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Abstract

Water reuse has been gaining strength with a focus on sustainability issues and the water crisis. However, as water recirculates
in the processes, the demand for the removal of refractory compounds comes up, some toxics even at small concentrations.
To maximize the possibilities of water reuse, a steam pretreatment at 98 +2 °C for bone char used as adsorbent is proposed to
improve refractory organic compounds removal from refinery wastewater. In this study, raw and steam-pretreated bone char
(0.5-1.4 mm) were used to remove refractory organics from a petroleum refinery reverse electrodialysis (EDR) effluent (COD:
60 mg L) and phenol from a synthetic solution (COD: 47 mg L™1). In addition to solid characterization analysis, bench-scale
tests in batch and semi-continuous systems were carried out, using an orbital shaker and fixed-bed column, respectively. The
pretreatment provided a greater surface area, porosity, and adsorptive capacity to the bone char, in comparison to the raw
one. In batch tests, the adsorptive capacity of the pretreated bone char was 15 and 19% higher than raw bone char, applying
EDR effluent and phenol synthetic solution, respectively. The semi-continuous test for phenol removal using pretreated bone
char provided a breakthrough curve with the expected sigmoidal format and was best described by the models of Yoon and
Nelson (R*>=0.9836), Yan (R*=0.96705), and Thomas (R*=0.9836). The adsorptive capacity values of 2.99 mg g~! and
2.88 mg g~! from batch and semi-continuous tests, respectively, were close for phenol removal using pretreated bone char.
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Introduction

Population growth coupled with industrial development
increases the demand for clean and quality water while
contributing to the increased wastewater generation. To
reduce the effects of water pollution from anthropogenic
causes, the effluent treatment plants utilization, especially
for organic load and toxicity removal, is essential (Adamiak
2013; Turek et al. 2017; Mesquita et al. 2017; Rashid et al.
2021). In addition, objectives 6 and 12 of the United Nations
2030 Agenda for Sustainable Development encourage the
sustainable management of water and natural resources
consumption patterns, wastewater treatment, and water reuse
as the best way of consuming this resource (United Nations
2015). Reuse practices avoid new catchments and allow a
cleaner and economically advantageous production process.
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However, the recirculation of effluents in the process can
result in some contaminants enrichment in water.

In this context, it is important to explore effluent reuse
alternatives in petroleum refineries, one of the most relevant
industrial sectors. This industrial process uses an average
of 246-340 L of water per barrel of crude oil processed
and, consequently, generates effluent volumes around
0.4-1.6 times the processed oil volume (Alva-Argaez et al.
2007). The treatment of this volume of effluent generally
involves the removal of contaminants such as oil and
suspended solids by physical-chemical processes, followed
by biological processes for organics and nitrogen removal
(Domingos and Fonseca 2018).

The third stage of effluent treatment, usually called
tertiary treatment, is essential in petroleum refineries to
make the effluent appropriate for disposal or reuse in the
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process. Currently, one of the most used technologies
is reverse electrodialysis (EDR), allowing wastewater
desalination for reuse in the process, but presenting the
generation of saline concentrate flows as a disadvantage
(Choi and Kim 2015; Chong et al. 2015; Tang et al. 2016;
Wang et al. 2023). Focused on that, the crystallization would
be an applicable technology for the management of EDR’s
saline concentrate flow, separating the salts in the solid state
and allowing their final disposal in landfills, for example.
However, refractory contaminants, such as organics
compounds, present in EDR’s effluent may influence the
crystallization process, decreasing its performance and the
quality of the final products (Randall et al. 2011; Becheleni
et al. 2017).

In addition to harming processes such as crystallization,
the refractory compounds dissolved in the EDR effluent have
a high polluting potential and generate great concerns about
their toxicity and carcinogenicity (Becheleni et al. 2015).
Several organic contaminants have already been found on the
EDR saline concentrate, such as long-chain hydrocarbons,
benzenic and phenolic aromatic compounds, amines,
and amides (Becheleni et al. 2015; Mesquita et al. 2017;
Mesquita et al. 2018b). In their study about the application
of a fixed bed of bone char for refractory organics removal
from the EDR concentrate by adsorption, (Mesquita et al.
2018b) identified about 70 different refractory organic
compounds on this effluent.

Phenol has been declared a hazardous contaminant and
placed on the priority pollutant list by the United States
Environmental Protection Agency (EPA) due to its acute
toxicity to living organisms, carcinogenicity, corrosivity,
and potential damage to ecological systems even at low
concentrations (Li et al. 2018; Panigrahy et al. 2022). The
traditional techniques of phenol removal mainly include
membrane separation processes, reverse osmosis, chemical
and electrochemical oxidative processes, coagulation,
photooxidation, biodegradation, and solvent extraction
(Vourch et al. 2008; Cristévao et al. 2015; Abbassian et al.
2015; Mesquita et al. 2018b; Silva et al. 2018).

Adsorption is also an effluent treatment alternative,
being one of the most widely studied technologies (Maria
and Mansur 2017; Kennedy and Arias-Paic 2020; Villela-
Martinez et al. 2020; Maeng et al. 2020; Coltre et al. 2020;
Pérez Jiménez et al. 2021; Liu et al. 2021; Sellaoui et al.
2021; Li et al. 2022; Moussavi et al. 2022; Yang et al. 2022;
Valverde et al. 2022). Its operational simplicity and high
selectivity, requiring low energy consumption are important
features to highlight. The use of commercial activated
carbon as an adsorbent is common in some industrial
sectors, however, its high cost often makes its large-scale
application unfeasible. Research on lower-cost adsorbents as
an alternative to activated carbon has become increasingly
frequent. The bovine bone, a bulky waste of meat processing

companies, has been reported as a potential raw material for
the synthesis of an alternative activated carbon, the bone
char (Cazetta et al. 2014; Patel et al. 2015; Geca et al. 2022;
Hart et al. 2023).

Bone char is a solid granular material produced by
the calcination of animal bones, where they are heated
to a temperature up to 800 °C with a controlled oxygen
supply (Rocha et al. 2012; Nigri et al. 2017b). The main
bone char inorganic component is the calcium phosphate,
in hydroxyapatite (HAP) form. Therefore, bone char
is distinguished from other common adsorbents by its
composition of 80-90% calcium phosphate and only about
10%w carbon (Patel et al. 2015; Azeem et al. 2022; Medellin
Castillo et al. 2023). Many studies assess bone char as an
adsorbent for synthetic solutions treatment, as for fluoride
(Brunson and Sabatini 2014; Nigri et al. 2017b), crystal
violet (Cruz et al. 2020), methylene blue (Ghanizadeh and
Asgari 2011), sodium dodecyl sulfate (Hashemi et al. 2013),
boron (Valverde et al. 2022), and ions removal (Moreno
et al. 2010), but they are rare for organic compounds and
real wastewater.

