Chapter 15

Adsorption, 10n exchange, and chromatography are sorp-
fion operations, 1n which certain components of a fluid phase,
called solutes, are selectively transferred to insoluble, rigid
particles suspended in a vessel or packed in a column.
Sorption, which 1s a general term introduced by J.W. McBain
|Phil. Mag., 18,916-935 (1909)], includes selective transfer
to the surface and/or into the bulk of a solid or liquid. Thus,
absorption of gas species into a liquid and penetration of fluid
species into a nonporous membrane are also sorption opera-
tions. In a general sorption process, the sorbed solutes are
referred to as sorbate, and the sorbing agent 1s the sorbent.
In an adsorption process, molecules, as shown 1n Fig-
ure 15.1a, or atoms or 1ons, in a gas or liquid diffuse to the
surface of a solid, where they bond with the solid surface or
are held there by weak intermolecular forces. The adsorbed
solutes are reterred to as adsorbate, whereas the solid mate-
 rial is the adsorbent. To achieve a very large surface area for
adsorption per unit volume, highly porous solid particles
with small-diameter interconnected pores are used, with the
bulk of the adsorption occurring within the pores. 1
‘In an ion-exchange process, as shown in Figure 15.1b,
ions of positive charge (cations) or negative charge (anions)
in a liquid solution, usually aqueous, replace dissimilar and
displaceable 10ns of the same charge contained 1n a solid ion
exchanger, which also contains immobile, 1nsoluble, and
permanently bound co-1ons of the opposite charge. Thus, 10n
exchange can be cation or anion exchange. Water softening
by ion exchange involves a cation exchanger, in which the
following reaction occurs to replace calcium 1ons with
sodium 1ons. '

2
Ca(;) + 2NaR(S) <> CaRg( g T 2Na€;q)

where R 1s the residual material of the 10n exchanger. The ex-
change of 1ons 1s reversible and does not cause any perma-

nent change to the structure of the solid ion exchanger. Thus,

it can be used and reused unless fouled by organic com-
pounds 1n the liquid feeds that attach to exchange sites on and
within the 1on exchanger. The ion-exchange concept can be
extended to the removal of essentially all inorganic salts from

water by a two-step process (_:alled demineralization or |
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deionization. In the first step, a cation resin exchanges hydro-
gen 1ons for cations such as calcium, magnesium, and sodium.
In the second step, an anion resin exchanges hydroxyl ions for
strongly and weakly 1onized anions such as sulfate, nitrate,
chloride, and bicarbonate. The hydrogen and hydroxyl ions
that enter the water combine to form water. Regeneration of
the cation and anion resins 1s usually accomplished with
sulfuric acid and sodium hydroxide, respectively.

In chromatography, the sorbent may be a solid adsorbent,
an 1nsoluble, nonvolatile, liquid absorbent contained 1n the
pores of a granular solid support, or an 1on exchanger. In
either case, the solutes to be separated move through the chro-
matographic separator, with an inert, eluting fluid, at different
rates because of repeated sorption, desorption cycles.

During adsorption and 1on exchﬁnge? the solid separating
agent becomes saturated or nearly saturated with the mole-
cules, atoms, or 1ons transterred from the fluid phase. To
recover the sorbed substances and allow the adsorbent to be
reused, 1t 1s regenerated by desorbing the sorbed substances.
Accordingly, these two separation operations are carried out
in a cyclic manner. In chromatography, regeneration occurs
continuously, but at changing locations in the separator.

Adsorption processes may be classified as purification or
bulk separation, depending on the concentration in the feed
fluid of the components to be adsorbed. Although there is
no sharp dividing concentration, Keller [1] has suggested
10 wt%. Early applications of adsorption: involved only
purification. For example, adsorption with charred wood to
improve the taste of water has been known for centuries. The
decolorization of hiquid solutions by adsorption with bone
char and other materals has been practiced for at least five
centuries. Adsorption of gases by a solid (charcoal) was first
described by C.W. Scheele in 1773. Commercial applica-
tions of bulk separation by gas adsorption began in the early
1920s, but did not escalate until the 1960s, following the
inventions by Milton [2] of synthetic molecular-sieve

zeolites, which provide high adsorptive selectivity, and by

Skarstrom [3] of the pressure-swing cycle, which made
possible the efficient operation of a fixed-bed, cyclic, gas-
adsorption process. The commercial-scale bulk separation
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of liquid mixtures also began in the 1960s, following the
invention by Broughton and Gerhold [4] of the simulated
moving bed tor adsorptive separation.

The use of 10n exchange dates back to at least the time of
Moses, who, while leading his followers out of Egypt into the
wilderness, sweetened the bitter waters of Marah with a tree
|[Exodus 15:23-26]. In ancient Greece, Aristotle observed
that the salt content of water i1s reduced when 1t percolates
through certain sands. Systematic studies of ion exchange
were published in 1850 by both Thompson and Way, who ex-
perimented with cation exchange in soils before the discovery
of the existence of 10ns.

The first major application of ion exchange, which
occurred about 100 years ago, was for water treatment to
remove the 1ons responsible for water hardness, such as
calcium. Initially, the 1on exchanger was a porous, natural,
- mineral zeolite containing silica. In 1935, synthetic, insolu-
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After completing this chapter, you should be able to:

15.0 Instructional Objectives 3549

Figure 15.1 Sorption operations with
solid-particle sorbents. (a) Adsorption.
(b) Ion exchange.

ble, polymeric-resin 10n exchangers were introduced. Today
they are dominant for water-softening and deionizing appli-
cations, but natural and synthetic zeolites still find some use.

Since the invention of chromatography by M.S. Tswett [ 5],
a Russian botanist, in 1903, 1t has found widespread use as
an analytical and preparative laboratory technique. Tswett
separated a mixture of structurally similar yellow and green
chloroplast pigments in leaf extracts by dissolving the
extracts in carbon disulfide and passing the solution through
a column packed with chalk particiés. The pigments were
separated by color. Hence, the name chromatography was
coined by Tswett in 1906 from the Greek words chroma,
meaning color, and graphe, meaning writing. Chromatog-
raphy has revolutionized the laboratory chemical analysis
of liquid and, particularly, gas mixtures. The large-scale,
commercial applications described by Bonmati et al. [6]
and Bernard et al. [7], however, did not begin until the 1980s.

* [.ist the major types of porous adsorbents and their most significant properties.
* Explain why a few grams of porous adsorbent can have an adsorption area as large as a football field.
* Differentiate between chemisorption and physical adsorption.

* Explain how 1on-exchange resins work.
* List types of sorbents used in chromatography.

 Compare three major expressions (so-called isotherms) used for correlating single-component adsorption

equilibria.

* List steps involved in adsorption of a solute, and which steps may control rate of adsorption.

o Estimate external and internal rates of adsorption.

* Describe major modes for contacting the adsorbent with a fluid containing solute(s) to be adsorbed.

e Describe major methods for regenerating adsorbent.

» Calculate vessel size or residence time for any of the major modes of slurry adsorption.
o Listand explain assumptions for ideal fixed-bed adsorption and explain the concept of width of mass-transfer zone.
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« Explain the concept of breakthrough in fixed-bed adsorption.
« Calculate bed height, bed diameter, and cycle time for fixed-bed adsorption.
» Compute separations for a simulated moving bed operation.

» Make design calculations for ion-exchange cycles.

« Calculate rectangular and Gaussian-distribution pulses in chromatography.

Industrial Example

The pressure-swing gas adsorption process 1s primarily used
for the dehydration of air and for the separation ot air into
nitrogen and oxygen. A small unit for the dehydration of
compressed air 1s described by White and Barkley [8] and
shown in Figure 15.2. The unit consists of two fixed-bed
adsorbers, each 12.06 cm in diameter and packed with
11.15 kg of 3.3-mm-diameter Alcoa F-200 activated-
alumina beads to a height of 1.27 m. The external porosity
(void fraction) of the bed is 0.442 and the alumina-bead bulk
density is 769 kg/m”.

The unit operates on a 10-min cycle, with 5 min tor ad-
sorption of water vapor from the air and 5 min for regenera-
tion, which consists of depressurization, purging ot the water
vapor, and a 30-s repressurization. While one bed 1s adsorb-
ing, the other bed 1s being regenerated. The adsorption (dry-
ing) step takes place with air entering at 21°C and 653.3 kPa
(6.45 atm) with a flow rate of 1.327 kg/min, passing up
through the bed with a pressure drop of 2.386 kPa. The dew-
point temperature of the air at system pressure is reduced
from 11.2 to —61°C by the adsorption process. During the
2770-second period of purging, about a third of the dry air
leaving one bed is directed to the other bed as a downward-
flowing purge to regenerate the adsorbent. The purge i1s
exhausted at a pressure of 141.3 kPa. By conducting the
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Figure 15.2 Pressure-swing adsorption for the dehydration of air. .

purge flow countercurrent to the entering air flow, the high-
est degree of water-vapor desorption 1s achieved.

Other equipment, shown in Figure 15.2, includes an air
compressor; an aftercooler; piping and valving to switch the
beds from one step in the cycle to the other; a coalescing filter

Table 15.1 Industrial Applications of Sorption Operations

1. Adsorption
Gas purifications:
Removal of organics from vent streams
Removal of SO, from vent streams
Removal of sulfur compounds from gas streams
Removal of water vapor from air and other gas streams
Removal of solvents and odors from air
Removal of NO, from N,
Removal of CO, trom natural gas
Gas bulk separations:
N»/O»
H,0O/ethanol
Acetone/vent streams
CoHy/vent streams
Normal paraffins/isoparaffins, aromatics
CO, CH4, CO,, Nq, A, NH3/H;
Liquid punfications:
Removal of H,O from organic solutions
Removal of organics from H,O
Removal of sulfur compounds from organic solutions
Decolorization of solutions
Liquid bulk separations:
Normal paraffins/isoparatfins
Normal paraffins/olefins
p-xylene/other Cg aromatics
p- or m-cymene/other cymene 1somers
p- or m-cresol/other cresol 1somers
Fructose/dextrose, polysaccharides
2. lon Exchange
Water sotftening
Water demineralization
Water dealkalization
Decolorization of sugar solutions
Recovery of uranium from acid leach solutions
Recovery of antibiotics from fermentation broths
Recovery of vitamins from fermentation broths
3. Chromatography
Separation of sugars
Separation of perfume ingredients
Separation of C4—C ;o normal and isoparaffins



to remove aerosols from the entering air; and a particulate
filter for the exiting dry air to remove adsorbent fines. If the
dry air 18 needed only at low-to-moderate pressures, an air
turbine can be installed to recover energy while reducing the
air pressure.

During the 5-mun adsorption period of the cycle, the
capacity of the adsorbent for water must not be exceeded.
In this example, the water content of the air 1s reduced
from 1.27 x 10~ kg H,O/kg air to the very low value of
9.95 x 10" kg H,O/kg air. To achieve this exiting water
vapor content, only a small fraction of the adsorbent capacity
1s utilized during the adsorption step, with most of the
adsorption occurring in the first 0.2 m of the 1.27-m bed height.

The bulk separation of gas and liquid mixtures by adsorp-
tion 1s an emerging separation operation. Important progress
1s being made 1n the development of new and more-selective
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adsorbents and in more-efficient operation cycles. In addition,
attention is being directed to hybrid systems that include
membrane and other types of separation steps. Already, the
three sorption operations addressed in this chapter have found
numerous applications, some of which are listedin Table 15.1,
compiled from listings in Rousseau [9]. The applications
cover a very wide range of species molecular weight.

This chapter discusses sorbents, including their equilib-
rium, sieving, transport, and kinetic properties with respect
to solutes being removed from solutions; techniques tor con-
ducting cyclic operations; and equipment configuration and
design. Both equilibrium-stage and rate-based models are
developed. Although emphasis 1s on adsorption, the basic
principles of 10n exchange and chromatography are also pre-
sented. Further descriptions of the three sorption operations
are given by Rousseau [9] and Ruthven [10].

15.1 SORBENTS

To be suitable for commercial applications, a sorbent should
have (1) high selectivity to enable sharp separations, (2) high
capacity to minimize the amount of sorbent needed, (3) fa-
vorable kinetic and transport properties for rapid sorption,
(4) chemical and thermal stability, including extremely low
solubility in the contacting fluid, to preserve the amount of
sorbent and its properties, (5) hardness and mechanical
strength to prevent crushing and erosion, (6) a free-flowing
tendency for ease of filling or emptying vessels, (7) high
resistance to fouling for long life, (8) no tendency to pro-
mote undesirable chemical reactions, (9) the capability of
being regenerated when used with commercial feedstocks
that contain trace quantities of high-molecular-weight
species that are strongly sorbed and difficult to desorb, and
(10) relatively low cost.

Adsorbents

Most solids are able to adsorb species from gases and hg-
uids. However, only a few have a sufficient selectivity and
capacity to make them serious candidates for commercial
adsorbents. Of considerable importance 1s a large specific
surface area (area per unit volume), which 1s achieved by ad-
sorbent manufacturing techniques that result 1n solids with a
microporous structure. By the definition of the International
Union of Pure and Applied Chemistry (IUPAC), a micropore
is <20 A, a mesopore is 20-500 A, and a macropore is

>500 A (50 nm). Typical commercial adsorbents, which

may be granules, spheres, cylindrical pellets, flakes, and/or
powders of size ranging from 50 pm to 1.2 cm, have specific
surface areas from 300 to 1,200 m#/g. Thus, just a few grams
of adsorbent can have a surface area equal to that of a foot-
ball field (120 x 53.3 yards or 5,350 m?)! Such a large area
is made possible by a particle porosity from 30 to 85 vol%
with average pore diameters from 10 to 200 A. To quantify

this, consider a cylindrical pore of diameter d, and length L.
The surface area-to-volume ratio 1s

S|V =wd,L/(wd,L/4) =4/d, (15-1)

If the fractional particle porosity 1s €, and the particle den-
sity is p ,, the specific surface area, S,, in area per unit mass
of adsorbent 1s '

S, =4e,/ppd,

Thus, if €, is 0.5, p, is 1 g/cm® = 1 x 10° g/m’, and d, is
20 A (20 x 1071 m), substitution into (15-2) gives S =
1,000 m*/g, a desirable value.

Depending upon the type of forces between the fluid mol-
ecules and the molecules of the solid, adsorption may be
classified as physical adsorption (van der Waals adsorption)
or chemisorption (activated adsorption). Physical adsorption
from a gas occurs when the intermolecular attractive forces
between molecules of a solid and the gas are greater than
those between molecules of the gas itself. In effect, the re-
sulting adsorption is like condensation, which is exothermic
and thus is accompanied by a release of heat. The magnitude
of the heat of adsorption can be less than or greater than the
heat of vaporization, and changes with the extent of adsorp-
tion. Physical adsorption, which may be a monomolecular
(unimolecular) layer, or may be two, three or more layers
thick (multimolecular), occurs rapidly. If unimolecular, it 1s
reversible; if multimolecular, such that capillary pores are
filled, hysteresis may occur. The density of the adsorbate is
of the order of magnitude of the liquid rather than the vapor
state. As physical adsorption takes place, it begins as a
monolayer, becomes multilayered, and then, if the pores are
close to the size of the molecules, capillary condensation
occurs, and the pores fill with adsorbate. Accordingly, the
maximum capacity of a porous adsorbent can be more
related to the pore volume than to the surface area. However,
for gases at temperatures above their critical temperature,
adsorption is confined to a monolayer.

(15-2)
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In contrast, chemisorption involves the formation of
chemical bonds between the adsorbent and adsorbate 1n a
monolayer, often with a release of heat much larger than the
heat of vaporization. Chemisorption from a gas generally
takes place only at temperatures greater than 200°C and may
be slow and irreversible. Commercial adsorbents rely on
physical adsorption; catalysis relies on chemisorption.

Adsorption from a liquid 1s a more difficult phenomenon to
measure experimentally or describe. When the fluid 1s a gas,
experiments are conducted with pure gases or with mixtures.
The amount of gas adsorbed in a confined space 1s determined
from the measured decrease in total pressure. When the fluid 1s
a liquid, no simple procedure for determining the extent of ad-
sorption from a pure liquid exists; consequently, experiments
are only conducted using liquid mixtures, including dilute
solutions. When porous particles of adsorbent are immersed in
a liquid mixture, the pores, if sufficiently larger in diameter
than the molecules in the liquid, fill with liquid. At equilib-
rium, because of differences in the extent of physical adsorp-
tion among the different molecules of the liquid mixture, the
composition of the liquid in the pores differs from that ot the
bulk liquid surrounding the adsorbent particles. The observed
exothermic heat effect is referred to as the heat of wetting,
which is much smaller than the heat of adsorption from the gas
phase. As with gases, the extent of equilibrium adsorption of a
given solute increases with concentration and decreases with
temperature. Chemisorption can also occur with liquids.

Listed in Table 15.2 are six major types of solid adsor-
bents in use. Included are the nature of the adsorbent and
representative values of the mean pore diameter, d,; particle
porosity (internal void fraction), €,; particle density, pp; and
specific surface area, S,. In addition, for some adsorbents,
the capacity for adsorbing water vapor at a partial pressure
of 4.6 mmHg in air at 25°C 1s listed, as taken from Rousseau
[9]. Not included is the specific pore volume, V,, which can

be computed from the other properties by

Vo, = €,/pp (15-3)

Also not included in Table 15.2, but of interest when the
adsorbent is used in fixed beds, are the bulk density, p,, and
the bed porosity (external porosity), €, which are related:

Db (15-4)
Pp

In addition, the true solid density (also called the crystalline
density), ps, can be computed from a similar expression:

Pp

Ps

The specific surface area of an adsorbent, S, 1s measured
by adsorbing gaseous nitrogen, using the well-accepted BET
method (Brunauer, Emmett, and Teller [11]). Typically, the
BET apparatus operates at the normal boiling point of N,
(-195.8°C) by measuring the equilibrium volume of pure N
physically adsorbed on several grams of the adsorbent at a
number of different values of the total pressure i the vac-
uum range of 5 to at least 250 mmHg. Brunauer, Emmett,
and Teller derived a theoretical equation to model the ad-
sorption by allowing for the formation of multimolecular
layers. Furthermore, they assumed that the heat of adsorp-
tion during monolayer formation (A H,gs) 18 constant and
that the heat effect associated with subsequent layers 18 equal
to the heat of condensation (A Hgond). The BET equation 1s

P B 1 | (c—1) [ P
U(PO_P)_UF?IC | U C PO

P = total pressure

€, = 1

(15-5)

(15-6)

where

Py = vapor pressure of adsorbate at test temperature
v = volume of gas adsorbed at STP (0°C, 760 mmHg)

Table 15.2 Representative Properties of Commercial Porous Adsorbents

Capacity for H,O
Pore Vapor at 25°C
Diameter Particle Particle Density Surface Area and 4.6 mmHg,
Adsorbent Nature d,, A Porosity, €, pp, glom’ S,, M°/g wt% (Dry Basis)
Activated alumina - Hydrophilic, 1075 0.50 1.25 320 7
amorphous '
Silica gel: Hydrophilic/ |
Small pore hydrophobic, 22-26 0.47 1.09 750-850 11
Large pore amorphous 100-150 0.71 0.62 300-350 —
- Activated carbon: Hydrophobic,
Small pore amorphous 10-25 0.4-0.6 0.5-0.9 400-1200 1
Large pore >30 — 0.6-0.8 200-600 —
Molecular-sieve carbon Hydrophobic 2—-10 e 0.98 400 —
Molecular-sieve zeolites Polar-hydrophilic, 3—-10 0.2-0.5 1.4 600-700 20-25
crystalline
Polymeric adsorbents — 40-25 0.4—0.55 _ 20-700 —



v,, = volume of monomolecular layer of gas adsorbed at
STP

¢ =constant related to the heat
~ exp[(AHcond T AHads)/RT]

of adsorption

Experimental data for v as a function of P are plotted, ac-
cording to (15-6), as P/|v(Py — P)] versus P/ Py, from which
v, and ¢ are determined from the slope and intercept ot the
best straight-line fit of the data. The value of S, 1s then com-

puted from
AUy N A

vV

S, = (15-7)

where

N4 = Avogadro’s number = 6.023 x 10*’ molecules/mol
V = Volume of gas per mole at STP conditions (0°C,
1 atm) = 22,400 cm’/mol

The quantity « 18 the surface area covered per adsorbed mol-
ecule. If we assume spherical molecules arranged 1n close
two-dimensional packing, the projected surtace area 1s:

v\ 23
a = 1.091
Napr

M = molecular weight of the adsorbate

(15-8)

where

n; = density of the adsorbate in g/cm’, taken as the liquid
at the test temperature

Although the BET surface area may not always represent the
surface area available for adsorption ot a particular mole-
cule, the BET test 1s reproducible and widely used in the
characterization of adsorbents.

The specific pore volume, typically cm?® of pore volume/g
of adsorbent, 1s determined for a small mass of adsorbent,
mp, by measuring the volumes of helium, Vg, and mercury,
Vg, displaced by the adsorbent. The helium 1s not adsorbed,
but fills the pores. At ambient pressure, the mercury cannot
enter the pores because of unfavorable interfacial tension

and contact angle. The specific pore volume, V,, is then

determined from

= (Vug — Vie)/m, (15-9)
The particle density 1s obtained from
Mp
— (15-10)
Pp Vite
The true solid density 1s obtained from
. m,
g = 15-11
Ps = Ve ( )

The particle por031ty 1S then obtained from (15-3) or (15-5).

The distribution of pore volume over the range of pore
size, which is of great importance in adsorption, is measured
by mércury porosimetry for large-diameter pores (>100 A);
by gaseous-nitrogen desorption for pores of 15-250 A in
diameter; and by molecular sieving, using molecules of dif-
ferent diameter, for pores <15 A in diameter. In mercury
giorosimetry, the extent of mercury penetration into the pores
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1s measured as a function of applied hydrostatic pressure.
A force balance along the axis of a straight pore of circular
cross-section for the pressure and the interfacial tension
between the mercury and the adsorbent surface gives

40‘1 cos 0
)2

d, = (15-12)

where for mercury: of = interfacial tension = 0.48 N/m
and 0 = contact angle = 140°. With these values, (15-12)
becomes

(A = 21.6 x 10°
P P (psia)

(15-13)

Thus, forcing mercury into a 100-A-diameter pore requires a
very high pressure of 21,600 psia.

