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Effect of pH on the biosorption of nickel and other heavy
metals by Pseudomonas fluorescens 4F39
A Loépez, N Lazaro, JM Priego and AM Marqués

Laboratori de Microbiologia, Department de Microbiologia i Parsitologia Sanitaries, Universitat de Barcelona, Barcelona,
Spain

Accumulation of heavy metals by  Pseudomonas fluorescens 4F39 was rapid and pH-dependent. The affinity series
for bacterial accumulation of metal cations decreased in the order Ni >>Hg>U>>As>Cu>Cd>Co>Cr>Pb. Metal
cations were grouped into those whose accumulation increased as the pH increased, with a maximum accumulation

at the pH before precipitation (Ni, Cu, Pb, Cd, Co), and those whose maximum accumulation was not associated

with precipitation (Cr, As, U, Hg). High Ni 2" accumulation was studied. Electron microscopy indicated that at pH 9,

Ni2* accumulated on the cell surface as needle and hexagon-like precipitates, whose crystalline structure was con-

firmed by electron diffraction analysis and corresponded to two different orientations of the nickel hydroxide crys-

tals. Crystals on cells showed marked anisotropy by X-ray powder diffraction, which differentiated them from crys-

tals observed in nickel solution at pH 10 and 11 and from commercial nickel hydroxide. Nickel biosorption by
Pseudomonas fluorescens  4F39 was a microprecipitation consequence of an ion exchange. Journal of Industrial Micro-
biology & Biotechnology (2000) 24, 146-151.

Keywords: nickel; heavy metals; biosorption; pH; accumulation

Introduction may be in competition), organic material in solution (such
as complexing agents), cell metabolic products in solution

Domestic activities and especially industrialization have, " : SO
accelerated the geochemicF:)aI cy>(/:ling of heavy metalsgl\’hmh may cause metal precipitation), and temperature

Consequently, if sewage is not treated correctly, it can carr £0]. The development of biosorption may provide a basis

: . ) or a technology aimed at the removal of heavy metal spe-
metals in solution, which eventually reach surface Water(aes from dilute solutions [21].

or the sea [4]. In recent years, attention has been focuse
on the use of microorganisms for removal and possible
recovery of metal ions and radionuclides from industrialMaterials and methods
wastes. This is a potential alternative to existing techno-, ,. .

; . e : icroorganism
Ieo)g'r:itig;er\?vﬁiilh %ﬁ\%pg%['noigéaﬁvgirssae dv%irpaogselss’ ssgé\:]eggseudomonas fluorescestrain 4F39 was isolated from
high chemical or energy requirements and generation o udge samples from the wastewater treatment plant of an

toxic sludge or other products that need disposal [5]. Th% ileggjoup;iatlgg Sp'er]]é (Iar(]j ﬁ]arsiglrci)lgadi(;ﬁlilg)\./v;th eer Z:,L]Jg gzgvsaez
complexity of the structure of microorganisms implies that g y P b

there may be many mechanisms associated with met prough filter paper to remove inert particles. Bacterial col-

accumulation, some of which are still not well elucidated, nies were isolated from the filtrate on Mueller—Hinton

; Do L . Lo agar. Strains were maintained on the isolation medium.
but Its .apphcatlon pc.)te'ntlall is obvious and intriguing [23]. S%rain 4F39 was selected for its high capacity of nickel
It is important to distinguish two types of metal accumu-

lation by microorganisms. First, bioaccumulation, an activeaccumUIatlon and was identified & fluorescendy tra-

mode of metal accumulation is dependent on the metaboligItlonal methods [10].
activity of the cell, which, in turn can be affected signifi- Accumulation experiments

?:nltjli)r/egytimg f%rreﬁera::keecl))f Tﬁéamfcrlggrs ' a?]'igﬁqcﬁgqglﬁt'?gFor accumulation experiment®. fluorescensAF39 was
q b y g o4 _grown on a medium containing (per liter of water): 20 g

contrast, biosorption is relatively rapid and can be revers: eptone protease; 1.5 g glycerol: 1.5gSQ, and 1.5 g

ible. It involves a physicochemical interaction between th 9SO, - 7H,O [17]. The pH was adjusted to 7 with NaOH.

