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Abstract
TreeToTextile (TTT) is developing a new process for creating cellulose based fiber,
using less harmful chemicals than the alternatives. The process generates reject
spin dope, which currently becomes waste, resulting in chemical losses and disposal
costs. To recover chemicals from the reject spin dope, the cellulose in the rejected
dope is precipitated and filtered. However, the resulting cellulose precipitate retains
a significant amount of liquid containing NaOH and heavy metals. This thesis in-
vestigates how washing this precipitated cellulose with water can recover chemicals.

Single stage batch washing experiments were conducted for solid to liquid S/L ra-
tios 1:5, 1:4, 1:3, 1:2, and 1:1 and the washing performance was evaluated using
wash curves and CSTR multi stage modeling. The results show that lower S/L
ratios extract more solute but require more wash liquid and therefore more energy
for subsequent evaporation. The apparent mass transfer coefficient was calculated
for all S/L ratios and showed only minor variation, suggesting similar mass-transfer
mechanisms for different S/L ratios. A four stage washing strategy using S/L ratio
1:2 is recommended, achieving an estimated 99.11% solute extraction.

Key words: Washing, Cellulose, Precipitate, Leaching, Fiber production, Chemical
recovery, Mass transfer, Diffusion
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1
Introduction

Modern chemical processes must be designed with both sustainability and profitabil-
ity in mind. Reducing waste, lowering emissions and using resources in an effective
manner are essential to meet sustainability goals, while efficient operation is neces-
sary in terms of economics.

The practice of recovering and reusing chemicals in an industrial process is one
of many ways companies can save money and lower emissions.

This thesis was conducted at TreeToTextile’s(TTT) demo plant in Nymölla, Swe-
den. TTT is currently developing a new kind of process to produce fibers from
wood-based cellulose pulp. The process is under development, meaning there are
engineering challenges waiting to be solved. This study is a part of TTT’s ongoing
work in the chemical recovery sector. Specifically, chemical recovery from precipi-
tated cellulose from a waste stream.

1.1 Background
The starting material for TTT’s fiber is dissolving paper pulp, which consists of
mainly cellulose. The process involves treating and dissolving the pulp, preparing a
spinning solution, extruding and spinning the fiber, washing and cutting.

Figure 1.1: An overview of TTT’s process. Adapted from [1]
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1. Introduction

The biggest difference from other man made cellulose fibers is the use of less harmful
chemicals. In TTT’s process, mainly NaOH and H2SO4 are used. By relying on less
harmful chemicals and minimizing water use, the process aims to deliver a fiber that
is more sustainable than existing alternatives.

Figure 1.1 provides an overview of TTT’s process. To describe it simply: Step
1 is the influx of raw material. Step 2 and 3 prepares the pulp for step 4, where the
cellulose is dissolved. The fiber is created in step 5, and further processed in step 6
and 7. The core of the process is step 4 and 5, while the surrounding steps are built
around them.

1.1.1 Spin dope
Solution spinning is a method used to produce fibers by the means of dissolving
and subsequently precipitating the polymer under controlled conditions. In this
method, the spinning solution contains a polymer, which has been dissolved using
a suitable solvent. The polymer is then extruded through a spinneret, which usu-
ally have multiple holes, to form fibers."[2] In figure 1.1, this process is part of step 5.

The polymer solution is often referred to as "spin dope" and can contain various
chemicals depending on the specific fiber process. In TTT’s process, cellulose is the
dissolved polymer.

1.1.1.1 Reject spin dope and its precipitate

The properties of the spin dope (chemical composition, temperature, viscosity, etc)
are important for the spinning process to work. If certain properties are incorrect,
the dope might have to be rejected and thus discarded. Reject spin dope at TTT
is currently sent to waste management, which results in lost chemicals and costly
waste disposal. It is therefore necessary to develop a process which recovers valuable
chemicals and brings down costs. Spin dope and reject spin dope are part of step 5
in figure 1.1.

To recover chemicals from the reject spin dope, the cellulose must first be removed
from the solution. This is achieved by precipitating the cellulose and separating
the solids by filtration. The resulting filtrate can then be sent to chemical recovery,
while the cellulose precipitate remains.

In an ideal case, the precipitate would consist solely of cellulose, meaning all process
chemicals could be sent to chemical recovery via the filtrate. In practice, however,
the precipitated cellulose forms a highly hydrated, gel-like structure that retains a
significant amount of liquid. This retained water contains the same dissolved chem-
icals as the filtrate, most notably NaOH and heavy metals, which therefore remain
associated with the precipitate.

In an effort to recover the chemicals retained in the precipitate, this thesis inves-
tigates how washing the cellulose precipitate with water affects the removal of dis-
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1. Introduction

solved species, focusing on NaOH.

Overview of the future washing process:

Figure 1.2: An overview of the investigated process.

1.1.2 Previous research
Internal studies conducted at the R&D Center have identified the optimal precipi-
tant and precipitation parameters. However, solid–liquid separation and subsequent
washing steps have been found to significantly influence chemical carryover.

As the process is under development, many areas and parameters are likely still
not fully understood and might change as the process matures.

1.2 Problem statement
Determine the optimal washing strategy and solid–liquid (S/L) ratio for precipitated
cellulose such that:

• Residual chemicals in the solids are minimized.
• Dewatering efficiency is maximized to reduce volume and handling costs.
• Chemical recovery is improved to enhance process sustainability.
• The total washing water added does not disproportionately increase down-

stream OpEX (via evaporation load).
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1. Introduction

1.3 Objectives
The objective of this thesis has been to develop and validate a washing strategy
for precipitated cellulose that optimizes chemical removal, minimizes precipitate
volume, and limits downstream operational costs.

1.3.1 Sub-objectives
• Perform singe stage leaching experiment for S/L ratios (1:1, 1:2, 1:3, 1:4, 1:5)
• Quantify residual chemicals in the precipitate after each experiment.
• Model and evaluate the impact of multiple washing stages in series. Quantify

extraction at each stage.
• Determine the impact of S/L ratios on precipitate volume change and liquid

retention.

