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Abstract

Industries from different business sectors are facing challenges against global competitions for the development of sus-
tainable and renewable products in the twenty-first century. Likewise, constant effort from pulp and paper manufacturers
in minimizing paper cost with better quality in the active field of filler modification technology is much appreciated. In
the present study, chitosan has been explored as a surface modifier alternative to conventional starch for precipitated
calcium carbonate (PCC) to design chitosan/PCC composite filler. Two different dissolution mediums, hydrochloric and
acetic acid, for chitosan have been seen to affect PCC crystals. Commercial PCC comprises mostly aragonite polymorphs
along with some calcite crystals as implied by FTIR, XRD and FE-SEM images. It is interesting to note that surface treatment
of PCC with 4.5% chitosan can successfully induce crystal transformation of PCC from aragonite to calcite polymorphs.
Further, the deposition of chitosan was estimated from TOC measurements and the presence of deposited amount was
validated from TGA analysis. Moreover, the introduction of chitosan (dissolved in HCI) to PCC dispersion was found to
raise the zeta potential from — 14.43 to — 11.3 mv. Finally, the tensile strength of handsheets increased by 8.2% with
20% enhancement in ash with chitosan/PCC composite filler compared to the unmodified PCC. Therefore, bio-based
PCC composites which proved to be promising for the development of high ash paper without compromising essential
properties may result in saving wood pulp and production cost. Thus, implementing such seafood waste as a value-added
additive is beneficial both to the industries and the environment because of its biodegradability and eco-friendliness.
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1 Introduction

Recent trends of substituting non-renewable petroleum-
based resources with renewable have attracted papermak-
ing industries in developing value-added sustainable and
biodegradable products. Therefore, both wood and agro
residues derived ligno-cellulosic feed-stocks are utilized to
produce paper-based materials containing three-dimen-
sional cellulose networks. Though high strength paper can
be achieved with 100% load-bearing cellulose fibers, sub-
stituting these fiber factions with mineral fillers is a com-
mon strategy to reduce the cost and energy associated

with papermaking. The most naturally occurring mineral
fillers include clay, talc, ground calcium carbonate (GCC)
and precipitated calcium carbonate (PCC) which are added
to furnish prior to the headbox section in a conventional
papermaking process. Among these fillers, PCC has gained
a lot of attention worldwide due to its manufacturing
flexibility with controllable chemical and physical prop-
erties and unique crystal habits. The application of fillers
contributes certain functional properties to the sheet
such as dimensional stability, light scattering efficiency,
printability and writability [1]. These desired characteris-
tics of the sheets are determined by critical parameters
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including shape, particle size distribution, aspect ratio,
average particle size, aggregate size and density during
the manufacturing of fillers. It was found that the smallest
particles are detrimental to the paper strength at constant
shape. However, the size of PCC is comparatively smaller
than that of cellulose fibers resulting in poorer first-pass
ash retention in the wire section [1, 2]. Furthermore, the
traditional route of stochastic incorporation of fillers in
the cellulose network weakens the fiber-fiber bonding
at high filler addition level as they may partially reside at
fiber interstice which deteriorates the ultimate strength of
individual fibers as well as paper. Since papermakers crave
for high ash content paper, different classical routes were
explored in integrating these pigment fillers with pulp fib-
ers [2-6]. Pre-flocculation or surface modification of PCC
through coating or encapsulation among preceding tech-
niques has been an impressive approach to mitigate nega-
tive effects on mechanical properties of paper at high ash
level [2-4, 7]. Industrial low-cost native starch or cationic
starch is a widely accepted biopolymer in filler modifica-
tion among various researchers as this hydrogen bonding
polymer can develop strong bonds with pulp fibers when
dried after starch/mineral composite fillers are added to
the furnish. Another approach to fabricate these bio-based
composite fillers with paper sheet is in situ crystallization
of calcium carbonate in the presence of biopolymers [8].
But there are certain limitations associated with starch
such as consumption of extra chemicals during the coat-
ing process, loss of cationicity at alkaline pH, sensitivity
to water and its prone to microbial attack [9]. In addition
to starch, several other synthetic or biodegradable poly-
mers were considered for filler modification by adsorbing
these polyelectrolytes onto them to confer the enhanced
bonding ability between fillers and fibers. Thus, polymer-
induced aggregation leads to a larger particle size of the
composite fillers which can then be sufficiently retained
in the sheet. In paper technology, synthetic polymeric
materials are vastly applied as retention and strength aids
[10, 11]. Processing with such synthetic polymers results
in environmental pollution, serious health issues due to
their carcinogenicity and creates problems in recycling
or composting paper materials reported by consum-
ers and government bodies. This might have motivated
researchers to look for an alternate approach to utilizing
biodegradable resources. Since the processing of crusta-
ceans in the seafood industries constitutes 60% of shell
waste according to Environmental Protection Agency
(EPA), it should be a major concern for the industries to
look for solid waste management. Hence, interest lies in
the extraction of value-added products from such wastes
and their potential application in diverse fields [9, 12, 13].
Chitosan is that biogenic environmental-friendly polymer
having natural cationic charge density, biodegradability,
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non-toxicity, antibacterial and antifungal properties. Not
only in medical science and other sectors, chitosan has
also emerged as a value-added potential additive among
paper industries. Although expensive compared to con-
ventional wet-end additives, its unique property of floc-
culation ability both at acidic and alkaline pH makes it a
better retention-drainage aid in stock preparation [14-16].
In contrast to conventional starch, 30% faster drainage
rates, higher internal bond strength, wet/dry strength
with no tendency of slime formation, and desired surface
and optical properties were notable for chitosan in terms
of good machine runnability and energy consumption. It
was anticipated that this would minimize the overall cost
of production to manufacture an economically feasible
paper with high-quality specifications as per customers'’
demand [17, 18]. This polymer was found to be effective
both for surface coating and wet-end section in develop-
ing specialty grade or packaging papers. The NH, group in
the polymer backbone not only provides additional bond-
ing ability with cellulose but also imparts water resistance
to the paper when made at alkaline conditions as revealed
in these studies. So there is an urge to modify filler surface
with this polymer proving possibilities to widen the scope
of its application [14, 15, 19]. In the year 2012, a US patent
disclosed that PCC’s inherent alkalinity enables chitosan’s
precipitation that can effectively functionalize the PCC
surface for the development of paper-based composite
materials. However, the patent did not reveal either the
effect of functionalization on PCC structure or illustrate
any mechanism for acidic chitosan-basic PCC reaction [20].

