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A continuous process for the evaporative precipitation of lignin derived from Organosolv black liquor was
successfully developed and implemented in a spinning disc evaporator (SDE). A maximum of 95 % of the lignin
was recovered at a disc speed of 1200 rpm, black liquor feed flow rate of 1 mls™! on a smooth disc surface heated
to 100 °C. These optimal flow rate and disc speed values corresponded to conditions which maximised residence
time to <1 s in 4 disc passes without compromising on the rate of evaporative heat transfer. The lignin pre-
cipitate did not have any detectable impurities present after being washed and dried. The particle size for the
lignin precipitate was in the region of 3 — 9 um with minor agglomeration occurring, providing good filterability.
A scaled up version of the process was modelled for benchmarking purposes and it was found that the SDE had a
better theoretical performance than a falling film evaporator (FFE) system developed for the same process, with
the energy consumption reduced by 23% and a higher lignin recovery rate per volume of black liquid processed

once adjusted for processing time (38.1 g L™ h™! for the SDE vs. 3.23 g L™* h™* for the FFE).

1. Introduction

Due to increasing global population and the need for more sustain-
able methods to maintain standards of living, there has been increasing
demands for biobased renewable chemicals to replace fossil-based de-
rivatives. Lignocellulosic biomass is the type of biomass with the largest
global availability, with over 100 million tonnes attainable for sustain-
able use in Europe per year [1] making it an ideal resource to exploit for
a bioeconomy. It has a low cost and is rich in cellulose and hemicellu-
lose, the two most abundant polysaccharides on earth [1]. It also con-
tains lignin, the second most profuse biopolymer after cellulose [2].

Lignin is currently separated from cellulose in the pulping industry,
using several processes based on the Kraft, Soda, Organosolv and Sul-
phite techniques [3,4]. Organosolv lignin has been found to be of the
highest quality, with regards to purity, sulphur and ash content, ho-
mogeneity, increased syringyl phenolic units and condensed phenolic
structures [5,6]. The black liquor (BL) produced from the pulping step in
the Organosolv process consists mainly of ethanol and water, containing
the dissolved lignin and partially hydrolysed hemicellulose sugars.
Therefore, it has the potential to act as a “green crude” in a biorefinery,
where lignin can be converted into a biorenewable feedstock for mul-
tiple products, including phenols, aromatics, fuels, polymers and carbon
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fibres [2,7,8]. Nevertheless, 98 % of the approximately 50 million
tonnes of lignin produced annually are incinerated to produce energy,
due to its complex structure and costs associated with producing a pure
product [10]. Furthermore, lignin acts as a barrier to the hydrolysis of
sugars [9] and it must be removed from this upstream biorefinery stream
in order to enable effective conversion of the hemicellulose sugars
downstream.

Effective separation of lignin is vital for an economically and envi-
ronmentally sustainable biorefinery. Previous methods of removing
lignin from pulping liquors involved diluting BL with an antisolvent
(usually water) [11-14], membrane filtration [15] or solvent evapora-
tion [5]. Antisolvent dilution works by increasing supersaturation via
addition of suitable chemical, i.e. the antisolvent, which is miscible with
the bulk solution, but which greatly reduces lignin solubility. Through
this method, lignin recoveries just under 75 % can be achieved [11].
However, the volume of filtrate is dramatically increased, making it
challenging and costly to recycle the antisolvent and process the overly
diluted hemicellulose downstream. It also creates lignin with poor
filtration properties due to typically small particle sizes (0.5 — 2.5 um)
[16], making the antisolvent technique challenging for optimal bio-
refinery operation. Membrane filtration provides an alternative process
route, but it struggles to effectively separate the lignin from the hemi-
cellulose [17] and suffers from fouling [18] making it a less desirable
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Nomenclature

Acronyms

5-HMF  5-hydromethylfufural

ATR - FTIR Attenuated Total Reflection - Fourier Transform Infrared
Spectroscopy

BL Black Liquor

CSTR Continuous Stirred Tank Reactor

DSC Differential Scanning Calorimetry

FFE Falling Film Evaporator

FhG Fraunhofer Centre for Chemical-Biotechnological
Processes

HPLC High Pressure Liquid Chromatography

PBL Processed Black Liquor

SDE Spinning Disc Evaporator

Notation

A Disc surface area, m?

Ion Specific heat capacity, J kg~* K~!

d, Equivalent hydraulic diameter, m

h Film heat transfer coefficient, W m 2 K~*

Jjn Heat-transfer factor (=0.023 Re %2)

k Thermal conductivity, W m~! K~*

Mgr,sample Mass of black liquor solution used for initial lignin
content determination, kg

Initial mass of unprocessed black liquor fed into the SDE,
kg

Myig rsample Mass of dried lignin precipitate, kg

Myig BLTotal Mass of lignin in the total volume of initial unprocessed
BL, kg

Mass of lignin precipitated from the PBL supernatant
sample, kg

Myig pBLTotal  Mass of lignin dissolved in the concentrated black liquor
after 4 passes through the SDE, kg

Total mass of lignin precipitated after 4 passes in the SDE,

Mgy Total

Myig PBL

Muyig,pp

kg
MppL,sample Mass of supernatant sample taken, kg
MppLTotal  Mass of concentrated black liquor after 4 passes through

the SDE, kg

N Disc speed, rpm

Pr Prandtl number (";‘(ﬁ)

q Heat transfer rate, W

Q Flow rate, m® s~?

r Radius, m

Ry Lignin recovery, %

Re Reynolds number (%)

Sc Schmidt number ()

T Temperature, K

ATim Logarithmic mean temperature difference, K

Ty Glass transition temperature, K

tres Residence time, s

u Average radial velocity of thin film, m s™*

U Overall heat transfer coefficient, W m 2 K~?

\% Volume, m®

Wiigs.  Initial mass fraction of lignin in unprocessed black liquor

Wiigps. Mass fraction of lignin remaining in black liquor after 4
passes through SDE

Greek symbols

y Shear rate, s~ !

8 Film thickness, m

u Dynamic viscosity, N s m ™2

v Kinematic viscosity, m? s~!

p Density, kg m ™3

® Angular speed, rad s™*

Subscripts

i Inner

o Outer

technique when the content of lignin to remove is high.

As lignin is soluble in ethanol, but insoluble in water, and ethanol is
more volatile than water, evaporative precipitation via removal of the
ethanol solvent is an effective method of precipitating lignin from
ethanolic Organosolv BL. Not only does the process recover ethanol for
reuse in the biorefinery, as the concentrated stream also facilitates
downstream hemicellulose processing. However, current methods uti-
lising continuous stirred tank reactors and falling film evaporators have
high energy and long processing time requirements [5]. Lignin precip-
itation via solvent evaporation can also form encrustations on the
equipment surfaces, reducing their performance and lowering lignin
yields.