A study developed by Mesquita et al. (2018a) about
steam regeneration of bone char for removal of refractory
organics, in terms of chemical oxygen demand (COD),
showed promising results. Bone char was saturated with
EDR saline concentrate wastewater, being the refractory
organics quantified as COD, and, then, regenerated by
steam in a bench-scale fixed-bed column. The tests were
performed alongside a 10-cm bed of saturated bone char
in contact with steam for 30 min, with the steam flow and
temperature of 0.6 g.min™! and 96 +0.5 °C, respectively.
Under these conditions, a recovery greater than 132% was
identified. The regeneration provided a greater COD removal
by the regenerated bone char than the raw adsorbent at the
saturation test. This indicated that, besides the regeneration,
the steam pretreated the bone char. Therefore, it would be
interesting to investigate if the possible steam pretreatment
improved the bone char properties related to its adsorption
capacity.

Some studies analyze steam pretreatment of adsorbents and
char in general, most of which are using high pressures or high
temperatures. Li et al (2017) evaluated this technique (700 °C,
2 h) to improve the surface properties of activated carbon for
high-performance supercapacitors. They observed by the
adsorption—desorption isotherms of N, that the pretreatment
produced highly mesoporous coal, differently from the raw
one. In addition, their steam pretreatment significantly
increased the surface area and pore volume of the activated
carbon. He et al. (2020) investigated the saturated steam
treatment (180-200 °C, 5-10 min) of rice straw pellets in
moisture sorption tests. They found that there was an increase
in carbon content, a decrease in oxygen, and a decrease in
the contents of cellulose, hemicelluloses, and lignin. The
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pretreatment process allowed the improvement of the caloric
values and increased the hydrophobicity of rice straws.

Several authors used autoclaves to produce steam, as in
the work of Xu et al. (2020) evaluated a pretreatment with
high-pressure vapor (autoclave at 130 °C, 40 min) followed
by a step heating (350 °C, 3 h, different heating rates) in
electrospun fibers of Si0,—~MgO used in an adsorption
study of Pb(II) and Cu(Il). The authors suggested that high-
pressure vapor promoted an involution of the structure
and gave the fiber a homogeneous body and pore-rich
surface. Parvin et al. (2017) used the steam pretreatment
(autoclave a 121 °C, 40 min) in jute stick powder for blue
dye removal from textile effluent, obtaining an efficiency
almost 30% greater than the raw adsorbent. According
to them, the pretreatment allowed the surface area to
increase and exposed more functional groups related to
the adsorptive capacity. Robinson et al. (2002) performed
a steam pretreatment (autoclave at 121 °C, 15 min) in
wheat straw, corncobs, and barley husks for dye adsorption
and also observed an increased surface area of the straw
by high-pressure heating and had a high final percentage
of dye removed. Yang and Cannon (2022) used steam
bursting pretreatment (160 °C, 300-700 psi, 5 min) of
biomass-activated carbon derived from pine sawdust for the
adsorption of perfluorooctanoic acid and methylene blue.
The authors performed subsequent pyrolysis of this material.
The characterization showed that the specific surface areas
and micropore volumes decreased with the increase in
pressure. Nascimento and Barros Neto (2021) also used high
pressures in a hydrothermal pretreatment steam explosion
process (210 °C, 5 bar, 15 min) in coconut husk adsorbents
for the removal of Cu?* and Cd**. It has been verified that
thermal degradation of hemicellulose has occurred, with an
increase in biomass crystallinity and porosity, favoring the
adsorption.

The use of high pressures and temperatures makes the
process more expensive and difficult. The use of steam in
batch processes was used in all the works mentioned above.
An industry application would require the flow of steam in
a continuous process, such as in a fixed bed, employing a
column. To the best of our knowledge, no previous study
has been dedicated to assessing steam pretreatment around
100 °C on improving bone char capacity to remove refractory
COD from phenol synthetic solution and petroleum refinery
EDR effluent, and this is the main contribution of this work.

Materials and methods
Bone char preparation and selection

The bone char was provided by Bonechar Carvao Ativado
do Brasil Ltda, located in Maringd—PR. The material was
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produced by calcination at 700 °C for 8 h (BONECHAR
2018). The total sample was quartered to obtain
representative aliquots according to Brazilian technical
standards of field sample reduction for laboratory tests
(ABNT 2001).

The particle size analysis was performed using a vibrating
system (Bertel Inddstria Metaldrgica Ltda) with sieves of 6,
12, 32, 48, 60, and 100 mesh for 15 min at 5 rpm. Bone char
(12-32 mesh or 0.5-1.4 mm) was selected for the adsorption
tests. The material was washed four times with distilled
water in a ratio of 250:1 (grams of bone char:liters of water)
for adhered fines removal. Finally, the bone char was dried
in a furnace (Sterilifer SX1.1 DTME, serial number 0057)
at 120 °C for 2 h to dry (Mesquita et al. 2018a).

Steam pretreatment

Bone char steam pretreatment is carried out in the experi-
mental setup as shown in Fig. 1. The steam generation sys-
tem had a vertical glass column (20 cm high, diameter of
0.7 cm) inside which a 10-cm bone char bed (average mass
of 1.89+0.50 g) was packaged between two layers of cot-
ton. A rubber tube was used to connect the glass tube bot-
tom to a flask containing 400 mL of water. The flask was
kept under stirring and heating (Magnetic Stirrer Fisatom,
752A) generating steam at 98 +2 °C. In the flask’s upper
hole, a rubber stopper was used to attach a thermometer.
The steam was applied to the bone char bed in a ratio of 13:1
(grams of steam:grams of bone char) and at an average flow
of 0.8+0.2 g min~". Finally, the pretreated bone char was
washed four times with distilled water in a ratio of 250:1
(grams of bone char:liters of water) and dried on a moisture
meter with an infrared heat source (Marte V1.8, ID50).

