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ABSTRACT: This study examined the possibility of direct application of phosphate rock (PR) from Lisina deposit, in a mixture
with natural clinoptilolite (Cp) and clinoptilolite partially saturated with ammonium ions (NH4−Cp). Solution P concentrations
of the NH4−Cp/PR mixtures were sufficient for plant growth and ranged from 0.36 to 0.82 mg L−1. The median NH4−Cp/PR
ratio and the longest proposed mixing time had the most positive impact on the P concentration. Solution Ca concentrations of
the NH4−Cp/PR mixtures were between 112.5 and 700.5 mg L−1, indicating that use of the proposed NH4−Cp/PR mixtures
solves the potential lack of Ca2+ in the solution, which is typical for substrates of similar composition. Selected artificial neural
networks (ANNs) were able to predict experimental variables for a broad range of the process parameters all through assay.
Manifold effects of small changes in composition of the mixtures and time on the observed concentrations of nutrients were
shown using the sensitivity analysis.
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■ INTRODUCTION

PR is a primal raw material for producing water-soluble
phosphorus (WSP), but it can be applied directly only under
certain conditions. Direct application of PR (DAPR) has been
suggested as an economical alternative to expensive commercial
WSP.1,2 There is also noticeable attention worldwide drawn to
the use of natural PR as an eco-friendly fertilizer for organic
food production.3

At the Lisina location, near Bosilegrad in Eastern Serbia, an
amount of ∼95 million tons of reactive PR mineral resource,
with an average content of 9% P2O5, has been confirmed. This
deposit has been explored for decades.4 Taking into account
that the nearest phosphate ore deposits are located in northern
Finland and the North African belt, Lisina is the only major PR
deposit in continental Europe of great strategic significance.5

The agronomic performance of PR correlates well with PR
solubility, which is usually estimated with neutral ammonium
citrate (NAC), 2% citric acid (CA), or 2% formic acid (FA).2,6

However, it should be emphasized that highly soluble
sedimentary phosphates, which have demonstrated their
DAPR efficiency, represent only 1% of the total world’s PR
deposits. The remaining 99% are low-soluble igneous and
metamorphosed PR (∼10%) and PR of medium and medium/
high solubility (∼89%).7 The medium and medium/high
solubility PR, such as apatite from Lisina, may be suitable for
direct application only under specific circumstances.
Fertilizer mixtures that combine an ion-exchange agent with

PR have the ability to increase the solubility of PR.8−10 Because
of their high cation exchange capacity (CEC), water-retention
properties, and rigid crystal structure, zeolites are valuable,
widely used, multipurpose soil amendments.11 In zeoponics,
natural zeolites have their ion-exchange sites loaded with

selected nutrients such as NH4
+ or K+.11−13 Charged zeolites

interact in the plant rhizosphere, providing gradual release of
nutrients through a combination of chemical dissolution and
ion-exchange reaction.
Cp is the most frequently used zeolite in agricultural practice

because of its high absorption level,14−16 high selectivity for
NH4

+,17 and some heavy metals and radionuclides.18,19 Cp
saturated with NH4

+ has been reported to increase the
solubility of PR and it serves as (i) a sink for dissolving Ca
from PR and (ii) a source of NH4

+.8,20,21 Batch experiments
with Cp−PR blends have been carried out previously,8,22 and
even though the Cp−PR batch equilibration experiments
represent static conditions, collected data showed that
interactions between the two minerals affect the ion-exchange
processes and the dissolution of the PR. It has also been
reported that fertilization systems composed of NH4−Cp and
PR have a potential to supply plant-available N, P, K, and Ca.22

Barbarick et al.8 hypothesized that the increase in the zeolite/
PR ratio would lead to an increase in readily available P through
the ion-exchange mechanism specified by eq 1, by shifting the
equilibrium to the right.
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Previous studies8,20−22 prompted the present investigation
from the perspective of utilizing a domestic PR mineral source

Received: June 10, 2014
Revised: September 17, 2014
Accepted: September 17, 2014
Published: September 17, 2014

Article

pubs.acs.org/JAFC

© 2014 American Chemical Society 9965 dx.doi.org/10.1021/jf502704j | J. Agric. Food Chem. 2014, 62, 9965−9973

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 L
B

R
Y

 O
F 

SE
R

B
IA

 o
n 

N
ov

em
be

r 
28

, 2
01

8 
at

 1
1:

48
:0

7 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/JAFC


from Lisina together with natural and NH4−Cp as an effective
natural fertilizer mixture. Artificial neural network (ANN)
models are recognized as a good modeling tool because they
provide solutions to the problems from a set of experimental
data and are capable of handling complex systems with
nonlinearities and interactions between decision variables.23,24

The main aim of this research was to determine how the
processing time and changes in composition of the mixtures
affect the PR dissolution and, further, whether the test mixtures
have the potential to be adequate sources of nutrients required
for plant growth. Using principal component analysis (PCA)
and sensitivity analysis, solution concentrations of elements
were tested against the impact of process variables. Empirical
models of given systems were developed in the form of second-
order polynomial (SOP) and ANN models. Characterization of
the utilized minerals was also performed.