There is scope for intensified process technologies to further improve
evaporative precipitation and crystallisation techniques, especially by
enhancing the heat transfer in the process and reducing the energy
consumption required to volatilise the solvent. One method to achieve
this is by using mechanical vapor recompression (MVR), where the
vapor generated during evaporation is mechanically compressed, and
then used to provide heat for the evaporation process. This reduces the
heating duty of the boiler energy requirements and operating costs. This
method has been successfully applied on a wide range of applications,
from radioactive wastewater treatment (where the energy saving is as
high as 88.7 % compared with the traditional evaporator) [19] to
crystallising bittern [20]. Microwaves have also been used to accelerate
glycine crystallisation. The use of microwaves and silver particles
decreased crystallisation time approximately 60 times when compared

to the conventional evaporative crystallisation technologies [21]. This is
a consequence of the microwaves rapidly causing a temperature
gradient between the solvent and the nanostructured particles, which
accelerates mass transfer, and thereby, nucleation.

The spinning disc evaporator (SDE) has been identified as a prom-
ising technology to intensify the evaporative precipitation of lignin. Due
to centrifugal forces generated by the spinning action, a stable thin film
is produced on the surface of the spinning disc with a short diffusional
path length, enabling rapid mixing and heat transfer [22,23]. The high
surface area to volume ratio offered by the wavy thin film (typically in
the region of 10* m%/m® even in large scale devices [22]) has the po-
tential to enhance the rates of heat transfer into the liquid and of mass
transfer at the liquid-vapour interface [24,25], resulting in shorter
processing time required to achieve a desired level of supersaturation
and precipitation. The near plug flow characteristics [26] ensure that
the residence time distribution is tightly controlled so that the products
experience near identical processing conditions for uniformity in prod-
uct properties such as particle size distribution. Whilst the spinning disc
technology has previously been successfully utilised to intensify pre-
cipitation processes in earlier work [26,27,28,29], there is a lack of
research on applications of the technology to evaporative precipitation.
Therefore, precipitating lignin from a lignocellulosic hydrolysate stream
via solvent evaporation is a novel application of the spinning disc
technology.

This paper presents the development of an intensified method for
continuous lignin precipitation using a SDE system to create thin films
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under high shear conditions, leading to mixing and heat and mass
transfer intensification in the solvent evaporation process. Optimal SDE
processing conditions that maximise lignin yield, purity and particle size
were also investigated, in order to facilitate integration, implementation
and scale up of the processes for use in a full scale biorefinery.

2. Materials

The black liquor (BL) was kindly provided by Fraunhofer CBP as part
of the EU H2020 BBI JU BioSPRINT project. The BL was produced by the
Organosolv process at Fraunhofer CBP’s lignocellulose biorefinery pilot
plant. The BL production was not an integral part of this study, with the
process and conditions for generating the Organosolv BL from hardwood
described by Schulze [5]. The black liquor contained 43 %(w/w)
ethanol, 1.5 %(w/w) lignin, 1 %(w/w) hemicellulose sugars, 0.5 %
(w/w) acetic acid and 0.5 %(w/w) sulphuric acid. The balance being
water with trace amounts of alkanes, furfural, esters, phenolics and
other species solubilised during the pulping process. Organosolv lignin
was provided by FhG and BioPiva 395 Kraft lignin from UPM was used
for benchmarking purposes.

For quantification of sugars in solutions and precipitates, solutions of
the sugar recovery standards were prepared using 98 % cellobiose, 99 %
rhamnose, 99 % arabinose, 99 % mannose, 98 % galactose, 99 % fruc-
tose, 99 % xylose (all from Acros Organics) and 99 % glucose (Fisher
Chemicals). 99.8 % analytical reagent grade ethanol (Fisher Chemicals)
was used to create the calibration column used for ethanol concentra-
tion. HPLC water (Fisher Chemicals) was used in HPLC analysis. >95 %
(w/w) analytical grade sulphuric acid (Fisher Chemicals) was utilised
when acidified water was required for analysis.

Feed Inlet
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3. Methods
3.1. Experimental equipment and procedure

A schematic of the overall SDE set up is presented in Fig. 1. The key
equipment dimensions and processing conditions are detailed in Table 1.
The SDE consisted of a 316 stainless steel disc encased in a stainless-steel
evaporator housing. Two types of disc surfaces (grooved and smooth)
were tested (Fig. 2).

The BL was preheated to 80 °C (just below its boiling point of 82.8 °C
at atmospheric pressure) on a temperature-controlled hotplate prior to
being pumped into the SDE via a Watson Marlow 323 peristaltic pump
through a section of 4.7 mm internal diameter Viton tubing connected to
V2" stainless steel tubing. The underside of the disc surface was heated by
recirculating Therminol SP heat transfer oil through the rotating shaft
from a Grant LTD6 oil bath. The temperature of the disc was regulated
during the process by feedback control via measurement from a type K
thermocouple located at the centre of the underside surface of the disc.
To prevent condensation of vapours inside the evaporator, the SDE lid

Table 1
Equipment dimensions and processing conditions for the evaporative precipi-
tation of lignin.

Equipment Dimensions

Disc diameter 100 mm
SDE feed tube inner diameter 1.5 mm
Feed tube position above spinning disc 10 mm
Processing Conditions

Passes through the disc 4

Volume of BL processed per run 0.5L

Disc temperature 100 °C
Nitrogen preheat temperature 100 °C
Nitrogen flow rate 2 L min

Licbig
Condenser

»q{)}» >

Peristatic Pump . | Vacuum
p .1 ¥ Condensate Round Bottomed Pump
A 1-Smls Outlet Flask
Evaporation i:c:nmg Ethanol
Section of x ;cnm‘x Lignin Evaporation SDE
/ ofDis¢  precipitation

Black Liquor L S~—— . |
Feed Vessel Radial Direction of Flow ==
Preheated to \

80°C ; ]
\-:>{<, Nitrogen =

| ] s

g : Disc T atu
Hotplate Disc Heating Disc Heating - ‘mpfn e
. An O
Stream Out A Stream In 100 °C
- e
Heating E :
Jacket Nitrogen Inlet L1 Heating
100 °C, 2 L min"} ‘ 3 Jacket
) Y
Product
v SDE Motor Collection
1200 - 2400 Vessel
rpm
Gas Heater

Nitrogen Cylinder

Fig. 1. Schematic of the evaporative precipitation of lignin set-up.
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Fig. 2. Grooved and smooth discs used in the SDE.

was heated by electric heating pads whilst the SDE housing used heating
oil. A hot nitrogen purge was used to aid the removal of solvent vapours
formed during the evaporative process. Trace heating of the '4” transfer
line to the SDE was used to keep the BL at 80 °C. Lagging was placed
around the SDE, SDE lid, feed vessel and transfer line to minimise heat
loses throughout the system.

