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Abstract

The beneficiation of sludge from pulp and paper mills to produce high-value products such as crystalline nanocellulose
will alleviate the challenges associated with conventional methods of sludge disposal, such as landfilling and incineration.
In addition, the use of sludge will reduce the consumption of fresh raw materials in the synthesis of nanocellulose which
is usually produced from high-purity cellulose pulps. In this study, fibres were cleaned and separated from sludge and
then converted to crystalline nanocellulose using ammonium persulphate under optimised oxidative conditions. To extend
potential applications of the crystalline nanocellulose produced, the crystalline nanocellulose was functionalised with zinc
oxide, silver and hydroxyapatite to prepare crystalline nanocellulose-zinc oxide, crystalline nanocellulose-silver and crystal-
line nanocellulose-hydroxyapatite nano- and micro-composites powders using the sol-gel process. Transmission electron
microscopy, field-emission scanning electron microscopy, X-ray diffraction and thermo-gravimetric analysis were used to
investigate the properties of crystalline nanocellulose and functionalised crystalline nanocellulose. The transmission electron
microscope and field-emission scanning electron microscope coupled with energy-dispersive X-ray spectroscopy confirmed
the synthesis of crystalline nanocellulose, and inorganic nanoparticles. Functionalised samples (crystalline nanocellulose-
zinc oxide, crystalline nanocellulose-silver and crystalline nanocellulose-hydroxyapatite) showed better thermal stability
than pure crystalline nanocellulose. This implies that the modified inorganic crystalline nanocellulose composites could be
used in applications where thermal stability is desirable. The cost of production is economically viable as the raw material
cost is cheaper compared to the use of wood pulp.
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Introduction

The beneficiation of sludge from pulp and paper mills to
produce high-value products such as crystalline nanocellu-
lose will alleviate the challenges associated with conven-
tional methods of sludge disposal, such as landfilling and
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incineration. In addition, the use of sludge will reduce the
consumption of fresh raw materials in the synthesis of crys-
talline nanocellulose which is usually produced from high-
purity cellulose pulp.

Sludge is one of the solid wastes produced at pulp and
paper mills in large quantities and represents a huge envi-
ronmental problem (Likon and TrebSe 2012). At present
in South Africa, it is estimated that ~0.5 million tonnes
of sludge (dry weight) per annum is generated from pulp
and paper mills (Boshoff et al. 2016). The sludge results
from wastewater treatment procedures used in mills. The
treatment procedures entail sedimentation, biological treat-
ment, chemical precipitation, flotation and anaerobic treat-
ment (Bajpai 2012, 2015). The sludge is collected from the
wastewater treatment units after primary treatment (primary
sludge), secondary treatment (biosludge) or after deinking.
Generally, the sludge consists of organic and inorganic
substances in different quantities based on the origin of the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-018-1578-3&domain=pdf

1836

M. E. Gibril et al.

cellulose fibres (raw materials), the final products produced
at the mill and the methods of production (Lekha et al.
2017). These substances are generally cellulose, hemicellu-
loses, lignin, wood resins, binders, paper additives, kaolinite
(clay), calcium carbonate (CaCO;), heavy metals and ash
(Gallardo et al. 2010). Currently, disposal of sludge from
pulp and paper mills is directed to landfills, while some
sludge waste is incinerated (Bajpai 2012; Monte et al. 2009).
When incinerated, the residual ash is then used as a substrate
for composting and applied for soil conditioning in some for-
est areas (Bahar et al. 2011). Most of these methods are not
viable options going into the future because of the associated
environmental hazards. Indeed, government regulations ban-
ning the landfilling of wastes are imminent (DEAT 2000).
Consequently, methods for beneficiation are needed.

Chemical characterisation of paper mill sludge has shown
that cellulosic materials represent more than 50% of the
sludge content (Ochoa de Alda JAG 2008). This source of
cellulose, sludge, can offer a sustainable and inexpensive
source to produce valued materials, i.e. crystalline nanocel-
lulose (CNC).

