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Abstract

The effect of carbon properties and water characteristics on the adsorption of m-LR by activated carbon was evaluated using kinetic and isotherm
tests. The results showed that both physical and chemical effects simultaneously affect the adsorption process. The activated carbon with a high
ratio of mesopore and macropore volume showed an increased m-LR adsorption capacity. The micropores in carbon offer only a nominal internal
surface for adsorption. The adsorption capabilities of different activated carbon generally followed their pH,,. values. Activated carbons with higher
pH, values exhibit a neutral or positive charge under typical pH conditions, promoting m-LR adsorption on the carbon surface. The competitive
effects of natural organic matter (NOM) on activated carbon were evaluated and showed that caused a reduction in the capacity of carbon for m-LR.
Furthermore, when pre-chlorination was preceded by adsorption, then the residual chlorine would react with activated carbon caused a decrease in
sorption capacity of m-LR, while that chlorine at normal treatment plant dosages is not effective for degrading m-LR.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The microcystins, hepatotoxic cyclic peptides, are one impor-
tant group of cyanobacterial toxins. They are found in strains
of Microcystis, Oscillatoria, Anabaena and Nostoc species and
are involved in poisoning of animals and human health prob-
lems. Microcystins are extremely stable and resistant to chemical
hydrolysis or oxidation at near neutral pH. In natural waters
and in the dark, microcystins may persist for months or years
[1]. Cyclic heptapeptide microcystins consist of five invariant
amino acids and two variable amino acids. The invariant amino
acids are in the D-configuration and the variable amino acids
are in the L-configuration [2-5]. Different microcystins have
different lipophilicities and polarities, which could affect their
toxicity. Microcystin-LR (m-LR) was the first microcystin chem-
ically identified; to date, most work has been conducted using
this microcystin. It has been associated with most of the inci-
dents of toxicity involving microcystins in most countries [6].
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Recent epidemiological evidence results from studies of human
populations that have shown symptoms of poisoning or injury
(including hepatic illness, carcinogenesis and tumor growth pro-
motion) attributed to the presence of microcystins in drinking
water [7,8].

The health implication of drinking water treatment process
performance in removing the microcystin toxins was detailed
reviewed [9]. Conventional water treatment practices (pre-
chlorination, coagulation/sedimentation, filtration, and post-
chlorination) have been reported to be ineffective for removing
mycrostins [10,11]. Water treatment studies conducted at the
laboratory and pilot plant-scale have concluded that granular
activated carbon (GAC) filtration is effective in removing the
cyanobacterial toxins from drinking water [11-14]. Powdered
activated carbon (PAC) was shown to remove the toxins but at
doses higher than those are generally used at water treatment
facilities [11,12,15]. Analysis of different brands of PAC at nor-
mal treatment plant dosages, evaluated in laboratory-purified
water and in the presence of natural organic matter (NOM),
showed that the PAC with the largest volume of mesopores
(2-50 nm) adsorbed m-LR to the greatest extent [16].

The adsorption of relatively simple organic molecules from
solvent or aqueous solution mainly depends on the adsorbent sur-
face oxide concentration [17,18]. The solution pH also affects
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adsorption by activated carbon, due to adsorption surface chem-
ical group preferential polarization. Jiang et al. [19] examined
the effect of pH in the range 5—7 on humic acid adsorption by
activated carbon and demonstrated that the adsorption affin-
ity for humic acid decreased with increasing pH, interpreting
their results in terms of the complex structure and solution
properties. On the other hand, the drinking water treatment pro-
cesses involve competitive adsorption between the adsorptive
of interest and many other dissolved species classified as humic
substances or dissolved organic matters. Such solution mixtures
represent complex systems that are difficult to interpret unequiv-
ocally. Previous literature [16] discussed the competitive effects
of NOM and pre-loading of organic matter on activated carbon
to evaluate the effect of adsorption capacity and showed that
both caused a reduction in the capacity of activated carbon for
m-LR.

