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· The heat of mixing is negligible.

· The stages are equilibrium stages.

The variables X and Y used in the operating equation
(i.e., the equation of the operating line) for leaching, are
defined as follows.

Y
mass†of†solute
mass†of†solvent

26.8

X
mass†of†solute

mass†of†insoluble†solids
26.9

The operating equation for leaching is
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This is the equation for a straight line; the ratio of solid
feed rate to solvent feed rate, Fsolid/Fsolvent, is the slope.
The Y versus X equilibrium data must be obtained
experimentally. Using the McCabe-Thiele method, the
equilibrium stages can be stepped off between the oper-
ating line and the equilibrium line.

5. WASHING........................................................................................................................

NCEES

NCEES Handbook:Multistage Leaching
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The figure “Multistage Leaching Diagram” in NCEES
Handbook: Multistage Leaching is a diagram of a multi-
stage continuous countercurrent leaching flowsheet.
Leaching is the removal of a soluble substance from an
insoluble solid via liquid extraction. The solute transfers
away from the solids into the solvent by mass transfer.
Feed solid slurries, called the underflow, enter at stage
1, containing a liquid flow of La with a solute concentra-
tion of xa. Leached solid slurries exit at stage N, contain-
ing a liquid flow of Lb with a solute concentration of xb.
Lean solvent, called the overflow, enters the process at

stage N at a mass flow rate of Vb and a solute concentra-
tion of Yb. The concentrated solvent, or leachate, exits
at a mass flow rate of Va and a solute concentration of
Ya. A liquid solvent overflows from stage to stage in a
direction opposite to the flow of the solid. It is assumed
that the solids flow rate is constant in the underflow
from stage to stage, that there are no solids in the over-
flow, and that the solute-free solid is insoluble in the
solvent.

The first equation shows that the sum of the liquid flow
inputs, La +Vn+1, and the sum of the liquid flow out-
puts, Va + Ln, in a leaching process will always be equal.
The equation comes from an overall balance on the feed
end, up to and including stage n.

The second equation shows that the sum of the solute
inputs, La (xa) +Vn+1(yn+1), and the sum of the solute
outputs, Va (ya) + Ln (xn), in a leaching process will
always be equal. The equation comes from a solute bal-
ance on the feed end, up to and including stage n.

Several different units may be used for the composition
variables, x and y, if they are consistent. The choice
depends on which units give constant underflow. If con-
stant solution per mass of solids in the underflow is
given, mass of solute per mass of solution should be
used. If constant solvent per mass of solids in the under-
flow is given, mass of solute per mass of solvent should
be used.

The third equation is the equation for a leaching operat-
ing line. The equation is obtained by solving the second
equation for yn+1. If the overflow, V, and the underflow,
L, are constant for the entire cascade, rearranging the
third equation gives an operating line with slope L/V.

The fourth equation is the equilibrium line equation for
leaching. This equation assumes that no adsorption of
the solute on the solids occurs, so that the solution in
the overflow, Ye, and the solution in the underflow, Xe,
have the same composition.

The fifth equation finds the total number of stages, N,
to be evaluated for the stages from stage 2 to stage N.
The first stage must be solved separately because the
underflow coming into the first stage, La, is usually not
the same as the constant underflow for the rest of the
stages, L; this is why the fifth equation gives the value
of N- 1. The fifth equation assumes constant underflow
and straight operating and equilibrium lines.

Example 26.2

A feed to a given stage in a leachate process consists of
0.8 lbm of solids B and 0.2 lbm of solute C. 0.14 lbm of
solute C must be recovered from the leachate; to this
end, solvent A is fed to the stage. Solvent A is a fresh
lean solvent, containing no solute C. The stage is oper-
ated with a concentration of 0.5 lbm solution per lbm
solids in the underflow. There are no solids in the over-
flow, and no adsorption of the solute on the solids
occurs. The leachate composition is most nearly
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dr/dt; or the particle volume shape factor, the particle
surface shape factor, the crystal density, and the mean
linear velocity of growth, v̄ .

The table “Some Mean Overall Crystal Growth Rates
Expressed as a Linear Velocity” in the NCEES Handbook
gives mean overall crystal growth rates for various sol-
utes, temperatures, and supersaturation ratios.

Example 26.7

A supersaturated sodium chloride solution containing
growing crystals is at a temperature of 50°C and a
supersaturation ratio of 1.003. The density of the salt
crystals is 2.16 g/cm3, and the crystals are cube-shaped.
The mass deposition rate is most nearly

(A) 140 kg/m2·s

(B) 190 kg/m2·s

(C) 320 kg/m2·s

(D) 540 kg/m2·s

Solution

From the table “Some Mean Overall Crystal Growth
Rates Expressed as a Linear Velocity” in the NCEES
Handbook, for sodium chloride at a temperature of 50°C
and a supersaturation ratio of 1.003, the mean linear
velocity of growth is 6.5 × 10-8 m/s. The salt crystals
are cubes, so the shape factor ratio equals 1.

