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Abstract The development of modified fillers is one

of the most promising research outcomes that address

the challenges of papermaking such as reduced

production cost, improved optical properties, better

formation and improved drainage rate. In the present

investigation, an attempt has been made to evaluate

the interaction of xylan with precipitated calcium

carbonate (PCC) through adsorption process with an

aim to design novel functional composite filler as an

alternative to conventional filler used in papermaking.

PCC-xylan interactions were found to be more

favourable at 40 �C and at neutral pH. However,

adsorption increased when calcium chloride (0.1 M)

was introduced as background electrolyte at pH 10.5.

Adsorption was found to reach its saturation level

within 5 h. In order to maximize the xylan adsorption,

the roles of various additives such as slaked lime,

polyaluminium chloride (PAC), chitosan and cationic

polyacrylamide (CPAM) were explored in this paper.

Further, the adsorption isotherms of xylan conducted

under various conditions were well fitted to the

Langmuir model. Alternatively, dual systems

comprising PAC/chitosan and PAC/CPAM showed

the best result considering the application of the xylan

based composite PCC filler in papermaking. It is also

quite interesting to note that isotherms data were best

fitted to the Freundlich model in presence of chitosan

(6%) or CPAM (0.2%) along with PAC indicating

complex multilayer adsorption mechanism.

Keywords PCC � Xylan � Adsorption �
Papermaking � Functional filler � Adsorption models

Introduction

In this arena of globalisation and tough competitive

environment manufacturers are continually putting

their conscientious effort to reduce the cost of

production with improved quality of their end prod-

ucts. So is the case with paper manufacturers. Paper

industries are now utilising most expensive cellulosic

polysaccharide for paper production and facing per-

sistent economic pressure on cost reduction. There-

fore, different approaches are explored by the

papermakers in replacing the fibre fraction with

cheaper mineral fillers to minimize manufacturing

cost and develop products with improved quality

(Chauhan et al. 2011; Kuusisto and Maloney 2015).

Fillers impart beneficial attributes such as smoothness,

light scattering and printability to the sheet. However,
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conventional way of incorporating fillers stochasti-

cally into the sheet results in weakening of fibre–fibre

bonds with reduced retention at high filler dose

(Chauhan and Bhardwaj 2017). The current research

depicts the picture of a very attractive study field

involving filler modification process (Shen et al. 2009;

Seo et al. 2017). This increases the filler dose level

beyond its current limitations without compromising

the other functional properties. Since neutral or

alkaline based papermaking is advantageous, precip-

itated calcium carbonate (PCC) has gained a lot of

attention worldwide (Gaudreault et al. 2015). More

recently the authors have reported that by modifying

PCC surface with inorganic silica, mechanical prop-

erties of the sheets can be significantly increased

(Lourenço et al. 2016). Moreover, the utilization of

PCC in developing cellulose-metal paper composites

have shown much potentiality in adsorbing different

gases (Yang et al. 2017).

The polyelectrolytes such as natural or synthetic

polymers incorporated into sheets to enhance the

strength and filler retention are compatible with

cellulose fibres (Marton 1991; Nicu et al. 2011; Liu

et al. 2017). Hence, there is an urge of modifying filler

surface by adsorbing these polyelectrolytes onto them

to confer the enhanced bonding ability between fillers

and fibres (Yu et al. 2013; El et al. 2014; Huang et al.

2015; Peng et al. 2015). Adsorption may result from

either direct physical interaction with the mineral

fillers via electrostatic, non electrostatic, hydrogen

bonding, chemical bonding or complexation and

precipitation of the adsorbate by third component

(Somasundaran 1985). The adsorbed polymers can

either destabilize or stabilize colloidal particles

depending on the degree of surface coverage, molar

mass, charge density and type of polymer, solvent/

polymer interaction as well as background electrolyte

concentration (Gaudreault et al. 2015).

The polyelectrolyte used in this study is hardwood

xylan which is anionic, low molecular weight semi

crystalline comprising xylose units in their backbone

and glucuronic acid as side chain residues (Österberg

et al. 2001) (Mocchiutti et al. 2016). As a renewable

natural polysaccharide, xylan is proved to be a

potential additive in modifying certain properties of

handsheets (Oksanen et al. 1997; Bai et al. 2012; Han

et al. 2012). The inherent hydrogen bonding ability of

xylan with the fibres aids in enhancing the individual

fibre strength as well as mechanical properties of the

sheet (Ban and van Heiningen 2011; Mansoor Ahmad

2012; Lee et al. 2015) without affecting optical

properties (Hu et al. 2016). Increasing hemicelluloses

content can decrease the energy consumption during

refining (Geng et al. 2006) and prevent hornification

during recycling (Duchesne et al. 2001). However,

some authors have claimed that adsorbing negatively

charged xylan onto cellulose is a difficult process due

to electrostatic repulsion between the two (Lee et al.

2015; Danielsson and Lindström 2005). Adsorption

can be enhanced either by introducing cationic groups

in xylan or pre-treating pulp with cationic polyelec-

trolytes or by inclusion of salts (Claesson 1995;

Kataja-aho et al. 2011).

