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Abstract Expanders, as lignosulfonates, are crucial for a good performance of Pb/acid batteries.

In the process of discharge, the Pb and the PbO2 go to PbSO4. The formed PbSO4 is adsorbed

on the surface of the Pb electrode and dramatically reduces the lifetime of the battery by the for-

mation of big PbSO4 crystals. In order to prevent that, the addition of expanders in the negative

electrode is an economic solution to prevent the formation of big crystals. In this investigation,

we propose the synthesis of several lignosulfonates obtained from lignin of many biomass origins.

We have derivatized nine samples of lignin via microwave-assisted sulfonation, then we have char-

acterized how efficient is the chosen synthesis method. The lignosulfonates obtained have been char-

acterized by infrared spectroscopy (IR), proton nuclear magnetic resonance (1HNMR), two-

dimensional correlated spectroscopy (COSY), and elemental analysis to acquire some relevant

information about their structure in terms of functional groups. In this way, three commercial lig-

nosulfonates, Vanisperse A, Indulin AT, and Oakwood, have been selected as references for our

comparisons. Moreover, we have checked their electrochemical properties, using electrochemical

techniques to compare their behavior with respect to the commercial lignosulfonates. Finally, we

have selected one of them and we have tested its performance as an expander in a Pb/acid battery.
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That result is a very promising first approach, and we can conclude that lignosulfonates derivatives

are a good and low-cost choice to improve the lifetime of Pb/acid batteries. In particular, it is shown

that the incorporation of LignosB improves the cell formation as well as the first capacity (36.30%

more) and the charge acceptance (63.16% more), being these relevant parameters in the perfor-

mance of Pb/acid batteries.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cellulose, hemicelluloses, and lignin are the main components
of the plant cell wall, linked together by a highly ordered

matrix called lignocellulose (Rubin, 2008; Lara-Serrano
et al., 2019). And for this reason, biopolymers are the most
abundant on Earth (Pickett, 2018). Cellulose and hemicellulose

are polymers based on carbohydrates, while lignin is a polymer
made by cross-linking phenolic precursors. Lignin and hemi-
cellulose, unlike cellulose, have different chemical composi-

tions depending on the lignocellulose source treated. Because
lignin is a complex heterogeneous branched polymer that,
being linked and hemicellulose in the so-called ‘‘lignin-
carbohydrate complexes” (Rubin, 2008; Lara-Serrano et al.,

2019), it is necessary to carry out a fragmentation pretreatment
to obtain it.

The annual production of lignin is 1.8 million tons, and

they are used as pesticides, surfactants, stabilizers of colloidal
suspensions, etc. (Aro and Pedram, 2017; Baumberger et al.,
1997) Some of the most important characteristics of lignin

are the following: contain most of the methoxy groups in
wood, are resistant to acid hydrolysis, and easily oxidize. Also,
they are soluble in hot bisulfite or alkalis, and they condense

with phenols and thiols. If they are treated with nitrobenzene,
in a hot alkaline medium, vanillin, syringaldehyde, or p-
hydroxybenzaldehyde are obtained depending on their origin
(Yang et al., 2017). Lignins are built of phenylpropanoid units,

the most general being p-coumaryl alcohol, coniferyl alcohol,
and sinapyl alcohol (Fig. 1). They are formed in the cytoplasm
of plants through the ‘‘Shikimate pathway” (Chávez Sifontes

and Domine, 2013) and are interconnected by C-C and C-O
bonds (Dutta et al., 2018).

The proportion of the phenylpropanoid units in lignins

depends on the type of plant from which it was extracted. It
should be noted that in softwoods (conifers, gymnosperms)
the percentage of p-coumaryl alcohol is less than 5% and that

of coniferyl alcohol is more than 95%. In hardwoods (eu-
cotyledons, angiosperms) p-coumaryl alcohol is between 0
and 8%, coniferyl alcohol between 25 and 50%, and sinapyl
alcohol 45–75%. In herbs (monocotyledons, angiosperms), p-

coumaryl alcohol is between 3 and 35%, coniferyl alcohol
Fig. 1 Most common phenyl
between 35 and 80%, and sinapyl alcohol between 20 and
55% (Chávez Sifontes and Domine, 2013). It is present in all
vascular plants and is formed during the photosynthesis reac-

tion (Chávez Sifontes and Domine, 2013).
It must be considered that lignins do not have structures

that can be defined exactly and precisely, apart from the

phenylpropanoid units mentioned above lignins also present
modifications of those units. These units are obtained through
oxidation reactions, which occur in plant cell walls, and which
are catalyzed by peroxidase enzymes (Chávez Sifontes and

Domine, 2013). Thus, the order of repetition of said units
(main or derived) is not regular and their grouping will depend
on the extraction method used and the type of plant (Yang

et al., 2017). In addition, it should be noted that both lignins
and lignosulfonates are recently being used in multiple applica-
tions, in addition to their well-known action as expanders in

lead batteries, ranging from the application as biosensors,
enzymatic action in biomass degradation processes or, even
obtaining lignin-based nanoparticles (Wang et al., 2022;
Wang et al., 2021; Lou et al., 2014; Guo et al., 2021; Tang

et al., 2020; Tian et al., 2019; Gu et al., 2019; Yao et al.,
2017; Vermaas et al., 2015; Crestini et al., 2011; Liu et al.,
2022).

