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ARTICLE INFO ABSTRACT

Keywords: The leather industry produces tons of solid waste containing significant amounts of chromium. Without any safe
NaOH deposition, these can potentially pollute the environment. This article develops an electrochemical method to
NaCl electrolysis remove chromium and separate collagen from wet blue chromium shaving (WBCS). The raw WBCS had an initial
g:;lfge" content of 28.5 g Cr’*/Kg. The process was carried out in a three-compartment electrochemical reactor
Alkaline hydrolysis assembled with cationic membranes, using graphite and titanium as electrodes. The single-stage process pro-
duces NaOH by electrolysis of NaCl solution, while OH- hydrolyzes the collagen from WBCS in situ. The influence
of NaCl concentration 1-10 g/L, reaction time 0.5 - 5 h, temperature 60 - 99 °C, and current density were studied.
The products were analyzed using FTIR, UV-vis spectrophotometry and TGA. NaOH was generated proportional
to NaCl concentration and current density. WBCS hydrolysis varied with OH™ concentration, temperature, and
time. The conditions to achieve the highest chrome-collagen separation were 5 g¢ NaCl/L, pH 11.7, 0.31 A/cm?,
90 °C, during 1 - 2 h of reaction. Chromium precipitates as amorphous Cr(OH)3 at a pH higher than 10, while
collagen remains in the aqueous phase. Over 99 % of Cr>* extraction from WBCS was achieved. An analysis of the

process sustainability was made for byproducts reuse in the tannery.

1. Introduction

WBCS represent 25 % of the total solid waste produced by the tan-
ning industry, which needs special disposal due to adsorbed contami-
nants within [1,2]. A critical issue in WBCS is its chromium content,
which can convert its oxidation state from Cr>* to Cr®*. The last can be
formed by oxidation during incineration in landfills [3] or by contact
with manganese oxide minerals at room conditions [4]. In living beings,
Cr®" is highly toxic and causes severe health damage: lung or stomach
cancer, bladder disorders, gastrointestinal ulcers, DNA damage,
dermatitis, and pneumonia [5]. In the environment, Crét can easily
accumulate in the ground and aquifers due to its high solubility, where
crops and livestock are exposed [6,7]. Both scenarios represent high
risks that need to be addressed.

Diverse technologies focus on WBCS recycling and integration into
the circular economy, such as biogas production [8], carbon aerogels
[9], adhesives [10], nanomaterials [11], biochar [12], biofuels [13],
adsorbents [14], bricks [15], etc. However, these technologies don’t
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consider the chromium content and its conversion into Cr®". The chro-
mium separation from collagen in WBCS is based on breaking the Cr-O
bond formed by the carboxylic groups of fibrillar collagen type I
cross-linked to Cr3+, as shown in Fig. 1 [16].

Standard technologies for Cr-collagen separation are ultrasound,
thermal processes, acid, enzymatic, and alkaline hydrolysis. Ultrasound
separation has reported Cr removal around 71 — 98 % [17,18], but a
second stage is needed. Thermal processes recover chromium oxide at
temperatures near 850 °C but decompose collagen into CO5 and other
contaminants [19]. Separation by hydrolysis requires chemical reagents
like acids, alkalis, specific enzymes, and resins. Acid hydrolysis with
acetic acid (2 M) can hydrolyze 87 % collagen in 6 h at 80 °C [20];
sulfuric acid separates 35-60 % of Cr3+, 40 °Cin up to 6 days [21], and
addition of cation exchange resin removes 95 % of Cr [22]. Alkaline
hydrolysis with NaOH (0.47 M) recovered 87 % collagen at 70 °Cin 1.5
h [23], the maximum collagen hydrolysis 69.8 %, 59.8 % and 68 % was
reached with 7 % NaOH, 10 % MgO, and 10 % CaO respectively at 98 °C
[24], 30 % NH4OH hydrolyzed 55.6 % of the protein at 120 °C during 6 h
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Fig. 1. Chrome complexes with the protein carboxyl groups. From Elshahat H.
A. Nashy et al. [16].