The interaction between cationic and anionic

polyelectrolytes has been extensively studied in

papermaking chemistry where coagulation and floc-

culation play an important role (Korhonen et al.

2013, 2015). A recent study claims that polyelec-

trolyte complexes between cationic and anionic

starches play a significant role in preparing cellulose

bondable starch-based PCC filler composites (Fan

et al. 2017). A similar concept has also been employed

in clarifying the polluted waste water from different

industries including pulp and paper, tannin and dye

(Divakaran and Sivasankara Pillai 2002; Ahmad et al.

2008; Lertsutthiwong et al. 2009; Mehdinejad et al.

2009; Birjandi et al. 2013). Unlike calcium chloride

which works by compression of double layer accord-

ing to DLVO theory (Österberg et al. 2001), slaked

lime (calcium hydroxide) can induce coagulation at

high pH by destabilization of the suspended matter

(Vandamme et al. 2012). Due to their cationic nature,

polyaluminium chloride (PAC) and high molecular

weight cationic polyacrylamide (CPAM) have not

only been explored as retention aids in papermaking

operations but also can be successfully used to remove

organic matters from waste water (Jiang and Zhu

2014; Brovkina et al. 2015). On the other hand,

numerous researchers focus on the potential applica-

tion of chitosan as papermaking drainage additive due

to its compatibility with stock components (Nicu et al.

2011; Yu et al. 2013). This biopolymer has also gained

a lot of attention in waste water application due to its

coagulating and flocculating effect (Mehdinejad et al.

2009). The flocculating ability of chitosan at high pH

above 7 is an interesting topic and involves the

precipitation of the polymer and entrapment of the

colloid particles in the coiled polymeric network
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(Feng et al. 2017). Recently, studies reveal that low

molecular weight xylan has the ability to form

polyelectrolyte complexes with high molecular weight

cationic polymers (Strom et al. 1985; Galván et al.

2015; Mocchiutti et al. 2016). In all cases, it is

observed that stable and unstable polyelectrolyte

complexes are formed depending on the charge ratio

of the polymers. These xylan based polyelectrolyte

complexes show high affinity towards cellulose pulp

fibres and can significantly increase the strength

properties of the sheet (Galván et al. 2015; Mocchiutti

et al. 2016). Considering several advantages of xylan

as a promising additive, the present study has focused

on designing novel composite PCC filler for use in

papermaking. To the best of our knowledge, no

literature is available on adsorption of xylan onto

PCC in order to improve bonding ability of the

modified composite filler with cellulosic fibre.

The objective of the present study was to investi-

gate the adsorption characteristics of xylan onto PCC

under various process conditions and analyse the

effect of different additives i.e. slaked lime, PAC,

chitosan and CPAM in enhancing the xylan adsorp-

tion. It was hypothesized that all these additives would

interact with negative sites of xylan molecules which

could possibly result in polymer destabilization and

deposition onto the surface of PCC. The main focus

was to maximize the adsorbed quantity of xylan on

PCC so as to explore the application of this xylan

modified PCC as functional filler in papermaking

during further studies.

Experimental

Materials

Water-soluble xylan from beechwood was purchased

from TCI chemicals, India. Chitosan from shrimp

shell with degree of deacetylation C 75% was bought

from Himedia. Precipitated Calcium carbonate (PCC),

cationic polyacrylamide (CPAM) and Polyaluminium

chloride (PAC) were obtained from a paper mill, India.

The mean particle size of PCC was 5.12 lm as

specified by the supplier. All other chemicals,

hydrochloride acid (HCl), calcium chloride (CaCl2)

and slaked lime (Ca(OH)2) were of analylitical grade.

Charge analysis of PCC, xylan and cationic

additives

Since calcium carbonate gets decomposed at pH

below 6, all adsorption experiments were designed

in such a way that pH should not decrease below 7.

Approximately, 0.1 g of the PCC sample was dis-

persed in 100 ml distilled water and ultra-sonicated

for 30 min prior to the measurements (Fatehi et al.

2013a). The surface charge of PCC solution at both its

initial pH and pH 7 (adjusted by HCl) was estimated

using a ZetaPlus zeta potential analyzer (Brookhaven,

Holtsville, NY, USA). All polymers used as cationic

and anionic polyelectrolytes were freshly prepared to

avoid any kind of degradation. The colloidal charge

density of the filler slurry, xylan and all cationic

additives were analyzed on BTG Mutek particle

charge detector by polyelectrolyte titration method.

A 0.001 N standard solution of polydiallyldimethy-

lammonium chloride (PDADMAC) and polyethene

sodium sulfonate (PES-Na) were used as cationic and

anionic titrants respectively. PCC, xylan, CPAM and

PAC gave their charge density in distilled water while

the charge density of chitosan was calculated in 0.1 N

HCl.

