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ABSTRACT: The C1−C6 organic acid fraction of kraft black
liquor has potential as a valuable and high-volume biomass-derived
molecular feedstock for the production of chemicals and materials.
However, large-scale recovery and purification of the multi-
component acid fraction are challenging. This paper presents the
design and demonstration of a continuous simulated moving bed
(SMB) adsorption process for the recovery and production of
organic acids from kraft black liquor (BL). A combination of
experimental multicomponent adsorption measurements, SMB
operation, and model-guided process design was applied, using a
granulated activated carbon adsorbent. The SMB modeling
parameters, including adsorption isotherms and mass transfer
parameters, were obtained experimentally through batch-mode and column breakthrough measurements using synthetic
multicomponent acid streams. The preliminary SMB operating conditions were then determined by detailed SMB process
modeling and optimization and fine-tuned experimentally with the aid of internal concentration profile measurements and heuristic
principles of SMB operation. The adjusted operation condition was then validated by continuous production of acids with an actual
pretreated BL stream. A high-quality organic acid mixture with 98% purity and 95% water rejection was obtained, with >85% acid
recovery from the pretreated BL feed and a 4-fold increase in acid productivity per unit mass of adsorbent relative to a cyclic fixed-
bed process. Approaches for managing the effects of residual lignin content in the pretreated feed are discussed.
KEYWORDS: biorefinery, black liquor, organic acids, simulated moving bed, activated carbon

■ INTRODUCTION
Kraft black liquor (BL) is a complex multicomponent
byproduct of wood pulping. More than 6 tons of BL is
generated for every ton of pulp produced. In a typical kraft
process, BL is first dewatered by multiple-effect evaporators
and then combusted in a recovery boiler to produce energy
from the organic components and to recover the inorganic
pulping chemicals as smelt.1 With the emergence of the
sustainable integrated forest biorefinery concept, the valor-
ization of BL�especially the biomass-derived organic
components�is attracting increased attention.2 After lignin,
the mixture of C1−C6 aliphatic carboxylic acids (including
hydroxyacids) is the second main organic fraction in kraft BL.
This mixture is the result of the decomposition of hemi-
cellulose and cellulose during kraft pulping. More than 1.3
billion metric tons/yr of BL are generated in kraft processes
worldwide, of which the organic acid fraction comprises at least
50 MMT/yr.3 Separation and purification of this fraction
would provide a new, high-volume molecular feedstock for
conversion into higher-value products such as fuels and
lubricants.4−6 However, the development of viable separation
processes is a significant challenge. A few works have proposed

possible separation processes,7−15 but the high cost and lack of
scalability of these processes are major barriers. In our recent
work, adsorption processes were shown to be potentially
effective15 as an economical basis for recovering organic acids
from kraft BL. Specifically, cyclic operation of a fixed bed
column of a granulated activated carbon (GAC) adsorbent
showed excellent performance in separating the organic acids
from inorganic components and water, using a pretreated kraft
BL feed. However, industrial-scale production of the purified
organic acid mixture will require a continuous adsorption
process with much lower desorbent consumption and energy
usage.
Simulated moving bed (SMB) adsorption processes are

known to offer better separation performance and cost-saving
potential over cyclic fixed bed adsorption.16,17 SMB has broad
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industrial applications in the petrochemical, food, biochemical,
pharmaceutical, and fine chemical industries.18 In a true
moving bed (TMB) adsorption system (Figure 1a), solid

