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ABSTRACT: Activated carbon (AC) has been shown to remove precursors of
halogenated disinfection byproducts. Granular and powdered activated carbon (GAC,
PAC) were investigated for their potential to adsorb N-nitrosodimethylamine
(NDMA) precursors from blends of river water and effluent from a wastewater
treatment plant (WWTP). At bench scale, waters were exposed to lignite or
bituminous AC, either as PAC in bottle point experiments or as GAC in rapid small-
scale column tests (RSSCTs). NDMA formation potential (FP) was used as a
surrogate for precursor removal. NDMA FP was reduced by 37, 59, and 91% with 3, 8,
and 75 mg/L of one PAC, respectively, with a 4-h contact time. In RSSCTs and in full-
scale GAC contactors, NDMA FP removal always exceeded that of the bulk dissolved organic carbon (DOC) and UV absorbance
at 254 nm. For example, whereas DOC breakthrough exceeded 90% of its influent concentration after 10 000 bed volumes of
operation in an RSSCT, NDMA FP was less than 40% of influent concentration after the same bed life of the GAC. At full or
pilot scale, high NDMA FP reduction ranging from >60 to >90% was achieved across GAC contactors, dependent upon the GAC
bed life and/or use of a preoxidant (chlorine or ozone). In all experiments, NDMA formation was not reduced to zero, which
suggests that although some precursors are strongly sorbed, others are not. This is among the first studies to show that AC is
capable of adsorbing NDMA precursors, but further research is needed to better understand NDMA precursor chemical
properties (e.g., hydrophobicity, molecular size) and evaluate how best to incorporate this finding into full-scale designs and
practice.

1. INTRODUCTION

N-Nitrosodimethylamine (NDMA) is an emerging contami-
nant of concern that has been listed by the U.S. Environmental
Protection Agency (EPA) as a priority pollutant in drinking
water with a cancer risk level of 10−6 based on a 0.7 ng/L
lifetime exposure.1 EPA included NDMA in the Unregulated
Contaminant Monitoring Rule 2 (UCMR2) and is progressing
on a timeline to make a regulatory determination of
nitrosamines, including NDMA, by 2013. Canada has set a
40 ng/L guideline based on a 10−5 lifetime cancer risk,2 and
several U.S. states have already set action or notification levels
for NDMA. For example, the State of California has set a public
health goal of 3 ng/L based on a lifetime cancer risk of 10−6 and
a notification level of 10 ng/L.3

Drinking water disinfection with chloramines is well-known
to reduce the formation of halogenated disinfection byproducts
(DBPs) (e.g., trihalomethanes, haloacetic acids). Consequently,
the number of drinking water treatment plants (WTPs) in the
United States using chloramines as either a primary or a
secondary disinfectant increased 37% (from 944 to 1298)
between 2007 and 2010.4−6 However, NDMA has recently
been the subject of greater scrutiny, as it is preferentially

formed by chloramines, carcinogenic, and genotoxic.7−10

Therefore, there is a need to destroy (e.g., via preoxidation11)
or physically remove (e.g., via sorption) NDMA precursors
while recognizing the potential to form other DBPs. As the
EPA considers a regulatory determination for NDMA, it must
consider the appropriateness (cost and technical feasibility,
public health benefit) of drinking water treatment processes to
control NDMA formation, and effective physical removal of
NDMA precursors is currently not described in the literature.
NDMA can form in water during chloramination of either

drinking water or wastewater.12−16 NDMA has been associated
with the reaction between chloramines (primarily with trace
levels of dichloramine present), and certain secondary, tertiary,
and quaternary amines present in the water source.12,13,15,17−19

For example, cationic polymers, shampoos, pharmaceuticals,
and ion exchange resins are all sources of amines capable of
producing NDMA upon chloramination.15,20−25 Direct dis-
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infection with chloramines is not requisite, as waters containing
high concentrations of ammonia (wastewater treatment plant
(WWTP) effluent) will form chloramines when disinfected
with free chlorine. NDMA has also been shown to form during
ozonation. Furthermore, several nitrosamines are byproducts of
rubber decomposition or leaching in distribution systems.26,27