Adsorption studies

A typical batch adsorption method consisted of

250 ml Erlenmeyer flask in which 10 ml solution

from 10% consistency PCC slurry was taken and made

up to 50 ml with distilled water after adding desired

amount of xylan solutions on the oven dried (OD)

basis of PCC. 1% solution of xylan was prepared by

dissolving in 100 ml of distilled water at 500 rpm for

1 h at 60 �C. PCC was dispersed for 2 h prior to the

experiments by Remi mechanical stirrer. Mixture was

then shaken for desired time in a water bath shaker at

required temperature. The final solution pH was

adjusted after adding xylan to the solution accordingly

when needed. The conical flasks were tightly sealed to

avoid any exchange of atmospheric CO2 and the final

pH was recorded after adsorption. The solution was

then centrifuged for 15 min at 3000 rpm by Labora-

tory Remi Centrifuge (R8C) and then the clear

supernatant was collected to analyze the unadsorbed

polymer at its equilibrium concentration by total

organic carbon analyzer (TOC-LCPH, Shimadzu).

The adsorbed amount (mg) of a given polymer/g of
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PCC (Qe) calculated from initial and final concentra-

tions of the polymers is described by the equation

below:

Qe ¼ Co� Ceð Þ � m
V

Co and Ce are initial and final equilibrium concentra-

tions of the polymer in liquid phase respectively and

expressed in mg/l. V is the volume of the polymer

solutions (L) and m is the mass of OD PCC (g).

A set of preliminary experiments were conducted

with various factors such as time, temperature, pH and

CaCl2 at constant initial dose of xylan.

Effect of inorganic and organic additives

on adsorption of xylan

Effect of slaked lime (calcium hydroxide), PAC,

chitosan and CPAM was investigated as a third

component in the system which was assumed to

facilitate xylan adsorption. Among these additives,

PAC and chitosan were found to decrease the solution

pH (Fernandez-Kim 2004; Chauhan 2012). Therefore,

the dose of these twowas optimized to maintain the pH

of the final solution not below 7. The dosage of each of

these additives was optimized based on OD PCC to

achieve the maximum adsorbed quantity of xylan onto

PCC when initial dose of xylan was kept constant at

fixed temperature and time obtained from previous

experiments. The final solution pH was recorded after

addition of each dose. Dual effects of Chitosan/PAC as

well as CPAM/PAC on adsorption of xylan were also

analyzed.

Effect of initial dose of xylan on adsorption was

studied by carrying out adsorption isotherms ranging

the initial dose of xylan from 20 to 70 mg/g of PCC at

optimized process conditions and in presence of fixed

amount of additives.

Results and discussions

Charge analysis

The charge density of PCC at its initial pH i.e. at pH

10.5 was - 4 leq/g and zeta potential showed a value
of - 15.67 mV indicating that PCC was slightly

anionic in nature. At pH 7, the charge density reduced

to - 2.1 leq/g and zeta potential reached a value of

- 11 mV. This clearly showed that at neutral pH the

PCC also maintained its anionicity and the isoelectric

point could not be achieved (Ferreira et al. 2005) in

this pH range. The polyelectrolyte titration method

showed that charge densities of chitosan, CPAM and

PAC were ? 7.37, ? 0.788 and ? 0.910 meq/g

respectively. On the other hand, xylan showed an

anionic charge density of - 0.71 meq/g.

Effect of different process variables

Since the aim of the present work was to maximize the

adsorbed quantity of xylan on PCC, first phase of the

work was focused on the effect of different parameters

like time, temperature, pH and ionic strength of the

medium considering the initial xylan dosage as 20 mg/

g PCC i.e. 2% on OD PCC.

It can be seen from Fig. 1a that polyelectrolyte

could be adsorbed on PCC and reached its saturation

level within 5 h with an adsorbed quantity of 6.5 mg/g

PCC. Hereafter, all experiments were conducted for a

fixed time of 5 h. The fractions of the xylan sugar units

are negatively charged due to presence of uronic acid

groups in their side chains. It has been postulated that

in addition to attractive Van der Waals forces, another

non electrostatic attractive force exists during adsorp-

tion of uncharged sugars as well as xylan on negatively

charged mica surface (Claesson 1995; Österberg et al.

2001). Similar interactions might have developed

between negatively charged PCC surface and poly-

electrolyte segments. So overall, attractive forces

prevailed over repulsion during adsorption of xylan

onto PCC (Österberg et al. 2001; Fatehi et al. 2013a).

Temperature had a negligible impact up to 40 �C on

adsorption as depicted in Fig. 1b. Beyond 40 �C
adsorption remarkably decreased which implies that

reaction is exothermic in nature. It is predicted that the

enthalpy gain which should be lowered for favourable

adsorption process was more preferred at low temper-

ature. Thus low temperature induced more attractive

hydrophobic–hydrophobic interactions for xylan

adsorption. Figure 1c describes the effect of pH on

the adsorption process. The maximum adsorbed

quantity of xylan reached to 10.81 mg/g of PCC at

pH 7. Since xylan is close to fully dissociated state at

pH 10.5 more number of hydroxyl groups prevail in

xylan segment (Österberg et al. 2001). Thats is why

the polymer solvent interaction was quite high due to

the formation of hydrogen bonds. This could have
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opposed the polymer to be separated from the solution

leading to lower affinity of the polymer towards the

surface of PCC. A very similar trend was observed

when effects of temperature and pH were studied on

adsorption of organic materials on PCC (Fatehi et al.

