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In this work several activated carbons showing different textural and chemical properties were obtained
by chemical and physical activation methods, using a lignocellulosic material (peach stones) as precursor.
The activated carbon resulting from the chemical activation, namely as CAC, revealed the best textural
properties (Sger = 1521 m2 g~!, pore volume = 0.90 cm3 g~!) and an acidic character. It was found that the
activated carbon obtained at 300°C (under air atmosphere, PAC_air), and those synthesized at 750°C in
presence of N, flow with bubbling of water/12 M H3PO,4 solution (PAC_N,(H,0)/PAC_N,(H3PO4,)), respec-

i?t/iv\;/:trgj:carbon tively, revealed worse textural properties, compared to CAC. Two functionalization treatments, by using
Adsorption sulphuric acid at boiling temperature (PACS) and nitric acid-urea-N, heating at 800 °C (PAC-NUT), were

applied to PAC_air, in order to enhance the adsorption ability of the carbon material. Several techniques
were carried out to characterize the physical and chemical properties of the obtained carbon materials.
The modification treatments had influence on the carbon surface properties, since the nitric acid-
urea-N; heating treatment led to a carbon material with highly-improved properties (Sger =679 m2 g1,
pHiep=5.3).

Accordingly, the original and modified-carbon materials were tested as adsorbents to remove 4-
nitrophenol (4-NP), assessing batch and fixed-bed column adsorption tests. PAC-NUT carbon offered the
best adsorption behavior (qe =234 mgg-1), showing a high ability for the removal of 4-NP from water.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Nitro-aromatic compounds are a class of compounds with one
or more nitro substituents. Among them, 4-nitrophenol (4-NP) is a
hazardous pollutant mainly produced during chemical processes,
such as petrochemical manufacturing, oil refining, rubber, wood
preservation operations, pulp and paper mills as well as in the
production of pesticides, paints and plastics [1]. The presence of
phenol and its derivatives in the aquatic environment has become
a great concern in recent years due to their increasing discharge,
toxic nature and potential adverse effects on the receiving water
bodies [1,2].
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Phenolic compounds are known to have a toxic effect on aquatic
life, plants and even human health. Ingestion of phenol at a concen-
tration level of 10-240 mg L~! for a long period causes mouth sores,
diarrhea, excretion of dark urine and impaired vision. Accordingly,
the lethal blood concentration for phenol is around 4.7-130 mg L~1.

Due to its toxicity, even at low concentrations, phenolic com-
pounds have been classified as priority pollutants by the U.S.
Environmental Protection Agency (EPA). Per the recommendation
of the World Health Organization (WHO), the threshold concen-
tration of phenol in drinking water should fall below 1.0 ugL-1.
Therefore, the USEPA recommends a maximum level of 1 pg mL~!
of total phenolic compounds in water supplies.

Due to its harmful effects, wastewaters containing phenolic
compounds should be specifically treated before being discharged
to the receiving water bodies.

The tertiary treatments for the removal of persistent pollutants
from wastewater include advanced oxidation processes (AOPs)
with their variations (ozone, ultraviolet radiation, gamma radia-
tion), membrane bioreactors, micro/nanofiltration and adsorption
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[3,4]. Adsorption is an effective separation process due to its sim-
ple design, operation flexibility, suitability for batch and continuous
mode, possibility of regeneration and reuse of the saturated adsor-
bents and low capital costs [5]. The selection of the adsorbent
for each specific application is a critical aspect in the adsorption
processes. Zeolites, due to their relatively high surface area and
tailored-porosity (micro, meso and macro pores) have demon-
strated usefulness as adsorbent materials for the removal of organic
pollutants [6]. Accordingly, metal oxides, such as MnO, have
been widely used for the depletion of hazardous and undesirable
compounds from wastewater. Therefore, metal oxides are often
characterized by small specific surface area, and consequently, they
could be modified by several treatments in order to obtain bet-
ter adsorption properties. For example, MnxO,-SiO, mixed oxides
materials show better textural properties and adsorption affinity
than manganese oxides, exhibiting higher adsorption capacity [7].

In general, activated carbons offer a high adsorption perfor-
mance for a wide range of organic and inorganic pollutants due to
their high surface area and pore volume [8]. Low-cost, quite abun-
dance, renewability, and high lignocellulosic content of agricultural
biomass make them promising precursors for cost-effective acti-
vated carbons [9]. A wide number of lignocellulosic residues, such
as bamboo, wood, nuts, sawdust, cherry stones, rice husk, peach
stones [10], coffee wastes, potato peels, almond shells [11] and
peanut shells [10,11], among many others, are of particular inter-
est as by-products from food processing industries, in order to
obtain activated carbons with good mechanical strength and a well-
developed porous structure.

Physical and chemical methods have been adopted for the con-
version of these biomass wastes to activated carbons [12]. Physical
activation involves the pyrolysis of the carbonaceous precursor at
high temperatures followed by activation of the char in the pres-
ence of an oxidizing gas (CO, or water steam) [13,14]. In chemical
activation, the raw material is firstly impregnated with strong acti-
vating agents such as ZnCl,, H,SO4, NaOH, K,CO3, H3PO4, KOH,
among others, followed by thermal activation at temperatures
ranging from 400 to 600°C [15].

In the chemical activation method, the dehydrating effect of the
activating agent, for example, H3POg4 solution, hinders the forma-
tion of tar, leading to higher yield and the possibility to use low
activation temperatures to produce higher grade carbons [16]. Both
in physical and chemical reactions, it is necessary the activation
step to enhance the pore volume, pore diameter and surface area
of the resulting material [ 17]. In general, longer activation times are
favorable for the development of higher micro porosity and specific
surface area.

