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Abstract

Phosphoric acid-activated carbon WP's and zinc chloride-activated carbons WZ's were developed from wild cherry stones.
The textura properties of the activated carbons were determined from nitrogen adsorption data at 77 K and the chemistry of
the carbon surface, i.e. the surface carbon-oxygen groups (type and amount) was determined from the base and acid
neutralization capacities (Boehm method). The adsorption of phenol, p-nitrophenol, p-chlorophenol, dinitrophenol and
dichlorophenol was followed at 298 K. The activated carbons obtained were characterized by high surface area and large pore
volumes as well as by high surface concentration of C-O groups. The investigated carbons exhibited high adsorption
capacities towards phenols with these capacities increased with the increase of molecular weight and the decrease of the
solubility of phenol in water. However, no general relationship could be observed between the adsorption capacities of
carbons and any of their texturd parameters or their surface chemistry. This may be attributed to the many factors controlling
phenol adsorption and the different types and mechanisms of adsorption involved.
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1. Introduction

Adsorption from solution is a competitive process with
equilibrium determined by many factors resulting from ad-
sorbent, adsorbate and solvent properties [1-5]. The porous
structure of a solid, its energetic heterogeneity (depending
aso on a solute) and surface chemica properties are the
main factors influencing adsorption equilibria. The surface
of the activated carbon contains many active chemical groups,
part of which is dissociable ones. The role of various carbon-
oxygen (C-O) groups in the mechanism of organics adsorp-
tion was discussed widely in order to relate the adsorption
uptake with the changes of the chemistry of carbon surface
[6-8].

The adsorption of organic molecules from water onto
activated carbon has gained increasing interest during the
past decade. Activated carbons are widely used for separa
tion and purification processes involving agueous solution
systems. A series of studies has been conducted in our
laboratory to prepare and characterize activated carbons
obtained from several fruit stones and nutshells [9-12].
Recently, phosphoric acid-activated carbons have been pre-
pared from peanut shells and were characterized as ad-
sorbents with extended surface area and high adsorption
capacity for organic molecules [13, 14].

Phenols and substituted phenols are a major class of

organic pollutants that contaminate the ecosystem and
accumulate in food chain [15, 16]. Treatment of drinking
water for the removal of organic impurities, in general, and
phenolic compound, in particular has attracted special atten-
tion in environmental science and technology. Severd methods
are used for municipal water purification, mainly filtration
processes with the application of various high area-adsorbents,
e.g. granular activated carbons [17, 18].

Adsorption of aromatic compounds from solution parti-
cularly phenols, has been studied extensively [19, 20]. Leng
and Pinto [21] have found that the uptake of phenol is a
combined effect of physisorption and surface polymerization.
They found out that phenol uptake increases as a result of
the removal of carboxylic functional groups from the carbon
surface. The presence of surface functional groups prevents
activated carbons from adsorbing phenol when the adsorp-
tion takes place under oxic conditions [22]. This is a result
of the reaction in the ability of activated carbon to promote
adsorption via oxidative coupling.

The purpose of this work was to study the effect of the
differences found in the textural characteristics and surface
chemistry of alarge number of chemically-activated carbons,
on their capacities towards phenols adsorption. The carbons
were prepared in our laboratory from washna stones (wild
cherry stones) using (20-85 wt%) phosphoric acid as activat-
ing agent and by carbonization at 500°C, or by using (20-65
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wt%) zinc chloride as activating agent and by carbonization
at 600°C.

2. Experimental
2.1. Materials

Preparation of zinc chloride-activated carbons WZ's was
performed according to the procedure described elsewhere
[23]. The designations given to these carbons are based on:
W stands for washna stones, Z stands for ZnCl,, the Arabic
number following the letter Z refers the amount of Z in wt%
used in activation and the second Arabic number refers to
the carbonization temperature (°C). Thus, for example, the
designation WZ65-600 refers to the carbon obtained by the
carbonization of washna stones impregnated with 65 wt%
zinc chloride prior to carbonization at 600°C. Phaosphoric
acid-activated carbons WP's were prepared according to a
procedure described elsewhere [24]. In designating these
carbons, the letter P stands for H3PO,, the Arabic number
following this letter indicates the wt% of P whereas the
second Arabic number indicates the carbonization temper-
ature. Thus, the designation WP50-500 stands for the carbon
prepared by carbonization at 500°C of washna stones
impregnated with 50 wt% phosphoric acid.

