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Production of lactic acid from wastepaper as a cellulosic
feedstock
S Schmidt and N Padukone

Alternative Fuels Division, National Renewable Energy Laboratory, 1617 Cole Blvd, Golden, CO 80401-3393, USA

Lactic acid promises to be an important commodity chemical in the future as a monomer for the production of
biodegradable polylactic acid (PLA). As the demand for lactic acid increases, the need to explore alternative feed-
stock sources and process options that are inexpensive and efficient is bound to gain importance. This paper reports
the results of a study of the production of lactic acid from wastepaper as a representative cellulosic feedstock,
using a batch, bench-scale simultaneous saccharification and fermentation (SSF) process. The effect on process
performance of operating parameters such as pH, temperature, enzyme loading, solids concentration, and enzyme
preparation has been examined. A lactic acid product yield of 84% of theoretical was achieved at a solids loading
of 5%, using 25 filter paper units (FPU) of cellulase per gram of cellulose, at 45 °C and pH 5.0. The pH and temperature
of operation have been selected to achieve good performance of both the cellulase and the microoganism in the
SSF process. Our studies show that a feedstock such as wastepaper offers considerable promise and opportunity
in the future for development of a biomass-based process for lactic acid production.
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Introduction Additional renewable feedstocks that offer an alternative
are lignocellulosics. These waste products of industries
' . . Lo uch as corn fiber, corn stover, and wastepaper have a high
acidulent and preservative, and in the chemical industry foiontent of polysaccharide (cellulose and/or hemicellulose).

g:::gnr:gg’Hrg\?vt:\llgrtcmggr'n%g? ifr?]r gcr); nr'lltegc e}%iéiﬁ“g?ggli'ghese can be converted to important fuel and chemical pro-
. ' P PP ducts provided cost-effective technologies exist for

acid may yet be as a raw material for producing biodegrad: : .
able and biocompatible polylactide products. These pOly_hydroly5|s and fermentation. The use of these feedstocks

: ) . will not only dispose of waste products that are posing a
mers hav_e p(_)tentlally large markets_m commodity paCkagIandfill problem, but will also convert them to value-added
ing, fabrication of prosthetic devices, and controlled

; X roducts. Converting these feedstocks requires the polysac-
delivery of drugs in humans. The successful dgvglopmer@harides to be broken down into monomers and the sugars
of these polymers and their penetration into existing mar;

kets could easily propel lactic acid into the commoditytO be fermented to the final product.

X o L /  Little systematic research has been done on the use of
chemical category [8]. The substitution of existing S3./r.‘thetlccelIulosic waste feedstocks for producing lactic acid. Padu-
polymers by biodegradable ones would also smmﬂcantlgé

Lactic acid is currently used in the food industry as an

alleviate waste disposal problems. Companies such one et al [13] studied the achievable yields from pure

Archer-Daniels-Midland and Cargill have announced plans eIIuIc()jse n b".:mh exg_elrlme?ts. }/(Iagkateghql [1.6] Sﬁg' h
to manufacture lactic acid based on corn-derived glucos ested operating conditions for yield maximization throug

imulations of an empirical mathematical model. McCas-
as a renewable feedstock [7]. : ; : : ,
Much work has been done on producing lactic acid fromkey et al [3] St'”.'q'ed Iac_tlc acid production from acid-
hydrolyzed municipal solid waste and reported a product

lucose-based feedstocks [3,5,12,18,19]. Product yields: . :
ﬁigher than 90% of theoreticeEI have been r]eported in s?/mpl ield of 65% of theoretical based on available carbohydrate.

: . . In this article, we describe our systematic efforts to study
shake flask experiments and in bench-scale continuous set: ' : :
ups. Process c%nfigurations that remove product during fe?_va?tepaper das a drepresentanve cI?IIqusm W?fte feedst?ck
. r lactic acid production. We initially examined a range o
rennehn;ﬁggg \t/]({):ll\l/ﬁne?r?fn r:)edst;[ggvitam(j)n h?hvee bdeenr::]r? ng;fa ailable feedstocks to provide a rational basis for selecting
[10,19]. Studies perforrr;ed on Igctose fermentation als(\)/vastepaper. The subsequent analysis of various operating
ha\;e demonstrated high product vyields [10,11,17]. TheCondltlons for achieving high yields from mixed paper

efficient commercial production of lactic acid from simple Should serve as a basis for more rigorous studies directed

. : : . at process development.
sugars such as glucose will be important in meeting near- P P

term cost targets of polylactic acid in the biodegradable
polymer market. Materials and methods

