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HPLC DETERMINATION OF SULPHONATED
MELAMINES-FORMALDEHYDE CONDENSATES
(SMFC) AND LIGNOSULPHONATES (LS) IN
DRINKING AND GROUND WATERS
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New separation/detection procedures by reversed-phase HPLC coupled with UV and fluorescence detection
have been developed for the determination of organic admixtures of the sulphonated melamines-formalde-
hyde condensates (SMFC) and lignosulphonates (LS) type in environmental samples (drinking and ground
waters), as well as in concrete leachates. The developed method permitted to reach detection limits in the
0.05-0.3pug range (as injected amount). An extraction/enrichment method from the titled environ-
mental samples based on solid-phase-extraction (SPE) has been developed for SMFC by using polystyrene-
divinylbenzene (PS-DVB, Envichrom-P) resin as sorbent. SMFC were extracted (recovery: ca. 70%) from
aqueous samples at starting concentrations down to 10 pg/L. A structural confirmation of SMFC in aqueous
samples was established by HPLC/Mass Spectrometry with electrospray interface (HPLC-ESI-MS) by using
collision-induced ion fragmentation (in source-CID mode). The developed analytical procedures were applied
to the determination of SMFC and LS in commercial blends, in drinking and ground waters, as well as in
industrial effluents and liquors from leaching test experiments. Only shorter SMFC and LS components
were identified as result of the leaching from concrete specimen.

Keywords: Concrete admixtures; Sulphonated melamines-formaldehyde condensates; Lignosulphonates;
SMFC; LS

INTRODUCTION

Sulphonated organic compounds have been produced by industry since the yearly
nineteenth century, and they are used nowadays on large scale (> 3 million tons/year)
as synthesis intermediates for drugs and textiles (sulphonated benzenes), wetting
agents and polymer stabilizers (alkylnaphthalene sulphonates), surfactants (linear
alkylbenzene sulphonates, petroleum sulphonates), lubricants (lignosulphonates),
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optical brighteners (stylbene sulphonates), tanning agents (polyphenol sulphonates)
and pharmaceuticals (amino and hydroxy naphthalene sulphonates) [1]. Sulphonated
compounds are being discovered only recently as ubiquitous contaminants in the
aqueous environment [2], triggering an increasing attention by the scientific community
and environmental protection agencies on their environmental behavior and fate [3-5].

Polymeric sulphonated organics are used by the concrete industry as admixtures.
Admixtures (over 1000000 tons/year productions in the EU), both organic and inor-
ganic, are usually added to concrete up to 0.1-2% (w/w), with respect to concrete
weight), in order to improve properties of concrete in the fresh state, as workability,
or in the hardened state, as durability of structures [6-9]. Concrete admixtures can
been divided into accelerators, water reducers, superplasticizers, retardants, air entrain-
ing agents, polymer-modifying agents, multifunctional admixtures. The most common
organic concrete admixtures are sulphonated polymers as sulphonated naphthalene-
formaldehyde condensates (SNFC), lignosulphonates (LS) and sulphonated melamine-
formaldehyde condensates (SMFC) [10,11].

LS have been commonly employed until the 1950s as water reducers and plasticizers,
while SNFC are typical superplasticizers and dispersants used since mid 70s. SMFC
have been recently introduced as superplasticizers for precast concrete and for applica-
tions at low temperature [10]. Currently, plasticizers and superplasticizers are employed
to an extent of approximately 30% of all new concrete structures and buildings, and are
essential additives for special applications, such as tunnels, bridges and all high-strength
and prestressed concrete structures [9].

While SNFC have a well-defined chemical structure, with an average number of 5-10
oligomeric units in the commercial mixtures (Fig. 1A), SMFC exhibit a much higher
average number of oligomeric units (usually 50-60), and have a more complex structure,
containing both linear and branched isomers, because of the synthetic route involved
(Fig. 1B) [1]. Lignosulphonates, whose average mass weight can range between 3000
and > 100000 Dalton, have even more complex chemical structures, deriving from
partial depolimerization and sulphonation of lignin (Fig. 1C). The high variability of
lignin (a by-product of cellulose production) composition and the presence of
impurities lead LS to be used only for low and mid-quality concrete specimen [12].

