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Introduction 

Since ion chromatography (IC) was developed nearly 50 years 
ago,1 it has become a common method for measurement of 
inorganic ions or small organic ions in samples such as tap 
water, river water, rainwater, beverages and foods.  In addition, 
it has become an important analytical tool for water quality 
monitoring by government agencies such as the U.S.  
Environmental Protection Agency.2

With the improvement of technologies for ion exchange 
columns, many researchers have developed ion exchange 
columns that can achieve high resolution.3–8  In addition, with 
the downsizing of ion chromatographs, mini-columns or 
capillary columns are employed to IC.9–15

Considering the above background, we came up with use of a 
guard column in IC.  Guard columns packed with the same ion-
exchange resin as the IC separation column are generally used 
to remove soluble impurities and extend the lifespan of the resin 
in the separation column.  Recently, the performance of guard 
columns has been remarkably improved by miniaturization of 
resin particle size and amplification of mechanical strength.  
Therefore, separation of ions is expected to be achieved by 
manipulating the eluent condition even if the long separation 
column is not connected.  In fact, Elkin reported the miniaturized 
chromatograph, introducing the anion-exchange guard column 
as a separation column.14  However, the resolution of anions by 
the guard column was low in use of the basic eluent (∼25 mM 
KOH).  Therefore, this study attempted to improve the resolution 

of anions by an anion-exchange guard column with acidic 
eluent.

Furthermore, in this study, we challenged the simultaneous 
separation of anions and cations by connecting a separation 
column with opposite charged functional groups to that of a 
guard column under isocratic eluent by single injection.  The 
multicolumn systems for connecting two different types of 
separation columns in a series have been already reported.16,17  
Connecting the long columns leads to an increase of the back 
pressure and shortening of the column lifetime.  If one of the 
columns can be replaced by a guard column, the pressure to the 
multicolumn system can be suppressed.  A multicolumn system 
with isocratic eluent would be superior in terms of simple 
operability and resolution capability compared to other 
simultaneous separation systems, e.g., electrostatic IC employing 
zwitterion-exchange stationary phase with isocratic eluent,18,19 
column switching systems that separately introduce a sample 
into an anion exchange column and a cation exchange column 
using a switching valve,20,21 and ion-exclusion/
cation-exchange chromatography22–25 and ion-exclusion/anion-
exchange chromato graphy26 using a single separation column 
and isocratic eluent.

In this study, we demonstrated separation of anions by an 
anion-exchange guard column (AXG) using acid eluent.  The IC 
in an AXG with the optimal elution condition was used to 
analyze nitrogen-saturation27,28 in a mountain river water sample 
and an urban river water sample collected in Gunma prefecture.  
Furthermore, we conducted simultaneous separation of anions 
and cations by connecting the AXG in front of a H+-formed 
cation-exchange column.  Finally, the feasibility of application 
of an anion-exchange guard column as an anion separation 
column during IC is discussed based on the results.
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Experimental 

Apparatus
The ion chromatograph used was a Tosoh IC-2001 (Tosoh 

Co., Ltd., Tokyo, Japan), which consisted of an eluent pump, 
column oven, conductivity detector, and sample injector with 
auto-sampler.  Analyses of ions detected were performed using 
the Tosoh IC-WS, which is a dedicated workstation installed on 
a personal computer.  The eluent flow rate was 0.4 – 1.5 mL/min, 
the column oven temperature was 40°C and the sample injection 
volume was 30 μL.  Through this study, the IC was performed 
in non-suppressed IC mode.

