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ABSTRACT

The study presents succinic acid production from biomass of Miscanthus, integrated with down-
stream processing of fermentation broth. The pre-treatment procedure, used to loosen the ligno-
cellulosic structure, was based on temperature (140 and 180°C) and sulfuric acid addition (0.0, 0.5,
0.75, 1.0, 1.5 and 2.0% w/v). The pretreatment after addition of 1.5% H,SO, at 140°C ensured insignif-
icant cellulose losses, the highest hemicellulose solubilization (60%) as well as effectively facilitated
enzymatic saccharification (glucose yield: 80%). Succinic acid yield amounted to 73%, resulting in
following mixture of carboxylic acids (% vol. of total acids): 64% succinic, 21% acetic and 15% formic
acid. In the present study, an effective method of succinic acid (the target product) separation, using
membrane processes (100-300 Da), was presented. Filtration using DK-NF membrane conducted at
pH 6.8, followed by diafiltration, was selected as the most appropriate for the treatment of analysed
fermentation broth. During diafiltration of retentate after NF treatment, the succinic acid content
reached 95% of total acids present in the treated mixture. Whilst, the recovered permeate, containing
mostly water, can be recycled and used again for biomass dilution in the pre-treatment step.

Keywords: Membrane separation; Carboxylic acids; Succinic acid; Commercial membranes
(100-300 Da); Fermentation broth; Biomass pretreatment; Diafiltration; Water reuse

1. Introduction because it combines high biomass production and sugar
content with a low environmental impact. Similarly to
other lignocellulosic biomasses, Miscanthus contains a
tight structure (lignocellulosic complex), which makes it
difficult to be used directly as feedstock for biofuels/bio-
chemicals production. Therefore, the biomass pretreat-
ment is necessary and the most commonly method used
for lignocellulosic biomass is steam treatment, facilitated
by addition of acids (most commonly H,SO,). During the
acid-based pretreatment, the hemicellulose is hydrolyzed
into its monomers, mainly xylose as well as arabinose,
galactose. However, this method may produce some
inhibitors (e.g. furfural, HMF - hydroxymethylofurfural)

Production of succinic acid, one of the top 12 build-
ing-block chemicals, through microbial fermentation has
recently received worldwide attention. However, the key
problems connected with biological succinic acid pro-
duction are: cheap raw material selection and effective
separation of target product from fermentation broth. As
regards the cheap feedstock, lignocellulosic materials are
the most abundant land-based resources on the planet.
Miscanthus, perennial C4 crop, and specifically the spe-
cies of Miscanthus giganteus, is of particular interest,
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and is not effective in biomass delignification. Such com-
pounds present in the hydrolysate can negatively impact
on fermentation processes as well as broth purification.
The biomass pretreatment should avoid or at least mini-
mize generation of undesirable products, connected with
carbohydrates and lignin degradation [1]. Miscanthus
giganteus is a limitedly examined feedstock for biofuels/
biochemical production compared to other lignocellu-
losic biomass (e.g. wheat straw, rapeseed straw, willow).
Previous reports confirm the positive influence of one-
step dilute acid pretreatment on Miscanthus giganteus, i.e.
after 0.73% of sulfuric acid at 150°C for 6.1 min [2], or
1-4% v /v of sulfuric acid at 121°C for 20 min [3]. The
available literature also mentions an effective two-steps
pretreatment, including dilute acid presoaking (0.75%
sulfuric acid at 100°C for 14 h), followed by wet explo-
sion at 170°C for 5 min [4], or 2% NaOH at 50°C for 2 h,
followed by 1% H_SO, treatment [5]. However, two-steps
processes are usually connected with higher operating
costs. The above mentioned studies describe only a lim-
ited range of dilute-acid pretreatment conditions (sulfu-
ric concentration/temperature applied) and according to
our knowledge, steam/acid based pretreatment before
biological succinic acid production, from Miscanthus
giganteus, has never been analyzed.

