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The effect of textural and chemical properties such as: surface area, pore volume and chemical groups content
of the granular activated carbon and monoliths on phenol adsorption in aqueous solutions was studied. Granular
activated carbon and monolith samples were produced by chemical activation. They were characterized by using
N, adsorption at 77 K, CO, adsorption at 273 K, Boechm Titrations and immersion calorimetry in phenol solu-
tions. Microporous materials with different pore size distribution, surface area between 516 and 1685 m? g and
pore volumes between 0.24 and 0.58 cm® g™ were obtained. Phenol adsorption capacity of the activated carbon
materials increased with increasing BET surface area and pore volume, and is favored by their surface functional

groups that act as electron donors. Phenol adsorption capacities are in ranged between 73.5 and 389.4 mg - g™
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INTRODUCTION

Water pollution is a major environmental problem.
Human activities have generated high amount of sub-
stances that can accumulate in the water, altering its
natural balance and affecting its biodiversity. Those
pollutants include heavy metals, dyes, pesticides, plastics,
and other organic substances. Phenols are organic com-
pounds highly toxic and difficult to biodegrade, even at
low concentration, presenting a high risk to the health
of all living beings'. Phenol and phenolic compounds
are raw materials or intermediates in numerous petro-
chemical, chemical and pharmaceutical industries, and
are likewise oxidative degradation products of aromatic
hydrocarbons with high molecular weight. Therefore, they
are one of the most important pollutants in wastewater
coming from the industrial activity and strong limits are
set for their acceptable levels in wastewaters®*. Contact
with phenols can cause respiratory irritation, headaches,
burning eyes, skin burns, liver damage, dark urine, irre-
gular heartbeat, and also a negative effect on the central
nervous system, causing dead in some cases. Hence, it
is essential to remove phenols from wastewaters before
being released to the environment.

Effective treatment of industrial wastewater has gained
much interest in recent decades due to the growing
awareness of environmental protection and also because
environmental regulations have been strengthened. The-
refore, it is necessary to develop effective technologies
to eliminate pollutants and intensify the research and
development field. There are different technologies for
the treatment of phenol contaminated waters including
biodegradation’, oxidative degradation®, membrane fil-
tration®, photocatalytic degradation®, photo-Fenton’, and
adsorption®*®, Wet oxidation and catalytic wet oxidation
(using air and pure oxygen) have been widely used along
with the Fenton process for phenol elimination. Although
the Fenton process has high values of phenols removal,
it comes with some drawbacks such as the excessive
use of hydrogen peroxide and the need to remove the

added iron, involving an additional step in the process,
increasing the cost.

Adsorption is considered as an alternative for water
phenol removal’. Many types of adsorbents have been
developed for this purpose: clays such as montmorillonite
and bentonite!’, zeolites', metal organic frameworks
(MOFs)'?, mesoporous silica®, nanoparticles, and
activated carbons'> '8, Activated carbons are of great
interest, because of its versatility and properties. It
has a large surface area, high porosity development of
different sizes and a heterogeneous surface chemistry.
An advantage of the carbonaceous materials over other
solids is the ease in adjusting its textural and chemical
characteristics during the preparation process.

The aim of this work was to study the effect that have
the textural and chemical properties (BET surface area,
pore volume and chemical groups content) of granular
activated carbon and monoliths on the phenol adsorption
in aqueous solution. Granular and monolith activated
carbon samples were produced by chemical activation of
African Palm Stone with H;PO, and ZnCl, solutions at
different concentrations. The characterization of these
materials was done by using N, adsorption at 77 K, CO,
adsorption at 273 K, Boehm Titrations and immersion
calorimetry in phenol solutions. The phenol adsorption
capacity was related with the textural and chemical pa-
rameters determined by the characterization techniques.

