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In this article, we investigated the optimum formulation towards synthesis of hierarchical nanoporous
HY zeolites from acid activate kaolin. A central composite design (CCD) helped to examine the influence
of aging (X1), crystallization (X2) and NaOH solution to kaolin ratio (X3) on crystallinity (C%), specific sur-
face area (SSA) and hierarchical factor (HF). From the analysis of variance (ANOVA), we deduced that all
the process variables show statistical significance towards obtaining high C% and SSA while only X3 is sta-
tistically significant for optimal HF. The effectiveness of models was further evaluated using margin of
error and tolerance interval. The Optimum formulation for this hierarchical nanoporous HY zeolite was
43.60, 64.23 and 6.97 for X1, X2, and X3, respectively. The developed models show that X3 is the most sta-
tistically significant variable because it has the highest coefficient and the lowest p-value in the entire
model. These results give instrumental insight into the synthesis of hierarchical nonporous HY zeolite.
� 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Y zeolites have gained vast popularity within the research com-
munity and commercially due to their uniform pore size, high
specific surface area and thermal stability [1–3]. Rational design
of this Fajausite materials requires tailored pore architecture as
well as controlled location, strength, and nature of acid sites [4].
Despite the established methods for tuning the strength and nature
of acid sites, controlling the location of active sites and pore archi-
tecture [4,5].

The utilization of Y zeolites is limited in processes that involve
bulky molecules because they have relatively low pore size [6].
Such processes include organic waste treatment, heavy crude oil,
and bio-oil upgrading because of the mass transfer limitation they
pose to bulky chemical reaction. These highlight the rational for
great effort dedicated to the synthesis of novel bimodal structured
molecular sieves. These materials gained the term ‘‘hierarchical
porous” because they synergistically combine the outstanding
properties of mesoporous and microporous zeolites [7–9].
Hierarchical nanoporous materials exhibit high thermal and
hydrothermal stability and possess unique pore channel with
bimodal pore system (micro- and mesopores) [10–12]. Connecting
microporous channels to mesoporous ones in a highly ordered
form results in the microporous channels residing in the matrix
causing shorter diffusion path for the reactant molecules [12–14].

Many variables influence formation of these faujasitic materials
[15,16]. This informs the need to employ multivariate experimen-
tal design to scrutinize the statistically significant independent
variables [1]. In this case, response surface methodology (RSM) is
a viable optimization tool. The methodology employs central com-
posite design (CCD) as one of the design tools for model fitting
through least square method [17]. To investigate the suitability
of the proposed model equation, analysis of variance (ANOVA) is
a vital tool [17]. ANOVA provides diagnostic checking test for the
model with Fisher’s statistical test (F-test). Response surface plots
help to provide the optimal response location and surfaces study.
RSM also offers a robust evaluation of operation results and effi-
ciency [17]. The literature is rife with several work done on Y zeo-
lite synthesis [1,18,19], but few actually conducted optimization
studies. Karami and Rohani [1] conducted optimization study for
the synthesis of Y zeolite using soluble silicate and aluminum
sulfate as silica and alumina source respectively in a two-level
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Table 1
Levels of HY zeolites Independent variables for the CCD.

Variable Symbol Coded variable levels

�1 0 1

Aging time (h) X1 12 24 36
Crystallization time (h) X2 24 48 72
NaOH to sample ratio (ml/g) X3 6 9 12
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factorial design. However, the zeolite precursors are expensive.
Chandrasekhar and Pramada [19] showed the prospect of produc-
ing Y zeolite from kaolin as a cheap source for both silica and alu-
mina but the process variables are not systematically optimized.

In this work, an optimization study was conducted for the syn-
thesis of hierarchical nanoporous HY zeolite from kaolin in a two-
level full factorial design using CCD. The mathematical models
were developed in terms of aging, crystallization and NaOH solu-
tion to kaolin ratio (NaS). This is to provide a quantitative evalua-
tion of hierarchical factor (HF), crystallinity and specific surface
area (SSA). The experimental design is made up of 20 run with
the center point repeated 6 times. This is to ensure accurate mea-
surement and satisfactory reproducibility towards producing pure
hierarchical nanoporous HY zeolites.

