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Abstract 

Background: The safe disposal of green waste is necessary for a clean environment, with the safe disposal of waste 
contaminated with aflatoxins being of particular importance. This work presents a novel route for utilizing contami‑
nated grains in the production of clay bricks. In this work, the contaminated peanut (P) with aflatoxins (AFs) is divided 
into two categories: PA is the contaminated peanut kernel (without the outer shell), and PB is contaminated whole 
peanut grain (with the outer shell). Both of ground PA and PB were used to replace the clay in fired building bricks. 
The raw materials were characterized using X‑ray fluorescence (XRF), X‑ray diffraction (XRD), and thermo‑gravimetric 
analyses (TGA). The effectiveness of this approach was evaluated by measuring the effect of the replacement percent‑
age and firing temperature on the properties of the produced building bricks.

Results: The optimization of the process parameters was performed using central composite design as a tool in the 
response surface methodology. The ANOVA analysis of the predicted quadratic model elucidated significant models’ 
terms and adequate precision that emphasizes the applicability of the model to navigate the design space. The results 
revealed that the optimum conditions are 6% clay replacement and 725 °C firing temperature, resulting in a compres‑
sive strength of 109.85 kg  cm−2 for clay bricks with PA and 126.33 kg  cm−2 for clay bricks with PB.

Conclusions: The objective of clay replacement by the contaminated peanut is not to improve the clay brick proper‑
ties but to perform safe disposal of the accumulated contaminated peanut without deviating from the standards. The 
design of experiment using response surface method enables studying the effect of several factors on the clay brick 
properties simultaneously. Subsequently, this approach elucidates a sustainable route for accumulated contaminated 
green peanut waste disposal as the other alternatives have realized risks.
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Highlights

• A new, green, and novel disposal of Aflatoxins in 
peanut was presented in the current study as addi-
tive in bricks production.

• The produced green bricks will withstand handling 
with negligible losses.

• This study paves the way for a more sustainable envi-
ronment with zero-waste production.

Background
Aflatoxins (AFs) are mycotoxins produced by toxigenic 
molds, such as Aspergillus flavus and Aspergillus para-
siticus, the most toxic types of which are B1, B2, G1, and 
G2. AFs are highly genotoxic carcinogenic compounds, 
classified as a Group I carcinogen by the International 
Agency for Research on Cancer (IARC) (Saha and Wu 
2019). AFs-producing fungi are predominantly found 
in hot and humid climate zones and their presence in 
food can be due to both preharvest and postharvest fun-
gal contamination. The level and degree of contamina-
tion depend on the temperature, moisture content, soil 
type, and storage conditions (Schrenk et  al. 2020). AF 
contamination is very common in many foods, includ-
ing peanuts, nuts, spices, oilseeds, and products of these 

foodstuffs (Mohammed et al. 2018; Al Ayoubi et al. 2021; 
Kortei et al. 2021). Various health risk assessment studies 
have been published recently regarding AFs worldwide; 
these were prompted due to health concerns and alerts 
for potential health effects on humans (Wang et al. 2018; 
Sebaei et  al. 2020). Significantly, more rigid guidelines 
have been set up by the European Commission (EC) with 
a maximum permissible limit (MPL) of 4 μg  kg−1 for AFs 
in peanuts, dried organic products, and cereals for direct 
human consumption or use as food ingredients (EC, 
2010). All shipments exceeding the MPL are rejected, and 
many of them represent a health risk when returning to 
exporting countries, especially developing countries.

