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ABSTRACT

This study analyzes the destination of biosorbents prepared from Araucaria, eucalyptus and pine
forest residues, after application in chromium biosorption from synthetic solutions and industrial
electroplating effluent. The used biosorbents were submitted to characterization, waste classification,
regeneration and recovery tests. Pine presents the best biosorption performance (98% Cr removal in
2 h contact time) in both synthetic solutions and industrial effluent tests. All the biosorbents became
hazardous waste after contact with synthetic solutions and effluent containing chromium, making
suitable disposal or reuse in another process. Acid regeneration resulted in low Cr recovery yields
indicating also difficulty in the reuse of biosorbent. Incineration proved to be promising, since it
generated chromium oxide, a compound of commercial interest, and the heat generated can also be
used in the process, reducing the costs of effluent treatment.
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1. Introduction

Several studies have been proposed to remove chromium
species (hexavalent and trivalent) from synthetic solutions,
using a huge variety of biosorbents [1-9]. The application
of biosorption on chromium removal from industrial
wastewater is more restricted due to its greater complex-
ity [3,10,11]. However, the viability and competitiveness
of biosorption in front of the usual processes (for example:
chemical precipitation) have been demonstrated [3]. Despite
this, the commercial application of these greener processes
has not yet spread, due to some factors such as disponibil-
ity (related to seasonal production of biomasses), variable
chemical composition and performance, difficulties and
cost associated to metal recovery, biosorbent regeneration
or destination [12,13]. Among the several types of lignocel-
lulose biosorbents, a special interest is focused on forestry
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waste due to their huge quantities, worldwide availability
and good performance on metal sorption.

Investigating the characteristics of metal-loaded bio-
sorbents with a view to their final destination is relevant,
whether through regeneration, recovery or disposal of
this waste [14]. The usefulness of biomass as a biosorbent
depends not only on its biosorption capacity, but how easily
it can be regenerated or recovered [3,13,15]. However,
most research tends to focus solely on performance,
without considering the final destination of the material
used [3,16,17]. In addition, exhaust biosorbents generally
become hazardous waste because of the high concentration
of toxic elements. In this way their disposal can generate
cost and negative impacts to the environment.

The choice of destination depends on the metal accumu-
lation mechanism; however, since biomass is inexpensive
and the metals to be recovered are valuable, destructive
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recovery processes, such as incineration and/or acid/alkaline
dissolution, may be economically feasible [12,13]. When
bound to the surface of a biosorbent through physical
adsorption, the adsorbate can be desorbed via a simple,
nondestructive physical-chemical method using chemical
eluents [4,13]. In many cases, dilute acids or mineral bases
enable efficient biosorbent desorption, but can also cause
severe structural damage to the biosorbent, thereby reduc-
ing biosorption capacity [3]. Additionally, desorption yield
may be lower when the adsorption mechanism is the result
of chemical interaction [12]. As such, given the implications
of the final destination of the biosorbent, the choice of
biomass type is important for whole process viability.

The pyrolysis and calcination of wastes containing
chromium have been proposed as a viable alternative to
the destination of this kind of residues, besides their poten-
tial use as alternative compounds to substitute some raw
materials [13,14,16,18-20]. For instance, Dettmer et al. [20]
found that ash generated in the controlled burning of leather
processing residues contains 50-60 wt% chromium oxide.
Therefore, it could be used as a Cr source in the tanning pro-
cess itself. It was also shown that metal-loaded biosorbents
can generate concentrates with metallurgical potential by
heating treatments [11,13]. As biosorbents are combustible
materials, their use as alternative fuel has also been pro-
posed [21,22]. However, no attention has been paid to the
influence of contaminants, from both the biosorbent itself
and the treated effluent, on the quality of the biosorbed
recovered metals.

In this context, the present study assessed alternative
destinations, whether through regeneration, recovery or
disposal; for Araucaria, eucalyptus and pine biosorbents
after biosorption of chromium (VI) and (III) present in both
synthetic solutions and industrial effluents.