The textural and chemical properties of the activated carbon
mainly condition the specific application and the results obtained.
Generally, for liquid-phase adsorption, a high surface area is desir-
able and a mesoporous texture enhances the diffusion of the
pollutant within the porous structure of the adsorbent [18].

In the present work, activated carbons from peach stones have
been prepared as follows: (i) chemical activation: impregnation
with 12 M H3 POy and further thermal treatment (400 °C, 4 h, air
flow); the resulting material was named as CAC; (ii) physical acti-
vation by the following methods: (1) activation in N, presence
(800°C, 4h) followed by treatment in air flow (300°C, 1h); car-
bon namely as PAC_air; (2) activation under N, atmosphere (600 °C,
1h) and further under N, saturated in H,O (750°C, 6 h); mate-
rial namely as PAC_N,(H,0); (3) activation under inert atmosphere
(600°C, 1 h) and subsequently it was annealed in N, saturated with
12M H3POy (750°C, 6h); the resulting material was named as
PAC_N,(H3POy4). Additionally, PAC_air was functionalized in order
to enhance the adsorption ability of the carbon material. The car-
bon was treated with concentrated H,SO4 solution (200°C, 3 h),
resulting in PACS activated carbon. Accordingly, the basic function-

alization to obtain PAC-NUT carbon consisted of the treatment of
PAC_air with 5 M HNO3() (83 °C, 3 h), further it was treated with 1 M
urea solution at autogenous pressure (200 °C, 2 h) and the resulting
material was annealed at 800 °C for 4 h.

The textural, chemical and morphological properties of all the
tested carbon materials were studied. They were further tested as
adsorbents regarding kinetic and equilibrium 4-NP adsorption tests
both in batch and fixed-bed column operation.

2. Experimental
2.1. Reactants

Peach stones were collected from a local agricultural company,
producing peach cans in syrup, being the fruit stones a biomass
waste daily originated.

4-Nitrophenol (4-NP, O3NCgHs, 98 wt.%) and phosphoric acid
(85wt.%) were purchased from Sigma-Aldrich. Sulphuric acid
(98 wt.%) was obtained from Panreac. Nitric acid (69.5 wt.%) and
acetonitrile (HPLC grade) were provided by Carlo Erba. Urea
(65wt.%) was purchased from Riedel-de-Haén. Methanol (HPLC
grade) and glacial acetic acid (analytical reagent grade) were
obtained from Fisher chemical. All reagents were used as received.
Ultrapure water was used throughout the research.

2.2. Preparation of the activated carbons

In the chemical activation method, firstly, an impregnation step
was carried out placing 30 g of precursor (0.5-1.0 mm) with 12M
H3POy(s) in a round-bottom flask reactor at 85 °C for 6 h. After that,
the solid was filtered and carbonized in a vertical quartz reactor
under flowing air (50cm3 min~!) at 400°C for 4h (5°Cmin~1!).
The resulting carbon was thoroughly washed several times with
ultrapure water until a pH close to neutrality was reached. Then,
the activated carbon was dried overnight and it was sieved at the
required particle size range (100-250 wm) [ 19]. The resulting mate-
rial was namely as CAC.

Physical activation method in order to obtain PAC_air mate-
rial was carried out as follows, adapting the method developed by
Ribeiro et al. [20]: 30 g of precursor was annealed (100 cm3 min—1)
in a vertical quartz reactor at 120, 400 and 600 °C during 1 h at each
temperature, and finally at 800 °C for 4 h (2 °C min—1). The resulting
material was further activated under air flow (100 cm® min—1) for
1hat300°C.

Finally, PAC_N,(H,0) and PAC_N,(H3PO,4) activated carbons
were obtained as the following method: 30g of precursor was
heated under N, flow (100 cm3 min~!) from room temperature to
600°C and maintained for 1h (5°Cmin~'). The activation of the
obtained char was carried out at 750°C (15°Cmin~!) under N, sat-
urated with water or 12 M H3POg), maintaining the temperature
for6h[21].

2.3. Modification of the activated carbon

PAC_air activated carbon was modified by two functionalization
treatments in order to study the behavior of the modified materials
on 4-NP adsorption, following the procedures reported elsewhere
by Gomes et al. and Rocha et al. [22,23], respectively.

Firstly, a suspension containing 50gL-1 of PAC_air in concen-
trated HpSOy) (18 M) was kept for 3h at 200°C in a 250mL
round-bottom flask; the resulting solids were thoroughly washed
with ultrapure water until neutrality and further dried in an oven
overnight. This activated carbon was namely as PACS.

In the second procedure, a suspension of PAC_air material
(50gL-1) was treated using 5M HNOs solution for 3 h at boiling
temperature (83 °C); then, the carbon was washed until neutrality
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of the rinsing waters and further dried overnight. 2 g of this mate-
rial was put in contact to 50 mL of urea solution (1 M) in a 125 mL
stainless steel autoclave batch reactor under autogenous pressure
at 200°C for 2 h. Finally, a thermal treatment was applied to the
recovered solids, under N, flow (100 cm3 min—1) at 120, 400 and
600°C during 1 h at each temperature and 800 °C for 4 h, resulting
in the final material (PAC-NUT).

2.4. Characterization of the activated carbons

2.4.1. Textural characterization

The textural characterization of the activated carbons was
studied by N, adsorption-desorption isotherms at 77K in a
Micromeritics ASAP 2020 equipment. The specific surface area
(Sger) was calculated by using BET equation [24] in the range of
P/P?=0.05-0.15, external surface area (Sext ) was estimated by t-plot
method and Dubinin-Radushkevich equation was used to calculate
micro pore volume (Vy) [25]. Meso pore volume was determined
by subtracting the value of Vj from the total N, amount adsorbed at
P/PY =0.95 [26]. Pore size distributions (PSD) of the tested carbons
were obtained by density functional theory (DFT) method.

