
Environmental Research 204 (2022) 111927

Available online 28 August 2021
0013-9351/Crown Copyright © 2021 Published by Elsevier Inc. All rights reserved.

Value of dehydrated food waste fertiliser products in increasing soil health 
and crop productivity 

James O’Connor a, Son A. Hoang a, Lauren Bradney a, Jörg Rinklebe b,c, M.B. Kirkham d, 
Nanthi S. Bolan a,e,f,g,* 

a Global Centre for Environmental Remediation (GCER), Faculty of Science, The University of Newcastle, University Drive, Callaghan, NSW, 2308, Australia 
b University of Wuppertal, School of Architecture and Civil Engineering, Institute of Foundation Engineering, Water and Waste Management, Laboratory of Soil and 
Groundwater Management, Pauluskirchstraße 7, 42285, Wuppertal, Germany 
c Department of Environment, Energy and Geoinformatics, Sejong University, 98 Gunja-Dong, Guangjin-Gu, Seoul, Republic of Korea 
d Department of Agronomy, Kansas State University, Manhattan, KS, 66506, United States 
e Cooperative Research Centre for High Performance Soil (Soil CRC), The University of Newcastle, Callaghan, NSW, 2308, Australia 
f School of Agriculture and Environment, The University of Western Australia, Perth, WA, 6001, Australia 
g The UWA Institute of Agriculture, The University of Western Australia, Perth, WA, 6001, Australia   

A R T I C L E  I N F O   

Keywords: 
Dehydrated food waste 
Fertiliser 
Nutrients 
Plant availability 
Phytotoxins 
Plant growth 

A B S T R A C T   

Dehydration of food waste is a technique in which food waste is dewatered to form a low moisture product. This 
research characterised the physicochemical properties of different dehydrated food waste products and examined 
their value in improving physical, biological, and chemical properties of soils. Dehydrated food waste products 
were slightly acidic (4.7–5.1) with high levels of electrical conductivity (EC) (4.83–7.64 mS cm− 1). The products 
were composed of complex carbohydrates, polysaccharides, alcohols, phenols, carboxylic acid, lipids, and fats 
and contained high levels of total and available nutrients. Dehydrated food wastes slightly impacted the soil pH; 
however, they significantly increased soil EC, which may cause soil salinity when applied repeatedly. The food 
waste products also increased macro-nutrients (N, P, and K) for plants across different soil types. Carbon and 
nutrients in dehydrated food waste increased microbial activity, measured by basal respiration. Delayed 
germination and reduced plant growth of corn (Zea mays) and wheat (Triticum aestivum) plants were observed at 
high application rates of dehydrated food waste. This may have resulted from a combination of phytotoxins, 
anoxic conditions, salinity as well as the water-repellent nature of dehydrated food waste. However, release of 
nutrients increased nutrient uptake and plant biomass in corn and wheat plants at low levels of food waste 
application. The dehydrated food waste products may require composting prior to soil application or incorpo-
ration into soil for a long duration prior to planting. These processes will overcome the limitations of phyto-
toxins, anoxic conditions, salinity, and water repellence. Further work is required to optimise the levels of 
dehydrated food waste application to improve soil health and crop productivity.   

1. Introduction 

Food waste disposal practices (landfill and incineration) have 
resulted in environmental pollution globally. These pollution concerns 
include emission of ~20% of total global greenhouse gases, landfill 
leachate causing groundwater pollution, and reduced land-use area 
(FAO, 2011; O’Connor et al., 2020). Disposal of food waste also causes a 
mass waste of nutrients that can be used for agriculture. The main input 

of nutrients into agriculture are chemical fertilisers because they pro-
vide a cheap and effective nutrient source for agriculture. However, 
these fertilisers can cause many short- and long-term consequences to 
the environment, which include heavy-metal accumulation in soils and 
eutrophication of surrounding water ways (Chandini et al., 2019; Savci, 
2012). Additionally, these chemical fertilisers have no beneficial im-
pacts on soil physical health (e.g., soil structure and water infiltration), 
which is vital to reduce soil degradation in agriculture. Food waste 
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fertilisers do not have these environmental problems. Therefore, not 
only can use of food wastes as fertilisers resolve their disposal issues, but 
they also can replace chemical fertilisers. 

Thermal dehydration of food waste produces a product that has 
unique characteristics and may be favourable for soil application 
compared with other food-waste biofertilisers, such as compost, diges-
tate, biochar, and hydrolysates. Dehydrated food waste contains more 
readily available carbon and total nutrients compared to composted 
food waste. Moreover, recent studies have shown how dehydrated food 
waste can be treated with plant-growth-promoting microbes, such as 
Azospirillum, to enhance availability of nutrients as well as to increase 
soil health (Mahmood et al., 2019; Mehnaz, 2015). Sources of food 
waste include agricultural (farm), industrial (processing), and house-
hold (kitchen) wastes with varying physical, biological, and chemical 
properties. This wide range of food waste properties, combined with the 
addition of plant-promoting microbes, allows dehydrated food waste to 
be applied to a variety of crops. 

The simple process of thermal dehydration preserves food waste 
through dewatering. Thermal dehydration involves spinning food waste 
at 100 ◦C via a centrifuge, thereby evaporating the water (O’Connor 
et al., 2020). This water by-product produced by evaporation can further 
be used for irrigation or grey-water purposes. Although, this process 
does not form a new product as such, it significantly reduces by ~70% 
w/w the mass of food waste, which decreases its application and haulage 
costs (O’Connor et al., 2020; Sotiropoulos et al., 2015). Dehydrated food 
waste is described as lightweight, dry, virtually odourless, and biologi-
cally inert (Dhar, 2016). Due to the material being extremely light-
weight, dry, and biologically inert, its use is more appealing for storing 
and hauling compared to other valorisation options such as composting 
or anaerobic digestion (O’Connor et al., 2020). Moreover, this product 
contains a high nutrient source, which can either be fed to livestock or 
be used as an organic biofertiliser in agriculture. Dehydration of food 
waste has the main advantages of being an easily manageable material, 
instant sterilisation of pathogens, destruction of weed seeds, and pro-
duction of a distillate (water) (Sotiropoulos et al., 2015). 

Dehydrated food waste is considered to be a pre-treated composted 
product that is phytotoxic and has a high oxygen demand. Due to the 
high oxygen demand, immature composted products have decreased 
availability of nitrogen when initially applied to soils, which has the 
potential to reduce seed germination and stunt plant growth (Dhar, 
2016). Decomposition of dehydrated food waste is only initiated when 
water is applied to the product. This allows the product to be stockpiled 
for long periods of time without losing nutrients. When water is added, 
dehydrated food waste will start to host micro-organisms and the pro-
cess of composting is begun (Sotiropoulos et al., 2015). Only a handful of 
studies have recorded the agronomic value and characteristics of 
dehydrated food-waste-fertiliser products (Dhar, 2016; Mahmood et al., 
2019; Sotiropoulos et al., 2015). Therefore, this study aimed to expand 
on this research and build a foundation for future research concerning 
the agronomic value of dehydrated food-waste products. The main 
objective of the study was to characterise the physicochemical proper-
ties of dehydrated food-waste products used as fertilisers and, subse-
quently, determine their value in enhancing the physical, chemical, and 
biological fertility of the soil. 