The processed BL leaving the SDE was transferred through an outlet
pipe at the base of the evaporator into an ice-cooled vessel to ensure that
evaporation only occurred within the housing. Samples were collected
from the outlet pipe using a 3-way valve for analysis after each pass of
the BL through the SDE. A maximum of 4 disc passes were implemented
for each set of operating conditions, with ethanol removal and lignin
recovery monitored after every pass. The evaporated solvent was
removed through the lid of the SDE using a KNF Neuberger Laboport
vacuum pump, with condensate samples collected in a round bottomed
flask positioned under a Liebig condenser (jacket length 400 mm, in-
ternal diameter 25 mm), cooled to —15 °C using an ethylene glycol/
water mixture in a Huber CC2 refrigeration bath circulator.

3.2. Design of experiments

Previous studies involving the evaporative precipitation of lignin in a
falling film evaporator [5] and using a spinning disc reactor for TiOy
reactive precipitation [26] found that product recovery is influenced by
temperature, ethanol content, flow rate, disc rotational speed and disc
surface configuration. A preliminary screening design was conducted to
investigate the effect of disc speed (600 — 2400 rpm), feed flow rate (1 —
5 ml s_l), and disc temperature (85 — 95 °C). The screening design
indicated that flow rate and temperature were the most impactful pa-
rameters for lignin recovery and that higher disc speeds tended to favour
greater lignin recovery. This informed the design of the full factorial
optimisation study discussed in this work, performed using the variables
outlined in Table 2 at a fixed disc temperature of 100 °C. This temper-
ature was decided upon to the maximise the thermal driving force for
solvent evaporation without the risk of sugar hydrolysis or dehydration
occurring on the disc. This enabled the study to focus upon the opti-
misation of the SDE operating conditions. The impact of temperature
and flow rate of the nitrogen purge was not investigated as existing
literature indicates that the mass transfer rate for evaporative systems is
limited by the liquid phase [30], so increasing the stripping effect would
have minimal impact on the system.

Table 2

Processing conditions investigated in optimisation study.
Variable Levels
Disc surface Smooth Grooved
Rotational speed / rpm 1200 1800 2400
Flow rate / mls~* 1 2.5 5

Chemical Engineering and Processing - Process Intensification 199 (2024) 109734

To benchmark the data, a comparison was made with data provided
by the Fraunhofer Centre for Chemical-Biotechnological Processes using
a falling film evaporator.

3.3. Product yield

3.3.1. Gravimetric analysis

The yield of lignin precipitated in the SDE was determined in relation
to the total content of lignin that was precipitable from the unprocessed
black liquor (BL). Additionally, the mass balance was carried out indi-
rectly with the soluble lignin fractions and liquid volumes, rather than
using the precipitated lignin solids masses directly, as these solids could
more easily deposit alongside the flow loops reducing the accuracy of
the analysis.

Firstly, the mass fraction of lignin in the unprocessed BL, wyg p1, Was
determined gravimetrically. For this purpose, 15 ml of BL was weighed
in a centrifuge tube, mpysample, to which 30 ml of acidified water (pH 2.1
acidified with 95 %(w/w) sulfuric acid) was added, causing the lignin to
precipitate from solution. This was left in a fridge overnight before being
centrifuged at 3500 xg for 10 min on a SciSpin One. The supernatant
was decanted and the lignin dried in a Jeio tech OV-11 oven at 40 °C and
500 mbar using a Vacuubrand PC 3001 Variopro vacuum pump. The
dried lignin solids were weighed (myig prsample) and a lignin mass frac-
tion for the unprocessed black liquor, wyig 1, was calculated from Eq.
(1):

Wiig b = (mi“‘“l‘s“’""‘“) x 100 €y
MBLSample

For the second step, it was necessary to determine the mass fraction
of lignin that remained dissolved in the processed BL (PBL) after 4 passes
through the SDE, wyg pp1. Samples were taken from the product outlet
after 4 passes through the SDE and allowed to cool to room temperature.
The samples were then centrifuged for 10 min at 3500 xg to remove the
lignin precipitated in the SDE, and the supernatant was decanted,
leaving any precipitate behind. Samples were taken from the superna-
tant fraction and weighed, mpprsample. Any lignin remaining in the su-
pernatant was then precipitated with acidified water, centrifuged and
dried using the same method outlined above. The mass of lignin
precipitated from the PBL supernatant sample, myg pp;, was determined
and the mass fraction of lignin that remained dissolved in the PBL after 4
passes through the SDE, wyg ppr, was calculated from Eq. (2):

WiigpaL = (Lig"’“ ) x 100 @
MPpBLSample

The mass of lignin in the total volume of initial unprocessed BL, myg,
BLTotal, and the total mass of lignin dissolved in the processed black li-
quor concentrated by evaporation after 4 passes through the SDE, myjg,
pBLTotal could then be determined using Eqgs. (3) and 4, where mpprotal iS
the initial mass of unprocessed black liquor fed into the SDE and
MpBLTotal 1S the mass of concentrated black liquor after 4 passes through
the SDE:

MLigBLTotal = WLigBL X MBLTotal 3)

MLig PBLTotal = WLig,PBL X MIPBLTotal 4)

The total amount of lignin recovered, Ry can then be calculated
(Egs. (5) and (6)) where myjg p,p is the total mass of lignin precipitated
after 4 passes in the SDE:

MLigpp = MLig BLTotal — MLig PBLTotal (5)
m
Ry =—22 % 100 (6)
MLig BLTotal

3.3.2. Condensate recovery
The volume of the condensate collected in the round bottomed flask
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after each pass on the SDE had occurred was measured using a volu-
metric cylinder.

3.4. Product purity

3.4.1. Fourier transform infrared (FTIR) spectroscopy

An Agilent — FTIR Cary 630 was used for the Attenuated Total
Reflection - Fourier Transform Infrared Spectroscopy (ATR-FTIR) anal-
ysis of the dried precipitate, in order to identify key species in the
product composition and potential impurities. Infrared spectra were
collected in the wavenumber range, 650 — 4000 cm ™, with all samples
being scanned 64 times at a resolution of 4 cm ™!,

3.4.2. High performance liquid chromatography (HPLC)

Sugar, ethanol, acetic acid, formic acid and levulinic acid, 5-HMF
and furfural present in the black liquor, condensate and lignin precipi-
tate samples were quantitatively determined using HPLC.

To determine ethanol, acetic acid, formic acid and levulinic acid
concentrations in the black liquor and condensate, a Shodex SH1011
column was used at 55 °C. 0.6 ml min~! of 0.005 M H,SO, in HPLC water
was used as mobile phase. The sugar, 5-HMF and furfural concentrations
were determined with a Shodex SP0810 column at 80 °C. 1 ml min ~* of
HPLC water was used as the mobile phase.

When determining the concentration of ethanol in the condensate,
the condensate was diluted by a factor of 10 using HPLC water to ensure
the ethanol concentration was in the measurement range of the RI de-
tector. When analysing BL samples, the lignin first had to be removed to
prevent fouling inside the HPLC column, otherwise precipitation would
occur once the BL sample was injected into the aqueous mobile phase.
The BL was removed using the method outlined in Section 3.3.1. and the
resulting supernatant was then analysed.

