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ABSTRACT

Dissolved organic nitrogen (DON) has drawn more attention because of its potential to form nitrog-
enous disinfection by-products. Amino acids are important DON constituents in alkaline eutrophic
water. Alkaline water interferes with advanced oxidation processing of target compounds. A new oxi-
dation process using the H,O,-HCO," system was used to remove the typical amino acid histidine
from water. The rates of DON and histidine removal in the Coz*/HZOZ—HCO3’ system within 60 min
were 54% and 72%, respectively. The optimum pH for histidine degradation was 8, and the optimal
dosages of NaHCO, and H,0O, were 35 and 20 mM, respectively. Co(Il) complex with amino acids
(Co(II)-Xaa complex), *OH, and HCO,” were involved in the degradation, and O, formed via HCO,”
decomposition, as evidenced by the previous study. The reaction products suggest that part of the his-
tidine undergoes oxidation to ammonia nitrogen within 60 min. High-performance liquid chromatog-
raphy-mass spectrometry results reveal that histidine degradation consists of two separate pathways
involving the Co(II)-Xaa complex, *OH, and ¢O,, with the two pathways gradually converting -NH,
into NH,"-N. Gas chromatography detection showed that the nitrogenated-disinfection by-products

formation rate decreased in the Coz*/HZOZ—HCOJ’ system.
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1. Introduction

Dissolved organic nitrogen (DON) has been the focus of a
number of studies on drinking water treatment because of its
potential to form nitrogenous disinfection by-products [1-4],
which are far more carcinogenic or mutagenic than some of
the regulated disinfection by-products (DBPs) [5]. Amino
acids are an important component of DON. Amino acids and
proteins are important and common organic nitrogen com-
ponents in water, especially raw water with high algal con-
tent. Liu et al. [6] and Takaara et al. [7] showed that there are
185 kinds of protein and 17 free amino acids in water samples
derived from Microcystis aeruginosa cells. Previous studies
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have revealed that amino acids have great potential for form-
ing nitrogenated-DBPs (N-DBPs) during chlorination of
drinking water [8,9]. Since conventional drinking water treat-
ment processes preferentially remove high-molecular-weight
DON, low-molecular-weight amino acids may still be present
in the water prior to chlorination disinfection [10]. Therefore,
removing amino acids before disinfection aids the control
of N-DBP formation. Methods for this purpose thus need to
be developed. In this study, histidine was used as the target
compound because of its relatively high concentration in raw
water and its high potential to form N-DBPs [11].

Advanced oxidation processes are effective at removing
many kinds of organic contaminants from water because
they generate radicals such as hydroxyl and hydroperoxyl
radicals [12]. We have studied the performance of the UV/
Cu-TiO, system in histidine and DON removal and its
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mechanism of removal [13,14]. Although the UV/Cu-TiO,
system can effectively remove histidine and DON from water,
pH seriously affects its removal performance, and higher
pH interferes with amino acid removal. Since the pH of
most eutrophic water sources is higher than 7.5, bicarbonate
(HCO,") is always abundant in such sources. A new advanced
oxidation process utilizing bicarbonate that has recently
drawn attention uses HCO," as an activator for H,0O, in many
oxidation reactions to generate many reactive oxygen species
such as peroxymonocarbonate (HCO,), hydroxyl radical
(*OH) and superoxide radical (¢O,) [15-17]. Moreover,
incorporation of Co* at micromolar concentrations into the
system can markedly increase the degradation rate of organic
matter [18-20] such as orange II [21] and methylene blue [22].
However, no study has attempted to use the Co*/H,O,-
HCO, system in degrading typical amino acids.

The aim of our research was to investigate the
Co*/H,0,-HCO," system’s performance in the removal of
typical amino acids and the system’s removal mechanism. The
effects of NaHCO, dosage, H,0, dosage, pH and the presence
of organic compounds on the efficiency of removal were
investigated. In order to study the reaction mechanism, electron
spin resonance (ESR) experiments and high-performance
liquid chromatography—-mass spectrometry (HPLC-MS)
were conducted to illustrate the main reactive substance
and to identify the intermediates. Gas chromatography (GC)
experiments were used to determine the formation potential
of the N-DBPs dichloroacetonitrile (DCAN) and dichloro
acetamide (DCAcAm). The possible reaction pathways and
removal mechanism were proposed on the basis of the analysis
of experimental data and relevant literature.

