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Linear anionic polyacrylamide (PAM) has been used in irrigation practices as a flocculating agent to
minimize water losses through seepage in earthen canals. The stability of PAM is of concern because
of the possibility of acrylamide (AMD) monomer release during environmental weathering. Aqueous
solutions of commercial PAM mixed with ferric sulfate, subjected to simulated and natural sunlight
irradiation, showed polymer chain scission and release of the AMD monomer. At acid/neutral pH,
the amount of AMD released was directly related to the concentration of ferric ion and the irradiation
time. At alkaline pH (∼8), PAM/Fe3+ mixtures were stable under irradiation. PAM chain scission
involved the hydroxyl radical, but specific AMD release appeared to require PAM-bound iron. Low
iron concentrations and alkaline pH of irrigation water would limit AMD release. Residual monomer
in PAM can contribute AMD to irrigation water, but concentrations would remain below the U.S. EPA
drinking water standard of 0.5 ppb.
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INTRODUCTION

Commercial crystalline linear anionic polyacrylamide (PAM)
is formed by the free radical induced polymerization of a mixture
of acrylamide and acrylic acid/acrylate (1). The final dry product
is a polymer that is capable of absorbing many times its mass of
water by incorporating the water into the polymer structure through
hydrogen bonding. When added to an excess of water, the polymer
usually requires less than an hour to completely hydrate. In some
irrigation practices, PAM is added directly to earthen canals as a
flocculating agent to remove suspended sediment and, thereby, seal
the canal and minimize seepage. An important concern with the
use of PAM is its potential contribution of acrylamide (AMD)
monomer to aquifersssome seepage will still occursand to
receiving waters (e.g., wetlands, recreational streams and lakes).
Commercial PAM already contains a residual amount of AMD
remaining from its productionsusually <0.05% w/w. It has been
known for some time that AMD is a suspect carcinogen and a
cumulative neurotoxin (2). However, its health effects recently
garnered worldwide attention and concern through a paper that
described the formation of the monomer in cooked high-
carbohydrate foods (3). Because of this paper, and others that
followed, attention was also focused on other possible sources of
AMD (e.g., irrigation practices) that could potentially affect human
health.

There is little evidence in the literature that suggests AMD
can be released when PAM is exposed to certain environmental

conditions. One study (4) claimed to have observed the slow
release of AMD over several weeks from aqueous solutions of
a polyacrylamide thickening agent (PAM mixed with an organic
solvent) exposed to environmental sunlight conditions. Depend-
ing on the water source (natural surface and well water), AMD
content increased by factors of 2–47 over a period of 2–5 weeks
and then declined. Other investigators have questioned these
results, their interpretation, and overall experimental design (5–7).
Also, the results could not be replicated (6). Under the more
extreme conditions of 254 nm UV light, aqueous solutions of
PAM can release a small fraction of the AMD units (8). Another
study observed a significant release of AMD from heated cross-
linked polyacrylamide gels (9). However, no explanation for
this was offered. The majority of studies to date in the literature
have found that under environmental conditions of natural
sunlight and/or ambient temperatures, oxidative conditions will
commonly lead to chain scission, resulting in smaller molecular
weight fragments of PAM but with no AMD release (7, 10–12).

In response to the concern over AMD in the environment,
the U.S. Bureau of Reclamation (BOR) funded a two-year field
and laboratory project to study the efficacy and stability of
commercial PAM as a flocculating agent when applied to
earthen irrigation canals and ditches. Our study was initiated,
as part of the larger BOR project, to find and characterize the
environmental conditions that might lead to AMD release and
to relate the results to field use conditions. Many of the earlier
studies concerned with PAM degradation had not considered
how photocatalytic, complex-forming iron might affect the
stability of the polymer. One exception was a study that
examined the effect on PAM stability of added Fe2+ in the
absence of light, but monomer release was not observed,
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although polymer chain scission occurred (11). Another study
looked at the photocatalytic degradation of PAM by TiO2 under
365 nm light (10), but this insoluble catalyst acted only as a
source of hydroxyl radicals that attacked and degraded PAM,
without any observed AMD enrichment. In this study, we
exposed aqueous solutions of a commercial linear anionic PAM
(the same product that was used in the BOR irrigation project)
mixed with ferric sulfate to xenon-arc simulated sunlight and
natural sunlight. Iron in the environment is more commonly
found in this oxidation state. We selected iron because of its
relative abundance, its common occurrence in natural waters,
and its tendency toward redox cycling and free radical chemistry.
Because surface water and groundwater can contain iron, the
goal was to assess the stability of PAM under sunlight conditions
with and without iron and, particularly, to look for evidence of
AMD release.

