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Abstract In a scenario of hydric scarcity, water reuse is
essential to minimize make-up; however, increased salin-
ity comes along with recycling streams. Crystallization has
been evaluated to remove dissolved ions; nevertheless, con-
taminants affect its efficiency. In this context, the removal
of residual organics from the saline concentrate from elec-
trodialysis applied for water reuse in a Brazilian petroleum
refinery was investigated. Aiming at establishing a sustain-
able virtuous circle, bone char, a waste from food industry,
0.5-1.4 mm particle size, was used as adsorbent for refrac-
tory organics removal. Equilibrium adsorption time of 4 h
was determined from batch experiments (through 72 h, at
25.0+0.1 °C, pH 7.6 +0.5 and 200 + 1 rpm, solid/liquid
ratio of 10 g kg™!) in a shaker and a removal of 54% for
dissolved chemical oxygen demand (COD) was observed.
Adsorption kinetics (pseudo-first and pseudo-second order;
Elovich equation) and equilibrium isotherms were evalu-
ated. Pseudo-second order model for kinetics (R2 =(0.9993;
k,=0.0184 mg~! min~!; q, = 3.21 mg g~!) and Freundlich
isotherm model best fitted to experimental data (R?=0.995),
suggesting physisorption in multiple layers. The adsorbent
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thermal regeneration was evaluated (at 300, 500 and 700 °C,
for 60, 120 and 180 min). Partial thermal regeneration was
achieved at lower temperature and time demands (300 °C
and 60 min—dissolved COD removal was around 40% after
the first cycle of regeneration). Further investigation, includ-
ing scaling-up and a cost-benefit analysis, is necessary in
order to assess its use as a viable low-cost alternative for
this type of effluent.

Keywords Adsorption - Bone char - Water reuse -
Residual COD - Electrodialysis - Petroleum industry

1 Introduction

Water demand in petroleum industry is high and, in a sce-
nario of hydric scarcity, reuse is mandatory to minimize
make up (WWAP—United Nations World Water Assessment
Programme 2016; Mekonnen and Hoekstra 2016; Paranychi-
anakis et al. 2015). In this context, effluents from oil refiner-
ies, in order to be discharged into water bodies, go through
wastewater treatment plants that comprise primary (oil and
suspended-solid elimination) and secondary (organic load
and ammonia removal) stages (Metcalf and Eddy 2014; San-
tiago 2010; Alva-Argéez et al. 2007). Nevertheless, if water
is to be reused, advanced (tertiary) treatment techniques
are required to remove dissolved organic or inorganic com-
pounds, such as adsorption onto activated carbon, advanced
oxidation processes and membrane separation (including
reverse osmosis and electrodialysis for salts) (Garcia et al.
2013; Stensel et al. 2013; Diya-uddeen et al. 2011; San-
tiago 2010). From one point of view, these techniques pro-
vide a high quality permeate for reuse. However, as water
recirculates, increasing salinity is inevitably observed in
concentrate streams. According to Bechelini et al. (2015),
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disposal in soil, use in aquaculture basins and solar evapo-
ration, crystallization of salts are options for destination of
such brines. However, authors emphasize that the increasing
environmental restrictions indicate that brine disposal may
not be allowed in the near future, so treatment options will
be refractory to the previous biological wastewater treatment
(Bechelini et al. 2015).

Besides affecting efficiency of processes to remove dis-
solved ions, toxicity inherent to typical refractory petroleum
organics are also of great concern. Indeed, Bechelini et al.
(2015), presented typical characterization for electrody-
alisis concentrate stream of a Brazilian petroleum refinery
(Table 1) and reported a complex mixture of linear 10 to
20 C hydrocarbons, some with ramifications, but without
functional groups. Two aromatic compounds, one benzenic
and other phenolic, were exceptions to this trend. Thus, the
authors simplified the mixture using five typical organics
for modelling. The organics considered in the analysis were
three linear alkanes (nonane, 5-(2-methylpropyl), hexade-
cane, heptadecane), one benzenic and one phenolic com-
pounds—benzene, 1,3-bis (1,1-dimethylethyl)) and phenol,
2,4-bis(1,1-dimethylethyl).

Due to their properties of corrosion, toxicity and car-
cinogenicity, phenolic compounds are considered priority
contaminants by the Environmental Protection Agency
(EPA) in the US. For these reasons, Brazilian Agencies

imposed the maximum limit of phenols of 0.001 mg L™!
in potable water (Brasil 2011b) and 0.5 mg L™! of total
phenols, for wastewater discharge (Brasil 2011a). Also of
high danger is benzene, which is considered the most toxic
among BTX (benzene, toluene and xylene) compounds,
whose carcinogenicity has been confirmed to be respon-
sible for leukemia and tumors in multiple organs. In fact,
acute exposure by inhalation or ingestion is well known
to cause death. Thus, the Health Brazilian Agency limits
the amount of 0.005 mg L' for benzene in potable water
(Brasil 2011b) and the Environmental Brazilian Agency
establishes 1.2 mg L~! as the limit in wastewater (Brasil
2011a).

Therefore, residual organics present in saline concen-
trate of membrane wastewater treatment in petroleum
refineries are of great concern not only for the perfor-
mance of the process, affecting its efficiency, but also for
their toxicity. Investigation of their removal could bring
about these two important achievements for this type of
industry.

