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Abstract

Although graphite is not effective as an adsorbent in water treatment, it provides a homogenous,

non-porous, carbonaceous structure that is ideal for studying fundamental adsorption mecha-

nisms. High-purity graphite powder (C content 99.5%) was oxidized in an ozone stream, pro-

ducing a near-surface oxygen content of 5.9 at.%, and was used together with the virgin material

to establish adsorption isotherms for organic compounds in aqueous solutions. We examined

how the aromaticity and substituents of the adsorptives affect adsorption on the model-activated

carbon surface. For both virgin and oxidized graphite, the adsorption capacity for the aromatic

compounds decreased in the order 1-naphthol> 2-methoxynaphthalene> naphthalene>
anisole> phenol, with significant differences in the adsorption capacities of the two graphite

species observed only for anisole, naphthalene, and 1-naphthol. The Freundlich constants (KF) for

the five compounds on virgin graphite were 23.9, 10.3, 5.5, 1.4, and 0.8 (nmol mg�1 )/(mmol L�1)n,

respectively. Naphthalene and 1-naphthol were slightly more adsorbed on the virgin material,

whereas oxidized graphite had marginally better adsorption properties for anisole. The results

underline the importance of dispersive and p–p interactions in the adsorption of organic

compounds on carbonaceous adsorbents; a second aromatic ring in 1-naphthol and 2-methox-

ynaphthalene greatly increased the adsorption capacity for these compounds compared with
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their one-ring counterparts phenol and anisole. Differences were also observed in the adsorption

of compounds containing hydroxyl or methoxy substituents, which have electron-donating prop-

erties (a resonance effect) but different electron-withdrawal characteristics (caused by induction).

Two amino acids occurring as zwitterions, L-tryptophan and L-tyrosine, were also tested as

adsorptives. L-Tryptophan, which has a larger aromatic system, achieved higher loading on graph-

ite, suggesting an adsorption mechanism primarily governed by dispersive and p–p interactions

for these two ionic compounds as well.
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Introduction

Increasing urbanization, climate change, and the increasing strain on natural waters caused
by human activities pose new challenges in maintaining water supplies in the coming dec-
ades. The pollution of water resources with anthropogenic micropollutants is a growing
concern. These substances include pharmaceuticals, agrochemicals, personal care products,
flame retardants, hormones, and various others (Rivera-Utrilla et al., 2013; Ternes and
Richardson, 2018). Although the number of micropollutants detected in the environment
is increasing yearly, the effects of many such substances on the aquatic ecosphere and
human health are still unclear, especially if transformation products and the chirality of
certain chemicals are considered (Basheer, 2017). Adverse health effects have been docu-
mented for a variety of compounds and transformation products (Alharbi et al., 2018).
Conventional water treatment processes, such as coagulation, precipitation, and chlorina-
tion, remove only trace amounts of micropollutants, and the removal efficiency varies great-
ly with the physicochemical properties of the target substances. Many adsorbents have been
developed for removing micropollutants, including various nanoparticles (Basheer, 2017),
carbon nanotubes (Burakova et al., 2018), bio-chars (Wang and Wang, 2019), and compos-
ite materials (Ali et al., 2016). However, the removal of organic micropollutants by adsorp-
tion on activated carbon (AC) is still the method of choice in large-scale operations, such as
drinking water treatment, because it works well for a large number of compounds
(Westerhoff et al., 2012).

The adsorption of organic molecules from water on carbonaceous surfaces has been
studied extensively, with many scientific papers and books being published yearly. Most
publications, especially those related to water treatment, focus on AC as a widely used
adsorbent (Ahmed, 2017; Lamichhane et al., 2016; Rivera-Utrilla et al., 2013; Worch,
2012). Recent breakthroughs have been made in research on using graphene in wastewater
treatment, as reviewed by Ali et al. (2019), and the potential of this material for removal of
various pollutants from wastewater has been demonstrated. Reviews of the effects of chem-
ical structure on adsorption on AC have also been published (Knappe, 2006; Moreno-
Castilla, 2004; Radovic et al., 2001). The diverse and complex nature of the AC structure
and composition and the presence of many different organic compounds in the aquatic
environment make knowledge systematization challenging. A recent study by Ali et al.
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(2019) found that for a single pesticide, fenurone, 13 interactions with pure carbonaceous
material (multiwalled carbon nano-tubes) occur, including a hydrogen bonding interaction
and 12 hydrophobic interactions involving p–r, and various p–p, and p-alkyl interactions.