2. Experimental

2.1. Materials

The kaolin (Si/Al = 1.06) used for this investigation is from R&M
Chemicals Sdn. Bhd., Malaysia. The study used the reagents with-
out further purification. R&M Chemicals Sdn. Bhd., Malaysia also
supplied the NaOH and H2SO4 (95–98% pure).

2.2. Methods

The synthesis HY zeolites precursor was by thermal activation
at 850 �C for 2 h and subsequent activation with 6 M H2SO4 at
90 �C for 2 h to produce amorphous aluminosilicate. The precursor
was added to an aqueous NaOH solution (14%) at different NaOH/
Solid ratio (ml/g). The solution was aged at room temperature for
4.4–43.6 h and subsequently crystallized at 100 �C for 8.8–87.2 h.
This was followed by washing and filtering with distilled water
using vacuum pump until pH of 4.1–13.9. Further, drying took
place at 110 �C overnight and subsequently soaked in a solution
saturated with NaCl to its equilibrium water content [19]. The
essence of NaCl imbibement is to enhance the crystallinity and
hydrothermal stability and maintain the initial porous structure
[19,20]. However, excess salt collapse the mesopore wall of meso-
porous materials [19,21]. Further, the samples were placed in a
fume cupboard to remove excess water and dried. The samples
were transformed into hydronium form in 0.2 M ammonium
nitrate solution for 24 h. The filtering and drying of the resulting
solution took place at 110 �C overnight and then calcination fol-
lowed at 550 �C for 2 h. The resulting materials were designated
HY36-72-6 for sample aged for 36 h, crystallized for 72 h using
NaOH solution/solid ratio of 6.

2.3. Characterization

XRF analysis gives the silicon and aluminum composition of the
synthesized HY zeolites. X-ray diffractometer (Philip Expert X-ray
Diffractometer) helps to carry out the XRD analysis using nickel-
filtered Cu Ka radiation (k = 1.544 Å) ranging from 5.018 to
69.966� (2h) with a step size of 0.026� for all the samples. The peak
reflections at (511), (440), (533), and (642) helped to determine
the relative crystallinity of the samples [22].

Relative Crystallinity ð%Þ¼ Sum of sample characteristic peak area
Sum of the reference characteristic peak area

�100 ð1Þ

The crystallite size of the aforementioned peaks was computed
with the aid of PANalytical X’Pert HighScore software [23]. Further,
we compared the crystallinity of the samples with that of conven-
tional Y zeolite to obtain the values of relative crystallinity.
Perkin Elmer Spectrum RX FT-IR was used for the infrared spec-
troscopy (IR) to confirm Y zeolite fingerprint. Surface area and
porosity analyzer (Micrometrics ASAP 2020) gave the nitrogen
adsorption-desorption analysis using analysis bath temperature
of 77.350 K.

The morphology of the synthesized HY zeolites was visualized
by Scanning electron microscopy (SEM, FEI Quanta 400 FE-SEM)
using 20 kV as the accelerating voltage. The HY zeolites samples
were coated with gold, prior to the examination, to enhance the
electrical conductivity.
2.4. Hierarchy factor

Hierarchy factor is a viable tool to categorize the degree of
structural order of porous materials. This tells how less mesopore
formation penalize the micropore formation of the synthesized
zeolite sample [20,24–26].

Zheng et al. [26] proposed a model as a tool for classification of
hierarchymesoporous zeolites as derived from the conventional N2

adsorption analysis. From the ratio of micropore volume to meso-
pore volume (Vmicro/Vmeso) and relative mesopore specific surface
area (Smeso/SBET) of the weighed sample, they defined hierarchy fac-
tor (HF) as follows:

HF ¼ Vmicro � Smeso

Vmeso � SBET ð2Þ

where Vmicro is the micropore volume; Vmeso is the mesopore vol-
ume; Smeso is the specific surface area of the mesopore and SBET is
the BET surface area. The Vmicro, Vmeso and Smeso are obtained by
using t-plot. The value of HF increases as Vmicro and Smeso increases,
whereas, it decreases with increase in Vmeso.
2.5. Experimental design and data analysis

A two-level blocked full factorial design by CCD was conducted
in which three process parameters was used. The parameters are
aging, crystallization and NaOH solution to kaolin ratio were
expressed as dimensionless (X1, X2, and X3 respectively). The coded
values are �1, 0, 1 for low, center and high level respectively. The
process parameter levels selection was centered on the results of
our earlier works [20].