One of the potential techniques to be applied for these
removals is adsorption, a consolidated process, in general
efficient and easy to be well operated. Indeed, literature
highlights adsorption has low cost, operational simplic-
ity and low area demand if compared to other advanced
wastewater treatment processes such as advanced oxidation

Table 1 Typical
characterization for

Parameters

Average concentration (mg L)

electrodyalisis concentrate
stream (C-EDR) of a petroleum
refinery (adapted from
Bechelini et al. 2015)

Balt

Carbonate (as CaCOj)
Ca2t

ClI~

Sr2+

PO4*~

Mg2+

N as NH;

NO™3

K+

Sio,

Na*

SO,

TOC (total organic carbon)
IC (inorganic carbon)

TN (total nitrogen)

TDS (total dissolved solids)
pH

Electrical conductivity (mS/cm)

Refractory Organics®
Long chains HC
Benzene and phenolic compounds

0.9
375.1
254.7
1,383.1
5.5
23.9
82.3
35.7
56.1
39.8
17.8
1003.8
646.1
44.1
28.8
134.7
2358.5
7.8

4.8

5-2-methylpropyl nonane; hexadecane, heptadecane, 1,3-
bis(1,1-dimetylethyl) benzene, 2,4-bis(1,1-dimethylethyl)
phenol

#Over 100 organics
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processes, reverse osmosis, and others (Bhatnagar et al.
2011; Hashemi 2013; Gwala et al. 2011; Jagtap et al. 2012;
Brunson and Sabatini 2014).

The most used adsorbent in water/wastewater decon-
tamination is activated carbon. In fact, organics removal by
adsorption in carbon charcoal has been carried out, but with
high cost and the performance being affected by increas-
ing salinity. Therefore, other low cost alternatives, such
as adsorbents produced from wastes, are becoming more
attractive. Among them, bone char may be highlighted for
water/wastewater applications, being widely researched for
several applications in this field, including removal of fluo-
ride, metals, dyes and pharmaceuticals (Nigri et al. 2017,
2016; Medellin-Castillo et al. 2016; Reynel-Avila et al.
2016, 2015; Brunson and Sabatini 2014; Iriarte-Velasco
et al. 2014; Liu et al. 2014; Hashemi et al. 2013; Rojas-
Mayorga et al. 2013; Tovar-Gomez et al. 2013; Rocha et al.
2011; Rezaee et al. 2011; Ghanizadeh and Asgari 2011;
Moreno-Pirajan et al. 2010; Chen et al. 2008; Castilho et al.
2007; Choy and McKay 2005; Cheung et al. 2004; Wilson
et al. 2003; Dahbi et al. 1999). Indeed, bone char presents
peculiar chemical composition (majorly calcium phosphates,
mainly present as hydroxyapatite—HAP, low amounts of
calcite—CaCO; and only 10% in weight of carbon), what
differs this material from the conventional activated carbons
(mainly constituted of C). In addition, its characteristics
of moderate specific surface area (around 90-120m? g7!),
as well as the carbonates present in its structure, derived
from its preparation process, make it singular for industrial
demands of water reuse.

Besides the efficiency for each specific contaminant
removal, two other aspects make bone char promising: its
origin, as a waste from tannery, food industry and cattle
breeding, and, additionally, the possibility to reuse the apa-
tite, precariously crystallized in the bone char, as a phos-
phate fertilizer for deficient soils (Siebers et al. 2014, 2013;
Smiciklas et al. 2008). Thus, the final aim of this work would
be to support the implementation of a sustainable virtuous
circle, where bone char could be recycled and used as an
adsorbent for other contaminants uptake.

Nevertheless, literature is scarce in applications of
organic compounds removal by bone char, applied to real
systems. Hashemi et al. (2013) confirmed this investigat-
ing the removal of the surfactant sodium dodecyl sulphate
from water using bone char. Brunson and Sabatini (2014)
analyzed the competition among naturally available organics
and fluoride removal from contaminated water using bone
char. It was observed no interference of such compounds
on fluoride uptake. Rezaee et al. (2011) studied the adsorp-
tion of Escherichia coli from air onto bone char, in places
subjected to possible contamination, such as hospitals.
They reported a removal efficiency up to 99.99%, bringing
about an interesting perspective of accessible environment

decontamination. Rezaee et al. (2013) also investigated
formaldehyde contamination in the air, using acetic acid
pre-treated bone char. Acid treatment improved the adsor-
bent performance, compared to fresh (untreated) bone char.
Rezaee et al. (2014) reported a maximum efficiency of
73% for formaldehyde removal by bone char covered with
ZnO nanoparticles through photocatalysis decomposition.
Another work investigating endotoxins removal from water
solutions using bone char showed that 98% of maximum
removal, at 40 g L™! solid/liquid ratio, was achieved (Rezaee
et al. 2009). Immersion calorimetry was used by Murillo-
Acevedo et al. (2010) to study 2,4-dinitrophenol adsorption
by bone char and the amount of dinitrophenol adsorbed
depended on the initial concentration, being 30 mg L~ the
solution that exhibited the greatest interaction enthalpy.
Other studies, involving dyes removal, have been found in
literature, including applications for both anionic or cationic
dyes, due to the typical surface charge of bone char (Asgari
et al. 2015; Ghanizadeh and Asgari 2011, Ip et al. 2010;
Al-Sarawy et al. 2005). Reynel-Avila et al. (2016) tested
the adsorption of 3 anionic dyes (acid blue 25, acid blue
74 and reactive blue 4) observing that steric factors might
govern dye uptake by bone char, mainly when dynamic is
evaluated, suggesting a mechanism of electrostatic adsor-
bent—solute interactions. Reynel-Avila et al. (2015) assessed
the adsorption of naproxen, a pharmaceutical and emerg-
ing water pollutant, by bone char in batch conditions. The
authors observed it was a feasible and effective process,
probably involving electrostatic and non-electrostatic inter-
actions, including a complexation process via phosphate and
naproxen, hydrogen bonding and the possibility of hydro-
phobic interactions via n—r electron. Terasaka et al. (2014)
used methylene blue as a model to investigate the removal
of organics by bone char produced from thermal treatment
of porcine bone, what was possible in the conditions used.

Thus, from the best of present knowledge, no previous
investigation of bone char for removal of refractory organics
present in real concentrate streams from electrodyalisis in
petroleum industry was carried out. Moreover, many aspects
need further research, such as the kinetics and mechanisms
of organics removal, as well as those concerning bone char
regeneration.

