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Abstract. In physico-chemical treatment, the separation of suspended particles from the liquid
phase is usually accomplished by coagulation, flocculation and sedimentation. Coagulation-
flocculation processes have been widely used as alternative treatment to remove leachate
pollutants such as BOD, COD, TSS, heavy metals, colour, and nitrogen compounds prior to
other treatment methods. It is often coupled with treatment methods like biological process,
chemical oxidation, adsorption or filtration to achieve desirable effluent quality. In spite of
being economical, the dewatering and disposal of the precipitated sludge could be laborious
and time-consuming. In this manuscript, brief discussions on coagulant and coagulants aid in
landfill leachate treatment is discussed with respect to their mechanism.

1. Introduction

Coagulation is generally defined as destabilization of a colloidal suspension or solution. On the other

hand, flocculation is the process whereby the destabilized particles are propagated to gather and

agglomerate into larger flocs. Although coagulation and flocculation are two distinct processes, they

have been used interchangeably due to the confusion resulted from water treatment industry itself [1].
The same goes for the terms ‘coagulant’ and ‘flocculant’. However, it is pertinent to assert that

‘coagulant’ is often used to describe any substances that can induce both coagulation and flocculation

2.

1.1. Colloids in Landfill Leachate

Dispersed solids in landfill leachate comprise non-sedimentary suspending materials with negligible
sedimentation velocity; and colloids are the major constituents of these non-sedimentary particles.
Colloids are generally defined as solid particles with a size between 1 nm and 1 mm [3,4,5]. Some
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studies had even revealed that particles with a size up to 10 cm might act as colloids as well [6].

Matura and co-researchers had noted that the colloids in landfill leachate were mostly inorganic
and mainly consisted of carbonates and clays. In addition, colloids can be classified as hydrophobic
(resistant to water bonding) or hydrophilic (affinity for water bonding). Owing to the attraction of
hydrophilic colloids for water, they are difficult to be removed from dispersion. However, this
classification does not work for colloids in wastewater as it is hard to differentiate between the two

[1].

1.2. Colloid and Contaminant Mobilization

Colloids are important in the context of speciation, fate, transport, biogeochemistry, bioavailability
and toxicity of contaminants in the environment [7]. For landfill leachate particularly, several
researchers had asserted similar conclusions [8,9]. Heavy metals are bound to colloids by adsorption,
precipitation (and surface precipitation) and ion exchange [11]. Owing to the great affinity of colloids
for heavy metals, around 70 to 90% of metals in landfill leachate are in colloidal or organic complexes
(Baun & Christensen, 2004). Excluding highly mobile elements like arsenic, selenium and rubidium,
most trace elements bind at least 20% individually to colloids and some metals like aluminium, iron
and lead may go up to nearly 100% as shown in table 1.

Table 1. Binding of elements to colloidal particles in landfill leachate.

Element Binding to colloids (%)
As, Se and Rb 0

Ca, Co, Cr, Ni, Cu, Zn, Sr, Ba, V and Sb >20

Al, Fe and Pb ~100

2. Coagulants and Coagulant Aids

2.1. Coagulants

Coagulants are chemicals added into water or wastewater to perform coagulation. They can be
classified broadly into three types i.e. metallic salts (or hydrolysing metallic salts), polymeric metallic
salts (or pre-hydrolysed/pre-polymerised metallic salts) and polymers. Polymeric coagulants
encompass both natural and synthetic polymers. Detailed classification of coagulants is depicted in
Figure 1. Amongst them, microbial flocculants or bioflocculants are not produced or applied in
industrial scale, albeit literatures regarding their bench scale coagulation efficiencies are scanty in
recent years. This is due to their low yield and high production cost [12].

Moreover, their coagulation mechanisms are inherently complicated. Therefore, bioflocculants are
not reviewed in depth in this work. The same goes for other less applicable coagulants. They are
excluded since they are less favoured in water treatment industry. In addition, general requirements for
coagulants in water treatment are: (1) trivalent metallic cations or polymers that have been proven
efficient as coagulants; (2) nontoxic and do not cause any detrimental physiological effects on human
health; and (3) insoluble or low solubility in the pH ranges common in water treatment to minimise
chemical residual in effluent [13]. Owing to that, coagulant for particular wastewater treatment has to
be selected carefully based on their feasibilities. Advantages and drawbacks of commonly used
coagulants are shortlisted in table 2.
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Figure 1. Classification of coagulants in leachate treatment.