Sugar and organic acid contaminants in precipitated lignin samples
were leached out by washing approximately 0.1 g of lignin precipitate
with deionised water. The samples were left to leach overnight before
being vortexed for 1 min. The sample was then centrifuged at 3500 xg
for 10 min and the supernatant analysed for the presence of sugars and
acetic, formic and levulinic acid contaminants using the Shodex SH1011
column with the same method outlined above. To ensure that contam-
inates were not locked up in the precipitate, separate analysis was car-
ried out where approximately, 0.1 g of lignin was redissolved in 5 ml of
ethanol. The lignin was then reprecipitated with pH 2.1 acidified water
and the sample was centrifuged and supernatant analysed as before.

All samples were filtered with 0.45 um PTFE hydrophilic syringe
filters to remove any solids present prior to injection into the columns.

3.4.3. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) analysis was done to
determine the glass transition temperature (Tg) of the precipitated
lignin. A small sample (1-15 mg) was contained within an aluminium 20
uL sealed TA tzero pan and placed in a DSC cell. A second sealed TA tzero
pan without sample was used as reference. To remove any moisture
contained in the sample and erase the thermal history of the sample, the
temperature was first ramped to 200 °C at 20 °C min ™, held isother-
mally for 5 min, and then ramped down to 30 °C at 20 °C min~! and kept
isothermal for 5 min longer. The sample was then carried out by heating
to 200 °C at 20 °C min~'. The T, was then found using the second
heating curve on the TA universal analysis 2000 software. The Ty of the
lignin samples was compared to reference the BioPiva 395 Kraft lignin
provided by UPM and Organosolv lignin produced by FhG using the
falling film evaporation method as described in [5].

3.5. Particle size
A LEICA DM500 microscope and an ICC50 digital microscope camera

were used to image the lignin precipitate samples. The microscope was
calibrated using a stage micrometre and the LAS EZ software. A few
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drops of a sample obtained from the SDE were imaged each time. Par-
ticle size distributions were determined by image analysis using the
analyse particles setting in Fiji ImageJ 2.1.0/1.53c software.

3.6. Energy consumption

The energy consumption of the SDE, pumps, heaters, chillers and
other equipment was measured using RS PRO Energy Meters. Readings
were taken before and after each pass of the black liquor through the
SDE. These data combined with the process streams were used for the
energy consumption calculations for the SDE.

3.7. Statistical analysis

Statistical analysis was carried out on Origin Pro 2019 and Minitab.
ANOVA analysis was employed to determine the statistical significance
of the operating conditions on product and condensate recovery and
particle size.

4. Results and discussion
4.1. Lignin recovery

Conceptually, the processes occurring over the disc can be envisaged
as two sequential processes taking place across distinct disc sections.
Starting from the feed point near the centre of the disc, there is a heating
section wherein the feed undergoes sensible heating up to its boiling
point, whilst the liquid travels from the centre outwards. Once boiling
point is reached, the feed enters the evaporation section of the disc
where vigorous evaporation takes place through boiling over the disc
surface. As lignin is only soluble in the ethanol, and ethanol is more
volatile than water, evaporating the ethanol from the BL makes the BL
richer in water, and generates greater levels of supersaturation, which
cause the lignin to precipitate.

Fig. 3 shows how increasing the number of passes through the SDE
increases the lignin recovery. This is because more ethanol evaporation
occurs after each pass, leaving the BL depleted in ethanol and richer
water, which drives lignin supersaturation. For the majority of the ex-
periments, and therefore for the subsequent data presented, only lignin
recovery after 3 and 4 passes through the SDE were studied, as the
amount of precipitate recovered during earlier passes was small.

The impacts of hydrodynamic operating conditions such as disc
speed, BL flow rate, and disc surface texture on the lignin recovery after

100% — - 45% E
i =
| ]
¢ = 4 40% a
80%
- 35% §
g . 4
g 60% + - 30% 51
Q (e}
) 4 25% é’-
.S: 0/, -
éo 40% 1200 9.7
o ® os]
- . dis% &
[e)
20% ; =~
° - 10%5
e
0% . . . . s% 2
1 2 3
Passes Through SDE

®  Lignin Recovery

® Ethanol Mass Fraction
Fig. 3. Lignin recovery (measured in relation to the initial amount of lignin in
unprocessed BL) and ethanol composition of the BL as a function of the number

of passes in the SDE. This experiment was carried out at a feed flowrate of 1 ml
s71, 2400 rpm speed, over a smooth disc surface, heated to 100 °C.
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4-disc passes are shown in Fig. 4. The greatest lignin recovery of 94.6 %
was found on a smooth disc at 1200 rpm and 1 ml s~! flow rate. The flow
rate is shown to have the greatest impact on the lignin recovery (p =
0.000), with lower flow rates leading to higher lignin recoveries at all
disc speeds (the average lignin recovery at 1 ml s~ was 92.0% vs. 50.7 %
at 5 ml s71). The disc speed has a less significant impact on lignin re-
covery (p = 0.312), with lower disc speeds marginally increasing the
lignin recovery (average for all experiments at indicated disc speeds,
74.7% at 1200 rpm vs. 69.8 % at 2400 rpm). The smooth disc surface
was also found to outperform the grooved surface by a small margin
(average of 75.6% vs 68.8 % for smooth and grooved surfaces respec-
tively regardless of other operating conditions), making the disc surface
texture an influential factor (p = 0.019).

One important consequence of lowering the flowrate is a smaller
amount of fluid needing to be heated up and vaporised in the SDE so that
there is a higher amount of heat energy transfer per unit mass of fluid on
the disc. This would allow more solvent to be evaporated with a rapid
onset of high supersaturation levels and precipitation. The impact of the
flowrate on both the residence time and film heat transfer coefficient is
equally relevant in this context. At lower flowrate, an increase in resi-
dence time, t.s, is expected based on Eq. (7) [31]:

1
817%v \3/ . 4
tres = (160)2Q2) <ro3 - ri3> (7)

where v is the kinematic viscosity, w is the disc rotation speed, Q is the
flow rate, and r, and r; are the outer and inner radius respectively. This
provides more time for evaporation to occur, enabling greater levels of
lignin supersaturation to be achieved. This hypothesis is supported by
the findings in Fig. 5, where a clear positive relation between residence
time and lignin recovery can generally be seen at all flowrates except at
the highest value of 5 ml s~. Under these conditions, the process is
residence time controlled, whereas at the highest flowrate it is heat
transfer controlled. Further elaboration about these trends is highlighted
next in the discussion section on the influence of disc speed. Fig. 5 also
shows that for 4 passes the total residence time of the BL in the SDE is <1
s, which is a significant process intensification step, as distillation and
evaporation are typically time consuming processes, especially in con-
ventional equipment.

