
Vol:.(1234567890)

Journal of Polymers and the Environment (2019) 27:210–223
https://doi.org/10.1007/s10924-018-1331-3

1 3

ORIGINAL PAPER

Arabic Gum as Bio-Synthesizer for Ag–Au Bimetallic Nanocomposite 
Using Seed-Mediated Growth Technique and Its Biological Efficacy

Hossam E. Emam1

Published online: 17 November 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Bio-synthesis of nanostructures is an ever green approach; therefore, the current work attempts to use Arabic gum as bio-
synthesizer for manufacturing Ag–Au bimetallic nanocomposite, using seed-mediated growth technique. The relevance 
of the as-used natural gums for manufacturing of Ag–Au nanocomposite in quite simple, energy saving and cost effective 
methodology, has been successfully approved. Arabic gum acted concurrently as a reducer for metal ions to nano-sized 
structures and crystal growth modifier of the so-generated nanocomposite. Monitoring of interchanging in size distribution 
of the as-produced bimetallic nanocomposite by the effect of the gum concentration, concentration of nanometals precursors, 
their addition sequencing in reaction liquor, and reaction temperature, was illustrated and well characterized. UV–Visible 
spectra showed that the characteristic surface plasmon resonance peak for Ag–Au bimetallic nanocomposite was observed 
at 480–495 nm and XRD patterns confirmed the preparation of bimetallic nanostructures. According to zetasizer analyses 
and TEM micrographs, small sized (3.1 nm) Ag–Au bimetallic nanocomposite with narrow size distribution (1–7 nm) were 
obtained. The all prepared bimetallic nanocomposite showed good stability with polydispersity index ranged in 0.203–0.530. 
The mechanism of nanostructures’ generation was suggested and approved using FT-IR, 1HNMR and 13CNMR spectra. 
The prepared Ag–Au bimetallic nanocomposites showed excellent antibacterial activity against both of gram + ve and gram 
− ve strains.
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Introduction

In the past decade, the green chemistry was mainly aimed 
to avoid the needing for hazardous components in design-
ing, developing, and implementing of chemical processes 
and products [50, 51]. Therefore, recent researches were 
reported for obeying the green chemistry concepts in synthe-
sis numerous of nanomaterials using environment-friendly 
materials instead of toxic chemicals [2, 3, 20, 21, 23, 28, 30, 
61–63]. Additionally, the use of plant extracts for synthesis 
of nanomaterials is described to be competitive with any 
of the other conventional methods. However, nanostruc-
tures synthesized by exploiting the different plant extracts 

were found to be characterized by appealing properties, but 
unfortunately, their applications are usually hindered by poor 
colloidal stability upon storage for a long time. This disad-
vantage can be overcome by dispersing such nanostructures 
in biopolymer solution of natural gums [66].

Arabic gum is one of the natural, highly branched, neu-
tral or slightly acidic arabinogalactan polysaccharides, with 
a high molecular weight, and is mainly obtained from the 
stems and branches of Arabic Senegal tree. Arabic mac-
romolecule basically consists of three main fractions: the 
major fraction is a highly branched polymer of a β-(1–3)-
galactose backbone with inter-branch of arabinose and rham-
nose, to be terminated with glucuronic acid. The second one 
(nearly equal to 10 wt% of the total) is mainly composed of 
arabinogalactan–protein complex [GAGP (Gum Arabic-Gly-
coprotein)], in which arabinogalactan chains are covalently 
linked to a protein chain through serine and hydroxyproline 
groups [38, 40].

Also, the functional group (–OH) present in arabinose 
and rhamnose, and –COOH of glucuronic acids play a 
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crucial role in the functionality of such type of gum, as it’s 
the main generator of nanostructures, and subsequently, 
the proteinaceous core with amino acids acts in stabilizing 
the as-produced nanostructures [66]. Therefore, it has been 
widely applied as a generator for various metal nanomateri-
als, such as carbon nanotubes [5], nanogold [34], nanosilver 
[39, 60], nanopalladium [15, 56], nanoplatinum [55], oxide 
nanoparticles [65]. Additionally, it showed a super capability 
in the production of quantum dot nano colloids [48], and as 
a crystal growth modifier for metal carbonates [57]. Differ-
ent gums as biopolymers have been applied in synthesis of 
only monometallic nanostructures, such like, Acacia gum 
[15, 23, 34, 39], xanthan gum [28] and guar gum [1]. How-
ever, according to our knowledge, there is no reports were 
published for studying the employment of Arabic gum in 
synthesis of bimetallic nanostructures.

