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Abstract

In this research, the Chloroform (CHCI3) removal effectiveness of two water treatment systems including membrane
technology and granular activated carbon (GAC) adsorption were studied. Two bench-scales were designed and set up: 1)
Nanofiltration (NF) spiral-wound modules and 2) GAC adsorption column. Chloroform was considered as trihalomethanes
(THMs) basic indicator compound. The inlet and outlet CHCI3 concentrations were detected by gas chromatography (GC)
with electron capture detector (ECD). The study was carried out for the two cases of spiked deionized water with CHCI3
and chlorinated Tehran tap water. Flow rate, CHCI3 and total dissolved solids (TDS) concentrations were considered in
both treatment systems and the transmembrane pressures for membrane pilot, as the basic variables affecting removal
efficiencies. Results showed that CHCI3 rejection coefficients for NF 300 Da, NF 600 Da and GAC Column, with various
operation conditions had a range of 55.2% to 87.8%, 78% to 85% and 41.4% to 74.1%, respectively. It was found that
removal efficiencies for NF 600 Da were lower than those of NF 300 Da and GAC column. The obtained data were
analyzed by SPSS and non-parametric Kruskal-Wallis method. Results showed a positive correlation between the flow rate,
CHCI3 concentration and chloroform rejection coefficients and the TDS concentration had no significant effect on
chloroform removal efficiencies.
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genic compounds. These organic compounds
are categorized in group A of carcinogens and
are announced to have the potential of increas-
ing the rate of liver and kidney cancer and re-
productive effects (3-5). For this reason, dif-
ferent countries have set specific limits for

Introduction

The two major reasons for drinking water disin-
fection are to protect the drinking water from
pollution in the distribution systems and to
control the population and the number of mi-
croorganisms, providing safe water for con-

sumers (1). Chlorination, as the most widely
used technique for drinking water disinfection
is now considered as a basic factor for the for-
mation of trihalomethanes (THMs). THMs
formation in drinking water results from the re-
action of chlorine with naturally or man-made
occurring organic matters, principally humic
and fulvic acids (2). Regarding the health re-
lated aspects of THMs, their presence in drink-
ing water is of high concern, since these com-
pounds have been linked to toxic or carcino-

THMs concentrations in potable water. The
permissible value for chloroform recommended
by WHO is 30 ug/L (6). The current regulations
in the USA demand stage 1 D/DBPR (Disin-
fectants / Disinfection By Products Rule) target
of 80 pg/L for total THMs (TTHMSs), and a
more stringent level of 40 ug/L is proposed to
be in effect as the stage 2 target (3,7). The
European commission has proposed a new
council directive with parametric values of 40
ug/L for chloroform and 15 pg/L for bromodi-
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chloromethane (4, 5). The Islamic Republic of
Iran regulation of THMs for chloroform, bro-
moform, bromodichloromethane and dibromo-
chloromethane is 200, 100, 60 and 100 pg/L,
respectively [Institute of Standards and Indus-
trial Research of Iran (ISIRI No.1053)]. Several
treatment alternatives have been proposed for
the removal of THMs and its precursors. The
best option in water resources management is to
protect water quality in dam reservoirs and riv-
ers in order to minimize the concentration of
THMSs precursors. The second option is THMs
precursors’ removal with the aim of THMs
formation minimization. But in the situations in
which the up-mentioned options are not appli-
cable (because of high level of water pollution
and technical constraints in water treatment
plant), THMs removal should be highly consid-
ered in order to protect the human health. Ap-
plication of granular activated carbon (GAC)
has been of special interest due to its ability to
remove a wide range of compounds such as
natural organic matters (NOMs), THMs, odor
and color causing and other organic toxic com-
pounds (4,8).The main objective of this re-
search was to investigate the performance and
efficiency of membrane technology for THMs
removal from drinking water (deionized and
Tehran tap water) and to compare the results
with GAC adsorption under different opera-
tional conditions. The specific objectives were
as follows:

Study the performance of nanofilters (NF) with
MWCO=300 and 600 Da, under different op-
erational conditions of flow rate, transmem-
brane pressure, chloroform & TDS concentra-
tions. Study the performance of GAC adsorp-
tion column under various operational condi-
tions of flow rate, chloroform and TDS concen-
trations.

