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Abstract— Bioplastics can be manufactured from protein
or carbohydrate sources such as wheat gluten, corsun
flower, keratin, casein, soy, gelatine and whey. Aecently
developed bioplastic is Novatein thermoplastic (NTR
which is produced from bloodmeal by adding water, tea,
sodium sulphite, sodium dodecyl sulphate and tri-étylene
glycol (TEG), allowing it to be extruded and injecton
moulded. Bioplastics, compared to their petroleum
counterparts, can readily adsorb or lose water, with then
changes their physical properties such as tensilérength
and glass transition temperature. NTP at differentTEG
and water contents was exposed to 20-85% relative
humidity (RH) environments and change in mass recated
over 35 days to determine equilibrium and dynamic
moisture adsorption behavior. Equilibrium behavior was
modelled using modified Freundlich and Langmuir-
Freundlich isotherms, and dynamic behavior modelled
using Pilosof, Singh-Kulshrestha, exponential, Lamguir-
Freundlich and simple rate equations. Excellent 6 were
obtained for both isotherms and the last three rate
equations gave best overall fits for dynamics. NTP
adsorbed up to 28% by weight in water at 85% RH,
reaching equilibrium within 20 days. Plastics withhigh
TEG had a greater affinity for water but lower water
adsorption rates, while dry plastic samples had aolver
adsorption rate than wet samples. The two parameter
Freundlich model and the exponential or simple rate
model is recommended for modelling NTP equilibrium
and dynamic water adsorption.
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. INTRODUCTION

Renewable and compostable bioplastics have be
successfully developed from different protein sesrsuch as
wheat gluten, corn, sun flower, keratin, caseiry, s®latine
and whey [1]. A recent promising bioplastic is Ntain
Thermoplastic (NTP) produced from bloodmeal, a ligh
aggregated, cross-linked and insoluble product ftoenmeat
processing industry. This is achieved by mixing dolimeal
with urea, sodium dodecyl sulphate, sodium sulphitd tri-
ethylene glycol to reduce hydrogen-bonding, hydodyd
interaction and cross-linking and increase proteimain
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mobility, allowing it to melt and be extruded angjeiction
moulded under relatively low temperatures [2, 3].

Protein based plastics tend to be hygroscopic wiiaits
their long-term stability and affects their meclahiproperties,
but also improves their compostability comparedraalitional
plastics. For example whey based films will adsgptto 50%
by weight water at relative humidities greater tv®6 [4],
NTP up to 40% [5] wheat gluten up to 40% [6], paytose
up to 40% [7], semolina up to 40% [8], and wheauflup to
30% [6]. An additional problem is plasticiserstahle for
protein plastics such as tri/poly-ethylene glyagicerol, and
levulinic or oleic acid [9] are also hydrophilieidreasing water
binding and equilibrium moisture content [9-18]. atAf
adsorption will reduce protein-protein interactipresulting in
the plastic transitioning to a more rubbery statiéhwa
consequent reduction in tensile strength and Yaungidulus
[1, 5, 9, 15, 19-26]. In addition water adsorptigitl increase
the free volume between protein chains, increasirader
diffusion into the plastic [11, 15-17, 27, 28], whi
consequently leads to a rapid increase in moistargent at
high humidity [11].

While protein-based plastic mechanical propertias be
very sensitive to changes in relative humidity, ithe
hydroscopic nature makes them suitable for compgstdeal
moisture contents for composting is around 40 t&.60In
composting trials for NTP, unplasticised plasticmpées
increased in mass by water adsorption by 41% &fterweeks
while samples plasticised with TEG only increasgd1@%,
with moisture content settling to 50-60% afterwaeks [29].

