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Abstract Mercury contamination in drinking water
is a worldwide problem due to its severely harming
effects on the human body. A nanostructured natural
bioadsorbent, carboxycellulose nanofiber extracted
from raw moringa plant using the nitro-oxidation
method (termed NOCNF), capable of effectively
remediating this problem has been demonstrated.
Nitro-oxidation is a simple approach that can extract
carboxylated nanocellulose directly from raw bio-
mass. In this study, the produced NOCNF contained a
large density of carboxylate groups on the cellulose
surface (0.97 mmol/g), capable of removing Hg>"
ions by simultaneous electrostatic-interactions and
mineralization processes. Using the Langmuir analy-
sis, the adsorption results indicated that the highest
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Hg”" removal capacity of this NOCNF was
257.07 mg/g, which is higher than most of the
reported values. The interactions between Hg*™ and
NOCNF were further characterized by Fourier-trans-
form infrared spectroscopy, scanning electron micro-
scopy/energy dispersive spectroscopy (SEM/EDS),
transmission electron microscopy with electron
diffraction and wide-angle X-ray diffraction methods,
suggesting the existence of two distinct removal
mechanisms: predominant adsorption at low Hg**
concentrations (< 250 ppm) and predominant miner-
alization at high Hg*" concentrations (> 1000 ppm).
The applications of NOCNF were illustrated in both
suspension form, as an adsorbent/coagulant, and dry
powder form using filtration column. The results
indicated that NOCNF in suspension exhibited a
higher maximum removal efficiency of 81.6% as
compared to the dry state of 74.3%. This work
demonstrated the feasibility of extracting nanostruc-
tured adsorbents from biomass feedstocks to tackle the
Hg?" contamination problem in drinking water.
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Graphic abstract Cellulose nanofibers, extracted
from Moringa plant using the nitro-oxidation method,
exhibit excellent adsorption capacity for Mercury (II)
removal.
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Introduction

Mercury is a well-recognized harmful pollutant due to
its carcinogenicity, mutagenicity and teratogenicity
(Zhang et al. 2005). For example, high concentration
of mercury in the human body can cause tyrosinemia,
a disease associated with impairment of pulmonary
and kidney function, chest pain and dyspnea. One
main source of the mercury intake is through the
consumption of contaminated fish. In 1956, a horrify-
ing ‘Minamata disaster’ occurred in Japan, where
people had unknowingly consumed shellfishes con-
taminated with mercury (Harada 1995; Rio and
Delebarre 2003). Although it has been more than
50 years since the incident, many victims still suffer
irreversible damage in their central nervous system.
This is because mercury ions can bind to varying
proteins in the nervous and renal systems, leading to
permanent injury (Lai et al. 1993).

Due to the acute health threats to humans, the EPA
permitted discharge limit of the total mercury amount
in wastewater is 10 mg/L, where the limit for drinking
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water is 2 mg/L. (Nam et al. 2003; Zabihi et al. 2009).
Meanwhile, the Word Health Organization (WHO)
recommends a maximum uptake of 0.3 mg per week at
1 mg/L as the maximum acceptable concentration in
drinking water (Zhang et al. 2005). Mercury pollution
in the aquatic environment is commonly generated
from chloralkali plants, paper and pulp industries, oil
refining, electrical, rubber processing and fertilizer
industries (Baeyens et al. 2012; Chiarle et al. 2000). A
plenty of physical and chemical strategies have been
investigated and applied for mercury remediation in
contaminated drinking water, such as solvent extrac-
tion, ion-exchange, precipitation, membrane separa-
tion, reverse osmosis, coagulation and photoreduction
(Larson and John 1992; Skubal and Meshkov 2002).
These methods often require either high consumption
of energy or usage of large quantity of chemicals.
Among these methods, adsorption/coagulation is per-
haps one of the more cost-effective techniques for
mercury removal. For example, activated aluminum or
activated carbons have been used as effective adsor-
bents for mercury removal in drinking water purifica-
tion, however, it is still relatively expensive for large-
scale operation (Di Natale et al. 2011).

To tackle this problem, we argue that lignocellu-
losic biomass is an abundant and sustainable resource
to develop cost-effective bio-adsorbent (Kim et al.
2015). In rural area, abundant agriculture waste can be
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greatly utilized to treat contaminated water in a lower
cost and more environmental-friendly way. In the past
two decades, much attention has been given to develop
nanocellulose in a broad range of water purification
treatments because of its large surface areas and ample
functional groups (Wang 2019). For example, several
studies have been reported that cellulosic nanomate-
rials containing thiol, carboxyl, sulfonate, and phos-
phonate groups can all exhibit ability to adsorb
positively charged contaminants, such as metal ions,
dyes, and chemicals for water purification (Wang et al.
2013; Liu et al. 2016; Suman et al. 2015; Zhu et al.
2015; Sehaqui et al. 2016; Thakur and Voicu 2016;
Chen et al. 2019; Sharma et al. 2020b).

Recently, a new method to extract carboxylated
cellulose nanofiber from raw biomass using nitric acid
(HNOj3) and sodium nitrite (NaNQO,) mixtures has
been demonstrated by our team (we termed this nitro-
oxidation process or NOP) (Sharma et al.
2017b, 2018c). The method combines the steps of
pulping (delignification) and cellulose oxidation. The
proposed mechanisms of NOP are as follows. Nitric
acid can facilitate the defibrillation process of raw
biomass by degrading non-cellulosic components,
such as lignin and hemicellulose, while the generation
of NO* ions (by reaction between HNO5 and NaNO,)
can selectively oxidize the primary hydroxyl groups of
the cellulose to introduce negatively charged surface
to induce defibrillation. Compared with conventional
methods, such as TEMPO-mediated oxidation and
carboxymethylation processes, the NOP does not
require any pretreatments such as alkali and bleaching
to obtain cellulosic materials first, thus largely reduc-
ing the consumption of energy, water and chemicals.
In addition, the effluent from this process can be
neutralized into nitrogen salts as plant fertilizers
(Sharma et al. 2017b). In our application studies,
nitro-oxidized cellulose nanofibers (NOCNF) have
been found as an effective adsorbent/coagulant to
remove toxic metal ions such as cadmium (Sharma,
Chattopadhyay, Sharma, et al. 2018a, b, c), lead
(Sharma, Chattopadhyay, Zhan et al. 2018), and
uranium (Sharma et al. 2017a, 2020a) from water.