Organic concrete admixtures are usually characterized in commercial blends for qual-
ity control by UV and IR spectroscopy, Total Organic Carbon (TOC) and Dissolved
Organic Carbon (DOC) determination [13]. Only recently specific determination of
their average molecular weight by gel permeation chromatography (GPC) and HPLC
[14,15] and elucidation of their structure by high-performance liquid chromatography
coupled with mass detection (HPLC-MS) have been proposed [15]. Most analytical
studies concentrated on SNFC [16,17] while, comparatively, fewer data are available
for SMFC and LS. The LS structure has been recently investigated by using Size-
Exclusion Chromatography and Gas-Chromatography/Pyrolysis/Mass Spectrometry
(GC-PY-MS) [12,18].

As far as toxicology, environmental behavior and life cycle of concrete admixtures
are concerned, SMFC and LS were shown to have a lower toxicity (EC50, fish
>500mg/L), but still they can pose a potential hazard for the aquatic environment
because of local high consumption amounts and subsequent potential high mobility
up to reaching groundwaters and then, possibly, drinking waters [19,20]. Despite of
the high molecular weights, SNFC, SMFC and LS are highly water-soluble polymers
(>100mg/L) with very low log K,(<—4). Various types of wastewaters, such as
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FIGURE | Molecular structures of SNFC (A), SMFC (B) and LS (C, one of the possible monomeric
structures).

those from admixture and concrete production sites, transportation and concrete use,
are supposed to be potential pathways for input of such chemicals into the environment
[21,22]. Studies based on aspecific determination indicated that some (5-20% of the
total) of added organic admixtures may be released by concrete after hardening in
the receiving waters and soils [23,24]. Moreover, shorter SNFC oligomers have been
recently identified as ubiquitous contaminants in many river, ground and drinking
waters [25].

According to the findings for SNFC, shorter oligomers and isomers of SMFC and LS
are also expected to be environmentally relevant for the receiving waters. To the best of
our knowledge, no specific analytical methods have been developed for the determina-
tion of SMFC and LS in environmental waters. Specific, selective and sensitive methods
are in fact a fundamental prerequisite for a reliable assessment of the environmental
behavior and life-cycle of such concrete admixtures.

Here we present the results obtained within the EU Project ANACAD (ANalysis and
Fate of Concrete ADmixtures) on the determination of concrete admixture of the
SMFC and LS type in water samples. Such procedures were applied to the determina-
tion of the target compounds in commercial blends, industrial wastewaters and liquors
from stability and leaching tests.
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EXPERIMENTAL

Reagents and Chemicals

The tested SMFC and LS technical mixtures (40 to >90% declared active material)
were kindly provided by the manufacturers. SMFC-CH (40% solution) was from
SIKA (Zurich, Switzerland), SMFC-I1 (40% solution) and SMFC-12 (>90% pure
solid powder) were from MAPEI (Milan, Italy). LS-CH was from EH (Germany).
LS-1 (40% solution) and LS-2 (>90% pure solid powder) were from MAPEI
(Milan, Italy). LS standard mixture was from Aldrich (Milwaukee, WI, USA).

Ammonium acetate (AcNHy), tetrabutylammonium chloride (TbuCl), tetramethyl-
ammonium chloride (TMeCl), sodium dihydrogen phosphate (NaH,PO,) and diso-
dium hydrogen phosphate (Na,HPO,), all of analytical grade (>99% pure), were
from Fluka (Buchs, Switzerland). All sample extracts were stored in 2mL Teflon
capped glass vials (Supelco, Bellefonte, PA, USA).

All organic solvents employed were HPLC grade from Baker (Deventer, Netherlands).
Water for chromatographic purposes was purified by a MilliQ system (Millipore,
Bedford, MS, USA).

Sample Extraction

The sorbing material used for the solid phase extraction (SPE) was polystyrene-divinyl-
benzene resin (PS-DVB, Envicrom-P, grain size: 80—-160 um, 0.5 g) supplied by Supelco
(Bellefonte, PA, USA). SPE polypropylene cartridges (6 mL), reservoirs (20-60 mL),
polyethylene frits and extraction apparatus (Visiprep-SPE-manifold), were from
Supelco. Cartridges were conditioned with 10 mL of methanol followed by 20 mL of
MilliQ water containing ammonium acetate (AcNH,) 1mol/L, at a flow rate of
approximately 20 mL/min.

Water samples were added with AcNH4 up to 1 mol/L and then passed through the
SPE cartridge at a flow rate of ca. 20 mL/min. Sample reservoirs were then rinsed with
10 mL of MilliQ water containing AcNH,4 1 mol/L, and this water was passed through
SPE cartridges. After drying the cartridges under vacuum for 10 min, the analytes were
finally recovered with 12mL of methanol.

The eluted fractions were concentrated by evaporation in test tubes by heating at
50°C in a sand-bath under a mild air stream. The resulting concentrated extracts
were finally transferred into 2mL screw cap glass vials and evaporated to dryness.
Extracts were then redissolved in 100 uL. of mobile phase before injection.

