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Abstract 
 Nano zero valent iron (NZVI) has been extensively studied for its application to treat 
pollutants, particularly in contaminated water. This research studies enhancement of the 
reducing power of NZVI using kaolin as a supporter and ethanol as a medium. Kaolin 
modified nano zero valent iron (K-NZVI) was synthesized under three different parameters 
including ethanol content (0-100 v%), ratio of kaolin to NZVI (0-1.5), and dropping rate of 
NaBH4 (4-10 mL/min). The Box-Behnken Design was used to design the experimental 
conditions, and Reactive Red 120 was used as an organic pollutant probe to quantify the 
reducing power of the synthesized K-NZVI. The results revealed that the highest reduction 
potential of K-NZVI was found under the following conditions: ethanol content of 100 v%, 
kaolin to NZVI ratio of 0.75, and NaBH4 dropping rate of 7 mL/min. Based on these optimal 
synthesized conditions, the smaller crystal size of NZVI as measured from X-ray diffraction 
peaks, led to more efficient reduction of RR120. Images from scanning electron microscopy 
revealed that Fe was distributed uniformly over the surface, while the particles found in 
synthesized K-NZVI were mainly iron (Fe) and oxygen (O). 
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Introduction 
  Nano zero valent iron (NZVI) has been 
widely used to treat polluted groundwater and 
is also effectively used as an absorbent for 
various pollutants [1-2]. There are two major 
mechanisms for aqueous contaminant removal 
by NZVI, including physicochemical adsorp-
tion and oxidation-reduction reaction [3]. Pol-
lutants removed by NZVI include halogenated 
hydro-carbons such as PCE, TCE, anions (e.g. 
NO3-, Cr2O7

3-), organic compounds, heavy 
metals, and arsenic [4-8]. Also, NZVI is used as 
a moderate reducing agent in reduction reac-
tions for the removal of hazardous substances. 
In this reaction, NZVI reacts with dissolved 
oxygen, water, and oxidants such as nitrate and 
possible contaminants. The hazardous sub-
stances can be made to react with NZVI to 
transform the mobile substances into immobile 
and less harmful species. Due to the presence 
of NZVI, the pH value is increased while the 
oxidation-reduction potential is decreased. The 
consumption of oxygen results an anaerobic 
environment while the reduction of water leads 
to the production of hydroxide as the reaction 
shown in Eq. 1 [9]. 
 There are many methods for NZVI synthesis 
such as chemical method [10], sono-chemical 
[11], and thermal decomposition [12]. Of these, 
the chemical method is normally preferred for 
NZVI synthesis due to its ease and simplicity. 
Moreover, there is no need for complicated 
instruments or equipment for synthesis. How-
ever, the synthesized NZVI is often aggregate, 
leading to suboptimal efficiency. Consequently, 
various immobilization technologies are being 
developed for NZVI stabilization, such as 
starch-stabilized NZVI [13], zeolite-supported 

NZVI [14], guar gum-stabilized NZVI [15], and 
bentonite/iron nanoparticles [16]. These tech-
niques encourage disaggregation and improve 
dispersion as well as stabilization. Kaolin is a 
NZVI supporter that is commonly available as a 
clay mineral with structural and chemical 
stability. Kaolin is also inexpensive, offering 
cost savings for upscaled production of NZVI. 
Above all, kaolin is effective not only as a 
supporter of NZVI, but is also itself an efficient 
adsorbent [17-22]. Kaolin is widely used as a 
porous material to adsorb pollutants from 
contaminated water and is thus an ideal 
support material for NZVI [23]. 
 One drawback of the synthesized NZVI is 
that being easily oxidized to forms oxides 
and/or hydroxides iron such as Fe3O4, FeOOH, 
and Fe2O3 resulting in decrease of surface area 
with respect to active sites for reaction [24-26]. 
Therefore, using ethanol as medium during 
synthesis can prevent massive oxidation of 
synthesized NZVI [27].  
 Use of ethanol coupled with kaolin as a 
support material is not well researched in the 
literature. Thus, this research presents the 
method of kaolin modified nano zero valent 
iron (K-NZVI) synthesis using ethanol as 
medium. In order to evaluate the impact of 
parameters for synthesis, experiments were 
designed using the Box-Behnken Design 
(BBD), which is widely used in industry as an 
efficient research tool [28-29]. The findings of 
this work identified optimal conditions for 
synthesizing K-NZVI. Additionally, based on 
the BBD methodology, individual influences 
of parameters for synthesis on reducing capacity 
of the K-NZVI were observed as well via 
Reactive Red 120 (RR120) removal. 

