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ABSTRACT

The objectives of this research were to study the elimination of dissolved organic carbon (DOC) and
the reduction in the formation of haloacetic acid potential (HAAFP) when natural water from La
Pedrera reservoir was treated with a single process of coagulation or filtration membrane, and a com-
bined process (coagulation followed by treatment with membranes). In this research two coagulants,
aluminium sulfate and polyaluminium chloride, and four membranes, two nanofiltration membranes
(NF 90 and DESAL HL) and two ultrafiltration membranes (PES 5000 and PES 10000) were studied.
The highest reduction in DOC was obtained when the natural water underwent the combined treat-
ment of coagulation followed by NF90 membrane filtration. With this combined treatment the values
of DOC rejection were over 82% independently of the coagulant used. For the single treatment with
nanofiltration membranes, HAAFP rejection was 81% for NF 90 and 76% for Desal HL. However, a
single treatment with coagulation or ultrafiltration membranes showed results for HAAFP rejection
of under 35% and 26%, respectively. When a combined treatment of aluminium sulfate followed by
ultrafiltration with the PES 5000 membrane was used, HAAFP rejection reached values of 80% approx-
imately. These values are very similar to the results obtained from a single treatment with NF 90 but
with the advantage that the flux of PES 5000 is 4,000 times the flux of the NF 90 membrane. Therefore,
this treatment should be given due consideration.
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1. Introduction

It goes without saying that water is fundamental for
life. Worldwide water consumption has tripled since 1950
due to the increase in population and to global economic
development.

* Corresponding author.

This increase in consumption and the uneven distribu-
tion of water resources worldwide, in combination with the
effects of drought in certain regions, means that water is
scarce. This scarcity compels us to use new sources of sup-
ply or to over-exploit the existing ones. In some cases, this
over-exploitation and the use of new water resources may
result in a water supply for human consumption the qual-
ity of which does not meet the basic health and hygiene
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standards which guarantee that human consumption is safe
and free from health risks using traditional methods of puri-
fication [1].

Natural waters contain varying concentrations of differ-
ent organic compounds. The composition of natural organic
matter (NOM) present in water depends on its place of origin
and on seasonal variations. NOM is formed by a large num-
ber of compounds from low molecular weight hydrophilic
acids, carbohydrates, proteins and amino acids to higher
molecular weight compounds such as humic substances.
Most NOM in rivers and lakes is made up of humic acids
(HA) and fulvic acids (FA). These substances act as precur-
sors of various by-products generated during the disinfection
processes, such as haloacetic acids (HAAs), trihalomethanes
(THMs), haloacetonitriles (HANs) and haloketones (HKs).

The most commonly used chemical products for disin-
fecting water are chlorine, chloramines, chlorine dioxide and
ozone. When the water contains organic substances, this dis-
infection process has the disadvantage of generating chlori-
nation disinfection by-products (DBPs) [2]. The formation of
these DBPs in drinking water occurs when the disinfectant
(usually chlorine) reacts with NOM and/or bromide/iodide
present in the water. The presence of DBPs in water and their
effects have been widely addressed in research ever since
their adverse health effects were discovered.

The characteristics of the organic matter affect the forma-
tion of chlorination by-products. NOM can be fractionated
into hydrophobic or hydrophilic fractions. Some research
indicates that during chlorination the hydrophilic fraction of
NOM is mainly what enhances the formation of THMs while
the hydrophobic fraction is the predominant agent in the for-
mation of HAAs [3].

There are nine different types of HAAs: monochloroace-
tic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic
acid (TCAA), monobromoacetic acid (MBAA), dibromoa-
cetic acid (DBCAA), bromochloraacetic acid (BCAA), bro-
modichloroacetic acid (BDCAA), dibromochloro acetic acid
(DBCAA) and tribromoacetic acid (TBAA).

As regards HAAs, studies with laboratory animals have
concluded that exposure to these types of acid in drinking
water may contribute to the development of some cancers,
and to an increase in the number of abortions in humans [4].
The United States Environmental Protection Agency (USEPA)
classifies only two types of HAAs as being potentially car-
cinogenic. DCAA has been classified as a probable human
carcinogen, while TCAA only as a possible human carcino-
gen [5]. Studies on DCAA have shown the formation of liver
tumours in rats and mice exposed to high concentrations of
this acid in their drinking water. Some studies indicate that
in tests with mice, DBAA contributes to the development of
liver and lung tumours, while in tests with rats, TCAA causes
damage to the DNA of mammalian cells and chromosomal
abnormalities, as well as malformations in the cardiovascular
and renal systems [6].