Chromatographic Separation and Detection

The chromatographic apparatus consisted of a HP 1050 series liquid chromatograph
(Hewlett Packard, Palo Alto, CA, USA) equipped with a mod. 1046A fluorescence
detector (Hewlett Packard, flow cell volume: 5uL) and a mod. 1050 UV—Vis detector
(Hewlett Packard, flow cell volume: 8 uL). The samples were injected in a manual
7725 injector (Rheodyne, Rohnert Park, CA, USA) equipped with a 200 uL loop.
Cumulative separations of SMFC and LS were obtained by Ion-Pairing-
Reversed-Phase HPLC on a C8-column (Supelco C8, 5pum, 250 x 4.6 mm) by using a
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acetonitrile (A) and water (B) both containing TMeCl 0.5mmol/L and phosphate
buffer (pH 6.5) 2.5mmol/L at a flow rate of 1.0 mL/min.

LS were separated by using a linear gradient elution where the initial mobile phase
composition was 20% A, which was increased to 100% in 20 min. SMFC were sepa-
rated by isocratic elution at 10% A.

Oligomer-by-oligomer separations of SMFC and LS were attained by lon-Pairing-
Reversed-Phase HPLC on a Cl8-column (Phenomenex Luna CI18-2, 5um,
250 x 4.6 mm) by using a linear gradient elution by acetonitrile (A) and water (B),
both with tetrabutylammonium fluoride (TBuF) 5mmol/L at a flow rate of 1.0mL/
min. For SMFC the initial mobile phase composition was 30% A, which was increased
to 99% in 80 min. For LS, the initial mobile phase composition was 30% A, which was
increased to 99% in 120 min.

The elution of SMFC was monitored by UV detection at 218 nm. while LS was
monitored by fluorescence detection at: Ay =228 nm, Aep = 320 nm.

Quantitation

In absence of certified standards for blends and individual oligomers of the tested
compounds, the SMFC technical mixture provided by MAPEI (SMFC-12, purity
declared by the producer: >90%) and the LS mixture purchased by Aldrich were
used as reference compounds.

Under the experimental conditions adopted for the cumulative separation, the limit
of detection (LOD) for SMFC was ca. 0.05-0.1 ug (as injected amount), while for LS
the LOD was ca. 0.1-0.3 ug (as injected amount). Quantitation of SMFC and LS in
commercial liquid mixtures, industrial waters, stability and leaching test liquors were
based on external standard calibration curves with standard solutions. Generated cali-
bration curves showed linear response—amount relationships (+*>0.99) in the 0.1-10 pg
range (as injected amount), respectively.

Under oligomer-by-oligomer separation, SMFC and LS exhibited a cumulative LOD
of 5 and 10pug (as injected amount), respectively, with no observed deviation from
linearity (+*>0.98) for injected amounts up to 100 pg.

The oligomeric distributions of SMFC and LS in commercial mixtures were deter-
mined by assuming the same response factor for all oligomers. The displayed values
were calculated referring the concentrations of each SMFC and LS oligomer to the
sum of the concentrations of all SMFC and LS oligomers, respectively.

HPLC-ESI-MS Analysis

Qualitative analysis of SMFC was performed by means of a VG Platform LC/MS
detector (Fisons Instruments, VG Biotech, Milan, Italy). SMFC were separated by
HPLC on a C18-column (Alltech Alltima C18, 5 um, 250 x 4 mm) by using a linear gra-
dient elution by acetonitrile-water, both the TBuF 0.5 mmol/L at a flow rate of 1.0mL/
min. The initial mobile phase composition was 70% acetonitrile, which was increased to
99% in 20 min. The ESI/MS operated in negative ionization mode and selected ion
monitoring acquisition mode. Source temperature was 70°C while the skimmer cone
voltage was set at 90 V. Investigation was limited to the available standard compounds
and leachate samples.
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RESULTS

HPLC Separation

Two approaches were investigated for the HPLC separation of SMFC and LS: a cumu-
lative separation and an oligomer-by-oligomer separation. The cumulative separation
can be useful for screening purposes and to increase sensitivity, enhancing signal-to-
noise (s—n) ratio for very diluted samples due to the coelution of all isomers and
oligomers. The oligomeric separation is instead essential to assess and environmental
behavior of the different oligomers and isomers contained in the commercial blends
employed by concrete industry and released into the environment.