■ MATERIAL AND METHODS
Characterization of Materials. The zeolite tuff (Cp), originating

from deposit Baia Mare, Romania, and PR, apatite from ore deposit
Lisina, near Bosilegrad, Serbia, were used in the experiment. Selected
characteristics of the Cp and PR samples are presented in Tables 1 and
2. The CEC of the Cp using EPA method no. 9081 was 158.2 mequiv/
100 g of zeolite (out of which Ca2+ 92 mequiv, K+ 51.5 mequiv, Na+

8.85 mequiv, and Mg2+ 5.84 mequiv). To obtain NH4−Cp, a partial
saturation of Cp with NH4

+ was performed according to the procedure
described by Mihajlovic ́ et al.25 at 1:7.5 ratios.
Powder X-ray diffraction (XRD) method was used to determine the

phase composition of the Cp, NH4−Cp, and PR. The XRD patterns of
used natural Cp and NH4−Cp were obtained on a Philips PW 1710
automated diffractometer using a Cu tube operated at 40 kV and 30
mA (for method details, see Mihajlovic ́ et al.26). Energy-dispersing
spectroscopy (EDS) on scanning electron microscopy (JEOL JSM−
6610LV SEM) was used to determine the composition of the starting
materials.
Experimental Procedure. Two groups of several batch experi-

ments were performed to investigate the solubility and ion-exchange
relationships between Cp and PR. The purified Cp fraction (50−100
μm) and the PR coarse silt fractions (<37 μm) were used. The first
group was composed of Cp/PR mixtures, and the second was
composed of NH4−Cp/PR mixtures. Both mixture groups were
assembled in three different ratios of Cp and PR, 5:1, 10:1, and 15:1,
and each system initially contained 4 g of PR. The mixtures in three
replicates were placed in a 300 mL volumetric flask to which 200 mL
of distilled water was added. Samples were shaken on a rotary shaker
for 24, 48, and 72 h at 220 rpm After being drained, the resulting
solutions were examined for contents of Ca2+, K+, Na+, and Mg2+ using
the “Perkin Elmer AAS “703”. Solution P concentration was
determined by colorimetric method,27 using SPEKOL 1300 UV VIS
spectrophotometer.
Exploratory Data Analysis. Descriptive statistical analyses of the

results were expressed as the mean ± standard deviation (SD).
Analysis of variance (ANOVA) and the following posthoc Tukey’s
HSD were performed using StatSoft Statistica 10.0 software.
Principal Component Analysis. PCA is a multivariate analytical

procedure extensively used in exploratory data analysis, in which the
data are transformed into orthogonal components (principal

components) that are linear combinations of the original variables.28

This transformation is defined in such a way that the first principal
component accounts for the largest variance in the data set.
Consecutively, each of the following principal components accounts
for the maximum of the remaining variance in the data set. In this
research PCA analysis was used (i) to outline differences between the
analyzed samples (mixture groups) by calculating score plots and (ii)
to find correlations between the processes parameters (design
variables) and measured solution concentrations of the cations
(measured variables) by calculating correlation loading plots. All
PCA calculations were performed by using The Unscrambler (version
10.1, CAMO Process AS, Oslo, Norway) and in-house developed
routines written in MATLAB (version R2010a, The MathWorks,
Natick, MA).

Second-Order Polynomial Model. The SOP model was used to
estimate the main effect of the process parameters on the final
concentrations of the investigated elements. The independent
variables were processing time and composition of the fertilizer
mixtures. All SOP models were fitted to data assembled by
experimental measurements. The models of the following form were
developed to relate 5 dependent outputs (Y) to 2 process variables
(X):

∑ ∑β β β β= + + +
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= =
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where βk0, βki, βkii, and βk12 are constant regression coefficients; Yk is
the concentration of either P, Ca2+, K+, Na+, or Mg2+; and Xi are either
the processing time or the zeolite share in the mixture. Significant
terms in the model were found using ANOVA for each dependent
variable. The SOP models were obtained for each dependent variable,
where factors were rejected when their significance level was p > 0.05.
SOP modeling was performed by using StatSoft Statistica 10.0
software.

Artificial Neural Network Modeling. According to StatSoft
Statistica’s recommendations, the database was randomly divided into
training data (60%), cross-validation data (20%), and testing data
(20%). The cross-validation data set was used to test the performance
of the network while training was in progress as an indicator of the
level of generalization and the time at which the network has begun to
overtrain. To improve the behavior of the ANN, the data set was
normalized. To obtain good network behavior, it was necessary to
make a trial-and-error procedure and to choose the number of hidden
layers, together with the number of neurons within. The use of only
one layer is advisible, because more layers worsens the problem of
local minima.29 According to Taylor,30 multilayer perceptron models
(MLPs) with three layers (input, hidden, and output) are the most
flexible and general-purpose kind of ANN and, therefore, were used in
this study. The MLP neural network learns using the “back-
propagation” algorithm. The Levenberg−Marquardt algorithm was
proved to be the fastest and suitable for networks of moderate size.
The Broyden−Fletcher−Goldfarb−Shanno (BFGS) algorithm, im-
plemented in StatSoft Statistica’s evaluation routine, was used for
ANN modeling.

