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Adsorption and kinetic studies using nano zero valent iron (nZVI) in the
removal of chemical oxygen demand from aqueous solution with response
surface methodology and artificial neural network approach
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BSTRACT

Magnetic nanosorbents such nZVI proved to be effective in different contaminant removal from aqueous solutions.
The prepared nZVI was characterized using SEM, XRD, EDAX and UV-Vis scanning spectrum. This study explores
different adsorption and kinetic models that can describe the adsorption process of COD into nZVI. The nZVI and standard
COD solution were prepared in the laboratory. The effect of nZVI on COD removal was studied at different absorbent dose,
contact time, temperature, stirring rate, pH, and initial COD concentration. The results indicated that nZVI is effective in
the removal of COD from aqueous solution, where removal efficiencies of 66 and 92% were achieved for 800 + 10.2 and 100
+ 1.27 mg/L initial COD concentration, respectively, after 20 min of contact time using dose 0.6 g/L at pH 6, temperature
35°C with fixed stirring rate 200 rpm. The isotherm studies were determined using nine nonlinear models. The kinetic
data were evaluated using five nonlinear models including pseudo first, second order, Elovich, Avrami and Intraparticulate
models. The adsorption data of COD fitted well to Freundlich model with lowest summation of error of 0.842 and pseudo
second order kinetic model with lowest summation of error of 0.057. Artificial Neural Network (ANN) with a structure of
7 - 2 - 1 was used to predict the COD removal efficiency. The proposed ANN was found to be effective in simulating the
performance of nZVI for COD removal, where a sum of squares error 0.092 and 3.204 for testing and training, respectively

with relative error 0.030 and 0.256, respectively. RSM result showed R? 0.898 indicated that model was significant with
experimental data.
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life due to the existence of anaerobic conditions. COD
concentration in the effluent should be reduced to a
level that allows the treated wastewater to be reused in
agricultural purposes.

Nowadays the developing countries tries
to found new low cost and effective process for
wastewater treatment (Amin et al., 2014). Wastewater
dilution can decrease micro pollutant from wastewater

1. INTRODUCTION

Chemical Oxygen Demand (COD) is an important
water quality indicator which indicates the expected
environmental effects from discharging the wastewater
to the nearest water body. Higher COD levels lead to
reducing dissolved oxygen (DO) levels in the effluent

due to the presence of high level of oxidizable organic
materials (Pearson et al., 1975). A reduction in DO
level in the receiving water may increase risk to aquatic
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but can’t decrease other insoluble and slightly soluble
organic compounds that have high hydrophobic effect
(Verstraeten et al., 2003). Physicochemical treatments
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such as coagulation and flocculation are ineffective
treatment methods for some of phenolic compounds
and pharmaceutical wastes specially organic
phosphorous (Petrovic et al., 2003, Westerhoff et al.,
2005). Biological treatment studies such as activated
sludge and biological trickling filters are also ineffective
for the removal of wide range of contaminants (Servos
et al., 2005, Vieno et al., 2006). Nanotechnologies
can solve all of these problems in economic, rapid
and effective way through sono-Fenton process which
produced by the effect of nZVI and ferrous sulfate in
the removal of organic pollutant from diluted palm oil
mill effluent (POME) (Braeken et al., 2006, Taha and
Ibrahim, 2014).

In 1914, Zsigmondy characterized nanoparticles
with size less than 10 nm of gold particles using ultra
microscope technique (Zsigmondy, 1914). Today
different techniques are available to characterize the
size, shape and stability of nanoparticles according
to different nanotechnology applications (Davies,
2006). Nanoparticles may classify according to their
effective properties toward contaminants removal
for wastewater treatment or according to removal
mechanisms such adsorption and degradation process.
One of the most effective nanoparticles for wastewater
treatment is nano Zero Valent Iron (nZVI) due to its
high surface area, shape dependant properties and
reactivity (El Saliby et al., 2008).