Microorganism
Correspondence: S Schmidt, Alternative Fuels Division, National Renew-Lath_)baCIIIuS delerECle445_Was obtained from NRRL',
able Energy Laboratory, 1617 Cole Blvd, Golden, CO 80401-3393, usaPeoria, IL, USA. Frozen working seed cultures were main-
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Growth medium productivity refers to volumetric productivity measured as =

The growth medium (designated as FG) contained, per litergrams of product per liter of reaction volume per hour.
0.6 g MgSQ-7H,0, 11.3 g succinic acid, 7.25g NaOH,

30 g yeast extract (Difco, Detroit, Ml, USA), 1 g,KPQO,, Enzymes

1 g KH,PQ,, 0.03 g MnSQ-H,0, 0.03 g FeSQ7H,0. The  All three enzymes examined are commercial preparations
pH was adjusted to 5 or 6 as required and the medium was  ffoithoderma reeseicultures. Laminex (Genencor
autoclaved for 30 min at 12C. International, San Francisco, CA, USA) had an activity of
64 FPU mt!. Genencor lot No. 17-92262-09, hereafter
referred to as COG 1 (CPN, Martinez, CA, USA) had a

Feedstock >
. . . . cellulase activity of 98.7 FPU mil, and EBT (Genencor)
Sigmacell 50 (Sigma Chemicals, St Louis, MO, USA) was ad an activity of 83.5 FPU mi. We measured activity by

used as a control cellulosic feedstock. Wastepaper and co{!I
stover were obtained from local sources and were teste fer paper assay as recommended by Ghose [4].

without any chemical pretreatment. The cellulose content

. ) Analytical techniques
% dry weight) of the feedstocks was: uncoated paper, 72.3.72 .
g:wsgapeg 425_1. mixed paper, 60.5; and corn Etor\)/er, 38Eamples were analyzed by HPLC using a Hewlett Packard

. ; 0 . ooeries 11 1090 and a Biorad 87H organic acid column with
Mixed paper feedstock consisted of 25% newsprint, 15 V detector, column temperature of &5 and mobile

magazines, 30% boxboard, and 30% white, uncoated She%hase of 0.01 N sulfuric acid. Injection volume wasl0

all obt_ained from local sources. The loading of solids in an| - ctate and glucose were also measured using a YSI 2700

feexepoclesr;gncelz(nt depended upon the cellulose content of therhe c_omposition of_the feedstock was analyzed by the
' Chemical Technologies Research Branch at NREL accord-

ing to the method described by Ehrman and Himmel [2].

Simultaneous sacchatrification and fermentation

(SSF)

SSF studies were carried out in shake flasks and a benc

scale reactor. The reference conditions used were a sulbactic acid production from selected cellulosic

strate loading of 3% cellulose (approximately 5% solids),feedstocks

25 filter paper units (FPU) of Laminex enzyme per gram Corn stover and waste paper were selected for initial studies

of cellulose and FG as growth medium. Cellulase activitybased on their abundance as waste feedstocks. Figure 1

was measured as described by Ghose [4]. Shake flask  shows the lactic acid yields produced from corn stover,

experiments were carried out with 100 ml in 250-ml flasksvarious wastepaper feedstocks, and synthetic cellulose.

(closed to the atmosphere by rubber stoppers) in an orbital Uncoated paper and mixed paper produced about 80% of

shaker at 150 rpm. Samples were taken daily and pH adjustheoretical product, which compared well with the yield

ments were performed manually using 30% ammonium obtained from the synthetic substrate, Sigmacell 50. The

hydroxide (JT Baker, Phillipsburg, NJ, USA). Reactor stud-volumetric productivity of 1.0 g L™ h™* with uncoated

ies were conducted in a New Brunswick Bioflow Ill model  paper was threefold higher than that obtained with mixed

with a 1.5-L working volume in a 2.5-L vessel. Reactors paper. Both newspaper and corn stover showed consider-

were fitted with a pH probe, inoculation port, and a base  ably lower yields of 35-40% of theoretical. These results

addition port. A side port was used for sampling the slurry.indicate a promise of uncoated and mixed paper for use,

The impeller shaft was fitted with a double set of modified without pretreatment, as feedstocks for lactic acid pro-

Rushton blades, one set just below the surface of the slurrguction. Although prices of these feedstocks have varied

and the other close to the bottom of the reactor, to facilitate ~ considerably depending on the demand for recycled paper,

mixing. The pH was controlled automatically using 30% mixed paper is cheaper than uncoated paper [14]. There-

ammonium hydroxide. fore, mixed paper was selected as a representative feedstock

Mixed paper was combined with medium in the reactorfor more detailed process analysis.

