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a b s t r a c t

Regarding metals adsorption from aqueous solutions, nanocellulose emerges as a potential

material, due to the many functionalization possibilities and enhanced surface contact

area (nanostructured nature). In the present work, sulfated and carboxylated nanocellulose

samples were obtained through sulfuric acid hydrolysis (S-CNC) and oxidation by TEMPO

(CNF). The obtained nanofibers were characterized through multiple techniques, which

XRD data indicated the presence of a-cellulose crystals, with crystallinity indexes equal to

72.3% (S-CNC) and 69.3% (CNF). Expressive morphological differences were revealed,

whiskers particles for S-CNC, and elongated nanofibrils for CNF, with average thickness of

9.99 and 5.61 nm, respectively. The desired functionalization with carboxylate groups was

evidenced based on FTIR data (CNF). A significant and homogeneous presence of sulfur was

evidenced through SEM/EDS (S-CNC). The synthesized nanofibers were next applied to

cobalt (Coþ2) adsorption from aqueous solutions at room temperature. On both cases,

expressive maximum cobalt recoveries have been achieved, 90% (CNF) and 87% (S-CNC),

for contact times higher than 30 and 45 min, respectively. The adsorptive capacities

evaluated through ICP-OES from liquid phase data (87 mg g�1 S-CNC; 90 mg g�1 CNF) were

both significantly higher than the values determined through LA-ICP-MS (10.5 mg Co g�1 S-

CNC; 31.5 mg Co g�1 CNF).

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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with or without some sort of previous activation chemical

treatment. In the work of Zhang et al. [1], activated carbon

produced with biomass from the hull of Xanthoceras Sorbifolia

was employed for adsorption of Coþ2 from aqueous solutions

of 800 mg L�1 initial concentration, achieving an equilibrium

adsorptive capacity of 126 mg g�1 at pH around 5.8, at 50 �C,
and 0.8 g of biomass.

The activation of biomass was performed through reaction

with an aqueous solution of H3PO4, followed by washing, and

a final calcination step at 500 �C for 1 h. According to the same

authors, equilibrium should have been achieved after 60 min

of contact time. Also, the reduction of temperature from 50 �C
to 25 �C resulted in an appreciable reduction of the adsorbent

capacity to almost 65 mg g�1.

Adsorption of cobalt from aqueous solutions was also

investigated by Parab et al. [2], which employed Coir Pith as

biomass adsorbent, without any pre-treatment. At 23 �C, for
2 g L�1 of adsorbent and Coþ2 initial concentration of

20mg L�1, the authors verified that pH has a huge effect on the

equilibrium adsorptive capacity for a contact time of 2 h,

which increased from 4 mg g�1 (pH ¼ 2) to almost 12 mg g�1

(pH around 6). They also reported a significant effect of the

initial cobalt concentration over the measured adsorptive

equilibrium capacity, which, for all experiments was reached

after 1 h at pH of 6.0. According to reported data, the

maximum equilibrium capacity increased from 8.5 mg g�1 for

Coþ2 concentration of 20 mg L�1 to 12.4 mg g�1 at 50 mg L�1. It

is interesting to note that the data of Parab et al. [2] suggest

that although the adsorptive capacity increases, cobalt recu-

peration decreased from 85,4% at 20 mg L�1 to 49.6% at

50 mg L�1.

Other sort of biomass already employed for cobalt

adsorption from aqueous solutions can be obtained from

microalgae cells. In the work from Peres et al. [3], the

adsorptive power from Spirulina sp. cells at 45 �C is compared

with the one observed for commercial charcoal samples, and

the effect of the presence of Coþ2 adhered to the biomass after

reaching equilibrium investigated through infrared spectra

analysis (FTIR). The adsorptive action of both adsorbents

tested has shown to achieve a maximum value for a pH of 6.0

and has proven to bemuch higher in the case of Spirulina sp. in

comparison to commercial charcoal. For an adsorbent con-

centration of 1 g L�1 and an initial Coþ2 concentration of

100 mg L�1, equilibrium was reached for the charcoal fibers

only after 400 min, and in the case of the microalgae after a

contact time of 100 min. Moreover, the equilibrium capacity

for Spirulina sp. (25 mg g�1) was a little higher than the one

observed for the charcoal sample (20 mg g�1). The authors

investigated the effect of the initial Coþ2 concentration, and,

on both cases, although with a much higher effect for the

Spirulina sp. sample, the equilibrium capacity has been

enhanced. When Coþ2 concentration was equal to 150 mg L�1,

the equilibrium capacities of charcoal and Spirulina sp. were

respectively equal to 34 and 73 mg g�1. According to FTIR

analysis, interaction of Coþ2 with the charcoal particles

should develop physically, thereby stimulating a variation in

the CeOeC band intensity. In the case of Spirulina, however, a

chemical interaction is proposed, through appearance of two

new vibration bands at 550 and 800 cm�1, but the authors did

not discussed which sort of chemical bonding should be
responsible for these bands. Indeed, the much higher effect of

Coþ2 concentration over the adsorption equilibrium in the

case of the Spirulina sp. sample could be explained by a much

stronger bonding (chemisorption) of the cationic species over

the biomass particles surface.

As an alternative strategy for metals removing from water

solutions, biomass derivative adsorbents can also be inter-

esting candidates. In this context, nanocellulose is one of the

most prominent material of biological basis, which can be

easily produced from many ligno-cellulosic biomass raw

materials [4], and has indeed some properties, which moti-

vates metals adsorption studies, such as, an expressive sur-

face area, directly correlated to dimensions (ex. thickness) far

into the nano scale, and also, a high potential towards func-

tionalization, or, in other words, introduction of specific

organic functional groups, with the ability to enhance and

optimize the adsorptive power of the nanofibers [5]. However,

despite of the adsorbent potential yet evidenced, data for Coþ2

adsorption are very scarce in current literature.

