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Abstract

Ultrasonic energy can be applied as pre-treatment to disintegrate sludge flocs and disrupt bacterial cells’ walls, and the hydrolysis can be
improved, so that the rate of sludge digestion and methane production is improved. In this paper, by adding téaH&R the oxidizing
effect of*OH, the mechanisms of disintegration are investigated. In addition, kinetics models for ultrasonic sludge disintegration are established
by applying multi-variable linear regression method. It has been found that hydro-mechanical shear forces predominantly responsible for the
disintegration, and the contribution of oxidizing effect'@H increases with the amount of the ultrasonic density and ultrasonic intensity. It
has also been inferred from the kinetics model which dependent variable is SG&Doth sludge pH and sludge concentration significantly
affect the disintegration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ultrasound (3.6 kW, 31kHz, 64s) to sludge disintegration
can release the organic substances into the sludge, so that the
Anaerobic digestion is widely used for sewage sludge soluble chemical oxygen demand (SCOD) in the supernatant
stabilization, resulting in the reduction of sludge and the increases from 630 to 2270 mg/L. Moreover, the digestion
production of biogas. However, the anaerobic digestion time could be reduced to 8 days. Lee and co-workéls
is a slow process, which results in a long residence time demonstrated that “weak” ultrasound pre-treatment greatly
in the digestion tank and the requirement of a large tank increased both the production rate and ultimate yield of
volume. It had been identified by Eastman and Fergusonmethane. Chiu et al12] observed simultaneous alkaline
[1] and Shimizu et al[2] that the hydrolysis of waste and ultrasound pre-treatment was more effective in releasing
activated sludge (WAS) is the rate-limiting step. Therefore, SCOD.
pre-treatment of waste activated sludge has been developed As for the mechanisms of ultrasonic disintegration, Tiehm
to improve anaerobic digestion, and it includes mechanical et al.[5] noted that hydromechanical shear forces produced
[3-7], chemical8-13] and thermal14] disintegration. by ultrasonic cavitation were predominantly responsible for
Ultrasound is well known to disintegrate sludge flocs sludge disintegration. However, it is still unclear about the
and disrupt microbial cell walls, and it causes the release other contributions to the ultrasonic waste activated sludge
of soluble substances. Tiehm et[&] showed that applying  disintegration. In the article, we obtain more sight into the
mechanisms of ultrasonic sludge disintegration. Based on the
* Corresponding author. Tel.: +86 22 27404005; fax: +86 22 27406057. €St data, the kinetics models for ultrasonic sludge disintegra-
E-mail addressegjuwf@163.com (F. Wang), jmin@tju.edu.cn (M. Ji).  tion have been established.
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2. Materials and methods and after disintegration (SCQI The physical meaning for
SCOD: is the substance that can be readily used to produce
2.1. Waste activated sludge methane in the anaerobic digestion. The percentage of releas-

ing SCOD is calculated as the ratio of SCOD the TCOD,

The WAS in the disintegration study was obtained from and it is abbreviated as SC@DThe physical meaning for
a laboratory sequencing batch reactor (SBR). The seedingSCODy, is the degree of sludge disintegration.
sludge was collected from a membrane bioreactor (MBR),
which handles washing and bathing wastewater in Tianjin 2.3. Analytical procedures
University. The SBR was operated three cycles per day, and
the solid residence time (SRT) was maintained at 13.3 days. COD and TS were determined according standard
Synthetic wastewater was used for the operation; carbon,methodg15].
nitrogen and phosphorous sources were from glucose,
ammonium chloride (or ammonium sulfate) and potassium 2.4. Disintegration mechanisms
dihydrogen phosphate (or dipotassium hydrogen phosphate),
respectively. The influent BOD was about 420mg/L. The  There are four paths, which are shown as following, re-
ratio of biological oxygen demand (BOD): N:P was kept at sponsible for the ultrasonic activated sludge disintegration:
100:5:1. During the steady state, the mix-liquor suspended
solids (MLSS) concentration was maintained at about *
5000-6000 mg/L. The sludge at the end of the cycle, solid *
content about 0.5%, was taken for the study, or the sludge
is precipitated gravitationally until the volume of sludge
was reduced by 50%. Then the supernatant is decanted and
the thickened sludge (solid content of about 1%) is used *
for the pre-treatment. The total chemical oxygen demand
(TCOD) of the raw sludge in the end of the cycle and the  If the sludge temperature improved, the lipid on the cyto-
thickened sludge were 6000-6500 and 10,000-12,000 mg/L ,plasmic membrane can be decomposed, which results in the

hydro-mechanical shear forces;

oxidizing effect of*OH, *H, *N and*O produced under
the ultrasonic radiation;

e thermal decomposition of volatile hydrophobic substances
in the sludge;

increase of temperature during ultrasonic activated sludge
disintegration.

respectively. generation of little holes on the membrane. The intracellular
substances can release through the holes, which causes the
2.2. Ultrasonic setup increase of SCOD in the supernatant.

