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INTRODUCTION

Revelance of work.Nowadays, one of the biggest problems is urban
wasterwater, its recycling and utilization. On thessis of data provided by the
Environmental Protection Agency in 2012, the ndtemnavironment has been
released with 179.5 million frof household, industrial and municipal sewage in
Lithuania. In 2012, at the time of wastewater tmesit, over 45 thousand tons of
sludgé (according to the dry materials) were produced] amly a small
proportion (about 40%) of it is used purposefultprfposting and fertilization,
etc.). The remaining sludge is accumulated in lildge storage sites. The Council
of the European Union has adopted directives (ND2RL/EEB and No.
86/278/EEB), on urban wastewater treatment and the protecfi@mvironment,
in particular of the sail, using sewage sludgegriailture, whose main objective
is to protect the environment from the harmful ef$eof wastewater.

The separation of liquid-solid particles or thebgdtzation of system
processes determines the efficiency of productchriology of the paper, metal,
food industries, wastewater treatment, water pagjar, biotechnology, etc. By
adding a flocculant to the disperse system, thégbes are combined to a large
flocculus which settles down fast and thus is satear from the liquid. A few
kilograms of soluble synthetic flocculant per tormialry solids is enough for the
flocculation and separation of the phase of thpaiise system. However, due to
the inherent resistance of carbon chains of theranaalecules, synthetic
flocculants are not degradable and remain in mdifivater, treated sludge and
hereby complicates its further processing and lasaddition, using the synthetic
flocculants, optimal and reliable phase separatakes place in a narrow
minimum and maximum effective flocculant dose iatdr also called the
flocculation window.

Another important aspect — the fact that synthiééicculants are derived
from petroleum products, mostly from acrylamidejckhis toxic, classified as an
extremely hazardous substance (EPCRA, 42 U.S.@2)1and included in the
list of carcinogenic substanéed herefore, is important to find an alternative to
synthetic flocculants which would have the samsimilar efficiency as synthetic,
but was obtained from renewable resources and kasttb the surrounding
environment. One potencial natural polymer usedtli@ preparation of such
flocculants is starch, which is biodegradable, dexomposition products are
environmentally friendly, and it is produced fromnewable sources, such as
wheat, potatoes, maize, etc. Therefore, the maliffiarch flocculants could be a
suitable alternative for the used synthetic ones.

Eco-innovation contributes to the achievement stanable development
by reducing negative environmental impact of praidu; as well as a more
efficient and responsible use of natural resouirt@smore sustainable business,
dealing with climate change, resource scarcityl@odiversity loss.



The aim of the work was to develop an effective biodegradable modified
starch flocculant with quaternary ammonium groupgcty would be suitable for
removing negatively charged pollutants and forkéiing the municipal sewage
sludge.

The tasks proposed to achieve the aim were:

1. To synthesize starch derivatives of various chehdoaposition containing
quaternary ammonium groups;

2. To evaluate the biodegradability of the starchwdives;

3. To produce an effective flocculant from ionogertarsh;

4. To identify the influence of physico-chemical fastoon the efficiency of
ionogenic starch flocculant;

5. To verify the suitability of the ionogenic stardoadculant for model kaolin
disperse systems and for thickening and dewatdhirgmunicipal sewage
sludge;

6. To propose a technological scheme for obtainingdgemic starch flocculant
and make its prototype with the existing.

Scientific novelty of the work. A novel hydromechanical method for
obtaining starch flocculants was proposed and tmitions of obtaining an
efficient and biodegradable optimal structure icgmig starch flocculant were
selected. The dependence of biodegradability omdégeee of substitution (DS)
of cationic starch derivatives was determined. Aditg to the model systems and
municipal wastewater destabilization studies, theclulation mechanism of new
modified starch derivatives was proposed.

Practical value. It was determined that the sheared cross-linkeidrdat
starch derivative is the most suitable for thickgnmunicipal sewage sludge; the
floccules resistant to mechanical stress are oddawhen using this derivative.
The ionogenic starch flocculant prototype was madbke pilot of equipment and
tested in Water Treatment Company of Lithuaniahéltgh the amounts of an
effective dose are higher when compared to norrsal af synthetic cationic
flocculant in wastewater treatment, the new modifs¢arch derivatives have a
number of advantages:

e flocculant is obtained from renewable natural reses;

e biodegradable raw material;

o wasteless production of flocculant;

o flocculant is effective in a wide interval of doses

o flocculant is biodegradable, the thickened biomdssomposes easily
during processing and does not pollute natureefbes, the biomass can
be used as a fertiliser;



e during the processing of thickened biomass, a higield and quality
biogas (a lower amount of hydrogen oxide and adrighmount of methane)
are obtained.

The main statement of the dissertation.An effective biodegradable
modified starch flocculant suitable for thickeniagd dewatering of municipal
sewage sludge is obtained by mechanical procesgthghe use of shear forces
of swollen starch microgranules, containing quagrrammonium groups with a
degree of substitution by cationic groups, not higtihan 0.30, to a submicron
particle size.

Validation and publication of research results.The results on the topic
of this dissertation are presented in three pufdina in Clarivate Analytics
databases indexed in the Web of Science journalls lmipact Factor. Five
publications are published in other indexed jowsméthout Impact Factor and six
publications — in the proceeding of internationahferences. One patent was
registered (EU patent application) at the Inteoratl Patent Office (EPO) and two
were registered in the national patent office. Aduistrial test was done in the
water treatment system of Kauno vandenys Ltd compBroposed the product
obtaining technology was proposed and its prototygees made in KTU
“Biopolymer Research Laboratory”.

1. RESEARCH METHODOLOGY

Materials and chemicalsused in this work were chemically or analytically
pure reagents, not purified additionally before. use

The synthesis of cationic starch derivativesCationic starch @S)
derivatives were prepared by etherification of veatpotato starch with 2,3-
epoxypropyltrimethylammonium chloride (GTAC) in theesence of NaOH as a
catalyst, thereby connecting the quaternary ammmorgroupé. The amount of
cationic groups shows the degree of substitutio®.{J) obtained derivatives are
marked C8sca: Amphoteric starchAMS) derivatives with different content of
cationic and anionic groups characterized by suhith degree D& and DS,
respectively, were prepared by a two-step procédBiest of all, cationic starch
with DSt 0.29 (CS29 and preserved granular morphology were obtained b
etherification of potato starch with GTAC. Furth€2S .20 was treated with
succinic anhydride to form the half ester — catiostarch succinateNon-
stoichiometric ionic complexes\N(C) with an excess of cationic groups were
formed between CS with Rgof 0.47 (CS.47) and 4-sulfophthalic acid (SPH),
both in acid and ionized forfhsBefore complex formation, G% had been
dispersed in cold water by mechanical shearingusmed in the form of colloidal
gels. The amount of SPH added to the & 8olloidal suspension was 5 mol%, 10
mol% or 25 mol% depending on the amount of &$ationic groups present in a
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colloidal suspension. The obtained complexes wesiek@t as NIGscayspHmolo
Cross-linked cationic starchCLCS) derivatives can be obtained using two
methods: one and two-stadem producing the CLCS with a one-stage method,
an etherification mixture is prepared by mixing ssdution of NaOH with GTAC
and adding a cross-linking agent, epichlorohydfiPIlj, to the mixture. In
producing the CLCS by a two-stage method, crosedirstarch is produced first
and then cationized. The obtained derivatives aaked as CLCSscaver; EPI —
the amount of cross-linking agent, mol/mg).

