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The adsorption of phenol from dilute aqueous solutions onto new activated carbons (AC) was studied.
The novel activated carbon was produced from lignocellulosic (LC) precursors of rapeseed and kenaf.
Samples oxidised with nitric acid in liquid phase were also studied. The results have shown the significant
potential of rapeseed and kenaf for the activated carbon production. The activated carbons produced by
carbon dioxide activation were mainly microporous with BET apparent surface area up to 1350 m? g-!
and pore volume 0.5 cm?® g~'. The effects of concentration (0.1-2 mM) and pH (3-13) were studied. The

gﬁi \;\:(())lr ds: phenol adsorptionisotherms at 25 °C followed the Freundlich model with maximum adsorption capacities
Activated carbon of approximately 80 and 50mgg~! for the pristine and oxidised activated carbons, respectively. The
Adsorption influence of pH on the adsorption has two trends for pH below and above 10. It was possible to conclude
Porosity that when phenol is predominantly in the molecular form the most probable mechanism is based on the

Wastewater treatment m—r dispersion interaction between the phenol aromatic ring and the delocalised T electrons present

in the activated carbon aromatic structure. When phenolate is the major component the electrostatic

repulsion that occurs at high pH values is the most important aspect of the adsorption mechanism.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Lignocellulosics (LC) are widely used raw materials for activated
carbon (AC) production with wood and coconut shell being the
major precursors, and accounting for more than 165,000 ton/year
of AC production [1]. Besides these commonly used raw materials,
a number of lignocellulosic agricultural by-products such as euca-
lyptus wood, almond shell, vetiver grass, peanut shells, coir pith,
chest nut, pistachio-nut shells, corncobs and palm stones have also
been investigated for the production of ACs [2-9]. The search for
new precursors is needed in order to produce activated carbons
from low cost materials, such as industrial and agricultural residues.
Our research group has also been working on some lignocellulosic
materials like cork and coffee endocarp [10-12].

In the present study two lignocellulosic precursors, kenaf (Hibis-
cus cannabinus) and rapeseed (Brassica napus), were used for the
production of ACs and the influence of the surface properties of
the ACs on the adsorption of phenol was investigated. Phenol is
an important toxic material listed as a priority pollutant by the
US Environmental Protection Agency (EPA) [13], and also by the
EU. The 80/778/EEC directive of the European Commission states
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a maximum admissible concentration of 0.5 wgl~! for phenol in
water intended for human consumption. Phenol is considered
to be very toxic to humans through oral exposure with symp-
toms including muscle weakness and tremors, loss of coordination,
paralysis, convulsions, coma, liver and kidney damage, headache,
fainting and other mental disturbances. The ingestion of 1g has
been reported to be lethal. Inhalation and dermal exposure to phe-
nol is highly irritating to the skin, eyes, and mucous membranes in
humans.

Phenol is the basic structural unit for a variety of synthetic
organic compounds. It usually enters water sources from various
chemical, pesticide, paper and pulp and dye manufacturing indus-
tries. Also, the wastewater from other industries such as gas and
coke, resin, tanning, textile, plastic, rubber, pharmaceutical and
petroleum contain different types of phenols. Besides industrial
activity, wastewaters also contain phenols formed as a result of
decay of vegetation. In view of the wide prevalence of phenol in dif-
ferent wastewaters and its toxicity to human and animal life even
at low concentration, it is essential to remove it before discharge
of wastewater into water bodies. Various methodologies have been
designed for removal of phenols but among them adsorption using
activated carbons is the one most frequently used. It is worthwhile
pointing out that despite a vast number of studies including ACs
from LCs the mechanism and influence of various factors affecting
the phenol uptake is still not clear.
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Nomenclature

ABET BET apparent surface area (m2g-1)

ACs activated carbons

Aext external area (m2g-1)

B width at half height corrected for instrumental
broadening

Ce equilibrium concentration (mmolg~1)

doo2 interplanar spacing (nm)

DR Dubinin-Radushkevich method

Krand n characteristic constants of the Freundlich model

L, microcrystallite width (nm)

Lc microcrystallite height (nm)

Np mean number of layer planes

pzc point of zero charge

Qe amount adsorbed at equilibrium (mgg=1)

Vs micropore volume given by os method (cm3 g—1)

Vo micropore volume given by DR method (cm3 g—1)

XRD X-ray powder diffraction

In general the uptake of an adsorbate (e.g. phenol) from aque-
ous solutions by ACs depends on various factors which include type
of precursor for AC production, physical nature (surface area, pore
size, pore volume, ash content, particle size) and functional groups
present on the adsorbent, nature of adsorbate (pKj, polarity, molec-
ular weight, size, solubility) and on adsorbate solution conditions
(pH, concentration, temperature).

