 
coefficient (ft2Ihr) 

Tower diameter (ft) 

Outlet CS2 concentration 
(mole CS2 + mole air)
 

Inlet CS2 concentration
 
(mole CS2 + mole air)
 

. Inlet liquid loading 

Optimum liquid rate multipliera 

Air viscosity (cp) 

CSiair diffusion coeffi~ent (ft~lhr) 

Inlet pressure (psig) 

Outlet pressure (psig) 

74.5
 

102
 

0.3
 

5.0 x 10.5
 

12 

o 

1.5 

0.018 

0.62 

1.0361 

1.0 

a See Appendix A, Section A2. 

In this formula, Q is volumetric rate, NT is number ofto.wers, P is 1 psig plus pressure drop 
requirements, and Ar is cross-sectional area. To determine. if this yelocity is ofa proper order 
ofmagnitude that is compliant with common absorption tower operating norms, an empirical 
factor called a "v-load'· term44 is calculated: . 

(9) 

where V is superficial velocity in ftls and the ps are vapor and liquid densities. For the 
1-psig case, we obtain V10ad == 0.154. V10ad should vary between 0.05 and 0.3; therefore, 0.154 
is acceptable, and the calculated gas velocity is appropriate for the I-psig case. 
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3.3.3 Operation at Elevated Pressure 

For higher pressures,V1oad would drop to about 9.015 below the suggested low, ifit 
is assumed that velocity drops according to the reduced volumetric fl9W and that pressure 
drop is constant. Thus, it may be concluded that at higher pressures, higher velocities should 
be used (providing additional pressure drop), further reducing the required number oftowers. ' 

However, compression of400,000 cfm of air is very costly. Figure 3.4, prepared from 
data supplied by Ingersoll Rand,45 shows a plot of approximate capital costs for compressors 
versus pressure. Also plotted is brake horsepower, a number proportion~ to power 
consumption and thus to compressor operating costs. A trade-off between the compression 
costs and the sa~gs in tower costs through compression could be possible (see Figures 3.3b 
and 3.4), provided a reasonable estimate of tower costs is 'available. Tower height is analyzed 
further after the following brief discussion of the advantages to Teepak of concentrating CS2 
emissions into less air. 

3.3.4 Reduction.in Air Rate by Concentrating CS2 

If CS2 could be concentrated, the number of towers required would be reduced. The 
absorption computer programs again were us~d to demonstrate this effect. Figures 3.5a and 
3.5b show the variation in required bed depth and number of 12-ft-diameter towers as the 
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CS2 is concentrated.into le~s air. Pressures of 1, 5, 20, and lob psig are shown. If, for the 
I-psig case, the Teepak CS2 flow (8.4 lb/min) were dispersed into less air to increase the 

· concentration-to 200 ppm, approximately six towers would-be required. However, if the CS2 
were cqncentrat~d into th~ sam·e amount of air and the.air was compre~sed to 100 psig, only 
2.6 towers would be required. Because the" curve of Figure 3.5b is steepest at lower 
concentrations, most of the advantage of concentration occurs b.elow 800 ppm. For example, 
·for the 1-psig case, concentrations from 100 ppm to 800 ppm reduce the number of towers 
from 6 to 1.5, but concentrations from 800 ppm to 2,000 ppm only reduce the number of 
towers from 1.5 to 0.6, an additional one-tower reduction. 

3.3.5 Tower Height Dependence 

. ~he number of towers required, while important, .is· not the only· dilemma in gas 
absorption of CS2• The ability of the liquid to absorb CS2 and the rate of mass transfer of 
CS2 from gas to liquid will determine the bed depth (tower height), a very important 
economic factor. Bed depth depends on many factors, but three are especially important: 

•	 The Henry's law constant (K) will define the ability of the liquid to . 
absorb and hold CS2. 
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•	 The inlet concentration of ·CS2 in the air will affect the ability of the 
liquid to absorb CS2, and it also will affect the rate of mass transfer of 
CS2 from the gas into the liquid. . 

•	 The outlet concentration of CS2 defmes the required· efficiency of 
separation; therefore, bed depth depends directly on this factor. 

The effect of inlet concentration was discussed in the previous section. Next, the 
effects of Henry's law constant and outlet concentration will be explored. 

3.3.6 Effect of Henry's Law Constant 

Figure 3.6a shows the variation of bed depth as K ranges from 0.1 to 1.0. Table 3.3 
contains the other important inputs for this calculation. Figure 3.6b shows'how the number 
of towers varies with Henry's law constant. This constant affects the number of towers 
because highly absorbing liquids (with low K) require less liquid flow to remove the same 
amount of CS2• Additional gas can then be sent through each tower, thus reducing the 
required number of towers. This effect is also seen in Figure 3.6c; superficial gas velocity is 
higher at low K. The slopes of the curves for all pressures are small, so K does not have a 
large effect. ~:~. 

In regard to the discussion of absorbing liquids presented previously, one possibility 
would be a Henry's law constant a few percent higher than the ideal solution case, say 
K =0.5, whj.ch (as shown in Table 3.1) may be achieved bydecalin. Figures 3.6a and 3.6b 
predic~, for the 1-psig case, that 12 towers. 13.7 ft high and 12 ft in diameter would be 
required. Pressure at 100 psig, for the It =0.5' case, would reduce the requirements to five 
towers 9.9 ft high and 12 ft in diameter. Reducing K to lower values does not help much, 
because the slopes of the curves are shallow. Fo~ example, ifa liquid with K = 0.1 was found, 
10 towers 12 ft high would be required to clean the gas to 10 ppm for the ~-psig case and four 
towers 7 ft high for the lOO-psig case. 

3.3.7 Effect of·Outlet Concentration 

Figures 3.7a and 3.7b depict the effect of changing the outlet concentration 
requirements. In these figures, tower height and number of towers are plotted against outlet 
concentration for four different pressures and the standard case (towers 12 ft in diameter, 
400,000 cfm, K '= 0.5, and 100 ppm inlet). As shown in Figure 3.7a and as expected, the 

, outlet concentration has a large effect on bed depth. However, Figure 3.7b shows that the 
outlet conc~ntrationhas only a relatively small effect on number of towers. If we take the 
most favorable hypothetical case, in which it is assumed Teepak is only required to clean the 
gas to 40 ppm (a very unlikely situation given the current clean-air laws), and ifan absorbing 
liquid ofK =0.5 were available, then Figures 3.7a and 3.7b predict that about 11 towers 5 ft 
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high would be required at 1 psig and five towers 4 ft high at 100 psig. Conversely, if.the gas 
must be cleaned to 2 ppm; then twelve 25-ft-high towers' would be required at 1 psig. It can .' 
be concluded that, given the Teepak case of 400,000 cfm of 100 ppm 082, the 'degree of 
cleanup required will have a large effect on the cost of a gas absorption recovery system. 

3.3.8 Effect of Pressure Drop 

The pressure drop usually associated with gas absorption is between 0.5 and 1.5 in. 
H20 per foot of bed. If additional pressure drop is used, the velocity ofgas flow will increase' 
and more gas can be forced through a given absorption tower. Therefore, the· required 
number of towers will decrease, as shown in Figure 3.Sb. But the figure also shows that the 
curves flatten out with increasing pressure drop. In addition, bed depth increases with 
pressure drop, as shown in Figure 3.Sa. We thus may conclude that there is no advantage 
to increasing pressure drop aboye approximately-l.O in. ~O per foot. 

3.4 MASS-TRANSFER COEFFICIENT 

The least accurate part of the bed depth calculation is the estimation of mass­
transfer coefficients in the tower. The gas film transfer coefficient (kg) controls the rate of 
transport of CS2 to the liquid surfaces. The liquid film transfer coefficient (kl) controls the 
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rate of tra~sport of CS2 into the bulk liquid. In ,th.e absorption tower model used ~o pr~pare 

Figures 3.3a through 3.8c, these coefficients were obtained by using well~knowncorrelations, ' 
which are the best.available but are pr~bably less accurate than most correlations used for 
other, simpler, heat- and mass-transfer applications. For the gas side coefficient, the 
correlation of Taecker and Hougen46 was used. For Raschig rings, this correlation is: 

(10)
 

where ~ isa factor for ~shig rings, G is the mass velocity of the gas stream in Ib/hro ft2 , Dg 
is the gas phase diffusion coefficient, and M is the average gas molecular weight (about 
29 lb/mole). 

For the liquid side coefficient, the correlation of Shulman47 was used: 

(11)
 

where D1 is liquid-phase diffusion coefficient (ft2/hr), D is the diameter of a sphere that hasp 
the same surface area as an element of packing, L is liquid rate (lblhr.ft2), and PI is liquid 
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density. Similar correlations have been shown to reproduce data from a large variety of 
packed tower systems to accuracies of ±30% for gas side coefficients.43 

Therefore, varying these coefficients over a range larger than the possible error 
bands is valuable in assessing the effect on bed delJth and determining if an inaccurate mass 
transfer coefficient could change the current assessment of gas absorption for CS2 recovery 
significantly. In the case where Henry's law constant (K) is 0.5, pressure is 1 psig, and CS2 
concentration is 100 ppm in and 10 ppm out, tower h.eight changes as both the gas and liquid 
coefficients (kg and k1) are varied (see Figure 3.9). The values of kg and kl ~calculated from 
Equations. 10 and 11) were mul~iplied by factors ranging from 0.1 to 2.0, so that the 
variation was from 10% to 209% of the estimated value. The adjusted kg is plotted on the 
horizontal axis in Figure 3.9, and each curve represents a different multiplication factor for 
kg as shown. When the k1 multiplication factor is 1.0 and the gas-side mass-transfer 
coefficient (~) is varied from 0.7 to 1.3, a ±30% range, tower height will change from 18 ft 
to about 11 ft. The variation in tower height for this ±30% variation in kg is +38% but only 
-15%. Therefore, around the 13-ft mean the gas phase coefficient has a much larger effect 
if it is in error on the minus side. For example, ,a -75% eITor will increase tower height by 
21 to 34 ft, while a +75% error will reduce tower height by only 4 to 9 'ft.. This effect also 
occurs for liquid phase coefficients. As seen in the figure, ifkg were underestimated by an 
order ofma~ltude,th.e estimated tower height would rise from 13 ft to 49 ft, while'ifit were 
.overestimated~;~py an order of magnitude, height would drop from 13 ft to 11 ft., . 

From these results, we may conclude that, within the usual ±30% eITor band for 
mass-transfer correlations, tower height may be estimat~d too high but is. ~ot likely to be 
estimated significantly too low as a result of using the correlations' (Equations. 10 and 11). 
In any case, the error is not likely to exceed 40%. · 

3.5 LIQUID PROPERTIES 

In Section 3.2, it was shown that an aliphatic liquid potentially coulq. produce a 
Henry's law coefficie~t'for CS2 solubility of 0.5 or lower. This liqm.d cquld be some type of 
paraffinic oil of unknown density, viscosity, and molecular weight. Rather than estimate 
these properties for an unknown fluid, we used the properties of a cominon gas absorption 
liquid, propylene carbonate; in the calculations.48 Because these liquid prop~rties,along with 
the liquid diffusion coefficient, are used to calculate the mass-transfer coefficie:q.t, it is 
necessary to evaluate the sensitivity of tower height estimation to inaccuracies in these 
properties. The computer model was run with each property varying between -50% ~d +50% 
of the values in Table 3.3. The results are given in Figures 3.10a and 3.l0b. For example, 
the liquid density used in these calculations was 74.5 Ib/ft3, so in the figures the variation 
in tower height and number of towers is given as ~ function of liquid density as it varies from 
37.25 Ib/ft3 to 111.75 Ib/ft3• Similarly, the liquid molecular weights varied between 51 and 
153, liquid viscosity between 0.15 cp and 0.45 cp, and diffusion coefficient between 
2.5 x 10-5 ft2/hr and 7.5 x 10-5 ft2/hr. All these properties attain the values used in previous 
calculations and meet at a common point in the center of the figures. Results for larger 
variations are given in Section 3.7. 
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Figure 3.l0a shows that the variation in tower height for ±50% variation of the 
liquid properties is as follows: density ±18%, viscosity ±3%, molecular weight ±5%, and 
diffusion coefficient: ±9%. From Figure 3.l0b, we see that varying molecular weight, 
viscosity, and diffusion coefficient has a negligible effect on number of towers but that 
varying liquid density has a noticeable effect. From this result, we may conclude that, for 
limited variation of liquid properties other than density, the effect. on ·tower height and 
number of towers is well within the band created by uncertainties in mass-transfer 
coefficient. Therefore, the estimates in Section 3.3 will apply to other possible liquid solvents 
of similar density. However, solvents with different densities could produce different results 
and should be accounted for. For example, most hydrocarbon densities are about 56 Ib/ft3• 

Figures 3.l0a and 3.l0b show that, at this density, such a solvent requires a correction of 
1~6-ft tower height reduction; also, five additional towers are required for such a solvent. 
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3.6 ABSORPTION TESTS
 

The results of Section 3.5 clearly show that the physical properties of the absorbing 
liquid are important, even within the likely error band of ±30%. As mentioned in 
Section 3.2.2, Henry's law constant can be expected to be 0.5 or less for aliphatic oils. Such 
oils can have m'uch larger variation in physical properties than those investigated in 
Section 3.5. For example, Kaydol, a mineral oil distilled from petroleum by Witco 
Corporation, is 100% saturated hydrocarbon and should be a good absorbent for CS2• A 
.comparison of the physical properties of Kaydol and propylene carbonate' is given in 
Table 3.4. 

The ability ofKaydol to absorb CS2 at 100 ppm was measured by modifying the ANL 
dynamic adsorption test rig (see Section 4.1.2 for a discussion of the adsorption test rig). 
Figure 3.11a shows a schematic of the modified test rig. Metered air is mixed with metered 
CSiair to produce a flow of air with 100 ppm CS2• The mixture is p~eheated by. an oil bath 
and flows into a sparger that bubbles the gas through Kaydol. Absorption is detected by 
semicontinuous measurement of CS2 concentration in the off-gas with the flame photometric 
detector of a gas chromatograph. The results of one such test are shown in Figure 3.11b. 
The loading is calculated by integrating the difference between inflow and outflow over time. 
As shown in tfle figure, the loading of 4.03 x 10-4 mole CS2 per mole Kaydol translates into 
a Henry's law ~onstant of 0.248. This value indicates that CS2 has a high affinity for Kaydol. 
Therefore, KaY-dol is, relatively, a very good absorbent for CS2• However, at 100 ppm, the 
partial pressure of CS2 relative to its vapor pressure at the same temperature is very small; 
therefore, the magnitude of loading of CS2 in Kaydol is very small. 

3.7 KAYDOL ABSORPTION CALCULATIONS 

Figures 3.12a and 3.12b were prepared with the absorption tower model in 
Appendix A and with the pressures, diffusion coefficients, inlet-outlet concentrations, and 
other nonliquid property constants of Table 3.3 (similar to the calculations in Section 3.3). 
The physical property constants were those of Kaydol. These figures depict the model's 
prediction of variation in absorption ·bed depth and in number of towers when Henry's Law 

TABLE 3.4 Properties o~ Absorption Liquids 

Propylene 
Property Carbonate Kaydol 

Density (lb/ft3) 74.5 54.7 
Molecular weight 102 424 
Viscosity (Cp) 0.3 58.82 
CS2 diffusivity (ft2/hr) 5 x 10-5 2.5 x 10-6 
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constant is varied and when an absorbing liquid with the physical properties of Kaydol is 
used (see Table 3.4). Figures 3.13a and 3.13b show the results when propylene carbonate 
properties are used for the absorbing liquid. The effects of very different physical properties 
are evident from a comparison of the two sets of curves. For example, it is clear that an 
absorption system that uses a ·liquid with Kaydol properties requires significantly more 
absorption bed depth and more towers than a system that uses a liquid with propylene 
carbonate properties. The additional requirements depend on the magnitude of the liquids' 
Henry's law constants, but in general, as seen in the figures, additional requirements exist 
for all values of Henry's Law constant. 

To discern the effect ofHenry's law const~t more easily, additional plots were made 
as liquid viscosity was varied for two different values of Henry's law constant. The plots are 
shown in Figures 3.14a, 3.14b, 3.15a, and 3.15b. From this comparison, it can be seen that 
at 1 psig, a reduction in Henry's law constant from 0.5 to 0.25 reduces bed depth by an 
average ofless than 1 ft and reduces tower requirements by two. We conclude that reduction 
of Henry's law constant is not a highly effective means of reducing the cost of CS2 gas 
absorption (see also Figures a.6a and 3.6b). Therefore, in this case the effects of physical 
properties of the absorbent exceed those of other factors. 

. Figure~~ 3.16a, 3.16b, 3.17a, and 3.17b depict the effect c;>f CS2 diffusivity in the 
liquid. The firSt two figures were obtained from computer runs that used the diffusivity of 
propylene carbonate (5 x 10-5 ft2fhr), and the others were obtained by using the Kaydol value 
(2.5 x 10-6 ft2fhr). From this comparison, it can be seen that diffusivity has a large effect on 
required bed depth, which more than doubles as diffusivity drops from that of propylene 
carbonate to that of Kaydol. 

Figures 3.18a and 3.18b, as compared with 3.19a and 3.19b, show the effect of liquid 
density. Under the conditions described in these figures, the 36% increase in density from 
propylene carbonate to Kaydol is seen to have a relatively small effect. 

Figures 3.14a through 3.19b demonstrate that an increase in molecular weight tends 
to increase the number of towers significantly but reduce the bed depth. 

In summary, Figures 3.12a through 3.19b make it clear that reducing the molecular 
weight and viscosity of the absorbent will tend to reduce the number of towers, while 
increasiJ?g the molecular weight, viscosity~ and diffusivity will reduce bed depth. Reduced 
density also tends to reduce bed depth. Because diffusivity has a relatively large effect on 
bed ·depth, the best compromise probably would be to look for a liquid with high diffusivity 
(to reduce bed depth) but also with low viscosity and molecular weight (to reduce the number 
of towers). 
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3.8 SYSTEM REQUIREMENTS FOR GAS ABSORPTION 

3.8.1 Liquid Pumping 

Because CS2 loading is very low for any absorption liquid in contact with 100 ppm 
CS2 in air, a large flow of liquid would be required. Calculations outlined in Appendix A 
show that about 7,000 gallons per minute (gpm) of tota! absorbent flow would be required at 
about a 30-ft head. Pumping tables43 show that this flow would utilize about seven 
1,OOO-gpm centrifugal pumps. The cost of the pumps would be roughly $30,000. 

3.8.2 Desorption Heating Requirements 

To recover the small concentration ofCS2in the absorption liquid, all the liquid must 
be heated to at least 30QoF (150°C). The flow rate of liquid, as shown in Appendix A, will be 
about 40,000 mole/h.r. For paraffin-based oils, specific heat is approximated with the 
formula:43 ' 

(12)Cp = 0.425/d 112 + O.0009(t - 15) 

where C is in c3.I1g.oC (or Btullb·oF), d is density (g/cm8), and t is temperature (OC). Thep 
total heating requirement for desorption, therefore, can be estimated as a function ofheating 
temperature for absorbing liquids of various densities and molecular weights. For example, 
to heat 4 x 104 mole/h.r Kaydol (d =54.7/62.4 =0.877, molecular weight =424) from 77°F· to 
300°F requires 2 x 109 Btulhr. Steam tables show that the heat ofvaporization of saturated 
water at 300°F and 69 psi is 907.·4 Btullb. Heating the Kaydol thus -would require about 
2.2 x 106 lb/hr of saturated steam at 300°F and 69 psi. . 

Figure 25-3 in Perry's handbook43 indicates that the installed cost in 1969 ofa steam 
generation package providing 3 x 105 lb/hr of low-pressure steam is $1.2 million. Assuming 
6% yearly inflation from 1969 to 1992, the installed cost of a dedicated steam plant for the 
Teepak absorption system would be about $1.2 x 106(1.06)23 (2.2 x 106)/(3 x 105) = $33 
million. This very large cost is the result of the low CS2 conce.ntration in the Teepak air 

- emissions. 

