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The ligand acetohydroxamic acid (AHA) suffers hydrolysis at acidic conditions. This reaction has been studied for
a long time, due to its implications in different applications, by using indirect colorimetric methods. This work
shows how Raman spectroscopy can be very useful as a direct technique for measuring the hydrolysis kinetics
of AHA, faster, more versatile and easier compared with the indirect traditional UV-Vis method which needs a
complex formation with Fe.

Thereby, we present a detailed study of the qualitative and quantitative Raman spectra of 1 mol/L AHA and its
hydrolysis products. These results enabled us to perform a complete kinetic study of this molecule at different
pH ranging from 0.5 mol/L to 4 mol/L HNOs, i.e. not only at excess acidic conditions but also at limiting nitric

acid conditions.

© 2019 Published by Elsevier B.V.

1. Introduction

Hydroxamic acid, with general formula RC(O)NHR’, is an organic
weak acid which constitutes one of the most important families of organic
ligands for metal complexation. Due to its metal chelating and hydrogen
bonding properties, this type of ligand has multiple pharmaceutical appli-
cations such as developing drugs against cancer, cardiovascular disease,
HIV, and it has also been studied as potential insecticide, antimicrobial
and/or corrosive agent [1].

In the nuclear field context, it is widely recognized that hydroxamic
acids, like acetohydroxamic acid (CH3CONHOH), can be used in some
reprocessing strategies under development of the spent nuclear fuel,
such as in UREX (URanium EXtraction) [2]. This process is a modification
of PUREX process (Plutonium Uranium Recovery Extraction) [3], to pre-
vent the plutonium co-extraction, where the addition of acetohydroxamic
acid, also known as AHA, plays a key role [4,5], due not only to its men-
tioned chelating capacity but also to its capacity for reducing a selective
range of tetravalent and hexavalent ions, such as Pu(IV) and Np(VI) [6-8].

In addition to the AHA capacity for reduction and complexation, it is
well known that AHA undergoes hydrolysis at the acidic medium typi-
cally used in this process, leading to acetic acid (AcOH) and hydroxyl-
amine (HA), which must be monitored during reprocessing applications

[7].
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The AHA hydrolysis has been studied at different conditions (AHA
concentrations and pH) by several authors [9-15] using indirect mea-
surements. Thus, AHA concentration as a function of time is obtained
by the analysis of UV-visible spectrophotometric measurements of
AHA bound to ion Fe(IIl). The Fe(Ill)-AHA complex exhibits three com-
plexes at AHA:Fe ratios of 1:1, 2:1, 3:1. All three are colored complexes
and the corresponding \ .« are 498, 460 and 440 nm, respectively [11].
Accordingly, an aliquot of AHA was periodically removed from AHA so-
lution and mixed with Fe(NOs)3 solution in order to form the Fe(III)-
complex [14].

In this paper we take advantage of Raman spectroscopy for measur-
ing the kinetics of AHA hydrolysis. Since Raman spectroscopy allows us
to measure concentrations and speciation of several components with-
out any special metal-ligand complexation (M-L) or additional prepara-
tion of the sample, this technique can be used for in situ measurements
[16] versus UV-VIS technique, which requires the formation of the col-
ored complex Fe(Ill)-AHA, and is a time-consuming method. Moreover,
Raman technique can be used not only for monitoring the AHA concen-
tration but also the concentration of its hydrolysis products, AcOH and
HA.

In order to measure the acidic AHA hydrolysis by Raman spectros-
copy, it is necessary to perform the Raman bands assignment and the
calibration curves of each molecule involved in the reaction, i.e. acetic
acid (AcOH) and hydroxylamine (HA).

Thereby, the work is structured as follows: in Section 2, the materials
and methods used in this study are described. Then, in Section 3, AHA,
AcOH and HA Raman spectra and their assignment are presented and
compared with the assignment made by other authors. A quantitative
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analysis as a function of time for AHA and its hydrolysis products is
shown in Section 3.2. Moreover, in Section 3.3, the kinetics of the reac-
tion at different pH is shown and compared with those obtained by the
traditional method using UV-visible spectrophotometric measure-
ments. The conclusions of this work are presented in Section 4.

