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a b s t r a c t

A novel method of organosolv lignin recovery, consisting of simultaneous precipitation and dissolved air
flotation (DAF), is proposed. DAF offers a low energy, low maintenance alternative to centrifugation and
ccepted 13 July 2008
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filtration. DAF of organosolv lignin is studied in order to determine the parameters resulting in the fastest
settling and most complete precipitation. Temperature, mixing regime and air saturation pressure were
found to be important parameters. Higher temperature resulted in faster settling, but lower final lignin
yields at temperatures above 30 ◦C. At 40 ◦C lignin formed a fine precipitate that did not clarify. Rapid
addition of black liquor to water resulted in faster clarification. This is due to a redistribution of micro-
bubbles in the dilution water immediately prior to formation of precipitate. Higher air saturation resulted
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. Introduction

Conversion of lignocellulosics into fuel ethanol has recently
eceived international attention. The process is reliant on the con-
ersion of cellulose into sugars using cellulase enzymes. Lignin,
ontributing 15–25% of hardwood dry mass, inhibits the action of
ellulase in several ways. Lignin competitively absorbs cellulase
nzymes and, along with hemicellulose, forms a complex acting
s a physical barrier between cellulose and cellulase enzymes [1,2].

Lignin is also reported to be a potential raw material for the
roduction of plastics, adhesives and resin additives [3]. The forest
efinery concept, also referred to as biorefining, has been described
s the separation and recovery of cellulose, hemicellulose and lignin
s cleanly as possible [4]. Conventional pulp and paper mills simply
urn the lignin for its heat value. The value of lignin when used
s a boiler fuel is estimated at 18 c/kg compared to a conservative
stimate of 108 c/kg if lignin is used for other products [5]. As a
eplacement for phenol in resin it has a potential value of 151 c/kg
6] (all figures adjusted for inflation). It is therefore important to
he economics of bioethanol production to produce a high quality
ignin product. Organosolv delignification is one such source of high
uality, unmodified lignin containing many reactive side chains for

urther chemical modification [3,7].

Organosolv pulping uses an organic solvent, commonly ethanol
olutions of 30–70% (v/v), at temperatures of 150–190 ◦C to dissolve
ignin and hemicelluloses sugars from wood leaving cellulose rel-
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ence was more pronounced if black liquor addition rate was slow.
© 2008 Elsevier B.V. All rights reserved.

tively unchanged. The lignin macromolecule is depolymerised at
emperatures above 140 ◦C and is soluble in the organic solvent.
he rate of delignification can be increased by increasing tempera-
ure or lowering the pH of the liquor [8,9]. Small amounts (∼0.1%,
/w) of sulphuric acid are often used to lower the pH. However,

ltering the conditions of organosolv pulping also alters the chem-
cal composition of the lignin recovered [10]. The solution (black
iquor) containing lignin and hemicelluloses sugars can be concen-
rated slightly by flashing to atmospheric pressure. Diluting black
iquor with acidified water precipitates the lignin, which can then
e centrifuged and recovered. Botello et al. [11] determined that the
reatest dilution and lowest pH resulted in the best lignin recovery
ields although pH has a minimal effect.

Filterability of precipitated ethylene glycol lignin was consid-
red a problem due to the high viscosity of the solvent. Dilution,
cid concentration and filtering temperature were studied. Liquor
o acidified water ratio of 1:3 and filtering temperature of 50–60 ◦C
ere the optimum conditions for high yield of lignin while main-

aining adequate lignin properties [12].
Centrifugation of precipitated lignin, as described in patents by

iebold et al. [13] and Lora et al. [14], has been met with aversion,
erhaps due to high maintenance costs. Centrifugation of precip-

tated lignin is performed only after a slow preliminary settling
tep.

Foam fractionation of Kraft lignin is reported to be ineffec-

ive [15,16]. However, foam flotation of Kraft lignin precipitated
ith aluminium salts can be effected with careful control of the
H [16]. Wang et al. [15] reports that foam fractionation of Kraft

ignin without a precipitating agent or a collector results in only
7% lignin removal at the optimal superficial gas velocity. The

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:biofuelalan@gmail.com
dx.doi.org/10.1016/j.cej.2008.07.036
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ddition of an alum precipitator (Al2(SO4)3) prior to foam flota-
ion gave only 12% lignin recovery. A collector was necessary to
ndow lignin–alum flocs with hydrophobic surfaces, allowing bub-
le adherence.

