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SILVER AND GOLD IONS RECOVERY FROM BATCH SYSTEMS
USING Spirulina platensis BIOMASS

ODZYSKIWANIE JONOW SREBRA | ZLOTA Z ROZTWOROW
Z WYKORZYSTANIEM BIOMASY  Spirulina platensis

Abstract: In order to assess ability 8pirulina platensis to recover silver and gold ions from the environirtbe
bioaccumulation of silver and gold ions and théfieet on growth, proteins and carbohydrates cortéBpirulina
platensis biomass was studied. Silver nitrate (Aghl@ concentration range 0.01-1 mg/iand tetrachloroaurate
Na[AuCl] in concentration range 18.5-370 mgfimere added as component of tSgirulina platensis
cultivation medium. In case of silver two cultivati media were studied: standard and Cl-free. Tohegss of
silver and gold uptake was traced using neutroivatan analysis. Presence of silver ions in stathdaltivation
medium reduced biomass productivity by 66 %, whileCl-free biomass productivity was reduced by 1%8
only. The reduction of proteins content by 30 %Cinfree medium and by 19 % in standard medium wss a
observed. The experiments showed that in caseldfigias loading, the biomass productivity and piroteontent
were reduced only at high NaJAuLIconcentration in the medium. The behaviour ofboaydrates content
change was similar under silver and gold loadinlgErease at low metal concentration followed bydase at
high metal concentrations. Scanning electron maopg allowed observation of spherical metal nantiges,
which were formed extracellularly during silver agdld bioaccumulationSpirulina platensis can be used for
recovery of precious metals as well as metal namiofes production.

Keywords: Spirulina platensis, silver, gold, nanoparticles, protein, carbohyelrateutron activation analysis

Introduction

In view of rapid development of science and tecbggldemand for critical materials,
including precious and rare earth elements, isdhgpising. Conventional techniques of
precious metal mining and recovery are costly, ireguiconsumption of energy, are mainly
applicable for high-grade ores and can lead tcethéronment pollution due to the use of
chemicals for metal mobilization and cementationqJL Since the volume of high-grade
ores is constantly decreasing precious metals eggosrom industrial effluent and
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bioleaching from low-grade ores in biological way écologically and economically
acceptable alternative [1, 3].

Biosorption and bioaccumulation are two biologipedcesses, which participate in the
cycle of matter in the environment. Biosorption dssimple physicochemical surface
process, while bioaccumulation is a more comple, evhich beside metal sorption on the
cell surface includes metal intracellular uptakebloaccumulation it is possible to reach
lower residual concentration of metals due to higlmount of binding sites and continuous
biomass growth [4]. In our previous studies, it wadwwn that the amount of metals
accumulated during the bioaccumulation process #¥&€0 times higher than in the
biosorption experiments [5, 6]. In case of precioustals their bioaccumulation can be
combined with the formation of nanoparticles [7-9].

Cyanobacteria are a large and morphologically d&egroup of phototrophic
prokaryotes which are found in various habitats. oAgn cyanobacteria, th&irulina
platensis has drawn more attention because of its unique itakncomposition,
characterized by high protein and carbohydratesecvnalong with numerous vitamins,
minerals, and carotenoids. Due to its relativelyhhsorption capacityQpirulina platensis
biomass is increasingly used for removal or recpvef metals from aqueous
solutions [5, 10, 11].

The present study was performed in order to as¢gssilver and gold ions
bioaccumulation by the cyanobacteriiBpirulina platensis in order to obtain renewable
biosorbent;(ii) effect of metal ion on biomass growth and pios and carbohydrates
content; (ii) silver and gold nanopatrticles formatduring biomass growth.

