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Silicon-containing compounds such as silica are effective heavy metal sorbents which can be employed in
many applications. This is attributed to the porous nature of hydrothermally-stable silica, endowing such
materials with high surface area and rich surface chemistry, all responsible for improving adsorption and
desorption performance. However, to this day, the wide application of silica is limited by its skeletal
brittleness and high production cost coupled with a risky traditional supercritical drying method. To solve
the named problems, herein, precipitated silica agglomerates (referred to as PSA) was crosslinked with
TEMPO-oxidized cellulose nanofibrils (TO-CNF) as a reinforcement in the presence of 3-
aminopropyltriethoxysilane (APTES), via a facile dual metal synthesis approach, is reported. The resultant
new silica-based sponges (TO-CNF PSA) showed desirable properties of flexibility, porosity and
multifaceted sorption of various heavy metals with re-usability. The experimental results showed
maximum adsorption capacities of 157.7, 33.22, 140.3 and 130.5 mg g~ for Pb(i), Hg(), Cr(n) and Cdi)
ions, respectively. Such a facile approach to modify silica materials by attaching active groups together
with reinforcement can provide improved and reliable silica-based materials which can be applied in
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Introduction

Silica has attracted and continues to gather global attention
because of its fascinating properties and unique attributes
including low dielectric constant (1.1-2.2), low index of refrac-
tion (~1.05) and ease of surface modification."” These proper-
ties are required in numerous applications such as thermal
insulation, cosmic dust collectors, oral detoxication, catalysis,
separation of oils and organic liquids, sensors, heavy metal
aqueous waste remediation, oil spill clean-up and many
others.*®* Amongst these, heavy metal removal by silica and
silica-based adsorbents has been extensively investigated.”
However, their poor mechanical properties dictated by their
skeletal brittleness are some of the underlying problems which
limit their wide application.*®

The silica skeletal brittleness can be solved by employing
reinforcements in the form of polymers via chemical surface
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water treatment, gas purification, thermal insulation etc.

crosslinking chemistries, strengthening the silica with multi-
functional nanoparticles or treatment with silylating agents®
and networking with and/or in 1D fibrous materials.’®
Successful reinforcement of silica with multifunctional nano-
particles in the recent past was demonstrated by Harb et al.™
whereby graphene oxide and carbon nanotubes were employed
via hydrolytic condensation of tetraethoxysilane.

Nanofibers reinforcement seems to be better approach due
to unique properties of 1D fibrous morphologies which are able
to present unlimited mechanical properties, high surface area
and facile modification techniques towards silica-based mate-
rials.*>** Several works have reported reinforcing of silica with
fiber-shaped nanomaterials (structures) in the form of electro-
spun polymer composite nanofibers and dispersion of the sol in
fibrils or nanofibers suspensions.”>** With the growing
concerns about sustainability, considerable efforts have
recently been targeted towards developing silica reinforcements
derived from renewable resources, for example, nanocelluloses
(NCs).** NCs are a family of unique cellulosic materials with
lateral dimensions in the nano-size range and can exist in 1D
fibrils shapes. In addition, to green advantages such as hydro-
philicity, biodegradability, biocompatibility, reproducibility,
cellulose is one of the most abundant and inexhaustible natural
polymers on earth with abundant -OH groups. However, the
—-OH groups of pure cellulose have a limited adsorption capacity
towards heavy metal ions.'® Improving their adsorption requires
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functionalizing the surface of nanocellulose which can allow
the incorporation of different chemical moieties (moieties such
as amino, carbonyl, sulfo groups and others) and hence
enhance its broad applications for example in binding and
adsorption against pollutants such as toxic heavy metals and
dyes.” The chemical reactivity is highly dependent on the high
donor reactivity of -OH groups. APTES is a silane an organo-
silane with amine group which can chelate metal ions. In
addition, the amount of silica introduced into the cellulose
structure can be uniquely determined by the APTES moieties
that react to the network. The other advantages include ease to
surface modification, low density, high aspect ratio and
impressive mechanical properties among others."*>*

