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Abstract

Total dissolved nitrogen (TDN) is an important parameter for assessing the nutrient cycling and status of natural
waters. The accurate determination of TDN in natural waters is essential for assessing its contents and
distinguishing different forms of nitrogen in the water. The TDN in various systems has been largely documented,
and the concentrations of TDN are usually obtained using high-temperature catalytic (HTC) or persulfate
oxidation (PO). However, the accuracy of these methods and their suitability for all types of natural waters are still
unclear. To explore both methods in-depth, assorted samples were tested, including eight solutions composed of
nitrogen-containing compounds (3 dissolved inorganic nitrogen fractions: NO; , NO, and NH; ; 5 organic
compounds: EDTA-2Na, vitamin B1, vitamin B12, amino acids, and urea) and 105 natural waters which were
collected from an open ocean (Northwest Pacific Ocean, 28), a marginal sea (Yellow Sea, 34), an estuary (Huanghe
River mouth, 31), rivers (Huanghe River, 4; Licun River, 4), and precipitations (4 samples). The results showed
that heterocycles and molecular dimensions had certain effects on the oxidation efficiency of the PO method but
had little effect on HTC. There was no significant difference between the two methods for natural waters, but HTC
was more suitable for deep-sea samples with low TDN concentrations (less than 10 pmol/L) and low organic
activity. Overall, HTC has a relatively simple measurement process, a high degree of automation, and low error.

Therefore, HTC can be recommended to determine the TDN of samples in freshwater and seawater.

Key words: total dissolved nitrogen, high-temperature catalytic, persulfate oxidation, natural waters

Citation: Ge Tiantian, Yang Xue, Jiang Shan, Tan Liju. 2023. A comparison between high temperature catalytic and persulfate oxidation for
the determination of total dissolved nitrogen in natural waters. Acta Oceanologica Sinica, 42(4): 41-49, doi: 10.1007/s13131-022-2035-z

1 Introduction

Nitrogen (N) is an essential nutrient for sustaining productiv-
ity and an important factor in maintaining life activities in mar-
ine environments (McCarthy, 1972; Jackson and Williams, 1985;
Agedabh et al., 2009). It is also one of the main factors causing the
eutrophication of waters (Vitousek et al., 2002). Total dissolved
nitrogen (TDN) is a parameter of chief importance to assess nu-
trient cycling and the status of water systems (Jackson and Willi-
ams, 1985; Vitousek et al., 2002). TDN is the sum of the different
nitrogen compounds, including dissolved inorganic nitrogen
(DIN) and dissolved organic nitrogen (DON), which both play an
important role in aquatic ecosystems (Vilmin et al., 2018). DIN is
mainly composed of three fractions: nitrate, nitrite, and ammoni-
um. DON is derived from the degradation products of biogenic
compounds and anthropogenic organic matters (Minella et al.,
2016) and is mainly composed of proteins, nucleic acids, urea,
dissolved free amino acids, dissolved combined amino acids, as

well as humic and fulvic acids (Sipler and Bronk, 2015). Unlike
the inorganic forms of nitrogen, DON cannot be measured dir-
ectly and needs to be calculated through the difference between
TDN and DIN. The concentrations and compositions of nitrogen
for different waters are rather complex. Therefore, the precision
for the difference of TDN and DIN is an especially problematic
factor.