In the case of CNF, nanofibers oxidized under the presence

of TEMPO (2,2,6,6-tetramethyl-piperidinyl-N-oxyl) catalyst,

earlier studies point out to a significant metal removal po-

tential, with promising kinetics. In the work of Madivoli et al.

[6], for example, CNF samples functionalized with citric acid

were applied in order to remove Pb2þ, Cdþ2, Cuþ2 and Znþ2

from aqueous solutions of initial metal concentration equal to

50 mg L�1, at 30 �C and pH equal to 6.0, resulting in significant

metal recovery values for Pb2þ (80%), Cd2þ (80%), Cu2þ (76%),

and Znþ2 (43%), with respective equilibrium adsorptive ca-

pacities of 21.7 mg g�1, 23.5 mg g�1, 21.8 mg g�1, and

11.3 mg g�1. Considering the low adsorbent dosage employed

(0.1 g) and favored kinetics, evidenced by equilibrium

achievement after only 10 min for all cations studied, the

proposed citrate functionalization can be evaluated as prom-

ising, although the authors did not bring any data for CNF

prior to chemical reaction with citric acid.

Sehaqui et al. [7] also studied the application of CNF

nanofibers in the adsorption of metal cations from aqueous

media, thereby comparing the adsorptive power of both

oxidized and non-oxidized nanofibers. The non-oxidized

nanofibers were of commercial nature, and main difference

from the oxidized sample defined by the substitution of eOH

(C6) groups by eCOOH (C6) units, after interaction with TEMPO

under the presence of NaOCl and NaBr. Through NaOCl

dosage control, the oxidation degree was varied, and four

levels achieved. For the adsorption tests conducted, aqueous

solutions containing different metal cations (Cuþ2, Znþ2, Niþ2,

Crþ3) have been explored, with a prior pH adjustment, nano-

cellulose dose equal to 1.25 g/L, and initial cation concentra-

tion equal to 3.7 mM, at ambient temperature (approx. 25 �C).
For all adsorption experiments the contact time was fixed at

20 h. Results pointed out that both pH as well as oxidation

degree enhanced the nanofibers adsorptive capacity, and the

authors explain it though the concentration of carboxylate

units (-COO-), which work as chemical traps for the cationic

species present in solution. Considering Cuþ2 adsorption, a

maximumcapacity 135mg g�1 was observed at pH equal to 6.2

and maximum oxidation degree (1.93 mmol COOH), in com-

parisonwith 12.2mg g�1 for the non-oxidized sample exposed

to the same conditions. Significant metal adsorptive
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capacities were also evidenced for the other cationic species

studied, and values 58, 49 and 66 mg g�1 have been found for

Crþ3, Niþ2 and Znþ2, respectively, the first two at pH equal to

6.0 and the last at a pH of 5.0, with 20 h of contact time, and

0.1 g of the oxidized nanocellulose of highest oxidation degree.

Data reported by the same authors for Crþ3 (14 mg g�1) and

Znþ2 (2.6 mg g�1), with the un-oxidized nanofibers as adsor-

bent, suggest a behavior like Cuþ2, whereas the oxidation of

eOH groups towardseCOOH, and its subsequent ionization to

-COO-, can appreciably enhance the adsorptive power of the

nanofibers. On what touches themetal recoveries considering

the oxidized sample with a carboxylic content of

1.93 mmol g�1, for Cuþ2 a value equal to 71.8% was found, and

regarding Znþ2, Niþ2, and Crþ3, values respectively equal to

34.1%, 28.2% and 27.6%.

Besides CNF, someworks in literature covers the direct use

of S-CNC nanofibers for heavymetal adsorption from aqueous

solutions. Singh et al. [8], for example, prepared S-CNC sam-

ples via acid hydrolysis, followed by functionalization with

succinic acid and also through subsequent reaction with

ethylenediamine. The authors investigated the adsorption of

Crþ3 from CrCl3 solution and Crþ6 from K2Cr2O7 aqueous so-

lutions at room temperature, contact time of 40 min, initial

concentration of 25 mg L�1, and adsorbent dose of 2 g. For

Crþ3, pH was fixed at 6.5, and cationic recovery varied appre-

ciably among the three samples tested, micrometric cellulose

(MC), employed as rawmaterial for CNC synthesis, S-CNC and

CNC functionalized by succinic acid, with metal recoveries

respectively equal to 42 ± 0.03%, 62.4 ± 0.03% and 94.84 ± 0.06.

In the case of Crþ6, recoveries obtained for MC and S-CNC at a

pH equal to 2.5 were compared with the one obtained after

amination (NNC), considering, besides the pH, the same

experimental conditions employed during study of Crþ3

adsorption. For MC and S-CNC samples, metal recoveries of

5.36 ± 0.01% and 5.72 ± 0.09% have been obtained, and for

NNC, 98.88 ± 0.08%. These results point out that the chemical

nature of the molecular groups introduced during function-

alization can have a huge effect over the adsorbent potential

of the nanofibers.

In the work of Yu at al. [9], S-CNC has been previously

synthesized through acid hydrolysis with H2SO4, and the ob-

tained nanofibers next functionalizedwith succinic anhydride

(SA-CNC), which were finally applied for Cdþ2 (pH ¼ 6.0; initial

cation concentration of 0.2 g L�1) and Pbþ2 (pH ¼ 5.5; initial

cation concentration of 0.3 g L�1) adsorption studies from

150 mL aqueous solutions at 25 ± 2 �C, with adsorbent dose of

1 g L�1.

It has been observed that equilibrium adsorptive capacity

was considerably enhanced through functionalization, and

also that, for both metals, equilibrium was reached much

faster for S-CNC (t > 6 min) than for SA-CNC (Pbþ2:t > 120 min;

Cdþ2:t > 150 min), probably explained by some sort of steric

effect, not mentioned by the authors in the discussion.

