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Abstract

The formation of disinfection by-products (DBPs) during chlorination of drinking water is an issue
which has drawn significant scientific attention due to the possible adverse effects that these
compounds have on human health and the formation of another DBPs. Factors that affect the for-
mation of DBPs include: chlorine dose and residue, contact time, temperature, pH and natural or-
ganic matter (NOM). The most frequently detected DBPs in drinking water are trihalomethanes
(THMs) and haloacetic acids (HAAs). The MCLs are standards established by the United States En-
vironmental Protection Agency (USEPA) for drinking water quality established in Stage 1, Disin-
fectants and Disinfection Byproducts Rule (DBPR), and they limit the amount of potentially ha-
zardous substances that are allowed in drinking water. The water quality data for THMs were
evaluated in the Puerto Rico Aqueduct and Sewer Authority (PRASA). During this evaluation, the
THMs exceeded the maximum contamination limit (MCLs) for the Comerio Water Treatment Plant
(CWTP). USEPA classified the THMs as Group B2 carcinogens (shown to cause cancer in laboratory
animals). This research evaluated the THMs concentrations in the following sampling sites: CWTP,
Rio Hondo and Piiias Abajo schools, Comerio Health Center (CDT), and the Vazquez Ortiz family, in
the municipality of Comerio Puerto Rcio. The results show that the factors affecting the formation
of THMs occur in different concentrations across the distribution line. There are not specific
ranges to determine the formation of THMs in drinking water when the chemical and physical pa-
rameters were evaluated. Three different nanostructured materials (graphene, mordenite (MOR)
and multiwalled carbon nanotubes (MWCNTSs)) were used in this research, to reduce the THMs
formation by adsorption in specific contact times. The results showed that graphene is the best
nanomaterial to reduce THMs in drinking water. Graphene can reduce 80 parts per billion (ppb) of
THMs in about 2 hours. In addition mordenite can reduce approximately 80 ppb of THMs and
MWCNTSs adsorbs 71 ppb of THMs in the same period of time respectively. In order to complement
the adsorption results previously obtained, total organic carbon (TOC) analyses were measured,
after different contact times with the nanomaterials. During the first 30 minutes, graphene C/Co
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was reduced to c.a. 0.9, in presence of each THMs solution. MWCNTs and MOR show similar ad-
sorptions trends in comparison with graphene.
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1. Introduction

In Puerto Rico the water treatment plants are administrated by the Puerto Rico Aqueduct and Sewer Authority
(PRASA). The process for treating drinking waters is similar in the majority of drinking water treatment plants
(DWTP) in Puerto Rico because they use chlorine as a disinfectant to produce drinking water quality for con-
sumption. These processes begin with pre-chlorination in the water intake, and then the water passes to a mixing
chamber where Polymer 6803 is added to form sedimentation. The next step is flocculation, where a water sof-
tener salt is added. The final mechanical step is the filtration process where a sand filter with activated carbon is
used to remove taste and odor. Finally, the water is discharged to the distribution system, and chlorine is applied
again to reduce the presence of any pathogenic microorganism. In some water treatment plants, disinfection
by-products (DBPs), such as trihalomethanes (THMs) can be formed and in some cases they exceed the maxi-
mum contamination limit (MCLs) (0.080 mg/L) established in Stage 1, Disinfectants and Disinfection Bypro-
ducts Rule (DBPR) by the United States Environmental Protection Agency (USEPA) [1]. In addition the evalua-
tion of historical data of drinking water from PRASA shows a serious problem of water quality in terms of VOC
in drinking water. The principal municipalities with this problem in Puerto Rico are: Aibonito, Aguas Buenas,
Bayamon, Caguas, Canovanas, Cidra, Gurabo, Isabela, San Juan, Toa Baja, and Quebradillas. In these munici-
palities THMs were detectable more than two times in a year.