Training, Testing, and System Implementation. After defining
the architecture of ANN, the training step was initiated. Because of the
high degree of parameters’ variability, the training process was
repeated several times to obtain the best performance of the ANN. It

Table 1. Chemical Composition of the Clinoptilolite (Cp) Used in the Study

oxide SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O K2O loi

% (w/w) 63.60 11.81 1.74 7.35 0.69 0.40 4.40 0.169 9.81

Table 2. Chemical Composition of the Phosphate Rock (PR) Used in the Study

oxide P2O5 SiO2 Fe2O3 Al2O3 TiO2 CaO MgO Na2O K2O S V loi

% (w/w) 9.72 52.29 3.39 3.57 0.45 18.04 0.32 0.16 2.76 0.3 0.011 4.87
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was accepted that successful training was achieved when learning and
cross-validation curves (sum of squaresSOS vs training cycles)
approached zero. Testing was carried out with the best weights stored
during the training step. Coefficient of determination (r2) and SOS
were used as parameters to check the performance (i.e., the accuracy)
of the obtained ANNs. Finally, the best-behaved ANN was chosen and
the model was implemented by using an algebraic system of equations
to predict solution P, Ca, K, Na, and Mg concentrations in both
fertilizer mixtures.
Sensitivity Analysis. ANNs were tested using sensitivity analysis

to determine whether and under what circumstances the obtained
models might result in an ill-conditioned system.30 Sensitivity analysis
is used for more precise defining of the influence of processing
variables on the observed responses. The infinitesimal amount
(+0.0001%) was added to each input variable in 10 equally spaced
individual points encompassed by minimum and maximum of the
training data, according to StatSoft Statistica’s default. These signals
were normally distributed with constant intensity and frequency.

■ RESULTS AND DISCUSSIONS
Mineral Characterization. The XRD analyses confirmed

that the major mineralogical component of the Cp and the
NH4−Cp was clinoptilolite (>75%) (Figures 1 and 2). The Cp

samples predominantly contained zeolite minerals from the
group heulandites−clinoptilolites (HEUs) and feldspars, with
smaller amounts of quartz, carbonates, and mica. The NH4−Cp
samples predominantly contained zeolite minerals from the
group HEUs and smaller amounts of quartz and mica. A
fraction of volcanic glass in both samples was significant, and
the degree of crystallinity was very low. The XRD spectra of
used natural Cp and NH4−Cp could be found elsewhere.

26 The
mineral composition of the analyzed PR sample mainly
contained apatite and smaller amounts of quartz and mica
(Figure 1).
Scanning electromicrographs illustrate the morphology of the

analyzed zeolites and PR samples (Figure 2a, b, and c). The
photomicrograph of the Cp sample shows that the crystal
assemblage occurs as plates clustered closely together (Figure
2a). Clinoptilolite generally exists in the coffin-shaped crystals
of monoclinic symmetry.31 The flaky material coexisting with
the crystals indicates the possible presence of mica and clay,
which is consistent with the XRD analysis. The corresponding
SEM energy-dispersive X-ray (EDX) spectrum shows that,
apart from the gold (Au) peak, the main chemical elements (Al,

Si, O, K, Mg, Ca, and Fe) are present in the Cp structure, which
is in agreement with its chemical composition (Table 1). The
SEM micrograph of the NH4−Cp sample shows that the
crystals maintained their original form after saturation, with a
detectable content of impurities (Figure 2b). The matching
SEM-EDX spectrum proved the presence of Si, Al, O, and K,
but with smaller amounts of Ca and the absence of Mg
compared to the untreated Cp EDX spectrum. The SEM
micrograph of the PR particle is shown in Figure 2c, also with
an obvious presence of flaky impurities. The matching EDX
confirms the presence of the basic structural elements of the
ore (P, Ca, and F) as well as the presence of Si and Al probably
from quartz and mica, which is in agreement with the XRD
spectra.

Experimental Results. Reaction Time. The reaction times
in the present study were chosen on the basis of the proposed
equilibrium times of similar batch experiments with zeolite and
PR.8,20,22 To assess the effect of mixture composition on
nutrient availability, three ratios of Cp to PR, 5:1, 10:1, and
15:1, were used. The concentrations of P, Ca2+, K+, Na+, and
Mg2+ in the solution, after shaking the Cp/PR and NH4−Cp/
PR mixtures for various durations of time, are shown in Tables
3 and 4, respectively. Obtained element concentrations were
compared to the time-related concentrations liberated from PR
alone.
In the Cp/PR mixtures a sudden increase in the

concentration of all nutrients for the first 24 h of shaking was
observed, followed by a significantly different but moderate
increase up to 72 h for all three Cp/PR ratios (Table 3). Allen
et al.22 reported a similar small improvement in cation exchange
in the Cp/PR mixture, after a rapid increase for the first 16 h.
Also, after 72 h cation exchange has nearly ceased up to 96 h.22

