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of hydrophilic maleic anhydride groups to the PHBV matrix. The methodology
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1. Introduction

Growing concern over non-renewable petroleum-based plastics
and the fate of these materials in the environment and landfills has
led to increased interest in biobased and biorenewable plastics and
composites as replacements for less sustainable options [1,2].
Building and construction materials are of particular interest
because debris from construction and demolition operations com-
prises approximately 40% of the US landfill volume [3]. To date,
performance studies with composite materials have largely
focused on in-use processing and material properties. This evalua-
tion is a necessary first step for materials characterization, but end-
of-life information is needed for complete life cycle assessments,
particularly for anaerobic environments such as landfills and
anaerobic digestion (AD) facilities. Standardized methodologies
are therefore needed to assess the anaerobic biodegradation poten-
tial of composites. Here, we addresses this issue.

We first propose a generic methodology for assessment of the
anaerobic biodegradability of composite materials involving the
following steps: (1) materials characterization, (2) a methane pro-
duction assay, (3) modeling of assay results, and (4) calculation of
biodegradability.

We then apply this methodology to injection molded poly
(hydroxybutyrate-co-hydroxyvalerate) (PHBV) composites with
wood fiber (WF) (0%, 20%, 40%) and two fiber-matrix compatibi-
lization treatments that enhance in-service performance: (1)
hydrophobic silane treatment of the WF and (2) grafting of hydro-
philic maleic anhydride groups to the PHBV matrix. We demon-
strate that this methodology successfully quantifies process
kinetics, ultimate methane (CH4) production capacity, and
biodegradability, and allows comparison to reference materials
(positive controls).
2. Methodology

2.1. Materials characterization

Fully characterizing the resin and fiber components of compos-
ite materials is important for accurately predicting CH4 production
from AD. Three critical parameters for establishing composite ulti-
mate CH4 yield and biodegradability are: (i) fiber fraction, (ii)
determining the stoichiometry of CH4 production for components
with known compositions, and (iii) establishing the stoichiometry
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of components with an unknown composition, which can be deter-
mined using chemical oxygen demand (COD) assays.

2.1.1. Fiber fraction
Knowledge of fiber content of the composites is important

because it affects total biogas production as well as in-service
mechanical properties. The weight percent of fiber can be deter-
mined as per ASTM D3171 [4]. Composite samples are weighed,
the resin matrix is dissolved in a suitable solvent, and the fiber is
extracted from the solvent, collected, dried, and weighed. The
amount of fiber by weight is calculated by:

Fiber Weight Percent ¼ Wf � 100% ¼ Mfiber

Mcomposite
� 100% ð1Þ

where Wf , Mfiber is the mass of the fiber measured post-dissolution
and Mcomposite is the mass of the composite sample as measured pre-
dissolution.

2.1.2. Stoichiometry of components with known composition
When the molecular or empirical formula of a composite mate-

rial is known, the stoichiometry for complete anaerobic biodegra-
dation into CH4 and carbon dioxide (CO2) can be assessed [5]:
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This equation is used to predict the theoretical CH4 production
potential (ThCH4) for substrates with known compositions, such as
bioplastic resins and control samples. Eq. (2) does not account for
substrate conversion to biomass, so the practical upper limit for
this process is somewhat less [6].

2.1.3. Stoichiometry of components with unknown composition
In the absence of information regarding the stoichiometry of a

material, the chemical oxygen demand (COD) can be measured,
as per standard methods (Hach Company [7]), and used to predict
ThCH4 production. COD is a measure of the oxygen required to
completely oxidize an organic sample, and for an organic with a
known COD (measured or calculated) 0.35 L CH4=g COD at STP
and 0.398 L CH4=g COD at 37 �C is produced. The methods
described by Hach are modified for solid substrates by slicing or
weighing out �1–2 mg of the component to be tested, and adding
it to the COD vial along with 2 mL of deionized (DI) water to obtain
the appropriate dilution.

2.2. Methane production assay

The CH4 production assay is based on volumetric CH4 measure-
ments from batch anaerobic microcosms. Evaluation of CH4 pro-
duction requires: (i) selection of positive controls and bioplastic
reference samples, (ii) pre-degradation sample preparation, (iii)
preparation of anaerobic media and selection and addition of
inoculum, (iv) volumetric measurement of CH4 production, and
(v) monitoring biogas composition over the time of degradation.

2.2.1. Positive and negative controls and bioplastic reference samples
Positive controls are readily biodegradable materials (in an

anaerobic environment) with a known ThCH4 production, such as
microcrystalline a-cellulose [8]. Positive controls are considered
to have fully biodegraded at 80% ThCH4 and are tested in duplicate
or triplicate. The mass of positive control added to each bioreactor
is calculated from the COD/weight ratio of the positive control and
the bioplastic test samples, such that the same weight of COD is
added to each bioreactor.
In addition to positive controls, negative controls (i.e., inocu-
lated anaerobic media) are tested in order to subtract CH4 produc-
tion activity due to the inoculum seed from CH4 produced from
biocomposite samples. Negative controls are run in triplicate.

Neat bioplastic samples are also used as reference samples for
biocomposite degradation. Any bioplastic matrix treatments are
fabricated into bioplastic reference samples for biocomposites with
those treatments. These samples are tested in duplicate or tripli-
cate. A sample mass of �0.25–2 g can be analyzed in 500-mL biore-
actors, using this assay.

2.2.2. Sample preparation
To obtain an accurate pre-degradation sample weight for use in

CH4 production calculations, samples are dried in a vacuum desic-
cator for 1 week and then weighed. For some materials, a low tem-
perature drying oven is also appropriate. It is important to retrieve,
dry, and weigh any remaining un-degraded composite material
after the assay. In order to retrieve remaining sample matter
post-experiment, samples are placed in non-degradable mesh bags
with a mesh size such that un-degraded composite components
are retained, but micoorganisms can freely access composite sur-
faces during degradation. To control for any experimental variabil-
ity that could be introduced from the mesh bags, the bags should
also be included in the positive and negative control vessels.

