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Abstract

In this study, avocado seed was successfully used as raw material for producing activated carbons by conventional pyrolysis. In
order to determine the best condition to produce the activated carbons, a 22 full-factorial design of experiment (DOE) with three
central points was employed by varying the temperature and time of pyrolysis. The two evaluated factors (temperature and time
of pyrolysis) strongly influenced the Sgg, pore volumes, hydrophobicity—hydrophilicity ratio (HI) and functional groups values;
both factors had a negative effect over Sggt, pore volumes and functional groups which means that increasing the values of
factors leads to decrease of these responses; on the other hand, with regards to HI, both factors caused a positive effect which
means that increasing their values, the HI has an enhancement over its values. The produced activated carbon exhibited high
specific surface areas in the range of 1122—1584 m* g~'. Surface characterisation revealed that avocado seed activated carbons
(ASACs) have hydrophilic surfaces and have predominantly acidic groups on their surfaces. The prepared ASACs were
employed in the adsorption of 25 emerging organic compounds such as 10 pharmaceuticals and 15 phenolic compounds which
presented high uptake values for all emerging pollutants. It was observed that the activated carbon prepared at higher temperature
of pyrolysis (700 °C), which generated less total functional groups and presented higher HI, was the activated carbon with higher
sorption capacity for uptaking emerging organic contaminants. Based on results of this work, it is possible to conclude that
avocado seed can be employed as a raw material to produce high surface area and very efficient activated carbons in relation to
treatment of polluted waters with emerging organic pollutants.
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Several methods, such as advanced oxidation procedures
(AOP) (Ba-Abbad et al. 2017; Gil et al., 2017, Lin et al.
2017a, b), biological treatment (Besha et al. 2017; Ghattas,
et al., 2017), coagulation (Kishimoto and Kobayashi 2016),
flocculation (Kishimoto and Kobayashi, 2016; Matamoros
and Salvado 2013), filtration (Zhang et al. 2017b) and adsorp-
tion (Bhatnagar and Anastopoulos 2017; Zhuo et al. 2017)
processes have been applied to remove this kind of pollutants
from the effluents (Besha et al. 2017; Carmalin et al. 2016).
Some of these methods have been shown to be effective; how-
ever, some of them presented some drawbacks and limitations
such as an excess amount of chemical reagent, high
implemental costs and high sludge production that has serious
disposal problems. Among these methods, adsorption is a pre-
ferred route because of its low initial cost for implementation,
simplicity and relatively low residue production (dos Reis
et al. 2016a, b, 2017).

Adsorption technology using different adsorbents has been
considered as one of the most efficient and economic method
for treatment of effluents containing emerging organic pollut-
ants such phenols and pharmaceuticals (Saucier et al. 2015,
2017; Thue et al. 2016, 2017). Accordingly, a large variety of
adsorbent materials have been proposed and studied for their
ability to remove emerging organic pollutants (Takdastan et al.
2016; Rossner et al. 2009; Prola et al. 2013b; Rovani et al.
2016). Among these adsorbents, activated carbon is one of the
most employed adsorbents for adsorption of organic com-
pounds simply because it has well-developed pore structures
with high specific area that favours high adsorption ability
(dos Reis et al. 2016¢; Calvete et al. 2010; Ribas et al. 2014).

Nowadays, there is a great interest in finding effective ad-
sorbents prepared from waste biomass (Leite et al. 2017; Prola
et al. 2013a; Puchana-Rosero et al. 2017). Exploring efficien-
cy and adding value to waste biomass may contribute to en-
vironmental sustainability and offer benefits for future com-
mercial applications (Leite et al. 2017; Prola et al. 2013a;
Puchana-Rosero et al. 2017).

For instance, Saucier et al. (2015) prepared an activated
carbon (AC) from cocoa shell by using a mixture of zinc
chloride plus iron chloride as agents of activation by using
microwave-assisted pyrolysis. Then, the carbons were used
for removal of sodium diclofenac and nimesulide from aque-
ous solutions; the maximum sorption capacities (Qpay) obtain-
ed were 63.47 and 74.81 m? gfl, for diclofenac and
nimesulide, respectively, at 25 °C. In another study, Thue et al.
(2016) reported the preparation of an AC from wood waste
using microwave-assisted pyrolysis and the adsorbents were
used for removal of o-cresol from aqueous solutions obtaining
a Omax 0£222.2 mg g ' at 25 °C. Ahmed et al. (2017) pro-
duced an AC from human hair using potassium hydroxide as
activating agent, using a conventional furnace system for the
pyrolysis. The prepared AC was used for the adsorption of
tetracycline, and the O, obtained was 128.52 m? g .
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Saucier et al. (2017) produced magnetic activated carbons
by using iron and cobalt carboxylates, and the resulting adsor-
bents were used for removal of amoxicillin and paracetamol
from aqueous solutions, obtaining Qp,.x values of 339.4 and
302.2m? g ' for amoxicillin and paracetamol, respectively, at
25 °C.

Leite etal. (2017) prepared an AC from avocado seed using
microwave-assisted pyrolysis, and the adsorbent was
employed for removal of resorcinol and 3-aminophenol from
aqueous solutions. The values of Q. obtained were 299.7
and 352.4 mg g ' for resorcinol and 3-aminophenol, respec-
tively, at 25 °C. Although the microwave-assisted pyrolysis
could present some advantages over the conventional furnace
system (Puchana-Rosero et al. 2016), the microwave oven
used for producing activated carbons is not commercially
available, and it is usually an adaptation of domestic micro-
wave oven that is used for pyrolysis of the biomass (Leite et al.
2017; Puchana-Rosero et al. 2016; Saucier et al. 2015, 2017;
Thue et al. 2016, 2017). Therefore, these oven systems do not
have available temperature control, and all the pyrolysis
should be performed in the maximum power of the furnace.
However, the conventional furnace for thermal pyrolysis is
available, being possible to optimize several parameters, such
as ramp heating rate, final temperature of pyrolysis, holding
time at the final temperature and several steps of temperature
for performing the pyrolysis.

However, for the preparation of activated carbons using
pyrolysis of the biomass (Calvete et al. 2010; Ribas et al.
2014), there are some factors that might affect the final quality
(porosity, surface chemistry and therefore the performance of
adsorption) of the materials such as hold temperature and time
(dos Reis et al. 2016¢; Thue et al. 2017; Ribas et al. 2014).
Then, a multivariate technique extensively and usefully is
needed for applying in optimisation of procedures through
fast, economic and effective pathway and allows more than
one variable to be optimized simultaneously (Bruns et al.
2016; dos Reis et al. 2016¢; Ennaciri et al. 2014). A good
selection of design and optimisation models makes possible
to simultaneously evaluate the variable contribution (main and
interaction) on the preparation of a material with good adsorp-
tion properties (dos Reis et al. 2016¢; Ennaciri et al. 2014).