Materials and Methods

Two bench-scale GAC column and nanofiltra-
tion membrane were designed and constructed.
The schematic flow diagrams for the GAC col-
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umn & membrane system are shown in figure
1. The characteristics of GAC used in this study
were:

Manufactured in China

Wood based carbon

Symmetrical cylindrical shape

Mesh size: (1.8 * 3.8)

Density: 0.65 g/ m’

Tolerable temperature: 320 °C

Ash content at 550 °C: 6 % of weight
Maximum dissolvable materials in acid: 7% of
weight

GAC was washed with deionized water to re-
move all carbon fine particles, dried at 105 °C
for 2 days and cooled in a desiccator. A plexcy
glass column with internal diameter (ID) of 25
cm and height of 90 cm was filled with GAC.
The sample water was pumped to the column in
up-flow design with a Lowara Ind. Model peri-
staltic pump through Teflon tubing. The studies
of membrane pilot were performed using the
NF pilot plant equipped with two spiral-wound
modules of NF membrane made of cellulose
acetate blend (CAB) with a MWCO of 600 Da
and polyamide (PA) with MWCO of 300 Da.
Each membrane module had a total surface of 5
square feet. The characteristics of these mod-
ules are presentated in Table 1. Experiments
were performed for 1 hour in a batch circulation
mode and both permeate and retentate were
conducted to the feed tank in order to keep a
constant concentration. The temperature of the
recirculating feed solution was maintained at
17+ 0.5 °C. Samples of feed water and perme-
ate were collected in order to measure solute
concentration. All calculations were based on
mean feed and permeate concentrations. THM
(Chloroform) measurements in samples were
performed by Shimatzu GC-17A gas chromato-
graph equipped with an electron capture detec-
tor (ECD). The column used had 0.32 mm di-
ameter packed by DB-5. The initial column
temperature of 100 °C was raised to 200 °C
with a temperature ramp of 20 °C /min and the
carrier gas (high purity nitrogen) flow rate was
adjusted to 40 ml/min. Ten milliliters of sample
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was extracted with 2 ml of n-pantane by shak-
ing for 1 min to obtain phase separation. The
upper phase was collected into 2 ml vials hav-
ing air tight caps with Teflon septa (9, 10).
Samples were preserved at + 4 °C. To increase
the reproductivity of the results, samples were
measured and studied for three times.
Experimental steps for determination of re-
moval efficiencies for GAC adsorbed column
were as follows
- Adjustment of feed temperature at 17+0.5 °C,
flow rate at 1 L/min and preparation of chloro-
form samples with deionized water in concen-
tration range of 50 to 300 pg/L of CHCI3 in or-
der to study the effect of THMs concentration
on R% (R% is the chloroform removal percent-
age).

-Preparation of THMs samples with deionized
water and with a concentration of 100 pg/L of
chloroform, temperature of 17+ 0.5 °C and inlet
flow rates of 0.5 to 3 L/min in order to study
the effect of flow rate on R%.

-Preparation of THMs samples as above men-
tioned to study the effect of TDS concentration
on R% of chloroform with different concentra-
tions of 250, 500, 750 and 1000 mg/L.
-Conducting the up- mentioned steps with Te-
hran tap water and in upwards conditions.

For NF pilot the operational steps of the study
were as follows:

-Measurement of the influent flux of deionized
water at different temperatures and pressures.
-Determination of Jww as the deionized water
flux where:

Jww = flow rate (Q) / membrane surface area (A) 1}

-Adjustment of feed temperature at 17 = 0.5
°C, flow rates at 3, 6 and 9 L/min and prepara-
tion of chloroform samples with deionized wa-

ter with similar concentrations as for GAC col-
umn, to study the effect of THM concentration
on R%.

