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Abstract
New sorbents capable of forming hydrogen and it-jt bonds with phenols were prepared. These sorbents possess
aromatic Tt-acceptor residues and hydrogen donor and acceptor sites. The surroundings of the sites are of different
polarities. Sorption efficiency of these materials was studied by reversed-phase high performance liquid chromatography. The testing mixtures consisted of three phenols of different polarity and acidity.
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Introduction
Analytical control of environmental pollution includes
determining limited numbers of substances; e.g., inorganic compounds, volatile organic compounds, polyaromatic hydrocarbons, biphenyls, and some special pollutants
like dioxines, pesticides or phenols.
The presence of phenol and its derivatives in the environment results from their wide use in many areas of
industry; they are also formed by the degradation of
some pesticides (e.g. 2-chlorophenol is a degradation
product of 2,4-D herbicide) and during biodegradation
processes in the environment. Although for many years
all phenols have been known to be bacteriostatic, their
harmful effects with respect to living organisms differ
from one compound to the another. Some chlorophenols,
e.g. 2,4,6-trichlorophenol and pentachlorophenol, are
suspected carcinogens [1]. Harmfulness measured by
LD50 of priority pollutant phenols is similar to that of
pesticides belonging to 1-3 group, according to the classification of Cremlyn [2].
As mentioned above, phenols are harmful to living
organisms; there is a great interest in methods allowing
the detection and determination of very low concentrations of these compounds. A widely used and recommended approach to determining total phenols in water and
wastewater is a spectrophotometric method based on the
formation of a color complex with 4-aminoantipirine.
The detection limit of the method is 1 µg/dm3. The detection limit achieved in LC with UV detection is in the

range of 1 - 10 mg/dm3 of phenols, which is too low for
environmental analyses as the concentration of these
compounds in water and wastes (apart from particular
cases) are at the ng/dm3 level.
In order to improve the sensitivity of these methods it
is necessary to preconcentrate phenols prior to analytical
determination. This can be achieved by using
liquid-liquid extraction (LLE) or solid-phase extraction
(SPE), or by the application of membranes [3, 4].
Preconcentration of phenols by LLE is accompanied
by common inconveniences and the final result of analysis depends on numerous parameters related to the extraction efficiency varying from 37 to over 90% for phenol and from 36 to 93% for 2-chlorophenol [5-7]. Similarly, serious differences in extraction efficiency were observed with other phenols.
Preconcentration on solid sorbents allows some of
these problems to be eliminated, but considerable differences in efficiency are observed even with the same
type of sorbent. Many sorbents have been used to concentrate phenol and its derivatives [7-20] but based on
published data it is impossible to unambiguously conclude which of the applied sorbent is the most useful,
because different authors have obtained very different
results. This can be illustrated considering phenol as an
example: the sorption found for C18 sorbent were in the
limits from 3 to 96% [14, 19]. In general practice, for
preconcentration of non-polar phenols octadecylsilicas
were applied. For species of medium polarity copolymer
based adsorbents were applied, whereas highly polar
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phenols are efficiently sorbed on porous graphitic carbon
[14, 20]. Large differences of phenol preconcentration
are observed.
Preconcentration of phenols is troublesome because
of their unique properties. Phenols are polar, relatively
soluble in water and they are volatile with steam. This
makes preconcentration by solvent evaporation or by extraction very difficult. Extraction requires a huge amount
of solvent. Using extraction, analysts introduce into the
environment more and more pollutants exceeding their
"natural" abundance. This is the reason why the newest
analytical procedures do not require solvents and other
reagents.

pump, a D-2500 integrator and Rheodyne Model 7125
injection valve with a 20 µl loop. The column (250 x
4.6 mm i.d.) was packed with LiChrospher RP-18 c,
dp = 5 µm
SPE - unit Merck.
Reagents
For analytical purposes analytical-reagent grade
chemicals were used; in other cases reagent-grade chemicals were applied. Methanol (Lichrosolv) was from
Merck. Pure water was from Millipore (Austria). Phosphoric acid was from POCH, Gliwice, Poland. Phenols
(stock solutions) standards were: phenol (c = 4.7
mg/cm3), 2-chlorophenol (c = 4.8 mg/cm3) and pentachlorophenol (c = 2.2 mg/cm3) received from the Institute
of Industrial Chemistry (Warsaw, Poland).
Preparation of Sorbents

Fig. 1. Specific features of phenols.
The present paper explores the results of preconcentration of some phenols on new sorbents based on chemically modified silica gel.
To design a valuable sorbent for phenols, their properties were considered first (Figure 1). The OH group is
capable of forming hydrogen bonds as a donor or as
a proton acceptor. The lipophilic aromatic system is electron rich and could also interact as a π-donor. Attempts
were made to elaborate appropriate sorbents utilizing
specific structural features of phenols. The sorbents
should be able to form hydrogen bonds and π - π bond
with electron rich aromatic residues. Assuming the above
statements to be true, new sorbents based on silica gel
were prepared. Silica gel was glycidoxypropylsilylated
and the product was reacted with acids containing an
electron deficient aromatic system capable of playing the
role of an p-acceptor. The remaining OH groups are hydrogen donors, whereas the C-O-C and C=O residues
are proton acceptors enabling the formation of hydrogen
bonds with phenols. The scheme of the synthesis and
structures of the surface modified materials are shown in
Figure 2.

