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Phenolic compounds are common environmental pollutants, which are used in many industries and contaminate
water environment due to industrial wastewater discharge. Presently, there is an increasing demand for the
development and improvement of inexpensive, easy-to-use analytical tools for in-situ detection of phenolic
compounds. In this work, we investigate the effect of adsorption of Cu?>* and Fe?* ions on the catalytic activity of
a composite material based on alumina nanofibers (ANF) and detonation nanodiamonds (DND) in the co-
oxidation of phenols with 4-aminoantipyrine in the presence of hydrogen peroxide. We have found more than
two-fold increase of the catalytic activity for ANF + DND + Cu composite, while the activity of ANF + DND + Fe
composite is found to decrease by several times in comparison with the original ANF -+ DND material. The results
of FTIR analysis indicate that the adsorption of iron ions occurs with the formation of hydroxide surface groups
and hydrogen bonds, which apparently block their catalytic activity in the Fenton redox cycle. The higher
catalytic performance of AND + DND composite functionalized with copper ions makes it possible to detect two
times lower concentrations of analytes (phenol and 4-chlorophenol) in comparison with the original composite.
It is shown that the AND + DND + Cu composite provides a linear yield of the co-oxidation reaction product in a
wide range of analyte concentrations (0.25-100 pM for phenol and 0.5-25 pM for 4-chlorophenol). Model ex-
periments demonstrate the applicability of copper-functionalized composite as a reusable sensor for the deter-
mination of phenol in aqueous samples.

Phenol detection

1. Introduction organs and tissues [6-8]. Due to its toxicological and environmental

effects, phenol is included in the list of priority pollutants by many

As a result of industrial activities and agricultural production, a
number of different pollutants are constantly released into the envi-
ronment. Phenol and chlorophenol compounds (such as 2-chlorophenol,
4-chlorophenol, and 2,4-dichlorophenol) are common environmental
pollutants from the production of paper, resins and plastics, dyes and
textiles, and pesticides [1-5]. These pollutants are present in industrial
wastewater and end up in natural and drinking water, which is
extremely dangerous for the environment, animals, and humans.
Phenolic compounds are resistant to natural decomposition, highly
toxic, carcinogenic and mutagenic, easily absorbed by animals and
humans through the skin and mucous membranes affecting a variety of

countries with emission limit for industrial wastewater currently set
below 0.5 mg/1 [9,10].

Currently, chromatographic [11,12], electrochemical [13-15],
chemiluminescent [16], fluorescent [17], and spectrophotometric [18]
methods are used for the detection of phenols. At the same time, there is
an increasing demand for new methods for the detection of phenolic
compounds allowing in situ testing of contaminants.

Among the existing analytical methods, colorimetric analysis has
attracted significant attention because it requires simple instrumenta-
tion (e.g. a UV-visible spectrophotometer) and screening analysis (e.g.
camera or naked eye). This analysis is traditionally performed with the
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help of enzymes, which are ideal biocatalysts with high efficiency and
specificity. However, they have low operational stability, high cost as
well as difficulties in recovery and reuse. To eliminate these shortcom-
ings, enzymes are immobilized on various carriers (matrices) including
nanomaterials [19-23].

It should be noted that immobilization on carriers can increase the
resistance of enzymes and increase the possibility of their reuse for
analysis. However, the implementation of this procedure requires
careful and inventive design conditions since enzymes can be easily
damaged and even inactivated during the immobilization process. In
this regard, nanosized materials with enzyme-like properties (nano-
zymes) have been of considerable interest to researchers in recent years
as an alternative option. To date, a large number of nanostructured
materials are known that exhibit enzyme-like activity: magnetic Fe3O4
nanoparticles [24], platinum nanoparticles [25], cerium oxide nano-
particles [26], gold nanoparticles [27], copper oxide nanoparticles [28],
graphene oxide [29], and single-walled carbon nanotubes [30]. In
comparison with enzymes, nanozymes have a number of advantages:
better stability, lower cost, and easier control of catalytic properties. A
number of studies have shown that nanozymes hold great promise for
the efficient detection of phenolic compounds [31-35].

In addition to spz—nanocarbon [29,30], sp3—nanocarb0n/nan
odiamonds are used in the fabrication of sensors. When designing sen-
sors for detection of phenolic compounds, nanodiamonds are mainly
employed to improve the performance of glassy carbon electrodes
because reaction by-products lead to fouling of their surface and the
corresponding decrease of accuracy and lifespan. In particular, nano-
diamonds provided high chemical resistance to glassy carbon electrode
in a reusable sensor for the determination of hydroquinone and catechol
[36] as well as bisphenol A [37]. Nanodiamonds were also employed for
improvement of electrochemical response of electrode sensor for hy-
droquinone and catechol detection [38]. Another application of nano-
diamonds is the fabrication of supports for enzyme immobilization.
When constructing a biosensor for catechol detection, diamond nano-
particles were utilized to obtain a composite starch matrix for immo-
bilization of tyrosinase [39]. At the same time, the sensor systems,
where nanodiamonds would act as a main sensor element (catalyst),
have not been studied in the literature except the works of the present
authors mentioned below.