2. Materials and methods 

2.1. Collection of dehydrated food waste fertiliser products and soil 
samples 

2.1.1. Dehydrated food waste fertiliser products 
Dehydrated food waste fertiliser products were collected from the 

Enrich360® distributor, Yarraville, Melbourne, Victoria. Enrich360® is 
a company that distributes bio-dehydration machinery to food- 
establishment businesses, such as restaurants and cafeterias 
(Enrich360®, 2018). These food establishments produce the dehydrated 

food waste products, which Enrich360® certified members collect and 
give to farmers for use as a fertiliser source. These products were man-
ufactured by different constituent restaurants. The samples supplied 
varied in composition based on different food sources. The dehydrated 
food waste fertiliser product samples tested in this research included 
waste from food served with serviettes (FW 1), common food waste (FW 
2), greasy food waste (FW 3), vegetable food waste (FW 4) and 
6-month-old common food waste (FW 5). To perform the characterisa-
tion, incubation, and plant-growth experiments, sediment size of the 
dehydrated food waste fertiliser products was reduced to <2 mm size 
using a sieve. 

2.1.2. Soil 
A range of soils with varying textural properties was used throughout 

the experiments. The samples had been collected from temperate soil 
(loam), arid to semi-arid soil (sand), and horticultural farmland soil 
(clay), obtained in locations throughout NSW, Australia. The loam, sand, 
and clay soils were characterised as Brown Chromosol/Luvisol (S 
32◦17′08.1′′ E 150◦48′31.6′′), Red Kandosol/Durisol (S 32◦52′54.3′′ E 
147◦15′34.2′′), and Grey Vertosol (S 34◦14′41.3′′ E 146◦12′07.0′′) (soil 
classification according to Australian and international soil classifica-
tion (Isbell, 1996; IUSS Working Group WRB, 2015)). 

2.2. Characterisation of dehydrated food waste fertiliser products 

The dehydrated food waste fertiliser product samples were analysed 
for pH, EC, total carbon and nitrogen, total elemental nutrients and plant 
available nutrients (N, P, and K), and functional groups. The pH and EC 
of dehydrated food waste fertiliser products were measured in a 1:5 air- 
dried Enrich360® material to water solution using a Sper Scientific 
IC860033 benchtop probe (Sper Scientific Ltd., Scottsdale, AZ). 

The total carbon and nitrogen were measured by a combustion 
method using a LECO CNS analyser (LECO Corp., St. Joseph, MI). A 
standard reference sample (EDTA with C = 72.67% and N = 6.37% 
(No.502-897)) was used to ensure accuracy and calibration. 

The total elemental analysis was measured by microwave digestion 
using a CEM MARS 6 microwave (CEM Corp., Matthews, NC) and sub-
sequent by using an inductively coupled plasma mass spectrometer 
(PerkinElmer NexION350X ICP-MS) and an inductively coupled plasma 
optical emission spectrometer (PerkinElmer Avio200 ICP-OES). To do 
so, 0.2 g of food waste sample was added to a microwave digestion tube 
along with 5 ml of 3:1 hydrochloric acid and nitric acid. Following 
microwaving, the sample was diluted with MQ water, vortex mixed for 
30 s, and filtered (0.45 μm). The standard reference material (Montana 
Soil (SRM 271)) samples were included in the digestion procedure and 
sample analysis. 

Extractable nitrogen was determined in 2 M KCl (1:5 w/v) extracts 
using the colorimetric analysis methods of Mulvaney (1996). Extract-
able phosphorus was determined in 0.5 M NaHCO₃ extracts (1:20 w/v) 
using the Olsen, (1954) method. The extracts were shaken for 30 min 
and centrifuged for 10 min at 9000 rpm before being filtered (0.45 μm). 
The phosphomolybdate method of Murphy and Riley (1962) was used to 
determine inorganic P. The NaHCO₃ extract was adjusted to a pH of 4 
using 1 M H2SO4 (with the use of nitrophenol as indicator) before adding 
the phosphomolybdate reagent. A Thermo Scientific Orion AQUAMATE 
8000 UV-VIS (Thermo Fisher Scientific Inc., Waltham, MA) spectro-
photometer was used for the colour-metric analysis (wavelength: 712 
nm). Extractable potassium was determined in 1 M NH4OAc extracts 
(1:5 w/v). The extract was shaken end-over-end at 70 rpm for 16 h, 
filtered (0.45 μm), and analysed by ICP-MS/ICP-OES. 

Functional groups were measured using Thermo Scientific Cary 600 
Series Fourier Transform Infrared Spectroscopy (FTIR) spectrophotom-
eter with a range of 4000 to 400 cm− 1. The FTIR spectrum of the samples 
was corrected using background ambient air and a polystyrene standard. 
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2.3. Incubation experiment 

Two dehydrated food waste fertiliser products (FW 1 and FW 2) were 
added to different soil types (loam, sand, and clay). Treatment concen-
trations of food waste fertiliser products were 0%, 2%, and 5%. The 200 
g samples were incubated for a 28-day period at field capacity. Field 
capacity was determined by saturating dry soil sample with water in a 
pot and allowing the soil to gravimetrically drain for 48 h whilst being 
covered with a plastic sheet. The soil was weighed before and after, and 
the difference between the final (wet) and initial (dry) determined the 
field capacity. Field capacity for 2% and 5% food waste amended soils 
were also measured. pH, EC and plant available nutrients were 
measured using the same methods in Section 2.2. Two separate respi-
ration tests, basal respiration and substrate induced respiration using the 
Schinner et al. (1991) and Anderson and Domsch (1990) methods, 
respectively, were used to measure microbial activity. Twenty g of soil 
sample were added to a 250 ml glass Schott bottle. Twenty ml of 0.5 M 
NaOH were added to a 40 ml glass vial and the vial was suspended in an 
air-tight glass bottle. The Schott bottles were placed in a constant tem-
perature room set at 25 ◦C for 48 h. After the incubation period, vials 
were removed from the bottles and stored at 5 ◦C. For the substrate 
induced respiration, the soil samples in the incubation bottles were 
spiked with a 1 ml 4% glucose solution (Anderson and Domsch, 1990). 
Back-titration using 0.5M HCl with additions of BaCl and phenol-
phthalein indicator was used to measure the amount of CO2 released. 
The CO2 produced by soil respiration was calculated, based on the 
amount of HCl solution consumed (Eq. (1)): 

R = Mc(Vb − Vs)×M ×
0.5

DW × t
(1) 

Eq. (1). CO2 produced by soil respiration, where R is the amount of 
CO2 released (mg C g− 1 soil day− 1), Mc is the molecular weight of CO2, 
Vb is the volume of HCl for blank titration (ml), Vs is the volume of HCl 
for sample titration (ml), M is the concentration of HCl (M), DW is the 
dry weight of soil (g), t is the length of time (day), and the constant of 0.5 
is the consumption of 2 mol of OH− per mole of CO2. Choppala et al. 
(2016). 