Column
Prior to this study, we tested several different types of anion-

exchange guard columns in terms of anion-exchange capacities 
(0.2 – 30 meq/mL), particle size (3 – 5 μm) and column size 
(10 mm × 2.1 mm i.d. – 10 mm × 4.6 mm i.d.).  Under eluent 
with tartaric acid, good separation of analyte anions was 
obtained by columns with a 30 meq/mL capacity and particle 
size <4 μm (data not shown).  This report provides two types of 
guard columns, a polymethacrylate-based strongly basic anion-
exchange resin TSKgel guardcolumn SuperIC-AZ (AZG: 
10 mm × 4.6 mm i.d., 4 μm particle and 30 meq/L-capacity, 
Tosoh Co., Ltd., Tokyo, Japan) and a polyvinyl alcohol-based 
strongly basic anion-exchange resin TSKgel guardcolumn 
SuperIC-A HS (HSG: 10 mm × 4.6 mm i.d., 3.5 μm particle 
and 30 meq/L-capacity, Tosoh Co., Ltd.).

A cation-exchange separation column, a polystyrene-
divinylbenzene-based weakly acidic cation-exchange resin 
Tosoh TSKgel Super IC-CR column (CRS: 150 mm × 4.6 mm 
i.d., 3 μm particle and 1.0 meq/L-capacity), was connected after 
the guard column to simultaneously separate anions and cations.  
A  schematic illustration of the column system on the 
simultaneous separation of anions and cations is shown in Fig. 1.

Reagent
Reagents used for standard samples and eluents were of 

analytical grade and purchased from Wako Pure Chemical 
Industries Ltd. (Osaka, Japan).  Solutions were prepared by 
dissolving reagents in water to a concentration of 0.1 mM and 
then diluting as necessary.  Water used was obtained from a 
Millipore Simpli Lab with a Sim Pak 1 (Merck Millipore, 
Burlington, MA, USA).  The standard sample consisted of an 
aqueous solution of inorganic ions (NaF, NaNO2, NH4NO3, 
KH2PO4, MgSO4 and CaCl2) at appropriate concentrations.  
Acids used as the eluent were 5-sulfosalicylic acid, tartaric acid, 
malic acid, phthalic acid and benzoic acid, and the concentrations 
were prepared by pure water as necessary.

Real water sample
In an application of the IC using the guard column alone, real 

river water samples were collected from a mountain area (Ueno, 
Gunma Pref.) that had not been affected by human pollution, 
and an urban area (Takasaki, Gunma Pref.) that is affected by 
sewage.  The locations for the collection of the river water 
samples are shown in Fig. 2.  Sampling was conducted eight 
times from September 2017 to April 2018 at eight locations.

The water samples were collected in polypropylene bottles 
and stored at 4°C in a refrigerator after filtration with a 0.45-μm 
syringe filter.  They were then directly injected to the IC system 
without dilution after their temperature returned to 25 ± 3°C in 
our laboratory.

The anions in real water samples by the IC were identified 
from recovery calculated using peak area of anions in a river 
water sample, that of the anion in a standard sample and that 
obtained by spiking standard samples into the river water 
sample.

Results and Discussion

Anion separation by anion-exchange guard column
The retention behaviors of analyte anions of two different 

anion-exchange guard columns (AZG and HSG) for anion 
separation were compared by changing the types of acids in the 
eluent (5-sulfosalicylic acid (SSA), tartaric acid (TA), malic 
acid (MA), phthalic acid (PA) and benzoic acid (BA)).  Figure 3 
shows the retention volume (VR) of analyte anions relative to 
acid concentrations in eluents as typical data generated by the 
HSG, while those in the AZG are shown in Fig. S1 of the 
Supporting Information.  The VR values determined by HSG 
decreased as the acid concentration in the eluent increased 
because the anions competed with the eluent anions for 
attachment onto the anion-exchanger (quaternary ammonium 
groups) in the stationary phase.  The retention orders of analyte 
anions were comparable to those using typical IC of anions.  
The VR values of anions, especially SO4

2–, were strongly affected 
by the types of acids used as the eluent.  When MA and BA, 
which are aliphatic and aromatic weak acid eluents, respectively, 
were used, SO4

2– was not eluted in 60 min because of their weak 
elution powers (Figs. 3(d) and 3(e)).  When TA and PA were 
used, which have stronger elution powers than MA and BA, the 
SO4