Green and facile synthesis of highly adsorbent, flexible and
multifunctional silica is an excellent approach towards tackling
various world problems. More especially heavy metal removal
from the environment which metals are seen as a growing
health problem worldwide.**** Cadmium, mercury, lead are in
the World Health Organisation's list of top 10 chemicals of
public concern.” The practical techniques to eliminate heavy
metals from polluted and waste waters are urgently required
due to the toxicity associated with non-biodegradability, bio-
accumulation of heavy metal ions.>***° In addition, there are
severe environmental, economic and social impacts associated
with heavy metal pollution.”” At higher concentrations, heavy
metals have neurological impacts, and many are carcinogenic
in nature. Statistics details that heavy metal's toxicity occurs
even at as low concentrations as 1.0-10 mg L™ '.2° Worse still,
some strong heavy metals such as Cd, Hg are toxic in lower
concentrations of 0.001-0.1 mg L™'.*' In fact, several methods
can be used to remove heavy metals such as chemical precipi-
tation, membrane filtration, ion exchange, adsorption and
reverse osmosis.?*??** Nevertheless, most of these methods are
costly or ineffective and can generate secondary contamina-
tions***®* Among them, adsorption is considered the most highly
efficient, cost-effective with a promising and economical
strategy owing to its simplicity, wide adaptability, availability of
different adsorbents, high efficiency without yielding harmful
by-products.’”-**

Interesting works on adsorption were done by Xu et al.******
They exhaustively studied heavy metal removal and the metal
binding capacity on the adsorbents mainly focussing on the
innovative development of adsorbents, biosorption perfor-
mance, re-use, kinetic and isotherm models for future potential
applications. The results showed excellent stability in a wide
range of temperature and pH. In view of the preceding state-
ments and the published reports such as on testing selectivity,
metal binding capacities of adsorbents offered a reasonable
basis for the search for new, inherent, environmentally friendly
and potentially achievable metal adsorbents. Learning from
Twumasi et al.** on preparation and characterisation of the
double metal-silica sorbent for gas filtration, in this work
a facile strategy was adopted to obtain precipitated silica
agglomerates which were later reinforced with cellulose nano-
fibrils prior to utilising the resultant material as an effective
multi heavy metal remover. A parametric study was proposed to
understand the kinetics of adsorption thereby studying the
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potential of silica cellulose-based material in detection and
removal of Pb(u), Hg(u), Cr(m) and Cd(u) ions from aqueous
solution.

A combination of several factors such as porous nature of the
adsorbent where metal ions can physically be trapped and the
presence of amine functional group were considered in select-
ing TO-CNF PSA as an adsorbent for heavy metal ions. Briefly,
the objectives of this work include: (1) search for readily avail-
able, most promising and inexpensive adsorbents from a large
pool of adsorbents that would simultaneously detect and
remove heavy metal ions from aqueous solution; (2) develop the
state-of-the-art material by reinforcement and the introduction
of metal ions chelating agents; (3) apply the adsorbents to
remove heavy metal ions from aqueous solutions, study the
kinetics, isotherms and regeneration and later compare with
the relevant literature. TO-CNF PSA was indeed demonstrated to
have the ability to remove Pb(u), Hg(u), and Cr(m) and Cd(u) ions
from polluted waters. The results showed a high material's
affinity for capturing these heavy metal ions even in co-
existence. Moreover, the silica-based adsorbent also demon-
strated the removal efficiency of above 95% of all the metal ions
tested and the removal efficiency remained above 90% after
multiple adsorption-desorption cycles.

Experimental
Materials and chemicals

Magnesium chloride (MgCl,), calcium chloride (CacCl,),
aqueous ammonia solution (NH;-H,O, 25-28%), n-hexane,
sodium hydroxide (NaOH), hydrochloric acid (HCl, 35%)
ethanol, mercury nitrate monohydrate (Hg(NO3),-H,0), chro-
mium(m) nitrate monohydrate (Cr(NOs);-9H,0), cadmium
nitrate tetrahydrate (Cd(NO3),-4H,0), lead nitrate (Pb(NO3),),
were all purchased from Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). Sodium silicate (Na,O-SiO,) was obtained
from Yixing Kexin Chemical Trading Co. Ltd. (China). 3-Ami-
nopropyltriethoxysilane (APTES) was sourced from Aladdin
Chemical Reagent Co. Ltd. (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO)-CNF was bought from Tianjin Haojia Cellulose
Co., Ltd (China). Milli-Q water was used in all the experiments.
All solvents and reagents were used as received.