The nitrogen desorption method for determining pore-
size distribution in the more important 15-250-A-diameter
range 1S an extension of the BET method described earlier
for measuring specific surface area. By increasing the nitro-
gen pressure above 600 mmHg, the multilayer adsorbed
films reach the point where they bridge the pore, resulting in
capillary condensation. At P/ Py = 1, the entire pore volume
is filled with nitrogen. Then, by reducing the pressure in
steps, nitrogen 1S desorbed selectively, starting with the
larger pores. This selectivity occurs because of the effect of
pore diameter on the vapor pressure of the condensed phase
in the pore, as given by the Kelvin equation:

74¥) U-L cos 9
Rpo

= e (- 151

where
P, = vapor pressure of liquid in pore
P’ = the normal vapor pressure of liquid on a flat surface
o = surface tension of liquid in pore

vy, = molar volume of liquid 1n pore

Thus, the vapof pressure of the condensed phase in the pore 1s
less than its normal vapor pressure for a flat surface. The ef-
fect of d, on P] can be significant. For example, for liquid ni-

trogen at —195.8°C, P° = 760 torr, 0 = 0.00827 N/m, 6 = 0,
and v; = 34.7 cm’/mol. Equation (15-14) then becomes

dp(A) = 17.9/In (P*/P;) (15-15)

From (15-15), for d, =30 A, P> = 418 torr, a reduction in
vapor pressure of almost 50%. At 200 A, the reduction is
only about 10%. At 418 torr pressure, only pores less than
30 13& In d1ameter remain filled with 11qu1d nitrogen. For
greater accuracy in applying the Kelvin equation, a correc-
tion is needed for the thickness of the adsorbed layer. The
use of this correction is discussed in detail by Satterfield [12].
For a monolayer, this thickness for nitrogen i1s about
0.354 nm, corresponding to a P/Py in (15-6) of between
0.05 and 0.10. At P/Py = 0.60 and 0.90, the adsorbed thick-
nesses are 0.75 and 1.22 nm, respectively. The correction is
applied by subtractmg twice the adsorbed thickness from dj,

in (15-14) and (15-15). -



554 Chapter 15

EXAMPLE 15.1

Using data from Table 15.2, determine the volume fraction of pores
i silica gel (small-pore type) filled with adsorbed water vapor
when its partial pressure is 4.6 mmHg and the temperature is 25°C.
At these conditions, the partial pressure is considerably below the
vapor pressure of 23.75 mmHg. In addition, determine whether the
amount of water adsorbed is equivalent to more than a monolayer,
if the area of an adsorbed water molecule is given by (15-8) and the
specific surface area of the silica gel is 830 m%/g.

SOLUTION

Take 1 g of silica gel particles as a basis. From (15-3) and data in
Table 15.2, V,=10.47/1.09 = 0.431 cm3/g. Thus, for 1 g, pore
volume is 0.431 cm’. From the capacity value in Table 15.2,
amount of adsorbed water = 0.11/(1 4+ 0.11) = 0.0991 g. Assume
density of adsorbed water is 1 g/cm’®, volume of adsorbed
water = 0.0991 cm?, fraction of pores filled with water = 0.0991/
0.431 = 0.230, and surface area of 1 g = 830 m?. From (15-8):

18.02 1%/°

= 51 | —16 2
6023 x 105)(Loy | o>t x 10 T emi/molecule

o = 1.091

—

_ 23
Number of water molecules adsorbed = (0'0991)52'8%3“0 ) —

3.31 x 10%! molecules

Number of water molecules in a monolayer for 830 m* =

830(100)" .
10.51(><10—m = 7.90 x 10

Theretore, only 3.31/7.90 or 42% of one monolayer is adsorbed.

The tour most widely used adsorbents in decreasing order
of commercial usage are carbon (activated and molecular-
sieve), molecular-sieve zeolites, silica gel, and activated
alumina. In Table 15.2, activated alumina, Al,Oz, which
includes activated bauxite, is made by removing water from
hydrated colloidal alumina. Activated alumina has a moder-
ately high specific surface area, with a capacity for adsorp-
tion of water sutficient to dry gases to less than 1 ppm mois-
ture content. Because of its great affinity for water, activated
alumina is widely used for the removal of water from gases
and liquids.

Silica gel, S10,, which 1s made from colloidal silica, has
a high surface area and high affinity for water and other
polar compounds. Related silicate adsorbents include mag-
nesium silicate, calcium silicate, various clays, Fuller’s
earth, and diatomaceous earth. Silica gel is also highly desir-
able for water removal. Both small-pore and large-pore
types are available.

Activated carbon is made by processes that involve the
partial oxidation of a number of materials, including coconut
shells, fruit nuts, wood, coal, lignite, peat, petroleum
residues, and bones. Because activated carbon is hydropho-
bic and has a high specific surface area, it is particularly use-
ful for processes involving nonpolar and weakly polar or-
ganic molecules. Macropores within the carbon particles
help transfer molecules to the micropores. Two commercial
grades are produced, one with large pores for liquid applica-
tions and one with small pores for gas adsorption. As shown
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Figure 15.3 Representative cumulative pore-size distributions
of adsorbents.

in Table 15.2, activated carbon 1s relatively hydrophobic and
has a large surface area. Accordingly, it has found wide ap-
plication tor the purification and separation of gas and liquid
mixtures containing nonpolar and weakly polar organic
compounds, which adsorb much more strongly than water.
In addition, the bonding strength of adsorption on activated
carbon 1s low, resulting in a low heat of adsorption and ease
of regeneration of the adsorbent.

Unlike activated carbon, which typically has pore diame-
ters starting from 10 A, molecular-sieve carbon (MSC) has
much smaller pores ranging from 2 to 10 A, making it pOSSI-
ble to separate N, trom air. The small pores, 1n one process,
are made by depositing coke in the pore mouths of activated
carbon.

Most commercial adsorbents have a range of pore sizes, as
shown 1n Figure 15.3, where the cumulative pore volume is
plotted against pore diameter. Exceptions are the molecular-
sieve zeolites, which are crystalline, inorganic polymers of
aluminosilicates and alkali or alkali-earth cation elements,
such as Na, K, Mg, and Ca, with the general stoichiometric,
unit-cell formula

M.x/m [(AlO7) (8102)):]2 H,O

where M 1s the cation with valence m, z is the number of
water molecules 1n each unit cell, and x and y are integers
such that y/x > 1. The cations balance the charge of the
AlQO; groups, each having a net charge of —1. To activate the
zeolite, the water molecules are removed by raising the tem-
perature or pulling a vacuum. This leaves the remaining
atoms spatially intact in interconnected, cagelike structures
with six 1dentical window apertures each, the size of which
ranges from 3.8 to about 10 A, depending on the cation and
the crystal structure. These apertures act as sieves, which
permit small molecules to enter the crystal cage, but exclude
large molecules. Thus, compared to the other types of adsor-
bents, molecular-sieve zeolites are highly selective because
all apertures have the same size. The properties and applica-
tions of five of the most commonly used molecular-sieve



15.1 Sorbents 555

Table 15.3 Properties and Applications of Some Molecular-Sieve Zeolites

Designation Cation ~ Unit Cell Formula Aperture Size, A Typical Applications
3A K* Klg[(AlOz)lg(SiOQ)lg] 2.9 DI’)’iIlg of reactive ZASCS
4A - Na" Nap[(AlO5)12(S5107)9] 3.8 H»0, CO, removal; air separation
5A Ca®™  CasNay[(AlO;)2(Si05)5] 4.4 Separation of air; separation of linear paraffins
10X Ca’t  Cag[(AlO2)g6(Si02) 106l 8.0 Separation of air; '
13X Na®™  Naggl (AlO5)g6(S105)g6] 8.4 removal of mercaptans

zeolites are given 1n Table 15.3, taken from Ruthven {13].
The zeolites separate not only by molecular size and shape,
but also by polarity. Thus, they can also separate molecules
of similar size. Some zeolites have circular apertures,
whereas others have elliptical apertures. Adsorption in zeo-
lites 1s actually a selective and reversible filling of crystal
cages, so surface area 1s not a pertinent factor. Although nat-
urally occurring zeolite minerals have been known for more
than 200 years, molecular-sieve zeolites were first synthe-
sized by Milton {2], who used very reactive materials at
temperatures of 25-100°C.

The structure of the unit cell of a type A zeolite 1s shown
in Figure 15.4a as a three-dimensional structure of silica and
alumina tetrahedra, each formed by four oxygen atoms sur-
rounding a silicon or aluminum atom. Oxygen and silicon
atoms have two negative and four positive charges, respec-
tively, causing the tetrahedra to build uniformly in four
directions. Aluminum, with a valence of 3, causes the alu-
mina tetrahedron to be negatively charged. The added cation
provides the balance. In Figure 15.4a, an octahedron of tetra-
hedra 1s evident with six faces, with one near-circular win-
dow aperture at each face. A type X zeolite 1s shown 1n Fig-
ure 15.4b. This unit-cell structure results in a larger window
aperture. Monographs by Barrer [14] and Breck [15] cover
many important aspects of zeolites.

Of lesser commercial importance are polymeric adsor-
bents. Typically, they are spherical beads, 0.5 mm 1n diameter,
made from microspheres about 10™* mm in diameter. They
are produced by polymerizing styrene and divinylbenzene tor
adsorbing nonpolar organics from aqueous solutions, and by
polymerizing acrylic esters for adsorbing polar solutes. They
are regenerated by leaching with organic solvents.

(a) (b)

Figure 15.4 Line structures of molecular-sieve zeolites: (a) Type
A unit cell. (b) Type X unit cell.

TIon Exchangers

The first ion exchangers were naturally occurring 1norganic
aluminosilicates (zeolites), used 1n experiments in the 1850s
to exchange between ammonium ions 1n fertilizers and cal-
cium ions in soils. Industrial water softeners using zeolites
were introduced about 1910. However, the zeolites were un-
stable in the presence of mineral acids. The instability prob-
lem was solved by Adams and Holmes [16] in 1935, when
they synthesized the first organic-polymer, 1on-exchange
resins by the polycondensation of phenol and aldehydes.
Depending upon the nature of the phenolic group, the resin
contains either sulfonic (—SO5 ) or amine (—-——NH;) groups,
used for the reversible exchange of cations or anions. loday,
the most widely used ion exchangers are synthetic, organic-
polymer resins based on styrene- or acrylic-acid-type
monomers, as described by D’Alelio i U.S. Patent
2,366,007 (Dec. 26, 1944).

fon-exchange resins are generally solid gels 1n spherical
or granular form, which consist of (1) a three-dimensional
polymeric network, (2) ionic functional groups attached to
the network, (3) counterions, and (4) a solvent. Strong-acid,
cation-exchange resins and strong-base, anion-exchange
resins that are fully ionized over the entire pH range are
based on the copolymerization of styrene and a cross-linking
agent, divinylbenzene, to produce the three-dimensional,
cross-linked structure shown in Figure 15.5a. The degree ot
cross-linking is governed by the ratio of divinylbenzene
to styrene. Weakly acid, cation exchangers are sometimes
based on the copolymerization of acrylic acid and
methacrylic acid, as shown in Figure 15.5b. These two
cross-linked copolymers swell in the presence of organic
solvents and have no ion-exchange properties.

To convert the copolymers to water-swellable gels with
ion-exchange properties, ionic functional groups are added
to the polymeric network by reacting the copolymers with var-
ious chemicals. For example, if the styrene—divinylbenzene
copolymer is sulfonated, as shown in Figure 15.6a, a cation-
exchange resin, as shown in Figure 15.6b, 1s obtained with
(—SO3) groups permanently attached or fixed to the poly-
meric network to give a negatively charged matrix and
exchangeable, mobile, positive hydrogen 1ons (cations). The
hydrogen ion can be exchanged on an equivalent basis with
other cations, such as Nat, Ca*T, K*, or Mg?*, to maintain
neutrality of the polymer. For example, two H™" ions are
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Figure 15.5 Ion—exchangeresins: (a) Resin from
styrene and divinylbenzene; (b) Resin from
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exchanged for one Ca®" ion. The exchangeable ions are
called counterions. The liquid whose 10ns are being ex-
changed also contains other ions of unlike charge, such as
Cl™ for a solution of NaCl, where Na™ 1s exchanged. These
other ions are called co-ions. Often the lLquid treated is
water, which dissolves to some extent in the resin and causes
it to swell. Other solvents, such as methanol, are also soluble
in the resin. If the styrene—divinylbenzene copolymer 1s

SO,H

H*~0,S

;il —"Csz-—— H% SO5™H"

acrylic and methacrylic acid.

chloromethylated and then aminated, a strong-base, anion-
exchange resin 1s formed, as shown in Figure 15.6¢, which can
exchange CI™ 1ons for other anions, such as OH™, HCOx3,
SO5~, and NO3. '

Commercial 1on exchangers in the hydrogen, sodium, and
chloride form are available under the trade names of
Amberlite, Duolite, Dowex, Ionac, and Purolite. Typically,
they are in the form of spherical beads from about 40 pm

---CH—CH,--- ---CH—CH,---

N 2

|+ CH30CH,Cl — |

Y

Figure 15.6 Introducing 1onic
functional groups into resins.

(a) Sulfonation to a cation
exchanger. (b) Fixed and mobile
ions in a cation exchanger.

(¢) Chloromethylation and
amination to an anion
exchanger.



to 1.2 mm 1n diameter. When saturated with water, the beads
have typical moisture contents from 40 to 65 wt%. When
water-swollen, they have a particle density of 1.1-1.5 g/cm”.
When packed into a bed, they have bulk densities from 0.56
to 0.96 g/cm” with fractional bed porosities of 0.35-0.40.

When water 1s demineralized by 10on exchange, potential
organic foulants must be removed from the water feed. As
discussed by McWilliams [17], this can be accomplished by
coagulation, clarification, prechlorination, and the use of
1on-exchanger traps.

The maximum 1on-exchange capacity of a strong-acid
cation or strong-base anion exchanger i1s stoichiometric,
based on the number of equivalents of mobile charge in the
resin. Thus, 1 mol H™ is one equivalent, whereas 1 mol Ca*™"
1s two equivalents. The exchanger capacity is usually quoted
as eqg/kg ot dry resin or eq/L of wet resin. The wet capacity
depends on the water content and degree of swelling of a
given resin, whereas the dry capacity 1s fixed. For the
copolymer ot styrene and divinylbenzene, the maximum ca-
pacity 1s determined on the assumption that each benzene
ring 1n the resin contains one sulfonic-acid group.

EXAMPLE 15.2

A commercial, 1on-exchange resin is made from 88 wt% styrene
and 12 wt% divinylbenzene. Estimate the maximum i1on-exchange
capacity in eq/kg resin (same as meq/g resin).

SOLUTION

Basis: 100 g of resin béfore sulfonation.

M g omol

Styrene 104.14 88 0.845
Divinylbenzene 130.18 12 0.092
100 0.937

Theretore, sulfonation at one location on each benzene ring
requires 0.937 mol of H,SO4 to attach the sulfonic acid group
(M = 81.07) and split out one water molecule. This 1s 0.937 equiv-
alents with the addition 1in weight of 0.937(81.07) = 76 g. Total
dry weight of sulfonated resin = 100 + 76 = 176 g maximum
1on-exchange capacity, or

0.937
(176/1,000)

Depending on the extent of cross-linking, resins from copoly-
mers of styrene and divinylbenzene are listed as having actual
capacities of from 3.9 (high degree of cross-linking) to 5.5 (low
degree of cross-linking). Although a low degree of cross-linking
favors dry capacity, almost every other 1on-exchanger property, in-
cluding wet capacity and selectivity, is improved by cross-linking,
as discussed by Dortner [18].

= 3.3 eq/kg(dry)

Sorbents for Chrematography

Sorbents (called stationary phases) for chromatographic
separations come in a wide variety of forms and chemical
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compositions because of the many ways in which chro-
matography is applied. Figure 15.7 shows a classification of
analytical chromatographic systems, taken from Sewell and
Clarke [19]. The mixture to be separated, after injection into
the carrier fluid to form the mobile phase, may be a liquid
(liguid chromatography) or a gas (gas chromatography).
Often, the mixture is initially a liquid, but 1s vaporized with-
out decomposition by the carrier gas, giving a gas mixture
for the mobile phase. Gas carriers are inert and do not inter-
act with the sorbent or components of the feed. Liquid carri-
ers (solvents) can interact and must be selected caretully.

The stationary sorbent phase 1s a solid, a liquid supported
on or bonded to a solid, or a gel. With a porous-solid
adsorbent, the mechanism or mode of separation 1S adsorp-
tion. If an ion-exchange mechanism 1s desired, a synthetic,
polymer-resin ion exchanger 1s used. With a polymer gel or
a microporous solid, a separation based on sieving, called
exclusion, can be applied. Unique to chromatography are
the liquid-supported or liquid-bonded solids, where the
mechanism is absorption into the liquid, also referred to as a
partition mode of separation or partition chromatography.
With mobile liquid phases, there is a tendency for the sta-
tionary liquid phase to be stripped or dissolved. Theretore,
methods of chemically bonding the stationary hiquid phase
to the solid bonding support have been developed.

All sorbents can be used in columns. In packed columns
>1 mm inside diameter, the sorbents are in the form of
particles. In capillary columns <0.5 mm inside diameter,
the sorbent is the inside wall or is a coating on the wall. If
the inside wall of the capillary 1s liquid coated, the capillary
column is referred to as a wall-coated, open-tubular
(WCOT) column. If the coating is a layer of fine particulate
support material to which a liquid adsorbent 1s added, the
column is called a support-coated, open-tubular (SCOT)
column. If the wall is coated with a porous adsorbent only,
the column is referred to as a porous-layer, open-tubular
(PLOT) column. .

Each type of sorbent can be applied to sheets of glass, plas-
tic, or aluminum for use in thin-layer (or planar) chromatog-
raphy or to a sheet of cellulose material for use 1n paper chro-
matography. If a pump, rather than gravity, is used to pass a
liquid mobile phase through a packed column, the name high-
performance liquid chromatography (HPLC) 1s used.

The two most common adsorbents used in chromatogra-
phy are porous alumina and porous silica gel. Of lesser 1m-
portance are carbon, magnesium oxide, and various carbon-
ates. Alumina is a polar adsorbent and is preferred for the
separation of components that are weakly or moderately
polar, with the more polar compounds retained more selec-
tively by the adsorbent and, therefore, eluted from the col-
umn last. In addition, alumina is a basic adsorbent, preferen-
tially retaining acidic compounds. Silica gel 1s less polar
than alumina and is an acidic adsorbent, preferentially re-
taining basic compounds, such as amines. Carbon is a non-
polar (apolar) stationary phase with the highest attraction for
larger nonpolar molecules. '
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Nature of Nature of Mechanism Technique  Name of Chromatographic Method
Mobile Stationary of
Phase Phase Separation
Liquid Partition Column — Gas Liquid Chromatography
J— (GLC)
— (as
Chromatography |
L. Solid - Adsorption — Column—— Gas Solid Chromatography
Chromatography — (GSC)
Column— Classical Liquid-Liquid Chromatography
Ll(]llld Partition [ (LLC)
~|V Planar — Thin-Layer Chromatography
(TLC)
Column— High Performance Liquid Chromatography
— Bonded — Modified —[ (HPLC)
Liquid Fartition Planar — High Performance Thin-Layer Chromatography
(HPTLC)
_ Columnd™ Classical Liquid-Solid Chromatography (LSC)
Liquid — — Adsorption— — High Performance Liquid Chromatography (HPLC)
Chromatography — Planar Thin-Layer Chromatography (TLC) |
‘EHigh Performance Liquid Chromatography (HPLC)
Paper Chromatography (PC)
L Solid — lon- Column—Ion-Exchange Chromatography (IEC)
Exchange
— Exclusion —— Column— Exclusion Chromatography (EC)

Figure 15.7 Classification of analytical chromatographic systems.
[From P.A. Sewell and B. Clarke, Chromatographic Separations, John Wiley an

Adsorbent-type sorbents are better suited for the separa-
tion of a mixture on the basis of chemical type (e.g., olefins,
esters, acids, aldehydes, alcohols) than for separation of 1n-
dividual members of a homologous series. For the latter, par-
tition chromatography is preferred, wherein an 1nert-solid
support, often silica gel, is coated with a liquid phase. For
application to gas chromatography, the liquid must be non-
volatile. For liquid chromatography, the stationary liquid
phase must be insoluble in the mobile phase. Since this 1s
difficult to achieve, the stationary liquid phase is usually
bonded to the solid support. An example of a bonded phase
is the result of reacting silica with a chlorosilane. Both
monofunctional and bifunctional silanes are used, as shown
in Figure 15.8, where R is a methyl (CH3) group and R’ is a
hydrocarbon chain (Cg, Cg, or C;g) where the terminal CHj
group is replaced with a polar group, such as —CN or —NHj.

|
— OH + Cl-—-—-—Sli--—R’ —>

R R
Si>—0H Cl R Si>—0 R’
> + \Si/ —> > \Si/ + 2HC
| / \ / \
s:>—0H Cl R Si>—0 R

Figure 15.8 Bonded phases from the reaction of surface stlanol
groups with (a) Monofunctional and (b) Bifunctional chlorosilanes.

or Gel Permeation Chromatography (GPC)

d Sons, New York (1987) with permigsion. |

If the resulting stationary phase i1s more polar than the
mobile phase, the technique 1s referred to as normal-phase
chromatography. Otherwise, the name reverse-phase chro-
matography 1s used.

In liquid chromatography, the order of elution from the
column of the solutes in the mobile phase can also be influ-
enced by the solvent carrier of the mobile phase by matching
the solvent polarity with the solutes and using more-polar
adsorbents for less-polar solutes and less-polar adsorbents
for more-polar solutes.

EXAMPLE 15.3

For the separation of each of the following mixtures, select an
appropriate mode of chromatography from Figure 15.7: (a) gas
mixture of O,, CO, CO,, and SO,, (b) vaporized mixture ot
anthracene, phenanthrene, pyrene, and chrysene, and (¢) aqueous
solution containing Ca®* and Ba*™.

SOLUTION

(a) Use gas—solid chromatography, that 1s, with a gas mobile
phase and a solid-adsorbent stationary phase.

(b) Use partition or gas—liquid chromatography, that 1s, with a gas
mobile phase and a bonded liquid coating on a solid for the sta-
tionary phase.

(¢) Use ion-exchange chromatography, that is, with a liquid as the
mobile phase and polymer resin beads as the stationary phase.




15.2 EQUILIBRIUM CONSIDERATIONS

In adsorption, a dynamic phase equilibrium is established
for the distribution of the solute between the fluid and the
solid surtace. This equilibrium 1s usually expressed in terms
of (1) concentration (if the fluid is a liquid) or partial pres-
sure (1f the fluid 1s a gas) of the adsorbate in the fluid and (2)
solute loading on the adsorbent, expressed as mass, moles,
or volume of adsorbate per unit mass or per unit BET surface
area of the adsorbent. Unlike vapor-liquid and liquid-liquid
equilibria, where theory is often applied to estimate phase
distributions, particularly in the form of K-values for the for-
mer type of equilibrium, no acceptable theory has been de-
veloped to estimate fluid—solid adsorption equilibria. Thus,
it is necessary to obtain experimental equilibrium data for a
particular solute, or mixture of solutes and/or solvent, and a
sample of the actual solid-adsorbent material of interest. If
the data are taken over a range of fluid concentrations at a
constant temperature, a plot of solute loading on the adsor-
bent versus concentration or partial pressure in the fluid,
called an adsorption isotherm, i1s made. This equilibrium
1sotherm places a limit on the extent to which a solute 1s ad-
sorbed from a given fluid mixture on an adsorbent of given
chemical composition and geometry for a given set of
conditions. The rate at which the solute i1s adsorbed 1s also an
important consideration and 1s discussed in Section 15.3.

