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A B S T R A C T

Lignin-rich wood nanofibers (WNFs) were investigated as adsorbents for heavy metals. Lignin-free cellulose
nanofibers (CNFs) produced from bleached cellulose fibers were used as a reference. Two raw materials were
used to produce WNFs: groundwood pulp as industrially produced wood fibers and sawdust as an abundantly
available low-value industrial side stream. WNFs and reference CNFs were produced using a reactive deep eu-
tectic solvent to obtain nanofibers with abundant sulfate groups on their surfaces. With a similar amount of
sulfate groups, WNFs had a higher adsorbent performance compared to CNFs and, at low metal concentrations
(0.24 mmol/l), the removal of both metals was almost quantitate with WNFs. However, it was noted that, at pHs
4 and 5, the sodium present in the buffer solution interfered with the adsorption, leading to lower adsorption
capacities compared to the capacity at pH 3. In addition, in the case of lead, the adsorption capacity dramatically
decreased at a high metal concertation, indicating that a high lead concentration results in the saturation of
adsorption sites of sulfated nanofibers, leading to a decreased adsorption capacity. Nevertheless, it was observed
that WNFs had a higher tolerance to high metal concentrations than CNFs.

1. Introduction

Pollution of land and water resources is one of the most prominent
threats to humans, animals, and the ecosystem as whole. Although
many toxic chemicals already exist in nature, they are widely spread via
human activity. Pollutants can originate from industrial wastes or, for
example, from the leaching of chemicals from mining fields
(Ayangbenro and Babalola, 2017). In addition, everyday use of che-
micals, such as drugs, can lead to the pollution of water resources
(Bottoni et al., 2010).

Heavy metals are hazardous environmental pollutants due to their
high toxicity and bioaccumulation (Yin et al., 2019). Although many
heavy metals already exist in natural processes and are essential for
most organisms, they generally have a very low toxic threshold, in-
dicating that only a small excess can lead to a severe hazard (Jaishankar
et al., 2014). Consequently, there exist strict limitations for the pre-
sence of heavy metals, for example, in drinking and industrial waste-
waters (Ab Razak et al., 2015). To meet these limitations, many
methods for the purification of heavy metal–containing waters have
been investigated. Among them, adsorption has been widely in-
vestigated due to the easy operations, wide availability of different
adsorbents, and reusability (Burakov et al., 2018; Yu et al., 2018a).

Cellulosic nanomaterials (e.g., cellulose nanocrystals [CNC] or

nanofibers [CNF]) are promising adsorbents for many environmental
pollutants (Abouzeid et al., 2019; Voisin et al., 2017), including heavy
metals (Sirviö et al., 2016; Hokkanen et al., 2013; Karim et al., 2017),
dyes (Bai et al., 2019), and drugs (Selkälä et al., 2018). Due to the
nanometric size (i.e., large surface area) and availability of various
chemical modifications of cellulosic surfaces, cellulosic nanomaterials
pose a high adsorption capacity comparable with that of commercial
adsorbents. In contrast to other (nano)materials used for water treat-
ment (Santhosh et al., 2016), cellulosic nanomaterials are renewable
biomaterials exhibiting a low toxicity and thus themselves pose little
environmental threat.

Although cellulosic nanomaterials are an efficient adsorbent for
heavy metals, there is room for improvement. Thus far, most CNCs and
CNFs used for water purification are obtained from purified cellulose
sources, i.e., cellulose fibers where noncellulosic components (mainly
lignin) have been removed. Especially in the case of wood cellulose
fibers, intensive delignification and bleaching sequences are utilized to
produce cellulose fibers. Lignin removal and the bleaching of the pulp is
generally conducted using hazardous chemicals (i.e., chlorine-based
oxidants). Therefore, it would be environmentally beneficial to produce
water purification nanomaterials directly from wood fibers without or
with mild chemical treatment. Further, the yield of wood fibers without
chemical pulping is far greater compared to that of bleached cellulose
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fibers.
In addition to the apparent advantages regarding the environmental