3.8.3 Desorption Processing 

As mentioned in the previous section, desorption requires vac.uum heating to reduce 
the ability of the liquid to hold CS2. To approximate the vapor-liquid equilibrium CS2 
concentration under the evacuated and heated conditions, we assume Raoult's law applies: 

(13) 
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where P is total pressure, y is the mole fraction of CS2 in the vapor, pO is vapor pressure of 
pure CS2 at the system temperature, and x is the mole fraction of CS2 in the liquid. 

To use Equation 1·3, CS2 vapor pressure data are required. Perry's handbook43 

provides such data for O°F to 120°F.. Because higher temperatures· are required, the data 
plotted in Figure 3.20 have been extrapolated. Thus, on the basis of classical 
thermodynamics, vapor pressure will have an exponential relationship to temperature (i.e., 
the Clausius-Clapyron equation applies): 

(14)In po = -MIIR (lfr~) + C 

From the figure, MIIR =5966.5 and C =13.066. Eqquation 14 can now be used to obtain 
the pure CS2 vapor pressure, given any value of TR. 

If desorption is assumed to occur at subatmospheric pressure in a heated vessel, 
Equations 13 and 14 (along with the original CS2 loading of the desorption liquid, ~) can be 
used to estimate the percent recovery. For this calculation, it is assumed. that 
thermodynamic equilibrium is attained in the desorption vessel. Let F ~ equal moles of 
CS2 per seconcl carried with the inlet solution into the vacuum· stripper and F =moles ofs 
solvent carrieci?,in per second. The inlet mole fraction of CS2 is thus: 

(15) 

This equation can be rearranged to give the molar rate of CS2 into the stripper:· 

(16) 

Let F ~ =moles CS2 per second out of the vacuUm stripper as carried with the solvent: 

(17) 
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. . 

where X is the mole fraction' of CS2 in the solution leaving the stripper. Let Q be theo 
percentage of CS2 recovered by vacuum stripping of the inlet solution: 

Q = 100(F i _ F o)/F i (18) 
c c c 

Substituting Equations 16 and 17 ~to Equation 18 and rearranging the order, we obtain an 
expression for Q in terms of inlet and outlet CS2 mole fractions: 

(19) 

Let us assume Raoult's law applies to the solution leaving the vacuum stripper. From 
Equation 13, we have 
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(20) 

We further assume that at the temperature and pressure of the vacuum stripper, the solvent 
has negligible vapor pressure compared with dissolved CS2• Therefore, Yo = 1 and 
Equation 20 becomes: 

(21) 

Outlet mole fraction (x )' can be written in terms of T (temperature in OF) and P (pressureo
in psi of the vacuum stripper) by combining Equations 21 and 14. . 

X o = P/472597.8 exp(-5966.5/(T + 460)) (22) 

Combining Equations 22 and 19 allows the percentage recovered (Q) to be calculated in terms 
of inlet mole fraction (~), temperature of the desorber (T), and desorption absolute pressure 
·(P). Figures··S.21a through 3.21e were prepared by usi.n:g Equation 19 to show' ·the 
requirements for vacuum stripping recovery~ assuming the solution is ideal in the sense of 
Raoult's law. As seen in previous sections, solvents with good ability to hold CS2 would be 
near-ideal. Solvents that could load up higher in CS2 than near-ideal solutions would not be 
ideal, but they would be very difficult to desorb. Thus, the ideal assumption is reasonable 
for estimate~ of desorbability of CS2• 

For perspective, we first recall from Appendix A that the maxim.um loading of 
absorption liquid with a Henry's law constant of 0.48 is ~ = 1.39 x 10-4. Also, the measured 
maximum loading of Kaydol was ~ = 4.028 x 10-4, as shown in Figure 3.11b. 

We first assume ~ = 1 x 10-4 and ask what vacuum stripper temperatures and 
pressures are required to obtain at least 80% recovery of CS2. From Figure 3.21a, it is clear 
that recovery of CS2 from a solution for which ~ = 1 x 10-4 is not feasible. Recovery of 80% 
at 300°F would require a pressure of about 0.01 psia, an expensive process vacuum to 
maintain. To desorb at 0.5 psi would require a temperature of 1,600°F. Again, this level is 
clearly infeasible, because most solvents would be destroyed at such a temperature. 

Figure 3.21b shows that, if~ = 5 x 10-4, 500°F and 0.1 psia are required for 80% 
recovery. Temperatures above 900°F are needed if a 0.5-psia vacuum is used. This 
requirement clearly would be very expensive. 

Figure 3.21c shows that, at ~ =50 X 10-4, a potentially feasible temperature of300°F 
would require a 0.2-psia vacuum. A 1.0-psia vacuum still would require 500°F, a 
temperature close to the threshold of decomposition for many organic solvents. 
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Figure 3.2ld shows that, at ~ =0.01, a 300°F recovery is possible .at 0.4 psia. Figure 
3.21e shows that, if the liquid could be concentrated to 0.1 mole fraction of CS2, vacuum 
stripping would work well, resulting in 80% recovery either at 10 psia and 400°F or at" 4 psia 
and 300°F. 

On the basis of the results given above and in Sections 3.8.2 and 3.8.3, we must 
conclude that, although gas absorption could be used to remove CS2 from the Teepak 
emissions at a high bu~ possible plant cost, the recovery of CS2 from the necessarily large 
absorption liquid flow is economically infeasible. Furthermore, because the absorption liquid 
could not be regenerated, the possibility of using gas absorption as a removal method only 
would be precluded. 
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4 GAS ADSORPTION
 

4.1 PRELIMINARY ANALYSES 

4.1.1 Adsorbents 

An extensive literature study was conducted to identify the adsorbents best for CS2 
recovery. The following items are the main conclusions from that effort: 

•	 CS2 has the following properties: no permanent polarity, no hydrogen. 
bonding, and very high polarizability. Because these characteristics are 
roughly those of aliphatic hydrocarbons and also' are 'close to those of 
benzene and certain other special aromatics, it was supposed that 
polymeric adsorbents that were styrene-based and had aliphatic linkages 
would be good candidates. 

•	 Activated carbons can be manufactured in a nonoxidizing environment, 
thus nearly eliminating oxygen functionaIities on the internal sUrface. 
Such materials are termed "H-carbons." The internal surfaces of 
oxiken-free carbon resemble graphite. Because graphite has no polarity 
and is highly polarizable, it was believed that H-carbons should be 
studied extensively. A, variety of different H-carbons are available 
commercially, and it was decided that a range of these could offer good 
possibilities. 

•	 It is well known that CS2 can react with amine groups to form a weakly 
bonded chemical compound. Furthermore, this reaction can be reversed 
with mild heating. It was suggested that, ifpreparation of the internal 
surface of an adsorbent to carry amine groups was possible, this surface 
would make CS2 adsorption possible. On the basis of the literature 
(mostly electrochemical studies), it was found that amine functionalities 
can be bonded to surfaces containing hydroxyl groups. Because both 
silica gel and. alumina contain hydroxyl groups on their internal 

. surfaces,	 it was decided to learn the techniques of preparing amine­
functionalized silica gel and alumina adsorbents. 

•	 Zeolites are well-known adsorbents for many separation problems. 
However, zeolites generally ,adsorb water more strongly than .most other 
substances. Therefore, if water is present in the mixture to be 
separated, it will adsorb strongly and poison the surface for other 
adsorbents. This effect is especially relev~t for CS2, which has physical 
adsorption characteristics very diff~rent from those of water.. 
Unfortunately, the Teepak emissions that carry CS2 are usually 
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saturated with water vapor. Therefore, common zeolites are not believed 
to be good candidates for an adsorption process at Teepak. 

In recent years, however, several hydrophobic adsorbents have been 
developed, mostly by Union Carbide Corporation at its research facility 
near TarrytoWn, New York. One of these, called Silicalite, is made of 
silica and has a zeolite structure but does not contain the metals that 
tend to make common zeolites hydrophilic. Another hydrophobic zeolite 
material now being tested at Tarrytown is called Purasiv. It ma~ be 
that these materials, because of their alleged hydrophobic charac­
teristics, could load well with CS2 in the presence of water: 

•	 Activated alumina, common zeolite, and silica gel are used extensively 
as adsorbents in process industries for many types of separations. In 
spite of the hydrophilic nature of these materials, it was believed they 
should be tested for CS2 adsorption. 

•	 A large number of prepared adsorb.ents are used in laboratory and 
industrial proc·esses such as chromatographic separations and ion 
exchange. Although these adsorbents are only available in small 
qu~tities and are very expensive, it was decided that several of these 
should be tested for CS2 adsorption. 

4.1.2 Adsorbent Test Rig Design 

A gas adsorption ~dynamic test rig" with the folloWing featmes was designed: 

•	 Variable flow rate of adsorbent gases·; 

•	 Precise control of flow by using accurately calibrated gas rotometers; 

•	 Ability to adjust mixing to allow any concentration of mixed gases to be 
sent to the adsorption column; 

•	 Variable length of adsorption column to adjust for materials of widely 
varying mass transfer zones; 

•	 Ability to detect effiuent from the adsorption column at concentrations 
as low as 1 ppm CS2 (molar basis) by using a flame photometric detector 
that is part of the Shimadzu gas chromatograph purchased for the 
project; 

•	 Continuous, automatic, and unattended sampling with. automatic 
readout and programmable time-delay between -samplings; 
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•	 Accurate temperature control of the column at settings between O°C and 
170°C; and 

•	 Desorption testing ofvariable desorption gases, adjustable temperature, 
and a large range of flow dilution (to allow the flame photo.metric 
method to detect high absorbate concentration). 

4.1.3 Modeling 

The literature was searched extensively for ·~vailable models that would ~ow the 
anticipated experimental data to be correlated and would'estimate the practicality ofa given 
adsor1Jent for the Teepak situation. A large amount of arcane information was found. 
Generally, adsorption modeling methods are based on nonsteady solution of partial 
differential equations, and the results are not easy to use in a practical way. We wanted to 
fmd a simple method that could be used to estimate the length of the mass transfer zone in 
adsorption (early tests at Teepak indicated large mass transfer zones for many adsorbents). 
In particular, the effect of particle size is important, as both mass transfer zone length and 
pressure drop requirements depend, at least in part, on particle size. 

. As a result of this search, we developed a set ofcomputer programs that will produce 
a preliminary process design (number of towers, tower height, tower diameter, pressure drop 
requirements, etc.) given the characteristics of the adsorption isotherm for an adsorbent. 
These programs are' based on the ~ork of Basmadjian.49 Details are given in Appendix B. 

",' 

4.2 LABORATORY ADSORPTION TEST RIG 

4.2.1 Procurement 

In general, construction of the test rig followed p~or planning, but some delays 
affected the schedule. 

It was originally planned to purchase a Hewlett-Packard Gas Chromatograph with 
a custom flame photometric detector, an automatic sampling valve, and a programmable 
controller. However, the low bid was for a comparable model from Schimadzu Scientific 
Instruments, Inc. Because we were unfamiliar with this equipment, it was necessary to 
study the system before it was used. From this study it was determined that an automatic 
sampling valve was necessary. The valve was developed with the help of Schimadzu 
techilicians. The Shimadzu equipment performed adequately. 

It was originally planned to use an automatic machine to obtain adsorption 
isotherms for each ofthe adsorbents. Accordingly, Porous Materials, Inc. (Ithaca, New York), 
was asked if it could supply a BET machine that could be used with CS2 at very low 
pressures. (The concentration of CS2 in the Teepak air is only 100 ppm, the mole fraction 
is only 10-4

, and the partial pressure is less than 0.00015 psi.) Porous Materials assured us 
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that it could provide an adequate machine, won the bid, and promised delivery before 
March 31, 1991. When the BET machine still hadn't been delivered by May 15, the latest 
date it could be of use to the project, the purchase contract with Porous Materials, Inc., was 
canceled. Fortunately, the dynamic test rig, coupled with the Basmadjian model, was 
adequate for adsorption evaluations. 

4.2.2 Fabrication 

Construction of the adsorption test rig began in April 1991. An angle-iron frame was 
built to hold the five flow controllers and tubing. ~ constant-temperature oil bath was 
purchased and tested for temperature controllability. It was found to be ade"quate at ±O.5°C 
control for both adsorption temperature (25°C) and desorption temperature (about 150°C). 
Delivery of the Schimadzu gas chromatograph with flame photometric detection was 
somewhat delayed; when it arrived, it was necessary to construct an electronic timing and 
trigger device that 'Y'ould automatically activate the air-driven sampling switch and allow. 
adjustment by the programmable gas chromatograph controller. 

Figure 4.1 shows the layout of the test rig. The first rotometer controls the flow of . 
dilution air, which mixes with the flow of CS~air from the 1,OOO-ppm CS2/air tank. The 
relative settings ofthes'e flow meters can produce an adsorption column feed stream with any 
CS2 concentration between 0 ppm and 1,000 ppm. 

This mixing feature is especially important because it allows the 3;dsorbep.t to be 
equilibrated with any concentration of CS2, effectively producing an isotherm point for the 
given material in the adsorption column. Because the flame photometric detector can det~ct 

and record very low CS2 concentrations, it is possible to determine sorbent loading without 
weighing the column - simply by.integrating the difference between inflow and outflow of 
CS2 continuously. 

The other rotometers control the flow of nitrogen to the column and to the flame 
photometric detector. Since CS2 is highly ignitable (autoignition temperature ofabout 100°C) 
and carbon is very combustible, the column cannot be desorbed safely with air. Nitrogen 
must be used, and the consequent features are incorporated into the rig design.. One 
rotometer is used in desorption. Nitrogen dilution of the flow to the flame photometric 
detector is also necessary. During desorption tests, depending on the loading and retention 
characteristics of the column materials, larger CS2 concentrations must be measured. 
Concentrations of several thousand ppm CS2 can take up all the available detection band, 
and the reading will "peg out" at the high end. With the nitrogen dilution feature, the CS2 
concentration can be diluted until accurate continuous measurement is possible. 

The oil bath temperature controller has two important functions. First, it provides 
oil with .an accurately and precisely controlled temperature for external use. In this case, the 
bath's built-in pump is used to send the oil to an outer jacket around the adsorption column. 
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With a large column/jacket heat transfer area, the bath oil can control adsorption column 
temperature accurately. This control is especially important in desorption tests, which may 
require a temperature near 300°F. 

The second function is to provide temperature conditioning of the inlet air. In 
addition to the jacketing effect, the inlet gas to the column must be controlled or it is possible 
a cooler lower section of the adsorption column could tend to exaggerate the CS2 retention 
of a portion of the column and possibly skew the data. To prevent this, the inlet gas is 
passed through coils submerged in the bath fluid, as shown in Figure 4.1, and the 
preconditioned gas is sent directly into the column bottom. 

The adsorption column is. made of glass and is fitted with gas input and output 
sections of porous ceramic that allow an even distribution of flow into and out of the column 
with minimal possibility of channeling. The column length is variable; the maximum height 
is about 20 cm. The diameter is fixed. As mentioned above, the column is jacketed to allow, 
accurate temperature control. The jacket also is made of glass and allows a cylindrical 
column of heat transfer fluid (in this case, oil) to flow upward. This fluid completely 
surrounds the adsorption column and is separated only by the glass wall of the column. 
Temperature equilibrium is attained quickly and is maintained as long as the temperature­
controlled fluid continues to flow. 

\:",\ 

4.2.3 Testing 

Testing of the adsorption rig components followed construction. The most critical 
feature. of the system, was the fl~e photometric d~tector. During the shake-down tests, it 
was found that, as mentioned previously, the d~tector could be overwhelmed at high CS2 
concentration~ and that, as a result, the desorption tests would be partly ineffective, 
especially during early desorption. This finding required a slight redesign and refabrication 
of the test rig to incorporate the nitrogen dilution system shown in Figure 4.1. 

Calibration of the flame photometric response was a large part of the shake-down 
testing program. A very accurately prepared mixture of air and CS2 was purchased and, by 
using known dilution factors and rotometers 1 and 2, a calibration curve for CS2 over all 
possible levels was prepared. This step was considered especially important because the 
accuracy of any equilibrium measurement (as when the rig is used to estimate adsorp,tion 
isotherms) depends on the cumulative accuracy of outlet gas detection. 

Tests on actual adsorbents in the column demonstrated the importance ofminimizing 
flow resistance. Some of the tubing used in the system was one-sixteenth of an inch in 
diameter. When large flows were required, excessive pressure drap occurred and prevented 
testing at adsorption pressures near 1 psig. Accordingly, tubing of this size was replaced or 
made as short as possible. This correction reduced flow resistance and allowed adsorption 
to proceed at pressures near 0 psig. 
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Additional adsorption tests on activated carbon confirmed the assumption, made 
during experimental design, that fmal equilibrium column loading could be estimated with 
reasonable accuracy by continuously recording the CS2 concentration exiting the column and, 
at saturation (i.e., when outlet concentration equals inlet concentration), by subtracting the 
cumulative exiting CS2 mass from the cumulative entering CS2 mass. 

4.2.4 Adsorbent Preparation 

As discussed in Section 4.1, the adsorbents planned for testing were all commercially 
available except the amine-functionalized material. -. Because no literature was found on 
preparing this material for adsorbent testing (although much experience exists in general 
silane f~ctionalization),50 a large amount of exploratory work was necessary to develop a 
method that provided reasonable assurance that the swfaces actually were covered with 
amine. Because this work constituted a significant fraction of the effort expended in this 
project, a summary of the work follows. 

4.2.4.1 Organosilane Surface-Covering Procedure 

Liquid\~inosilaneswere obtained from Union Carbide (trade numberAII00). They 
were dried by molecular sieve dehydration for several hours. Silica gel or activated alumina 
was prepared by drying overnight in an·oven heated to 110°C. The silica gel was removed 
from the oven, allowed to cool for five minutes in a humidity-controlled vessel (50% relative 
humidity). This procedure introduced a consistent amount of water vapor onto the internal 
s¢aces of the absorbent. The dry AlI0Q was removed fr9m the desicca:tor. The sjJica gel 
was dumped quickly into a beaker containing dry toluene, and the organosilane was added; 
then the mixture was stirred for two hours. The reaction that o~curred was as follows. 

Excess water on the swface hydrolyzed the aminosilane (AllDO): 

(23) 

The hydrated silane then reacted wit~ chemically attached OH groups that are always 
present on the silica swface: 

Sufficient OH groups are estimated to exist on silica and alumina so that a monolayer of 
amino groups formed on the silica gel. 
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4.2.4.2 Estimation of Surface Reaction Effectiveness 

Silica gel with 300 m2/g should be able to attach 0.9 millimoles of aminosilane per 
gram of silica gel. To estimate the extent of this reaction, the solid was dried, treated with 
a known amount of 0.1 NHCI (0.1 N NaOH), and then titrated with base. This procedure. 
resulted in an average value of 0.62 millimoles/g, so the process was not 100% efficient. 
However, it was adequate and an adsorbent with attached amine was produced. Amine­
functionalized alumina was prepared by the same procedure, and the treated material carried 
an average of 0.56 millimoles of amine per gram. 

If it were assumed that eac.h amine func~iohality could adsorb one CS2 molecule, 
then the maximum loading of the adsorbent would be about: «0.56 + 0.62)/2) (76 x 10-3) = 
0.045 g CS2 per gram adsorbent or, at equilibrium, the adsorbent would carry about 4.5% by 
weight of CS2• Because this loading is comparable to activated carbon's capacity for CS2, we 
were encouraged to continue the effort to prepare amine-functionalized adsorbents. 

4.2.4.3 Infrared Spectra of Amine-Functionalized Adsorbents 

To ensure further that the adsorbents were receiving the aminosilane on the surface, 
an extensive FoUrier Transform Infrared (FTIR) analysis was conducted. Pellets ofKBr were 
prepared by mixing modified and unmodified adsorbents with a reagent grade of KBr 
(200 mg) and pressing the mixture into disks. The amount of adsorbent used varied from 
0.5 mg to 50 mg. However, the best results were obtained when the adsorbent weight was 
about 4 mg. 

