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Abstract
This study evaluated the mechanical, thermal, water soak, and rheological properties of mixed plastic waste (MPW) in 
combination with fibers derived from residual hops bines and coupling agents or dicumyl peroxide (DCP) to form composite 
materials. Hop bines were pulped to afford individual hop fibers (HF) in 45% yield with 78% carbohydrate content. The MPW 
comprised mainly of PET, paper, PE and PEVA. Tensile moduli and strength of the formulations ranged between 1.1 and 2.0 
GPa and 11 and 14 MPa, respectively. The addition of hops fiber (HF) improved the tensile modulus of the formulations by 
40%. Tensile strength was improved by the addition of coupling agents by 11% and this was supported by determining the 
adhesion factor by dynamic mechanical analysis. However, the addition of DCP resulted in a reduction of tensile proper-
ties. The melt properties of the formulations showed shear thinning behavior and followed the power-law model. The water 
absorption tests for most of the MPW formulations gave an 11% weight gain over 83 d except for the DCP treated composites 
(14–16%). The fabricated composites can be used in non-structural applications such as (garden trim, siding, pavers, etc.).
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Novelty Statement

The novelty of this article is the utilization of waste 
streams such as hop bines which were pulped to produce 
fiber in combination with non-recyclable mixed plastic 
waste to produce composite materials.

Introduction

The environmental protection agency (EPA) estimated 
a total of 292.4 million tons of municipal solid waste 
(MSW) was generated in 2018 in the United States and 
only 69.1 million tons were recycled. Plastic which is 
one of the components of MSW account for about 12% 
of the total generated and only about 273,000 thousand 
tons were recycled, the rest recovered for energy and is 
largely landfilled [1]. The environmental impact of plas-
tic waste cannot be understated, the accumulations and 
presence of plastics in the environment (terrestrial and 
marine) is largely down to improper disposal and spillage 
from ship [2]. Plastics come in a variety of types, such as 
polyethylene (PE), polypropylene (PP), polystyrene (PS), 
polyethylene terephthalate (PET), plus many others and 
recycling efforts try to segregate these individual plas-
tics to regain value [3]. However, not all plastics can be 
recycled and especially mixed plastic wastes (MPW). The 
collection of plastic packaging (clamshells, pouches, etc.) 
and single use plastics via various recycling programs has 
spurred the development of new value-added products like 
composites through a process known as mechanical or sec-
ondary recycling [4]. The past few decades have seen the 
rise of fiber-reinforced polymer-based materials because 
of their non-corrosive properties, high strength to weight 
ratio [4, 5]. A review on polymer composite materials is 
given by Hsissou et al.[6].

Properties of materials like MPW composite can be 
improved for better mechanical, rheological, morphologi-
cal, and thermal performance through the use of coupling 
agents and crosslinkers [7–10], and these additives help 
to bind polymers, improving interactions and compatibil-
ity between constituents of a composite. Fibers can also 
be added into polymers for reinforcement which helps for 
improved strength, better stress transfer. Recently, natural 
fibers have been slowly finding their way into composites 
because of growing ecological, environmental and sustain-
ability awareness, this paradigm shift away from synthetic 
fibers for reinforcement has resulted to product design 
and processes that are compatible with the environment 
[11]. Some natural fibers which have been studied include 
agave, pine flour [12, 13], hemp fiber [14–16], wood flour 

[17], agricultural fibers [5, 18], hops fiber (HF) [19], and 
bamboo fiber [20]. The use of natural fiber has a lower 
tensile strength and moduli when compared to synthetic 
polymeric fiber, however they often show significant larger 
elongation which gives better damage tolerance. Other 
advantages natural fibers possess over synthetic fiber 
includes but not limited to being inexpensive, recyclable 
(completely or partially), and biodegradable [4, 5].

Hops bines are stems that climb by wrapping around a 
rope support and are cut back annually after harvesting the 
flower and discarded. The discarded bines could be utilized 
for their fiber. One study has been found that utilized HF 
in PP composites [19]. HF was generally characterized by 
its high cellulose content and low crystallinity. The hops 
composites had relatively low strength and modulus but with 
elongation higher than that of hemp-based composites [21].

Natural fiber composites are often made by melt process-
ing via extrusion or injection molding into a product. Melt 
flow (rheology) and thermal characteristics of these com-
posites will aid in establishing suitable processing param-
eters [22]. The rheological properties of composites [23] 
and wood plastic composites (WPC) [24] have been recently 
reviewed. Dynamic rheological testing is often favored due 
to a reduced composite breakage due to low frequency 
applied during the experiment [18] and capillary rheometer 
due to its simplicity, ease to fill with regards to high viscous 
melt when processed at high temperature and having similar 
shear rate and flow geometry found in processes such as 
extrusion and injection molding [18, 25].

The aim of this study is to utilize mixed plastic waste in 
composite materials. The MPW was compounded in com-
bination with pulped hops fiber and coupling agents to form 
extruded composite materials. The rheological, thermal, 
physical, and mechanical properties of the various compos-
ite materials were determined and compared.