Pure Gas Adsorption

For pure gases, experimental physical-adsorption isotherms
have shapes, that are classified into five types by Brunauer
et al. [20], as shown 1n Figure 15.9 and discussed in consid-
erable detail by Brunauer [21]. The simplest isotherm is
Type 1, which corresponds to unimolecular adsorption, as
characterized by a maximum limit in the amount adsorbed.
This type applies often to gases at temperatures above their
critical temperature. The more complex Type II isotherm is
associated with multimolecular adsorption of the BET type
and is observed for gases at temperatures below their critical
temperature and for pressures below, but approaching, the
saturation pressure (vapor pressure). The heat of adsorption
for the first adsorbed layer 1s greater than that for the suc-
ceeding layers, each of which is assumed to have a heat of
adsorption equal to the heat of condensation (vaporization).
Both Types 1 and II are desirable isotherms, exhibiting
strong adsorption.

The Type 11l 1sotherm 1n Figure 15.9, with its convex na-
ture, 1s undesirable because the extent of adsorption 1s low
except at high pressures. According to the BET theory, 1t
corresponds to multimolecular adsorption where the heat of
adsorption of the first layer 1s less than that of succeeding
layers. Fortunately, this type of isotherm is rarely observed,
an example being the adsorption of iodine vapor on silica
gel. In the limit, as the heat of adsorption of the first layer ap-
proaches zero, adsorption 1s delayed until the saturation
pressure 1S approached.

The derivation of the BET equation (15-6) assumes that
an 1nfinite number of molecular layers can be adsorbed.

Amount adsorbed

Amount adsorbed
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Figure 15.9 Brunauer’s five types of adsorption isotherms.
(P /Py = total pressure/vapor pressure.)

Thus, the equation precludes the possibility of capillary con-
densation. In a development by Brunauer et al. [20], subse-
quent to the BET equation, the number of layers is restricted
by pore size, and capillary condensation is assumed to occur
at a reduced vapor pressure in accordance with the Kelvin
equation (15-14). The resulting equation 1s quite complex,
but predicts adsorption i1sotherms of Types IV and V 1n
Figure 15.9, where we see that the maximum extent of
adsorption occurs before the saturation pressure 1s reached.
Type IV i1s the capillary-condensation version of Type II;
Type V 1s the capillary-condensation version of Type 111.

As shown 1n Figure 15.9, a hysteresis phenomenon can
occur in multimolecular adsorption regions for 1sotherms of
types IV and V. The upward adsorption branch of the hys-
teresis loop 1s due to simultaneous, multimolecular adsorp-
tion and capillary condensation. Only capillary condensation
occurs during the downward desorption branch of the loop.
Hysteresis can also occur throughout any isotherm when
strongly adsorbed impurities are present. Thus, measure-
ments of pure-gas adsorption require adsorbents with clean
pore surfaces, normally achieved by preevacuation.

Physical adsorption data of Titoft [22] for ammonia gas
on charcoal, as discussed by Brunauer [21], are shown 1n
Figure 15.10. The five adsorption 1sotherms of Figure 15.10a
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cover pressures from vacuum to almost 800 mmHg and
temperatures from —23.5 to 151.5°C. For ammonia, the nor-
mal boiling point 1s —33.3°C and the critical temperature
1s 132.4°C. For the lowest-temperature isotherm, up to
160 cm® (STP) of ammonia per gram of charcoal is
adsorbed, which 1s equivalent to 0.12 g NH3/g charcoal. All
five isotherms are of Type I. When the amount adsorbed is
low (<25 cm?’/g), the isotherms are almost linear and the fol-
lowing form of Henry’s law, called the linear isotherm, 1s
obeyed:

g = kp (15-16)

where ¢ 1s equilibrium loading or amount adsorbed/unit
mass of adsorbent (specific amount adsorbed), k 1s an empir-
ical, temperature-dependent constant, and p 1s the partial
pressure of the component 1n the gas. As the temperature
increases, the amount adsorbed decreases because of
Le Chatelier’s principle for an exothermic process. This 1s
shown more clearly for the same data in the crossplot of
adsorption isobars 1 Figure 15.10b, where absolute tem-
perature 1S employed. A third method of displaying the

experimental data 1s in the form of adsorption isosteres, also
obtained by crossplotting, as shown in Figure 15.10c. These
curves, representing constant amounts adsorbed, resemble
vapor-pressure plots, for which the adsorption form of the
Clausius—Clapeyron equation,

dinp  —AHu, 1517
dT ~  RT? 1)
dl()gp _AHads
_ 15-18
o d(1/T) ~ 2.303RT (15-18)

1s applied to determine the heat of adsorption; which 1s
negative because the effect is exothermic. The result i1s
shown in Figure 15.10d, where it 1s seen that — A H,4 1S 1ni-
tially 7,300 cal/mol, but decreases as the amount adsorbed
increases, reaching 6,100 cal/mol at 100 cm®/g. These values
can be compared to the heat of vaporization of NH3, which
at 30°C 1s 4,600 cal/mol.

Experimental, adsorption-isotherm data for 18 different
pure gases and a variety of solid adsorbents are summarized
and analyzed by Valenzuela and Myers [23]. The data show
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Figure 15.11 Adsorption isotherms for pure propane vapor at
298-303 K.

that adsorption isotherms for a given pure gas at a fixed tem-
perature vary considerably with the adsorbent. This is shown
for pure propane vapor in the narrow temperature range of
25-30°C 1n Figure 15.11 for pressures up to about 101.3 kPa.
The highest specific adsorption is with Columbia G-grade
activated carbon, while the lowest is with Norton Z-900H, a
zeolite molecular sieve. Columbia G-grade activated carbon
has about twice the adsorbate capacity of Cabot Black Pearls
activated carbon.

The Iiterature data compiled by Valenzuela and Myers [23]
also show that for a given adsorbent, the loading depends
strongly on the gas. This is illustrated in Table 15.4 for a
temperature of 38°C and a narrow pressure range of 97.9 to
100 kPa from the data of Ray and Box [24] for Columbia L
activated carbon. Included in the table are normal boiling
points and critical temperatures. As might be expected, the
species are adsorbed in approximately the inverse order of
volatility.

The correlation of experimental adsorption isotherms for
pure gases 1s the subject of a number of published articles
and books. As summarized by Yang [25], approaches have
ranged from empirical to theoretical. For practical applica-
tions, the classical equations of Freundlich and Langmuir

Table 15.4 Comparison of Equilibrium Adsorption of Pure
Gases on 20-40 mesh Columbia L Activated Carbon Particles
(S; = 1,152 m?/g) at 38°C and ~1 atm

Pure gas g, mol/kg Iy, °F I, °F
H, 0.0241 —423.0 —399.8
Nj 0.292 —320.4 —232.4
CO 0.374 —313.6 —220.0
CHy 0.870 —258.7 —116.6
CO, 1.64 —109.3 37.9
CyH, 2.67 —119 953
CoHy 2.88 —154.6 48.6
C,Hg 3.41 —127.5 90.1
CsHg 4.54 —53.9 196.9
CsHg 4.34 —43.7 216.0

0 50 100 150 200 250
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are still dominant because of their simplicity and ability to
correlate 1sotherms of Type I 1n Figure 15.9.

Freundlich Isotherm

The equation attributed to Freundlich [26], but which was
actually devised earlier by Boedecker and van Bemmelen,
according to Mantell [27], 1s empirical and nonlinear 1n
pressure:

g = kp'/" (15-19)

where k and n are temperature-dependent constants. Gener-
ally, n lies in the range ot 1 to 5. Withn = 1, (15-19) reduces
to the Henry’s law equation (15-16). Experimental
g—p 1sothermal data can be fitted to (15-19) by a nonlinear,
curve-fitting computer program or by converting (15-19) to
a linear form as follows, and using a graphical method or a
linear-regression program:

logg =logk + (1/n)logp (15-20)

It the graphical method 1s employed, the data are plotted as
log g versus log p. The best straight line through the data has
a slope of (1/n) and an intercept of log k. In general, k
decreases with increasing temperature, while n increases with
increasing temperature and approaches a value of 1 at high
temperatures. Equation (15-19) is derived by assuming a het-
erogeneous surtace with a nonunitorm distribution of the heat
of adsorption over the surface, as discussed by Brunauer [21].

Langmuir Isotherm

The Langmuir equation [28], which 1s restricted to Type I
isotherms, 1s derived from simple mass-action kinetics, as-
suming chemisorption. Assume that the surface of the pores
of the adsorbent 1s homogeneous (A H,qs = constant) and
that the forces of interaction between adsorbed molecules
are negligible. Let 0 be the fraction of the surface covered by
adsorbed molecules. Therefore, (1 — 0) 1s the fraction of the
bare surface. Then, the net rate of adsorption is the differ-
ence between the rates of adsorption on the bare surface and
desorption on the covered surtace:

dg/dt = k,;p(1 —0) — k0 (15-21)
At equilibrium, dg/df = 0 and (15-21) reduces to
g AP (15-22)
1+ Kp

where K is the adsorption-equilibrium constant (= k,/k,).
Here,

Y =q/qm (15-23)
where ¢,, 18 the maximum loading corresponding to com-
plete coverage of the surface by the gas. Thus, the Langmuir
adsorption 1sotherm is restricted to a monomolecular layer.
Combining (15-23) with (15-22), we obtain the Langmuir
isotherm.

g = - (15-24)
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At low pressures, iIf Kp < 1, (15-24) reduces to the linear
Henry's law form (15-16), while at high pressures where
Kp > 1, g = q,. At intermediate pressures, (15-24) 1s non-
linear 1n pressure. Although originally devised by Langmuir
for chemisorption, (15-24) has been widely applied to phys-
1ical adsorption data.

The quantities K and ¢, in (15-24) are treated as empir-
ical constants, obtained by fitting the nonlinear equation
directly to experimental data or by employing the following
linearized form, numerically or graphically:

p__1 P

q q:n K q:n
Using (15-25), the best straight line 1s drawn through a plot
of points p/q versus p, giving a slope of (1/g,,) and an in-
tercept of 1/(g,,K). If the theory is reasonable, K should
change rapidly with temperature, but g,, should not because
it 18 related through v, by (15-7) to the specific surtace area
of the adsorbent, S,. It should be noted that the Langmuir
isotherm predicts an asymptotic limit for g at high pressure,
whereas the Freundlich 1sotherm does not.

(15-25)

Other Adsorption Isotherms

Valenzuela and Myers [23] fit pure gas adsorption-isotherm
data to the more complex three-parameter 1sotherms of (1)
Toth:

_ "
b+ pHY
where m, b, and ¢t are constants for a given adsorbate—

adsorbent system and temperature, and (2) Honig and
Reyerson (called the UNILAN equation):

n [c—l—pe“]
g = — In -
25 ¢+ pe~s

q (15-26)

(15-27)

where n, s, and ¢ are constants for a given adsorbate—
adsorbent system and temperature. The Toth and UNILAN
1sotherms reduce to the Langmuir isotherm for =1 and
s = 0, respectively.

EXAMPLE 154

The following experimental data for the equilibrium adsorption of

pure methane gas on activated carbon (PCB from Calgon Corp.) at
296 K were obtained by Ritter and Yang [Ind. Eng. Chem. Res., 26,
1679-1636 (1987)]:

g,cm® (STP)of 455 915 113 121 125 126 126
CHy4/g carbon

P = p, psia 40 165

350 545 760 910 970

Fit the data to: (a) the Freundlich isotherm, and (b) the Langmuir
1isotherm. Which isotherm provides a better fit to the data’

SOLUTION

By using the linearized forms of the isotherm equations, a spread-

sheet or other computer program can be used to do a linear regres-
sion to obtain the constants.

Sorption Processes: Chromatography, Adsorption, and Ion Exchange

(a) Using (15-20), we obtain
] /n =0.3101, and n = 3.225.

Thus, the Freundlich equation is g = 16.34 p°>191

(b) Using (15-25), we obtain 1/g, =0.007301, ¢, = 137.0,
1/(g,,K) = 0.5682, and K = 0.01285.

1.760p
1 +0.01285p

The predicted values of g from the two isotherms are as follows:

log k=1.213, k= 16.34,

Thus, the Langmuir equation 1s ¢ =

g, cm® (STP) of CH4/g carbon

p, psia Experimental Freundlich Langmuir
40 45.5 51.3 46.5
165 91.5 79.6 93.1
350 113 101 112
345 121 [15 120
760 125 128 124
910 126 135 126
970 126 138 127

For this example, the Langmuir isotherm fits the data significantly
better than the Freundlich isotherm. Average percent deviations, in
g, are computed to be 1.01% and 8.64%, respectively. One reason
for the better fit of the Langmuir 1sotherm 1s the trend of the data to
an asymptotic value for g at the highest pressures.

Gas Mixtures and Extended Iso‘!;herms

Commercial applications of physical adsorption involve
mixtures rather than pure gases. It the adsorption ot all com-
ponents in the gas except one (A) 1s negligible, then the ad-
sorption of A 1s estimated from 1ts pure gas-adsorption
isotherm using the partial pressure of A. If the adsorption
of two or more components 1n the mixture 1s significant, the
situation 1s quite complicated. Experimental data show that
one component can increase, decrease, or have no intluence
on the adsorption of the other, depending on interactions of
adsorbed molecules. A simple theoretical treatment is the
extension of the Langmuir equation by Markham and
Benton [29], who neglect interactions and assume that the
only effect 1s the reduction of the vacant surface area for the
adsorption of A because of the adsorption of other compo-
nents. Consider a binary gas mixture of A and B. Let
84 = fraction of the surface covered by A and 0g = fraction
of the surface covered by B. Then, (1 — 04 — 0g) = fraction
of vacant surface. At equilibrium:

(ka)apa(l —0a — 6p) = (ka)40a (15-28)
(kB)apB(l — 05 — O8) = (kB)40pB (15-29)

Solving these equations simultaneously, and combining the
results with (15-23) for each component, gives

(QA)mKApA
— 15-30
A= T Knpa + Kopn (1>-30)
K
it (g8)m KB PB (15-31)

" 14 Kapa + Ksps



where (g;),, 1s the maximum amount of adsorption of species
i for coverage of the entire surface. Equations (15-30) and

(15-31) are readily extended to a multicomponent mixture of
J components:

__ (C]f)mePf
] -1 Zijj
J

qi (15-32)

In a stmilar fashion, as shown by Yon and Turnock [30],
the Freundlich equation can be combined with the Langmuir
equation to give the following extended relation for gas
mixtures: '

(gi)okip; "
di =

o 17nj
l—I—ijpj
J

where (g;)o 1s the maximum loading, which may differ from
(g:)m for a monolayer. Equation (15-33) represents data for
nonpolar, multicomponent mixtures in molecular sieves
reasonably well. Unfortunately, Broughton [31] has shown
that the extended-Langmuir equation lacks thermodynamic
consistency; such 1is also the case for the extended-
Langmuir-Freundlich equation. Accordingly, both (15-32)
and (15-33) are frequently referred to as nonstoichiometric
1sotherms. Nevertheless, for practical application, their sim-
plicity often makes them the isotherms of choice. In particu-
lar, both the extended Langmuir and Freundlich adsorption
1isotherms of (15-32) and (15-33) are frequently referred to
as constant-selectivity-equilibrium equations because they
predict a separation factor (selectivity), o ;, for each pair of
components, I, j, in a multicomponent mixture that is con-
stant for a given temperature and independent of mixture
composition. For example, (15-32) gives

. gi/‘;lj . (Qi)mKi

pi/Pi  (qj)mK;

As with multicomponent (three or more components)
vapor—liquid and liquid-liquid phase equilibria, experimen-
tal data for binary and multicomponent gas—solid adsorbent
equilibria are scarce and less accurate than corresponding
pure gas data. Valenzuela and Myers [23] include experi-
mental data on adsorption of gas mixtures from nine pub-
lished studies on 29 binary systems, for which pure gas-
adsorption isotherms were also obtained. They also describe
procedures for applying the Toth and UNILAN equations
to multicomponent mixtures based on the ideal-adsorbed-
solution (IAS) theory of Myers and Prausnitz [32]. Unlike
the extended-Langmuir equation (15-32), which is explicit
in the amount adsorbed, the IAS theory, though more accu-
rate, 1S not explicit and requires an iterative solution proce-
dure. Additional experimental data for higher-order (ternary
and/or higher) gas mixtures are given by Miller, Knaebel,
and lIkels [33] tfor SA molecular sieves and by Ritter and
Yang [34] for activated carbon. Yang [25] presents a discus-
sion of existing theories on adsorption of gas mixtures, to-
gether with comparisons of these theories with mixture data
for activated carbon and zeolites. The data on zeolites are the

(15-33)

ai,j
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most difficult to correlate, with the simplified statistical
thermodynamic model (SSTM) of Ruthven and Wong [35]
giving best results.

The experimental work of Ritter and Yang, cited in Example 15 .4,
also includes adsorption isotherms tor pure CO and CHy, and a bi-
nary mixture of CH4(A) and CO(B). For the pure gases, Ritter and
Yang give relations over a temperature range of 296480 K, for the
two Langmuir constants. At 294 K, these constants are as follows:

q}*ﬂ-n Cm3(STP)/g Ka. pSiMI
CHy 133.4 0.01370
CO 126.1 0.00624

With these constants, use the extended-Langmuir equation to
predict the specific adsorption volumes (STP) of CH4 and CO for a
vapor mixture of 69.6 mol% CHy and 30.4 mol% CO at 294 K and
a total pressure of 364.3 psia. Compare the results with the follow-
ing experimental data of Ritter and Yang:

Total volume adsorbed, cm*/(STP)/g 114.1
Mole fractions in adsorbate:

CHy 0.867
CO 0.133
SOLUTION

pa = ya P = 0.696(364.3) = 253.5 psia
ps = yp P = 0.304(364.3) = 110.8 psia

From (15-30):
133.4(0.0137)(253.5)

== — = 89.7cm>(STP
A = T 0.0137)(253.5) T+ (0.00628)(110.8) ~ o /e (5TP)e
126.1(0.00624)(110.8) :
— — 169 TP
1B = 1 1(0.0137)(253.5) + (0.00624)(110.8) cm™(STP)/g
The total amount adsorbed =g =ga+gg=89.7+ 16.9 =

106.6 cm’(STP)/g, which is 6.6% lower than the experimental
value. Estimated mole fractions in the adsorbate are xa =
ga/q = 89.7/106.6 = 0.841 and xg = 1 — 0.841 = 0.159. These
adsorbate mole fractions deviate from the experimental values by a
mole fraction of 0.026. For this example, the extended-Langmuir
1sotherm gives reasonable results.

T PR

Liquid Adsorption

When porous adsorbent particles are immersed in a pure gas,
the pores fill with the gas, and the amount of adsorbed gas is
determined by the decrease in total pressure. With a liquid,
the pressure does not change, and no simple experimental
procedure has been devised for determining the extent of
adsorption of a pure liquid. If the liquid is a homogeneous
binary mixture, it 1s customary to designate one component
the solute (1) and the other the solvent (2). The assumption is
then made that the change in composition of the bulk liquid
in contact with the porous solid 1s due entirely to adsorption
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AP

Adsorption

Adsorption
Adsorption

Concentration

Concentration
(a) (b)

of the solute. That is, adsorption of the solvent 1s tacitly as-
sumed not to occur. If the Iiquid mixture 1s dilute in the
solute, the consequences are not serious. If, however, exper-
imental data are obtained over the entire concentration
range, the distinction between solute and solvent 1s arbitrary
and the resulting adsorption isotherms, as discussed by
Kipling [36], can exhibit curious shapes that are unlike those
obtained for pure gases or gas mixtures. To demonstrate
this, let

n’ = total moles of binary liquid brought into contact
with adsorbent

m — mass of adsorbent

x? — mole fraction of solute 1n the mixture before contact

with adsorbent

x; = mole fraction of solute in the bulk solution after
adsorption equilibrium 1s achieved

g; = apparent moles of solute adsorbed per unit mass of

‘adsorbent

A solute material balance, assuming no adsorption of solvent
and a negligible change in the total moles of liquid mixture,
g1ves

. n(x] —xp)

qd; =

(15-34)

m
If data are obtained at constant temperature over the entire

concentration range and then processed with (15-34) and
plotted as adsorption 1sotherms, the resulting curves are not
of the expected type shown in Figure 15.12a. Instead, curves
of the type shown in Figures 15.12b and ¢ are obtained,
where negative adsorption appears to occur in Figure 15.12c.
Such 1sotherms are probably best reterred to as composite
isotherms or isotherms of concentration change, as sug-
gested by Kipling [36]. Likewise, the adsorption loading, g7,
of (15-34) 1s more correctly referred to as the surface excess.
Under what conditions are composite 1sotherms ot the
form shown in Figures 15.12b and ¢ obtained? This 1s shown
by several examples in Figure 15.13, where various combi-
nations of hypothetical adsorption 1sotherms for solute (A)
and solvent (B) are shown together ‘with the resulting com-
posite 1sotherms. Thus, when the solvent 1s not adsorbed, as
seen 1n Figure 15.13a, a composite curve without negative
adsorption 1s obtained. In all other cases of Figure 15.13,
negative values of the surface excess are obtained.
Valenzuela and Myers [23] tabulate literature values for
the equilibrium adsorption of 25 different binary-liquid

Concentration
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Figure 15.12 Representative isotherms of
) concentration change for liquid adsorption.

mixtures. With one exception, all 25 mixtures give compos-
ite isotherms of the forms shown in Figures 15.12b and c¢. The
one exception 1s a mixture of cyclohexane and n-heptane
with silica gel, for which the surface excess 1s almost negli-
gible (0 =+ 0.05 mmol/g) over the composition range of
x; = 0.041 to 0.911. They also include literature references
to 354 sets of binary-mixture data, 25 sets of ternary-mixture
data, and 3 sets of data for higher-order mixtures.

When data for the binary mixture are only available in the
dilute region, the amount of adsorption, if any, ot the solvent
may be constant and all changes in the total amount ad-
sorbed are due to just the solute. In that case, the adsorption
isotherms are of the form of Figure 15.12a, which resembles
the form obtained with pure gases. It 1s then common to fit
the data with concentration forms of the Freundlich equation
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O
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Concentration

Figure 15.13 Origin of various types of composite isotherms for
binary liquid adsorption.