Material and methods

Bioaccumulation study

Soirulina platensis (S. platensis) CNMN-CB-11 was cultivated during 6 days in the
laboratory conditions in mineral medium of the doling composition: macroelements
[g/dn?] - NaNO; - 2.5; NaHCQ@ - 2.0; NaCl - 1.0; KSO, - 0.6; NaHPQ, - 0.2;
MgSQ,- 7H,0O - 0.2; and microelements [mg/armedium]: HBO; - 2.86; MnC}-4H,0 -
1.81; CuS@5H,0 - 0.08; MoQ - 0.015; FEEDTA - 1 cidn?. The conditions of
laboratory biomass growth were maintained: tempeeat23-25 €, pH 8-10 and
illumination 55 pmoles of photonsffa. The biomass was cultivated in Erlenmeyer flasks
of 300 cni volume. The culture was agitated daily, during thours using the agitator
WU-4 at the speed 200 rpm.

AgNO; and Na[AuClj] solutions were introduced into the medium in finst day of
biomass cultivation. Due to the high ability of @fitle ions to form insoluble complexes
with silver, bioaccumulation experiments with siviens were performed in standard
cultivation medium and in chloride-free medium. $htwo variants of cultivation medium
were used, which contained silver in form of sinens and as AgCI. Silver nitrate was
added in concentration 0.01, 0.05, 0.1, 0.5, and thg/dni and Na[AuC]] in
concentrations 18.5, 37, 74, 185 and 370 md/dmthe stationary growth phase (the sixth
day), the cyanobacteria biomass was separatedtfi@rulture medium by filtration.

For SEM and NAA, theS platensis biomass was dried at 105 °C. For biochemical
studies, the native biomass was used. Biomassatepgdrom culture medium, was washed
with ammonium acetate, to remove salt residues fthm biomass surface and was
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re-suspended in distilled water which served asoatrol. All the experiments were
conducted in triplicate and the averages of thesmremnents for each treatment were used.

Neutron activation analysis (NAA)

The silver and gold content in biomass was detexthivy means of neutron activation
analysis at the reactor IBR-2, JINR, FLNP (Dubnas$a). The experimental equipment
and irradiation conditions of samples are descriddedwhere [12]. Samples were irradiated
for 4 days at a neutron flux of 1.8Xt@m? s*and their activity was then measured in
4 and 20 days, respectively. The silver content @etermined by-line with the energy
657.7 keV of isotop&®"Ag and gold byy-line with the energy 411.7 keV of isotop&Au.
The NAA data processing and determination of eldaiezoncentrations were performed
using Genie 2000 and the software developed at F1INR [13].

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was carried wihg the Quanta 3D FEG (FEI
Company, USA). Operational features of the micrpscaused in the experiment:
magnification 5000-150000x; voltage 1-30 kV.

To estimate the size of the nanoparticles in thtainbd SEM micrographs, the points
corresponding to the edges of the measured obje determined. For this purpose, the
following operations were performed:

(i) the informative signal profile (profile of theolor channel intensity distribution) along
the straight-line segment passing through the ¢bjborders was created;

(ii) the signal, corresponding to the surroundinfigach of the edges (the intensity curve
of image pixels along a datum line) was fixed. Tddge of the measured object
corresponds to the half-height of the Gaussiantfoncused to describe distribution of
the signal intensity;

(iii) the size of the nano-object was determinethasdistance between its two edges.

Biochemical analysis of biomass components

For proteins determination 10 mg of biomass wereethiwith 0.9 ci NaOH
(concentration 0.1 N) for 30 min. 0.1 ¢mf the obtained protein extract was mixed with
1.6 cn? Na,CO; (2 %) in NaOH 0.1 N, 0.4 chof CuSQ (0.5 %) in NaCeHsO; (1 %) and
0.2 cni of Folin-Ciocalteu reagent. After 30 min the albsorce was measured at
750 nm. The protein content was determined usingvine serum albumin.