Earlier, we found the enzyme-like activity of detonation nano-
diamonds (DND) in the co-oxidation reaction of phenol with 4-aminoan-
tipyrine (AAP) in the presence of hydrogen peroxide. It was revealed
that the catalytic effect of DND is realized due to the presence of copper
and iron impurities on their surface [40]. In the subsequent work [41],
we first used the alumina nanofibers (ANF) to prepare the host matrix for
fixation of DND. It allowed us to create a sensor composite for the
colorimetric determination of phenol in an aqueous medium. The
employed nanofibers had a diameter of 10-20 nm and possessed an
extremely high aspect ratio (the length of nanofibers is in the cm range)
and a high specific surface area (about 155 rnz/g) [42-44].

In this work, we first investigate the effect of iron and copper ions
adsorption on the catalytic activity of ANF + DND composite in the co-
oxidation reaction of phenols with 4-aminoantipyrine. The adsorption
kinetics is studied and adsorption mechanisms are discussed and
analyzed on the basis of elemental analysis and FTIR spectroscopy. It
demonstrated that the sensor performance of the original composite in
the detection of phenols can be enhanced by its functionalization with
copper ions.

2. Materials and methods
2.1. Materials and chemicals
To prepare a composite material, we use detonation nanodiamonds

(DND) with an average cluster size of 70 nm and high colloid stability in
aqueous suspensions. The commercial nanodiamonds of detonation
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synthesis (OOO Real-Dzerzhinsk, Russia) are treated with sodium
chloride [45], which makes it possible to additionally purify nano-
particles from surface impurities and, thereby, increase their colloidal
stability in dispersion media. Nafen™ alumina nanofibers (ANF) with a
fiber diameter of 10-15 nm and a length of up to several cm (ANF
Technology, Estonia) are used as a host matrix for DND.

Iron and copper sulfates (FeSO4, CuSO4) (Reakhim, Russia) are
employed to prepare the adsorbate solutions. 4-AAP (1-phenyl 2,3-
dimethyl 4-aminopyrazolone) (Reakhim, Russia), phenol and 4-chloro-
phenol (Fluka, Germany), 3% hydrogen peroxide solution (Galeno
Pharm™, Russia) are used for the oxidative azo coupling reaction. All
chemicals are of reagent grade purity and deionized (DI) water is used to
prepare all solutions.

2.2. Composite fabrication

The methodology of obtaining the composite material ANF + DND is
described in details in our previous work [41]. Briefly, a weighed
portion of ANF (0.5 g) is added to a volume of DI water, and the mixture
is incubated for 30 min with constant stirring on a magnetic stirrer. Then
the resulting suspension is ultrasonically treated (Sonics & Materials
VC-505.22 kHz, USA) to increase the colloidal stability of nanomaterial.
The composite is obtained by mixing suspensions of DND and ANF in a
ratio of 1 : 5 (w: w) followed by incubation of the resulting mixture for
15 min at the temperature of 32 °C with constant stirring on a magnetic
stirrer. After that, the mixture is vacuum filtered through a PTFE filter
with a pore diameter of 0.6 pm, which allows obtaining a 40 mm disk of
the composite material. The disc is subjected to heat treatment
(Spark-Don Microterm 95, Russia) at 300 °C for 4 h to give it structural
stability. The discs of smaller diameter (5 mm) are cut from the original
40 mm discs with the help of a laser (Sharp-Mark-30SM Fiber smart,
USA) and used in the further experiments. Similar discs cut from the ANF
matrix are used as controls in comparative studies.

2.3. Adsorption experiments

The effect of pH on ion adsorption is evaluated over the pH range
from 4 to 9. The 0.1 M HCl and 0.1 M NaOH solutions are used as acid
and base titrants.

Adsorption kinetic studies are conducted at the initial pH = 7 and the
initial Cu?>* and Fe?* concentration of 50 mM. A composite disc or an
ANF matrix disc is placed in the test tubes containing 0.6 ml of copper
sulfate (or iron sulfate) solution, and the samples are incubated at a
temperature of 22 + 2 °C with constant stirring at 150 rpm on an Orbital
Shaker OS-10 (BIOSAN, Latvia). Changes in the optical density of so-
lutions are evaluated every 5 min using a UV-1800 spectrophotometer
(Shimadzu, Japan) at the wavelength of 295 nm for FeSO4 and 810 nm
for CuSO4. The amount of adsorbed ions is calculated using the equation
=10, W
where q is the amount of adsorbed metal ions (mg/g), Cp is the con-
centration of metal ions in the solution before adsorption (mg/ml), C is
the concentration of metal ions in the solution after adsorption (mg/ml),
m is the mass of the adsorbent (g), and V is the volume of the adsorbate
solution (ml).

