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Abstract
The present study was conducted to investigate the decomposition of organic carbon (OC) and release of nitrate  (NO3

−), 
ammonium  (NH4

+), P, and K from 4 mixed treatments including T1 [85% poultry manure (PM) + 15% wheat straw (WS)], 
T2 (75% PM + 25% WS), T3 (75% PM + 15% WS + 10% zeolite), and T4 (65% PM + 25% WS + 10% zeolite) at specified 
intervals over 133 days. The results indicated that 38–43% of initial OC was decomposed at the end of the composting 
process. The amount of  NO3

− at the beginning of the process varied from 9.8 to 13.3 g  kg−1 and finally ranged from 23.3 
to 39.3 g  kg−1. The amounts of  NH4

+ varied from 1.9 to 3.0 g  kg−1 at the end of the composting process. The amount of P 
released at the beginning of the composting process ranged from 2.8 to 4.3 g  kg−1, which reached 3.4–4.0 g  kg−1 at the end 
of the process. The release of K occurred increasingly during the first two weeks and after a slight decrease in the third week, 
it showed a steady trend until the end of the composting process. The pseudo-second-order equation provided the best fit to 
the data. Treatment T4 was the best treatment in this study because the application of lower amounts of PM resulted in the 
production of compost with similar chemical properties to other treatments with higher PM participation.
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Graphical Abstract
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Statement of Novelty

Different mixing ratios of poultry manure, wheat residues, 
and zeolite significantly influenced the release kinetics of C, 
N, P, and K during a 133-day co-composting process.

Introduction

Poultry farming is operating as an essential part of agri-
culture in many countries, and through this, a large amount 
of manure is regularly produced. Handling, storage, and 
disposal of poultry manure (PM) are among the main 
problems for poultry farmers [1]. The use of PM in agri-
cultural lands is one of the ways to deal with the problem 
of disposal. PM increases soil fertility and improve plant 

nutrition due to its essential nutrients such N, P, and K. 
It also improves the chemical and physical properties of 
the soil by increasing the cation exchange capacity and 
aggregation and strengthening the soil structure. However, 
the direct use of PM in agriculture leads to adverse conse-
quences such as the release of large amounts of greenhouse 
gases methane and nitrous oxide into the atmosphere, the 
loss of large amounts of N in the form of ammonia  (NH3), 
and soil pollution with pathogens [2–4]. Therefore, it is 
necessary to find solutions that minimize these problems, 
both from an agricultural and environmental perspective.

Composting is one of the cost-effective and environ-
mentally friendly ways that is widely used to stabilize 
nutrients and organic matter in organic solid wastes and its 
nutrient-rich product can be applied as an organic fertilizer 
or soil amendment [2, 5]. In this process, organic compo-
nents are biodegraded by heterotrophic microorganisms, 
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the bond of N with organic molecules is broken and it 
is transformed into available forms for plant uptake, i.e., 
ammonium  (NH4

+) and nitrate  (NO3
−), by chemotrophic 

microorganisms, pathogens and weed seeds are killed, the 
initial unpleasant odor is reduced, and the moisture con-
tent reaches a desirable level. Other benefits of compost-
ing include increased product value, reduced volume and 
easier transportation, and reduced environmental contami-
nation [6, 7]. Furthermore, the use of compost in agricul-
tural lands improves soil bio-physicochemical properties 
and thus increases soil quality [5].

It is well established that some characteristics of PM such 
as high humidity, low porosity, high N content and low C/N 
ratio, and sometimes high pH make it not suitable for com-
posting alone. So, several solutions including the application 
of various types of organic bulking additives [8, 9], change 
of aeration intensity [10, 11], and addition of mineral com-
pounds [12, 13] have been proposed to modulate these prop-
erties. Compared to factors such as temperature, moisture, 
and aeration, the type of additive has the greatest impact on 
the quality of compost produced, especially in terms of the 
content of nutrients such as nitrogen [14].

The selection of various organic additives such as straw 
and residues of crops, sawdust, etc., as carbon sources in co-
composting PM is commonly based on the availability and 
abundance. However, some of these compounds are resistant 
to biodegradation due to their high lignin content. The use of 
compounds such as sawdust and wood chips, which are high 
in lignin, slows down the decomposition process in com-
posting manures while reducing organic carbon (OC) loss 
[15]. As poultry farming and wheat production are among 
the most important agricultural sectors in many parts of the 
world, co-composting PM with wheat straw (WS) has been 
widely considered as one of the economic strategies for recy-
cling these organic wastes. In addition, WS with contrasting 
properties modifies and balances the characteristics of PM.

Zeolite is a natural mineral that is widely used to reduce 
the emission of greenhouse gases, salinity, and N loss during 
the composting process [2, 16] due to some unique prop-
erties such as high cation exchange capacity, high water 
holding capacity, and porous network structure [17]. Com-
posting food wastes with 10% zeolite has been reported to 
reduce  NH3 volatilization and thus N loss [2]. Other studies 
showed that the combination of zeolite or lime and biochar 
reduced nutrient loss and improved compost quality [13, 18]. 
Although zeolite as a mineral additive is being studied in 
co-composting organic residues, all its effects on compost 
properties, especially nutritional properties, have not yet 
been fully elucidated.

