
Chemical Engineering Science ] (]]]]) ]]]–]]]
Contents lists available at SciVerse ScienceDirect
Chemical Engineering Science
0009-25

doi:10.1

n Corr

E-m

Pleas
slurr
journal homepage: www.elsevier.com/locate/ces
Hydrostatic pressure measurement for evaluation of particle dispersion
and flocculation in slurries containing temperature responsive polymers
Takamasa Mori a,n, JunIchiro Tsubaki a, John-Paul O’Shea b, George V. Franks b

a Department of Molecular Design and Engineering, Nagoya University, B2-3(611) Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
b Chemical and Biomolecular Engineering, Australian Mineral Science Research Institute, University of the Melbourne, Victoria 3010, Australia
a r t i c l e i n f o

Article history:

Received 13 August 2011

Received in revised form

17 January 2012

Accepted 9 February 2012

Keywords:

Hydrostatic pressure measurement

Slurry

Temperature responsive polymer

Particle dispersion and flocculation

Secondary consolidation

Ratio of acrylic acid
09/$ - see front matter & 2012 Elsevier Ltd. A

016/j.ces.2012.02.014

esponding author.

ail address: tmori@nuce.nagoya-u.ac.jp (T. Mo

e cite this article as: Mori, T., et al.,
ies containing temperature responsi
a b s t r a c t

The state of particle dispersion and flocculation was evaluated through hydrostatic pressure measure-

ments in aqueous slurries of alumina with neutral and charged temperature responsive co-polymers of

poly (N-isopropylacrylamide) (PNIPAM). Slurries were prepared and poured into test tubes at room

temperature, and then heated in a hot water bath to a controlled temperature. The slurries were then

cooled down to room temperature. The hydrostatic pressure at the bottom of the slurry was

continuously measured. The effect of the fraction of charge on the polymer on the particle dispersion

state was investigated by changing the ratio of acrylic acid (AA) to PNIPAM in the synthesized

co-polymers. It was shown that the hydrostatic pressure of the slurry with 15% AA–PNIPAM co-polymer

decreased the fastest at temperature above the polymer lower critical solution temperature (LCST),

indicating that the largest flocs were formed due to a strong attractive force. However, the hydrostatic

pressure of the 15% charged polymer did not recover (increase) after reducing the temperature below

the LCST, revealing that the formed flocs did not re-disperse. On the other hand, the hydrostatic

pressures of the slurries with 1% and 5% AA–PNIPAM co-polymer showed relatively quick decrease at

temperature above the LCST and clearly recovered (increased) after changing the temperature to below

LCST. The particles in these slurries can be changed from the dispersed to the flocculated state by

temperature control. The hydrostatic pressure measurement has been shown to be a very useful tool to

monitor how the particle dispersion and flocculation state are changed by changing the surrounding

temperature for slurries with temperature responsive polymer.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

It is very important to evaluate the state of particle dispersion
and flocculation in slurries in order to optimize slurry formulation
in various industrial processes such as ceramic processing (Lange,
1989; Lewis, 2000) and solid–liquid separations (Sivamohan,
1990; Jarvis et al., 2005). In our previous reports (Tsubaki et al.,
2003; Tsubaki and Mori, 2004; Mori et al., 2004, 2006; Mori and
Tsubaki, 2008; Ohtsuka et al., 2011), we have developed a novel
evaluation technique based on hydrostatic pressure measure-
ment, and reported that this technique is very useful for char-
acterization of fine particle slurries in which particles settle very
slowly, and slurries containing dark-colored particles which make
the slurry interface difficult to observe. In addition, it was also
found that one of the causes of the mismatch between the
apparent viscosity of the slurry and the packing density of the
sediment is the change of particle dispersion state as a function of
ll rights reserved.
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time in slurry, which was discovered by the use of the hydrostatic
pressure measurement technique (Tsubaki et al., 2001).
Hydrostatic pressure measurement can give us useful information
about particle dispersion and flocculation state and monitor its
dynamic change continuously.