To determine carbohydrates content, 0.25 ofrthe sample was mixed with 2.5 tm
of Antrone reagent (0.5 %) in,BO, (66 %). The mixture was incubated for 30 min at
100 °C. The absorbance was measured at 620 nmol@ahtates content was calculated
using a calibration curve for glucose. The conteihaforementioned biomolecules was
expressed in % of absolute dry biomass.

Results and discussion

Silver accumulation

For prokaryotic organisms silver possesses baidatiproperties in a very low range
of concentration. For example, the addition of esilwitrate to chloride-free medium in
concentration 10-10° M had no effect on the growth Bf coli. However, cell growth was
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inhibited completely at concentrations of AgiN@reater than 2.5 x 10M [14]. In spite of
the fact thatS. platensis is less sensible to toxic metal than bacteria ¢iigmobacterium in
guestion cannot survive at high concentration afctanetals. Experiments performed on
lead, “soft” metal as silver, have shown that lo#ad concentration in the medium
stimulatedS. platensis biomass growth but it was drastically reduced tuF8 %) at high
lead concentrations [11]. Our preliminary experitsemperformed with silver nitrate
concentration up to 1 mg/drhave shown thas platensis cannot longer withstand higher
silver concentrations.

Thus, the further experiments were conducted agrsititrate concentration 1 mg/dm
and lower (0.01, 0.05, 0.1, and 0.5 mgfjirithe amount of silver accumulated by biomass
from the media was determined by NAA (Fig. 1).

2500

—&— Cl free medium
—&— Standard medium

2000

1500

1000

500

Ag content in biomass [mg/kg]
-

AgNO, concentration in medium [mgldm3]

Fig. 1. Silver accumulation b platensis biomass determined by neutron activation analysis

As it can be seen from the obtained data silvenmectation increased with increase of
metal concentrations in the medium. At the coneginn range 0.01-0.5 mg/dnihe
amount of silver accumulated 8y platensis biomass was almost the same for both media.
However, at AgN@ concentration 1 mg/dirthe amount of silver accumulated in Cl-free
medium (2.1 mg/g) was approximately 1.5 higher timathe standard medium (1.3 mg/qg).

Very often metal ions bioaccumulation result in teduction of microbial activity and
consequently in biomass growth rate. Thus, theceféé silver ions on the&. platensis
productivity was traced (Fig. 2). It can be nothdttin the standard medium (Fig. 2) the
decrease of biomass productivity by 18 % was oleserat AgNQ concentration
0.1 mg/dni. Silver nitrate concentrations 0.5 and 1.0 mg/tirad to the reduction biomass
productivity by 35 and 66 %, respectively.



Silver and gold ions recovery from batch systeniisguSpirulina platensis biomass 23:

700 —

I C| free medium
[ Standard medium

Biomass [mg/dmz]

N

o

o
1

0 0.01 0.05 0.1 05 1

AgNO, concentration [mgldms]

Fig. 2. The effect of different concentrations @MO;on S. platensis biomass productivity (mean 3D,
n=3)

Drastic decrease of biomass productivity may bateel to (i) formation of AgCl
precipitate that results in chloride ion limitatiom the cell [15] or (ii) toxicity of AgG
complex. The lack of charge on this complex makesoire easily transported to the site of
action [16]. AgCl bioaccumulation by cyanobactecan take place through the passive
diffusion of AgCh(aq) across cell membranes [17]. At the same timehloride-free
cultivation medium (Fig. 2) the concentration obiiass was reduced by 11.8 % only at
AgNO; concentration 1.0 mg/dinDuring the accumulation process a part of siless is
bound to the specific sites on the cell surfacelevanother part penetrates inside the cell.
Fortin et al. [18] suggested that silver ions eriteéo the cell through a Cu(l) transport
system. Cu(l) and Ag(l) possess similar fundamectiainical properties which suggest the
possibility of confusion between the two ions bgadltransport systems. Once inside silver
ions can be reduced to silver nanoparticles.

