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Abstract The aim of this study is to present the

design, optimization and modelling of a chemical

recovery system for a novel CS2-free viscose-type

process that entails dissolution of pre-treated dissolv-

ing pulp in a continuous-flow reactor in cold alkali and

wet spinning of cellulose in sodium carbonate solu-

tions. Technologies already known to other industries

for the recovery and reuse of chemicals, such as

causticizing, recalcination, recarbonization and

freeze-separation, were used. Chemical equilibria

simulations were performed with OLI Studio 9.5,

with the purpose to select experimental conditions

which avoid undesired precipitations in each unit

operation. Synthetic solutions mimicking the spent

coagulation liquor were used in the laboratorial

experiments. The proposed chemical recovery system

was shown to be technically feasible and reduce

chemical make-ups to a minimum of 45 kg/ton of

NaOH and 4 kg/ton of H2SO4. Small amounts of Zn

are expected to precipitate during recarbonization of

the coagulation liquor at 30 �C and causticizing at

98 �C. Thus, a filter for ZnO particles should be

included in the design of the recarbonization unit and a

continuous purge of lime mud and input of fresh lime

make-up should be needed to keep burnt lime avail-

ability at an acceptable level. Overall, the results

presented in this study portray a solution to reduce

operating costs and the environmental impact of novel

viscose-type processes with alkaline spin dopes and

wet spinning of cellulose in sodium carbonate

solutions.
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Introduction

The manufacturing of regenerated cellulose fibres

involves different chemical and mechanical processes

that yield fibres with distinct properties. Viscose,

modal, lyocell and cuprammonium rayon are the most

common man-made cellulose fibres with application

primarily in textile fabrics (Röder et al. 2013). With

the growing population and environmental awareness

across the world, the demand for sustainable textile

fibres is expected to increment at a steady rate.

However, the dominant viscose process suffers certain

economic and environmental drawbacks, such as the

demand for large chemical make-ups (NaOH and

H2SO4) and the use of hazardous carbon disulphide
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(CS2) in cellulose xanthation and dissolution. In recent

years, a significant amount of research has been done

to develop and demonstrate novel CS2-free processes.

Among them, the Biocelsol process encompasses a

mechano-enzymatic pre-treatment of dissolving pulp

for direct dissolution in NaOH/ZnO solutions (Ve-

hviläinen et al. 2008, Grönqvist et al. 2015); the

CelluNova process entails cellulose dissolution in

NaOH/urea/thiourea solvent (Kihlman et al.

2010, 2012); the Ioncell-F process uses ionic liquids

for cellulose dissolution (Michud et al. 2016); and a

more recent process proposes periodate oxidation of

pulp followed by crosslinking with chitosan for

dissolution of modified cellulose in dilute NaOH

(Alam and Christopher 2017). NeoCel is a novel CS2-

free process that uses dissolution of modified dissolv-

ing pulps in a continuous-flow reactor, in cold

solutions of sodium zincate in aqueous sodium

hydroxide (Grönqvist et al. 2015, Brännvall and

Walter 2020) followed by wet spinning of cellulose

fibres in either H2SO4/Na2SO4 or Na2CO3/NaOH

aqueous solutions. Both NeoCel process variants

include a chemical recovery system which is of

utmost importance for the reduction of the environ-

mental impact and operating costs associated with

make-up chemicals, mainly NaOH and H2SO4 (Cou-

tiño and Lopes 2019).

The aim of this study is to present the design,

optimization and modelling of the chemical recovery

system for the NeoCel process variant with wet

spinning of cellulose in sodium carbonate solutions.

Na2CO3/NaOH spinning solutions were previously

used at semi-pilot scale in the CelluNova research

project (Kihlman et al. 2012) and tested again at lab-

scale in the NeoCel research project (2017–2019).

This spinning system offers the possibility of using

technologies already known to the pulp industry for

the recovery and reuse of chemicals, such as causti-

cizing, recalcination and recarbonization. Although

the coagulation and stretching conditions of this

NeoCel system need further development to yield a

fibre with good quality, the theoretical and experi-

mental work presented herein to develop a closed-

cycle process is unique among the novel CS2-free

viscose-type processes. The present study includes: i)

design of the chemical recovery system, ii) chemical

equilibria simulation of each unit operation, iii)

experimental optimization of each unit operation,

and iv) modelling and mass balance calculation of the

closed-cycle NeoCel process.

