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Abstract: Due to health concerns of natural organic matteDNy and algae presence in surface water and diiisu

encountered in their removal in the water treatméns paper reviews coagulation and chlorinatisacpsses which are
largely used in water treatment technology. Indbeventional water treatment, coagulation and dittsation treatments have
better efficiency to reduce the NOM in water esgldgifor the hydrophobic portion than the hydrophibne. However, the
pre-chlorination treatment for raw water has besved to increase the dissolved organic carbon exdnation due to the
lysis of algae cells and disinfection by-produatsniation. The impact of water treatment processedlisinfection by-

products formation remains complex and variablejexaonstrated by recent literature. It is concluthed no pre-, no inter-,
only post-chlorination preceded by optimised coagioh for NOM and algae removal is the best avéglagchnology for the
conventional water treatment which would be reioéar by at least adsorption on powdered activatdaboaor nanofiltration

in the short terms. Finally, the conventional wdteatment will not remain a viable solution foirding waterfrom source

waters containing NOM as their quality deteriorated water quality standards become more difficuéichieve.

Keywords. Coagulation/Chlorination, Natural Organic MatteiqM), Algae; Disinfection by-Products (DBPS),
Water Treatment

1. Introduction

Coagulation and disinfection are the main unitsthe by decreasing pH to ~ 6 and/or increasing coagulasage
drinking water treatment technology in both deveigpand [11], has received great attention from the envirental
industrialised countries [1,2]. Coagulation is exed to community [12]. The United States Environmentaltction
eliminate particles and colloids via a coagulaifie Blum or Agency (USEPA) specifies the required NOM remowval i
ferric chloride, while disinfection is applied tmactivate terms of total organic carbon (TOC) by enhancedjualzion
pathogens by disinfectants like aqueous chlorinander different TOC and alkalinity levels [13]. Fastance,
(HOCI/OCT). During disinfection, chlorine can react with for raw waters with alkalinity levels of > 60-120gnt.™* as
natural organic matter (NOM) and bromide in rawavab CaCGQ and with dissolved organic carbon (DOC) levels of
produce halogenated disinfection by-products (DBBsj]. 4.0-8.0 mg [* as C, the required TOC removal is 35.0% [13].
Many halogenated DBPs have been verified to possessEffects of coagulation or enhanced coagulation @&PE
potential genotoxicity and carcinogenicity to huntagings formation during chlorination have been largelydstd [14].
[7-11]. Therefore, improving removal efficiency &fOM  In drinking water treatment plants, trihalometha(eslMs)
through "enhanced coagulation”, which is usuallgraped are a common parameter to evaluate the effectigenés
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coagulation in controlling DBPs formation [13]. Dt the of polyaluminium chloride (PACI) and other additvéHPAC
apolar nature of THMs, a decrease of THMs does naixhibited 30% more efficiency than AKCFeCk and PACI in
necessarily mean a decrease of polar or highly rpol®0OC removal and was also very effective in turlyidit

halogenated DBPs. More than 50% of total organlogem
(a parameter estimating collective halogenated DB#*med
during chlorination has not been identified [15,18]large
portion of unknown total organic halogen may beitaited
to polar or highly polar halogenated DBPs [17,18]has
been demonstrated that some polar or

removal. The third is enhanced softening with cdeagu
addition. Higher removal of NOM is achieved by emted
softening with coagulant addition conditions as paned
with conventional coagulation at natural pH. Esplbgiwith
PACI addition, it can enhance the formation of MH()@

highly polarecipitate and remove NOM efficiently at a relativlower

halogenated DBPs such as the class of haloacetits acpH range (pH < 10). By this approach, the pH fohated

(HAAs) are more cytotoxic and genotoxic than thassl of
THMs [1,19].

On the other hand, algae, which are ubiquitousviers,
reservoirs and lakes, may cause a series of prehlenvater
treatment in algal blooming seasons [20]. Thisudek poor
settling, clogging filters, breakthrough of smalies algae
through sand filters, obnoxious taste and odourd toe
release of algal toxins [21,22]. In addition, algsn also
serve as precursors to form DBPs during chlorimaf0].

softening can be decreased significantly into actmal
operation pH range for high-hardness water at atrirent
plant.

To examine the effects of enhanced and conventional
coagulation on the formation of polar halogenateBPB
during chlorination, Xiao et al. [1] employed presor ion
scans using electrospray ionisation-triple quadieipoass
spectrometry with or without ultra performance ldu
chromatography preseparation. It is of interest hany new

Among these DBPs, THMs and HAAs have drawn panicul polar halogenated DBPs were generated as a comszgoé

attention due to their dominant occurrence and niiate
carcinogenic effects [23,24]. The influences ofocinlation
condition (including reaction time, chlorine dosaged pH),
algal species, algal growth phase, biochemical owitipn
and extracellular organic matter on total DBPs fation,
specific DBPs yields and DBPs species distributimve
been extensively studied in drinking water treathj2b-28].
Due to health concerns of NOM and algae presence
surface water and difficulties encountered in themoval in
the water treatment, this paper presents a reviewhe
current
chlorination of NOM and algae.

enhanced or conventional coagulation, and a numibiérem

were nitrogenous DBPs and/or hawiz values larger than

250. Some of the new polar halogenated DBPs shawed
only in samples with enhanced coagulation but not i
samples with conventional coagulation, althoughaeckd
coagulation was better for controlling the over&BP
formation. The results suggest that the fractionN®M
msistant to be removed by coagulation should teavew
reaction potential with halogens; after enhanced
conventional coagulation, halogens are forced &wtravith

or

knowledge concerning both coagulation anthe remaining fraction of NOM, producing new polar

(nitrogenous) halogenated DBPs. In addition, enédnc

Since surface water contains both NOM and algae ommagulation altered the speciation of halogenat&PH by

hand and the algae physicochemical dissociatioriotm
more dissolved organic molecules in on the othexdh#his
manuscript is motivated to cover NOMs and algaettogr in
one review.