2. Trihalomethanes (THMs)
2.1. Chemistry of THMs

Approximately 600 - 700 DBPs have been reported in the literature as the major disinfectants used (chlorine,
ozone, chlorine dioxide, chloramines) as well as their combinations. DBPs are the result from the reactions be-
tween organic and inorganic matter in water with chemical treatment agents during the water disinfection
process. The THMs are halogen-substituted single carbon compounds with the general formula CHX3, where X
may be fluorine, chlorine, bromine or iodine or combination thereof. There are four of these combinations:
chlorodibromomethane (CHCIBr;), bromoform (CHBr3), chloroform (CHCI;) and bromodichloromethane
(CHBrCIl,) (Hua et al. 2010, Karim et al. 2011). Chemically, the formation of THMs (specifically compounds
based on chlorine) occurs in the chlorination process when the chlorine (Cl,) is added to water and is dissolved
in the medium of interest. The Cl, molecule (with zero oxidation state) rapidly undergoes a disproportionation
reaction in which one of the chlorine atoms is reduced to chloride CI™ and the other is oxidized to CI+, a highly
reactive species that rapidly displaces a proton from water to form hypochlorous acid (HOCI). The overall result
is the hydrolysis of the Cl, molecule.

C|2 + Hzo > HC] + HClO
K, (20°C) = 3.3 x 10*

Hypochlorous acid is a weak acid that undergoes partial dissociation in an alkaline pH to form the hypochlo-
rite ion (OCI") [2].

HOCI + H,0 «» H" + OCI”
K,=27x10°
The addition of hypochlorite ion produces a dissociation to form OH™ [2].
OCI" + H,0 <> HCIO + OH"

O,
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K =3.7x 107
The total concentration of Cl,, HOCI and OCI" is referred as free available chlorine.

2.2. Factors Affecting Formation of Disinfection By-Products (DBPs)

DBPs are the result of a reaction between a disinfecting agent (chemical or physical) and a precursor chemical in
the source water. The factors affecting formation of DBPs are: chlorine residual, temperature, contact time, pH,
and NOM. Chlorine dose from 2 to 16 mg/L will lead to an increase of reactions, therefore causing an increase
of HAAs and THMs formation [3]. The residual chlorine is define as the sum of the concentration of Cl,, HOCI
and OCI™ and is referred as free available chlorine. Seasonal variations are related to variations of raw water
quality, water temperature, and treatment plant operations. In fact, changes in operational parameters during
water treatment, for example, chlorine dose and pH adjustment, are generally a response to changes in both wa-
ter temperature and raw water quality [4]. The contact time to form THMs or other DBPs should be less than 5 h
(90%) and levels off at 96 hours [5]. The probability of THMs formation increases in pH range from 7.0 to 9.0,
no positive effect at pH > 9.5 [5]. NOM is composed of an heterogeneous mixture of humic substances (HS),
carboxylic acids, proteins, amino acids, polysaccharides, hydroxyl acids and other common components of sur-
face waters and are primarily of concern because it is a precursor to the formation of DBPs in drinking water [6] [7].

2.3. Description of the Study Area

From 2004 to 2011, THMs concentrations were found in CWTP and at different sampling sites across the water
distribution system (Pifias Abajo and Rio Hondo schools and Comerio Family Health Center). The present re-
search has been developed with the aim to provide new insights on this situation and to suggest possible solu-
tions. The main objectives of this research can be summarized as: 1) to quantify the THMs concentration in
CWTP, Pifias Abajo and Rio Hondo schools, Comerio Family Health Center and the residence of Vazquez Ortiz
family; 2) to evaluate different nanomaterials to be used as potential adsorbents; and 3) to suggest the use of new
nanomaterials to produce drinking water with sufficient quality. According to data of 2010, the municipality of
Comerio has an estimated population of 20,778. The CWTP owned and operated by PRASA, supplies drinking
water to an estimated 80% of the Comerio township population. The sampling sites were CWTP, Pifias Abajo
and Rio Hondo schools, and the Comerio Family Health Center. In addition, a house was selected for compari-
son purposes (Vazquez Ortiz residence). The water samplings were collected every two weeks for a period of
one year. The USEPA 502.2 method was the procedure used to evaluate the THMs concentrations [8]. The wa-
ter sampling collection began from February 2011 through February 2012.

