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Abstract

A real industrial effluent from the pre-treatment and painting processes was polished through adsorption using alternative
biochar derived from grape pomace wastes. The biochar was produced in a pilot-scale plant from composted grape pomace.
Biochar showed an equilibrium between acidic and basic groups on the surface. The presence of irregular cavities in the
structure and mesopores was confirmed by analyzing N, physisorption and SEM. Concerning the effluent, Ni and Zn were
the main problematic elements. The adsorption isotherms and kinetics of Ni and Zn from the effluent using the biochar could
be represented by the Henry, pseudo-first-order, and pseudo-second-order models, respectively. Adsorption equilibrium was
reached within 60 min for Ni and Zn present in the real effluent. Besides, the adsorption process was endothermic, favorable,
and spontaneous. These results demonstrate that Zn and Ni metals were successfully removed from the industrial effluent,
presenting final concentration values within the limit of legislation for effluent disposal in agricultural soil.
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Introduction

Industrial wastewater can contain a variety of organic and
inorganic pollutants, and if it reaches the water body, it can
seriously alter its characteristics. Inorganic pollutants include
heavy metals, phosphate, nitrate, sulfate, etc. Among the
heavy metals, As, Cu, Cd, Cr, Ni, Zn, Pb, Hg, and Mn are
the main pollutants to freshwater reserves due to their toxic,
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non-biodegradable, persistent nature, biomagnification, and
bioaccumulation in the food chain (Bilal et al. 2013; Peng and
Bartzas 2021). In industrial painting processes (painting by
electrophoresis), we find some of the metals mentioned above
in their composition, especially in the automotive field. For
the industrial painting process to be effective, replacing and
removing water from the system are necessary. The treatment
of effluents is then essential for this water to return to the envi-
ronment (Yang et al. 2021). In wastewater treatment, chemical
precipitation is one of the most commonly used conventional
processes for removing heavy metals (Oncel et al. 2013). This
technique is more accessible and suitable for treating polluted
water with high concentrations of heavy metals and is not
suitable for low concentrations of metal ions (Gope and Saha
2021). The wastewater that was the object of the study under-
went chemical precipitation to remove metals. However, it did
not meet the standards required by current legislation.

From the perspective of circular economy and green devel-
opment, adsorption technology can be a choice to remove
toxic metal ions in wastewater (Zhou et al. 2016). According
to Rathi and Kumar (2021), adsorption is advantageous over
other effluent treatment methods due to its low-cost, simple
design, easy use, and resistance to harmful substances. The
adsorbents applied in the different branches can be natural
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(organic and inorganic) or synthetic. Most are specially manu-
factured materials, such as activated carbon, and others are
naturally available, such as zeolites, but some adsorbents
usually have extensive treatment to achieve their most effec-
tive form. Examples include activated alumina, activated car-
bon, silica, zeolites, clays, and polymeric adsorbents (Tareq
et al. 2019). As the adsorbents represent 70% of the cost in
adsorption, the search for alternative materials has gained
prominence in the current scenario (Dotto and McKay 2020).
According to Cao et al. (2011), biochar is quite similar to acti-
vated carbon concerning mutual production via pyrolysis, with
medium and high surface areas. However, biochar is generally
not activated or treated (Cao and Harris 2010; Ahmad et al.
2012). Biochar has attracted worldwide attention as a useful,
low-cost, and ecologically correct adsorbent for the remedia-
tion of various pollutants due to its large surface area, high
adsorption capacity, micro-mesoporosity, and ion exchange
capacity (Tareq et al. 2019). Studies by Li et al. (2019), Roy
and Bharadvaja (2021), and Vilvanathan and Shanthakumar
(2015) described an effective removal of metals from water
using biochar originating from different organic wastes. How-
ever, the great majority of the works in this field are about the
preparation of biochar in lab-scale to treat synthetic effluents
(water + metal). In our case, the biochar was developed on a
pilot-scale, and the treatment was performed in a real effluent
from the pre-treatment and painting processes.