In this paper, bone char was evaluated as the adsorbent
for the treatment of a concentrate stream from electrodialy-
sis used in tertiary aqueous effluent treatment of a Brazil-
ian petroleum unit, aiming at the reduction of the content
of organics in the saline feed to the crystallization unit.
Equilibrium and kinetics data were obtained to interpret
the possible mechanisms. Different conditions for thermal
regeneration of bone char were tested, so that the best meth-
odology, among the investigated conditions, could be sug-
gested. This work is a new contribution for the integration
of adsorption, membrane separation process (electrodialysis)
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and wastewater treatment operations, thus leading to water
reuse increase in refining industries. This kind of associa-
tion is essential for a proper saline waste disposal and for an
optimized process sustainability.

2 Experiments
2.1 Preparation of adsorbent and samples
2.1.1 Bone char

Bone char, the adsorbent used in the present work, was sup-
plied by Bonechar Carvao Ativado do Brasil—Maringd—
Brazil. The material was produced at temperature of 700
to 750 °C, in a furnace, for 8 h of calcination (Nigri et al.
2017). Sample reduction was carried out according to Bra-
zilian technical standards (ABNT NBR NM 27:2001) and
particle size analysis was carried out by sieving, in vibrat-
ing system (Bertel Inddstria Metaltirgica—Ltda), for 15 min
at 5 rpm. Particles of 12-32 mesh size (0.5-1.4 mm) were
selected to the adsorption experiments and washed 4 times
using distilled water (500 g of bone char to 2 L water) to
remove tiny particles that could be adhered to the surface
of the bone char. Finally, bone char was dried in a furnace
(Sterilifer SX1.1 DTME, series 0057) at 120 °C for 2 h
(Ribeiro 2011).

2.1.2 Electrodialysis concentrate effluent (C-EDR)

The real effluent was sampled from the saline concentrate
line of electrodialysis, the last step of advanced wastewater
treatment in the real refinery. It was stored in 10 to 20 L
plastic flasks, after being appropriately cleaned, washed and
rinsed.

The characterization of the effluent was carried out
according to Standard Methods for Analysis of Water and
Wastewater (APHA 2012), for the parameters: filtered
Chemical Oxygen Demand (COD) (closed reflux colori-
metric method, low range of concentration), conductiv-
ity, turbidity, redox potential (Eh), Total Dissolved Solids
(TDS), Temperature (°C), pH, Dissolved Oxygen (DO),
Salinity (instrumental analysis, Horiba series U-50 mul-
tiparameter), Chlorides (argentometric method) and Ca,
Sr, Mg, Na (Atomic Absorption, GBC, Avanta model
spectrometer). The same parameters were measured after
4 h of adsorption batch experiments (see next section) at
(25.0+0.1)°C, pH=(7.6 +0.5), (200 + 1) rpm, solid/liquid
ratio of 10 g kg™

@ Springer

2.1.3 Dissolved organics determination

Dissolved organics were quantified using Closed Reflux
Colorimetric Methodology for low concentration range of
Chemical Oxygen Demand (COD) as described in Standard
Methods (APHA 2012). Previously to COD tests, samples
were passed through 8 um quantitative filter paper, and then,
through 0.22 pm disposable membranes (Millipore Millex
GV. Hydrophilic PVDF 0.22 pm), so that bone char residuals
and other suspended solids could be eliminated and only dis-
solved organics would be quantified. Dissolved COD percen-
tual removal was calculated as shown in Eq. (1).
CODin — CODout

Eg (%) = CODIn x 100 (D

where Ejy is the percentual dissolved chemical oxygen
demand removal, COD;, is inlet dissolved chemical oxygen
demand and COD,,, is theoutput chemical oxygen demand.

Refractory organics qualitative characterization for
C-EDR effluent before and after adsorption equilibrium
study (4 h adsorption batch experiments at 25.0+0.1 °C,
pH 7.6 +0.5, 200+ 1 rpm, solid/liquid ratio of 10 g kg™")
was carried out at University of Sdo Paulo (USP). It was
used gas chromatography/mass spectrometry (GC/MS Shi-
madzu QP 2010 plus; capillary column Agilent DB-5MS
30 mm X 0.25 mm; injection volume 1 pL; heat flow rate
7 °C min~', from 40 to 310 °C).

2.2 Adsorption experiments

Adsorption pH was monitored (HANNA pH 21), rather
than controlled, since buffer capacity of bone char led the
system to approximately neutral pH in preliminary tests.
Equilibrium adsorption time and kinetics adsorption were
determined from batch experiments at three different tem-
peratures, 30.0+0.1, 25.0+0.1 and 20.0+0.1 °C, and pH
7.7+0.5, 7.6 £ 0.5 and 7.9 £ 0.1, respectively. Kinetics
experiments lasted for 72 h, at a stirring rate of 200+ 1 rpm,
solid/liquid ratio 10 g kg™!, in a controlled temperature
shaker (TECNAL-TE-421). Batch adsorption tests were
also carried out in the same shaker, by varying solid/liquid
ratios (0.5, 1.0, 2.0, 4.0, 8.0, 10.0, 12.0, 14.0, 16.0, 32.0 and
64.0 g of bone char/kg of effluent). Langmuir and Freundlich
isotherm models were evaluated to fit experimental data.
Adsorption kinetics was evaluated according to pseudo-first
and pseudo-second order models, as well as the Elovich
equation.

2.3 Thermodynamics description

Thermodynamics was evaluated from the calculation of
entropy, enthalpy and Gibbs free energy variation from the
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results of the kinetic studies at three different temperatures
(30.0+0.1, 25.0£0.1 and 20.0+0.1 °C), pH 7.7+0.5,
7.6+0.5 and 7.9+ 0.1, respectively, at a stirring rate of
200 + 1 rpm, solid/liquid ratio of 10 g kg™).

The entropy and enthalpy were obtained from the plot of
In k_ versus %, according to Eq. 2.

