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ABSTRACT

Activated carbons (AC) are high porosity and adsorptive carbonaceous materials. These adsorbents can be
produced using different organic materials. Precursor material properties may impact their quality. This study
aimed to produce activated carbon from Tectona grandis wood wastes, besides determining efficiency in
adsorption of different pollutants. Chemical activation, with ZnCl, (AC_ZnCl,) and CuSO4 (AC_CuSOQ,),
and physical activation, with CO, (AC_CO,) were performed. Activated carbons were characterized by FTIR,
surface functional groups (Boehm) and surface area analysis. Moreover, ACs were tested regarding adsorp-
tion capacity of methylene blue (MB), phenol and Cr*® ions in aqueous medium. Higher total pore volume
(0.62 cm3 g1), micropore volume (0.31 cm3 g?) and surface area (524.50 m2 gt) were obtained in AC_ZnCl,,
which was also the most effective in MB and phenol adsorption. AC_CuSO, obtained high adsorption ca-
pacity for phenol and presented functional groups different from the other AC. AC_CO, was the second with
better adsorption performance for all pollutants.
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1. INTRODUCTION

Activated carbon (AC) is a carbonaceous material efficiently used in many environmental remediation pro-
cesses in the removal of a wide range of pollutants. AC is also commonly used in chemical, petrochemical
and pharmaceutical industries, due to its high adsorption capacity [1, 2]. The AC quality is governed by ad-
sorption capacity of specific adsorbate. Adsorption capacity is mainly controlled by surface area, internal
porous structure and surface chemistry [3, 4], although other factors can also affect such as pH, Temperature,
contact time, stirring speed, internal structure and adsorbate properties.

In Brazil, activated carbon production is not enough to supply national demand, leading the country to
significant dependence on international product. The majority of activated carbon used in Brazil are imported.
The production of appropriated AC is required, both in quality and quantity. The largest Brazilian AC pro-
ducers currently use cattle bones and coconut endocarp as precursor materials. As a result, they are facing
difficulties in finding raw materials and, at the same time, some precursors have many drawbacks such as
variation in properties, high production cost and logistical-supply challenges. In addition, the global market
of activated carbon is increasing quickly, as well as new application potentialities [5]. Thus, evaluation of
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new precursor materials, with potential to produce quality and low cost activated carbon is desired.

Tectona grandis (teak) is a noble wood species from the Lamiaceae family, native to Asia and intro-
duced in Brazil in the beginning of 20th century [6]. Teak wood production involves silvicultural techniques
such as pruning and thinning. At teak stands, about 60% of the wood produced becomes waste and remains in
the field, generating about 250 m3 ha™* (gross volume), of thin logs, branches and twigs during the entire pro-
duction cycle. As a consequence, significant volume of unused wood is generated during the teak production.
This wood could be better harnessed and become raw material for some products.

Then, teak wastes could be used as raw material in the activated carbon production attaining environ-
mental (waste management) and economic gains (high value product). This new precursor material could-
supply, at least partially, the raw material demand for activated carbon production in Brazil. Activated car-
bons produced by teak wastes can become an alternative precursor material due to many properties found in
AC made from wood, such as high surface area, pore structure and surface chemistry.

Therefore, this study aimed to evaluate the potential of the use of wastes from harvesting teak plantations
and produce activated carbons from these materials, using physical and chemical activation methods and de-
termine the AC efficiency in the adsorption of different pollutant molecules.

2. MATERIAL AND METHODS

2.1 Raw material and sample collection

The precursor material used for activated carbon production in this study was composed of thin logs, branch-
es and top boles from the thinning of a Tectona grandis (teak) commercial exploitation. Stands were homog-
enous and belonged to the Refloresta Reflorestadora Ltda. Company located in Alta Floresta, Mato Grosso
state. The trees were 18 years old. Samples were collected in the autumn season.

Three trees were randomly selected from the teak stands. From each tree, two samples from branches
and log top were collected, totaling 6 samples. Cross sectional wood discs (5 cm in thickness) were sawed in
3 positions of the samples (10, 50 and 90% of the samples length). Wood discs were then divided in small
wedges and charred for activated carbon production.

