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Abstract

This work describes the characterization of a solid-phase extraction (SPE) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based method for the analysis of
acrylamide (AA) in complex environmental waters. The method involved the SPE of AA using
activated carbon, and the AA was detected with MS/MS after separating on an ion exclusion high-
performance liquid chromatography (HPLC) column. The method incorporated two labeled AA
standards for quantification using isotope dilution and to assess absolute extraction recovery. The
method was evaluated for inter- and intra-day precision and accuracy. The method was both
accurate (i.e., < 30% error) and precise (i.e., < 20% RSD), with absolute extraction recoveries
averaging 37%. The MS provided excellent sensitivity, with instrumental limits of detection
(LOD) and quantitation (LOQ) values of 23 and 75 pg, respectively. The method detection limit
(MDL) was determined to be 0.021 pg/L. The analysis of AA was successfully performed in real-
world samples that contained total dissolved solids (TDS) concentrations ranging from 23,600 to

297,000 mg/L and AA concentrations ranging from 0.082 to 1.0 pg/L.
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Introduction

Acrylamide (AA) is the monomer that forms the widely used
polyacrylamide, which is utilized extensively to aid water clarification at
wastewater treatment plants (WWTPs) and as a grouting agent in wells [1,2].
Water treatment and industrial operations, especially from plastics and resins, are
the main sources of AA in the environment [1,3]. AA has been classified as
probably carcinogenic to humans by the International Agency for Research on
Cancer (IARC) [4], who subsequently considered it a high-priority agent in 2008
due to the discovery that AA is also a dietary contaminant [5,6]. According to the
US Environmental Protection Agency’s (EPA) Toxic Release Inventory database,
AA releases from industry to land and water totaled over 7 million 1bs in 2010 in
the US, with >98% of the total released AA being injected into underground
injection class I wells [7]. The US EPA has set a maximum contaminant level
goal (MCLG) for AA of zero and requires water suppliers to demonstrate that the
AA monomer is present at concentrations less than 0.5 pg/L [3].

AA is a small, polar, and hydrophilic molecule, which makes it difficult to
analyze using conventional techniques, especially in complex aqueous matrixes.
Methods for the detection and quantitation of AA have typically involved
chromatographic separation followed by detection using spectrophotometry or
mass spectrometry. For example, EPA Method 8316 utilizes high-performance
liquid chromatography (HPLC) coupled to UV absorbance (195 nm) detection to
monitor AA [8]. However, the reversed-phase C18 column used in this method
does not retain AA, and the detection limit (10 pg/L) is too high for regulatory
purposes. Similarly, Weideborg et al. used an HPLC-UV method with a detection
limit of 5 pg/L to monitor AA in drainage water contaminated from grouting

agents [9]. EPA Method 8032A utilizes the Hashimoto method [10], which



involves the bromination of AA, followed by GC-ECD analysis [11]. This method
provides much lower detection limits (0.03 pg/L); however, the derivatization
process is time-consuming, and the AA may suffer from interferences and poor
extraction efficiencies in complex matrixes. Large-volume injection (LVI) LC-
MS- and LC-MS/MS-based methods that do not utilize extraction or
derivatization have also been developed for the determination of AA [12,13].
However, the LVI-LC-MS method suffered from high detection limits [12], and
the LVI-LC-MS/MS method required the use of the Ion Sabre APCI ionization
source to attain acceptable limits of detection (0.03 pg/L) [13]. The recent
discovery that AA is a common food contaminant in many starchy foods [6] has
spurred the development of methods that use solid-phase extraction (SPE)
techniques prior to LC-MS/MS analysis [14,15]. Because environmental aqueous
samples are quite different from food samples, however, different types of
extraction sorbents are required.

