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Abstract

0

BACKGROUND: CIELAB color variables can be used to monitor a composting process and evaluate the maturity of the compost
with a new, rapid, easy, and low-cost colorimetric analysis. However, to date there are no available data to support the ability of
CIELAB color changes to depict the different stages of a composting procedure. This study aims to examine the correlation of
CIELAB color variables with composting time to elucidate how color changes can be used to detect the different stages of a com-
posting process. Two green waste industrial scale composting processes with different added materials were monitored using
typical physicochemical and CIELAB color analyses.

RESULTS: During composting, color variables a*, b*, C*, and AE* exhibited fluctuations following a constant variation trend that
correlated with each composting phase. This behavior depicts the transformation of the organic composition of compost, as
described by Organic Carbon (OC), Carbon-to-Nitrogen ratio (C/N), Humic Acids (HA), and Fulvic Acids (FA). Moreover, color vari-
ables a*, b*, and C* showed strong relationships with OC, C/N, and HA/FA (R*> > 0.83) and with HA (R*> > 0.74). These results indi-
cate that CIELAB color change follows the same general pattern for each composting procedure that utilizes the same main
composting substrate, regardless of any differing additional materials.

CONCLUSION: Monitoring the CIELAB color variables made it possible to depict the different phases of composting, especially
the transformation of the organic composition of the compost. Accurately monitoring CIELAB color variables distinguishes the
different stages of a composting process through a rapid analysis at radically reduced costs compared to complex physico-
chemical analyses.

© 2023 The Authors. Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).
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INTRODUCTION Additionally, the European Union has set a goal to decrease
municipal waste landfill disposal to 10% or less of the total
amount of municipal waste generated by weight by 2035’ with
the immediate expansion of several environmentally friendly
treatment methods.

A promising method applied for treating GW is composting,
which is described as the biological decomposition of organic mat-
ter under controlled aerobic conditions® Composting is a
discontinuous bioprocess consisting of four phases. In the first
phase, called the mesophilic phase, easily degradable compounds
are decomposed at temperatures that usually remain under

A major environmental issue that affects many developing and
developed countries worldwide is the increase of Green Waste
(GW) generated due to the growth of urban green areas.' Along
with other organic waste (i.e., food waste), GW constitutes one
of the highest fractions of municipal solid waste.? Specifically in
the United States, GW (such as residential yard trimmings)
accounts for 13.5% of the estimated annual total municipal solid
waste being produced.? GW consists mainly of grass, leaves, tree
trimmings, bark, pruning from young trees and shrubs, and gar-
den litter, and it is mostly generated in municipal parks, gardens,
reserves, and domestic yards and gardens.* GW management is
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45 °C2 During the second phase, called the thermophilic phase,
decomposition continues quickly and accelerates until tempera-
tures reach about 60-70 °C.° At the end of this phase, the thermo-
philic organisms decline due to exhaustion of substrates and the
temperature starts to decrease. The two final phases of composting
are the cooling and maturation phases, where the temperature
remains lower than 45 °C. According to Diaz and Savage’ the
coolik.ng phase is characterized by an increasing number of organ-
isms that degrade starch or cellulose. During the maturation phase,
the less easily degradable compounds are degraded at a low rate
until compounds, such as lignin-humus complexes that do not
degrade further, form and predominate.® Many studies have been
conducted examining GW composting with and without added
materials (i.e., bio-solids, seaweed, food waste, and zeolite).'*'%">
Some of the aforementioned added materials include mature com-
post, compost tea, and zeolite. Mature compost is predominantly
used in horticulture and agriculture to improve soil conditions
and thereby enhance plant growth.2 Compost tea is mainly used
as an alternative to chemical fertilizers and pesticides.'® Zeolite is
applied to composting due to its notable cation exchange capacity,
which improves soil quality and facilitates the growth of microbial
populations with its enhanced surface area and porosity.'" The
compost obtained from GW treatment is an organic soil amend-
ment and/or organic substrate that can be applied in almost all
crops within the context of a circular economy'” and can help solve
the disposal problem of GW in landfills that has emerged in many
countries.” Moreover, due to their usually low content of micro-pol-
lutants, GW can produce a compost product rich in nutrients. This
product can be used to maintain a suitable soil structure and to
add organic material to soil whose organic matter content has
been reduced by intensive agriculture,’ in accordance with sustain-
able organic farming regulations and restrictions.'®