 
                       R-Cl + Fe0 + H2O     R-H + Fe2+ + Cl− + OH−                      (Eq. 
1) 
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Experiment 
1) K-NZVI synthesis. 

The chemicals of reagent grade used in this 
study include FeCl3·6H2O, NaBH4, and 99.9% 
ethanol, (Merck). All chemical solutions were 
prepared using deionized water. FeCl3 solution 
was provided by mixing 481.3 g of FeCl3·6H2O 
and kaolin in 100 mL of solution containing 
deionized water and ethanol. The amount of 
kaolin was calculated in order the gain weight 
ratio of kaolin to NZVI. This stage was con-
sidered as effecting the ethanol content and 
kaolin: NZVI ratio. NaBH4 solution was pre-
pared by dissolving 812.8 g of NaBH4 with  

40 mL of solution containing 30 v% of ethanol. 
After that, NaBH4 was dropped into FeCl3 
solution under stirring, which was considered 
as the effect of dropping rate of NABH4. The 
K-NZVI particles formed were separated from 
the liquid solution using a magnet. The three 
variables under investigation were (1) ethanol 
content; (2) kaolin to NZVI ratio; and (3) 
dropping rate of NaBH4. The independent para-
meters and their range and levels are shown 
in Table 1. The results of a set of 15 expe-
rimental runs designed using a BBD are 
presented in Table 2. 

 
Table 1 Range and level of independent parameters used for optimizing K-NZVI synthesized 
condition 

Parameter Representative Range and level of actual value 
-1 0 +1 

Ethanol content (v%) X1 0 50 100 
Kaolin : NZVI ratio X2 0 0.75 1.5 
Dropping rate of NaBH4 (mL/min) X3 4 7 10 

 
Table 2 Various K-NZVI synthesized conditions in 15 experimental runs and percent removal of 
RR120 at 40 min from prediction and experiment 
Run 
No. 

Ethanol content  
(v%) 

Kaolin : NZVI  
ratio 

Dropping rate  
of NaBH4 
(mL/min) 

% RR120 removal 

Experiment Predicted 
1 50 1.5 4 84.1 84.6 
2 50 0.75 7 86.6 86.8 
3 0 0.75 4 81.4 80.7 
4 0 0 7 70.7 72.5 
5 50 0.75 7 85.9 86.8 
6 50 0.75 7 87.9 86.8 
7 100 0.75 4 99.1 100.5 
8 0 1.5 7 76.6 76.8 
9 50 0 10 74 73.6 

10 100 1.5 7 96.5 94.7 
11 50 0 4 73.5 72.4 
12 100 0.75 10 91.2 91.9 
13 100 0 7 95.9 95.7 
14 50 1.5 10 63.5 64.7 
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15 0 0.75 10 72 70.6 
2) Batch test 

The synthesized K-NZVI obtained from each 
experimental run was tested immediately after 
synthesis using 100 ppm of RR120 (Ever Light 
Chemical Industry). The concentration of RR 
120 was analyzed by using UV-VIS spectro-
meter at a maximum wavelength of 536 nm. 
After that, the RR120 removal efficiencies of 
the K-NZVI at 40 min of each experimental run 
were compared. The following formula was 
used to calculate the response value (percent 
RR120 removal) as shown in Eq. 2. 

 
RR120 removal (%) = 100 x (C0 – Ct)/C0    (Eq. 
2) 
 

where C0 and Ct are initial and final 
concentrations of RR120 (ppm) after reaction 
time of 40 min with the K-NZVI, respectively. 

 
3) K-NZVI characterization 

Commercial NZVI (NANOFER STAR, 
NANO IRON s.r.o., Czech Republic) and the 
K-NZVI synthesized under conditions leading 
to the highest reducing power were charac-
terized in regard to the presence of Fe0 and 
crystalline size, using X-ray diffraction (XRD, 
Bruker D8 Advance) with a Cu Kα radiation 
source (λ = 1.5418 Å). The scan range of 2θ was 
30-70° with increment and time step of 0.02° 
and 0.5 sec, respectively, to elucidate the matrix 
structures. Then, pH of zero point charge (pHpzc) 
was measured following Mustafa’s method [30]. 
Finally, morphology and chemical microana-
lysis was conducted using scanning electron 
microscopy (SEM, JEOL JSM-6400) coupled 
with energy dispersive X-ray spectroscopy 
(EDX). Specific surface area of the K-NZVI 
was also established by the Brunauer-Emmett-
Teller (BET) method (Quantachrome instruments 
Autosorp-1). 