Nowadays, various laws are in place to control the pres-
ence of DBPs in water fit for human consumption. In general
terms, most of the regulations specify the maximum concen-
tration of THMs allowed, but fewer countries or states regu-
late the concentrations of other by-products such as HAAs.
Currently, both Spanish and European legislation only regu-
late the presence of THMs, setting the value of the total sum

of chloroform (CF), bromodichloromethane (BDCM), chlo-
rodibromomethane (CDBM) and bromoform (BFM) below
100 pg/L [7]. Conversely, in the United States of America, in
addition to a more restrictive maximum concentration value
of THM, less than 80 pg/L, the maximum concentration of
HAA, is set at 60 ug/L. As regards the maximum concentra-
tion of HAA, in drinking water, the Guidelines for Canadian
Drinking Water Quality recommend a maximum acceptable
concentration of 80 pg/L, whereas the guidelines of the World
Health Organization (WHO) set a maximum concentration
reference of 50 ug/L for DCAA, 20 pg/L for MCAA and
200 pg/L for TCAA.

Because quality standards are increasingly demand-
ing, and studies on the harmful effects on health of ingest-
ing water contaminated with HAAs have proven their toxic
effects, it is likely that in the near future government regu-
lations limiting the concentration of HAAs in water will set
more stringent values.

In order to reduce the formation of HAAs, it is import-
ant to decrease the concentration of dissolved organic car-
bon (DOC) in water prior to its chlorination. Among the
techniques used to remove organic substances in water are:
biological degradation, coagulation/flocculation activated
carbon adsorption, ion exchange, membrane filtration and
oxidation [8,9].

Conventional treatments using coagulation/flocculation
are currently the most frequently used for water purification
in cities due to their low cost and good results in the removal
of organic matter. These treatments are being combined in
recent years with filtration, ultrafiltration and nanofiltration
techniques.

Ultrafiltration and nanofiltration technologies for the
reduction of NOM in water have been widely studied with
different membranes and natural waters of different charac-
teristics. Although the reduction in NOM using these mem-
branes is high for synthetic waters, when natural waters are
filtered the reduction in NOM is lower due to the fact that
the molecular size of DOC in natural water is generally lower
than in synthetic water [10,11].

In the last decade, research has focused on applying
combined treatments of membrane filtration and other tech-
niques such as coagulation or the use of resins.

Recent studies focus mainly on the analysis of membrane
fouling and on improving coagulation treatments to reduce
this fouling. Xu et al. [12] conducted a study with synthetic
waters on the impact of organic coagulant aid on purifica-
tion performance and membrane fouling in a coagulation/
ultrafiltration hybrid process. Feng et al. [13] studied ultra-
filtration membrane fouling with different aluminium
coagulants on synthetic waters and ultrafiltration membranes
of 100 kDa MWCO, as well as their efficiency in DOC removal.
Wang et al. [14] studied the effect of the size and structure of
flocs on synthetic water following a combined coagulation/
ultrafiltration process to remove precursors of disinfectant
products with 30 kDa membranes at various pH and ferric
coagulant concentrations [14]. Bergamasco et al. [15] con-
ducted a study with natural waters from a river in Brazil
using coagulation/flocculation/ultrafiltration systems with
ceramic membranes, observing that surface water coagulated
with aluminium sulfate produced less membrane fouling
than natural waters or those coagulated with chitosan [15].
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Coagulation/flocculation on natural water followed by
ultrafiltration or nanofiltration treatments with a view to
observing their effects on the formation of HAAs, has not
been extensively researched, since most studies focus on syn-
thetic waters and their effect on THM using higher molecular
weight membranes as compared to those used in the present
study. For this reason, this research was carried out using
water from the Mediterranean Basin of Spain, to study the
effect of coagulation followed by ultrafiltration or nanofil-
tration on the removal of DOC and the formation of HAAs
when this treated water was subjected to a chlorination treat-
ment. Moreover, the effect produced by the type of coagu-
lant (polyaluminium chloride and aluminium sulfate) and
four different membranes, two ultrafiltration (PES 5000 and
PES 10000) and two nanofiltration (NF 90 and DESAL HL),
was also studied. For each coagulant and each membrane
type, their application in the purification of natural water
was examined with the aim of introducing HAA formation
potential (HAAFP), when either a single membrane filtration
or coagulation treatment, or combined treatments (coagula-
tion followed by membrane filtration) are used.

