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Abstract— Activated carbon obtained from orange peel (ACO) was used as a phenol adsorbent. ACO was characterized by
X-ray diffraction, Raman spectroscopy, scanning electronic microscopy (SEM) and energy dispersive spectroscopy (EDS).
The functional groups present on the sample, were determined by Boehm titration, and it was also determined the point of
zero charge (pHpzc). ACO is mainly constituted by micropores, and its structure is turbostratic and lamellar with inorganic
impurities. The Boehm titration indicated the basic behavior of the sample. The phenol optimum dosage was 0.1 g/50 cm®
which was determined by the adsorption study. The maximum adsorption level was in the pH range of 4-8 and its kinetics
was described by a pseudo second order model. The equilibrium data have fit very well the Langmuir and Sips isotherms
models.
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l. INTRODUCTION

Brazil is the largest producer of oranges in the world, and it is responsible for about 30% of the world production[1].
Basically, almost all Brazilian’s orange production is used to produce orange juice[2].The European Union is the major
consumer of orange juice, being 96% of it imported from Brazil[3]. The fruit is compounded of 50 % (w/w) of juice and
the other 50 % of peel, pulp, seeds and membranes[2,4], being its peel, the primary byproduct during the orange juice
processing[2]. Part of this waste material is used to produce pet food, fiber (pectin), fuel, essential oils, fertilizers, anti-
oxidizing compounds and adsorbents [2,5,6]. However, the major part of the fruit after juice production becomes litter and is
discarded to environment by juice industries [5]. Thus, changing the orange peel, which is a low cost agricultural waste, into
a useful material, such as adsorbents that can add value to this residue and contribute to the problem of biomass disposal[7].

The phenol molecules and phenol-constituted substances are essential for several industrial processes, such as: rubber, dye,
pharmaceutical and pesticide production and oil refining [8,9]. Nevertheless, their presence in water supply poses risks of
water quality degradation and aquatic life death, moreover, it can inhibit the microbial community normal activities and
cause carcinogenicity in animals [8,10]. Therefore, the discard of this kind of effluent is controlled by environmental offices
and the maximum concentration allowed to this effluent is 0.002 mg/L [11]. The industries responsible for phenol
contaminated effluent have to remove the phenol before discarding it in the environment in order to comply with the levels
demanded by environmental agencies [12].

There are several methods proposed to remove phenol from industrial effluent, such as: biological treatment, adsorption on
activated carbon, reverse osmosis, ionic exchange, solvent extraction, ultrasonic degradation and TiO, oxidation [13].
Among these methods, the adsorption process is the cheapest, simplest and fastest one for phenol removal [12]. Activated
carbon is considered to be an effective method for phenol removal from contaminated effluents due to its elevated surface
area, microporosity, and high adsorption capacity [14]. Nonetheless, phenol adsorption is economically unfeasible due to its
elevated cost of production [7]. An alternative to reduce the activated carbon production cost is to use an abundant and low
cost carbon source, such as agricultural or industrial waste to produce it [15]. Activated carbon from orange peel has been
obtained with an elevated surface area and pore volume [16]. Consequently, activated carbon obtained from orange peel has
emerged as a potential alternative for activated carbon production.

The main objective of this paper is to study the adsorption process of phenol in the activated carbon obtained from the orange
peel. Its goal is to obtain a low cost activated carbon able to remove phenol from industrial effluent and concomitantly
enhance the value of an abundant biomass and solve its disposal problem.
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1. METHODOLOGY
2.1  Synthesis of the activated carbon from orange peel (citrus sinensis)
The activated carbon was prepared following these seven steps:

1. Rinsing it with deionized water;

2. Dryingitinan oven at 100 °C until constant mass;

3. Milling and sieving it (4-8 mesh);

4.  Carbonizing it in a tubular furnace under argon flow, from 25 °C to 800 °C at a heating rate of 30 °C/min, which was
maintained at 1073K for 1 hour;

5. Turning off the argon flow and turning on CO, at 100 cm®min. Maintaining the samples under this condition for 3
hours;