. .. 
The'covalent bond (Al-O-Si) between the adsorbent and AllOO could not be observed 

from FrIR spectral observations because ofthe obscuring effect ofthe water regioJ;l. However, 
the CH band (about 2,900 cm-I ) could be observed. Also, the area of the OH band (about 
3,500 cm-I ) was shown to decrease. By observing the CH peak and the OH peak, we may 
conclude that the alumina and AllOO are covalently linked. These results are shown in 
Figures 4.2 and 4.3, which are representative of the results for the other adsorbents. 

4.3 DATA COLLECTION 

Data from this study are from two sources. While the contract was being negotiated, 
while funds were not yet available, and later while ANL was waiting for delivery of items 
with long lead times (e.g., the Shimadzu gas chromatograph), Teepak agreed to undertake 
adsorption testing at the facility in Danville, Illinois. Accordingly, one of their on-line 
chromatographs, which already was calibrated for CS2/air detection, was modified to serve 
as a detector and constant temperature oven for a small adsorption column. With this 
equipment, Teepak tested the full range of adsorbents before the construction of the 
adsorption test rig at Argonne was complete. These data are presented below, along with 
data obtained using the Argonne test rig. The results are shown in Figures 4.4 through 4.9. 
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4.3.1 Common Adsorbents 

Silica gel, activated alumina, and the clay mineral mordenite (a material commonly 
used in nonprocess adsorption) were studied in the adsorption tests. As seen in Figure 4.4, 
silica gel, activated alumina, and unwashed mordenite have very little ability to clean CS2 
from air. In each case, CS2 was never reduced below 50 ppm, and breakthrough of the inlet 
concentration, 100 ppm, occUlTed in less than an hour. Water-washed mordenite had the 
most ability to hold CS2, but even in this case the laO-ppm flow was never reduced below 
40 ppm. Table 4.1 shows the loading attained for all adsorbents tested. Because the common 
adsorbents can hold little CS2, they are clearly unsuitable for use at Teepak. 

4.3.2 Prepared Adsorbents 

Several different substrates were reacted with aminosilanes to produce an adsorbent 
containing amino groups. Figures 4.5 and 4.6 show the ability of these materials to hold up 
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CS2• In each case, the aminosilane treatment resulted in no significant advantage for CS2 
removal. Some results were interesting, however; in particular, the amino treatment seemed 
to improve the ability of activated alumina to hold up CS2, but no such difference was noted 
for silica gel. 

One diphenyl silane treatment was tried; results indicated that the resulting 
adsorbent was very ineffective in holding up CS2• It had 100% holdup for a.few· minutes, but 
within 15 min the 100 ppm had nearly broken through. The results in Figure 4.5 were 
obtained by using materials treated with aminosilanes in ANL laboratories. A commercially 
prepared aminosilane/silica gel was obtained so that parallel tests could be run to'eliminate 
any possibility that the ANL material was not properly prepared (and therefore did not hold 
up CS2 properly). These materials, obtained from Waters, Inc., were tested in the ANL 
adsorption rig. The results are shown in Figure 4.6. The figures clearly show that the 
commercially prepared aminosilane/silica gel is not a better absorbent for CS2 than the ANL­
prepared materials. These treated adsorbents, therefore, have no practical value for CS2 
recovery at Teepak. . 
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4.3.3 Polymeric Adsorbents 

The polymeric adsorbents tested were obtained from Dow Chemical Company. They 
were styrene-based and, according to solubility theory, should have had at least some ability 
to remove CS2. Figures 4.7,4.8,. and 4.9 show that, except for XUS-40285, which has some 
small holdup ability, these adsorbents are little better than the common adsorbents. As 
shown in Table 4.1, their loadings are better than those of the common adsorbents but are 
still relatively small. It must be concluded that the polymers have little potential for CS2 
recovery. 

Figures 4.10 and 4.11 show the holdup characteristics ofamberlite, a commonly used 
chromatographic packing. Again, both the breakthrough plot and the loading (see Table 4.1) 
are not encouraging. 
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TABLE 4.1 Adsorbent Loadings 

Maximum Loading, CIo 
(grams CS2 per gram 

adsorbent) 

Adsorbent Teepak Argonne 

Mordenite (washed) 
Silica gel 
Activated alumina 
Silica gel (treated with aminosilane) 
Alumina (treated with aminosilane) 
Adsorbent polymer XUS-40285 
Adsorbent polymer XUS-43436 
Adsorbent polymer XUS-40323 
Amberlite 
Silicalite 
Activated carbon (xtrusorb) 
Kureha carbon 
BPL carbon 

\t PCB c~bon 

0.0041 
0.001 

, 0.0015 
0.0019 

<0.0001 
0.0074 
0.0037 
0.0010 
0.0021 
0.0134 
0.042 
0.062 
0.056 
0.085 

0.002 

0.010 

0.0005 
0.0020 
0.0120 
0.063 
0.088 
0.064 
0.114 

4.3.4 Hydrophobic Adsorbents 

Figures 4.12 and 4.13 show the breakthrough curves for Silicalite, a silica-based 
molecular sieve. This material clearly has some holdup potential, and in Table 4.1 we also 
see that it has a higher loading than the polymers and common adsorbents. Figure 4.13 
shows that under desorption at 150°C.(300°F) Silicalite releases CS2 rapidly, desorbing in 
about 20 min. However, further testing with moist air showed Silicalite to be poisoned by 
moisture; in practice, it does not measure up to its alleged hydrophobicity. Therefore, 
Silicalite is not promising for the Teepak application. 

4.3.5 Activated Carbon Adsorbents 

Four different activated carbons are characterized ~n Figures 4.14 through 4.18. 
Each has very favorable breakthrough properties, especially the Kureha bead carbon (GBAC 
carbon), which will hold up any CS2 breakthrough for 7 hr· after the inlet flow begins. 
Furthermore, the plot for GBAC carbon rises very sharply with time after breakthrough, 
indicating a very short mass-transfer zone. This zone would translate into an efficient fixed­
bed adsorption proce"ss, provided pressure drop was not excessive. The zone effect may he 
related to particle size (small for the bead carbon), so further evaluation will be necessary. 
Figure 4.17 also shows that desorption of GBAC carbon at 10QoC requires more than 10 hr. 
CS2 thus is held tightly in the GBAC carbon and requires considerable activation for 



71
 

120
 
./ 

/ 
~--...~ 

~V 
/ 

I 
I
I
I
I
I
I
I 
v 

o 
2Time, hours 

.: 

FIGURE 4.10 Breakthrough Plot for CS2 with Amberlite 

moderate desorption rates. This characteristic mayor may not lessen the appeal of the 
GBAC carbon and indicates further desorption study is needed. 

In general, the carbons loaded up very well with CS2. The concentration in the gas 
phase is only 100 ppm CS2, about 0.027 weight percent or O.O~ mole percent, and at 
equilibrium this concentration produces a loading range from 5 to 11 weight percent in 
carbon adsorbent. Carbon has a great affinity for CS2, and at present this phenomenon 
represents the best hope for removal and recovery from the Teepak air. 

Table 4.1 shows that carbons generally load about an order ofmagnitude higher than 
the other adsorbents studied. Activated- carbon is clearly superior to any of the materials 
tested so far and may make efficient adsorption and recovery possible at Teepak if the other 
known problems (H2S and H20 poisoning, water loading, fire hazard) can be overcome. 
Evaluation of the desorption capabili~y of carbon will require further study. 

Table 4.1 shows PCB to be the highest loading carbon. Since loading will have a 
pronounced effect on adsorption efficiency, the effect of loading (qo) is evaluated in 
Section 4.4.4. 
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4.4 DATA CORRELATION 

The adsorption data presented in Section 4.3 are interesting from a scientific 
viewpoint; the extreme difference in CS2 loading between activated carbon and all other 
adsorbents tested has not been reported previously. However, the primary goal ofthe current 
project was not to develop scientific data but rather to develop information that will lead to 
a viable CS2 recovery process at Teepak. Therefore, the data must be translated into 
processinformation, and this information in turn must allow estimation offeasibility and cost 
for installation at Teepak. Data correlation thus is in terms of adsorption process design. 
In the present context, this effort concentrates on fixed-bed, thermal swing adsorption (TSA). 
Parametric studies are used to determine how the important process design parameters 
(those that· affect feasibility and cost) change as independent variables change. 

Other carbon adsorption processes are also possible, such as moving bed and 
pressure swing adsoi-ption. These are not addressed in this report because (1) TSA is the 
most fundamental and simplest process and represents a good basis for the comparisons and 
parametric studys that follow in this report, and (2) insufficient resources are available for 
analyses of other processes. This, along with desorption analyses, must come at a later phase 
of. the Teepak project. 
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4.4.1 Gas Ads,orption Process Description 

4.4.1.1 Adsorption 

In fIXed-bed, thermal swing gas adsorption, adsorption towers are packed with 
adsorbent particles such as activated carbon. All adsorbents have extensive pore structure 
with very large internal surface area. Particle size usually varies between 0.25 and 0.1 in. 
but can be another specified size if required. Gas containing a substance to be removed (such 
as CS2) enters either the top or the bottom of the tower and flows upward or downward 
through openings between particles. The adsorbate diffuses into the pores of the adsorbent 
and is physically adsorbed onto the internal surfaces. Ifthe carrying gas (in the Teepak case, 
air) does not have much affinity for the adsorbent surface and hence has a much smaller 
equilibrium adsorption concentration, the carrying gas will pass through the column and 
leave the ads"orbate behind. The concentration of adsorbed CS2 gradually will build up until 
it attains equilibrium with the CS2 in the feed gas, after which no more CS2 can be removed 
from the gas. The .adsorbent is then said to be "loaded." It is important to realize that, 
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because loading is an equilibrium phenomenon, the loading for a given adsorbent depends 
directly on the inlet concentration of the gas. 

Attainment ofloading begins at the gas inlet end of the column and gradually moves 
toward the outlet end. This process is shown, for a downward-flow tower, in Figure 4.19. 
Between the fully loaded particles and the particles that have been exposed orily to clean air 
is a zone called the "mass transfer zone" or "adsorption zone" where the particles are in the 
process of being loaded. In some cases this zone can be very wide, especially if resistance to 
diffusion of CS2 is high and if CS2 has less affinity for the adsorbent at lower CS2 
concentrations (the "unfavorable isotherm" case). When the front of the mass-transfer zone 
reaches the outlet and CS2 begins to exit the column, "breakthrough" has occurred. At this 
point, the gas flow usually is redirected to another tower of fresh adsorbent. This 
"breakpoint" is defined by stipulating some small value for y (i.e., defming the minimum CS2 
concentration that can be tolerated). However, if the flow continues the outlet concentration 
will increase until the back side of the mass-transfer zone reaches the outlet. At that point, 
all the adsorbent in the column is loaded and no further separation is possible. The length 
of the mass-transfer zone has important economic significance because a large mass-transfer 
zone will leave much of the adsorbent in the column less than fully loaded at breakthrough. 
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4.4.1.2 Desorption 

When flow is switched to a fresh tower, the loaded tower then must be desorbed to 
recover the CS2 and to prepare the tower for reuse..Desorption results from elevating the 
temperature and purging the adsorbent with a CS2-free gas (such as steam or nitrogen) so 
that the adsorption equilibrium is shifted to low CS2 affinity for the adsorbent. The CS2 so 
released is then 'Swept out of the column with the purge, which should be as small as 
possible. CS2 thereby becomes concentrated in the purge gas and can be recovered by 
condensation or distillation. 

There are several conditions under which CS2 can be recovered from.desorption gas 
by cooling and pressurization. We first discuss the N2 desorption case. The vapor pressure 
of CS2, P~~2' at various temperatures can be expressed in terms of the Clausius-CIapyron 
equation. The constants for this equation have been obtained from vapor pressure and 
temperature data for CS2 in Section 3. The result is: 

PCS2 = 472550.55 exp [-5966.5/(T + 460)] (25) 

where PCS2 is ~~e vapor pressure in psia of CS2 at temperature T in OF. 

A formUla for the moles of CS2 condensable per mole of desorption gas (Q) can be 
given'in terms of PCS2 and the concentration of CS2 in the desorption gas:' . 

. (26) 

The fIrst term on the right side of Equation 26 represents the moles of CS2 per mole of N2 
(desorption gas) when x moles of CS2 are contained in 1 million moles of total gas (i.e., the 
concentration of CS2 in the desorbing gas is x ppm). The second term represents the moles 
of CS2 per mole of N2 when the desorbed total vapor is in equilibrium with pure CS2 liquid 
at the given temperature and total pressure (P). Therefore, Q represents the difference 
between the desorption vapor loading at the desorption temperature and the loading at the 
condensation temperature. .If Q is zero or below, liquid CS2 cannot be obtained by 
condensation. As Q increases, improved recovery becomes possible. Qcan be converted into 
molar percent of CS2 recoverable (R) by dividing Equation 26 by xI(106 - x)100: . 

(27). R = 100 - (Pcsi(P - Pcs2)X(106- x)/x)lOO 

Combining Equations 25 and 27, assuming P is 1 atm, and plotting R versus x for 
various condensation temperatures produces' Figure"4.20a. This figure shows the important 
interactive effects of condenser temperature (TC) and CS2 desorption gas concentration 
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(x ppm). Condensation temperatures near the freezing temperature of water (32°F) and 
concentrations near 500,000 ppm are required for at least 80% recovery after inert gas 
desorption. Even ifa condenser operates at 32°F, recovery is not possible if concentration is 
less than 175,000 ppm. To make 50% recovery possible, concentration must be 300,000 ppm; 
80% recovery is possible at 500,000 ppm. For gas at 500,000 ppm, about 35% recovery is 

.possible with a condenser at 62°F, and 20% recovery is possible at 73°F. 

The 82°F curve is below zero R at all concentrations below 500,000 ppm; therefore, 
if condensation is to be avoided in ducts that transport the loaded desorption gas to the 
condenser, the temperature in these ducts must be 82°F or above. 

The preceding discussion assumes atmospheric pressure. Ifthe loaded desorbing gas 
is compressed, condensation and recovery at lower concentrations and higher temperatures 
becomes possible. For example, Figure 4.20b shows that 80% recovery is possible at 2 atm 
total pressure, 320,000 ppm, and 32°F. More than 50% recovery is possible at 500,000 ppm 
at 90°F. The decision on condenser pressurization must be based on economic concerns and 
is beyond the scope of this study. It will require more specific and detailed analyses of 
condenser systems. 

Steam\/ as a desorption medium also was briefly analyzed. Such usage would 
eliminate an Njsteam heat exchange step. Because steam is condensable and liquid CS2 and 
water are imm.lscible, a ph~se rule~8 analysis. is required. Before the .phase analysis, 
preparation of concentration/temperature plots for CS2 and ~O is necessary. 

From published data,48 the Clausius-Clapyron equation that relates temperature 
(Tw in OF) to H 20 vapor pressure (Pvi ill psia) has be~n developed as follows: 

Cw = 8,.835 x 103 

(28)K w = 7.531 x 106 

Pw = K w exp(C/(Tw + 460)) 

The corresponding equation for CS2 is: 

Cc =- -5.966 x 103 

(29)Kc = 4.7255 x 105 

Pc = Kc exp(CdTc+ 460)) 
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In an ~O/CS2 system, the total pressure (P in psia) is given by: 

(30)P = Pw + Pc 

In terms of CS2 concentration (x in ppm), Pc is given by: 

(31)Pc = xP10-6 

Equations 28 and 29 can be inverted as follows: 

(32) 

T w = (Cw/ln(pwfKw)) - 460 (33) 

Mter incorporating Equations 30 and 31, both Equations 32 and.33 can be plotted'on the 
same diagram. The result, Figure 4.21a, gives the temperatures, as a function ofX, at which 
both CS2 and ~O liquid vapor pressures become equal to their partial ~ressures in the 
desorbing steam when the total pressure is 1 atm. Assuming desorption with superheated 
steam, a vapor consisting of steam plus x ppm of CS2 vapor will exit the desorption tower. 
If the CS2 concentration is 400,000 ppm and the desorption temperature is 300°F (150°C), 
the desorption gas before it enters the condenser can be represented as point A on Figure 
4.21a. The phase rule for point A gives: 

no. of components. - no. of phases + 2 = degrees of fre'edom 
(34)

2-1+2=3 

With pressure and composition fIXed, the system has one more degree of freedom, so 
temperature can be reduced further in the condenser, and no condensation will occur until 
point B is reached. Then the H20 partial pressure is equal to ~O vapor pressure, and water 
will begin to condense; thus another phase appears: liquid H20. The phase rule for point B 
gives: degrees of freedom =2 - 2 + 2 =2. 

With only two degrees of freedom and pressure fIXed, vapor composition must vary 
when T is reduced further, and H20 will continue to condense. When point C is reached, CS2 
partial pressure is equal to CS2 vapor pressure, and liquid ~S2 will begin to condense. But 
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liquid CS2 and water are immiscible, so three phases will be present: degrees of 
freedom =2 - 3 + 2 = 1. 

With only one degree of freedom, taken up by fIXed pressure, further cooling will not 
change temperature or vapor composition but will result in condensation of the vapor at 
constant composition and temperature until all vapor is condensed. Thus, in principle at 
least, it is always possible to obtain 100% CS2 recovery at any concentration. In practice, 
however, limitations of heat transfer rate may result in condensation of less than 100%. 
Figure 4.21a shows that the desorption effiuent (steam and CS2 mixture), if at 500,000 ppm 
and 1 atm total pressure, can yield 100% CS2 recovery if cooled to 76°F. At 1 atm and only 
100,000 ppm, the desorption effiuent must be cooled'to 12°F to allow 100% recovery. 

If the desorption efiluent is compressed to 2 atm, complete recovery is possible at 
higher temperatures. For example, Figure 4.21b shows that cooling to only 115°~ is needed 
at 500,000 ppm and 2 atm; at 100,000 ppm and 2 atm, cooling to only 38°F is required for 
possible 100% recovery. 

We conclude that, because of steam cond~ns~tion, CS2 recovery through steam 
desorption can be achieved at higher yields and with less cooling than CS2 recovery through 
nitrogen desorption. This conclusion is based only on thermodynamics. A complete analysis 
that uses praetical" rate estimates to define heat exchange surface is required to verify the 
advantage. Only temperature swing adsorption has been analyzed in this report. However, 
the moving bed technology uses continuous withdrawal of carbon for desorption, so further 
advantages of pressurized steam. desorption may occur in a moving bed system. This" 
evaluation will occur early in the next phase of this project. 

4.4.2 Solid Adsorbents and Isotherms 

Many adsorbents are used in gas adsorption separation processes. All have extensive 
porous structure and hundreds of square meters of internal surface area per gram. As 
mentioned in Section 4.1.1, the commonly used adsorbents are activated carbon, zeolite, silica 
gel, and alumina. A few others are available, such as polymeric materials (usually styrene 
based) and various ion-exchange resins, which can have different chemical functionalities on 
their internal surfaces. These materials usually have significantly less surface area than 
activated carbon and other commonly used adsorbents. Testing of all of these adsorbent 
types for CS2 was discussed in Sectio~·4.1.1. 

As in the case of gas absorption into a liquid sorbent, it is necessary to understand 
how CS2 will distribute itself at equilibrium between the gas and sorbent phases for solid 
sorbents. This. information then can be used to estimate the required number and 
dimensions of adsorption towers and the req~ed flow rates in an adsorption system for 
Teepak. 
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An inverse measure of an adsorbate's affinity for an adsorbent is the "separation 
factor" R. It is defined as follows: 

(35) 

where y is CS2 concentration in the gas phase and q is CS2 concentration in the solid phase 
in equilibrium with y. The term Yo is a reference gas concentration (in this case, the highest 
available concentration, or the inlet gas concentration) and ~ is the corresponding solid­
phase CS2 .concentration at equilibrium with inlet g3.s. The units of y and q are arbitrary 
arid, in this case, we take the units of y as ppm and of q as grams of CS2 per gram of 
adsorbent. Ify is low and q high, then CS2 has high afImity for the adsorbent and R will be 
low. Conversely, if CS2 has low affinity for the adsorbent, R will be high. Separation factor 
is an important input in process calculations for a CS2 adsorption separations plant. 

