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Prior to the mid 1980s, most chemical engineering 
programs focused their courses on petroleum-based 
industries. Since that time, curricula have broadened 

to include new and emerging technologies such as biochemi­
cal engineering, electronics processing, advanced materials, 
and environmental applications. Manhattan College is one 
of the institutions that has added elective courses and experi­
ments in biochemical engineering.[ I

,21 Fermentation experi­
ments that measure kinetics of cell growth and oxygen trans­
fer are complicated to run and require many hours to collect 
data. A microfiltration experiment on cell harvesting from 
yeast slurries can be used to simultaneously introduce bio­
chemical engineering principles and modern separation pro­
cesses. The equipment is relatively easy to operate and ex­
periments are not time-consuming. 

Microporous membrane filtration, or microfiltration, is 
one of a group of separation processes that depends on 
pressure as the driving force for separation. In order of 
increasing pore size and decreasing operating pressure, these 
processes are reverse osmosis (RO), nanofiltration (NF), 
ultrafiltration (UF), microfiltration (MF), and conventional 
particulate filtration . Filtration processes can be operated in 
a dead-end or flow-through mode with feed flowing perpen­
dicular to the filter surface, and in a cross-flow or tangential­
flow mode with feed flowing parallel to the filter. In recent 
years, the authors have developed unique undergraduate in­
structional experiments in RO and UFP-61 These experi­
ments use polymeric membranes as the filtration media and 
are operated in a cross-flow mode. Configurations include 
hollow fiber, spiral wound, and thin-channel systems. In 
addition, a conventional plate and frame filter press is oper­
ated in our senior laboratory course. That system uses a cloth 
filter and operates in a dead-end mode. New experiments in 
microfiltration were recently added to the experimental se­
quence. The MF experiments use polymeric membranes and 

1 This paper is based on a publication in the 1994 ASEE Annual 
Conference Proceedings. 
2 Address: ABB Lummus, Bloomfield, NJ 07003 
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tangential flow operation. 

Membranes used for UF and MF are characterized as 
porous. Other membrane processes such as reverse osmosis, 
gas permeation, and pervaporation use nonporous membranes, 
where transport occurs by a solution-diffusion mechanism. 
Slater and co-workers have developed and reported on ex­
periments in gas permeation and pervaporation_[7•101 MF ex­
periments with specific application to biochemical engineer­
ing have been discussed briefly in several publications[1

•
5

•
111 

and were presented in more detail in the 1994 ASEE Annual 
Conference Proceedings.[I21 

Similar types of equipment may be used for MF and UF, 
except that membranes with larger pore sizes are installed 
for microporous separations. Pore sizes in microfiltration are 
around 0.02 to 10 µm in diameter, as compared with 0.001 
to 0.02 µm (300 to 300,000 Daltons) for ultrafiltration (ranges 
vary slightly depending on source). The membranes are 
made of either organic materials (polymers) or inorganic 
materials (ceramics, metals, and glasses). MF processes are 
suitable for retaining suspended solids and large colloidal 
particles, while allowing passage of macromolecules like 
proteins and enzymes. UF processes are designed to retain 
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macromolecules, while allowing inorganic salts and small 
organic molecules to pass into the permeate stream. 

versely related to the permeability coefficient, LP. 

L ~p ~p 
1=-p-=--

~x 11Rm 
(2) Industrial applications of MF include clarification and 

cold sterilization of beverages and pharmaceuticals. A popu­
lar example is the use of ceramic microfilters to process 
"cold-filtered" beer. Other applications include a step in 
production of ultrapure water for the semiconductor indus­
try, bacteriological analysis of fresh water, cell harvesting 
from fermentation broths, recovery of precipitated heavy 
metals from wastewater, and de watering of latex emulsionsY3

-

151 Recent publications report that of the vari-

Values for LP and Rm can be determined by running ex­
periments with purified (filtered, deionized, and distilled) 
water and varying operating pressure in the retentate chan­
nel. Permeate is collected at atmospheric pressure. The per­
meability coefficient accounts for factors such as membrane 
porosity, pore size distribution, and liquid viscosity. 