This work attempts to examine the removal
efficiency of COD from aqueous solution by nZVI.
The relation between COD removal efficiency and the
variation in initial COD concentration, adsorbent dose,
pH, contact time, temperature and stirring rate were
studied. Isotherm study was employed by applying
different isotherm models in order to accurately model
the adsorption data. Different kinetic models were also
conducted to analyze the kinetic data. Artificial neural
network (ANN) and Response surface methodology
(RSM) were conducted to detect the correlation
between the experimental factors and the COD removal
efficiency.

2. MATERIALS AND METHODS

2.1. Preparation of nZVI1

To prepare (nZVI) with size between 10 and 40 nm
using drop by drop method, we dissolved 1.0812 g
FeCl,.6H,0 in 60 mL from 4/1 (v/v) ethanol/ deionized
water mixture and mixed well. The reducing agent
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was prepared by adding 0.7564 g NaBH4 in 200 ml of
deionized water to produce 0.1 molar NaBH4 solution.
To ensure better formation of nZVI further excess from
borohydride is needed. The NaBH, solution was poured
in aburette and added drop by drop into the FeCl,.6H,0
solution placed on a magnetic stirrer as shown in fig 1.
Black solid particles appeared immediately after the
first drop of NaBH, solution according to equation
1. The chemical reaction between iron chloride
hexahydrate and sodium borohydride produced nZVI
(Cumbal and SenGupta, 2005, Abdel-Gawad et al.,
2016). The mixture was stirred for another 10 min after
adding the whole NaBH4 solution. Then, the vacuum
filtration technique was applied to separate the black
iron nanoparticles from the liquid solution. Two sheets
of Whatman filter papers (42 circles, diameter 150
mm) were used in filtration. The filtrated black iron
nanoparticles were then washed with 50 mL of absolute
ethanol three times to prevent the rapid oxidation of
nZVI. Finally, the synthesized iron nanoparticles were
dried in an oven at 80°C overnight. For storage, the
nano iron particles were protected against oxidation
by adding a thin layer of ethanol (Yuvakkumar et al.,
2011).

2FeCl, + 6NaBH, + 18H,0 —* 2Feo + 21H, +
6B (OH), + 6NaCl (1)
2.2, Batch adsorption studies

Standard COD solution 1000 + 12.77 mg/L from
potassium hydrogen phthalate with combined
uncertainty 0.006 and expanded uncertainty 0.013
with coverage factor 95% was prepared and measured
at 600 nm according to standard method for water and
wastewater analysis closed reflux spectro photometric
method. The adsorption of COD onto nZVI was studied
by batch technique. The COD removal efficiency was
studied at pH: 3, 4, 5, 6, 7, 8 and 9, adsorbent dose:
100, 200, 300, 400, 500, 600, 700 and 800 mg,
stirring rate: 50, 100, 150, 200, 250, 300, 350 and 400
rpm, temperature: 20, 25, 30, 35 and 40 °C and contact
time: 5, 10, 15, 20, 25, 30, 60 and 120 min. For isotherm
studies, a known weight of adsorbent 0.6 g of nZVI was
equilibrated with 1000 mL of aqueous COD solution of
known concentrations (100, 200, 400, 500, 600, 700,
and 800 mg/L) in 1000 mL of Erlenmeyer flasks and
agitated at 200 rpm for a known period of time 20 min.
After equilibration, the suspension of the adsorbent
was separated from solution by filtration using
Whatman No. 42 filter paper and the concentration
of COD remaining in solution was measured using
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UV spectrophotometer after digestion using COD
digester according to ASTM 2005 stander method for
water and wastewater (Federation et al., 2005). The
percentage of removal efficiency was calculated using
Equation 1. The amount of COD sorbed by weight of
nZVI nanoparticles was calculated using Equation 2
(Mahmoud et al., 2017).

