Recycling
B1o composites

Exploring the possibilities of recycling bio composites into filler for a new bio composite facade product.

Jet Wiersma

MSc in Architecture, Urbanism and Building Science Track - Building Technology T U D e I f't
Mentors: dr. Olga loannou & Prof. dr. Mauro Overend



ANNUAL GLOBAL CO; EMISSIONS

11%
EMBODIED
CARBON

28%
OPERATIONAL
CARBON

39%

BUILDINGS

The impact of The impact of
making buildings using buildings

(embodied carbon) (operational carbon)

Source: Global Alliance for Buildings and Construction, "Global Status Report 2017"
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Embodied carbon building
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Embodied carbon building

——

-- N 'E _F i?
L )

L

; B TF thi

' _‘Ta- i'nszlrlrnr

“FAamknT

| i rqnl-nrm ;

Z*T:Jﬂ[llﬂr_l il

BT e Nzent

"“Igﬁwaiﬁ,

A ﬂfﬁﬂ"lr"lm N

fy o M

- “!Ij .- }"l]'_‘ ﬁt_.ﬁ'llﬂ E-—ii-i'
by Z RS

1

&

|

e

e
1
e

iL"

Jet Wiersma 23-06-2025




Embodied carbon building
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Embodied carbon building
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Circular building products

Reduce waste
Extent life cycle

Smart design choices

Jet Wiersma 23-06-2025



Circular

Economy RO Refuse
Design phase
Most sustainable
Adds value
Responsible use
and manufacturing

R-strategies

R2 Reduce

R3 Reuse

R4 Repair

« Consumption phase

« Optimal use

» Preserve and extend
life of products

R5 Refurbish

g,
5

o[ D

2 | R6 Remanufacture

R7 Repurpose

« End-of-life R8 Recycle
or return phase
« Capture and retain value

) =
Use waste as a resource iﬁ N R9 Recover

« Loss of resources 21
Linear  Value lost % Landfill or Incineration
Economy « Environmental pollution

v

A 4
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Concept
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Bio composites
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Bio composites

“Material made from two or more materials”

Jet Wiersma
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Bio composites

Thermoplastic
Thermoset

Jet Wiersma

Fillers
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Bio plastic matrices

- Thermoplastic

. Thermoset

Jet Wiersma

(A) Thermoplastic

23-06-2025

(B) Thermoset

Cross Link
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Fillers é

Bulk fillers (40-65wt%) Functional filler (<5wt%)
- Reduce cost - [ire resistance
- Increase strength - Pigments

- Release agents

Jet Wiersma 23-06-2025 14



Fibres

. Reinforcement

- Reduce shrinkage

Jet Wiersma

Banana

Natural fibres
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Pineaple
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Recycling

Jet Wiersma

Mycelium
decomposition

BIOLOGICAL
CYCLE

filler
fih.re
resin

filler

¥
NPSP

Mixer/kneader

2

- Pyrolysis
o Solvolysis

Chemical ..
recycling L]

Mechanical
recycling

TECHNICAL
CYCLE

3-06-2025

Onpsp

Combustion
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Jet Wiersma

Research questions

23-06-2025
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Jet Wiersma

“How can bio composite facade
panels be recycled into new bio
composite panels after their end of

service life?”

23-06-2025
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Sub questions

. What are the key performance properties of recycled bio composite facade panels?

» How do recycled filler materials compare to virgin raw filler materials used in current bio composite
panels?

. How does the weathering of the pre-recycled panel influence the performance of the recycled bio
composite facade panel?

. How does using a recycled filler affect the design of a bio composite facade panel?