[25]. Thus, conventional hydrolysis separation requires concentrated
chemical agents, high reaction times, temperatures, and pressures.
Combining hydrolysis with electrochemistry can improve and
accelerate the process. Electrolysis involves applying the electric field to
dissociate water into OH™ and H' ions under atmospheric conditions. In
this sense, NaCl can provide Na™ ions for the formation of NaOH and
contribute to ionic mobility for water dissociation. The use of membrane
in electrolysis allows the selective dissociation and transport of ions and
radicals, which can be used to optimize chemical reactions. Cationic
membranes direct OH™ in the production of NaOH by brine electrolysis,
such as in chlor-alkali, porous diaphragm, electrodialysis, and direct
electrosynthesis processes [26]. The generation of Na*, CI~ and OH™
with cation exchange membranes occurs by the reactions [26,27]:
Anode

2ClI" —Cly + 2e~ (€D)
Cathode

2H,0 + 2e —H, +20H" @
General reaction

2NaCl + 2H,0—-Cl, + H, + 2NaOH 3

The NaOH supply and handling can limit the operation and economy
of processes like alkaline hydrolysis in tanneries, where an electro-
chemical production of NaOH and hydrolysis of WBSC separately are
required.

~ WBCS

>
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This work aims to separate chromium and collagen from WBCS by a
single-stage electrochemical intensification process, combining elec-
trolytic generation of OH ions with in situ hydrolysis of WBCS. The
system consists of a three-chamber electrolytic cell: two anodic cham-
bers filled with NaCl solution and a cathodic (central) chamber con-
taining the WBCS. OH ions generated by brine electrolysis hydrolyze
WBCS in the cathodic cell, separating the collagen and precipitating
chromium. The influence of variables such as NaCl concentration, re-
action time, and current density are investigated.

The proposed method for WBCS treatment aims to reduce waste
generation and disposal costs with the safe recycling of collagen and
chromium. The products and byproducts of the process tend to be
reused: hydrolyzed collagen in the aqueous phase can be used in food,
cosmetics, fertilizer, among others; separated chromium can be recycled
in leather production by acid activation; and reuse of NaCl from skin
preservation can also be possible; minimizing environmental pollution
and fomenting a circular economy.

2. Materials and methods
2.1. Reagents

Raw WBCS was given by Ecologica del Norte E.LR.L. tannery.
Trujillo-Peru. Commercial-grade NaCl was used. Diphenylcarbazide re-
agent for Cr" identification was made with Marechey-Nagel NanoColor
Chromate Kit. The oxidation of Cr>* to Cr®" was carried out using
NanOx Metal from Marechey-Nagel.

2.2. Equipment

The reactor was made of polyethylene and had three compartments
of 500 mL each: two anodic (external) and one cathodic cell (central).
They are connected by cationic membranes (CEM) type HDX-100, with
ion exchange capacity > 2.0 mol/kg (dry), permselectivity > 90 %,
water permeability < 0.1 mL/h.cm? and surface resistance < 20 ohm.

connect to power source

I

N v
" 1-10
wg'é‘g gNaCI/L
Y
1-10
gNaCl/L
Anode
Cathode

Anode

collagen
solution ¥~

e

e
chrome |, -~
precipitate

reaction

Fig. 2. Process scheme of the electrolytic treatment of WBCS for chrome-collagen separation.
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Table 1
Leached Cr®* ( %) in the aqueous phase or precipitate, temperature, and pH solution.
Time (Hours) 1 g NaCl/L 2.5 g NaCl/L 5 g NaCl/L 10 g NaCl/L
T(°C) pH % Cr T(°C) pH % Cr T(°C) pH % Cr T(°C) pH % Cr
S SD* S SD P SD* P SD
0.5 42 3.9 0.9 0.45 53 4.1 1.2 0.15 66 10 98.3 1.15 80 12 99.7 0.74
1 62 4.4 3.1 0.56 77 6.1 2.8 0.21 90 12 99.5 0.58 99 12 99.8 0.62
2 64 5.6 5.7 0.4 78 9.1 4.3 0.25 92 12 99.1 2.52 98 13 99.9 0.83
3 65 6.4 7 0.46 80 9.2 8.5 0.36 92 12 99.9 1.53 99 13 99.8 0.84
4 59 6.5 8.2 0.67 79 9.5 16 0.15 85 12 99.9 2.65 97 13 99.5 0.66
5 60 6.5 16 0.36 80 9.6 31 0.87 90 12 99.8 1.29 98 13 99.9 2.54
S* Cr®* in aqueous solution.
P* precipitated chromium.
SD* Standard deviation.
cm?. The electrodes are two graphite plates of 18 cm? area in cathodic
compartments and two Ti/(7TiO2/p3RuO, plates of 18 cm? area in 110
anodic compartments. In the reactor set up, NaCl solution was intro- 100_- R S
duced into the anodic compartment to undergo the electrolytic decom- | \ e ) S
position, while hydrated WBCS were in the cathodic compartment for 90 4 \ \\ = “?‘L"
chrome-collagen separation. — 1 | !
3 801
2.3. Procedure sy 1 i
é 70 - /
WBCS in sizes + 2 mm were dried at 60 °C for 12 h. Subsequently, 20 E 60 ]
g of WBCS was hydrated in 300 ml H,O for 12 h, and then placed in the g |
cathodic compartment with graphite electrodes. The anode compart- = 504
ments hold 450 ml of NaCl solution at 1 to 10 g/L besides 1 5h
Ti/0.7TiO2/0.3RuO; electrodes. For the reactor operation, 50 V in DC 40 + 3h
current was supplied to the electrodes connected in parallel. The 1 lh
amperage was adjusted based on the NaCl concentration to further 304 Oh
enhance the reactor’s efficiency: the average current density used for 4000 3500 3000 2500 2000 1500 1000 500