Synthetically produced PCC can exist in three anhy-
drous polymorphs namely calcite, aragonite and vaterite.
Calcite, being the most thermodynamically stable has
become a choice to the papermakers. Under different pro-
cess conditions, it exhibits different morphologies which
can be either rhombohedral, scalenohedral or prismatic
[3]. Crystallization of calcium carbonate starts with nuclea-
tion and crystal growth takes place either by aggregation
or by phase transformation mechanism [21]. Thus, crystal-
lization of PCC particles is tailored by manipulating super-
saturation, reactant feed, temperature or with some addi-
tives to acquire desired properties required for paper [8].
The templating action of many polymers in controlling the
calcium carbonate crystal growth and their orientation has
been discussed extensively [22-24]. Stabilization of phase,
growth rate and ultimate crystal morphology depends on
the degree of inorganic/additive interactions. Biomimetic
approaches of mineralization show the presence of dif-
ferent polymorphs which can certainly be elucidated by
stereochemical complementary between calcium ions
and active groups in the polymer chain as well as geom-
etry matching. Chitosan-mediated bio-mineralization
has gained a lot of attention and has been observed that
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phase transformation is indeed a result of molecular reor-
ganization between polymer and mineral [21, 22].

Many researchers have already evaluated chitosan as a
filler modifier for papermaking application but the influ-
ence of chitosan on structural changes in PCC during the
modification process and their effect on paper properties
was given less importance in the reported literature. In the
present work, a simple route of integrating chitosan with
mineral filler PCC was established for developing chitosan/
PCC composite filler. Detailed characterization of crystal
growth and morphology of PCC in the presence of this
polymer were stressed so as to evaluate the performance
of the corresponding composite as strength and filler
retention additive in cellulose integrated paper material.

2 Experimental methods
2.1 Materials

Chitosan from shrimp shells with deacetylation >75% was
procured from Hi-media, India. Precipitated Calcium car-
bonate (PCC) and bleached Hardwood pulp were obtained
from Paper mill, India. Hydrochloric acid (HCI) and acetic
acid used in the whole study were of analytical grade. The
filler suspension slurry was alkaline with pH 10.4.

2.2 Method of preparing modified PCC fillers

1 g of powder filler was dispersed in 50 ml of distilled water
with a mechanical stirrer for at least 2 h before modifica-
tion. 1% chitosan was dissolved in an aqueous solution
of 0.1% HCl or 1% acetic acid under constant stirring at
60 °C prior to the experiments [25]. Then, 0.045 g chitosan
in solution form was loaded onto the filler slurry followed
by mixing for at least 30 min in water bath shaker at room
temperature. The polymer percentage calculated on the
basis of oven-dried (OD) PCC was 4.5%. No other auxiliary
chemical was used to maintain the pH for precipitation
of chitosan on PCC particles. After that, the samples were
centrifuged at 3000 rpm for 10 min. The supernatant was
collected for calculating the sorbed amount of chitosan by
analyzing the total organic carbon (TOC) of the samples
through the TOC analyzer (TOC-LCPH, Shimadzu). Depos-
ited amount D, was determined by the following equation
D,(%) = % X 100 (1)
C, and G, are the added and residual amounts of chitosan
after treatment. M is the mass of PCC. All the units are

expressed in g. In TOC analyzer, liquid supernatant contain-
ing residual chitosan was introduced into the combustion
tube which was filled with an oxidation catalyst, generally
platinum catalyst and heated to 680 °C. The sample was
burnt in the combustion tube and as a result the TC (total
carbon) components of the sample were converted into
carbon dioxide which was then detected by NDIR (non-
dispersive infrared) gas analyzer. Similarly, inorganic car-
bon IC was determined by acidifying the sample to evolve
carbon-di-oxide. In both the cases, calibration curves are
generated with IC and TC standard solutions to evaluate
TOC (TC-IC) of the samples. The obtained filler pellets were
then dried at 30 °C for their subsequent characterization

