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Ultrafiltration of lignin from black liquor was carried out in a stirred batch cell using polyethersulfone 
membranes. Parameters such as operating pressure, feed concentration, stirring rate and membrane 
cut-off size were varied and their effects on lignin retention and permeate flux were investigated. The 
operating pressure, feed concentration and stirring rate were varied in the ranges 150–350 kPa, 3–9% 
and 200–400 rpm, respectively. The membranes used had cut-off sizes of 5 kDa, 10 kDa and 20 kDa. 
A one-factor-at-a-time experimental design approach was applied in this study. Retention of lignin 
increased with increases in operating pressure, feed concentration and stirring rate, but decreased with 
an increase in molecular cut-off size of the membrane. Permeate flux on the other hand increased with 
increases in pressure, stirring rate and molecular cut-off size of the membrane but decreased with an 
increase in feed concentration. The extraction of lignin from black liquor was successfully carried out and 
extraction efficiencies as high as 86% could be achieved depending on the experimental conditions. The 
study was concluded with the recommendation of conducting additional experiments using a pilot plant 
in a continuous mode.

Significance:
• The extraction of lignin from black liquor was successfully carried out and extraction efficiencies as 

high as 86% were obtained. The results can be used to extend the ultrafiltration of black liquor to an 
industrial scale.

Introduction
The extraction of lignin from black liquor can be achieved by means of acid precipitation, ultrafiltration and the 
application of selective solvents.1,2 The extraction method employed should effectively separate the lignin from 
the black liquor, without causing an imbalance of the cooking chemicals, Na2S and NaOH. Acid precipitation is the 
most commonly used method and it has reached the most advanced state of development and implementation.3,4 
Drawbacks of using precipitation include the use of H2SO4 which upsets the liquor cycle chemical balance with 
excess sulfur and the process of filtering and separating the lignin precipitate is hampered by the formation of 
colloids.4 The application of selective solvents such as ionic liquids allows for lignin structures of low molecular 
weight to be obtained, which are used in the synthesis of high added value products, but with very high production 
costs.5 Ultrafiltration is therefore seen as a promising way of separating lignin from kraft black liquors. The qualities 
that make membrane processes the ideal technique for separation purposes in biorefineries include their excellent 
fractionation capability and comparatively low energy requirement.6,7

The fractionation of lignin by sequential precipitation from softwood industrial black liquor samples collected from 
different chemical pulping stages was investigated by Alekhina et al.8 The authors studied the isolation efficiency as 
well as the impact of fractionation and pulping severity on lignin structure. It was observed that the spectroscopic 
characterisation of the isolated lignin revealed significant alteration in its structure and functionalities as a function 
of the pH, while the alteration in structure and properties of the samples was only marginal. Lignin precipitates 
isolated at pH 10.5 exhibited the highest purity (lowest content of polysaccharides) while the samples precipitated 
at a pH of 2.5 revealed the highest carbohydrate content (low purity). These results indicated that up to 85% of 
the lignin solubilised in softwood black liquor can be recovered in high purity by lowering the pH to 5. Jin et al.9 
developed a novel membrane-assisted electrochemical approach for the precipitation of lignin from black liquor. 
In the process, the pH in the black liquor solution was lowered to 4.7 as a result of water electrolysis, without 
the addition of acid or CO2, leading to pH-dependent lignin precipitation. In the study it was observed that the 
electrochemical cell performance was significantly influenced by the condition of the electrolytes. The solution 
conductivity and the applied current density were also found to play important roles in altering the pH of the system. 
In addition, more than 70% of the chemical oxygen demand value in the black liquor solution was decreased at 
the set pH, which was comparatively higher than that of the conventional acidic precipitation. This difference 
was attributed to lignin precipitation and oxidation. The authors concluded that this novel membrane-assisted 
electrochemical approach may serve as a promising and cost-effective technique for the extraction of lignin and 
recovery of caustic from black liquor. Velez and Thies10 studied the precipitation of liquefied-lignin fractions from a 
softwood kraft black liquor by acidification with CO2 in a 2-L vessel with a 45°-angle conical bottom to facilitate the 
collection of liquid-lignin fractions. The process took place at 115 °C and 6.2 bar over a pH range of 13.6–9.5. In 
their study, fresh kraft black liquor was used as the feed only for the first fractionation and the partially spent black 
liquor from the first then served as the feed to the second fractionation, and so on. Seven of these liquefied-lignin 
fractions were produced from the study and they were found to be highly hydrated phases, containing 32.3–48.2 
wt% water. The authors also concluded that the metal contents in the lignin fractions were significantly reduced 
compared to the original black-liquor feed.