The accurate determination of the TDN in natural waters is
crucial to distinguishing nitrogen in its different forms and is im-
portant for environmental monitoring and nitrogen cycling as-
sessment (Rogora et al., 2006). Although new methods have been
established in recent years to determine the TDN in natural wa-
ters (Lin et al., 2018; Pagliano et al., 2018; Yasui-Tamura et al.,
2020; Lin et al., 2021), two methods are still widely employed,
namely persulfate oxidation (PO) (Solérzano and Sharp, 1980;
Scudlark et al., 1998; Yasui-Tamura et al., 2020) and high-tem-
perature catalytic oxidation (HTC) (Suzuki et al., 1985; Miller et
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al., 1993; Sipler and Bronk, 2015; Lu et al., 2016). In these two
methods, the crucial process is converting organic nitrogen com-
pletely into a single measurable product, nitric oxide (HTC) or ni-
trate (PO) (Minella et al., 2016; Pagliano et al., 2018). The chemic-
al composition of natural water is rather complex and may in-
clude several nitrogen species not easily convertible into a single
compound (Rogora et al., 2006). As a frequently used wet chem-
ical oxidation method, PO can convert TDN into nitrate (NO3)
through thermal oxidation in the presence of potassium per-
sulfate, and the following quantified method of NOj is spectro-
photometry at 220 nm (PO UV 220) or determination of its reduc-
tion product (NO,) by spectrophotometry at 540 nm after colora-
tion (Koroleff, 1976). Through several modifications of the reac-
tion conditions, this method has been successfully used for the
determination of TDN in natural waters (Sol6rzano and Sharp,
1980; Walsh, 1989; Scudlark et al., 1998). HTC converts TDN to
nitric oxide (NO) and then detects NO through a kind of chemilu-
minescence detector (Suzuki et al., 1985). The advantages of the
easy and convenient analysis and simultaneous determination of
DOC and TDN suggested the further development potential of
HTC (Sharp et al., 2002). Extensive studies have been conducted
to compare these two methods (Walsh, 1989; Rogora et al., 2006;
Yan and Wang, 2012; Minella et al., 2016). Bronk (2002) com-
pared PO and HTC by measuring TDN concentrations in aquatic
samples and nitrogen-containing standard compounds. TDN
analysis performed on five sea samples (from the estuary, coastal,
and open ocean environments) with varying TDN concentra-
tions showed the consistent results of both methods (Sharp et al.,
2002). Rogora et al. (2006) compared the differences between
HTC and PO in the determination of TDN while focusing on
freshwaters (lakes, rivers, and atmospheric deposition). It was
confirmed that HTC was a reliable method for TDN determina-
tion in freshwater samples, as the calculated limit of detection of
HTC was lower than PO. There also have been several studies on
the relationship between nitrogen conversion and nitrogen-con-
taining molecules (Nydahl, 1978; Jones and Daughton, 1985; Yan
and Wang, 2012). Minella et al. (2016) summarized previous re-
ports and studied the relationship between the conversion and
the chemical structure of the tested compounds, concluding that
HTC was more effective than PO in nitrogen recovery for com-
pounds with s-triazine rings, two or more contiguous N atoms,
and purine. Both methods demonstrated full nitrogen recovery
for several compounds such as imidazole, indole, and pyrimidine
rings containing amido or amino groups or nitrogen atoms.
Natural water samples have a chemical composition that is
more complex than that of a single-compound solution, which
may contain several kinds of nitrogen that are not easily convert-
ible into a single compound and a wide concentration range.
However, most previous studies on the comparison of methods
for the determination of TDN were concerned with either seawa-
ter or freshwater (Sharp et al., 2002; Yan and Wang, 2012; Minella
et al., 2016), and most were not systematic or comprehensive.
Based on the above discussion, we conducted a systematic
and comprehensive analysis of various natural waters, systemat-
ically exploring the effects of the two different methods (HTC and
PO) on the measurement of different components and different
natural waters. They were 8 kinds of nitrogen-containing com-
pounds and 105 natural waters collected from an open ocean
(surface and deep-sea water), a marginal sea, an estuary, rivers,
and rainwater. These eight selected N-molecules can be grouped
as follows: nitrogen heterocycles of biological origin, amino
acids, urea, amides, and inorganic nitrogen compounds. Our
specific objectives in this study are to investigate (1) the effects of

molecular structure on the determination results; (2) the differ-
ence between the two selected methods in determining natural
samples; and (3) the applicability of these methods in the marine
survey. Through these systematic analyses, we can fully under-
stand the differences and reasons of TDN analysis methods in
natural waters, so this work can provide a reference for future in-
vestigations of TDN in fresh and marine systems.

2 Materials and methods
2.1 Methods and principles

2.1.1 Persulfate oxidation (PO)

Firstly, 50 mL of each sample and 5 mL of potassium per-
sulfate buffer solution (25 g of potassium persulfate and 15 g of
boric acid dissolved in 500 mL of 3.75 mol/L sodium hydroxide)
were pipetted using a Levo Plus Pipette Filler (DragonLab,
China) into Teflon tubes. The TDN in each sample was conver-
ted to nitrate by the potassium persulfate with borate buffer in an
alkaline environment under high-temperature (110-120°C) con-
ditions for 30 min. At above 60°C in an aqueous solution, potassi-
um persulfate decomposes to produce potassium hydrogen
sulfate, and atomic oxygen can react with nitrogen compounds to
form nitrate at temperatures of 110-120°C. Nitrate was reduced
to nitrite (via cadmium-copper column reduction) and then
diazotized with p-aminobenzene sulfonamide. Finally, the
product was detected by a spectrophotometer. The results were
calculated using 6-point calibration curves derived from the pre-
pared TIN standard (KNO,) solution. Reagent blank subtraction
was carried out using Milli-Q water by performing the same pro-
cess. Blanks associated with TDN measurement were (3.3+
0.7) pumol/L (n=10) and the detection limit was 0.21 pmol/L. The
standard deviation of the triplicate injections was 1.97%-9.74%.

