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ABSTRACT

This work aimed at investigating the effect of audible frequency (Fs = 12 kHz) on sludge
pretreatment by sonication (US) under pressure for the first time. The main US parameters
{power -Pys, intensity -Iys) were also looked inte. The higher Pys, the higher sludge
disintegration (DDcop) was achieved due to the increase in cavitation intensity, e.g. at 7000
kI/kgrs, DDegp improvement was about 74 % when increasing Pyg from 50 to 360 W (7ys of
52 - 374 W/cmz). In addition, about 16 % of DDcop improvement was achieved when
switching from 50 W-SP to 360 W-BP at same [s (about 37.5 W/cm:). Besides, sludge
disintegration was significantly improved by low frequency US (12 vs. 20 kHz) due to more
violent cavitation: by 64 % at ES of 7000 kJ/kgys. Positive effect of pressure associated with
high Pys and low Fs was also found. This work provided general information and trends related
to sonication process to be used or checked in other potential applications of physical effects of
acoustic cavitation.

Keywords: acoustic sonication, audible frequency, particle size reduction, sludge disintegration,
sonication pretreatment, waste activated sludge.

1. INTRODUCTION

Acoustic cavitation is a phenomenon that is mainly related to the sound pressure amplitude,
its frequency, through the bubble size variations [i]. For a given frequency and scund pressure
amplitude, there is a critical size range in which the initial size of the bubbles must fall to
nucleate cavitation [2]. The critical size range increases with the increase in acoustic pressure
amplitude and the decrease in frequency.

Sound frequency (£5) has a significant effect on the cavitation process becanse it alters the
critical size of the cavitation bubble [3]. In general, the increase in Fi leads to the decrease in
cavitation physical effects [4 - 5] due to the decrease in radius range that will provide cavitation
[13, the too shost finite-time of the rarefaction cycle for a bubble to grow and collapse [6], and
the too short time for the compression cycle to collapse the bubble (if any) |3]. On the other
hand, at higher F;, although cavitation is less violent, there are more cavitation events and thus
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more radicals to be produced and consequently a promotion of chemical reactions [4].
Meanwhile, lower Fi have stronger shock waves and favor mechanical effects [7]. This more
violent collapse at low Fy is due to the resonance bubble size being inversely proportional to the
F [8]. The optimum frequency is system-specific and depends on whether intense temperatures
and pressures or single electron transfer reactions are looked for. The choice of Fj therefore
depends on the expected type of ultrasound (US) effects: mechanical (due to shock waves and
high local shear stresses) or chemical (connected to free radical formation) [9 - 17]. Witk regard
to sludge pretreatment, sonication (US) mechanically disrupts the floc matrix and cell strueture,
Tichm ef al. [18] and Zhang er al. [7] found that the degree of sludge disintegration (DDcop)
decreased owing to the increase in 7y, indicating mechanical effects, instead of free radicals, to
be responsible for the biedegradability enhancement. It is important to note that DDcgp in most
works is the most significant at low Fyg [19 - 21], but the.lowest investigated Fs have been
restricted to around 20 - 25 kHz. Lower Fg could then be int ing in sludge disi ation and
needs detailed investigation.

For hydrostatic pressure effect, its modification was proved to change the resonance
condition of cavitation bubbles via their equilibrium radius, and then may drive the system
toward resonance conditions [3], increase consequently the rate and yield of US-assisted
reactions [22 - 24]. However, most US experiments have been carried out at atmospheric
pressure, only a few studies have been focusing on how increasing pressure affects cavitation but
aimost soncem sonoluminescence [25 - 27], superplastic flow (28 - 31], 364L stainless steel
coirosion [10], yeast disintegration [32], or other related researches [33 - 37). Thereby, effects of
very low Fys on sludge sonication under pressure are expected to improve the pretreatment
efficiency and need taking into consideration.

In relation to the effect of US intensity (Iyg) -the quotient of US power {Py s} and the surface
arez of the probe, it was proved that higher mechanical shear forces produced at higher /s
rupture micreorganism celt walls, leading to the increase in DDegp [21, 38]. Most researches
[39 - 43] have varied only Pys meanwhile the magnitude of the effect of each factor needs
further investigation in connection with scale-up purpose. Besides, the role of Iys on the
efficiency of sludge pretreatment by acoustic frequency sonication under pressure has not been
investigated.

