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ABSTRACT

In this paper, the gelatin-modified nano-iron was prepared by the liquid-reduction process. Scanning
electron microscopy (SEM), infrared spectrumas well as sedimentation rate were used to characterize
the prepared samples. The effect of the gelatin-modified nano-iron on removing methyl orange (MO)
was investigated. The results show that the dispersion and stability of the gelatin-modified nano-iron
are significantly improved; the combining mechanism between the gelatin and the nano-iron is de-
duced to be the coordination between the iron and the amino nitrogen of the gelatin; the removal
rate of MO by the gelatin-modified nano-iron is higher than that by the non-modified one; the initial
concentration of MO, the initial pH value and the content of dissolved oxygen have negative effects
on the removal rate, but the amount of the modified nano-iron and temperature have positive effects;
NO; and CO?~ inhibit the removal of MO, and the concentration of SO}~ determines its effect on the

removal is positive or negative.
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1. Introduction

Removing pollutants by zero-valent iron has received
widespread attention nowadays. Compared with the normal
iron particles, nano-iron has a smaller size and a larger spe-
cific surface area. Thus, the zero-valent nano-iron technology
can obviously improve the reaction activity of zero-valent iron
and has been successfully used to remove the pollutants like
organochlorine compounds, bromate, nitro compounds, poly-
cyclic aromatic hydrocarbons, heavy metals, dyes, etc [1-3].
But due to the magnetic force and van der waals force among
the particles, the nano-iron is very easy to agglomerate, and
this leads to a decrease of the reaction activity and stability
of the nano-iron. Hence, modifying the nano-iron to improve
its reaction activity and stability is of great significance in the
application of the technology to environmental remediation.

* Corresponding author.

One of the important methods to modify nano-iron is
coating. By this method, the nano-iron particles combines
with coating agents, such as surfactants or macromolecular
compounds, via covalent bond or other forces and the sur-
face characteristics are improved. Coating can not only slow
the oxidation of the nano-iron but also inhibit the agglom-
eration through electrostatic repulsion or steric hindrance.
Besides, coating can avoid some adverse effects caused by
the exposure of nano-iron to the environment. The common
coating agents of nano-iron are starch [4-7], chitosan [6,7],
carboxymethyl cellulose [8], biological glue [9], polyphenols
[10], etc.

Asakind of natural polymer, gelatin has many advantages
such as inexpensiveness, biocompatibility and degradability,
nontoxicity and harmlessness. Therefore, using gelatin as a
coating agent to combine nano particles, which is also called
an easy and “green (environmentally-friendly)” method, has
received increasing attentions. Gelatin has a good dispersion
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effect and has been used on the modification of several kinds
of nano particles (such as Ag [11], Au [12, 13], Fe,O, [14],
etc.), but there were no reports on preparing nano-iron parti-
cles by using gelatin as a coating agent. Hence, in this paper,
we used gelatin as the coating agent to modify the nano-iron,
and investigated the removal effect of the gelatin-modified
nano-iron on methyl orange (MO) as well as the influencing
factors.

2. Materials and methods
2.1. Preparation of the gelatin-modified nano-iron

All reagents used in the experiment were analytical
grade and without further purification. A stock solution of
gelatin (2 g/L) was prepared by dissolving 0.1 g of gelatin in
50 mL of water and then heating it to 40°C. In a typical syn-
thesis, 0.4964 g of FeSO,7H,O was dissolved in 100 mL of
ethanol-water (1:1) mixed solvent in a 500 mL three-necked
round-bottomed flask, and then the solution was bubbled
with nitrogen for 30 min under vigorous stirring at 40°C to
remove the dissolved oxygen. 50 mL of the gelatin stock solu-
tion was added into the solution in the flask. After the solu-
tion was stirred for 30 min, a total of 50 mL of KBH, solution
(4.732 g/L) was added into the solution dropwise. Then, the
solution in the flask turned from colorless to grey-green and
finally to black. The resulting mixture was further stirred for
20 min. The whole process above was carried out in the nitro-
gen atmosphere, and lots of hydrogen was produced (Eq. (1)).

