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ABSTRACT

This study examined the enzymatic hydrolysis of lignocellul osic biomass
materials extracted from the primary sludge of apulp and paper mill. The
main objective was to investigate residual primary sludge as low-cost
feedstock for the production of ethanol and chemicals. Primary sludge
was collected from a newspaper mill and treated with commercial cellu-
lase. Two Statistical Designsof Experiment (DOE) were used to determine
optimal reaction conditions. The sludge consistency, its pH, the use of
acid or buffer to set the pH, the ionic strength, the need for biocide addi-
tion, and the enzyme dosage were the conditions analyzed to optimize the
enzymatic hydrolysis. The first DOE determined the optimal pH control
strategy. Sodium acetate buffer concentrations of 250 mM at pH 5 gave
higher results compare to trialswith sulphuric acid and acetic acid. Addi-
tion of biocide was proven to be ineffective under these conditions. The
second DOE determined that the best conditions for hydrolysisyield are
an enzyme concentration of 300 uL per gram of dried sludge and a 8.5%
sludge consistency. Under optimal conditions, hydrolysis yield reached
58+3% with a sugar concentration of 68+4 mM mM.
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Rapidindustridization has provoked asurging de-
mand for primary energy, resulting in the depletion of
foss| fud and causngimportant environmenta impacts.
The production of ethanol and other chemicalsfrom
residual lignocellulosic materia scould beaprofitable
solution. Using residua primary dudgefrom pulp and
paper asraw materia would beinexpensiveand cost-
effective, perhapseven costlessif savingsin sludge

disposal feesarefactored in. The main objective of
thisstudy wasto investigate residual primary sludge
asalow-cost feedstock for the production of ethanol
and chemicals.

Thepulp and pgper industry generatesgpproximatdy
4to 5 millionsof tonsof sudgeinthe United States
every yearll. In 2007, pulp and paper millsin Quebec
a one generated gpproximately 3 million metrictonsof
residual matter, 14.6% of which wereprimary sludge
(PS)2. Sudgeisdisposed of inlandfillsor incinerated,
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which representssignificant costsand comeswithim-
portant environmental impacts. Paper dudge contains
solid wasteresidues comprising wood pul p fibresand
fines (small wood pul p particles) that were not recov-
ered inthe paper, inorganic compounds, extractables,
and additives used in the papermaking process. The
characteristicsof fine particlesallow themto be con-
verted into val ue-added products. The composition of
theorganicportionissmilar tothepulp used inthefab-
rication process. Most of themillsin Quebec produce
mechanical pulp used for themanufacture of newsprint
and mechanicd pulp printing specidties. Thefinesfrac-
tion therefore containscellulose, hemicdluloses, anda
good quantity of lignin. Furthermore, fineshaveahigh
specific surface area. Because of thesefeatures, fines
can bemoreeasily digested by cellulasetype enzymes
in comparison to thefibrefraction®. Ontheother hand,
enzymétic hydrolysisof materid scontainingmorelignin
isthought to belessefficient. The presenceof ligninin-
terferesby forming aphysical barrier that restrictsen-
zyme accessto the cellulose component. Ligninalso
adsorbsto and deactivates cellulosg.

Cdlulaseistheenzymeresponsblefor thehydrolyss
of cdluloseand hemicdlulose. Enzyme complexesgen-
erally cons st of three components. Endo-f-glucanase
(EG) attachestoregionsof low crystdlinity by generat-
ing freechain ends. Exo-B-glucanase degradesthefree
chaininto cellobiose. Findly, B-glucosidase hydrolyzes
cellobioseto produce glucose®. Cellulaseactivity is
influenced by reaction conditionssuch asthesize of the
particles, substrate concentration, enzyme concentra-
tion, temperature, pH, and pH adjustment methods®!.
Bioconversion of pulp mill dudge hasbeen studied; pH
was adjusted with hydrochloric acid” or sulphuric
acid®. Using astrong acid or astrong baseisnot as
efficientin stabilizing pH variationswhen compared to
trialswithabuffer.