To obtain the adsorption isotherms, we use solutions with Fe" and
Cu®" ion concentrations of 6.25, 12.5, 25, and 50 mM. The experiments
are carried out at pH = 7 and the temperature of 22 + 1 °C. A composite
disc or an ANF matrix disc is placed in the test tubes containing 0.6 ml of
solutions with different concentrations of ions and incubated with
constant stirring until adsorption equilibrium is reached according to
the spectrophotometric data as described above. The adsorption ca-
pacities are calculated using Eq. (1).
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2.4. Characterization of samples

The SEM images are obtained by the ultra-high resolution scanning
electron microscope S-5500 (Hitachi, Japan) operating at 3 kV and 10
kV. Before examination, the samples of ANF matrix and ANF-DND
composite are coated with platinum by low vacuum desk-top coater
for SEM analysis EM ACE200 (Leica, Austria) during 1 min at the current
of 25 mA and the pressure of 8 x 107 bar in argon atmosphere. It is
done to prevent charging of dielectric nanofibers in the SEM.

A comparative analysis of the elemental composition of the com-
posite samples and the ANF matrix before and after the adsorption of
ions is performed on a TM4000 Plus II tabletop microscope (Hitachi,
Japan) at an acceleration voltage of 20 kV.

Fourier transform infrared absorption (FTIR) spectra are recorded
with the VERTEX 70 (Bruker Optik GMBH) spectrometer in the spectral
region of 370 + 4000 cm ™! with the spectral resolution if 4 cm™. The
FTIR spectrometer is equipped with a ceramic Globar as a MIR light
source, a wide band KBr beam splitter, and RT-DLaTG as a detector
(Bruker Optik GMBH). To obtain the spectra, the tablet samples con-
taining ANF, ANF + Fe/Cu, ANF + DND, ANF + DND + Fe/Cu are
prepared as follows: 0.001 g of sample powder is thoroughly ground
with 0.140 g of KBr and subjected to cold pressing at 10,000 kg. The
obtained tablets are of 0.5 mm thick and 13 mm in diameter and have
the weight of 0.140 g.

2.5. Catalytic activity mechanisms and measurement

The determination of phenol is based on the metal-catalysed
hydrogen peroxide decomposition followed by the co-oxidation of
phenol and 4-aminoantypirine to quinoneimine dye. At the first step, the
hydrogen peroxide is activated by the Fe?" ion to produce hydroxide
radical HO® (the Fenton reaction) with subsequent reduction of oxidized
Fe®* intoFe*" [46-48]:

Fe’* + H,0,—Fe*t + HO® + OH ™, 2

Fe’* + H,0,—Fe** + HO; + H*.
An analogues redox cycle on the basis of Cu®*" ions is described by

[42,44].

Cu*" +H,0,—~Cu" +HO} + H, 3

Cu* +H,0,-»Cu*" + HO®* + OH".

At the second step, the attack of phenol by the hydroxyl radical
produces the phenoxy radical

2PhOH + 2HO® — 2PhO* + 2H,0.
Then the antipyril radical is generated
PhO* + AmNH,=PhOH + AmNH"

and reacts with another phenoxy radical the obtain a pyrazolone
derivative

PhO® + AmNH*—-AmNHPhO,

which is finally converted into quinoneimine dye by the action of
hydrogen peroxide [49,50].

AmNHPhO + H,0,—Dye + 2H,0.

The catalytic activity of the samples (ANF matrix and ANF + DND
composite disks) before and after functionalization with Cu®** or Fe*
ions is evaluated using the above-described oxidative azo coupling re-
action. The reaction is carried out in 0.6 ml of DI water containing
various concentrations of phenol (or 4-chlorophenol), 0.49 mM 4-AAP,
and 8.8 mM Hy0s,. The reaction is initiated by adding a sample to the
volume of reaction mixture, after which the samples are incubated at
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50 °C for 10 min with constant stirring. After that, the liquid part of the
samples is taken and the amount of resulting colored reaction product
directly proportional to the analyte content in the test sample is deter-
mined spectrophotometrically (UV-1800) at the wavelength of 506 nm.
Each measuring experiment of catalytic activity is performed in quin-
tuplicate. Error bars are generated as a standard deviation of the mean
from 5 replicates.