Although AC has been studied for almost a century, with publications dating as far back
as the 1920s (e.g., Chaney et al., 1923), the use of AC today relies mainly on empirical
designs (Knappe, 2006). This is due mainly to specific water characteristics associated with
various organic and inorganic constituents; the undefined nature of AC with many varia-
tions in physicochemical properties; and, above all, the complexity of the adsorption process
itself, which is dependent on the three types of interactions that occur simultaneously in
water, namely pollutant–carbon, water–carbon, and pollutant–water interactions
(Knappe, 2006).

Pollutant–carbon interactions can be electrostatic (repulsive or attractive), non-specific
van der Waals (London dispersion forces, dipole-induced dipole forces, dipole–dipole
forces), hydrophobic, p-stacking, and hydrogen-bonding interactions (Moreno-Castilla,
2004; Radovic et al., 2001). Non-specific dispersive interactions tend to increase with
increasing molecular size of the pollutant, its polarizability, and planarity and, in the case
of aromatic pollutants, the electron-donating strength of the ring substituent (Knappe,
2006). Electron-donating substituents of adsorptives enhance dispersive interactions, where-
as electron-withdrawing substituents can cause the formation of complexes between carbon-
yl surface oxygens and the aromatic ring of the adsorptive. If carbonyl groups are not
present, complex formation may be possible with rings of the carbon basal planes
(Castillejos-Lopez et al., 2004; Moreno-Castilla, 2004). Van der Waals interactions between
the pollutant and carbon predominate, with 65–94% of the total interaction energy, depend-
ing on carbon and pollutant hydrophobicity (de Ridder et al., 2013). The strength of dis-
persive interactions between AC and aromatic pollutants is affected mainly by the density of
delocalized p electrons of the carbon basal planes and oxygen-containing groups on the AC
surface. Oxygen-containing groups are specific sites for water adsorption (via hydrogen
bonding); they affect electron delocalization and control the surface charge (Knappe,
2006). Water adsorption can also affect AC adsorption capacity (Knappe, 2006; Moreno-
Castilla, 2004). In a study of 13 AC varieties, de Ridder et al. (2012) found that the
adsorption of water depends heavily on the type and content of oxygen-containing
groups on the AC surface. Water–carbon and pollutant–water interactions involve hydra-
tion, with the thickness of the hydrate shell depending heavily on the polarity of the mol-
ecule or AC surface and the ionic strength of the water matrix. An acidic AC surface is
controlled mainly by carboxylic, phenol, lactone, or lactol groups located at the edge of the
basal plane sheets (Bandosz and Ania, 2006; Boehm, 1994; Khan et al., 2015; Knappe,
2006; Moreno-Castilla, 2004). The AC surface can also have a basic character due to
high p-electron density in basal planes, nitrogen-containing groups, and pyrone-like
groups (Khan et al., 2015; Knappe, 2006). Chemical properties of the surface are also
affected by the carbonaceous raw material, treatment, and storage conditions.

Adsorption isotherm data have been acquired mainly for as received or functionalized
ACs originating from natural raw materials with variable and complex properties, and thus
information about the adsorption of organic pollutants needs to be systematized. Recent
attempts to apply polyparameter linear free-energy relationships (pp-LFER) to understand-
ing partitioning of pollutants in environmental and technical systems encountered difficul-
ties dealing with carbonaceous sorbents due to strong non-linear adsorption caused by
sorbent heterogeneity and the dependence of sorption coefficients on pollutant
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concentration (Endo and Goss, 2014). Furthermore, the polydisperse AC pore structure

leads to simultaneous effects such as steric hindrance and pore blocking. Chow (2010)

compared pp-LFER relationships developed for AC and oxidized graphite, which is an

AC-like material without pores, and reported substantial differences in their pp-LFER

equations. The presence of natural organic matter in solution also affected the pp-LFER

relationships for oxidized-graphite–water systems.
A better understanding of the mechanisms of adsorption on carbonaceous materials is

still required, and this paper presents a systematic approach using graphite and oxidized

graphite as adsorbents. We aim to (1) design a simple, cost-effective, and precise method for

collecting adsorption data that can detect differences in the adsorption of aromatic com-

pounds and (2) to revisit fundamentals of how the chemical structure of compounds affects

their adsorption from water on carbonaceous surfaces by excluding the effects of pores and

material heterogeneity.
In contrast to AC that usually contains many heteroelements, such as oxygen, nitrogen,

sulfur, and various heavy metals, graphite provides a chemically homogeneous surface of