Material and Methods

Materials

The MPW containing paper fiber was provided as shredded 
material (around 25 mm) by Convergen Energy (Green Bay, 
WI). Glycidyl methacrylate polyolefin (GMPE, Graftabond 
ECO-RG 00130C) and maleated polyolefin (MAPE, Grafta-
bond ECO-RM 00325C) were provided by Savanture LLC 
(Mt. Pleasant, MI). Dicumyl peroxide (DCP, 98% purity) 
and PEVA (12% vinyl acetate content) were purchased from 
Sigma-Aldrich. Recycled LDPE (Advanced Environmental 
Recycling Technologies) and PP copolymer (Dow 6D83K) 
were provided by Dr. Karl Englund (Washington State 
University). Hop (Humulus lupulus) bines (supplementary 
material Fig. S1) were sourced from Yakima Chief Ranches 
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(Yakima, WA). The dried hop bines (~ 15 cm long pieces, 
450 g × 3 batches) were boiled in 2% NaOH (97% purity, 
15 L) for 2 h, cooled to room temperature and washed with 
water until neutral [26]. The softened hop bines were then 
treated with 1% sodium hypochlorite (bleach, 6% concentra-
tion) solution (15 L) for 5–6 days with occasional stirring 
to remove lignin, washed extensively with water to form 
a white pulp, defibrated using a food processor, dried and 
yield recorded [27]. The dried HF was Wiley milled to pass 
through a 6 mm screen.

Hops Fiber Lignin and Carbohydrate Analysis

Total lignin content was determined, in duplicate, using 
the acetyl bromide method [28]. Oven-dry HF (5 mg) was 
incubated with acetyl bromide (25% w/w, in acetic acid, 
5 mL) together with perchloric acid (0.2 mL, 70%) at 70 °C 
for 60 min in sealed tubes. The solutions were made up to 
100 mL containing 2 M NaOH (10 mL) and acetic acid 
(25 mL). Absorbance at 280 nm was measured (Genesys 
50, ThermoScientific) and lignin content determined using 
an absorptivity of lignin of 20.09 L g−1 cm−1. Total carbohy-
drate content was determined, in duplicate, using a modified 
phenol–sulfuric acid colorimetric method [29]. Oven-dried 
HF (10 mg) and cellulose standard (Sigmacell type 101, 2 
to 10 mg) were incubated in sulfuric acid (100 µL, 77%) and 
then aqueous phenol solution (1 mL, 5%) and subsequently 
concentrated sulfuric acid (5 mL) were added. Absorbance 
at 490 nm was measured (Genesys 50, ThermoScientific). 
Light microscopy (Olympus BX51) was used to examine HF 
in brightfield mode at ×100 magnification.

Compounding

The shredded MPW (6 kg) was manually fed into a co-rotat-
ing twin screw extruder (Leistritz, 18 mm Ø, L/D ratio of 40, 
200 rpm, barrel temperature zones 160 °C, die temperature 
150 °C, 4.7 kW motor) to form an extruded rod [30]. The 
extruded rod (9 mm OD) was milled with a plastic granula-
tor equipped with a 6 mm sized screen (Sterling BP608, New 
Berlin, WI, USA). To produce a homogeneous material, the 
milled extruded MPW was extruded a second time, fed using 
a K-Tron weight loss feeder (1 kg/h), to form a uniform rod, 
then re-granulated, as described above. The twice extruded 
MPW granules was subsequently blended with either MAPE 
(2%), GMPE (2%), DCP (0.5%), HF (10%), MAPE (2%) 
plus HF (10%), GMPE (2%) plus HF (10%), or DCP (0.5%) 
plus HF (10%) in 700 g (total) batches (supplementary mate-
rial Table S1). For the DCP containing formulations, DCP 
(14 g) was dissolved in acetone (100 mL) and sprayed on 
MPW with continuous mixing in a Kitchen-Aid mixer, air 
dried overnight, and then vacuum dried for 24 h at 40 °C 
[31]. The various blended formulations and MPW control 

were fed into the extruder using a mass loss feeder (K-Tron) 
at 0.5 kg/h to form a ribbon (3.5 mm × 50 mm).

Fourier‑Transform Infrared Spectroscopy (FTIR)

FTIR spectra of 100 randomly selected shredded MPW sam-
ples were acquired on a Nicolet iS5 spectrometer (Thermo-
Scientific, Madison, WI, USA) using an attenuated total 
reflectance (iD5, ZnSe) accessory. Data was analyzed using 
OMNIC v9.8 software.

Thermal Analysis

Thermomechanical analysis (TMA) was performed on a 
PerkinElmer TMA-7 instrument (Shelton, CT, USA) to 
determine the softening temperature (Ts) of composite 
samples (2 × 1.5 × 1 mm3) under nitrogen (20 mL/min), 
with 10 mN force applied using a penetration probe from 
-30 to 300 °C at 5 °C/min. Dynamical mechanical analysis 
(DMA) was performed, in duplicate, on rectangular speci-
mens (3 × 5 × 20 mm3) using a 3-point bending fixture using 
a 15 mm span, on a Perkin Elmer DMA-7 instrument at a 
frequency of 1 Hz, 0.2% strain, and from − 50 to 150 °C 
at 3 °C/min. Data was analyzed with Pyris v13 software. 
Differential scanning calorimetry (DSC) was performed on 
composite samples (5 mg), in duplicate, using a Q200 DSC 
(TA instruments, New Caste, DE, USA) from 40 °C (3 min) 
and ramped to 300 °C (3 min) at 10 °C/min, then cooled 
to -50 °C (3 min) at -10 °C/min and reheated to 300 °C at 
10 °C/min.