One of the most important characteristics of composts is 
their nutrient content. Studies on co-composting PM with 
WS and zeolite have focused on parameters such as reduc-
ing  NH3 emissions and increasing N storage, optimizing 

the C/N ratio, or reducing the moisture content. However, 
the release kinetics of essential macronutrients for plant 
growth during composting process has not received much 
attention, while it can be useful in the determination of 
the optimal time of application of organic fertilizers in 
agricultural fields. So, this study aimed to investigate the 
effect of different mixing ratios of PM and WS and the 
presence of zeolite on the decomposition rate of OC and 
release kinetics of  NH4

+,  NO3
−, P, and K during a 133-day 

co-composting process.

Materials and Methods

Preparation and Characterization of Raw Materials 
and Treatments

PM and WS were collected from the farm of the College 
of Agriculture of Razi University located in Kermanshah, 
western Iran, and natural zeolite was purchased from a fac-
tory located in Semnan, Iran. According to XRD analysis, 
zeolite was a type of clinoptilolite with a purity of 54% 
and also contained 23% quartz.

The raw materials were oven-dried at 70 °C and then 
passed through a 2-mm sieve for the following analyses. 
The pH and electrical conductivity (EC) were measured in 
1:10 solid to water extract, OC of PM and WS was deter-
mined using dry oxidation in an electric furnace, while 
OC of zeolite was measured according to wet oxidation 
by potassium dichromate [19], total N was determined 
according to spectrophotometric method [20], and total P 
and K in the extract obtained by dissolving the ash from 
dry digestion of PM and WS and in the extract obtained 
from wet digestion of zeolite were measured using spec-
trophotometric molybdate-vanadate method [21] and flame 
photometer, respectively.

Four treatments were considered in the preparation of 
composts as follows: (T1) 85% PM + 15% WS, (T2) 75% 
PM + 25% WS, (T3) 75% PM + 15% WS + 10% zeolite, 
(T4) 65% PM + 25% WS + 10% zeolite based on dry weight. 
Twenty-liter plastic barrels with lids were used to prepare 
different compost treatments and each treatment was per-
formed in three replications. In each barrel, raw materi-
als were poured in the weight ratios considered for each 
treatment so that the total weight of dry matter per barrel 
was 10 kg, and then water was added up to 60% by weight. 
The barrels were covered with plastic nylon and placed in 
a greenhouse. On the lid of the barrels, five holes with the 
radius of 2 cm were created at intervals of 20 cm from each 
other. The treatments were kept moist during composting 
and stirred and aerated manually and regularly at weekly 
intervals.
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Sampling to Analyze the Release of Nutrients 
from Composts

The samples were taken on days 1, 7, 14, 21, 35, 49, 77, 105, 
and 133 to investigate the release of nutrients during com-
posting. From each treatment, several samples were taken 
from different points and mixed as a composite sample. 
Then, each composite sample was divided into two parts: 
one part was oven-dried at 70 °C to obtain the gravimetric 
moisture content. In oven-dried samples, pH and EC were 
measured in extracts with a ratio of 1:10 solid to distilled 
water, and OC was determined using dry oxidation. The 
other part with the initial moisture was used to extract N, 
P, and K released during composting. Extraction of  NO3

−, 
 NH4

+, and K was performed using a ratio of 1:20 solid to 
distilled water, and extraction of P was done using a ratio of 
1:20 solid to 0.1 M  H2SO4 after 30 min of shaking and 5 min 
of centrifugation [22]. Concentrations of nutrients released 
in extracts were measured using standard methods [23] and 
expressed per dry mass unit of different compost treatments 
based on the extraction ratio and gravimetric water content.

Investigation of Release Kinetics

In this study, kinetic equations including exponential, 
pseudo-second-order, parabolic diffusion, simple Elovich, 
and power function were used. The trend of changes in OC 
over time was fitted with exponential and pseudo-second-
order equations and the changes of  NH4

+,  NO3
−, P, and K 

were fitted with pseudo-second-order, parabolic diffusion, 
simple Elovich, and power function equations. Equations 
that were better able to describe the trend of change of each 
parameter over time were selected based on the highest coef-
ficient of determination  (R2) and the lowest standard error 
(SE). These equations are defined as follows:

(1) Exponential equation: qt = q
0
e−kt where  qt is OC con-

tent (g  kg−1) at time t,  q0 is OC content (g  kg−1) at time 
zero (initial OC), k is the rate of decomposition of OC, 
and t is time (day),

(2) Pseudo-second-order equation: t
qt

=
1

k
2
q2
f

+
t

qf
 where 

 qt is the amount of desired parameters including  NH4
+, 

 NO3
−, P, and K (g  kg−1) at time t,  qf is the amount of 

desired parameters at equilibrium or the end of process 
(final content), and  k2 is the rate of release per unit time 
(kg  g−1  day−1),

(3) Parabolic equation: qt = q
0
+ b

1
t0.5

(4) Power function equation: Lnqt = Lnq
0
+ b

2
Lnt

(5) Elovich equation: qt = q
0
+ b

3
Lnt where  b1,  b2, and  b3 

are the rates of release, and  q0 is the initial content (g 
 kg−1) of desired parameters.

  The standard error of the estimate was calculated by 
following equation:

(6) SE =

�∑

(q − q ∗)2

(n − 2)

�

1

2

 where, q and q* represent the 

measured and predicted values of desired parameters, 
respectively, and n is the number of data points evalu-
ated.