The dynamic change of particle dispersion and flocculation
state during settling is often caused by the particle interaction
when decreasing the surface distance between particles. On the
other hand, the particle dispersion and flocculation state can be
changed by applying an external stimulus such as change in
temperature. Some researchers (Sigmund et al., 2000; Balzer
et al., 1999; Franks et al., 1995; Bergstrom, 1994; Graule et al.,
1997) reported novel ceramic fabrication processes where a green
body with high density can be easily obtained by changing the
particle interaction from repulsive to attractive using responsive
additives. It was also reported that a temperature responsive
polymer was used to develop a core-shell particle for drug
delivery systems (Medeiros et al., 2011). Recently, we used the
temperature responsive polymers based on poly (N-isopropyla-
crylamide) (PNIPAM) to overcome the disadvantage of conven-
tional polymer use for thickening, that is, the high water content
rement for evaluation of particle dispersion and flocculation in
i. (2012), doi:10.1016/j.ces.2012.02.014
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in sediment and difficulty of further compaction (Franks et al.,
2005, 2009; O’Shea et al., 2010, 2011 Li et al., 2009). The main
concept of this method is that (1) heating a slurry containing
PNIPAM above the lower critical solution temperature (LCST) can
cause particles to flocculate by hydrophobic attraction (Burdukova
et al., 2010, 2011), (2) subsequent cooling to temperature below
the LCST allows the polymer to partially dissolve back into
solution, and hence, the particle–particle attraction is reduced
causing the particle volume fraction in the sediment to be
increased. For optimizing this method, it is very important to
know how to change the particle dispersion and flocculation state
by changing the temperature. Therefore, the objectives of this
paper are to monitor the change of the particle dispersion and
flocculation state when changing the temperature continuously
using the hydrostatic pressure measurement, and to obtain useful
information to optimize this novel solid–liquid separation process.
2. Experimental

2.1. Slurry preparation and polymers

The raw material was alumina powder with an average
particle diameter of about 1 mm (AKP-15, Sumitomo, Japan).
30 mass% stock alumina slurry was prepared by mixing alumina
powder with reverse osmosis water and homogenizing under
ultrasonication for 10 min. The pH of the stock slurry was
adjusted to 5 by HCl solution. The polymers used in this study
were neutral PNIPAM and the anionic co-polymers A1, A5, A15
(the number denotes the percentage of acrylic acid in co-poly-
mer). The polymers were produced as described elsewhere
(O’Shea et al., 2010, 2011). Fig. 1 shows the structure of the
polymers. The molecular weight and LCST of the polymers are
shown in Table 1. The concentration of all the polymer solutions
was 1.0 mass%. The polymer solution prepared in advance was
added to 40 ml of the prepared slurry at room temperature. The
amount of polymer in the final suspension was 0.7 mg g�1 Al2O3.
The ionic concentration was adjusted to 0.01 M by addition of
appropriate amount of NaCl solution. The final particle concen-
tration of the slurry for the following measurements was 5 vol%.
Fig. 1. Structure of PNIPAM and co-polymers used in this study.

Table 1
Settling behavior and sediment properties.

Polymer
sample

Polymer molecular
weight (�106 g/mol)

Polymer LCST
(1C70.5)

Initial gradie
hydrostatic p
(Pa h�1)

PNIPAM 1.32 32 27.9
A1 0.55 32.5 44.3
A5 0.44 35 42.6
A15 1.84 39 144

Please cite this article as: Mori, T., et al., Hydrostatic pressure meas
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2.2. Gravitational settling and hydrostatic pressure measurement

Fig. 2 shows the experimental apparatus for gravitational
settling tests and hydrostatic pressure measurement. An acrylic
test tube with a diameter of 4 cm was used for the settling test. A
small diameter tube (approx. 6 mm diameter) filled with water
was inserted at the bottom of the settling column and used to
transmit the hydrostatic pressure of the fluid phase to the
pressure sensor as shown in Fig. 2b. The hydrostatic pressure
was measured with a HYSTAP-3 sensor (JHGS, Japan). The pres-
sure sensor measures the hydrostatic pressure of the continuous
fluid phase at the bottom of the settling cylinder. In the case
where the suspension is well dispersed, the hydrostatic pressure
at the bottom is caused by the dense suspension (water and
particles). For a flocculated fully networked suspension, the
particle network supports the weight of the particles and the
hydrostatic pressure is due to only the continuous water phase.
The entire assembly (settling column and pressure sensor) was
placed in a water bath at 50 1C. The slurry heated from room
temperature to 50 1C in advance was poured into the test tube
and allowed to gravitationally settle for almost 3 h. After that, the
slurry temperature was cooled down to about 20 1C by dischar-
ging the hot water from the bath. Then the slurry was left
undisturbed for 20 h and allowed to settle. The change of hydro-
static pressure was measured as a function of time. The position
of the slurry interface (mudline) was simultaneously observed by
a digital camera placed in front of the water bath. After the
settling test, the flowability of the formed sediment was checked
by inclining the test tube. The final packing fraction (volume
fraction of solids in the sediment) was calculated by mass balance
using the initial height and initial concentration of the slurry and
the height of the final sediment.