MATERIALS AND METHODS

Preparation of Solutions. Solutions for irradiation were prepared
by combining 15 mL of the PAM [Tack Dry, Precision Polymer Corp.,
Greeley, CO; 70/30 amide/acrylate (sodium salt)] stock solution (∼100
mg in 1000 mL) with various volumes of the ferric sulfate heptahydrate
stock solution [10–11 mg in 100 mL (0.021–0.023 mg/mL Fe3+)] and
adding deionized (DI) water to a final volume of 100 mL, giving an
approximate PAM concentration of 15 ppm in all cases. This concentra-
tion was the average of over 450 PAM assays of irrigation water
samples taken during the BOR project. Enough ferric sulfate solution
was added to a series of PAM solutions to achieve Fe3+ concentrations
of 0.022, 0.215, 1.08, 2.24, 4.30, and 4.43 ppm (from ∼4 × 10-7 to
∼8 × 10-5 M).

Ethylenediaminetetraacetic acid (EDTA) stock solution (43–44 mg
in 100–150 mL of DI water) was added to some PAM/Fe3+ (2 ppm)
and Fe3+ (2 ppm) solutions (∼17.5 ppm of EDTA). EDTA was used
as a competing ligand to assess to what extent iron tended to bind to
PAM and to assess the different effects of iron bound to EDTA and to
PAM. Humic acid (HA) stock solution (10 mg in 100 mL of DI water)
was added to some PAM solutions (10 ppm HA). HA, a common
constituent of natural waters and a known source of reactive radical
species, was included for comparison with iron.

Measurement of pH. A Brinkmann/Metrohm model 672 titro-
processor (Brinkmann Instruments, Westbury, NY) was used to
measure the pH of each solution. All measurements were made in
unbuffered solutions, because common bufferssacetate, phosphate,
aminesinterfered with the mechanism of the light/Fe3+-catalyzed
PAM decomposition, resulting in slower reaction rates. Instead,
solution pH was adjusted using dilute solutions of hydrochloric acid
and sodium hydroxide.

Sunlight Irradiation. Several 125 mL round Pyrex flasks with
24/40 standard taper ground-glass necks were filled with the 100
mL solutions and sealed with ground glass stoppers. The solutions
were irradiated using a xenon-arc sunlight simulator equipped with
a filter composed of coated glass with a cutoff at 290 nm (Hanau
Suntest, DSET Laboratories, Phoenix, AZ). The simulator was able
to closely approximate solar irradiance in the troposphere [equivalent
to late summer noontime sunlight at 40° latitude (208 µW/cm2 at
300 nm)]. Sample temperature was controlled to 30–31 °C by a fan
inside the simulator. Separate flasks were irradiated for determination
of PAM decline and AMD monomer release. For comparison, a few
PAM/Fe3+ samples were placed outdoors on a building roof, where
they were irradiated by summer sunlight for 1 day (July). Additional
samples spiked with AMD standard, with and without added iron,
remained outdoors during the summer for up to 30 days
(July-August).

For PAM decline, the irradiated flasks were subsampled (∼1 mL)
every 15, 30, or 60 min for 3–8 h; longer sampling periods were used
at lower Fe3+ concentrations. The 1 mL subsamples were sealed in 2
mL amber autosampler vials with crimped aluminum caps containing
Teflon-lined butyl rubber septa (Agilent, Santa Clara, CA). The
subsamples were assayed for PAM by HPLC (model 1100, Agilent)

using a 300 mm × 7.8 mm size exclusion TSK-GEL GMPWxl column
(TOSOH Bioscience LLC, Montgomeryville, PA) and a diode array
detector (DAD) set at 195 nm (10 nm bandwidth, 400 nm reference).
The PAM was eluted using a 0.05 M aqueous monobasic potassium
phosphate mobile phase at 0.8 mL/min and a column temperature of
45 °C. The instrument was calibrated using PAM standards in DI water
(0.5–15.3 ppm) to generate six-point standard curves.

