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Behavior of Surfactants in a Highly Loaded Coal-Water Slurry. I.
Effects of Surfactant Concentration on Its Properties
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Two types of anionic surfactants and one type of nonionic surfactant were investigated in order to clarify
their roles and behaviors in a highly loaded coal-water slurry (CWM) of high coal concentration. Both saturated
adsorption of the surfactant on coal particles and its presence in water were found to be necessary to prepare
a practical CWM. The adsorption isotherms of the surfactants were described using the “Langmuir” equation.
Each surfactant had a characteristic value of saturated adsorption. An estimation method of the required
amount of the surfactant to prepare a practical CWM was proposed. The zeta potential of the CWM was found
to vary with the coal concentration, and to be controlable using surfactants, thus failing to be a proper measure

of the CWM at high coal concentrations.

Since CWM is recognized worldwide as being one
of the most economical fluid fuels, several countries
have been attempting to develop projects since the mid-
1980’s.}® Currently, its development has continued pri-
marily in Japan and China. In the development of com-
mercially feasible CWM, surfactants have been recog-
nized as playing the most important role. Although
many manufacturers have reported fragmental data on
the performance of their own surfactants®~® in lim-
ited regard to CWM, there have been very few reports
concerning the behaviors and roles of surfactants from
the viewpoint of interfacial science.” !V Unfortunately,
there has been no work to suggest guidelines concern-
ing what surfactant should be selected and how much
should be applied.

A practical CWM as a liquid fuel must have such
properties as an appropriate yield value to maintain
its stability during a storage, a low apparent viscos-
ity to accommodate CWM’s spray for combustion and
a high coal concentration for economical use.!?® In or-
der to control these properties, an interfacial approach
between the coal surface and surfactant should be re-
quired, significantly. Therefore, the behaviors and roles
of surfactants as well as those of organic and inorganic
constituents in coal should be clarified regarding CWM
at high concentrations.

In this study, the properties and behaviors of surfac-
tants which had been developed in a Japanese CWM
project aimed at commercialization were investigated
in relation to the rheological properties of CWM. The
adsorption of surfactants on coal surfaces was analyzed
in order to clarify the influence of their amount on the
surface as well as the influence of their amount in water
on the rheology of a CWM. The factors which may al-
low high concentrations of coal in a CWM were studied
by measuring the zeta potential and viscosity. Based on
such results, a reliable estimation method of the surfac-
tant amount required to prepare a practical CWM can

be proposed.

Experimental

Test Samples.  An Australian bituminous coal often
used for coal fluidization projects of Japan was selected as
the coal for CWM preparation, its properties are listed in
Table 1. This particular coal has been proven to exhibit sat- -
isfactory results concerning CWM production, storage and
combustion in CWM development tests using a full-scaled
boiler.'®

Three types of surfactants, as additives required for CWM
production, were selected by reviewing the results of full-
scaled CWM development tests.!¥ They are two types of
polymer-type anionic surfactants, including naphthalenesul-
fonate-formaldehyde condensate (NSF) and poly(styrene-
sulfonate) (PSS), and one type of polymer-type nonionic
surfactant, poly(oxyethylene) nonylphenyl ether (NPE).

The molecular weight distributions of the surfactants
were observed by means of gelpermeation chromatography.
The sulfonation rates of anionic surfactants were calculated

Table 1. Properties of Test Coal

Item analyzed

Surface moisture (%) 7.0
Proximate analysis
Moisture (%) 3.2
Fixed carbon (%) 51.3
Volatile matter (%) 31.7
Ash content (%) 13.7
Ultimate analysis
Carbon (%) 84.2
Hydrogen (%) 5.6
Sulfur (%) 0.6
Oxygen (%) 7.8
Nitrogen (%) 1.8
Physical properties of crude coal
Grindability HGI 50
True specific gravity 1.427
Specific surface area (m?g™!) 2.7
Pore volume (mlg™1) 0.019
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based on the amount of organic sulfate ion, which was deter-
mined as being the difference between the total amount of
sulfate ion and the inorganic sulfate ion. The chain length of
poly(oxyethylene) and the degree of ring condensation were
measured on nonionic surfactants using NMR and FT-IR.
Eight samples of NSF had mean molecular weights of 1700
to 6000; three samples of PSS had mean molecular weights
of 6600 to 20000; and ten samples of NPE had degrees of
ring condensation ranging from 1 to 5 and the chain length
of ethylene oxide per benzene ring from 25 to 350.