Several studies have been undertaken to investigate the extraction of lignin from black liquor using ultra-
filtration.1-2,6,11-14 A comparative study on the ultrafiltration of kraft black liquor using different flow modules was 
carried out by Satyanarayana et al.15 The different modules investigated included radial cross flow, rectangular cross 
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flow and stirred cell. The authors concluded that the observed rejection 
and permeate flux were higher in the stirred cell module than with the 
radial and rectangular cells. Ultrafiltration of black liquor in a stirred 
batch cell using a cellulose acetate membrane of 5 kDa was carried 
out by Bhattacharjee and Bhattacharya16. The membrane parameters 
such as solute permeability and reflection coefficient were determined 
to characterise the membrane. It was found that the flux for black liquor 
was comparatively lower than other solutes such as polyethylene glycol 
which could be attributed to the increased thickness of the polarised 
layer. Bhattacharjee and Bhattacharya17 studied the performance of 
ultrafiltration of black liquor by using a laboratory fabricated stirred and 
rotating disk batch ultrafiltration cell. The study was carried out as an 
attempt to minimise flux decline in order to obtain enhanced flux for the 
treatment of black liquor obtained from sulfite-pulping industries. The 
authors concluded that membrane rotating was more efficient in reducing 
concentration polarisation compared to stirring action. However, it is 
worth mentioning that the lignin dissolved from such alkaline sulfite 
pulping processes differs from kraft lignin. 

The present work was undertaken to investigate the possibility of 
extracting lignin from black liquor generated from South African kraft 
mill black liquors. To our knowledge, a study of this nature has not been 
conducted in the South African context, so it is expedient to study the 
feasibility of ultrafiltration of lignin in black liquors from South African 
mills. In this study, the effects of operating pressure, membrane cut-off 
size, stirring rate and feed concentration on the extent of lignin retention 
and permeate flux were investigated. It has to be emphasised that only 
the effects of these parameters were investigated: the study did not 
include the optimisation of the parameters as the results from a stirred 
cell study cannot be applied on an industrial scale. The results only 
assist in the scale up of the process to a continuous pilot plant scale 
which is industrially relevant. The role of fouling is also monitored in the 
study and the results reported.

Materials and methods
Materials
Black liquor was procured from a South African eucalyptus kraft mill. 
The black liquor was diluted with deionised water to get the desired 
concentrations. Hydrophilic polyethersulfone membranes with molecular 
cut-off sizes of 5 kDa, 10 kDa and 20 kDa were procured from Memcon 
(Pty) Ltd, South Africa. The membranes are usable in the pH range 0–14 
and are resistant to temperatures up to 95 °C. The composition of the 
black liquor used is reported in Table 1. 

Table 1: Concentrations of selected fractions in black liquor

Analyte % (m/m)

Total solids content 14.53

Lignin 4.53

Ash content (dry basis) 9.02

Water content 84.97

Hemicelluloses (sugars)

Xylose 0.03

Arabinose 0.02

Galactose 0.01

Apparatus
A stirred dead-end filtration configuration as shown in Figure 1 was 
employed for the ultrafiltration experiments. The stirred cell (Amicon 
8400, Merck, South Africa) had a volume of 400 mL and a diameter 
of 76 mm. The cell was connected to a compressed air cylinder; the 
pressure in the cell was controlled by adjusting the pressure regulator 

on the outlet side of the cylinder and was monitored by a calibrated 
pressure gauge on the inlet of the cell. The effective filtration area of 
the cell was 41.8 cm2 and the clearance between the flat stirrer hanging 
from the top inside the cell and the membrane was 1.5 mm. Stirring 
inside the cell was accomplished by using a magnetic stirrer with a 
digital display (MS-H280-Pro, Scilogex, USA). A constant temperature 
in the cell during operation was achieved by means of a heating 
copper coil inserted around the stirred cell body. Water from a heating 
bath was circulated in the heating coil using a peristaltic pump (323, 
Watson Marlow, South Africa).