2. Coagulation and Chlorination of NOM

Seasonal coagulation objectives for a typical N@tiina
water treatment plant with micro-polluted and hakalinity
source waters are proposed by Zhan et al. [29]sftage
based on a yearlong data collection period wherewater
characteristics, trihalomethanes formation potélieMFP)
and coagulation features were investigated usinjgr dest
procedure, resin absorption and ultrafiltrationcfi@nations.
Three approaches beyond simply increasing the d¢aaigu
dose were used to achieve optimised coagulatiore Bn
coagulation by adjusting the pH of the raw wateewlmetal
salt coagulants (Fegand AICE) are used. At pH levels of ~
5.0 for FeC} and ~ 5.8 for AIQ, the highest removal of
NOM was obtained, which is twice that without pHhtol.

elevating the ratio of bromine-containing to chher
containing DBPs; this phenomenon was observed & b
polar and apolar halogenated DBPs, but polar DBEsew
more susceptible to be altered [1].

The removal of NOM by coagulation and adsorption on
modified wheat straw (MWS) has been investigate8].[2
Two types of inorganic polymer coagulants, polyiferr
chloride (PFC) and PACI, were used during experisierhe
removal efficiency of NOM in terms of ultraviolebsorption
(UV,s9 and DOC increased with the dosage of coagulants
and adsorbent increasing. Combined coagulation and
adsorption showed better UM and turbidity removal
efficiency (61.8 and 95.8% respectively for PFC-MVé8d
61.5 and 94.2% respectively for PACI-MWS) than vindiial
treatment. The effects of combination sequenceD@C
fractionation and residual chlorine decay were ys®d and
the chlorine data were fitted using a chlorine gemadel. In
general, the higher the molecular weight (MW) of M @as,
the better removal efficiency the combined treatimesm
achieve. MWS can enhance the removal of NOM witthér

The second is enhanced coagulation through coagulddW. The DBPs formation potential in the effluent®rh

optimisation based on raw water characteristicshigh
efficient composite polyaluminium
coagulant was developed for the water taking theaihges

coagulation and subsequent adsorption was grdsdarthat

chloride (HPACI) in the effluents from adsorption and subsequenguiadion.

With respect to the treatment of low specific UV
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absorbance (SUVA) surface water, the effect of atzag

25

UV.s, fluorescence intensity, concentration of DOC, and

dose and pH on the coagulation behaviours of nadre-A fractionation of dissolved molecules by MW has been
polymer (AhsO4(OH),") has been studied [30]. The examined [21]. The water samples were collected dive

removal of fine particles and NOM was investigatedler
different coagulation conditions. PACI and alum A8I0;)3)

were used for purpose of comparison. Floc sizepgth and
fractal structure were investigated under differ@agulation
conditions. The results showed that fine particksd

change from spring to summer (May to July but beftire
typhoon season) when the water temperature anchteafe
eutrophication increase. Analytical results indéc#ihat the
concentration of DOC is proportional to the concatitin of
chlorophylla, but not to the values of Uy, and

hydrophobic (HPO) NOM with large MW could be easilyfluorescence intensity. Therefore, eutrophicatiextraneous

removed by the three coagulants in a wide doseer@bigl?
mg L™%); while the proportion of hydrophilic (HPI) NOM in
the removed dissolved organic matter (DOM) wasdrig

contaminants of small molecules, and the extraeellu
products of algae cause an increase in DOC, bateedse in
the proportion of large organic molecules such fabumnic

Al,, and Aks; species coagulation at low and moderate dossubstances. The fraction of DOC with a MW of lelsant
(lower than 11 mg t). Neutral and alkaline pH facilitated 5000 Da increases with the concentration of chloytiga.

the particle removal, while acidic pH contributeal hetter
HPI NOM removal. The floc strength investigationlicated
that the floc strength formed by Al under different
coagulation conditions was in the following hiefarc pH
6.5 (15 mg [) > pH 4.0 (9 mg [}) > pH 8.0 (15 mg L).

All these data suggest that changes in the quefitwater
after eutrophication make the treatment of drinkingter
more difficult. The results of Cheng and Chi [21]
demonstrate that the efficiency of DOC removalsfas the
degree of eutrophication increases. When the ptagenof

For Al,(SQy); coagulation, the order was as following: pHDOC with small molecules excreted by algae increédse

4.0 (9 mg [Y) > pH 6.5 (15 mg 1) > pH 8.0 (15 mg L).
Additionally, the fractal dimension of flocs indiea that Als
species resulted in compact aggregates at low otnaten
and pH.