Reducing the flowrate also decreases the film thickness of the BL on
the disc, &, as a function of the radius, r, as shown in Eq. (8) [24]:

3Q \?
6= <2ﬂw2r2> ®

A thinner film reduces the thermal diffusion pathway for heat
transfer between the disc surface and the top of the liquid film where
evaporation occurs. This significantly affects the heat transfer
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Fig. 4. Impact of flow rate, disc speed and disc surface on lignin recovery at
disc temperature of 100 °C, after 4 passes through the SDE.
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Fig. 5. Impact of flow rate, disc speed and residence time on lignin recovery at
disc temperature of 100 °C when using a smooth disc, after 4 passes through the
SDE, with heat transfer and residence time-controlled regions highlighted.

coefficients in the film, h, which is inversely proportional to the film
thickness as shown in Eq. (9) [24]:

Sk
h=35% ©)

Where k is the thermal conductivity of the black liquor at its boiling
point, modelled as a mixture of 43.5 %(w/w) ethanol and 57.5 %(w/w)
water and estimated to be 0.23 W m~* K~! using Aspen Plus. Thus,
reducing the flow rate plays a large role in increasing the heat transfer
coefficient, and therefore the heat transfer rate, enabling more lignin to
be recovered, as observed in Fig. 6.

As observed in Fig. 4, although disc speed had less of an impact on
the lignin recovery than flowrate, there are interesting trends to note.
While higher disc speed is expected to reduce the film thickness (Eq. (8))
and elevate the film heat transfer coefficient (Eq. (9)), similarly to the
effect of lower flowrate, this SDE operational parameter has to be
optimised to also achieve sufficient residence time in any given process.

Most interestingly, it is also evident from Figs. 5 and 6 that the highest
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Fig. 6. Impact of flow rate, disc speed and film heat transfer coefficient based
on average film thickness across the disc on lignin recovery, at a disc temper-
ature of 100 °C and after 4 passes through the SDE over a smooth disc surface,
with heat transfer and residence time-controlled regions highlighted.



T. Carr et al.

disc speeds of 2400 rpm are more beneficial when combined with the
highest flowrates of 5 ml s™!, whereby the film thickness can be effec-
tively suppressed to achieve higher heat transfer coefficients. Under
such conditions of high flowrate, the process appears to become more
heat transfer limited, presumably because of lower energy input per unit
mass, which explains the observed beneficial impact of operating at
higher disc speeds to counter these limitations. In contrast, at lower
flowrates, the operating regime shifts to residence time control under
conditions of high rates of energy input per unit mass where the lignin
yields are dictated by residence time rather than heat transfer. Thus, the
highest yields are attained at the lowest disc speed of 1200 rpm with
these lower flowrates, where residence time is maximised while the film
heat transfer coefficients were still more than sufficient to achieve the
maximum evaporation rate, as seen in Figs. 5 and 6. It is therefore
postulated that the change in regime in this process occurs at a film
thickness threshold of ~40 pm whereby films below this threshold are
able to readily overcome heat transfer limitations in the evaporation
step (Figure S1). These results highlight the complex interactions be-
tween flowrate and disc speed, which must be elucidated to identify the
interplay of multiple phenomena affecting the SDE evaporation process.

The smooth disc was found to be marginally more effective than the
grooved disc at recovering lignin, with the mean lignin recovery
increased by 6.8 % on the smooth disc. This is contrary to predictions
based on previous literature that reports grooves enhancing the film heat
transfer coefficient [23]. However, that study was conducted on a much
larger disc (360 mm diameter in reference [23] vs. 100 mm in this study)
and at lower disc speeds (250 - 890 rpm vs. 1200-2400 rpm in this
study). In the present study, there may have been an insufficient number
of grooves on the disc to generate significant surface effects resulting in a
negative impact on lignin recovery. Furthermore, some black liquor may
have been thrown off the disc after exiting the groove, especially at high
flow rates and disc speeds, reducing the wettability of the disc surface
and contributing to film breakdown, decreasing the efficiency of the
process.

The impact of using a grooved disc surface and varying the disc speed
can become more pronounced on a larger disc system in which the fluid
is passed a single time through the disc, as the differences in residence
time and film thickness become more noticeable in the large-scale sys-
tem. This shown in both Eq. (7) and (8) where larger radii increase
residence time and reduce film thickness towards the edge of the disc.
The additional surface area also allows for an increased number of
grooves on the disc, enabling them to have a greater impact on the
system. Care must be taken to ensure that the film thickness is not
reduced excessively by increasing the disc radius, as a film thickness of
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less than ~20 pm can result in film breakdown causing rivulet flow and
reducing the effective surface area of the disc [22]. A larger disc will also
experience an increase the shear rate (Eq. (10), [32]) which may flatten
wave formation at extreme rates of shear [23]:

_w’r (300 i
T ( 2717 )

Where ymayx is the maximum shear rate at any radial position r from
the centre of the disc.

The surface plots generated from a model of the experimental data
for the smooth disc (Fig. 7a and Eq. (11)) had an R? of 0.9255 while for
the grooved disc (Fig. 7b and Eq. (12)) had an R?of 0.9360, indicating a
good fit between the data and the models in both cases. The models also
demonstrate how varying flow rate has a much greater impact on lignin
recovery than disc speed or disc surface. The interactions between disc
speed and flow rate were found to be insignificant and therefore were
not included in the model.

For the following models of predicted lignin recovery, Q is the
flowrate in ml s~* and N is disc speed in rpm.

Smooth disc model:

(10)

Vmax

Lignin recovery = 107.46 — (0.00471 x N) — (8.241 x Q) an
Grooved disc model:
Lignin recovery = 105.25 — (0.00414 x N) — (10.233 x Q) 12)

The models are applicable in the following ranges:

1200 rpm < N < 2400 rpm
Imls' <Q<5mls™!

From the models (Fig. 7, Eq. (11) & (12)), the optimum point for
lignin recovery was 1200 rpm and 1 ml s~! for both disc surfaces,
whereby the impact of the operating conditions on film thickness, wave
formation, residence time and heat transfer result in maximised lignin
precipitation as discussed above. The negative coefficients for both disc
speed and flow rate reflect the inverse relationship between these pa-
rameters and lignin recovery, while the large coefficient for flow rate
highlights its importance on lignin recovery. These trends were in line
with experimental observations which is underlined by the experimental
data for both disc types deviating from the model by no more than 5.5 %
on average. The parity plot shown in Figure S2 in the Supplementary
Information provides further evidence for the agreement between
experimental and model data.

Lower flow rates could not be used in this set up without pulsed flow
occurring due to the peristaltic pump limitation. Lower flow rates would
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Fig. 7. Response surface plots obtained for lignin recovery on the smooth (a) and grooved (b) discs.
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also risk breakdown of the thin film into rivulet flow resulting in the heat
and mass transfer enhancements being lost [33]. Lower disc speeds were
deemed unsuitable in this study to achieve optimal characteristics of the
film flow and transfer processes on the disc, where film thicknesses
would have been above the threshold value identified in this study
(Figure S1).