PRESSURE  
GAUGE

PRESSURE  
REGULATOR

STIRRED CELL

PERMEATE

MAGNETIC 
STIRRER

xxx rpm

PERISTALTIC  
PUMP

THERMOSTATED 
WATERBATH

FEED

AIR CYLINDER

Figure 1: Schematic of the batch ultrafiltration set-up.

Analysis
The total dissolved solids concentration was determined gravimetrically 
by evaporating a known volume of black liquor sample at 105 °C for 24 h 
and determining the weight of the residue. The ash content was measured 
by heating the residue from the total dissolved solids measurement 
to 950 °C and weighing the sample afterwards. The ash content is 
indicative of the concentration of inorganic matter in the sample. 
Lignin can be measured from the light absorption at a wavelength of 
280 nm as it contains phenolic groups which absorb light. A UV-visible 
spectrophotometer (Varian CARY 50 CONC) was used to measure the 
UV light absorption of the black liquor samples. Where necessary, the 
samples were diluted with 0.1 M NaOH and an absorption constant of 
24.6 L/g.cm was used. The hemicellulose (sugar) content of the black 
liquor was determined using high-performance liquid chromatography, 
comprising an autosampler (Perkin Elmer, Series 200), column oven 
(Perkin Elmer, Series 200), chromatography interface (Perkin Elmer, 600 
Series), pulsed amperometric detector (Dionex) and analytical column 
(CarboPac PA-1, Dionex). The black liquor was first adjusted to a pH 
of 5 to 6 using 6 mol/L HCl and then the sugars were hydrolysed via 
heating with 4% H2SO4 at 121 °C for 1 h. The mass balance of selected 
analytes indicated that the error from analysis did not exceed 10% (see 
Supplementary tables 1 and 2 of the supplementary material).

Ultrafiltration procedure
Ultrafiltration experiments were carried out to investigate the effect 
on lignin retention and transient flux decline of three variables: 
transmembrane pressure (150, 250 and 350 kPa), stirring rate (200, 
300 and 400 rpm) and feed concentration (3, 6 and 9 wt%). One 
parameter was varied as the others were held constant to get an exact 
picture on dependence. All experiments were conducted at 60 °C by 
circulating a heating water stream at 95 °C and 15 rpm in the coil 
around the stirred cell body. The disk membrane was placed on the 
porous support and the cell was assembled. Pure water flux at different 
transmembrane pressures was measured and plotted against the 
transmembrane pressure. The membrane resistance for each membrane 
was calculated from the slope of this plot. This calculation was followed 
by the actual experiment by charging the cell with 200 mL black liquor 
solution. The transmembrane pressure and stirrer speed were adjusted 
to desired levels using a pressure regulator and the speed controller on 
the magnetic stirrer, respectively. The duration of each experiment was 
1 h and permeate at different time intervals was measured by collecting 
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10 mL of permeate in a measuring cylinder and recording the time of this 
collection. The retentate was collected by opening the stirred cell after 
each run. After each run, the cell was dismantled and the membrane 
thoroughly washed with deionised water to remove any deposition. The 
membrane was soaked in distilled water overnight and pure water flux 
was checked again to observe any variation in its hydraulic resistance 
before its reuse. This procedure was repeated after every experiment. 

Results and discussion
Membrane hydraulic resistance
The hydraulic resistance of each membrane investigated was determined 
by recording the pure water flux as a function of pressure in the stirred 
cell and obtaining a linear relationship between the two parameters for 
each membrane. The membrane resistance RM was calculated from 
Equation 118 and the results are shown in Table 2.