In this study, we report that NOCNF, extracted
directly from raw moringa plants by NOP, can also be
an effective bioadsorbent for water remediation such
as mercury removal. Moringa plant is native species in
parts of Africa and Asia, and its products have well-
known antifungal, antiviral, antidepressant, and anti-

inflammatory properties. In specific, seeds from
Moringa tree have been shown to have unique water
purification properties (Kalibbala et al. 2009). Here we
investigate if the moringa plant itself can be a
suitable feedstock for preparing the adsorbents. This
is because the hemicellulose content of moringa plant
is relatively high (~ 45%) (Melesse and Berihun
2013), which can facilitate the defibrillation process in
NOP to produce cellulose nanofibers. For the mercury
remediation study, we demonstrate the effectiveness
of moringa-derived NOP as adsorbents in two differ-
ent forms: suspension typical absorbent/coagulant,
and dry form as adsorbent substrate in filtration
column. The purpose of suspension/dry state adsorp-
tion tests is to investigate the absorption efficiency for
mercury removal from drinking water in two sample
formats. The NOCNF suspension format will be useful
to treat contamination of local water sources with low
Hg concentration since the transportation expense of
the material will not be high; whereas the freeze-dried
NOCNF (dry state) format will be useful to treat Hg
contamination, when the concentration is high and the
transportation cost needs to be considered. The study
also examines the adsorption mechanisms of the
mercury removal by the oppositely charged NOCNF.
We demonstrate that at low Hg?' concentrations
(< 250 ppm), the removal process is mainly domi-
nated by the electrostatic interactions between Hg*"
and COO™ on the NOCNF surface, where at high
Hg”" concentrations (> 1000 ppm), the removal pro-
cess is dominated by the mineralization of HgO
nanocrystals in the coagulated NOCNF scaffold.

Experimental
Materials

Crushed moringa straw samples, without any pretreat-
ments, from Botswana was used as the biomass
feedstock. Nitric acid (ACS reagent, 60%), sodium
nitrite  (ACS reagent > 97%), mercury acetate,
sodium hydroxide, hydrochloric acid (36% assay)
chemicals were purchased from the Fisher Scientific.
All chemicals were used without any further
purification.

@ Springer
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Extraction of NOCNF from moringa plant

NOCNF extraction from moringa feedstock were
carried out using NOP with procedures similar to
those reported earlier (Sharma et al. 2017b). In brief,
2 gof dried raw moringa sample was placed in a three-
neck round bottom flask, where 28 mL nitric acid (60
wt.%, 0.365 mol) was added slowly to completely wet
and immerse the biomass. Subsequently, 6.957 mmol
of sodium nitrite (0.96 g) was added to the mixture
under continuous stirring. Upon addition of sodium
nitrite, red gases (NOx) were formed. The mouths of
flask were covered with glass stoppers immediately to
stop gases from leaking. The reaction was performed
at 40 °C for 16 h followed by quenching using
250 mL of distilled water to stop the reaction. The
product was settled down under gravity and the
supernatant was decanted off to remove the mixture
of excessive acid, degraded lignin and oligosaccha-
rides. The above step of decantation process was
repeated for 2-3 times until the fibers started to
suspend in water. After that, the fibers were cen-
trifuged at 3000 rpm for 10 min. The step of centrifu-
gation/washing with water was repeated till the pH of
supernatant reached above 2.5. Then, the fibers were
transferred to a dialysis bag (6-8 kDa) for dialysis
until the conductivity of water reached below 5 pS.
The extracted fibers contained carboxyl groups
(COOH), which were subsequently converted to
carboxylate groups (COO™) by treatment with 8% of
sodium bicarbonate. The fibers were again introduced
to dialysis until the conductivity of dialysis water
reached below 5 puS. Finally, the fibers were fibrillated
to nanocellulose by passing the 0.2 wt% fiber suspen-
sion through a high-pressure homogenizer at 250 bar
for 1 cycle. The yield of NOCNF obtained was 50%.

Sample characterization
The raw moringa samples and extracted NOCNF were

characterized using Fourier transform infrared spec-
troscopy (FTIR, PerkinElmer Spectrum One instru-

ment-ATR  mode), conductometric titration,
thermogravimetric analysis (TGA, PerkinElmer
STA-6000), transmission electron microscopy

(TEM, FEI Tecnai G2 Spirit BioTWIN instrument),
atomic force microscopy (AFM, Bruker Dimesion
ICON scanning probe microscope), scanning electron
microscopy (SEM, Zeiss LEO 1550 SFEG-SEM) with
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energy dispersive X-ray spectroscopy (EDS) capabil-
ity, and wide angle X-ray diffraction (WAXD,
Benchtop Rigaku MiniFlex 600). The detailed
descriptions of these techniques are outlined in the
Supporting Information (SI).