Statistical Analysis

One-way analysis of variance (ANOVA) with repeated 
measures and comparison of means based on Duncan's 
multiple-range test were performed using SAS software to 
compare measured parameters at each sampling time.

Results and Discussion

Properties of Raw Materials Used in Composting

Table 1 shows some chemical properties of the primary 
organic and inorganic compounds in the preparation of com-
posts. The highest and lowest pH values were related to PM 
and WS, respectively, and the highest and lowest EC values 
were measured in zeolite and PM, respectively. The high-
est amount of N and P was observed in PM and the highest 
amounts of C and K were obtained for WS. Higher levels of 
N and P in PM than those in WS are related to protein and 
phosphate-rich diets in the poultry industry. A C/N ratio of 
less than 20 in PM may induce that a large amount of min-
eralized N enters the soil if this fertilizer is directly applied, 
which increases the potential for loss of this element in the 
form of  NH3 volatilization or  NO3

− leaching, followed by 
environmental pollution. In contrast, a C/N value of more 
than 30 in WS indicates that N is not mineralized if it is 
directly added to the soil. The results indicated that C/N 

Table 1  Some chemical characteristics of raw materials used in co-
composting

Parameters Units Poultry manure Wheat straw Zeolite

pH1:10 – 7.20 6.21 6.68
EC1:10 dS  m−1 5.20 6.54 6.73
C g  kg−1 453 500 –
N % 82.3 14.0 –
P % 34.7 2.76 2.10
K % 25.3 29.4 4.60
C/N – 5.51 35.7 –
C/P – 13.1 181 –
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ratio in all treatments was below 20. Therefore, the combi-
nation of these two materials in the process of composting 
can lead to the production of a product with appropriate and 
balanced quality.

Changes in pH and EC During the Composting 
Process

The pH values were 5.8, 6.0, 5.7, and 6.3 at the first time 
(day 1) and increased to 7.1, 7.2, 6.9, and 7.4 at the end 
of incubation (day 133) in T1, T2, T3, and T4, respec-
tively (Fig. 1a). The pH decreased on days 7 and 21, while 
it showed an upward trend at other times. The results of 
ANOVA showed that the effect of treatment (P < 0.05) and 
time (P < 0.01) on changing pH was significant but their 
interaction was not significant. Also, the final pH values 
of the composts were not significantly different from each 
other. The results of the composting of pig manure with 
different mixing ratios of biochar, zeolite, and wood vin-
egar indicated that the final pH of the composts increased 
compared to the initial values. Also, the final pH of different 
treatments did not differ significantly at the 5% level [24]. 
Increased pH is one of the indicators of good quality and 
maturity of compost so that in previous studies, the pH range 
of mature compost has been reported between 6 and 8.5 [25].

The processes that reduce the pH during the decomposi-
tion of organic matter are: (1) production of carbon dioxide 
 (CO2), its dissolution in water and dissociation and produc-
tion of  H+, (2) production of organic acids, their dissociation 

and production of  H+ [26], and (3) nitrification in which by 
converting one mole of  NH4

+ to one mole of  NO3
−, 2 mol 

of  H+ are produced. In contrast, reactions that lead to an 
increase in pH include ammonification and decarboxylation 
(degradation of dissociated organic acids) [3]. Therefore, 
increasing or decreasing the pH at each stage of composting 
depends on the dominance of each of these processes.

The evolution of EC during composting is shown in 
Fig. 1b. The trend of changes in EC in all treatments was 
initially upward and reached its highest value on day 21. 
This parameter then decreased and reached almost the initial 
value in all treatments at the end of incubation. The effect 
of treatment and time and their interaction was significant 
(P < 0.01) on changing EC. The final EC values in treat-
ments T1, T2, T3, and T4 were 5.9, 6.4, 6.5, and 6.4 dS  m−1, 
respectively which were not significantly different based on 
the results of ANOVA.

The increase in EC is related to the decomposition of 
organic compounds, resulting in the release of soluble sub-
stances. The decrease in EC can be due to the increase in the 
ionic activity product (IAP) relative to the solubility product 
constant  (KSP), which results in a saturation index greater 
than one, in other words leading to the precipitation of some 
ions as insoluble compounds. It can also be due to  NH3 vola-
tilization and adsorption and/or absorption of soluble ions by 
surface functional groups during the process of humification 
and maturation of composts. During the first weeks, EC of 
treatments T3 and T4 containing zeolite were lower than 
treatments T1 and T2, possibly due to the adsorption of ions 

Fig. 1  Variations of pH (a), EC 
(b), and OC (c) during the com-
posting process in treatments 
T1 (85% poultry manure + 15% 
wheat straw), T2 (75% poultry 
manure + 25% wheat straw), 
T3 (75% poultry manure + 15% 
wheat straw + 10% zeolite), and 
T4 (65% poultry manure + 25% 
wheat straw + 10% zeolite). 
Error bars means standard 
deviation (n = 3) 4
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by zeolite. The peak of EC in all treatments was observed 
on day 21 and the highest value was related to T1 with the 
highest participation of PM. As reported in Table 1, PM is 
more easily affected by the decomposition process and the 
subsequent release of elements due to its lower C/N ratio 
compared to WS. However, the difference between EC of 
treatments decreased over time, so that at the end of incu-
bation, there was no significant difference between EC of 
treatments due to the equilibrium in dissolution/precipitation 
and sorption/desorption processes.