2. Experiments
2.1. Feed water

Natural water from La Pedrera reservoir was used for
this research. This reservoir is located in Southeastern Spain,
in the province of Alicante, and is used as the water supply
for several municipalities such as Orihuela.

Reservoir water samples were initially screened using
a Wattman GF/C fiberglass filter of 0.45 pm pore size to
remove undissolved organic matter. The characterization of
the reservoir water was carried out by determining the con-
centration of DOC, specific UV absorbance (SUVA), pH and
conductivity. Values obtained from this characterization are
shown in Table 1.

The molecular weight distribution is presented in Fig. 1.

The water used in this study presents low values of
organic matter, and the percentage of organic matter with
an apparent molecular weight under 500 Da is 47% approxi-
mately. The SUVA value of water under 3 L/(m gC) suggests
that the DOC is primarily composed of non-humic materials
and the organic matter is relatively hydrophilic [16].

2.2. Coagulants
Two coagulants were selected for our study: Aluminium
sulfate AL(SO,),18H,0 (AL(SO,),) and Polyaluminium

Table 1
Feed water characteristics

La Pedrera reservoir water

Parameters Range Standard deviation
pH 7.7 0.12
Conductivity (uS/cm) 808 16

DOC (mg/L) 4.5 0.31

UV254 (cm™) 0.0337 0.0011

SUVA (L m™ mg™) 0.75 -

7%
Apparent Molecular Weight (Da)

m <500 Da

® 500 Da

® 1000 Da
3000 Da
10000 Da

m 30000 Da

Fig. 1. Apparent molecular weight distribution of La Pedrera
reservoir water (mass percentage).

chloride (PAC). All the coagulants used had analytical grade.
Al(SO,), was obtained from Normapur Prolabo, Spain, and
PAC was purchased from Kemiro Iberica, Spain.

2.3. Membranes

Two nanofiltration membranes were used in this
research: NF 90 and DESAL HL, produced by Dow Chemical
and GE Osmonics respectively, as well as two ultrafiltra-
tion membranes, PES 5000 and PES 10000, supplied by GE
Infrastructure Water and Process Technology. General infor-
mation about the membranes is shown in Table 2.

2.4. Experimental procedure
2.4.1. Coagulation experiment

Initially, for each coagulant, a series of experiments was car-
ried out to determine the optimum concentrations, pH values
and stirring speed to achieve maximum reduction in DOC and
turbidity. The coagulation experiments were operated by jar test
apparatus (Lovibond ET 740). The coagulation procedure was
carried out in four steps: (1) Rapid mix at 250 rpm for 30 s to
create a uniform sample; (2) Coagulant of a specific dosage was
added, and mixed at 250 rpm for 120 s; (3) Slow mixing speed
for 15 min to allow the particles to clump together; (4) Solution
was left to settle for 20 min. After sedimentation, the supernatant
was carefully withdrawn from about 2 cm below the surface for
analysis. The turbidity, DOC and UV absorbance at 254 nm was
measured for each sample. A dosage of 12 mg/L of Al for PAC
and 15 mg/L of Al for AL(SO,), was considered optimum.

2.4.2. Coagulation-membrane filtration process

Once the optimum dosage and process characteristics for
each coagulant were determined as a result of the previous
discontinuous assays described above, the rest of the coag-
ulation experiments were performed using an experimental
set-up allowing continuous testing. The experimental set-up
used to perform the continuous experiments was specifi-
cally designed for this study (Fig. 2). Two distinct phases
were involved in the afore-mentioned experimental set-up,
the first phase being where the process of coagulation and
decantation (tanks B and C) occured. The coagulant was
dosed from tank A by a peristaltic pump E. The supernatant
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Table 2
Properties of NF membranes tested

Membrane NF 90 DESAL HL PES 5000 PES 10000

Material® Polyamide TF Polypiperazine-based Polyethersulfone Polyethersulfone

Model FILMTEC™ NF90-400/34i DESAL HL-51 Biomax TM Biomax TM

MWCO® 200 150-300 5,000 10,000

Water permeability (m*/s.m*kPa)® 2.4*10° 2.8*10°® 0.100*10*-0.116*10"  0.350*10°-0.400*10"

Contact angle (°) 54° 520 50¢ 50¢

Zeta Potential (mV) (pH 7) —24.9° -14.2° —5¢ -8

‘Information provide by manufacturer.
"Estimated in this study.
17].
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Fig. 2. Schematic stream diagram of the experimental process.
A coagulant tank; B Coagulation tank; C Sedimentation tank: D
supernatant tank; E pump; F membrane module; G valve; H per-
meate; I recirculation of permeate; ] Concentrate.

m

J

obtained in the settling tank C fell by gravity to reservoir tank
D. Filtration treatment followed from tank D, after adjusting
the pH to 7.0.