Modified starch microgranules (1% w/w) were swolterthe equilibrium
state in distilled water (20°C) and then proce$seshechanical shearing at 15,000
rpm with an Ultra-Turrax T25 digital (IKA, Germangievice at room temperature
to obtain acolloidal disperse system

The characterization of starch and its derivatives.The degree of
substitution of cationic group®&ar) was calculated from the nitrogen content of
cationic starch derivatives and estimated by threldghl methodThe number of
anionic groups (D§) was determined according to the method descrlbed
Stojanovic, et al. The molecular weight of cationic starch samples was
determined with the size exclusion chromatografBC system (Viscotek 270
Dual Detector, Malvern Instruments Ltd.) which ains a refractive index (RI)
and light scattering (RALS and LALS) detection. Ehgent was DMSO with 0.05
M LiBr and two Viscotek-A columns (A2500 and A5000¢re used in a series.
Data were recorded and the molecular weights walikated with the Malvern
OmniSEC software version 4.7. Teezymatic hydrolysisof native and modified
starches was performed using anamylase (Liguozyme® Supra from
Novozymes) preparation. Water suspension (3%) afcktor cationic starch
derivatives was mixed with the-amylase and then investigated by using
Brabender Micro-Viscoamylograph®. The value of desé equivalent (DE) was
determined by using the Schoorl metHod he biodegradability of starch and its
derivatives was determined lagrobic degradationin liquid and solid media,
according to the 1SO 148%1and 1SO 14855-2:206Ystandards, respectively. The
dynamic viscosity [n] of CS aqueous slurry and colloidal suspensions wa
measured with the rotational viscometer Rheotec RRQGermany) at 20°C,
using a TR8 spindle. The measurements were pertbmmid 1% w/w (by dry
basis) of cationic starches. To determineabeessibility (A) of modified starch
derivatives cationic groups (%) to polyanions, gayelectrolyte titration was
don€ ¥ The particle size and the{-potential of sheared CS particles and
destabilised kaolin floccules in aqueous medium ewareasured by using
DelsaNano C instrument (Beckman Coulter, Japang offiical observations
were carried out using an Olympus CX31 optical nscope (Philippines) under
100-time magnification. The photograph of CS slurryvater was taken with an



Olympus camera. For theEM analysis the freeze-dried native and modified
starches were examined on a FEI Quanta 200 FEG.

The flocculation experiment with a model kaolin suspension was
performed and the residual turbidity (RT, %) of kacsuspension after the
addition of cationic starch flocculant was evaldéte Suspensions of kaolin were
prepared by ultrasonic treatment of the finely dispd aqueous kaolin suspension
of 1 g/l concentration for 15 minutes. Destabili@at treatment with kaolin
suspensions is performed at room temperature. iffhedbsorption of the upper
fraction of destabilized kaolin suspension is meagat the wavelength of 500
nm (A500 with the spectrophotometer UNICAM UV3 UV/Vis andsidual
turbidity (RT) was calculated from the obtained data. ghality of modified
starch flocculants is characterized by timnimum amount (dose) of the
flocculant C, mg/g of kaolin, in the presence of which thespgnsion
destabilization occurs up to 10% of RT and by thdthvof the flocculation
window (W). W is defined as a difference between maxinamd minimum (C)
amounts of flocculant, at the presence of whichrésédual turbidity (RT) is less
than 10%.

The experiment ofdestabilization of sewage sludgesuspension was
carried out at room temperature. 400 ml of the ensjn was poured to a 600
milliliter beaker, followed by dosing the requirathount of the flocculating agent
and the resulting disperse system mixed. Afterdigtabilized sludge is filtered
and measured in 200 ml of filtrate flow time — tfikration rate , ml/s, is
calculated. Thdfiltration efficiency of destabilized disperse systems (kaolin,
sewage sludge) was determined by a standard 304W apfparatus (Triton
Electronics Ltd., England), which measures the lzapi suction time. The
capillary suction pressure generated by a stanfiléed paper is used to ‘suck’
water from the sludge.

Experimental studies cfludge digestionwere carried out at Aleksandras
Stulginskis University biogas laboratory. Standshwiertical laboratory biogas
reactors and their control and parameter measuresysten® were used for the
research.

2. RESULTS AND DISCUSSION
2.1.lonogenic starch derivatives

lonogenic starch derivatives: cationic starddS), amphoteric starch
(AMS), non-stoichiometric ionic complexeNIC) and cross-linked cationic
starch CLCS), were obtain by a modifying the native starctyg(Hi). All of them
are united by the fact that the group has a sthasg — quaternary ammonium —
N*(CHz)a.
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Fig. 1. Synthesis scheme of i |0nogen|c starch derivatives

CS, AMS and CLCS preserved the microgranular saaig oval shape
characteristic of the native statéhafter the chemical modification (Fig. 2).
According Vihervaara, et al.granular form is not affected by cationization.
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Fig. 2. SEM pictures of native starch (a), 25(b), AMSo.20/0.22(¢c) and CLCS2s/0.0005(d)
2.2.Biodegradability of starch and its chemically modifed derivatives

The influence of cross-linking and cationization efarch for its
biodegradability were evaluated. For such purpdse énzymatic (using-
amylase) and aerobic (in liquid and solid mediayredation of native and
modified starches were done.

The dextrose equivalent (DE), the molecular we{yht) and the viscosity
[n] of water solutions of modified starches were aattd afterenzymatic
hydrolysis (degradation) (Table 1).By increasing the amount afamylase, the
degree of destruction of starch and its modifiedvdéives increases; however, a
slight decrease of DE is notable with increasing.D%he low amount of enzyme
CS derivatives have significantly lower DE valuesnpared to its natural starch.
When the amount of enzyme was 0.2 mg/g, the DESyfi£ soderivatives was
3-6 times lower, respectively, and whenf3®.54, the degree of destruction was
very low, DE<1%. Even after a 100-fold increase in enzyme lewgdgo 20 mg/g,
the DE value of C&achanged to a minor extent. A similar relationshipsw
observed for the case of cross-linking the starttte-dlestruction degree decreases
with an increasing amount of EPI, mol/mel.

Table 1. The characteristics of starch and its modifiedivdgives after enzymatic
hydrolysis

DE, %, whem-amylase amount is:

*
Sample 0.2 malg 2 molg 20 molg Mw*, kDa [n]*, di/ig
Starch 13 27 30.8 3.2 0.117
CSu0 24 11.8 17.9 8.7 0.194
CS.19 35 9.5 10.4 42.8 0.277
CS.30 21 5.3 6.2 79.7 0.575
CSosa 0.4 0.8 1.2 528.0 3.473
CLSo.005 12.3 25.3 - - -
CLSo.10 5.5 14.6 - - -

* whena-amylase amount 0.2 mg/g

The aerobic degradationtests of the non-modified and modified starch
samplesin liquid media were performed using manometric respirometric
equipment OxiTof OC110 control system. The biodegradability of ratstarch
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and the dependence on fa%nd cross-linking level (EPI content) are presgnte
in Fig. 3.
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Fig. 3. The dependence of starch biodegradability on ttierda groups (a) and the
cross-linking agent (b) amount after 28 days inrtteelel liquid media

The graphs show that the chemically modified stafetivatives are less
biodegradable compared to natural starch — biodegility gradually decreases
with the increasing degree of substitution of dtaBtarch and GSodisintegrated
about 59% within 28 days. Meanwhile &G$and C3%.30biodegradation values
were 39% and 18%, respectively, and €S only 1%. Insoluble CLS derivatives
are less hiodegradable. When the biodegradabdityes of C&ioand CLS 10are
compared, the samples show that cross-linking hgreaer negative impact on
the starch biodegradation than cationization —GbiSodegradation value is only
34%.

Theaerobic degradationof the non-modified and modified starch samples
in solid media was investigated by

AlOO 1 g % Microbial Oxidative Degradation

S 851 03 Analyzer (MODA) apparatus. The
2 70 - microgranules of natural starch,
;?5 55 4 various DSz of CS and cross-linking

2 40 4 A4 level of CLS were maintained in

0’53 25 | y o5 compost for 23 days. During_t.he first
3 10 18 5 days, intensive decomposition was
m X

maintained and the biggest change in
i CO, evolution was recorded (Figs. 4
0O 4 8 12 16 20 24 28
Time (days) and 5). Natural starch and &%
Fig. 4. Starch biodegradability in compost disintegrate completely within 20
dependence on the duration of the test andlays, as it is shown in the graphs.