Additional samples were adjusted in pH to about 6 and 8 using dilute
hydrochloric acid and sodium hydroxide. Irradiation and measurement
of PAM decline were carried out as described above. As noted above,
all samples were without added buffers. PAM itself showed some
buffering capacity.

Measurement of AMD Content. After irradiation of PAM/Fe3+

mixtures for 3-8 h, 40 mL aliquots were removed and mixed,
successively, with 7.5 g of potassium bromide, 0.5 mL of concentrated
hydrobromic acid, and 2.5 mL of bromine-saturated water (Fisher
Scientific, Fair Lawn, NJ) (13). The samples were mixed and stored in
a cold refrigerator (0–4 °C) overnight (3). The samples were then
removed from the refrigerator and allowed to warm to room temper-
ature, and the excess bromine was eliminated by dropwise addition of
1 M aqueous sodium thiosulfate. To each sample was then added 15 g
of sodium sulfate, followed by vigorous shaking to dissolve the salt,
and the samples were extracted with 2 × 10 mL of ethyl acetate
(vigorous shaking for 2 min). The ethyl acetate extracts were separated
from the aqueous solutions, dried with sodium sulfate (∼1 g),
transferred to 100 mL pear-shaped boiling flasks (Fisher Scientific),
and reduced to about one-fourth of the original volume using a rotary
evaporator under vacuum. The samples were then taken to dryness under
a stream of dry nitrogen at atmospheric pressure. The residues were
taken up into 0.25 mL of ethyl acetate and passed through 0.45 µm
membrane filters into 2 mL amber autosampler vials containing
microliter glass inserts (Agilent). The vials were sealed with crimped
aluminum caps containing Teflon-lined butyl rubber septa. Brominated
AMD was assayed using gas chromatography–mass spectrometry (GC-
MS; Agilent model 6890) with a 300 mm × 0.25 mm (i.d.) (0.25 µm
film) DB-5MS capillary column (J&W Scientific, Folsom, CA) and
helium carrier at 1.4 mL/min. The GC column oven program was as
follows: 60 °C (1 min hold), 10 °C/min to 190 °C (no hold), and 25
°C/min to 300 °C (2 min hold), giving a total run time of 20.4 min for
each sample. The mass spectrometer was programmed to monitor for
fragments m/e 106 and 108 (C2H3Br) to account for the two isotopes
of bromine. Initially, partial breakdown of brominated AMD occurred
in the glass-lined GC injection port (250 °C), giving two peaks in the
total ion chromatogram [C2H3Br and C3H4BrNO (m/e 149/151)]. A
small plug of untreated glass wool was inserted into the glass liner in
the injection port to promote complete conversion to a single peak
(C2H3Br). The analytical instrument was calibrated using brominated
AMD standards (2,3-dibromopropionamide, 97%; Alfa Aesar, Pelham,
NH) in ethyl acetate (0.06–1.00 ppm) to generate five-point standard
curves.

For the sake of convenience, the single AMD-related brominated
fragment (C2H3Br) was used for routine assay of the monomer.
However, for confirmation of AMD monomer release from PAM, the
injection port glass wool was removed, allowing the formation of the
amide fragmentsC3H4BrNOsin addition to the C2H3Br fragment.

UV–Visible Spectrophotometry. A recording spectrophotometer
(UV-2401 PC; Shimadzu, Columbia, MD) was used to measure the
absorbance of Fe3+/EDTA solutions in the range of 250–450 nm.
Measurements were made after the Fe3+/EDTA solutions were allowed
to equilibrate for several hours. Changes in absorbance of Fe3+/EDTA
solutions under xenon-arc irradiation were also measured.

RESULTS AND DISCUSSION

Sunlight Irradiation. Figure 1 shows typical results for
PAM/Fe3+ mixtures compared to PAM alone. For Fe3+ at about
2 ppm (pH ∼6), the PAM decline half-life was about 3 h,
compared to about 60 h for 0.02 ppm of Fe3+ (pH ∼7.4). PAM
alone showed a half-life of about 152 h (pH ∼7.4). Duplicate
PAM/Fe3+ (2 ppm) samples placed outdoors under summer
sunlight for 1 day showed a PAM decline half-life of 3–4 h,
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which compared with 3 h in the laboratory photoreactor. Decline
in PAM was due to polymer chain scission by a free radical
mechanism involving hydroxyl radical (11, 12). With the size
exclusion column, polymer chain scission was based on increas-
ing retention time, which indicated decreasing average molecular
weight for PAM. Retention times of the peak apex typically
increased from about 7.5 min to over 12 min during the
irradiation tests. This can be expressed in a Ln-linear relation-
ship between elution volume (EV, product of flow rate and
retention time) and polymer molecular weight (MW):