In the second phase (after adjusting the pH to 7.0), water
was pumped from tank D (8 L) through a gear pump, brand
MICROPUMP model 200.15, to the membrane filtration
module. The brand of the membrane filtration module
is Rayflow®. It comprises two rectangular methacrylate
plates in which two 77 x 174 mm flat membranes are intro-
duced, thus achieving a total membrane filtration area of
26,800 mm?2. Two different feed streams were obtained in
the filtration module: permeate and retentate. Valve G in the
retentate stream controlled the pressure of the system. The
operational pressure with nanofiltration membranes was
kept at 300 kPa, whereas ultrafiltration membranes were
kept at 150 kpa. For each experiment, the permeate flow rate
was determined and samples were removed periodically
for analysis. Both permeate line I and retentate line ] were
reintroduced into tank D. At all times the system pressure
and the water temperature were controlled through sensors.
Values of DOC, UV 254 nm, conductivity, turbidity, pH, and
HAAFP were determined from the extracted permeate.

Prior to the process of coagulation/ultrafiltration with
natural water from the reservoir at La Pedrera, the condi-
tioning of the new membranes was accomplished by flow
determination with pure water until this flow was constant.

Afterwards, the experiment was carried out with natural
water for 28 h. Once the experiment with natural water was
finished, a third experiment with distilled water was con-
ducted to determine the degree of irreversible fouling. This
was done by means of a basic membrane wash.

2.5. Analytical methods

The measurement of DOC was obtained using a
Shimadzu TOC-5000 analyser, with a detection limit of
4 ug/L. Ultraviolet absorbance (UV) was measured with
a UV/VIS spectrophotometer (Shimadzu UV-1800) at a
wavelength of 254 nm, previously adjusting the pH of the
solutions to 7.0 by adding NaOH or HCI to the samples.
The specific ultraviolet absorbance (SUVA) was determined
as the UV*100/DOC (Lm™mg™) ratio. Conductivity and pH
were determined using a CM35 Crison conductimeter and
a pH meter 20+Crison, respectively. The turbidity was mea-
sured using a turbidimeter (Hach 2100P Co., US).

The apparent molecular weight (MW) distribution of the
natural water was determined by means of sequential mem-
brane filtration through membranes of decreasing molecular
weight cut-off (MWCO). Source waters were fractioned in a
64 mm diameter stirred cell (model 8200, Amicon, Beverly,
MA) by means of a series of regenerated cellulose acetate
UF membranes (Millipore YM30, YM10, YM3 and YM1) of
30,000, 10,000, 3,000 and 1,000 Da nominal MWCO, respec-
tively, and a cellulose acetate UF membrane (Millipore YCO05)
of 500 Da nominal MWCO, while bearing in mind that
parameters such as the pH, ionic strength, type of membrane,
pressure and calibration might affect the MW distribution as
determined using this method [18].

To determine the potential formation of the differ-
ent DBPs, pre-chlorination was performed following the
5710B “Standard Methods for the Examinations of Water
and Wastewater” method of chlorination with some mod-
ifications. 20 mg/L of Cl, was used and the reaction was
maintained under the conditions described in the standard
method, with the reaction lasting 72 h. After this time, the
reaction was stopped with a reducing solution of NH,CI at
a concentration of 40 mg/mL to prevent some DBPs from
decomposing [19].