The second important issue strictly connected with
developing bio-succinic acid production is an effective
separation of succinic acid from fermentation broth, as
downstream processing of succinic acid can make more
than 50-60% of total costs and is attributed to recovery
and refining [6]. Succinogenes produce not only succinic
acid, but also other by-products such as: formate, ace-
tate and lactate etc., which is connected with low succi-
nate purity in the fermentation broth. The initial step of
broth separation is the removal of: cells, colour, as well as
protein residues, which is mostly achieved through cen-
trifugation. The main separation step is the recovery of
carboxylic acids from fermentative broth. The traditional
separation methods include the precipitation of the insol-
uble calcium salts of carboxylic acids. Ca(OH), is usually
added to neutralize the fermentation broth and precipi-
tate succinate. Calcium succinate is recovered by filtra-
tion, and free acid is released from the precipitates by
adding sulfuric acid. The disadvantages of this process
are connected with generation of large amounts of solid
and slurry wastes [7]. Besides this conventional method,
several other separation processes have been proposed
to separate carboxylic acids, including succinic acid. For
example, high molecular weight amines are known to be
effective extracting agents for organic acids. However,
total recyclability of the organic phase and downstream
processing costs should also be taken into account.
Adsorption process is connected with short lifetime
of adsorbents, low capacity, and additional filtration.
Whilst, direct distillation is an energy-intensive process
[8]. The last step is the final purification of succinic acid,
which can be realized through crystallization, facilitated
by previous vacuum evaporation (if necessary; depend-
ing on previous steps of separation), i.e. the technology
which is well-developed, effective and currently applied
in the industry [9]. For further development of separation
techniques, new technologies or more effective combina-

tions of existing methods need to be developed. During
the last few years, ultrafiltration (UF) was successfully
applied for clarifying fermentation broths after succinic
fermentation. This process allowed to remove almost all
microorganisms cells (>99%), majority of the proteins
(>80%) as well as resulted in a clearer solution compared
to centrifugation [10]. Recent findings on fouling during
ultrafiltration should help to apply this technology at an
industrial scale in the near future [11]. Currently, pres-
sure-driven membrane processes such as nanofiltration
(NF), and reverse osmosis (RO) have gained much atten-
tion. RO membranes have a dense, ultrathin skin layer
on the polymeric supports. NF membranes have looser
structures than RO membranes and usually have more
charged groups on the membrane surface. NF and RO
have a wide range of applications as regards fermenta-
tion broth purification and separation [12]. Nanofiltra-
tion, operated in a diafiltration mode, has recently been
successfully applied in an integrated membrane-assisted
process—for the treatment carob pod-based model and
simulated broth [13]. However, further research is nec-
essary in order to prove the application of membrane
filtration as the key step in succinic acid separation sys-
tems. Especially, in case of real fermentation broths, orig-
inated from wide range of biomass types. According to
our knowledge, the usage of membrane processes (NF/
RO) for the separation of succinic acid produced from
Miscanthus hydrolysates after steam/dilute sulfuric acid
pretreatment, has never been analysed.

The study presents succinic acid production from bio-
mass of Miscanthus, integrated with succinic acid recovery
from fermentation broth. Effective method to separate the
target product from fermentation broth, using membrane
filtration (NF and RO), was presented. Organic acids can be
effectively retained or pass through NF or RO membranes
by adjusting the pH of feed stream. Therefore, the pur-
pose of this study was to analyze the retention of organic
acids and their salts (succinate, acetate, formate) by NF
or RO membranes. Additionally, the influence of biomass
processing, prior to downstream processing, on the mem-
brane fouling was analyzed. Retentate after the filtration in
conditions considered as the most appropriate was further
washed with water, in a diafiltration mode. This step of
treatment was expected to enrich the solution in succinic
acid and effectively remove residual by-products (acetic-
and formic acid).

2. Materials and methods
2.1. Feedstock

Biomass of Miscanthus (Miscanthus giganteus), used
in this study, came from a farm located in the north of
Poland (Pomeranian province). The biomass was planted
on plowed soil. Seedlings from domestic plantations were
put to a depth of 3-5 cm. Dry biomass was chopped using
a shredder (4-5 cm length) and ground to particles of 4-5
mm; using a cutting mill. The dry matter (DM) content was
93-94% (w/w). The biomass contained: cellulose (44.1 +
2.2%), hemicellulose (24.9 + 1.5%), including 20.8 + 1.05%
of xylan as well as insoluble lignin (24.8 + 1.5%) and 2.65 +
0.1% of ash.
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2.2. Biomass hydrolysis

The pre-treatment procedure was based on temperature
(140 and 180°C) and sulfuric acid addition (0.0, 0.5, 0.75,
1.0, 1.5 and 2.0% w/v); conducted at solid content of 10%
(w/w) feedstock/water. After H,SO, addition, mixtures
were steam treated in a batch reactor at 140°C for 20 min
or at 180°C for 10 min. The slurry (after pretreatment) was
separated into solid fraction (water insoluble fraction, WIS)
and liquid fraction. Solids separated were dried at 55°C for
24 h and used as feedstock for enzymatic hydrolysis. Enzy-
matic process was conducted at a solid loading of 5% (w/v)
in a 50 mM sodium citrate buffer, for 48 h, at 50°C; pH 4.8.
The following enzymes loadings were applied: Celluclast
1.5 L (Celluclast, 30 FPU/g glucan) derived from Tricho-
derma ressei and Novozyme 188 (Novozyme, 20 IU/g glu-
can) from Aspergillus niger.