There are numerous pretreatments for the fragmentation of
lignocellulosic biomass described in the literature, however,
some of the most innovative are among the chemical methods

(Behera et al., 2014), which are capable of dissolving lignocel-
lulosic biomass in a specific way, being able to separate cellu-
lose, hemicellulose, and lignin into enriched fractions. Some of

these pretreatments use ionic liquids (Lara-Serrano et al., 2019;
Lavarda et al., 2019), inorganic salts (Lara-Serrano et al.,
2020; A:A. Awosusi, A. Ayeni, R. Adeleke, M.O. Daramola,
2017), or by using organic solvents that are more environmen-

tally friendly such as those used in the OrganoCat method
(Grande et al., 2015; Stiefel et al., 2017; Weidener et al., 2021).

Lignosulfonates are derivative composites of lignin, they

exhibit functional groups with a hydrophilic character such
as methoxyl groups such as aldehydes, ketones, sulfonates,
and carboxylic acids, on a hydrophobic backbone, mostly aro-

matic groups. This characteristic gives them a surface property
as surfactants (Baumberger et al., 1997; Pérez Macı́as, 2017).
propanoid units of lignins.

http://creativecommons.org/licenses/by/4.0/
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The organic substances addition, type lignosulfonates, on
the Pb-acid battery negative plate manufacturing has a positive
effect on its performance. This effect has been known for a

long time, and the mechanism of action has been studied by
Pavlov (Pavlov et al., 1984; Pavlov et al., 2010; Zhang et al.,
2022). These additives are called expanders together with black

carbon and BaSO4 (Myrvold, 2003). The lignosulfonates exert
a very prominent effect on the specific surface and on the mor-
phology of the negative active material (NAM), creating a

skeleton on which the PbSO4 crystals formed in the NAM
can be deposited (Pavlov et al., 2000). Those act as anti-
flocculating agents, preventing the agglutination of the PbSO4

crystals and reducing their size (Yang et al., 2017). As an

effect, the addition of lignosulfonates in the Pb/acid batteries,
delays the charge/discharge reactions, but increases the capac-
ity of the negative plates.

Not all lignosulfonates have the same functional groups, or
the same molecular weights, it depends on a great extent on the
starting lignins from which they have been obtained. Thus, lig-

nins are one of the most abundant biopolymers in plants,
along with cellulose and hemicellulose, and the greatest natural
resource for obtaining aromatic compounds. Currently only 1–

2% of the 50–70 millions of tons of lignin produced annually is
used, evidencing its little application (Aro and Pedram, 2017).

The lignosulfonate molecular weight is of great importance,
since the part with the highest molecular weight of the struc-

ture has a greater affinity for adhering to the surface of the
lead electrode. However, the low molecular weight fragment
forms complexes with the Pb+2 ions, leaving these in solution

(Myrvold, 2003). Another factor that greatly influences the
adsorption process is the pH: At low pH, a greater amount
of lignosulfonate in solution is observed, indicating low adhe-

sion to the surface of the negative electrode. Probably there is
less interaction between the Pb+2 ions and lignosulfonates
molecules due to the protonation of the phenolic, hydroxyl

and carboxylic acid groups, and/or the partial protonation of
the sulfonate groups (Myrvold, 2003).

In the battery discharge process the negative electrode is
described as the oxidation of Pb to PbSO4 compound, while

in the positive electrode the reduction of PbO2 to PbSO4 also
occurs. The charging process is the reverse of reactions (1)
and (2) and the global reaction of these batteries is the one rep-

resented by equation (3).

Cathode Positive electrodeð Þ :

PbO2ðsÞ þ ½HSO4��ðaqÞ þ 3HþðaqÞ þ 2e�

$ PbSO4ðsÞ þ 2H2OðlÞ: ð1Þ

Anode Negative electrodeð Þ :

PbðsÞ þ ½HSO4��ðaqÞ $ PbSO4ðsÞ þHþðaqÞ þ 2e�: ð2Þ

Global reaction :

Pb sð Þ þ PbO2 sð Þ þ 2H2SO4 lð Þ $ 2PbSO4 sð Þ þ 2H2O lð Þ ð3Þ
The nominal voltage of the Pb/acid battery is 2 V. It must

be considered that, in the charging process, secondary reac-
tions occur (Ruetschi, 1977). Thus, the electrolysis of water
at the end of the battery charge occurs and therefore the evo-

lution of hydrogen and oxygen. Nevertheless, water consump-
tion can be minimized by recombination mechanisms.
Adequate compression of the plates and the use of porous
spacers Absorbed Glass Mat (AGM) allows the recombination

between oxygen and hydrogen (Ruetschi, 1977). The sulpha-
tion of the negative plate is an important failure mode in these
batteries, and it occurs as a priority when it works in a Partial

State of Charge (PSoC) operating mode as required in hybrid
vehicles. The formation of irreversible PbSO4 crystals, which
directly interferes to the electrochemical reaction (Rand

et al., 2004) could be partially avoid with the addition of
expanders.

The Pb/acid battery is one of the most widely used energy
storage systems since the late nineteenth century. This system

has been able to respond to numerous demands of society,
and for now irreplaceable, application as an autonomous
source of energy in transport vehicles, or as a power supply

system in telecommunications or remote areas. More recently
they are being used in the development of hybrid and/or elec-
tric vehicles (Pérez Macı́as, 2017; Zhang et al., 2021).