In this work, the use of avocado seed has been studied for
preparation of activated carbons (avocado seed activated car-
bon (ASACs)) and their preparations were optimized by using
a 22 full-factorial design of experiment (DOE) by varying two
factors (temperature and time of pyrolysis) with three central
points (total of seven experiments). The ASAC materials were
characterized by N, adsorption—desorption isotherms, vibra-
tional spectroscopy in the infrared region (FTIR), point of zero
charge (pH,...), total acidic and basic groups, hydrophobicity—
hydrophilicity ratio (HI). The quantitative parameters obtain-
ed were used as responses of the DOE, and then, the prepared
ASACs were employed for adsorption of several emerging
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organic compounds (10 pharmaceuticals and 15 phenolic
compounds) from aqueous solutions.

Material and method
Statistics—experimental design

The design of experiment optimisation concerning the full-
factorial design was carried out using Minitab version 17.3.
Individual and synergetic effects of two operational parame-
ters (see Table 1) including temperature of pyrolysis (A) and
holding time (B) were investigated using a 2 full-factorial
design with three central points. The analysis of variance
(ANOVA) was performed to justify the significance and ade-
quacy of the developed regression model. The adequacy of the
response surface models was evaluated by calculation of the
adjusted determination coefficient (R? Adj)» coefficient of vari-
ation, adequate precision and also by testing it for the lack of
fit.

Preparation of activated carbon

The preparation of the ACs followed the procedures described
by Ribas et al. (2014) and Leite et al. (2017): 100.0 g of
avocado seed (AS) was milled at diameter <250 pm;
100.0 g of ZnCl, and 30.0 mL of water were added and mixed
until they form a homogeneous paste (Leite et al. 2017). The
resulting paste was placed in a quartz tube reactor inside con-
ventional heating furnace (Sanchis, Porto Alegre, RS, Brazil).
The heating treatment was carried out by heating the sample
from room temperature until final temperature (7%), according
to data of Table 1, and N, flow (150 mL/min). Then, the
system was cooled down, also under N, atmosphere, until
the temperature attain values < 150 °C.

Afterwards, the pyrolysed materials were treated with a
6 mol L' HCI solution under reflux at 80 °C (Ribas et al.
2014; Saucier et al. 2015; Leite et al. 2017). The resulting
activated carbons were labelled according to the experiments
performed in the full 22 factorial design as ASAC1 to ASAC7
for experiments from 1 to 7 (see Table 1).

ASAC characterisation

Nitrogen adsorption isotherms were recorded with a
Micrometrics Instrument, TriStar II 3020 at — 196 °C after
drying for 3 h at 120 °C under reduced pressure (<2 mbar)
(Umpierres et al. 2017). The specific surface areas were deter-
mined from the Brunauer, Emmett and Teller (BET) method
(Thommes et al. 2015). Pore size was calculated by the
Barrett-Joyner—Halenda (BJH) method from desorption
curves (Thommes et al. 2015).

Table 1 Optimisation of pyrolysis of avocado seed (AS) on
conventional heating furnace. The N, flow was kept at 150 mL min "'
during all the heating. When the heating program was cooled down, the
N, was kept until the temperature was < 150 °C. Ramp temperature was
used at 10 °C min™" from the room temperature until the final temperature
(T

Experiment Samples T¢ (°C) Hold time (min)
1 ASACI1 500 30
2 ASAC2 700 30
3 ASAC3 500 60
4 ASAC4 700 60
5 ASACS 600 45
6 ASAC6 600 45
7 ASAC7 600 45

Levels

-1 0 1
Tr (°C) 500 600 700
Hold time (min) 30 45 60

Surface images were observed with a scanning electron
microscope (SEM) (TESCAN 3, Sweden) (Lemraski et al.
2017).

The functional groups of the hybrid materials were deter-
mined using a Bruker spectrometer and alpha model fourier
transform infrared spectroscopy (FTIR). The spectrum was
recorded with 64 cumulative scans over the range of 4000—
400 cm™' with a resolution of 4 cm ! (Zhang et al. 2017a).

Thermogravimetric analyses (TGA) were obtained on a TA
Instruments model SDT Q600 (New Castle, USA) with a
heating rate of 20 °C min ' at 100 mL min" of synthetic air
flow. Temperature was varied from 20 to 1000 °C with an
acquisition time of 1 point per 5 s using 10.00-15.00 mg of
solid (Wang et al. 2017).

For determination of hydrophobicity/hydrophilicity of the
surfaces, the ACs were dried in 10-mL beakers at 70 °C for
24 h (dos Reis et al. 2016b; Prenzel et al. 2014). Then, the
samples were cooled down in a desiccator before the accurate
weight (ca. 0.3 g) of each sample was obtained. Afterwards,
the beakers were disposed into capped Erlenmeyer flasks,
containing 60 mL of solvent (water or n-heptane) inside a
temperature-regulated shaker at 25.0 + 0.1 °C in static condi-
tion. The samples were placed in such a way that they were
not in contact with the solvent or wall of the Erlenmeyer. After
24 h, the sample was removed from the Erlenmeyer, dried
carefully from the outside with laboratory tissues and weighed
again. The maximal vapour amount adsorbed on the ACs was
obtained by the difference between the final and initial weight
and expressed in milligrammes per gramme (dos Reis et al.
2016b; Prenzel et al. 2014). The hydrophobicity/
hydrophilicity balances (HI) were calculated as the ratio of
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adsorbed n-heptane vapour (mg g ') to adsorbed water vapour
amount (mg g ).

The pH,,,. values were determined through the procedure
described in the literature (Prola et al. 2013a). The total acidity
and basicity of the ACs were determined using a modified
Boehm titration (Goertzen et al. 2010; Thue et al. 2017).

Chemicals, reagents and solutions

Deionized water was used for preparation of all solutions.

All phenolic compounds and pharmaceuticals used in the
adsorption processes were purchased from Sigma-Aldrich
(Sao Paulo, Brazil) and are listed in the Table 2 (Pubchem
2017), and their chemical structures are depicted on
Supplementary Fig. | and Supplementary Fig. 2.