Jet Wiersma 23-06-2025
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Application

23-06-2025
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Application

Rain screen facade panel

Jet Wiersma
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Scheme of shearing layers model, based on (Brand, 1994)

stuff 7 years
space plan 15 years
systems 25 years
skin 50 years
structure 200 years

Site oo
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Application requirements

Requirements:

- Protection from weather
- Impact resistance

» Aesthetic appearance

» Bending strength against wind load

Jet Wiersma
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Material selection
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Bio composites

Jet Wiersma

Furan resin
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Fillers

Almond shell

Onpsp
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Components bio composite

Matrix: Furan resin

are are biodegradable
biobased : & biobased

» Bio based
» Not bio degradable Furan

Bioplastics

Bioplastics

e.g. Biobased PE, ‘[ e.q.PLA, PHA,

PEF, PET, PTT PBS, Starch
blend
» Dark brown colour i
blodegradabje ...................................................... Biodegradable

° Th@rmoset Conventional Bioplastics

plastics :

:\ e.g. PBAT, PCL a!'e
—— biodegradable

conventional
plastics e.g. PE, PP,
PET, PMMA, PVC

Fossil-based feedstock © European Bioplastics

Jet Wiersma 23-06-2025
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Components bio composite

dditives:
atalyst
Activates curing process

inseed oil
Release agent

Jet Wiersma
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Base recipe

Component |Description |[Weight | %|
Matrix Furan 45

Filler Almond shell |45

Catalyst /

Release agent  [Linseed oil |3

Jet Wiersma
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Fillers
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Filler types

<

Almond Shell

Jet Wiersma
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Almond shell

Almond shells

Jet Wiersma
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Filler ASF

Almond Shell
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Recycled filler NEW

Sample plate base recipe

Jet Wiersma
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Filler RE._ NEW
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Recycled filler OUT

Facade panel outside

Jet Wiersma
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Filler RF_OUT
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Recycled filler QUV

Sample plate QUV

Jet Wiersma
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Filler RE_QUV
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Filler preparation

23-06-2025
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Filler preparation

Step I: Hammering sample plate into small pieces Step 2: Shredding into smaller pieces

Jet Wiersma 23-06-2025 35



Filler preparation

Step 3: Milling into powder

Jet Wiersma
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Manufacturing method
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Manufacturing method

Bulk compression moulding

Jet Wiersma
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Process manufacturing

Step I: Measuring ingredients & mixing

Jet Wiersma

Step 2: Pressing sample plates

23-06-2025
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Process manufacturing

Step 3: CNC plates for testing

Jet Wiersma
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245 mm

292 mm

-9 Flexural strength
- 12 Impact test

245 mm

292 mm

2 QUV

2 Watersubmersion
| Frost resistace

| Reference

I\
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Methodology
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Testing workflow

Test phase 1
Filler analysis

Filler analysis

Evaluate results

[

Filler |
properties /

Jet Wiersma

—L Material sample testing

Test phase 2

J

!

Test 2A
Almond shell vs Recycled NEW filler

Fabrication test samples

s D

Testing samples
- Mechnical properties
-Durability
- Impact
- Appearence

.

v

Evaluating results

Test 2B
Weathered recycled fillers

Fabrication test samples
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Testing phases

23-06-2025
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Testing process

Bulk density test

Jet Wiersma

Microscopic analysis

23-06-2025
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Testing process

INSTRON’ R

Elexure displacement [mm] Force [N] [Flexure strain (Displaceme...

.00000 -6.21 .000

Specimen 1108

Thickness (h):

Width (b)
width (b): 180°

m\\wh:w‘w

15,00

Failure mode:

Tensle fracture at outermost lay W

8

C———

.
) 1 e

Flasure stin Diplacement (]

Results 1

Hmw PS;englh Fiexu;:: ISna]n Flwxurtzl FM.Aildulus oy
Tensile fracture al outermost layer
Tensile fracture at outermost layer
Tensile fracture at outermost layer
Tensile fracture at outermost layer
Tensile fracture at outermost layer
Tensile fracture at outermost layer

Tensile fracture al outermost layer

After Calculations P> | TestNotes

1) Balance Force (2) Zero Displacement (3) Retun

Student | Live machine | Fie Sample: RF_0 |
hine | Fie Sample: RF_01 Method: NPSP ISO 14125 (1998) (3 point... | Report: NPSP Report - Alltems