2.4. Plant growth experiment 

A plant-growth experiment in a temperature-controlled glasshouse 
(20–26 ◦C) was set up to investigate the effects of dehydrated food waste 
fertiliser products on plant growth and nutrient uptake. The experi-
mental design used was a factorial randomised block design with 3 
replications. Five hundred g soil samples were amended with FW 1 at 
levels of 0%, 2%, and 5%. These samples were incubated for nineteen 
days prior sowing. After incubation, plastic pots were filled with the 
incubated samples, and corn (Zea mays) and wheat (Triticum aestivum) 
were sowed on the 24/7/20 (5 seeds per pot). The moisture content of 
the soil was retained at 80% field capacity during the germination 
period, and after germination the moisture content was increased to 
field capacity. The plants were thinned to 3 plants per pot on 4/8/20 and 
the plant growth experiment was continued for 28 days (24/7/20–21/8/ 
20). During the plant-growth period, the germination rate (recorded 
after 7 days of sowing – 31/7/20) and the heights of the plants (recorded 
at the day of harvest – 21/8/20) were recorded. After the completion of 
the plant-growth experiment, the plant shoots and roots were harvested. 
The roots were collected carefully, washed free of soil particles, dried 
with tissue paper. Both the shoot and root samples were dried at 70 ◦C in 
an oven over 72 h, and their dry weights were recorded. 

2.5. Statistical analysis 

Significance of physicochemical characterisation of dehydrated food 
waste fertiliser products was tested using a one-way Analysis of Variance 
(ANOVA). Significance of the influences of soil type and treatment on 

dry plant biomass was conducted using a two-way ANOVA. Tukey’s HSD 
post hoc test (p < 0.05) was used to test for significant difference within 
the physicochemical characterisation of food waste fertiliser products 
and between treatments for dry plant biomass. Standard deviation was 
used within food waste fertiliser products characterisation, soil incu-
bation, and plant-growth experiments to express variation. 

3. Results 

3.1. Physicochemical characterisation of dehydrated food waste fertiliser 
products 

3.1.1. pH and EC 
Table 1 shows the pH, EC, and nutrient- and heavy-metal values of 

dehydrated food waste fertiliser products. All food waste fertiliser 
products were slightly acidic with a pH between 4.70 and 5.10. FW 1 
(waste from food served with serviettes) was the least acidic (pH 5.10), 
and FW 4 (vegetable food waste) was the most acidic (pH 4.70). There 
were significant differences in pH among the food waste fertiliser 
products (ANOVA; F = 182.138, p ≤ 0.001). No significant differences 
were observed between FW 2 (common food waste) and FW 4 (vegetable 
food waste). 

The EC values varied among the food waste fertiliser products. There 
were significant differences in EC among the food waste fertiliser 
products (ANOVA; F = 7.671, p ≤ 0.004). The highest EC values were 
found in FW 3 (greasy food waste), and FW 4 (vegetable food waste) 
with values of 7.64 and 7.11 mS cm− 1 while the lowest EC value was 
found in FW 5 (6-month-old common food waste) at 4.83 mS cm− 1. 
Likewise, as with pH, there was a notable difference between FW 1 
(waste from food served with serviettes) and FW 2 (common food waste) 
with an EC difference of 0.77 mS cm− 1. However, there was no statis-
tically significant difference between the samples. These EC values 
correspond to high Na levels within all samples. The Na levels were all 
similar among various food waste fertiliser product samples, and the 
values ranged from 0.54 to 0.67%. 

3.1.2. Carbon and nitrogen 
Dehydrated food waste fertiliser products recorded a high carbon 

content that ranged from 44.20 to 50.62%. FW 1, FW 2, FW 3, and FW 5 
displayed a similar carbon content of around 50%. FW 4, in comparison, 
had a significantly lower carbon content of 44.20%. The total N content 
varied among samples and ranged from 2.70 to 3.25%. FW 2 (3.22%), 
FW 4 (3.25%), and FW 5 (3.17%) all had similarly high N levels and 
were not significantly different. The C/N ratio recorded from the various 
dehydrated food waste fertiliser products ranged from 13.6 to 18.4. FW 
4 had a significantly lower C/N ratio compared to all other food waste 
fertiliser products. 

3.1.3. Total elemental analysis 
The most abundant microbial and plant nutrients within dehydrated 

food waste fertiliser product samples were C. FW 3 and FW 4 showed 
highest concentrations of the major elements K and Ca compared to the 
other samples. Ca was the third most abundant nutrient within FW 4, 
and it had significantly more Ca than other food waste fertiliser product 
samples. P levels in dehydrated food waste fertiliser product samples 
had similar concentrations that ranged between 0.22 and 0.28%. Like-
wise, levels of As (0.49–0.63), Cu (6.1–7.9), Pb (0.17–0.29), and Zn 
(20.1–27.4) (all units in mg kg− 1, unless specified otherwise) were 
similar among all samples. Like Ca and K, the elements Cr (0.28–3.24), 
Fe (31.5–194.9), Mg (624.5–1466.2), and Ni (0.54–2.07) had significant 
variation among food waste fertiliser product samples. There also were 
significant differences in the elements Cd, Co, Mn, and Na among the 
food waste fertiliser products. 
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3.1.4. Plant available nutrients 
Table 2 shows the plant-available nutrients for the different types of 

dehydrated food waste fertiliser products. Plant-available N was most 
abundant in FW 4 (1.71 g kg− 1), and the least abundant in FW 1 (1.32 g 
kg− 1). This trend was also followed for plant-available P and K, with 
significantly higher levels of P and K in FW 4 (1.93 and 9.19 g kg− 1, 
respectively) compared to FW 1 (1.27 and 3.33 g kg− 1, respectively). FW 
4 and FW 3 had significantly higher available K compared to FW 1, FW 2, 
and FW 5 (FW 4 was 2.8-fold higher than FW 1). 

3.1.5. FTIR of dehydrated food waste fertiliser products 
References to literature were used to compare food samples and the 

known functional group bands present within the food (SI-Table 1). The 
strong, broad band around 3650 and 3000 cm− 1 is characteristic of 
hydroxyl and amine groups (O–H and N–H) stretching vibrations. 
Common compounds included within these groups are water, alcohols, 
phenols, and carboxylic acids (Massimi et al., 2018). The food waste 
fertiliser product samples are good at absorbing water from the atmo-
sphere due to the presence of hydrophilic organic matter (e.g., ligno-
cellulose). The two strong, sharp bands at 2926 and 2855 cm− 1 originate 
from the asymmetric and symmetric stretching of aliphatic methylene 
groups (CH3 and CH2) indicating the presence of lipids and fatty acids 

(Durazzo et al., 2018; Zhou et al., 2014). Following this is a very strong, 
sharp band at 1744 cm− 1 resulting from the stretching of C––O in ke-
tone, carboxylic acids, aldehyde, and esters (Smidt and Schwanninger, 
2005). The band at 1646 cm− 1 corresponds with the vibration of C––C 
groups within aromatic rings of the compounds, lignin moieties, lipids, 
and fatty acids (Pujol et al., 2013). The vibration of O–H may also be 
detected at the peak of 1646 cm− 1 signifying the presence of water 
(Smidt and Schwanninger, 2005). The band can also originate from 
C––O stretching and N–H bending, quinone, and ketone groups (Durazzo 
et al., 2018; Provenzano et al., 2011). The band at 1540 cm− 1 is char-
acteristic of N–H bending of the functional group amide II. 