This work was the first research on the relationship among fus, very low Fs (down to
audible range), and pressure as well as their integrated effects on sludge sonication pretreatment
(low temperature), assessed by DDcop and particle size distribution (PSD). The best condition
found in this work is expected to ent sludge disi ation, to save energy input, and to
facilitate the anaerobic digestion (4D).

2. MATERIALS AND METHODS
2.1. Sludge samples
Waste activated sludge (WAS), given in Table 1, was collected from Ginestous wastewater
treatment plants (Toulouse, France). Sludge was sampled in 1 L and 100 mL plastic boxes and
preserved in a freezer according to Kidak ef ¢/, [44], When performing experiments, sludge was
defrosted and diluted with distilled water to prepare synthetic sludge samples (28 grg/L).

2.2. Sonicition spplication
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A cup-horn senicator included in an autoclave reactor that was connected to a pressurized
N bottle was used (Fig. 1). The equipment includes two generators working at 12 and 20 kHz,
and for each two associated probes of 13 and 35 mm diameter, labeled as SP and BP,
respectively. Maximum Pys (transferred from the generator to the transducer) is 100 W and 400
W for SP and BP, respectively. A constant volume of synthetic sludge sample (0.5 L) was used
for each experiment.
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Figure 1. Autoclave sonicator set-up.

Table 1: Characteristics of the sludge samples.

Parameter Value
a b

Raw sludge sample

pH 6.3 6.3

Taotal solids (TS) gL 342 319

Volatile solids (V5) gL 302 264

VS/TS % 883 82.8
Synthetic sludge sample

Total solids (75) gL 28.0 28.0

Mean SCOD, gL 4.1 2.8

SCODyaoi 0.5 gL 22.1 22.7

TCOD gL 35.1 36.3

SCODpuor/TCOD % 56.5 62.5

Firstly, the effect of /.5 in audible Fs sonication on sludge disintegration was examined in
isothermal condition {7 = 28 + 2 °C) and at atmospheric pressure: vary Pys values or/and probe
sizes. Different US durations corresponding to four values of ES (7000, 12000, 35000, and
50000 kl/kgrs) were tested: ES = (Pys * ¢ / (V * TS); where ES: specific energy input, energy
per total solid weight (kJ/kgxs), Pys: power inpet (W), £ US duration (s), ¥: volume of sludge
(L), and TS: total solid concentration (g/L). Secondly, pressures (1 - 4 bar, 0.25 bar of intervals)
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were applied to 12 kHz sonicator, BP, Pys (150 and 360 W), and isothermal mode (7= 28 +2
°C), to understand for the first time the combined effect of Fs and Py on the optimum pressure.
Finally, effects of audible Fs on sludge somication under pressure were investigated at
atmospheric and optimum pressure.

Experiments were duplicated and the coefficients of variation of DDcop were about 5 %.
2.3, Analytical methods

Total and volatile solids contents (TS and VS) were measured according to APHA [45].

The degree of sludge disintegration (DDcop) was calculated by determining the soluble
chemical oxygen demand after strong alkaline disintegration of sludge (SCODy,0g) and the
chemical oxygen demand in the supematant before and after treatnent (SCOD, and SCOD
respectively): DDgop = (SCOD — SCOD/(SCODy.on - SCODy) *100 (%} [46). To measure the
SCODy,on value, the sludge sample was mixed with 6.5 M NaOH at room temperature for 24 h
[47]. Besides, total chemical oxygen demand {TCOD) was also measured by potassium
dichromate oxidation method (standard AFNOR NFT 90-101). Prior to SCOD determination, the
supernatant Hquid was filtered under vacuum using 2 cellulose nitrate membrane with 0.2 pm
pore size. Additionally, colioidal COD fraction -between 0.2 and 1 pm- was also measured in
some cases. The filtered liquid was subjected to COD analysis as per Hach spectrophotometric
method.

The particle size distribution (PSD) of sludge before and after treatment was determined
by using a Malvern particle size analyzer (Mastersizer 2000, Malvern Inc.), a laser diffraction-
based system (measuring range from 0.02 to 2000 pm) [48 - 50]. Since the primary result from
laser diffraction is a volume distribution, the volume mean diameter D/4,3] (or de Brouckere
mean diameter) was used to illustrate the mean particle size of sludge.