The effect of coagulation coupled with chlorinati@re.,
pre-, inter-, and post-chlorination) on the forraatof DBPs
and the removal efficiency of DBPs precursors hasnb
investigated [31]. Compared with coagulation congplivith
pre-chlorination, coagulation coupled with intetezination
could lead a higher removal efficiency of DOC, SU¥Ad
chloroacetic acids formation potential
CAAsFP/DOC value of residual DOC showed
coagulation with inter-chlorination has a benefigtfect on
CAAs precursors removal. More DBPs were producethdu
inter-chlorination than that of pre-chlorination pH 7.5,
while less DBPs were produced during inter-chidiora
than that of pre-chlorination at pH 5.5 [31]. Theassults
may be explained by the fact that (1) coagulatiorcess is
more efficient in terms of DBPs precursors rematgdH 5.5
(i.e., enhanced coagulation) than 7.5 (i.e., cotiweal
coagulation) and (2) pre-chlorination disturbs adatjon
process in NOM removal by oxidising the organi- ecoiles.
These explanations are recently confirmed by Jle{31]
who found that pre-chlorination at 1.3 mg' Lthe post-
chlorination at 1, 2, 3, and 4 mg'lof chlorine contributed to
high total trihalomethanes (TTHMs) values of 0.9465,
2.07, and 2.21, respectively. In addition, the mitate of
humic acid (HA) after coagulation was chlorinatedstudy
the kinetics of chlorine decay. The results of tlak [31]
showed that coagulated-HA had a higher reactivityh w
chlorine than aqueous-HA at pH 7.5. Furthermore,ttands
of zeta potential during coagulation process suggethat
the distribution of chlorine species had significarfluence
on the removing of DBPs precursors by coagulatimmpted
with chlorination.

Water from the three reservoirs, Min-ter, Li-yu-tand
Yun-hoshen (Taiwan), for concentration of chloroptay

1%, the efficiency of DOC removal decreased by
approximately 1%, implying that enhanced coagutaisonot
able to remove the DOC excreted by the algae during
eutrophication, and resulting an increased conagatr of
THMs formation in water disinfections process.

The effects of coagulation processes with two chiffie
coagulants (PACI and alum) on aldehydes formationngd
oxidation with common oxidants (ozone, chlorine and
chlorine dioxide) in a particular groundwater saurin
Northern Banat region, Yugoslavia, have been stuf2].

(CAAsFP). eTh Aldehydes concentrations in coagulated water wekeet
thathan in raw water. In contrast, obtained resulswad that

specific contents of these DBPsg(mg TOC'") showed an
increase after coagulation processes in a numbsaraoples.
Results indicate that the choice of the coagulaidant
combination may be important as well as the typftodition

bed, retention time, and filter washing regimehia temoval
of aldehydes from water.

DOM in a filtered river water was isolated and frawated
into six different fractions [33]. THMs and HAAs ribed
from these isolated DOM fractions during chloripatiand
chloramination were determined. Results show thatHPO
acid, HPI acid, HPlI base and HPO neutral are major
precursors of THMs and HAAs. There exist good
correlations between the values of SUVA at 254 rinthe
individual DOM fractions and their DBPs formatioatpntial,
indicating that aromatic moieties are responsilole DBPs
formation for both HPO and HPI DOM fractions.
Chloramination of the DOM fractions yields much des
THMs and HAAs than chlorination. For the dominar®ia
fraction (i.e. HPO acid) in the water, the yieldsTéiMs and
HAAs increase more significantly in chlorinatioraththose
in chloramination with the increase of disinfectaltsage,
contact time and DOC content.

The effectiveness of alum and PACI as coagulantshi®
treatment of surface water with low DOC (2.1-2.4 n})
and at two alkalinity—hardness levels was evaludg4.
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Effectiveness was evaluated by measurement of G5,
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66% of the DOM as DOC, and 70-84% of the THMFP of

and different THMFP tests. PACI showed higher reatov DOM was converted from the reaction of chlorine hwit

efficiency for all the analysed variables and unideth high
and low alkalinity—hardness conditions. Result® alksowed
that alum coagulation is more sensitive to openatio
conditions, especially pH. Maximum differences betw
coagulants were observed in the removal of finalMR®
with average valuesn(= 48) being 48 and 31%. This
difference was maximum when coagulation/flocculatiwas
carried out at pH 8.0. Comparison of full scalenpldata and
jar test data revealed that optimisation based @Cand

HPOA and HPI. Fourier-transform infrared analysis
illustrated that the functional groups involved ie
chlorination reaction were aromatic C=C, C-0O, C£BCl
and amide functional groups. Proton nuclear magneti
resonance analysis indicated that HPO-A, HPO-N;ARhd
TPI-N had significantly decreased aromatic protafter
chlorination. Although HPO-A, HPO-N, TPI-A and TRI-
exhibited different fluorescence changes during@chétion,
the wavelength that corresponded to the positionthef

UVas, removal does not ensure optimum results for THMsormalised emission band at its half-intensitys( for the

precursors removal. Solution pH above 6.0 unitsuess
acceptable residual levels of dissolved aluminisn®2 mg
AlI** LY. Precursor removal optimisation did
compromise residual aluminium requirements.
treatment a noticeable increase in the contribubbriow

four fractions decreased as a result of chlorimatio
The effect of pH on coagulation performance and flo

notcharacteristics with respect to the treatment of $ddution
Afteusing PFC as coagulant was investigated [37]. filthation

was used after coagulation to further remove omgannder

MW molecules to the THMFP was observed. Under higkhree pH conditions. The subsequent effects onricigo

alkalinity—hardness conditions bromine incorponatfactor
of treated water is much more sensitive to the tgbe
coagulant used. Results of bromine incorporatiootofa
suggest that at higher alkalinity—hardness levéts NOM is
better removed. Finally, the relationship betweemaval of

decay were studied using a first decay model antd AQIM
modelling software. The results indicated that PR&d
different coagulation mechanisms in different pHjioas.
Charge neutralisation was the dominant mechanisatiatic
region, whilesweep was the predominant mechanism at pH >

UV absorbance and removal of THMFP was investigate®.0. HA was effectively removed in acidic regiondan

Results suggest that this relationship is more rateuand
more reliable when PACI is used.