From Table 3 a gradual increase in concentrations of all
nutrients as the ratio of the Cp/PR mixture increases can be
observed. This finding is in accordance with previous results for
P but in contrast to the behavior of Ca2+ reported by Allen et
al.22 and Barbarick et al.8 In the NH4−Cp/PR mixtures, a rapid
increase of solution P concentration in the first 24 h was
followed by a slow increase up to 72 h (Table 4). This finding is
also in accordance with the results of Allen et al.32 where, after
an initial phase of 6 h, the rate of P release decreased with time,
despite the further PR dissolution. Solution P concentrations
found in the NH4−Cp/PR mixtures were about 2- to 3-fold
higher than the P concentrations released from the
correspondent Cp/PR mixtures. Similarly, three times higher
P concentrations released from the NH4−Cp/PR mixture
compared to the Cp/PR mixture have been reported by Lai and
Eberl.20 Solution Ca concentrations after 24 h showed a
tendency to decrease with time in the NH4−Cp/PR mixtures
and were 25 times higher than the Ca2+ concentrations found in
the respective Cp/PR mixtures. These results support the
conclusions that have been previously published by Lai and
Eberl,20 where the released Ca2+ from the PR, driven by cation
exchange with NH4

+, has been partially sequestered by the
zeolite before equilibrium. The decrease in Ca promotes further
dissolution of PR. Therefore, the NH4−Cp contributes more to
the dissolution of PR than the natural Cp. Solution Na and K
concentrations increased by 2-fold with an increase of NH4−
Cp/PR ratio and varied over time around similar values.
Solution Mg concentrations rapidly increased with time and
with an increase of NH4−Cp/PR ratio and were ∼70 times
higher than the correspondent Mg concentrations released
from the Cp/PR mixture. These results suggest a potentially

Figure 1. Diffractogram of the phosphate rock.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf502704j | J. Agric. Food Chem. 2014, 62, 9965−99739967



important role of Mg2+ in the PR-dissolution process. Allen et
al.22 referred to the complex mechanism of NH4−Cp−PR
interaction, despite the fact that the simplified eq 1 describing
the mechanism of PR dissolution was assumed to be sufficient.
NH4

+ in Soil Solution. The typical range of NH4
+ in soil

solutions of agricultural soils varies between 0.36 and 3.60 mg

L−1.33 According to numerous literature data points, the
optimum N concentrations for maximum yield production of
various plants ranges between 150 and 300 mg L−1.34−38 By
applying chemical fertilizers, plants are supplied with inorganic
N via two basic forms: inorganic nitrate nitrogen (NO3

2−−N)
and ammonium nitrogen (NH4

+−N). A satisfactory plant yield

Figure 2. SEM photomicrograph and the correspondent EDX spectra of (a) natural Cp, (b) NH4−Cp, and (c) PR from Lisina.

Table 3. Mean Concentrations ± SD of P, Ca2+, K+, Na+, and Mg2+ in the Solution, Following the Different Mixing Times and
Compositions of the Cp/PR Mixturea

no. t (h) Cp/PR ratio P (mg L−1) Ca (mg L−1) K (mg L−1) Na (mg L−1) Mg (mg L−1) pH

1 24 0:1 0.00 ± 0.00 a 5.00 ± 0.08 c 3.53 ± 0.04 a 0.21 ± 0.00 a 0.11 ± 0.00 a 7.45
2 24 5:1 0.15 ± 0.00 e 11.00 ± 0.04 d 7.85 ± 0.09 b 20.05 ± 0.17 c 0.33 ± 0.00 d 7.53
3 24 10:1 0.17 ± 0.00 f 16.50 ± 0.24 b 9.63 ± 0.10 c 25.40 ± 0.53 b 0.61 ± 0.01 c 7.55
4 24 15:1 0.18 ± 0.00 c 20.50 ± 0.54 h 10.16 ± 0.20 d 25.65 ± 0.48 b 0.88 ± 0.02 h 7.62
5 48 0:1 0.00 ± 0.00 a 6.00 ± 0.05 a 3.60 ± 0.06 a 0.25 ± 0.00 a 0.13 ± 0.00 a,b 7.47
6 48 5:1 0.18 ± 0.00 c 12.50 ± 0.19 e 7.84 ± 0.12 b 20.95 ± 0.18d 0.38 ± 0.01 e 7.55
7 48 10:1 0.20 ± 0.00 b,d 16.50 ± 0.37 b 9.62 ± 0.16 c 25.50 ± 0.26 b 0.63 ± 0.01 c 7.66
8 48 15:1 0.20 ± 0.00 b 22.50 ± 0.34 i 10.33 ± 0.21 d 28.05 ± 0.43 f 0.91 ± 0.02 i 7.70
9 72 0:1 0.01 ± 0.00 a 6.60 ± 0.04 a 3.71 ± 0.06 a 0.28 ± 0.00 a 0.15 ± 0.00 b 7.46
10 72 5:1 0.20 ± 0.00 d 13.50 ± 0.31 f 7.87 ± 0.04 b 22.95 ± 0.32 e 0.45 ± 0.01 f 7.59
11 72 10:1 0.21 ± 0.00 b 18.50 ± 0.26 g 9.28 ± 0.13 c 24.95 ± 0.20 b 0.69 ± 0.00 g 7.61
12 72 15:1 0.26 ± 0.00 g 24.50 ± 0.57 j 10.34 ± 0.21 d 29.50 ± 0.42 g 0.95 ± 0.01 j 7.75

aValues printed in one column with the same letters (a−j) are not statistically different at the p < 0.05 level, 95% confidence limit, according to
Tukey’s HSD test.
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may be achieved by a combination of both N types and
sometimes with NH4