1.4 Goals
The goal of the work has been to investigate and identify a S/L ratio and washing
strategy which satisfy chemical recovery and minimize down stream costs.

5



2
Theory

Mixing TTT’s cellulose precipitate with water results in a slurry. In this slurry
system, NaOH migrates from the solids to the water. In order to promote mass
transfer, the slurry can be agitated. This chapter will therefore investigate mass
transfer, washing theory and modeling with focus on an agitated slurry system.

2.1 Mass Transfer in Agitated Slurries
Convection and diffusion are the fundamental mass transfer mechanisms when form-
ing and agitating a slurry for the purpose of performing washing on the solid phase.
Diffusion is responsible for chemicals migrating out of the solid phase, into the sur-
rounding liquid. Convection is responsible for transporting chemicals away from the
solids, and creating a uniform concentration in the bulk liquid.

2.1.1 Convection
Convective mass transfer concerns the transport of dissolved compounds caused by
the bulk fluid motion. Convection can looks different, depending on the system,
but in an agitated slurry the dominant kind is forced turbulence. Agitation gener-
ates turbulent flow, which fundamentally consists of swirling "eddies" that interact,
breaks up and reforms, producing rapid mixing in the system.[3]

At the macroscopic scale, large eddies travel significant distances and reduce large-
scale concentration differences. Smaller eddies smooth out local concentration dif-
ferences, while also creating many interfaces for diffusion.

2.1.2 Diffusion
Molecular diffusion concerns the movement of individual molecules through a sub-
stance, as a consequence of the thermal energy of the molecule. Simplified kinetics
imagines a molecule traveling in a straight line (free path) until it collides with
another particle which results in a change of it’s velocity and direction. When a
molecule diffuses the net distance traveled in a given direction is greater than zero.
[3]

The driving force behind diffusion is a difference in concentration. Molecules within
a substance of uniform concentration travel back and forth, while the net distance
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2. Theory

traveled remains zero. In areas with a concentration gradient (difference in concen-
tration), molecules moving towards a low concentration area have a longer free path
than molecules moving towards a high concentration area. This leads to molecular
diffusion from high to low concentration.

Diffusion is also present in the bulk liquid. Agitation creates eddies, which evens out
the macroscopic concentration differences. However, these eddies do not result in
a uniform concentration on microscopic scales. They do however, create and renew
interfaces for diffusion to happen. This is called eddy, or turbulent, diffusion.

2.1.3 Film Theory
Many theories have been developed to describe the interfacial mass transfer mech-
anism (mass transfer between different inferfaces). One of the oldest and most
intuitive theories is "film theory" and according to Treybal, the central idea is that
a thin, stagnant "film" of liquid exists at the solid-liquid interface. Inside this film,
fluid motion is negligible, meaning that molecular diffusion is the only governing
mass transport mechanism (See figure 2.1). Beyond this film, bulk liquid is well
mixed.[3]

The theory assumes:
• A stagnant film of constant thickness next to the solid
• No convection inside the film
• Diffusion across the film
• A well mixed bulk liquid

Figure 2.1: A figure depicting film theory. Adapted from [3].

2.1.4 Mass transfer framework
Mass transfer in an agitated slurry for washing the solid phase is assumed to occur
in three main steps:

• Internal diffusion, where compounds are transported from inside the solid to
its surface.

• Interfacial diffusion at the solid-liquid interface, where compounds are trans-
ported from the solid’s surface to the surrounding bulk liquid.

7



2. Theory

• Convective mixing, where compounds are transported away from the solid,
mixing with the rest of the bulk liquid.

Figure 2.2: Mass transfer framework for the agitated slurry during washing of the
solid phase.

Inside the solid phase, the transport mechanism is less well defined. The solids con-
tain a high fraction of water, allowing dissolved compounds to diffuse out via the
internal water phase. The structure is assumed to be porous as well, meaning that
dissolved compounds also diffuse through water filled pores.

At the particle surface, there is an interfacial region between the solid and the
surrounding liquid. Transport across this region is controlled solely by molecular
diffusion, as described in Film Theory.

Lastly, convective mixing transports dissolved compounds away from the solid through
turbulent eddies, creating a nearly uniform concentration in the bulk liquid. This
ensures that the driving force for mass transfer is maintained at the solid–liquid
interface.

2.1.5 Factors influencing mass transfer
Mass transfer during washing is influenced by several factors:

Residence time: Long enough contact time allows for the system to reach equi-
librium, while too short residence time might limit extraction. Since the washing
kinetics follows a first order approach to equilibrium, the effect of residence time is
strongest at early times and diminishes as the driving force decreases.

Specific surface area: Smaller solids leads to higher interfacial area available
and shorter diffusion paths. Smaller particles are beneficial for diffusion, but might
create filtration challenges.

Solid phase structure: The internal structure of the solids influences how easily
solute can migrate out. For example, a highly porous material could facilitate easier
diffusion paths out of the solids compared to denser materials.

8



2. Theory

Solubility: The equilibrium concentration sets the upper limit for how much solute
can be transferred into the wash liquid. Systems with low solubility reach equilib-
rium quickly, reducing the effectiveness of additional washing time or dilution.

Agitation: Higher mixing power generates stronger eddies and more frequent re-
newal of the liquid film surrounding the particles, which increases the convective
mass-transfer. Insufficient agitation leads to thicker boundary layers and slower
mass transfer.

2.2 Leaching
Solid-liquid extraction, commonly referred to as leaching, involves mass transfer
between a solid and a liquid phase that are in contact. The solid phase contains
substances that dissolve into the surrounding liquid. In an agitated slurry system,
the leaching rate can be influenced by several mechanisms, including intraparticle
diffusion, film diffusion, and bulk mixing.

2.2.1 Principles of Leaching
The fundamental mechanism behind leaching is diffusion, which in turn is driven
by a concentration gradient. In order to run a successful leaching operation, this
concentration gradient is of vital importance. Convection/advection also plays an
important role by transporting away and renewing the liquid near the particle sur-
face, and thereby maintaining the concentration gradient.