Minitab� 16.2.2 was used for the regression and statistical anal-
ysis of the experimental data. The total number of runs is 20 which
entails 8 cube point, 4 center points in a cube, 6 axial points, and 2
center points in axial. The distance between the center point and
the axial point is a for low/high level while the remaining factors
maintained their center values. That is, the axial points are situated
at (0, 0, ±a), (0, ±a, 0) and (±a, 0, 0). Generally, a is a function of a
number of factors, k and is given as (2k)0.25. Nevertheless, Minitab�

16.2.2 provides the user an option of choosing the value of a. The
value of a used in this work is 1.633. The number of runs replicated
at the center point served as materials for experimental error
determination. The responses chosen for RSM study are crys-
tallinity, SSA, and HF that were designated as Y1, Y2, and Y3
respectively.



Table 2
CCD arrangement for the three process variable.

Run Block X1 X2 X3

1 2 0 �1.633 0
2 2 0 0 �1.633
3 2 0 0 1.633
4 2 0 0 0
5 2 0 0 0
6 2 1.633 0 0
7 2 0 1.633 0
8 2 �1.633 0 0
9 1 1 �1 �1
10 1 1 1 1
11 1 0 0 0
12 1 0 0 0
13 1 �1 1 �1
14 1 �1 1 1
15 1 �1 �1 �1
16 1 1 �1 1
17 1 �1 �1 1
18 1 0 0 0
19 1 0 0 0
20 1 1 1 �1

Fig. 2. Pore size distribution of some selected HY zeolites samples.
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Table 1 presents the CCD arrangement in a manner that permits
modeling of the suitable empirical model (polynomial equation).
The simplified form of this model is used to obtain the desired
responses generally as:

Y ¼ b0 þ
Xn

i¼1

biXi þ
Xn

i¼1

biiX
2
i þ

Xn

i¼1

Xn

j¼iþ1

bijXiXj þ e ð3Þ
Fig. 1. Nitrogen adsorption/desorption isother
where X stands for the independent variables, b for the regression
coefficients, e is the error and Y stand for modeled responses. b0 is
the offset term while biXi and biiXi

2 are the linear effect and quadra-
tic effect respectively, and bijXiXj (i– j) is the second order term.
ms of some selected HY zeolites samples.



Fig. 3. Powder XRD pattern of some selected HY zeolites samples.

Table 3
Textural properties and composition of some selected HY zeolite samples.

Sample Aging Crystallization NaOH/solid Relative crystal BJH pore size Si/Al BET SSA HF
(h) (h) (ml/g) (%) (nm) (cm2/g)

HY12-24-12 12.00 24.00 12.00 74.93 8.98 1.59 366.90 0.20
HY24-48-9 24.00 48.00 9.00 76.62 8.61 1.52 359.06 0.23
HY36-24-6 36.00 24.00 6.00 106.86 8.03 1.88 443.78 0.30
HY36-24-12 36.00 24.00 12.00 63.79 8.46 1.53 394.84 0.18
HY36-72-6 36.00 72.00 6.00 87.29 6.81 1.83 367.34 0.32
HY36-24-6 43.60 48.00 9.00 85.64 7.15 1.67 406.14 0.23
HY12-72-12 12.00 72.00 12.00 31.32 14.66 1.43 133.24 0.11
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The suitability of the proposed model was analyzed by ANOVA.
ANOVA determines which of the operating parameters affect the
responses significantly using F-test for diagnosis [17]. This deter-
mines the effects estimates of each parameter with respect to their
magnitude and significance. Further, possible response models
were obtained. The effect estimate is the anticipated improvement
in the response as the process variables were varied from low to
high. Terms with a p-value greater than 0.05 were discarded and
regarded as ‘residual error’. This was followed by a new ANOVA
check. Note, the p-value is an index that measures the unreliability
of a result [27].

