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Coffee Grounds Reinforced Starch Composites:
Multi-scale Fiber Synergistic Effects and Application Design

Wang Xiaodong and Jang Jung-sik

Department of Innovative Materials Renewable Design, Kookmin University, Seoul, Korea

Abstract This study developed biodegradable starch-based composites from urban organic waste—spent coffee
grounds, waste paper, waste textile fiber, and bamboo fiber—comparing direct use of spent coffee grounds (B3) with car-
bonized biochar (C2) within a single composite system. Six sample groups were prepared; density and water absorption
were measured across all groups, and core specimens were further analyzed by FT-IR, FE-SEM/EDS, TGA/DTG, and
water contact angle (WCA). Density was highest for B3 (0.80 g/cm?®) versus 0.68 g/cm? for C2, reflecting biochar poros-
ity. FE-SEM/EDS showed B3 formed a dense particle-packing structure, while C2 exhibited mechanical interlocking
from biochar's rough, porous surface. FT-IR identified protein-derived Amide II peaks (1539, 1576 cm™) in B3 that dis-
appeared in C2, where an aromatic carbon peak (1335 cm™') emerged, confirming carbonization-induced structural
change. C2 outperformed B3 in all measured mechanical properties, including flexural strength (2.21 vs. 1.24 MPa), ten-
sile strength (1.20 vs. 0.40 MPa), and surface hardness (Shore A 84.0 vs. 55.0). B3's tensile strength (0.40 MPa) was even
lower than the unfilled reference (A2, 0.57 MPa), indicating limited reinforcement from weak interfacial adhesion. The
materials suit packaging boxes, cup sleeve/coaster sets, and storage boxes, via a low-technology, reproducible forming
process using household-scale equipment, with biochar carbonization as a separate high-temperature pre-treatment.

Keywords Starch-based composite, Spent coffee grounds, Biochar, Multi-scale fiber, Biodegradable packaging design
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Table 1. Experimental materials and specifications
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Material Specification/Treatment

Function

S5g AR NEF, SE >98%

712 (Matrix)

Glycerol S5 >99%

7}2~A (Plasticizer)
o EAE NEST B2 222314
A Hx T 2, & FF 7 o]l AR AstA (AF WMEHNZ 944)

o A

4% NaOH &Z2] #2] 24h

g AstA sk AA =4)

4R (H) 1-2cm A9, 60°C A%

e st (shE AA =4)

719 H A7

60°C 7z, 40HA] A&

Biochar 450°C, 2417+ &3} A g

=34 (A3)
=

A (23}

CNF A+ 2 wt%, 273 4-10 nm

= sk (Ad st 3 orAlgd oA

Table 2. Sample formulation (unit: g; paper pulp in wet weight)

Group | Starch | Glycerol | Lecithin |Paper pulp| Bamboo [Waste fiber| Coffee gr.| Biochar | CNFE4F] | Water (mL)
A2 30.15 20.25 2.1 71.2 - - - - - 95
B2 30.98 20.65 2.1 56.3 10 - - - - 95
B3 30.63 20.17 2.11 57.8 - - 10 - - 110
B4 30 20 227 51.5 5 5 5 - - 110
C2 31.8 22.28 2.23 47.1 5 5 5 5 - 120
Cl1 29.3 21.56 24 50.2 5 5 5 - 100g 90

F:A2=71F A&, B2=Fol+tb R, B3=Fo+ANAAY] AU 18), B4=4%F A f ST, C2=Brutol 2.3}
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3. EN BA (Characterization)

3.1. 9% £ (Density Measurement)
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Fig. 1. Measurement of specimen dimensions using a digital
caliper: (a) width, (b) length, and (c) thickness.
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3.3. YN EY ZEF (Mechanical Properties)
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3.4. OM 3T BN (Microstructure Analysis — FE-SEM)
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6. 93T 2 (Thermogravimetric Analysis, TGA)
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Group C (Biomold Composites)

Reference (neat TPS)
M=5273g | p=0.72g/m’

Low-density fiber
M=6408g | p=0.50g/cm’

High filler content
M=8534g | p =0.66g/cm’

Biomold addition
M=9797g | p=0.66g/cm’

Direct addition of coffee grounds

Direct addition of coffee grounds

M=9085g | p =083 g/em’ M=7738g | p =076 g/cm’