friendliness, the presence of lignin could improve the removal effi-
ciency of heavy metals. Lignin is conjugated polymer with a high
consistency of aromatic groups that can interact with cations (Pillai and
Renneckar, 2009), such as heavy metals. Moreover, the oxygen-con-
taining groups (the hydroxyl, methoxy, and phenolic groups) are po-
tential interaction sites of lignin for water purification (Naseer et al.,
2019). Lignin isolated from various sources has been used in the re-
moval of several heavy metals from water (Guo et al., 2008;
Klapiszewski et al., 2015). However, there is scarce information on the
use of lignin-rich WNFs in heavy metal adsorption. In the current re-
search, the hypothesis of improved heavy metal removal with WNFs
(lignin-rich) compared to CNFs (lignin-free) was studied. Two lignin-
containing WNFs were produced from ground wood pulp (GWP) and
sawdust, and their adsorption efficiency on lead and copper ions was
studied. Lead and copper, which are both toxic and widely used in in-
dustrial processes were chosen as model metals, as they can be poten-
tially present in waste-waters (Abdel-Halim et al., 2003; Foster et al.,
1993). WNFs were produced using a reactive deep eutectic solvent
(DES) to introduce sulfate ester groups on the wood fibers, followed by
mild mechanical disintegration. The reference CNFs were produced in a
similar method using bleached softwood dissolving pulp as a lignin-
poor (< 0.5%) fiber source.

2. Materials and methods

2.1. Materials

Unbleached spruce GWP and sawdust were obtained in never-dried
form, whereas the softwood dissolving cellulose pulp was obtained as
dry sheets. The GWP and sawdust were first oven-dried (24 h at 60 °C)
before use, and the dissolving pulp was first disintegrated in water and
then filtered, washed with ethanol, and dried at 60 °C for 24 h in an
oven. Before use, the sawdust was ground with an Ultra Centrifugal Mill
ZM 200 (Retsch, Germany) using a sieve size of 250 μm. The lignin,
acetone-soluble extractives, and hemicellulose and degraded cellulose
contents of the raw materials were analyzed using TAPPI T 222 om-02,
TAPPI T 280 standard pm-99, and TAPPI T 212 om-02 standards, re-
spectively.

Urea (Borealis Biuron, Austria), sulfamic acid (Sigma-Aldrich,
Germany), lead(II) nitrate (≥99.0%, Sigma-Aldrich), and copper(II)
sulfate pentahydrate (98%, Sigma-Aldrich) were used as received.
Additionally, 0.1/1M NaOH and HCl (Merck), NaH2PO4 (Sigma-
Aldrich), NaNO3 (Sigma-Aldrich), NaCOO (Sigma-Aldrich), NaCH3COO
(OyFF Chemicals), Na2HPO4 (Sigma-Aldrich), NaHCO3 (Merck), and
Na2CO3 (Sigma-Aldrich) were used to prepare buffers.
Polydiallyldimethylammonium chloride (polyDADMAC, BTG Mütek
GmbH, Germany) was used as a polyelectrolyte titrant. For all steps
requiring water, unless stated otherwise, deionized water was used.

2.2. Sulfation of wood and cellulose

Sulfation of wood and cellulose samples was performed according to
our previous publication using DESs based on sulfamic acid and urea as
reagent and reactions media (Sirviö et al., 2019; Sirviö and Visanko,
2019). Briefly, the DES components (8.99 g of sulfamic acid and 11.12 g
of urea) were mixed together using a magnetic stirrer in an oil bath at
80 °C with a molar ratio (sulfamic acid:urea) of 1:2 until a clear solution
was obtained. Then, GWP, ground sawdust, and dissolving pulp (1.5 g)
were each separately added to the DES. The concentration of raw ma-
terial in the DES was 6.9% (Sirviö et al., 2019). Next, the reaction
temperature was increased to 150 °C, and the reaction was allowed to
proceed for 30min. The product was then filtrated and washed with
water until the filtrate’s pH was neutral. Finally, the product was col-
lected and stored at 4 °C.

2.3. Elemental analysis of sulfated cellulose

The sulfated wood and cellulose samples were dried in an oven at
60 °C overnight. The nitrogen and sulfur contents of the samples were
analyzed using the PerkinElmer CHNS/O 2400 Series II elemental and
LECO CS-200 carbon-sulfur analyzers, respectively. The degree of
substitution (DS) was calculated using Eq. (1) (Levdansky et al., 2014)

=
×

− ×

DS S
S
162.15

3206 ( 97.10) (1)

where S represents the sulfur content, 162.15 the molecular weight
(mmol/g) of the anhydroglucose unit, and 97.10 the molecular weight
(mmol/g) of the ammonium sulfate group.

