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Abstract: Wastewater analysis is an important area in analytical and environmental chemistry. It can
be performed with both the classic wet methods and instrumental techniques. The development
of new methods, and modification of the existing ones, constitute a major task for researchers.
Ion chromatography plays a predominant role in ion determinations with the instrumental methods.
It offers several advantages over the conventional methods, such as simultaneous determinations
of alkali and alkaline earth cations and ammonia. Ammonium ions cannot be determined by
spectroscopic methods. Ion chromatography has been accepted world-wide as a reference method
for analyzing anions and cations in water and wastewater due to the fact that it enables the
replacement of several individual wet chemistry methods for common ions with one instrumental
technique. The following article describes the principles of ion chromatography, such as stationary
phases, eluents, detectors, and sample preparation methods. Moreover, the applications of ion
chromatography in wastewater analyses and international standards are presented.
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1. Introduction

The monitoring of the wastewater quality parameters is currently a subject of growing research
interest due to the requirements of the environmental protection and introduction of new technologies.
Many directives and recommendations put pressure on the wastewater treatment industry to fulfill
specific requirements. Substances present in various types of wastewater may be classified as
chemical, physical, biological, or radiological ones. Anions and cations were routinely analyzed
with the traditional wet chemical methods, including titration, photometry, or colorimetry methods.
Unfortunately, many of these techniques suffered from interferences and limited accuracy. They could
also be labor-intensive and difficult to automate. Thus, it was necessary to develop more effective,
repeatable, and cheaper methods that could be available in ordinary laboratories. In this respect,
ion chromatography has become an alternative to the classic wet methods, especially for laboratories
that need to analyze inorganic and organic ions in a large number of samples (i.e., wastewater).

Chromatography was discovered in 1903 by Mikhail Semyonovich Tswett, a Russian botanist
who worked at the University of Warsaw in Poland [1]. Recently, chromatographic methods have
been used at both the preparative and analytical stages. At first, gas chromatography (GC), thin layer
chromatography (TLC) and liquid chromatography (LC) were applied mostly to the separation and
determination of organic substances. The challenge was to apply the chromatographic methods for
inorganic analyses (mainly for ionic substances). In 1975, Small et al. [2] described a new ion-exchange
chromatographic method for the separation and conductometric detection of anions and cations.
In September 1975, Dionex Corporation presented the first commercially available ion chromatograph
(Dionex DX 10) [3].

The key problem in the ion chromatography evolution was developing a suppression method
for the eluent conductivity. It was a significant challenge to determine separated analytes against the
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background of the eluent ions because the eluent is also an electrolyte. In 1980s, Gjerde et al. [4] used the
ion chromatography system without the suppression device for the first time. They also used eluents
with very low conductivity. They created a new type of ion chromatography, i.e., the non-suppressed
ion chromatography. Both the suppressed and non-suppressed ion chromatography modes can be
applied to examine various sample matrices. However, when it comes to anion analyses, the application
of the suppressed ion chromatography is much more popular.

Although the ion exchange remains a prevailing separation mode in ion chromatography [5,6],
other related methods, such as ion-exclusion (IEC) [7], ion-pairing chromatography (IPC) [8],
and reversed phase liquid chromatography (RPLC) [9], can also be employed. A short overview
of ion chromatography and related methods (with consideration for separation mechanism, eluents,
and detectors) is given in Table 1.

The obtaining of reliable results in ion chromatography depend on many factors, such as types of
eluents and stationary phases, detection modes, and sample preparation methods. The applications of
ion-exchangers in the chemical analysis were described by Qureshi and Varshney [10]. The stationary
phases used in the ion-exchange chromatography columns can be classified according to their applications
and ion-exchange capacities. An overview of stationary phases used for ion chromatography is given by
Weiss and Jensen [11]. Figure 1 shows a list of selected stationary phases used in ion chromatography.
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Figure 1. Stationary phases used in ion chromatography.
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Table 1. Separation methods and their applications in ion chromatography.