In this study, the adsorption of the m-LR onto the three types
of activated carbon were studied and interpreted. Here the dif-
ference of adsorption kinetics and capacities are described and
related to the characteristics of the carbons. The aim is to clar-
ify the effects of carbon physical and chemical properties and
as well as solution-phase chemistry as separate variables. The
influence of water quality characteristics on the adsorption of
m-LR by GAC was also evaluated in laboratory studies over a
range of toxin concentrations similar to those typically observed
in water.

2. Experimental
2.1. Materials

Microcystin-LR was purchased from Sigma-Aldrich (St.
Louis, Missouri, USA). All reagents were either HPLC grade
or analytical grade. Acetonitrile and trifluoroacetic acid were
purchased from Merck. Methanol was obtained from J.T. Baker
at HPLC grade. The m-LR stock solution was prepared at the
concentration of 50 mg/L in methanol containing 0.1% trifluo-
roacetic acid. Deionized water was obtained by passing tap water
through an Milli-Q system with the resistance >18.2 M<2/cm and
on-line TOC <4 pg/L.

Three commercial types of GAC, namely, Norit (G1), Cal-
gon (G2), and YUB (G3) with different origins were evaluated
with kinetic and isotherm experiments. The main characteris-
tics of selected GACs, such as raw material, mean particle size,
total surface area, iodine number, hardness, abrasion, bulk den-
sity, and ash content are provided by the manufactures (Table 1).
Acid and basic groups were determined by the acid-base titration
procedure described by Siddiqui et al. [20]. The GACs for the
kinetic and isotherm experiments were prepared by the follow-
ing procedures: commercial GACs were pulverized and sieved
to obtain 60 x 80 mesh particle sizes, resulting in an average
particle diameter of 0.212 mm. After sieving, the carbons were
washed with deionised water, and baked at 175 °C for 1 week
to remove volatile impurities, and were then kept in the oven at
105 °C. Before use, the carbons were placed in desiccators and
followed to cool to room temperature.

Table 1

Manufacturers’ specifications of GACs used

Specifications Norit* F-400P YUB¢
Material Coconut shell  Bituminous coal ~Wood
Mean particle size (mm) 1.4 1.2 1.2
Total surface area (m?/ 2) 950 950 1050
Todine number (mg/g) 1020 1000 1000
Hardness (Ball-Pan, % min) 95 95 98
Abrasion number (%wt. min) 60 75 94
Bulk density (g/mL) 0.49-0.52 0.36-0.38 0.44-0.48
Ash content (%) 3 6.0 3

4 Norit, Amersfoort, The Netherlands.
b Calgon Corporation, Pittsburgh, PA.
¢ China Carbon Corporation, Taipei, Taiwan, ROC.

As a further test of surface chemistry effects, we modified the
surface chemistry of carbon G3 by cautious thermal reduction in
an argon environment. The details of this treatment are described
elsewhere [18]. The reduced samples, coded G3-T550 and G3-
T950, signify thermal reduction at 550 and 950 °C for 1 h. Next,
in order to investigate the influence of acid treatment in m-LR
adsorption. Each types of carbon were immersed in 1L of 6N
HNOj3 at room temperature. After 24 h, the acid-treated carbons
were thoroughly rinsed with distilled water and baked at 105 °C
for 1 week. The acid-treated samples are coded G1-HA, G2-HA,
and G3-HA, respectively.

2.2. Characterization of the carbons

The pore size distribution, BET surface area, macropore vol-
ume Viacro, mesopore volume Vipeso, and micropore volume
Viicro» Of the samples were determined from N, adsorption
and desorption isotherms measured at 77 K using an adsorp-
tion apparatus (ASAP 2010, Micromeritics Co., Georgia, USA).
Pore size distribution and Vpeso were evaluated by applying
the Dollimore—Heal method [21] to the desorption isotherm,
whereas the 7-plot method [22] as used to estimate Viicro. The
Dubinin—Astakhov equation [23] was applied to CO; adsorption
data measured at 25 °C to determine Viacro Of carbons.