Bone char characterization

The bulk density (p,) of the bone char fraction selected
for the tests was determined according to Brazilian
technical standards of determination of apparent
specific mass (ABNT 1991). Both raw and pretreated
bone char surface area and porosity were determined
by N, adsorption—desorption analysis (Nova 1200e) at a
preparation temperature of 80 °C under a vacuum. From
the obtained isotherm, the specific surface area and average
pore diameter were determined using the BET method,
the volume of micropores by the t-plot method, and total
pore volume as defined by the corresponding amount
of adsorbed N, with relative pressure p/p,=0.99. The
morphology of bone char before and after pretreatment
was evaluated using a scanning electron microscope (FEI
Magellan 400 L). The samples were fixed in the sample
holders with carbon tape, followed by a coating with gold
for 90 s (Balzers Sputter Coater SCD 004 and Union CED
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Fig. 1 Steam generation system for bone char pretreatment in bench
scale: (1) magnetic stirrer with heating; (2) water under heating and
stirring; (3) thermometer; (4) bone char fixed bed; (5) glass column

020). Bone char ash content was performed according
to Brazilian technical standards for the determination of
ash content in mineral coal (ABNT 2017). Crystalline
phases were determined by X-ray diffraction (XRD) in a
Rigaku diffractometer (Miniflex 600) operating with Cu
Ka radiation. The goniometer velocity was 0.5° min~!
to the crystalline phases detection in angles from 5° to
80°. To determine the point of zero charge (PZC), the
11-point experiment described by (Robles and Regalbuto
2004) was used. The bone char pH was measured using the
methodology described by (Huff and Lee 2016), adding
1 g of char to 10 ml of distilled water, under agitation at
110 rpm and 28 °C for 1 h and subsequently measuring
the pH of this solution using a Digimed DM-22 pHmeter.
Both methodologies, for PZC and pH, were applied using
a refrigerated shaker incubator (New Technique, NT715)
and a pH meter (Digimed DM-22). The thermogravimetric
analysis (TGA) for evaluation of mass loss was performed
in a DTG-60H analyzer (serial number C30574800329TK)
with N, gas (flow of 50 mL min~') and heating rate of
10 °C min~!, from 30 to 900 °C. Fourier transformed
infrared spectroscopy (FTIR) (Bruker FTIR Alpha, serial
number 100413) was used to identify the surface groups
on the bone char samples prepared on KBr anidre disk.

EDR effluent characterization

The effluent was sampled in the field, from the petroleum
industry reverse electrodialysis (EDR) feeding stream,
conditioned into 20 L flasks, and sent to the laboratory,
where it was fractionated into 1 L flasks and temporarily
stored at 4 °C in a refrigerator.

For EDR effluent characterization, parameters such
as conductivity, bicarbonate alkalinity, total alkalinity,
aluminum, barium, calcium, chloride, chemical oxygen
demand (COD), strontium, total phosphorus, magnesium,
nitrogen, potassium, sodium, sulfate, and total suspended
solids were determined according to the Standard
Methods for the Examination of Water and Wastewater
(APHA 2017). The pH and turbidity were determined
using a pH meter (Digimed DM-22) and turbidimeter
(Hanid HI 98703), respectively. The refractory organics
concentration in the EDR effluent was measured in terms
of chemical oxygen demand (COD), according to the
closed reflux colorimetric method for low-concentration
range (APHA 2017), using dry block (Policontrol, serial
number 331) and spectrophotometer (AJX-1600, serial
number VED 1111006). Potassium bi-phthalate standard
at concentrations of 0, 10, 20, 30, 40, and 60 mg L~ was
used for the analytical curve.
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Phenol synthetic solution preparation

A 47 mg L~! phenol synthetic solution was used to
simulate the EDR effluent for laboratory preliminary
adsorption tests. This concentration was based on the fact
that the petroleum refinery EDR effluent had a COD of
approximately 60 mgO, L~!. Phenol (CcH;OH—Sigma-
Aldrich) was previously melted in a 60 °C water bath.
As performed for the EDR effluent, the phenol synthetic
solution concentration was measured in terms of COD
(APHA 2017).

Bench-scale adsorption experiments
Batch system

The batch experiments on bench scale were carried out in
triplicates under the same conditions for 4 systems: (1) raw
bone char—phenol synthetic solution; (2) pretreated bone
char—phenol synthetic solution; (3) raw bone char—EDR
effluent; (4) pretreated bone char—EDR effluent. The tests
were conducted under stirring and controlled temperature
(Nova Técnica refrigerated shaker incubator, NT715),
200+ 1 rpm and 25 °C, respectively, for 4 h. A solid-liquid
ratio of 10:1 (grams of bone char:liter of fluid phase) was
used in all the tests and the final organic concentration, in
terms of COD, was determined for the EDR effluent (APHA
2017). The pH of the fluid phases was monitored (pH meter
Digimed DM-22) and was 7.1 +0.2 for the phenol synthetic
solution and 7.3 +0.1 for the EDR effluent.

Semi-continuous system

A preliminary test for phenol removal by pretreated bone
char in a semi-continuous system, using a fixed-bed column
on a bench scale, was carried out in the setup illustrated in
Fig. 2. The phenol synthetic solution was kept under stir-
ring by a magnetic stirrer (Thelga, serial number 02019-
0413-003120) and pumped (peristaltic pump Instruments
SA—Spetec Penmex 12/2, serial number 03006773) upward
through the fixed bed of pretreated bone char. Pretreated
bone char mass (m) was packaged between two layers of
glass spheres in a 7 mm diameter (@) glass column. Phenol
synthetic solution at the column outlet was automatically
sampled every 30 min and phenol concentration, in terms
of COD, was determined for the EDR effluent.

The experimental conditions in which the preliminary
test for phenol removal by pretreated bone char in a semi-
continuous system, using a fixed-bed column on a bench
scale, was carried out are presented in Table 1. The phenol
synthetic solution temperature and pH (pH meter Digimed
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Fig.2 Semi-continuous system for phenol removal by adsorption
onto pretreated bone char in bench-scale fixed-bed column: (1) mag-
netic stirrer; (2) phenol synthetic solution under stirring; (3) peristal-
tic pump; (4) glass column; (5) pretreated bone char fixed-bed col-
umn; (6) automated sampling system

Table 1 Experimental conditions for phenol removal test by adsorp-
tion onto pretreated bone char in bench-scale fixed-bed column

Operational conditions Values
Column length-to-diameter ratio hi 7.8

Bed depth h [cm] 5.5

Bed mass m [g] 1.2031
Superficial velocity Qs [m>m=2h7] 0.80
Volumetric flow rate O [mL min~!] 0.51+£0.02
Initial concentration C, [mgO, L1 589+1.5

DM-22) were monitored (7.2 +0.1 and 23.5+0.5 °C,
respectively).

A breakthrough curve was obtained for this semi-
continuous experiment as the relative concentration (C/C)
versus the time (¢), where C is the concentration at time ¢,
and C,, is the initial concentration. The breakthrough point
was determined considering 5% more than the minimum
C/C, and the exhaustion point considering 95% of the
maximum C/C, (Worch 2012; Metcalf et al. 2014; Xavier
2018; Mesquita et al. 2018b).