2.3 Characterization of fillers

The chemical group analysis was done by FTIR (Fou-
rier transform infrared spectrophotometry) through
the Perkin EImer spectrophotometer in a transmission
mode conducting 16 scans at a resolution of 4 cm™ to
acquire absorption spectra between 4000 and 500 cm™".
Samples were diluted with KBr (potassium bromide) to
form pressed pellets. Further phase transformation phe-
nomenon was studied by examining the crystal struc-
ture through WAXD [RIGAKU ULTIMA IV Wide-angle X-ray
diffractometer at a scan rate of 4°/min over a range of
26=5°-80°. The operating voltage was 40 kV with a cur-
rent 30 mA. The radiation source was Nickel filtered CuKa
(A=1.5406 A). Next, the thermal stability of modified and
unmodified PCC was observed by thermogravimetric
analysis (TGA) by TA instrument, USA in a temperature
range between 40 and 900 °C at 10 °C/min in a nitrogen
atmosphere with 60 ml/min gas flow rate. The weight
of the samples varied from 10 to 20 mg. Further, par-
ticle size distribution was obtained from the PSD ana-
lyzer (LA960, Horiba Ltd., Kyoto, Japan). The principle
is based on static light scattering Mie theory. Approxi-
mately, 0.1 g of fillers was dispersed in 100 ml distilled
water and ultra-sonicated for at least 30 min prior to
zeta potential measurements by ZetaPlus zeta poten-
tial analyzer (Brookhaven, 205 H2oltsville, NY, USA) [26].
Image analysis of flocs was also carried out by the opti-
cal microscope (Motic B1 Series). At first, modified and
unmodified filler slurries were diluted to 0.2%, and one
drop of the suspension was placed on the glass slides.
The glass slides were then air-dried for further investiga-
tion. Crystal morphology was examined by TESCAN MIRA
3 Field Emission Scanning Electron Microscope. A very
little amount of sample was gold sputtered for T min
prior to imaging. Images were taken at a magnification
of 25 kX, 5kX and 2 kX with an accelerating voltage 10 kV.
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2.4 Handsheet preparation and characterization

Dried pulps were first beaten to a level of 38°SR and then
disintegrated at a pulp consistency of 2% for 10 min at
3000 rpm. Pulp slurry was then diluted to 0.4% prior to
the addition of unmodified and modified PCCs. The addi-
tion level of filler was 15% based on OD pulp. The stock
suspension was then mechanically stirred at 400 rpm for
5 min and transferred to a batch laboratory sheet For-
mer so as to achieve a target basis weight of 70 g m™2
according to the TAPPI test method T 205 sp-02. The
handsheets were then conditioned in a humidity cham-
ber at 23 °C+1 °C and relative humidity 50 + 2% before
testing. For determining the filler retention, ash in the
paper was estimated by incinerating paper sheets at
525 °C as per the TAPPI standard method T 211 om-93.
Thus, filler retention was calculated from the following
equation

total weight of ash in paper(g) — ash in control(g)

3 Results and discussion

Both PCC and modified PCC were characterized by dif-
ferent analytical tools, FTIR, XRD and TGA to detect the
chemical groups, phases present in the dried powders
and thermal behavior of the composite fillers, respectively.
Thus, spectral data obtained from FTIR reveal valuable
information regarding the polymorphs of the fillers dis-
tinguished by their different carbonate vibration modes.
Our commercial PCC comprises mainly aragonite phases
assigned by the following carbonate absorption peaks at
1081, 856, 1494,713 and 700 cm™".

These peaks correspond to symmetric stretching (v),
out-of-plane bending (v,); doubly degenerate planar
asymmetric stretching (v;) and doubly degenerate pla-
nar bending (v,), respectively. These characteristic peaks
of aragonite polymorph have been reported by several
researchers [24]. CO,>™ ions remain inactive in the infra-

Filler retention, F =

Amount of filler added(qg)

X 100 )

Note that control means ash associated with unfilled
sheets.