each solution of 1, 2.5, 5 and 10 g NaCl/L were 0.1762, 0.2376, 0.2861
and 0.3136 mA/cm? respectively. Reaction times went from 0.5 to 5 h.
Aliquots were extracted to analyze Cr3+, NaOH, HCI, and collagen.
Likewise, pH and conductivity are measured in the system (Fig. 2). The
chlorine gas produced in the anode compartments was passed through a
NaOH solution to generate bleach (NaClO).

2.4. Analysis

The concentrations of NaOH and HCI produced in the system com-
partments were measured by ASTM E200-19 titration with CHsCOOH
(0.01 M- 0.1 M) and NaOH (0.01 M - 0.1 M) respectively. Quantification
analysis of Cr®* was performed by the spectrophotometric method using
the diphenylcarbazide reagent in the Orion AquaMate 8000 UV-Vis
Spectrophotometer at 540 nm. Cr®" content was determined using the
diphenylcarbazide reagent. For Cr*" quantification, a total oxidation of
Cr®* to Cr®" was carried out using NanOx Metal. The quantity of Cr>*
corresponds to the difference between the initial cr®t and the Cr®*
obtained by total oxidation. Cr>" in WBCS was quantified by acid
digestion with HySO4. The tests were performed in triplicate. The
Fourier Transform Infrared Spectrometer with Universal Attenuated
Total Reflection Sampling Accessory (ATR-FTIR) identified the func-
tional groups (Perkin-Elmer®, Spectrum TWO). TGA /DTG Thermog-
ravimetric Analysis of collagen and WBCS was done at Balance Netzsch
409 PC for high temperatures (up to 1500 °C) with controlled atmo-
sphere and data acquisition software. Nitrogen flow was 50 mL/min,
and the heating speed was 10 °C/min. Data analysis for kinetics was
done using Curve Table 2D software. The results were statistically
treated with Statgraphics Centurion 17.

Wavenumber (cm™")

Fig. 3. FTIR of initial WBCS and collagen gel obtained of the system with 5 g
NaCl/L after 1, 3, and 5 h of reaction.

3. Results and discussion
3.1. Characterization

WBCS had 2.9 % of Cr®* content, the Cr®* wasn’t detected. The XRD
analysis of the precipitates corresponding to the tests with 1, 2.5, 5, and
10 g NaCl/L didn’t present signals corresponding to crystalline struc-
tures but rather a lot of noise from amorphous structures [28]. The
chemical analysis of these precipitates (Table 1) shows that they are
Cr®*, possibly as Cr(OH)s.