EV ) -mLn(MW) + b (m ) slope, b ) intercept)

This relationship means that the fraction of the polymer with
the highest molecular weight will elute first (14). Because the
HPLC instrument was not calibrated with standard polymers
of known molecular weights, we cannot state unequivocally the
extent of molecular weight reduction. However, other investiga-
tors using Fenton’s reagent (Fe2+ plus hydrogen peroxide) have
found that the addition of just 1 ppm of Fe2+ to a 50 ppm PAM
solution resulted in a reduction of the PAM molecular weight
by more than half (11). If we assume for our solutions that the
PAM peak, from the beginning of the leading edge (6.5 min)
to where the tail merged with the baseline (11.5 min), represents
a typical molecular weight range of 24 million (6.5 min) to 12
million (11.5 min), then for the sunlight-irradiated PAM/Fe3+

samples we saw at least a 50% reduction in the average
molecular weight (m ) 5.771, b ) 103.266 in the equation
above). This was based on an observed shift of the peak apex
to retention times of >12 min (Figure 2). In our irradiation
tests, PAM decline was also assessed through determination of
the HPLC peak area response, which showed a decline over
time. This indicated that some of the PAM fragments were small
enough to be trapped by the inclusion volume of the pores of
the analytical column.

Under the sunlight conditions of our study, the chemistry
leading to decomposition of PAM was driven by solvated Fe3+

and Fe3+ complexed to PAM. In aqueous solution, Fe3+ forms
ligand-to-metal charge-transfer complexes that can lead to

hydroxyl radical (15). For example, Fe3+ in solution will
undergo hydrolysis:

[Fe(H2O)6]
3+f [FeOH(H2O)5]

2++ H+ (1)

Then, in the presence of sunlight (omitting the extra waters of
hydration), the hydrolyzed species will undergo photoreduction
(16):

Fe(OH)2++ hνf Fe2++ •OH (2)

The •OH radical can either back react with Fe2+ or react with
PAM. Because •OH reacts nonselectively and reactivity is
effectively diffusion controlled, reaction with PAM will compete
well with the back reaction because of its greater concentration
in terms of the monomer unit density ([PAM] ≈ 7 × 10-10 M,
equivalent to [monomer] ≈ 2.0 × 10-4 M (294,366 monomer
units per mole of PAM); [Fe3+] ≈ 0.04–8.0 × 10-5 M). Also,
the reaction of •OH with organics has a 1–2 orders of magnitude
greater rate constant compared to its reaction with Fe2+ (15).
The Fe2+ produced in reaction 2 can also autoxidize to generate
more •OH radical (reactions 3–6), as long as there is sufficient
dissolved oxygen (12):

Fe2+ + O2f Fe3+ + •O2
- (3)

Fe2+ + •O2
- + H+f Fe3+ + HO2

- (4)

Figure 1. Decline of PAM alone and in the presence of Fe3+.

Figure 2. Liquid chromatograms of polyacrylamide showing typical shifts
in retention times during sunlight irradiation (rt ) 7.5 min for unexposed
standard).
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HO2
- + H+fH2O2 (5)

Fe2+ + H2O2f Fe3++ •OH+-OH (6)

The last step is the well-known Fenton reaction. The ultimate
production of the •OH radical depends on the oxygen tension
and reactions 3–6 will not occur if the solution is depleted of
oxygen. However, oxygen depletion is not likely in flowing
irrigation canals and ditches.

In addition to reactions 1 and 2, another source of Fe2+ would
be the result of ligand-to-metal charge transfer for a Fe3+/PAM
complex:

Fe3+/PAM+ hνf Fe2++ PAM• (7)

This would lead to decomposition of PAM and the production
of the superoxide free radical:

PAM• + O2f products + •O2
-/HO2

• (8)

Hydroxyl radical would then be produced by reactions 4–6. The
products of PAM decomposition, due to ligand-to-metal charge
transfer and attack by hydroxyl radical, would include the
monomer.