2.3. Adsorption and desorption amount of polymers

The amount of polymer adsorbed on the alumina was mea-
sured. Slurry was prepared in the same way as described above
and then poured into the test tubes. The test tubes were either
(1) kept at 20 1C for 24 h or (2) at 50 1C for 2 h or (3) at 50 1C for
2 h and subsequently at 20 1C for 22 h. After that, the supernatant
was separated from the solid particles by centrifugation and the
polymer concentration of the supernatant was measured by a
total organic carbon analyzer (TOC-650, Toray, Japan). The
amount of polymer adsorbed on the alumina was determined
by subtracting the measured residual amount of polymer from
the initial amount added.
3. Results

3.1. Settling curves and hydrostatic pressure

Figs. 3–6 show the settling curves and the change of hydro-
static pressure with time for slurries containing neutral PNIPAM,
A1, A5 and A15, respectively. The vertical dotted lines in these
nt of
ressure

Clarity of
supernatant

Packing fraction of
sediment
(dimensionless)

Flowability of
sediment

Turbid – No flow
Slightly turbid 0.362 Good
Slightly turbid 0.297 Good
Clear 0.165 Poor
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Fig. 2. (a) Experimental apparatus for gravitational settling and hydrostatic pressure measurement. (b) Schematic illustration of the settling column, pressure transmission

tube and pressure sensor.
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figures represent the time when the temperature was changed
from 50 to 20 1C. The horizontal lines correspond to the max-
imum and minimum hydrostatic pressures expected in the tubes.
The maximum pressure corresponds to a slurry density when all
the particles are suspended in the liquid. The minimum pressure
corresponds to the density of water only, when the weight of all
the particles are supported by the base of the tube. For the slurry
with neutral PNIPAM, the slurry/supernatant interface (mudline)
could not be observed. From the settling curves in Figs. 4 and 5,
for slurries with A1 and A5, the secondly consolidation can be
clearly observed after reducing the temperature, while the posi-
tion of the interface did not change in Fig. 6 for slurry with A15.

In general the hydrostatic pressure should decrease gradually
as particles in the slurry deposit at the bottom of the test tube and
finally reaches a minimum value which corresponds to the
hydrostatic pressure due to the continuous medium only (water
in this case). In addition, the hydrostatic pressure of the floccu-
lated slurry decreases faster than that of the well-dispersed
slurry, having larger initial gradient of the hydrostatic pressure
curve. Slurries with A1 and A5, which showed clear secondary
consolidation, expressed the unique feature that the hydrostatic
Please cite this article as: Mori, T., et al., Hydrostatic pressure measu
slurries containing temperature responsive polymers. Chem. Eng. Sc
pressure recovered (increased) quickly after changing the tem-
perature from 50 to 20 1C as shown in Figs. 4 and 5. After that,
their hydrostatic pressure decreased more gradually compared to
those obtained at 50 1C. The change of hydrostatic pressure upon
cooling the slurry with neutral PNIPAM as shown in Fig. 3 is also
unique, because the pressure decreased below the calculated
minimum pressure Pmin. The unusual result observed in this case
may be related not only to the change in pressure induced by
particle settling but also to another unknown factor. Therefore,
we need further investigation to clarify the mechanism of this
hydrostatic pressure change. In the case of slurry with A15, as
shown in Fig. 6, no pressure recovery was observed when
changing the temperature.

