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EXECUTIVE SUMMARY: Molded pulp packaging is a sustainable solution to persistent plastic 
crisis. This study utilized apple pomace (AP) as a renewable source of fibers and newspaper 
fiber (NP) as reinforcement material to create molded pulp biocomposites (boards) at AP:NP 
ratio of 2:1 in 3% solid pulp. Eco-friendly chemical treatments using citric acid (CA) and sodium 
bicarbonate were employed to remove pectin, hemicellulose, and extractives from apple 
pomace (AP) for improving AP fiber quality and maximizing its utilization in producing molded 
pulp boards with newspaper (NP) fibers (AP:NP ratio of 2:1) using molded pulp technique. CA 
treatment improved AP fiber strength and cellulose content. AP treated by CA at pH 2.5 and 75 
°C with 0.15% cellulose nanofiber (CNF) reinforcement produced AP/NP molded pulp board 
with high flexural strength, and dimension stability, and low density. This study provided new 
insight to improve fiber functionality and utilize AP for developing sustainable packaging. 
 
OBJECTIVES 

• To analyze the effect of eco-friendly chemical treatments on fiber composition and 
water retention (WR) of AP  

• To optimize the eco-friendly treatments based on high flexural strength, strain, 
modulus, and dimensional stability, and low water absorption (WA) of AP/NP board 

• To evaluate CNF as a reinforcing agent in AP/NP board to enhance mechanical 
properties and water resistance. 

 
PROCEDURES 
Materials  
AP was donated by Hood River Juice Co. (Hood River, OR, USA), and stored at −25°C until its 
use. NP and CF were obtained locally.  
 
Chemical treatments of AP 
A 300 g batch of fresh AP was first stirred into 1.8 L of boiling water for 5 min to remove excess 
sugars, drained, and pressed with a constant weight for 3 min to remove excess water. AP were 
then either subjected to different chemical treatments by mixing with treatment solution in a 
1:20 of AP: solution ratio (w/v) or without further treatment to serve as a control (APC). 
Three eco-friendly treatments were implemented using citric acid (CA), sodium bicarbonate 
(SB), or a two-step process of CA/SB. CA solution (3 g/L) at pH 2.5 was combined with AP to 
extract pectin at 85 ± 5°C for 30 min with constant stirring. Treated fibers were rinsed with DI 



water until neutral. For SB treatment, 10% (w/v) SB was combined with AP, covered, and 
treated at 23 ± 2°C for 48 h with occasional stirring. Afterwards, the fibers were rinsed with DI 
water until neutral. For combined CA and SB treatment, AP was mixed with CA solution (pH 2.5) 
and heated at 85 ± 5°C for 30 min with constant stirring. Treated fibers were rinsed, pressed to 
remove excess moisture, and then combined with SB solution at 23 ± 2°C for 48 h following with 
rinse till neutral. After each treatment, AP samples were pressed in a cheesecloth-lined strainer 
under a constant weight for 3 min to remove excess water. 
 
Preparation of pulp and molded pulp board 
NP and AP slurry were prepared in DI water at a 1:20 ratio and blended on the high-power 
setting for 5 min using a food processor to imitate the industrial scale pulping. The treated AP 
fibers were not blended because of reduced fiber size after treatment.  
In the formulation of AP with NP, the ratio between AP and NP was 1:2, determined by our 
preliminary studies (data not shown). For each board of AP (with or without pretreatment) and 
NP, 200 g of slurry was placed into a 10 cm × 10 cm custom high density polyethylene mold, 
lined with mesh #80 on each side. The mold was pressed by a lab scale hydraulic presser for 4 
min to remove excess water. The fiber board was dried in an Enviropak MP-200 convention 
oven (Clackamas, OR, USA) at 120°C for 40 min with 99% fan speed followed by 110°C for 
15 min with 25% fan speed. The boards were conditioned in a 50% RH desiccator for 120 h 
before further analysis (Figure 1).  
 

