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In this study, the formulation of a novel polyaluminum chloride-chitosan composite

coagulant that improves the coagulation process for natural organic matter (NOM) removal

was investigated. The performance of the composite coagulant was tested using two water

sources (synthetic and natural water) to develop a better understanding on the behaviour

of the composite coagulant. Fourier Transform-Infra red (FT-IR) spectroscopy, ferron

analysis and zeta potential studies were performed to characterise the composite coagu-

lant. FT-IR analysis showed that there is an intermolecular interaction between Al species

and chitosan molecules, while ferron analysis indicated that the distributions of Ala, Alb,

and Alc in PACl-chitosan are different from those in PACl. At a low Al dosage (2.16 mg L�1),

a much higher removal of NOM from synthetic water, as evidenced from UV254 and Dis-

solved Organic Carbon (DOC) measurements, was achieved by the composite coagulants in

comparison to that removed by PACl or PACl and chitosan added separately. For natural

water from the Myponga Reservoir, both polyaluminum chloride (PACl) and PACl-chitosan

composite coagulants demonstrated similar dissolved organic carbon (DOC) percentage

removal, whereas PACl-chitosan gave a slight improvement in removing the UV254

absorbing components of NOM.

ª 2012 Elsevier Ltd. All rights reserved.
1. Introduction process is crucial as the presence of NOM causes undesirable
Coagulation is one of the most crucial steps in the conven-

tional water treatment train. Traditionally, the primary

purpose of coagulation was to remove turbidity from the

water. Nowadays, coagulation is used not only to destabilise

colloidal particles, but also to remove natural organic matter

(NOM). Effective NOM removal in drinking water treatment
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colour, taste and odour in potable water, as well as bacterial

regrowth in the distribution systems (Volk et al., 2000). One of

the common coagulants used for NOM removal are the Al-

based coagulants such as AlCl3 and alum. Once the metal

salts are added into water, they can experience a series of

hydrolysis processes and form different hydrolysed products.

Alum is effective in treating a wide range of water types and
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the costs are relatively low. However, in certain pH and

temperature ranges, the removal efficiency in some waters

may deteriorate significantly (Srinivasan et al., 1999; Gregory

and Duan, 2001).

Over the past few decades, polyaluminum chloride (PACl)

has been widely used in water treatment to remove NOM. It

has been claimed that PACl is superior compared to the

traditional Al-based coagulants in particulate and/or organic

matter removal under some conditions (Yan et al., 2008).

PACl is formed by partial neutralisation of metal salts. It

contains highly charged polymeric aluminium species as

well as monomers. An Al13 species with the formula

Al13O14ðOHÞ24ðH2OÞ7þ12 (abbreviated as Al7þ13 or often as Al13) has

been shown to be the dominant polymeric species in PACl (Xu

et al., 2004; Wang et al., 2008). These preformed polymerised

Al species have the advantages of being more effective under

a variety of water quality conditions compared to monomeric

Al3þ species in alum, especially at lower temperatures and

a broader pH ranges (Shi et al., 2007).

Although the prehydrolysed polymer coagulants have

been reported to have advantages over conventional coagu-

lants, a number of studies found that in certain conditions

the coagulation efficiency of preformed Al species (Al13) is not

better than that of the conventional Al salt (Hu et al., 2006; Shi

et al., 2007). More recently, research interest has been

directed towards improving the coagulation and flocculation

efficiency of pre-polymerised metal coagulants by incorpo-

rating polyelectrolytes or silica into their formulation (Ahmad

et al., 2008; Zouboulis and Tzoupanos, 2009). These novel

hybrid coagulants combine the positive aspects of their

individual components, leading to improved coagulant

stability, a wider effective pH range than conventional coag-

ulants, improved coagulation efficiency, and denser flocs with

good settling properties. One of the polyelectrolytes that have

been shown to improve the removal of a wide variety of water

contaminants (i.e. suspended solids, colloids, and/or dis-

solved organic matter) is chitosan, a natural occurring

biopolymer produced by the deacetylation of chitin,

a biopolymer extracted from shellfish sources. Due to its high

molecular weight and the presence of highly charged amino

groups on its molecules, chitosan possesses unique proper-

ties among biopolymers (Renault et al., 2009). In addition,

chitosan has the advantage of being non-toxic, highly

biodegradable and biocompatible.