Therefore, unit processes capable of physically removing
NDMA precursors should be capable of removing amine-
containing organic moieties.
Wastewater effluent is known to contain nitrogenous

precursors capable of forming NDMA.18,22,28−31 Many drinking
water sources are impacted by upstream WWTP discharges.
Dotson et al.32 found no NDMA formation in natural organic
matter (NOM) isolates until the dissolved organic carbon
(DOC)/dissolved organic nitrogen (DON) ratio became less
than 20 mgC/mgN, except in a single outlier. The majority of
the N-enriched organic matter (low DOC/DON) that formed
NDMA occurred in certain N-rich fractions (e.g., hydrophilic
bases) and especially in wastewater effluents. NDMA formation
from WWTP isolates was substantially higher than that from
algal-impacted waters. Several pharmaceuticals and personal
care products (PPCPs) containing tertiary or quarternary
amines have been shown to have nitrosamine formation
potential (FP) when chloraminated.20,21,24 Although specific
molar yields are low for most individual PPCPs, it is possible
they are responsible for a large additive formation. Typical
concentrations of PPCPs in drinking water influents are difficult
to determine because of their low concentrations and because
robust methods do not exist for all analytes of interest.
However, at least one study has found ranitidine (a
pharmaceutical with exceptionally high conversion to NDMA
upon chloramination) occurrence in natural waterways, which
gives some insight into the incidence of pharmaceuticals and
their metabolites in the environment.33 Therefore, physical
removal of NDMA precursors should consider the effectiveness
of removing both bulk DON materials with hydrophilic
properties and trace-level organics such as pharmaceuticals.
Very little published data is available on successful removal of

NDMA precursors from drinking waters. One study using very
long contact times (7 days) with powdered activated carbon
(PAC) showed substantial removal of NDMA FP in drinking
water matrices.15 However, the study did not show (for
reference) how much dissolved organic matter (e.g., DOC) was
removed. Another study showed good removal of NDMA FP
across biologically active carbon (BAC) while treating a
secondary wastewater effluent but noted that additional
research was needed to separate sorption from biological
degradation of the precursors.34

It is well documented that the formation of currently
regulated DBPs (THMs, HAAs) are related to the levels of
DOC and/or UV254 in water.35−38 Thus, removal of DOC and
UV254 by granular activated carbon predictably correlates with
the removal of THM or HAA precursors.39 However, NDMA
formation is not correlated to the bulk parameters of DOC or
UV absorbance.40 We hypothesized that the removal of NDMA
precursors should not follow the trend in DOC or UV
absorbance removal by activated carbon. First, PAC experi-
ments with contact times more commonly used in water
treatment (e.g., 4 h) were conducted with a variety of water
sources to demonstrate removal of precursors, including
specific precursors previously known to form NDMA
(pharmaceuticals) as well as those quantified by NDMA FP
tests. Second, rapid small-scale column tests (RSSCTs) were

conducted with GAC to evaluate the relative removal of bulk
organic matter as quantified by DOC, UV absorbance, and
NDMA FP. Finally, two drinking water facilities utilizing GAC
were sampled to demonstrate removal of NDMA precursors.
Our PAC and GAC results showed that NDMA precursors
were removed much better than DOC or UV254, and these
results are to our knowledge the first to demonstrate this.
Furthermore, these results are the first to call attention to the
difference between NDMA precursor removal by AC and the
removal of precursors (i.e., DOC, UV254) for regulated DBPs
(THMs, HAAs). Therefore, we believe this to be quite novel,
with profound implications for drinking water and wastewater
reuse systems, specifically on the design of PAC or GAC
contactors if the goal is to control NDMA rather than THMs.