6.  Turning off the CO, flow and turning on the argon at 100 cm®min, switching off the heating system;

7. Milling and sieving it (325 mesh). Sample in this stage was called ACO.

2.2  Characterization

The point of zero charge (pHpzc) was determined using the methodology described in several papers [12,17,18]. ACO (0.05
g) was added to several flasks containing 25 cm® of KNO; (concentrations 10 and 10 M) solutions which the initial pH
values (pHi) were adjusted in the pH range of 2-8 using 0.1 M of HCI or NaOH. Then, the equilibrium was carried out in a
thermostatic linear shaker for 24 h at 298 K. The dispersions were then filtered and the final pH of the solutions (pHy) was
determined. The point of zero charge was found from a plot of (pH; — pHy) versus pH;. The Boehm method was used to
determine the amount of the oxygenated chemical groups [19], where one gram of ACO was placed in 25 cm® of the
following aqueous solutions: sodium hydroxide, sodium carbonate, sodium ethoxide, sodium bicarbonate and hydrochloric
acid. The vials were sealed, shaken for 24hs and then filtered. The filtrate was titrated with HCl or NaOH to determine the
base or acid excess, respectively.

The sample morphology was observed in a Scanning Electron Microscope (SEM), Zeiss model EVO MA 10. Energy
dispersive spectroscopy (EDS) measurements were carried out in an Oxford INCA Energy Microanalysis System which was
incorporated to SEM. Raman spectroscopy was carried out in a Renishaw 2000 equipment using ionic laser of Ar* (A=514.5
nm). Powders were analyzed in a X ray diffraction equipment, using a PANalytical X’Pert PRO MPD 3060 diffractometer,
equipped with a X’celerator detector, operating at 45 kV and 25 mA with CuKa radiation. XRD patterns were collected in
the 20 range from 10 to 90° at scan speed of 0.42 ° s™ and step size of 0.017°.

2.3 Adsorption study

Adsorption studies were carried out in amber glass flasks of 100 cm® where ACO was mixed to a phenol aqueous solution
(50 cm®), being stirred in a thermostatic shaker. The supernatant solution was separated from the adsorbent by filtration. The
phenol concentration in the supernatant was spectrophotometrically determined using UV-VIS absorbance
spectrophotometery at 269 nm [20]. Solutions, with higher concentration than the ones detected by the spectrophotometer,
were determined by dilution. Adsorption kinetics was performed using 0.1 g of ACO, in a period from 0 to 24 hours, without
adjusting its pH, 25 °C and a phenol initial concentration of 1000 mg/dm?. The pH effect was carried out using 0.1 g of ACO,
during 3hs, with a pH range between 2 and 12, at a temperature of 25 °C and a phenol initial concentration of 1000 mg/dm?®.
Dosage effect was accomplished using ACO mass range between 0.1 and 0.5 g, bath time of 3 hours, without adjusting its
pH, at a temperature of 25 °C and a phenol initial concentration of 1000 mg/dm?. The isotherm adsorption was obtained
using 0.1 g of ACO, bath time of 3 hours, without adjusting its pH, at a temperature of 25 °C and phenol initial concentration
ranging from 50 to 1000 mg/L.

1. RESULTS AND DISCUSSION
3.1 Characterization

The pHpzc is the pH in which the surface charge of a material is zero. The surface of an amphoretic material is positively
charged if the medium pH is lower than pHpzc. On the other hand, it is negatively charged if the medium pH is higher than
pHpzc [7]. The pHpzc of ACO is 10.5, indicating a basic character in water.

The number of basic sites on the ACO surface was determined from the amount of hydrochloric acid that reacted with the
activated carbon. The number of acid sites was determined under the following assumptions: a) there are only carboxylic,
lactonic, phenolic and carbonyl groups on ACO, b) NaOH neutralizes the carboxylic, lactonic and phenolic groups; c)
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Na,COj3 neutralizes the carboxylic and lactonic groups; d) NaHCO; neutralizes only the carboxylic groups; and €) NaOC,Hs
neutralizes the carbonyl (quinoid-type), carboxylic, lactonic and phenolic groups. This procedure is called Boehm titration
and is described in several papers [7,19]. Table 1 shows the amount of acid and basic groups present on the ACO surface.
The amount of basic groups (3.38) is higher than the acid groups (1.19). Therefore, the sample is predominantly basic.