2. Materials and methods
2.1. Materials

The biosorbent materials used in this study were from
Araucaria (Araucaria angustifolia), pine (Pinus elliottii) and
eucalyptus (Eucalyptus spp.) forest waste. Cone shells from
Araucaria, pine trees and eucalyptus bark were used in this
work. Pine cone shells were used whole, whereas only the
dried wings or scales of Araucaria cones were used. All the
biosorbent materials were dried at 80°C for 24 h in an oven
(De Leo, MDH model), grounded in an industrial blender
(LO 4.0 Visa) and sieved to obtain a powder with particle
size <250 um. Pine cones were further ground to obtain a
sample with particle size <44 pm, for comparison with the
activated carbons tested.

Commercial steam-activated carbon (SAC, Brascarbo,
CarboActiv. V Plus) and chemically activated carbon
(CAC, Clarimex, CAE Plus) were also used in chromium
adsorption and recovery tests for comparison with biosor-
bents. Activated carbons were selected for being the most
widely used material in the adsorption treatment of metal-
containing effluents [23]. After preparation, all sorbents
were placed in sealed plastic vials and stored in the dark,
under controlled temperature (23°C + 3°C) and humidity
(50% + 10%). Characterization experiments of burned

Cr-loaded biosorbents employed commercial Cr(Ill) oxide
(Labsynth, Brazil, 99%) as reference.

2.2. Biosorption tests

The biosorption experiments conditions used were
previously optimized [1,2] and are shown in Table 1. The
process consists of two sequential steps. In the first step, the
biosorbents (10 g L™, <250 um) were placed in contact with
100 mL Cr(VI) solutions (20 mg L prepared from K,Cr,O,
and adjusted for pH 2.0) and stirred for 15 min, when all
Cr(VI) present were reduced to Cr(Ill) and/or removed
from solution. In the second step of biosorption, the pH was
adjusted to 5.0 and the suspension was kept under agitation
for 24 h. The same procedure was applied to the industrial
effluent, which was obtained in a wastewater treatment plant
of an electroplating factory being collected directly at the
inlet [2] At the end of contact time, solutions were filtered
and analyzed for total chromium and Cr(VI), and Cr(III) con-
tent was calculated by difference, as described in section 2.4.

2.3. Destination tests
2.3.1. Waste classification

The waste generated in chromium biosorption was
classified according to Brazilian Leaching of Solid Waste
Standard [24]. The maximum contaminant level (MCL) for
chromium in the leachate extract is 5 mg L. As such, any
waste that exceeds this limit is considered hazardous.

2.3.2. Exhausted biosorbents regeneration and metal
recovery tests

The final destination of chromium-loaded biosorbents
was studied in stages, as shown in Fig. 1. The solids obtained
in chromium removal tests were dried (60°C until constant
mass). Biosorbent regeneration was tested by desorption
using 0.8 and 2.0 mol L™ hydrochloric acid with contact times
of 24 and 48 h under constant magnetic agitation (400 rpm)

Table 1
Test conditions chromium(VI) reduction and chromium(III)
removal in synthetic solutions and industrial effluent in batches

Parameters Values (range)
Dosing of adsorbent (g L™) 0.5-15
Particle size of adsorbent* (um) <250
Contact time (h) 0.3 up to 32
Stirring speed (rpm) 120

pH in the Cr(VI) reduction tests 2.0

pH in the Cr(IIl) removal tests 5.0
Temperature (°C) 23+3
Initial concentrations (mg L)

Synthetic Solutions

Chromium (III) 10-800
Industrial effluent

Chromium (III) 8.5
Chromium (VI) 21.1

*Pine biosorbent was also tested at lower size granulometry (<44 um).
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Fig. 1. Schematic of the chromium biosorption and the destination procedures of the exhausted biosorbents evaluated in this study.

following literature procedures [4,23]. Desorption tests at
basic medium were not performed because previous works
about the leaching behavior of studied biosorbent, indicated
great solubilization of organic matter in alkaline pHs [1,23].
Recovery tests by incineration were performed in a
muffle furnace (Lavoisier 440d) at 550°C for 4 h, in line with
the standard procedure [25] and the results obtained in
thermogravimetric analyses (TGA) (section 3.4.2).