sp2-hybridized carbon atoms (Bandosz and Ania, 2006). The number of crystallite imper-

fections and heteroatoms depends on graphite purity. Oxidation of the graphite surface is

expected to reduce the proportion of nonpolar interactions involved in adsorption due to the

introduction of oxygen-containing functional groups, while also promoting polar interac-

tions of the surface with pollutants and water.
A test set of aromatic adsorptives differing in the number of aromatic rings (one or two)

and the presence of hydroxyl and methoxy groups (both strong electron donors with dif-

ferent inductive electron-withdrawal effects) allowed the assessment of adsorption mecha-

nisms. Two amino acids, L-tyrosine and L-tryptophan, were also tested as representative

zwitterions. Fluorescence spectroscopy provided precise, rapid analyses of liquid-phase

concentrations of <1mmol/L. The methodology described here could help in elucidating

adsorption mechanisms and the factors influencing them.

Material and methods

Adsorbents

The graphite powder (UF1 99.5, Graphit Kropfmühl GmbH, Germany) originated from

natural graphite chemically purified to a carbon content of �99.5%. It was washed with

water purified by reverse osmosis (Osmose 190, Dennerle, Germany; <0.2mg/L dissolved

organic carbon; conductivity <20 mS/cm) before the experiments and dried overnight

at 110�C.
The method for ozone oxidation of graphite is described in DIN EN ISO 10 121–1 (2014).

An air–ozone (7–7.5 ppm) mixture was passed through �1.4 g graphite in a fixed-bed flow

reactor for 90min at room temperature and �50% relative humidity. Three batches of

oxidized graphite were produced to provide sufficient material for the characterization

experiments, and the batches were mixed after production.

Adsorbent characterization

Particle-size distribution. The graphite particle-size distribution was determined using a laser-

diffraction particle-size analyzer (LS 13 320, Beckman Coulter GmbH, Germany) with 125
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channels from 170 nm to 2mm. The graphite powder was suspended in purified water. To
check whether agglomerates of graphite particles were present, the measurements were
performed with and without dispersant (Schwegowett 6267, Berndt Schwegmann GmbH,
Germany).

Zeta potential. Graphite (virgin and oxidized) zeta potential was determined using a Zetasizer
Nano ZS (Malvern Panalytical, UK) with 20mg/L graphite suspensions at pH 1–10 (adjust-
ed with HCl or NaOH).

Elemental composition. The elemental compositions of both virgin and oxidized graphite were
assessed by energy-dispersive X-ray (EDX) analysis and X-ray photoelectron (XPS) spec-
troscopy. An electron microscope (Quanta 400 FEG, FEI Company, USA) was used for
EDX analyses and scanning electron microscope (SEM) images. XPS was carried out using
a Versaprobe IITM instrument (Ulvac-Phi, Japan). The Al Ka radiation source provided a
beam diameter of 100 mm and an X-ray power of 25W. Samples were outgassed for 90min
prior to analysis.

BET surface and pore analysis. Brunauer–Emmett–Teller (BET) surface and pore analyses of
virgin and oxidized graphite were carried out volumetrically by the nitrogen gas adsorption
method, using a benchtop BET surface and pore size analyzer (SATM Coulter 3100;
Beckmann Coulter GmbH, Germany).

Adsorptives. The organic adsorptives studied include phenol, anisole, naphthalene, 1-naph-
thol, 2-methoxynaphthalene, L-tyrosine, and L-tryptophan, covering a wide range of
octanol–water distribution coefficients (log Kow¼ –1.6 to 3.65). Their structural formulae
and physicochemical characteristics are given in Table 1. All are fluorescent compounds,
enabling determination of liquid-phase concentrations by a fluorescence spectrophotom-
eter (RF 6000, Shimadzu, Japan), with excitation–emission wavelength pairs shown in
Table 1.

Adsorption experiments

All adsorption experiments were conducted in solutions containing 1.5mM NaHCO3 and
1.5mM MgSO4 to provide a uniform buffering capacity and ionic strength throughout.
Solution pH was constant at 8.1.