3. Results and discussion
3.1. Composite morphology

The SEM images of ANF matrix and ANF + DND composite as well as
top views of 5 mm discs prepared from these materials are presented in
Fig. 1. The results of microscopic analysis show that the composite has a
network structure, in which nanodiamonds are distributed over the
surface of alumina nanofibers in the form of clusters with the size of
10-20 nm (Fig. 1b).

3.2. Influence of pH on adsorption

The study of pH effect on the adsorption shows that the amount of
ions adsorbed on the ANF + DND composite increases, on average, by a
factor of 2 with the increase of pH from 4 to 7 for both Cu?>* and Fe?*
ions (Fig. 2). The highest adsorption for both ions is observed in DI water
at neutral pH. Under these conditions, 1.4 times more Fe?* jons than
Cu®" ions are adsorbed on a composite sample from ionic solutions with
equal initial concentrations (50 mM). The shift of pH values to the
alkaline region for both ionic solutions leads to their clustering [51]
with the formation of insoluble flocculent precipitates of Cu(OH), and
Fe(OH),. This prevents adsorption and makes it impossible to obtain the
correct data on the amount of ions bound to the composite under
alkaline conditions.

3.3. Adsorption kinetics

We have experimentally studied the adsorption kinetics of Cu?" and
Fe?" ions on the ANF + DND composite and ANF matrix and fitted the
experimental data using theoretical models to determine the reaction
order.

Fig. 3 (a) and (b) show the adsorption curves for iron and copper
ions, respectively, obtained in 50 mM sulfate solutions. In both cases, the
amount of adsorbed ions increases rapidly during the first 20 min, and
after that the process slows down and reaches the stationary state. The
equilibrium adsorption times for Cu?>* and Fe?* ions can be estimated as
45 min and 60 min, respectively.

The theoretical description of adsorption kinetics is performed with
the help of two models. The pseudo-first-order kinetic model is given by

9 =q.(1 —exp(—ki1)), ()]

where k; is the first-order rate constant (min’l), t is the adsorption time
(min), and ¢, and g, are the equilibrium adsorbance and the adsorbance
at reaction time t, respectively (mg/g). The pseudo-second-order kinetic
model can be expressed as

kaglt

= ) 5
1+ kagot )

q:

where k; is the second-order rate constant (g mg’1 min’l). The kinetic
parameters for both models obtained from fitting the experimental data
are presented in Table 1.

It can be seen that the equilibrium adsorbance is better described by
the pseudo-first-order model (4) than by the pseudo-second-order model
(5), see Fig. 3. This is supported by the fact the squared correlation
coefficient for model (4) is higher than that for model (5), see Table 1.
The first order kinetic process corresponds to reversible ion/surface
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Fig. 1. Top view of disks and SEM images of ANF matrix (a) and ANF + DND composite (b).
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Fig. 2. Effect of initial solution pH values on Cu®>" and Fe®* adsorption ca-
pacity of the composite.

features of the adsorbate binding to the adsorbent and to calculate its
maximum load (adsorption capacity) with the adsorbate. The experi-
mental data obtained during the adsorption of Cu?* and Fe?* ions on the
ANF + DND composite and the ANF matrix are shown in Fig. 4.

To approximate the obtained data, the Langmuir model is used

K,
_ qm Lce (6)

4=k C.+1

where ¢, is the equilibrium adsorbance (mg/g), q. (mg g™ ) is the
maximum adsorption capacity of metal ion per unit weight of adsorbent,
C, is the equilibrium concentration of metal ions (mg/L); K; (L/mg) is
Langmuir constant related to the maximum adsorption capacity and
energy of adsorption.

The fitting of Eq. (6) to the adsorption data for both ions on the ANF
-+ DND composite and ANF matrix shows that the Langmuir model de-
scribes the data quite well with a high value of the squared correlation

Table 1
The kinetic parameters for Cu>* and Fe?>* adsorption on the ANF matrix and

ANF + DND composite.

Model Parameters Ccu?* Fe?*
interactions with the equilibrium being established between liquid and ANF ANF + ANF ANF &
solid phases, while the second order kinetic model assumes that the rate- DND DND
limiting step is determined by chemicals interactions of ions with the Pseudo-first- k; (min-1) 0.0835  0.0974 0.0670  0.0654
surface [52]. order q. (mgg™ 19.12 22.18 30.88  36.18

R? 0.998 0.994 0.997 0.998
L Pseudo- ks (g mg™! 0.0056  0.0061 0.0025  0.0020
3.4. Adsorption isotherms second-order  min 1) 2140 24.46 3539 41.62
q. (mg g™ 0.984 0.988 0.989 0.988
Measurement of adsorption isotherms with subsequent approxima- R?
tion of data by a mathematical model makes it possible to evaluate the
25 40
20
o0 20 30 4
ED on
g
= 15 g
. b 20
g = Cu (ANF + DND) % ¢ Fe (ANF + DND)
2 10 o Cu(ANF) S o Fe (ANF)
o Qo
'ﬁ ——— Pseudo-first-order ﬁ 10 === Pseudo-first-order
sS4y e Pseudo-second-order | [ F Pseudo-second-order
0 . . ’ ‘ 0 . . . ;
0 30 60 90 120 0 30 60 90 120
Time, min Time, min

Fig. 3. The dependence of adsorbance on time for Cu*" (a) and Fe?* (b) ions and the fitted curves on the basis of pseudo first- and second-order models.
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Fig. 4. The adsorption data for Cu** and Fe?" ions on the ANF + DND com-
posite and ANF matrix and its description by the Langmuir isotherm.