2.4. Characterization

A detailed characterization of the raw and chromium-
loaded biosorbents was performed by scanning electron
microscopy with energy dispersive spectroscopy, Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD) and X-ray fluorescence (XRF), following procedures
described by Santos [1,2,10,23]. The thermal stability and
degradation behavior of the solid samples were evaluated
by TGA under oxygen atmosphere using a thermal ana-
lyzer (SDT Q600, TA Instruments, USA) with temperature
increase of 20°C min™ up to 1,000°C. The residues obtained
after incineration of the chromium-loaded solids were also
characterized using these same techniques.

The concentration of chromium species on liquid
samples was determined following standard procedures
described in detail elsewhere [1]. Total chromium content
was determined by atomic absorption spectroscopy (AAS)
in a Varian AAS 55 spectrometer with an air/acetylene flame
(99.99% Air Products and Chemicals, Brazil). The Cr(VI)
concentration was determined by the diphenylcarbazide
method [26] in a Micronal B442 spectrophotometer (Brazil).
Cr(Ill) content was calculated based on the difference
between total chromium and Cr(VI). Industrial effluent
was characterized following standard procedures [27]

and the evaluated parameters are presented in Table S1
(supplementary materials).

3. Results and discussion
3.1. Biosorption tests

Table 2 shows the results of biosorption tests for Cr(VI)
reduction and Cr(IIl) removal in both synthetic solutions
and industrial effluent. The tests were conducted to compare

Table 2

Comparative results for batch tests of chromium(VI) reduction
and chromium(III) removal in synthetic solutions and industrial
effluent

Concentration (mg L™)

Synthetic solution Industrial effluent

Sorbents Cr(VI) Crdl) Cr(VI) Cr(I1I)
Initial concentration 18.7 0 21.1 8.5
Final concentration

Araucaria 0 14 0 1.7
Eucalyptus 0 7.4 0 3.1
Pine 0 0.8 0 0.8
Pine* 0 0.4 - -
Carbon SAC* 0 4.8 6.4
Carbon CAC* 0 0.4 0 0

Conditions: Sorbents: 10 g L™ and Particle size <250 um. Reaction
starts with pH 2 for Cr(VI) reduction and removal, adjusted to pH
5 after 15 min for Cr(IIl) removal for 24 h; T 23°C + 3°C; shaking at
120 rpm.

*Particle size <44 pm.
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the biosorption performance of Araucaria, eucalyptus and
pine biosorbents with the performance of activated carbon
samples, as well as to obtain chromium-loaded material for
further final destination studies.

Pinus was the only biosorbent that removed chromium
(0.8 mg L) below the environmental limit (1.0 mg L™ [28])
after 24 h of contact time. In addition, Pinus samples with
lower particle size (<44 pum) achieved environmental limit
after 2 h of contact, with Cr(IIl) removal of 98%. Araucaria,
although not reaching the environmental limit, presented
a lower residual Cr(Ill) concentration (1.4 mg L) than
eucalyptus (7.4 mg L7?). The steam activated carbon (SAC)
presented similar Cr(III) removing performance (0.4 mg L)
as the Pinus sample with same particle size (<44 pm). On
the other hand, the CAC presented the worst performance,
indicating that this sorbent is not recommended for the
removal of chromium under the conditions used.