Laboratory and pilot scale tests were conducted
compare the effectiveness of enhanced coagulatitmthe
more advanced technologies of ozone and granutasated
carbon in treating a range of clean, eutrophiciaddstrially
polluted waters [35]. Particular attention was p#idthe
removal of DBP precursors, organics and micropafitg
that could be achieved using the various typeseatinent.

turbidity removal efficiency was higher in neutrand
alkaline regions. The median equivalent volumediameter
t@sy) of flocs formed in coagulation process in acidigion
was larger than that of flocs formed at pH 9.0. Tloes
formed at pH 5.0 were more compact because latger f
fractal dimension ;) was observed. Floc breakage
behaviour showed that flocs formed at different yddues
gave different floc strength and recovery abiliagnd the
strength and recovery factors of the flocs variedthie

Reductions of up to 50% THMFP and between 40 arfd 70following order: pH 5.0 > 4.0 > 9.0. The treatedtevaat pH

organic carbon and colour were obtained using esgthn
coagulation, which compared favourably with the atbed
treatment processes. The more sophisticated pexegsre
especially effective in the removal of micropolints, this
generally being in excess of 70%, which was noieactble

5.0 possibly contained the minimal amount of DBPs
precursors due to the minimal reacting compoundsent in
the treated water. DBPs precursors were probablyepto be
removed by coagulation process during which floath w
larger strength factor, recovery factor didvere formed.

using enhanced coagulation. pH depression using aci The influence of pH, chloride or bromide concerndraton

addition allowed for increases in organics remaatalower
coagulant doses and inorganic coagulants were foarze
more effective than the polymeric coagulants fogamic

matter removal. It was shown that the advancedneat

processes became more cost effective for largetpbnd as
water quality deteriorates, but for smaller wateorks,

enhanced coagulation is cheaper.

Xue et al.
characteristics of DOM in the secondary effluertnir the
Wenchang Wastewater Treatment Plant (Harbin, Cheamal)
evaluated the alterations in structural
compositions of the DOM during chlorination. UsiKgD-8
and XAD-4 resins, DOM was fractionated into 5 fians:
HPO acid (HPO-A), HPO neutral (HPO-N), transphdicid
(TPI-A), transphilic neutral (TPI-N) and HPI fraot.

Results showed that HPO-A and HPI dominated in the The

secondary effluent, collectively accounting for mathan

[36] studied the THMFP and structurathe presence of bromide

the formation of THMs from carbohydrates was stdd&8].
It was observed that THMs are not formed at acuht
while basic pH values only increase slightly the MH
content, although the consumption of chlorine inees up to
100% with respect to pH 8. The presence of chloridepm
increases the THM formation from carbohydrates euith
influence of the chlorine consumption. In the samanner,
ions in ppb also increases
remarkably the THMs formed upon chlorination of
saccharides. Even more, they have observed thabatide

and chelmiczoncentrations below 100 ppb, complete incorponatid

bromide in THMs occurs. Overall, the results obtdishow
that saccharides widely present in natural watensgive rise
to significant THM concentrations in the disinfectiprocess
by chlorine.

relationship between chlorine decay and
formations of DBPs, including trichloromethane (TL&hd

