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Abstract

The aim of this work was the study of the combimatbf an inorganic pre-polymerized coagulant (PA@th
ferric species and polysilicic acid in various migi order, Al/Fe/Si and OH/AlI molar ratios, and two
polymerization techniques for the production ofréque reagent representing a coagulant, more efichan
commercial PACI-18 and laboratory prepared RACior water or wastewater treatment A number of
coagulants were prepared and were examined bggts tor the treatment of simulated water; pH,itity and
UVas4nm @bsorbance were measured in the treated wateFARSE. .15 prepared by co-polymerization was
found to be the most efficient coagulant from dle ttested compounds; in addition, no flocculant aid
(polyelectrolyte) was required with this producbvl. coagulant doses, about 1.5-2 mg/L were reqdoedhe
reduction of turbidity values to lower than 1 NTfuythermore, PSiFAGs.10.15 resulted in very low residual
aluminum concentration of about 14DAl/L. The most effective coagulants obtained walso used for the
treatment of tannery wastewater to evaluate tha&ifopmance and it was observed that high turbicéiyoval
(~99%) was obtained at doses of about 100 mg/L. fibst effective coagulants are under study forrthei
potential use to alleviate membrane fouling in MBRs
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1. Introduction

Coagulation is a common water treatment procestettabilize dissolved and colloidal impurities and
produce large flocculated aggregates that canimewed in the subsequent clarification/filtratioropess. The
poly-aluminum chloride (PACI) is the most extensjvased coagulant at water purification and wastewa
treatment plants throughout the world [1]. The gamic Polymeric Flocculants (IPFs), or pre-polymedi
coagulants, such as polyaluminum chloride (PACIhie case of Al-coagulants) represent a relatitghe of
coagulation reagents, which were developed in otdeincrease the efficiency of coagulation-floctiaa
process. However, although the presence of polyménnetal species in IPFs (e.g. keggingAénabled them
to perform more efficiently than the conventionahgulants such as alum [2, 3], there is still nieedurther
improvement of their properties. The main reasothés insufficient aggregation abilities of the IPRgich
usually imposes the use of a flocculant aid (pegtblyte) to increase the efficiency of floccutattiprocess.

In order to improve the aggregating power of PAgglyeral efforts have been made during the reeemt f
years, towards the incorporation of silica in tsusture.Hasegawa et al. [4] noticed that by introducing metal
ions into polymerized silicic acid solution, the lexular weight of the product was increased and the
corresponding stability and coagulation performameee further improved. In this case, the produas wather
an inorganic metal-polysilicate flocculant, wheriéca was the main component, than a pre-polymedrize
inorganic coagulant. More recently, research hauded in the incorporation of silica within the pre
polymerized metal solutions, aiming to produce coumgls with larger molecular weight by the applicatof
two techniques, i.e. either by introducing polymed silica in the pre-polymerized metal solutionnfposite
polymerization), or by introducing polymerized &iliin the metal solution, followed by polymerizati¢co-
polymerization) [5]. Extensive studies on polysilie coagulant combined with ferric salt and aluminsalt
have been conducted by several researchers all theeworld [6-16].Zouboulis and Tzoupanos [12, 13],



systematically examined several silica-based poiyalum chloride derivatives, leading to the follogi
optimized conditions for their preparation, accoglto the respective coagulation performance datd/Al

ratio 1.5-2, Al/Si ratio 10-15, whereas co-polymation should be preferred for the coagulant piegpar. As
a result, the final selected product exhibits ettagulation performance for the treatment of aomnibated
natural waters, than the conventional coagulangs éum), the pre-polymerized commercial coagsldRACI-
18), or even a laboratory prepared PACI, preseritighber polymerization degree than commercial potglu

