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Abstract. Ultrasonic power is the main variable that forms
the basis for many soil disaggregation experiments. Thus, a pro-
cedure for the rapid determination of this variable has been deve-
loped and is described in this article. Calorimetric experiments
serve to measure specific heat capacity and ultrasonic power.
Ultrasonic power is determined experimentally for deionised
water, 30% ethanol and sodium polytungstate with a density of
1.6 g cm”® and 1.8 g cm™. All experiments are performed with
a pre-selected ultrasonic probe vibration amplitude. Under these
conditions, it was found that the emitted ultrasonic power was
comparable in the four fluids. It is suggested, however, to perform
calibration experiments prior to dispersion experiments, since the
used fluid, as well as the employed ultrasonic equipment, may
influence the power output.

Keywords: ultrasonic power calibration, ultrasonic soil dis-
aggregation, specific heat capacity measurements, sodium poly-
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INTRODUCTION

Ultrasonic disaggregation of soil is a widely used me-
thod for breaking down soil aggregates. The aggrega-
tes are dispersed in a fluid (typically water) in which a vibra-
ting ultrasonic probe emits acoustic pressure waves. Dis-
aggregation is based on a purely physical process subject-
ing the soil aggregates to mechanical forces that rupture the
organic bonds between sub-aggregates and particles. No
chemical substances are necessary, which simplifies further
chemical analysis of the obtained compounds. Ultrasonic
dispersion using high energies per unit volume can be
used for a complete disaggregation of soil particles for fur-
ther measurement of particle size distribution. Ultrasonic
experiments using low ultrasonic energies in combination
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with sieving can be used to quantify soil aggregate stabi-
lity. Stability assessment is based on the notion that the
lower energy needed for disaggregating soil samples into
smaller compounds and particles, the lower the stability of
the soil. The used ultrasonic energies per unit volume of
soil suspension for partial or total aggregate disruption vary
widely in a range from 7 to 5350 J ml" (Cerli et al., 2012;
Christensen, 1992; Schomakers et al., 2011).

Ultrasonic dispersion for aggregate disruption is also
a step often applied during soil density fractionation.
Sonication releases the light fraction occluded in aggre-
gates. This represents an important soil organic matter
(SOM) fraction (Golchin et al., 1994). Within the past
years, SOM research has increasingly focused on analys-
ing different SOM fractions rather than bulk soil (Cusack
et al., 2011; Larionova et al., 2015; Lehtinen et al., 2015;
Wiesmeier et al., 2014). The objective of soil fractiona-
tion is to isolate functional SOM pools that differ in SOM
turnover time, quality and specific carbon stabilisation
mechanisms (Sollins et al., 1996; von Liitzow et al., 2007).
Depending on the fractionation method, SOM can be se-
parated into three to five functional pools. These pools
include one or two labile/active pools, two to three inter-
mediate/slow pools (physically/chemically protected),
and a passive/inert pool (Christensen, 1996; Zimmermann
et al., 2007). As opposed to harsh chemical fractionation
methods, physical methods such as particle size and densi-
ty fractionation are increasingly applied - because they are
considered to be less destructive (Morra et al., 1991; von
Litzow et al., 2007). Density fractionation is based on the
separation of the light fraction (mainly consisting of young,
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fresh plant residues) and the mineral-associated heavy frac-
tion, using high density fluids. Soil scientists currently
focus on using sodium polytungstate (SPT, Nag(H,W,04))
as a density agent rather than organic fluids, because it
is less toxic than previously used fluids and the density can
be adjusted to any range between 1.0 and 3.1 g cm” (Six et
al., 1999).

The main parameter in an ultrasonic disaggregation
experiment is the applied ultrasonic energy per unit volume
of soil suspension (EV™"). This specific energy can be cal-
culated with the ultrasonic power (Pys) of the equipment,
the volume of the fluid where aggregates are inserted (V),
and the duration of the sonication experiment (), according
to Eq. (1).

EV—I — PUSt

(1

It is necessary to exactly know the ultrasonic power
emitted into the soil suspension so as to calibrate the
ultrasonic dispersion experiment. The ultrasonic power is
determined by the particular equipment, by the parameters
adjusted at the equipment and by the experimental setup.
Additionally, the ultrasonic power can be influenced by the
kind of fluid used to disperse the soil aggregates.

Ultrasonic experiments are frequently performed in
water, and calorimetric methods are employed to calibrate
the ultrasonic power. North (1976) suggested measuring
the temperature increase (A7) of water during a specific
sonication time (Af), and calculating the ultrasonic power
(Pys) in accordance with Eq. (2).