The adsorptive capacity (g,) was determined
by applying a mass balance equation (Eq. 1) to the
breakthrough curve and assuming: (1) no formation or
consumption reactions; (2) the experimental conditions
of bed mass (m) and initial concentration (C); (3) the
adsorbate either adhered onto the adsorbent or remained in
the fluid phase; (4) the empty bed volume (V) ) filled by the
fluid phase, determined by the difference between the bed
total volume and the bed volume filled by the adsorbent
mass, considering its apparent density (p,); (5) the area
above the breakthrough curve, in terms of time (¢), related



Steam pretreatment of bone char for adsorption of refractory organics from electrodialysis. ..

1287

to the adsorptive capacity (g,) (Worch 2012; Metcalf et al.
2014; Xavier 2018).

=00
C
qo'm+C0'VL:C0'Q./<1_C—>dl (1)
t=0

0

where g, is the adsorptive capacity, m is the bed mass, C,, is
the initial concentration, V| is the bed volume filled by the
liquid phase, Q is the volumetric flow rate, ¢ is the time, and
C/C, is the relative concentration.

The adsorptive capacities up to the breakthrough (gg) and
exhaustion (gg) points could be determined using Eq. (1) and
assuming the time interval from zero up to the breakthrough
(tg) or exhaustion (¢p) time, respectively.

the adsorptive capacity up to the breakthrough time (), gg
is the adsorptive capacity up to the exhaustion time (1), Vg
is the column breakthrough volume, and Vg is the column
exhaustion volume.

The modeling of the breakthrough curve obtained in the
semi-continuous test for phenol adsorption onto pretreated
bone char was performed by Thomas, Yoon and Nelson,
Yan, and Wolborska models fit the experimental data using
the Egs. (20)-(25) presented in Table 3 (Thomas 1944;
Yoon and Nelson 1984; Yan et al. 2001; Xu et al. 2013;

Table 3 Models fitted to the breakthrough curve of phenol adsorption
onto pretreated bone char

. X . Models Equations
The operational and dynamic parameters that describe
the breakthrough curve behavior and the adsorption process ~ Thomas C£ = KT+ (20)
were calculated using the operational conditions (Table 1), 0 e[ G i)
the information contained in the obtained breakthrough  Yoon and Nelson = m @n
0 xp| Kyn-(7.
curve, and Egs. (2)-(19) presented in Table 2 (Reynolds Yan A (22)
. 0
and Richards 1995; Worch 2012; Metcalf et al. 2014, G 1+(%)
Nascimento et al. 2014; Harrison et al. 2015; Xavier 2018; b= qé_'" (23)
. 0
Mesquita et al. 2018b). Wolborska c_ exp[ ( $.:Co ) (b h] (24)
where @ is the column diameter, 4 is the bed depth, m is C, Ny 05
the bed mass, p, is the adsorbent apparent density, m, is the g - o 3D 25)
adsorbent particle mass, Q is the volumetric flow rate, gy is ¢ o
Table2 Equations “S“"? Parameters Equations
to calculate the adsorption
breakthrough curve operational Operational ~ Bed volume Vi [mL] 5\2 )
and dynamic parameters Ve=7 (5) h
Bed volume filled by the adsorbent mass V4 [mL] Va = pﬂ A3)
A
Empty bed volume Vi [mL] Vi =Vg =V,4 “)
Bed density pr [gem™] PR =1 )
R
Bed porosity er [%] gg=1-2 6)
PA
Bed adsorbent particle number N Zy = % (@)
Fluid phase superficial velocity Qg [cm min~!] Qs = (Q )2 ®)
(2
2
Effective fluid phase velocity Qg [cm min~'] L= O )
Empty bed contact time EBTC [min] EBCT = Qi (10)
S
Effective fluid phase residence time tg [min] tg = EBCT.e (11)
Dynamic Process efficiency n [%] n="% (12)
qo
Effective bed use hy; [em] hg =25 (13)
qe
Length of unused bed LUB [cm] LUB = (1 4z ) R (4
qe
Mass transfer zone movement time ty [min] =1t — 1y (15)
Fractional adsorbent capacity F Fe X; (Cp=C)dv (16)
RN
Mass transfer zone formation time tr [min] te=1—-F).ty (17)
eQ Q 1 = —[
Mass transfer zone height hy [cm] hy = tF—(lh—dF).tM h (18)
Mass transfer zone movement rate U, [cm h™! U, = hy (19)

Iy
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Nascimento et al. 2014; Mesquita et al. 2018b; Santos et al.
2020; Cruz et al. 2020).

where C is the concentration at time ¢, C is the initial
concentration, Ky is the Thomas rate constant, Q is the
volumetric flow rate, gy is the adsorptive capacity from the
Thomas model, m is the bed mass, Kyy is the Yoon and
Nelson constant, T is the time required for the adsorbent to
reach the relative concentration (C/C) equal to 0.5, ay is the
Yan constant model, gy is the adsorptive capacity from Yan
model, 3, is the external mass transfer kinetic coefficient,
N, is the mass transfer capacity, & is the bed depth, Qg is
the fluid phase superficial velocity, D is the axial diffusion
coefficient, and S is the external mass transfer kinetic
coefficient for negligible axial diffusion coefficient.

The mathematical models fit the experimental data
were evaluated using the determination coefficient (R
(Eq. 26), the average absolute deviation (%D) (Eq. 27), and
the corrected Akaike information criteria (AICy) (Eq. 28)
(Bonate 2011; Santos et al. 2020).

Zf‘\;l (('Iexp - Qpred>2

R=1- (26)
—\ 2
T (dep =)
N
1 Gexp — Dpred
%D = | — —— 1] - 100%
’ (N i=1 N ) ‘ @7
N ( _ 2
Gexp qpred) 2p(p +1)
AIC-=N-1 _ 2p +
AP PN
(28)

where N is the number of experimental data, gy, is the
amount of adsorbate removed experimentally (mg g~'); Gpred
is the amount of adsorbate removed predicted (mg g7 '); 7
is the average of the observed values (mg.g~') and p is the
number of parameters in the model + 1.

Results and discussion
Bone char characterization

The bone char apparent density (p,), measured from the
sample selected for the tests, was 0.68 g cm™3, within
the range reported by the supplier (0.6 to 0.7 g cm™>)
(BONECHAR 2018). Based on the granulometry of the
bone char sample selected for the tests, between 0.5 and
1.4 mm, it was assumed that the adsorbent particles have
an average diameter (@,) of 0.95 mm. Considering the
adsorbent particles as spherical, the values of average radius

@ Springer

(rp) of 0.475 mm, surface area (A,) of 2.84 mm?, and unit
mass (m,) of 0.31 mg were calculated.