Tensile strength was evaluated according to the TAPPI
test methods T 494 om-01 by the tensile tester (SE 060,
L&W). Other physical properties such as tear and bust were
obtained from tear tester (SE009) and burst tester (SE180),
respectively. In another experiment, handsheets were sub-
jected to spectrophotometer CM 3630 (Konica Minolta).
The morphology of the paper samples incorporated with
fillers was analyzed by FE-SEM.

red region and that the band at 1081 cm™' cannot be
seen in the pure calcite phase of calcium carbonate has
already been verified in the previous literature [27] [28].
Apart from stretching vibrations, out-of-plane and in-
plane bending of C-O bond resembling absorption band
at873and 712 cm™ are attributed to calcite phases in the
sample [28]. The IR spectra of industrially manufactured
PCC used in this study have similar absorption bands as
per the published literature data revealed from Fig. 1 [29,
30]. The presence of CH and OH species in the unmodified
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Fig. 1 FTIR of A Commercial PCC and PCC modified with chitosans and B distinguished peaks of aragonite and calcite
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PCC depends on various synthesis routes or due to the
interaction of some organic additives as dispersing agents
during the manufacturing process [30-32]. In comparison
to the unmodified one, those modified with chitosan dis-
playing a slight displacement of peak around 1494 cm™"
toward lower absorption band at 1458 cm™' is due to the
differences in the crystal structure of calcite and aragonite.
Rather it is assigned to the specific band for calcite [28].
The spectra display a broader peak at 3431 cm™" mainly
assigned to the OH or NH stretching vibrations related
to chitosan. Moreover, the absorption band at 2919 and
2874 cm™' designated for C-H stretch has become broad-
ened due to the overlapping C-H bond associated with
chitosan [33, 34]. A weak intensified peak at 1150 cm™!
and a shoulder at 1030 cm™' could be assigned to an
asymmetric stretch of C-O-C bridge and C-O stretch,
respectively, revealing the presence of the polymer in
the modified samples [34]. Another interesting feature in
the modified PCC spectrum observed is that the peaks at
1082 and 856 cm™' have sufficiently decreased. In fact, a
more pronounced peak at 873 cm™' and disappearance of
peak at 700 cm™" confirms the transformation of aragonite
polymorphs to calcite phases. Note that peaks relayed to
calcite phases are more intensified when chitosan was dis-
solved in acetic acid for the modification of the PCC sur-
face. The crystal structure of unmodified and modified PCC
was further studied by XRD and shows a good correlation
with FTIR data. The coexistence of both calcite and arago-
nite phases can be detected from the diffraction pattern
of pure PCC as noted from Fig. 2.

The diffraction peaks positioned at 26 of 23.0° (112),
29.4°(104),35.9°(110),47.5°(018), and 28.5° (116) are asso-
ciated with calcite polymorph whereas 20 of 26.2° (111),
27.2°(021),33.1°(012),37.9°(112), 38.4° (130), 45.8° (221),
50.3°(132), and 52.5° (023) are related to aragonite phase
[35]. After introducing chitosan in PCC dispersion, the
intensity of peaks at 260=26.2° and 27.2° corresponding
to the planes (111) and (021) of aragonite has been suf-
ficiently reduced with an increase in the peak intensity at
20=29.4° corresponding to (104) planes of calcite. Further-
more, the calcite and aragonite content quantified from
respective intensities based on previously reported meth-
ods were found to be 21% and 79%, respectively, in the ini-
tial PCC sample [36]. On the other hand, chitosan-modified
PCCis indexed as a mixture of the majority of calcite with
small traces of aragonite. In particular, the dissolution of
chitosan in acetic acid and sorption of the polymer on
PCC surfaces produce a larger quantity of calcite crystals
(97%) compared to hydrochloric acid (92%). The respec-
tive aragonite quantity estimated was 3% and 8% [36].
However, traces of chitosan could not be detected from
XRD patterns of the modified samples. This can be sup-
ported with the earlier reports of XRD where authors did
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Fig.2 XRD patterns of A PCC, B PCC+chitosan (HCl) and
C PCC+chitosan (acetic acid) black filled circle calcite, red filled cir-
cle aragonite