In this study, a novel PACl-chitosan composite coagulant

was developed in order to improve coagulation performance.

The objectives of this work are to evaluate the advantages of

this composite coagulant by completing an extensive study on

the coagulant performances as well as the characterisations

of the composite coagulant. The performance of the

composite coagulant was tested for NOM removal using two

water sources with different organic matter character. In

addition, the coagulation performance of the novel composite

coagulant was also compared with the coagulation perfor-

mance of PACl. Fourier Transform-Infra red (FT-IR) spectros-

copy, ferron analysis and zeta potential studies were also

carried out to characterise the composite coagulant and

investigate whether there is any interaction or chemical

bondings between chitosan and aluminium species in the

composite coagulant.
2. Materials and methods

2.1. Preparation of PACl coagulants and PACl-chitosan
composite coagulant

All the reagents used to prepare each coagulant were of

analytical grade; Milli-Q� water was used throughout experi-

ments. PACl solution was prepared using a slow base titration

method.A literature studyhas shown that atneutral pHvalues,

PACl with higher basicity (OH� to Al ratios) is more efficient for

turbidity and NOM removal (Yan et al., 2008). For our experi-

ments, the commonly used [OH]:[Al] ratio of 2 was chosen.

Under rapid stirring at 75 �C, 50 mL of AlCl3.6H2O (0.5 M,

Aldrich) solutionwas titratedwith 100mLofNaOH (0.5M,Ajax)

at a rate of 30 mL h�1 to achieve target alkalinity (OH:Al molar

ratio) of 2.0. The final concentration of Al in the PACl solution

was adjusted to 0.1 M by the addition of Milli-Q� water to the

volume of 250mL and the final pH of the PACl stock solution is

4.0. Chitosan stock solution was prepared by dissolving 0.1 g

of Chitosan (medium molecular weight, Sigma Aldrich,

MW08401) in 10 mL HCl (0.1 M, Ajax). Milli-Q� water was then

added to make up 200 mL, and the solution was stirred for 1 h

using amagnetic stirrer. Thefinal pHof chitosan stock solution

was found to be 2.55. The PACl-chitosan composite coagulant

was prepared by titrating a fixed volume of PACl stock solution

with different volume of chitosan stock solution at the rate of

30 mL h�1 and temperature of 55 �C, to obtain a chitosan to

aluminium concentration ratio ([Chi]:[Al]) of 0.4 or 0.8 (w/w

ratio)with a pH value of 4.1 and 4.2, respectively. A preliminary

jar test experiment was carried out at various ratios of [Chi] to

[Al] up to 2.0; the results showed that no significant differences

in removal were observed beyond a ratio of 0.8.

2.2. Water samples

Natural water (NW) was collected in July 2010 from Myponga

Reservoir, located about 50 km south of Adelaide, South

Australia. The reservoir catchment is characterised by sandy

soils and pine plantations (Liu et al., 2010) and the water DOC

level is generally around 10 mg L�1 with UV254 absorbance of

0.36 cm�1. Water samples were collected and stored at 4 �C
prior to the experiment. Synthetic water (SW)was prepared by

diluting humic acid (HA) stock solution in 400 mL of Milli-Q�
water, such that the final dissolved organic carbon (DOC)

concentration equalled 10 mg L�1. HA stock solution (5 g L�1)

was prepared by adding 0.5 g humic acid sodium salt (Sig-

maeAldrich) in 100 mL of NaOH (0.1 M, Ajax) solution. The

solution was stirred overnight with a magnetic stirrer then,

filtered with filter paper No. 40 (Whatman) to remove any

residual, non-dissolved HA. Prior to the jar test experiments,

stock solutions containing the salts MgSO4, CaSO4.2H2O, KCl

and NaHCO3 were added to the SW to reach a final concen-

tration in the water of 60 mg L�1, 60 mg L�1, 4 mg L�1, and

96 mg L�1, respectively, in order to simulate the buffering

capacity and ionic strength of real water samples.