2. MATERIALS AND METHODS
2.1. Water Sources. Secondary wastewater effluent was

used directly in some instances as it was known to contain
NDMA precursors. In other cases, secondary wastewater
effluent was used in combination (blended), with a surface
water (SW) to represent potential drinking water sources
impacted by wastewater.
Secondary effluent was collected from a WWTP (activated

sludge treatment) in the Phoenix metropolitan area (AZ) and
stored at Arizona State University (<4 °C) until used. SW (Salt
or Verde River water) was collected from the Salt River Project
canal system (AZ), as described elsewhere.41,42 Typical water
quality parameters are given in Table 1. Samples were filtered

onsite (1 μM, CLR 1-10 Pall Corporation, Port Washington,
NY). Two pilot systems used ozone and biofiltration. At Pilot
Plant 1, a U.S. secondary treated wastewater was chloraminated
before a reverse osmosis (RO) system, and the pilot system
treated the RO concentrate in an attempt to maximize overall
water recovery using a secondary membrane system. The RO
concentrate was treated with ozone and BAC to mineralize and
remove DOC in order to minimize fouling of the secondary
membrane system. At Pilot Plant 2, ozone followed by BAC
was used to treat water from the Yangtze Delta, China. Two
full-scale GAC drinking water systems, Full-Scale Plants 1 and 2
(empty bed contact time [EBCT] = 20−21 min), which
employed coagulation/sedimentation upstream and no ozona-
tion, were also evaluated for their potential to remove NDMA
FP.
Separate batch adsorption experiments were conducted by

spiking pharmaceuticals into >18.2 MΩ-cm water containing 1
mM NaHCO3 (pH = 8.0). All glassware was detergent cleaned,

Table 1. Raw Water Quality Parameters of Selected Water
Sourcesa

Source water
DOC
(mg/L)

UV254
(m−1)

TDN
(mg/L-N)

NDMA FP
(ng/L)

Secondary WW eff 5.5 10 3.4 1500
SW 4 7 0.02 13
SW blended with secondary effluent (WW)
10% WW + 90% SW 3.9 7.5 0.64 116
50% WW + 50% SW 4.5 9.2 2.0 398
90% WW + 10% SW 5.2 11 3.3 552

aSamples for blends were collected at different time of day on a
different day than secondary effluent #1. Secondary effluent #1 was
used for PAC bench scale experiments while blends were used for
RSSCTs. pH of samples was between 7.5 and 8.2.
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acid washed (>24 h submerged in 10% HCl), and heated to
500 °C in a muffle furnace prior to use.
2.2. Reagents. All reagent water was >18.2 MΩ-cm and of

laboratory grade. Sodium hypochlorite (5.65−6%) was
purchased from Fisher Scientific (Fairlawn, NJ). Sodium
borate, sodium hydroxide, and sodium sulfite were also
purchased from Fisher Scientific. Ammonium chloride was
obtained from Sigma Aldrich (St. Louis, MO). Dichloro-
methane (DCM) and methyl tert-butyl ether (MTBE) were
purchased from EMD Chemical (Gibbstown, NJ). Deuterated
NDMA (NDMA-d6) was purchased from Cambridge Isotopes
(Andover, MA) and diluted to 100 μg/L before use. Anhydrous
sodium sulfate cartridges (Bond Elut Jr.) were purchased from
Agilent Technologies (Santa Clara, CA). Pharmaceuticals were
purchased from Sigma Aldrich.
Hydrodarco B (HDB), Hydrodarco 3000 (HD3000), and

GAC 820 were obtained from Norit Americas, Inc. (Marshall,
TX). WPH was obtained from Calgon Carbon Corp.
(Pittsburgh, PA).
2.3. Adsorption of NDMA Precursors. PAC studies with

wastewater were conducted in triplicate in 1-L amber
borosilicate bottles filled to 700 mL with sample. PAC
experiments with pharmaceuticals were conducted in 250-mL
amber borosilicate bottles. PAC slurries (WPH, HDB) were
prepared in reagent water and allowed to hydrate for a
minimum of 24 h before use. A summary of carbon
characteristics used for experiments is given in Table SI-1.
Samples were agitated on a shaking table (∼200 rpm). At
prescribed times, samples were filtered to remove suspended
PAC using glass-fiber filters that had been precombusted at 500
°C (GF/F, Whatman, Maidstone, UK).
RSSCTs were conducted in accordance with previously