The mass deposition rate is
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The answer is (A).

9. ADSORPTION........................................................................................................................

NCEES

NCEES Handbook: Adsorption Equilibrium

=W apn

=W
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unit†mass†of†adsorbent

NCEES Handbook: Adsorption Regeneration

=W W WWorking†capacity† sat regen

The first equation is the Freundlich isotherm. It states
that for a single adsorbate in a gas stream, the adsorp-
tion capacity at equilibrium, W, is equal to the adsorp-
tion intensity, a, times the partial pressure of adsorbate
in the bulk gas stream, p, raised to a power of 1/n. a and
n are empirical coefficients which are found by fitting
the Freundlich isotherm to data comparing the adsorp-
tion capacity and the partial pressure of adsorbate.

The second equation finds the adsorption capacity at
equilibrium. W is the mass of the adsorbate divided by
the unit mass of the adsorbent.

The figure “Typical Adsorption Isotherms” in the
NCEES Handbook shows more complex isotherms in a
plot of mass adsorbate/mass of adsorbent vs. the log
partial pressure of adsorbate, as a function of tempera-
ture. The figure shows that degree of adsorption
decreases as temperature increases.

The figure “Adsorption Concentration Profiles Across
Bed” in the NCEES Handbook shows a vapor phase con-
centration profile of adsorbate as a function of the
adsorbent bed length, L, at a given time during the
operation. Three zones are distinguished: the equili-
brium zone, the mass transfer zone, and the active zone.
This profile is a function of time and moves to the right.
When the active zone width goes to zero and the mass
transfer zone extends to the bed length, the adsorbate
begins to appear in the effluent, which is called
breakthrough.

The figure “Adsorption Outlet Composition Versus
Time” in the NCEES Handbook shows a vapor phase
concentration effluent profile of adsorbate as a function
of the time at a given point in the bed. Three regimes
are distinguished: the dry regime, the breakthrough
regime, and the saturated regime. The breakthrough
time occurs at the end of the dry regime, when the
adsorbate begins to appear in the effluent.

The third equation finds the working adsorption
capacity, W ¢. The working capacity is the amount
adsorbed on the bed at breakthrough, Wsat, minus the
amount of adsorbate remaining on the bed after regener-
ation,Wregen. The regeneration of adsorption beds leaves
a residual concentration of adsorbate in the adsorbent.
This reduces the working capacity of regenerated
adsorbent in comparison with the capacity of fresh
adsorbent.

The table “Adsorption System Characteristics” in the
NCEES Handbook compares the configuration of a sys-
tem and common adsorbents for gas and liquid phase
temperature swing adsorption (TSA) and gas phase

26-1426-14 P E C H E M I C A L R E V I E W

Month
Comment on Text
this should be 0.001 kg/g, giving the final answer

Month
Comment on Text
this should be 1.4 E-4 kg/m2/s after correcting the mass conversion.

Month
Comment on Text
these should all be converted to the proper magnitude, by dividing by 1E6. A should be 1.4*10^-4, B should be 1.9*10^-4, etc...



M
as

s
T
ra
n
sf
er

P P I • p p i 2 p a s s . c o m

pressure swing adsorption (PSA). For example, for gas
and liquid phase temperature swing adsorption with a
hydrophobic adsorbent, activated carbons may be used
for removing volatile organic compounds (VOCs) from
the gas.

10. FILTRATION........................................................................................................................

NCEES

NCEES Handbook: Filtration Equations
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These equations apply to cake filtration, a filtration
process in which liquid passes through a cake composed
of a buildup of solid particles on a septum or filter-
media.

The first equation finds the overall pressure drop, -Dp,
for a cake filtration process. The pressure drop is the dif-
ference between the filter inlet pressure, pa, at the face
of the filter cake and the filter outlet pressure, pb, at the
outlet of the filter-medium. The overall pressure drop
can also be found as a function of the septum inlet pres-
sure, p¢, at the boundary between the cake and the fil-
ter-medium; it is also equal to the sum of the pressure
drop over the cake, -Dpc (equal to the filter inlet pres-
sure minus the septum inlet pressure), and the pressure
drop over the medium, -Dpm (equal to the filter outlet
pressure minus the septum inlet pressure). pa³ pb,, so
the overall pressure drop will never be less than zero.

The second equation shows that the pressure gradient
at thickness L, dp/dL, is a function of the viscosity of
the filtrate, m, the linear velocity of the filtrate based on
filter area, u, the porosity of the cake, e, the

gravitational conversion factor, gc, the nominal diameter
of solid particles, Dp, and the sphericity, fs. The con-
stant of 150 is empirical.