Methods

Samples

Samples of spin dope, spun cellulose fibers and spent

coagulation liquor were obtained from a lab-scale wet

spinning test in an aqueous solution containing

24 wt% Na2CO3 and 2–4 wt% NaOH at 30 �C. A
sample of industrial burnt lime with 88 wt% lime

availability (CaO content) was provided by Andritz

Oy (Finland). All these samples were analyzed by

ICP-AES to determine their elemental composition.

Considering the limited volume of spent coagulation

liquor, synthetic solutions mimicking its composition

were used in the laboratorial experiments of recar-

bonization and causticizing. A cellulose hydrolysate

was produced in laboratory via alkaline degradation of

kraft dissolving pulp, according to the method

described by Mozdyniewicz et al. (2013).

Chemical equilibria simulation

Chemical equilibria simulations were performed with

OLI Studio 9.5 electrolyte simulator, licensed by OLI

Systems Inc., with the purpose to verify the solubility

of chemical species at different temperatures and

select experimental conditions which maximize the

regeneration degree, but at the same time minimize the

risk of undesired precipitations in each operation. The

simulated chemical systems represented the composi-

tion of spent coagulation liquor.

Recarbonization

Recarbonization experiments were conducted in a 3.8

L Parr reactor equipped with a mechanic stirrer and a

sampling line converted into a gas dispenser with a

dense sparger. The reaction is very sensitive to the size

of the gas bubbles and the mixing speed that were kept

as constant as possible. A gas mixture of CO2 (19.9

vol%), O2 (16.4 vol%) and N2 (63.7 vol%) was used to

mimic the composition of industrial flue gases from a

lime kiln. The gas mixture was pre-heated to 25–30 �C
and sparged through synthetic solutions containing

24 wt% Na2CO3, 2 wt% NaOH and 0.2 wt% ZnO at
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different temperatures. It was not possible to quantify

the gas spent in each experiment and estimate the

absorption efficiency due to difficulties in measuring

weight variations of the gas container.

Causticizing

Causticizing experiments were conducted in a metal

beaker with stirrer placed in a thermostatic water bath

to allow temperature control during the experiments.

Synthetic solutions with 24 wt% Na2CO3, 2–4 wt%

NaOH and 0.2–0.4 wt% ZnO were used in the

causticizing trials. Analytical-grade lime was gradu-

ally added to the solution up to a molar overcharge of

1.03 in relation to carbonate. The lime availability was

94.2%, according to SCAN-N 25:81. Each causticiz-

ing trial was monitored for 6 h and three different

temperatures were tested: 50, 70 and 90 �C. Filtered
liquor samples were taken during the course of each

causticizing trial and titrated. Some trials were made

with industrial lime and synthetic solutions with the

above-mentioned composition plus addition of 1.5

wt% dissolution additive (a modified viscose additive

of surfactant type provided by Nouryon) and 0.15 wt%

cellulose hydrolysate.

Freeze-crystallization

Freeze-crystallization experiments were conducted at

Andritz Oy (Kotilainen 2017). Synthetic solutions

mimicking the composition of causticized coagulation

liquor were prepared and loaded into a 1.5 L jacketed

metallic reactor equipped with baffles and a thermal

probe. The solution was cooled to- 10 �C in one step,

which took approximately 30 min. Three retention

times at - 10 �C were tested: 10 min, 20 min, and

40 min. The Na2CO3�10H2O crystals were separated

from the mother liquor by filtration in a 2 L Büchner

flask with WHATMAN GF/A glass fiber filter. Then,

crystals were immediately washed with pure ethanol

in a 1 L Büchner flask in order to prevent redissolu-

tion. All liquor samples were titrated before and after

crystallization and separation to investigate changes in

the Na2CO3/NaOH mass ratio.

Process simulation

The full NeoCel mill with spinning in 24 wt%

Na2CO3 ? 2 wt% NaOH solution and chemical

recovery was modelled in WinGEMS� 4.5, licensed

by Valmet. The input parameters where those opti-

mized in the present study for chemical recovery, plus

the pre-treatment, dissolution, coagulation and post-

treatment operational parameters optimized during the

NeoCel project (2017–2019). When operating param-

eters where unknown, typical industrial parameters

from a reference viscose mill were used in the model

(Ing. A. Maurer S.A.). Considering the low techno-

logical readiness level of this technology, results from

modelling have an associated uncertainty.