[From J.J. Kipling, Adsorption from Solutions of Non-electrolytes,
Academic Press, London (1965) with permission. ] |



(15-19) or the Langmuir equation (15-24);

q — k(jl/n (15-35)
Kqgnc
1= 1+ Kc (15-36)

Candidate systems for this case are small amounts of organic
compounds dissolved in water and small amounts of water
dissolved in hydrocarbons. For liquid mixtures that are di-
lute 1 two or more solutes, the multicomponent adsorption
may be estimated from a concentration form of the extended
Langmuir equation (15-32) based on the constants, g, and
K, obtained from experiments on the single solutes. How-
ever, when solute—solute interactions are suspected, it may
be necessary to determine the constants from multicompo-
nent data. As with gas mixtures, the concentration form of
(15-32) also predicts a constant selectivity for each pair of
components in a multicomponent mixture.

EXAMPLE 15.6

Small amounts of VOCs in water can be removed by adsorption.
Generally, two or more VOCs are present. An aqueous stream
containing small amounts of acetone (1) and propionitrile (2) is to be
treated with activated carbon. Single-solute equilibrium data avail-
able from Radke and Prausnitz [37] have been fitted to the Freundlich
and Langmuir 1sotherms, (15-35) and (15-36), with the average devi-
ations mndicated, for solute concentrations up to 50 mmol/L:

Absolute Average
Acetone 1n Water (25°C): Deviation of g, %
q; = 0.141c9°77 (1) 14.2
0. 1906‘1
= — 2 27.3
71 1 4+ 0.146¢; )

Propionitrile in water (25°C):

kel Frnlnl Pl PSSPyt lonbndallnleb

g> = 0.138¢9-98 (3) 10.2
o 0. 17302 (4) 6.9
2= 130.0%lc, ~ |
where

q; = amount of solute adsorbed, mmol/g

¢; = solute concentration in aqueous solution, mmol/L

Use these single-solute results with an extended Langmuir-type
1sotherm to predict the equilibrium adsorption in a binary-solute
aqueous system containing 40 and 34.4 mmol/L, respectively, of
acetone and propionitrile at 25°C with the same adsorbent. Com-
pare the results with the following experimental values from Radke
and Prausnitz [37]:

g1 = 0.715mmol/g, g2 = 0.822mmol/g, and g = 1.537 mmol/g

SOLUTION

From (15-32), the extended Langmuir isotherm for the liquid
phase 1s

(gi)mKic; '

qi = ': (S)
14+ > Kjc; .

J
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From (2), (g1)m = 0.190/0.146 = 1.301 mmol/g.
From (4), (g2), = 0.173/0.0961 = 1.800 mmol/g.
From (5):

B 1.301(0.146)(40) 0740 mme)
= 17(0.146)(40) + (0.0961)(34.4) 5

1.800(0.0961)(34.4)

1 + (0.146)(40) + (0.0961)(34.4)
 Grotal = 1.336 mmol/g

= (.587 mmol/g

q?

Compared to experimental data, the percent deviations for g, g»,
and giora1, TeSPECtively, are 4.8%, —28.6%, and —13.1%. Better
agreement 1s obtained by Radke and Prausnitz using an IAS theory.
It 1s expected that a concentration form of (15-33) would also give
better agreement, but that requires that the single-solute data be
refitted for each solute to a Langmuir-Freundlich isotherm of the
form
qo kcl/n

= 6
1 1 4+ kcl/n (6)

Ion Exchange Equilibria

lon exchange differs from adsorption in that one sorbate (a
counterion) 1S exchanged for a solute 10n, and the exchange 1s
governed by a reversible, stoichiometric, chemical-reaction
equation. Thus, the selectivity of the ion exchanger for one
counterion over another may be just as important as the
capacity of the 1on exchanger. Accordingly, for ion exchange,
we apply the law of mass action to obtain an equilibrium
ratio rather than fit data to a sorption isotherm such as the
Langmuir or Freundlich equation.
As discussed by Anderson [38], two cases are important.
In the first case, the counterion initially in the ion exchanger
1s exchanged with a counterion from an acid or base. For
example:
Na,

(aq) + OH,, y T HR() <> NaR() + HyO

(aq

Note that the hydrogen 1on leaving the ion exchanger imme-
diately reacts with the hydroxyl ion in the aqueous solution
to form water, leaving no counterion on the right-hand side
of the reaction. Accordingly, the ion exchange will continue
until the aqueous solution is depleted of sodium ions or the
ion exchanger is depleted of hydrogen ions.

In the second case, which 1s more common than the first,
the counterion being transferred from the ion exchanger to
the fluid phase remains as an ion. For example, the exchange
of counterions A and B 1s expressed by the reaction

?{3“ -} HBR(S) <> ARn(S) + HBE;) (15—37)

where A and B must both be either cations (positive charge)
or anions (negative charge). For this case, at equilibrium, we
can define a conventional chemical-equilibrium constant
according to the law of mass action:

(15-38)

where molar concentrations ¢; and g; refer to the liquid and
1on-exchanger phases, respectively. The constant, K g is
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not a rigorous thermodynamic equilibrium constant because
(15-38) 1s written in terms of concentrations instead of
activities. Although (15-38) could be corrected by including
activity coetficients, it is usually applied in the form shown,
with K g referred to as a molar selectivity coefficient for A
entering the ion exchange resin and displacing B. For the
resin phase, concentrations are in equivalents per unit mass
or unit bed volume of ion exchanger. For the liquid solution,
concentrations are in equivalents per unit volume of solu-
tion. For dilute liquid solutions, K g 1s reasonably constant
for a given pair of counterions and a particular resin of a
given degree of cross-linking.

When exchange is between two counterions of equal
charge, (15-38) can be reduced to a simple equation 1n terms
of just the equilibrium concentrations of A in the liquid solu-
tion and in the ion exchange resin. Because ot (15-37), the
total concentrations C and Q in equivalents of counterions 1n
the liquid solution and the resin, respectively, remain con-
stant during the exchange process. Accordingly:

(15-39)
(15-40)

c; = Cx;/z;

qi = QYi/zi
where x; and y; are equivalent fractions, rather than mole
fractions, of A and B, such that

(15-41)
(15-42)

XA+XB:1
ya+yg =1

and z; = valence of counterion i. Combining (15-38) to
(15-42) results 1n

(15-43)

Thus, at equilibrium, x and y, are independent of the total
equivalent concentrations C and Q. Such 1s not the case when
the two counterions are of unequal charge, as 1n the exchange
of Ca?* and Na™. A derivation for this general case gives

(C)nnl ya(l — xa)"
Kap = | —= — .
g, xa(l — ya)

For unequal counterion charges, we see that K, g depends
on the ratio C/Q and on the ratio of charges, n.

When experimental data for K5 g for a particular binary
system of counterions with a particular ion exchanger are
not available, the method of Bonner and Smith [39], as mod-
ified by Anderson [38], is used for screening purposes or
preliminary calculations. In this method, the molar selectiv-
1ty coefficient 1s

(15-44)

Kij = K;/K; (15-45)

where values for relative molar selectivities K; and K; are
given in Table 15.5 for cations with an 8% cross-linked
strong-acid resin and 1n Table 15.6 for anions with strong-
base resins. For values of K in these tables, the units of C and
Q are, respectively, eq/L of solution and eg/L of bulk bed
volume of water-swelled resin.

A typical cation-exchange resin of the sulfonated styrene—
divinylbenzene type, such as Dowex 50, as described by

Sorption Processes: Chromatography, Adsorption, and Jon Exchange

Table 15.5 Relative Molar Selectivities for

Cations with 8% Cross-linked Strong-Acid Resin

Lit 1.0 Zn*t 3.5
Ht 1.3 Co?*t 3.7
Nat 2.0 Cu’t 3.8
NH; 2.6 Cd** 3.9
K+ 2.9 Be’t 4.0
Rb™* 3.2 Mn?* 4.1
Cst 33 | Nit 3.9
Ag™t 8.5 Ca’t 5.2
uost 25 | Srt 6.5
Mg*t 3.3 Pb** 9.9

Ba’™ 11.5

Table 15.6 Approximate Relative Molar Selectivities for
Anions with Strong-Base Resins

I~ 8 OH™ (Type 11) 0.65

NO; 4 HCO; 0.4

Br— 3 CH;COO™ 0.2

HSO; 1.6 F- 0.1

NO; 1.3 OH™ (Type I) 0.05-0.07
CN™ 1.3 SOZ™ 0.15

Cl™ 1.0 CO;~ 0.03
BrO; 1.0 HPO;~ 0.01

Bauman and Eichhorn [40] and Bauman, Skidmore, and
Osmun [41], has an exchangeable ion capacity of
5 4+ 0.1 meg/g of dry resin. As shipped, the water-wet resin
might contain 41.4 wt% water. Thus, the wet capacity 1s
5(58.6/100) = 2.9 meqg/g of wet resin. It the bulk density of
a drained bed of wet resin is 0.83 g/cm?, the bed capacity is
2.4 eg/L of resin bed.

As with other separation processes, a separation factor,
Sa B, which ignores the valence ot the exchanging 1ons, can
be defined for an equilibrium stage. For the binary case, in
terms of equivalent 1onic fractions:

ya(l —xa)
xa(l — ya)

which 1s 1dentical to (15-43). Experimental data for an ex-
change between Cu*t (A) and Nat (B) (counterions of un-
equal charge) with Dowex 50 cation resin over a wide range
of total-solution normality at ambient temperature are
shown in terms of ys and x in Figure 15.14, from Subba
Rao and David [42]. At low, total-solution concentration, the
resin 1s highly selective for copper ion, whereas at high,
total-solution concentration, the selectivity 1s reversed to
favor sodium 1on slightly. A similar trend was observed by
Selke and Bliss [43, 44] for exchange between Ca**t and HT
using a similar resin, Amberlite IR-120. This sensitivity of
the selectivity is shown dramatically in Figure 15.15, from
Myers and Byington [45], where the natural logarithm of
the separation factor, Scy2+ N+, @S computed from the data

Sap = (15-46)

of Figure 15.14 with (15-46), 1s plotted as a function of
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Figure 15.14 Isotherms for ion exchange of Cu** and Na™ on
Dowex 50-X8 as a function of total normality in the bulk solution.

[From A.L. Myers and S. Byington, Jon Exchange Science and
lechnology, M. Nijhott, Boston (1986) with permission. ]
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Figure 15.15 Relative separation factor of Cu?* and Na™ for
10on exchange on Dowex 50-X8 as a function of total normality
in the bulk solution.

[From A.L. Myers and S. Byington, Ion Exchange Science and
Technology, M. Nijhott, Boston (1986) with permission.]

equivalent ionic fraction, xq2+. For dilute solutions of Cu?™,
Scu?+ Na+t Tanges from about 0.5 at a total concentration of
4 N to 60 at 0.01 N. In terms of K¢+ n,+ Of (15-44), with
n = 2, the corresponding variation 1s computed to be only
from about 0.6 to 2.2.
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An Amberlite IR-120 1on-exchange resin similar to that of Exam-
ple 15.2, but with a maximum 1on-exchange capacity of 4.90 meq/g
of dry resin, is used to remove cupric ion from a waste stream con-
taining 0.00975-M CuSO; (19.5 meq Cu®* /L solution). The spheri-
cal resin particles range in diameter from 0.2 to justover 1.2 mm. The
equilibrium 10n-exchange reaction is of the divalent—-monovalent
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type:

CU2+

aq T 2HR() < CuRy + 2H;

(aq)

As 1on exchange takes place, the milliequivalents of cations in
the aqueous solution and 1n the resin remain constant.

Experimental measurements by Selke and Bliss {43, 44] show
an equilibrium curve of the type of Figure 15.14 at ambient tem-
perature that 1s markedly dependent on the total equivalent concen-
tration of the aqueous solution, with the following equilibrium data
for the cupric 10n with a 19.5 meq/liter solution:

¢, meq Cu®*/L Solution 0.022 0786  4.49 10.3
g, meq Cu**/g Resin 0.66 3.26 4.55 4.65

These data follow a highly nonlinear 1sotherm.

(a) From the data, compute the molar selectivity coetficient, K, at
each value of ¢ for Cu?* and compare it to the value estimated

from (15-45) using Table 15.5.

(b) Predict the milliequivalents of Cu®* exchanged at equilibrium
from 10 L of 20 meqCu®*/L using 50 g of dry resin with
4.9 meq of H"/g.

SOLUTION

(a) Selke and Bliss do not give a value tor the resin capacity, (J, in
eg/L of bed volume. Assume a value of 2.3. From (15-44):

K C }?Cu?.-]— ( 1 — xCU2+ )2
2 L. — —
C”_+‘H Xog2+ (1 — yCuz+)2

O
where (C/0) = 0.0195/2.3 = 0.0085
xCu2+ :- Ccu2+ /19.5 and ycufl—i- — qCu2+ /4.9

Using the above values of ¢ and g from Selke and Bliss:

g, meq Cut/g Xey2+ Yoyt Kcuz+ g+
0.66 0.00113 0.135 1.35
3.26 0.0403 0.665 1.15
4.55 0.230 0.929 4.04
4.65 0.528 0.949 1.30

The average value of K 1s 2.0. The values in Table 15.5 when
substituted into (15-45) predict

KCu2+,H+ e 38/13 I 29

which 1s somewhat higher.

(b) Assume a value of 2.0 for K2+ g+ with Q = 2.3 eq/L. The
total solution concentration, C, is 0.02 eq/L. Equation (15-—44_)
becomes

)0 — (0.02) Yot (1 — xog2+)? )

2.3 ] xe2+ (1 — Yoot jz

Initially, the solution contains (0.02)(10) = 0.2 equivalénts of
cupric 1ion with x~.2+ = 1.0. Let a = equivalents of Cu ex-
changed. Then, at equilibrium, by material balance:

0.02 — (a/10)

xCu2+ — 6'02 - (2)
~ (a/50)

YCa®* T 0049 | ©)
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Substitution of (2) and (3) into (1) gives
[(a/SO)] [1 0.02------(a/m)}2
50 — 0.0087 0.0049 0.02

0.02 — (a/lO)} [1 (a/SO)]2
[ 0.02 0.0049

Solving (4), a nonlinear equation, for a gives 0.1887 equiva-
lents of Cu exchanged. Thus, 0.1887/1(0.020)(10)] = 0.944 or
94.4% of the cupric ion is exchanged.

(4)

Equilibria in Chromatography

As discussed 1n Section 15.1, separation by chromatography
involves sorption mechanisms of many types, including
adsorption on porous solids, absorption or extraction (parti-
tioning) 1n liquid-supported or bonded solids, and 1on ex-
change 1n synthetic resins. Thus, at equilibrium, depending
upon the sorption mechanism, equations such as (15-19),
(15-24), (15-32), and (15-33) for gas adsorption; (15-35) and
(15-36) for liquid adsorption; (6-17) to (6-20) for gas ab-
sorption; (8-1) for liquid extraction; and (15-38), (15-43),
and (15-44) for 10on exchange apply. .

When the equilibrium (distribution or partition) constant
1s defined as

Ki =gi/c (15-47)

where ¢ 1s concentration in the stationary phase and c 1s
concentration in the mobile phase, solutes with the highest
equilibrium constants will elute from the chromatographic
column at a slower rate than solutes with the smallest equi-
librium constants.

15.3 KINETIC AND TRANSPORT
CONSIDERATIONS

For the adsorption of a solute onto the porous surface of an
adsorbent, the following steps are required:

1. External (interphase) mass transter of the solute from
the bulk fluid by convection, through a thin film or
boundary layer, to the outer, solid surface of the
adsorbent

2. Internal (intraphase) mass transter of the solute by
pore diffusion from the outer surface of the adsorbent
to the inner surtace of the internal porous structure

3. Surtace ditfusion along the porous surface

4. Adsorption of the solute onto the porous surface

For chemisorption, which involves bond formation, the rate
of the fourth kinetic step may be slow and even controlling;
for physical adsorption, however, step 4 is almost instanta-
neous because it depends only on the collision frequency
and orientation of the molecules with the porous surface.
Thus, only the first three steps need be considered here.
During regeneration of the adsorbent, the reverse of the
four steps occurs, where the rate of physical desorption is
instantaneous. Adsorption and desorption are accompanied
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Figure 15.16 Solute concentration and temperature profiles for a
porous adsorbent particle surrounded by a fluid: (a) Adsorption.
(b) Desorption.

by heat transfer because of the exothermic heat of adsorption
and the endothermic heat of desorption. However, although
external mass transfer 1s limited to a convective mechanism,
external heat transfer from the particle outer surface occurs
not only by convection through the film or boundary layer
surrounding each solid particle in the bed, but also by ther-
mal radiation between particles when the fluid 1s a gas, and
by conduction at points of contact by adjacent particles.
Conduction and radiation mechanisms for heat transfer can
also exist within the particle, in addition to convective heat
transfer by the fluid within the pores.

In a fixed bed of adsorbent particles, solute concentration
and temperature change continuously with time and loca-
tion. For a given particle at a particular time, profiles of tem-
perature and solute concentration in the fluid are as shown in
Figures 15.16a and b for adsorption and desorption, respec-
tively, where subscripts b and s refer to bulk fluid and parti-
cle outer surface, respectively. The fluid concentration gradi-
ent 1S usually steepest within the particle, whereas the
temperature gradient 1s usually steepest in the fluid film or
boundary layer surrounding the particle. Thus, although the
major resistance to heat transfer is usually external to the ad-
sorbent particle, the major resistance to mass transfer usu-
ally resides in the adsorbent particle. All four gradients in
Figure 15.16 approach asymptotic values at the end points.

External Transport

Rates of convective mass and heat transfer between the outer
surface of a particle and the surrounding bulk fluid during an
adsorption process are given, respectively, by

dN;
ny = —— = k.A(cp, — Cs,) (15-48)
dt
d
' g = dg = hA(T; — T}) (15-49)



For a spherical particle surrounded by an infinite, quiescent
fluid, the mass- and heat-transfer coefficients are at their
minimum values. Assume an insoluble, solid, spherical par-
ticle of radius R, and diameter D, = 2R,, suspended 1n an
infinite-fluid medium. The particle is heated so that, at
steady state, its surface temperature is constant at T,. The
fluild medium is absolutely quiescent (no free convection)
and radiation 1s ignored so that heat transfer through the fluid
1s by conduction only. The thermal conductivity & of the fluid
1s constant, and the temperature far from the particle is 75,
Fourter’s second law of heat conduction in the fluid, for
spherical coordinates, 1s

d S dT
— | kr =0
ar dar

for r > R, where r is the radial distance from the center of
the particle. The boundary conditions are

(15-50)

I'ir =R,} =T, (15-51)
I'{r =00} =T, (15-352)
If (15-50) 1s integrated twice with respect to r, we obtain:
T = ¢ - () (15-33)

.
Substitution of the boundary conditions, (15-51) and (15-52),
results in an expression for the temperature profile in the fluid:

I'-17, R,

=—, Fr =R,
7-:5‘ - Tb r
The heat flux at the outer surface of the particle is given by
Fourier’s first law of heat conduction applied to the fluid ad-

jacent to the particle:

(15-54)

q arT
— = —k 15-55
A r:RP dr rsz ( )
From (15-54):
adT T. — T,
__{ b) (15-56)
dr lr:RP RP

We can also apply Newton’s law of cooling for the heat flux
at the outer surface of the particle:

"i? LT h(T, — Tp) (15-57)
Combining (15-55) to (15-57):
h=k/R, (15-58)
which rearranges 1nto a Nusselt number form:
Nnu=hD,/k =2 (15-59)

A similar development for convective mass transfer using
Fick’s laws of diffusion gives

Nsh, = ke, D,/D; = 2 (15-60)

where D; 1s the diffusivity of component i in the mixture.

When the fluid flows past a single particle, convection
increases the convective mass- and heat-transfer coefficients
above the values computed from (15-59) and (15-60).
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Furthermore, the transport coefficients now vary around the
periphery of the particle, with the largest value occurring
where the fluid flow first impinges on the particle. Correla-
tions of experimental transport data are usually developed
for coefficients averaged over the surface of the particle.
Typical correlations are those of Ranz and Marshall [46, 47]
for Nusselt numbers as high as 30 and Sherwood numbers

to 160:

Nnw = 2 + 0.60 N> N/ (15-61)

Nsn, = 2 + 0.60 Npl* N/’ (15-62)

where
Np; = Prandtl number = Cp ./ k
Nge, = Schmidt number = w/p D;
Nre = Reynolds number = D, G/

All fluid properties are evaluated at the average temperature
of the film or boundary layer. Equations (15-61) and (15-62)
reduce to (15-39) and (15-60), respectively, when the fluid
mass velocity, G, 18 zero.

When particles are packed in a bed, the fluid-flow pat-
terns are restricted, and the single-particle correlations of
(15-61) and (15-62) cannot be used to estimate the average
external-transport coetficients for the particles in the bed.
However, Ranz [48] showed that equations of the same form
as (15-61) and (15-62) correlate external-transport data for
beds packed with spherical particles. Nevertheless, most
early 1nvestigators, starting with Gamson, Thodos, and

Hougen [49], developed correlations in the form of the
Chilton and Colburn [50] j-factors:

jp = (Nsy, ) (Nse)™® = f{Nge)
ju = (Ns)(Np)*? = f{Nge)

(15-63)
(15-64)
with

Nsi, = kep/G andNge =h/CpG

where different Reynolds-number functions apply to differ-
ent regions. Various forms of the Reynolds number have
been used, including D,G/w and D,G /€, ., in attempts to
account for bed void fraction, €,, where G is the superficial
mass velocity based on the empty-bed cross-sectional area,
and G/e€, (a larger value) is the effective mass velocity
through the void region of the bed. Notable among correla-
tions of this type are those of Sen Gupta and Thodos [51],
Petrovic and Thodos [52], and Dwivedi and Upadhay [53].

A more-recent study by Wakao and Funazkri [54] reana-
lyzed 37 sets of previously published mass-transfer data,
with Sherwood number corrections for axial dispersion. The
resulting correlation, which represents a return to the form of

(15-62), 1s

ke, D) D,G 0.0 L /3
D, i ( M ) (pr ( )

The correlation 1s compared to 12 sets of gas-phase and
11 sets of liquid-phase data in Figure 15.17. The data cover

Ngp, =



570 Chapter 15

104

Sherwood ﬂumber, *NrSh
= S
N Qo

o
-

I 0 I N N T A % A R
1 10 1072 10° 104

a Schmidt number range of 0.6 to 70,600, a Reynolds num-
ber range of 3 to 10,000, and a particle diameter from 0.6 to
17.1 mm. Particle shapes include spheres, short cylinders,
flakes, and granules. By analogy, the corresponding equation
for fluid-particle convective heat transter in packed beds 1s

hD D.G\"° /Cpu\'/"
Nyy = —P =12 + 1.1( P ) ( P“’) (15-66)
k L k

When (15-65) and (15-66) are used with beds packed
with nonspherical particles, D, is the equivalent diameter of
a spherical particle. The following suggestions have been
proposed for computing the equivalent diameter from geo-
metric properties of the particle. These suggestions may be
compared by considering a short cylinder with diameter, D,
equal to the length, L.