Nanocrystalline cellulose (sometimes called nanowhisk-
ers cellulose, crystalline nanocellulose) is a material com-
posed of nanosized cellulose particles with a high aspect
ratio, high strength, stiffness and good optical transparency
(Khan et al. 2012; Nevo et al. 2015). Due to these properties,
it has been used in different applications such as nanofillers
for nanocomposite and papers, functionalised nanomateri-
als and in the biomedical field (Jorfi and Foster 2015; Lin
and Dufresne 2014). The CNC that has been used in these
products was derived from high-purity dissolving wood
pulps as the starting material (Salas et al. 2014). Hence, the
utilisation of pulp and paper mill sludge to produce valuable
products (CNC) will assist with disposing of the sludge in
an environmentally friendly way and will reduce the con-
sumption of raw materials traditionally used to produce
such products. It will also alleviate environmental problems
arising from polluted resources and landfills, thereby also
contributing to the waste management challenges at South
African pulp and paper mills.

A few studies have focused on the preparation of nanofi-
brillated from sludge (Herrera et al. 2012; Heyman et al.
2012; Jonoobi et al. 2012; Nevo et al. 2015; Shoseyov et al.
2013). These studies have shown that a high yield of nano-
cellulose is achievable via chemical methods or mechanical
methods to produce nanofibrillated cellulose (NFC) (Alamri
and Low 2010; Krigstin 2008). Properties of CNC can be
improved or extended by chemical modifications. Function-
alised celluloses at a nano- and micro-scale have been used
in diverse fields such as composites, cosmetics, pharmaceu-
ticals and biomedical applications (Lin and Dufresne 2014).

Inorganic nanoparticles such as zinc oxide (ZnO), silver
(Ag) and hydroxyapatites (HP) are materials characterised
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by high thermal stability, low cost and safety towards both
humans and the environment. They are widely used in the
preparations of fibres, plastics, printing, coatings, self-clean-
ing of glass and ceramics, antibacterial materials, air purifi-
cation and UV light filtering applications (Azizi et al. 2013;
Hanemann and Szab6 2010; Kim et al. 2006; Sadanand et al.
2016; Stevanovic et al. 2012). The inorganic nanoparticles
are synthesised via the sol—gel process (a wet chemical tech-
nique that changes a chemical solvent into a network or gel
form of particles). Although this technique is considered
simple, there is a tendency for the inorganic nanoparticles
to aggregate during the synthesis process. To overcome this
problem, polysaccharides such as starch, chitosan and cel-
lulose have been used as stabilisers in the preparation of
the inorganic nanoparticles (Darroudi et al. 2010). Cellulose
is rich in hydroxyl groups and, as a result, tends to form
hydrogen bonds. As carbohydrates, cellulose has been used
as reduction agent to synthesise silver nanoparticles (Shen
et al. 2016). Hence, a homogenous crystalline nanocellulose
suspension can be used as an ideal stabiliser during synthe-
sis of inorganic nanoparticles. In general, the combination
of organic CNC particles with inorganic materials such as
Zn0O, Ag and HP at a nanolevel can lead to the preparation of
multifunctional materials exhibiting superior and enhanced
properties compared to the individual components (e.g.
enhanced mechanical, thermal, antibacterial and intensive
ultraviolet absorption properties) (Pinto et al. 2012).

The aim of this work was to produce high-valued materi-
als such as crystalline nanocellulose and modified crystal-
line nanocellulose, using sludge from pulp and paper mills,
which it gives out, safe, eco-friendly, sustainable and profit-
able techniques that can replace conventional methods of
sludge discharging. In this study, a method to valorise pulp
and paper mill sludge for the synthesis of CNC and its sub-
sequent modification with inorganic nanoparticles such as
Zn0O, Ag and HP has been developed. The CNC and the
resultant CNC-inorganic nanoparticles were characterised
by Fourier-transform infrared spectroscopy (FT-IR), field-
emission scanning electron microscopy (FE-SEM), energy-
dispersive X-ray (EDX) spectroscopy, and X-ray diffraction
(XRD) spectroscopy.