+−N alone.38 It was also demonstrated
that plants adjust to acidic soils and that soils with low redox
potential favor NH4

+ ions.39 When considering the degree of
saturation of used Cp,25,27 recalculated total contents of NH4

+

from Cp-exchange sites in the NH4−Cp/PR mixtures were 4, 8,
and 12 g L−1 for 5:1, 10:1, and 15:1 ratios, respectively. Thus,
all three NH4−Cp/PR mixtures that were used in this study
have the potential to meet the necessity of plants for nitrogen
even at a very low level of NH4

+ discharge. This has already
been confirmed by previous experiments with the NH4−Cp/
PR mixtures of similar composition.8,21,22,32,40

Solution Cation Concentrations. Potassium. As was
shown by Tisdale et al.,41 the optimum soil solution K
concentrations are in the range between 8.6 and 60.0 mg L−1.
The concentration of K+ found in the solution of the Cp/PR
and NH4−Cp/PR mixtures were near the lower and middle
part of the range, giving further support to the ability of the test
mixtures to provide K (Tables 3 and 4). The highest
concentration of K+ in the solution (41.07 mg L−1) was
detected in the NH4−Cp/PR mixture with the maximum Cp
abundance (Table 4).
Phosphorus. According to Tisdale et al.,41 soil solution P

concentrations adequate for a variety of crops range from 0.2 to
0.3 mg L−1. Solution P concentrations in this study were
between 0.15 and 0.28 mg L−1 in the Cp/PR mixtures and
between 0.36 and 0.82 mg L−1 in the NH4−Cp/PR mixtures
(Tables 3 and 4). Allen et al.22 reported that the Cp/PR
mixtures of similar composition have provided between 0.465
and 12.1 mg L−1 of P in the solution when reactive North
Carolina (NC) and Tennessee (TN) PRs were used. Even
though the solubility of PR from Lisina was lower compared to
the NC and TN PRs, the prepared substrates have the potential
to provide sufficient levels of P to support plant growth,
especially the NH4−Cp/PR mixtures.
Calcium. In well-balanced, flowing nutrient solutions,

maximal growth rates of ryegrass and tomato were obtained
at Ca concentrations of 0.1 and 4.0 mg L−1, respectively.38

According to Asher and Edwards,42 the Ca2+ concentrations
required for plant growth have to be substantially higher in soil
solutions than in balanced flowing nutrient solutions. Typical
soil solution Ca concentrations necessary for a high yield of
agricultural crops has been reported to be from 8 to 45 mg L−1

and should not be lower than 14.8 mg L−1.41 Solution Ca

concentrations in the Cp/PR substrates in this study ranged
from 11.0 to 24.5 mg L−1 (Table 3). In the NH4−Cp/PR
mixtures the intensities of Ca were between 112.5 and 700.5
mg L−1 (Table 4). These results indicate that a sufficient
amount of Ca2+ can be supplied by the NH4−Cp/PR test
mixtures. Further, obtained solution Ca concentrations released
from the NH4−Cp/PR mixtures were substantially higher than
previously reported.22,40 This can be attributed to the difference
in physicochemical composition of the raw materials, but also
to the fact that in this experiment partially saturated NH4−Cp
was used, which preparation has been previously proposed.25

Thus, obtained NH4−Cp contains a sufficient amount of
residual Ca that may be released in further ion-exchange
reactions.

Sodium. In temperate regions, the typical Na concentration
in soil solution is on average 2.3−23.0 mg L−1. In semiarid and
arid regions the concentrations of Na+ in soil solution are 50-
fold higher and may have a damaging effect on the growth of
most crop plants due to saline stress. The growth response to
Na+ significantly varies among plant species as well as
genotypes within a species.37 The concentrations of Na+ in
the Cp/PR mixture solution in this study varied between 20.05
and 29.50 mg L−1 and from 3.59 to 6.48 mg L−1 in the NH4−
Cp/PR mixtures (Tables 1 and 2). Both substrates are
therefore low in Na and do not induce saline stress in plants.
In arid regions the NH4−Cp/PR mixtures could prove to be
good soil conditioners. Although Na+ is essential for many, but
not all, plant species, the conclusions on Na+ as a beneficial
nutrient are relatively scarce.43

Magnesium. The optimal concentration of Mg2+ in soil
equilibrium solutions is ∼0.94 mg L−1.37 Solution Mg
concentrations in this study ranged from 0.33 to 0.95 mg L−1

in the Cp/PR mixtures and from 11.25 to 61.69 mg L−1 in the
NH4−Cp/PR mixtures, indicating that the ample Mg will be
supplied by the test substrates even when the unsaturated
zeolite is used (Tables 3 and 4).