1. D, = diameter of a sphere with the same external sur-
face area:

'n'Dﬁ =7 DL + wD*/2
and D, = (DL+ D*/2)*> = 1.225D
2. D, = diameter of a sphere with the same volume:
wD, /6 =nD’L/4and D, =(3D*L/2)"/°=1.145D

3. D, =4 times the hydraulic radius, ry, where for a

packed bed,
47’}[ — 6/611) | *
a, = external particle surtace area/volume of particle
Thus,
wDL +wD?*/2 6 ' 6D
a, = e = — and D, = 4ry = — = 1.0D
” wD2L /4 p P T HH T g

The use of the hydraulic radius concept 1s equivalent to
replacing D, 1n the Reynolds number by WD, where
W is the sphericity and D, is given by Suggestion 2: The
sphericity 1s defined by: -
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Figure 15.17 Correlation of experimental
data for Sherwood number of external mass
transfer 1n a packed bed.

[From N. Wakao and T. Funazkri, Chem. Eng. Sci.,
33, 1375 (1978) with permission.}

lJ.l_u]

10° 10°

Surface area of a sphere of same volume as particle

U = .
Surface area of particle

For a cylinder of D = L,

D2 [.145D)*
VU = / — m ) D) = 0.874
mD? 3 9
wDL +2(——) ;D

and VD, =(0.874)(1.145D) = D, the diameter of the cylinder.

Suggestions 2 and 3 are widely used. Suggestion 3 1s con-
veniently applied to crushed particles of irregular surtace,
but with no obvious longer or shorter dimension, that is,
isotropic in shape. In that case, D), is taken as the size of
the particle and the sphericity 1s approximately 0.65, as dis-
cussed by Kunit and Levenspiel [55].

EXAMPLE 15.8

Acetone vapor in a nitrogen stream 1s removed by adsorption 1n a
fixed bed of activated carbon. At a location in the bed where the pres-
sure is 136 kPa, the bulk gas temperature 1s 297 K, and the bulk mole
fraction of acetone 1s 0.03, estimate the external gas-to-particle
mass-transier coetficient tor acetone and the external particle-to-gas
heat-transfer coetficient. Additional data are as tollows:

Average particle diameter = 0.0040 m and Gas superficial molar

velocity
= 0.00352 kmol/m?-s

SOLUTION

Because the temperature and composition are known only for the bulk
gas and not at the particle external surtace, use gas properties at bulk
gas conditions. From the ChemCAD process simulation program,
relevant properties for use in (13-65) and (15-66) are as follows:

Viscosity w = 0.0000165 Pa-s (kg/m-s); Density p = 1.627 kg/m’
Thermal conductivity k¥ = 0.0240 W/m-K = 0.024 x 1073 kJ/m-K-s
Heat capacity at constant pressure = 31.45 kJ/kmol-K

Molecular weight = M = 29.52

Thus, specific heat Cp = 31.45/29.52 = 1.065 kJ/kg-K



Other parameters are

Gas mass velocity G = 0.00352(29.52) = 0.1039 kg/m*-s
Assume a sphericity, ¥, of 0.65; therefore, D, = 0.65(0.004)
= ().0026 m

The diffusivity, D;, of acetone in nitrogen at 297 K and 136 kPa is

independent of the composition and is approximately 0.085 x
10~% m*/s.

Nge = D,G/p. = 0.0026(0.1039) /(0.0000165) = 16.4
Nsc = p/p D; = 0.0000165/(1.627)(0.0000085) = 1.19
Np: = Cpp/k = (1.065)(0.0000165) /(0.000024) = 0.73

From (15-65):
Ngp =2 + 1.1(16.4)°(1.19)1/? = 8.24

which from Figure 15.17 is well within the data range of the corre-
lation. Thus, the mass-transfer coefficient for acetone is

ke, = Nsn(D;i/D,) = 8.24(0.0000085/0.0026)
= 0.027 m/s = 0.088 ft/s
From (15-66):
Nny = 2+ 1.1(16.4)°9(0.73)1/3 = 7.31

h = Nnu(k/D,) = 7.31(0.0240/0.0026)
— 67.5W/m*-K  or 11.9 Btu/h-ft*-°F

Internal Transport

Porous-adsorbent particles have a sufficiently high, effective
thermal conductivity that temperature gradients within the
particle are usually negligible. However, internal (intraphase)
mass transfer in the particle must be considered. Mechanisms
for mass transfer in the pores are those described for porous
membranes in Section 14.3. However, in membranes, the
transport 18 through the membrane. In sorption applications,
transport is only into the interior of the particle during sorp-
tion and from the interior of the particle in desorption.

The mathematical model of internal transport in porous
particles during adsorption or desorption is very similar to
that for catalytic chemical reactions in porous catalyst pel-
lets. The first pore model was that of Thiele [56], who

Figure 15.18 Typical solute concentration profile in adsorbent
particle. |
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considered a first-order irreversible reaction taking place
1sothermally on the surface of a single, straight, cylindrical
pore, closed at one end. Thiele’s treatment was extended to a
porous spherical pellet by Wheeler [57], who utilized an
effective diffusivity applied to the case of sorption.

Consider the porous spherical pellet in Figure 15.18,
where the fluid concentration, ¢, refers to the solute. A
material balance in moles or mass per unit time over the
spherical-shell volume of thickness Ar involves diffusion of
the solute into the shell at radius » 4+ Ar, adsorption within
the shell, and diffusion out of the shell at radius r. Using
Fick’s first law:

0 0 0
dr(r + Ar)zDg——E = 4mrr* Ar 1 | 417}’2D€—-—£
OF |, 4 A, dt or |,
(15-67)

Dividing by 41w Ar, taking the limit as Ar — 0, and collect-
Ing terms gives

3°c 2 dc dg
D, | = —
ar?  r or at

The variable g 1s the amount adsorbed per unit volume of
porous pellet. The etfective diffusivity, D,, applies to the
entire surface area of the spherical shell, even though only
about 50% of it 1s available as pores for diffusion. For liquid-
phase diffusion 1n the pores, the effective diffusivity 1s given
by (14-14), which involves the volume fraction of pores in
the pellet, the solute molecular diffusivity in the fluid within
the pore, the pore tortuosity, and a possible restrictive factor
for relatively large solute molecules. For gas-phase diffusion
In the pores, the effective diffusivity 1s given by (14-18),
which accounts for the possibility of Knudsen diffusion,
with diffusivity Dg for very small pore diameters and/or low
total pressures. Although (14-14) and (14-18) strictly apply
only to equimolar counterdiffusion, they can be used as an
approximation for unimolecular diffusion for fluids dilute in
the solute molecules. A diffusion mechanism not accounted
for directly in (14-18) is that of surface diffusion along the
pore wall due to the concentration gradient of the adsorbate
(adsorbed solute) along the wall.

Fick’s first law for molecular diffusion through a fluid in
a pore can be written

n; — *DgA(ng/dX)

(15-68)

(15-69)

where n 1s the molar rate of ordinary diffusion of i through the
fluid in the x-direction, perpendicular to the cross-sectional
area, A, for diffusivity, D;, and concentration, ¢;, in moles/unit
volume of fluid. A modified Fick’s first law applies to surface
diffusion, as suggested by Schneider and Smith [58]. Thus,

(n;)s = “(Di)sbd(ci)s/dx ‘(15“‘70)

where b 1s the perimeter of the surface, (¢;); 1s the surface
concentration of adsorbate in moles/unit surface area, and
(D;), 1s the surface diffusivity as defined by (15-70).

For convenience, (15-70) is converted, as follows, to the
flux form of (15-69) so that the two mechanisms of diffusion
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can be combined in a single transport rate equation. The flux
form of (15-69) 1s

Ng == HI/A i “Df_(dC’g/dx) (15"71)

The corresponding flux form of (15-70) is obtained by di-
viding both sides by the cross-sectional area of the pore and
converting the surface concentration, (c;)s, In moles/unit
surface area to the concentration, g, in mol/g of adsorbent,
by using the product of the pore surface/pore volume times
the reciprocal of the adsorbent particle density times the par-
ticle porosity. The result 1s

aq;
(N))s = —(Dy)s =2 ( ! ) (15-72)
€, \ dx
Assuming linear adsorption according to Henry’s law:
qi = Kic (15-73)

Substituting (15-73) into (15-72) and adding the result to
(15-71), the total flux 1s

Pp Kg dCf
N; = — | Di + (D), (15-74)
€, dx
In terms of the effective diffusity employed in (15-68):
€n I ] | Pp K:’
D, = — . + (Di)s (15-75)
T _(1/D1)+(1/DK)_ €p

Equation (15-75) needs to be used with caution, because,
as discussed by Riekert [59], the tortuosity, T, tor pore-
volume diffusion is not necessarily the same as that for
surface diffusion.

Based on the study by Sladek, Gilliland, and Baddour
[60], values of the surface diffusivity of light gases for phys-
ical adsorption are typically in the range of 5 x 107> to
10~% cm?/s, with the larger values applying to cases of a low
differential heat of adsorption. For nonpolar adsorbates, the
surface diffusivity in cm?/s may be estimated from the cor-
relation [60],

D, = 1.6 x 107° exp[—0.45(—AHy,)/mRT] (15-76)

where m = 2 for conducting adsorbents such as carbon and
m = 1 for insulating adsorbents.

Porous silica gel of 1.0 mm particle diameter, with a particle den-
sity of 1.13 g/cm?’, a porosity of 0.486, an average pore radius of
11 A, and a tortuosity of 3.35 is to be used to adsorb propane from
helium. At 100°C, diffusion in the pores is controlled by Knudsen
and surface diffusion. Estimate the effective diffusivity. The differ-
ential heat of adsorption is —5,900 cal/mol. At 100°C, the adsorp-
tion constant (for a linear isotherm) is 19 cm’/g.

SOLUTION

From (14-21), the Knudsen diffusivity for propane is Dg = 4,850
(22 x 107%)(373/44.06)!/* = 3.7 x 107> cm?/s. From (15-76),
using m=1, D;=1.6 x 1072 exp{(—0.45)(5,900)/[(1)(1.987)
(373)]} = 4.45 x 107* cm?/s.
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T

1073) + QDD (445 x 107%) = 0.46 x 107° +2.85 x 1077 =
3.31 x 107 cm?/s

Experiments by Schneider and Smith [58] give a value of
1.22 x 1073 cm?/s for D, with a value of 0.88 x 107 for the con-
tribution of surface diffusion. Thus, the estimated contribution
from surface diffusion is high by a factor of about 3. In either case,
the fractional contribution due to surface diffusion is large. A
detailed review of surface diffusion is given by Kapoor, Yang, and

Wong [61].

Equation (15-75) reduces to D, = %"—}-DK -+ Prf D, = %2856(3,17><

Mass Transfer in Ion Exchange
and Chromatography

As discussed by Helfferich [62], two major mass-transter
resistances occur in ion exchange. The first 1s the external
mass-transfer resistance due to the film or boundary layer sur-
rounding the ion-exchange bead. The second 1s the internal
diffusional resistance due to the resin bead. Either or both
resistances can be rate-controlling; in either case, the diame-
ter of the resin bead is an important factor. In general, external
mass-transfer film diffusion is rate-controlling at very low
exchange-ion concentrations, say below 0.01 N, whereas
internal mass transfer (particle diffusion) controls at high
concentrations (say above 1.0 N). It has also been observed
that a large separation factor, as defined by (15-46), favors
external mass-transfer control, and that divalent 1ons diffuse
appreciably more slowly than monovalent 10ons through the
resin bead. Usually, the rate-determining step 1s not the chem-
ical reaction between the exchanging ions and the resin.

The external mass-transfer coefficient for flow of fluid
through a fixed bed of ion-exchange resin beads 1s estimated
from the same relation, (15-65), that 1s used for applications
to adsorption in fixed beds. For internal mass transfer, it 1s
customary to assume that the 1on-exchange resin bead 1s a
single quasi-homogeneous phase and that the diffusivity of
the diffusing ion is constant at a given temperature. Under

‘these conditions, (15-68) can be applied, where D, 1s a dif-

fusivity determined by experiment. In general, such diffu-
sivities depend upon (1) the size and charge ot the 1on, with
the smaller, monovalent 1ons diffusing the tastest; (2) the de-
gree of cross-linking and resin swelling, with larger diffusiv-
ities favored by swelling and a small degree ot cross-linking;
and (3) temperature.

The most fundamental measurements of diffusivity in
ion-exchange resins have been made with isotopes of the
ions to obtain self-diffusion coefficients that are independent
of 1on concentration. Typical data are those of Soldano [63],
shown in Figure 15.19 for Nat, Zn**, and Y°* in a sulfonated
styrene—divinylbenzene cation exchanger at temperatures of
0.2 and 25°C. Recall that typical order-of-magnitude diffu-
sivities for small molecules are as follows:

0.1 cm*/sin the gas phase
| x 107> cm*/s in the liquid phase
1 x 1077 cm®/s in polymers
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Figure 15.19 Self-diffusion coefficients for cations in a resin
as a function of cross-linking with divinylbenzene.
[From B.A. Soldano, Ann. NY Acad. Sci., 57, 116 (1953) with permission.]

From Figure 15.19, it is seen that diffusivities depend
strongly on the degree of cross-linking and the charge on the
ion, with values much less than those found in liquids, espe-
cially for the divalent and trivalent ions, which have diffu-
sivities even smaller than those observed for small mole-
cules in polymers. |

No new fundamental principles are required for formulat-
ing mass-transfer relations for chromatography. When
packed beds are used, (15-65) and (15-66) are applied to
determine external transport coefficients. If a coated flat
plate or a tube with a coated inner wall is used, correlations
of the type discussed in Chapter 3 are applicable. In some
cases, an entry region of finite length exists, particularly for
laminar flow, such that the transport coefficients vary with
axial location, decrease in value with length, and eventually
approach an asymptotic value. For internal diffusion in the
sorbent, Fick’s second law is applied where the effective dif-
fusivity depends on factors discussed earlier in this section.
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15.4 SORPTION SYSTEMS

A variety of equipment configurations and operating proce-
dures are employed for commercial, sorption-separation op-
erations. This variety 1s due mainly to the wide range of sor-
bent particle sizes used and the need, in most applications, to
regenerate the solid sorbent.

Adsorption

For adsorption, the most widely used equipment configura-
tions and operating procedures are listed in Table 15.7. For
analysis purposes, the listed devices may be classified into
the three modes of operations, shown schematically in
Figure 15.20. An agitated vessel, shown in Figure 15.20a, is
used with a batch of liquid to which is added a powdered
adsorbent such as activated carbon, of particle diameter typ-
ically less than 1 mm, to form a slurry. With good agitation
and small particles, the external resistance to mass transfer
from the bulk liquid to the external surface of the adsorbent
particles 1s small. For small adsorbent particles, the internal
resistance to mass transfer within the pores of the particles is
also small. Accordingly, the rate of adsorption is rapid. The
required residence time of the slurry in a well-mixed agi-
tated vessel 1s determined by how fast equilibrium is ap-
proached. The main application of this mode of operation is
the removal of very small amounts of dissolved, and rela-
tively large molecules, such as coloring agents, from water.
Generally, the spent adsorbent, which is removed from the
slurry by sedimentation or filtration, 1s discarded because of
the difficulty of desorbing large molecules. The slurry ad-
sorption system, also called contact filtration, is also oper-
ated continuously.

The cyclic-batch operating mode using a fixed bed,
shown schematically in Figure 15.20b, is widely used with
both liquid and gas feeds. Adsorbent particle size ranges
from 0.05 to 1.2 cm. Bed pressure drop decreases with in-
creasing particle size, but the solute transport rate increases
with decreasing particle size. The optimal particle size is
determined mainly from these two factors. To avoid jiggling

Table 15.7 Common Commercial Methods for Adsorption Separations

Phase Adsorbent

Condition Regeneration Main

of I'eed Contacting Device Method Application
Liquid Slurry 1n an agitated vessel Adsorbent discarded Purification
Liquid Fixed bed Thermal reactivation Purification
Liqud Simulated moving bed Displacement purge Bulk separation
Gas Fixed bed Thermal swing (TSA) Purification
Gas Combined fluidized bed-moving bed Thermal swing (TSA) Purification
Gas Fixed bed Inert-purge swing Purification
Gas Fixed bed Pressure swing (PSA) Bulk separation
Gas Fixed bed Vacuum swing (VSA) Bulk separation
Gas Fixed bed Displacement purge

Bulk separation
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Powdered Feed ,I, l Heavy product
adsorbent - -, Or desorbate
Batch l . |
liquid Slurry to Adsorption Fixed beds Desorption
Y |
.
| . Y, \.

Light product
or raffinate l

S
’k Purge

(b)

Feed .,l, I Saturated adsorbent ,‘f I Heavy product
or desorbate

Adsorber Moving beds

Regenerator

Light product
or raffinate | ‘l‘ Regenerated adsorbent ! "‘ Purge

(c)

or fluidizing the bed during adsorption, the flow of the liquid
or gas feed is often downward. For removal of small
amounts of dissolved hydrocarbons from water, the spent
adsorbent is removed from the vessel and reactivated ther-
mally at high temperature or it is discarded. Applications of
fixed-bed adsorption, also called percolation, include the
removal of dissolved organic compounds from water. For
purification or bulk separation of gases, the adsorbent 1s al-
most always regenerated in place by one of the five methods
listed in Table 15.7.

In the thermal (temperature)-swing-adsorption (TSA)
method, the adsorbent is regenerated by desorption at a
temperature higher than that used during the adsorption step
of the cycle, as shown in Figure 15.21. The temperature of
the bed is increased by (1) heat transfer from heating coils
located in the bed followed by pulling a moderate vacuum or
(2) more commonly, by heat transfer from an inert, nonad-
sorbing, hot purge gas, such as steam. Following desorption,

1sotherm at Tads

9" des r

vd
Pdes Pads P

Figure 15.21 Schematic representation of pressure-swing
and thermal-swing adsorption.

Figure 15.20 Contacting modes
for adsorption. (a) Stirred-tank,
slurry operation. (b) Cyclic
fixed-bed, batch operation.

(c) Continuous countercurrent
operation.

the bed is cooled before the adsorption step of the cycle 1s
resumed. Because heating and cooling of the bed requires
hours, a typical cycle time for TSA is hours to days. There-
fore, if the quantity of adsorbent in the bed 18 to be reason-
able, TSA is practical only for purification mnvolving small
rates of adsorption. Instead of using a fixed bed, a fluidized
bed can be used for adsorption and a moving bed for desorp-
tion, as shown in Figure 15.22, provided that the adsorbent
particles are attrition-resistant. In the adsorption section,
sieve trays are used with the raw gas passing up through the
perforations and fluidizing the adsorbent particles. The flu-
idized solids flow like a liquid across the tray, into the down-
comer, and onto the tray below. From the adsorption section,
the solids pass to the desorption section, where, as moving
beds, they first flow down through preheating tubes and then
through desorption tubes. Steam 1s used for indirect heating
in both sets of tubes and for stripping in the desorption tubes.
Moving beds, rather than fluidized beds on trays, are used 1n
the desorption section because the stripping-steam flow rate
is insufficient for fluidizing the solids. At the bottom of the
unit, the regenerated solids are picked up by a carrier gas,
which flows up through a gas-lift line to the top, where the
solids settle out onto the top tray to repeat the adsorption part
of the cycle. According to Keller [64], this configuration,
which was announced in 1977, is used in more than 50 units
worldwide to remove small amounts of solvents from air.
Other applications of TSA include the removal of moisture,
CO,, and pollutants from gas streams.

In the inert-purge-swing method of regeneration, desorp-
tion is at the same temperature and pressure as the adsorp-
tion step, because the gas used for purging 1s nonadsorbing
(inert) or only weakly adsorbing. This method 1s used only
when the solute is weakly adsorbed, easily desorbed, and of
little or no value. The purge gas must be inexpensive so that
it does not have to be purified before recycle.
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Figure 15.22 Purasiv process with a fluidized bed for adsorption
and moving bed for desorption.

[From G.E. Keller, “Separations: New Directions for an Old Field,”
AIChE Monograph Series, 83 (17) (1987) with permission. ]

In the pressure-swing-adsorption (PSA) cycle, adsorp-
tion takes place at an elevated pressure, whereas desorption
occurs at near-ambient pressure, as is shown in Figure 15.21.
PSA 1s used for bulk separations because the bed can be de-
pressurized and repressurized rapidly, making it possible to

operate at cycle times of seconds to minutes. Because of
these short times, the beds need not be large even when a

substantial fraction of the feed gas is adsorbed. If adsorption

takes place at near-ambient pressure and desorption under

vacuum, the cycle is referred to as vacuum-swing-adsorption
(VSA). PSA and VSA are widely used for the bulk separa-
tion of air. If a zeolite adsorbent is used, equilibrium is
rapidly established and nitrogen is preferentially adsorbed.

The nonadsorbed, high-pressure product gas is a mixture of

oxygen and argon with a small amount of nitrogen. If a car-
bon molecular-sieve adsorbent is used, the particle diffusiv-
1ty of oxygen 1s observed to be about 25 times that of nitro-
gen. As a result, the selectivity of adsorption is controlled by
mass transtfer, and oxygen is preferentially adsorbed. The re-
sulting high-pressure product gas is nearly pure nitrogen. In
both cases, the adsorbed gas, which is desorbed at low pres-
sure, 18 quite impure. For the separation of air, large plants
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use VSA because 1t 1s more energy-efficient than PSA. Small
plants often use PSA because that cycle 1s simpler.

In the displacement-purge (displacement desorption)
cycle, a strongly adsorbed purge gas 1s used in the desorption
step to displace the adsorbed species. Another step i1s re-
quired to recover the purge gas. The displacement-purge
cycle 1s considered only where TSA, PSA, and VSA cannot
be used because of pressure or temperature limitations. One
application 1s the separation of medium-molecular-weight
linear paratfins (C;9-Cyg) from mixtures of branched-chain
and cyclic hydrocarbons by adsorption on 5A zeolite.
Ammonia, which 1s easily separated {rom the paraffins by
flash vaporization, 1s used as the purge.