2. Materials and methods
2.1. Materials

Reagents were obtained from Sigma-Aldrich Chemical
Co., Ltd. (Shanghai, China). All chemicals, which were at
least of analytical grade, were used without further purifica-
tion except when indicated. Methanol (MeOH, HPLC grade)
and 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) were pur-
chased from Sigma-Aldrich Chemical Co., Ltd. (Shanghai,
China) and Sigma-Aldrich (St. Louis, MO, USA), respec-
tively. DCAN was purchased from Sigma-Aldrich (St. Louis,
MO, USA), and DCAcAm was obtained from Alfa Aesar
(Karlsruhe, Germany). A free chlorine stock solution was

Table 1
Relevant properties of histidine

Amino Branched Chemical Molecular Chemical

acid chain formula  weight structure
(g/mol)

Histidine Alkaline CHN,O, 155 O

H,;N—CH—C——OH

CH,

N\
\\—NH

prepared from 5% sodium hypochlorite (NaOCI) solution
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China).
Relevant properties of the amino acid are shown in Table 1.

2.2. Analytical methods

NO;, NO,, and NH," concentrations were measured
through a published method [23]. The DON content was
determined from the difference between the measured total
dissolved nitrogen (TDN) content and the sum of the mea-
sured concentrations of dissolved inorganic nitrogen species
by using Eq. (1):

DON (mg/L) = TDN - (NO,-N +NO,-N +NH,-N) (1)

Amino acids were analyzed with HPLC using 6-amino-
quinolyl-N-hydroxysuccinimidyl (AQC) derivatization [24].
The reaction between AQC, amino acids, and ammonia led
to the formation of fluorescent complexes, which were sep-
arated on an AccQ-Tag Waters (Shanghai, China) C18 HPLC
column (3.924 mm x 150 mm) and then detected at excitation
and emission wavelengths of 240 and 395 nm, respectively.
The HPLC system consisted of a Waters TM 600 gradient
pump, a Merck (Darmstadt, Germany) AS-4000 autosam-
pler, a column heater, and a 474 Waters TM fluorescence
detector.

HPLC-MS has been widely used in analytical studies
of chemical composition. In the present study, we estab-
lished a method for the determination of amino acid oxi-
dation products using HPLC-MS. Amino acid oxidation
products were identified with ultrahigh-performance
liquid chromatography—-tandem mass spectrometry (UPLC/
MS/MS; Agilent, Waldbronn, Germany). Chromatographic
separation was performed at a flow rate of 0.2 mL/min
on a Zorbax Eclipse Plus C18 column (2.1 mm x 50 mm,
1.8 um), which was preceded by a C18 guard column. This
column was kept at a temperature of 35°C during the sep-
aration. The mobile phase consisted of a 2 mmol/L ammo-
nium acetate solution (eluent A) and acetonitrile (eluent B)
filtered through a membrane with a pore size of 0.22 um.
The injection volume was 5 pL. Detection was performed
with an Agilent 6460 Series triple quadrupole mass spec-
trometer equipped with an electrospray ionization source.
Qualitative metabolite analysis was conducted by UPLC/
MS/MS in full scan mode. Ion-source parameters were as
follows: drying temperature of 300°C, drying flow rate of
5 L/min, nebulizer gas pressure of 45 psi, sheath gas tem-
perature of 250°C, sheath gas flow rate of 5 L/min, capillary
voltage of 3,500 V, and nozzle voltage of 500 V.

ESR experiments were performed using an EMX-E
spectrometer (Bruker, Karlsruhe, Germany) and the spin-
trapping agent DMPO. Measurements were carried out
under the following conditions: a center field of 3,517 Gs, a
sweep width of 100 Gs, a microwave frequency of 20 mW, a
modulation amplitude of 1 Gs, and a sweep time of 41.96 s.