The major chemical compositional analysis (i.e.,
cellulose, hemicellulose, lignin, ash, and extractives)
of raw moringa sample and NOCNF was performed by
the Celignis Company in Ireland. The analysis was in
accordance with the US standard, i.e., NREL standard
laboratory analytical procedure TP-510-42,623.(Slui-
ter et al. 2010) In brief, the following analytical
procedures were carried out: (1) acid hydrolysis of
samples, (2) determination of acid soluble lignin
(ASL) using UV-Vis spectroscopy, (3) gravimetric
determination of klason lignin (KL), and (4) chro-
matographic analysis of hydrolysate.

Mercury Remediation Study
Mercury Adsorption by NOCNF in Suspension

In this study, Hg®" solutions with concentrations
ranging from 2.5 to 1000 ppm were first prepared,
where these solutions were subsequently mixed with a
NOCNF suspension as an adsorbent/coagulant. In
specific, 2 mL of heavy metal stock solution (2.5 to
1000 ppm) was slowly added with 2 mL of NOCNF
suspension (0.40 wt%) in a test tube. Upon mixing, the
floc, containing both aggregated Hg and NOCNF
components, was formed and settled down to the
bottom of the tube. The non-flocculated supernatant
was then passed through a 0.22 pm filter to remove
any fiber residues, but not Hg?" ions. The obtained
solution was diluted before submitting for ICP-MS
measurements.

Additionally, the effect of pH on the adsorption of
Hg”" by NOCNF was investigated. In this evaluation,
100 ppm Hg* " solutions at different pH values: 3, 5, 7,
9 and 11, were prepared by adding 1 mol/L HCI or
NaOH solution. Subsequently, 2 mL of NOCNF
suspension was added to 2 mL of varying Hg*"
solutions. Similar to the above procedure, the non-floc
portion were extracted, filtered through a 0.22 um
filter and diluted 1000 times for ICP-MS analysis. The
ICP-MS results were used to calculate the mercury
removal efficiency of NOCNF.

The Hg>" adsorption evaluation of NOCNF was
performed by using the data obtained from the ICP-
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MS analysis. In specific, the adsorption capacity at
equilibrium (Qe) and equilibrium concentration of
adsorbate (Ce) were calculated, where their relation-
ship was evaluated by using both Langmuir and
Freundlich isotherm models. The Langmuir model is
based on the assumption of monolayer adsorption on
the active site of the adsorbent, whereas the Freundlich
model is based on the assumption of multilayer
adsorption on the active site of the adsorbent. The
Langmuir model can be expressed as follows.

Ce_Ce 1
Qe Om QOmb

where Om (the maximum adsorption capability) and b
(the Langmuir constant) can be calculated from the
intercept and the slope of the Ce/Qe versus Ce plot
(Wang and Kuo 2007). In contrast, the Freundlich
model can be expressed as follows.

(1)

lg Qe = 1lg Ce+1gKf (2)
n

where K, and n are characteristic constants of the
system (Cui et al. 2016).

Characterization of Hg-NOCNF Floc

The floc samples formed from the mixing of Hg*"
solutions and NOCNF suspension were characterized
by different techniques including FTIR, TEM with
electron diffraction, SEM/EDS and WAXD to deter-
mine the mechanisms of the mercury removal by
NOCNF. In addition, the hydrophobicity of the floc
sample was analyzed by an optical contact angle meter
(CAM200, KSV instruments, LID), which is described
in the Supporting Information (SI).

Preparation of filtration column for dry NOCNF
adsorbent

The filtration column using freeze dried NOCNF
samples was also carried out to test the Hg> ™ removal
efficiency. In specific, 3 g of dried NOCNF samples
was used to fill a filtration column of 3 cm in diameter
and 25 cm in length. Subsequently, a 100 ppm Hg*"
solution was added to the top of the column to initiate
the test. A total number of 10 additions with an
increment of 15 mL of Hg>" solution for each addition
was poured into the column, and the output filtrate
obtained from bottom was collected and labeled

accordingly. The filtrate was diluted 1000 times and
then submitted for ICP-MS measurements. The
removal efficiency from the solid NOCNF form in
the filtration column was compared with that from the
dispersed NOCNF form in suspension.

Results and disscussion
Chemical composition analysis

Similar to other cellulose nanofibrils (such as
TEMPO-CNF), the 0.4 wt% NOCNF suspension was
translucent and showed viscous and gel-like behavior
(as seen in the inset image in Fig. 1). This indicates
that the nitro-oxidation process is an efficient pathway
to defibrillate raw moringa plant even without pre-
treatments (or delignification step). The chemical
compositions of the raw moringa plant and resulting
NOCNF were quantitively characterized, and the
results are shown in Fig. 1. It was seen that the
holocellulose (cellulose and hemicellulose), lignin
(acid soluble lignin (ASL) and klason lignin (KL)), ash
and extractives contents of raw moringa were 60.3%,
24.78%, 6.48%, and 9.84%, respectively, while
NOCNF exhibited a higher content of holocellulose
(54.77%—mostly cellulose) and much lower content
of lignin (4.0%). The significant decrease in the non-
cellulosic components after NOP confirmed its suc-
cessful pulping function. We hypothesize that the
residual lignin content in NOCNF might be due to the
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Fig. 1 Chemical compositions of raw moringa and extracted
NOCNF (ASL: acid soluable lignin, KL: klason lignin). The
inset image is the 0.4 wt% NOCNEF suspension that exhibits the
viscous and gel-like behavior)
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presence of lignin-carbohydrate complexes, within
which stable chemical bonds could resist the cleavage
of B-O-4 ether bonds in polyphenolic units.