DScat 1-0;,2-0.10;3-0.14,4-0.19;5- These data confirm previous findings
0.30;6-0.54 — natural
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starch and C&o are readily 5100 4
biodegradable, then the low degree o0 <
substitution CS derivatives when £ 80 1
DSa<0.10, naturally break down 60 4
completely and such derivatives could
reasonably be called biodegradable 40 -
apart from the fact that the enzymatic 8 20 A,
hydrolysis of Cgiounder laboratory 0
conditions with pure enzymeo-

0,

Biodegradability (

0 4 8 12 16 20 24 28

amylase is more difficult (Table 1). Time (days)
The biqdegradability of higher RS Fig. 5. The dependence of starch
CS derivatives when Qg sequence biodegradability in compost on the

varies 0.14-0.19-0.30, respectively,duration of the test and the amount of EPI,
are 82%—-47%-26% after 28 days. mol/moheu: 1-0;2-0.02;3-0.10
Meanwhile, cationic starch with R$0.54 is equivalent to synthetic, non-
biodegradable polymers. The influence of crossitigkon biodegradability of
starch is analogous — increasing the amount ofdelines the biodegradation
value. However, to compare the G&and CLS.10samples, the biodegradability
of CS.ioreaches 98%, while the value of Glig- 1.3 times smaller, only 77%,
again confirming that the influence of starch crliisking on biodegradability is
higher.

The results of the biodegradation test obtainetilmymethods in different
media correlated with each other, suggesting th#t lmethods are adequate for
evaluating the biodegradability of starch and ésvhtives. However, this can not
be said of the research data regarding the digesfistarch derivatives with-
amylase enzyme. Thus, studies withmylase do not reflect the modified starch
biodegradation taking place in nature.

The fact that the linked cationic quaternary ammongroups can reduce
the biodegradability of starch derivatives wasaisurprise, but it was unexpected
that cross-linking which creates alkyl bridges hegw polysaccharide
macromolecules, has a greater impact than thehatfazationic groups (Gxand
CLS.10samples).

2.3.Novel hydromechanical processing method of starchdtculant

The objective of this part of work was to investagéhe influence of the
mechanical treatment on the state and propertiestidnic starch derivatives.
Chemically modified starch microgranules withowt #pplication of external heat
were treated with water and processed using sbeegd (shearing). During this
process, the swollen microgranules began to ru@ocebreak down, yielding a
low viscosity opalescent colloidal disperse systsineared suspension) composed
of dissolved macromolecules and submicropartictestionic polysaccharide.
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The mechanical treatment
initiated huge changes in the
dynamic viscosity of the aqueous
CS slurry and in the accessibility
of CS cationic centres to
polyanions (Fig. 6). A sharp
reduction in dynamic viscosity of
CS slurry occured during the first
0 5 10 15 20 five minutes of shearing (from
Time (min) 2960 to 49 mPa-s) and did not
Fig. 6. Dynamic viscosity and the accessibility further reduce with additional
of cationic groups to polyanions of €Sslurry shearing time, which indicates
/ suspension dependence on shearing time that a stable colloidal suspension
was formed. Not all cationic groups in CS microgela be reached easily by the
macroions, presumably, due to the steric hindrafte accessibility (A) of
cationic centres of the G% slurry was only 18%, but during the first 5 mirgite
of the mechanical treatment it increased 3.5 tim&s64% and reached 87% after
20 minutes of shearing. A comparison of the acbdigi and the dynamic
viscosity in the graph indicates the same chariatitereflection point at 5 min in
the time-dependence curves. The only differentkatthe viscosity values after
such a point lies on the plateau, meanwhile thessibility continuously increases
with increasing shearing time. It may be sugge#itatisome qualitative changes
in the sheared CS suspension take place durings@tenechanical treatment.
Presumably, when the microgel particles of CS algested to a shearing force,
the weak hydrogen bonds and covalent ones areptiestuThe sheared product is
non-homogeneous and is composed of swollen micnogga fragments,
submicroparticles of CS and dissolved CS macromigsc
The average molecular weightkDa of C3 igbefore and after shearing is
given in Table 2. The molecular weight of the skhda€%.10by weight (M)
decreased by half compared to the non-sheared @B. means that after
mechanical treatment the size of CS macromolecwases and their
hydrodynamic volume is smaller; the molecules vaithigher molecular weight
during shearing are disrupted more. This can béaagd by the destruction of
the large-branched amylopectin
macromolecules due to the
disruption of covalent bonds and,
Mw/M,  as aresult, the formation of new
macromolecules with a lower
1 4932 15288 66716 3.10 molecular  weight. It is
2 3521 7493 23243 213  yeasonable to suggest that such a
process increases the mobility of the polymer chaimd, therefore, facilitates the

Accessibility (%)

Table 2. The average molecular weigtft
CSagbefore () and after 2) shearing

Molecular weight, kDa
CH19 — ™ M. M.
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approach for the oppositely-charged macroions taicecentres or the structure
domains.

The mechanical treatment of cationic starch in catakter causes the
changes of slurry — a colloidal opalescent suspens obtained with smaller
particle size which varies from 1 um to 500 nm (midvoparticles).
Submicroparticles of sheared CS have the polydifiyandex value (PI) greater
than 0.3, which indicates a wide size distributibm.all cases, the positive
potential value of the particles has been deterthirf@able 3). These
submicroparticles are vizualised in the SEM pictfréeeze-dried CS (Fig. 7).

Fig. 7. SEM pictures of freeze-dried @&before (a, b) and after shearing (c, d)

Table 3. The characteristics of cationic starch derivativefore and after shearing
Amount of cationic groups in CS,

mg-equ/g Particles of sheared CS in
CS Theoretical Accessible to polyanions suspension
sample - (experimental value)
ac;golgdslng sl Sheared Si P (-potential,
urry suspension ¢, nm mV

CS0 0.564 0.055 0.421 1119+31 0.41 +34+2
CS9 1.040 0.190 0.803 747 +20 0.34 +41+1
CSa0 1.446 0.265 1.232 563 +7 0.36 +46+ 1
CSs4 2.215 0.411 1.915 534 +21 0.33 +51+1

The conditions of flocculant
preparation change after the cros _ 90 1
linking of starch, i.e. to achieve & 40 1
larger accessibility of the cationic 2
group values, greater shearin: -C’
duration is required (Fig. 8). As ir 8 20 A
the case of CS, the CLC¢ o 10 -
accessibility to polyanlons
increases with increasing shearir
duration. It  appears tha %melgm,n%s 2030

CLCSv.190.000s A is only 4%, and

after 30 minutes of shearing — as_ Fig. 8 Accessibility to polyanions of
much as 40%. an CLCSv.10/0.000sdependence on shearing time

30 1
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increase of 10 times. The optica”f
microscopy pictures (Fig. 9) show
that swollen CLCS microgranules
in water after shearing are
decomposed to submicron-sizet
particles.
In summary, two modified

o . i a)
starch derivatives can be !dentlﬁed Fig. 9. Optical microscopy pictures of
— CS and CLCS and their starch-c| cs; 190000microgranules before (a) and
water mixture composition scheme after shearing (b)
is presented in Fig. 10. Cationic
starch microgranules in water produce a slurry Witiontains swollen granules
and dissolved macromolecules. In some cases, theolD8ons can be obtained
and the A value reaches 100%. CLCS granules inrwiaten microgels and
soluble fraction is not available, A is up to 5%he€Tsize of the microgel depends
on the cross-linking level, when the amount of EPhigher, the microgels are
denser and take up a smaller hydrodynamic volummeeRsing the swollen CLCS

microgranules using shear streég,(the microgranules are crushed and the higher
surface area of microgels is reached, so the Aeviaktreases. Meanwhile NIC and
AMS derivatives occupy an intermediate state betw@® and CLCS flocculants
mixtures because the macromolecules of these pmllyasides have the opposite
charge of ionogenic groups (Fig. 1). They partit@pa intermolecular and
intramolecular interactions, thus reducing the bgeét and macromolecular
hydrodynamic volume and solubility. In some ca&# forms ionically bonded
(cross-linked) cationic polysaccharide macromolesiiFig. 1, NIC).

