Water Air Soil Pollut (2021) 232:305
https://doi.org/10.1007/s11270-021-05245-6

q

Check for
updates

Nanocellulose-Based Materials and Recent Application

for Heavy Metal Removal

Hazigatulhanis Ibrahim - Norazlianie Sazali
Wan Norharyati Wan Salleh - Ahmad Fauzi Ismail

Received: 21 November 2020 / Accepted: 23 June 2021

© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract Among numerous sustainable advanced
nanomaterials, nanocellulose is receiving increasing
attention for its utilization in water treatment tech-
nologies due to its various specific properties and
functionalities. The term ‘“nanocellulose” is used
for cellulosic material having a nanoscopic scale (or
nanoscale) for their dimensional characteristics. It can
be obtained in three different forms, which are fibrous
form, crystalline form, or bacterial form. One of the
benefits of this natural polymer is that it can be found
abundantly on Earth, as most plants or waste contains
the cellulose. For decades, this material has been
widely used in various applications, mainly in water
purification, with current studies focusing on sur-
face functionalization of nanocellulose to enhance its
properties. This brief review aims to provide the read-
ers with the recent studies (year 2015 to year 2021) of
nanocellulose properties, alongside the application of
the material for removal of heavy metals from water
and its reusability efficiency. In this regard, the main
limitations for the specific applications of nanocel-
lulose-based materials and its future prospective are
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identified in an effort to make possible enhancements
in the future.
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1 Introduction

There have been tremendous progress in modern,
environmentally friendly, economical, and sustain-
able advanced materials which exhibit remarkable
characteristics and functionalities primarily due to
the increment in greenhouse gas emissions, crude oil
depletion, and increasing global demand for advanced
materials for various high-end applications (Dusastre
& Martiradonna, 2017; Jiang et al., 2018; Kim et al.,
2015; Moon et al., 2011). Cellulose-based materi-
als have a well-aligned nanocellulose (NC) com-
position for its structural hierarchy. This material is
also deemed to be the viable alternative to replace
petroleum-based polymers, since it can be found
abundantly on Earth, is extractable from renewable
source (e.g., wood, plants, fruit peel) and biodegrad-
able, and has ease of use in surface modification and
functionalization for specific applications. This helps
to decrease the dependency on non-renewable natu-
ral resources and retard the depletion percentage of
non-renewable sources (Kim et al., 2015; Tang et al.,
2016).
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Fig. 1 Chemical structure of cellulose (Richards et al., 2012)

The major components in plant cell walls are cel-
lulose, hemicellulose, and lignin; with a percentage
of approximately 35-50%, 20-35%, and 10-25%,
respectively, by dry weight of biomass. Lignin in the
cell serves as a binder between the components and
the stiffness for different plants can be described by
the percentage of lignin found in the source (Moon
et al., 2011). Figure 1 illustrates the standard chemical
structure of cellulose. To obtain NCs, cellulose-based
materials need to undergo pretreatment in order to
eliminate unnecessary components, such as lignin and
hemicellulose, and for material breakdown into its
nanoscale structure. Reported findings mentioned that
nanocellulose has a large specific area (100-200 g/
m?), superior mechanical properties (7.5-7.7 GPa
tensile strength and 110-220 GPa for Young’s modu-
lus), good resistance to chemical substance, tailored
crystallinity, and ease of surface modification (Chen
& Hu, 2018; Thomas et al., 2018). These unique char-
acteristics offer potentialities for various applications,
such as in membrane technology, electronic devices,
and energy applications. Three different types of NCs
can be obtained, which are cellulose nanofiber (CNF),
cellulose nanocrystal (CNC), and bacterial cellulose
which depend on the method of extraction; however,
bacterial cellulose is not included in this review.

Over the last decade, the methods of nanocellulose
synthesis and extraction have been reported by many
researchers. NCs are preferred over cellulose, as they
provide higher surface area-to-volume ratio and are
lighter in weight, which is beneficial in the removal
of pollutants from water (Lavanya et al., 2011). Rapid
globalization and industrialization have led to increas-
ing issues of having potable water in the future.
Therefore, water treatment and purification for both
wastewater and potable water have been some of the
most important issues that need to be tackled, next to
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the energy issue. Water bodies are polluted with vari-
ous types of impurities, such as heavy metals, dyes,
and bacteria. The current method applied for water
treatment is based on ion-exchange resins, which may
produce secondary pollution by regeneration of resins
(Dong et al., 2018; Joseph et al., 2020). This review
paper aims to deliver a brief explanation on the prepa-
ration methods of nano-sized cellulose-based material
and summarize the available literatures on the utiliza-
tion of this green (i.e., clean) material, NC, in remov-
ing heavy metals via water treatment application.