Weighed samples of graphite were placed in glass bottles and stock solution of the
adsorptive organic substance added with an initial liquid-phase concentration of
0.8 mmol/L. A control experiment, without graphite, was performed with each batch of
samples. Samples and solution were mixed for 10 s with a high-performance mixer
(Ultraturax T25, IKA Werke, Germany) to break down any graphite agglomerates and
then shaken with a mechanical shaker (Laboshake, Gerhardt) for 24 h for phenol, anisole,
1-naphthol, naphthalene, and 2-methoxynaphthalene, or 2.5 h for L-tyrosine and L-trypto-
phan, at a frequency of 150 r/min. Adsorption kinetics experiments (data not shown)
revealed that adsorption equilibria for all substances other than amino acids were achieved
within 24 h. For the amino acids, a rapid decrease from the initial concentration was
observed in the control samples, so the test duration was reduced to 2.5 h, during which
no concentration decrease was observed.
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Table 1. Structure, physicochemical characteristics, fluorescence excitation and emission wavelengths, limit
of quantification, and precision of the fluorescence measurements.

Phenol Anisole 1-Naphthol Naphthalene

2-Methoxy-

naphthalene L-Tyrosine L-Tryptophan

Structure

log Kow value 1.67a

1.46b
2.11c

1.82a
2.85b

2.66a
3.01–3.65c

3.3b

2.96a

3.47d

2.81a
–2.66d

–1.5a
–1.06b

–1,09a

Water solubility at

25�Cin g/L

86.5e

66.6f
1.52g

10.4h

0.14i

0.866j

1.35k
31l� 10–3 75.9e� 10–3 0.453m

0.507n
11.4g

pKa value 10o

10.02a
– 9.34p

9.6a
– – 2a (carboxyl

group)

9.2a (protonated

amino group)

2.54a (carboxyl

group)

9.1a (protonated

amino group)

kExcitation 267 nm 270 nm 233 nm 265 nm 270 nm 274 nm 278 nm

kEmission 311 nm 303 nm 500 nm 330 nm 350 nm 325 nm 356 nm

Limit of quantifi-

cationq in nmol/

L

25 30 65 20 15 25 35

RSDr at 200 nmol/

L in %

2.6 0.6 6.3 2.5 4.4 4.8 11.6

RSDr at 800 nmol/

L in %

1.2 1.1 3 1 3.1 0.9 11

aCalculated with the software “MarvinSketch” (Chemaxon), Version 5.9.
bHansch C, Leo A and Hoekman D. Exploring QSAR – hydrophobic, electronic, and steric constants. Washington, DC:

American Chemical Society, 1995.
cSangster J. Octanol-water partition coefficients of simple organic compounds. J Phys Chem Data 1989; 18(3).
dhttps://chem.nlm.nih.gov/chemidplus/rn/93-04-9.
eSouthworth GR and Keller JL. Water Air Soil Poll 1986; 28: 239–248.
fO’Neil MJ (ed) The Merck Index – an encyclopedia of chemicals, drugs, and biologicals. 13th ed. Whitehouse Station, NJ:

Merck and Co., Inc., 2001.
gChiou CT et al. Environ Sci Technol 1983; 17: 227–231.
hLu PY and Metcalf. Environ Health Perspect 1975; 10: 269–284.
iHine J and Mookerjee PK. J Org Chem 1975; 40: 292–298.
jHassett JJ, et al. Sorption properties of sediments and energy-related pollutants. Athens, GA: USEPA USEPA-600/3-80-041,

1980.
kGuiseppe-Elie A and Maharajh DM. The solubility of 1-naphthol in water at different temperatures. Thermochim Acta 1984;

73: 187–191.
lPearlman RS, et al. J Chem Ref Data 1984; 13: 555–562.
mBudavari S (ed) The Merck Index – encyclopedia of chemicals, drugs and biologicals. Rahway, NJ: Merck and Co., Inc., 1989,

p.1548.
nCarta R and Tola G. Solubilities of L-cystine, L-tyrosine, L-leucine, and glycine in aqueous solutions at Various pH and

NaCl concentrations. J Chem Eng Data 1996; 41: 414-417.
oHornback JM. Organic chemistry. 2nd ed. Stamfor, CT: Thompson Learning, 2006.
pSerjeant EP and Dempsey B. Ionisation constants of organic acids in aqueous solution.international union of pure and

applied chemistry (IUPAC). IUPAC Chemical Data Series No. 23, 1979. New York, NY: Pergamon Press.
qCalculated from the calibration line as described in DIN 32645. A detailed description of the calculation is also available in