Because of the extreme stability of AFs under different 
harsh conditions, including high heat and extreme pH 
(measurement of pH below about 2.5, and above about 
10.5), it is very hard to eliminate AFs completely from 
food and fodder. Various techniques to minimize the risk 
of exposure to AFs have been reported. These approaches 
can be classified as a preharvest counteraction to the 
creation of AFs and postharvest AF reduction or detoxi-
fication. The use of good manufacturing practices, i.e., 
the utilization of fertilizers, pest control, antifungal crop 
varieties, harvesting at the opportune time, and keeping 
up low dampness and temperature during marketing, 
can reduce fungal growth and the production of AFs in 
grains. These methodologies are generally unsuccessful 
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in the elimination of AFs from food and fodder (Guo 
et  al. 2021). This emphasizes the need for postharvest 
elimination of AF contamination. Traditional postharvest 
reduction techniques to detoxify AFs include physical 
and chemical treatments, such as irradiation, extrusion 
cooking, ozone treatment, reaction with organic acids, 
and ammoniation. Meanwhile, biocontrol by microor-
ganisms has acquired prominence because of its friend-
liness to both the environment and humans (Peng et al. 
2018).

Several attempts at waste utilization and recycling have 
been conducted in numerous countries worldwide to 
achieve reduced ecological impact or increased economic 
savings (Gupta et al. 2020). Some interesting research has 
combined different waste products into clay bricks as a 
substitute, additive, or support; this research has fre-
quently shown that the concept is of positive value both 
economically and environmentally. The use of organic 
waste additives has also been recommended by several 
authors because of the exothermic character of their oxi-
dation, which represents a key factor in decreasing the 
fuel required for firing.

Such works have used many waste products, including 
waste tea (Demir, 2006), cigarette butts (Abdul-Kadir and 
Mohajerani 2008; 2011), dried mango leaves (Folaranmi, 
2009), pineapple leaves and oil palm fruit bunch (Chan 
2011), sugarcane bagasse ash (Faria et  al. 2012), plastic 
waste (Mobili et al. 2018), travertine sludge (Shishegaran 
et al. 2021), wastewater treatment plant sludge (Limami 
et  al. 2021), industrial waste (Balasubramaniam et  al. 
2021), waste products from concrete (Mahmoodi et  al. 
2021), industrial acetylene biomass ash (Eliche-Quesada 
et  al. 2021), potato peel powder and sour orange leaf 
(Ghorbani et al. 2021), coal dust (Vasić et al. 2021), date 
palm waste (Khoudja et  al. 2021), and peanut shell ash 
(Diedhiou et al. 2019).

The utilization of whole contaminated grains in the 
production of fired clay bricks has not been reported 
previously. In this work, the evaluation of this novel 
approach has been undertaken by investigating the prop-
erties of the fired bricks and the effect of the replacement 
percentage and the firing temperature on the product 
characteristics. The optimization of these parameters was 
performed using central composite design (CCD) as a 
tool for use in the response surface methodology (RSM) 
to minimize the number of experiments (El-Mekkawi 
et al. 2020).

The present work investigates the possibility of utiliz-
ing peanuts contaminated with AFs in the manufacture 
of clay building bricks. Such a method would consti-
tute a step toward an integrated sustainable solution for 
diminishing the harmful effect of contaminated grains, 

providing an ecofriendly product, and preserving clay 
as a natural resource. In this study, peanuts contami-
nated with AFs are divided into two groups. The first 
group (PA) is the contaminated peanut kernel (without 
the outer shell), and the second (PB) is the contaminated 
whole peanut grain (with the outer shell). Ground PA and 
PB are added to the clay in certain proportions and fired 
at scheduled temperatures to examine their effect on the 
clay brick characteristics.

Methods
Raw materials

Peanuts
Ten kilograms of contaminated peanut samples without 
their shell (peanut kernel) and with their shell was used 
in this experiment. The peanut stock was collected from 
local retail sources. The peanuts were analyzed for AFs in 
the Central Laboratory of Pesticides and Heavy Metals in 
Food, which showed high contamination levels with an 
AF concentration exceeding 100 µg/kg. The two samples 
were crushed and blended for homogenization using a 
high-speed blender; the samples after preparation had a 
particle size smaller than 2  mm. They were then tested 
for the main chemical composition and ash content using 
the standard test method AOAC 923.03 (2016), for mois-
ture content following the test procedure AOAC 925.09 
(2016), and for fat content according to the standard 
AOAC 2003.05 (2016). A chemical analysis of the two 
peanut wastes was undertaken using an X-ray fluores-
cence (XRF) diffractometer (Philips PW 1730).