Results and discussion

Design of the chemical recovery system

NeoCel comprises dissolution of pre-treated dissolv-

ing pulp in a continuous-flow reactor in cold alkali,

aided by Zn and additives, and coagulation of the spin

dope optionally in a sodium carbonate solution. The

layout of the proposed chemical recovery system for

this NeoCel process variant is presented in Fig. 1.

During coagulation of the alkaline spin dope in sodium

carbonate solution, NaOH accumulates in the carbon-

ate spin bath. Spinning tests conducted during the

NeoCel project have shown that wet spinning of

cellulose can effectively run with residual hydroxide

concentrations up to 4 wt%. The proposed solution to

control the hydroxide level in the spin bath is

recarbonization of a circulation stream with CO2-rich

flue gases from the lime kiln. Another stream of the

coagulation liquor is causticized with lime (CaO) to

regenerate NaOH for cellulose dissolution (Fig. 1).

The lime mud (CaCO3) formed during causticizing is

filtrated, washed and recalcinated in a lime kiln. The

causticized solution is further purified by freeze-

crystallization and separation of Na2CO3�10H2O to

meet the quality requirements for cellulose dissolu-

tion. All the unit operations mentioned above are

known from other industrial applications. However,

they need to be optimized or modified for the NeoCel

process for best performance and highest product

purity.

Recarbonization of the coagulation liquor

Recarbonization, i.e. saturation of the solution with

gaseous CO2, was chosen as the optimal method for

123

Cellulose (2020) 27:8681–8693 8683



residual hydroxide control in the coagulation liquor.

The reactions proceed as follows:

CO2 þ H2O ! H2CO3

H2CO3 þ 2OH� ! CO2�
3 þ 2H2O:

This method has been applied in the Lignoboost�

process, where CO2 is used to decrease the pH of black

liquor to the point of lignin precipitation (Öhman and

Theliander 2007). An additional advantage of this

method is the fact that CO2 is easily available in the

flue gases of the lime kiln.

A model-solution of the coagulation liquor con-

taining 24 wt% Na2CO3, 2 wt% NaOH and 0.2 wt%

ZnO was used in the OLI simulation of the recar-

bonization stage. The recarbonization reaction is

exothermic, thus, the temperature and flow of the flue

gas must be controlled to avoid overheating of the

coagulation liquor. A stepwise addition of 150 g of

CO2 to 1 kg of solution at different temperatures was

simulated in OLI. The evolution of the residual OH-

concentration (Fig. 2), as well as any possible solid

formation (Fig. 3), was monitored as the output.

Figure 2 shows that OH- concentration drops

almost to zero at a CO2 addition of 12 g/kg of

solution, within the temperature range of 30 to 50 �C.
However, it should be noticed that in a real process

there are physical limitations depending on the CO2

absorption rate, diffusion coefficient, size of gas

bubbles, etc. Thus, the gas would have to be added

in excess, and possibly recirculated.

Figure 3 shows that addition of CO2 above 14 g/kg

of solution leads to the precipitation of solid phases

identified as NaHCO3�Na2CO3�2H2O and NaHCO3

(the latter at high CO2 additions). This simulation

stresses the importance of a proper control of the

recarbonization process to avoid precipitation of

sodium salts. Another important observation is that

ZnO precipitates as soon as the stabilizing hydroxide

ions are removed from solution. This means that the

recarbonization step can also be designed to remove

the residual ZnO (s) that might accumulate in the spin

bath by adding a particle filter in the recirculating

stream.

Experimental recarbonization trials were con-

ducted on a synthetic solution mimicking the spent

coagulation bath
Na2CO3

bleed to
regeneration purge

pretreatment

pre-
treatment

NaOH
ZnO

Additive

regenerated
fibre

cold alkali 
dissolution

post-treatment, 
drying

to treatment

dissolving 
pulp

CO3
2-

regene-
ration

causti-
cizing

CO2

CaOCaCO3

recalcination

evapo-
ration condensate

purge

to coagulation

NaOH to 
cellulose 

dissolution

Na2CO3·10H2O

wash

freeze
sepa-
ration

H2SO4

Fig. 1 Process layout of NeoCel with dissolution of cellulose in a continuous-flow reactor in cold alkali, wet spinning in sodium

carbonate solution and a chemical recovery system
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coagulation liquor. Figure 4 shows the evolution of