Because the quantity of volatile hydrophobic substances

Fig. 1shows the diagram of the ultrasonic waste activated in the sludge is very low, so the third path can be ignored.
sludge disintegration. It was produced in Xinzhi Bio- Theincrementspeed insludge temperature is slow. In this re-
instrument Ltd. The ultrasonic energy output is 300-200 W, search, the longest disintegration time is 60 min and the dis-
its frequency is set at 20kHz, and its probe diameter is integrated sludge temperature is increased t&BZAccord-
20 mm. The probe is immersed 10 mm into the sludge during ing to our study on thermal sludge disintegration, improving
disintegrating. To investigate the disintegration results under the sludge temperature to 80 in 1 h produces low SCOD
alkaline condition, 1M NaOH and 1M #5604 are used to and SCOLy,. Therefore, the forth can also be neglected. As
adjust pH of sludge sample before disintegrated. for the second path, Haj16,17] has demonstrated that the

The degree of sludge disintegration is assessed by deteramount of*OH is much more than the one &, *N and
mining the COD difference in the sludge supernatant, and the®O. Accordingly, the oxidizing effect dfH, *N and*O can
augment of SCOD is defined as the SCOD difference before be ignored. From the above analysis, we know there are two
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Fig. 1. Scheme of ultrasonic activated sludge disintegration.
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main paths attributed to the ultrasonic sludge disintegration, 40 - € No NaHCO3
namely hydro-mechanical shear forces and the oxidizing ef- adding
fect of *OH. . . sof O 1omMNaHCO3

In this paper, NaHC®is added to the sludge before dis- v
integration to mask the oxidizing effect of MOBy observ- = A 50mMNaHCO3
ing the difference of SCOR before and after disintegration, ~ § *f
the mechanisms of ultrasonic activated sludge disintegration ¢
are identified. The chemical relationship betwé&H and 10
NaHCQ; is shown as Eq(1).
HCO;™ + HO — COz2™ +H,0 (1) Qg 5 10 15 20 25 30

: . . Disi ion Ti i

The reason that choosing NaHg@s masking agent is lelmegration B mih)
tha_t the above reaction rate COI’IS_thE 8.5x 106 M™S, Fig. 2. Comparison of SCQOfpbetween NaHC@adding and no NaHC®
while the constant for the reaction between NaHGDd addition, when the applied ultrasonic density is 0.384 W/mL and ultrasonic

activated sludge is very low. Therefore, during ultrasonic intensity is 122.23 Wicth
disintegration, the reaction betwe®®H and NaHCQ is ) ) o
a high-priority one. For the amount 8OH produced is low, where,u-oy is _the reactlon_ constant under oxidizing effect
which is only several hundreds micromo[48], the amount only anduysg is the reaction constant under the effect of
of NaHCQ; added to the sludge is enough to react WitH, hydro-mechanical shear forces.
and the reaction betwee"©H and activated sludge is al- When HCQ™ concentration is 10 or 50 mM, E() can
most inhibited. Consequently, after adding enough amount P€ Simplified to Eq(3).
of NaHCGQ; to the sludge before disintegration, the disinte-
gration can be thought to be the effect of hydro-mechanical
shear forces only. In Table 1 the reaction constant at different HgOcon-

centration is shown.

As shown inTable 1, u, u-on andunsg can be calculated.

U = UpSF 3

3. Results and discussions It can be concluded that when the sludge is disintegrated at
the ultrasonic density of 0.384 W/mL, the contributions of
3.1. Disintegration mechanisms hydro-mechanical shear forces and the oxidizing effect of