Clay brick basic mix
The clay material used in the manufacture of the clay 
bricks was obtained from Arab Abu-Saed, Helwan, Cairo, 
Egypt. The clay material used was subjected to the fol-
lowing analyses: The chemical composition was assessed 
using an XRF diffractometer (Philips PW1730), the min-
eralogical composition was obtained using a computer-
ized X-ray diffractometer (Bruker D8), and a thermal 
analysis was conducted using a combined DTA and TGA 
apparatus (Netzsch STA 409 C/CD) at a heating rate of 
10 °C  min−1 in nitrogen. The clay material was screened 
according to ASTM D 422 (2007) to estimate its particle 
size distribution using a standard set of sieves in agree-
ment with ASTM E 11 (2021). The screen apertures var-
ied from 4.75 mm (4 mesh) to 45 µm (325 mesh). Finally, 
the free silica content was determined via the standard 
method of Kumari and Mohan (2021), and the powder 
density was determined using the liquid pycnometer 
method (ASTM D 854/2014 2021; ISO 1183-1/2019).
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Design of experiments
The simultaneous optimization of the degree of clay 
replacement (whether using sample PA or PB) and the 
firing temperature is necessary to investigate any pos-
sible interaction between these two parameters and to 
optimize the compressive strength of the fired brick 
sample. With this aim, 13 duplicated experiments were 
performed on the basis of a range of replacement per-
centages (6%–35%) and a range of firing temperatures 
(725–875°C) using central composite design (CCD) in 
the response surface methodology (RSM) by the Design 
Expert 6.0.8 software during a trial period. The specified 
ranges, as shown in Table  1, were selected on the basis 
of preliminary experiments. The parameters used in this 
study are given in Table 1. Each parameter was analyzed 
statistically at five levels; these levels were coded as −α, 
−1, 0, +1, +α, respectively. The total number of experi-
ments undertaken was 13, with four factorial points 
 (22), four axial points (2 × 2), and five replicate points in 
accordance with the CCD.

The mathematical relationship between the parameters 
and the response can be approximated using the follow-
ing second-order polynomial model (El-Mekkawi et  al. 
2020):

where Y is the predicted response; a0 is the intercept 
regression constant; a1, a2,…, a12 are regression coeffi-
cients; and X1 and X2 are the independent variables inves-
tigated. Analysis of variance (ANOVA) was performed to 
judge the significance and goodness of fitting using the 
developed model.

Preparation of the brick samples
The set of 13 triplicated cubic samples were molded with 
dimensions of 50 × 50 × 50   mm3 by dry pressing using 
a laboratory hydraulic press under uniaxial pressure of 
40 kg  cm−2 with 15% water as a binder. The samples were 
dried in three phases using a laboratory dryer. The first 
phase was at 50 °C for 24 h, followed by drying at 80 °C 
for 3  h, and finally drying at 110  °C for 3  h. The linear 
shrinkage and green compressive strength of the unfired 
brick samples were determined according to the ASTM 

(1)
Y = a0 + a1X1 + a2X2 + a11X

2
1 + a22X

2
2 + a12X1X2

standards (ASTM C 326/2018 2021; ASTM C 67/2020 
2021). The samples were fired at the five temperatures 
stated in Table  1, using a Prothem electrical furnace 
model PLF 14,015 with a heating rate of 10 °C/min and a 
total firing time of 2 h.

Determination of the properties of the fired bricks
The physical and mechanical properties of the fired clay 
brick samples were tested according to the ASTM stand-
ards. The firing shrinkage was measured according to 
ASTM C 326 (2021), whereas the cold and boiling water 
absorption as well as the saturation coefficient were cal-
culated following ASTM C 67 (2021). The bulk density 
and apparent porosity were determined according to 
ASTM C 20 (2015). Finally, the compressive strength was 
determined following ASTM C 67 (2021).

Results
Raw materials characterization

Peanuts
Table 2 addresses the compositions of moisture, ash, and 
oil in the two contaminated peanut samples, PA and PB. 
The bricks using the additive PA showed a lower ash and 
a higher oil content than did the bricks using the additive 
PB.