established methods for the scaling of fixed-bed adsorber
systems.43−45 Proportional diffusivity was considered given the
unknown composition of organic matter present in the
wastewater and was used to determine the appropriate
RSSCT parameters. A summary of the parameters used during
the design is given in Table SI-2. HD3000 and GAC 820 were
crushed manually with a mortar and pestle and wet sieved to
obtain a mean particle diameter of 0.0049 cm (140 × 170
mesh). The RSSCTs were designed to adhere to constraints set
by Crittenden et al.44 and Summers et al.;46 specifically,
Reynolds number = 1.12 to limit dispersion effects, and
Reynolds × Schmidt = 1000. Wall and channeling effects were
mitigated by designing the column diameter to particle
diameter ratio to be greater than 50. A simulated full-scale
EBCT of 10 min was selected. Temperature was kept constant
at 25 ± 2 °C. Piston pumps with stainless steel heads were used
to distribute a single sample to the 4 columns, and the pH of
the samples was not adjusted. Column effluent was collected in
precombusted 1-L amber borosilicate bottles. Because of the
relatively low flow rate from the columns (14.5 mL/min)
compared with the large volume needed for analysis, samples
were assumed to be taken at the midpoint of bottle filling.
2.4. NDMA FP. Chloramination was conducted using FP

conditions in which an excess of monochloramine was allowed
to react for 72 h (or 7 d). In most tests, a monochloramine
stock solution was prepared by adding sodium hypochlorite to
a 1-M borate solution adjusted to pH 8. Free chlorine was
measured three times by a Hach DR 5000 spectrophotometer,
and ammonium chloride was added to produce a N:Cl molar
ratio of 1.2. The solution was allowed to react in the dark for 1
h. Ammonia (to confirm negligible background concentrations)

and DOC were first quantified in the sample. Samples were
buffered at pH 8 using 10 mM borate and dosed with the
buffered monochloramine stock solution at three times the
amount of DOC (3 × mg-C/L = mg/L of NH2Cl as Cl2)
(bench-scale PAC and RSSCT samples). In other tests,
ammonia was added first and chlorine was added second to
form an excess of chloramines in situ (Cl2 = 3 × DOC and Cl2/
N weight ratio = 3:1 (full-scale samples) or 20 mg/L as Cl2
(Pilot Plant 2)). The samples were allowed to react in the dark
for 72 h (or 7 d for Pilot Plant 2) at 25 °C. The reaction was
stopped using 0.1 g of aqueous sodium sulfite or an excess of
ascorbic acid. For each set of samples and related (bench, pilot,
or full scale) tests, all samples were evaluated using the same
protocol.

2.5. Analytical Methods. NDMA was extracted from
samples following a protocol similar to EPA Method 52147 or
the standard method with Ambersorb.48 In method 521, solid
phase extraction (SPE) AC cartridges (Supelclean Coconut
Charcoal, Supleco, Belafonte, PA) were conditioned using
DCM, MTBE, and finally deionized water (DI) water. NDMA-
d6 was spiked into 500 mL of sample, and the samples were
passed through the cartridges at 5 mL/min. The column was
dried with ultrahigh-purity nitrogen. Adsorbed NDMA was
eluted using 5 mL of DCM. The eluent was dried using a
syringe cartridge containing anhydrous sodium sulfate. The
sample was evaporated to 1 mL under ultrahigh-purity
nitrogen.
The extracted samples in most cases were analyzed using a

method similar to that of Charrois et al.49 with an Agilent
6890N/5973 inert gas chromatography/mass spectrometry
(GC/MS) system operated in positive chemical ionization
(CI) mode with ammonia as the reagent gas. The samples were
eluted on an Agilent DB-1701P column after split-less injection
(4 μL,15 psi initial, 45 s pulse, followed by 10 psi) at 250 °C
using a reduced diameter solid-phase micro extraction (SPME)
inlet liner (Sigma Aldrich). Helium was used as a carrier gas
and was initially pulsed at 1.9 mL/min for 45 s and then at 1.3
mL/min for the rest of the run. The temperature program was
as follows: 40 °C for 3 min, ramped to 80 °C at 4 °C/min, and
finally ramped to 120 °C at 20 °C/min. The transfer line
temperature was set to 200 °C. The mass-selective detector was
set to analyze for mass-to-charge ratios of 92 (NDMA + NH4