2.2.3. Preparation of anaerobic media and inoculum
Standardizing anaerobic media and the addition of inoculum to

the batch microcosms is critical for repeatability of results. The
anaerobic mineral media chosen for this assay was based on stan-
dard solutions as described in ASTM D5210-92 [9], with modifica-
tions based upon other studies of anaerobic degradation [10–12].
The following 4 concentrated stock solutions are used: (S1) resa-
zurin, 0.5 g/L; (S2) KH2PO4, 69 g/L, K2HPO4, 88 g/L, NH4Cl, 100 g/L;
(S3) MgCl2�6H2O, 60 g/L, CaCl2�2H2O, 45 g/L, FeCl2, 12 g/L,
MnCl2�4H2O, 400 mg/L, CoCl2�6H2O, 400 mg/L, NiCl2�6H2O, 50 mg/
L, CuCl2, 50 mg/L, ZnSO4�7H2O, 105 mg/L, H3BO3, mg/L, Na2MoO4�
2H2O, 50 mg/L, Na2SeO3, 10 mg/L; and (S4) Na2S�9H2O 50 g/L. These
4 stock solutions are used in the same proportions as in ASTM
D5210 to make the media, following the preparation instructions
included in the standard. Bicarbonate (NaHCO3) is added to give a
final concentration of 50 mM in the media.

Inoculum should be selected from a mixed anaerobic microbial
community, such as sludge obtained from an anaerobic digester at
a municipal wastewater treatment facility. The media is continu-
ously stirred and sparged with N2/CO2 70:30 (Praxair certified
standard, NI CD30C-K) during the addition of the inoculum to
maintain anaerobic conditions. Anaerobic digester sludge is added
as an inoculum to the anaerobic mineral media at 10 vol.% of the
total volume, as per ASTM D5210 [9]. Inocula should be stored in
the dark at 37 �C for two weeks prior to initiating experiments in
order to decrease background biogas production from the inocu-
lum seed. Prior to testing, the sludge is screened through a 1 mm
mesh sieve followed by a single layer of cheese cloth in order to
reduce grit and large solids that could interfere with the experi-
ment. This step is performed immediately before adding the inocu-
lum to the anaerobic media.

The operational pH range for methanogens in biological
wastewater treatment is �6.4–7.8, with optimal ranges to accu-
rately model CH4 production between 6.8 and 7.6 [13,14]. The buf-
fered media described herein was selected to maintain this optimal
range for the duration of composite degradation. Measuring the pH
of the inoculated media prior to testing is important for assuring
that the CH4 production can bemodeled as described in Section 2.3.
If CH4 production initiates, lags, and then recovers, additional
buffering capacity may be required. Procedures to measure
chemical oxygen demand (COD), pH, suspended solids (SS), volatile



suspended solids (VSS), and alkalinity should be performed in
accordance with Standard Methods for the Examination of Water
and Wastewater [15].
2.2.4. Volumetric measurement of methane
Accurate volumetric measurement of CH4 production from

composite samples is critical for assessing the ultimate CH4

yield and extent of biodegradability. An automated, flow-
through gas meter makes this measurement feasible for large-
volume composite materials. The Automatic Methane Test Setup
(AMPTSII) from Bioprocess Control is one such system. To create
the batch anaerobic microcosms, each sample is placed in 500-
mL media bottles (600 mL total volume), then filled with
500 mL of inoculated anaerobic media, leaving 100 mL of gas
headspace. The bottles are stoppered and the headspace sparged
with N2/CO2 70:30 before and during filling to maintain anaer-
obic conditions in the sample containers. The media is continu-
ously mixed during filling with a magnetic stirrer and by gas
agitation from being sparged with N2/CO2. Reactors are filled
sequentially; media should be pumped continuously with a bel-
lows metering pump (such as GRI 14251-003). Once filled, the
bottles are connected with viton tubing to the AMPTSII gas
measuring setup. The bioreactors are submerged in a water
bath set at 37 �C.
2.2.5. Biogas composition
Gas sampling ‘‘T’s” (obtained through BioProcess Control via

SeaHold LLC) inline after the reactor headspace and before the
CO2 traps can be used to sample the gas composition during degra-
dation. These glass sampling ports are fit with 13 mm butyl rubber/
Teflon stoppers (Kimble Chase, Part No. 73811T-13) and sealed
with 13 mm tear-off aluminum crimp seals. Stoppers and seals
should be replaced prior to each experimental run. The inline
CO2 traps are filled with 3 M sodium hydroxide with a thymolph-
thalein pH indicator. CH4 is measured volumetrically in increments
of approximately 10 mL (the reservoir volume of each calibrated
channel).

Biogas samples are collected using a gas tight syringe and ana-
lyzed using gas chromatography (GC). The relative amounts of CH4

and CO2 in the headspace relates to the stoichiometry of the com-
posite components (Eq. (2)).
2.3. Modeling of assay results

Several models are used to describe microbial growth and
product formation, such as CH4 production, in anaerobic systems
[16–20]. Previously, the authors evaluated a set of these models
and found that a good fit of CH4 production and degradation of
bioplastic was obtained with the Gompertz model [14]:
PðtÞ ¼ Pm � exp � exp
R � e
Pm

ðk� tÞ þ 1
� �� �

ð3Þ
where PðtÞ is the product (CH4) volume released over time, Pm is the
methane production potential [mL/g], k is the lag phase time [days],
and R is the maximum specific CH4 production rate [mL/g day].
Because the Gompertz model provides a good fit to the data and
parameter interpretation is straightforward, it is adopted in this
methodology to compare anaerobic biodegradability of different
composite materials.
2.4. Calculation of biodegradability

Anaerobic biodegradability is measured using CH4 production
volume. Biodegradability is expressed as a percentage of the CH4

measured divided by the ThCH4:

% Biodegradability ¼ Measured CH4

Theoretical CH4
� 100% ð4Þ

For components with a known stoichiometry, theoretical calcu-
lations are based on Eq. (2). For complex substrates with an
unknown composition, ThCH4 is calculated from the measured
COD (Section 2.1.3). For lignocellulosic fibers, the bio-availability
of the different sub-components within the biomass matrix
impacts the actual methane production potential measured exper-
imentally, and thus biodegradability.