The results obtained with the effluent were similar
to those reported for the synthetic solutions, with CAC
and Pinus (particle size <250 pm) presenting the highest
removals of 100% and 97%, respectively. The concentration
of total chromium in the effluent (29.6 mg L™: 21.1 mg L
Cr(VI) + 8.5 mg L™ Cr(III)) was higher when compared with
its concentration in the synthetic solution (18.7 mg L™). In
addition, several other metals are present in the effluent
(Table S1), which could compete with chromium in the
biosorption process. Therefore, the biosorbents perfor-
mance under real conditions is remarkable. These results
suggest the feasibility of biosorbents application, especially
Pinus, on effluent treatment in a commercial scale.

It is also worth noting that part of the solubilized Cr(VI)
was reduced into Cr(Ill), as evidenced by the increase of
trivalent chromium concentration in the first 15 min of
reaction (data not shown). This behavior has already been
verified in other studies [2,3] and is often misunderstood.
When Cr(II) concentration is not monitored in biosorption
experiments, the disappearance of Cr(VI) from the solution
is incorrectly considered as a complete removal of the metal
hexavalent form.

3.2. Classification of chromium-containing waste

The waste generated after biosorption was characterized
using the leaching test [24] to classify the residues. Table 3
displays the results of leaching tests for Araucaria, eucalyp-
tus and pine biosorbents loaded with chromium. The total
chromium content recorded in the leachate extracts exceeded
the established MCL for nonhazardous substances. Based
on these results, the waste obtained after chromium

Table 3
Leaching tests of residues of biosorbent containing chromium

biosorption should be sent to industrial landfills or reused
in other processes.

3.3. Regeneration of chromium-containing waste

The possibility of regenerating biomass used in chromium
biosorption was assessed by desorption tests using HCI
solutions [4,23]. The adsorbents used in these tests were
obtained after contact with the industrial effluent. Table 4
shows the results obtained as recovery percentages from the
adsorbed chromium.

Under mild desorption conditions (Test 1: 0.8 mol L™,
24 h) the Cr-loaded biosorbents exhibited low chromium
recovery, with more significant results for eucalyptus (28%).
The best recovery results were obtained using Cr-loaded
activated carbons, with total recovery (100 %) of the metal
adsorbed onto SAC and lower, yet significant, recovery for
CAC (63 %).

In light of the low recovery percentages recorded for the
biosorbents, more severe conditions (Test 2) were applied,
increasing both contact time to 48 h and acid concentration
to 2 mol L. A significant increase on chromium recovery
was observed, with eucalyptus releasing 61% of the chro-
mium adsorbed. Araucaria and pine also exhibited better
recoveries (40%-42%) under these conditions. However,
these preliminary tests indicated that chromium is more
strongly bonded to the lignocellulosic surface of the bio-
sorbents when compared with activated carbons. During
biosorption process, Cr(VI) is reduced to Cr(IIl), mainly in
the surface of biosorbent, which then chemically bonds to
the biomass [1]. Park et al. [11] obtained 67%-76% chromium
recovery and 98% zinc recovery through desorption tests

Table 4
Percentage of total chromium recovered by acid desorption of
the adsorbents used in the industrial effluent treatment

Adsorbents % Cr recovered

Test 1 Test 2
Araucaria 19 40
Eucalyptus 28 61
Pine 21 42
Carbon SAC 104 Not tested
Carbon CAC 63 Not tested

Test 1: HC1 0.8 mol L™'; dosage 10 g L; contact time 24 h; Test 2: HC1
2.0 mol L; dosage 10 g L™; contact time 48 h.

Parameter Residues Cr-loaded biosorbents

Araucaria Eucalyptus Pine
Loading - mg Cr g™* 26.9 17.8 20.2
Leached - total chromium (mg L™) 17.12 17.65 7.12
Residue classification Hazardous Hazardous Hazardous

Maximum limit in the leach extract is 5 mg L™ [24].
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using different biosorbents. This indicates that biosorbent
may not be completely regenerated by Cr desorption. These
authors suggest burning as an alternative for chromium
recovery, an economically appealing and energy-saving
method that produces highly concentrated chromium and
reducing storage costs.

