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Abstract

Newsprint was pretreated with acetic-nitric acid reagent to sol ubilize and removethe lignin component and improve
its conversion to methane in anaerobic digestion. Acetic acid itself cannot dissolve lignin even at a concentration as
high as 80% at elevated temperature (in aboiling water bath). In order to effectively dissolve significant amounts of
lignin, nitric acid must also be added. At an acetic acid concentration of 35% with 2% nitric acid, about 80% of lignin
was removed from newsprint (resulting in a weight loss of about 40%). Hydrochloric acid may partialy but not
completely replace the nitric acid. The methane yield from treated newsprint bioconversion increased nearly three
times over that of untreated newsprint in a 60-day test. Treated newsprint generated about 75% as much methane
as office paper in the same 60-day test. Acid pretreatment produced newsprint with the same cellulose content
(as a percentage of volatile solids) as office paper. Despite these promising results, however, the cellulose/lignin
ratio of newsprint was increased from 1.6 to only 9.9 by acid pretreatment, compared to 22.9 for office paper.
Since the lignin was not compl etely removed, the cellulose-lignin association is considered to be the major limiting
factor on long-term anaerobic digestion of both untreated and treated newsprint. An additional limiting factor to
development of apractical pretreatment method based on this approach, efficient recovery of acidsfollowing lignin

solubilization, was not pursued in this research.

Introduction

Waste paper has been one of the most important cat-
egories of solid waste going to sanitary landfills. It is
the mgjor contributor to solid waste by either weight or
volume. Currently, approximately 40 to 50% of landfill
space is occupied by waste paper (Suflitaet al. 1992).
Theburied waste paper is subject to microbial degrada-
tion under anaerobic conditionsin landfills. Cellulose
is the major biodegradable fraction of waste paper.
However, its association with lignin, as in newsprint
and magazines, forms aphysical barrier which confers
resistanceto natural biodegradation (Tong et a. 1990).
Pretreatment of newsprint may increase the rate and
extent of anaerobic bioconversion, leading to applica
tion of anaerobic digestion as a practical alternativeto
landfilling of lignocellulosic wastes.

To date, much research has revealed that cellu-
lose and lignocellulose can indeed be modified by
various physical, chemical and biological manipula-
tions. Physical subdivision by ball milling can thor-
oughly break the cellulose-lignin complex; irradiation
with high energy electrons can significantly increase
digestibility of lignocellulosic materials, base and
ammonia soaking can swell and separate lignocel-
lulosic structural elements; and selectively removing
lignin with white rot fungi and other microorganisms
may leave cellulose basically untouched. Although
some of these treatments have been put aside because
of economic or other limitations, others are still being
investigated in asearch for effective, low cost pretreat-
ment alternatives. Details may be found in reviews by
Millet et a. (1975, 1976), Chang et a. (1981), Puls &
Dietrich (1980), Tsao (1984), Kirk & Farrell (1987),
Schell et a. (1991), Walker & Wilson (1991), and



62

Kuhad & Singh (1993). Pretreatments may be divided
into physical, chemical and biological methods. Com-
binationsof different typesof treatmentsare also under
investigation.

Acids have been reported to be used to pretreat lig-
nocellulosic material sto hydrolyze cellulose and hemi-
cellulose. The sugars resulting from treatment are then
subject to enzymatic or microbial conversion. Acid
hydrolysis of cellulose is a well-known phenomenon
and can be carried out with concentrated or dilute acid.
The most extensively used acids are H,SO, and HCI
(Grethlein 1984; Han & Callihan 1974; Millett et a.
1976). Concentrated acid (72% H,SO,4 or 42% HCI)
usually gives 90% or more conversion of potential glu-
caninbiomassto glucose, but to beaviable processthe
large amount of acid used per unit of glucose produced
must be recovered (Grethlein 1984). By comparing
the effectiveness of various acid treatments, Wayman
(1986) claimed that the process based on 41% HCI
has industrial potential, but the cost of recovery of
the rather expensive acid is a deterrent to large scale
implementation. To avoid the recovery problem, dilute
acid (1% H,S0,) was used to smplify the process.
However, in order to get reasonable reaction rates, the
temperature must be raised to above 150 °C, and the
glucose yield is reduced to 50 to 65% of the potential
glucan with decomposed sugar compounds as byprod-
ucts (Grethlein 1984).

No reportsof acetic acid asareagent to pretreat lig-
nocellulosic materials were found except for itsusein
certain analytical procedures. In his semimicro cellu-
lose analysis method, Updegraff (1969) used a high
concentration acetic-nitric acid reagent (80% acetic
acid and 7.5% nitric acid) to dissolve lignin from lig-
nocellulosic materials prior to analyzing the remaining
cellulose. With this method, the removal of lignin was
very effective and complete. The objectiveof thisstudy
wasto determinewhether lower concentrationsand dif-
ferent combinations of acids could effectively remove
less degradablelignin fractionsfrom newsprint, poten-
tially facilitating anaerobic digestion as an alterna
tive use of waste paper. Batch anaerobic digestion
experiments were conducted on treated and untreated
newsprint samplesto measure improvement in biocon-
version to methane.