R? = 0.999 (Fig. 4 and Table 2). This suggests that Cu?>" and Fe?*" ions
are adsorbed on the heterogeneous surface of ANF + DND composite (or
ANF matrix) in the form of a monolayer interacting with their functional
groups (binding sites). From the comparative data presented in Figs. 3
and 4, it follows that the amount of Cu*" and Fe?* ions adsorbed on the
ANF + DND composite is higher by 12-15% than that adsorbed on the
ANF matrix. This allows us to conclude that the incorporation of DND
particles with chemically active surface sites into the ANF matrix in-
creases its adsorption capacity for iron and copper ions.

3.5. Adsorption mechanisms

On the surface of alumina nanofibers, the following amphoteric
dissociation reactions of Al — OH groups occur [53-55]:

Al— O +H'=Al - OH,

7
Al — OH + H"=Al — OH;. @

The surface charge of alumina nanofibers is positive for pH < 9 and
negative for pH > 9 [41]. Thus, the positively charged surface groups
Al — OHJ and negatively charged surface groups Al — O~ are dominant
for pH < 9 and pH > 9, respectively. However, the concentrations of
neutral Al — OH surface groups is typically an order of magnitude higher
in comparison with that of positively and negatively charged surface
groups.

On the surface of nanodiamonds, the carboxyl surface groups can
dissociate according to [41,56,57].

—COOH=COO™ +H". 8

The nanodiamonds are negatively charged over a wide range of pH
(in particular, from 4 to 10 [41]), thus the equilibrium in reaction (8) is
shifted to the right.

The mechanism of metal ions adsorption on the surface of alumina
nanofibers is described by the series of complexation reactions [51,58,

Table 2
Langmuir isotherm model constants and correlation coefficients for Cu>* and
Fe®" adsorption on the ANF matrix and ANF + DND composite.

Parameters cu®t Fe?*
ANF ANF + DND ANF ANF + DND
gm (mgg™h) 24.39 28.9 34.92 38.73
K; (Lmg™Y) 2.23 2.17 2.65 3.78

R? 0.999 0.999 0.999 0.999
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59]. The metal cations can exchange with the hydrogen ions according
to

Al— 0O +M* =Al- 0 M*,
Al — OH + M*" =2Al — O"M*Y + HY, (©)
Al — OHj +M*" =Al- O M*" +2H".

Another possibility is the formation of surface complexes, where the
metal cation is coordinated with two Al — O™ groups:

2A1 - O™ + M*T=(Al - 07),M*,
2A1 — OH + M*"=(Al — O7),M*" + 2H", (¢10)]
2A1 — OHj + M*"=(Al — O7),M*" +4H".

The bonding with a single surface oxygen and OH™ group can also
occur

Al— O™ +M*" + H,0=Al — OMOH + H,
Al — OH + M*" + H,0=Al — OMOH + 2H", 11)
Al — OHj + M*" + H,0=Al — OMOH + 3H".

The adsorption of metal cations on the surface of nanodiamonds is
described by similar complexation reactions [60,61].

—COOH + M**=C00"M?** + H*, 12)
2(—COOH) +M?*"=(C00™),M*" + 2H", 13)
—COOH + M** + H,0=COOMOH + 2H". 14)

3.6. Elemental analysis

The results of elemental analysis of DND powder, ANF matrix, and
ANF + DND composite before and after adsorption of Cu** and Fe?" ions
are shown in Fig. 5. It reveals the presence of Cu and Fe on the surface of
the DND nanoparticles in amounts of 0.65 and 0.43 wt %, respectively.
The analysis of surface and bulk of the ANF + DND composite shows that
it contains a slightly smaller amounts of Cu and Fe, but their ratio re-
mains the same as in the DND powder. The analysis of ANF matrix, as
expected, reveals Al and O, but also indicates a small amount of C (about
5 wt%), which is probably associated with the inevitable contamination
of the nanofiber surface with carbon from the environment during the
preparation of ANF matrix discs.