EXPERIMENTAL SECTION

Synthesis of activated carbons

The African palm stone was used as the lignocellulosic
precursor. It was washed and crushed to a particle size
of 2-3 mm for granular activated carbon and to 38 um
for activated carbon monoliths. It was impregnated with
the activating agents (H;PO, 32% w/v and ZnCl, 48%
w/v) at 358 K during 6 hours'. Then, it was carbonized
in a N, atmosphere at 723 K (those impregnated with
H,PO,) and 773 K (those impregnated with ZnCl,), and
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finally washed. The activated carbon monoliths were
prepared using a process of compaction, the precursor
impregnated is leads to a uniaxial press and is subjected
to a pressure of 4500 psi and a temperature of 423 K, hot
pressing to take advantage of the tar binders generated
during the precursor impregnation and thus avoid the
use of an additional substance.

Eight samples of activated carbon were obtained.
They were identified as GC for granular carbon, M for
monoliths, P or Zn for H;PO, and ZnCl, activating
agent respectively and a number that indicates the con-
centration of the substance. Figure 1 shows the obtained
carbonaceous materials.

Figure 1. Carbonaceous materials a) granular activated carbon,
b) activated carbon monoliths
Characterization

Table 1 shows the techniques used to obtained te-
xtural and chemical characteristics of activated carbons
prepared® ¥,

Table 1. Characterization techniques

s

calorimetric determination was used a heat conduction
microcalorimeter with a stainless steel calorimetric cell?.

RESULTS AND DISCUSSION

Textural and Chemical characteristics

Figure 2 shows the N, adsorption isotherms of the
prepared activated carbons at 77K. GCP48, GCP32,
MP48 and GCZn32 samples have isotherms type Ib, this
type of isotherm is characteristic of materials with pore
size distributions over a broader range including wider
micropores and possibly narrow mesopores. Meanwhile
MP32, MZn32, GCZn48 and MZn48 samples have type Ia
isotherms, materials that have mainly narrow micropores
according with the last IUPAC classification'®.

There is an influence of the activating agent in the
textural characteristics of the carbonaceous materials.
According to the results, the H,PO, activation generates
a wide porosity development, while the ZnCl, gave rise
to activated carbons with narrow porosity. The obtained
surface areas are between 516 and 1685 m* g™! and pore
volumes between 0.24 and 0.58 cm® g™\,

Table 2 shows the textural characteristics of the carbo-
naceous materials. It is evident that the monoliths have
lower Sger Vi, Vinesor Voo and V, compared to granular
materials prepared under the same conditions. Such
behavior can be attributed to the pressing process to

N, adsorption at 77K

*Quantachrome, Autosorb 3-B, Outgassing of samples at
523K for 24h

N

CO, adsorptionat 273 K

*Quantachrome, Autosorb 3-B, Qutgassing of samples at

523K for 24h
( * 100 mg adsorbent , 25 mL solutions NaOH, NaHCO;, )
Boehm titrations Na,COj and HC1 0.1 M, T= 298 K, t= 40 hours.
\ Constant stirred

Point of Zero Charge

-

*Mass titration method ( Noh y Schwarz ). 0.05-0.3 g of
sample NaCl 0.1 N ( 10 mL ), T=298 K. t= 48 hours

FAN

Immersion calorimetry

+0.1 g adsorbent., Cells., (8 mL ), T= 298K

N

Phosphorus and Zinc
Quantification

*Phosphorus: Spectrophotometric method
Zinc: Atomic Absorption

Phenol Adsorption

The phenol adsorption capacity of the obtained carbo-
naceous materials was determined using discontinuous
systems. 500 mg of activated carbon and 250 mL of phenol
aqueous solution at a concentration of 500 and 1000 mg
L' were placed in each glass bottle. The samples were
mechanically stirred and maintained at a temperature of
25°C for a period of about 72 hours. The equilibrium
concentration of phenol in the solutions after adsorption,
was determined in a UV-Vis spectrophotometric equip-
ment at a wavelength of 271 nm (Spectronic Genesys
Milton Roy Co. SN).