2013a). Figure 1d shows the effect of calcium chloride

on adsorption at two different pH 10.5 and 7. It is

noticeable that high pH favoured more adsorption

when calcium chloride was used as a background

electrolyte and the maximum xylan quantity asorbed

was 11.5 mg/g PCC at 0.1 M concentration of

electrolyte.

The increasing concentration of electrolyte from

0.01 to 0.1 M reduced the magnitude of repulsive

forces between xylan and PCC. It can be concluded

that Ca2? could form intramolecular complexes within

the same xylan chains or intermolecular complexes

between two xylan chains. More complexes were

favoured at high pH since all carboxylic groups were

ionizable to interact with Ca2?. Higher adsorption at

alkaline pH indicates that the conformation of the

adsorbed layer consisted of more number of loops and

tails. In the literature, a similar mechanism was

explained by authors who studied the effect of calcium

ions on adsorption of anionic polymers on different

negatively charged surfaces (Claesson 1995; Ostolska

2013; Chibowski et al. 2009). It is possible that

calcium ions would have formed bridges between

carboxylic groups in xylan and negative charged sites

(Österberg et al. 2001) in PCC. Moreover, it was

observed that adsorbed amount of xylan decreased

when calcium chloride was increased beyond 0.1 M at

both pH. This is because complexation of the

polyelectrolyte with Ca2? vastly depends upon the

molar concentration of the divalent metal salt (Chi-

bowski et al. 2009; Şakar-Deliormanli et al. 2008).

There might be a competitive interaction of Ca2? with

negative sites of PCC particles (Sang and Englezos

2012) which could possibly reduce the electrostatic

interactions resulting in decreased adsorption sites.

Effect of different additives

Effect of different additives like slaked lime, PAC,

chitosan and CPAM was evaluated on the adsorption

of xylan onto PCC considering initial xylan dose as

2%. The optimal dose for maximum adsorption of

xylan is given in Table 1. A comparative study of the

Fig. 1 a Effect of Time at

30 �C, pH 10.5, b Effect of

Temperature, pH 10.5 for

5 h, c Effect of pH at 40 �C
for 5 h, d Effect of calcium

chloride (CaCl2) at two

different pHs 10.5 and 7 at

40 �C for 5 h on adsorption

of xylan on PCC. Initial

xylan amount was kept

constant at 20 mg/g PCC
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effect of slaked lime, PAC and chitosan on adsorption

of xylan on PCC is depicted in Fig. 2.

Effect of calcium based inorganic flocculant

Earlier discussions showed that divalent Ca2? ions

played an important role in facilitating xylan adsorp-

tion. Therefore, a calcium based inorganic compound,

a saturated solution of slaked lime was considered as

an additive for enhancing xylan adsorption. As shown

in Fig. 2, adsorption of xylan increased with increas-

ing amount of slaked lime and then remained constant

after the optimal dose. The mechanism of double layer

compression by calcium ions cannot be explained as

the pH of the suspension increased to 11.5 due to

addition of slaked lime (Vandamme et al. 2012). High

adsorption of xylan implies that Ca2? of saturated lime

might react with the glucuronic acid side chain

residues favouring the intermolecular interaction

between two xylan chains. Ca2? ions induced xylan

adsorption on cellulose was due to the crosslinking of

two carboxylate ions of glucuronic acids (Pereira et al.

2017). This phenomenon might have resulted in the

formation of insoluble xylan-calcium complexes and

subsequent precipitation from the solution. The

authors have shown that addition of lime can success-

fully remove organic sugars and acids with the

formation of calcium mediated insoluble complexes

(Wang et al. 2015; Randtke et al. 2016).

Effect of aluminium based inorganic flocculant

Adsorption of xylan onto PCC increased with increas-

ing dose of PAC as depicted in Fig. 2. Since high

alkalinity of PCC caused partial neutralization of PAC

charge and the dominating hydrolyzed product was

Al(OH)4
- (Libecki and Dziejowski 2008), large

amount of coagulant was required to remove the xylan

from the solution. Additionally, it was observed that

pH decreased as PACwas introduced into the solution.

It is reported that removal efficiency of the contam-

inants by PAC depends on the solution pH (Moham-

madi et al. 2014). When PAC is added to water, it

hydrolyzes into positive aluminium based species like

Al(OH)2?, Al(OH)4?, and Al3(OH)
5? depending on

the water pH. For optimized PAC dose, pH of the

solution required to achieve the maximum possible

adsorption lay between 7 and 7.5. It has been

postulated that pH range between 6 and 8 promotes

formation of high polymeric positive hydrolyzates and

aluminium hydroxide (Mohammadi et al. 2014).