3.2. Adsorption and desorption amount of polymer

Fig. 7 shows the adsorbed amount of polymer on alumina at
various temperatures. At 20 1C, the increasing charge on the
co-polymers leads to increasing adsorption due to electrostatic
interactions. At 50 1C, PNIPAM has the highest adsorption on
alumina due to the poor solubility of the polymer. The adsorbed
amount of co-polymers increased with an increase in the ratio of
acrylic acid again due to electrostatic effects. The final adsorbed
amounts after reducing the temperature from 50 to 20 1C were
almost the same as those obtained when the temperature was
kept at 20 1C for 24 h for all polymers. Comparing the adsorbed
amounts between 50 and 20 1C, the desorbed amount of polymer
was the largest for neutral PNIPAM and decreased as the ratio of
acrylic acid increased, finally, almost no desorption was observed
for A15 having the most acrylic acid. These results are consistent
with similar measurements published recently (O’Shea et al.,
2010, 2011) which indicated that the charge on the polymer
leads to adsorption at temperature below the LCST (even in the
absence of hydrophobic attraction) due to charge–charge
interaction.
4. Discussion

Optimum or good flocculation and solid/liquid separation is
considered to occur at the lowest dose of polymer which produces
the best combination of rapid sedimentation, clear supernatant
and dense sediment. These three criteria are often mutually
rement for evaluation of particle dispersion and flocculation in
i. (2012), doi:10.1016/j.ces.2012.02.014
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Fig. 4. (a) Settling curve and (b) change of hydrostatic pressure as a function of time for slurry with A1.
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Fig. 5. (a) Settling curve and (b) change of hydrostatic pressure as a function of time for slurry with A5.
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exclusive (Franks, 2005), especially conditions which result in
rapid settling also result in low particle packing during primary
consolidation of the sediment. The use of temperature responsive
flocculants has been developed to allow for secondary consolida-
tion of the sediment upon cooling the sediment to temperature
Please cite this article as: Mori, T., et al., Hydrostatic pressure meas
slurries containing temperature responsive polymers. Chem. Eng. Sc
below the LCST. Here we discuss the influence of polymer type on
the initial settling (Section 4.1) and the secondary consolidation
(Section 4.2) as well as the influence of polymer type and
temperature on dispersion and flocculation (particle interaction
force) (Section 4.3).
urement for evaluation of particle dispersion and flocculation in
i. (2012), doi:10.1016/j.ces.2012.02.014
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4.1. Effect of polymer type on initial settling behavior

Usually, the quality of the flocculation is related to the initial
gradient of the settling curve, that is, the settling velocity of the
flocs which is related to their size and density. The density of the
floc typically does not vary significantly compared to the floc size,
and the influence of floc size on settling is squared compared to
density (see Stokes law). So in this work, the floc density is
considered to be relatively constant. However, we could not
observe the interface between the slurry and the supernatant
with neutral PNIPAM, thus, we decided to focus on the initial
gradient of hydrostatic pressure which corresponds to the deposi-
tion rate of flocs. Fig. 8 shows the initial gradient of hydrostatic
pressure for the slurries at 50 1C. The initial gradient was
determined from the straight line drawn from the starting point
of hydrostatic pressure curve. The initial gradient increased with
an increase in the ratio of acrylic acid, indicating that the size of
flocs became larger. Larger flocs result from stronger particle
attraction. Therefore, increasing the ratio of acrylic acid is useful
in order to make larger and stronger flocs at 50 1C, a temperature
above the LCST. In general, the size of the flocs formed depends on
the particle–particle interaction. Neutral PNIPAM causes floccula-
tion only at temperature above the LCST due to the hydrophobic
attraction (attractive steric interaction due to polymer which is
poorly soluble in solution). (O’Shea et al., 2010; Burdukova et al.,
2010) Charged co-polymers have two mechanisms for producing
attractive interactions (O’Shea et al., 2011). At temperature
Please cite this article as: Mori, T., et al., Hydrostatic pressure measu
slurries containing temperature responsive polymers. Chem. Eng. Sc
greater than the LCST, the hydrophobic attraction results are the
same as for the neutral PNIPAM. In addition, the charge on the
polymer allows polymer with opposite charge on the surface to
act as conventional polyelectrolyte flocculant (via bridging,
charge-patch, or charge neutralization) at temperature both
above and below the LCST.