(adsorbent) and liquid phases are circulated counter-currently,
and the feed mixture is introduced in the center. The more-
adsorbed species A (organic acids here) is carried by the solid
adsorbent, moves leftward, and is then recovered by the liquid
desorbent (C) to obtain the extract product. The less-adsorbed
species B (water and inorganics here) mostly remains in the
liquid, moves rightward, and is removed as raffinate. A
conventional four-zone SMB (Figure 1b) has multiple fixed
beds connected in a loop. To approximate the counter-current
TMB, the four inlet/outlet ports switch simultaneously
(synchronously) by one column length at each step. A full
cycle has the same number of port-switching steps as the
number of columns.
Model-guided SMB design is necessary as well as

challenging. SMB performance is strongly dependent on the
operating parameters, and multiple operating parameters must
be determined and optimized in order to fall within the narrow
parametric window of desired separation performance.19−21 In
this work, we present the model-guided design and
experimental implementation of an SMB system for the
recovery and enrichment of the organic acid fraction from a
pretreated BL (“PBL”), obtained from a southeastern US
softwood kraft mill. We first determine the multicomponent
adsorption thermodynamics and mass transfer parameters with
a synthetic (model) acid mixture via batch adsorption and
fixed-bed breakthrough measurements. Next, a detailed system
model�incorporating the adsorption model, mass transport

between the solid and liquid phases, and motion of the fluid
phases under synchronous switching conditions�is used for
accurate SMB simulations. Preliminary operating parameters
(flow rates in each zone, switching time, and zone
configuration) are predicted using the model and fine-tuned
based upon experimental separation characteristics and the
fundamental principles of SMB operation. Our custom
modification of the experimental SMB system allows measure-
ment of internal concentration profiles, thus allowing better
tuning of system parameters. Finally, we demonstrate
experimental validation of the refined SMB operating
conditions and the production of purified, concentrated
organic acid mixtures from kraft BL.

■ MATERIALS AND METHODS
Complete details of modeling and experimental approaches are
provided in the Supporting Information (Sections S1.1−S1.11). This
includes the materials and chemicals used, the determination of
adsorption models, SMB performance parameters and modeling
equations, the preparation of synthetic feed streams, the pretreatment
of the BL stream, details of SMB experimental operations, and
analytical methods. The relevant literature refs 15, 19, 21−25 are also
cited therein.

■ RESULTS AND DISCUSSION
Determination of Adsorption and SMB Parameters.

BL is a complex stream, and the acid fraction contains a large
number of mono- and dicarboxylic acids with a range (0−4) of
hydroxyl groups. Table S1 shows the detailed composition of
major organic acids in the actual BL stream, as obtained by gas
chromatography with a flame ionization detector (GC/FID)
and HPLC (Supporting Information, Section S1.11). Table S2
shows a representative synthetic feed stream, discussed later in
this work. Our focus here is on recovering the entire acid
mixture from BL, rather than specific acids. Initially, a synthetic
feed stream containing only two representative acids was
investigated. Glycolic acid (GA) and malic acid (MA) are
selected to represent monocarboxylic acids and dicarboxylic
acids in the BL stream. Four-component mixtures containing
GA, MA, methanol (desorbent), and water are used for
adsorption measurements, with water regarded as a non-
adsorbing component on the hydrophobic GAC adsorbent.
The adsorption data are listed in Table S3. Multicomponent
adsorption isotherm parameters were obtained for this four-
component system using batch adsorption at 295 K (Section
S1.4). After testing several multicomponent isotherms,
including multicomponent Langmuir (ML), mixed linear and
Langmuir (MLL), and extended Sips isotherms, the com-
petitive MLL model is selected to fit multicomponent
adsorption data

q H c
q K c

K c1i i i
i i i

i i

s,= +
+ (1)

where qs,i and Ki are the saturation uptakes and Langmuir
constants, and Hi is the Henry’s constant of species i. This
isotherm was chosen given its better accuracy compared to the
other two multicomponent isotherms (Table S4 and Figures
S2−S4) and its ability to describe selective adsorption that
occurs in the adsorbent at the micropores with the competitive
Langmuir term, as well as the nonselective pore-filling
adsorption that occurs at the larger pores with the linear
term. Due to the significant presence of micropores (<2 nm),
mesopores (2−50 nm), and macropores (>50 nm) in GAC