GC experiments (Agilent, Waldbronn, Germany) were
used to determine the formation potential of the N-DBPs
DCAN and DCAcAm. The test method parameters for DCAN
were as follows: HP-5 capillary gas chromatographic column
(30 m x 0.25 mm x 1 um), inlet temperature of 250°C, electrical
conductivity detector (ECD) temperature of 250°C, high-purity
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nitrogen carrier gas (99.99% purity), flow rate of 2 mL/min, tail
gas flow rate of 50 mL/min, injection mode for split injection
(split ratio 2:1), and sample volume of 1 uL. The test method
parameters for DCAcAm were as follows: HP-5 capillary
gas chromatographic column (30 m x 0.25 mm x 1 um), inlet
temperature of 235°C; ECD detector temperature of 250°C;
high-purity nitrogen carrier gas (99.99% purity), flow rate of
2 mL/min, tail gas flow rate of 50 mL/min, injection mode for
splitless injection, and sample volume of 1 uL.

2.3. Experimental procedures

Standard bottle-point methods were used to study the
efficiency and mechanism of amino acid catalytic degrada-
tion. For the catalytic oxidation experiments, the tests were
carried out in 250-mL brown glass bottles held in a constant
temperature (25°C + 1°C) water bath apparatus. In a typical
procedure, NaHCO, was added to 200 mL of amino acid solu-
tion (10 mg/L), which was then stirred for 60 min to achieve
adsorption—desorption equilibrium. Afterward, the reaction
was initiated immediately by addition of H,O, and Co*. At
designated time intervals, a 0.5-mL sample was collected
from each bottle and immediately filtered through a 0.22-pm
membrane to analyze the concentration of histidine. The sam-
ple bottles were pre-filled with 0.2 mL of MeOH solution to
quench any residual bicarbonate/hydrogen peroxide-induced
oxidation. Residual water samples of each bottle were filtered
through cellulose acetate membrane filters with a pore size of
0.45 pm and then transferred to sample vials pre-filled with
quencher MeOH, which were used for the determination of
DON and N-DBPs. The water sample in each bottle was mea-
sured. All experiments were performed in triplicate, and data
were reported as mean + standard deviation.

3. Results and discussion
3.1. Degradation efficiency

Fig. 1 depicts the removal of histidine and DON in the
different reaction systems. The Co*/H,O,-HCO, system
could catalytically oxidize histidine; the histidine concentra-
tion decreased from 10 to 3.2 mg/L within 60 min of the reac-
tion. In contrast, the decrease is higher than the reductions
observed in the separate H,0, system (10 to 7.6 mg/L) and
in the separate H,O,~HCO," system (10-4.5 mg/L). Almost
no removal occurred in the NaHCO, system. The large dif-
ference between these different reaction systems shows that
addition of Co? can effectively improve the oxidative ability
of the H,O,~HCO," system. The increase in histidine oxida-
tion rates may be attributed to active oxygen species such as
peroxymonocarbonate (HCO,"), hydroxyl radical (¢OH), and
superoxide radical (¢O,") [16]. Co(II) can react with the amino
acid and thus form a Co(II)-Xaa complex, which is then oxi-
dized by H,0, to *OH and OH" [20]. Histidine was oxidized
by ¢OH. Results for DON removal are similar to those for his-
tidine removal. Under the same reaction conditions, the rate
of DON removal was lower than that of histidine removal
(54% vs. 68%; Fig. 1). This difference may be explained by
the incomplete mineralization of amino acids and their con-
sequent incomplete transformation to other organic nitrogen
matter, which can be detected as DON. The rate of DON
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Fig. 1. Efficiency of the different systems in the degradation of
(a) histidine and (b) DON (0.1 uM Co?; 25 mM NaHCO,; 20 mM
H,O,; pH = 8).

Histidine concentration (mg/L)

t (min)

Fig. 2. Effect of NaHCO, dosage on the degradation efficiency

(0.1 uM Co*; 20 mM H,O,; pH = 8).

removal indicates that part of the DON underwent direct oxi-
dation to inorganic ions.

3.2. Effect of various factors on the catalytic degradation
3.2.1. Effect of NaHCO, dosage

The rate of histidine removal initially increased and
then decreased with the increase in NaHCO, dosage (Fig. 2).
Similar results were obtained in Bokare and Choi’s study [20].
When the NaHCO, dosage was 35 mM, the rate of histidine
removal was the highest (72% of histidine after 1 h). However,
NaHCO, dosages that were too high or too low impeded the
reaction. When the NaHCO, dosage was too low (<35 mM),
less HCO,” participated in the reaction; consequently,
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Co?*-catalyzed production of *OH from H,0, was more dif-
ficult. When the NaHCO, dosage was too high (>35 mM),
excess HCO,™ led to a quenching effect. The optimal NaHCO,
dosage was found to be 35 mM.