The illustration and summarize of the experimental design are showed in Figure 1.
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Figure 1: Experimental design of the study.

2.2 Pyrolysis and activation

Pyrolysis was performed in a muffle furnace (Quimis, model Q318M), with atmospheric air (low oxygen
content) and initial temperature of 100 °C. The temperature was raised up to 500 °C, at a heating rate of
100 °C h™ and residence time of 30 minutes. Material was placed in metal tubes during pyrolysis. After car-
bonization, the material was manually milled and classified in laboratory sieves. The fraction which passed
through 40 mesh sieves and was held in 60 mesh sieves was selected for activated carbon production. This
fraction was selected based in previous published studies, which studies the effect of particle size in adsorp-
tion [7-9]
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Three different teak sample activations, one physical and two chemicals, were performed. Physical ac-
tivation was performed in a cylindrical electric furnace, with carbon dioxide (CO,) at 150 mL min™ flux,
temperature of 850 °C, heating rate of 10 °C min™ and residence time of 60 min.

Activation agents, zinc chloride (ZnCly) and copper sulphate (CuSQOy,), were used in the chemical acti-
vation. Carbonized, milled and graded materials were impregnated with an activating agent (ZnCl, or CuSOy,)
and dissolved in distilled water at a 1:1 ratio (wt/wt). The materials were then dried in a digital drying oven
(Marconi, model MA033) for 24 hours at 103 + 2 °C, and subjected to heating at 10°C min™ up to 500 °C,
with residence time of 3 hours, under N, atmosphere (100 mL min™) in a cylindrical electric furnace. After
activation the materials were washed with heated hydrochloric acid solution 2 mol L™, and with distillated
water up to neutral pH of 7. Finally, the ACs were dried in the same digital drying oven at 103 + 2°C for 24
hours.

2.3 Activated carbon characterization

Fourier transform infrared spectroscopy analysis (FTIR) was performed in an IRAffinity- Shimadzu
equipment, with spectral band of 400 to 4000 cm™, 4 cm™ resolution and 32 scans. Samples were prepared in
the form of KBr pellets in 99:1 ratio.

Surface chemistry analysis was performed according to BOEHM [10]. Boehm titration was used to
identify and quantify some surface functional groups of AC. 0.25 g de AC was placed under agitation with 10
mL of NaHCO;0.05 mol L™ during 24 hours. Same process was performed using Na,CO3 e NaOH (0.05 mol
L™). Then, AC were filtered in paper (80 g m?and 205 um thickness) and 5 mL was taken. In aliquots con-
taining NaOH e NaHCO;, 10 mL of HCI 0.05 mol L™ was added and in Na,COs, 15 mL of HCI 0.05 mol L™
was added. After, samples were placed under N, flow for 2 hours. The titration was performed using standard
solutions of NaOH and HCI 0.05 mol L™, The analysis was performed in a Metrohm potentiometric titrator
(Titrando 888 model).

Surface area was obtained by adsorption and desorption N, isotherms at 77 K, by the BET (Brunauer-
Emmet-Teller) method in an Autosorb-1- Quantachrome equipment.

Furthermore, the surface area accessible to the iodine molecule was estimated according to Standard
Test Method - D 4607-94 [11]. Another way to estimate the surface area of AC is thought methylene blue
adsorption. The surface area accessible to methylene blue molecule was determined by Equation 1.

Sme= 1000.Syvge.0m 1)

Where, Sys = AC area accessible to methylene blue, Syg- = Methylene blue surface area (1.93 m? mg™); and
gm= MB maximum adsorption capacity in activated carbon samples [12].

By using surface area data accessible to iodine and methylene blue molecules, it was possible to ob-
tain estimated surface area using multiple regression, as described by NUNES and GUERREIRO [13]. BET
surface area, total pore volume and micropores were determined by the Structural Characterization of AC
software. Samples were initial treated at 250 °C under N, flow for 12 hours. Surface area was calculated by
BET method and pore distribution calculated by DFT.