Figure 1. Schematic representation of (a) TMB system and (b) four-
zone SMB system with port switching and a 2-2-2-2 column
configuration.
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adsorbent, the transport dispersive model (TDM) is used to
describe the fixed bed breakthrough.21 The TDM incorporates
the component concentration at three levels: the bulk liquid,
the meso/macropores, and the adsorbed phase (which is
largely microporous), and thus is well suited for this type of
hierarchical pore structure. The values of the mass transfer
coefficients kapp,i are obtained after fitting experimental
breakthrough curves to the model using a sum-of-squared-
errors criterion (Section S1.5). The fitted isotherm and mass
transfer coefficients are shown in Table 1 (also see Figure S5,
Tables S5 and S6). A four-zone, eight-column SMB system
with a 2-2-2-2 zone configuration (Figure 1b) is used in this
work. The bed and particle porosities are determined by the
textural characterization of the GAC adsorbent. These
parameters are listed in Table 2 (also see Section S1.6, Figures
S6 and S7, and Table S7).

Preliminary Design and Implementation of SMB
Operating Conditions. Using the parameters obtained in
Tables 1 and 2, the initial SMB operating condition at 295 K
was determined by employing robust modeling and opti-
mization techniques. The mathematical model was formulated
similar to the work of Chiang et al.,26,27 wherein the
convection-diffusion equation is used to describe the mass
balance of the bulk fluid phase and the linear driving force
model is used to represent mass transfer into the particle. The
governing equations and boundary conditions are described in
Sections S1.7 and S1.8. The objective function of the

optimization problem is to minimize desorbent consumption,
subject to the separation performance specifications. The
mathematical problem was formulated as a system of partial
differential algebraic equations using Pyomo.DAE and solved
using sIPOPT 3.13.1.28,29 The performance specifications are
>90 wt % acid content in the desorbent-free (D-free) extract,
and >90% recovery (by mass) of acids from the feed. The
resulting SMB operating condition prediction is regarded as
the preliminary SMB design (Table 3), and the operation
variables are described in the table caption. Based on this
prediction, the first SMB experiment (run #1) was carried out
on a two-acid synthetic feed stream. After the SMB system
reaches cyclic steady state (CSS), the extract stream is
collected throughout a full cycle and then analyzed. The acid
content and acid recovery are calculated by eqs S10 and S12.
The experimental results are compared with the model
prediction in Table 4. As can be seen from the results of run

#1, the preliminary model overestimated both the acid content
and recovery in the extract, indicating the need for further
accuracy in the determination of the system parameters (see
Table S8 and Figure S8). To obtain additional experimental
information beyond the product compositions, we imple-
mented a modification of the SMB system by installing a
sampling device for measuring the fluid compositions in each
column just before the port switching (the end of the step),
after CSS was reached (Figures S9 and S10).

Table 1. Fitted Parameters of the MLL Adsorption Model at 295 K for the GAC Adsorbent, and Mass Transfer Coefficients for
a Four-Component Mixturea

components H (cc/g GAC) qs (g/g GAC) K (cc/g) kapp (1/min) density (g/cm3) weight fraction

GA 0.61 0.084 254 0.8 1.5 2.47%
MA 0.52 0.117 1208 1.22 1.6 0.11%
water 0.001 0.001 0.001 1.0 1.0 97.42%
methanol 0.06 0.049 79 0.69 0.79 0

aWater is regarded as a non-adsorbing component. The weight fraction of each component in the two-acid synthetic feed stream and density are
also included.