not define the presence of chitosan acting as oriented sup-
port for the growth of calcium carbonate polymorphs [37].
It was observed that when an acidic solution of chitosan
(pH 5.5 in case of both acids) was subjected to the alkaline
environment of PCC (pH 10.4), chitosan started precipitat-
ing out of the solution resulting in co-aggregation of PCC
and polymeric macromolecules with a final solution pH of
7.8-7.9 at equilibrium. The principle of chitosan regenera-
tion in alkaline medium from acidic solution is governed
by the screening of electrostatic repulsion between the
protonated amine groups above its pKa value [38]. At this
stage, the stiff rod-like structure of chitosan conforms
more into a random coil followed by deposition on PCC
surfaces [39]. Therefore, we have discussed the probable
mechanism behind this polymorph transformation by
analyzing the data from FTIR and XRD. Generally, calcium
carbonate exists in the form of three anhydrous crystal
polymorphs among which vaterite is the least stable and
calcite being the most thermodynamically stable [40]. The
findings from the recent studies suggest that nucleation
and growth of resultant crystalline polymorphs (vaterite,
aragonite and calcite) occur via dissolution-re-precipita-
tion mechanism through an intermediate hydrated amor-
phous calcium carbonate (ACC) precursors. [21, 35,40, 41].
It was inferred that controlling of critical process variables
like change of solution pH by acids and organic additives
affect the yield of particular crystal polymorphs and its sta-
bilization. pH-dependent dissolution rates of ACC lead to
different crystallization pathways that ultimately define a
particular calcium carbonate polymorph [42-46]. Ca** and
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CO* binding strength and equilibrium carbonate species
CO37/, HCO3™ at different pH are the determining factors
for ACC structures that mimic certain local polymorphs
which further transform into calcite, aragonite or vaterite.
The driving force for the conversion of one polymorph to
other was postulated to be the HCO3~ ions as calcium car-
bonate growth rate was proportional to the ion activity
product of Ca 2* and HCO®~ [47]. On the other hand, chi-
tosan as an additive has been studied as a template for the
nucleation and growth of different polymorphic structures
based on the charge density and solution pH [21, 22]. This
near-neutral macromolecule at alkaline pH was thought
to gather Ca%* ions on its surface providing an interface
between this organic-inorganic composite and the sur-
rounding liquid for active nucleation site of calcite crys-
tallization [48]. Therefore, as per our system concerned,
the transformation of aragonite crystals to polycrystalline
calcite aggregates can be explained on the principle of (1)
dissolution-recrystallization mechanism and (2) sorption
of chitosan on the crystal surface. In our opinion, the fast
dissolution of metastable aragonite at this pH might have
released dissolved inorganic HCO?~ and Ca?" ions with co-
precipitation of chitosan on aragonite surface [49].

At this point, interaction of chitosan with precipitated
calcium carbonate would be difficult to explain since
electrostatic forces would not be very strong because of
deprotonated amine groups of chitosan in weak alkaline
condition [48, 50]. However, chitosan described as a hydro-
gel in near neutral pH solution could be able to promote
calcium carbonate polymorphism. Therefore, we can con-
clude that chitosan with its amine and OH groups depos-
ited on the crystal surface and served as a template for the
recrystallization of calcite aggregates [48]. Inhibition to the
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Fig.3 ATGA and B DTG curves of PCC and chitosan-modified PCC
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growth of free single crystal could be due to the polymeric
chains of the macromolecule since it has the ability to form
bridges between calcium carbonate particles. Moreover,
from the work of Busenberg and Plummer 1987 percent-
age transformation of more soluble aragonite to the less
soluble calcite in contact with water depends on solu-
tion pH, solution chemistry, temperature and precipita-
tion time. Various models established for this mechanistic
behavior state that the rate of dissolution of primary crys-
tals is equal to the growth of secondary mineral crystals
[51]. Several authors have explained that electronegative
charge on specific anionic additives likely to adsorb Ca**
ions which further attracts the HCO3/~CO*~ ions to facili-
tate nucleation of calcium carbonate species [42, 52]. So,
in our case, the appearance of a larger number of calcite
crystals in the presence of chitosan/acetic acid system may
be expected due to an additional effect of this organic
acid adsorption on the polymorph rearrangements. Pre-
viously, it was observed that carboxylated organic acids
with their deprotonated negatively charged sites (COO-)
at 7-8 adsorbed on the surface of aragonite crystals
inducing their recrystallization to calcite [42]. Although
further investigations are necessary to better understand
the mechanism of active nucleation pathway to control
of rearrangements of PCC polymorphs. The presence of
chitosan in the modified PCC was further confirmed by
the thermal behavior as observed from TGA-DTG curves
in Fig. 3A). Unmodified PCC exhibits single-step degrada-
tion profile when the temperature is increased from 40 to
900 °C. This is in agreement with the reported literature
[53, 54]. The degradation begins at T =511 °Cand the
decomposition completes at temperature 683 °C since
this temperature range accelerates the formation of CaO

0 ol . B
14

-44——PCC
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PCC + Chitosan (HCI)
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and CO, [32]. In comparison, it is seen that the thermal
degradation profile for modified PCCs has changed with
two consecutive degradation steps. Besides weight loss
due to PCC, an additional weight loss is seen to take place
between 210 and 400 °C. This is due to the dehydration
of the saccharide ring accompanied by a random chain
breakdown favoring complete decomposition of the chi-
tosan molecule [55]. There is no evidence of accompany-
ing curves of OH ions in the DTG graph (Fig. 3B) which
further ensures that water is not present in the samples.