The hydrophobic nature of organosolv lignin makes flotation
n ideal method of separation. This paper identifies dissolved air
otation (DAF) as the most appropriate technique in order to elim-

nate floc destabilisation caused by turbulence. Micro-bubbles are
ormed in DAF by the reduction in pressure of water pre-saturated
ith air. When the air saturated water is forced through an orifice

r needle valve, a cloud of bubbles in the size range 30–100 �m are
ormed. These bubbles attach to flocs of particles in solution and
he bubble and attached solids rise due to buoyancy. DAF is used
xtensively in minerals and wastewater processing [17,18].

The use of dissolved air flotation for the separation of ethanol
ulping lignin from diluted black liquor is a novel approach to lignin
ecovery. In this paper, the effects of mixing regime, dilution ratio,
olution temperatures, HCl concentration, saturation pressure and
nal ethanol concentration are examined using fractional factorial
esign.

. Methods

.1. Procedure

In each experiment, black liquor was diluted in a falcon flask
y 2, 3 or 7 times. The black liquor was produced by autocatalysed
rganosolv pulping of chipped Salix schwerinii at 185 ◦C for 3 h at a
olid:liquid ratio of 11 as previously described [19]. The volume of
lack liquor diluted was 5, 10 or 13.3 ml when using a water to black

iquor ratio of 7, 3 or 2 respectively. This resulted in a final volume of
0 ml for each experiment. Solutions were prepared from deionised
ater containing each of the four combinations of 0 or 5 mM of
Cl and 0 or 10% ethanol. These solutions, intended to dilute the
lack liquor, were heated to the appropriate temperature using a
ater bath and saturated with gas by shaking in a sealed falcon

ube, pressurised from a nitrogen cylinder to the desired pressure.
n starting an experiment, the appropriate solution was removed

rom pressure, mixed with black liquor under one of two mixing
egimes and placed upright while a stop clock was simultaneously
tarted. A photo record of the flotation process was made by taking
requent photos using a digital camera at a defined orientation to
he falcon tube.

.2. Experimental design

The first set of experiments was designed as a 26–2 fractional fac-
orial design to determine the effect of six parameters on both final
otation volume of lignin and 50% clarification time. Final flota-
ion volume was defined as the volume that was occupied by the
oating precipitate after at least 24 h as shown in Fig. 1A. It was
ssumed that the equilibrium volume of lignin was proportional

o its mass and therefore a measure of final yield. This method is
ot precise and is therefore only used in the first block of exper-

ments as a screening test for yield. Further yield measurements
ere conducted using filtered weight of precipitate. 50% clarifica-

ion time was defined as the time elapsed between diluting the

t
4
o
e
w

able 1
ow and high level values of parameters in the first set of fractional factorial designed exp

H2O:BLa HCl concentration (mM) H2O temperature

ow level 2 0 20
igh level 3 5 45

a Black liquor.
ig. 1. (A) Final flotation volume of 6 ml and (B) 50% clarification time of 35 min 37 s.

lack liquor and 50% of the volume of the diluted liquor becoming
lear as shown in Fig. 1B.

Parameters and their value at each level are shown in Table 1.
able 2 shows the level of each parameter for the 16 experiments,
hich were carried out in duplicate. One of two mixing regimes is

ndicated by the “still phase”. If the still phase is water, the water is
dded to the falcon tube and then the black liquor is delivered into
t using a syringe. If the stationary phase is labelled BL, the black
iquor is first added to the falcon tube and the water is decanted
nto the black liquor.

Following the first set of experiments, it became apparent that
emperature has a significant effect on both yield and clarification
ime. Samples at 45 ◦C water temperature resulted in a very fine
recipitate, which settled very slowly if at all. Accurate determi-
ation of 50% clarification time was not possible. The effect of the
emperature increase on final floated volume was a decrease from

.9 to 1.7 ml. The strong effect of temperature masked the effect of
ther parameters. However, other observations from this block of
xperiments were as follows; high ethanol concentration and low
ater to black liquor ratio resulted in incomplete precipitation. The

eriments

(◦C) Still phase N2 pressure (psig) EtOH concentration

Water 14 0
BLa 28 10
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Table 2
Parameter levels of each run in the first set of fractional factorial designed experiments

Run # H2O:BLa HCl concentration H2O temperature Still phase N2 pressure EtOH concentration

1 −1 −1 −1 −1 +1 +1
2 −1 −1 −1 +1 +1 +1
3 −1 −1 +1 −1 +1 −1
4 −1 −1 +1 +1 +1 −1
5 −1 +1 −1 −1 −1 +1
6 −1 +1 −1 +1 −1 +1
7 −1 +1 +1 −1 −1 −1
8 −1 +1 +1 +1 −1 −1
9 +1 −1 −1 −1 −1 −1

10 +1 −1 −1 +1 −1 −1
11 +1 −1 +1 −1 −1 +1
12 +1 −1 +1 +1 −1 +1
13 +1 +1 −1 −1 +1 −1
14 +1 +1 −1 +1 +1 −1
15 +1 +1 +1 −1 +1 +1
16 +1 +1 +1 +1 +1 +1

a Black liquor.