Negligible amounts of fouling occurred in the evaporator due to
sticky lignin forming at high temperatures and encrusting on the walls
and disc of the SDE. Reducing the temperature required for evaporation
by applying a vacuum could further minimise fouling as lignin becomes
less sticky at lower temperatures [5] with additional scope for reducing
the required heating duty. SDEs operating under vacuum conditions
have successfully been demonstrated in an earlier study [30].

4.2. Condensate recovery

As expected, there is a strong correlation between lignin and
condensate recovery, which is shown in Fig. 8, as ethanol removal leads
to an increase in lignin supersaturation, resulting in precipitation. HPLC
data has confirmed that ethanol concentration decreased in the black
liquor with each pass through the SDE, with lower ethanol concentra-
tions returning greater lignin yields due to increased supersaturation
(Fig. 3).

Fig. 8 is very clear on the fact that the main factor influencing
condensate recovery is flow rate (p = 0.000 for flow rate vs. p = 0.349 for
disc speed and p = 0.042 for disc surface), supporting the results of the
lignin recovery discussed in Section 4.1. A lower flow rate resulted in a
greater condensate recovery which increased lignin supersaturation and
therefore the amount of lignin precipitation.

When analysing the condensate recovered using HPLC, it was found
that the concentration of ethanol to be between 25 - 45 %(w/w). Trace
amounts of formic acid, acetic acid, levulinic acid, 5-HMF and furfural
were also found (< 1 %(w/w) in total), nevertheless, it is estimated the
vast majority of the condensate is made of just ethanol and water.

4.3. Lignin product purity
4.3.1. HPLC analysis

When analysing the washings of the lignin precipitate after SDE
precipitation and the supernatant obtained after the SDE precipitated
lignin was redissolved and reprecipitated with acidified water, no sugars
or organic acids were detected. The sugars and organic acids are the
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Fig. 8. Lignin recovery as percentage of total mass of precipitable lignin vs
Condensate recovery as percentage of the raw BL mass processed on a
smooth disc.
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compounds (besides lignin) present in higher concentrations in the BL
and therefore the most likely sources of contamination in the precipitate
which is why these compounds had a particular emphasis on their
detection. Additionally, other expected impurities would be extractives
of volatile nature that could be evaporated jointly with the ethanol or
inorganic ions which are most likely to be water soluble and therefore
easy to wash from the precipitate surface if they do precipitate. This
means the lignin precipitated from the SDE was of a very pure nature
and that the other main species in solution in the BL are not being
trapped inside the precipitate particles.

4.3.2. FTIR

Fig. 9 displays the spectra of the dried lignin precipitation samples
obtained from the evaporative precipitation experiments with the
greatest yields. Although the region analysed spans the 650 — 4000 cm ™!
wavenumber range, the fingerprint region (650 — 1800 cm™!) is of most
interest as it contains the most spectral information about the molecular
composition of the precipitate. The FTIR spectra obtained were
compared to literature data and reference spectra [34,35,36,37,38] and
the peaks were assigned to the various lignin functional groups. The
FTIR is a qualitative technique, detecting if the functional groups pre-
sent are associated with lignin or impurities and does not quantify the
species present. No differences in the FTIR spectra were found when
different operating conditions were used.

The band between 1650 — 1750 cm ™! represents C = O stretching of
unconjugated ketones, carbonyls and ester groups (mostly in the hemi-
celluloses). The peak at 1594 cm ™! is associated to benzene rings while,
aromatic skeletal vibrations of guaiacyl and syringyl units are the peak
at 1508 cm ™. Deformation in -CHa, -CHg groups is the peak at 1458
cm ™! and deformation in -CH is for 1421 em ™. 1321 ecm ™! accounts for
C—O bonds in syringyl rings and 1275 cm ™~ accounts for guaiacyl rings.
1211 cm ™! is C—O bonds in ether groups. 1140 cm ™! is assigned to C—H
bonds in guaiacyl rings. 1110 cm ™ is G—O deformation of secondary
alcohols and C—H in plane deformation in guaiacyl and syringyl rings.
1028 cm ™! represents C — H deformation in hemicellulose and C — O
stretch in polysaccharides. A larger peak at 1028 cm ™! than the refer-
ence sample would indicate possible sugar contamination making is a
good test for lignin purity. The final peaks at 910 cm ™! and 829 cm ™! are
associated with C—H deformation and aromatic rings respectively.

The spectra for Organosolv lignin obtained using a falling film
evaporator at FhG, using the process described in Schulze [5] is included
as a reference point. The lignin precipitated and the reference sample
have almost identical FTIR fingerprints, further highlighting the fact
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Fig. 9. Fingerprint FTIR spectra of the precipitated lignin, with some of the key
functional groups highlighted.
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that the SDE yields high purity lignin with minimal contaminants.

4.3.3. DSC

According to the DSC findings, the lignin displays a degree of ther-
moplastic behaviour, with glass transition temperatures between 110 —
167 °C (Fig. 10). A sample of the lignin obtained by precipitation in the
falling film evaporator at FhG [5] was also analysed for reference, and a
glass transition temperature of 117 °C. These values are all well within
the temperature range of 90 — 180 °C reported in the literature for lignins
which have undergone thermal treatment [39,40], confirming the
suitability for further thermal processing into other end products.

By itself the absence of sugars or organic acids in the HPLC cannot
indicate that the precipitated lignin is of a high purity as this technique
only quantifies identifiable peaks. However, the HPLC results did not
reveal additional unidentified peaks. The FTIR spectra also lacked un-
expected and unexplainable peaks, and peaks for identifiable impurities
were also not identified. All peaks were close matches that of the
reference lignin samples. Additionally, the DSC analysis identified glass
transition temperatures within the expected ranges in comparison with
the reference lignin samples. Therefore, the combination of techniques
suggests the purity of lignin obtained is indeed very high, and that no
impurities above the detection limits are trapped within the particles or
are retained adsorbed to the particles surface after precipitate washing.

4.4. Particle size

Samples of the lignin precipitate in suspension in the BL were ana-
lysed by optical microscopy. As shown in Fig. 11(a) and (b), particles
averaging between 3 — 9 ym in diameter, with minor agglomeration,
were formed after 4 passes through SDE.

Particle size information was extracted from the optical microscopy
images through image analysis methods, as detailed in the methodology
section. As shown in Fig. 12, particles produced on the grooved disc are
on average slightly larger than with a smooth disc. This is thought to be
due to additional particle collisions arising from induced turbulence in
the grooves of the disc leading to a higher degree of agglomeration. This
is supported by previous research [27] which found that the impact of
disc surface on particle size is generally less profound than on the in-
crease in range of particle size distribution.

The flow rate and disc speed had no statistically significant impact (p
> 0.05) on the lignin particle size in the ranges studied for these pa-
rameters. This signifies that the trend where particle size decreases at
1200 and 2400 rpm at higher flow rates and the reverse trend where
particle size increases with flow rate at 1800 rpm is insignificant. The
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Fig. 10. DSC thermogram for lignin precipitate. The glass transitions for each
sample indicated are indicated by triangles.