Biodegradability, as calculated by CH4 production, can be com-
pared with sample weight loss measurements, ideally conducted
as a parallel experiment so as to not disrupt gas production, the
anaerobic microbial community, or microorganisms attached to
the composite surface. A challenge in using weight loss measure-
ments for calculation of biodegradability is accurately collecting
and quantifying the constituents of partially degraded composite
materials. Therefore, as the CH4 production measurements give a
more accurate indication of the composite materials that are
bioavailable, it is recommended to use this method for quantitative
assessment of biodegradability [6]. However, having samples
which are removed from the degradation environment for addi-
tional analysis can be beneficial in assessing the materials proper-
ties of the composite in intermediate stages of degradation.
3. Example application of methodology: PHBV-WF composites

Bioderived aliphatic polyesters such as poly(hydroxyalka-
noates) (PHAs) are of interest for biocomposite applications as they
can be (i) synthesized from sugars, oils, and biogas methane
[21,22], (ii) processed using equipment standard to petroleum-
based thermoplastics, (iii) tailored so that their in-service material
properties are similar to many traditional plastics [23], and (iv)
anaerobically degraded into a methane-rich biogas at end-of-life
[24,25]. The methane can then be used as a biofuel or as a feed-
stock for additional PHA production. One of the most widely stud-
ied and available PHA is poly(hydroxybutyrate) (PHB) and its
copolymer PHBV. PHBV is a semicrystalline thermoplastic with
mechanical properties similar to that of polypropylene [23,26].
Adding natural fibers, such as wood fiber (WF), to PHBV to make
biocomposites can improve mechanical properties, make use of
recycled waste streams, and reduce cost over that of neat PHBV
[27–29]. In previous work, two compatibilization treatments for
the WF and PHBV matrix were examined to enhance mechanical
properties and in-service durability [29,30], but the potential
impact of these treatments on biocomposite end-of-life has not
been evaluated [31].

3.1. Materials

3.1.1. Composite materials
PHBV pellets were from TiAnan Biologic Materials Co., People’s

Republic of China (product code ENMAT Y1000P). The chemical
formula for PHBV is [COCH2CH(CH3)O]m[COCH2CH(C2H5)O]n, and
the PHBV used in this study was 0.5 mol.% HV content,
Mw ¼ 345 kDa. ENMAT Y1000P contains 1.5–2.0% additives to
improve processing. Oak wood flour (OWF) was supplied by
American Wood Fibers, Schofield, Wisconsin, USA under the trade
name 2037-Oak. Fiber sieve analysis of the OWF confirmed that it
was retained on a 20 mesh sieve, indicating a preprocessed particle



size of greater than 841 lm. Volumetric analysis showed an appar-
ent (bulk) density of 0.44 g/cm3. The average aspect ratio of the
preprocessed OWF was 3.6, as measured by optical microscopy
[29].
3.1.2. Positive control
Avicel� PH105 microcrystalline a-cellulose was used as a posi-

tive control for AD CH4 production [8]. The average particle size is
20 lm, with particle diameters ranging from 5 to 30 lm and a
length-to-width aspect ratio of 2–3 [32].
3.1.3. Lignocellulosic components for TGA
Cellulose: Avicel� PH105 microcrystalline a-cellulose was used

to match the cellulose component of OWF with TGA. Hemicellu-
lose: Xylan is expected to be the main hemicellulose present in
OWF [33]. Xylan, or poly(b-D-xylopyranose[1!4]), from beech-
wood (TCI X0064, CAS 9014-63-5) was therefore used for TGA to
match the hemicellulose component of the OWF. Lignin: Indulin
AT (Westvaco, Charleston, SC) lignin was used.
3.2. PHBV-OWF composite fabrication & treatments

Composites studied in this work were: injection molded (1)
neat PHBV, (2) maleated PHBV (mPHBV), (3) PHBV-OWF, (4)
PHBV-silanated OWF (sOWF), and (5) mPHBV-OWF, with 0%, 20%,
and 40% target weight fractions of OWF. Table 1 summarizes sam-
ple nomenclature and the target and measured OWF fractions.

Processing details for these composites are provided by Srubar
et al. [29], and details of the fiber treatments are provided by
Wright [34]. To summarize, a subset of the OWF had silane ther-
mochemically vapor deposited onto the particles to render the par-
ticle surfaces hydrophobic. For the maleated samples, a subset of
PHBV was set aside for reactive extrusion with maleic anhydride
(MA) and dicumyl peroxide. These materials were dry blended
and fed through a screw extruder under N2. The grafted material
was extracted to give mPHBV with a graft percentage of 0.8%, cre-
ating hydrophilic linkages in the grafted portions of the polymer.
These processed materials were used to make master batches, via
extrusion, in various fiber percentages that were then used in
injection molding. Rectangular prisms,
31.25 mm � 6.2 mm � 2.1 mm in dimension, were used for the
biodegradation experiments.
3.3. Materials characterization

The composition of representative composites from each of the
sample batches, shown in Table 1, was analyzed bymeasuring fiber
fraction and COD. COD was measured for the fiber, neat bioplastic,
and the composites. Differential scanning calorimetry (DSC) was
used to gain insight into the biocomposite structure.
Table 1
PHBV-OWF composites with treatments: sample nomenclature and targeted and measure

Sample Target wt.%

PHBV mPHBV OW

P 100.0 0
P20 80.0 0 2
P40 60.0 0 4
P20S 80.0 0
P40S 60.0 0
2M 98.0 2.0
2M20 78.4 1.6 2
2M40 58.8 1.2 4
3.3.1. Fiber fraction
The weight percent of fiber filler for the PHBV-OWF composites

was determined according to Section 2.1.1: the composite samples
were weighed, the PHBV matrix was dissolved in chloroform, and
the OWF was collected, dried, and weighed. The insolubility of
the OWF in chloroform was verified by weighing a known amount
of OWF and performing the above steps.