Synthesis of bimetallic nanostructures is considered in 
order to exploit unique properties for each of the nanometals 
for different purposes [37, 45]. Manufacturing of bimetal-
lic Au–AgNPs was especially studied in some of the recent 
reports due to its surface plasmon resonance (SPR) band 
which is mainly observed in between 410 and 520 nm [8, 
12]. Ag–Au nanostructures are advantageous by combin-
ing the physical and chemical reactivity of both nanometals. 
Additionally, size-controlled/bimetallic nanostructures were 
investigated to be capable of acting as auto-fluorescent [53, 
67] and biosensors rather than individual nanometals [32]. 
Hence, synthesis of small-sized Ag–Au bimetallic nano-
structures of a great challenge due to their precise composi-
tion and high surface activity.

The most recent researches considered with synthe-
sis of bimetallic Ag–Au nanostructures represented vari-
ous methodologies including; wet chemical synthesis by 
co-reduction of Au and Ag salts with citrate [46], NaBH4 
[49] or starch and glucose [52], reduction with hydrazine 
in water–oil emulsions [10], sol–gel processes [14] or UV 
irradiation [29]. However, most such reported procedures 
could be ascribed as complex, expensive and required the 
employment of different strong ligands as stabilizers for 
nanostructures [64]. One of the as-mentioned methods is the 
co-reduction process, which is expressed as the most favora-
ble method compared to the others, for the manufacturing 
of Au–Ag nanostructures. Such a method is basically relied 
on using reducers and capping agents [45]. Moreover, it has 
been reported that; in such method, controlling of the experi-
mental conditions such as concentration, variation in time, 
pH, pressure, and temperature could result in the manufac-
turing of nanostructures, variable in morphological growth, 
size, chemical reactivity and biological properties [9, 16, 35, 
47]. Unlike the simultaneous or co-reduction method, seed-
mediated growth technique successfully produces bimetal-
lic nanostructures in predetermined core–shell or alloyed 
particles [58]. Seed-mediated growth for synthesizing of 

bimetallic nanostructures relies upon reduction one of the 
metal component over the other pre-nucleated metal com-
ponent, referred to as the seed.

The current study aims to represent quite simple, energy 
saving, timeless, solventless and cost-effective strategy for 
the manufacturing of Ag–Au bimetallic nanocomposite by 
employing Arabic gum. The as-used gum was employed as 
bio-synthesizer and crystal growth modifier of the required 
bimetallic nanocomposite via seed-mediated growth tech-
nique. The superior role of the as-mentioned gum in manu-
facturing Ag–Au bimetallic nanocomposite was confirmed 
through the instrumental analyses of the so-manufactured 
nanocomposite using the UV–Visible spectrophotometer, 
TEM, Zetasizer, XRD, FTIR, and NMR mapping data. Size 
distribution of the so-produced nanocomposite was esti-
mated from TEM micrographs and Zetasizer data. XRD, 
FTIR and NMR data were represented for confirming the 
redox reaction between gum macromolecules and metals 
precursors for manufacturing the as-mentioned nanostruc-
tures. Based on the data obtained, the preparation mecha-
nism of Ag–Au bimetallic nanocomposite was suggested 
and presented.

Experimental

Materials and Chemicals

Silver nitrate (AgNO3, 99.5%, from Panreac, Barcelona—
Spain), Gold chloride (AuCl3, 99%, from, Bombay—India), 
Sodium hydroxide (99%, from Merck, Darmstadt—Ger-
many), and Arabic gum (El-Nasser Company for Pharma-
ceuticals and Chemicals, Egypt) were all used without any 
further purification.

Procedure

Definite weights of Arabic gum (1 and 2 g) were dissolved in 
one liter of distilled water. To 50 mL of gum solution, 0.5 mL 
of metal salts solution (0.1 M) was added drop-wisely under 
magnetic stirring. Sodium hydroxide (100 mmol/L) as strong 
alkali was separately added to the reaction liquor. The addi-
tion sequencing of alkali and metal salts were interchanged 
in order to investigate its effect on the nanocluster growth 
(keeping in mind that the total volume of the reactants liquor 
is 50 mL). The reaction was kept under continuous stirring 
for 30 min at room temperature (RT) or at 70 °C. Table 1 
includes the preparation conditions of Ag–Au bimetallic 
nanostructure and the addition sequencing of materials. The 
progression of the reaction was monitored by UV–Visible 
absorption; aliquots from the reaction bulk were withdrawn 
at given time intervals and have been evaluated.
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After preparation of bimetallic nanocomposite as a colloi-
dal solution, Ag–Au bimetallic nanocomposite in the powder 
form was obtained by transferee the colloidal solutions to 
a petri dish, followed by drying at 100°Cover night. The 
obtained powder was used in the analyses of X-ray diffrac-
tion, Fourier transformation infrared and nuclear magnetic 
resonance.

