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ORPTION refers to the binding of one substance to another.

Sorbents are materials that have an ability to attract and hold
other gases or liquids. They can be used to attract gases or liquids
other than water vapor, which makes them very useful in chemical
separation processes. Desiccants are a subset of sorbents; they have
a particular affinity for water.

Virtually all materials are desiccants; that is, they attract and hold
water vapor. Wood, natural fibers, clays, and many synthetic mate-
rials attract and release moisture as commercial desiccants do, but
they lack holding capacity. For example, woolen carpet fibers attract
up to 23% of their dry weight in water vapor, and nylon can take up
almost 6% of its weight in water. In contrast, a commercial desic-
cant takes up between 10 and 1100% of its dry weight in water
vapor, depending on its type and on the moisture available in the
environment. Furthermore, commercial desiccants continue to
attract moisture even when the surrounding air is quite dry, a char-
acteristic that other materials do not share.

All desiccants behave in a similar way: they attract moisture until
they reach equilibrium with the surrounding air. Moisture is usually
removed from the desiccant by heating it to temperatures between
120 and 500°F and exposing it to a scavenger airstream. After the
desiccant dries, it must be cooled so that it can attract moisture once
again. Sorption always generates sensible heat equal to the latent
heat of the water vapor taken up by the desiccant plus an additional
heat of sorption that varies between 5 and 25% of the latent heat of
the water vapor. This heat is transferred to the desiccant and to the
surrounding air.

The process of attracting and holding moisture is described as
either adsorption or absorption, depending on whether the desiccant
undergoes a chemical change as it takes on moisture. Adsorption
does not change the desiccant, except by addition of the weight of
water vapor; it is similar in some ways to a sponge soaking up water.
Absorption, on the other hand, changes the desiccant. An example
of an absorbent is table salt, which changes from a solid to a liquid
as it absorbs moisture.

DESICCANT APPLICATIONS

Desiccants can dry either liquids or gases, including ambient air,
and are used in many air-conditioning applications, particularly
when the

+ Latent load is large in comparison to the sensible load

» Energy cost to regenerate the desiccant is low compared to the
cost of energy to dehumidify the air by chilling it below its dew
point and reheating it

* Moisture control level for the space would require chilling the air
to subfreezing dew points if compression refrigeration alone were
used to dehumidify the air

The preparation of this chapter is assigned to TC 8.12, Desiccant Dehumid-
ification Equipment and Components.

» Temperature control level for the space or process requires con-
tinuous delivery of air at subfreezing temperatures

In any of these situations, the cost of running a vapor compres-
sion cooling system can be very high. A desiccant process may offer
considerable advantages in energy, initial cost of equipment, and
maintenance.

Because desiccants can attract and hold more than simply water
vapor, they can remove contaminants from airstreams to improve
indoor air quality. Desiccants have been used to remove organic
vapors and, in special circumstances, to control microbiological
contaminants (Battelle 1971; Buffalo Testing Laboratory 1974).
Hines et al. (1991) also confirmed their usefulness in removing
vapors that can degrade indoor air quality. Desiccant materials can
adsorb hydrocarbon vapors while they are collecting moisture from
air. These cosorption phenomena show promise of improving
indoor air quality in typical building HVAC systems.

Desiccants are also used in drying compressed air to low dew
points. In this application, moisture can be removed from the desic-
cant without heat. Desorption is accomplished using differences in
vapor pressures compared to the total pressures of the compressed
and ambient pressure airstreams.

Finally, desiccants are used to dry the refrigerant circulating in air-
conditioning and refrigeration systems. This reduces corrosion in re-
frigerant piping and prevents valves and capillaries from becoming
clogged with ice crystals. In this application, the desiccant is not re-
generated; it is discarded when it has adsorbed its limit of water vapor.

This chapter discusses the water sorption characteristics of des-
iccant materials and explains some of the implications of those
characteristics in ambient pressure air-conditioning applications.
Information on other applications for desiccants can be found in
Chapter 36 of this volume; Chapters 6, 26, 35, 41, and 45 of the
2006 ASHRAE Handbook—Refrigeration; Chapters 1, 2, 5, 9, 16,
18, 21, 28, and 45 of the 2007 ASHRAE Handbook—HVAC Appli-
cations; and Chapters 23 and 25 of the 2008 ASHRAE Handbook—
HVAC Systems and Equipment.