3.4. Recovery of chromium-containing waste
3.4.1. Thermogravimetric analysis

The thermal stability and degradation behavior of the
solid samples were evaluated by TGA under controlled
conditions (O,, 20°C min™). The thermograms for raw
and Cr-loaded biosorbents are shown in Fig. 2. The raw
biosorbents degraded mainly in two stages. The first stage
of decomposition started at around 260°C, correspond-
ing to lignocellulosic materials decomposition, and the
second stage began at 450°C, corresponding to complete
decomposition. These results are in agreement with those
reported in the literature [21,22,29]. Above 550°C, no event
is observed for all analyzed samples, indicating that this
temperature could be used in the incineration of Cr-loaded
biosorbents.

Araucaria
Araucaria with chromium

Mass (%)

40

200 400 600 800 1000

Temperature (°C)
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Table 5 displays the partial biosorbent mass loss values
and thermal decomposition temperature. TGA identified
an initial stage of mass loss in all biosorbents due to water
loss, varying from 10.39% to 13.53% for chromium-loaded
Araucaria and eucalyptus, respectively. Primary mass
loss occurred in two stages in all the biosorbents, except
chromium-loaded pine. Decomposition temperature declined
for all the chromium-loaded biosorbents, confirming a
change in the structure of the compounds. The temperature
decreases observed were 92°C for Araucaria, 67°C for pine
and 22°C for eucalyptus.

TGA also provided an estimation of the gross calorific
value (GCV, J g) of the biosorbents. Table 6 shows the
GVC values recorded in this study and, for compari-
son purposes, those reported in the literature for wood
and coal. The obtained GCV indicate that the biosorbents
show potential as fuel sources. Thus, waste regeneration by
incineration may produce energy that could be used mak-
ing biosorption a more competitive process in an industrial
scale application.

In order to evaluate the chromium recovery from
Cr-loaded biosorbents, the material was burned (550°C)
in a furnace to eliminate water and organic matter and to
concentrate metal under the oxide form. After burning,

Eucalyptus
Eucalyptus with chromium

Mass (%)

Temperature (°C)

(c) 100

804

Mass (%)

404

20

Pine
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800 1000
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Fig. 2. Images of the products, Cr-loaded samples of (a) Araucaria, (b) eucalyptus and (c) pine obtained after incineration at 550°C. An
image of a commercial grade chromium(III) oxide sample (image d) is presented for comparison.
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Table 5
Thermogravimetric analysis (TGA) results of raw and Cr-loaded biosorbents
Biosorbents % Mass loss T (°C)
H,O 1st stage 2nd stage Residue Decomp.
Raw Araucaria 11.59 50.42 33.42 2.67 450.47
Cr-loaded Araucaria 10.39 52.16 3248 5.14 358.06
Raw eucalyptus 11.58 58.36 11.72 11.31 368.78
Cr-loaded eucalyptus 13.53 40.34 26.62 15.22 346.18
Raw pine 11.42 45.40 42.60 0.45 439.88
Cr-loaded pine 12.52 82.60 - 4.94 372.89

the ashes obtained from Cr-loaded Araucaria (Fig. 3a) and
pine (Fig. 3c) presented a bright green color, very similar in
appearance to the commercial compound (Fig. 3d), suggest-
ing the formation of chromium(III) oxide. On the other hand,
the product obtained from eucalyptus presented a pale green
color, suggesting a different chemical composition. In order to
determine the purity of the chromium oxide formed, as well
as, the possible contaminants present, the ashes were charac-
terized in detail by FTIR, XRD, XRF and MEV-EDS (Fig. S1).