Either p-value or F-value of the model and lack-of-fit is suitable
for determination of model significance [28]. The ratio of the mean
square (MS) of the process variable to the MS of the error terms
gives the F-value while the p-value is obtained from F-
distribution using the degree of freedom (DF) and the F-value of
the process variable and that of the error term. DF is the amount
of information provided by the data that can be used to estimate
the values of unknown parameters. The value of DF depends on
the sample size. Increase in sample size increases the value of DF
(DF = n � 1).

The model shows significant lack-of-fit if the pure error is sig-
nificantly lower than the residual. In this case, pure error rather
than a residual error is suitable for determination of F-value [28].
Pure error is the residuals sum of squares estimated based on
repeated runs only, which is used as a measure of experimental
error.

The critical value of F for the model as well as the lack-of-fit are
function of the degree of freedom of each term and that of their
associated error terms [29]. If the F-value of the model is higher
than its critical value and lack of fit F-value is less than its critical
value, the regression model is acceptable. The model is also



Fig. 4. FT-IR spectra of some selected HY zeolites samples.
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acceptable if its p-value is less than 0.05 and its lack-of-fit is
greater than 0.05. Else, the model is acceptable if not less than
95% of the data fit into the model (coefficient of multiple determi-
nation, R2 > 0.95).

For further evaluation of the effectiveness of the models, the
margin of error was estimated for the two-sided confident interval
at 95% confidence level using standard deviation (normal). The
margin of error expresses the random error that emanates from
uncertainties or differences between the measured and the pre-
dicted value of a parameter [30]. This will enable appropriate inter-
pretation of the result. Standard error solely depends on factors
like the sample size, the amount of variation in the responses,
and the data size for which the estimate was made [31]. For a
two-sided alternative hypothesis, the margin of error is the dis-
tance from the estimated statistic to each confidence interval
value. Wider confidence level gives a larger margin of error, and
lesser reliability of the model [32]. Moreover, we assessed the
quality of the synthesized samples by computing the tolerance
interval. For a normal distribution, tolerance interval is a statistical
procedure that gives the range in which, with some confidence
level, a specific proportion of an experimented population falls.
Tolerance interval has gained immense popularity among various
statistical intervals, especially in manufacturing industries because
it confidently satisfies the expectation of the manufacturers
[33,34]. The intervals are wider than other statistical intervals such
as confidence and prediction intervals. This enables it to provide
limits of quantification and detection estimates [35].

3. Results and discussion

3.1. Hierarchical nanoporous HY zeolite characterization

The results of the textural properties, Si/Al molar ratio, and XRD
peak areas are presented in Table 2, Figs. 1–3. The table shows
samples textural parameters for some of the samples with respect
to their operating conditions. It is evident from here that crys-
tallinity, HF and SSA varies with aging time, crystallization time,
NaOH/Solid. The relative crystallinity of HY36-24-6 is greater than
100% probably because the reference Y zeolite composes of a little
amorphous part making the crystallinity of the synthesized sam-
ples higher than that of the reference sample. The increase in crys-
tallization time also improves the textural properties of the
samples but severe crystallization proved detrimental. Moreover,
increase in NaOH/Solid from 6 to 9 ml/g leads to decrease in SSA,
HF, Si/Al ratio and crystallinity of the sample.