The practicality of using acid pretreatment to
removelignin and enhance digestion of lignocellulosic
materialswill depend on additional factors outside the
scope of thisstudy, such aswhether reagent concentra-
tionscan belowered enoughto be economical, whether
there are effectivewaysto separatethetreatment liquid

from the remaining cellulose, and whether dissolved
lignin components can be separated from the treatment
liquid efficiently without excessive loss of acetic acid,
thus allowing for reuse of acid solutions.

Materials and methods

Newsprint

Unprinted newsprint was collected from the Stillwater
(OK) NewsPress printing plant. The paper contained
20-25% recycled fiber and was supplied by Abitibi-
Price.

Acid treatments

A group of experiments was initiated to find the low-
est acetic acid concentration that could dissolve lignin
to a significant extent. Different acetic acid concen-
trations were used to pretreat the newsprint, then the
weight losses of paper due to the treatment and sepa-
ration were determined. Weight loss was due to solu-
bilization of non-cellulosic fractions of the newsprint.
Cellulose and acid insoluble lignin (AIL) were deter-
mined in untreated and treated samples in order to
estimate the weight loss attributable to lignin and to
other components, such as hemicelluloses. Nitric acid
ispart of the reagent used to solubilizelignininthecel-
lulose analysis method of Updegraff (1969). In order
to verify the function of the nitric acid as a catalyst
or just an acidifier, the efficiencies of lignin removal
at different nitric acid concentrations in the treatment
solution were also investigated. Since nitric acid is
more oxidative and expensive than other strong acids,
its replacement with other strong acids would be pre-
ferred. Therefore, hydrochloricacid wastested to total -
ly or partialy replace nitric acid.

Possible methods for separating cellulose from the
treatment liquid include washing and centrifuging. In
weight loss tests, centrifugation was used to separate
the treatment liquid from remaining solids. Ground
newsprint (0.15-0.2g) wasweighed into 16 x 125 mm
Kimble Kimax tubes. Treatment solution (10 ml) was
added into each tube. The tubes were heated in a boil-
ing water bath for 30 min. After being heated, the
tubes were centrifuged at 2500 rpm for 5 min, then
the supernatantswere discarded. Water was added into
the tubes, mixed with a vortex mixer and centrifuged
again. This procedure was repeated three times. The
tubes were then put into a 105 °C oven until dry. The



Table 1. Weight loss with acetic acid pretreatment

Acetic acid concentration, %  Weight loss, %

0 6.04
20 6.16
40 7.16
60 7.15
80 7.19

Note: averages of duplicate samples.

moisture content of the newsprint was determined at
the same time. The weight loss of the acid treatment
wascal cul ated according to theweight lossin thetubes.

Bioconversion of acid pretreated sample

An optimized concentration of the treatment solution,
which would be able to remove a significant amount of
lignin from newsprint with relatively low acid concen-
tration, was determined. Thissolution was used to treat
newsprint prior to the following bioconversion test.

Wheaton ‘400" Brand serum bottles (160 ml) were
used asbatch anaerobic reactors. To each bottle, 100 ml
total volume of solid sample, nutrient solution and
inocula was fed, and the remaining 60 ml volume
served as head space. The bottles were stoppered with
black butyl rubber septum-type stoppers (GeoMicro-
bial Technology), which were air impermeable even
after repeated sampling with syringes. Stoppers were
secured with 20 mm auminum crimp seals. Triplicate
bottles were incubated at 35 °C.

Mixedinoculafromalandfill, anaerobically digest-
ing sewage sludge, and rumen fluid were described by
Xiao (1996). A nutrient solution was supplied to each
reactor. The formula was adapted from Owen et al.
(1979) and reported by Xiao (1996).

The sampling duration of the serum bottles was
determined by the biogas production rate. A 30 ml
glass syringe was used to collect the biogas produced
and to release the pressure built up inside the serum
bottles. The volume of biogas produced during the
sampling period was read directly from the scale of
the glass syringe. The sample wastaken at 35 °C. The
temperature effect was corrected to standard conditions
(0°C and 1 atm). After the biogas volume was noted,
a sleeve stopper was used to cap the front end of the
syringe as soon asthe needlewas removed. The needle
wasthen removed from the serum bottle stopper imme-
diately. Samples were taken with a 250 ul Hamilton
gas-tight syringe from the 30 ml glass syringe, which
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Table 2. Weight loss with acetic-nitric acid
pretreatment

Acids concentration, %  Weight loss, %

Acetic  Nitric

0 0 5.18
14.5 13 25.6
29 25 37.2
44 39 437
58 51 46.5

Note: averages of duplicate samples.

was always held vertically with its mouth downward.
Under the weight of the plunger, there was a positive
pressure inside the syringe and less equilibrium time
for the injection syringe was needed. The gas samples
were injected into a Gow-Mac model 350 gas chro-
matograph (GC) equipped with athermal conductivity
detector (TCD).