Generally, flocculation by PAC at neutral pH is

accompanied by enmeshment of particulate matters

Fig. 2 Effect of different additives on adsorption of xylan onto

PCC conducted at 40 �C for 5 h with initial pH 10.5. Xylan dose

was fixed at 20 mg/g PCC

Table 1 Maximum adsorbed amount of xylan at a dose of 20 mg/g PCC in presence of different additives at 40 �C for 5 h with

initial pH 10.5

Additives Optimal dose of additives

on OD PCC (%)

Maximum Adsorbed

amount (mg/g of PCC)

Adsorbed

amount (%)

Without additive 0 6.6 33

Slaked lime 10 12.9 64.5

PAC 8.5 11.2 56

Chitosan 6 9.9 49.5

CPAM 0.04 8.72 43.5

PAC ? Chitosan [varied] 8.5 ? 1 11.94 59.7

Chitosan ? PAC [varied] 6 ? 2.3 10.29 51.45

PAC ? CPAM [varied] 8.5 ? .08 11.97 59.8
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in the polymeric chain of the coagulant. This type of

coagulation is termed as Sweeping mechanism

(Schroeder and Rubin 1984). Therefore, Xylan–Al

complexes might have formed when aluminium

species interacted with the exterior negative charge

of xylan molecules with the in situ formation of the

sweep flocs Al (OH)3. This could destabilize and

deposit the polymer onto PCC surface. Note that

colloidal Al (OH)3 induced adsorption of starch on

PCC was reported earlier (Fritz Hedborg Tom Lind-

ström 1993).

Effect of amine containing biopolymer

Unlike slaked lime and PAC, chitosan was not

effective in removing xylan from the solution at a

low dose below 0.7% resulting in decreased adsorp-

tion as shown in Fig. 2. This indicated the formation of

a stable colloid type polyelectrolyte complex between

xylan and chitosan molecules. Complexation might be

the result from strong hydrogen bonding as well as

electrostatic interactions between OH groups in glu-

curonic acid residues in beech xylan and O–H, N–H

groups prevailing in chitosan (Luo et al. 2014).

However, maximum amount of xylan adsorbed was

found at a chitosan dose of 6% with a final pH of 7.5.

Adsorption did not show significant changes beyond

this dose. Since charge density of NH3? on chitosan

decreases at high pH (Cheng et al. 2010), it is assumed

that the long rod like stiff polymer chain coiled and

entangled itself with the disappearance of electrostatic

repulsion between the chains in high alkaline condi-

tion created by PCC. Upon increasing the concentra-

tion of chitosan, small xylan molecules got entrapped

and assembled into the coiled structure of chitosan

chain resulting in destabilization and co-deposition of

xylan-chitosan complex facilitating adsorption of

xylan on PCC surface. Restabilization of colloidal

xylan occurred at higher dose of chitosan. Chitosan’s

ability to co-deposit various low molecular weight

components like proteins, nano particles has also been

reported in the literature (Kim et al. 2015). The

mechanism behind the formation of stable and unsta-

ble polyelectrolyte complexes is represented in Fig. 3.

In the literature, formation of unstable complexes was

observed by the authors when chitosan was added to

the xylan solution resulting in large aggregates

(Mocchiutti et al. 2016).

Effect of combined dosage of chitosan and PAC

for xylan adsorption

Since in the earlier studies many authors have claimed

that turbidity removal efficiency increased with the

combined dose of chitosan and PAC (Mohammadi

et al. 2014), an attempt was made to observe synergic

effect of chitosan and PAC on the adsorption of xylan

onto PCC. It is concluded from Fig. 4 that xylan

adsorption depended on the order of addition of PAC

and chitosan. Adsorption was comparatively higher

when fixed dose of PAC was added to xylan and PCC

mixture before different doses of chitosan were

introduced. The final pH of the solution reached 7

with combined dose of PAC and chitosan. It was

discussed earlier in a study that aluminium released

from hydrolysis of PAC in water interacted with amine

molecules in chitosan when PAC/chitosan composite

coagulant was used for removal of natural organic

matters (NOMS) (Ng et al. 2012). It is envisaged from

the result that a certain dose of salt i.e. PAC, which

acts as an electrolyte, entered the polyelectrolyte

complex (PEC) by interacting with both xylan and

chitosan and might have formed a bridge between the

two polymer chains. This mechanism perhaps resulted

in aggregation of the complex. The authors (Strom

et al. 1985; Zhang et al. 2015b) have seen unsta-

ble complexes at stoichiometric or nonstoichiometric

ratio of low and high molecular weight polymers in

presence of low ionic strength. PAC could also screen

the repulsive forces between two PECs via colloidal

aluminium species resulting from PAC hydrolysis

enhancing xylan adsorption. It can be clearly stated

that in presence of excess chitosan, hydrolysis of PAC

to colloidal aluminium species was retarded (Ng et al.

2012) and serious stabilization of the colloidal xylan

occurred instead of xylan-chitosan co-precipitation on

PCC. More stable complexes were formed when PAC

was introduced after addition of fixed dose of chitosan

to xylan–PCC mixture.