AS AH

In kC = ? - ﬁ (2)
where R is the gases constant (8.314 I mol~' K™'), T is the
temperature (K), and k_ is the adsorption equilibrium con-
stant, as shown in Eq. 3.

cy—C, %
kC:O_xp_zﬂ 3)

c, m c,
where ¢, is the initial COD concentration (mg L"), c, is
the equilibrium adsorbate concentration (mg L"), p is the
solution density (g LY, V is the effluent volume (L), m is
the adsorbent mass (g), q. is the concentration of organics
in the solid phase, expressed as COD (mg g~ !).

Gibbs free energy variation (AG) was estimated as shown
in Eq. (4).

AG = —RT Ink, 4)

2.4 Bone char regeneration

Bone char regeneration was carried out thermically, using a
furnace (SP Labor, SP-1200; serie 286), varying temperature
and time. The conditions were chosen based on a 2° facto-
rial design (Statistics®). The results and errors were statis-
tically analyzed (F-test was conducted). Response surface
analysis was carried out to outline favorable conditions of
regeneration. Table 2 summarizes central and cubic points
used in experiments.

After regeneration, one cycle of adsorption using the
regenerated material was conducted, so that efficiencies of
removal could be compared to the new bone char and the
best methodology, among the tested conditions, could be
pointed out.

Table 2 Central and cubic points for factorial design of bone char
thermal regeneration

Factors Levels

-1 0 +1
Temperature (°C) 300 500 700
Time (min) 60 120 180

2.5 Characterization

Samples of new bone char (BC-N), saturated bone char (BC-
S), thermically regenerated bone char at 300 °C and 60 min
(BC-R) and thermically regenerated bone char at 700 °C
and 180 min (BC-R*) were characterized. X-ray diffraction
was carried out for identification of crystalline phases (pow-
der method or Debye Scherrer in an X-ray diffractometer
Panalytical, model Empyrean, using a copper tube and a 26
scan). X-ray fluorescence was used to determine the pres-
ence of chemical elements (PHILIPS PW-2400 model). Fou-
rier transformed infrared spectroscopy, FTIR (Perkin Elmer
FTIR 1760X) was also used to access the surface groups
on bone char samples prepared in a KBr anidre disk. Sur-
face area and porosity were determined by BET multipoints
analysis (Nova 1200E), using N,, preparation temperature
of 80 °C, in the vacuum. Thermogravimetric (TG) analy-
ses were carried out (Perkin-Elmer STA 6000 analyzer) to
evaluate mass loss and were performed from 30 to 900 °C,
applying a heating rate of 10 °C min~!, using N, gas (flow
of 20 mL min~"). Particles of bone char were observed at
scanning electron microscope—SEM (JEOL LSM 6360LV).

3 Results and discussion

3.1 C-EDR effluent characterization and refractory
organics

C-EDR had diverse composition, as it was a real process
stream. Thus, the average value was obtained from two dif-
ferent lots of effluent to compose its description. The same
quality parameters were measured for the treated effluent
that had been submitted to bone char adsorptive treatment in
a shaker, for 4 h, at (25.0+0.1)°C, pH (7.6 +0.5), (200+ 1)
rpm, solid—liquid ratio 10 g kg~! (Fig. 1).

The results for pH, C1™ e Sr** were similar to the mean
value characterized by Bechelini et al. (2015). However,
this was not observed for conductivity, Na* e Mg>*. As it is
a real process effluent, its characteristics may vary signifi-
cantly, depending on the process conditions on the day of
sampling.

Comparing C-EDR before and after adsorption (Fig. 1),
bone char did not seem to interfere significantly in pH, con-
ductivity, total dissolved solids, salinity and turbidity.

The buffer capacity provided by the carbonates and
phosphates of the bone char in contact with the effluent was
responsible for pH stability. As far as salinity and conductiv-
ity are concerned, as both are related to total dissolved solids
and no significant change was observed after adsorption,
it was concluded that bone char acted preferably in order
to remove the organics. On the other hand, for chloride,
concentrations raised in 56% after bone char adsorption,
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Fig. 1 Effluent C-EDR characterization before and after batch bench
scale bone char adsorption tests (4 h, in shaker, at 25.0+0.1)°C, pH
7.6+0.5, at 200+ 1 rpm, solid-liquid ratio of 10 g kg™ a multipa-
rameter analysis; b metals and chloride

suggesting chloride was released into the effluent, what was
confirmed by GC/MS (formation of dodecanoyl chloride).
The same trend was observed for magnesium (from 25.0
to 56.0 mg L', before and after adsorption, respectively).

About qualitative GC/MS characterization, the non-
treated C-EDR was a mixture of long chain hydrocarbons,
mostly alkanes and alkenes. Indeed, alkanes are not very
reactive and have low biological activity, the reason why they
are present in the concentrate stream of electrodyalisis. Fur-
thermore, aromatics, carboxylic acids, amines and amides
had also been identified. The most prominent peaks were:
(Z)-9-octadecenamide, 1,22-dibromo-docosane, hexadecane,
2-deoxy-bis(thioheptyl)-p-ribose, 2,3-bis[(trimethylsilyl)
oxy]propyl ester eicosanoic acid, octadecanoic acid, 3-oxo-,
methyl ester, 2,4-bis(1,1-dimethylethyl)-phenol, 4-ethyl-
undecane, 1-hexadecyl-2,3-dihydro-1H-indene.