Considering the adsorptive capacity of Cdþ2, the values for S-

CNC and SA-CNC have shown to be respectively equal to 8 and

150mg g�1, and in the case of Pbþ2, 48 and 300mg g�1. Again, it
is seen that functionalization can have a strong effect over

adsorption kinetics, as well as for the maximum metal ca-

pacity achieved in equilibrium. Equilibrium metal recoveries

have also proven to be significant for both cations, being

respectively equal to 100% in the case of Pbþ2 and 75% for

Cdþ2.

Regarding the application of either CNF or S-CNC for Coþ2

adsorption from aqueous solutions, the few works found do

not involve the direct nanofiber use, but application of some

composite of either nanocellulose matrix (S-CNC or CNF). In

the work of Anirudhan et al. [10], for example, S-CNC samples

were functionalized with itaconic acid, andmagnetite crystals

than allowed to grow on the fiber/solution interface. The

nanocomposite was next applied for studying Co2þ adsorption

from Co(NO3)2 aqueous solutions, concentration between 50

and 500 mg L�1, temperature fixed at 30 �C, adsorbent dose of

2 g L�1, and pH equal to 6.5. Then cobalt concentration in the

liquid phase was monitored as a function of time, and, for

initial concentrations varying between 50 and 200 mg L�1, it

was evidenced that an equilibrium state was reached after

52 min. Regarding the data obtained at 100 and 150 mg L�1,

equilibrium capacities with values respectively equal to 49

and 75 mg g�1 have been reached, with corresponding re-

coveries equal to 98 and 99%. The adsorptive power of the

nanocomposite employed is impressive and should be directly

associated with the presence of Fe3O4 particles, which once

negative charged, could contribute for adsorption with extra

binding sites for the Coþ2 cations dispersed in solution.

On what touches nanocomposites of CNF matrix, some

interesting results have been reported for hydroxyapatite

(Hap) particles precipitated from liquid phase over the surface

of CNF nanofibers (HapeCNF nanocomposite) [11]. The

resulting adsorptive power was enhanced, as phosphate

groups from Hap act concomitantly with the hydroxyl units,

naturally present in the commercial nanocellulose sample

used as raw material (NC; thickness between 10 and 70 nm)

and carboxylic groups characteristic of CNF, contributing for

the final electrostatic interaction with the cationic entities

present in solution.

The adsorption batch experiments were performed with

initial Coþ2 concentration of 100 mg L�1, and the effect of

adsorbent dose, pH and contact time then investigated. Ac-

cording to the data, the adsorptive power achieves a

maximum for an adsorbent dose of 0.5 g L�1 and pH equal to

6.0. For all samples (CN, CNF and Hap-CNF), equilibrium was

achieved after 400 min, with adsorptive capacities respec-

tively equal to 17.3 mg g�1 (CN), 19.8 mg g�1 (CNF) and

22.4 mg g�1 (Hap-CNF), and cobalt recoveries of 81.5%, 83.8%

and 87%.

As pointed out before, there is a visible lack of information

in literature regarding the potential use of CNF or S-CNC

nanofibers for cobalt (Coþ2) adsorption from aqueous solu-

tions, which should be affected by the chemical process

employed for producing the nanofibers. In the present work,

two well established synthesis routes for nanocellulose pro-

ductionwere employed, and the resultant nanofibers tested as

https://doi.org/10.1016/j.jmrt.2021.07.123
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potential adsorbents for cobalt in aqueous solutions. It should

be noted that, differently from most works associated with

adsorption studies, the adsorptive capacity is quantified

through spectrometric techniques both applied to the liquid

(remaining cobalt), as well as for the solid (nanocellulose with

adsorbed metal) phases.
2. Methods

2.1. Synthesis of S-CNC and CNF

For both S-CNC and CNF nanofibers synthesis, a chemical

processing route was applied, using a-cellulose (Sigma

Aldrich) as raw-material. In the case of S-CNC, the nanofibers

were obtained by sulfuric acid hydrolysis with a 40% (v v�1)

sulfuric acid (H2SO4) solution. During synthesis, 20 mL of the

acid solution was heated up to 60 �C, then 1 g of a-cellulose

was added under constant stirring. After 30min, 50 mL of cold

deionized water (4 �C) was added to interrupt the hydrolysis

process. Finally, the solution volume was completed up to

200 mL with deionized water, and reaction media removed

through centrifugation at 5800 rpm for 15 min (CIENTEC CT-

6000). The solid phase was then washed with 50 mL deion-

ized water and next centrifuged under the same conditions.

The washing/centrifuging process was performed four times

for each sample. In order to possibly reduce agglomeration,

the final sulfated nanocellulose suspension was mechanically

treated in ultrasound bath (ULTRONIC Q1.8/40A) for 10 min

and finally stored under refrigeration.

For the CNF synthesis, 100 mL of deionized water with 1 g

of a-cellulose, 0.1 g of NaBr and 0.016 g of TEMPO catalyst were

mixed under continuous stirring. The cellulose oxidation re-

action beginswhen 0.3 g (2.5mL) of 12%NaClOwas added, and

pH corrected to 10 with 0.1 MHCl solution addition. In order to

maintain the pH constant, drops of 0.5 M NaOH solution were

added gradually, the solution pH then continuously moni-

tored through an ION PHS-3E pH meter. After 180 min, the pH

variation was close to 10,00 ± 0.01, reaching the precision

range of the equipment used, so it was considered that the

carboxylic substitution had reached its final state. After this

period, in order to remove the reaction medium, the suspen-

sion was centrifuged at 5800 rpm for 15 min (CIENTEC CT-

6000) and the solid phase washed with 50 mL deionized and

centrifugated under the same conditions four times. As in the

case o S-CNC, in order to reduce agglomeration, the nano-

cellulose suspension was treated mechanically in an ultra-

sound (ULTRONIC Q1.8/40A) bath for 10min, and finally stored

under refrigeration.

2.2. Adsorption tests

For the cobalt adsorption tests, the pH of both nanocellulose

suspensions (S-CNC and CNF) was previously adjusted to 6.0.

In a 250 mL Erlenmeyer flask 1 g of nanocellulose was mixed

with 100 mL of 1 g L�1 cobalt nitrate solution.