2.4.2. Surface chemistry characterization

Chemical surface characterization was performed by Fourier
Transformed Infrared Spectroscopy (FTIR), using a Thermo Nico-
let FTIR spectrophotometer. Infrared spectra were recorded in a
wavelength range ranging from 400 to 4600 cm~!.

The point of zero charge (pHpzc) of the synthesized activated
carbons was determined following a pH titration procedure. 20 mL
of NaCl 0.01 M solution was poured into several 25 mL-vessels. pH
within each vessel was adjusted to a value between 2.5 and 11
by addition of HCI 0.02 M or NaOH 0.02 M solutions. Then, 0.05 g of
sample was added to the vessels and they were located in an orbital
shaker under agitation at 320 rpm. The final pH was measured after
48 h, using a calibrated pH meter (Model GLP 21; Crison Instru-
ments SA; Barcelona, Spain) with an accuracy of +£0.01 pH. A Crison
5015T electrode, with two ceramic diaphragms was used. pHpzc
value is defined as the point where the pH final curve vs. pH ini-
tial crosses the main diagonal of the plot [27]. The isoelectric point
(pHiep) of the samples was determined by electrophoretic migra-
tion measurements using a Zetasizer Nano ZS equipment (Malvern
Instruments). A suspension of 0.050g of sample (10-20 pm of
particle size) in 20 mL of ultrapure water was used for the mea-
surements. pH solution was modified with either 0.1 M HCl or NaOH
solutions. pHigp value was calculated by the graphical representa-
tion of zeta potential values versus pH of solution.

Elemental composition of the activated carbons (C, H, N and S,
%) was determined by elemental microanalysis using a LECO CHNS-
932 analyzer. Activated carbon sample (0.6-1.6 mg) was held in a
furnace at 1000°C, where the combustion of the sample occurred.
Finally, thermogravimetric analyses (TG) of the activated carbons
were performed. Samples were measured in an EXTAR 6000 Seiko
thermal analyzer, operating with N, flow (100cm? min—'), and
heating from 35 to 900 °C at a heating rate of 10°C min—1.

2.4.3. Morphological characterization

Morphological studies were carried out with a JEOL JSM 6400
microscope, equipped with a thermoionic cathode and a 25kV
detector. Previously, carbon samples were coated with a gold layer,
using a Balzers SCD004 apparatus, for 180s.

2.5. Equilibrium adsorption studies

The adsorption rate and the equilibrium time are strongly
dependent on the adsorbent particle size. The activated carbon
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Fig. 1. N, adsorption-desorption isotherms at 77 K of the tested adsorbents.

samples were ground and sieved; only the size fraction smaller
than 100 wm was used in the adsorption experiments.

In order to study the kinetic 4-NP adsorption, 60 mg of adsor-
bent was placed in contact to 25mL of contaminant solution
(Co=100mgL-1) in Deltalab plastic vessels in an orbital shaker
(LabMate). Temperature and stirring rate were constant in the
experiments (30°C, 250 rpm). At the required interval times, the
vessels were removed, solution was filtered by using 0.45 m-
nylon syringe filters and 4-NP concentration was analyzed in a High
Liquid Pressure chromatograph (Jasco), equipped with a UV/vis
detector (UV-2075 Plus) and a quaternary gradient pump (PU-
2089 Plus) for solvent delivery. The analyses were carried out
using a Kromasil 100-5-C18 column (15cm x 4.6 mm; 5 pm par-
ticle size), working at room temperature. The mobile phase used
was methanol (3% acetic acid, 1% acetonitrile):ultrapure water (3%
acetic acid) (40:60, v/v) at a flow rate of 1 mLmin~'.

In the equilibrium adsorption tests, different weights of adsor-
bent (5-800 mg) were placed in contact to 25 mL of 4-NP solution
(Co=100mgL~1)in a LabMate orbital shaker (30°C, 250 rpm). After
reaching the equilibrium time, samples were filtered and ana-
lyzed as detailed above. The analyses were carried out in duplicate;
additionally, blank tests were accomplished in order to evaluate
possible contaminant removal by other mechanisms, obtaining
negative results.

2.6. Fixed-bed column adsorption experiments

Adsorption tests in fixed-bed column were performed using
glass tubes adapted with a metallic layer at the bottom as support
of the adsorbent and re-filled with glass balls in order to avoid dead
volume and preferential channels in the bed. 0.8 g of PAC_air car-
bon (particle size: 106-250 wm) was used in the experiments. 4-NP
solution (Co=10.0mgL-1) was pumped using a peristaltic pump
at a selected volumetric flow rate (Q=1.33 and 2.50mLmin™1),
operating in down-flow mode. 1.5 mL effluent samples were peri-
odically collected and analyzed by using high performance liquid
chromatography (HPLC), as described above.

3. Results and discussion
3.1. Characterization of the activated carbons
3.1.1. Textural characterization of the activated carbons

N, adsorption-desorption isotherms at 77 Kand pore size distri-
butions (PSD) of the tested activated carbons are depicted in Fig. 1
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Fig. 2. Pore size distributions of the tested adsorbents.

and Fig. 2, respectively. Sggr, Sext, micropore (V) and mesopore
(Vm) volumes were determined.

CAC activated carbon presented a highly developed porosity
network of micropores in combination with a high percentage
of mesopores, offering much higher amount of adsorbed N, than
the physically-activated activated carbons, which can be classi-
fied as strictly microporous materials. Thus, PAC_air, PAC_N,(H;0)
and PAC_N,(H3PO4) samples presented a strong microporous
nature, with lower Sggr and Vi, than CAC activated carbon
(Sger CAC/PAC.air=1521/412m?g™'; V=0.379/0.004cm3g1)
(Table 1).