-Preparation of THMs samples with deionized
water with a concentration of 100 pg/L of chlo-
roform, temperature of 17 £ 0.5 °C and flow
rates of 3, 6 and 9 L/min, to study the effect of
flow rate on R%.

-Preparation of chloroform samples as above
mentioned, to study the effect of TDS concen-
tration on R% with different CaCO3 concentra-
tions of 250, 500, 750 and 1000 mg/L.
-Preparation of THMs samples with deionized
water with a concentration of 100 pg/L, flow
rates of 3, 6 and 9 L/min, temperature of 17 +
0.5 °C and pressure of 50, 89, 110 and 140 psi,
in order to study the effect of pressure varia-
tions on R%. Transmembrane pressure is (AP)
as follows:

AP=P2-P1/2-P3 {2}
Where: P1 = Flux pressure (Bar)

P2 = Feed pressure (Bar)

P3 = Atmospheric pressure (Bar)
The degree of chloroform rejection [RTHM
(%)] was calculated from equation {3}:
RTHM%= CF -CP /CF * 100 {3}
Where: CF and CP are inlet flow and permeate
concentrations (ug/L), respectively (10)
-Conducting the study with Tehran tap water
(in upwards conditions). Membranes chemical
washing was conducted through rinsing with
distilled water and washing with 1% HCI solu-
tion (for NF 300 Da) and 1% citric acid solu-
tion (for NF 600 Da), and final rinsing with
distilled water. The distilled water flux after the
second washing step (Jwc2) more hence deter-
mined.

Table 1: Characteristics of NF modules used in the study

Membrane Material Module Size MWCO T AP Manufacturer
Type (m) (Da) O (psd
NF Polyamide Spiral-Wound  0.051*0.51 300 40 50-300  Perma-Pure
(PA) (2*20inch)
NF Cellulose Spiral-Wound  0.051*0.51 600 40 50-300  Perma-Pure
acetate(CAB) (2*20inch)

MWCO: Molecular Weight Cut Off
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Results

GAC adsorption column performance  The
correlation between chloroform removal per-
centage of deionized water with, variation of
flow rate, chloroform concentrations and TDS
concentrations is shown in Figure 2. The ob-
tained data were analyzed by SPSS and non-
parametric Kruskal-Wallis method. Results
showed that there would a linear relationship
between flow rate and chloroform concentra-
tion with chloroform R% but variations of TDS
concentration had no significant effect on R%
(R%=79.5 to 82.5). The best removal efficiency
was obtained with flow rate of 0.5 L/min and
chloroform concen- tration of 100ug/L (R%=
86.6). Changing the flow rate from 0.5 to 3
L/min results the decrease of R% to 69.1%.
Also the amount of R% varied from 87.4% to
55.1% with increasing chloroform concentra-
tion from 50 to 300 pg/L (about 32% de-
creases).

Nanofiltration performance The variations
of removal efficiency with chloroform concen-
trations, (flow rate of 3, 6 and 9 L/min) in nano-
filtration system are shown in Figure 3. The
highest R% with NF membranes 87.8%, was
achieved with NF 300 Da (Q=9 L/min, 300
ug/L chloroform, 110 psi), but the best result
with NF 600 Da in similar conditions was 74.6
%. Figure 4 presents the effect of TDS concen-
tration (in range of 250 to 1000 mg/L CaCO3)
on chloroform R% in NF system. As shown in
this figure, TDS concentration had no signifi-
cant effect on R% for both membranes. The
degree of chloroform rejection for these mem-
branes approached 87%-79% and 74%-69%
with 250 to 1000 mg/L CaCO3 in feed water

respectively (chloroform conc.300 pg/L, 17 °C,
Q=9 L/min). The experimental results indicated
that the transmembrane pressure variation af-
fects the rejection of chloroform in NF process.
Results obtained for the deionized water con-
tained 50-300 pg/L. The highest amounts of
R% were 87.7% and 74.6% for NF 300 and 600
Da, respectively (transmembrane pressure=110
psi, flow rate=9 L/min, 17°C, chloroform
conc=300 pg/L). Increasing this pressure up to
140 psi, decreased slightly R%. In other words,
R% was dependent on transmembrane pressure.
Also results of this study indicated that the
structure and MWCO of membranes had a sig-
nificant effect on R%: for the case of NF 300
Da module, the chloroform rejection was be-
tween 63.7%-87.8% and 61.9%-74.6% for
NF=600 Da (with AP= 110 psi, chloroform =
300 pg/L, 17 °C). Therefore the rejection per-
formance of NF=300 Da was higher than that
obtained for the NF=600 Da module as in the
feeds previously used.