The solution was continuously stirred at 150 rpm in a

CIENTEC CT-712RNT benchtop shaker at room temperature.

After each desired adsorption time (30e180 min), the liquid

phase was separated through centrifugation at 5800 rpm for
15 min (CIENTEC CT-6000R) and analyzed for Coþ2 concen-

tration through ICP-OES (PERKIN ELMER 7300 DV). The ob-

tained solid phase was washed/centrifuged four times under

similar conditions as performed with the nanofibers just after

each chemical processing, and next stored in vacuum desic-

cator for further characterization through SEM-EDS and laser

ablation with coupled ICP-MS. The metal recovery was

calculated using the Eq. (1):

R ð%Þ ¼ ½1� ðCt=CiÞ � * 100% (1)

where Ct represents the Coþ2 concentration for each specified

time and Ci its initial concentration, both given in g L�1.

2.3. Atomic force microscopy (AFM)

A 20 mL aliquot of each nanocellulose suspension (S-CNC and

CNF) was deposited over a silicon substrate by drop coating

and stored in a desiccator for 3 h in order to achieve full water

removal and analyzed via AFM (Bruker multi mode 8) with

ScanAsyst tip in tappingmode, and scan size equal to 400 nm2

(CNF) and 2 mm2 (S-CNC). Nanofiber dimensions were evalu-

ated using Gwyddion software, version 2.55.

2.4. Scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS)

The surface morphology of vacuum dried S-CNC and CNF

samples, both before and after cobalt adsorption, were

analyzed through SEM (TM3000 HITACHI). The microscope

was equipped with a solid-state EDS detector (SWIFT ED3000),

whose signal was processed and analyzed with SWIFT ED

1.7.3.0 software, in order to qualitative evaluate the elemental

composition over the nanofibers surface, and to construct EDS

elemental maps.

2.5. Fourier transform infrared spectroscopy (FTIR)

Vacuum dried 2 mg samples of both nanofibers produced (S-

CNC and CNF) were analyzed using a PERKIN ELMER Frontier

FTIR spectrometer. Each samplewasmixedwith 0.198 g of KBr

and pressed into small pellets. Next, the transmittance

spectra of the fibers were obtained and the main peaks

observed were correlated with the appropriate functional

groups present in the cellulose molecule.

2.6. Zeta potential

The surface electric potential of each nanofiber once in con-

tact with water at a fixed pH was measured through zeta po-

tential analysis (Zetasizer Nano-ZS fromMarvel). Previously to

each measurement, each nanocellulose suspension was

diluted with deionized water to 200 ppm concentration, and

pH was adjusted to 10 with NaOH 0.5M. Measurements were

then performed in a pH range between 3.0 and 10.

2.7. X-ray diffraction (XRD)

X-ray diffraction patterns of both S-CNC and CNF nanofibers

were obtained with a X'Pert PRO diffractometer (PHILIPS,

PANALYTICAL). The analysis was performed in the range

https://doi.org/10.1016/j.jmrt.2021.07.123
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between 13� and 47�, with angular step of 0.02�, and 7 s

acquisition time. Next, Rietveld analysis with fundamental

parameters was performed for each obtained signal with

software TOPAS (Bruker AXS), version 5.0, in order to optimize

the unit cell parameters, and also to evaluate the mean crys-

tallite size of the samples. Additionally, the crystallinity de-

gree (CD) was calculated for each sample using the Eq. (2)

[12,13].

CD ¼ ðI22:5 � I18Þ=ðI22:5Þ (2)

where I22.5 and I18 refer to the XRD intensities measured for

Bragg angles respectively equal to 22.5� and 18.0� [14].

2.8. Laser ablation with inductively coupled plasma
mass spectrometry (LA-ICP-MS)

Since SEM-EDS data for solid phase elemental characteriza-

tion are only of qualitative level, LA-ICP-MS analysis was used

to corroborate the SEM-EDS maps obtained after exposition of

the nanofibers to the cobalt containing solution after 180 min

exposition time.

Moreover, it is interesting to note, that most works in

literature, which are devoted to quantitative evaluate metals

adsorption from biomass samples are exclusively based on

the chemical analysis (ICP-OES or ICP-MS) of the liquid phase,

and not on the metal concentration over the solid fibers or

nanofibers. In the present work, however, adsorption is

quantitative evaluated from the liquid (ICP-OES) as well the

solid phase point of view, which is based on the quantification

(mg g�1) of the cobalt amount adhered to the fibers surface, or

in other words, to quantitative evaluate the adsorptive ca-

pacity achieved after 180 min. Therefore, each dry, pressed

sample undergoes a laser ablation (Excimer 193, Photo-

nMachine) with energy of 2.78 J cm�2, at a frequency of 3 Hz,

for 10 s, with continuous firing and a beam diameter of 10 mm,

resulting in 10 shots for each sample. The volatizedmaterial is

then dragged into a He current flow, thus transporting the

molecular fragments for chemical analysis in an ICP-MS

(NEPTUNE Plus Multicollector, ThermoScientific). Previously
Fig. 1 e AFM images of CNF (a
to each measurement, a calibration curve was constructed

with the following standards: NIST 610 and NIST 612.
3. Results

3.1. AFM and SEM-EDS analysis

The characteristic morphology of both nanocellulose samples

can be appreciated in Fig. 1, and the corresponding SEM im-

ages (Figs. 2a and 3a). Also, elemental composition evaluated

trough EDSmaps is reported in Figs. 2bed and 3bed. As carbon

was contained in the sample holder, its presence was not

considered for evaluating EDS signal.

3.2. FTIR analysis

The FTIR spectra of both nanocellulose samples (CNF and S-

CNC) are presented in Fig. 4.