Materials and methods
Chemicals and reagents

Sludge Sludge samples were obtained from a local South
African Pulp and Paper Mills in the province of KwaZulu-
Natal, South Africa.

Chemicals Ammonium persulphate, regenerated cellu-
lose dialysis tube (MWCO 12,000), silver nitrate (AgNO5),
zinc acetate anhydrite (Zn(Ac),+2H,0), orthophosphoric
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acid (H;PO,), calcium hydroxide (Ca(OH),), caustic soda
(NaOH), hydrochloric acid (HCI), methanol (CH,O) and
ammonium hydroxide (NH,OH) were purchased from
Sigma-Aldrich (South Africa). Chemicals and reagents ana-
lytical grades were used as-received.

Sludge samples collection

Sludge samples were collected from three different South
African mills. The sludge samples were labelled as follows:
PHK (from pre-hydrolysis kraft pulp mill), KP (from kraft
pulp mill) and NSSC (from neutral sulphite semi-chemical
pulp mill).

Pre-treatment of sludge samples

A known amount of sludge was dispersed in distilled water
(5% w/v), mixed in a standard laboratory pulp disintegrator
and sonicated for 5 min (UP400S, Hielscher Co., Germany).
The sludge was then screened three times in a vibrating
0.15-mm slotted Somerville screen. After each pass through
the Somerville screen, the rejects were collected. The rejects
and accepts were then allowed to air-dry for a few days,
after which they were weighed and their moisture content
determined, from which the yield of fibre was calculated.
All screened samples were neutralised with 0.05 M HCl,
air-dried and stored in sealed plastic bags until required.

Characterisation of sludge

The carbohydrate content of the sludge samples was deter-
mined using HPLC analysis according to TAPPI test meth-
ods (TAPPI method Tc 1999).

Production of nanocrystalline from sludge

Production of CNC using ammonium persulphate (APS)
was carried out as reported in the literature (Vecbiskena
and Rozenberga 2017). Two grams of screened sludge was
added to 150 ml of 2 M APS solution contained in a round-
bottom flask. The mixture was placed in an oil bath, and the
temperature was set to 55 °C. After 2 h, the colour of sludge
turned white. The oxidation and hydrolysis reaction was
achieved under stirring (vigorous) for 8 h to deliver a white
transparent suspension. Thereafter, the transparent suspen-
sion was centrifuged (9000 rpm for 15 min) and washed
using deionised water. This step was repeated until the pH of
the suspension became neutral (2-3 times). The neutralised
transparent suspension was sonicated for 5 min, resulting in
the formation of a transparent gel.

Modification of CNC with inorganic nanoparticles
via the sol-gel process

CNC-ZnO0 synthesis

CNC-ZnO nanocomposite powders were prepared via a
sol—gel process using Zn(Ac),*2H,0 as a precursor material.
One gram (1 g) CNC was suspended in 150 ml of deionised
water and mixed with 0.5 g of Zn(Ac),+2H,0 pre-dissolved
in 5 ml methanol (5% w/v). A concentrated sodium hydrox-
ide solution (2 M) was added drop-wise to the mixture to
keep the pH above 10 during the reaction. The mixture was
heated to 70 °C under vigorous stirring until a milky white
solution was obtained. Thereafter, the solution was heated
for a further 2 h under the same temperature. The product
(CNC-ZnO) was centrifuged, dried at 120 °C for 2 h and
ground to a powder using a mortar and pestle.

CNC-Ag synthesis

The silver nanoparticles were synthesised via reduction of
silver nitrate as a starting reagent as reported in the litera-
ture (Mochochoko et al. 2013) with a little modification.
Extracted crystalline nanocellulose, as carbohydrates, was
used as reduction agent. One gram CNC was dispersed thor-
oughly in 150 ml of deionised water with the assistance of
ultrasonication and then placed in a 500-ml flask under mag-
netic stirring. Ten millilitres of AgNO; (0.5 M) solution was
added to the flask, and the temperature was raised to 70 °C.
Thereafter, NaOH (1 M) was added drop-wise, using a drop-
per, until pH 10. After 15-30 min, the colour of the mixture
changed into an oily, brown suspension which indicated the
synthesis of silver nanoparticles. The reaction was continued
at these conditions for a further 30 min. The brown suspen-
sion was left to cool down to room temperature and kept
overnight. The precipitate was then separated by filtration.
The filtered cake was dried in an oven at 110 °C for 2 h and
pulverised to a powder using a mortar and pestle.

