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ABSTRACT

In the Sub-Sahara African region, the average grain yield for maize is generally low. This low yield

is attributed to improper fertilizer formulations available to farmers. This study therefore seeks to

evaluate the application of NPK fertilizer to maximize the grain yield for maize. Three NPK

components namely Urea, Triple superphosphate (TSP) and Potash were mixed according to a

simplex lattice mixture design and subjected to field testing with a view to generate data for

analysis. Design expert 7.01 software was used to carry out the analysis. The special cubic model

came out tops, with a reliability plot (R2=0.9506), having the least standard deviation of 0.36,

Adjusted R-squared of 0.9082, and the least PRESS of 8.66. It is recommended, with a desirability

of 90.20% that a blend of Urea, TSP and Potash in a ratio of 0.456:0.387:0.357 by weight (kg)

(NPK: 17-14-17), maximizes the grain yield for maize. This blend of NPK will promote maize

production and harness the potential of the maize crop for food and for industrial use.

Keywords: Optimization, Maize grain yield, Simplex lattice mixture design, NPK fertilizer,

Response surface methodology.
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1.0 INTRODUCTION

Maize (Zea mays) is a universal crop and a

staple food in many parts of the developing

world today. The crop is being eaten by man

and various categories of animals in the world

and is a vital raw material for industrial use

(Gul Ebru, 2013). In Nigeria and other sub-

Saharan African nations, the crop is used to

alleviate hunger and reduce the existing

problems of food insecurity. Maize is

projected to become the highest crop to be

produced in developing countries in the world

by 2025, and demand in developing countries

is expected to double by 2050. (CIMMYT

and IITA, 2010).Maize can be quite

exhaustive as it removes large amounts of

plant nutrients from the soil to support high

biomass production, which could be in the

range of (220-420)kg/ha (Jat et al,2013).

Amudalat (2015) observed that the maize

grain yield is generally low in many areas of

Nigeria and other Sub-Sahara African

countries, amounting to an average yield of

1.68T/ha. This low yield was attributed to

improper fertilizer formulations available to

farmers amongst others. The low yields

experienced in maize production may

obviously be the reason why the Nigerian

government experienced massive importation

of maize into the country (Akomolafe, 2017),

running into billions of Naira.

Preliminary field survey shows that the use of

optimization tools with the sole purpose of

optimizing NPK fertilizer to maximize the

grain yield for maize appears to have been

overlooked. This study attempts to provide

that vital missing link. William et al (2016)

optimized four levels of NPK, with respect to

plant spacing. Awais et al (2015) optimized

fertilizer application rates on maize.

Omotosho (2014) and Popoola et al (2015)

recommended a binary blend of Nitrogen (N)

and Phosphorus (P) for maize production,

though Li et al (2012) demonstrated that the

inclusion of Potassium (K) compound to

Nitrogen (N) and Phosphorus (P) had an

incremental effect on the grain yield for

maize. Optimizing fertilizers to meet crop

need has become a priority for research (Kibet

et al, 2013; Rory et al, 2009). Esteban and

Osvaldo (2014) observed a wide variation in

the plant nutrient uptake pattern of different

crops, noting that cereals were more nutrient

demanding than vegetables, fruits and tuber
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crops. Hence, matching fertilization to crop

need, helps maximize yield attributes for the

target crop, and also reduces environmental

degradation associated with nutrient

imbalance resulting from a mismatch of NPK

to crop need (Veronica et al, 2015).

A study has shown that Nigeria is blessed

with sufficient natural resources for the

production of NPK fertilizers, having a

natural gas reserve of 5.2 trillion cubic

meters, the largest in Africa (Wilfred, 2014).

From this source, urea, a nitrogenous based

fertilizer, is being produced by Indorama

Eleme Fertilizer and Chemicals (IEFCL) and

Notore Chemicals Ltd for export and local use

(Chikezie and David, 2014). Potash, a rich

source of potassium, is available locally, with

deposits in a variety of locations across the

country (Ministry of Mines and Steel

Development, 2016), and can be found in

most local markets across the country.

Phosphate rock has long been used in Nigeria

as the source of most phosphate fertilizers.

Phosphate rock deposits can be found in the

country's south, west, and northern parts

(Obaje et al., 2013).