2 Nanocellulose Properties and Extraction
Method

The first step to extract NCs is by removing unwanted
components, which are hemicellulose and lignin,
from the lignocellulosic biomass or any cellu-
lose source. In this step, there are two pretreatment
approaches known as alkali treatment and bleach-
ing treatment (Phanthong et al., 2018). Researchers
nowadays focus on agricultural wastes as the main
cellulose source due to its dual purpose in protecting
the environment and reducing waste (waste valoriza-
tion) (Chen & Lee, 2018). Table 1 shows the compo-
sition of major constituents in various lignocellulosic
sources.

2.1 Alkali Treatment

For this step, cellulose source is processed with alka-
line substance. Two main chemical substances usually
used for this process as found in literature are sodium
hydroxide and potassium hydroxide. These chemicals

Table 1 Three major percentage of components from various
sources (extracted from Malucelli et al. (2017))

Source Composition (%)

Component Cellulose Hemicellulose Lignin Others

Corncob 28-34 39-47 21-29 5-12

Sugarcane 45 30 2022 3-5
bagasse

Coconut fiber 31-32 25-26 33-37 5-11

Wheat straw 3743 31-37 18-22 2-14

Pineapple leaf 34-40 21-25 25-29 8-10

Hardwood 43-47 25-35 16-24 2-8
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eliminate the hemicellulose and small fraction of
lignin present in the fiber before dialyzed using water
until neutral pH is achieved. Mohamed et al. (2015)
in their paper have described the detailed methodol-
ogy for this pretreatment step, in which they extracted
cellulose from recycled newspaper. Other research-
ers have conducted experimental work to obtain CNF
from rice straw (Sharma et al., 2017). In their paper,
they studied different concentrations of NaOH used
to soak the rice straw waste ranging from 8 to 16%
before heating the material for 60 to 120 min at tem-
perature of 90 to 160°C.

2.2 Bleaching Treatment

Bleaching treatment, or also known as delignification
process, helps to remove the majority of lignin from
the cellulose source through the use of two chemicals,
which are sodium chlorite and acetic acid. As the
name suggests, the bleaching process results in white
residues (Phanthong et al., 2018). However, some
of the cellulose sources will need to repeat this step
several times before the white samples are obtained.
If the pretreatment is done overnight, step repetition
is not needed, as the white product will be obtained.
Similar to alkali treatment, the sample will have to
be washed until it reaches pH 7 and then dried in an
oven before further treatment can be done. Removal
of lignin and hemicellulose can be confirmed by Fou-
rier transform infrared spectroscopy (FTIR) analysis
(Bisla et al., 2020). Figure 2 shows the FTIR analy-
sis presented by Bisla et al. (2020) in their published
work on CNF preparation extracted from rice straw.
Comparing the graph in Fig. 2(a) with Fig. 2(b), some
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Fig. 2 FTIR spectra for (a) rice straw, (b) pristine CNF, and
(¢) functionalized CNF (Bisla et al., 2020)

of the peaks are reduced, while Fig. 2(c) illustrates
development of new peaks due to functionalization
with new functional group.

2.3 Nanocellulose Isolation

Acid hydrolysis and mechanical treatment process are
two techniques for isolating nanocellulose from the
pretreated sample. Depending on this step, the type of
cellulose obtained will differ and it can be classified
into two forms: crystal form or fibril form.

2.3.1 Acid Hydrolysis

Acid hydrolysis is a process that utilizes strong acid
(e.g., sulfuric acid, hydrochloric acid, nitric acid) or
mild acid (e.g., formic acid, phosphoric acid, acetic
acid) to remove the amorphous region from cellu-
lose fiber, leaving the material with high crystallin-
ity structure. For example, sulfuric acid hydrolyzed
the amorphous region through esterification of —OH
groups by the SO,* ions. It helps to form a stable
colloidal dispersion of NC. Recently, Septevani et al.
(2020) published a technical report on their study on
two different acids used for NC synthesis, which were
sulfuric acid and phosphoric acid. Three parameters
are vital for this process which can alter the end result
of NC properties. The parameters are as follows: (i)
temperature of reaction; (ii) time of reaction; and
(iii) concentration of acid used. To stop the hydroly-
sis reaction, a volume of cold water is added into
the mixture (Mohamed et al., 2015). After the acid
hydrolysis process is completed, the suspension needs
to achieve pH 7. It can be done by dialyzing the sam-
ple using water or using sodium hydroxide to increase
its alkalinity until a neutral pH is obtained. Table 2
lists the experimental conditions on acid hydrolysis
reported by various researchers.