After adsorption, it was observed that, from the
70 refractory organics in the influent, 25 were not
identified in the effluent any longer; therefore, they
had been retained onto the bone char: 10-meth-
ylnonadecane, N,N-dipropyl-buten-1-amine,
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Fig. 2 Langmuir and Freundlich models—nonlinear fit to experi-
mental data for C-EDR residual organics uptake by bone char at
T=25.0+0.1°C,pH 7.6+0.5 and 200+ 1 rpm

1-hexadecyl-2,3-dihydro-1H-indene, 4-methyl-1-undecene,
7-methyl-1-undecene, 2-(1-methylethyl)-3-methyl ester
(2R-cis)-3,4-oxazolidinedicarboxylic acid, 4-methyl-decane,
DEHP (diethylhexylphtalate), 2,6,11-trimethyl-dodecane,
2-methyl-heptadecane, tetradecane, tetrapentacontane,
tetratetracontane, tetratriacontane, 1-[[[(2-aminoethoxy)
hydroxyphosphinyl]Joxy]methyl]-1,2-ethanediyl ester hexa-
decanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester-
hexadecanoic acid, 1-methyl-naphthalene, Nonacosane,
5-methyl-5-propyl-nonane, octacosane, 2-hydroxy-1-
(hydroxymethyl)ethyl ester octadecanoic acid, 6-ethyl-
2-methyl-octane, 4-ethyl-undecane 1,1,1-trimethyl-N,N-
bis[2-[(trimethylsilyl)oxy]ethyl]-silanamine.

Literature reports that, since the main phase present in
bone char is hydroxyapatite, most surface groups (phos-
phates, hydroxyls and also calcium carbonate) are negative
at pH above 5 (Rocha et al. 2011; Nigri et al. 2016), which
was the case in this investigation. Therefore, at the begin-
ning, possible interactions with the organic compounds
would occur through hydrogen bonds between electronega-
tive heteroatoms such as oxygen, present in the phosphate,
carbonate and hydroxyl groups of bone char, and the hydro-
gen from O-H and N-H of the carboxylic acids, phenols,
amines and amides contained in the effluent. Then, weak
interactions, such as van der Waals, among long chains of
hydrocarbons adhered to the solid, could be present. Reynel-
Avila et al. (2015) also justified naproxen uptake by bone
char as a result electrostatic and non-electrostatic interac-
tions, including a complexation process via phosphate and
naproxen, hydrogen bonding and the possibility of hydro-
phobic interactions via n—x electron.
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Table 3 Langmuir and Freundlich isotherms parameters for adsorp-
tion of C-EDR residual organics by bone char at T=25.0+0.1 °C,
pH 7.6 +0.5 and 200+ 1 rpm

Isotherm model Langmuir Freundlich
Parameters Quax (Mg g7"): —2.85 n: 0.286
K (L mg™h: —0.14 k;
(Ll/n gflmgfl/n):
0.92x 107
R? 0.993 0.995
p-value 0.002580 0.002564

3.2 Equilibrium study

C-EDR organics adsorption onto bone char was moni-
tored throughout 72 h of experiments. At room tempera-
ture (25.0+0.1 °C), equilibrium was achieved within 4 h,
time after which a variation inferior to 5% was noticed.
Thus, adsorption tests were carried out for 4 h, at differ-
ent solid-liquid ratios, pH of 7.6 + 0.5, at stirring rate of
200 + 1 rpm. Langmuir and Freundlich models were fit-
ted to experimental data as shown in Fig. 2 and Table 3.
Although both models showed very high determination
coefficients (R?>0.99) and all of them at a level of signifi-
cance of 5% (p values), the fundamental Freundlich model
seemed to better describe the system, under the tested con-
ditions, taking into account the parameters obtained from
the models (Table 3). In fact, the Langmuir parameters
were negative, what is possible to occur for adsorption
evaluation in aqueous systems, which was the case, sug-
gesting that such a model is not suitable for describing the
system C-EDR oganics-bone char. Indeed, the Langmuir
hypothesis of monolayer chemical adsorption is certainly
far from the real system, since residual organic matter in
the effluent is mostly comprised of long chain hydrocar-
bons (C10 or greater), as was discussed previously. On the
other hand, according to Worch (2012), the Freundlich iso-
therm is widely used to describe adsorption in water treat-
ment processes with activated carbon, and is even used
for predictive models for multicomponent adsorption. In
addition, Ciola (1981) and McKay (1996); Nascimento
et al. (2014) reinforce its application to non-ideal systems,
in heterogeneous surfaces and adsorption in multilayer.
Furthermore, considering that the range of organics con-
centration in the C-EDR is around 30 mg L™" in terms of
dissolved organic carbon and approximately 60 mg L™!, in
terms of COD, the Freundlich model is also adequate. It
describes well the mean range of concentrations, depicting
neither the linear range, occurring at very low concentra-
tions, nor the saturation effect, present at very high concen-
trations (Worch 2012). Thus, it is assumed the heterogeneity
of the solid, applying an exponential distribution to char-
acterize the various types of adsorption sites, of different
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Fig. 3 Percentual organics removal (COD) for different solid—liquid
ratios

adsorptive energies (Freundlich 1906; Febrianto et al. 2009).
Yet, according to Thommes et al. (2015), Freundlich model
indicates physisorption mechanism. Thus, temperature and
thermodynamics were evaluated to assess if this was the case
and will be discussed in the following section.

Maximum organics removal (64% in terms of COD) was
achieved in a solid—liquid ratio of 64 g kg~! (Fig. 3). Nev-
ertheless, 10 g kg™ was chosen as the basis of solid—liquid
ratio in kinetics experiments, since under such a condition,
a removal of 45% COD was possible (representing more
than 70% of the maximum removal percentage) applying six
times less adsorbent, what may represent a strong advantage
concerning future industrial applications.

3.3 Temperature and thermodynamics

As temperature increased, adsorption capacity decreased,
showing that an exothermic process had occurred, sug-
gesting physisorption mechanism of uptake of residual
organics by bone char. Calculation of thermodynamics
parameters, reported in Table 4, confirmed exothermic
adsorption in the system (AH = —54.30 kJ mol™").