The solutions used for the experiments of adsorption were
200 mg L™" of pharmaceuticals and 500 mg L™ of phenols
that were prepared from stock solutions of 1000 mg L™". The
pH of these solutions was 7.0 for the majority of these com-
pounds, with exception of nimesulide (pH 8.5), tetracycline
(pH 8.5), l-naphtol (pH 10.5), 2-naphthol (pH 10.5),
bisphenol A (pH 10.5) and thymol (pH 11.5).

Batch adsorption studies and quality assurance

The batch adsorption processes for the phenolic compounds
and pharmaceuticals on seven ASACs materials were per-
formed using 20.00 mL of phenolic (500 mg L™") and phar-
maceutical (200 mg L") solutions at a suitable pH, which
were quantitatively transferred to 50.0-mL flat Falcon tubes
containing 30.0 mg of ASAC adsorbent (1.5 g L™"). The flasks
were capped and placed horizontally in a thermostatic recip-
rocating shaker (25.0 0.1 °C) model Oxy-303T, furnished by
Oxylab (Novo Hamburgo, RS, Brazil), using a contact time of
120 min. After the stipulated time, the flasks were removed
and centrifuged to separate the adsorbents from the aqueous
solutions, and aliquots of 1-5 mL of the supernatants were
properly diluted to 10.0-100.0 mL in calibrated flasks using
aqueous solution at suitable pH.

The residual solutions of each adsorbate after adsorption
were measured using a UV-visible spectrophotometer at their
respective wavelengths, and the adsorption capacity (g.) was
determined using the relation shown in Eq. (1).
g= Gty (1)

where ¢ (mg g ") is the amount of the used adsorbate
adsorbed per unit adsorbent; Cy and Cy (mg/L) are the initial
and equilibrium liquid phase concentrations, respectively; V
(L) is the volume of the adsorbate solution; and m (g) is the
adsorbent amount.
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All of the experiments were carried out in triplicate to en-
sure reproducibility, reliability and accuracy of data. The rel-
ative standard deviations of all measurements were <4.5%.
Blanks were run in parallel and corrected when necessary
(Barbosa-Jr et al. 2000).

The solutions of adsorbates were stored in glass bottles,
which were cleaned by immersing in 1.4 mol L™' HNOj; for
24 h (Lima et al. 2001), rinsing with deionized water, drying
and keeping them in cabinets.

Adsorbate solutions (between 2.00-100.0 mg L"), in par-
allel with a blank, were used for linear analytical calibration.
The calibration curves were performed on the UV-Win soft-
ware of the T90+ PG Instruments spectrophotometer. All of
the analytical measurements were repeated thrice, and the pre-
cisions of the standards were better than 5.0% (n =3) (Lima
et al. 2000). The adsorbate solutions (15.0 mg L") were used
as quality control after every five measurements to ensure
accuracy of the solutions (Barbosa-Jr et al. 1999).

Results and discussion
SEM analysis

Analysis such as SEM, in view of its ability to directly view
the surface of activated carbons at high magnification, has
demonstrated enormous potential for use in the study and
characterisation of activated carbons (Thue et al. 2016,
2017; Lemraski et al. 2017). SEM was used to observe the
physical surface of the all ASAC samples (see Fig. 1). Such
images show that the activation stage produced carbon sur-
faces which were very irregular in relation to its format and
present high roughness. At the amplification of % 1000 (at
micrometric scale), it is not possible to distinguish the
ASAC samples from each other.

Specific surface area and porosity

Specific surface area and porosity are two important physical
properties of a material that impact its quality and utility for a
certain application, especially for adsorption process. These
physical characteristics are important because they are deeply
related to adsorptive capacity of the materials (Thue et al.
2016, 2017; dos Reis et al. 2016a, ¢). Many works have ad-
dressed that the success in the application of adsorbents is
closely linked with specific surface area and porosity charac-
teristics of these adsorbents (Leite et al. 2017; Thue et al.
2016, 2017; Lin et al. 2017c).

The physical features of the avocado seed activated car-
bons made by different pyrolysis conditions are shown in
Table 3. By analysing Table 3, it is easy to see that the textural
properties of the obtained activated carbons differ in relation
to its pyrolysis conditions.



Environ Sci Pollut Res (2018) 25:7647-7661 7651
Table 2  Physico-chemical properties of the molecules
Compound Molecular Amax  Molecular  Solubility Van der Waals  Polar surface Van der Polar surface Log P
formula (nm) weight in water surface area (A%, area (A2, Waals  area/Van der Waals
(gmol™ (gL pH 7.0)° pH 7.0)° volume surface area ratio
(A%
Pharmaceuticals
Amoxicillin C16H19N305S 227.0 365404  3.430 476.14 162.71 307.13  0.3417 0.87
Caffeine CgHoN4O; 273.0 194.194  21.60 269.07 58.44 16420 0.2172 -0.07
Captopril CoH sNOsS 200.0 217.283 452 318.05 99.24 196.51 03120 0.34
Enalapril CoH2gN,0s5 270.5 376.453 16.40 591.12 98.77 35731 0.1671 0.07
Meloxicam C14H3N;30,4S, 359.0 351.395 15.40 421.52 139.05 27599  0.3299 3.54
(pH 7.0)°
Nimesulide C13H15N,05S 392.5 308308  2.19 407.92 104.12 249.17 0.2552 2.60
(pH 8.5)°
Paracetamol CgHoNO, 243.0 151.165 14.00 251.37 49.33 159.08 0.1962 0.46
Propanolol C16H1NO, 289.5 259.349  24.09 430.03 46.07 25737 0.1071 3.48
(pH 7.0)°
Sodium Ci14HoCILNO,Na 2755 318.129  6.02 359.64 52.16 23443  0.1450 -231
diclofenac (pH 7.0)b
Tetracycline C13H15N,058 357.0 308308  2.19 407.92 104.12 249.17  0.2552 -1.37
(pH 8.5)°
Phenols
1-Naphthol C1oHgO 292.5 144.173 1.79 209.50 20.23 133.72  0.0966 2.85
(pH 10.5)°
2-Naphthol C1oHgO 273.5 144.173 1.25 209.70 20.23 133.65 0.0965 2.70
(pH 10.5)°
2-Aminophenol ~ C¢H,NO 283.0 109.128  20.00 161.26 46.25 101.48 0.2868 0.62
3-Aminophenol ~ C¢H,NO 281.0 109.128 19.39 161.99 46.25 101.50  0.2855 0.21
(pH 7.0)°
2-Chlorophenol ~ C¢HsClO 273.5 128.555 2.75 162.88 20.23 104.48 0.1242 2.15
(pH 7.0)°
2-Nitrophenol CHsNO; 278.0 139.110  2.10 181.86 66.20 113.52 03640 1.79
4-Nitrophenol CcHsNO; 226.0 139.110 11.60 185.14 63.37 113.43 03423 1.91
Pyrocatechol CeHgOs 275.0 110.112  33.24 158.06 40.46 99.01  0.2560 0.88
Resorcinol CHgOs 273.0 110.112 33.42 158.57 40.46 99.03  0.2552 0.80
Hydroquinone CHgOs 288.0 110.112  6.72 158.58 40.46 99.04 0.2551 0.59
o0-Cresol C,HgO 270.0 108.140  6.67 179.02 20.23 107.37  0.1130 1.95
m-Cresol C;HgO 271.0 108.140  3.94 179.31 20.23 107.32  0.1128 1.96
4-Methoxyphenol C;HgO, 287.5 124.139 13.24 195.05 29.46 116.49 0.1510 1.58
Bisphenol A Cy5H60, 276.0 228.291 1.96 359.75 40.46 22144 0.1125 332
(pH 10.5)°
Thymol CioH 140 273.0 150.221 2.39 271.49 20.23 158.40 0.0745 3.30
(pH 11.5)°