GW composting has been reported to last between 21 to
220 days,"'9'2141°  depending on handling  conditions
(i.e., oxygen supply, humidification, nutrient balance) and proper
monitoring of the procedure.? GW are resistant to biodegradation
or exhibit a slow degradation rate due to their high content in lig-
nin, hemicellulose, and cellulose. Therefore, the production of a
mature final product for commercial use can usually take several
months. Compost maturity is essential for its use as a soil amend-
ment since immature and poorly stabilized composts can lead to a
series of problems with storage, use, and marketing.”® According
to many studies, compost maturity evaluation can be achieved
by monitoring certain indices, such as C/N ratio, phytotoxicity,
ammonia concentration, oxygen uptake, pH, and humic sub-
stances content®%'22°2* |glesias Jiménez and Pérez Garcia*
reported that a C/N ratio between 15 and 20 characterizes mature
composts. Moreover, CCQC?° has stated that a compost is consid-
ered mature if the C/N ratio is lower than 25. However these ranges
are not absolute for all composting substrates and, therefore, the
C/N decline should be monitored until a stabilization point is
reached at the end of composting®?' pH values have been
observed to increase during composting and stabilize at alkaline
values, usually between 7 and 9.° Moreover, compost maturity is
achieved when the ammonia concentration and ammonia to
nitrates ratio values are lower than 75 ppm?' and 0.5,% respec-
tively. However, if both levels of ammonia and nitrates are low in
compost (i.e., less than 250 ppm), their ratio is not a reliable mea-
sure of maturity.?° The humification progress has also been
reported as a means to evaluate compost maturity. During com-
posting, fulvic acids (FA) are formed as an intermediate step for
the formation of humic acids (HA). According to recent studies,’

the fraction of humic substances (HA/FA) should be greater than
1-3 in mature composts.®* Another parameter is the oxygen
uptake rate, whose monitoring is based on the respiratory activity
of the microorganisms in the compost, as mentioned by Diaz and
Savage.® As composting moves towards its maturation stage, the
reduction and stabilization of oxygen uptake is an indicator of
compost stability. Mature composts demonstrate oxygen uptake
values lower than 0.4 mg 0,/g h.2>*

Most of the aforementioned indices require expensive and time
consuming analyses of questionable reliability, making compost
maturity evaluation impractical.>> As mentioned before, GW com-
posting has a wide duration range (21-220 days), therefore ana-
lyses need to be conducted regularly over an uncertain time
period. This may lead to significant costs for compost analyses. To
avoid operating expenses, composting evaluation is often compro-
mised. This may result in the production of immature composts that
may inhibit seed germination and reduce plant growth.*®

Expensive and time-consuming analyses can be partially
replaced with the use of a direct and rapid analysis that the CIELAB
color model can offer.*?* CIELAB color variables are already being
used to characterize the organic matter composition of soil. Results
have revealed that these variables can be accurately correlated
with organic carbon, humic acids, and minerals in soil.?**® Recent
studies have measured compost color using the CIELAB color
model and have correlated color change with certain composting
parameters for different composting substrates (such as a mixture
of green tea waste with rice barn®® and three phase olive pom-
ace?’). As shown by these studies, even though most CIELAB color
values appear to exhibit constant variation trends during compost-
ing, their absolute values seem to be greatly affected by the inher-
ent characteristics of the raw materials. While CIELAB color
variables were shown in previous studies to be correlated with
the organic carbon content of mature composts,”® no study has
provided any data on the ability of certain CIELAB color variables
to reflect the different stages of a typical composting procedure.

The current study is based on previous data, which reported the
strong correlation of certain CIELAB color variables with the
organic composition of soil and the fact that compost color shows
a constant variation trend during composting.?’ In this study the
relationship between CIELAB color variables and certain physico-
chemical variables that describe the transformation of organic
composition, namely OC, C/N, FA, and HA, was investigated. To
do so, the CIELAB color variables were monitored during GW com-
posting with various added materials. The main goal was to exam-
ine the correlation of CIELAB color variables with composting time
and elucidate if color change can depict the transformation of
compost organic composition. This would allow for detecting
the different stages of a GW composting process up to the point
of maturity. This easy, fast, and low-cost analysis can vastly
decrease the operational costs of a composting process. It is also
noteworthy that this method can be immediately adopted in all
composting facilities.

EXPERIMENTAL

Materials and Methods

All composting processes examined in this work contained GW as
the main substrate, along with different added materials, such as
zeolite, mature compost, and compost tea. GW consisting of fallen
leaves and branch cuttings generated by urban landscape main-
tenance was sourced from three local municipalities in the prov-
ince of Attica. Once received, GW was cut and passed through a
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woodchipper with a mesh diameter of 2.5 cm to increase the
composting active surface. Zeolite, obtained from the market,
consisted of 90% clinoptilolite and had a specific granulometry
of less than 2 mm.