The N2 adsorption/desorption isotherms show that the synthe-
sized samples possess uniform mesoporosity. The average pore
size of the samples is shown in Table 3 while Fig. 2 shows the pore
size distribution using BJH model. The results show that all the
samples exhibit hierarchical pore structure with mesoporosity
range of 2–50 nm, and macroporosity range of 50–200 nm. The
hierarchy factor of the samples is shown in Table 3. The XRD pat-
terns show the characteristics of Y zeolite without the competing
presence of any impurities. Further, the intensity of the character-
istic peaks informs their crystallinity (Table 3). The formation of
hierarchical nanoporous HY zeolite was also confirmed by FT-IR
spectroscopy, as shown in Fig. 4. All the samples possess the char-
acteristic peaks of Y zeolite at around 1002 and 460 cm�1. The
band 455–476 cm�1 are attributed to the O–T (Si or Al) bending
vibrations [36], and the broad bands around 1000 cm�1 are attrib-
uted to the internal tetrahedral asymmetrical stretching vibration.
Further, the bands at 558–572 cm�1 are ascribed to the hexatomic
ring vibrations of Y zeolite [37,38], and the bands at 760–790 cm�1

are assigned to the external linkage symmetrical stretching
vibrations.

SEM revealed the morphology of synthesized HY zeolites as
illustrated in Fig. 5. All the samples show both the octahedral mor-
phology attributed to conventional Y zeolite and globular particles
with rugged surfaces, which confirms the mesoporosity of the
samples [39].

Further, Table 4 presents the optimization results showing the
sample responses.

3.1.1. Statistical analysis
The CCD arrangement of the three process variables in Table 1

enables development of mathematical model presenting each
response as a function of aging time (X1), crystallization time (X2)
and NaOH/solid ratio (X3). Each response was computed as a func-
tion of the sum of a constant, three second-order effects, three
first-order effects and three interaction effects of the process vari-
ables (Eq. (2)). Six replicated runs at the center point (runs 4, 5, 11,
12, 18 and 19) determined the residual error associated with the
experiment. This error is an inexplicable variance in the experi-
ment that significantly affects the reliability of the experiment as



Fig. 5. SEM images of some selected HY zeolites samples. (a) HY36-72-6; (b) HY12-72-12; (c) HY12-24-12; (d) HY24-48-9; (e) HY36-24-6; (f) HY36-24-12; (g) HY43.6-48-9.

Table 4
Results of the response variables.

Run Y1 Y2 Y3

1 42.55 130.26 0.07
2 20.78 33.16 0.07
3 5.3143 22.79 0.02
4 74.07 349.45 0.24
5 75.09 350.21 0.24
6 85.64 406.14 0.23
7 16.09 80.46 0.13
8 73.61 325.08 0.21
9 106.86 443.78 0.30
10 40.57 165.72 0.17
11 78.15 366.62 0.22
12 74.94 353.34 0.22
13 83.19 319.98 0.29
14 31.32 133.24 0.11
15 84.41 363.82 0.21
16 63.79 394.84 0.18
17 74.93 366.90 0.20
18 76.62 359.06 0.23
19 77.98 361.46 0.22
20 87.29 367.34 0.32
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well as the mathematical model. ANOVA helped to analyze the
suitability of the proposed model.

The experimental data modeled into the second-order quadratic
equation. Table 4 presents the results of the 3 response variables.
Below are the full models for crystallinity (Y1), SSA (Y2) and HF (Y3):
Y1 ¼ �70:028� 2:028X1 þ 1:857X2 þ 32:818X3 þ 0:066X2
1

� 0:016X2
2 � 1:723X2

3 þ 0:001X1X2 � 0:099X1X3 � 0:08X2X3
Y2 ¼ �613:107� 10:05X1 þ 12:471X2 þ 187:713X3 þ 0:307X2
1

� 0:093X2
2 � 9:16X2

3 � 0:012X1X2 � 0:232X1X3 � 0:595X2X3
Y3 ¼ �0:278� 0:0044X1 þ 0:0069X2 þ 0:0927X3 þ 0:0002X2
1

� 0:0000X2
2 � 0:0047X2

3 þ 0:000X1X2 � 0:0003X1X3

� 0:0003X2X3

Table 5 presents the model coefficients with their respective p-
values. The significance of the terms in the model was measured by
their p-values and F-values (Tables 5 and 6). A process variable has



Table 5
Proposed model for crystallinity, SSA and HF for hierarchical nanoporous HY zeolite formulation.