Solution pH Values. In the Cp/PR mixtures the pH values
ranged between 7.53 and 7.75 and were slightly increased
compared to the pH values of the PR alone (Table 3). The
same trend of solution pH values between natural Cp and PR
alone has been reported in ref 20. Because the solution pH
values of the NH4−Cp/PR mixtures increase as the mixture
ratio increases, the pH values of the measured mixtures
increased from 8.53 to 8.75 (Table 4). According to Allen et

Table 4. Mean Concentrations ± SD of P, Ca2+, K+, Na+, and Mg2+ in the Solution, Following the Different Mixing Times and
Compositions of the NH4−Cp/PR Mixturea

no. t (h) PR/NH4−Cp ratio P (mg L−1) Ca (mg L−1) K (mg L−1) Na (mg L−1) Mg (mg L−1) pH

13 24 0:1 0.00 ± 0.00 a 5.00 ± 0.09 a 3.53 ± 0.04 a 0.21 ± 0.00a 0.11 ± 0.00 a 7.45
14 24 5:1 0.36 ± 0.00 f 155.00 ± 2.99 e 21.35 ± 0.48 c 3.78 ± 0.02 b 12.65 ± 0.18 d 8.53
15 24 10:1 0.42 ± 0.01 d 372.50 ± 4.05 b 32.95 ± 0.29 d 6.11 ± 0.09 c 33.00 ± 0.88 f 8.55
16 24 15:1 0.53 ± 0.01 b,c 700.50 ± 7.29 h 37.13 ± 0.54 e 6.06 ± 0.10 c 45.89 ± 0.68 b 8.62
17 48 0:1 0.00 ± 0.00 a 6.00 ± 0.17 a 3.60 ± 0.05 a 0.25 ± 0.00 a 0.13 ± 0.00 a 7.47
18 48 5:1 0.41 ± 0.01 d 112.50 ± 3.40 c 19.45 ± 0.32 b 3.59 ± 0.02 b 11.25 ± 0.10 c 8.55
19 48 10:1 0.52 ± 0.01 b 470.00 ± 7.85 b 33.25 ± 0.55 d 6.27 ± 0.09 c 46.25 ± 0.39 b 8.66
20 48 15:1 0.57 ± 0.01 e 552.50 ± 3.80 f 41.07 ± 0.70 g 6.41 ± 0.12 d 47.94 ± 0.61 g 8.70
21 72 0:1 0.01 ± 0.00 a 6.60 ± 0.15 a 3.71 ± 0.04 a 0.28 ± 0.00 a 0.15 ± 0.00 a 7.46
22 72 5:1 0.53 ± 0.01 b,c 135.00 ± 1.95 d 20.15 ± 0.33 b,c 3.78 ± 0.08 b 15.60 ± 0.34 e 8.59
23 72 10:1 0.55 ± 0.02 c,e 480.00 ± 6.56 b 31.45 ± 0.19 f 6.48 ± 0.13 d 53.50 ± 0.07 h 8.61
24 72 15:1 0.82 ± 0.02 g 602.50 ± 14.96 g 35.82 ± 0.49e 6.27 ± 0.08 c 61.69 ± 1.01 i 8.75

aValues printed in one column with the same letters (a−i) are not statistically different at the p < 0.05 level, 95% confidence limit, according to
Tukey’s HSD test.
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al.,22 better dissolution of PR promoted by NH4−Cp released
more OH− into solution as the Cp/PR ratio increased (eq 1).
Principal Component Analysis. PCA was performed on

the whole data set (Tables 3 and 4) to analyze the main
variation patterns caused by the experimental design, and the
results are presented as score plots in Figure 3a and b.44 To
obtain a better overview of the effects of mixing time and
NH4−Cp/PR ratio on solution cation concentrations in
different substrates, two additional principal component
analyses were performed on the subsets of data: one for Cp/
PR substrate samples and one for NH4−Cp/PR substrate
samples (presented as correlation loading plots in Figure 3c and
d).44

Effect of Zeolite/PR Ratio. The PCA score plot with samples
labeled in accordance with the zeolite/PR ratio is presented in
Figure 3a. The first two principal components account for
99.9% of the variation in the data set, and along these principal
components the separation between substrates of different
composition is observed: pure PR samples are separated in the
farthest down-left part of the score plot, Cp/PR samples in the
upper left, and the NH4−Cp/PR substrate samples are
separated in the right part of the score plot. Furthermore, a
clear separation between the NH4−Cp/PR substrates of
different composition is visible along the first principal
component. Along with that, the variance between the Cp/
PR substrates of different composition is also observed along
the second principal component but is significantly less

pronounced than for the NH4−Cp/PR substrates. This
indicates that the composition of the mixture has a much
stronger effect on the NH4−Cp/PR mixture. Moreover, the
highest zeolite share has the strongest influence on solution
cation concentrations (Figure 3a).