2.4. Disintegration of sulfated wood and cellulose into nanofibers

Disintegration of sulfated wood and cellulose was performed ac-
cording to our previous publication. Briefly, sulfated wood and cellu-
lose fibers in a consistency of 1 wt% and 0.5 wt%, respectively, were
passed twice at a pressure of 1000 bar through the 400 and 200 μm
chambers of a microfluidizer (Microfluidics M-110EH-30, USA).
Disintegrated sulfated GWP, sawdust, and cellulose were named as
sulfated wood nanofibers (SWNFs), sulfated sawdust nanofibers
(SSDNFs), and sulfated cellulose nanofibers (SCNFs).

2.5. Lead and copper adsorption

Heavy metal containing model waters were prepared using either
lead(II) nitrate or copper(II) sulfate pentahydrate to study the adsorp-
tion properties of the sulfated nanofibers. The experiments were per-
formed in batch mode, and the performance of the nanofibers were
evaluated in terms of pH (3–5), heavy metal content (0.24–7.61mmol/
l), and adsorption time (0.5–24 h). The sulfated nanofibers suspension
(50mg as a dry matter), lead/copper solution at desired concentration,
5ml of pH buffer, and water were mixed to get a batch with a total
weight of 25 g. The adsorption time was a standard 20 h for the ex-
periments excluding the time series, and a constant heavy metal dose of
1.45mmol/l was used, excluding the series with different concentra-
tions. The adsorbed samples were filtered through a syringe filter with a
pore size of 0.45 μm. The filtrates were collected, and the specimens’
heavy metal concentrations were analyzed using an atom absorption
spectrometer (AAS, Perkin Elmer 4100, USA). In addition to the ex-
periment conducted using buffer solution, reference adsorption test was
performed in similar manner described above, but the pH of the solu-
tion was adjusted using 30 wt% NH2OH solution.

2.6. X-ray photoelectron spectroscopy (XPS)

Six films were fabricated by diluting the sulfated nanofibers sus-
pension (50mg as a dry matter) with water, followed by adjusting pH to
3, 4, or 5 using buffer solution. Specimens in different pHs were fab-
ricated with or without the addition of lead (1.45 mmol/l) and mixed
for 20 h prior to filtering the film on top of a membrane (pore size
0.45 μm). After the film formation, the samples were left to dry at room
temperature. Samples were then analyzed using a Thermo Fisher
Scientific ESCALAB 250Xi (UK) XPS equipped with a monochromatic
AlKα X-ray source and operated at 300W with a combination of elec-
tron flood gun and ion bombarding for charge compensation. The take-
off angle was 45° in relation to the sample surface. The low-resolution
survey scans were taken with a 1 eV step and 150 eV analyzer pass
energy; high-resolution spectra were taken with a 0.1 eV step and 20 eV
analyzer pass energy. All measurements were made in an ultra-high
vacuum chamber pressure (5×10−9 mbar).
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2.7. Charge density

The surface charge densities of the sulfated nanofibers were de-
termined using the polyelectrolyte titration method through a particle
charge detector (BTG Mütek PCD-03, Germany). 10ml of nanofiber
suspension (at 0.01 wt%) in buffer solution was titrated with
polyDADMAC (1meq/l). The charge density was calculated based on
the polyDADMAC consumption.

3. Results and discussions

In this study, sulfated nanofibers were produced from two lignin-
rich and one lignin-poor raw material, and the constitutions (cellulose,
hemicellulose, lignin, and extractive contents) of these materials are
presented in Table 1. The sulfation of GWP, sawdust, and bleached
dissolving pulp was based on our previous publication (Sirviö et al.,
2019; Sirviö and Visanko, 2019). With the applied methodology, the
reactive hydroxyl groups in wood fibers react with sulfamic acid to
produce ammonium salt of sulfuric acid ester (ammonium sulfate
groups). In addition to sulfation, the formation of carbamate groups
occurs due to the reaction of hydroxyl groups and urea. All the sulfated
fibers had a high anionic sulfate group content and were easily disin-
tegrated into nanosized fibers using two passes through the micro-
fluidizer (the characterizations of SWNFs and CNFs are presented in
previous publications (Sirviö et al., 2019; Sirviö and Visanko, 2019)).