# Pubchem: https://pubchem.ncbi.nlm.nih.gov/. Site visited on September 27, 2017

® Chemical properties were calculated using the plug-in of Marvin Sketch 17.16.0 (www.chemaxon.com 2017)

For the Sggr, it should be noted that their values are high-

presenting values ranging from 1122 to 1584 m* g ' (see
Table 3). The high values of Sggr might implicate in high
uptakes of adsorbates by ASACs (Lin et al. 2017¢c; Thue
et al. 2016, 2017). Therefore, it should be pointed out that
avocado seed is an excellent precursor for preparation of high-
ly porous activated carbons.

Other parameters that are useful for analysis of the textural
properties of these ASAC materials are micropore area and

external surface area and total, micropore and mesopore vol-
umes. As can be seen in Table 3, all these parameters have
followed the same Sggt trend, as earlier observed for other
activated carbons (Thue et al. 2016, 2017; Ahmed et al. 2017).
It is noted that the samples pyrolysed at 500 °C reached higher
textural parameter values compared with those samples
pyrolysed at 700 °C.

It is also valuable to classify the activated carbons by
their relationship between microporosity and
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Fig. 1 SEM images of avocado seed activated carbon (ASACs). a ASAC1. b ASAC2. ¢ ASAC3. d ASAC4. e ASACS. f ASAC6. g ASACT. All images
correspond to a magnification of x 1000

Table 3 Textural properties of

avocado seed activated carbons Sample  BET t-plot t-plot extern. Total pore t-plot Mesopore
surfacearea  micropore surface area volume micropore volume

(m2 gfl) area (m2 gfl) (m2 gfl) (cm3 gfl) volume (cm3 gﬁl)

(cm’ g

ASAC1 1584 360 1224 0.8469 0.1563 0.6906
ASAC2 1230 201 1029 0.6685 0.0838 0.5847
ASAC3 1370 263 1107 0.7664 0.1120 0.6544
ASAC4 1122 284 838 0.6002 0.1249 0.4753
ASAC5 1343 316 1027 0.7354 0.1354 0.6000
ASAC6 1300 250 1050 0.7248 0.1261 0.5987
ASAC7 1310 237 1073 0.7232 0.1376 0.5856
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mesoporosity. Therefore, the volumes of mesopores were
divided by the total pore volume and the values were
multiplied by 100%. The percentages of mesopores ob-
tained were 81.54, 87.46, 85.39, 79.19, 81.59, 82.60 and
80.97% for ASACI1, ASAC2, ASAC3, ASAC4, ASACS,
ASACG6 and ASACT7, respectively. Based on these values,
clearly, it is seen that all of the obtained activated carbons
are predominantly mesoporous materials which could fa-
cilitate their uses in adsorption processes, in which adsor-
bate molecules diffuses through the pores of the ASACs
(Leite et al. 2017; Thue et al. 2016, 2017).

Observing the values of specific surface area and total
pore volume of the obtained ASAC adsorbents (Table 3),
the values of surface area are ranging from 1122 to
1584 m? g~ and for total pore volume ranging from
0.6002 to 0.8469 cm® g !, which are very good values when
compared with data already published in the literature.
Rovani et al. (2016) produced activated carbon from agro-
industrial wastes such as coffee, wood and apple pomace
wastes; the highest surface area was achieved by apple
pomace wastes with a specific area of 176.4-209.9 m*> g
and total pore volume 0f 0.2571 t0 0.2822 g cm >; Dos Reis
et al. (2016a) produced activated carbon from sewage
sludge obtaining specific surface area ranging from 387.7
to 679.3 m”? g ' and total pore volume ranging from 0.379
to 0.690 g cm >; Calvete et al. (2010) produced activated
carbon from pinon wastes and obtained surface area of
1035 to 1425 m* ¢! and total pore volumes ranging from
0.43t00.50 g cm >; Ahmed et al. (2017) produced activat-
ed carbon from human hair and obtained surface area of
1505 m* g ' and total pore volume of 0.798 g cm °.
Based on these data, it can be inferred that the ASAC acti-
vated carbons presented higher surface area and higher total
pore volume, which are good characteristics for adsorption
of different adsorbates (Thue et al. 2016, 2017).