Synthesis of PSA

PSA was synthesized according to the Norberg et al.,** and the
equation for the reaction is illustrated as eqn (1). In particular,
water glass (10 mL) having a molar ratio of Na, : SiO; (1 : 3.3)
was added to 50 mL of water and stirred vigorously at 35 °C for
90 min. Then 3 mL of NH;-H,0 was added dropwise to the
mixture solution. 10 mL (1.5 M MgCl, and CacCl,) was added
under heavy stirring, and the solution immediately began to
coagulate. The reaction was continued at 35 °C for 4 h. In order
to obtain high porous PSA structure, elimination of capillary
stress is critical during drying.** The precipitate was centrifuged
and dispersed in 50 mL n-hexane for 2 days. Finally, the wet gel
was dried in the oven under ambient pressure for 2 h at 105 °C.

This journal is © The Royal Society of Chemistry 2018
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The native PSA derived from sodium silicate was crushed into
powder under the small stress of about 30 kPa (Scheme 1A).

1 1
Na;0-18i0; (1) +3MgCl(1) + 3CaCly(1)

— (% Mg, %Ca)O%SiOz (s) + 2NacCl (1)

Preparation of TO-CNF PSA

The preparation started with the covalent coupling of APTES
molecules onto TO-CNF network. 10 g TO-CNF was magnetically
stirred in the presence of 3-aminopropyltrimethoxysilane for
3 h. The resulting cross-linked homogeneous mixture was then
mixed with the already ultra-sonicated 0.2 g PSA under contin-
uous stirring for more 3 h. The obtained mixture, named TO-
CNF PSA was freeze-dried for 24 h to obtain the desired
silica—cellulose nanofibrils adsorbent. The product was pre-
dried at 60 °C for 50 min to promote further crosslinking
prior to use (Scheme 1B).

Metal adsorption studies

The adsorption of the selected metal ions was studied using
a series of various concentrations (50-300 mg L") of the stock
solution prepared by dissolving a calculated amount of metal
salt in Milli-Q water in a volumetric flask (Scheme 1C). The
initial pH of the solution was maintained between 5.5 and 6.5 by
using a few drops of 0.1 M NaOH and 0.1 M HCI solutions, as
this pH was found desirable for the adsorption. Single metal
adsorption was performed in a well-covered 150 mL beaker.
0.3 g TO-CNF PSA modified sponge-like material was immersed
in 100 mL (50 ppm) metal ion solution with magnetic stirring at
160 rpm to ensure excellent dispersion. At predetermined time
intervals (0.1-48 h), the solutions were withdrawn from the
beaker and diluted to meet detection limits and linearity of
calibration curves. Inductively Coupled Plasma Optical
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Scheme 1 Summary of synthesis of PSA, preparation of TO-CNF PSA
and an illustration of TO-CNF PSA in removing heavy metal ions.
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Emission Spectroscopy (ICP-OES) prodigy with a plasma gas
flow was used to measure the initial and residual concentra-
tions of the supernatant according to the procedure described
by Moss et al.** The pump rate was 100 rpm, and the sample
uptake was 1.2 mL min " for 30 s. The wavelength was 283.3,
253.7,267.7 and 214.4 nm for Pb(u), Hg(u), Cr(wr) and Cd(u) ions,
respectively. Initial concentrations were conducted in duplicate,
and their average values were used in analyzing the data. The
metal uptake capacity, ¢ was computed according to eqn (2).

:ﬁ[/
m

(2)

where C, and C; are the initial and residual metal ions
concentrations (mg L") at time ¢ in solution, m is the mass (g)
of adsorbent and V is the volume of adsorbate (L). The amount
of metal adsorbed per unit mass of adsorbent (g.) is the
adsorption at equilibrium (mg g~') and the percentage of
removal efficiency (R%) were calculated according to eqn (3)
and (4), respectively.