2.3.2 Mechanical and Chemical Treatment

CNF can be obtained via mechanical treatment
to the cellulose fibers. Different mechanical
approaches were reported in literature such as high-
pressure homogenization (HPH), ultrasonication,
and ball milling (Klemm et al., 2011; Phanthong
et al., 2018). Unfortunately, these mechanically
treated fibers consume high energy input, thereby
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Table 2 Summary of experimental conditions for acid hydrolysis by other researchers

Cellulose source Chemicals used

Experimental conditions Ref

Recycled newspaper 65 wt% H,SO,

60 min, 45°C

Mohamed et al. (2015)

Solid to liquid ratio of 5:100

Oil palm empty fruit bunch 36% H,S0, Solid to liquid ratio of 1:80 Septevani et al. (2020)
62% H;PO, Solid to liquid ratio of 1:185
Rice straw 65 wt% H,SO, 30 min, 45°C Kargarzadeh et al. (2017)
Rice husk 50 wt% H,SO, 60 min, 45°C Kaur et al., (2019, 2020)
Wheat bran 64 wt% H,SO, 30 min, 45°C Xiao et al. (2019)
Solid to liquid ratio of 1:20
Cucumber peels 60 wt% H,SO, 45 min, 45°C Sai Prasanna and Mitra (2020)

resulting in an increased capital cost for the opera-
tion. The first industrial scale-up plant for CNF
production using this technique was set up in 2011
by Inventia in Sweden, where the current produc-
tion units are located mainly in Europe, the United
States of America (USA), Canada, and few Asian
countries (India, China, Japan, and Iran). Figure 3
shows an example of the network-like structure of
CNE.

Figure 4 below demonstrates the schematic of
nanocellulose extraction. The amorphous regions
were removed during acid hydrolysis, leaving behind
a crystalline structure, while the mechanical pro-
cess breaks down the size of cellulose fibers to being
nanosized in diameter. Table 3 outlines the summary
of type of cellulose and its properties (Lasrado et al.,
2020).

nm

158

Generally, both CNF and CNC have fibrous-like
structures but CNC has a sharper structure due to
the removal of amorphous area and some publica-
tions noting the CNC to have whiskers-like structure,
therefore explaining the other known name for CNC
which is cellulose nanowhiskers. For CNC, the crys-
talline structure is visible when observed via TEM
rather than SEM. Examples of SEM and TEM images
for CNC can be referred to in Fig. 5.

3 Heavy Metals in the Environment
One of the major pollutants that is still under exten-
sive investigation by researchers are heavy metals,

which can be categorized into two: anion (—) and
cation (+). Under normal conditions, the human

TOCN-PEI

Fig. 3 SEM images of TEMPO oxidated CNF and TEMPO oxidated CNF grafted with polyethyleneimine (Zhang et al., 2016)
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Table 3 Summary of
type of cellulose and its
properties are outlined in

Nanocellulose
type

Extraction method

Dimensions

Characteristics

table below (extracted from CNF
Lasrado et al. (2020))

CNC

Mechanical treatment

Acid hydrolysis

e Network-structured
nanofibers

e Diameter range
between 5 and
60 nm

e Rod-shaped crystal-
like particles
o Diameter range

o Low crystallinity
o Longer length
e Low aspect ratio

o High crystallinity
e Shorter length
e Low aspect ratio

between 5 and
70 nm

e Length range
between 100 and
250 nm

body can usually withstand metal traces without
experiencing serious health issues. However, pollu-
tion of water by heavy metals has become a seri-
ous concern worldwide. Fu and Wang stated that
heavy metals are metals that have an atomic weight
between 63.5 and 200.6, with a specific grav-
ity higher than 5.0 (Fu & Wang, 2011). Threats
to water quality are due to industrial activities by
humans and discharge of municipal waste directly
into the water streams. According to Andrews et al.
(2004), there are only 1% continental freshwa-
ter available for daily use, and with the increasing
trends in global population, scarcity of pollution-
free water will become the next global issue in no
time. The World Health Organization (WHO) and
relevant government agencies have published the

guideline for optimum concentration of heavy met-
als in drinking water but it differs according to
country. Table 4 displays the limit for drinkable
water standards for common heavy metals, as estab-
lished by WHO.

The presence of the aforementioned toxic con-
taminants in water threatens the environment and
all living organisms, especially marine life. Unlike
organic contaminants, these heavy metals are not
biodegradable and can cause serious hazards to
humans and animals; Table 5 lists some of health
hazards known. Commonly, heavy metals are dis-
charged into the water bodies through industrial
processing activities, such as mining, metal plating,
and fertilizer industry, among others.
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Fig. 5 Images of carboxylated CNC-PEI composite, (a) SEM and (b) TEM (Liu et al., 2017)