Compost tea preparation

The preparation of compost tea was based on an adaptation of
the method described by Pant et al.3° Specifically, 186 kg of the
final GW composting product was added to a 1.2 m* reactor,
along with 820 kg of tap water and 2 kg of molasses. The tap
water was initially pretreated in an aerated vessel (1.2 m?) with
constant aeration for 24 h to reduce any possible chlorine con-
centration from the local water supply system. Molasses was used
as substrate for microbial growth. The final mixture was con-
stantly aerated and mixed at a constant temperature of 25 °C
for 2 days. Maximum microbial growth was usually achieved after
24 h when the pH value reached 7.5. When maximum microbial
population was achieved, the liquid fraction of the mixture was
decanted and applied on the composting procedure.

Composting process

Compost pile preparation involved the initial mixing of GW with
certain added materials, as listed in Table 1. Two different com-
posting processes, both of which lasted for 112 days, were con-
ducted using GW collected during autumn 2020. Once collected
and transported to the composting facilities, GW was immediately
composted. All composting procedures were conducted in an
industrial scale open windrow system. Gore covers were applied
to reduce significant heat losses and unwanted interference from
weather conditions (i.e., heavy rains and snow). During compost-
ing, moisture levels were adjusted to approximately 50% by add-
ing water when necessary. Turning of the piles was conducted
every 5 days, depending on weather conditions, to maintain the
oxygen concentration in the middle of the pile at around 5%,**
to ensure uniformity of decomposition, and to avoid anaerobic
conditions. Similar GW composting techniques have successfully
been implemented by previous composting studies.>'"'2

Sample collection and physicochemical analysis of

compost

Compost samples were collected every week according to the
methods described by Thompson.2> Sample collection and initial
preparation were conducted following the procedures described
by Tsivas et al.*’

Temperature was measured at different points of the compost-
ing pile at approximately 30 cm depth using an electrical thermo-
couple. Microbial population, as general microbes, was measured
using the plate count method described by Liu et al' Oxygen
uptake rate (OUR) was evaluated from CO, production using a
modified method by Thompson®® and described by Tsiodra

Table 1. Characteristics of the composting procedures

Compost process Compost 1 Compost 2
GW (m?) 9 9
Mature compost (m?) 0 1
Zeolite (kg) 0 20
Compost tea (kg) 6.5 0

GW collection period Autumn 2020 Autumn 2020
GW moisture (%) 46.5 46.5

et al>? Total Kjeldahl Nitrogen (TKN) was measured using TMECC
Method 4.02-A,% as described by Tsivas et al.*” Organic carbon
(OCQ) was measured through combustion oxidation at high tem-
peratures (900 °C). The detection of produced carbon dioxide
was measured using TMECC Method 4.01-A.%®> pH was measured
using a 1:2 (v/v) compost to water ration.?” Ammonium (NH,N)
and nitrate (NO3N) nitrogen content were measured with TMECC
Methods 4.02-C and 4.02-B,%® respectively, using a 1:5 (w/v) com-
post to KCl (2 M) solution slurry ratio. Humic acid (HA) and fulvic
acid (FA) contents were determined according to the method
described by Velasco et al.** Germination Index (Gl) was mea-
sured using the method described by Zucconi et al>* with Lepi-
dium sativum seeds. The average values of all physicochemical
properties and their corresponding standard deviations were
derived from three measurements.

Compost color analysis

Dry compost samples were used to perform the color analysis
using the CIELAB model. This color model describes color by three
coordinates (L*, a*, b*). Color lightness is described by color vari-
able L* with values ranging from 0 (black) to 100 (white). The
green/red component of color is represented by color variable
a*, whose values range from negative (green) to positive (red).
The blue/yellow color component is described by variable b* with
values ranging from negative (blue) to positive (yellow).>* Other
CIELAB color variables, such as L* difference AL, a* difference
Aa, b* difference Ab, chromatic quotient a*/b*, Chroma C*, hue
angle h’% and total color difference AE*, can be derived as
described by Tsivas et al.?’

A portable colorimetric device was used to measure color. Spe-
cifically, a Dr. Lange spectrophotometer (Hach Lange LMG 183)
with standard circular viewing geometry d/80, an illuminant
D65/100, and two calibration standards (LZM 268) — one black
(X=4.07, Y=435 Z=459) and one white (X =83.78,
Y = 88.60, Z = 90.39), was employed. The compost color mea-
surement procedure used in this study is the one described by Tsi-
vas et al.”’

Statistical analysis

Regression analysis was used to estimate the relationship of CIE-
LAB color variables with composting time and with the studied
physicochemical composting properties. Various equations were
tested to determine the best fitting ones, with the strongest rela-
tionship as expressed by Pearson's correlation coefficient, R
(i.e., the highest value).