RM = ∆P
µwJw  Equation 1

where ΔP is the transmembrane pressure, JW is the pure water flux and 
µW is the viscosity of water with the effect of temperature taken into 
consideration.

Table 2: Membrane hydraulic resistances (RM) of all investigated mem-
brane sizes

Membrane cut-off size (kDa) (1012m-1)

5 14.5

10 5.08

20 3.39

From Table 2 it is observed that the membrane resistance increased with 
decreasing cut-off size of the membrane. This finding was expected, 
because for membranes with lower molecular weight cut-off, the pore 
sizes become constricted and a reduction in flux is expected.

Stirred cell ultrafiltration of black liquor 
Stirred cell ultrafiltration tests were conducted to investigate the effects 
of operating pressure, stirring rate and feed concentration on the extent 
of retention and flux. Polyethersulfone membranes were used and the 
pressure, feed concentration and stirring rate were varied in the range 
150–350 kPa, 3–9% and 200–400 rpm, respectively. The lignin retention 
in the stirred cell was calculated as follows19:

R= =
In(cR/cF) In[VCF-(cp/cF)(VCF-1)]

In(VCF) In(VCF)
 Equation 2

where cF , cP and cR are the feed, permeate and retentate concentrations 
(g/L), respectively, and VCF is the volume concentration factor 
(dimensionless). Lignin retention values calculated in this manner 

consider either the retentate or the permeate concentrations, and the 
corresponding VCF ratio, allowing comparison of retention values 
throughout the process. VCF is dimensionless and given as19:

VCF =
VF

VR
 Equation 3

where VF and VR are the feed and retentate volumes, respectively. The 
VCF can be useful in the calculation of observed retention values of a 
solute during batch processes.19

Typical lignin analysis results obtained from the study are tabulated 
in Table 3. These are for pressure variation experiments in which the 
stirring speed and feed concentration were fixed at 200 rpm and 9%, 
respectively. From Table 3, it can be seen that the lignin fraction was 
concentrated in the retentate stream (for example at an operating 
pressure of 350 kPa); the lignin concentration increased to 81.2 g/L 
from 36.4 g/L in the raw sample. As is also shown in Table 3, the error 
associated with the analysis was below 10%. All results from other 
experiments showed a similar trend (data not shown).

Membrane selection 
Ultrafiltration was carried out in a stirred cell with three membranes that 
had cut-off sizes of 5 kDa, 10 kDa and 20 kDa, because black liquor is 
a polydispersed solution containing solutes within a wide distribution of 
molecular weights (and sizes) ranging from 100 to 100 000. The selection 
of a membrane cut-off size is therefore important for the efficiency of the 
process.15 The variation of retention and flux with pressure are shown 
in Figures 2 and 3, respectively. For this study, the feed concentration 
and stirring rate were fixed at 9% and 250 rpm, respectively. In Figure 2, 
it is shown that retention increased when a membrane with a lower 
cut-off size was used. For instance, at a transmembrane pressure of 
150 kPa, retention was 83.9% for the 5-kDa membrane, whereas under 
the same experimental conditions, the retention of the 20-kDa membrane 
was 56.1%. The same trend was observed for the entire pressure range 
tested. The results show that membranes with higher cut-off sizes 
allow more solutes with sizes less than the pore size of that particular 
membrane to pass through.

The initial permeate flux, as shown in Figure 3, was found to be 
comparatively higher for membranes with higher cut-off sizes for an 
operating pressure of 150 kPa. The initial permeate flux for the 5-kDa 
membrane was comparatively lower at 15.1 L/m2h and it remained fairly 
constant throughout the course of the run. 