Table 4 Permissible limits for heavy metals in drinking water

Toxic contaminant Permissible limits ~ Ref

(ppm)
Copper 2 WHO (2004)
Chlorine 5 WHO (2003a)
Cadmium 0.003 JECFA (2000)
Chromium 0.05 WHO (2003b)
Lead 0.01 WHO (2003c)
Zinc 3 WHO (2003d)
Nitrate 50 WHO (2005)

Table 5 Health hazard possessed by heavy metals exposure

4 Recent Applications of NC-Based Materials
in Water Treatment

Clean water resources are very important for living
creatures to ensure a healthy life. Thus, contami-
nation of water bodies is considered as a threat to
the population. Rapid globalization increases the
amount of wastewater containing harmful chemicals
being discharged into the water streams due to esca-
lation of agricultural and industrial activities. Sev-
eral approaches have been introduced to efficiently
purify the contaminated water source and wastewa-
ter. Among the extensively studied techniques, ion
exchange is an approach used for the elimination of
unnecessary metals from wastewater (Joseph et al.,

Heavy metals Health hazard Ref

Lead Carcinogenic, anemia, sore muscle  Dobrowolski et al. (2017); Shahzad et al. (2018); WHO (2003b, 2003d, 2003c,
and joint, high blood pressure 2004)

Nickel Chronic bronchitis, lung cancer

Zinc Restlessness

Chromium Carcinogen, lung tumor

Copper Neurological illness, hypertension,
nose irritation, and autism

Cadmium Carcinogenic, lung fibrosis, dyspnea
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2020). However, the disadvantage of this process
is that the regeneration of resins for ion exchange
needs to be done by chemical reagents, which may
cause severe secondary pollution. Furthermore, this
technique is costly and unfeasible for water man-
agement at a large scale. Presently, adsorption is a
known technique that utilizes NC-based materials.

4.1 Adsorption

Adsorption can be defined as a process involving
liquid solute or adsorbate that builds up onto the
adsorbent surface (Singh et al., 2018). Figure 6
illustrates the basic adsorption mechanism (Worch,
2012). Adsorption can be divided into two catego-
ries, which are physical adsorption (physisorption)
and chemical adsorption (chemisorption). To dif-
ferentiate the two types of adsorption, the attraction
between sorbent surface and adsorbate was evalu-
ated. Physisorption involves natural interaction
between molecules and weak van der Waals force,
while chemisorption involves the chemical bond-
ing that possesses strong attraction between mol-
ecules. Adsorption has been known as an attractive,
simple, and inexpensive route for removal of heavy
metals from wastewater containing low concentra-
tion of pollutants. A group of researchers has criti-
cally evaluated the suitability of adsorption method
in heavy metal removal and described adsorption as
an excellent operative method due to its easy oper-
ating procedure and low cost compared to other
approaches (Hadi et al.,, 2016). Additionally, the
adsorbent can be recovered by a suitable desorp-
tion method and this technique is deemed a revers-
ible process. To efficiently eliminate excess metals,
dominant charges carried by the pollutant in waste-
water have to first be identified, whereby suitable
modification can be done accordingly to the surface
of the NC.

Desorption

quwdphasew O O O? O OT O 0 . Adsorbate

) Adsorptson I

Surface ‘ Adsomed phase

Solid phase ."_':'ZA"- ‘~' '.':'Z,': ." ’ _" ’&r— Adsorbent

Fig. 6 Simple illustration of adsorption (Worch, 2012)

4.1.1 Adsorption Parameters

Numerous factors can influence adsorption, such as
the pH of solution, concentration of metal ions, and
adsorbent dosage. Optimization needs to be done on
the parameters to enhance the development of real-
scale heavy metal removal based on this approach.
Optimized condition of variables offers higher
adsorption capacity, and thus developing an effec-
tive technique for elimination of metal contaminants.
The initial and final concentrations of metal element
studied were measured using one of the following
spectrophotometers: atomic absorption spectroscopy
(AAS), ultraviolet visible range (UV-Vis), induc-
tively coupled plasma optical emission spectroscopy
(ICP-OES) or its other name, inductively coupled
plasma atomic emission spectroscopy (ICP-AES).
Basically, ICP technology is superior compared to
other method as it has higher sensitivity and is able to
trace multiple elements at the same time. In terms of
cost, UV-Vis offers the cheapest solution but with the
drawback of being unable to differentiate elements
that absorb the same wavelength. In this process, pH
is considered as a critical variable, as it affects the
degree of ionization of the adsorbate and solubil-
ity of metal ions, as well as the concentration of the
adsorbate ions on the functional groups of the adsor-
bents (Awang et al., 2019; Joseph et al., 2019). Gen-
erally, most heavy metals found in wastewater are in
a cationic state. At low pH, positively charged heavy
metal ions compete with hydronium ions, H3O+, to be
bound to the adsorbent surface. Thus, the adsorption
capacity of the adsorbate to the adsorbent decreases
significantly. A similar situation is observed when the
adsorption reaction takes place in a higher pH con-
dition. The performance of adsorption will decrease
due to fewer active sites available for the binding of
adsorbate to take place.