To use separation factor for design., experimental data relating y and q over a given 
range at a given temperature are needed. Such data usually are plotted with q on the 
vertical axis, and the result is called an "isotherm. It Figure 4.22 shows two isotherms for 
CS2 adsorptiqn on activated carbon, one at 77°F and the other at 300°F.51 This plot 
represents th~~ only high-quality measured set of isotherm. data that we have found in the 
literature for CS2 adsorption on any adsorbent. In the Teepak case, CS2 partial pressure is 
0.00147 psia (100 ppm), which is not discernible on Figure 4.22. Figure 4.23 shows an 
expanded view of an isotherm representative of CS2 on carbon. (Thi~ figure is an 
enlargement of the left side of the 77°F curve in Figure 4.22.) At 100 ppm CS2, carbon cane 
adsorb mote than·5% of its weight in C82• As mentioned in Section 4.3, this loa"ding is much 
larger than that for any other adsorbent, making carbon the adsorbent of choice for CS2 
recovery. In Section 4.3, data from CS2 adsorption measurements for a variety of different 
adsorbents were presented in the form of "breakthrough plots similar to that shown in 
Figure 4.19. Each breakthrough plot represents one point on the adsorption isotherm, the 
point at which CS2 concentration is 100 ppm in air. The corresponding vertical distance to 
the isotherm we call the maximum loading and give the symbol~. The maximum loading 
represents the grams CS2 per gram adsorbent in equilibrium with a vapor containiIi.g 
100 ppm CS2• 

Because more than one point on the CS2 isotherms for the adsorbents tested was not 
obtained, it is necessary to generalize the isotherm concept so that a proper characterization 
of the adsorption isotherm can be defined and systematically varied in later calculations. In 
other words, because of funding limitations it was impossible to produce, in this project, 
enough breakthrough plots at different CS2 concentrations to create adequate isotherms for 
each adsorbent. Therefore, we developed a method of estimating separation factor from the 
single measured~. Because <Io represents the essential CS2 maximum-Io·ading 
measurement, it is believed that this method will give consistent relative estimates ofloading 
that can be used to estimate th.e range of effectiveness of gas adsorption for CS2 recovery. 



0.8 
w 
~ 0.71 77 F 

(adsorption) 

G 0.6 
H 

T 0.5 

F 0.4 
A 

60.3rt I ~ 
300 F 

T 0.2 (desorption)
I 

o· 
N O. 1 
I~ 

I 
5 10PARTIAL PRESSURE CS2. psla 

FIGURE 4.22 Isotherms for CS2 Adsorption and Desorption on Activated Carbon51 



89
 

.10 

W 
E 
1 
G 
H 
T 

F 
R 
A 
C 
T .05 
°1 
o 
N 

o 

~ 
....­

i 

V
V 

/
v 

I 
.. 

If 
v !\, 
',\ 

\' 

o PARTIAL PRESSURE CS2 

t 0.009 

100 ppm 

FIGURE 4.23 Expanded View of a Representative Carbon Isotherm 

First, the time adsorption is to cease (the breakpoint) must be stipulated. Referring 
to Figure 4.19, we see that when the volume of effluent reaches Vg, the concentration ofCS2 
is y = ee' which is 10% of Yo = Co' the feed concentration. This level is a reasonable 
defmition of breakpoint for the Teepak case, as it represents a CS2 removal efficiency of 
considerably more than 90%. If we make this assumption, we have y/Yo = 0.10 and 
Equation 35 can be rearranged: 

R ~ (qJq - 1)/9 (36) 

In the Basmadjian method, which will be used'for process calculations, if both the 
maximum loading (~) and the equilibrium loading (q) at the breakpoint (y = 0.1 Yo) are 
known, R can be estimated and adsorption column height calculated with reasonable 
accuracy. However, b"ecause only qo was measured for each adsorbent, a method of relating 
q to the measured <Io must be defined. Figure 4.24 has been used for this purpose; it defines 
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the shape of isotherms from qo = 0.01 to CIa = 0.10. The isothenn shape characteristic of 
carbon has been retained, and the initial slope, defined by qo' is used to defme q. Figure 4.25 
shows a curve fit from qJq data extracted from Figure 4.24. A regression equation was fitted 
from the data and used to give a numeric relationship between q and Clo. This relationship, 
combined with Equation 29, was used to obtain R in the computer program (to be discussed 
later) that was developed to relate <Io to adsorption plant requirements. 

4.4.3 Adsorption Tower Design 

The means o~ varying the adsorption isotherin described above m~e it possible to 
evaluate CS2 adsorption in general terms and to estimate design of an adsorption plant for 
CS2 removal and recovery. 

Because gas adsorption is a nonsteady process, the required calculations include time 
as an additional variable. Therefore, gas adsorption analysis methods can·be quite complex.. 
Many methods and techniques have been developed for such calculations. Of these, many 
are complicated, arcane, and only valid for certain conditions (e.g., constant separation factor, 
diffusion controlling, etc.). In an effort to provide a simple method with proven accuracy, 
Basmadjian49 ~as published graphs from which gas adsorption tower design can proceed. 
This method allows the bed depth (i.e., tower height) to be estimated given values for the 
input items shown in Table 4.2. . 

To calculate the required number of adsorption towers, the superficial gas velocity 
in the adsorption bed is needed. This ·ve19city depends on bed depth,pressure, and flow 
resistance of the packed· bed. Published pressure drop and velocity curves were used to 
develop a method of iterating between a velocity calculation that assumes bed depth and a 
Basmadjian calculation that yields a revised bed depth. Algorithms were developed to 
interpolate in both the Basmadjian graphs and the pressure-drop graphs. The complete 
calculation was programmed for computer solution. Appendix B contains the details of this 
calculation and also lists the main computer program, which is coded in Microsoft Fortran 77.' 
The program shown, ADSORB.FOR, gives bed depth, to.wer requirement, and superficial gas 
velocity as functions of loading of the adsorbent (CIa). Other programs (not given) were 
developed from ADSORB.FOR tc? estimate the effect of other important factors such as 
breakthrough time, tower diameter, and pressure drop. 

By using ADSORB.FOR and the numeric inputs from Table 4.2, the following results 
were obtained: 

• Number of towers required =18 

• Bed depth =5 ft 
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TABLE 4.2 Input for Adsorption System 
Calculation, Nominal Case 

Factor Value 

Separation factor 
Breakthrough time 
Gas flow rate 
Inlet gas concentration 
Bed -density 
Particle size 
Particle diffusivity 
Tower diameter 
Breakpoint concentration 
Maximum loading (CIa) 
Total available pressure drop 
Total pressure 

Eq.35
 
16 hr
 

400,000 cfm
 
Yo = 100 Pfm
 

30 lblft
 
4 x 6 mesh
 

1.01 x 10.3 ft2/min
 
12 ft 

10 ppm 
0.05 gig 

2 psi 
15.7 psi (1 psig) 
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Thus, for the case defined in Ta'ble 4.2, the 400,OOO-cfm Teepak air flow, after drying, 
can be reduced from 100 ppm CS2 to 10 ppm by splitting the flow into 18 adsorption towers, 
each with activated carbon packing 5 ft deep. As each tower becomes filled in 16 hr, it must 
be taken off-stream and steam-desorbed. Thus, more than 18 towers must be available to 
provide spares during desorption. As in Section 3 for gas absorption, we now proceed to 
analyze the gas adsorption case further, varying some of the more significant input 
parameters. 

4.4.4 Effect of Maximum Loading 

The model was run with all numeric inputs given in Table 4.1, except that the 
maximum loading (Clo) varied from 0.01 to 0.10. The results are shown as the 1-psig case in 
Figures 4.26a, 4.26b, and 4.26c. As expected, the capacity of an adsorbent·to load with CS2 
at 100 ppm, as defined by qo' has a large effect on the depth of adsorbent bed required. As 
seen in Figure 4.26a, if the adsorbent will load with only 1% CS2,' then the required bed 
depth is more than 10 ft, but. if the adsorbent will load with 10% CS2, 2.5 ft is sufficient bed 
depth..The nominal case is 5% loading, which results in the nominal bed depth of 5 ft as 
mentioned in the previous section. 

If the ~ffect of ~ is limited strictly to bed depth, then the difference between 10 ft 
and 2.5 ft may not have overriding economic significance. However, as bed depth increases, 
resistance to flow through the bed also increases, and, at constant pressure drop, the gas 
throughput diminishes and the number of towers required to handle the Teepak flow 
increases. This effect is seen in Figure 4.26b. Thus, 30 towers .with 10-ft bed depth are 
required for the 1% CS2 loading case, while only 13 towers With 2.5-ft bed depth are required 
for the 10% case. Eighteen towers ~th 5-ft bed depth are needed for· the n~mirial 5% case. 
This effect can be seen in another way by plotting·the superficial gas velocity through the 
tower as a function of maximum loading, as shown in Figure 4.26c. Thus, the gas velocity 
through the 1% loading adsorbent is only 100 ft/min, while the velocity for the s};1orter 10% 
loading bed is 230ft/min. This effect is ·caused.by the imposition of constant pressur~ drop. 
In Section 4.4.8, the advantages of allowing larger pressure drops are considered. 

The calculations shown are for dry gas. However, laboratory testing has shown that 
one of the main effects of using a humidified gas in carbon adsorption, as at Teepak, is that 
the maximum loading of the carbon is reduced. Comprehensive data on hindrance of CS2 
adsorption by ~O was not obtained. However, measurement of CS2 loading at 100 ppm for 
both the dry air case (0% relative humidity [RH]) and the wet air case (100% RH) have been 
obtained for GBAC carbon by Teepak. The results are 6.2% and 2.24% respectively. Teepak 
also obtained a plot of ~O loading on GBAC carbon as a function of RH at 32°C from the 
German firm Lurgi. This is given in Figure 4.27 1 the lower curve. Note that at 100% RH the 
H20 loading is 31%. 
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With the following assumptions the CS2 loading, at 32°C, can be estimated over the 
range of RH from a to 100%. 

1.	 The loading 6.2% at 0% RH represents 100% occupation of'the CS2 
adsorption sites on carbon. 

2.	 The loading 2.24% at 100% RH represents (2.24/6.2) 100 = 36% 
occupation of the CS2 adsorption sites on carbon. 

3.	 The H20 blocking of CS2 adsorption sites is given by: 

100-36 sites blocked by H20 = 64 = 2.06 CS2 sites 
31 H20 sites occupied 31 H20 sites 

4.	 The ratio 2.06 holds over the adsorption range and applies to carbon 
adsorbents in general. 

Given the above assumptions, Table 4.3 is constructed for carbon adsorption. Figure 4.27 is 
constructed from the table. Figures 4.27, 4.26a and 4.26b can be used to estimate the 
requirements f6r a wet"gas. For example, as seen in Table 4.1, the qo measurements for the. 
carbons tested r~ge from 4% to 11%. Thus, from Figure 4.27 we estimated maximum 
loading (39% of the dry case for 100% RH) and from Figures 4.26a and 4.26b, we estimated 
the required bed depth and number of towers for each of the carbons. The results for the' 
100% RH case are shown in Table '4.4, which also presents comparable data for the 'best 
noncarbon" adsorbent tested, the "hydrophobic zeolite" Silicalite. This material was thought 
to be water-repellent~ but when it was tested with wet gas its maximum loading was found 
to diminish by 50%. Figures 4.26a and 4.26b were not prepared for maximum loading less 
than 0.01, as required for the wet Silicalite case, but by extrapolating to the left a rough 
estimate was obtained. Comparison of the Silicalite data in Table 4.4 with the carbon data 
indicates that the noncarbon adsorbents tested, including Silicalite, are of little interest for 
the Teepak application. 

4.4.5 Effect of System Pressure 

If the Teepak gas were pressurized before being sent to adsorption towers for CS2 
removal, the volumetric flow rate would be proportionally reduced, and ~ would increase due 
to the increased CS2 partial pressure. This reduced flow would require fewer towers but 
increased bed depth. For example, if ~ = 0.06, compression from 1 psig to 100 psig would 
reduce the number of towers from 1~ to 7.6, as seen in Figure 4.26b, but would increase bed 
depth from 5 ft to 6.4 ft (see Figure 4.26a). Although the 10-tower reduction would reduce 
tower cost significantly, the required compressors would be an added expense. Figure 3.4 
shows that the cost of compressors for 100 psig is $8 million, much higher than the cost of 
10 towers. Compression to 20 psig would reduce the number of towers to 12 (6-ft bed depth) 
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TABLE 4.3 Carbon Disulfide Loading at 100 ppm Vapor 
Concentration as a Function of Relative Humidity 

Surface Surface 
H20 Loading 

(%) 
RH 
(%) 

Blockage 
(%) 

Available 
(%) 

CS2 Loading 
(% of dry case) 

0.06 34.0 0 100 100 
1.4 46.0 2 98 98 
2.5 51.1 5 95 95 
7.2 59.5 15 '.85 85 

10.0 -63.0 20 80 80 
15.0 68.0 28 78 78 
23.8 76.0 40 60 60 
28.7 84.0 52 48 48 . 
30.5 90.0 58 42 42 
30.9 95.0 60 40 40 
31.0 100.0 62 38 38 

TABLE 4.4 Estimated Tower and Bed Depth Requir~mentsfor Activated Carbon 
and Hyd.rop~obicZeolite for Dry and Wet Gas Cases 

.,'

." 

M'aximum Loading, 

<10 Dry Gas Wet Gas 

Number Number 
Carbon Wet of Bed of Bed 

Adsorbent Dry (39% of dry) Towers Depth Towers Depth 

Extrusorb 0.0525 0.0205 17.9 4.8 25 7.5 
BPL 0.0600 0.0234 17.0 4.4 23 7.2 
Kureha 0.0750 0.0293 15.0 3.5 21 6.4 
PCB 0.0995 0.0388 12.8 2.5 19 '5.7 
Silicalite 0.0127 0.0064 29.0 9.5 >35 .>12 
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but would require $4.25 million for compressors, again a' high cost. Compression to 5 psig 
only lowers the number of towers by two, but the cost is not given in Figure 3.4. 

It is concluded that pressurization for the sole purpose of reducing volumetric flow 
and thus the required number of towers is not useful. More details relative to this are given 
in Section 5. 

4.4.6 Effect of Breakthrough Time 

As shown in Table 4.2, the nominal gas adsorption case .assumes a 16-hr 
breakthrough time. However, if the breakthrough time were longer, the adsorption towers 
would require additional bed depth to accommodate the extra required adsorption capacity. 
The deeper beds would produce additional resistance to flow and decrease the gas throughput 
per tower, so that additional towers would be required. Therefore, attaining the lowest 
capital costs would require minimal breakthrough time. However, very short· breakthrough 
time probably would ~ncur exces.sive labor and operating costs. Ill: the absence of an ~alysis 

to defme the optimum breakthrough time, we have chosen 16 4r (two 8-hr labor shifts). 

To defme the specific effect ofdifferent breakthrough times, Figures 4.28a, 4.28b, and 
4.28c were prepared. For a 3-hr breakthrough time, 13.4 towers of 2.75-ft bed depth would 
be required at! psig, and the bed superficial velocity would be 220 ftlmin. A 30-hr break­
through time requires 21.8 towers of 6.6-ft bed depth and produces a superficial velocity of 
135 ft/min. The nominal case of 18 towers of 5-foot bed depth is obtained from the figures 
for a 16-hr breakthrough time. Pressurizing the gas will reduce the number of towers but 
increase bed depth as shown. HoweverJ as mentioned in the previous section, pressurization 
is not likely to result in an overall economic advantage ·because of the cost of compresso·rs. 

4.4.7 Effect of Tower Diameter and Total Pressure 

The nominal case in Table 4.2 assumes that the towers are ·12 ft in diameter because 
this diameter is the largest standard size and larger towers would require special fabrication 
at a much higher cost. 

At a given pressure and pressure drop, the Teepak gas .flow will maintain constant 
bed depth and superficial velocity, both independent of tower diameter. Under these 
conditions, the number of towers varies as the inverse square of tower diameter. 
Figures 4.29a, 4.29b, and 4.29c show how bed depth, number of towers, and superficial 
velocity vary with tower diameter at different total pressures. 
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4.4.8 Effect of Pressure Drop 

Previous adsorption plant calculations assumed a constant 2-psi pressure drop over 
the bed depth of the towers, as given in Table 4.2. Because of this assumption, the bed depth 
and number of towers for the nominal case were 5 ft and 18 towers, respectively, on the basis 
of a superficial velocity of 160 ft/min. However, if additional pressure drop were supplied, 
the flow of gas through the towers would increase, thereby lowering the required number of 
towers. Thus, to some extent, tower requirements can be reduced at the cost of gas com­
pression and additional process complexity. A detailed analysis to define the cost optimum 
is beyond the scope of this study, but some general conclusions can be drawn from 
Figures 4.30a, 4.30b, and 4.30c. Figure 4'.30b shows clearly that if total pressure i~ 1 psig, 
,much of the advantage of pressure drop occurs in the first 5 psi. For example, if pressure 
drop is raised from 2 psi to 5 psi, the required number of towers drops by five (from 18 to 13). 
Further increase of pressure drop has much less effect. A 10-psi elevati~n of pressure drop, 
from 5 psi to 15 psi, only reduces the tower requirement by four (from 13 to 9). Raising 
pressure drop to more than about 5 psi probably would not be worth the added process 
c~mplexity. We have chosen 2 psi as an inexpensively low but adequate pressure drop. 

When pressure drop increases, superficial velocity increases; therefore, the adsorption 
tower mass-transfer zone tends to elongate, thus increasing the required bed depth. 
Figure 4.30c s)J.ows tll'e rise of superficial velocity with pressure drop. An increase of 14 psi 
(from 1 to 15 ',psi) causes an increase in superficial velocity of 200 ft/min (from 120 to 
320 ft/min). Figure .4.30a shows how this differe~ce in tower velocity translates into 
increased bed depth. That is, the 14-psi increase in pressure drop will result in a 6-ft bed 
depth increase (from 4 ft to 10 ft). However, as mentioned above, a large fraction of the 
tower requirement reduction occurs when pressure drop is increas'ed from 1 psi to 5 psi. So, 
although the number of towers -is reduced from 24 at 1 psi to 13 at 5 psi, bed depth only 
increases by 3 ft, from 4 ft at 1 psi to 7 ft 'at 5 psi. This contrast is an additional reason to 
restrict imposed pressure drop to less than 5 psi. 

Figures 4.30a, 4.30b, and 4.30c also show the effect of increased total pressure level, 
which tends to reduce tower requirements and increase bed depth requirements. 

From these figures, it may be concluded that supplying a pressure drop of a-few psi 
will have a beneficial effect on tower requirements at the expense of some additional bed 
depth. However, pressure drop increases from 1 psi to above about 5 psi will not be as 
beneficial as increases from 1 psi to pressure drops 5 psi or below. 