Knowledge of rate and extent of water adsorptionsisful
in determining how bio-plastics will behave in #®vironment
in terms of predicting mechanical properties, shfdf and
compostability. Water adsorption behaviour of pirotand
food based materials are typically determined hyosing the

aterial to different relative humidities over timand
recording their change in mass. This provides libgiuim
moisture content and the rate of adsorption or mhtiso.
Protein based materials will typically exhibit apgyll or Type
lll isotherm when equilibrium moisture content i$otped
against relative humidity [4, 8, 9, 30]. Type ldsarption
involves the formation of a monolayer of water tigh
chemisorption at low relative humidities, followedy
multilayer adsorption at higher humidities [19] the protein
structure opens up and there is increased freenehetween
protein chains. Type Il is typically multilayedsorption. A
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large number of equations have been developed tdeimo
adsorption equilibrium behaviour such as BET, Guggén,
Anderson, and de Boer (GAB), Caurie, Halsey, Sniitbwin,
Bradley, Harkins—Jura, Iglesias, Henderson, DarcwattW
Flory—Huggins, Ferro-Fontan, Park, modified GAB,dan
Langmuir and Freundlich [10, 12, 13, 15, 16, 18, 3B-34].
Verbeek and Koppel (2012) showed water adsorptidreshly
injection moulded NTP and dried samples exhibitetyme
[I/1l isotherm and found the BET and Flory-Huggiisetherm
fitted well with experimental data [5].

Rate of water adsorption can be found by fittinglgtical
type models such as the Peleg [35], Pilosof [36, Sihgh-
Kulshrestha [38] or exponential type [6] modeldiefmatively,
a numerical approach can be used such as by aglayen
Langmuir-Freundich model to determine rates of gatfm
and desorption. The Pilosof,
exponential models have an equilibrium moistureteanterm
thereby allowing a suitable isotherm model to beduso
predict equilibrium moisture content, and the redg@ations to
determine how long it takes to reach equilibrium.

To achieve a good fit with a coupled kinetic/edprilim
isotherm model, an excellent fit is required foe #dsorption
isotherm. The Langmuir
homogeneous adsorption and is well suited to miodellype |
isotherms where the sorbent has a high affinitytiersorbate.
It is widely used in gas adsorption and proteinogatson in
chromatography [34]. The Freundlich isotherm igadle for
non-ideal, multi-layer and heterogeneous adsorptamd is
widely used for highly interactive compounds oniweated
carbon and molecular sieves [34]. These two motieis
been combined to give the Redlich-Peterson, Sipskable-
Corrigan isotherms, also called the Langmuir-FréiahdLF)
isotherm.

The aim of this paper was to use the LF and Frézindl
models to determine equilibrium adsorption behavifuNTP
at different humidities and compare the LF modeltie
Pilosof, Singh-Kulshrestha, and exponential modeterms of
determining rate kinetics.

Il EXPERIMENTAL

A. Materials

isotherm assumes monolayer,

The total amount of plasticizer (water plus tridéme
glycol) was kept constant at 60 parts per 100 gadsdmeal
(pphBM). Three different mass ratios of TEG to watere
used, 1:1 (30 parts TEG: 30 parts water), 1:2 @%prEG:35
parts water) and 5:6 (20 parts TEG:40 parts water).

Extrusion was performed using a ThermoPrism TSH-T6-
twin-screw extruder at a screw speed of 150 rpnmgus
temperature profile and screw configuration showrfig. 1.
Actual melt temperatures were within 2°& of the set
temperatures. The extruder had a screw diametes aim, an
L/D ratio of 25 and was fitted with a single 10 roircular die.
A relative torque of 50-60% of the maximum allowiacthe
extruder was maintained (12 Nm per screw maximuoy),
adjusting the mass flow rate of the feed. The elerwas fed
by an oscillating trough and the extruded matemals

Singh-Kulshrestha,d angranulated using a tri-blade granulator from Cabtachinery

Manufacturer Ltd., New Zealand.

15t Mixing 2nd Mixing

3 Mixing

“Feeding ' Zonel1 ' Zone2 Zone 3

Zone

cooled 70°C 100 °C 100 °C 100°C 120°C

Figure 1. Extruder screw configuration and corresponding teratire
profile.

Test specimens were produced using a 22 mm screw
diameter BOY 15 S Injection Moulding Machine. Speens
were injected through a cold runner into a watetds mould.