The objectives of this work were the preparation and
characterization of biochar originating from organic by-
products of the wine industry in a pilot-scale pyrolysis unit,
the evaluation of the adsorption operation using this bio-
char for the polishment of a painting process effluent. For
industrial application, the effluent must meet the conditions
of the current operating license, which limits the release of
pollutants into the agricultural soil to 0.2 mg L=! for Ni and
2.0 mg L™! to Zn. Compliance with the conditions is based
on the National Council for the Environment (CONAMA)
No. 420 of 2009, CONAMA No. 357 of 2005, and the State
Council for the Environment (CONSEMA) No. 355 of 2017.

Materials and methods
Materials

The industrial effluent was obtained from the wastewater
treatment plant of a local company, originating from the pre-
treatment and painting process. The effluent generated in
the rinsing steps, coming from water obtained from artesian
wells belonging to the company, is released onto agricultural
soil and carries a heavy metal residue (Ni, Fe, Mn, and Zn)
which needs to meet the parameters and standards of cur-
rent legislation. A producer from the Serra Gaticha provided
the Chardonnay grape pomace sample (the Rio Grande do
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Sul, Brazil, in the 2017 harvest), which was composted for
3 years through the Beifiur® composting process. This grape
composted waste (GCW) was used to produce the biochar.

Biochar from Serra Gatcha (BSG) preparation

The pyrolysis was carried out in a cubic oven (Beifiur Ltda)
with temperature and product flow control. About 5 kg of
the biomass (GCW) was fed into the reactor and heated from
atmospheric temperature (20 °C) to the respective pyrolysis
temperature (550 °C) at a heating rate around 1 °C min~".
The residence time was 24 h to allow sufficient time for com-
plete pyrolysis under oxygen-limited conditions. The sam-
ples were then allowed to cool slowly to room temperature
in the pyrolyzer. The Serra Gatcha Biochar (BSG) was con-
ditioned to an acid/base pre-treatment before analysis. The
following steps carried out the pre-treatment: acid treatment
(H,SO,, 0.1 mol L"), washing the sample with distilled
water (1:2), basic treatment (NaOH, 0.1 mol L), washing
the samples (neutralizing the pH), drying (24 h at room tem-
perature and 48 h in an oven at 60 °C), and sieving (1 mm).

BSG characterization

See supplementary material S1.

Polishing the effluent using adsorption experiments

All adsorption experiments were conducted in batch at
200 rpm in a thermostated shaker (Marconi, MA 093, Bra-
zil). First, the effect of the adsorbent dosage of the BSG
adsorbent on the adsorption of metals was investigated.
Adsorbent dosage was varied from 0.25 to 10 g L™!, pH 8
(natural effluent pH), at 298 K for 2 h. The study of the effect
of pH was verified from 4 to 8 (NaOH and HCI (0.1 mol
L~')). The experiments were carried out with the best adsor-
bent dosage, at 298 K for 2 h. Afterward, kinetic curves
were quantified (contact time from 0 to 140 min), using
the natural effluent pH, the best adsorbent dosage, and a
solution volume of 50 mL, at 298 K. Finally, equilibrium
curves were obtained at different temperatures (298, 308,
318, and 328 K), varying the adsorbent dosage from 0.25 to
10g L~!, since the initial concentration of the real effluent
is fixed. The experiments were carried out at the natural pH
of the effluent with the best BSG dosage for 6 h. After each
adsorption test, the concentrations of metals remaining in
the liquid phase were analyzed by flame atomic absorption
spectroscopy in Agilent Technologies equipment (model
240FS A.A.). The tests were carried out in triplicate. Pol-
ishing treatment was evaluated according to supplementary
material S2.
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Kinetic, equilibrium, and thermodynamics
of the polishing

The kinetic models of pseudo-first-order (PFO) (Eq. 1) and
pseudo-second-order (PSO) (Eq. 2) were applied to represent
the kinetic curves (Dotto et al. 2017):

.= q,(1 —exp(—k,1)) (0

_ 1
T ) ”

where k;, (min™") and k(g mg‘1 min~') are the rate constants
of PFO and PSO models and g; and g, (mg g 1) are the theo-
retical values for the adsorption capacity.