Effect of amine based synthetic polymer

Another set of experiments were carried out to study

the effect of most popular papermaking retention aid,

CPAM on the adsorption of xylan. Since the initial

high pH of PCC i.e. 10.5 showed that TOC of the

supernatant significantly increased with increasing

dose of CPAM from 0.1 to 2% as shown in Fig. 5,
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adsorption amount could not be measured. The final

pH was observed to be the same after adsorption. This

helped us to predict that at high pH, partial hydrolyzed

chains of CPAM (Peng and Garnier 2010) could have

interacted with xylan molecules to form stable poly-

electrolyte complexes. The interaction between pine

xylan and CPAM resulting in both stable and unsta-

ble complexes at their non-stoichiometric ratio has

already been discussed earlier (Strom et al. 1985). For

this reason, the initial pH of the solution and lower

dosage of CPAM were considered. As observed from

Fig. 6, two experimental conditions were taken into

consideration. (a) Addition of CPAM at low pH, since

at this pH it maintains its cationic charge density

(b) Addition of CPAM in presence of PAC. As shown

in Fig. 6 adsorption was more when CPAM was

introduced along with PAC as compared to when

CPAM was used alone at pH 7. In both cases,

adsorption decreased after the optimal dose.

In the literature, it is well established that water-

soluble complexes can be formed between oppositely

charged polyelectrolytes based on several factors like

Fig. 3 Possible mechanism

of xylan interaction with

chitosan during its

adsorption on PCC

Fig. 4 Dual effect of PAC and chitosan on adsorption of xylan

conducted at 40 �C for 5 h with initial pH 10.5. Xylan dose was

fixed at 20 mg/g PCC

Fig. 5 Effect of TOC on the supernatant when CPAM was

added to xylan and PCC mixtures conducted at 40 �C for 5 h

with initial pH 10.5. Xylan dose was fixed at 20 mg/g PCC
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presence of salt or significant differences between the

molecular weights of two polyelectrolytes (Aryee and

Nickerson 2014; Zhang et al. 2015b). From our result

it is anticipated that the formed PEC particles between

xylan and CPAM might be stabilized by the segments

of xylan that charged the PEC surface at pH 7 as low

amount of CPAM failed to neutralize the charge on

xylan molecules. Hence, it prevented further forma-

tion of unstable complexes inhibiting xylan adsorption

on PCC. Stable PECs were proved to be formed at

highly non-stoichiometric ratio of polycation and

polyanion (Zhang et al. 2015b). Figure 7 depicts a

schematic picture of possible interaction of xylan with

CPAM at low and high pH that might happen during

the process of adsorption.

However, in presence of a fixed dose of PAC, xylan

adsorption increased at a very little CPAM dosage

0.08%. Possibility of chemical interaction of alu-

minium of PAC with oxygen on CONH2 group on

CPAM has already been established earlier (Zhou

et al. 2015). It can be concluded that at certain dose of

PAC, hydrolyzed Al species interacted with xylan and

CPAM chains thus facilitating the aggregation and

deposition of the complex from the solution. Similar

mechanism might have occurred when PAC was used

with chitosan for xylan adsorption. An overdose of

CPAM induced steric and electrostatic repulsive

columbic forces among the xylan chains resulting in

restabilization of the colloidal xylan. Possible mech-

anisms that might involve in dual PAC/Chitosan or

PAC/CPAM are shown by the schematic representa-

tion in Fig. 8.

Effect of initial dose of xylan

Firstly, adsorption of xylan at equilibrium was inves-

tigated as a function of initial polymer concentration

under various process conditions like temperature, pH

and calcium chloride as shown in Fig. 9. It was

observed that at initial condition i.e. at pH 10.5 and

30 �C, adsorption decreased beyond a xylan dose of

20 mg/g of PCC. On the contrary, adsorption

improved with increasing dose of xylan at neutral

pH and 40 �C. Addition of electrolyte (calcium

chloride) at pH 10.5 further enhanced the saturation

level to a xylan dose of 50 mg/g of PCC. Figure 10

shows the adsorption of xylan on PCC in presence of

slaked lime, PAC, chitosan, CPAM, PAC/chitosan,

PAC/CPAM at their certain fixed doses when initial

polymer concentration was varied. It shows that in

presence of slaked lime adsorption reached a satura-

tion level at a xylan dose of 30 mg/g PCC and then

decreased beyond 60 mg/g PCC. PAC proved to be a

better coagulant than slaked lime and attained a

maximum saturation level for a xylan dose of 60 mg/g

PCC. However, in presence of chitosan, adsorption of

xylan was lower than in presence of PAC up to a dose

of 60 mg/g PCC. Further, the saturation level could

not be achieved in the whole range of added polymer.

Similar trend was also observed by combined effect of

chitosan and PAC with slightly enhanced adsorption.