3.3.2. Stoichiometry of components with known composition
Eq. (2) was used to predict the ThCH4 for PHBV and cellulose.

For PHBV with 5 mol.% hydroxyvalerate (HV) the maximum theo-
retical volume of CH4 that would be produced is 672 mL CH4 per
g PHBV at 37 �C. Composition of the gas in the headspace can also
be predicted using this Eq. (2). For cellulose, the expected gas com-
position is 50% CH4 and 50% CO2. For PHBV (5 mol.% HV), the gas
composition is 56% CH4 and 44% CO2.

3.3.3. Stoichiometry of components with unknown composition
The theoretical biodegradability of the lignocellulosic compo-

nent of biocomposites, in this case OWF, cannot be easily defined
using Eq. (2) due to the complicated structure of lignocellulose,
which frequently lacks a well-defined chemical stoichiometry.
The organic content, as determined by COD, of (i) injection molded
PHBV and representative PHBV-OWF composites, (ii) PHBV powder
and pellets, (iii) OWF, and (iv) the cellulose control (Avicel�

PH105) was measured using the assay from Section 2.1.3: slices
of PHBV pellets and slices of PHBV-OWF composites were cut,
weighed, and added to COD vials along with 2 mL of DI water to
obtain the appropriate dilution. The PHBV powder, OWF, and cellu-
lose were weighed out and added to the COD vial along with 2 mL
of DI water.

Measured values for PHBV and cellulose were compared to the
COD (ThCOD) as calculated from the chemical formulae and the
oxidation reaction for non-nitrogen-containing organics:

CnHaOb þ nþ a
4
� b
2

� �
O2�!nCO2 þ a

2
H2O ð5Þ

The COD values for PHBV, 2% maleated PHBV (2mPHBV), and
OWF, multiplied by weight fraction data for the composites, were
used to calculate COD values for the composites. These values were
compared to measured COD values. Calculated and measured val-
ues were in good agreement. Accordingly, calculated values were
used to determine ThCH4, which was then used to calculate
biodegradability for composite samples as discussed in Section 2.4.

3.3.4. Additional analysis: DSC
A TA Instruments Q2000 DSC with a nitrogen flow rate of

50 mL/min was used to analyze the bioplastic and composites.
Samples were encapsulated in aluminum pans with a target sam-
ple weight of 5 mg � 2 mg, and heated from �40 �C to 180 �C in
the first heating cycle at a rate of 10 �C/min. After equilibrating
to 180 �C, they were held at 180 �C for 2 min prior to cooling at
d formulation [29]. Maleated composites contained 2mPHBV.

Measured wt.%

F sOWF OWF sOWF

0 0 0 0
0 0 20.3 0
0 0 40.2 0
0 20 0 22.2
0 40 0 52.0
0 0 0 0
0 0 20.3 0
0 0 45.8 0



Table 2
Sample types measured for CH4 production in each test group.

Sample type ID Grp1 Grp2

PHBV P 2x 2x
PHBV-20%OWF P20 2x 2x
PHBV-40%OWF P40 2x 2x
2mPHBV 2 M 2x
2mPHBV-20%OWF 2M20 2x
2mPHBV-40%OWF 2M40 2x
PHBV-20%sOWF P20S 2x
PHBV-40%sOWF P40S 2x
10 �C/min to �40 �C. The samples were then heated at 10 �C/min to
200 �C in the second and final heating cycle. This procedure was
chosen to avoid thermal degradation in the first cycle, but allow
for accurate melting peak area determination in the second cycle.
The reported thermal transitions were taken from the second heat-
ing cycle. The glass transition temperature (Tg) was taken to be the
midpoint of the heat capacity change, the melting temperature
(Tm) was measured as the minimum of the endothermic peak,
and the crystallization temperature (Tc) was taken as the maxi-
mum temperature of the exothermic peak upon cooling (in
between the first and second cycles). These measurements were
performed at the Soft and Hybrid Materials Facility (SMF) at Stan-
ford University.

The percent crystallinity of the PHBV matrix, v, in bioplastics
and biocomposites representative of those tested for anaerobic
degradation was determined using the following equation [35]:

v ½%� ¼ DHm � DHc

DH�
mð1�Wf Þ � 100% ð6Þ

where DHm and DHc are the enthalpies of melting and crystalliza-
tion measured upon heating, Wf corrects for the fiber content of

the composite, and DH0
m is the reference value for 100% crystalline

PHB, 146 J/g or 12.5 kJ/mole [36,37]. As a reference, a typical value
for the crystallinity of annealed PHB samples measured by Barham
et al. was 86% [36].