Typical HPLC separations of SMFC and LS under the conditions suitable for a
cumulative separation are reported in Fig. 2. Such separation conditions were applied
to the quantitative determination of SMFC and LS in commercial mixtures, which are
usually employed as concentrated liquid solutions (ca. 40-50%, by weight), both liquid
and solid, because they are simpler to be added to fresh concrete. Commercial liquid
blends of SMFC and LS resulted to contain (by assuming to have the same oligomeric
distribution of reference mixture) approximately 43—-49% (molar basis) and 42-52%
(molar basis) of active material, respectively. Purity of solid commercial powders of
LS ranged between 85 and 100%. Remarkably, under the separation conditions
adopted for SMFC, SNFC and LS, that could be copresent in a real water sample

Solvents:
A: H,0+ TMACI +
phosphate buffer
B: ACN
SMFC

UV: 218 nm

o 25 H 75 o 125 D

Solvents:

A: H,0+TMACI +
phosphate buffer

B: ACN

FLD:
Aex: 228 nm
Xem =374 nm

r T T T T T
0 2 4 L} 8 10 min

FIGURE 2 Cumulative HPLC separation of SMFC (A) and LS (B) contained in commercial blends.
Detection: fluorescence at Ao =228, Aey, =360 for SNFC, UV at 218 nm for SMFC, fluorescence at
Aex =228, Aem =320 for LS.
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and interfere with SMFC, are retained by the stationary phase (Fig. 3). Moreover, the
developed cumulative separation, when applied to spiked drinking water samples,
permits to separate analytes from interferences contained in drinking waters (Fig. 4).

Typical oligomer-by-oligomer separations of SMFC and LS commercial blends are
presented in Fig. 5. The developed separation permitted to reveal also for LS and
SMFC the presence of a series of homologs and isomers similar to that previously
recorded for SNFC [14]. Unfortunately, in absence of reference standards for individual
oligomers of SMFC and LS, it was not possible to assign a well-defined oligomeric
number unit to the signal peaks exhibited by the chromatographic separation. By ana-
logy with the separation exhibited by SNFC under the same chromatographic con-
ditions, shorter oligomers and isomers of SMFC and LS eluted at shorter retention
times. As found for SNFC, SMFC longer oligomers were not completely separated,
coeluting under a broad peak at 36 min. By assuming for all peaks the same
molar response factor under UV detection, an oligomeric distribution of the tested
commercial mixtures of SMFC could be estimated (Fig. 6). A clear difference in the

Solvents:

A: H,O + TMACI +
phosphate buffer

B: ACN

UV:218 nm

SNFC

FIGURE 3 Potential interferences from SNFC and LS under cumulative HPLC separation conditions of
SMEFC. Injected amount: 5pg for all compounds. UV detection at 218.

- SMFC standard mixture

Solvents:
A: H,0 + TMACI +
interference
phosphate buffer
k
J\ Spiked tap water B: ACN
— *\\ﬁ: J\‘_JL e M e e e ” UV: 218 nm

J\ | _— Tap water blank
LAWY __

o . ) 2 e s

——

[] 2

FIGURE 4 Cumulative HPLC separation of SMFC in spiked and unspiked drinking water under the
chromatographic conditions adopted. Detection: UV at 218 nm.
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SMFC
1
# Solvents:
I A: H:0 + TBuF
B: ACN + TBuF
uv:
L[u . 218 nm
5 5 s P ! .
LS
Solvents:
A: HyO + TBuF
B: ACN + TBuF
Fluorescence:
Aex =230 nm
MMJWW\_A e
P o & @ min

FIGURE 5 Oligomer-by-oligomer HPLC separation of SMFC and LS under the chromatographic
conditions adopted. Detection: UV at 218 nm for SMFC, fluorescence at Aex =228, Ao, =320 for LS.

oligomeric distribution was found for Swiss and Italian SMFC commercial mixtures,
the first containing a greater content of longer oligomers (85-87%) than the second
one (44-58%).

MS Detection

Admixtures of the LS and SMFC type are complex mixtures characterized by a large
number of oligomers and isomers. LS components, moreover, do not have a well-
defined molecular weight, because the high variability structure of lignin, rendering
MS detection not applicable for their determination in environmental samples.
SMFC, in principle, have a well-defined molecular structure with known molecular
weights for all individual oligomers and isomers. Unfortunately, attempts to quantify
SMFC commercial mixtures by HPLC-ESI-MS were unsuccessful, due to a poor and
not reproducible yields of the ionization process when concentrations > 0.5 mmol/L
of ion pairing reagents, necessary to obtain an acceptable oligomer-by oligomer chro-
matographic separation, were used. Vice versa, for concentrations of ion pairing
reagents < 0.5mmol/L, no reproducible chromatographic behavior could be obtained.
Moreover, the high complexity of SMFC structure and the presence of multicharged
molecules did not allow to identify characteristic ions for each oligomer, because
of the formation of multicharged ions in the ionization chamber, differently from the
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FIGURE 6 Oligomeric distribution (%, molar basis) of SMFC (A) and LS (B) in commercial blends.

findings recently reported for SNFC [16]. In Fig. 7 a typical mass spectrum of a SMFC
commercial mixture is reported.