Thus it is anticipated that low molecular weight

inorganic PAC could not enhance the adsorption of

xylan beyond 60 mg/g PCC indicating that more

aluminium species were needed to neutralize the

charge of xylan. In contrast, chitosan could destabilize

the xylan molecules even beyond 60 mg/g indicating

that long polymer chain had enough sites available for

complexation with xylan facilitating adsorption of

xylan at its high dose. It is also evident from Fig. 10

that with increasing dose of CPAM from 0.08 to 0.2%,

adsorption increased when initial xylan dose was

increased. Therefore, the long chains of the polymer

aided in aggregation of the xylan via charge interac-

tion and subsequent destabilization from the solution.

It was reported in the literature that higher concentra-

tion of CPAM at neutral pH enhanced the adsorption

of organic matter of prehydrolysis liquor on PCC

(Fatehi et al. 2013a).

Fig. 6 Effect of CPAM at pH 7 and CPAM coupled with PAC

on adsorption of xylan conducted at 40 �C for 5 h with initial pH

10.5. Xylan dose was fixed at 20 mg/g PCC
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All experimental adsorption data were plotted to

determine the adsorption behaviour of xylan under

various process conditions and in presence of

additives. Two adsorption isotherms namely Lang-

muir and Freundlich models were adapted to fit the

experimental data by linear regression analysis. The

Fig. 7 Possible mechanism of xylan interaction with CPAM during its adsorption on PCC

Fig. 8 Possible mechanism

of xylan interaction with

PAC and the polymer

(Chitosan or CPAM) during

its adsorption on PCC in

presence of either PAC/

Chitosan or PAC/CPAM

dual systems
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assumptions of Langmuir model are that a saturated

continuous monolayer of the adsorbent on the adsor-

bate surface exists, no interaction between adsorbate

and adsorbent takes place and there is presence of

equivalent sites on the adsorbent where adsorbate can

be attached. The linearized form of the Langmuir

equation is expressed as follows (Tekin et al. 2005;

Fatehi et al. 2013a; Rasteiro et al. 2015)

ce

qe
¼ 1

hmax � k þ
ce

hmax
ð1Þ

where hmax is the maximum amount of polymers

adsorbed on PCC to form a saturated monolayer on the

surface and expressed as mg/g of PCC. ce is the

equilibrium concentration of the polymer after adsorp-

tion expressed in mg/l. k is the constant related to the

binding affinity with the surface.

The dimensionless separation factor RL is defined

by the Langmuir model and is expressed by the

following equation:

RL ¼ 1

1þ k � Ce ð2Þ

The adsorption is assumed to be favourable if

0\RL\ 1. Linear adsorption occurs when RL = 1

and unfavourable adsorption takes place if RL[ 1

(Tekin et al. 2005)

The assumptions of freundlich model are that

adsorption is governed by multilayer adsorption

mechanism on heterogeneous surface. The linearized

form of the model is given by the following expression

(Zhang et al. 2015a)

Logqe ¼ 1

n
Logceþ Logkf ð3Þ

qe (mg/g of PCC) is the amount of polymer adsorbed

at equilibrium concentration ce (mg/l). Kf is the

freundlich constant and related to adsorption capacity.

1/n defines the strength of adsorption. 1/n less than

unity or n values lying between 1 and 10 represent a

favourable adsorption (Dada et al. 2012) The param-

eters for Langmuir and Freundlich isotherm are

represented in Table 2.

Figure 11a and c showed that experimental data

were fitted well to Langmuir model with correlation

coefficient R2 values ranging from 0.96 to 0.99 when

plot ce/qe vs. ce produced a straight line. All RL values

for xylan adsorption on PCC varied between 0.01 and

0.80 indicating that adsorption process under every

condition was favourable. However, it is interesting to

note that in presence of dual PAC/chitosan system,

freundlich model was best fitted indicating a complex

multilayer adsorption mechanism with R2 value 0.99.

Another interesting phenomenon observed while

studying dual PAC/CPAM system was that isotherm

was more fitted to Freundlich model at higher CPAM

dose as seen from Fig. 11d. This suggests that there

might be a possibility of multilayer adsorption (Fatehi

et al. 2013b) of xylan at higher dose of CPAM. R2

Fig. 9 Adsorption isotherms of xylan on PCC under different

process variables conducted for 5 h

Fig. 10 Adsorption isotherm of xylan onto PCC in presence of

different additives conducted at 40 �C for 5 h with initial pH

10.5. Fixed doses of additives: [Slaked lime: 10%, PAC: 8.5%,

chitosan: 6%, Chitosan ? PAC: 1% ? 8.5%, CPAM ? PAC:

0.08% ? 8.5%, CPAM ? PAC: 0.2% ? 8.5%]
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value was found to be 0.98 and value of n greater than

unity suggests that adsorption was favourable. Among

all the additives studied Qmax for xylan in presence of

dual PAC/Chitosan was the maximum. It was also

observed that in presence of same quantity of PAC,

about 5 times lesser amount of CPAM (0.2%) than

chitosan (1%) was required to achieve almost same

value of Qmax.