If no advective mechanism is present, such as in the slurry system, extraction of
solute continues only as long as there is a difference in concentration between the
solid surface and the surrounding liquid. As more solute is transferred to the bulk
liquid, this difference becomes smaller, weakening the driving force behind leaching.
Eventually, the system approaches the solubility limit, and a practical equilibrium
is reached where no further mass transfer occurs. This practical equilibrium defines
the maximum achievable extraction, under the given operating conditions. Replac-
ing or adding solvent lowers the solute concentration in the liquid and restores the
concentration gradient.

The physical state of the solids plays a major role as the solute must be acces-
sible to the solvent. It might be beneficial and sometimes mandatory to prepare the
solids before a leaching operation. Smaller particles results in faster leaching due to
a shorter diffusion paths, but might create filtration challenges instead.

Temperature also affects the leaching process. Higher temperatures increase the
thermal energy which promotes diffusivity and decrease the viscosity, which en-
hances both internal diffusion and transport across the solid–liquid interface.
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2. Theory

2.2.2 Rate-Limiting Factors
Several mechanisms can limit the rate of leaching in an agitated slurry:

• Bulk mixing, where insufficient agitation slows the renewal of liquid around
the particles.

• Film diffusion, where transport across the stagnant liquid layer becomes lim-
iting.

• Intraparticle diffusion, where solutes move slowly through the the solid.
• Equilibrium limitations, where the bulk liquid approaches the solubility limit

2.3 Washing
Washing refers to the removal of soluble contaminants from wet solids. In this thesis,
the terms washing and leaching are used interchangeably, since leaching solute from
the solids is the main washing mechanism.

2.3.1 Fundamentals of Washing
Washing can fundamentally be done in two ways, either via dilution or displacement.
Displacement aims to completely replace the liquid associated with the solids, while
dilution lowers the concentration of soluble contaminants in the retained liquid. In
classical pulp washing, displacement washing is preferably used as it requires less
wash liquid. However, the precipitate contains mostly of water which makes it dif-
ferent from washing pulp fibers.

Displacement washing equipment generally requires the solids to form some kind
of permeable filter mat, which allows the wash liquor to flow through. This is not
the case for the precipitated cellulose and if pressed, which is common for certain
displacement equipment, it would result in a gel.[4] Therefore, displacement washing
is not applicable to the specific precipitate.

Furthermore, the main objective of the washing procedure is to leach solute out
of the solids, which is done by letting the internal water phase reach equilibrium
with the wash liquid. In other words, the solids are washed by adding water, which
dilutes the internal water phase via diffusion.

A key parameter when washing is liquid retention, which is defined as the amount
of wash liquid associated with the dry solids. Retention limits washing efficiency
because a fraction of the contaminated liquid cannot be removed by simple renewal
of the bulk liquid. In this case, the retained liquid after washing is the sum of the
internal water phase and the adsorbed surface liquid.

2.3.2 Wash ratios and Solid-to-Liquid Ratio S/L
Wash ratio describes the amount of fresh wash liquid added relative to the mass
of solids. The solid to liquid ratio S/L describes the local mixture of solids and
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2. Theory

liquid. In this thesis, a single washing stage was used in the experiment and the
bulk liquid was filtered away, meaning that the wash ratio and S/L ratio are the
same. In multi-stage washing, the two ratios differ.

Higher wash ratios generally improve washing performance because of reduced con-
centration of solutes in the bulk liquid. However, more wash-liquid increase water
consumption and downstream processing efforts. As in most industrial operations,
washing performance is therefore limited by economic and efficiency considerations.

2.3.3 Wash Curves
Wash curves describe how the solute concentration changes over time or across
washing stages. In this thesis, washing curves are constructed from NaOH/Na2CO3
concentration measurements and are used to evaluate:

• Leaching behavior
• The influence of different S/L ratios

For this thesis, two different wash curves are constructed by plotting:
• Mass% of solute in the bulk liqud vs time
• %Solute leached to bulk liquid vs time.

2.3.4 Washing efficiency
Washing efficiency describes how effectively a solute is removed relative to the the-
oretical maximum. It is determined by several factors:

• Liquid retention
• Agitation
• Wash ratio and S/L ratio
• Mass transfer
• Number of stages
• Washing strategies

2.3.5 Washing strategies
There are a few different washing strategies to consider for the specific precipitate,
although they are similar. Solids are mixed with wash liquid into a slurry which is,
in some way, agitated. In all washing strategies described, the bulk liquid and solids
must be separated between stages. This is essential for renewing the wash liquid and
enabling further extraction. However, the practical methods for bulk-liquid removal
and solids transfer were not investigated in this thesis, as the focus was placed on
washing performance and stage modeling rather than mechanical handling.

11



2. Theory

Figure 2.3: A schematic figure depicting batch and counter current washing. Black
arrows indicate the movement of the solid phase, while blue arrows represent the flow
of wash liquid. The top row illustrates N batch washing stages in series, where each
step is supplied with fresh wash liquid. The bottom row illustrates N counter-current
stages, where wash liquid is reused between the steps and flows opposite to the solids.

The three main washing strategies are:

• Mixed batch washing, which works by mixing solids and wash liquid and ag-
itating the slurry. Once the system reaches equilibrium, the bulk liquid is
removed. In a multi stage setup, the procedure is repeated (see figure 2.3).
The system works purely through dilution. In this thesis, the washing experi-
ment uses a single stage mixed batch strategy.

• CSTR (continuous stirred tank reactor), which operates via a steady inflow
of wash liquid and solids and an outflow of slurry. The principle is similar to
mixed batch washing, but a continuous operation. Residence time, agitation
and tank volume determines washing performance.

• Counter current washing, which aims to maximize extraction while keeping
wash liquid usage minimal. It is a multi stage strategy where fresh solids
are washed by the most contaminated wash liquid, while the cleanest solids
are washed with freshest wash liquid (see figure 2.3). This maintains a con-
centration gradient across all stages, which greatly improves washing efficiency.
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2. Theory

2.3.6 Modeling of the washing process
In order to investigate differences between S/L ratios and the effect of multiple wash
stages, modeling was performed by combining the apparent mass-transfer coefficient
k with a CSTR in series equation. This allowed single stage kinetics to be translated
into multi stage washing performance.