the ionic concentrations as a function of the reaction

time, at 32 �C and 60 �C. The laboratorial recar-

bonization rate at 32 �C is ca. 1.5 times faster than at

60 �C, with the OH- concentration dropping fivefold

in 42 min. The concentration of carbonate ions

increased up to 2.53 mol/kg (ca. 26 wt% Na2CO3)

upon 50 min of reaction, and then decreased until the

experiment was terminated. This observation is con-

sistent with the formation of sodium bicarbonate

precipitates predicted by OLI simulation (Fig. 3). ICP-

AES analysis of this precipitate also revealed the

presence of Zn. These results confirm the need to

include a particle filter in the recirculation stream of an

industrial recarbonization process. As long as the

recarbonization is controlled so that the overcharge of

CO2, and the resulting precipitation of carbonate salts,

are avoided, the only solid formed in this stage will be

ZnO. After a displacement washing to remove the

Fig. 2 OLI simulation of the OH- concentration during recarbonization at different temperatures of a model-solution containing 24

wt% Na2CO3, 2 wt% NaOH (0.5 mol OH-/kg) and 0.2 wt% ZnO

Fig. 3 OLI simulation of the solid phases formed during recarbonization at different temperatures of a model-solution containing 24

wt% Na2CO3, 2 wt% NaOH and 0.2 wt% ZnO

123

Cellulose (2020) 27:8681–8693 8685



carryover of the recarbonised solution, ZnO can be

returned directly to the alkali preparation stage.

The industrial recarbonization process would

require an accurate system of process control to keep

the CO2 absorption at an appropriate level. Increasing

the reaction temperature could be one of the practical

solutions—the recarbonization rate would decrease

and salt solubilities would increase. Moreover, as the

spin dope is injected into the coagulation liquor at low

temperature (0–15 �C), the recirculation stream that is

recarbonized can be heated to temperatures above

30 �C to keep the coagulation bath controlled at

30 �C.

Causticizing of the coagulation liquor

In the causticizing stage, the coagulation liquor reacts

with lime in order to regenerate NaOH in two steps:

CaOðsÞ þ H2O ! CaðOHÞ2ðsÞ

CaðOHÞ2ðsÞ þ 2Naþ þ CO2�
3

$ CaCO3ðsÞ þ 2Naþ þ 2OH�:

In the first step, called slaking reaction, solid CaO

reacts with water to form solid Ca(OH)2, which then

reacts with dissolved carbonate in the so called

causticizing reaction to form solid CaCO3 (lime

mud) and caustic soda. The first reaction is strongly

exothermic and instantaneous,- 67 kJ/mol at 100 �C
(Ulmgren et al. 1999), limited only by the mass

transfer from the solid CaO particles. The second

reaction is weakly exothermic, - 7.6 kJ/mol at

infinite dilution (Theliander 1992), and its extent is

strongly dependent on temperature. The reaction is

fully reversible in practical industrial conditions,

meaning that the maximum conversion degree of

carbonate into OH- is thermodynamically limited. In

practice, a noticeable amount of residual carbonate

will always be present in the causticized solution. The

final causticizing efficiency (CE), calculated as fol-

lows, will be higher at lower reaction temperatures.

Causticizing efficiency CEð Þ ¼ OH�½ �
OH�½ � þ 2 CO2�

3

� �

OLI simulations were used in a series of exercises

aiming at investigating the theoretical limits of the

causticizing stage for the NeoCel process. In most

simulations, 800 g of two model-solutions containing

24 wt% Na2CO3, 2–4 wt% NaOH and 0.2–0.4 wt%

ZnO were causticized with 110 g of pure CaO, which

corresponds to a lime molar ratio of 1.03. Figure 5

shows the predicted final concentration of soluble

species at different causticizing temperatures and

Fig. 6 shows the predicted precipitates formed at

Fig. 4 Experimental ion concentrations upon recarbonization of a synthetic solution containing 24 wt% Na2CO3, 2 wt% NaOH and

0.2 wt% ZnO as a function of time and temperature

123

8686 Cellulose (2020) 27:8681–8693



different causticizing temperatures for an initial

NaOH concentration of 4 wt%. OLI simulations

showed that the initial concentration of NaOH, 2

wt% or 4 wt%, did not have a significant influence on

the causticizing efficiency, which reaches a maximum

value at 70–75 �C (Fig. 5). It also predicted the

precipitation of ZnO (s) at causticizing temperatures

above 84 �C and precipitation of thermonatrite (Na2-
CO3�H2O) over the whole studied temperature range

(Fig. 6). Since industrial experience has shown that

pirssonite (Na2Ca(CO3)2�2H2O) precipitates in

causticizing systems and not thermonatrite (Frederick

et al. 1990), chemical analysis was later conducted on

the precipitate formed during experimental causticiz-

ing trials to confirm its composition. The reason for

this possible misidentification was that pirssonite was

missing in the OLI Studio 9.5 database.