2.4. Chemical and Physical Parameters Results

The average pH value was 7.84. The lowest pH value (7.06) was found in CDT on January 13, 2012, while the
highest pH value (8.69) was found in Rio Hondo school on 07/01/2011. The average temperature value was
25.7°C. The minimum temperature value was 20.2°C and it was found in Pifias Abajo school on February 25,
2011. The highest temperature value was 30.5°C and it was reported in the same sampling site on August 12,
2011. The average residual chlorine value was 1.06 mg/L. The lowest value was 0.06 mg/L on 04/08/2011 in
CWTP and the highest value was 2.20 mg/L found in CDT on 3/25/2011. The average value of TOC was 1.75
mg/L. The lowest value was 0.95 mg/L in CWTP on 08/26/2011 and the highest value was 14.26 mg/L in Vaz-
quez Ortiz residence on April 8, 2011.

2.5. THMs Concentrations in Drinking Water

The average THMs value found in this research was 0.0545 mg/L. The highest value was 0.1101 mg/L on
02/25/2011 in CDT sampling site. The lowest value was 0.0854 mg/L on 08/12/2011 in the same sampling site
(CDT). THMs formations were found in all sampling sites, moreover, in some sampling sites the THMs forma-
tion was detected only one time specifically in (Vazquez Ortiz residence, CWTP, and Rio Hondo and Pifias Ab-
ajo schools). The major THMs detection in water samples was found in CDT sampling sites for ten times,

(Table 1).
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Table 1. THMs concentrations found in this research.

Sampling dates Sampling sites THMs (Mg/L)
02/25/11 CDT 0.1101
03/11/11 CDT 0.0922
03/25/11 CDT 0.1008
04/08/11 CDT 0.0913
04/26/11 CDT 0.0935
05/20/11 CcDT 0.0922
07/01/11 CcDT 0.0907
07/29/11 CDT 0.0898
08/12/11 CDT 0.0854
10/07/11 CDT 0.0974
02/25/11 Véazquez 0.0967
02/25/11 Pifias 0.0901
03/25/11 CWTP 0.0869
02/25/11 Rio Hondo 0.0901

2.6. Physical Alternatives to Reduce THMs Concentrations in Drinking Water

Different physical approaches can be evaluated to reduce the formation of THMs and to remove them from
drinking water. Three different nanostructured materials were tested: multiwalled carbon nanotubes (MWCNTS),
zeolites (mordenite), and graphene flakes with the purpose to identify the appropriate nanostructured material to
adsorb THMs on their surface. CNTs are being explored as replace of charcoal (activated carbon) because this
nanomaterial effectively removes metal and organic contaminants from water [9]. MWCNTSs contain between 2
and more than 30 concentric cylinders placed around a common central hollow with spacing between the layers
close to that of the interlayer distance in graphite (0.34 nm). Other characteristics are: Electrical conductivity,
optical activity, and mechanical strength.

Zeolites are open-framework structures composed of tetrahedral SiO, and AlO,, and they are widely used as
solid acid/base catalysts. Mordenite (MOR) occupies a special place among zeolites used in adsorption and ca-
talysis thanks to its acid resistance, thermal stability, and acid properties. MOR is a zeolite that consists of two
types of channels; one is composed by 12-member rings (0.67 x 0.7 nm?) and the other, which comprises the
side pockets to the main channels, is composed of 8-member rings (0.26 x 0.57 nm?) [10]. Graphene is an allo-
trope of carbon whose structure consists of a single layer of carbon atoms bonded in a hexagonal lattice [11]. It
can be viewed as less than 10 layers of graphite. This material has attracted intense scientific interest due to its
unique two dimensional structure and remarkable electronic properties [12]. It has a large theoretical specific
surface area (2630 m?.g ) ([13], 2011), high intrinsic mobility (200,000 cm?v *.s™), thermal conductivity
(~5000 Wm™-K ™), optical transmittance (~97.7%), good electrical conductivity and high mechanical strength
[14].