The HAAs formed after chlorination were determined
by the EPA 552.2 method, including liquid-liquid extraction,
derivation and gas chromatography with electron capture
detection (GC/ECD). The patterns used for identification
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were obtained from Absolute Standards, INC. (EPA Method
552 Haloacetic acids, Methyl Derivatives, 100 pg/ml in
Methyl Tertiary Butyl Ether (MTBE). From the concentrated
patterns, other patterns were developed using dilutions of
MTBE and adding 1,2-dibromopropane as an internal stan-
dard (IS). Once the HAAs were extracted, the compounds
were quantified with the GC/ECD method, using a DB-5MS
column (Agilent J&W Scientific, USA) with a length, inner
diameter and film thickness of 30 m, 0.322 mm and 1.00 um,
respectively. The ramp had the following characteristics;
initial temperature of 40°C for 4 min; subsequently, the
temperature was increased from 40°C to 200°C at a rate of
5°C/min. The gas flow carrier used was helium (1.8 ml/min).
The injector operated at a service temperature of 200°C,
while the detector temperature was kept at 260°C. Method
detection limits (MDL) for each HAA species were calculated
from the standard deviation of the mean concentrations of
three replicate analyses of 0.5 pg/L HAA standards. The cor-
responding MDLs for the HAAs: MCAA, MBAA, DCAA,
TCAA, and DBCAA were 0.5, 0.6, 0.4, 0.8 and 0.8 ug/L,
respectively.

3. Results and discussion
3.1. Effect of single treatment in removing natural organic matter

Fig. 3 shows the DOC removal rates for the natural water
of La Pedrera reservoir having undergone a single treatment
of coagulation or membrane filtration for each coagulant and
membrane studied. Coagulation experiments shown here
were carried out for the optimum doses of concentration,
speed and pH obtained for each coagulant as had been pre-
viously established in this research. With a single treatment,
the best DOC removal efficiencies were obtained with nano-
filtration membranes, and specifically, for the NF 90 mem-
brane followed by the DESAL HL membrane, where yields
of 66% and 50%, respectively, were achieved. Significantly
lower values were obtained with ultrafiltration membranes
attaining only 14% for the PES 5000 membrane and 4% for
the PES 10000 membrane. Among other factors, these low
values achieved with the ultrafiltration membranes are due
to the fact that the natural water from La Pedrera reservoir
has a distribution of molecular weights lower than 1,000 Da,
as shown in Fig. 1.

100

75

50
25 ' '
; - oy

NF 90

DOC removal efficiency (%)

DESALHL PES 5000 PES 10000

Fig. 3. Effect of single treatment on DOC removal efficiency (%).
Aluminiun sulphate coagulant (SO,), FeClB/polyaluminium chlo-
ride (PAC).

Coagulation treatment with similar DOC removal results
are obtained when coagulant AL(SO,), and PAC are used,
reaching values of 26% and 31% approximately, respectively.
The optimum dose of PAC coagulant used was lower than
the dose used for AL(SO,), with 12 and 15 mg/L of Al values,
respectively. For the same dose of Al with each coagulant,
coagulation with PAC generally showed higher yields in the
coagulation/flocculation process with regard to the study
of parameters such as UV254, DOC and turbidity [20]. The
best yields of organic matter removal with PAC are due to
the fact that in solutions with pre-hydrolysed coagulants
such as PAC, polymer species with high positive charges
are more frequent amongst hydrolysis products than in non-
pre-hydrolysed coagulants such as Al(SO,),. Even though
the mechanism for removing organic matter is the same in
both cases, it is slightly more responsive to the size of the
hydrolysis products of PAC, since the probability of collision
with the organic colloid is greater. Furthermore, Yang et al.
[21] indicate that the Zeta potential of the flocs formed when
PAC is used is higher and, therefore, has a higher charge neu-
tralization power than when AL(SO,), is used as coagulant
[21]. Zheng et al. [22] applied coagulation using a dosage
of aluminium of between 15 and 14 mg/L. DOC rejection of
between 20% and 26% was obtained when natural water from
the Simcoe river (Southern Ontario, Canada), were used. In
their revision of the global process of coagulation to reduce
organic matter in natural waters, Matilainen et al. [23] con-
cluded that treatment with pre-hydrolyzed aluminium coag-
ulants was more efficient than with the aluminium-based
coagulant (AL(SO,),. De la Rubia et al. [18] obtained a DOC
removal efficiency of 74% approximately when natural
waters were filtered using the NF 90 membrane, and 56% for
THM reduction. These results are in line with the findings of
the experiments of this research.

3.2. Effects of combined treatment in the removal of natural
organic matter

Figs. 4 and 5 show the percentage of DOC reduction in
combined treatments with each coagulant and with nanofil-
tration and ultrafiltration membranes.