Immersion enthalpy determination

The immersion enthalpy of the activated carbons were
determined by using phenol solutions of 500 mgL™" and
1000 mgL™". For this purpose 100 mg of sample were
used and added to 8 mL of phenol solution, for the

which the impregnated material was subjected to form the
monoliths. Others authors have shown'” that the effect of
forming pressure on the development of porosity in the
monoliths, is mainly due to changes that the impregna-
tion produces on the physicochemical properties of the
precursor. The activating agents separate the cellulose
fibers and causes partial hemicellulose and lignin (the
main components of the precursor) depolymerization,
which leads to a decrease in mechanical strength. Both
factors lead to swelling of the particle. Once the ma-
terial is impregnated, the carbon conversion starts and
a significant amount of tar on the particles surface is
observed. Tars come from the depolymerization of the
cellulose, followed by dehydration and condensation.
Process that is catalyzed by the impregnating agents and
lead to the crosslinking and expansion of the structure.
When the solution is evaporated, the particle precursor
has relatively weak structure. At that moment, all the
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Figure 2. Nitrogen adsorption isotherms at 77 K for the obtained activated carbons

Table 2. Textural parameters for the carbonaceous materials obtained from the N, adsorption isotherm at 77 K and CO, adsorp-

tion isotherm at 273 K

N2 Adsorption at 77 K CO; Adsorption

at273 K
Sample SBET/ Vo/ Vmeso/ Vo,gg/ Vn/

[m’g™"] [em’ g™ [cm®g™] [em’g™] [em®g™]
GCP32 1407 0.50 0.23 0.73 0.34
GCP48 1685 0.58 0.33 0.91 0.42
MP32 1020 0.40 0.09 0.49 0.25
MP48 1368 0.48 0.18 0.66 0.32
GCZn32 1314 0.50 0.05 0.55 0.30
GCZn48 516 0.24 0.02 0.26 0.23
MZn32 660 0.26 0.03 0.29 0.23
MZn48 924 0.37 0.01 0.38 0.36

chemical agent is inside the structure and surrounded by
tars. By applying pressure to the impregnated precursor
at a temperature of 423 K, additional loss of water and
tars from the interior of the particle is produced, leading
to a decrease of space in the structure and therefore the
development of mesoporosity that is observed in the
granular series (Figs. 4-5a). All of this is the result of
the pressure employed during the monoliths production.

Pore size distribution

Figure 3 shows the pore size distributions of the car-
bonaceous materials obtained from the experimental
data of nitrogen adsorption at 77 K. Microscopic models
(Functional Theory of Non-Local Density (NLDFT) and
Functional Theory of Solid Reacted Density (QSDFT)
were used to describe the adsorption and fluids behavior
of the pores at Molecular level®!. Good fit of the data
were found in all samples when using the QSDFT mo-
del. This model yielded a percentage of error between
0.21-0.82% different from that calculated by the NLDFT
model which corresponds to 1.19-2.61%. The QSDFT

model presents advantages for the determination of the
pore size distributions (PSDs) in carbonaceous materials
that are chemically and geometrically disordered since
it takes into account the effects of surface roughness
and heterogeneity?!.

It was observed that the granular activated carbons pre-
pared with H,PO, had microporosity with pore volumes
of less than 2 nm and moderate volumes of mesopores
between 2.5-5.0 nm, while the monoliths obtained with
the same activating agent had a pore size distribution
that consisted mainly of micropores. This could be an
evidence that the pressing process decreases the interpar-
ticulate space and reduces the mesopores volumes. Those
granular activated carbons and monoliths prepared with
ZnCl, showed narrow pore size distributions (<1.5 nm)
with no mesopores volumes.

Chemical Characteristics

Table 3 shows the surface functional groups of the acti-
vated carbons and the point of zero charge (determined
by Boehm titrations). Experimental data indicates the

Table 3. Surface functional groups content and point of zero charge

Sample Carboxylic acids / Lactone / Phenol / Total Acidity / Total Basicity / pHpzc %P
[umol g7'] [umol g™'] [umol g7'] [umol g”'] [umol g7'] or

% Zn

GCP32 143.2 95.99 217.9 457.0 54.72 5.63 0.31
GCP48 153.8 84.01 246.5 484.3 137.5 4.13 4.24
MP32 1414 55.92 212.0 409.3 29.10 5.32 0.44
MP48 155.5 26.67 256.4 438.5 126.0 3.73 4.70
GCZn32 159.1 0 263.6 422.7 66.73 5.91 0.12
GCZn48 198.6 12.91 172.1 383.6 95.61 5.31 1.25
MZn32 162.2 0 172.3 334.5 31.10 5.88 0.27
MZn48 187.5 18.36 179.8 385.6 92.84 5.24 1.46
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Figure 3. Comparison between the pore size distributions (PSDs) of the prepared samples

changes in the surface chemical properties with respect
to the activating agent.