Effect of Mixing Time. A PCA score plot with samples
labeled in accordance with the duration of mixing time is
presented in Figure 3b. A separation between the NH4−Cp/PR
substrates that were mixed for different durations of time can be
observed along the second principal component (emphasized
with gray downward arrow). It can also be seen that the
influence of mixing time increases as the zeolite/PR ratio
increases, meaning that the strongest effect of mixing time is
observed for the substrates with 15:1 zeolite/PR ratio (e.g.,
these samples are more separated than the rest). Conversely,
the influence of the mixing time has a very weak effect on the
Cp/PR substrates and PR alone.

Correlation Loading Plots. From the correlation loading
plots calculated for both substrates (Figure 3c and d), it can be
observed that the highest zeolite/PR ratio exhibits the strongest
influence on solution P, Ca, K, Na, and Mg concentrations.
Moreover, the concentration of Ca2+ in the solution is most
affected by the NH4−Cp/PR ratio of 15:1, while P is being the
least affected by the same. In contrast to the Cp/PR mixture, a
positive correlation between solution P concentrations, mixing
time of 72 h, and NH4−Cp/PR ratio of 10:1 was observed.
Although these variables are positioned in the inner circle of the

Figure 3. Score plots of the PCA model obtained on the whole data set with samples labeled in accordance with (a) the zeolite/PR ratio (where 05
designates 5:1, 10 designates 10:1, and 15 designates 15:1 ratio) and (b) the duration of mixing time (24, 48, and 72 h). Correlation loading plots of
the PCA model for (c) the Cp/PR mixtures where design variables are presented in red and solution cation concentrations are presented in black
color and (d) the NH4−Cp/PR mixtures where variables are presented as in (c).
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correlation loading plot (<50% of explained variance), the
positive correlation found between them can be taken as an
indication that the highest concentration of P in the solution
can be achieved with longer mixing times and the moderate
NH4−Cp share in the mixture.
ANOVA and SOP Models. ANOVA was conducted for

obtained SOP models, and solution P, Ca, K, Na, and Mg
concentrations were tested against the impact of process
variables (Tables 5 and 6). According to ANOVA of SOP

models for Cp/PR mixtures, calculation of solution P, Ca, K,
Na and Mg concentrations was mostly affected by the linear
term of the Cp share in the mixture, which is statistically
significant at p < 0.05 level, 95% confidence limit (Table 5).
The quadratic term of the Cp share was also found to be very
influential for the calculation of P, Ca, and K at p < 0.05 level.
The linear term of t was found to be significant for calculation
of P (p < 0.05).
According to ANOVA of SOP models for NH4−Cp/PR

mixtures, calculation of solution P, Ca, K, Na, and Mg
concentrations was mostly affected by the linear term of the
NH4−Cp share in the mixture, which is statistically significant
at p < 0.05 level, 95% confidence limit (Table 6). The quadratic
term of the NH4−Cp share was also found to be very influential
for the calculation of P, K, and Na, p < 0.05 level. The linear
term of t was found to be significant for calculation of Ca (at p
< 0.05 level).
The residual variance, marked as error in Tables 5 and 6,

presents the model disagreement with the experimental values
(contributions of other members that are not described in the
SOP model). All developed models showed statistically
insignificant deviation from the experimental values of the
model, which confirmed their suitability. Analysis revealed that

Table 5. ANOVA of the Cp/PR Mixtures

df P Ca K Na Mg

t 1 0.04a 1918.90 1.83 95.60 192.96b

t2 1 0.00 3506.58b 3.12 30.23 5.46
Cp 1 0.58a 641431.56a 1997.52a 339.44a 5201.31a

Cp 2 1 0.06a 11 913.30a 94.95a 22.63 22.25
t × Cp 1 0.02a 2049.19 0.57 167.22b 105.07
error 6 0.04 5818.80 13.94 202.34 328.96
r2 0.899 0.984 0.988 0.764 0.897

aSignificant at p < 0.05 level. bSignificant at p < 0.10, level, 95% confidence limit, error terms were found statistically insignificant; df = degrees of
freedom.

Table 6. ANOVA of the NH4−Cp/PR Mixtures

df P Ca K Na Mg

t 1 0.00 12.75a 0.00 5.07 0.01a

t2 1 0.00 0.05 0.01 0.01 0.00
NH4−Cp 1 0.06a 449.36a 70.22a 1120.44a 1.01a

NH4−Cp 2 1 0.02a 0.96 9.05a 260.03a 0.00
t × NH4−Cp 1 0.00 1.12b 0.00 1.60 0.00
error 6 0.00 1.90 0.53 41.91 0.00
r2 0.905 0.992 0.988 0.946 0.997

aSignificant at p < 0.05 level. bSignificant at p < 0.10 level, 95%
confidence limit, error terms were found to be statistically
insignificant; df = degrees of freedom.