30f12

Method 1\5/1?2;?132; Fu(r}\:(t::;al Typical Eluents Selected Analytes Detection Modes
. F~,Cl~,Br—,17,ClO,~, ClO5—, ClO,—, BrO3—,
. Suppressed ion chromatography: Py _ i 4 = O
Anion-exchange Na,COs + NaHCO3, NaOH, KOH O N o P2 e s 15+ Conductivity, UV-VIS,
(su ressg 4 apnc}i] Ion-exchange -NR3* Non-suppressed ion chromatography: CrCS) 2l Si%) 27— 25930 5= Se(3) - Sﬂ;} _’ Cr 042, ! amperometric, MS,
n rEpu . d) benzioc acid, phtalic acid, aromatic and BE Sl s E 4 o6 LT ICP-MS
on-suppresse aliphatic carboxylic acids, sulfonic acid 4o
carboxylic acids,
Suppressed ion chromatography:
50~ H,S04, HCL, HNO;, methylosulfonic acid (MSA) ~ Rb*, Cs*, Li*, Na*, K¥, NH*, Mg?*, Ca?*, Ba?*, Sr2*,  Conductivity, UV-VIS,
Cation-exchange 3 Non-suppressed ion chromatography: aliphatic amines MS, ICP-MS
chromatography HNO;, tartaric acid, dipicolinic acid (DPA)
(suppressed and Ion-exchange Cu2*, Ni2*, Cd2*, Pb2*, Mn2*, Fe?*, Fe*, Sn2*, Zn2*
non-suppressed) 50, /NR,+  YA-pyridinedicarboxylic acid Co?*, Sn**, Cr¥*, As®*, As™*, UO,?*, La®*, Ce3*, P3+, UV-VIS, MS,
3 3 (PDCA), oxalic acid Nd%, sm3, Eu®*, 4+, v+, Gd3*, Tb%*, Dy®*, Tm3*, ICP-MS
Yb3+, H03+, EI‘3+, Lu3+, Am3+, Pu3+
Ion-exclusion ~ . e — N . . . ClO4~, I7, BrO4—, C17, NO,~, NO3 7, carboxylic acids, Conductivity, UV-VIS,
chromatography Ton-exclusion SO;™/NRs™  Water, diluted mineral acids, aldehydes, silicates, amines, carbohydrates amperometric
NH,4OH, tetramethylammonium hydroxide F,Cl,Br,I,SCN—,CN-,
Anion-pair (TMAOH), tetrapropylammonium hydroxide ClO;~, ClO,~, BrO3~, NO,~, NO;~, 50327, 5042, .. .
chromatogra , tetrabutylammonium eO3°7, 5eO4“ ™, anionic surfactants,
h graphy Neutral (TPAOH) butyl . 5002~ Se0,2 ;. P Conductivity, UV-VIS
Ion-pairs hydroxide (TBAOH) metal complexes, aromatic carboxylic acids
Cation-pair aliphatic sulfonated hydrocarbons, (C;—Cjy), Li*, Na*, K*, NH4*, Rb*, Cs*, Mg2+, CaZ*, Ba?*, Sr2+,
p Neutral selected inorganic anions (e.g., PFs~, alkylamines, alkanolamines, cationic surfactants, Conductivity, UV-VIS
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In ion chromatography, organic polymers are often used as stationary phases, because they
have much higher stability over an extreme pH range when compared to the silica-based materials.
These copolymers can be divided into the surface aminated polystyrene-divinylbenzene (PS/DVB)
and surface aminated ethylenovinylbenzene-polystyrene-divinylbenzene (EVB/DVB) copolymers.
There are also the methacrylate-based stationary phases with quaternary amine functional groups
stable at pH = 1-12, and macroporous polyvinyl resins stable at pH = 0-14 [12].

A special type of a peculiar anion exchanger (called latex-based) was introduced in 1975 [13].
In comparison with organic polymers, silica-based stationary phases have the advantage of higher
mechanical stability. However, they can only be used with eluents in the pH range between 2 and
8 [14]. Inorganic and organic anions can be separated on cross-linked polymers modified with cyclic
ethers, but the number of applicable crown ethers is limited [15] or cryptand-based phases [16].