3.4. Methane production assay

Because of limitations on the number of samples that could be
analyzed using the volumetric methane measurement system (see
Section 2.2.4), samples tested for CH4 production (Fig. 1) were
P P20 P

(a)Grou

P P20 P40

(b)Grou

Fig. 1. PHBV-OWF composite samples measured for biogas pro
divided into two test groups and analyzed in duplicate (Table 2).
For each group, negative controls (i.e., anaerobic digester inoculum
only) were analyzed in triplicate. The cellulose used as a positive
control was considered to have fully biodegraded at 80% or greater
of ThCH4 (Eq. (4)) [38]. The masses of test samples and positive
controls were adjusted to ensure consistent addition of COD for
all bioreactors, with composite test samples added at �0.5 g and
microcrystalline cellulose added at 0.68 g.
3.4.1. Sample preparation
Prior to anaerobic biodegradation testing, all samples were

dried in a vacuum desiccator for 1 week then weighed. To facilitate
measurements of sample mass loss at the end of the experiment,
samples were placed in retrievable bags made from Spectra/Mesh
polypropylene filters with a mesh opening of 297 lm and 36%
open area. As the pre-processed OWFparticle size is >841 lm
[29], this size was selected to retain un-degraded OWF while
allowing sufficient access to the samples by microorganisms in
the medium. In order to control for any experimental variability
40 2M 2M20

p1

P20S P40S 2M40

p2

duction (in duplicate). Sample key is provided in Table 2.



that could be introduced from the mesh bags, the bags were also
included in the control vessels.

3.4.2. Preparation of anaerobic media and inoculum
Anaerobic media was prepared according to Section 2.2.3. Inoc-

ula for all experiments were collected from the anaerobic digesters
at the San Jose Waste Water Treatment Plant in 4-L sample con-
tainers. As mentioned above, because of limitations in the number
of samples that could be analyzed for biogas volume in each exper-
iment, the samples were divided into two experimental groups.
The analysis for the anaerobic digester sludge and the mineral
media mixed with inoculum for each experimental group is pro-
vided in the supplementary material. COD, pH, SS, VSS, and alkalin-
ity were measured as per Standard Methods for the Examination of
Water and Wastewater [15]. All samples were measured in dupli-
cate. For the media plus inoculum samples taken while filling the
sample reactors, a sample was taken prior to filling and post-
filling in order to ensure uniformity in the biosolids and media
added to all reactors.

3.4.3. Automated methane test setup
Samples were added to bioreactors following the methodology

described in Section 2.2.4, and connected to the AMPTSII, which
was enabled for overhead mixing. Stir speed was set to 50 rpm,
and the reactor vessels were mixed in 4-h cycles, with 30 min of
mixing followed by 330 min of quiescence. These parameters were
selected based on prior work indicating that aggressive mixing
may inhibit microbial adhesion to the composites [39,40].

3.4.4. Biogas composition
Samples analyzed for biogas composition were collected using a

1 mL gas tight syringe (VICI, Pressure Lok� Series A-2 syringe, Pro-
duct No. 050033) with a sideport gas sampling needle (VICI, Pro-
duct No. 943052). CH4, CO2, and nitrogen (N2) were measured in
the headspace using GC on a Gow-Mac 580 Series gas chro-
matograph equipped with a thermal conductivity detector (TCD).
The gasses were separated at 45 �C on a 80 � 1=800 HayeSep Q,
80/100 mesh micropacked column. Helium (He) was used as a car-
rier gas at a flow rate of 30 mL/min. The temperature of the injector
and detector was kept at 120 �C. The volume collected of all sam-
ples and standards was 0.6 mL. Prior to injection, the gas in the syr-
inge was compressed to the 0.5 mL injection volume and rapidly
equilibrated with atmospheric pressure by toggling the valve on
the syringe. The sample was then immediately injected into the
GC sampling port. The standard run time was 4 min. Calibration
Table 3
Calculated and measured values of COD and ThCH4 for individual materi
biocomposites.

Individual materials Calculated ThCODa

[g COD/g material]

PHBV pellet 1.69
PHBV powder 1.69
OWF –
Avicel� PH105

(Microcrystalline Cellulose)
1.19

Injection molded samples Calculated ThCODb

[g COD/g material]

PHBV (bioplastic) 1.75
2mPHBV (bioplastic) 1.75
P20 (biocomposite) 1.63
P40 (biocomposite) 1.52
2M20 (biocomposite) 1.62

a ThCOD and ThCH4 based on stoichiometry (Buswell and Mueller, Eq. (
b ThCOD and ThCH4 is calculated from measured COD values for the PH

ThCOD for the 2M20 samples was calculated using the measured 2mPHBV
c Average of 3 samples.
standards were developed by blending known concentrations of
CH4, CO2, N2, and He over the measurement range of interest. Stan-
dards were analyzed each run.
3.5. Modeling of assay results

Matlab 2015b was used to process raw CH4 data by applying
channel calibrations, normalizing to sample mass, and converting
measured gas volumes at room temperature and pressure to
37 �C. A lookup table of negative control gas volumes was used
to accurately subtract out the negative control data from the CH4

produced by the positive control and test samples. Normalized
data were fit to the Gompertz model (Eq. (3)) using the Curve Fit-
ting application in Matlab 2015b, with non linear least squares and
the Trust-Region algorithm. Upper and lower 95% confidence and
prediction intervals and goodness of fit (R2) were calculated for
all fit parameters. These fit parameters were used with the Curve
Fitting Analysis in IgorPro 6.37 to further analyze and plot the data.
3.6. Calculation of biodegradability

3.6.1. Percent biodegradability
Percent biodegradability was computed as per Eq. (4). For neat

and maleated PHBV, ThCH4 was calculated using Eq. (2). For the
composites, the calculated values of COD from Table 3 were used
to determine ThCH4 at 37 �C. Overall bioplastic and composite
biodegradability was calculated using the Pm parameter in the
Gompertz model fit for CH4 production, Eq. (3). The biodegradabil-
ity of the lignocellulosic components of was further assessed using
thermogravimetric analysis (TGA) (Section 3.6.3).
3.6.2. Biodegradation of fibers
The remaining mass of bioplastic and biocomposite samples

was collected and dried post-degradation. The biodegradation of
the fiber component of the composites was calculated in two ways.
The first was by mass loss:

% Mass ¼ ðWf �MI;cÞ �MF

Wf �MI;c
� 100% ð7Þ

where Wf is the fiber fraction of the composite, MI;c is the initial
mass of the composite, and MF is the final mass collected after
degradation (assuming complete biodegradation of the PHBV, based
on experimental observation).
als: PHBV, cellulose, and OWF and injection molded bioplastics and

Measured CODc

[g COD/ g material]
ThCH4, 37 �Ca

[mL/g]

1.75 � 0.01 672
1.75 � 0.02 672
1.18 � 0.22 470
1.14 � 0.02 473

Measured CODc

[g COD/ g material]
ThCH4, 37 �Cb [mL/g]

1.74 � 0.01 697
1.72 � 0.02 697
1.64 � 0.08 649
1.51 � 0.02 605
1.62 � 0.01 645

2)). The ThCH4 value for OWF is taken from the measured COD value.
BV pellet and OWF, and the measured OWF wt.% as given in Table 1.
value for COD.