Ge= ————xV (3)

CC; x 100 (4)

Lagergren pseudo-first order and Lagergren pseudo-second
order models were employed to evaluate the removal kinetics.
The linearized pseudo-first-order and pseudo-second order
kinetic models are expressed according to eqn (5) and (6),
respectively.*®

ki

log(ge — ¢, ) =log gqe — 3303 t (5)
t 1 t
= 4 6
4 kgl g ©

where g. and g, are the amounts of heavy metals adsorbed (mg
g 1) at equilibrium and time ¢ (h). k; and k, (mg g ') refer to the
rate constants for pseudo-first (eqn (4)) and pseudo-second
order (eqn (5)) model reactions.

Langmuir and Freundlich isotherm models were used to fit
heavy metal removal in this study. Langmuir model assumed
that adsorption occurs through a monolayer homogeneous
adsorbent surface. The model equation is represented as using

eqn (7);

“_ L lg @

qmax

qe B qmaka

where k; is the Langmuir adsorption constant (mg L"), C. is
the equilibrium concentration (mg L") and g, is the equilib-
rium adsorption capacity of adsorbents (mg g™ "). gmax iS the
maximum monolayer adsorption capacity of adsorbent (mg
g7 "), ¢e is the equilibrium adsorption capacity of the adsorbent
(mg g~') and can be calculated by plotting C./q. against C..

The linear form of Freundlich isotherm model is represented
in an empirical equation as follows in eqn (8);
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1
log ¢. = log K¢ — - log C. (8)

where Ky is the Freundlich constant in relation to adsorption
capacity (mg g '), and n is the Freundlich constant representing

. . . 1
adsorption intensity. The values of Ky and ,, can be computed

from the slope and intercept by plotting log g. against log C..

Characterization

The surface morphologies of the sponges were investigated by
Scanning Electron Microscopy (SEM Hitachi TM-3030) at an
accelerating voltage of 15 kV. All samples were sputter-coated
with a thin layer of gold (about 5 nm) to ensure excellent
conductivity. The functional groups were characterized by
Fourier transform infrared spectroscopy (FT-IR); PerkinElmer
Spectrum Two, USA in the range of 4000-400 cm™ " at a resolu-
tion of 4 cm™'. Chemical bonds were easily identified. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed in (Thermo Fisher ESCALAB 250Xi, USA) instrument
using a monochromatic Al Ko radiation to monitor the
elemental compositions. The N 1s, C 1s, O 1s, Si 2p, Hg 4f, Pb 4f,
Cr 2p and Cd 3d peaks were deconvoluted into the components
consisting of a Gaussian/Lorentzian line shape function on
a linear background (see Fig. S6t). Transmission electron
microscopy (TEM) images were prepared by suspending the wet
particles of PSA in Milli-Q water and then casting on the carbon
coated copper grid. High-resolution TEM images were obtained
using (a Joel JEM-2100, Japan). The electron micrographs were
recorded on a charge coupled devices (CCD) model US4000 and
this camera was attached below the plate-camera of the
microscope. The compression tests were conducted on
a universal mechanical testing machine (Changchun Xinke
universal testing machine, China) with two flat surface
compression stages and 1000 N load cells at room temperature.
The compression speed was at 2 mm min~ ' to investigate the
compressive moduli of the samples. Brunauer-Emmett-Teller
(BET) method was used to calculate the specific surface areas
(Sger, m*> g7') from the nitrogen adsorption-desorption
isotherms (V-Sorb 2800P, China) in the relative pressure range
of p/py = 0.05-1.0. The total pore volume (V,, cm® g~') was
calculated at p/p, = 0.99, and Energy-Dispersive X-ray Spec-
troscopy (EDS) was performed via field emission scanning
electron microscopy using Hitachi S-4800 (Japan) to determine
the silica content in PSA (see Fig. S3-S57).