2. Materials and methods

Acetohydroxamic acid (AHA), acetic acid (AcOH), hydroxylamine
(HA) were purchased from Acros (Belgium), Probus (Spain), Merck
(Germany), respectively, and were used without further purification.
Nitric acid, HNOs, purchased from VWR Chemical, was purified by
using a Quartz sub-boiling distillation system (MLS - Milestone). Milli-
Q water samples showed TOC levels below 5-10 ppb and measured re-
sistivities higher than 18 mQ cm™".

Raman spectra were acquired by using a Horiba LabRam HR evolu-
tion spectrometer (Jobin Yvon Technology). The 532 nm laser beam
was focused onto the sample through the 5x objective of an Olympus
BX41 microscope. The sample was housed in a home-made cuvette de-
signed in order to measure liquid samples (described in detail elsewhere
[17]). The scattered radiation was then collected in backscattering ge-
ometry, dispersed using a 1800 grooves/mm holographic grating and re-
corded by a CCD detector (256 x 1024 pixels), obtaining a resolution
better than 0.48 cm™!/pixel. A typical spectrum was obtained within
35 s of acquisition time and 15 accumulations. For the kinetic studies,
different experiments were performed in order to ensure the reproduc-
ibility, i.e. one experiment was carried out by acquiring spectra every
15 min up to 8 h and then at 72 and 144 h, and the second one every
30 min for a period up to 8 h, and then after 24 h.

3. Results
3.1. Raman assignment

Fig. 1 shows the 1 mol/L AHA Raman spectrum and the ones of each
hydrolysis products: 0.5 mol/L AcOH and 0.5 mol/L HA, both dissolved
in 0.5 mol/L HNOs. These spectra were acquired to provide useful com-
parative information for assigning AHA spectrum; i.e. that structural
features of the molecule, both backbone and the functional groups, pro-
duce characteristic and reproducible vibrational bands in the spectrum
[18].

Raman bands related to aqueous solution of HNO5 appear, as
expected, in the three spectra and correspond to liquid water
and NO3 ion. In particular, the broad band at high frequencies
(2800-3400 cm™ ') corresponds to the OH-bond stretching, v
(0—H) [19]; the band at ~1630 cm ™! to the OH bending, Spend
(O—H) [19]; the band at ~708 cm~! corresponds to the in plane
deformation of the NO3", 6penq(NO3') [20]; the most intense band lo-
cated at around 1037 cm ™! corresponds to the N—O stretching of the
NO;3 ion, vs(NO3") [21]; and the broad bands at ~1400 cm ™" are assigned
to the asymmetric stretching bands of the nitrate ion, v,5(NO3"). More-
over, in Fig. 1 a high frequency band can be observed at ~2937 cm ™!
for AcOH and AHA, which corresponds to the C—H stretching of the
methyl group, vs(C—H) [22].

Besides, the rest of the bands assignments shown in Fig. 1 were ob-
tained as follows. According to the band assignment of hydroxylamine
hydrochloride (NH30HCI) reported by Krishnan et al. [23], the most in-
tense band of this molecule (~1004 cm™!) corresponds to the N—O
stretching, vs(N—O). The same assignment had been done for the
band at ~912 cm™" of the solid hydroxylamine by R. Nightingale and
E. Wagner at ~921 cm ™! [24]. Therefore, we have assigned the band
found in this work at ~997 cm™! to the N—O stretching vibration v,
(N—O0).

The assignment of the acetic acid Raman spectrum has been per-
formed on the basis of the results of liquid acetic acid assignment pub-
lished by M. Haurie et al. [25]. The low frequency bands at 708 and
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Fig. 1. Raman spectra of 1 mol/L acetohydroxamic acid (AHA), 0.5 mol/L acetic acid
(AcOH) and 0.5 mol/L hydroxylamine (HA) dissolved in 0.5 mol/L HNO; A) from 450 to
4000 cm ™', and B) from 450 to 2000 cm ™.

615 cm ™! are assigned to the in plane and out plane bending of the
structure CCO, 6pend(CCO) and VYewist(CCO) respectively, the low
band at ~449 cm ™! to the Spena(CCO) and the peak at ~881 cm ™! is
ascribed to the C—C stretching band, vs(C—C). The medium inten-
sity band at ~1646 cm ™! is attributed to the C=O0 stretching band,
vs(C=0).