Sorption (%) = (%) X 100 (2)
0

where C_is the initial concentration of COD in solution

(mg/L) and C, is the equilibrium concentration of COD

in solution (mg/L)

(Co—Ce)V
Qc(mg/mg) = ——*— ®
where Q_ is the equilibrium adsorption capacity (mg/
mg), V is the volume of aqueous solution (L), and m is

the dry weight of the adsorbent (mg).

Table 1. Nonlinear equations of isotherm models

2.3. Isotherm studies

Different isotherm studies were conducted for
monolayer and multilayer adsorption process using
nonlinear equations including Freundlich, Langmuir,
Redlich—Peterson, Hill, Sips, Khan, Toth, Koble—
Corrigan and Jovanovich as shown in Table 1.

2.4. Kinetic studies

To determine the suitable time for reaching the
equilibrium state, COD solutions were placed in contact
with nZVI at different times, at temperature 35°C. The
amount of COD removed at time t, Q, (mg/mg), was
calculated using equation 3.

_ (Co_ct)V

Q=

where C_ is the initial concentration (mg/L), C, is the
concentration of COD at time t (mg/L), V is the volume
of the solution (L), and W is the nZVI dosage.

To investigate the mechanisms of the kinetic

4)

Isotherm Nonlinear equations Constants References
model
Ka Langmuir constant (L/mg)
. qm Ka Ce .
Langmuir Qe = 1+ K,C, qm maximum monolayer adsorption capacity (mg/g) Redlich and Peterson, 1959
Freundlich constant related to adsorption
n - . . .
intensity (dimensionless)
i — 1/n .
Freandlich Q.= KrC, K Freundlich constant related to adsorption capacity Redlich and Peterson, 1959
! ((mg/g) (mg/L)/)
K.C Kr | Redlich—Peterson isotherm constant (L/g)
R . 0
Redlich—Peterson Q.= 78,,,1 ar Redlich—Peterson isotherm constant (1/mg) Redlich and Peterson, 1959
1+ agC, br Redlich—Peterson isotherm exponent
N Qu | Hill isotherm maximum uptake saturation (mg/L)
: QxC." K Hill constant :
Hill = D Hill, 1910
Q. K, + C n Hill cooperativity coefficient of the binding 0
H interaction
K.C,)Be Ks Sips isotherm model constant (L,
Sips Q.= Os(KsCe) - P 180 (L/¢g) Koble and Corrigan, 1952
1+ (K¢C,)Be Bs Sips isotherm model exponent
QuBxC Qx theoretical isotherm saturation capacity (mg/g)
KPK
Khan Q.= m Bk Khan isotherm model constant Khan et al., 1997
e
Ax Khan isotherm model exponent
K.C, Kt Toth isotherm constant (mg/g)
Toth Qe=—""" at Toth isotherm constant (L/mg) Toth, 1971
(a, + C,)t T Toth isotherm constant
Ac? A Koble—Corrigan isotherm constant (L»mg'-»/g)
Koble—Corrigan Q= +—ip B Koble—Corrigan isotherm constant (L/mg)» Koble and Corrigan, 1952
1+BCe D adsorption intensity
. gqmax (mg/g) is the maximum uptake .
- _ oKiCe
Jovanovich Qc = qmax (1 —€77) KJ Javanovic isotherm constant (L/g) Jaroniec, 1975
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process the following kinetic models were used: Table 3. Errors functions used.

pseudo-first and second-order, Avrami, Elovich, and
Intraparticle. The equation of each model is listed in
Table 2 (Ho and McKay, 1998a, Ho and McKay, 1999,
Avrami, 1940, Zeldowitsch, 1934b, Fola et al., 2016).