Figure 4. Sensitivity analysis for infinitesimal changes of process parameters in the Cp/PR mixtures (a, b) and the NH4−Cp/PR mixtures (c, d).
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linear, quadratic, as well as interchange terms considerably
influenced forming SOP models. It is concluded that all of the
obtained models were statistically significant and in agreement
with the experimental results.
Neurons in the ANN Hidden Layer. All variables

considered in the ANOVA analysis were also used for the
ANN modeling. The optimum number of hidden neurons in
this case was chosen upon minimizing the difference between
the predicted ANN values and the measured solution
concentrations of the elements, using SOS during testing as
the performance indicator. According to ANN, the optimal
number of neurons in the hidden layer was 3 (network MLP
2−3−5) for the Cp/PR mixture and 9 (network MLP 2−9−5)
for the NH4−Cp/PR mixture application, as well as when
obtaining high values of r2 and low values of SOS.
Simulation of the ANǸs. ANN models were used to

predict experimental variables (solution P, Ca, K, Na, and Mg
concentrations). An optimal network, used for the Cp/PR
mixture application, was able to predict all process outputs for a
broad range of the process variables (coefficients of
determination reached 0.986 for P; 0.993 for Ca2+; 0.998 for
K+; 0.994 for Na+; and 0.997 for Mg2+) during the testing
period. The accuracy of solution P, Ca, K, Na, and Mg
concentrations’ prediction of the NH4−Cp/PR mixtures was
also very good (0.998 for P; 0.999 for Ca2+; 0.999 for K+; 0.999
for Na+; and 0.999 for Mg2+ calculations). The predicted values
were very close to the measured values in most cases, in terms
of r2 value. It is noteworthy that these coefficients of
determination values are higher than those r2 associated with
the SOP model. Although ANN models are more complex
(29−77 weight biases for the solution P, Ca, K, Na, and Mg
concentration model of both the Cp/PR and NH4−Cp/PR
experimental mixtures) than SOPs; ANNs performed a bit
better because of the high nonlinearity of the developed system.
The mean of residuals for the Cp/PR mixture application
model were 0.040 for P, 0.006 for Ca2+, 0.019 for K+, 0.015 for
Na+, and 0.010 for Mg2+ content. The mean of residuals for the
NH4−Cp/PR mixture application model were 0.051 for P,
0.006 for Ca2+, 0.028 for K+, 0.025 for Na+, and 0.012 for Mg2+.
These results showed a good approximation to normal
distribution around zero with a probability of 95% (2 × SD),
which delineates a good generalization ability of ANN model
for the range of observed experimental values.
Sensitivity Analysis. For better access to the concentration

changes of the elements, due to variations of process
parameters, a sensitivity analysis was performed. The greater
effect observed in outputs means greater sensitivity with respect
to the process parameters.45 Herein, the influence of the
infinitesimal changes in process parameters (inputs) over
solution P, Ca, K, Na, and Mg concentrations (outputs) was
observed (Figure 4). The calculated changes in outputs
corresponded to the level of experimental errors and showed
how processing time and composition of the mixtures influence
solution P, Ca, K, Na, and Mg concentrations.
Solution P, Ca, K, and Mg concentrations in the Cp/PR

mixtures were not affected by the duration of the experiment,
while prolongation of mixing negatively affects the Na
concentration (Figure 4a). In contrast to this, in the NH4−
Cp/PR mixtures, solution P, Ca, K, Na, and Mg concentrations
were affected by infinitesimal changes especially at a higher
value of t. The concentrations of P, Ca2+, Na+, and Mg2+ were
increasing, while the concentration of K+ in the solution was
lowering at the upper input range limit (Figure 4c). In the Cp/

PR mixtures all elemental concentrations in the solution were
increased by small positive changes in Cp input between the
minimum and medium input range (Figure 4b). The medium
Cp input led to higher responses of P, Ca, K, Na, and Mg. The
changes in NH4−Cp share in the mixture led to complex
phenomena, with it being most evident at the middle and upper
limits of the input range, which is in accordance with PCA.
Similar to NH4−Cp system, responses to P, Ca, K, Na, and Mg
concentration decrease with the Cp share increase, as the
system approaches equilibrium. The highest response of P was
observed close to the minimum of the Cp and NH4−Cp input
range, which is in accordance with PCA and ANOVA analysis,
as well as with experimental findings.
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Šosťaric,́ T.; Petrovic,́ M. In search for adequate NH4-clinoptilolite
fertilizer supplement: Parameter optimization. 5th Serbian, Croatian,
Slovenian Symposium on Zeolites, Zlatibor, Serbia, 2013; pp 108−
112.
(27) Koenig, R. A.; Johnson, C. R. Colorimetric Determination of
Phosphorus in Biological Materials. Ind. Eng. 1942, 14, 155−156.
(28) Pearson, K. On lines and planes of closest fit to systems of
points in space. Philos. Mag. 1901, 2, 559−572.
(29) Arsenovic,́ M.; Radojevic,́ Z.; Stankovic,́ S.; Lalic,́ Ž.; Pezo, L.
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