In adsorption tests, the AC were tested with organic compounds (methylene blue and phenol) and Cr*®
ions, representing a varied class of pollutants found in liquid effluents.

Adsorption isotherms were obtained using 10 mg of adsorbent (AC) and 10 mL of adsorbates at dif-
ferent solutions concentration (25 - 1000 mg L™). Samples were kept under 100 rpm shaking, during 24
hours at room temperature (25 +2 °C). The samples were then centrifugated (2000 rpm and 5 min) and the
remaining concentration was monitored by UV-visible, (Biosystems SP-2000 UV) at wavelengths of 665 nm
for methylene blue, 270 nm for phenol and 430 nm for Cr*®.

The Langmuir and Freundlich non-linear isotherms were used to fit the equilibrium data.

10 mg of activated carbons and 10 mL of MB, phenol and Cr*® at a 50 mg L™ solution concentration
were used for adsorption kinetics. The conditions such shaking, temperature, wavelength were used in the
same way as the isotherm. At predetermined time intervals, aliquots from the solutions were withdrawn and
the concentration determined. Same equipment and wavelengths reported in adsorption isotherms was also
used for adsorption kinetics.

3. RESULTS AND DISCUSSION
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3.1 Activated carbon characterization
Table 1 shows total acidity and quantity of some surface functional groups of the ACs prepared.

Table 1: Functional groups and total acidity determined by BOEHM method

FUNCTIONAL GROUP ACTIVATED CARBON
(mmol g™ AC_CO, AC_ZnCl, AC_CuSOq,
Total acidity 1.0596 1.1518 1.2911
Carboxylic acids 0.7222 0.7937 0.8215
Lactones 0.3082 0.2664 0.2624
Phenols 0.0293 0.0917 0.2072

The activated carbons presented similar total acidity, however an increasing tendency in the chemical-
ly activated materials is observed. AC_CO, (physically activated) presented lower acidity. According to
DASTGHEIB and KARANFIL [14], acidity decreases in physically activated materials at temperatures high-
er than 700 °C. This is explained by higher oxygen removal from the surface, decreasing the quantity of acid
groups which have oxygen atoms in their structure. Acidity was also related to quantity of carboxylic acids
groups on the AC, since carboxylic acids are strong acids and play a role in acidity.

Generally, among surface groups, carboxylic acid groups were found in higher quantity among treat-
ments (0.7 to 0.8 mmol gAC™). Lactone and phenol groups are considered as relatively weak acids and dis-
sociate at high pH values. These groups can improve the adsorption process, mainly if pH is in the acidic
range, favoring group protonation when presented in high concentrations, compared to other functional
groups [15].

AC_CuSO, presented a different behavior compared to the others AC prepared, with higher total acid-
ity, carboxylic acids and phenol groups.

The surface chemistry is different compared to commercial activated carbons and others AC produced
using different methods [16]. Authors found lower values for carboxylic acids and lactones (0.43 mmol g™*
and 0.01 mmol g?, respectively) and higher values for phenolic hydroxyls (0.33 mmol g*). Difference are
probably related to material used for AC production and process conditions (pyrolysis and activation). How-
ever, values found in this study are in consonance with the normal range and differences are related to raw
material properties, treatments, pyrolysis and activation process.

FTIR spectra of precursor materials and activated carbons are presented in Figure 2.
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Figure 2: FTIR spectrum of AC_CuSO, (a), AC_CO, (b), AC_2ZnCl, (c), carbonized precursor (d) and pre-
cursor (e).
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The FTIR spectrum of precursor (Figure 2:e) presented a wide band at approximately 3400 cm™, cor-
responding to axial -O-H deformation, very present in carbohydrates. The FTIR spectrum also presented sig-
nals at 2930 cm™, which characterize symmetrical and asymmetric vibrations of -CH,- groups; a band in the
1730 cm™ region, characterizing C=0 carbonyl stretching; a band close to 1600 cm™, related to C=C bond
stretching of aromatic groups and water absorption; a band close to 1230 cm™ is related to lignin aromatic
ring vibration and bands between 1000 and 1050 cm™ are assigned to C-O stretching from macromolecules
or C-O-C from cellulose and hemicellulose [17].