Table 2. shows nonlinear equations of kinetic models

Kinetic model name Equations
Pseudo First Order Q. = Q.(1—el¥1t)
K,t
Pseudo Second Order Q.= __Qekat
(1 + QeKZ t)
1
Elovich Q= ELn(aBt)
Avrami Q= Q.(1 — eCKavt"™
Intraparticle model Q. = Ki4t*% + ¢,

2.5. Error functions calculations

Different error parameters were employed in order
to identify the most suitable isotherm and kinetic
models that describe the treatment process. Due to the
error associated with linear regression of non-linear
isotherm and kinetic models, the nonlinear regression
analysis was used to determine isotherm and kinetic
parameters from the original equation forms (Malek
and Farooq, 1996, Khan et al., 1996). To evaluate the
better fit of nonlinear models the error function is
required (Ho et al., 2002). The five error models can
describe the best fit of nonlinear isotherm and kinetic
models through the minimum summation of these
errors. The error parameter equations are shown in
Table 3 (Marquardt, 1963).

2.6. Neural network structure

An artificial neural network was developed to predict
COD removal efficiency, which consists of input,
hidden, and output layers. The neural network
structure was expressed as 7 — 2 — 1. The data from the
five independent variables are transferred to the input
layer. All the available data are normally divided into
standard values for training, validation, and testing
procedures. The network type is Multilayer perceptron
backpropagation. The multilayer perceptron uses
a feed forward architecture and can have multiple
hidden layers. It is one of the most commonly used
neural network architectures.
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Error name Equations

P
The Sum of the Squares of the Errors (ERRSQ) Z(qe meas — e.calc)?

A Composite Fractional Error Function zp: (Gemeas — Gecatc)’
(HYBRD) & Qemeas ;
A Derivative of Marquardt’s Percent Standard i <q emeas — de, mlc)z
Deviation (MPSD) = qemeas i
v
The Average Relative Error (ARE) Z demeas ~ Ge.cate
qe meas

i=1

=

The Sum of the Absolute Errors (EABS) z |9e.meas = Gecatcl,

i=1

qe,meas)z

(qe,calc -
qe,calc

Chi error

N

Il
=N

L

2.7. Response surface methodology

The RSM plots show simultaneous confidence band
for the fitted response surface. A chart was plotted
that displaying a contour of RSM for COD removal
efficiency against the independent variables, pH, time,
adsorbent dose, temperature and stirring rate. A pure-
linear regression model was employed to describe the
RSM plots by fitting the experimental data.

Y =B+ Bix, + Byx, + Pyxy + Bix, + Psxs + Bex, (5)
where, Y is the predicted response of different
wastewater contaminants removal efficiency (%); x is
pH (3 - 10); x, is adsorbent dose (0.1 — 0.8 g); X, is
stirring rate (50 — 400 rpm); X, is contact time (5 — 120
min); X, is temperature (20 — 40 9C); x, is concentration
(100 — 800 mg/L); B, is the model intercept; B, B3, BB,
[34, B5 and {3, are the linear coefficients of x , x , X, X, X,
and x, respectively.

3 . RESULTS AND DISCUSSION

3.1. Characterization of nZVI

3.1.1. UV -Vis scanning spectrum and X-ray diffraction
analysis (XRD)

Figure 1a shows the results of UV-visible spectroscopy
indicated the formation of iron nanoparticles with
particle size ranging from 10 to 100 nm without
formation of iron oxide or hydroxide, where the two
main absorption peaks were recorded at 193 and 194
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nm and one peak was recorded at 211 nm. The XRD
pattern as shown in Figure 1b shows two peaks at 20
equals 44.58° and 64.99° that fit well with the body-
centered structure that represent the Fe (110) and Fe
(200) planes, respectively. By analyzing the positions
and the shape of the diffraction peaks, Scherrer
formula can be used to calculate the average grain size
of crystallites (Equation 6):

_ k4
B cos 6

(6)

where D is the crystallite size (nm), 3 is the full wave
at half maximum (FWHM), 0 is diffraction angle, and
k is Scherrer constant (0.9), and A is x-ray wavelength.
The calculated particle size ranged from 23 to 59 nm
which is in a good agreement with the result obtained
from the SEM analysis. The XRD analysis also proved
that there is no formation of iron oxide and the nZVI
was predominantly present in the sample.

imisin e AR

Beta Beta (Rad.) | 26 (deg) 0 (deg) Crystallite
(deg) size D (nm)

nZVI 0.384 0.0067 44.713° 22.35° 0.925 23.36999
0.166 0.002898 65.1° 32.55° 0.843 59.32

Figure 1. UV -Vis scanning spectrum and XRD of
prepared nZVI.