2.3. Jar test

Jar tests were performed using a FC4S four-paddle stirrer

(VELP Scientifica, Italy). Prior to each test, the pH of the water

http://dx.doi.org/10.1016/j.watres.2012.06.021
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Table 1 e Percentage Al species distribution of PACl and
composite coagulants at various Al concentrations as
characterised by ferron.

Al concentration (mg/L)

2.16 3.24 4.32

Composite coagulant 51% 80% 89%

PACl and chitosan

added separately

12% 68% 77%
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samples was adjusted using 0.5 mol L�1 of HCl (Ajax) or

0.5 mol L�1 of NaOH (Ajax) solutions so that after coagulant

addition, the pH of the water sample would be within �0.1 of

the target pH (pH 6). The water samples were stirred rapidly

for 30 s at 200 rpm prior to coagulant addition and continued

for another 2 min after coagulant addition. The speed of the

mixer was reduced to 45 rpm and a small amount of sample

was taken immediately for zeta potential measurement

(ZetaPALS, Brookhaven Instrument Corporation, USA). The

solutions were stirred at 45 rpm for another 10 min, and fol-

lowed by 30 min of quiescent settling.

After the settling period, water samples were filtered

through a 0.45 mm cellulose acetate membrane (Sartorius)

before UV absorbance and DOC analysis. Absorbance at

254 nm (UV254) is used as an indicator for the aromatic or C

double bonds of the organic matter. It was determined using

a Cary 300 UVeVisible spectrophotometer (Varian Inc., USA)

and a 1 cm quartz cell. DOC measurements (indicator of total

dissolved organic carbon) were performed using a TOC-VCSH

analyser (Shimadzu Corporation, Japan). The residual

aluminium in the supernatant after the coagulation process

was then determined using Induced Coupled Plasma-Optical

Emission Spectrometer (ICP-OES, Optima 7300DV).

2.4. Characterisation of coagulants

2.4.1. Ferron analysis
The Al species distribution in the PACl and PACl-chitosan

composite coagulants were analysed using the Ferron

method. Based on the different reaction rate between the

different Al species and ferron reagent, the aluminium species

can be categorised into: Ala (mononuclear species), which

react immediately with ferron, Alb (low to medium polymeric

species), which react over a relatively longer period, and Alc
(colloidal Al species), which are unable to react with ferron in

the time frame of the experiment. Themain procedure was as

follows. Reagent A: (0.2% ferron) was prepared by dissolving

2 g of 8-hydroxy-7-iodo-5-quinoline sulfonic acid (Sigma-

eAldrich) in 1020 mL of pre-boiled Milli-Q�water under rapid

stirring for 2 h. Following stirring, the reagent was filtered and

stored in a 1 L volumetric bottle. Reagent B: (20% w/v NaAc)

was prepared by dissolving 20 g of sodium acetate (Sigma-

eAldrich) in 100mL ofMilli-Qwater. Reagent C: (3.7%HCl) was

prepared by diluting a definite volume of 32% HCl (Ajax APS)

with Milli-Q� water.