For the 10-kDa membrane it was 33.1 L/m2h, which was a twofold 
increase in flux compared to that of the 5-kDa membrane. This flux was 
maintained at 33.1 L/m2h for 30 min and started to decrease gradually 
thereafter. For the 20-kDa membrane, the flux was 47.9 L/m2h (an 
almost 45% increase compared to that of the 10-kDa membrane) and it 
could only be maintained for 20 min, after which it started to decrease 
rapidly during the course of the run. The decline in permeate flux for the 
10-kDa and 20-kDa membranes can be attributed to the deposition of 
the solute particles in the membrane pores as well as build-up of the 
deposited layer on the membrane surface. The combined effect of these 
resulted in a reduction in permeate flux during the course of operation.15

Table 3: Lignin mass balance (at a stirring rate of 200 rpm and feed concentration of 9%)

Experimental 
conditions

Lignin concentration (g/L)
Sample volume after run 

(mL)
Calculated mass of lignin 

in sample (g)
Lignin (% in feed) Analysis error (%)

 Permeate Retentate Permeate Retentate Permeate Retentate Permeate Retentate  

150 kPa 15.87 61.6 106 94 1.71 5.67 23.54 77.86 -1.41

250 kPa 13.19 62.5 108 92 1.39 5.87 19.20 80.73 0.07

350 kPa 13.54 81.17 131 69 1.77 5.60 24.36 76.95 -1.31

Raw sample 36.39 200 7.28
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Figure 2: Variation in lignin retention with pressure for different membranes in a stirred cell (at a 

stirring speed of 250 rpm and a feed concentration of 9%). 
Figure 2: Variation in lignin retention with pressure for different mem-

branes in a stirred cell (at a stirring speed of 250 rpm and a 
feed concentration of 9%).

 

 

 

Figure 3: Variation in permeate flux as a function of time for different membranes in a stirred 

cell (at a stirring speed of 300 rpm, feed concentration of 9% and pressure of 150 kPa). 
Figure 3: Variation in permeate flux as a function of time for different 

membranes in a stirred cell (at a stirring speed of 300 rpm, 
feed concentration of 9% and pressure of 150 kPa).

Effect of pressure on lignin retention and permeate flux 
Figures 4 and 5 represent the effect of pressure on retention and per-
meate flux, respectively. For this study, a 10-kDa membrane was used 
and Figure 4 is plotted for feed concentrations 3%, 6% and 9%. An 
increase in pressure from 150 kPa to 250 kPa, as shown in Figure 4, 
resulted in only a marginal increase in the retention of lignin of less than 
2% for each concentration tested. However, for the 6% and 9% solutions, 
as the pressure was increased further from 250 kPa to 350 kPa, the 
retention increased from 60.7% to 67.3% and from 73.8% to 79.5%, 
respectively. This increase was attributed to the fact that, as the pressure 
is increased, the convective diffusion of solutes to the membrane surface 
is increased, which in turn results in severe concentration polarisation. 
This polarisation leads to an increase in viscosity of the solution near the 
membrane surface as the higher molecular weight organics are retained 
by the membrane and this viscous layer is responsible for pre-sieving of 
the organic solutes.12

The high initial permeate flux values at higher pressures are as a result 
of an increase in driving force of the solvent through the membrane, as 
shown in Figure 5. However, the decrease in permeate flux during the 
course of operation is rapid for higher pressures. For ultrafiltration at 
350 kPa, after 20 min, the flux declined by 45% from 50.66 L/m2h to 
27.7 L/m2h whereas that for ultrafiltration at 250 kPa declined by 28% 
from 41.0 L/m2h to 29.7 L/m2h in the same time interval. For ultrafiltration 
at 150 kPa, after 20 min, only a 15% decline in permeate flux (from 
28.1 to 23.9L/m2h) was observed. This difference is because the rate 
of deposition of solutes on the membrane surface occurs at a faster 
rate as the pressure is increased, which reduces the net driving force of 
the solvent transport through the membrane as a result of the increase 
in osmotic pressure of the solution at the surface. Furthermore, the 
deposited layer becomes compact at higher pressures, which increases 
the resistance against the solvent.12,15,20

 

Figure 4: Variation in lignin retention with pressure at different feed concentrations in a stirred 

cell (with a membrane size of 10 kDa and a stirring speed of 300 rpm). 
Figure 4: Variation in lignin retention with pressure at different feed con-

cen trations in a stirred cell (with a membrane size of 10 kDa 
and a stirring speed of 300 rpm).