3.2.2. Effect of H,0, dosage

The effect of H,O, dosage on amino acid degradation is
depicted in Fig. 3. With the increase in H,O, concentration,
the rate of histidine removal generally increased and then
decreased. Fig. 3 shows that when the H,O, concentration
increased from 5 to 25 mmol/L, the histidine concentration
decreased from 10 to 2.78 mg/L (5-20 mM H,0O,) and then
increased to 3.02 mg/L (25 mM H,0,). This trend is due to
the sufficient number of active sites on the catalyst when the
H,0O, concentration is low; an increase in H,O, concentration
in the reaction system can lead to production of more ¢OH,
thereby increasing the rate of histidine removal. With further
increase in the H,O, concentration, however, an equivalent
number of active sites on the catalyst become saturated,
thus increasing the amount of H O, that is not involved in
the reaction for ¢OH production. Similar inhibition has been
reported in the literature [20]. Therefore, the optimal H,O,
dosage and NaHCO,/H,0O, molar ratio are 20 mmol/L and
74, respectively (Figs. 2 and 3).

3.2.3. Effect of pH

As is well known, pH is an important factor that affects
the Fenton reaction; it is thus necessary to determine the
effect of pH on the Co*/H,0,-HCO; system. The effect of
pH on amino acid degradation is presented in Fig. 4. The fig-
ure shows that the rate of histidine removal increases first
and then decreases with the increase in pH, reaching 68% at
pH 8. Under acidic conditions such as those at pH 3, a higher
removal rate can be obtained with the traditional Fenton
reaction. However, only a small amount of HCO," that forms
complexes plays an important role in the Coz*/HZOZ—HCO3’
system. Too high or too low pH can result in the decomposi-
tion of HCO,  into CO32’ or CO, and further lead to a decrease
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Fig. 3. Effect of H,O, dosage on the degradation efficiency
(0.1 uM Co*; 35 mM NaHCO,; pH = 8).

219

in the amount of *OH [20]. According to a previous study
[25], the optimum pH for a cobalt-loaded catalyst-HCO, -
H,O, system is 8.2, which is similar to our study. Thus, the
optimum pH of the Co*/H,O,-HCO, system is 8.0.

3.2.4. Effect of organic compounds

The foregoing experiments were carried out in the
presence of amino acids in water. However, the actual
compositions of water bodies are highly complex, as they
contain various organic compounds. To explore the effect
of organic substances in water bodies on the catalytic
degradation of amino acids, we added a common organic
substance to water samples. Because of the detection index
of histidine, the selected organic matter must not contain N.
Therefore, 2-propanol was used as the typical organic matter.
The degradation rate of histidine decreased with the increase
in 2-propanol concentration (Fig. 5). When the 2-propanol
dosage was lower, the degradation rate of histidine decreased;

70 b .,
\i
—~ 60} . T
S e
2
g 50t /
=
>
g
S 40
Q
K=
e
= 30F
m -
20 ®
1 1 1 1 " 1 1 1
4 5 6 7 8 9 10 11
pH value

Fig. 4. Effect of pH on the degradation efficiency (0.1 uM Co*;
35 mM NaHCO,; 20 mM H,0,).

Histidine concentration (mg/L)

0 10 20 30 40 50 60
t (min)

Fig. 5. Effect of 2-propanol concentration on the degradation effi-
ciency (0.1 uM Co?*; 35 mM NaHCO,; 20 mM H,O,; pH =8).
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with the increase in 2-propanol concentration, the inhibition of
histidine degradation was more obvious. These results imply
that histidine degradation mainly involves the generation
and participation of ¢OH radicals in the Co*/H,0,-HCO,
system. Similar results were obtained by Luo et al. [26].