2.3. Succinic fermentation

Succinic acid was produced in a batch mode, using 200
mL sealed anaerobic bottles; 100 mL working volume. The
ratio of hydrolysate:medium amounted to 75:25, as initially
established during our previous studies [14,15]. A. succi-
nogenes 130Z (DSM 22257) was used for fermentation. All
tests were repeated four times. Bottles were flushed with N,
inoculated with 5% (v/v) of exponentially growing inocu-
lum (CDW = 3 g/L). Bottles were incubated at 37°C for 48 h.
Seed culture medium composition, synthetic media prepa-
ration and composition as well as details about succinic
acid procedure have been previously described [14-15].

2.4. Fermentation broth purification
2.4.1. Initial purification

Residue after succinic acid production was immedi-
ately centrifuged at 10.000 g for 10 min. This clarification
allowed to remove large particles, cells, impurities from

Biomass hydrolysis

yeast and nutrients used for fermentation. Activated carbon
(10% w/v) was mixed with the filtrate for 1 h to remove the
organic impurities that contributed to the brown/yellow
colour of the broth and then the supernatants were filtered
(0.2-0.45 pm pore size filters).

2.4.2. Membrane materials and filtration processes

2.4.2.1. Separation of carboxylic acids from fermentation
broth (step 1) The SW30XLE membrane produced by Dow
(100 Da, classified as reverse osmosis) and DK membrane
produced by GE company (150-300 Da, classified as nanofil-
tration) were used for filtrations. SW30XLE membrane was
characterized by the following parameters: retention coef-
ficient: NaCl 99.5%; MgSO, 99.5%; contact angle of 45°. In
case of DK membrane, these coefficients amounted to 40%
(NaCl) and 98% (MgSQ,); contact angle amounted to 37°.
Filtration processes were performed in a device (type GH-
100—400, Osmonics), working in a dead-end mode, using
membrane active surface of 36.3 cm? (flat sheet membranes).
The processes were conducted under trans-membrane pres-
sure of 2 MPa; pH (feedstock): 3.0, 6.8, 8.5; rotary velocity of
the stirrer was maintained at the level of 200 rpm /min.

2.4.2.2. By-products washing from permeate after NF (step
2) Membrane filtration was conducted in order to effec-
tively separate succinic acid from remaining amounts of
acetic and formic acid present in the retentate after NF filtra-
tion (Fig. 1). The process was conducted in the cross direc-
tion (called cross - flow), using Osmonics Inc. (type SEPA CF
— HP) module. The membrane (SW30XLE, 100 Da), with the
active surface of 144 cm? was used. Linear flow velocity over
the membrane surface was 2 m/s. Initial volume of the feed
solution amounted to 3 L. Retentate was recycled and the
same amount of ultra-pure water was added as the volume
of permeate withdrawn; in 1 h intervals.

Succinic fermentation

Solid EH Ferm_ | Fermentation
fraction Hydrolysate 'y Feedstock broth
Miscanthus Pret.
biomass v Pre-pun'f.a
Liquid -
fraction Fermentation
broth
Succinic acid separation
Water
Step 1. Acids separation v
Step 2. By-products washing h 4 !
Retentate Retentate” NF RO
A
L 1 :
Permeate e —— Retentate lPermeate lPermeate

Fig. 1. Concept of bio-succinic production from Miscanthus after pretreatment, integrated with succinic acid separation from fer-
mentation broth (Pret. - steam/acid pretreatment, E.H. - enzymatic hydrolysis, Ferm. - succinic fermentation, NF - nanofiltration,
RO - reverse osmosis, ® - pre-purification of fermentation broth by centrifugation and activated carbon treatment, " - retentate after
NF filtration considered as the most appropriate option after 1 step of separation and used as feedstock for 2 step).
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2.5. Calculations

2.5.1. Effectiveness of hydrolysis and succinic acid
fermentation

Sugar yields after hydrolysis (pretreatment/enzymatic
hydrolysis) were based on the amount of glucose, xylose,
or their sum released into liquid fraction and related to
initial cellulose, hemicellulose content or total amount of
sugar in the biomass before hydrolysis. Obtained values
were expressed as percentage. Details information as well
as description of formulas used can be found in our pre-
vious reports [14,15]. Succinic acid yield was expressed as
the amount of succinic acid obtained (g) per 1 g of sugars
(glucose + xylose) consumed and presented as percentage.

