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Fractionation of components of a 
solution by freeze crystallization 
can be more energy eficient than 
are conventional separation processes. 
This article presents the theory and 
practice of the process, and ways 
of perjorming economic evaluations. 

James A. Heist, Concentration Specialists, Inc. 

Although the vapor-liquid equilibrium is generally 
employed to separate the components of a solution, use 
of the solid-liquid equilibrium should also be consid- 
ered-it may be cheaper. Although freeze crystalliza- 
tion has been used to fractionate solutions in specialized 
applications, the technique has never been adopted on a 
large scale. 

In some applications, freezing can perform a separa- 
tion with a 75 to 90% reduction of the energy required 
by conventional distillation-acetic acid and acrylic 
acid refining are two examples. 

Freeze crystallization also shows significant energy 
reduction in many applications for which evaporators 
are commonly employed. Here, the savings are not as 
spectacular as when replacing distillation, because most 
large evaporators employ energy-conserving multiple 
effects. Energy cofisumption of paper-plant black-liquor 
evaporators could be reduced by a half by using freez- 
ing, as could the energy used in the concentration of 
citrus juices. 

Batch vs. continuous processes 
In the past, most chemical process industry freeze 

separation processes have been batch operations. They 
'have been labor intensive, inefficient (compared with 
their potential), and limited to low-throughput opera- 
tions. These shortcomings have been tolerated because 
the process has been the only one that would work at 
all. 

But, continuous process equipment is now on the 
market-equipment that makes available more of the 
inherent capabilities of the technology. Such equipment 
will be discussed later. 

Advantages and disadvantages 
Freeze separation is not the answer to every separa- 

tion problem. Under some circumstances, either capital 
cost or energy consumption can be excessive. 

Freeze separation is a relatively new process; al- 
though many of the equipment components are well 
developed, process and application work with them is 
still limited. Development work is needed on some of 
the simplified, less-costly freeze cycles-even some of the 
cycles that have been proposed and built are not fully 
developed. 

However, experience with new applications in the 
chemical process industries will indicate where the pres- 
ent processes need improvement. Enough work has been 
done to warrant consideration of freezing for any sepa- 
ration process. 

Some background 
The history of modern freeze-separation processes 

dates only from the early 1950s, when the first continu- 
ous equipment was developed. Two very diverse routes 
were involved. 

In the petroleum industry, Phillips Petroleum and 
then several others developed indirect-contact, 
scraped-surface heat exchange processes for the separa- 
tion of xylene isomers. Although these developments 
were tested in the chemical and food industries, they 
proved to be too-expensive alternatives. So the xylene 
application remained the only large-scale user of that 
type of process. 

At the same time, a number of direct-contact freeze 
separation processes were under development for sea- 
water desalting. This was the first of the separation unit 
operations that received large-scale development fund- 
ing from the (now defunct) Office of Saline Water; this 
funding was indicative of the process's potential for low 
energy consumption. 

These desalting processes operated either at the triple 
point of water (vacuum freezing using either an absorp- 
tion cycle or a vapor-compression cycle) or with a sec- 
ondary refrigerant (both butane and halocarbon refrig- 
erants were used). All of these processes were developed 
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to pilot-plant scales of 10,000 to 100,000 gal/d. The 
plants were large by most process-application stand- 
ards, but too small for water-supply applications. The 
direct-contact processes are inherently more efficient 
than the indirect, but are also (generally) more com- 
plex. 

Several scraped-surface processes have been commer- 
cialized in recent years and have been applied in se- 
lected applications where the energy savings can justify 
this expensive type of heat exchanger. Now in advanced 
stages of development for industrial applications are 
freeze processes that use either direct-contact heat 
transfer, or scraperless exchanger surfaces. 

The basis of freeze separation 
All freeze separation processes are based on the dif- 

ference in component concentrations between'solid and 
liquid phases that are in equilibrium. This can be most 
easily understood by referring to Fig. la. As a solution 
(say, a t  Point A) is cooled, there will be some tempera- 
ture at which a solid crystalline phase begins to appear 
in the liquid phase (Point B). 

Usually only one component in the solution crystal- 
lizes, and that crystal is pure. This permits operation in 
a single theoretical stage-as contrasted to the incre- 
mental separation and multistage processes needed in 
vapor-liquid separations. 

The energy efficiency of the freeze separation process 
results both from this single-stage capability and from 
the lower latent heats associated with the solid-liquid 
phase change; crystallization latent heats are one-half 
to one-tenth those of vaporization. 

At the initial freezing temperature, only a small 
amount of crystal will be formed. As crystals of a com- 
ponent are formed, the concentration of that compo- 
nent remaining in the solution is decreased. This causes 
the crystallization temperature of the remaining liquid 
to drop minutely, so that a lower operating temperature 
is needed to effect further crystallization. Thus, higher 
conversions to the crystal phase require successively 
lower temperatures, as shown by the operating line 
BCD. 
In a binary mixture, a point is eventually reached 

where both components crystallize simultaneously; this 
is called the eutectic, and is shown as Point D. At the 
eutectic, the concentrations of the solid and liquid 
phase remain constant. Removal of more heat converts 
more of the liquid phase to solid but without any 
change in temperature. 