Precipitation of pirssonite is undesired because it

leads to an effective loss of alkali in the causticized

solution and high sodium content in the lime mud that

affects recalcination efficiency (Frederick et al. 1990).

Solubility data published by Frederick et al. (1990),

Fig. 5 OLI concentrations of OH- and CO3
2- as total ions, including Na(OH)(CO3)

2-, in the causticized model-solution at different

temperatures

Fig. 6 Mass of solids predicted by OLI to be formed in the causticized model-solution at different temperatures
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Ulmgren et al. (1999) and Zakir et al. (2013) were used

to estimate the safe ion concentration in the causti-

cizing stage (Fig. 7). The solubility in the system

relevant for this work, i.e. solutions containing

Na2CO3-NaOH-CaCO3-H2O, was evaluated only at

95 �C and no extrapolation to other temperatures can

safely be made.

Pirssonite solubility data was applied on the OLI

simulation of the model-solution with 24 wt% Na2-
CO3, 4 wt% NaOH and 0.4 wt% ZnO and it was

observed that upon causticizing CO3
2- concentrations

were always above the pirssonite solubility limit (not

shown). A pre-dilution of the model-solution to 63%

of its original concentration was needed to keep

CO3
2- concentration always below the pirssonite

solubility limit during causticizing at 95 �C. As a

safety margin, a dilution to 60% of its original

concentration should be employed (Fig. 8). Summing

up, the optimal temperature for causticizing the spent

coagulation liquor would be 70–75 �C. However, to
avoid pirssonite precipitation the causticizing stage

would have to be operated at maximum temperature

possible (95–98 �C) to increase salt solubilities and be
preceded by dilution of the liquor to 60% of the initial

carbonate concentration. Nevertheless, co-precipita-

tion of the residual ZnO with lime mud would be

unavoidable at 95–98 �C, as shown in Fig. 6.

Experimental causticizing trials at 70 �C were

conducted on synthetic solutions mimicking the spent

coagulation liquor. A sample of the precipitate formed

was separated and analysed by X-ray diffraction. The

diffractogram confirmed the presence of CaCO3

formed during causticizing, unreacted Ca(OH)2 and

pirssonite CaCO3�Na2CO3�2H2O.

Additional laboratorial causticizing trials were

conducted at 98 �C with industrial lime on synthetic

solutions with 24 wt% Na2CO3, 4 wt% NaOH and

0.4 wt% ZnO, with and without pre-dilution to 60% of

the original carbonate concentration (Fig. 9). More-

over, 1.5 wt% dissolution-aid additive (a modified

viscose additive of surfactant type provided by Nour-

yon) and 1.5 wt% cellulose hydrolysate was added to

the synthetic solution to evaluate the impact of

accumulated impurities on the causticizing efficiency

of the spent coagulation liquor. It should be mentioned

that these concentrations of additive and carbohy-

drates are quite above the expected steady-state values

in a NeoCel process. Figure 9 shows that the maxi-

mum causticizing efficiency was reached after 3–4 h

of reaction for all cases, which is comparable to

causticizing reaction times of green liquor in pulp

mills. The pre-dilution of the synthetic coagulation

solution lead, as expected, to an increase of the

causticizing efficiency from 78 to 89%, which is

Fig. 7 Solubility of pirssonite at 95 �C in solutions containing Na2CO3–NaOH–CaCO3–H2O. Experimental data of: Frederick et al.

(1990), Zakir et al. (2013), and model of Ulmgren et al. (1999)
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higher than typical efficiencies (80–83%) obtained at

green liquor causticizing plants in pulp mills (Freder-

ick et al. 1990). As the cellulose dissolution stage

requires low content of residual CO3
2-, the high

causticizing efficiency is beneficial to the process

since it reduces the need for further carbonate

removal. Hence, the only limiting factor is the risk

for pirssonite precipitation, discussed above. The

addition of carbohydrates and additive to the synthetic

coagulation solutions reduced slightly the CE in 3%-

points (Fig. 9).