Figure 2 illustrates the likely mechanism of selec-
tive cellulose oxidation by the nitro-oxidation process,
which is a revised version from the one we proposed
earlier (Sharma et al. 2017b). In this mechanism, the
reaction between HNO;3; and NaNO, generates HNO,
and nitroxonium ions (NO™), which can selectively

attack primary hydroxyl group (-CH,OH) of the
cellulose unit at the Cg position and produce —
CH(OH), group as the intermediate in the first
oxidation circle. Subsequently, -CH(OH), group can
be continuously oxidized into carboxylic groups (—
COOH) in the second oxidation circle. Overall, NO*
as the oxidizing agent is gained and consumed during
the reaction, where the end N-product is the mixture of
NOx gases. Although the exact compositions of NOx

Initiation- seperate from the catalyic cycle
NaNO, + H' HNO,

2HNO, _ 2H
2H,0
0.5N,0 + 0.5 H,0 o
2HNO 2NO
HO OH
CH,0H
\('H/ OHI 0 0\
0
2 om NN 2 K )
OH
) OH + ZH:O

0.5N,0 + 0.5 H,0
2HNO
0\\(_ /OH Ho\CH on
00 0.0
. OH g @ 3
«2H"

overall reaction:

IRCH,0H + HNOs—» 2RCH(OH), +0.5N,0 + 0.5 H,0

overall reaction:

2H”
2HNO,
HNO; b 2H
\_/
VRN
INO*

2RCH(OH), + HNOy —— 2RCO,H + 0.5 N,0 + 2.5 H,0

Fig. 2 Proposed cellulose oxidation mechanisms by the nitro-oxidation method
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gases have not yet been determined, we believe the
byproducts will contain three different gases: NO,
NO; and N,O. NO and NO, can be generated by the
following reactions:

R — CH,OH + HNO3; — R—-COOH + NO
+ H,O0

NO + 2HNO; — 3NO, + H,O

In addition, N,O can be produced when HNO
dissociates in water, as reported by Strojny (Strojny
et al. 1971). In Fig. 2, we only indicate N,O as a
possible end N-product. Other gaseous products will
also be possible, which will be experimentally verified
in our future study.

Characterization of NOCNF

Figure 3(i) illustrates the FTIR spectra of raw moringa
plant, extracted NOCNF and Hg-NOCNF floc after the
remediation study. The FTIR spectrum of the moringa
plant showed several distinctive peaks: 3328 cm™'
corresponding to the —OH stretching and 2900 cm™"
corresponding to the C—H symmetrical stretching in
the cellulose unit; 1515 cm™! due to the C=C
symmetrical stretching in the aromatic lignin unit;
and 1739, 1602, 1460, 1240, and 810 cm™! in the
xylan unit. In the FTIR spectrum of NOCNF, it was
seen that both OH stretching peak at 3328 cm ™' and
C—H stretching peak at 2900 cm™' became much
sharper than those in moringa plant, confirming the
hypothesis that some removal of lignin and hemicel-
lulose components took place resulting in the domi-
nant presence of cellulose scaffold. The delignification
function of NOP was further verified by the near
absence of the 1515 cm™" peak form the lignin unit.
However, the hemicellulose peaks at 1739, 1602,
1460, 1240, and 810 cm ™! remained visible, suggest-
ing that the removal of hemicellulose in NOCNF is
only partial. This is reasonable as the hemicellulose
component acts as a crosslinker between cellulose
elementary microfibrils, which may not be accessible
by the oxidation process (Chi and Jeffery 2017). It is
interesting to note that, the peak at 1602 cm ™' due to
the stretching motion in the carboxyl group was found
to be notably increased in the NOCNF spectrum,
verifying the modification of hydroxy group to
carboxyl group in the anhydroglucose unit (probably
at the C6 position) by NOP.

The WAXD pattern of the moringa plant in
Fig. 3(ii) showed a cellulose I structure with 20 angles
at 14.8, 16.7, 22.7 and 34.7°, corresponding to (1-10),
(110), (200) and (004) reflection planes, respectively.
The peaks at 14.8 and 16.7° were overlapped, which
needed to be deconvoluted to reveal individual
intensity and position. This is a quite common in
higher plants with cellulose Ig allomorph structure.
For NOCNF, similar WAXD pattern was observed,
suggesting the cellulose crystalline structure was
maintained during nitro-oxidation, which only the
defibrillation process proceeded. However, the peak
positions of (1-10) and (110) were found to shift to
lower 20 values (thus larger d-spacings), reflecting to
the slight loosening of the crystalline structure due to
cellulose oxidation. The crystallinity index (CI) values
for the moringa plant and NOCNF were calculated by
the peak height method (Segal’s Equation, Supporting
Information), and they were 61.2 and 67.3%, respec-
tively. The slight increase in the crystallinity of
NOCNF was mainly due to the reduction of amor-
phous, non- cellulosic components (lignin) during the
nitro-oxidation process.

The thermogravimetric (TGA) and derivative ther-
mogravimetric (DTG) profiles of raw moringa plant
and NOCNF are shown in Figs. 3(iii) and 3(iv),
respectively. The moringa plant showed the onset of
thermal degradation (Tgne) at 174 °C with 9 wt%
weight loss and the offset temperature (Togre) Was
about 764 °C. In contrast, NOCNF exhibited Ty at
136 °C with 15 wt% weight loss and T, at 802 °C.
The lower T, value in NOCNF confirmed the
removal of more thermally stable lignin component by
nitro-oxidization, resulting in the exposure of holo-
cellulose part that is more vulnerable to thermal
decomposition. In addition, the earlier initialization of
thermal degradation of NOCNF was probably due to
the presence of anhydroglucuronic acid units (Sharma
and Varma 2014b, 2014a), consisting of thermally
unstable carboxyl groups.