In series prepared with H,PO,, is observed that the
increase in concentration of this activating agent, produ-
ces an increase in carboxylic and phenolic groups. The
number of carboxylic and phenolic groups increased up
to 27% at the highest concentration but the content of
lactone groups decreased to 52%. The percentage of
phosphorous in those samples was between 0.31 and
4.70%. The amount of residual phosphorus increased
along with the concentration of the activating agent due
to the formation of polyphosphates, phosphates, that
generates a strong carbon matrix difficult to remove
through the washing process. Those series prepared with
ZnCl, showed an increase carboxylic groups content
(up to 19%) and a slightly change in concentration of
lactone groups (48%) when increasing of zinc chloride
concentration. In samples such as GCZn32 and MZn32
the lactone groups were not detectable by this technique.
The residual Zn was between 0.12 and 1.46% and its
concentration increases along with the the activating
agent concentration due to conformation of a carbona-
ceous structure.

Immersion Calorimetry

It is a thermodynamic technique that provides infor-
mation about the interactions between solids and dif-
ferent immersion liquids??. During the process, there is
a formation of an adsorbed liquid layer of molecules on
the solid surface and the wetting of the adsorbed layer.
The intensity of the thermal effect leads to comparisons
between different characteristics of porous solids that

Table 4. Immersion enthalpies of the activated carbons in C¢H,

can be useful for specific applications. The values of
the immersion enthalpies are between —58.37 Jg! and
-181.1 Jg'.

Table 4 shows that the immersion enthalpy in benzene
increases along with the surface area and pore volume,
due to of the large surface available to interact with the
solvent, which demonstrates that the interaction energy
measured by immersion calorimetry is proportional to
the BET area determined by nitrogen adsorption.

Based on the immersion enthalpy data of the samples,
the accessible surface area was calculated using black
coal with a surface area of 30 m’g™. The results were
closed to the values calculated for accessible area and
BET area obtained by nitrogen sorption measurements.
There is also a better correspondence between the surface
areas in the samples with structures mainly composed
of micropores, that is, those carbonaceous materials
prepared using ZnCl, as impregnating agent. Likewise,
a maximum difference of 1% between the surface areas
were found. This behavior was adjusted according to the
indicated by other authors™ ¥, Meanwhile in samples
prepared using H;PO, the difference between surface
areas reached values up to 9%, probably because of the
higher proportion of mesopores in these carbonaceous
materials, which deviates the considerations of the model
that were used to calculate the accessible area®.

Phenol adsorption

Figure 4 shows the relation between phenol adsorption
capacity of activated carbons and BET area. It is obse-
rved that the phenol adsorption capacity of the activated
carbons increased with increasing BET surface area. This

Sample Carboxylic acids / Lactone / Phenol / Total Acidity / Total Basicity / pHpzc %P
[umol g7'] [umol g™'] [umol g7'] [umol g”'] [umol g7'] or

% Zn

GCP32 143.2 95.99 217.9 457.0 54.72 5.63 0.31
GCP48 153.8 84.01 246.5 484.3 137.5 4.13 4.24
MP32 1414 55.92 212.0 409.3 29.10 5.32 0.44
MP48 155.5 26.67 256.4 438.5 126.0 3.73 4.70
GCZn32 159.1 0 263.6 422.7 66.73 5.91 0.12
GCZn48 198.6 12.91 172.1 383.6 95.61 5.31 1.25
MZn32 162.2 0 172.3 334.5 31.10 5.88 0.27
MZn48 187.5 18.36 179.8 385.6 92.84 5.24 1.46




could be associated with the relation between the surface
area and microporosity. The greater the surface are, the
greater the microporosity, favoring phenol adsorption®.