CAC N, adsorption-desorption isotherm could be classified as
Type I-1V, according to IUPAC classification [28], since a large
mesoporous percentage is contributing on its porous structure.
The presence of a hysteresis loop (Type H4) at high P/P° values
(0.40-0.95) is suggesting the existence of abundant mesoporosity,
associated to capillary condensation occurring in the mesopores.
On the other hand, both physically-activated carbons and modified-
materials N, adsorption isotherms could be classified as Type I,
indicative of strictly microporous materials.

The mesoporous character of CAC activated carbon was con-
firmed in the PSD diagrams (Fig. 2), showing a pore diameter
ranging from 27 to 50 A, while the other microporous carbons had
an average pore diameter smaller than 15 A.

Textural properties of PACS material were not modified in
a great extent, comparing to the original carbon (PAC.air).
Thus, an increasing in the specific surface area and pore
volume was observed in PAC-NUT carbon (Sger=679m2g-1,
Vrotal =0.309 cm3 g=1) (Table 1). This behavior may be attributed
to the removal of the main containing of the oxygenated surface
functionalities, increasing the accessible carbon surface area for N,
molecules [23].

3.1.2. Chemical surface characterization of the activated carbons
The chemical surface properties of the tested activated carbons
were studied through elemental composition, FT-IR, point of zero

charge (pHpzc) and isoelectric point (pHjgp) measurements. Both
pHpzc and pHjgp values showed that CAC activated carbon presents
higher surface acidity than PAC_air, being these results in accor-
dance to those obtained in the elemental microanalysis (high 0%
composition and O/C ratio of CAC sample, this latter indicative of
the polarity of the carbon materials [29]) (Table 2). Accordingly, as
it can be expected, results showed that PAC_N,(H3PO4) carbon is
offering a slightly more acidic character than PAC_N;(H,0). Thus,
the modified-activated carbons (PACS, PAC-NUT) were the most
acidic and basic carbons, respectively, obtained in this study (pHjgp
PACS/PAC-NUT=1.2/5.3).

Meanwhile, as it has been reported by Le6n y Leén and Radovic
[30], the difference observed between pHpzc and pHgp values could
be interpreted as a measurement of the charges distribution at the
carbon surface. Positive values of {pHpzc — pHjep} are indicative of
more negatively charged external than internal particle surfaces,
this is, a heterogeneous distribution of the surface charges. This
was observed in all the tested materials (Table 2).

FT-IR spectra of the activated carbons (Fig. 3a and b) revealed
the absorption bands characteristic of the carbonaceous materi-
als. Absorption spectra of CAC activated carbon (Fig. 3a) show the
highest intensity in the absorption bands (phenolic and carbonyl
groups), due to its high acidic character, compared to more basic
activated carbons (PAC materials). Accordingly, FT-IR spectrum of
PACS showed the incorporation of a high amount of oxygenated
groups on the carbonaceous surface. Low intensity in the absorp-
tion bands was observed in PAC-NUT FT-IR spectrum, attributed to
the removal of a high quantity of oxygenated-functionalities during
the thermal treatment.

The absorption band at ~3400 cm~! is characteristic of the O—H
stretching vibration. Thus, the vibration at 1731 cm~! (PACS) can
be attributed to the C=0 vibration of carbonyl in carboxylic or ester
groups. The band at 1118 cm~! could be associated to C—O bonding
and the absorption peaks at ~1340 cm~! seems to be responsible of
the lactone groups, at ~1645cm~! to the conjugated —C=0 groups
and at ~1560 cm~! and 1645 cm~! to the carbonate functionalities.

The main differences found in FT-IR spectra of PAC_air and PACS
are mainly observed at 3400, 1731, 1118 and 1340 cm~! absorp-
tion bands. These results are in accordance to the data reported
in the literature about characterization of activated carbons from
lignocellulosic wastes [31-33].

In the thermogravimetric analysis of the tested carbon materi-
als, shown in Fig. 4, could be observed a mass loss due to water
steam ranging from 1.0 to 7.5% at temperature lower than 100°C.

Both physically-activated carbons and PAC-NUT exhibited high
thermal stability, showing only a mass loss in the range from 4 to
18% at 900°C, indicating a complete degradation of the lignocel-
lulosic materials during the carbonization and further activation
procedures. Meanwhile, CAC and PACS materials showed a low
thermal stability, with mass loss up to 37.5 and 47.5%, respec-
tively. This could be attributed to the presence of acid solutions
on the carbons surface, which decompose at lower temperatures
than those at the acidic functionalities incorporated into the inner
porous structure of the other carbons. These results are in agree-

Table 1

Textural properties (specific surface area, external surface area, total pore volume, micropore volume and mesopore volume) of the tested carbonaceous materials.
Carbon SBET (mz g’l ) Sext (mz g71 ) Vrotal (Cm3 g71 ) Vo (Cm3 g’l ) Vi (Cm3 g71 ) Vin/Vrotal
CAC 1521 1172 0.902 0.522 0.379 0.579
PAC_air 412 60 0.186 0.182 0.004 0.978
PAC-N;(H;0) 403 58 0.182 0.178 0.0038 0.978
PAC_N,(H3POy4) 428 57 0.191 0.189 0.002 0.990
PACS 401 62 0.181 0.177 0.004 0.978
PAC-NUT 679 110 0.309 0.297 0.012 0.961
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Table 2

Elemental microanalysis, point of zero charge and isoelectric point of the tested carbonaceous materials.