 
Figure 1. Process flow diagram of producing apple pomace (AP) based molded pulp board 
 
Water retention  



Water retention (WR) analysis was carried out in accordance with ISO 23714:2014 with minor 
modification. Briefly, each treated AP pulp slurry was diluted to 0.15% (w/v) with DI water. Five 
replicates of 50 ml per sample were vacuum filtered using the glass microfiber filter (Whatman 
GF/C) to remove water, and the filters were immediately dried at a 105 °C forced air oven 
(VWR; Radnor, PA, USA) for 24 h. WR was calculated as: WR = m1/m2 – 1, where m1 and m2 
were the weight of the wet and dry test pad containing AP (g), respectively. 
 
Images of fibers and boards 
The images of AP fibers and AP/NP boards were observed with scanning electron microscope 
(SEM, FEI Quanta 600 F, OR, USA). For fiber preparation, 1–2 drops of the AP fiber suspension 
(0.3% w/v solid content in distilled water) was placed on a silica wafer and dried. The AP/NP 
boards were cut into approximately 12 mm x 4 mm rectangles for observation of surface and 
cross-section structures. The samples were mounted on an aluminum stub and coated by gold 
palladium alloy sputter cutter (Cressington Scientific Instruments Ltd., UK). The examination of 
the cross-section of the boards was carried out with a stereomicroscope (Leica Microsystems, 
Schweiz AG, Heerbrugg, Switzerland) and the images were captured with the attached digital 
camera (Q Imaging, Surrey, British Columbia, Canada). 
 
RESULTS 
Fiber composition of treated AP 
The chemical treatments significantly affected the cell wall composition (Table 1). NDF was 
significantly increased in all treated groups compared to the untreated control (APC). 
Specifically, both ecofriendly (CA, SB, and CA + SB) and traditional (HCl, NaOH, HCl + NaOH) 
treatments increased NDF (%) by 12%, 15%, 23%, 11%, 24%, and 30%, respectively in 
comparison to APC, indicating the removal of extractives that cover the surface of fibers. The 
pectin content (11.8% in APC) was significantly (P<0.05) decreased by 2.2%–6.5% using eco-
friendly treatments and by 3.4%–8.9% with traditional treatments, in which the two 
combination treatments (CA + SB and HCl + NaOH) resulted in the lowest pectin, 3.5% 
and 2.8%, respectively. The alkaline treatments resulted in more pectin removal than the acid 
treatment in the order of NaOH > HCl and SB > CA, which might be attributed to the β-
elimination mechanism of pectin depolymerization. Chemical treatments decreased 
hemicellulose % of NDF compared to APC, and acidic treatments achieved a lower 
hemicellulose value than that of alkaline treatment (Table 1). All treated AP exhibited higher 
cellulose percentage compared to APC, especially those treated by CA + SB, NaOH, and HCl + 
NaOH with significantly (P<0.05) higher cellulose content than APC. There were no significant 
differences in lignin content among the treatments except that HCl + NaOH treatment resulted 
in significantly higher lignin than APC, probably due to more removal of extractives (Table 1). 
Furthermore, there was no significant difference in ash content among all groups (P>0.05).  
In summary, chemical treatments were successful to remove extraneous components from AP 
fibers. Acidic treatments removed a higher percentage of hemicellulose than alkaline did. 
Alkaline treatments removed a higher percentage of pectin than acid. Traditional treatments 
(HCl, NaOH, and HCl + NaOH) showed a larger increase in cellulose and lignin content in AP due 
to increased removal of extractives compared to eco-friendly treatments (CA, SB, CA + SB), 
whereas eco-friendly ones resulted in comparable or higher removal of hemicellulose. 