3.3. XRD analysis

The Rietveld analysis results for S-CNC and CNF samples are

presented in Fig. 5a and b, and the optimized lattice parame-

ters and mean crystallite sizes on Table 1. The Crystallinity

Degree calculated by Eq. (2) to CNF and S-CNC were 69.3 ± 0.7

and 72.3 ± 0.7, respectively. Crystallites average size calcu-

lated by Rietveld analysis were 4.7 and 4.6 nm, to CNF and S-

CNC, respectively.

3.4. Zeta potential

Prior to the adsorption tests, the effect of the nanofibers sus-

pensions pH over the measured zeta potential was investi-

gated (Fig. 6). Such analysis was performed in order to identify

a pH range of minimum and negative potential, which could

be associated with a maximum negative surface charge,

thereby improving coulombic interaction between Coþ2 and

the nanofibers contained in the suspension.
) and S-CNC (b) samples.
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3.5. Adsorption tests

In Fig. 7, the pourbaix diagram of the systemCo-O-H at 23 �C is

presented, and in Fig. 8, data for cobalt recovery as a function

of time, calculated by use of Eq. (1) for both nanocellulose

samples.

3.6. SEM/EDS characterization after Coþ2 adsorption

The corresponding EDS spectra and EDS map of each dried

sample after a 180 min exposition to cobalt solution (CNFeCo

and S-CNCeCo) can be appreciated in Figs. 9 and 10.
4. Discussion

4.1. AFM and SEM analysis

The AFM data reveal a considerable morphological difference

among the nanofibers. In the case of CNF (Fig. 1a) clusters of

nanofibrils can be evidenced, with thickness in the nano scale

and micrometric length, consistent with earlier literature re-

sults [15e18]. Regarding the S-CNC sample (Fig. 1b), particles of

much shorter length in comparison to CNF and non-uniform

thickness can be observed. Such morphology is in accordance

with the literature and may have a close relation to a more

aggressive chemical treatment inherent to acid hydrolysis

[19e21]. For the CNF sample, the nanofibers thickness was
evaluated through digital processing of the depicted area in

Fig. 1a, revealing the presence of nanofibers with a thickness

equal to 5.61 ± 0.48 nm, close to the mean value of 3.5 nm re-

ported by Isogai [15]. It should be noted that regarding CNF

nanofibers length, itsmicrometricmagnitude order lied outside

the measurement range characteristic of the microscope

employed, and therefore, could not be evaluated.

The present microscopic data suggests that for CNF, the

synthesis route employed can lead to nanofibrils with low

polydispersity regarding their thickness and with a significant

agglomeration tendency. For the S-CNC sample, both average

length and thickness, considering all region displayed in

Fig. 1b, have been determined and shown to be, respectively,

equal to 63.89 ± 41.51 nm and 9.99 ± 2.58 nm. Such a signifi-

cant length difference should have a strong connection with

the nature of the reaction medium used in each case, much

more aggressive in the case of acid hydrolysis due to H2SO4

presence, and, in the end, contributing to a more effective

defibrillation, and shorter nanofiber length. When compared

to literature, S-CNC average length is in the range of previous

AFM data: 45.9 nm [19], 132 ± 55 nm [22] and 183 ± 88 nm [22].

Also, according to literature, nanocellulose source can

affect considerably the nanofibers length and thickness

(diameter), which vary respectively between 100 - 300 nm and

3e5 nm for wood pulp, 100e150 nm and 5e10 nm for cotton,

and for sisal between 100 - 300 nm and 3e5 nm [23].

The CNF sample analyzed through SEM/EDS, demon-

strated the presence of fiber clusters with rough surface and
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Fig. 3 e SEM image (a), EDS map for C (b), EDS map for O (c) and EDS map for S (d) of dried S-CNC sample.
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strong tendency towards charging (Fig. 2a). The EDS spectra

(Fig. 2b) indicated a significant presence of C and O, both

natural elements present in the original cellulose structure,

but also measurable quantities of chlorine and sodium,

associated with the reaction media (NaOCl and NaOH). The

significant contrast associated with sodium evidenced in the

EDS map (Fig. 2c), serves as evidence in favor of the desired

introduction of carboxylic groups (COOH), which through
Fig. 4 e FTIR spectra to Cellulose, CNF and S-CNC samples befo

functionalization of samples.
chemical interaction with solution can lead to formation of

sodium carboxylate units (-COONa).

The SEM/EDS analysis of S-CNC sample also revealed fiber

agglomerates, but of more uniform surface, and no charging

tendency (Fig. 3a). The corresponding EDS signal revealed, be-

sides C andO from cellulose structure, ameasurable amount of

sulfur (Fig. 3c), which distributes homogeneously throughout

the sample, and serve as indicative of the partial substitution of
re adsorption tests in order to confirming the
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Fig. 5 e Rietveld refinement results for CNF (a) and S-CNC (b) samples.
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the original eOH units for the desired eOSO3H groups. This

assumption is reinforced by the fact that, prior to SEM analysis,

the solid sample was washed/centrifuged four times. There-

fore, it is presumed thatmost of residual sulfate ion (SO4
�2) from

the aqueous media, probably physiosorbed onto the fibers

surface, could then be eliminated.

4.2. FTIR spectra

Regarding the cellulose spectrum, it is possible to identify

bands relative to the presence of hydroxyl groups (-OH), CeH

bonds and CeOeC units. The bands at 3200 and 3346 cm�1

are associated to stretching vibrations of the OeH bond in

hydroxyl groups [6]. The band centered at 2900 cm�1 is

attributed to asymmetric and symmetric stretching vibrations

of aliphatic CeH bonds, and the band located at 1053 cm�1 is

related to CeOeC pyranose ring vibration [6]. Additionally, for
Table 1 e Fitting quality (GOF) and refined lattice
parameters after Rietveld analysis for cellulose, CNF, and
S-CNC samples.