Changes in OC During the Composting Process

The trend of changes in OC over time in different treatments 
is shown in Fig. 1c. Based on the slope of the curves, the 
rate of carbon decomposition was faster during the first few 
weeks and then slowed down. The results of ANOVA indi-
cated that the effects of treatment, time, and their interac-
tion on changing OC over time were significant (P < 0.01). 
However, the final OC contents of treatment were not sig-
nificantly different. The initial values of OC in the treatments 
T1, T2, T3, and T4 were 519, 523, 473, and 490 g  kg−1, 
respectively, which were reduced to 300, 297, 293, and 
298 g  kg−1 at the end of incubation. In other words, 42, 43, 
38, and 39% of OC in these treatments were decomposed 
during 133 days of the composting process. The results of an 
investigation on three different mixing ratios for composting 
PM with WS indicated a range of 25–39% for the loss of OC 
at the end of the process [1].

In general, 60–70% of decomposed OC is converted to 
 CO2 as a result of microbial respiration and 30–40% is for 
new synthesis of microorganisms [1, 27]. During the first 
weeks, the population of microorganisms and the rate of 
decomposition and microbial activity reach the highest level 
due to the increase in temperature of the composting organic 
materials (Fig. S1). At this stage, known as the thermophilic 
phase, simple and easily degradable organic components 
such as monosaccharides and disaccharides are used as a sub-
strate by heterotrophs. In other words, the heating of organic 
compounds in the early stages of composting is due to the 
consumption of OC by aerobic bacteria and its conversion 

into heat energy. Afterward, the decomposition rate decreases 
because fewer microorganisms are able to obtain energy from 
complex and high molecular weight fractions of organic 
materials such as cellulose, hemicelluloses, and lignin [28]. 
At this stage, the temperature of the composting mass gradu-
ally decreases to eventually reach the ambient temperature. 
However, it should be noted that the porosity of the compost-
ing materials and constant aeration in the barrels can accel-
erate the cooling and lowering of the temperature, and as a 
result, easily degradable materials in the thermophilic phase 
may not be completely consumed by microorganisms [1].

The decomposition kinetics of OC over time was 
described using exponential and pseudo-second-order equa-
tions (Table 2 and Fig. S2). The rate of OC decomposition 
obtained from the exponential equation (k) was almost the 
same in all treatments. The negative sign of this parameter 
reflects the decrease in the amount of OC of the compost-
ing masses over time. The lowest value of constant k was 
obtained in treatment T4, which had the lowest incorpora-
tion percentages of PM. According to the pseudo-second-
order equation, the rate of carbon decomposition  (k2) varied 
over a narrow range among different treatments. Based on 
the values of  R2 and SE, the pseudo-second-order equation 
had a better performance in describing the OC decomposi-
tion kinetics in different treatments.

Changes in  NO3
− Content During the Composting 

Process

The trend of changes in water-extractable  NO3
− content dur-

ing composting of different treatments is shown in Fig. 2a. 
The  NO3

− content increased on days 7 and 21 and decreased 
at other times. The increase in  NO3

− content may be due 
to the increased rate of the nitrification process as a result 
of the increase in the population of nitrifying bacteria, 
e.g., Nitrosomonas and Nitrobacter that oxidize  NH4

+ and 
 NO2

− to  NO3
−. In the temperature range of 5 to 35 °C, the 

rate of biological processes doubles for every 10 °C increase 
in temperature. Therefore, increasing the temperature of 
the composting mass in the thermophilic stage increases 
the rate of the nitrification process. Increasing the amount 

Table 2  Parameters of fitting 
exponential and pseudo-
second-order equations to the 
mineralization of OC over time 
in treatments T1, T2, T3, and 
T4

T1: 85% poultry manure + 15% wheat straw, T2: 75% poultry manure + 25% wheat straw, T3: 75% poultry 
manure + 15% wheat straw + 10% zeolite, T4: 65% poultry manure + 25% wheat straw + 10% zeolite

Treatments Exponential Pseudo-second-order

k q0 R2 SE k2 qf R2 SE

day−1 g  kg−1 kg  g−1  day−1 g  kg−1

T1 − 3.90 ×  10−3 460 0.852 32.1 − 7.70 ×  10−4 294 0.997 9.00 ×  10−3

T2 − 4.30 ×  10−3 513 0.981 12.3 − 4.90 ×  10−4 303 0.988 1.80 ×  10−2

T3 − 3.70 ×  10−3 449 0.910 21.5 − 7.00 ×  10−4 294 0.996 1.10 ×  10−2

T4 − 3.30 ×  10−3 458 0.959 15.3 − 6.30 ×  10−4 303 0.991 1.60 ×  10−2
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of  NH4
+ also leads to increased nitrification. In contrast, 

decreased  NO3
− content can occur as a result of denitrifica-

tion, microbial assimilation  (NO3
− uptake by microorgan-

isms and conversion to microbial biomass N), and reduction 
in nitrification due to reduced  NH4

+ content. The results 
of ANOVA showed that the effect of treatment, time, and 
their interaction on changing  NO3