Fourier transform infrared spectroscopy, point of zero
charge, total acidity and basicity (Boehm titration)
and hydrophobicity index

FTIR analysis contributes in the identification of functional
surface groups present on a solid surface which may contrib-
ute for explaining the adsorption of adsorbate molecules onto
the carbon surfaces (Ribas et al., 2014; Saucier et al. 2015;
Thue et al. 2016, 2017). The FTIR spectra of all ASACs are
displayed in Fig. 2. Although some differences in the spectra
of ASACs can be seen, it seems that the different conditions in
the pyrolysis process did not cause large differences in the
spectra of ASACs which presented almost the same group of
vibrational FTIR bands, such as the following: The band at
3443-3419 cm ™ is due to the OH stretching vibrations from
the intermolecular hydrogen bonding (Calvete et al. 2010;
Leite et al. 2017; Thue et al. 2016); bands at 2920-2924 and

2853-2858 cm™ ' are due to the asymmetric and symmetric C—
H stretching, respectively (Prola et al. 2013a, b); a small
shoulder at 1736-1708 cm ' could assigned to C=0
stretching of carboxylic acids (Ribas et al. 2014;); that at
1614-1630 cm™ ' is due to the asymmetric stretching in of
carboxylates (O=C=0) (Thue et al. 2016, 2017); and those
at 14091410 and 1460 cm ™' may be assigned to the aromatic
ring mode (Leite et al. 2017; Thue et al. 2016). The bands at
1262-1163 and 1030-1040 cm™' could be assigned to C-O
stretching of phenols and alcohols, respectively, and the band
at 799-806 cm ™' could be assigned to C—H out-of-plane bend-
ing in the aromatic rings (Leite et al. 2017; Thue et al. 2016).
The most important functional groups present in all ACs in-
clude (i) O—H likely from alcohols and phenols, (ii) aromatic
rings, (iii) C=0 likely from carboxylic acids and esters and
(iv) CH from aromatic and aliphatic compounds.

The surface chemistry and functionality of a solid material
(specially a functional material such carbon material) are de-
termined by the presence of basic and acidic groups on its
surface. The pH,,, is the pH at which the surface of an adsor-
bent is globally neutral, i.e. contains as much positively
charged as negatively charged surface functions. Below this
value, the surface is positively charged, making it able to
attract anions; beyond this value, it is negatively charged
which would attract cations.

It can be seen from Table 4 that the pH,,. values of all
samples are between 6.11 and 6.80. These values of pH,,,.
reveal that the surfaces of these ASACs are close to neutrality;
however, it reveals that there are a small excess of acidic
groups in relation to basic groups.

The total acidity and total basicity of the ASACs were
determined using modified Boehm titration (Goertzen et al.
2010; Thue et al. 2017); see Table 4. This method was pre-
ferred in relation to fractionated acidic groups (carboxylic
acids, phenolic, lactonic) because the CO, generated with
the use of carbonate and hydrogen carbonate in the aqueous
solution leads to wrong results of these groups, which are
usually neglected by the majority of authors, who use standard
coloured indicator to detect the end point of the titration
(Goertzen et al. 2010). It is also observed that the total amount
of acidic groups present on the ASAC samples is a little bit
higher than that of the basic groups, and this result is consis-
tent with the values of pHy,. reported earlier (Table 4).
Samples with higher amount of acidic groups presented lower
values of pH,,.. Therefore, the values of pH,,, are in complete
agreement with the total amounts of acidic and basic groups
present in the activated carbon samples.

In relation to the polarity of the surface of the obtained
ASAC adsorbents, it was also observed that samples with
higher total amount of functional groups (acidic and basic
groups) presented lower values of HI (see Table 4). The HI
values were calculated as the ratio of the amount of adsorbed
n-heptane vapour (mg g ') by the ASAC samples divided by
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Fig. 2 FTIR spectra of ASACs

the amount of adsorbed water vapour (mg g ') by the carbon
samples (dos Reis et al. 2016b; Prenzel et al. 2014). It is
observed that all ASAC surfaces are predominantly hydro-
philic in nature (see Table 4), since all HI values are lower
than 1.00.

It should be highlighted that the values of pH,,., total
amount of functional groups and HI are completely in agree-
ment, reinforcing that these results should be correct.

The presences of hydrophilic groups on ASAC surfaces are
related to H- bonding and oxygen groups that are present on
the ASAC surfaces (see Fig. 2). Taking into account these set
of results presented until here, it differentiates the better py-
rolysis conditions to be carried out, in order to obtain activated
carbons with higher sorption capacity for removal of organic
emerging contaminants. Therefore, it is necessary to use a
statistical tool, to differentiate the textural, functional, polari-
ties and surface acidity of activated carbon samples obtained
from the conventional pyrolysis of avocado seed which will
be presented in the next section.

Evaluation of the influence variables by statistical
analysis

When analysing the effects of multiple variables in an exper-
iment, it is useful to see the normal probability plots of the
standardized effects at a given probability level (p =0.05, in
this case) to verify what is the variable that has the main effect
over a determined response, as well as if the variation of a
given parameter will increase or decrease the responses and
also it is possible to detect if there are some synergistic or
antagonistic effect of varying two or more variables simulta-
neously. Based on that, in this study, normal probability plots
of the standardized effects at p =0.05 for the responses, sur-
face area (Supplementary Fig. 3A), total volume of pores
(Supplementary Fig. 3B), total functional groups
(Supplementary Fig. 3C) and HI (Supplementary Fig. 3D)
for producing activated carbons from avocado seed using the
experimental conditions are depicted on Table 1. These graphs
could be divided in two regions: at the left of zero standard-
ized effect, where the factors and their interactions presented
negative coefficients, and at the right of zero standardized
effect where the factors presented positive coefficients. All
these factors and interactions which were represented as a
square were significant figures, and they were out of the cen-
tral line that crosses the zero value at the abscissa at 50%. The
effects positioned in this line were represented by a circle and
correspond to the estimate of errors of the effects, being not
significant (Bruns et al. 2006; Montgomery 2017). As the
probability level was established at 95% of confidence level
(p =0.05), all factors and interactions with values of probabil-
ity lower than 0.05 are significant (see Supplementary
Table 1) and all parameters or interactions of two factors with
probability > 0.05 are not significant. Also, the contribution of
each factor and its interaction in the overall responses were
also given (see Supplementary Table 1).

For the response of surface area (Sggt), it was observed that
the parameters’ final temperature (A) and time of holding the
pyrolysis at the final temperature (B) presented both negative
coefficients and for this response, there is no interaction of the

Table 4 Chemical surface

properties of avocado seed Sample PHpe Total acidity Total basicity Total of functional HI

activated carbons (mmol g ") (mmol g ") groups (mmol g )
ASACI 6.11 0.2950 0.1885 0.4835 0.7884
ASAC2 6.80 0.2054 0.1568 0.3622 0.8750
ASAC3 6.32 0.2831 0.1475 0.4306 0.7889
ASAC4 6.85 0.1907 0.1590 0.3497 0.9146
ASAC5 6.48 0.2145 0.1547 0.3692 0.8047
ASAC6 6.55 0.2245 0.1547 0.3792 0.8045
ASAC7 6.52 0.2137 0.1608 0.3745 0.8041

HI amount of adsorbed vapour of n-heptane (mg g ') divided by amount of adsorbed vapour of water (mg g ')
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two factors. The contribution of the parameter temperature of
pyrolysis corresponds to 77.90% of the overall response (in
standardized effects), followed by the time of holding pyrol-
ysis (20.71%). The contributions of interaction of two factors
(A x B), central point and error were 0.27, 0.24 and 0.88%,
respectively. Based on these results (Supplementary Fig. 3A
and Supplementary Table 1A), when the temperature of py-
rolysis of avocado seed passes from 500 to 700 °C, a decrease
in the surface area will be observed. Also, the increase of time
of pyrolysis, from 30 to 60 min, also led to a decrease in
surface area. The effect of increase in temperature of pyrolysis
and time of holding temperature on the surface area was al-
ready reported in the literature by Botomé et al. (2017), and
the authors also observed a decrease in the surface area.