Analysis and Characterization

UV–Visible Spectra

Ag–Au bimetallic nanomaterials colloidal solutions were 
manifested by an intense absorption peak due to the surface 
plasmon resonance (SPR). Thus the UV–visible absorption 
spectra were used for giving information of successive gen-
eration of nanostructures in dispersed form. The UV–Visible 
absorption spectra of nano-structural colloids were meas-
ured in the wavelength range of 250–750 nm using a multi-
channel spectrophotometer (T80 UV/VIS, d = 10 mm, PG 
Instruments Ltd, Japan).

Transmission Electron Microscopic (TEM)

Topographical features and size distribution of the so-syn-
thesized Ag–Au bimetallic nanocomposite were monitored 
by anticipating of a JEOL-JEM-1200 (High-Resolution 
Transmission Electron Microscope from Japan). The col-
loidal solutions were carefully dropped on a 400 copper grid 
coated by carbon film and then evaporated in air at room 
temperature before conducted in the microscope. The diam-
eter and distribution size of the prepared bimetallic nano-
composite were calculated by 4 pi analysis software using 
TEM photos. The average diameter of the nano-objects was 
determined at least from 50 particles.

Zetasizer

The average size, size distribution and polydispersity index 
of the synthesized Ag–Au bimetallic nanocomposite were 
all measured by using Zetasizer (Malvern Zetasizer Nano 
ZS, from Malvern Instruments Ltd—UK). The instrument 
was attached with a He-Ne laser lamp (0.4 mW) at the 
wavelength of 633 nm. Measurements were performed at 
25 °C in an insulated chamber using dynamic light scatter-
ing technique.

X‑ray Diffraction (XRD)

Both of the pristine gum and bimetallic nanocomposite were 
analyzed by powder X-ray diffraction using X’Pert MPD dif-
fractometer system from Philips, at room temperature. Dif-
fraction patterns were detected in the diffraction angle (2θ) 
range of 3.5–50° using monochromatized (CuKα X-radiation 
at 40 kV, 50 mA, and λ = 1.5406 Å) with a step size of 0.03° 
and scanning rate of 1 s.

Fourier Transformation Infrared (FTIR)

Infrared spectra were examined for pristine gum and bime-
tallic nanocomposite using infrared Spectrometer (Jasco FT/
IR 6100) conducted to the detector of deuterated triglycine 
sulfate (TGS). The spectra were collected in the range of 
4000–400 cm−1 using transmission mode (T%), resolution 
of 4 cm−1 with 1 cm−1 interval scanning and scanning speed 
of 2 mm/s.

Nuclear Magnetic Resonance Spectroscopy (NMR)

The spectra of NMR (1H NMR&13C NMR) for the bime-
tallic nanocomposite were recorded on Bruker Avance 300 
spectrometer (300 MHz for 1H NMR and 75 MHz for 13C 
NMR). Solutions were prepared by adding 7 mg of powder 
samples in 500 µLof d6-DMSO.

Biological Activity

Biological efficiency of the produced Ag–Au bimetallic 
nanocomposite were quantitatively examined versus selected 
gram positive and gram negative bacterial strains, by using 
the ASTM standard test method according to the dynamic 
flask test method the [4]. In this experiment, two different 
bacterial strains (Escherichia coli ATCC-25922 as gram 
− ve bacteria and Staphylococcus aureus ATCC 47077 as 
gram + ve bacteria) were used. In brief, microbial suspen-
sions of 2.4–3.0 × 108 CFU/mL from the selected bacterial 
strains were prepared in buffered KH2PO4 solution with pH 
7.2. An exact volume (0.5 mL) was added in microbial solu-
tion (20 mL) at 25 °C, and then was vigorously shaken. A 

Table 1   Experimental conditions

Reaction time: 30 min
Concentrations: Ag+ = 100  mg/L, Au+ 3 = 100  mg/L, 
NaOH = 100 mmol/L
RT Room temperature