The equilibrium of the adsorption process was evaluated
based on the Henry model (Eq. 3), which is based on the pro-
posal that the adsorption capacity is directly proportional to
the solute concentration in an aqueous medium (Piccin et al.
2017):

qe = kHCe (3)

where k;; is the Henry constant (L g™).

The thermodynamic parameter variation of the standard
Gibbs free energy (AGO, kJ mol‘l), standard entropy variation
(AS?, kI mol™! K1), and standard enthalpy variation (AHC, KJ
mol ™) were estimated according to the methodology proposed
by Lima et al. (2019) through Egs. 4, 5, and 6:

AG’ = —RTn(K,) )

AG® = AH® — TAS° )
ASY  AHO

In(K) =" - == 6

n(K) ==~ %7 (©6)

where K, is the thermodynamic equilibrium con-
stant (dimensionless), R is the universal gas constant
(8.31x 107 kJ mol™! K1), and T is the temperature (K).
The K, value was estimated from the Henry constant (kj),
each metal’s molecular mass, and activity coefficients in the
solution.

The fitting of the models and also the statistical evalua-
tion of the estimated parameters was performed according
to Piccin et al. (2017), Dotto et al. (2017), and Bonilla-Petri-
ciolet et al. (2019).

Results and discussion
Characteristics of painting process effluent

Table 1 shows the characteristics of the industrial effluent
before the polishing using adsorption. The treatment of
industrial effluent from the present paint industry consists
mainly of the E-coat process. Although the process is quite
efficient for removing suspended material, the concentra-
tion of some heavy metals is still very high, and the final
effluent is not suitable for disposal. Therefore, preliminary
tests were carried out for the four heavy metals of interest
(Ni, Fe, Mn, and Zn). These tests revealed that Fe (0.137 mg
L") and Mn (0.113 mg L") (Table 1), in addition to being
within the standards required for application in agricultural

Table 1 Characteristics of

Characteristics February 2021 Mean 2020 Mean 2019 Mean 2018

the real effluent from the

pre-treatment and painting Ca(mgL™ 39.6 54.6 58.8 128.1

processes Conductivity (mS cm™) 1.7 12 12 —
BOD (mg L) 3.0 9.3 10.5 11.6
COD (mg L™ 10.1 26.6 30.0 35.8
Phenol (mg L") 0 0.003 0.010 0.040
Fe (mg L™ 0.137 0.212 0.180 0.466
Total P (mg L") 0.260 1.145 2.483 1.244
Mg (mg L") 1.540 2.169 1.685 2.392
Mn (mg L") 0.113 0.138 0.180 0.356
Ni (mg L™ 0.406 0414 0.499 0.576
Ammonia nitrogen (mg L") 2.000 1.992 2.000 5.000
NTK (mg L") 442 3.74 421 5.26
Oil and grasses (mg L™") 5.000 4.500 6.039 10.000
pH 7.98 7.47 6.62 —
Na (mg L") 280.0 177.3 183.6 191.1
Zn (mg L) 0.090 0.404 0.533 0.643
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soil, also did not show significant lows after preliminary
tests. Thus, subsequent studies were continued only with the
metals Zn (0.09 mg L") and Ni (0.406 mg L") (Table 1),
the latter having a concentration greater than that required
by the regulatory agency. It should be highlighted that Ni
has been a great problem for the industry since 2018. In this
period, the final concentrations of Ni were always higher
than 0.4 mg L™'. The limit, in turn, is 0.2 mg L™\,

BSG characteristics

The main functional groups of BSG are shown in the FTIR
spectrum (Fig. 1). The BSG spectrum has much in com-
mon with those reported for lignocellulosic-based biochars
(Casazza et al. 2016; Ferrari et al. 2019). The intense OH
elongation bands at 3423.8 cm™ and C-O around 1070 cm™!
are typical biochars (Sardella et al. 2015). The bands at 1608
and 1495 cm™! were attributed to aromatic C—H bonds and
C=C elongation bands, respectively, which are typical of
aromatic molecules. Also related to bands at wavenum-
bers below 900 cm™! attributed to C—H binding in aromatic
structures (Anirudhan and Sreekumari 2011). The bands
at 1074.4, 796.6, 780.2, and 460.0 cm™! were attributed to
the vibrations of asymmetric and symmetric elongation of
Si—O-Si bonds, stretching vibration, v, oy, and bending

vibration (8g; _g;); similar results were found by Brezoiu
et al. (2019) for red grape pomace.