Table 1 Fiber composition of apple pomace after subjected to different chemical treatments 
on a dry-weight basis 

 
a APC, apple pomace control without chemical treatment and with blending step for similar fiber size to treated 
groups, CA, citric acid at pH 2.5 and 85 °C for 30 min, SB, sodium bicarbonate saturated solution (10% w/v) at 23 °C 
for 48 h, CA + SB, a two-step process of CA + SB, HCl, hydrochloric acid at pH 2.5 and 85 °C for 30 min, NaOH, 
sodium hydroxide at 0.01M at 85 °C for 30 min, HCl + NaOH, a two-step process of HCl + NaOH 
C Neutral detergent fiber (NDF) was a sum of cellulose, hemicellulose, and lignin 

 
WR values of treated AP fibers and physical properties of molded pulp boards with AP subjected 
to different chemical treatments 
For the purpose of this project, lower WR value is desirable for processability, but this value 
should be optimized for industrial scale process. All AP fiber groups had significantly (P<0.05) 
higher WR value than that of NP (Table 2), likely because AP fibers generally contain more 
hydrophilic polymers (hemicellulose, pectin, extractives) in their cell wall composition 
compared to NP. A higher WR value could also be the AP (control or treated) were blended with 
NP fibers at AP:NP ratio of 2:1 for producing boards using molded pulp method. In this study, 
chemical treatments did not cause significant difference in WR from AP, neither difference 
among all treatments.  
Area, density and appearance of the boards are reported in Table 2 and Figure 3, respectively. 
All boards showed a dimensional shrinkage after drying and subsequent conditioning as 
reflected in area value (Table 2) and images (Figure 3). The ideal board would have an area 
close to 100 cm2 based on the dimension of the mold. NP had the highest area of 95.3 cm2, 
while boards containing AP had significantly lower areas of 80–89 cm2 (Table 2). Qualitatively, 
the edges of some groups began to curl upward in the dried boards (Figure 3). All treated AP 
boards had significantly lower areas than the control board (AP only). However, this 
dimensional shrinkage might not be an issue in industrial operations since vacuum is applied to 
remove excessive free water before drying the molded product. Density is an important 
parameter to consider in producing molded pulp products. While lower density is advantageous 
for lowering shipping cost, a higher density tends to correlate with improved mechanical 
properties. Traditional treatments (HCl, NaOH, and HCl + NaOH) and the two-step eco-friendly 
treatment (CA + SB) resulted in the highest density (Table 2). CA treated AP board had a higher 
density than that from APC. NP had the lowest density correlating with the highest thickness 
value (Table 2). 
 
 
 
 



Table 2 Characteristics of apple pomace (AP)/newspaper fiber (NP) molded pulp boards with 
apple pomace subjected to various chemical treatments 

 
 
 

 
Figure 3 Images of molded pulp boards with apple pomace (AP) subjected to different 
chemical treatments. The boards were formulated from a 200 g slurry containing 3% solids of 
either pure newspaper fibers (NP control) or 2:1 ratio of AP:NP solids, plus 0.15% (w/w) 
glycerol of the total formulation 
 
Cross-section images of the boards  
Cross-section images of the boards were observed using stereomicroscope at 4x magnification 
(Figure 4). All AP boards had voids, in which the most frequent and large voids were observed in 
SB treated AP board. Since SB was performed at 23 °C with mild conditions, SB treated AP fibers 
likely had larger diameter, lower active surface area, and less packed fibers from other 
treatments. A low temperature and mild treatment would result in less fibrillation and less 
removal of extraneous components as reflected in NDF and hemicellulose values (Table 1). The 
boards from APC and AP treated by CA, HCl, and NaOH all exhibited the presence of some 



voids, but smaller and less frequent than that from SB treatment, which might be the result of 
high temperature (85 °C) applied in these treatments. The boards made from CA + SB and NaOH 
+ HCl treated AP had a minimum frequency and size of voids, probably due to increased 
removal of extraneous compounds as reflected in the higher NDF values (Table 1) and intensive 
treatment to increase fibrillation of the fibers. No voids were seen in the NP boards (Figure 4) 
due to the high content of long cellulose fibers. 
 