Funk W, Damman V and Donnevert G (1995) Quality assurance in analytical chemistry. Weinheim, Germany: Wiley VCH.
rThe relative standard deviation (SD) was calculated from a multifold analysis of a 200 or 800 nmol/L calibration standard.
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After adsorption, test solutions were filtered through 0.45-mm cellulose nitrate

filters (Ahlstrom GmbH, Germany), and the residual concentration was determined

by fluorescence spectrometry. Fluorescence intensities for the relevant wavelength

pairs (Table 1) were recorded seven times for each sample, with the standard devi-

ation (Table 1) used to calculate the measurement uncertainty. Control samples with

graphite powder in the buffer solution (i.e., no adsorptive) were also analyzed after

filtration to assess the effect of sample preparation on the fluorescence signal. The

‘background signal’ of these samples was well below that recorded in the adsorption

experiments.
The loading in micromole substance per milligram graphite in the isotherm experiments

was calculated according to equation (1)

q ¼ C0 � C

m
� V � 1000 nmol

lmol
(1)

whereas

• q – solid-phase loading in nanomole per milligram;
• C0 – initial concentration of substance in solution in micromole per liter; in all experi-

ments, the initial concentration was 0.8 mmol/L, whereas the concentration of the con-

trols, i.e. the samples that did not contain graphite, was measured after filtration and used

for the calculation;
• C – concentration of substance in solution after filtration in micromole per liter;
• V – volume of the samples (0.7 L for experiments with 1-naphthol, 0.1 L for all

others);
• m – mass of graphite within the sample in milligram.

As all terms in equation (1) are measured values, they are afflicted by a certain measure-

ment uncertainty. Consequently, the solid-phase loading “q” is also afflicted by a certain

error. Assuming no correlation between the variables, the overall error of q can be calcu-

lated using the variance formula (Ku, 1966)

sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@q

@C0

� �2

� s2C0
þ @q

@C

� �2

� s2C þ @q

@m

� �2

� s2m þ @q

@V

� �2

� s2V

s
(2)

whereas

• sC0 – standard deviation of the multifold measurement of the concentration of the control

sample in micromole per liter;
• sC – standard deviation of the multifold measurement of the concentration of the sample

after filtration in micromole per liter;
• sm – uncertainty of the graphite mass within the samples in mg, here set as 0.5 mg;
• sV – uncertainty of the sample volume in liter. The measurement uncertainty of the

glassware used for measurement of the volume (e.g. 100 mL pipette) as given by the

manufacturer was inserted.
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By inserting the partial derivatives into equation (2), one yields

sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V

m

� �2

� s2C0
þ �V

m

� �2

� s2C þ C� C0

m2
� V

� �2

� s2m þ C0 � C

m

� �2

� s2V

s
(3)

Results and discussion

Graphite characterization

Figure 1 shows the volume equivalent spherical diameter of pristine and ozonated graphite

in pure water. The mean, median, and mode particle sizes were 1.33� 0.63, 1.37, and

1.92 mm for graphite, and 1.61� 0.63, 1.72, and 1.92 mm for oxidized graphite, respectively.

No substantial difference was observed between measurements with and without dispersant

(data not shown), so it was concluded that no agglomerates were present.
The BET surface area was 19.3m2/g for graphite and 19.5m2/g for the oxidized graphite.

Nitrogen physisorption measurements exhibited typical Type II isotherms, indicating

mainly non-porous material (Figure 2). The similar trends for virgin and oxidized graphite

indicate that no activation was induced by ozone treatment, with no additional surface area

due to increased porosity.
The SEM image (Figure 3) indicates that the graphite particles were more disc-shaped

than spherical, probably as a result of the planar structure of graphite, with physical sta-

bility across basal planes being lower than along planes due to the relatively weak p–p

Figure 1. Volume equivalent spherical diameter of the two graphite species.
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interactions involved. During the milling process, particles tend to break across planes,

producing flake-like structures.
EDX analyses of virgin graphite revealed near-surface carbon and oxygen concentrations

of 99.6 and 0.4 at.%, respectively. No significant increase in the surface oxygen content was

Figure 2. Nitrogen adsorption isotherms for oxidized and virgin graphite.