Moreover, the mass loss for samples PCC + Chitosan
(Acetic acid) and PCC + Chitosan (HCI) is around 47%
which is relatively higher than the unmodified one whose
mass loss was 44% indicating the existence of sorbed bio
modifier on PCC surface [56]. Additionally, it is notice-
able that though T, for calcium carbonate decompo-
sition is almost analogous in all the samples. Maximum
weight loss temperature T, ., of modified PCCs deviates
from the actual T,,,, of the unmodified one as observed
from the DTG plot. T,,,, for sample PCC, PCC+ Chitosan
(Acetic acid) and PCC + Chitosan (HCI) is 657 °C, 647 °C and
662 °C, respectively, implying that chitosan precipitated
from HCI on PCC surface makes the filler more thermal
stable compared to acetic acid. It is possible that acetic
acid-mediated less thermal stable composites are attrib-
uted to the occurrence of chitosonium acetate originated
from residual acids between chitosan chains in the dried
composites [57].

The sorption mechanism of chitosan on the PCC sur-
face was then illustrated through the TOC analysis, and
the dissolving medium considered was HCl since organic
acid from acetic acid interfered with TOC of chitosan as

70004 @ ChitosanHCI

@ Chitosan acetic acid
6000 4
5000
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TOC (mg/l)
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00 01 02 03 04 05

Concentration of chitosan (g/l)

A

Fig.4 A Total organic carbon (TOC) versus chitosan concentration
in 0.1% HCl and 1% acetic acid. B Sorption of chitosan onto PCC
at ambient temperature for 30 min when HCl was used as dissolv-

exhibited in Fig. 4A. There was a significant increment in
TOC in the presence of acetic acid as the concentration of
chitosan was raised. This initial examination aided us to
eliminate the usage of acetic acid since it would be dif-
ficult to evaluate the actual concentration of deposited
chitosan from the chitosan-acetic acid standard curve.
Figure 4B describes the deposition of chitosan onto PCC.
Depending on the degree of deacetylation, the intrinsic
pKa of chitosan from shrimp is almost close to 6.5 [33].
Hence, the polymer is completely soluble at pH below its
pKa value with 90% of its amine group protonated in the
glucosamine units [58]. The polymer possesses a cationic
behavior in the acidic medium with electrostatic repul-
sion between its chains [33]. This is in agreement with our
result showing that the charge density of chitosan in HCI
(pH 5.5) is + 7.3 meq/g. In our study, the high alkalinity of
PCC makes the amine group in chitosan deprotonated. The
deprotonation means that at pH greater than neutrality
chitosan starts becoming insoluble as discussed in previ-
ous sections with much of a coiled entangled structure
rather than a stiff rod-like structure resulting in signifi-
cantly higher adsorption on PCC [55]. Similar conclusions
were drawn for the adsorption of chitosan on quartz at
pH 9 [38]. It is evident from the graph in Fig. 4B that the
deposition increases with an increasing amount of chi-
tosan and the maximum value of the deposited amount
is found to be 10.7% to reach the saturation level at an
added dose of 11% of PCC. When subjected to alkaline
pH 10.4 exerted by PCC in CO, free water, the chitosan
might have lost its enough cationic charge to neutralize
the colloidal anionic charge on PCC [20]. This hypothesis
can be related to our charge density measurement data
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ing medium for chitosan. A Macroscopic optical photographs of
unmodified and modified filler slurries taken with a digital camera

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1577 | https://doi.org/10.1007/s42452-020-03313-w

where we could observe that, initially, PCC had an anionic
charge density of —5.49 peqg/g. Even PCC functionalized
with 4.5% chitosan, anionic charge density decreased
to —4.4 peq/g but no charge reversal or charge nullifica-
tion could be detected at this point. We, therefore, pro-
pose that the dominant mechanism was flocculation of
PCC by the polymer rather than coagulation. Roussy and
Van Vooren observed that solubility and insolubility of
chitosan at different pH strongly affects the coagulation/
flocculation behavior of mineral colloids [58]. They con-
cluded that at high pH the neutralized amine groups of
polymer chains physically entrap the mineral colloids in its
network by bridging mechanism leading to instability of
the colloids. Similar trends are also observed in our study.
The final pH measured at a chitosan dose of 11% of PCC
after adsorption decreased to 7.2. The amount of chitosan
on PCC remained almost constant with a further increase
in the dose of chitosan. With 4.5% addition of chitosan to
PCC, the deposited chitosan amount quantified was 4.3%.
An excessive amount of chitosan might have led to re-sta-
bilization of the suspension indicated by the high value of
TOC in the supernatant. A similar explanation was given by
Roussy and Van Vooren when residual turbidity increased
due to excess addition of chitosan for decantation of col-
loid particles at natural water pH [39]. The increase in the
zeta potential of PCC from —14.3 to — 11.3 mv indicates
that adsorbed uncharged chitosan just moved the slip sur-
face of the electrical double layer with some electrostatic
interactions. Otherwise, the surface potential of PCC might
have been close to zero or reversed [38].

The crystal morphology and surface morphology of
the PCC particles were studied by optical microscope
and FE-SEM images as depicted in Figs. 5 and 6, respec-
tively. The micrographs obtained under different magni-
fication revealed that aggregated mineral flocs in both
modified and unmodified PCC have become dark due to
light opaqueness. More aggregated polymorphism was
observed with modified one representing surface treat-
ment of PCC either by encapsulation, flocculation, and
adsorption/precipitation. Recrystallization of aragonite
particles in the presence of chitosan was further exam-
ined by FE-SEM.