Another crucial parameter that influences the
uptake of metal ions is the initial concentration of
metal ions. The higher initial concentration of heavy
metals in solution increases the adsorption capac-
ity, as it will be driven by the concentration gradient.
However, the adsorption performance declines when
the initial concentration exceeds the optimum value
due to insufficient binding sites available on the sur-
face of adsorbent. Above the optimum concentration,
the binding sites become saturated and excess metal
ions are left unadsorbed. This leads to decreasing
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removal percentage of ions from the solution. Adsor-
bent dosage is indeed a significant element in adsorp-
tion, which determines both the removal percentage
and process economics. Increasing adsorbent dosage
to a certain limit offers more adsorbing sites for the
metal contaminants to bind, thus increasing the effec-
tiveness of ion removal from the solution (El-Tawil
et al., 2019). On the other hand, adsorption capacity
decreases with increasing adsorbent dosage due to
unsaturation of metal ions on the adsorbent surface.
After reaching the optimum dosage, no significant
elevation of removal percentage is reported; further
increase in dosage amount leads to a decrement in
removal efficiency (Gorzin et al., 2018).

4.1.2 Adsorption Mechanism

According to Singh et al. (2018), adsorption isotherm
conveys the linkage between concentration of heavy
metal ions and amount of adsorbate on surface of
adsorbent at fixed pH and temperature. To simplify,
the interaction of ions and adsorbents is characterized
by this isotherm. Determination of isotherm models
is applicable for batch adsorptions that have varying
initial concentrations of metal ions, in which different
models are based on different assumptions made on
the adsorption mechanism. Two commonly used iso-
therm models in the adsorption study are Langmuir
and Freundlich models.

The Langmuir model assumes the process to be a
monolayer type of adsorption, where the adsorbate
binds on the surface of adsorbent only in one layer.
The model equation for Langmuir isotherm (Singh
et al., 2018):

=g K, ——&%
9e Im L1+KLCe (1)

where C, (mg/L) is metal ion concentration at
equilibrium, q, (mg/g) is the amount of metal ions
adsorbed at equilibrium, K; (L/mg) is Langmuir
constant, and q,, (mg/g) is the maximum adsorption
capacity. The affinity and the favorableness between
the adsorbent and the adsorbate also can be predicted
by using Langmuir constant K; from the dimension-
less constant separation factor, R;=1/1+K;C,.
C, is the initial concentration of adsorbate in milli-
grams per liter. Ranges of R; values are as follows:

@ Springer
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Fig. 7 Freundlich isotherm assumed multiple layer adsorption
process

(1) irreversible (R; =0), (ii) favorable (0 <R;<1), (iii)
linear (R; =1), and (iv) unfavorable (R; > 1).

For the Freundlich isotherm, it defines the process
to be a multilayer adsorption, as seen in Fig. 7. The
model equation for Freundlich isotherm is (Maleki &
Karimi-Jashni, 2017; Singh et al., 2018):

1
4. = K;C: @

where C, (mg/L) is metal ion concentration at
equilibrium, q, (mg/g) is the amount of metal ions
adsorbed at equilibrium, K, (L/mg) is Freundlich
constant, and 1/n is heterogeneity factor. The value
of heterogeneity indicates the favorability of adsorp-
tion, such as (i) irreversible (1/n=0), (ii) favorable
(0O<1/n<1), and lastly, (iii) unfavorable (1/n>1).
These theoretical models are employed to fit the val-
ues obtained in experimental work.

4.1.3 Recent Applications Using NC-Based
Materials as Adsorbent

Sehaqui and co-workers conducted a study on effect
of pH on copper (II) ion removal by TEMPO-oxidized
CNF (TOCNF) adsorbent (Sehaqui et al., 2014).
Increasing linear performance was observed when
the pH acidity was lowered from pH 3 to pH 7. They
suggested that the adsorbent gives optimum result of
heavy metal adsorption when the pH is near neutral.
A similar result was obtained by Zhang et al. (2016).
They reported an adsorption study on Cu removal
using TOCNF grafted with polyethyleneimine (PEI).
From their findings, the zeta potential when the acid-
ity of pH was lowered had decreased from+23.40