Of course, the particular response to pressure drop shown in the figures depends on 
the bed characteristics, especially bed particle size and shape, and on the adsorptive and 
mass-transfer characteristics of the particular adsorbent. The present case involves a 
4 x 6 mesh BPL carbon bed. Other bed materials w~uld exhibit different numerical values, 
but the general conclusions would be the same. 
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4.4.9 Effect of Transport Resistance 

The nominal case of Table 4.2 assumes a particle diffusion coefficient (Dp) of 
.	 1.01·x 10-3 ft2jmin. -This value was estimated .for the BPL carbon by using gener~zed 

correlations. The details of this estimation are given in Appendix B. Because Dp is 
estimated, not measured, it is assumed to have some error. We have not been able to 
evaluate the likely error band for these estimates. Therefore, we now present dependent 
variable calculations based on a broad variation of D •p

AJ3 pointed out by Basmadjian,49 the value of D p used in developing adsorbent 
behavior can be considered an overall transport resistance. Thus, variation ofDp can account 
for not only pore diffusion resistance but also film resistance and axial dispersion: 

(37) . 

where Dpo is the effective overall diffusivity, D is the particle pore diffusivity, kr is filmp 
transfer coefficient, l/kda is axial dispersion resistance, and a is transport surface area. 
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With all inputs from Table 4.2 constant except Dpo' the adsorption tower model was 
run to evaluate the effect of combined transport resistance on bed depth, superficial velocity, 
and number of towers. The results are shown in Figure 4.31. Dpo was varied from 
10-4 ft/min to 200 x 10-4 ftlmin, and the three dependent variables (bed depth, number of 
towers, and velocity) were plotted on the same graph. In the figure, the nominal case 
(0.001 ft2/min) represents the first mark after the origin. From the figure, it is clear that 
transport resistance greater than that in the nominal case (i.e., lower Dpo) could have a 
significant adverse effect on the cost, because both bed depth and number of towers rise 
sharply to the left from the nominal case. Likewise, it is clear that reduction of transport 
resistance would have a small advantage in terms.of reduced bed depth and number of 
towers. The practical conclusion is that mass transfer resistance must be minimized when 
designing a gas adsorption column for Teepak. Controllable factors that will help reduce 
resistance are superficial velocity, particle size, packing, and pore characteristics of the 
adsorbent. These factors can be studied most effectively in a small adsorption pilot facility. 

4.5 CONCLUDING REMARKS ON ADSORPTION 

This Section has given the detailed results from a program intially designed to find 
an adsorbent t?-at would have optimal characteristics relative to CS2 recovery. The program 
was undertak~n with the ·hope that an effective absorbent could be found or developed that 
was nonflammable and could not be poisoned easily by H20 and H2S. Without the resources 
to conduct an expensive and very uncertain adsorbent development program, we are forced 
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to conclude that no such adsorbent exists or will be developed. We are further forced to 
conclude that flammable, poisonable activated carbon is a very efficient adsorbent for CS2, 

exceeding all others tested. The practical conclusion is that carbon represents the best hope 
for an adsorptive solution at Teepak. We have evaluated the temperature swing adsorption 

.	 process and found it to be a possibility (see also Section 5), provided the flammability and, 
poisoning issues can be overcome. Process evaluations of other types of carbon adsorption 
plants, such as moving bed systems, will be conducted separately. A pilot plant project to 
optimize a carbon process for Teepak is envisioned. 
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5 GAS ADSORPTION COST STUDY 

In Section 4 and Appendix B, gas adsorption was analyzed as a unit operation. 
Graphs were presented to show the bed depth, number of towers, and superficial velocity 
obtained for a variety of cases. These results suggest that gas adsorption with carbon 
adsorbent is a possibility for use at Teepak. However, the ultimate criterion must be cost. 
To provide Teepak with additional information for assessing the possibility ofimplementating 
this technology, capital costs were developed for several variations of temperature-swing 
adsorption (TSA) plants receiving the 400,OOO-cfm flow of Teepak air contaminated with 
100 ppm CS2• 

Figure 5.1 giv~s details of the adsorption plant used as a reference or base case; the 
other cases vary as shown in Table 5.1. The data given in Table 5.1 on number of towers, 
bed depth, and velocity were taken directly from Figures 4.26a thrqugh 4.30c. Other 
assumptions were given in Table 4.2, except for total pressure. The base case of Table 5.1 
is for 5 psig, rather than 1 psig as shown in Table 4.2. 

As seen for the base case in Figure 5.1, the Teepak flow of contaminated air is split 
into four equal flows, and each is sent to a large blower for boosting pressure to 5 psig. The 
air then enters\lfour refrigerant dryers that coot" the gas with cold glycol refrigerant in coils 
and remove moi~ture to less than 10% relative humidity (RH). The. dry air is then combined 
into a single manifold and sent to the adsorption towers., which are housed in a prefabricated 
building. The air is split into 16 equal streams, each of which enters a single adsorption 
tower with carbon bed depth of 5.4 ft. In the towers, CS2 is removed and the clean air is 
discharged to the atmosphere. As shown in Table 4.2, th~ breakthrough time is 16 hr; 
therefore, after a given adsorption tower has been operating for 16hr, the CS2 concentration 
of the existing air will rise to 10 ppm, the breakpoint. The flow will then be directed to a 
freshly desorbed and cooled tower, and the old tower will be desorbed. As shown, each tower 
can be cooled with chilled water or heated with 150-psig steam by internal bed coils. 

Desorption will be accomplished first by sealing the tower and flushing with N2, and 
then by using steam coils to heat the bed to the desorption temperature (typically 30QoF) and 
flooding the tower with 300°F steam, which will carry off the CS2. This preheating action 
will prevent the desorption steam from initially exiting the tower with low CS2 concentration 
while the bed is being heated and will allow more efficient condensation and recovery of CS2. 
When the desorption is completed, the hot bed must be cooled to less than 20QoF before 
admitting CS2 to avoid the possibility of fire. The CS2"steam mixture from desorption flow 
is sent to a chilled water condenser where the steam is condensed. Then the resulting 
CS2"H20 vapor is further condensed in a refrigerant condenser and the liquid CS2 decanted 
and stored. 

Costs of several other cases in addition to the base case described above were 
estimated to allow comparisons and to determine the advantages of various options. These 
other cases are shown in Table 5.1. Tables 5.2 through 5.9 give the results of individual cost 
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TABLE 5.1 Cases Assumed for TSA Cost Study 

Case Description 

Number 
of 

Towers 

Bed 
Depth 

(ft) 

Superficial 
Velocity 
(ftJmin) Desorption 

Moisture 
in Gas 

Pressure 
(psig) 

~p 

(psi) 

1 
2 
3 

Base 
N2 desorption 
Wet gas 

16 
16 
16 

5.4 
5.4 
5.5 

148 
148 
146 

Steam 
N2
N2 

Dry 
Dry 

50%RH 

5 
5 
5 

2 
2 
2 

4 Wet gas 16 5.5 146 Steam 50%RH 5 2 
5 Very wet gas 20 7.5 .116 N2 80%RH 5 2 
6 Very wet gas 20 7.5 116 Steam 80%RH 5 2 
7 High pressure 10 6.1 80 Steam Dry 50 2 
8 High pressure 6 11 135 Steam Dry 50 8 

estimates and provide some additional details pertaining to the assumptions made. 
Table 5.10 summarizes the information in Tables 5.2 through 5.9, and Figure 5.2 shows this 
information in graphic form. 

Table 5.10 and Figure 5.2 make it clear that certain capital items, such as the steam 
plant, water cooling, CS2 separation, and piping and fitting, do not vary from case to case. 
However, other items vary significantly and are helpful in understanding how best to 
optimize the process and minimize cost. The major cost change when using nitrogen 
desorption is the additional $950,000 cost of the nitrogen feeding and"heating system. Thus, 
we may conclude that steam desorption is less costly. It also may be more practical for 
recovery, as discussed in Section 4.4.1. 

Compari~g cases 1, 4, ~d 6 indic~tes that drying th~ air before adsorption is very 
costly if the aim is a completely dry gas. However, partial drying to about 50% RH results 
in substantial savings i~ dryer capital, while the additional adsorption tower cost reflected 
by the bed depth requirement is not significant. This savings is the reason partial drying 
(case 4) shows the lowest capital costs of all cases studied. Case 6 (no drying) results in 
lower drying capital costs, but additional tower and installation costs more than compensate 
for this savings. 

Comparing cases 1 and 7 shows that an increase in total pressure (case 7) 
significantly reduces adsorption tower costs and installation charges but compensates for this 
reduction with the need for compressors. The compressors cost much more than the blowers 
used in case 1. Comparing cases 7 and 8 shows that if additional pressure drop is supplied, 
the velocity through the tower greatly increases, which allows a significant reduction in the 
number of required towers and therefore in tower costs. Unfortunately, these reductions are 
negated because the bed depth increases so much that the towers become too tall for the 
.prefabricated bUildings. Taller buildings, at greater cost, would be required. This factor, 
along with more complex installation and higher condenser costs, cancel the advantage of 
high pressure drop. 
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TABLE 5.2 Carbon Disulfide Recovery 
System Cost Estimate: Base Case 
(case 1) 

Item Cost ($) 

Steam generator plant 
40,000 Iblhr at 150 psig 
Complete package, gas fired 

375,000 

Air blowers (8 units) 
400,000 cfm at 5 psig 
Including full-flow (100%) 
air dryer 

4,000,000 

Carbon towers (20 units) 
Complete package including 
control panel 

5,200,000 

Steam condensers . 150,000 

'.'. 
" .,\ 

\" 

Cooling tower and chilled 
water system 

800,000 

Water/CS2 separator 200,000 

Piping and fitting 1,200,000 

Process building 
15,000 tt2, prefabricated 
Without foundation 

~ 750,000 

Installation cost 3,200,000 

Subtotal 15,S75,000 

Engineering and 
construction management 

2,858,000 

Contingency at 25% 4,683,000 

Total estimated cost 23,416,000 
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TABLE 5.3 Carbon Disulfide Recovery 
System Cost Estimate: Nitrogen 
Desorption (case 2) 

Item	 Cost ($) 

Steam generator plant 375,000 
40,000 lblhr at 150 psig 
Complete package, gas fired 

Nitrogen heating and 950,000 
feed system 

Air blowers (8 units) 4,000,000 
400,000 cfm at 5 psig 
Including full-flow (100%) 
air dryer 

Carbon towers (20 units) 5,200,000 
Complete package including 
control panel 

\~ 

~~	 
Gas mixture cooling 200,000 
condensers 

Cooling tower and chilled 800,000 
water system 

Water/CS2 separator	 200,000 

Piping and fitting	 1,200,000 

Process building 750,000 
15,000 rt2, prefabricated 
Without foundation 

Installation cost	 3,500,000 

Subtotal	 17,175,000 

Engineering and 3,091,000 
construction management 

Contingency at 25% 5,066,000 

Total estimated cost 25,332,000 
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TABLE 5.5 Carbon Disulfide Recovery 
System Cost Estimate: Wet Gas with 
Steam Desorption (case 4) 

Item Cost ($) 

Steam generator plant 375,000 
40,000 lb/hr at 150 psig 
Complete package, gas fired 

Air blowers (8 units) 3,600,000 
400,000 cfm.at 5 psig 
Including full-flow (50%) 
air dryer 

Carbon towers (20 units) 5,200,000 
Complete package including 
control panel 

Steam condensers 150,000 

Cooling tower and chilled 800,000 . 
'\1 water system',"i 
",\ 

/' 

Water/CS2 separator 200,000 

Piping and fitting 1,200,000 

Process building . 750,000 
15,000 tt2, prefabricated 
Without foundation 

Installation cost 3,200,000 

Subtotal 15,475,000 

Engineering and 2,785,000 
construction management 

Contingency at 25% 4,565,000 

Total estimated cost 22,825,000 
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TABLE 5.6 Carbon Disulfide Recovery 
System Cost Estimate: Very Wet Gas with 
Nitrogen Desorption and 80% Relative 
Humidity (case 5) 

Item Cost ($) 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

375,000 

Nitrogen feed and heating systein 950,000 

Air blowers (8 units) 
400,000 cfm at 5 psig 

3,000,000 

Carbon towers (24 units) 
Complete package including 
control panel 

6,000,000 

Gas mixture cooling condensers 200,000 

Cooling tower and chilled 
water system 

800,000 

Water/CS2 separator 200,000 

Piping and fitting 1,200,000 

Process building 
15,000 rt2, prefabricated 
Without foundation 

750,000 

Installation cost 3,800,000 

Subtotal 17,275,000 

Engineering and 
construction management 

3,109,000 

Contingency at 25% 5,096,000 

Total estimated cost 25,480,000 
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TABLE 5.7 Carbon Disulfide Recovery 
System Cost Estimate: Very Wet Gas 
with Steam Desorption (case 6) 

Item Cost ($) 

Steam generator plant 375,000 
40,000 lb/hr at 150 psig 
Complete package, gas fired 

Air blowers (8 units) 3,000,000 
400,000 cfm at 5 psig 
Including full-flow (100%) 
air dryer 

Carbon towers (24 units) . 6,000,000 
Complete package including 
control panel 

Steam condensers 200,000 

Cooling tower and chilled 800,000 
~<. water system 

Water/CS2 separator 200,000 

Piping and fitting 1,200,000 

Process building 750,000 
15,000 tt2, prefabricated 
Without foundation 

Installation cost 3,800,000 

Subtotal. 16,325,000 

Engineering and 2,939,000 
construction management 

Contingency at 25% 4,816,000 

Total estimated cost 24,080,000 
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·TABLE 5.8 Carbon Disulfide Recovery 
System Cost Estimate: High Pressure 
with Dry Gas (case 7) 

Item Cost ($) 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

375,000 

Compressors (8 units) 
400,000 cfm at 50 psig 
Including full-flow (100%) 
air dryer 

6,000,000 

Carbon towers (12 units) 
Complete package including 
control panel 

3,800,000 

Steam condensers 200,000 

\1

'-.,,,\ 

y'; 

Cooling tower and chilled 
water system 

800,000 

Water/CS2 separator 200,000 

Piping and fitting 900,000 

Process building 
15,000 tt2, prefabricated 
Without foundation 

750,000 

Installation cost 3,000,000 

Subtotal 16,025,000 

Engineering and 
construction management 

2,885,000 

Contingency at 25% 4,727,000 

Total estimated cost 23,637,000 
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TABLE 5.9 Carbon Disulfide Recovery 
System Cost Estimate: High Pressure 
with Deep Towers (case 8) 

Item Cost ($) 

Steam generator plant 
40,000 lblhr at 150 psig 
Complete package, gas fired 

375,000 

Air blowers (8 units) 
400,000 cfm at 50 psig 
Including full-flow (50%) 
air dryer 

6,000,000 

Carbon towers (10 units) 
Complete package including 
control panel (tall) 

2,500,000 

Steam condensers 400,000 

\ 

Cooling tower and chilled' 
water system 

800,000 

Water/CS2 separator 200,000 

Piping and fitting 800,000 

Process building . 
15,000 rt2, prefabricated 
Without foundation 

1,500,000 

Installation cost 3,200,000 

Subtotal 15,775,000 

Engineering and 
construction management 

2,840,000 

Contingency at 25% 4,654,000 

Total estimated cost 23,269,000' 
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TABLE 5.10 Summary of all CS2 Recovery System Cost Estimates ($1,000s) 

Item Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Steam plant 
40,000 lblhr. 
150 psig, gas fired 

375 375 375 375 375 375 375 375 

N2 feed and 
heating system 

950 950 950 

Air compressors 
and dryer 
50 psig, 400,000 cfm· 

6,000 6,000 

Air blowers and dryer 
5 psig, 400,000 cfm 

4,000 4,000 3,600 3,600 3,000 3,000 

Adsorption towers 5,200 5,200 5,200 5,200 6,000 6,000 3,800 2,500 

Condensers (steam or 
N2 cooling) 

150 200 200 150 200 200 200 400 

H2O cooling and 
chilling 

800 800 800 800 800 800 800 800 

C~ separator 
'\1 
" ,\ 

Piping and fitting" 

200 

1,200 

200 

1,200 

200 

1,200 

200 

1,200 

200 

1,200 

200 

1,200 

200 

900 

200 

800 

Building 
15,000 ft2 
Prefabricated 

750 750 750, 750 750 750 750 1,500 

Insta1~ation 3,200 . 3,500 3,900 3,200. 3,800 3,800 . 3,000 3,200 

Engineering and 
construction 
management 

2,858 3,091 3,019 2,785 3,109 2,939 2,885 2,840 

Contingency (25%) 4,683 5,066 4,948 4,565 5,096 4,816 4,727 4,654 

Total $23,416 $25,332 $24,742 $22,825 $25,480 $24,080 $23,637 $23,269 
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From the above data, it is concluded that: 

• Steam desorption is preferred to N2 desorption. 

• Partial drying is preferred to no drying or total drying. 

• Minimum pressure (5 psig) is preferred to high pressure (50 psig). 

• There is no advantage in supplying high pressure drop. 

• The installed cost of a TSA plant at Teepak will be about $23 million. 
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APPENDIX A 

GAS ABSORPTION TOWER: SAMPLE CALCULATION 

The calculations for the gas absorption towers make the following assumptions: 

•	 Air flow: 400,000 cfm 

•	 Inlet air: 100 ppm CS2, 5 psig 

•	 Outlet air: 10 ppm CS2, 4.963~ psig 

•	 CountercUITent contact of inlet air is with a liquid with the properties 
of propylene carbonate: 

Pl =74.5 Ib/ft3
 

Molecular weight =102
 
Viscosity =0.3 cp or O.731b/ft·hr
 
Diffusivity of CS2 (Dt) =5 x 10-5 ft2/hr
 

•	 Bed properties: packing 1.0-in. ceramic Rashig rings 

•	 Tower properties: 12-ft diameter 

A.t	 VAPORJLIQUID EQUILIBRIUM ASSUMPTION 

For a sample calculation, assume K = 0.48, where y =Kx. 

A.2 LIQUID RATE IN TOWER 

. The optimum liquid rate is approximately-that required to give 1.5 times the rate 
for equilibrium at the tower bottom. Let ~ and GM be the total liquid sorbent (excluding 
CS2) and total gas rates in moles/hr. A material balance on the complete system (possibly 
more than one tower) gives: 

(A.1) 

where 1 and 2 represent the bottom and top of the tower, respectively, and x and y represent 
the mole fraction of CS2 in the liquid and gas, respectively, as shown in Figure A 1. For 
100 ppm feed, we have: 

Yt = 100 mole CS2/(106 mole air + 100 mole CS2) == 10-4 



~ 
0) 

FIGURE A.I Diagram for Absorption Tower Material Balance 
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For 10 ppm outlet, we have: 

For this balance, assume K =0.48 and that equilibrium exists at the tower bottom. Thus, 
the concentration in the liquid (Xl) is the following: 

Xl = Yl/0.48 = 2.08 x 10-4 

Also assume th~ entering liq~d is free of CS2: 

To get the moles in 400,000-cfm gas, use the ideal gas law: 

GM = 4 x 105 PIRT = (4 xl05 fts/min) (1 atm) (60 minIhr)/ 

".'. 

By using Equ~~~on A.I, the minimum liquid rate is calculated as follows: 

LM = 61,222 molelhr (10-4 - 10-5)/(2.08 x 10-4 - 0) = 26,449 molelhr 

- . 
The optimum rate is usually taken to be 1.5 times the rate for equilibrium at the ·tower 
bottom. The optimum liquid rate is thus: 

LM = 1.5(26,449) = 39,673 molelhr 

or, in terms of pounds: 

LM = 4,046,646 lb/hr 

The new' Xl can be calculated from a rearranged form of Equation A.I: 

Xl = GM6rl - Y2)ILM = 61,222(10-4 - 10-5)/39,735 = 1.39 x 10-4 

A3 REQUIRED NUMBER OF TOWERS 

To obtain the required number of towers, we first must determine the allowable gas 
and liquid rates in towers filled with the particular packing to be used. In this case, we 
chose 1.0-in. Rashig rings, a common packing. Correlations are available that can be used 
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to determine the allowable gas flux into a tower ofknown diameter and liquid flow. Gas flux 
must be limited because, if the gas flow up the tower is too large, the liquid won't be able to 
flow downward easily and the tower will become flooded with liquid and require excessive 
pressure drop. Figure 18-39 of Perry and Chilton's Chemical Engineers' Handbook, a 
generalized pressure-drop curve, has been adapted f~r this purpose (see Figure 3.2, p. 20).* 

For a calculation with 1.0-in. Rashig rings, several factors are required. From Perry 
and Chilton (pp. 18-22*), we obtain the packing factor (Fp) of155. The water-to-liquid density 
ratio is: '¥ =62.4/74.5 =0.84. The input for the pressure-drop curve requires both the mass 
ratio of liquid to gas, 

UG = 39,735(102 Ib/mole)l[(61,222X29 lb/mole)] = 2.28, 

and the density ratio ofgas to liquid. The gas density can be obtained with the ideal gas law: 

Pg = PMlRT = P(29)/O.73(537) = O.074P 

where P is in atmospheres, absolute. 