This study has been undertaken with the aim of producing acti-
vated carbon from rapeseed and kenaf for the purpose of studying
the adsorption of phenol on these materials. Also, the influence of
the surface properties on phenol adsorption on the activated carbon
produced was investigated. As evident from the literature, and to
the best of our knowledge no research involving kenaf or rapeseed
has apparently been reported on these objectives.

2. Experimental
2.1. Materials

The activated carbon samples were produced from two lignocel-
lulosic precursors, kenaf (H. cannabinus) and rapeseed (B. napus).
The physical activation with carbon dioxide as activating agent
was done in a horizontal tubular furnace with heating rate of
10°Cmin~'. Carbonisation was carried out for 1h by heating to
400°C under a constant Ny flow of 85cm3 min~!. Activation was
carried out at 700°C under a CO, flow of 85cm3 min—!, for dif-
ferent times in order to obtain burn-offs between 20 and 80 wt¥%,
indicated in the samples designation after C7 or K7, respectively,
for activated carbon from rapeseed or kenaf, switching back to the
N, flow and allowing to cool below 50 °C before removing the AC
from the furnace. The samples were washed with 150 cm? of dis-
tilled water for 24 h with stirring at room temperature. The samples
were oven dried at 110 °C for 24 h and stored on sealed flasks. Sam-
ples K748 and C738 were oxidised in liquid phase with concentrated
nitric acid during 1h in a hot plate with stirring at 80-90°C. The
ACs were removed and washed with distilled water until the wash
water attained the same pH value as the distilled water employed
in the wash. The oxidised samples were designated as C7380x and
K7480x.

2.2. Materials characterisation

Nitrogen adsorption isotherms at 77 K were determined using a
CE Instruments Sorptomatic 1990 after outgassing the samples at

400°C to a residual vacuum of 5 x 10~% mbar. Elemental analysis
of carbon, hydrogen, sulfur, nitrogen and oxygen was carried out
using a Eurovector EuroEA elemental analyser. The ash content was
determined using the ASTM D2866-94 procedure and the point of
zero charge (pzc) was determined by mass titrations using three
suspensions with 7% (w/v) in carbon material with initial pH of 3,
6, and 11; the three initial pH values were obtained by adjusting
the pH of a solution NaNO3 0.1 M with NaOH or HNO3 solutions,
more details given elsewhere [14]. X-ray powder diffraction (XRD)
patterns were determined using a Bruker AXS D8 advance diffrac-
tometer with Cu Ka radiation (A =0.150619 nm) at a step size of
0.020° between 5.000° and 60.020°. The precursor’s content in cel-
lulose and lignin was done by Agroleico (Porto Salvo, Portugal ) using
Portuguese Standards NP2029 and ME-414, respectively.

2.3. Phenol adsorption

A 1x 102 M phenol stock solution was prepared from phenol
(>99%, Aldrich). Batch adsorption experiments were carried out in
test tubes of 50 cm3 covered with rubber stoppers inserted into a
shaking thermostat bath for 7 days. Each test tube contained 0.01 g
of AC and 10 cm? of an appropriated phenol solution. The effects of
concentration (0.1-2 mM) and pH (3-13) were studied. The quan-
tification of the phenol in the liquid phase was carried out using a
Thermo UV-vis spectrophotometer at 270 nm.

3. Results and discussion
3.1. Materials characterisation

The precursors before used were air dried, crushed and sieved
in order to standardize the granulometry and homogenise the raw
material. In the present work we used the 2-4 mm fraction for the
ACs production. As can be seen in Table 1, the precursors have slight
differences concerning the cellulose and lignin content. Kenaf has
higher cellulose and lower lignin content than rapeseed. The ele-
mental composition and ash content, besides having normal and
expected values for this type of lignocellulosic materials, are very
similar for the two used precursors.