− during composting was 
significant (P < 0.01). The highest amount of  NO3

− at all 
times was extracted from T1 with the highest incorpora-
tion percentage of PM. The  NO3

− content increased from 
initial 13.3, 10.4, 10.3, and 9.8 g  kg−1 to 39.3, 24.5, 23.9, 
and 23.3 g  kg−1 at the end of composting process in T1, 
T2, T3, and T4, respectively. Furthermore, it was lower in 
zeolite-containing treatments which can be due to the sorp-
tion (adsorption + absorption) of  NH4

+ by zeolite and thus 
its non-participation in the nitrification process, as well as 
the lower incorporation rate of PM in these treatments. In 
addition, the porous lattice structure of the zeolite has the 
potential to trap  NO3

− ions [2, 13, 24].
The parameters of the equations used to describe the 

release kinetics of  NO3
− over time are presented in Table 3 

and Fig. S3. The parabolic, Elovich, and power function equa-
tions were fitted to the data from day 21 onwards (6 points) 
and the pseudo-second-order equation was fitted to all data. 
Among the first three equations, the power function equation 
was able to better describe  NO3

− release kinetics due to its 
higher  R2 and lower SE. The parabolic, power function, and 
Elvich kinetic equations could not describe the trend of data 
from day 1 to day 14 because the process of releasing during 
the first two weeks was ascending and then descending. In 

other words, the release of  NO3
− was a two-step process and 

these three equations were fitted to the second part, which 
had a decreasing trend. So, the parameter  q0 in the parabolic, 
Elovich, and power function equations does not indicate the 
amount of  NO3

− released on day 1. Since the data of days 1, 
7, and 14 were omitted to fit these three equations, the  q0 val-
ues represent the amount of  NO3

− released on day 21. As no 
data was eliminated to fit the pseudo-second-order equation, 
it was considered as the best equation to describe the release 
of  NO3

− during composting process. According to this equa-
tion, the lowest  NO3

− release rate was obtained for T4 with the 
lowest incorporation percentage of PM.

The results of this study in agreement with the results of 
previous studies showed that there is an inverse relationship 
between the release of  NO3

− from organic compounds and 
their C/N ratio. The higher the C/N ratio of the organic com-
pounds, the lower the  NO3

− release. Researchers investigated 
the release of  NO3

− from leaf residues of several tree species 
and obtained the highest  NO3

− concentration on the first day 
and the last week of incubation, 15,000 and 25,000 mg  kg−1, 
respectively, in the treatment with the highest total N equal to 
14,600 mg  kg−1 and the lowest amount of  NO3

− released at 
the same time, 12,000 and 22,000 mg  kg−1, in the treatment 
with the lowest amount of total N equal to 1600 mg  kg−1 [29].

Changes in  NH4
+ Content During the Composting 

Process

The trend of changes in  NH4
+ content in different compost 

treatments is shown in Fig. 2b. The amount of  NH4
+ at the 

Fig. 2  Variations of  NO3
− 

(a),  NH4
+ (b), mineral N as 

 (NH4
+  +  NO3

−) (c), and mineral 
N as % of the total initial N 
content (d) during the compost-
ing process in treatments T1 
(85% poultry manure + 15% 
wheat straw), T2 (75% poultry 
manure + 25% wheat straw), 
T3 (75% poultry manure + 15% 
wheat straw + 10% zeolite), and 
T4 (65% poultry manure + 25% 
wheat straw + 10% zeolite). 
Error bars means standard 
deviation (n = 3)
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beginning of the composting process ranged from 10.5 in 
T4 to 15.6 g  kg−1 in T1. It reached a peak value on day 
21 and then decreased in all treatments, similar to  NO3

−. 
The amounts of  NH4

+ at the end of the composting process 
were equal to 3.0, 2.8, 2.5, and 1.9 g  kg−1 in treatments 1, 
2, 3, and 4, respectively. Decreased amount of  NH4

+ can 
occur due to its absorption by microorganisms and conver-
sion into microbial biomass (immobilization). The higher 
amount of  NH4

+ in T1 compared to other treatments is due 
to the presence of more PM with a low C/N ratio. In addi-
tion, the amounts of  NH4

+ in all treatments at the end of the 
composting process were more than the permissible level of 
0.4 g  kg−1 [14], which could be due to the high amount of N 
in PM used in composting. The results of ANOVA showed a 
significant effect of treatment type, time, and interaction on 
the release of  NH4

+ during composting process (P < 0.01).
Factors that increase or decrease the amount of  NH4

+ 
during the decomposition of organic compounds include (1) 
the content of the initial N content, (2) the intensity of the 
ammonification process, (3) the population of ammonifier 
microorganisms, and (4) the intensity of the nitrification 
process [30, 31].

