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Evaluation of different carbon materials in adsorption and solid-phase
microextraction of 2,4,6-trichlorophenol from water
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ABSTRACT

The adsorption process of 2,4,6-trichlorophenol (TCP) by carbonaceous materials, such as Carbopack
B graphitized carbon black, Vulcan XC72 carbon black and two kinds of multi-walled carbon nano-
tubes, have been studied. The adsorption kinetics was best represented by the pseudo-second order
kinetic model. Adsorption took place in accordance with the Freundlich equation. The materials were
used to prepare novel, solid-phase microextraction (SPME) fibers. The efficiency of the fibers was
evaluated using a gas chromatograph with an atomic emission detector for the extraction of TCP
from the headspace of aqueous samples. Both the carbon nanotubes and carbon blacks coated fibers
were of higher quality than commercially available fibers prepared from polydimethylsiloxane and
polyacrylate. The results proved the ability of the proposed SPME fibers to detect TCP in water.
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1. Introduction

Phenols, as well as their chlorinated derivatives —
chlorophenols, are common water contaminants generated
by inter alia petrochemical, pharmaceutical, paper and pesti-
cide producing industries [1]. In general, they are persistent
pollutants and are proven to do great harm to the environ-
ment. Their typical representative is 2,4,6-trichlorophenol
(TCP), which has been recognized as a toxic, mutagenic and
carcinogenic compound. It is also very harmful to aquatic
life if it is discharged into rivers, lakes and seas. Thus, the
detection, determination and removal of TCP from the
environment are very crucial [2].

Many techniques (physical and chemical) have been
used for the removal of organic contaminants, including
chlorophenols, in water treatment. Among them, adsorp-
tion has proved to be one of the most attractive and most
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popular techniques. Adsorption is favored for its flexibility,
simplicity of design, universal application, high efficiency
and remediation of organic and inorganic compounds, even
at low concentrations. The most popular and widely used
adsorptive material is activated carbon [3-6]. In recent years,
as an adsorbent for the removal of chlorophenols from water,
carbon nanotubes (CNTs) [7-13] have also been studied.

The adsorption process plays a very important role not
only in the removal of organic compounds from water but
also in the preparation of real samples for quantitative anal-
ysis, for example, in solid phase extraction (SPE). SPE is a
cost-effective sample preparation technique used for analyte
concentration and sample cleanup (removal of interferences
from complex matrices). Quite a specific type of SPE is solid
phase microextraction (SPME), a solvent-free sample prepa-
ration technique [14] in which the extracting phase is usually
a solid adsorbent, typically of a high porosity, to increase
the surface area available for adsorption. The analytes are
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adsorbed and/or absorbed (depending on the nature of the
coating) by the fiber phase until an equilibrium is reached in
the system. In comparison to standard sample preparation
techniques, SPME provides many advantages, including its
speed, simplicity and ease of operation; moreover, it com-
bines sampling and sample preparation into one step and
can be coupled with separation techniques (e.g., gas chro-
matography) [15]. Commercially available fibers seem to be
responsible for some drawbacks, such as low thermal and
chemical stability, the stripping of coating and short lifetime
[16]. Carbon materials have long been used as adsorbents
for trapping or separation of organic compounds [17-20].
In SPME, carbon materials, such as polycrystalline graphite
[21], glassy carbon [22], activated carbon [23,24], fullerene
[25], graphene [26,27], carbon black [24] and CNTs [28-31],
have been successfully used as SPME fibers.

In this study, the adsorption of TCP from aqueous solu-
tions on various carbonaceous materials was studied. New
SPME fibers coated with these carbon materials and their
efficiencies for the extraction of TCP from water were also
evaluated. The Carbopack B graphitized carbon black,
Vulcan XC72 carbon black and two kinds of multi-walled
CNTs (non-modified and OH functionalized) were chosen
because of their similar specific surface area.

2. Experimental
2.1. Chemicals and apparatus

All the chemicals used were of analytical grade, and
deionized water (18.2 M(Q)/cm) was used for the preparation
of the aqueous solution.

The short, MWCNT and short, hydroxyl multi-walled
carbon nanotubes (MWCNT-OH) were obtained from
Chengdu Organic Chemicals Co., Ltd., Chinese Academy
of Sciences (Chengdu, China). The Vulcan XC72 carbon
black was purchased from Cabot Corporation (Boston,
USA), while the Carbopack B graphitized carbon black was
from Sigma-Aldrich (Steinheim, Germany). Commercial
100 pm polydimethylsiloxane (PDMS) and 85 um polyac-
rylate (PA) fiber for comparative purpose and SPME holder
were purchased from Supelco (Bellefonte, USA).