Rheology is the study of flow and deformation of materials under applied forces and
involves the measurement of shear siress 7 in a fluid at various shear ratesy The power law
model is one of the most widely used to describe the relationship between the two for complex
microstructure substances such as sludge and thus exhibit a non-Newtonian behavior, where

T=K-7"and the apparent dynamic viscosity L., =1=K-y“_1. K is the consistency
Y

coefficient of the fluid (the greater the value of K the more viscous the fluid); n is the flow
behavior index - a measure of the degree of deviation from the Newtonian behavior: n=/ for
Newtenian fluid, n</ for pseudoplastic or shear-thinning material (effective viscosity decreases
with shear rate), 2> for dilatant or shear-thickening material. Note that the shear stress must
exceed a critical value known as yield stress (%) for the fluid to flow.

The measurements were performed using an AR 2000 Rheometer (TA Instruments®)
equipped with a cone (6 ¢m, 2°) and plate geometry. 2 mL of sludge sample were placed on the
horizontal plate controlled at 25 °C, and then the cone was rotated at a shear rate range of 0-1000
s". Shear stress was measured and recorded cor ponding to the investigated shear rates. The
Herschel-Bulkley model (1926) was used to describe the rheological behavior of sludge with
standard errors of less than 10%: T=7,+K - 3"
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3. RESULTS AND DISCUSSION
3.1, Effect of Pys and Iys in audible frequency sonication on DD,

Effects of Iys on sludge dnslntegralmn were mvesugated at same Pys (S0 W) by changing
the probe: SP (Iys of 37.7 W/em®) vs. BP ({yg of 5.2 W/em®). These experiments were conducted
at 12 kHz. Results are shown in Fig. 2 where additional experiments at fys of 37.4 W/em? but
u;ng a different combination of Pys-ptobe (360W-BP) are also reported for comparison of both
effects.

R
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Figure 2. Compatison of fys (same Pys 0f SOW) and Pys (same probe) effects on Dchop at different £S5
synthetic secondary sludge (Table la), 12 kHz, and atmospheric pressure.

First, for the BP, the higher Py, the higher DD¢yp was achieved as a function of ES,
indicating more sludge disintegration following the increase in fys due to the increase in the
maximum pressures and temperatures within a transient collapse [6], e.g. at the same energy
consumption of 7000 kJ/kgrs, DDcop improvement was about 74 % when increasing Pys from
50 to 360 W (Jys of 5.2 - 37.4 W/em?).

When comparing the two probe sizes, experiments at the same Pys of 50 W showed little
improvements of DDcop (about 13 %) when increasing 7y from 5.2 to 37.7 W/em’®. Series at
same {yg (about 37.5 W/em?) with different Pys showed a better effect of Py than Jys, e.g. about
16 % of DD¢gp improvement was achieved when switching from S0W-SP to 360W-BP.

Therefore, under isothermal mode (low 7) and atmospheric pressure, high Pys - short US
time should be preferred for sludge disintegration.

3.2. Effect of frequency on the efficacy of sludge sonication (at atmospheric pressure)

As mentioned, even though most applications using mechanical effects of US are improved
when reducing Fy, nearly no information is available under 20 kHz - the usual limit of
commercial equipment corresponding also to the limit of human hearing. Therefore, effects of
audible Fs on the efficacy of sludge pretreatment were investigated for the first time using B8P,
Py of 360 W, and assessed by DDgp. Results are shown in Fig, 3.

Figure 3 shows that the lower the Fy, the more the sludge was disintegrated due to more
violent cavitation. DDcap were significantly improved at 12 kHz US as compared to 20 kHz US,
by 64 % at ES of 7000 kl/kgrs. According to Laborde ef al. [8], Thompson and Doraiswamy [3],

235



Ngoc Tuan Le, Carine JULCOUR-LEBIGUE, Henri DELMAS

Zhang et al.[41], Pham et al. [19], Carrére et al. [20] and Pilli e ai. [21], the lower Fj, the
stronger shock waves and mechanical effects are favored due to the resonance bubble size being
inversely proportional to the acoustic Fs. However, noting that at low £ the maximum collapse
time and the maximum size of the ded cavity are i d, the opti itation effect
should occur at higher Pys [10].
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Figure 3, Effect of ES and Fs on DD cop: synthetic secondary sludge (Table 1a),
BP, and atmospheric pressure.