Results and discussion

Structural morphology and surface properties

The morphology, size, distribution of PSA, TO-CNF PSA micro-
structures are shown in Fig. 1. The FE-SEM image of PSA depicts
a pearl-neck like structure consisting of spherical silica parti-
cles. The PSA contained secondary particles of relatively
uniform size (Fig. 1a and b). Representative TEM images of PSA
are presented in (Fig. 1c and d) and demonstrate the assembly
of particles. A nanoscale porous nature extending from meso
(2-50 nm) to macro (above 50 nm) was observed in Fig. S1.t This
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Fig. 1 FE-SEM micrographs of (a and b) PSA synthesized from
precipitation of water glass with calcium and magnesium chloride, (c
and d) TEM images showing amorphous and porous nature of PSA, (e
and f) SEM images of TO-CNF PSA.

provides critical information, such as the distribution of
incorporated particles. The particle sizes are somewhat smaller
for the water glass PSA (this work) as compared to that from the
alkoxide.”” In the presence of TO-CNF, APTES (crosslinker) and
PSA, the particles showed some degree of aggregation depend-
ing on concentration (Fig. 1e). The particle aggregation in the
presence of TO-CNF can be attributed to the formation of
arough coating layer of TO-CNF chains around the particle.*® As
shown in Fig. 1e and f, PSA is filling the whole macroporosity of
TO-CNF matrix. A rough surface is beneficial to metal ion
adsorption.* The mesoporous silica structures of TO-CNF PSA
are related to those of silica cellulose aerogels reported by other
groups with respect to morphology, resembling tentacle
patterns of a coral.*

The grafting of Si-O-Si groups to PSA, modification with TO-
CNF (organic moieties in the matrix) was confirmed by means of
FT-IR and XPS. FT-IR results of TO-CNF PSA confirm the pres-
ence of organic moieties compared to the pristine TO-CNF and
PSA. From Fig. 2a, the broad band between 3000 and 3500 cm ™"
observed for TO-CNF and TO-CNF PSA are assigned to the
stretching mode of -NH and -OH adsorption bond respectively.
The adsorption peaks near 1053 and 558 cm™ " are attributed to
Si-O-Si vibrations.** The broad peak at 1630 cm ™" is ascribed to
amide II C-N/N-H N-H vibration in APTES. An additional band
for -CH,- asymmetric stretching mode was observed at
2905 cm™ " which can be linked to the carbon chains of orga-
nosilane molecules. These analyses and SEM illuminate that
TO-CNF PSA had a porous structure and confirmed its
successful surface modification by APTES. A porous structure
can physically trap metal ions, and the amino group binds
them.>

A compressive test was performed in order to study the
mechanical property of TO-CNF PSA (Fig. 2b). Mechanically
stable adsorbents are essential during heavy metal adsorption
process to avoid deformations and shatters. It is clear from the
figure that TO-CNF PSA developed high mechanical strength at
80% strain and withstood a compressive strength of about
12 MPa. The sponge is assumed to contain an interpenetrating

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Characterization and properties of (a) FT-IR spectra, (b)
mechanical properties of TO-CNF PSA; compressive stress strain
curve at the stress of 80% and digital images during the compression-
release process, (c) nitrogen adsorption desorption isotherms of TO-
CNF PSA and TO-CNF obtained via freeze drying method and (d) pore-
size distribution plot of TO-CNF PSA calculated from the adsorption
isotherm by BJH technique.

hybrid surface reinforcing the fragile Si-O-Si bonds to build
a mechanically strong skeleton. It is suggested that TO-CNF may
play a significant part in solving the skeletal brittleness of PSA
by enhancing the flexibility and relaxing compression stress.
The flexibility and compressibility of TO-CNF PSA promise
various potential functionalities such as easy manipulation,
convenient storage and good recyclability.

Nitrogen adsorption/desorption isotherms of TO-CNF and
TO-CNF PSA sponge were recorded as shown in (Fig. 2c) to
investigate the surface and the pore texture of TO-CNF PSA. The
porosity and surface changes of PSA were determined by
measuring the pore volumes, pore diameters and surface area
Sger- The increase in the quantity of gas absorbed implies the
existence of microspores. The absence of a plateau at high
relative pressures in the isotherms of both PSA (Fig. S21) and
TO-CNF PSA sponge (Fig. 2c) suggests some degree of macro-
porosity (above 50 nm).”* The hysteresis loops noted for all
silica-based materials at P/P, > 0.5 are typical for spherical
shaped pores. The isotherms obtained for all the samples are
Type II and IV which is a characteristic feature of the meso-
porous materials.