2.1.2 High-temperature catalytic (HTC)

HTC was performed using a Shimadzu TOC-L analyzer
equipped with a TNM-L nitrogen chemiluminescence detector
and an ASI-L auto-sampler (Sharp et al., 2002; Pan et al., 2005).
The samples (50 pL) were injected into the combustion column
(heated to 720°C and filled with Pt catalyst), where nitrogen-con-
taining compounds were quantitatively transformed into NO gas.
The cooled and dried gas was carried by the carrier gas (high pur-
ity oxygen, 99.999% by mass concentration) to a chemilumines-
cence detector and detected. The instrument was calibrated us-
ing 6-point calibration curves derived from prepared TIN stand-
ard (KNO,) solution. Blank subtraction was carried out using
Milli-Q water, which was analyzed before each sample was run.
Total blanks associated with TDN measurement were (2.4+0.7)
pmol/L (n=10) and the detection limit was 2.1 pmol/L. The
standard deviation of the triplicate injections was 1.39%-4.17%.

2.2 Preparation and processing of water samples

2.2.1 Solutions of nitrogen-containing compounds

Several nitrogen-containing inorganic compounds were elec-
ted, including 3 DIN fractions (NO3, NO, and NH} ) and 5 nitro-
gen-containing organic compounds (EDTA Disodium Salt
(EDTA-2Na), urea, amino acids (a mixture solution of 15 kinds of
amino acids), Vitamin B1 (VB1), and Vitamin B12 (VB12)). All
agents were prepared using Milli-Q water as a series of solutions
with different concentrations between 8 pmol/L and 150 pmol/L.
The selected N-molecules were grouped as follows: nitrogen het-
erocycles of biological origin (VB1 and VB12), amino acids (AAS),
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urea, amides, and inorganic nitrogen compounds. Notably, VB1
and VB12 have larger molecular weights and more complex
chemical structures than the other compounds.

2.2.2 Natural waters

Alarge number of natural water samples were collected from
the sea, river, and rain, as shown in Table 1. All samples were col-
lected and filtered by vacuum filtration with GF/F filters (0.7 pm,
Whatman, heated at 450°C for 4 h). Seawater samples were col-
lected from open ocean areas (Northwest Pacific Ocean,

Table 1. Natural water samples and their collection information

13°-40°N, 150°E, 28 samples) including surface seawater (SSW),
deep seawater (DSW), a marginal sea (Yellow Sea, 34 samples),
and an estuary (Huanghe River mouth, 31 samples, salinity range
of 4-31) (Fig. 1). Samples from the Northwest Pacific Ocean, the
Yellow Sea, and the Huanghe River mouth were collected in
November 2019, March 2019, and October 2019, respectively.
River water samples were collected from the Huanghe River (4
samples, the second-longest river in China) and the Licun River
(4 samples, flowing through Qingdao and heavily influenced by
industrial production and human activity) in November 2019.

Sample type Site Location Sampling date Number
Open ocean Northwest Pacific Ocean 13°-40°N, 150°E November 2019 28
Marginal sea Yellow Sea 35.94°-36.13°N, 120.27°-126.27°E March 2019 34
Estuary Huanghe River mouth 37.83°-38.32°N, 118.08°-119.26°E October 2019 31
River water Huanghe River 37.61°N, 118.54°E November 2019 4
Licun River 36.16°N, 120.47°E November 2019 4
Precipitations Qingdao, China 36.16°N, 120.50°E July 2019 and January 2020 4
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Fig. 1. Locations of natural waters sampling. The triangle is the location of the Ocean University of China.
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Precipitations (4 rainwater samples) were collected in four spots
in July 2019 and January 2020 at the Ocean University of China,
located in Qingdao.