A microfiltration 

experiment on cell 

harvesting from y east 

slurries can be used to 

simultaneously 

introduce biochemical 

engineering principles 

and modern separation 
processes. The 

equipment is relatively 
easy to operate and 

Permeation of macromolecules through MF 
ous membrane processes, microfiltration and 
ultrafiltration have the biggest market. The 
largest section of this market niche is hemo­
dialysis (artificial kidneys), followed by mi­
crofiltration in general, with ultrafiltration 
much further behind. This technology is ex­
pected to replace diatomaceous earth filtra­
tion of foods and pharmaceuticals and possi­
bly to make inroads into environmental ap­
plications such as water and sewage treat­
ment.116-171 Thus, MF experiments can be re­
lated to various specialties within chemical 
engineering, including food engineering, 
pharmaceutical or biochemical engineering, 
environmental engineering, and biomedical 
engineering. 

experiments are not 

membranes leads to concentration polariza­
tion and possibly to subsequent fouling of the 
membrane. Both of these phenomena can lead 
to a drop in permeate flux . Concentration 
polarization is an increase in the solute con­
centration at the membrane (feed side) in 
excess of bulk feed solution levels . This 
"boundary layer" solute concentration is a 
function of solute characteristics, cross-flow 
velocity , and flux . Concentration polari­
zation is a reversible phenomena. On the other 
hand, fouling may or may not be reversible, 
depending on its cause. When separating mi­
croorganisms and cell debris from fermenta­
tion broths, a biological cake is formed while 
other components of the fermentation slurry 
such as antifoam, macromolecules, and pre-

time-consuming. 

SEPARATION PRINCIPLES 

Principles of microfiltration are presented in books on the 
subject.113·14·18-201 This discussion is limited to theoretical as­
pects of the MF experiments covered in this paper. These 
experiments concern harvesting of unwashed yeast cells from 
a defined media containing only dextrose and salt. Cells 
grown in fermentation experiments could also be used, 
but the data would be less reproducible due to the presence 
of other components in the media such as chemicals re­
quired for cell nutrition, fermentation products, cell debris, 
and antifoam. 

System performance may be defined in terms of permeate 
flux, J, with dimensions of (volume/area-time), e.g. , typical 
units are (L/m2-h). Flux can be determined by measuring 
each incremental volume of permeate, ~ v, collected in time 
period, ~t, and dividing by surface area of the membrane. 

l= ~V/~t 
surface area 

(1) 

Since MF is a pressure-driven separation process, it is 
appropriate to measure effects of pressure on flux. In the 
absence of any boundary layer effects, flux through porous 
membranes is directly proportional to the applied pressure 
gradient across the membrane, ~P , and inversely propor­
tional to solution viscosity, 11 , and membrane thickness, ~ . 
The hydrodynamic resistance of the membrane, Rm, is in-
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cipitates tend to foul the membrane. The net 
result is a severe decline in permeate flux leading to de­
creased system throughput. 

Based on conventional filtration theory, flux should be 
directly proportional to pressure for a noncompressible cake, 
but independent of pressure for a "perfectly compressible" 
cake.1' 31 In the MF process for cell harvesting, increased 
operating pressure tends to compact biomass on the mem­
brane surface and may also increase membrane fouling. 
These phenomena can lead to decreased permeate flux at 
higher operating pressures rather than increasing flux with 
pressure as expected. In some cases, flux increases with 
pressure up to some optimum operating condition, then de­
creases with further increases in pressure. In other cases, a 
pressure-independent, steady-state flux is observed at higher 
operating pressures. 

Cross-flow filtration is designed to sweep the membrane 
surface so as to decrease membrane fouling. In the case 
where a buildup on the surface occurs due to cake formation, 
the shearing action of the cross-flow velocity will tend to 
remove previously deposited particles and return them to the 
bulk feed stream. Cross membrane flow rate can be varied, 
and its effect on flux measured experimentally. While the 
cross-flow mode is a significant improvement over dead-end 
filtration, permeate flux still decreases to some steady-state 
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value or limiting flux , J~ . Cake filtration models describing 

actual system performance typically represent transport re­
sistance in terms of a series/resistance model. MF equations 
usually include resistances to permeation through the mem-

. l . l ak R d R t· I c1 3,2 1-241 brane and the b10 og1ca c e, man 0 , respec 1ve y. 