As AH <0, according to Marczewski et al. (2016), the
process is enthalpy favored and, although entropy has
low but negative value, partially negating the enthalpy
effect, spontaneity is confirmed with negative Gibbs free
energy. AH value was neither so low as 40 kJ mol~!, in
terms of energy, what is admitted by literature as a high
limit for physisorption, nor so high as 80 to 450 kJ mol~!,
energy values reported by literature for chemisorption to
take place, compared to chemical reactions energy values
(Wang et al. 2010). However, gathering the information
previously described and considering this refers to a real
system, where more than seventy long chains organic com-
pounds are present, hydrogen bonds between bone char
and carboxylic acids, or amines, or amides, may happen.
Indeed, the high value of AH might suggest that not only
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Table 4 Thermodynamics Temperatures (°C) AG (kJ mol™) AH (KJ mol ™) AS (kI K" mol™) R’
parameters for C-EDR residual
organics adsorption by bone 20.0+0.1 —12.09 — 5430 —0.144 0.9095
char in batch system 25.040.1 1136

35.0+0.1 -9.92

Van der Waals interactions are present, but also electro-
static ones (Monash and Pugazhenthi 2009).

Rocha et al. (2011) studied the zeta potential of bone
char for pH > 5.0 and, as the main phase present in the
bone charcoal is hydroxyapatite, most of the surface
groups (phosphates, hydroxyl and also carbonate from cal-
cite) are negative at pH higher than 5, which was the case.
Nevertheless, as cations are also present (calcium sites)
the uptake of anions is still possible. Thus, the few possi-
ble electrostatic interactions with organics—between ani-
onic groups of bone char and H* of phenolic compounds,
or carboxylic acids, amines or amides, for example, or
between Ca’* and phenolic OH™, might take place first.
Then, weaker interactions, such as van der Waals ones,
among long chains hydrocarbons adhered to the solid,
might be present.

The type of BET characterization isotherm obtained for
the bone char suggests type 5, which is typical of relatively
weak adsorbent-adsorbate interactions (Thommes et al.
2015). Another important aspect to reinforce physisorp-
tion assumptions was that thermal regeneration, that will be
described later on, was possible.

Gibb’s energies show spontaneous nature and feasibility
of residual organics sorption by bone char, being the process
more energetically favored as temperature decreases. The
negative AS values suggest the decrease in disorder, what
may be due to the decrease of adsorbate concentration in
solid-solution interface, indicating thereby the increase in

1 £ 1
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S f=d o % r o 3
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0.0 020°C
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adsorbate concentration onto the solid phase (Rincén-Silva
et al. 2016; Goswami and Ghosh 2005). Indeed, according
to Goswami and Ghosh (2005), this is a normal consequence
of the physical adsorption phenomenon, which takes place
through electrostatic interactions as suggested earlier.

3.4 Kinetics of residual organics removal by bone char

C-EDR residual organics adsorption onto bone char was
monitored throughout 72 h of experiments. For room tem-
perature (25.0+0.1 °C) it could be noticed an acute removal
within only 2 h of experiments and equilibrium was reached
after 4 h, achieving 54% in terms of dissolved COD removal
(C/Co=0.46), as shown in Fig. 4. The initial rapid adsorp-
tion may be attributed to the occupation of active sites by
large molecules of hydrocarbons and less apolar ones, as
described previously (see Sect. 3.1). Once these sites are
full, slow pore diffusion of the solute into the adsorbent hap-
pens, due to steric hindrance. As multilayers may possibly
be formed, each molecule would be a new adsorption site
to the others.

The same equilibrium time was observed at 35.0+0.1 °C.
Nevertheless, removal of organics by bone char decreased
(around 31% of removal). According to Marczewski et al.
(2016) the effect of temperature on organics adsorption for
water applications is of great relevance, once it depends on
the species solubility in water, which is directly affected by
temperature. In other words, despite the fact that equilibrium
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Fig. 4 Equilibrium time for adsorption of residual COD in C-EDR onto bone char—batch tests a through 72 h; b through 24 h
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time was the same, adsorption of residual organics by bone
char was less favored at higher temperature, which is typical
when exothermic adsorption takes place. Indeed, this was
the case when the thermodynamics parameters were calcu-
lated, as presented in Table 4.

On the other hand, studying the system at 20.0+0.1 °C,
final removal was similar to that at ambient temperature
(around 50%); however, equilibrium was reached only after
18 h of experiment, suggesting that lower temperatures
could diminish organics uptake rate by bone char. Accord-
ing to Al-Qodah (2000), changes in temperature are known
to influence the adsorbent capacity in equilibrium for a given
adsorbate, which seemed to be the case. Actually, increasing
temperature leads to enhancing diffusion rate of adsorbed
molecules through external and internal pore layers, due to
decrease in viscosity of the solution.

Kinetics modelling was carried out and pseudo-second
order model best fitted experimental data as shown in
Table 5. Parameters for different conditions of tempera-
ture and pH are also reported. Pseudo-second order model
is based on adsorption capacity of the solid phase (Crini
and Badot 2008). It is assumed that the difference between

solid phase concentration at any time and at equilibrium is
the driving force of adsorption and adsorption global rate
is the square of the driving force (Ho and McKay 1999).
The model previewed, at ambient temperature, a qe value
of 3.205 mg g~!, which is very close to the real value
(qe=3.225mgg™).

3.5 Thermal regeneration of bone char

Economic feasibility depends directly on the regeneration
capacity of an adsorbent. In this context, thermal regenera-
tion of bone char saturated with residual C-EDR organics
was carried out in a furnace, in different operational condi-
tions of temperature and time, according to a 22 factorial
design, and both factors were found to interfere on the ther-
mal regeneration process, as shown in the Pareto chart of
Fig. 5a. F test was conducted and calculated F value (44.37)
was more than ten times the table F value (4.26) for a level
of significance of 5%, indicating that there are evidences of
significant difference among the conditions, related to COD
percentual removal.