Activated carbon has been used for the SPE of AA, first in conjunction
with GC-MS [16], then with LC-MS/MS [17]. This sorbent has been shown to
effectively retain AA from large volumes (i.e., >250 mL) of aqueous samples.
However, differences in the manufacturing of the cartridges (i.e., in-house
construction vs. commercially made SPE cartridges) and differences in the
extraction and analysis conditions have led to a lack of overall characterization of
the SPE-based method. In this work, we characterize the LC-MS/MS-based
method and incorporate both a surrogate and internal standard to improve the
method. We also demonstrate for the first time the method’s effectiveness in
complex environmental samples that contain total dissolved solids (TDS) at

concentrations well in excess of 20,000 mg/L.



Materials and Methods

Chemicals and Reagents

Acrylamide (AA, CAS# 79-06-1), acrylamide-2,3,3-d; (98 atom % D, AA-
ds;, CAS# 122775-19-3), and hydroquinone were from Sigma-Aldrich (St. Louis,
MO). Acrylamide-1-"C (99 atom % *C, AA-">C, CAS# 287399-24-0) was from
Isotec (Miamisburg, OH). Methanol was from Fox Scientific (Alvarado, TX).
Acetonitrile was from Burdick and Jackson (Honeywell International, Muskegon,
MI), and formic acid (FA, +96%) was from EK Industries (Joliet, IL). Water was
generated in-house from a Barnstead NANOpure water purification system. Stock
solutions (0.5-1 mg/mL) of individual standards and standard mixtures were
prepared by dissolving accurate amounts of the standard compounds in methanol.
The stock solutions contained 0.1 mg/mL hydroquinone to prevent polymerization
of the AA monomer. Working standard solutions were obtained by further

dilution of the stock solutions with methanol and were stored at 4°C in the dark.

Samples

The method was initially validated using samples consisting of AA spiked
into ultrapure water at various concentrations. Various environmental samples
were also used to assess the method for the determination of AA. The samples
included discharge from a wastewater treatment plant, pit water (i.e., flowback
water from a horizontal well that was stored for at least 2 months in a pit), and
two different samples of produced water from a horizontal well. The
environmental water samples were analyzed for AA and were also spiked with
AA to determine matrix effects and spike recovery (i.e., laboratory-fortitied
matrix). Sample volume permitting, the sample analyses were performed in

duplicate. Field and laboratory blanks were also analyzed to ensure that the



analytical method and laboratory equipment were free from contamination. The
quality control (QC) samples analyzed in parallel with the environmental samples
included the abovementioned blanks and replicates, instrument blanks, laboratory-
fortified blanks, and continuing calibration verification samples. The QC samples
were run to ensure no analyte was detected in any blanks, that replicate
measurements had sufficient precision (i.e., relative standard deviation [RSD] or
relative percent difference [RPD] in the case of duplicates <30%), and that
fortified samples had sufficient recoveries (i.e., 70-130%). Samples with visible
suspended solids were filtered prior to extraction with type 934-AH glass
microfiber paper (Whatman). The total dissolved solids (TDS) and total
suspended solids (TSS) were determined according to EPA Methods 160.1 and
160.2, respectively [18,19], except that 50 mL sample volumes were used instead
of 100 mL. The pH values of the samples were determined using type CF pH

indicator paper (Whatman).

SPE Extraction of Acrylamide

A 500 mL volume of each aqueous sample was generally used for each
extraction, and 100 ng of AA-d; was added as a surrogate standard prior to
extraction. An exception to the extraction volume included one of the flowback
water samples in which the measured concentration of AA was greater than the
range of the calibration curve, and only 250 mL was used for extractions. The
samples were extracted using an Autotrace SPE Workstation (Dionex, Sunnyvale,
CA). The SPE cartridges used for the extraction of AA from water were Isolute
activated carbon cartridges (6 cc, 500 mg) from Biotage (Charlotte, NC). The
cartridges were first conditioned with 5 mL methanol and 5 mL water at a flow

rate of 5 mL/min. After conditioning, 500 mL of sample was passed through the



cartridges at 5 mL/min. The sample flasks were then rinsed with 50 mL water, and
the rinsate was also loaded onto the cartridges. The SPE cartridges were then
rinsed with 2 mL water before drying with N, gas for 30 min. The samples were
eluted off the cartridges with 10 mL methanol at 1 mL/min. The eluate was then
concentrated and solvent exchanged with a TurboVap Concentrator (Biotage) to
0.5 mL in methanol and transferred to HPLC sample vials for analysis. Following
concentration, 100 ng of AA-">C was added to each sample as an internal

standard.