The DTG curve of the moringa plant showed a
primary peak at 302 °C, corresponding to the degra-
dation of holocellulose moiety (Ornaghi et al. 2014;
Zhang et al. 2013), and a secondary peak between 402
and 500 °C, related to the lignin moiety. In contrast,
NOCNF displayed two primary peaks (260 °C and
300 °C), which are characteristics of oxidized
nanocellulose, such as TEMPO-oxidized cellulose
(Masruchin et al. 2019). The first peak is due to the
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Fig. 3 Characterization of raw moringa plant, NOCNF and
NOCNF-Hg floc: (i) FTIR of raw moringa plant (red curve),
NOCNF (blue curve) and NOCNF-Hg floc (yellow curve); (ii)
WAXD paterns of raw moringa plant (red curve) and NOCNF

decomposition of the anhydroglucuronic acid units,
where the surface carboxylate groups can initiate the
decarbonation and decarboxylation reactions when
subjected to heating. The second peak corresponds to
the decomposition of residual un-modified cellulose
moiety. In addition, a minor peak in the temperature
range of 400-430 °C was observed in NOCNF,
suggesting the lignin component was significantly
removed during the nitro-oxidation process, which is
consistent with chemical composition results in Fig. 1.
Overall, the difference in thermal stability between
moringa and NOCNF can be attributed to their surface
chemistry and degree of polymerization (DP). After
nitro-oxidation, a high amount of carboxyl groups is
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(blue curve); (iii) TGA curves of raw moringa plant (red curve)
and NOCNF (blue curve); (iv) Derivative Thermogravimetric
(DTG) curve of raw moringa plant (red curve) and NOCNF
(blue curve)

generated on the surface of moringa cellulose, which
can initiate the decarbonation and decarboxylation
processes at low temperatures. In addition, under the
influence of nitric acid pulping and cellulose oxidation
by NOP, NOCNF’s DP can be greatly reduced,
resulting in more reducing ends and initiating sites
for depolymerization and decomposition.

The carboxylate content of resulting NOCNF was
determined by the conductimetric titration technique
using Equation S2 in Supporting Information. The
result indicated that the carboxylate content of
NOCNF was 0.97 mmol/g, which is comparable to
NOCNEF derived from jute biomass as reported in our
previous study (Sharma et al. 2020c). The surface
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charge density of the NOCNF sample was also verified
by the zeta potential measurement (see description in
the Supporting Information), which yielded a negative
zeta potential value of —59 mV confirming the
abundant content of COO™ groups on the surface of
NOCNF.

Morphological evaluation

A representative TEM image of NOCNF extracted
from the moringa plant displayed the nanofibrous
morphology as shown in Fig. 4(i). In this image, 20
individual fibers were identified and used to estimate
the fiber length and fiber width, which were
250-300 nm and 10-12 nm, respectively. The AFM
image (Fig. 4(ii)) presented similar nanofibrous mor-
phology in NOCNF, where the height measurement
indicated that the average fiber thickness was about
2.1 nm. This indicated that the extracted NOCNF
possessed a ribbon shape instead of the circular-like
fiber form. The representative SEM image of raw
moringa sample is shown in Fig. 4(iii), indicating that
the initial sample possessed a microscopic fiber form
with width in the range of 20-100 um and several
millimeters in length. The morphological characteri-
zation of raw moringa fiber and NOCNF clearly
confirmed the effective extraction of cellulose fibers
from raw biomass using the nitro-oxidation process.

Characterization of NOCNF-Hg Floc

The FTIR spectrum of the NOCNF-Hg floc sample is
illustrated in Fig. 3(i)c. In this spectrum, a shift of the
carboxylate peak in NOCNF from 1602 cm™' to
1639 cm™! in the NOCNF-Hg floc was observed,
probably due to the crosslinking between Hg*" ions
and carboxylate (COO™) groups of NOCNF. How-
ever, we note that the intensity of 1639 cm™" can also
be attributed to the presence of the acetate group in the
mercury acetate solution used in this study. Figure 5
illustrates the photographs of the floc formation by
mixing 100, 500 and 1000 ppm of Hg** solutions with
a NOCNF suspension under neutral condition. It was
observed that white flocs were immediately formed,
precipitated and settled down in the bottom of the tube
in a very short period of time (less than 20 s). This
indicated that the NOCNF in the suspension form is an
excellent adsorption and coagulation agent, capable of

Fig. 4 Morphological charcterization: (i) TEM and (ii) AFM
images of NOCNF, (iii) SEM image of crushed moringa fibers

finding with Hg>" ions, resulting in efficient removal
of mercury contaminant.
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Fig.5 Photographs of suspensions NOCNF-Hg floc, formed by
mixing of (i) 100 ppm, (ii) 500 ppm and (iii) 1000 ppm of Hg>*
solutions with a 0.4 wt% NOCNF suspension

Mechanisms of Hg removal by NOCNF
in suspension

To understand the interactions between Hg>" ions and
NOCNEF in suspension, SEM and EDX images of floc
samples formed with different Hg*"concentrations
(250 ppm and 1000 ppm) are shown in Fig. 6. The
two SEM images clearly exhibited the change in
morphology of the NOCNF-Hg floc with different
amounts of Hg®". In Fig. 6(i), at a low concentration
of Hg>™ (250 ppm), the floc surface was relatively
uniform, where individual nanofibers could be iden-
tified. However, the presence of Hg was also apparent
in the EDS spectrum. As the Hg®" concentration
increased to 1000 ppm, the floc surface became more

aggregated, but the individual fiber morphology
disappeared. In fact, a few large aggregates were seen
in otherwise a relatively smooth surface. These
aggregates could be attributed to the mineralization
of HgO on the NOCNF surface. The corresponding
EDS spectrum confirmed the larger content of Hg in
the NOCNF-Hg floc (1000 ppm) than that in NOCNF-
Hg (250 ppm). In addition to the presence of Hg, EDS
also showed the element of Na from the -COONa on
NOCNF.