RESULTS AND DISCUSSION
Physicochemical parameter progression during the
composting processes
During this study, two composting processes with different added
materials were performed, as shown in Table 1. Zeolite was used
due to its cation exchange capacity, which improves soil quality.
Mature compost and compost tea were employed to assist bio-
logical transformation by providing the necessary microbial
organisms at the beginning of composting. The initial physical,
chemical, and microbiological characteristics of the raw materials
are presented in Table 2. The progression of physicochemical
properties for the two composting processes is presented in
Figs 1-4.

Both compost experiments reached high temperature levels
(above 45 °C) very quickly in only 6 days after the initiation of

wileyonlinelibrary.com/jctb

© 2023 The Authors.

J Chem Technol Biotechnol 2024; 99: 2198-2208

Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCl).

85U8017 SUOWWIOD BRI 3(dedl|dde aupy Aq peusenob ase sooile VO ‘85N JO Sa|n J0j Ariq1T8UlUO /8|1 LD (SUOTHPUOD-PUR-SLLIBILIOD AS| 1M Ale.d 1 [Bu [UO//:SNL) SUORIPUOD Pue SWLB | 8L 88S *[5202/50/80] U0 Akiqiauljuo A[IM ‘91810 AISIBAIUN [IIUYS L A 0E2 GI01/Z00T OT/I0P/LI0Y A8 | IM" Aleq1jBulUOS euINO 10s//:SdNYy W) pepeoiumoq ‘0T %202 ‘099v.60T


http://wileyonlinelibrary.com/jctb

Differentiation of the composting stages of green waste using the CIELAB color model

@)
SClL

where science
meets business

WWW.S0Ci.org

Table 2. Physical, chemical, and microbiological characteristics of the raw materials
Raw materials GW Mature compost Compost tea Zeolite
Bulk density (g cm™3) 0.13 0.42 - 0.72
pH 6.22 8.82 7.51 12.2
Gl (%) 71.23 124.50 79.46 -
General microbes (CFU/mL) - - 1x 108 -
General microbes (CFU/g) 3% 107 4x107 - -
Moisture (%) 46.5 32.84 - 3.44
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Figure 1. Temperature (a), Germination Index (b), oxygen uptake rate (c), and pH (d) progression during the two composting experiments (Compost 1, 2).

the experiments, indicating that the mesophilic phase of com-
posting lasted from day 0 to day 6. The temperature of Compost
1 (Fig. 1(a)) remained high (>50 °C) for 36 days and then stabi-
lized above 40 °C for the remaining composting period. This indi-
cates that the thermophilic phase of composting lasted from day
6 until day 36. After that day, the cooling and maturation phases
took over. Similarly, the temperature of Compost 2 remained high
(>50 °C) until day 43, at which point the thermophilic phase
ended and the two subsequent phases of cooling and maturation
began (lasting until the end of the process). Typically, after the
completion of the cooling phase and before the initiation of the
maturation phase, compost temperature is below 30 °C.° As this
was not the case in the compost trials of the current study

(temperature values were higher than 35 °C after the thermo-
philic phase for both composting experiments), it can be assumed
that the last two phases of composting intertwined.

Based on Gl (Fig. 1(b)), NH4N (Fig. 3(a)), and pH (Fig. 1(d)) values,
the detoxification of Composts 1 and 2 can be identified at days
21 and 14, respectively. At these moments, the GI, NH4N, and pH
values stabilized. NH4N decreased from 334.57 to 21.92 mg kg™
(Compost 1) and from 256.79 to 17.05 mg kg™' (Compost 2) pri-
marily due to its volatilization to NH,.® This also caused an
increase in pH values that then stabilized at around 8.45-8.60 in
both composting experiments. The reduction of NH, also lead
to the disappearance of phytotoxicity,?” which is expressed by
the increasing Gl values that reached a maximum of 125.63%
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Figure 2. Organic carbon (a), total Kjeldhal nitrogen (b), and carbon to nitrogen ratio (c) progression during the two composting experiments

(Compost 1, 2).

and 126.01%, for Composts 1 and 2, respectively. In both compost
piles, NOsN (Fig. 3(b)) values exhibited a constant decrease from
165.71 to 24.73 mg kg™ until day 43 for Compost 1 and from
119.77 to 26.18 mg kg™ until day 63 for Compost 2. Afterwards,
these values stabilized.