+)
and 98 (NDMA-d6 + NH4

+). Quantification was performed
against the NDMA-d6 internal standard. The Ambersorb
standard method also utilized GC/MS-CI, whereas Pilot
Plant 2 samples were analyzed using liquid chromatography
(LC)/MS.50

Pharmaceuticals were analyzed with a method similar to that
of Yoon et al.51 using high-pressure LC (HPLC) (Alliance 2695
and Waters 2996 UV detector). In brief, a Waters 5-μm
LiChrosorb RP18 (4.6 mm × 10 mm) was used for reverse
phase separation. A 200-μL sample loop was used for injections,
and the solvent profile was isocratic, containing 10 mM H3PO4,
and was 55% MeOH and 45% DI water at 1 mL/min.
DOC and total dissolved nitrogen (TDN) were measured

using a Shimadzu Total Organic Carbon (TOC)-VCSH by
applying standard methods.48 UV absorbance was measured
using both a Hach DR5000 and a Shimadzu Multispec-1501.

3. RESULTS AND DISCUSSION
3.1. PAC Adsorption of NDMA FP from Wastewater.

Experiments previously conducted on two wastewaters with
high (20−1000 mg/L) PAC dosages (WPM) (7-day contact
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time) suggested that NDMA precursor removal could occur
(details summarized elsewhere52). In these waters, NDMA FP
decreased from 371 ng/L in one wastewater (DOC = 9.7 mg-
C/L) to 66 and 18 ng/L after 50 and 1000 mg/L PAC,
respectively. In a second wastewater (DOC = 13.3 mg-C/L),
PAC doses of 50 and 500 mg/L reduced NDMA FP from 1390
to 385 and 15 ng/L, respectively. A third sample of wastewater-
derived soluble microbial products was also tested by growing
bacteria on a nutrient broth in a simulated activated sludge
system as described in detail elsewhere.52 PAC doses of 50 and
500 mg/L reduced NDMA FP from 78 to 25 ng/L and below
the reporting level (2 ng/L), respectively. Independent of initial
NDMA FP levels, 50 mg/L of PAC reduced NDMA FP by 74
± 7%, and >95% at PAC doses at or above 500 mg/L. These
experiments suggested that AC could remove NDMA FP
precursors, but these initial PAC dosages and contact times are
unrealistic for WTPs.
A second set of experiments with a range of PAC doses of

15−210 mg/L and a contact time of 4 h was conducted with a
secondary treated wastewater (DOC = 6.6 mg-C/L) with a
NDMA FP of 544 ng/L. Surprising to us, Figure 1 shows that
even the lowest dosage of PAC removed 70% of the NDMA

FP. Increasing dosages up to 75 mg/L continued to remove
NDMA FP, achieving slightly more than 90% NDMA FP
removal. PAC dosages higher than 75 mg/L achieved
incrementally little additional NDMA FP removal. Thus,
although NDMA precursors can be readily sorbed, even from
a complex water matrix such as treated secondary effluent, a
very small percentage (∼5%) of NDMA FP exhibits a low
affinity for PAC.
Experiments comparing two PAC types (lignite and

bituminous based) at dosages reasonable for use in WTPs
were performed with a secondary effluent (DOC = 5.6 mg-C/
L) containing a NDMA FP of 1470 ng/L. Figure 2 shows the
fraction of NDMA FP and UV absorbance at 254 nm (UV254),
where UV254 is a surrogate for strongly adsorbing organic
matter. The two different carbon materials removed NDMA FP
and UV254 differently, but both showed increasing removal as
a function of PAC dose. The bituminous PAC had greater
iodine no., surface area, and pore volume than the lignite, but
lower molasses no. (Table SI-1). In these experiments, the
bituminous PAC removed nearly 40% of the NDMA FP with a
low PAC dose of only 3 mg/L and higher removals of 59% and
91% with dosages of 8 and 75 mg/L, respectively. At a

Figure 1. NDMA FP reduction with bituminous PAC in a secondary WWTP effluent; the control sample (C0; no PAC) contained 544 ng/L of
NDMA FP.