The required ~bscissa for the pressure-drop curve becomes: 

In order to proceed, we must know the pressUre of the inlet gas. Because the towel: 
requires some pressure drop, some gas .pressurization equipment will be required. On the" 
other hand, more extensive gas compression, although expensive, may have adv:antages. 
Because the volume to be treated is reduced, the number of required towers decreases and 
concentration increases, thus increasing the driving force for mass transfer. The trade-off 
must be based on costs. A thorough analysis of this trade-off is beyond the scope of this 
report, but some of the important effects of pressure are considered in Section 3.3.3. For the" 
purposes ofthis example, we will assume that pressure is 5 psig and that 0.036 psig pressure 
drop is available. For a first iteration, we take bed depth (tower height) as Z = 1.0 ft. This 
value results in a pressure drop per foot of bed depth of: 

PD = [(5 psig - 4.9639 psig)27.684 in. H20/psi]!1 ft bed 

PD = 1.0 H20/ft bed 

L(Pg!Pl)lJ2/G = 2.28[0.074(19.7/14.7)17,415]112 = 0.0832 

•Perry, G.H., and C.H. Chilton, 1973, Chemical Engineers' Handbook, 5th Ed., McGraw-Hill, 
New York. 
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With these assumptions, the figure yields: 

This gives: 

G = 10.075[0.074(19.7/14.7)]74.5(32.2)1155(0.84XO.3)0.2 = 0.413 Ibis· ft 2 

By using G, the total cross-sectional tower area can be calculated: 

= GM<MWair)/G = (61,222 molelhrX29 Ib/mole)1 ATOT 

[(0.413 IbIs -ft 2)(3,600 s/hr)] = 1,194 ft 2 

To obtain the number ofrequired towers, a tower diameter must be selected. We have chosen 
12-ft-diameter towers, and: 

Now G becomes: 

G = (61,222 x 29)/(10.56)(xXl44/4) = 1,487 lblhr -ft 2 

1\.4 REQumED TOWER HEIGHT 

We must now calculate the required height of the 11 towers of 12-ft diameter. The 
calculated height will be compared later with the assumed height, and the calculation will 
be iterated until agreement is reached. The height depends on the rate at which CS2 can be 
transferred from the gas to the bulk of the liquid. This rate depends on the driving force, the 
difference in CS2 concentration between the bulk gas and the bulk liquid. This will be quite 
small because the gas concentration at the tower bottom can be no larger than Y2 = 10-4 and 
the liquid concentration will be zero only at the top of the tower and will increase to 
~ =1.39 x 10-4 at the tower bottom for the ideal liquid case, as shown in Section A.2 above. 

Also, there is some resistance ~o transport ofCS2 over the liquid/gas interface. Based 
on the available correlations for packed towers (see Perry and Chilton, pp. 18-33 and 18-38*). 
The interfacial mass-t~fercoefficients are calculated as shown in the following sections. 

·See footnote, p. 128. 
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A.4.1 Gas Side Mass-Transfer Coefficient 

For the gas side, we use the Taecker and Hougen correlation (CEP, pp. 44 and 529*). 
We first obtain the Chilton-Colburn 'J factor" for Rashig ring packing: 

where G is the gas rate in Ib/hr.:ft2, Ab is the packing surface area per ring, and Jlr is gas 
viscosity in lb/hr·ft (Perry and Chilton, p. 3-211t). The mass-transfer coefficient for the 
partial-pressure driving force is given by: 

where P is the partial pressure of air. a 

k = 0028J(1,487 Ib/hr'ft 2)][ 4.35 x 10-2 Ib/ft.hr ] -0.67 
p • 1 Pa(29 Ib/mole) (0.0992 Ib/ft3XO.62 ft2fhr) 

k p = (1.82 molelhr·ft2. atm)lPa 

where Pg = 0.074~ = 0.074 (19.7/14.7) = 0.0992.
 

Because the mass-transfer coefficient relative to mole fraction driving force is given by
 

where Pt is total pressure, and because, in the Teepak case P == Pt:a 

kg = 1.88 mole/hr.ft 2 

*Taecker and Hougen, 1948, Chern. Eng. Progr., pp. 44 and 529. 

tSee footnote, p. 128. 
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A.4.2 Liquid Side Mass-Transfer Coefficient
 

For the liquid side, the Shulman correlation (AIChE J., p. 255*) is used:
 

where k is the ·liquid side mass-transfer coefficient for concentration driving force, L is thec 
liquid rate in IbJhr.rt2, D1 is liquid diffusion coefficient in Ib·M1r, and D is the diameter ofp 
a sphere that has the same surface area as a unit of packing. For 1-in. Rashig rings, Dp is 
0.117 (R. Treybal, p. 168t) and: 

L = (4,046,646 Ib/hr)l[(10.56 towers)1t122 ft 2/tower)/4l = 3,389 lb/hr.ft 2 

k =	 5 X 10-5 ft2Jhr (25.1) ((0.117 ftX3389 Iblhr·ft2) ».45 0.731b/ft·hr
 

c 0.117 ft l (0.73 Iblft·hr) )
 74.5	 ~ (5 x 10-5 ft2) 

ft a hr 

\: 

k = 2.~5 M1rc 

The liquid side mass-transfer coefficient for mole fraction is given by: 

k1 = 1.86 mole/hr.ft 2 

A.4.3 Absorption Tower Material Balances 

Figure A.2 shows an imaginary surface for material balances in the tower. Balancing 
CS2 in and out over the surface results in the relationship: 

Using the known values for ~, GM, and Y2 in this equation allows the "operating line" to be 
plotted as shown in Figure A.2. In addition, Henry's law gives another relationship between 
the liquid and gas concentrations, assuming eqUilibrium exists. This relationship is plotted 
on the figure as the "eq~librium curve. It 

*Shulman et aL, 1955, Am..Inst. Chern. Engr. J., p. 255. 

tTreybal, R., 1968, Mass Transfer Operations, 2nd Ed., p. 168. 
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Another important balance is obtained by noting that the flux of CS2 out of the gas 
is equal to the flux into the liquid. These fluxes can be written in terms of the liquid and gas 
side mass-transfer coefficient (kg and k1), the interfacial concentrations (x* and y*), and the 
bulk concentrations (x and y). Equating the fluxes produces the following equation, which 
allows the interfacial concentrations to be written in terms of the bulk concentrations: 

(A.2)(y - y *)/(x - x *) = -(kla)/(kga) 

For the present case: 

(y - y *)I(x - x *) = -1.86/1.82° = -1.023 

80 let the slope (8) be -1.023. This relationship is shown in Figure A.2 as lines of slope 8 
from the inlet conditions on the operating line to the interfacial conditions on the equilibrium 
line. The next balance gives the flux from the gas phase to the liquid phase over the 
interfacial surface contained in a very small segment (dz) of the tower: 

(A.3) 

\1 
" 

where A is the:;~wer cross-sectional area. Ify* were known as a function ofgas phase mole 
fraction (Y), then this equation could be integrated to yield tower height. 

A.4.4 Log Mean Concentration ~ifference 

Because we are working with very dilute C82 concentrations, we may assume that 
both the operating line and equilibrium curve ofFigure A.2 are straight as shown. Given this 
assumption, and noting that Equation A.2 gives the slope (8) of the line connecting the 
operating condition with the equilibrium curve, Equation A.3 can be integrated to yield: 

(A.4) 

where the log mean temperature difference is given by: 
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2 

---------------- .................... -.. ....
 

OPERATING 
LINE y 

EQUILIBRIUM 
CURVE 

" slopeaS
 

(X,y)
 ---/ 
••••••. ••• ••••••••••• •.••••••••••~.--:.'""':.""':.--:.7'.--::.'"":­y 

1 

x* x* x*1 2x 
FIGURE A.2 Relationship ·of Interfacial Concentrations to Bulk 
Gas and Liquid Concentrations for CS2 Absorption Tower(s) 

The relationship between interfacial and bulk concentrations and the equilibrium curve can 
then be used to calculate the tower height as follows: 

(y - y *)/(x - x *) = S 

y*=Kx* 
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We then solve for x*:­

y - 'Kx * = (x - x *)S 

x *8 - Kx * = Sx - Y 

x * = (Sx - y)/(8 - K) 

This value is the interfacial liquid concentration in terms of the bulk concentrations: 

X * = -1.015(1.39 x 10-4
) - 10-4 

= 1.612 x 10-4 
I -1.015	 - 0.48 

~* = -1.015(0) - 10-5 = 6.69 x 10-6 

-1.015 - 0.48 

(y - y*)1 = sex - x *)
 

6?
\:

- Y *h = -1.015 (1.39 x 10-4 - 1.612 x 10-4) =2.26 x 10-5
 

(y - y *)2 = -1.015 (0 - 6.69 x 10-6) = 6.79 x 10-6
 

(y * - Y)ln = (6.79 x 10-6 - 2.26 x 10-5)/(ln[6.79 x 10-6)/(2.26 x 10-5)] = 1.319 x 10-5 

A.4.5	 Calculation of Tower Height 

Equation A.4 can now be solved to give the required tower height: 

(6122 mole/hr) (10-4 - 10-5)Z = ---.,..	 ~-_---

113.1 ft2 1.88 mole '15ft-1 (1.315 x 10-5) 
hr·ft 2 
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Z = 13.1 ft 

Because we assumed Z =1.0 ft to begin this calculation, we must revise the estimate ofZ and 
go through the procedure again. Six cycles produce convergence, as shown in Table A.I·. 
These calculations have been programmed in Fortran (Microsoft version 4.1) and used to 
produce the figures shown in Section 3 of this report. Code listings with extensive comments 
are given in the following pages. 

TABLEA.l Iteration for Bed Depth of Absorption .Tower 

Gas Side Liquid Side Log 
Estimated Superficial Mass Mass Mean 

Bed Gas Number Transfer Transfer Driving Calculated 
Depth Velocity of Coefficient Coefficient Force Bed Depth 

(ft) (ftJmin) Towers (molelhr.ft2) (molelhr.ft2) (x 1q5) (ft) 

1.0 249 10.6 1.82 1.86 1.32 12.8 
6.9 123 21.4 1.20 1.36 1.36 9.3 
8.1 115.8 22.8 1.16 1.16 1.3634 9.02 
8.56 113.3 '. 23.3 1.14 1.31 1.3646 8.94 
8.75 112.4 23.5 1.14 1.30 1.3651 8.90 
8.825 112 23.6 1.13 1.30 1.3653 8.89 
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C PROGRAM TO ESTIMATE ABSORPTION TOWER HEIGHT 
C AND NUMBER OF TOWERS AS A FUNCTION OF HENRYS 
C LAW COEFFICIENT FOR VAPOR/LIQUID EQUILIBRIUM. 
C GIVEN: DIAMETER; FLOW RATE OF GAS TO BE 
C TREATED; INLET AND OUTLET CONCENTRATIONS OF 
C ABSORBATE; GAS, LIQUID AND PACKING PROPERTIES 
C ; AND PRESSURE. THE CALCULATION USES THE 
C LOG MEAN DRIVING FORCE AND IS THEREFORE 
C RESTRICTED TO LOW ABSORBATE CONCENTRATIONS. 
C WRITTEN BY MICHAEL MCINTOSH, JUNE 1991 

C	 ABSORB. FOR 

1 FORMAT (lX,4F8.4) 
2 FORMAT (lX,5F8.4) 
3 FORMAT (lX,4ES.4) 
4 FORMAT (lX,F4.3) 
5 FORMAT (lX,F8.4) 
6 FORMAT (lX,F9.4) 
7 FORMAT (lX,6FS.4) 

REAL CL1(7),CL2(7),CL3(7),CL4(7),CL5(7),CL6(7)
 
REAL ~,KH,LCON1,LM,LCON2,JY,JL,KG,KL,LREN
 

REAL LMDF,JV ,NT
 
OPEN(12,FILE='C:\WP\ABDAT')
 
OPEN(13,FILE='A:\HT100.PRN')
 
OPEN(14,FILE='A:\NT100.PRN')
 
OPEN(15,FILE='C:\WP\PDDAT')
 
OPEN ( 16,FILE='A: \VS100.PRN')
 

C	 READ COORDINATES OF LINE SEGMENT ENDS 
C	 FOR FLOODING CURVE INTERPOLATION 

DO 8, I=1,7 
READ(lS,7) CL1(I),CL2(I),CL3{I),CL4(I),CL5{I),CL6(I) 

C PRINT*, CL1(I),CL2(I),CL3(I),CL4(I),CL5(I),CL6{I) 
8 .CONTINUE 

C	 INPUT LIQUID PROPERTIES 
READ (12,1) DL,MWL,VISL,DIFFL 

C DL=DENSITY OF LIQUID, LB/FT3 
C MWL=MOLECULAR WEIGHT LIQUID 
C VISL=VISCOSITY OF LIQUID, CP 
C DIFFL=DIFFUSION COEFFICIENT, CS2 IN LIQ.,FT2/HR 
C PO=VAPOR PRESSURE OF CS2, 537 RANKIN 

PO=366 
C PRINT*,'DL,MWL,VISL,DIFFL--------------------' 
C PRINT*, DL,MWL,VISL,DIFFL 

C	 INPU~ TOWER PROPERTIES 
READ (12,2) DI,VCON2,VCON1,LCON2,OPLR 

C DI=TOWER DIAMETER, FT 
C VCON2=CS2 INLET CONCENTRATION IN GAS, MOLE FRACTION 
C VCON1=CS2 OUTLET CONCENTRATION 
C LCON2=CS2 INLET CONCENTRATION IN LIQUID, MOLE FRACTION 
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C OPLR=OPTIMUM LIQ. RATE FACTOR
 
C PRINT*,,DI,VCON2,VCON1,LCON2,OPLR-----------------,
 
C PRINT*,DI,VCON2,VCON1,LCON2,OPLR

C-------------------------------------------------------­

. C INPUT GAS PROPERTIES 
READ (12,2) AI,VISV,DIFFV,P,PO
 

C PO=OUTLET ~RESSURE, PSIG
 
C P=TOTAL PRESSURE, PSIG
 
C AI=PACKING AREA PER VOLUME BED,l/FT
 
C VISV=VISCOSITY OF VAPOR, CP
 
C DIFFV=DIFFUSION COEFF. CS2 IN GAS, FT2/HR
 
C PRINT*,'AI,VISV,DIFFV,P,PO-~------------------'.
 
C PRINT*,AI,VISV,DIFFV,P,PO .
 

C------------------------------------------------------­
PA=(P+14.7)/14.7
 
PMM=PA*760
 
DV=29.*PA/.73/537.


C--------------------------------------------------------
C	 ASSUME INITIAL BED DEPTH
 

Z=l. .
 

C----------------------------------~----------------------
C	 VARY HENRY'S LAW CONSTANT
 

DC? 1000. 1=1, 100
 
:r<a=.1+I*.009
 

C------~~-------------------------------------------------
C CALCULATE INLET PRESSURE
 
C SET P DROP 1.0 IN •. H20/FT
 
10 P=Z/27.684+PO
 

PD=l. 
C PRINT*,'P=',P
 

IF (PO .GT. 50.) THEN
 
PRINT*,'PP>50.,Z='/Z
 
PAUSE
 
PD=50.
 
END IF
 

C--------------------~-------------------------------------
C ESTIMATE GAS RATE, GM, MOLE/HR
 

Q=40 ./VCONl
 
C PRINT*,'Q=',Q
 

GM=Q*60/(.73*537.)
 
C PRINT*,'GM='/GM

C----------------------------------------------------------

C	 ESTIMATE OPTIMUM LIQUID RATE, LM, MOLE/HR
 

LCON1=VCON1/KH
 
LM=OPLR*GM*(VCON1-VCON2)/(LCON1-LCON2)
 

C PRINT*,/LM=',LM
C----------------------------------------------------------

C CALCULATE TOWER BOTTOM LIQUID CONCENTRATION .
 

LCON1=LCON2-GM*(VCON2-VCON1)/LM
 
C PRINT*,'LCON1=',LCONl

C----------------------------------------------------------

C	 CALCULATE PARAMETER FOR FLOODING CURVE
 

X=LM*MWL* (DV /DL ).** .5/ (GM*29. )
 
C------------------------~~--------------------------------
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C OPLR=OPTIMUM LIQ. RATE FACTOR
 
C PRINT*,,DI,VCON2,VCON1,LCON2,OPLR-----------------,
 
C PRINT*,DI,VCON2,VCON1,LCON2,OPLR

C--------------------------------------------------------

C	 INPUT GAS PROPERTIES . 

READ (12,2) AI,VISV,DIFFV,P,PO
 
C PO=OUTLET PRESSURE, PSIG
 
C P=TOTAL PRESSURE, PSIG
 
C AI=PACKING AREA PER VOLUME BED, 11FT
 
C VISV=VISCOSITY OF VAPOR, CP
 
C DIFFV=DIFFUSION COEFF. CS2 IN GAS, FT2/HR
 
C PRINT*,'AI,VISV,DIFFV,P,PO-~------------------'
 
C PRINT*,AI,VISV,DIFFV,P,PO'

C------------------------------------------------------­

PA=(P+14.7)/14.7
 
PMM=PA*760
 
DV=29.*PA/.73/537.


C--------------------------------------------------------

C	 ASSUME INITIAL BED DEPTH
 

Z=l.

C---------------------------------------------------------

C	 VARY HENRY'S LAW CONSTANT
 

DO 1000 1=1,100
 
KH'=.1+I*.009
 

C---------------------------------------------------------

C CALCULATE INLET PRESSURE
 
C SET P DROP 1.0 IN. H20/FT
 
10 P=Z/27.684+PO
 

PD=!. 
'C PRINT*,'P=',P' 

IF (PD .GT. 50.) THEN 
PRINT*,'PD>50.,Z=',Z 
PAUSE 
PD=50. 
END IF 

c----------------------------------------------------------
C ESTIMATE GAS RATE, GM, MOLE/HR
 

Q=40./VCONl
 
C PRINT*,'Q=',Q
 

GM=Q*60/(.73*537.)
 
C PRINT*,'GM=',GM

C----------------------------------------------------------

C	 ESTIMATE OPTIMUM LIQUID RATE, LM, MOLE/HR
 

LCON1=VCON1/KH
 
LM=OPLR*GM*(VCON1-VCON2)/(LCON1-LCON2)
 

C PRINT*,'LM=',LM' 
c----------------------------------------------------------
C CALCULATE TOWER BOTTOM LIQUID CONCENTRATION
 

LCON1=LCON2-GM*(VCON2-VCON1)/LM'
 
C PRINT*,'LCON1=',LCON1
 I 

C----------------------------------------------------------

C	 CALCULATE PARAMETER FOR FLOODING CURVE
 

X=LM*MWL*(DV/DL)**.5/{GM*29.)
 