The surface chemistry of carbons was determined by mass
titration methods, in 0.1N NaCl, and acid-base depletion, from
HCI-NaCl and NaOH-NacCl solutions were carried out on each
sample to determine the acid—base properties of the carbons [24].
The oxygen content of the carbons was measured by hydrogen
reduction techniques [25].

2.3. Water source

Treatment water, before chlorination, was used in this study.
The water collected from the water treatment plant (Fen-San
water treatment plant, FSWTP) for the major public water sup-
ply for Greater Kaohsiung area, the second largest metropolis in
Taiwan with a population over 3 million. Owing to upstream dis-
charge of farming, industrial, and domestic wastes, the reservoir
has become eutrophic environment. As a result, growth of the
cyanobacteria has been rapid, with an approach 250% increase
during the past 10 years. Historically, dissolved organic car-
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Table 2

Characteristics of water sources

Parameters Range
pH 7.4-7.6
Alkalinity (mg/L as CaCO3) 105-121
Turbidity (NTU) <1
Conductivity (s/cm) 547-936
Bromide (mg/L) 0.12-0.27
Chloride (mg/L) 17.3-23.6
Ammonia-nitrogen (mg/L) <0.02
Dissolved organic carbon (mg/L)* 4.5-79
Hydrophobic fraction (mg/L) 1.4-3.7
Hydrophilic fraction (mg/L) 3.044
AOC (pg acetate-C/L)° 152-177
AOCp7 (g acetate-C/L) 83-111
AOCnox (g acetate-C/L) 52-68

2 Dissolved organic carbon classified into hydrophobic and hydrophilic frac-
tions.
b AOC classified into AOCp7 and AOCnox.

bon (DOC) in this source water has been as high as 8.5 mg/L,
and its organic content was found to consist predominantly
of hydrophilic organics. The other characteristics of the water
sources studied during this research are summarised in Table 2.

2.4. Kinetic adsorption measurements

Kinetic adsorption of m-LR was run in a rotary tumbler using
a rotation speed of 120 rpm. The appropriate carbon dose was
introduced into 100 mL amber glass bottles. The carbon for the
kinetic tests was soaked in Milli-Q water (buffered with 10 mM
NayHPO4/H3POy4, adjusted to pH 7.5 with HCI) overnight to
promote wetting of the carbon surface and internal pore struc-
ture. Then injection of 500 L of a 50 mg/L solution of m-LR,
the m-LR concentration in bottle was 250 pg/L. The bottles were
filled to exclude headspace with a m-LR solution and capped
with Teflon septum caps. Then the bottles were put on a rotary
tumbler with samples taken at predetermined intervals over 72 h.
Samples were filtered through pre-washed 0.45 pm filters to
remove the activated carbon and the residual m-LR concentra-
tions were determined.

2.5. Adsorption isotherm measurements

The equilibrium adsorption isotherm for m-LR from a syn-
thetic solution on activated carbon were determined at 25 1 °C
using a bottle-point method. Different amounts of carbon were
weighed and added into 18 amber glass bottles, and 100 mL of
m-LR solution (250 pg/L) was added to each of the bottles. In
this part, we also used a non-porous carbon (inactivated coal)
as a specific surface area standard for calibration purposes. The
synthetic solutions were prepared with Milli-Q water, and were
buffered with 10 mM Na;HPO4/H3PO4 at pH 7.5. The water
containing NOM for competitive isotherms was collected just
prior to the chlorination at the FSWTP. The water was filtered
through a filter to remove debris then added into glass bottles.
Injection of 500 wL of a 50 mg/L solution of m-LR, the m-LR
concentration in bottle was 250 pg/L. The bottles were placed in

arotary tumbler, in a temperature controlled room, at 25 + 1 °C
and rotated at 120 rpm for 24 h.