The band at 1460 cm− 1 resembles C–H bending of CH3 groups and 
can be identified as hemicellulose and amide III (Pujol et al., 2013; Zhou 
et al., 2014). The 1376 cm− 1 corresponds to N–O stretching within ni-
trate (Smidt and Schwanninger, 2005). The bands at 1236, 1158, 1098, 
1079, and 1021 cm− 1 could be amide III, carboxylic acids, and poly-
saccharides due to the stretching of C–O–C, C–H, C–N, and P–O bonds 
(Durazzo et al., 2018; Pujol et al., 2013). This region from 1400 to 900 
cm− 1 exhibits several bands of vibrations typical of the presence of 
polysaccharides, but may also have other compounds such as phenols 
(Pujol et al., 2013). The 880 to 850 cm− 1 region is the stretching of C–C 
and C–H of aromatic compounds (Zhou et al., 2014). The wavenumber 

Table 1 
Characteristics of dehydrated food waste fertiliser product samples. Samples expressed as FW 1 (waste from food served with serviettes), FW 2 (common food waste), 
FW 3 (greasy food waste), FW 4 (vegetable food waste) and FW 5 (6-month-old common food waste). Values under FW represent mean with standard deviation within 
brackets. Values under ANOVA represent F-value with p-value within brackets.  

Parameter FW 1 FW 2 FW 3 FW 4 FW 5 ANOVA 

pH 5.10 (0.00) a 4.73 (0.02) b 4.80 (0.03) c 4.70 (0.01) b 4.95 (0.00) d 182.138 (<0.001) 
EC (mS cm− 1) 4.94 (0.93) a 5.71 (0.68) ab 7.64 (0.42) b 7.11 (0.69) b 4.83 (0.38) a 7.671 (0.004) 
C (%) 49.73 (0.41) a 50.62 (0.42) a 49.65 (0.05) a 44.20 (0.97) b 49.69 (1.80) a 15.293 (0.001) 
N (%) 2.70 (0.11) a 3.22 (0.09) b 2.83 (0.09) ac 3.25 (0.08) b 3.17 (0.03) bc 14.097 (0.001) 
C/N 18.4 a 15.7 b 17.5 ab 13.6 c 15.7 b 33.231 (<0.001) 
P (%) 0.25 (0.04) a 0.23 (0.01) a 0.28 (0.04) a 0.27 (0.02) a 0.22 (0.02) a 2.275 (0.133) 
K (%) 0.55 (0.06) a 0.62 (0.04) ad 1.20 (0.02) b 1.46 (0.04) c 0.66 (0.02) d 365.492 (<0.001) 
Na (%) 0.54 (0.06) a 0.67 (0.01) b 0.63 (0.02) b 0.61 (0.01) ab 0.60 (0.00) ab 6.285 (0.009) 
Ca (%) 0.17 (0.04) a 0.20 (0.04) a 0.58 (0.07) a 1.92 (0.31) b 0.32 (0.12) a 65.231 (<0.001) 
Mg (mg kg− 1) 744.4 (46.5) a 624.5 (24.1) ad 1152.2 (40.5) b 1466.2 (62.4) c 801.2 (19.4) d 138.010 (<0.001) 
Fe (mg kg− 1) 31.5 (8.3) a 51.5 (2.8) a 125.0 (1.9) b 194.9 (24.4) c 44.4 (1.2) a 51.604 (<0.001) 
Zn (mg kg− 1) 27.4 (0.1) a 27.3 (0.1) a 20.1 (0.1) a 21.8 (0.3) a 24.3 (0.2) a 3.610 (0.045) 
Cu (mg kg− 1) 6.1 (1.5) a 6.1 (0.3) a 6.5 (0.1) a 7.9 (0.6) a 6.4 (0.6) a 1.798 (0.206) 
Mn (mg kg− 1) 18.5 (1.5) a 10.7 (0.7) b 11.8 (0.1) b 15.5 (0.8) c 15.6 (0.3) c 28.550 (<0.001) 
Cr (mg kg− 1) 0.28 (0.01) a 0.59 (0.05) a 1.31 (0.04) b 3.24 (0.29) c 0.56 (0.04) a 161.444 (<0.001) 
Ni (mg kg− 1) 0.54 (0.10) a 0.60 (0.11) a 1.11 (0.13) a 2.07 (0.34) b 0.67 (0.16) a 22.940 (<0.001) 
Pb (mg kg− 1) 0.28 (0.05) a 0.28 (0.07) a 0.29 (0.08) a 0.23 (0.03) a 0.17 (0.03) a 1.832 (0.199) 
As (mg kg− 1) 0.49 (0.05) a 0.63 (0.07) a 0.53 (0.04) a 0.53 (0.06) a 0.49 (0.04) a 2.418 (0.117) 
Cd (mg kg− 1) 0.028 (0.00) a 0.033 (0.02) a 0.087 (0.01) b 0.088 (0.01) b 0.040 (0.00) a 21.761 (<0.001) 
Co (mg kg− 1) 0.060 (0.01) a 0.059 (0.00) a 0.102 (0.00) a 0.165 (0.03) b 0.063 (0.00) a 19.777 (<0.001) 

EC = Electrical Conductivity; Different superscript letters represent significant differences (p < 0.05) between treatments using Tukey’s HSD post hoc test. 

Table 2 
Plant-available nutrients of dehydrated food waste fertiliser product samples. Samples expressed as FW 1 (waste from food served with serviettes), FW 2 (common food 
waste), FW 3 (greasy food waste), FW 4 (vegetable food waste) and FW 5 (6-month-old common food waste). Values represent mean with standard deviation within 
brackets. Values under ANOVA represent F-value with p-value within brackets.  

Parameter FW 1 FW 2 FW 3 FW 4 FW 5 ANOVA 

N (g kg− 1) 1.32 (0.10) a 1.66 (0.08) b 1.42 (0.07) ab 1.71 (0.12) b 1.64 (0.07) b 6.870 (0.006) 
P (g kg− 1) 1.27 (0.01) a 1.42 (0.14) ac 1.51 (0.14) ac 1.93 (0.04) bc 1.67 (0.08) c 13.514 (<0.001) 
K (g kg− 1) 3.33 (0.09) a 4.01 (0.04) b 7.66 (0.12) c 9.19 (0.25) d 4.27 (0.08) b 694.998 (<0.001) 

p < 0.05 represents significant differences. 
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bands at 850 and 717 cm− 1 could be carbonate represented by the C–O 
bending in and out of a plane (Smidt and Meissl, 2007). The functional 
groups assigned to the weak wavenumber bands at 773 and 573 cm− 1 

remain unidentified. 