Table 5 Kinetics parameters for C-EDR residual organics adsorption by bone char, batch tests

T (°C) pH Pseudo-second order parameters q. (real) (mg g_l) R? Pseudo- R? Pseudo-first R? Elovich
| ] second order order
ky (g mg™ min™") q. (mgg™)
20.0+0.1 7.7+0.5 0.0100 3.000 3.046 0.9857 0.0982 0.6428
25.0+0.1 7.6+0.5 0.0184 3.205 3.225 0.9993 0.3831 0.7639
35.0+0.1 7.9+0.1 0.0601 1.979 2.372 0.9716 0.3429 0.5060
a b
T 220
Temperature (°C)(L) Wy// 6.4 200
180
Time (min)(L) 57// 3.1 - 160
! € 140
Time (min)(Q) /7 1.6 i E 120
| 2 Il 70
Temperature (°C)(Q) / 11 ] = 100 Bl 50
— : 80 B 50
1by2L Eefor ! . 60 [ 40
(A [ 30
PO T T O SO SO TUUT ST 40
[ 20
. 150 300 450 600 750 900
Standardized Effect Bl 0

Estimate

Fig. 5 Response surface study for percentual chemical oxygen
demand (COD) removal after first cycle of thermal regeneration of
bone char, a pareto chart, for intervenient factors furnace temperature

Temperature (°C)

and time; b contour surface, showing favorable regeneration condi-
tion at 300 °C and 60 min. (Color figure online)
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Curiously, better results were obtained at lower tempera-
ture and time conditions (300 °C and 60 min), what repre-
sents an attractive gain from the point of view of process,
as costs with energy may be optimized, compared to the
other conditions, more time consuming or more energeti-
cally demanding. After the first cycle of the regeneration
process, adsorption tests showed COD removal by regener-
ated bone char around 40%, as can be seen in Fig. 5b. As an
example, the five model residual organic compounds present
in C-EDR, presented by Bechelini et al. (2015), which were
nonane,5-(2-methylpropyl); hexadecane, heptadecane, ben-
zene, 1,3-bis (1,1-dimethylethyl)) and phenol, 2,4-bis(1,1-
dimethylethyl), have boiling point inferior to 300 °C, so that
it is assumed they had enough energy to escape from the
substrate. In fact, as van der Waals interactions are weak, an
energy amount in the order of magnitude of vaporization-
condensation of such compounds would be sufficient to pro-
mote desorption. On the other hand, high temperatures and
times in the furnace led to decrease in adsorption capacity,
and bone char effiency for COD removal vanished.

Possible explanations for this observation would be
changes in the bone char crystalline structure or the
decrease of surface area by raising calcination temperature,
as observed and reported by Medellin-Castillo et al. (2016),
studying fluoride uptake by bone char. Indeed, these authors
reported a linear decrease in the adsorption capacity of bone
char as calcination temperature raised from 400 to 800 °C
and a difference in crystalline structure of calcium phos-
phates present in bone char.

It is important to highlight that the color of bone char
had completely changed in this condition of regeneration
(the black natural aspect of the bone char changed com-
pletely into a white powder). Indeed, Rocha et al. (2011),
in thermogravimetric analysis (TGA) of similar bone char,
observed that the CO, loss for calcite starts at 675 °C. Thus,
some characterization techniques were applied in order to
elucidate about possible adsorption—desorption mechanisms.

3.6 Characterization of bone char

New bone char particles (0.5-1.4 mm) presented surface
area of 90 m%/g and mesoporous structure (porous diameter
of 5.7 nm and total porous volume of 0.2513 cm® g~!, deter-
mined at 80 °C by BET multiple points method. Surface
area was inferior from those reported by Nigri et al. (2016),
139 m? g~!, and Ribeiro (2011), 119 m? g~!, using bone char
from the same supplier, to remove fluoride from aqueous
solutions. Tovar-Gomez et al. (2013) also obtained higher
surface area studying bone char from two different suppliers
(104 and 129 m* g71).

For porosity, mesoporous structure corroborate results
reported by literature (Nigri et al. 2016; Rojas-Mayorga
et al. 2015; Tovar-Gomez et al. 2013; Ribeiro 2011), in spite
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Fig. 6 BET Type V isotherm for bone char

of presenting thinner porous length. Sample density was
1 g cm™ while liquid density was estimated at 0.808 g cm™.

Taking into account the hysteresis loop obtained by BET
analysis, shown in Fig. 6, bone char N, isotherm would be
classified into Type V, according to Thommes et al. (2015),
in their IUPAC Technical Report, concerning new proposed
updated classification of physisorption isotherms. According
to the authors, for Type V isotherms shape, for low range
of p/p°, relatively weak micro or mesoporous adsorbent-
adsorbate interactions are present, what makes it, in this
region, very similar to Type III isotherms; as p/p’ increases,
“molecular clustering is followed by pore filling”.

The shape of hysteresis loop is very close to type H3,
according to IUPAC Technical Report (Thommes et al.
2015), suggesting that the bone char could be constituted
by non-rigid aggregates of plate-like particles or macropores
of the pore network that are not completely filled.

Indeed, X-ray diffraction (XRD) analysis showed a
relatively amorphous material and few peaks could be
distinguished in the analysis. However, minor amounts of
calcite could also be identified by the XRD (main peak
around 3.0 z&). In fact, for new bone char, saturated bone
char and regenerated bone char at the lowest temperature
(300 °C), the crystallographic planes corresponding to the
hydroxyapatite (HAP) were not well defined (Fig. 7).

In other words, a proper crystalline structure of HAP
could not be achieved either during bone char production
or during its regeneration at 300 °C and 60 min. Medellin-
Castillo et al. (2016), while studying the influence of cal-
cination temperature on crystalline phases, crystallite size,
obtained similar results and contents of hydroxyapatite,
monetite, and other calcium phosphates, present in their
synthesized bone char. The authors also observed that for
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Fig. 8 Thermogravimetric analysis curves of a new bone char, b
bone char saturated with C-EDR organics; ¢ bone char regenerated
thermically (best conditions: 300 °C, 60 min) and d bone char regen-
erated thermically (worst conditions: 700 °C, 180 min)

400 °C of calcination temperature, HAP in bone char did not
present a proper crystalline structure. On the other hand, for
800 °C of calcination temperature, the authors had reported
all characteristic planes of hydroxyapatite. Furthermore, it
is interesting to highlight that thermal regeneration at higher
temperature and time in the current work (700 °C, 180 min)
also seemed to provide a more crystalline structure to the
HAP present in bone char used in this study (Fig. 7d), as the
peaks at 20=22.1, 27.0, 39.5 and 41.8 became more promi-
nent. In addition, two other peaks that were not observed
in Fig. 7a—c, could be outlined: at 20 =27.9 and 33.7.