1 = t.P 
~ T\(R + R ) 

111 C 

(3) 

In membrane separation processes, temperature effects on 
flux generally follow the Arrhenius relationship, where J0 is 
the flux at 25°C, E. is the activation energy, R is the univer­
sal gas constant, and T is absolute temperature. Changes in 
flux with temperature result from changes in solution viscos­
ity. Viscosity decreases as temperature increases, so water 
permeability through the membrane subsequently increases. 
This relationship can be shown to hold for a Newtonian fluid 
like distilled water. Thus, for microfiltration runs with puri­
fied water, Arrhenius constants in the following equation 
can be measured as a function of temperature. 

(-E
3 

/ RT) 
1 = J e 

0 
(4) 

Fermentation broths containing suspended microorgan­
isms exhibit non-Newtonian behavior at higher concentra­
tions, so increased temperature tends to increase flux but not 
in the same magnitude as observed for aqueous solutions. In 
addition, higher process temperatures tend to improve filtra­
tion characteristics of the biological cake. Temperature ef­
fects can be measured in cell harvesting experiments, but the 
results cannot be predicted directly from Eq. (4). 

A relative measurement of system performance is the con­
centration factor, 'I' , defined as the ratio of initial feed 
volume to final retentate volume, V JVr, Experimental val­
ues of 'I' approaching 20 have been attained, with the upper 
limit dependent on the patience of students doing the experi­
ment rather than system limitations. The final concentration, 
Cr, that would be obtained if all of the cells stayed in suspen­
sion can be calculated from the initial concentration, C0 , and 
the concentration factor (Eq. 5), then compared with experi­
mental data. The final concentration of yeast cells in the 
retentate may be used as an absolute measure of system 
performance. Measured values up to 45.7 g/L were obtained 
in these experimental studies. Yeast concentrations as high 
as 80 g/L may be obtained in cross-flow systems .C 131 

V 
C =C _Q_=C 'V 

r o v r o 
(5) 

A parameter used to describe continuous system perfor­
mance is recovery, which may be defined as the ratio of 
permeate flow rate to feed flow rate, Q/Qr, Solute rejection 
is another parameter that is used to measure performance in 
RO and UF systems.t31 In all of the MF experiments on 
concentration of yeast slurries, 100% of the solids were 
rejected by the membrane. This was determined by measur-
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ing the turbidity of the permeate which was the same as that 
of the media without cells. 

EXPERIMENT AL SYSTEM 

Microfiltration Equipment 

Two tangential flow systems were purchased from 
Millipore Corporation: a Minitan acrylic ultrafiltration 
system and a Pellicon cassette system. Both units include 
a pump and a microfilter and support microfiltration or 
ultrafiltration, depending on the type of membrane selected. 
The effective filter area in the Minitan unit ranges from 
0.0060 m2 to 0.0600 m2 (1 - 10 plates). The Pellicon system 
is larger, with an effective filter area ranging from 0.0465 m2 

for a single membrane packet, to 0.465 m2 (10 packets or 1 
standard cassette), to a maximum of 4.65 m2 with multiple 
cassettes. The Minitan system is recommended for process­
ing volumes between 0.1 L and 2.0 L, and the Pellicon 
system for volumes between 2L and 200 L. 

For harvesting of bacterial or yeast cells, Millipore recom­
mends a Durapore® 0.45 µm membrane. Durapore is the 
trademark for an anisotropic membrane made from the poly­
mer PVDF (polyvinylidene difluoride). These membranes 
are surface treated so as to be hydrophilic. Manufacturers 
give PVDF membranes different acronyms, according to 
pore size (VVLP for 0.1 µm , GVLP for 0.2 µm , HVLP for 
0.45 µm, and DVLP for 0.65 µm ). Bacterial cells are ap­
proximately l-2 microns in size, and yeast cells 7-20 mi ­
crons, so any of these membranes will retain whole cells . 
Cell debris is somewhat smaller (around 0.4 microns), but 
will generally be removed by HVLP membranes. 