Figure 2 shows the XRD patterns for the BSG. In the
diffractogram, it is possible to observe an important low-
intensity peak at the position 20 =21.7° which may be
related to the residual crystallinity of the cellulose. Muli-
nari et al. (2009) reported that this peak (26 =22°) was
found in cellulose samples. Furthermore, the BSG showed
an intense reflection at the peak 20 =26.54°. This peak has
been related to graphite structure, which is indicative of the
stacking of some graphene-like layers on activated carbon
(Gonzélez-Garcia 2018). Furthermore, a region with crystal-
line peaks between 20 and 26° (20) corresponds to crystal-
line Si, also verified by Pigatto et al. (2020) and Silva et al.
(2021).

The SEM micrographs of biochar are shown at two mag-
nifications (250 and 1000 X) and presented in Fig. 3a and
b. The biochar obtained showed an irregular surface of dif-
ferent shapes and sizes and a porous structure visible in
images related to 1000 X magnification. In addition, cavi-
ties and lumps, typical of activated carbon, can be seen in
the material (Shao et al. 2012). The presence of irregular
cavities in the adsorbent structure is favorable as they allow
the penetration of adsorbate molecules (Liitke et al. 2019).
The surface area, total pore volume, and mean pore size of

n
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Fig.2 XRD pattern of BSG 400
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Fig.3 SEM images of BSG:
ax250 and b x 1000

SEM HV: 10.0 kV
SEM MAG: 250 x Det: SE
View field: 1.11 mm  Date(midly): 07/07/21

200 pm

BSG were 7.84 m? g‘l, 0.017 cm? g‘l, and 3.7 nm, respec-
tively. According to the [IUPAC (Sing et al. 1985), BSG is
mesoporous.

Boehm titrations determined activated carbons’ surface
basicity and acidity (Tang and Ahmad Zaini 2020). The
concentration of total acid groups was 0.80 mmol L',
the carboxylic groups were 0.55 mmol L', the lactone
groups were 0.10 mmol L', and the phenolic groups were

V;D 10,00 mm‘ |

N,

e
MIRA3 TESCAN| MIRA3 TESCAN

SEM HV: 10.0 kV WO: 10.00 mm

SEM MAG: 1000 x Det: SE 50 pm

LCMIC | UCS View flold: 277 ym  Date(midly): 07/07/21 LCMIC | UCS

0.15 mmol L', Acidity and basicity are related to acidic
and basic groups available on the surface of activated car-
bon (Al-Lagtah et al. 2016). The BSG showed total basic
groups on the sample surface of 0.80 mmol L~!, demon-
strating an equilibrium between acid and basic groups on
the sample surface, which may be related to washes to
neutralize the pH performed in the sample preparation.

@ Springer
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The point of zero charge (pHp,) corresponds to the pH
value where the net charge on the surface of the adsor-
bent is equal to zero. The pH value has the same posi-
tive and negative ions concentrations on the material’s
surface; thus, the pHp, provides information about the
pH to adsorb anionic or cationic species (Dil et al. 2019).
Furthermore, due to the relationship that the pHp, has
with the acidic and basic functional groups present on
the sample surface, it is possible to predict the nature
of the surface of the adsorbent (Al—Lagtah et al. 2016).
For example, the pH p,c value for BSG was 7.05, which
indicates a neutralized surface. This result corroborates
the results found for the Boehm titration, confirming the
neutral nature of the BSG surface.

The curve was divided into three main stages according
to the TGA performed on the BSG sample (Fig. 4). In the
first thermal event (22—-130 °C), a mass loss of 3.1% is
compatible with water volatilization (Rosa et al. 2017).
In the second stage (130-375 °C), there is a mass loss of
only 3.2%, which may be related to the water molecules
that were trapped in the carbonaceous matrix; the final
mass loss (15.0%) between temperatures of 375-776 °C
is attributed to partial decomposition of the carbonaceous
skeleton (Silva et al. 2021; Santos et al. 2015). Besides, it
is of great importance to note that at 776 °C, the residual
mass of the BSG sample was 79.7% of the initial mass,
which demonstrates thermal stability.