Sample Arabic gum 
(g/L)

Temperature 
(°C)

Addition sequences

S1 1.0 RT Ag+ added firstly
S2 1.0 70 Ag+ added firstly
S3 1.0 70 NaOH added lastly
S4 1.0 RT Au+ 3 added firstly
S5 1.0 70 Au+ 3 added firstly
S6 2.0 RT Ag+ added firstly
S7 2.0 70 Ag+ added firstly
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1 mL from the microbial suspension was taken, dropped to 
nutrient agar and then incubated at 37 and 30 °C, respec-
tively. After incubation for different time (2, 4, 24 h), colo-
nies of bacteria were counted and the biological activities of 
composites were estimated by using Eq. 1.

where R% is the reduction in survived microbial colonies, 
A is the number of microbial colonies alive on the agar plate, 
and B is the number of microbial colonies on the agar plate 
from control experiments.

Results and Discussion

For bimetallic nanostructure, silver and gold were in-grown 
simultaneously, and a complete bimetallic nanostructure is 
supposed to be synthesized as gold and silver are in the same 
group of the periodic table. Moreover, they have the same 
structures and similar atomic radius which might be resulted 
in full miscibility within well-dispersed alloyed nanostruc-
tures. Therefore, the natural biopolymer of Arabic gum 
was herein employed as bio-synthesizer in synthesizing of 
Ag–Au bimetallic nanocomposite via using seed-mediated 
growth technique. Sodium hydroxide as strong alkali was 
used in order to increase the reducibility of gum macromol-
ecules and regulating the nucleation and crystal growth of 
the as-produced bimetallic nanostructures.

(1)R% =
B − A

B
× 100

UV–Visible Spectroscopic Analyses

The detection of UV–Visible spectra could give an infor-
mation about the successive growth of bimetallic nano-
structures. Mixing for the solutions of the two prepared 
nanostructure is detected in the UV–Visible spectrum as 
two separated SPR bands. However, when the two nanopar-
ticulate metals interact to produce bimetallic nanostructure, 
the as-mentioned bands have not existed and a single char-
acteristic band is observably detected [29].

The preliminary detection of Ag–Au nanocomposite was 
carried out by visual observation of the color changes for 
the reaction liquors. These changes were correlated to the 
excitation of surface plasmon resonance (SPR) for the bime-
tallic nano objects [29]. Typically, UV–Visible absorption 
is used to investigate SPR for Au and Ag nano colloids. 
For employing of Arabic gum in the manufacturing process, 
the influences of gum concentration, metal salts concentra-
tions, additional sequencing of metal salts and alkali, reac-
tion duration and temperature on the synthesis of bimetal-
lic nanocomposite were investigated by an illustration of 
absorption spectra for the as-prepared nano-colloidal solu-
tions (Fig. 1). According to pieces of literature; significant 
SPR bands are mainly detected near 520–560 nm for Au 
[2, 3, 12, 20] and at 400–420 nm for Ag [8, 21, 23, 28, 30], 
when such referred nanometals are separately prepared in 
colloidal form. However, the spectral data represented in 
Fig. 1 showed that a single SPR peak is observed in the range 
of 480–495 nm which is characteristic for Ag–Au bimetallic 
nanocomposite [29]. This foundation gives a confirmation 

Fig. 1   Absorbance spectra for 
Ag–Au bimetallic nanocom-
posite prepared by using Arabic 
gum
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about the successive clustering of alloyed Ag–Au bimetal-
lic nanocomposite by using Arabic gum as bio-synthesizer.

Additionally, by referring to the plotted data; the concen-
tration of gum and addition sequencing for both of metal 
salts and alkali, were significantly reflected in shifting and 
broadening of the as-mentioned band. The increment of gum 
concentration from 1 g/L to 2 g/L resulted in considerable 
band broadening. The addition of silver salt firstly reflected 
in red shifting and sharpening of the so-detected SPR band. 
By the addition of sodium hydroxide after salts, a blue 
shift and more broadened SPR peak were observed. While 
sharper and red shifted SPR peak was obtained by raising 
the reaction temperature to 70 °C. These findings could be 
interpreted as follows; (i) increment of Arabic gum concen-
tration resulted raising of the viscosity of the as-prepared 
reaction solution, which might result in steric effects to pro-
duce much enlarged and agglomerated nanostructures; (ii) 
addition of silver salt firstly, results in nucleation of silver 
nanostructure, which is predicted to act as active surface 
area for starting the growth of gold nanocluster, for generat-
ing higher size controlled nanostructures, (iii) more of band 
broadening is observably detected when gold salt is added 
firstly, attributing to the differences in the standard reduc-
tion potentials between Ag and Au metals, which may sign 
for the production of the nanocomposite differently in size 
and shape [29]; (iv) addition of alkali before metal salts is 
supposed to activate the as-used gum polymeric chains to be 
more powerful nano-synthesizer, for generating more sized 
regulated and highly stabilized nano-particulate structures, 
and, (v) raising the reaction temperature to 70 °C is sup-
posed to acts in providing high thermal energy for accelerat-
ing the nucleation of more size-regulated bimetallic nano-
composite [2, 3, 17, 20, 23].