The morphology of the prepared SPME sorptive coat-
ings was examined by scanning electron microscopy (SEM).
A Quanta 3D FEG Dual Beam SEM (DB FEI Company,
Hillsboro, USA) was used for the analyses. Nitrogen
adsorption—desorption isotherms were obtained using
ASAP 2010 (Micromeritics, Norcross, USA) at 77.4 K. The
Brunauer—-Emmett-Teller (BET) equation was used to calcu-
late specific surface areas of the materials. Water adsorption
isotherms at 25°C were determined gravimetrically using a
dynamic vapor sorption apparatus (DVS Advantage Surface
Measurement Systems Ltd., London, UK).

2.2. Analytical methods

In the adsorption experiments, for determination of
TCP, a high-performance liquid chromatography method
with ultraviolet detection at 294 nm was used. The chro-
matographic measurements were carried out under isocratic
conditions on a Phenomenex Luna C,, 1.0 x 100 mm, 3 pum
column (Torrance, USA). The mobile phase was a mixture

of acetonitrile and water adjusted to pH 3.0 with acetic acid
(50/50, v/v), and the flow rate was set at 0.15 mL/min.

An HP 6890 series gas chromatograph with an AED -
atomic emission detector (Hewlett Packard, USA), equipped
with a ZB 5 column (30 m x 0.32, 0.5 um film thickness), was
used to evaluate the SPME fibers. The carrier gas (helium)
flow rate was set at 1 mL/min, the column was held at 70°C
for 2 min and increased to 250°C at a rate of 10°C/min.
The injector temperature (250°C) was carried out on a split
ratio mode of 50:1. The GC-AED interface was maintained
at 270°C.

2.3. Adsorption

All of the adsorption experiments were carried out
in batch mode. For each experiment, 0.03 g of adsorbents
and 20 mL of TCP solution were mixed in an Erlenmeyer
flask, which was then shaken at 25°C at 200 rpm. After
mixing, the solutions were filtered and analyzed by liquid
chromatography.

The kinetic studies were conducted for initial concentra-
tion of TCP 0.2 mmol/L. The amount of compound adsorbed
at time f, g, (mmol/g) was calculated using the following
equation:

%:Cf4lxv (1)
m

where C, and C, are the initial TCP concentration and concen-
tration at time ¢ (mmol/L), V is the volume of the solution (L)
and m is the mass of the adsorbent (g).

In adsorption isotherm studies, solutions with differ-
ent initial TCP concentrations (0.05, 0.1, 0.2, 0.3, 0.4 and
0.5 mmol/L) were prepared. The equilibrium time was set at
6 h. The uptake of the TCP at equilibrium, g, (mmol/g), was
calculated using the equation:

C=C,y )
m

qt' =

where C, is the equilibrium concentration of TCP (mmol/L)
in the solution.

2.4. Solid phase microextraction

The SPME fibers were prepared with the use of sol-gel
technology, as described elsewhere [24]. The coating pro-
cess was repeated six times by using a freshly prepared
sol solution each time. The prepared fibers were placed in
a desiccator at room temperature for 24 h. Prior to use, the
fibers were conditioned in a GC injection port at 250°C for
1 h. The extraction was done by exposing the fiber to the
headspace over the sample (TCP concentration = 0.2 mmol/L)
for a period of time at 25°C. After extraction, the fiber was
withdrawn into the needle and subsequently inserted into
the GC injector for desorption (10 min) and final analysis.
A detailed headspace procedure has been described in a
previously published paper [24]. All the experiments with
prepared CNT and carbon black coated fibers were repeated
by using commercial PDMS and PA fibers in order to
compare the results.
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3. Results and discussion
3.1. Characteristics of the carbon materials

The quality of the MWCNT, MWCNT-OH, Vulcan
XC72 and Carbopack B samples used in this study was
examined by N, adsorption-desorption analysis (Fig. 1). The
specific surface areas (S,,,), as well as the total pore volumes
(V) of the materials, were calculated and are presented in
Table 1.