Table 2. Degree of colloid stability as a function of zeta potential.

Zeta potential (mV) Colloid stability
from 0 to +5 Rapid coagulation or flocculation
from +10 to £30 Incipient instability
from +30 to +40 Moderate stability
from +40 to +60 Good stability
more than 61 Excellent stability

2.2. Coagulant Aids
Coagulant aids are applied in tandem with primary coagulants (mostly metallic coagulants) to
optimize coagulation process. They accelerate clarification, strengthen the flocs, improve sludge
settleability, reduce coagulant dosage and treatment cost, provide a wider effective pH range and
elevate contaminant removal efficiency [14]. Shammas [11] had postulated that there are four types of
typical coagulant aids i.e. alkalinity additives, pH adjusters, particulate additives and polymers.

Despite most literatures only consider particulate additives and polymers as coagulant aids (by
means of post-orthokinetic agglomeration), alkalinity additives and pH adjusters are also included in
this review because they provide conducive environments for optimum coagulation-flocculation (by
means of orthokinetic agglomeration). Indeed, coagulant aids are also commonly classified into two
types i.e. particle binders and nucleating agents based on their action mechanisms. For particle
binders, they promote flocculation like primary coagulants while the nucleating agents act as
nucleation sites to facilitate floc formation.

Most of the commonly used coagulant aids are polyeelctrolytes, especially those synthetic
polymers like polyacrylamides, polydiallyldimethyl ammonium chloride (poly-DADMAC) and
polystyrene sulfonate. Polyelectrolytes are polymers with ionisable functional groups such as
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carboxyl, amino or sulphonic groups. They can be cationic (with positive functional groups), anionic
(with negative functional groups) or amphoteric (with both positive and negative functional groups).
Polymers without any ionisable functional group are nonionic. Comparison of these typical coagulant
aids is summarised in Table 3.

2.3. Polyaluminium Chloride (PAC)

Polyaluminium chloride (PAC) is a highly effective polymerised inorganic coagulant. It is the
dominant variety of polymeric inorganic salts or so-called the New Age coagulants in wastewater
treatment. Indeed, PAC is a generic name for various salts with a general formula, Al,Clnm(OH)m
that can be formed by polymerising aluminium chloride under different proprietary reaction
conditions. They include aluminium chlorohydrate, basic aluminium chloride, polybasic aluminium
chloride, aluminium hydroxide and aluminium oxychloride. They are sold in both aqueous and dry
powder forms. Among them, aluminium chlorohydrate (ACH), Al,CI(OH)s is the most common PAC
in the market. Comparison between these two PACs is shown in Error! Reference source not found.
2.

Knowledge on Al speciation is crucial for PAC coagulation-floculation optimisation. When PAC is
introduced into water, aluminium (Al) hydrolyses into diverse monomeric and polymeric forms,
depending upon pH [16,17,18,19], counter-ions, Al salt concentration [20], temperature [21] and
hardness [22]. Though Al hydrolysis reactions at different pH values is not yet ascertained, several
studies in the past have shed some light on their predominant species in different pH ranges (Figure 3).
AP [Al(H20)53+], Al [A|O4A|12(OH)24(H20)127+] and aluminate ions [Al(OH)4]_ seem to be the
dominant species at pH <4, =5 and >7, respectively. In the presence of counter-ions like humic acid,
fulvic acid, sulphates, phosphates and fluorides, speciation and precipitation of Al will vary. In light of
space limitation, other less significant alluded factors are left out of this discussion.

Amongst all hydrolysed Al species, metastable pre-hydrolysed polynuclear Al species (a.k.a.
tridecameric Al or Keggin Alyg) is believed to be the main active species for coagulation. Its
superiority over other Al species especially AI** (key Al species from alum and AICI; hydrolysis) is
supported by the fact that it has the greatest charge neutralisation ability, higher structural stability and
nanosized molecular diameter. However, this theory is now challenged by the discovery of Al
{[(Al04),Al,5(OH)ss(H20)26]**} and its characterisation in recent years [4,9,11,12]. Its preponderance
over Ali; has been postulated since it is bigger (1 nm diameter and 2 nm length) more positively
charged, more thermal resistant and stable in hydrolysis process especially at low pH. Despite the
coagulation mechanism of PAC is still under debate, it is suggested that adsorption, charge
neutralisation, sweep flocculation and bridging do occur during coagulation. [8] had revealed that
precipitate formation of PAC increased coagulation performance substantially; contrariwise, the
charge neutralisation was insignificant after certain PAC dosage. Studies had proven that it is effective
in removing suspended matters, dissolved organic matter, turbidity, COD, colour and humic acid.