Moreover, OUR (Fig. 1(c)) values indicate that high microbial activ-
ity for Composts 1 and 2 lasted for 21 and 14 days, respectively, and
then remained stable at lower levels for the rest of the composting
duration (with values at around 0.25-060 mg g~' h™' and 0.35-
045 mg g~' h™' for Composts 1 and 2, respectively).

In addition, organic carbon degradation lasted 80 days for Com-
post 1 and 91 days for Compost 2. OC (Fig. 2(a)) values decreased
from 34.14% to 26.92% and from 33.79% to 25.05% for Composts
1 and 2, respectively. During the two first phases of composting
(mesophilic and thermophilic), OC values decreased rapidly and
then reached a temporary stabilization point at the beginning of
the cooling phase. After 63 days for Compost 1 and 70 days for
Compost 2, OC values again showed a rapid decrease accompanied
by a decrease in FA (Fig. 4(b)) values and an increase in HA (Fig. 4(a))
values. The TKN (Fig. 2(b)) values of Compost 1 increased and
reached a stabilization point at day 36 at around 1.44%, while for
Compost 2 the TKN continued to increase until day 91 and reached
a maximum of 1.47%. Therefore, the C/N ratio (Fig. 2(c)) showed a
more rapid decrease for Compost 2 until day 91 (C/N = 17.08), while
for Compost 1 its decrease became less rapid after 36 days but con-
tinued until its stabilization (after 80 days, at around 18 to 20). The
formation of humic substances began after 36 days (Compost 1)
and 28 days (Compost 2), with the increase of FA (Fig. 4(b)) initiating
the maturation phase, as described by Guo and Liu.*® This indicates
that, for Compost 1, the cooling and maturation phases occurred at

the same time. For Compost 2, the production of FA after 28 days of
composting indicates that the maturation phase began a few days
before the completion of the thermophilic phase and that it contin-
ued after day 43, along with the cooling phase. The production of FA
reached a maximum of 127.22 mg kg™ and 153.19 mg kg™ for
Composts 1 and 2, respectively. Its subsequent decrease coincided
with a simultaneous increase of HA (Fig. 4(a)) that continued until
the end of both composting processes, with maximum values of
11122 mg kg™' (Compost 1) and 142.27 mg kg™ (Compost 2).
The initiation of the humification process is also indicated by the
HA/FA (Fig. 4(c)) ratio, which reached its lowest value after 49 days
(HA/FA = 0.42) for Compost 1 and 36 days (HA/FA = 0.59) for Com-
post 2. As the humification progressed, HA/FA values increased for
both Composts throughout the remaining period.

In both composting experiments, the progression of each physi-
cochemical parameter that was monitored agreed with data pro-
vided in the literature. The mesophilic stage (T <45°C) of
composting was completed only a few days after the initiation of
the process. After this stage, high temperature levels (>50 °C)
occurred during the entire thermophilic phase, and after this point,
it decreased gradually as the biodegradation of organic matter was
stabilized.*® The biodegradation of organic matter involves an OC
decrease,* a C/N decrease, and a HA/FA increase.'® As composting
progresses, organic carbon is reduced due to the decomposition of
the raw materials.” As a result, the C/N ratio decreases until it
reaches the point of maturity.'> NH4N presents a decreasing trend
partially due to the nitrification process and mostly due to its volatil-
ization to NHs, which also causes an increase in pH values.>” More-
over, NOsN losses that were monitored in this study can be
attributed to the fact that denitrification occurs at a higher rate than
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Figure 3. Ammonium nitrogen (a), nitrate nitrogen (b), and ammonium to nitrate nitrogen ratio (c) progression during the two composting experiments

(Compost 1, 2).

nitrification, resulting in N,O emissions.>® The NH,N/NOsN ratio
(Fig. 3(c)) reached its minimum during an early period due to the
rapid decrease of ammonium and nitrate nitrogen. Furthermore,
as both NH4N and NOsN values were very low, their simultaneous
reduction did not affect TKN. TKN appeared to increase during com-
posting because organic nitrogen losses were very limited for these
composting experiments and because organic matter content was
reduced through decomposition.*® Gl gradually increased during
composting as the phytotoxicity of the pile was reduced, as
described by Tiquia,®” reaching values greater than 100% that indi-
cate a final compost product rich in nutrients. High OUR values at
the early stages of composting indicate an increased microbial
activity followed by a constant reduction until the end of the pro-
cess.® Humification is the process by which macromolecular carbo-
hydrates are converted in humic substances by microorganisms.'>
During humification, FA values typically decrease after reaching a
maximum point, while HA values increase as the composting pro-
cess progresses.”’