vessel and autoclaved for 45 min at 2€11n order to keep

the paper in suspension with enzyme and inoculum, initia *

mixing was done at 300rpm. The agitator speed was =

reduced to 150 rpm after 1 h when the paper had been sul

Fﬁ%_esults and discussion

70

jected to sufficient enzymatic action. Inoculum was pre- &~ uncoated paper
pared in two stages; this ensures that log phase cells ;§°" :i};’;’a‘f;ﬁr
a high density are used to inoculate the experiment. Preg = - newsprint
inoculum was prepared from a frozen stock, and inoculun® ,, ~=-corh stover

from the pre-inoculum; both were prepared in FG at pH 63 u
and 42C. The SSF reactors were inoculated to a starting

OD590 nm of 1.0. The prOdUCt yleld was based on the theor- = Operating conditions: 37°C, 3% cellulose, 25

etical yield of 1.0 g lactic acid g cellulose [6]. The yield 10 FPU Laminex/g cellulose

was corrected for dilution by base addition. The yield from

experiments in FG were corrected for the product contri- ¢ ) “ ) M 100 120
bution from FG medium, that being 2.075 g of lactic acid Time (hours)

produced per liter of FG components other than sugars. Thegure 1 Lactic acid from lignocellulosic feedstocks.
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PH 5 (reactor) the microorganism. The temperature of°@5 which is

PH 6 (reactor) closer to the optimum of Laminex than 42, brought about
a significant enhancement in enzymatic activity without
pH 6 (fasks) impairing the fermentation ability of the microorganism.
Thus, this temperature represents a good compromise
choice for SSF operation.

3

g

Effect of enzyme loading
Figure 4 shows product formation in shake flasks with vary-
Operating Conditions: 42°C, 5% soics, 25 ing enzyme loadings. An increa;e in enzyme Io_ading_ from
FPU Laminex/goellose ’ 7.0 to 25.0 FPU @ of cellulose increased the final yield
' of lactic acid from 56.9% to 72% of theoretical. However,
100 25 w  the volumetric productivity measured at peak lactic acid
levels was similar for all three enzyme loadings at 0.54 g
L * h™%. Two explanations may be offered for the decreased
yield at the lower enzyme concentration: (i) deactivation of
the enzyme after about 68 h; or (ii) inadequate contact in

To develop a bench-scale process based on mixed papgf, solid-enzyme mixture for the lower loadings in the

as a feedstock, the effect of various operating paramete?ake flasks. The constant volumetric productivity at all

% Theoretical Lactic Acid
-]

[ 2 75
Time (hours)

Figure 2 Effect of pH.

on performance was examined. The para}meters.studle[ ree loadings suggests the possible deactivation of the
were pH, temperature, enzyme loading, solids loading an nzyme at the lower loadings. However, preliminary

nature of the cellulase preparation. experiments indicate negligible enzyme deactivation during
the SSF. Further experimentation needs to be carried out on
enzyme-solid contacting to explain the results at the lower

Figure 2 shows the effect of pH on lactic acid yield. The ' ; : ; e
; . o ; o nzyme loadings and to devise strategies to achieve mini-
studies using reactors indicated a product yield of 79% Ofnum enzyme usage.

theoretical at pH 5.0 compared to 65% of theoretical at
pH 6.0. The optimum pH for Laminex activity is about 5.0
[15]. This effect of pH compares well with the model
results presented by Venkatesh al [16]. Interestingly,
runs using shake flasks conducted at pH 6.0 produced
product yield of 72% of theoretical, higher than that
observed in the reactor controlled at the same pH. Thi
may be because the lower pH conditions maintained by th ; ; : :
intermittent control in shake flasks improved the enzymati ?oadlng of 3%, representing 84% of theoretical yield (pH

. ; , 45°C). Figure 5 shows that the lactic acid yield at 8%
action on cellulose. An operating pH of 5.0 was chosen for_’ . 0 0 .
subsequent SSF reactor runs. solids (4.8% cellulose) was only 70% of theoretical.