Prior to ferron analysis, a synthetic water sample con-

taining salts (as specified in Section 2.2) in the absence of

humic substances, was prepared and the pH of the water was

adjusted to pH 6. Different volumes of PACl and composite

coagulant were then added into the synthetic water samples

such that the final Al concentration ranged between 2 mg L�1

and 4 mg L�1. Prior to the speciation experiments, ferron

reagent was obtained by mixing reagents A, B, and C to a ratio

of 2.5:2:1. Then, 5.50 mL of the mixed ferron reagent was

transferred into 25 mL graduated glass tube and 5 mL of

sample was added into the ferron solution prior to dilution to

25 mL. Following homogeneous mixing, the sample was

immediately transferred to a 1-cm quartz cuvette, and the

timed absorbancemeasurements (at 366 nm) were taken after

1 min and recorded for a further 2 h by Cary 300 UVeVis
spectrophotometer (Varian, USA). The three fractions of Al

could be operationally defined as follows: the mononuclear

Ala is derived from the first 1 min absorbance; the polynuclear

Alb is derived from the increase in absorbance from 1 min to

2 h and the colloidal Alc is defined as the difference between

total Al content and sum of Ala and Alb contents. The presence

of chitosanwas determined not to affect the ferronmethod, as

the absorbance of chitosan samples at different concentra-

tions was zero when reacted with the ferron reagent. There-

fore, the data obtained from the ferron method represent the

distribution of Al hydrolysis species in the composite

coagulant.

2.4.2. Fourier transform infrared (FT-IR) analysis
Stock coagulant samples were dried in an oven at 40 �C and

pellets were prepared by mixing 1 mg of the dried powder

sample with 200 mg KBr. FT-IR spectra were recorded in the

range of 4000-400 cm�1 using a Perkin Elmer Spectropho-

tometer (Perkin Elmer, Spectrum One).
3. Results and discussion

3.1. Effect of chitosan addition on the NOM removal
efficiency at different aluminium dosage

Preliminary experiments comparing the performance of

composite coagulants and PACl-chitosan as separate reagents

during the coagulation process were tested in synthetic water

samples and the results are presented in Table 1. It can be

seen that improved performances were obtained for samples

treated with the composite coagulant in comparison to

samples treated with PACl and chitosan as two separate

reagents. Therefore, from this point onwards, studies mainly

focus on the performances of composite coagulants (at

different [Chi]:[Al] ratio) to remove NOM.

Fig. 1 shows the percentage DOC and UV254 removal for

synthetic (SW) and natural (NW) water at pH 6 after coagula-

tion treatment with PACl and PACl-chitosan composite coag-

ulant at different chitosan to aluminium concentration ratio

and coagulant dose. For SW treated with PACl coagulant, only

a small amount of NOM was removed until the amount of

coagulant dose (in terms of Al concentration) was greater than

2.16 mg L�1. Maximum removal of 79% DOC and 84% UV254

was achieved at Al concentration of 4.32 mg L�1; beyond this

Al concentration, the removal efficiency remains unchanged

with the increase in Al concentration. When PACl-chitosan

composite coagulants were used, a similar removal pattern

http://dx.doi.org/10.1016/j.watres.2012.06.021
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Fig. 1 e Percentage dissolved organic carbon (DOC, solid

line) and absorbance at 254 nm (UV254, dotted line) removal

for (a) synthetic water (SW) and (b) natural water (NW) after

coagulation with PACl and PACl-chitosan at different Al

concentration and chitosan to aluminium ratios ([Chi]:[Al]).
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was observed except that the amount of coagulant dose

required to achieve the same percentage removal of DOC and

UV254 was reducedwhen the [Chi]:[Al] ratio was increased. For

example, at an Al concentration of 2.16mg L�1, only 4% of DOC

removal was obtained using PACl coagulant, whereas 15% and

51% DOC removal were obtained for the PACl-chitosan

composite coagulant at [Chi]:[Al] ratios of 0.4 and 0.8, respec-

tively. These results indicate that composite coagulant can

achieve a similar percentage NOM removal in SW as that

obtained by PACl at a lower Al dosage. This finding is desirable

since chitosan produces biodegradable and non-toxic sludge,

unlike most metal salts (i.e. alum) that might leave residual

metals after treatment (Pan et al., 1999; Renault et al., 2009).