Crystallinity of the polymers (Xc) was calculated using 
Eq. 1 where, ΔHm is the melting enthalpy derived from the 
area under the peak, Wf is the weight fraction of the polymer 
in the formulation and ΔH0 is the enthalpy of fusion of the 
polymers (PP (207 J/g), HDPE (293 J/g), PET (140 J/g) and 
polyethylene vinyl acetate (PEVA, 293 J/g)).

Rheology

Dynamic rheology experiments were performed using a 
Bohlin CVO 100 N rheometer (East Brunswick, NJ, USA) 
equipped with an extended temperature unit with 25 mm 
Ø serrated parallel plates at 190 °C, 0.2% strain, and from 
0.01 Hz to 100 Hz. Complex viscosity (η*), elastic modu-
lus (G’), tan δ and viscous modulus (G”) were measured. 
High shear viscosity measurements were determined using 
a capillary rheometer (Instron Model 3213, Norwood, MA, 
USA) connected to an Instron 5500R-1137 universal testing 
machine (44 kN load cell) at 190 °C at cross head speeds of 

(1)Xc =
ΔHm

ΔH
0
∗ Wf

∗ 100%.
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0.6, 2, 6, 20, 60 and 100 mm/min with a barrel diameter of 
9.5504 mm, and data acquired using the BlueHill v3 soft-
ware. The dies were 14 and 27 mm long with a diameter of 
1.4 mm and an entrance angle of 70°. Samples (8 g) were 
loaded in the barrel and thermally equilibrated for 10 min 
prior to testing. Each sample was run in triplicate. Since the 
L/D ratio was < 200, a Bagley correction was used to correct 
for the effect of drop in pressure during measurement [32].

Tensile Testing

Tensile dog-bone specimens (ASTM D638 type I) of LDPE, 
PP and MPW formulations were prepared by injection mold-
ing (Yuh-Dak Machinery Co. model Y310, 15-ton clamp) 
with a barrel and nozzle temperatures of 210 and 215 °C, 
respectively. The various MPW and plastic samples (8 rep-
licates) were tensile tested on an Instron 5500R-1132 univer-
sal testing machine (Norwood, MA, USA) equipped with a 5 
kN load cell and extensometer (model 3542, Epsilon Tech-
nology Corp) with a cross head speed of 5 mm/min accord-
ing to the ASTM D638. Data was analyzed using Bluehill v3 
Instron software to provide tensile strength, Young’s modu-
lus and energy at maximum tensile strength (EMTS) values. 
EMTS was calculated by integrating the stress–strain curve 
up to the maximum tensile strength.

Water Soak Test

Weight gain of composite samples (25 mm Ø × 3 mm), in 
triplicate, were soaked continuously in a water bath for 83 
d at room temperature. The diffusivity (Df) was calculated 
using Eq. 2.

where Mf is Max moisture content at the end, h is sample 
thickness in meters, M/√ t is the initial slope from the plot 
MC vs √t [32].

Results and Discussion

Hops Fiber (HF)

Hops bines had an original lignin content of 50% and this 
high content could be attributed to flavonoids [33], protein 
[34] and ash components in the bines. The hops bines were 
subjected to sodium hydroxide and bleaching treatments to 
afford a HF pulp (45 ± 3% yield). The HF pulp contained 
loose fibers and were white in color. The HF pulp had a 
lignin and total carbohydrate contents of 12.4 ± 0.5% and 

(2)Df = �

�
h

4Mf

�2
�
�MC

�
√
t

�2

78.3 ± 1.7%, respectively. Reddy and Yang reported lower 
lignin and higher cellulose values of extracted HF at 6 and 
84%, respectively [21]. Furthermore, these discrepancies 
are likely due to the harsher fiber extractions methods used 
(nitric and chromic acid) by Reddy and Yang [21]. Light 
microscopy of the HF showed that the fiber diameter was 
between 15 and 30 µm and fiber length was > 1.5 mm which 
was the field of view (supplementary material Fig. S1).

Mixed Plastic Waste Analysis and Compounding

The loose shredded MPW (supplementary material Fig. S2) 
was compounded by twin screw extrusion, granulated, and 
re-extruded to obtain a homogeneous extruded material. An 
initial extrusion temperature of 200 °C was used, however 
severe degradation was observed as darkening/burning and 
out-gassing of the extrudate possibly due to the presence 
of cellulose/paper in the mixture. Therefore, a lower extru-
sion temperature of 160 °C was used to minimize degra-
dation and this is commonly used for HDPE based WPC 
[32]. This extruded MPW material was then blended with 
either MAPE, GMPE and DCP, and with and without HF 
and extruded into composite ribbons.