A qualitative structural determination of SMFC could be developed by isolating a
characteristic ion fragment of the monomeric melamine sulphonate structure (Fig. 7).
Such characteristic ion, obtained by induced collision at high voltage (90 V) in the
desolvatation chamber (in source CID spectra), can be used as a ‘finger print’ to
qualitatively confirm the presence of SMFC-related compound in aqueous environ-
mental samples.

Extraction—Enrichment

In order to increase sensitivity in the determination of SMFC in diluted water samples,
such as ground waters, an extraction—enrichment step was developed. An extraction
procedure on polystyrene—divinylbenzene (PS-DVB) recently developed for SNFC
[16] was adopted, after minor modifications. SMFC were extracted (max recovery:
73%) from spiked drinking water samples at concentrations down to 10pg/L. No
recovery (approximately 2%) was observed for 1 pg/L spiked samples. A breakthrough
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FIGURE 7 Structural confirmation of SMFC by HPLC-ESI-MS.

TABLE I Percentages of recovery obtained with SPE by ENVICHROM-P' of
SMEFC from 100mL and 250 mL of drinking water added with AcNH, 1 mol/L
(triplicate determination, cumulative separation)

Concentration Processed Recovery Relative standard
(ng/L) volume (mL) (%) deviation (RSD, %)
100 100 72 5.8
100 250 73 6.0
100 1000 43 6.2
10 250 72 6.7
10 1000 25 9.1
1 250 2 9.2

was moreover observed for >250mL of processed volume (25-43% recovery). The
observed relative standard deviation (RSD) ranged 5.8-9.2% (Table I). Noticeably,
no preferential enrichment of selected SMFC oligomers was observed in the enriched
extracts, as determined by oligomer-by-oligomer separation.

Applications

The developed separation—detection method was applied to the determination of
SMFC and LS in real water samples. Industrial wastewaters collected in a SMFC-
manufacturing plant were analyzed by both cumulative and oligomeric separation for
screening purposes. The high concentration values exhibited by the samples allowed
a determination of analytes by direct injection in the chromatographic system
(Fig. 8). The determined concentrations ranged between 80mg/L in the settling
basins and 120 mg/L in the mixing reactors wastes.
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Solvents:
SMPC standard mixture A: H, O+ TMAC! +
phosphate buffer
B: ACN
UV: 218 nm

FIGURE 8 Cumulative HPLC separation of SMFC contained in an industrial mixing tank. Detection: UV
at 218 nm.

24-h leschate sample

LS commercial mixture

24-h leachate sample

q SMFC commercial mixture P

L

U\ /j‘ﬂ 1\ _/\!\/,_’—’—/ -~ R

30 40 50 60 min

FIGURE 9 Oligomer-by-oligomer HPLC separation of SMFC and LS in liquors from leaching experi-
ments of concrete specimen added with SMFC and LS commercial mixtures, respectively. Detection: UV at
218 nm for SMFC, fluorescence at 228-320 nm for LS.
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The developed separation—detection procedures were applied also to the specific
determination of SMFC and LS released during standardized leaching tests performed
on crushed concrete specimen added with SMFC and LS admixtures. Oligomer-
by-oligomer separations of leaching test liquors permitted to reveal that only shorter
oligomers of SMFC and LS are released from concrete (Fig. 9), as recently reported
for SNFC [17], while longer oligomers and isomers are strongly retained into concrete
matrix. Such compounds are supposed to be the most relevant components in the aqua-
tic environment after release from concrete structures. Such results are important for a
correct assessment of the environmental impact of such concrete admixtures.

CONCLUDING REMARKS

The combination of oligomeric and cumulative separation by reversed-phase HPLC, as
well as the coupling of UV and fluorescence detection, allowed the identification of
SMFC and LS concrete admixtures in commercial blends as well as in selected aqueous
samples of environmental concern. The obtained results permitted to reveal that
released components from leaching tests are composed only by few shorter components
of the original admixtures added to the concrete. Further work in progress is focusing
on the biodegradation behavior of such admixtures.
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