The textural and chemical characterisation of the produced ACs
can be seen in Table 2. All ACs have basic properties with pzc val-
ues between 9.14 and 9.98. The point of zero charge is defined by
the pH value at which the total surface charge is zero. The sam-
ples produced from rapeseed have slightly smaller pzc values when
compared to samples produced from kenaf with similar burn-off
degree or activation time.

It is well known that the most relevant heteroatoms for the
adsorption of phenol are nitrogen and oxygen [15]. All samples have
moderate nitrogen content, around 1wt%, but noteworthy oxygen
content which doesn’t follow a specific trend with increasing sam-
ple burn-off, as can be seen from the data shown in Table 2. The
oxygen content of each AC sample is the sum of several factors,
namely the oxygen content of the precursor, the oxygen released
during the heating process and the oxygenated functional groups
introduced by the reaction between carbon dioxide and the carbon
surface. Therefore, along the same sample series fluctuations occur
with increasing burn-off.

The porous development of the produced ACs is very interest-
ing. As shown in Table 2 the apparent BET surface area reaches
the maximum value of 1352 and 1036 m2 g-! for rapeseed and
kenaf samples, respectively. The AC samples have a low to mod-
erate external area (Aext), given by the o method and, for the same
burn-off degree, samples from rapeseed have higher values of exter-
nal area than the samples produced from kenaf. All samples are
microporous, as indicated by the shape of the nitrogen adsorption
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Table 1
Precusor characterisation.

Precursor Elemental composition (wWt%) Ash (wt%) Cellulose (wt%) Lignin (wt%)
C H N S

Kenaf 41.01 5.05 1.46 a 49.69 2.80 41.7 10.9

Rapeseed 42.81 5.67 1.59 a 47.39 2.54 343 12.2

a <Detection limit.
b By difference (100 — (%C + %H + %N + %S + Ash)).

isotherms at 77 K (not shown here for simplicity) which are all type
I according to the IUPAC classification [16]. The difference between
the pore volumes given by the «s and Dubinin-Radushkevich (DR)
methods, Vs and V,, respectively, can provide an estimate of the pri-
mary and secondary micropore volume considering the a5 volume
as the total pore volume and the DR pore volume as an indication
of the primary micropores. As shown in Table 2, all samples have
very similar or equal values for both volumes which indicate that
most of the pores present in the AC samples are narrow micropores,
as confirmed by the mean pore width calculated by DFT methods.
The calculated values for the samples used on the phenol adsorp-
tion are 1.23,0.89, 1.18 and 1.06 nm for samples C738, C7380x, K748
and K7480x, respectively.

The sample modification by liquid phase oxidation with nitric
acid, samples C7380x and K7480x, had produced drastic alterations
to the surface chemistry of the samples, as indicated by the pzc val-
ues that changed from 9.63 to 2.32 and from 9.98 to 2.05 for samples
C738 and K748, respectively. The modification with nitric acid has
been reported in the literature in several papers. This procedure
leads to the formation of a number of functional groups, namely lac-
tones, carboxylic acid and anhydride, phenol and carbonyl groups,
on the surface of the material [17,18].

The impact of the nitric acid treatment on the porosity was much
less noticeable. It caused a slightly decrease in the apparent BET sur-
face area and pore volume. As can be seen in Table 2, the apparent
BET surface area decreased by approximately 25% and 15% for C738
and K748, respectively. The decrease in pore volume was also bigger
for C738 than for K748. However, the opposite trend was observed
for the external area of both samples. The results show that ACs from
kenaf are more resistant to nitric acid treatment in liquid phase in
regard to the sample pore properties. It seems that for K748 the
nitric acid treatment undertaken results in a more extensive deple-
tion of the materials external area with much less impact on their
pore structure.

Nevertheless, we can state that the main goal of the nitric
acid treatment carried out, to produce samples with very dif-

Table 2

ferent surface chemistry but similar pore structure, was fully
achieved.