2.5.2. Fermentation broth separation

Effectiveness of membrane processes used for carbox-
ylic acids separation from broth was based on the value of
carboxylic acids (succinic-, acetic, formic- and lactic) reten-
tion and volumetric permeate flux values.

2.5.2.1. Retention

In filtration experiments, the retention of the compo-
nent (R) was defined as follows (1):

C,-V
R%=|1-—=-21-100% 1)
' G-V,

where C is the concentration of the particular component in
the permeate, g/L; C,is the concentration of the particular
component in the feed, g/L; V is the volume of the perme-
ate after filtration, L; Vf is the volume of the feedstock used
for filtration, L.

2.5.2.2. Volumetric permeate flux ~ Efficiency of the mem-
brane processes was determined according to the following
formula (2):

1%
=—L/m*h
W= F @
where | is the volumetric permeate flux, L/m*h; V is the
permeate collected after the particular period of time (t), L; F
is the active membrane surface (m?);  is the filtration time (h).

2.6. Methods

The scope of analyses included: total solids (TS), vol-
atile solids (VS), ash, pH [16] as well as sugar monomers,
organic acids (succinic-, lactic-, formic- and acetic acid) and
inhibitors (furfural and 5-hydroxymethyl-2-furaldehyde
HMF) by means of high performance liquid chromatogra-
phy HPLC (Agilent 1260); equipped with a BioRad Aminex
HPX-87H column equipped with refractive index (RI)
detector (RID 1362A) and ultraviolet (UV). Sugars in solid
samples as well as Klason lignin content were determined
by two-steps hydrolysis in acidic conditions. All chemicals
used in this study were of analytical grade (Sigma Aldrich).

2.7. Statistical evaluation

In the present study, results are presented as average
values (n = 4) with standard deviations (+). The charac-
teristics of the pretreated biomass as well as data obtained
during succinic acid downstream processes were compared
statistically. One-way ANOVA test followed by Tukey’s
HSD tests were used for multiple comparisons between
samples. The level of significance was set at 0.05. In order
to confirm the normal distribution and homogeneity of
variances, Shapiro-Wilk and Levene test were used, respec-
tively. Finally, data significantly equivalent were indicated
by the same letters.

3. Results and discussion
3.1. Biomass hydrolysis

All the conditions of the pretreatment had a significant
effect on the biomass composition, i.e. cellulose, hemicellu-
lose and lignin content (Table 1). Recovery of WIS (water
insoluble solids) ranged from 59% to 84%; depending on
the conditions of pretreatment applied. In both range of
temperature, the highest glucan increase in pretreated bio-
mass was recorded for the acid concentration of 1.5-2%,
ie. 22-23% (140°C) and 30-34% (180°C) (Table 1). For all
treatments conditions, except when temperature of 180°C
and 2% acid was used, more than 97% of the glucan was
retained in the solid fraction. Negative influence of too high
acid concentration used for pretreatment, has previously
been reported and caused cellulose losses due to formation
of glucose degradation products [15,17,18]. High glucan
loss (>9% of glucan) during above mentioned pretreatment
conditions (180°C/2% H,SO,) did not allow to take this
assay for further consideration (Table 1).

An increase in glucan content was associated with
solubilization of hemicellulose fraction through pretreat-
ment, which is the main advantage of the dilute-acid pre-
treatment methods [19]. The hemicellulose content in solid
fraction gradually decreased with increasing severity of
the pre-treatment, which proves that high temperature
facilitated by sulfuric acid is powerful catalyst for remov-
ing hemicellulose from Miscanthus biomass (Table 1). The
hemicellulose released into liquid fraction consisted mostly
of xylose, while, low arabinose concentration (less than 0.5
g/L, data not shown) was also found in liquid after pre-
treatment. The highest amounts of xylose released (58-60%
of initial hemicellulose) was received after pretreated at
140°C and 1.5-2.0% acid addition. In case of pretreatment
at 180°C, significantly lower values of xylose (Table 1) were
released into liquid fraction; due to significant sugar losses.
For all pretreatment trials at 180°C, the hemicellulose losses
amounted to 20.3-45.8% of initial hemicellulose in biomass.
Whilst, such losses after treatment at 140°C were lower
than 10% (calculated based on results of solid and liquid
fraction, Table 1). Sugar losses, especially from hemicellu-
lose fraction, are commonly observed in methods involv-
ing high temperature and acid addition [17]. Such losses
can be connected with biomass degradation products, e.g.
furfural, hydroxymethylfurfural (HMF), organic acids,
etc. In our case, relatively low concentrations of furfural
(<0.1 g/L) and HMF (<0.23 g/L) (data not shown) were
recorded during the experiment. This can be supported by
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Table 1