Material GOF Lattice parameters

a (�A) b(�A) c(�A) a(o) b(o) g(o)

CNF 1.19 10.36 6.492 5.987 80.53 117.5 114.0

S-CNC 1.18 10.35 6.430 5.979 80.23 117.8 113.8

Cellulose [27] 2.41 10.40 6.717 5.962 80.37 118.1 114.8
both S-CNC and CNF there is a reduction of intensity for the

band at 898 cm�1, which, according to literature, is related to

glycosidic bonds b-1,4 (CeOeC) stretching vibrations, resul-

tant from a reduction of cellulose chain length [24]. In the case

of the CNF sample, the main difference, when compared to

cellulose, is a vibration band at 1611 cm�1. This wavelength is

associated to carboxylate COO� asymmetric stretching vi-

brations [25], corroborating the substitution of eOH, as sug-

gested by the sodium contrast evidenced through SEM (Figs. 2

and 3). The asymmetric stretching vibration bands of SeO

bonds, which are correlated to the presence of inserted

organic sulfate group (ReOSO3H), were expected near a wave

number of 1280 cm�1 [17,26]. Indeed, the FTIR data for the S-

CNC sample indicates a signal variation in this region, with

the appearance of a “slope”, although, considering the present

signal intensity, no associated transmittance band could be

detected. This could be explained by the superposition with

signals related to CeOeC or CeOeH vibrations, whose bands,

according to literature, should lie between 1300 and 1000 cm�1

abundant groups in the original cellulose macromolecule.

4.3. Rietveld analysis of XRD data

After Rietveld analysis of data presented in Fig. 5, the sole

presence of a-cellulose was observed on both samples. All

optimized lattice parameters have shown to be close to

literature (Table 1). The low magnitude of the difference be-

tween calculated and experimental signals (bottom grey line
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Fig. 6 e Zeta-potential as a function of pH for S-CNC and CNF samples.
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in Fig. 5), together with the low GOF values (close to unity),

confirm the refinement quality. It is interesting to observe

that the mean crystallite sizes of both S-CNC and CNF are

quite similar, and lower than 5 nm, indicating that the

smallest crystalline units present in the nanofibers should

have nanoscale dimensions, and consistent with the low

mean thickness determined through AFM discussed earlier.

It is important to note some small discrepancies between the

lattice parameters determined by Nishiyama et al. [27] and

the values obtained in present work, which could be

explained by data fitting quality. In the case of the one car-

ried out by Nishiyama et al. [27], a much higher GOF (2.41)

was reported, and therefore, should have a lower quality in

comparison to the fitting performed in the present work.

Additionally, it is observed that both nanocelluloses are

associated with similar crystallinity indexes, 72.3% for S-

CNC and 69.3% for CNF. These values fit in the expected

ranges according to literature, 63.8e83.8% for CNF [28] and

from 62 to 75% for S-CNC [29], and the variations can be

explained by the cellulose source and or reaction conditions

employed.
Fig. 7 e Pourbaix diagram for the
4.4. Zeta potential measurements

The results of electrophoretic mobility measurements of the

nanocellulose particles dispersed in solution, presented in

Fig. 6, for both S-CNC and CNF, indicate a negative zeta-

potential for the whole pH range considered. The negative

net-charge of the solid surface, originated through the pres-

ence of anionic species (-COO- or eOSO3
-) is the driving force

for the adsorption of Coþ2 cations present in solution. The

observed reduction of the measured zeta potential for pH

values higher than 3.0 can then be explained as a dislocation

of the ionization equilibrium of eCOOH and eOSO3H units,

thereby forming, respectively, eCOOe and eOSO3- ionized

groups. After full ionization, a constant value of �22.1 ± 1 mV

is achieved for S-CNC. Regarding the suspension containing

CNF nanofibers, the minimum value at �27 ± 1 mV should

indicate the achievement of an equivalent state regarding the

ionization of the original carboxylic units. It is important to

note, that similar zeta potential values at a pH of 6.5 were

reported earlier in literature, �30 mV for CNF [11] and �25 mV

for S-CNC [30].
CoeO e H system at 23 �C.
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Fig. 8 e Coþ2 recovery at room temperature as a function of contact time for CNF and S-CNC samples.
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Finally, in the case of CNF sample, the measured zeta po-

tential magnitude gets lower as pH becomes higher than 6.0.

This could be possibly explained by the partial agglomeration

tendency of the nanofibrils, indeed suggested by AFM data

presented earlier (Fig. 1a). Through agglomeration, surface

area reduces, and also the repulsive interaction among the

fibers, thereby leading to a suspension stabilization and lower

electric potential. However, such reasoning deserves deeper

investigation, for example, through DLS particle size distri-

bution analysis.

4.5. Cobalt adsorption

The Pourbaix diagram for the system CoeO e H contained in

Fig. 7, which was constructed at 23 �C with HSC software [31],

indicates that cobalt should be present as free Coþ2 species for

pH values lower than approximately 6.3. Therefore, as prior to

each adsorption test, nanocellulose suspension pH was set at

6.0, cobalt adsorption should be associated with diffusion of

Coþ2 species towards each nanofiber surface, possibly estab-

lishing chemical bonds with the available -COO- and eOSO3-

groups. It should also be noted that during all adsorption tests,

no visual evidence of any precipitate formation (Co(OH)2) was

detected, as well as through SEM analysis after 180 min

exposition time (Fig. 10).
Fig. 9 e EDS spectrum and atomic fractions for CNFeCo (a) and S
Based on the analysis of data contained in Fig. 8, it can be

observed that a saturation condition is reached on both cases,

after 30 min for CNF and 45 min for S-CNC, with similar mean

recovery values, 87 ± 2% (S-CNC) and 90 ± 3% (CNF). There-

fore, considering an initial concentration of 1 g L�1, and the

fact that for each gram of nanocellulose 100mL Coþ2 has been

employed, adsorptive capacity values respectively equal to 87

and 90 mg g�1 were found. Considering the low temperature

involved (approx. 23 �C), and the fact that the time interval for

equilibrium establishment was lower or equal to 45 min,

these results suggest that functionalization through carboxyl

or sulfate groups, should contribute significantly for an effi-

cient cobalt adsorption, both from a kinetic as well thermo-

dynamic point of view. It should be noted that it is expected

that part of the nanostructured content could not be effi-

ciently separated from the liquid phase for the centrifugation

conditions employed in the proposedmethodology (5800 rpm,

15 min). Therefore, the authors believe that the actual re-

covery valuesmeasured could be even higher, than the values

reported (Fig. 8).