2.6. Analytical methods

Analysis of microcystin-LR was performed by HPLC using
a gradient mixer pump (LC-10AT, Shimadzu, Tokyo, Japan)
equipped with a high-resolution diode array detector. For m-
LR quantification a reference standard (Sigma, microcystin-LR
from Microcystis aeruginosa, purity 95%) was used. The sam-
ples were concentrated with solvent—water evaporator systems
(ASE 100, Dionex, CA) before analyzed by HPLC. The analysis
was performed using a symmetry C18 (3.9 mm x 150 mm i.d.),
5 wm column. The injection volume was 100 wL and the flow
rate of the mobile phase was 1.0 mL/min. The mobile phase was
a mixture of Milli-Q water, ammonium acetate (10 mM; pH 7),
methanol, and acetonitrile. All chromatograms were analyzed
and integrated at 238 nm.

3. Results and discussion

3.1. Effect of GAC properties on adsorption kinetic of
microcystin-LR

For m-LR adsorption it is important to recognize first that
m-LR is alarge molecule (MW =994) and second that itis a com-
plex aggregate of amino acids rendering hydrophobic character
to its aqueous solution properties. Consequently, the correct
selection of an activated carbon for m-LR removal from an aque-
ous solution, prior to any adsorption measurements, requires an
appreciation of these properties combined with a detailed knowl-
edge of the adsorbent’s physical and surface chemical properties.

The typical N; adsorption—desorption isotherms for a sample
of coconut shall (G1), bituminous coal (G2), and wood-based
(G3) GACs are shown in Fig. 1a. The development of micropores
and mesopores can be clearly confirmed by the shape of the
isotherms. The porous properties of the GACs calculated from
the isotherms are summarized in Table 3. The wood-based G3
carbon with highly Vieso value up to 0.76 cm3/g is extremely
higher than those of G1 and G2 carbons. Fig. 1b compares the
pore size distributions of three types of GAC, where R, and V),
are pore radius and pore volume, respectively. It was found that
mesopores in the range of 2 <R, < 12 existed abundantly in the
G3 carbon.

Table 3 also includes the chemical properties; bulk oxygen
content and pHgp. for each carbon. Clearly the wood-based
carbon (G3) contains more oxygen than the coconut- and coal-
based carbons. The heat-treated samples of G3 carbon show a
decrease in oxygen content with increasing reduction temper-
ature, reaching at 950°C, an oxygen content similar to that
of the hydrophobic carbons, in sample G1 and G2. Surface
charge titration analyzes of these carbons show that the G3 car-
bon have the lower pHypc (4.1) than the other carbons. It can
be concluded that the type and quantity of ionizable groups
on these carbons are different. The change in surface charge
with pH also indicates that the quantity and quality of sur-
face ionizable groups is quite different for these carbons. The
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Fig. 1. (a) Nitrogen adsorption—desorption isotherms of GACs, and (b) pore size
distributions of GACs.

change for the wood-based carbon is considerably stronger than
that for the coal- and coconut-based carbons. The net surface
charge for G2 carbon (—0.11 £ 0.24 mequiv./g) and G3 carbon
(—0.68 £ 0.82 mequiv./g) are mainly negative, while G1 carbon
(0.07 £ 0.25 mequiv./g) is mainly positive over the pH range
6-8.

Fig. 2 displays the batch kinetic removal curves, presented
as the amounts adsorbed (g.) versus contact time (¢), achieved

Table 3
Porous and surface properties of GACs
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Fig. 2. Kinetic plots of m-LR adsorption by selected three GACs.

by the three carbons under consideration, for the m-LR sin-
gle components. It is clear that 24 h are sufficient for attaining
the equilibrium for all the adsorption systems. The amounts
adsorbed by the three carbons are expressed in two estimates:
capacity (mg/g or wmol/m?) and the distribution coefficient, K4
(mL/g).