3 point bending (ISO 14125A) Charpy Impact test (ISO 179)

ct Wiersma 23-06-2025



Testing process

QUYV weathering machine (Time: 3 weeks) Frost resistance ('Time intervals: 8h x 8h x 10 cycles)

Jet Wiersma 23-06-2025 47



Testing process

Watersubmersion (‘Time intervals: 24h x 28 days)

ct Wiersma
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Comparison results

Flexural strength
Impact resistance
Durability

Workability

Jet Wiersma

Evaluation Strength 2. Impact

scale (MPa) Resistance (kJ/m?) 3. Workability 4. Durability
Scale 0-80 |Scale 1-6 Scale 0-5 Scale 0-5
0=0-16 0=1-2 0 = liguid not workable O = total destruction
1=17-32 1=2-3 1 = thick liquid 1= cracks and all of above
2 =33-48 2=34 2 = super sticky 2= deformation
3 =49-64 3=4-5 3 = sticky 3= visual change (coloration)
4 = 65-80 4 =5-6 4 = thick crumble (a bit sticky)  |4= minimal visual change
5=80 5=6 5 =crumble 5= no visual change

23-06-2025
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Results testing phases

23-06-2025
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PHASE 1

Filler analysis:

» Bulk Density
» Microscopic analysis

O

AIomond Shell

Jet Wiersma
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PHASE 1

Bulk Density

Density [kg/m*) =W/ V,
V: Volume filler

O

Almond Shell

Jet Wiersma

23-06-2025

Filler type Av. Bluk Density [kg/m3]

Recycled filler NEW | 609

Recycled filler QUV 450

52



PHASE 1

Different grains size & shapes

Almond shell filler, < 80 pm

Jet Wiersma
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Recycled filler NEW, < 50 pm
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PHASE 1

Different grains and size compositon

Recycled filler OUT, <50 pm

Jet Wiersma

23-06-2025

Recycled filler QUV, <50 pm
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PHASE 1

Findings:

- Lower density

- (Grain size

- Higher surface area

- Non-Homogenous

Jet Wiersma
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PHASE 2

“RE-NEW 507

— T

Filler type State of recycling Filler load (w%)

O

Almond Shell | NEW

Jet Wiersma 23-06-2025 56




PHASE 2A

Materials sample testing

- Flexural strength

- Impact resistance

- Workablity
» Durability

Jet Wiersma

23-06-2025

<

Al
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PHASE 2A

Flexural testing
Almond shell filler - ASF

- ASF_40 L
- ASF_45 . i
- ASF_50

®»

9))
&)}

O)

Hexural Modulus [GPq]
~ b

Name sample Flexural Flexural flexural fk(Mpa)
strength (Mpa) modulus strain

(Gpa)

w
(&)

w

40 45 50 55 60 65 70 75 80

e Sendh 1

O ASF 45 @ASF50 @ASF 40

AI’mond Shell

Jet Wiersma 23-06-2025 58



PHASE 2A

Flexural testing
Recycled filler NEW - RE_NEW

-RF NEW 45 b o |
-RF_NEW_50 .4
- RF_NEW_55

Hexural Modulus [GPq]
o>

Name sample Flexural Flexural flexural fk(Mpa)
strength (Mpa) modulus strain

w NN B~ O

(Gpa)
4 45 50 5 60 65 70 75 80

RF_NEW_45 48.13
Hexural Strength [MPq]

R F_N EW_55 66.1 4.68 1.4 57.16 ORF NEW 50 @RF NEW 55 @RF NEW 45

Jet Wiersma 23-06-2025 59



PHASE 2A

Impact resistance

Jet Wiersma

4.00

3.50

3.00

2.50

2.00

1.50

1.00

0.50

0.00

ASF 40

Charpyimpact (kJm?):