Table 3 shows the parameters of the kinetic equations 
used in describing the release of  NH4

+ over time. Fitting 
these equations to the experimental data is also provided in 

Fig. S4. The lowest and highest  NH4
+ release rates obtained 

from fitting the parabolic, Elovich, and pseudo-second-order 
equations were obtained in treatments 4 and 1, respectively 
which had the lowest and highest incorporation percentage 
of PM, correspondingly. In addition, the presence of zeolite 
and its ability to absorb and/or adsorb  NH4

+ may lead to a 
decrease in the released  NH4

+ concentration in T4. Despite 
the higher values of  R2 and SE of the power function equa-
tion compared to other kinetic equations, the pseudo-second-
order equation was chosen as the best equation to describe 
the release of  NH4

+ due to its fit to all data.
The trend of changes in mineral N in the forms of 

 NH4
+  +  NO3

− in different compost treatments over time is 
shown in Fig. 2c. The amount of inorganic N at the begin-
ning of the composting process ranged from 15.1 in T1 to 
10.4 g  kg−1 in T4 which corresponded to 11.2 and 6.7 g  kg−1 
in these treatments, respectively. The amounts of inorganic 
N in all treatments reached the peak values in the third week, 
which were equal to 42.3, 37.9, 32.4, and 25.6 g  kg−1, in 
T1, T2, T3, and T4, respectively. Figure 2d represents the 
changes in the ratio of inorganic N to total initial N (in per-
centage) over time. This parameter ranged from 18.6 to 
20.2% on the first day and from 11.6 to 15% at the end of 
the composting process. The highest percentages of mineral 
N of total initial N were observed on day 21, which varied 

Table 3  Parameters of fitting kinetics equations to the release of  NO3
− and  NH4

+ over time in treatments T1, T2, T3, and T4

T1: 85% poultry manure + 15% wheat straw, T2: 75% poultry manure + 25% wheat straw, T3: 75% poultry manure + 15% wheat straw + 10% zeo-
lite, T4: 65% poultry manure + 25% wheat straw + 10% zeolite

Equations NO3
− NH4

+

T1 T2 T3 T4 T1 T2 T3 T4

Parabolic
b1 − 3.96 − 4.24 − 3.64 − 2.88 − 4.33 − 3.88 − 3.40 − 2.66
q0 (g  kg−1) 79.7 68.3 61.7 53.8 47.3 42.3 37.2 29.1
R2 0.817 0.829 0.880 0.907 0.813 0.752 0.772 0.801
SE 5.56 5.71 3.97 2.74 6.15 6.61 5.49 3.93
Power function
b2 − 0.313 − 0.465 − 0.423 − 0.358 − 1.48 − 1.43 − 1.42 − 1.47
q0 (g  kg−1) 167 216 175 128 3251 2402 2063 1911
R2 0.925 0.942 0.948 0.924 0.966 0.961 0.947 0.949
SE 6.97 ×  10–2 9.03 ×  10–2 7.75 ×  10–2 8.01 ×  10–2 0.211 0.221 0.257 0.260
Elovich
b3 − 15.8 − 16.9 − 14.3 − 11.1 − 17.3 − 15.7 − 13.7 − 10.6
q0 (g  kg−1) 112 103 90.7 75.9 83.0 75.0 65.6 51.0
R2 0.904 0.912 0.943 0.936 0.902 0.852 0.865 0.887
SE 4.04 4.10 2.74 2.26 4.24 4.71 3.93 2.79
Pseudo-second-order
k2 (kg  g−1  day−1) − 1.19 ×  10–2 − 7.65 ×  10–3 − 1.19 ×  10–2 − 1.91 ×  10–2 − 2.22 ×  10–2 − 2.45 ×  10–2 − 2.74 ×  10–2 − 3.64 ×  10–2

qf (g  kg−1) 39.1 24.1 24.0 23.7 2.83 2.67 2.41 1.77
R2 0.986 0.980 0.970 0.964 0.939 0.948 0.951 0.946
SE 0.153 0.293 0.362 0.407 4.35 4.23 4.56 6.52
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from 46.2 to 56.8%. Nitrogen mineralization is a microbial 
process in which N in converted from organic forms such 
as nucleic acids and amino acids to mineral forms  (NH4

+ 
and  NO3

−). Nitrogen mineralization takes place in three 
successive stages of amminization, ammonification, and 
nitrification, and if factors such as pH, aeration, moisture, 
the population of microorganisms, and C/N ratio of organic 
compounds are not appropriate, this process will be reduced.

Changes in P Content Released During 
the Composting Process

The trend of changes in P released in different compost 
treatments is shown in Fig. 3a. The amount of released 
P in treatments 1, 2, 3, and 4 were equal to 3.5, 4.0, 3.4, 
and 3.8 g  kg−1, respectively at the end of the process (after 
133 days). During the decomposition process, the organic P 
in organic residues is converted to mineral P by the enzyme 
phosphatase produced by microorganisms. The higher 
amount of released P in T1 and T2 is related to the higher 
incorporation of PM in these treatments. Because poultry 
diets are rich in phosphate, PM is a rich source of P. Fac-
tors that increase P mineralization are: (1) temperature and 
moisture, (2) pH, (3) population of bacteria that are able to 
convert organic P into mineral P, 4) C/P ratio and the initial 
amount of P in organic residues. The results showed that 
the rate of P release gradually decreased due to the decrease 
in the amount of organic P and possibly the decrease in the 
population of P-mineralizing bacteria. Released P reached 
its maximum on day 14, which was equal to 12.5, 10.3, 7.5, 

and 5.8 g  kg−1 in treatments 1, 2, 3, and 4, respectively. The 
lower amount of extractable P in T3 and T4 compared to 
T1 and T2 may be due to the lower participation rate of PM 
and also the adsorption of mineral P by zeolite. The results 
of analysis of ANOVA revealed that the effect of treatment, 
time, and their interaction on changing P released over time 
was significant (P < 0.01).