DESICCANT CYCLE

Practically speaking, all desiccants function by the same way: by
moisture transfer caused by a difference between water vapor pres-
sures at their surface and of the surrounding air. When the vapor
pressure at the desiccant surface is lower than that of the air, the des-
iccant attracts moisture. When the surface vapor pressure is higher
than that of the surrounding air, the desiccant releases moisture.

Figure 1 shows the moisture content relationship between a des-
iccant and its surface vapor pressure. As the moisture content of the
desiccant rises, so does the water vapor pressure at its surface. At
some point, the vapor pressure at the desiccant surface is the same
as that of the air: the two are in equilibrium. Then, moisture cannot
move in either direction until some external force changes the vapor
pressure at the desiccant or in the air.
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Fig. 1 Desiccant Water Vapor Pressure as Function of
Moisture Content
(Harriman 2003)
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Fig.2 Desiccant Water Vapor Pressure as Function of
Desiccant Moisture Content and Temperature
(Harriman 2003)

Figure 2 shows the effect of temperature on vapor pressure at the
desiccant surface. Both higher temperature and increased moisture
content increase surface vapor pressure. When surface vapor pres-
sure exceeds that of the surrounding air, moisture leaves the desic-
cant (reactivation or regeneration). After the desiccant is dried
(reactivated) by the heat, its vapor pressure remains high, so it has
very little ability to absorb moisture. Cooling the desiccant reduces
its surface vapor pressure so that it can absorb moisture again. The
complete cycle is illustrated in Figure 3.

The economics of desiccant operation depend on the energy cost
of moving a given material through this cycle. Dehumidification of
air (loading the desiccant with water vapor) generally proceeds with-
out energy input other than fan and pump costs. The major portion of
energy is invested in regenerating the desiccant (moving from point
2 to point 3) and cooling the desiccant (point 3 to point 1).
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Fig. 3 Desiccant Cycle
(Harriman 2003)
Table 1 Vapor Pressures of Different
Relative Humidities at 70°F
Relative Humidity Dew Point, Vapor Pressure,
at 70°F, % °F in. Hg
10 12 0.07
20 28 0.15
30 37 0.22
40 45 0.30
50 51 0.37
60 55 0.44
70 60 0.52
80 64 0.59
90 67 0.67
100 70 0.74

Regeneration energy is equal to the sum of the heat

+ Necessary to raise the desiccant to a temperature high enough to
make its surface vapor pressure higher than that of the surround-
ing air

* Necessary to vaporize the moisture it contains (about 1060 Btu/lb)

* From desorption of water from the desiccant (a small amount)

The cooling energy is proportional to the (1) desiccant mass and
(2) difference between its temperature after regeneration and the
lower temperature that allows the desiccant to remove water from
the airstream again.

The cycle is similar when desiccants are regenerated using pres-
sure differences in a compressed air application. The desiccant is
saturated in a high-pressure chamber (i.e., that of the compressed
air). Then valves open, isolating the compressed air from the mate-
rial, and the desiccant is exposed to air at ambient pressure. The sat-
urated desiccant’s vapor pressure is much higher than ambient air at
normal pressures; thus, moisture leaves the desiccant for the sur-
rounding air. An alternative desorption strategy returns a small por-
tion of dried air to the moist desiccant bed to reabsorb moisture, then
vents that moist air to the atmosphere.

Table 1 shows the range of vapor pressures over which the des-
iccant must operate in space-conditioning applications. It converts
the relative humidity at 70°F to dew point and the corresponding
vapor pressure. The greater the difference between the air and des-
iccant surface vapor pressures, the greater the ability of the material
to absorb moisture from the air at that moisture content.
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The ideal desiccant for a particular application depends on the
range of water vapor pressures likely to occur in the air, tempera-
ture of the regeneration heat source, and moisture sorption and
desorption characteristics of the desiccant within those con-
straints. In commercial practice, however, most desiccants can be
made to perform well in a wide variety of operating situations
through careful engineering of the mechanical aspects of the
dehumidification system. Some of these hardware issues are dis-
cussed in Chapter 23 of the 2008 ASHRAE Handbook—HVAC
Systems and Equipment.

TYPES OF DESICCANTS

Desiccants can be liquids or solids and can hold moisture
through absorption or adsorption, as described earlier. Most absor-
bents are liquids, and most adsorbents are solids.