Carbon N (%) C(%) H (%) 0 (%) S (%) O/C ratio PHpzc pHiep {PHpzc — pHiep}
CAC 0.33 68.70 3.91 27.04 0.02 0.394 43 1.9 24
PAC_air 0.63 84.68 1.69 12.98 0.02 0.153 5.9 2.5 3.4
PAC_N;(H,0) 0.77 90.83 1.42 6.96 0.02 0.077 6.4 2.4 4.0
PAC-N,(H3PO4) 0.69 88.60 1.53 9.13 0.05 0.103 6.3 2.0 43
PACS 0.44 67.59 1.63 24.60 5.74 0.364 3.8 12 26
PAC-NUT 2.63 79.57 1.25 16.50 0.05 0.207 6.0 5.3 0.7
——CAC - = ——PAC_air b7
a) —PAC_air = b) 5 5 ——PACS 5
——PAC_N,(H,0) 5 2 g PACNUT 8
e . ——PAC_N(HPO) g = o= °
= § & R - f e
5 § o 8 . &5 5 -
s T & 2 w : 3 =9
GJ £« -w 3 £ S K ES
= G ) - @ s 3 Y 34
g @ | 8 g & g - B
£ = ® 8. = € @t
< - © N\ < 5 ~N
2L < b2 2 o T
5 & ‘ - 5 @
@ o o " @
L |o o ; £ = o
<|e 8 2 <
©
] i
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'l) Wavenumber (cm")
Fig. 3. FTIR spectra of the tested adsorbents.
100 3.2. Kinetic adsorption tests. Modeling of the experimental data
95__ Kinetic adsorption experiments were carried out in order to
90 - evaluate the kinetic rate of 4-NP adsorption onto the synthesized
1 adsorbents. In Fig. 6 is depicted 4-NP adsorption capacity versus
85 operation time.
- 1 Adsorption equilibrium onto CAC activated carbon was attained
s 80'_ in 8 h, revealing the fastest kinetic adsorption among the tested
§ 75 systems. This can be attributed to its opened-textural structure,
b=~ | ——CAC high Sget and pore size, compared to physically-activated carbons.
704 —— PAC_air Asithasbeenreported in the literature, 4-NP is a molecule showing
{1 —PAC_N,(H,0) high mobility and small size [35], obtaining high adsorption rates
654 — PAC_N,(H,PO) onto high surface area-activated carbons.
601 ——PACS Physically-activated carbons showed long equilibrium times
PAC-NUT (48 h) due to their strong microporous character, with highly nar-
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Fig. 4. TG analysis of the tested adsorbents.

ment to those reported in the literature studying activated carbons
obtained from biomass wastes [34].

3.1.3. Morphological characterization of the activated carbons

The morphological properties of the synthesized activated car-
bons have been studied by SEM micrographs (Fig. 5), providing
complementary information to the textural properties of the mate-
rials.

The more opened-porous structure of CAC activated carbon
(Fig. 5a) can be attributed to the wide pore size distribution of the
carbon, with a high quantity of pores in the mesoporous range, in
accordance to the previous discussion about textural properties. On
the other hand, a surface damage, may be attributed to the severe
treatment conditions, could be observed in SEM micrographs of
PACS and PAC-NUT (Fig. 5e-f, respectively).

row PSD and small pore size. The treatment with H,SO4 (PACS)
increased the acidic functionalities content on the carbon surface,
mainly thiol, sulphoxide and/or sulphone groups, which decom-
pose releasing SO, species and prevailing over carboxylic acids,
lactones, phenol and quinone groups [36]. High hydrophilic char-
acter of PACS carbon disfavored the adsorption of 4-NP, suggesting
that the competition between water and pollutant adsorbing in
pores is mainly responsible of the observed decreasing in the
adsorption capacity. This led to a slow adsorption rate (96 h) and a
very low affinity toward 4-NP molecule.

Generally, it has been widely reported in the literature that basic
carbons show high affinity toward phenolic compounds [37]. Thus,
PAC-NUT showed the best adsorption behavior (q4np=35mgg-! at
equilibrium time of 4 h). The treatments with nitric acid and subse-
quent urea solution originated an increasing in the nitrogen content
and a decrease of the oxygenated functionalities on the carbon sur-
face, inferring that some carboxylic acid groups were suppressed
by the incorporation of nitrogen functionalities (cyano or amine
groups).

The modeling of the experimental kinetic data was assessed
by using pseudo-first-order and pseudo-second order equations.
Pseudo-first order or Lagergren’s model [38] is given by Eq. (1).

q=ge-(1—ek) (1)
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Fig. 5. SEM micrographs of the tested activated carbons: (a) CAC; (b) PAC_air; (c) PAC_N,(H,0); (d) PAC_N,(H3PO4); (e) PACS; (f) PAC-NUT.

where ge and q (mgg1) are the equilibrium adsorption capacity
and the adsorption capacity at time t, respectively; k; (min—!) is
the pseudo-first-order model rate constant.

Pseudo-second order equation [39] is given by Eq. (2).

2

qe - kZ -t

—_de’®2°° 2

q l + qe - k2 -t ( )

where ge and q (mgg~1) are the equilibrium adsorption capac-

ity and the adsorption capacity at time t, respectively; ko
(gmg~1min~1) is the pseudo-second-order rate constant.

The kinetic parameters obtained for both models, and the cor-
responding correlation coefficients (R2, SSE, Eq. (3)), this latter as
the sum of the square of the residuals minimized in the fitting of
the non-linearized equations, are shown in Table 3.

SSE = Z (Gexp — qcal)2 (3)

where gexp and g, are the experimental and calculated adsorption
capacity values, respectively.