Zetasizer Analysis

Zetasizer recorded data for size distribution and the polydis-
persity index of bimetallic nanostructures, which were syn-
thesized by employing Arabic gum are presented in Fig. 2. 
The figured out analyses were detected for selected samples 
(S2, S3 and S7), in order to clarify the effect of reaction 
conditions on the particle size of the produced nanostruc-
tures. The data revealed that Arabic gum was successfully 
exploited as concurrent bio-synthesizer and cluster growth 
modifier of bimetallic nanostructures. The addition of alkali 
after metal salts resulted in much-enlarged nanocomposite 
to be increased from 3.154 nm (S2) to 4.036, 6.612 and 
12.70 nm (S3). While the increment of Arabic gum concen-
tration reflected in the production of greatly enlarged nano-
composite in two separated peaks with mean sizes of 22.79 
and 62.06 nm (S7). These foundations are in accordance 
with that of UV–Visible spectral data.

The homogeneity in the dispersion of bimetallic nano 
colloid can be estimated by the polydispersity index (PdI). 
The as-prepared Ag–Au bimetallic nanocomposite as the 
colloidal solution may have some of the uniformity when 
their shape and size are regular. Therefore, regardless of 
the reaction conditions of the preparation process, the so-
obtained bimetallic nanocomposite showed good stability, 
as the value of PdI was ranged in 0.203–0.530. The best 
stability of solution recorded primarily by detecting the PdI 
value of 0.3 [2, 3] which is observed for S2.

TEM Micrographs

For further confirmation, the topographical features of the 
synthesized bimetallic nanocomposite were presented by 
TEM micrographs (Fig. 3) for selected samples (S1, S2 
and S3) according to zetasizer data. The represented data 
in Fig. 3 confirmed that all the as-tested samples contained 
well-dispersed Ag–Au bimetallic nanostructures. TEM data 
further affirmed that Arabic gum is an excellent concurrent 
nano-synthesizer and crystal growth modifier for prepara-
tion of size-regulated, stable and spherical shaped bimetal-
lic Ag–Au nanostructures. From Fig. 3b, raising reaction 
temperature reflected in well dispersed and smaller sized 
bimetallic nanocomposite to be diminished from 6.5 nm 
(size distribution; 3–12 nm) for S1 to 3.1 nm (size distri-
bution; 1–7 nm) for sample S2. The identical average size 
of bimetallic nanocomposite (S2) detected by zetasizer and 
TEM micrograph reflects the homogeneity of the prepared 
sample and the accuracy of measurements. However, pro-
duction of heterogeneous-sized bimetallic nanocomposite 
was obtained by addition of alkali lastly (S3) with average 
sizes of 6.6 and 14.9 nm (size distribution; 4–20 nm). All of 
these observations are in accordance with that illustrated for 
UV–Visible spectral and zetasizer data.

XRD Patterns

Arabic gum and Ag–Au bimetallic nanocomposite (S2) were 
characterized by XRD analyses and results are represented 
in Fig. 4. The pristine gum was detected with two intense 
diffraction peaks at 2θ = 7.7° and 18.5° which are signing 
for the amorphous structure of Arabic gum [31]. In case of 
Ag–Au bimetallic nanocomposite, the crystalline structure 
of gum was fully distorted and the as-mentioned diffraction 
peaks disappeared owing to the redox reaction between gum 
macromolecules and metal salts.