2.7. Experimental Procedure

With the aim to test the different nanomaterials as potential adsorbers of THMs, four solutions of each THM
were prepared. Solutions of chloroform, bromoform, diclorobromomethane and dibrochloromethane with a
concentration of 90 ppb were prepared using CO,-free water and subsequently mixed with the different THMs
in an Erlenmeyer flask of 1000 mL. Next, 25 mg of each nanomaterial (MWCNTs, MOR and graphene) were
added to each solution. In this step different contact times were measured (30, 60, 120, 180 and 240 minutes,
respectively). After completed each contact time, approximately 90 mL of each sample was transferred to a cen-
trifuge tube and the mixture was centrifuged for 15 minutes at 3000 revolutions per minute (rpm). With the aim
to remove all possible residues of nanomaterial, the reaction mixture was also filtered by using disk filters of
0.45 pm. Samples were analyzed with a TOC analyzer Phoenix 8000 Kekmar Dohrmann and GS-MS Shimadzu
GC-MS-QP5050A purge and trap system. Each sample was run in duplicates and the mean value of each sample



J. H. Bourdon, F. M. Linares

was reported.

2.8. Characterization of the Nanomaterials

Figure 1 shows HRTEM (high resolution Transmission Electron Microscopy) images of the graphene used in
the present research. As can be seen there, disaggregation apparently was not fully accomplished during the ul-
trasound treatment in ethanol before observation by HRTEM. In these images, each horizontal line represents a
graphene sheet of one atom of thickness.

Mordenite was analyzed by SEM. Figure 2(a) and Figure 2(b) show the crystalline structure with different
orientations and aggregations of MOR obtained at low magnification. Figure 2(c), obtained at 50000 corres-
ponds to a single crystal of MOR.

MWCNTSs were also characterized by SEM. As can be seen in Figure 3(a), at low magnification agglomera-
tions of MWCNTSs with different shapes and particle size can be observed. At higher magnification these small
aggregates can be observed as mixed fibers (see Figure 3(b)). Each of these fibers corresponds to a multiwalled
carbon nanotube.

Figure 2. SEM micrographs of MOR showing the typical crystalline structure at 5000x (a) and
15000x (b), and detail of a single cystal observed at 50000% (c).

©,
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Figure 3. MWCNTSs observed by SEM at low magnification (a) showing compact ag-
gregates of bundles; and MWCNTSs observed at higher magnification (b).

Graphene flakes used in this research showed the highest specific surface area BET with a value of ca. 1850
m?/g. This BET result means that graphene has potentially more adsorption capacity than MOR (420 m?/g) and
MWCNTSs (585 m%(q), respectively.

Although MWCNTSs has more BET surface area than MOR, carbon nanotubes have lesser capacity of adsorp-
tion (with some contaminants such as THMs) than MOR. MOR was the nanomaterial with the lowest BET sur-
face area found in this research, with a value of 420 m?/g. Although MOR has a lower surface area in compari-
son with MWCNTS and graphene, MOR is composed by monodirectional channels that can increase the adsorp-
tion into the inner pore structure. On the other hand, the high Si/Al atomic ratio of this material indicates the
presence of acid sites that can increase the efficiency of interaction with other compounds (i.e. THMs).

2.9. THMs Adsorption by Nanomaterials

The adsorption of each nanomaterial was measured in different contact times of each THMs. Graphene was
found to be the nanomaterial with the highest adsorption capacity for THMs. In the first 30 minutes graphene
adsorbed 61.2 ppb of CHCls, 66.5 ppb of CHBr3, 59.1 ppb of Br,CHCI and 51.2 ppb of BrCHCI,. After 1 hour,
graphene adsorbed 78.2 ppb, 80.2 ppb, 75.7 ppb, and 66.6 ppb of CHCIlz, CHBr3 Br,CHCI, and BrCHCI, respectively.