Most commercial applications of adsorption involve
fixed beds that cycle between adsorption and desorption.
Thus, compositions, temperature, and/or pressure at a given
location 1n the bed vary with time. Alternatively, a continu-
ous, countercurrent operation, where such variations do not
occur, can be envisaged, as shown 1n Figure 15.20c and dis-
cussed 1n detail by Ruthven and Ching [65]. The main diffi-
culty with such a scheme 1s the need to. circulate the solid
adsorbent, as a moving bed, to achieve a steady-state opera-
tion. The first commercial application of countercurrent ad-
sorption and desorption was the moving-bed Hypersorption
process for the recovery, by adsorption on activated carbon,
of light hydrocarbons from various gas streams in petroleum
refineries, as discussed by Berg [66]. Only a few units were
installed because of problems with attrition of the adsorbent,

~ difficulties in regenerating the adsorbent when heavier hy-

drocarbons were present in the feed gas, and unfavorable
economics compared to those of distillation. Newer adsor-
bents with a much higher resistance to attrition and possible
applications to more difficult separations are reviving inter-
est in moving-bed units.

A successtul alternative countercurrent system for com-
mercial application to the separation of liquid mixtures is the
simulated moving-bed system, shown in a hybrid system
with two distillation columns in Figure 15.23 and known
generally as the UOP Sorbex process. As described by
Broughton [67], the bed 1s held stationary in one column,
which 1s equipped with a number (perhaps 12) of liquid feed
entry and discharge locations. By shifting, with a rotary
valve (RV), the locations of feed entry, desorbent entry,
extract (adsorbed) removal, and raffinate (non-adsorbed)
removal, a countercurrent movement of solids is simulated
by a downward movement of liquid. For the valve positions

~shown 1n Figure 15.23, locations 2 (entering desorbent),

S (exiting extract), 9 (entering feed), and 12 (exiting raffi-
nate) are operational, with all other numbered lines closed.
However, liquid 1s also circulated down through and back up
(external to the column) to the top of the column by a pump.
Ideally, an infinite number of entry and exit locations on the
column would exist and the valve would continuously
change the four operational locations. Since this 1s impracti-
cal, a finite number of locations are used and valve changes
are made periodically. In Figure 15.23, when the valve is
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'S
moved to the next position, Lines 3, 6, 10, and 1 become op-
erational. Thus, ratfinate removal 1s relocated from the bot-
tom of the bed to the top of the bed. The result is that the bed
has no top or bottom. As discussed by Gembicki et al. [68],
78 Sorbex-type commercial units were installed during
1962-1989 for the bulk separation of p-xylene from Cg aro-
matics; n-paraffins from branched and cyclic hydrocarbons;
olefins from paraffins; p- or m-cymene (or cresol) from
cymene (or cresol) 1somers; and fructose from dextrose and
polysaccharides. Humphrey and Keller [101] cite 100 com-

mercial installations of Sorbex-type units and more than
50 different demonstrated separations.

Ion Exchange

lon exchange employs the same modes of operation as
shown for adsorption in Figure 15.20. Although the use of
fixed beds in a cyclic operation is most common, stirred
tanks are used for batch contacting, with an attached strainer
or filter to separate the resin beads from the solution after

[From D.B. Broughton, Chem. Eng., Progress, 64 (8),
60-65 (1968) with permission. ]

equilibrium conditions are approached. Agitation 1s mild to
avoid resin attrition, but sufficient to achieve complete sus-
pension ot the resin. To increase resin utilization and achieve
high 1on-exchange reaction efficiency, much effort has been
expended 1n the development of continuous, countercurrent
contactors, two of which are shown in Figure 15.24. The
Higgins contactor [69] operates as a moving, packed bed by
using 1ntermittent hydraulic pulses to move incremental
portions of the bed from the contacting section, where 1on
exchange takes place, up, around, and down to the backwash
region, down to the regenerating section, and back up
through the rinse section to the contacting section to repeat
the cycle. Liquid moves countercﬁﬁrrently to the resin. The
Himsley contactor [70] has a series of trays, on each of
which the resin beads are fluidized by the upward flow of
liquid. Periodically, the tlow 1s reversed to move incremen-
tal amounts of resin from one stage to the stage below. The
batch of resin at the bottom 1s lifted to the wash column, then
to the regeneration column, and then back to the top of the
1on-exchange column for reuse.
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Figure 15.25 Large-scale, batch elution chromatography process.

Chromatography

Operation modes for large-scale, commercial application of
chromatography are of two major types, as discussed 1n a
book edited by Ganetsos and Barker [71]. The first, and the
most common, is a transient mode that 1s a scaled-up version
of an analytical chromatograph, referred to as large-scale,
batch (or elution) chromatography. Packed columns of diam-
eter up to 4.6 m and packed heights to 12 m have been
reported. As shown in Figure 15.25 and discussed by Wankat
in Chapter 14 of the Handbook edited by Rousseau [9], a
recycled solvent or carrier gas i1s fed continuously into the
sorbent-packed column. The feed mixture and recycle 1is
pulsed into the column by an 1njector. A tumer or detector
(not shown) splits the effluent from the column, sending 1t
to different separators (condensers, evaporators, distillation
columns, etc.). Each separator is designed to remove a partic-
ular feed component from the cammer fluid. An additional
cleanup step is required to purify the carrier fluid before 1t 1s
recycled to the column. Separator one produces no product
because it handles an effluent pulse that contains the carrier
fluid and two or more of the feed components, which are
recovered and recycled to the column. Thus, if properly de-
signed and operated, the batch chromatograph operates
somewhat like a batch-distillation column, producing a
nearly pure cut for each component in the feed and slop cuts
for recycle. The system shown in Figure 13.25 1s designed to
separate a binary system. If, say, three more separators are
added, the system can separate a five-component feed into
five nearly pure products.

The second major type of large-scale chromatograph 1s
the countercurrent flow or simulated-moving-bed mode al-
ready discussed for adsorption. This mode 1s more efficient,
but is more complicated and can only separate a mixture into
two products. A third mode is the continuous, cross-current
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Figure 15.26 Rotating, cross-current, annular chromatograph.

(or rotating) chromatograph, first concetved by Martin [72]
and shown schematically in Figure 15.26. The packed annu-
lar bed rotates slowly about its axis, past the teed-inlet point.
Eluant (solvent or carrier gas) enters the top of the bed uni-
formly over the entire cross-sectional area. Both feed and
eluant are fed continuously and are carried downward and
around by the rotation of the bed. Because of the different
selectivities of the feed components for the sorbent, each
component traces a different helical path since each spends a
different amount of time in contact with the sorbent. Thus,
each component 1s eluted from the bottom of the packed an-
nulus at a different location. In principle, a multicomponent
feed can be separated continuously into nearly pure compo-
nents following separation of the carrier fluid from each
eluted fraction. Units of up to 12 in. in diameter have suc-
cessfully separated sugars, proteins, and metallic elements.

Slurry Adsorption (Contact Filtration)

Three modes of adsorption from a liquid 1n an agitated ves-
sel are of interest. The first 1s the batch mode in which a
batch of liquid is contacted with a batch of adsorbent for a
period of time, followed by discharge of the slurry from the
vessel, and filtration to separate the solids from the liquid.
The second 1s the continuous mode, 1n which liquid and ad-
sorbent are continuously added to and removed from the
agitated vessel. In the third mode, called the semibatch or
semicontinuous mode, the hiquid is continuously fed to and
removed from the agitated vessel, where 1t 1s contacted with
the adsorbent, which 1s retained 1n a contacting zone of the
vessel until it 1s nearly spent. Models for each of these three
modes are developed next, followed by examples of their
application. In all models, the slurry 1s assumed to be per-
fectly mixed by agitation 1n the turbulent regime to produce
a fluidized bed of sorbent. Perfect mixing i1s approached by
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using a liquid depth of from one to two vessel diameters,
four vertical wall baffles, and one or two marine propellers
or pitched-blade turbines on a vertical shaft. With a proper
impeller rotation rate, the axial flow achieves complete
suspension. For semicontinuous operation, a clear lhiqud
region is maintained above the suspension region for liquid
withdrawal.

Because small particles are used in slurry adsorption and
because the relative velocity between the particles and the
liquid in an agitated slurry is low (small particles tend to
move with the liquid), the rate of adsorption 1s assumed to be
controlled by external, rather than internal, mass transfer.

Batch Mode

The rate of adsorption of solute, as controlled by external
mass transfer, 1s

dc

dt
where ¢ is the concentration of solute in the bulk liquid; ¢™ 18
the concentration in equilibrium with the loading on the
adsorbent, ¢; k; is the external liquid-phase mass-transfer
coefficient:; and «a is the external surface area of the adsor-
bent per unit volume of liquid. Starting from feed concentra-
tion, ¢, the instantaneous bulk concentration, ¢, at time £, 1S
related to the instantaneous adsorbent loading, g, by material
balance:

= kra(c —c™) (15-77)

crQ =c0 +qgd

where the adsorbent is assumed to be initially free of adsor-
bate, O is the liquid volume (assumed to remain constant
for dilute feeds), and S is the mass of adsorbent. The equi-
librium concentration, c¢*, is given by an appropriate adsorp-
tion isotherm: a linear isotherm, the Langmuir isotherm

(15-36), or the Freundlich isotherm (15-35). For example, a
rearrangement of the latter gives

c* = (q/k)"

To solve the system of equations for ¢ and g as a function of
time, starting from cr at t = 0, (15-78) is combined with the
equilibrium isotherm, for example, (15-79), to eliminate q.
The resulting equation is combined with (15-77) to eliminate
c* to give an ODE for ¢ in ¢, which is integrated analytically
or numerically. Corresponding values of g are then obtained
from (15-78).
If the equilibrium is represented by a linear 1sotherm,

(15-78)

(15-79)

c*=q/k (15-80)
an analytical integration gives *
c = %[exp(kaaBt)—}— o) (15-81)

where

&
= 14 15-82
S o ( )
O

= = 15-83
= ( )
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As the contact time approaches infinity, adsorption equilib-
rium is approached and for the linear isotherm, from (15-81)
or combining (15-78), with ¢ = ¢*, and (15-80):

clt = o0} =cra/PB (15-84)

Continuous Mode

When both liquid and solids flow continuously through a
perfectly mixed vessel, (15-77) is converted to an algebraic
equation because, as in a perfectly mixed reaction vessel
(CSTR), the concentration, ¢, throughout the vessel, is equal
to the exit (outlet) concentration, coy. Thus, 1n terms of the
residence time in the vessel, f es:

Cr — Cou )
e = kra(cou — C") (15-85)
ZI'ES
or, rearranging;:
CF + kLazreSC':‘}: _
ut 15-86
CO t 1 _\L kLa[res ( )
Equation (15-78) becomes
crQ = Comdd + QOutS (15-87)

where O and S are now flow rates. An appropriate adsorption
isotherm relates ¢* to gour. ,

For a linear isotherm, (15-80) becomes ¢* = gou/X,
which when combined with (15-87) and (15-86) to eliminate
c® and gout, g1VeS

Cou = (1 _Il_;r:’ro;a) (15-88)
where o 1s given by (15-83) and
YV = K Qlres (15-89)
The corresponding go. 1S given by a rearrangement of
(15-87):
gon = Lo (15-90)

For a nonlinear adsorption isotherm, such as (15-35) or
(15-36), (15-85) and (15-87) are combined with the 1sotherm
equation, but it may not be possible to express the result ex-
plicitly in gy In that event, a numerical solution 1s required,
as illustrated below in Example 15.10.

Semicontinuous Mode

The most difficult mode to model 1s the semicontinuous
mode, where the adsorbent i1s retained 1n the vessel, but the
feed liquid enters and exits the vessel at a fixed, continuous
flow rate. Both concentration, ¢, and loading, g, vary with
time. With perfect mixing, the outlet concentration 1s given
by (15-86), where f.; is the residence time of the liquid 1in
the suspension, and c* 1s related to g 1n the suspension by an
appropriate adsorption isotherm. The variation of g in the
batch of solids is given by (15-77), rewritten in terms of the



change 1n g, rather than c:

dq _.

S— =kra(con — ¢ )ltres O
dt

where, for this mode, S is the batch mass of adsorbent in the
suspension and Q is the steady, volumetric-liquid flow rate.
Both (15-91) and (15-86) involve c¢*, which can be
replaced by a function of instantaneous g by selecting an
appropriate 1sotherm. The resulting two equations are then
combined to eliminate cqy. The resulting ODE is then inte-
grated analytically or numerically to obtain ¢ as a function
of time, from which ¢y as a function of time can be deter-
mined from (15-86) and the isotherm. The time-average
value of ¢y 18 then obtained by integration of ¢y, with
respect to time. These steps are 1llustrated in the following

example. For a linear i1sotherm, the derivation is left as an
eXercise.

(15-91)

EXAMPLE 15.10

An aqueous solution containing 0.010 mol phenol/L is to be treated
at 20°C with activated carbon to reduce the concentration of phenol
to 0.00057 mol/L. From Example 4.12, the adsorption equilibrium
data are well fitted to the Freundlich equation:

g = 2.16¢1/* (1)
Or

c* = (q/2.16)*> (2)

where g and ¢ are in mmol/g and mmol/L, respectively. In terms of
kmol/kg and kmol/m>, (2) becomes

c* = (g /0.01057)*% (3)

All three modes of slurry adsorption are to be considered. From
Example 4.12, the minimum amount of adsorbent is 5 g/L of solu-
tion. Laboratory experiments with adsorbent particles 1.5 mm
in diameter in a well-agitated vessel have confirmed that the rate
of adsorption 1s controlled by external mass transfer with k; =
k. =5 x 107> m/s. Particle surface area is 5 m%/kg of particles.

(a) Using twice the minimum amount of adsorbent in an agitated
vessel operated 1n the batch mode, determine the time in min-
utes to reduce the phenol content to the desired value.

(b) For operation in the continuous mode with twice the minimum
amount of adsorbent, determine the required residence time in
minutes in the agitated vessel. How does this compare to the
batch time of part (a)?

(¢) For operation in the semicontinuous mode with 1,000 kg of
activated carbon, a liquid feed rate of 10 m>/h, and a liquid res-
idence time equal to 1.5 times the value computed in part (b),
determine the run time to obtain a composite liquid product
with the desired phenol concentration. Are the results reason-
able, or should changes be made to the specifications?

SOLUTION

(a) Batch mode:
S/0 = 2(5) = 10g/L = 10 kg/m’
kpa =15 x 107(5)(10) = 2.5 x 10775
cr = 0.010 mol/L = 0.010 kmol/m’

(b)

©

O = 10 m>/h,
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From (15-78),
Cp—C 0.010 — ¢

1= 75/0 [0 )
Substituting (4) into (3),
. (0.10 — 6)4'35 (5)
0.1057
Substituting (5) into (15-77),
dc 0.010 — ¢\ "
dr:Z.leOBI:cm( 51057 ) } (6)

where, ¢ = ¢r = 0.010 kmol/m’ at =0 and we want ¢ for

¢ = 0.00057 kmol/m”. By numerical integration of (6),
t = 1,140 s = 19 min,

Continuous mode:

Equation (15-85) applies, where all quantities are the same as
those determined 1n part (a) and cqye = 0.00057 kmol/m>. Thus,

CF — Cout
kLa(Cout — C*)

lres =

where ¢ 1s given by (3) with ¢ = gou, and gy, 15 obtained from
(15-87). Thus,

0.010 = 0.00057 _
0.010 — 0.00057 )4-35}

[reg ==

2.5 x 103 ] 0.00057 — (

L
= 6,950 sor 1.93 h

This residence time 1s appreciably longer than the batch time
of 1,140 s. In the batch mode, the concentration driving force
for external mass transfer is “initially (¢ — ¢*) = ¢ =
0.010 kmol/m® and gradually declines to a much smaller final
value, at 1,140 s, of

0.1057

( *) 0.010 — cgpal 4.33
C —C = —

final 0.1057
— 0.000543 kmol/m’

For the continuous mode with perfect mixing in thé vessel, the
concentration driving force for external mass transfer is always

at the final batch value of 0.000543 kmol/m’.

Semicontinuous mode:
Equation (15-91) applies with

S =1,000kg, cr = 0.010 kmol/m’
tes = 10,425 s, kra=2.5x 1072 s™!
c* is given in terms of g by (3) and cqy is given by (15-86).

Combining (15-91), (3), and (15-86) to eliminate ¢* and cgy;
gives, after simplification,

dg (v \©Q B g 4.35] |
dr (1 -I—y) S [CF (0.01057) 7

where <y is given by (15-89) and the time, ¢, 18 the time that
the adsorbent remains in the vessel. For values of vy, Q/S,
and cg equal, respectively, to 26.06, 0.01 m°/h-kg, and
0.010 kmol/m?, (7) reduces to

dq q )4‘35
7 = 0.00963 [0.010 — (6.01057 ] (3)

where ¢ is in hours and ¢ is in kmol. By numerical integration
of (8), starting from g = 0 at ¢ = 0, we obtain g as a function of
t as given in Table 15.8. Included are corresponding values of
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Table 15.8  Results for Part (¢), Semicontinuous Mode,

of Example 15.10

Sorption Processes: Chromatography, Adsorption, and lon Exchange

kmol/m’

Timet, h q, kmo]./kg Cout Ccum
0.0 0.0 0.000370 0.000370
5.0 ().000481 0.000371 0.000370

10.0 (.000962 0.000398 0.000375
15.0 0.001440 0.000535 0.000401
15.7 0.001506 0.000570 0.000407
20.0 0.001905 0.000928 0.000476
21.0 0.001995 0.001052 0.000501
22.0 0.002034 0.001195 0.000529
23.0 0.002172 0.001356 0.000561
23.2 0.002189 0.001390 0.000568
23.3 0.002197 0.001407 0.000572

Cour COMputed from (15-86) combined with (3) to eliminate ¢*:

cr +v(g/0.01057)%>  0.010 4 26.06(g/0.01057)*
| 4y B 27.06

p——

Cour =

Also included 1in Table 15.8 are the cumulative values of ¢, for
all of the liquid effluent that exits the vessel during the period from
r =0 to =, as obtained by integrating ¢, with respect to time:
Ceum = f(; Cout dt/[-

From the results in Table 15.8, it is seen that the loading, ¢, in-
creases almost linearly during the first 10 h, while the instantaneous
phenol concentration cqy 1n the exiting liquid remains almost

constant. At 15.7 h, cqy has increased to the specified value of

0.00057 kmol/m>, but cayp iS only 0.000407 kmol/m°. Therefore, the
operation can continue. Finally, at between 23.2 and 23.3 h, ccum
reaches 0.00057 kmol/m> and the operation must be terniinated.
During operation, the vessel contains 1,000 kg or 2 m’ of adsorbent
particles. With a liquid residence time of almost 3 h, the vessel must
contain 10(3) = 30 m’. Thus, the vol% solids in the agitated vessel
1s 6.7. This is reasonable. If the mass of adsorbent in the vessel is

increased to 2,000 kg, giving almost 12 vol% solids, the time of

operation is doubled to 46.5 h.

Fixed-Bed Adsorption (Percolation)

In the continuous and semicontinuous modes of operation in
slurry adsorption, the liquid exiting the vessel always con-
tains unadsorbed solute. If a fixed bed 1s used, it 1s possible
to obtain a nearly solute-free liquid or gas effluent until the

adsorbent in the bed approaches saturation. A fixed bed 1s
frequently used for gas purification and bulk separation.
Consider the flow, down through a fixed bed ot adsorbent,
of a fluid containing an adsorbable component (the solute).
[f (1) external and internal mass-transfer resistances are very
small; (2) plug flow 1s achieved; (3) axial dispersion 1S neg-
ligible; (4) the adsorbent 1s nitially free of adsorbate; and
(5) the adsorption isotherm begins at the origin, then local
equilibrium between the fluid and the adsorbent 1s achieved

nstantaneously, resulting, as shown in Figure 15.27, 1n a

shock like wave, called a stoichiometric front, that moves as
a sharp concentration front through the bed. This 1S ideal
(local equilibrium) fixed-bed adsorption. Upstream of the
front, the adsorbent 1s saturated with adsorbate and the con-
centration of solute in the fluid 1s that of the feed, cr. The
loading of adsorbate on the adsorbent 1s the gr in equilib-
rium with cg. The length (height) and weight of the bed sec-
tion upstream of the front are LES and WES, respectively,
where ES refers to the equilibrium section, called the equi-
librium zone.

In the upstream region, the adsorbent 1s spent. Down-
stream of the stoichiometric front and in the exit fluid, the
concentration of the solute 1n the fluid 18 zero, and the adsor-
bent 1s still adsorbate-free. In this section of the bed. the
length and weight are LUB and WUB, respectively, where
UB retfers to unused bed.

After a period of time, called the stoichiometric time, the
stoichiometric wave front reaches the end ot the bed, the con-
centration of the solute in the fluid abruptly rises to the inlet
value, cr, no turther adsorption 1s possible, and the adsorp-
tion step 1s terminated. This point is referred to as the break-
point and the stoichiometric wave front becomes the i1deal
breakthrough curve.

For i1deal fixed-bed adsorption, the location of the con-
centration wave front L, in Figure 15.27, as a function of
time, 1s obtained solely by material balance and adsorption
equilibrium considerations. Thus, at equilibrium, the loading
in equilibrium with the feed 1s designated by gr = f{cr},
where f{cr} 1s given by an appropriate adsorption isotherm.
By material balance on the adsorbate before breakthrough
occurs: Solute 1in entering feed = adsorbate. Accordingly:

QFCFIideal _— QFSLideal/LB (15“92)

where Opf 1S the volumetric flow rate of feed, cg 1s the con-
centration of the solute 1n the feed, f,404 1S the time for an

QO
c CF g
0 @
gt 4+
Stoichiometric O @
front = =
0 Spent O - Unused
R T R e T D e W
Feed |- .. ..o Effluent S adsorbent c £ adsorbent
SEENECNEE S R - O o
B8 = (in equilibrium with | ®©
= entering fluid) =
Z 3
S = : L .
\{‘Véfss S leLLJJBB Figure 15.27 Stoichiometric
(equilibrium) concentration
0 L Lg  front for ideal fixed-bed

z, distance through the bed

adsorption.



ideal front to reach Ligey < Lp, g is the loading per unit
mass of adsorbent that is in equilibrium with the feed con-

centration, $ 18 the total mass of adsorbent in the bed, and Ly
1S the total bed length.