 
Figure 4. Stereomicroscope images of the cross-sections of molded pulp boards with apple 
pomace subjected to different chemical treatments. NP, newspaper fibers, APC, untreated 
apple pomace, CA, citric acid at pH 2.5 and 85 °C for 30 min, SB, sodium bicarbonate 
saturated solution (10% w/v) at 23 °C for 48 h, CA + SB, a two-step process of CA + SB, HCl, 
hydrochloric acid at pH 2.5 and 85 °C for 30 min, NaOH, sodium hydroxide at 0.01 M at 85 C 
for 30 min, HCl + NaOH, a two-step process of HCl + NaOH 
 
Optimization of apple pomace (AP) board  
There were four treatments: CA1_CNF1 = CA at pH 3, CNF 0.15%; CA1_CNF2 = CA at pH 3, CNF 
0.3%; CA2_CNF1 = CA at pH 2.5, CNF 0.15%; CA2_CNF2 = CA at pH 2.5, CNF 0.3%. Among the 
four treatments, significant differences were only observed in area and flexural strain of the 
boards (Table 3). The boards with 0.15% CNF had higher (P<0.05) area than that with 0.3% CNF, 



and at the same CNF concentration, board with AP treated by CA at pH 3 had higher area than 
that treated by CA at pH 2.5. Flexural strain was higher (P<0.05) in board with AP treated 
by CA at pH 2.5 and with 0.3% CNF, since the high aspect ratio of CNF fibers filled the voids 
between larger AP fibers and increased stress transfer capacity. Therefore, AP with CA 
treatment at pH 2.5 and CNF incorporation at 0.15% are recommended as the optimal 
conditions for producing AP/NP molded pulp board in this study. 
 
Table 3 Properties of apple pomace molded pulp boards with incorporation of newspaper 
(NP) and cellulose nanofiber (CNF) 

 
a Apple pomace utilized in molded pulp boards was treated by different concentrations of citric acid (CA) at 75 °C 
and incorporation of cellulose nanofiber (CNF): CA1_CNF1 = CA at pH 3, CNF 0.15%; CA1_CNF2 = CA at pH 3, CNF 
0.3%; CA2_CNF1 = CA at pH 2.5, CNF 0.15%; CA2_CNF2 = CA at pH 2.5, CNF 0.3%. 

 
Scanning electron microscopy (SEM) images of CA treated and untreated AP fibers and their 
molded pulp boards 
As shown in Figure 5(a), extractives (i.e., hemicellulose, pectin, and wax) covered the surface of 
untreated AP fibers, whereas CA treated AP fibers are clean with nearly free of impurities 
(Figure 5(b)). In respect to the board, the cross-section of the board with untreated AP has 
much larger and more frequent gaps (Figure 5(c)) as compared to the compact cross-section of 
the board with optimal CA treated AP (Figure 5(d)). Through the removal of the extractives, CA 
fibers are able to pack tightly with increased fiber bonding, which led to increased mechanical 
properties of molded pulp boards.  
Studies for producing three-dimensional molded pulp products including nursery pots and trays 
using a pilot-scale molded-pulp machine are under way. In addition, optimization of drying 
conditions, strategies to improve WR value of pulp with strength and runnability, 
biodegradability of produced molded-pulp products, and use of treated AP fibers with other 
biopolymers will be studied. 



 
Figure 5 Scanning electron microscope images of apple pomace (AP) fibers and AP/newspaper 
(NP) boards. (a) Untreated AP fibers, (b) Citric acid (CA) treated AP fibers (pH 2.5 at 75 °C for 
30 min), (c) Cross-section of AP/NP molded pulp board, and (d) Cross-section of CA treated 
AP/NP board prepared at optimal formulation with 0.15% cellulose nanofiber (CNF) 
 
ADDITIONAL FUNDING RECEIVED DURING PROJECT TERM: We received the Oregon 
Department of Agriculture (ODA) Specialty Crop Block Grant Program (SCBGP) (ODA6028GR) to 
build a pilot-scale molded pulp machine. This study has been expanded to optimize the pulp 
formulation with recycled cardboard and to enhance hydrophobicity of molded pulp board. The 
optimized pulp formulation obtained from this study will be also implemented for the pilot-
plant scale test.   
 
FUTURE FUNDING POSSIBILITIES: Results obtained from this study will be utilized for applying 
USDA National Institute of Food and Agriculture (NIFA) Agriculture and Food Research Initiative 
(AFRI) competitive grant program in 2022.  