3.1.2. Scanning Electron microscope (SEM) and EDAX
Figure 2a shows the SEM image of the prepared
nZVI particles before treatment. The prepared iron
nanoparticles formed large nanoclusters due to
magnetic forces between the iron nanoparticles.
The nZVI particles also formed an irregular surface
structure with an average size of 50 nm. Many pores
were observed which allows better mass transfer
and diffusion of COD compounds to the inner iron

nanoparticles. Figure 2b shows EDAX analysis of
coated nZVI with gold indicating formation of pure
nano iron particles with few outer oxide layers.

25/2017
)8:24 PM | Natiof

Feka

AuLp3
Aulp

Aulp

12 126

Lsec: 3000 Cnts 0,000 keV Det: Octane Pro Det

Figure 2. SEM and EDAX of prepared nZVI sample.

Reso

3.2. Effect of operating parameters

3.2.1. Effect of pH

The effect pH on COD removal efficiency was studied
in acidic, neutral and alkaline medium using standard
COD solution 400 + 5.11 mg/L, nZVI dosage 0.6 g for 20
min, stirring rate 200 rpm and temperature 30 °C. The
effect of pH was studied at 3, 4, 5, 6, 7, 8, 9 and 10, with
observed removal efficiencies of 53, 62, 69, 73, 74, 73,
72, 64, 52 and 41 %), respectively as shown Figure 3a.
The results indicated that maximum removal efficiency
was observed at pH 6. Low efficiency at high acidic pH
condition was due to the fact that small amount of
nZVI was dissolved by the acidic solution which results
in loss of vacant site and this phenomenon decreases
the overall adsorption activity of nZVI. Also, the free
electrons from nZVI try to neutralize the amount of
H+ from acid and these decreases the degradation
properties of nZNI. Alkaline solution with excess of
OH- and the free nZVI electrons affect the physical
adsorption activity of nZVI throughout the steric of
negative ions in nZVI surface and negative contaminant
sources (Bezbaruah et al., 2009, Kosmulski, 2004).
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3.2.2. Effect of contact time

The effect contact time on COD removal efficiency was
studied for 400 + 5.11 mg/L COD at (5,10, 15, 20, 25,
30, 60 and 120 min) using 0.6 g nZVI dosage, pH 6
with stirring rate 200 rpm at temperature 30 °C. The
results indicated that removal efficiencies of 61, 67, 71,
73, 74, 73, 76 and 76 % were recorded for 5, 10, 15, 20,
25, 30, 60 and 120 min, respectively as shown Figure
3c. The results showed that there is no significant
difference in removal efficiencies at different times due
to the high reactivity of nZVI. So, the optimal contact
time was fixed at 20 min.

3.2.3. Effect of adsorbent dose

The effect adsorbent dose on COD removal efficiency
for 400 + 5.1 mg/L COD was studied at different
nZVI dosages (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8
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0‘
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g) at pH 6 for 20 min with stirring rate 200 rpm at
temperature 30 °C. The removal efficiencies were 37,
40, 48, 56, 65, 73, 77 and 80 % for dosages of 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 g, respectively as shown
Figure 3b. The results showed that the optimal nZVI
dosage was 0.6 g. The removal efficiency increased
with dose due to increase the vacant site for adsorption
and free electrons for degradation. Previous study
conducted with the reduction of hexa chloro benzene
by nZVI indicated that by increasing of nZVI dosage
the dechlorination rates of HCB increased and this
results showed agreement with the obtained results
(Shih et al., 2011).