Characteristics of solid and liquid fractions after pretreatment at 140°C and 180°C (average values n = 4, + standard deviations, the

same letters represent data equivalent statistically p > 0.05)

Pretreatment Solid fraction Liquid fraction

Glucan, Xylan, Lignin, WIS, Glucan, Xylan,

% DM % DM % DM % o) o)
Pretreatment temperature: 140°C
0.0% H,SO, 479 +19e 20.7 £09a 25.3 + 0.9b 84 +3a n.d. 21.3 +2.3h
0.5% H,SO, 50.0 = 1.2de 179 = 0.5b 25.6 = 1.4b 81 + 1ab n.d. 32.1 = 3.5fg
0.75% H,SO, 50.6 = 1.2de 15.5 + 1.3bc 26.3 +1.5b 80 = 1bc n.d. 41.2 + 3.0de
1.0% H,SO, 51.5+1.7de 14.5 + 0.8cd 26.8 + 1.3ab 79 + 2bcd n.d. 44.5+0.8d
1.5% H,SO, 53.8 +1.3cd 124 +0.7def ~ 274 +1.6ab 77 + 2bcd n.d. 57.8 + 1.4ab
2.0% H,SO, 541 + 1.4cd 11.7 + 0.9ef 278 + 1.3ab 76 = 2cd n.d. 60.2 +2.0a
Pretreatment temperature: 180°C
0.0% H,SO, 52.0 + 1.8de 179 + 1.3b 25.5+1.3b 76 + 1cd 1.2 +0.3b 25.2 +3.0gh
0.5% H,SO, 53.1 +1.3cd 13.4 + 0.7cd 259+ 1.3b 75 +2cd 1.3 +0.3b 34.1 +3.0de
0.75% H,SO, 534 + 1.1cd 10.1 £ 0.6fg 284 + 1.4ab 74 + 2de 1.7 +0.7ab 42.0+2.0d
1.0% H,SO, 55.7 £ 2.7bc 9.05+ 04¢g 29.2 + 1.8ab 72 + 3ef 14 +0.3b 42.7 +2.6d
1.5% H,SO, 574 + 2.6ab 6.05 = 0.4h 28.8 + 1.9ab 67 + 2f 19+0.8ab 477 +1.7cd
2.0% H,SO, 59.2 +1.0a 0.85 = 0.8i 30.8 +2.1a 59 + 2¢g 3.5+04a 52.2 +29bc

*glucose or xylose released into liquid fraction during pretreatment and expressed as percentage of initial glucan, xylan content in
biomass before pretreatment, n.d. — not detected or below detection limit.

the statement that relatively low concentrations of furfural
and HMF are generated during pretreatment at tempera-
tures below 190°C [18]. Whilst, organic acids (1.0-3.0 g
CH,COOH/L and 0.5-2.5 g HCOOH/L) were observed as
the main degradation products and its occurrence is mostly
associated with hydrolysis of acetylated hemicelluloses.

Pretreatment at 140°C after addition 1.5-2.0% of acid
(most of the parameters statistically equivalent, p > 0.05,
Table 1) was selected as the most appropriate for the ana-
lyzed species of Miscanthus biomass. Finally, taking into
consideration the fact that pretreatment at higher acid
concentration is strictly connected with corrosion risk, for-
mation of inhibitors as well as can cause inhibition during
further processing (enzymatic hydrolysis, succinic fermen-
tation) [19], — biomass pretreated at 140°C after addition of
1.5% acid was selected as the most appropriate for Miscsn-
thus biomass and enzymatically hydrolyzed; using the com-
mercial enzymes mixtures.

Glucose yield of untreated biomass amounted to 25%
(data not shown), which indicates that biomass of Mis-
canthus is relatively difficult to hydrolyze. Similar values are
achieved in case of many untreated lignocellulosic biomasses
[20]. Applied pre-treatment influenced the effectiveness of
enzymatic hydrolysis in a positive way, reaching maximum
values of about 70% (glucose yield) and 50% (xylose yield)
after 24 h of the process. Further extending of enzymatic
hydrolysis did not impact on its effectiveness (Fig. 2, data
equivalent statistically). Lower values of xylose yield during
enzymatic hydrolysis can be explained by the fact that most
of the xylose was released during pretreatment (Table 1),
and thus the proportion of more resistant and less accessible
hemicellulose increased [15,17]. Considering effectiveness of
pretreatment and enzymatic hydrolysis in total, the mixture
of liquid fraction (after pretreatment) and hydrolysate (after
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Fig. 2. Enzymatic hydrolysis course of biomass after dilute-acid
pretreatment (1.5% of sulfuric acid at 140°C) (average values n =
4, + standard deviations, the same letters represent data equiv-
alent statistically p > 0.05).

enzymatic hydrolysis) contained 23.2 g/L of sugars, includ-
ing 13.6 g/L glucose and 9.6 g/L xylose (calculated based
on results presented in Table 1 and Fig. 2). This mixture was
used as a feedstock for succinic acid production in a further
step of the experiment (Table 2).