HPLC-MS/MS

Samples were analyzed using an AB Sciex 4000 Q Trap MS interfaced
with a Shimadzu HPLC. Detection was performed using the AB Sciex 4000 Q
Trap MS in the triple quadrupole mode. The MS was equipped with a Turbo V
Ion Source (TIS), which utilized the TIS source probe for positive-mode
electrospray ionization (ESI+). The HPLC system consisted of LC-20AD pumps,
an SIL-20AC HT autosampler, and a CTO-20A column oven. The injection
volume was set at 30 pL. The column was an IonPac ICE-AS1 ion exclusion
column from Dionex (7.5 pm, 4 X 250 mm), which was connected to an IonPac
ICE-ASI guard column (4 x 50 mm). Mobile phase A was 0.1% FA in water, and
mobile phase B was 0.1% FA in acetonitrile. The AA was eluted off of the ion
exclusion column under isocratic conditions at 50:50 mobile phase A/mobile
phase B at a flow rate of 0.18 mL/min. The column temperature was maintained at
30°C.

The AB Sciex software Analyst version 1.5.2 was used for data acquisition

and analysis. The MS parameters for each compound were optimized to ensure



the most favorable ionization and ion transfer conditions and attain optimum
signal of both the precursor and fragment ions by infusing the analytes into 50% B
at 0.18 mL/min and manually turning the parameters. The source parameters were
identical for all of the analytes: curtain gas, 40 psi (N;); lonSpray voltage, 5500
V; source temperature, 400°C; ion source gas 1 (nebulizer gas) 40 psi (N3); ion
source gas 2 (auxiliary gas), 60 psi (N,); and the interface heater was on. The ESI
probe y-axis was set to 2.5 mm, and the x-axis was positioned at 5.0 mm. The
collision gas (N;) was set to a value of 5. The ion-specific multiple reaction
monitoring (MRM) parameters are shown in Table 1.

The instrumental limit of detection (LOD) was defined as the minimum
amount of compound analyzed in the LC-MS/MS that produced a signal-to-noise
(S/N) ratio of 3. The instrumental limit of quantitation (LOQ) was defined as the
minimum amount of compound that produced a S/N ratio of 10. The method
detection limit (MDL), defined as “the minimum concentration of a substance that
can be identified, measured, and reported with 99% confidence that the analyte
concentration is greater than zero”, was determined from 7 replicate analyses of
0.05 ng/L AA in ultrapure water according to Glaser et al. [20], following the
method described above for extraction and LC-MS/MS analysis. The MDL was

calculated according to Equation 1:

MDL = Lin-1, 1-0=0.99) % S Equation 1
where (-1, 1-0=0.99) 1 the Student’s t-value that is approximate to a 99 percent
confidence level and a standard deviation estimate with (n-1) degrees of freedom,

and S is the standard deviation of the replicate analyses.



Quantitation

The MRM transitions corresponding to the loss of ammonia from the
protonated AA were used for quantitation (i.e., m/z 72 > 55 for AA, m/z 73 > 56
for AA-"C, and m/z 75 > 58 for AA-ds). Additionally, the transitions
corresponding to the loss of C,H4 were monitored as confirmation ions (i.e., i.e.,
m/z 72 > 44 for AA, m/z 73 > 45 for AA-"C, and m/z 75 > 44 for AA-d5).
Quantitation was performed using isotope dilution by utilizing the deuterated

surrogate AA-d; according to the following equation:

Cap = —— Equation 2

where C,4 and 44,4 are the concentration of AA and the integrated area of AA,
respectively, C,; and A, are the concentration of the deuterated surrogate and the
integrated area of the deuterated surrogate, respectively, and is the mean
relative response of the deuterated surrogate to the native AA. The ~ was
calculated by averaging the individual RRs from each of 8 calibration standards,
which ranged from 10 to 800 ng/L AA and contained constant concentrations of
200 pg/L AA-d;and 200 pg/L AA-"C. The RR of each calibration standard was

determined according to Equation 3:

_ AanCy

RR =
AqCan

Equation 3

The extraction recovery was determined by calculating the recovery of the
deuterated surrogate through the use of the '*C-labeled AA internal standard. The
mean response factor (RF) of the AA-">C relative to AA-ds was first calculated
from the calibration standards analogously to Equation 3, substituting the
variables associated with AA with AA-d; (e.g., substituting 4,44 with 4,) and
substituting the variables associated with AA-d; with AA-"*C. The mean RF was

then used in Equation 2 after appropriate substitutions of variables to calculate the



concentration of AA-ds in each sample. The extraction recovery was then
calculated as the ratio of the measured concentration of AA-d; to the spiked

concentration of AA-ds.

Results and Discussion

Selection of Extraction Conditions

The search for sorbents that can effectively extract AA has been a familiar
challenge associated with AA analysis [14,21]. Because AA is extremely polar
and hydrophilic, it is not easily retained on SPE cartridges when loading aqueous
samples. The SPE cartridges we initially tested included ENVI-Carb (Supelco), a
graphitized carbon black cartridge; Isolute ENV+, containing a hydroxylated
styrene divinyl benzene polymer and used frequently for AA analysis in food
samples; and Isolute activated carbon. However, the breakthrough volume of the
ENV+ and ENVI-Carb columns were too low, and no AA was recovered from
either type of cartridge. Rosén et al. [14] conducted a nice study of 14 different
silica-, polymer- and carbon-based SPE columns with regard to AA recovery as a
function of volume of water loaded through the column. They determined that
most of the tested columns retained less than 50% AA within the first 10 mL
water loaded, that very few columns retained any AA at volumes of water loaded
greater than 30 mL, and that none of the tested columns retained any AA after 50
mL water was passed through the column. This low breakthrough volume is not
typically a significant issue during the analysis of food samples; however, the
volumes associated with aqueous environmental samples are often much higher
due to the low concentrations of analytes. Therefore, most conventional SPE

cartridges are not suitable for the SPE of AA. The use of activated carbon has
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previously been used for the extraction of AA from aqueous matrixes [16,17],
and, indeed, the activated carbon was able to effectively extract AA from water
samples. The absolute extraction recovery from the activated carbon cartridges is
discussed below. We did not observe any increase in extraction recovery by
adjusting the pH of the samples to basic or acidic conditions; therefore, a pH of 7

was maintained in all future extractions.

LC-MS/MS Optimization

A triple quadrupole MS was used for quantitative purposes. The mass
spectra of the AA and labeled standards showed that the [M+H]" ions were the
dominant species, which was beneficial for MS/MS purposes. A polypropylene
glycol standard had been used to mass calibrate the MS, but the lowest calibrant
possessed a m/z of 77. Therefore, some of the observed m/z values were off by 0.1
Da. The product ion spectra of AA, AA-"C, and AA-d; are shown in Figure 1.
The major product ion in each spectrum, used for quantitation, resulted from the
loss of NH3, which corresponded to m/z values of 55, 56, and 58 for AA, AA-13C,
and AA-d;, respectively. The only other significant product ions were used as
confirmation ions and occurred with the loss of C;Hy (or C21H2H3 in the case of
AA-d;), resulting in the [CONH,]" species at m/z 44 for AA and AA-d; and
[*CONHS,]" at m/z 45 for AA-"*C. However, as shown in Figure 1C for AA-ds, a
peak at m/z 43 was observed to be more intense than m/z 44, potentially caused by
hydrogen abstraction to form an odd-electron species. Additionally, there was
considerably more “peak noise” in the vicinity of the confirmation ions of AA-">C
and AA-d; (Figure 1B and 1C, respectively) than the single peak at m/z 44 for AA

(Figure 1A), which may have partially been due to rearrangements with the
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isotopic labeling or impurities in the isotopically labeled compounds. The relative
intensity of the confirmation ion in each case was approximately 10% of the
quantitation ion. This observation made confirmation of the analyte at low
concentrations difficult, which has previously been noted [13].