According to the elemental analysis, all the samples contained si-
milar sulfur and nitrogen contents, indicating that they had a similar
reactivity and sulfate and carbamate group content. The charge density
(determined using PE titration) of the SCNF was slightly higher com-
pared to that of both wood-based nanofibers (Table 1). The SCNF’s
higher charge density could be due to the slightly different morphology
between wood-based and cellulose-based nanofibers. Although most of
the nanofibers in the SWNF and SSDNF were in the range of a few
nanometers (average diameter of 3 nm), some larger nanofiber ag-
gregates were observed. In the case of the SCNF, large aggregates were
absent. In addition, some irregularly shaped lignin- and hemicellulose-
based nanoparticles were present in the SWNF and SSDNF. Due to the
different nanoparticles’ morphology, the interaction between the
polymeric titrant and the nanoparticles might vary in different samples.
On the other hand, all the samples showed similar behavior in the
function of pH, i.e., the charge density remained unchanged at the
studied pH range (3–6). Independence of the charge density from the
pH demonstrates the high acidity of the sulfate groups, since they are
protonated even at a low pH.

3.1. Effect of pH on the adsorption of copper and lead

The adsorption capacity of all the samples on both copper and lead
was found to be the highest at a low pH (Fig. 1). For copper, the ad-
sorption efficiency remained similar at a pH range of 3–4 for the SWNFs
and SCNFs (Fig. 1a). On the other hand, a small drop in the adsorption
capacity was observed with the SSDNF at pH 4. In the case of lead, the
adsorption capacity decreased with all samples when the pH increased

from 3.5 to 5 (Fig. 1b). The results obtained at various pHs were
somewhat contradictory to previously published studies of the ad-
sorption of lead and other metals using sulfonated wheat pulp nanofi-
bers (Suopajärvi et al., 2015) and carboxylated cellulosic nanomaterials
(Yu et al., 2013; Kardam et al., 2013; Sehaqui et al., 2014). In previous
studies, the absorption capacity generally increased as a function of
increased pH. However, the removal of both lead and copper by sul-
fated nanofibers remained at a relative good level even at the highest
pH studied: around 60% for lignin-containing nanofibers and around
45% for SCNFs. It should be noted that, due to the precipitation of
metals at higher pHs, adsorption studies are generally conducted at a
pH below seven.

As a result of the pH experiments, the adsorption capacities of the
lignin-containing nanofibers were recorded as higher than the SCNFs’
for both metals (Fig. 1). All the samples had somewhat similar sub-
stitution patterns (i.e., sulfate and carbamate group content), thus it
was most likely that the lignin present in the SWNFs and SSDNFs
contributed to the adsorption process. Due to the cation-π interaction
(Pillai and Renneckar, 2009) and the presence of phenolic groups (Yu
et al., 2000), lignin can interact with various metals. This lignin-metal

Table 1
Sulfate group content and anionic charge of nanofibers determined by poly-
electrolyte titration.

Sample Sulfate content
(mmol/g)

Carbamate content
(mmol/g)

Anionic charge (mmol/g)

pH

3 4 5 6

SWNF 3.1 1.2 2.01 2.01 2.03 2.04
SSDNF 3.1 1 2.12 2.12 2.15 2.15
SCNF 3.0 1.5 2.48 2.59 2.49 2.55

Fig. 1. Adsorption capacities of sulfated nanofibers on a) copper and b) lead as
a function of pH. Initial concentration of copper and lead were 1.49 mmol/g
and 0.95mmol/g, respectively.
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interaction then contributes to the higher adsorption capacity of lignin-
containing nanofibers compared to that of the nanofibers produced
from bleached cellulose pulp where lignin was removed.

Due to the possible chemical modification of lignin (sulfation of
phenolic groups), the determination of the sulfated wood samples’
lignin content could not be conducted. However, the yields of both
sulfated GWP and sawdust were over 90% (Sirviö and Visanko, 2019).
Therefore, it can be assumed that most of the original lignin remained
in the sulfated samples, which was seen as a good absorption capacity.
It is also noteworthy to consider the yield of sulfated bleached pulp,
which was 75%. The higher yields of sulfated GWP and sawdust com-
pared to that of dissolving pulp further demonstrate the advantage of
using nonbleached raw materials for the preparation of heavy metal
absorbents.