Elemental analysis of the ANF matrix and ANF + DND composite
after adsorption of ions reveals the increase of their amount on the
surface and in the bulk of samples (Fig. 5). The average (surface + bulk)
content of iron and copper ions in the ANF matrix after adsorption is
0.94 and 1.33 wt %, respectively. The average increase of iron and
copper ions in the ANF + DND composite after adsorption is 1.13 and
1.47 wt %, respectively. The copper content in the ANF + DND sample
increases by a factor of 4.5, while the iron content becomes larger by a
factor of 5.2 after the functionalization.

Elemental analysis also indicates that the carbon content inside the
ANF + DND composite is 2.2 times higher than on its surface, while the
oxygen content, on the contrary, is two times lower. The higher content
of carbon is obviously due to the higher amount of nanodiamonds in the
composite bulk. The lower oxygen content in the bulk can be associated
with a larger amount of nanodiamonds, which cover the surface of
alumina nanofibers and are chemically bonded to them. We have pre-
viously found that during heat treatment of the composite at 300 °C, an
intensive release of CO5 occurs from the surface of nanodiamonds [41],
and the oxygen content in the sample decreases. After heat treatment,
the composite surface is again oxidized by the atmospheric oxygen, but
its bulk is less prone to the oxidation processes. Note that the elemental
analysis of composite bulk was performed immediately after disc split-
ting to obtain its cross-section.
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Fig. 5. Elemental analysis of the DND powder, ANF matrix, and ANF + DND composite before and after Cu>* and Fe?* adsorption: overall content (a) and copper

and iron content in detail (b).
3.7. FTIR spectroscopy

The Fourier transformed infrared spectra of samples are shown in
Fig. 6 (a, b). For the ANF matrix, the broad band at 3447 cm ™! corre-
sponds to the stretching vibration of O-H bond, while the bending vi-
bration of this bond is assigned to the peak at 1632 cm ! [62,63]. The
three peaks in the range 2800-3000 cm ™! belong to the stretching vi-
brations of C-H bonds in CHy functional groups [62]. Note that ac-
cording to the elemental analysis, a small amount of carbon is present in
the ANF matrix. The carbonyl group C=O stretching vibration is
attributed to the band at 1714 cm™!, while the C-O stretching is
assigned to the band at 1076 cm ! [64]. The peak at 1364 em~ ! cor-
responds to the C-OH in-plane bending [64]. Finally, the two peaks at
575 cm ™! and 755 cm ™! are attributed to the shearing vibrations of Al-O
bands in aluminium-oxygen octahedron and tetrahedron, respectively

[59].

The adsorption of Cu?" and Fe?* ions on the ANF matrix does not
lead to a noticeable change of peak positions except a slight shift of O-H
peak from 3447 cm ™! to 3437 cm ™. However, we observe the increase
O-H band intensity and its widening in the direction of lower wave
numbers. It can be expressed in quantitative terms by plotting the in-
tegrated intensity of the band from 2210 to 3780 cm ™! in Fig. 6 (d). The
described transformation of the band after ion adsorption corresponds to
a moderate weakening of O-H bonds and formation of more hydrogen
bonds in the samples due to complexation reactions (9)-(11). The
comparison of integrated intensity for the band from 1490 to 1860 cm ™!
in Fig. 6 (c) show that it increases in the order ANF + Cu, ANF, ANF + Fe.
Thus, it can be supposed that the Cu?* ions are preferably adsorb ac-
cording to reactions (9) and (10), while the adsorption of the Fe?' ions
mainly occurs via reactions (11).
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The FTIR spectra of detonation nanodiamonds are shown in Fig. 6
(b). The presence of carboxyl groups on the surface of nanodiamonds
(see (8)) results in a very broad band with the peak at 3421 em™! cor-
responding to O-H stretching, the peak at 1627 cm ™! attributed to O-H
bending, and the peak at 1754 cm™! related to C=0 stretching. The
C=O0 peak for ANF at 1714 cm ™ shifts to 1766 cm ™ after formation of
ANF + DND composite. The composite material is characterized by a
broader and more intense O-H band, which can be also seen by com-
parison between integrated band intensities of ANF and ANF + DND in
Fig. 6 (c, d).

The adsorption of Fe?* jons on the composite leads to a profound
broadening of O-H band in the direction of low wave numbers and the
increase of its intensity, see Fig. 6 (d). The peak shift from 3450 cm ™" to
3436 cm ! is also observed. The interactions between nanofibers/
nanodiamonds and metal ions according to complexation reactions (9)-
(14) lead to the weakening of O-H bonds and the corresponding fre-
quency/wave number shift. At the same time, the adsorption of cu?t
ions on the composite results in narrowing of O-H band and the decrease
of its intensity. A similar trend is observed for the band from 1490 to
1860 cm’l, which integrated characteristics are shown in Fig. 6 (c).
These results allow us to conclude that the adsorption of Cu®* ions
preferably occurs via reactions (9), (10), and (12), (13), which corre-
spond to breaking of O-H bonds, while the adsorption of Fe?' jons
mainly follows reactions (11) and (14). It is interesting to mention the
shift of C=0 peak for ANF + DND composite at 1766 cm ™' to 1711 cm ™ ?
after the adsorption of ions. It corresponds to dimerization of carboxyl
groups due to formation of hydrogen bonds.