AC spectra (Figure 2: a, b and c) presented a decrease in intensity of the 3400 cm™ band, since most
carbohydrates (considerable OH groups) are destroyed during the carbonization process. As this band also
indicates physical adsorption of water, it was found in all AC spectra. A band close to 1730 cm™ almost dis-
appears in the AC spectra, showing a carbonyl group decrease in these materials. Bands at approximately
1600 and 1230 cm™, related to aromatic groups, appear with less intensity in all spectra, indicating presence
of these groups even after the carbonization and activation processes. The band around 2300 cm™ can be re-
lated to presence or absence of CO, in the samples. The band appears with high intensity in AC_CuSO, and
AC_ZnCl,, characterizing the release of this gas.

Table 2 shows surface area analysis of activated carbon by several methods.

Table 2: Surface area values of activated carbons obtained by different methods and pore volume.

TOTAL
BET ESTIMATED MICROPORE
ACTIVATED Sws | IODINE INDEX | PORE VOL-
ANALYSIS BET . . VOLUME
CARBONS . . (m2g’) (mgg’) UME .
(m2g’) (m2g’) . (cm3g7)
(cm3g7)
AC_CO, | 27790 | 344+37 |261.01 268.92 0.42 +0.05 [0.09 +0.01 (21)"
AC_ZnCl, | 52450 | 680+74 |420.30 724.95 0.62 +0.08 |0.31 +0.05 (50)
AC_CuSO4| 272550 | 37240 | 58.46 367.44 0.23+£0.03 |0.10 £ 0.01 (43)

Swme: AC area accessible to methylene blue; * Values in parentheses indicate micropore volume percentage regarding
total pore volume.

Higher total pore volume (0.62 cm? g'), micropore volume (0.31 cm? g1) and surface area (524.50 m?
g1) was obtained in AC_ZnCl,. Usually, chemical activation provides micropore formation, while physical
activation generates more mesoporous materials. This result can be observed comparing the micropore vol-
ume percentage of AC chemically AC_ZnCl, (50%), AC_CuSO, (43%) and physically AC_CO, (21%) acti-
vated.

Total pore and micropore volume are different between AC, excluding AC_CuSO, and AC_CO, for
micropore volume. The similarity is also observed in BET, estimated BET and iodine index.

CHEN et al. [18] evaluating BET surface area of commercial activated carbon obtained 1178 m? g-1,
superior than all results found in this study. However, similar AC produced in laboratory presented 455, 425
and 509 m2 gt for ipé, guarapa and macaranduba wood, via physical activation, respectively [19]. All values
in Table 2 for surface area were expected considering AC produced by agricultural waste and prepared in
similar conditions, as reported in literature [20-22].

3.2 Adsorption tests

Adsorption isotherms correlate adsorbate amount adsorbed by adsorbent mass unit (Qeq) with adsorbate re-
maining concentration in adsorption equilibrium (Ceq). Figure 3 presents MB, phenol and Cr*® adsorption
isotherms for the produced activated carbons.

Higher adsorption capacity was observed in AC_ZnCl,, followed by AC_CO,and AC_CuSO,, respec-
tively. According to Figure 3:A, AC_ZnCl, presented higher MB adsorption efficiency, with maximum ad-
sorption of approximately 218 mg g™, a similar value, compared to commercial activated carbon (233 mg g’
1y with higher surface area (933 m? g%, according to BRUM et al. [23].