2– was recovered in 60 min (Figs. 3(b) and 3(c)).  In SSA, 
which is an aromatic strong acid eluent, the VR values of anions 
were greatly reduced, but this led to poor resolution (Fig. 3(a)).  
The retention behaviors of anions were dependent on the elution 
powers related to the pKa values of acids in the eluents.  It was 
difficult to control the retention behavior of anions when 
stronger acids such as SSA were used.  In contrast, weaker acids 

Fig. 1　Schematic illustration of simultaneous separation ion 
chromatographic mode.  Configuration: (a) eluent, (b) eluent pump, (c) 
sample injector, (d) anion-exchange guard column, (e) cation-exchange 
separation column, and (f ) conductivity detector.

Fig. 2　Map of river water sampling points.
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such as BA or MA can generate well-resolved separation of 
monovalent anions but cannot elute divalent anions.  Similar 
results were also obtained for AZG packed with polymethacrylate-
based anion-exchange resin (Fig. S1 in Supporting Information).

Next, the retention capacity (k′) of analyte anions relative to 
the concentrations of the eluent anions (tartrate and malate ions 
in eluent) were determined.  The slopes of approximate curves 
from log k′ and log[eluent anions] indicated ranges of –0.40 to 
–0.13 (Fig. S2 and Table S1 in Supporting Information).  If the 
reaction between sample anions and eluent anions is an anion-
exchange reaction, the slope is near –1 for monovalent anions 
and –2 for divalent anions because tartaric acid and malic acid 
are monovalent anions under the conditions.29  However, the 
slopes of the approximate equations were obviously different 
from the theoretical values as mentioned above (–0.13 – –0.40 
in Table S1).  The slopes of strong acid anions (Cl– and NO3

–) 
were smaller than those of weak acid anions (F– and NO2

–), 
regardless of the types of acid eluents.  The anion separations 
might relate to not only the anion-exchange reaction, but also 
penetration to the substrate phase that supports the ion-exchange 
functional groups.

Furthermore, the anion separations remained at a flow rate of 
0.4 – 1.5 mL/min (column pressure: 1.0 – 3.3 MPa).  Considering 

the theoretical numbers of plates, the optimal flow rate was 
concluded to be 0.6 mL/min.

The optimal concentration of TA and MA for anion separation 
was 8 and 4 mM, respectively, considering the resolutions of 
analyte anions and the retention times.  A typical chromatogram 
generated under the optimal conditions is shown in Fig. 4 and 
the analytical performances are summarized in Table 1.  The 
limitations of quantifications (LOQ) of analyte anions obtained 
using the guard column alone were sufficiently applicable to 
real water samples such as river water, rainwater, etc., 
considering their concentration levels (sub-mM to mM order).

Determination of nitrate and nitrite ions in mountain and urban 
river water samples and the possibility of nitrogen-saturation

The concentrations of nitrate and nitrite ions in mountain and 
urban river water samples were quantified using the elution 
conditions optimized in the above section.  Figure 5 shows 
typical chromatograms of anions in a river water sample.  The 
dotted line in the figure shows the chromatogram when the 
spiked standard solution was added to the river water sample 
(solid line) (0.05 mM each for analyte ions).  The recoveries by 
standard addition method were 101.5% in Cl–, 92.5% in NO2

–, 
108.9% in NO3

–, and 103.9% in SO4
2–.