metal and functional groups on the cell surface, based o . . e
physical adsorption, ion exchange, complexation, and pre@fter 48 h of incubation, cells were harvested by centrifug

A , : ation and washed twice with water. Metal accumulation
cipitation [18]. Metal biosorption performance depends onexperiments were carried out at°8Din shaker flasks con-

external factors, such as pH, other ions in solution (Whid}aining 40 ml of metal solution. so that the addition of

10 ml of a cell suspension provided the appropriate dilution

] o to give the desired initial metal concentration (0.85 mM)
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Na,HAsO,, K,CrO, CuSQ and UQ(NO;), were used. metal, we examined whether strain 4F39 was able to take 147

Samples (5 ml) were removed for metal determination afteup nine metals separately at equimolar concentrations.

5 min, 30 min, 1 h, and 24 h. The amount of metal accumu- The initial pH of the solution had a marked effect on
lated by the biomass was determined by measuring thaccumulation of Ni by cells. The accumulation was
residual metal concentration in the supernatant after centrit30 umol Ni g dry weight (0.75%) after 1 h of contact
fugation, using a Philips PU 9200 atomic absorption at pH 7 (Figure 1a). When the pH was raised to 9, accumu-
spectrophotometer (AAS, UK). All experimental results lation of Ni increased markedly to 17Q0mol Ni g™t dry
were expressed as the mean of analysis from three replicateeight (10%) (Figure 1a). Control flasks at pH 9 showed
flasks. Controls without cells, treated in the same way, wer&.2% precipitation. At pH 11, the metal precipitated (86%).
done at each pH as a control for precipitation. Dry weightAt pH 9 (optimum), metal accumulation was extremely
of bacterial cells was obtained by drying a measured vol+apid; the maximum amount of Ni was removed from sol-

ume at 108C to constant weight. ution by bacterial biomass in 5 min (time required for sam-
ple manipulation) and remained constant for 24 h.
Electron microscopy Accumulation of metals was studied using a pH up to 5

Nickel-exposed cells were fixed for 2 h &@in 1% glutar-  for Cu and Pb or up to 7 for Cd and Co, as at higher pH
aldehyde, washed three times with distilled water, dehyvalues, these metals precipitated. Accumulation of Cr, As,
drated though a graded series of acetone solutions, aré, and Hg was studied using a pH up to 11. In addition to
embedded in Spurr resin. Ultrathin sections0(1 wm) Ni, P. fluorescens4F39 adsorbed other heavy metals.
were cut with a Reichert-Jung Ultracut microtome (Wien,Uptake after 1 h (at the optimum pH) was high for Hg and
Austria) and mounted on 200-mesh copper grids. Unstainek) (880 and 71Qumol g dry weight respectively) (Figure

thin sections were examined without further processing intb and c); medium for As, Cu, and Cd (420, 270, and
a Phillips EM 301 transmission electron microscope (TEM,245pmol g dry weight respectively) (Figure 1d, e, f); and

Eindhoven, Netherlands) at 80 kV. Control cells werelower for Co, Cr and Pb (216, 160, and 1ifol g™ dry

treated in the same way, but they were lightly stained withweight respectively) (Figure 1g, h, i). The metals were div-

2% uranyl acetate and lead citrate for 10 min to provideided into two groups according to the effect of pH: (i) those
better visualization. whose accumulation increased with an increase in pH. The

maximum accumulation occurred before pH-induced pre-
cipitation. This group included Ni, Cu, Pb, Cd, and Co;
(i) those whose maximum accumulation was not associated
Thick sections of cells (0.5m) were mounted on 200- with the pH of precipitation. This group included Cr, As,

mesh titanium grids. Electron-dense structures were ana’ 3anfd Hg. The °X°a”i0n3|, Cﬁealjl_dh AsQ?, need aHIO|;|
lyzed using a Philips CM 30/STEM (300kV) electron =3 for optimum accumulation. The optimum pH for
microscope equiped with a Link model LZ5 energy disper_accumulatlon of U was 5. The microorganism accumulated