For the response total pore volume, all the factors (A and
B) and the interactions of two factors (A x B) were significant
(see Supplementary Fig. 3B and Supplementary Table 1B).
Also, it was observed that increases in the temperature of
pyrolysis (A) and holding time at the final temperature (B)
as well as the interaction A x B presented negative coeffi-
cients, meaning that its increases in their values lead to a
decrease in the total pore volume. The contributions of each
factor on the overall response were 71.28% (A), 16.40% (B),
5.23% (A x B), 6.96% (central point) and only 0.13% (pure
error). Considering that there was significant central point in
the response total pore volume, it is possible to highlight that a
curvature occurred for this response. Also, interactions of tem-
perature of pyrolysis and time of holding at final temperature
also decreased the total pore volume (negative coefficient).
Although these two parameters were observed (A x B and
central point), the final temperature of pyrolysis (A) is the
factor that contributes the most with the total pore volume.

There is a direct relationship between surface area and total
pore volume of an activated carbon (Thue et al. 2016, 2017).
As the total surface area of ASACs increases, it would lead to
increases in the total pore volume. The increase in temperature
and holding time at final temperature led to decreases in the
surface area (Supplementary Fig. 3A) and total pore volume
(Supplementary Fig. 3B).

For the response of total functional groups present on
the surface of ASACs, an interesting effect of the pa-
rameters was obtained. The temperature of pyrolysis (A)
and holding time (B) present negative coefficients; on
the other hand, the interactions of temperature of pyrol-
ysis multiplied by holding time (A x B) present a posi-
tive coefficient. In addition, the magnitude of A xB is
very close to that of A (see Supplementary Table 1C).
The overall response (total amount of functional groups)
follows a decreasing order, temperature (41.42%), hold-
ing time (21.37%), interaction A xB (20.82%), central
point (16.39%) and pure error (0.00%). Again, the pres-
ence of a central point indicates the curvature when the
temperature and the holding time are increased from

500 to 700 °C and 30 to 60 min, respectively. The
increase in temperature leads to a decrease in the total
functions present on the surface of activated carbons as
expected (dos Reis et al. 2016a, c). The increase in
temperature during the pyrolysis leads to the elimination
of the most volatile organic groups of the pyrolysed
lignocellulosic material (Saucier et al. 2015) that will
render low contents of organic groups onto the surface
of ASAC samples. Also, the increase in the holding
time will increase the releases of volatile organic groups
(dos Reis et al. 2016a, c). However, the synergistic ef-
fect of temperature of pyrolysis multiplied by the hold-
ing time (A xB) is not expected in the univariate anal-
ysis, and just this result justifies the 2 full-factorial
design with three central points carried out in this work.

The hydrophobic/hydrophilic ratio (HI) was the
fourth response explored in this work. Contrary to all
the responses shown until now, all the coefficients pre-
sented positive values (see Supplementary Fig. 3D and
Supplementary Table 1D). The increase in the tempera-
ture of pyrolysis as well as the holding time of the final
temperature of pyrolysis led to increase in the HI
values, which means that the ASAC surfaces of the
carbon adsorbents became less hydrophilic (since all
values of HI are lower than 1.00). This achievement is
compatible with total organic functional groups. The
increase in temperature leads to releases of oxygen
functional groups, and therefore, the carbon surfaces be-
come more hydrophobic (dos Reis et al. 2016b; Prenzel
et al. 2014). The overall HI response for the factorial
design followed a decreasing order, temperature of py-
rolysis (36.47%), holding time (24.01%), the interaction
of two factors temperature of pyrolysis multiplied by
holding time (24.00%) and central point (15.52%).

Based on the DOE of the four responses studied, the fol-
lowing could be drawn:

* For obtaining activated carbons with higher surface area
and higher total pore volumes, it would be better to use
lower pyrolysis temperatures and holding times;

* For obtaining activated carbons with higher number of
total functional groups, it would be better also to use lower
pyrolysis temperatures and holding times.

However, it should be mentioned that higher surface area,
higher total pore volume and higher functional groups are not
a guarantee that the activated carbon will be a good adsorbent
for removal of emerging organic contaminants from aqueous
solutions, because the adsorption does not take into account
the physical characteristics of the adsorbent (higher surface
area, higher total pore volume). It also considers the chemical
nature of adsorbate and adsorbent and the chemical composi-
tion of the medium (Lima et al. 2015).
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Adsorption of emerging pollutants

Among the different types of organic pollutants in wastewater,
phenolic and several pharmaceutical compounds are consid-
ered as priority pollutants since they cause several issues for
the living organisms, even at very low concentrations.
Removal of these emerging compounds by adsorption onto
activated carbon is one of the most applied methods for
treating polluted waters. In this work, avocado seed was used
as raw material for preparation of activated carbons and they
were used for uptake of 15 phenolic compounds and 10 phar-
maceuticals in aqueous solutions as shown in Table 5. The
ASAC:s exhibited very high adsorption capacity for all organic
emerging contaminants.

It is well-known in the literature that the adsorption char-
acteristics of different phenolic and pharmaceutical com-
pounds are influenced by their physicochemical properties,
such as water solubility and octanol-water partition coeffi-
cients (dos Reis et al. 2017, Thue et al. 2016, 2017; Yang
etal. 2017). However, in this study, the affinity of each organ-
ic emerging contaminant compared with others does not fol-
low a logical pattern with respect to their physical chemical
properties, reported in Table 2, in order to differentiate the
reason for the differences on sorption capacities of different
emerging organic contaminants. We tried to make some cor-
relation of amount adsorbed of the organic compound with its
molecular weight, its Van der Waals and polar surface areas,
its ratio of polar surface area divided by the Van der Waals
surface area, its Van der Waals volume and its Log P.
However, all these parameters did not follow a logical pattern
to explain why the ASACs presented differences in the sorp-
tion capacity for these 25 emerging organic contaminants.
Therefore, the statistical analysis, described below, helped to
understand these differences.