Figure 2. NDMA FP and UV254 absorbance reduction in a secondary wastewater effluent after treatment with bituminous (WPH)- and lignite
(HDB)-based PACs. The control sample (no PAC) had a NDMA FP of 1470 ng/L and UV254 = 0.11 cm−1.
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bituminous PAC dose of 3 mg/L, less than 15% of the UV254
was removed, compared with nearly 40% of the NDMA FP.
Bulk DOC removals were lower than UV254 removals (Figure
SI.1). In all cases, NDMA FP removal was higher than UV254
or DOC removal, indicating a preferential removal of NDMA
FP precursors in treated wastewater than the bulk NOM.
Although research regarding adsorption of NDMA pre-

cursors is limited, our findings support the limited other
existing data suggesting that AC may have potential for NDMA
FP reduction.15,34,52 For example, one study showed ∼50%
reduction of NDMA FP in three of four SWs tested at a PAC
dose of just 5 mg/L and 50−90% reduction at 20 mg/L.15

Other nitrosamines were found to form in quantities an order
of magnitude lower than that of NDMA. Based on R2 ≥ 0.9 for
Freundlich isotherms (NDMA FP versus residual NDMA FP)

(Table SI-3), Sacher and colleagues15 suggested that NDMA
formation occurred from single solutes specific to their water
source or from a specific group of solutes that adsorbed
similarly.15 Isotherms for precursors for halogenated DBPs
formed from bulk NOM do not typically correlate well due to
the variability in precursors and their respective hydro-
phobicities. Because the objective was to generate isotherms
in the latter study, the PAC contact time was long (7 d) and
unrepresentative of full-scale treatment scenarios.

3.2. Sorption of NDMA-Yielding Pharmaceuticals by
PAC. To further explore the removal of NDMA precursors, we
selected five pharmaceuticals known to yield NDMA upon
chloramination. Although, in general, these specific pharma-
ceuticals have not been detected in natural waterways (likely
due to extremely low concentrations, a lack of inclusion in

Table 2. Properties of Selected NDMA-Forming Pharmaceuticals (Isotherm Experiments Were Conducted at pH 8)58,59

Figure 3. Fraction remaining of pharmaceuticals (C0 = 150 μM) in DI water or blended surface and treated wastewaters after 24 h contact time with
PAC (WPH). PAC doses in DI water were selected to achieve roughly 75% removal and were 11, 25, 18, 28, and 54 mg/L for carbinoxamine,
ranitidine, diphenhydramine, tretracycline, and chloropheniramine, respectively.
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common monitoring programs, or their degradation products
may be present), their combined conversion to NDMA or that
of their degradation products or of other pharmaceuticals with
amine moieties could be potentially responsible for significant
additive formation. Sorption experiments in pH-buffered
nanopure water (Figure SI-2) were fit by Freundlich isotherms.
Relevant information on these pharmaceuticals and the
isotherm parameters Kf and 1/n are presented in Table 2. In
all cases, the 1/n values were less than unity, suggesting
favorable sorption tendencies. For a final aqueous concen-
tration equivalent to 10% of the initial dose, the order of
removal from highest to lowest followed the order carbinox-
amine > ranitidine > diphenhydramine > tetracycline >
chlorpheniramine. To understand the influence of competing

sorbates, experiments with PAC were conducted in DI water (1
mM NaHCO3) or a blend of SW and secondary effluent. Figure
3 shows the fraction remaining of each pharmaceutical in the
two water matrices after 24 h along with controls (no AC). The
presence of background organic matter in the blended waters
had minimal effect on the sorption of ranitidine or tetracycline
but decreased the removal of the other three pharmaceuticals.
Carbinoxamine was not removed in the presence of other
background organic matter (blended water). This suggests that
the removal efficiency of some pharmaceuticals is strongly
dependent on the presence of background, competing sorbates
present in surface or treated wastewaters.