One aspect of the results presented here which is worth noting
is that it is likely that the dose of neutral PNIPAM used here
(0.7 mg g�1 Al2O3) was too low to achieve optimum flocculation.
Based on our recently published work (O’Shea et al., 2010), good
flocculation, clear supernatants and rapid sedimentation are
expected to result for the neutral PNIPAM at polymer doses
around 1.5–2 mg g�1 Al2O3. Also, good secondary consolidation
would be obtained after cooling if higher neutral PNIPAM dose
was used. The dose used in the present work is the dose found for
optimized flocculation with the 15% charged co-polymer (O’Shea
et al., 2011). The fact that the neutral PNIPAM only partially
flocculates the suspension explains the low initial gradient of the
hydrostatic pressure observed in our measurements. The aim of
the current paper is to compare the recovery of hydrostatic
pressure at the same polymer dose for all the polymers, not to
optimize the flocculation for each individual polymer.

In order to discuss the interaction between the particle and the
polymer at 20 1C, the hydrostatic pressure of slurries with various
polymers at 20 1C is shown in Fig. 9. For reference, the hydrostatic
pressure of the slurry without polymer in which particles are
well-dispersed due to electrical double layer repulsion forces was
also plotted. For the slurry with neutral PNIPAM, the hydrostatic
pressure had almost the same trend as the slurry without
polymer, indicating that neutral PNIPAM did not produce a strong
attractive interaction between the particles which can induce
particle agglomeration at 20 1C. For the slurries with co-polymers,
the rate of decrease in hydrostatic pressure becomes larger as the
ratio of acrylic acid is increased. These results revealed that the
attractive interaction between the particle and the co-polymer
became strong with an increase in acrylic acid due to electro-
statically driven adsorption on oppositely charged alumina par-
ticles, resulting in flocculation by conventional mechanisms even
at 20 1C, which is below the LCST. The conventional flocculation is
likely due to polymer bridging, charge neutralization or patch
attraction, as is common for polyelectrolyte flocculants (Zhou and
Franks, 2006; Franks and Zhou, 2010). Especially for the slurry
with A15, the interaction was quite strong to produce similar
hydrostatic pressure change with time at 20 1C as at 50 1C
indicating similar size and density of the flocs formed both above
and below the LCST.
rement for evaluation of particle dispersion and flocculation in
i. (2012), doi:10.1016/j.ces.2012.02.014
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4.2. Effect of polymer type on secondary consolidation

The final packing fraction of the particles in the sediment
obtained after the secondary consolidation is an important consid-
eration for the efficiency of solid/liquid separations. It is well known
that suspensions of particles with attractive inter-particle forces
resist consolidation under pressure (such as in sediments) due to
the strong touching particle network resulting in low packing
fractions. On the other hand, colloidal particles interacting via
repulsive forces form dense sediment beds (after extended periods
of settling) because the repulsive interactions allow the particles to
rearrange and to consolidate to a greater extent under lower
pressures. (Franks, 2005; Franks et al., 1995). The packing fraction
in the sediment for the slurries after 20 h settling at 20 1C is shown in
Fig. 10. The final packing fraction (volume fraction of solids in the
sediment) was calculated by mass balance using the initial height
and the initial concentration of the slurry and the height of the final
sediment. For the slurry with neutral PNIPAM, a considerable
amount of small particles remained suspended in the supernatant,
thus, the packing fraction in the sediment could not be calculated
from a mass balance. Since the suspension is well dispersed, it would
be expected to have quite high final solids concentration in the
sediment. Contrary to the tendency observed for the initial gradient
of hydrostatic pressure mentioned above, the packing fraction in the
sediments decreased with an increase in the ratio of acrylic acid. The
amount of acrylic acid in the polymer must be small to achieve high
final packing fraction in the sediment. When the fraction of charge
on the polymer becomes too high, the polymer acts as a conventional
flocculant even after cooling to room temperature (O’Shea et al.,
2011). From these results, it is found that the optimal ratio of the
acrylic acid is around 1–5% to attain both quick settling and high
packing fraction.