Similarly to the anion exchangers, cation exchangers are divided into: polymer-based cation
exchangers (PS/DVB, EVB/DVB, polyvinyl, and polymethacrylate copolymers), latex-agglomerated
cation exchangers, silica-based, and others (e.g., crown ethers, Al,O3). Simultaneous separations of
alkali- and alkaline earth metals and aliphatic amines are possible with acid cation exchangers with
carboxylic groups. Organic polymers are usually applied for cation-exchange chromatography. In some
cases, silica-based exchangers [17] as well as cross-linked polymers modified with cyclic ethers [18]
are also used. Moreover, zwitterionic ion-exchangers demonstrate unique separation selectivities for
simultaneous separations of anions and cations [19]. Recently, monolithic columns have been used in
different types of ion chromatography [20,21].

The eluent (its type, concentration, pH, and flow rate) constitutes another important factor affecting
the separation efficiency and selectivity. It also depends on the stationary phase. Typical eluents applied
in anion-exchange chromatography are: Nap,CO3;, NaHCO3;, NaHCO3; + Nap,CO; NaOH/KOH,
and NayB4Ojy. For cation-exchange chromatography, diluted water solutions of HNO3, HNO3, HC],
DPA (dipicolinic acid), tartaric acid, and oxalic acid are used. Carbonate and bicarbonate eluents are
commonly applied in the anion-exchange ion chromatography. However, hydroxide seems the perfect
eluent as it forms water that has virtually zero conductances after suppression. Unfortunately, the
hydroxide eluents are difficult to use, because they absorb CO, from ambient air and form carbonates.
The selectivity can be modified through the selection of the stationary phase and eluent composition,
which has to be compatible with the detection system. The conductivity detector is still the most
popular, but other types of detection modes (e.g., UV-VIS, amperometric, spectrometric ones) can also
be applied for different analytes [22]. An overview of detection methods is given in Table 2. Figure 2
shows a division of detection methods used in ion chromatography [23].

Table 2. Detection methods applied in ion chromatography.

Detection Mode Principle Example Applications
Conductivit Electrical Anions and cations with pK; or pKp, <7
y conductivity PHa O PRb
Direct and indirect UV-VIS light UV-active anions and cations, heavy and transition
UV-VIS absorption metals after post column derivatisation reaction
Excitation and Ammonium, amino acids, and selected amines after
Fluorescence L A,
emission post column derivatisation
Oxidation or . . .
Amperometry reduction Anions and cations with pK, or pK}, > 7
MS Electrospray Hyphenation technique for structural
ionization characterization of organic anions and cations

ICP-AES, ICP-MS

Atomic emission

Hyphenation techniques for species analysis of metal
and metalloids

Refractive index

Change in
refractive index

High concentrated samples
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DETECTION METHODS
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DIRECT INDIRECT
l |
Electrochemical Spectroscopic Post column reaction
[
Condictivity Amperometry and Potentiometry Molecular Atomic
coulometry spectroscopic spectroscopic
techniques techniques
UV /Vis Refractive Fluorescence Atomic emission Atomic
absorption index MS and spectrometry absorption
ICP-MS spectrometry

Figure 2. Division of detection methods for ion chromatography.
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The most popular conductometric detector can be applied to determine all anions and cations of
strong acids and bases (e.g., F~, C1~, NO;3; ™, PO4%~,S042~, Nat, K*, NH,*, Mg2+, Ca?*).

The UV-VIS detection is a popular detection mode for high-performance liquid chromatography
(HPLC), but its application in ion chromatography is limited because only a few inorganic ions have
an appropriate chromophore [24]. The UV-VIS detection methods can be divided into direct and
indirect modes. For the direct UV-VIS detection, the molar absorption of co-ions should be zero.
The direct UV-VIS detection is applied for determinations of NO, ™ and NO3 ™, as well as Br~ and
I™ in the presence of high CI~ concentrations. Moreover, sulfide, chromate, thiocyanate, thiosulfate,
and selected metal chloro- and cyano-complexes can be determined in wastewater with this detection
method [25]. The UV-VIS detection with post-column reactions is a versatile technique that combines
enhanced sensitivity and selectivity for specific applications [26].