Table 2. Physical Parameters of the SMB System in this
Work

system parameter value

# of columns 8
zone configuration 2-2-2-2
column length (cm) 20
column inner diameter (cm) 1
GAC loading per column (g) 6.3
bed porosity εb 0.44
particle porosity εp 0.66

Table 3. SMB Operating Conditions from the Model and Those Corresponding to the Experimental Runsa

operating parameters preliminary design run #1 run #2 run #3 run #4
FD (cc/min) 1.17 1.29 1.30 1.27 1.30
FExt (cc/min) 0.95 0.91 0.91 0.90 0.93
FFd (cc/min) 2.00 2.00 1.79 (−10%) 1.60 (−20%) 1.63 (−19%)
FIII (cc/min) 3.37 3.39 3.18 (−6%) 3.00 (−12%) 3.00 (−12%)
t_switch (min) 10.0 10.0 9.5 (−5%) 9.1 (−9%) 9.4 (−6%)

aPercentages in parentheses (runs #2−#4) show the extent of the intentional operation adjustments relative to run #1. The operational variables
are defined as follows: FD is the methanol desorbent flow rate, FExt is the extract flow rate, FFd is the feed flow rate, FIII is the zone III flow rate, and
t_switch is the step time for port switching.

Table 4. Experimental Separation Performance of SMB
Using Two-Acid Synthetic Streams (Model-Predicted
Performance in Parentheses)a

run no.
% acid recovery in

extract
wt % acids in D-free

extract
water

removal %

run #1 66 (86) 43 (94) 96 (100)
run #2 90 (90) 29 (73) 94 (99)
run #3 90 (88) 11 (48) 78 (97)
run #4 95 (90) 26 (56) 93 (98)

aWater removal % is calculated based on eq S13.
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The experimental fluid-phase concentration profiles of the
four components (GA, MA, methanol, and water) for run #1
are compared with the model predictions in Figure 2. The

model captures most of the features of the actual profiles.
However, at the position where the extract is collected, the
model slightly overestimates the acid content but largely
underestimates the water content. Therefore, both acid
content and recovery are overestimated in the extract. Also,
water is much more abundant than acids in the feed, and even
small deviations in the water concentration predictions can
have a significant effect on the acid recovery and acid content
in the extract. There are several possible reasons for the
deviation between the calculated and experimental concen-
tration profiles. The adsorption isotherms for water may not be
accurate enough. Also, it was assumed that the rate-limiting
step is the mass transfer between the bulk liquid and the meso/
macropores and that the mass transfer resistance between the
meso/macropores and the adsorbed phase is negligible. This
assumption might not be suitable for water, which has a high
concentration in the fluid phase but is very lowly concentrated
in the hydrophobic adsorbed phase. Cross-contamination due
to the system dead volume (e.g., tubing and valves) can be
another reason since back-mixing is not considered in the
model. The dead volume contribution can horizontally shift
the profile of a poorly adsorbed component by a considerable
amount. Although the system dead volume is only ∼3% of the
total bed volume, in the case of water (present in high
concentration), even a small shift can lead to inaccurate
predictions.
Adjustment of SMB Operating Conditions. Starting

from the insights obtained in run #1 (the initial SMB
experiment), we improved the SMB performance by fine-
tuning one or two operating parameters in each subsequent
experimental trial with the two-acid synthetic feed (Table 3).
Additional simulations were performed with these adjusted
operation parameters to qualitatively verify the expected
improvement in separation performance. To improve the
acid recovery in the extract stream, the loss of acids in the
raffinate stream needs to be reduced, which can be achieved by
reducing the switching time (i.e., more frequent switching).