3.2.4. Effect of stirring rate
The effect of stirring rate on COD removal efficiency
was studied at 50, 100, 150, 200, 250, 300, 350 and

‘ —O— Effect of nZVI dosage ‘

B)

o

C

0.0

00
20
80
70
60
50
40

30+

20
10

0.1 0.2 0.3 0.4 0.5

|Dose mgILI

0.6 0.7 0.8 0.9

-O- Effect of stirring rate |

OW_O—_O—_O
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10

0
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Figure 3. Effect of operating parameter on COD removal using nZVI (a) pH, (b) nZVI dosage, (C) contact
time, (d) stirring rate, (e) temperature, and (f) initial COD concentration
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400 rpm using fixed nZVI dosage of 0.6 g at pH 6 for 20
min at temperature of 30 °C. The removal efficiencies
were 65, 68, 71, 73, 74, 74, 75 and 75 % for agitation
rates of 50, 100, 150, 200, 250, 300, 350 and 400 rpm,
respectively as shown Figure 3d. The results showed
that the optimal stirring rate was 200 rpm. Previous
studies conducted with the removal of COD from
aqueous solutions using traditional techniques such as
adsorption by Sewage Sludge Ash (SSA) and coagulation
using aluminum sulfate was occurred between 200 and
500 rpm showed agreement with the obtained results
(SaryEl-deen et al., 2017, Zhou et al., 2008). There
are two type of adsorption that occurs in nZVI surface
physical and chemical adsorption. Chemical adsorption
depends on the charge between absorbed molecule and
sorbent charge. Physical adsorption depends on vacant
sites in the surface. Chemical adsorption is more stable
than physical adsorption and mainly the stirring rate
effect can’t decrease its stability (Ho and McKay,
1998b). The amount of adsorbed molecule in physical
adsorption equals summation of adsorbed materials
for all individual active sites. The mechanism of the
adsorption process depends on binding energy between
adsorbed molecules and sorbent. The adsorption
energy decreased gradually until vanishes with
complete adsorption process (Zeldowitsch, 1934a).
So, the little increase of removal percent according to
stirring rate relative to chemisorption reaction and this
is agreement with kinetic data (Ho and McKay, 1999).

3.2.5. Effect of temperature

The effect temperature on COD removal efficiency was
studied at 20, 25, 30, 35 and 40°C using nZVI dosage
0.6 g at pH 6 for 20 min with fixed stirring rate 200
rpm. The removal efficiencies were 71, 72, 73, 73 and
73 % at temperatures of 20, 25, 30, 35 and 40 °C,
respectively as shown figure 3E. The results showed
that small variation of the removal efficiency at different
temperatures and the minimum effective temperature
was 30 °C. At this temperature the minimum activation
energy and the maximum vacant sites to adsorb COD
onto nZVI surface.

3.2.6. Effect of the initial concentration

The effect initial concentration on COD removal
efficiency was studied at 100, 200, 3000, 400, 500,
600, 750 and 800 mg/L using nZVI dosage 0.6 g at pH
6 for 20 min with stirring rate 200 rpm at temperature
30 °C. The removal efficiencies were 92, 78, 77, 73, 70,
68, 65 and 66 % for COD concentrations of 100, 200,
3000, 400, 500, 600, 750 and 800 mg/L, respectively
as shown figure 3f. The results showed that significant

decrease of removal % with increase in concentration
and the suitable concentration for selected dose was
400 mg/L.

3.3. Adsorption study

Figure 4 describe nonlinear relations between different
adsorption isotherm models. The resulted data from
adsorption study using nonlinear models indicated
that Freundlich model is the most suitable model
that describes the adsorption process with lowest
summation of error of 0.8420, as shown Table 4. This
result indicated that the removal of COD by nZVI could
undergo multilayer adsorption, and the Freundlich
model constants were appropriate for representing the
adsorption process.