The characteristics of surface area, total porous volume,
and average porous diameter determined by N, adsorp-
tion—desorption tests for both raw and pretreated bone char
are shown in Table 4. The physisorption of N, for the bone
char sample is shown in Fig. 3. The obtained adsorption/des-
orption isotherm is classified as a type-V isotherm, accord-
ing to the IUPAC technical report about the classification
of physisorption isotherms, whereas the hysteresis is of the
type H3, indicating the predominance of mesopores in the
form of parallel plates (Thommes et al. 2015). In this type
of isotherm, in low P/P, ranges, relatively weak interactions
of micro or mesoporous adsorbents with adsorbate are pre-
sent, and as partial pressures increase, molecular clustering
is followed by pore filling (Thommes et al. 2015; Mesquita
et al. 2017).

Both bone char samples presented a surface area in the
literature reported range. For raw bone char, surface areas
of 90 m? g~! (Mesquita et al. 2017), 119 m* g~! (Ribeiro
2011), and 139 m? g~! (Nigri et al. 2017a) were found in
research that used bone char from the same supplier. Despite
the short porous length found, a typical mesoporosity is
present for both bone char samples, according to the ITUPAC
classification (2 to 50 nm). Works in the literature (Tovar-
Gomez et al. 2013; Rojas-Mayorga et al. 2015; Nigri et al.
2017b; Mesquita et al. 2017) reported this mesoporous
characteristic for the raw bone char.

Bone char steam pretreatment affected its surface area,
total pore volume, and average pore diameter providing
increases of 4%, 11%, and 9%, respectively, in comparison
to the raw bone char. Similar studies using steam pretreat-
ment for bone char were not found in the literature for direct
comparison of the results obtained. Figure 4 shows a sche-
matic representation of the effect of pretreatment in those
parameters and SEM images before and after the pretreat-
ment. The images corroborate the previous findings, with a
visible increase in the number and diameter of the pores with
the pretreatment. Lebigue et al. (2010) used a steam flow of
0.7 g min~! at temperatures between 200 and 1000 °C on
sewage sludge samples carbonization and obtained a sur-
face area increase between 24 and 47% and a porous diam-
eter increase between 2 and 29%. Gangupomu et al. (2016)

Table 4 Surface area, total porous volume, and average porous diam-
eter determined by the N, adsorption—desorption tests for raw and
pretreated bone chars

Parameters Raw bone char  Pretreated
bone char
Surface area [m? g_'] 95.8 99.7
Total porous volume [em? g"l] 0.27 0.30
Average porous diameter  [nm] 2.8 3.1
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Fig. 3 Nitrogen isotherms of a raw and b pretreated bone chars

applied steam pretreatment at 400 °C followed by nitric acid
treatment for 3—12 h onto carbon nanotubes and obtained a
surface area increase in approximately 18%, a 42% increase
in the average pore diameter and a total pore volume of 8%.

Aiming at a better comprehension of the bone char
properties affected by the steam pretreatment, characteristics
such as ash content, crystalline structures, point of zero
charge (PZC), pH, and loss of mass with temperature
and surface groups were also analyzed. The ash content
found for raw and pretreated bone char was 80.8+0.2
and 80.5 +0.6%, respectively. This result corroborates the
majority composition of bone char by inorganic compounds,
especially calcium phosphate in the form of hydroxyapatite
(Mesquita et al. 2017).

As expected, X-ray diffraction (XRD) confirmed the pres-
ence of crystalline structures of calcite (CaCO;) in the bone
char samples. According to Fig. 5, the hydroxyapatite was
identified by peaks at approximately 2.80 A (147 v.a. inten-
sity for raw bone char and 162 u.a. for pretreated bone char),
1.94 A (intensity of 46 u.a. for raw bone char and pretreated
bone char), 3.45 A (intensity of 61 u.a. for raw bone char
and pretreated bone char), and 2.26 A (intensity of 36 u.a.
for raw bone char and 47 u.a. for pretreated bone char). The
calcite was identified by peaks at approximately 3.09 A (28
u.a. intensity for raw and pretreated bone char) and 1.45 A
(21 uv.a. intensity for raw and pretreated bone char) (Rocha
et al. 2012; Mesquita et al. 2017). The XRD analyses did
not show significant changes in bone char samples after the
pretreatment process. Few peaks could be distinguished by
XRD analyses by raising the hypothesis of a general struc-
ture that tends to be amorphous. In fact, the hysteresis cycle
obtained by N, adsorption—desorption analysis indicates that
bone char could be composed of non-rigid aggregates of
particles or that macropores, in the form of plates, of the
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porous network, would not be completely filled, a fact also
observed by Mesquita et al. (2017).

Figure 6 presents the results for raw and pretreated bone
char PZC analysis. A pHp, of 6.81+0.07 for raw bone char
and of 6.70 +0.20 for pretreated bone char was estimated.
Both bone char samples presented pHyp,- around the neutral-
ity (7.00), which means that, in an alkaline environment, its
surface charges will be negative and, otherwise, in an acid
environment, its surface charges will be positive (Fagnani
etal. 2017). As evidenced in Table 5, the pH of the effluent
was higher than the pHp,, causing a negative surface in
bone char that assists in the removal of phenolic compounds
(Mushtagq et al. 2014). In this pH range and as the synthetic
solution and effluent have pH around neutrality, the inter-
action of the phenolate ion with the fluid phase is greater
than with the bone char surface because there is no excess
of negative ions on the surface to the point of resulting in
the repulsion of the phenolate ion (Guilarduci et al. 2006).

While the PCZ allows obtaining information about the
interactions of the bone char surface with the medium,
the evaluation of the interaction with a standard medium
allows obtaining the pH of bone char due to protolytic
processes occurring during the immersion of the samples
(Laszl6 et al. 2006). The pH values of the char suspension
were 9.37 +0.05 and 8.96 +0.03 for raw and pretreated
bone char, respectively. Thus, both adsorbents presented
alkaline characteristics related to the carbonate presence,
from a small amount of calcite (CaCO;), a compound that
confers the buffering property to the bone char (Mesquita
et al. 2017). Coals with alkaline characteristics can adsorb
more phenol molecules, which is this study’s objective,
for presenting a greater interaction between the basic
groups of the surface with phenol (Laszl6 et al. 2006).
These groups are more present in larger pores, such as in
larger micropores and mesopores, where this increase in
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concentration favors adsorption in those pores (Radovic
et al. 2000).

Figure 7 shows the comparison of thermogravimetric
analysis (TGA) of raw and pretreated bone char, which indi-
cated, respectively, a total weight loss of 21.3 and 22.1%
with the temperature increase from 30 up to 900 °C. The
pretreated bone char mass loss was lower than the raw bone
char up to 585 °C, where the pretreated bone char presented
a greater mass loss.