The water vapor adsorption isotherms of the carbonaceous
materials are shown in Fig. 2. For estimation of the primary
adsorption centers of the adsorbents, the Dubinin-Serpinsky
equation [32] was used:
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where } is the equilibrium relative pressure (p/p,), a is the
adsorption (mmol/g), c is the equation constant equal to the
ratio of the kinetic constants, and a, is the number of primary
adsorption centers (mmol/g). The equation expresses the
concave, steeply rising branch of the water adsorption
isotherm. The plot of h/a = f(h) should be linear in a range
of 0.2-0.5 mmol/g, and the 4, value can be determined from
the slope of the curve. The calculated values of primary
adsorption sites of the Carbopack B, Vulcan XC72, MWCNT
and MWCNT-OH were 0, 0.546, 0.178 and 3.98 mmol/g,
respectively. A higher value of the 4, constant indicates a
greater hydrophilicity of the surface.

Table 1
Textural properties of the carbon materials

Carbon material

Vulcan XC72
Carbopack B
MWCNT
MWCNT-OH

Sper (M?/g)
230

98

181

162

V, (cmfg)
0.249
0.583
0.703
0.654
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Fig. 1. Nitrogen adsorption—desorption isotherms for (a) Vulcan XC72, (b) Carbopack B, (c) MWCNT and (d) MWCNT-OH at 77.4 K.
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The morphological structure of the new fibers was
investigated using the scanning electron micrograph
technique. Fig. 3 shows that the surface of the pre-
pared coatings possessed a rough and porous structure.
Moreover, it managed to obtain uniform coatings, which can
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Fig. 2. Isotherms of water vapor adsorption on the carbonaceous
materials.

a)

provide a good binder between the coating and the surface
of the fiber.

3.2. Adsorption studies
3.2.1. Adsorption kinetics

Fig. 4 presents the adsorption kinetic curves of the TCP
(plots of g, as a function of time). Adsorption equilibriums
were achieved after about 2-3 h for carbon blacks and after
1 h for CNTs. The kinetics of TCP adsorption on selected
adsorbents was investigated using the pseudo-first order [33]
(Eq. (5)) and the pseudo-second order [34] (Eq. (6)) model
equations:

k
log(q, ~q,) =logq, ~ =t (5)
Lol L ©)
9. ka a.

where g, and g, are the amounts of adsorption at equilibrium
and at time ¢, respectively, k, is the pseudo-first order rate
constant (1/min), and k, is the pseudo-second order rate
constant (g/mmol min).

The results are shown in Table 2. As can be seen, the
pseudo-second order model provides a better fitting with

Fig. 3. SEM images of SPME fibers with coatings containing (a) Vulcan XC72, (b) Carbopack B, (c) MWCNT and (d) MWCNT-OH.
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Fig. 4. Adsorption kinetics of TCP on (a) Vulcan XC72, Carbopack B, and (b) MWCNT, MWCNT-OH.

Table 2
Kinetic study of 2,4,6-TCP adsorption onto Vulcan XC72,
Carbopack B, MWCNT and MWCNT-OH

Carbon material Pseudo-firstorder  Pseudo-second order

k, (1/min) R? k, (g/mmol min) R?

Vulcan XC72 0.0076 0.919 1.333 0.998
Carbopack B 0.0047 0.982 1.065 0.995
MWCNT 0.0123 0.925 6.812 0.999
MWCNT-OH 0.0155 0.966 6.323 0.999

high R? values (>0.99). This indicates that the adsorption
system belongs to the second order kinetic model.

In order to gain insight into the mechanisms and rate
controlling the steps affecting the kinetics of adsorption, the
kinetic experimental results were fit to the Weber—Morris
intra-particle diffusion model [35]:

g, =kt* +C, @)

where k, is the intra-particle diffusion rate constant
(mmol/g min=7), and C, is the thickness of the boundary layer
(mmol/g).

Fig. 5 shows the plot of g, vs. t°° for the TCP on all of the
carbon materials. None of the lines passed through the ori-
gin; moreover, the plots were not linear over the entire time
range. This indicates that the intra-particle diffusion was not
the only rate-controlling step and that more than one process
affected the adsorption of the TCP on all four of the carbon
materials.