The different morphology of the NOCNF-Hg floc,
containing varying amount of Hg adsorption, indicates
that the adsorption mechanisms between the Hg®™
ions and NOCNF are quite different when the Hg*"
concentration changes. Based on the experimental
results, we hypothesize that at low Hg*" concentration
(< 250 ppm), the Hg2+ ion behaves like an ionic
cross-linking agent, capable of electrostatically inter-
acting with two carboxylate groups (COO™) on the
NOCNF surface. The binding of the Hg*>" ions and
carboxylate groups would lead to the neutralization of
NOCNEF, resulting in further aggregation of NOCNF
particles due to hydrophobic interactions. In the
NOCNF-Hg floc, the adsorbed/anchored Hg moiety
appeared to act as a nucleation site for the growth of
mercury(Il) oxide (HgO) nanocrystals on the surface
of NOCNF. Most probably, the low pH value of the
system can facilitate the growth of HgO nanocrystals
because the acidic pH condition can hydrolyze mer-
cury acetate and form unstable mercury hydroxide
(Hg(OH),), which subsequently loses water and
becomes HgO (Wang and Andrews 2005).

Fig. 6 SEM images with EDS spectra (the insert) of NOCNF-Hg floc formed by using i 250 ppm and ii 1000 ppm of Hg>" solutions

@ Springer



Cellulose (2021) 28:8611-8628

8621

The mineralization of HgO nanocrystals was con-
firmed by WAXD measurement of the floc (Fig. 7(-
iii)), which will be explained later. The similar
mineralization occurrence of nanocrystals in the
CNF scaffold (such as lead hydroxide, cadmium
hydroxide and uranium hydroxide) during remediation
has also been reported earlier (Sharma et al.
2018b, 2018a, 2017a). To understand the HgO min-
eralization mechanism in this study, the pH values of
the different Hg solution (at varying concentration)

e

a: NOCNF
| b: Hg-NOCNF

Intensity (a.u.)
2

! ( f.“'
| V b'
y\/ \"‘:'\\___§
2 © 60 8
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Fig. 7 Characterization of the NOCNF-Hg floc: i TEM image
of the floc; the inset represents the contact angle of the floc, ii
electron diffraction image of the floc, iii WAXD profiles of

before and after remediation using NOCNF were first
measured, and the results are summarized in Table S1.
It was seen that the pH value decreased upon the
increase in the Hg concentration. For example, at the
Hg concentration of 2.5 ppm, the pH value of the
solution was 5.02; while at the concentration of
1000 ppm, the pH value was 3.44. The decrease in pH
was due to the increase in acetate ions (CH;COO™) in
the solution, formed by dissociation of mercury
acetate. Upon the addition of NOCNF, the same

©11)

(110)

>
azn (101) (020)

5 1/nm

-

NOCNF and NOCNF-Hg floc (formed by mixing of 0.32 wt%
NOCNF suspension and 1000 ppm Hg?* solution at the volume
ratio of 1:1), and iv the setup of the filtration column
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decreasing trend of the pH value was seen with the
increase in Hg concentration, but the decrease in pH
was stopped at 4.66 when 1000 ppm of Hg solution
was used. Notably, no mineralization and precipitation
were observed with increasing Hg concentration in the
absence of NOCNF. The above finding indicates that
NOCNF is playing a crucial role by providing the
active site for adsorption and mineralization of Hg”",
leading to high removal efficiency against Hg>" ions.

The hydrophobicity of the floc sample containing
1000 ppm of Hg>" was analyzed by the contact angle
measurement, and the results are shown in
Fig. 7(1) (the inset image). This NOCNF-Hg floc
sample was found to possess a contact angle of 114.5°,
indicating that the Hg adsorption neutralized the
charge on NOCNF resulting in a hydrophobic com-
posite (the as extracted NOCNF has a contact angle
about 38° (Sharma et al. 2018b). The WAXD
measurement of the NOCNF-Hg floc sample was
carried out to examine its crystal nature. The results
are displayed in Fig. 7(iii), where the WAXD profile
of NOCNEF is also included for comparison. It was
found that after remediation with 1000 ppm of Hg”",
additional diffraction peaks appeared at 2 of 30.8,
32.3, 33.4, 38.3 and 50.9°, which could be indexed as
the (011), (110), (020), (101) and (121) lattice planes
of HgO crystals (i.e., the orthorhombic phase of HgO
with a space group of Imm2; JCPDS No. 72-1141)
(Mohadesi et al. 2014). This evidence supports the
growth of HgO nanocrystals in the NOCNF scaffold
which is also in agreement with the SEM results from
the floc sample at 1000 ppm of Hg concentration
(Fig. 6(ii)). The TEM image of the floc sample with
1000 ppm of Hg concentration is shown in Fig. 7(i).
Compared to the disperse fiber image of NOCNF
(Fig. 4(i)), the NOCNF-Hg floc exhibited an aggre-
gated form of nanofiber network containing inorganic
nanocrystals shown as black dots in TEM. These black
dots, uniformly dispersed in the fiber aggregate, are
associated with the mercury oxide (HgO) particles.
This was proven by the electron diffraction measure-
ment of the floc sample, where the result is shown in
Fig. 7(ii). The electron diffraction patterns of the floc
sample showed five strong diffraction rings that could
also be indexed as the (011), (110), (020), (101), (121)
planes, as shown in WAXD (Fig. 7(iii)). We note that
in the TEM study, no staining agent was used while
preparing the sample; this ensured the absence of any
other metal ions except merury.