Membranes are available as individual sheets, plates, pack-

Figure 1. Minitan acrylic ultrafiltration system 
(photograph courtesy of Millipore Corp.) 
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ets, and cassettes. Maximum operating conditions for these 
membranes are 100 psia, 50°C, and pH 11. A Minitan plate 
consists of two membranes bonded to a rectangular molded 
plastic plate. Two plates (0.0120 m2

) with retentate separa­
tors were used in the Minjtan experiments to concentrate one 
to two liters of yeast slurry. A Pellicon packet consists of 
two membrane sheets bonded to a filtrate screen. Two pack­
ets (0.0930 m2

) with retentate screens were used in the 
Pellicon experiment shown in thj s paper to concentrate seven 
liters of yeast slurry. Pellicon cassettes contain membranes 
and filtrate screens stacked in fully bonded unjts and are 
available in three sizes: 0.465 m2

, 0.930 m2
, and 1.395 m2

. 

Cassettes were used in prior experiments with yeast and 
Streptomyces rimosus. 

The Minjtan system is shown in Figure 1. This system 
includes a plate-and-frame filtration unit and a variable speed 
pump. The pump is a standard reversible flow peristalti c 
pump. The rmcrofilter consists of upper and lower acrylic 
manifolds with nylon adaptors, upper and lower stainless­
steel frames , a stainless-steel pressure gauge, and brass 
torque nuts. Dimensions of the filter holder assembly (not 
including membrane plates or mounting screws) are 11.4 cm 
wide, 15.2 cm deep, and 7.6 cm high. Maximum operat­
ing pressure is 20 psi with silicone tubing or 40 psi with 
Tygon tubing. Calibration curves of flow rates versus dial 
settings were prepared for the pump and distributed for 
use with the experiments. Operating instructions provided 
by Millipore for assembling the equipment, installing the 
membrane plates, and cleaning the membranes are well 
written and easy to follow. 

A process flow diagram for operating a tangential flow 
rmcrofilter is shown in Figure 2. In the batch concentration 
mode, a yeast suspension is pumped from a well-rmxed feed 
tank into the microfilter, retentate is recycled to the feed 
tank, and permeate is collected in another container. The 
batch concentration mode was used to collect all of the 
experimental data shown in thi s paper. Concentration in the 

Feed 
Tank 

Tl 

Yeast Cells 

Membranes 

0 
Pump 

valve 2 

Recycle Single Pass 

valve 1 

Retentate 

Microfilter 
Permeate 

Figure 2. Process flow diagram showing batch concentra­
tion (recycle) and continuous (single pass) modes : 
Tl=temperature indicator; PI=pressure indicator. 
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feed tank increases throughout the batch run. The continu­
ous mode is the same except that the retentate makes a single 
pass through the rmcrofilter and is collected in a third con­
tainer (separate from the permeate or feed). The continuous 
mode may be used to run experiments at constant feed con­
centrations. Prior to running each experiment, the membrane 
is preconditioned by pumping media without cells, at the 
temperature and pH of the feed slurry, through the unit in the 
recycle or batch mode. The cleanjng steps at the end of the 
experiment are run in the single pass or continuous mode. 

The Pellicon cassette system is similar to the Minjtan urut 
except for its larger scale. The rmcrofilter contains upper and 
lower acrylic manifolds, polypropylene fittings, stainless­
steel pressure gauges on the feed and retentate lines, and 
bronze torque nuts. The upper and lower frames are made of 
nylon-encapsulated stainless steel. Without membranes, the 
filter holder assembly measures 26.0 cm wide, 18.1 cm 
deep, and 19.7 cm high. The pump is a Procon positive 
displacement pump with a maximum flow rate of 1 gpm. It is 
fi tted with rigid-wall polyethylene tubing that withstands 
pressures up to 100 psi. This pump is recommended for 2 to 
20 L batches. A larger Procon pump (4 gpm) and Masterflex 
peristaltic pumps are also available. The Procon pump was 
selected to provide the option of high-pressure operation 
which is needed to concentrate mycelial organisms, but a 
peristaltic pump can be used for harvesting yeast and bacte­
ria. The Pellicon rrucrofilter and Procon pump are mounted 
as a complete system on a polypropylene board. 