CNC-HP synthesis

To prepare CNC-HA nanocomposite powders, a solution
of 8 ml orthophosphoric acid (H;PO,) in 40 ml distilled
water was added drop-wise to a uniform suspension consist-
ing of 0.5 g of CNC and 15 g calcium hydroxide (CaOH,)
in 150 ml distilled water under heating (70 °C) and stirring.
The addition of acid was completed in 1 h, and the pH of the
mixture was maintained above 10.5 (using ammonia solu-
tion). Upon addition of the acid, the solution was stirred for a
further 2 h, cooled down to ambient temperature and allowed
to precipitate for 48 h. The white precipitate was separated
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by vacuum filtration, washed twice with distilled water and
ethanol. The precipitate was then dried in an oven at 110 °C
for 6 h and ground to a powder using a mortar and pestle.

Characterisation of sludge, CNC and modified CNC

Transmission electron microscopy was used to determine
the size of the CNC and modified CNC particles. Samples
were prepared by dipping formvar-coated Cu grids into sus-
pensions of CNC, which were then left to air-dry for 30 min
prior. Then, dried samples were stained with 2% uranyl ace-
tate for 10 min and were left to dry at room temperature. A
JEOL 1010 TEM was used to capture images at 100 kV. A
Zeiss field-emission scanning electron microscope was used
to assess the morphology of the powders. An Oxford energy-
dispersive X-ray (EDX) probe attached to the FE-SEM was
used to determine the morphology and element analysis of
the CNC-inorganic powders. A thin layer of powder was
mounted onto the specimen holder using carbon double-
sided tape. The powder samples were coated using a Polaron
SC 500 gold sputter coater and thereafter viewed at 20 k'V.

X-ray diffraction patterns of CNC and modified CNC
were examined using an X-ray diffractometer (Empyrean,
PANalytical, The Netherlands) operating at 40 kV with a
target current of 40 mA used for the analysis. The samples
were tightly packed in a holder and scanned at a speed of 5°/
min from 26 5° to 90°. The thermal properties of CNC and
functionalised CNC were investigated using a thermogravi-
metric analyser (TGA), TA Instruments Q500. The calibra-
tion temperature was performed in the range of 25-600 °C
under nitrogen flow, and the heating rate was 5 °C/min. of
5 °C/min.

Results and discussion
Pre-treatment of sludge samples (cleaning)

Figure 1 shows photographs of the different sludge types,
before and after cleaning, as well the rejected materials from
the sludge samples. The NSSC sludge showed the highest
amount of rejected materials (52.7%), i.e. it contained low
fibre content, whereas the PHK sludge showed the lowest
amount of rejected materials (18.2%), i.e. it contained high
fibre content.

Chemical characterisation of sludge

The chemical characterisation of various sludge types using
HPLC is depicted in Table 1. The PHK mill sludge contained
the highest concentration of carbohydrates compared to the
sludge generated from KP and NSSC processes (Table 1).
The glucose content, which is indicative of the cellulose
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content present in the different sludge samples, was highest
for the PHK mill sample and lowest for the NSSC sample.
The results indicate that the pulp mill process affects the
composition and properties of sludge.

Preparation and modification of CNC

The cleaned sludge samples were used to prepare CNC by
using APS as an oxidant and hydrolysis agent (Fig. 2). The
yields of the resulting CNC varied for the different sludge
types according to the order PHK (41%) > KP (38%)>NSSC
(21%). The trends were consistent with the chemical prop-
erties of each sludge type, as shown in Table 1. The sludge
with the highest carbohydrate and lowest lignin contents
resulted in the highest yield of cellulose.

Chemical modification was carried out only on the CNC
produced from the PHK sludge. The modification with ZnO,
Ag and HP was achieved, and stable suspensions of modified
nanocellulose were obtained as shown in Fig. 3.