The chemiluminescence detection is generally performed in a post-column reaction mode [27].
In ion chromatography, the fluorescence detection is rarely used as a detection method, because only
few ions fluoresce [28]. Furthermore, the amperometric detection can be used for samples with pK
values > 7. The amperometric detection method application helps in determining ions such as I, S~
$,0527,SCN~,CN—, or heavy and transition metals [29,30]. Due to the poor selectivity and sensitivity,
the refractive index detection is very rarely used in ion chromatography [31]. The most powerful
detection method (used not only in ion chromatography) is mass spectrometry [32,33]. Although this
detection method is helpful in wastewater analysis, it is not popular in ordinary laboratories due to
the high apparatus cost and complex requirements to be met by the method operator [34].

2. Sample Preparation

The sample preparation procedure is necessary before the ion chromatography analysis so as to
protect the analytical columns and obtain reliable and repeatable results [35]. A sample that is not
properly prepared can cause increased column back pressures and change their performances. The most
important reasons why sample preparation in ion chromatography is necessary include the following
aspects: analytes concentrations are too high or too low; analytes concentrations differ primarily;
and the presence of compounds that may cause interference by peak overlapping [36]. Usually, the choice
of the sample preparation method depends on the physical state of the sample and the sample matrices,
as well as availability of the apparatus configurations [37]. The typical sample preparation methods
for ion chromatography analyses are: filtration, dilution, pH adjustment, derivatization, liquid-liquid
extraction, solid-phase extraction, distillation, and membrane separations [38].

The wastewater samples for the ion chromatography analysis should be collected in
plastic containers made of polytetrafluoroethylene (PTFE), polypropylene (PP), polystyrene (PS),
or high-density polyethylene (HDPE). Glass containers can cause ionic contamination when
performing trace analysis. Most wastewater samples often require only dilution and filtration to
bring the interesting analytes into the working range of the method. For filtration, membrane filters
with a pore size of 0.45 um are strongly recommended. For biologically active samples, sterile filters
with a pore size of 0.2 um should be used. Recently, membrane separation techniques such
as micro- and ultra-filtration have gained great importance in the sample preparation for ion
chromatography [39]. Many wastewater samples contain high concentrations of chloride, sulfate,
and sodium ions. Fully-sulfonated exchangers are available with a variety of counter-ions, such as
Ag*, Ba?*, and H* [40]. Several manufacturers offer ready-to-use cartridges as well as devices for
passing the sample solution through special sorbents.

3. Wastewater Analysis with Ion Chromatography

Wastewater is a dynamic system containing organic and inorganic compounds, dissolved
compounds, and insoluble substances. Moreover, the composition of samples can change dramatically
during or after the sampling [41]. Therefore, analyses require available, reliable, and fully-automatic
methods for simultaneous determinations of several analytes. Ion chromatography offers several
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advantages over the classic wet methods for determinations of inorganic and organic ions
in wastewater, such as: short time of analysis (~10-15 min); high sensitivity and selectivity
in samples with complex matrices (e.g., if the ratio of Na*:NHy* or CI7:NO,~ is 10,000:1);
simple sample pre-treatment (usually filtration with a filter with a 0.45-um pore of is enough);
possibilities of simultaneous separation and determination of anions and cations; species analysis
(e.g., NO,~/NO3~ /NH4* or Cr3* /Cr®*); use of different detection modes (e.g., conductivity, UV-VIS,
amperometry); and safe, cheap, and environmentally friendly chemicals (e.g., diluted water solution
of NapyCO3/NaHCOj3; or HCl, HNOj3). Moreover, ion chromatography is a direct method for the
simultaneous determinations of alkali and alkaline earth cations and ammonia. The majority of
applications of ion chromatography in wastewater analysis concern determinations of inorganic anions
and cations [42,43].

Examples of anion chromatograms for a standard sample and industrial wastewater (emulsion
sample) are given in Figure 3.

mv Chloride Sulfate

1600 A

1400 A
sample water-based emulsion

1200 7 (not diluted)

Fluoride
1000 A
sample water-based emulsion

800 (diluted 1:10 v/v)

600
Nitrate

400 A Anions standard

200 o

0 "2 "4 "6 8§ 10 12 14 16 18 20 22 24 Retention time [min]
Figure 3. Chromatograms of anions standard + sample of water-based emulsion (not diluted and
diluted 1:10 v/v). Separation condtions: column: Metrohm Metrosep A Supp 3 (250 x 4.6 mm);

eluent: 1.7 mM NayCOj3 + 1.6 mM NaHCOj3; eluent flow rate: 0.85 mL/min injection volume: 20 uL;
detection: suppressed conductivity detection.