Figure 3. SEM image of virgin graphite.
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detected after ozone treatment (0.7 at.%). The penetration depth of an EDX electron beam
is 1–20 mm (Mazumder et al., 2018) compared with 1–10 nm for XPS; thus, XPS provides
more information closer to the surface (Bandosz and Ania, 2006; Haasch, 2014). XPS
measurements showed that pristine graphite contained 4.1� 0.12 at% of surface-oxygen
and that ozonation further increased this content to 5.9� 0.18 at%. At the same time,
the content of sp2-hybridized carbon decreased from 75% to 50%. That means that the
pristine graphite also contained some oxygen groups at the surface, but the ozonation
increased their content. Similar findings on surface oxygen content in graphite and graphite
oxidized by various treatments are documented in the literature. Blyth et al. (2000) reported
that it was possible to introduce 1.8 at% of oxygen in comparison to the raw material by
mild oxidation (confirmed by XPS analysis). Initial 2.6 at% oxygen in the raw material was
first reduced to 1 at% by cleaning at 1000�C in an inert atmosphere, while heating at 500�C
in oxygen for 2 h increased the oxygen content to 4 at%. Wu et al. (2002) oxidized graphite
with ammonium-persulfate under different conditions and achieved a similar yield of
oxygen on the material surface as well confirmed by XPS analysis. They found that pristine
graphite contains 4.11 at% oxygen at the surface and that the oxidation was able to increase
this content up to 6.3 at%. Ozonation of a graphite suspension in water (Chow, 2010)
caused a change in oxygen content from 1.22–4.52 at%.

The zeta potential measurements indicate small differences between the two graphite
species at lower pH (Figure 4). Oxidized graphite exhibited a larger negative charge at
low pH, probably due to the presence of a greater number of strongly acidic groups.

Figure 4. Zeta potential versus pH for oxidized and virgin graphite. Error bars indicate the standard
deviations of at least nine measurements.
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However, the isoelectric point of both graphite species occurs at low pH, consistent with the
XPS results, because the high surface-oxygen content of both species results in an acidic
surface character (Bandosz and Ania, 2006).

Adsorption experiments

Results of the 24 h adsorption experiments are displayed in Figure 5, in which solid-phase
loading is plotted against liquid-phase concentration for each adsorptive. The uncertainty in
loading becomes relatively large at high residual liquid concentrations due to the small
amounts of graphite that had to be balanced and added to these samples, as the balancing
error was set to an absolute value (0.5mg, see “Material and methods” section). This is also
reflected in the overlapping of some of the data (e.g. anisole and phenol) in this region.

The data were evaluated with the Freundlich (1906) equation that is given by

q ¼ KF � Cn (4)

whereas:

• KF – Freundlich constant
• n – Freundlich exponent

For both graphite species, the adsorption capacity for the aromatic compounds decreased
in the following order: 1-naphthol> 2-methoxynaphthalene>naphthalene> anisole>
phenol, whereas significant differences in the adsorption capacity between the two graphite
species could only be observed for anisole, naphthalene, and 1-naphthol. As stated in the
introduction, different molecular properties such as the polarity, planarity, electron density,
and water solubility contribute to the overall adsorption properties of a certain molecule.
The sum of all factors contributing to the absorbability of a substance will in the following
be called “net adsorption.”

The adsorption experiments indicate higher solid-phase loadings for aromatic com-
pounds with two rings (3–30 nmol/mg) than for one-ring compounds (0.3–1.2 nmol/mg),
as expected due to the importance of p–p interactions of aromatic systems with graphite
basal planes.

For both graphite species, higher loadings were achieved for 1-naphthol than for 2-
methoxynaphthalene and unsubstituted naphthalene. Hydroxyl and methoxy substituents
increase the electron density within the aromatic ring structure due to resonance effects
(oxygen free-electron pairs supply electrons to the ring structure), thereby strengthening
dispersive interactions with the graphite surface (Moreno-Castilla, 2004). This is countered
by the inductive effect, with electronegative oxygen atoms drawing electrons from their
vicinity and reducing the potential for dispersive interaction. Furthermore, the water solu-
bility of 1-naphthol is much higher than that of 2-methoxynaphthalene, and substances with
a higher water solubility often exhibit low net adsorption. Thus, if the predominant adsorp-
tion effect for both substances involved p–p interactions, a higher net adsorption for 2-
methoxynaphthalene would be expected, so the much higher loadings for 1-naphthol found
experimentally indicate that different adsorption mechanisms apply for these compounds,
most likely involving complex formation in the case of 1-naphthol. This is consistent with
the findings of Mattson et al. (1969), who suggested that aromatic compounds adsorb on
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Figure 5. Results of the 24 h adsorption experiments, showing solid-phase loading versus liquid-phase
concentration. Freundlich parameters are listed in Table 2. Results for naphthol with oxidized graphite could
not be fitted with the Freundlich approach. Error bars in the x direction indicate standard deviations of
seven-fold measurements; those in the y-direction represent the uncertainty of the solid-phase loading, q, as
calculated by equation (3).
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carbon surfaces through a donor–acceptor complexation mechanism involving the carbonyl

oxygen at the carbon surface as the electron donor and the aromatic ring of the adsorbate as

the acceptor. The lower loading of 1-naphthol on oxidized graphite may be explained by the

transformation of carbonyl to carboxylic groups (Mattson et al., 1969; Moreno-Castilla,

2004). Furthermore, graphite oxidation increases the adsorption of water, which competes

with 1-naphthol, and reduces the electron density of the graphite basal planes due to the

newly introduced oxygen groups that are probably carboxylic. These groups further weaken

p–p interactions that may simultaneously occur with electron donor–acceptor interactions.