3.3. Removal of NDMA FP in RSSCTs. RSSCTs were
conducted with three blends of SW and secondary effluent. For

Figure 4. DOC and UV254 breakthrough in GAC packed beds using blended SW and secondary wastewater effluent. Symbols and lines represent
DOC breakthrough, whereas symbols alone represent UV254 breakthrough, and symbols with dashed lines represent NDMA FP precursor
breakthrough with blends of SW and secondary effluent (WW) for GAC820 (◊ for 10% SW + 90% WW; △ for 50% SW + 50% WW; □ for 90% SW
+ 10% WW) or HD3000 (○ for 50% SW + 50% WW).

Figure 5. NDMA FP after GAC packed bed treatment with blends of SW and secondary effluent (WW). Control samples (no GAC) contained 116,
398, and 552 ng/L of NDMA FP in blends containing 10, 50, and 90% SW, respectively.
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one blend, two different types of GAC (bituminous and lignite)
were used. Table 1 summarizes the DOC, UV254, TDN, and
NDMA FP of the blended waters before they passed through
the RSSCTs. TDN breakthrough occurred in less than 500 bed
volumes in all experiments, indicating poor removal of DON,
which is a bulk parameter, part of which contributes to NDMA
formation.39,53 Fifty percent breakthrough of UV254 and DOC
occurred after approximately 3500 and 4000 bed volumes,
respectively, and did not vary much among the blends of water
or GAC types (Figure 4). In contrast, NDMA FP removal
exceeded 50% in all cases, even after 10 000 bed volumes
treated, providing insight into the longevity of GAC contactor
life for NDMA precursor removal. Influent water with higher
NDMA FP (90% WW + 10% SW blend) exhibited higher
absolute levels of NDMA FP in the RSSCT effluent compared
with the two other blended waters (Figure 5). In our batch and
RSSCT experiments, the bituminous GAC (GAC 820)
removed NDMA FP, DOC, and UV254 slightly better than
the lignite-based (HDB 3000) GAC did. The bituminous GAC
had greater iodine no. and surface area, but less pore volume
and a lower molasses no. than the lignite-based GAC (Table SI-
1). The results show continued removal of NDMA precursors
even after nearly complete breakthrough (C/C0 >85%) of
DOC was achieved. The order of removal efficiency in the
RSSCTs was NDMA precursors ≫ UV254 > DOC ≫ TDN.
These are the first published NDMA precursor breakthrough
curves using GAC.
3.4. NDMA FP Removal in Pilot-Column Studies and

Full-Scale GAC Applications. Preliminary evidence that
NDMA FP can be removed at pilot and full scale was obtained.
At Pilot Plant 1, the NDMA level was 315 ng/L in the RO
concentrate (NDMA FP = 413 ng/L, which was the sum of the
NDMA formed and the amount of precursors present (i.e.,
NDMA precursors = 98 ng/L)). This RO concentrate was then
ozonated (NDMA = 265 ng/L; NDMA FP = 304 ng/L (i.e.,
NDMA precursors = 39 ng/L))ozone destroyed a substantial
portion of the NDMA precursors11and treated using a BAC
bed (EBCT = 15 min). After BAC treatment, the NDMA was

only 3 ng/L and NDMA FP was only 35 ng/L (NDMA
precursors = 32 ng/L). DOC was reduced from 51 to 39 mg-
C/L after BAC. Thus, BAC treatment removed almost all of the
preformed NDMA, but a relatively low percentage (∼20%) of
bulk DOC or the NDMA FP precursors.
At Pilot Plant 2, BAC treatment consistently lowered NDMA

FP over a period of 3 months of operation. NDMA FP after
ozonation ranged from 16 to 66 ng/L (47 ± 19 ng/L), and
BAC effluent always contained less than 11 ng/L (5 ± 4 ng/L);
on any given sampling day, BAC achieved an average removal
of 88 ± 6% (n = 7). DOC removal across the BAC was greater
than 45% during the first month of operation but decreased to
only 16% by the final sampling date. On this date, NDMA FP
still decreased from 59 to 3.5 ng/L across the BAC.54