@ Springer

Three regions of mass loss, for both, raw and pretreated
bone char, were identified, as also observed by Ribeiro
(2011) and Rojas-Mayorga et al. (2013). The first stage
of mass loss, around 240 °C, corresponds to intrinsic and
extrinsic water vaporization in the samples (Aziz et al. 2009;
Lins et al. 2019). There was a weight loss of 6.1 and 5.5%
for raw and pretreated bone char, respectively, in this stage.
There was a difference in the final temperature between
raw and pretreated bone char in the second region of mass
loss. For raw bone char, it occurs between 240 and 595 °C,
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_ Table 5 EDR effluent characterization parameters
- Parameters EDR effluent
7] pH - 7.30
T Conductivity [mS cm™! 1.100
(U: i Bicarbonate alkalinity [mgL7Y] 216.67
2 Total alkalinity [mgL7!] 216.67
_é’ ] Aluminum [mg L™ <1
D A Barium [mg L] <1
2 Calcium [mg L] 69.50
- Chloride [mg L™ 619.81
] COD [mg L] 59.9
Strontium [mg L™ 4.67
) b) Total Phosphorus [mg L™ 3.10
+—F7 1 Magnesium [mgL7!] 3.73
0 10 20 30 40 50 60 70 80 Potassium [mg L] 10.40
20 Sodium [mgL™"] 167.30
Sulfate [mg L] 158.21
Fig.5 Diffractograms of a raw and b pretreated bone char with cal- Total suspended solids [mg LN 32.00
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Fig.6 Point of zero charge (PZC) determination of (w) raw
(6.81+0.07) and (o) pretreated bone char (6.70+0.20)

with a weight loss of 12.2%, and for the pretreated, it occurs
between 240 and 656 °C, with 14% of mass loss. This mass
loss is related to the degradation of the organic carbon pre-
sent in the bone char (Mesquita et al. 2018b). In the third
region of mass loss, starting at 595 °C for raw and 656 °C
for pretreated bone char and ending at 900 °C for both, there
was a mass loss of 3.1% for raw and 2.6% for pretreated
bone char. This stage is due to the decomposition of the
carbonate, with CO, loss by calcite, which starts at 675 °C
and can end in two different ways. The CO, loss by calcite
can end with the complete degasification at 900 °C (Ribeiro

Temperature (°C)

Fig.7 Comparative thermogram of a raw and b steam pretreated

bone char

2011) or with the dehydroxylation of hydroxyapatite, by the
hydroxyl groups (~OH) loss and the consequent loss of the
lamellar structure, which occurs between 600 and 800 °C
(Patel et al. 2015; Mesquita et al. 2017). Differences in the
thermogravimetric analysis at temperatures above 100 °C
(the temperature used in the pretreatment) were not expected
and may indicate possible removals of less volatile fractions
by physical forms (such as drag) that are outside the scope
of this work.

The Fourier transformed infrared spectroscopy (FTIR)
spectra obtained for raw and pretreated bone char were
similar (Fig. 8), just with less intense spectra bands for the
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Fig.8 FTIR spectra analysis for a raw and b pretreated bone char

pretreated bone char. At all wavelengths, the percentage
transmittance showed a decrease in the bonds of functional
groups in the pretreated bone char (Rezaee et al. 2013). The
bands with the highest (1461 cm™') and lowest (871 cm™)
intensity were attributed to carbonate groups (CO32). The
bands between 560 and 600 cm~! and between 1000 and
1100 cm™" were assigned to phosphate groups (PO,*).
The wide band, between 2600 and 3600 cm™', is due to
the hydroxyl groups (-OH), present in hydroxyapatite and
typical in bone char samples (Boukha et al. 2007; Berzina-
Cimdina and Borodajenko 2012; Mesquita et al. 2017).

The steam pretreatment provided a greater surface area
and porosity to the pretreated bone char in comparison to
raw bone char. It is possible that the steam pretreatment also
removed impurities adhered to the bone char, favoring the
adsorbate physisorption. Major structural changes have not
been observed and the mechanism involving pretreatment
with steam at 100 °C cannot be fully elucidated. Thus,
adsorption tests were performed seeking to understand the
gain that this pretreatment provides to the adsorption process
of refractory compounds, mainly phenolic compounds.

EDR effluent characterization

Table 5 shows the results of the EDR effluent
characterization. The EDR effluent presented a pH close to
neutrality, equal to 7.3 +0.1. The low turbidity of 8.7+0.2
NTU may be related to a low value of total suspended
solids. The refractory organics concentration, in terms of
chemical oxygen demand (COD), was 59.9 +1.6 mg L™".
The concentration of COD is similar to that found by
Machado (2008), which defines it as about 60 mg L. This
COD value was used as a reference for the synthetic solution
of phenol. In a study by Mesquita et al. (2017), close to
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70 substances can be identified by chromatography, where
many were phenolic compounds.

Alkalinity is the number of ions in the water that will react
to neutralize H +ions, it is a measurement of the water’s
ability to neutralize acids (ability to resist pH changes:
buffering capacity). The main constituents of alkalinity are
bicarbonates, carbonates, and hydroxides. The distribution
between the three forms depends on the pH. As the pH is
close to neutrality, it has been that alkalinity is mainly due
to bicarbonate, as shown in Table 4. Conductivity and ions
were much lower in the effluent of this work and below
that defined for direct reuse purposes (1.400-1.900 pS/
cm) (Pombo et al. 2011). However, the concentration is still
high and identifies the effluent as saline. It should be noted
that the characteristics of effluent may vary significantly
depending on the process conditions on the day of collection.

Batch adsorption experiments

The results of adsorptive capacity (g,) obtained in batch tests
to evaluate the removal of refractory organics from EDR
effluent and phenol from synthetic solution by raw and pre-
treated bone chars are shown in Fig. 9.

For both raw and pretreated char, the removal of organic
compounds, in terms of COD, was higher from the phenol
synthetic solution compared to the EDR effluent. This
happens because of the difference in composition of both
fluid phases. The other compounds present in EDR effluent,
besides phenolic ones, may have been adsorbed before the
phenol, some because are smaller molecules, others due to
having more affinity with the adsorbent surface (Souza et al.
2012).

Figure 9 shows that, for both effluents, the adsorptive
capacities are higher using the pretreated bone char. For the
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EDR effluent, the adsorptive capacities were 1.62+0.11
and 1.92+0.02 mg g~' for raw and pretreated bone
char, respectively. For the phenol synthetic solution, the
adsorptive capacities were 2.60+0.09 and 2.99 +0.08 mg
g~! for raw and pretreated bone char, respectively.