Both pseudo-first order and pseudo-second order models
showed good fitting to the experimental data. However, higher R2
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Table 3

Kinetic adsorption data predicted by pseudo-first order and pseudo-second order models for adsorption of 4-NP by carbonaceous materials.

Carbon Pseudo-first order kinetic Pseudo-second order kinetic
ge exp (mgg!) ge cal (mgg1) ki (min—1) R? SSE ge cal (mgg1) ky (gmg ' min~1) R? SSE
CAC 27.3 27.3 0.205 0.9475 91.3 27.2 0.0061 0.9996 32.8
PAC_air 38.7 38.7 0.050 0.9386 521.5 38.6 0.0005 0.9988 259.5
PAC_N,(H,0) 383 383 0.034 0.9197 634.9 38.2 0.00043 0.9990 340.4
PAC_N,(H3PO4) 38.1 38.1 0.031 0.9108 662.1 37.9 0.00042 0.9988 3583
PACS 35.6 35.6 0.001 0.9203 621.3 333 8.7x107° 0.9646 408.5
PAC-NUT 384 384 0.059 0.9754 60.4 383 0.0012 0.9999 24.0
40 0.06 PAC-NUT
35 PAC_air
> 0.05
30| ]
s 0.044 PAC_N,H,0)
"ep o~ ]
o0 ‘= A H
E 204 /0 —e— CAC £ 003 JPACNMHEQ)
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Fig. 6. Experimental adsorption kinetic curves of 4-NP onto the tested adsorbents.

values were obtained for the pseudo-second order model, espe-
cially high for the adsorption onto PAC-NUT activated carbon.
The literature establishes that the suitability of pseudo-second
order model suggesting that the adsorption process is governed
by chemisorption forces, that is, by the establishment of valent
bonds between surface of the adsorbent and adsorbate, as it will
be discussed further.

In general, pseudo-first and pseudo-second order models accord
to physical and chemical adsorption domination, respectively, but
the division between them is not so clear and further studies are
necessary to discuss this aspect.

Similar results have been found by Tang et al. [40] studying
the adsorption of 4-NP onto carbon fibers and by Ahmaruzzaman
and Laxmi Gayatri [41] on the study of 4-NP removal by activated
carbon obtained from jute stick.

Attending to the experimental results, textural properties of the
tested carbons are not seem highly influencing on the kinetic rate;
so, it seems that the acidity/basicity properties of the carbon mate-
rials play a critical role on the adsorption rate. Thus, pHjgp values of
the physically-activated carbons can be correlated to k; constant
(Fig. 7).

From the figure, it can be deduced that the adsorption rate is
strongly dependent on the chemical surface properties of the acti-
vated carbon; thus, the determined apparent rate constant of 4-NP
adsorption onto PAC-NUT was 0.06 min~!, which is 60 times higher
than that achieved by PACS.

3.3. Equilibrium adsorption tests. Modeling of the experimental
data

From the equilibrium adsorption tests could be inferred that the
surface chemistry of the activated carbons plays an important role
on the adsorption performance, as detailed above. The adsorption

Fig. 7. Pseudo-first kinetic rate constants vs. isoelectric point for the physically-
activated carbons (original and modified carbons).

280
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Fig. 8. Experimental adsorption isotherms of 4-NP onto the tested adsorbents.

isotherms of all the studied systems can be classified as L-3 or III
type isotherms, according to Giles classification [42] (Fig. 8).

A type IIl isotherm appears when the binding energy for the
first layer is lower than the binding energy between adsorbate
molecules. This assumption will be confirmed below through the
adsorption modeling of the experimental data.

Double - or more - sigmoid adsorption isotherms are indicating
that the energy of adsorption is concentration dependent. So, it can
be observed a small initial plateau followed by a sudden rise in the
curve at higher aqueous concentration [43]. This rise represents a
reorientation of the adsorbed molecules in a direction of a more
dense packing because such a reorganization would allow more
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Table 4
BET, GAB, Langmuir and Freundlich model parameters for the adsorption of 4-NP by carbonaceous materials.
Carbon BET model GAB model
gs (mgg™") Ceer (Lmg™") Cs (mglL™") SSE gm (mgg") Ky (Lmg™") K (Lmg™") SSE
CAC 194 40.9 55.4 1328 16.3 928.8 0.018 1945
PAC_air 38.4 683.6 40.0 1393 384 171 0.025 1393
PAC_N(H,0) 14.6 5.3 x10° 374 4440 14.6 6534 0.026 4440
PAC_N,(H3PO4) 7.0 53 x10° 36.7 5149 7.0 6536 0.027 5149
Carbon Langmuir model Freundlich model
Gsac (Mgg™") b(Lmg™) SSE K (Lg™") N SSE
PAC-NUT 279.1 0.1 4484 60.6 2.7 2456

space for adsorption. This assumption is in accordance to the rela-
tion between 4-NP molecular size (0.684 nm x 0.417 nm [44]) and
the average pore width of the tested adsorbent materials. According
to Pelekani and Snoeyink [45], the average pore size of the adsor-
bent should be above 1.2 times of the second widest dimension of
the adsorbate molecule to allow effective adsorption. In this work,
the pore width-molecular size proportion was found to be in the
range from 3 to 6. Since the occurrence of steric hindrance is not
expectable, the reaccommodation of the adsorbate in the widest
pores is probably generating the sigmoid-type isotherms.

The initial part of the adsorption isotherm is indicating a low
interaction between 4-NP and the solid surface at low concentra-
tions. However, as the concentration in the liquid phase increased,
adsorption was more readily, occurring multilayer or aggregate
formation. This behavior is namely as cooperative adsorption,
a synergistic effect with the adsorbed molecules facilitating the
adsorption of additional molecules from the aqueous solution, as
result of the important role of adsorbate-adsorbate interactions in
the adsorption process [46].