Kraft pulp mill sludge has been considered asa
candidatefor usein ethanol production processes?.
Enzymatic hydrolysis presentsatotal reducing sugar
(TRS) yield of 8-32% compared to the theoretical
maximumyidd. Thisyiddissgnificantlyinferior tokraft
pulp fromthesamemill. The presence of cacium car-
bonateinthe PSinfluences pH and cause variations
that affect theenzymeand makeit lessefficient. In kraft
pulping using akaineconditions, ligninisamost com-
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pletely hydrolyzed by cleavagereactionssuch asaryl
ether linkages'?. Paper recycling mill dudgecan have
TRSyieldsof 909%™, Finaly, enzymatic hydrolysisof
municipa dudgewith 29.3% cd lulose concentration had
aTRSyield of 31.1% without pre-treatment and a
54.2% yield when pre-treated with acid or alkaling®.
Yieldswerelow despitesmal quantitiesof lignin. Other
chemica substancesor reaction conditionsareassumed
tointerferewith cellulase.

Inthisanaysisan attempt was madeto determine
theenzymatic hydrolysisof mechanica pulpdudgecon-
taining high concentrationsof lignin. Theuseof abuffer
compared to strong and weak acidswas studied. Sta-
tistical Designs of Experiment (DOE) were used to
optimisereaction conditions.

EXPERIMENTAL

Materials

Primary dudge sampleswere provided by anews-
print and mechanical pulp printing specidtiesmill lo-
cated inthecity of Trois-Rivieres, province of Quebec,
Canada. Thedudge camefrom the pulp mill primary
effluent clarifier. Thermomechanical pulp (TMP) was
sampled a thesamemill. Thekraft pul p used was mar-
ket hardwood pulp produced at amill located in the
east of Canada.

A commercid enzymecomplex for cellulosicbio-
mass hydrolysiswasused. The pH of thisbrown liquor
ranges between 4.8 and 5.2. The complex contains
multiple enzyme activities; mainly exoglucanase,
endoglucanase, hemi-cellulase, and beta-glucosidase.
Theactivity of theenzyme complex wasexpressedin
carboxymethycellulose (CMC U) activity units. One
CMC U unit of activity liberates 1 umol of reducing
sugars (expressed asglucose equivaents) inoneminute
under the specific assay conditions of 50°C and pH
4.8. Beta-glucosidaseisreported in pNPG units. One
PNPG unit denotes 1 umol of Nitrophenol liberated
from para-nitrophenyl-B-D-glucopyrancsidein 10 min-
utes at 50°C and pH 4.8. As mentioned by the sup-
plier: Endoglucanaseactivity is2500 CMC U/g, Beta-
glucosidase activity is400 pNPG U/g. Based oninfor-
mation given by the supplier, theenzyme complex has
thebest operationd stability inthefollowingranges tem-
perature: 50 - 65°C ; pH: 4.0 - 5.0.
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Methods

Sudgepropertieswereanaysed usngthefollowing
Technical Association of the Pulp and Paper Industry
(TAPPI) standards:

Lignin: Acid-InsolubleLignininWood and Pulp, Test
Method T 222 om-06

Ash: Ash in Wood, Pulp, Paper and Paperboard:
Combustion at 525 Degrees C, Test Method T 211
om-07

Extractives: Solvent Extractivesof Wood and Pulp,
Test Method T 204 cm-07

Total suspended solids: Measuring, Sampling, and
Anayzing WhiteWaters, Test Method T 656 cm-07

Tota reducing sugarsandys swas conducted usng
acolormetric method with 4-hydroybenzoylhydrazine
(PAHBAH) according to the method described by
Levereta.l*?

Enzymatic hydrolysis was performed in a
temperature controlled shaking water bath at 50°C.
Sampleswereprepared in 50 ml glasstubesaccording
to the procedure described in the DOE and placed in
the bath. Samplesweretakenat 0, 1, 2, 5, 8, 12, 24,
32, 48, 56, and 72 hour time intervals and used to
caculaereactionkinetics.