The chemical composition of the two samples, as deter-
mined by the XRF analysis, is presented in Table 3. Gen-
erally, the higher silica content in PB is due to the peanut 
shell composition, which is present in sample PB but not 
in PA, and the elevated loss on ignition of both PA and 
PB is due to the high content of organic compounds in 
both samples.

Clay brick basic mix
The chemical composition of the clay material used was 
obtained via XRF analysis and is given in Table  4. This 
table shows that the main components present are  SiO2, 
 Al2O3, and Fe oxides, which account for approximately 
86% of the composition. Minor oxides also present 
include alkaline earth oxides (CaO and MgO) and alkali 
oxides  (Na2O and  K2O). The  SO3 appearing in the analy-
sis is related to the presence of small quantities of gyp-
sum  (CaSO4.2H2O), anhydrite  (CaSO4), or  MgCO3.

Table 1 Matrix for the CCD

Factor Level

Low Central High

(−1) (0) (+1) (−α) (+α)

X1: Clay replacement, % 6 20.50 35 0 41

X2: Firing temperature, °C 725 800 825 693.93 906

Table 2 Composition of the two peanut additive samples: ash, 
oil, and moisture contents (mean values of triplicated runs)

Ash content (%) Oil content (%) Moisture 
content 
(%)

PA 2.6 47.6 5.3

PB 3.0 34.0 6.2
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The X-ray diffraction (XRD) analysis of the clay mate-
rial indicates that the clay raw material is mainly com-
posed of kaolinite  (Al2O3.2SiO2.2H2O), quartz  (SiO2), 
montmorillonite  (Nax(Al,Mg)2Si4O10(OH)2.zH2O), and 
hematite  (Fe2O3), as shown in Fig.  1. Other probable 
compounds, including calcium carbonate, magnesium 
carbonate, sulfates, and chlorides, were not detected 
because of their low percentages. These results are incon-
gruent with those obtained via XRF analysis (Rahaman, 
2003; Földvári, 2011).

The DTA trace of the clay material used in this work 
is shown in Fig. 2. It shows three principle endothermic 
peaks besides the first peak at approximately 100  °C, 

which is associated with the elimination of moisture: The 
first peak at about 270 °C is hypothesized to correspond 
to the decomposition of gypsum to anhydrite and mag-
nesium carbonate to magnesium oxide (Rahaman, 2003; 
Földvári, 2011), the second peak starting at approxi-
mately 400  °C and ending at approximately 600  °C cor-
responds to the dehydroxylation of kaolinite, and finally 
the minor peak at approximately 870  °C corresponds to 
the calcination of calcium carbonate. All these peaks are 
accompanied by weight losses, which can be observed in 
the TGA–DTG traces shown in Fig. 3.

The calculated weight loss excluding that due to physi-
cal moisture loss was approximately 4.4%, implying the 
presence of a large quantity of free silica. If all the avail-
able alumina was assumed to be present in kaolinite, then 
the combined silica would represent approximately 17.3% 
of the total silica present, and the available kaolinite 
would make up 37.1%. This leaves approximately 41.4% 
as free quartz. Because the mass of the dry clay sam-
ple used in the TGA was 15.08  mg, then the calculated 
amount of free silica was 6.24 mg and the mass of kaolin-
ite was 5.59  mg. The loss in weight for dehydroxylation 
was found to be 0.53 mg, representing a loss of approxi-
mately 9.5%, a typical figure for weight loss of kaolin min-
erals. The fact that the actual LOI is approximately 7% 
is hypothesized to be due to kaolinite being assumed to 
have the model structure, which neglects the possibility 
of impurities, such as iron oxides.

The particle size distribution of the clay material used 
is shown in Fig. 4. It reveals a median particle size, D50, 
of 0.31 mm. The bimodal nature of the curve is due to the 
presence of free silica, which is harder to grind than kao-
lin. The first peak is found at a particle size of approxi-
mately 0.16 mm, and the second peak, corresponding to 
quartz, can be observed corresponding to a particle size 
of 1 mm.