The Specific Surface Area (SSA) of TO-CNF PSA, TO-CNF and
PSA was calculated using Brunauer-Emmett-Teller (BET)
model. The experimental results on specific surface areas, total
pore volume and average pore diameter of the samples have
been compiled in (Table S1t). These textural properties of PSA
are consistent with those reported for Quartzene® prepared by
Svenska Aerogel AB using related procedures.* The SSA value of
TO-CNF PSA was found to be higher than that of TO-CNF but
lower than PSA. The increases in BET surface area of TO-CNF
PSA in comparison with plain TO-CNF is anticipated to assist
in adsorption of Pb(u), Hg(u) Cr(m) and Cd(u) ions from aqueous
solutions.

The pore size distributions of PSA modified with up to 0.8%
TO-CNF did not reveal dominant mesopores (Fig. 2d). Most of
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the pores have a size in the range of 4-9 nm. These pore-size
distributions explain the observed difference in the optical
transparency of the two samples (average pore diameter values
in Table S1%). It is conceivable that some smaller pore size
mesopores were covered by TO-CNF. This could be ascribed to
interpenetrating meso and macro structure of PSA. The meso-
porosity (pores below 50 nm) is the result of surface modifica-
tion and macroporosity (pores above 50 nm) is due to inter-
particle porosity arising from low silica content.

Adsorption of heavy metal ions by TO-CNF PSA

The experimental adsorption data was fitted with pseudo-first
and pseudo-second order kinetic models and Langmuir and
Freundlich isotherms. As shown in Fig. 3c and d, the kinetic
data for the adsorption of Pb(u), Hg(u), Cr(u) and Cd(u) ions by
TO-CNF PSA were fitted to pseudo-first and pseudo-second
order models respectively. In general, higher linear correlation
coefficients (R*> = 0.979 to 0.999) were obtained for pseudo-
second order kinetic model indicating that adsorption of
Pb(u), Hg(u), Cr(m) and Cd(u) ions is controlled mainly by
chemisorption.® Pseudo second order model proposes
a biomolecular interaction between the adsorbate and adsor-
bent where exchange and sharing of electrons are involved
consistent with the presence of chelating amine groups within
TO-CNF PSA. More adsorption sites on TO-CNF PSA were
occupied as the adsorption time increased and later causing
steric hinderance. The adsorption rates slowed down until the
equilibrium point was attained. The adsorption ability of TO-
CNF PSA could be ascribed to the strong metal chelating
ability of the amino group and the porous structure (see SEM
images). It is assumed that when TO-CNF PSA was immersed in
the solution containing heavy metal ions, the metal ions easily
diffused into and were chelated by the amino groups of APTES.

15 20 25
Ce (mg/L)

0
~
]
o

t/qt (mg/g)

—pb
—Cr
—Cd -6

0 10 2 30 m 0 10 2 20 20
Contact Time (h) Contact Time (h)
Fig. 3 Linearized (a and b) Langmuir and Freundlich isotherm models
(c and d) pseudo-second-order and pseudo-first order kinetic models
for removal of Pb(i), Hg(i), Cr(m) and Cd(n) ions on TO-CNF PSA. Note;
heavy metals concentration was 50 ppm, mass of adsorbent was 0.3 g
and volume of metal ion solution was 100 mL.
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Table 1 Langmuir and Freundlich model fitting parameters for Pb(i), Hg(i), Cr(in) and Cd(i) ions adsorption on TO-CNF PSA

Langmuir model Freundlich model
Metals mgg ! k, (mgL™! R Kp (mg" " L" g™ n R

gmax (M & L (g r (NG g F
Pb(u) 157.7 6.340 0.99282 113.67 6.742 0.81008
Hg(u) 33.22 1.308 0.99337 18.69 1.015 0.98056
Cr(m) 140.3 0.184 0.99256 77.26 5.346 0.83400
Cd(n) 130.5 1.398 0.88958 38.75 3.185 0.84388
It was also observed in Fig. 3¢ that metal ion adsorption rates by . — 45 -
TO-CNF PSA were rapid in the initial stage and then steadily . Linear it of In(kg) “or Linear it of In(kg)
decreased. The fast adsorption process could be ascribed to the =] . z:
readily available adsorbent sites that were instantaneously D20f £ 56

E £2

utilised.