The shredded MPW feedstock was analyzed by FTIR 
spectroscopy on 100 random pieces and shown to comprise 
(frequency basis) mainly of PET (31%), paper/cellulose 
(29%), PE (26%), PEVA (10%), PP (3%) and nylon (1%). 
FTIR spectra of the MPW are shown in supplementary mate-
rial Fig. S3. A similar mix of plastics has been observed in 
a study by Xu et al. [30].

The extruded MPW was also analyzed by FTIR spectros-
copy (Fig. S4) and an O–H stretching band was observed at 
the 3296 cm−1 which indicates the presence of a hydroxyl 
group of cellulosic material. The prominent C-H stretching 
vibrations at 2915 and 2848 cm−1 attributed to the meth-
ylene (–CH2–) family [30, 35]. Bands at 1464, 1376 and 
1161 cm−1 were assigned to C–H stretching bands of –CH2, 
–CH3 and CH groups, respectively and distinctive of propyl-
ene [36]. The presence of PEVA was also confirmed by the 
presence of absorption bands at 1464, 1019, and 719 cm−1 
with reference to a PEVA standard. The existence of car-
bonyl groups (C=O) represented by bands between 1700 and 
1750 cm−1 indicates the presence of ester and amide which 
are assigned to PET and/or PEVA and nylon, respectively 
[37].

Thermal Analysis

The thermal properties of the MPW formulations were 
determined by a combination DSC and TMA. DSC anal-
ysis of the extruded MPW was performed (Fig. 1) and 
four distinct melting points (Tm) were observed at 100, 
121, 163, and 242 °C and were assigned to PEVA, HDPE, 
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Fig. 1   DSC thermograms show-
ing: a cooling and b heating 
cycle of MPW formulations 
with MAPE, GMPE and DCP 
and c cooling and d heating 
cycles of MPW formulations 
with HF and MAPE, GMPE 
and DCP
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Fig. 2   TMA thermograms of the various MPW formulations: a without HF and b with HF

Table 1   Thermal data (Ts, 
Tm, Tc and Xc) for the MPW 
formulations determined by 
TMA and DSC

TMA DSC Xc (%) from Tm

MPW formulations Ts (oC) Tm (oC) Tc (oC) PEVA HDPE PP PET

MPW 116 101, 121, 163, 240 83, 94, 107, 192 28.1 9.3 63.3 6.0
MPW + MAPE 114 98, 121, 162, 239 81, 95, 109, 193 23.7 8.3 82.8 6.0
MPW + GMPE 115 98, 121, 162, 240 81, 96, 109, 195 24.8 8.2 82.0 6.0
MPW + DCP 105, 158 110, 120, 161, 235 83, 99, 108, 184 86.5 1.8 73.9 2.6
MPWHF 112 99, 121, 161, 240 84, 95, 108, 193 25.4 8.2 63.6 4.5
MPWHF + MAPE 112 98, 121, 163, 240 81, 95, 109, 196 22.0 8.1 57.9 4.0
MPWHF + GMPE 114 101, 121, 163, 240 84, 92, 108, 196 22.7 8.3 59.7 4.6
MPWHF + DCP 101, 157 111, 121, 162, 236 81, 99, 111, 193 89.5 1.5 67.6 2.9

PP and PET, respectively. In the cooling cycle, 4 crys-
tallization (Tc) peaks were observed at 83, 95, 108 and 
191 °C with Xc of 28% for PEVA, 9.3% for PE, 63% for 

PP and 6.0% for PET which were all derived from the Tm. 
The softening temperature (Ts), by TMA, of the MPW 
composite was 116 °C (Fig. 2a). Table 1 shows the data 
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from the TMA, DSC and Xc analysis for the various MPW 
formulations.

The addition of coupling agents, MAPE and GMPE, to 
MPW didn’t change the Tm (98 °C, 121 °C, 162 °C, and 
239 °C) of the plastics in the matrix [38]. There was a 
decrease in Xc for all peaks except that assigned to PP and 
this phenomenon was also observed by Perez-Fonseca et al. 
[13]. Coupled MPW formulations were also observed to 
have a 1–3 °C increase in Tc as seen in Fig. 1 and Table 1. 
This increase might be due to branching of MAPE, GMPE 
and good distribution in the matrix [39]. The Ts (by TMA) 
were slightly reduced to 115  °C (MAPE) and 114  °C 
(GMPE) (Fig. 2a).

Gloor et al. have shown that DCP modification of pol-
yolefins results in long chain branching for PE while for 
PP chain scission occurs [40]. DCP was added to MPW to 
obtain long chain branching in the material since there is 
26% PE present. DSC analysis showed similar Tm’s for the 
four Tm’s at 110 °C, 120 °C, 161 °C and 235 °C. The HDPE 
peak at 120 °C showed a noticeable decrease in intensity 
and was broadened. Tc peaks were observed at 83, 99, 108, 
and 184 °C. The PET assigned peak (184 °C) decreased in 
temperature compared to that found in MPW control. The 
Xc decreased for PE, PP and PET while for PEVA showed a 
significant increase which could be attributed to crosslink-
ing [38] and this Xc decrease invariably can decrease the 
mechanical properties [41]. In general, the Xc of HDPE in 
the mix was lowered after the addition of coupling agents 
and DCP which might indicate the compatibilization 
between components as seen by Lei et el. [12]. TMA showed 
two Ts’s at 105 °C and 158 °C (Fig. 2).