*OH are 80.85% and 19.15%, respectively; when the applied
In this article, the ultrasonic density ranges between 0.096 ultrasonic density is 0.72 W/mL, the contributions of the two
and 0.72W/mL. Correspondingly, the ultrasonic intensity factorsare 74.14% and 25.86%, respectively. However, when
ranges between 30.56 and 229.2 WciNaHCQ; with a the applied ultrasonic density is 0.096 W/mL, the predomi-
quantity of 10 or 50 mM is added to the sludge with solid nant contribution to the disintegration is hydro-mechanical
content of 0.5%. shear forces, and oxidizing effect tOH has almost no im-
When the applied ultrasonic density is 0.096 W/mL and pact on the disintegration. It can be inferred that the contri-
ultrasonic intensity is 30.56 W/cinSCODy, with NaHCQ; bution of oxidizing effect o OH becomes more and more
addition, the oxidation effect is a little more than the one as the augment of ultrasonic intensity.
without NaHCQ addition. This indicates that there barely
exists an oxidizing effect ofOH. The increase of SCOP 3.2. Establishment of reaction kinetics models

is a result of the improvement of sludge pH (about 7.1—
7.4). As demonstrated ifrig. 3, when the disintegration time

Before NaHCQ is added to the S|udge, the HGO is 10min at 1.44W/mL, the SCQODcan reach 2785 and
concentration is very low; the disintegration is a result of
hydro-mechanical shear forces and oxidizing effeCt@f. Table 1
As can be seen frorRig. 2, when HCQ~ concentration is The value ofu under different HC@~ concentration when the ultrasonic
10 or 50 mM, it is the hydro-mechanical shear forces that density is 0.384 and 0.72 W/mL

are predominantly responsible for the disintegration. The u R
reaction of disintegration is a first-order one, and the reaction g 384 w/mL

of disintegration under the effect of hydro-mechanical o 1.1921 0.9911
shear forces is also a first-order one. So the reaction under 10mM 0.9956 0.9545

oxidizing effect only is also a first-order one. 50mM 0.9638 0.9688

The total reaction rate constantan be expressed as Eq. 0.72W/mL
@): 0 1.7648 0.9377
10mMm 1.283 0.9909

U = o + UpsF @) 50mM 1.3084 0.9618
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Fig. 3. SCOD change at ultrasonic density of 1.44 W/mL for two different

solid contents. Fig. 5. SCOD;, at different ultrasonic density, when the solid content of

disintegrated sludge is 1%.
2261 mg/L for the solid content of 1% and 0.5%, respectively.
And when the disintegration time is 30 min at 1.44 W/mL, the
SCOD: can reach 9019 and 3966 mg/L for the solid content k = ko[/]1°[pHI?[DI”[C]’;  u = uo[11°[pH]"[D]*[C]’
of 1% and 0.5%, respectively. Therefore, sludge concentra-. . : o . :
tion has significant impact on the SCQDn this research, in which, | is the ultrasonic |nt_en5|ty, pH is the pH of exper-
we found that the reaction of disintegration fits well with a |mental_ sludgeD th_e uItrasor_nc densit the slud_ge con-
first-order kinetic equation within 30 min. However, as indi- centratlgna, @ thg influence indexes for uItra_sonlc density,
cated inFig. 3, applying ultrasonic density of 1.44 W/mL to p.vthe mﬂuence mdexes for the pH of gxpenme_ntal sludge,
the disintegration the sludge with solid content of 0.5% for v » the |r_1fluence indexes for ultrasonic |n'tensyly,0 the
20 min, SCOL reaches 3000 mg/L. The trend of the increase |anL_|en_ce !nd_exe_s for the sludge concentration kepydo are .
of SCOD. becomes slow as the disintegration time increases. the intrinsic kinetics c_onstants and they are related to reaction
However, to unify the disintegration time, only the data in tempe_rature. According to the Arrhenius la,anduo can
which disintegration time is within 30 min were chosen as be defined as Eq6).
the samples to establish the models. In this research, the dis7Co —A exp( —AEa) ©6)
integration of sludge with solid content 0.5% at 1.44 W/mL
is considered as an approximate first-order one. As can be
seen inFigs. 4—6 ultrasonic intensity, ultrasonic density and
pH all have impact on the sludge disintegration. Therefore,
sludge concentration, ultrasonic intensity, ultrasonic density,
pH and disintegration time are chosen as the independen
variables, and SCODand SCOIy, are chosen as dependent
variables. The mathematical forms are shown as @jsnd

where

Referring to Shirgaonkar and Panfdi®] and Cheung and
Kurup [20] research, temperature does not have significant
impact on the ultrasonic disintegration. Hence, itis concluded
that temperature does not impact on the reaction rate. As a
tl'esult, activation energy and pre-exponential factor cannot be
figured out. Whereagg andug can be taken as constants, and
be calculated by the method of multi-variable linear regres-