The XRD patterns of carbon materials typically show two broad
bands due to reflections from the (002) and (10) planes. From the
position of the (0 0 2) band we can calculate an estimate of the inter-
planar spacing, dg 2, by the application of Bragg’s Law. Estimates of
the mean microcrystallite dimensions can generally be obtained by
using the Debye-Scherrer equations and the data from the bands
(002)and (10), namely the position, #, and the width at half height
corrected for instrumental broadening, 8. When applied to carbon
materials the equations take the forms [19]:

Lc = 0.90)1/8 cos Gpo2 (1)
Ly = 1.94)/ cos 019 (2)

The L; and L, values give an estimate of the microcrystallites
height and width, respectively. Also the mean number of layer
planes in the microcrystallites (Np) can be estimated using the ratio
Le/dgo2.

As can be seen in Fig. 1, the XRD patterns of samples C738 and
K748, show the typical bands due to reflections from the (002)
and (10) planes, but also show other peaks due to the presence
of various heteroatoms. Some of those peaks are overlapping the
bands (002) and (10). For that reason, the correct assessment of
the characteristics needed to calculate the estimate of the micro-
crystallite dimension is difficult and most of the times not possible.
This difficulty is greater for ACs from rapeseed. Nevertheless, for
samples from Kenaf it is possible to calculate the estimate which
indicates that K samples have interplanar spacing between 0.353
and 0.367 nm, L. in the range 0.716-0.832 nm and L, values sand-
wiched between 2.06 and 2.30 nm.

We also tried to identify the heteroatoms present in the sam-
ples by using the best match possible between the peaks shown on
the XRD pattern of each sample (see Fig. 1) and the patterns of the
existing database of powder diffraction files included in the soft-
ware DIFFRACPUs® [t s clearly visible in Fig. 1 that sample C738

Textural and chemical characterisation of the activated carbons from kenaf and rapeseed.

Sample Porosity pzc Ash (wt%) Elemental composition (wt%)
BET, ABET (m2 g*1 ) s DR Ob C H N
Vs (em’g1) Aext (m?g") Vo(em’g™)

C4 a a a a 9.76 9.96 15.42 70.93 2.10 1.59
C720 624 0.27 67 0.26 9.27 10.3 12.67 76.06 0.36 0.64
C738 1112 0.52 126 0.47 9.63 12.2 6.52 80.31 0.28 0.64
C7380x 827 0.35 78 0.35 232 0.91 20.32 75.31 2.32 114
C766 1224 0.53 231 0.51 9.71 16.2 11.20 71.00 0.38 1.21
C781 1352 0.54 242 0.57 9.14 17.6 10.79 69.99 0.35 1.25
K4 2 a a a 9.96 9.72 15.14 72.09 1.69 1.36
K722 781 0.39 19 0.34 9.73 8.93 13.05 76.33 0.49 1.20
K731 867 0.39 32 0.37 9.72 10.2 12.88 75.29 0.48 1.10
K748 1021 0.45 84 0.45 9.98 14.9 17.70 65.73 0.29 1.30
K7480x 962 0.45 20 041 2.05 0.65 23.37 72.03 2.46 1.49
K776 1036 0.47 43 043 9.71 119 22.63 63.34 0.39 176

2 Null adsorption of N, at 77 K.
b By difference (100 — (%C+ %H +%N + %S + Ash)).
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Fig. 1. Representative XRD patterns. (a) Samples K748 and K7480x. (b) Samples
C738 and C7380x.

has a more heterogeneous surface with the identification of the
possible presence of Na, Ti, Al, Mg, K, Si, Fe, Pb and Sn in several
possible oxide forms. Sample K748 has a much more homogeneous
XRD pattern with the possible presence of Na, Al, Mg, Si and Pb as
heteroatoms.

It is clearly visible in Fig. 1 that for samples C7380x and K7480x
all peaks attributed to the presence of heteroatoms are missing in
consequence of their removal by the nitric acid treatment. This
treatment besides having direct effect on the surface functional
groups, as shown before, also has a significant impact on the sur-
face heterogeneity by leaching out almost all of the heteroatoms
besides oxygen and hydrogen.