TEM of CNC and modified CNC

Figure 4a, b and ¢ shows the rod-like shape of CNC parti-
cles produced from the different sludge types. The particles
dimensions were in the range of 150-500 nm in length and
10-20 nm in width. Figure 4d, e and f shows the modified
CNC with the inorganic nanoparticles (ZnO, Ag and HP),
which appeared as dark rods, i.e. the modified CNC with the
inorganic particles is more densely packed and thus darker
in colour. This suggests that the small-sized inorganic nano-
particles were aggregated and stabilised on the surface of the
CNC during the sol-gel process. These changes in colour
and thickness of modified CNC indicated that there is an
interaction between CNC and inorganic nanoparticles.

FE-SEM and EDX analysis

The FE-SEM micrographs of CNC-ZnO, CNC-Ag and
CNC-HP nanoparticles shown in Figs. 5a, b and ¢ confirmed
that the synthesis of inorganic nanoparticles (white shape)
was achieved, that is, the synthesised nanoparticles were
homogeneous in both shape and size and were aggregated
on the surface of CNC (i.e. aggregated in white cylindrical
spots or white rod-like shapes) (Mott et al. 2007).

This was confirmed further by the elemental analysis
conducted with energy-dispersive X-ray (EDX) tech-
niques. Figure 5d, e and f shows that elemental carbon
and oxygen were detected in all powder samples, whereas
elements such as Zn, Ag and (P & Ca) were detected from
the respective spectra of CNC-ZnO (Fig. 5d), CNC-Ag
(Fig. 5e) and CNC-HP (Fig. 5f) nanoparticles. The pres-
ence of those elements in the powdered samples confirmed
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Dried sludge before
screening

Dried sludge after
screening

Rejected

Fig. 1 Sludge samples before screening, after screening and the rejected materials

Table 1 Chemical characterisation of the different sludge types

Sludge type Arabinose (%) Galactose (%) Glucose (%) Xylose (%) Mannose (%) Sum of Lignin/acid
carbs (%) insoluble mate-
rial (%)
PHK 0.7 1.2 59.2 6.0 7.20 74.3 25.7
NSSC 0.2 04 27.6 4.9 1.1 34.1 65.9
KP 0.6 04 58.1 4.7 5.1 68.9 31.1
that the modification was achieved. In addition, all sam- XRD analysis

ples show that no other elements were detected, which
indicated the purity of the synthesised nanoparticles and
the efficiency of the sol-gel process. An exception was
CNC-Ag, where the presence of sodium hydroxide was
detected. These results are consistent with the XRD spec-
tra and TEM micrographs.

To demonstrate the crystalline nature of prepared CNC-
based powders, the powders were analysed by X-ray diffrac-
tion (Fig. 6). All XRD profiles of CNC and modified CNC
showed a typical cellulose I crystalline structure, which
exhibited characteristic peaks at around 160 (110 plane)
and 220 (200 plane) (Fig. 6a) (Ngadi and Lani 2014; Park
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Fig.2 CNC extracted from a PHK, b KP and, ¢ NSSC sludge samples

Fig.3 CNC modified with a ZnO, b Ag and ¢ HP

et al. 2010). However, unlike the CNC, after the sol-gel pro-
cess, other new strong diffraction peaks were observed for
the modified samples additionally to the other characteristic
peaks related to the crystalline structure of the inorganic
nanoparticles. In Fig. 6b, the XRD pattern of CNC-ZnO
showed strong new peaks typically related to the crystal-
line structure of ZnO nanoparticles around 32.0°, 34.4°,
36.4°, 47.8°, 56.8°, 62.1° and 67.8°, which corresponded
to the planes (100), (002), (101), (102), (110), (103) and
(122), respectively (Nadanathangam et al. 2006; Selvam
et al. 2012). The XRD pattern of CNC-Ag (Fig. 6¢) showed
new sharp diffraction peaks at 38°, 44°, 64°, 77° and 82 °
which were assigned to the crystalline structure of silver at
the (111), (200), (220), (311) and (222) planes, respectively
(Firoz Babu et al. 2012). In the case of CNC-HP (Fig. 6d),
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the XRD pattern showed strong peaks around 26.3°, 28.4°,
31°, 32.1°, 33.1°, 34.9°, 39.9°, 47.1°, 50° and 54.1° which
were attributed to the diffraction peaks of (002), (210),
(112), (211), (300), (202), (310), (222), (213) and (004)
planes of hydroxyapatite in cubic planes (Bouyer et al. 2000;
Wan et al. 2006). In addition, the sharp diffraction peaks and
the absence of unidentified peaks in all XRD patterns again
indicate the high purity and crystallinity of the synthesised
nanoparticles.