s

. [ S - - =205
\@@‘\\@ [ @@2\ S0 | F
— N T3 o2 $.9% S.0°8
&" Al&é?/ A\—'B o3 :A"o.a ..:A. ot
SRS L= L= =% Sotged
CS slurry Sheared CS CS solution CLCS suspension Sheared CLCS
9% <A<19%) (70 % <A <90%) (A=100%) 1% <A<5%) (15 % < A <40 %)

Fig. 10.A scheme of CS, CLCS and water mixtures beforeadied processing with
shear stress()
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2.4.Flocculation efficiency of cationic starch derivatves

In order to obtain exhaustive information on theclulating performance
of sheared cationic starch derivatives, the flogtoih of fine-particle kaolin
suspension has been examined. The quality of ionogearches as flocculants
after their mechanical treatment is characterizgdhe minimum dose of the
flocculant (C, mg/g) and by the width of the flottion window (W), which
shows that the range of flocculant concentratiohere the residual turbidity upon
sedimentation is less than 10% can be reachedoWes the C and the wider the
W, the more effective flocculation can be expected.

The data of flocculation efficiency of variodegrees of substitutionof
cationic starch derivatives are presented in Tabldt can be seen that the
minimum dose of the flocculant decreases with iasieg the D& from 0.10 to
0.54, meanwhile the flocculation window narrowsisTiendency is characteristic
of both non-sheared and sheared CS, only the G\awmdlues are much lower in
the case of sheared CS. C of sheared CS derivadige0 times lower and W is
4-10 times narrower than that of non-sheared Cspertively, when the D§
increases from 0.10 to 0.54. Taking into accouet liigh affinity of CS to a
substrate and the correlation between cationiclst@&.: and the required C, the
electrostatic interactions are the main drivingcéom the flocculation of kaolin
suspensions. The different flocculation performaotaon-sheared and sheared
cationic starches might be explained bearing indntlre peculiarities of their
Wate_r slurries/suspensions. It s able 4 Flocculation efficiency of CS
possible to conclude that the sheare@efore () and after 2) shearing
cationic starch colloidal dispersion

consists of the dissolved linear and Flocculation efficiency
branched cationic starch ~ Sample C,mglg W, mglg
macromolecules of various moleculas S 710 325 ;6 925
welgh_ts an(_j of CS submicroparticles CS1o 28 25 35 85
of various size. . CSo0 185 23 32 7.4
The influence of chemical CSosa 53 1.1 182 4.7

composition ofcross-linked cationic . —
Starch on the ﬂocculatlon efﬂc'ency Table 5. Flocculation eff|C|enCy of CLCS

was evaluated (Table 5). Thederivatives

flocculation efficiency of CLCS with Flocculation efficiency
DScat increased from 0.19 to 0.28 Sample C, mg/g W, mg/g
significant changes were not visible; CLCS.19/0.0005 145 49.5
however, when it increased to 0.39, CCLCS.28/0.0005 14 49
reduced from 14.5 to 9 mg/g. This CLCSo.30/0.0005 9 25
flocculant minimum dose reduction CLCS.190.01 383 )
could be adopted as an advantaige gtggizgggi 2; i
there was no negative effect — theCLCSo.lglo.oom 5 85

width of the flocculation window is
17



halved. Also, the influence of EPI amount was eatdd and it is visible that C

decreases from 383 to 5 mg/g with lowering the &Robunt from 0.01 to 0.0001

mol/molacu, respectively. In case of CLG&0.0001 the density of cross-linking is

so low that it behaves almost like &&(Table 4). When the amount of EPI is
higher than 0.0005 mol/malu, the microgranules of CLCS swell insufficiently
and their density is high, making it more resistanimechanical stress, i.e. they
are not crushed enough after shearing. This greatlyces the effectiveness of
CLCS flocculant: the C values are very large ands\ifficult to assess because
it has not been determined due to the large qiesitiThe data shows that the
optimal amount of EPI is 0.0005 mol/mel for the CLCS flocculant.

The flocculation properties of cationic flocculandsed on starch from
various botanical origins were examined (Table 6). The differences in
flocculation were observed only for gelatinizedo@sSmeanwhile, sheared €&
of various origins flocculated in similar way andsthigher than 80% in all cases.

Table 6.Flocculation efficiency and the accessibility of ttationic group to polyanions
of various botanical origin GSoslurries before (1) and after (2) shearing

Flocculation efficiency

CSa.(l)gr?goi:gmcal C. malg W, ma/g A, %
1 2 1 2 1 2
Potato 28 3 35 10 18+2.2 80+25
Wheat 19 3 32 10 22+2.3 83+1.4
Maize 11 3 26 9 27+1.2 87+1.6
Rice 9 4 21 12 28 +0.8 88+1.1

The incorporation ofanionic groups to CS structure led to a wider
flocculation window (Fig. 11, Table 7). As the figs show, the anionic groups
improved the CS flocculation
efficiency only when D% is
optimal — AMS.29022 When
DSan is lower, the flocculation
efficiency is worse than G%o—

C needs to be higher and W is
narrower. An increase of QYo
0.34 does not offer any
improvement either, because a 10 15 20 25 30
!arge dose of an AmS (12 mg/g) Dose (mg/g)

IS neede_d to flocculate the_ kaolin Fig. 11 The residual turbidity of kaolin
suspension sufficiently.  syspension dependence on flocculant dose,
Meanwhile,  anionic  starch using a sheared floccularit— CS.3g 2 —
(ASo.19 does not clarify the AMSo.200.13 3 — AMS0.20/0.22 4 — AMS0.200.34 5
kaolin suspension sufficiently, — ASo.19
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while larger quantities stabilize the Table 7 Flocculation efficiency of AMS and
suspension due to electrostaticNIC derivatives
repulsion forces.

Flocculation efficiency

The flocculation efficiency ~ Sample C. malg W, ma/g
of ampholytes obtained by ioniC AMS, 29013 3.7 6.6
forces (NIC) depend on the amountaAMSg.29/0.22 1.7 18.3
of SPH introduced during AMSo0.29/0.34 7.7 13.6
complex formation (Table 7). NICo.a7s 2.3 6.7
There was no difference betweenNICo.a7/10 2.3 6.2
the flocculation efficiency of the NICos72s 2.8 7.9
NICo.47/50" NICo.47120and the C&uy NICo.47/25+NaoH 1.5 8.7

alone. Meanwhile, the NiG7/2s presented a broader W at the optimal dose than
CS.47. Meanwhile, NIG 47/25+naondestabilized the kaolin suspension in another
manner: C decreased 1.87 times and W is wider mpaoison with NIG 47,25
With regards to NIC obtained from CS with 380.47 and 25 mol% SPH, the
degree of substitution after complex formation barexpressed: R$=0.35 and
DS.=0.24.