3.2. XPS studies on the adsorption mechanism at function of pH

For more detailed insight about the effect of the pH on the ad-
sorption, SWNF films were produced with and without lead using va-
cuum filtration. The films’ surface was then analyzed with XPS. It was
observed that the amount of lead on the films was higher when the film
was produced at pH 3 (Table 2), which is in line with adsorption ca-
pacity studies (Fig. 1) (survey spectra of films are presented in Sup-
plementary Information). At pH 3, no elements other than C, O, N, S,
and Pb were observed on the film surfaces. However, at pHs 4 and 5,
the presence of sodium was observed. The sodium ion originates from
the buffer solution used during the adsorption studies. Therefore, it
might be that the sodium ion interferes with the adsorption of lead from
water due to the exchange of the ammonium into sodium. The amount
of sodium on the films’ surface was lower in the presence of lead due to
the competing ion exchange of ammonium ion with sodium and lead.

The impact of sodium was studied with an additional lead adsorp-
tion test using SWNFs while maintaining pH at 5 using aqueous NH4OH.
The adsorption capacity (0.66mmol/g) at pH 5 using NH4OH was si-
milar to that obtained at pH 3 in the previous tests (0.70mmol/g) and
in contrast to the results recorded using the buffer solution (0.43 mmol/
g). It can be assumed that the presence of additional ions (here, sodium)
in the solution has an important effect on the heavy metals adsorption
capacity of the sulfated nanofibers. As the main aim of current study is
to investigate the effect of lignin on these adsorption properties, further
studies were done using a pH 3 buffer. However, future studies should
be conducted to investigate the adsorption behavior in the presence of
other ions (e.g., using real wastewaters).

3.3. Effect of time on the adsorption of copper and lead

The adsorption of both metals was a fast reaction, as the maximum
adsorption capacity was already obtained for all the samples after half
an hour (Fig. 2). This is in line with the previous studies of lead ad-
sorption on sulfonated nanocelluloses (Suopajärvi et al., 2015). This
fast adsorption was due to the nanofibers’ large surface area as well as

the presence of a substantial number of absorption sites (i.e., sulfate
groups) on the surface. In previous studies, a fast adsorption response
has been reported for cellulosic nanomaterials in the absorption of
various water contaminants (Hokkanen et al., 2013; Liu et al., 2015).

3.4. Effect of initial metal concentration on the adsorption of copper and
lead

The adsorption capacity for all the samples increased when the in-
itial amount of copper was increased from 0.24 to 7.61mmol/g
(Fig. 3a). This is well-known behavior, as the increase in the metal
concertation increases the possible interaction between metal and the
adsorbent, resulting in a higher adsorption capacity. However, the
highest absorption percentages were obtained at a lower metal con-
centration (0.24mmol/g), where 97% of the copper was removed with
SWNFs and SSDNFs (Fig. 3b). A lower efficiency (87%) was obtained
using SCNFs. The high absorption percentage at a low metal con-
centration is important in real-life applications, as metals typically exist
in minute quantities in wastewaters (Karvelas et al., 2003).

The calculation from the data of the adsorption isotherm of copper
at various concentrations showed a better fit to the Freundlich isotherm
compared to the Langmuir. This suggests the presence of heterogeneous
adsorption sites in all the samples. This might be explained by the as-
sumption that both sulfate and carbamate groups contributed to the

Table 2
Elemental constitution determined with XPS for SWNF films prepared in dif-
ferent pHs with and without lead.

Sample pH Elements

C1s O1s N1s S2p Pb4f Na1s

SWNFs 3 41.93 42.94 5.39 9.75 -a -a

4 50.5 35.26 2.39 8.68 -a 3.17
5 53.93 34.77 4.1 4.52 -a 2.68

SWNFs with lead 3 30.14 34.03 2.61 15.07 18.15 -a

4 35.95 34.97 2.73 13.23 11.2 1.92
5 50.04 36.86 3.41 6.95 0.86 1.87

a Not detected.

Fig. 2. Adsorption capacities of sulfated nanofibers on a) copper and b) lead as
a function of adsorption time. Initial concentration of copper and lead were
1.49mmol/g and 0.95mmol/g, respectively.
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Fig. 3. a) Adsorption capacities of sulfated nanofibers and b) removal percen-
tage as a function of copper concentration.

Table 3
Adsorption capacities of copper by cellulosic nanomaterials.