@ Springer

Assessment of Hg” " adsorption mechanism
by NOCNF suspension

The behavior of Hg®" adsorption by NOCNF was
evaluated in the Hg concentration range of 2.5 ppm to
1000 ppm. The ICP-MS results were used to calculate
the Qe value (i.e., the experimental adsorption capac-
ity of NOCNF) and Ce/Qe ratio (i.e., the original Hg*"
concentration of NOCNF divided by the experimental
adsorption capacity of Hg>" ions at equilibrium per
gram of NOCNF in suspension). It was found that the
adsorption efficiency of Hg>™ by NOCNF decreased
from 88.5 to 47.2% when the Hg concentration
increased from 2.5 to 1000 ppm. Meanwhile, the
experimental capacity raised from 0.55 mg/g to
117.9 mg/g. Using Eq. 1, the plot of Ce/Qe versus
Ce was fitted with the Langmuir adsorption model, and
the result is illustrated in Fig. 8(i). The value of Qe
was calculated by multiplying the adsorption effi-
ciency of NOCNF by the ideal adsorption capacity of
NOCNEF. The results of the ideal adsorption capacity
and the experimental capacity of NOCNF are sum-
marized in Table S2 in the Supplementary Informa-
tion. In addition, the Freundlich adsorption model was
also employed to predict the isotherm of Hg>*
remediation process. The plot of 1g(Qe) versus 1g(Ce)
fitted by the Freundlich equation (Eq. 2) is shown in
Fig. 8(ii). The fitting parameters, such as the slope and
R square value, of these two models are summarized in
Table 1. Both models exhibited very high R square
values: 0.9946 for the Langmuir model, and 0.9951 for
the Freundlich model. These results suggest that the
adsorption mechanism cannot truly be differentiated
based on the different model analysis. Nevertheless,
from the analysis of the Langmuir model, the Om
value (the maximum adsorption capacity of the
adsorbent) could be calculated, i.e., 257.07 mg/g,
which is higher than most adsorbents reported (Tran
et al. 2015; Anbia and Amirmahmoodi 2016; Puan-
ngam and Unob 2008; Guo et al. 2017; Sajjadi et al.
2018; Anoop Krishnan and Anirudhan 2002).

Effect of pH and Time on Hg*" remediation
by NOCNF suspension

The pH effect on Hg>" remediation was carried out to
assess the removal efficiency of NOCNF in suspen-
sion, and the results are summarized in Table S3 in
Supporting Information and in Fig. 8(iii). It was
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Fig. 8 (i) The Hg>" adsorption data by using the NOCNF
suspension as an adsorbent (the Hg>* concentration was ranged
between 2.5 to 1000 ppm) analyzed by the Langmuir model, (ii)
the adsorption data analyzed by the Freudlich model, (iii) the

Table 1 Summary of the Langmuir and Freundlich fitting
model parameters

Langmuir Freundlich
Equation y = 0.00389x + 4.538 y = 0.91338x-0.565
R’ 0.9946 0.9951
Parameters b Om (mg/g) n K
Value 0.00086  257.07 1.095 3.673

observed that the removal efficiency increased to
88.9% when the pH value increased from 3 to 9. The

Time (hlt)

effect of pH on the removal efficiency and; (iv) the effect of time
on the Hg>" removal efficiency by NOCNF at 100 ppm Hg*"
concentration at pH = 7

reason that at pH = 9, the highest removal efficiency
was obtained is because the maximum negative charge
density of NOCNF could be induced by the deproto-
nation of carboxyl group (COO™) at alkaline condi-
tions. With a further increase in the pH value to 11,
NOCNF showed a decrease in the removal efficiency
to 75.6%. This is because the further increase in pH,
the condition might start to degrade NOCNF. In
contrast, the removal efficiency of NOCNF at pH = 3
was only 35.9%,. This is because the acidic conditions
could protonate the carboxylate groups on the NOCNF
surface, resulting in an acid form (COOH) with less
binding sites available to interact with the Hg*" ions.
The above study clearly indicates the pH-dependent
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characteristic of NOCNF for mecury removal, as the
NOCNF suspension can be considered as a weak
polyelectrolyte due to the carboxylate group on the
particle surface.

The effect of time on the Hg>" remediation by
NOCNEF suspension was also evaluated, and the results
are shown in Fig. 8(iv). It was found that there was no
significant change in the removal efficiency when the
experiments were performed between 3 and 24 h. The
removal efficiency was stabilized between 81.1 and
81.6%, indicating that the removal of Hg®>™ by
NOCNEF took place mainly in the initial hours of the
remediation study. This study shows that a swift
remediation process can be achieved by using NOCNF
suspension as a mercury removal agent.

Comparison with other adsorbents

The comparison of the maximum adsorption capacity
(Qm) of different adsorbents for mercury removal is
listed in Table 2. Compared to nanomaterials, such as
thiol and hydroxyl containing montmorillonite (Tran
et al. 2015), nanoporous carbon grafted with surfa-
cants (Anbia and Amirmahmoodi 2016), and chemi-
cally-modified MCM-41 and silica gel (Puanngam and
Unob 2008), NOCNF extracted from moringa plants
showed the highest maximum adsorption capacity
value of 257 mg/g in the Hg concentration range of
2.5-1000 ppm. In Table 2, some natural biomaterials,
such as coconut husk (Guo et al. 2017) and activated

carbon (Sajjadi et al. 2018) prepared from different
sources have also been included. Among them, one
activated carbon presented very good maximum
adsorption capacity value of 202 mg/g, although in a
very narrow Hg concentration range of 2.5-4.5 ppm.
The activated carbon (Anoop Krishnan and Anirudhan
2002) prepared from bagasse pith also exhibited good
maximum adsorption capacity of 172 mg/g in a wider
Hg concentration range of 50-1000 ppm. But these
values are still smaller than that of NOCNF. We
believe the good performance of NOCNF should be
independent of the biomass source used. The remark-
able mercury removal property of NOCNF in suspen-
sion is due to its high surface area, large carboxylate
concentration and unique scaffolding capability to
induce HgO mineralization.