3.3. Proposed mechanisms
3.3.1. Behavior of radicals during oxidation

The ESR spectra after 2 min of reaction are shown in Fig. 6.
In the spectra of the H,0,-HCO,” and Co*/H,0,-HCO;" sys-
tems, characteristic and typical ESR signals of the DMPO-OH
adducts at an intensity ratio of 1:2:2:1 are evident as four strong
peaks [27] and are lower than those for the peaks of the Co?*/
H,O,-HCO, system. No ESR signal is present in the spectrum
of the separate H,O, system, indicating that HCO,” and the
Co*-HCO," system can activate H,O, and thus produce ¢OH.
We detected ®OH, which has the hyperfine splitting constants
a,=14.9 G, a,=14.9 G. According to a previous study [16], the
active oxygen reactive intermediates may include ¢OH and
*O,, with part of the O, generated by HCO,” decomposi-
tion. Both radicals facilitate the reaction of histidine. Therefore,
results of the ESR experiments and those of the aforemen-
tioned study confirm that *OH and ¢O, can form in the
Co*/H,0,-HCO, system, in which ¢OH plays an important role.

3.3.2. Degradation pathway

The concentrations of TDN, as well as those of nitrogen
from NH,*, NO;, and NO,, were determined at different
reaction times (results are shown in Fig. 7) to confirm the
extent of DON oxidation in water. The main forms of nitro-
gen showed different variation tendencies (Fig. 7). The DON
and TDN concentrations decreased, whereas the NH," con-
centration increased. No obvious change in the NO,” and
NO, nitrogen concentrations was detected during the entire
oxidation process. According to the concentration variations
of TDN, DON, and NH* (2.65 mg/L vs. 2.10 mg/L, 1.65 mg/L

L L | L 1 | 1 " 1 " | L |

3420 3440 3460 3480 3500 3520 3540 3560
Magnetic Field Strength (G)

Fig. 6. ESR spectra obtained for the (1) H,0,, (2) H,O0,-HCO,;,
and (3) Co*/H,0,-HCO, systems (0.1 uM Co*'; 35 mM NaHCO,;
20 mM H,O,; [DMPO] = 0.1 M).
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vs. 0.90 mg/L, and 0.038 mg/L vs. 0.44 mg/L), the increase
in NH," nitrogen concentration is caused by histidine oxida-
tion, and NH," is not converted to nitrogen gas. These results
are contrary to those in our former study [12], in which histi-
dine was completely degraded to NH," and NO,", with NO,
finally being reduced to N,. In this study, these species were
removed from water by a UV/Cu-TiO, system via a coupling
reaction involving photocatalytic oxidation. However, the
Co*/H,0,-HCO, system uses homogeneous catalytic oxida-
tion; thus, there is no interaction between NH," and NO;™ in
its reaction.

HPLC-MS was used to identify the intermediates and
final products of amino acid oxidation. According to previ-
ous studies [28,29], the amino and carboxyl groups can be
simultaneously removed, with carboxylic acid consequently
generated in the presence of the catalyst. However, the recov-
ery rate of carboxylic acid was low. Thus, the m/z ratios of the
molecules are shown in Fig. 8.

After catalytic treatment, water samples with the amino
acid were analyzed by HPLC-MS (spectra are shown in
Fig. 8). The main mass-to-charge (m/z) ratios in the mass
spectrum of the histidine-containing water sample after cat-
alytic treatment are 216.8, 158.7, 139.9, and 114.9 (Fig. 8). The
molecular formulas of these substances could be tentatively
identified on the basis of the m/z ratios and the amino acid
structure (Table 2).

The aforementioned figures describe oxidative decarbox-
ylation during deamination of histidine.
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Fig. 7. Changes in TDN, NO,", NH," concentrations during DON
degradation in the Co*/H,O,-HCO, system (0.1 uM Co*; 35 mM
NaHCO,; 20 mM H,O,; pH = 8).