 
Results and discussion 
1) Reducing power test using BBD 

The reducing power of K-NZVI under 
various synthesized conditions through degra-
dation of RR120 at 40 min is shown in Table 1. 
Using BBD, the results were analyzed to check 
the normality of the residuals as shown in 
Figure 1. The data points on the normal pro-
bability plot presented in Figure 1(a) was 
reasonably close to a straight line, indicating no 
obvious problem with normality. Figure 1(b) 
presents the internal standardized residual plots 
versus fits value. The plot showed a random 
scatter, indicating constant variance of original 
observations for all response values. The his-
togram plot shown in Figure 1(c) reveals that 
the data also had no apparent problem with the 
normality of the curve. Figure 1(d) plots stan-
dardized residual versus batch runs of RR120 
removal. The data points on this plot seemed to 
be a random pattern around the centre line, 
confirming that there was no abnormality in the 
observation order. 

An empirical relationship followed by a 
second-order polynomial equation with inter-
action terms was fitted between the input 
parameters and the experimental results. An 
estimate function of RR120 removal efficiency 
was calculated and is presented in Eq.3, where 
Y is the prediction of RR120 removal (%), X1 is 
ethanol content (v%), X2 is kaolin to NZVI 
ratio, and X3 is dropping rate of NaBH4 
(mL/min). 

To consider the relationship between 
predicted and experimental values from the 
model calculated by Eq. 3, the data points 
obtained were very close to linear (R2 = 
0.9896), indicating that both values were 
accurate and reliable, as shown in Figure 2. 
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        Y = 39.2653 + 0.0085X1 + 37.9778X2 + 9.42778X3 + 0.002055X1
2 – 12.4667X2

2  
                    – 0.66806X3

2 – 0.0353333X1X2 + 0.0025X1X3 – 2.34444X2X3 

        or 
Prediction of RR120 removal (%) = 39.2653 + 0.0085 ethanol content + 37.9778 kaolin to 

NZVI ratio + 9.42778 dropping rate of NaBH4 + 
0.002055 ethanol content2 – 12.4667 kaolin to NZVI 
ratio2 – 0.66806 dropping rate of NaBH4

2 – 0.0353333 
ethanol content ∙ kaolin to NZVI ratio + 0.0025 ethanol 
content ∙ dropping rate of NaBH4 – 2.34444 kaolin to 
NZVI ratio ∙ dropping rate of NaBH4                  (Eq. 
3) 

 

 
Figure 1 Internal standardized residual plots versus (a) normal probability, (b) fits, 

(c) histogram, and (d) observation order for percent removal of RR120 at 40 min. 
 

 
Figure 2 A parity plot of percent RR120 

removal at 40 min (R2 = 0.9896). 

The optimum conditions were calculated by 
BBD. It was found that synthesis conditions of 
100% of ethanol content, 0.75 kaolin to NZVI 
ratio, and 7 mL/min of NaBH4 dropping rate 
gave the highest percent RR120 removal. To 
better understand the influences of the in-
dependent variables, contour and surface plots 
were employed. The results (shown in Figure 3) 
illustrate the relationship between percent 
removal of RR120 and the independent para-
meters. Figure 4 presents the main effects of 
the independent variables on RR120 removal, 
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which are represented in the contour and surface plots. 

 

 

 
Figure 3 Contour and surface plots on effects of (a) ethanol content and kaolin:  

NZVI ratio, (b) ethanol content and dropping rate of NaBH4, and (c) kaolin: NZVI ratio  
and dropping rate of NaBH4. 
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Figure 4 Main effect plots for percent removal of RR120 at 40 min. 
Figure 4 reveals that increased ethanol 

concentration enhanced the reducing power of 
K-NZVI based on percent removal of RR120 
because ethanol was capable of stabilizing 
nano-particles and preventing them from 
oxidation during NZVI synthesis. Having 
lower polarity than water, nanoparticles were 
more easily dispersed in the presence of etha-
nol. The higher the ethanol concentration, the 
higher the stability of the nanoparticles [27].  

Kaolin has potential as a porous mineral to 
support and stabilize NZVI [31]. NZVI is 
modified by kaolin to form K-NZVI, which 
increases its mechanical strength resulting in 
better performance. However, the amount of 
kaolin added had no significant effect on K-
NZVI performance. Moreover, for the effect of 
dropping rate of NaBH4 (4, 7, and 10 mL/min), 
high reducing power was observed at slower 
dropping rates. The low dropping of NaBH4 
resulted in production of small particle size of 
NZVI, whereas rapid dropping caused aggre-
gation of NZVI precipitates, reducing its 
surface area for reaction [32]. 