Figure 3b indicates the changes in the percentage of P 
released from the total initial P. The highest percentages 
of P released were: 44.1% (day 14), 42.0% (day 21), 29.2% 
(day 14), and 26.4% (day 21) in treatments 1, 2, 3, and 4, 
respectively. In other words, the release of P in composting 
treatments showed an increasing trend from the beginning of 
the process until the second or third week and after that, the 
amount of released P decreased. This decrease may be due 
to the decrease in the population of P-mineralizing micro-
organisms, immobilization of mineral P by microorganisms, 
sorption and complexation of P by surface functional groups, 
or precipitation of phosphate salts. The slow rate of P release 
has been attributed to the high C/P ratio of organic residues 
[22]. The release of P from eight types of plant residues and 
two types of organic fertilizers investigated and reported that 
the rate of P release from residues during the first 4 weeks 
of incubation was much higher than that occurred between 5 
and 12th weeks. It was also found that the release of P from 
sunflower and wheat straw residues was higher than sheep 
manure, indicating that a high C/N ratio does not necessarily 
and exclusively delay the P release process [32].

Fitting the kinetic equations to the released P data over 
time showed that the P release rate in treatments 1 and 2 was 

Fig. 3  Variations of released P 
(a), P released as % of the total 
initial P content (b), released 
K (c), and K released as % of 
the total initial K content (d) 
during the composting process 
in treatments T1 (85% poultry 
manure + 15% wheat straw), 
T2 (75% poultry manure + 25% 
wheat straw), T3 (75% 
poultry manure + 15% wheat 
straw + 10% zeolite), and T4 
(65% poultry manure + 25% 
wheat straw + 10% zeolite). 
Error bars means standard 
deviation (n = 3)
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higher than that in treatments 3 and 4. Also, the pseudo-sec-
ond-order equation was more successful than other equations 
in describing the release of P during the composting process 
(Table 5 and Fig. S5). The results showed that the P release 
rate is inversely related to increasing the participation of 
PM in compost production and thus reducing the C/P ratio.

Changes in K Content Released During 
the Composting Process

Figure 3c shows that the release of K occurred increas-
ingly during the first two weeks (14 days) and after a slight 
decrease in the third week, it showed a steady trend until the 
end of the composting process. Potassium released at the 
beginning of the composting process ranged from 12.1 in T4 
to 18.3 g  kg−1 in T2. The higher amount of K in T2 is due to 
the higher content of PM and WS in this treatment. Potas-
sium is not involved in the structure of organic compounds 
and is a component of intracellular fluid and therefore more 
easily released than N and P. The amount of K released at 
the end of the composting process in treatments 1, 2, 3, 
and 4 were 20.6, 23.3, 17.3, and 18.1 g  kg−1, respectively. 
Treatments 3 and 4 had less water-extractable K due to the 
adsorption of K by zeolite. In general, it can be said that by 
adsorbing and/or absorbing  NH4

+,  NO3
−, P, and K, zeolite 

can convert PM compost into a slow-release fertilizer that 
gradually releases these nutrients to the plant over time.

The results of ANOVA showed that the effect of treatment 
and time on K released during the composting process was 
significant (P < 0.01), but their interaction was not signifi-
cant. The highest percentage of K released from the total 
initial K occurred on day 14, which was equal to 94.9, 97.0, 
89.1, and 89.4% in treatments 1, 2, 3, and 4, respectively 

Table 4  Parameters of fitting kinetics equations to the release of P and K over time in treatments T1, T2, T3, and T4

T1: 85% poultry manure + 15% wheat straw, T2: 75% poultry manure + 25% wheat straw, T3: 75% poultry manure + 15% wheat straw + 10% zeo-
lite, T4: 65% poultry manure + 25% wheat straw + 10% zeolite

Equations P K

T1 T2 T3 T4 T1 T2 T3 T4

Parabolic
b1 − 0.579 − 0.870 − 0.328 − 0.458 − 0.259 − 0.219 − 0.229 − 0.172
q0 (g  kg−1) 9.52 13.0 6.87 7.57 23.5 25.6 19.8 19.9
R2 0.807 0.780 0.875 0.843 0.995 0.932 0.765 0.772
SE 0.753 1.21 0.344 0.538 5.55 ×  10−2 0.169 0.329 0.243
Power function
b2 − 0.442 − 0.537 − 0.294 − 0.441 − 4.56 ×  10−2 − 3.56 ×  10−2 − 5.05 ×  10−2 − 3.67 ×  10−2

q0 (g  kg−1) 28.2 49.6 13.7 22.4 167 216 175 128
R2 0.952 0.947 0.967 0.957 0.986 0.982 0.863 0.871
SE 7.59 ×  10−2 9.65 ×  10−2 4.26×  10−2 7.13 ×  10−2 4.15 ×  10−3 3.74 ×  10−3 1.46×  10−2 1.03 ×  10−2