3.2. Phenol adsorption

For the study of the phenol adsorption from dilute aqueous solu-
tions we selected four samples, C738, C7380x, K748 and K7480x,
from different precursors and with different surface properties to
evaluate the potential of the produced ACs to be used for the phenol
removal and to understand the influence of the surface characteris-
tics on the adsorption process. Fig. 2 shows the phenol adsorption
isotherms at 25 °C.

Phenol can be considered as a weak acid with a pK; value of
9.95. For pH values below the pK; value the predominant specie in
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Fig. 2. Phenol adsorption isotherms at 25°C (units mgg~' and mmol dm~3).
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Fig. 3. Phenol removal as function of the initial solution pH.

solution is the molecular form of phenol. For pH above this value the
aromatic ring becomes partially negatively charged by means of the
hydroxyl group ionisation (see Eq. (3)). In consequence, the ionic
form is predominant for pH values higher than 9.95. The phenol
ionisation curve can be seen in Fig. 3.

OH &

+

+ H0

o —

+ H,0 T—=

(3)

The shape of the isotherms is the first experimental tool to
analyse the adsorption process and diagnose the nature of the
adsorption. The most common isotherm types can be classified
according to the Giles classification [20] or according to other
phenomenological aspects of the adsorption [21]. Using the last
classification the isotherms shown in Fig. 2 can be classified as
F Type, which indicates adsorption on heterogeneous surfaces.
According to the Giles classification, which is the one largely used
in the literature, all isotherms can be classified as type L suggest-
ing that the aromatic ring adsorbs parallel to the surface and no
strong competition exists between the adsorbate and the solvent
to occupy the adsorption site. Each isotherm type can be subdi-
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Table 3

Freundlich Constants for the uptake of phenol.

Sample Ki (mgg™) n r
C738 84.1 2.7 0.984
C738x 57.0 2.0 0.979
K748 82.6 1.9 0.986
K748x 63.1 2.7 0.981

vided into subgroups related to the adsorption behaviour at higher
concentrations. Isotherms of samples C748 and K738 can be consid-
ered as L1, the isotherm of sample K7480x as L2 and the isotherm
of sample C7380x as L3.

The C7380x isotherm shows a step at approximately
Ce=0.4mmolg~! which was attributed by other authors to a
change from horizontal to vertical orientations of the adsorbed
molecule [22]. If we take this into consideration, and also consider
this step as the saturation of the AC surface for adsorbing phenol
in a horizontal orientation, then a rough estimate of the number
of microcrystallites can be done for sample C7380x. The step
corresponds to a saturation point of 35 mg of phenol per AC gram
(see Fig. 2). Using this value and the value 0.522 nm? for the phenol
molecular area in a horizontal adsorption orientation [15] and the
data from XRD, namely the Np, L, and L. values, to evaluate the
total area accessible to phenol adsorption (4.287 nm?2) one can
calculate the estimate of 2.72 x 10!° microcrystallites per gram
of AC. Despite all the drawbacks of this estimate we believe it is
worthwhile to carry out the exercise.

The pH value of the dilute aqueous phenol solution used for the
determination of the isotherms, was approximately 7.5 for all con-
centrations which indicates that phenol is predominantly in the
molecular form. Therefore, dispersive interactions were expected
to be the most relevant driving force for the adsorption of phenol.
Taking this into consideration, the superior phenol adsorption of
sample C738 when compared with sample K748 can be explained
by the effect of the higher oxygen content of sample K748 that lead
to a weaker interaction between phenol and the carbon surface (see
Table 2). A more detailed explanation of this effect can be found
when the pH influence is discussed. The same reason is expected to
describe the reduced adsorption capacity of the oxidised sample.

The results were analysed using the Freundlich isotherm in the
linear form as given by Eq. (4):

log ge = log k¢ + %log Ce (4)

where Ce is the equilibrium concentration, ge is the amount
adsorbed at equilibrium, Kr and n are characteristic constants. Typ-
ically, n is related to the enthalpy and intensity of adsorption and
the quantity K is the amount adsorbed at Ce =1 mmoldm—3 [23].
The characteristic constants listed in Table 3 were calculated from
the best-fit lines to the experimental data.