the
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CAA in the presence of four model compounds, i.elaser particle size analysis [20].
resorcinol, phloroglucinolp-hydroxybenzoic acid, andr To efficiently remove algae from drinking water, a
hydroxybenzoic acid was investigated [39]. The thk strengthening process or combined process of caagul
degradation in model compounds with OH and/or COOHalkaline aluminium chloride) and chlorine, and withe
functional groups were rapid after chlorination.eTRCM dosage of potassium permanganate 0.3 m{ \as
yields of carboxylic group substituted compounds (3investigated on three selected water supply andigation
hydroxybenzoic acid [3-HBA], 4-hydroxybenzoic adid- plants during the algae outbreak period [44]. Theults
HBA]) were found to be lower than that of thedihydroxy = show that the algae density increases with theease of
substituted compounds. Phloroglucinol, with one en@H  water temperature. When the algae density in ratemia
substitution group than resorcinol, tends to foignificant less than 1.0 x fccells L*, more than 98% of algae can be
amounts of CAA after chlorination. However, it wasremoved with a coagulant dosage of 13 my When the
observed that with the COOH substitution of 3-HB#&lad- algae density is increased to more than 10%c&0s L, i.e.
HBA tend to exhibit more CAAsFP than resorcinol.eTh during algae outbreak period, 96% or more algae lan
developed parallel second and first-order reacthmel for removed using the coagulant and chlorine of dosagfes
chlorine demand has been successfully utilised T6M,  approximately 20 and 4.0 mg'Lrespectively [44].
CAA and DBP formation modelling. A high correlation The roles that algal populations, as sources of pat
between CAA and TCM was observed for the modelater quality play in DOC removal during ozonatiand
compounds. coagulation processes were examined [45]. Algal
Thirty organic compounds to investigate their coform  monocultures were grown as suspensions in contsflow
formation characteristics during chlorination witodium reactors to simulate bloom conditions and to preval
hypochlorite at pH-values 7.0 and 8.0 were sele¢#®]. distinct type of DOC for treatment experiments. fests
These experiments were conducted under conditiongas were conducted with and without preozonation toesss
to those applied on the chlorination of raw waldre results DOC removal as a function of algal source, coadgutgpe
indicated that the chloroform concentrations ocediloy the and dose, pH and bicarbonate concentration. Oyexiglal-
all tested compounds was in the ppm range. Themrmari derived DOC was difficult to remove; high coagulauses
levels of chloroform (11-13 mg1) were determined during were required and removal was strongly influenced b
the reaction of resoreinol and phloroglucinol atydfue 8.0.  solution pH and algal source.
The use of sonication to improve the removal by
3. Coagulation and Chlorination of Algae coagulation oMicrocystis aeruginosa, a common species of
toxic algae was investigated [46]. The results shbwat
It is known that some metal compounds (e.g., irad a sonication significantly enhances the reductioalghe cells,
manganese), which are considered to be indispensalsblution U\ss, and chlorophyla without increasing the
microelements in the growth of algae, are genendgiiected concentration of aqueous microcystins. The mainhaeism
in source water, especially in eutrophic lakes eegkrvoirs involved the destruction during ultrasonic irradiat of gas
[41-43]. For example, total iron and manganeseacuoles inside algae cells that acted as ‘nufdeiacoustic
concentrations were reported to range from 0.28.89 mg cavitation and collapse during the “bubble crugt@riod,
L™ and from 0.20 to 0.56 mg,. respectively in Taihu Lake resulting in the settlement of cyanobacteria. Ctmtmn
of China [20]. Furthermore, the water supply pipge efficiency depended strongly on the coagulant dasd
commonly made with metal materials, e.g., iron aodper. sonication conditions. When the coagulant dose @asng
The inner surface of metal pipe can be eroded gidby L™ 5 s of ultrasonic irradiation increased algae aemh
ative algal cells, which might further lead to theriation of efficiency from 35 to 67%. As further sonicationhanced
DBPs formation in chlorination. the coagulation efficiency only slightly due to teetmixing,
The role of iron and manganese on the formatioHAfs  optimal sonication time was 5 s. The most effective
when algae are chlorinated at different pHs wasgstigated sonication intensity was 47.2 W @mand the highest
[20]. The results showed that both iron and mangar@an removal ratio of M. aeruginosa was 93.5% by the
reduce the vyields of dichloroacetic acid (DCAA) andsonication—coagulation method. Experiments withemesir
trichloroacetic acid (TCAA) on chlorinating greerlga water showed that this method could be successdiplpfied
Chlorella vulgaris (C. vulgaris) at a pH range of 6.0-9.0, and to natural water containing multiple species ofalg
the decline of DCAA and TCAA was shown to be more Fang et al. [47] investigated formation of carb@wmcs
significant at the low pH range. At pH 6.0, DCAABBRCAA  disinfection by-products (C-DBPSs), including THM$AAS,
yields decreased by 44.5 and 57.3%, respectivelly thie  haloketones (HKs), chloral hydrate (CH), and nitogus
addition of 0.5 mg L* iron, and decreased 39.5 and 49.4%disinfection by-products (N-DBPs), including
respectively with the addition of 0.5 mg*lmanganese. The haloacetonitriles and trichloronitromethane (TCNKfpm
main reason for decreasing the yields of HAAs aswshby  chlorination of M. aeruginosa under different conditions.
scanning electron microscope (SEM) is that Fe(@kR)or Factors evaluated include contact time, chloringades, pH,
MnO,m) coat the algal cells, which then improves theitemperature, ammonia concentrations and algae kQrowt
agglomeration of algal cells which is also reveatgdthe stages. Increased reaction time, chlorine dosagd an



28 Djamel Ghernaout al.: Coagulation and Chlorination of NOM and AlgaéNater Treatment — A Review

temperature improved the formation of the relagivelable (27 ng mg C% and fish oil (50ug mg C) produced more
CDBPs (e.g., THM, HAA, and CH) and TCNM. Formationthan nine times higher levels of chloroform thaarsh (3ug

of dichloroacetonitrile followed an increasing antlen mg C%). For the formation of HAAs, bovine serum albumin
decreasing pattern with prolonged reaction time andas shown to have higher reactivity (4§ mg C) than fish
increased chlorine dosages. pH affected DBP foomati oil and starch (ig mg CY). For the algal celld\itzschia sp.

differently, with THM increasing, HKs decreasingydaother
DBPs having maximum concentrations at certain pldesa
The addition of ammonia significantly reduced thenfation

(diatom) showed higher chloroform yields (4§ mg C*) but
lower HAA vyields (43ug mg C%) thanChlamydomonas sp.
(green algae) (chloroform: 3& mg C“; HAA: 62 ug mg CY

of most DBPs, but TCNM formation was not affectetia and Oscillatoria sp. (blue-green algae) (chloroform: 26y
1,1-dichloropropanone formation was higher with theng C%; HAA: 72 ug mg C%). The calculated chloroform
addition of ammonia. Most DBPs increased as theviro formation of cells from the three algal groups,dshen their
period of algal cells increased. Chlorination gfalcells of biochemical compositions, was generally consistetit the
higher organic nitrogen content generated higheexperimental data, while the predicted values fAAH were
concentrations of N-DBPs (e.g., haloacetonitriled RCNM)  significantly lower than the observed ones. As carag to
and CH, comparable DCAA concentration but much lowehumic substancess, such as humic and fulvic atlidsalgal

concentrations of other C-DBPs (e.g., THM, TCAA atfids)
than did NOM.

cells appeared to be important precursors of DCAA.
Cyanobacterial growth in semi-closed water areah s1$

A state of the art on cyanotoxins in water and rtheireservoirs brings about a coagulation inhibitioraidrinking

behaviour towards chlorination was presented
Chlorination efficiency on cyanotoxins alteratioep&nds on
pH, chlorine dose and oxidant nature. Microcystarsd
cylindrospermopsin (CS) are efficiently transformday
chlorine, with respectively 6 and 2 by-productsnitifeed. In
addition, chlorination of microcystins and CS is@dated
with a loss of acute toxicity. Even though they ddeen less
investigated, saxitoxins and nodularins are aldered by