Analysis of non-process elements (NPEs) were

conducted on the industrial lime and corresponding

lime muds produced during the causticizing experi-

ments at 98 �C and reported in Fig. 10 based on the

mass of Ca. Assuming that Ca is not dissolved or

Fig. 8 Theoretical concentrations of CO3
2- and OH- during

causticizing at 95 �C for the original solution ( ), and the

solution diluted to 60% of its original concentration ( ),

compared to the approximate solubility limit for pirssonite

published by Zakir et al. 2013 ( ) and Ulmgren et al. 1999 ( )

Fig. 9 Experimental CE of synthetic solutions containing 24 wt% Na2CO3, 4 wt% NaOH, 0.4 wt% ZnO, causticized with industrial

lime at 98 �C, with and without pre-dilution and addition of 1.5 wt% additive and 1.5 wt% carbohydrates
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added by any other way during causticizing, this way

of presenting the elemental composition of lime and

lime muds allows a straightforward comparison of the

changes in NPE content. Apart from Ca, the main

NPEs in the industrial lime are Mg, P and Si (Fig. 10).

No risk for Mg, P, Al and Fe accumulation in the

causticized liquors was detected, as the relative

content of these NPEs didn’t vary significantly

between lime and corresponding lime muds. On the

other hand, Zn accumulation was observed in the lime

mud (Fig. 10) as predicted by OLI simulations for

causticizing temperatures above 84 �C (Fig. 6). This

means that a continuous purge of lime mud before the

lime kiln and a fresh lime make-up in the causticizing

stage would be required to keep lime availability at an

acceptable level.

The high content of Zn in the used lime mud arises

some concerns, e.g. costs of ZnO makeup as well as

the economic and environmental effects associated

with the purged lime mud stream. In this work, we

have chosen to keep the lime availability constant and

to avoid the Zn build-up by extensive lime purge.

However, another possible solution would include

allowing the lime availability to drop from 80%

assumed in the simulation to * 70–75% (realistic

lowest range for an industrial lime) at the expense of

the higher deadload and higher fuel consumption in

the lime kiln. As the maximum Zn accumulation in the

lime mud has not been investigated in this work, it is

possible that, at some level, a steady-state would be

reached between the Zn precipitation into the lime

mud and the dissolution into the newly causticized

solution. In any case, either a means for the safe

disposal of the purged lime mud or a method of

recovering Zn from it should be investigated in the

future. So far, no technical solution for the recovery of

ZnO from the lime mud has been developed; an

investigation of possible methods is proceeding.

Freeze-crystallization and separation

of Na2CO3�10H2O

An additional stage is needed in NeoCel to increase the

purity of the causticized liquor to be reused in the

process as NaOH source. In the proposed freeze-

crystallization stage, the causticized liquor is cooled to

- 10 �C for a certain time to crystallize the residual

sodium carbonate as Na2CO3�10H2O (s), which is later

separated from the NaOH-enriched liquor by filtration

or centrifugation (Fig. 1). Optimization of the freeze-

crystallization stage for the NeoCel process was

conducted at Andritz Oy (Finland) with synthetic

solutions. Results of the laboratorial tests are shown in

Table 1. At the time these experiments were done, the

optimization of the causticizing stage had not yet been

completed. Thus, the synthetic solution that should

mimic the causticized liquor had a lower CE (76%)

than the values found after causticizing the pre-diluted

Fig. 10 Elemental composition normalized to the mass of Ca of the industrial lime and limemuds obtained by causticizing at 98 �C the

synthetic liquor with additive and additive plus carbohydrates
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liquors at 98 �C (85–89%). In other words, the relative

amount of Na2CO3�10H2O (s) to be separated would

be smaller than initially estimated. Results in Table 1

show that the NaOH-enriched liquor with highest

purity was obtained with 20 min of retention time at

- 10 �C. The laboratorial filtration of the frozen

crystals was a bit challenging as they start to redissolve

at room temperature. Nevertheless, a Na2CO3/NaOH

mass ratio of 0.074 was achieved in this experiment,

which complies with the purity requirements deter-

mined by the mass balance of the NeoCel process

simulated in WinGEMS�.

At a first glance, the freeze-crystallization stage for

the large flow of the circulating liquor would require

considerable amounts of extra energy. It should,

however, be noticed that extensive cooling is anyway

needed for the process as the cellulose dissolution is

conducted at low temperature, - 3 �C. A part of the

cooling demand for the dissolution stage can therefore

advantageously be satisfied by mixing the cellulose

stream with low-temperature alkali coming from the

freeze-crystallization stage, thus reducing the costs.