Evaluation of compost maturity

As mentioned previously, certain physicochemical parameters of
composting can be used for the evaluation of compost maturity.
Many of these parameters, specifically OUR, GI, NH4N, NH4N/
NOsN, and HA/FA, have specific absolute values that can be used
as indicators for maturity. For other maturity indexes, such as pH
and C/N, even though various studies have presented certain
value ranges for compost maturity, these ranges are quite large
and coupled to the composting materials. Therefore, pH and

C/N values cannot be used directly for the evaluation of maturity
without further examination and studies have proposed the mon-
itoring of their behavior until certain requirements are achieved,
such as stabilization at maximum and minimum values for pH
and C/N, respectively.”?' In Supporting Information 1, the com-
post maturity values of C/N and pH derived from the literature
and the current study are presented, along with all the other
aforementioned compost maturity indexes (e.g., NH4N, NH;N/
NOsN, GI, OUR) from the literature.

To accurately evaluate compost maturity, all indices presented
in Supporting Information 1 must reach their suggested maturity
values.?® The specific time periods when the composting proce-
dures meet each of the aforementioned maturity requirements
are presented in Supporting Information 2. Even though the
NH4N/NOsN ratio can be regarded as a maturity index for com-
posting procedures, it was not taken into further consideration
due to low NH4N and NOszN concentrations (<250 ppm) for all
composting experiments.?® Based on the collected data, compost
maturity was reached for Composts 1 and 2 during 80-84 and 84-
91 days, respectively, as presented in Supporting Information 2. It
should be noted that, even though compost added materials
were different for these experiments, compost maturity was
achieved in similar time periods, which agree with the typical
GW maturity time presented in recent studies.?

Color determination during composting
The CIELAB color variables during the two composting processes
are illustrated in Fig. 5. As the composting progressed, compost
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Figure 4. Humic acid (a), fulvic acid (b), and humic to fulvic acid ratio (c) progression during the two composting experiments (Compost 1, 2).

color alterations were recorded.?*?” At the beginning of the pro-
cess, the color of the material was usually light brown. As com-
posting continued, the compost became darker and finally dark
brown or black.?> This color change is described by the variation
trend of CIELAB color variables visually presented in Supporting
Information 3. In both composting experiments, the decreasing
trend of color variables a* (Fig. 5(b)) and b* (Fig. 5(c)) were
observed throughout the whole composting period. This indi-
cates that, as the compost darkened, its initial red and yellow color
component turned into blue and green. Major changes in L*
values occurred only during the first days of composting. After
the fifth day, the L* values were reduced in a more gradual way
until day 36, and then they remained stable for the rest of com-
posting duration. Variables h° (Fig. 5(f)) and a*/b* (Fig. 5(d)) were
very scattered during all composting experiments, exhibiting
both increases and decreases in their values. Variable C* (Fig. 5
(e)) showed a constant decreasing trend for both composting
experiments throughout the whole composting period. More-
over, color variable AE* values (Fig. 5(g)) presented an increasing
trend, with the difference that this increase was rapid at the
beginning and then proceeded at a more moderate pace. The
constant decreasing trend of color variables a*, b*, and C*, along
with the constant increasing trend of color variable AE*, have also
been reported in previous studies regarding different composting
substrates.”>?’

The best fitting equations that describe the relation between
CIELAB color variables and time for the composting experiments,
along with their respective R? values, are presented in Table 3. The

two composting processes examined showed similarities in the
fitted equations that describe color progression. However, differ-
ences were observed regarding the individual values of CIELAB
color variables. These results can be attributed to the fact that
the values of color variables appear to be affected by the inherent
characteristics of the raw materials.

Relationship between color variables and composting
phases

Color variables a*, b*, C*, and AE* were further evaluated for their
ability to depict the various stages of a composting process. Based
on the results showed in Fig. 5 and Table 3, the above mentioned
color variables fluctuated for the entire composting period until
the point of maturity. This is why this study primarily focused on
the physicochemical properties that varied throughout the com-
posting period (such as OC, HA, FA, and C/N) and not on the ones
that remained constant after the first 21 days of composting (such
as OUR, pH, GI, NH4N, and NO3N).