CWM Preparation and Viscosity Measurement.
Coal was pulverized using a dry tube mill so that it could
be passed through a screen of 150 um. The mean particle
diameter was 28 um, particles of 1 pm or smaller accounted
for about 7% of the total coal particles. About 300 g of
CWM was prepared in a 800 ml-steel beaker. Pulverized
coal was gradually added into water containing a surfac-
tant while the mixing operation was continued by stirring
with blades of the double-helical ribbon type running at 225
rpm. After all of the material was added, high-velocity mix-
ing was applied using a TK-Homomixer at 4000 rpm. Slurry
samples showing pseudo-plastic or Bingham-type flow were
tested. The viscosity of CWM was measured at 25 °C at
a shear rate of 0 to 150 s~! using a Haake double-cylinder-
type rotary viscometer (rotor MV-1P, measuring head MK-
500). The viscosity at 100 s~1, when the shear rate was de-
creasing, was defined as the apparent viscosity of the CWM
measured. The coal concentration in CWM was calculated
by deducting the amount of surfactant used from the solid
amount obtained after drying the CWM at 110 °C. As an
inherent characteristic of coal, the achievable coal concen-
tration was defined as the concentration to show 1000 cp (1
Pas) of the apparent viscosity, estimated from the relation
between the apparent viscosity and the coal concentration
of CWM.

Adsorption Tests of Surfactants. CWM’s prepared
to a coal concentration of 62.5% using the respective surfac-
tants were stored in sealed polymer bottles under mixing for
24 h; they were then screened through a millipore filter of
0.45 um to analyze the surfactant concentration in the fil-
trate. The surfactants, NSF, PSS, and NPE were analyzed
using gelpermeation chromatography and ultraviolet spec-
troscopy, respectively. The respective analytical conditions
are listed bellow:

@ Gelpermeation chromatography

Apparatus  Gel permeation chromatograph
HCL-803 (by Toyo Soda)

Column TSK gel G4000SW +G3000SW
(by Toyo Soda)

Detector UV (Measured wavelength
NSF 254 nm, PSS 225 nm)

Solvent H,0 (70)/CH3CN (30)+0.5 M-NaCl

(1 M=1 moldm™3)
@ Ultraviolet absorption spectroscope

Apparatus  Ultraviolet spectrophotometer
UV 160A (by Shimadzu)
Solvent H,0

Measured wavelength 225 nm

The difference between the amounts of the added and

remaining surfactants in the filtrate was equivalent to the .

amount of adsorption on coal particles, according to the
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following equations:

X =625 x S,/(100 — S.), (1)
Y = (X - Sw)/X, @)

and
Z = Sa, X Y X 10 (3)

where S, is the amount of surfactant added to the coal
(wt%), Sb the measured concentration of the surfactant in
water (wt%), Sc the coal concentration (wt%), X the surfac-
tant concentration in water (assuming that the total amount
of surfactant is present in water (wt%)), Y the adsorption
amount of surfactant (wt%), and Z the adsorption amount
on coal (mgg™!).

Measurements of Zeta Potential. A Shimadzu-Mi-
cromeritics zeta potential analyzer was used to measure the
zeta potential at a high coal concentration. The measuring
conditions were determined according to the changes in the
zeta potentials of the slurries which were prepared in the §
to 60% range, being diluted by water.