Chlorinated Tehran tap water results  In the
next step, Tehran tap water was used as the feed
for all of the up mentioned experiments. Com-
parisons between performances of GAC col-
umn and NF 300 and 600 in chloroform rejec-
tion from Tehran tap water are shown in Ta-
ble3. The experimental results indicated that the
presence of salts and other dissolved com-
pounds did not interfere on THMs (chloroform)
R% both in GAC and NF systems. Best results
were obtained from Nanofiltration, making it an
efficient process to remove THMs from drink-
ing water. The rejection factors were very high
(about 88% for NF300) regarding the quite
small THMs molecule size.

Table 2: Comparison between performances of GAC column (Q=1 L/min, T=17°C) and NF 300, 600 Da (Q=9 L/min,
AP=110 psi, T=17 °C) in rejection of CHCI3 from Tehran tap water

Parameter Inlet GAC NF 300 (Da) NF 600 (Da)
Outlet  R% Outlet  R% Outlet R%
pH 7.7 7.05 - 7.2 - 7.9 -
TDS (mg/L) 348 149.9 56.9 104.1 70.1 1152 669
TSS (mg/L) 232 175.6 243 38.9 83.2 42.7 81.6
Residual chlorine (ppm) 0.2 0.0 100 0.0 100 0.0 100
Temperature (°C) 17 17.8 - 20.8 - 21.3 -
Conductivity (uS/cm) 317 231.7 26.9 84.3 73.4 92.2 70.9
CHCI3 conc. (ng/L) 56 13.2 76.4 7.8 86.1 15.5 72.3

R: Removal Efficiency
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Fig. 5: Effect of transmembrane pressure on the CHCI3
rejection of NF 300 Da with C=50 pg/L (a), C=300 pg/L
(b) and NF 600 Da C= 50 pg/L (c), C=300 pg/L (d)

Discussion

In this research, the obtained data from NF pilot
and GAC column were analyzed by SPSS and
non—parametric Kruskal-Wallis method. Re-
sults showed that there would a linear relation-
ship between flow rate and chloroform concen-
tration with chloroform. The ability of GAC
column to removal of THMs precursors in
Ankara drinking water was previously reported
(4). They reported that GAC column had ability
to effective removal of THMs precursors but
they did not determine effect of TDS on ef-
ficiency of this system (4). The synthetic car-
bon spheres derived from phenol resin were
used as a GAC for water purification from
THMs (11). Accordingly, it might be possible
to change the adsorptive properties of GAC by
nitric acid treatment and creating a different
complex on its surface that might be to increase
adsorption abilities (11). Similar with GAC
column, results of SPSS statistical analysis
showed straight relationship between flow rate
and chloroform concentration with chloroform
R% in membrane system but variations of TDS
concentration had no significant effect on R%.
Variation of TDS from 250 to 1000 mg/L
CaCO3 can change the R only 1%. Siddiqui
and Amy reported disinfection by-product
(DBPs) precursors from low turbidity surface
waters can be significantly removed by applica-
tion of NF (1). Also the effect of chloroform
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content in various types of water on perform-
ance of reverse osmosis (RO) composite mem-
branes has been investigated (2). It was found
membranes provided THMs rejection in the
range of 80% to 99%. Also the experimental
results of Tehran tap water indicated that the
presence of salts and other dissolved com-
pounds did not interfere on THMs (chloroform)
removal efficiency both in GAC and membrane
systems. Although both GAC adsorption and
NF pilots showed acceptable performances for
THMs removal from drinking water, NF 300
Da was simultaneously more efficient.
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