3.4.2. Characterization of the ashes of the used biosorbents
obtained by incineration

The ashes obtained in recovery tests by incineration
(550°C for 4 h) for both raw and Cr-load biosorbents were
characterized in detail. Fig. 4 depicts the results of FTIR anal-
yses of the loaded and burned biomasses, as well as, a sam-
ple of commercial chromium(III) oxide used as a standard
for comparison. After burning, significant changes were
observed in the three biosorbents spectra, demonstrating that
changes occurred after incineration of the organic matrix.
The FTIR spectra of Araucaria and pine were similar to those
of the commercial chromium(IIl) oxide spectrum, suggest-
ing that this compound is formed after these biomasses are
burned. This similarity was not observed for eucalyptus,
possibly due to the formation of another compound or a mix-
ture of compounds.

XRD was used to better assess the compounds obtained
after burning the chromium-loaded biosorbents and com-
mercial chromium(IIl) oxide compound was also adopted
as standard (Fig. S2). The diffractograms for Araucaria and
pine showed chromium oxide as the major element, similar
to the diffractogram for commercial chromium(IIl) oxide,
iron oxide as a minor element for Araucaria, and traces of
silicon oxide for Araucaria and pine. XRD was useful to
explain the complexity of eucalyptus compounds formed.
Calcium compounds were the major element, followed by
chromium oxide and traces of silicon oxide. These data
corroborate the results of FTIR analysis, indicating that the
compounds obtained after burning eucalyptus showed a
greater variety of elements.

XRF was employed for quantitative chemical analysis
to assess the purity of synthetic solution and industrial
effluent Cr-loaded biosorbents ashes produced. Table 7
shows the percentages of the elements found after inciner-
ating Araucaria, eucalyptus and pine, as well as the com-
mercial chromium(III) oxide. The results of XRF analysis of

Araucaria and pine compounds identified chromium oxide
as the main compound obtained after biomass incinera-
tion, with 88% and 81% in tests using the synthetic solution,
respectively. The lower percentages (37% for Araucaria and
31% for pine) recorded after testing with industrial effluent
were expected, given the difference in chromium content
between the Cr(Ill) solution and industrial wastewater,
resulting in solids with different loadings. For the eucalyptus
compound, chromium oxide percentages after biosorption
testing in synthetic solution and industrial wastewater were
similar (41% and 31%).

The elements Fe, Pb and S were also observed in the
compounds obtained after contact with industrial effluent,
possibly originated from the effluent itself. A particularly
noteworthy feature was the solubilization of certain elements
present in the ashes of the raw biosorbent, which were not
observed after biosorbent contact with the chromium solu-
tion or the effluent. A typical example is K for Araucaria
(86%) and pine (23%). In eucalyptus, calcium oxide (76%)
declined after contact with the chromium solution (51%),
reaching low levels (3%) after contact with the effluent.
Quantification of silicon oxide (33%) by XRF in pine ash
corroborated the XRD results, indicating the presence of sil-
icon oxide in the diffractogram. By contrast, the presence of
sulfur oxide (6%) as a contaminant of the Cr(III) standard
observed by XRF was not confirmed by XRD, likely due to
the lower sensitivity of the latter technique. The remain-
ing oxides quantified by XRF, such as manganese and
phosphorous, exhibited low percentages (less than 10%).