When PACl was used to treat NW, an increase in Al

concentration again resulted in improvements in NOM

removal, with a maximum DOC and UV254 absorbance

removal of 47% and 66%, respectively, at Al concentration of

6.75 mg L�1. Beyond this concentration, the percentage

removal for both DOC and UV254 remained constant. The

addition of chitosan, however, did not make any significant

difference to the removal of DOC and UV254 in NW at the Al

concentration studied, other than a marginal increase in

UV254 removal at a [Chi]:[Al] ratio of 0.8. As mentioned earlier,

the maximum dissolved organic carbon (DOC) percentage

removal for the Myponga Reservoir (natural water) was only
40 � 5% at the optimum coagulant dose (4.32 mg Al.L�1).

Further enhancement in NOM removal can be obtained by

coupling the coagulation process with other technology such

as Magnetic Ion Exchange (MIEX), activated carbon adsorp-

tion, or membrane filtration.

It is also interesting to note that for NW, the percentage

removal of UV254 is always significantly higher than that of

DOC removal, with approximately 20% difference between the

two values, whereas there is no significant difference between

the DOC and UV254 removal for SW. The organic matter in SW

consists predominantly of highly UV absorbing compounds,

while the organic matter in NW is more diverse, containing

a range of organic compounds with different UV absorbance

properties. In general, it is easier to remove the highly UV

absorbing compounds during coagulation, leaving the organic

matter with low UV absorbance behind which then contrib-

uted to the overall amount of dissolved organic carbons. The

distinct difference between the DOC and UV254 removal in NW

(Fig. 1b) indicated that the aromatic group organics are not the

majority of organics carbons in NW. Thus, although high

UV254 removal was observed for NW, the overall amount of

organics that can be removed during coagulation as shown by

the DOC removal is lower than UV254 removal.

Following the coagulation process at Al concentration of

4.32 mg L�1, the residual Al concentrations in the treated

water samples were analysed and found to be approximately

around 0.16 (�0.05) mg L�1 after coagulation with PACl or

composite coagulant at [Chi]:[Al] ratio of 0.8. Slightly lower

residual Al concentrations were observed for NW samples,

where the residual Al was found to be 0.10 � 0.05 mg L�1

following coagulation with PACl and 0.07 � 0.05 mg L�1 after

coagulation with composite coagulant. According to the

Australian Drinking Water Guidelines (NHMRC, 1996), the

allowable residual aluminium in drinkingwater is<0.2mg L�1

(based on aesthetic reasons). Thus, the residual Al result

obtained from this coagulation study is still within the range

of the allowable limit.

3.2. Effects of chitosan addition on the properties of
polyaluminum chloride coagulant

In order to understand the role of chitosan in the composite

coagulant, FT-IR spectra of chitosan, PACl and the composite

coagulant were analysed and compared. Fig. 2 displays the

FTIR spectra of PACl-chitosan composite coagulant at various

ratios of Chitosan to aluminium. From Fig. 2, we can see that

the FTIR spectrum for PACl is similar to that reported by

Tzoupanos and Zouboulis (2010). The peak at 650 cm�1 refers

to symmetric stretching mode of AleO bond of the central

AlO�
4 in Al13 molecule, while the peaks at 980 cm�1 and

1160 cm�1 represent the bending vibration of AleOH2

(Tzoupanos and Zouboulis, 2010). The spectrum for chitosan

shows characteristic peaks at 1645 cm�1, which refer to the

bending vibration of C]O amide band I, while the peaks at

1330 cm�1 and 1533 cm�1 refer to amide band III and amide

band II bond, respectively. Moreover, peaks at 1099 cm�1 and

1160 cm�1 represent CeO stretching and bridge oxygen

stretching (Brugnerotto et al., 2001; Kasaai, 2009; Zawadzki

and Kaczmarek, 2010). The spectra for composite coagulants

included all the peaks associated with PACl and chitosan.