Fys = (mW oy +mvcv)AA—f+H.

2)

The mass of water (my) and its specific heat capacity (cy),
the mass of the vessel (m,) and its specific heat capacity
(c,), as well as the heat loss to the environment (#), is con-
sidered in this equation.
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An adapted method especially appropriate to deter-
mine ultrasonic power at low vibration amplitudes close to
the cavitation limit was developed in the authors’ labora-
tory (Schomakers ef al., 2011). This method of calibrating
ultrasonic dispersion experiments is applied in the present
investigation.

In the present study, we calibrated the ultrasonic power
in different fluids, by measuring the power at a well-defined
ultrasonic probe vibration amplitude in four different fluids:
Water (which is most widely used for ultrasonic disaggre-
gation experiments); water-ethanol solution; SPT (with
two different densities that are in common use in ultrasonic
experiments). Calibration requires the exact knowledge of
the specific heat capacity of the used fluids. The specific
heat capacity is known from the literature for water and
water—ethanol solution. The specific heat capacity of SPT,
however, is not available from the literature and therefore
had to be measured.

MATERIALS AND METHODS

The specific heat of the fluids was determined by heat-
ing a certain mass of the fluid with a defined thermal energy.
Measurements were performed with water, 30% ethanol and
two SPTfluids. The fluidsare SPT 1.6 (SPT1, Tungsten, Grub
am Forst, Germany) - with a nominal density of 1.6 g cm”,
and SPT 1.8 with a nominal density of 1.8 g cm™. The den-
sities of both SPT fluids were controlled with a pycnometer.
These measurements revealed actual densities of 1.607 and
1.827 g em™, respectively.

The experimental setup is shown in Fig. 1. Electric cur-
rent flowing through a resistor over a certain time period
provides heating, which, in turn, generates an increase
of temperature of a known mass of fluid. In detail, 250 g
of fluid was given into a 500 ml closed polystyrene ves-
sel that was insulated with styrofoam and air cushion
foil. To ensure an even temperature distribution in the

—
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Fig. 1. Experimental setup used to measure the specific heat capacity of different fluids. The supplied power delivers constant direct
current, which is controlled with an ampere meter and flows through a high precision resistor. The temperature of the fluid is measured
with a K type thermosensor with drag indicator. A thermo-insulated vessel is used as a container.
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fluid, the vessel was equipped with a magnetic stirrer and
placed upon a stirring unit, on which a silicone pad was
positioned so as to isolate the vessel from the bottom. The
exact temperature was determined using a Voltcraft K202
Data Logger Thermometer (K type, precision better than +
0.1°C) with 2 thermosensors. Energy transfer into the solu-
tion was provided by a water-proof high precision resistor
(SRS components) with a resistivity of R=6.77 Q that was
connected to a TE Electronic KA 3500D DC Power sup-
ply. In addition, an Agilent 34410A Digital Multimeter was
mounted to the resistor to test the electrical current.

The heat produced by the resistor, (40Q) during the time
period (Af) is determined by its resistance (R) and the elec-
trical current (/), according to Eq. (3):

AQ=R I’ At. 3)

A direct current of / =3 A was used.

The heat produced by the resistor leads to an increase of
temperature of the fluid (AT). Additionally, heat exchanged
with the environment (AQgy) must be considered. This
leads to Eq. (4):

AQ+ AQpy = (mp cr + mpg cp)AT. 4)

The mass of the fluid (m,) and its specific heat capacity
(cr), and the mass of the resistor (m;) and its specific heat
capacity (cg) must be considered. The mass of the resistor
is 17 g, with a case made of aluminium, with a specific heat
capacity of 0.90 kJ kg"' K. The influence of the vessel on
the measurement is estimated to be far below 1% due to its
comparably low mass, and is therefore ignored.

AQgy1s a positive number if the temperature of the envi-
ronment is higher than the temperature of the fluid, and it
is negative if the temperature is lower. To cancel out the
contribution of AQzy, the experiments were started with the
temperature of the fluid below room temperature, and the
experiments ended when the temperature of the fluid was
higher than room temperature by the same amount. The
presented experiments were started with fluid temperature
of about 15°C and ended when the temperature was about
25, with 20°C being the room temperature. Using this pro-
cedure, AQzy = 0 can be employed.

With Eqgs (3) and (4), the specific heat capacity of the
fluid can be determined with Eq. (5):

RIz—I’I’lRCR£
- M
Cp = AT .