Stirring and Mixing Tests. CWM prepared to coal
concentrations of 64 to 65% with optimum amounts of each
surfactant (0.8% for NSF, 0.6% for PSS, and 1.3% for NPE,
respectively) was stirred and mixed using a TK-Homomixer
running at 6000 rpm. The change in the CWM viscosity and
surfactant concentration in water were measured during the
mixing process.

Results

Selection of Surfactants. To perform optimize
each type of surfactant, a CWM preparation test was
conducted with a surfactant of 1.0% per coal, those sur-
factants showing the highest coal concentration at an
apparent viscosity of 1000 cp were selected from each
group. The relations between the coal concentration
and the CWM viscosity with various NSF’s provided
by different manufacturers are shown in Fig. 1. Al-
though the viscosity generally tended to increase rather
sharply with a higher concentration of coal, the absolute
value of the viscosity depended greatly on the kind of
NSF, thus indicating the importance of the surfactant
in CWM preparation. An inspection of the effects of
the mean molecular weight showed that a NSF. of larger
molecular weight, up to 5000, except for one kind, ap-
pears to allow a higher concentration. A NSF larger
than 5000 may reduce the concentration.

The performance of NSF is roughly classified into two
categories according to the sulfonation rate. The sur-
factants, which have different sulfonation rates below
83% and from 94 to 98%, exhibited very different per-
formances. Based on these results, a NSF of its sulfona-
tion rate exceeding 95%, and its mean molecular weight
exceeding 3000, was selected.

A NSF of which the molecular weight and sulfonation
rate were 3400 and 98%, respectively, was studied be-
cause of its superior performance and easy availability.

The optimization of PSS had already been studied
within a range of its sulfonation rate (between 71 and
96%) by its manufacturer; the PSS of the rate at 90
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to 91% was selected as showing the highest coal con-
centration and storage performance. According to the
effects of the molecular weight of PSS on the achiev-
able coal concentration, as proposed by the manufac-
turer, a range of molecular weights of 6600 to 10000
was found to be adequate; thus, a particular one with
a mean molecular weight of 10000 was selected due to
its availability.

The effects of a cation in surfactants are illustrated
in terms of the relationship between the coal concen-
tration and the viscosity in Fig. 2. Ions also affected
the achievable coal concentration, the sodium ion being
found most favorable. The same trends concerning ion
effects were found with NSF as well.

The relations between the achievable coal concentra-
tion estimated from the CWM preparation test using
NPE and the molar ratio of ethylene oxide (EO) added
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Fig. 2. Counter ion effects of PSS.
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per mole of nonylphenol are shown in Fig. 3. Although
condensation degrees between 1 and 5 in NPE of non-
ionic surfactants indicated no relationship to the CWM
productivity, a greater molar ratio of ethylene oxide
sharply increased the concentration of coal until the ra-
tio reached 100, at which point its effects reached the
maximum to stay constant, even with a further increase
in the amount of ethylene oxide per mole of nonylphe-
nol. Thus, NPE carrying 100 moles of ethylene oxide
per aromatic ring was typically selected for additional
tests.

Surfactant Adsorption to Coal Particles. The
adsorption isotherms are illustrated in Fig. 4 based on
selecting the concentrations of surfactants in water as
well as the amounts of adsorption on coal particles. All
of the surfactants increased their amount of adsorption
on coal particles along with an increase in their concen-
trations in water up to 0.06% in NSF, 0.04% in PSS, and
0.06% in NPE respectively; where the adsorbed amount
reached 3.3, 2.7, and 9.0 mgg™!, respectively, and re-
mained constant with higher concentrations of surfac-
tants in water up to 0.67% in NSF, 0.40% in PSS, and
1.75% in NPE, respectively. An inspection of Fig. 4
shows that all of the adsorption isotherms are of the
general “Langmuir” form with a plateau where the con-
stant amount of surfactant was adsorbed, regardless of
its concentration in water. It should be noted that the
amount of adsorbed surfactant decreased as the sur-
factant concentration further increased, with no surfac-
tant remaining on the coal particles after the surfactant
concentration in water reached 3.84% with NSF, 3.28%
with PSS, and 7.14% with NPE, respectively.