Water Air Soil Pollut (2021) 232:305

Page9of 16 305

to+9.55 mV. This shows the deprotonation of
heavy metal ions, and thus increasing performance
of adsorbate on the surface adsorbent. Most stud-
ies on copper ion removal reported a similar range
of optimum pH which is at weak acidic condition to
nearly neutral, pH 5 to pH 7. Beyond the optimum,
the metal ion started to precipitate due to the presence
of hydroxyl ions. In addition, surface functionaliza-
tion of NC also helps to enhance the adsorption per-
formance, as it offers more surface area for adsorbate
binding (Navarro et al., 1996). Through the isotherm
study, the adsorption process was found to have fit
the monolayer adsorption mechanism. Morphology
structure of the adsorbent can also affect the adsorp-
tion performance. Carboxylated NC-sodium alginate
beads adsorbent (Fig. 8a) for metal removal were
observed to have the capacity to adsorb 338.98 mg/g
of Pb ions from an initial concentration of 400 ppm
(Hu et al., 2018). The injection of carboxylated CNC
into the sodium alginate hydrogel helps in improving
the mechanical stability as well as increasing the neg-
ative charges carried by carboxylate ions. Similarly,
an experiment to employ CNF-PEI aerogel beads
was done by Li et al. (2018). They conducted batch
removal of Cu (I) ions and Pb (I) ions separately
and both showed an excellent removal performance
with more selectivity towards Pb ions.

Singh et al. (2014) attempted to remove anionic
heavy metal using aminated CNC. To remove anionic
metal, they incorporated the surface of NC with posi-
tive charged species, and this theory is deemed vice
versa for cationic heavy metal removal. Excellent
adsorption performance was observed, where it was
claimed to have had a removal of 98% of chromium

ions. Yu et al. (2016) prepared poly(acrylic acid)-
grafted bamboo CNF to eliminate copper ions from
water and the result showed a good adsorption effi-
ciency. Other than the graft copolymerization method,
NC-based composite adsorbents are currently receiv-
ing attention, as reported in Li et al. (2018). Superior
Pb removal in a low amount of time was reported in
the published work of Alipour et al. (2020), whereby
99.99% removal has been recorded when the adsorp-
tion was done at optimized parameters. In the adsorp-
tion mechanism of Pb ions with the thiourea-modified
magnetic ZnO/nanocellulose composite, hydroxide,
amino, and sulfur groups dominated the removal of
the metal. The simplest explanation that can be con-
cluded is positively charged Pb ions are attracted to
the anionic groups presented in the adsorbent. Com-
posite NC-based adsorbent showed a good potential
as the replacement for current commercial adsorbent.
Next, a novel technique of lignocellulosic fiber func-
tionalization using neem oil phenolic resin emulsion
was introduced by Manna et al. (2017). In the above-
mentioned work, it was stated that rapid adsorption
had occurred due to the coupled effect of electro-
static interactions. Meanwhile, magnetic adsorbent
has good performance in regeneration studies as sug-
gested by Alipour et al. (2020). Modified CNF syn-
thesized by Bisla et al. (2020) to remove mercury ions
has also produced a significant removal performance
at the optimum conditions owing to the functional
groups present on the CNF backbone. The mecha-
nism of the adsorption reaction can be seen in Fig. 9,
where there would be two possible adsorbed products
as both sulfides and amino appear to bond with the Hg
ions. The latest achievement in nanocellulose-based

1 - Honeycomb
structure
-

Fig. 8 Structural difference of hydrogel reported by researchers, (a) carboxylated CNC/sodium alginate (Hu et al., 2018) and (b)

TOCNF/TMPTAP/GO (Mo et al., 2021)
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Fig. 9 Reaction mechanism of Hg ion adsorption to L-methionine functionalized CNF (Bisla et al., 2020)

adsorbent was from the work by Mo and co-workers
(2021). They claimed that their adsorbent in the form
of wood-inspired aerogel can eliminate Pb ions in a
very short time, approximately 10 min, while other
types of metals (Cu, Zn, Mn, and Cd) could also
be eliminated but at a comparable rate with other
reported work. The maximum adsorption capacity for
Pb ions removed was 571 mg/g. The unique proper-
ties of their adsorbent with combination of TOCNF,
trimethylolpropanetris-(2-methyl-1-aziridine) propi-
onate (TMPTAP), and graphene oxide (GO) provide
more active sites for the binding of metal ions, and
these have resulted in excellent adsorption perfor-
mance. The difference of aerogel structures between
studies done by Hu et al. (2018) and Mo et al. (2021)
was presented in Fig. 8. Next, Table 6 exhibits a sum-
mary on recent NC-based adsorbent for heavy metal
removal done by previous researchers.