The second method investigated CH4 production from the fiber
component. Any excess CH4 (VCH4 ;excess) above what is expected for
degradation of the PHBV component (VCH4 ;expected) is attributed to
degradation of the fibers:
VCH4 ;excess ¼ VCH4 ;measured � VCH4 ;expected ð8Þ
where VCH4 ;expected ¼ BPHBV � ThCH4;PHBV ;BPHBV is the biodegradability of
the neat PHBV reference samples from Pm and Eq. (4), and
ThCH4;PHBV is calculated for the PHBV component of the biocompos-
ite (MPHBV ¼ ð1�Wf Þ �MI;c).
Table 4
Thermal properties and crystallinity of PHBV-OWF composites measured for
biodegradation.

Sample Tm [�C] DHm [J/g] v [%]

P 173.3 90.0 61.6
P20 171.9 71.9 61.8
P40 170.1 51.8 59.4
P20S 173.4 68.8 60.5
P40S 170.3 47.4 67.7
2M 172.9 82.8 56.7
2M20 172.1 73.4 63.1
2M40 170.6 51.1 64.6

Fig. 2. CH4 production from PHBV-OWF (P, P20, P40), PHBV-sOWF (P20S, P40S), and 2mP
the Gompertz model are shown as solid lines (Eq. (3)). The Avicel� cellulose positive co
legend, the reader is referred to the web version of this article.)
3.6.3. Thermogravimetric analysis (TGA) of wood fiber
Sub-components that are commonly measured and reported for

lignocellulosic biomass are: hemicellulose, cellulose, lignin, and on
occasion holocellulose, the carbohydrate (hemicellulose plus
a-cellulose) content [41,42]. Thermogravimetric analysis (TGA) is
a promising and increasingly well established technique for analy-
sis of cellulose, hemicellulose, and lignin [43,44,42] and has been
used to characterize the stability of the WF component in non-
biodegradable wood-plastic composites (WPCs) [45,46]. Analyzing
relative ratios of such sub-components in the WF before and after
anaerobic degradation can help to establish the bio-availability of
these components and assist in predicting of overall composite
CH4 production.

After CH4 production had plateaued, undegraded OWF was left
in the mesh sample bags. This material was dried for 2 weeks in a
vacuum desiccator and weighed. TGA (TA Q500) was used to char-
acterize the lignocellulosic components of the WF before and after
degradation. A mass of 10–15 mg was used for both powder ligno-
cellulose standards and fiber samples. The experiments were per-
formed under N2 flow at 30 mL min�1 and a temperature ramp
of 5 �C min�1 from room temperature to 700 �C, followed by a
dwell at 700 �C for 30 min. Mass loss and heating rate were
recorded.

Single component and mixed standards were made from xylan,
cellulose, and lignin by weighing out and blending powders of the
HBV-OWF (2M, 2M20, 2M40) biocomposites. Data are shown as points, the fits with
ntrol is shown in red. (For interpretation of the references to colour in this figure



different components in xylan:cellulose:lignin ratios of 100:0:0,
0:100:0, 0:0:100, 25:40:25, and 33:33:33. These standards were
used to evaluate the peak locations for the derivative of weight
loss, as well as calculate component amounts. In order to quantify
the contribution of the individual components to the weight loss,
multi-peak fitting of the three components was done in IGOR Pro.
4. Results and discussion

4.1. Composite characterization

4.1.1. Fiber fraction
The results for fiber weight fraction, Wf , are shown as the mea-

sured values in Table 1. Measured Wf deviates from the target val-
ues minimally at 20% OWF and more significantly at 40% OWF. This
variation was due to the difficulties in precisely metering material
feed rates during the master batch blending and extrusion process,
and precluded direct comparisons in composites with 40% target
OWF. Even with this variability, trends in lag time, rate, and overall
CH4 production were observed.
4.1.2. Chemical oxygen demand
Table 3 summarizes measured COD values for the composite

constituents. Close agreement was observed between calculated
(predicted) values and measured values for COD of the individual
materials. However, the measured value for the PHBV pellets and
powder was slightly higher than expected. The manufacturer indi-
cated that there were additives in the PHBV to facilitate processing.
The presence of these additives may account for some of the COD
deviation observed. COD values were used to calculate the
expected ThCH4 for both the injection molded bioplastics and the
biocomposites, so accurate values are important for biodegradabil-
ity assessments. The measured PHBV pellet value was therefore
used to calculate ThCOD for the biocomposites.