Zeta Potential. The relationship between the
zeta potential and the coal concentration is shown in
Fig. 5. The potential was found to decrease sharply
upon an increase of the concentration until 25%; the

achievable coal concentration (%)

number of
condensed ring
61} . O 1.0
A 25
0 5.0
1 L 1 1
60 100 300 500
moles of ethylene oxide
Fig. 3. Relation between the achievable coal concen-

tration and the added molar ratio of ethylene oxide
of NPE.
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value remained rather stable until 35%. The potential
increased sharply above this concentration. Thus, 30%
loaded slurry was selected in order to measure the repro-
ducible zeta potential values with experimental errors
of less than 5%.

The relations between the zeta potential and the sur-
factant concentration in water are shown in Fig. 6.
When any surfactant was applied above 0.25% per coal,
a characteristic zeta potential for each surfactant was
observed. The zeta potential changed from the values
of the original coal particles to those characteristic of
the respective surfactants. A nonionic surfactant, NPE
of very small amount (0.2%), increased very sharply the
zeta potential value along with an increase of the surfac-
tant; NSF and PSS, however, significantly decreased the
zeta potential values, first to give minimums, and then
gradually increased the potential with their increase.
The surfactant concentrations in water which allowed a
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Fig. 5. Effect of the coal concentration on the observed
zeta potential.
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Fig. 6. Effects of the surfactant concentration in water
on the zeta potential of CWM.

re-increase of the zeta potential were 3.0% in NSF and
2.5% in PSS, respectively. Among the three tested sur-
factants, NSF appears to be more effective in reducing
the potential.

Rheology of CWM. The relationships between
the concentration of a surfactant in water and the CWM
viscosity are illustrated in Fig. 7. The CWM viscosity
remained constant when the surfactant concentration
in water exceeded 0.16% with NSF, 0.14% with PSS,
and 0.18% with NPE. The CWM viscosity re-increased
when the surfactant concentration in water exceeded
2.53% with NSF, 2.41% with PSS, and 4.27% with NPE.

The changes in the viscosity and the concentrations of
the surfactants in water were measured during the stir-
ring and mixing test. The relations between the stirring
time versus the CWM viscosity and surfactant concen-
tration in water are illustrated in Fig. 8. The viscosities
of CWMs using the three surfactants initially sharply
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Fig. 7. Effects of the surfactant concentration in water
on the viscosity of CWM.
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decreased upon mixing, became almost constant, and
then sharply rose, being independent of the concentra-
tions of these surfactants. The concentration of surfac-
tants in water decreased monotonously upon mixing.
Such changes upon mixing were most rapid with NPE,
slower with NSF, and then PSS, in that order. Hence,
the decrease in the viscosity during the initial period
of mixing is apparently due to the adsorption of sur-
factants to coal particles due to stirring, as indicated
by decreased amounts of surfactants in the water. The
sharp increases in the viscosities during the latter half
of mixing is probably due to excessive decreases in the
surfactant concentrations in water, which became less
than 0.26% with NSF, 0.21% with PSS, and 0.26% with
NPE.

Discussion

CWM as a fluid fuel is required in order to provide a
stable and adequate viscosity throughout its handling,
such as its transport, storage, and combustion. CWM
should thus show a pseudo-plastic or Bingham-type flow
in its rheological properties.!® CWM of high coal con-
centration in water can obtain such properties through
the aid of surfactants.

Since the surfactant is adsorbed on the coal particles,
it must also be present in water so as to provide a low
viscosity of the CWM fluid, since coal particles should
be dispersed according to the densest packing. How-
ever, excess surfactant in water increases the viscosity.
of water due to its polymeric nature. Thus, the most
adequate form and amount of the adsorbed surfactants
were clarified in the present study.

