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A B S T R A C T

In this study, a reutilization of caustic lye during cold caustic extraction (i.e., CCE) process to produce high-
purity dissolving pulp and high-concentrated hemicellulose solution was proposed. The results showed that the
lye can be reused about 12 times for producing high-purity dissolving pulps. With the number of CCE stages of
12, the hemicellulose in the lye can be auto-concentrated to about 37 g/L. The alkali efficiency of the modified
CCE process was about 6 (or 3) times better than the traditional CCE process with low- (or middle-) consistency
of pulps. Therefore, the present process is feasible to be used for the purification of dissolving pulps with a cost-
effective manner.

1. Introduction

Dissolving pulp, also called cellulosic fibers, typically used for
producing textile fibers (Viscose or Lyocell) or other high-value added
cellulose esters or ethers (Saka & Takanashi, 1998; Schild & Sixta,
2011), is characterized by its high alpha-cellulose content (> 90%) and
low hemicellulose content (< 4%) (He & Chai, 2015). Besides cotton
linter, bleached chemical pulps (i.e., lignocellulosic fibers) obtained
from wood or non-wood materials through a series of chemical pro-
cesses (e.g., kraft pulping and chloride dioxide bleaching (Sixta, 2008))
is also widely used for manufacturing the dissolving pulps (Arnoul-
Jarriault, Lachenal, Chirat, & Heux, 2014; Duan, Verma, Li, Ma, & Ni,
2016; Ibarra, Köpcke, Larsson, Jääskeläinen, & Ek, 2010; Janzon,
Puls, & Saake, 2006). Because of a significant amount of hemicellulose
in the bleached pulps, e.g., 5–20% in kraft wood pulps, the purification
treatment processes to remove hemicellulose from the pulps must be
introduced, which includes the enzymatic treatment (Gehmayr,
Schild, & Sixta, 2011), nitren extraction (Janzon, Puls, & Saake, 2006),
hot water extraction (Borrega, Tolonen, Bardot, Testova, & Sixta, 2013),
and cold caustic extraction (CCE) (Arnoul-Jarriault, Lachenal,
Chirat, & Heux, 2014).

Among these treatment technologies, CCE was regarded as the most
effective way for the hemicellulose removal, due to its high yield and
purity in the production (Li, Liu, Duan, Zhang, & Ni, 2015; Syed, 2012).
After CCE treatment, the resulting solution (i.e., the used lye) contains a
significant amount of hemicellulose (5–20 g/L) and alkali (∼100 g/L).

Therefore, it is particularly important to properly handle the used CCE-
lye with a cost-effective way in the industrial application. In the past,
the used lye was simply used as a cooking liquor for alkaline pulping or
directly mixed with pulping spend liquor (black liquor) into the che-
mical recovery system in mill practice (Hartman, Albertsson,
Lindblad, & Sjöberg, 2006; Jing, Sun, Ye, & Li, 2012; Mikkonen, 2013).
Obviously, such a treatment process is less cost-effective because the
dissolved hemicellulose can further consume alkali during the pulping
process (Schild, Sixta, Testova, & Schild, 2010) or cause a high viscosity
that has a negative impact for the liquor evaporation and transportation
in the chemical recovery process (Grace, 1975). Recently, some me-
chanical and enzymatic methods have been introduced for pretreating
the pulps before CCE process (Li, Liu, Duan, Zhang, & Ni, 2015). The
main purpose of such pretreatment is to increase the surface area of
cellulosic fibers and thus improve the penetration of alkali into the fi-
bers. The results showed that the alkali concentration of solution used
for CCE process can be reduced down to ∼50 g/L (about 5% of the
alkali found in the traditional CCE process), with such pretreatment (Li,
Liu, Duan, Zhang, & Ni, 2015). In the mill operation, it is highly desired
to develop the new approach that can further improve the alkali effi-
ciency for pulp purification.

According to the mass transfer mechanism, the soluble fractions
from the solid phase will be continuously transferred to the liquid phase
until the driving force of mass transfer is closely to zero (Shikazono,
2015). Therefore, the multi-stage countercurrent washing method,
widely used in many industrial processes, e.g., pulp washing (JR, 1979),
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should be a more effective way for purifying the dissolving pulps with
limited alkali consumption during the CCE process.

In this paper, a modified CCE process based on the repeatedly used
caustic lye has been developed. After each CCE section, the pulps were
extruded out and the used CCE-lye would be added into the next sec-
tion. Meanwhile, the loss alkali carried in CCE-treated pulps would be
also supplied with a fresh lye. The main focuses were to investigate the
mass transfer behaviors of alkali and hemicellulose during such a CCE
process. The comprehensive performances of the process were eval-
uated by analyzing the compositions and properties of dissolving pulps,
and the efficiency of alkali utilization in the modified process.

2. Experimental

2.1. Chemical and materials

All analytical-grade chemicals used in this paper, including sodium
hydroxide, ethanol, hydrochloric acid, acetic acid, sulfuric acid, carbon
disulfide, potassium dichromate, sodium thiosulfate, were obtained
from commercial sources.

A commercial ECF-bleached (i.e., elemental chlorine free bleaching)
kraft pulp from bamboo was provided by a pulp mill in Southwestern of
China. The compositions and properties of the pulp are listed in Table 1.

