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Abstract—The strength of E. coli flocs formed with flocculants was quantified by measuring the shear index. E. coli
flocs formed were disrupted or deformed at the shear rate even below 10/sec. The strength of the E. coli flocs de-
creased with increases in the concentration of salt as indicated by decreases in the shear index. The shear index of
the E. coli flocs decreases from 0.47 to 0.09 when the concentration of NaCl increased from 0 to 100 mM. The E. coli
flocs formed with various flocculants in fermentation media (shear index=0.18 to 0.24 with BPA-1000. 0.13 to 0.22
with BPA-1050, and 0.37 to 0.42 with BPA-5020) were weaker than those formed with flocculants in the absence of
salt (shear index=0.47 with BPA-1000 and 0.46 with BPA-1050). Therefore. E. coli flocs formed with flocculants in
fermentation media will be easily disrupted or deformed under shear during bioprocesses.
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1. Introduction herently lacks the driving force required for the

The removal of cell and cell debris is the first
step of the down-stream processes in the manu-
facturing of therapeutic proteins. The process in-
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efficient solid/liquid separation due to the small
cell and cell debris size. In order to increase the
driving force the negative charges at the cell sur-
faces have been utilized. Positively charged par-
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ticulates and water soluble polymers have been
introduced to fermentation broth or cell lysate.
Cell and cell debris are flocculated by the elec-
trostatic adsorption on the flocculants. The ad-
sorption of cells on the flocculants increases the
size of particles, thus facilitates sedimentation
and filtration (1].

The flocculation, however, is affected by the
concentration of salt in the suspending medium.
The size and the sedimentation rate of flocs
were decreased with increases in the con-
centration of salt (2). In addition, the flocs form-
ed were weak and fragile. The floc strength,
however, is one of the most important charac-
teristics of flocs for the efficient removal of cell
and cell debris because the filtration and cen-
trifugation subject flocs to be under significant
shear during the bioprocesses (3.4). In conse-
quence, the size of flocs becomes small and the
removal of cell and cell debris is inefficient.
Therefore, in this study the strength of flocs at
the various concentrations of salt was evaluated
by determining the shear index.

2. Experimental

2.1. Materials

Flocculants (BPA-1000, BPA-1050, and BPA-
5020) provided by Rohm & Haas Co. (Spring
House, PA) were diluted to 1% (w/v) with
deionized water and used without further treat-
ment. BPA-1000 is a polyacrylic particulate floc-
culant with a mean diameter of 0.1 um, a
charge density of 270 uC/cm® and quaternary
amines as a functional group. BPA-1050 is a po—
lyacrylic particulate flocculant with a mean di-
ameter of 0.1 um, charge density of 340 pC/cm®,
and tertiary amines as a functional group. BPA-
5020 is a water soluble polymer with a molec-
ular weight less than 200,000 dalton and ter-
tiary amines as a funtional group.

E. coli (Strain B, Sigma Chemical Co., St.
Louis, MO) was washed with deionized water
and centrifuged for 1 hour at 700Xg to remove
water soluble materials. The washing was re-
peated three times. The dry cell weight (DCW)
of the E. coli suspensions was determined by
oven drying for 24 hours at 90°C.

2.2. Construction of Fermentation Media

Three typical E. coli fermentation media
without carbon and nitrogen sources were pre-
pared to evaluate the performance of flocculants
in practical systems. Medium A contains 3 g/L
KH,PO.. 6 g/L Na,HPO,, 2 g/L (NH)>30,, 5 mg/
L. FeSO,, 50 mg/L MgSO,. and 3 g/L NaCl (5.
Medium B contains 3 g/LL KH,PO,, 6 g/L. Na
LHPO,, 5 g/l NH.Cl, 1.1 g/L Na;SO, 0.1 g/L
MgS0., 18 mg/L ZnSO, - 6H:0, 16 mg/L CuSO, -
5H,0, 0.5 mg/L CaCl,, 16.7 mg/L FeCl, - 6H.0,
18 mg/L CoCl, - 6H,0. and 20 mg/L EDTA (6].
Medium C contains 5 g/L NaCl.

2.3. Preparation of E. coli Flocs

Twenty m/ of E. coli suspensions (10 g DCW/
L) in NaCl (0 to 100 mM) or fermentation
media were prepared in 50 m/ centrifuge tubes.
The optimum concentrations of flocculants (0.4
g/L of BPA-1000, 1 g/L of BPA-1050, and 0.8 g/
L of BPA-5020) which were determined in ear-
lier study (5) were added into the cell suspen-
sions. The mixtures were shaken for 10 minutes
on a Thermolyne Speci-Mix (Thermolyne Co.,
Dubuque, IW) and used for the shear rate de-
pendency study on . coli flocs.