Table 3. Comparison of coagulant aids in water and wastewater treatment.

Type Chemical Advantage Disadvantage
Synthetic  Polydiallyldimethyl Produces denser shear- Increases complexity of
cationic ammonium chloride resistant sludge; coagulation-flocculation
polymers (poly-DADMAC), For the use with metallic stage but improves process

polydimethyl coagulants. performance and economy
aminomethyl when used properly.
polyacrylamide,

polyvinylbenzyl & Remarks

trimethy!l Application of

ammonium chloride polyacrylamides may
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Figure 2. Predominance of Al species at different pH values.

PAC was developed in Japan in 1960s and has been commercially applied in water and wastewater
treatment in Japan, the former USSR and Europe since the ’70s, followed by America in the 1980s,
rivalling against traditional metallic coagulants like alum and ferric chloride. In recent years,
utilisation of PAC has surged and substitutes traditional metallic coagulants gradually due to its high
coagulation efficiency, rapid precipitation, less dosage, less effect on pH, lower alkalinity
consumption, lesser sludge production, low cost and wider availability compared to traditional
coagulants. Now, it is extensively utilised in water and wastewater treatment across numerous
countries, namely Japan, France, Germany and North America.

Despite of its prominence in landfill leachate treatment, the application of PAC may introduce
toxic Al residuals into the aquatic environment. This had been verified by [18] using optimum PAC-
treated synthetic and surface water samples. Residuals like very toxic Al;3 and toxic AI** are of utmost
concern. In soil environment, Al;3 can be formed at pH 3.6-5.7 with peak dominance at pH 4.1-4.8,
and subsequently persist over wide pH range (pH 3.6-10.6). Other organic Al-complexes and
monomeric Al species like sulphate, phosphate and silicate Al species are far less toxic. Prolonged
exposure of Al may induce bioaccumulation in human brain, bones and liver [22]. In fact, low
molecular weight Al species can even penetrate biological membrane, threatening any living
organism.

3. Conclusions

Despite having recent advancement of landfill leachate treatment technology, it is well perceived that
coagulation and flocculation is still predominant for the treatment of landfill leachate is widely
practiced by the many landfill operator. Accordingly, it is assumed that pre-hydrolysed coagulants
such as PACI, PFCI, PFS and PAFCI can be considered as the superior coagulants due to better colour
removal and high pH affinity towards leachate. In fact, Ferrous sulfate can also considered as a better
coagulant over other metallic salts. Having said that, emerging of starch-based coagulants in leachate
treatment is seen as promising approach which can reduce dependent of pure coagulant which can
effectively improve sludge production during flocculation process. However, until now, the
applicability of the discussed coagulants are yet to be documented and extensively discussed. Further
studies required to evaluate their application for landfill leachate treatment with respect to broad range
of its parameters that need to be observed in following to Department of Environment permissible
discharge limit.

References
[1] Bratby J 2006 Coagulation and flocculation in water and wastewater treatment. WA
Publishing

[2] Leopold P and Freese S D 2009 A simple guide to the chemistry, selection and use of
chemicals for water and wastewater treatment (WRC Report No. TT 405/09). Republic of
South Africa: Water Science cc

[3] Letterman R D, Amirtharajah A and O’Melia C R 1999 Coagulation and flocculation. In
American Water Works Association (AWWA) (Ed.), Water quality and treatment: A
handbook of community water suppliers

[4] Dempsey B A 2006 Coagulation characteristics and reactions. Interface science in drinking
water treatment: Fundamentals and applications 5-24 doi:10.1016/S1573-4285(06)80071-2.