Potential commercial applications

The contribution of xylan in modifying sheet proper-

ties provides new opportunity for the paper makers to

further enhance the performance of this renewable raw

material as a novel additive (Ban and van Heiningen

2011; Mansoor Ahmad 2012). Because of these

reasons, the utilisation of xylan as a value added

additive in filler modification technology will pave the

Fig. 11 a Langmuir

isotherm fit for xylan,

b Freundlich isotherm fit for

xylan under different

process variables,

c Langmuir isotherm fit for

xylan, d Freundlich

isotherm fit for xylan in

presence of different

additives

Table 2 Estimated Langmuir and Freundlich parameters from Eqs. (1), (2) and (3) by fitting experimental data of Figs. 9 and 10

Conditions Freundlich Langmuir

n kf R2 Qmax (mg/g) k(l/mg)*102 R2 RL

30 �C, pH 10.5, 5 h 3.86 1.20 0.832 7.19 1.21 0.997 0.45–.08

40 �C, pH 10.5, 5 h 4.20 1.66 0.965 8.93 1.16 0.989 0.54–.08

40 �C, pH 7, 5 h 3.17 1.42 0.669 10.64 1.89 0.976 0.45–.06

CaCl2(0.1 M), 40 �C, pH 10.5, 5 h 8.69 6.32 0.607 14.28 2.58 0.994 0.15–.03

Slaked lime (10%), 40 �C, pH 12, 5 h 7.24 6.33 0.656 16.13 3.61 0.991 0.14–.02

PAC (8.5%), 40 �C, pH 7.3, 5 h 2.24 1.23 0.867 32.26 0.36 0.970 0.59–.22

Chitosan (6%), 40 �C, pH 7.5, 5 h 1.50 0.28 0.976 50.00 0.11 0.977 0.80–.47

Chitosan (1%) ? PAC (8.5%), 40 �C, pH 7, 5 h 1.60 0.49 0.998 58.82 0.15 0.989 0.80–.46

CPAM (0.08%) ? PAC (8.5%), 40 �C, pH 7, 5 h 2.22 1.31 0.908 34.48 0.38 0.967 0.62–.21

CPAM (0.2%) ? PAC (8.5%), 40 �C, pH 7, 5 h 1.54 0.36 0.979 55.55 0.13 0.961 0.80–.47
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way for developing sustainable and eco-friendly

products in papermaking industries. In the present

study, it was found that dual system comprising

PAC/chitosan or PAC/CPAM gave promising results

in enhancing xylan adsorption onto PCC to induce

modified functional filler. As a consequence, it is quite

predictable that xylan based polyelectrolyte com-

plexes deposited on PCC surface can improve the

bondability of modified filler composites with cellu-

lose fibres (Galván et al. 2015; Mocchiutti et al. 2016;

Yu et al. 2013; El et al. 2014; Peng et al. 2015). This

technology may be a good approach to reduce the

negative effect of high filler loading with subsequent

improvement of paper strength (Yu et al. 2013; Chen

et al. 2014; Kuusisto and Maloney 2015). This also

may open a new alternative way to increase filler

amount in paper without affecting the critical proper-

ties (Lourenço et al. 2016). Hence, overall cost of

production can beminimized by partial replacement of

fibres with these mineral filler composites which will

benefit the paper makers in terms of economy.

Therefore, the xylan based PCC filler composites

have much potential in papermaking considering its

end-use applications as functional filler.

Concluding remarks

In this paper adsorption of beech wood xylan was

studied onto anionic PCC. Some key findings of this

study are as follows. Firstly, the magnitude of

adsorption was rather low at alkaline pH. Secondly,

interaction of xylan with PCC was found to depend on

several process conditions like time, temperature, pH

and background electrolytes. In particular, adsorption

was favourable at neutral pH and lower temperature.

Further, driving force for xylan could be enhanced

when calcium chloride was introduced as a back-

ground electrolyte in the system.

The next phase of this work describes the role of

various additives such as slaked lime, PAC, chitosan,

CPAM in aiding xylan adsorption onto PCC. At low

initial dosage of xylan, slaked lime was found to be

more efficient in removing xylan from the solution and

in depositing on PCC as compared to PAC and

chitosan. However, it appeared to be least efficient

among the additives at higher dosage of xylan. Our

study reveals that chitosan proved to be a good

coagulant even at higher xylan dose. However,

maximum adsorbed quantity of xylan was achieved

with combined effect of PAC and chitosan. At the

same time, in presence of PAC, 5 times smaller dose of

CPAM was required to attain almost equal amount of

maximum adsorbed quantity of xylan as obtained with

chitosan. All the adsorption experimental data

obtained under applied conditions were well fitted to

the Langmuir isotherm model except in cases of

chitosan/PAC and CPAM/PAC. From the environ-

mental point of view, due to high biodegradability,

chitosan/PAC dual system was considered to give the

most encouraging results in enhancing xylan adsorp-

tion onto PCC surface. Thus the findings show much

potential in producing xylan based PCC filler com-

posites as functional additives for papermaking

applications.
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