Experimental Methods 

Saccharomyces cerevisiae (Baker's yeast) was selected to 
study rmcrofiltration in biological systems. Fleischrnann 's 
acti ve dry yeast can be purchased in seven-gram packages at 
any supermarket. A defined media consisting of di stilled 
water, 2.0 g/L dextrose, and a pinch of salt was adjusted to 
pH 5.0 with 1 N HCl and used to precondition the mem­
branes prior to each run. Yeast was added to the dextrose 
media for the experimental studies. Solution pH affects flux , 
and pH of distilled water may be below 7; therefore, pH of 
the yeast suspension must be measured and adjusted to some 
set value. Actual concentrations of dextrose and sodium 
chloride are not critical , but should be consistent between 
experiments. To give the experiments more of an environ­
mental focus, Escherichia coli K 12 (a weakened laboratory 
strain) could be used. 

A sodium hypochlorite solution is recommended for clean­
ing and sanitizing the HVLP membranes between runs. Fresh 
household bleach is diluted to 300 ppm, and pH is lowered to 
the 6-8 range with 1 N HCI. Millipore recommends heating 
the hypochlorite solution to 40-50°C, but room temperature 
cleaning is sufficient to remove the gel layer developed 
during harvesting of yeast cells at low operating pressures. If 
the membranes are heavily soiled (this occurs at increased 
operating pressures), they should be removed from the sys-
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tern and rinsed with distilled water to remove visible debris, 
then reinstalled in the system and cleaned with heated hy­
pochlorite solution. Terg-A-Zyme enzymatic cleaner can be 
used as a cleaning solution instead of diluted bleach solu­
tion, but the authors do not recommend this because it is 
very difficult to remove the detergent from the membrane. 

We have cleaned and reused the membranes in the Pellicon 
system a number of times without any problems. The Mini tan 
system has silicone retentate separators between the 
membrane plates, and the design of the separators is such 
that they tend to deform and block the channels after clean­
ing with hypochlorite solution. The Minitan plates can be 
cleaned and reused several times during one laboratory pe­
riod. The system must be cleaned and opened at the end 
of each laboratory period, the membrane plates removed 
and stored in distilled water, and the separators laid flat 
to dry. If the separators are deformed after drying they have 
to be replaced before the system can be sealed for the next 
set of experiments. 

Yeast concentrations were measured by optical density 
using a DRT-lO0B turbidimeter manufactured by HF Scien­
tific Inc. Turbidity readings were converted to dry weight 
per unit volume using a calibration curve. The turbidity 
calibration curve is prepared by weighing out different 
amounts of yeast solids , mixing with dextrose solution or 
fermentation media in volumetric flasks, and measuring tur­
bidity. Turbidity readings become nonlinear, approaching a 
constant value, at higher concentrations. For turbidity read­
ings above 1000 NTU (normal turbidity units) or approxi­
mately 1.6 g/L, samples must be diluted until readings are in 
the linear range. 

TYPICAL EXPERIMENTAL RESULTS 

Prior to experimenting with the yeast slurry, students are 
asked to determine the effects of transmembrane pressure 
gradient and operating temperature on permeate flux for 
purified water. Normal operating pressure for the Minitan 
unit is approximately 2 psi . Using pure water with the reten­
tate tube completely closed, the transmembrane pressure 
reaches 4 to 6 psi, depending on cross-flow rate. Water 
fluxes are measured at 0.5 psi intervals within this range in 
order to determine coefficients in Eq. (2) . The Procon pump 
on the Pellicon system produces higher transmembrane pres­
sures, e.g., approximately 10 psi for pure water with the 
retentate tube fully open. In both systems, higher operating 
pressures can be obtained when filtering cell slurries. 