Today, there is a prompt need for the developrémiew PAC-based coagulants such as poly-aluminum-
ferric-silicate-chloride to improve the coagulatigmerformance. The poly-aluminum-ferric-silicate-atidie
coagulant is made of aluminum, ferric and silicdtee coagulant may be pre-polymerized by hydroigfaof
individual salts, or prepared by firstly mixing trew products followed by hydroxylation; aluminufesric and
silicate may then become the polymeric componehthe composite. Some investigators have achiewed t
delay the gelation time by the use of aluminunron {17], so the polysilicate inorganic anionic yrokr can be
enriched by the inorganic cationic polymers of Ml)(and Fe (lll) in order to improve their aggreiye
function and to retard their hydrolysis reactiomeTferric salts can generate thicker and heavaasflthan
aluminum salts, but their strong tendency to hyisl and polymerization may result in flocs inslipiand
corrosion problems. Nevertheless, the combinatioaluminum and ferric salts may improve the hydsidy
process, the stability of hydrolyzed ferric sa#tad the formation of larger flocs. The contributimiindividual
components in the composite coagulant may preswsitiye or negative effects on the coagulationdldation
process. Recently, several investigators [18-22¢sudied the simultaneous addition of Al (lilg BII) and
polysilicic acid solution (pSi), so that the polyrzation of pSi and the hydroxylation of metal iomsuld be
synchronized. These results indicate that the datign performance of PACI in water treatment can b
improved by introducing polysilicic acid and ferrgalts, and the coagulation efficiency of poly-ailum-
ferric-silicate-chloride is affected by Al/Fe/Stimand preparation techniques.

This study aims to examine the behavior of sevdeailvatives of silica-based aluminum coagulantstlie
production of an efficient coagulant for wastewater water treatment, with better performance thaa t
conventional (alum), or simple pre-polymerized (RA@hes. The hydrolysis polymerization of Al (11e (II)
and polysilicic acid was investigatédth in different mixing order and in different Al/Fe/S and OH/AlI molar
ratios and by two polymerization techniques (co-polymerization or composite polymerization). The coagulation
efficiency of the produced coagulants was testezbintaminated tap water, simulating natural (s@facaters.
The coagulants with the more efficient combinatidrOH/AI and Al/Fe/Si molar ratios were further exiaed
and their performance was compared with the coomdipg of PACI-18 and laboratory prepared PACI.
Furthermore, selected coagulants were appliechfotreatment of tannery wastewater.

2. Materials and methods

All used chemical reagents were of analytical grdde-ionized water (with conductivity lower tharb0
uS/cm) was used to prepare all solutions, whileahézed carbonate free water was used for the paéparof
stock solutions of the coagulants.

For comparison reasons, commercially available P8 containing 17.15% ADs;, with 40% basicity and
density 1.365 g cifl) was also examined. According to the following a&tipn [3]:
Basicit (0/)—[ on ]xwo
asicity (%) = M)zM

the molar ratio for PACI-18 reagent with basicif§24 should be OH/AI = 1.2 (as for aluminum zM = 3)
2.1. Procedurefor the preparation of coagulants
2.1.1. Preparation of polysilicic acid solution (pS)

The preparation of pSi was preformed accordindzmipanos et al. [12]. Therefore, water glass solution
(containing 10% NaOH and 27% S)JMerk), was diluted to 0.5M Sitand placed in a plastic beaker. HCI
(IN) (Chem Labs) was added drop wise, under magséitiing, until a pH of 4. The solution was |éfr
ageing for 90 min at pH 4 followed by a pH redustto 2, where the solution remained for 60 min befmeing
used (containing 0.37-0.38M SO



2.1.2. Synthesis of poly-aluminum-ferric-silicate-chloride coagulants

The synthesis of coagulants took place at roonpésature by the application of two polymerization
methods, according to a modified procedure propbgesao et al. [7], although with certain modifications, i.e.
by applying the co-polymerization or the compogitdymerization techniques both in different mixingder
and in different Al/Fe/Si and OH/AlI molar ratioshd@ respective initial solutions were 0.5M AJGH0O
(Merk), 0.8M FeCk.6H,O (Merk), 0.5M NaOH (Merk), (as the added base) #nadprepared polysilicic acid
solution. The base addition rate (achieved by #stadtic pump) was 0.1 mL/min and the stirring speeas
700-800 rpm. The final volumes of the obtained thohs samples were about 40-65 mL and the final
aluminum concentration was fixed for all coagulaait®.1 M. The following three composite coagulamése
prepared under these conditions:

e PAFSC and PACFS (pFS + Al): Ferric chloride solution was added in an appmiprivolume of pSi
solution, under vigorous stirring. The concentnatiod volume of the ferric chloride and the pSiadin
order to achieve the desired ratio of Fe/Si foheaaagent [10]. Then, the formed pFSi was useddpagre
two types of coagulants. According to the firstqadure, pFSi was mixed with Al solution at various
ratios of Al/Si+Fe; then, base solution was addedly in the mixture under stirring in order to aehe
the desired OH/Al molar ratio. The coagulants pregady the co-polymerization technique are refeasd
PAFSC. According to the second technique, the base isaluvas initially added to the Al solution,
creating an intermediate PACI solution and thea,appropriate amount of pFSi was introduced, ireord
to achieve the desired Al/Si+Fe molar ratio. Thagtdants prepared by the composite polymerization
technique are referred RICFS.

e PFASC and PFACS (pAS + Fe): pSi solution was added in Al solution, under vimgs stirring. The
concentration and volume of pSi solution used vhrgeachieve the desired ratios of Al/Si for eashgent
[12]. Then, pASi was used for the preparation af types of coagulants. According to the first pohae,

Fe solution was mixed with pASi solution at desiratios of Al+Si/Fe and in the mixture the basaisoh
was added slowly (under magnetic stirring) at seadesrequired to achieve the desired OH/AI moldorat
The coagulants prepared with the co-polymerizatemhnique are referred &-ASC. According to the
second technique, the base solution was initiallyeal to the Al solution, creating an intermediafe&CP
solution and then, the appropriate amount of pSi added at the desired Al/Si molar ratio followgdlie
addition of the Fe solution. The coagulants pregpasih the composite polymerization technique are
referred a$FACS.

e PSFAC and PSCAF (pFA + pS): Fe solution was added in Al solution, under v stirring at the
desired ratios of Al/Fe. Then, the pFA was usegrepare two types of coagulants. pSi solution was
mixed with pFA solution at desired ratios of Al+Eeand base solution was added slowly (under magnet
stirring) in the mixture at the desired OH/AlI molaatio. The coagulants prepared with the co-
polymerization technique are referred RSFAC. According to the second technique, the base isalut
was initially added to the Al solution, creating mtermediate PACI solution and then, Fe soluticasw
addedat the desired Al/Fe molar ratio followed gy &ddition of the pSi solution. The coagulantpared
with the composite polymerization technique aremeid asPS CAF.

e PACly: Polyaluminum chloride solutions were also pregdaf@ACl,,) for comparison reasons under the
same conditions, but without the addition of sii@saand ferric.

All the composite coagulants were characterizedte determination of their pH (by a Metrohm Hatis
pH-Meter), turbidity (by a Hach ratio/XR Turbiditpeter) and conductivity (by a Crison CM 35 conduityt
meter) respectively.

2.2. Jar tests

Jar tests were used for the examination of thegwaats efficiency. A jar-test apparatus (Aqualytic
equipped with six paddles was used, employing Hsgbeakers. Two types of samples were used: sadula
surface water and tannery wastewater. The simulstefhce water (1 L) was prepared by tap watery cla
(kaolin) suspension and humic acid. The initial@amtration of clay suspended particles was 10 ragdl that
of humic acid 5 mg/L Tannery wastewater was used eepresentative industrial wastewater; the sample
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collected from the influent of a tannery wastewateatment plant. The properties of both samplesggaren in
Table 1, while the conditions used in the jar-tesis are shown in Table 2.

Water samples were collected from the supernateach beaker and were analyzed for the deterimimat
of pH, turbidity, conductivity and UM, Absorbance at U4, provides an indication of the amount of
natural organic matter (NOM) in the water and wasasured by a Hitachi UV/vis spectrophotometer.

Table 1: Initial sample properties (simulated surface wated wastewater samples).

Type of sampleto be treated Turbidity (NTU) Absorbance UV 554 nm
Simulated surface water 17.2 0.153 7.0

Tanner Wastewater (general input) >2000 2.711 7.4

Table 2: Coagulation experimental conditions (simulatedfaste water and wastewater samples) [according to
12].