The simultaneous analysis of alkali and alkaline-earth metals and ammonium ions is another
important ion chromatographic application in the field of wastewater analysis. An example
chromatogram is given in Figure 4.

Na
|

Conductivity, uS
|

Caz
|

| K N{gﬁ
NHa | /\
00 W% ‘Rctcntilon time ‘[min]
Figure 4. Chromatogram of cations in a municipal waste water sample. Separation conditions:
analytical column: Metrohm Metrosep C2 (250 x 4.6 mm); eluent: 4 mM tartaric acid + 0.75 mM DPA;
detection: non-suppressed conductivity.
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The samples with low levels of ammonium/nitrite in matrices and high concentrations of
sodium/chloride are a typical case. Unfortunately, these pairs of ions (NH;* /Na* and C1~/NO, ")
have similar selectivities for common stationary phases. The application of ion chromatography for
the analysis of waste water with high ion concentrations is given by Singh et al. [44].

Another important example is determination of toxic cyanide in various wastewater samples.
Thanks to ion chromatography, ions such as cyanides and sulfides can be separated and determined
simultaneously [45]. Moreover, the chelating agents, such as nitriltriacetate acid (NTA) and
ethylenediaminetetraacetic acid (EDTA), and polyphosphates can be analyzed in wastewater [46].
In addition to common inorganic ions, some metals and metalloids can be determined in wastewater
with ion chromatography. For instance, toxic hexavalent chromium must be monitored in industrial
wastewater [47].

From the toxicological data, the chemical form of a specific element or its oxidation state is
usually more important for living organisms than its total quantity. Ion chromatography as a
separation method plays an important role in hyphenated techniques used for species analysis [48,49].
There is a large number of ion chromatography methods applied for the determination of metal and
metalloids [50]. These methods can be divided into off-line and on-line ones. In the case of the off-line
method, metal complexes are formed before the separation to create stable complexes and to avoid
decomposition during separation, or a ligand must be added to the eluent. In the on-line method,
the metal complexation is carried out in the separation column with adding the proper ligand to the
eluent (e.g., oxalic acid, pyridine-2,6-dicarboxylic acid (PDCA), or EDTA) [51].

4. Standard Methods Based on Ion Chromatography

The ideal methods for anion and cation determinations should meet the following criteria:
determination of target ions within a limit of determination of 25% (or even 10% in some cases)
of maximum acceptable concentration; short analysis time; simple sample pre-treatment; low cost of
a single analysis; and method availability. Ion chromatography methods meet these requirements.
Hence, they are used for routine applications in wastewater laboratories. Thanks to many advantages
ion chromatography has when compared to the manual wet methods, it quickly became accepted
world-wide as a reference method for the analysis of anions and cations in water and wastewater [52].

Ion chromatography was quickly accepted by many other organizations, such as the United
States Environmental Protection Agency (USEPA), American Society for Testing and Materials (ASTM),
or National Institute for Occupational Safety and Heath (NIOSH), as a reference method for water
and wastewater analysis. After the publications of the international standard methods based on ion
chromatography, the number of laboratories applying this technique increased rapidly. In 1993,
the USEPA published Method 300.0, the first USEPA method widely accepted as the standard
for common inorganic anions [53]. Many regulatory agencies use the same methodology as the
USEPA Method 300.0. During the standardization process, the draft standard methods have to
be validated in the range of (at least) accuracy, precision, recovery, and inter-laboratory trials.
The normative part of an analytical standard method usually includes: scope, principles, normative
references, requirements, chemicals, instruments, interferences, performance of the separation
column, sampling and sample pre-treatment procedures, calculation, expression of results and, finally,
test reports. However, each agency can use a unique method format and style, as well as a quality
control mode. Standard methods are usually adopted as recommended on a voluntary basis by any
laboratory around the world. The governments can incorporate the existing standards into their
national standards. The overview of selected international standard methods for the determination of
selected ions in wastewater is given in Table 3.
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Table 3. An examples of ion chromatography methods for inorganic and organic ions analysis in waste
water established by ISO, US EPA, ASTM and NISOH.