Additionally, numerous of intense diffraction peaks were 
observed at 2θ = 26.3°, 27.8°, 30.3°, 31.9°, 33.4°, 34.6°, 
35.4°, 38.1°, 40.1°, 41.7°, 44.6°, 45.7, 46.7°, and 48.5°, 
53.7°, 54.8°, 56.7° for bimetallic nanocomposite. These dif-
fraction peaks are corresponding to Ag and Au nanostruc-
ture. According to diffraction data of international center, 
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Fig. 2   Zetasizer analysis for 
Ag–Au bimetallic nanocom-
posite prepared by using Arabic 
gum a S2, b S3 and d S7
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diffraction patterns at 38.1° and 44.6° are referring to (111) 
and (200) of face-centered crystalline (FCC) structures 
for silver and gold (JCPDS data number 04-0783 card and 
4-0784 card) [2, 18, 20, 33, 36, 41, 68]. These diffraction 
analyses further confirmed the data of absorbance spec-
tra, zetasizer, and micrographs for successful preparation 
of Ag–Au bimetallic nanocomposite by using Arabic gum 
macromolecules.

FTIR

The suggestion of the reaction mechanism for the redox 
reaction between metal ions and gum macromolecular chains 
during the manufacturing of Ag–Au bimetallic nanocompos-
ite could be achieved through, the detection of the change 
in the molecular structure of gum backbone, which in turn 
could be formerly showed in the data of infrared spectra. 
The FTIR spectra of native Arabic gum and Arabic gum 
after its employment as bimetallic nano-synthesizer were 
shown in Fig. 5. From the represented spectra, it could be 
described that a broad absorption band located at 3291 cm−1, 
is a characteristic band of the glycosidic ring and referring 
to the stretching vibration of O–H. The absorption peak 
at 2889 cm−1, is attributed to the C–H stretching vibra-
tion, while, the COO-asymmetric stretching is detected at 
1586 cm−1. The detected peak at 1182–907 cm−1 is a finger-
print of carbohydrates, which assigned to in-plane bending 
of C–H (wagging of CH=CH and wagging of CH2) [13, 
44, 54].

The FTIR spectrum of Ag–Au bimetallic nanocompos-
ite clarified that (i) the observable band at 3291 cm−1 is 
showed to be greatly broadened with smaller intense, (ii) 
the absorption peak at 2889 cm−1 is completely disappeared, 
(iii) the intensities of absorption bands at 1586 cm−1 and at 
1182–907 cm−1 are observably decreased, (iv) additionally, 

two new sharpened bands at 1419 cm−1 and 876 cm−1 are 
detected, referring to C=O stretching of carbonyl groups 
and, stretching mode of carbonate ion (COO-M), respec-
tively [54]. Therefore, the spectral data approved the suc-
cessive exploitation of carboxylate and hydroxyl groups of 
Arabic gum to strongly interact with metal ions and assisted 
in crystal growth of Ag–Au bimetallic nanocomposite [54].

NMR Spectral Analyses

The identification of the chemical structure for a certain 
gum, an extensive number of analytical tests needs to be 
performed; one such referred analyses is NMR spectral 
data. Hence, NMR analyses were also carried out in order 
to approve the interchanging in the chemical formula of 
gum macromolecules by its employment in the produc-
tion of bimetallic nanostructures. Figure 6 shows 1H and 
13CNMR spectra of Acacia gum before and after of produc-
tion of bimetallic nanostructures.

Figure 6a, b represent 1HNMR spectral data for blank 
gum and Ag–Au bimetallic nanocomposite, respectively. 
The crowded signals in the 1HNMR spectrum between 
3 and 8 ppm are typical for polysaccharides and conse-
quently reflect the presence of similar sugar residues, for 
each of blank and the nano-synthesizer gum. Signals that 
detected at 3.3–3.8 ppm are expressed to the presence of 
–O–CH2. Additionally, the non-anomeric protons (H2–H6) 
are assigned between 3.3 and 4.7 ppm. For the bank gum 
sample, the high intense band at 4.4–4.70 ppm is related to 
the presence of H2O. In the anomeric region (4.8–5.19 ppm), 
the detected peaks are significant for pristine acacia gum 
[43]. While for Ag–Au bimetallic nanocomposite, a promi-
nent peak at 8.48 ppm corresponding to ketones and alde-
hydes (flavanones, terpenoid aldehydes) is detected, which 
confirms the redox reaction between silver and gold metal 

Fig. 4   XRD analysis for Arabic gum and Ag–Au bimetallic nano-
composite (S2)

Fig. 5   FTIR spectra for Arabic gum and Ag–Au bimetallic nanocom-
posite (S2)
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Fig. 6   NMR spectra for a, c Arabic gum and b, d Ag–Au bimetallic nanocomposite (S2); a, b H1 NMR and c, d C13NMR
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Fig. 6   (continued)
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ions and the alcoholic groups of the employed gum macro-
molecular chains.