Individual crystals of the two components are pure. 
That is, two separate kinds of crystals are formed, rather 
than one crystal that incorporates the molecules of both 
components. In some cases, it is possible to fractionate 
these solid phases. This will be discussed briefly later. 

In multicomponent solutions, the occurrence of a 
dual-precipitation point may not result in constant 
operating temperature. For example, when freezing the 
gas-liquor waste streams from coal-conversion processes, 
three separate solids are formed before a relatively con- 
stant operating temperature is achieved. Water and 
ammonium bicarbonate crystals are formed at progres- 
sively lower temperatures; finally, phenol begins to 
precipitate. In multicomponent solutions, the continued 
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concentration of impurities in the liquid phase depresses 
the freezing point of the eutectic composition by an 
amount dependent on the concentration of the impu- 
rity and the specific contaminant. 

In some circumstances, two or more compounds can 
exist in ;he Same crystal. Such crystals are called solid 
solutions and are common in metallurgy. (Alloy prop- 
erties are a result of careful control of the solid solution 
concentrations.) However, such solutions are very rare 
in chemical and petroleum applications. 

Since the liquid and solid phases in equilibrium with 
each other contain different concentrations of impurity, 
the crystal can he purified in a multistage crystalliia- 
tion-melting operation called zone melting [1,2]. This is 
the basis for: the multistage freeze-separation process 
developed by Union Carbide-Australia; the Brodie 
Purifier [3]; and a device recently announced in Japan 
by Kureha Chemical Co. This multistage capability 
results in greater process complexity and equipment 
expense; higher energy consumption is a tradeoff to 
minimize the added expense of the scraped-surface heat 
exchangers. 

Components of freeze 
process systems 

A continuous freezing process, such as that shown 
schematically in Fig. 2, consists of at least the following 
modules: 

Afreeztr, where sufficient heat is removed from the 
process fluid to crystallize up to 15% of the mass. 

A nystal pw@r, where the crystal is separated from 
the unfrozen concentrate and washed with a few per- 
cent of the melted product to remove any adhering 
concentrate from the surface of the crystal. The sepa- 
rated concentrate is recycled to the freezer to provide 
any desired recovery. 

A kcat pump that takes heat out of the freezer and 
transfers it either to cooling water or to the melting 

crystal that is removed from the purification section. 
A feed heat-exchanger, usually employed to precool the 

feed by using the cold product and concentrate, thus 
reducing the load on the freezer. 

Each of these operations can be performed with dif- 
ferent types of equipment. At least six processes, using 
significantly different equipment, have been devised 
and built in the size range of 50,000 to 500,000 Ib/d of 
crystal removed. (Only one of these processes has ever 
been widely used commercially.) A summary of the six 
processes is included in Table I. 

The major pieces of equipment that can be used for 
each unit operation are summarized in Table 11, as is 
the status of the operation. (Another class of freeze 
separation processes-the hydrate processes-has been 
studied for water desalting, but they have limited ap- 
plication in the chemical process industries and are not 
discussed here.) 

Solid-liquid equilibria data 
The method of predicting or experimentally deter- 

mining solid-liquid equilibrium is not important so 
long as it provides the accuracy needed for the intended 
use; preliminary analyses require much less precise data 
than would a final design. But, somehow, the data must 
be obtained because they are the starting point for any 
analysis or design of a freeze separation process. 

Experimental procedures 
Accurate and reliable knowledge of the phase equi- 

libria for multicomponent solutions requires experi- 
mental data that usually do not exist and are difficult to 
obtain. Several techniques can be used by the engineer 
to obtain data from actual samples of the material to 
be processed: 
H A dzffnmtial scanning calorimelcr can be used to ob- 

tain both initial freezing points and heat-capacity/ 
latent-heat data. In some cases, this device can also 
predict high-recovery operations and eutectic forma- 
tion. 
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A laborato*y icc bath will predict initial freezing 
temperatures of a solution-manipulation of the com- 
position of numerous solutions provid,es data for con- 
structing an equilibrium model for the system through- 
out the concentrations of interest. 

A freeze-separation pilot plant having adequate 
flexibility can operate over a variety of product-recovery 
ranges to give data for a particular application. 

These methods are cumbersome, time-consuming and 
expensive. They should be used only when a decision to 
use a freeze-separation process has already been made, 
and accurate design data are required. For preliminary 
evaluations, there are predictive techniques that yield 
sufficiently accurate data. 

Predictive techniques 
Predictive techniques vary in their accuracy, and 

even the best methods lose accuracy around the eutectic 
point. Rather than going into solid-liquid equilibrium 
thermodynamics, we will review the various existing 
predictive techniques and refer the reader to the litera- 
ture for more-comprehensive treatment. 