The addition of hops fibers to MPW did not change the Ts 
(TMA) and Tm (DSC) of the formulations. However, there 
was a slight decrease in Xc which might be attributed to an 
increase in high surface area of fiber which spurred faster 
crystallization [39].

Rheology

The melt flow characteristics of the MPW composites were 
carried out by both dynamic and capillary rheometry. Initial 
studies on the effect of shear rate on the composite melts 
at 190 °C were performed on a dynamic rheometer. The 
rheological data obtained shows (Fig. 3) a general trend of 
decreased complex viscosity (η*) with an increase in shear 
rate (frequency) which indicates a shear thinning behavior 
[32, 42]. A reduction in viscosity at high shear rates is due 
to disentanglement and less molecular interactions among 
polymer chains [24]. To assess the shear thinning behav-
ior quantitatively, the rheological data (η*) were fitted to 
the Power–law model. A modified Power-law model was 

obtained by exchanging the steady shear terms with dynamic 
viscosity terms in Eq. 3.

where K is the consistency coefficient and n is the non-
Newtonian or flow behavior index. The power law model 
equations and parameters, η* at 1, 25 and 60 Hz are pre-
sented in Table 2. Since the parameter n for the samples 
ranged between 0.098 and 0.237 this is consistent with 
pseudo-plastic material. The goodness of fit for the models 
R2 was ≥ 0.990. For comparisons, MPW showed a complex 
viscosity of 39.5 kPa.s at 1 Hz and this was higher than val-
ues reported on compounded waste plastic (8.2 kPa.s) [30], 
recycled HDPE (3.2 kPa.s) and PP (0.39 kPa.s) at the same 
frequency [32]. This might be due to the low polymer deg-
radation that possibly occurred during extrusion at 160 °C 
unlike much higher degradation for the waste plastic, recy-
cled HDPE and PP [43]. Furthermore, the presence of fiber 
(paper/cardboard) in the MPW formulation contributed to an 
increase in η*. The addition of coupling agents (MAPE and 
GMPE) decreased the η* (at 1 Hz) to 31.6 and 36.1 kPa.s, 
respectively. The addition of DCP to MPW was shown to 
increase η* (at 1 Hz) to 67.6 kPa.s by long-chain branching 
and grafting to cellulose thus limiting polymer movement 
as observed in cellulose-PE composites by Sapieha et al. 
[44]. Gu et al. showed that the weight average molar mass 
(Mw) and polydispersity index increased while the number 
average molar mass (Mn) decreased for HDPE and when 
modified with DCP and more degradation occurred with 5% 
PP addition [45].

The addition of 10% hops fibers increased η* of MPWHF 
by nearly twofold to 74.5 kPa.s (at 1 Hz). With the HF, a 

(3)|�∗(ω)| = K(ω)n−1
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Fig. 3   Plot of complex viscosity (η*) versus frequency of the various 
MPW formulations
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drop in η* occurred in the MPW melt with the addition of 
MAPE (62.7 kPa.s), while an increase was observed with 
GMPE addition (76.2 kPa.s). An increase in η* with fiber 
addition is likely due to an increased network formation and 
interaction in the melt with an increase in fiber content [46]. 
The addition of DCP to MPWHF showed the highest change 
in η* and likely due long-chain branching and/or grafting of 
the plastic matrix to the fibers thus restraining movement of 
the melt [44, 47]. The flow curves for all the MPW formula-
tions behaved following a power law model fit (Table 2).

Capillary rheological measurements were also per-
formed to obtain flow curves (viscosity vs. shear rate) at 
higher shear rates. Following the ASTM D3835 standard 
method, Bagley and Weissenberg-Rabinowitsch correc-
tions were applied from results obtained using two die 
lengths [32, 48]. Figure 4 below shows a plot of the true 
shear viscosity vs. shear rate. Shear viscosity values for 
all formulations were within 103–104 Pa.s, which saw a 
gradual decrease as true shear rate increased due to shear 
thinning of polymer which arises as polymer chains dis-
entangles during flow and the degree of disentanglement 

is shear rate dependent [32]. Quantitative shear thin-
ning behavior was obtained from true rheological data 
fitted to the Power–law model and the data is given in 
Table 3. Since the parameter n for the samples ranged 
between 0.389 and 0.655 this is consistent with a pseudo-
plastic material. The goodness of fit for the models R2 
was ≥ 0.971. The addition of coupling agents increased 
the viscosity of the MPW (by improved interactions) as 
this contrasted the dynamic rheological measurements 
and cannot be explained. While the addition of DCP 
decreased viscosity. The results from the capillary meas-
urements (lower viscosity) contrasted with the dynamic 
rheological measurements for addition of DCP to MPW. 
This may be attributed to chain scission [40] in the vari-
ous plastic components lowering true shear viscosity due 
to the longer experiment time with the capillary measure-
ments. The addition of HF to MPW increased the viscosity 
of the melt by 32%. A slight increase was also observed 
when coupling agents were added (MAPE and GMPE) 
to the MPWHF formulation as observed in the literature 
[32]. The addition of DCP to the MPWHF formulation 