272

272 2 Tl

T B A @ @ 0 0 @ ok T

Fig. 8. Mass spectrum of the histidine-containing water sample
after the catalytic treatment.
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Table 2
Results of the identification of amino acid oxidation products

Amino acid  Monitoring ion m/z Molecular formula

Histidine ~ [M+Nal" 1587 CHN,O,
[M + HJ" 1399 CHN,O
[M + HJ" 1238 CHN,O,
[M +HJ* 1147 CHN,0
[M+H]* 216.8  Co(II)-Xaa complex
I
Ccoor "
| + ot H' R— CH—C H:0;  p—cu—c
CH N\ N\
RN HN 0 by 0
R NH;* N / N
Co* om+oH.,—C0"
0 Hgoj 0
ﬁ || "
R—C—C B
. H,0 =
NH," + RCOCO" =~—= SN A HN A
Co** H,N 0 0
/
C02+ C02+
Scheme 1
C(|)0H cc|)o- COe .
«OH «OH. Xelo)
CH CH C|H PN
VRN 7\ VAN R NH,
R N, R NH;' R NH,*
H,0
NH," 4+ RCHO = — /k
ol R N-H
2
*
RCOOH

Scheme 2

Fig. 9. Degradation of histidine in the Co*/H,0,-HCO, system
(0.1 uM Co*; 35 mM NaHCO,; 20 mM H,O,; pH =8).
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As shown in Fig. 9, histidine undergoes degradation via
two processes under the action of the Co*/H,0,-HCO," sys-
tem within 60 min. As shown in scheme 1, Co?*" reacts with
the amino acid, forming a Co(II)-Xaa complex and liberat-
ing a proton. H,O, then oxidizes Co(Il) in the complex to
form OHe, OH", and the Co(IlI)-Xaa complex [30]. Because
OHe formed in close proximity to the amino acid moiety
of the complex, it preferentially abstracts a hydrogen atom
from the a-carbon of the amino acid to regenerate Co(II) and
form the imino acid derivative, which, upon spontaneous
hydrolysis, yields the a-keto acid and NH,*. Scheme 2 is dif-
ferent from scheme 1 in that the anion undergoes oxidation
to carboxyl radical by hydroxyl radical (¢ OH). Furthermore,
a-amino free radical can convert to a-amino carbonium ion
to form the protonated imine. Finally, aldehyde can form by
hydrolysis. According to previous studies [18], an active ¢O,"
intermediate is generated by HCO,” decomposition; hence,

2.5

—&— DCAcAm
—e— DCAN

g
S
T

[—
W
T

N-DBPs formation (pg/L)
.o —
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Fig. 10. Formation of N-DBPs during chlorination of histidine at
different reaction times in the Co*/H,0,-HCO," system (0.1 uM
Co*; 35 mM NaHCO,; 20 mM H,O,; pH = 8).
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the aldehyde may be oxidized to carboxylic acid by superox-
ide radical (¢O,) [18].

3.3.3. N-DBP formation

Fig. 10 shows the formation of N-DBPs during chlorination
of histidine at different reaction times in the Co*/H,0,-HCO,"
system. We found that the concentrations of the N-DBPs
DCAN and DCAcAm decreased with the increase in reaction
time within 60 min. The removal rates of DCAN and DCAcAm
were about 51% and 45%, respectively. We can see that the
precursor concentrations of DCAN and DCAcAm decreased
gradually with the reaction time, and the formation reaction
reached completion. Because DCAN had a strong ability to
hydrolyze, the concentration of generated DCAN decreased
during hydrolysis. This indicates that the rate of N-DBP for-
mation decreased in the Co*/H,0,-HCO, system (Fig. 9).

4. Conclusions

This study is the first that uses bicarbonate-enhanced
removal of a typical amino acid through a cobalt(Il)-catalyzed
hydrogen peroxide reaction during N-DBP degradation. Our
results suggest that the Co*/H,O,~HCO," system is effective
in the degradation of DON. Under all of the experimental
conditions applied, the rate of DON removal within 60 min
in the Co*/H,O,-HCO, system is 54%. The optimum pH
for histidine degradation is 8. Optimal dosages of NaHCO,
and H,O, are 35 and 20 mM, respectively. The removal rate
of amino acid decreases with the increase in 2-propanol con-
centration. ESR results show that e OH produced by the Co*/
H,O,-HCO; system plays an important role. Therefore, DON
degradation is a result of oxidation by ¢OH. Furthermore,
the amino acid undergoes degradation within 60 min via
two processes in the Co*/H,0,-HCO," system, in which the
amino acid is oxidized to a-keto acid, aldehyde, and car-
boxylic acid. The concentrations of the N-DBPs DCAN and
DCAcAm decreased in the Co*/H,0,-HCO,” system.
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