Rapid mixing period Slow mixing period
Type of treatment Duration Mixing Duration Mixing Sedimentation
(min) rate (rpm) (min) rate (rpm) (min)
Simulated surface water 160 10 45 45

Tanner Wastewater (general input) 3 200 30 40 45

2.2.1. Residual aluminum concentration

The residual aluminum concentrations were deterthinethe eriochrome cyanine R standard method [23],
where aluminum salts react with eriochrome cyariédye at pH 6 resulting to a colored compound, with
maximum absorbance at 535 nm.

3. Results and discussion
3.1. Comparison of prepared coagulants

Table 3 displays the major physicochemical pragerf laboratory prepared composite coagulantsadnd
commercially available PACI-18.

Table 3: Properties of laboratory prepared coagulants.

Coagulant type OH/AI Al/Fe/Si molar ratios Turbidity Conductivity
(NTU) (mS/cm)

PACI-18 1.2 - 0.4 6.8 49.5
PACI, 1 - 3.7 1.2 20.9
PACI, s 15 - 3.8 2.1 21.0
PAFSIC, 5.15:10 1.5 pFS + Al 3.9 117.0 24.0
PACFSi 5.15:10 1.5 Fe/Si: 15 Al/Si+Fe: 10 3.6 8.6 22.9
PFASIG s5.15:10 1.5 pAS + Fe 3.9 256.0 244
PFACSI s5.15:10 1.5 Al/Si: 15 Al+Si/Fe: 10 3.7 141.6 234
PSIiFAC 5.10:15 15 pFA + pS 3.9 211.0 23.7
PSICAF 5.10:15 1.5 Al/Fe: 10 Al+Fe/Si: 15 3.7 144.0 23.7

It can be observed that the addition of the metats PACI solution for formation of composite coéamnts,
results in increase of its turbidity, attributedettially to the increase of the components sizetHermore, the
increase of turbidity is higher when the co-polyiraion technique is used, due to simultaneous
polymerization technique of the raw materials.

3.2. Impact of Al/Fe/Si ratio and of preparation technique on coagulation performance
3.2.1 Coagulation performance in simulated surface water

The first step in this study was the preliminapplécation of all produced coagulant samples, agrio
obtain an initial concept of their coagulation bébaand to define the most efficient one. Figurdidplays the
results of coagulation experiments, related totthatment of model water sample (simulating surfaeger)



with all laboratory prepared coagulants. The cotreg¢ion of coagulants varied between 1 and 6 mg#i the
experiments were conducted at the initial pH (6f0)ater sample.

As shown in Figure la PACI-18 and PAgExhibit similar behavior regarding turbidity redion, while
PACI, 5 proved to be the most efficient: the concentratiequired to reduce the final turbidity under 1 NTU
(according to the respective legislation limit, BElifective 98/83/EC) is about 2-3 mg/L, whereas witd other
coagulants the respective concentration is highen 8 mg/L. Therefore, the desired OH/Al molaraasi 1.5
and that was an indicator for the preparation efribw composite Al/Fe/Si coagulants with 1.5 OH##dlar
ratios.

Figure 1b displays the results of coagulation expents with all composite Al/Fe/Si laboratory paegd
coagulants (1 — 6 mg/L / pH 7.0) by two polymerizattechniques. It can be observed tR&FAC; 51015
prepared with the method @b-polymerization, was found as the most efficient between them.aRbgg
turbidity removal, it is remarkable that the corcation needed to reduce the final turbidity untieXTU is
about 1.5-2 mg/ L, while the respective concerdrafor PACI is higher. The second more efficientnposite
coagulant was theAFSiC, 5.15.10followed by PFASIGs.15.16 The least efficient composite coagulants areehos
prepared with the method of composite polymerizatio
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Figure 1: Comparative coagulation experiments for turbidityd 254 nm absorbance of water samples, for all
laboratory prepared coagulants. a) PACI coagulétspmposite Al/Fe/Si coagulants

The differences between the three most efficiemmosite Al/Fe/Si coagulants and PAghre shown in
Figure 2 where the percentage removal of turbigifyresented. The respective removal rate with RSik.10.15
was 97%, whereas with PAGIthe highest removal rate achieved was 93% foraguwant dose of 2 mg/L.