3.2.2. Adsorption isotherms

The experimental adsorption isotherms (g,= f(C))) of TCP
on Vulcan XC72, Carbopack B, MWCNT and MWCNT-OH
from aqueous solutions are presented in Fig. 6. The Freundlich
[36] and Langmuir [37] isotherm models were used to test
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Fig. 5. Intra-particle diffusion plots for the TCP adsorption onto
Vulcan XC72, Carbopack B, MWCNT and MWCNT-OH.

the fitting of the experimental data. The linear form of the
Freundlich isotherm is expressed as follows:

Ing, =InK, +llnCc (8)
n

where K, ((mmol/g) (L/mmol)’") and n are the Freundlich
constants related to sorption capacity and sorption intensity
of the adsorbent, respectively. These constants were calcu-
lated from the intercept and slope of Inq, vs. InC, plot.

The linear form of the Langmuir isotherm is described by
the formula:

C 1 C
= 9)
4 9.9 4,

where g (mmol/g) is the maximum adsorption capacity,
and b (L/mmol) is the constant related to the free energy
of adsorption. In order to obtain the rate constants and



134

(@) 0.25

o
N
|

a, (mmolg)

o o

o © N

a o o
L L L

Vulcan XC72

0 0.02 0.04

C. (mmol/L)

0.06 0.08

MWCNT

0 0.02 0.04

C, (mmol/L)

0.06 0.08

K. Kusmierek et al. | Desalination and Water Treatment 157 (2019) 129-137

(b) 0.25

0.2
o
3 0.15 -
1S
E o01-
o

0.05 1 Carbopack B
0
0 0.02 0.04 0.06 0.08
C. (mmol/L)

MWCNT-OH

0 0.02 0.04

C, (mmol/L)

0.06 0.08

Fig. 6. Adsorption isotherms of TCP onto (a) Vulcan XC72, (b) Carbopack B, (¢) MWCNT and (d) MWCNT-OH (blue line — Freundlich

isotherm, red line — Langmuir isotherm).

correlation coefficients, the straight-line plots of C /g, vs. C,
were tested, and the results are shown in Table 3.

A comparison of the R? values for the two mathemati-
cal models indicates that the Freundlich isotherm equation
provides a better correlation of the experimental data
for the adsorption of TCP than the Langmuir equation.
The Langmuir model assumes monolayer adsorption onto
a surface containing a finite number of adsorption sites of
uniform energies with no transmigration of adsorbate in
the plane of the surface. The Freundlich isotherm was based
on the assumption that the adsorption occurs on hetero-
geneous sites with a non-uniform distribution of energy
level. The Freundlich equation describes reversible adsorp-
tion and is not restricted to the formation of a monolayer.

Table 3

The good fit obtained with the Freundlich model suggests
that the adsorption of TCP onto all of the tested materi-
als may involve multi-layer adsorption with interactions
between the TCP molecules and the heterogeneous nature
of the adsorbents’ surface. The K, values increased in the
order Carbopack B < MWCNT-OH < MWCNT < Vulcan
XC72. This suggests that the adsorption of chlorophenol
is correlated with the specific surface area of the carbon
materials. Adsorption of the TCP increases with increasing
the adsorbent surface area S,,. The mechanisms of adsorp-
tion TCP on the carbon materials used in this work have
never been clearly defined. For example, some mechanisms
have been proposed to interpret the adsorption of TCP
on CNTs:

Freundlich and Langmuir isotherm equation parameters and correlation coefficients R* for adsorption of 2,4,6-TCP onto Vulcan XC

72, Carbopack B, MWCNT and MWCNT-OH

Carbon material Freundlich Langmuir

K, n R? q, b R?
Vulcan XC 72 0.940 2.247 0.985 0.271 9.08 0.946
Carbopack B 0.847 1.953 0.994 0.246 4.19 0.950
MWCNT 0.903 2.146 0.983 0.265 9.40 0.990
MWCNT-OH 0.881 1912 0.993 0.259 4.76 0.968
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¢ hydrogen-bonding interaction between -OH group of
TCP and oxygen-containing groups on MWCNT;

¢ direct anion-mt interaction between -OH and -O-
(n-electron donor) groups of TCP and electron-depleted
sites (rt-electron acceptor) of CNTs;

e mn—m electron donor-acceptor interaction between
aromatic ring of chlorophenol and CNTs surface [38].