C~---------------------------------------------------------
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C OBTAIN FLOODING PARAMETER BY INTERPOLATION 
C CHE HNDBK FIG 18-39 TO OBTAIN ORDINATE F 

CALL DPPLT(X,PD,F,CL1,CL2,CL3,CL4,CL5,CL6) 
C PRINT*,'X=',X 
C PRINT*,'PD=',PD
C--------------------------------------------------------
C CALCULATE GAS FLUX, G, LB/(SEC FT2) 

G=(F*DL*DV*32.2/(155*(62.4/DL)*VISL**.2»**.5 
C PRINT*,'G=',G
C--------------------------------------------------------
C CALCULATE TOTAL CROSS-SECTIONAL AREA, AT, FT2 

AT=GM*29./G/3600 ' 
C PRINT*,'AT=',AT
C------------------------------------------------------------
C CALCULATE SUPERFICIAL VELOCITY IN THE TOWER, VS,FT/MIN 

VS=4.E5*14.7/(P+14.7)/AT 
C PRINT*,'VS=',VS 
C------------------------------------------------~------------
C· CALCULATE TOWER CROSS-SECTIONAL AREA, AS, FT2 

AS=3.1417*DI**2/4. 
C .PRINT*,'AS=',AS
C------------------------------------------------------------
C CALCULATE NUMBER OF TOWERS, NT 

NT=A'r/AS '.. 
C PRINT*,'NT=',NT 
C----------~--------------------------------------------------
C CALCULATE REVISED GAS FLUX, LB/(HR FT2) 

G=GM*29/NT/3.1417/DI**2*4 
C PRINT*,'NEW G=',G 
C--~---------~-------~-------------~---------------------------
C CALCULATE GAS SIDE MASS TRANSFER COEFFICIENT 
C CALCULATE COLBURN J FACTOR FOR GAS SIDE MASS TRANSFER 

JV=1.07/(G*.2074/VISV/2.42)**.41 
C PRINT*,'JV=',JV 
C CALCULATE COEFFICIENT 

KG=JV*G/29./(VISV*2.42/DV/DIFFV)**.67 
C PRINT*,'KG=',KG 
c--------~-------------------------------------------------------
C CALCULATE LIQ. MASS TR. COEFFICIENT 
C CALCULATE LIQ. TOWER FLUX, L, LB/HR FT2 

L=LM*MWL/NT/AS 
C PRINT*,'L=',L 

KL=DIFFL*25.1*(.117*L/VISL/2.42)**.45 
1 *(VISL*2.42/DL/DIFFL)**.5*DL/MWL/.117 

C PRINT*,'KL=',KL
C--------------------------------------------------------------
C CALCULATE RELATIONSHIP BETWEEN BULK & INTERFACIAL. 
C MOLE FRACTIONS 

S=-KL/KG 
C PRINT*,'S=',S . 
C-------------------------~------------------------------------
C CALCULATE VAPOR PHASE DRIVING FORCES AT TOP & BOTTOM 

XEQ1=(S*LCON1-VCON1)/(S-KH) 
C PRINT* , 'XEQ.1=' ,XEQ1 
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XEQ2=(S*LCON2-VCON2)/(S-KH) 
C PRINT*,'XEQ2=',XEQ2 

C---------------------------------------------------------------

C	 CALCULATE LOG MEAN DRIVING FORCE 

YDIF1=S*(LCON1-XEQ1) 
C PRINT*,'LCON1=',LCON1 
C PRINT*,'YDIF1=',YDIFl 

YDIF2=S*(LCON2-XEQ2) 
C PRINT*,'YDIF2=',YDIF2 

LMDF=(YDIF2-YDIF1)/LOG(YDIF2/YDIF1) 
C PRINT*,'LMDF=',LMDF
C--------------------------------------------------------------

C	 CALCULATE REVISED BED DEPTH 

ZREV=GM*(VCON1-VCON2)/(NT*AS*KG*AI*LMDF)
C---------------------------------------------------------
C	 COMPARE pREVIOUS TO REVISED BED DEPTHS 

DZ=(ZREV-Z)/ZREV 
C PRINT*,'DZ=',DZ 
C PRINT*,'ZREV=',ZREV 
C PRINT*,'NT=',NT 

PRINT*,'---------------------------------' 
C--------~~-----------------------------------------------
C	 RE-ITERATE IF GREATER THAT 1% DIFFERENCE 

IF (ABS(DZ) .LT.• 01) THEN 
BD=ZREV 
ELSE 
Z=Z+ZREV*.5*DZ 
GO TO 10 
END IF 
PRINT*,'BED DEPTH=',BD,' ****************~************' 

PRINT* , , NT=' , NT 
PRINT* , , KH=' ,KH 

c----------------------------------------------------------
C	 WRITE BD, VS AND NT 

WRITE (13,5) ED 
WRITE (14,6) NT 
WRITE (16,6) VS 

1000	 CONTINUE 
STOP 
END 

SUBROUTINE DPPLT{X,PD,F,CL1,CL2,CL3,CL4,CL5,CL6) 
C SUBPROGRAM TO READ & INTERPOLATE IN FLOODING CURVES 
C FOR DIMENSIONLESS NUMBER FROM walCH G CAN BE OBTAINED 

REAL N:Il,NI2
 
REAL CL1(7),CL2(7),CL3{7),CL4{7),CL5(7),CL6(7)
 

C	 DETERMINE SEGMENT AND SET DP COORD'S 
IF « X •LT. .01 ) . OR. (X . GT. 2.» THEN 
PRINT*,'X OUT OF RANGE, X=',X 
STOP 
END IF 
IF {(X .GE.. 01) .AND. (X .LT.. 04» THEN 
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NSEG=1 
Al=-2. 
A2=-2. 
Cl=-1.3979 
C2=-1.3979 
ELSE IF «X .GE •• 04) .AND. (X .LT•• 1» THEN 
NSEG=2 
A1=-1.3979 
A2=-1.3979 
Cl=-l. 
C2=-1. 
ELSE· IF· ( (X • GE • • 1) . •AND:' (X .• LT • • 2 » THEN 
NSEG=3 
Al=-l. 
A2=-1. 
Cl=-.699 
C2=-.699 
ELSE IF « X • GE • • 2 ) • AND • (X • LT • • 4» THEN 
NSEG=4 
A1=-.699 
A2=-.699 
Cl=-.3979 

-\1, C2=-. 3979 
:~- ELSE IF « X • GE • • 4 ) •AND • (X • LT • 2.» THEN 
"NSEG=5
 
Al=-.3979
 
A2=-.3979
 
Cl=.301
 
C2=.301
 
END IF
 
PRINT*,'NSEG=',NSEG
 

C	 DETERMINE PD LEVEL AND ASSIGN F COORD'S 
IF « PD • GT • 50.) •OR. ( PD •LE • • 05 » THEN 
PRINT*, -'PD OUT OF RANGE FOR FLD G CURVES' 
STOP 
ELSE IF « PD • GE • 1 • 5 ) •AND • ( PD • LE • 50 • » THEN 
J=l 
K=2 
NI1=50. 
NI2=1.5 
ELSE IF «PD .GE. 1.) .AND. (PD .LT. 1.5» THEN 
J=2 
K=3 
NI1=1.5 
NI2=1. 
ELSE IF « PD • GE • • 5 ) •AND • ( PD •LT • 1.» THEN 
J=3 
K=4 . 
NI1=1. 
NI2=.S 
ELSE IF « PD • GE • • 2 S ) •AND • ( PD •LT • • S » THEN 
J=4 
K=S' 
Nll=.S 
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NI2=.25 
ELSE IF « PD . GE • • 1 ) . AND • (PD . LT • . 25 » THEN 
J=5 
K=6 
Nll=.25 
NI2=.1 
ELSE IF «PD .GE•. 05) .AND. (PD .LT•• 1» THEN 
J=6 
K=7 
NI1=.1 
NI2=.05 
END IF 
CALCULATE BOUNDING P CURVES & INTERPOLATE FOR P 
IF (NSEG .EQ. 1) THEN 
Dl=LOGlO(CL1(J) ) 
D2=LOG10(CL1(K) ) 
Bl=LOGlO(CL2(J) ) 
B2=LOGIO(CL2(K) ) 
ELSE IF (NSEG .EQ. 2) THEN 
Dl=LOG10(CL2(J) ) 
D2=LOGIO (CL2 (K) ) 
Bl=LOGlO (CL3 (J) ) 
B2=LOGIO (CL3 (K) ) 

\ELSE ~F (NSEG .EQ. 3) THEN 
,Dl=LOGlO(CL3{J) ) 
'D2=LOGIO(CL3 (K) ) 
Bl=LOGlO(CL4{J) ) 
B2=LOGIO(CL4(K) ) 
ELSE IF (NSEG .EQ. 4) THEN 
Dl=LOGlO(CL4(J) ) 
D2=LOGIO(CL4(K) ) 
Bl=LOGlO(CL5(J» 
B2=LOGIO(CL5{K) ) 
ELSE IF (NSEG .EQ. 5) THEN 
Dl=LOGlO (CL5 (J) ) 
D2=LOGIO(CL5(K) ) 
Bl=LOG10(CL6(J) ) 
B2=LOGIO(CL6(K» 
END IF 
Yl=10.**({(Bl-Dl)/(Cl-Al»*(LOGlO(X)-Cl)+Bl) 
Y2=lO.**«(B2-D2)/(C2-A2»*(LOGIO(X)-C2)+B2) 
F=(PD-NI1)*(YI-Y2)/(NII-NI2)+Yl 
END 
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APPENDIXB 

GAS ADSORPTION TOWER: SAMPLE CALCULATION 

The calculations for the gas adsorption towers are made on the basis of the following 
assumptions: 

•	 Air flow: 400,000 cfm 

•	 Inlet air flow: 100 ppm CS2, 5 psig 
.	 . 

•	 Breakthrough air flow: 10 ppm CS2, 4.6 psig 

•	 Adsorbent: isotherm shape similar to Calgon BPL carbon 

•	 Bed properties: density 30 Ib/ft3 

•	 Average particle radius: 4 x 6 mesh (R = 0.0065 ft) 

•	 Tower properties: 

-	 \~·Diameter: 12 ft
 
Breakthrough time: 10 hr
 
Total pressure drop: 0.4 psi
 

B.l SEPARATION FACTOR 

The adsorption isotherm for BPL activated carbon is shown in Figure B..1. The inlet 
gas has a CS2 concentration of 100 ppm, which in mole ratio (nearly identical to mole fraction 
for this small concentration) is: 

Y = 100/106 = 10-4 mole CS2 per mole air 

In weight ratio, the inlet concentration is: 

Yo	 = 100 mole CS2(76 lb/mole CS2)/(106 mole air)(29 lb/mole air) 

= 2.62 x 10-4 lb CS2 per lb air 

From the isotherm of Figure B.1, the maximum bed loading is: 

qo = 4.9 x 10-2 lb CS2 per lb sorbent 
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FIGURE B.I Expanded View of Carbon Isotherm . 

Because breakthrough is defined as a gas concentration of 10 ppm CS2 (i.e., y = 2.62 x 10-5 lb 
CS2 per lb air) from the isotherm, the corresponding equilibrium bed loading is: 

q = 8.5 x 10-3 Ib CS2 per Ib sorbent 

The ratios are: 

Y/Yo = 2.62 x 10-5/2.62 x 10-4 = 0.1 

q/qo = 8.5 x 10-3/4.9 x 10-2 = 0.1735 
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and the separation factor is: 

R = 0.1(1 - 0.1735)/0.1735(1 - 0.1) = 0.5293 

B.2 FLOW RATE AND PRESSURE DROP 

The flow rate of the gas (or its superficial velocity) through the adsorption bed 
depends on pressure drop from inlet to outlet and on packing characteristics. Figure B.2 
shows superficial velocity at the tower inlet for a givep. pressure drop and inlet pressure. To 
use this graph, one must know the bed depth. Because the bed depth (or tower height) is the 
object of this design, the calculation must be iterative. An assumed be4 depth is used in 
Figure B.2 to give velocity. The calculation then proceeds to obtain bed depth. The 
previously assumed bed depth is adjusted and t;b.e calculation iterated until the assumed and 
calculated bed depth agree. 

For a first guess, let us take bed depth (Z) to be 1.0 ft. Pressure drop now becomes: 

(5 psig - 4.6 psigX27.684 in. H20/psig)/1.0 ft = 11.07 in..H20/ft 

\\ 
',\ 

and, from Fi~e B.2, superficial velocity (VS) is: 

VS = 158 ft/min 

B.3 NUMBER OF TOWERS 

Mer superficial velocity is known, it is possible to calculate the required number of 
towers. This is obtained by dividing the total volume of gas, which is approximated at 5 psia 
by using the pressure ratio factor (14.7 + 5)/5, by the volume flow per tower. Note that the 
area of a 12-ft-diameter tower is 113.1 ft2. 

NT = 4 x 105 ft 3/min(14.7/(14.7+5))/158 ft/min)113.1 ft 2 = 16.8 

B.4 PORE DIFFUSIVITY 

We now calculate the pore difIusivity for BPL carbon adsorbent. First we must 
obtain the fluid diffusivity (Dr), which can be estimated from the Hirschfelder, Bird, and 
Spotz equation: 
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FIGURE B~2 Pressure Drop for Adsorption Towers Packed with Calgon 
BPL Activated Carbon (4 x 6 mesh) 

(B.l) 

(See Perry and Chilton's Chemical Engineers' Handbook, p. 3-232.*) 

An outline of the computations of the constants for this equation follows. To get In, 
first calculate: 

·Perry, G.H., and C.H. Chilton, 1973, Chemical Engineers' Handbook, 5th Ed., McGraw-Hill, 
New York. 
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eCS2/k = 1.15(319) = 366
 

kT/e12 = 298/264 = 1~13 

Perry and Chilton (Table 3-309)* indicate that In is 0.687, the molar volume of air is 
29.9 em3/mole, and the molar volume of CS2 is 76/1.263, or 60.2 em3/mole. The collision 
diameter is calculated: · 

r12 = (112)1.18(60.2 118 + 29.9113) = 4.14A 

B = [10.7 - 2.46 ./(1176 + 1/29)] x 10-4 = 1.016 x 10-3 

Dr = 1.016 x 10-3 11/76 + 1/29 (298)3/2 = 0.0969 em 2/8 
(1)(4.14)2(0.687) 

With fluid diffusivity (Dr) available, we can now proceed to estimate pore diffusivity (Dp) (see' 
Perry and Chilton, pp. 16-19):* 

_ X r3 (1tM f2 1}1 
Dp

- -:r t4r l2RT) + DrJ 

We will use data for Calgon BPL carbon: internal porosity (x) =64%, tortuosity ('t) =4, and 
average pore radius (r) =30A. Thus: 

D p = 0.16(0.025 x 0.0881 + 10.322)-1 = 0.0155 cm 2/8 

Dp = (0.0155 em 2/s)(60slminXO.03295 ft/em)2 

D = 1.01 x 10-3 ft 2/minp 

·See footnote, p. 145. 
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B.5 NUMBER OF REACTION UNITS
 

The number of reaction units (NR) is a dimensionless group that is a measure of the 
diffusional resistance to adsorption. It defines the sharpness of the adsorption wave. 

N = _1_5_D_ Zp 2 
R 

r 2 VS R + 1 

= 30 (1.01 x 10-8 ft2/min) 1.0 ft __1__ = 2.966 
(6.5 x 10-3 ft)2 158 ftimin 0.529 + 1 

The particle diameter (2r) is that of a 5 mesh opening, 0.156 in. 

B.6	 GAS MASS FLUX 

Gas mass flux (G) can be obtained from the molar flow in area of tower and number 
of towers (NT): 

G = (4 X 105 ft 3/minX1 atmX29 lb/mole)/ 

= 15.67 Ib/ft 2 ·min 

B.7 THROUGHPUT PARAMETER 

Solutions of a reaction-kinetic model by Hiester and Vermeulen have been adapted 
by Basmadjian for graphical solution of throughput parameter (Z).* That is, given 
separation factor (R) and number of reaction units (NR), Basmadjian has constructed graphs 
for obtaining throughput parameter. Figure B.3 shows the graph for the 90% removal case 
(e.g., inlet CS2 concent!ation =100 ppm, outlet CS2 concentration =10 ppm). For the present 
calculation, with R =0.5293 and NR =2.966, Figure B.3 yields: 

1 - Z = 0.8193 

or 

*Basmadjian, D., 1980, Rapid Procedures for the Prediction ofFixed-Bed Adsorber Behavior, Ind. Eng. 
Chern. Proc. Des. Devel., 19:129-137. 
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Z = 0.1807 

Z is defined as follows: 

where t is breakthrough tim~, p is bed density, and z is bed depth. Bed depth (or tower 
height) can now be calculated from the above equation: 
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(2.62 x 10-4 1b CS2 per lb air)(15.7 Ib air per min · ft 2X60 minlhr)10 hr 
z = 

(4.9 x 10-2 lb CS2 per lb sorbentX30 lb sorbent per ft 3)0.1807 

z = 9.29 ft 

B.8 ITERATION FOR BED DEPTH 

Because the initial guess for bed depth was 1:0 it an~ the calculati~nyielded 9.29 ft, 
it will be necessary to iterate until the assumed and calculated bed depths agree within a 
small tolerance. Let us take this tolerance as 1% of bed depth. The iteration is performed 
best by guessing a new value, repeating the steps above, and comparing the results. These 
calculations are easily done; the results are shown in Table B.l. Note that the new guess for 
z is a point between the old and new values. Multiplying the converged value, 1.9 ft, by the 
number of towers gives the total bed depth: 

Total BD = (1.9 ftX25.9) = 49.2 ft 

\i 

" 
These ~culations have been programmed in Fortran (Microsoft version 4.1) and 

used to produce 'the figures shown in Section 4 of this report. Code listings with extensive 
comments are given below. 

TABLE B.I Iteration for Bed Depth of Adsorption Tower 

Estimated Calculated
 
'Bed Number Mass Through- Bed
 
Depth Velocity of Reaction Flux put Depth
 

(ft) (ftJmin) Towers Units (lblft·min) Parameters . (ft)
 

1.0 158 16.7 3.0 15.7 0.1807 9.3 
5.14 50.6 52.2 47.6 5.0 0.892 0.60 
2.87 76.7 34.4 17.5 . 7.6 0.730 1.11 
1.99 99.1 26.6 9.4 9.8 0.588 1.79 
1~89 102.9 25.6 8.6 10.2 0.561 1.94 
1.917 101.9 25.9 8.8 10.1 0.568 1.901 
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C PROGRAM TO ESTIMATE ADSORPTION TOWER HEIGHT 
C AND NUMBER OF TOWERS AS A FUNCTION OF 
C ISOTHERM SHAPE. GIVEN: DIAMETER; 
C FLOW RATE OF GAS TO BE TREATED; INLET AND 
C OUTLET CONCENTRATIONS OF GAS, 10 & 100 ppm; 
C PACKING PROPERTIES; AND PRESSURE. 
C THE CALCULATION USES THE BASMADJIAN GRAPHICAL 
C PROCEEDURE, IND. ENG. CHEM. PD&D, 1980, 19, 
C Pgs 129-137.ISOTHERMAL SORPTION ASSUMED, THUS 
C PROGRAM RESTRICTED TO LOW ADSORBATE CONCENTRATIONS. 
C WRITTEN BY MICHAEL MCINTOSH, JULY 1991 

C ADSORB.FOR 

1 FORMAT (lX,3FS.4) 
2 FORMAT (lX,F8.4) 
3 FORMAT (lX,6FS.4) 
4 FORMAT (lX,4FS.4) 
5 FORMAT (lX,FS.4) 

REAL NR,NT 
REAL CL1(5),CL2(S),CL3(5),CL4(5),CL5(5),CL6(5) 
REAL CLH1(16),CLH2(16),CLH3(16),~LH4{16),CLH5(16),CLH6(16) 

OPEN'( 12 , FILE=' C: \ WP \ADDAT' ) 
OPEN('13,FILE='C:\MCAD\Bl.PRN') 
OPEN(14,FILE='C:\MCAD\N1.PRN') 
OPEN(15,FILE='C:\MCAD\V1.PRN') 
OPEN(22,FILE='C:\WP\DPDAT') 
OPEN(32,FILE='C:\WP\HVDAT') 

C READ COORDINATES OF LINE SEGMENT ENDS FOR 
C PRESSURE DROP PLOT 

DO 6 1=1,5 
READ(22,3) CL1(I),CL2(I),CL3(I),CL4(I),CL5(I),CL6(I) 

C 
6 

PRINT*,CL1(I),CL2(I),CL3(I),CL4(I),CL5(I),CL6(I) 
CONTINUE 

C READ COORDINATES OF LINE SEGMENT ENDS FOR 
C HEISTER VERMULEN PLOT 

DO 7 1=1,16 
READ(32,3) CLH1(I),CLH2(I),CLH3(I),CLH4(I),CLH5(I),CLH6(I) 

C 
7 

PRINT*, CLH1(I),CLH2(I),CLH3(I),CLH4(I),CLH5(I),CLH6(I)
CONTINUE 

C INPUT SORBENT PROPERTIES 
READ (12,1) DB,RP,DIFP 

C . DB=DENSITY OF BED, LB/FT3 
C RP=AVE.RADIUS OF PARTICLE, FT 
C DIFP=DIFFUSION COEFFICIENT, CS2 IN PARTICLE, FT2/HR 

C PRINT*,'DB,RP,DIFP--------------------' 
C PRINT*, DB,RP,DIFP 
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C INPUT TOWER PROPERTIES 
READ (12,4) DI,P,PO,T 

C DI=TOWER DIAMETER, FT 
C P=INLET PRESSURE, PSIG 
C PO=OUTLET PRESSURE, PSIG 
C T=BREAKTHROUGH TIME, HOURS 
C PRINT*,'DI,P,PO,T-----------------' 
C PRINT*,DI,P,PO,T 

C OPTION 
C READ ISOTHERM VARIABLES, QREF AND QREFO, EQUILIBRIUM 
C SORBENT LOADINGS FOR 10 & 100 ppm CS2 IN GAS. 
C DO 8 I=1,9 
C READ (12,5) QREF(I) 
C PRINT*,'QREF(I)=',QREF(I)
 
C8 CONTINUE
 
C DO 9 I=1,9
 
C READ (12,5) QREFO(I)
 
C PRINT*,'QREFO(I)=',QREFO(I)
 
C9 CONTINUE
 
C-----------------------------------------------------~-
C SET INLET & OUTLET GAS CONCENTRATIONS, CREF, CREFO 
C UNITS: MOLE CS2/MOLE AIR 

C~FO=(76./29.)*1.E-4 
C~F=CREFO/10. 