The bands assignment of AHA has been deduced by comparison with
the assignment of its hydrolysis products. Thereby, we have assigned
the bands at ~430 and ~637 cm ™! to in plane and out plane bending
of the structure CCO, dpenda(CCO) and Yewisc (CCO), respectively; bands
at ~950 and ~2937 cm™ ! to the C—C and C—H stretching bands (for
acetic acid, vs(C—C) = 881 cm ™! and v5(C—H) = 2937 cm™!); and
the band at ~985 cm™! to N—O stretching band (in hydroxylamine v,
(N—O0) = 997 cm™!). Furthermore, as expected, the typical bands of
the amide group appear in the AHA spectrum, that is, those related to
the C—N and the of C—N—H structure. Hence we have assigned the
bands at 1080 cm ™!, 1312 and 1370 cm ™! to the C—N symmetric
stretching and C—N—H in plane bending vibrations, vs(C—N) and
6bem:l(c_N_H)-

Scarce publications dealing with the Raman spectra of AHA were
found. Holmén et al. [26] had assigned the N—O stretching, vs(N—O),
to a band around 994 cm™ !, which is in agreement with our result, un-
like Edwards et al. [27], who assigned the vs(N—O) stretch to a band lo-
cated at ~1091 cm™ . The C=0 stretching band, vs(C=0), was found at
1642 cm ™! by Holmén and at ~1658 cm ™' by Edwards, in perfect agree-
ment with our result (1646 cm™!). No other assignments for this
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Fig. 2. Raman spectra of 1 mol/L AHA as a function of time (from 0 to 8 h) in 0.5 mol/L HNOs.

molecule in aqueous solution have been found, but the assignhment car-
ried out in this work is in good agreement with the ones shown in other

3.2. Quantitative Raman spectra analysis

Raman spectroscopy can be used to perform fast, non-destructive
and versatile quantitative analysis without sample preparation since
the integrated intensity (Area, A) of the Raman scattering is propor-
tional to the concentration (c) [29], as follows,
A=ionlc (1)
where [} is the laser intensity, o is the Raman cross-section or scat-
tering efficiency, 1) is an instrument parameter and [ is the sample
path length.

Therefore, if the integrated intensity is normalized with respect to
the one corresponding to a constant concentration, i.e. an internal
calibrant, the following is obtained:
A/Acalibrant = F/ Fcalibrant C/Ccalibrant (2)
where F; = (I,on ). Thus, Eq. (1) can be written as a linear equation
with a zero intercept,

studies related to proteins, such those reported by A. Nevin et al. [28]. ¢ = a A/Aciibrant 3)
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Table 1
Obtained values of a (slope) and b (intercept) constants.
Molecule a b
AcOH 1.82 (£ 0.05) 0.013 (& 0.009)

HA 1.94 (+ 0.05)
AHA 2.45 (£ 0.07)

0.029 (+ 0.007)
0.05 (+ 0.07)

where the slope a is defined as (Fcaiiprant* Ccatibrant)/F and can be obtained
easily from the plot of a calibration curve of the relative peak areas and
the known concentrations.

This feature allows us to study the hydrolysis reaction of AHA as a
function of time without the addition of any metal to the solution,
which is an advantage for metal complexation applications where
AHA is currently involved.

It is well known that AHA hydrolysis is initiated and catalyzed by a
hydronium ion, followed by the rate limiting step when the protonated
intermediate is attacked by a water molecule [9].

CH3CONHOH (aq) + H30"=CH3COOH + NH30H* (4)

Fig. 2 shows the 1 mol/L AHA spectra obtained every 15 or 30 min for
8 h from 850 to 1030 cm ™! in HNO5 0.5 mol/L.

As it can be appreciated, the intensity of the bands corresponding
to AHA (vs(C—C) ~950 and v(N—O0) ~985 cm™~!) decreases with
time, whereas that of the bands corresponding to AcOH (vs(C—C)
~881 cm™!) and HA (v4(N—0) ~997 cm ™) increase. The concentra-
tion of these molecules as a function of time was obtained by using
quantitative Raman spectroscopy (QRS). For this purpose, a series of
Raman spectra were collected from AHA, AcOH and HA solutions at
the following concentrations: 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mol/L, for
AcOH and HA (Fig. 3.A and Fig. 3.C, respectively); and 0.2, 0.4, 0.6, 0.8
and 1 mol/L for AHA (Fig. 3.E). Note that all spectra were normalized
with respect to the integrated intensity of the vs(NO3") band, since it
is used as internal calibration.