Chrome-collagen separation occurred in the cathodic compartment,
Cr(OH)3 was precipitated while the supernatant collagen was separated
and analyzed by ATR-FTIR (Fig. 3). The characteristic bands for the
collagen separated with 5 g NaCl/L and reaction times of 1, 3, and 5 h
are presented. Unhydrolyzed WBCS collagen was designated as O h. The
broad band at 3300 cm™?, corresponding to the N—H bond of amide A of
the peptides [29,30], was present in all samples and was more intense
for the collagen obtained after 3 and 5 h of reaction. A relatively weak
band at 2962 cm ™! was observed in all samples, corresponding to the
CH; bond of amide B [31], except for the 1 h sample, where the signal
was intense. The amide I identified by the C = O band at 1640 cm ! [31,
32] was present in all samples. The band at 1548 em ™! of amide II [32,
33] and the peaks at 1450/1272 cm ™! points out the presence of the
triple-helix structure [34,35]; these bands are present in the raw WBCS
and vanish in the collagen obtained by hydrolysis (1, 2.5, and 5 h)
indicating that there is collagen degradation. C—O—C bonds at 1080
cm-1 [33] were also present in all samples. The new band appearing in
the collagen samples after 1, 3, and 5 h of reaction is the C—O bond at
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Fig. 4. TGA (a) and DTG (b) of collagen were obtained after 5 h of reaction and with 5 g NaCl/L.
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Fig. 5. Diagram of the membrane reactor of NaOH production for in-situ hydrolysis.

1039 cm ! [33] corresponding to carbohydrate moieties. In summary,
the collagen structure separated by hydrolysis was partially degraded in
relation to the collagen in the WBCS.

From the TGA/DTG analysis (Fig. 4a), it can be observed in the range
from 25 to 232 °C, that the collagen weight lost 9 % weight mainly due
to water and some fractions of unconsolidated collagen. In contrast, the
WBCS that was hydrated before the process had a more significant loss of
53 % up to 170 °C, corresponding to the water found on its surface. In
the following range, from 170 to 350 °C, 14 % of the weight of WBCS
was lost due to the elimination of structural water, amino groups,
decarboxylation, and decomposition of volatile compounds [36,37].
cr¥tin the WBCS gives collagen more structural stability at 350 °C. At

higher temperatures, the collagen continues to degrade. In Fig. 4b, the
weight loss rate in the first stage (up to 145 °C) corresponds mainly to
surface water. It reaches its maximum value at 130 °C for WBCS and 145
°C for collagen. At this stage, collagen, having a lower water concen-
tration on its surface, presents relatively more thermal-resistance than
WBCS. At higher temperatures, collagen begins to degrade at 200 °C,
reaching the highest rate at 313 °C. In contrast, WBCS begins to degrade
at 300 °C, reaching the highest rate at 325 °C. The presence of Cr>* in
WBCS confers more thermal stability than collagen; therefore, the rate of
thermal degradation is lower with increasing temperature.
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3.2. NaOH production in the electrochemical reactor

NaOH production (without the presence of WBCS)

During the electrolysis of NaCl and H,O in the membrane reactor
(Fig. 5), the H™ and Na' ions electro-migrate towards the cathode
compartment, forming Hy and NaOH with the OH™ generated by elec-
trolysis of HO, respectively [27]. CI” ions react to form HCI; Cl, is
produced on the surface of the titanium anode, and Hy on the surface of
the graphite electrode according to reactions (1), (2) and, (3).

Fig. 6a shows the behavior of sodium hydroxide production as a
function of reaction time and sodium chloride concentration. In this
process, WBCS were not added. The increase of NaCl concentration and
time promotes an increase in sodium hydroxide formation. NaOH pro-
duction was proportional to NaCl concentrations up to 5 g NaCl/L
during the first 2 h of reaction. After 2 h, equilibrium was reached due to
NaCl depletion and lack of mobility, less Na* ions migrating from anodic
to cathodic compartment to form NaOH. However, the electrolysis of
H20 continues over time, and when 10 g NaCl/L is added, NaOH gen-
eration grows exponentially up to 3 h due to the increase in ionic
mobility [38] and then linearly up to 5 h.

The NaOH formation rates (ANaOH/dt) over time exhibit a Gaussian
behavior (Fig. 6b) proportional to the NaCl concentration. The
maximum production rates at 0.5 h of NaOH were 0.006, 0.019, 0.042,
0.066 (moles NaOH/L*h) for 1, 2.5, 5 and 10 g NaCl/L respectively.
After 3 h, it decreased to zero except at 10 g NaCl/L, which changes to
linear at 2 h. The production rate of NaOH in the time up to 2 h of re-
action was of the type:

d[NaOH] _
da

Where a has values of 1.12, 2.05 and 3.5 for 1, 2.5 and 5 g NaCl/L
respectively. These values are proportional to the dissociation of NaCl
into Na™ and Cl ™ ions, which increases the ionic mobility. Therefore, the
transfer of ions and electrons increases the reaction rate at higher NaCl
concentration. Also, for the range of NaCl concentrations studied, only 2
h of reaction were required to form maximum amounts of NaOH, but the
highest conversion of NaOH was reached in one hour. Thus, the hy-
drolysis reaction of WBCS occurs mainly in a two-hour reaction.