2.4. Shear Rate Dependency

The apparent viscosity and the shear stress
of E. coli flocs were determined in the shear
rate range of 1.2 to 180/sec at 25°C using a Boh-
lin Rheometer System with a concentric cyl-
inder (C25) and a 0.22 gm spring (Lund,
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Sweden). The viscosity reading was calibrated
with a viscosity standard S60 (102.4 mPas at
25°C, Cannon Instrument Co.. State College,
PA). The apparent viscosity and shear stress
were recorded during the course of increasing
shear rate with a 5 second initial delay at the
starting shear rate (1.2/sec). 2 second constant
delay between each shear rate, and a 5 second
integration at the given shear rate to read
them.

3. Results and Discussion

Fig. 1 shows the shear rate dependency of E.
coli/BPA-1000 flocs (10 g DCW E. coli and 0.4 g/
L BPA-1000), E. coli (10 g DCW E. col)), and
BPA-1000 (0.4 g/L BPA-1000) in deionized wat-
er. BPA-1000 is a positively charged particulate
flocculant with quaternary amines. As the
shear rate increases, the apparent viscosity of £.
coli/BPA-1000 flocs decreases exponentially,
while the apparent viscosity of E coli (10 g
DCW/L) and BPA-1000 (0.4 g/L) alone remains
almost constant. The apparent viscosities of
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Fig. 1. Shear rate dependency of E. coli/BPA-1000 flocs,
E. coli (10 g DCW/L). and BPA-1000 (0.4 g/L) in
deionized water. As the shear rate increases, the
apparent viscosity of E. coli/BPA-1000 flocs de-
creases exponentially, while £ coli and BPA-1000
remains almost constant.
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BPA-1050 and BPA-5020 in deionized water
also do not decrease with increases in the shear
rate, rather seem more likely to increase. The
apparent viscosity of the E. coli/BPA-1000 flocs
decreases from 42 mPas to 11 mPas when the
shear rate increases from 1.2/sec to 9.2/sec.
This suggests that E. coli/BPA flocs are reo-
riented or disrupted when they are sheared at
the shear rate below 10/sec. In addition, the ap-
parent viscosity of E. coli/BPA-1000 flocs is
greatly higher than those of E. coli or BPA-1000
alone, especially within the low shear rate
range ()40/sec). Therefore, flocculation of & coli
with flocculants increases greatly the viscosity
of the cell suspension due to increases in the
particle size.

The apparent viscosity of the £ coli/BPA-1000
flocs disrupted under shear increases with de-
creases in the shear rate as shown in a shear
dependency hysteresis of £ coli/BPA-1000 flocs
(Fig. 2). The flocs disrupted, however, did not
reform completely as indicated by the lower ap-
parent viscosity at the same shear rates.

The apparent viscosity of E. coli/BPA-1000
flocs was lower at the higher concentration of
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Fig. 2. Shear rate dependency hysteresis of E. coli/BPA-
1000 flocs formed in deionized water (10 g DCW/
L E. coli and 0.4 g/L. BPA-1000). The shear rate
was increased first up to 180/sec and then de-
creased to 1.2/sec.
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NaCl at given shear rates (Fig. 3). The shear
thinning effect on the flocs increases with in-
creases in the concentration of NaCl. Therefore,
the flocs formed at the higher concentrations of
NaCl loose the floc strength. This agrees with
the sedimentation results reported earlier (2.
Fig. 4 shows the shear rate dependency of the
E. coli/BPA-1000 flocs formed in fermentation
media. The apparent viscosity of the flocs formed
in deionized water is always higher than those
of the flocs formed in fermentation media. The
shear thinning effect of the flocs formed in fer-
mentation media is greater than that of the flocs
formed in the deionized water. This suggests
that the cell and cell debris flocs formed in prac-
tical fermentation media are weaker than that
formed in deionized water, thus disrupted easily
under shear. During the cell and cell debris re-
moval process in continuous centrifuges, espe-
cially with disc bowl centrifuges, a significant
shearing takes place at the interfaces between
the light phase stream and the dense phase
stream as well as the interface between the disc
and the phase streams [(3,4). Therefore, cell and

Apparent Viscosity (mPa Sec)
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Fig. 3. Effects of NaCl on the shear rate dependency of £.
coli/BPA-1000 flocs (10 g DCW/L E. coli and 0.4
g/L BPA-1000). The shear thinning effect on the
flocs increases with increases in the con-
centration of NaCl.

cell debris flocs formed with flocculants in the
presence of salts would be easily broken in con-
tinuous disc bowl centrifuges.