Autoxidation rate of Fe2+ is pH-dependent, as is the pho-
toreduction rate of Fe3+. For example, at pH 6 and 7, the half-
lives for Fe2+ autoxidation are about 17 h and 10 min,
respectively (12). This means that, on the basis of the stoichi-
ometry of reaction 3 above, dissolved oxygen at alkaline pH
would be depleted in nonaerated solutionssabout 10 min at pH
7.4 (half-life ) 1.6 min), compared to over 4.5 days at pH 6
for 99% consumption of dissolved oxygen (initial concentration
of ∼3 × 10-4 M). By comparison, Fe(OH)2+ photoreduction
(reaction 2) at pH 6 and 7 will have approximate half-lives of
3 and >11.5 h, respectively (17). This means that, at acid pH,
Fe2+ will accumulate relative to Fe3+, whereas, at alkaline pH,
Fe3+ will be the dominant species.

Because Fe2+ autoxidation and Fe3+ photoreduction are pH-
dependent, solution pH had a dramatic effect on the rate of PAM
decline in irradiated samples containing Fe3+. For example, an
Fe3+ solution of about 0.02 ppm had an initial pH of about 7.4
due to dissolved PAM. The pH was adjusted to 6.2 using dilute
hydrochloric acid and then subjected to simulated sunlight
irradiation, during which time the pH did not change signifi-
cantly. Instead of a half-life of about 60 h, as illustrated in
Figure 1 (pH ∼7.4), the half-life at pH 6.2 was about 21 h,
due to a faster Fe2+/hydroxyl radical production rate at this pH.
However, at pH 8, there was no observable change in PAM
(i.e., no change in peak area and retention time) for a 2 ppm
Fe3+ solution, whereas at pH 6 half-life for PAM was about
3 h, as shown in Figure 1. Other investigators have shown that
iron redox cycling, starting with Fe3+ photoreduction, is not
observed at pH 8 (17). Therefore, Fe2+ and hydroxyl radical
were no longer being produced through the ligand-to-metal
charge-transfer mechanism involving Fe3+.

When EDTA was added to PAM/Fe3+ mixtures at 2 ppm of
Fe3+, the 3 h half-life was reduced to about 1–1.5 h, but with
no increase in the amount of the AMD monomer released
compared to PAM/Fe3+ mixtures alone. Other investigators have
observed that small polycarboxylate ligands, when complexed
with Fe3+, show fairly rapid photolytic reactions (t1/2 ∼ minutes)
when irradiated with 436 nm light (18). These redox reactions
were sources of Fe2+, •O2

-/HO2
•, H2O2, and, ultimately,

hydroxyl radical. It is reasonable to assume that similar redox
reactions would occur for an Fe3+/EDTA complex. The absor-

bance spectrum of the complex in our test solutions showed
maxima at 285–300 nm. Under simulated sunlight irradiation,
the Fe3+/EDTA complex will undergo a ligand-to-metal charge
transfer leading to the formation of Fe2+ and to the decomposi-
tion of the complexswe observed a complete loss of the
285–300 nm absorbance after an hour of simulated sunlight
irradiation in the absence of PAM. Estimated photolysis half-
life for the complex was about 10 min, which compares with
the results of other investigators (19–22). The Fe2+ would then
undergo rapid autoxidation with the further production of
hydroxyl radical, leading to accelerated PAM decline (reactions
3–6). An important decomposition step for EDTA is decar-
boxylation leading to carbon-centered radicals, which will give
redox precursors to hydroxyl radical production. This is in line
with the Fe3+/polycarboxylate work of others (18). Therefore,
the increased rate of PAM decline in the presence of Fe3+ and
EDTA was due, for the most part, to increased production of
hydroxyl radical because of the light-induced redox reactions
of the Fe3+/EDTA complex.

Humic acid (HA, 10 ppm) mixed with aqueous PAM resulted
in a decline half-life of the polymer of about 41 h, compared to
152 h for irradiated PAM alone (Figure 1), but with no
measurable release of the AMD monomer. HA is a photore-
ducing agent and, as such, can reduce dissolved oxygen to give
hydrogen peroxide under sunlight irradiation. The hydrogen
peroxide will react with organics, such as PAM, to ultimately
produce hydroperoxy compounds that can generate reactive
organic radicals in a series of complex reactions leading to
decomposition of the polymeric material.

AMD Content of Irradiated Samples. The monomer alone
in aqueous solution was relatively stable to photolysis. A 30
day exposure to natural sunlight yielded an approximate half-
life of 100 days. In the presence of Fe3+, AMD showed no
measurable decline after 11 days of sunlight irradiation.