The shape of the tensile test specimens was irnrdance with

ASTM D638. A temperature profile of 70 (feed zork)5 and
120 oC (die zone) was used employing 1200 bar tinjec
pressure and 400 bar back pressure at screw sp&éé min-

1. A 20-s cooling time was allowed in a mould lotkeith 30

kN locking force. Samples were injection mouldededily

after extrusion and granulation, without furthenditioning.

C. Sorptionisotherms

Eight saturated salt solutions were prepared aackgl into
separate air tight containers at°@8to yield the required

Bloodmeal was obtained in powder form from Wallacerg|ative humidity, as outlined in Table 1.

Corporation, Hamilton, New Zealand and sieved t@egrage
particle size of 700um. Technical grade sodium dodecyl
sulphate (SDS) was obtained from Biolab NZ, anedytgrade
sodium sulphite from BDH Lab supplies and agriaatgrade
urea from Balance Agri-Nutrients (NZ).

B. Method

NTP was prepared by blending 100 parts by mass

bloodmeal with 3 parts SDS, 3 parts sodium sulpaitd 10
parts urea dissolved in water. Samples were prdpase
dissolving all additives in the appropriate amouwifitwater
followed by blending with bloodmeal powder in a thigpeed
mixer after which the required amount of plasticizeas
added. The mixtures were stored over night befgireigion.

TABLE I. SATURATED SALT SOLUTIONS USED

Salt Relative humidity (%)
Lithium chloride LiCl 11.1-12.6
Potassium acetate GEOOK 23.1+0.3
Magnesium chloride Mg€l 33.1+0.2
Potassium carbonate 280z 43.2+0.4
Sodium bromide NaBr 59.1+0.5
Potassium iodide Ki 69.9+0.3
Sodium chloride NacCl 755+0.2
Potassium chloride KCI 85.1+0.3




Relative humidity was measured using a Lutron HUS0 diffusion through the plastic and adsorption/degorp A time
hygrometer. Samples for adsorption were pre-driett?iC for  step of 0.01 days was used.
3 days before being placed in humidity chambersob#ion
samples were placed directly into chambers aftgciion
moulding. Moisture content was monitored gravinoaify
over time; it was assumed that when three consecuotasses The Pilosof model [36]:
were observed equilibrium had been reached. Sampdes
left for 30-37 days to equilibrate. Final moistwentent was (Cwate, *=Cater |t:0)t
determined gravimetrically by oven drying at 103@C€ 24 h. Cuater |t = Cuater |t:0 * B+t (5)
Tests were conducted in triplicate and the avertajes.

Three analytical models were also fitted to experital
data:

where B is the time taken for the sample to reahthe

D. Analysis equilibrium concentration.

The Freundlich (1) and Langmuir-Freundlich (2) dpres The Singh-Kulshrestha model [38]:
were used to determine water adsorption paramefers
(equilibrium constant),Cs (Saturation capacity, g water/g _ (Cwater * ~Cater [ )kt
sample dry weight) and (Freundlich parameter) (Table 2) by Cuiater |t = Cuater |t:0 * Kt+1 6)
fitting the equations to equilibrium data (Figu2& and B).
Cwater IS the concentration of water in the sample (gewgt where k is a mass transfer rate (1/days).

sample dry weight) at equilibrium aiH is relative humidity. An exponential model [6]:

RH "
* = | R ~t
- I S SOV ST
RH )" Goodness of fit was evaluated for all five modeding R
K(loo] Ceat and RSME and and B was adjusted using Excel solver to
Coer ¥ = ————2—— 2) increaseR’ and reduce RSME.
n
1+ R
100
Goodness of fit was calculated using the coefficieh Il RESULTS AND DISCUSSIONS

determination ) and residual sum of mean errors (RSME). o
Excel Solver was used to adjust parameters to msefiand A Adsorption isotherms
minimise RSME. Water adsorption data for both wet and dry samghesv
that the 30:30 and 35:25 samples have very sirgtgherms
(Fig. 2 A and B), while the 40:20 samples show welo
affinity for water. Standard deviations were tyglig small, up
Yo RH " to 5% of the average moisture content obtained efach
water kl(_] ((;sat _Cwater)_kZ(Cwater) (3) condition. The exception was for the 30:30 dry gla® at
ot 100 20% humidity where the standard deviation was upbQ86
because only a small amount of water had adsorbea the
samples and there was a large amount of scatteredéced
affinity for water with decreasing TEG content dsnexpected

To determine kinetics the non-equilibrium form dfet
Langmuir-Freundlich equation was used:

wheret is time,k; is the rate of adsorption akglis the rate
of desorption.