The third equation finds the sphericity. The sphericity
is equal to six times the volume of a single particle, vp,
divided by the nominal diameter of the particle times
the surface area of the particle, sp.

The fourth equation finds the pressure gradient at thick-
ness L in terms of the ratio of surface area to volume
instead of the particle diameter.

The fifth equation finds the filter medium resistance,
Rm. The filter medium resistance is a function of the
gravitational conversion factor, the viscosity of the fil-
trate, the linear velocity of the filtrate based on filter
area, and either the pressure drop over the medium or
the difference of the septum inlet pressure and the filter
outlet pressure.

Example 26.8

A filter cake contains spherical particles with a diame-
ter of 0.01 ft and a void fraction of 0.3. Filtrate liquid
flowing through the cake at a superficial velocity of
0.1 ft/sec has a viscosity of 0.000672 lbm/hr-ft. The
pressure drop per unit length is most nearly

(A) 0.39 psi/ft

(B) 13 psi/ft

(C) 57 psi/ft

(D) 590 psi/ft

Solution

The filter cake particles are spherical, so the sphericity
is 1. The pressure drop per unit length is
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=

=
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The answer is (A).
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24. ELASTOMERIC COMPOUNDS........................................................................................................................

Flexible parts, such as gaskets and O-rings, are manu-
factured from elastomeric compounds. Common elasto-
merics include natural rubber, butyl rubber, buna-N
(nitrile rubber), neoprene, ethylene-propylene-diene
monomer (EPDM) rubber, chlorosulfonated polyethyl-
ene, and various fluoroelastomers. Chemical resistance,
temperature, and pressure are the primary factors con-
sidered in choosing sealing compounds.

25. POLYMER CRYSTALLINITY........................................................................................................................

Under favorable conditions, polymer chains align in
regular patterns, minimizing volume and increasing
the attractive forces between atoms. This phenom-
enon is known as polymer crystallinity. Crystallinity is
often only partial, however, because the chain struc-
ture interferes with complete alignment, and only
weak van der Waals forces are available to drive the
alignment.

Several factors affect the likelihood of crystallization.

· Trans mers have unsaturated positions (i.e., linkage
points) on opposite sides of the mer, producing less
tangling between chains. Trans mers are more likely
to crystallize than cis mers, which have both unsatu-
rated positions on the same side of the mer.

· When mers join with a high degree of regularity in
chain structure and mer orientation, the result is an
isotactic polymer. Isotactic polymers favor crystalli-
zation over the syndiotactic polymers (partial regu-
larity) and atactic polymers (no regularity).

· Linear polymers are more likely to crystallize than
network polymers.

Crystallization requires a physical rearrangement of pol-
ymer chains into regular layers. It should not be con-
fused with cross-linking between adjacent polymers or
with polymer branching. (See Fig. 31.8.)

Figure 31.8 Polymer Crystallization, Cross-Linking, and Branching

26. THERMOSETTING AND
THERMOPLASTIC POLYMERS........................................................................................................................

NCEES

The table “Typical Thermodynamic Properties” from
NCEES Handbook: Thermoplastics is a table of material
properties of thermoplastics. A thermoplastic is a poly-
mer that can be softened and formed by applying heat
and pressure.

Example 31.5

Most nearly, how much strain would polyvinyl chloride
piping undergo if its temperature were increased by
30oC?

(A) 4.4 × 10-5

(B) 1.3 × 10-3

(C) 2.6 × 10-3

(D) 5.0 × 10-3

Solution

The ASTM D696 linear coefficient of expansion for
PVC, taken from the table “Typical Thermodynamic
Properties” in NCEES Handbook: Thermoplastics, is
applied to calculate the strain.

= ×
°

°

= ×

( )4.4 10 †
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3

The answer is (B).

Most polymers can be softened and formed by applying
heat and pressure. These are known by various terms
including thermoplastics, thermoplastic resins, and ther-
moplastic polymers. Polymers that are resistant to heat
(and that actually harden or “kick over” through the for-
mation of permanent cross-linking upon heating) are
known as thermosetting plastics. Table 31.16 lists the
common polymers in each category. Thermoplastic pol-
ymers retain their chain structures and do not experi-
ence any chemical change (i.e., bonding) upon repeated
heating and subsequent cooling. Thermoplastics can be
formed in a cavity mold, but the mold must be cooled
before the product is removed. Thermoplastics are par-
ticularly suitable for injection molding. The mold is
kept relatively cool, and the polymer solidifies almost
instantly.

Thermosetting polymers form complex, three-
dimensional networks. Thus, the complexity of the poly-
mer increases dramatically, and a product manufactured

31-17E N G I N E E R I N G M A T E R I A L S 31-17

Month
Comment on Text
should be thermoplastic instead of thermodynamic

Month
Comment on Text
should be thermoplastic instead of thermodynamic