Significant thermal degradation was observed in the
DSC curve with broad intensity starting at 100 °C up
to 300 °C. The exothermic peak at 300 °C can be attrib-
uted to the exothermic phenomenon caused by the ther-
mal degradation of cellulose (Fan et al. 2016). Similar
results were found by Li et al. (2021), who highlighted
that small differences in exothermic peaks are due to the
complex composition of the grape pomace that includes
grape skins, fruit seeds, and stems, and a small number
of oak chips.

Study of BSG dosage and effluent pH

The influence of the BSG adsorbent mass and the pH of
the medium were investigated, and the results are shown in
Fig. 5a and b, respectively. Figure 5a shows that the adsorp-
tion capacity of BSG decreased for both systems (Ni and
Zn) when the adsorbent mass was increased from 0.0125 to
0.5 g. This negative effect of increasing the adsorbent dosage
on the adsorption capacity occurs because, at higher dosages
of BSG, the active adsorption sites remain unsaturated dur-
ing the process (Rossato et al. 2020). Thus, studies of the
effect of pH and adsorption kinetics for both nickel and zinc
were evaluated using 0.0125 g of BSG.

The effect of pH on the adsorption capacity of Ni and
Zn is shown in Fig. 5b. It can be seen that at basic pH, the
adsorption capacities were more significant. This behavior
occurs because, under acidic conditions, there is competition
between the H' ions and the Ni and Zn ions for the adsorp-
tion sites. On the other hand, at alkaline pH, this competi-
tion decreases, and, therefore, adsorption occurs more easily
(Peres et al. 2018). Therefore, all subsequent adsorption tests
were carried out at pH 8, the actual pH of the effluent.

Kinetic results

The study of adsorption kinetics was observed through
curves of adsorption capacity (g,) versus time (¢). The
experimental kinetic data were fitted to pseudo-first-order
(PFO) and pseudo-second-order (PSO) models. The results
are presented in Fig. 6 and Table 2.

Based on Fig. 6, equilibrium time was reached around the
first 60 min for both systems. At times above equilibrium,
only a small variation in the maximum adsorption capacity
was observed, indicating a possible saturation of the active
sites of the BSG. Table 2 presents the values of the param-
eters found in the adjustments of the kinetic curves. High
values of coefficient of determination (R>>0.97) and low
values of average relative error (ARE <4.0) indicated that
both models satisfactorily describe the adsorption kinetics.

Fig.4 TGA and DSC curves
for BSG 150
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Table 2 Kipetic parameters. for Metal Kinetic models
the adsorption of Zn and Ni
from the industrial effluent on PFO PSO
the BSG . — > : >
q;(mgg™) k;(min™) R ARE (%) q,(mgg™) k(g R ARE (%)
mg~! min~")
Zn 0.332 0.423 0.9908 2.13 0.342 3.48x 1073 0.9978 1.09
Ni 0.379 0.304 0.9765 3.83 0.397 1.56 x 107% 09942 1.83
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Table 4 Thermodynamic parameters for the adsorption of Ni and Zn
on the BSG

Henry’s model T (K)
298 308 318 328

Ni ky (Lg™h 1.17 1.37 1.61 1.82

R’ 0.9473 0.9249 0.9579 0.8944

ARE (%) 10.12 11.07 14.94 16.21
Zn ky (Lg™h 16.12 27.09 36.49 83.91

R’ 0.8526 0.8581 0.8919 0.8894

ARE (%) 12.08 10.83 15.78 20.65

Other parameters observed were the theoretical capacities
(g, and g,) which presented values very close to the experi-
mental adsorption capacities, confirming the proper fit of the
PFO and PSO models.