The goal of this study is to find a local source

for the required Nitrogenous (N), Phosphoric

(P), and Potassium (K) compounds, so that we

can try to find the right formulation of NPK

fertilizer that matches the maize crop's uptake

pattern, maximizes maize grain yield, and

recommend it to fertilizer manufacturers. This

will help improve economic returns to local

maize farmers and also improve the balance

of payments, as we strive to cut down on

massive maize importation. The materials and

techniques of data gathering are highlighted

in Section 2. The findings are presented and

discussed in Section 3. Section 4 concludes

with a conclusion and recommendations.

2.0 MATERIALS AND METHODS

2.1 Study Area

The study was conducted at Delta State

University, Asaba Campus. This is shown in

Fig 1. Asaba is the capital of Delta State in

Nigeria and is a city located on the western

bank of the Niger River, which demarcates

Delta State from Anambra State. Asaba is

located at 06o 14’N latitude north of the

equator, with a rainy season lasting from

April to October and an average fertile

rainfall of 2,700mm (Wikipedia, 2017). In the

Asaba ecological zone, nitrogen (0-15cm) is

moderately low (0.11–0.15% N), phosphorus

(0–15cm) is moderate (7–20) mgkg-1, and

potassium (0–15cm) is low/moderate (0.21–
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0.6) cmolkg-1 in the Asaba ecological zone (FAO, 2001).

Fig 1: Study Location (Delta State University, Asaba Campus (Google, n. d)

2.2 Procurement of Experimental

Materials

Urea was obtained from Indorama Eleme

Fertilizer and Chemicals Limited in Port

Harcourt, Rivers State, Nigeria. The Muriate

of Potash was bought from Ogbe-ogonogo

main market in Asaba, Delta State, Nigeria.

Triple super-phosphate (TSP) was sourced

from a vendor in Ogun State, Nigeria. By

composition, urea (46% N), TSP (46% P2O5)

and potash, KCL (60% K2O). A suitable

weighing scale and a portable blender/mixer.

2.3 Experimental design

The Simplex lattice design optimization tool

was used for this study. The independent

factors of Nitrogen, Phosphorus and

Potassium in the forms of urea, Triple Super-

phosphate (TSP) and Potash are known and

the response variable of interest, the maize

grain yield were identified (Yeliz et al,

2016).Also, the response in a mixture design,

is a function of the proportion of each

ingredient/component in the mixture(

Raymond et al., 2009; Cornell,2002).

From the insight drawn from the work of past

researchers (Omotosho,2014; Popoola et

al,2015; Li et al, 2012; Moinou et al,

2015;William et al, 2016, Awais et al, 2015,
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Igboanugo and Ikimi, 2012) with the ratio gap

of the NPK mixture components not

exceeding two across all three mixture

components. A mix ratio gap of four across

all three mixture components is set in Table 1,

which determines the experimental region

from which the number of experimental runs

were determined for the study. The yellow

maize variety PH6 (OBA - 98) sourced from

Premier seeds Nig Ltd was used for the study.

Table 1 : Actual values of coded levels

ACTUAL VALUES (Kg)

CODED LEVELS A: UREA B: TSP C: POTASH

1 0.800 0.800 0.800

0 0.200 0.200 0.200

Design constraints as a result of ratio of proportions set, is presented in Table 2.

Table 2 : Design constraints

LOW ≤ COMPOUND ≤ HIGH

0.200 ≤ A:UREA ≤ 0.800

0.200 ≤ B: TSP ≤ 0.800

0.200 ≤ C: POTASH ≤ 0.800

A + B+ C = 1.20 kg

2.4 Simplex lattice design matrix

The Simplex Lattice Design was adopted and

Design expert 7.01 generated 14 number

experimental runs having 1 center point, 3

axial points, 3 vertex points, 3 centEdge

points with the center and vertex points

duplicated, bringing it to a total of 14

experimental runs which defines our

experimental region. However, an extra run

(control) where there would be no fertilizer

application was also added, bringing it to 15

runs. The 15 number experimental runs are

randomized to reduce systematic error.