It must be mentioned that
the molecular weight (My) of
the flocculating agent is one of
the most significant factors that
influence  the  flocculating
performance. The influence of
Mw was evaluated using enzyme-
destructedq-amylase, 0.2 mg/g)
CS derivatives with various Rs

ﬂzlg' i 12¥.CSThe enz?/marlc Fig. 12 Residual turbidity of the dependence of
yarolis o Macromolecuies  in suspension on flocculant dose, using

significantly reduced the M 9 enzyme-destructed (0.2 mg/g) flocculaht:
kDa, 43 kDa, 80 kDa and 528  Cg 12— CS143- CS.ag4—CSsa

kDa, respectively by Ds: 0.10,

0.19, 0.30 and 0.54, while the initial value of, ver 15,000 kDa. It is evident
that lower molecular weight gives worse flocculatjerformance and whenM
is lower than 9 kDa the flocculant is ineffectio the conclusion can be drawn
that molecular weight of flocculant must be optipialthis case, it must be equal
or higher than 528 kDa to get good results of fldaton efficiency: C=1.8 mg/g
and W=6.8 mg/g. When discussing these resultshoulsl be noted that all
investigated samples were soluble, due to the dtégjnee of destruction.

In summary, it is possible distinguish several effective iganic starch
flocculants and compare them with the widely usgdleetic cationic flocculants
(SCH — PRAESTOL 859 and SGF Unafloc 4963) (Table 8). The data shows
that effectively bind pollutants required very shahounts of SCF, but the W
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value is also small — it is easy toTaple 8 Flocculation efficiency of various
overdose such flocculant and theflocculants

suspension can be  quickly

Flocculation efficiency

restabilized. The optimum Sample C, mg/g W, mg/g
composition of ionogenic starch SCh 1.7 31
flocculant W value is significantly SCF 12 7.8
higher. This is one of the main ,(A:J\S/?'slg %? 188-53
0.29/0.22 . .
advantages of these floccuIants,CLCSO.lg/OlOOOS 145 495

while the C values are similar or up
to 10 times higher.

2.5.Models of flocculation mechanism for destabilizinghe kaolin
suspension

lonogenic starch flocculants consisting of shortimear and longer
branched macromolecules and those of different $igérogels containing
cationic and/or anionic groups. lonogenic grougsiavolved in the electrostatic
interaction and compose ionic bonds with the opgpagiarge-branded compounds
or solid particles, for example, kaolin. The pdecof kaolin have negative
charge, therefore, they interact easily with iomagstarch flocculants which have
quaternary ammonium groups. The mechanism of ictiera and the ratio of
kaolin and flocculant’s structural elements invalia the interaction depend on
the composition of flocculant, if it is composedsofuble macromolecules and/or
hydrogels.

Derivatives containing cationic groups adsorb oe $lurface of kaolin
particle. Short macromolecules and small hydroeislved in close interaction
with negative charge of kaolin particle. The thieka of the adsorbed
macromolecule and particle layer is smaller thamy®@eradius ¥ of kaolin
particle; consequently, it can not be involvedria tbridge” formation with other
particles because of high potential repul$forAs a result, positive charge
“patches” are formed, which decrease the initisdrgh of kaolin particles and
further electrostatically interact with the unceemparts of a particle surface —
compose associates and, subsequently, aggregamsculBtion occurs in
accordance with a mosaic (“charge patch”) mechanMfen the flocculant
macromolecules are long enough (high molecular kigand hydrogels are larger
in sizes, they come out beyond the diffuse layahefkaolin particles and extend
beyond the Debye radius, the repulsive force batvpeeticles is weak, therefore
the macromolecules or hydrogels of a flocculantfoam a “bridge” between two
or more particles with opposite charge — they ageesdgorm floccules and settle
down because of higher weight of floccules. Floatiah occurs in accordance
with the “bridges” mechanism.
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The predominant mechanism of the flocculation madel be seen froi
potential values of flocculus obtained after thstdbilization process (Fig. 13).
Flocculus{-potential dependence on the dose of flocculantdetsrmined using
various D@« sheared CS derivatives and synthetic flocculainé durves show
that higher Dgrsheared CS

rather fully replaces the charge of 70 1 5

kaolin particle surface from a =~ 55 -

negative to positive value. A flat € 40 4
curve segment can be associater g 55 | o

with the flocculation window <€ A3 2
width — efficient flocculation ‘;;ilo' “ /A/l 1
begins minimal change of- P 0 20
potential of the flocculus, and  -20 -

when the (-potential becomes 35

high, the positive value initiates _. )
9 P Fig. 13.¢-potential of flocculus dependence on

}he r.eSt""ta'“Z""t'?”b.l.t prgcgsss' flocculant dosel — CS.16 2 — CS.1q 3 —
ncreasmg e soluplii y 0 , CS)SO, 4— CS)54, 5-SCH

e.g. increasing the amount of

soluble macromolecules, the density of cationicgsoand decreasing the particle
size (Table 3), the CS adsorbs into the denseasidf the kaolin particle and
takes up more surface area during the flocculafidrerefore, the flocculug-
potential values of destabilized kaolin suspensitih CS 54 show a sharp rise of
the positive value. Destabilizing the kaolin suspen with SCk composed
entirely of soluble macromolecules also producethap change of flocculus
potential; there is no horizontal segment and tkpeatse system is restabilized
faster. This is due to the fact that SCF act sadelythe “bridges” consisting of
macromolecules flocculation mechanism.

In summary, the results obtained from destabilizing the kaslispension
with ionogenic starch flocculants, the scheme dftalgilized kaolin disperses
phases, flocculant structural elements and pos8ideulation mechanisms can
be suggested. (Fig. 14). The flocculation mechasish CS derivatives are
mentioned above thus the mechanisms of amphotarichsderivatives should be
explained in more detail. The presence of countem@acromolecules enables to
create more opportunities for interactions. Polyaatgtes (AMS, NIC) can react
with each other thus extending the involvemenhtfimolecular interaction (Fig.
14, D, 1) and creating an additional opportunity to floatal by the “bridges”
mechanism (Fig. 14, D). Insoluble AMS and NIC datives (higher D)
adsorbed on the surface of kaolin particles forat¢pes” and are followed by the
possibility of a “bridge” formation between the ethkaolin particles directly or
through ampholyte with an opposite charge fragr(ieigt 14, E2), as in the case
of CLCS. When flocculants are used in non-sheavadgenic starch slurries or
suspensions, their swollen hydrogels are genefafiher than 100um, the

21

Dose (mg/qg)



flocculation process takes place in the reverserordcontaminants adsorbed on
the surface of the hydrogel form negatively chargpadches” (Fig. 14, F).

Ionogenic starch flocculants
structural elements

-~
:g% 2 'f)‘
- = = =
TF g ++ i.’q}* 3 ¢
+ e £ = + -
= t +# + 4 4 4 =
= LY -
s -

Kaolin particle

P
ST 4 i+ F
Nt
Polycation " + by
macromolecules Catiomic starch  polyampholytes  Polyampholytes
hydrogels

hydrogels macromolecules

ti hani of kaolin

D
Fig. 14.Disperse phases of destabilized kaolin, struceleahents of flocculants

and flocculation mechanism&:— “bridges”, flocculant — soluble high molecularigh
macromoleculesB — “patch charge”, flocculant — soluble low moleuveight
macromoleculesC — “bridges”, “patch charge”, flocculant — sheatsdrogel particles
(submicron-sized)D — “bridges”, “patch charge”, flocculant — solubl@ghoteric starch
patch charge”, flocculant — amphdatestarch hydrogel

macromoleculesE — “bridges”,
particles (submicron-sizedy;,— “patch charge”, kaolin particle adsorption oitieogenic

starch hydrogels.

2.6. Municipal wastewater sludge treatment
This section discusses the suitability of the optimfficiency ionogenic
starch flocculants (sheared £g8and CLCS.19/0.0003 for municipal sewage sludge
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thickening and their effectiveness is compared \lith widely used synthetic
cationic flocculants.