http://dx.doi.org/10.1016/j.watres.2012.06.021
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Fig. 2 e FT-IR spectra of PACl-chitosan composite

coagulants at various ratio of Al to chitosan.
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From the FTIR spectra, a distinct peak at 730 cm�1 was

observed for the composite coagulants. However, no peak at

730 cm�1 was observed for PACl only. The peak at 730 cm�1

refers to the stretching mode of the AleNH2 bond (Pinkas

et al., 1994; Himmel et al., 2000). Appearance of this peak

exclusively for the composite coagulant provides an indica-

tion that there is an interaction between PACl and chitosan

molecules. One of the possible schematic pathways showing

the interaction between PACl and chitosan forming

a composite coagulant is presented in Fig. 3. As mentioned

earlier in the experimental method, the chitosan stock solu-

tion was prepared by dissolving it in HCl prior to titration into
Fig. 3 e Simplified possible mechanistic pathway of interaction

chitosan composite coagulant.
PACl. Following the dissolution process, the amine bond in

chitosan is protonated by Hþ from the acid. During slow

titration of chitosan with PACl, the protonated amine was

neutralised by OH� from the Al species and allowing the

amine molecules to attach to Al forming AleNH2 bond as

evidenced by the appearance of the peak at 730 cm�1 (Himmel

et al., 2000). Besides the appearance of peak at 730 cm�1, it is

also observed that peaks at 650 cm�1 and 980 cm�1 (as shown

in Fig. 2) are elongated as the [Chi]:[Al] ratio increases. As

stated earlier, peaks at 650 cm�1 and 980 cm�1 belong to the

stretching mode of AleO bond in Al13 molecules and the

bending vibration of AleOH2. Therefore, the observed peak

elongation could be another evidence of the interaction of Al

with chitosan molecules distorting the AleO bonds.

The effect of chitosan addition on aluminium speciation is

further exemplified by ferron analysis. PACl has been known

to form several aluminium species in water, and the key

species are designated Ala, Alb and Alc. Alb is the species with

the highest positive charge, and it is envisaged that more

efficient NOM removal via charge neutralisation can be ach-

ievedwhenAlb is abundant. Ala consists ofmostlymonomeric

Al species, which are also positively charged, but the charge is

lower than that of Alb. Alc is the large and inert polymeric

(colloidal) species that is efficient in turbidity removal as well

as in forming flocs with a good settling ability due to its larger

size (Yan et al., 2007, 2008). Table 2 shows the aluminium

species distribution for PACl and composite coagulants at

different coagulant dose and [Chi]:[Al] ratios at pH 6.When the

Al dose was increased, a distinct shift from Ala / Alb / Alc in

PACl was observed. Such a change, however, was not

observed for the composite coagulant. According to Wang

et al. (2004), Ala species are very labile in the pH range of

5.5e6.5 and dosing process could cause quick transformation

of Ala species into Alb and finally Alc depending on the reac-

tion conditions. It has been previously reported that Alb and

Alc are the Al species responsible in facilitating NOM removal

(Yan et al., 2007, 2008). Therefore, the lower proportion of Alb
and Alc at lowAl concentration (2.16mg L�1) in PACl compared

to those in the composite coagulants could explain the limited

removal of NOM by PACl at low Al concentration. With an

increase in Al concentration, the proportion of Alc increased in

PACl, while the percentage of Alc slightly decreased for the

composite coagulants. This indicates that the presence of

chitosan in the composite coagulant retarded the hydrolysis

of monomeric and polymeric Al species to colloidal Al species

(Alc) as the organic molecules in chitosan might have inter-

acted with the Al monomeric and polymeric species.
between PACl and chitosan in the formation of PACl-
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Fig. 4 e Zeta potential profiles for SW (a) and NW (b) at pH 6

after coagulation with PACl and composite coagulants as

a function of coagulant dose (mg LL1).
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Fig. 4 shows the zeta potential profiles for SW andNWafter