From 13CNMR spectra (Fig. 6c, d), both of Arabic gum 
and Ag–Au bimetallic nanocomposite, the signals due to 
the mono-saccharides non-anomeric carbons C2–C5, and 
anomeric carbons were detected at 60–85 ppm [42] and 
90–110 ppm [11], respectively. The peak at 181 ppm reflects 
the presence of the amide group of protein portion in gum.

For Ag–Au bimetallic nanocomposite spectra, the peak 
arouses around 175 ppm is attributed to uronic acid typi-
cal of the C6 signal. Additionally, a significant peak at 
23.37 ppm is basically belonging to the carbon of methyl-
ene group of rhamnose [11]. While, the peaks at 171, 160 
and 96 ppm were appeared for the unsaturated compounds, 
reducing sugars and carbonyl groups, respectively [54]. 
These foundations give more confirmation about the succes-
sive redox reaction between the metal ions and the reducing 
building units of gum macromolecules.

The Suggested Reaction Mechanism

According to the previously illustrated data, the pris-
tine Arabic gum as a natural biopolymer was succes-
sively employed nano-synthesizer for clustering of well 
dispersed-Ag–Au bimetallic nanostructures. The reaction 

mechanism between metal ions and the as-used gum was 
suggested and designed in Fig. 7. Referring to the designed 
diagram, Gum macromolecules were concurrently 
employed as nanoparticles’ synthesizer and crystal growth 
modifier, where, it could be ascribed as a template for 
bimetallic nanostructures’ clustering. In accordance with 
works of literature [2, 3, 19–23, 25–27, 30]; in alkaline 
media, alcoholic groups were well known to be de-proto-
nated, and the ionic gum macromolecules were assumed 
to be covalently coordinated with to Ag or Au ions for 
further reduction and stabilization. Additionally, raising 
the reaction temperature in alkaline medium resulted in 
enhancement of the reactivity of gum macromolecules and 
consequently the redox reaction with metal ions is sup-
posed to be more accessible. The reducible groups of gum 
building blocks were assumed to reduce Ag+ 1 and Au+ 3 to 
Ag0 and Au0, respectively in nano-sized dimension. While, 
such groups are oxidized to carbonyl (aldehydic and/or 
ketonic groups), and subsequently employed with carbon-
ate groups to assist in coordination and crystal regulation 
of the as-produced bimetallic nanocomposite [21, 22, 24]. 
However, the effect of reaction sequencing could be illus-
trated as follows:

I.	 When Ag salt was first added to reaction liquor followed 
by Au salt:

Fig. 7   Tentative mechanism for preparation of Ag–Au bimetallic nanocomposite by using Arabic gum
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•	 Ag ions are assumed to be formerly reduced by the action 
of reducible gum macromolecules.

•	 When Au salt was then added, the positive potential of the 
redox reaction resulted in a spontaneous exchanging of Ag 
by Au. But, due to the difference in atomic valency, one 
Au atom is supposed to replace three of Ag atoms. This 
assumption could be attributed to the ionization potential 
and electron affinity values of Au atoms which is well known 
to be higher than that of the Ag atoms [59]. Additionally, the 
higher electro-negativity of Au atom compared to that of Ag 
results in effective charge transfer from Ag0 to Au+ 3.

•	 Subsequently, the generated AuNPs were supposed to be 
as a seed for the successive growth of AgNPs. Therefore, 
it could be summarized that the consequent seed- medi-
ated growth of Au and Ag nanostructure by employing of 
gum functional groups in addition to the inter-dispersion 
of Au and Ag, results in the generation and growth Ag–
Au bimetallic nanocomposite.

	 II.	 In case of adding Au salt to reaction liquor firstly 
followed by Ag salt:

•	 In case of adding Au salt to the reaction liquor, gold ions 
were supposed to be reduced to Au0 by the alcoholic 
groups of gum nano-synthesizer.

•	 Subsequent addition of Ag salt to the as-prepared reaction 
liquor suggested to be reflected in co-reduction silver ions 
along with gold ions, and nanosilver generated particles 
are supposed to be successfully grown and clustered on 
the surface of gold seeds. Where Au0 nanosized parti-
cles could be ascribed to play as seeds or active sites for 
immediate growth of Ag0 nano-objects. With raising the 
reaction temperature, bimetallic nanocomposite will grow 
gradually in a more regulated and smaller sized form to be 
well dispersed and stabilized by the as-employed polymer 
macromolecular chains [2, 3, 30].