Chemical Engineering and Processing - Process Intensification 199 (2024) 109734

narrow average size of particles obtained also highlights that uniform
processing conditions prevailed in the SDE and that size differences are
mainly due to experimental variation. This can be attributed to effective
mixing on the disc at all operating conditions ensuring uniform super-
saturation across the film layer and leading to a high nucleation rate,
with minimal particle growth. It is likely the low residence time (<1 s)
led to minimal particle growth, which is usually a slow process. The high
shear forces may also have broken apart many of the aggregates which
form on the disc. Fig. 13 shows a typical particle size distribution for the
lignin precipitate measured using microscopy. The vast majority of the
particles are around the 1-10 ym range although a few larger particles,
thought to be agglomerates, have also been observed.

The optical microscopy technique for particle size measurement has
been validated using dynamic light scattering, with comparison data
shown in Figure S3 in the Supplementary Information. The lignin par-
ticle size characteristics are comparable with the particle sizes produced
in the falling film evaporator, whereby Schulze [5] found that primary
lignin particles of 1 — 2 uym were formed. However, in the falling film
evaporator there was also significant agglomeration above 20 um, unlike
in the SDE. The low residence time and high shear rates in the SDE is
thought to be why agglomeration is less prevalent compared to the
falling film, despite a higher temperature being used. The falling film on
the other hand has a much higher residence time than the SDE (4 hvs. <
1 s) which enables more time for particle growth and agglomeration to
occur. That precipitation occurred in such a short time period in the SDE
signifies that the induction time for particles forming is very short,
indicating a high degree of supersaturation is reached. Therefore, high
nucleation rates and low rates of particle growth are expected [41]
which is reflected in the data presented. The regular size and voidage
between particles produced in the SDE made filtering and washing of the
lignin precipitate easy to carry out with preliminary filtration tests
showing promising results, achieving a flux of 773 L m*2 h'! when using
1.2 ym pore size filter paper.

4.5. Comparison to state-of-the-art industrial process

Schematics demonstrating estimated energy inputs into the lignin
precipitation processes in the falling film evaporator and SDE are dis-
played in Figs. 14 and 15 respectively. The energy consumption for the
SDE were obtained experimentally using energy meters on all of the
processing equipment in combination with the process streams, while
the information about the CSTR and FFE, including energy consumption
and flow rates, were kindly provided by FhG.

The falling film evaporator set up is described in reference [5]. Black
liquor was mixed with ultrapure water in the stirred tank to form 220 kg
of dispersion with 6 %(w/w) ethanol. The dispersion was then pumped
through the falling film evaporator at 694 ml s~!. The falling film
evaporator was composed of vertical tubes, with a total heat transfer
area of 3.5 m2. Gravity pulled the fluid down the pipes creating a film on
the tube walls. 52 °C steam was used to provide the thermal energy for
evaporation as the process was operated at 145 mbar, reducing the
boiling point of the black liquor. Black liquor and make up water were
constantly added to the CSTR in order to keep the ethanol concentration
between 6 and 9%(w/w) ethanol, to make up for the ethanol and water
losses during evaporation. The level of the tank was not constant: the
feed flows were continuous, but once the CSTR exceed 400 kg, some of
the precipitate suspension was discharged (typically 100 kg h™1) to the
lignin dispersion vessel.

The SDE process was as previously discussed in the experimental
section, and the heat flows in the process used for the benchmarking
study are shown in Fig. 15. There was a large difference in scale between
the SDE and falling film evaporator. The BL was also diluted with water
to 6%(w/w) ethanol prior to evaporation in the falling film evaporator,
compared to 43%(w/w) ethanol in the unprocessed BL used in the SDE.
Therefore, whenever possible, the benchmarking values in Table 3 were
normalised to reduce their dependency on product scale and allow
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Fig. 11. (a) Lignin precipitate after 4 passes through the SDE at 1 ml s™*, 1200 rpm, smooth disc at x400 magnification, and (b) Lignin precipitate after 4 passes

through the SDE at 1 ml s™!, 1200 rpm, grooved disc at x400 magnification.
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Fig. 12. Impact of SDE operational parameters on average particle size.

easier comparisons to be made between the two processes. A more
detailed breakdown of the energy consumption calculations can be
found in Section S4 of the Supplementary Information.

As Table 3 highlights, the SDE has successfully intensified the
evaporative precipitation of lignin. Whilst both processes have virtually
the same lignin recovery, the intensified process has minimised the BL
processing time by over 14,000x, resulting in less risk for thermal
degradation of the sugars in solution, and smaller equipment size with
11.8x higher lignin recovery rate per unit of volume of black liquor
processed. The energy consumption per mass of lignin produced is
reduced by 23 % which should also translate to a similar reduction in
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CO3 produced during the process.

The intensification in the SDE is due to a higher overall heat transfer
coefficient and large surface area per unit volume of fluid, both of which
drive the evaporation process resulting in a much shorter residence time
to achieve similar lignin recoveries. This allows the feed to be processed
quickly, minimising thermal losses and ensuring a consistent product.
The overall heat transfer coefficient, U, was determined experimentally
using Eq. (13):

q
U= Ax AT 13)

Where q is the heat transfer rate, A is the heat transfer area, and ATy,
is the logarithmic mean temperature different between the hot and cold
fluids.

It is to be noted that the overall heat transfer coefficient values ob-
tained are a conservative estimate, as it is likely that the rate of heat
input, calculated based on the amount of vapour formed and its latent
heat, was underestimated due to a constant latent heat value employed
corresponding to that of the initial black liquor mixture. In reality, the
latent heat will increase during the process as the mixture becomes more
concentrated in water and depleted in ethanol, as the water has a higher
latent heat than ethanol.

The experimental estimates for the overall heat transfer coefficient
values as a function of the radius, U(r), were checked using theoretical
correlations for the heat transfer coefficient (Eqs. (14) [24] - (16) [43]):

R

heL(r) = 355 14

hTherminol(r ) X de

kTherminol
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=jin X Re x Pr (15)

6 A% 20 A0
OSBRI S

Particle Size / pm

Fig. 13. Particle size distribution of lignin particles determined using optical microscopy after 4 passes through the SDE at 2.5 ml s~ and 1800 rpm, over a smooth disc.
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Table 3
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Comparison of lignin precipitation process in the CSTR and falling film evaporator vs. the SDE. Values per mass unit of lignin produced unless specified.

CSTR and Falling Film Evaporator (pilot scale)

SDE (lab scale) 1 ml s’l, 1200 rpm

Process

Lignin Recovery 96 %
Residence Time 4h
Lignin recovery rate (per volume of BL) / g L' h™! 3.23
Energy consumption' / kJ g~! 299
Energy cost' [42]/ £ kg™* 16.79
Overall heat transfer coefficient / kW m~2 K~? 1.92

Particle size / pm
Footprint

0.8m x 2m x 3.7 m.