Initial studies with purified water are very important if 
temperature will be used as a process variable in the yeast 
expe1iments. Maximum operating temperature is 50°C for 
both the Mini tan unit and the HVLP membrane. Operating at 
temperatures above 50°C will kill the microorganism. Thus, 
we suggest that data be taken at room temperature, cooler 
temperatures using an ice bath, and temperatures up to 40°C 
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using a hot plate. The manufacturer states that prior to sys­
tem use, media must be circulated through the system in 
order to precondition the membranes. This step also adjusts 
the temperature of the Minitan unit. Water flux studies pro­
vide a method for determining whether the system has reached 
the proper temperature, since a graph of the natural loga­
rithm (LN) of J versus 1/T should result in approximately the 
same slope as a graph of LN ( I/ Tl ) versus 1/T. We ask the 
students to graph their data and the literature values for I/ Tl , 
then examine the slopes before continuing with the cell 
harvesting studies. The high and low temperature runs must 
be repeated if the experimental slope is not reasonable. Val­
ues of E. and J0 are calculated from these graphs using the 
Arrhenius relationship in Eq. (4). 

Each laboratory group is assigned one process variable for 
investigation in the yeast experiments. Variables include 
cross membrane flow rate, operating temperature, transmem­
brane pressure gradient, feed concentration, and solution 
pH. Figure 3 shows typical experimental data for batch 
concentration of one liter of yeast slurry in the Minitan 
system. Initial concentrations were approximately 7.0 grams 
of Fleischmann ' s dry yeast suspended in one liter of defined 
media. The powdered yeast was not washed after rehydra­
tion. In cross-flow experiments with a polypropylene filter, 
Redkar and Davis report that unwashed yeast results in an 
accelerated initial flux decline and a significantly lower final 
flux than washed yeastY 11 They attribute the poorer perfor­
mance for unwashed yeast to the presence of extracellular 
proteins and other molecules or colloids, which foul the 
membrane and increase cake resistance. 

As shown in Figure 3, volume versus time data for dis­
tilled water is linear, but plots for the yeast slurry curve with 
decreasing slopes as the membrane becomes caked with 
solids and fouled with macromolecules. Porter plots graphs 
of this type and refers to the permeate volume collected as 
"volume processed" or "throughput."[131 Run 1, at room tern-
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Figure 3. Results of typical microfiltration experiments: 
Water, T=22 °C, pump=48.6 L/h; Run 1, T=22 °C, pump 48.6 L/h; 
Run 2, T=3 °C, pump= 48.6 L/h; Run 3, T=22 °C, pump=9.4 L/h. 
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perature and a relatively high cross-flow rate, has the greatest 
throughput per unit time of the three yeast runs shown. When 
temperature is decreased (Run 2) or cross-flow rate is decreased 
(Run 3), while keeping the other parameters constant, the time 
required to concentrate the feed solution and collect a given 
volume of permeate increases. Slopes from the volume versus 
time curves are used to calculate flux (Eq. 1 ). 

Most graphs of microfiltration data in the literature plot flux as 
a function of time. Feed concentration increases with time in 
batch concentration experiments; therefore, two variables (con­
centration and cross-flow rate) affect flux at a given point on the 
time axis in Figure 4. Comparison of two runs at the same 
temperature but different tangential flow rates verifies that the 
higher flow rate in Run 1 results in improved system perfor­
mance. In both runs, permeate flux declines rapidly from the 
initial water value (1030 L/m2-h) , then levels out and approaches 
a final value. At the higher cross-flow rate, the data exhibit a 

Figure 4. 
Effect of 

cross-flow 
rate on flux in 
yeast slurries: 

Run 1, 
T=22 °C, 

pump=48.6 L/h; 

Run 3, 
T=22 °C, 

pump 9.4 L/h. 

Figure 5. Effect 
of temperature 

on flux in yeast 
slurries: 

Run 1, T=22 °C, 
pump=48.6 L/h; 

Run 2, 
T= 3°C, 

pump= 48.6 L/h . 
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more gradual flux decline and approach a higher final 
flux. Increased tangential flow is more effective in sweep­
ing accumulated solids from the boundary layer and ar­
resting growth of the yeast cake. Note that the flow rates 
in the figures represent total output of the pump, including 
retentate and permeate flow. Permeate flow decreases and 
retentate flow increases as the run progresses, so tangen­
tial flow rate varies. 