ASF 45

ASF50 RFNEW45 RFNEW50 RFNEW 55

23-06-2025

Almond Shell
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PHASE 2A

Workability

ASK 4

Almond shell filler Recycled filler NEW

ct Wiersma 23-06-2025 61



PHASE 2A NI

Durability

- ASF 45 - RE_NEW_50

Reference Reference

Jet Wiersma 23-06-2025



PHASE 2A

Findings

Recycled fillers

Name sample  Flexural Flexural flexural fk(Mpa)
strength (Mpa) modulus strain

(Gpa)

Jet Wiersma 23-06-2025

ASF_40 ASF_45 ASF 50  RF_NEW 45 RF_NEW_50 RF_NEW_55

M 1. Flexural Strength m 2. Impact Resistance 3. Workability

63



PHASE 2B

Materials sample testing

- Flexural strength

- Impact resistance

- Workablity
» Durability

Jet Wiersma

23-06-2025
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PHASE 2B

Flexural strength
Recycled filler OUT - RE_OUT

- REF_OUT_50
- RE_OUT _35

+

Hexural Modulus [GPq]
0 -
» (0 0] BN N

~

Name sample Flexural Flexural flexural fk(Mpa)
strength (Mpa) modulus strain

w
N

w

(Gpa)

N
o

45 50 55 60 65 70 75 80
Hexural Strength [MPa]

RF_OUT_55 99.3 4.43 1.4 52.92 ®RF.OUT50 @RF OUT 55

Jet Wiersma 23-06-2025
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PHASE 2B

Flexural strength
Recycled filler QUV - RF_QUV

- RF_QUV_50 -
- REF_QUV_55

B
~

>
N

NN

Hexural Modulus [GPq]
> o

~

Name sample Flexural Flexural flexural fk(Mpa)
strength (Mpa) modulus strain

w
N

w

(Gpa)

N
o

45 50 55 60 65 70 75 80
Hexural Strength [MPa]

RF_QUV_55 9.4 4.49 1.4 55.73 ORF.QUV50 ®RF.QUV.55

Jet Wiersma 23-06-2025
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Jet

PHASE 2B

Impact resistance
Recycled filler OUT - RE_OUT

Wiersma

Charpy impact (kJ/m?)

23-06-2025
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PHASE 2B

Workability
Recycled filler OUT - RE_OUT

REF_OUT_50 REF_OUT 55

ct Wiersma

23-06-2025
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=
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PHASE 2B

Durability
Recycled filler OUT - RE_OUT

- REF_OUT_50 -RE_OUT_55

N ) S —
N ) S —
N ) S S—

Reference Reference

Jet Wiersma 23-06-2025 69



PHASE 2

Findings

- Lower mechanical properties
- Similar impact resistance

- Higher durability

- Lower workability

« Overall score

Jet Wiersma

ASF_45 RF_NEW_50 RF_OUT 50 RF_OUT 55

M 1. Flexural Strength m 2. Impact Resistance 3. Workability m4. Durability

23-06-2025
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PHASE 3

3D moulding

» Workability and flow
- Visual

<O

Almond Shell

Jet Wiersma
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PHASE 3

Distribution second test

first test

istribution

D

72

23-06-2025

Jet Wiersma



PHASE 3

ASF_45 RF_NEW _50 RE_OUT_55 REF_OUT S0

Distribution first test Distribution second test

Jet Wiersma 23-06-2025 73



PHASE 3

Findings
- Small defects

- Flow visible
- Ridges

- Surface finish

Jet Wiersma

<O

Al
23-06-2025

mond Shell
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Results

Recyclability
Mechanical properties
Durability
Weathering

Design freedom

Jet Wiersma

500

2007

-
o
o

(%)
o
1 L L L L 1

Flexural strength (modulus of rupture) (MPa)

)
<

A
<

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Polyester BMC (20-30% glass fiber)

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

RF_NEW_50

t Fir (abies alba) (1)

Pine (pinus lambertiana) (1) """""""""""""""""""""""i""""""""""""""""""Wi""""""‘“““““““““““‘% ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

RF_QUV_55

Terracotta

Engineering brick

———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

é ' ' é ' ' ' ' 1'0 2'0 ' ' 5'0 ' ' ' ' 160 zc')o
Flexural modulus (GPa)

Granta EduPack 2024 R2 © 2024 ANSYS, Inc. or its affiliated companies. All rights reserved.