Table 6
Calorific values of tested biosorbents and other fuels

Fuels Low calorific value
(dry base)
Jg" (cal g™')
Raw Araucaria 10,969 2,624
Cr-loaded Araucaria 10,280 2,459
Unwashed eucalyptus 7,928 1,897
Chromium-loaded eucalyptus 7,104 1,700
Unwashed pine 11,705 2,800
Chromium-loaded pine 10,562 2,527
Wood [32] 20,000 4,785
Bituminous coal [33] 30,000 7,177
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Fig. 3. TGA thermograms of the raw and Cr-loaded biosorbents: (a) Araucaria, (b) pine and (c) eucalyptus. Metal-loaded samples
obtained in the biosorption tests using Cr(VI) synthetic solutions.
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Fig. 4. FTIR spectra of the Cr-loaded samples of (a) Araucaria, (b) pine and (c) eucalyptus obtained after incineration at 550°C, and (d)
a commercial grade chromium(III) oxide sample.
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Table 7
Chemical composition (%, wt.) of the calcinated samples of raw and Cr-loaded biosorbents
Oxides Araucaria Eucalyptus Pine Cr,0*
1 2 3 1 2 3 1 2 3
Cr,0, Nd 88 37 Nd 41 31 Nd 81 31 93
Fe,O, Nd Nd 14 1 Nd 9 6 1 14 Nd
PbO Nd Nd 9 Nd Nd 7 Nd Nd 7 Nd
SO, 6 1 19 1 Nd 36 5 1 18 6
KO 86 Nd 1 5 Nd Nd 23 Nd Nd Nd
CaO Nd Nd 76 51 3 16 Nd 1 Nd
SiO, Nd 1 3 4 2 3 33 8 10 Nd
MgO 1 Nd Nd 5 Nd Nd 5 Nd Nd Nd
MnO 1 7 2 3 3 2 Nd 6 2 Nd
P,0, 4 2 9 1 Nd 6 4 1 10 Nd
Remaining 2 1 4 4 3 3 8 2 7 1

1 - Before contact; 2 — After contact with synthetic solution Cr(Ill); 3 — After contact with effluent;

*Commercial chromium(III) oxide for comparison; nd — not detected.

The ashes characterization results demonstrate the
possibility of reusing the metals, particularly chromium
(approximately 40%), in addition to lead and iron (about 15%).

According to research by Della et al. [30], residual oxides
can be used to manufacture a variety of materials, including
ceramic stains, providing technological, economic and eco-
logical benefits. In studies by Abreu [31] after purification
and calcination, chromium waste from tanning industry
was incorporated into ceramic stains, producing material
with good color and texture characteristics. In general,
chromium recovery by incineration of biosorbents loaded
with this metal indicates the potential reuse of residues
from biosorption as sources of chromium in the form of
chromium(III) oxide.

4. Conclusions

The application of standard waste classification tests
indicated that all the biosorbents became hazardous waste
after contact with synthetic solutions and effluent con-
taining chromium. These results corroborate the need to
ensure a suitable final destination for this waste. Among the
alternatives tested, acid desorption aiming at reusing the
biosorbents and obtaining a solution with a high chromium
content did not produce good results, with regeneration effi-
ciency varying from 19% to 61%. By contrast, incineration of
the chromium-loaded biosorbents to obtain chromium(III)
oxide seems viable. The biosorbents in contact with the syn-
thetic solution generated waste containing 80% chromium
oxide. Purity tests indicate compounds containing about
40% chromium and 15% lead and iron, after biosorption tests
with industrial effluent. Despite its lower purity, chromium
can be used as a precursor source of metals in the production
of pigments or composites.
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Supplementary Information

Table S1
Characterization of the industrial electroplating effluent used

Parameter Unit Values
pH 1.80
Dissolved oxygen mg O,L" 0.90
Conductivity mS ecm™! 6.26
Color mg Pt-Co L? 40
Turbidity NTU 0.26
UV, cm™ 515
COD mg O,L™ 220
Cr(VI) mg L™ 50.0
Cr(III) mg L 24.0
Cr total mg L~ 74.0
Ni mg L 0.42
Fe total mg L™ 36.20
Na mg L™ 16.45
Al mg L™ 571
Pb mg L™ 0.51
Zn mg L? 7.73
Cu mg L* 3.39
Mg mg L* 3.23
Mn mg L™ 0.26
K mg L™ 10.98
Ca mg L7 12.29

nd - not detected.
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Fig. S1. EDS spectra of chromium-loaded biosorbent burning products (a) Araucaria, (b) Eucalyptus, (c) Pine, and a spectrum of com-
mercial (d) chromium(III) oxide.
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Fig. 52. XRD spectra of chromium-loaded (a) Araucaria, (b) eucalyptus and (c) pine samples after burning in a muffle furnace at 550°C
and (d) commercial chromium(III) oxide.