Following Mc Cabe et al. (2005), the mean particle size 
of a powder having the same specific surface area of the 
material can be calculated according to:

where n represents the number of sieves, xi represents 
the mass fraction of solid retained between sieve i − 1 
and i, and Davi represents the average screen opening 
between sieve i − 1 and i. Using this method, the mean 
particle size was found to be 0.183 mm.

Finally, the free silica content of the clay material used 
in this study was found to be 41%. This implies that it was 
not necessary to add any sand to the clay in the brick mix. 
The powder density was found to be 2.58 g  cm−3.

(2)Dvs =
1

∑
n

0
xi
Davi

Table 3 Chemical analysis of the two contaminated peanut 
samples

Main constituent PA (W%) PB (W%)

SiO2 0.56 0.97

Al2O3 0.18 0.32

Fe2O3 tot 0.01 0.01

MgO 0.16 0.21

CaO 0.13 0.14

Na2O 0.15 0.12

K2O 0.27 0.25

P2O5 0.34 0.16

SO3 0.28 0.17

Cl 0.1 0.05

ZnO 0.002 0.003

SrO 0.001 –

HfO2 0.007 –

LOI 97.78 97.58

Total 99.97 99.983

Table 4 Chemical analysis of the clay material

Main constituent (wt%)

SiO2 58.67

Al2O3 14.69

Fe oxides 6.71

CaO 3.46

MgO 1.38

Na2O 1.62

K2O 1.07

TiO2 0.88

Cl− 1.14

SO3 3.40

Others 0.04

LOI 7.02

Total 100.08
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Characterization of green bodies

Linear drying shrinkage
The results shown in Fig. 5 indicate a significant increase 
in the linear drying shrinkage percentage for both the 
clay-PA and clay-PB compared with the control clay 
specimen without the addition of waste products. This 
increase is a consequence of the presence of oil, which 
facilitates the motion of the constituent particles during 

shrinkage. The stability against shrinking is enhanced 
by increasing the ash content and inhibited by increas-
ing the oil content in the bricks. The general trend of 
decreasing shrinkage on increased replacement is due to 
the non-plastic nature of peanuts, the effect of which is 
greater than the effect of the oil.

Green compressive strength
Green compressive strength does not have a stand-
ard limitation; however, it indicates the capacity of the 

Fig. 1 XRD pattern of the clay material

Fig. 2 DTA trace of the clay material

Fig. 3 TGA–DTG trace of the clay material
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specimen to be formed and handled without failure. 
Figure  6 shows a linear decrease in the green compres-
sive strength as the replacement percentage of the two 
mixtures increases. The non-plastic nature of both 
waste products will induce a lack of cohesion between 
the constituent particles and hence decrease the green 
strength. This severe increase is due to the significant oil 
content, 47.6% ± 1.14% of PA and 34.0% ± 0.81% of PB. 
The minimum strength observed in both cases exceeds 
20  kg   cm−2. This figure is high enough to suggest that 
the green bricks will withstand handling with negligible 
losses.

Discussion
The compressive strength was determined experimen-
tally to determine the fired bodies characterization. The 
clay-PA and clay-PB fired bricks at the chosen values of 
the parameters X1 and X2, as illustrated in Table  5. The 
experiments were analyzed using the Design-Expert soft-
ware. Two predicted models were obtained that exhibit 
significant curvature for both the clay-PA (model I) and 
clay-PB (model II) fired bricks through the design points. 
This finding has required supplementary axial points to 
be added to fit the models.