2.3 Data analysis

All samples (natural water samples and tested nitrogen-con-
taining compounds) were analyzed for TDN by both methods.
The determinations of TDN by PO and HTC were performed sim-
ultaneously or in close succession using the same standard

(KNO,) solution. The percentage difference between the results

of HTC and PO was calculated as follows: Differencezm

100% (Rogora et al., 2006). Here, HTC, and PO, represent the
TDN values measured by the HTC and PO methods.

3 Results

3.1 Analytical results for nitrogen-containing compounds

The TDN concentration of nitrogen-containing compounds
were measured using HTC and PO methods. Their relative differ-
ences were calculated, and the results are shown in Table S1. For
VB1, VB12, and EDTA-2Na, 6 different concentrations of solu-
tions were measured using these methods. Six series of VB1
samples were measured by HTC and PO at concentrations ran-
ging from 15.5 pmol/L to 121.1 pmol/L and 16.4 pmol/L to 109.0
pmol/L, respectively, and the difference between the two meth-
ods was —1.2% to 17.8%. For VB12, the ranges of the two methods
were respectively 9.8-106.4 pmol/L and 10.2-102.7 pmol/L, and
the difference of the two methods ranged from -9.2% to 4.7%.
The ranges of EDTA-2Na measured by each method were
11.2-131.8 pmol/L and 13.3-126.7 pmol/L, respectively, with the
difference ranging from -18.7% to 6.0%.

Two different concentrations of solutions were prepared for
NOj;, NO;, NH, AAS, and urea. The differences for AAS and
urea measured by HTC and PO ranged from -17.3% to 13.0%.
The three fractions of DIN (NOj3, NO, and NH;") showed a smal-
ler difference, ranging from 1.9% to 9.6%.

3.2 Differences between the two methods in determining nitrogen-

containing compounds

The data revealed a strong linear correlation (R?=0.985 9)
between the HTC and PO methods for different tested com-
pounds, and the results indicated that both methods have good
stability for the determination of TDN (Fig. 2). The regression
lines of the scattering data and the 1:1 line representing the best
fit are plotted in Fig. 2. For the results of all solutions and the VB1,
VB12, and EDTA-2Na test solutions individually, the regression
lines had slopes of 1.051, 1.101, 1.053, and 1.065, respectively, in-
dicating that there were no significant differences between the
two methods. However, all slopes were above 1, indicating that
the results for HTC were slightly higher. Relative differences
between HTC and PO as a function of TDN concentration
showed that the difference between the two methods ranged
from -18.7% to 17.8% and was positive for the majority of stand-
ard samples (Table S1 and Fig. 3). At concentrations lower than
75 umol/L, the positive and negative values for the difference
were not as obvious. However, when the concentrations were
higher than 75 pmol/L, the difference was mostly positive
(Fig. 3). This indicates that at higher concentrations, HTC may be
more suitable for the determination of TDN compared to PO.

3.3 Results of natural waters using each method
Analytical results of samples from the open ocean, estuary,
marginal sea water, and freshwater from the HTC and PO meth-

ods are shown in Table S2. The TDN concentration of the north-
west Pacific Ocean measured by HTC ranged from 4.7 pmol/L to
54.7 pmol/L, while the contents measured by PO ranged from
3.1 umol/L to 48.1 pmol/L (Table S2a). The TDN concentrations
of surface seawater samples from the Pacific Ocean using both
methods were less than 10 pmol/L, and the vertical profiles of the
TDN concentrations for each method reached a maximum value
with increasing depth (HTC, 53.9 pmol/L at 1 000 m; PO, 48.1
pumol/L at 1 000 m) and decreased slightly from there onwards.

Samples from the Yellow Sea range from 5.7 pmol/L to 33.6
pmol/L when measured by HTC and from 5.5 pmol/L to 30.0
pmol/L by PO (Table S2b). The TDN concentration of estuary
samples was 20.4-146.3 pmol/L using HTC and 22.0-143.9
pmol/L using PO, showing a strong correlation with salinity. The
concentrations of river and rainwater were relatively high in our
work, ranging from 67.4 umol/L to 203.9 umol/L by HTC and
from 66.5 pmol/L to 191.2 pmol/L by PO.