3.8. Catalytic activity

We have studied the catalytic activity of the ANF matrix and ANF +
DND composite before and after functionalization in the co-oxidation
reaction of phenol with 4-AAP. The activity is evaluated spectrophoto-
metrically as the intensity of optical signal, which is proportional to the
amount of colored reaction product. It is found that the functionalization
with Cu?" ions increases the catalytic efficiency of the ANF + DND
composite by more than two times, and ensures the catalytic activity of
the ANF matrix, which initially did not possess such functionality
(Fig. 7). The catalytic efficiency of the ANF matrix after adsorption of
copper ions is about 90% in comparison with that of the original ANF +
DND composite. At the same time, the adsorption of iron ions on the
matrix results in extremely low catalytic activity (5-7% of that for
copper-activated ANF matrix), and adsorption on the composite leads to
a decrease in its initial activity by almost two times. It can be concluded
that the most Fe>™ ions adsorbed on ANF matrix are not catalytically
active, while their adsorption on ANF + DND composite leads to
blocking almost half of catalytically active sites on the surface of
nanodiamonds resulting in the decrease of composite catalytic activity.

The difference between catalytic activity of samples functionalized
by iron and copper ions can be explained on the basis of FTIR spectra
results in Section 3.7. We have concluded that the adsorption of FeZ*
ions preferably occurs via reactions (11) and (14) and is accompanied by
the formation of hydroxide surface groups and hydrogen bonds. These
groups can partially block the possibility of oxidation and reduction for
Fe?" ions in the Fenton reaction cycle (2). It can explain the poor cat-
alytic performance of samples functionalized by iron ions. Another
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Fig. 7. Catalytic activity of ANF matrix and ANF + DND composite before and
after Cu** and Fe?' adsorption. The phenol concentration in the sample is
200 pM.

reason for that lies in the fact that the Fe>" ions generated in reaction (2)
also react with hydroxide ions to form insoluble ferric hydroxide pre-
cipitates in neutral and near-neutral pH conditions [48].

The samples functionalized by Cu?* ions contain much smaller sur-
face groups in comparison with ANF + DND and ANF + DND + Fe
samples, and the adsorption of ions mainly follows reactions (9) and
(12). In this mechanism, the copper ions are only attached to a nega-
tively charged oxygen atom, which apparently leaves the possibility for
copper ions to participate in Fenton redox cycle (3). In addition, the
Fenton Cu®'/H,0, redox system works over a broader pH range
compared to Fe?"/H,0, redox system, which requires the acidic con-
ditions only [48]. It explains the better catalytic activity of
Cu-functionalized samples.

Based on the data presented above, the composite functionalized
with Cu ions is chosen for studies of its analytical efficiency in the
determination of phenol. The results are compared with the original
composite as a control. The comparative experiments show that the Cu-
activated composite catalyzes the linear formation of reaction product
for at least 12 min (Fig. 8). However, in contrast to the original com-
posite, it functions much more efficiently and catalyzes several times

®  ANF +DND + Cu
® ANF+DND

Abs, opt. units

0.0 . : . :
0 3 6 9 12
Time, min
Fig. 8. The dependence of product formation on time for ANF + DND com-

posite before and after functionalization with Cu®>* ions. The phenol concen-
tration in the sample is 100 pM.
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higher yield of the reaction product. It can be seen from the data in Fig. 8
that in the presence of 100 uM phenol in the test sample, the function-
alized composite outputs 3 times more product yield than the control
composite under the same conditions. This suggests the advantages of
analytical application of functionalized composite in the detection of
phenol.

We have shown that ANF + DND composite and ANF + DND + Cu
composite provide a linear yield of the color product of the co-oxidation
reaction in a wide range of phenol concentrations (0.25-100 pM), see
Fig. 9. The same slopes of obtained curves (tg a = 0.0015) indicate the
same sensitivity of both sensors to the tested analyte. However, from the
data presented in Fig. 9, it can be seen that the ANF + DND + Cu
composite catalyzes a significantly higher yield of the product, which
makes it possible to detect a two-fold lower analyte concentration (0.25
pM) in contrast to the original composite with the detectable threshold
concentration of 0.5 pM. When the phenol concentration in the sample is
less than 0.5 pM, the ANF + DND composite catalyzes the formation of
an extremely small amount of the colored product, which cannot be
reliably determined by the spectral method. The presented data
demonstrate the advantages of Cu-activated composite for the detection
of phenol in aqueous samples.