Regression model for clay‑PA fired bricks (model I)
A logarithmic quadratic model was suggested by the soft-
ware, as shown in Table 6. The regression coefficient R2 
and the adjusted R2 are close to 1; the predicted R2 is in 
reasonable agreement with the adjusted R2. Both the lin-
ear and quadratic models are valid when the probability 
F-value (p) is less than 0.05. However, the error function 

Fig. 4 Particle size distribution of the clay material
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Table 5 Compressive strength of clay‑PA and clay‑PB fired bricks

Run X1 X2 Compressive 
strength of clay‑PA 
bricks
(Model I)

Compressive 
strength of clay‑PB 
bricks
(Model II)

1 6.00 725.00 109.85 126.33

2 35.00 725.00 5.32 6.33

3 6.00 875.00 66.27 70.09

4 35.00 875.00 5.10 6.31

5 0 800.00 339.30 339.30

6 41.01 800.00 5.09 5.74

7 20.50 693.93 13.89 14.71

8 20.50 906.07 10.35 9.00

9 20.50 800.00 11.80 11.97

10 20.50 800.00 12.90 11.70

11 20.50 800.00 12.00 11.50

12 20.50 800.00 12.75 12.90

13 20.50 800.00 12.20 12.20
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is significant for all the models except for the quadratic 
model. All the terms of the quadratic model are sig-
nificant according to the ANOVA undertaken, which is 
summarized in Table 7. The model terms are two linear 
factors ( X1,X2 ), a quadratic factor X2

1 , and the product 
( X1.X2 ). The coefficient of variance (CV) is 2.32, which 
suggests the relationships between the model terms 
could be predicted within the selected range.

The regression equation of the actual variables is

where Y = ln σ , σ is the compressive strength and all 
other variables have been previously defined.

The notable curvature of the model output displayed in 
Fig.  7a demonstrates the necessity to perform runs 5–8 
using the axial points to fit the model. There is no inter-
action between the parameters of the model in the design 
space for replacement levels lower than 35%, as shown 
in Fig. 7b. Plotting the residuals against the normal per-
cent probability (Fig.  7c) illustrates a normal distribu-
tion through a linear relationship. The response actual 

(3)
Y = 8.75313− 0.30099X1 − 0.00387X2

+ 0.00284X
2

1 + 0.0001064X1.X2

values and the response predicted values are congruent, 
as shown in Fig. 7d.

Optimization of model I parameters
The main objective of this model is to estimate the maxi-
mum compressive strength. This target is achieved at a 
6% clay replacement and a 725 °C firing temperature. The 
predicted compressive strength under these conditions 
was found to be 117.57 kg  cm−2, whereas the experimen-
tal value is 109.85 kg  cm−2, meeting ASTM C 62 (2021), 
which requires a minimum compressive strength of 
89.74 kg  cm−2. This value is located within the 95% con-
fidence interval (CI) and 95% prediction interval (PI), as 
illustrated in Table 8.

Other vitrification properties, such as loss on ignition 
(LOI), total linear shrinkage (TLS), cold water absorption 
(CWA), boiling water absorption (BWA), saturation coef-
ficient (SC), and bulk density (BD), were determined to 
investigate the behavior of fired bricks with PA replace-
ment. The regression equations that describe the rela-
tionship between the parameters and their responses are 
as follows:

Table 6 Suggested model summary statistics

a Standard deviation
b Adjusted residual squared
c Predicted residual squared
d Predicted residual error sum of squares
e Sequential model sum of the squares probability function
f Lack of fit probability function

Source SDa R2 R2  Adjb R2  Predc PRESSd SS Prob > Fe Lack of fit Prob > Ff

Linear 0.51 0.8649 0.8379 0.7345 5.14  < 0.0001  < 0.0001

2F1 0.53 0.8677 0.8236 0.7142 5.53 0.6746  < 0.0001

Quadratic 0.065 0.9985 0.9974 0.9908 0.18  < 0.0001 0.0698 Suggested

Cubic 0.050 0.9994 0.9984 0.9778 0.43 0.1149 0.1034 Aliased

Table 7 ANOVA results for the CCD

s Significant

e Nonsignificant

Source Sum of squares df Mean square F‑value Prob > F

Model 19.31 4 4.83 1099.53  < 0.0001 s

X1 16.62 1 16.62 3784.43  < 0.0001 s

X2 0.12 1 0.12 26.43 0.0009 s

X1
2 2.52 1 2.52 575.04  < 0.0001 s

X1. X2 0.054 1 0.054 12.20 0.0082 s

Residual 0.035 8 4.391E‑003

Lack of fit 0.029 4 7.296E‑003 4.91 0.0761 e

Pure error 5.941E‑003 4 1.485E‑003
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(4)