For chromatography, we first investigated the use of reversed-phase C18
and Hypercarb porous graphitic carbon (Thermofisher) HPLC columns, both of
which have been used for the analysis of AA [14,21-23]. Because of the polar,
hydrophilic nature of AA, the analyte was not retained at all and eluted off both
columns with the dead volume. Because the reproducible retention of AA was
desired, these columns were not optimal for the analysis of AA. We next
investigated the use of the ICE-AS1 ion exclusion column, and found that it
retained the AA quite well (see Figure 2), as has been demonstrated previously
[12,17]. A smaller-circumference 4 mm column was used here, as opposed to the
9 mm column used by Lucentini et al. [17] that required a 1:10 split of the column
eluate prior to MS analysis. The smaller size column was selected for its higher

compatibility with the MS interface.

Method Validation

The inter- and intra-day accuracy and precision of the method were
assessed by spiking AA into 5 samples of ultrapure water each day for 3 days at
concentrations of 50 ng/L, 200 ng/L and 1000 ng/L (see Table 2), following the
guidance provided by ICH Q2(R1) [24]. The intra- and inter-day accuracies
ranged from 102-115% and 105-123%, respectively. The intra- and inter-day
precisions, measured as the RSD, ranged from 3.4-6.6% and 6.3-13.0%,

respectively. Therefore, the accuracy and precision were sufficient for low-
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concentration measurements of AA in a laboratory-generated matrix. No AA was
ever detected in any of the method or instrument blanks.

The instrumental LOD of AA was 23 pg injected on-column, and the LOQ
was 75 pg. The MDL was determined to be 0.021 pg/L, which is lower than the
reported detection limits using EPA GC-ECD Method 8032A [11] (0.03 pg/L).
The detection limit here was the same as that reported by Kawata et al. [16],
which, to the best of our knowledge, is the lowest detection limit for AA analysis
in aqueous samples.

The absolute recovery of AA, determined from the labeled standards AA-
ds and AA-"C, from the clean ultrapure water matrixes using the activated carbon

SPE cartridges averaged 37 + 8% (mean + standard deviation).

Analysis of AA in Complex Environmental Samples

Various complex matrixes, including WWTP effluent, pit water and 2
produced water samples, were chosen to demonstrate the method’s applicability to
environmental samples. The pit water and produced water samples contained high
levels of suspended sediments and oils, which were filtered prior to extraction,
and the TDS in the pit water and produced water samples ranged from 23,600-
297,000 mg/L (see Table 3). Therefore, 3 of the 4 samples contained extremely
high TDS and TSS values. The samples and sample spikes were analyzed in
duplicate, sample volume permitting. The analysis of the environmental samples
in triplicate would have been preferred; however, the available volume of the
samples only allowed for the analyses to be performed in duplicate. No AA was
detected in the wastewater effluent; however, AA was detected in the 3 high-TDS

samples, with the produced water sample #1 measuring as high as 1.0 pg/L. The
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produced water sample #2 and the pit water sample contained AA concentrations
of 0.082 and 0.091 pg/L, respectively, as shown in Table 3. The spike recoveries
of the 4 samples ranged from 98-104%, with the exception of the produced water
sample #1, which measured a spike recovery of 143%. This sample contained the
highest levels of TDS and TSS, and it also measured the lowest absolute recovery
of the surrogate standard at 23%. Therefore, it is likely that this sample
experienced some matrix effects as a result of the nearly 300,000 mg/L dissolved
solids that passed through the activated carbon simultaneously with AA, much of
that likely being co-extracted and then co-eluted with LC. An additional clean-up
step, such as a liquid-liquid extraction or an additional alternative SPE sorbent,
would most likely reduce the matrix effects by removing interfering contaminants
that coelute with AA during HPLC, which should be considered for samples
containing extremely high TDS. The absolute recoveries of AA in the
environmental samples ranged from 23-29%, which were slightly lower than the
recoveries obtained from the ultrapure water.