3.2. Effect of dehydrated food waste fertiliser products on soil properties 

3.2.1. pH and EC 
The changes in soil pH after 28 days of incubation in loam, sand, and 

clay with the amendment of FW 1 and FW 2 at application rates of 0, 2 
and 5% are shown in Fig. 2a. Loam had the highest pH at 8.36, followed 
by clay (8.04), and sand had the lowest pH and was slightly acidic 
(5.27). The application of food waste fertiliser products decreased the 
soil pH in clay soils, as well as loam soils at an application rate of 5%. In 
contrast, the application of food waste fertiliser products in sandy soil 
showed an increase in soil pH. The application rate at 5% caused a 
greater decrease in pH than 2% in loam and clay soils. There was no 
clear trend in the change in pH with the level of food waste fertiliser 
products application in sandy soil. In the sandy soil, FW 1 had a greater 
increase in pH (i.e., liming effect) than FW 2. 

The changes in soil EC after 28 days of incubation in loam, sand, and 
clay with the amendments of FW 1 and FW 2 at application rates of 0, 2, 
and 5% are shown in Fig. 2b. Loam had the highest EC at 292 μS cm− 1, 
followed by sand 164 μS cm− 1 and clay 93 μS cm− 1. Application of both 
food waste fertiliser products at 2 and 5% significantly increased soil EC 
compared to the control. Significantly higher EC levels were recorded 
for application rates at 5% compared to 2%. FW 2 also had slightly 
higher EC values than FW 1 in all soil types. Overall, the increase in EC 
with food waste fertiliser products addition followed: clay > loam >

sand. 

3.2.2. Plant available nutrients 
Application of dehydrated food waste fertiliser products after 28 

days of incubation increased the plant-available nitrogen in loam, sandy, 
and clay soils (Fig. 3a). In the control soils, loam had the highest level of 
available N among the soil types at 16.3 mg kg− 1 followed by clay (12.3 
mg kg− 1) and sand (10.4 mg kg− 1). The application of food waste fer-
tiliser products significantly increased the plant available N in all soils. 
Significantly higher available N levels were recorded for application 
rates at 5% compared to 2%. FW 2 had slightly higher available N levels 
compared to FW 1 at all application rates and soil types. 

Application of dehydrated food waste fertiliser products after 28 
days of incubation increased the plant available phosphate of loam, 
sandy, and clay soils with some exceptions (Fig. 3b). For the control 
soils, clay had the highest level of phosphate among the soil types at 
14.3 mg kg− 1 followed by sand (10.7 mg kg− 1) and loam (5.7 mg kg− 1). 
The application of food waste fertiliser products increased the soil 
phosphate in all soils except for the application rate of 2% for FW 1 and 

Fig. 2. Average values of pH (a) and electrical conductivity (b) (EC; μS cm− 1) 
after 28 days of incubation in loam, sandy and clay soils with the addition of 
FW 1 (waste from food served with serviettes) and FW 2 (common food waste) 
at application rates of 0 (control), 2 and 5%. Standard deviation (n = 3) is 
shown as error bars. 

Fig. 1. Stacked FTIR spectrum of food waste fertiliser product samples. Sam-
ples expressed as FW 1 (waste from food served with serviettes; purple), FW 2 
(common food waste; pink), FW 3 (greasy food waste; cyan), FW 4 (vegetable 
food waste; red) and FW 5 (6-month-old common food waste; green). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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FW 2 in the clay soil and FW 2 at 2% in the loam soil. Significantly 
higher phosphate levels were recorded for application rates at 5% 
compared to 2%. Both food waste fertiliser product samples resulted in a 
similar change in phosphate values at all levels, and there was no clear 
trend in the difference between FW 1 and FW 2 in altering the plant 
available phosphate in all soil types. 

Overall, application of dehydrated food waste fertiliser products 
after 28 days of incubation increased the plant available potassium of 
loam, sandy, and clay soils (Fig. 3c). For the control soils, clay had the 

highest level of exchangeable K among the soil types at 23.3 mg kg− 1 

followed by sand (20.5 mg kg− 1) and loam (11.4 mg kg− 1). Application 
of food waste fertiliser products at 2 and 5% increased exchangeable K 
compared to the control. Higher exchangeable K levels were recorded 
for application rates at 5% compared to 2%. 

3.2.3. Microbial respiration 
Two microbial respiration tests were performed to assess the effect of 

dehydrated food waste fertiliser products on microbial activity. Basal 
microbial respiration measures the amount of carbon dioxide released 
by microbes during the degradation of organic matter. Substrate 
induced respiration measures the amount of carbon dioxide released by 
microbes using glucose. Glucose is used to overcome any limitation of 
carbon in soil, thereby estimating the potential microbial activity. The 
microbial respiration in both basal respiration and substrate-induced 
respiration is expected to increase with the applications of food waste 
fertiliser products. 

Basal respiration significantly increased when dehydrated food 
waste fertiliser products were applied (Fig. 4a). For the control soils, 
loam had the highest basal respiration amongst the soil types at 0.66 mg 
C/g soil. This was followed by clay (0.37 mg C/g soil) and sand (0.33 mg 
C/g soil). The highest basal respiration recorded with applied food waste 
fertiliser products was sandy soil followed by loam and clay. Application 
of both the food waste fertiliser products at 2 and 5% significantly 
increased basal respiration compared to the control. Significantly higher 
basal respiration was recorded for an application rate of 5% compared to 

Fig. 3. Average values of available nitrogen (a) (NO3
− and NH4

+; mg kg− 1), 
available phosphorus (b) (PO4

+; mg kg-1) and available potassium (c) (K; mg 
kg− 1) after 28 days of incubation in loam, sandy, and clay soils with the 
addition of FW 1 (waste from food served with serviettes) and FW 2 (common 
food waste) at application rates of 0 (control), 2 and 5%. Standard deviation (n 
= 3) is shown as error bars. 

Fig. 4. Average values of basal respiration (a) and substrate induced respira-
tion (b) (CO2 produced; mg C/g soil) in loam, sandy and clay soils with the 
addition of FW 1 (waste from food served with serviettes) and FW 2 (common 
food waste) at application rates of 0 (control), 2 and 5%. Standard deviation (n 
= 3) is shown as error bars. 
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2%. In general, FW 1 addition at both rates resulted in higher basal 
respiration than FW 2 in loam and sandy soils. In contrast, clay soils had 
significantly higher basal respiration in FW 2 compared to FW 1. 

Substrate induced respiration indicates the potential microbial ac-
tivity in the soil in the absence of any limitation of carbon input. In 
general, substrate induced respiration values were higher than basal 
respiration values. The small difference in these two values indicates 
that carbon was not limiting the microbial activity in these soils, espe-
cially in the presence of food waste fertiliser products. Fig. 4b shows that 
there was an increased potential microbial activity within dehydrated 
food waste fertiliser products amended soils at all levels. There was a 
marginal difference between soil types. However, for the control soils, 
sand had the highest rate of substrate induced respiration (2.53 mg C/g 
soil) followed by loam (2.46 mg C/g soil) and clay (2.38 mg C/g soil). 
Substrate induced respiration was significantly higher at the 5% appli-
cation rate compared to 2%. FW 2 also had a higher potential microbial 
activity compared to FW 1, with the exceptions of 5% application rate in 
sand and clay soils. 