2.3.6.1 Mass-transfer coefficient

The rate at which solute is transferred to the bulk liquid assumes to follow integrated
first order mass expression (see equation A.1). This approach treats the increase in
bulk liquid concentration as a kinetic process governed by an apparent mass-transfer
coefficient k.

2.3.6.2 CSTR

The experiments conducted in this thesis were performed using a stirred batch strat-
egy. However, in order to estimate the performance of a multi stage washing system,
the apparent mass transfer coefficient will be used in a equation for N CSTR stages
in series(Equation A.3).

2.3.7 OpEX(operational expenditures) and CapEX(capital
expenditures)

An important perspective when evaluating washing strategies are the operational
expenditures, which are the costs associated with running the process on a daily
basis, such as energy demands and water consumption. In this thesis, the cost of
energy required to heat up and evaporate water will be the basis for OpEX calcula-
tion.

Capital expenditures are the costs associated with building the process. In this
thesis, the cost of a mixing tank, agitator and pump for each stage will be the basis
for CapEX calculation.
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3
Laboratory work

In order to optimize washing strategies, the system which is to be optimized firstly
needs to be understood. How much solute does the solid phase contain? How does
the system behave over time? Does S/L ratios have an effect? To gain information
about the system, single stage washing and dry solids experiments were set up.

3.1 Dry solids analysis
A property of the precipitate which has to be determined is the dry solid content.
The dry solid content(%DS) is the percent of solids left after completely drying
the precipitate which removes the retained liquid. The value is needed for various
calculations.

3.1.1 Dry solids experimental procedure
In order to determine the required time to completely dry a sample, a drying test
was conducted. Five glass petri dishes were weighted empty and marked. Roughly
5g precipitate was added to each petri dish and the total weight was noted. The
dishes were put in to the oven, set and preheated to 105◦C. The removal times were
chosen as: 1h, 2h, 3h, 4h, 5h. When the time was up, the sample were removed and
let to cool. On a different occasion, 30min and 1.5h was also tested in the same way.

The experiment was conducted for two different precipitates produced at differ-
ent times, bag 1 and bag 2. The precipitate in bag 1 was older and comparing the
structure, precipitate from bag 2 composed of longer fibrous structures in contrast
to grainy rise morphology in bag 1.

Values from equation A.8 could then be plotted against removal time.

3.2 Preliminary washing study
In order to understand the mass transfer kinetics, an experiment was set up to in-
vestigate how solute leaches out over time. The idea was to mix a slurry of solids
and deionized water and study how the concentration of chemicals in the bulk liquid
changes over time. The data could then be used to create wash curves, estimate the
initial solute concentration and more.
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3. Laboratory work

A S/L ratio was chosen and the mass of solids and wash liquid was calculated. The
solid phase and wash water was mixed to a slurry and agitated. After set time inter-
vals, samples of the wash liquor were withdrawn and titrated for %NaOH/%Na2CO3.

3.2.1 Laboratory procedure
The following procedure was conducted for two different precipitates at five S/L
ratios each (See table B.1 and B.2).

Cellulose precipitate and deionized water were weighed in separate plastic contain-
ers. The container with precipitate was placed on a hot plate, and a magnetic stir
bar was added. The timer was started, the water was poured into the precipitate
container, and stirring was turned on. The heating element was not used. The
agitation speeds were: 1:5 – 650 RPM, 1:4 – 750 RPM, 1:3 – 1000 RPM, while for
1:2 and 1:1 the slurry was stirred manually using a pipette.

When each interval was reached (30s, 1min, 2min, 3min, 5min, 7min and 10min),
liquid was pipetted from the water swirl for S/L ratios 1:5, 1:4 and 1:3, and for S/L
ratios 1:2 and 1:1 the agitation was paused (2-4seconds), letting the solids sediment,
followed by pipetting. 15ml of samples were withdrawn using a plastic 3ml pipette
and put into test tubes.

The liquid content of the test tubes(solid sedimentation left out) were transferred to
and weighed in measuring cups. Deionized water was added to the cups to reach a
total volume of 60ml before titrating. The cups were placed in the titrator carousel,
and the NaOH/Na2CO3 program was initialized. Results were given as mass% of
NaOH and Na2CO3 of the sample.

3.2.2 Calculations
Calculations done for the preliminary washing study.

3.2.2.1 %Solute originally in precipitate

The last sample at 10 minutes of washing was used to estimate the concentration
of solute in the precipitate. The wash liquid and the internal water phase of the
precipitate were assumed to be in equilibri by then. Therefore, the total amount of
solute in the system was approximated by:

(internal water phase + wash liquid) × concenrationtitration, 10min

This value was divided by the initial mass of precipitate to get the initial %solute
orginally in (wet) precipitate. Which results in:

%NaOHsolids =
(mwash liquid + msolids × (1 − %DS

100 )) × Ctitration, 10m
100

msolids
× 100 (A.11)
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3. Laboratory work

3.2.2.2 %Solute leached

For each sample time the %leached solute can be described by the amount of solute
in the wash liquid divided by the amount originally in the precipitate.

%leached NaOH = Ctitration × mwash liquid
%NaOHsolids

100 × msolids
× 100 (A.12)

3.3 Bag filter washing
A duplex bag filtration system already at TTT’s disposal was used to wash a larger
quantity of solid phase. The filter is normally not used for this kind of process. The
goal was to investigate if washing was possible and how such a system would behave.
The duplex bag filter provides coarse filtration, meaning the solids are larger than
the bag’s pore size and are therefore retained inside the bag. It does not form a
filter cake or dewater the solids, it simply holds the solids in place while the liquid
drains through the bag when water is removed.