Next, we determined the concentrations of nitrite and nitrate 
ions in river water samples collected from a mountain area 
(Ueno) of the Kanna River and an urban area (Takasaki) of the 
Ino River and the Usui River in Gunma prefecture (Fig. 2).  Aoi 
et al. reported that the upstream portion of the Kanna River 
around Ueno was not affected by human pollution, while the 
downstream portion of the Ino River and the Usui River near 

Fig. 3　Changes in retention volumes as functions of acid 
concentrations in eluent.  Column: TSKgel guard column SuperIC-A 
HS (HSG: 10 mm × 4.6 mm i.d., 30 meq/L-capacity and 3.5 μm 
particle).  Eluent: (a) sulfosalicylic acid, (b) tartaric acid, (c) phthalic 
acid, (d) malic acid and (e) benzoic acid.  Flow rate: 0.8 mL/min.  
Injected sample: a mixture of NaF, NaNO2, NH4NO3, KH2PO4, MgSO4 
and CaCl2 (1 mM for each).  Injection volume: 30 μL.  Column 
temperature: 40°C.  Plot identities: (◇) elution dip, (■) F–, (△) H2PO4

–, 
(□) NO2

–, (○) Cl–, (●) NO3
– and (▲) SO4

2–.  Other separation conditions 
are described in the experimental section.

Fig. 4　Typical chromatograms of anions on an AXG by elution of 
(a) 8 mM tartaric acid and (b) 4 mM malic acid.  Column: HSG.  Flow 
rate: 0.6 mL/min.  The upper-right portion of each chromatogram is an 
enlargement of the chromatogram from 0 to 8 min.  Injected sample: a 
mixture of NaF, NaNO2, NH4NO3, KH2PO4, MgSO4 and CaCl2 (1 mM 
for each).  Peak identities: (1) F–, (2) H2PO4

–, (3) NO2
–, (4) Cl–, (5) 

NO3
– and (6) SO4

2–.  Other conditions are the same as in Fig. 3.
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Takasaki, which is the largest city in Gunma prefecture, were 
affected by human pollution.30

Figure 6 shows the variations in concentrations of nitrite and 
nitrate ions found in the river water samples.  The concentrations 
of nitrite (NO2-N) in the upstream area (samples 1 – 3) were 
under the LOQ, while those in the downstream area (samples 
4 – 6) ranged from 3.4 to 12 mg/L in March of 2018, which is 
the level commonly found in urban rivers of Gunma prefecture.31  
Concentrations of nitrate (NO3-N) except for March 2018 were 
less than 10 mg/L, which is an environmental standard value 
concerning the protection of human health.32  However, the 
nitrate concentration seemed likely to be greater than the 
standard value in the urban area in March of 2018.  The locations 
around sampling points 7 and 8 are residential areas; thus, the 
high nitrate concentration would relate to artificial contamination.  
On the other hand, for mountain river waters (samples 1 – 6 in 
Fig. 2), the concentration of nitrate ion suddenly decreased in 
February of 2018.  This might be related to snowfall a few days 
before water sampling.  According to Hou et al.,33,34 the 
nighttime temperature fell below freezing for a few days before 

the February sampling; therefore, the NO3-N that would have 
flowed into the river was likely retained in the snow cover.  In 
March of 2018, the concentrations of nitrate as well as other 
ions increased because they were released into the river water 
by melting snow.

The levels of NO3-N in the upstream part of the Kanna River 
ranged from 0.4 to 1.5 mg-N/L.  Considering the definition of 
nitrogen saturation proposed by Stoddard,35 the NO3-N 
concentration in the upstream river is a level that promotes tree 
growth.  Therefore, the possibility of river eutrophication would 
be low at that stage.

Simultaneous separation of anions and cations by a combined 
anion-exchange guard column and cation-exchange column 

Next, we observed the retention behaviors of anions and 

Table 1　Analytical performances of analyte anions obtained by an anion-exchange guard column with 8 mM tartaric acid (TA) and 4 mM 
malic acid (MA)

Eluent Analyte Approximatea Correlation coefficient, r2 RSDb, peak area, % RSD, retention time, % LODc, S/N =3d/μM LOQe/μM