3.3. Effect of dehydrated food waste fertiliser products on plant growth 
and nutrient uptake 

3.3.1. Germination rate 
Fig. 5a and b shows the germination rates of corn and wheat seeds, 

respectively, 7 days after being sown in loam, sand, and clay with the 
amendment of FW 1 at application rates of 0, 2, and 5%. In general, for 
the controls, clay had the highest germination rate among all soil types 
at 86.7% for corn and 93.3% for wheat. These germination rates were 
followed by loam (86.7% for corn and 73.3% for wheat) and sand 
(46.7% for corn and wheat). Overall, the application of food waste 
fertiliser products decreased the germination rate in clay and loam soils 
and increased the germination rate in sandy soils. There was also a trend 
showing that the application rate of 5% decreased the germination rate 
of corn seeds compared to the 2% level. 

3.3.2. Plant height 
Fig. 6a and b shows plant height of corn and wheat after 28 days of 

plant growth in loam, sand, and clay with the addition of FW 1 at 

Fig. 5. Average values of the germination rate (%) of corn (a) and wheat (b) 
after 7 days of sowing seeds in loam, sandy, and clay soils with the addition of 
FW 1 (waste from food served with serviettes) at application rates of 0 (con-
trol), 2, and 5%. Standard deviation (n = 3) is shown as error bars. 

Fig. 6. Average values of plant height (mm) of corn (a) and wheat (b) after 28 
days of plant growth in loam, sandy, and clay soils with the addition of FW 1 
(waste from food served with serviettes) at application rates of 0 (control), 2, 
and 5%. Standard deviation (n = 3) is shown as error bars. 
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application rates of 0, 2, and 5%. For the controls, clay had the highest 
plant height among all soil types at 410 mm for corn and 301 mm for 
wheat. These plant heights were followed by sand (371 mm for corn and 
300 mm for wheat) and loam (370 mm for corn and 206 mm wheat). The 
application of food waste fertiliser products increased the plant height 
for wheat grown on all soil types. The application of food waste fertiliser 
products increased the plant height for corn in sandy soils; however, the 
application rate of 5% in loam and clay soils decreased plant height of 
corn. Overall, the application rate of 5% decreased plant height 
compared to 2%. 

3.3.3. Plant biomass 
Fig. 7a and b shows dry total plant biomass (shoot + root) of corn and 

wheat after 28 days of plant growth in loam, sand, and clay with the 
addition of FW 1 at application rates of 0, 2, and 5%. For controls, both 
corn and wheat grown on clay had the highest biomass among the soil 
types. The application of food waste fertiliser products at a rate of 2% 
increased plant biomass across all samples. Most notably, plant biomass 
increased significantly when applied to sandy soils (2.1-fold increase for 
corn and a 2.4-fold increase for wheat compared to controls). The 
application rate of 5% decreased plant biomass compared to 2%. For 
corn, the application rate of 5% increased biomass, compared to the 

control, only in sandy soils. For wheat, the application rate of 5% 
increased biomass, compared to the control, for all soil types. 

Table 3 show dry shoot and root biomass of corn and wheat after 28 
days of plant growth in loam, sand, and clay with the addition of FW 1 at 
application rates of 0, 2, and 5%. In general, both corn and wheat grown 
on clay had the highest shoot and root biomass among the soil types. 
Corn root biomass was higher in loam than sand, and wheat root 
biomass was higher in sand and clay than loam. The application of food 
waste fertiliser products at a rate of 2% increased shoot biomass across 
all samples. Overall, the application rate of 5% decreased corn and 
wheat shoot and root biomass compared to the 2%. The application rate 
of 5% decreased corn shoot compared to the control in clay soils. For 
wheat, the application rate of 5% increased shoot biomass compared to 
the control in loam soils. 

A two-way ANOVA showed that both soil type and treatment had 

Fig. 7. Average values of dry plant biomass (g) of corn (a) and wheat (b) after 
28 days of plant growth in loam, sandy, and clay soils with the addition of FW 1 
(waste from food served with serviettes) at application rates of 0 (control), 2, 
and 5%. Standard deviation (n = 3) is shown as error bar. 

Table 3 
Dry weight of corn shoot, corn root, wheat shoot and wheat root in loam, sand 
and clay soils with the addition of FW 1 (waste from food served with serviettes) 
at application rates of 0 (control), 2 and 5%. Three plants grown per pot, and 
three replicates were used. Values represent mean with standard deviation (n =
3) within brackets.  

Soil 
type 

Application rate 
(%) 

Dry weight (g per plant) 

Corn 
shoot 

Corn root Wheat 
shoot 

Wheat 
root 

Loam 0 0.18 
(0.03) b 

0.30 
(0.09) ab 

0.03 
(0.01) b 

0.04 
(0.01) a  

2 0.33 
(0.01) a 

0.54 
(0.03) a 

0.11 
(0.04) a 

0.06 
(0.02) a  

5 0.18 
(0.01) b 

0.11 
(0.02) b 

0.11 
(0.01) a 

0.05 
(0.01) a 

Sand 0 0.23 
(0.09) b 

0.17 
(0.01) a 

0.07 
(0.02) b 

0.05 
(0.03) a  

2 0.50 
(0.07) a 

0.31 
(0.12) a 

0.18 
(0.01) a 

0.11 
(0.02) a  

5 0.36 
(0.02) b 

0.18 
(0.03) a 

0.10 
(0.02) b 

0.06 
(0.03) a 

Clay 0 0.27 
(0.07) a 

0.48 
(0.17) a 

0.12 
(0.02) a 

0.04 
(0.01) a  

2 0.35 
(0.03) a 

0.50 
(0.18) a 

0.16 
(0.01) a 

0.11 
(0.01) a  

5 0.09 
(0.02) b 

0.10 
(0.02) a 

0.11 
(0.01) a 

0.06 
(0.02) a 

Different superscript letters represent significant differences (p < 0.05) between 
treatments using Tukey’s HSD post hoc test. 

Table 4 
Two-way ANOVA for the influences of soil type, treatment, and soil type x 
treatment on dry weight F-values of corn shoot, corn root, wheat shoot and 
wheat root. Values represent F-Value with p-values within brackets.   

Dry weight F-value 

Corn shoot Corn root Wheat shoot Wheat root 

Soil type 13.068 
(<0.001) 

1.581 
(0.258) 

7.826 (0.004) 1.549 
(0.264) 

Treatment 24.818 
(<0.001) 

7.980 
(0.010) 

20.358 
(<0.001) 

6.717 
(0.016) 

Soil type x 
Treatment 

4.655 (0.011) 1.349 
(0.325) 

3.499 (0.029) 0.670 
(0.628) 

p < 0.05 represents significant difference. 
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significant influences on plant growth (Table 4). Significant differences 
(p < 0.05) were recorded for soil type, treatment, and soil type x 
treatment for corn and wheat shoot biomass. For root biomass, only 
treatment recorded a significant difference for all dry weights. There 
were no statistical differences for soil type and soil type x treatment for 
corn and wheat root biomass. 