; _ ; a large amount of Hg (Figure 1b). The amount of Hg taken
sive X-ray spectrophotometer (Eindhoven, Netherlands). up was determined in both the supernatant and the pellet

. . (data not shown), confirming that the decrease in the con-
Crystal structure by X-ray powder diffraction (XRD) centration of Hg in the supernatant was a consequence of
The crystal structure of precipitates of nickel on cells was

4 . : “cellular accumulation and not reduction to d volatil-
determined by X-ray powder diffraction of cells (from Ni Han

. : ization.
solutions at pH 9) and metal solutions at pH 9, 10, 11 and, ¢ kinetics of accumulation of each metal were studied
12. After 1 h of contact with nickel, cells were recovered

. . . at the pH of optimum accumulation, and found to be similar
by centrifugation, and organic matter was removed by, yat of Ni. The maximum amount of metal was accumu-
?‘dg'.”glﬁg% HO, I(nl ";;’fem.f“;s of 5 mII to cellsdsusaencri]etld lated by bacterial biomass in about 5 min. The amount of
in distilled water (1:1) until the sample ceased to froth. It ., mul | fter 24 h onlv for nd H
was then transferred to a steam bath (65€jQuntil any etal accumulated doubled afte only for Cu and Hg.

A i lete. Th I i Further studies are required to determine whether this
strong reaction was complete. The sample was centrifuged, .., myiation is metabolism-dependent or is a nonspecific
and the pellet was dried [12]. Nickel solutions received the; o myjation as a consequence of nucleation point-sites
same treatment. X-ray powder diffraction measurementg, i increase the amount of metal precipitated on the bac-
were performed in a Bragg Brentano diffractometer Sie

. . ‘terial surface.
mens D-500 (Karlsruhe, Germany)26) using Cukx radi- The high accumulation of Ni at pH 9 was studied. Cells

ation, at 40 kV and 30 mAX(= 0.15418 nm), selected with ¢ p ", orescengF39 exposed to Ni (pH 9, 1 h and 24 h)

a_graphite secondary monochromator. Power diffractionyere examined by TEM. All cells showed two electron-
patterns were recorded from 4-7(26) with a step size of  jonse structures associated with the cellular envelope
0.05 (20) and a measuring time of 3 s stép (Figure 2d and e): needle-like fibrils (highly electron-
dense), approximately 2.4 nm thick (Figure 2a), and hexa-
gon-like crystals (low electron-dense), approximately
56 nmx 41 nm (Figure 2b). Some of these cells had even
The metal accumulation properties Bf fluorescenglF39  larger precipitates (Figure 2e), which resembled a loose,
were measured as metal removal from aqueous solution bgrystalline collection of two electron-dense structures of Ni;
nongrowing biomass at different pH values. As industrialit seemed that the small precipitates were nucleated at dis-
wastewater can be contaminated with more than one heawnct sites on the outer membrane and that they grew, over

Energy dispersive X-ray microanalysis and electron
diffraction

Results
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Figure 1 Metal accumulation at pH of equilibrium, after 1 h contact with 0.85 mM of: (&;Nb) Hg?*; (c) UO3*; (d) AsCs; (e) Cu; (f) Cd**; (g)
Co?; (h) Cr&; and (i) PB*. |: metal precipitation at and above this pH. Bars indicate standard deviation.