8 mM TA H2PO4
– y = 33.90x +1.10 0.9958 0.5 0.1 4.3 14.3

Cl– y = 42.40x + 0.30 0.9991 0.4 0.1 4.7 15.7
NO2

– y = 3.15x + 0.04 0.9995 3.0 0.2 3.7 12.3
NO3

– y = 4.40x + 0.06 0.9992 1.8 0.6 5.7 19.0
SO4

2– y = 2.11x – 0.04 0.9992 1.5 0.9 10.8 36.0
4 mM MA F– y = 10.50x + 0.20 0.9985 1.0 0.3 2.1  7.0

H2PO4
– y = 24.20x + 0.70 0.9964 0.3 0.4 4.1 13.7

Cl– y = 24.90x + 0.10 0.9994 0.4 0.5 3.5 11.7
NO2

– y = 4.64x + 0.07 0.9989 0.5 0.4 6.9 23.0
NO3

– y = 3.13x + 0.04 0.9989 1.9 1.0 3.9 13.0

a. Concentration range was from 0.05 to 1 mM.  b. RSD: relative standard deviation.  The data were estimated from triplicate measurements.  
c. LOD: limitation of detection.  The concentration of analyte anions used to estimate the LOD was 0.05 mM.  d. S/N = 3: signal-to-noise 
ratio of 3.  e. LOQ: limitation of quantification. LOQ = 3.3 × LOD.

Fig. 5　Chromatograms of anions in a river water sample.  Column: 
HSG.  Eluent: 8 mM tartaric acid.  Peak identities: (1) H2PO4

–, (2) 
NO2

–, (3) Cl–, (4) NO3
– and (5) SO4

2–.  The dotted red line indicates the 
chromatogram when the spiked standard solution was added to the 
river water samples (0.05 mM each for analyte ions).  Other conditions 
are the same as in Fig. 3.

Fig. 6　Transitions in concentrations of nitrite (a) and nitrate (b) in 
river water samples analyzed by the proposed method.  The plots 
indicate the average value of three measurements.  Column: HSG.  
Eluent: 8 mM tartaric acid.  Plot identities: (○) September, (●) 
October, (△) November, (▲) December 2017, and (□) January, (■) 
February, (◇) March, (◆) April 2018.
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cations after connecting the guard column HSG prior to the 
cation-exchange separation column CRS.  If the order of the 
column connection was inverse (i.e., connection of the HSG 
after the CRS), many unknown peaks that could not be identified 
were detected (data not shown).

In this study, we selected 8 and 4 mM MA as the eluent, 
considering resolutions of common ions (SO4

2–, Cl–, NO3
–, Na+, 

K+, Mg2+ and Ca2+) found in drinking water and river water 
samples.  The flow rate and column temperature were 0.6 mL/min 
and 40°C, respectively, based on the total retention time, 
resolution and column pressure.  As shown in Fig. 7(a), the 
retention time of the eluted ion, i.e., SO4

2–, was about 50 min by 
8 mM TA eluent, while the SO4

2– was not detected during 
analytical time for 60 min in 4 mM MA eluent (Fig. 7(c)).  
In  addition, because the resolution was poor for several ions, 
18-crown-6 ether (18C6), which selectively binds to K+ and 
NH4

+,23 was added into the eluents.  The addition of 18C6 at 
0.5 – 1.5 mM largely improved the resolutions of the monovalent 
cations in both eluents (Figs. 7(b) and 7(d)).  The total resolution 
of analyte ions was improved by adding 0.5 mM 18C6.  In a 
combination of 8 mM TA plus 0.5 mM 18C6, the analytical 
performances under various eluent conditions are summarized 
in Table 2.

Furthermore, we tried simultaneous separation of anions and 
cations using the anion-exchange guard column (HSG) and 
cation-exchange guard column (strongly acidic cation-exchange 
resin TSKgel guardcolumn Super IC-CR: 4.6 mm i.d. × 1 cm) 
with elution of 8 mM TA plus 0.5 mM 18C6.  Unfortunately, 

the cations were not completely separated because of the 
insufficient retentions of cations to cation-exchange guard 
column under acid elution (Fig. S3 in Supporting Information).