[48)water treatment system, but the inhibitory substanand

mechanisms involved have yet to be elucidated. araket al.
[50] isolated proteins having a high affinity wiBACI from
organic substances produced By aeruginosa with the
affinity chromatography technique. Both extraceltul
organic matter and cellular organic matter distdriibe
flocculation of suspended kaolin with PACI, butvas likely
that nonproteinous substances in extracellularrmcgaatter

chlorine. For these toxins, no by-products have nbeecause the reduction of coagulation efficiency. bntcast,

identified, but the chlorinated mixture does nobwhacute
toxicity. On the contrary, the fact that anatozitvas a very
slow reaction kinetics suggests that this toxinistes
chlorination.

The effectiveness of chlorination as a water tresm
procedure for CS degradation was studied [49]. fEseilts
demonstrate that relatively low chlorine doses (md. LY
are sufficient for degradation of CS, when the D&btent
is low. However, if organic matter other than C®iesent in
the solution, the effectiveness of chlorine for @fradation
is reduced as other organic matter present consohiesne.
Under the experimental conditions using samplesh veit
solution pH of 6-9, a residual chlorine concentmatof 0.5

proteins in cellular organic matter were obtainedoassible
inhibitory substances for the coagulation with PAThese
proteins could consume PACI in the coagulation pssadue
to the formation of chelate complexes between these
inhibitory proteins and the coagulant. The consuompbf
PACI by cyanobacterial proteins could be one of the
important causes of the increase in coagulant déman
Henderson et al. [51] characterised the algogergarac
matter (AOM) originating from four algae specie€. (
vulgaris, M. aeruginosa, Asterionella formosa and Melosira
sp.) using techniques including DOC, SUVA, zeta patnt
charge density, hydrophobicity, protein and carlivhie
content, MW and fluorescence. All AOM was predomitha

mg L' was sufficient to degrade > 99% of CS. ToxinHPI with a low SUVA. AOM had negative zeta potehtia

degradation via chlorination occurs within the tfiminute
and no difference was observable between degradatian
open system and in a closed system. With a deciase
pH from 6 to 4 a reduction in the efficiency of ahihe for
degradation of CS was observable, a possible itidicéhat
CS is more stable to chlorine degradation at lower
However, in normal water treatment this is notvalg since
the pH is consistently higher than 6.

The contribution of major biomolecules, includingein,
carbohydrates and lipids, in predicting DBPs folioraupon
chlorination of algal cells was investigated [Zblhree model
compounds, including bovine serum albumin, staruth fesh
oil, as surrogates of algal-derived proteins, chydoates and
lipids, and cells of three algae species, repreawgrilue-
green algae, green algae, and diatoms, were catedrin the
laboratory. The results showed that bovine serupurain

values in the range pH 2-10. The stationary phisege
density of AOM fromC. vulgaris was greatest at 3.2 med g
while that ofM. aeruginosa andMelosira sp. was negligible.
Lower charge density was related to higher hydroptity,
while it was related in turn to increasing protems500
kDa:carbohydrate ratio. This demonstrates that AGMf a
very different character to NOM.

Ho et al. [52] chlorinated four microcystin analeguin
two treated waters and two of the analogues in nikséal
water. The oxidation of the microcystins was relate the
chlorine exposure (CT) of the sample waters withaéhse of
oxidation following the trend: microcystin-YR >
microcystin-RR > microcystin-LR> microcystin-LA. This
trend was in agreement with published data on model
compounds and free amino acids. Values of CT ofoup5
mg min L' were required for oxidation of all microcystin
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analogues to below the World Health Organisatioitgjine
value of 1.0ug L™ Results from this study indicate that for
some water resources it is important to determine t
speciation of the microcystin analogues to optimis
chlorination practices.

Crane et al. [53] utilised three species of marihgae
representing major taxonomic groups of phytoplankto
Isochrysis galbana (Chrysophyceae), Carteria sp.
(Chlorophyceae), and Thalassiosira pseudonana
(Bacillariophyceae), to investigate the potentifinaturally
occurring chlorophylla of living algae to produce THMs
during the chlorination of saline waters. Chlorioat of
filtered natural estuarine water (salinity = 23)pfsom the
North Edisto River, South Carolina, results in dapi
formation of 201-221ug L* THMs comprised mainly of
bromoform (CHBg) and chlorodibromomethane (CHBX).

In the presence of %0cells mL' Isochrysis galbana,
chlorination of filtered estuarine water with sadiu
hypochlorite (NaOCI) to a nominal 10 mg™Lchlorine
increased the total THM concentration by an avegEl %
(N = 6). The presence dhalassiosira pseudonana resulted
in an average 24% decreas¢ £ 6) while Carterla sp. did
not produce a statistically significant effect upthe total
THM concentration formed. The absence of any sicgnift
statistical correlations between the chloroplytiontent of
algal cultures and THM concentrations causes ulsmount

29

4. Optimisation of NOM and Algae
Removal before Chlorination

€ The use of chlorine only at the end of the wateatment
permits a great reduction of THM formation [59]. [&w
THM level may be obtained by the optimisation otlea
treatment step. Coagulants such ad"And Fé&' remove
significant concentrations of TOC and THM precussor
which, in actual practice tends to range from 40708%.
Further, Fiessinger et al. [59] concluded that grrination
should be abandoned; algal growth may be controMid
chloramines or coverage of open sedimentation basind
chlorine can be maintained as a final disinfectairganic
precursors are sufficiently removed.