Antibacterial Action

The biological activity of the so-produced Ag–Au bimetallic 
nanocomposites was studied for three selected samples (S2, 
S3 and S7) considering different particle sizes (3.1, 6.6/14.9 
and 22.1). Two different bacterial strains (E. coli as gram 

− ve and S. aureus as gram + ve) were chosen in this test. 
The biological properties data were tabulated in Table 2. 
Arabic gum wasn’t exhibited any antibacterial properties, 
while, all bimetallic nanocomposites showed antibacte-
rial action against the selected bacterial strains. From the 
tabulated data it could be pointed out that; (i) the reduc-
tion percentage in the number of the survived microbes was 
increased by increment of the incubation time, (ii) the reduc-
tion in grame + ve bacteria was rationally higher than that 
of grame − ve bacteria, (iii) at lower incubation time, small 
size bimetallic nanocomposite showed much higher bacte-
rial reduction compared to the bigger size and the bacterial 
reduction reached 83.2–87% after only 6 h incubation for 
bimetallic nanocomposite with size of 3.1 nm and (iv) the 
difference in bacterial reduction between the tested sam-
ples was insignificant after 24 h incubation time and the 
reduction percentage in bacteria was ranged in 95.3–100. 
It could be summarized that, the antibacterial activities of 
the produced bimetallic nanocomposites are indirectly pro-
portional to the particle size at lower incubation time. How-
ever, longer incubation time, resulted in nearly full reduction 
in the growth of the bacterial cells for all tested samples. 
Compared to the individual nanoparticles (Ag and Au) and 
Ag–Au bimetallic reported in literature [3, 6, 7; MubarakAli 
et al. 2011, 7], the results of antibacterial efficacy for Ag–Au 
bimetallic nanocomposite were better which may be attrib-
uted to the bi-action of the two NPs (Ag and Au) and the 
smaller size of nano composite, respectively.

Conclusion

Herein, the represented study has successfully worked on 
the introduction of an efficient, environmentally friendly 
«green» methodology for the production of Ag–Au bime-
tallic nanocomposite using Arabic gum. Gum macromol-
ecules were approved to be capable of playing the dual role 
of nanostructures’ generator and crystal growth modifier, via 
seed growth method. The preparation of nanocomposite was 
detected by measurements of UV–Vis absorbance spectra 
and confirmed by TEM micrographs, zetasizer analyses, and 
XRD patterns. The obtained results showed that the particle 
size of the as-synthesized Ag–Au bimetallic nanocompos-
ite can be interchanged by the effect of gum concentration, 

Table 2   Biological activities 
of Ag–Au bimetallic 
nanocomposite

Sample Particles size (nm) E. coli (gram − ve) S. aureus (gram + ve)

2 h 6 h 24 h 2 h 6 h 24 h

Arabic gum – 0.0 0.0 0.0 0.0 0.0 0.0
S2 3.1 30.0 83.2 100 39.8 87.0 100
S3 6.6/14.9 21.5 69.6 97.4 28.6 77.8 99.5
S7 22.1 15.4 60.9 95.3 21.2 70.1 96.0



222	 Journal of Polymers and the Environment (2019) 27:210–223

1 3

the reaction temperature and sequencing for the addition of 
materials. Additionally, FT-IR, 1HNMR, 13CNMR spec-
tra and XRD data were all represented for interpreting the 
reaction mechanism of the redox reaction, supposed to take 
a place between metal ions and gum building units. Accord-
ing to the detected data, the metal ions were supposed to be 
reduced to metallic form through employing the reducible 
groups of the as-employed gum macromolecules, which 
in turn were oxidized to carbonyl groups (aldehydic and/
or ketonic). Regardless to their size, the prepared Ag–Au 
bimetallic nanocomposites showed excellent antibacterial 
activity against both of gram + ve and gram − ve strains and 
95.3–100% of bacterial strains were diminished after incuba-
tion for 24 h. Eventually, this study presents an eco-friend, 
simple, energy saving and cost-effective strategy for produc-
tion of Ag–Au bimetallic nanocomposite. Moreover, such 
technique can be widely-scaled applicable for production of 
other bimetallic nanostructures, which is predicted to be of 
high important for extensive applications.
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