An important characteristic of adsorbent that
should be highlighted is its reusability after mul-
tiple adsorption cycles, which carry a significant
impact on the feasibility of the process in indus-
trial applications. In the recent publications, only
few researchers included the recovery and recycla-
bility study, but its possibility has been mentioned
by many (Mahfoudhi & Boufi, 2017). NC-based

@ Springer

aerogel adsorbent synthesized by Mo et al. (2019)
was reported to exhibit an excellent desorption-
regeneration ability up to four cycles with Cu
(IT) ion removal efficiency of more than 80% at
the 4 cycle. For ease of desorption process, NC
adsorbent could be pair with magnetic compound.
Adsorption performance is likely to be decreas-
ing after each cycle but with the introduction of
magnetic materials in the chemical structure, the
recovery percentage of adsorbent is enhanced, and
hence better efficiency of metal removal. Regenera-
tion test of magnetic carboxylated CNC prepared
by a group of researchers revealed that it was able
to retain Pb (II) ion removal ratio of more than
80% after the 5™ consequent adsorption—desorp-
tion cycles (Lu et al., 2016). Magnetic force was
used to recover the adsorbent and the CNC was
then treated using acid prior to the next adsorp-
tion cycle. Similarly, TZFNC magnetic adsorbent
desorption studies were reported by Alipour et al.
(2020) using nitric acid but with additional process
of ultrasonification. The developed adsorbent was
successfully regenerated with efficiency close to
100% attributed to the ultrasonification treatment.
An excellent metal removal performance was dis-
played in the work by Chai et al. (2020) whereby
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Table 6 Experimental adsorption study done by previous researchers

Types of adsorbent Targeted  Measure-  Optimum condition Adsorption isotherm model Ref
heavy ment
metals technique
Enzymatically phosphorylated Cu (I) ICP-OES  pH: 4 - Liu et al. (2015)
CNC m:02g
C,: 50 ppm
Electrosterically stabilized Cu (II) ICP-ES pH: 4 - Sheikhi et al. (2015)
CNC C,: 300 ppm
Qe 185 mg/g
CNC modified with NaNO,/  Ni (II) ICP-AES  C,: 50 ppm - Oyewo et al. (2019)
NaHCO; pH: 7.10
Qi 956.6 mg/g
Cd (D C,: 50 ppm -
pH: 7.10
q.: 2207.0 mg/g
Carboxylated CNC-sodium Pb (1ID) AAS pH: 5.2 Langmuir Hu et al. (2018)
alginate m:05g q.: 338.98 mg/g
Time: 180 min b: 0.17 L/mg
r*: 0.99
Carboxylated CNC Pb (IT) AAS pH: 5 Langmuir Wang et al. (2017)
C,: 50 ppm qe: 232.56 mg/g
Time: 48 h K;:0.03 L/mg
r*: 0.99
Carboxylated CNC-polyethyle- Cr (VI) - pH: 3 Langmuir Liu et al. (2017)
neimine (PEI) C,: 300 ppm q.: 358.42 mg/g
Time: 240 min K;:0.03 L/mg
r*: 0.99
CNC Pb (1) ICP-OES pH: 6 Langmuir Abiaziem et al. (2019)
Time: 30 min q.: 6.4 mg/g
b: 0.50 L/mg
r*: 0.99
TOCNF-PEI Cu (I ICP-AES pH: 5 Langmuir Zhang et al. (2016)
C,: 50 ppm qe: 52.32 mglg
b: 0.17 L/mg
% 0.99
Freundlich
Kg: 31.05
n: 10.41
r’: 0.92
CNF/PEI aerogels Cu (ID AAS - Langmuir Liet al. (2018)
Qe 175.44 mg/g
K;:0.03 L/mg
r’: 0.99
Freundlich
Kg: 40.93
n: 4.00
r’: 0.96
Pb (1) Langmuir
qe: 357.14 mg/g
K;: 0.04 L/mg
% 0.99
Freundlich
Kg: 40.93
n: 3.16
% 0.94
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Table 6 (continued)

Types of adsorbent

Targeted
heavy
metals

Measure-
ment
technique

Optimum condition Adsorption isotherm model Ref

NC-PEI/GA

CNC

Thiourea-modified magnetic
ZnO/nanocellulose compos-
ite (TZFNC)

CNC

As (V)

Cu (I)

Pb (D)

Pb (ID)

ICP-OES

AAS

ICP-AES

AAS

pH: 3
C,: 20 ppm

pH: 8
C,: 50 ppm

pH: 6.5
C,: 60 ppm
Time: 14.5 min

pH: 8
C,: 10 ppm
Time: 70 min

Langmuir

q.: 255.19 mg/g
K;:0.04 L/mg
r: 0.98

Freundlich

Kp: 47.89

n: 3.33

%1 0.80
Langmuir

q.: 13.003 mg/g
K;:0.444 L/mg
1 0.97
Freundlich

Kg: 0.495

n: 1.40

%1 0.99
Langmuir

q.: 554.4 mg/g
K;: 1.98 L/mg
1% 0.85
Langmuir

q.: 6.101 mg/g
%1 0.96

Chai et al. (2020)

Kaur et al. (2019)

Alipour et al. (2020)