Fe(H,0):" +2BH, — Fe { +2B(OH), +7H, ¢))

The non-modified nano-iron was synthesized by the
same reaction conditions but substituting 50 mL distilled
water for the gelatin solution (Fig. 1).

2.2. Sample-characterizing

A scanning electron microscope (SEM, 4800FRigaku
Corporation, Japan) was used to observe the surface mor-
phology of the nano-iron and the gelatin-modified nano-iron.
The infrared spectrum (IR) determined by a infrared spec-
trometer (Nicolet Impact 410 infrared spectrometer, Nicolet
Company, USA) was used to characterize the interaction
between the nano-iron and the gelatin. And the stability of
the nano-iron and the gelatin-modified nano-iron was com-
pared by the sedimentation rate.

OH
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Fig. 1. The structure of gelatin.

2.3. Removal of MO by the gelatin-modified nano-iron

MO stock solution (500 mg/L) was prepared by dissolv-
ing 0.125 g of MO into 250 mL of distilled water and kept in
dark place at 4°C. A certain volume of the MO stock solution
and freshly prepared nano-iron solution were added into a
50 mL conical flask with a cover, and then the mixed solution
was diluted to 50 mL with the distilled water. After shook
for about 10 min in a constant temperature oscillator (20°C,
100 rpm), the mixed solution was centrifuged for 3 min at
10,000 rpm. The concentration of MO in the supernatant
was analyzed at 464 nm using a visible spectrophotome-
ter (WF] 7,200 visible spectrophotometer, Unico, Shanghai,
Instrument Co., LTD).

3. Results and discussions
3.1. Characterizations of the samples
3.1.1. SEM analysis

SEM was used to characterize the morphology of the
nano-iron. An observable agglomeration occurs for the non-
modified nano-iron particles (Fig. 2(a)) because they are linked
together and grown into a block or chain structure by the van
der waals force and the magnetic force. The gelatin-modified
nano-iron particles, however, show a ball-like morphology,
and the agglomeration is not so serious (Fig. 2(b)). That is

Fig. 2. SEMs of non-modified nano-iron (a) and the gelatin-
modified nano-iron (b).



Y. Zhong et al. / Desalination and Water Treatment 62 (2017) 235-240

because the gelatin can lead to electrostatic repulsion and
steric hindrance which can inhibit the agglomeration.

3.1.2. Infrared spectrum analysis

To identify the interactions between the iron and the
gelatin, the IR of the gelatin and the nano-iron before and
after the modification are compared in Fig. 3. For the gela-
tin, the bands between 3000-3600 cm™ are attributed to the
stretching vibrations of N-H, the band at 1650 cm™ is dom-
inated by the stretching vibrations of C=0, and the band at
1535 cm™ is related to the combination of in-plane bend-
ing vibrations of N-H and stretching vibrations of C=N
[15]. For the non-modified nano-iron, the broad peak near
3176 cm™ may be assigned to the stretching vibrations of
hydrogen bonds of H,0 adsorbed on the surface, and the
peak at 1340 cm™ is attributed to the stretching vibrations
of the B-O bond which is caused by boron(B) introduced
from the preparation. The absorption at 1020 cm™ is the
characteristic peak of Fe, O,, it shows that the nano-iron was
partly oxidized. For the modified nano-iron, there appears
characteristic peaks of the gelatin. But the absorption peaks
become much more narrow and sharper, and the charac-
teristic peaks of the gelatin (1650 cm™, 1535 cm™) have red
shifts (1652 cm™, 1542 cm™). All these show the formation of
the new chemical bonds between the iron and the chelating
groups of gelatin [15].

3.1.3. Stability analysis

Nano-iron particles haves mall size and large specific
surface area, and very easily agglomerate and precipitate via
gravity. This property prevents them from contacting with
pollutants and results in an unsatisfactory effect on the pollu-
tion remediation. To investigate the stability of the modified
nano-iron, a sedimentation experiment was carried out. That
is, the freshly prepared non-modified and gelatin-modified
nano-iron samples were put into two different glass bottles
and stood for some time, the results are shown in Fig. 4. The
non-modified nano-iron sample had a bad stability, most of
them precipitated down to the bottom after 5 min (Fig. 4(a)),
while the gelatin-modified one (Fig. 4(b)) just started to pre-
cipitate after 4 d. It shows that the gelatin-modified nano-iron
particles has a better stability which is attributed to the elec-
trostatic repulsion and steric hindrance of gelatin.