Theoretical cquilibrium-Freezing points of ideal solu- 
tions can be predicted from theoretical thermodynam- 
ics. In an ideal solution, the solubility of a solid (or the 
crystallization point of the dissolved material) is inde- 
pendent of the properties of the solvent and is given by 
the equation [5]: 

where xz = mol fraction of solute; h,= = molar heat of 
fusion of the solute; 5 = triple-point temperature of 
the solute; and T = operating temperature for crystal- 
lization to occur a t  concentration xz: , 

Real b i n q  system-The ideal equilibrium equation 
assumes ideal solid and liquid fugacities. In nonideal 
systems, the liquid fugacity is altered by an experimen- 
tally determined activity coefficient, 7, and the equilib- 
rium equation then becomes: 

where R = ideal gas low constant 
Activity coefficients in solid-liquid systems are sparse 

but they do exist for many binary vapor-liquid equilib- 
rium systems. Temperature/activity-coefficient rela- 
tionships can be projected to the low temperatures 
associated with solid-liquid equilibria, and used with 
the above equation to predict binary system behavior. 

Rcal multicomponcnt system-The exponential increase 
in the possible number of multicomponent systems, 
with increasing numbers of components, requires that 
binary data be generated and used to predict vapor- 
liquid equilibria. Various equations have been proposed 
for combining binary data into multicomponent pre- 
dictions. Some of the methods are discussed in Refs. 
[6,7]. This approach can also be used for solid-liquid 
equilibria predictions. Prausnitz and coworkers [&IO] 
have developed a technique using a functional-group- 
contribution method. This technique, originally devel- 
oped for vapor-liquid and liquid-liquid equilibria, has 

recently been expanded to predict solid-liquid equilib- 
rium as well [11,12]. 

Process considerations 
A wide variety of equipment is available to the proc- 

ess engineer as a result of the numerous options for each 
of the major unit-operations involved in a complete 
freeze-separation system. 

At this stage in the commercialization of freeze- 
separation processes, no equipment supplier is likely to 
guarantee (nor is any user likely to purchase) a system 
without doing some pilot-plant work to demonstrate the 
abilities of the process. 

A general procedure for evaluating new applications 
is discussed and illustrated later in this article. The 
procedure will yield total power requirements and capi- 
tal costs for any prospective application. These are the 
data from which a process engineer can derive the 
economic incentive to use a freeze-separation process in 
place of conventional techniques. 

Certain process variables associated with a prospec- 
tive application can indicate the ability of freeze sepa- 
ration to work in a given situation. 

Since reduced power-consumption provides the eco- 
nomic incentive for the process, anything that affects 
energy requirements is an important factor in the eval- 
uation. The energy needed for a freezing separation is 
used to remove heat from the process solution. This heat 
is then pumped to a higher level, by the refrigeration 
system, so that it can be rejected to either cooling water 
or one of the process streams (e.g., to melt the crystal). 
Factors that affect power consumption include: 

Freezing temperature. 
Melting temperature of the pure crystal. 
Cooling-water temperature. 

H Heat of fusion of the crystal. 
Heat-capacity ratio (C,/C,) of the refrigerant. 

Usually, if the freezing temperature is not more than 
50°F lower than the crystal melt temperature or cool- 
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ing-water temperature, the energy consumption is very 
low (0.05 kWh/lb of crystal, or less). Temperature dif- 
ferences above 100°F result in large energy consump- 
tion (0.10 to 0.25 kWh/lb), and are justifiable only 
when the conventional process is unusually energy con- 
sumptive (2,000 to 5,000 Btu/lb of purified material). 
The 100,000 gal/d, vacuum-freeze vapor-compression 
seawatv desalting plant, built by Colt Industries for the 
Office of Saline Water, operated at 45 kWh/1,000 gal, 
which equals 0.0053 kWh/lb. 

A multicomponent eutectic (several crystals forming 
simultaneously) or the occurrence of a solid solution can 
require a multistage freezing process. In  the case of the 
solid solution, a Brodie Purifier type of device can 
provide the multistage operation needed for fractiona- 
tion. For eutectic operations, pilot-plant work has 
shown that the two crystals can be effectively separated 
if one is lighter than the process liquid, and the other 
heavier. 

Gravity separations of two crystals can be made quite 
effectively, if the cIystal growth conditions are con- 
trolled and the specific gravities differ by 5% or more. 

Freezedheat-pump systems 
The only freeze-separation processes that have been 

demonstrated on large-scale equipment for non-sea- 
water applications use indirect scraped-surface freezers. 
The scraped-surface heat exchanger adds significantly 
to the cost of the freezing process. Indirect freezers that 
do not require scraped surfaces have been the subject of 
past m a r c h .  Development of this concept is now going 
on in several companies. 