Similar conclusions can be drawn about the redoctif UVssanm absorbance (Figure 1bPSFAC: 510.15
seems to be the most efficient and PFASIifz.1oseems to be the second one for a concentratioehigan 2-3



mg/L. The least efficient composite coagulantsthose prepared by composite polymerization, sityiler the
turbidity results. Nevertheless, the respective tdduction rate with PSIFAG.10.15Wwas 93%, whereas with
PACI, s the highest removal rate achieved was 78% for & mfjcoagulant.
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Figure 2: Turbidity and UV absorbance at 254 nm remova¢gadf the most efficient composite Al/Fe/Si
laboratory prepared coagulants for water samples.

Residual aluminum concentration is a very impdrgaarameter from health perspectives and should be
carefully considered, when an aluminum coagulaapggied in water treatment. According to Figurié &n be
seen that the Al concentration remaining in theanafter treatment varies significantly, dependipgn the
initially applied concentration of the examined gokants. The lowest residual Al concentration welsieved
by the addition of 2 mg/L PSiFAG.10.15 This specific coagulant seems to be the mostieffi composite
coagulant, as for the almost all applied conceiotnat residual Al concentration remains under #&pective
legislation limit of 200pg Al/lL (EU Directive 98/83/EC). The highest resitludl concentration with the
specific coagulant is 150g/L for an initial coagulant concentration of 6 mg/The second most efficient
composite coagulant is PFASIE; 5.1 as the residual Al concentration remains underrdéispective limit.
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Figure 3: Comparative coagulation experiments for Residdlaminum Concentration of water samples, for
composite Al/Fe/Si laboratory prepared coagulants.

Based upon these results, it is suggested thablgapuminum-ferric-silicate-chloride coagulant twit
improved properties should hawemedium basicity (i.e. OH/Al molar ratio 1.5), medi silica and ferric
content (i.e. Al/Si molar ratio 15 and Al/Fe 10)dashould be prepared preferably by the co-polyraéion
technique, similarly to the relevant observatioh§amupanos et al. [12] for silica-based aluminum coagulants.
Furthermore, the introduction of appropriate amoahtferric chloride in the already efficient silitemsed
aluminum coagulants seems to improve their efficyegven more than the commonly applied polymers.

Table 4 displays the major physicochemical properbf water samples produced by coagulation with
IDSiFACl.S:lO:lS



Table 4: Physicochemical properties of water samples dfier coagulation performance of PSiFAGo1s
laboratory prepared coagulant

Coagulant dose (mg/L) Turbidity (NTU) \ Absorbance UV 54 ,m ~ Residual [Al] (ng/L)
1 7.2 2.4 0.066 146.3
2 7.2 0.8 0.028 135.0
3 7.2 0.4 0.011 141.3
4 7.1 0.3 0.005 135.0
5 7.2 0.3 0.006 132.5
6 7.1 0.2 0.001 150.0

3.2.2 Coagulation performance in tannery wastewater

The most effective coagulants obtained by the trimteat of simulated water i.ePSFAC;s:10:15,

PAFSIC, 5.15.10 PFASIG s5.15:10Were applied for the treatment of tannery wastentatevaluate their coagulation
efficiency for industrial wastewater.

The results of turbidity removal and UV absorbaneduction during the treatment of tannery wastewat
are given in Figure 4; as shown the three coagslleeduce greatly the turbidity and the absorbaoceldses
higher than 100 mg/L. Furthermore, as the wastaveaimple was not subjected to any pre-treatmegestais
a highly contaminated sample, and coagulation waeficial to the improvement of its quality.
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Figure 4: Comparative coagulation experiments for turbiditid 254 nm absorbance of wastewater samples, for
selected laboratory prepared coagulants.

In Figure 5, the turbidity removal rates of theamnefficient composite Al/Fe/Si coagulants for veagter

samples are presented, for a coagulant dose ofmi@Q, where the high turbidity removal (~99%) was
obtained.
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Figure 5: Turbidity removal rates of the most efficient quosite Al/Fe/Si laboratory prepared coagulants for
wastewater samples.