() sion. The procedure is shown as following.
d(scon,) Integrating Egs(4) and (5) then transforming the inte-
dr =k ) grated equations logarithmically, Eqg) and (8)can be ob-
d(SCODy) - tained.
—a “ In(SCOD, ) = In(ko) + aIn(Z) + BIn(pH)
+yIn(D) +8In(C) + Int 7
—&— 10min —&— 20min —— 30min yIn(D) © ™
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Fig. 4. SCOD, at different ultrasonic intensity, when the solid content of
disintegrated sludge is 0.5%. Fig. 6. SCOD at different pH when the disintegration time is 30 min.
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Fig. 7. Relation between simulated data and true data for SCOD
the two values is. Frorfig. 7, we can conclude that the two

IN(SCODy) = In(ko) + ¢ In(I) + vIn(pH) + A In(D) groups of data fit well.

Generally, the more the influence index is, the larger its

+0In(C) + Inr (®) impact on the disintegration i&1,22] Inferred from Eqg.

(7), the magnitude of the effect of each parameter is given
below: sludge pH >sludge concentration > ultrasonic inten-
sity > ultrasonic density.

By doing this, the equations are linearized. In EG3and
(8), SCOD., SCODy, I, pH, D andC are known guantities,
anda, @; B, v; v, A, ¥, A, ko, Ugp can be gained by multi-
variables linear regression method. ) o )

The sample can be divided into 14 groups according to the 3.2:2. Egtabllshment of kinetics model which dependent
difference of sludge concentration, pH and ultrasonic density. variable is SCOM, _
Taking 10 groups in the 14 ones as the sample to establish the Analyzing every 10 groups by the method of multi-
models, and the other 4 groups are used to verify the models vVariables linear regression (the procedure was conducted
To ensure that the model has the largest applicability, the With Matlab), 21 results can be obtained. For every result,
chosen 10 groups must include the boundary groups. v between sludge concentration and SGEIB low, while v

between every the other three independent variables and the
3.2.1. Establishment of kinetics model which dependent dependent variable are all more than 80%, which indicates
variable is SCOD that the sludge concentration does not correlate well with

Analyzing every 10 groups by the method of multi- SCOD/? and the other three independent variables correlate
variables linear regression (the program is conducted with Well with the dependent variable SC@D Moreover, t
Matlab), 21 results can be obtained. For every result, the P€tween sludge concentration and SGRIB low, While t
partial correlation coefficient is all more than 90%, which between every the other three mdependen_t variables and the
indicates that every independent variable correlates well with déPendent variable all can pass theheck with a degree of
dependent variable. Moreover, value ofn pass thecheck conﬂ_denpe of 90%, which indicates that sludge_concentratlon
with a degree of confidence of 90%, which shows that every N@s little impact on SCO{, and the other three independent
independent variable has significantimpact on the dependent/ariables have significant impact on SCQDThe reason
variable. Ultrasonic density and ultrasonic intensity are inter- 1S that the TCOD for the thickened sludge with the solid
related. The model without ultrasonic density or ultrasonic contentof 1%is twice as much as one for the raw sludge with
intensity as independent variable is established, but the modefh solid content of 0.5%. The SCQIor disintegrating the
is not quite accurate when it is verified. So it is not necessary thickened sludge is about twice as much as one for the raw
to eliminate some independent variables to establish a newS!tdge with the solid content of 0.5%. As a result, there is
model. Comparing the multiple correlation coefficients, the MOt much difference between the two SC&QEpr the two

standard deviation (S), and average value of relative errors,concentrations. Therefore, the dependent variable of sludge
the best result demonstrated as [).is obtained. concentration must be eliminated to re-establish a simpler

model, anduin Eq. (5) can be simplified as following.
d(SCOD¢t)

> — 009727p] 0.489€[p H] 1.2692[1] 0.6559[ C] 0.8680

®) Comparing the multiple correlation coefficierfssand av-
To verify the model, the left four groups of data substi- erage value of relative errors, we get the best result demon-
tuted it, and some simulated data are obtained. The relationstrated as E¢(10).
between experiment data and the simulated data is demon-
strated inFig. 7. In Fig. 7, the nearer the coordinate pointto d(SCODy) 0.009474D]0 586 T[] L4024 1105436 (1)
the straight line §=x", the smaller the difference between dr o

u = uo[1]*[pH]"[D]*
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ulated data and the experimental data fit well. on anaerobic digestion of flocculated activated biosolids, Water Res.
36 (2002) 2681-2688.
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cess without excess sludge production, Water Sci. Technol. 36 (11)
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