 

 

 

 

Figure 5: Variation in permeate flux as a function of time at different pressures in a stirred cell 

(at a feed concentration of 6% and stirring speed of 200 rpm with a membrane size of 10 kDa). 

 

Figure 5: Variation in permeate flux as a function of time at different 
pressures in a stirred cell (at a feed concentration of 6% and 
stirring speed of 200 rpm with a membrane size of 10 kDa).

Effect of feed concentration on lignin retention and 
permeate flux
The effect of black liquor feed concentration on the extent of retention 
and flux are described in Figures 6 and 7. For this study, a 10-kDa 
membrane was used and the stirring rate was fixed at 300 rpm for all 
experiments. The retention of lignin in the stirred cell increased with an 
increase in feed concentration in the entire range tested, as shown in 
Figure 6. For instance, at an operating pressure of 350 kPa, an increase 
in feed concentration from 3% to 9% resulted in an increase in retention 
from 54.8% to 72.3%. For an operating pressure of 250 kPa, the extent 
of retention increased from 30.1% to 66.9% as the feed concentration 
was increased in the same range. This difference can be explained by 
the fact that as the ultrafiltration process proceeds, the viscosity of the 
solution near the membrane surface increases as a result of organic 
solutes that are rejected by the membrane.12 This layer serves to sieve 
organic solutes. Because the viscosity of black liquor is dependent 
on its concentration, increasing the feed concentration of the solution 
results in an increase in the rate of formation of the viscous layer near 
the membrane surface as well as its viscosity. Black liquor components 
have a molecular weight (and size) distribution ranging from 100 Da to 
100 000 Da; therefore, when a viscous layer is formed near the membrane 
surface, the retention of low molecular weight lignin fractions that would, 
under normal circumstances, permeate through the membrane are 
retained, thus increasing the retention.15 The same trend was observed 
for other operating pressures tested but it has to be highlighted that, at 
a constant feed concentration, higher operating pressures resulted in 
higher retention values. For example, at a fixed feed concentration of 6%, 
increasing the pressure from 250 kPa to 350 kPa resulted in an increase 
in retention from 41.9% to 57.9%. This increase is because at a higher 
pressure the viscous layer formed at the membrane surface becomes 
more compact, which enhances its ability to sieve low molecular weight 
lignin fractions.12,15

Research Article Ultrafiltration of lignin from black liquor
Page 4 of 7

http://www.sajs.co.za


5South African Journal of Science  
http://www.sajs.co.za

Volume 112 | Number 11/12 
November/December 2016

 

Figure 6: Variation in lignin retention with feed concentration at different pressures in a stirred 

cell (at a stirring speed of 200 rpm and a membrane size of 10 kDa). 

 

Figure 6: Variation in lignin retention with feed concentration at different 
pressures in a stirred cell (at a stirring speed of 200 rpm and a 
membrane size of 10 kDa).

The variation of permeate flux as a function of time for different 
feed concentrations is displayed in Figure 7. It was observed that 
the initial permeate flux, as shown in Figure 7, was comparatively 
higher for less concentrated solutions. The initial flux readings were 
95.7 L/m2h, 62.9 L/m2h and 44.2 L/m2h for the 3%, 6% and 9% 
solutions, respectively. The variation with initial flux as a function of 
feed concentration is as a result of osmotic pressure resistance which 
is established within seconds of operation and this resistance is strongly 
dependent on feed concentration.11 The reduction in flux with an increase 
in feed concentration is because the bulk concentration in the stirred cell 
increases as the solutes are rejected by the membrane, which in turn 
increases the extent of solute deposition near the membrane surface. 
The flux is reduced as the resistance to solvent transport through the 
membrane is increased in the polarised layer.21 It is worth noting from 
Figure 7 that, after a filtration duration of 20 min, the permeate flux for 
the 6% and 9% solutions reached the same value and decreased at the 
same rate until the end of the filtration run. Also after 40 min, the same 
flux reading was recorded for all solutions tested, which indicates the 
same magnitude of total resistance to flow. For the 3% solution, the rate 
of depletion of solvent in the stirred cell was comparatively higher, which 
resulted in the accelerated build-up of a deposited layer, and hence the 
flux reached the same value as that of the 6% and 9% solutions. For the 
6% and 9% solutions, the osmotic pressure was comparatively higher 
because of an increased concentration which retards the rapid depletion 
of the solvent from the stirred cell, and hence the flux decreased 
gradually with time.