The comparison of K; values with other published papers must
be carefully done as it depends on the concentration units used
which means that Ky is not a measure of the maximum adsorption
capacity. Thus, this value can only be used as a comparative mea-
sure under specific conditions [23,24]. Nevertheless, the K; values
obtained by us for AC pristine samples can be favourably compared
with other published papers [25-28]. The n values obtained indicate
that the adsorption process is favourable from the thermodynamic
point of view.

The adsorption capacity for the pristine and oxidised activated
carbons can be estimated from the isotherms shown in Fig. 2. It
can be seen that for the oxidised samples the isotherms show a
plateau at approximately 50 mg g, for C738 and K748 the adsorp-
tion capacity is about 80 mg g~!. The comparison of our results with
results already published shows that the performance of the acti-
vated carbons tested can be considered very good. Stavropoulos

et al. [17] and Singh et al. [32] reported phenol adsorption up to
35mgg-1. Dinetal.[25] and Villacafias et al. [ 18] published slightly
higher values, between 60 and 150 mgg~1.

As can be seen in Fig. 2 the oxidised samples have much less
adsorption capacity when compared with the pristine sample.
The lower adsorption capacity of the oxidised samples cannot be
explained only by the porosity modification of the samples. The
performance of the oxidized samples can be attributed to two dif-
ferent reasons. On one hand for the oxidised samples it is more
difficult to displace the solvent molecules (water) from the AC sur-
face in order to adsorb phenol due to the possibility of hydrogen
bond formation between the surface oxygen groups and the water
molecules. On the other hand, the functionalisation of the AC sur-
face by nitric acid oxidation lead to a smaller electronic density of
the basal planes, which are accessible to phenol adsorption, due to
a stronger localisation of the 1 electrons at the ACs graphene layers.
When phenol is predominantly in the molecular form the adsorp-
tion occurs mainly via the - dispersion interaction between the
T delocalised electrons on the ACs graphene layers and the aromatic
ring of the phenol molecule. Therefore, the increase in oxygen con-
tent, included in the oxygenated surface functional groups, leads to
a decrease in this interaction as it tends to localise the 1 electrons
of the graphene layers.

The study of the influence of initial solution pH on the phenol
adsorption can be seen in Fig. 3. The vertical lines correspond to
the pzc of the carbons and designate the turning point of the ACs
mean surface charge. For pH values situated on the left side and on
the right side of the lines the ACs have positive and negative charge,
respectively. The increasing distance from the vertical lines corre-
sponds to surfaces with greater charge density, as the difference
between the pH and pzc values is also bigger. The phenol ionisation
curve is also inserted in Fig. 3.

As can be seen in Fig. 3 the phenol adsorption decreases with
pH. We can observe two distinct areas or behaviour, the first one
for pH values less than 10 where the phenol removal only shows a
slight decrease. The second trend is observed for pH values higher
than 10 with the occurrence of a noteworthy decrease in the phenol
removal. The same trend was also observed by Hameed and Rahman
[28].

It is well known that phenol adsorption onto activated carbon
can occur via a complex interplay of electrostatic and dispersion
interactions with three possible mechanisms:

e m—mdispersion interaction between the phenol aromatic ring and
the delocalised 7 electrons present in the aromatic structure of
the graphene layers, proposed by Coughlin and Ezra [29];

¢ hydrogen bond formation proposed by Coughlin and Ezra [29];

e electron donor-acceptor complex formation at the carbon surface
where the oxygen of the surface carbonyl group acts as the elec-
tron donor and the phenol aromatic ring as the acceptor, proposed
by Mattson et al. [30].

Probably the global adsorption process involves more than one
possible mechanism. In addition, electrostatic interactions can play
a significant role if phenol is predominately in the phenolate ion
form that can interact with the charged AC surface. Both aspects
are determined by the solution pH in relation to phenol pK, and
the AC point of zero charge.

It is clear that mechanisms 1 and 3 cannot occur simultaneously
as the presence of one excludes the possibility of the other. The
first mechanism states that the presence of oxygen leads to a phe-
nol adsorption decrease by a weaker interaction between the AC
electrons and phenol, as oxygen groups act as activating groups
which are electron-withdrawing groups and tend to promote a
greater charge and electron localisation of the aromatic system at
the graphene layers. According to mechanism 3 those functional
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groups will lead to an increase in the adsorption capacity by the
formation of the electron donor-acceptor complex. In our case the
most probable mechanism is the - dispersion interaction mech-
anism as we have observed a decrease in the phenol adsorption for
the oxidised samples.