The adsorption process in graphene is very fast during the first 120 minutes, where graphene adsorbed the
majority of THMs. At contact time of 120 min graphene was able to absorb the following concentrations of
THMs: 84.2 ppb of CHCI3, 85.8 ppb of CHBr3, 88.3 ppb of Br,CHCI and 80 ppb of BrCHCI,. At this contact
time is when graphene adsorbed 80 ppb or higher, being this concentration the MCL of THMs in drinking water.
The reason for the extremely high adsorption capacity of graphene is possibly due to the high specific surface
area in comparison with MOR and MWCNTSs. Graphene is formed by flakes of single layers or associations of
no more than 6 - 7 sheets (as was observed by HRTEM), being this fact the reason for the high surface area and
the high adsorption capacity.

In the first 30 minutes MOR adsorbed 45.2 ppb of CHCls, 54.7 ppb of CHBr3, 44 ppb of Br,CHCI and 36.1
ppb of BrCHCI,. The adsorption process of THMs by MOR is very fast during the first 60 minutes, when 70 ppb
of CHCI;, 75.8 ppb of CHBIr3, 66.8 ppb of Br,CHCI and 57.2 ppb of BrCHCI, were adsorbed. In 120 minutes
MOR adsorbed 81 ppb of CHCIs, 85.6 ppb of CHBr3, 78.2 ppb of Br,CHCI and 74 ppb of BrCHCI,. As oc-
curred for graphene, at this contact time (120 min) MOR adsorbed 80 ppb or higher concentrations of CHCI;
and CHBErs3, being this concentration the MCL of THMs in drinking water. In the case of Br,CHCI and BrCHCl,,
MOR adsorbed over 80 ppb after 180 minutes of contact time (Br,CHCI (81.7 ppb), BrCHCI, (81.3 ppb)). After
240 minutes the process is completed with a final adsorption of 89.4 ppb (CHCIs), 92.4 ppb of CHBr3, 87.5 ppb
of Br,CHCI and 84.9 ppb of BrCHCI,. MOR is a mono directional zeolite with channels organized in 12 mem-
ber rings. Due to this particular structure, MOR is able to incorporate pollutants inside their internal channels
and also to absorb them on the surface.

In this research MWCNTS was to be found the nanomaterial with the lowest adsorption capacity in compari-
son with graphene and MOR. During the first 30 minutes, MWCNTSs adsorbed 32 ppb, 30.2 ppb, 24 ppb and
20.8 ppb of CHCI;, CHBr3, Br,CHCI and BrCHCI,, respectively. The adsorption process experienced by this
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nanomaterial is lower in comparison with graphene and MOR, for example after 60 minutes MWCNTSs adsorbed
54 ppb of CHCI3, 47.7 ppb of CHBr;, 55.6 ppb of Br,CHCI and 46.9 ppb of BrCHCI,. After 120 minutes,
MWCNTSs does not complete the adsorption of 80 ppb (MCL) in each solution; only 71 ppb of CHCl3, 69.2 ppb
of CHBEr3, 55.6 ppb of Br,CHCI and 66 ppb of BrCHCI, were adsorbed. MWCNTS adsorbed 80 ppb or higher
concentrations after 180 minutes of contact time (80 ppb of CHCI; and 82.5 ppb of BrCHCI,). At 240 minutes
84.7 ppb of CHBIr3, and 85.1 ppb of Br,CHCI were adsorbed by MWCNTSs. The results observed using MWCNTSs
are currently being analysed and further experiments are performed to determine the significance of this unex-
pected behavior.

The adsorption behavior of THMs by graphene, MOR and MWCNTSs is summarized in Figures 4-7, corres-
ponding to the adsorption results of each pollutant on the three nanostructured materials.