Our work is focused on the characterization of Lignins
from pruning and cane biomass and their corresponding ligno-
sulfonates derivatives. We present a microwave-assisted syn-

thesis method which was successful for the obtention of
lignosulfonates but with a variable proportion of functional
groups. We studied the effect of lignosulfonate addition effect
on the oxidation / reduction process of the Pb electrode in acid

media finding similar behavior to the commercial lignosul-
fonates Vanisperse A, Indulin AT and Oak Wood. Moreover,
their adsorption on the working electrode causes an increase in

both anodic and cathodic process, indicating their effectiveness
in controlling the formation of PbSO4 crystals. Finally, our
derivatives included in Pb/acid battery improve the cell forma-

tion as well as the first capacity (C20) and the charge accep-
tance in comparison with Vanisperse A being these
characteristics very important for the performance of the bat-

tery. Our characterization reveals a valuable conclusion for the
achievement of priceless derivatives for their application as
expanders in Pb/acid batteries.

2. Material and methods

2.1. Synthesis of lignosulfonates: MW

All the lignins used in this work are attained from pruning and
bagasse cane biomass (see Scheme 1). The extraction process is

described in SI (Schemes A1, A2 and A3). In short, those pro-
cesses involve aqueous-organic extraction techniques following
by vacuum filtration and washing of the extracted solid. To

obtain lignins LigA1 and LigA10, the process is described in
Scheme 1 Origin of Lignin samples characterized in this work.
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Scheme A1 (Lara-Serrano et al., 2019). In the case of the lig-
nins LigA2 and LigA3, the process is described in
Scheme A2 (Ysambertt, 2009), and the obtaining of the lignins

LigB, LigC1, LigC2, LigC3 and LigC4 are set forth in
Scheme A3.

The synthesis process chosen to achieve the lignosulfonates

consists in microwave-assisted sulfonation, a process proposed
by F. Ysambertt, et al. (Ysambertt, 2009) The sulfonation pro-
cess can be summarized in a six-steps synthesis: i) First, we mix

lignin with a Na2SO3 (22 % m/v) and Na2CO3 (4 % m/v) solu-
tions in a PVC reactor; ii) Second, we apply 10 microwave irra-
diation cycles of 6 s at 550 W (10 s off between cycles) getting a
solution with suspended particles; iii) Third, we add between 6

and 10 drops of concentrated H2SO4 and 10% of NaHCO3 to
get a neutral-basic pH; iv) We centrifugate until supernantant
can be separated and stored; v) We add concentrated H2SO4

until precipitation of lignosulfonate; vi) Finally, we separate
by centrifugation and we dry at 50 �C. See Scheme A4 for
more information. Additionally, Table A1 shows some exper-

imental details about the solutions preparation process and
their respective concentration, in addition to the used volumes
in the synthesis process. All syntheses were done in duplicate.

See Table A1 for more information about the synthesis
process.

Commercial lignosulfonates, Vanisperse A, Indulin AT and
Oak Wood (Borregaard Ligno Tech) were studied to compare

the results.

2.2. Physico-chemical characterization

2.2.1. FT-IR with ATR module

Fourier-transform spectrophotometer (FT-IR, PerkinElmer

Spectrum Two) coupled to an ATR (Attenuated Total Reflec-
tance, Perkin Elmer) was used to identify the main functional
groups of the lignins and lignosulfonates samples. For each IR

measurement, the experimental conditions were 32 scans,
2 cm�1 of resolution, and 4000 – 450 cm�1 spectral range.
The spectra were normalized to the main absorption band
and baseline corrected.

2.2.2. NMR and COSY

All the 1HNMR and COSY (1H–1H) spectra were measured
using a low-medium field Bruker Avance III-HD Nanobay

300 MHZ. We work with a resonance frequency of
300 MHz, being the 1H atom of study.

Firstly, the 1HNMR spectra bands are analyzed in order to

determine their chemical shift of the different hydrogens pre-
sent in the samples. And secondly, the COSY (1H–1H) spectra
determines the correlation between these H groups. The signals

reflect two-bond and three-bond couplings.

2.2.3. Elemental analysis

The objective of elemental analysis is to determine the

amount of carbon, hydrogen, nitrogen, and sulfur by oxidiz-
ing the sample, through a total combustion process, in an
atmosphere of pure oxygen. The products obtained are

CO2, H2O, N2 and SO2. A carrier gas (He) drags these prod-
ucts to selective sensors that are responsible for quantifying
CO2, H2O and SO2. N2 is quantified by differential heat con-

ductivity. The LECO CHNS-932 analyzer is used in this
work, being the minimum quantifiable content of the ele-
ments around 0.2%. From elemental analysis, sulfonation
degree can be estimated, which could be defined as the mil-
limolar content of sulfonic acid per gram of lignosulfonates,

is an important structure parameter which is related to many
physicochemical properties of lignosulfonates such as water
solubility, dispersing performance, surface activity, and com-

plexation ability (Li et al., 2019).

