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A B S T R A C T

The biogeochemical transformation of gold (Au), i.e. its dissolution and re-precipitation, is critical
in supergene transport of Au and formation of Au granules. Besides biogenic reduction, the formation
Au granules can also be driven by chemical processes. Previous studies have showed the formation of Au
nanoparticles (AuNPs) from ionic Au(III) can be mediated by dissolved organic matter under sunlight. In
this letter, we further demonstrated that these AuNPs can further slowly (in years) grow into visible Au
granules. Different sized nano-flower and fractal dendrite-like branched gold structures (from tens of
nanometres to over 100 mm) were observed in the Au granule sample. This growth of AuNPs into visible
Au granules may play a critical role in the supergene mineralization and enrichment of secondary Au and
drive the biogeochemical cycle of Au.
© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Gold (Au), as a precious metal, was utilized 6000 years ago in
ancient Egypt [1]. In recent decades, the demand of Au further
increases due to the growing electronic and biomedical applica-
tions. Although the average concentration of Au in Earth’s crust is
relatively low (�1.3 mg/kg) [2], Au can be significantly accumulat-
ed in deposits [3]. The supergene transport of Au in surficial
environments plays a crucial role in the redistribution of Au from
primary sources and the formation of secondary deposits. It has
been estimated that one fourth of the mined Au is derived from
secondary deposits, following a dissolution-precipitation process
of primary Au [4]. The exploration of secondary Au deposits calls
for an in-depth understanding of the transport process and
mechanism of Au in surficial environments.

It has been recently demonstrated that cyanide (CN�) secretion
from a variety of bacteria can accelerate the oxidative dissolution
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of metallic Au [5,6] by forming dissolved Au(CN)2�. Other biogenic
and abiogenic complexing reagents, e.g., amino acid, thiol,
thiosulphate, and halogen, can also dissolve metallic Au into
various soluble complexes [6–8]. For example, in pyrite oxidation
process, the resulting thiosulphate can induce the oxidative
dissolution by forming Au(S2O3)23� [9]. Therefore, in tailing and
natural surface waters, soluble Au(I/III)-complexes (e.g., Au(CN)2�,
mixed hydroxide-halide complex) were identified as important
oxidation states and complexation forms of Au in aqueous systems
[10]. These soluble Au complexes can be further transformed into
metallic Au nanoparticles (AuNPs) under biological or chemical
reaction. A variety of plants [11–14] and microorganisms [15–19]
can reduce Au(I/III)-complexes into AuNPs. It is believed that
bacterial biofilms play a key role in the biomineralization of
secondary Au [20–22]. Recently, it was also discovered that
dissolved organic matter (DOM) in environmental waters can
reduce AuCl4� into AuNPs under sunlight or thermal irradiation
[23–25]. Similarly, extracellular polymeric substances can mediate
the reduction of AuCl4� into AuNPs [26]. This agrees well with that
carbonaceous rocks are the major host rocks of the gold
mineralization in some Au deposits [27–29]. However, whether
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Evolution of (a) UV–vis spectra and (b) concentration of ionic Au in AuCl4�-
DOM solution under sunlight. Conditi ons: 5 mg C/L Aldrich humic acid, 1 mmol/L
HAuCl4, pH 5.80, natural sunlight irradiation and air temperature (25�37 �C).
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and how these AuNPs further transform into visible Au granules is
still not well known and relevant knowledge will enhance our
understanding of mobility and supergene enrichment of Au.

In this work, we firstly prepared AuNPs solution from sunlight-
mediated reduction by DOM. The slow (in years) growth of these
AuNPs into visible Au granules was further observed. Morphology
characterizations were performed to elucidate the possible growth
mechanism of these Au granules. This study will be helpful in
understanding the supergene mineralization and transport of
secondary Au.

The photochemical formation of AuNPs was investigated at pH
5.8 by using humic acid as a natural reductant. This acidic pH is
general in the environment of gold mining-induced acid mine
tailings [30]. In addition, AuCl4� occurs in these environments with
relatively high concentration [10]. Under natural sunlight irradia-
tion (photosynthetically active radiation was given in Fig. S1 in
Supporting information), the color of the solution turned from
yellow to blue-black. The evolution of the UV–vis spectrum of this
solution is shown in Fig. 1a. An almost-flat absorption curve with a
Fig. 2. TEM images and EDS of the AuNPs formed under dif
broad peak is observed, with a weak surface plasmon resonance
(SPR) of AuNPs at �600 nm. The flat absorption curve suggested
that the formed AuNPs were highly aggregated or polydispersed
both in size and shape [31]. With the increasing irradiation time,
the UV–vis absorption intensity increased, indicating the continual
formation and growth of AuNPs. Then, centrifugal ultrafiltration-
inductively coupled plasma-mass spectrometry (ICP-MS) analysis
was used to quantify the conversion of AuCl4� to AuNPs. As showed
in Fig. 1b, with irradiation, the concentration of ionic Au drastically
decreased in the first 4 h, followed by a slow decrease for the rest of
time. The changes of ionic Au concentration demonstrated the
continual reduction of AuCl4� and formation of AuNPs. The
recovery of AuCl4� in the presence of DOM (0 h in Fig. 1b) was
94.6%, demonstrating the complexation of DOM with ionic Au(III)
is neglectable in the centrifugal ultrafiltration process. In addition,
a significant decrease of pH from 5.8 to 4.5 was observed in the
reduction process, which agrees with our previous study [24].