Nevertheless, this represented a loss in adsorption capacity,
as previously discussed.

In thermogravimetric analysis, the three typical mass
loss areas for bone char were present (humidity, organic
carbon loss and decarbonation from the calcite or dehy-
droxylation from hydroxyapatite) for the samples of new
bone char, saturated bone char and regenerated bone char
at 300 °C, 60 min (Fig. 8) (Nigri et al. 2017; Rojas-May-
orga et al. 2013; Rocha et al. 2011).

However, higher temperature of regeneration (700 °C)
seemed to cause some structural modification in the bone
char, as the mass loss was extremely different for this sam-
ple (Fig. 8d). In fact, it was neither possible to clearly
distinguish the typical three regions of mass loss (Nigri
et al. 2017; Rojas-Mayorga et al. 2013; Rocha et al. 2011),
nor to attribute the typical percentages of each one, as the
total weight loss did not even reach 3%.

Taking into account that carbonates from calcite and
hydroxyls from hydroxyapatite are active sites for the refrac-
tory organics, as previously discussed, higher temperatures,
leading to CO, release, would represent another important
cause of lowering organics removal. On the other hand, for
the regenerated bone char at lower temperature and time
(300 °C and 60 min) the thermogravimetric analysis curve
was very close to that obtained for new bone char. In other
words, from the point of view of thermal degradation, noth-
ing happened and the structure of the adsorbent was main-
tained. Hence, high recovery of COD removal efficiency was
observed.

For the saturated bone char, TGA clearly showed the
presence of the adsorbed organic matter, evidenced by the
pronounced mass loss observed up to 200 °C (about 9.0%,
against 4.8% in the same region, observed in new bone char
thermogram).

Scanning Electronic Microscopy (SEM) shows high
porosity and irregularities on the bone char surface, as
shown in Fig. 9. Rocha et al. (2011) identified chemical
species on the particle surface of bone char by SEM and the
authors observed high contents of calcium and phospho-
rous, as expected, being these the major elements, in accord-
ance with the origin of the solid (cow bones, constituted of
hydroxyapatite, which is the bearing phase of phosphorus).

X-ray fluorescence diagrams (suppressed) showed pres-
ence of P, S, Ca, Si, Al, Mg, Na, O, Fe, Ca and K for samples
of new, saturated and regenerated bone char, corroborating
literature reports (Nigri et al. 2016; Rojas-Mayorga et al.
2013; Ribeiro 2011). Indeed, Rocha et al. (2011) reported
presence of CaO, TiO,, P,0;, Na,O, S, K,O0, SiO,, MnO,
Al,05,Fe, 05, MgO.

FTIR analysis for (a) C-EDR effluent, (b) new bone
char, (c) saturated bone char, (d) bone char regenerated
at 300 °C and 60 min and (e) bone char regenerated at
700 °C and 180 min are shown in Fig. 10. Effluent curve
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Fig. 9 Scanning Electronic Microscopy (SEM) images for bone char
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Fig. 10 FTIR analysis for (a) C-EDR effluent, (b) new bone char, (c)
saturated bone char, (d) bone char regenerated at 300 °C and 60 min
and (e) bone char regenerated at 700 °C and 180 min

(Fig. 10a) shows water peaks. However, besides being pos-
sible to attribute peak of 1638 to water (wavenumber around
1620 cm™! shows H-O-H deformation, Oliveira et al. 2010),
aromatic C=C are also around 1600. Thus, this FTIR was
not a clarifying methodology for effluent composition
determination.

Back to water in bone char samples, a small band
of 1620 cm™! is present in new, saturated and lower
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temperature regenerated bone char. On the other hand,
this is not present in the bone char that has been regener-
ated at high temperature (700 °C, 180 min), indicating
that, although all the samples had been previously dried,
some traces of humidity could be present in samples b, c
and d. Another point to consider is that peak 3400 (OH
from water) disappeared for high temperature regenerated
bone char and a new peak at 3571 cm™! emerged. This
can be attributed to OH of hydroxyl, what reinforces the
assumption of structural changes after high temperature
regeneration.

As expected, carbonate group is present in all samples
of bone char (1463 and 884 cm™') as well as bands located
at 1026 cm™!, at 603 cm™! and 565 cm™! which are due to
the absorption by the phosphate group (Rocha et al. 2011;
Purevsuren et al. 2004; Nakamoto 1977; Farmer 1974).

4 Conclusions

Residual organics present in real concentrate effluent of
electrodyalisis of an oil refinery could be adsorbed by
bone char in batch laboratory tests and the process was
spontaneous and exothermic (AG,s.c = — 11.36 kJ mol™!
and AH = — 54.30 kJ mol~!). Equilibrium adsorp-
tion time at ambient temperature was 4 h, for 10 g bone
char kg~ 'effluent and a removal of 54% of dissolved COD
was achieved. Kinetics could be described by pseudo-sec-
ond order model and Freundlich isotherm model best fit-
ted equilibrium experimental data (R?=0.995), suggesting
that molecules were adsorbed in multiple layers, probably
due to the presence of long chains organic compounds, in
the saline stream. The use of bone char is still considerable
(achieving 64% for 64 g bone char kg~ 'effluent) since par-
tial regeneration was possible. Thermal regeneration was
achieved at not very high temperature and time demands
(300 °C and 60 min), conditions under which adsorption
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capacity was well recovered (COD removal around 40%
after the first cycle of regeneration). Thus, bone char used
in lab scale tests removed, with considerable efficiency,
refractory organics from saline streams of electrodyalisis
of petroleum refineries. Further investigation, including
scaling-up and a cost-benefit analysis, is necessary in order
to assess its use as a viable low-cost alternative for this
type of effluent.
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