Adsorption isotherms reveal how molecules exposed to
adsorption disperse themselves between solid and liquid pha-
ses at equilibrium time. Some insights into the adsorption
mechanism, affinities of the adsorbent and surface properties
are specified. As shown in the fitting plots (Fig. 3a and b), the
Langmuir isotherm adsorption model (R* values ranging from
0.890 to 0.993) is more suitable to describe adsorption process
rather than the Freundlich isotherm model. The results indi-
cated that adsorbate-adsorbent interactions were neglectable
and the adsorption of metal ions adopted a mono-layer fashion.
This is suggested by the finite number of identical sites on the
surface facilitating chemical ion exchange processes (Table 1).

Thermodynamic study

In our analysis, three important thermodynamics parameters as
enthalpy of adsorption (AH®), entropy of adsorption (AS°) and
the Gibbs free energy of adsorption (AG°) were studied to
determine the spontaneous nature of the processes. He et al.*®
studied the effects of temperature on biosorption of Cd(u) in the
temperature range of 15 to 45 °C. In this work, closely related to
that of He and coworkers, the temperature range was adopted
and the adsorption experiments were carried out in the
temperature range of 25, 35, 45, 55 and 65 °C. The temperature-
dependent adsorption isotherms can be computed using the
following equations eqn (9)-(11).

(Co—C)V
Kyg= -2 _—U" 9
d Cm )
AG° = —RTIn K (10)
AG° = AH° — TAS° (11)

where R (8.314 ] mol™* K™') and T (K) are the universal gas
constant and absolute temperature, respectively. K4 is the
adsorption coefficient, C, is the initial concentration of metal
ion solution (mg L"), C. (mg L") is the equilibrium concen-
tration, V (mL) is the volume of the solution and m (g) is the
mass of adsorbent. The values of AH® and AS°® were determined
from the slope and intercept of the plots of In Ky versus T The
AG° values were calculated using eqn (11).
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Fig. 4 Plot of In Ky versus 1/T for the adsorption of Pb(i), Hg(i), Cr(in)
and Cd(n) by TO-CNF PSA at different temperatures (concentration is
50 ppm, TO-CNF dosage is 0.06 g 20 mL™%, pH is 6 and time is 6 h).

The effect of temperature on adsorption of Pb(u), Hg(i), Cr(u)
and Cd(u) by TO-CNF PSA is shown in vant's Hoff plot in Fig. 4.
The magnitude of free energy change, AG® shifted to a high
negative value with elevating temperature from 25 to 65 °C (Table
S3t), signifying that the adsorption process becomes sponta-
neous, rapid and more favourable at higher temperature. The
positive values of enthalpy change (AH° = 44.5, 59.3, 16.4 and
11.0 k] mol ') indicate that metals adsorption on TO-CNF PSA is
an endothermic process. The positive values of entropy (AS° =
154.2, 206.5, 67.7 and 40.1 ] mol ' K ') suggest an increased
randomness at the solid-solution interface during adsorption of
Pb(u), Hg(u), Cr(m) and Cd(u) respectively. The calculated values
of thermodynamic parameters are presented in Table S3.f

Comparison of Pb(u), Hg(u), Cr(m) and Cd(u) uptake on TO-
CNF PSA with other adsorbents