Liquid Absorbents

Liquid absorption dehumidification can best be illustrated by
comparison to air washer operation. When air passes through an
air washer, its dew point approaches the temperature of the water
supplied to the machine. Air that is more humid is dehumidified,
and air that is less humid is humidified. In a similar manner, a
liquid absorption dehumidifier brings air into contact with a lig-
uid desiccant solution. The liquid’s vapor pressure is lower than
water at the same temperature, and air passing over the solution
approaches this reduced vapor pressure; it is dehumidified.

The vapor pressure of a liquid absorption solution is directly
proportional to its temperature and inversely proportional to its
concentration. Figure 4 illustrates the effect of increasing desic-
cant concentration on the water vapor pressure at its surface. The
figure shows the vapor pressure of various solutions of water and
triethylene glycol, a commercial liquid desiccant. As the mix-
ture’s glycol content increases, its vapor pressure decreases. This
lower pressure allows the glycol solution to absorb moisture from

2 // / 101
90%'/

1 / // "
—

6 141
5 A 134
o
I
% 4 126
w
5
w
2 < :
o ¥, z
oo, /. 115 ©
/
@ o
o 50% =
% w
< a
L
(&)
<
L
o
ol
w

__/_/98%'/

60 80 100 120 140
SOLUTION TEMPERATURE, °F

Fig. 4 Surface Vapor Pressure of Water/Triethylene
Glycol Solutions
(from data of Dow 1981)
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the air whenever the air’s vapor pressure is greater than that of the
solution.

Viewed another way, the vapor pressure of a given concentra-
tion of absorbent solution approximates the vapor pressure values
of a fixed relative humidity line on a psychrometric chart. Higher
solution concentrations give lower equilibrium relative humidities,
which allow the absorbent to dry air to lower levels.

Figure 5 illustrates the effect of temperature on the vapor pres-
sure of various solutions of water and lithium chloride (LiCl),
another common liquid desiccant. A solution that is 25% lithium
chloride has a vapor pressure of 0.37 in. Hg at a temperature of
70°F. If the same 25% solution is heated to 100°F, its vapor pres-
sure more than doubles to 0.99 in. Hg. Expressed another way, the
70°F, 25% solution is in equilibrium with air at a 51°F dew point.
The same 25% solution at 100°F is at equilibrium with an airstream
at a 79°F dew point. The warmer the desiccant, the less moisture it
can attract from the air.

In standard practice, behavior of a liquid desiccant is controlled
by adjusting its temperature, concentration, or both. Desiccant tem-
perature is controlled by simple heaters and coolers. Concentration
is controlled by heating the desiccant to drive moisture out into a
waste airstream or directly to the ambient.

Commercially available liquid desiccants have an especially
high water-holding capacity. Each molecule of LiCl, for example,
can hold two water molecules, even in the dry state. Above two
water molecules per molecule of LiCl, the desiccant becomes a lig-
uid and continues to absorb water. If the solution is in equilibrium
with air at 90% rh, approximately 26 water molecules are attached
to each molecule of LiCl. This represents a water absorption of
more than 1000% on a dry-weight basis.

As a practical matter, however, the absorption process is limited
by the exposed surface area of desiccant and by the contact time
allowed for reaction. More surface area and more contact time allow
the desiccant to approach its theoretical capacity. Commercial des-
iccant systems stretch these limits by flowing liquid desiccant onto
an extended surface, much like in a cooling tower.
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Solid Adsorbents

Adsorbents are solid materials with a tremendous internal surface
area per unit of mass; a single gram can have more than 50,000 ft? of
surface area. Structurally, adsorbents resemble a rigid sponge, and the
surface of the sponge in turn resembles the ocean coastline of a fjord.
This analogy indicates the scale of the different surfaces in an adsor-
bent. The fjords can be compared to the capillaries in the adsorbent.
The spaces between the grains of sand on the fjord beaches can be
compared to the spaces between the individual molecules of adsor-
bent, all of which have the capacity to hold water molecules. The bulk
of the adsorbed water is contained by condensation into the capillar-
ies, and the majority of the surface area that attracts individual water
molecules is in the crystalline structure of the material itself.

Adsorbents attract moisture because of the electrical field at the
desiccant surface. The field is not uniform in either force or charge,
so specific sites on the desiccant surface attract water molecules that
have a net opposite charge. When the complete surface is covered,
the adsorbent can hold still more moisture because vapor condenses
into the first water layer and fills the capillaries throughout the ma-
terial. As with liquid absorbents, the ability of an adsorbent to attract
moisture depends on the difference in vapor pressure between its
surface and the air.