Asevidenced in these graphs, all combination treatments
enhance the reduction in dissolved organic matter in water

70

50

40

30

20

10 l )
‘(

& & SIS &
< ;R K o c:" \9 N
¥ @@
¥ Q {

DOC removal efficiency (%)
(=)}
=

9
f &
Fig. 4. DOC removal efficiency (%) with single or combined

treatment with Aluminiun sulphate coagulant (SO,), nanofiltra-
tion and ultrafiltration membranes.
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Fig. 5. DOC removal efficiency (%) with single or combined
treatment with PAC coagulant, nanofiltration and ultrafiltration
membranes.

although the reduction rates are not equally significant in
all cases.

The best yields of organic matter removal are obtained
for the combined treatment of coagulation and nanofiltration
with NF 90 membranes (Figs. 4 and 5), where similar reduc-
tion rates of 85% and 83% for coagulation with AL(SO,),+NF
90 and PAC+NF90, respectively, are achieved, showing no
significant differences among the coagulants used. Combined
treatment in comparison to single treatment with the NF 90
membrane alone, means an improved DOC reduction of
approximately 17%.

Worse DOC removal efficiencies are obtained with the
DESAL HL membrane compared to those obtained with the
NF 90 membrane for combined treatment with coagulation
and nanofiltration. In the case of combined use of coagu-
lant AL(SO,), with DESAL HL membrane, yields reach 64%
(Fig. 4) while those achieved with PAC+ DESAL HL (Fig. 5)
reached only 51%. In the latter case, the yield can be improved
with a combined treatment but to a lesser extent than with
the use of the NF 90 membrane.

By adding coagulant, there was a partial reduction in
organic material with some coagulant particles remaining in
solution. These particles may have stuck to organic particles,
neutralizing their charge and were more easily retained by
the nanofiltration membranes. This retention is also greater
because the NF 90 membrane charge is lower than the charge
of the DESAL HL membrane.

For the combined treatment of coagulation followed by
ultrafiltration, the best yields are obtained when Al(SO,),
is used as coagulant followed by ultrafiltration with the
PES 5000 membrane where a yield of 42% is reached, and
39% for the PES 10000 membrane (Fig. 4). When compared
to ultrafiltration treatment alone, a 28% improvement was
achieved for PES 5000 and 35% for PES 10000. This improve-
ment is due, on one hand, to the organic material removed
during coagulation treatment and, on the other hand, to the
fact that the organic matter remaining in suspension may
have partially stuck to the coagulant or other molecules,
or may be to some extent neutralized, and, therefore, has a
less negative overall charge and is more easily retained by
ultrafiltration membranes. For synthetic waters coagulated
with Poly-ferric chloride (PFC), Wang et al. [24], obtained a
DOC rejection of 20% approximately. This value increased

to 35% when a membrane filtration with polyvinylidene
fluoride membranes with a molecular weight of 300 kDa was
applied after coagulation. Xiangli et al. [25] obtained better
DOC rejection results, when coagulation with PAC followed
by ultrafiltration process with a hollow fibre membrane was
used, as opposed to when FeSO, was used as coagulant. Feng
et al. [13] studied DOC removal efficiency with different
aluminium coagulants on synthetic waters followed by
ultrafiltration membrane (100 kDa), achieving a DOC
removal efficiency of 50% approximately.

3.3. Effect of single treatment on the formation of haloacetic acids

Fig. 6 shows the percentage reduction in the formation
of HAAFP when the natural water of La Pedrera reservoir
underwent a single treatment.

Based on the coagulation experiments, increased effi-
ciency in the reduction in HAAFP formation occurred after
coagulation treatment with PAC (40% yield), followed by
treatment with the coagulant Al,(SO,), (36% yield) as com-
pared with untreated water.

Several studies indicate that the organic matter that most
affects the formation of HAAs is as follows: Hydrophobic
acid > Hydrophilic acid matter > weak hydrophobic acids >
Hydrophobic neutral > hydrophobic bases, but it was worth
noting that the specific HAAFP of weak hydrophobic acids
is the highest followed by hydrophilic matter. In general,
coagulation processes tend to eliminate higher percentages
of organic matter with hydrophobic characteristics [26]. Zhao
et al. [27] showed that for natural water treated with PAC,
higher percentages of the fraction of weak hydrophobic acids
were removed than in water treated with Al(SO,),, and for
both coagulants the hydrophilic material removed was lower
than hydrophobic material. Hence, PAC treated water pro-
duces a greater reduction in HAAFP.