Several authors have proposed that removal of DBP
precursors must be accomplished prior to disindacsiuch as
[60-62]. Kristiana et al. [62] investigated the iagb of the
addition of powdered activated carbon (PAC) to ahamced
coagulation treatment process at an existing wagatment
plant on the efficiency of NOM removal, the disictien
behaviour of the treated water, and the water tyuali the
distribution system. As a result of the PAC additiache
removal of NOM improved by 70%, which led to
significant reduction (80-95%) in the formation DBPs.
The water quality in the distribution system alsgproved,
indicated by lower concentrations of DBPs in th&trithution

chlorine-chlorophylla.interactions as a source of thesegysiem and better maintenance of disinfectant uesialt the

compounds. However, THM concentrations producednfro
the chlorination of algal culture media, after remoof algal
populations, suggests instead that the observewtidrén
THM production are mainly due to chlorines reactisith
the by-products of algal metabolism.

extremities of the distribution system. The effigaaf the
PAC treatment for NOM removal was shown to be afiom
of the characteristics of the NOM and the qualifytioe
source water, as well as the PAC dose. PAC tredtdiémot
have the capacity to remove bromide ion, resulimghe

Brooks and Liptak [54] demonstrated that the Lak§yrmation of more brominated DBPs. Since brominated

Michigan phytoplankton showed a significant

loss ob

BPs have been found to be more toxic than their

chlorophylla and permanent reduction of carbon uptakgpiorinated analogues, their preferential formatipon PAC

rates after exposure for 30 min to concentratiohgotal
residual chlorine at or above 1 mg'.LAt this level the
photosynthetic system of the algae was irreversibistroyed.
Below 0.1 mg [* residual chlorine only slight changes in
chlorophylla were noted, and, following an initial decrease
carbon uptake rates exhibited nearly complete rgoafter
24 h.

The chlorination of four cyanobacteria species trde
cyanotoxins and their analogues in natural water ldoom

samples was studied [55]. They quantified the DBP

formation due to chlorination of cell-bound matérand
water matrix. They concluded that (1) pre-chlolioatof
natural water containing cyanobacteria cell numberow
200,000 cells mt* for different treatment purposes is an
efficient operational option and (2) the water lgokind
quality is the key factor in DBPs formation poteanti
independent of cyanobacteria cell-bound material.

The impact of algal properties and pre-oxidationsolid—
liquid separation of algae is presented by Hendeestoal.
[56]. Moreover, algae, cyanotoxins, and NOM remobwgl
coagulation/flocculation are also discussed [57,58]

addition must be considered, especially in sourcgers
containing high concentrations of bromide.

Preoxidation of the algal cell with chlorine muse b
avoided, because it frequently causes toxin reldesm
algae and produce THMs during water treatment [63].
Recently, Lin and Wang [64] concluded that, in camional
water treatment process, coagulation and slowalfitin
treatments have better efficiency to reduce the N®Mater
especially for the HPO portion. However, the pre-
Shlorination treatment for raw water increased DOC
concentration due to the lysis of algae cells. H&eds
portion is the most sensitive portion of NOM to WD,
and conventional treatment processes. THMFP téstaed
that HPO acids portion is also the main contribof HMs
formation after chlorination process.

It was concluded that the impact of water treatment
processes on N-DBP formation is complex and vagi§db].
While coagulation and filtration are of moderatécety for
the removal of N-DBP precursors, such as aminosaait
amines, biofiltration, if used prior to disinfeatio is
particularly successful at removing cyanogens lalid
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precursors. Oxidation before final disinfection daorease during 1 complete year at four points in order tneyate
halonitromethane formation and decrease Nrobust data on HAAs and on complementary parametées
nitrosodimethylamine, and chloramination is likelp results showed that the initial formation of HAAsasvthe
increase cyanogen halides and N-nitrosodimethylamirhighest and the most variable in the plant whewel$e of
relative to chlorination. DBP precursor indicators and the pre-chlorinatiosedwere
The effect of conventional water treatment processing both higher and more variable. Subsequent formatibn
alum on the integrity of cells of toxikl. aeruginosa using HAAs from the pre-chlorination point until the dett water
both jar tests and pilot plant studies was studi@d]. occurred due to remaining levels of residual chierand
Removal ofM. aeruginosa cells by alum flocculation using a DBP precursors. However, HAA levels and in partcul
jar test apparatus indicated all cells were remowitilout DCAA (the preponderant HAA species in the waterdeun
damage to membrane integrity. Thus the chemicatrtrent study) decreased dramatically during filtration;yvprobably
and mechanical action did not damage the cultuvkd because of biodegradation within the filter. Théeef of
aeruginosa cells and, more importantly, did not result infiltration on DCAA fate was season-dependant, wilie
additional release of cell metabolites above bamkgd highest degradation in warm water periods and matt no
concentrations. For pilot plant experiments, whicimsisted variation during winter. Statistical modelling wapplied to
of coagulation/flocculation-sedimentation-filtratiomost of empirically identify the operational factors respinte for
the cells were removed intact and no additionalrogigstin - HAA formation and fate. Model performance to idénti
was found in the finished water. HAA variability in waters following pre-chlorinatio was
The variability of the occurrence of HAAs duringeth much better than for water following filtration, wgh is due
treatment process in two facilities where surfacgewis pre- to the lack of information on mechanisms and cooiis
chlorinated before being treated by conventionayspo- favouring DCAA degradation.
chemical processes was investigated [67]. The figat®n Fig. 1 shows how coagulation mechanisms for
focused on both seasonal and point-to-point fltaina of microcystin-LR removal are highly dependent on tiered
HAAs. In both facilities, samples were collectedekly charge species distribution.