Only the PAM samples that contained Fe3+ showed evidence
of AMD monomer release. Table 1 and Figure 3 summarize a
comparison of AMD monomer concentrations with Fe3+

concentrations in 15 ppm PAM solutions, which initially
contained almost immeasurable levels of AMD (<0.01 ppb).
Compared to the results of other studies (4, 8, 9), AMD release
in our study was rapid. It was clear that more Fe3+ resulted in
more released monomer. For 2 ppm of Fe3+ in the outdoor
samples under summer sunlight for 1 day (8 h), the AMD
formation rate was 0.292 ppb/h, which compares well with the
data in Table 1. Monomer release was confirmed by monitoring
the occurrence of the amide fragment [C3H4BrNO (m/e 149/
151)] along with the C2H3Br fragment (m/e 106/108) in the GC-
MSD. That is, after AMD (C3H5NO) bromination

C3H5NO + Br2/Br- f C3H5Br2NO

decomposition of the brominated material in the GC injection
port gave

C3H5Br2NO + ∆(GC) f C3H4BrNO + C2H3Br

The latter was accomplished by removing the glass wool from
the injection port of the instrument. Figure 4 shows total ion
chromatograms for a PAM blank (no AMD or Fe3+) (A), a PAM
blank spiked with brominated AMD (no Fe3+) (B), and an
irradiated PAM/Fe3+ sample (no added AMD) (C). The
brominated ethene fragment (C2H3Br) and amide fragment
(C3H4BrNO) had retention times of about 5.5 and 10.3 min,
respectively.

Monomer release was the result of specific chain scission
(unzipping) of the Fe3+/PAM complex. Evidence for complex
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formation between Fe3+ and PAM was presented by other
investigators who measured changes in viscosity of aqueous
solutions upon the addition of Fe2+/Fe3+, which complexed with
the amide groups (11, 23). When we added increasing amounts
of Fe3+ (0.026–5.10 ppm) to aqueous PAM solutions (15 ppm)
in the absence of light, we observed an almost 10% shift to
longer retention times for PAM on the HPLC size exclusion
column. This resulted from a reduction in the hydrodynamic
(gyratory) radius of the polymer due to complexation with
Fe3+ (24, 25). Furthermore, at relatively high Fe3+ concentra-
tions (>10 ppm), we observed the formation of a PAM/Fe3+

flocculant. We did not observe this in our irradiated samples
that had much lower Fe3+ concentrations. For the latter, the
PAM/Fe3+ complex either remained in solution or existed as a
colloidal suspension. Finally, when EDTA was added to a
freshly prepared PAM/Fe3+ solution, the resulting Fe3+/EDTA
peak, using UV–vis spectrophotometry, had an absorbance that
was 69% of that predicted by standard Fe3+/EDTA mixtures.
When a PAM/Fe3+ solution was allowed to remain overnight
before the addition of EDTA, the absorbance of the resulting
Fe3+/EDTA peak was only about 26% of that expected. The
Fe3+ not tied up by EDTA was bound to PAM. This is
reasonable considering that the binding sites for the two ligands
are the samesO and N (i.e., the binding energies were assumed
to be similar for EDTA and PAM). All of these results suggest
that Fe3+ can easily bind to PAM, and the binding sites can
serve as loci for monomer release under sunlight irradiation.

Ligand-to-metal charge transfer for the Fe3+/PAM complex
could lead to carbon-centered radicals resulting in decomposition
products, including the AMD monomer (18). This would ultimately
lead to hydroxyl radical production where Fe3+ is bound to PAM,

again affording an opportunity for monomer release. It is reasonable
to assume that the acrylate monomer would be released as well,
although the analytical method for AMD was not able to detect
the acrylate. When EDTA was added early to our PAM/Fe3+

mixtures, much of the Fe3+ in solution was complexed by EDTA.
Therefore, the rate of PAM decline was accelerated because of
increased production of hydroxyl radical by the Fe3+/EDTA
complex. However, the amount of AMD remained unchanged
compared to PAM/Fe3+ mixtures alone. These results compare with
those from the irradiation of PAM/HA mixtures, in which PAM
decline readily occurred because irradiated humic acid produced
hydroxyl radicals, but no monomer release was observed, because
Fe3+ was not included.