2.2.4. Electrochemical characterization

The electrochemical test was performed in a three-electrodes

cell, using Pb as a working electrode, Pb as counter electrode
and Ag/AgCl, KCl (s) as reference electrode. Solutions with
lignosulfonate were around 45 ppm in H2SO4 acid

1.28 g cm�3. The lignosulfonate is incorporated into a beaker
containing the minimum amount of sulfuric acid and it is son-
icated to facilitate the homogeneity in the solution. In general

variation between (54 and 46 ppm) was obtained.
Cyclic voltammetry (CV) from �1 V to 0,0 V at scan rate of

5 mV s�1 was carried out. The set-up consists in 5 scans in a
blank solution (H2SO4) and then the lignosulfonate solution

was added and 17 cycles at 5 mV s�1 was carried out.
Pb/acid battery, Cell assembly: The study was carried out

by 2 V/ 0.230 Ah cells which were prepared through 2 positive

and 1 negative plates (2:1 system) and were compressed
between two methacrylate sheets and partially submerged in
1.28 g cm�3 H2SO4 (100 mL). The lignosulfonate selected as

an expander was LignosB (0,3% vs PbO) and for the Control
Lig Cells Vanisperse A (0,3% vs PbO) is incorporated because
represents the state of the art in the field of Pb/acid batteries.

No carbon additive has been added to appreciate more clearly
the effect of the lignosulfonates.

Cell parameters: I20 = 0.0115 A; C20 = 0.230 Ah; Geomet-
rical area / face = 2.52 cm2; NAM = 1.85 g; PAM = 1.85 g.

The electrical testing was performed at 25.0 �C and it con-
sisted in two capacity tests (C20), an charge acceptance (CA)
test, and a pseudo-Tafel test. The formation profile at 40 �C
selected for 2 V/ 0.230 Ah.

To check the low discharge rate performance Capacity
(C20) was carried out. After the cell formation and no more

of seven days, the battery was discharged at 0.0115 A (I20) with
a 1.75 V voltage cut-off. Then, the cell was recharged during
24 h with a Constant Current Constant Voltage (CCCV) at
2.67 V and 0.0575 A (5 � I20).

Charge acceptance (CA): After a resting period of 48–72 h
at 25 ± 2 �C, the battery was charged through constant cur-
rent constant voltage (CCCV) at 2.67 V and 0.0575 A

(5 � I20). After, the battery was resting 1 h and it was dis-
charged at 0.0115 A (I20) for 2 h until to get the 90% SoC.
Then, it was stored at 25 ± 2 �C for 72 h (sulfation period).

Later, the charge run at 2.4 ± 0.1 V with the highest current
limit (Imax = 5 or 10 A) for 60 s. During the charge, the cur-
rent was measured and recovered every 0.1 s. Ultimately, the

battery was recharged during 24 h running through a CCCV
at 2.67 V and 0.0575 A (5 � I20).

Tafel-polarization curves: After the CA test and resting for
48–72 h at 25 ± 2 �C, a set of currents passed through the

charged battery, so, the battery was charged with progressive
current values at different time periods: 46 mA / 50 min;
23 mA / 20 min; 9.2 mA / 20 min; 4.6 mA / 20 min; 2.3 mA

/ 20 min; 0.92 mA / 15 min; 0.46 mA / 10 min and 0.23 mA
/ 10 min.
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3. Results and discussion

3.1. Synthesis

Prior to the lignosulfonates synthesis, the characterization of
lignins has been carried out to consider the main properties

in order to successfully approach the corresponding
derivatization.

Initially, the two lignin samples LigA1 and LigA10 are char-
acterized by IR. In both samples (Fig. 2) a broad band of max-
imum absorption is observed at approximately 3300 cm�1,
possibly due to O-H and N-H stretching vibrations, involved
in hydrogen bonds networks. The band around 3150 cm�1 is

assigned to aromatic C-H stretching. The weak bands around
3000 cm�1 indicate the presence of sp3 CH stretching, at
2930 cm�1 and a shoulder at 2850 cm�1 (possible carbonyl

CHO stretching) but we do not see any clear band in the
C = O stretching. This evidence could be since the proportion
of carbonyl monomers is small (Reyes et al., 2015). The signals

at 1600 cm�1 are assigned to C = C stretching. Lastly, two
bands due to C-O stretching stand out, the first appears at
Fig. 2 a) IR spectra of lignins LigA1 and LigA10; b) IR spectra

of lignosulfonates LignosA1, LignosA10 and Vanisperse A.
approximately 1150 cm�1 referred to phenols while the second
appears at 1030 cm�1 referred to primary alcohols.

The aromatic C-H band appears overlapped by the O-H

and / or N-H bands. To confirm the presence of aromatics, a
study is carried out using UV–Visible spectroscopy
(Fig. A1). To perform this, small amounts of the lignin sam-

ples are dissolved in THF. A band observed at 280 nm could
be assigned to the presence of aromatic functional groups.

Elemental analysis of lignins and the lignosulfonates

obtained after the synthesis show that the percentage of sulfur
increases homogeneously, reaching approximately 18%. On
the other hand, the percentage of carbon and hydrogen
decreases to a great extent, the use of concentrated H2SO4 in

the synthesis process causes organic matter degradation and
dehydration. The %N is provided by the remaining of ionic
liquid, used in the extraction process (see Table 1).