Due to the better performance of the pretreated bone char,
with adsorption capacity around 0.30 mg g~! or 19% higher
for the EDR effluent and 0.39 mg g~ or 15% higher for the
phenol synthetic solution, it is believed that the bone char
pretreatment effects evidenced in the characterization stage,
as an increase in surface area, total pore volume, and average
pore diameter, ensured better performance. The use of
steam with temperatures of 100 °C in pretreatments was not
observed in recent literature but showed a gain when used
with bone char. In addition, it was observed that the bone
char pretreatment favored a greater increase in the adsorptive
capacity of the EDR effluent. This was associated with the
presence of complex phenolic compounds with larger carbon
chains, which were possible to be removed with the increase
of the pore diameter (Mesquita et al. 2017).

The adsorption mechanism of the refractory organic
compounds by bone char was previously studied through
batch tests by Mesquita et al. (2018b), and there is
no evidence that major changes occurred with steam
pretreatment. The authors reported physisorption and
uncovered the formation of multilayers and rapid initial
adsorption that suggested the occupation of active sites
by larger molecules. As these sites became saturated, the
diffusion of the solute into the adsorbent’s pores slowed
down. Consequently, a subsequent layer of adsorption is
initiated, perpetuating the process.

In any case, bone char (BC) seems to be a good adsorbent
for phenolic compounds and steam pretreatment has
proven to be a potential method to improve its adsorption
capacity. Although bone char surface area is much smaller
compared to conventional activated carbons (AC), better
long-chain refractory organics removal performance from
saline concentrate wastewater when using bovine bone char,
compared to the conventional AC tested (up to 15% better),
was reported by Mesquita (2016). This may be explained
by the different porous matrix (predominantly mesoporous
BC x predominantly microporous AC), and also by BC
larger micropores average diameter. These characteristics
favored the access of long-chain organic molecules to active
sites. Indeed, the author highlights “the hypothesis of steric
hindrance for penetration into the micropores due to the size
of the adsorbate molecules (long-chain hydrocarbons). In
other words, part of the adsorptive capacity is compromised
by the adsorptive process that occurs inside the adsorbent
pores.”

Another point to ponder is that bone chars are
distinguished from other available adsorbents because they
contain around 80-90% hydroxyapatite (HAP) and only

around 10% by mass of amorphous carbon (Patel et al.
2015; Azeem et al. 2022; Piccirillo 2023). This is contrary
to what is observed in the usual adsorbents, such as activated
carbons (Huang et al. 2022; Amalina et al. 2022; Medellin
Castillo et al. 2023). HAP has the ability to replace cations
and anions and also has a high capacity to bind to organic
molecules of different sizes (Patel et al. 2015; Piccirillo
et al. 2017; Medellin Castillo et al. 2023). In addition to
having good sorption efficiency, HAP is highly stable under
oxidation-reduction conditions and has good buffering
capacity (Nigri et al. 2017a; Piccirillo et al. 2017; Alkurdi
et al. 2020).

Also, for adsorption to be efficient and economically
satisfactory, several other factors must be considered,
such as the adsorbent cost and use limitation. A loss of
performance due to salinity (which was the case in the
wastewater investigated) while using conventional AC
is reported. The high cost associated with commercial
activated carbon is also a relevant factor when thinking about
scalability for larger treatment applications (Mesquita et al.
2017; Mesquita et al. 2018b). Ggca et al. (2022) presented a
comparison of alternative adsorbents and activated carbons
for the removal of organic compounds from multicomponent
systems. The alternative adsorbents, such as the bone
char, offered a favorable cost-effectiveness relationship,
making them suitable for real wastewater treatment
systems. Furthermore, the use of alternative adsorbents
replacing commercial activated carbon is more than simply
exchanging products based on cost or efficiency. This may
represent the possibility of appropriate disposal of waste
from other activities, such as the bovine bones. In addition
to adsorption as an efficient wastewater treatment technique,
the production and application of alternative adsorbents can
be seen as a positive environmental contribution to solid
waste management.

Fixed bed adsorption experiments

The breakthrough curve obtained for the phenol removal
test by adsorption in a pretreated bone char fixed-bed col-
umn is shown in Fig. 10. The obtained breakthrough curve
presents the sigmoidal format pattern of the breakthrough
curves in the literature and suggests its beginning in relative
concentration values (C/C)) close to zero and its stabiliza-
tion close to 1. The adsorptive capacity (g,) calculated from
the breakthrough curve and the operational conditions of the
semi-continuous test with pretreated bone char for phenol
removal was 2.88 mg.g~! (R>=0.9884). Comparing to the
results of the batch tests with pretreated bone char for phenol
removal (g,=2.99 +0.08 mg.g~!), the value obtained in a
semi-continuous system corroborates with a removal ratio of
about 3:1 mg of phenol per gram of steam-pretreated bone
char.
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Fig. 10 Breakthrough curve of phenol adsorption by pretreated bone
char in a fixed-bed column, in terms of relative concentration (C/C)

The operational and dynamic parameters, which
describe the behavior of the breakthrough curve and the
dynamic of phenol adsorption by pretreated bone char in
a fixed-bed column are shown in Table 6. The bed volume
(V=210 mL) reflects the amount of adsorbent available
in the column, and it is directly related to the availability
of surface area and active sites for adsorption (Kizito et al.
2016; Ebrahiem et al. 2018; Dawood et al. 2019). The
visibility of the breakthrough point (Fig. 10) suggests that
the column operated with a sufficient number of adsorbent
particles (Z, =3941) and met the phenol removal need
(Cavalcanti 2016; Nigri et al. 2017b; Mesquita et al. 2018b).

Due to the low value of bed porosity of 16%, the col-
umn cross-sectional area (Ag) available for the fluid phase
passage was significantly reduced by the adsorbent pres-
ence, expressed by the bed volume filled by the adsorbent
mass (V,=1.77 mL) (Worch 2012; Mesquita et al. 2018b).
Therefore, the effective fluid phase velocity (Qp=28.44 cm.
min~!) calculated is 6 times higher than the fluid phase
superficial velocity (Qg) equal to 1.33 cm.min™!. Also
due to the bed porosity (eg), the empty bed contact time
(EBTC =4.10 min) is reduced to the effective fluid phase
residence time (g =0.65 min), an 84% reduction. In addi-
tion to the bed porosity (eg), the empty bed contact time
(EBCT) is also related to the volumetric flow, in terms of
fluid phase superficial velocity (Qg). Among the operational
parameters that interfere in the efficiency of the adsorption
process is the contact time between adsorbate and adsorbent.
It is indispensable that the empty bed contact time (EBTC)
is large enough for effective interaction between adsorbate
and adsorbent and, consequently, for the adsorption to occur
(Worch 2012; Cavalcanti 2016; Mesquita et al. 2018b).