4. Discussion 

4.1. Physicochemical characterisation of dehydrated food waste fertiliser 
products and soil samples 

The physicochemical characteristics of pH, EC, total elemental 
analysis (Table 1), plant-available nutrients (Table 2), and functional 
groups (Fig. 1) were determined for various dehydrated food waste 
fertiliser products. The low pH of dehydrated food waste fertiliser 
products is due to the presence of naturally acidic fruits (e.g., citrus 
peelings, tomatoes, and apples) and low acid foods (vegetables and 
meats) with a pH of around 4.6 to 5.3 (Ho and Chu, 2019). Under 
composting, the pH of these products is expected to increase over time 
due to the production of ammonia as well as the degradation of volatile 
fatty acids (Seal et al., 2011). Similarly, the study by Schroeder et al. 
(2020) and Mahmood et al. (2019) recorded pH ranges between 4.6 and 
4.8 for dehydrated food waste fertiliser products. The EC values of food 
waste fertiliser products tested in this study ranged from 4.83 to 7.64 
mS cm− 1. Food waste fertiliser products had high EC levels, which can 
be associated with the high salt concentration particularly, Na levels. 
The Na levels in the food waste fertiliser products ranged between 0.54 
and 0.67% and are representative of the human diet. Mahmood et al. 
(2019) and Schroeder et al. (2020) reported much higher Na values 
(between 0.71 and 1.86%) for their dehydrated food waste fertiliser 
products. A high EC value can inhibit microbial activity as well as plant 
growth (Machado and Serralheiro, 2017). Therefore, with elevated EC 
levels in the dehydrated food waste fertiliser products tested in this 
study, carefulness needs to be taken, because excessive doses and regular 
application of these products could result in soil salinity. Also, caution 
needs to be taken when applying them to high sodium soils, e.g. Sod-
osols. It is important to note that plant growth experiments were un-
dertaken under glasshouse conditions using pots. The effect of salt 
concentration (i.e., salinity) is likely to be higher in pot experiments 
than in field experiments because of the continuous leaching of salts 
under field conditions. 

The carbon content of dehydrated food waste fertiliser products is 
high (44.20–50.62%), as the products have not been composted. 
Therefore, this high carbon content stimulates high levels of microbial 
activity in the presence of water, seen in the basal respiration experi-
ment (Fig. 4a). Addition of carbon to soil increases moisture retention, 
enhances healthy communities of micro-organisms that can improve soil 
properties (e.g., aggregation and soil structure), and increase plant 
growth-promoting microbes (Murphy, 2015). The high levels of total 
and available N, P, and K (Tables 1 and 2, respectively) within dehy-
drated food waste fertiliser products make it an option for agronomic 
use, particularly in nutrient-poor soils. These macronutrients are typi-
cally lost through harvesting of crops, and the N-, P-, and K-enriched 
dehydrated food waste fertiliser products can be used to replenish 
agricultural soils. Mahmood et al. (2019) reported similar nutrient levels 
in dehydrated food waste fertiliser products, as follows: N (3.26%), P 
(0.28%), and K (0.64%). There was little variation in total C, N, P, and K 
and plant available nutrients between common food waste fertiliser 
products and 6-month-old food waste fertiliser products. This shows that 
the products do not degrade over time and can be stockpiled over a 
6-month period. However, further studies are needed to determine if 
degradation occurs over a longer period of stockpiling. 

The C/N ratio is often used as a measure of the stability of composts. 
An optimum C/N ratio is around 20, where the microbiological activity 
is high, and the release of ammonium is optimal for plant uptake. If the 

ratio is too low, available nitrogen can be leached and lost in soils. 
However, if the ratio is too high, the microbial activity will cease due to 
the lack of nitrogen, resulting in the immobilisation and deficiency of 
nitrogen for plant uptake (Bolan et al., 2004). Therefore, the low C/N 
ratio of samples tested in this study (13.6–18.4) allows these products to 
undergo composting in high carbon, low nitrogen soils. The addition of 
bulking agents (e.g., sawdust) with high carbon content can be added to 
boost the C/N ratio to facilitate the composting process (Ho and Chu, 
2019). This bulking agent can also improve available water as well as 
aeration (Zhou et al., 2014). The highest C/N ratio in the waste from 
food served with serviettes (18.4) was associated with the presence of 
serviettes which are high in carbon but low in nitrogen. 

Some organic fertilisers (e.g., sewerage sludges) can contain high 
concentrations of organic and inorganic contaminants. SI-Table 2 shows 
the regulatory maximum permissible concentration of heavy metals 
within organic fertilisers of different countries. Overall, dehydrated food 
waste fertiliser products are extremely low in heavy metal contents 
(Table 1) and meet organic fertiliser standards within all the countries 
listed. 

An FTIR spectrum was undertaken to determine the functional 
groups within dehydrated food waste fertiliser product samples (Fig. 1). 
SI-Table 1 summarises the functional groups and compounds found in 
food waste fertiliser products based on the wavenumber and vibration. 
The spectra revealed a complex composition of food waste fertiliser 
products with high amounts of carbohydrates, polysaccharides, alco-
hols, phenols, carboxylic acids, lipids, and fats. The spectrum also 
revealed large variation and complexity among the food waste fertiliser 
products. The functional groups in food waste fertiliser products facili-
tate the immobilisation of heavy metals when these food waste fertiliser 
products are used to remediate contaminated soils (Bolan et al., 2014). 

4.2. Effect of food waste fertiliser products on soil properties 

The results of this research confirmed the effectiveness of dehydrated 
food waste fertiliser products in improving selected physical, biological, 
and chemical properties of soil. Soil improvements varied based on 
application rates, the type of dehydrated food waste fertiliser products 
used, and the soil type. Although several studies have examined the 
effect of organic amendments (e.g., manure composts and biochar) on 
soil properties (Chan et al., 2008; Liu et al., 2010), no studies have re-
ported the impact of applying dehydrated food waste fertiliser products 
on soil properties. 

The application of food waste fertiliser products enhanced several 
soil properties. Although aggregation stability was not covered in the 
research, aggregate formation in soils amended with food waste fertil-
iser products were observed visually (SI-Fig. 1). Organic amendments, 
including food waste fertiliser products, induce aggregate formation by 
promoting the adhesion of soil textural particles (i.e., sand, silt, and 
clay) through the binding action of polysaccharides present in these 
products (Liu et al., 2005). Addition of organic carbon also increases 
available water and can be useful for irrigation reduction and drought 
mitigation (Vengadaramana and Jashothan, 2012). Further studies are 
needed examining the long-term effects of dehydrated food waste fer-
tiliser products on both bulk density and available water. 