RESULTSAND DISCUSSION

TABLE 1 presentsthe composition of the primary
dudge (PS), thermomechanical pulp (TMP), and kraft

pulp.
TABLE 1: Composition of materials

PS TMP Kraft
Lignin (%) 24.5 337 35
Ash (%) 22.9 Negligeable 0.1
Lignin (% organic
materials)* 33.0 33.7 35
Extractibles (%) 29 13 0.29
TRS (%)** 49.7 65.0 95.5
Mostly TMPfines . Kraft
Particles and Kaolin clay, few Zn’\gzzges long
refined Kraft fines fibres

* Lignin/(100-Ash)*100; ** By difference

It should be noted that the PS used was mainly
composed of fines comparableto those presentinthe
TMP and thekraft pulp. Kaolin clay quantitieswere
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enriched with thisprocess. Higher level sof extractives
were found compared to the other samples. These
additiona extractivesweremostly dueto theeffects of
concentration and surfacedeposition during the pulping
and papermaking process. The concentrationsof lignin
in the organic fraction in the PS and the TMP were
equal, which demonstratesthat thesefinescamefrom
thisprocess. Thisfactor hel pedin evauating theeffect
of particlesizeby comparing theresultsof PSand TMP.
Also, the kraft pulp used made it possible to study
materid without lignin.

A three-level factorial DOE (DOE-01) first
identified optimal conditionsfor PShydrolyss. ThepH,
pH control strategy, and the need for addition of biocide
(sodium triazide) weretested. Enzyme dosage, buffer
concentration, TSS, and temperaturewereheld stable.
TABLE 2 presentsvariablesand constants:

TABLE 2: DOE-01 variablesand constants

-1 0 1
pH 4.0 45 5.0
Neutralization Sulfuric acid Acetate buffer Acetic acid
Biocide (% to PS) NA 0 0.02

Enzyme dosage = 115 pl/g dry PS; Acetate buffer concentration
=150 mM; Temperature = 50 °C; TSS = 6,5%

Figure 1 providesevidencethat theresults could
beinterpreted reliably, sncethe predictionswereclose
to the observations.

Figure 2 showsthat the best resultswerereached
without addition of biocide, at pH 5.0 with an acetate
buffer. Optimaarerepresented by thered dotted lines.
Thedesirability function wasfitted to determinethe
optimumhydrolyssyidd (HY). HY standsfor maximal
hydrolyssyied of TRSobtained, compared to the other
TRSvaluesasrepresented in TABLE 1. HY was not
increased by addition of biocide. It would seemthat no
micro organisms consumethe TRS product. Decreased
HY would haveindicated chemica interaction between
theenzymesandbiocide. HY washigher whenan acetate
buffer was used compared to the addition of weak or
strong acid. The buffer kept the pH stabl e throughout
thehydrolysiscompared to usingawesk or strong acid.
Theseresultsindicated that pH stability wasimportant.
For thisreason, ahigher buffer concentration can be
used toimprovetheresults. Thebest HY yieldswere
reached at pH 5.0. This parameter hasto be optimized
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at superior levels. TheHY optimal valueof 13% was
insufficient. Other parametersweremodified in order
to increase HY. The TSS and enzyme dosage were

optimizedto obtain better HY
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Figurel: Observationsvspredictionsplot of HY for DOE-01
after 72 hours
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Figure2: DOE-01HY optimum condition and resultsafter
72 hours

Buffer concentration, pH, TSS, and enzymedosage
influencewereanalyzed in an attempt to obtain superior
HY. A second central composite design (CCD) was
used. TABLE 3 presents DOE-02 variables and
congants.

TABLE 3: DOE-02 variablesand constants
-2 -1 0 1 2

Buffer concentration(mM) 100 150 200 250 300
pH 450 475 500 525 550
TSS (%) 5 6.5 8 9.5 11

Enzyme dosage (ul/g. PS) 855 1140 1425 171.0 1995
Temperature = 50 °C

Reaultsin Hgure3 show thet theeffectsof thedifferent
variables can bemeasured with sufficient precision.
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Ohsarvations

Predictions
Figure3: Observationsvspredictionsplot of HY for DOE-02
after 72 hours