2.6.1. Thickening the surplus activated sludge

The efficiency of SCF and sheared CS and CLCS vedsrmiined by
measuring the filtrate flow time of the destabitizZeaolin suspension (Fig. 15).
Figure 15 shows that G®is not effective, as the filtration rate of thecte@ned
sewage sludge does not even reach 10 ml/s. Meanvihithe case of SCF, the
filtration rate reaches 400 ml/s, but with an irgieg dose of flocculant the rate
suddenly decreases; it indicates that the flocimgadgent is overdosed and the
restabilization of the disperse system takes placthe case of CLGSg/0.0005 @
large dose of flocculant is needed to achieve hidjlering values ¥100 ml/s):
50 mg/g or more. Although the  40C -
effective dose of CLCS is much £
higher than SCF, as many as 1 ;300 i
times; however, using this © 200 A
flocculant, the system is not §

restabilized and a wide g 100 -

flocculation window is clearly [ 0 2

visible. . 0 20 40 60 80 100 120 140
Another important Dose (mg/g)

parameter is that the flocculus
would be readily and rapidly Fig. 15.Filtration rate dependence on flocculant

dewatered after the dose thickening surplus activated sludge of
destabilization process. The Kauno vandenys Ltdt — SCFE; 2 — sheared

. . - CS.1g 3 — sheared CLGS9/0.0005
filtration efficiency results were

obtained using a standard CST
apparatus (Fig. 16) and it can be
seen that SCF, CS and CLCS
filtration efficiency (the
dewaterability) of the surplus
active sludge is similar: SGF

—~

%

80 -

~

(o))
o
|

Filtration efficiency
N
o

69%, C$,19 - 67% and 20 | 2
CLCSJ,lg/o,ooos— 72%. HOWGVGI’,

the flocculant is overdosed (in 0 3
higher doses) when filtration 0 30 60 90 120 150 180 210
efficiency decreases, which is Dose (mg/g)

particularly notable in the case of Fig. 16 Filtration efficiency of dewatering of
synthetic flocculant. The thickened surplus activated sludge of Kauno
suitability of the flocculant for vandenys Ltd dependence on flocculant dase:
sewage sludge thickening can be ~ ~ SCR:2- ?:T?srfd GSg 3 - sheared
determined from the dewatered 19/0.0005
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flocculus pictures (Fig. 17). The optimal the flaes must be large and strong,
as in cases of SCF and CLCS (Fig. 17, b and d).

a) b) c) d)
Fig. 17.Pictures of dewatered thickened surplus activahedige (Kauno vandenys Ltd)
flocculus: raw sludge (a) and thickened with $@#, sheared GSo(c) and
CLC%0.19/0.0005(d)

The flocculus formed during flocculation must bé ooly large, but durable
and resistant to mechanical stress as well. Thengtin of the flocculus is
determined in accordance with filtration efficieneyth different mixing intensity
(Fig. 18). When the mixing intensity is lovw500 rpm) the flocculus is not
destroyed. However, when the mixing intensity iases to 1200 rpm, the
observed filtration efficiency decreases; the gterof the flocculi by using
different flocculant can be ranked in the followiogler: SCF>CS>CLCS. It can
be concluded that the flocculus obtained with CIlflé&culant is most resistant to
mechanical stress than others. Comparing the flasciesistance of SCF and
CLCS to mechanical stress, it can be related todihminant mechanism of
flocculation. Considering that soluble macromolesuadsorb on the surface of
contaminants under “bridges”
consisting of macromolecules
mechanism (Fig. 14) it can be
readily destroyed by affecting them
with external forces as compared to
CLCS when the “bridges” consist
of particles and the formed
“bridge” is not easily broken due to
a smaller distance and thus stronger
: forces of interaction. In the case of
100 500 1200 CS, the “patch charge” flocculation

Mixing intensity (rpm) mechanism is predominant, which
Fig. 18 Filtration efficiency of thickened  results in smaller flocculus and
surplus activated sludge of Kauno vandenysweaker interaction between the
Ltd dependence on mixing intensity when po|lutants, thus it is easier to
flocculant dose is optimal: — SCk; 2 — disrupt it mechanically.
sheared C&ig 3 — sheared CLGSo/0.0005

[EnY

[e] o

o (@]
I )

Filtration efficiency (%)
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2.6.2. Production of biogas from surplus activated sludgén a methane
tank

Biogas is produced during the digestion process nwiamaerobic
microorganisms digest the organic matter in thehams® tank. The experiment
was done in the biogas laboratory of AleksandradgBiskis University. The
impact of biogas production on synthetic flocculaartd ionogenic starch
flocculant (C3.3g was evaluated digesting the thickened surplusatetd sludge
under anaerobic conditions in the vertical biogasctors. The yield and
composition of the biogas (methane and hydrogeph&ilé concentration) were
investigated during digestion. The average yieldiofjas from the control of raw
material (sludge thickened with SCF) was 14.2 }kgateriai(Bm) or 379.0 I/kgry
material(BSM) and 4934 |/kgy organic materia(BSOM). MeanWh”e, |n the case Of 6&,

1 kg of raw material produced a higher yield ofdais: 6% by B, 19% by Bwm

and even 21% by & The composition of the biogas is also bettel6¥Ohigher
methane concentration, 133 ppm less hydrogen sldpnid higher energy value.
The pH of the substrate throughout the entire éwpt in the reactor was about
7.4, suggesting that anaerobic process of sewadgeshwas stable. The obtained
results suggest that when usingoGethstead SCF, the digestion process is easier
and more efficient, and the ionogenic starch fltaats, unlike the synthetic one,
are biodegradable and decompose during the diggstacess.

2.7. Technological scheme of ionogenic starch productio

The cross-linked cationic starch flocculant capimuced as both “liquid”
and “solid” forms, depending on the needs and teahmpossibilities. The
production of the CLCS flocculant consists of 7 gg® First, the modifying
solution consisting of cationization, cross-linkiagents and aqueous hydroxide
solution is prepared. All is well-mixed at room feenature. The starch solution is
modified and intensively mixed and the mixtureeft bt 45°C for 48 hours. After
the reaction ends, the reaction mixture is neuedliin order to avoid the
destruction of modified starch and equipment caorasDuring the preparation of
“liquid” form of CLCS flocculants, its particles are slgol in water and then
sheared using shear stress reducing the partideasid increasing the surface
area, which increases the accessibility of catigmaups to polyanions. Finally,
CLCS is preserved, for example, with sodium metdplste (NaS;0s), and then
the product can be packaged to sealed containdms.fifst three stages of
preparing the solid” form of CLCS flocculant are analogous. Then tasulting
reaction product is sieved in order to homogertisesemi-finished product so that
the next extruding process run smoothly and stga@iLCS is treated with shear
stress and high temperature. The resulting produwt extrudate, is crushed to
granules of the chosen size and/or powdered. Sireceesulting product is dry, its
preservation is not necessary, therefore, it canntraediately packaged in
moisture-proof bags.
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According to the CLCS flocculant production stagéschnological scheme
is offered (Fig. 19). The manning, equipment sized ecapacity of the
technological scheme depend on the form and confehe product.

13 113
14 14

Fig. 19.A technological scheme of CLCS flocculant prodoetil, 5— mixer;2 —reactor;
3 — pump;4 — trolley; 6 — dispergator7 — sieve8 — screw conveyo® — extruder10—
belt conveyorl1— cutter;12— mill; 13 — product packagind;4 — prodct storage. | —
semi-finished product; Il — Sheared CLCS suspensibs CLCS extrudate

26



3. CONCLUSSIONS

1. Etherification of natural starch with 2,3-epoxypyltrimethylammonium
chloride produced N-(2-hydroxy)propyl-3-trimethylamanium starch
chloride in the form of microgranules — cationiarsh with a degree of
substitution by quarternary ammonium groups is ftbh® to 0.54; it is further
used in the synthesis of different ionogenic stadehivatives of chemical
composition and structure for the production ofgmtial flocculants: limited
swelling cross-linked cationic starch, amphotetarch with carboxylic and
predominant quaternary ammonium groups and thestmiohiometric ionic
complexes.