TABLE 1
SURFACE FUNCTIONAL GROUPS FOR ACO

0.00 0.00 1.19 0.00 3.38

Fig. 1 shows the Raman spectrum of ACO sample, which shows peaks centered at 1361 and 1583 cm™. These peaks are
attributed to the D band (1200-1400 cm™) and G band (1500-1600 cm™), respectively [22].
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FIGURE 2. X RAY DIFFRACTOGRAM OF THE ACO

FIGURE 1. RAMAN PROFILE OF THE ACO SAMPLE SAMPLE

A Gaussian deconvolution method was used to obtain the half width of band G (100.5 cm™), which is much higher than the
graphite value (15-23 cm™), indicating that the crystallinity of the ACO sample is much lower than the graphite [23]. The
value of the average lateral sizes (L,), calculated from Raman data by using Equation 1 [23], is 2.42 nm.

L=Cl)E )

In equation 1, Ip and Ig are areas of D band and G band, respectively, and C(A )=C,+A_C;. Where, C, is equal to -12.6 nm;
A is the wavelength and C, is equal to 0.033.

Fig. 2 shows the X ray diffraction profile (XRD) of the ACO sample, where one can see broad peaks centered at 24.86 and
44.05 ° (20), which are associated to Muller index of (002) and (101) [24]. These peaks are characteristics of a turbostratic
structure of graphite micro crystallites and they mean that ACO has an intermediate structure between amorphous carbon and
graphite [23].

Using Gaussian deconvolution on XRD data, one could use the peak at 24.86 °to estimate both the spacing of aromatic ring
layers (dgo2) and the crystallite thickness (L;) [25]. However, the average lateral size (L.xrp) Of the crystallites was
determined using the peak at (101) [25]. The dgo; (0.352 nm) was calculated using Bragg’s law and the crystallite size L,
(0.601 nm) and L,.xrp (2.60 nm) were determined using Scherrer’s equation [25]. The value of dog, (0.352 nm) was higher
than the one of pure graphite (0.336-0.337 nm), due to a lower crystalline degree of the ACO sample in relation to the
graphite [23]. It can be observed several sharp and less intense peaks besides peaks at 24.86 and 44.05 ° (260), which may be
related to inorganic materials that were already present in the biomass. Comparing the value of L, previously determined by
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Raman spectroscopy (2.42) with that determined by XRD (2.60), it can be concluded that they are very close. Nevertheless,
the L, determination by XRD is considered much more accurate than the Raman spectroscopy one [23].

The morphology of the ACO sample can be observed in Fig. 3A and 3B.

P emmen e T owmue o P mee e T mswm: o
(A) (B)
FIGURE 3. SEM IMAGES OF THE ACO AT DIFFERENT ENLARGEMENTS

These Figures show that the particles are non-uniform, i.e. without a predominant form. In addition, Fig. 3B shows that the
ACO has a lamellar structure.

Energy dispersive spectroscopy (EDS) was used to determine the chemical composition of the ACO sample and its results
are shown in Table 2.

TABLE 2
RESULTS OF ENERGY DISPERSIVE SPECTROSCOPY (EDS) MEASUREMENTS

Cl K Ca Fe
65.0 18.0 0.4 1.2 0.5 0.2 7.8 6.6 0.3
775 16.0 0.3 0.5 0.2 0.1 29 2.4 0.1

This table shows that the ACO is constituted of several elements, such as: magnesium, phosphorus, surfer, chlorine,
potassium, calcium, and iron. According to [26] and [27], most of these elements are a characteristic of the orange peel
composition. The concentration of potassium (2.9 %) and calcium (2.4 %) is much higher than the others, but their
concentrations are considered normal in Brazilian oranges. The presence of oxygen is an indication that the ACO had a lot of
oxygenated groups on its surface.

3.2 Adsorption
The kinetic data of phenol adsorption onto the ACO are shown in Fig. 4.
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FIGURE 4. CONTACT TIME EFFECT ON ADSORBED PHENOL CONCENTRATION
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For the ACO, the contact time of 3 hs is needed to establish the phenol adsorption equilibrium. At this stage, the adsorbed
phenol amount is 88 mg g™, i.e. 19 % of the initial amount. The kinetic data were fitted using pseudo first-order and pseudo
second-order Kinetic models [28]. The kinetic results are shown in Table 3. It can be observed from Table 3 that the
correlation coefficient (R?) for pseudo first-order kinetic model (0.88) was much lower than R? for the pseudo-second order
model (1.00), indicating that the kinetic of adsorption process is more accurately represented by the pseudo second-order
kinetic model. In addition, the comparison between the equilibrium concentration obtained from Fig. 4 (ge = 88 mg g™*) and
that one from pseudo-first order (ge = 23.60 mg g™*) and from pseudo-second order (qe = 87.64 mg g™*) reinforces that the
adsorption kinetic process of phenol onto the ACO can be described by a pseudo-second order model.