0.85 Isotherm study

—8— Qe
—&—Redlich
Hill
—8—Toth
Freundlish
Koble
—8— Langmuir
—@— Javanovic
—8—Sip
—8—Khan

0 50

100

150
Q.

200 250 300

Figure 4. Isotherm studies for nonlinear models
3-4. Kinetics study

Theresults (Figure 5) from theadsorptiondataindicated
that pseudo second order model was identified as the
preferred model with lowest error 0.057, as shown in
Table 5. This result also indicated that the desorption of
COD on nZVI was surface dependent on concentration
and dose together and adsorption's mechanism is
chemically rate controlling (Ho and McKay, 1999).

3.5. Artificial neural network

ANNs were trained using the back-propagation
algorithm using sample training 72.2 % and testing
27.8 % without excluding any result with total number
36 run. Network training is a process by which the
connection weight and bias on the ANN are adapted
through a continuous process of simulation by the
environment in which the network is embedded as
shown Figure 6 with Rescaling Method for Covariates
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(Standardized), Activation Function (Hyperbolic
tangent) Sum of Squares Error was 3.204 and relative
error 0.256. Results showed that there was small
deviation between the predictive values and normalized
value as shown Figure 7. Also, there was small deviation
between residual value and predictive value (-10, +10
%) indicating the reality of the result and the effectivity
of model results to describe adsorption of COD onto
nZVI surface. Figure 8 ranks the importance of each
variable indicating that the effect of dose was the
most effective parameter as it showed 100% followed
by concentration effect 67% showing agreement with
adsorption isotherm and operating parameter data.

Table 4. The results of nonlinear adsorption models

0.55

0.4

0.35

Kinetic Models

40 60

80 100

Time (min)

Figure 5. Kinetic isotherm models

—e—P.F.O
—e—P.S.0
——Elovich
—&— Avramin

Intraparticle

120

Redlich-Peterson Hill Sips Khan Toth
K 0.061 Qu 37819 Qs 3.955 Qx 1.147 K: | 1.188
Constants B: 0.040 ny 6 Ks 0.001 Bk 0.008 | a; | 196.5
G 0.526 Kp 0-513 Bs 0.631 Ax 1.024 t 1.188
116664
Error functions
Chi error 0.4851 0.4980 0.0292 0.1236 0.1824
ERRSQ 0.2395 0.2297 0.0072 0.0229 0.0147
HYBRD 0.3307 0.3508 0.0241 0.0710 0.0705
MPSD 0.5165 0.6621 0.1177 0.3466 0.4224
ARE 1.8747 2.2361 0.5849 1.0608 0.9001
EABS 1.1143 1.1929 0.1813 0.3548 0.2568
Error sum 4.5608 5.1695 0.9443 1.9797 1.8469
Koble —Corrigan | Javanovic Freundlich Langmuir
A 0.047
Constants B 0.0001 Q| 0.824 Ki 0-034 Qo 1:057
K; | o.010 n 1.746 b 0.004
D 0.508
Error functions
Chi error 0.0203 0.1626 0.0230 1.0204
ERRSQ 0.0085 0.0263 0.0049 0.2772
HYBRD 0.0227 0.0813 0.0188 0.5073
MPSD 0.0791 0.4023 0.0981 1.3472
ARE 0.5448 1.0958 0.5354 3.0515
EABS 0.2000 0.3742 0.1618 1.4060
Error sum 0.8754 2.1425 0.8420 7.6096
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Table 5. The results of different kinetic models.