Kaur et al. (2020)

L-Methionine functionalized Hg (II) UV-Vis

pH: 7.8
CNF C,: 300 ppm

Freundlich

1 0.99
Langmuir

q.: 131.86 mg/g
K;:0.1068 L/mg
R;:0.1577

2 0.99

Freundlich

Kg: 43.39 mg/g
n:2.13

1%:0.48

Bisla et al. (2020)

up to eight cycles of adsorption—desorption process
were conducted. Due to the acidic nature of their
synthetic wastewater, the NC adsorbent crosslinked
with PEI and glutaraldehyde (GA) was subjected to
alkali treatment for desorption process instead of
acid. The removal efficiency showed an adequate
performance even after the 8" cycles. In short, NC-
based adsorbent can be easily regenerated using
a suitable treatment, while addition of magnetic
compound increases the percentage of adsorbent
recovery.

@ Springer

5 Conclusion and Future Perspectives

This paper has briefly discussed the extraction method
of CNC and CNF, and recent studies reported on the
application of NC-based materials for water treat-
ment. NC has long proven to have excellent features
and mechanical properties. However, given those out-
standing qualities, few constraints and limitations still
need to be addressed. One of the constraints is the NC
production source, which is mostly from plant and
forest resources. The depletion of natural plantation
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in the forestry could result in natural disaster if plants
are reaped, harvested, or collected (Chen & Lee,
2018). Therefore, biomass-based materials are often
seen as a better option for NC production by valori-
zation of waste, since they help to protect the envi-
ronment and reduce waste. Sulfuric acid hydrolysis
approach was used for isolation in large-scale product
commercialization of CNC. Benefits of sulfuric acid
are its cost-effectiveness and recyclability. It should
be noted that the isolation of NC is time consuming
and requires high energy input, and some steps even
require the usage of chemical substances that are
harmful to humans and the environment (Abouzeid
et al., 2019; Phanthong et al., 2018).

Copper and lead are the most common heavy
metals studied for adsorption process due to large
amounts of those metals found in wastewater. How-
ever, industrial wastewater contains multiple mix-
ture of heavy metal ions along with other pollutants.
Therefore, extensive research needs to be done for the
optimization of process conditions and selection of
suitable materials. NC surface modification and func-
tionalization play a key role in the NC-based adsor-
bent development for water treatment. The limitation
on NC-based adsorbent is its capability in large-scale
wastewater, where the target metals are not only a sin-
gle metal. Different metals have different optimum
conditions and more studies need to be done for single
and binary metal removal, followed by more mixture
of metals. To date, most of NC-based adsorbents have
shown a great potential in single metal removal but
not many published on binary metal removal due to
the complexity of the ionic process. For mixtures con-
taining more than one type of metal, the morphology
of the nanocellulose is the most important factor that
needs to be addressed. However, the properties of the
pollutant in the water must be known first, whether it
is cationic or anionic, for the adsorbent to work effi-
ciently. Improvement could be made by incorporat-
ing the NC-based adsorbent studied into membrane
(adsorptive membrane). As aforementioned, one of
the advantages of using NC as adsorbent is the ease
of modification to the surface according to applica-
tion need. NC, regardless of its type either CNC or
CNF, may be transformed into membrane itself or
serve as an additive, embedded in other membranes.
These hybrid adsorption-membrane technology and
surface modification help to alter the charge content
on surface and its reactivity for an enhanced reaction

with the contaminants found in water by additional
incorporation of functional groups, such as amino,
carboxyl, silanol, and carboxylate.

While the production of CNC and CNF has been
patented and commercialized, technology develop-
ment of large-scale industrial production of NC-
based composites remains a challenge. To overcome
this, various attempts have been made in search of
new process innovations that can improve the exist-
ing technology. For a larger scale study, the addi-
tional concerns are the maintenance cost of machines
and equipment, management of wastewater from the
process, and total energy consumption. Future study
should include brief costing analysis to evaluate the
process feasibility of water treatment and purifica-
tion. Simulation software, such as HYSYS, can help
to evaluate the total energy used by plants and its
cost. Another way to reduce the total cost is by uti-
lizing biomass as the cellulose source and produc-
ing CNC and CNF concurrently (Bian et al., 2017).
Numerous researchers and industries have performed
various research activities to maximize the produc-
tion in commercializing NC-based materials. NC-
based materials are currently still in the developing
phase, and their applications in various field areas
(i.e., membrane separation, drug delivery, and pack-
aging industry) are expected to grow rapidly. Overall,
NC-based materials are sustainable materials and the
utilization of these materials offers solution to many
challenges in the modern world, especially in water
treatment for heavy metal removal.

Funding The authors received the financial support from
Universiti Malaysia Pahang under grant number PGRS200301
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