The coexistence of aragonite and calcite is evident from
Fig. 6A with a predominance of aragonite crystals in the
native PCC. The rod-shaped aragonite crystals are arranged
in bundles in a semi-circular structure [43]. As discussed
previously in the above sections of the study there are pos-
sibilities that interaction between NH, and OH groups in
chitosan with carbonate ions can affect the ultimate crys-
tal habit leading to the formation of a scalenohedral type
of calcite in the presence of chitosan [3] [59]. The prev-
alence of calcite with traces of aragonite is observed in
Fig. 6G which can relate well with the increased intensity of
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Fig. 5 Optical microscopic images (magnification 10X and 40X) of
A unmodified PCC. B, € Chitosan-modified PCC. B Represents chi-
tosan dissolved in acetic acid. C Represents chitosan dissolved in
HCl

peak corresponding to (104) plane. The aggregation phe-
nomenon can further be corroborated with optical micro-
scope images revealing irregular shaped dense and big-
ger flocculated particles in modified PCCs. Several other
authors reported a morphological change of different
grade of fillers preflocculating or modifying with different
polymers [6, 14, 60]. The median particle size of native PCC
was around 11 pym which increased dramatically to 104 pm
after treatment with chitosan when HCl was considered
as a dissolution medium. Individual PCC particles were
being aggregated to larger flocs in modified PCC through
a bridging mechanism by precipitated polymeric chains
either as a result of weak electrostatic interaction between
chitosan and Ca®* ions or by physical entrapment of the
minerals in its coiled structure.

Additionally, Fig. 7 shows that modified PCC exhibits
much broader size distribution compared to the native
one indicating nonuniform aggregation of filler particles
as also observed in FE-SEM images. Similar particle size
distribution is not only obtained by papermakers in pro-
ducing pre-flocculated filler particles [61] but also can
be observed in other industries where flocculation is an
important mechanism to optimize a system. The encapsu-
lation mechanism is proposed in Fig. 8. As prepared filler
slurries were then employed to analyze the effect of chi-
tosan modified filler particles on tensile strength and filler
retention calculated from residual ash in handsheets. Itis a
well-known fact that incorporating filler at high ash level
interferes with fiber-fiber bonding resulting in decreased
paper strength. Paper strength generally depends on
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Fig.6 FE-SEM images of
unmodified PCC magnified A
at 25 kx,Bat 5 kxand Cat 2
kx. Chitosan-modified PCC
magnified D at 25 kx E at 5 kx
and F at 2 kx, D-F represent
chitosan dissolved in acetic
acid. Chitosan-modified PCC
magnified G at 25 kx, Hat 5
kx and I at 2 kx, G-I represent
chitosan dissolved in HCI
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Fig.7 Particle size distribution of A unmodified PCC, B Chitosan-
modified PCC. B Represents chitosan dissolved in HCI

individual fiber strength, inter-fiber contact area as well
as bonding strength.

Figure 9A reveals that at 15% filler dose, the tensile
strength of paper decreases by 21% in the case of unmodi-
fied fillers compared to unfilled paper. This finding is in
consistent with the reported works [4]. Interestingly,

handsheets fabricated with chitosan-induced aggregated
fillers are seen to improve tensile strength by 8.2% com-
pared to native ones. Enhancement or negative impact
of paper strength with different pre-flocs or bio-based
composite mineral fillers is well verified by many authors
(4, 8,60].

According to our proposed mechanism instead of
depositing on one single particle, chitosan seems to
encapsulate several particles bounded to one another and
enmeshed within the polymer chains. When mixed with
pulp, amine groups (NH,) of chitosan protruding from the
surface of modified PCC establish hydrogen bonds with
the cellulose fibers, thereby increasing in paper strength
when dried. A similar trend for bursting strength of hand-
sheets can be observed in the case of modified filler as
evident in Fig. 10A. Higher improvement in tensile and
burst with their corresponding correlation was reported
by many while applying functionalized polymers in filler
modification technology to achieve higher ash content
[14, 60, 62].

Therefore, it is expected that the bonding potential
of chitosan may be superior when it is anchored on the
surface of PCC fillers rather than stochastically distributed
between fibers and fillers. However, papers containing
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Fig. 9 A Tensile index, B Ash and filler retention of unfilled, filled and modified filler at 15% filler dose based on OD pulp. MPCC represents

modified PCC

modified PCC exhibit almost the same tear index noticed
in Fig. 10A. Though authors have not emphasized much
on the behavior of tear strength of paper while using
chitosan as a filler modifier [14, 19], a similar effect was
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observed when PCC-cellulose hybrid composites were
incorporated in sheet [63]. On the other hand, at the same
ash level, filler retention of unmodified and modified PCC
calculated is 38% and 50%, respectively. It is commonly
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Fig. 10 A Optical properties, B tear, burst and apparent density of unfilled, filled and modified filler at 15% filler dose based on OD pulp.