The kinetics of adsorption of m-LR on the three carbons is
currently described on the basis of Eq. (1):

ge = Kpt'/? (1

where ¢, is the instantaneous substrate concentrations on the
adsorbent (mg/g), K, the intraparticle diffusion rate constant,
and ¢ is the contact time (h). The evaluated adsorption rates for
intraparticle diffusion, K;, which are useful for comparative pur-
poses, are given in Table 4. The plots covering the initial phase of
adsorption (not shown) did not pass through the origin, indicat-
ing that pore diffusion may not be the only rate-controlling step
in the removal of the adsorbates, especially for the early stages
of adsorption. Considering K, the intraparticle diffusion rate
constants listed in Table 4, the G3 carbon showed an obviously
larger diffusion rate than the other two carbons. Due to its higher
Vmeso value, it is reasonable to assume that the mesopores of the

Carbon Vineso (cm3/g) Vnicro (cm3/g) Oxygen content (%) PHzpc Acid (mequiv./g) Basic (mequiv./g) Hydroxyl groups (mequiv./g)
G1? 0.089 0.812 35 52 0.18 0.23 0.07
GI-HAY 0.072 0.816 - - 0.20 0.16 0.03
G2 0.175 0.689 4.3 5.8 0.21 0.57 0.08
G2-HA 0.159 0.693 - - 0.26 0.22 0.03
G3 0.760 0.242 11.5 4.1 0.23 0.71 0.26
G3-T550°¢ 0.773 0.231 6.9 - - - 0.19
G3-T9504 0.781 0.194 4.2 - - - 0.10
G3-HA 0.736 0.277 - - 0.44 0.33 0.11
G3-CI¢ 0.755 0.256 7.6 - 0.32 0.56 0.33

4 Virgin carbon.

5 Acid washed with 6N HNO3.

¢ Thermal reduction at 550 °C.

4 Thermal reduction at 950 °C.

¢ Chlorinated with 1.5 mM NaOCI.
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Table 4

Adsorption kinetics parameters for tested carbon samples

Carbon Kp (mg/g ho3) ge (Mg/g) R?
Gl 0.118 14.5 0.951
G2 0.103 16.6 0.932
G3 0.431 73.7 0.984

carbon played an important role in the adsorption of large molec-
ular adsorbates like m-LR. On the other hand, the extent of m-LR
removal (adsorption capacity) was found to vary significantly
from carbon to carbon, ranging from 37% to almost complete
removal with an initial m-LR concentration of 15-250 pg/L. To
gain a better understanding of the kinetic adsorption parameters
showed in Table 4, the data were analyzed in terms of carbon
properties, in particular, carbon porosity and pore size distribu-
tion. Since enhanced adsorption can be expected within pores of
dimensions similar to the molecular dimension of the adsorptive
[2], carbon pore size distributions were examined. Donati et al.
[16] investigated the efficiency of m-LR adsorption by powder
activated carbon and related its removal only to the mesoporos-
ity of the activated carbons considered. In contrast with this and
other previously published data examining pore volume influ-
ence on m-LR adsorption [14]. We show in Fig. 3, a correlation
of the maximum average amount of m-LR adsorbed with the
mesopore and macropore volumes for each GAC. Considering
the good correlation suggested by the previous authors [2,16]
and in our study, it is appropriate to suggest that any selection
of an activated carbon for m-LR removal should consider both
the mesopore volume and the macropore volume.

3.2. Effect of GAC properties on adsorption isotherm

The adsorption isotherms with carbons and m-LR solution in
buffered Milli-Q water are shown in Fig. 4. The isotherms were

50
L]
40
30}
£0
éﬂ @ Mesopore
= a0 b A Macropore
®
10 “—‘/‘
: R?=0.903
0 . ; . . . . . .
0 0.2 0.4 0.6 0.8

Pore volume (cm3/g)

Fig. 3. Correlation of the g, of m-LR adsorbed with the mesopore and macropore
volumes.
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Fig. 4. Langmuir adsorption isotherms of m-LR on selected three GACs in
buffered Milli-Q water.