3.3. SPME studies
3.3.1. Determination of the extraction time

The objective of the SPME experiments, in principle,
is to reach distribution equilibrium in the system. At this
condition, the system is stationary, and therefore a vari-
ation of mass transfer does not affect the final results. The
equilibration time is defined as the time after which the
amount of extracted analyte remains constant and corre-
sponds within the experimental error to the amount extracted
at infinite extraction time [15]. Headspace sampling is com-
monly chosen to minimize the exposure of SPME fiber to the
sample matrix and prolong the life of the fiber. Headspace
SPME is an equilibrium process that involves the partitioning
of analytes through a three-phase system: aqueous matrix,
headspace and fiber coating [39]. Optimization of extraction
time, which influences the partition of analytes, is extremely
essential.

Fig. 7 shows extraction time dependence for TCP and six
different SPME coatings (four prepared in this work and two
commercial coatings for comparison). It is apparent that the
extraction time profile depends on the individual stationary
phase of coating. For the MWCNT and MWCNT-OH fiber,
an equilibrium for the selected compound is already reached
after 60 min. Much longer equilibrium times are necessary if
the Vulcan XC72 and Carbopack B fibers are used.

5000
A A A
4000 - O e g 8
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S 3000 - X X
s
o g X
£ 2000 - I\ +
2 X
+
10001 X OMWCNT  CJMWCNT-OH
AVulcan XC72 O Carbopack B
X PDMS +PA
o R ‘ ‘
0 50 100 150

extraction time (min)

Fig. 7. Extraction time profile for TCP. Conditions: extraction
temperature — 25°C; salt concentration — 0.05 mol/L Na,SO,;
desorption temperature — 250°C; desorption time — 10 min.

3.3.2. Comparison of new fibers with PDMS and PA fibers

Commercial PDMS and PA fibers were selected for
comparison with all new fibers developed in this study.
The comparison of the extraction quantities of fiber under
the optimal SPME conditions of each fiber is represented
in Fig. 7. The results revealed that all the fibers prepared in
this work have higher extraction efficiency than the commer-
cial fibers. Fig. 8 shows a typical chromatogram obtained
after HS-SPME-GC-AED determination of analyte in water
under optimized extraction conditions. The fibers made from
Vulcan XC72 and Carbopack B have the highest extraction
efficiency. The surface area of the first material is the high-
est and results in a greater adsorption capacity than the
other carbon materials. The properties of Carbopack B make
it a slightly better SPME modifier, although it has less sur-
face area than CNTs. The adsorption capacity of TCP onto
MWCNT-OH and raw MWCNT is very similar. This is prob-
ably due to the fact that there were many oxygen-containing
groups attached to the surface of MWCNT-OH, which made
them become more hydrophilic and suitable for adsorption
of relatively polar molecules. The CNTs are also insoluble
in any organic solvent because of the pure carbon element
and their stable structure, which limits its usage in the sol-
gel preparation. To improve the solubility (dispersion) of
CNTs in an organic solution, functionalized CNTs are used
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Fig. 8. GC/AED chromatograms of TCP showing the carbon 179
channel.
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[40]. Therefore, the fiber made from modified CNTs can
probably extract a slightly larger amount of analytes than
unmodified CNTs.

4. Conclusions

In this study, the kinetics and equilibria of TCP adsorp-
tion onto multi-walled carbon nanotubes (MWCNT and
MWCNT-OH) and carbon blacks (Vulcan XC72 and
Carbopack B) were investigated. The results show that
these materials can be used as adsorbents for the removal
of TCP (and other chlorophenols) from aqueous solutions.
Adsorption takes place in accordance with the Freundlich
equation, as well as in accordance with the kinetics of the
pseudo-second order model. Adsorption was very fast,
while equilibrium was fixed at 60 min for CNT adsorbents
and approximately 2-3 h for carbon blacks. New SPME
fibers prepared from these carbon materials are a promis-
ing alternative to the commercial fibers due to their robust-
ness, high porosity, low cost and ease of preparation. Among
the different materials used for fabrication of the fibers,
the Vulcan XC72 and Carbopack B fibers showed superior
extraction properties. The fibers made from MWCNT and
MWCNT-OH can also be successfully used for extraction of
TCP from water samples. Moreover, for the MWCNT and
MWCNT-OH coated fiber, equilibrium times are already
reached after approximately 60 min. Much longer equilib-
rium times are necessary if the Vulcan XC72 and Carbopack
B containing fibers are used. Both the CNT and carbon black
coated fibers described in this paper were of higher quality
than commercially available fibers.
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