From the COD values measured in the top half of Table 3, and
the weight fraction data shown in Table 1, the COD of the injection
molded bioplastics and biocomposites was calculated and is shown
in the bottom half of Table 3 alongside the measured COD values
for these materials. There was close agreement observed between
expected and measured values of COD for the bioplastics and bio-
composites. The calculated values were therefore used to deter-
mine the ThCH4 for the composite samples.
Fig. 3. Gompertz growth model parameters for biocomposite methane production
versus OWF content. Pm = CH4 production potential, R = max rate, and k = lag time.
Error bars on the data show the 95% confidence intervals for the parameter fits in
the Gompertz model. The linear fit for k; kfit ¼ m1 � ðWf � 100%Þ þ b1 has a 95%
confidence interval for the parameters: m1 ¼ �0:078� 0:022 and b1 ¼ 6:70� 0:66.
The linear fit for Pm; Pfit ¼ m2 � ðWf � 100%Þ þ b2 has a 95% confidence interval for
the parameters:m2 ¼ �5:47� 0:33 and b2 ¼ 634:4� 9:7. The p-value for the slopes
in both cases is <0.05. The red oval highlights the differences in maximum rate
between the different treatments at 20% OWF. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
4.1.3. PHBV matrix crystallinity
Table 4 shows theDSC data for the temperature (Tm) and

enthalpy (DHm) of melting for the biocomposites as well as the
crystallinity of the PHBV matrix adjusted for Wf (v). As observed
in Srubar et al. [29], Tm decreased with increasing OWF content.
Crystallinity did not vary significantly between the neat bioplastic
and untreated composite samples, however there was a trend
toward higher crystallinity in the treated composites with high
Wf of WF. Other studies of WPCs have observed increases in matrix
crystallinity with the addition of WF, attributed to WF acting as a
nucleating agent for crystallization [47]. The use of coupling
agents, such as the compatibilization treatments used in this study,
has similarly been observed to make WF more effective in this
capacity [48]. While previous observations have correlated degree
of crystallinity and lamellar thickness to enzymatic degradation
rates of PHBV [49], the range in v observed in these samples was
not found to have a statistically significant effect on lag time to ini-
tiation of degradation or on maximum CH4 production rate.
4.2. Methane production data and modeling

4.2.1. Methane production model fit and parameters
Fig. 2 shows the normalized CH4 production versus degradation

time for the composite samples, along with a fit to the Gompertz
growth model. This model described the data well with
goodness-of-fit (R2) values greater than 0.995. The methane pro-
duction potential per unit weight of the composite, Pm [mL/g],
can be seen as the ultimate value of CH4 generated in a sample
at the end of the experiment (the plateau). The lag phase time, k
[days], is apparent at the beginning of the experiment, and corre-
sponds to the initial colonization of microorganisms and initiation
of degradation. The specific methane production rate, R [mL/g day],
corresponds to the rate at the midpoint of the CH4 generation
curve.

Fig. 3 shows the model parameters, Pm, R, and k, versus increas-
ing OWF content. Where appropriate, a linear fit was applied to the
observed trends. Untreated samples are shown in black, maleated
samples in green, and silane-treated samples in blue in the plots.
Total production potential (Pm) and lag time (k) have a clear, statis-
tically significant, linear dependence on OWF content; the 95%
confidence interval for the slopes of both of the linear fits gives
p < 0.05. However, the relationship between OWF% and maximum
production rate (R) is not linear. The silane-treated samples have a
higher rate than the maleated and untreated composites at both
20% and 40% OWF. This variability of production rate versus OWF
content of the neat, maleated, and silane-treated samples is readily
seen in the vertical spread of data, particularly at 20% OWF (high-
lighted by the red selection in Fig. 3).

Plotting the parameters extracted from the Gompertz model
versus OWF content of the composites yields insights into compos-
ite degradation. The lag time of CH4 production, k, was affected by
the OWF content in both the neat and treated composites: lag time



decreased with increasing OWF content. However, no significant
difference between treated and untreated or treatment types was
observed. As discussed by Ryan [6], fibers introduce additional sur-
face area and accelerated initial hydrolysis is likely due to addi-
tional pathways for ingress of water, microorganisms, and
enzymes into the composite samples. The inverse linear relation-
ship between ultimate CH4 production, Pm, and OWF content is
not affected by these treatments, indicating that the maleation
and silanation treatments do not inhibit anaerobic biodegradation.

The maximum rate of degradation, R, increased slightly at 20%
OWF in the untreated and maleated composites, but at 40% OWF,
the rate decreased. With the increased surface area and statistically
insignificant effect of crystallinity at the higher OWF content com-
posites, the observed rate decrease at 40% OWF was unexpected. It
may be that above a certain volume of fiber, there is enough inter-
connected volume of OWF in the polymer matrix that fragmenta-
tion of material begins to impact the colonization of the
microorganisms on, and enzymatic interaction with, the un-
degraded substrates [6,50]. Silane treatment increased the rate in
both the P20S and P40S samples as compared to the P20, P40,
2M20, and 2M40 composites, but like the other composites, the
observed rate decreased as fiber fraction increased between 20%
and 40% target fiber fractions. This increase in rate in the P20S
composites is likely due to increased moisture-induced damage
as observed by Srubar et al. and Ryan [51,6].
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Fig. 4. Gas composition of the bioreactor headspace during biocomposite degradation.
cellulose positive control is shown in red and the negative control (�Cntrl) is shown in g
referred to the web version of this article.)
4.2.2. Headspace gas composition
Fig. 4 shows the gas composition as measured from the gas

sampling ‘‘T’s” situated inline close to the reactor headspace over
the course of the experiment. CH4 fraction is shown as the solid
lines, and CO2 fraction is the dashed lines. The positive control
samples (cellulose) are expected to have a CH4 percentage around
50%, and the PHBV composites are expected to have a percentage
around 56%. The measured values were higher, but these values
align with other studies using similar media [10,39] and can be
attributed to the increased solubility of CO2 in the liquid phase
as compared to CH4. The data show that there is no significant dif-
ference in headspace gas composition, as would be expected with
primarily the PHBV fraction of the composites degrading.
4.3. Biodegradation

4.3.1. Percent biodegradability
Comparing the measured CH4 production to the theoretical CH4

production for the composite samples yields a decreasing linear
trend in biodegradability with increasing OWF%, as is shown in
Fig. 5a. Fig. 5b shows the biodegradability of the composites by
composite type.