Analysis techniques

Gas chromatographic method described in Standard
Methods (APHA et al. 1985), Section 511B, was
followed for determination of methane and carbon
dioxide contents of the bhiogas. Total solids (TS)
and volatile solids (VS) were measured according to
Standard Methods (APHA et al. 1985), Section 209
and 209 D. Cellulose was measured with the methods
developed by Updegraff (1969). The method described
in Analysis of Paper (Browning 1977) Chapter 7, Part
1A, wasadapted to analyzeacidinsolublelignin (AIL).

Results and discussion
Weight loss of acid treatment

When newsprint paper was treated with acetic acid
aloneinaseriesof different concentrations, weight loss
of the newsprint was shown to be minimal. Theresults
in Table 1 clearly show that up to 80% acetic acid by
itself did not solubilize lignin or other non-cellulose
materials appreciably. Therefore different concentra-
tions of acetic-nitric acid solutions were used to treat
the newsprint in the next series of experiments.
Table2 showsthat with alow concentration of nitric
acid, the weight loss of the newsprint increased very
significantly even at relatively low acetic acid concen-
trations. From Table 2, in order to achieve approxi-
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Table 3. Weight loss by alternative acids pretreatment

Acids concentration, % Weight loss, %

Acetic  Nitric  Hydrochloric

35 3 0 43.4
35 2 0 39.7
35 1 0 305
35 0 3 28.1
35 0 2 26.2
35 0 1 234

Note: averages of duplicate samples.

Table 4. Weight loss of mixed acids pretreatment

Acids concentration, volume % Weight loss, %

Acetic  Nitric  Hydrochloric

35 2 0 39.7
35 1 1 383
35 0.5 15 36.6
35 0.25 1.75 355
35 0.125 1.875 30.8
35 0 2 26.1

Note: averages of duplicate samples.

mately 40% weight loss, about 35% strength acetic
acid should be used in the presence of nitric acid.
The target figure of 40% weight loss should represent
removal of mostly lignin and some hemicellulosefrom
this newsprint paper, containing approximately 50%
cellulose, 30% acid insoluble lignin (therefore 20%
other components, inferred to be mainly hemicellu-
lose) by our analysis. Since nitric isastrong, oxidative
acid, if it could be replaced by a non-oxidative, more
economical acid such as hydrochloric the practicality
of acid pretreatment would be enhanced. To find the
optimum nitric acid concentration and to test the feasi-
bility of replacement by hydrochloric acid, newsprint
was treated with 35% strength acetic acid in combina-
tion with nitric or hydrochloric acid at three different
levels.

The results listed in Table 3 clearly indicate that
nitric acid significantly increases lignin solubilization,
compared to HCI. This suggests that the nitric acid
most probably acts as a catalyst instead of an acidifi-
er because at the same strong acid concentrations the
weight loss of the samples is significantly different.
With 2% nitric acid in the treatment solution, weight
loss of the sample was about 40%.

Although it is obvious that nitric acid cannot be
replaced totally by hydrochloric acid, the next exper-

Table 5. Comparison of cellulose-lignin ratio and 60 day methane
yield

Parameter Acid pretrested Untrested  Office paper
newsprint newsprint

Cellulose, %VS 83.4 (5.8) 498 (1.7) 824(14)

AlL, %VS 8.4 (0.3) 303 (05) 36(0.5)

Cellulose/lignin ratio 9.9 1.6 229
Methane, ml gvS—1 271 (10) 97.0(12.0) 364 (27)

Note: data in parentheses are standard deviations of parameter esti-
mates.

iment was conducted to verify whether partial sub-
gtitution of HCl would be feasible. With acetic acid
concentration still fixed at 35%, thetotal concentration
of strong acids was set at 2% and the ratio of nitric to
hydrochloric acid was varied. The results are listed in
Table 4.

It is interesting to note that when the nitric acid
concentration was as low as 0.125% with total strong
acid concentration of 2%, a higher weight loss was
observed than with 3% hydrochloricacid only (Tables3
and4). Atthesametotal strong acid concentration, half
of the nitric acid could be replaced with hydrochloric
acid, resulting in weight loss only dightly lower than
with al nitric acid treatment.