This effect may also explain the lower loading of naphthalene on the oxidized material.

Naphthalene has no substituents that could contribute to electron acceptance from carbonyl

groups on the graphite surface, so dispersive and p–p interactions are the likely predominant

adsorption mechanism. With 2-methoxynaphthalene, no significant effect of graphite oxi-

dation on adsorption was observed, possibly due to more favorable competition with water

molecules than in case of the more soluble 1-naphthole.
The difference in net adsorption between the one-ring compounds (phenol and anisole)

due to their different substituents was not as pronounced as that between the two-ring

compounds. The solid-phase loading achieved with both graphite species was in the range

0.3–1.2 nmol/mg, depending on the residual liquid-phase concentration and the compound

involved. In contrast to 1-naphthol and 2-methoxynaphthalene, the loading achieved for

anisole was higher than that of phenol, consistent with the solubility data for these

compounds.
The solid-phase loading achieved for phenol on virgin graphite is similar to that found by

Mahajan et al. (1980), who observed phenol loadings on virgin and electron-depleted boron-

doped graphite of 0.75–3.0 nmol/mg, although the equilibrium liquid-phase phenol concen-

tration (6–5mg/L) was much higher than in this study. The adsorption of phenol from the

aqueous phase has been extensively studied, with many publications on the adsorption

mechanism. Starting at the end of the 1960s with the landmark papers of Coughlin and

Ezra (1968) and Mattson et al. (1969), there are two theories describing the adsorption

mechanism of phenol on carbonaceous surfaces. The first (Coughlin and Ezra, 1968) attrib-

uted the adsorption mainly to p–p dispersion mechanisms between the aromatic ring and

graphitic planes with the phenol molecule adsorbed in a flat orientation, and they predicted

that increasing surface-oxygen content reduces the phenol adsorption capacity. The second

(Mattson et al., 1969) considered phenol adsorption to arise from electron donor–acceptor

mechanisms involving oxygen atoms on the graphite surface as electron donors. Modern

computer modeling seems to support both theories. Whereas Chakarova-K€ack et al. (2006),

who employed semilocal density functional theory calculations to elucidate the adsorption

mechanism of phenol on graphite surfaces, state that “the adsorption of phenol on graphite

is clearly of van der Waals nature.” Humpola et al. (2013) used semiempirical quantum

mechanical calculations and came to the opposite conclusion, namely that p–p interactions

are not dominant in the adsorption of phenolic compounds on graphite. They also identified

a need for more data from well-characterized substrates to clarify the adsorption mecha-

nism. Our results seem to support the second theory, as no significant decrease in phenol

adsorption was observed after oxidation of the graphite (error bars are overlapping, see

Figure 5).
Adsorption isotherms for the two amino acids are shown in Figure 6. At pH 8.1, both

amino acids were almost exclusively present as zwitterions.1 L-Tyrosine has one aromatic
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ring with a hydroxyl substituent in the para position, and L-Tryptophan has a 10-p aromatic

system.
It was impossible to determine whether a contact time of 2.5 h was sufficient to reach

equilibrium because L-tyrosine and L-tryptophan began to decompose after 2.5 h, so we did

not compare the amino acid results with the 24 h results of the aromatic substances. The

larger size of the aromatic system of L-tryptophan resulted in a higher loading on graphite.