TABLE 3
KINETIC PARAMETERS OF PHENOL ADSORPTION ON THE ACO

Fig. 5 shows the adsorption percentage (%) and adsorption capacity (q.) of the phenol as a function of the ACO dosage,
where the ACO dosage ranged from 0.01 to 0.5 g.
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FIGURE 5. EFFECT OF ADSORBENT DOSE ON THE ADSORPTION OF PHENOL ONTO THE ACO

It can be observed that the phenol removal (%) and the phenol adsorption capacity (ge) depend strongly on the ACO dosage.
However, these two properties have distinct dependence on the ACO dosage, i.e. the removal efficiency increased with the
dosage while the adsorption capacity decreased. The former may happen due to an increase in the adsorption sites with an
increase in the ACO dosage [29]. Nevertheless, a higher adsorbent dose results in a lower adsorption capacity due to
overcrowding of adsorbent particles, resulting in a decrease in the availability of adsorption sites [7]. In order to carry out
further studies we have to choose a “work dosage”, in which both the equilibrium concentration and the removal amount
have meaningful values. Consequently, in the next studies, an ACO dosage of 0.1 mg g™ will be used.

The effect of pH on phenol adsorption is showed in Fig. 6.
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FIGURE 6. EFFECT OF SOLUTION PH ON THE ADSORPTION OF PHENOL ONTO THE ACO
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It can be observed that the value of ge is almost the same in the pH range from 2 to 4. After that, i.e. pH > 4, the phenol
adsorption increases with an increase in pH up to 4.5, then the phenol adsorption remains constant until pH ~ 8 and thereafter
the phenol adsorption decreases. The increase in the phenol adsorption after pH 4 results from the decrease in hydrogen ion
concentration in solution [8]. These ions are adsorbed in basic sites, resulting in a decrease in the basic site interactions of the
ACO surface with phenol molecules [8]. In other words, the decrease in hydrogen ion concentration in a solution with a pH
increase, results in an increase in the site number available for phenol adsorption. The phenol adsorption reaches its
maximum value at a pH range from 4.5 to 8 because phenol is undissociated and the dispersion interaction is predominant
[14].The decrease in ge value between pH 8 and 10 is given by an increase in OH" ions quantity [30]. The OH" ions in the
solution are adsorbed on the positively charged ACO surface (pHp,. = 10.5), which reduces the undissociated phenol-ACO
surface interaction. At pH >10.5 the phenol adsorption decreases abruptly, probably, due to electrostatic repulsion between
the negatively charged ACO surface and the anionic form of the phenol molecules (pK, = 9.9) in the solution [30,31].

Fig. 7 and Table 4 shows the results of fitted experimental data to Langmuir and Langmuir-Freundlich (Sips) equations [32].
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FIGURE 7. ADSORPTION ISOTHERM OF PHENOL ONTO THE ACO
It can be seen that the R? related to Langmuir and Langmuir-Freundlich model is quite high and the same. Considering that

the adsorption process follows the Langmuir model (the simplest one), the maximum phenol adsorption capacity of ACO is
88 mg g™ and the adsorption occurs in a monolayer [33].

TABLE 4
ADSORPTION ISOTHERM CONSTANTS FOR PHENOL ONTO THE ACO

b(Lmg") | Qm(mgg? R? b (L mg™) Qm(mg g™ o R’

0,02 88 0.97 0.03 111 0.69 0.97

Thus, orange peels must be considered an excellent source of biomass to produce the phenol adsorbent, taking into account
their great availability, their environmental disposal problems and their considerable phenol adsorption capacity.

V. CONCLUSION

The ACO has a turbostratic structure and is mainly constituted by micropores. The sample presents inorganic impurities in its
composition and has a basic character in water. The optimum dosage was 0.1 g/50 cm?® of phenol solution and the optimum
pH range was between 4 and 8. The phenol adsorption onto the ACO followed a pseudo second order model and its
monolayer adsorption capacity was 88 mg g™*.
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