2.10. NOM Adsorption by Nanomaterials

In order to complement the adsorption results previously obtained, total organic carbon (TOC) analyses were
measured, after different contact times with the nanomaterials, using the same solutions that those used to study
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Figure 4. Chlorodibromomethane adsorption by the different
nanomaterials used in this research at different contact times.
Graphene (*) MOR (¢), MWCNTs ().
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Figure 5. Bromodichloromethane adsorption by the different
nanomaterials used in this research at different contact times.
Graphene (*) MOR (¢), MWCNTS (»).
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Figure 6. Bromoform adsorption by the different nanomaterials
used in this research at different contact times. Graphene (*)
MOR (*), MWCNTs (=).
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Figure 7. Chloroform adsorption by the different nanomaterials
used in this research at different contact times. Graphene (*)
MOR (*), MWCNTs (=).

the THMs adsorption. Figures 8-11, show the C/Co ratio, where C is the TOC concentration measured at dif-
ferent contact times, and Co is the TOC concentration measured before addition of the nanomaterial (zero time).
At zero time, C/Co is always 1.0 in each THMs solution. In the case of graphene, during the first 30 minutes
C/Co was reduced to c.a. 0.9, in presence of each THMs solution. In all cases, after 60 minutes C/Co decreased
to 0.7. After 2 hours, C/Co was found to be in the range of 0.4 to 0.5 (Figures 8-11). After 240 minutes, gra-

phene was able to adsorb the majority of the organic matter present in the solution as THMs (C/Co was reduced
to ca. 0.2).

3. Discussion

THMs concentrations exceeding MCL established by USEPA are present in drinking water of Puerto Rico. The
chemical and physical parameters measured in this research demonstrated that the THMs formation occurs in pH
ranging from 7.34 to 8.19. The temperature for THMs formation ranged from 20.2°C to 27.9°C. The residual
chlorine for THMs formations ranged from 0.08 mg/L to 2.20 mg/L. The TOC concentrations where the major
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THMs were formed ranged from 1.01 mg/L to 5.83 mg/L. THMs were detected in ten occasions with a major
detection in CDT sampling site, due possibly to the presence of a water tank. This water storage increases the
accumulation of NOM and therefore the THMs formation. In addition, in Rio Hondo and Pifias Abajo schools,
CWTP and Vézquez Ortiz residence, THMs were measured only in one occasion. The formation of THMs is in-
fluenced by some factors such as: NOM, pH, residual and temperature. In our research, the adsorption studies of
THMs by the three selected nanomaterials show that graphene has the highest capacity of adsorption. Graphene
has an extremely high surface area in comparison with MOR and MWCNTSs. This enormous surface area, to-
gether with the special structure of this material, increases the exposure of graphene to contaminants. Graphene
adsorbs 80 ppb of each THM after 120 minutes of contact time, in comparison with MOR and MWCNTSs that
require higher contact times. MOR requires 120 minutes to adsorb 80 ppb of CHCI; and CHBr3; and 180 minutes

Bromodichloromethane
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Figure 8. Bromodichloromethane adsorption (TOC) by the different
nanomaterials used in this research at different contact times. Gra-
phene (*) MOR (+), MWCNTS (=).
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Figure 9. Bromoform adsorption (toc) by the different nanomaterials
used in this research at different contact times. Graphene (*) MOR (¢),

MWCNTSs (+).
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Figure 10. Chloroform adsorption (toc) by the different nanomate-
rials used in this research at different contact times. Graphene (*)
MOR (¢), MWCNTSs ().
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Figure 11. Chlorodibromomethane adsorption (toc) by the different
nanomaterials used in this research at different contact times. Gra-
phene (*) MOR (¢), MWCNTSs ().

to adsorb Br,CHCI and BrCHCI, respectively. MWCNTSs adsorbs 80 ppb or higher after 180 minutes of contact
times of each THMs. Therefore the MCL of THMSs in water (0.080 mg/L) established by USEPA could be ac-
complished by adsorption after two hours if graphene is used as adsorbent in water treatment plants (at least if
similar parameters used in this research are implemented in the water treatment plants). Graphene is the best
nanomaterial to reduce THMs in drinking water treatment plants.
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