Triple-point freezers, using both compressors and 
absorption cycles, have been demonstrated in seawater 

pilot plants. The freezing apparatus is well developed, 
but the refrigeration cycles present major problems in 
certain applications. With a vapor-compression cycle, 
the volumes to be handled at the triple-point are rela- 
tively large, and the adiabatic head requirements often 
dictate a multistage compressor. Fans, centrifugals and 
blowers are the only compresson that meet the process 
requirements, but they all have limited adiabatic-heat 
capabilities. 

The absorption cycle will work only if all volatile 
materials are absorbed. If a nonabsorbable volatile 
material is present in the process fluid, it will build up 
in the vapor space and inhibit the mass transfer be- 
tween the process fluid and the absorbent. 

Secondary-refrigerant freezen overcome many of the 
problems of the triple-point process. The refrigerant can 
be selected to yield any desired pressure at the freezing 
conditions. A smaller compressor (lower inlet volume) 
results, but the compressor savings must be weighed 
against the added complexity introduced by the refrig- 
erant. 

Refrigerants are always soluble (to some degree) in 
the process fluids, so both the product and concentrate 
must be stripped. Usually, this added complexity is 
justified only in larger plants, where the economy of 
scale favors the simple and low-cost design of the di- 
rect-contact freezer. 

Crystal separation/purification 
The wash column has proven a very effective device for 

both separating the crystals produced in the freezer and 
purifying them. For a slurry to remain pumpable, the 
upper limit on crystal content cannot be over 15 to 20%, 
so the column has to remove a great deal of liquid. To 
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work effectively, the column should receive a stream of 
relatively uniform and large (>150 pm) crystals. The 
wash column is unable to separate two different crystals 
unless one of them is more dense than the process fluid, 
or unless it is so small (<25 pm) that it can be washed 
out. 

Cmtrijqes have been used for crystal separation in 

some xylene fractionation systems, and in a develop- 
mental program on citrus-juice concentration. A cenui- 
fuge can remove most of the brine from the crystal 
mass, but it lacks the wash column’s abilities to 
countemash the crystals with melted product. In the 
citrus application, this drawback led to excessive loss of 
fruit solids. 
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Fih t ion  has proven less effective for crystal separa- 
tion. It also cannot be used for washing the crystals. 
And, the screens or filter-cloths have a history of “freez- 
ing up” (brine freezing in the openings of the weave). 
For separating eutectic crystals, it may be necessary 

to use the centrifuge, followed by reslurrying of the 
crystals in a wash column. When one crystal is heavier 
than the solution and the other is lighter, the separation 
can be made hydraulically; when they are both lighter 
(or heavier), this cannot be done. Scroll centrifuges can 
make fractional separations based on relatively small 
differences in specific gravities-as demonstrated when 
the precipitates from lime softening operations are sep- 
arated for purging impurities from the calcium salts 
before recalcination. 

Melter/condenser 
As explained earlier, much of the refrigerant vapor 

can be condensed at  low temperatures by melting the 
crystal products. The device for doing this can be either 
a direct-contact or shell-and-tube one. Direct-contact 
condensen are used only with direct-contact freezers; in 
an indirect cycle, the refrigerant remains isolated, to 
simplify the refrigeration system and ensure reliability. 

Under some circumstances, an indirect melter- 

condenser may be mandatory-i.e., when product pu- 
nty is essential, or refrigerant losses due to solubility are 
excessive. 

Solid-liquid equilibria analyses 
For preliminary analyses, crude estimates can be 

made in a number of ways. A binary solution is the 
simplest system to work with, and it can often be as- 
sumed in the preliminary work. The International Crit- 
ical Tables [I31 have data in various sections, often 
expressed as freezing point depressions, that approxi- 
mate more-complex solutions. 

Theoretical calculation of the temperature-solubility 
relationship can be used in organic solutions to predict 
both temperatures and eutectic compositions-this re- 
lationship becomes less accurate as the difference in 
molecules increases. Solution properties of electrolytes 
in water can be predicted by the colligative properties; 
the necessary details are available in most physical 
chemistry texts. 

If your company has the computer program FLOW- 
TRAN, or a similar simulations program with physical 
property generation, it can be used to provide the 
needed data. 

Before final design or any major commitment is 
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made, laboratory analyses with real (not simulated) 
solutions should always be made. 

Process definition 
Once the temperature/composition relationship has 

been defined, a process can be formulated to make the 
separation. Here are a few generalizations to note: 

First, determine the total recovery; if sufficient 
recovery can be achieved before a eutectic is reached, 
the system will be much simpler. Eutectic separations 
are best done in a separate stage dedicated to that 
purpose. Separation of the w o  crystals must be accom- 
plished so that the product-rich stream can be recycled 
for purification, and the other material purged from the 
system. This separation can be nearly ideal-as O C C U ~  

when the specific gravities of the crystals are above and 
below that of the solution-or as low as only a few 
percent upgrading of the product concentration. 