This can be understood by the analogy between the SMB and
TMB in Figure 1. A reduction of SMB switching time is
equivalent to a faster TMB counter-current motion in Figure
1a so that the strongly adsorbed species (acids) can be carried
more efficiently to the extract side, which leads to a lower
content of remaining acids in the raffinate. However, the
switching time must not be too small, such that the solid
velocity becomes too large compared to the fluid velocity, thus
making the desorption step in zone I inefficient. Furthermore,
the feed mixture is introduced between zones II and III. To
improve the acid recovery in the extract, more acids need to be
transferred to zone II from zone III. This can be achieved by
reducing the liquid flow rate in zone III so that acids can be
carried more efficiently to zone II by the moving solid phase.
By reducing both feed and raffinate flow rates, zone III flow
rates can be decreased while keeping the flow rates in all the
other three zones unchanged. Based on the above observations,
the switching time and zone III flow rate are reduced in run #2
by 5 and 6%, respectively (Table 3) relative to run #1. The
internal concentration profile of run #2 is shown in Figure 3a.
As expected, the acid profile in zone III moves toward the
extract to a larger extent compared to run #1. The acid content
at the raffinate position is significantly decreased. The acid
profile in zone I also moves slightly leftward, leading to a
slightly increasing acid content at the extract position. The
resulting separation performance is shown in Table 4. The acid
recovery in the extract increases to 90%. However, the acid
content in the D-free extract dropped significantly to 29% as
the water profile also moved toward the extract. A trade-off
between acid recovery and water removal exists.
To determine whether the acid recovery can be further

improved, switching time and zone III flow rate are further
reduced in run #3 (Table 3). However, the recovery does not
increase further while the purity is significantly reduced (Table
4). In Figure 3b, both acid and water profiles move leftward
within zones I to III compared to run #1. The water content is
significantly higher at the extract port, but the absolute acid
content does not change significantly compared to run #1,
which leads to the sharp decrease of the acid content in the D-
free extract. On the other hand, the acid content is significantly
higher in zone I when compared to run #1 due to the shorter
switching time. When port switching is too fast, it is equivalent
to fast solid movement and recycle shown in Figure 1a. If the
content of the more retained species (acids) is too high in zone
I, as seen in Figure 3b, the solid circulation loop can carry it to
zone IV. Then, it can travel further leftward and contaminate
the raffinate stream, which leads to the loss of the adsorbed
species in the raffinate. Therefore, reducing switching time or
accelerating solid movement to improve acid recovery is only
effective in a certain range of operating conditions.
Accordingly, in run #4, the zone III flow rate is kept the
same as in run #2, while the port switching is slower in run #4
when compared to run #3. The resulting acid and water
profiles in run #4 (Figure 3c) are similar to those in run #2, but
with lower acid content at the raffinate port that reduces the
loss of acids in the raffinate stream. Both acid content and
recovery in the D-free extract are increased when compared to
run #3, and the 95% acid recovery is the highest among the
four SMB operations. At this point, it became apparent that the
acid content (wt % in the D-free extract) criterion is too
stringent and should be replaced by an equivalent water
rejection criterion, i.e., the % of water in feed that is rejected
into the raffinate. In the case of run #4, the acid content in D-

Figure 2. Comparison of the experimentally measured internal
concentration profiles (symbols) and model predictions (continuous
curves) for run #1. The axial position scale represents the total length
of the SMB columns (8 columns × 20 cm/column = 160 cm).
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free extract is 26%, which is equivalent to 93% water removal/
rejection. Figure S11 shows the relationship of the acid wt % in

the D-free extract with the % water removal, starting from the
acid wt % in the feed stream (2.6%), as obtained from eq S13.
After water removal reaches 90% (corresponding to ∼22 wt %
enriched acid extract), the water removal increases very slowly
with increasing acid content in D-free extract. Overall, the
operating condition of run #4 leads to 95% acid recovery and
93% water removal, which is a viable separation process. As
seen from Table 4 for all four SMB experiments, the model
prediction of acid recovery is quite good, indicating accurate
calculation of acid adsorption and transport in the SMB
system. The large deviation in the acid content prediction is
due to the difficulty in accurately modeling the water profile
and is caused by the high concentration of water and a lack of
knowledge of water adsorption in the micropores (we assume
that water can fill the macro/mesopores but is nonadsorbing in
the hydrophobic micropores). These factors could be targets of
a more detailed future investigation.
Validation of Operating Conditions. Due to the efficient