Adsorption of bulk DOC was occurring during initial
operations, where the ability to remove NDMA FP lasted
longer than that of the DOC. This level of precursor removal
by BAC in Pilot Plant 2 is comparable with pilot-plant data for
a reclaimed wastewater that showed a 75% decrease in NDMA
FP, from ∼250 to ∼50 ng/L, across BAC.34 However, this was
not the case for Pilot Plant 1, where it is possible that NDMA
precursors were destroyed or altered by preozonation.11 In all
three cases it is difficult to separate removal of NDMA formed
or present at the pilot plants and removal of NDMA precursors
by sorption onto AC and/or biodegradation. Nonetheless, in
Pilot Plant 2, removal of NDMA FP could be compared to that
of the bulk NOM over time, which likely involved an adsorptive
process. It should be noted that extensive literature exists on
NDMA sorption by virgin AC under relatively low flow rates; in
fact, AC is used during the extraction of NDMA from water in
the analytical method.47,49,55,56 Moreover, under the low level
of precursors present in our waters, the findings suggest that
NDMA formation via catalysis of amines on AC surfaces, which
has been reported elsewhere,57 is probably not important (note,
in the full-scale GAC testing, NDMA was not detected at or
above the minimum reporting level at either plant studied).
Full-Scale Plant 1 was sampled twice. The GAC influent

DOC was ∼2.7 mg-C/L, and achieved ∼40% removal of DOC

Figure 6. TOC, UV254, and NDMA FP reduction across parallel GAC contactors being fed with a common coagulated/settled water at a full-scale
WTP (data at time zero represent GAC influent results).
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and ∼60% removal of UV254 in a blended effluent from the
GAC contactors. During one sampling campaign, NDMA FP
decreased from 17 to 6.2 ng/L across the GAC system (64%
adsorbed). During another sampling campaign, the utility also
added free chlorine ahead of the GAC, and NDMA FP was
reduced from 27 ng/L in the plant influent to 2 ng/L in the
GAC effluent (93% overall reduction) owing to both
oxidation11 and sorption.
At Full-Scale Plant 2, samples were taken from several

different GAC contactors that were regenerated individually
and (EBCT = 21 min) supplied by a common feedwater, which
had not been preoxidized. Data for TOC, UV254, and NDMA
FP are presented in Figure 6 (influent normalized breakthrough
curves are presented in Figure SI-3). GAC contactor influent
water contained 1.6 mg-C/L of TOC, 2.9 m−1 of UV254, and
14 ng/L of NDMA FP. GAC contactors had been operated for
33, 160, and 283 days after regeneration and these achieved 84,
74, and 54% reduction in NDMA FP, respectively. After varying
periods of GAC packed bed contactor operation (i.e., days since
last regeneration), the efficiency of TOC and UV254 removal
decreased (Figure 6). After 160 days of operation, less than
30% of the TOC or UV254 was removed. NDMA FP removal
exceeded 57%, even after the longest operating period, and was
greater than TOC or UV254 removal for the two contactors
that had the longest time since regeneration. The most recently
regenerated contactor had only modestly greater TOC and
UV254 reduction over NDMA FP. However, this could be an
artifact of the fact that NDMA FP was near the minimum
reporting level in the latter contactor, where the accuracy of
measurement is not as good. Nonetheless, this suggests that
different types of NDMA FP precursors exist, one that is
strongly sorbed to GAC and one that is not well sorbed by
GAC.
We provided full-scale GAC results from two plants, one of

which used prechlorination in one sample event but not in the
other, and at a second plant with no preoxidation. These full-
scale results showed that NDMA precursors were better
removed than bulk DOC and that even when there was DOC
breakthrough, there was still good removal of NDMA
precursors, as was shown in the RSSCTs. The pilot-scale
results complement the bench-scale results as there are many
plants in the U.S. that use ozone and GAC, perhaps more than
use GAC alone. Moreover, Pilot Plant 2 was achieving good
DOC removal for much of the testing, which allowed us to
evaluate the ability of GAC to also remove NDMA precursors.
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