CNF reinforcement
M=9028g | p=0.70g/cm*

Biomold addition
M=9878g | p = 0.69 g/cm®

Fig. 2. Appearance of fabricated composite specimens for each sample group.
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Table 3. Density measurement results of composite specimens
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Sample Mass M (g) |Length L (cm)| Width W (cm) | Thickness H (cm)| Volume V (cm®) | Density p (g/cm’)
A2 52.73 12.19 12.38 0.49 73.56 0.72
B2 64.08 14.76 14.83 0.58 126.98 0.50
B3-1 90.85 12.38 11.85 0.75 109.31 0.83
B3-2 77.38 12.63 12.50 0.64 101.21 0.76
B4 85.34 14.13 13.79 0.66 129.20 0.66
C2-1 97.97 13.60 13.73 0.79 148.27 0.66
C2-2 98.78 13.67 13.62 0.77 144.05 0.69
Cl 90.28 13.35 13.51 0.72 129.22 0.70
F: Aol vnle 33, FAE 8 24 Hagh Ux B9 050-0.83 glem® (A5 A3 AR B AFH MY 05-12 glom’
of &) =10,
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B2(89.8%) > C1(79.3%) > B3-2(64.3%) > A2(61.1%) > C2-2(45.0%)
>B4(42.5%)2] A2 YERT

A2 71ET-E 61.1%2]

>~
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A F AR 449 B WY S 4 s} kel

T °
g EHoR SRl BIARE AN RO )4 87} xw—(TPsH Ws=gol shelsiict B2
o) wbd €2 2FS Hd 0.68 g/em’E B3WT tha B (E}M-r Af = F7heE 89.8%% XM] NE AL &
UEE BT ol wloleate] v ol ZIAE Al TES UrE‘r‘iiD}. ol by el X4 wHa A
Table 4. Water absorption measurement results of composite specimens
Sample Dry weight Wo (g) Wet weight W, (g) WA (%)
A2 7.92 12.76 61.1
B2 6.98 13.25 89.8
B3-1 — — —
B3-2 11.22 18.43 64.3
B4 12.14 17.30 42.5
C2-1 — — —
C2-2 15.26 22.12 45.0
Cl 12.04 21.59 79.3
FB32 2 22 WY 1gH BE AdolH Fre AUd BEE g3A0% AEe AR @A ddstel Ag st
ATk B3-1 % C2-12 A= AdA AS(R= vla)goznt A= e F48 SYde A S
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B Group A: Reference (Neat TPS)
B Group B: Direct Filler Addition
B Group C: Biomold Compasites

5

B9.5%

:a;u_u-:d 79.3%

Observed

61.1% A2 Reference (61.1%)

-19.3%
45.0% €2 BY)

‘Water Absorption (WA, %)
g § 8 8§ 8 83 §8 3 § 3§
L f

A2 B2 Bi-2 L] (=] €22
{Reference) (Wood Fiber) (Coffee Grounds) ~ (Mubti-Scale Composite)  (CNF Reinforced) (Biomold)

Comparison of water absorption after 24 h of water immersion.

The contribution of the identification label to water uptake (0.2 g) was corrected for all specimens (n=1 per group).
Specimens B3-1 and C2-1 were excluded due to failure in flexural strength tests.

Fig. 3. Water absorption rates (WA, %) of composite specimens (modified ASTM D570): A2 61.1%, B2 89.8%, B3-2 64.3%, B4
42.5%, C1 79.3%, C2-2 45.0%.

Bl WA < 50% (Good Water Rosistance) Bl WA = 50-75% (Modorate) [l WA > 75% (Poor Water Resistance)

Comparison of Specimen Appearance Before and After Water Absorption Test (ASTM D570, 24 h Water Immersion) ASTM D570
water absorption test after 24 h of complete immersion.

The water absorbed by the identification label (0.2 g) was corrected for all specimens.

WO denotes the initial dry mass, W1 the mass after immersion, and WA the water absorption percentage.