Term Crystallinity SSA HF

Coeff p-Value Coeff p-Value Coeff p-Value

b0 �70.028 0.29 �613.107 0.075 �0.277947 0.251
Blocks 12.0976 0.004 60.408 0.004 0.035471 0.013
X1 �2.0288 0.332 �10.05 0.327 �0.0044 0.556
X2 1.8573 0.093 12.471 0.03 0.006919 0.087
X3 32.8179 0.006 187.713 0.002 0.092658 0.02
X1
2 0.0657 0.036 0.307 0.043 0.000165 0.123

X2
2 �0.0163 0.036 �0.093 0.019 �0.000038 0.147

X3
2 �1.7234 0.003 �9.16 0.002 �0.004646 0.015

X1X2 0.0009 0.96 �0.012 0.888 0.000005 0.941
X1X3 �0.0987 0.489 �0.232 0.737 �0.000271 0.6
X2X3 �0.0799 0.272 �0.595 0.109 �0.000338 0.207
R2 0.8791 0.8773 0.8149

Table 6
ANOVA for the predicted response models.

Source DF Seq SS Adj SS Adj MS F-test F-critical p-Value

Crystallinity
Blocks 1 2810 2809.96 2809.96 14.5 0.004
Model 9 9870.8 9870.81 1096.76 5.66 3.188 0.008
Linear 3 3764.6 3675.71 1225.24 6.32 0.014
Square 3 5739.7 5739.65 1913.22 9.87 0.003
Interaction 3 366.6 366.58 122.19 0.63 0.614
Residual error 9 1744.7 1744.67 193.85 0
Lack-of-fit 5 1737.5 1737.49 347.5 193.54 6 0
Pure error 4 7.2 7.18 1.8
Total 19 14425.5

SSA
Blocks 1 70,063 70,062 70062.1 15.08 0.004
Model 9 228,900 228,900 25433.4 5.48 3.188 0.009
Linear 3 56,057 122,438 40812.5 8.79 0.005
Square 3 157,522 157,522 52507.4 11.3 0.002
Interaction 3 15,321 15,321 5107.2 1.1 0.399
Residual error 9 41,808 41,808 41,808 4645.4
Lack-of-fit 5 41,717 41,717 41,717 8343.4 6 0
Pure error 4 91 91 91 22.9
Total 19 340,771

HF
Blocks 1 0.024158 0.024157 0.024157 9.41 0.013
Model 9 0.070404 0.070404 0.007823 3.05 0.056
Linear 3 0.026473 0.030668 0.010223 3.98 0.046
Square 3 0.03841 0.03841 0.012803 4.99 0.026
Interaction 3 0.00552 0.00552 0.00184 0.66 0.566
Residual error 9 0.023101 0.023101 0.002567 0
Lack-of-fit 5 0.023001 0.023001 0.0046 183.42 6 0
Pure error 4 0.0001 0.0001 0.000025
Total 19 0.117662

Table 7
Margin of error for the response parameters at 95% confidence level.

Sample Y1 Y2 Y3

Standard deviation 27.55 133.92 0.079
Upper bound 12.69 61.68 0.036
Lower bound �6.6 �32.08 �0.019
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significance on a response only if the p-value is less than 0.05, or if
the F-value is greater than its critical value. F-statistic can be writ-
ten as

F ¼ MSR
MSE

MSE ¼ SSE
DF

where MSR and MSE are the mean squares for models and residuals
respectively, SSE is the sum of square for residuals and DF is the
degree of freedom.
From Table 5, we can see that all the square terms significantly
affects crystallinity and SSA; only X3 is significant for crystallinity
linearly while X2 and X3 affect SSA significantly, and X3 and X3

2

significantly affect the HF of the samples. It is clear that none of
the interactions between the process variables affect any of the
response.
3.2. Model significance check

The acceptability of the proposed models is investigated with
ANOVA using 95% confidence level (Table 6). This analysis was per-
formed using Minitab statistical software, which used mean
square, based on the residual error (MSE) to compute F-value.
The F-value for crystallinity, SSA, and HF models are 5.66, 5.48
and 3.05 respectively and the critical F0.05,9,9 obtained from the
table of critical value for F distribution is 3.18. Also, the p-value
the model of crystallinity, SSA and HF are 0.008, 0.009 and 0.054
respectively. Therefore, it is clear that the F-values and p-values
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of the entire response model show that all the models are signifi-
cant except that of HF. However, since the pure error is signifi-
cantly lower than residual error, then the model shows
significant lack-of-fit (0.00). Therefore, we use the mean square
for pure error rather than MSE to re-compute F-value, then F-
value of HF becomes 312.92 which is greater than the critical
F0.05,9,4 (6.00). This shows that HF model is also significant based
on pure error due to significant lack-of-fit.