Table 3
Low and high level values of parameters in the second set of fractional factorial designed experiments

H2O:BL Time to addition (s) N2 pressure (psig) BL temperature (◦C) HCl concentration (mM)

L
H

u
a
t
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t
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w
F
t

(

(

(

5
t

3

(

T
P

R

1
2
3
4
5
6
7
8

ow level 3 4 5
igh level 7 8 15

se of HCl increased final flotation volume slightly. Using water
s stationary phase resulted in a clarification time 8.5 min faster
han a black liquor stationary phase if all high temperature experi-

ents were given the same arbitrarily large settling time (denoting
hat these samples did not settle after 24 h). Increasing nitrogen
ressure had no significant effect on either output variable.

In light of these observations, 3 further sets of experiments were
erformed as outlined below. The temperature and addition speed
ere examined to illustrate the variables affecting clarification rate.

inally, a second factorial block was designed to examine variables
hat may be affecting final yield.

1) The temperature was studied in isolation using a water to black
liquor ratio of 3, HCl concentration of 0 mM, water as the still
phase, a nitrogen pressure of 14 psig and no ethanol in the water
solution. Temperatures studied were 0, 5, 10, 15, 20, 25, 30, 35
and 40 ◦C.

2) The first block of experiments showed that a water stationary
phase resulted in faster clarification. It was also apparent that
the rate of addition of black liquor to water was a significant
noise variable. For this reason, it was decided to examine the

effect of addition rate and nitrogen pressure on settling time in
order to show the effect of a fine dispersion of micro-bubbles
during precipitation. A temperature of 20 ◦C was used for all
addition rate experiments. The levels of addition rate were 5
and 10 ml/s. The pressure levels were 15 and 30 psig.

able 4
arameter levels of each run in the second set of fractional factorial designed experiment

un # H2O:BL Time to addition N

−1 −1 −
−1 −1 +
−1 +1 −
−1 +1 +
+1 −1 −
+1 −1 +
+1 +1 −
+1 +1 +
20 1
25 5

3) A second set of factorial designed experiments was then under-
taken at constant water temperature to study effects of HCl
concentration, water to liquor ratio, nitrogen pressures, black
liquor temperature and time to addition. Time to addition is
defined as the time elapsed between removing the water from
the nitrogen pressure and delivering the black liquor. In this set
of experiments, the rate of addition was 10 ml/s and the temper-
ature was 20 ◦C. Table 3 shows the value of high and low levels
of each parameter. Table 4 shows the level of each parameter in
each of 8 experiments, which were carried out in duplicate.

In all experiments following the first set of factorial experiments,
0% clarification times and lignin yields by mass of filtered precipi-
ate were measured. All experiments were performed in duplicates.

. Results and discussion

1) Temperature had a minor affect on yield up to a temperature
of 20 ◦C. From 20 ◦C onwards, filtered yield declined as tem-
perature increased. At 20 ◦C, the settling time is short and the
reduction in yield is only 3.5% of the maximum. Further exper-

iments are therefore performed at 20 ◦C. Temperature has a
significant effect on settling time as shown in Fig. 2. Settling
time decreased with increasing temperature up until 35 ◦C,
after which it was impossible to discern a precipitate interface
because most of the lignin formed a very fine precipitate that

s

2 pressure BL temperature HCl concentration

1 +1 +1
1 +1 −1
1 −1 +1
1 −1 −1
1 −1 −1
1 −1 +1
1 +1 −1
1 +1 +1
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ig. 2. Effect of temperature on clarification time and final filtered yield during
issolved air flotation of organosolv lignin.

remained in suspension. This is illustrated in Fig. 3. As tem-
perature increased, the colour of the supernatant after 24 h
darkened.