Response Surface Methodology (RSM) was

used as the statistical tool to investigate the

interactions between the fertilizer mixture

components. The various NPK fertilizer

blends were prepared in pellets to minimize

nutrient loss to the environment.
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2.5 Field Work

To administer these various blends of NPK

fertilizers, each sample area of 1/500 of an

acre which is equivalent to (1  8 square

meters) is adopted. The focus of the research

is to optimize NPK and not plant spacing.

Hence, we adopt a constant spacing of 50cm

× 65cm across all sample areas. Various

blends prepared in line with the Simplex

Lattice design matrix was administered at 10

grams per stand (296 kg/ha), administered

5cm from the maize stalk at 2 weeks and at 7

weeks. At 12 weeks, data were collected to

measure the grain yield per sample area.

2.6 Data Collection/Sampling

Six maize ears were randomly collected/

sampled from each sample area as shown in

Fig 2, and tagged for measurement.

Fig 2:  Six maize ears randomly harvested from each sample area.

A few samples of dried out maize gathered are presented in Fig 3a. The average representative

kernel size across the sample areas is displayed in Fig 3b. 70,000 kernels per bushel are the kernels

per bushel factor utilized in the calculation.
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Fig 3a: Maize Sample Fig 3b: Average kernel size (70,000 kernels/ bushel).

The estimated grain yield calculation for the 15 number sample areas according to Agrilife

communications (2017) is shown in Table 3.Kyle’s converter (2017) is used to convert the grain

yield obtained in bushels per acre to Tons per hectare (T/ha).

Table3 : Data collected from field test according to Agrilife communications, 2017.

SAMPLE

AREA

N/P/K

NUMBER

OF

EARS

AVERAGE

KERNELS

PER EAR

CONVERT

TO

ACRE

KERNELS

PER

BUSHEL

FACTOR

GRAIN

YIELD

ESTIMATE

(Bu/Acre)

GRAIN

YIELD

ESTIMATE

(Tons/Ha)

0.8/0.2/0.8

Run 1

27   × 420   × 500   ÷ 70,000  = 81 5.4

0.2/0.2/0.8

Run 2

23   × 280   × 500   ÷ 70,000  = 46 3.1

0.2/0.5/0.5

Run 3

24   × 290   × 500   ÷ 70,000 = 49.7 3.3

0.2/0.8/0.2

Run 4

26   × 336   × 500   ÷ 70,000  = 62.4 4.2

0.4/0.4/0.4 31   × 432   × 500   ÷ 70,000  = 95.7 6.4
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Run 5

0.4/0.4/0.4

Run 6

33   × 434   × 500   ÷ 70,000  = 102.3 6.9

0.2/0.8/0.2

Run 7

24   × 330   × 500   ÷ 70,000  = 56.57 3.8

0.3/0.6/0.3

Run 8

26   × 364   × 500   ÷ 70,000  = 67.6 4.5

0.5/0.2/0.5

Run 9

25   × 364   × 500   ÷ 70,000  = 65 4.3

0.5/0.5/0.2

Run 10

27   × 396   × 500   ÷ 70,000  = 76.37 5.1

0.8/0.2/0.2

Run 11

28   × 418   × 500   ÷ 70,000  = 83.6 5.6

0.2/0.2/0.8

Run 12

24    × 290   × 500   ÷ 70,000  = 49.7 3.3

0.3/0.3/0.6

Run 13

27   × 336   × 500   ÷ 70,000  = 64.8 4.4

0.6/0.3/0.3

Run 14

31   × 396   × 500   ÷ 70,000  = 87.6 5.9

Control 23   × 164   × 500   ÷ 70,000  = 26.9 1.8

The Control (No fertilizer application) has the least grain yield of 1.8Ton/Ha. The control is not

required for the optimization analysis and will no longer be included in the analysis going forward.

The maize grain yield in tons/hectare is fed into design expert 7.01 to obtain Table 4, which is used

to run the analysis as we attempt to fit a response surface over the experimental region.