Method Number Method Name Analytes Method of Detection
ISO Methods (https:/ /www.iso.org/standards.html, accessed 10 September 2017)
Water Quality—Determination of Dissolved
Anions by Liquid Chromatography of Ions. e - - ..
1SO 10304-2 Part 2: Determination of Bromide, Chloride, Br '15(1) él\l CS)%) 'ZI,\IOZ COT;&?;;XK)UV
Nitrate, Nitrite, Orthophosphate and Sulfate in 4 oM
Waste Waters
Wat_er Quallty—Determlnatlon of Dissolved o . Conductivity or UV
Anions by Liquid Chromatography of Ions CrO4~~, 17,5037,
1SO 10304-3 . ) _ P (A =205 nm-220 nm);
Part 3: Determination of Chromate, Iodide, SCN™, S;03 Amperometry (0.7 V=11 V)
Sulfite, Thiocyanate, and Thiosulfate P v & ’
Water Quality—Determination of Dissolved Li*, Na*, NHs*, K*,
I1SO 14911 Li*, Na*, NH*, K*, Mn?*, Ca2*, Mg?*, Sr2* Mn?*, Ca?*, Mg?*, Conductivity
and Ba?* Using Ion Chromatography Method Sr2+, BaZ*
US EPA Methods (https://www.epa.gov/ accessed 5 September 2017)
Determination of Inorganic Anions by F~,Br~,ClI7,NOs, .
3000 Ion Chromatography NO,_, PO43~,50,2~ Conductivity
Determination of Trace Elements in Marine Cd%* Co Cu2* Pb2+
200.10 Waters by On-Line Chelation Preconcentration ! N2+ ,VOZ g ! UV-VIS,
’ and Inductively-Coupled Plasma—Mass ! 0y o4 ICP-MS
S VO,7*, U0,
pectrometry
Determination of Trace Elements in Marine 24 o4 24 .
200.13 Waters by Off-Line Chelation Preconcentration Cd P{)ch’ N’.S“ ! }JC\I/’-\SISS’
with Graphite Furnace Atomic Absorption P
Dissolved Sodium, Ammonium, Potassium, Na* NH.* K+
300.7 Magnesium, and Calcium in Wet Deposition by M’ 24 éa'z A Conductivity
Chemically Suppressed Ion Chromatography &
ASTM Methods (https://www.astm.org/ accessed 11 September 2017)
Standard Test Method for Anions in Water by F~,Br ,Cl~,NO;~, .
D 4327-97 Suppressed Ion Chromatography NO,_, PO,3~,50,2~ Conductivity
Standard Test Method for Determination of Li* Na* NH,* K*
D19.05.03.23 Inorganic Cations and Ammonia in Water and ! M o Ca% P Conductivity
Waste water by Ion Chromatography &
Standard Test Method for Determination of
Dissolved Alkali and Alkaline Earth Cations Li*, Na*, NH,*, K*, .
D 6919-03 and Ammonium in Water and Waste water by Mg?*, Ca2* Conductivity
Ion Chromatography
uor Ammonium Determination in Aqueous . .
959-98 Solutions by Ion Chromatography NH, Conductivity

NIOSH Methods (https://www.cdc.gov/niosh/docs/2003-154/default.html accessed 15 September 2017)

7405 Alkali Metals Cations Li*, Na*t, K* Li*, Na*, K* Conductivity
Chromium Hexavalent by Ion P UV-VIS
7605 Chromatography CrO4 (540 nm)

5. Conclusions

Wastewater samples can be analyzed with different methods, including classic and instrumental
techniques. Due to its many advantages (such as: good accuracy and precision; a broad range of
applications, many detection modes; high selectivity, speed, and separation efficiency; well-developed
hardware and low cost of consumables), ion chromatography is more and more popular in wastewater
analysis. Nevertheless, challenges related to its development and application include: improving the
speed and selectivity of analyzed ions; elaborating new sample preparation methods; lowering the
limits of detection and quantification; developing new standard methods; extending the range of the
analysis with a new group of substances; and introducing portable, fully automatic ion chromatographs
for on-line wastewater analysis.
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