LOI (%) =− 4.26976+ 0.60043X1 + 0.016408X2

+ 0.00738689X
2
1

(5)
TLS (%) = −6.06335+ 0.16034X1 + 0.008125X2

(6)
CWA (%) = 30.13513+ 0.58901X1

− 0.019213X2 + 0.013327X
2

1

(7)
BWA (%) = 28.40433+ 0.88266X1

− 0.015145X2 + 0.00800103X
2

1

It is noteworthy that, as illustrated in Fig. 8, according 
to the model, the LOI is a quadratic model that depends 
predominantly on the replacement percentage. However, 
the lowest LOI was required to maintain high compres-
sive strength and no black core formation. This is because 
the black core was present for replacements > 10%. The 
minimum LOI was achieved at 6% clay replacement and 
725 °C.

The TLS showed a linear dependence on both param-
eters, as can be noted from the regression equations, 

(8)
BD (g cm−3) = 1.81104 − 0.033724X1 + 0.0002867X2

1

Fig. 7 Clay‑PA fired bricks: a model three‑dimensional (3D) graph, b model contours, c normal plot of the residuals, and d actual values of the 
response versus the predicted values

Table 8 Statistical analysis of the response

a Standard error of the mean
b Standard error of the prediction

Prediction SEa mean 95% CI low 95% CI high SEb pred 95% PI low 95% PI high

ln(Compressive strength) 4.767 0.051 4.65 4.88 0.084 4.57 4.96
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although the level of clay replacement showed a stronger 
effect. The contour of the TLS model shows that the 
minimum response is located at the minimum values of 
both parameters. Using 6% clay replacement and firing at 
725 °C resulted in a high BD and a suitable SC of 0.89.

Regression model for clay‑PB fired bricks (model II)
As explained in model I, a quadratic model with a natu-
ral log was suggested by the software for model II (see 

Table 9). The model terms of the quadratic model are sig-
nificant, as shown in Table 10. The relationships between 
the model terms could be predicted within the selected 
range since the C.V. is 2.39.

The regression equation of the actual variables was 
found to be:

(9)
Y = 9.72112− 0.33450X1 − 0.00490306X2

+ 0.00318404X
2

1 + 0.000134568X1.X2

Fig. 8 Three‑dimensional graph for clay‑PA fired bricks models of: LOI, TLS, CWA, BWA, and BD
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A notable curvature of the model output is presented in 
Fig.  9a. There is no interaction between the parameters 
of the model in the design space for replacements lower 
than 35%, as shown in Fig. 9b. The normal residual graph 
is linear, as illustrated in Fig. 9c, and the response actual 
values and the response predicted values are congruent 
and form a linear relationship, as shown in Fig. 9d.

Optimization of model II parameters
The principal objective of this model is to obtain the 
maximum compressive strength. This target is achieved 
at a 6% clay replacement and a 725 °C firing temperature. 
The predicted compressive strength under these condi-
tions is 128.895 kg  cm−2, whereas the experimental value 
is 126.33  kg   cm−2, thus exceeding ASTM C 62 (2021), 
which states that the minimum compressive strength is 
89.74  kg   cm−2. This value is located within the 95% CI 
and 95% PI, as illustrated in Table  11. The other inves-
tigated characteristics were LOI, TLS, CWA, BWA, SC, 
and BD. The regression equations of the model describe 
the relationship between the parameters and their 
responses is:

As illustrated in Fig. 10, the model of LOI is a quadratic 
model that depends predominantly on the replacement 
percentage. The minimum LOI is achieved with a 6% 
clay replacement and 725 °C firing temperature. The TLS 
has a linear relationship between it and the investigated 
parameters. As can be seen in the regression equations, 
the clay replacement percentage has a dominant effect on 
TLS. The contour of TLS shows the minimum response is 
obtained for the minimum parameter values investigated.