3.4 Differences between the two methods in determining natural
waters
A scatter plot of the results of the natural waters by HTC and
PO is shown in Fig. 4. There is a highly linear relationship exist-
ing between the TDN values obtained by the two methods
(R2=0.979 6). Compared with the 1:1 line of best fit, the slope of
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Fig. 2. Scatter plot of the results of the tested compound solu-
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the natural water regression line is 0.992. The relative difference
between PO and HTC data as a function of the TDN concentra-
tion for natural water samples showed that the relative differ-
ences between the two methods were positive for most natural
water samples, similar to the results of the nitrogen-containing
solutions (Fig. 5). According to the relative differences, the data
were split into two groups covering the ranges above and below
50 pmol/L (Fig. 5). HTC data tended towards higher values than
PO at lower TDN concentrations (<50 pmol/L). At the same time,
the absolute values of the relative difference for 13 samples were
found to be more than 25% and were characterized by low TDN
concentrations (<15 pmol/L).

4 Discussion

4.1 Influence of different nitrogen-containing compounds

A highly linear relationship exists between the TDN values
obtained by the two methods for different tested compounds
(Fig. 2, all solutions: y=1.051x-0.181, R?=0.985 9), which shows
that these methods of TDN measurements have good stability for
all nitrogen-containing compounds in laboratory determination.
HTC gave a slightly higher value for most solutions (inorganic ni-
trogen compounds and organic nitrogen compounds) than PO
(Fig. 3, Table S1). A possible reason for the lower results from PO
is that the reduction efficiency of the Cd column is not 100%. The
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Fig. 4. Scatter plot of the results of the natural waters by high-
temperature catalytic (HTC) and persulfate oxidation (PO). Dot-
ted lines are regression lines of all of the natural samples. Black
line is the 1:1 line of best fit.
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largest difference between these methods was found in VB1
(Fig. 3, Table S1), where the slope of its regression line was the
highest (1.101, Fig. 2) and showed the largest deviation from the
1:1 line compared with other compounds. The nitrogen element
of VB1 mainly exists in the nitrogen-containing heterocyclic
structure. Some studies noted that HTC was very effective for
TDN quantification in the presence of nitrogen-containing het-
erocycles, while PO yielded low recoveries (Minella et al., 2016).

To further explain the problem, the recovery between meas-
ured nitrogen data (C,,) and nominal nitrogen concentration (C,)
at different concentration solutions (recovery = C,,/C, x 100%)
was calculated (Fig. 6). For the VB1, VB12, and EDTA-2Na solu-
tions with above 20 umol/L concentration, the measured values
were less than the nominal concentration, and nitrogen recovery
for these tested compounds with HTC and PO decrease with the
concentration increasing. Above 20 pmol/L, the recovery
between measured nitrogen data of VB1 by HTC and the nomin-
al concentration (>90%) was significantly larger than using PO
(<85%) (Fig. 6a). This indicates that nitrogen recovery for VB1 by
HTC is effective for nitrogen-containing heterocycles structure of
VB1, consistent with previous research (Minella et al., 2016). For
VB12 with a concentration greater than 90 pmol/L, the nitrogen
recoveries for HTC and PO were both about 80% (Fig. 6b). Due to
the complex molecular structure of VB12, it should not be easy
for either method to achieve complete nitrogen recovery. In oth-
er words, for some refractory compounds, the poor recovery for
these methods suggests that the concentrations of TDN, and sub-
sequently DON, will likely be underestimated with either meth-
od to some degree depending on the composition of the TDN
poolin the field. In some cases, the absence of nitrogen recovery
was related to incomplete mineralization during the oxidation
phase, in other cases due to the formation of products other than
NO (HTC) or nitrate (PO) depending on the relative kinetics of
the various concurrent oxidation pathways of these molecules
(Minella et al., 2016). For the other tested compounds in this
study (NOg, NO,, NHI, AAS, and urea), there was no obvious
difference between measured nitrogen data and the nominal
concentration (Fig. 6d). To some extent, the reduction efficiency
of the Cd column for the PO method in this study did not reduce
the measurement results. Creatinine, urea, and amino acids with
structures of molecular weight bioavailable nitrogen could have
an almost complete nitrogen recovery by both HTC and PO in
previous studies (Yan and Wang, 2002). Different conversion
steps and molecular structures can lead to different recoveries. In
many cases, TDN measurements provided systematically low
results, which can be related to the structures of the nitrogen-
containing compounds in the natural waters.

4.2 Influence of different water samples

The relationship between the results of open ocean, estuary,
marginal sea, and freshwater samples produced by the PO and
HTC are plotted in Fig. 7. The strong linear correlation (R? = 0.979 6)
between HTC and PO for natural water samples (Fig. 4) indicates
that both methods show good stability for the detection of TDN
in the natural water samples, which is the same as the results of
the tested nitrogen-containing solutions.