*Crlidea |
Liges = LES = (Q”F ‘ ’) Ly (15-93)
qgrS
LUB = L, — LES (15-94)
LLES
WES = § ( - ) (15-95)
Lp
WUB = § — WES (15-96)

In a real fixed-bed adsorber, the assumptions leading to
(15-92) are not valid. Internal transport resistance and, in
some cases, external transport resistance are finite. Axial
dispersion can also be significant, particularly at low flow
rates 1n shallow beds. These factors contribute to the devel-
opment of broad concentration fronts like those in Fig-
ure 15.28. In Figure 15.28a, typical solute concentration
profiles for the fluid are shown as a function of distance
through the bed at increasing times #,, t,, and #;, from the start
of flow through the bed. At 7, no part of the bed is saturated.
At t, the bed 1s almost saturated for a distance L;. At Ly, the
bed 1s almost clean. Beyond Ly, little mass transfer occurs at
t, and the adsorbent is still unused. The region between L,
and Lr 1s called the mass-transfer zone, MTZ at t,, where
adsorption takes place. Because it is difficult to determine

1.0 —
i . ‘ —
k Equilibrium Unused bed
Zzone at fz at {4

'y
u
c/cg
0 L, Lf Lp
Distance through bed, 2
(a)
1.0
| 0.95 — -
Cout/CF Breakthrough
curve
0 ———— e ————" - 0.05
0 ) t,
Time, ¢
(b)

Figure 15.28 Solute wave fronts in a fixed-bed adsorber with

mass-transter effects. (a) Concentration—distance profiles.
(b) Breakthrough curve. |
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where the MTZ zone begins and ends, L;can be taken where
c/crp=0.05, with L at ¢/cr = 0.95. From time t, to time ¢,
the S-shaped front moves through the bed. At #,, the leading
point of the MTZ just reaches the end of the bed. This is the
breakthrough point. Rather than using c¢/cr = 0.05, the
breakthrough concentration can be taken as the minimum
detectable or maximum allowable solute concentration in
the effluent fluid.

Figure 15.28b 1s a typical plot of the ratio of the outlet-to-
inlet solute concentration in the fluid as a function of time
from the start of flow. The S-shaped curve is called the
breakthrough curve. Prior to #,, the outlet solute concentra-
tion 1s less than some maximum permissible value, say,
Cout/Cr = 0.05. At 1, this value is reached, the adsorption
step 1s discontinued, and the regeneration part of the cycle is
initiated or the spent adsorbent is discarded. If the adsorption
step were to be continued for ¢ > ¢, the outlet solute con-
centration would be observed to rise rapidly, eventually
approaching the inlet concentration as the outlet end of the
bed became saturated. The time to reach coy/cr = 0.95 is
designated 7,. ‘

The steepness of the breakthrough curve determines the
extent to which the capacity of an adsorbent bed can be uti-
lized. Thus, the shape of the curve is very important in deter-
mining the length of an adsorption bed. For the ideal case,
with a stoichiometric wave front, (15-92) applies and all of
the bed 1s utilized before breakthrough occurs. As the width
of the breakthrough curve and the corresponding width of the
MTZ for the concentration profiles increase, less and less of
the bed capacity can be utilized. The situation is further com-
plicated by the fact that the steepness of the concentration
profiles shown in Figure 15.28a increases or decreases with
time, depending on the shape of the adsorption isotherm, as
shown by DeVault [73], in the following manner.

Assume: (1) plug flow of the fluid through the bed at a
constant actual (interstitial) velocity, u; (2) instantaneous
equilibrium of the solute in the bulk fluid with the adsorbate;
(3) no axial dispersion; and (4) isothermal conditions. The
bed is not initially free of adsorbate and/or the feed to
the bed starting at time ¢ = O 1s not at constant composition.
The superficial fluid velocity is €, u. A mass balance on the
solute for the flow of fluid through a differential adsorption-
bed length, dz, over a differential-time duration, df, gives

ac 9
EbuAbC‘Z = EbUAbC|z+Az +€bAbAZ“§"; +(1 — eb)AbAZ—aff—_
(15-97)

Dividing by Az and taking the limit as Az — 0 gives
dc 0cC

(1 —€)oqg
T Y

O (15-98)

where ¢ 1s the adsorption loading/unit volume of adsorbent
particles, given by an appropriate adsorption isotherm. By
the chain rule:

dg  dq dc
ot  dc ot

(15-99)
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This hyperbolic PDE (15-98) gives ¢ = f{z, t}. Therefore,
by the rules of implicit partial differentiation:

(30)

02 dt

e | — ] = 15-100

. (az)c 3¢ (15-100)
07

where 1, is the velocity of the concentration wave front,
dz/dt at constant ¢c. Combining (15-98) to (15-100):

)

Uy = — (1 — Eb) i (15-101)
I+ —
€ dc
This equation gives the velocity of the concentration wave
front for the solute in terms of the interstitial fluid velocity
and the slope, dg/dc, of the adsorption 1sotherm. It dg/dc 1s
constant, the wave front moves at a constant value.

In general, the concentration wave front moves through
the bed at a velocity, u,, that 1s much less than the interstitial
fluid velocity. For example, suppose that €, = 0.5 and the
equilibrium adsorption isotherm is given by g = 5,000c.
Then dg/dc = 5,000. Then, from (15-101), u./u = 0.0002.
If the interstitial velocity 1s 3 ft/s, the velocity of the concen-
tration wave front is only 0.0006 ft/s. If the bed were 6 ft 1n
height, it would take 2.78 h for the concentration wave front
to pass through the bed. If the adsorption 1sotherm 1s curved,
regions of the wave front at a higher concentration move at a
velocity different from regions at a lower concentration.
Thus, for a linear isotherm (curve A in Figure 15.29a), the
width of the MTZ and the wave pattern remain constant. For
a favorable isotherm of the Freundlich or Langmuir type
(curve B in Figure 15.29a), high-concentration regions move
faster than low-concentration regions, and the wavefront
steepens with time until a constant pattern front (CPF) 1s
developed, as shown in Figure 15.29b. For the much less
common unfavorable type of isotherm (Curve C in Fig-
ure 15.29a), low-concentration regions travel faster and the
wavefront broadens with time. |

For the general case where external and internal mass-
transfer resistances are finite and/or axial dispersion 1s not
negligible, methods for predicting concentration profiles and
breakthrough curves have been the subject of much study.
As will be shown, when mass-transfer resistances are a fac-

tor, the concentration fronts develop quite differently from
the equilibrium fronts just described. Solutions for a number

of simplified cases are discussed in detail by Ruthven [10].
The PDE for the governing dynamic behavior 1s a modifica-

tion of (15-93):

0’c  d(uc) dc (1 —¢py) 0q
— Dy - | -+ = 0 15-102
" 922 i 07 0t €, Of ( )

where the first term accounts for axial dispersion with eddy
diffusivity Dy, the second term permits an axial variation in
fluid velocity, and the fourth term 1s now based on g, the
volume-average adsorbate loading per unit mass. Thus,
the latter term accounts for the variation of g throughout the
adsorbent particle, due to internal mass-transter resistance,
by averaging the rate of adsorption over the adsorbent parti-
cle. The volume-average adsorbate loading for a spherical
particle 1s given by

3 tr ‘
qg=|—= f rrqdr (15-103)
R ] Jo

where R, s the radius of the adsorbent particle.

Equation (15-102) gives the concentration of solute 1n the
bulk fluid as a function of time and location in the bed. Equa-
tion (15-68) gives the concentration of the solute in the fluid
within the pores of an adsorbent particle. These two equa-
tions are coupled together by the continuity condition at the
particle surtace:

JcC
D, (____.) = k.(Cc — CRr,) (15-104)
ar ) g, |

where k. is the external mass-transfer coefficient and D, is the
effective diffusivity in the particle, as discussed 1 Sec-
tion 15.3. The simultaneous solution of (15-102), (15-103),
(15-68), and (15-104) 1s a formidable task, which can be
avoided by using the linear-driving-force (LDF) model tor-
mulated by Glueckauf [74, 75] and discussed in detail by
Yang [25] and Ruthven [10]. This model, which 1s widely
used to simulate and design fixed-bed adsorption, 1s based on
the following relation, which replaces (15-68) and (15-104):

57
5-‘5_- = k(q* —§) = kK(c—c*)  (15-105)
where g* 1s the adsorbate loading 1n equilibrium with the
solute concentration, ¢, in the bulk fluid; ¢™ 1s the concentra-
tion in equilibrium with average loading g; & 1s the overall
mass-transfer coefficient, which includes both external-

and internal-transport resistances; and K 1s the adsorption-

Figure 15.29 Eftfect of shape of isotherm
on sharpness of concentration wavefront.
(a) Isotherm shapes. (b) Self-sharpening

wavefront caused by a favorable adsorption
1sotherm.



equilibrium constant for a linear adsorption isotherm of the
form g = Kc.

A suitable relationship for the factor kK is
1 R, K

kK 3k. ' 15D,

(15-106)

where the first term on the RHS represents the external
mass-transter resistance, k. a,, since for a sphere, the surface
area/unit volume, a,, is given by

4’1TR!2)/[(4/3)1TR§)] = 3/R,

The second term 1n (15-106) represents the internal resis-
tance, which was first developed by Glueckauf [75], but can
also be derived by assuming a parabolic adsorbate loading
profile, in the particle, as shown by Liaw et al. [76]. Thus, let

g = ap+ a,r + ar’ (15-107)

where the constants a; depend on time and location in the
bed, but are independent of r. Because dg/dr =0 at r =0
(symmetry condition), a; = 0. Equating Fick’s first law for
diffusion into the particle at the particle surface, to the rate of
accumulation of adsorbate within the particle, assuming that
etfective diffusivity 1s independent of concentration, we
obtain

¢ 0 3D, 0
%9 _pa 2 — 1 (15-108)
0t ar =R, Rp Ori,_pg,
At the particle surface, from (15-107):
qr, = a0 + @R, (15-109)

Substituting (15-107) with a; = 0 into (15-103) and inte-
grating gives

3

g =ao+ -aR; (15-110)

Combining (15-109) and (15-110) to eliminate ag gives

ap = 2;}% (qr, — q) (15-111)
From (15-107):
%9 = 2a2 R, (15-112)
or r=R,
Combining (15-110), (15-111), and (15-108):
dg 15D, _
- = Rf,ﬂ (qr, — q) (15-113)

Comparing (15-105) with (15-113), we see that the internal
resistance 1s given by the second term in (15-106).

The analytical solution of a simplified form of (15-102),

which assumes negligible axial dispersion, constant fluid
velocity, u, and the LDF mass-transfer model, is summarized
by Ruthven [10] and discussed in detail by Klinkenberg [77].
The solution was first obtained in terms of Bessel functions
by Anzelius {78] for the analogous problem of heating or
cooling a packed bed of depth z with a fluid. A useful
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approximate solution 1s that of Klinkenberg [79]:

C ] ] 1

where
kK ] —
§ = ‘ ( Eb) = Dimensionless distance coordinate
2] Ch
(15-115)
T =k (r — -Z-—) — Dimensionless time coordinate corrected
“ for displacement  (15-116)
erf(—x) = —erf(x) (15-117)
2 o
erf(x) = / e " d (15-118)
7 Js

where ¢ and 7 are coordinate transformations for z and ¢,

- which convert the equations to a much simpler form. The

approximation (15-114) i1s accurate to <0.6% error for
& > 2.0. The erf(x), which 1s included as a function in most
spreadsheet programs, 1s 0.0 at x =0 and asymptotically
approaches a value of 1.0 for x > 2.0, where x 1s a dummy
variable.

Klinkenberg [79] also includes the following approxi-
mate solution tor profiles of solute conCentration in equilib-
rium with the average sorbent loading:

>k

izi%—;—[l+erf(ﬁw\/§' : : ):l

CF Q?: 8«/’F 8x/§
(15-119)

where ¢* = ¢/K and b*/cp = q/qr, where g} 1s the load-
ing 1n equilibrium with cp.

Air at 70°F and 1 atm, containing 0.9 mol% benzene, enters a
fixed-bed adsorption tower at a flow rate of 23.6 Ib/min. The tower
is 2 ft in inside diameter and is packed to a height of 6 ft with 735 1b
of 4 x 6 mesh silica gel (SG) particles having an effective diameter
of 0.26 cm and an external void fraction of 0.5. The adsorption
1sotherm for benzene has been experimentally determined for the
conditions of interest and found to be linear over the concentration
range of interest, as given by

g =Kc*=5,120¢" (1)
where

g = 1b benzene adsorbed per ft° of silica gel particles

¢* = equilibrium concentration of benzene in the gas, in lb
benzene per ft’ of gas

Mass-transfer experiments, simulating the conditions of the 2-foot-

diameter bed, have been carried out and fitted to a linear-driving-
force (LDF) model:

9 .
-—‘f — 0.206K (¢ — ¢¥) 2)

where time is in minutes. The constant k¥ = 0.206 min~! includes

resistances both in the gas film and in the adsorbent pores, with the
latter resistance dominant.
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Using the approximate concentration-profile equations of
Klinkenberg [7°7], compute a set of breakthrough curves and deter-
mine the time when the concentration of benzene in the exiting
air rises to 5% of the inlet concentration. Assume isothermal and
isobaric operation. Compare the breakthrough time with the time
predicted by the equilibrium model.

SOLUTION

For the equilibrium model, the bed becomes completely saturated
with benzene at the inlet concentration.

MW of entering gas = 0.009(78) + 0.991(29) = 29.44
Density of entering gas = (1)(29.44) /(0.730)(530) = 0.076/1b/ft’
Gas flow rate = 23.6/0.0761 = 310 ft’/min

(23.6)
50 44 (0.009)(73)

Benzene flow rate in entering gas =

= (.562 1b/min
or '

0562
T30

— 0.00181 Ib benzene/ft® of gas

From (1),
Ib benzene

ft’ SG

The total adsorption of benzene at equilibrium
~9.27(3.14)(2)%(6)(0.5)
- 4

g = 5,120(0.00181) = 9.27

= &87.3 1b

37.3
0.562

For the actual operation, taking 1nto account external and internal
mass-transfer resistances, from (15-115) and (15-116),

= 155 min

Time of operation =

0.206)(5,120 1 -0.5
g = 0200 )Z( ):1,055z/u
U 0.5
. . . 310 |
u = 1nterstitial velocity = s— = 197 ft/min
(3.14 X 2 ) (3)
0.5
4
1,055 '
= — 5.36
& 197 Z Z

where z 1s 1n feet.

When z = bed height = 6 ft,£ = 32.2 and T = 0.206 (r 1 ;7)

(4)

where ¢ 1s 1n minutes. For ¢t = 155 min (the 1deal time), and z = 6 {t
(the bed height), using (4), T = 32.

Thus, breakthrough curves should be computed from (15-114)
for values of T and £ no greater than about 32. For example, when
& = 32.2 (exit end of the bed), and T = 30, which corresponds to a

time ¢ = 145.7 minutes, the concentration of benzene 1in the exiting
gas, from (15-114), 1s

l
oz [1 + erf (300-5 —32.29° 4
Cr 2

1 1
8(30)0- i 8(32.2)0-5)_|
1 ]
== 5[1 + erf(—0.1524)] = -2-erfc(0.1524)

This tar exceeds the specification of ¢/cr = 0.05 or 5% at the exit.
Thus, the time of operation of the bed is considerably less than the
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c/er 0.5

0 5 10 15 20 25 30 35 40
. dimensioniess time

Figure 15.30 Gas concentration breakthrough curves tor
Example 15.11.

ideal time of 155 min. Figure 15.30 shows breakthrough curves
computed from (15-114) over a range of the dimensionless time, 7,
for values of the dimensionless distance, &, of 2, 5, 10, 15, 20, 25,
30, and 32.2, where the latter corresponds to the exit end of the bed.
For ¢/cr=0.05 and & = 32.2, 7 is seen to be about 20 (19.9 by
calculation).

From (4), with z

¥

6 ft, the time to breakthrough 1s

= 20 4+ 5 — 97 1 min which is 62.3% of the ideal time.

0.206 ' 197
Figure 15.30 or (15-114) can be used to compute the bulk con-

centration of benzene at various locations in the bed tor v = 20.
The results are as follows:

& zZ, It | c/cr

2 0.373  1.00000

5 0.932 0.99948
10 1.863 0.97428
15 2.795 0.82446
20 3.727 0.53151
25 4.658 0.25091
30 5.590 0.08857
32.2 6.000 0.05158

We can also compute, at T = 20, the adsorbent loading, at various
positions in the bed, from (15-119), using g = 5,120¢. The maxi-
mum loading corresponds to cr. Thus, gmax = 9.28 1b benzene/ft’
of SG. Breakthrough curves for the solid loading are plotted in
Figure 15.31. As expected, those curves are displaced to the right

q/qr 0.5

t, dimensionless time

Figure 15.31 Adsorbent loading breakthrough curves for
Example 15.11.
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from the curves of Figure 15.30. At T = 20:

>

¢ q -~ 1b benzene
: 2, 1 v an PTHSG
2 0.373 0.99998 0.28
5 0.932 (0.9988&3 9.27
10 1.863 0.96054 8.91
15 2.795 0.77702 7.21
20 3.727 0.46849 4.35
25 4.658 0.20571 1.909
30 5.590 0.06769 0.628
32.2 6.000 0.03827 0.355

The values of g in the preceding table are plotted in Figure 15.32

and 1ntegrated over the 6-foot bed length to obtain the average
bed loading:

6 |
Gave = f Gdz/6
O

The result is 5.72 1b benzene/ft’ of SG, which is 61.6% of the max-

imum loading based on the inlet benzene concentration.

If the bed were increased in height by a factor of 5, to 30 ft,
¢ = 161. The ideal time of operation would be 780 min or 13 h.
With mass-transfer effects taken into account, as before, the
dimensionless operating time to breakthrough is computed to be
T = 132, or breakthrough time from (4) is

. 132
~0.206

30
-+ 5 = 641 min

which 1s 82.2% of the ideal time. This represents a substantial
increase in bed utilization.

Scale-up for Constant-Pattern Front

In Example 15.11, the wavefront (of the type shown in
Figure 15.28a), broadens as it moves through the bed. This 1s
shown 1n Figure 15.33, where MTZ, the width of the mass-
transfer zone, 1s plotted against the dimensionless time, T, up
to the value of 20 where the front breaks through the 6-foot-
long bed. The MTZ 1n Figure 15.33 is based on a range of
c/cr from 0.95 to 0.05. As seen, M'TZ increases from about
2 teet at T = 6 to about 4 feet at T = 20. As shown, with
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6 Figure 15.32 Adsorbent loading profile for
Example 15.11.

increasing T, the rate of broadening slows. However, for a
deeper bed, it 1s found that even at 7 = 100, the wavefront is
still slowly broadening.

The continual broadening of the wavefront determined in
Example 15.11 1s typical of that obtained with a linear ad-
sorption i1sotherm (curve A 1n Figure 15.29a). The wavefront
also continues to broaden with an unfavorable isotherm
(curve C 1n Figure 15.29a). But, when the 1sotherm is of
the tavorable Langmuir or Freundlich type (curve B in Fig-
ure 15.29a), wavetront broadening rapidly diminishes and
an asymptotic or constant-pattern front (CPF) 1s developed.
For such a front, MTZ becomes constant and curves of ¢ /cx
and g /g™ become coincident. -

The bed depth at which the CPF is approached depends
upon the nonlinearity of the adsorption isotherm and the 1m-
portance of adsorption kinetics. The mathematical proof of
the existence of an asymptotic wavefront solution is given
by Cooney and Lightfoot [80], including the case of axial
dispersion. Initially, the wavefront broadens because of
mass-transfer resistance and/or axial dispersion. Eventually,
the opposite influence of a favorable isotherm, as shown in
Figure 15.29b, comes into play and an asymptotic wavefront
pattern 1s approached. For a constant-pattern front, Sircar
and Kumar [81] present some analytical solutions and
Cooney [82] presents a rapid approximate method, illus-
trated with the Freundlich and Langmuir isotherms, to esti-
mate concentration profiles and breakthrough curves when
mass-transter and equilibrium parameters are available.

ft
L
3

= bW
O U1 O U1 O

MTZ, width of wave front,
-
o

©
o
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7, dimensionless time

20

Figure 15.33 Broadening of wavefront in Example 15.11.
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When the constant-pattern-front assumption 1s valid, it
can be used to determine the length of a full-scale adsorbent
bed from breakthrough curves obtained 1n small-scale labo-
ratory experiments. This widely used technique 1s described
by Collins [83] for purification applications. The adsorbent
bed 1s considered to be the sum of two sections, analogous to
those mentioned for ideal, fixed-bed adsorption. Thus, the
total bed length 1s estimated to be the sum of the length,
LES, of the ideal, fixed-bed adsorber plus an additional
length, called the LUB, that depends on the observed width
of the MTZ and the shape of the ¢/cyr profile within that
zone. The total required bed length 15

Lz = LES + LUB (15-120)

For the 1deal, fixed-bed adsorber, with MTZ = 0, LUB 1s not
necessary, but if Lg > LES, then LUB 1s the length of unused
bed. However, when an MTZ 1s present, then an LUB 1s nec-
essary and 1s referred to as the equivalent length of unused
bed. To determine LUB from an experimental breakthrough
curve, for the same feed composition and superficial veloc-
1ty to be used 1n the commercial adsorber, and for a CPE, the
front 1s located such that in Figure 15.34, area A 1s equal to
area B. Then:

L,
LUB = Ideal wavefront velocity x (t; — ) = -—;—-—-—(z‘s — 1p)
C(15-121)

where L, 1s the length of the experimental bed. For the 1deal
case, a solute mass balance for a cylindrical bed of diameter

D gives
D2

CFQFZ — QprTT“Z“(LES) (15-122)

where 15 the time to breakthrough, from which the LES can
be determined.

Loading = 0

q/‘?i’F

t o f
b
t, time for adsorption step

Figure 15.34 Determination of bed length from laboratory
measurements.

Sorption Processes: Chromatography, Adsorption, and Ion Exchange

Instead of positioning the stoichiometric front for equal
areas in Figure 15.34, the LUB can be determined from the
experimental breakthrough-curve data by computing £, from

[o C
f, = [ ] dt
0 CF

If, in Figure 15.34, ¢, 1s located midway between ¢, and ¢,,
such that the shape of the experimental breakthrough curve
below area B i1s equivalent to the curve above area A, then
LUB =MTZ/2, 1.e., one-half of the width of the mass-
transfer zone. In the absence of experimental breakthrough
data, a conservative estimate of MTZ 1s 4 ft.

(15-123)

EXAMPLE 15.12

Collins [83] presents the following experimental data tor the ad-
sorption of water vapor from nitrogen in a fixed bed of 4A molecular
Sieves:

Bed depth = 0.88 ft, temperature = 83°F (negligible temperature
change), pressure = 86 psia (negligible pressure drop), G =
entering gas molar velocity = 29.6 Ibmol/h-ft*, entering water con-
tent = 1,440 ppm (by volume), initial adsorbent loading = 1 1b /100
b sieves, and bulk density of bed = 44.5 1b/ft’. For the entering gas
moisture content, ¢, the equilibrium loading, gr, = 0.186 1b H,O/
Ib solid.

Cexits PPIN Cexit, PPIN
(by volume) Time, h (by volume) Time, h
<1 0-9.0 650 10.8
1 | 9.0 308 11.0
4 9.2 | 080 11.25
9 9.4 1,115 11.5
33 9.6 1,235 11.75
30 9.8 1,330 12.0
142 10.0 1,410 12.5
238 10.2 1,440 12.8
365 10.4 1,440 13.0

Determine the bed héight required for a commercial unit to be
operated at the same temperature, pressure, and entering gas mass
velocity and water content to obtain an exiting gas with no more than
9 ppm (by volume) of water vapor with a breakthrough time of 20 h.