A simple numerical model was also used: as TEG is well known to be hydroscopic due to hgitst to
form hydrogen bonds and its solubility in water.EQ is
0C,ater —k( *_C ) 4 routinely used for dehydrating natural gas in thegrgleum

- water water ( )

industry. The wet samples (Fig. 2 B) down to 20&midity
contain about 0.7g water per g dry weight, presuynalater
. . ; > that is strongly bound to the protein, while foe thven dried
F_reundhch and num.encal model were so_Iyed usmgfi.hlte samples, this water content is reduced to zero.e dtied
difference method with the boundary conditions=a0 for: samples (Fig. 2 A) appear to show a Type Il isothavhere it
Dry samplesCiater = 0 appears that it will keep adsorbing without reaghsaturation.
.. While the wet samples show a Type Il isotherm wheager

Wet samplesCyqe = measured water content of injection agsorbed initially forms a “monolayer” achieved BY%

moulded sample humidity, after which it forms “multiple layers”.

Relative humidity was assumed to remain constaer ov T satisfactorily model “wet” samples obtained dilg
time _and Cuater Was assumeq to be constant throughout thgom the injection moulder G4 term (g water / g sample dry
plastic specimen. Therefode in both models represents an weight) was added to the Langmuir-Freundlich areLiRdlich

overall mass transfer coefficient that. combingsfudibn of equations to represent water that was strongly déaiprotein.
water molecules to and from the plastic surfackd smd pore

ot
wherek is the rate of mass transfer. Both the Langmuir
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Figure 2. Equilibrium water adsorption isotherm for A. driseimples and B
wet samples. Langmuir-Freundlich (L-F) model custaewn for 30:30 dry
and wet data only.

RH "
Cwater* = Chold + K(mj (8)
n
100 Can
Cuater * = Choig * . ©)
1+K| —
(%0

While it would be expected that bound water would

decrease at humidities below 20% such as in expetsrfor
semolina [8] and zein [9], it would be reasonalleassume
atmospheric and air-conditioned room humidities Monot
drop below 20% (e.g. for Las Vegas) and 30-40%eaetsely.

TABLE II. EQUILIBRIUM PARAMETERS. Obtained by fitting equation 8
and 9 to Fig. 2A and BCyyq = 0 for dry samples and 0.07 for wet samples.
30:30 35:25 40:20 30:30 35:25 40:20
dry dry dry wet wet wet

LF (Best fit)
Caat 2.82 0.8 2.95 2.63 5.68 1.29
K 0.22 1.22 0.22 0.28 0.13 0.65
n 3.58 4.19 4.06 4.43 4.71 5.12
R 0.997 0.997 0.998 0.999 1 1
RMSE 0.0052 0.0058 0.0041 0.0033 0.0022 0.0014
LF (Ce=3.11 andK = 0.21)
n 3.81 3.73 4.04 411 4.24 4.69
Chald 0 0 0 0.07 0.07 0.07
R 0.995 0.992 0.998 0.997 0.993 1
RMSE 0.007 0.0094 0.0041 0.0054 0.0092 0.0018
LF (Cst = 1.28 anch = 4.48)
K 0.69 0.7 0.65 0.65 0.64 0.55
R 0991 0986 0998 0997 0989 0.994
RMSE 0.0099 0.0126 0.0044 0.0057 0.0112  0.007
LF (K = 0.31 anch = 4.18)
Ca 2.34 2.37 2.24 2.26 2.23 1.95
R 0.99 0983 0998 0.997 0.99 0.993
RMSE 0.0102 0.0135 0.0041 0.0054 0.0108 0.0081
Freundlich (Best fit)
K 0.54 0.53 0.57 0.62 0.67 0.57
n 3.35 3.22 3.82 412 455 4.44
R 0.997 0.994 0998 0.999 1 0.999
RMSE 0.0055 0.0078 0.0044 0.0037 0.0018 0.0024
Freundlich K = 0.57)
n 3.58 351 3.84 3.86 3.98 4.44
R 0.995 0.991 0.998 0.997 0.993 0.999
RMSE 0.0072 0.01 0.0044 0.0058 0.0093 0.0024
Freundlich g = 3.85)
K 0.6 0.61 0.57 0.58 0.57 0.5
R 0.99 0.982 0.998 0.997 0.991 0.992
RMSE 0.0103 0.014 0.0044 0.0056 0.0104 0.0082