The capacity of solid adsorbents is generally less than the capac-
ity of liquid absorbents. For example, a typical molecular sieve
adsorbent can hold 17% of its dry weight in water when the air is at
70°F and 20% rh. In contrast, LiCl can hold 130% of its mass at the
same temperature and relative humidity. But solid adsorbents have
several other favorable characteristics.

For example, molecular sieves continue to adsorb moisture even
when they are quite hot, allowing dehumidification of very warm
airstreams. Also, several solid adsorbents can be manufactured to
precise tolerances, with pore diameters that can be closely con-
trolled. This means they can be tailored to adsorb molecules of a
specific diameter. Water, for example, has an effective molecular
diameter of 3.2 Angstrom. A molecular sieve adsorbent with an
average pore diameter of 4.0 Angstrom adsorbs water but has
almost no capacity for larger molecules, such as organic solvents.
This selective adsorption characteristic is useful in many applica-
tions. For example, several desiccants with different pore sizes can
be combined in series to remove first water and then other specific
contaminants from an airstream.

Adsorption Behavior. Adsorption behavior depends on (1) total
surface area, (2) total volume of capillaries, and (3) range of capillary
diameters. A large surface area gives the adsorbent a larger capacity at
low relative humidities. Large capillaries provide a high capacity for
condensed water, which gives the adsorbent a higher capacity at high
relative humidities. A narrow range of capillary diameters makes an
adsorbent more selective in the vapor molecules it can hold.

In designing a desiccant, some tradeoffs are necessary. For ex-
ample, materials with large capillaries necessarily have a smaller
surface area per unit of volume than those with smaller capillaries.
As a result, adsorbents are sometimes combined to provide a high
adsorption capacity across a wide range of operating conditions.
Figure 6 illustrates this point using three noncommercial silica gel
adsorbents prepared for use in laboratory research. Each has a dif-
ferent internal structure, but because they are all silicas, they have
similar surface adsorption characteristics. Gel 1 has large capillar-
ies, making its total volume large but its total surface area small. It
has a large adsorption capacity at high relative humidities but ad-
sorbs a small amount at low relative humidities.

In contrast, Gel 8 has a capillary volume one-seventh the size of
Gel 1, but a total surface area almost twice as large. This gives it a
higher capacity at low relative humidities but a lower capacity to
hold the moisture that condenses at high relative humidities.

Silica gels and most other adsorbents can be manufactured to
provide optimum performance in a specific application, balancing
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capacity against strength, weight, and other favorable characteris-
tics (Bry-Air 1986).

Types of Solid Adsorbents. General classes of solid adsorbents
include

« Silica gels

* Zeolites

+ Synthetic zeolites (molecular sieves)
* Activated aluminas

» Carbons

* Synthetic polymers

Silica gels are amorphous solid structures formed by condensing
soluble silicates from solutions of water or other solvents. Advan-
tages include relatively low cost and relative simplicity of structural
customizing. They are available as large as spherical beads about
3/16 in. in diameter or as small as grains of a fine powder.

Zeolites are aluminosilicate minerals. They occur in nature and
are mined rather than synthesized. Zeolites have a very open crys-
talline lattice that allows molecules like water vapor to be held
inside the crystal itself like an object in a cage. Particular atoms of
an aluminosilicate determine the size of the openings between the
“bars” of the cage, which in turn governs the maximum size of the
molecule that can be adsorbed into the structure.

Synthetic zeolites, also called molecular sieves, are crystalline
aluminosilicates manufactured in a thermal process. Controlling the
process temperature and the composition of the ingredient materials
allows close control of the structure and surface characteristics of
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the adsorbent. At a somewhat higher cost, this provides a much
more uniform product than naturally occurring zeolites.

Activated aluminas are oxides and hydrides of aluminum that
are manufactured in thermal processes. Their structural characteris-
tics can be controlled by the gases used to produce them and by the
temperature and duration of the thermal process.

Carbons are most frequently used for adsorption of gases other
than water vapor because they have a greater affinity for the nonpo-
lar molecules typical of organic solvents. Like other adsorbents, car-
bons have a large internal surface and especially large capillaries.
This capillary volume gives them a high capacity to adsorb water
vapor at relative humidities of 45 to 100%.

Synthetic polymers have potential for use as desiccants as well.
Long molecules, like those found in polystyrenesulfonic acid so-
dium salt (PSSASS), are twisted together like strands of string. Each
of the many sodium ions in the long PSSASS molecules has the
potential to bind several water molecules, and the spaces between the
packed strings can also contain condensed water, giving the polymer
a capacity exceeding that of many other solid adsorbents.