Evolution of colloidal COD fraction during US at different Fs (along with correspending
soluble COD fraction) was also measured and presented in Fig. 4. Unlike SCOD/TCOD which
gradually increased following an increase in ES, CCOD/TCOD increased quickly up to ES of
12000 kJ/kgrs, then siowed down, and almost reached a plateau with ES more than 35000
kIfkgrs. Regardless of Fy, CCOD/TCOD were much higher than SCOD/TCOD in the
investigated ES range. In addition, both soluble and colloidal fractions were increased under
lower Fg sonication (12 vs. 20 kHz) although the improvements were rather low.
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Frgure 4. Effect of frequency on SCOD/TCOD and CCOD/TCOD during US: synthetic secondary sludge
(Table 1a), BP, Py =360 W, and atmospheric pressure.
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Besides, the lower the Fi, the faster the sludge particle size was reduced, especially within
the first two minutes. However, the differences in size thereafter were insignificant as depicted
in Fig. 5.
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Figure 5. Mean particle size reduction under US at different Fy: synthetic secondary sludge (Table 1a),
Pus=1360 W, BP, and atmospheric pressure

3.3. Effect of audible frequency on the optimum pressure and subsequent DDcop

Pressure (1 - 4 bar, 0.25 bar of intervals) was applied to the 12 kHz sonicator, using the BP
with Py of 150 and 360 W at the same ES of 35000 kl/kgrs. Additional experiments were
conducted on another secondary sludge (Table 1b) at 50000 kl/kgrs and 20 kHz to further
understand the effect of Fs on the optimum pressure. Results are presented in Fig. 6.

In both cases of Fs, the optimum pressure shifts when increasing Pys (or fy5). Besides, the
location of this optimum seems to be independent from ES and sound frequency in the restricted
investigated range: 2 bar at 150 W and 3.5 bar at 360 W (using 0.5 bar intervals) for 20 kHz as
compared to 2.25 bar at 150 W and 3.25 bar at 360 W (0.25 bar intervals) for 12 kHz sonicator.
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Figure 6. Effect of pressure on DDcqp, for different Pysand Fs: (a) 12 kHz, ES = 35600 k)/kgrs,
synthetic sludge (Table 1a), (b) 20 kHz, ES = 50000 kl/kgrs, synthetic sludge (Table Ib).
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Figure 7 describes the effect of Fs on sludge sonication under optiraum pressure. It again
indicates that the lower the F§, the more the sludge is disintegrated, which g lizes the results
of Tiehm et al. [18]. Zhang et al. [7], Pham T.D. et al.[19], and Carrére et al. [20] to audible Fy.
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Figure 7. Effect of ES and y on dary sludge disi ion under optimum pressure

(3.25 bar): synlhei‘ic secondary sludge (Table 1a), Pys =360 W, and BP.

Table 2. Apparent viscosity and parameters of Herschel-Bulkley model for different sonicated secondary
sludge samples (Pys= 360 W),

Apparent viscosity

Yield

stress % C}'}séi'i'»'f i indl:[:‘r: ® Happ (P2-8)
(Pa) y=1EY  p=100(T

Isothermal US (28°C) at 20 kHz and | bar

0 klfkgys 0.124 0.072 0.680 0.266 0.018

7000 ki/kgzs 0.093 0.666 0.667 0.196 0.015
Isothermal US (28°C) at 20 kHz and 3.25 bar

0 kJikgrs 0.124 0.072 0.680 0.266 0.018

7000 kl/kges 0.109 0.041 0.712 0.138 ¢.012
Isothermal US (28°C) at 12 kHz and 1 bar

0 kl/kgrs 0.246 0.057 0.731 0.399 ¢.019

7000 kifkgzs 0.123 0.053 0.684 0.196 0.014
Isothermal US (28°C) at 12 kHz and 3.25 bar

0 kJikgrs 0.246 0.057 0.731 0.399 0.019

7000 kl/kgrs 0.087 0.051 0.683 0.163 0.013

35000 kI kgrs 0.079 0.029 0.724 6.099 0.009
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According to Lorimer and Mason [6], increasing hydrostatic pressure leads to an increase
in both the cavitation threshold and the intensity of cavity collapse. Therefore, the amplitude of
acoustic pressure (P, directly depending on fs) should be in excess as compared to hydrostatic
pressure (Py) for cavitation bubbles to be generated: it can be qualitatively assumed that if P; -
P4 > 0, there is no resultant negative pressure and cavitation cannot occur. These combined
effects explain why different Js (or Pys) lead to different optimum pressures (Fig. 6). In short,
an optimum of pressure is achieved due to opposite effects of hydrostatic pressure: a reduction
of the number of cavitation bubbles due to a higher cavitation threshold, but a mote violent
bubble collapse. This optimum pressure is dependent on Pys (or fys), not on Fs or ES.