Similar results were obtained when evaluating the applicability of
the ANF + DND composite and ANF + DND + Cu composite for the
determination of 4-chlorophenol. As can be seen from the experimental
results in Fig. 10, both sensors provide a linear yield of the colored
product of the co-oxidation reaction in a wide range of 4-chlorophenol
concentrations (0.5-25 pM). The Cu-activated composite makes it
possible to detect a two-fold lower concentration of 4-chlorophenol (0.5
pM) in comparison with the original composite with the threshold
concentration of 1 pM.

The comparison of analytical performance of ANF + DND + Cu
composite to a number of others sensors described in the literature is
presented in Table 3. The proposed sensor provides the widest range of
analyte concentration with the linear response (LR) and the lowest limit
of detection (LOD). The only exception is the conductometric biosensor,
which has the upper detection limit of 3187 pM and the lower limit of
10 pM, which is still much higher in comparison with the proposed
sensor. For 4-chlorophenol, our sensor has a fairly wide range of
determined analyte concentrations and a satisfactory value of LOD.

In model experiments, we demonstrated the applicability of ANF +
DND and ANF + DND + Cu composites as reusable sensors for repeated
testing of phenol in an aqueous medium. As can be seen from the ob-
tained data, both composites provide almost the same yield of the
oxidative azo coupling reaction product in a series of five consecutive
tests of water samples with the same phenol concentration (Fig. 11). The
obtained results demonstrate that the catalytic efficiency of Cu-activated
composite is two times higher than that of the original composite. It is
important to note that after each measurement, both composites are
washed three times with DI water to remove residual components and
the reaction product. It testifies to the strong binding of Cu?* ions to the
composite, which are not eluted and are not inactivated upon interac-
tion with the reagents during repeated determination of the analyte.

4. Conclusion

We have investigated the effect of adsorption of iron and copper ions
on the catalytic activity of alumina nanofiber (ANF) matrix and the
composite material based on alumina nanofibers and detonation nano-
diamonds (DND) in the co-oxidation of phenols with 4-aminoantipyrine
in the presence of hydrogen peroxide. It is found that the adsorption
kinetics is described by the pseudo-first-order model and the adsorption
equilibrium data follow the Langmuir isotherm. It suggests that the ions
are adsorbed on the surface of ANF matrix or ANF + DND composite in
the form of a monolayer interacting their functional groups. The
incorporation of DND nanoparticles into the ANF matrix increases its
sorption capacity by 12-15%. We have found more than two-fold
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Table 3
Comparison in analytical performance of ANF + DND + Cu sensor with other
reported sensors for phenol and 4-clorophenol detection.

Sensors based on different Phenol 4-chlorophenol
composites
LR (uM)  LOD LR (uM)  LOD
(uM) (uM)
ANF + DND + Cu composite 0.25-100  0.25 0.5-25 0.5
(Present work)
Fe304 NPs based sensor [31] 1-15 1.0 — —
CuO NPs based sensor [33] 0.25-2.5 0.69 0.25-1 0.43
HRP/Au/GCE [65] - - 2.5-40 0.39
Tyrosinase/chitosan film [66] 2.5-70.0 1.0 2.5-50.0 0.9
Bacterial strain-based 10-3187 2 - -
conductometric biosensor [67]
PGEs/DTAB electrochemical sensor ~ 10-50 1.2 - -

[68]

increase of the catalytic activity for ANF + DND + Cu composite, while
the activity of ANF + DND + Fe composite is found to decrease by
several times in comparison with the original ANF + DND material. The
results of FTIR analysis indicate that the adsorption of iron ions occurs
with the formation of hydroxide surface groups and hydrogen bonds,
which apparently block their catalytic activity in the Fenton redox cycle.
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Fig. 11. The results of successive tests of the ANF + DND and ANF + DND + Cu
composites in aqueous samples with equal phenol concentration (100 pM).

At the same time, the copper ions are attached to a negatively charged
oxygen atoms, which apparently leaves the possibility for copper ions to
participate in the redox cycle.

Functionalization of the ANF + DND composite with Cu?' ions
significantly increases its catalytic efficiency in the co-oxidation reac-
tion of phenolic compounds with 4-aminoantipyrine, which make it
possible to detect two times lower concentrations of these analytes
compared to the original composite. It is shown that the functionalized
composite provides a linear yield of the co-oxidation reaction product in
a wide range of analyte concentrations: 0.25-100 pM for phenol and
0.5-25 pM for 4-chlorophenol. Model experiments demonstrate the
applicability of ANF + DND + Cu composite as a reusable sensor for the
determination of phenol in aqueous samples.
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