3.2. Succinic acid production

Hydrolysates generated after 1.5% H,SO, pretreatment,
followed by enzymatic hydrolysis, were selected for suc-
cinic acid fermentation in anaerobic bottles (Table 2). Glu-
cose was completely consumed, while, about 10% of initial
xylose was still present after the process. Glucose is, in most
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Table 2

Characteristics of feedstock for succinic production, fermentation broth after succinic acid production as well as fractions recovered

during broth membrane filtration

Compound Succinic fermentation Succinic acid separation
Istep II step
Feedstock® Broth Retentate Retentate NF Retentate?  Permeate?
RO (pH 3.0)° (pH 6.8)¢
Glucose, g/L 10.2 £ 0.8 n.d. n.d. n.d. n.d. n.d.
Xylose, g/L 73 +£0.5 0.72+0.1 0.68 = 0.1 0.25+0.1 n.d. n.d.
Succinic acid, g/L n.d. 12.2+0.5 10.7 + 04 9.85 +0.2 947 £0.05  0.25+0.02
Acetic acid, g/L 1.5+0.2 4.02+0.3 0.32+0.1 1.28 £ 0.1 0.28 +0.02  0.66 +0.03
Formic acid, g/L 11+0.2 292+0.2 0.29 £ 0.1 093 +£0.1 020 +£0.02 048 +0.02

*mixture of hydrolysate (65% vol.) and liquid fraction after pretreatment 1.5% acid at 140°C (35% vol.), "retentate collected after the most
appropriate condition of RO filtration, ‘retentate collected after the most appropriate condition of NF filtration, ‘retentate or permeate
after 10 h of membrane washing, in a diafiltration mode, n.d. — not detected/below detection limit.

cases, utilized first by A. Succinogenes, and some xylose left
was also previously observed. Enhanced sugar conversion
can be achieved after ensuring stable pH and mixing condi-
tion during the whole experiment, which can be realized in
completely controlled reactors [15]. In the current study, the
succinic acid yield of 73% was achieved (Fig. 3). However,
it should be taken into account that a significant content of
feedstock constituted xylose (40% of total sugars), which is
usually connected with lower succinic yields compared to
glucose [15,21]. The production of succinic acid is usually
accompanied by other metabolites, such as acetic, formic,
lactic acid or ethanol; depending on fermentation conditions
and pretreatment method used [15]. In the present study,
acetic — (21% of total acids in fermentation broth) and for-
mic acid (15% of total acids in fermentation broth) were pro-
duced as the main by-products (Fig. 3). However, it should
be highlighted that some acetic and formic acids were pres-
ent in the feedstock before succinic fermentation as a result
of biomass pretreatment. Additionally, small amounts of
lactic acid (<1 g/L, data not shown) was produced, which
indicated some imbalances of the process connected with
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Fig. 3. Time course of succinic acid fermentation (hydrolysate af-
ter 1.5% H,SO, pretreatment, followed by enzymatic hydrolysis;
fermentation medium to hydrolysate ratio: 25:75 vol.).

cell growth decrease [22]. However, above mentioned disad-
vantages of the Miscanthus biomass fermentation in anaero-
bic bottles can be overcome by tests in controlled conditions.

3.3. Separation of carboxylic acids from fermentation broth

The effectiveness of NF/RO membrane filtration is
influenced by many factors, including pH of the feed solu-
tion, molecular weight of compounds as well as membrane
surface charge [23]. Carboxylic acids are classified as weak
acids and their retentions are highly pH-dependent. Thus,
the influence of pH feed solution on the effectiveness (rejec-
tion/permeation) and efficiency of membrane processes
(permeate flux) was analysed.