3.3.1 Procedure
The data that was collected in this experiment:

• Mass of precipitate
• Volume before/after washing
• Mass of washing liquid in the end
• Flow rate
• Bulk liquid NaOH/Na2CO3 concentration over time
• %DS

Approximately 7,37kg of cellulose precipitate was added to a 200 micron bag fil-
ter(height and diameter measured) and placed in the filter housing. Water was
pumped upwards from the bottom and the liquid was recirculated. At 30s, 1min,
2min, 3min, 5min 7min and 10min, a test tube was filled by intercepting the stream
of returning wash liquid. After 10min, a bucket was filled with water while a timer
was running in order to calculate flow rate. The bag filter was removed(height and
diameter measured) and the wash liquid weigh before discarding.

3.4 Washing study
In order to gather better data for the different S/L ratios, a new experiment was
planned and executed. The principle was the same as in the preliminary washing
study, but scaled up and modified in several ways. A larger container and a me-
chanical stirrer were used, which should lead to more even agitation and reduce
the impact of measuring and sampling errors. An improved sampling system with
larger sample sizes was also implemented, where each sample would be extracted by
submerging a test tube in the slurry. The collected sample would then be filtered
immediately to remove the largest particles. This sampling approach was intended
to produce samples that represent the slurry composition, thereby keeping the S/L
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3. Laboratory work

ratio in the slurry constant.

For the experiment, the following data were gathered:
• Water temperature before washing.
• Water weighed before washing.
• Solid phase weighed before and after washing.
• Solid phase volume before and after washing.
• pH of the slurry at each sample time.
• %NaOH and %Na2CO3 of the bulk liquid at each sample time.

3.4.1 Laboratory Procedure
1. Solids were weighed in a measuring cup (weight and volume noted) and trans-

ferred to the washing container.
2. Deionized water was added to a different measuring cup (volume/mass and

temperature noted).
3. Washing container, mechanical stirrer and pH meter were mounted in place.

The pH meter was turned on.
4. In sequence: water was poured from the measuring cup into the washing con-

tainer, agitation was started (600RPM, stopwatch starts on agitator).
5. For each of the timestamps, a sample was withdrawn and pH was noted prior

to each sampling.
(a) A sample was collected by dipping a test tube (55mL) in the slurry.
(b) The content of the test tube was poured over a strainer(with a filter cloth)

into a plastic cup.
(c) The plastic cup and used filter cloth were removed and placed to the side.
(d) The next sample was prepared by placing a new plastic cup with the

strainer and a new filter cloth on top.
6. After the last sample was withdrawn, agitation was stopped.
7. The bulk liquid was strained off, and the filtered solids stuck to the fiber cloths

were added back. The solids were transferred and weighed in a measuring cup
(mass and volume noted). A sample of 10g was saved before discarding the
rest (%DS).

8. Each sample was filtered via a 5µm filter paper using pressurized air.
9. The samples were titrated using the program for NaOH/Na2CO3.

3.4.2 Calculations and modeling
Calculations and modeling done for the preliminary washing study.

3.4.2.1 Alkali equivalence

All Na2CO3 present is assumed to be a product from NaOH reacting with CO2 in the
air. To express the total alkalinity as NaOH, the measured Na2CO3 is converted to
its NaOH equivalent using a correction factor. This factor (0.7548) comes from the
stoichiometry and the corresponding molar masses (see equation A.6). This value
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3. Laboratory work

is referred to as alkali (eq), meaning total alkalinity expressed as NaOH equivalent.

Alkali(eq) = Na2CO3 × 0, 7548 + NaOH (A.7)

3.4.2.2 %Solute originally in precipiate and %solute leached

As was done in the preliminary washing study, % of solute originally in precipi-
tate was calculated via equation A.11. and %leached over time was calculated via
equation A.12.

%NaOHsolids =
(mwashliquid + msolids × (1 − %DS

100 )) × Ctitration, 10m
100

msolids
× 100 (A.11)

%leached NaOH = Ctitration × mwash liquid
%NaOHsolids

100 × msolids
× 100 (A.12)

3.4.2.3 Mass transfer coefficient (k)

The apparent mass transfer coefficient, k, was calculated, which is a measure on
how fast solute is transported out of the solids. In order to solve the k value, the
experimental data gathered in the washing study needs to be fitted to equation A.1.
In order to do this, C0, Ceq and Ct for all samples needs to be calculated.

C(t) = Ceq + (C0 − Ceq)e−kt (A.1)

All of these concentrations refer to the amount of solute in the solids with regards
to the retained water phase. C0 is the initial concentration in the solids, Ceq is
the concentration when equilibrium is reached and Ct is the concentration at each
sample time, such as:

Ct = Mass of total solute originally in system − Mass of solute leached to bulk liquid
Mass of water retained in solids

Which looks like:

Ct =
m

solids× %NaOHsolids
100

− mwash liquid×
Ctitration, t

100

msolids × (1 − %DS
100 )

(A.10)

Using equation A.10, Ceq was calculated using the titration value from 10 min-
utes, as equilibrium is assumed by then. C0 was calculated via equation A.9, which
is the same as A.10 without any solute leached to bulk liquid.

The next step was to give k a placeholder value and calculate Ct via equation A.1
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3. Laboratory work

using C0 and Ceq. By varying k, the modeled Ct values changes, and the next step
was to find the "best" k which generates values closest to the experimental Ct values
from equation A.10.

In excel, "data solver" was used to vary k via the GRG nonlinear algorithm. The
objective was set to minimize the sum of squared errors(SSE) between the calculated
experimental Ct values (Equation A.10) and the model prediction (Equation A.1).

3.4.2.4 Water usage, OpEX(Operational expenditures), CapEX(Captal
expenditures) and TotEX(Total expenditures)

Water usage is calculated by multiplying the (L/S) ratio with the amount of stages(See
equation A.13).

To calculate the energy required to heat up and evaporate the wash liquid, equation
A.14 was used.

Qtotal/kg precipitate = cp(Tb − T0) + ∆Hvap (A.14)

The cost for evaporation energy was calculated via equation A.15 which results
in OpEX costs for one year.

OpEX/yr = Q/kg water × (L/S) × 5000 × 365 × 0, 1831
3, 6 × 10, 93 (A.15)

CapEX was calculated by researching and selecting a mixing tank, agitator and
pump with public prices. The cost associated with a single stage is the sum of these
three multiplied by N stages.