4.2.1 Freshwater samples

The TDN concentration of freshwater samples ranged from
66.5 pmol/L to 203.9 pmol/L for the two methods. The average
value of the relative difference between HTC and PO data was the
smallest compared to other samples (Fig. 5). The data points of
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freshwater results obtained by HTC and PO were very close to the
line of best fit (Fig. 7, y=1.016x-0.136, R>=0.954 4), showing that
both methods were effective for TDN quantification in freshwa-
ter samples with high TDN concentration. Rivers have been im-

pacted by population growth and nitrogen fertilizer application
(Tao et al., 2010; Liu et al., 2012; Vilmin et al., 2018). DIN accoun-
ted for more than 80% of TDN in the Huanghe River (Wang et al.,
2013). The largest contributor to total nitrogen is inorganic spe-
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cies (55%-70%) with smaller contributions of organic nitrogen
(30%-45%) in rainwater (Gioda et al., 2011). By measuring the
DIN of our rainwater (unpublished data), we found that the con-
tribution of DIN was over 85% in our rainwater samples. Rogora
et al. (2006) compared HTC and PO for the determination of TDN
in about 800 freshwater samples with concentrations ranging
from 7 pmol/L to 500 pumol/L (lakes, rivers, and atmospheric de-
position), revealing that both HTC and PO were reliable methods
for the determination of TDN in freshwater samples. Studies have
also shown that PO was well suited for freshwaters, where DIN
and humic compounds that have high oxidation efficiency can be
significant fractions of the TDN pool (Bronk, 2002).

4.2.2 Seawater

The relationship between these methods for the Northwest
Pacific water sample samples indicated that overall, a relatively
positive linear correlation exists between the HTC and PO meth-
od (R?=0.983 0). The slope of the trend line (1.118) for the North-
west Pacific water was higher than the 1:1 line of best fit (Fig. 7).
This indicated that the results of the two methods for open ocean
water have relatively large differences and that the results of the
HTC method were higher than the PO method, especially for
DSW (Table S2a, Fig. 8). In the surface waters of the oligotrophic
subtropical gyres, the TDN concentration of SWS were lower than
10 umol/L (Letscher et al., 2013) and DON contributed more
than 90% of the TDN concentration (Torres-Valdés et al., 2009;
Sipler and Bronk, 2015), indicating that the accurate determina-
tion of low-concentration samples (<10 pmol/L) should not only
consider the influence of conversion but also the detection limits
and blanks of both methods.

The contents of samples collected from the Yellow Sea ranged
from 5.5 pmol/L to 33.6 umol/L as measured by the two methods.
Field investigation in the southern Yellow Sea by Shi et al. (2015)
showed that the average concentrations of TDN were 20-36
pmol/L in spring, in which DON accounted for above 90% of
TDN. The relationship of TDN concentration of the Yellow Sea
samples had a good linear correlation (R2=0.820 3), and the slope
of linear equations is 1.022 (y=1.022x+1.392), which is smaller
than the result of open ocean samples. The range of TDN con-
centration of estuary samples was 20-160 pumol/L, and the slope
of linear equations for the results of HTC against PO was 1.007
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Fig. 8. Depth profile of total dissolved nitrogen (TDN) measure-
ments by the high-temperature catalytic (HTC) and persulfate
oxidation (PO) methods in the Northwest Pacific. Error bars rep-
resent the standard deviation for each sample after three ana-
lyses.

(y=1.007x+0.557, R*=0.984 3). The regression line of the two
methods for estuary samples was the nearest line of best fit com-
pared to other seawater samples. Most data points were on the
best fit line or very close to this line, but the regression lines of the
two methods for the Pacific Ocean and the Yellow Sea were
above the optimal fitting line.

TDN concentrations and the proportions of DIN and DON in
TDN were diverse among different water bodies. Studies have
shown that DON is the main form of nitrogen in the surface wa-
ter of the open ocean, accounting for about 90% of TDN, while
DIN is the dominant form in estuaries. The results of the tests
solutions showed that the HTC and PO methods had similar
measurement results for DIN (Fig. 2), indicating that the propor-
tion of DON may account for the differences in results in differ-
ent water areas. The minor difference for estuary samples meas-
ured by these two methods may illustrate their suitability for es-
tuary samples with low DON concentrations.