Table 4 : Simplex lattice Design Matrix and Responses

Id Run Type Component 1

A: UREA

Kg

Component 2

B : TSP

Kg

Component 3

C : Potash

Kg

Response 1

Grain Yield

(T/Ha)

0 1 Center 0.400 0.400 0.400 6.9
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0 2 Center 0.400 0.400 0.400 6.4

1 3 Vertex 0.800 0.200 0.200 5.6

1 4 Vertex 0.800 0.200 0.200 5.4

2 5 CentEdge 0.500 0.500 0.200 5.1

3 6 CentEdge 0.500 0.200 0.500 4.3

4 7 Vertex 0.200 0.800 0.200 4.2

4 8 Vertex 0.200 0.800 0.200 3.8

5 9 CentEdge 0.200 0.500 0.500 3.3

6 10 Vertex 0.200 0.200 0.800 3.1

6 11 Vertex 0.200 0.200 0.800 3.3

7 12 AxialCB 0.600 0.300 0.300 5.9

8 13 AxialCB 0.300 0.600 0.300 4.5

9 14 AxialCB 0.300 0.300 0.600 4.4

2.7 Models used

The properties of mixtures depends on component proportions, xi, and not on their absolute values

(Raymond et al,2009). As a result, the proportion of all three components of urea, TSP and potash

in the mixture at all 14 number design points summed up to 1 by ratio.
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The models to fit are represented in equations (2) to (5). Equation (2) represents the linear portion

of the equation. Equation (3) represents the quadratic part of the equation. Equation (4) represents

the full cubic equation, while equation (5) represents the Special cubic equation.

These equations are in canonical forms.
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2.8 Statistical Analysis

Design expert 7.01 is the optimization software used for the analysis. It combines the use of least

squares regression and the analysis of variance in developing a model which numerically aids in

predicting the optimal formulation of urea, TSP and potash to maximize the grain yield for maize.

3.0 RESULTS AND DISCUSSION

3.1 Model selection

To understand the exact

mixture/mathematical model that connects the

responses to the mixture components, a

summary of the fit statistics were examined in

Table 5. Here, we see several comparative

measures for model selection. The special

cubic model comes out best, having the least

standard deviation of 0.36, Adjusted R-

squared of 0.9082 and the least predicted

residual error sum of squares (PRESS) of

8.66. Hence, the special cubic polynomial

model was better and hence

suggested.

Table 5 : Model Summary Statistics

Source Std.

Dev.

R-Squared Adjusted

R-Squared

Predicted

R-Squared

PRESS

Linear 0.97 0.4402 0.3384 0.2390 14.04

Quadratic 0.85 0.6858 0.4894 -0.8199 33.57

Special Cubic 0.36 0.9506 0.9082 0.5305 8.66 Suggested
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Cubic 0.39 0.9587 0.8926 -2.8440 70.92 Aliased

*Model Summary Statistics*. Focus on the model maximizing the “Adjusted R-Squared”

And the “Predicted R-Squared”

3.3 Coefficient estimate statistics for

maximizing the grain yield

To obtain the optimal solution, we first

consider the coefficient statistics as presented

in Table 6. The optimal equation which shows

the individual effects and combined

interactions of the mixture component against

the measured response (grain yield) is

presented in terms of L-pseudo components.

Therefore, the final equation in terms of L-

pseudo Components is thus:

Grain yield = 5.51A + 3.92B + 3.19C +

0.98AB – 0.25AC – 1.74BC + 62.20ABC

Based on the regression coefficient, Urea (A

= 5.51) is the dominant mixture component

maximizing the grain yield for maize

followed by TSP (B = 3.92) and lastly, Potash

(C = 3.19). This agrees with the findings of

the following researchers (Kogbe and

Adediran, 2003; Smaling et al., 1993), that

the limiting macro-nutrients in many soils

limiting maize production is in the order

N>P>K.

The second order terms revealing interactions,

shows synergism (+0.98) between Urea

(Nitrogen) and TSP (Phosphorus) while there

appears to be antagonism between Potash

(Potassium) and both Urea (nitrogen) and

TSP (Phosphorus) having negative figures of

-0.25 and -1.74 respectively. This antagonistic

behavior was also observed by Samuel et al,

2013.

On the third order term, this study shows

synergism (+62.2) between all three

compounds containing Nitrogen, Phosphorus

and Potassium which is in line with the

findings of Li et al, 2012 and contrary to

findings of Samuel et al, 2013 which reported

that potassium was antagonistic in an N+P+K

combination.

Table 6: Coefficient estimates statistics for maximizing grain yield.