Sweap ® AI(OH):’( e CH, oyt

H
coagulation am) L '|| H K
HC W
Ha - +* CH B

Adda

Charge

o AI(OH) *
neutralisation 2

2+  HH H
AI(OH) ) | Protonation

"

Adda: 3-amino-methoxy-10phenyl-2,6,8-trimethyl-deca-4,6-dienoic acid

Protonation (1 s) > Charge Sweep
neutralisation {1-7 s) coagulation (7 5)

Fig 1. Coagulation mechanisms for microcystin-LR removal [11].

. nanofiltration [69-73], and electrocoagulation [74]

5. Future Trends of Conventional Bond et al. [75] presented an excellent Table @abl

Drinking Water Treatment about the selectivity of NOM removal processes fandsed

on the fact that the removing of NOM is throughaaiety of

As seen above, the removal of algae and NOM iprincipally electrostatic mechanisms. In the samtpof
important, as for example the reactions with chiedbased view, sweep flocculation as a second form of charge
disinfectants lead to the formation of DBPs. Fotessmthat neutralisation is also discussed [76]. Recentlydday et al.
are rich in NOM, coagulants such as aluminium aod play [77] concluded that wusing pre-ozonation/enhanced
a key but insufficient role in removing the orgal@eels [68]. coagulation/activated carbon filtration treatmeatrt appears
There has been recent interest in alternatives e tto be the most effective method for reducing DBPs
coagulation process such advanced oxidation presesgrecursors in drinking water treatment.
(AOPs), adsorption on PAC [62], ozone, biotreatmantl
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Table 1. Selectivity of NOM removal processes[75].

Process M echanism/s Selectivity L east treatable
Adsorption onto flocs and
Coagulation charge neutralisation/colloid destabilisati@veep  Large, anionic molecules Neutral molecules
flocculation
Anion lon exchange (electrostatic), also adsorption —
: . Small, anionic molecules Neutral molecules
exchange (hydrophobic) and hydrogen bonding
Size exclusion, differing diffusion rates across . Hydrophobic
LBl membrane. Electrostatics for charged membrane Species > MWCO molecules < MWCO
Activated Reversible physical adsorption by non-specific ~ Small, neutral, hydrophobic Hydrophilic charged molecules
carbon forces molecules
Biotreatment Enzyme_‘—controlled microbial degradation and Low MW _polar molecules (e.g. Large & hydrophobic molecules
adsorption amino acids, aldehydes)
AOPs OH rea(;t}ons : electron transfer, H abstraction ar Relatively unselective
OH addition
Ozone el dtipo s algieibe Aromatic compounds and amines Saturated compounds

cleavage,. Also OH radicals

As remembered b$imate et al. [78] and Ghernaout et al. DBPs

[79-81], we recommend that any chemical used in,@mn DCAA
near drinking water sources, or used during thattnent of DOC
drinking water should, (1) not present a publicltreaoncern, DOM
and (2) not result in the chemical, its by-produais any HA
contaminants exceeding drinking water guidelineugalas HAAs
provided by the WHO [78]. HKs
HPI
6. Conclusions HPACI
This paper discusses both NOM and algae coagulatidn HPO
chlorination. The following conclusions may be draw HPO-A

1.

A low THM level may be obtained by the optimisation HPO-N
of each treatment step. Coagulants such &5 &f&l MW
slow filtration treatments remove significant MWCO
concentrations of TOC and THM precursors especialyMWS
the HPO portion. Pre-chlorination should be abaedon N-DBPs
due to the lysis of algae cells, algal growth may b NOM
controlled with more frequent cleaning of the basin PAC
especially in summer periods and coverage of opeRACI
sedimentation basins would be avoided to benefinfr PFC
solar radiation disinfection and oxygen diffusioorh ~ SUVA
the air, and chlorine can be maintained as a finalCA
disinfectant if organic precursors are sufficiently TCM

removed. TCNM

. Finally, it remains doubtful that the conventiomater = THMFP
treatment (clarification + filtration + chlorinatip will THMs
continue to be a viable solution for drinking waleem  TOC
source waters containing NOM as their quality TPI-A

deteriorates and water quality standards become mofTPI-N

Disinfection By-products
Dichloroacetic Acid

Dissolved Organic Carbon
Dissolved Organic Matter

Humic Acid

Haloacetic acids

Haloketones

Hydrophilic

High efficient composite Polyaluminium
Chloride

Hydrophobic

HPO Acid

HPO Neutral

Molecular Weight

Molecular Weight Cut-off

Modified Wheat Straw

Nitrogenous Disinfection By-products
Natural Organic Matter

Powdered Activated Carbon
Polyaluminium Chloride

Polyferric Chloride

Specific Ultraviolet Absorbance
Trichloroacetic Acid
Trichloromethane
Trichloronitromethane
Trihalomethane Formation Potential
Trihalomethanes

Total Organic Carbon

Transphilic Acid

Transphilic Neutral
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difficult to achieve. TTHMs  Total Trihalomethanes
USEPA  United States Environmental Protection Agency
Abbreviations UV s Ultraviolet Absorption
AOPs Advanced Oxidation Processes
AOM Algogenic Organic Matter References
CAA Chloroacetic Acid , .
CAAsFP Chloroacetic Acids Formation Potential [1] F. Xiao, X. Zhang, H. Zhai, M. Yang, .M.C. Lo, Efis of
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CH Chloral Hydrate 26-32.
CSs Cylindrospermopsin
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