Flotation efficiency relies on the collision efficiency between
particles and bubbles. Collision efficiency has been shown to
increase with increasing floc size, assuming consistent elec-
tric chemical properties of the bubble and the particle [20].
According to the trajectory model of Han [21], collision effi-
ciency increases as floc size approaches the mean bubble size.
Collision efficiency is low when particle size is much smaller
than bubble size. This is partly due to a reduction in mass of
the particles thereby reducing inertial impaction. At tempera-
tures above 35 ◦C, the precipitate formed is extremely fine and
does not flocculate. The formation of this fine precipitate may
be due to homogeneous nucleation. Temperature and pressure
also affect bubble size. Bubble growth is faster at higher tem-
peratures resulting in larger bubbles with greater volume to
projected area ratio and therefore faster rising due to buoyancy.
This would account for the increased speed with increased tem-

perature up until the point at which the lignin flocs are too small
to attach to a bubble.

2) The effect of addition rate and nitrogen pressure is evident from
Fig. 4.

ig. 3. Precipitates 24 h after dilution. At 30 ◦C (far left), an interface is visible. At
0 ◦C (far right), no floated precipitate can be distinguished from the continuous
hase.

(

ig. 4. Faster black liquor addition results in faster clarification. Higher pressure
auses faster clarification and is more pronounced at a lower addition rate.

The rising velocity depends on the presence of buoyant
micro-bubbles attached to the precipitate. Black liquor addition
rate and pressure are variables that determine the dispersion of
micro-bubbles during precipitation of black liquor. At the high
addition rate of 10 ml/s, the micro-bubbles that have formed
when pressure is quickly reduced and floated to the top of
the water are redistributed by aggressive mixing caused by
squirting the black liquor into the water. The 5 ml/s addition
rate does not cause enough mixing to redistribute the micro-
bubbles formed. Also, lignin may agglomerate more due to the
turbulent energy applied during fast mixing, increasing floc
size and improving collision efficiency. At the 15 psig pressure
level, fewer micro-bubbles are nucleated to attach to precipi-
tated lignin as it forms. At low addition rate and high pressure,
the settling velocity is still fast because more micro-bubbles
nucleate due to the higher gas saturation at 30 psig compared
to 15 psig. Increased pressure results in a greater number of
bubbles and smaller average bubble diameter. Image analysis
has shown that average bubble size is 71 �m using saturation
pressure of 29 psi and 32.4 �m using a saturation pressure of
73 psi [22]. Thus, higher pressure results in greater frequency
of attachment and greater buoyancy.

The ideal conditions for rapid separation of precipitated lignin
are high temperature, high water saturation pressure and fast
addition of black liquor in order to redistribute micro-bubbles
during precipitation. It should be noted that precipitation
followed by pressurisation to 30 psig, thorough mixing and
pressure relief resulted in incomplete flotation and times simi-
lar to that of 5 ml/s addition at 30 psig. This suggests that faster
clarification is achieved when micro-bubbles attach to the pre-
cipitate during precipitate nucleation.

3) Increasing the pressure from 5 to 15 psig reduced the 50% clarifi-
cation time by 22 s. A higher water to black liquor ratio resulted
in faster clarification due to less precipitate being present
resulting in lower steric hindrance during settling. HCl con-
centration may result in a small reduction in clarification time.
None of the variables examined had an effect on the filtered
yield of lignin.

To apply dissolved air flotation of organosolv lignin in an
industrial process, the addition of black liquor to nitrogen sat-
urated water should be performed with turbulent addition of

the black liquor into room temperature water with sufficient
nitrogen saturation. It is critical that the final temperature of
the diluted black liquor is below 35 ◦C to avoid the fine pre-
cipitate formation described. Black liquor from the organosolv
process is typically at a temperature of 80–100 ◦C after flashing
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at atmospheric pressure. The final temperature after dilution
can be reduced in several ways:
(1) Cooling of the black liquor either by heat exchanger or vac-

uum flashing prior to dilution.
(2) Sub-cooling of the diluting water prior to dilution.
(3) Increasing the water to black liquor ratio.

The third option is the most elegant and economical of these.
owever, the subsequent recovery of ethanol will be more energy

ntensive. This can be somewhat alleviated by distillation of the
lack liquor to the maximum lignin concentration before dilution.

. Conclusions

Dissolved air flotation is an effective method of recovering
rganosolv lignin precipitate without the need for precipitating
r collecting agents. Efficient flotation and good clarification of
rganosolv lignin occurs at temperatures below 35 ◦C. Above 35 ◦C,
he precipitate formed does not flocculate and is too small to attach
o micro-bubbles. Fastest flotation occurs when saturation pres-
ure is high and black liquor–water mixing is rapid resulting in the
edistribution of micro-bubbles during floc formation. Higher sat-
ration pressure can reduce the effect of slow addition rate due to
he formation of more bubbles of smaller size.
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