The lowest MB adsorption was obtained in AC_CuSO, (30 mg g™), even presenting a BET area (273
m? g™ similar to AC_CO, (278 m? g™), which in turn reached MB adsorption of 135 mg g*. The MB adsorp-
tion isotherm for AC_CO, was not stabilized, denoting the presence of unsaturated sites.
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AC_ZnCl, presented high capacity of phenol adsorption (184.82 mg g™*), higher than Bestchem com-
mercial activated carbon (142.86 mg g™), studied by CHEN et al. [18]. This evidences that this AC can be
used in adsorption processes of this pollutant.
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Figure 3: Methylene blue (A), phenol (B) and Cr*® (C) adsorption isotherms for different ACs (10 mg of AC,
10 mL of different solution concentrations, 25 °C, 24 h).

AC_CO, (physically activated at 850°C) obtained phenol adsorption similar to CA_CuSO, (chemical-
ly activated at 500°C), demonstrating that high temperature in the physical activation (CA_CO,) did not fa-
vor microporosity development, as also shown in Table 2.
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According to TAY et al. [24], high final temperature produces higher porosity AC. However, tem-
peratures above 600°C can lead to a significant porosity drop, probably because of the agglutination effect,
which is characterized by destruction of adjacent pore walls, expanding micropores to meso and macropores.

Figure 3:C presents the Cr*® adsorption isotherm. Higher and lower adsorption amounts were obtained
by AC_ZnCl, and AC_CuSQy, respectively.

The adjustment parameters of Langmuir and Freundlich adsorption models are shown in Table 3. Ad-
sorption isotherms of AC_CO, and AC_CuSQO, were better fitted to the Freundlich model, independent of
adsorbate. AC_ZnCl, was better fitted to the Freundlich model only for phenol and Cr*® adsorbates. This
suggest that the adsorption process occurs in a heterogeneous surface, considering that adsorption sites have
different adsorption energies and present surface variations [25]. AC_ZnCl, was better fitted to the Langmuir
model for MB, suggesting the adsorption process occurs in a homogeneous surface, and adsorption occurred
in adsorbent specific sites.

AC_ZnCl, and AC_CO, have different adsorptive capacities (qgm) for the three adsorbents used. How-
ever, both ACs adsorb MB in a higher amount, followed by phenol and Cr*®, respectively. AC_CuSO, has
different behavior, because of its greater phenol adsorptive capacity and qm similar to AM and Cr*®.

Data of adsorbate amount adsorbed per activated carbon area (Ads/area, Table 3) shows that, despite
AC_CO, having less surface area (SBET) and MB maximum adsorption (gm) than CA_ZnCl,, physically
activated AC adsorbed more methylene blue per square meter of AC (0.49 mg m™ against 0.41 mg m™ for
chemically activated AC.

Table 3: Langmuir and Freundlich parameters for methylene blue, phenol and Cr+6 adsorption.

ACTIVATED | ADS/AREA |  LANGMUIR PARAMETERS FREUNDLICH PARAMETERS
ADSORBATE
CARBON mg m? Um € Ko | € | R®| Ke € || € | R?
AC_CO, 0.49 135.24 | 118.48 | 0.00 | 0.04 | 0.70 | 1.74 | 1.74 |0.64|0.15|0.91
MB AC_ZnCl, 0.41 217.77 | 11.31 |0.05|0.01|0.97 | 41.16 | 10.32 | 0.26 | 0.04 | 0.93
AC_CuSO0, 0.11 30.29 | 11.96 |[0.00|0.00|0.58 | 1.63 | 1.21 | 0.40|0.12 | 0.70
AC_CO, 0.25 7055 | 591 |0.03|0.01|{0.86|16.74| 2.77 |0.22|0.02|0.94
Phenol AC_ZnCl, 0.35 184.82 | 15.69 |0.02|0.01|0.96 | 22.24| 2.92 | 0.32|0.04 | 0.99
AC_CuSO, 0.24 65.37 | 9.34 |[0.01|0.00|{0.75| 8.18 | 2.11 |0.32|0.02|0.93
AC_CO, 0.15 43.00 | 48.21 | 0.00|0.00 |0.64 | 0.00 | 0.00 |0.00 |0.38|0.93
Cr*® AC_ZnCl, 0.13 67.94 | 17.77 [ 0.00|0.00{0.77| 1.36 | 0.01 |1.36|0.17|0.96
AC_CuS0, 0.10 29.00 | 39.50 [0.00|0.00|0.71| 0.01 | 0.69 |0.01|0.08 |0.97

Ads/area = adsorbate amount adsorbed per activated carbon area [qm (mg g*)/BET (m* g™)]; gm = maximum adsorption
amount (mg g%); K_ = Langmuir constant (L mg™); R? = Coefficient of Determination; € = standard error; K¢ = Freun-
dlich constant (mg g*) (L g™)1/n; 1/n = Freundlich parameter.