If the final crystallization stage is more than 40°F 
lower than the initial freezing point, a second stage that 
is designed to carry half of the freezing heat load is 
usually economically justified by virtue of energy re- 
duction. In  small systems (<500,000-Btu/h freezer beat 
load), a single-stage process is most economical. 

Three-stage systems are seldom justified on energy 
savings alone, unless the system is very large (>25- 
million-Btu/h freezer beat load). If a second eutectic 
point is reached, and it is desirable to separate the 
second and third crystals from each other, then a third 
stage should be added, so as to produce as much as 
possible of the second crystal (in Stage 2) independently 
of the third (produced only in Stage 3). 

At this point in the evaluation, it is not necessary 
to stipulate the freeze cycle beyond differentiating be- 
ween scraped-surface and nonscraped-surface types. 
The scraped-surface cycle can be substantially more 
expensive than the others. 

If a solid solution occurs, one of the multistage 
fractional-crystallization processes must be used, unless 
the solid solution concentration of impurities is low 
enough not to cause a problem. 

Mass and energy balances 
Once the number of stages and the operating condi- 

tions in these stages have been defined, a total mass 
balance can be constructed around the system. Process 
heat loads on the freezers can be calculated from the 
heat of fusion of the crystallized material, together with 
the sensible heat load in cooling the process fluid be- 
tween the inlet and discharge temperatures of that 
stage. In calculating the heat load, the following as- 
sumptions can be used for simplification: 

The full feed stream is cooled to the discharge 
temperature, and then the crystal is precipitated at the 
low temperature. 

Pumps and mechanical agitators add energy, ulti- 
mately in the form of heat. Full-shaft honepowen are 
converted ideally at 3,413 Btu per kwh, or 2,545 Btu/ 
(hp) (b). In small, multistage systems (Le., <100,000 
Btu/b), add 25% to the freezer beat load for mechanical 
heat additions. For large multistage systems (>500,000 
Btu/h total process heat load), add 15%, and for large 
single-stage systems, 10%. 

Wt. %acetic acid 

Ambient heat loads also have to be removed by 
the refrigeration system, and are seen by the system as 
process heat load. This is usually about 10% of this load. 

Take the sum of these three heat loads to estimate 
the capital cost of the system, by using Fig. 3. No 
further process or design calculations are necessary for a 
preliminary evaluation. For intermediate levels of so- 
phistication, the individual components must be de- 
signed. Operating and maintenance costs can be esti- 
mated from the energy balance carried out as above. 

Component sizing 
The individual pieces of process equipment can be 

sized by using criteria available in the literature, by 
getting performance estimates from equipment suppli- 
ers, or by applying performance data from similar 
equipment with which the engineer is familiar. 

Cost estimates 
Crude capital costs can be estimated by using Fig. 3. 

In a multistage process, the heat load on each stage 
should be estimated, and the cost per stage then esti- 
mated and totalled to give the system cost. These costs 
are on an installed basis and include: equipment, in- 
stallation materials and labor, engineering (by the con- 
tractor only), and indirect charges. Not included are: 
offsite incremental costs (e.g., electrical distribution, 
cooling towers, boilers), site preparation, in-house engi- 
neering, management or administrative costs, and roy- 
alties. 
The direct-contact processes and the nonscraped- 

surface indirect-contact processes have capital costs that 
are relatively the same, and have therefore been lumped 
together in one band on the cost curve. The costs of the 
scraped-surface system reflect systems that have been 
designed for energy conservation rather than economic 
optimization. Local conditions and energy costs will 
affect these capital costs. 

The driving forces (4T's) used in determining the 
costs have generally been 10 to 20'F; depending on 
process variables, cost minimums can require 4T's of 
40'F or more. Since scraped-surface devices are the 
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biggest costs in those systems, that design philosophy 
can reduce capital costs significantly. 

The major operations and maintenance costs are for 
energy and operating/maintenance personnel. Mainte- 
nance costs for crystalliiation systems are the best basis 
for this estimate, if the user has experience in that area. 

Otherwise, a value of 6 to 9% of the capital cost can 
be used to estimate the yearly maintenance budget. The 
process requires only one operator per shift if a man- 
power pool for maintenance assistance is available. The 
process is usually heavily instrumented, and large 
plants should have an instrument mechanic assigned 
full time (one shift per day). 

Energy costs can be estimated from the energy bal- 
ance. Refrigeration-system power requirements will de- 
pend on the operating temperatures and the AT'S as- 
sumed. (See the following example for details on this 

calculation. Note that, in the example, the refrigeration 
system is a cascade arrangement to minimize energy 
consumption.) 

Cooling-water requirements are needed for compres- 
sor intercoolers and the final refrigerant condenser that 
is used to reject heat from the system. (All ambient heat 
loads, mechanical additions, inefficiencies, and exother- 
mic concentration effects must be rejected from the 
system by compressing the refrigerant to a high enough 
temperature to transfer that heat to cooling water.) 