Comparing the adsorptive behavior of the present nano-

fibers with previously literature results for cobalt [1e3,10,11]

and or other metals [6e9], it should be noted that, in the

present case, either higher recoveries have been achieved or

an enhanced adsorption kinetics is observed. In the work of
-CNCeCo (b) dried samples after a contact time of 180 min.
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Fig. 10 e EDS maps for CNFeCo (a, b) and S-CNCeCo (c, d) dried samples after a contact time of 180 min.
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Zhang et al. [1], for example, equilibrium is reached at 25 �C
only after 60 min, and maximum metal recovery was

considerably lower (65%), with an initial concentration and

adsorbent dose of similar magnitude in comparison with the

present investigation. For the experiment conducted at 50 �C,
however, a significant higher capacity was reported by the

authors (126 mg g�1), but they did not discuss if such an effect

should be of either kinetic or thermodynamic nature.

Regarding the work of Parab et al. [2], although the evaluated

metal recovery (85%) lies very close to the one determined in

the present work (87% for S-CNC and 90% for CNF), equilib-

rium is reached after only 60 min. Considering temperature

and initial concentration employed by the authors (25 �C,
0.02 g L�1), it can be concluded that coir-pith fibers induce an

adsorption behavior of less favored kinetics in comparison to

the CNF or S-CNC nanofibers employed in present

investigation.

The same scenario, with a few exceptions, is observed

considering the works associated with the direct use of CNF,

S-CNC or some functionalization thereof as adsorbent. In the

work ofMadivioli et al. [6], which functionalized CNF by citrate

groups, for example, a much faster achievement of equilib-

rium was observed (10 min), however, a much lower initial

concentration was employed (0.05 g L�1), resulting in a much

lower time for adsorption equilibrium establishment, and

also, much lower maximum adsorptive capacities

(11e21 mg g�1).
On the other hand, the carboxylate units of CNF show an

expressive affinity towards interaction with Cuþ2 cations, as

evidenced by the results presented in the work of Sehaqui

et al. [7]. Both the cation initial concentration (0.23 g L�1) and

adsorbent dose (1.25 g L�1) are both much lower than the

values employed in the present work, although a significantly

higher capacity was reported (126 mg g�1). However, besides

not reporting temperature, kinetic data was also absent. The

fixed contact time considered (20 h), is of much higher

magnitude than the one necessary for equilibrium establish-

ment according to the present investigation, which should be

lower or equal than 30 min for CNF and 45 min for S-CNC.

Considering the fact that both cations are divalent (Cuþ2

and Coþ2) and that the same functionalization is involved

(-COOH), the concentration of carboxylic units, which could be

higher in the work of Sehaqui et al. [7], and which have not

been precisely controlled in the present work, could explain

the main differences found.

Functionalization of SNC nanofibers through reaction with

itaconic acid, followed by substitution of the carboxylic unit for

amine groups has proven to be an interesting way for

enhancing the adsorbent power for both þ3 or þ6 chromium

extraction from aqueous solutions, and expressive maximum

recoveries values have been reported, 98.8% for Crþ6 at pH

equal to 2.5, and 94.8% for Crþ3 at pH of 6.0 [8], both for a cation

initial concentration of 0.25 g L�1, which is considerably lower

than the one employed in the presentwork. These last recovery
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values, although of similar magnitude, are both higher than

achieved in the present work with either CNF (90%) or S-CNC

(87%). It should be noted, however, that in the work of Singh

et al. [8], no information is given regarding temperature, as, well

as the adsorbent concentration. Moreover, as the contact time

was fixed at 40 h, no information was given regarding the

adsorption kinetics, which, as said before, can be considered

quite satisfactory for both nanofibers studied in the present

investigation, and can vary considerably regarding the func-

tionalization type employed. Adsorption kinetics for both

nanocellulose fibers investigated in the present work appears

to be much more favorable than the one observed for adsorp-

tion of Cdþ2 or Pbþ2 over CNC nanofibers functionalized with

succinic anhydride, as reported by Yu et al. [9].

According to these data, both obtained at a similar pH (6.5)

and temperature (25 �C), as employed in the present study,

equilibrium should be expected only after 120 min in the case

of Pbþ2, and 150min for Cdþ2. It should be noted that the initial

metal concentration was on both cases much lower than the

one employed in the present work (1 g L�1), being equal to

0.3 g L�1 in the case of Pbþ2 and 0.2 g L�1 for Cdþ2. As these

cations are divalent, and similar in size to Coþ2, the much

higher volume of the anhydride units could be associatedwith

some steric hindrance, thereby making the cation approach

more difficult, and in the end contributing for a slower

approach to equilibrium state.

Considering Coþ2 adsorption under the presence of CNF, it is

worth noting that, although the mean maximum recovery

found in the presentwork (90%) lies close to the values reported

by Narwade et al. [11] at the same pH for CNF (83.8%), and CNF-

Hap composite (87%), adsorption kinetics appears to be much

more efficient in the present case, as ICP-OES data suggest that

equilibrium should be achieved for a time interval less than

30min, in comparison to 400min, as reported by Narwade et al.

[11]. In this context, it is worth noting that the authors have

employed a much lower Coþ2 initial concentration (0.1 g L�1),

than the value employed in the present research (1 g L�1). The

much higher saturation time found by Narwade et al. [11] for

both CNF and CNF-Hap composite could be explained by the

fact that they used a previously prepared CNF sample as raw-

material, probably through some mechanical processing

route, whosemean “diameter” lied in the range between 10 and

70 nm [11], strongly suggesting a much lower nanostructured

content, and consequently contact area, in comparison with

the CNF produced in the present work.