Table 2   Complex viscosity 
(η*) of the formulations at 1, 25 
and 60 Hz and power law fitted 
model equations and parameters 
K and n 

Formulation η* (kPa.s) Power law fit model

1 Hz 25 Hz 60 Hz Equation K (Pa.s) n R2

MPW 39.5 3.7 1.5 y = 40101x−0.766 40,101 0.234 0.997
MPW + MAPE 31.6 2.9 1.2 y = 32427x−0.763 32,427 0.237 0.991
MPW + GMPE 36.1 3.1 1.3 y = 37581x−0.79 37,581 0.210 0.997
MPW + DCP 67.6 3.7 1.4 y = 67476x−0.888 67,476 0.112 0.994
MPWHF 74.5 5.1 1.8 y = 75104x−0.858 75,104 0.142 0.994
MPWHF + MAPE 62.7 4.1 1.5 y = 62367x−0.859 62,367 0.141 0.990
MPWHF + GMPE 76.2 5.1 1.9 y = 75858x−0.861 75,858 0.139 0.990
MPWHF + DCP 81.8 4.4 1.5 y = 80133x−0.902 80,133 0.098 0.988

Fig. 4   Flow curves of a MPW 
formulations with-out HF and 
b MPW formulations with HF 
showing true shear viscosity vs 
true shear rate
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resulted in an unexpected slight reduction in viscosity. 
The decrease in viscosity values could be attributed to 
chain scission in the various plastic components during 
the extended time of testing at 190 °C. The shear viscos-
ity values obtained from the capillary rheometer were 
much lower than η* obtained from the dynamic rheometer 
(106–107 Pa.s) and this phenomena was also observed by 
Mazzanti et el. [17] on PP-wood composites. These results 
show that the DCP cross-linked MPW can be further pro-
cessed such as injection molding.

Viscoelastic Properties

The viscoelastic properties (storage modulus (E′), tan δ, and 
adhesion factor (A)) of the composites were determined by 
DMA. Thermograms of E′ for the various formulations are 
shown in Fig. 5. E′ was shown to decrease with tempera-
ture. The E′ for MPW at 30 °C was 1.2 GPa (Table 4). The 
addition of MAPE and GMPE slightly reduced E′ at 30 °C 
however, below 16 °C E′ was higher for GMPE added MPW. 
The addition of DCP to PE is expected to generate long 
chain branching [40], however, the addition of DCP to MPW 
lowered E′ by 17% and this can be attributed to polymer 
chain scission which likely further reduced its resistance 
to deformation [49]. For the MPW with additive, E’ was 
shown to dramatically decrease with temperature relative to 
the MPW and this phenomenon cannot be explained.

An increase in E′ following HF addition was expected 
and this reinforcement phenomenon has been previously 
observed in WPC [8, 32]. However, the addition of HF to 
MPW slightly increased E′. When coupling agents were 
introduced MPWHF, E′ increased by about 7% to 1.30 and 
1.26 GPa (at 30 °C) for MAPE and GMPE, respectively. 
This increase can be attributed to better fiber-polymer matrix 
interaction which reduced mobility and led to better energy 
transfer as bending took place and thanks in part to the 
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Fig. 5   DMA thermogram of formulations showing storage modulus 
(E’) vs Temperature

Table 4   Storage modulus at 
30 °C, tan δ and adhesion factor 
(A) of MPW formulations at 10 
and 30 °C

Formulations E′ (GPa) at 
30 °C

Tan δ at 10 °C A at 10 °C Tan δ at 30 °C A at 30 °C

MPW 1.19 0.027 0.032
MPW + MAPE 1.08 0.039 0.444 0.050 0.562
MPW + GMPE 1.16 0.039 0.444 0.047 0.469
MPW + DCP 1.02 0.044 0.630 0.058 0.810
MPWHF 1.21 0.033 0.343 0.042 0.442
MPWHF + MAPE 1.30 0.028 0.139 0.027 -0.073
MPWHF + GMPE 1.26 0.027 0.099 0.029 -0.001
MPWHF + DCP 1.20 0.029 0.180 0.035 0.201

Table 3   Power law fit equation 
and R2 values of formulations 
which confirms correlation

Formulation Power law Viscosity 
at 100 s−1 
(Pa.S)Equation K (Pa.s) n R2

MPW y = 15133x−0.509 15,133 0.491 0.997 1487
MPW + MAPE y = 19527x−0.533 19,527 0.467 0.998 1664
MPW + GMPE y = 17177x−0.513 17,177 0.487 0.999 1615
MPW + DCP y = 5600x−0.345 5600 0.655 0.974 1224
MPWHF y = 21309x−0.528 21,309 0.472 0.983 1961
MPWHF + MAPE y = 28942x−0.57 28,942 0.430 0.998 2006
MPWHF + GMPE y = 36034x−0.611 36,034 0.389 0.998 1940
MPWHF + DCP y = 16118x−0.511 16,118 0.489 0.971 1720
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coupling agents MAPE and GMPE [50]. The addition of 
DCP to MPWHF did not significantly change E′.