Bioconversion of treated sample

The newsprint sample to be used in the following bio-
conversion test was treated with 35% acetic acid and
2% nitric acid. The solid residue from pretreatment
was rinsed in a No. 40 sieve with tap water to neutral
pH, then homogenized in a Waring blender. Cellu-
lose and AIL in the treated sample were determined,
and the results are listed in Table 5. The TS and VS
were a so determined to quantify the celluloseand AIL
components as percentage of V'S. For comparison, the
celluloseand AIL in the untreated newsprint and office
paper are also listed in Table 5.

Table 5 shows that about 80% of the AIL was
removed by the acid treatment while the cellulose
percentage increased from 49.8 to 83.4% VS. Com-
pared with office paper, AIL concentrationin the treat-
ed newsprint sample is much higher while cellulose
content is equivalent. This suggests that under the
conditions adopted for the above pretreatment, lignin
removal isnot complete and acertain part of theweight
loss must be due to newsprint components other than
cellulose and AIL, such as hemicelluloses.
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Figure 1. Methane yield comparison of acid pretreated newsprint
with untreated newsprint and office paper.

The pretreated newsprint sample was used as sub-
strate for anaerobic conversion. The results and acom-
parison of the acid pretreated sample with unprinted
newsprint and office paper are shown in Figure 1 and
Table 5, which clearly show that acid pretreatment
significantly improved bioconversion of the newsprint.
The methaneyield of the treated sample wasincreased
by closeto 3 times on avolatile solids basis during the
60 day incubation period. Celluloseto lignin ratio was
shown to exert a great effect on bioconversion. Even
thoughthe cellulose content of the acid pretreated sam-
ple was in the same range as office paper, the conver-
sion rate and extent were appreciably lower because of
its higher lignin content.

Figure 1 also shows that methane production from
acid pretreated newsprint was subject to a lag phase
of approximately 7 days, possibly due to incomplete
washing of acid solution from the paper. Apparent
negative cumulative methane production of the treated
sample in Figure 1 is an experimental artifact due to
the effects of the lag phase compared to the unprinted
newsprint control. At this point, methane conversion
rate of the pretreated sample was significantly greater
than the untreated newsprint sample, but not as fast as
that of office paper. After about 30 days, the cumu-
lative methane production curves of both treated and
untreated newsprint samples appear roughly linear and
parallel, indicating that most of the cellulose exposed
to enzymatic attack by the acid pretreatment had been
converted to biogas by thistime.
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Possible application of acid pretreatment

Experimental resultsindicatethat acetic-nitric-acid can
effectively remove a significant portion of lignin from
newsprint with much lower acid concentrations than
previously known. However, the acid usagefor achiev-
ing substantial lignin removal is still too high from a
practical or economic point of view, unless the treat-
ment liquid can be utilized repeatedly.

Due to its absorbent nature, the amount of paper
that can be treated with a certain volume of acid solu-
tion in each batch is limited. However, during chemi-
cal treatment, the volume of solidsis greatly reduced.
Thus, centrifugationwas used to separatethe treatment
liquid from the solids for reuse in the next batch treat-
ment. It wasfoundintheselimited experimentsthat the
recovered liquid was as effective as new acid solution
in lignin solubilization for at least three uses (data not
shown). Presumably, the buildup of a certain amount
of solubilized lignin components may limit the effec-
tiveness of the acid solution, but this was not observed
in these experiments. Nor were any tests performed to
identify or measurelignin solubilization products. Sep-
aration of these componentsis likely to be expensive
and technically challenging, so disposal of spent acid
solutions would have to be addressed at some point in
implementing this process.

Conclusions

Acetic acid pretreatments have significant effects on
newsprint bioconversion. Efforts to establish an acid
pretreatment protocol based on analytical methods for
lignin determination (80% acetic acid, with 7.5% nitric
acid in a boiling water bath for 30 min) did not result
in apractical pretreatment alternative. Without adding
nitric acid, acetic acid by itself could not solubilize
lignin, even under elevated temperature conditions.
Thenitricacid, which could not be completely replaced
by another strong acid like hydrochloricacid, must also
be added to effect lignin solubilization. About 80%
of the lignin was removed from newsprint by treat-
ment with a combination of 35% acetic and 2% nitric
acids. A portion of the nitric acid may be replaced
by hydrochloric acid; however, alonger reaction time
may be required for treatments with lower nitric acid
concentrations.

The bioconversion rate of the treated sample was
significantly higher than that of the untreated sample.
The methane production from treated sample volatile
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solids also increased by close to three times over
untreated newsprint in 60 days incubation. Howev-
er, in thelong run, bioconversion of the treated sample
will sooner or later encounter a physical barrier due to
the complex association of cellulose and lignin in the
remaining treated residue.
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