interpreted in view of Langmuir isotherm model described by
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where g. and c are the concentration of m-LR in the activated
carbon and solution, respectively, gy the maximum sorption
capacity, and K1, is a constant related to the adsorption energy
(equilibrium constant of adsorption of m-LR). The calculated
monolayer equivalent amount adsorbed and average maximum
adsorbed by each carbon are summarized in Table 5. Generally,
a good agreement exists between each set of data. In fact, there
is a large difference in m-LR adsorption, illustrating the molec-
ular sieve effect of activated carbons. Examination of Table 3
shows that, except for G3 carbon, all other carbons only have
a small mesopore volume. The amount of m-LR adsorbed by
the microporous coconut-shall and bituminous-coal based car-
bons are very similar to that for the non-porous carbon black
(NC), even at high carbon dose of 500 mg/L that no significant
increase in m-LR adsorption capacity was observed. Therefore,
it can be suggested that the micropores in these carbons offer
only a nominal internal surface for adsorption. Furthermore, the
effect of surface chemistry on m-LR adsorption by activated
carbon is probed by reducing the oxygen content of G3 car-
bon, without affecting its various pore volumes (see Table 3).
In these measurements, m-LR is exposed to activated carbons
with increasing hydrophobic character, but a constant volume
space available for adsorption. In aqueous phase, surface oxy-
gen groups were found to play an important role. In particular,
it was found that an increased amount of carboxylic groups on
the surface leads to increased water cluster formation. Also, this

Table 5

Isotherm parameters for tested carbon samples

Carbon Gm (mg/g) KL (L/mg) R?
Gl 16.1 2.00 0912
G2 17.5 1.12 0.937
G3 83.3 0.35 0.948
NC 14.5 1.05 0.902
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Fig. 5. Comparison of Langmuir adsorption isotherms of m-LR in buffered
Milli-Q water within top water.

causes increased removal of  electrons from the basal planes
[26], which would be resulted in weaker dispersion interactions
with organic adsorbates. It is reasonable to presume that the
influence of surface chemistry (oxygen content) applies at low
adsorptive concentrations; hence the amount adsorbed in virgin
carbon (oxygen content = 11.5%) is considerably lower than the
two heat/hydrogen-treated carbons (oxygen content=6.9 and
4.2%, respectively).

The other chemical characteristics obtained from analysis of
the acid—base titration are presented first for virgin carbons and
then for acid-washed carbons in Table 3. The indicated cate-
gories of surface chemical groups are classified according to
their acid-base character. In a fixed pH 7.5, a well correlation
was found between these groups and m-LR adsorption. The vir-
gin carbon, which was more effective than acid-washed carbons
for m-LR removal, was found to possess a much higher number
of basic groups. The infrared spectra of these carbons indicate
that the raw carbons contain more hydroxyl groups than the acid
washed carbons. Generally, weak ionic interactions may partic-
ipate in the adsorption of m-LR by the activated carbon surfaces
in the form of an association of the positively charged arginine
side chain of the toxin with the negatively charged carbon sur-
face. From the discussion of carbon surface chemistry effects on
m-LR adsorption, we suggest that both physical and chemical
effects simultaneously affect the adsorption process.

3.3. Effect of water quality on m-LR adsorption

3.3.1. Effect of NOM

The competitive effect of NOM on m-LR adsorption was eval-
uated by conducting the adsorption isotherm experiments with
water containing NOM, which was sampled from the Fen-San
water treatment train just prior to entering the post-chlorination
contact chamber. The isotherm with virgin G3 carbon and m-LR
solution in buffered Milli-Q water, and the competitive isotherms
with virgin G3 carbon and m-LR dissolved in drinking water
are shown in Fig. 5. The maximum adsorbed capacity (gm)
of the carbon was observed to be much lower in the compet-
itive isotherm compared with the Milli-Q water. Percentage