Figures 5 and 6 plot permeate flux as a function of 
concentration factor 'I' (Eq. 5). Since C0 is the same for 
the two runs graphed in each figure, only one variable 
affects flux at a given point on the X axis when the data is 
plotted in this manner. Comparison of two experiments 
at the same tangential flow rate but at different tempera­
tures (Figure 5) verifies that the higher operating tempera­
ture in Run 1 leads to improved system performance. The 
initial and final fluxes are higher at 22°C than at 3°C, 
while the rates of flux decline are approximately equal. 
Higher fluxes result from decreased solution viscosity at 
higher temperatures and from improved filtration charac­
teristics for the biological cake. Note that the temperature 
of the feed slurry must be measured for each run rather 
than assuming that it is at a known value such as room 
temperature, because the distilled water used for the me­
dia may be cold or hot. 

All of the data shown in this paper was obtained by 
running the Minitan and Pellicon systems at low pressure 
(without a clamp on the retentate tube). Cell concentration 
in the feed/retentate tank was measured at the beginning 
and end of each run and at several intermediate points, 
then compared with values calculated from Eq. (5). Mea­
sured concentrations follow the same trend as calculated 
values, but the measured values are lower in magnitude. 
This difference occurs because cells, proteins, and other 
materials are retained by the membrane. Cellular material 
is removed from the membranes at the end of each experi­
ment by flushing the system with distilled water. Proteins 
and other fouling substances are then removed by cleaning 
the system with hypochlorite solution. At higher operating 
pressures there is a greater difference between measured 
and calculated concentrations, and significantly more ma­
terial is removed from the membranes in both cleaning 
steps . In order to obtain good experimental data, the stu­
dents must clean the membranes thoroughly between runs. 

A comparison between the Minitan and Pellicon sys­
tems is shown in Figure 6 (next page) . Both systems used 
Durapore® 0.45 µm PVDF membranes, and operating con­
ditions were comparable. Initial concentrations were ap­
proximately 3.5 g/L and feed temperatures were 23°C in 
both runs . Pump settings and membranes were selected so 
that the tangential flow rate per effective membrane area 
was approximately the same in both systems. This ratio 
was 1050 L/h per square meter for the Minitan system 
(Run 4) and 930 L/h per square meter for the Pellicon 
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system (Run 5). As shown in the figure, the Minitan system 
has a more gradual flux decline and a slightly higher final 
flux than the Pellicon system at comparable concentrations. 
Prior work with Pellicon cassettes gave similar fluxes to 
those obtained with Pellicon packets in this study. Differ­
ences between the flux values in Runs 4 and 5 may be 
attributed to differences in channel designs of the Minitan 
and Pellicon units, plus the higher operating pressure deliv­
ered by the Procon pump positive displacement pump in the 
Pellicon system. The Minitan system was selected for ex­
periments in our senior laboratory course because this sys­
tem makes it possible to process given volumes of fluid 
rapidly and thus generate more data during a single labora­
tory period. The larger Pellicon system may be preferred in 
teaching laboratories that are organized so that students work 
on an open-ended experiment for several weeks because of 
its advantages with regards to cleaning and reuse of the 
membranes. 

Other student groups studied variations in operating pres­
sure. Although the manufacturer recommends against clamp­
ing the retentate tube to increase operating pressure in mi­
crofiltration experiments, this procedure is useful for teach­
ing purposes. Small increases in average transmembrane 
pressure significantly increase water fluxes. Similarly, in­
creases in operating pressure tend to increase permeate fluxes 
for cell suspensions, but higher pressures may show little or 
no improvement. In experiments with the yeast slurry, oper­
ating pressures can be raised to any desired value (2 - 20 psi 
in the Minitan system) by partially closing the retentate tube. 
Pressures of 5 - 6 psi are high enough to demonstrate that 
increased pressure tends to compact the biological cake and 
increases membrane fouling , resulting in an accelerated flux 
decline and decreased system throughput. Operating pres­
sures above IO psi are not recommended by the authors 
because the membranes become so heavily fouled that it is 
very difficult to clean and reuse them. 
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Figure 6. Comparison of operation of Minitan and Pellicon 
systems: Run 4, Minitan , T=23 °C, pump=12.6 L/h; membrane 
area=0.0120 m 2