The same results were obtained with BPA-
1050 and BPA-5020. The shear thinning effect
of the flocs formed in fermentation media was
greater than that of the flocs formed in deion-
ized water.

In order to quantify the shear thinning effect
of salt, the shear stress can be analyzed using
the power low equation as:

Log(t—%)=Logb+sLogy oy
where T = shear stress
T, = yield stress
b = viscosity constant
= ghear index or flow behavior index
Y = shear rate

When the shear stress was extrapolated to 0
shear rate, it was close to 0 in most meas-
urements. Therefore, the yield stress was as-
sumed 0 (1,=0). Then, Eq. (1) simplifies as:

Log t=logb+slogy (2)
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Fig. 4. Shear rate dependency of E. coli/BPA-1000 flocs
formed in fermentation media (10 g DCW/L E.
coli and 0.4 g/I. BPA-1000). The shear thinning
effect of the flocs formed in fermentation media
is greater than that of the flocs formed in the
deionized water.
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The shear index can be determined from the
slope of the plot Log T vs. Log .

In the linear plot of Log T vs. Log Y of E. coli/
BPA-1000 flocs in various concentrations of
NaCl, the slope was smaller than 1 and de-
creased with increases in the concentration of
NaCl (Table 1). In the absence of NaCl, the
shear index of the flocs is 0.47. In the presence
of 100 mM NaCl, the shear index, however, de-
creases to 0.09. In all cases, the correlation coef-
ficient was higher than 0.98. The shear index of
the E  coli/BPA-1000 flocs formed .in fer-
mentation medium A, B, and C is 0.24, 0.23,
and 0.18, respectively. They are about 50% of
the shear index of the flocs formed in deionized
water (s=0.47). The shear index of the E. coli/
BPA-1000 flocs formed in fermentation (0.22 for
medium A, 0.26 for medium B, 0.13 for medium
C) is also smaller than that of the flocs formed
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in deionized water (s=0.46).

The shear index of the E. coli/BPA-5020 flocs
formed in fermentation media (0.42 for medium
A, 0.37 for medium B, and 0.40 for medium C)
are also smaller than that of the E. coli/BPA-
1000 flocs formed in deionized water (s=0.47).
They, however, are larger than those of other E.
coli/BPA flocs formed in fermentation media.
This indicates that the linear flocculant (BPA-
5020) is less susceptible to salts than the par-
ticulate flocculants (BPA-1000 and BPA-1050).

E. coli (10 g DCW/L), BPA-1000 (0.4 g/L),
BPA-1050 (1 g/L), and BPA-5020 (0.8 g/L)
suspensions behave as a Newtonian fluid. Their
shear index are close to 1.

4. Conclusions

The strength of E. coli flocs formed with floc-

Table 1. Shear Index of the E. coli flocs formed with Flocculants

Flocculant and/or Salt or Fermentation s Log b Correlation Coefficient
E coli Medium (Shear Index)  (Viscosity Constant) orretation Loelliclen
E coli DW.? 1.03 -0.03 1.00
BPA-1000 D.W. 1.06 -1.13 1.00
E. coli/BPA-1000 DW. 0.47 1.58 0.99
10 mM NaCl 0.47 1.58 0.99
20 mM NaCl 0.46 1.54 0.99
40 mM NaCl 0.45 1.50 0.99
60 mM NaCl 0.33 1.59 0.99
80 mM NaCl 0.19 1.63 0.98
100 mM NaCl 0.09 1.61 0.99
A 0.24 1.39 1.00
B 0.23 1.34 1.00
C 0.18 1.57 0.99
BPA-1050 D.W. 1.02 -0.01 1.00
E. coli/BPA-1050 DW. 0.46 1.43 0.99
A 0.22 1.30 0.99
B 0.26 1.25 0.99
C 0.13 1.53 0.96
BPA-5020 D.W. 0.98 0.16 1.00
E. coli/BPA-5020 DW. - - ~
A 0.42 1.34 1.00
B 0.37 1.42 0.99
C 0.40 1.32 1.00

*Deionized water
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culants can be evaluated by measuring the
shear index. The flocs formed are easily dis-
rupted under shear even at the shear rate be-
low 10/sec. E. coli flocs loose their strength in
the presence of salt as indicated by decreases in
the shear index. The shear index of the E. coli/
BPA-1000 flocs decreases from 0.47 to 0.09
when the concentration of NaCl increases from 0
to 100 mM. The E. coli flocs formed with floc-
culants in fermentation media are weaker than
those formed with flocculants in the absence of

salt, thus deflocculate more under shear.
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