The sorbates used were phenol (P), 4-nitrophenol (PNP),
4-chlorophenal (PCP), 2,4-dinitrophenol (DNP) and 2,4-di-
chlorophenol (DCP). All phenols were purchased from Merck
as analytical reagent grade products. The aqueous phase was
prepared by dissolving the phenol in deionized water without
pH adjustment.

2.2. Techniques

The adsorption of nitrogen at 77 K was carried out using
Gemini 2375 V3.03 adsorption instrument. Prior to adsorp-
tion the carbon sample was out gassed at 200°C overnight at
a reduced pressure of 10 Torr. Using Mattson 500-FTIR
spectrometer, using the KBr disc technique, identified the
functional groups on the surface of some selected carbons.
Base neutralization capacities (BNC) were determined accord-
ing to Boehm titration’s [25]. The quantity is expressed in
meg/g. These were carried out by neutralization of 0.1 M
NaHCO3,Na,COs, NaOH and NaOEt by the carbon sample.
Thus 0.25 g of carbon was mixed with 50 ml of the
respective solution in 100 ml Quick Fit polyethylene bottles.
The suspensions were flushed with nitrogen. Mechanical
shaking was continued for 48 h. The residua concentration
of each solution was determined by titrating the supernatant
against 0.1 M HCI. The total acid neutralization capacities
were determined by neutraization of 0.1 M HCl by the
carbon sample and the residua concentration of HCl was
determined by titrating the supernatant against 0.01 M

Table 1. Characteristics of the phenols investigated

MW Solubility P A
Phendl - mol) (@ a298K) PXa (im) € ()
P o041 93 989 2105 5870 0437
PCP 1286 27 937 2257 8740 0482
PNP 1391 17 842 3170 6586 0519
DCP 1630 15 780 2850 7257 0539

DNP 1841 0.64 540 3535 12620 0.597

NaOH.

The adsorption of phenols from their aqueous solutions
was carried out using closed glass containers in which 0.1 g
of the carbon and 100 ml of unbuffered solution were
introduced. The suspensions were mechanically shaken in a
bath at 298 £ 0.1 K. The amounts of the phenol adsorbed
were determined by measuring the initial and equilibrium
concentrations before and after the process in Jasco UV-
Visible spectrophotometer at the respective Amx. The charac-
teristics of phenols listed in Table 1, previoudy reported [7,
26, 27], were considered both for As and molar extinction
coefficient € and the molecular area A, of the adsorbate
molecule.

3. Reaults and Discussion
3.1. Textural properties

The adsorption of nitrogen on the activated carbons
investigated proved to be rapid with the equilibrium attained
within 20-30 min, indicating thus that the pore structures are
all accessible to nitrogen and that the adsorption of nitrogen
is not controlled by activated diffusion. The isotherms (not
illustrated) were of Type | according to Sing classification
[28], except of WP65 and WP85 samples which exhibit iso-
therms between VI and | types with a clear hysteresis loop.
The specific surface areas were calculated using the conven-

Table 2. Texturd properties of the carbons investigated

V r

Carbon ) (miig) (nm)
WZ20-600 576 0.244 0.85
WZ35-600 971 0.428 0.88
WZ50-600 1451 0.721 0.99
WZ65-600 1746 1.041 1.20
WP20-500 706 0.304 0.86
WP35-500 1110 0.515 0.93
WP50-500 1790 1.048 1.17
WP65-500 1360 0.937 1.38
WP85-500 1310 1.050 1.60
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tional BET equation [29], adopting the value of 0.162 nm?
for the molecular area of nitrogen [30]. Table 2 gives some
textural parameters of the investigated carbons including the
surface area Sger (M?g), the total pore volume V1 (ml/g)
and the mean pore radius r,, (nm). The latter was obtained
using the relationship [31]:

Im (NM) = 2V x 10%/Sger

It is evident from Table 2 that: (i) Sger and V+ of zinc
chloride-activated carbons increased with the increase of the
amount of ZnCl, used in activation. For phosphoric acid-
activated carbons, Szt increased with wt% of HiPO,. The
maximum V1 of WP's was calculated for WP50-500 (1.048
ml/g), approximately the same value (1.050 ml/g) was calcu-
lated for WP85-500. (ii) Generdly, ry, increased with the
increase of the amount of the activating agent. For carbons
activated with <50 wt% ZnCl,, their r,, vaues lie in the
microporous range, i.e <1.0 nm, the increase of the amount
of this activating agent to 65 wt% was associated with a shift
of ry, to 1.16 nm, i.e. to the lower margin of the mesoporous
range. For phosphoric acid-activated carbons r, values lie in
the microporous range for carbons activated with < 35 wt%
HsPO, whereas r,, of carbons activated with >35 wt% are
located in the mesoporous range.