Cs: ranged between 0.8 and 5.68 g water per g dryhtveig
(Table 2 — LF Best fit). This implies that giveretbpportunity,
NTP will be saturated with water between 45-85% stwe
content, i.e. when it is a slurry in the extremesesa
Fortunately, this will not occur unless the plassiplaced in a
water bath, which makes tli&, term physically meaningless.
Therefore the Freundlich equation is better suliedause it
has less terms, but it is empirical compared toLtéegmuir
equation which at least has a theoretical basis.

K represents the affinity of the solid towards tloebent,

Three days of drying at 70 removed bound water from the i.e. the higher th& the greater the affinity, while n represents

dried sample, therefol@,,4 for the dried samples was 0.

Excellent fits between the Langmuir-Freundlich and

Freundlich models and experimental data were obdainith

R? ranging between 0.994 and 1 (Table 2 — LF best fit

Freundlich best fit), showing that the modified bamuir-
Freundlich and Freundlich equations are ideal fadetiing
water adsorption isotherms for NTP. In a previpaper, the
GAB, BET, FH and Osw isotherms were used resuliing?
values of between 0.952 to 0.989 with the Osw ariil B
equations giving the lowe$? values [5]. The GAB and BET
equations over predicted equilibrium water coneditn in the
plastic at relative humidities below 50% and ungesdicted
water concentrations at relative humidities abo?865 The
Langmuir-Freundlich and Freundlich equations irs thiork
showed a much better flexibility in fitting the gieaof the
adsorption isotherm.

the favourability of the adsorption. A lowbelow 1 implies
chemisorption, typical for Type | isotherms, whalen above 1
implies cooperative adsorption, typical for Typelll [34] or
Type V. In both cases, the high n value and isatheurve
shape suggest cooperative adsorption where igitjaibtein
has to be opened up by water to increase regicaitable for
adsorption. Unfortunately, while the Langmuir-Frdlich and
Freundlich models gave excellent fits, they aldovadd for a
range ofK, Cs andn that can be fitted to the data with equally
good R, which prevents a direct comparison between sample
types and conditions and their effect on the isothe
parameters. Therefore to determine the effectrefdpying
and plasticiser content on the equilibrium paransetisotherm
curves were fitted by varying one parameter ouf,0€¢; and
n across all plasticiser contents and wet and dnypsss and
making the remainder constant (Table 2).



For both dried and wet samples, the equilibriunthisom
became less favourable with decreasing TEG, showra b
decreasindCs; andK and increasing n (with the exception for
35:25 dry wheren decreased). A decreasikgindicates a
reduced affinity for water and is shown by a deseein the
slope of the isotherm. As was stated before, TEGahstrong
affinity for water, therefore decreasing TEG willduce the
plastic’'s affinity for water. Increasin@s with increasing
TEG can be explained by the TEG providing additicsites
for hydrogen bonding by the water and also increptiie free
volume of the plastic, also increasing adsorptidtess
Parameters for 30:30 and 35:25 dry and for 30:30 28125
wet were similar indicating that TEG's effect on ¥ affinity
for water decreased or plateaued with increasingG TE
concentration.