SEM images obtained for biomass grown till theistatry phase in Cl-free medium
revealed extracellular formation of silver nanojées (Fig. 3). In standard cultivation
medium nanoparticles were not observed. The bibsgited nanoparticles were almost
spherical in aggregates with the average size appately 30-40 nm, attached to the
surface of cells. Our data in agreement with ddtmined by other research groups [19,
20]. For example, Tsibakhashvili et al. [20] havmwn thatS. platensis produces silver
nanoparticles extracellularly in the range of 5A20 with the average size value of 10 nm.
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It is important to mention that in all above mengd studies of metal nanoparticles
synthesis biomass grown until stationary phaseuses.

i curr | det HFW wo —_—1
i 50nA | CBS | 5.18um 4.7 mm Versa

Fig. 3. SEM image o8& platensis biomass (Cl-free medium) with silver nanopatrticles

While a large number of microbial species are chgpatf producing metal
nanoparticles, the mechanism of nanoparticle bitb®gis is not well understood.
The general scheme of nanoparticles formation isy veimilar for all type of
microorganisms: metal ions are first trapped onstindace or inside of the microbial cells.
The trapped metal ions are then reduced to nanclgarin the presence of biomolecules
[21]. In case ofS platensis biomass silver ions being chemically 'soft' speaan binds
strongly to proteins and nucleic acids, particylad cysteine-SH residues and also to
amino, imidazole, carboxyl and phosphate groupsiskaaralal et al. [22] suggested that
the nitrate reductase enzyme is involved in theth®gis of silver nanoparticles in
B. licheniformis.

The biochemical composition of tt& platensis biomass is the following: proteins -
65.8 %, carbohydrates - 9.3 %, lipids - 5.2 %, pijigoroines - 14.0 %p-caroten - 0.3 %.
The main bioactive compounds are glutamic acid @6vy-linolenic 1.4 %; sulfated
polysaccharides - 5.0 %, phosfatidylinositol 0.7 @#nd phosfatidylcholine 1.9 %.
In stationary culture at the end of the life cythe biomass quantity reaches values of
1.5-1.6 g/dm[5].

Proteins and carbohydrates are main componeng piatensis biomass. Thus, the
changes of the proteins and carbohydrates, mairponents, content during the silver
bioaccumulation was monitored. The results obtasm@dshown in Figures 4 and 5. In the
standard cultivation medium (Fig. 4), the decrezgarotein content by 19 % was observed
only at silver nitrate concentration 1.0 mgAiffihe protein content if. platensis biomass
changed significantly in the Cfree medium. The highest reduction (30 %) of protei
content was observed at Aghl@ncentration 1.0 mg/dinwhereas in the cultures exposed
to AgNQ; at concentration 0.05, 0.1 and 0.5 mgidhe reduction of the protein content
was 12.8, 20 and 22 % respectively. Significantrei@ge of proteins content can be
explained by their involvement in silver nanopdeticproduction.
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Fig. 4. Change of protein contentSnplatensis biomass under AgN{Joading (mean £D, n = 3)
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Fig. 5. Change of carbohydrates contentSirplatenss biomass under AgNQoading (mean 3D,
n=3)
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In standard cultivation medium (Fig. 5) the conterit carbohydrates at AgNO
concentrations 0.01 and 0.05 mgfdwas reduced by 11 and 13.7 %, respectively. At the
same time, two AgN@concentrations induced increase of carbohydrategenb in
biomass: 0.5 mg/dfrby 16 % and 1 mg/dirby 32 %. In case of Cl-free medium (Fig. 5)
carbohydrates content was reduced by 17.7 and 22 AgNGQO; concentrations 0.01 and
0.05 mg/dm. AgNO; concentrations 0.1 and 0.5 mgRidid not influence significantly
carbohydrates content, while at silver nitrate em@tion 1.0 mg/dfh carbohydrates
content in biomass increased by 19 %. Increaseadfobydrates content indicateas on
activation ofS platensis cells protective function against metal ions tayiand is the way
of its avoidance.