The adsorption capacities for each heavy metal ion studied were
calculated from the Langmuir equation, as well as measured
experimentally and compared to those of previously reported
adsorbents in Table 2. It is clear that TO-CNF PSA described in
this work records gmax values higher than for other related
adsorbents in literature. For example, the adsorption capacity of
Cd ions (130.5 mg g~ ') is higher than that of cellulose or silica
based adsorbents such as silica-ketoenol-furan (55.5 mg g~ ')*
and many others.
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Table 2 Comparison of sorption capacities of TO-CNF PSA and re-
ported values on various adsorbents for Pb(i), Hg(i), Cr() and Cd(u)
ions

gmax ~ Heavy
Adsorbent (mg g~') metal(s) Ref.
TO-CNF PSA 157.7  Pb(u) This
work
Surface functionalized 188 55

porous lignin (SEPL)
Cellulose-based hybrid beads 44 56

Silica aerogel-like materials 125.1 57

Magnetic cellulose/activated carbon 37.9 58

Partially reduced graphene oxide/IT- 102.2 59

PRGO

Silica-ketoenol-furan 19.07 49

TO-CNF PSA 140.3  Cr(m) This
work

Chitosan/reduced graphene oxide/ 87.03 60

montmorillonite

Ethyl cellulose/polyethyleneimine 36.8 54

Cellulose-clay composite biosorbent 22.2 61

Chitosan activated with organic liquids 20.8 62

TO-CNF PSA 33.2 Hg(u) This
work

Poly vinyl alcohol (PVA)-cellulose 157 63

nanofibril (CNF) hybrid aerogels

Polypyrrole multilayer-laminated 25.3- 64

cellulose 74.9

Thol-amine cellulose/amine cellulose ~ 38/7.2 65

Silica polyacrylamide/hybrid aerogels  17.6/ 66

13.6

TO-CNF PSA 130.5 Cd(u) This
work

Coffee grounds and wheat straws 31.6/ 67

16.2

Ionic imprinted silica-supported hybrid 31.4 68

sorbent

Silica-ketoenol-furan 55.5 49

Desorption studies and regeneration of adsorbent

Efficient regeneration of adsorbent is one of the most critical
challenges that need urgent action. Consecutive adsorption/
desorption cycles for Pb(i), Hg(u), Cr(m) and Cd(u) were con-
ducted via variation of the primary adsorbent. After each
adsorption cycle, the adsorbent was treated with 1 M HCI and
0.1 M NaOH solutions and milli-Q water consequently for
regeneration. As shown in Table S4, the decrease in adsorption

a) yo0[ 995% 97.1% 982% oo b) 100 ™ N
N T NN
80 _. 80 \ §§§ \§§ §
s S §§§ N
& < NN AN
60 5 60 §§§ §\§ \

<] o \ \\§ N\
» B
& & §\§ L
& &
0 N , 0 B NN

Hg Cd 3 d
Adsorption Regeneration Cycles
Fig. 5 (a) Pb(n), Hg(), Cr(m) and Cd(1) removal efficiency and (b)

removal efficiency by TO-CNF PSA during 4 regeneration cycles.
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capacity of the TO-CNF PSA for the metal ions after first
regeneration ranged from 5.5% for Cr(m) to 24.7% for Cd(u), but
subsequent regeneration cycles didn't cause further drop in
adsorption capacities. This could be due to inadequate removal
of strongly adsorbed ions by the acid treatment. Fig. 5
summarises the removal rates for the metal ions in 4 repeat
cycles, in which the removal efficiency of above 90% was
attained for all the metal ions studied.

Conclusions

A cost-effective and eco-friendly silica-cellulose based material,
TO-CNF PSA was synthesized from sodium silicate, calcium
chloride and magnesium chloride via a facile dual metal
synthesis approach. This was followed by reinforcement with
TO-CNF in the presence of APTES as a crosslinking agent. The
TO-CNF PSA was studied as a heavy metals remover from
contaminated water. The material showed excellent perfor-
mance towards this application. To be specific, fitting with the
adsorption kinetics and isotherm, the TO-CNF PSA material's
adsorption of Pb(u), Hg(u), Cr(m) and Cd(u) best fitted pseudo-
second order kinetics model and Langmuir isotherm with the
maximum adsorption capacity of 157.7 mg g, 33.2 mg g,
140.3 mg g ' and 130.5 mg g ' respectively. Moreover, the
material could be reused after different adsorption/desorption
cycles with its heavy metal ion removal retention ability of at
least ~90%.
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