3.3.1. Effectiveness of acids separation

Using reverse osmosis or nanofiltration membrane,
succinate, the major product of the fermentation, was to be
retained in the retentate, while the monovalent by-product
salts were to be removed by permeation. For SW30XLE
(reverse osmosis) membrane, the rejection of succinic acid
(MW: 118.09 Da), which have an MW larger than MWCO of
the membrane (100 Da) was very high (>88%) irrespective
of pH value (Fig. 4). Whilst, the acetic - (MW: 60.05 Da) and
formic acid (MW: 46.03 Da) were only retained at 8-10% for
the pH of 3.0 (un-dissociated forms). Taking into account
the fact that there is no significant difference in diffusivity
between succinic, acetic and formic acids [24], the difference
in molecular weights between separated compounds was
considered as the main separation factor of un-dissociated
acids. Increasing the pH value of feed solution to the level
of 6.8 and 8.5 caused an increase in acids rejection. The rejec-
tion reached the value of 98-99%, 95-96% and 91-92% for
ionic form of succinic, acetic and formic acid, respectively
(Fig. 4). In this case, the increase of pH value from neutral
(natural value of fermentation broth) to the level of about
8.5 did not have a significant influence on retention values
(data equivalent statistically, Fig. 4). Since analysed organic
acids were in dissociated forms at pH 6.8-8.5, an increase of
the rejection could be explained by electric repulsion [25].
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Fig. 4. Influence of pH feed solution on the retention of carboxyl-
ic acids ((A) —filtration with SW30XLE membrane, (B) — filtration
with DK membrane, the same letters represent data equivalent
statistically p > 0.05).

As it could have been expected, NF (DK 150-300 Da
membrane) turned out to be ineffective for the pH 3.0 of
feed solution (all analysed acids in un-dissociated froms;
pK, =3.76-5.6). In this case, only about 17% of succinc acid
was retained (Fig. 4). In general, the rejection of carboxylic
acids in NF membranes is not very high at low pH, — due to
the low hindrance effect of NF membranes. This is in agree-
ment with study on butyric acid separation [25]. At higher
pH values, the negatively charged membrane highly rejects
negatively charged acids, due to the electrostatic repulsion
effect. What is more, NF membranes have more negatively
charged groups on their surface than RO membranes,
which helps to reject divalent ions. In our case, the succinic
acid rejection increased to 81% as a result of pH increased to
6.8 (Fig. 4). Dissociated forms of acetic and formic acid (pK,
= 3.75-4.76) were also more effectively rejected (31-32%),
most probably due to repulsion effect. However, a decrease
in carboxylic acid rejection was observed in case of pH 8.5
(data different statistically, Fig. 4). In our case, ionic strength
of the solution increased from 69.0 mM/L L to 76.5 mM/L
as a result of pH adjustment to 8.5, using NaOH. It can be
partially explained by the fact that high ion concentration,
used for pH adjustment, suppresses the electrical double
layer on the charged membrane, thus weakening electro-
static repulsion and minimizing the rejection of negatively
charged acids at higher pH [26]. What is more, NF mem-
branes carry more charged groups in the membrane matrix
at high pH and those groups have been postulated to push
adjacent polymers apart, resulting in membrane swelling
and an increased molecular weight cut off [26-27]. This
could have a negative influence on the rejection values.

3.3.2. Permeate flux values

Similarly to retention of target products, the values of
permeate flux are also very important from the technolog-
ical and economical point of view. Significant decrease in
permeate flux is considered as the main disadvantage of
membrane application, as it leads to shorter lifetime of the
filtration material. Moreover, fouling requires membrane
cleaning, which is connected with additional costs, as
water/chemicals are used. The water fluxes amounted 44
L/m?h (SW30XLE, classified as RO membrane) and 58 L/
m? h (DK, classified as nanofiltration membrane), which
is strictly connected with membrane characteristics and
filtration conditions (Fig. 5). Filtration of analysed fer-
mentation broths was connected with evident decreases
in permeate fluxes. In case of nanofiltration, the values
stabilized at 45-46 L/m*h (pH = 3.0), 39-40 L/m*h (pH
= 6.8, natural value of fermentation broth after succinic
production) and 29-30 L/m?>h (pH = 8.5). Whilst, values
after reverse osmosis reached significantly lower values
compared to nanofiltration processes. Flux values reached
13-14 L/m*h (pH = 3.0), 8.5-9.0 L/m*h (pH = 6.8) and
4.8-5.0 L/m*h (pH 8.5) (Fig. 5). In principle, residues after
anaerobic processes are difficult to treat, as they contain
various components added for anaerobic processes (salts
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added for microbial growth), organic compounds origi-
nated from nitrogen source used (e.g. amino acids, pep-
tides etc.) as well as VFA [12,28,29]. Additionally, negative
influence of increased pH of feed solution — on the perme-
ate flux was observed (Fig. 5). This trend can be accounted
for the fact that salts addition for pH adjustment increases
the osmotic pressure of feed solutions, which can have a
negative influence on permeate flux values. What is more,
analysed membranes changed their properties towards
hydrophilic properties at acidic pH (3.0), which was
proved by the higher membrane contact angle. Whilst, the
membranes used exhibited more hydrophobic properties
at alkaline conditions, which could have been the reason
of lower permeate flux (Fig. 5).