Thus, at low aqueous concentration range, high 4-NP molecule
affinity toward PAC-NUT carbon was found, so it could be
established that the basic surface groups favor the adsorption
of 4-NP due to m-m interactions between the carbon surface
and the adsorbate molecule. Accordingly, the adsorption onto
the chemically-activated carbon was hindered due to its more
hydrophilic character, which maybe originates the formation of
water molecules clusters located in the carbon porous structure
and the blockage of some pore entrances (solvent effect). Through
this phenomenon, some pores may be inaccessible to the formed
phenol-water aggregates [47].

Such sigmoid trend in the adsorption isotherms has been
reported for phenol adsorption on some activated carbons by
Terzyk [36], which postulated that the adsorption mechanism of
phenolic compounds is based on the formation of donor-acceptor
complexes between the oxygenated surface functionalities (elec-
tron donors) and the aromatic ring of phenol acting as acceptor.
According to Terzyk, carboxylic groups, i.e., the most acidic, play an
important role in the adsorption of phenolic compounds at small
concentration, dramatically decreasing the adsorption capacity.

Indeed, phenolic compounds, due to their planar shape and
delocalized m-bonds, interact strongly with the adsorbent surface,
by the so-called w—r interactions, causing a reorientation of the
molecule into the pores. This implies that the adsorption is occur-
ring on surface active centers located in larger micropores (or in
mesopores), leading to the changes observed in the shape of the
isotherms. Thus, the adsorbed molecules generate binding inter-
actions with the molecules in solution, increasing the adsorption
capacity at higher concentrations.

Furthermore, it has also been reported that oxygen and nitro-
gen groups of 4-NP molecule react with both oxygenated and
nitrogenated-functionalities on the carbon surface (PAC-NUT),

resulting in the formation of covalent bonding [48,49], which is
in accordance to the good fitting found to the pseudo-second order
model.

Zhu and Gu [50] found aggregate formation on the adsorp-
tion processes, indicating that this type of adsorption involves two
phases; in the first phase, adsorption is occurring on the carbon sur-
face, and in the second phase, the interaction between the adsorbed
molecules is involved.

Meanwhile, according to pK; value of 4-NP (7.15 [44]) and pHpyzc
and pHigp of the carbons, ranging from 1.0 and 6.0, it is expected that
electrostatic forces are not involved in 4-NP adsorption process.

BET model was applied to adequately describe the multi-layer
adsorption isotherms [51,52]:

qs - Cger - Ce
(Cs—Ce)- [1+(Coer — 1) (Ce/C5)]

Qe = (4)

where ge (mgg') and Ce (mgL-1) are adsorption capacity and
aqueous-phase concentration at equilibrium, respectively; Cggr
(Lmg-1) is the characteristic parameter of BET equation; Cs
(mgL-1), the saturation concentration on the monolayer and gs
(mgg~1), the theoretical adsorption capacity following BET equa-
tion.

Thus, a modified form of BET model is the Guggenheim-
Anderson-De Boer (GAB) equation, which postulates that the state
of the adsorbate molecules on the second and subsequent layers is
equal between them, but it is different to those molecules that are
in liquid phase. Accordingly, in this case, the adsorption is occur-
ring on a finite number of layers, whereas the BET equation deals
with an infinite number [53]. GAB isotherm model is expressed as
presented in Eq. (5).

qm - K7 - Ce

G = AR, Co)-[1 + (K1 —K2)-Ce] (>)

where ge (mgg!) is the equilibrium adsorption capacity; Ce
(mgL-1) is the equilibrium concentration in the aqueous phase;
gm (mgg~1) is the maximum adsorption capacity on the first layer
and K; and K, (Lmg~1) are the equilibrium constants for the first
and second layer, respectively.

Both BET and GAB models satisfactorily reproduced the experi-
mental adsorption data of the non-modified activated carbons. The
model parameters are summarized in Table 4, including SSE values.

Ky parameters were much higher than K5 for all the studied sys-
tems. This can be attributed to the fact that the adsorbate is more
strongly attached to the carbon surface at low concentrations and
weak lateral interactions occurred at higher aqueous concentra-
tions [54].

Thus, Langmuir model [55], suitable for monolayer adsorp-
tion (Eq. (6)), and Freundlich equation [56], commonly applied
to heterogeneous processes (Eq. (7)), were used to describe the
adsorption data of 4-NP onto PAC-NUT. Therefore, the experimen-
tal PACS adsorption data were not fitted satisfactorily to none of
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Fig. 9. Experimental and theoretical adsorption isotherms of 4-NP onto (a) non-modified and (b) modified carbon materials.

Table 5
Results on adsorption of phenolic compounds by lignocellulosic-activated carbons reported in the literature.
Adsorbent Contaminant Jexp (Mgg™") Reference
Apricot stones-based activated carbon Phenol 150.0 [55,58]
4-Nitrophenol 145.0
Activated carbon derived from rice straw 4-Chlorophenol 24.0 [56,59]
Physically and chemically-activated carbons from jute and coconut fibers Phenol 150.0 [57,60]
75.0
180.0
112.0
Activated carbon from date pits (activated with H3PO4) 4-Nitrophenol 108.7 [25,35]
Microwave-assisted activated carbons from wood chips Phenol 175.0 [58,61]
Activated carbon prepared from waste tea Phenol 37.0 [59,62]
Physically-activated carbon from peach stones and further treated with urea (PAC-NUT) 4-Nitrophenol 2343 This work
the tested models, e.g., BET, GAB, Langmuir, Freundlich and Sips 1.0
equations.
0% o © ©

_ Ysat - b-Ce
©=0+b-C) (6)
e = K¢ - C1/™F (7)

where ge (mgg!) is the equilibrium adsorption capacity; Ce
(mgL-1), the equilibrium concentration; gsar (mgg1) is the max-
imum adsorption capacity on the monolayer; b (Lmg-1) is the
adsorption equilibrium constant for Langmuir model; K¢ (Lg=1) is
the adsorption affinity coefficient and 1/ng indicates the intensity of
the adsorption process in the Freundlich equation. Both Langmuir
and Freundlich parameters are shown in Table 4.