As expected, the lignins have almost no sulfur content and,
therefore, the degree of sulfonation is practically zero. How-
ever, all the lignosulfonates obtained present percentages of

sulfur between 12 and 18% and degrees of sulfonation between
4 and 6. These values are much higher than the sulfur content
obtained for vanisperse A, which presents a degree of sulfona-

tion of 0.6 (2% of S). In the case of LignosB, used for battery
tests, the sulfur content (and degree of sulfonation) is 10 times
higher than vanisperse A and indulin AT. Moreover, oak
wood presents the lowest sulfur content of all the derivatives

studied in this work, which is good agreement with the IR
and NMR characterization (see sections 3.2.1 and 3.2.2). The
clear conclusion that we obtain from the elemental analysis

is that the microwave synthesis of lignosulfonates considerably
increases the %S of the starting material. We would like to
point out that the expression used to calculate the degree of

sulfonation overestimates this parameter because it assumes
that all the sulfur content in the sample is in the form of sul-
fonic acid.

Fig. 2 shows the clear effect in the IR spectrum of the dehy-
dration process. Particularly, we observed a clear loss of the O-
H/N-H bands, typical of the sample and from the residual
humidity (although we have minimized this option when dry-

ing the sample).
Two bands grow clearly in the synthesized lignosulfonates,

the first one around 1148–1140 cm�1 that refer to organic

S = O stretching (R-SO3H sulfonate group) (Pérez Macı́as,
2017). In the case of Vanisperse A (commercial lignosulfonate)
this signal appears at 1149 cm�1 and the second one is assigned

to the C-S stretching that appears between 610 and 590 cm�1

in the lignosulfonates LignosA1 and LignosA10. In the case
of Vanisperse A, this band appears at 589 cm�1 (Ysambertt,
2009).

Based on the results obtained by IR and elemental analysis
techniques, it is possible to conclude that the microwave-
assisted synthesis was successful for the lignosulfonates pro-

duction. Moreover, the results of the rest of the lignin samples
(see Scheme 2) do not all succeed.

3.2. Comparison between commercial and synthesized
lignosulfonates by IR, 1HNMR and COSY

3.2.1. FT-IR-ATR spectroscopic characterization

In the case of commercial (Vanisperse A, Indulin AT, and
Oakwood) lignosulfonates, a broad band at approximately



Table 1 Elemental analysis of lignins LigA1 and LigA10 and all lignosulfonates.

Sample Replica %C %H %N %S SD* NSD**

LigA1 1� 54.06 6.86 6.52 0.17 0.05 0.08

2� 54.10 6.73 6.53 0.16

LigA1´ 1� 54.36 6.82 5.15 0.12 0.04 0.07

2� 53.99 6.68 5.11 0.15

LignosA1 1� 10.09 3.86 2.09 18.21 5.70 9.11

2� 9.25 3.52 1.91 18.24

LignosA1´ 1� 9.49 1.62 0.67 18.12 5.70 9.12

2� 10.71 1.85 0.76 18.36

LignosA2 1� 0.62 5.44 0.23 16.44 5.14 8.22

2� 0.65 5.38 0.22 16.43

LignosA3 1� 2.55 3.85 0.16 17.74 5.31 8.50

2� 2.58 3.71 0.31 16.24

LignosB 1� 23.37 5.58 5.19 13.28 4.01 6.41

2� 24.09 5.77 5.49 12.36

LignosC1 1� 11.27 2.89 1.04 16.24 4.69 7.50

2� 10.93 2.80 1.07 13.77

LignosC2 1� 3.99 3.68 0.38 17.09 5.07 8.11

2� 4.18 3.53 0.39 15.34

Vanisperse A – – – – 2.00 0.63 1

Indulin AT – – – – 1.64 0.51 0.82

Oak wood – – – – less than 0.10 0.03 0.05

*SD means sulfonation degree in mmol of sulfonic acid per gram of lignosulfonate; **NSD means normalized sulfonation degree versus

Vanisperse A.

Scheme 2 Overview of Lignosulfonates used in this work. Red

boxes indicate failed sulfonation reactions. Green colour: first

batch of pruning biomass, all of them give solid precipitate

corresponding to lignosulfonate; Blue colour: bagasse biomass, it

precipitates at oily lignosulfonate; Violet and red colours: second

batch of pruning biomass, violet colour give solid precipitate and

red ones does not precipitate. See Schemes A1-A4 and Table A1 of

supplementary material for additional information.
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3400–3200 cm�1 shows the presence of OH groups involved in
H-bond networks (Fig. 3). In the synthesized samples, this OH

band is also present. We would like to be precise that all the
samples have been dried to minimize the humidity content.
In the case of the lignosulfonates LignosA2, LignosA3, Lig-

nosB, LignosC1, and LignosC2, in principle, the presence of
bands due to NH stretching vibrations is also possible as
shown in Table 1. Those vibrations are due to the remaining

ionic liquid, used in the extraction process. The lignosulfonates
LignosA3, LignosC1, and LignosC2 show a narrower vibra-
tional OH band, indicating that they may be owing to less
associated alcohols, for example primary, secondary, tertiary
alcohols, or phenols.

Regarding the CH region, for commercial lignosulfonates,

weak bands around 3000 cm�1 are observed indicating the
presence of sp3 C-H stretching. It should be noted that these
signals are more intense in the case of Vanisperse A. Both fam-

ilies of lignosulfonates, the synthesized and the commercial
ones, also present Ar-H stretching which is overlapped with
the OH band (Fig. 3). This fact is in good agreement with

the bands observed around 1600–1591 cm�1, which are
assigned to C = C stretching, these being aromatic as no clear
signal of sp2 carbon C-H tensions appears (Fig. 3).