C PRINT*,'CREFO=',CREFO
C-------------------------------------------------------

C	 INITIAL ASSUMPTION OF BED DEPTH (TOWER HEIGHT), FT 

Z=l. 
. C-------------------------------------------------------


C VARY ISOTHERM
 
. DO 1000 I=1,10
 

C-----------------------------~-~-----------------------
C CALCULATE AVAILABLE PRESSURE DROP, IN. H20/FT 
10 DP=(P-PO)*27.684/Z 
C PRINT*,'I=',I 
C PRINT*,'Z=',Z 
C PRINT*,'P=',P 
C PRINT*"DP=',DP 

IF (OP .GT. 100.) THEN 
PRINT*,'DP>100.,Z=',Z 
PAUSE 
DP=100. 
END IF 

C-------------------------------------------------~------
C OBTAIN SUPERFICIAL VELOCITY, VS, FROM P DROP CURVE 

CALL DPPLT(~,DP,VS,CLl,CL2,CL3,CL4,CL5,CL6) 

C ~RINT*,'VS=',VS 

c--------------------------------------------------------C . CALCULATE NUMBER OF TOWERS, NT 
NT=400000.*4.*(14.7/(P+14.7»/(VS*3.1417*DI**2) 

C PRINT*,'NT=',NT
C-------------------------------------------------------- .
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C	 CALCULATE SEPARATION FACTOR, R 
QREFO=I*.Ol 
QREF=-.006359998276821 

1 +1.333007461100351*QREFO
 
1 -83.69609296694398*QREFO**2
 
1 +2.4904545814991*10**3*QREFO**3
 
1 -3.527991511917114*10**4*QREFO**4
 
1 +2.212820559997559*10**5*QREFO**5
 
1 -3.88888903137207*10**5*QREFO**6
 

C PRINT*,,QREF,QREFO---------, 
C PRINT*,QREF,QREFO 

YRA=CREF/CREFO 
QRA=QREF/QREFO 
R=(YRA*(l.~QRA»/QRA/(l.-YRA) 
IF (R .GT. 1.0) THEN .
 
R=1.0
 
END IF
 

C PRINT*,'R=',R 
c---------------------------------------------------------
C	 CALCULATE NUMBER OF REACTION UNITS, NR 

NR=30.*DIFP*Z/(RP**2*VS*(R+l» 
C PRINT*,'NR=',NR 

IF (NR .LT. 1.) THEN 
PRINT*,'NR<l' 
P~USE .
 
NR=l.
 
ELSE IF (NR .GT. 1000.) THEN
 
PRINT*,'NR>1000'
 
PAUSE'
 
NR=1000.
 
END IF
 

C-------------------------------------------~-------------
C OBTAIN THROUGHPUT PARAMETER, ZHV,·FROM 
C HIESTER-VERMEULEN PLOT 

CALL HVPLT(NR,R,ZHV,CLH1,CLH2,CLH3,CLH4,CLHS,CLH6) 
C PRINT*,'ZHV=',ZHV
C--------------------------------------------------------
C CALCULATE GAS -MASS FLUX, G, LB/FT2 MIN 

G=400000.*29./(.73*537.*NT*(3.1417*DI**2/4» 
C PRINT*,'G=',G 
c--------------------------------------------------------
C	 CACULATE REVISED BED DEPTH, ZREV 

ZREV=CREFO*G*T*60./(QREFO*DB*ZHV) 
c--------------------------------------------------------
C	 COMPARE PREVIOUS TO REVISED BED DEPTHS 

DZ={ZREV-Zl/ZREV 
C PRINT*,'DZ=',DZ 
C PRINT*,'ZREV=',ZREV 
C PRINT*,'NT=',NT 
C PRINT*,'-------------------------------~-'

C---------------------------------------------------------
C	 RE-ITERATE IF GREATER THAN 1% DIFFERENCE 

IF (ABS (DZ) .•LT. .01) THEN 
BD=ZREV 
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ELSE. 
Z=Z+ZREV*.25*DZ 
GO TO 10 
END IF 
PRINT*,'BED DEPTH=',BD,' ****************************~, 

C---------------------------------------------------------
C RE-ITERATE IF GREATER THAN 1% DIFFERENCE 
C IF (I .LT. 6) THEN 
C FAC=.01 
C ELSE IF (I .GE. 6) THEN 
C FAC=.OOl 
C ELSE IF (I .GE. 7) THEN 
C FAC=.OOOl 
C END IF 
C IF (ABS(DZ) .LT•• 01) THEN 
C BD=ZREV 
C ELSE 
C Z=ZREV*(l.+FAC*DZ) 
C GO TO 10 
C END IF 
C PRINT*,'BED DEPTH=',BD,'*******************************'
C---------------------------------------------------------
C	 SEND BED DEPTH, NUMBER OF TOWERS, VELOCITY 
C	 TO ~THCAD FOR PLOT 

WRITE (13,2)-BD 
WRITE (14,2) NT 
WRITE (15,2) VS 

1000	 CONTINUE 
STOP 
END 

SUBROUTINE HVPLT(NR,R,ZHV,CLH1,CLH2,CLH3,CLH4,CLH5,CLH6) 
C SUBPROGRAM TO READ & INTERPOLATE 
C IN THE HIESTER-VERMEULEN PLOTS 
C FOR FRACTIONAL CONCENTRATION 
C BREAKTHROUGH IN GAS ADSORPTION 

REAL NR,NI1,NI2 
REAL CLHl ( 16) , CLH2 ( 16) , CLH3 ( 16) -, CLH4 (16) , CLH5 ( 16) , CLH6 (.16) 

C PRINT*,'NR,R=',NR,R 
C DETERMINE SEGMENT AND SET R COORD'S 

IF « R . GE . 0 ) •AND. (R • LT • • 333 » THEN
 
NSEG=l
 
Al=O
 
A2=O
 
Cl=.333
 
C2=.333
 
ELSE IF « R • GE • • 333 ) •AND • (R • LT • • 5 » THEN
 
NSEG=2
 
A1=.333
 
A2=.333
 
·Cl=.5
 
C2=.5
 
ELSE IF «R .GE.. 5) .AND. (R .LT.. 666» THEN
 
NSEG=3 .
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ELSE 
Z=Z+ZREV*.25*DZ 
GO TO 10 
END IF 
PRINT*,'BED DEPTH=',BD,' *****************************, 

c----~----------------------------------------------------
C RE-ITERATE IF GREATER THAN 1% DIFFERENCE 
C IF (I .LT. 6) THEN 
C FAC=.Ol 
C ELSE IF (I .GE. 6) THEN 
C FAC=.OOl 
C ELSE IF (I .GE. 7) THEN 
C. FAC=.OOOl 
C END IF 
C IF (ABS(DZ) .LT •• 01) THEN 
C BD=ZREV 
C ELSE 
C Z=ZREV*(l.+FAC*OZ) 
C GO TO 10 
C END IF 
C PRINT*,'BED DEPTH=',BD,'*******************************'
C---------------------------------------------------------
C	 SEND BED DEPTH, NUMBER OF TOWERS, VELOCITY 
C	 TO MATHCAD FOR PLOT 

WRITE (13,2) BD 
WRITE (14,2) NT 
WRITE (15,2) VS 

1000	 CONTINUE 
STOP 
END 

SUBROUTINE HVPLT(NR,R,ZHV,CLH1,CLH2,CLH3,CLH4,CLH5,CLH6) 
C SUBPROGRAM TO READ & INTERPOLATE 
C IN THE HIESTER-VERMEULEN PLOTS 
C FOR FRACTIONAL CONCENTRATIO~ 

C BREAKTHROUGH IN GAS ADSORPTION 
REAL NR,NI1,NI2 
REAL CLH1(16),CLH2(16),CLH3(16),CLH4(16),CLH5{16),CLH6(16) 

C PRINT*,'NR,R=',NR,R 
C DETERMINE SEGMENT AND SET R COORD'S 

IF ({R .GE.· 0) .AND. (R .LT•• 333» THEN 
NSEG=l 
Al=O 
A2=O 
Cl=.333 
C2=.333 
ELSE IF « R •GE • • 333 ) •AND • (R •LT • • 5 » THEN 
NSEG=2 
Al=.333 
A2=.333 
Cl=.5 
C2=.5 
ELSE IF «R .GE•. 5) .AND. (R .LT.. 666» THEN 
NSEG=3 
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Al=.5 
A2=.5 
Cl=.666 
C2=.666 
ELSE IF «R .GE•• 666) .AND. (R .LT., .833» THEN 
NSEG=4 
Al=.666 
A2=.666 
Cl=.833 
C2=.833 
ELSE IF «R .GE•• 833) .AND. (R .LE. 1.» THEN 
NSEG=5 
A1=.833 
A2=.833 
C1=1. 
C2=1. 
END IF 

C PRINT*,'NSEG,A1,A2,Cl,C2=',NSEG,Al,A2,Cl,C2 
C	 DETERMINE NR LEVEL AND ASSIGN R COORD'S 

IF (NR .GT. 1000.) THEN 
~RINT*,'NR OUT OF RANGE FOR HV PLOT, >1000' 
STOP 
ELSE IF «NR .GE. 4.) .AND. (NR .LT. 6.» THEN 

\'J=1
 
',K=2
 
'NI1=4.
 
NI2=6.
 
ELSE IF «NR .GE. 6.) .AND. (NR .LT. 8.» THEN
 
J=2
 
K=3
 
NI1=6.
 
NI2=8.
 
ELSE IF «NR .GE. 8.) .AND. (NR .LT. 10.» THEN
 
J=3
 
K=4
 
NI1=8.
 
NI2=10.
 
ELSE IF ({NR .GE. 10.) .AND. (NR .LT. 20.» THEN
 
J=4
 
K=5
 
NI1=10.
 
NI2=20.
 
ELSE IF «NR .GE. 20.) .AND. (NR .LT. 40.» THEN
 
J=5
 
K=6
 
NI1=20. '
 
NI2=40.
 
ELSE IF «NR .GE. 40.) .• AND. (NR .LT. 60.» THEN
 
J=6
 
K=7
 
NI1=40.
 
NI2=60.
 
ELSE IF «NR .GE. 60.) .AND. (NR .LT. 80.» THEN
 
J=7
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K=8 
NI1=60. 
NI2=80. 
ELSE IF «NR .GE. 80.) .AND. (NR .LT. 100.» THEN 
J=8 
K=9 
Nll=80. 
NI2=100. 
ELSE IF «NR .GE. 100.) .AND. (NR .LT. 200.» THEN 
J=9 
K=10 
Nll=100. 
NI2=200. 
ELSE IF ({NR .GE. 200.) .AND. (NR .LT. 400.» THEN 
J=10 
K=11 
NI1=200. 

, NI2=400. 
ELSE IF «NR .GE. 400.) .AND. (NR .LT. 600.» THEN 
J=11 
K=12 
NI1=400. 
NI2=600. 
ELSE IF «NR .GE. 600.) .AND. (NR .LT. 800.» THEN 
'~=12 '. 
K=13 
Nll=600. 
NI2=800. 
ELSE IF «NR .GE. 800.) .AND. (NR .LE. 1000.» THEN 
J=13 
K=14 
Nll=800. 
NI2=.1000. 
ELSE IF «NR .GE. 2.) .AND. (NR .LT. 4.» THEN 
J=14 
K=15 
NI1=2. 
NI2=4. 
ELSE IF «NR .GE. 1.) .AND. (NR .LT. 2.» THEN 
J=15 
K=16 
NI1=1. 
,NI2=2. 
END IF 

C CALCULATE BOUNDING NR CURVES & INTERPOLATE FOR NR 
IF (NSEG .EQ. 1) THEN 
Dl=LOG10(CLH1(J» 
D2=LO~10(CLH1{K» 
Bl=LOG10(CLH2(J»
 
B2=LOG10(CLH2(K»
 
ELSE IF (NSEG .EQ. 2) THEN
 
Dl=LOG10(CLH2(J»
 
D2=LOG10(CLH2(K»
 
B1=LOG10 (CLH3 (J» .
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B2=LOG10(CLH3(K»
 
ELSE IF (NSEG .EQ. 3) THEN
 
Dl=LOG10(CLH3(J»
 
D2=LOG10(CLH3(K»
 
Bl=LOG10(CLH4(J»
 
B2=LOG10(CLH4(K»
 
ELSE IF (NSEG .EQ. 4) THEN
 
Dl=LOG10{CLH4(J»
 
D2=LOG10(CLH4(K»
 
Bl=LOG10(CLH5(J»
 
B2=LOG10{CLH5(K»
 
ELSE IF (NSEG .EQ. 5) THEN
 
Dl=LOG10(CLH5(J»
 
D2=LOG10(CLH5(K)
 
Bl=LOG10(CLH6(J»
 
B2=LOG10(CLH6(K»
 
END IF
 
Yl=lO.**«(Bl-Dl)/(Cl-Al»*R+{Dl*Cl-Al*Bl)/{Cl-Al»
 
Y2=10.~*«{B2-D2)/(C2-A2»*R+(D2*C2-A2*B2)/{C2-A2» 
ZHV=1-{(NR-NI1)*(Yl-Y2)/(NI1-NI2)+Y1) 

C PRINT*,'Dl,D2,Bl,B2,Yl,Y2=',Dl,D2,Bl,B2,Yl,Y2 
C PRINT*,'-------------------------------------' 

END 
~ . 

$UBROUTINE DPPLT(P,DP,VS,CL1,CL2,CL3,CL4,CL5,CL6) 
C S~BPROGRAM TO READ & INTERPOLATE 
C IN PRESSURE DROP CURVES 
C FOR SUPERFICIAL VELOCITY 
C IN PACKED BEDS - 4X6 MESH PACKING 

1 FORMAT (lX,6F8.4) 

REAL NI1,NI2 
REAL CL1(14),CL2(14),CL3(14),CL4(14),CL5(14),CL6(14) 

C PRINT*,'P,DP=',P,DP 
C DETERMINE SEGMENT AND SET DP COORD'S 

IF «DP .LE. 100.) .AND. (DP .GT. 10.» THEN 
NSEG=l 
Al=2. 
A2=2. 
Cl=l. 
C2=1. 
ELSE IF «DP .LE. 10.) .AND. (DP .GT. 3.» THEN 
NSEG=2 
Al=l. 
A2=1. 
Cl=.4771 
C2=.4771 
ELSE IF «OP .LE. 3.) .AND. (DP .GT. 1.» THEN 
NSEG=3 
Al=.4771 
A2=.4771 
Cl=O 
C2=O 
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ELSE IF «DP .L:E. 1.) .AND. (DP .GT•• 3» THEN 
NSEG=4 
A1=O 
A2=O 
C1=-.5229 
C2=-.5229 
ELSE IF « DP •LE • • 3 ) •AND • (DP • GT • • 1» THEN 
NSEG=5 
A1=-.5229 
A2=-.5229 
C1=-1. 
C2=-1. 
END IF 

C	 DETERMINE P LEVEL AND ASSIGN DP ·COORD'S 
IF «P .LT. 0) .OR. (P .GT. 500.» THEN 
PRINT*,'PRESSURE OUT OF RANGE FOR P-DROP PLOT' 
STOP 
ELSE IF « P • GE • a) .AND • (P •LT • 50.» THEN 
J=l 
K=2 
Nll=O. 
NI2=50. 

'\

ELSE IF «P .GE. 50.) .AND. (P .LT. 150.» THEN 
J=2 

',K=3 
NI1=50. 
NI2=150. 
ELSE IF «P .GE. 150.) ~AND. (P .LT. 300.» THEN 
J=3 
K=4 
NI1=150. 
NI2=300. 
ELSE IF «P .GE. 300.) .AND. (P .LT. 500.» THEN 
J=4 
K=5 
NI1=300. 
NI2=500. 
END IF 

C PRINT*,'J,K,NI1,NI2' 
C PRINT*,J,K,Nl1,NI2 
C PRINT*,'CL1(1),NSEG=',CL1(1),NSEG 
C CALCULATE BOUNDING P CURVES & INTERPOLATE FOR P 

IF (NSEG .EQ •. 1) THEN
 
Dl=LOG10(CL1(J) )
 
D2=LOG10(CL1(K) )
 
B1=LOG10(CL2(J) )
 
B2=LOG10 (CL2 (K) )
 
ELSE IF (NSEG .EQ. 2) THEN
 
Dl=LOG10 (CL2 (J) )
 
D2=LOGIO(CL2(K»
 
Bl=LOGlO(CL3(J) )
 
B2=LOGIO(CL3(K) )
 
ELSE IF (NSEG .EQ. 3) THEN
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Dl=LOGlO (CL3 (J) ) 
D2=LOGIO(CL3(K» 
Bl=LOGlO (CL4 (J) ) 
B2=LOGIO(CL4(K» 
ELSE IF (NSEG .EQ. 
Dl=LOGlO(CL4(J» 
D2=LOGIO(CL4(K» 
Bl=~OGlO·( CLS (J) ) 
B2=LOGIO(CL5(K) ) 
ELSE IF (NSEG .EQ. 
Dl=LOGlO(CL5(J) ) 
D2=LOGIO (CL5 (K) ) 
Bl=LOGlO(CL6(J) ) 
B2=LOGIO(CL6(K» 
END IF 

4) THEN 

5) THEN 

C PRINT*,'Dl,D2,Bl,B2' 
C PRINT*,Dl,D2,Bl,B2 

Yl=10.**«(Bl-Dl)/(Cl~Al»*(LOG10(DP)-Cl)+Bl) 
Y2=lO.**«(B2-D2)/(C2-A2»*(LOGIO(DP)-C2)+B2) 

C PRINT*,'Yl,Y2' 
C PRINT*,Yl,Y2 

VS=(P~NI1)*(YI-Y2)/(NII-NI2)+Yl 
END 
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