Equilibrium isotherms

The adsorption isotherms of Ni and Zn metals using BSG
as adsorbent are shown in Fig. 7 and Table 3. According
to the results, it is possible to observe similar behavior for
both systems. Increasing the temperature from 298 to 328 K
promoted an increase in the BSG adsorption capacity. Kay-
alvizhi et al. (2022) also reported that increased tempera-
ture facilitated Ni adsorption. The authors used an adsorbent
based on biomaterial-activated sawdust—chitosan powder in
this study. Jiang et al. (2021) studied the adsorption of Zn
using a composite based on montmorillonite (MMT) and
hummus-like substances (HLS) as adsorbents. They reported
that in studies of adsorption isotherms, the increase in tem-
perature favored the increase in the adsorption capacity, as
in the present study.

The adsorption isotherms showed a linear behavior
between concentration and adsorption capacity, typical for
low adsorbate concentrations, as occurred in this study. So,
the Henry model was chosen to represent the adjustment
of the experimental data. The values of the coefficients of
determination (R?) (Table 3) for both systems were greater
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Material T (K) AG°kJ mol™") AHKJ mol™") AS’kImol™' K~1)

Ni 298 —3421 4243 0.26

308  —36.78

310 —39.35

328 —41.92
Material T (K) AGYKImol™") AH’(I mol™!) AS° (kimol~! K™1)
Zn 208  —27.58 12.09 0.13

308 —2891

310 —30.24

328 —31.58

than 0.85, indicating an adequate fit to the data. Further-
more, Henry’s constant (k) increased with increasing tem-
perature, demonstrating that the affinity between BSG and
Ni and Zn metals was greater at higher temperatures (Netto
et al. 2019).

The adsorption of Ni and Zn metals in BSG achieved sat-
isfactory results, as the initial concentration of contaminants
was outside the standard limits for discarding the effluent in
agricultural soil. Based on the requirements issued by the
controlling agency, the liquid effluent must reach a maxi-
mum of 0.2 mg L™ of nickel and 2.0 mg L' of zinc. Both
metals were successfully removed from the real effluent, pre-
senting final concentration values within the limit allowed by
legislation. In addition, it is necessary to emphasize the use
of an adsorbent developed from a natural precursor (grape
pomace) with very interesting properties in adsorption.

Thermodynamics results

The thermodynamic adsorption parameters AG’, AS, and
AH? (Table 4) were obtained from the equilibrium constant
of the Henry model (k) used in the adsorption isotherms.
The parameters were calculated according to Lima et al.
(2019).
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Based on Table 4, negative values of AG” indicate that the
adsorption process was favorable and spontaneous. As for
AH’, positive values indicated an endothermic process, con-
firming that adsorption was favored at higher temperatures.
Positive values were also verified for AS°, demonstrating that
the perturbation of the system at the solid-liquid interface
increased during adsorption (Georgin et al. 2021).

Possible adsorption interactions

A possible mechanism was proposed based on the pH effect
results (Fig. 5), thermodynamic parameters (Table 4), and
FTIR analyses before and after adsorption (not shown).
Firstly, at pH 8, the BSG is negatively charged due to the
deprotonation of oxygenated groups (OH, COOH) (Streit
et al. 2021; Silva et al. 2021). The metals are cations or
hydrated cations. Consequently, electrostatic interactions
could occur. This type of interaction is supported by the pH
effect and by the spectrum of BSG after adsorption, where
the bands around 3400 (OH) and 1070 (CO) shifted. Besides,
the magnitude of AH? for Ni is of electrostatic forces (Dotto
et al. 2011). Secondly, AS” was positive for both metals,
indicating rearrangements of water molecules on the BSG
surface. The magnitude of AHY for Zn is of H-bonds. Finally,
we can support that H-bonds and electrostatic forces were
involved in the Ni and Zn adsorption on the BSG.

Conclusion

Biochar from Serra Gaticha (BSG) derived from grape pom-
ace, a residue from the wine industry, was prepared and used
to remove Ni and Zn metals from the real effluent of a local
company originating from the pre-treatment and painting
process. BSG had relevant functional groups, a positive
physical structure in the adsorption process, and confirmed
the material’s mesoporosity. In addition, the use of adsorp-
tion with BSG was effective in polishing the effluent, since
the removal of metals reached satisfactory levels, below the
standard required by current legislation. Finally, the pro-
posed treatment requires low amounts of BSG short time
(60 min) and could be carried out without pH adjustment.
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