2. Cationic starch derivative with a degree of sitlttson by cationic groups of
0.1 or smaller is biodegradable, i.e. completelyodepose within 28 days. The
increasing degree of substitution of cationic dtardecreases the
biodegradability accordingly, and the biodegradgbdf cationic starch with
a degree of substitution of 0.54 is only 1% aftg@days.

3. The swollen microgranules of cationic starchtied with shear forces decreases
the particle size, molecular weight, viscosity lofses of the ionogenic starch
and increases the accessibility of cationic graagsolyanions.

4. The efficiency of ionogenic starch flocculantepdnds on its chemical
composition and spatial structure of macromolecules ratio of amount of
cationic and anionic groups, the molecular weightodified starch and its
preparation method.

4.1. The larger the amount of cationic groups edhrivative is, the lower the
minimum effective dose of flocculant and the nareowhe flocculation
window.

4.2. A higher flocculation efficiency of amphotesi@rch is observed when the
amount of anionic and cationic groups is optimal, the ratio of cationic
and anionic groups is 0.29/0.22 in the case of ateplt starch and
0.35/0.24 in the case of non-stoichiometric ioramplexes.

4.3. The minimum effective dose of non-sheared gemic starch flocculants
of different botanical origin decreases and thedidation window narrows
depending on the starch particle size in a rangtp>wheat>maize>rice,
while, the efficiency of sheared ionogenic statobdulants is independent
on the botanical origin of the raw material.

4.4. A Cross-linked ionogenic starch flocculantsists of a higher mechanical
strength of flocculus during the flocculation, caangd with the flocculus
obtained using modified starch flocculant compog$ern linear and
branched macromolecules or synthetic cationic fitatt.
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5. Modified starch flocculant with quaternary amnuwn groups consisting of
linear and branched macromolecules and submiczenfsidrogels, interacts
with particles of kaolin suspension. It reducesribgative potential of kaolin
suspension and creates the opposite charge “patcmests or primary
compounds, which consist of the opposite chargedyeals and particles of
suspended matter. The initiating association agdeggtion of substituted and
unsubstituted particles during the macromoleculds flocculant form
“bridges” or the hydrogels of flocculant — hydrodetidge”.

6. Sheared cross-linked cationic starch is the nsastable for thickening
municipal sewage sludge. Despite the fact thadtise of cross-linked cationic
starch to reach an effective flocculation is higimpared to the dose of
synthetic cationic flocculant normally used in wateatment, it is effective in
a significantly broader range of flocculant amouhé flocculation window is
as much as 15 times wider. In addition, in furttseraerobic digestion
processes, a higher amount of biogas is produced fine thickened sewage
sludge with modified starch flocculant.

7. A technological scheme for the production of ified starch flocculant was
invented. According to this scheme, a prototypero§s-linked cationic starch
flocculant was produced in the pilot of equipment dested in the water
treatment company of Lithuania.
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REZIUM E

Temos aktualumas

Viena i$ didZiausj Siy dieny probleny — miesto nuotekosy jperdirbimas ir
utilizavimas. Aplinkos apsaugos agemis pateiktais duomenimis, Lietuvoje per
2012 m.j gamtire aplinkg iSleista 179,5 min. fvalyting buitiniy, gamybini ir
komunaliniy nuotek;. 2012 m. nuotekvalymo metu susidamper 45 tikstartius t
dumblo [1] (pagal sausas medziagas), kurio tik ceididalis (apie 40 proc.) yra
panaudojama tikslingai ¢$ti, kompostuoti ir kt.), visas lige dumblas yra
kaupiamas dumblo saugojimo aiksts. Europos gungos Taryba yra pamusi
direktyvas Nr. 91/271/EEB [2] ir Nr. 86/278/EEB [83| miesto nuotelf valymo
ir aplinkos, ypé dirvozemio, apsaugos naudojant 2sriikyje nuoteky dumbh,
kuriy pagrindinis tikslas yra apsaugoti aplinkuo Zalingo nuotekpoveikio.

Skygio ir kietos medziagos dalglatskyrimo, arba sistemos stabilizavimo,
procesai lemia produkcijos gamybos technolpgfektyvung popieriaus, meta|
maisto pramogje, vandenvaloje, paruoSiant vangehiotechnologijoje ir kt.
Pridedant dispersines sistemas flokulignjose esatios dalets sujungiamos$
dideles greitai&lartias flokules ir taip yra atskiriamos nuo sk&ys Flokuliacijai
ir dispersires sistemos faams atskirti pakanka kejikilogramy tirpaus sintetinio
flokulianto tonai saug kiety medziag. Tatiau | prigimtinio angliagrandinj
makromolekuli atsparumo sintetiniai flokuliantai nesuyra, liekalytame
vandenyje, sausintame dumble ir komplikuoja jo neln perdirbiny bei
panaudojim. Be to, naudojant sintetinius flokuliantus, optiogir patikimas
faziy atskyrimas vyksta siauru maziausios ir didziausie&sming; flokulianto
doziy intervalu, kitaip dar vadinamu ,,flokuliacijos tur'.

Kitas svarbus aspektas — tai, kad sintetiniai fligkiiai gaunami i$ naftos
produkty, dazniausiai i$ akrilamido, kuris yra toksiSkdasKikuojamas kaip ypa
pavojinga medziaga (EPCRA, 42 U.S.C. 11002) [4yra priskiriamas prie
kancerogeninj medziag [5]. Tockl labai svarbu rasti takatitikmeri sintetiniams
flokuliantams, kad prilygt savo efektyvumu, idy gaunamas iS atsinaujinan
gamtos iSteklj ir neluty kenksmingas supami aplinkai. Vienas iS potencigli
tokiems flokuliantams gauti naudojgngamtiniy polimen yra krakmolas — jo
skilimo produktai draugiski aplinkai, jis bioska®luir yra gaunamas i$
atsinaujinaiy Saltiniy, pvz., i$ bulviy, kvie¢iy, kukurizy ir kt. Todél modifikuoto
krakmolo flokuliantai gali bti tinkama alternatyva praméje naudojamiems
sintetiniams flokuliantams.

Tokios ekologiis inovacijos padeda pasiekti darnaus vystymosigtiks
mazinant neigiam gamybos poveikaplinkai, taip pat efektyviau ir atsakingiau
naudojant gamtos iSteklius, vykdant labiau aglitkusojantversh, sprendziant
klimato kaitos, iSteklj trakumo ir biologires jvairoves nykimo problemas.
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Disertacinio darbo tikslas

Sio darbo tikslas yra sukurti efekiywioskaid; ketvirtiniy amoniogrupi
turin modifikuoto krakmolo flokuliary, kuris tikty neigiamo pavirSiaus &vio
terSalams paSalinti ir komunalinhuoteky dumblui tankinti.

Darbo tikslui pasiekti suformuluoti Sie uzdaviniai:

1. Susintetinti jvairios chemids sudties krakmolo darinius, turéius
ketvirtiniy amoniogrupi;

2. Nustatyti krakmolo darimj bioskaidung;

3. Gauti efektyy jonogeninio krakmolo flokuliagt

4. Nustatyti fizikiniy-cheminiy veiksni jtaka jonogeninio krakmolo flokulianto
efektyvumui;

5. Patikrinti jonogeninio krakmolo flokulianto tinkamma tiek modelims
kaolino dispersiéms sistemoms, tiek realiam komunalimuotely dumblo
tankinimui ir sausinimui;

6. Pasiilyti jonogeninio krakmolo flokulianto gavimo techioging schem ir
pagaminti jo prototip esamojarangoje.

Mokslinis darbo naujumas

Pasiilytas naujas hidromechaninis krakmolo flokuliargavimo lidas,
parinktos slygos gauti efektyy ir bioskaid; tinkamos struktros jonogeninio
krakmolo flokuliang. Pirmg kary nustatyta katijoninio krakmolo darini
bioskaidumo priklausomymnuo pakeitimo laipsnio. Remiantis modelisisteny
ir komunaliniy nuoteky destabilizavimo tyrim rezultatais, paslytas nauj
modifikuoto krakmolo darinj flokuliacinis mechanizmas.