The SSF at the higher loading was not limited by product
inhibition because the selected strainLofdelbrueckiican
tolerate up to 8% lactate (unpublished results, P Planes, S
Schmidt, N Padukone, 1994). The low yield at the higher
solids loading may be attributed to inadequate mixing as
the higher solids concentrations present operational chal-
lenges. In the reactor runs, the 8% mixed paper formed a
packed mass around the impeller shaft after sterilization.

herefore reactor contents subsequently were autoclaved in

Effect of pH

Effect of solids concentration

A higher solids loading results in a higher process through-
put, ie more solids processed per hour of operation. Hence,
ggreater productivity can potentially be achieved with high

solids concentrations if yields are the same. The final level
df lactic acid was about 31 gL at the initial cellulose

Effect of temperature

An increase in the operating temperature fronf@2ao
45°C resulted in a yield increase from 79% to 84% of theor-
etical (Figure 3). The optimum temperature for Laminex
activity is about 48C [15]. The SSF process generally
requires operating conditions which represent a compro
mise between the optimum conditions of the enzyme an

45°C %0
80
80 25 FPU/g cellulose (reactor)
- 42°C
70
3 =
=% e 16 FPU/g cellulose (flasks)
23 ]
E 50 §so 7 FPU/g cellulose (flasks)
3 E
i i
® 30 *so
2 Operating Conditions: pH 5, 5% solids, 25 FPU = Operating Conditions: pH 5, 45°C, Laminex enzyme
Laminex/g cellulose
10 10
0 0
0 25 50 5 100 125 0 20 40 60 80 100 120 140 160 180
‘Time (hours) Time (hours)

Figure 3 Effect of temperature. Figure 4 Effect of enzyme loading.
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Carbon balance
An understanding of the pattern of carbon utilization can
help identify strategies for maximizing the process yield.
8% solids Table 1 shows a representative carbon balance for a reactor
run at 5% solids, pH 5.0, 42, and 25 FPU Laminex§
cellulose. This run resulted in a product yield of 80% of
theoretical. The computed carbon input and output were
within 1.3% of each other. Lignin was assumed to remain
» * Operating Conditions: pH 5, 45°C, 25 constant in the calculations. About 66% of the initial carbon
N FPU Laminex/g cellulose in cellulose was converted to lactic acid; a third of the
cellulose remained unconverted. More than half the initial
° ® 0 150 200 =  xylose and mannose (components of hemicellulose) were
Time (hours) metabolized. The release of the sugars from the hemicellu-
Figure 5 Effect of solids concentration. lose may be attributed to xylanase activity in the cellulase
preparation. The slight increase in galactose and arabinose,
. . present in low concentrations in the feed, is attributed to
a wide-mouth bottle separate from the reactor. The materi rrors in the composition analysis
was then transferred to the sterile reactor withir) a laminar The carbon analysis shows thét the carbohydrate con-
ﬂg\gelnfro% I:(Iaslor\r/]veetrhlc:)c; d"’i‘ﬂg\"ﬁ%&egg{i dcs)p?rzgtlr?]?xiﬁg tigesumed, including cellulose, mannose and xylose, is 10.15 g.
s ' . . Theoretical yields from the three consumed components are
facilitated by the relatively more rapid action of the enzyme; 11 10 and 06 g lactic acid per g of substrate, respect-
on the reactor solids. Further work will involve examination iv.ely’ [6'] ,Theref(.)re the actual yield of lactic acid based
of impeller designs for achieving better mixing at higher /. by drate consumed is 96.5% of theoretical. Xylose
solids concentrations. metabolism byL. delbrueckiiresults in acetic acid forma-
tion as a by-product. We did not detect acetic acid as a
product in our analysis probably because of the low concen-
6r_ations of the compound.

5% solids

& 8 8 3 8

8

% Theoretical Lactic Acid

Effect of cellulase preparation

A wide variety of cellulases is available commercially. Our
studies investigated the performance of three cellulase pre
arations obtained from commercial sources. Figure 6 shows

that the SSF yields for Laminex, EBT, and COG1 enzymesConclusions
were 71%, 60%, and 56% of theoretical, respectively, at

identical operating conditions. All enzymes were added a high prpduct yield of 84% of theoreticgl lactic acid has
25 FPU g@* cellulose in the shake flask. Laminex showed een achieved in bench-scale SSF of mixed paper. The pH

; = - and temperature of operation to achieve good performance
the bestlresu_lts_although it showed_the lowest activity NS both the cellulase and the microorganism in the SSF
FPU mf* It is important to recognize that the enzyme

g : o process were identified. The enzyme loading study showed
activity assay is performed at pH 4.5 and°60Q and the - :
SSF at pH 5.0 and 4E. Because the activity profile for that a decrease in enzyme concentration brought about an

each enzyme preparation is unique, it is conceivable th ndesired reduction in product yield. A reduction in
the actuaIySSchorE)ditions were n?ore, favorable for Laminex, - e requirement may be possible if the mixed paper is