Component Coefficient

Estimate

Df Standard

Error

95%CI

Low

95%CI

High

VIF

A-Urea 5.51 1 0.25 4.91 6.10 1.55
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B-TSP 3.92 1 0.25 3.33 4.52 1.55

C-Potash 3.19 1 0.25 2.59 3.76 1.55

AB 0.98 1 1.58 -2.77 4.72 2.16

AC -0.25 1 1.58 -3.99 3.49 2.16

BC -1.74 1 1.58 -5.48 2.00 2.16

ABC 62.20 1 10.16 38.18 86.22 2.99

3.4 Final model in terms of Actual

components and Reliability plot.

The optimal equation which shows the

combined effects of the mixture components

when expressed in ratio, against the measured

response (grain yield) is thus:

ABC

BCACABCBAGrainyield

6000.497

88889.8994603.8303175.7990060.1455774.1572917.17




To assess the accuracy of prediction and

establish the suitability of mixture design

using the special cubic polynomial in

optimizing the grain yield, a reliability plot of

the observed and predicted values of grain

yield were obtained and shown in fig 4. The

high coefficient of determination (R2 =

0.9506) as observed was used to establish the

adequacy of mixture design in optimizing the

grain yield.

Fig 4: Observed versus predicted grain yield.
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3.5 Model Validation

To validate the model, a field test was

conducted using a single point from the

design space (Urea/ TSP/ Potash;

0.4/0.4/0.4).The number of ears obtained from

the test is 31 ears. The rows per ear were

obtained as 34 ± 4.66. The kernels per row is

obtained as 12.67 ± 0.94, and kernels per ear

obtained as 438 ± 43.56. All represented as

mean ± standard deviation. This gives us a

grain yield of 6.5 Tons/hectare which is in

close agreement to the estimated response

value of the predictive model (6.4

Tons/hectare).

3.6 3D response surface plot and 2D

contour plots

The response surface generated (3D surface

plot) in fig 5, depicts the NPK uptake pattern

of the maize crop with respect to the grain

yield for maize. As the NPK blend

approaches an ideal balance/blend, the ears to

stalk ratio tends to increase also producing

larger ears on average. The model graph

which shows the interactions of the combined

mix ratio on the measured response (grain

yield) was evaluated using the 3D response

surface plot. The red color codes as observed

depicts areas of high grain yield while the

blue color codes depict regions of low grain

yield.

Fig 5: 3D Response Surface plot.

We have the contour plot in Fig 6, showing

the predicted maximum grain yield against

the optimized value of the mix components.

The contour plot when adequately toggled can
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be very helpful as it provides relevant

information on response prediction, 95%

confidence interval (high &low), 95%

prediction interval (high & low), standard

error of prediction, standard error of mean

and the predicted optimal values of the mix

components or variables.

Fig 6: 2D contour plot for predicting optimal mix ratio and grain yield.

3.7 Numerical optimization

In the numerical optimization phase, we ask

design expert to maximize the grain yield and

determine the optimum values of the mix

components (viz: weight of Urea, TSP and

Potash). On the basis of constraints set for the

numerical optimization algorithm where Urea,

TSP and Potash must constantly sum up to

1.2kg, it is discovered that Urea weight (0.456

kg), TSP (0.387kg) and Potash (0.387 kg) will

maximize grain yield.

This blend ratio compares favorably with the

work of Mouinou et al (2015). This solution

was selected by design expert as the optimal

solution with a desirability value of 90.20%.

In fig 7, the ramp solution which is the

graphical presentation of the optimal solution

along with the optimized grain yield of

6.52948 t/ha is presented.
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Fig 7: Ramp final solution

4.0 CONCLUSION AND RECOMMENDATIONS

From this study, it was found that NPK

compounds in the form of Urea, TSP and

Potash in a ratio of 0.456:0.387:0.357,

maximizes the grain yield for maize. For

bagging purpose, the blend ratio corresponds

to a 17:14:17 NPK blend. Based on these

findings, this fertilizer blend is advised to

farmers in Nigeria, particularly those in the

South-South region, for maize growing in

order to increase yields and improve

economic returns. We also proposed that

fertilizer makers produce this fertilizer blend

to help maize farmers in Nigeria and the Sub-

Saharan African region increase maize crop

yields.
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