m-LR removal decreased from 12% to 65%. The presence of
NOM in the water has been shown to cause a reduction in the
capacity of activated carbon for a number of target compounds
[27,28] and for m-LR [16]. The NOM present in the Fen-San
source water has been described as being high in hydrophilic
organics (including hydrophilic -base, -acid, -neutral) [29]. The
hydrophilic neutral generally represent the largest fraction of
organic compounds of many polluted or eutrophic water. Many
of identifiable, low molecular weight organics, and biodegrad-
able organics was classified to the hydrophilic neutral fraction,
and the percentage occupied in FSWTP’s raw water is over 30%.
Microcystin-LR has a molecular weight of 994, whereas the
molecular weight distribution of DOC from FSWTP’s waters is
predominantly in the 500-10,000 ranges. On the other hand, the
NOM present in algae—laden water has been described as being
high in protein, amino acids, and polysccharides, and majority
of algal cellular and extracellular substrates was found to be
more polar than m-LR [30-32]. The NOM in the Fen-San water
supply may have similar adsorption characteristics on activated
carbon and thereby complete readily with m-LR for sorption
sites. Moreover, the DOC of the water matrix used for the com-
petitive isotherms was very high, 7.8 mg/L, compared to the
m-LR (ng/L level). This large concentration difference between
trace m-LR and bulk NOM was likely the main contributing
factor for the decrease in capacity observed in the competitive
isotherms.

3.3.2. Effect of pH

The adsorption of m-LR by three types of activated carbon
was found to increase upon lowering pH from 8.0 to 3.0. The
solid-phase concentration is reduced as pH increases beyond
the pK, because the anionic forms of m-LR, which are found at
high pH, are not as well adsorbed. For most activated carbons
investigated, the surface charge at high pH values is negative,
which corresponds to the presence of negatively charged
carboxylate and anhydride anionic surface functional groups on
the activated carbon. In this study, the surface charge titration
data indicate that the carbons move from a positively charged
surface at pH 3.0 to a neutral charge at 5.2 (G1), 5.8 (G2), and
4.1 (G3), respectively, indicating an increase in negative charge.
In the alkaline solution the m-LR also charged negatively. This
means that there are no electrostatic forces between the carbon
surface and the m-LR whereas the repulsion forces between
the surface of carbon and m-LR occur. Moreover, the weak
acidic functional groups of m-LR in low pH are undissociated
(hydrophobic nature) and therefore are better adsorbed to the
carbon surface than dissociated acidic functional groups at
high pH. On the other hand, an electrostatic repulsion between
neighboring negatively charged sites that cause stretching out of
the molecules of m-LR is decreased with decreasing pH and as
aresult, m-LR molecules may become smaller in size due to the
tendency to coil that reducing overall molecular dimensions [4].
Furthermore, the hydrogen bonds can also be formed between
the coiled molecules and carbon surface charges at low pH,
which leads to enhance the adsorption capacity. Therefore, it can
be suggested that the change of molecular dimensions and the
formation of hydrogen bonds are the main reasons for increasing
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Fig. 6. Acid and base uptakes for virgin carbon (non-chlorinated carbon) and
a chlorinated carbon (curves represent Langmuir fits calculated from the linear
plots).

adsorption with lowing pH between the m-LR and the carbon
surface.

3.3.3. Effect of chlorine

The Langmuir monolayer capacities (ge) for m-LR with
and without chlorine in isotherm tests showed that the
chlorine—carbon reactions reduced the m-LR adsorption capac-
ity of the GAC. This implies that m-LR adsorption sites were
preferentially occupied by either chlorine prior to surface reac-
tion or by surface oxides. These results are consistent with those
reported in the literature [33]. We suggest that both the inter-
action of chlorine with GAC surface and aqueous NOM have
virtually influenced on the amount of m-LR adsorbed from pre-
chlorination water.