recovery of acids from the two-acid synthetic feed stream in
run #4, further validation was investigated using a more
complex acid-aqueous mixture with the same operating
conditions before proceeding to actual BL streams. A synthetic
feed stream of eight representative acids plus Na2SO4 (Table
S2) was formulated to simulate different classes of organic
acids (determined by the amount of −COOH and −OH
groups) in the PBL (Table S1). The concentration of each
representative acid is set to match the total acid concentration
of the corresponding acid class in the PBL stream of Table S1.
Na2SO4 is the predominant inorganic salt in the PBL and is
thus included as the only inorganic component in the synthetic
feed stream. The operating condition of run #4 was validated
with the detailed synthetic feed stream (2.6% total acids and
0.7% salt) in a 30 h SMB run. The D-free composition of the
two outlet streams, extract and raffinate, was measured
periodically and is shown in Figure 4. The CSS is reached
after 7 cycles (around 9 h). At steady-state, the D-free extract
contains 27 wt % acids (corresponding to 91% acid recovery
and 92% water removal/rejection), while the salt content (<0.2
wt %) is significantly lower than the feed stream, thus
confirming successful separation of acids from water and
inorganic salt. The D-free raffinate is almost pure (99%) water
with 0.8% Na2SO4 and only 0.2% acids. Figure S12 shows how
each component distributes across the two outlet streams over
the length of the SMB run.
The average SMB separation performance during 9−30 h

after SMB starts (i.e., after CSS) is summarized in the first
entry of Table 5, and the compositions of the outlet streams
are shown in the top half of Table 6. The acid content in the
D-free extract and the water removal are very similar to those
obtained from the two-acid feed and indicate that the GAC
adsorbent is strongly selective for organic acids. The slight
changes in performance between the two feeds can be
attributed to the quantitative difference in adsorption and
diffusion behavior of the acids present in the two feeds. The
internal concentration profile was also collected after CSS was
reached (Figure 5). The total acid profile is almost the same as
in Figure 3c. The profiles for individual acids show a similar
pattern, indicating strong adsorption in the GAC adsorbent in
all cases. The water profile is also similar to that of the two-acid
synthetic feed stream. The Na2SO4 salt profile closely tracks
the water profile, showing the effective rejection of both
species from the extract.

Figure 3. Internal concentration profiles collected from (a) run #2,
(b) run #3, and (c) run #4, which are indicated by a solid curve with
closed dots. They are compared with those in run #1 (initial SMB
experiment), which are shown in a dashed curve with open dots. For a
clear comparison, the methanol profile is removed, the summation of
GA and MA content is calculated as total acid content, and the y-axis
is in log scale.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c07534
ACS Sustainable Chem. Eng. 2024, 12, 3736−3744

3740

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07534/suppl_file/sc3c07534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07534/suppl_file/sc3c07534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07534/suppl_file/sc3c07534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07534/suppl_file/sc3c07534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07534/suppl_file/sc3c07534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07534/suppl_file/sc3c07534_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c07534/suppl_file/sc3c07534_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07534?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


After validation with the multicomponent synthetic feed
stream, the same SMB operating condition was applied to the
actual PBL stream with another 30 h run. Besides 25.8 g/L
acids, the other significant component is 7.7 g/L Na2SO4.
Additionally, some trace/residual lignin (0.3 g/L) remains in
the PBL feed. The composition profiles of D-free extract and
raffinate are shown in Figure 6. As expected, the acid mixture is