CAPEX/stage = N × (€tank+€agitatior+€pump) (A.16)

TotEX is the sum of OpEX/yr and CapEX.

3.4.2.5 % extracted solute as a function of washing stages

Using the k value previously determined, a residence time τ was calculated using
equation A.4. The number of stages N was chosen and equation A.3 was used
to calculate Cend, which subsequently was used to calculate %NaOH extracted via
equation A.5.

%Removed = C0 − Cend

C0
× 100 (A.5)
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3. Laboratory work

3.4.2.6 Liquid retention

Liquid retention was calculated by dividing the mass of liquid associated with the
solids by the mass of dry solids.

R =
msolids × (1 − %DS

100 )
msolids × %DS

100
(A.2)

3.4.2.7 Volume change

In order to calculate the change in volume, the difference in volume before and after
was divided with the initial volume.

%Vdifference = Vbefore − Vafter

Vbefore

× 100 (A.17)
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4
Results

In this chapter, results from the various experiments will be provided and discussed.
The raw data can be found in Appendix 2.

4.1 Dry solids experiment

Figure 4.1: % of dry solids as a function of time

From figure 4.1 it can be noted that bag 1 graph shows rapid mass loss until 1h
mark graph, where it begins to level out. After the 2h mark, there is no further
mass loss. Bag 2 graph shows similar results, but no smooth leveling out as bag 1.

Complete drying was accomplished after 2 hours at 105◦C, which resulted in %DSbag 1 =
11, 89 and %DSbag 2 = 9, 88. This time and temperature were used for all %DS val-
ues in the thesis.

The dry-solids experiment was initially performed once for bag 1 and once for bag 2,
using removal times 1h, 2h, 3h, 4h, and 5h. Complete drying was already achieved
after 2h, so a second round of experiments was conducted to obtain a more detailed
drying curve. In this second round, additional measurements were taken at 30min
and 1.5h only.

As shown in Figure 4.1, bag 1 displays a smooth, curved drying trend, while bag 2
shows a more irregular pattern. This is likely due to bag 2 being recently produced
when the first round of experiment was conducted, meaning moisture was still ad-
sorbed on the particle surfaces. Before the second round, this adsorbed moisture
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had accumulated at the bottom of bag 2. In contrast, bag 1 precipitate did not
contain noticeable surface or accumulated moisture in either experiment.

4.2 Preliminary washing study
Results from the preliminary washing study. Titration concentration over time,
%NaOH originally in the precipitates and %leached NaOH will be shown here.

4.2.1 %NaOH in bulk liquid over time

Figure 4.2: %NaOH in bulk liquid over over time from samples with with different
S/L ratios

Figure 4.2 shows that concentrations of NaOH in the bulk liquid generally increased
rapidly in the beginning and leveled out towards the end. Higher S/L ratios resulted
in higher concentrations in the bulk liquid, which is reasonable as there’s more solute
in relation to the amount of wash liquid.

Many values don’t follow a clear trend, which results in fluctuation over time. It is
not reasonable that bulk liquid concentration goes down after time, which points to
unreliable data (see appendix B.3). The most reasonable explanation is insufficient
sample sizes for the sampled concentration range. The sampling was also uneven,
as pipetting took anywhere from 10-30seconds, which could further contribute to
the irregularity. Titration data for Na2CO3 is not provided as most samples gave
no result.
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4. Results

4.2.2 %NaOH originally in the precipitate

Figure 4.3: %NaOH originally in precipitate as a function of S/L ratio

Figure 4.3 shows that calculated %NaOH originally in precipitate is higher for lower
S/L ratios and subsequently that bag 2 data resulted in higher values compared to
bag 1. The same solids should reasonably result the same calculated %NaOH origi-
nally in precipitate, the large difference might be because of the unreliable data.

The difference between the solids from bag 1 and bag 2 is that they were produced
on different dates. Visually, there were slight differences between the bags. Solids
from bag 2 were longer, while bag 1 contained a larger fraction of fine particles.
These are differences which originate from the precipitation step.

The different results could stem from variation in the waste spin dope composition
which the solids were produced from. Another reason could be that more NaOH
has reacted with CO2 in the air, resulting in more Na2CO3.
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4.2.3 %Leached NaOH

Figure 4.4: %total NaOH leached as a function of time for different S/L ratios

Figure 4.4 shows that lower S/L ratios result in a larger fraction extracted at 10
min in a single stage because the higher amount of bulk liquid relative to solute
maintains a larger concentration gradient for longer, providing a stronger driving
force for mass transfer.

Fluctuation can be seen in the data, which is expected since the calculations rely on
titration values that were unreliable due to small sample sizes and uneven sampling
(Appendix B.3).

4.3 Bag filter washing
The experimental setup worked and was running without any issues. However, none
of the samples produces titration results, likely due to the concentrations in the
bulk liquid being below the method’s detection limit. Calculated S/L ratio was
1:9,4, which would explain the low concentrations. The volume was reduced from
roughly 9,3L to 8,2L, which is a 12% loss. Flow rate was calculated at 0,232kg/s
and 69,5kg of bulk liquid was weighed at the end of the experiment.

4.4 Washing study
In this chapter, the results from the washing study will be provided and discussed.
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4.4.1 %Solute in bulk liquid over time

Figure 4.5: Concentration of NaOH, alkali (eq) and Na2CO3 in bulk liquid as a
function of time for different S/L ratios

Figure 4.5 shows three graphs of solute concentration in the bulk liquid over time:
NaOH, alkali (eq), and Na2CO3. All graphs show an initial rapid increase in concen-
tration that gradually levels off as equilibrium is approached. The NaOH data follow
a clear and smooth trend, whereas the Na2CO3 curve appears more irregular. This
is likely due to the limited sensitivity of the titration method at low concentrations
and because the increase in Na2CO3 per sampling interval is very small.
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4.4.2 %Leached solute over time

Figure 4.6: %total NaOH, alkali (eq) and Na2CO3 leached as a function of time
for different S/L ratios

Figure 4.6 shows how much of the total solute is transferred from the solids to the
bulk liquid over time. NaOH follows a smooth trend, compared to Na2CO3 which
is due to the irregular concentration data. Lower S/L ratios show a better total
extraction for a single stage, which is reasonable as the driving force is larger.