A band-profile analysis of each spectrum was carried out to track the
evolution of the Raman bands as a function of concentration. Second de-
rivative analysis allowed us to obtain the wavenumber of the main con-
tributions, and then a multiple Voigt fit was conducted using the
obtained wavenumber values as fixed parameters. An example of the
profile analysis is given in Fig. 3.A, C, E. From these fits we have obtained
the calibration curve by plotting the concentration of each molecule vs.
the normalized integrated intensities (A/A1o37). As shown in Fig. 3.B, D,
F, a linear dependence was obtained from the measurements, following

the equation ¢ = ax + b, where c is concentration of the solution in mol/
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Fig. 4. Experimental and obtained fitted curves of the Raman spectra corresponding to
1 mol/L AHA solution after 5 h of hydrolysis in 0.5 mol/L HNOs.
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Fig. 5. Evolution of the concentrations of AHA, AcOH and HA as a function of time (from 0
to 150 h) in 0.5 mol/L HNOs. (Open and solid symbols indicate results obtained from
different experiments performed at the same conditions, see Section 2 for details).

L, x is the normalized integrated intensity A/A;¢37, a is the slope defined
as Fegiibrant* Ceatibrant/F and b is a constant close to zero (see Table 1).

By using these relations the concentration of AHA, AcOH and HA can
be obtained from the analysis of each spectrum as a function of time. As
an example, the experimental and the obtained fitted Raman spectra of
AHA solution after 5 h of hydrolysis are shown in Fig. 4.

The results of the quantitative Raman analysis are shown in Fig. 5. As
can be observed, AHA concentration decreases fast from 1 mol/L to
~0.30 mol/L, while AcOH and HA concentrations increase with time
from 0 mol/L to ~0.40 mol/L, reaching the plateau after 20 h.

3.3. Comparison of techniques in rate constant calculations

Many authors calculate the rate constant of the AHA hydrolysis by
indirect colorimetric techniques. In this section these results have
been compared with the ones obtained by direct QRS.

In the literature, the reaction that occurs as a result of hydrolysis is
considered to follow pseudo-first order kinetics with respect to AHA
[10,14], as follows:

In (AHA/AHA )

'
N}

t (min)

Fig. 6. Ln [AHA/AHA,] as a function of time and nitric acid concentration (initial AHA
concentration of 1 mol/Lin 0.5, 1, 2, 3 and 4 mol/L HNO5 solutions).
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d[AHA] .
—— g = KEIAHA (6)

where k means the rate constant and k” is the apparent rate constant,
which depends on the acid concentration as

kE =Kk [H']. (7)

Therefore, several studies have determined that the dependency of
In[AHA/AHA] on time is a linear function of slope k” at a constant
acid concentration, (Eq. (7)) for both excess conditions, as well as limit-
ing nitric acid conditions, [7,8,10,11,14,29]. It is important to mention
that since one of the products of this reaction, HA, consumes protons
as it is being formed to give rise to NHsOHNOs, linear dependence of
k” is only expected at the early beginning of the reaction.

Following the same analysis, Fig. 6 shows the Inf[AHA/AHA,] as a
function of time (Eq. (3)) of an initial concentration of 1 mol/L AHA in
HNOs solution of 0.5, 1, 2, 3 and 4 mol/L obtained by the in situ QRS anal-
ysis. These results show a linear function of slope k’ and the hydrolysis
rate increases with the acid nitric concentration up to 4 mol/L.

In order to determine the hydrolysis rate constant, Fig. 7 shows the
dependence of k” as a function of acidic concentration. The change in
k’ vs. HNO3 concentration yields a straight behavior of slope k for the
HNO; studied concentrations (up to 4 mol/L).