Fig. 4. Appearance of B3-2 and C2-2 specimens before and after 24-hour immersion.
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4. T ™ EY (Mechanical Properties)
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41. 58 EY (Flexural Properties) How 1 Ze
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¥ EA (Tensile Properties)
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Table 5(a). Bending test results (ASTM D790-2007, span 52 mm, n=3)

A7KB3-22] AR = A9} 3.64
FE-SEM & Azels R31sic) wiH C2-25 A2 TiH]
110.5%, B3-2 ti¥] 200% =< AA4=

197 EE Lhelol, vl
oate] BElE TRy TRk AAsh A9 A g

Sample @ FxF7 (mm) A =98 PIM (N) | #9745 ofM (MPa) | w3 R &2 EB (MPa)
A2 — — —

B3-2 |#1: 10.46 x 6.08 / #3,4: 10.72x 5.43|  6.05 (B, n=3) 1.24£0.11 6.22+2.55 (n=2)
C2-2 |#1: 10.25%4.92 / #2,3: 10.77x5.41| 813 (B, n=3) 221£043 24.11+9.99

Table 5(b). Tensile test results (mean

+ standard deviation)

Sample n Hdsts (N) NAQAE (MPa) |AFEEZ 2 (MPa) AXE (%)
A2 5 17.14 + 2.69 0.57+0.15 18.0+ 4.0 3247
B3-2 5 21.92 +8.51 0.40 £ 0.15 20.0 £ 13.0 37+ 10
C2-2 6 64.11 + 16.31 1.20 + 0.48 24.0+12.0 2+6
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(b) Tensile Strength Comparison
(Mean £ SD,n=5, 5, 6)
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Fig. 5. Comprehensive comparison of mechanical properties and surface hardness.

Table 5(c). Surface hardness measurement results (Shore A, mean + SD)

Sample A2 (71ET)

B3-2 (AFHA A7) C2-2 (¥}o] 2.2}

7% (Shore A) 38.0+£2.3 (n=5)

55.0+3.3 (n=5) 84.0+5.1 (n=5)
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(a) B3-2 Flexural Load-Displacement Curve (b) C2-2 Flexural Load-Displacement Curve
[Specimen #4] opy = 1.30 MPa (Ez = 8.03 MPa) [Specimen #1] oy = 2.70 MPa (Eg = 34.98 MPa)
[n =3, Mean opy = 1.24 + 0.11 MPa] [n = 3, Mean ap; = 2.21 + 0.43 MPa]
6.73 Maximum 10
Displacement = 3.684 mm g4
6.50 Load = 6.316 N
e ——_ Maximum
e 8 A Displacement = 6.234 mm
i g ] Load = 8.550 N
= 6.00 1 e
< < 67
L] 5.75 E .
5.50
50 i) \
525 Carbon-fiber break point
a 34 Displacement = 0.063 mm
s00 L . . . . i i . . 5 Load = '-064 N : : : :
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 0 2 4 [ 8 10 12
Displacement (mm) Displacement (mm)
(¢) Representative Flexural Stress—Strain Curves (Individual Specimen with Mean Value Closest to Group Mean)
= 121 —— B32(Coffee Grounds)
§ |, lc22 (Biochar)
-]
g 0.8 4
n 0.6
5 0.4 1
]
= 2
0.0 T T T T T
0 10 20 30 40 50
Strain, € (%)
(a) B3: Specimen #4 (o = 1.30 MPa, 1 = 3, Mean = 1.24 MPa); (b) C2: Specimen #1 (Estimated £y under flevural loading: 1 Ey calculated based on displacensent at proportional limit = 4,92 mem);
(€) oy = FIA, = AL/25 mm.
Fig. 6. Load-deformation curves from bending and tensile tests.
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5. 8% A EAM (FT-IR Analysis)
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Fig. 7. FT-IR spectra of B3 and C2 composite specimens (spec-
tral curves digitized from raw instrument data; peak positions
per KTR Test Report No. TBK-2026-006263/006264, KS M
0024:2017).
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Table 6. Comparison of Major FT-IR Peaks between B3-1 and C2-1 (KTR Analysis, KS M 0024:2017)

Wavenumber
(em™")

B3 Transmittance

C2 Transmittance

Peak Assignment

Interpretation

3289-3290 ~71% ~62% O-H stretching vibration Hydroxyl groups from starch and glycerol
2921-2925 ~75% ~T4% C~H stretching vibration Methylene groups

2851.8 ~80% - Saturated C-H stretching % Characteristic peak of B3: fatty acid chains

1743.0 ~91% ~90% C=0 stretching (ester) Ester bonds derived from lecithin

1651 / 1644 ~92% ~85% O-H bending / absorbed H20 /C=0  Bound water and carbonyl absorption

1576.1 ~92% - Amide Il / C=N vibration # Characteristic peak of B3: protein-related structure
1539.1 ~87% - Amide I (N-H bending) % Characteristic peak of B3: protein-related structure
1335.3 - ~72% Aromatic C=H in-plane bending 4 Characteristic peak of C2: biochar carbon structure
1240-1416 Medium Medium C-H bending / C-O-C vibration Starch backbone