Sample calculation 
Application 

In the chemical procns industries, weak aqueous 
acetic acid streams are typical of many wastes. They are 
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produced from such operations as fiber spinning and 
partial-oxidation processes. 

Freeze separation is uniquely able to recover the 
organic components in these wastes, by crystallizing 
and separating ice. In the case of acetic acid, no other 
process is capable of economic recovery. 

Recovery of the acid has an added advsntage be- 
cause it would otherwise incur high waste-treatment 
costs. 

These waste streams typically have 1 to 5% organics. 
In some cases, the organic fraction is predominantly 
acetic acid. In partial-oxidation wastes, the stream is 
usually predominantly acetic, with two or three other 
acids present at 10 to 20% of the weight of acetic acid. 
For this example, we will consider a stream containing 
1% of acetic acid only. 

Solid-liquid equilibria 
. The water/acetic-acid binary is well studied, and 
data are available in the literature-these are summa- 
rized in Fig. 4. Note that the eutectic point is at 59% 
acetic acid and -16°F. If the stream contains no (or 
few) impurities, all of the acid can be recovered. 

Process definition 
The basis for this calculation is: 1 m h o n  Ib/d of feed 

(or approximately 83 gal/min); 1% acetic acid; 95% 
recovery of the acid. 

Since the initial freezing point is 30"F, and the eutec- 
tic point is at - 16'F, the dehydration step will be done 

in two stages, with a third stage operating at  the eutec- 
tic to crystallize acetic acid and water simultaneously. 
The two crystals can be separated very effectively by 
gravity. The ice (sp. gr. = 0.92) floats in the solution 
(sp. gr. = 1.03), while the acetic acid crystals (sp. 
gr. = 1.05) settle to the bottom. The fimt two stages are 
designed for equal ice removal. The process schematic is 
shown in Fig. 5, and the energy balance in Table 111. 

The refrigeration system is cascaded, as shown in 
Fig. 6. For simplicity, we will assume an indirect process 
with an ammonia refrigeration cycle. The 20% added 
heat load for pumps and ambient loading is included in 
the values shown next to each freezer. 

If capital costs are all that is required, this infolma- 
tion is sufficient for estimating. However, a complete 
evaluation requires some estimate of the operating costs 
as well. Major operating costs are: power, manpower 
and maintenance. Power estimates require some equip- 
ment sizing. 

Component sizing 
Compressors-Heat loads and operating conditions in 

the compresson are shown in Fig. 6. The suction pres- 
sures of the fint two compressor stages correspond to the 
saturated temperatures of the freezen. The suction and 
discharge pressures for Stages 3 and 4 correspond to the 
pressures at which the refrigerant will condense in the 
ice and acetic acid melters-in this case, condensing at 
40'F when melting ice (32"F), and at 70°F when melt- 
ing acetic acid (61 O F ) .  Note that the suction tempera- 
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ture to Stages 3 and 4 are both IOO"F, which is the 
temperature out of the intercoolers (using 80°F cooling 
water). 

Mechanical heat sources-Agitation and pumping 
horsepower can be estimated using the 10% heat-load 
factor suggested earlier. Conversion from the equivalent 
heat load (Btu/h) is 2,545 Btu/(hp)(h), and an assumed 
0.92 motor efficiency. The pump horsepower calculated 
on this basis is: 

Stage 1 hp = 130 
Stage 2 Q =  0.3852 X lo6 Btu/h hp = 165 
Stage 3 Q =  0.0073 X lo6 Btu/h hp = 3 

Total hp = 298 

Q = 0.3036 x lo6 Btu/h 

This is the only component sizing necessary in a pre- 
liminary design. 

Preliminary costs 
When a freeze separation process is built in stages, as 

in this application, all of the economies-of-scale do not 
apply. However, a refrigeration system would normally 
be built in stages with intercoolers. Combined wash 
columns would achieve good economy of scale so that 
the economic advantage of size would still apply to 
some degree. 

As a conservative measure of capital costs, each stage 
should be priced separately. Here, using the heat load 
on each freezer, and the capital cost chart (Fig. 3), the 
cost of each stage is: 

High LOW 

Stage estimate, $ estimate, $ Average, $ 
~ 

1 1,500,000 900,000 1,200,000 
2 1,700,000 1,000,000 1,350,000 
3 210,000 125,000 170,000 

Total 2,720,000 

Equipment costs for this system would be $700,000 to 
$1 million. Note that the midpoint costs from the band 
in Fig. 3 were used; the band represents a +35/-15% 
range that results from the uncertainty of the applica- 
tion and process details at this point. 

All of these data are meaningless unless they can be 
converted into costs and benefits. Methods for an abso- 
lute analysis vary between companies, but the basic 
data are easily developed at this point. 

Benej5ts-Acetic acid value at $0.24/lb. 9,500 
Ib/d X 365 d/yr X 0.94 time onstream X 0.24/lb = 
$780,00O/yr. 