Gold accumulation

Presence of gold ions in the cultivation mediummbd modify essentially the biomass
productivity (Fig. 6). In NaJAuG] concentration range from 18.5 to 185 mgldm
a statistically insignificant decrease of biomagsedpctivity (2-7 %) was observed.
At NaJAuCl,] concentration 370 mg/dhrbiomass concentration was reduced by 18 %.
It can be concluded th& platensis did not react negatively to the presence of Na[kuC
in cultivation medium.
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Fig. 6. The effect of different concentrations oB[NUCl] on S platensis biomass productivity
(mean xSD, n = 3)

Gold content irS. platensis biomass changed in a dose-dependent manner. $ecoéa
NaJAuCl,] concentration in solution leads to increase ofdgmoncentration in biomass
(Fig. 7). At Na[AuC}] concentration 370 mg/dhgold content in biomass reached the
value of 1.0 mg/g.
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Fig. 7. Gold accumulation B platensis biomass determined by neutron activation analysis

Comparing the ability of different microorganisnisag¢teria, yeast and cyanobacteria)
to uptake gold from gold-thiourea solutions Savimif23] found that cyanobacterium
S platensis possesses the highest accumulation of gold frofatigns containing
10-50 mg/cm Low level of gold accumulated by biomass durihg growth process can
be explained by activation of systems which pro®anobacteria cells from excessive
accumulation, resulting in low bioaccumulation czpa and/or formation of metal
nanoparticles and their further elimination in sio.

Obtained SEM image showed formation of spheridad-linanoparticles on the
S. platensis surface (Fig. 8).

ED A5 um | 9 im Yersa 30

Fig. 8. SEM image o8. platensis biomass with gold nanoparticles after 6 day ofication
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As S platensis is rich in proteins it can be supposed that tlee@ss of gold reduction
takes place as in case of silver nanoparticlesgkeet al. [9] studying Au(lll) reduction by
the cyanobacteriumPlectonema boryanum have shown that the reduction of
Au(lll)-complex to metallic Au involved the rapic (2 min) formation of an intermediate
Au(l)-S species and a slower reductive active pathte Aw. Similar results were obtained
by Reith and co-authors [24], who studied the psecef Au(lll) accumulation by
Cupriavidu smetallidurans. In case ofAcidithiobacillus thiooxidans, gold was reduced to
elemental gold within the bacterial cells. Duritg tlate stationary growth phase, the gold
nanoparticles which were initially precipitatedidesthe cells were released from the cells,
resulting in the formation of gold particles at ttedl surface [25].

In the process of gold accumulation, the proteintent inS. platensis biomass was
reduced by 11.3 and 10.1 % at Na[As]@oncentration 74 and 185 mg/diffig. 9). The
highest reduction by 32.4 % was observed at Na[fu®hcentration 370 mg/din

In case of carbohydrates, Na[Au[otoncentrations 18.5 and 37 mgfiimduced their
decrease by 11.4 % (Fig. 10). At higher NaJAjiGCtoncentrations the increase of
carbohydrates content in biomass was observed imsli@ation activation of cell protective
function. For example, at 74 mg/dihe increase by 13.8 % occurred.

Conclusions

S platensis biomass accumulated silver and gold ions in a dieggendent manner.
The presence of silver ions affected to a lesseangbiomass productivity in comparison
with presence of AgCI in the cultivation medium. Bigh silver nitrate concentrations in
solution the reduction of biomass productivity gmdtein content was observed, while the
content of carbohydrate increased. In case of N&[Authe decrease of biomass
productivity and protein content was noticed only @ncentration 370 mg/din
The carbohydrate content did not change signiflgaafter 6 days of cultivation. A part of
bioaccumulated silver and gold ions were bioreducethnoformS. platensis biomass can
be used for precious metal recovery from efflug¢htg are not economically beneficial by
conventional techniques.
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