Though there are now a small number of LC-MS methods for the analysis
of AA in aqueous and food samples, very few reported methods have presented
data on absolute recoveries of AA from the sample matrixes. Hoenicke et al. [25]
reported extraction recoveries of AA ranging from 20-116% in various food
matrixes. However, their methods consisted of liquid-liquid extractions of a
variety of homogenized food samples, which are extremely different than aqueous
environmental samples, followed by GC-MS/MS or LC-MS/MS. Chu and
Metcalfe [21], using a coevaporation sample preparation approach followed by
LC-MS/MS, reported recoveries from agricultural runoff samples ranging from
28-54%. Kawata et al. [16] reported that the use of 1.5 g activated carbon was

more effective in extraction recovery than 0.5 g, and that by increasing the SPE
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sorbent from 0.5 to 1.5 g, the recovery increased from 40% to 80% in
groundwater and river water. Therefore, the use of 1.5 g of sorbent should
improve the recovery of AA. It is worthwhile noting, however, that through the
use of appropriate standards and the sensitivity of the MS instrument, the low
recoveries did not affect the results reported here, as all QC samples analyzed
alongside the samples passed the relevant QC criteria, except for the spiked
produced water sample #1 (300,000 mg/L. TDS) that measured a 143% spike

recovery.

Conclusions

We successfully characterized an activated carbon SPE and LC-MS/MS-
based method for the analysis of AA. The method incorporated AA-ds for
quantification using the isotope dilution method and AA-PCto gauge extraction
recovery. The method was both accurate (i.e., < 30% error) and precise (i.e., <
20% RSD), with extraction recoveries averaging 37%. The instrumental LOD and
LOQ of AA were 23 and 75 pg, respectively, and the MDL was 0.021 ug/L. The
analysis of AA was successfully performed in real-world samples that contained
TDS concentrations ranging from 23,600 to 297,000 mg/L, and AA
concentrations ranged from 0.082 to 1.0 pg/L. This method was demonstrated to

effectively analyze AA in high-TDS samples.
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Table 1. MRM settings for AA, AA-"C, and AA-d;.

Analyte Precursor  Fragement Dwell Declusteri Entrance  Collision CoﬁiSi‘??
ion m/z ion m/z time cclustering potential energy cetl exi
(Da) (Da) (msec) potential (V) V) V) pot(en)tlal
\%
AA 72.1 55.1 150 51 5 17 10
AA-PC 731 56.0 150 51 5 19 10
AA-d; 75.1 58.0 150 51 5 17 10
AA 72.1 44.1 150 51 5 25 6
(conf.)
13
AA-"C 73.1 45.1 150 51 5 27 6
(conf))
AA-d; 75.1 44.1 150 51 5 31 6
(conf.)
Table 2. Accuracy and precision of AA measurements in ultrapure water.
Mean (ng/L) RSD (%) Accuracy (%)
Spiked
concentration Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
(ng/L)
50 56.7 55.9 5.0 7.5 113 112
200 230 245 3.4 13.0 115 123
1000 1024 1046 6.6 6.3 102 105
n 5 15 5 15 5 15
Table 3. Analysis of AA in environmental samples.
Parameter WWTP Pit Water Produced Water Produced Water
effluent Sample #1 Sample #2
pH 7 7 7 7
TSS (mg/L) <5 86 1,220 66
TDS (mg/L) 23,600 1,530 297,000 43,500
Absolute Extraction
29% 29% 23% 27%
Recovery
Spike Recovery 104% 101% 143% 97.6%
Measured AA a b b
ND 0.091 1.0+0.1 0.082 + 004
(ng/L)

*ND: not detected
® Uncertainty equal to (RPD/100) x mean from duplicate analyses
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Figure 1. Product ion spectra of A) AA, B) AA-"C, and C) AA-d;. The predominant peak in each

spectrum was used for quantitation.
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Figure 2. Representative LC-MS/MS chromatograms of AA in A) ultrapure water and B) produced

water samples following extraction.