The influence of NaCl concentration in NaOH formation rate (Fig. 6¢)
was a Gaussian function. Regardless of the reaction time, the highest
NaOH production rate is between 3 and 5 g/L of NaCl, with the optimal
amount being 4 g/L. It is observed that higher NaCl concentrations
decrease the NaOH production rate. While it is known that increasing
the NaCl concentration increases the ionic conductivity in the system,
and therefore, the electrochemical reaction rate. However, for relatively
high NaCl concentrations, the OH™ and Cl™ co-ions increase strongly,
and a part of them moves Cl™ toward the cathode and OH™ to the anode,
which generates a drop in electrical efficiency [39,40]. Consequently,
the hydrolysis of WBCS can be carried out in the first two hours of the
reaction using <5 g/L NaCl concentrations.

a e(—O,S(t—0.64)/0.37)2

3.3. Hydrolysis of WBCS

3.3.1. NaOH consumption
WBCS was added in the cathodic compartment where the NaOH was
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Fig. 7. Consumed amounts of NaOH in the WBCS hydrolysis for different NaCl
concentrations in the system.

generated by the electromigration of Na™ (Eq. 1 to 2). The ions OH™ of
NaOH reacted in the reactor with the WBCS to break the collagen-
chromium bond, separating both compounds, while Cr>* precipitated
as Cr(OH)s at a very basic pH [41]. As the OH™ concentration system
reaction was proportional to NaOH concentration, the OH™ reaction
continued in the NaOH concentration’s function and the system’s pH.
Fig. 7 shows the NaOH (g/L) that reacts to hydrolyze the WBCS, which
corresponds to the difference between the NaOH produced without and
with WBCS in the reactor (eq. 4) for different times and NaCl
concentrations.

NaOH (reacts) — NaOH (produced without WBCS) ~ NaOH (produced with WBCS) (4)

For 1 g NaCl/L, the WBCS hydrolysis occurs in the first 2 h, reacting
0.8 g NaOH/L generated. The pH (Table 1) in the cathodic compartment
increased from 3.6 (0 h) to 6.5 (3 h) due to the hydrolysis reaction of the
WBCS, stabilizing at pH 6.5, reaching the hydrolysis equilibrium. When
2.5 g NaCl/L was added, only 1.9 g NaOH/L reacted in the first two
hours, leaving + 0.1 g NaOH/L unreacted. The system’s pH increased to
9.0 at 2 h and remained constant over time. However, for 5 g NaCl/L,
total hydrolysis occurs in the first hour, with 3.5 g NaOH/L reacting to
reach pH 11.7. Similar values are obtained for 10 g NaCl/L. These results
show that the hydrolysis of the WBCS took place simultaneously with
the generation of NaOH in the first 2 h of reaction and it is independent
of the amount of NaCl added. Therefore, the consumption of NaOH over
time is a parameter that indicates the degree of reaction.

3.3.2. Extraction of Cr**

The OH™ ions generated in the reactor breaks Cr-collagen and Cr-Cr
covalent bonds in the WBCS structure [20,43], releasing the cr®t and
collagen into the aqueous phase (Fig. 8).

The separated Cr>* remains in the aqueous phase or precipitates as

H20 H20
O 7/
\\ y
/ \ ,
o \C Cr/
r O—T7
0 7 N\ o
7 \ / N
/ | \
A 0 | OHe
H20 OH: H20

Chromium and collagen complex (WBCS)
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Cr(OH)3, mainly depending on the pH, initial NaCl concentration, and
temperature, as observed in Table 1 and Fig. 9. When NaCl wasn’t
added, the Cr®* extraction in aqueous phase was 152.7 mg Cr>*/L (3 h),
which remained constant over time, and the solution reached pH=5.3.
In this case, NaOH required for hydrolysis was provided by the residual
NaCl inside WBCS structure, which is added to the skins before tanning
[3].