Lastly, there are the bands that allow establishing a clear
connection of the synthesized lignosulfonates with the Vanis-
perse A, Indulin AT, and Oak wood lignosulfonates and that
demonstrate that microwave-assisted sulfonation works suc-

cessfully. Between 1200 and 1140 cm�1, the bands referring
to the S = O stretching of the R- (SO3) - sulfonates appear.
In the case of synthesized lignosulfonates these bands are

between 1150 cm�1 and 1162 cm�1, in the case of Vanisperse
A it appears at 1149 cm�1, in Indulin AT at 1141 cm�1 and
for Oak wood, it appears at 1158 cm�1 (Fig. 3). Likewise,

between 1000 and 750 cm�1 a band must appear in reference
to the S-O tension. This appears, in the case of Vanisperse
A, at 851 cm�1, in the case of Indulin AT at 853 cm�1, and
for the synthesized lignosulfonates the bands oscillate between

875 cm�1 and 850 cm�1 (Fig. 3). Around 1030 cm�1 stands out
a band that is characteristic for all lignosulfonates, both syn-
thesized and commercial and refers to vibrations of S = O

of sulfoxide groups (R- (SO) -R). They also appear C-S
stretching bands between 710 and 570 cm�1.15 In the case of
Vanisperse A the signal appears at 589 cm�1, for Indulin AT

at 624 cm�1, for oak wood at 597 cm�1 and for synthesized lig-



Fig. 3 IR spectra of commercial lignosulfonates and those obtained in this work.
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nosulfonates these bands range between 675 cm�1 and

570 cm�1 (Fig. 3).

3.2.2. 1HNMR and COSY
1HNMR and COSY spectra are very helpful, combined with

IR and elemental analysis, to elucidate structural details. Con-
sidering the complexity of the structure of lignosulfonates, it
was not possible to make a precise assignment for each
observed band. Therefore, the assignment of bands is carried

out by regions, thus establishing the functional groups that
make up the lignosulfonates studied.

In all 1HNMR spectra, the bands that appear at approxi-

mately 2.5 ppm, are those corresponding to the solvent used
(DMSO), and the bands that appear between 5.25 and
6.5 ppm for lignosulfonates belong to displacements of the H

of H2O (see Figs. 4 and 5). LignosA2 (5.75 ppm), LignosA3
(5.25 ppm), LignosC1 (5.5 ppm), LignosB (6.5 ppm) and Lig-
nosC2 (5.5 ppm).

The bands that are observed between 1 ppm and 1.5 ppm
correspond to displacements of terminal H of saturated hydro-
carbon chains, while the bands located to displacements less
than 1 ppm correspond to H in cyclopropanes. Moreover,

the displacements between 1.5 and 2.5 ppm are assigned to
H displacements of carbons in the alpha position, methylenes,
methyls, and alcohols, present in the phenylpropanoid units,

establishing that the methyl groups are attached to sulfur or
unsaturated carbons. In the case of the lignosulfonates Lig-
nosA2 and LignosA3 (Fig. A2), some of the bands that appear

may correspond to the remaining solvent used to obtain the
lignins, 2-methyltetrahydrofuran, with a signal around
1.73 ppm. The bands between 2.6 ppm and 4 ppm can be
assigned to H of methylenes or methyls linked to phenyl, to

oxygen, or to H of alcohols. It should be noted that in the case
of the lignosulfonate LignosC1 (Fig. A2), the corresponding
water band is broad, and signals that are located in the char-

acteristic region of alkenes can overlap (4.5 ppm to 6.5 ppm
for terminal H and 4.5 ppm to 8 ppm for H of non-terminal
alkenes). Finally, the bands that appear at displacements

between 6.5 ppm and 8 ppm can be assigned to displacements
of H of aromatic groups, mostly phenyl, taking into account
the phenylpropanoid units, phenols, and a less probability to
nonterminal alkenes.

In the commercial lignosulfonates, the main difference with
the synthesized lignosulfonates is the existence of bands in the
range from 4.5 ppm to 6.5 ppm clearly referred to H shifts of

alkenes (terminal or not), as in the case of Indulin AT. Besides,
there are the aldehyde H displacement bands that appear at
approximately 8.6 ppm in the case of Vanisperse A (Fig. 4)

and 9.75 ppm in the case of Indulin AT. In the case of oak
wood lignosulfonate, these signals are not present.

From the COSY spectra, it can be determined that H are

coupled to two or three bonds, being the last one weaker. As
can be seen in the spectra represented in Fig. 5, all lignosul-
fonates, including Vanisperse A, have HH couplings that occur



Fig. 4 1HNMR spectra of some commercial lignosulfonates and those obtained in this work.
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between H of carbon groups in the alpha position, methylenes,

methyl groups linked to sulfur or unsaturated carbons, alco-
hols, and H terminals of saturated hydrocarbon chains. The
lignosulfonates LignosB, LignosC2, Indulin AT and Vanis-

perse A (Fig. 5) also have HH couplings between H of methy-
lene and methyl groups linked to phenyl or oxygen, alcohols,
and terminal H chains saturated hydrocarbons. See Fig. A3
for more details about COSY spectra of other commercial a

synthetized lignosulfonates not shown in the main text. In
the lignosulfonates LignosA3, LignosB, LignosC2 and Indulin
AT (Fig. 5), the H couplings of aromatic groups are found

(Fig. A3).
The IR comparison spectra of the synthesized lignosul-

fonates, with respect to the commercial ones, establish that

the synthesis is efficient. Furthermore, by analyzing the 1-
HNMR and COSY spectra, it is revealed that the bands
obtained are relatively homogeneous, in terms of the groups
possessed by the lignosulfonates synthesized in this work.