Btologtcal treatment  edit-1.067 Ib coD/lb acetic X 0.6 
Ib BOD/lb COD X 10,000 Ib acetic/d X 365 d/yr X 0.94 
onstream X $0.12/lbBOD = $265,000/yr. (Note,coD = 
chemical oxygen demand, BOD = biochemical oxygen 
demand.) 

If a biological treatment system is already installed, 
only the operating portion of this $0.12/lb BOD would 
be saved. Biological treatment costs are divided ap- 
proximately equally between amortization and operat- 
ing costs. 

Costs: Power-Refrigeration, 850 hp; pumps, 200 hp; 
total, 1,050 hp. 1,050 hp x 0.7457 kW/hp X 24 
h/d X 365 d/yr X 0.94 onstream X $0.03/kWh = 
$195,00O/yr. 

Costs: Manpower-Assume one man assigned full time 
at $8/h with 50% add-ons for overhead and supervision. 
8,760 h/yr x $12/h = $105,00O/yr. 

Costs: Maintenance-Assume 0.060 of capital costs 
= $165,00O/yr. 

Savings compared with distillation 
Amortization and indirect costs are not included in 

this analysis. If the acid is recovered for resale, the sales 
and distribution costs would have to be considered. If 
an organization already exists to do this, the incremen- 
tal costs might be negligible. If the material is recovered 
for recycle, the costs above these operating and mainte- 
nance costs would be minor. 

If the acetic acid were recovered by azeotropic distil- 
lation, about 125,000 Btu/lb of recovered acetic acid 
would be required. The freezing system consumes less 
than 2 kWh/lb product. At 35% fuel-to-electricity con- 
version, this is the equivalent of under 20,000 Btu. The 
energy reduction is about 85%. This figure indicates the 
energy reductions possible with freeze-separation proc- 
esses. R. I? Hughra, Edilm 
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H A Z A R D O U S  WASTE M A N A G E M E N T  APPLICATIONS 

USING F R E E Z E  CRYSTALLIZATION PROCESSES 

F r e e z e  c r y s t a l l i z a t i o n  f s  proving  t o  be a v e r s i t i l e  and economical 
p r o c e s s  f o r  t r e a t i n g  l i q u i d  - both  aqueous and o r g a n i c  - hazardous 
was te s .  The v a r i e t y  o f  a p p l i c a t i o n s  i s  o u t l i n e d  below and d e t a i l e d  
i n  t h e  a t t a c h m e n t s .  
a d d r e s s e d  i n  the  f o l l o w i n  pa rag raphs .  We hope t h a t  w i t h  t h i s  

~ $ 1 1  e n a b l e  you t o  i d e n t i f y  a 
f o r  which f r e e z e  c r y s t a l l i z a t  

A v a r i e t y  o f  h r a r d o u s  was te  
e f f l u e n t s  t h a t  a r e  governed 
have been examined f o r  whic 
$0 have t e c h n i c a l  a n d / o r  economic s u p e r i o r i t y  ove r  
t r e a t m e n t  p r o c e s s e s .  Among these  a p p l i c a t i o n s  a r e :  

- Trea tment -Storage-Disposa l  (TSO) Fac 
mixed aqueous was te  from w h i c h  f r e e ?  
e x t r a c t  e f f l u e n t  qua t y  wa te r  g n d  produce a 
and s l u d g e  t h a t  can economica l ly  s t a b i l i z  
i n c f  n e r a t e d .  

can  be i n d i v i d u a l l y  c o n c e n t r a t e d  by f r e e z i n g ,  producing an 
e f f l u e n t  o f  s u p e r i o r  q u a l i t y  t o  t h a t  from conven t iona l  

‘ . t r ea tmen t  p r o c e s s e s .  Often the c o n c e n t r a t e s  can be r e c y c l e  
w i t h i n  t h e  meta l  f i n i s h i n g  o p e r a t i o n s ,  r educ ing  purchases  
f o r  e x p e n d i b l e s  w i t h i n  t h e  p r o c e s s  d e l i m i n a t i n g  s l u d g e s  
and s p e n t  a c t i v a t e d  carbon.  

s o l u t i o n  t h a t  c o n t a i n s  from 5 t o  10% d i s s o l v e d  i r o n .  I t  i s  
used t o  c l e a n  s t e e l  b e f o r e  fqrming o p e r a t i o n s  and o f t e n  
b e f o r e  meta l  f i n i s h i n g .  Freeze  c r y s t a l l i z a t i o n  c o n c e n t r a t e s  
t h e  was te  a c i d s  so  t h a t  t h e y  can be r eused  i n  t h e  c l e a n i n g  
o p e r a t i o n .  The d i s s o l v e d  iron i s  p r e c i p i t a t e d  a t  t h e  low 
t e m p e r a t u r e s ,  and r ecove red  a s  a by-product  from t h e  f r e e z e  
p r o c e s s .  