I
o pr

)

The ultrasonic power was determined under well-
defined and closely similar conditions in all the investigated
fluids. The vibration amplitude of the ultrasonic probe was
in the range between 24.4 and 24.7 um. The displayed pow-
er on ultrasonic equipment may be significantly different
from the actual power, and is therefore unreliable (Schmidt
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et al., 1999). Thus, the ultrasonic power was determined for
a certain vibration amplitude and not for a certain displayed
power. The method to measure ultrasonic vibration ampli-
tudes is described elsewhere (Mayer ef al., 2002).

The measurements of ultrasonic power were performed
with a widely used probe-type ultrasonic equipment
(Bandelin Sonopuls HD 2200, cylindrical ultrasonic probe
with a diameter ¢ 13.7 mm). Tests were run in a continuous
mode (non-pulse mode). The ultrasonic probe was inserted
into the fluid to an insertion depth of 10 mm.

The first series of experiments was performed with
water. The ultrasonic power (Pys) is determined by Eq. (6)
(Schomakers et al., 2011):

AT A0px
Fos=mwew =4

(6)

Pys is assessed by sonicating the fluid, where my, is the
mass of the fluid and ¢y is its specific heat capacity. The
increase of temperature A7 in a given time period Af is
measured. In the present tests, 150 g of water were poured
into a 250 ml polystyrene beaker, isolated with a silicon
pad from the bottom. The solution was sonicated, and the
temperature was noted every 30 s.

The heat exchanged with the environment, AQzy must
be considered. AQ;y is a positive number if the temperature
of the environment is higher than the temperature of the flu-
id, and it is negative if the temperature is lower. To cancel
out the contribution of AQgy, the experiments were started
with the water temperature below room temperature. The
experiments ended when the temperature of the fluid was
higher than room temperature by the same amount. Using
this procedure, AQgy = 0 in Eq. (6) and leads to the simpler

Eq. (7).

AT
Fys =my cy —

At (7)

RESULTS

The specific heat capacity of deionised water was deter-
mined in the first series of experiments. In one, the tem-
perature of mr= 0.25 kg water increased by A7=8.6 K
after it was heated by 7/ = 3 A flowing through a resistor of
R=6.77 Q for At =150 s. With the mass m;= 0.017 kg and
the specific heat capacity of the resistor, c,= 900 J kg™ K,
Eq. (5) delivers the specific heat capacity of c;=4050 ] kg’
K for water.

The measurements were repeated 5 times. On average,
the specific heat capacity of water was 4.1+0.2 kJ kg K.
The literature value for water (4.18 kJ kg™ K} is, therefore,
reasonably well reproduced in the present experiments. The
specific heat capacity of 30% ethanol was determined in
the experiments as 3.6+0.2 k] kg”' K'', which is in the range
of the expected value of 3.65 kJ kg K according to the
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Fig. 2. Temperature measured via ultrasonic experiments with
three fluids.

literature. Our study also delivered the specific heat capac-
ity of the two SPT fluids as 2.5+0.2 kJ kg K™ for SPT1.6
and 2.2+0.2 kJ kg K™ for SPT1.8.

The ultrasonic power emitted into deionised water was
determined in the first measurement series. The water tem-
perature at the beginning was 15°C. After sonication was
initiated, the temperature was recorded every 30 s. The
experiment ended when the water temperature reached
about 25°C. Similar experiments were performed with 30%
ethanol and with the two SPT fluids.

Typical results obtained in these measurements are
shown in Fig. 2. The temperature is shown on the ordinate
as a function of the sonication duration. Data were fitted
using a linear function. The results were a temperature
increase per second of =0.0194 K s™ for deionised water,
and =0.0236 K s* for water-ethanol solution, as well as
=0.0361 K s for SPT1.6. The fastest temperature increase
among the three fluids is found for SPT1.6, and the slowest
increase is that for deionised water. This does not mean,
however, that the absorbed ultrasonic power is different in
the three fluids, because the specific heat capacity of the
three fluids is also different.

The ultrasonic power is determined according to Eq. (7).
With the used masses (about 250 g) and the specific heat
capacities of the respective fluids, the measured power in
the three experiments shown in Fig. (2) were 20.3 W for
water, 21.6 W for 30% ethanol and 22.6 W for SPT1.6.
Measurements of the ultrasonic power were repeated 3
times for each fluid.

The following ultrasonic power was determined for
vibration amplitude between 24.4 and 24.7 um for a vibrat-
ing probe with ¢13.7 mm and an insertion depth of 10 mm:

Pys=19.6£1.5 W for deionised water,

Pys=21.6£1.6 W for 30% ethanol,
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Pys=21.6+1.8 W for SPT1.6,

Pus=20.8+1.5 W for SPT1.8.