Nanocellulose Modification (functionality) Maximum adsorption capacity (mmol/g) Ref

CNC TEMPO-oxidation (-COO-) 0.23 (Hamid et al., 2016)
Periodate+ chlorite oxidation (-COO−) 2.91 (Sheikhi et al., 2015)
Phosphorylation (-PO3

2−) 1.84 (Liu et al., 2015)
Sulfation (-SO3

−) 0.31 (Liu et al., 2015)
CNF TEMPO-oxidation (-COO−) 2.10 (Sehaqui et al., 2014)

Succination (-COO−) 1.9 (Hokkanen et al., 2013)
Amination (-NH2) 3.15 (Hokkanen et al., 2014)
Phosphorylation (-PO3

2−) 1.79 (Liu et al., 2015)
Sulfation (-SO3

−) 2.20a This work
BCb Amination (-NH, -NH2) 0.99 (Shen et al., 2009)

Carboxylmethylation (-COO−) 0.32 (Chen et al., 2009)
WNF Sulfation (-SO3−) 2.50a This work

(from GWP)
Sulfation (-SO3−) 2.20a This work

(from sawdust)

a Experimental value.
b Bacterial cellulose.

Fig. 4. a) Adsorption capacities of sulfated nanofibers and b) removal percen-
tage as a function of lead concentration.

J.A. Sirviö and M. Visanko Journal of Hazardous Materials 383 (2020) 121174

5



adsorption process with different adsorption rates. In addition to the
ion exchange of metal ions with negatively charged sulfate groups,
carbamate groups can act as a chelating agent for metal ions (Guo et al.,
2006).

The maximum experimental adsorption capacity of the SWNFs,
SDNFs, and SCNFs, were 2.5, 2.4, and 2.2mmol/g, respectively. These
values are among the highest capacities reported for the adsorption of
copper with cellulosic nanomaterials (Table 3) (Abouzeid et al., 2019).
A higher adsorption capacity compared to sulfated nanofibers has been
reported with electrosterically stabilized CNCs (2.9 mmol/g) (Sheikhi
et al., 2015) and aminated CNFs (3.15mmol/g), whereas the adsorption
capacities of 1.8 and 2.1mmol/g were obtained using phosphorylated
CNCs (Liu et al., 2015) and carboxylated CNFs (Sehaqui et al., 2014),
respectively. The adsorption capacities of the sulfated nanofibers were
also higher compared to that of many clay minerals (Uddin, 2017).
Among the highest adsorption capacity (0.85 mmol/g) for clay minerals
was reported for immobilized bentonite (Erdem et al., 2009). On the
other hand, carbon-based adsorbents have shown superior adsorption
capacities (Yang et al., 2019). For example, an adsorption capacity of
3.46mmol/g was obtained with carbonaceous nanofiber/Ni-Al layered
double hydroxide nanocomposites (Yu et al., 2018b), and an adsorption
capacity of copper as high as 26.6mmol/g has been reported for a
polyvinylpyrrolidone-reduced graphene oxide-based adsorbent (Zhang
et al., 2014).

3.5. Effect of initial metal concentration on the adsorption of copper

Compared to copper, the nanofibers’ adsorption capacity on lead
showed a different behavior as a function of initial metal concentration.
In the SWNFs’ and SSDNFs’ case, the adsorption capacity gradually
increased when the initial lead concentration increased from 0.24 to
6.38mmol/g (Fig. 4a). When the lead concentration further increased
to 7.61mmol/g, the adsorption capacity dropped significantly (from
around 1.4 mmol/g to close to 0.8mmol/g). In the SCNFs’ case, a drop
in the adsorption capacity was already observed at a lead concentration
of 5.15mmol/g. On the other hand, the absorption percentage was si-
milar to copper’s, i.e., the highest removal was observed at a con-
centration of 0.24mmol/g. At this concentration, the absorption per-
centages with SWNFs and SSDNFs were 98 and 97%, respectively,
whereas SCNFs removed 88% of the lead (Fig. 4b).

The SWNFs’ and SSDNFs’ maximum experimental adsorption ca-
pacities were 1.6 and 1.4 mmol/g, respectively. This was close to the
lead:sulfate group molar ration of 1:2. In the CNFs’ case, the maximum
experimental adsorption capacity was somewhat lower (1.1 mmol/g)
but still close to the same lead:sulfate molar ratio than in lignin-con-
taining nanofibers. This might indicate that the main adsorption sites
(sulfate groups) were saturated at a high lead concentration when the
two monovalent sulfate groups interacted with the divalent lead ion.