1150 ~73% ~60% C-0-C stretching (glycosidic linkage)  Starch fingerprint region (stronger in C2)

1103 ~65% ~50% C-0O-C stretching Starch fingerprint region

1077 ~48% ~40% C-0O-H bending / C-O stretching Starch fingerprint region

1018 7 1017 ~35% ~17% C-0 stretching (major peak) Principal starch absorption (more pronounced in C2)
999.2 - ~20% C-0 vibration (ether linkage) # Characteristic peak of C2: carbonized mineral structure
924 ~75% ~66% C-0-C bending a-1,4-glycosidic linkage

757-862 Medium Medium C-H out-of-plane bending Skeletal vibration

% B3-specific peak (coffee grounds characteristic)
# C2-specific peak (biochar characteristic)

b AR N-H 59 150 sigshd®, Ax] %7717}
23 71 B3] shshA 54
Tek 2851.8em '] 71 C-H &% #A¥ A7 A&

Folsh= =717 "k

giel 23t AAE AlEol 7)Qlsks AoE Hth C2
A BoME 1539/1576 cm'e] el A 37} Ay
om, thal 13353 e 'ollA] Hlo) 92} E-f-o] WEkE €

Fig. 8. FE-SEM images of B3 specimen: (a) X500, (b) x2,000, (c) x5,000.
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6. ON X EM (FE-SEM Analysis)
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Fig. 9. FE-SEM images of C2 specimen: (a) %500, (b) x2,000, (c) x5,000.

im x100 UD(+LD)

Fig. 10. Overview FE-SEM images of B3 (left) and C2 (right) specimens at x100.
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Table 7. EDS area analysis results (map sum spectrum) of B3

and C2 specimens

Sample |C (Wt%)|O (Wt%)[Si (Wt%)

Ca / K (Wt%)

B3 HEA| 5022 | 4745 0.28

Ca 2.05

C2 HEA| 4892 49.44 031

Ca 1.09 / K 0.24

Z: B3E Ca 2.05 wt%, C2+= Ca 1.09 wt% % K 0.24 wt%
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7. 85T 24 (TGA/DTG Analysis)

Al Alge] TGA/DTG A4S Fig. 119, &
SZH ]S Table 9°]] 741’40]—9113]- RE NEE 2
7104 7 DA disl A5 TEAoE YER
A(~100-220°Cy= &7 i ‘;4 2TAE 7}&1]4
Eajoll sigatm, 264 (~230-380°C)= A& 7|2 Fa
g s},

A2 7] 285.6°ColA ©Y F2 DTG ¥=(0.72
%/°CYs YeRfo], AF A E7kavd o] w3l AsS

AT, 100°CoM 2] &7 F3H(97.2%)°] Al AlE F 7}
A ol 27] 4@ g el ekt

AbstA et B3-2(713 A7A7] AH H7he 177.6°C0A A HA
Table 8. EDS point analysis results (Wt%) of B3 and C2 specimens

Meas. point Region C o Others

B3-Spec2 A3 JA 60.33 30.73 Si 2.72, Ca 5.88 In 0.33

B3-Spec3 71 A 67.02 29.98 Mg 0.63, K 0.73, Ca 1.29, Si 0.24, Na 0.11

B3-Spec4 71 A 65.07 32.72 Ca 221

C2-SpecS 71 A 63.57 35.62 K 0.22, Ca 0.59

C2-Spec6 nlo] @ 2} YA} 73.42 25.70 K 0.48, Ca 0.41

C2-Spec7 271 I8 4R 36.62 38.34  [Si 13.64, Al15.59,K 4.59, Fe 0.35, Ca 0.48, Na 0.22, Mg 0.17

Table 9. Key TGA/DTG parameters of A2, B3-2, and C2-2 specimens

Parameter A2 B3-2 C2-2
Ts% (°C) 129.7 128.7 134.2
Ti% (°C) 161.6 153.9 157.2
Ts% (°C) 284.0 290.3 289.2

DTG peak(s) (°C) 186, 286 178, 291, 336 179, 284, 330
Residue at 409°C (%) 16.81 18.29 23.12
W at 100°C (%) 97.2 96.3 96.8
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(a) TGA curves (b) DTG curves
100 --—.-_;__;_TM —— A2 (TPS baseline) 07 —— A2 (TPS baseline)
- B3 (direct coffee grounds) : B3 (direct coffee grounds)
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Fig. 11. TGA and DTG curves of A2, B3-2, and C2-2 specimens (TGA Q5000, 10°C/min, N, atmosphere).
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Table 10. Water contact angle (WCA) of composite specimens (sessile drop, n>4)