MPCC represents modified PCC

known that the filler retention depends upon its particle
size, shape and chemical nature. Therefore, higher reten-
tion achieved with the aggregated PCC particles may be
due to the larger floc sizes. Presumably, a slight decrease in
surface potential of PCC may allow the chitosan to adsorb
on cellulose fibers effectively ensuring higher retention
of modified fillers [60]. It is worth noting that the ash level
studied under the experimental conditions does not have
a significant impact on the optical properties of the paper
in case of modified filler as seen in Fig. 10B. However, one
can expect that the marginal increase in brightness around
1% at higher ash level is due to higher retention of larger
particles of modified PCC [15]. Further, an increase in filler
retention as a result of successful surface encapsulation of

WD: 14.86 mm e

S % )
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SEM MAG: 1.70 kx Det: SE

View field: 122 pm Date(m/dly): 03/27/19
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PCC with chitosan polymer is evident from Fig. 11 which
shows networks of cellulose fibers incorporated with min-
eral fillers. Clearly, SEM analysis reveals that modified PCC
not only fills the voids but also creates linkages between
fibers by adsorbing sufficiently onto them. This signifies
the inevitable adhesive nature of chitosan and its promis-
ing end-use application in papermaking.

3.1 An outlook for production cost

Approximately, the cost of cellulose pulp (CP) is INR 65/kg
(1 USD=INR 75) and PCC is INR 14/kg. Therefore, the esti-
mated cost of base/raw materials for manufacturing PCC-
filled paper shall be INR 67100/t considering PCC charge

3 S —»,f:":_;"-s":‘
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Fig. 11 FE-SEM images of cellulose networks filled with A unmodified fillers, B modified fillers
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of 150 kg/t of CP and that of for manufacturing modified
PCC-filled paper shall be INR 71150/t when 6.70 kg chi-
tosan was applied per tonne of CP for PCC modification.
The cost of chitosan is roughly around INR 600/kg. It was
found in this study that even such a low dose of chitosan
consumed for PCC modification can able to increase PCC
retention in pulp fibers by 20% compared to the paper
filled with unmodified PCC. It is to be also noted that an
increase in ash content reduced the tensile strength loss
without mitigating other physical, structural and opti-
cal properties. Therefore, replacing cellulose fiber with
a higher amount of PCC can be expected to have faster
drainage rates and lower energy consumption in paper
machines, thus minimizing the overall cost of production.
Furthermore, chitosan in its native state was enough to
induce PCC flocculation at alkaline pH and function as a
potential retention aid without any additional auxiliary
chemicals or quarternization. Nevertheless, its utilization
from shrimp waste in filler modification technology pro-
vides new opportunities for the development of sustain-
able and eco-friendly products. Overall, a 6% increase in
base/raw materials cost with chitosan biopolymer shall
be compensated with reduced energy cost in production
lines, its value addition to the paper products and its sub-
sequent eco-friendly environmental impact at industrial
scale.

4 Conclusions

In the present work, an attempt was made to modify the
precipitated calcium carbonate (PCC) with chitosan. The
notable change in the crystal structure morphology was
observed by FTIR, XRD and FE-SEM, respectively. The prin-
ciple of transition from aragonite crystals from native PCC
to prismatic calcite crystals of modified PCC may be pro-
posed based on the dissolution-recrystallization mecha-
nism in the presence of chitosan that leads to stabilization
and orientation of polymorphs, thus altering the ultimate
crystal habit. Presumably, the polymer acts as a template
for the growth of polycrystalline calcites by adsorbing on
the surface of aragonite and facilitates bridging of calcium
carbonate particle with its coiled like chains. Moreover, the
higher intensity at 26=29.4° corresponding to (104) plane
of the XRD pattern in case of PCC modified with chitosan
dissolved in acetic acid implies a higher fraction of calcite
compared to HCl used as dissolving medium. Chitosan-
induced aggregation of PCC fillers observed under optical
images and FE-SEM was well corroborated to the particle
size distribution data. The existence of chitosan chains in
modified PCC was confirmed by TGA and TOC analysis.
The deposition efficiency of chitosan was above 90% as
correlated with measured TOC values. When incorporated
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with pulp fibers, these polysaccharide/mineral compos-
ites showed enhanced filler retention compared to the
unmodified one without negatively affecting the physical
strength of paper. However, at present ash level, optical
properties did not significantly change. Thus, the compre-
hensive characterization of the composite filler in accord-
ance with our study may be beneficial for the develop-
ment of high ash paper with desired properties. Such
practice of converting seafood wastes into value-added
additives are favorable not only to the paper industries but
also to the environment leading to an efficient approach
to reduce exploitation of forest resources and improve
waste management. Further, work related to the factors
governing the phase transformation of PCC polymorphs
should be thoroughly studied in the future.
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