Color variable a* (Fig. 5(b)) presented a rapid decrease in its
values for 36 and 28 days for Composts 1 and 2, respectively. This
rapid decrease occurred during the first two phases of compost-
ing (mesophilic and thermophilic) when the declines of OC
(Fig. 2(a)) and C/N (Fig. 2(c)) were also fast, and stopped at the ini-
tiation of the maturation phase, specifically with the increase of
FA (Fig. 4(b)). As the cooling and maturation phases proceeded
as a combined stage, a* values presented certain fluctuations.
Specifically, during this period, color variable a* increased and
decreased in accordance with the rise and fall of FA values. This
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Figure 5. CIELAB color variables L* (a), a* (b), b* (c), a*/b* (d), C* (e), h° (f), AE* (g) during the two composting experiements (Compost 1, 2).

phenomenon can be attributed to the fact that FA has a yellow or
light brown color*? that influences the total color of compost. As
the humification continued and FA reduction led to a gradual
increase in HA (Fig. 4(a)), a* values continued to decrease due to
the interference of the dark brown color of HA.*? Specifically, after
70 (Compost 1) and 80 (Compost 2) days, a* values decreased rap-
idly until days 80 and 91, which signify the respective periods of
maturity, as shown in Supporting Information 2, for each compost
experiment. During this period, OC and C/N values decreased at a
faster rate. After the point of maturity, variable a* remained fairly
stable with a minor decrease until the end of the process.

Color variables b* (Fig. 5(c)) and C* (Fig. 5(e)) decreased rapidly
for 43 (Compost 1) and 28 (Compost 2) days during the mesophilic
and thermophilic stages of composting. At these stages, OC (Fig. 2
(@)) and C/N (Fig. 2(c)) also decreased rapidly. When the rapid
decrease in OC values reached a temporary halt, the maturation

phase began after 36 (Compost 1) and 28 (Compost 2) days. Color
variables b* and C* presented the same fluctuations as a*. How-
ever, b* and C* values in Compost 2 began to increase a few days
after the rapid increase of FA (Fig. 4(b)) and especially when OC
reduction reached a temporary halt at the end of the thermophilic
phase. Additionally, b* and C* values in Compost 1 showed smal-
ler range fluctuations due to FA production compared to the var-
iations of the color variable a*. Therefore, it is safe to assume that
b* and C* are more influenced by OC than a*. When FA values
began to decrease (Fig. 4(a)) and HA increased along with the ulti-
mate decrease of OC, b* and C* presented a rapid decrease until
the point of maturity and then remained fairly stable with little
decrease in their values.

AE* values (Fig. 5(e)) presented a very rapid increase during the
first phase of composting and a slightly less increasing trend dur-
ing the thermophilic phase for both composting experiments.
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Table 3. Mathematical relationships of CIELAB color variables with time after regression analysis using various types of equations for the two com-
posting experiments (Compost 1, 2)
Compost 1 Compost 2
Compost
CIELAB color Best fitting equation during Pearson's correlation Best fitting equation during Pearson's correlation
variables composting period coefficient, R? composting period coefficient, R?
L* L* = 6E-07 t*-0.0001 £ + 0.0117 t*- 0.76 L* = 4E-07 t*-8E-05 t* + 0.0061 t*- 0.74
0.4047 t + 40.638 0.2079 t + 39.411
a* a* = 5E-08 t*-1E-05 £ + 0.0009 t*- 0.78 a* = 6E-08 t*-2E-05 t* + 0.0011 t*- 0.87
0.0273 t + 5.2196 0.0308 t + 4.8503
b* b* = 2E-07 t*5E-05 t* + 0.0048 t*- 0.80 b* = 3E-07 t*-6E-05 t* + 0.0052 t*- 0.93
0.1715t + 17.475 0.1654 t + 16.34
h® h® = —7E-06 t* + 0.0014 t*-0.073 t 0.65 h® = —4E-06 £ + 0.0009 t*- 0.44
+73.342 0.0521 t + 73.424
C* C* = 2E-07 t*-5E-05 £ + 0.0048 t*- 0.80 C* = 3E-07 t*-7E-05 £ + 0.0053 t*- 0.94
0.172 t + 18.239 0.1672 t + 17.045
AE* AE* = —6E-07 t* + 0.0001 £~ 0.82 AE* = —4E-07 t* + 1E-04 £~ 0.84
0.0127t% + 0.4417 t + 0.9419 0.0078t> + 0.2634 t + 0.4762
a*/b* a*/b* = 1E-07 t3-3E-05 t* + 0.0014 t 0.65 a*/b* = 7E-08 t3-2E-05 t* + 0.001 t 0.44
+0.2992 + 0.2976

When the last two phases of composting (cooling and matura-
tion) took place, AE* values continued to increase with fluctua-
tions based on FA and HA values until the point of maturity. At
this point, AE* achieved its greatest value. After the point of
maturity, AE* values slightly decreased and remained stable until
the end of humification process. However, it should be noted that
the kinetics of AE* cannot depict the different stages of compost-
ing with the same accuracy as color variables a* b* and C*
because AE* (apart from a* and b*) is also influenced by color var-
iable L*.