2.2. Experimental procedures

2.2.1. Modified CCE process
A 20 g of pulp (oven-dry) was extracted with 480 mL NaOH solution

(83.9 g/L) for 30 min to prepare a 4% (w/v) pulp inlet-consistency
using a 500 mL glass bottle. All pulp extractions were carried out in a
thermal water bath with a 300 rpm shaking. After CCE-treatment, the
pulp was pressed by an extruder for controlling the outlet-consistency
of 40% (w/v). Meanwhile, all of the extrusive lye was reused for ex-
tracting the next pulp extraction or for separating the hemicellulose.
The extracted pulp was washed using distilled water followed by a 5%
(w/w) acetic acid washing in order to removal the residual sodium ions.
Then, the pulp was further washed with distilled water until the pH of
the filtrate was down to ∼7. The pulp fibers were collected by the
polyethylene bags for further analyses.

2.2.2. Testing methods for pulp compositions and properties
2.2.2.1. Intrinsic viscosity. The viscosity of pulps was determined
according to Technical Association of the Pulp and Paper Industry
(TAPPI) test method T230 om-99, which use a cupriethylenediamine
(CED) solution as the solvent for dissolving celluloses.

2.2.2.2. Water retention value (WRV). A 1.50 g of air-dried pulp was
fully pre-swollen in deionized water at room temperature and then

placed in a tube attached a 120-mesh filter and conducted a
centrifugation with a force of 3000g for 15 min (Han et al., 2012).
The centrifuged pulp was transferred into a weighing bottle. By
weighing the bottle before and after drying in oven at 105 °C for 6 h,
the WRV of the pulps can be calculated by

= − ×WRV M M
M

(%) 1001 2

2 (1)

where M1 and M2 represent the weight of centrifuged wet pulp and
oven-dried pulp, respectively.

2.2.2.3. Alkali-soluble and insoluble substances. The contents of alpha-
cellulose (refer to the insoluble substances in 18% (w/w) NaOH
solution, i.e., R18) and soluble substances (refer to the dissolved
cellulose and hemicellulose in 10% or 18% (w/w) NaOH solution,
i.e., S10 or S18) in pulps were examined by TAPPI test method T 235 cm-
09.

2.2.2.4. Fock reactivity. Fock reactivity of dissolving pulps were
determined by an efficient method developed recently (He & Chai,
2015). The air dried pulp was mercerized in 11% (w/w) NaOH
solution for 10 min in a sealable glass bottle and then xanthated with
1 mL CS2 at 30 ± 0.5 °C for 3 h in thermal water bath with a 300 rpm
shaking. The above solution was diluted and centrifuged, and the
supernatant was acidified to form a regenerated cellulose suspension
and then measured by spectroscopy.

2.2.2.5. Hemicellulose content. The content of hemicellulose (g/L) in the
CCE-lye was determined, according to TAPPI test method T235 cm-09.
5 mL of the lye was firstly neutralized by adding 5 mL of sulfuric acid
solution (3.0 mol/L) to form hemicellulose suspension, which was then
oxidized by a reaction medium (5 mL of 0.1670 mol/L K2Cr2O7 and
25 mL of 98% (w/w) H2SO4 solutions) at 100 °C for 1 h. Finally, the
content of hemicellulose in the sample was determined by measuring
the residual K2Cr2O7 by the titration with a standard sodium thiosulfate
solution (0.1 mol/L).

2.2.2.6. Alkali content. The content of alkali (g/L) in the CCE-lye was
determined by a titration using a standard hydrochloric acid solution
(0.5 mol/L), according to the traditional acid-base titration method.

2.2.2.7. Post-treatment of CCE-treated pulps. After the CCE, a 30 g of
oven-dried pulp was refined by pulp refining instrument (PFI refiner) at
a 10% (w/v) pulp consistency with fitted revolutions, according to
TAPPI standard T248 sp-08.

3. Results and discussion

3.1. Establishment of the relationships between the consumed alkali or the
extracted hemicellulose and the process parameters in the modified CCE
process

3.1.1. Alkali consumption
As shown in Fig. 1, the fresh lye is supplied to each pulp CCE stage

to maintain the alkali balance for the process, to make up the alkali loss
due to the pulp carryover (although the extrusion for pulps is applied to
minimize the loss). According to the mass balance, the total amount of
alkali at each CCE stage in the system can be written as

= +V C V C V CR R P P0 0 1 1 1 1 (2)

+ = +V C V C V C V CR R F R R P P1 1 1 0 2 2 2 2 (3)

+ = +V C V C V C V CR R F R R P P2 2 2 0 3 3 3 3 (4)

…

+ = +− − −V C V C V C V CR n R n F n Rn Rn Pn Pn( 1) ( 1) ( 1) 0 (5)

Table 1
Compositions and properties of ECF-bleached bamboo kraft pulp.

Parameter Quantity Unit*

Intrinsic viscosity [η] 855 mL/g
Fock reactivity 52.5 %
alpha-cellulose 91.6 %
S18 8.35 %
Ash 0.83 %
Water retention value 88.0 %
Beating degree 12.5 °SR
Glucan 89.0 %
Xylan 10.1 %
Mannan n.d. %
Arabinan 0.92 %
Galactan n.d. %

n.d. – not detect; % – based on oven dried pulp; S18 – the dissolved cellulose and hemi-
cellulose in 18%wt NaOH solution.
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