Table 7 shows the margin of error for the models. The lower
bound is almost half of the upper bound. The observed discrepan-
cies as shown in the table could be associated with uncertainty of
position estimate [40,41].

To further, evaluate the effectiveness of the models with respect
to sample quality, we compute the tolerance interval at 95% confi-
dence level for each model as shown in Fig. 7. The top part of each
section (a–c) presents the histograms of the response values, which
shows the response distribution. It is clear that the distribution of
all the responses are multimodal. The middle part of the sections
show 2 different methods of determining tolerant interval; normal
and nonparametric method. These give the tolerance interval of
expected response from each model, that is, the normal interval
and the nonparametric interval of the distribution. The normality
test in the bottom part of each section in Fig. 6 shows that the sam-
ple data for all the responses are normally distributed. Therefore,
the normal interval (�12.47 to 139.79% for Y1; �85.35 to
654.71 cm2/g for Y2 and �0.024 to 0.411 for Y3) is considered suit-
able. However, the lower limits are lower than the expected value
range, which makes the range too wide. Consequently, the
nonparametric (distribution-free) method becomes more appropri-
ate. This gives interval 5.31–106.86% for Y1; 22.79–443.78 cm2/g
for Y2 and 0.019–0.319 for Y3.

The plot of normal probability of the residuals for all the
response variables revealed the normality of the recorded data.
The plot gives an illustration that shows if the set of data obtained
is approximately scattered or not. The residual plot shows the dif-
ference between the fitted and the experimental data of the regres-
sion model. Fig. 6 shows the studentized residuals versus the fitted
values (estimated response) and observation order, which reveals
that the residual data points are randomly scattered about zero,
and suggests that there is no serial correlation between the resid-
ual error and the fitted values. This is an indication that no
response transformation is required for this experimental design.

3.3. Effect of process variables

Figs 8–10 show the surface plots of sets of combination of two
process variables, fixing the other variable for crystallinity, SSA and
HF model. In the model for all the response variables, X3 is the most
significant process variable. This is because it exhibits the highest
coefficient in the response models. However, X3 shows no signifi-
cant interaction with another process variable. Fig. 8 illustrates
the dependence of crystallinity (Y1) on the process variables. The
plots exhibit curvature of three-dimensional faces. The crys-
tallinity increases as the NaOH/solid ratio (X3) decreases to its
low level (6 ml/g). Y1 also increase with crystallization time (X2)
towards the central level and latter decrease as X2 increases. Con-



Fig. 7. Tolerance interval plot for (a) crystallinity, (b) SSA, and (c) HF.
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versely, Y1 sparingly decreases with increase in aging time (X1)
towards the center level and thereafter increases with X1 to its high
level. This indicates that the stronger effect of aging occurs at its
high level meaning that aging is crucial to obtaining high purity
Y zeolite. The surface plots of the effect of the process variables
in Fig. 9 reveals that all the process variables significantly influ-
enced SSA (Y2). Initially, at the lowest X1 (4.04 h) towards the cen-
ter level, there is no significant change in the value of Y2. As X1

increased to the high level, Y2 increases meaning that micropore
volume increases with aging. At the lowest level of X2, Y2 is low
but the increase in X2 to the low level leads to a slight decrease
in Y2 towards high level and subsequent rapid decrease towards
the highest level. Y2 increased as X3 increases to the lower level
(6 ml/g) but further increase in X3 leads to decrease in Y2. Further,



Fig. 8. Response surface plot showing the effect of process variables on crystallinity.