The mean value of the ultrasonic power emitted into the
four fluids is comparable.

DISCUSSION

Ultrasonic soil disaggregation experiments are a well-
established means of characterising the stability and
composition of soil aggregates and fractions. Recently,
ultrasonic experiments have been performed using fluids of
different compositions and densities, as this enables den-
sity fractionation of soil aggregates.

Crow et al. (2015) employed densities between 1.6 and
2.6 g cm” for physical carbon sequestration experiments,
while Griineberg et al. (2013) performed experiments in
fluid with a density 1.6 g cm™ and different ultrasonic ener-
gies to break macro- and micro-aggregates. To embody
the conceptual carbon pools, experimental techniques
have been developed based on measurable carbon pools
by either chemical or physical fractionation approaches
(Zimmermann et al., 2007). Toriyama et al. (2015) applied
a SPT solution to determine the carbon pool in sediment
fraction. The results of Wang et al. (2015) show that the
sequential ultrasonic extraction method is reliable with
regard to the mass balance. In their study, they used dif-
ferent fluids for extracting the different pools (deionised
water, artificial root exudates, Methanol-NaOH, dichlo-
romethane, n-hexane, and their mixture with acetone to
extract PAHs from soils).

Knowledge of the applied ultrasonic power is a neces-
sity for well defined ultrasonic experiments. The above
results show that the absorbed ultrasonic power is compara-
ble in four different fluids under the investigated conditions
and using the described ultrasonic equipment. It should be
noted that the increase of temperature during sonication is
different for the four fluids. However, if the specific heat
of the respective fluid is considered, the ultrasonic power
determined in the four testing series did not show much
difference. The condition of constant vibration amplitude
was, thus, found to be closely similar to the condition of
constant ultrasonic power — if other geometrical conditions
(diameter of the ultrasonic probe, insertion depth), as well
as the surface condition of the probe were kept constant.

From a practical point of view, the applied Bandelin
ultrasonic system was found to be appropriate for the pre-
sent tests. When the same power setting is adjusted at the
instrument (i.e. 10% of the maximum power in the pre-
sent experiments), the vibration amplitude was found to
be closely similar irrespective of the investigated fluid. No
further adjustment or considerations of the used fluids were
necessary. This poses the question whether the absorbed
ultrasonic power for the same setup conditions is always
the same, irrespective of the used fluid.
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It must be assumed that the presently found result is,
first at all, specific for the study’s experimental conditions,
i.e. measurements with constant vibration amplitude and
geometrical conditions. It has been shown that commer-
cial instruments may show large variations when compared
with each other. Additionally, their ultrasonic power may
vary from the displayed power by 100% or more (Schmidt
et al., 1999). Even employing identical ultrasound equip-
ment several times may lead to different calibrations.
Experiments performed with one type of ultrasonic device,
therefore, may be completely incomparable to those per-
formed with other devices.

Additionally, the fluid used in the sonication experi-
ment might influence the absorbed power. For constant
vibration amplitude, the acoustic pressure in different fluids
varies due to their different acoustic impedance. In com-
mercial ultrasonic equipment, the acoustic pressures are
above the cavitation limit, and cavitation will hence occur.
The cavitation limit, however, is influenced by the physical
properties of the fluid. Therefore, the used fluid might influ-
ence the absorbed ultrasonic power.

Due to both reasons, the possible influence of the ultra-
sonic system, as well as the possible influences of the fluid,
it cannot be generally assumed that the absorbed ultrasonic
power is constant irrespective of the used fluid. Rather, the
comparable ultrasonic power found in the four experimen-
tal series must be considered specific for the used ultrasonic
system and the investigated fluids.

CONCLUSIONS

Ultrasonic experiments on fluids with different densi-
ties are employed in the studies of soil aggregates. These
experiments require the exact knowledge of the applied
ultrasonic power in the respective fluid. Specific heat
capacity of the applied fluid is necessary to calibrate the
ultrasonic experiment.

1. A rapid method for the determination of the specific
heat capacity of fluids is described. The specific heat capacity
for sodium polytungstate with a density of 1.6 g cm’
(SPT1.6) was 2.5+0.2 and 2.2+0.2 k] kg” K™ was found for
a SPT with a density of 1.8 g cm™ (SPT1.8).

2. The absorbed ultrasonic power Pys was determined
for deionised water, 30% ethanol, SPT1.6 and SPTI.8.
When the vibration amplitude was the same in all four
fluids, the ultrasonic power emitted into the fluids was
comparable.

3. It is suggested to calibrate ultrasonic equipment for
each fluid separately. A method for the calibration of ultra-
sonic power is proposed.
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