3.2. Effects between the gelatin-modified nano-iron and
the non-modified nano-iron on removing MO

MO, a typical pollutant, was selected as the target pol-
lutant to investigate the effect of the gelatin-modified nano-
iron on removing pollutant. The comparison of effects on
MO removal by the gelatin-modified nano-iron and the
non-modified one are shown in Fig. 5. The removal rate of
MO by the gelatin-modified nano-iron was higher than that
by the non-modified one, no matter what the concentration
of MO was. This is because the electrostatic repulsion and
steric hindrance caused by the gelatin on the nano-iron
surface inhibit the agglomeration of the nano-iron parti-
cles, increase the specific surface area, improve the reac-
tion activity, and finally lead to the improvement of MO
removal rate.
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Fig. 3. The IR spectra of gelatin, nano-iron and modified
nano-iron.

(a

Fig. 4. Comparison of the stability between the non-modified
nano-iron (a) and the gelatin-modified nano-iron (b).
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Fig. 5. Comparison of removal effects between the gelatin-
modified nano-iron (white) and the non-modified one (shadow)
(Cnano-iron =0.05 g/, pH =6.25).

3.3. Influencing factors of removing MO by the gelatin-modified
nano-iron

3.3.1. The initial concentration of MO and the amount of
the gelatin-modified nano-iron

The influence of the initial concentration of MO on the
removal rate also can be seen in Fig. 5. The removal rate of
MO decreases as the initial concentration of MO increases.
When the concentration of MO increases from 30 mg/L
to 100 mg/L, the removal rate decreases from 68.9% to
37.91%. Hence, the initial concentration of MO has a
much more important effect on the removal rate when the
amount of nano-iron is settled. The reason may be that the
active sites on the nano-iron surface are excessive when
the initial concentration of MO is lower, MO molecules
can quickly adsorb on the active sites and react further,
thus, the removal rate increases. As the concentration of
MO increases, the competition of MO molecules intensi-
fies for the active sites which number is settled, therefore,
the MO molecules are uneasy to reach the active sites and
the removal rate decreases. Similarly, when the amount
of the nano-iron increases, the number of the active sites
rises, the amount of MO molecules adsorbed and reacted
increases, and thus the removal rate is promoted (Fig. 6).

3.3.2. Initial pH value

The influence of the initial pH value on the removal
rate can be seen in Fig. 7. When the initial pH value
increases from 4 to 10.45, the removal rate decreases
from 53.74% to 27.71%. In other words, the removal rate
decreases as the initial pH value increases. The follow-
ing reasons may explain this result. First, the decomposi-
tion of MO consumes hydrogen ion [16], thus, the acidic
condition provides more hydrogen ion and promotes the
decomposition; Second, the acidic condition inhibits the
formation of the surface passivation layer and promotes
the dissolution of the iron oxide and hydroxide formed
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Fig. 6. Influence of the amount of the gelatin-modified nano-iron
on the removal rate (C,,, =50 mg/L, pH =6.25).
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Fig. 7. The influence of the initial pH value on the removal rate
(Cnano-iron = 0.05 g/L, CMO =50 mg/L).

on the surface of the nano-iron; therefore, more active
sites are provided for the MO molecules and the removal
rate was increased [7, 17].

3.3.3. Temperature

The temperature has an evident impact on the removal
rate (Fig. 8). The rate increases as the temperature rises.
When the temperature rises from 10 ‘C to 40 ‘C, the removal
rate increases from 32.48% to 89.53%. The reason may be that
the diffusion or migration of MO to the surface of the nano-
iron is promoted at the higher temperature, and thus, the rate
of the removal reaction is enhanced [18].

3.3.4. Dissolved oxygen

There are different amounts of dissolved oxygen in var-
ious waters. For example, the content of dissolved oxygen
in the surface water is more than that in the groundwater.
Hence, it is of importance to understand the influence of dis-
solved oxygen content on removal rate in view of the practi-
cal use of the nano-iron.
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Fig. 8. Influence of the temperature on the removal rate

(Cnano-iron = 0.05 g/L, CMO =50 mg/L).
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Fig. 9. Influence of the dissolved oxygen on gelatin-modified
nano-iron removing MO (Cnano-iron = 0.05 g/L, Cuo =50 mg/L,
pH=16.25).