Assuming an average molecular weight of about 20.9 million
for PAM [derived from size exclusion HPLC of the pure
polymer with a molecular weight range of 12–24 million (Figure
2)], PAM would contain about 206,000 moles of AMD per mole
of PAM (70% amide, 30% acrylate). For the greatest enrichment
from Table 1 (3.97 ppb), this means that only about 0.038% of
the AMD units were converted to free AMD under the
conditions of our study (i.e., ∼380 AMD units per million amide
units in the polymer). By contrast, the lowest AMD concentra-
tion (0.005 ppb) corresponded to about a 5 × 10-5% release
(0.5 AMD unit per million amide units). The data in Table 1
and Figure 3 imply thatsat acid/neutral pHsthere might not
be a limit to the amount of AMD monomer released and that at
higher Fe3+ concentrations percent of AMD released could be
even greater. Given that aqueous Fe3+ photochemically/chemi-
cally cycles (reactions 1–8), AMD release should be continuous
as long as sunlight and oxygen are available. Assays for iron
in typical irrigation waters treated with PAM during the BOR
project had concentrations on the order of 0.02 ppm and less
(26). This means that, during the time needed for PAM to
flocculate suspended material (usually less than an hour), on
the order of about 10-5% AMD, at the most, would be released.
This is based on an AMD release rate of 0.001 ppb/h (∼1 ×
10-11 M/h) in the presence of 0.022 ppm of Fe3+ (Table 1;
Figure 3). This is much less than the residual AMD in
commercial PAM (<0.05% w/w).

Under simulated and natural sunlight irradiation, PAM will
rapidly undergo general chain scission into fragments, with and
without Fe3+, as reflected in declining HPLC peak area response
and average molecular weight. In the presence of Fe3+, a small
fraction of this process (specific chain scission) will lead to release
of monomer, as reflected in increasing AMD solution concentration
with irradiation time and Fe3+ concentration. A free radical
mechanism, involving hydroxyl radical produced by ligand-to-metal
charge transfer (Fe3+) and autoxidation (Fe2+), is responsible for
the decomposition of PAM in aqueous solution at acid pH.
However, PAM is relatively stable under alkaline conditions.
Monomer release appears to be caused by Fe3+ bound to PAM,
where specific scission can take place. This was supported by tests
with EDTA, which, when added to PAM/Fe3+ mixtures, com-
plexed with Fe3+ and prevented further monomer release. Fur-
thermore, a free radical mechanism alone will not release monomer,
as shown by the irradiation results of a PAM/HA mixture. In the
BOR field project, monomer release due to the photolysis of PAM-
bound iron in irrigation water was not likely to be significant
(<10-5%) because of the characteristically low iron concentrations
(<0.02 ppm) and the alkaline pH (7.5–8.5). Any AMD in irrigation
water resulting from the application of PAM was due to residual
monomer remaining from the manufacture of the polymer (<0.05%
w/w). Levels of the monomer in PAM-treated irrigation waters
measured close to application points and up to several hundred

Table 1. AMD Release versus Fe3+ Concentrations for Xenon-Arc
Irradiated PAM Solutions

Fe3+, ppm irrad time, h AMD, ppb AMD, ppb/h

4.43 3.50 3.97 1.13
4.30 3.08 2.52 0.818
2.24 3.50 1.61 0.460
2.00a 8.00a 2.34a 0.292a

1.08 5.00 0.498 0.100
0.215 5.00 0.059 0.012
0.022 6.97 0.005 0.001

a Summer sunlight irradiation.

Figure 3. AMD formation rate versus iron concentration.
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meters downstreamswere consistently less than the U.S. EPA
drinking water standard of 0.5 ppb (27): 0.1–0.4 ppb (av ) 0.2
ppb) (26). Of the 38 samples taken, only 16 had quantifiable AMD
[g0.1 ppb (quantitation limit for irrigation water)], and they were
the samples closest to the application points. The continuously
flowing canal would further reduce the already low AMD levels.

SAFETY

Polyacrylamide has no known human health concerns. Acryla-
mide is a suspect carcinogen (category 2) and a cumulative
neurotoxin. Because the vapor pressure of crystalline AMD is
appreciable (0.9 Pa at 25 °C; 4.4 Pa at 40 °C), we worked with
and stored the dry material in a fume hood away from sources of

heat. Organic and aqueous solutions were handled with safety
outside a fume hood because of the monomer’s high solubility in
most solvents.
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