Elovich
b3 − 2.31 − 3.50 − 1.30 − 1.82 − 0.980 − 0.852 − 0.919 − 0.690
q0 (g  kg−1) 14.3 20.2 9.51 11.3 25.4 27.3 21.7 21.4
R2 0.894 0.875 0.946 0.924 0.988 0.980 0.853 0.864
SE 0.589 0.966 0.235 0.391 8.31×  10−2 9.33 ×  10−2 0.275 0.199
Pseudo-second-order
k2 (kg  g−1  day−1) − 3.49 ×  10−2 − 3.03 ×  10−2 − 4.83 ×  10−2 − 4.83 ×  10−2 − 4.92 ×  10−2 − 4.51 ×  10−2 − 5.87 ×  10−2 − 7.03 ×  10−2

qf (g  kg−1) 3.36 3.85 3.33 2.73 20.7 23.1 17.3 18.1
R2 0.987 0.985 0.994 0.988 0.999 0.999 0.999 0.999
SE 1.70 1.57 1.20 1.96 6.25 ×  10−2 3.31 ×  10−2 5.97 ×  10−2 4.75×  10−2

Table 5  Some chemical characteristics of prepared composts at the 
end of composting process

T1: 85% poultry manure + 15% wheat straw, T2: 75% poul-
try manure + 25% wheat straw, T3: 75% poultry manure + 15% 
wheat straw + 10% zeolite, T4: 65% poultry manure + 25% wheat 
straw + 10% zeolite

Parameters Units T1 T2 T3 T4

pH1:10 – 7.10 7.21 6.90 7.39
EC1:10 dS  m−1 5.94 6.36 6.46 6.42
C g  kg−1 300 297 293 298
N g  kg−1 46.6 45.0 43.0 45.6
P g  kg−1 23.9 17.3 19.0 21.3
K g  kg−1 20.4 26.0 19.0 17.6
C/N – 6.44 6.60 6.81 6.54
C/P – 12.6 17.2 15.4 14.0
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(Fig. 3d). The decrease in the amount of extractable K in 
the continuation of the composting process can be due to its 
uptake by microorganisms.

Fitting the kinetic equations showed that the rates of K 
release in treatments 1 and 2 were higher than those in treat-
ments 3 and 4 (Table 4 and Fig. S6). This can be due to the 
higher participation of PM and WS in T1 and T2 and the 
presence of zeolite in T and T4. The pseudo-second-order 
equation was selected as the best equation to describe the 
release of K during the composting process.

Characteristics of Prepared Composts

The results of ANOVA showed that the effect of different 
treatments on the pH of the produced composts was not sig-
nificant (Table 5). However, the pH value in T4 was higher 
than in other treatments. The pH of the four composts pro-
duced ranged from neutral to slightly alkaline. The results 
show that the pH of the composts is not much different from 
the pH of the raw materials and the composting process has 
not significantly changed the final value of this parameter.

The effect of the applied treatments on the EC of com-
posts was not significant. The highest amount of EC was 
observed in T3. In addition, the application of 10% by 
weight of zeolite had no significant effect on the final values 
of EC and they were close to values of this parameter in the 
raw materials despite the release of solutes during the com-
posting process. This could be due to the immobilization of 
these elements by microorganisms, adsorption by functional 
groups, and/or precipitation in the form of salt.

The highest and lowest amounts of C and N were obtained 
in treatments 1 and 3, respectively. However, based on the 
results of the comparison of means, no significant difference 
was observed between composts in terms of these properties. 
The range of the C/N ratio varied from 6.44 in treatment 1 to 
6.81 in treatment 3. The highest amount of P was observed 
in treatment 1, which had the highest level of PM among 
treatments and the highest amount of K was measured in 
treatment 2.

Conclusions

The amount of organic carbon in different treatments var-
ied in the range of 473–523 g  kg−1 on day 1. It decreased 
by 38–43% and reached to 293–300 g  kg−1 at the end of 
the 133-day composting process. The highest amounts of 
the release of ammonium, nitrate, phosphorus, and potas-
sium occurred within the first three weeks and then their 
release decreased until the end of the composting process 
due to the microbial immobilization, precipitation, and/or 
adsorption. The percentage of inorganic nitrogen (ammo-
nium + nitrate), phosphorus, and potassium released from 

their total initial contents varied respectively in the range 
of 11.6–15.0%, 12.1–15.5%, and 76.6–85.2% on day 133. 
The pseudo-second-order equation better described the trend 
of changes in the mentioned parameters over time than the 
parabolic, Elovich, and power function equations. The final 
values of pH, electrical conductivity, nitrogen, phospho-
rus, potassium, and carbon to nitrogen ratio of the prepared 
composts varied in the range of 6.9–7.4, 5.9–6.5 dS  m−1, 
43.0–46.6 g  kg−1, 17.3–23.9 g  kg−1, 17.6–26.0 g  kg−1, and 
6.4–6.8, respectively. Considering the electrical conductivity 
of the produced composts, this organic compound should 
be used with caution and in limited quantities in saline soils 
and salinity-sensitive crops. The use of zeolite in the poul-
try manure composting process did not significantly reduce 
the electrical conductivity, which could be because its sol-
utes were not washed before use in the composting process. 
However, treatment T4 (65% poultry manure + 15% wheat 
straw + 10% zeolite) was the best treatment in this study 
because the application of lower amounts of poultry manure 
resulted in the production of compost with similar chemical 
properties to other treatments with higher poultry manure 
participation. Reducing the use of poultry manure declines 
the risk of nitrogen loss through processes such as nitrate 
leaching and ammonia volatilization. Also, further experi-
ments should perform to investigate higher ratios of wheat 
straw and zeolite than the values used in this study.
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