The effect of additives on the MPW composites was eval-
uated using the adhesion factor (A) determined from tan δ 
data [20] at 10 °C and 30 °C (Table 4) using Eq. 4:

where c and m subscripts denote the composite and MPW 
matrix, and Vf is the additive/hops fiber volume fraction. A 
low A value shows a high degree of interaction (or adhesion) 
between the phases [20]. The addition DCP had a weaker 
interaction (A of 0.63 at 10 °C) than MAPE and GMPE 
addition to MPW (A of 0.444 at 10 °C). The addition of HF 
to MPW resulted in moderate interaction with A of 0.343 
at 10 °C. The addition of MAPE, GMPE and DCP to MPW 
with HF resulted in improved interfacial interaction with 
lower A values of 0.139, 0.099 and 0.180, respectively. A 
similar trend was observed for the MPW formulations at 
30 °C. These A values are comparable to those of bamboo 
fiber composites [20].

Tensile Properties

The tensile properties (strength, Young’s modulus, EMTS 
and density) of the injection molded MPW formulations 
are given in Table 5. Composite composition (additives and 
fiber) greatly influenced the properties and thus its useasbil-
ity and application [51, 52]. The tensile strength of MPW 
was 11.9 MPa which is higher than that obtained by Sardot 
et al. for plastic waste 8.7 MPa [53] but lower than recy-
cled LDPE (15.3 MPa) and PP copolymer (25.6 MPa). The 
addition of MAPE and DCP did not change MPW tensile 
strength and this was observed by Sardot et al. on plastic 
waste with 3% MAPE [53]. GMPE addition resulted in a 
significant increase (11%) in tensile strength. It was expected 

(4)A =
(
1∕

(
1 − Vf

)) (
tan �c∕ tan �m

)
− 1

that coupling agents and DCP would improve the adhesion 
and interaction in the MPW [49, 54]. Sapieha et al. observed 
a twofold increase in strength with the addition of 0.2% DCP 
to 30% cellulose—PE composites [44]. The addition of 10% 
HF to the MPW formulations improved its tensile strength 
by 8% which was further increased with addition of MAPE 
(Table 5). Zou et al. obtained a tensile strength between 2 
and 6 MPa for various HF types at 60% loading in PP com-
posites [19]. Xu et al. showed an 30% improvement in the 
flexural strength of MPW with the addition of 25% fiber 
[30]. While, Sardot and coworkers did not see an improve-
ment in tensile strength with the addition of wood fibers and 
MAPE to plastic waste [53].

The Young’s modulus of MPW was 1,405 MPa (Table 5) 
and was higher than that of recycled LDPE (612 MPa), PP 
copolymer (1034 MPa) and waste plastic [53]. The addition 
of coupling agents and DCP gave a significant decrease in 
Young’s moduli. While the addition of 10% HF to MPW 
significantly increased its Young’s modulus by 40% while 
Sardot et al. observed a 60% increase in modulus for MPW 
with addition of 30% wood fiber [53]. Xu et al. showed a 
twofold increase in flexural modulus of MPW with 25% 
fiber addition [30]. Zou et al. obtained a tensile modulus 
between 400 and 800 MPa from various HF types in PP 
composites [19]. This improvement in modulus by adding 
reinforcing fibers has also been observed in WPC [20, 55] 
and was expected [56] as the fiber contribute to better stress 
transfer. The addition of coupling agent (MAPE and GMPE) 
to MPWHF formulation significantly decreased the Young’s 
moduli and was counter to what was expected. DCP addi-
tion resulted in a 22% decrease in modulus for MPWHF 
and again this could be attributed to plastic chain scission 
rather than cross-linking at the higher loadings of DCP used 
(0.5%) [31]. It was observed also that the mechanism of 
failure changed from ductile to brittle failure possibly due 
to the high DCP content [57], and a similar drop in tensile 
strength of composite coupled with 0.2% DCP was observed 

Table 5   Tensile properties of 
MPW fomulations

Note: Standard deviation in parentheses and same superscript letters (a, b, c, d, e, f, g) are statistically different 
via Tukey’s HSD pairwise comparison test

Formulation Strength (MPa) Young’s modulus (MPa) EMTS (J) Density
(kg/m3)

MPW 11.9 (0.8)a,b 1,405 (157)b 0.37 (0.05)c 1217
MPW + MAPE 12.9 (0.3)a,d 1,361 (120)a 0.71 (0.07)a 1150
MPW + GMPE 13.2 (0.2)c 1,391 (97)c 0.70 (0.05)b 1295
MPW + DCP 11.0 (0.4)b 1,088 (153)a 0.61 (0.06)a,b 1279
Hops Fiber (HF) – – – 1383
MPWHF 12.9 (0.5)e 1,965 (119)e 0.36 (0.03)d 1193
MPWHF + MAPE 13.6 (0.4)f 1,808 (146)d 0.40 (0.06)e 1268
MPWHF + GMPE 12.4 (0.2)c 1,665 (201)b,c 0.37(0.03)f 1262
MPWHF + DCP 12.0 (0.7)d 1,525 (192)d 0.41 (0.05)g 1318



4634	 Waste and Biomass Valorization (2022) 13:4625–4637

1 3

by Gu and Kokta [58]. While Sapieha et al. observed an 20% 
increase in modulus in cellulose-PE composites with low 
concentrations (0.02%) of DCP which supports long charin 
branching and grafting [44].