Likewise, if the results obtained with a single membrane
filtration treatment are analysed, it can be observed that
the reduction in HAAFP with nanofiltration membranes is
about 81% for NF90 and 76% for DESAL HL. On the other
hand, in ultrafiltration membranes the reduction values of
HAAFP are 26% for the PES 5000 membrane and 22% for
the PES 10000 membrane, which are lower values than those
obtained with coagulation treatment. This is mainly because

100

HALFP rejection (%)

HF90 DESALHL  PES5000  PES LOOOD 504 PAC

Fig. 6. Percentage reduction in the formation of HAAFP for
single treatments.
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the water treated in the present study has an increased
hydrophilic matter presence with a low molecular weight
that cannot be retained by ultrafiltration membranes, espe-
cially those of weak hydrophilic and hydrophobic char-
acteristics. Therefore, yields obtained with ultrafiltration
treatments were low. Tubi¢ et al. [7] studied the reduction
of THMs and HAAs by coagulation; they obtained higher
reduction rates when a mixture of FeCl,/polyaluminium
chloride (PAC) (30 mg FeCl,/L and 30 mg of Al/L) was used,
obtaining a 56% removal in HAAFP. This value was 24%
higher than when FeCl, was used as coagulant [7]. Other
authors found that the coagulation process can reduce
haloacetic acid formation potential by 15%-78% [28]. Zhao
et al. [27], indicated in their research that the reduction in
THMFP and HAAFP by PACI under enhanced coagulation
could reach 51% and 59%, respectively, and the removal
performance for HAA precursors by PACI was better than
when AL(SO,), was used.

Fig. 7 shows the concentration for each of the HAAFP
found in the water samples which underwent a sin-
gle treatment. Monochloroacetic acid was not detected.
As can be seen in the chart for both natural and treated
waters, the highest concentration obtained was for methyl
dichloroacetate, followed by methyl dibromoacetate and
methyl trichloroacetate, whereas the lowest concentration
was for methyl bromoclhoroacetate. The compound val-
ues are clearly lower for the NF 90 membrane, resulting
in an evident reduction in the concentration of methyl
dichloroacetate.

3.4. Effect of combination treatment on the formation of
haloacetic acids

Figs. 8 and 9 show the reduction rates of HAAFP, for
combined treatments of natural water from the water reser-
voir La Pedrera, initially treated with a coagulant followed
by a membrane filtration treatment.

From the results, it appears that coagulation treatment
followed by nanofiltration failed to significantly increase the
reduction in the formation of HAAFP when PAC was used
as a coagulant, yielding similar values to those of nanofiltra-
tion membrane treatment alone. Using AL(SO,), as a coag-
ulant improved the reduction in HAAFP by combining this
treatment with the NF 90 membrane by 4%. The AL(SO,),
coagulation treatment, followed by DESAL HL membrane,
improved performance by 11%, reaching in this case total
yield values of 87%.

However, significant changes can be observed in the
case of combined treatment of coagulation followed by
ultrafiltration. Ultrafiltration treatments alone yield values
that do not exceed 26%, although for the combined treat-
ment of PAC+PES 5000 a yield of 65% is reached and 59% in
the case of PAC + PES 10000. For AL(SO,), + PES 5000 and
AL(SO,),+ PES 10000 the yield reaches 80% and 37%, respec-
tively. This is a significant improvement, especially for the
PES 5000 membrane combined with Al(SO,), coagulant, as
these values are similar to those obtained with the NF 90
membrane but at much higher flow rates. This means a com-
petitive advantage in the treatment due to the lower cost in
the membrane filtration phase. Rakruam and Wattanachira
[29], in their research, tested an in-line coagulation with a
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Fig. 7. Concentration of the different HAAFP detected for origi-
nal water and water undergoing a single treatment (membrane
filtration or coagulation).
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Fig. 9. HAAFP rejection as a function of combined treatment.
Al(S0,), coagulation (SO,) and membrane filtration.