(10)

LOI (%) =− 5.80453+ 0.67640X1 + 0.017703X2

+ 0.00360192X
2
1

(11)
TLS (%) = −4.72868+ 0.12579X1 + 0.00690413X2

(12)
CWA (%) = 13.87315+ 0.79680X1 + 0.00759404X2

1

(13)BWA (%) = 15.66218+ 1.17997X1

(14)BD (g cm−3) = 1.77502− 0.023388X1

Table 9 Suggested model summary statistics (model II)

a Standard deviation
b Adjusted residual squared
c Predicted residual squared
d Predicted residual error sum of squares
e Sequential model sum of the squares probability function
f Lack of fit probability function

Source SDa R2 R2  Adjb R2  Predc PRESSd SS Prob > Fe Lack of fit Prob > Ff

Linear 0.57 0.8275 0.7930 0.6650 6.40 0.0002  < 0.0001

2F1 0.60 0.8319 0.7759 0.6115 7.42 0.6358  < 0.0001

Quadratic 0.074 0.9980 0.9966 0.9880 0.23  < 0.0001 0.0735 Suggested

Cubic 0.064 0.9989 0.9974 0.9578 0.81 0.2030 0.0663 Aliased

Table 10 ANOVA results for the CCD (Model II)

s Significant

e Nonsignificant

Source Sum of squares df Mean square F‑value Prob > F

Model 19.06 4 4.77 990.22  < 0.0001 S

X1 15.60 1 15.60 3241.10  < 0.0001 S

X2 0.21 1 0.21 43.00 0.0002 S

X1
2 3.17 1 3.17 658.98  < 0.0001 s

X1. X2 0.086 1 0.086 17.80 0.0029 s

Residual 0.039 8 4.813E − 003

Lack of fit 0.031 4 7.651E − 003 3.87 0.1090 e

Pure error 7.899E − 003 4 1.975E − 003
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The modeling of the remaining characteristics of clay-
PB fired bricks shows considerable differences to clay-PA 
fired bricks. These variations are related to the material of 
the peanut shell. The modeling of the CWA is a quadratic 
model for only one parameter, and the firing tempera-
ture is not significant. The BWA has a linear relationship 
with the replacement percentage. The minimum values of 
both CWA and BWA were obtained with the minimum 
value of clay replacement. The BD also has a linear rela-
tionship with the clay replacement percentage, and the 
temperature is not a significant parameter. The lowest 
tested values of the parameters under investigation result 

in a high BD and a sufficient SC of 0.89. Thus, the con-
dition suggested by this investigation is that of a 6% clay 
replacement and a 725 °C firing temperature.

Conclusions
Contaminated green waste represents a danger to human 
and animal health. It is the main cause of cancer and 
liver fibrosis, so the safe disposal of such waste is neces-
sary unless propagation of the contamination of peanut 
crops can be prevented. This work showed that both the 
kernel and whole-grain peanut could be used as a clay 
replacement in the preparation of fired bricks to conserve 

Fig. 9 Clay‑PB fired bricks: a model 3D graph, b model contour, c normal plot of the residuals, and d actual values of the response versus the 
predicted values

Table 11 Statistical analysis for the response

a Standard error of the mean
b Standard error of the prediction

Prediction SEa mean 95% CI low 95% CI high SEb Pred 95% PI low 95% PI high

ln(C. Strength) 4.859 0.054 4.74 4.98 0.088 4.66 5.06
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natural resources and safely dispose of waste. The oil con-
tent of the peanut was found to decrease the required fir-
ing temperatures. Moreover, the fibrous material of the 
grain contributes to increasing the compressive strength 
of the green bricks. The RSM facilitates the optimization 
of the parameters affecting the quality of the product and 
creates models used to predict the characteristics of the 
product. Using a 6% clay replacement and a 725  °C fir-
ing temperature yields bricks of sufficient compressive 
strength (109.85  kg   cm−2 for clay bricks with PA and 

126.33 kg  cm−2 for clay bricks with PB). This study paves 
the way for a more sustainable environment with zero-
waste production.
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