Several published studies [8,11] consider the validity of this straight
behavior only up to 3 mol/L HNOs. However, it is important to highlight
that the behavior found in this work, in which the apparent rate con-
stant k’ vs. HNO3 at concentration up to 4 mol/L yields a straight

Table 2

behavior of slope k, is in good agreement with the data reported by
Chung and Lee [10]. That means these Kinetics equations could still be
appropriate for describing other extraction systems typically used in
the recycling of spent nuclear fuel. From Eq. (4) we have obtained a k
value of 0.00152 =+ 0.00001 L mol™! min™".

The rate constant k at 25 °C for the hydrolysis of AHA has been deter-
mined by several authors (see Table 2) finding no appreciable differ-
ences in the reported values.

The k value obtained in this work is in perfect agreement with those
obtained by Chung and Lee [10] and Sampath et al. [14], but different to
the ones reported by Taylor and May [7], Carrott et al. [8] and
Alyapyshev et al. [30]. One of the other typical restrictions for Eq. (3)
is also to fit [HNOs] > [AHA] relation. Therefore, as k is independent of
nitric acid concentration, for a better comparison, Table 2 shows the re-
lation of nitric acid and AHA concentration. However, no clear reported
correlation between differences in k values has been found, which may
point out to a sum of factors, including time chosen for fitting or mea-
surement conditions. Colorimetric conditions used for measurements
have also been collected in Table 2 (last column) in order to highlight
the different complexes AHA-Fe studied as a function of the different
conditions such as AHA:Fe ratio, pH and concentrations.

4. Conclusions

In this work, the kinetics of acetohydroxamic acid hydrolysis in nitric
acid solution was studied for the first time by a Quantitative Raman
spectroscopy (QRS). The QRS has been developed as a direct and very
accurate method to study the evolution of AHA hydrolysis as an alterna-
tive to traditional indirect UV-Vis methods.

Raman spectroscopy technique is an effective, faster and easier tool
for determining the AHA hydrolysis in acidic media, since it can be
used for in situ measurements, depending neither on the AHA-Fe com-
plex formed nor on pH or concentrations. In addition, it allows us not
only to monitor the decrease of AHA concentration, like UV-Vis method,
but also the concentration increase of the hydrolysis products, AcOH
and HA. QRS enables likewise a greater versatility in AHA complexation
experiments due to the fact that no additive needs to be added to the
system for measurements.

Many authors have reported AHA hydrolysis studies by using tra-
ditional indirect UV-Vis method, nonetheless the obtained rate con-
stant data k are not in agreement, i.e. k varies from 0.0009 to
0.0021 L mol~! min~". In this study, the value of rate constant k at
25 °C was estimated from experimental results and reported as
0.00154 + 0.00001 L mol™! min~" not only for excess but also for
non-excess conditions of nitric acid. It should be noted that apparent
rate constant k’ vs. HNO5; concentration up to 4 mol/ L yields a
straight behavior of slope k, in contrast with the theoretical studies,
which predict a validity of this straight behavior only up to 3 mol/L
HNOs.

Rate constants of the hydrolysis reactions, k, obtained at different conditions (i.e. excess conditions and limiting nitric acid conditions ([HNOs] < [AHA] and [HNOs] > [AHA]), for different

authors by using colorimetric methods compared with the one obtained in this work by QRS.

k Authors Conditions Method
(L mol~ " min~")
0.00205 Taylor and May 1999 [7] [HNOs] > [AHA] Colorimetric Njax = 499 nm
0.0015 Chung and Lee 2006 [10] [HNOs] > [AHA] Colorimetric Amax = 503 nm
0.0009* Alyapyshev et al. 2007 [30] [HNO3] > [AHA] Colorimetric A\max = 498 nm
0.00184 Andrieux et al. 2007 [11] [HNOs] > [AHA] Colorimetric A\max = 500 nm
0.00211 Carrot et al. 2008 [8] [HNOs] > [AHA] Colorimetric Amax = 499 nm
0.0014 Sampath et al. 2011 [14] [HNO3] < [AHA] and Colorimetric A\max = 500 nm
[HNOs] > [AHA]
0.00152 This work [HNO3] < [AHA] and QRS
[HNO;] > [AHA]

* Calculated in this work from the published k" = 0.00152, 0.00181, 0.00240 at 1.5, 2, and 2.5 mol/L of HNOs3, respectively.
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