B. Adsorption kinetics

As the Langmuir-Freundlich model allowed for a rargf
K, Cs andn that can be fitted to the data with equally g&6d
this then impacts on the rate const&ptused to fit the kinetic
data, as adsorption curves which look similar Wwidlve quite

differentk; depending on the equilibrium parameters that were

fitted to the isotherm. This prevents direct corgmm of rate
constants for the different plasticiser contentd aet and dry
samples. Therefore Pilosof, Singh-Kulshrestha,oazptial

and numerical models were used to fit the kinedimdising the
plastic equilibrium water concentration predicteg khe

Langmuir-Freundlich model.
goodness of fit are shown in Table 3. Example expntal
data and model curves for concentration of watehénplastic
with time are shown in Fig. 3 and 4.

TABLE Il KINETIC PARAMETERS Average k and B values for each
plasticiser content for wet and dry samples areamesl from values for 60,
70, 75.2 and 85.4 humiditie®? and RSME for each model and condition
were evaluated by comparing model and experimelatal for all humidities.

30:30 35:25 40:20 30:30 35:25  40:20
dry dry dry wet wet wet
Pilosof model
B 3.578 3.365 271 2,777 3.4 2.742
0.982 0.986 0.989 0.993 0.994 0.989
RMSE 0.011 0.01 0.009 0.007 0.007 0.008
Singh-Kulshrestha model
k 0.287 0.3 0.372 0.425 1.226 2.175
0.981 0.985 0.986 0.993 0.994 0.989
RMSE 0.012 0.01 0.01 0.007 0.007 0.008
Exponential model
B 7.404 7.072 6.102 6.065 6.434 4.927
R 0.998 0.998 0.998 0.993 0.993 0.985
RMSE 0.004 0.004 0.004 0.007 0.007 0.009
Numerical model
k 0.136 0.142 0.164 0.174 0.208 0.454
R 0.998 0.998 0.998 0.993 0.993 0.982
RMSE 0.004 0.004 0.004 0.007 0.007 0.01

Parameters obtained an
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Figure 3. Comparison of the numerical, exponential, Pilosaf 8ingh-
Kulshrestha models to experimental data for 3013Gsdmples at a relative
humidity of 85.4%. The numerical and exponentiatiels overlap each other
over the experimental data and the Pilosof andrBifigshrestha models

overlap.

The Pilosof and Singh-Kulshrestha models over-edtoh
the initial adsorption rates for dry samples (RBj.resulting in
R? values or 0.982 to 0.989 for the dry samples @a&)! The
goodness of fit for wet samples was generally betten for
the dry samples, indicating both models could bedus
aatisfactorily for the wet samples.

The exponential and numerical model and experinhenta
data showed excellent fits for dried samples inditay the
high R? values (0.998) and low RSME (0.004). The goodness
of fit for the wet samples was slightly less wii§ values
between 0.982 and 0.993 and RSME between 0.0070 and
0.0101. The worst fits were for 40:20 wet curvehere it
appears that water adsorption was not occurringd®st 0 and
5 days for the samples at 85% humidity and water
concentration dipped initially for the samples &% humidity
and then increased (Fig. 4). It is uncertain why thight have
occurred, but given that each data point is anaaeenf three
samples, it points to there being an issue withsfiecimens or
experimental setup for these conditions.

For the dry samples, B/from the Pilosof matches closely
with the k value from the Singh-Kulshrestha model and
likewise for the exponential and numerical modebr the wet
samples, the match was not as good generally Wegtgr or
lower by as much as 0.2 for the Singh-Kulshrestith Rilosof
models. For the exponential and numerical modhel,match
within 0.05 for the 30:30 wet and 35:25 wet sampleg was
out by 0.25 for the 40:20 wet sample. The dispasitlikely
due to the greater difficulty in fitting the modetis the wet
sample data which was of poorer quality compareth¢odry
sample data. Where the data is good and a gowdfithieved,
rate parameters can be obtained from the expohentdel
and used reliably in the numerical model.
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Figure 4. Comparison of the numerical model anceerental data for change in water concentratiqoréadried and wet plastic samples at
different plasticiser contents (water:TEG) and hditigs. For clarity, the curves for 20.6 and 32.@%tive humidities have been omitted.