The MB isotherms of AC_CO, and AC_CuSO; fit to the Freundlich model, suggesting that adsorption
process occurred in a heterogeneous surface, considering that adsorption sites have different adsorption ener-
gy and presented variations due to surface coverage [26]. AC_ZnCl, fit to the Langmuir model, suggesting
that adsorption process occurred in a homogeneous surface, in which adsorption takes place through specific
sites of the adsorbent. All AC fit to Freundlich model in phenol and Cr*® isotherms, suggesting that adsorp-
tion process occurred in multilayer, in which adsorption sites are not the same.

3.3 Adsorption kinetics

Methylene blue adsorption kinetics (50 mg L™) are shown in Figure 4 for the AC produced. Fast MB adsorp-
tion is observed for CA_ZnCl,, due to filling of adsorbent active sites. The chemical activation by ZnCl, im-
proves pore development in the AC structure. AC_ZnCl, adsorbed 99.19% of MB. MB removal by AC_CO,
and AC_CuSO, was low, with average removal of only 15%. A sharp increase in the quantity removed ac-
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cording to increased adsorbate/adsorbent contact time was not observed. The activated carbons were already
saturated (equilibrium) in approximately 500 minutes.

50 -
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40 b

0 500 1000 1500 2000 2500 3000
Time (min)

Figure 4: Methylene blue adsorption kinetics (10 mg of AC, 10 mL of 50 mg L™ solution).

According to Figure 5, phenol removal by AC_ZnCl,and AC_CO, is initially fast, becoming gradual-
ly slow until equilibrium is reached, with removal of approximately 78%. AC_CuSO, has a slower initial
adsorption, reaching 44% phenol adsorption. All ACs reached adsorption equilibrium after 1500 minutes.
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Figure 5: Phenol adsorption kinetics (10 mg of AC, 10 mL of solution 50 mg L™).

Cr*® adsorption kinetics curves of AC are presented in Figure 6.
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Figure 6: Cr'® adsorption kinetics (10 mg of AC, 10 mL of solution, 50 mg L ™).

Cr*® adsorption by AC_ZnCl, initially occurs quickly, however the adsorption percentage is low. Ad-
sorption equilibrium was reached after 1500 minutes. Adsorptions for AC_CuSO, and AC_CO, were not
observed during approximately 3000 minutes. This result can be related to small surface area and
pore/micropore volume of these AC as pointed out in Table 2. According to POORESMAEIL and NAMAZI
[26] adsorption occurs with migration of adsorbate molecules to the outer surface of adsorbent and diffusion
of adsorbate to the boundary layer. Surface and pore properties strongly affect the rate of this process.

4. CONCLUSIONS

Teak forest waste is a promising raw material for activated carbon production, since it has the ability to ad-
sorb pollutants similar to commercial activated carbon, however, the activation method is a relevant factor. -.
Chemically activated AC (AC_CuS04) presented characteristics and behavior different from the other ACs
produced, besides presenting lower methylene blue and Cr*® adsorption capacity. Chemically activated AC
(AC_ZnCI2) presented higher surface area and adsorption capacity for all adsorbates (methylene blue, phe-
nol and Cr*®). Physically activated AC (AC_CO2) presented higher basicity and was the second AC with the
best adsorption capacity. Teak forest waste utilization for activated carbon production is advantageous, since,
besides availability and low cost, teak wastes have suitable physical and chemical characteristics, adequate to
the systems and pollutants studied.
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