To further evaluate the ability of color variables a*, b*, C*, and
AE* to depict the changes of the organic composition of compost
(OC, C/N, HA, FA, HA/FA) and, therefore, the different stages of
composting, the statistical process of regression analysis was con-
ducted. Various types of equations were tested and best fitting
equations were determined by Pearson's correlation coefficient,
R?. To determine the relationship between CIELAB color variables
and HA/FA, only data after the initiation of the maturation phase
was used. The results of this statistical analysis are presented in
Table 4. Specifically, the effects of OC, C/N, and HA/FA changes
on compost color can also be mathematically described, as these
physicochemical parameters showed a very strong relationship
with color variables a*, b*, C* (R* > 0.83). HA also showed a strong
relationship with color variables a*, b* and C* (R* > 0.74). How-
ever, the effect of FA fluctuations on compost color change was

not correlated efficiently with any CIELAB color variable present-
ing rather low R? values (R? < 0.70). This result can be attributed
to the fact that FA does not present a constant variation trend
but instead shows fluctuations during the cooling and maturation
stages; thus, its influence on compost color change cannot be
mathematically proven without the implementation of a more
complex mathematical model. As expected, AE* did not present
any strong relationship with any of the aforementioned physico-
chemical properties because it is primarily affected by L*.

In total, based on the findings of this study, CIELAB color vari-
ables a*, b*, C*, and AE* not only presented constant variation
trends (i.e., decreasing or increasing) during composting but they
also appeared to fluctuate differently for each phase of compost-
ing until the point of maturity based on the formation of the var-
ious organic compounds that take part in composting. This fact
indicates that color change follows a general pattern for each
composting procedure, especially regarding the transformation
of organic matter as expressed by OC, C/N, FA, and HA. In previous
composting studies with green tea waste?* and olive pomace?’ as
substrates, a*, b*, C*, and AE* presented a rather linear variation
trend until the point of maturity. The absence of color variable
fluctuations can be attributed to the fact that, during these com-
posting experiments, the different stages of composting were
indistinguishable from each other and progressed simulta-
neously, as observed by the formation of humic substances from

Table 4. Pearson's correlation coefficients (R%) between physicochemical variables depicting compost organic composition and CIELAB color
variables
Compost 1 Compost 2

a* b* Cc* AE* a¥ b* c* AE*
0C% 0.83 0.84 0.84 0.59 0.83 0.91 0.92 0.76
HA (mg g™ 0.78 0.74 0.81 0.29 0.83 0.77 0.79 0.40
FA (mg 971) 0.15 0.16 0.18 0.08 0.15 0.41 0.42 0.36
HA/FA 0.84 0.93 0.94 0.24 0.85 0.85 0.85 0.07
C/N 0.83 0.83 0.83 0.60 0.58 0.81 0.82 0.81
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the first days of composting. As a result, in these studies, CIELAB
color variables could not depict the different stages of compost-
ing and, thus, could only be used to monitor composting or eval-
uate the point of maturity.

CIELAB colorimetric application and future prospects
Based on the findings of this work, the CIELAB colorimetric
method can be used to distinguish the different stages of a com-
posting process and replace, to a significant extent, the typical
physicochemical compost analyses that are usually expensive
and time consuming.? In the work of Tsivas et al.,*’ a cost analysis
between the CIELAB colorimetric monitoring method and typical
physicochemical analyses for composting showed that this new
proposed method dramatically reduces the operational costs
and duration of analysis by up to 60.3% and 93.8%, respectively.
Additional research will reinforce the use of the CIELAB colori-
metric method as a quick, simple, and sufficient indicator for com-
post evaluation. An open access data repository of composting
data, including CIELAB values and critical physicochemical charac-
teristics using various substrates, can serve as an ideal space for
the analysis of possible similarities and differences between two
sets of variables and for the inherent characteristics of the exam-
ined raw materials. This repository will provide all the necessary
colorimetric data to distinguish the different composting stages
and to rapidly and cheaply evaluate the level of compost maturity.
Composting procedures with a wide range of composting dura-
tion periods, such as GW, can largely benefit from this new
method of analysis that avoids to a great extent the tedious imple-
mentation of typical expensive and time-consuming physico-
chemical composting analyses.

CONCLUSIONS

To conclude, a more robust colorimetric method for the evalua-
tion of compost stages would solve many operational problems.
This method can be implemented directly, without further exam-
ination, in various laboratory and industrial composting applica-
tions to reduce the operational costs and duration of analysis.
Further research is required to evaluate the effects of additional
composting properties, such as microbiological analyses, on color
change as they were not part of this study and were only investi-
gated indirectly through their oxygen uptake rate.

SUPPORTING INFORMATION

Supporting information may be found in the online version of this
article.
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