Finally, the Coþ2 adsorptive power evidenced for the S-

CNC nanofibers synthetized in the present article can be

comparable to the one observed by Anirudhan et al. [10].

Although the present maximum recoveries are both lower

than the one determined by the last authors (98%) for the

same pH value (pH ¼ 6.0), a higher time (52 min) was neces-

sary for achievement of equilibrium in the work of Anir-

udhan et al. [10], in comparison to the present research

(<45 min), even considering a much lower initial Coþ2 con-

centration (0.1 g L�1), and adsorbent dose (2 g L�1), in com-

parison with the values used in the present study. The

authors believe that through a proper optimization of the

synthesis conditions the concentration of eSOO3
- groups

could be enhanced, thereby maximizing the final metal re-

covery achieved. The same could also be said regarding the
insertion of carboxylic units during CNF synthesis under the

presence of TEMPO.

4.5.1. SEM analysis after cobalt adsorption
Through SEM analysis of the solid phase after 180 min expo-

sition to the cobalt aqueous solution, both EDS spectra anal-

ysis (Fig. 9) and EDS maps (Fig. 10) suggest, although in a

qualitative level, the presence of adsorbed cobalt dispersed

over both nanofibers surface, and also indicating a lower

concentration for the S-CNCeCo sample. Therefore, in order

to have a quantitative appreciation of the actual cobalt con-

centration adhered to the fibers surface after 180 min, LA-ICP-

MS analysis was performed for the same dried samples

observed through SEM.

4.5.2. Adsorptive capacity through LA-ICP-MS
In order to have a perspective of the adsorptive capacity from

the adsorbent point of view, each washed and dried nanofiber

sample (CNF or S-CNC), after a 180 min of contact time, was

characterized through LA-ICP-MS. The results indeed suggest

that for CNFeCo a much higher cobalt concentration should

be present, being equal 31.5 mg g�1, in comparison to 10.5 mg

g�1 found for S-CNCeCo, although much lower values in

comparison to the ones obtained from concentration evalua-

tion from the liquid phase, 90mg g�1 for CNF and 87mg g�1 for

S-CNC. These results suggest that part of the Coþ2 cations

previously adsorbed on the nanocellulose chains of CNF or S-

CNC, could have been removed through repeated washing/

centrifugating cycles. It is interesting to note, that such cation

leaching out effect was already evidenced in literature

through ICP-MS data for Cuþ2 adsorption in Bamboo fibers

[32]. Moreover, the differences between the adsorptive ca-

pacities measured for CNFeCo (31.5 mg g�1) and S-CNCeCo

(10.5 mg g�1) are consistent with the EDS spectra (Fig. 9) and

EDS-map (Fig. 10), which both suggest a more significant

concentration of the metal in the case of CNF. The authors

believe that the higher adsorptive capacity of CNF could be

explained by a higher concentration of eCOOH (CNF) in

comparison to eSO3H groups in S-CNC, or evidence of a

stronger interaction of cobalt and the available carboxylic

units, corroborated by the EDS-map contrasts of Na (-COONa)

and S (Figs. 2c and 3c).
5. Conclusions

In the present work, sulfated (S-CNC) and carboxylated (CNF)

nanocellulose samples have been successfully synthesized.

The samples morphology exhibited significant differences,

being similar to whiskers in S-CNC and of nanofibrils of

micrometric length in CNF. On both cases, themean thickness

evaluated through AFM, pointed to the presence of a signifi-

cant nanostructured content, and was equal to 5.61 ± 0.48 nm

for CNF and 9.99 ± 2.58 nm in the case of S-CNC.

The XRD data with Rietveld analysis revealed the presence

of a-cellulose crystals on both samples, of very similar mean

crystallite size (4.6 nm for S-CNC and 4.7 nm for CNF). Ac-

cording to FTIR analysis for the CNF sample, as expected,

-COONa groups should have been inserted in the C6 position,

and a resultant vibration band around 1611 cm�1 was
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accordingly observed. Regarding S-CNC, due to possible su-

perposition of bands of CeOeC and CeOeH bonds, present

naturally in the cellulosemolecular structure, the sulfate group

(-OSO3) stretch vibrational band (around 1280 cm�1) could not

be observed. Indeed, the SEM/EDS analysis conducted on both

nanocellulose samples indicated the presence of sodium in the

case of CNF and of sulfur in the case of S-CNC, supporting the

successful functionalization during synthesis on both cases.

Both nanocellulose types evidenced a strong adsorptive

potential towards Coþ2 removal from aqueous solutions at

ambient temperature (approx. 23 �C), with maximum mean

recoveries of 90 ± 3% for CNF and 87 ± 2% for S-CNC, and

contact times equal or higher than 30 min for CNF and 45 min

for S-CNC. The presence of cobalt in the solid phase after 3 h

contact time was quantitative confirmed on both cases

through laser ablation ICP-MS coupled analysis, resulting in

concentrations of 31.5 mg Co g�1 (CNF) and 10.5 mg of Co g�1

(S-CNC). The lower adsorptive capacities found through solid

phase ICP-MS analysis after laser ablation most probably

resulted from metal leaching from nanofibers surface moti-

vated through repeated washing/centrifugating steps. The

lower cobalt content on S-CNC after cobalt adsorption was

also verified through EDS analysis. Additionally, the higher

cobalt adsorptive capacity achieved in the case of CNF was

confirmed though LA-ICP-MS, and could be possibly explained

by its higher sodium carboxylate (-COONa) concentration

(higher functionalization degree) in comparison to eSO3H in

S-CNC. This information is corroborated by the constructed

SEM/EDS maps obtained for each solid nanocellulose sample

just after chemical synthesis.

Regarding the adsorptive potential of S-CNC or CNF, the

present results can be classified as quite promising, and

should stimulate both a quantitative evaluation and model-

ling of Coþ2 adsorption kinetics, as well as a quantification of

the functionalization degree achieved on both samples under

the proposed reaction conditions.
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