[5] Aziz H A, Alias S, Adlan M N, Faridah, Asaari A H and Zahari M S 2007 Colour removal
from landfill leachate by coagulation and flocculation processes Bioresource Technology,
98(1) 218-220 doi:10.1016/j.biortech.2005.11.013

[6] Al-Shamrani A A, James A and Xiao H 2002 Destabilisation of oil-water emulsions and
separation by dissolved air flotation Water Research 36(6) 1503-1512. doi:10.1016/S0043-
1354(01)00347-5



International Conference on Innovative Research — ICIR EUROINVENT 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 209 (2017) 012083 doi:10.1088/1757-899X/209/1/012083

[71 IUPAC 2016. IUPAC Compendium of Chemical Technology (Gold Book), electronic version
release 2.2. Retrieved 6™ May, 2016, from http://goldbook.iupac.org

[8] Baun D L and Christensen T H 2004 Speciation of heavy metals in landfill leachate: A review
Waste Manage. Res 22(1) 3-23 do0i:10.1177/0734242X04042146

[9] Christian P, Von der Kammer F, Baalousha M and Hofmann T 2008 Nanoparticles:
structure, properties, preparation and behaviour in environmental media Ecotoxicology,
17(5) 326-343 doi:10.1007/s10646-008-0213-1

[10] Wigginton N S, Haus K L and Hochella M F 2007 Aquatic environmental nanoparticles
Journal of Environmental Monitoring 9(12) 1306-1316 doi:10.1039/B712709J.

[11] Chanudet V and Filella M 2008 Size and composition of inorganic colloids in a peri-alpine,
glacial flour-rich lake. Geochimica et Cosmochimica Acta 72(5) 1466-1479.
doi:10.1016/j.gca.2008.01.002

[12] Gustafsson O and Gschwend P M 1997. Aquatic colloids: Concepts, definitions, and current
challenges Limnology and Oceanography 42(3) 519-528

[13] Matura M, Ettler V and Klementova M 2011. Transmission electron microscopy investigation
of colloids and particles from landfill leachates. Waste  Management & Research, 0(0), 1-
12. doi:10.1177/0734242X11408382

[14] Matura M, Ettler V, Jezek J, Mihaljevi¢ M, Sebek O, Sykora V and Klementova M 2010.
Association of trace elements with colloidal fractions in leachates from closed and active
municipal solid waste landfills Journal of Hazardous Materials 183(1-3) 541-548
doi:10.1016/j.jhazmat.2010.07.058

[15] Filella M, Chanudet V, Philippo S and Quentel F 2009 Particle size and mineralogical
composition of inorganic colloids in waters draining the adit of an abandoned mine,
Applied Geochemistry 24(1) 52-61 doi:10.1016/j.apgeochem.2008.11.010

[16] Doucet F J, Lead J R and Santschi P H 2007 Colloid-trace element interactions in aquatic
systems. Environmental colloids and particles: Behaviour, separation and characterisation
IUPAC series. Chichester 95-157

[17] Bin G, Cao X, Dong Y, Luo Y and Ma L Q 2011. Colloid deposition and release in soils and
their association with heavy metals Critical Reviews in Environmental Science and
Technology 41(4) 336-372. doi:10.1080/10643380902871464

[18] Gregory J and Duan J 2001 Hydrolyzing metal salts as coagulants Pure and Applied
Chemistry 73(12) 2017-2026 doi:10.1351/pac200173122017

[19] Kaszuba M, Corbett J, Watson F M and Jones A 2010. High-concentration zeta potential
measurements using light-scattering technique Philosophical Transactions of The Royal
Society A-Mathematical Physical & Engineering Sciences 368(1927) 4439-4451.
d0i:10.1098/rsta.2010.0175

[20] Lyklema J 2005 Fundamentals of interface and colloid science V Soft colloid. Amsterdam:
Elsevier

[21] Delgado A V, Gonzalez-Caballero F, Hunter R J, Koopal L K and Lyklema J 2005.
Measurement and interpretation of electrokinetic phenomena (IUPAC Technical Report).
Pure and Applied Chemistry 77(10) 1753-1805. International Union of Pure and Applied
Chemistry (IUPAC). doi:10.1351/pac200577101753

[22] Alley E R 2007. Water quality control handbook (2™ Edition). WEF & McGraw-Hill

Acknowledgments

This research is fully funded projects associated with Solid Waste Management Cluster (SWAM),
Grant No. 1001/CKT/870023 administered by Science and Engineering Research Center (SERC)
Universiti Sains Malaysia. Authors gratefully acknowledge contribution in this paper whom directly or
indirectly towards the outcome of the present research