Praktin é darbo verte

Nustatyta, kad komunaligi nuoteky dumblui tankinti geriausiai tinka
disperguotas tinklinio katijoninio krakmolo darinykurj naudojant susidaro
stambios mechaniniam poveikiui atsparios flékul Pilotireje jrangoje
pagamintas jonogeninio krakmolo flokulianto propas, kuris iSbandytas
Lietuvos vandenvalogmoreje. Nors tokio flokulianto efektyvi d@zdidest,
palyginti su jprastai nuotekoms valyti naudojamu sintetiniu leafipiu
flokuliantu, ta&iau naujasis modifikuoto krakmolo flokuliantas tugiuos
privalumus:

o flokuliantas gaunamas is atsinaujitiangamtos iSteklj;
Zaliava bioskaidi;
naudojama flokulianto gamyba be atliek
flokuliantas veiksmingas plau doziy intervalu;
flokuliantas bioskaidus, perdirbant sutankifiiomas, lengvai suyra,
neterSia gamtos, tédtoliau gauta biomasgali bati naudojama kaip
trasa;
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e perdirbant sutankigtbiomag, gaunama didesgriodujy iSeiga ir geresn
ju kokyke (mazesnis divandenilio sulfido ir didesnis metiekis).

Ginamasis disertacijos teiginys

Komunaliny nuoteky dumblui tankinti ar sausinti tinkamas efektyvus
bioskaidus modifikuoto krakmolo flokuliantas yraugamas Slytieségomis iki
submikroninio dydZio daleli disperguojant iSbrinkigtketvirtiniy amoniogrupi
turinéio mikrogranuly pavidalo krakmaj, kurio pakeitimo laipsnis pagal
prijungtas katijonines grupes yra ne didesnis rigg0.

Darbo aprobavimas ir publikavimas

Doktorantiros studijj metu ,,Clarivate Analytics Web of Science” duomen
bazs Zurnaluose, turifiuose citavimo indeks disertacijos tema paskelbtos 3
publikacijos. 5 publikacijos paskelbtos kituoseemmuojamuose leidiniuose ir 6
publikacijos — tarptautini konferencij praneSimp medZiagoje Jregistruotas 1
patentas (EU patento paraisSka) tarptajgipateny tarnyboje (EPO) ifregistruoti
2 patentai nacionalije pateng tarnyboje. Atliktas gamybinis bandymgsorgje
UAB ,Kauno vandenys®, nuotek valykloje. Padilyta produkto gavimo
technologija ir esamoje pilotje jrangoje pagamintas jo prototipas.

ISVADOS

1. Eterinant gamtip krakmob 2,3-epoksipropiltrimetilamonio chloridu
gautas mikrogranuji formos 2-hidroksipropiltrimetilamonio krakmolo
chloridas — Kkatijoninis krakmolas, kurio pakeitimipsnis pagal
ketvirtines amoniogrupes yra 0,10-0,54, toliaupgmaudotas sintetinant
jvairios chemias sudties ir strukfiros jonogeninio krakmolo darinius,
potencialius flokuliantus: riboto brinkumo tinkjirkatijonini krakmobh,
amfoterin krakmob su karboksi- ir vyraujatiomis ketvirtinemis
amoniogrupgmis bei nestechiometrinius joninius kompleksus.

2. Katijoninio krakmolo darinys, kurio pakeitimo laipis pagal katijonines
grupes yra 0,1 ir maZesnis, yra bioskaidus, tisiSkai suyra per 28 paras.
Toliau didinant katijoninio krakmolo pakeitimo lap, bioskaidumas
atitinkamai magja, ir po 28 pay katijoninio krakmolo, kurio pakeitimo
laipsnis yra 0,54, jis siekia tik 1 proc.

3. ISbrinkusias katijoninio krakmolo mikrogranules p#ws Slyties gomis,
sumagja jonogeninio krakmolo dalelidydis, molekulié mag, kleisteriy
klampa, padigja katijoniniy grupiy prieinamumas polianijonams.

4. Jonogenini krakmolo flokulianty efektyvumas priklauso nuo flokulianto
chemirés sudties ir jo makromolekulj erdvires strukfiros, katijoning ir
anijoniniy grupiy kiekio santykio, modifikuoto krakmolo molekués
mass bei jo paruoSimoiido.
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4.1. Kuo didesnis prieinam katijoniniy grupiy kiekis darinyje, tuo
mazesnis minimalus efektyvus flokulianto kiekis, flokuliacijos
langas — siauresnis.

4.2. Amfoterinio krakmolo didZiausias flokuliacijos efgkumas yra
esant optimaliam katijonigi ir anijoniniy grupiy santykiui, kuris
amfoteriniame krakmole yra 0,29/0,22, o nestechidnmiaose
joniniuose kompleksuose — 0,35/0,24.

4.3. Nedisperguat skirtingos botaniés kilmés jonogeninio krakmolo
flokulianty efektyvi flokuliacijos doz mazja ir flokuliacijos langas
siaukja, priklausomai nuo krakmolo dalglidydzio, tokia seka:
bulviy > kvietiy > kukufizy > ryZiy, o disperguat jonogeninio
krakmolo flokulianty efektyvumas nuo Zaliavos botaésnkilmeés
nepriklauso.

4.4, Tinklinés struktiros jonogeninio krakmolo flokuliantai flokuliacijos
metu sudaro didesnio mechaninio atsparumo flokylasyginti su
flokulémis, gautomis naudojant modifikuoto krakmolo fldkmnitus,
sudarytus is linijing ir Sakoty makromolekuly, ar sintetif katijonini
flokuliant.

. Ketvirtiniy amoniogrupi turintis modifikuoto krakmolo flokuliantas,
sudarytas iS linijini, Sakoty makromolekulj ir submikroninio dydZzio
hidrogely, syveikauja su destabilizuojamos kaolino suspensigskinis,
mazina j; neigiam potenciad ir sukuria anty prieSingo kivio ,,demes*
arba pirminius darinius S prieSingo tkio Zenklo hidrogeli ir
suspenduotos medZiagos dajeliaip inicijuojama pakeigtir nepakeisg
daleliy asociacija ir agregacija per flokulianto makronkoléy ,tiltelius*
arba flokulianto hidrogelio daleles — hidrogelidtgtlius*.

. Komunaliny nuotelky dumblui tankinti geriausiai tinka disperguotas

tinklinis katijoninis krakmolas. Nepaisant to, kaihklinio katijoninio

krakmolo flokulianto do& efektyviai flokuliacijai pasiekti reikalinga
didesrt, palyginti su vandenvaloje naudojamo sintetiniotij&mainio
flokulianto doze, t&au jis veiksmingas esantairiam flokulianto kiekiui:
flokuliacijos langas net 15 karplatesnis. Be to, tolimesniame anaerobinio
nuoteky dumblo mdymo procese iS apdoroto nuaje#umblo, tankinto
naudojant modifikuoto krakmolo flokuliant susidaro didesnis biody;j
kiekis.

. Sukurta bioskaidaus modifikuoto krakmolo flokuliant gavimo

technologija. Pagalaj naudojant pilotia jrangs pagamintas tinklinio

katijoninio krakmolo flokulianto prototipas ir iSbandytas Lietuvos
vandenvalogmorgje.
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