The influence of the dissolved oxygen on the removal
rate can be seen in Fig. 9. One of MO solutions was deoxy-
genated by nitrogen blowing method (100 mL/min, 15 min).
As shown in Fig. 9, the nano-iron has an obviously better
removal effect under the deoxygenation condition. This
is because there is a competition between the oxygen (as a
strong oxidant) and MO molecules on the surface of nano-
iron particles, meanwhile, the oxygen can oxidize the nano-
iron. Both of the two processes make fewer active sites of the
nano-iron provided for the MO molecules and lead to the
lower removal rate. Thus, the nano-iron method here will
have a better effect if it is applied to anaerobic water such as
the groundwater.

3.3.5. Co-existing ions

There exist varieties of ions in the natural water. Some
of the ions have a serious influence on the activity of the
nano-iron [19]. Here, the effect of NO;, CO>-and SO; -, which
are common in the natural water, was investigated on the
removal of MO by the gelatin-modified nano-iron. As shown
in Fig. 10(a) and (b), NO; and CO} both have an inhib-
itory effect on the removal of MO, and the effect increases
with their concentration increasing. For NOj, due to its
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Fig. 10. The influence of coexisting ions (Cnano-iron = 0.05 g/L,
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oxidability, it can compete with MO for the electrons that the
nano-iron provides, and therefore this competition results in
the decrease of the removal rate of MO. The inhibitory effect
on MO removal caused by CO? results from the reaction
between COZ~ and iron ion (Egs. (2) and (3)) [7]:

Fe’* +COZ — FeCO, ¥ )

2Fe** +20H" + CO? — Fe,(OH),CO, 1 ®3)

If FeCO, and Fe,(OH),CO,, insoluble salts, are formed,
they would deposit on the surface of the nano-iron, restrain
the outward migration of electrons on the nano-iron surface,
then, decrease the removal rate of MO. Besides, COZ" can
result in the increase of pH value of the system, and this also
makes against the MO removal. The effect of SO}~ is differ-
ent from that of NO; and COZ" (Fig. 10(c)). When the con-
centration of SO}~ increases from 0.1 mmol/L to 1 mmol/L,
the removal rate of MO increases evidently. That is because
SO has a corrosive effect on the passivation layer on the
nano-iron surface. The mechanism is named “pitting attack”
which means that part of the nano-iron surface is corroded
by SO;  and point-apertures are formed. These point-
apertures are small usually, but SO? can concentrate at the
bottom of them, make them deeper and deeper, and finally
the passivation layer is penetrated and then abscised, the
active sites are revealed. Therefore, the activity of the nano-
iron is improved [20]. While increasing the concentration of
SO;" to 10 mmol/L, the promoting effect is inhibited. This is
mainly because the concentration of SO?" is so high that it
reacts with iron ion (Eq. (4)):

4Fe’ +2Fe’ +SO7 +12H,0 — Fe (OH),,SO, { +12H"  (4)

Like FeCO, and Fe,(OH),CO,, Fe (OH), SO, formed as
Eq. (4) can precipitate on the nano-iron surface, restrain MO
to contact the active sites on the nano-iron surface and lead to
the decline of the removal rate of MO.

4. Conclusions

(a) The gelatin-modified nano-iron was prepared by the
liquid-reduction process. It has better dispersion and stabil-
ity than that of the non-modified one. The combining mech-
anism between the gelatin and the nano-iron was deduced to
be the coordination between the iron and the amino nitrogen
of the gelatin molecule.

(b) The removal rate of MO by the gelatin-modified nano-
iron decreases with the increasing of the initial concentration
of MO, the initial pH value and the content of dissolved oxy-
gen, but increases with the increasing of the amount of the
modified nano-iron and temperature. NO,” and CO,* both
have an inhibitory effect on MO removal. SO,> can have
inhibitory or promotive effect, and which effect plays the
leading role depends on the concentration of SO *.
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