40 mg/L dosage of polyaluminium chloride on natural
surface water and a subsequent treatment with a 0.1 pm
ceramic membrane, obtaining results of DOC and THMFP
reduction slightly above 47% and 67%, respectively. Their
results also showed that this type of water treatment proved
to be more effective in reducing the hydrophobic fraction
than the hydrophilic fraction.
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3.5. Effect on flow variation in the membrane filtration process

Values of relative permeability (J/Jo) as opposed to time
are shown in Figs. 10-13 for each of the membranes studied.
For each membrane, flow variation is shown for the water
at La Pedrera without coagulation but before membrane fil-
tration and with filtered water once it has been coagulated
either with A1 (SO,), or PAC. From these graphs, it can be
deduced that in the process of ultrafiltration with the PES
5000 and PES 10000 membranes, the greatest flow reduction
occurs for untreated water, reaching values of 11% for the
PES 5000 membrane and 17% for PES 10000. Pre-treatment
with AL (SO,), causes less flow loss in both cases. For both
ultrafiltration membranes the lowest flow losses are obtained
when coagulation with PAC precedes ultrafiltration. These
data are consistent with the highest DOC removal with this
pre-treatment. Flow loss for both membranes when PAC
pre-treatment is used is 5% approximately.

In the case of nanofiltration membranes (Figs. 12 and
13), the flow loss is slightly higher than in the ultrafiltration
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Fig. 10. Effect of coagulation on the relative permeability (J/Jo)
of the ultrafiltration PES 10000 membrane as a function of time.
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Fig. 11. Effect of coagulation on the relative permeability (J/Jo)
of the ultrafiltration PES 5000 membrane as a function of time.

membranes. When the water from La Pedrera reservoir was
filtered with the DESAL HL membrane without previous
coagulation, the flow loss was 19%. In both membranes, pre-
treated water generates a slightly lower flow loss. However,
this is less significant than that observed in ultrafiltration
membranes. For both membranes, the use of pre-treatment
with coagulant PAC causes the lowest flow loss: for the
DESAL HL membrane 10%, for NF 90 it was 9%.

Zhao et al. [30] studied the rejection of fulvic acid when
they treated synthetic waters using coagulation treatment
with Polyaluminium chloride followed by ultrafiltration pro-
cess with 100 kDa membranes. Their findings showed that
the process of coagulation before ultrafiltration was capable
of reducing membrane fouling by about 10%—20% approx-
imately. When compared with the decrease obtained with
ultrafiltration treatment without previous coagulation. These
differences depended on the dosage of coagulant used.

Xu et al. [12] worked on the impact of organic coagulant
aids in synthetic waters. The effect on membrane fouling in
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Fig. 12. Effect of coagulation on the relative permeability (J/Jo)
of the nanofiltration DESAL HL membrane as a function of time.
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Fig. 13. Effect of coagulation on the relative permeability (J/Jo) of
the nanofiltration NF 90 membrane as a function of time.
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a coagulation/ultrafiltration hybrid process was studied. The
study shows that the flow reduction for conventional coag-
ulation/ultrafiltration systems using aluminium coagulation
is 52% approximately, while the addition of polydimethyldi-
allylammonium chloride reduces this flow loss to 34% for
ultrafiltration membranes with a MWCO of 100kDa [12].

4. Conclusions

Based on the experiments carried out, it can be concluded
that the two nanofiltration membranes studied, NF 90 and
DESAL HL, achieve better results in organic matter and
HAAFP reduction than the ultrafiltration membranes PES
5000 and PES 10000.

In all cases, pre-treatment with coagulation improves
DOC removal yields. Coagulation with PAC followed by NF
90 produces the best DOC rejection at 83% with optimum
doses of aluminium. However, the flux of this membrane is
low when compared with DESAL HL or ultrafilration mem-
branes (PES 5000 or PES 10000).

Ultrafiltration or single treatment coagulation produced
a very low rejection of HAAFP, which was always below
40%. On the other hand, single treatment with the NF 90 fil-
tration membrane produced a level of HAAFP rejection of
84% approximately. However, the flux of this membrane was
very low when compared with ultrafiltration membranes.

The lower production of HAAFP was achieved when the
waters were treated with coagulant AlL(SO,), followed by
membrane filtration with the DESAL HL membrane (87%
less). However, it is important to emphasize that in the treat-
ment with aluminum sulfate followed by ultrafiltration with
the PES 5000 membrane, the results for HAAFP rejection
show values of 80% approximately. These values are in the
same order as those obtained with a single treatment with
nanofiltration membranes. However, the flux of the PES
5000 membrane was 4,000 and 3,500 times higher than the
flux obtained with the NF 90 and DESAL HL membranes,
respectively.
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