The microcrystalline cellulose controls degraded just over 80%
of the theoretical value for cellulose, indicating a valid positive
control. PHBV and 2mPHBV both reached 83% of the theoretical
P40

P40S

0 2M40

[weeks]

CH4 fraction is shown as solid lines, CO2 fraction is the dashed lines. The Avicel�

ray. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 5. Biodegradation of PHBV-OWF composites shown vs. (a) increasing OWF% and (b) vs. sample type. For the composites with a target OWF of 40%, there is variability
between the expected and measured values, attributed to sample fabrication. Error bars show maximum and minimum values; cellulose (CA), P, P20, and P40 samples were
tested in quadruplicate; other samples were tested in duplicate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 5
Percentage of OWF weight loss and excess CH4 due to fiber degradation by treatment
condition.

Treatment type Degradation of oak wood floura

Weight loss [%] Excess CH4 [mL/g]

Untreated 38 � 11 26 � 14
Silanated 52 � 4 45 � 24
Maleated 39 � 12 22 � 14

a Average of 20% and 40% samples for each sample type� one standard deviation.

Fig. 6. TGA derivative weight % of OWF with no degradation and after anaerobic
degradation in the biocomposites, P20 sample is shown (top). (Bottom) an overlay
of derivative weight % for the major components of OWF: cellulose, lignin, and
xylan. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
value, with slightly more variability in the maleated samples
(PHBV: 83.1 � 0.5%, 2mPHBV: 83.0 � 1.8%). The ultimate
biodegradability of the PHBV samples was greater than 80%, indi-
cating that these samples can also be considered fully biodegrad-
able, which was expected as there have been previous studies on
the anaerobic degradation of PHBV in simulated landfill environ-
ments [52–55,25,56]. The samples in this study are larger than typ-
ically evaluated, however, so it was important to confirm complete
biodegradation and to provide a reference for the composite sam-
ples. The 2mPHBV samples also fully degraded, indicating that mal-
eation did not negatively impact the biodegradability of the
bioplastic.

As expected, the composite samples did not fully biodegrade in
the time frame of these experiments. The P20, P20S, and 2M20
samples reached 73%, 70%, and 73% respectively. The P40, P40S,
and 2M40 samples reached 60%, 54%, and 62%. This variability



between composite sample types is due to the differences between
the target and actual OWF content of each of the different sample
types (Table 1). Research on the anaerobic degradation of various
lignocellulosic materials, including hardwoods, reports degrada-
tion of the cellulosic fraction and very slow degradation of lignin
[57]. The contribution of the OWF to biogas production is discussed
in Section 4.3.2.

4.3.2. Degradation of the fiber
Table 5 summarizes the average OWF mass loss and excess CH4

production attributed to the fiber fraction of the biocomposites, as
described in Section 3.6.2. When calculating excess CH4, it was
assumed that the PHBV and 2mPHBV degraded to the same extent
as the samples without OWF (average value, 83% for both). Because
there is some uncertainty regarding the extent to which the OWF
would be bioavailable, it was notable that degradation of the
OWF was observed both in the CH4 production data as well as
the post-experimental weight loss measured for the fibers.

Fig. 6 (top panel) shows derivative weight loss as measured by
TGA for undegraded and post-degradation OWF. Fig. 6 (bottom
panel) shows the overlay of derivative weight loss TGA for the
three main components of wood: hemicellulose, cellulose, and lig-
nin. As can be observed in the TGA data, there is a change in the
cellulose peak (at 310.6 �C) between the pre- and post-
degradation samples of the OWF for the 20% OWF composite data
shown. A change in the weight loss above 350 �C was also
observed. A similar trend was observed for the treated 20% samples
and the 40% untreated sample. This observation is evidence that
degradation primarily occurs in the cellulose component of the
WF matrix. The composition of OWFis expected to be approxi-
mately 38–43% cellulose, 24–28% hemicellulose, and 20–26% lignin
[41], so the observed weight loss and CH4 production fall within a
reasonable range for partial degradation of the cellulose
component.
5. Conclusions

A standard methodology was developed to assess CH4 produc-
tion from and biodegradability of composites undergoing anaero-
bic degradation in a simulated landfill or AD environment. This
methodology was then applied to injection molded PHBV-WF com-
posites with two fiber-matrix compatibilization treatments chosen
for in-service performance. In order to predict CH4 production dur-
ing biodegradation of the composites, the test for wastewater
organic matter, COD, was modified to measure lignocellulose and
composite materials, providing a quick and simple method to eval-
uate organic carbon content and predict theoretical CH4 produc-
tion. Actual CH4 production was measured and experimental
values were fit using a modified Gompertz growth model for batch
anaerobic systems, which provided a good fit for the CH4 produc-
tion data for all samples (R2 > 0:99). Lag time to initiation of CH4

production, maximum production rate, and ultimate CH4 produc-
tion were quantified and used to determine the impact of fiber
fraction and fiber-matrix compatibilization treatments on compos-
ite biodegradation. Lag time for CH4 production decreased linearly
with increasing WF fraction, and was not affected by the treat-
ments. The decrease in lag time can be attributed to increased sur-
faces for microbial enzymatic hydrolysis introduced by fibers at
the composite surface. While a linear dependence on CH4 produc-
tion rate with fiber fraction was not observed, the rate was mini-
mally influenced by fiber fraction, with statistically significant
rate increases for silane-treated composites. The extent of
biodegradation of the composites (i.e., ultimate CH4 production)
was not affected by treatments and decreased linearly with
increasing WF, due to incomplete biodegradation of the WF. Partial
WF biodegradation likely resulted from degradation of the cellu-
lose component. Overall, this study suggests that these compatibi-
lization treatments had minimal impacts on anaerobic degradation
and that further optimization of this material system can focus on
in-service properties without negatively impacting biodegradabil-
ity potential at end-of-life.
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