Fig. 9. Response surface plot showing the effect of process variables on specific surface area.
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the effect of process variables in Fig. 10 indicates that all the factors
affect the HF (Y3). Y3 increases with increase in X1 and X2, but the
increase in X2 towards its high level leads to decrease in Y3. At
the lowest level of X3, Y3 is low. However, increase in X3 to the
low-level increases Y3. Meanwhile, a further increase in X3 is detri-
mental to Y3.

3.4. Optimization of process variables

Response optimizer helps in identification of a set of inde-
pendent variable values that could jointly optimize the response
variables. The suitability of the set of independent variables in
satisfying the requirements of the targeted responses was mea-
sured by the term called composite desirability (D). Composite
desirability is a tool for the assessment of how well a set of
variables satisfies the defined goals for the responses. The
value of D was obtained from the predetermined individual
desirability (d) for each response. To maximize the composite
desirability, multiple starting points reduced gradient algorithm
was used. This helps to determine the optimal value of the pro-
cess variables.

Fig. 11 presents the plots of all the responses and the sets of
process variables and responses. It also includes the individual
desirability of the process variables as well as the composite desir-
ability. The optimum set of operating parameter for hierarchical
nanoporous HY zeolites synthesis is; Aging time = 43. 60 h, crystal-
lization time = 64.23 h and NaOH/solid ratio = 6.97 ml/g. The pre-
dicted responses are crystallinity = 99.95%, SSA = 442.73,
HF = 0.33. This is in consonant with the report of Karami and
Rohani [1] which states that the aging time varies from 40–120 h



Fig. 10. Response surface plot showing the effect of process variables on hierarchy factor.
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depending on the silica and alumina source. The value of compos-
ite desirability ranges from 0 to 1. For an ideal case, the value tends
towards 1, while zero means one or more dependent variables are
Fig. 11. Optimization plots for crystallinity, SSA and HF. (where D = composite
desirability, d = individual desirability, Targ = target, cur = position of the cursor,
y = value of response variables at optimal process variables, high and low means
high and low levels of process variable in the DoE).

Table 8
Comparison of the predicted and the experimental responses using the optimum value of

Aging time Crystallization time NaOH/solid Crystallinity (%)
(X1) (X2) (X3) (Y1)

(h) (h) (ml/g) Pred. Exp.

43.60 64.23 6.97 99.95 94.35
not within their acceptable limit. The value of the composite desir-
ability obtained is 0.9021. This value is well acceptable because of
its closeness to the ideal case. Furthermore, an experiment was
performed by using the optimum values of the process variables,
the error was estimated, and the result is presented in Table 8.

4. Conclusion

To describe the effect of aging time (X1), crystallization time (X2)
and NaOH solution to kaolin ratio (X3) on the properties of hierar-
chical nanoporous HY zeolite, RSM models based on CCD were
developed. The responses under consideration are crystallinity
(Y1), SSA (Y2) and HF (Y3). X3 was discovered to be the most signif-
icant process variable in the formulation of hierarchical nanopor-
ous HY zeolite. Analysis of variance (ANOVA) and optimization
study using response surface methodology (RSM) authenticated
this observation. All the response models obtained for the HY zeo-
lite synthesis showed p-value less than 0.05 and F-value higher
than the critical value of F except HF. However, the F-value for
HF was re-computed using mean square based on pure error rather
than MSE. This gives F-value greater than its critical value. This
reveals that the HF model is adequate but showed significant
lack-of-fit. The optimum formulation for 99.95% crystallinity,
442.73 m3/g BET surface area and 0.33 hierarchy factor (HF) was
43.60 h aging time, 64.23 h crystallization and 6.97 ml/g NaOH
solution to kaolin ratio. Therefore, it is possible to develop an
empirical model to predict the formulation for the synthesis of
hierarchical nanoporous HY zeolite. Adjustment of all the process
variables was found to be significant for C% and SSA while only
X3 has a significant effect on HF.
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process variables.

BET SSA (cm2/g) HF
(Y2) (Y3)

Error Pred. Exp. Error Pred. Exp. Error

5.6 443 428 15 0.33 0.31 0.02
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