, V0=2L; Run 5, Pellicon, T=23 °C, pump=86.4 Llh, 
m embrane area=0.0930 m 2

, V0=7 L . 
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Effects of initial feed concentration and solution pH were 
also examined. Flux values decrease as feed concentration 
increases, which can be demonstrated in continuous (single­
pass) runs at different concentrations. Experiments run at 1.0 
g/L and 7 .0 g/L took approximately 25 minutes to process 
twenty liters of feed and gave reasonable data. Solution pH 
has less of an effect on system performance than the other 
variables discussed above. A solution pH of 5.0 was selected 
for yeast concentration experiments because this is a typical 
value for yeast fermentation . The pH of the feed affects 
binding characteristics of the membrane and solubility of 
macromolecules, with both factors influencing membrane 
fouling and steady-state fluxes . The Durapore® PVDF mem­
brane has low protein-binding characteristics, so pH is not a 
major factor in system operation . High or low pH values will 
kill the cells and change filtration properties. Within the 
middle pH range, flux appears to vary inversely with pH for 
this membrane. 
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by Richard H. Boyd and Paul J. Phillips 
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NY 1011-4211; $79.95 (1994) 

Reviewed by 

Timothy A. Barbari 
Johns Hopkins University 

Although there are a number of excellent texts for under­
graduate courses in polymer science, they do not provide the 
necessary depth for a graduate course in the subject. There 
has long been a need for a graduate-level textbook that 
presents polymer science from a rigorous, molecular ap­
proach. Professors Richard H. Boyd (University of Utah) 
and Paul J. Phillips (University of Tennessee) address that 
need with this book, The Science of Polymer Molecules. The 
authors' intentions are clear from their own words in the 
Preface: 

We have taken the viewpoint that a textbook should 
undertake to explain and develop the principles 
selected and not just prese11t results. For most of the 
subjects, we have proceeded from a very elementary 
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starting poi11t a11d presented in fair detail the steps. 
The goal has been to arrive at a point where the 
stude11t can understand the principles and profitably 
read the literature con11ected with that subject. 

In reviewing this book, I decided to assess the extent to 
which Boyd and Phillips achieved their goal. The book is 
intended for graduate students in chemistry, chemical engi­
neering, and materials science, and a background in physical 
chemistry and organic chemistry is assumed. According to 
the authors, however, "Students from an entirely engineer­
ing background have been very successful in masateri ng the 
subjects covered." 

The book begins with a short chapter on polymerization 
methods as a means of introducing polymer chemistry to the 
student. Following the introduction, Chapters 2, 3, and 4 
cover molecular weight distribution, molecular weight de­
termination , and polymerization kinetics, respectively. De­
pending on the topic, the authors provide considerable detail 
by deriving many of the expressions that are simply stated in 
most polymer textbooks. For example, in Chapter 2, the 
"most probable" and Shultz-Zimm molecular weight distri­
bution functions are clearly derived. Chapter 3 discusses the 
various methods of measuring molecular weight that appear 
in any textbook on this subject. It appears that the authors are 
most comfortable with light scattering given the amount of 
space devoted to it. 

The presentation of polymerization kinetics in Chapter 4 is 
very simi lar to that in other introductory textbooks . One 
important aspect of free radical polymerization that was not 
treated here and which is not covered in other textbooks is 
the composite molecular weight distribution. The instanta­
neous distribution only provides a snapshot of the polymer­
ization reaction. The effect of conversion on the instanta­
neous distribution and the integration to obtain the compos­
ite distribution are important from a practical point of view. 
In addition, thi s material would demonstrate to students how 
very broad di stributions can occur in practice using the free 
radical mechanism. 

In Chapters 5 and 6, the authors do an excellent job of 
establishing the fundamental principles necessary to under­
stand the properties and behavior of chain molecules. True 
to their intentions, these chapters provide the detail for gradu­
ate students that is sorely lacking in many textbooks on 
polymer science. Chapter 5 deals primarily with stereochemi­
cal configurations, tacticity, and their effects on molecular 
shape. In Chapter 6, the authors discuss the statistics of 
disordered chains and distribution functions for end-to-end 
distances, particularly for the phantom chain. 

Chapter 7 discusses the interacting bond model for obtain­
ing average properties of more realistic chains using com­
plex statistical methods. Many readers may find this chapter 
somewhat tedious to read. The many references to contribu-

Continued on page 133. 
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