It should be noted that the LignosA1 and LignosA1 ligno-
sulfonates come from the same pruning biomass sample, and
their lignins have undergone the same extraction process. This

is a clear indication of the heterogeneity of the material
obtained (surely the starting sample is heterogeneous). This
effect may be due to slight variations in the percentage of

the functional groups that compose them.
In summary, all the lignosulfonates synthesized in this work

present some common characteristics, as a high content of S
(more than 10%) and the presence of polar aliphatic groups.

The content of carbon, hydrogen, and nitrogen are variable,
and it seems to be strongly related to the origin of lignin.
Moreover, all the lignosulfonates show the presence of aro-

matic, aliphatic, and polar groups, as Vanisperse A, but in dif-
ferent proportions. However, Vanisperse A presents a high
content of aromatic groups in comparison with our lignosul-

fonates. LignosB present around 25% of C and 13% of S,
and IR and NMR reveals the presence of aromatic and polar
groups, as in Vanisperse. For that reason, it seems that a rea-
sonable content of C and S is necessary to be used as expander

(See section 3.3). Subconsequently, LignosA1 and A10 present
a comparable structure to LignosB but the original lignins



Fig. 5 COSY spectra of commercial lignosulfonates and some of those obtained in this work.
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were very heterogeneous and the reproducibility of the sul-
fonation process was not possible. Finally, LignosA2 and C2
present a low content of C with reveals a different structure

in comparison with LignosB and Vanisperse A. However, Lig-
nosC2 and A2, together with LignosB showed to be a good
choice as expanders.

3.3. Electrochemical characterization

3.3.1. Cyclic voltammetry study

The effects of the addition of commercial and synthesized lig-
nosulfonates on the oxidation/reduction process of the Pb elec-

trode is studied by cyclic voltammetry. These processes are
closely related to the charge/discharge processes of the NAM
of a Pb/acid battery in the voltage range studied. The obtained
i-E polarization curves are shown in Fig. 6. The anodic peak is

related to (2) the oxidation of Pb to PbSO4 reaction, while the
cathodic peak is represented by the opposite reaction, the
reduction of PbSO4 to Pb. Furthermore, the reduction of pro-

tons to H2 (4) occurs in an overlapping way, as a secondary
reaction, at more negative potentials.

2Hþ aqð Þ þ 2e� ! H2 ð4Þ
The charges involved in anodic and cathodic peaks, in the

solutions without additives, remain constant in the different
tests carried out, although slight variations are observed. In
the CV (Fig. 6), sometimes hydrogen formation in the electro-

chemical cell (-0.8 V to �1 V) occurs irregularly in comparison
with the rest of the blank solutions, presumably due to the
existence of different roughness of the surface of the Pb elec-

trode which is sanded and cleaned before starting the next
measurement since the geometric working area was always
the same.

When lignosulfonates are added, changes in both anodic

and cathodic processes are observed. This behavior suggests
that the addition of 40–60 ppm of lignosulfonate exerts certain
modifications, which probably have to do with the adsorption

of the lignosulfonates on the Pb surface.
With all the lignosulfonates synthesized, except of Lig-

nosA3, the intensity of the redox peaks increases and conse-

quently the Qanodic and Qcatodic peaks involved in both
processes. This behavior is agreeing with the result obtained
with the three commercial lignosulfonates studied (see
Fig. 6 CV at 5 mV/s and room temperature (25 �C) of commercial l

The working electrode (Pb) used has an Ageometric of 1,16 cm2.
Fig. 7). This behavior may be due to the adsorption of ligno-
sulfonates affects the structure of the PbSO4 crystal layer
obtained. This is reflected in the increase of the accumulated

charge in the anodic and the cathodic process, with the ligno-
sulfonate LignosC2 the one that causes the greatest increase. It
may happen that, if smaller crystals are obtained, the active

area increases, and this may be one of the effects produced.
This first study attempts to discriminate between the synthe-
sized materials and verify the effect produced in comparison

with commercial lignosulfonates.
In the case of LignosA3, the opposite process occurs, that

is, the intensity of the anodic and cathodic peaks is smaller
in its presence. The size of the lignosulfonate molecules is a

very important factor. In case of large molecules, Pb+2 ions
could efficiently migrate through the lignosulfonate layers,
which form around the working electrode, into the solution.

On the opposite, for small size molecules, the accumulation
of Pb+2 ions between the layers leads to an accumulation of
Pb+2 ions, which hinders the redox reactions (Pérez Macı́as,

2017).
The increase in Qred keeps the same relationship as Qox and

may be related to charge acceptance when the material is con-

formed as a negative element of the battery, this previous study
in a three-electrode cell may be an interesting test to discrimi-
nate between previously obtained materials for the subsequent
battery test.

Finally, LignosB was selected as a good candidate as an
expander for battery tests for many reasons: first, the presence
of aromatics and polar groups is comparable to that of Vanis-

perse A; second, the homogeneity of the original lignins and
the corresponding sulfonation process make it reproducible;
third, the charge tests from i-E curves showed a good perfor-

mance; fourth, it seems that the percentage of C and S should
be enough for a good performance; and fifth, the N content is
not yet clear because high content of N if the content of C and

H is also high, seems to be important. However, lignosul-
fonates with low C, H and N content also show good perfor-
mance in charge tests.