When 1 g NaCl/L was added, the Cr’t extraction to the aqueous
phase increased linearly over time up to 157.4 mg Cr>*/L in 3 h, and
after 5 h exponentially reached 308 mgCr>*/L at pH=6.5. For 2.5 g
NaCl/L added, the extraction of Cr®* was exponential, reaching 598 mg
Cr’*/L at 5 h and pH=9.6. A green aqueous phase was observed in the
cathodic compartment where Cr®t was in solution. In Cr(OH)3 - H,0
systems, Cr(OH)s; precipitates at a pH greater than 5.5 [42,41,44].
However, Cr>* remains in the aqueous phase even at pH=9.6. In the
presence of -OH and -COOH groups of collagen, Cr(OH)3 forms stable
and soluble complexes at alkaline pH [45,46]. Likewise, chromium
hydroxo complexes Cr(OH)**, Cr(OH)3, Cr(OH)z:, and Cr(OH); are
soluble at pH 5.5 — 9 [47]. These Cr(OH)3 intermediates and precursors
could affect Cr*" precipitation when pH ( 10, like in the 2.5 g NaCl/L
essay, where it remains in solution with collagen. However, pH ) 10.5
exhibited higher Cr(OH)3 precipitations (99 %) at 5 and 10 g NaCl/L;
under these conditions, those complexes don’t affect Cr®* precipitation.

After 0.5 h of reaction at 5 or 10 g NaCl/L concentrations, only 0.4 %
and 0.1 % of Cr>" was detected in the aqueous solution, and >98 % were
precipitated at pH 10.4 and 11.5, respectively. After 1 h of reaction,
>99.5 % chrome was precipitated, and no Cr’* was detected in the
aqueous solution, conditions that remained constant until 5 h. In these
cases, a defined formation of two phases was observed: an upper, yellow
aqueous phase corresponding to collagen and a lower, greenish phase

6004 | —=—0gNaClL

1 |—®—1gNaClL
5004 |—A—2.5gNaCl/L
1 |=—<—=5gNaCl/L
400 - ——10 g NaCl/L

300

200 ~

100 +

o
1

Cr*" extracted in aquous solution [mg Cr*'/L ]

Time (h)

Fig. 9. Cr’* extraction toward aqueous solution by hydrolysis of WBCS in
function of time, at 0-10 g NaCl/L addition.

+ Na"OH™ —— Cr(OH), (am) + + Na*

OI °

Fig. 8. Hydrolysis of WBCS with OH™ to release Cr(OH); and collagen. Note. Adapted from [22].
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Fig. 11. Faradaic efficiency ( %) as a function of NaCl concentration (g/L) and
time (h) of the system with WBCS.

corresponding to the precipitated Cr(OH)s. The highly alkaline medium
(pH > 10.5) destabilizes the solubility of Cr(OH)s, and it precipitates at
short times [47]. Another factor that helps the precipitation is the
temperature in the cathodic compartment, which is higher than 90 °C.
The Cr(OH)s solubility decreases by 2.5 orders of magnitude at tem-
peratures higher than 90 °C [48], so the complex and metastable com-
pounds of Cr3* with collagen break down, precipitating as amorphous
Cr(OH)s. High concentrations of NaOH exponentially favor alkaline
hydrolysis, extracting collagen and precipitating most of the Cr®* as Cr
(OH)3(OHy)3. Temperatures higher than 60 °C also contribute to cret
dehydration, generating amorphous Cr(OH)3 [48] with low solubility
(Kps=6.7 x 10 ’3), so at pH > 10 most of the Cr(OH)3 precipitates [41].

In summary, the hydrolysis of WBCS by the OH™ generated in the
system was due to breaking the chromium-collagen bond, which occurs
mainly in the first two hours of the process. Reaction parameters have
different effects on the products: at pH < 10.5, partial precipitation of Cr
(OH)3 occurs. Increasing the NaCl concentration increases the pH and
temperature and decreases the reaction time.

3.3.3. Influence of current density and faradaic efficiency
When the concentration of NaCl in the anodic compartments was

increased, the presence of Na* and Cl™ ions in the system increased,
generating significant ion transfer. Therefore, the electric current den-
sity varied depending on the NaCl electrolysis at different concentra-
tions. It reached the highest current density for systems without WBCS at
1 h of reaction, then decreased at 2 h, tending to be constant at longer
reaction times (Fig. 10a). However, when WBCS was present in the
system, the highest electric current density was reached at 0.5 h of re-
action and subsequently decreased with reaction time (Fig. 10b). NaOH
consumption for WBCS hydrolysis indirectly accelerated the NaCl elec-
trolysis, decreasing by 0.5 h to reach the highest electric current density.
Likewise, the increase in electric current density influences the increase
in temperature and accelerates the WBCS hydrolysis reaction.