coagulation with PACl and composite coagulant as a function

of Al concentration at pH 6. The nature of the electrostatic

interaction between the coagulants and NOM can be inferred

from the variation of the zeta potential with Al concentration

in Fig. 4. At pH 6, NOM is known to have a negative surface

charge due to dissociation of carboxyl functional groups (Shi

et al., 2007; Liu et al., 2009). PACl and chitosan, in contrast,

have a positive surface charge due to the presence of mono-

meric and polymeric aluminium species as well as eNH2

functional groups on the PACl and chitosan molecules,

respectively. Consequently, the zeta potential profile of both

waters shows that the flocs that were formed at low Al

concentrations are negatively charged due to the abundance

of negatively charged NOM. As the coagulant dose increases,

the surface charge shifted from negative to positive due to the

adsorption of positively charged aluminium species. We can

also see that chitosan contributes to positive charge on the

surface of flocs that are formed, and thus the shift from

negative to positive charge occurred at a lower coagulant dose

for the composite coagulant. From the characterisation study

during the coagulation process using zeta potential

measurements, we can conclude that PACl dissociated in

water to form positively charged polymeric Al species which

destabilised NOM through charge neutralisation. The addition

of chitosan further improves coagulation performance at low

coagulant doses, due to the additional positively charged sites

of chitosan for neutralising the negatively charged NOM

molecules. The long-chain structure of chitosan molecules

may also lead to an enhancement in the flocculation ability

(Pan et al., 1999).
3.3. Effects of NOM characteristics on its removal by
PACl and PACl-chitosan composite coagulant

The observed differences in the removal of NOM from SW and

NW further suggest that the physical and chemical charac-

teristics of the NOMs might be the key factors governing their

interactions with PACl or PACl-chitosan composite coagulant.

Moreover, literature studies showed that the raw natural

water (NW) and synthetic water (SW) contain different

compositions of carbonyl, carboxyl, aromatic and aliphatic
Table 2 e Comparison of percentage dissolved organic
carbon (DOC) removal for synthetic water samples after
coagulation with composite coagulant and PACl e
chitosan as separate reagents.

Al concentration
(mg/L)

% Speciation

Ala Alb Alc

PACl 4.28 12.3% 74.5% 13.2%

3.24 16.1% 75.1% 8.8%

2.16 23.5% 74.2% 2.3%

[Chi]:[Al] ¼ 0.4 4.28 16.2% 80.4% 3.3%

3.24 16.9% 77.8% 5.3%

2.16 15.8% 77.7% 6.4%

[Chi]:[Al] ¼ 0.8 4.28 19.2% 77.6% 3.2%

3.24 18.3% 75.6% 6.1%

2.16 16.4% 75.1% 8.5%
functional groups as determined by 13C NMR and expressed as

a percentage of the total carbon (Pelekani et al., 1999; Niederer

et al., 2007). NOM in NW consists mostly of aliphatic moieties

(61.8%), whereas the NOM in SW contains mostly aromatics

(45%). Liang and Singer (2003) found that NOM with a higher

content of aromatic moieties has previously been shown to be

more amenable to coagulation treatment, which may explain

why the removal efficiency of NOM from SW is higher than

that of NW.
4. Conclusions

The results presented here showed promising outcomes for

coagulation using the novel PACl-chitosan coagulant as less Al

dosage was required for the composite coagulant to achieve

similar levels of NOM removal in comparison to coagulation

using PACl alone. Our studies showed that there is an inter-

action between Al and chitosan in the composite coagulant.

FT-IR study showed the presence of AleNH2 bonds in the

composite coagulant, which indicates that there are inter-

molecular interactions between Al and chitosan. Further

exemplification by the ferron method indicated that different

Al speciation was observed between PACl and composite

coagulant. Other significant evidence comes from the

enhanced removal efficiency of NOM from synthetic water by

the composite coagulant compared to PACl or PACl and chi-

tosan added separately at low Al concentration. Differences in

http://dx.doi.org/10.1016/j.watres.2012.06.021
http://dx.doi.org/10.1016/j.watres.2012.06.021
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the organic functional groups that are present in the raw

water can lead to significant differences in the performance

and removal efficiency of coagulation using the novel

composite coagulant.
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