The g e n e r i c  a b i l i t i e s  o f  the p r o c e s s  a r e  

i n f o r m a t i o n  an u n d e r s t a n d  9 n g  

: Metal F i n i s h i n g  I n d u s t r i e s  

- P i c k l e  L iquor  i s  a 5 t o  10% s u l f u r i c  o r  h y d r o c h l o r i c  a c i d  
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- I n c i n e r a t i o n  Enhancement i s  an a t t r a c t i v e  a p p l i c a t i o n  f o r  
t h e  p r o c e s s  because  o f  t h e  i n c r e a s e d  c a p a c i t y  and reduced  
ene rgy  consumption of  t h e  i n c i n e r a t o r .  I n  t y p i c a l  a p p l i c a -  
t i o n s  t h e  f r e e z e  c r y s t a l l i z a t i o n  p r o c e s s  removes from 7 5  t o  
95% of  the w a t e r  from t h e  was te ,  and t h e  c o n c e n t r a t e  i s  
s u f f i c i e n t l y  c o n c e n t r a t e d  i n  o r g a n i c s  t o  e l i m i n a t e  t h e  need 
f o r  a d d i t i o n a l  f i r i n g  i n  a t  l e a s t  t h e  primary i n c i n e r a t o r  
chamber.  

- I n c i n e r a t o r  Sc rubbe r  Blowdown c o n t a i n s  t h e  r e s i d u e s  o f  t h e  
combust ion o p e r a t i o n .  T h i s  s t r eam i s  u s u a l l y  a h i g h l y  
c o n c e n t r a t e d  b r i n e  of  e i t h e r  ca l c ium o r  sodium c h l o r i d e .  
The f r e e z e  c r y s t a l l i z a t i o n  p r o c e s s  i s  used t o  r e c o v e r  s o l i d  
s a l t s  t h a t  become by-products  r a t h e r  t han  was tes  fo r  
d i s p o s a l .  

- S o l v e n t  Recovery i s  enhanced by f r e e z e  c r y s t a l l i z a t i o n  when 
compared t o  c u r r e n t  e v a p o r a t i v e  p r o c e s s e s .  Typical  s p e n t  
s o l v e n t s  a r e  m i x t u r e s  of  a v a r i e t y  o f  s o l v e n t s  and t h e  
r e s i d u e s  t h a t  they a r e  used t o  remove. Cur ren t  e v a p o r a t i v e  
p r o c e s s e s  a r e  unab le  t o  f r a c t i o n a t e  t h e  s o l v e n t s ,  s o  the  
r e c y c l e d  p r o d u c t  has  l e s s  v a l u e .  The c u r r e n t  p r o c e s s e s  
a l s o  unab le  t o  r e c o v e r  t h e  more v o l a t i l e  s o l v e n t s  such a 
methylene  c h l o r i d e ,  which r e s u l t  i n  emis s ions  t h a t  a r e  
becoming i n c r e a s i n g l y  unaccep tab le .  Freeze  c r y s t a l l i z a t i o n  
r e c o v e r s '  t h e  v o l a t i l e  m a t e r i a l s  and f r a c t i o n a t e s  the 
a r o m a t i c  s o l v e n t s  from the c h l o r i n a t e d  and Stoddard  s o l v e n t  
t y p e s ,  

- Groundwater Trea tment  i s  a t t r a c t i v e  where c o n t a m i n a n t a t i o n  
i s  from o r g a n i c  and i o n i c  s o u r c e s .  As t h e  c o n c e n t r a t i o n  and 
v a r i e t y  of  con taminan t s  i n c r e a s e  conven t iona l  t r e a t m e n t  
becomes i n c r e a s i n g l y  e x p e n s i v e ,  i f  a b l e  t o  p rov ide  
s u f f i c i e n t  c l e a n u p ,  and f r e e z e  c r y s t a l l i z a t i o n  becomes a 
more v i a b l e  a l t e r n a t i v e .  

- Resource Recovery i s  o f t e n  t e c h n i c a l l y  f e a s i b l e  o n l y  w i t h  
t h e  f r e e z e  c r y s t a l l i z a t i o n  p r o c e s s .  A n  example i s  an 
ammunition p l a n t ,  where a v a r i e t y  of  was tewater  s t r e a m s  a r e  
g e n e r a t e d .  Of a l l  t r e a t m e n t / d e s t r u c t i o n  t e c h n o l o g i e s  
examined, f r e e z e  c r y s t a l l i z a t i o n  was t h e  most economica l ,  
a c t u a l l y  p r o v i d i n g  a n e t  r e t u r n  because  of r ecove red  p r o d u c t  
and r e a c t a n t s .  A c e t i c  a c i d  r ecove ry  from a v a r i e t y  of  
i n d u s t r i a l  w a s t e s  i s  s i m i l a r l y  on ly  economica l ly  p o s s i b l e  
w i t h  th i s  p r o c e s s .  
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