In order to prove the reaction of chlorine and carbon sur-
face and the relationship between chlorine fixation and other
heteroatoms (such as oxygen and hydrogen) on the surface, the
virgin carbon (carbon G3) has been treated with aqueous chlo-
rine. Infrared spectroscopy analyzes of carbon surface show that
the oxygen (O) in the chlorinated carbon exists as hydroxyl,
carbonyl (quinone type), and lactone groups. Clearly the chlo-
rinated carbon contains more oxygen than the virgin carbon
(Table 3). It should be noted that the relationship between the
total concentrations of surface acidic groups, measured by the
amount of base uptake, with O is also different for the chlorinated
carbons when compared to virgin carbons, reinforcing the obser-
vation that the chlorinated carbons are more acidic than the sur-
face oxide concentration would indicate. A significant increase
in base uptake from aqueous saline solution and decrease in
acid uptake is observed when a chlorinated carbon is compared
to the virgin carbon. Fig. 6 shows typical acid and base uptake
for virgin carbon and a chlorinated carbon along with the respec-
tive Langmuir fits of the reaction isotherms. Base uptakes, Upco,
for the non-chlorinated and chlorinated carbons were 0.32 and
0.71 mequiv./g, respectively, while the acid uptakes, Uy, for
the same samples were 0.56 and 0.41 mequiv./g. Interestingly,
the sum of the acidic and basic sites changes little, suggesting
that the chlorination cause an inductive effect, making the oxy-
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Fig.7. Adsorptionisotherms of m-LR for virgin carbon (non-chlorinated carbon)
and chlorinated carbon.

gen sites more acidic but not actually creating or destroying the
majority of these groups on the surface of the carbon.

Fig. 7 shows the m-LR adsorption isotherms on chlorinated
and non-chlorinated wood-based carbon (G3) plotted on two
different adsorption scales. The shape of the original m-LR
isotherm seems to be retained and the equilibrium concen-
trations in chlorinated carbon are considerably lower than the
non-chlorinated carbon indicating that the main differences
are due to hydrophilic character, probably from the bonding
of large Cl and O groups on the carbon surface. The effect of
chlorination on m-LR adsorption by activated carbon is probed
by using moderate chlorine doses (0.15mM) for increasing
the oxygen content of YUB carbon, and without affecting its
various pore volume. In these measurements, m-LR is exposed
to activated carbons with increasing hydrophilic character, but
a practically constant volume space available for adsorption.
These observations again indicate that surface chemistry has
a significant effect on m-LR adsorption by the chlorinated
carbon.

4. Conclusion

The effects of activated carbon properties and water charac-
teristics on the capacity of m-LR adsorbed were evaluated and
showed that both have virtually influence in the amount of m-
LR adsorbed. Analysis of different properties GAC at used by
treatment plant showed that carbons with the largest volume of
mesopores and macropores adsorbed m-LR to the largest extent.
On the other hand, due to the carbons containing larger mesopore
and macropore size fractions, results in an enhanced intraparticle
diffusion rate of m-LR. The functional group of carbon surface
was also found to be an important factor in its ability to adsorb
of m-LR. The carbons with the larger amounts of basic surface
groups and higher pH,. showed the higher m-LR adsorption
capacity suggesting that proton adsorption occurs on the avail-
able surface hydroxyl groups or phenolic groups at typical pH
conditions.

The competitive effects of NOM were evaluated and showed
that caused a reduction in the capacity of GAC for m-LR. The
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large concentration differential between trace m-LR and bulk
NOM was likely the main contributing factor for the decrease in
capacity observed in the competitive isotherms. The adsorption
of m-LR also affected by pH changes. An adjustment of the solu-
tion pH conditions, to low pH, results in an enhanced adsorption
of m-LR due either to a decrease of the ionic interaction or to a
changed molecular shape. The interaction of chlorine with acti-
vated carbon and NOM in raw water caused a decrease in m-LR
adsorption. During the chlorination reactions, part of the NOM
was converted to small MW and hydrophilic organics, leading
to an increase compete with m-LR for sorption sites. On the
other hand, activated carbon in chlorination water became more
hydrophilic due to bond of large Cl and O groups on the carbon
surface, thereby reducing the available adsorbent surface sites
and, consequently, leading to a decrease in observed amount of
m-LR adsorbed.
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