TG analysis
The TGA curve of pure CNC (Fig. 7a) revealed that CNC

has three stages of weight loss or pyrolysis which are initial
pyrolysis, main pyrolysis and char decomposition pyrolysis.
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Fig.4 Transmission electron microscopy images of CNC produced from sludge from a PHK, b KP and ¢ NSSC pulp mills, together with CNC

modified with d ZnO, e Ag and f HP nanoparticles

In the initial stage of pyrolysis, where the temperature was
between 25 and 120 °C, the weight loss was attributed to the
vaporisation of moisture or free water which was absorbed
by CNC. In the main pyrolysis stage, where the temperature
was in the range 220-350 °C, the loss in mass, which was
rapid and significant, was attributed to the thermal decom-
position of cellulose (C-C), i.e. cellulose changed to glu-
cose and combustible gases (Fallah et al. 2011). In the third
stage (char decomposition), where the temperature was in
the range 370-550 °C, the loss in weight was associated with
dehydration and decarboxylation of glucose to release more
water, carbon monoxide (CO), carbon dioxide (CO,) and
carbonyl products due to the intense heat (Leal et al. 2015).

From the TGA curves of CNC-ZnO (Fig. 7b), CNC-Ag
(Fig. 7c) and CNC-HP (Fig. 7d) powders, the same three dis-
tinct weight loss processes as in pure CNC were observed,
but at lower decomposition temperatures and with lower
weight losses. The lowering of the decomposition tempera-
tures of the modified CNC powders compared to the unmod-
ified CNC was attributed to the interaction between CNC
and the inorganic nanoparticle, indicating that modification
was done efficiently. It is notable that the weight loss of pure
CNC at 600 °C was 91.13%, whereas the weight losses at

the same temperature for CNC-ZnO, CNC-Ag, and CNC-
HP were 49.6, 53.77 and 67.8%, respectively. This may be
attributed to the inorganic nanoparticles having higher deg-
radation temperatures than CNC.

Conclusions

Valorisation of sludge from South African pulp and paper
mills was successfully achieved through extraction of CNC
from fibres separated from the sludge using ammonium
persulphate, as a cheap and eco-friendly agent. The sol-gel
technique was used to synthesise inorganic nonmaterial
and functionalised inorganic CNC nanoparticles. Spectros-
copy and high-resolution microscopy confirmed successful
extraction of CNC and aggregation of inorganic nanoparti-
cles on the CNC surface. Characterisation techniques such
as XRD confirmed the synthesis of functionalised CNC.
The transmission electron microscope and field-emission
scanning electron microscope coupled with energy-disper-
sive X-ray spectroscopy confirmed the synthesis of crys-
talline nanocellulose and inorganic nanoparticles. Func-
tionalised samples (crystalline nanocellulose-zinc oxide,
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crystalline nanocellulose-silver and crystalline nanocellu-
lose-hydroxyapatite) showed better thermal stability than
pure crystalline nanocellulose. This implies that the modi-
fied inorganic crystalline nanocellulose composites could be
used in applications where thermal stability is desirable. The
cost of production is economically viable as the raw mate-
rial cost is cheaper compared to the use of wood pulp. The
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nanocellulose and functionalised nanocellulose prepared
from sludge of pulp and paper mills can be used as antimi-
crobial and photocatalytic additives in paper manufacture or
additives in textile finishing and water treatment.
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