 

 

 

Figure 7: Variation in permeate flux as a function of time at different feed concentrations in a 

stirred cell (at a pressure of 250 kPa and a stirring speed of 300 rpm, with a membrane size of 

10 kDa). 

Figure 7: Variation in permeate flux as a function of time at different feed 
concentrations in a stirred cell (at a pressure of 250 kPa and a 
stirring speed of 300 rpm, with a membrane size of 10 kDa).

Effect of stirring rate on lignin retention and permeate flux
Figures 8 and 9 show the variation of lignin retention and permeate 
flux, respectively, with stirring rate in the stirred cell. In Figure 8 it is 
shown that as the stirring rate is increased, there is a corresponding 
increase in lignin retention in the entire concentration range investigated. 
As the stirring rate was increased from 200 rpm to 400 rpm, there 
was a corresponding increase in retention from 59.9% to 73.6% for 
the 3% solution. For the 6% and 9% solutions, the extent of retention 
increased from 61.5% to 79.1% and from 67.8% to 86.6%, respectively. 
A possible explanation for this observation is that at a low stirring speed, 
the rate of diffusion of solutes from the membrane surface to the bulk 
solution is comparatively lower as a result of the significant reduction in 
the influence of external forced convection that is induced by stirring. 
Because black liquor is a polydispersed solution, there is a possibility 
that lignin fractions with molecular weight sizes that are less than the 
cut-off size of the membrane permeate through the membrane, thus 
reducing the extent of retention. The backward diffusion of solute from 
the membrane surface to the bulk is enhanced as the stirring rate in the 
stirred cell is increased, and forced convection of solutes prevents them 
from being deposited on the membrane surface. This prevention in turn 
minimises the possibility of the low molecular weight lignin fractions 
from permeating through, thus increasing the extent of retention. 

The variation of flux as a function of time at different stirring rates is 
represented by Figure 9. This study was conducted with a solution of 
3% and operating pressure of 150 kPa. As the stirring rate increased 
from 200 rpm to 300 rpm, as shown in Figure 9, the initial permeate flux 
increased from 55.2 L/m2h to 81.3 L/m2h. This increase results because 
as the rate of backward diffusion of solutes from the membrane surface 
to the bulk is enhanced by an increase in stirring rate, there is less build-
up of osmotic pressure and the greater effective pressure difference 
results in an increase in flux.15 It is worth noting that in the 20–40 min 
time interval, the fluxes for 300 rpm and 400 rpm were approximately 
equal to each other, indicating that the extent of minimisation of osmotic 
pressure at the membrane surface was approximately the same as the 
stirring rate was increased above 300 rpm. This means the resistance 
to permeation of the solvent was approximately the same in that 
specific time interval. The rapid decline in permeate flux for stirring rates 
of 300 rpm and 400 rpm was as a result of an increase in the bulk 
solution viscosity which increased the osmotic pressure (the extent of 
the increase is minimised by stirring) as the solvent permeated through 
the membrane at a faster rate than at 200 rpm. This supposition is 
substantiated by the significant deviation in flux values for 300 rpm and 
400 rpm in the 50–60 min time interval. This deviation indicates that the 
resistance to solvent flow at a stirring rate of 300 rpm increases as a 
result of the slower back diffusion of solute from the membrane surface 
as the viscosity and concentration of the solution increases. At 400 rpm, 
this effect is offset by the faster rate of back diffusion of solute from the 
surface, which minimises the increase in osmotic pressure/resistance. 

 

 

 

Figure 8: Variation of lignin retention with stirring rate at different feed concentrations in a 
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Figure 9: Variation of permeate flux as a function of time at different stirring rates in a stirred 

cell (at a pressure of 150 kPa and a feed concentration of 3% with a membrane size of 10 kDa). 