Electrochemical efficiency is proportional to the electrolysis of NaCl
and H0, which generates OH™ ions for the hydrolysis of WBCS. In this
sense, the highest faradaic efficiency occurred at 1 h of reaction and is
directly related to the initial NaCl concentration in the system (Fig. 11).
Subsequently, the efficiency decreases due to NaCl depletion and
reduction of ionic mobility.

The faradaic efficiency for NaCl electrolysis was low, obtaining 12.8
% (5 g NaCl/L) and 17.8 % (10 g NaCl/L), but it was sufficient for the
complete hydrolysis of WBCS with OH- to separate Cr>* from collagen,
as shown in Table 1. Some consumption of electrical energy supplied
through the electrodes was transformed into heat, allowing the reaction
system to reach temperatures between 60 and 99 °C.

3.3.4. Sustainability and circular economy

The process involves the simultaneous electrolysis of NaCl and hy-
drolysis of WBCS, where the energy required for the first reaction is used
to carry out the second reaction. Furthermore, increasing the NaCl
concentration increases the temperature in the cathode compartment for
WBCS hydrolysis. The total reaction time is <2 h, and using the NaCl
discarded from the hides preservation (zero cost).

Table 2 compares the costs of the hydrolysis process per kg of WBCS
treated with H2SOs, NaOH, and electrohydrolysis (this work). It is
observed that performing two processes in the same step and using NaCl
significantly reduces the treatment cost. Regarding the use of the
products obtained, the precipitated Cr(OH)s is acidified with H2SO4 to
Crs+ (pH = 3) and recycled to the tanning process [49]. Bleach (NaClO)
could be obtained from the chlorine gas generated in the anode cells as a
commercially valuable by-product. The acidic solution from the anode
cell would neutralize the basic liming effluent (pH=11-12) in the
treatment stage (the mass balance is shown in Section 1). Collagen can
be used as a raw material for adhesives [10], fertilizers [50], etc. These
characteristics, the reaction conditions, the use of the different com-
pounds obtained, and the cost confer the process sustainability.
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Table 2

Cost analysis and efficiency comparison among electro-hydrolysis and conventional hydrolysis.

Reference

Product
quality

Chromium

Total Cost (1st

2nd stage. Hydrolysis of WBCS

1st stage. Compound acquisition

Process

extraction ( %)

+ 2nd stage)

(Dollars)

Total 2nd
stage

Energy
(kw/h)

Solution

Time

Reaction

Cost Total 1st
stage

Quantity /

Compound

volume / kg of

WBSC

(hours)

temperature (

(Dollars)

Kg of WBSC

(Dollars)

(Dollars)

21

Not reported
Partially

60
87

$6.29

10 liters 29 $3.55

144
1.5

$5.78 $2.75

0.457 kg
0.235 kg

H,SO4

NaOH

Acid Hydrolysis

$1.52

$0.07

0.54

12.5 liters

$1.45 70

$6.18

Basic Hydrolysis

degraded
collagen
Partially

The present
work

99

$0.16

$0.16

1.29

15 liters

1.5

NacCl 0.01 kg $0.62 $0.01 99

Electrochemical

degraded
collagen

Hydrolysis
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4. Conclusions

A technology is presented for separating Cr’' from collagen by
electrohydrolysis of WBCS. Two simultaneous reactions occur in the
cathodic compartment: the generation of NaOH by NaCl electrolysis and
the hydrolysis of WBCS by the OH- ions from NaOH dissociation. Con-
centrations higher than 5 g of NaCl/L during 1.5 h, reached pH > 10 and
temperatures > 90 °C, achieving 99 % separation of Cr>" in the form of
precipitated Cr(OH)s, while the collagen solved and remained in solu-
tion. The current density varied proportional to NaCl concentration,
obtaining the highest faradaic efficiency of 18 % at the reaction time of
1.2 h. This process promotes the circular economy and environmental
sustainability in the tanning sector.
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