2.3. The chemistry of the surface

The chemistry of the surface of a carbon is equally impor-
tant to its textural properties in determining its adsorption
capacity particularly in adsorption from solution. The chemi-
stry of the carbon surface is attributed to the existence of C-
O functional groups of acidic or basic nature. The chemistry
of the carbon surface is determined from its base and acid
neutralization capacities expressed in meg/g. The various
surface functional groups available on the carbon can be
detected using selective neutralization by equilibration with
series of bases of increasing strength NaHCOs;, Na,COs,
NaOH and NaOC,Hs (NaOEt). NaHCO; neutralizes carbox-
ylic groups whereas those neutralized by Na,COs but not by

NaHCO; were believed to be lactones. The weakly acidic
groups neutralizes by NaOH but not by Na,CO; were
postulated as phenols. The reaction with NaOEt was not
considered as a true neutrdization reaction since it did not
involve exchange by H™ or Na* ions. The groups reacting
with NaOEt but not with NaOH were suggested as carbonyl
[32]. The functional groups on the surface of investigated
carbons are listed in Table 3 expressed as meg/g. The pH of
the point of zero charge pHpzc Of the carbons are dso listed
in Table 3.

It is evident from Table 3 that: (i) Phosphoric acid-activat-
ed carbons are rich with carboxylic and carbonyl groups
compared with zinc chloride-activated ones. (ii) Zinc chloride-
activated carbons are rich with phenolic and lactonic groups
compared with phosphoric acid-activated carbons. (iii) Points
of zero charge pHp,c of WP activated carbons exist at
relatively lower pH compared with pHpzc of WZ activated
carbons. The above-mentioned differences refer to the role
of the activating agent in determining the chemistry of the
surface of the activated carbon. The mechanism of activation
with phosphoric acid is probably different than the mechanism
of zinc chloride activation. The former dominates before
carbonization when phosphoric acid activates the degradation
of cellulosic structure of the cellulosic precursor [33] where-
as the mechanism of the latter dominates during carboni-
zation as a result of the remova of the hydrogen contained
in the precursor as HCl instead of being removed as methane
or lower hydrocarbons [34].

FTIR was also used to determine the surface functiona
groups for some selected carbons. Even though the carboniz-
ed materids, are rather complex, FTIR still can give some
information about the probable functional groups on the
surface. Representative FTIR spectral patterns are shown in
Figs. 1 and 2. As a matter of fact the spectra of al the
carbons investigated are more or less similar. Differences are
only observed in the intensity of the peaks characterizing the
same functional groups. Some broad bands and shoulders are
shown which makes the assignment rather difficult. How-
ever, well-developed bands are common in the spectra of the

Table 3. Surface carbon-oxygen groups and pHp,c of the carbons investigated

Carbon Carboxyl Lactonic Phenalic Carbonyl Total acidic Total basic pH
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) Fec
WZ20-600 0.1190 0.2295 0.1560 0.1752 0.6797 0.0875 4.1
WZ35-600 0.0680 0.3545 0.1830 0.1575 0.7630 0.1500 5.9
WZ50-600 0.0935 0.2345 0.1260 0.1425 0.5965 0.1500 55
WZ65-600 0.0935 0.2400 0.1205 0.1703 0.6243 0.1375 59
WP20-500 0.1763 0.0590 0.1000 0.2067 0.5420 0.0125 22
WP35-500 0.1955 0.1210 0.0602 0.2865 0.6632 0.0250 22
WP50-500 0.2210 0.2850 0.0995 0.2963 0.8978 0.0375 3.0
WP65-500 0.1955 0.1967 0.0885 0.2510 0.7287 0.0375 35
WP85-500 0.1700 0.1712 0.1380 0.2560 0.7352 0.0750 51
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Fig. 1. FTIR spectra of WZ20-600, WZ35-600, WZ50-600 and
WZ65-600 carbons.