Apart from DD¢op and PSD, apparent viscosity and Herschel-Bulkley parameters of sludge
samples treated at 28 °C, in different conditions of pressure (1/3.25 bar) and frequency (12/20
kHz) were also taken into account. Results are given in Table 2. It was found that isothermal US
(T = 28 °C) at 20 kHz and atmospheric pressure did not mgmﬁcantly affect the rheologlcal
behavior of sludge. This result can be generahized to other or freq
for the discrepancies in between raw samples. A larger reductmn of yield stress may be however
attributed to the 12 kHz treatment.

4. CONCLUSIONS

This work aimed at investigating the effect of audible F sonication on sludge pretreatment
for the first time. In addition, the main US parameters at same energy consumption (Pys, lus, Fs)
and operating condition, i.e. hydrostatic pressure, were also looked into in a systematic approach
to obtain the best conditions for sludge disintegration, then to get general information and trends
to be used or checked in other potential applications of physical effects of acoustic cavitation.

The high Pysshort time sonication procedure was the best option for sludge US
pretreatment at atmospheric pressure due to the increase in cavitation intensity invoiving
maximum pressures and temperatures. Besides, sludge disintegration was significantly improved
by low Fs sonication due to more violent cavitation: up to 64 % of DDgop from 12 kHz
isothermal sonication as compared to 20 kHz at low ES. Sonication effects on reduction of mean
particle size were somewhat improved at low Fs. Additionally, positive effect of hydrostatic
pressure associated with high Pys and low Fs was also found. Future works should investigate
lower Fj as there is no indication for any optimum F or for practical limitations at very low F.
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Tién xir li bin thai bing ning luong im thanh (sound energy, hay sonication), dac biét 1a
4m (uitrasonication) hién dang duoc dAu tr nghién ctu. Bai bio nham muyc tiéu danh gis
qud sonication tan 6 thip -la ughién ctru diu tién frong Tinh vire tidn xir I bin thai sir dung
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tan ) nghe dugc (eudible frequency - Fs = 12 kHz), Céc thdng s6 chinh cua sonicarion (cong
sudt -Pgs, CuU[]g do - Iys) ciing duge xem xét. Két qua cho thay Pys cang cao -cudng do
cavitation cing lén- thi d9 phan ri bun thai (DDcop) cang ding k& Véi cing ning luong diu
vao ES — 7.000 kI/kgrs, DDcop trong trudmg hop Pys =360 W cao hon trudng hop Pu(; =350W
khoang 74 % ({5 tuong tmg 12 37,4 va 5,2 Wiem?), Higu qua cua Pus cao con duge thé hén khi
$o sanh DDwD tai cung mdt gm tri Fus: w6 Jys — 37,5 Wient, DDcop tang khoang 16 % khi
chuyén ddi tir hé théng 50 W - ddu do dwong kink 13 mm sang hé thong 360 W - dau do d’mmg
kink 35 mm. Bén canh d6, mire d6 phan i bum thai con digc cii theén dang ké khi xit If & tin s6
thap (12 kHz so v6i 20 kHz) nho sy ting cudng cavitation: 64 % tai ES ~ 7000 kI/kgrs. Péng
lwu ¥, te déng tich cyc clia 4p sudt khi két hop vai Py cao va F thip 1én do phan ri bin thai
cling duoc tim thay Nghi¢n ctu nay cung cap nhimg théng tin hiru dung va cic xu huong hien
quan dén qua trinh sonication - 1 co s & 4p dung hedic tai kiém tra trong cac tmg dyng tidm
nang khac, dac biét la tic dong vit li cla cavitation.

Tie khGe: bun thai hoat tinh, ndng lugng am thanh, phén ra bim thii, siéu am, suy giam kich
thudce hat, tan s8 nghe dugce, tién xir li bun thai.
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