The experimental data obtained for the non-modified carbons
and the non-linearized model fitting are plotted in Fig. 9a, while
experimental and theoretical adsorption data of modified-carbons
are depicted in Fig. 9b.

PAC-NUT adsorption data were better described by Freundlich
model. 1/ng value was found to be less than 1, suggesting that 4-NP
adsorption on PAC-NUT carbon is a favorable process. Good corre-
lation of both Langmuir and Freundlich models to adsorption data
of phenolic compounds has been widely reported in the literature
[47,57].

Several experimental results from studies on the adsorption
of phenolic compounds by lignocellulosic-activated carbons are
summarized in Table 5. It was found that the results obtained for
PAC-NUT activated carbon are highly competitive in the removal of
4-NP from aqueous solution.

crc,

e Q=1,33 mL.min"
0 Q=2,50 mL.min"
m carbén=0,8 g

C,=10 mgL"
0.04 T T L T T T : T T T T
0 20 40 60 80 100 120
time (h)

Fig. 10. Breakthrough curves of 4-NP onto PAC.air adsorbent at the operation con-
ditions: Co=10mgL-', Q=2.0mLmin~! and mass of adsorbent=0.8 g.

3.4. Fixed-bed adsorption experiments. Estimation of adsorption
parameters

Fixed-bed column adsorption studies of 4-NP were accom-
plished with PAC.air activated carbon. Breakthrough curves at
different volumetric flow rates (Q=1.33 and 2.50mLmin™1),
Co=10.0mgL-! of 4-NPand 0.8 g of activated carbon were obtained
(Fig. 10). Generally, flatter profiles for both breakthrough curves
were observed, mainly attributed to a high influence of the mass
transfer resistance in the adsorption process.

Breakthrough times (t},), calculated at C/Cy =0.05, were found to
be 6.4 and 2.1h (Q=1.33, 2.50 mL min~1), respectively. The maxi-
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Table 6

Adsorption capacities, MTZ, FBU and removal percentage for adsorption of 4-NP adsorption by carbonaceous materials.
Q(mLmin~") ty (h) ts (h) q, (mgg™") qs (mgg™") MTZ (cm) FBU Y (%)
1.33 6.4 88.7 4.4 204 6.3 0.21 68.4
2.50 2.1 88.7 33 27.2 7.0 0.12 85.1

mum saturation obtained in the column operating at 1.33 mL min~!
was C/Cy=0.69 (ts =88.6 h); meanwhile, the adsorption bed work-
ing at a flow rate of 2.50mLmin~! reached a C/Cy value of 0.89,
for the same saturation time. This suggested that when the flow
rate was higher, the time required to remove the same quantity of
pollutant was shorter due to the bed was saturated earlier. Thus,
at higher volumetric flow rate, a decreasing in the breakthrough
time was observed, and resulting in a steeper breakthrough curve
(Fig. 10), indicating a decrease in the mass transfer resistance of the
adsorption process [63].

Adsorption parameters, e.g., breakthrough time (t;,), saturation
time (ts), adsorption capacity at breakthrough time (g, mgg-1),
adsorption capacity at saturation time (gs, mgg~1), mass transfer
zone length (MTZ, cm), fractional bed utilization (FBU, dimension-
less) and adsorbate removal percentage at breakthrough time (Y,
%) were determined and summarized in Table 6.

It can be concluded that at a lower flow rate, the residence time
of the adsorbate in the column is higher and thus, the adsorbent
is getting more time to bond with 4-NP molecule efficiently. This
resulted in a slight increase in the adsorption capacity at break-
through time, indicating that the adsorption process is controlled
by intra-particle diffusion mass transfer. A similar tendency has
been found by other researchers [64,65].

4. Conclusions

In this study, it was found that 4-NP adsorption is highly
conditioned by the chemical surface properties of the adsorbent.
Accordingly, the best adsorption results, in terms of adsorp-
tion capacity and molecule affinity, were those obtained for
the more basic activated carbon (PAC-NUT). Additionally, the
chemically-activated carbon (CAC) showed the highest specific sur-
face area, total pore volume and pore size values. This carbon,
with hydrophilic character, offered good kinetic properties, due to
its more opened-porous structure, but low affinity toward 4-NP
molecule. Thus, physically-activated carbons showed much more
hindered textural properties (totally microporous materials).

Experimental Kkinetic data were successfully fitted to the
pseudo-second order model, suggesting that chemisorption forces
could be involved in 4-NP adsorption process. The strong depen-
dency of the adsorption rate on the chemical properties of the
adsorbent was corroborated through the relationship between the
apparent kinetic rate constants and pHjgp values of the carbons.

The adsorption isotherms showed a sigmoid trend, attributed to
a bilayer/multilayer adsorption, being well reproduced by BET and
GAB models. Breakthrough curves of 4-NP onto PAC_air at differ-
ent volumetric flow rates were obtained, showing a latter profile
and not a total column saturation. Finally, the breakthrough curve
obtained at high flow rate (Q=2.5 mLmin~!) showed a higher slope,
attributed to a decreasing in the mass transfer resistance.
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