At 85% humidity water concentration increased uf.®9
g water per g dry weight, reaching 90% of the finglter
concentration within 15 days. Water adsorptior vabult in
the protein plastic transitioning from a glassyusture to a
rubbery structure with lower mechanical propert[gs 9].
Equilibrium in all cases was reached within 25-39«

Adsorption rate decreased with increasing TEG f@- p
dried and wet samples (shown by the decreakain increase
in B, Table 6). This could be due to TEG restrictingtav
diffusion into the sample due to stronger H-bondirgraction
between it and the water than between the watemaoigin.
Water and ethylene glycol have been shown to forbohided
structures where the hydroxyl oxygen atoms will ptar with
two water molecules, forming a hexatomic
strengthens water—ethylene glycol H-bonding [28].

ring that

Wet samples showed a higher adsorption rate (shoywan
higherk and decrease B, Table 6), likely due to a more open
protein structure due to greater hydration of thetgin,
compared to pre-dried specimens where the watkydration
between/within proteins has been reduced. Dryirgulev
result in greater H-bonding between/within the eimt,
resulting in a more closed structure restrictingewaiffusion.
Drying by heating can cause unfolding of proteiesuiting in
a more hydrophobic structure, also reducing wapéake [39].
Subsequent work to this paper looking at the eféédieating
on NTP protein structure using the infra-red beaenlat the
Australian Synchrotron showed heating over timegased3-
sheet structures in the proteirfssheet structures are stabilised
by H-bonding, hence sites for H-bonding by wateuldde no
longer available resulting in less water diffusiand lower
water sorption capacity.



C. Implications

In humid environments, conditioned NTP will adsagbto
26-30% by weight water, reaching 90% of its finadight
within 15 days (this will depend on the shape dncknhess of
the product), resulting in a more rubbery structwith lower
mechanical strength. Conversely, water desorptiondiy
environments such as air conditioned rooms wilulteis the
plastic becoming more brittle. For NTP to be sabhd
prevent a change in mechanical properties in huonidiry
environments, it will either need to be coated veithrotective
layer to reduce or prevent moisture uptake, or weter
replaced with a less volatile plasticiser or TE@laeed with a
more water resistant plasticiser. Generally cgatiwould not
be ideal because water adsorption/desorption cooddir in
localised areas where the coating has been scdatchs an
example for a plasticiser, Lawton (2004) showechgiglibuyl
tartrate as a plasticiser for zein films had a miaeter loss in
tensile strength and Young's modulus at humidibeswveen
than 20-60% than when TEG was used [9].

Conversely, for rapid composting/biodegradationpida
water uptake and high equilibrium moisture contemood. In
the conditions explored, NTP never reached the A@isture
content when exposed to air but it reached 28% tomeis
content for the wet samples (0.39 g/g dry weight3e:25 wet
samples within 25-30 days at 85% humidity. Theefof
disposed of on the ground, landfill or compost inwat
environment, NTP should begin to degrade readiigrahree
to four weeks (see [29]).

CONCLUSIONS

This work showed that the modified Langmuir-Freuotul
and Freundlich isotherm was excellent for modellingter
adsorption equilibrium behavior for NTP. A relativesimple
rate kinetic model or exponential model coupledhwihe
Langmuir-Freundlich isotherm is suitable for preudig
moisture adsorption/desorption with time. These twodels
could then be coupled with another model that jgtedlastic
mechanical properties based on water content. Wiitigd then
allow predictions of how NTP would behave in specif
applications in environments with changing huméiti This
would then allow some assessment of the suitalaifity TP for
specific applications. The Pilosof and Singh-Kutstha
kinetic models over-predicted the rate of adsomit@sulting in
a worse fit than the simple rate model or the erptal
model. However, all models performed similarly foodelling
desorption.
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