3.3.2. Study in Pb/acid battery of 0,23Ah.

During the formation procedure, the first charging step (0.0736
A) was quickly reached by the cells, easily getting the capacity
limit (0.096 Ah). In the second charging step, a better forma-
ignosulfonate Indulin AT and that obtained in this work LignosB.



Fig. 7 Charge from i-E curves anodic (a) and cathodic (b) processes. Blank (blue), Lignosulfonate (Orange).
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tion was shown by LignosB Cells, since the capacity limit of
0.166 Ah was reached with a lower voltage value (around
2.40 V), instead to around 2.85 V reached by the Contol Lig
Cells (with Vanisperse A) in the same step. A similar trend

in the third charging step (0.0368 A) was found. Thus, a better
formation was revealed by LignosB Cells, showing lower elec-
tric resistance and smoother charging steps. After cell forma-

tion, the initial voltage and internal resistance were
measured, obtaining average values of 2.18 V and 68 mOhm.

After the battery formation, some electrical tests were per-

formed, consisting of two C20 Capacity tests, a Charge Accep-
tance (CA) test, and a pseudo-Tafel test, see Figs. 8 and 9.

C20 Capacity test: In the 1st capacity, the results of Control

Lig Cells were improved by LignosB Cells, with an increment
of 36.30%. However, in the 2nd capacity, similar values were
obtained. According to the better formation by LignosB Cells,
the 1st capacity was improved. But, in the 2nd capacity where
Fig. 8 First (A) and second (B) capacity tests. Compari
the effects from the previous formation are almost non-
existent, all cells a showed a similar capacity.

Charge Acceptance test (CA test): LignosB Cells showed
superior results, reaching an improvement of 63.16%. Thus,

the reversibility of the negative plate was improved by the
new sugar cane lignosulfonate compared to the Control Lig
Cells, it is important to remember that this cell includes Vanis-

perse A.
Pseudo-Tafel test: The Tafel slopes of the test were observed

to be a little far from the theoretical one (-0.120 V/dec). There-

fore, the results could be slightly affected by other secondary
mechanisms during the measurement. The values were
�0.195 and �168 V/dec for Control Lig Cells and LignosB

Cells respectively. Furthermore, the Hydrogen Evolution
Reaction (HER) was slightly increased with the new lignosul-
fonate LignosB compared to Vanisperse A. Since the g0

(HER) with LignosB Cell presents a positive overpotential
son of control cells withs those containing Lignos B.



Fig. 9 Pb/acid battery tests: a) First and second capacity; b) Charge Acceptance test.

Fig. 10 Pb/acid control battery Cathode polarization. Detail on HER process (A) and full Tafel test (B).
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around 30 mV (see Fig. 10) vs the Control Lig Cells, the HER
production will be easier with the new LignosB studied in the

new cell.
It is shown that the incorporation of LignosB improves the

cell formation as well as the first capacity and the charge

acceptance, these parameters being relevant in the perfor-
mance of Pb/acid batteries. Nevertheless, the effect of LignosB
vs Vanisperse A on the ease of HER generation is not a posi-

tive result as it does not improve the performance of the Pb/
acid battery. This study intended to be the beginning of a more
in-depth work that has allowed the use of lignins obtained
from pruning and sugarcane biomass that has been trans-

formed to lignosulfonates with a simple process and that have
been subsequently tested as expanders.

In future work, the implementation of higher capacity bat-

teries of 1Ah and then 60Ah batteries will be carried out. Fur-
thermore, the addition of Carbon to the negative element of
the battery will be considered to obtain better results.

Nonetheless, as indicated above, the formula analyzed does
not correspond exactly to the usual Pb/acid battery mixture.
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4. Conclusions

Once the study presented has been carried out, it can be con-
cluded that:

Lignin’s from pruning and cane biomass have been charac-
terized and derivatized as lignosulfonates.

The synthesis process is not efficient for all lignin samples,

as is the case with the LigC3 and LigC4. Although these come
from the same pruning biomass, the extraction method is dif-
ferent, causing variations in the unions and proportions of the
phenylpropanoid units.

The characterization of the lignosulfonates establishes, on
the one hand, that the chosen synthesis method (by
microwave-assisted) was successful and, that they have the

same functional groups (but in variable proportion).
According to the cycle voltammetry study, the lignosul-

fonates synthesized fulfill their function (except for the ligno-

sulfonate LignosA3), since they maintain a similar behavior
to the commercial lignosulfonates: Vanisperse A, Indulin AT
and Oak Wood.

Their adsorption on theworking electrode causes an increase
in the charge, both in the anodic and cathodic process, indicating
their effectiveness in controlling the formation of PbSO4 crys-
tals. In the case of the lignosulfonate LignosA3 does not follow

a similar pattern; this may be linked to the size of the molecules
that compose it, as well as to the presence of different functional
groups from the rest of the synthesized lignosulfonates.

Regarding the study of Pb/acid battery, the functionality of
LignosB as an expander improves the cell formation as well as
the first capacity (C20) and the charge acceptance compared to

Vanisperse A, these parameters being very important for the
performance of the Pb/acid battery. However, a positive
hydrogen evolution overpotential around 30 mV is obtained

from LignosB compared to Vanisperse A. However, we con-
sider that it constitutes a first approach to future work with
higher capacity batteries.
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