enriched in D-free. The major components in the D-free
extract and raffinate (acids, Na2SO4, and water) reach CSS in a
manner similar to the synthetic feed stream. However, residual
lignin requires a much longer time to approach CSS. This is
expected because lignin is a stronger-adsorbing component
than the acids, a fact which motivates lignin removal in the
pretreatment of the kraft BL before acid recovery. More lignin
is withdrawn from the extract, and the lignin content in D-free
extract gradually exceeds feed concentration as lignin is a
strong adsorbing component on GAC. Furthermore, as seen
from Figures S13a,b, the combined outlet mass flow of lignin
(in extract + raffinate) is lower than the inlet mass flow (in
feed), showing that some of the residual lignin slowly
accumulates in the adsorbent. The SMB performance over
the run is summarized in Figure 7. The average SMB
separation performance in the 9−30 h interval (in which the
compositions of the major components reach CSS) is
summarized in Table 5, and the composition of the outlet
streams is shown in Table 6. The acid content in the D-free
extract is 37% with 95% water rejection from the feed stream,
compared to 27% D-free extract acid content and 92% water
rejection with the multicomponent synthetic feed. Thus, the
extract quality and water rejection are considerably better than
those obtained with the complex synthetic feed. In the case of
the PBL feed, water must compete for adsorption sites not only
with the organic acids but also with lignin, a more strongly
adsorbing species. The result is higher water rejection and a

Figure 4. Composition of D-free (a) extract and (b) raffinate using a
9-component (8 synthetic acids + Na2SO4) feed stream over a 30 h
SMB run. The overall acid concentration is shown. The composition
of feed is shown as the dashed line. The y-axis is on the logarithmic
scale.

Table 5. Average Separation Performance of the SMB Run
Over 20 h After Onset of CSS Using the Detailed Synthetic
Stream and Actual PBL as the Feed Stream

feed stream rec %Acids,Ext remv %Water pur %Acids,Ext

detailed synthetic stream 91 92 99
actual PBL 86 95 98

Table 6. Composition of Inlet and Average Composition of the Outlet Streams During the Last 20 h from SMB Unit Using the
Detailed Synthetic Stream and Actual PBL as the Feed Stream

SMB # components before pretreatment feed for SMB D-free extract D-free raffinate

multicomponent synthetic feed acids (wt %) N/A 2.6 27.0 0.2
salts (wt %) N/A 0.7 0.2 0.8
water (wt %) N/A 96.7 72.8 99.0

kraft BL acids (wt %) 2.6 2.6 36.8 0.4
salts (wt %) 8.6 0.8 0.3 0.8
lignin (wt %) 5.6 0.03 0.1 0.0
water (wt %) 83.2 96.6 62.8 98.8

Figure 5. Measured internal concentration profile from SMB steady-
state operation with multicomponent synthetic feed. Individual acid
profiles are marked with open symbols, and the total acid profile (sum
of the individual acid profiles) is marked with closed symbols. The y-
axis is on a logarithmic scale.
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more concentrated acid product. On the other hand, due to the
occupation of some adsorption sites by lignin, the acid
adsorption capacity is lower, resulting in 86% acid recovery
(lower than the 91% acid recovery from the synthetic feed).
Lignin has a larger molecular size and hence slower diffusion in
the GAC pores, resulting in a slow approach to equilibrium
adsorption (or CSS in the case of SMB, as seen in Figure 6).
Table S1 shows the detailed acid composition in the D-free

enriched acid mixture collected in the 9−30 h interval. Figure
S14 indicates the changes in visual appearance of the BL after
pretreatment and processing into extract and raffinate streams
by SMB. Streams with a darker color have a higher content of
lignin.
Table 7 summarizes the performance of the present

continuous SMB adsorption process compared to that of a
cyclic fixed bed adsorption process from our recent work.15 It
is clear that SMB removes much more water from the PBL
stream and produces an enriched acid mixture with higher
purity. Due to the countercurrent operation, SMB is more
efficient and uses much less desorbent than fixed bed
operations, as shown by the desorbent-to-feed ratio (D/F).
Table 7 also shows nearly 4-fold higher productivity (43 kg of
acids produced per ton of GAC per h) of the SMB, which is in
the same range as industrially feasible large-scale SMB
processes for petrochemical and sugar production. While the
cyclic fixed-bed process can also be further optimized, the large
advantages in productivity and low desorbent use in SMB
appear difficult to reproduce in a fixed-bed process.
Figure 8 compares the molecular weight distributions