23-06-2025
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Take away for Design

- Slopes
- Ridges
- Finished surface

» Secondary facade product

Jet Wiersma

<

Al
23-06-2025

omond Shell
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Design criteria

» Minimal slopes
- Avoid ridges
- Compatible

- Corner panel

Jet Wiersma

23-06-2025
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Design corner panel

Jet Wiersma

23-06-2025
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Design detail

Jet Wiersma

23-06-2025

Overlapping backstructure

\j

20.00

Connection~

220.00

220.00

600.00

200.00

20.00

Y

A

A
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Jet

Conclusion

9o

J

Recyclable

Wiersma

IR

N ) S —
N ) S —

Material properies
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Questions?

Jet Wiersma
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Mentors: dr. Olga loannou & Prof. dr. Mauro Overend



Results phase 2
Flexural strength

Name sample

Flexural strength (mean)

Flexural modulus (mean)

flexural strain

fk

ASF_45

RF_NEW_45

RF_NEW_55

RF_OUT_55

RF_QUV_55

1.4

1.4

60.82

48.13

57.16

52.92

55.73

Jet Wiersma

23-06-2025

Hexural Modulus [GPq]

0
o1

&)

.
o

~

o
o

3

40 45 50

O R QUV S0 e R QUV 55 @ R OUT 55 @ R NEW 55 @ R-_ OUT_50

@ R NBEW 50 @ ASF 50

95 60 65
Hexural Strength [MPa]

® RF NEW 45 @ ASF 40

70 75

@ ASF 45

80
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Results phase 2
Impact resistance

Charpy impact (kJ/m?):

Charpy impact (kJ/m?) SD

Charpy impact (kJ/m?) SD/2

Name sample
ASF 40

ASF_50

RF_NEW_50

RF_OUT_50

RF_QUV_50

Jet Wiersma

Energy (J)

23-06-2025

4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Charpyimpact (kdm?):

34



Results phase 2
Comparison

Samples

ASF_45

RF_NEW_45

RF_NEW_55

RF_OUT 55

RF_QUV_55

1. Flexural

Strength

4.2 Water
absorption

2. Impact
Resistance

4.3 QUV

3. Workability 4. Durability Average . 4.1Frost Results

Evaluation Strength 2. Impact

scale (MPa) Resistance (kJ/m?) 3. Workability 4. Durability
Scale 0-80 (Scale 1-6 Scale 0-5 Scale 0-5
0=0-16 0=1-2 0 = liguid not workable 0 = total destruction
1=17-32 1=2-3 1 = thick liquid 1= cracks and all of above
2 =33-48 2=34 2 = super sticky 2= deformation
3=49-64 3=4-5 3 = sticky 3= visual change (coloration)
4 = 65-80 4=5-6 4 = thick crumble (a bit sticky)  [4= minimal visual change
5=80 5=6 5 =crumble 5= no visual change

Jet Wiersma

23-06-2025

(_§</

L 7
K S

L7
K S

v

M 1. Flexural Strength m 2. Impact Resistance = 3. Workability ®m4. Durability
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QUY calculations

Light hours = 504 hours k7
. (1%
o x light hours = ~ m-
a (solar radiation) = 1615 kJ/m?2 360,89 5

a_(solar radiation real) = 55,5 kJ/m2

period outside = 609 days ( 1 year and 8 months)

Jet Wiersma 23-06-2025

at 340nm
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LCA

Al-3

Composite ASEF: 2.30 + 0973 kg =
3.273 kg CO2-eq/kg composite

Composite RE_NEW: 2.7075 + 0.973 kg =
3.6805 kg CO2-eq/kg composite

Jet Wiersma

23-06-2025
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