Filtration column using Freeze-Dried NOCNF

NOCNF suspensions were also freeze-dried into dry
powder samples as adsorbent materials in filtration
column for the evaluation of mercury removal. In this
study, 3 g of dried NOCNF sample was packed into a
column of 15 cm in length. Subsequently, 100 ppm of
Hg”" solution was passed through the column slowly
by gravity. The output Hg2+ solution was collected
and tested by the ICP-MS technique, where the results
are shown in Table 3. It was seen that the removal
efficiency achieved by this gravity-driven column in
the first pass of the study was 74.3%, but the removal

Table 2 Comparison of the maximum adsorption capacity of varying adsorbents reported in the literature and NOCNF in this study

against the Hg>" removal

Adsorbents Maximum adsorption capacity Adsorption range Reference
Om (mg/g) (ppm)
Thiol and hydroxyl containing 8.57 < 100 (Tran et al. 2015)
montmorillonite
Nanoporous carbon impregnated with 8.9 10-200 (Anbia and Amirmahmoodi
surfactants 2016)
MCM-41-NH-L 152 100-800 (Puanngam and Unob 2008)
Silica gel 140 100-800 (Puanngam and Unob 2008)
Coconut husk 449 40-450 (Guo et al. 2017)
Activated carbon from pistachio wood 202 2.5-45 (Sajjadi et al. 2018)
waste
Activated carbon from bagasse pitch 172 50-1000 (Anoop Krishnan and
Anirudhan 2002)
NOCNF from moringa plant 257.1 2.5-1000 This study
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Table 3 Results from filtration column using NOCNF for Hg*" removal

Column label  Input concentration (ppm)  Filtrate ICP-MS concentration (ppb)  Filtrate concentration (ppm)  Efficiency
1 100 25.7 25.70 0.743

2 100 26.5 26.50 0.735

3 100 31.1 31.10 0.689

4 100 31.6 31.60 0.684

5 100 33 33.00 0.670

6 100 34.8 34.80 0.652

7 100 355 35.50 0.645

8 100 40.4 40.40 0.596

9 100 42.5 42.50 0.575

10 100 46.7 46.70 0.533

efficiency began to decrease upon further addition of
the Hg*" solution. With the total passing of 150 mL
filtrate (10 additions of 15 ml Hg>" solution) through
the column, the removal efficiency was found to be
53.3%. The decrease in the removal efficiency of the
column was due to the saturation of carboxyl groups
on the NOCNF surface through binding with Hg*"
ions. It was seen that the adsorption results from the
use of NOCNF suspension indicated the removal
efficiency of 81.6% at the Hg concentration of
100 ppm (Table S2 in Supporting Information), which
is higher than the removal efficiency by using solid
NOCNEF in filtration column. This can be explained as
follows. During freeze drying process, the aggregation
of nanocellulose can occur due to the increasing
interfibrillar interactions (van der Waal forces and
hydrogen bonding), leading to reduced surface area
and decreasing binding sites for Hg®" ions in the
NOCNEF scaffold. In the filtration column application,
the primary adsorption mechanism is dominated by
the electrostatic interactions between carboxylate
groups and the Hg”>" ions, where the mineralization
process probably does not occur. To improve the total
removal efficiency of the column, one needs to
increase the total carboxylate content of the adsorbent
by raising: (1) the degree of CNF oxidation, (2) the
total loading of NOCNF, and (3) the surface area of
NOCNEF. Furthermore, we argue although the removal
efficiency of solid NOCNF is not as good as NOCNF
in suspension, the transportation cost of the formal
may be much more cost-effective than the latter.

Conclusions

This work demonstrates an effective nanocellulose-
based adsorbent system (in suspension or solid form)
for mercury removal that was developed from
untreated moringa plant using the nitro-oxidation
method. The structure, property and functionality of
the resulting NOCNF was thoroughly characterized by
SEM, TEM, AFM, FTIR, WAXD, TGA and DTG
techniques. The nitro-oxidation method appears to be
a useful approach that can extract nanocellulose
adsorbents from many other raw biomass sources.
The present mercury remediation study using NOCNF
comprises of three major activities to investigate
(i) the adsorption mechanism of NOCNF in suspen-
sion against Hg*" ions; (2) the effects of pH and time
on the adsorption capacity and removal efficiency of
Hg>* by NOCNF; and (3) the deployment of NOCNF
suspension as an adsorbent/coagulant system, and of
solid NOCNF adsorbent in filtration column. In the
mechanism study, it was found that at low Hg2+
concentrations (< 250 ppm), the removal mechanism
was dominated by electrostatic interactions between
Hg”>" and COO™ on the NOCNF surface; at high Hg*"
concentrations (> 1000 ppm), the removal mecha-
nism was dominated by the mineralization process of
HgO crystal formation in the NOCNF scaffold. As a
result of the mineralization, the maximum adsorption
capability of NOCNEF for the Hg> ™ removal at pH = 7
was 257.07 mg/g, which was the highest among all
mercury adsorbents reported thus far. Finally, we
observed that the removal efficiency by the NOCNF
suspension was higher than that of the solid NOCNF
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adsorbent in filtration column as expected. However,
the practical depolyment value for each system will
depend on the detailed techno-economic assessment
of the technology that is also location dependent.
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