Taking into consideration the presented retentions of
succinic acid/succinate as the target product and permeate
flux values, filtration using DK-NF membrane conducted
at pH of 6.8 was selected as the most appropriate for the
treatment of analysed fermentation broth. In this case, only
about 7% (on average) lower retention of succinic acid was
observed compared to the best results obtained during RO
filtration at pH of 3.0 (Fig. 4). What is more, filtration at 6.8
(natural value of broth after succinic fermentation) does not
require pH adjustment, which can be connected with lower
operating costs.

3.3.3. By-products washing from retentate

The retentate after nanofiltration conducted at pH 6.8
contained 82% of succinic acid (calculated as percentage
of all acids, Table 2), which is significantly higher than
succinic content in the fermentation broth (64% of total
acids) (Fig. 3). The retentate was treated with the appli-
cation of SW30XLE membrane, operated in a diafiltration
mode (Fig. 6). Succinic acid, the major product of fer-
mentation, was retained and its losses did not exceed 4%
during the washing step. Whilst, acetic and formic acids,
by-products of fermentation, were effectively removed by
permeation. After 10 h of membrane filtration, the suc-
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Fig. 6. Removal of residual by products from retentate using
membrane filtration, in a diafiltration mode (C, - acids concen-
tration in retentate before filtration, C — acids concentration in
retentate during diafiltration, |, — permeate flux of the analysed
sample, ] —water permeate flux).

cinic acid amounted to 95% of total acids content (Table
2). Moreover, high water usage diluted the acids recov-
ered in the permeate. The recovered permeate after 10 h
of filtration contained less than 1.5 g/L of acids (Table 2)
and can be recycled and used again for biomass dilution
during pre-treatment step (biomass solvent) or other tech-
nological purposes. Nowadays, separation and purifica-
tion of succinate from the fermentation broth is still an
economical obstacle for its biological production; water
recovery and recyclability from stillage is a challenge and
important aspect, which can improve the performance
of bio-succinic production from lignocellulosic biomass
[30,31]. However, detailed research is necessary in order
to test the usage of such water as a solvent for biomass
processing.

A stable value of permeate flux was observed during
the process (31-32 L/m?*h), which constitutes about 70%
of permeate flux of distilled water (Fig. 6). After 10 h
of filtration, flush with distilled water applied for 10 h
effectively recovered almost 95% of membrane permea-
bility (data not shown). This indicates that the fouling
was reversible during cross-flow filtration (diafiltration)
of the sample treated with NF during the first step of
carboxylic acid separation. The usefulness of membrane
diafiltration for the treatment of residues after anaerobic
digestion has recently gained a lot of attention. For exam-
ple, effective combined UF-NF systems for fermentation
broth treatment or ethanol recovery have been presented
[12,32,33]. The washing step presented above using
membranes is only one of the possible option for the
final removal of residual by-products (acetic and formic
acid) from fermentation broth. Another possible option is
water evaporation, which can be integrated with distilla-
tion of volatile carboxylic acids, since distillation of these
compounds in petrochemical industry is commonly prac-
ticed. Evaporation is a very simple and effective method
to remove volatile acids, but this process is commonly
considered as energy demanding. The presented con-
cept of succinic acid separation from fermentation broth
after Miscanthus biomass conversion has to be verified
in subsequent studies, for an extended period of opera-
tion. An economic evaluation would be needed to ver-
ify the optimum operating conditions established in the
present study.

4. Conclusions

The study presents the concept of succinic acid pro-
duction, based on biomass of Miscanthus after steam/
acid pretreatment. Hydrolysates generated after the most
appropriate pretreatment conditions (140°C/1.5% H,SO,,
followed by enzymatic hydrolysis) were successfully used
as feedstock for succinic acid production (succinic yield
of 73%). Succinic acid, considered as one of the top build-
ing-block chemicals of the future, was successfully sep-
arated from fermentation broth by means of membrane
processes. Filtration using DK-NF membrane conducted at
pH 6.8 (I step), followed by diafiltration (II step) allowed
to reach 95% content of succinic acid in the mixture of car-
boxylic acids. The recovered permeate, containing mostly
water and insignificant amounts of acids, — can be recy-
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cled to the pre-treatment step (biomass solvent) or used for
other technological purposes. Membrane techniques used
for separation of target products can significantly enhance
the performance of bio-succinic production from lignocellu-
losic biomass in the near future. However, further research
as well as economic evaluation would be needed to verify
the effectiveness of applied membrane filtrations.
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