The Na2CO3 graph is irregular, even more so than the concentration data. The
only clear trend is rapid mass transfer in the beginning, which evens out towards
the end.
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4.4.3 %Solute originally in the precipitate

Figure 4.7: Estimated %NaOH, %Na2CO3 and alkali (eq) the Solids as a function
of S/L ratio

An increased percentage of solute originally in the precipitate is observed at lower
S/L ratios from figure 4.7. The differences between S/L ratios are smaller than
in the preliminary study, but the trend remains. The underlying cause is unclear.
One possibility is that small calculation errors become amplified at lower S/L ra-
tios, making the results appear higher. Another possibility is that lower S/L ratios
approach apparent equilibrium faster, meaning that more time would be required
to reach equilibrium for higher S/L ratios.

This difference in %solute originally in the precipitate may influence the subsequent
calculations, which should be kept in mind. A possible solution to this problem
would be to determine a more reliable initial concentration through longer equilib-
rium experiments and base all calculations on that value.
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4.4.4 Apparent mass transfer coefficient k

Figure 4.8: Approximated k as a function of S/L ratio

The apparent mass-transfer coefficient k was obtained in Excel by fitting the pre-
cipitate’s internal concentration data (C0, Ct and Ceq) to the integrated first-order
model (equation A.1), where k was taken from the fit that minimized the sum of
squared errors (SSE).

As seen in figure 4.8, the apparent mass transfer coefficient k did not vary sub-
stantially between the S/L ratios. The k value calculated for S/L ratio 1:1 seems to
be an outlier of all the values. If 1:1 is ignored, the difference in k is small enough
to assume the mass transfer is constant between S/L ratios 1:2-1:5.

Important to note is that k is a lumped mass-transfer coefficient that combines
all transport mechanisms present in the system. It is therefore not a fundamental
constant, but a value specific to this experimental setup. In practice, k reflects how
quickly solute moves from the liquid inside the solids to the bulk liquid. Because
mixing affects how efficiently fresh liquid contacts the solids, k is also influenced by
the level of agitation.

4.4.5 Multiple stages and associated costs
TotX(total expenditures) is defined as the sum of OpEX(operational expenditures)
for a year, which is calculated via equation A.14 and CapEX(capital expenditures),
the costs associated with building the process, which is calculated via A.16. The
values can be found in appendix B.5.
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4. Results

Figure 4.9: %NaOH extracted as a function of total expenditure (EUR)

In figure 4.9, the dot furthest to the left in each graph represents one stage, the sec-
ond dot represents a second stage, etc. Multiple stages leads to more total %NaOH
extracted, but each subsequent stage removes less solute. Lower S/L ratios require
fewer stages to reach a certain %NaOH extracted. However, lower S/L ratios con-
sumes more wash liquid per stage.

The data (Appendix B.5) shows that OpEX is the largest cost, which increase for
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each subsequent stage and is higher per stage for lower S/L ratios. Important to
note is that the price for water is not included in the OpEX calculation, and would
in reality be higher.

CapEX is low compared to OpEX and for for all S/L ratios and N stages. In reality,
CapEX would be higher as pipes and other equipment would need to be installed
as well. The cost of modifying the tank to fit the specific process requirements are
also not calculated. Even if the true CapEX would be a few times higher, it would
still not influence TotEX substantially.

Figure 4.9 shows that all S/L ratios move closer to 100% extraction with each addi-
tional stage, although the gain per stage becomes progressively smaller. Identifying
where the curves begin to level off, together with the associated cost at those stage
numbers, forms the basis for the recommendation.

4.4.5.1 Liquid retention and Volume change

Figure 4.10: Liquid retention before and after washing as a function of S/L ratio.

Figure 4.10 shows liquid retention for different S/L ratio before and after washing.
For all S/L ratios, more liquid is associated with the solids after washing. The data
also indicates that slighty more liquid is retained for lower S/L ratios.

The % of DS before washing would need further investigation as the precipitate
had been stored and allowed to dry before analysis. The %DS after washing was
done with precipitate sampled immediately after washing experiment. The washed
precipitate had water adsorbed on the surface, and this would be the case for freshly
precipitated cellulose as well. Comparing the %DS of freshly produced precipitate
and %DS of freshly washed precipitate would be preferred.
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Figure 4.11: Solid phase volume decrease (%) as a function of S/L

Comparing the % of volume reduced for different S/L ratios after washing shows
varied results, as seen in 4.11. The %of volume decrease in the conducted experi-
ments, including the bag filter experiment, shows a range between 7.9-12.5%.

The volume before and after washing is measured using containers marked in 20
mL increments. Depending on how the measurement is performed and how the
sample settles in the container, the recorded value can vary slightly. Although all
samples are handled using the same procedure, considerable uncertainty is asso-
ciated with these measurements. The volume data should therefore be viewed as
indicative rather than exact.

4.5 Additional Considerations for Multi-Stage Wash-
ing

This thesis evaluates washing performance based on idealized stage models, but the
practical handling of solids and liquid between stages was not investigated exper-
imentally. In a real multi-stage washing system, the bulk liquid must be removed
after each stage and the solids transferred forward. Because the precipitated cel-
lulose does not form a permeable filter cake and collapses into a gel when pressed,
liquid removal would rely on filtration of the bulk slurry or decantation. The in-
ternal water phase remains associated with the solids and is carried into the next
stage, which defines the effective wash ratio and limits the achievable extraction.
Although the mechanical design of underflow, pumping, or settling equipment was
not evaluated in this work, these considerations are important for future scale up
and should be evaluated in continued development of the washing process.

4.6 Recommendations
In order to remove a significant amount of solids, a multi stage set up is necessary.
The primary cost of washing the cellulose precipitate is the energy required to evap-
orate the wash liquid. It is necessary to minimize the wash liquid consumption in
order to create an efficient process.