1 - 2 ym Significant agglomeration occurred
550 L of BL processed + 500 L of water. The CSTR
and falling film evaporator set up is approximately

95 %

~1s

38.1

229

12.84

2.04 £0.11

3-9 um Minor agglomeration occurred

550 L of BL processed and no diluting water. SDE rig with 87.4 cm
diameter disc approximately 1 m x 1 m x 1 m after accounting
for reactor jacket and motor.

T Determined considering 8 h processing time to level energy start-up costs.

¥ Footprint of SDE with capacity to process 550 L of black liquor in the same time scale as the falling film process.

Ur)= — ! 1

X

(16)

hpL(r) " Ksaintess sieel  ATherminol (1)

where hg;(r) is the film heat transfer coefficient for the BL as a function
of the disc radius, Atherminol () is the film heat transfer coefficient for
Therminol under the disc as a function of the radius, d. is the hydraulic
diameter for Therminol flow under the disc, jj, is the Chilton-Colburn j
factor for heat transfer, Re is the Reynolds number for Therminol flow
under the disc, and Pr is the Prandtl number for Therminol.

The overall heat-transfer coefficient was calculated as a function of
the radial distance r from the centre of the disc centre (Eq. (16)), and the
average value of 2.8 kW m~2 K™! was in good agreement with the
experimental values (2.04 kW m 2K,

One major advantage of the SDE process is that the black liquor in the
SDE stream is not diluted with water addition in contrast to the CSTR-
FFE process, making the SDE process more resource and energy effi-
cient as less liquid needs to be boiled off. The concentrated BL from the
SDE will also be easier to process downstream as the narrow particle size
distribution of the lignin is ideal for filtration and the concentrated BL
stream will enable easier recovery of the hemicellulose.

The footprint of the SDE is 5.9x less than the falling film system, for
an SDE scaled up to the same capacity of the FFE system. This reduction
is because the lower flow rates required to process the same amount of
black liquor combined with the lack of black liquor predilution, results
in a lower reactor volume. Scaling up the SDE according to an estab-
lished methodology [22] resulted in a disc of 88 cm diameter disc
operating at 19 ml s~* and 600 rpm for precipitation to occur in a single
pass. The capital costs of the SDE system is expected to be lower than the
falling film evaporator due to its small size, reduced interconnecting
pipework and no predilution requirements for the black liquor.

When evaporative precipitation of lignin was investigated by Schulze
[5,44] using a lab scale continuously operated FFE, fouling was found to
be a major problem with up to 41 % of the lignin lost to fouling at
conditions similar to the pilot plant scale. However, recoveries of up to
99 % were achieved when the temperature of the falling film evaporator
was kept below 50 °C. While this recovery is excellent, the mean resi-
dence time of the liquor in the system was 650 min and only 1.3 kg of BL
dispersion was processed. This emphasizes how the SDE intensifies the
evaporative process as it handles over 11x the mass in the same time
scale with no dilution.

The SDE demonstrates successful process intensification compared to
other methods of lignin precipitation. Botello et al. 1999 [11] only
recovered <75 % and Liang et al. 2016 [45] recovered <75 % and <90
% of lignin using antisolvents at lab scale. The dilution of the down-
stream HMC containing solution meant additional distillation steps for
solvent recovery were required increasing their capital and energy costs
as well as the process footprint and materials used compared to the SDE.
Furthermore, as dissolved lignin is often polydisperse, certain
anti-solvents may only be effective for a certain lignin fraction leaving
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some behind in the solution [46] limiting lignin recovery. Antisolvents
used with lignin can also act as antisolvents for sugars making them
undesirable for use in lignin precipitation [47].

The SDE also outperformed other methods of intensifying evapora-
tion. A wiped film evaporator, composed of a heated cylindrical tube
with inner rotating wiper system, where the fluid flow is driven down-
wards by gravity. was found to achieve an overall heat transfer coeffi-
cient of 1.89 kW m~2 K~! when evaporating monoethylene glycol [48].
This is lower than the SDE, likely because the flow is driven by gravity
resulting in thicker films. Ultrasound has been shown to improve the
overall heat transfer coefficient of a Robert-type calandria evaporator by
up to 20 %, to 1.25 kW m~2 K™}, thanks to the effects of acoustic cavi-
tation and streaming [49]. However, this is still less than that obtained
in the SDE. Other falling film systems used for evaporation were also
investigated for comparison, however these could not achieve heat
transfer coefficients in the film above 7000 W m™2 K! even when
converging-diverging tubes are used to enhance performance [50,51].

Nano- and ultra- membrane filtration processes were deemed un-
suitable for purification of this specific BL hydrolysate due to the diffi-
culty of separating HMC from lignin oligomers [17]. However, if
integrated with the SDE in a pre-evaporation step, it could be a
cost-effective method of concentrating BL by removing some of the
ethanol present before it is subjected to evaporative precipitation and is
worth investigating further.

Further enhancements could be made to the SDE by using a vacuum
to reduce the boiling point of the black liquor as done in the falling film
evaporator system. This technique has already been demonstrated to
work in the SDE [30] so is a promising path of future optimisation. This
should also minimise fouling in the SDE even further as the lignin would
be less sticky if precipitated at lower temperatures. Using a more ther-
mally conductive material such as aluminium for the disc and increasing
the internal heat transfer coefficient of the disc heating system could
further enhance the heat transfer process. Multiple SDEs operating in
parallel would also increase the process throughput. Finally, using a
larger disc would remove the requirement for multiple passes, making
the process simpler and more efficient as preheating requirements
would be reduced.

5. Conclusion

The evaporative precipitation of lignin was successfully carried out
using the SDE for the first time, achieving yields of up to 95 %. Optimal
operating conditions were found at a disc speed of 1200 rpm and 1 ml
s~! flow rate, as this is where the residence time of the order of seconds
was maximised under conditions of high rates of heat transfer in the very
thin film. A smooth disc was also found to improve lignin recovery
compared to a grooved texture, although a larger disc may enable the
grooves to have a greater impact on lignin recovery. The average par-
ticle size was between 3 — 9 ym with little agglomeration regardless of
operating conditions. The purity of the lignin produced was also high
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(estimated to be >99 %) as no impurities were detected.

This study demonstrated a successful intensification of the precipi-
tation process as 23 % higher energy efficiency could be achieved in the
SDE compared to the CSTR/FFE. The SDE also had a much higher lignin
recovery rate (38.1 vs. 3.23 g L™! h™1) obtained under significantly
lower residence time (<1 s vs. 4 h) than the CSTR/falling film evaporator
without sacrificing purity. Its smaller footprint (5.9 less) even when
scaled up should be beneficial in designing more modular, mobile plants
for biorefinery applications.

Further improvements could be made to the process by operating the
system under vacuum. This would lower the boiling point of the solvent,
reducing the energy inputs required and minimise fouling even further
as the lignin produced would be less sticky. Scaling up the SDE using a
larger disc will also remove the need for multiple passes through the
same SDE, increasing throughput and reducing the preheating energy
requirements. This could pave the way for the successful implementa-
tion of the SDE into future biorefinery applications.
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