The above discussion suggests the importance of ad-
sorption concerning the performance of surfactants.
The amount and state of their adsorption are of the
greatest concern. A higher content of hydrophilic
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Fig. 8. Changes of the CWM viscosity and surfac-

tant concentration in water during stirring and mix- .
ing tests.
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groups is favorable for both NSF and PSS. A proper
molecular-weight distribution is also necessary. The
molar ratio of ethylene oxide per mole of nonyl phe-
nol appears to be a key quantity regarding NPE. The
number defines both the extent of the hydrophilic prop-
erties as well as the molecular size.

The adsorption of the surfactant is sensitively influ-
enced by the amount added and its structure. The
polymer-type surfactants presently investigated exhib-
ited adsorption behavior more or less similar to those
of alkyd resin on TiO, analyzed by Rehécék.'® Be-
cause of the common features, the adsorption of the
present surfactants was analyzed according to his pro-
cedure. Assuming that an adsorption layer surrounds
a coal particle, the adsorption amount expressed as the
surfactant concentration in water C' (%) after reaching
equilibrium was formulated based on Eq. 4, were M,
(gg™1), Cs (%),and A, (mgg™!) are amount of solu-
tion in the adsorption layer per gram of coal, surfactant
concentration in the adsorption layer and the amount
of surfactant adsorbed on coal, respectively:

Ab = Ma x (Ca — C). (4)

The relationships between the surfactant concentra-
tion in water and the adsorption amount according to
Eq. 4 are shown in Fig. 9, where the polymeric behaviors
of NSF, PSS, and NPE are clearly indicated in their ad-
sorptions. The respective intrinsic values, (Ap, C,, and
M,) of NSF, PSS, and NPE, as obtained from Fig. 9,
are 3.69 mgg~!, 2.98% and 0.012 mgg™!, 2.73 mgg~?,
2.53%, and 0.011 gg~!, and 9.62 mgg~!, 7.02%, and
0.014 gg!, respectively. The thicknesses of the ad-
sorption layers of NSF, PSS, and NPE, calculated by
assuming a specific surface area of 2.7 m? g~! of pulver-
ized coal and surfactant densities of 1.011, 1.012, and
1.011 at a concentration C, of the respective surfac-

10,

amount of adsorbed surfactant (mg/g)
o

0 m'cs - 10

in-water surfactant concentration (9)

Fig. 9. Relations between the amounts of adsorbed
surfactants and the surfactant concentrations in wa-
ter.
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Table 2. Properties of Surfactants

Required surfactant concentration Weight
Amount of
Surfactant of Adsorption  Lower limit  Upper limit  adsorpsion
adsorption layer in water in water layer
Ap (mgg™") Ca(%) Chmin(%) Cmax(%)  Ma (gg™")
NSF 3.69 2.98 0.26 2.94 0.012
PSS 2.73 2.58 0.21 2.41 0.011
NPE 9.62 7.02 0.26 4.27 0.014

tants, are 4.4, 4.0, and 5.1 nm, respectively.

It is, therefore, expected that these surfactants,
though different in type, can function similarly in CWM
production and form an adsorption layer on coal par-
ticles, thus allowing the high coal concentration at low
viscosity. The dosing amount of surfactant required for
CWM production increases in the order PSS, NSF, and
NPE according to the thickness of the adsorption layer.
This order agreed with that of the achieved coal con-
centration of CWM using each surfactant.'®

As evidenced in Fig. 7, the required amounts of the
surfactant in water which could keep the viscosity con-
stant (0.16% in NSF, 0.14% in PSS, and 0.18% in NPE)
were greater than those of the saturated adsorption de-
rived from Fig. 4 (0.06% in NSF, 0.04% in PSS, and
0.06% in NPE). This indicates that a surfactant must
be present in water in a certain amount in order to dis-
perse coal particles saturated with the adsorbed surfac-
tant in order to produce a low-viscosity fluid of CWM.
However, an excess amount of surfactant in water in-
creases the viscosity of CWM due to their behavior as
polymers, as shown in Fig. 7 (2.53% in NSF, 2.41% in
PSS, and 4.27 in NPE).