 

Figure 9: Variation of permeate flux as a function of time at different 
stirring rates in a stirred cell (at a pressure of 150 kPa and a 
feed concentration of 3% with a membrane size of 10 kDa).

Solids content analysis
Table 4 represents the ash content analysis results of the fractions 
collected at the end of the ultrafiltration runs. An optimum membrane 
cut-off size should result in minimal retention of cooking chemicals (i.e. 
sodium and sulfur). In addition to the fact that these chemicals have to 
be reused in the cooking process, it is necessary to avoid forming ash 
and sulfur dioxide when these inorganic elements are combusted in a 
normal furnace.22 The increase in ash content in the retentate fractions 
is as a result of the retention of multivalent ions that are associated 
with the retained organic matter. For example, for the 5-kDa membrane 
and an operating transmembrane pressure of 150 kPa, as observed in 
Table 4, the ash content increased from 5.8% (raw) to 7.1% (retentate 
stream). The same trend was observed for all different combinations of 
membrane cut-off size and process conditions (data not shown). This 
result was also observed by Wallberg et al.22 when they used polymeric 
and ceramic membranes to fractionate and concentrate black liquor. The 
ash that is observed in the permeate streams is attributed to monovalent 
ions as their retention is insignificant.22

Table 5 shows the solids content analysis results of the fractions collected 
at the end of the ultrafiltration runs. The increase in solids content in the 
retentate streams as the pressure is increased, with the other variables 
(membrane cut-off size, stirring speed, feed concentration) maintained 
at constant values, is attributed to the increase in driving force which 
accelerated the rate of solvent permeation out of the stirred cell, 
resulting in the increased concentration of the retentate stream.15 For 

example, for the 10-kDa membrane, as recorded in Table 5, the solids 
content in the retentate stream increased from 11.2% to 15.4% as the 
pressure was increased from 150 kPa to 350 kPa. The same trend (i.e. 
the concentration of solids in the retentate stream) was observed for all 
different combinations of membrane cut-off size and process conditions 
(data not shown).

Conclusions
A bench-scale study was conducted to investigate the feasibility of 
extracting lignin, by means of ultrafiltration, from black liquor generated 
using hardwoods sourced from the southern African region. It was found 
that amongst the membranes investigated, the highest retention of lignin 
was achieved using the 5-kDa membrane. Although the 5-kDa size 
membrane had the highest retention, its flux was too low for a comparative 
study. Therefore, to investigate the effect of operating parameters on 
both the flux and retention, a 10-kDa size membrane was used. The 
parameters investigated (operating pressure, feed concentration and 
stirring rate) had significant effects on the retention of lignin and flux and 
it would be worthwhile to investigate them further on a pilot plant scale. 
Membrane fouling was observed to have a profound negative effect on 
flux values in the study and the mechanisms that contributed to this were 
combinations of osmotic pressure build up and the development of a 
viscous gel layer on the membrane during operation. This study should 
be augmented by studying the ultrafiltration of lignin in a pilot plant in a 
continuous mode to (1) overcome the effect of fouling associated with 
batch filtration and (2) to generate a set of data that can be applicable to 
ultrafiltration of black liquor on an industrial scale. 
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Table 4: Ash content analysis (%) of ultrafiltration fractions from the membrane selection study

Pressure (kPa)

Membrane cut-off size (kDa)

5 10 20

Permeate Retentate Permeate Retentate Permeate Retentate

150 4.14 7.09 4.61 8.85 5.5 9.49

250 4.27 8.83 4.7 8.7 4.52 11.22

350 3.9 8.75 4.61 10.46 4.82 12.07

Table 5: Solids content analysis (%) of ultrafiltration fractions from the membrane selection study

Pressure (kPa)

Membrane cut-off size (kDa)

5 10 20

Permeate Retentate Permeate Retentate Permeate Retentate

150 5.55 9.54 5.37 11.18 6.55 13.78

250 4.73 12.72 5.45 12.91 6.17 16.12

350 4.94 14.54 5.6 15.38 6.21 17.72
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