 
2) K-NZVI characterization 

In Figure 5, the presence of NZVI (Fe0) was 
confirmed by XRD at 44.5°, plan (110), which 
was similar to the peak of the commercial 
NZVI. Due to high amount of iron in the 
commercial NZVI, the peak shifts to the left. 
Noise occurred in K-NZVI because of the 
presence of other compounds such as kaolinite 
and impurities [33]. However, iron oxides were 
also found from the XRD pattern of K-NZVI. 
Using the XRD software (Topas) crystalline 
sizes for synthesized K-NZVI and commercial 
NZVI were calculated at 51.3 nm and 88.3 nm, 
respectively. With an optimal kaolin : NZVI 
ratio of 0.75, kaolin as the modifier could 
reduce the crystalline size of NZVI, resulting in 
99% efficiency in reducing RR120 after 40 

minutes, compared with only 17.2% for 
commercial NZVI’s. 

 
Figure 5 XRD patterns of K-NZVI and 

commercial NZVI, M=magnetite (Fe3O4) 
and/or maghemite (Fe2O3). K-NZVI 

synthesized conditions: 100% of ethanol 
content, 0.75 kaolin to NZVI weight ratio, 

and 7 mL/min of NaBH4 dropping rate. 
 

According to Figures 6 (a)-(d) and Table 3, 
the SEM image revealed that Fe was uniformly 
distributed across the surface, while the par-
ticles found in synthesized K-NZVI were 
mainly iron (Fe) and oxygen (O), corres-
ponding to the XRD result. The iron oxides 
found in K-NZVI probably resulted from the 
drying process for the characterization study, 
when water molecules might lead to oxidation 
of iron [34]. Si and Al were barely found since 
the NZVI particles were adsorbed on the kaolin 
surface as revealed in the elemental mapping 
leading to reduce the Si and Al in EDX which 
mostly detected at the material’s surface. 
Figure 6 (e) shows that the pHpzc for the kaolin, 
lab-synthesized NZVI, and K-NZVI were 
around 9.5, 7.8, and 8.5, respectively. This 
implied that kaolin had an effect on the surface 
charge of K-NZVI, and also slightly increased 
its pHpzc. RR120, an anionic reactive dye [35], 
is preferentially attracted to K-NZVI with a 
positive charge at pH<8.5, thus explaining the 
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higher efficiency of RR120 reduction. In this 
study, the RR120 initial pH 5.6-6.0 was found 
to provide optimal conditions for applying K-
NZVI. After a 40 minute reaction time, the 
final solution pH increased to 8.0-10.0 due to 
the OH− released from K-NZVI [36-37]; the K-
NZVI removal efficiency would thereafter 
gradually be reduced. Additionally, surface 

area measured by BET method provided the 
results as follows:  kaolin=12.03 m2/g, NZVI= 
9.98 m2/g, and K-NZVI=8.45 m2/g. The sur-
face area of synthesized K-NZVI was the 
smallest as compared to NZVI and kaolin. This 
illustrates that replacement of NZVI results in a 
decrease in the surface area of the kaolin. 

 

  

  

 
 

Figure 6 K-NZVI characterization: (a) SEM image, (b) elemental mapping of Fe,  
(c) elemental mapping of O, (d) SEM/EDX spectrum, and (e) pHpzc plots. 

K-NZVI synthesized conditions: 100% of ethanol content, 0.75 kaolin to NZVI  
weight ratio, and 7 mL/min of NaBH4 dropping rate. 
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Table 3 Element and atomic percentage ratio 
of K-NZVI analyzed by SEM/EDX. K-NZVI 
synthesized conditions: 100% of ethanol con-
tent, 0.75 kaolin to NZVI weight ratio, and  
7 mL/min of NaBH4 dropping rate 

Element Element % Atomic % 
O 25.95 54.69 
Al 0.24 0.30 
Si 0.42 0.50 
S 0.44 0.46 
Fe 72.95 44.04 

Total 100.00 100.00 
 
Conclusion 

K-NZVI was optimally synthesized in this 
study using kaolin as a supporter and ethanol as 
a medium. BBD was applied as a design tool 
for determining optimal synthesis conditions of 
K-NZVI. In addition, RR120 was used as an 
organic pollutant probe to determine the re-
ducing power of K-NZVI. Optimal synthesized 
conditions was found at 100 v% of ethanol 
content, 0.75 kaolin to NZVI ratio, and 7 
mL/min of drip rate of NaBH4. This indicated 
that the reducing power of K-NZVI increased 
under the synthesis conditions of high ethanol 
content and low drip rate of NaBH4. In 
addition, the presence of kaolin enabled NZVI 
to improve its efficiency. 
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