When the w—7 dispersion interaction is the main adsorption
mechanism the most probable is that the phenol molecule is
adsorbed in the flat position and when the electrostatic interaction
is the predominant mechanism the molecule is adsorbed in the ver-
tical position. Other possible mechanisms were also proposed such
as the formation of phenol oligomers [31] and polymers [27] on the
surface of the carbon material. However, those mechanisms have
more probability to occur when carbon black is used.

Besides the mean surface charge (positive or negative) we should
also take into account the extent of the surface functional groups
ionisation, which is related to the surface coverage by the charged
groups and to the charge density of the surface. This extent can be
assessed by the difference between pzc and solution pH, the bigger
the difference the higher the negative charge on the surface.

The effect of initial solution pH on the phenol adsorption can be
explained taking into account all the previously mentioned mech-
anisms and interactions. For pH below 10 phenol is predominately
in the molecular form and thus the electrostatic interactions do
not have a significant role on the adsorption. That is why we can-
not observe, with the pH increase from 3 to 10, a higher decrease
in the adsorption for samples C7380x and K7480x, which have a
negatively charged surface or a increase in the adsorption for sam-
ples C738 and K748, which have a positive surface charge. In this
zone the driving force for the adsorption is the dispersive interac-
tions which are not determined by the electric nature of the surface.
The oxidised samples have smaller adsorption capacity due to the
effect of the oxide functional groups inserted on the ACs surface. For
pH above 10 the phenolate ion became the predominant species in
solution and hence the electrostatic repulsion between the pheno-
late and the negatively charged ACs surface leads to a significant
decrease in the phenol adsorption. This decrease is more relevant
for samples C7380x and K7480x as these samples have a higher
charge density caused by a more extensive ionisation of the func-
tional groups indicated by the bigger difference between solution
pH and the ACs point of zero charge.

4. Conclusion

In conclusion or final comment we would like to mention the
following topics:

¢ The use of rapeseed and kenaf as precursors for activated carbon
production is very motivating. All activated carbons produced in
this study have basic properties with point of zero charge values
higher than 9 and a well developed porous structure. For instance,
the apparent BET surface area reaches the maximum value of 1352
and 1036 m? g-! for rapeseed and kenaf samples, respectively.

¢ The modification by liquid phase oxidation with nitric acid pro-
duced drastic alterations to the samples surface chemistry but
only a small impact on their porosity properties. The value of the
point of zero charge after the treatment decreased from 9.63 to
2.32 and from 9.98 to 2.05 for samples C738 and K748, respec-
tively. Concerning the effect on the porosity of the samples we
can conclude that activated carbon from kenaf are more resistant
to nitric acid treatment. In this case the treatment results in a
more extensive depletion of the material external area without
having a significant impact on the pore volume.

¢ The phenol adsorption at 25 °C reveals that oxidised samples have
much less adsorption capacity than the corresponding pristine
activated carbon because the increased acidity of oxidised sam-

ples leads to an intensity decrease in the adsorption driving force,
which is based on the m—r dispersion interaction between the
delocalised electrons on the activated carbon graphene layers and
the aromatic ring of the phenol molecule.
The phenol adsorption for pH less than 10 is independent of
the solution pH. On the other hand, for pH values higher than
10 a noteworthy decrease in the phenol removal was observed.
Therefore, we can conclude that phenol adsorption occurs via
two possible mechanisms being the first one attributed to the
adsorption by means of dispersive interactions between the phe-
nol aromatic ring and the activated carbon aromatic structure. In
this case the electrostatic interactions don’t have a significant role
on the adsorption. The second mechanism, which is based on the
dispersive attractive forces and the electrostatic repulsion inter-
actions, occurs when phenol is predominantly in the phenolate
form and the activated carbon surface is negatively charged.

e We can also conclude that activated carbons from rapeseed and
kenaf are promising materials to be used for contaminated water
treatment as the obtained results can be favourably compared
with other reported papers.
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