Important to note is that a counter current washing strategy would, in theory,
consume less wash liquid. As OpEX is the largest cost by far, it is recommended
that this strategy is further researched and modeled.
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Based on the experimental data and the assumptions made, a three stage wash-
ing strategy with S/L ratio 1:2 is recommended. The calculations show that 97.09%
of NaOH would be extracted with a yearly cost of 138 631 EUR. If more extrac-
tion is desirable, a fourth stage could be implemented which would result in 99.11%
NaOH extracted at a yearly cost of 183 421 EUR. This gives a good balance between
number of stages, water usage and extraction.

4.7 Future work
The titration measurements would have benefited from having higher resolution,
as varying titration values by +-0.01, a noticeable impact was noted on the wash
curves. A titrator with higher sensitivity and decimals would therefore have been
valuable at these concentration ranges, especially for lower S/L ratios.

Some things would be beneficial to investigate further, in order to verify the re-
sults and deepen the understanding of the washing kinetics. Future work could
include:

• Counter current modeling.
• Scaled up experiments.
• Higher temperatures.
• Muli stage counter current washing trials.
• Improved sampling and analysis.
• Freshly produced precipitate.
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5
Conclusions

Single-stage stirred batch washing experiments with cellulose precipitate showed
that lower S/L ratios extract a larger fraction of solute, but at the cost of increased
wash-liquid usage and subsequent evaporation energy. The apparent mass-transfer
coefficient k was similar for all S/L ratios except 1:1, indicating that washing per-
formance is governed primarily by dilution of the internal water phase rather than
by differences in mass transfer kinetics.

A CSTR-in-series model was used to estimate multi-stage washing performance.
The analysis showed that both S/L ratio and the number of stages have a strong
influence on operational expenditures, which is dominated by the energy required
to heat and evaporate wash liquid. In contrast, capital expenditures contributes
only a small fraction of the total cost, highlighting the importance of minimizing
wash-liquid usage rather than minimizing equipment count.

Based on the combined extraction performance and cost evaluation, the recom-
mended washing strategy is a four stage strategy using S/L ratio 1:2. This set up
achieves 99.11% extraction with a total cost of 183 421 EUR for one year.
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Appendix

Integration of First Order Washing Model
The governing differential equation is [3]:

N = kL(c − c∗)

Re-written:
dC

dt
= k (Ceq − C)

Separating variables:
dC

Ceq − C
= k dt

Integrating both sides: ∫ dC

Ceq − C
=

∫
k dt

− ln(Ceq − C) = kt + C1

Exponentiating:
Ceq − C = Ae−kt

Applying the initial condition C(0) = C0:

A = Ceq − C0

Final expression:
C(t) = Ceq + (C0 − Ceq)e−kt (A.1)

Liquid retention equation

R =
msolids × (1 − %DS

100 )
msolids × %DS

100
(A.2)
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A. Appendix

CSTR related equations
[5]:

kCAn = k
CA0

(1 + τk)n

Re-written:
Cend = C0

(1 + kτ)N
(A.3)

[5]:
τ = 1

k
( X

1 − X
)

Re-written:
τ = 1

k
( C0

Ceq

− 1) (A.4)

%Removed = C0 − Cend

C0
× 100 (A.5)

NaOH equivalence conversion
A conversion factor for converting Na2CO3 to NaOH is calculated by comparing
molar masses and amount of sodium atoms in each molecule:

MNaOH

MNa2CO3

× 2 = 40
105, 99 × 2 = 0, 7548 (A.6)

Alkali(eq) = Na2CO3 × 0, 7548 + NaOH (A.7)

Dry solids equation

%DS = mdried

minitial

(A.8)

Internal solute concentration of originally retained
liquid
The equations below are described for NaOH, but applies for Na2CO3 and NaOH(eq)
as well.

C0 =
m

solids× %NaOHsolids
100

msolids × (1 − %DS
100 )

(A.9)

Ct =
m

solids× %NaOHsolids
100

− mwash liquid×
Ctitration, t

100

msolids × (1 − %DS
100 )

(A.10)
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A. Appendix

%of solute originally in precipitate and %of solute
leached to bulk liquid

%NaOHsolids =
(mwashliquid + msolids × (1 − %DS

100 )) × Ctitration, 10m
100

msolids
× 100 (A.11)

%leached NaOH = Ctitration × mwash liquid
%NaOHsolids

100 × msolids
× 100 (A.12)

Water usage and cost equations
OpEX=Operational expenditures
CapEX=Capital expenditures

Precipitate per day = 5000kg KWh/MJ = 3,6
SEK/EUR = 10,93[9] USD/EUR = 0,87[9] 0,1831 öre/Kwh
cp = 4.18 kJ/(kg K), Tb = 100◦C, ∆Hvap = 2257 kJ/kg

mwater = Nstages × (L/S) (A.13)

Q/kg water = cp(Tb − T0) + ∆Hvap (A.14)

OpEX/yr = Q/kg water × (L/S) × 5000 × 365 × 0, 1831
3, 6 × 10, 93 (A.15)

CapEX/stage = N × (€tank+€agitatior+€pump) (A.16)

1000L tank + agitator = 4176 EUR[6][9] Pump = 799,53 EUR[7][9]

Volume change equation

%Vdifference = Vbefore − Vafter

Vbefore

× 100 (A.17)
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Appendix

Preliminary washing study wash liquid and precip-
itate amounts

Figure B.1: Bag 1 precipitate initial masses

S/L ratio m solids (g) m wash liquid (g)
1:5 109,811 550
1:4 140,369 560
1:3 189,66 570
1:2 270 540
1:1 550 550

Figure B.2: Bag 2 precipitate initial masses

S/L ratio m solids (g) m wash liquid (g)
1:5 110,022 550
1:4 140,037 560
1:3 190,146 570
1:2 270,746 540
1:1 550 550
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Preliminary study titration results

Figure B.3: Titration values from preliminary washing study
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Raw data from washing study

Figure B.4: Raw data from washing study
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B. Appendix

Impact of multiple stages stages data

Figure B.5: Stages and subsequent OpEX/CapEX (EUR)
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