Based on the concentration characteristic of each sur-
factant where the viscosity increases sharply, as shown
in Fig. 8 (0.26% in NSF, 0.21% in PSS, and 0.26% in
NPE), the required amounts of surfactants were esti-
mated. These obtained values were found to be in a
good agreement to those obtained from adsorption tests
given in Fig. 7, indicating that surfactants work simi-
larly under handling conditions as well as under the
production of CWM.

As mentioned above, NSF, PSS and NPE have sat-
urated adsorption values, respectively; these values are
related to the achievable coal concentrations. The dos-
ing amount of surfactant required for CWM production
increases in the order PSS, NSF, and NPE according to
the saturated adsorption value. The adsorption layer of
a surfactant on solid particles can affect the degree of
coal concentration and dispersing power of solid parti-
cles.

The surfactant concentration obtained by the stirring
and mixing test is at its lower limit concentration (Cpin)
in water, that in the adsorption test is at its upper limit
concentration (Cpayx) in water. These values as well as
the intrinsic values for each surfactant (Ap, C,, and M,)

are summarized in Table 2. The range of surfactant
amounts required to prepare the coal concentration of
C. (%) can be obtained from Eq. 5 using the values
given in Table 2. The first term of the right-hand side
in Eq. 5 refers to the adsorption of the surfactant to the
surfaces of coal particles; the second term refers to its
dissolution into water from coal particle surfaces; the
third term refers to how much of it is present in water.

CoOmin = [Ab X Cc X 0.001 + M, x Ca x Cc x 0.01
+Clnin X (100 — Cc) x 0.01]/(C: x 100)

Comax = [Ab % Cc x 0.001 + M, x Ca x Cc % 0.01
+Crmax X (100 — C¢) x 0.01]/(C. x 100) (5)

Calculations of the amount of surfactant required to
prepare CWM at 65% coal concentration yield the re-
quired minimum amount per coal (Coni,) and the us-
age upper limit (Copax) of 0.54 and 1.99% for NSF;
0.41 and 1.60% for PSS; and 1.20 and 3.36% for NPE,
respectively. By using the upper limit of the surfac-
tant concentration where monolayer adsorption occurs
(Fig. 4) instead of the Cyax value, the favorable amount
of surfactant per coal is deduced to be in the range 0.54
t0 0.77% with NSF, 0.41 to 0.52% with PSS, and 1.20 to
2.00% with NPE. Since the required minimum amounts
are almost the same regarding the concentrations of the
three surfactants in water, the required amounts of sur-
factants are concluded to be dominantly governed by
their saturated adsorption to coal particles.

The zeta potential was determined as a measure of
CWM preparation.  However, the values were found to
be very strongly dependent on the coal concentration,
as far as highly loaded CWM is concerned. The po-
tential value thus has only a small significance on the
behavior of CWM. The relation between the poten-
tial and the surfactant concentration in water shown in
Fig. 6 may confirm the above conclusion. The change
in the zeta potential is principally due to the dispersion
of coal particles in a slurry and adsorption of the sur-
factant. Coal particles appear to easily precipitate at a
low concentration range, but hard to migrate in a high
coal concentration range, thus influencing the value of
the zeta-potential.

On the basis of the above discussion, the roles and be-
haviors of surfactants under CWM conditions of high
coal concentration were clarified as follows: (1) Both
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saturated adsorption of the surfactant on coal particles
and its presence in water were required to prepare favor-
able properties of CWM, such as low viscosity and high
coal concentration. (2) The adsorption isotherms of the
surfactants were described by “Langmuir” form, giving
a definite saturated adsorption. (3) An empirical equa-
tion which can be used to calculate the required amount
of surfactant was proposed for the preparation of a prac-
tical CWM. (4) The zeta potential was found to change
greatly with the coal concentration. Its charge was con-
trolled by the surfactants.
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