Over the incubation period, application of food waste fertiliser 
products decreased the pH of slightly alkaline loam and clay soils and 
increased the pH of slightly acidic sandy soil (Fig. 2a). The sandy soil 
amended with the food waste fertiliser products had the most significant 
change in pH (from 5.27 for the control sandy soil to 6.49 for FW 1 at 
5%). These changes in pH were expected, because the fatty acids in food 
waste fertiliser products degraded (leading to a decrease in pH) and 
ammonia was produced (leading to an increase in pH). Organic 
amendments serve as pH buffering agents in the soil, which is attributed 
to the release of H+ (decreasing pH) and OH− (increasing pH) ions 
through the dissociation of various functional groups (SI-Table 1) and 
transformation of various nutrients (Bolan and Hedley, 2003; Butterly 
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et al., 2013; Wang et al., 2013). Significant increases in the EC of soil 
amended with food waste fertiliser products were expected (Fig. 2b), 
which was attributed mainly to the high sodium content in the food 
waste fertiliser products tested in this study (Table 1). Excessive sodium 
levels can cause poor soil structure through increased soil compaction, 
reduced infiltration, low hydraulic conductivity, and poor oxygen 
availability in the root zone (Machado and Serralheiro, 2017). More-
over, the salinity threshold for vegetable crops ranges from 1000 to 
2500 μS cm− 1 (Machado and Serralheiro, 2017). In perspective, FW 2 
applied at 5% increased clay EC by 370 μS cm− 1. Therefore, close 
monitoring of soil EC needs to be performed for repeated applications of 
dehydrated food waste fertiliser products. 

The results conveyed that food waste fertiliser products amended 
soils significantly increased the availability of nutrients compared to 
controls (Fig. 3). The nutrient availability increased with increasing 
application rates of food waste fertiliser products. The increase in the 
availability of nutrients is attributed to the high levels of these nutrients 
in the original products. The effect of application rate of food waste 
fertiliser products on available nutrient content varied among the soil 
types, which may be attributed to the difference in the adsorption ca-
pacities among the soil types. In general, available P content increased 
with increasing level of food waste fertiliser products, which is probably 
attributed to the saturation of P adsorption capacity of soils, leading to 
an increase in P in soil solution (Yang et al., 2019). 

Dehydrated food waste fertiliser products significantly increased the 
basal respiration in the soil (Fig. 4a). The increase in microbial activity 
with the addition of food waste fertiliser products is attributed to the 
supply of carbon and nutrients required for the microorganisms in soil 
(Iovieno et al., 2009). Substrate induced respiration confirmed that 
there was minimal limiting carbon in soils amended with food waste 
fertiliser products and that the carbon in food waste fertiliser products 
was readily available for microbial respiration (Bolan et al., 1996). Due 
to the high levels of respiration with little limiting carbon, dehydrated 
food waste fertiliser products can be inoculated with various plant 
growth-promoting microbes to enhance their value as a soil amendment. 
For example, Mahmood et al. (2019) inoculated dehydrated food waste 
fertiliser products with the plant mutualistic Aspergillus sp. strain 
UY2015_11, which resulted in increased available nutrients in the 
amended soil. The product also has the potential to suppress certain 
diseases (Liu et al., 2015; Zhang et al., 2017). 

4.3. Effect of food waste fertiliser products on plant growth and nutrient 
uptakes 

The germination rate of corn and wheat in clay soils, as well as corn 
in loam, decreased significantly when food waste fertiliser products 
were applied (Fig. 5). Increased application rates of food waste fertiliser 
products further reduced germination rate in these soils. For sandy soils, 
the opposite was true. This increased germination rate in sandy soils 
may be attributed to a decrease in bulk density (Nasr and Selles, 1995). 
The reason that the food waste fertiliser products cause a decrease in 
germination rate is unclear. Visual observation of water repellence was 
seen when watering plants and, hence, may have reduced the available 
water to the seed (Madsen et al., 2012). As the fatty acids and oils in the 
food waste fertiliser products break down in soil, water repellence 
should not be a problem. Dehydrated food waste fertiliser products were 
also pre-composted and may have released phytotoxins as well as 
reduced oxygen supply to seeds (Insam and De Bertoldi, 2007; Yasin and 
Andreasen, 2016). High salt concentrations may also reduce seed 
germination and plant growth. Soil salinity should be monitored before 
and after application of dehydrated food waste. Demographics and 
irrigation of an agricultural area will play a role on the rate of appli-
cation and its persistent salinity levels. Currently, there are no specific 
restrictions on the frequency and amount of repeated application. 
Additional experiments are required to determine whether soil salinity is 
a persisting problem in dehydrated food waste amended soils. 

The beneficial nutrient release and improvement in soil properties 
resulting from the application of dehydrated food waste fertiliser 
products resulted in enhanced plant growth. Dehydrated food waste 
fertiliser products increased plant height in all soils (Fig. 6). In general, 
the application rate of 2% increased plant height and biomass the most. 
Soils amended with food waste fertiliser products at 5% level had lower 
plant growth, which may be attributed to delayed germination. Poten-
tial phytotoxins also may have stunted plant growth in the 5% amended 
soils. Interestingly, wheat plants were more resilient than corn to higher 
application rates of food waste fertiliser products. 

5. Conclusions 

Use of food wastes as biofertilisers is a possible environmental so-
lution to address the current global food-waste disposal problem. 
Dehydrated food waste products were slightly acidic (4.7–5.1) with high 
levels of electrical conductivity (EC) (4.83–7.64 mS cm− 1). The products 
were composed of complex carbohydrates, polysaccharides, alcohols, 
phenols, carboxylic acid, lipids, and fats and contained high levels of 
total and available nutrients. Carbon and nutrients in dehydrated food 
waste increased microbial activity, measured by basal respiration. The 
food waste products increased macro-nutrients (N, P, and K) for plants 
across different soil types, and subsequently increased the growth of 
corn (Zea mays) and wheat (Triticum aestivum) plants. However, high 
application rates of dehydrated food waste fertiliser products can reduce 
plant biomass due to delayed germination, possible presence of phyto-
toxins, anoxic conditions, water repellence and salinity levels. The 
dehydrated food waste products may require composting prior to soil 
application or incorporation into soil for a long duration prior to 
planting. The benefits of applying pre-composted food waste to soil prior 
to sowing seeds is that physical and biological properties (aggregation, 
water holding capacity, microbial activity, and nutrient cycling) are 
likely to be greatly enhanced, much more than regular compost, due to 
the high contents of carbohydrates. Moreover, increased worm pop-
ulations are also likely to occur within the soil, further enhancing soil 
fertility. Overall, the high nutrient content and carbon content in 
dehydrated food waste promoted favourable soil conditions, which led 
to an increase in crop yield. The following research areas of dehydrated 
products should be pursued: 

• Long-term studies are required to determine the potential of dehy-
drated food waste products to cause soil salinity due to high sodium 
levels.  

• Studies to determine the potential of dehydrated food waste products 
to enhance soil physical properties (e.g. aggregation and water 
holding capacity).  

• Studies on a wider range of food waste feedstocks are needed.  
• Further plant growth studies on a range of main crops (e.g. rice) 
• Studies to target crops that have high tolerance to anaerobic condi-

tions, salinity, phytotoxins and water repellence in which dehy-
drated food waste is preferable. 
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