investigated carbons. These are; the intense and broad bands
covering the range 3166-3600 cm™ in which stretching
vibration of —OH groups and probably with adsorbed water
molecules is expected [35], -OH phenol or carboxylic func-
tionaities absorb at 3477 cm™ [36] and OH-ether hydrogen
bonds at 3235 cm™ [37]. The wesk bands at 2920 and 2855
cm™ are ascribed to antisymmetric [38, 39] and symmetric
vibrations of —CHs, respectively. The intense band at 2380
and 2347 cm™* are connected with COO (CO,) and or P-H
stretching vibration [35]. The weak band at 1769 cm™ is
connected with stretching C=0 vibration arising from groups
such as lactones, quinines [37] and carboxylic acids [40].
The sharp band at 1644 cm™ suggests the presence of C=0
sretching vibration in acid conjugated with rings [41, 42]
whereas the sharp band at 1627 cm™ may be due to the
asymmetric and symmetric stretching COO™ vibration or to
the skeletad C=C aromatic vibration [37,42]. The bands
located in the range 1000-1300 cm™ may be assigned to
gretching vibration of C-O bands in carboxy, phenol and
ether groups [35, 36, 43].

3.3. Adsorption of phenals

The first stage in adsorption from solution is the deter-

WP-500

\ .’ i!. /
i kl’ fl !! /
R
T |65 \\L [T ,
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4000 3000 2000 1000 400
Wavenumber [cm]

Fig. 2. FTIR spectra of WP35-500, WP50-500, WP65-500 and
WP85-500 carbons.

mination of the rate of adsorption and the time required to
reach equilibrium. Preliminary experiments have been carried
out in this concern using WZ50-600 and WP50-500. The
results obtained indicated that the order in which the equili-
brium was attained is about the same for WZ's and WP's
carbons: P>PNP>PCP>DCP>DNP. This order is ex-
pected when the molecular dimensions of these phenols are
considered. Although the time required to reach equilibrium
was 50 h, more than 90% of adsorption was observed after
24 h equilibration.

After the determination of the equilibrium time, the com-
plete isotherms of phenols were determined at 298 K, Figs.
(3-7). Experimental data are plotted as the amount adsorbed
x (mmol/g) versus the equilibrium concentration in mM.
The isotherms are of L Type according to Giles classification,
but with less developed plateau. The Langmuir adsorption
model described the adsorption equilibria. The linear form is
expressed as

c_1.cC

X BXn Xn

Where B (the Langmuir constant) is a direct measure of the
intensity of the adsorption process and Xy, is the monolayer
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Fig. 3. Representative phenol adsorption isotherms at 298 K.
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Fig. 4. Representative p-nitrophenol adsorption isotherms at 298 K.
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Fig. 5. Representative p-chlorophenol adsorption isotherms at 298 K.

capacity (mmol/g). The linear Langmuir plots are shown in
Figs. (3-7). Evidently, the experimental datafit very well the
Langmuir model as indicated by the high values of corre-
lation coefficient R?, being > 0.99. The values of X, as deter-
mined by all phenol-carbon systems investigated are listed in
Table 4, expressed in mg/g. Even though, no genera trend
could be detected between the adsorption capacity x,, and
any of the textural parameters or between x,, and any of the
chemical characteristics of the surface, the following obser-

vations could be predicted: (i) The amounts of phenol
adsorption follow the order: DVP > DNP > PCP > PNP > P,
i.e. disubstituted phenols are more adsorbed than monosub-
gtituted phenol and the latter are more adsorbed than phenal.
(i) The molecular volume is not a controlling factor in
determining the adsorption of phenol by activated carbons
investigated. (iii) Less soluble phenols are more adsorbed
than highly soluble ones. (iv) The entire pore structures of
the carbons investigated are accessible to the phenols studied
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Fig. 6. Representative dinitrophenol adsorption isotherms at 298 K.
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Fig. 7. Representative dichlorophenol adsorption isotherms at 298 K.