. hemically pretreated or if more efficient enzyme systems
than for the other enzymes. To minimize enzyme usage an

S ; ; re developed. Higher solids loading presents an oper-
to meet product cost targets, it is important to identify an_iional challenge limiting the solids throughput. An

inexpensive and efficient enzyme. This study of Cenwase?ncrease in solids concentration may be possible through

is by no means extensive; effprts negd to be contmue_d tﬂnprovemen'{s in the reactor design to achieve better mix-
develop and evaluate alternatives to improve the V|ab|I|tying A carbon balance determination showed that about

of enzymatic hydrolysis. 34% of the cellulose remained unconverted.

» Table 1 Carbon balance for SSF of mixed paper to lactic acid (5% sol-
Operating conditions: pH 5, 45°C, 5% solids, 25 ids, pH 5.0, 42C, 25 FPU Laminex per gram cellulose)
- FPU cellulase/g cellulose
§ Component Initial carbon (g) Final carbon (g)
= 50
% © Cellulose 12.24 4.20
Xylose 1.90 0.52
E % Mannose 1.33 0.60
- Galactose 0.16 0.18
» Arabinose 0.19 0.30
Lactic acid 0.0 9.8
" Total carbon 15.82 15.62
. Lignin 6.30 6.30
] 25 50 75 . 100 125 150 175 1582_1 62
Time (hours) % Difference between input and output carbonﬁ x100=1.3%

Figure 6 Effect of cellulase preparation.
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Future research should be directed towards complete util-3 Friedman MR and EL Gaden. 1970. Growth and acid production by
ization of the available carbohydrate for lactic acid pro- 'é?géﬁzaﬂ'_ugé'i)_gﬁbr“e°k"'” a dialysis culture system. Biotech
duction. The present studies were conducted using a richy gpose Tk, 1987. Pure Appl Chem 59: 257—268.
medium to determine the maximum yields possible without 5 Hanson TP and GT Tsao. 1972. Kinetic studies of the lactic acid fer-
nutrient limitation. Realistically, an inexpensive industrial ~ mentation in batch and continuous cultures. Biotech Bioeng 14:
medium would have to be employed in a large_scale pro- 2K3ja?1:ﬁe5r20 1983. Carbohydrate metabolism in lactate acid bacteria
cess; future work needs to identify _such a growth med|u'm. Antonie van Leeuwenhoek 49: 209-224.

Research agvadncerm the reduction ofdenz?]/me Ioadlngz Lactic acid and its derivatives: a global review. 1991. HRA Inc, Prairie

increase in feed solids concentration, and enhancement of Village, Kansas.

cellulose conversion will enable the future development of 8 Lirrj)nsckg ESEand SG S;n0£§r-312986- Is lactic acid a commodity chemi-

; ; ; cal? em Eng Prog 8: 26-32.

(aj‘n ?Con(;)mt;cal prOC(_arSS. bM|rc]rot?rg:;1]n|sms SthU|d be9 McCaskey TA, SD Zhou, SN Britt and R Strickland. 1994. Bioconver-
evelope . t at Ca_n utilize both the e?(ose. an pentose sion of municipal solid waste to lactic acid tactobacillusspecies.

sugars efficiently without by-product acetic acid formation.  Appl Biochem Biotechnol 45/46: 555-568.

The presence of coproduct acetic acid would make produdi0 Mehaia MA and M Cheryan. 1986. Lactic acid from acid whey per-

purification prohibitively expensive [1]. The effect of lignin ~ meate it & membrane recycle bioreactor. Enzyme Microbiol Technol

br.eakdown compounds on ferment.atlon anq on pu“flcatlorll Norton S, CI Lacroix and JC Vuillemard. 1994. Kinetic study of con-

will have to be addrgssed. N_olethstand[ng these chal-" tinuous whey permeate fermentation by immobilizeactobacillus

lenges, our results indicate merit in conducting further stud- helveticusfor lactic acid production. Enzyme Microb Technol 16:

ies on the conversion of cellulosic waste feedstocks to 457-466.

chemicals. 12 Ohley_er E,_ HW Blanch and CR Wilke. 1985._Continu0_us production
of lactic acid in a cell recycle reactor. Appl Biochem Biotechnol 11:
317-332.
13 Padukone N, S Schmidt, BJ Goodman and CE Wyman. 1993. Study
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