Sample n WCA Left (°) WCA Right (°) WCA mean (°)
A2 4 68.7+15.6 64.9+13.2 66.8 £ 14.4
B3-2 8 90.3+11.7 92.1+11.0 912+11.2
C2-2 7 76.9+15.1 76.5+14.2 76.7+ 14.4




150 ols

(a) A2 I () B3 l
f=zE1e =912

{€)c2 I
a=715

Fig. 12. Representative water contact angle (WCA) images of composite specimens: (a) A2, (b) B3-2, (c) C2-2. For each group, the
individual measurement closest to the group mean was selected as representative (A2: 61.4° of mean 66.8° + 14.4°, n=4; B3-2: 91.2°
of mean 91.2°+11.2°, n=8; C2-2: 77.5° of mean 76.7° £ 14.4°, n=17).
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Table 11. Material property-product matching analysis
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Formulation Key properties

Suitable product

Core advantages

High density 0.80 g/cm?®

B3 .
(excellent packing)

Cup sleeve & coaster set

Low cost, coffee-brown aesthetic

Low WA (45.0%),

€2 highest flexural/tensile/hardness

Packaging/gift box

High strength, self-supporting single layer,
premium matte black

Lowest WA (42.5%); B4 skin +

B4 .
recycled corrugated core composite

Modular storage box

Lightweight stiff sandwich, low WA, cir-

cular economy




Vol. 32, No. 2 (2026)

715l 7| 245t F et R CFs A A5

0

o
S

A A

0

151

Table 12. Static structural (FEA) validation summary of the three product designs (Autodesk Fusion 360, Static Stress)

Product Material input (measured) Load case Min. SF |Max. stress (MPa)| Max. disp. (mm)
_ 3 p i
Packaging box (C2) p=0.68 glom’, E=24 MPa, 39 N vertical 15.0 0.145 3.10
oy=2.21 MPa, UTS=1.20 MPa (lid, stacking)
_ 3 po i i
Cup sleeve + p=0.76 g/cm’, E=20 MPa, Gravity + 15 .N gip 593 0384 0.99
coaster (B3) oy=1.24 MPa, UTS=0.40 MPa + 5 N weight
Storage box B — 25 N ical
B4 design; B3 property|  P~0-76 glem’, E=20 MPa, vertica 104.6 0.012 0.011
proxy") oy=1.24 MPa, UTS=0.40 MPa | (stored content)
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Fig. 13. Packaging/gift box (C2 formulation) rendering: open state showing the single-layer body and internal compartment divider.
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Product 1. Packaging Box {C2 Slngle Layer)

(3) Internal Structure (Divider Thic

(5) Usage Examples

@) Front View (Closed)

(@) Side Cross-Section (Wall Thickness 7 mm)

25cm

(@) Exterior Colors / Finishes (C2 Material)

S

Fig. 14. Packaging box (C2) design specifications: closed front view, side cross-section (7 mm wall thickness), internal layout (3 mm
divider), exterior color and texture options, and application scenarios.
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Fig. 15. Static structural FEA of the packaging box (C2), 39 N stacking load on the closed lid, bonded box-lid assembly: (a) safety

factor, (b) Mises equivalent stress, (c) displacement.
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Cup Sleeve + Coaster (B3)

2cm 24cm

@10 cm
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Fig. 16. Cup sleeve and coaster set (B3 formulation) design: sleeve flat pattern (24 x 8 cm), coaster (@ 10 cm), and coaster cross-section detail.
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(c) Displacement

Fig. 18. Static structural FEA of the cup sleeve and coaster (B3), combined gravity + 15 N grip force + 5 N vertical load: (a) safety

factor, (b) Mises equivalent stress, (c) displacement.
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Fig. 19. Modular storage box (B4 composite formulation) design: three-module set (S/M/L), 45° internal lattice ribs, and composite
cross-section (B4 skin 2-3 mm + recycled corrugated core 3-4 mm).
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(c) Displacement

Fig. 20. Static structural FEA of the modular storage box (B4 design; B3 measured properties applied as a conservative proxy), 25 N
load on the interior base: (a) safety factor, (b) Mises equivalent stress, (c) displacement.
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