This interaction might lead to the crosslinking of the sulfated nanofibers
at a high lead concentration, leading to a decrease in adsorption effi-
ciency. As the nanofibers’ high adsorption capacity was assumed to be
due to the nanometric side, and thus large surface area, the crosslinking
can decrease the adsorption efficiency by forming agglomerates, which
then decreases the active surface area. A higher lead concentration to
achieve the saturation point with SWNFs and SSDNFs was most likely
due to the presence of lignin, which can also participate in the lead
adsorption. The decrease of adsorption capacity was not observed with
copper (lead and copper had an oxidation of II), indicating that copper
ions had a tendency to form a metal-sulfate complex with other than a
1:2 M ratio.

Similar to copper, the Freundlich isotherm was found to be more
preferable in the adsorption of lead on sulfated nanofibers. However, as
the lead adsorption was observed to decrease at higher lead con-
centrations, the adsorption isotherm calculations might not be entirely
reliable.

The SCNFs’ experimental adsorption capacity was 1.1mmol/g),
which was lower compared to that of the SWNFs (1.6 mmol/g) and
SSDNFs (1.4 mmol/g). The adsorption capacities of SWNFs and SSDNFs
were also in line with the highest maximum adsorption capacities ob-
tained in the literature for lead using cellulosic nanomaterials (Table 4)
(Abouzeid et al., 2019). Succinylated CNCs have been shown to exhibit
an adsorption capacity of 2.2 mmol/g (Yu et al., 2013), and a similar
adsorption capacity was observed with hydrogel beads produced from
carboxylated CNCs and alginate (Hu et al., 2018). Similar to copper
adsorption, the adsorption capacity of sulfated nanofibers was generally
higher compared to that obtained with clay minerals (Uddin, 2017).
However, an adsorption capacity of 39.2 mmol/g has been obtained
using modified multiwalled carbon nanotubes (Alizadeh et al., 2016).

4. Conclusions

It was demonstrated that sulfated nanofibers produced from two
separate lignin-rich sources (GWP and sawdust) exhibited the higher
adsorption capacities of both copper and lead in model waters com-
pared to their counterpart nanofibers obtained from bleached cellulose
pulp. As both lignin-containing nanofibers and CNFs contained similar
amounts of active functional groups (i.e., sulfate and carbamate
groups), the results indicated that lignin participated in the metal re-
moval Both sulfate and carbamate groups in sulfated nanofibers take
part in the metal removal by ion exchange and chelation, respectively,
whereas high adsorption capacities of SWNFs and SSDNFs were due to
the interaction of metals with aromatic and phenolic groups of lignin.
Moreover, the yield of sulfated wood fibers was significantly higher
compared to that of sulfated bleached cellulose fibers. Together with
the advantage of raw materials (e.g., the utilization of a low amount of
toxic chemicals and a higher yield), lignin-containing nanofibers had a

Table 4
Adsorption capacities of lead by cellulosic nanomaterials.

Nanocellulose Modification (functionality) Maximum adsorption capacity (mmol/g) Ref

CNC Succination (-COO−) 2.24 (Yu et al., 2013)
Sulfation (-SO3

−) 0.05 (Kardam et al., 2013)
CNF TEMPO-oxidation/thiolation (-COO−/-SH) 0.66 (Yang et al., 2014)

Sulfonation (-SO3
−) 1.2 (Suopajärvi et al., 2015)

Sulfation (-SO3
−) 1.1a This work

BCb Amination (-NH, -NH2) 0.42 (Shen et al., 2009)
Carboxylmethylation (-COO−) 0.32 (Chen et al., 2009)
Polyethyleneimine-grafting (-NH, -NH2) 0.60 (Jin et al., 2017)

WNF Sulfation (-SO3−) 1.60a This work
(from GWP)

Sulfation (-SO3−) 1.40a This work
(from sawdust)

a Experimental value.
b Bacterial cellulose.
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significantly higher potential in water treatment applications compared
to more traditional CNFs. Furthermore, the adsorption capacities of
sulfated nanofibers were among the highest values reported for cellu-
losic nanomaterials in the literature. However, it was observed that the
sodium ion presented in the buffer solution interfered with the ad-
sorption of metals. Therefore, future studies should be conducted with
the presence of other metal ions (e.g., using real wastewaters). In ad-
dition, regeneration and reuse of lignin-containing adsorbents should
be researched to demonstrate the full potential of these functional
wood-based materials.
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