Table 4. Monolayer capacities x,, (mg/g) as determined for the
carbons investigated from the adsorption of P, PCP, PNP, DCP
and DNP at 298 K

Xm (Mmg/g)
Carbon

PNP PCP DNP DCP
WZ20-600 78 167 204 220 320
WZ35-600 93 183 283 401 381
WZ50-600 70 192 330 430 527
WZ65-600 66 173 315 392 504
WP20-500 70 169 220 310 310
WP35-500 55 199 288 372 435
WP50-500 51 219 331 400 525
WP65-500 44 176 290 323 391
WP85-500 48 205 308 376 503

in this work. Apart from these observations, no evidences
have been obtain to suggest the dependence of phenol ad-
sorption on the texture or chemistry of the carbons investi-
gated to agree with previoudy reported foundations [44-48].
This may ascribe to the many differences that may exist
between the different adsorption systems and aso to the
different types and mechanisms of adsorption involved. The

texture of the carbon includes the surface area, pore volume
distribution, pore geometry and shape. As to the chemistry
of the carbon surface, one can mention the type of C-O
groups, their concentration, their distribution on the surface
and possibly other factors. To summarize: adsorption of
phenols on activated carbons is complicated subject and is
till open for further investigations.

It remains now to point out that x,, values listed in Table 4
are relatively high referring thus to the high potentialities of
the carbons investigated in removing phenols and possibly
other organics from potable and waste waters. The high
values of X, indicated that large fraction of the total surface
area is occupied by adsorbed phenals. This may be better
understood if Xy, values are converted to apparent surface
areas using the A, vaues reported in Table 1. Table 5
summarizes the surface areas of the carbons investigated as
determined from the respective x,, values reported in Table
4. Generdly, large surface areas are caculated from phenol
adsorption. The surface areas measured by the adsorption of
phenol amounts to 5.6-37.4% Sger. For monosubstituted
phenols PNP and PCP, % Spnp/Sger and Spcp/ Sger are consi-
derably higher, being 24.7-65.2 for the former and 36.1-80.1
for the latter. Surprisingly for some carbons higher surface
areas were measured by disubstituted phenols DNP and DCP
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Table 5. Surface areas of the carbons investigated as calculated
from the adsorption of B, PCP, PNP, DCP and DNP at 298 K

Surface area (m?/g)
P PNP PCP DNP DCP

WZ20-600 78 167 233 427 636
WZ35-600 93 183 235 776 758
WZ50-600 70 192 276 832 1048
WZ65-600 66 198 262 759 1003

WP20-500 70 169 220 600 617
WP35-500 55 199 288 720 867
WP50-500 51 219 331 774 1046
WP65-500 44 176 290 625 778
WP85-500 48 205 308 727 1002

Carbon

compared with their respective Sger measured from nitrogen
adsorption.

Even though, the discrepancies reported in literature con-
cerning the factors determining the adsorption of phenols
onto activated carbons and the mechanisms of their adsorp-
tion, one can assume that adsorption of phenols proceeds via
different mechanism. These are: (i) physical adsorption due
to dispersive interaction between the aromatic part of the
phenol molecule and the carbon’s basal planes [49]. (ii) The
interaction between surface carboxylic groups with phenols
via ester formation, causing chemisorptions on the carbon
surface [50]. (iii) Strong donor-acceptor complexes between
phenol molecule and CO group [51]. To summarize, phenol
adsorption onto activated carbons could take place on
carbon-oxygen-free surface as well as via interaction with the
surface carbon-oxygen groups. This may explain the high
adsorption of phenols on activated carbons and the high
surface areas occupied by adsorbed phenol molecules.

4, Conclusions

Adsorption of phenols from aqueous solution on chemi-
cally-activated carbon depends on many factors that make
the prediction of a genera relationship between phenol
adsorption capacity and any of the textural parameters or any
of the characteristics of surface chemistry of these carbons
rather difficult. However, these carbons exhibited high phenol
adsorption capacities.

The adsorption increased with the increase of molecular
weight of the phenol and with the decrease of its solubility in
water.

Adsorbed phenols occupy a large fraction of the total
surface area, which means that phenols are adsorbed on
carbon-oxygen-free surface via dispersive forces between the
aromatic part of the phenol and carbon’s basa planes.
Chemisorption of phenols takes place via ester formation
with the surface carboxylic groups and via donor-acceptor

complex formation with surface carbonyl groups.
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