The results shown in Table 5 suggest that the ASACs could
be successfully employed for removal of organic emerging
compounds from aqueous solutions. The reasons for this
could be several. However, what better explains the efficiency
in the removal of such adsorbates is the mechanism of adsorp-
tion. To better understand the possible mechanisms that might
play key roles in phenolic compound adsorption on ASACs,
some mechanisms, such as 7—m interactions, dispersion inter-
actions, electron donor—acceptor and hydrogen bonds (dos
Reis et al. 2016¢; Thue et al. 2016), are proposed.

In the ASACs, surfaces are expected to contain large
amounts of polar groups such as —OH, —COO, —O and —NH,
(as can be seen in the FTIR analysis) and exhibit mostly polar
(hydrophilic) behaviour.

The organic emerging contaminant adsorption on ASACs
could also be determined by 7 interactions (between the 7
electrons present in the rings of phenols with the 7 electrons of
the aromatic rings present on ASACs) and “donor—acceptor
complex” formation between the surface carbonyl groups

@ Springer

(electron donors) and the aromatic ring of phenol acting as
the acceptor.

It is clearly seen that although the ASAC-1 has the
highest Sgpr and total pore volume (1584 m’ g{1 and
0.8469 cm® g ', respectively) among the others, it does
not present the highest uptake, which suggests that the
adsorption of emerging pollutants such phenols and phar-
maceuticals is not totally influenced by physical features of
the ASACs (see Table 5). The differences between the
values of ¢ might also be linked by the physical-chemical
properties of the emerging pollutants; however, no logical
pattern was followed as can be seen by the physical-chem-
ical properties shown in Table 2 as well as in the
Supplementary Fig. 1 and Supplementary Fig. 2.

However, observing Table 5 as well as the results of Table 4,
the decreasing sorption capacity of the ASAC for all organic
emerging contaminants was as follows: ASAC4 > ASAC2 >
ASAC7 = ASAC6 ~ ASACS > ASAC3 > ASACI. This order
is exactly the opposite order of total functional groups, whose
decreasing order was ASAC1>ASAC3 >
ASAC6 = ASAC7 = ASACS > ASAC2 > ASAC4. Also, the
sorption decreasing order of ASACs also agrees with that of
the HI ratio, whose decreasing order is ASAC4 > ASAC2 >
ASACS5 =~ ASAC6 =~ ASAC7 > ASAC3 > ASACI. Based on
these results, it can be concluded that the sorption capacity of
the emerging organic contaminants decreased as the number of
total basic and acidic groups increased, and the sorption capacity
also increased with the increase in HI ratio, and this analysis was
observed based on the statistical results of the factorial design.

Considering that all activated carbons prepared in this work
presented surface area higher than 1000 m? g ' (see Table 3)
and considering that a pyrolysis temperature of avocado seed
carried out at 700 °C led to a decrease in functional groups
(acidic and basic functional groups) onto the surface of acti-
vated carbon, which resulted in the most hydrophobic surface,
when compared with the activated carbons (see Table 4),
whose final pyrolysis temperature was 500 °C, it could be
stated that for adsorption of 25 emerging contaminants, the
best activated carbon was ASAC4. However, all other activat-
ed carbons also could be successfully employed for adsorption
of organic compounds from aqueous solutions.

Comparison of adsorption capacities of different
adsorbents

In order to compare the effectiveness of the avocado activated
carbons for removal of phenolic compounds, Table 6 brings
some results of some works reported in literature in relation to
adsorption of some phenolic compounds and pharmaceuticals
over many types of ACs. The results found in literature might
enable a comparison analysis about the effectiveness the avo-
cado ACs prepared in this work (see Table 5) with many other
adsorbents.
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Table 5 Sorption capacity of 25
emerging organic contaminants Sorption capacity (mg g ')
Amoxicillin Caffeine Captopril Enalapril Meloxicam
ASACI1 71.94 116.86 122.58 99.56 180.26
ASAC2 109.97 12943 131.58 119.08 199.87
ASAC3 74.52 119.56 123.25 100.32 182.36
ASAC4 110.00 131.85 132.01 121.74 201.36
ASACS 95.85 126.15 129.58 110.12 196.25
ASAC6 97.83 127.12 127.58 110.68 195.25
ASACT 94.56 125.58 128.25 112.36 194.25
Nimesulide Paracetamol Propanolol Sodium diclofenac Tetracycline
ASACI 117.56 95.56 69.25 121.25 188.52
ASAC2 133.85 121.69 102.58 131.05 197.85
ASAC3 119.25 105.21 71.25 124.25 191.25
ASAC4 134.01 122.56 104.03 132.52 200.36
ASACS 127.25 99.95 99.62 126.89 196.52
ASAC6 126.36 98.65 98.91 127.58 198.52
ASAC7 127.52 97.25 99.67 129.99 197.25
2-Aminophenol 3-Aminophenol 1-Naphtol 2-Naphtol Thymol
ASACI 297.36 147.25 301.58 270.69 278.52
ASAC2 330.87 268.25 331.39 317.73 301.50
ASAC3 299.34 149.71 305.52 275.58 280.56
ASAC4 331.08 270.58 332.58 319.29 302.25
ASACS 325.24 187.69 318.25 305.25 290.52
ASAC6 327.58 189.07 317.25 306.53 291.52
ASAC7 329.32 184.69 316.54 304.26 292.36
2-Nitrophenol 4-Nitrophenol Cathecol Resorcinol Hydroquinone
ASACI 275.35 238.37 141.25 99.52 130.25
ASAC2 306.58 261.64 229.58 170.53 305.05
ASAC3 277.56 242.62 142.21 101.95 133.78
ASAC4 307.43 266.03 231.71 17291 307.98
ASACS 292.54 264.86 181.02 142.35 226.75
ASAC6 295.24 267.01 183.88 145.54 224.56
ASAC7 294.61 265.25 180.48 144.25 226.45
2-Chlorophenol o-Cresol m-Cresol 4-Methoxyphenol Bisphenol A
ASACI 202.38 148.24 135.58 197.35 314.56
ASAC2 239.98 201.57 182.59 272.58 327.25
ASAC3 204.56 149.58 139.25 201.55 31545
ASAC4 241.25 202.58 183.47 277.17 325.07
ASACS 240.79 178.25 177.25 240.03 319.56
ASAC6 242.05 177.64 181.91 243.81 318.47
ASAC7 240.69 175.26 175.25 242.69 317.52