In order to fully examine the secondary consolidation when
changing the temperature, the ratio of packing fraction at
20–50 1C, the ratio of the recovered hydrostatic pressure, and
the ratio of the desorbed polymer to the adsorbed polymer are
shown in Figs. 11–13, respectively. In Fig. 11, the Y-axis value is
the final packing fraction of the sediment after 20 h settling at
20 1C divided by that after 3 h of settling at 50 1C. In Fig. 12, the Y-
axis value is the recovered hydrostatic pressure (after changing
the temperature to 20 1C) divided by the pressure difference
between the maximum and minimum values at 50 1C, before
changing the temperature. The hydrostatic pressure is directly
related to the density of the fluid via P¼rgh. In the case of well
dispersed suspensions, the particles are dispersed in the water
and the density of the suspension is high, thus the hydrostatic
Please cite this article as: Mori, T., et al., Hydrostatic pressure meas
slurries containing temperature responsive polymers. Chem. Eng. Sc
pressure is high. As the particles are settling, (particles still
moving in the water) the pressure remains high. As the particles
finish settling the hydrostatic pressure reaches the minimum
value corresponding to the hydrostatic pressure of the water only.
This is because the particles sitting on the base of the cylinder
have formed a network which holds up their own weight.
Normally the hydrostatic pressure decreases monotonically as
particles settle. But for the temperature responsive flocculants,
urement for evaluation of particle dispersion and flocculation in
i. (2012), doi:10.1016/j.ces.2012.02.014
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when the temperature is decreased the hydrostatic pressure
increases (is recovered), this means that particles become re-
dispersed as individuals within the water and start to move
(settle) again even if they had stopped in the sediment for some
time. This is called secondary consolidation. The reason the
particles can move again is because the particle–particle attrac-
tion force is reduced by lowering the temperature. In Fig. 13, the
Y-axis value is the desorbed amount of polymer determined by
the difference in adsorbed amounts between 50 1C for 2 h, and
after cooling to 20 1C for 22 h, divided by the adsorbed amount at
50 1C. When increasing the ratio of acrylic acid, the ratios of
packing fraction, recovered hydrostatic pressure and desorbed
polymer all increased. This means that the secondary consolida-
tion occurs due to partial desorption of adsorbed polymer when
changing temperature to below the LCST, causing the decrease of
particle–particle attraction and rearrangement of particles in the
sediment. It can be concluded that the lower ratio of acrylic acid
makes the polymer easier to desorb, resulting in the increase in
the final packing fraction of sediment.

4.3. Particle dispersion and flocculation upon change of temperature

Finally, from the discussions of initial settling behavior and
secondary consolidation, we summarize the particle dispersion
and flocculation state for slurries with various polymers upon
changing the temperature as shown in Fig. 14. The characteristic
values about settling behavior and final sediment are also
summarized in Table 1. Increasing the ratio of acrylic acid in the
polymer, results in increased particle–particle attractive interac-
tion. As such, larger flocs are formed and the amount of residual
(non-aggregated) primary particles decreases, resulting in quicker
settling and clearer supernatant at temperatures above the LCST.
On the other hand, for the secondary consolidation, the final
packing fraction of the sediment obtained after reducing the
temperature below the LCST increases with a decrease in the
ratio of acrylic acid, since the reduction of the particle–particle
attraction by changing the temperature becomes remarkable and
particles in the sediment can easily rearrange. In addition, from
the observation of flow behavior of the sediment by inclining the
test tubes after the settling tests, the flowability of the sediment
became poorer as the ratio of acrylic acid increased because of the
strong attractive interaction between particles even after redu-
cing the temperature below the LCST. From all the results and
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discussions, it can be concluded that the most effective solid–
liquid separation using temperature responsive polymer, PNIPAM
and its co-polymers is accomplished by choosing the optimal
ratio of acrylic acid in the polymer. It appears this ratio is about
1–5% of charged co-polymer.
5. Conclusions

A technique which can monitor the dynamic change of particle
dispersion and flocculation state in slurries containing tempera-
ture responsive polymers has been developed using hydrostatic
pressure measurements. For slurries with clear secondary con-
solidation, (1–5% anionic charge) the hydrostatic pressure recov-
ered (increased) quickly upon cooling because the particles in the
sediment became redispersed due to reduction of the attractive
interaction after reducing the temperature. A higher fraction of
charge on the polymer (15%) produces strong attraction between
particles (by conventional polyelectrolyte flocculation mechan-
isms) so that the hydrostatic pressure does not increase upon
cooling and no secondary consolidation results. It was also found
that there is a good correlation between the ratio of recovered
hydrostatic pressure, the ratio of desorbed polymer and the ratio
of packing fraction. We conclude that the optimal ratio of acrylic
acid in co-polymer in order to attain both effective initial settling
and secondary consolidation is about 1–5% charge.
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