The adsorption process efficiency (1) was 50.7% for
phenol removal onto pretreated bone char. In other words,
in addition to retaining about 2.88 mg of adsorbate per gram
of adsorbent, under these operational conditions, the system
reached an adsorptive capacity up to the breakthrough point
(gp) equivalent to half of the total adsorptive capacity (g).
So, half of the system’s total capacity occurs in meeting
the removal needs, before achieving the breakthrough time
(t5=59.4 min) (Worch 2012).

The mass transfer resistance directly affects the bed
length used up to the breakthrough point, expressed as the

Table 6 Operational and

. Parameters Values
dynamic parameters of phenol
adsor.ption by pretreated bone Operational Bed volume Vg [mL] 2.10
char in a fixed-bed column Bed volume filled by the adsorbent mass V, [mL] 1.77
Empty bed volume Vi, [mL] 0.33
Bed density pr [gem™] 0.57
Bed porosity &g [%] 16
Bed adsorbent particle number N 3941
Fluid phase superficial velocity Qg [cm min~!] 1.33
Effective fluid phase velocity O [cm min™'] 8.44
Empty bed contact time EBTC [min] 4.10
Effective fluid phase residence time tg [min] 0.65
Dynamic Process efficiency n [%] 50.7
Effective bed use hg [cm] 2.8
Length of unused bed LUB [cm] 2.7
Mass transfer zone movement time ty [h] 1.83
Fractional adsorbent capacity F 0.50
Mass transfer zone formation time te [h] 0.91
Mass transfer zone height hy [cm] 5.2
Mass transfer zone movement rate U, [cm h™ 2.87

@ Springer



Steam pretreatment of bone char for adsorption of refractory organics from electrodialysis. .. 1295

effective bed use (hg) (Worch 2012; Nigri et al. 2017b; Mes-
quita et al. 2018b). In this work, the effective bed use (/)
was close to the length of the unused bed (LUB), 2.8 and
2.7 cm, respectively. Thus, it can be suggested that the sys-
tem was operated at an intermediate volumetric flow rate
(Q), with consequent median resistance of mass transfer.
Thus, about 51% of the total bed length was used before the
breakthrough point, meeting the need for adsorbate removal.

Evaluating the other dynamic parameters, the height (%)
and the movement time (%) of the mass transfer zone (MTZ)
are also associated with the mass transfer resistance, which
in turn is related to the volumetric flow rate (Q). For the
operational conditions used in the phenol/pretreated bone
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Fig. 11 Experimental and predicted breakthrough curves by Thomas,
Yoon and Nelson, and Yan models

char semi-continuous system, the MTZ height (4,) is equal
to 5.2 cm, almost the bed depth (%) value of 5.5 cm, pointing
at a relatively high slope of the breakthrough curve. Higher
slopes are directly related to lower mass transfer resistances
and higher volumetric flow rates (Q) (Worch 2012; Nigri
et al. 2017b; Mesquita et al. 2018b). Finally, the elevated
MTZ height (h,) takes to a low MTZ movement time
(t\y=1.83 h) and, consequently, a high MTZ movement rate
(U,=2.87cmh™!).

Thus, the slope of the breakthrough curve and the
dynamic parameters obtained suggest that the semi-
continuous test was performed using an intermediate to high
volumetric flow rate (Q), favorable to the adsorption due to
the mass transfer resistance reduction.

Figure 11 shows the experimental and predicted break-
through curves obtained by Thomas, Yoon and Nelson, and
Yan fit the experimental breakthrough curve. The adsorptive
capacity and parameters obtained by mathematical modeling
are shown in Table 7.

From Fig. 11, it is noted that among the models evalu-
ated, the models by Thomas, Yoon and Nelson, and Yan
presented a satisfactory fit to the experimental breakthrough
curve. However, high values of R? and low values of %D
and AIC pointed to the models of Thomas and Yoon model
and Nelson model as the best ones to describe experimen-
tal data, as shown in Table 7. The proximity between the
values of experimental adsorptive capacity (g,=2.88 mg
g~ 1) and adsorptive capacity predicted by Thomas’s model
(gr=2.90 mg g~!) corroborates its satisfactory fit. The fit
of the Wolborska model to the experimental data was not
adequate and was suppressed from the results since low

Table 7 Parameters obtained

from mathematical modeling Models Parameters Values
Thomas Adsorptive capacity gr [mg g7!] 2.90
Thomas rate constant K;[L rng’1 h 1 0.05
Determination coefficient R? 0.9836
Average absolute deviation %D 6.76
Corrected Akaike information criteria AICc -39.29
Yoon and Nelson Time required to reach C/Cy=0.5 7 [h] 1.93
Yoon and Nelson constant Ky [h71] 2.96
Determination coefficient R? 0.9836
Average absolute deviation %D 6.76
Corrected Akaike information criteria AIC, -39.29
Yan Adsorptive capacity qy [mg g 2.85
Yan constant model ay 6.16
Determination coefficient R? 0.9671
Average absolute deviation %D 11.13
Corrected Akaike information criteria AIC. -33.69
Experimental Adsorptive capacity qo [mg g7'] 2.88
Determination coefficient R? 0.9884
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values of R? (0.6165) and high values of %D (39.13) and
AIC. (- 14.06) were obtained.

In Fig. 11, it is noted an overlap of the breakthrough
curves predicted by Thomas and Yoon and Nelson models.
In Table 7, such overlap is confirmed by identical values of
R2, %D, and AIC.. Thomas and Yoon model and Nelson
model are mathematically equivalent, differing only in the
physical meaning of their parameters and in the amount of
data needed to adjust them. Thus, the observed overlap was
expected (Thomas 1944; Xu et al. 2013; Santos et al. 2020).

Conclusions

The characterization of raw and pretreated bone char
suggested an increase in bone char surface area and
porosity due to the pretreatment. It is possible that the steam
pretreatment also removed impurities adhered to the bone
char, favoring the adsorbate physisorption. Major structural
changes have not been observed and the mechanism
involving pretreatment with steam at 100 °C could not
be fully elucidated. Better performance of steam-treated
bone char, in both modes, batch and semi-continuous, was
attained, compared to the raw bone char. The adsorptive
capacities of the pretreated bone char were around 15%
higher for phenol removal from synthetic solution and 19%
higher for refractory organics removal from EDR effluent
in batch tests.

The semi-continuous system operated in a fixed-bed for
phenol removal from synthetic solution showed adsorptive
capacity close to the obtained in the batch tests, with values
of 2.88 and 2.99 mg g!, respectively. The breakthrough
curve presented a sigmoidal format pattern, and the
adsorption process efficiency was 50.7%. The test was
performed using an intermediate-to-high volumetric flow
rate, favorable to the adsorption due to the mass transfer
resistance reduction. Thomas (R?=0.9836) and Yoon and
Nelson (R*=0.9836) models were the best to describe
breakthrough curve experimental data, with low average
absolute deviations (around 6%).
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