Additionally, the relationship between the narrow
microporosity volume and the phenol adsorption can
be explained by using the pore size distributions of the
carbonaceous materials. In this sense, it is observed that
the activated carbon of the GCZn and MZn series have
pore size volumes below 1.25 nm and have the lowest
phenol adsorption capacities compared to those obtained
for the GCP series and MP, which have a greater pore
size distribution, this fact can be explained due to the size
of the molecule of phenol 0.75 nm, that is, in activated
carbon samples prepared with ZnCl, there are kinetic
restrictions due to the size of the adsorbate, whereas by
using H,PO, phenol penetration to the carbonaceous
matrix is facilitated by the presence of pores larger than
1.5 nm. An amount of the adsorbed phenol between 73.5
and 389.4 mg - g”' was obtained.

It is well known that the sorption process on carbo-
naceous materials not only depends on their textural
characteristics, but also on their surface chemistry and
the specific interactions adsorbate-adsorbent. In this
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Figure 4. Relation between the amount of phenol adsorbed
and BET area of the samples

study some chemical activated carbons characteristics
were correlated with the phenol adsorption capacity.

Figure 5 shows the amount of the adsorbed phenol.
This feature is affected by the presence of surface gro-
ups as evidenced by this work. Total acidity decreases as
the content of carboxyl and phenolic groups (electron
acceptors) decreases, observing an increase the adsor-
bed amount of phenol due to the availability of the n
electrons on the graphene layers that interact only with
the phenol molecule, and thus favors its interaction with
the carbonaceous materials, increasing the adsorbed
amount. Phenol adsorption capacity is favored by the
surface functional groups of the activated carbon that
act as electron donors and offers its electrons to the
phenol aromatic rings (electron acceptors); enabling
the establishment of the donor—acceptor complex for
the primary bonding mechanism between the pollutant
and the adsorbent®.
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Figure 6 shows the thermograms obtained for the ac-
tivated carbons with the highest and lowest immersion
enthalpy values in phenol solutions. The differences in
the size of the immersion peaks are related with the
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Figure 5. Relation between the adsorbed amount of phenol
and Total Acidity

adsorbate-adsorbent interaction and the adsorption
capacity of the solids.

Figure 7 shows the relation between the immersion
enthalpies from 500 ppm phenol and 1000 ppm solutions
and the amount of adsorbed phenol. There is an increase
in the immersion enthalpy along with the phenol adsorp-
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Figure 6. Comparison between the immersion enthalpy ther-
mograms from 1000 ppm phenol solution

tion capacity in the activated carbons. This behavior is
consistent with the exothermic nature of the adsorption
process when the carbonaceous material interacts with
phenol molecule. The immersion enthalpies are among
-38.76 and -123.42 Jg'.

CONCLUSIONS

The influence of the textural and chemical characte-
ristics of the different activated carbons on the phenol
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Figure 7. Relation between the immersion enthalpies of phenol
solutions and the amount of adsorbed molecule

adsorption capacity was studied. Activated carbons had
surface areas between 516-1685 m’g™' and pore volu-
mes between 0.24 to 0.58 cm’g™!. The results showed
that the activating agents (ZnCl, and H,PO,) made the
carbonaceous materials to have different characteristics.
ZnCl, gave rise to narrow microporosity, while H;PO,
developed wide porosity.

It is established that phenol adsorption capacity is
associated to the presence of pores with a size larger
than 1.5 nm, since it favors its access to phenol molecules
with diameters of 0.75 nm. Another important element is
the surface chemistry of materials including total acidity,
which affects the interaction between the surface area
of the activated carbon and the phenol molecules. The
monolith activated carbons obtained by using H;PO,
(48%) were the best materials for Phenol adsorption,
with an adsorption capacity of 389.4 mgg™'. Immersion
enthalpies of the activated carbons in benzene can be
correlated with parameters determined by gas adsorp-
tion. For this reason, immersion calorimetry represents
a valuable complement to other carbonaceous materials
characterization techniques.
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