As can be seen in Tables 5 and 6, the adsorbent materials
proposed in this current work presented very good adsorption
capacities when compared with other adsorbents reported in
the literature. It is also highlighted that avocado ACs also

presented higher adsorption capacities when compared with
other adsorbents reported in the literature. However, these
results are very important because they highlight the excellent
performance of avocado ACs on the removal of several
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Table 6 Maximum sorption
capacities of different adsorbents
used for removal of various
pharmaceuticals and phenolic
compounds

Adsorbent Phenolic compounds O@mgg) References
Hyacinth AC 2-Nitrophenol 47.62 Isichei and Okieimen (2014)
Mesoporous carbon Resorcinol 37 Shou et al. (2016)
Mesoporous silica Resorcinol 39.2 Guo et al. (2013)
Coal AC 3-Aminophenol 110 Petrova et al. (2011)
Mesoporous carbons Resorcinol 40.6 Ren et al. (2016)
AC waste rubber p-Cresol 250 Gupta al. (2014)
Eggshells carbons Phenol 192 Giraldo and Moreno-Pirajan (2014)
Activated carbon 2-Chlorophenol 549.5 Strachowski and Bystrzejewski (2016)
Aminated AC Phenol 227.27 Yang et al. (2014)
Granular AC Catechol 100 Suresh et al. (2011)
Granular AC Resorcinol 113 Suresh et al. (2011)
Sludge AC Resorcinol 406.9 Dos Reis et al. (2017)
Sludge AC 3-Aminophenol 454.5 Dos Reis et al. (2017)
Sludge AC Hydroquinone 117.1 Dos Reis et al. (2017)
Sludge AC Dos Reis et al. (2017)
Pharmaceuticals
Sludge AC Diclofenac 156.7 Dos Reis et al. (2016b)
Sludge AC Nimesulide 66.4 Dos Reis et al. (2016b)
Cotton waste AC Tetracycline 109 Boudrahema et al. (2017)
Cotton waste AC Paracetamol 105 Boudrahema et al. (2017)
Pineapple leaves AC Caffeine 155.5 Beltrame et al. (2018)
Olive stone AC Diclofenac 3.104 Larous and Meniai (2016)
Cocoa shell AC Nimesulide 74.81 Saucier et al. (2015)
Human hair AC Tetracycline 128.52 Ahmed et al. (2017)
Cocoa shell AC Diclofenac 63.47 Saucier et al. (2015)

phenolic compounds and pharmaceutics toward other adsor-
bents described in Tables 5 and 6.

Conclusion

In this study, avocado seed was successfully used as raw ma-
terial for producing activated carbons by conventional pyrol-
ysis. In order to determine the best condition to produce the
activated carbons, a DOE was employed by varying the tem-
perature (500-700 °C) and time of pyrolysis (30—60 min).

The two evaluated factors (temperature and time of pyrol-
ysis) strongly influenced the Sggr and pore volume values;
both factors had a negative effect which means that increasing
the values of factors leads to decreases in Sgpt and pore vol-
ume values. The produced activated carbon exhibited high
specific surface areas in the range of 11221584 m” g '.
Surface characterisation revealed that ASACs have hydrophil-
ic surfaces and have predominantly acidic groups on their
surfaces.

@ Springer

The prepared ASACs were employed in the adsorption of
25 emerging organic compounds such as 10 pharmaceuticals
and 15 phenolic compounds which presented high uptake
values for all emerging pollutants. It was observed that the
activated carbon prepared at higher temperature of pyrolysis
(700 °C), which generated less total functional groups and
presented higher HI, was the activated carbon with higher
sorption capacity for uptaking emerging organic
contaminants.

Based on results of this work, it is possible to conclude that
avocado seed can be employed as a raw material to produce
high surface area and very efficient activated carbons in rela-
tion to treatment of polluted waters with emerging organic
pollutants.
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Supplementary Fig 3. Normal probability plot of standardized effects. Internal caption: A- final temperature of pyrolysis, B- holding time at final temperature of pyrolysis;
A.B interaction of two factors. All red squares are significant, and all blue circle are not significant. The level of probability used in these graphs are 95%.
A- response is surface area; B-response is total pore volume; C- total functional groups (acidic + basic); D- HI (hydrophobicity-hydrophilicity ratio).



Supplementary Table 1. Analysis of variance (ANOVA) for the coefficients temperature of pyrolysis (A) and time of holding at final temperature (B)
on the responses for production of ASACs.

Factorial Regression: Sger versus T; time; Center Point Factorial Regression: Total volume of pores versus T; time; Center Point

R?0.9912; R?,4; 0.9737

Factorial Regression: Total functional groups versus T; time; Center Poi.

Term Coefficient Standard Error | Probability Contribution Term Coefficient Standard Error | Probability Contribution
of Coeff (%) of Coeff (%)

Constant |-7.66.10™ 6.10° 0.000 Constant |-0.15618 0.00307 0.000

T -8.6.10° 6.10° 0.006 77.90 T -0.09934 0.00307 0.001 71.28

time -4.4.10° 6.10° 0.021 20.71 time -0.04765 0.00307 0.004 16.40

Txtime 5.10° 6.10° 0.512 0.27 Txtime -0.02692 0.00307 0.013 5.23

Center 7.10° 1.0.10° 0.534 0.24 Center 0.04741 0.00468 0.010 6.96

point point

Error 0.88 Error 0.13

R? 0.9968; R2,; 0.9959

Factorial Regression: Hl versus T; time; Center Point

R? 1.000; R%q; 0.9999

Term Coefficient Standard Error | Probability Contribution Term Coefficient Standard Error | Probability Contribution
of Coeff (%) of Coeff (%)

Constant |-34874.9 0.00139 0.000 Constant |-302.417 0.000044 0.000

T -0.18577 0.00139 0.000 41.42 T 0.881873 0.000044 0.000 36.47

time -0.13342 0.00139 0.000 21.37 time 0.715516 0.000044 0.000 24.01

Txtime 0.13169 0.00139 0.000 20.82 Txtime 0.715489 0.000044 0.000 24.00

Center -0.17849 0.00212 0.000 16.39 Center -0.878954 0.000068 0.000 15.52

point point

Error 0.00 Error 0.00

R2 1.000; R 1.000