4. Membranefouling control in Membrane Bioreactor Systems (MBRS)

The recently years, the use of flocculants andjalaats such as aluminum or ferric chloride hasmbee
investigated in an attempt to minimize fouling. &lg¢he addition of adsorbent reagents such as pedde
activated carbon (PAC) has been found to improwe tfembrane performance by decreasing the level of
organic compounds with potential for membrane fawli24]. The trend in coagulation—flocculation diel
nowadays is the preparation of new, composite daatgiby the introduction of several additives toduce
the so called pre-polymerized coagulants, in otdemprove their efficiency and to make them eqoaleven
more efficient than the commonly applied organitypeers. [7-16]

By the aforementioned results about the effectivagulation performance of PSiFA&; .15 coagulant, is
being studied its possibility (among others efiitieoagulants [10, 12]) to alleviate significantfy cake layer
and adsorption resistance and thus the membratiagpby using for the wastewater treatment in coration
the coagulation and MBRs.

5. Conclusions

The primary target of this study was to combinaremmganic pre-polymerized coagulant (PACI) withrie
species and polysilicic acid in one unique reageiit in different mixing order and Al/Fe/Si and @#Hmolar
ratios by the application of two different polynmxiion methods; the main conclusions drawn are the
following:

e Several poly-aluminum-ferric-silicate-chloride detives were examined leading to the following
optimized conditions for their preparation:

1. PAFSCand PACFS (pFS + Al) - OH/Al ratio 1.5, Fe/Si ratio 15, Al/Si+Fe ratio 10

2. PEASC and PFACS (pAS + Fe) - OH/Al ratio 1.5, Al/Si ratio 15, Al+Si/Fe ratio 10

3. PSFAC and PSCAF (pFA + pS) - OH/Al ratio 1.5, Al/Fe ratio 10, Al+Fe/Si ratio 15

e The application of co-polymerization process forogucing poly-aluminum-ferric-silicate-chloride
coagulants proved to produce more effective coagsilthan the composite polymerization method with
the same Al/Fe/Si ratio.

e Overall, it is suggested that a poly-aluminum-fesilicate-chloride coagulant with improved propest
should have medium basicity (i.e. OH/Al molar rali®), medium silica and ferric content (i.e. Al/Si
molar ratio 15 and Al/Fe 10) and should be prepareferably by the co-polymerization technique.

e In general, poly-aluminum-ferric-silicate-chlorid@@agulants are more effective than PACI in watet an
wastewater treatment, especially at lower doses.

e PSIiFAG s.1015prepared with byco-polymerization was found the most efficient coagulant from jastte
experiments. The concentration required to redbeefihal turbidity under 1 NTU is about 1.5-2 mg/ L
The second more efficient composite coagulant WasAFSIC, s.15.1ofollowed by the PFASICs.15:.10

e As a result, the final selected product (referredP&iFAG s.10.15 cOagulant) exhibits better coagulation
performance for the treatment of contaminated méturaters, than the pre-polymerized commercial
coagulants (PACI-18), or even the laboratory pregpd@ACi,,.

e The great advantage in the use of PSikAfg1s coagulant seems to be the lower level of residual
aluminum concentration, remaining in the treatedewaample. The control of residual Al is necessary
due to the respective legislation limits (EU < gQAI/L) and it can be problematic, when conventiona
coagulants are being used.

e In the case of composite poly-aluminum-ferric-sitee-chloride coagulants no further flocculants and
polyelectrolyte are required; as a result additi@most benefits may arise by the utilization okthiaterial
including the avoidance of specific equipment fantlling the polyelectrolyte (e.g. dissolution syste
pumping system).



The most effective coagulants obtained for watersas i.e PSFAC, s.10.15, PAFSIC, 5.15:10 PFASIG 5.15:10
were applied for the treatment of tannery wastemeteevaluate their coagulation efficiency. All three
coagulants greatly reduced the turbidity (~99%) #hiedabsorbance at doses higher than 100 mg/L.

Because of their significant efficiency in coagigdatperformance in wastewater treatment, the newtmo
effective coagulants are under study for their piiddly use to alleviate the membrane fouling in Rk
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