DESICCANT ISOTHERMS

Figure 7 shows a rough comparison of the sorption character-
istics of different desiccants. Large variations from these iso-
therms occur because manufacturers use different methods to
optimize materials for different applications. The suitability of a
given desiccant to a particular application is generally governed as
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PSSASS: Czanderna (1988)

Lithium chloride: Munters Corporation: Cargocaire Division and Kathabar, Inc.

Triethylene glycol: Dow Chemical Corporation

Silica gel: Davison Chemical Division of W.R. Grace Co.
Activated carbon: Calgon Corporation

Activated alumina: LaRoche Industries Inc.

Molecular sieve: Davison Chemical Division of W.R. Grace Co.

Fig. 7 Sorption Isotherms of Various Desiccants
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much by the engineering of the mechanical system that presents
the material to the airstreams as by the characteristics of the mate-
rial itself.

Several sources give details of desiccant equipment design and
information about desiccant isotherm characteristics. Brunauer
(1945) considers five basic isotherm shape types. Each isotherm
shape is determined by the dominant sorption mechanisms of the
desiccant, which give rise to its specific capacity characteristics at
different vapor pressures. Isotherm shape can be important in design-
ing the optimum desiccant for applications where a narrow range of
operating conditions can be expected. Collier (1986, 1988) illus-
trates how an optimum isotherm shape can be used to ensure a max-
imum coefficient of performance in one particular air-conditioning
desiccant application.

DESICCANT LIFE

The useful life of desiccant materials depends largely on the
quantity and type of contamination in the airstreams they dry. In
commercial equipment, desiccants last from 10,000 to 100,000 h or
longer before they need replacement. Normally, two mechanisms
cause the loss of desiccant capacity: (1) change in desiccant sorption
characteristics through chemical reactions with contaminants and
(2) loss of effective surface area through clogging or hydrothermal
degradation.

Liquid absorbents are more susceptible to chemical reaction with
airstream contaminants other than water vapor than are solid adsor-
bents. For example, certain sulfur compounds can react with LiCl to
form lithium sulfate, which is not a desiccant. If the concentration of
sulfur compounds in the airstream were below 10 ppm and the des-
iccant were in use 24 h a day, capacity reduction would be approx-
imately 10 to 20% after three years of operation. If the concentration
were 30 ppm, this reduction would occur after one year. In contam-
inated environments, equipment manufacturers often arrange filters
to remove these products of reaction, and provide devices to replen-
ish desiccant so that capacity stays constant.

Solid adsorbents tend to be less chemically reactive and more
sensitive to clogging, a function of the type and quantity of partic-
ulate material in the airstream. Also, certain types of silica gel can
be sensitive to saturated airstreams or to liquid moisture carried over
from cooling coils into the desiccant bed. In more challenging appli-
cations, thermally stabilized desiccants are used in place of less
durable materials.

In air-conditioning applications, desiccant equipment is designed
to minimize the need for desiccant replacement in much the same
way that vapor compression cooling systems are designed to avoid
the need for compressor replacement. Unlike filters, desiccants are
seldom intended to be frequently replaced during normal service in
an air-drying application.

COSORPTION OF WATER VAPOR AND
INDOOR AIR CONTAMINANTS

Hines et al. (1991) confirmed that many desiccant materials can
collect common indoor pollutants while they collect water vapor
from ambient air. This characteristic promises to become useful in
future air-conditioning systems where indoor air quality is espe-
cially important.

The behavior of different desiccant and vapor mixtures is com-
plex, but in general, pollutant sorption reactions can be classified
into five categories:

* Humidity-neutral sorption

* Humidity-reduced sorption

* Humidity-enhanced sorption

* Humidity-pollutant displacement

* Desiccant-catalyzed pollutant conversion
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Humidity-reduced sorption is illustrated by the behavior of water
vapor and chloroform on activated carbon. Sorption is humidity-
neutral until relative humidity exceeds 45%, when the uptake of
chloroform is reduced. The adsorbed water blocks sites that would
otherwise attract and hold chloroform. In contrast, water and carbo-
nyl chloride mixtures on activated carbon demonstrate humidity-
enhanced sorption (i.e., sorption of the pollutant increases at high
relative humidities). Hines et al. (1991) attribute this phenomenon
to the high water solubility of carbonyl chloride.
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