P.F.O P.S.0 Elovich Avrami Intraparticle
Q. =0.898
Qe =0.491 | Qe =0.516 | a =76.558 Kig=0.009
Constants Kay = 0.556
K.=0.319 | Kx=1.373 | B=22.511 Ci=0.425
Nav = 0.097
ERRORS
Chi error 0.003 0.000 0.005 0.003 0.007
ERRSQ 0.001 0.000 0.003 0.002 0.004
HYBRD 0.003 0.000 0.005 0.003 0.007
MPSD 0.006 0.000 0.011 0.008 0.016
ARE 0.175 0.038 0.217 0.172 0.249
EABS 0.081 0.018 0.105 0.079 0.112
Error sum 0.269 0.057 0.347 0.266 0.395

Table 6. t statistics and p-values for coefficients of a linear regression model

variable Term | Estimate | Standard Error | t-Ratio | Prob> |t| Effect”

Constant Bo 1.518 9.581 .158 .875 Insignificant

pH B1 5.248 .931 5.637 .000 Significant

Dose B2 71.986 4.702 15.310 .000 Significant

Stirring Bs .026 .011 2.472 .018 Significant

Time [ .069 .033 2.111 .042 Significant
Temperature Bs .023 .186 .123 .903 Insignificant

Concentration Be -.030 .005 -5.578 .000 Significant

Abbreviations: Standard Error, the error of the estimated difference between the means; t-Ratio, the t-ratio for the test of whether the estimated differ-

ence between the means is zero; Prob> [t|, the p-value for the test

*The significant levels at the 95% level (p < 0.05) were considered to have a greater impact on the response

3.6. Response surface methodology (RSM)

The effect of pH, dose, initial concentration, contact
time, temperature and stirring rate in COD removal
efficiency was studied. As listed in Table 6, positive
linear effect of the independent variables “pH”,
“dose”, “stirring rate” and “initial concentration” on
COD removal were observed to be significant (p<
0.05). Additionally, a significant effect (p< 0.05) was
noticed for independent variable “time”. However,
insignificant effect (p> 0.05) was determined for
the linear term of “temperature”. The coefficient of
determination between measured data and simulated
results (R?) and adjusted R? were 0.947 and 0.898,
respectively. The high r2-value suggested the reliability
of the proposed model. Equation 7 showed the all
regression models (significant and insignificant). For
simplicity, the insignificant factors were excluded, and

a new regression model was obtained (Equation 8):

Y = 1.518 + 5.248x + 71.986%, + o.o26x3+ 0.069x4
+0.023X_— 0.30 X, (7)

Y = 1.518 + 5.248x + 71.986x, + 0.026x3+ o.o69x4—
0.30 X, )

where, Y is the predicted response of different
wastewater contaminants removal efficiency (%); x is
pH (3 - 10); x, is adsorbent dose (0.1 — 0.8 g); X, is
stirring rate (50 — 400 rpm); X, is contact time (5 — 120
min); X, is temperature (20 — 40 °C); x, is concentration
(100 — 800 mg/L); B, is the model intercept; B, B,, B,,
B4, B5 and {3, are the linear coefficients of x , x,, X, X, X,
and x,, respectively.
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Synaptic Weight = 0
—— Synaptic Weight < 0

Hidden layer activation function: Hyperbalic tangent

Cutput layer activation function: Identity

Figure 6. ANN results: Artificial Neural Network
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Figure 8. ANN results: Normalized importance

4. CONCLUSIONS

This study has indicated that nZVT is a strong adsorbent
material for COD removal from aqueous solution. The
adsorption data of COD fitted well to Freundlich model
and Pseudo second order kinetic model. The highest
removal efficiency of 92% was achieved at initial COD
concentration 100 mg/L, contact time 20 min, nZVI
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dose 0.6 g/L, pH 6, and stirring rate 200 rpm. The
proposed ANN was found to be effective in simulating
the performance of nZVI for COD removal, as indicated
by the small relative error was 0.256. The created ANN
can then be used to predict COD removal efficiencies
for different sets of input data. Statistical analysis using
RSM showed that all variables were significant with p
value less than 0.05 except the effect of temperature
p value equal 0.903. The R? of RSM model was 0.898
indicated the reality of the models and agreement with
experimental data. The final RSM equation can predict
and describe the theoretical removal percent of COD
using nZVI at different operating parameter.
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