(MWDs) of lignin in the kraft BL, partially delignified BL

(NF permeate), and highly delignified (“lignin-free”) PBL,
which is the pretreated feed stream to the SMB. The NF
membrane greatly reduces the lignin content of the BL,
especially that of HMW lignin with MW > 2000. Further
adsorption pretreatment using the GAC adsorbent removes
nearly all the LMW lignin fragments present in NF permeate
since they can adsorb strongly in the GAC micropores.
However, a small amount of residual lignin (∼0.3 g/L, as
mentioned earlier) is still present in the PBL, with intermediate
MWs in the “transition” range between LMW and HMW. In
this region of MW, neither the membrane NF nor the GAC
adsorbent pretreatment is optimally effective. While the
present SMB process provides a high degree of acid

Figure 6. Composition of D-free (a) extract and (b) raffinate using
actual PBL as a feed stream over a 30 h SMB run. The feed
compositions are denoted by dashed lines, and the y-axis is on the log
scale.

Figure 7. SMB separation performance summary with the real PBL as
the feed stream over a 30 h SMB run.

Table 7. Separation Performance of SMB (this Work) and Cyclic Fixed-Bed Adsorption (Our Previous Work)15

productivity (kg acids·ton GAC−1·h−1) D/F ratio % acids recovery in extract % water rejection % purity acids in D-free extracta

SMB (this work) 43 0.8 86 95 98
cyclic fixed-bed15 11 2.5 92 79 95

aPurity refers to the percentage of acids in the total dissolved solids (acids, salt, and lignin).

Figure 8. Comparison of MWD of lignin in the BL after nanofiltration
and lignin removal by adsorption on GAC. The lignin fragments with
MW < 2000 are defined as low-molecular-weight (LMW) lignin, and
those with MW > 2000 are defined as high-molecular-weight (HMW)
lignin.
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enrichment and acid recovery from PBL, one option to further
reduce lignin could be to select NF membranes with a tighter
MW cutoff (MWCO) that can remove the intermediate-MW
lignin along with the HMW lignin. Alternatively, the GAC
adsorbent for pretreatment could be selected (or modified) to
have a broader micropore distribution that allows adsorption
of the intermediate-MW lignin along with the LMW lignin.
Irrespective of the potential modifications in the pretreatment
processes, another option�mentioned earlier in this paper�is
to improve the SMB model in future work so that operating
conditions can be optimized rigorously to obtain acceptable
extract streams while also allowing more effective desorption of
the lignin. In particular, accurate modeling of water in the SMB
and the inclusion of residual lignin adsorption and mass
transfer characteristics would be desirable. The SMB model
parameters can also be further tuned by fitting them to the
experimental SMB results.

■ CONCLUSIONS
Scaled-up design and demonstration of organic acid recovery
and enrichment from BL streams were achieved on a
continuous SMB system by developing and applying a
combined experimental and model-guided process design
approach. This approach allows accurate predictions of the
behavior of acids and other BL components in the SMB
system, thereby enabling identification of candidate operation
conditions for the SMB, which could then be adjusted further
by variations in experimental SMB operation aided by heuristic
principles of SMB operation. At the same time, we identified
future challenges and opportunities in accurate modeling of
water and management of residual lignin during the pretreat-
ment of the BL feed stream toward a fully model-guided design
and operation of such processes. Despite the challenging
nature of the multicomponent BL stream, the present process
produces promising results: an enriched acid feedstock mixture
of excellent quality (98% acid purity, 95% water removal) with
a high (86%) recovery from the PBL feed. The unique
composition of this molecular biomass-derived feedstock is of
considerable interest in the production of higher-value
chemicals and materials. Furthermore, the process design is
amenable to integration with existing kraft processes to
maintain a closed loop of water and chemical usage.
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