Materials and Methods
Apparatus
A Merck-Hitachi liquid chromatograph was used,
equipped with a 4250 UV-VIS type detector, an L6200

a) Glicydoxypropylsilylated silica gel.
To a suspension of silica gel (50 g; dried at 180° for
5 hours [21], MN-Kieselgel 60) in 100 cm3, dry toluene
glycidoxypropyltriethoxysilane (6 cm3) was added. The
mixture was heated for 6 h at 100°, than cooled and the
solid material was collected by filtration. The product
was washed with water, methanol and finally with
acetone and dried under reduced pressure. The yield of
glycidoxypropylsilylated material [22] was 54 g.
b) 8-Hydroxy-7-(2,4,6-trinitrophenoxy)propoxypropylsilylated silica gel (Sorbent 1)
A mixture of the above described glycidoxypropylsilylated material (5 g), ethyl ether (15 cm3) and picric
acid (1 g) was shaken overnight at room temperature.
The solid material was removed by filtration and the solid
material was washed with water, methanol and acetone
and dried in vacuum. The yield of sorbent 1 was 5.2 g.
c) 8-Hydroxy-7-(3,5-dinitrobenzoyloxy)propoxypropylsilylated silica gel (Sorbent 2)
This compound was obtained as above from glycidoxypropylsilylated material (20 g) and 3,5-dinitrobenzoic
acid (1 g) in 30 cm3 ethyl ether. The product was collected, washed with water, saturated sodium hydrogencarbonate solution, water, methanol and acetone and
dried. The yield of sorbent 2 was 21 g.
d) 8-Acetoxy-7-(3,5-dinitrobenzoyloxy)propoxypropylsilylated silica gel (Sorbent 3)
5 g of sorbent 2 was suspended in 10 cm3 of acetic
anhydride and left to stand overnight at room temperature. The solid material was washed with water, methanol
and acetone and dried as above. The yield of sorbent
3 was 5.1 g.
e) 8-Decanoyloxy-7-(3,5-dinitrobenzoyloxy)propoxypropylsilylated silica gel (Sorbent 4)
This material was prepared by acylation of glycidoxypropylated silica gel (5 g) in a mixture of 15 cm3 methylene
chloride, 5 cm3 dry pyridine and 2 g of decanoyl chloride
for 1 day at room temperature. The solid material was
collected, washed with water, methanol, and acetone and
dried. The yield of sorbent 4 was 5.3 g.
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Fig. 2. Scheme of synthesis and surface structures of new sorbents.

Preconcentration Procedure
1000 mg samples of sorbents, prepared as described
above, were placed in polyethylene tubes and washed
with 10 cm3 acetonitrile and 10 cm3 of water. Water
samples spiked with phenols were filtered through a wet
sorbent bed under reduced pressure. Velocity of flow of
water samples was fixed at 1.5 cm3/min. The sorption was
investigated by change pH of water samples (pH 3 and 7)
and by change of phenol concentration. The adsorbed
phenols were eluted from the sorbent with four 1 cm3
portions of acetonitrile and the eluates were collected
separately. In each fraction the amount of phenol was
determined by LC under conditions described below.
The mobile phases were:
- methanol/water (45:55 v/v) for phenol and 2-chlorophenol, and
- methanol/water (85:15 v/v) for pentachlorophenol.
Both phases were acidified to pH 3 with phosphoric
acid. The wavelength of the UV detector was set at 280
nm, except for pentachlorophenol. The last was determined at 305 nm. The content of each component was
determined on the basis of a calibration curve.
The mass of adsorbed phenol and phenol remaining

in solution was balanced for each experiment. The total
amount of phenol was in the 95-97% limit.

Results and Discussion
The synthesis of sorbents was performed obeying
guidelines [21] ensuring the formation of monomeric
coverage of silica gel surface. All materials were prepared
using standard procedures.
All the above sorbents possess residues of electron
deficient aromatic groups and many proton acceptor sites
like carbonyl, NO2 and OH on surface anchored compounds. Sorbent 1 is unstable; continuous leaching of
picric acid is observed in water. Hence, it was not used
for further experiments. Sorbent 2 only slightly sorbs
phenol, o-chlorophenol and pentachlorophenol (Figure
3). More efficient is sorbent 3 in which the electron deficient dinitrobenzoyl and NO2, C=O and -O- residues
remain, but the CH2OH group is acetylated to decrease
the polarity of the binding site surrounding. In sorbent
4 the CH2OH was esterified with decanoyl chloride. The
long aliphatic residue is much more lipophilic and shields
better the binding site from aqueous medium than does
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Fig. 3. Recovery of phenols with the use of sorbents 2-4.

the acetyl group in sorbent 3. The sorption of phenols
increases from sorbent 2 to 4. This expresses the importance of lipophilic shielding of the binding sites. The
lipophilic "layer" slows down the release of adsorbed
phenols; it is in general agreement with higher relative
stability of hydrogen bonds and increased π- π interactions in non-polar media.
Sorption of phenols from aqueous solutions at different pH revealed another effect of interactions. At neutral
conditions, sorbent 4 entrapped 4% phenol, 9% ochlorophenol and 92% pentachlorophenol from water.
The higher the pH the larger the concentration of phenolate anion. The last anion, due to higher electron density, is a better p-donor. o-Chlorophenol and pentachlorophenol are more acidic than the mother compound.
Hence, the effect of pH is expressed best for chlorophenols. Moreover, sorbents 3 and 4 possess no hydrogen donors in binding sites and the best sorption of pentachlorophenol was found with more lipophilic sorbent 4.
This indicates a preferential role of π - π and "hydrophobic" interaction on phenol sorption. By all respects
sorbent 4 is the best among studied modified silica gels.

Conclusions
Preconcentration of phenols with the use of sorbents
is generally possible. Design of effective sorbents should
take into consideration their specific interactions with
phenols. These compounds interact with binding sites of
sorbent by typical supramolecular interactions like hydrogen bonds and π - π interactions which are favorable for
effective sorption. Sorption efficiency increases when the
binding sites posses lipophilic surroundings. Simple "hydrophobic" interactions of phenols with C18 phases are
not sufficient for effective sorption.
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