Process modelling

The full NeoCel mill was modelled in WinGEMS�

with the purpose to simulate a steady-state operation

and detect possible limitations, interactions and syn-

ergies in an early design phase. Table 2 presents the

chemical consumptions of the modelled NeoCel

process compared to a reference viscose process.

The savings in NaOH make-up enabled by the

chemical recovery system are quite significant. The

savings in the cost for H2SO4 consumption are related

to the fact that this NeoCel process variant doesn’t use

an acidic bath for wet spinning of cellulose, as the

viscose process does. A small amount of H2SO4 is only

used in post-treatment fibre washing whose effluents

are discarded to treatment.

The dilution of the spent coagulation liquor going to

the causticizing plant was achieved using washing

filtrate from the fibre post-treatment plant. This results

in freshwater savings and recovers some sodium into

the process, that otherwise would be lost to the

wastewater plant. The mass balance obtained in

WinGEMS� indicates that the diluted coagulation

liquor would have the following composition: 16 wt%

Na2CO3, 1.3 wt% NaOH, 0.12 wt% ZnO, 0.05 wt%

additive, and 0.008 wt% cellulose hydrolysate. These

are much lower concentrations of additive and carbo-

hydrates than those in the synthetic liquors used in

laboratory for optimisation of the causticizing stage.

Only a long spinning trial could provide representative

samples of the spent coagulation liquor to validate the

concentration of accumulated impurities. After the

causticizing stage, 29% of the water in the causticized

liquor needs to be removed by evaporation and/or

freeze-crystallization. According to the mass balances

obtained in WinGEMS�, when the NaOH-enriched

liquor from freeze-crystallization reaches a maximum

Na2CO3/NaOH mass ratio of 0.14, the concentration of

Na2CO3 in the spin dope reaches 1 wt%, which is the

limit concentration of Na2CO3 in industrial grade

Table 1 Composition of

synthetic solutions before

and after freeze-

crystallization at - 10 �C

Before After 10 min After 20 min After 40 min

NaOH (g/l) 184 208 209 206

Na2CO3 (g/l) 78 16 15 17

CE (%) 76 94 95 94

Na2CO3/NaOH (m/m) 0.43 0.076 0.074 0.084

Table 2 Chemical consumptions obtained by WinGEMS�

modelling of NeoCel and a reference viscose process using

sulphite dissolving pulp

Units NeoCel Viscose

Sulfite dissolving pulp t/t fibre 1.01 1.01

Enzyme kg/t fibre 5 0

CS2 kg/t fibre 0 75

NaOH kg/t fibre 45 606

H2SO4 kg/t fibre 4 840

ZnO kg/t fibre 60 0

ZnSO4 kg/t fibre 0 35

Additives kg/t fibre 4 9.5

Acetic acid kg/t fibre 15 15

CaO kg/t fibre 410 0

Natural gas MWh/t fibre 0.59 0

123

Cellulose (2020) 27:8681–8693 8691



caustic soda. Experimental results presented in Table 1

demonstrate that a Na2CO3/NaOH mass ratio of 0.08 is

easily achieved at - 10 �C, which yields rather low

concentration of Na2CO3 in the spin dope (\ 0.6 wt%).

Conclusions

Based on the simulations and laboratorial experiments

presented in this study, the proposed chemical recov-

ery system for the NeoCel process with wet spinning

of cellulose in sodium carbonate solutions is techni-

cally feasible and reduces chemical make-ups to a

minimum of 45 kg/ton of NaOH and 4 kg/ton of

H2SO4. Small amounts of Zn are expected to precip-

itate during recarbonization at 30 �C and causticizing

at 98 �C of the coagulation liquor. Thus, a filter for

ZnO particles should be included in the design of the

recarbonization unit and a continuous purge of lime

mud and input of fresh limemake-up should be needed

to keep burnt lime availability at an acceptable level.

ZnO precipitated during the recarbonization stage can

be returned to the process; in the future, means for Zn

recovery from lime mud might also be developed.

Overall, the results presented in this study portray a

solution to reduce operating costs and the environ-

mental impact of novel viscose-type processes with

alkaline spin dopes and wet spinning of cellulose in

sodium carbonate solutions.
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