EMTS, a measure of a materials toughness, was 0.37 J for 
the MPW and was shown to significantly increase (65–92%) 
with the addition of coupling agents (MAPE and GMPE) 
and DCP (Table 5). The addition of HF to MPW did not 
improve EMTS. Also, the addition of coupling agents and 
DCP to MPWHF did not improve the EMTS. In general, HF 
in the composites created stress points for crack propaga-
tion and thus resulted in lower tensile strength and EMTS 
values [59–61]. HF reinforcement improved the stiffness of 
the MPW formulations as observed with other natural fiber 
composites [62]. The slight increase in tensile strength of the 
MPWHF than MPW formulations is likely due to cellulosic 
content [21, 63].

Water Absorption Tests

Water soak tests was carried out to determine the water 
absorption behavior of the various MPW formulations with 
respect to time based on Fick’s diffusion behavior [32] as 
shown in Fig. 6 and Table 6. In general, a positive relation-
ship between fiber content and WA was observed. At day 83, 
the WA of MPW was 11%, and the introduction of MAPE 
and GMPE did not significantly change WA values. Cou-
pling agents generally retard WA in plastics and MPW [64]. 
The addition of DCP to MPW resulted in a significant 50% 
increase in water uptake relative to MPW after 83 d and this 
may be attributed to the DCP free radical initiator generating 
polar groups by oxidation thus making the material more 
hydrophilic [65].

The addition of HF to MPW did not significantly change 
the WA either. Addition of coupling agents unexpectedly did 
not change the WA values significantly [66, 67]. MPWHF 
with DCP composite had a significantly lower WA than 
MPW + DCP. The formulation without HF has a higher 

diffusion coefficient and are expected to consume less water 
following equal amount of exposure with the hops fiber 
reinforced counterpart because the former having higher 
diffusion coefficient will require just a short time to reach 
equilibrium absorption [68].

Conclusion

Waste hop bines were successfully pulped into hop fiber 
(HF) using a 2-step process. This new fiber source from 
waste bines could be harnessed by hop growers as a coprod-
uct rather than being disposed of. Non-recyclable mixed 
plastic waste (MPW), generally landfilled, was success-
fully compounded into an extruded composite product. The 
properties of the extruded MPW were modified by the use 
of additives (such as coupling agents, free radical initiator 
DCP, and HF) was investigated. Coupling agents improved 
the strength of the composites slightly by improved inter-
facial adhesion. The addition of HF improved the tensile 
modulus of the MPW composite, with no reduction in 
strength, and were comparable to other natural fiber com-
posites. The use of 0.5% DCP gave a decrease in tensile and 

Fig. 6   Water soak of MPW for-
mulations with respect to time: 
a without HF and b with HF
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Table 6   WA (%) and diffusion coefficient of composite formulations

Standard deviation in parentheses and same superscript letters 
(a, b, c, d, e, f, g, h) are statistically different via Scheffe’s test

Formulations WA (%) Diffusion coefficient
5 Days 83 Days m2/s

MPW 2.9 (0.3)af 10.6 (0.3)a 8.6 × 10–11

MPW + MAPE 2.3 (0.6)bdg 10.0 (0.6)b 8.1 × 10–11

MPW + GMAPE 2.8 (0.4)ch 9.7 (0.5)c 7.8 × 10–11

MPW + DCP 10.3 (0.6)acde 15.9 (0.7)abcde 5.6 × 10–11

MPWHF 3.6 (0.4)bci 11.5 (0.8)bcf 9.2 × 10–11

MPWHF + MAPE 3.1 (0.6)dj 10.4 (0.7)d 1.1 × 10–10

MPWHF + GMPE 3.0 (0.2)ek 10.4 (0.6)ef 4.1 × 10–10

MPWHF + DCP 10.1 (0.4)fghijk 13.7 (0.5)abcde 4.6 × 10–11
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water soak performance and possibly due to oxidation and 
chain scission. This could be overcome by the use of a lower 
concentration of DCP (0.02–0.1%) for long-chain branch-
ing reactions rather than scission. The fabricated composites 
utilized waste feedstocks (MPW and hop bines) to produce 
sustainable materials which can be used in non-structural 
applications (garden trim, siding, etc.). Additional work is 
required to further enhance the performance of these materi-
als by (i) process optimization, (ii) formulation, and assess 
(iii) their in-use performance, such as weathering.
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tary material available at https://​doi.​org/​10.​1007/​s12649-​022-​01794-x.
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