Dissolved organic matter (DOM) in aqueous is composed of
myriad of compounds, which can be divided into labile DOM
(LDOC) and refractory DOM (RDOC) (Bauer et al., 1992; Druffel
etal., 1992; Carlson and Hansell, 2015). The LDOC pool (includ-
ing urea and amino acids) as bioavailable substances has simple
structures that can easily be converted into measurable products.
From coastal to oceanic systems, the proportions of LDOM in the
total DOM vary spatially with an apparent gradient of decreasing
concentrations of LDOM (del Giorgio and Davis, 2003), which
may be another reason for the difference between the two meth-
ods for samples from different sources. The average value of the
relative difference of these two methods was highest in the
Northwest Pacific samples, followed by Yellow Sea and estuary
samples. Besides, HTC might be more applicable to samples of
different properties, as the conversion rate of HTC is higher than
PO for most samples.

4.3 Practical application in the Pacific Ocean using two methods

The depth profiles of TDN measurements in the Northwest
Pacific waters by the HTC and PO methods were plotted (Fig. 8).
The concentration of TDN increased rapidly with depth until
above 1 000 m, where it then began to decrease with slight fluctu-
ation. Similar profiles have been shown in many previous deep-
sea studies (Maita and Yanada, 1993; Sharp et al., 2004; Torres-
Valdés et al., 2009). From the surface to the seafloor, the ratios
and concentrations of DIN and DON varied with depth. The con-
centrations of DON contribute above 90% of the TDN in surface
waters of the oligotrophic ocean and decrease with depth, coin-
ciding with an increase in NO; content (Karl et al., 2001; Torres-
Valdés et al., 2009).

The high DIN concentrations in the deep-sea result in only
~34% of the TDN pool being composed of DON in these environ-
ments (Sipler and Bronk, 2015). The results of HTC were higher
than those of PO at depths below 300 m. The difference between
the two methods can range from 7.3% to 21% for DSW in the
open ocean (Table S2b), which likely reveals that the PO method
may significantly underestimate the presence of DON in the deep
sea. Letscher et al. (2013) demonstrated that DON is primarily re-
moved through vertical mixing and subsequent remineralization
by microbes below the mixed layer. The organic matter of DSW
may be more stable than that of SSW (Carlson and Hansell,
2015). Organic matter from SSW is carried to the deep sea by bio-
logical pumps, and micro-biological ecological processes can
convert active DOC into RDOC, which can be stored for long
periods in the ocean. The stability of RDOC becomes evident in
the vertical DOC gradients observed in deeper portions of the
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mesopelagic zones (>500-1 000 m) of ocean regions. The differ-
ence between the two methods in DSW of the open ocean illus-
trates that HTC might be better applied to measure the refractory
DON of DSW. The standard deviations of HTC are significantly
lower than for PO (Table S2b, Fig. 8). Under these conditions,
TDN (and subsequent DON) estimated by PO are inherently
plagued by high uncertainties for DSW. The standard deviations
of the PO method were higher than the HTC method for samples
collected from the Northwest Pacific in the three analyses,
prompting the PO method to be used cautiously in low-TDN
open ocean waters due to the potential for high blanks.

5 Conclusions

The molecular structure has a certain effect on the determin-
ation of TDN. Molecules containing heterocycles, such as VB1,
and organic macromolecules, such as VB12, have higher oxida-
tion efficiencies for HTC than PO. However, low molecular com-
pounds (organic and inorganic) do not differ significantly in the
results of the two methods, and their oxidation efficiencies were
high enough to meet the measurement requirements. For natur-
al water, the concentrations obtained by HTC were higher than
those from PO for most samples, but for freshwater and Huanghe
River Estuary samples, the two methods were closer in value. For
seawater, the differences between the two methods were obvi-
ous, possibly due to the different activities of organic matter in
different waters. From coastal to ocean systems, the proportion of
LDOM varies spatially with an apparent decreasing gradient,
therefore, the differences between the two methods gradually in-
creased. In general, for nearshore waters containing high amo-
unts of biologically active organic nitrogen, the two methods are
not much different. However, for samples with lower TDN con-
centrations (less than 10 pmol/L) and deep-sea lower organic
activity, HTC might be more suitable. In short, HTC has a relat-
ively simple measurement process, a higher degree of automa-
tion, and a smaller standard deviation. Therefore, HTC is more
ideal to determine the TDN of samples in seawater.
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