The transmission electron microscopy (TEM) images and
energy dispersive X-ray spectroscopy (EDS) (Fig. 2) were used to
validate the formation of AuNPs. Besides spherical nanoparticles,
the branched nanocrystals including bipod and tripod were also
observed. The high resolution TEM images (Figs. 2b, e and h)
showed that the distances between two adjacent planes in
nanoparticle are mainly 0.236 and 0.204 nm, corresponding to
the Au(111) and Au(200) lattice planes. The EDS spectra (Figs. 2c, f
and i) further confirmed that the particles in TEM are
Au-containing nanoparticles. Under sunlight irradiation, firstly
generated spherical AuNPs play as seeds for further particle
growth. The high energy due to large surface-to-volume ratio and
high collision frequency contribute to great mobility of these
initially small AuNPs and drive their attachment [32]. The
branched nanocrystals are likely to be formed by the further
reduction of AuCl4� and attachment-based growth of adjacent
spherical AuNPs [32,33]. According to our previous study [24], in
the photochemical reduction process, DOM serves as not only the
ferent incubation time. (a–c) 4 h; (d–f) 24 h; (g–i) 96 h.



Fig. 3. Photographs showing the formation of Au granules after (a) 4.0 years, and
(b) 6.8 years.

Fig. 4. TEM of different sized Au particles in Au granules solution, (a, b), (c, d), and
(e, f) show the spherical nanoparticles and multipods, Au nanoflowers, and
“meatball”-like Au particles, respectively.
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reductive agent, but also the coating agent to stabilize and disperse
AuNPs. Phenolic, alcoholic, and aldehyde groups in DOM act as
reductive sites and Au(I) is an important intermediate in this
reductive process [24].

Fig. S2 (Supporting information) shows the X-ray diffraction
(XRD) pattern of the AuNPs formed in DOM solution. Four
diffraction peaks corresponding to the (111), (200), (220), and
(311) planes of a face-centered cubic lattice of Au were observed. It
should be noted that the peak diffraction corresponding to (111)
plane was more intense than peaks from other planes. The
intensity ratio between (200) and (111) diffraction peaks (0.25)
was much lower than conventional value (0.52) [34], demonstrat-
ing that the (111) plane is the predominant orientation. This agrees
well with previous study that the growth of the branched nano-
structure occurs preferentially on (111) planes [34]. Considering
that the multipods typically exhibit twin boundaries that originate
from the center of a nanoparticle, the multipods are likely to be
formed by reduction of AuCl4� over the (111) plane adjacent to the
twin boundaries in the growth process [33]. Thus, the ratio of (111)
plane should increase in the formation of multipods or branched
nano-structures.

Then the AuNPs formed in DOM solution were stored in a dark
environment at ambient temperature to investigate their further
transformation. After 4.0 years, visible yellow Au granules can be
observed in the blue-black AuNPs solution (Fig. 3a), demonstrating
the further growth and fusion of AuNPs into bigger Au granules.
After another 2.8 years, the blue-black solution turned to
transparent and more Au granules can be observed (Fig. 3b).
These Au granules were easy to settle and agglomerate into loosely
large aggregates (Fig. 3b), which is favorable for their growth into
Au grains. Accordingly, the solution pH further decreased from 4.5
(newly prepared AuNPs) to 4.2 during the 6.8 years storage.

We further used TEM and optical microscope to characterize the
morphology of these Au granules. As shown in Figs. 4a and b, similar
to the fresh prepared AuNPs solution, spherical nanoparticles and
multipods can still be observed after 6.8 years. Interestingly, Au
nanoflowers with size �40 nmwere also observed (Figs. 4c and d). In
addition, as shown in Figs. 4e and f, these nanoflowers further
attached ontoa micron-sized Au particle and grewinto a “meatball”-
like structure [35]. The Au nanoflowers were formed by the selective
fusion of large numbers spherical AuNPs to specific crystal faces
(possibly (111) face) of the initial small nanoparticles under limited
DOM concentration [36]. Under dark condition, the slow reduction
of AuCl4� and growth of Au atom is favorable for the anisotropic
growth and formation of Au nanoflowers [37]. Optical microscopy
was then used to image the visible Au granules. As shown in Fig. S3
(Supporting information), besides needle-like structure (in
the centre of Fig. S3d), dendritic structures could be observed
universally. These dendritic branches may be assembled from the
needle crystals [38]. It should be noted that these dendritic
structures are also widely observed in naturally occurring
Au granules (Fig. S4 in Supporting information), indicating their
similar formation processes. According to previous study, a flower-
like structure demonstrates that the assembly or growth kinetics is
reaction limited, while diffusion-limited aggregation results in
fractal dendrite-like structure [36]. The co-occurrence of flower-
and dendrite-like structures suggests a reaction- and diffusion-
limited processes coexist in the solution.

Similar to AuNPs formed in DOM solution, the XRD pattern of
Au granules also showed a characteristic of face-centered cubic
lattice of Au [39], with (111) as the dominate plane (Fig. S2). The
intensity ratio between (200) and (111) diffraction peaks (0.23)
further decreased, compared with that of fresh AuNPs formed in
DOM solution (0.25), indicating the growth of Au atom along the
(111) planes.

The ionic Au in Au granule solution detected by centrifugal
ultrafiltration-ICP-MS is much higher (0.56 mmol/L) than that in
AuNP solution after 96 h (0.21 mmol/L). The changes of ionic Au
concentration and morphology indicated that the initial AuNPs
formed under sunlight subjected to further dissolution and
reduction process under dark condition.

In summary, for the first time, we demonstrated that sunlight-
induced AuNPs by DOM can further grow into visible Au granules
under ambient environmental conditions. Morphology analysis
showed these Au granules possess flower or fractal dendrite-like
branched gold structures. This growth process of AuNPs into visible
Au granules may play a critical role in the supergene mineraliza-
tion and enrichment of secondary Au and therefore drives the
biogeochemical cycle of Au.
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Supplementary material related to this article can be found, in the
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