SOLUTION
1,440(18
G = Or — 29.6 1bmol N,/h-ft*of bed cross-section
D% /4

Initial moisture content of bed = 0.01 1b H,O/Ib solid

From (15-122),
(0.02592)£29.6)(20)

(0.186 — 0.01)(44.5)
Use the integration method to obtain LUB. From the data:

LES = = 1.96 ft

Take t, = 12.8 h (1,440 ppm) and t;, = 9.4 h (9 ppm)



By numerical integration of the breakthrough-curve data, using
(15-123): £, = 10.93 h

From (15-121),
10.93 —9.40

10.93

LUB = ( ) (0.88) = 0.12 ft

From (15-120):
Lyp= 196+ 0.12 = 2.08 ft or a bed utthization of
94.2%.

Alternatively, the following approximate calculation can be
made. Let ¢, the beginning of breakthrough, be 5% of the final ppm
or 0.05(1440) = 72 ppm. Using the experimental data, this corre-
sponds to #, = 9.76 h. Let 1., the end of breakthrough, be 95% of the
final ppm or 0.95(1440) = 1370 ppm, corresponding to ¢, = 12.25 h.
Let ¢, = the midpoint or (9.76 + 12.25)/2 = 11 h. The 1deal wave-
front velocity = L,/t; = 0.88/11 = 0.08 {t/h. From (15-121),
LUB = 0.08(11 — 9.76) = 0.1 ft. That 1s, the MTZ = 0.2 {t and
L =196+ 0.1 = 2.06 ft.

1.96 or.
S55 X 100% =

Thermal-Swing Adsorption

Thermal (temperature)-swing adsorption (TSA), in its sSim-
plest configuration, 1s carried out with two fixed beds 1n par-
allel, operating cyclically, as in Figure 15.20b. While one bed
1S adsorbing solute at near-ambient temperature, 71 = 1,qs,
the other bed is regenerated by desorbing adsorbate at a
higher temperature, 7T, = T4, at which the equilibrium
adsorbate loading 1s much less for a given concentration of
solute in the fluid, as illustrated 1n Figure 15.21. Although the
desorption step might be accomplished in the absence of a
purge fluid by simply vaporizing the adsorbate, readsorption
of some solute vapor would occur upon cooling the bed.
Thus, 1t is best to remove the desorbed adsorbate with a
purge. The desorption temperature 1s high, but not so high as
to cause deterioration of the adsorbent. TSA 1s best applied to
the removal of contaminants present at low concentrations 1n
the feed fluid. In that case, nearly 1sothermal adsorption and
desorption is achieved. An ideal cycle involves four steps:

Feed
Less-adsorbed
product (adsorbate
partial pressure = P,) Heater
]
-
S Q]
et et
vy O
s | I .
w Q
2 | 3
l K
|

Possible

direct vent

Cooler

=
Feed (adsorbate

partial pressure = Py}

.

Adsorbed product

Adsorbate loading
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(1) adsorption at T; to breakthrough, (2) heating of the bed
to T, (3) desorption at T, to a low adsorbate loading, and
(4) cooling of the bed to T). Practical cycles do not operate
with isothermal steps. Instead, Steps 2 and 3 are combined
for the regeneration part of the cycle, with the bed being
simultaneously heated and desorbed with preheated purge
gas until the temperature of the effluent approaches that ot
the inlet purge. Steps 1 and 4 may also be combined because,
as discussed in detail by Ruthven [10], the thermal wave pre-
cedes the MTZ front. Thus, adsorption takes place at essen-
tially the feed-fluid temperature.

The heating and cooling steps cannot be accomplished
instantaneously because of the relatively low bed thermal
conductivity. Although heat transfer can be done indirectly
from jackets surrounding the beds or from coils located
within the beds, bed temperature changes are more readily
achieved by preheating or precooling a purge fluid, as shown
in Figure 15.35. The purge fluid can be a portion of the feed
or effluent, or some other fluid. The purge fluid can also be
used in the desorption step. When the adsorbate 1s valuable
and easily condensed, the purge fluid might be a noncon-
densable gas. When the adsorbate is valuable, but not easily
condensed, and 1s essentially insoluble in water, steam may
be used as the purge fluid, followed by condensation of the
steam to separate it from the desorbed adsorbate. When
the adsorbate is not valuable, fuel and/or air can be used as
the purge fluid, followed by incineration. Often the amount
of purge used in the regeneration step is much less than the
amount of feed sent to the bed in the adsorption step. In Fig-
ure 15.35, the feed fluid 1s a gas. The spent bed 1s heated and
regenerated with preheated feed gas, which is then cooled to
condense the desorbed adsorbate.

Because of the time to heat and cool a fixed bed, cycle
times for TSA are long, usually extending over periods of
hours or days. The longer the cycle time, the longer the re-
quired bed length, and the greater the percent utilization of
the bed during adsorption. However, for a given cycle time,

Adsorbate partial pressure

Figure 15.35 Temperature-swing
adsorption cycle.
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-—— Purge flow direction

919y

q/9F [ q9/qr

3

when the width of the MTZ is an appreciable fraction of the
bed height, such that the capacity of the bed is poorly uti-
lized, consideration should be given to a lead-trim-bed
arrangement of two beds in series for the adsorption step.
When the lead bed is spent, it is switched to regeneration. At
this point in time, the trim bed has an MTZ occupying a con-
siderable portion of the bed, and that bed becomes the lead
bed, with a regenerated bed becoming the trim bed. In this
manner only a fully spent bed is switched to regeneration.
Thus, a total of three beds is used. If the flow rate of the feed
stream 18 very high, beds in parallel may be required for both
adsorption and desorption.

The adsorption step is usually conducted with the feed
fluid lowing downward through the bed. The flow direction
for desorption can be either downward or upward, but the up-
ward, countercurrent direction 1s usually preferred because it
1s more etficient. Consider the sequence of loading fronts
shown 1n Figure 15.36, for regeneration countercurrent to ad-
sorption. Although the bed i1s shown in a horizontal position,
it must be positioned vertically. The feed fluid flows down-
ward, entering at the left and leaving at the right. At time
t = 0, breakthrough has occurred, with a loading profile as
shown at the top, where the MTZ is seen to be about 25% of
the bed. It the purge fluid for regeneration also flows down-
ward (entering at the left), all of the adsorbate will have to
move through the unused portion of the bed. Thus, some
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Figure 15.36 Sequence of loading profiles
during countercurrent regeneration.

of the desorbed adsorbate will be readsorbed 1n the unused
section and then desorbed a second time. If countercurrent re-
generation 1$ used, the unused portion of the bed 1s never con-
tacted with desorbed adsorbate. During a countercurrent re-
generation step, the loading profile changes progreSsively, as
shown for a series of times 1n Figure 15.36. The right-side end
of the bed, where the purge enters, 1s desorbed first. At the
end of regeneration, the residual loading may be uniformly
zero or, more likely, finite and nonuniform as shown at the
bottom of Figure 15.36. If the latter, then the useful cyclic ca-
pacity, called the delta loading, 1s as shown 1n Figure 15.37.

Calculations ot the concentration and loading profiles
during desorption are only approximated by (15-114) and
(15-119) because the loading is not uniform at the beginning
of desorption. A numerical solution for the desorption step
can be obtained 1n the following fashion using a procedure
discussed by Wong and Niedzwiecki [84]. Although their
method was developed tor the adsorption step, 1tis readily ap-
plied to desorption. In the absence of axial dispersion and for
constant fluid velocity, (15-102) and (15-105) are rewritten as

ua(b i a(bﬁ—(lﬁ%)k]{((b——d})zo (15-123)
07 ot €}
aa‘f — k(b — ) (15-124)

Figure 15.37 Delta loading for
regeneration step.



where
(15-125)
(15-126)

G =c/cF
 =q/qr

and cr and g are the values at the beginning of the adsorp-
tion step. The boundary conditions are as follows:

Att=0: ¢ = oz} at the end of the adsorption step

s = {z} at the end of the adsorption step

where, for countercurrent desorption, it is best to let z start
from the bottom of the bed (called z') and increase in the di-
rection of purge-gas flow. Thus, u in (15-123) is positive.

Atz =0: ¢ = 0 (no solute in the entering purge gas)

Y =0

Partial differential equations (15-123) and (15-124) in inde-
pendent variables z and ¢ can be converted to a set of ordi-
nary differential equations (ODESs) in independent variable ¢
by the method of lines (MOL), which was first applied to
parabolic PDEs by Rothe in 1930, as discussed by Liskovets
[85], and subsequently to elliptic and hyperbolic PDEs. The
MOL 1s developed in detail by Schiesser [86]. The lines refer
to the z’-locations of the ODEs. To obtain the set of ODEs,
the z'-coordinate is divided into N increments or N 4 1 erid
points that are usually evenly spaced. For many problems,
20 mcrements are sufficient. Letting i be the index for each
grid point in 7', starting from the end where the purge gas
enters, and discretizing d¢/dz’, (15-123) and (15-124)
become

d(bz B A(b l%eb
o T T (AZ’)f — (“"‘"“gb )kK(be — ),

i=1 N+1 (15-127)
i=1N-+1 (15-128)

dis;
dt

= k(d — §;),

where the 1nitial conditions (# = 0) for ¢; and {s; are as given
above. Betore we can integrate (15-127) and (15-128), we
must provide a suitable approximation for (Ad/Az’);. In gen-
eral, for a moving-front problem of the hyperbolic type here
for adsorption and desorption, the simple central difference

AP div1 — iy
Az ], 2A7

1s not adequate. Instead, Wong and Niedzwiecki [84] found
that a five-point, biased, upwind, finite-difference approxi-
mation, discussed by Schiesser [87], is very effective. This
approximation, which is derived from a Taylor’s series
analysis, places emphasis on conditions upwind of the mov-
ing front. At an interior grid point:

AZ . |
(15-129)

Note that the coefficients of the ¢-factors, inside the square
brackets, sum to 0. At the last grid point, N + 1, where the

A 1 ' '
(_“E) > 12A =P+ 6o — 18—y + 10dy + 3]
; 4
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purge gas exits, (15-129) 1s replaced by

A |
(Ajj)N-H N 12A7 33 = 16¢y-2 + 30dy—1 — 48y + 250y 1]
(15-130)

For the first three node points, the following approximations
replace (15-129):

AGY 1 B B
(AZ;)I v (=251 + 4840 — 3645 + 16¢; — 3]

(15-131)

AYOR U B B B |
(Az’)z R 12Az’[ 3¢ — 10dn + 183 — 6y + ds]
(15-132)

AG\ 1
(A“Z;)B ~ 12Az"[¢l — 8¢y + O3 + 8y — s

(15-133)

However, because values of ¢&; (at z/ = 1) are given as a
boundary condition, (15-131) 1s not needed.

Equations (15-127) to (15-133) with boundary conditions
for ¢; and {s; constitute a set of 2N ODE:s as an initial-value
problem, with time as the independent variable. However,
the values of ¢; and {s; at the different axial locations can
change with time at vastly different rates. For example, in
Figure 15.36 for desorption fronts, if we divide the bed
length, L, into 20 equal-width increments, starting from the
right-hand side where the purge gas';_‘ enters, we see that 1ni-
tially {s»;, where the purge gas exits, is not changing at all,
while {5 1s changing rapidly. Near the end of the desorption
step, ¥, 1s changing rapidly, while {5 is not. The same ob-
servations hold for ¢;. This type of response is referred to as
stiffness, as described by Schiesser [87] and in Numerical
Recipes by Press et al. [88]. If we attempt to integrate the set
of ODEs with simple Euler or Runge—Kutta methods, not
only do we encounter truncation error, but, with time, the
computed values of ¢; and {s; go through enormous instabil-
ity, characterized by wild swings between large and impos-
sible positive and negative values. Even if the length 1is
divided into many more than 20 increments and very small
time steps are used, instability 1s still often encountered..

The integration of a stiff set of ODEs is most efficiently
carried out by variable-order/variable-step-size implicit
methods of the type first developed by Gear [89]. These
methods are included in a widely available software package
called ODEPACK, described by Byrne and Hindmarsh [90].

The subject of stifiness 1s also discussed in Chapter 13.

In Example 15.11, benzene is adsorbed from air at 70°F and 1 atm
onto silica gel in a fixed-bed adsorber, 6 ft in length. Breakthrough
occurs at close to 97.1 min for @ = 0.05. At that time, values of
¢ =c/cr and ¥ = g/qy in the bed are distributed as follows,
where 7' is measured backwards from the exit of the bed for the
adsorption step. These results were obtained by the numerical
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method just described, as applied to the adsorption step, and are in
close agreement with the approximate, analytical Klinkenberg
solution given in Example 15.11.

7', ft b =c/cF U = q/q5%
0 0.05227 0.03891
0.3 0.07785 0.05913
0.6 0.11314 0.08776
0.9 0.16008 0.12690
1.2 0.22017 0.17850
1.5 0.29394 0.24387
1.8 0.38042 0.32310
2.1 0.47678 0.41459
2.4 0.57825 0.51469
2.7 0.67861 0.61786
3.0 0.77108 0.71728
3.3 0.84969 0.80603
3.6 0.91057 0.87858
3.9 0.95281 0.93207
4.2 0.97848 0.96690
4.5 0.99172 0.98636
4.8 0.99731 0.99531
5.1 0.99921 0.99857
5.4 0.99987 0.99960
5.7 1.00000 1.00000
6.0 1.00000 1.00000

If the bed is regenerated isothermally with pure air at 1 atm and
145°F, and the desorption of benzene during the heat-up period 1s
neglected, determine the loading, g, profile at times of 15, 30, and
60 min for pure stripping air interstitial velocities of: (a) 197 ft/min,
and (b) 98.5 ft/min. At 145°F and 1 atm, the adsorption isotherm, 1n
the same units as in Example 15.11, 1s

g = 1,000c™ (1)

giving an equilibrium loading of about 20% of that at 70"k Assume
that k is unchanged from the value of 0.206 in Example 15.11.

SOLUTION

This problem is solved by the MOL with 20 increments in z', using
the subroutine LSODE in ODEPACK to integrate the set of ODEs.
The user supplies the FORTRAN MAIN program and the subrou-
tine FEX, shown in Table 15.9, for the derivative functions given
by (15-127) to (15-130) and (15-132) to (15-133). The program
L.SODE includes detailed instructions for writing these two rou-
tines. Note that the program in Table 15.9 actually includes both the
adsorption and desorption steps for desorption conditions of 30 min
at 197 ft/man.

The computed loading profiles for all conditions are plotted 1n
Figures 15.38a and b, for desorption interstitial velocities of 197 and
98.5 ft/min, respectively, where z is the distance from the feed gas
inlet end of the bed for the adsorption step. The curves are similar
to those shown in Figure 15.30. For the 197 ft/min case, desorption
is almost complete at 60 min with less than 1% of the bed still
loaded with benzene. If this velocity were used, this would allow
07.1 — 60 = 37.1.min for heating and cooling the bed before and
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Figure 15.38 Regeneration loading profiles for Example 15. 13.
(a) Regeneration air interstitial velocity = 197 ft/min.
(b) Regeneration air interstitial velocity = 98.5 ft/min.

after desorption. For the 98.5 ft/min case at 60 min, about 5% of the
bed is still loaded with benzene. This may be acceptable, but the re-
sulting adsorption step would take a little longer because 1nitially
the bed would not be clean. Several cycles are required to establish
a cyclic steady state, whose development is considered in the next
section on pressure-swing adsorption.

Pressure-Swing Adsorption

Pressure-swing adsorption (PSA) and vacuum-swing ad-
sorption (VSA), in their simplest configurations, are carried
out with two fixed beds in parallel, operating in a cycle, as 1n
Figure 15.39. Unlike TSA, where thermal means is used to
effect the separation, PSA and VSA use mechanical work to
increase the pressure or create a vacuum. While one bed 1s

adsorbing at one pressure, the other bed is desorbing at a

lower pressure, as was illustrated in Figure 15.21. Unlike
TSA, which can be used to purify gases or liquids, PSA and
VSA are used only with gases, because a change in pressure
has little or no effect on the equilibrium loading for liquid
adsorption. PSA was originally used only for purification, as
in the removal of moisture from air by the “heatless dner,”
which was invented by C.W. Skarstrom 1n 1960 to compete
with TSA. However, by the early 1970s, PSA was being ap-
plied to bulk separations such as the partial separation ot air
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Table 15.9 FORTRAN Computer Program for Example 15.13

PROGRAM tsa
IMPLICIT DOUBLE PRECISION(A-H, 0-Z)
EXTERNAL FEX
DIMENSION C(40),ATOL(60),RWORK(4162),IWORK(90),CH(40),DL(40)
COMMON CF,VEL,AK,A(20)
open (unit=3,file="‘nl.out’)
write(3,*) ‘desorption velocity=197ft/min, desorption time=30min’
NEQ=60
CFo=0.00181
CF1=0.0
TCA=97.1
NUMCYCLE=1
MXSTEP=2000
DO 55 I=1,20
55 C(I)=0.0

DO 56 I=21,40
C(I)=0.0
50 CONTINUE

1=0.D0

TOUT=0.0

LITOL=2

RTOL=1.D-6

DO 57 I=1, 60

ATOL(I)=1.0 D-1/
57 CONTINUE

ITASK=1
ISTATE=1
10PT=1

IWORK (6)=2000
LRW=4162
LIW=90

MF=22

CF=CFO
CO=CF
AK=5120.
Q0=AK*(C0O

CALL LSODE(FEX,NEQ,C,T,TOUT,ITOL,RTOL,ATOL,ITASK,ISTATE,
1 TOPT, RWORK, LRW, IWORK,LIW, JEX,MF)

WRITE(3,*) ‘CONDITIONS AT THE BEGINNING '’
WRITE(3,*) ‘TIME(SEC)=",TOUT
WRITE(3,*) ‘CONC. GAS PHASE’
WRITE(3,*)C0, (C(I),I=1,20)
WRITE(3,*) ‘LODING gm/gm’
WRITE(3,*)Q0, (C(I),I=21,40)
write(3,128)

128 format(///)
CoDL=1.0
QoDL=1.0
DO 989 I=1,20
DL(I)=C(I)/COo
DL (I+20)=C(I+20)/Q0

989 CONTINUE
WRITE(3,*) ‘DIMENSIONLESS CONDITIONS AT THE BEGINNING®
WRITE(3,*) ‘TIME(SEC)=",TOUT
WRITE(3,*) ‘DIMENSIONLESS GAS CONCENTRATION C/CF’
WRITE(3,*)CODL, (DL(I),I=1,20)
WRITE(3,*) ‘DIMENSIONLESS LOADING Q/Q0’
WRITE(3,*)QoODL, (DL(I),I=21,40)

write(3,129)

(continued)
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Table 13.9 (Continued)

129 ftormat(////////)
DO 1000 KK=1,NUMCYCLE

CF=CF0

Co=CF

AK=5120.
- Q0=AK*(C0

VEL=197.0
ISTATE=1
TOUT= 97.1

CALL LSODE(FEX,NEQ,C,T.TOUT,ITOL,RTOL,ATOL,ITASK,ISTATE,
1  IOPT,RWORK,LRW,IWORK,LIW,JEX,MF)
TF(KK.EQ.1)GOT018
TF((KK/25)%25.NE.KK)GOTO81
18 WRITE(3,*) ‘CONDITIONS AT THE END OF ADSORPTION STEP’
WRITE(3,*)‘STEP TIME(SEC)=",TOUT
WRITE(3,*) ‘CONC. OF GAS PHASE’
WRITE(3,*)C0, (C(I),I=1,20)
WRITE(3,*) ‘LOADING gm/gm’
WRITE(3,*)Q0, (C(I),I=21,40)
WRITE(3,741)
741 FORMAT(///)
CoODL=1.0
QODL=1.0
DO 990 I=1,20
DL(I)=C(I)/Co
DL(I+20)=C(I+20)/Q0
990 CONTINUE
WRITE(3,*) ‘DIMENSIONLESS CONDITIONS AT THE END OF ADSORPTION’
WRITE(3,*) ‘STEP TIME(SEC)=’,TOUT
WRITE(3,*) ‘DIMENSIONLESS GAS CONCENTRATION C/CF’
WRITE(3,*)CODL, (DL(I),I=1,29)
WRITE(3,* ‘DIMENSIONLESS LOADING Q/Q0’
WRITE(3,*)QODL, (DL(I),I=21,40)
WRITE(3,238)
238 FORMATC(////////)

81 1=0.0
VEL=197.0
TOUT=30.0
ISTATE=1

CF=CF1
Co=CF
AK=1000.0
QO=AK*C0

DO 91 I=1,40
CH(I)=C(I)
91 CONTINUE

DO 92 1I=1,19

C(I)=CH(20-1)
92 CONTINUE

C(20)=CFO

DO 95 I=1,19
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Table 15.9 (Continued)

95 C(20+I)=CH(40-1)
C(40)=CF0*5120.
CALL LSODE (FEX,NEQ,C,T,TOUT,ITOL,RTOL,ATOL,ITASK,
1 ISTATE,IOPT,RWORK,LRW,IWORK,LIW,JEX,MF)

DO 93 I=1,40
CH(I)=C(I)
93 CONTINUE

DO 94 I=1,19
C(I)=CH(20-I)
C(20+I)=CH(40-1I)
94 CONTINUE
Co=C(20)
Q0=C(40)
C(20)=CF1
C(40)=1000.*CF1
TF(KK.EQ.1)GOT038
IF((KK/25)%25.NE.KK)GOT0O1000
38 WRITE(3,*) ‘CONDITIONS AT THE END OF DESORPTION °
WRITE(3,*) ‘STEP TIME(SEQ)=',TOUT
WRITE(3,%) ‘CONC. OF GAS PHASE
WRITE(3,*)CO, (C(1),I=1,20)
WRITE(3,*) ‘LOADING gm/gm’
WRITE(3,*)Q0, (C(I),I=21,40)
WRITE(3,264)
264 FORMAT (///)
CODL=CO/CFO
QoDL=Q0/(CF0*5210.)
DO 991 I=1,20
DL(I)=C(I)/CF0
DL(I+20)=C(I+20)/(CF0*5120.)
991 CONTINUE
WRITE(3,*) ‘DIMENSIONLESS CONDITIONS AT THE END OF DESORPTION’
WRITE(3,*) ‘STEP TIME(SEQ)=",TOUT
WRITE(3,*) ‘DIMENSIONLESS GAS CONCENTRATION C/CF’
WRITE(3, *)CODL, (DL(I),I=1,20)
WRITE(3,*) ‘DIMENSIONLESS LOADING Q/Q0°
WRITE(3,*)QODL, (DL(I),I=21,40)
WRITE(3,365)

365 FORMAT(/////777)
1000  CONTINUE

WRITE(3,60)IWORK(11),IWORK(12),IWORK(13)
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