Conclusions

This research demonstrated that a 1-cm AXG column could be 
adopted for separation of inorganic anions with acid eluent and 
applied to the evaluation of nitrogen-saturation in mountain 
river water samples.  The variations of nitrate ion in river water 
samples collected were found to be related to the snow melting 
with the change of season.  In addition, using the guard column 
for anion separation, it was found that cost performance was 
much cheaper than that of the separation column, with acceptable 
retention time while 60 min of sulfonate was too long.

The simultaneous separation of anions and cations by the 
combination of AXG and CXS could be accomplished under the 
isocratic eluent condition and single injection.  The combination 
of the columns demonstrated in this study can simply be applied 
to a commonly used ion chromatograph without connecting any 
special equipment.  In addition, the column system is not limited 
to the column combination proposed in this study, that is, it is 
changeable in accordance with the purpose of the researchers.

The further improvement of the resolutions of analyte ions 
will be next subject of study as well as the application to real 
water samples.

Fig. 7　Chromatogram of anions and cations separated by anion-exchange guard column (TSKgel 
guardcolumn SuperIC-A HS: HSG) and cation-exchange column (TSKgel Super IC-CR: CRS).  
Eluent: (a) 8 mM tartaric acid, (b) 8 mM tartaric acid plus 0.5 mM 18C6, (c) 4 mM malic acid and (d) 
4 mM malic acid plus 0.5 mM 18C6.  The upper-right portion in Figs. 7(a) and 7(b) are the enlargement 
of the chromatograms from 0 to 15 min and from 0 to 20 min, respectively.  Flow rate: 0.6 mL/min.  
Injected sample: a mixture of NaF, NaNO2, NH4NO3, KH2PO4, MgSO4 and CaCl2 (1 mM for each).  
Peak identities: (1) F–, (2) H2PO4

–, (3) Na+, (4) NH4
+, (5) Cl–, (6) K+, (7) Mg2+, (8) Ca2+, (9) NO3

–, and 
(10) SO4

2–.  Other conditions are the same as in Fig. 3.
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Supporting Information

Figure S1 shows changes in retention volumes as functions of 
acid concentrations in the eluent when using a TSKgel guard 
column Super IC-AZ.  Figure S2 shows the log plots between 
retention capacity k′ and concentration of eluent anions.  
Table S1 summarizes approximate equations and correlation 
coefficients of analyte anions obtained from log k′ and log[eluent 
anion].  Figure S3 shows the chromatogram of anions and 
cations for a connection of anion-exchange and cation-exchange 
guard columns with elution of tartaric acid and 18-crown-6.  
This material is available free of charge on the Web at http://
www.jsac.or.jp/analsci/.
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Table 2　Analytical performances of analyte ions obtained by the present simultaneous IC

Analyte Approximatea Correlation coefficient, r2 RSDb, peak area, % RSD, retention time, % LODc, S/N = 3/μM LOQc/μM

Cl– y = 1290x – 7.5 0.9998 0.7 0.2  8.9  29.6
NO2

– y = 82x – 0.30 0.9995 6.1 0.4 19.7  65.5
NO3

– y = 741x – 33 0.9983 7.3 0.2 35.5 118.0
SO4

2– y = 1290x + 3.8 0.9998 3.5 0.3 20.1  67.2
Na+ y = 426x + 0.68 0.9999 0.4 0.2  0.8   2.5
NH4

+ y = 334x – 18 0.9994 1.0 0.1  8.6  28.6
K+ y = 339x – 15 0.9999 0.5 0.1 37.2 124.0
Mg2+ y = 782x + 8.2 0.9999 0.5 0.1  1.5   5.1
Ca2+ y = 604x + 0.18 0.9998 0.8 0.1  2.2   7.3

a. Concentration range of the injected analyte was from 0.05 to 1 mM.  b. RSD: relative standard deviation. The data were estimated from 
triplicate measurements.  c. The concentrations of analyte anion to estimate the LOD and LOQ were 0.01 mM.