Assuming that the higher loading is not the result of more rapid adsorption kinetics for L-

tryptophan, which is unlikely due to the larger molecular size that constrains diffusion, this

suggests an adsorption mechanism primarily governed by p–p interactions. Similar to ani-

sole, the net adsorption of L-tyrosine was slightly higher on oxidized graphite, whereas L-

tryptophan had the same loading on both oxidized and virgin graphite.
Freundlich parameters (Table 2) were calculated with a linear regression approach based

on a log q versus log C plot. Exponential regression, based on Origin Professional 2019

software (OriginLab Corporation, USA), was used to fit the data in Figure 5, and the

corresponding Freundlich parameters are listed in Table 2 as well. Discrepancies between

the two types of regression are known (Worch, 2012) especially for poorly fitted data such as

those of 1-naphthol (Table 2). This is rarely addressed in the literature because a linear fit is

far more widely used. Parameters for 1-naphthol on oxidized graphite are not presented here

due to the poor fit, whereas for the amino acids, they were not calculated because the

adsorption equilibrium was not necessarily achieved within 2.5 h.
The different Freundlich exponents (n) obtained for anisole on virgin and oxidized graph-

ite, together with the major differences observed between their two curves in Figure 5 may

reflect changes in the overall adsorption mechanism for this compound, whereas much

smaller differences were observed for the other compounds.
The correlation indicated by R2 values was low for some of the isotherms, indicating a

poor fit. However, the R2 value depends heavily on the slope of a function. Therefore,

isotherms with low gradients (e.g. phenol on oxidized graphite and 1-naphthol) also

Figure 6. Adsorption isotherms (2.5 h) for L-tyrosine and L-tryptophan.
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exhibited poor fits. It is therefore not ideal to fit these (horizontal) isotherms with the

(exponential) Freundlich approach. It was done here for the purpose of an easy comparison

of the adsorption data nevertheless.

Conclusion

This study demonstrated that our method using virgin and oxidized graphite combined with

fluorescence spectroscopy is well suited to studying the mechanisms of adsorption of organic

molecules from water. Compared with other analytical techniques, such as gas chromatog-

raphy and high-performance liquid chromatography, fluorescence spectroscopy offers rapid,

cost-effective, and precise quantification of organic compounds in water at concentrations in

the low parts per billion range. However, the technique can be used only in the absence of

other fluorescent compounds and is therefore not suitable for experiments with a natural

water matrix or mixtures.
The use of nonporous graphite particles as adsorbent excludes pore influences (steric

hindrance) and provides a relatively homogeneous sp2-hybridized surface. The surface-

oxygen content was increased from 4.1 to 5.9 at.% by oxidation in an ozone stream, with

even this small increase inducing measurable differences in the adsorption behavior of the

compounds. The adsorption capacities of both graphite species decreased in the order 1-

naphthol> 2-methoxynaphthalene>naphthalene> anisole>phenol. Our results underline

the importance of dispersive and p–p interactions in the adsorption of organic compounds

on carbonaceous adsorbents. We also observed net adsorption effects of hydroxyl and

methoxy substituents. Graphite oxidation decreased the adsorption capacity for 1-napht-

hole and naphthalene, but induced no significant changes for phenol, 2-methoxynaphtha-

lene, or L-tryptophan. The oxidized graphite had a slightly higher adsorption capacity for

anisole and L-tyrosine than virgin graphite.
Although the results obtained within this study demonstrated that the developed meth-

odology is capable of studying the influence of different molecular structures and

Table 2. Freundlich parameters for the 24 h isotherm experiment.

Substance adsorbent

Freundlich-constant

KF
nmol
mgð Þ

lmol
Lð Þn

Freundlich

exponent n

Coefficient of

determination R2

Regression type KF linear KF nonlinear n linear n nonlinear R2 linear R2 nonlinear

Phenol virgin graphite 0.75 0.76 0.57 0.59 0.765 0.73

Phenol oxidized graphite 0.41 0.53 0 0.24 0.006 0.43

1-Naphthol virgin graphite 23.9 31.4 0 0.09 0.12 0.4

Anisole virgin graphite 1.39 0.95 0.4 0.15 0.75 0.215

Anisole oxidized graphite 1.36 1.31 0.29 0.27 0.58 0.82

Methoxynaphthalene

virgin graphite

10.3 9.55 0.34 0.32 0.84 0.899

Methoxynaphthalene

oxidized graphite

10.6 11.2 0.34 0.37 0.95 0.97

Naphthalene virgin graphite 5.52 5.39 0.39 0.38 0.4 0.56

Naphthalene oxidized graphite 4.64 4.41 0.32 0.27 0.75 0.76
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substituents on the adsorption of organic compounds on carbonaceous adsorbents, further

work is needed to clearly define the dominating adsorption mechanisms for different organic

molecules. A larger set of compounds needs to be tested to attain a bigger dataset suitable

for computer-based modeling approaches that can be useful in adsorption knowledge sys-

tematization and, consequently, prediction. In future studies, the surface oxygen on virgin

graphite should be removed by heating in an inert atmosphere to increase the differences

between oxidized and virgin graphite.
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