Confidenceintervas(bluedash), in Figure4 show
that buffer concentration and pH werenot significant.
Buffer concentrationsof 150 mM gavethebest results
intermsof TRS concentration and HY. Maximum
yieldwasreached at pH 5.0, and it was not necessary
to optimize any further. Augmenting TSS gave
superior concentration of TRSin the solution because
less water was added. On the other hand, HY
decreased when TSS was augmented. More
concentrated solutions affected enzyme active site
mobility. Enzyme dosage was the only dominant
variable. Figure 4 shows that HY increased as
enzyme dosageincreased.
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Figure4: DOE-02 optimum conditionsand resultsfor HY
and TRSafter 72hours

Enzyme dosage was increased to 400 plL/g.
Buffer concentration waskept at 200mM, pH at 5.0,
and TSS at 8.5%. Maximal TRS concentrations of
68+4 mM were reached with an enzyme
concentration of 300 puL per gram of dried sludge
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and a 8.5% sludge consistency. Figure 5 shows
enzyme dosage did not need to beincreased above
300 pl/g because the HY of 59+3 reached was more
than the one reached at higher dosage. The HY of
59+3 reached was more than the HY of 38+3%
reached with DOE-02.
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Figure5: Optimum conditionsand resultsfor HY and TRS
at enzymedosageinterval after 72 hours

Thisresult issuperior to the 8-32% obtained with
dudgefor ethanol production from akraft pulp millt,
In the above case enzyme efficiency was decreased by
pH variations caused by calcium carbonatein the PS.
Enzymatic hydrolyssof municipa dudgewithacdlu-
lose content of 29.3% had an HY of 31.1% without
pre-treatment and 54.2% with an acid or akainepre-
treatment®. Yield waslow despite small quantities of
lignin. Other chemica substancesor reaction conditions
areassumed to haveinterfered with cellulase. The pri-
mary dudge usedin the present sudy had ahigher level
of TRSand wasless heterogeneous.

Results presented in TABLE 4 demonstratethat at
sgmilar conditionstheHY of mechanica pulpwaslower.
Hydrolysiswasmoredifficult withlongfibresthanwith
fines. Meanwhile, kraft pulp reached ayield efficiency
closeto 100%, despite being mainly composed of long
fibres. It followsthat lack of lignininkraft pulpisthe
determining factor.

TABLE4: PS, TMP, and kraft comparison

Primary Sludge TMP Kraft
Hydrolysis Yield (%) 58 36 98
Enzyme dosage (ul/g. PS) =300; TSS (%) = 8.5; pH=5.0; Buffer
concentration (mM) = 200; Temperature (°C) = 50
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Enzymeaccessihility isthereforeprincipally linked
tothepresenceof lignin. Particlesizeisprimordia but
playsalessimportant role.

Thenext study will allow usto andyseenzymatic
hydrolysiskineticin order to better understand the dif-
ferent reaction rates and thus optimize time and tem-
perature conditions. Thisstudy isfoundational for un-
derstanding processand industria applications.

CONCLUSIONS

1. Primary dudge(PS) isapotentia sourceof reduc-
ingsugarsfor usein biofue or chemica production
processes. Using green technol ogy such as enzy-
matic hydrolysisand industrial biomassresidue
meanswecan envisionjoiningthegreen side.

2. Under optimd conditionsand without pre-trestment
the hydrolysisyield (HY) reached 58+3% with a
total reducing sugar (TRS) concentration of 68+4
mM.

3. Superior resultswereobtained with PS containing
amgority of TMPfinefibres, incomparisonto TMP
containing both finesand long fibres.

4. HY decreasedinthepresenceof ligninin PScom-
pared to resultsobtained with kraft pul p. Thusen-
zyme accessibility isdirectly related to the pres-
enceof lignin.

5. Higher resultswerereached with an acetate buffer
and pH of 5.0 compared to trials with strong or
weak acidsat the same pH. A buffer concentration
of 150 mM was enough to reach an optimal pH
control strategy and gave morefina TRS concen-
trationand HY.

6. Theaddition of biocidehad no significant impact
under these conditions. It would seem that no mi-
croorganismswere consuming TRS products un-
der the conditions of testing.
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