time (24-h samples), into larger aggregates. These stru¢hat formed in the presence of cells at pH 9. At pH 12,
tures were not observed in control cells (Figure 2c). crystalline Ni species were not detected. These results sug-
Energy X-ray microanalysis, used to confirm the identitygest that the presence of different crystalline Ni(@ld)
of the electron-dense structures on the cells, revealed theH 9 was a consequence of the presencP.dluorescens
presence of Ti, from the grid, CI, Si, and P, as expectedF39 cells.
for biological material, and Ni (Figure 3). Identical spectra
were obtained for the two structures (needle and hexagorbiscussion
like). The observation of electron-dense structures in the
bacteria by electron diffraction analysis showed a spot-likeThe ability of microorganisms to accumulate heavy metals
ring pattern, indicating that the precipitate was crystallinesuggests they could be used to decontaminate wastewater
XRD analysis of the precipitate present on cells revealegholluted with dissolved metals. The accumulation of metals
an unusual pattern (Figure 4), consisting of a high narrowon the surface of microbial cells is a consequence of the
peak and a lower broader peak, both of which correspondedet negatively-charged surface [13] and is influenced by the
to Ni(OH),. This pattern indicated anisotropy of form, in chemistry of the cell wall, physicochemical characteristics
which the same crystal showed two orientations. NiZds  of the environment, such as pH, and the sequence of
not detected. Commercial Ni(OH) (Fluka, Buchs, metal hydrolysis.
Switzerland) also showed two peaks (Figure 4), but they The cell wall contains amines, amides, and carboxylic
were more homogeneous. Two types of crystal can be diffunctional groups that are protonated or deprotonated,
ferentiated on the basis of these results. One type was fodepending on the pH of the aqueous medium [9]. Increasing
med at pH 9 in the presence Bf fluorescen#lF39 with  the pH increases the negative charge at the surface of the
more marked anisotropy of form, and the other was formedtells until all relevant functional groups are deprotonated,
from the commercial product. which favours electrochemical attraction and adsorption of
XRD analysis of the Ni solution at pH 9, 10, and 11 cations. Furthermore, the increase in metal uptake with an
showed the presence of NaCl in crystalline form as a resulincrease in pH may be the result of more efficient compe-
of the reaction of Nafrom NaOH added to adjust the pH tition of cations with H for binding sites on bacteria.
and Ct from NiCl,. At pH 9 the pH decreased to 8 after Anions could be expected to interact more strongly with
a few minutes and only traces of crystalline Ni(Qkere  cells as the concentration of positive charges increases, as
detected, corresponding to 3% precipitation detected byhe result of protonation of functional groups at low pH
atomic absorption spectroscopy of the control solution. Atvalues [3].
pH 10 (Figure 5) and pH 11 metal precipitation was evident Metal ions in solution undergo hydrolysis as the pH
and Ni(OH), was also detected, but it was different from increases. The extent of hydrolysis at different pH values

Journal of Industrial Microbiology & Biotechnology
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Figure 2 Transmission electron micrographs. (a) Needle-like fibril, 2.4 nm thick.-Banm. (b) Hexagon-like crystal, 56 nm41 nm. Bar= 16 nm.
(c) Stained control cells without nickel. Bar0.45um. (d) P. fluorescenglF39 cells after 1 h contact with nickel. Bar0.12um. (e) Cells after 24 h
contact with nickel. Ba= 0.14um.

differs with each metal, but the usual sequence of hydrolybiomass is complicated by the fact that metal cations are
sis is the formation of hydroxylated monomeric species fol-hydrolyzed in aqueous solutions within the pH range of the
lowed by the formation of polymeric species, and then thesorption system studied here. Partitioning of the hydrolysed
formation of crystalline oxide precipitates after aging [2]. metal species depends on the solution pH and on the total
The different chemical species of a metal that occur withmetal concentration in solution. The equilibrium compo-
changes in pH vary in charge and adsorbability at solid-sition calculations and formation constants have been car-
liquid interfaces. Therefore, adsorption of metals on inter+ied out by the computer program SOL1 [11]. Chloride
faces is highly pH-dependent, and there is a critical pHcomplexes formed as a consequence of 0.1 M HCI medium
range, usually of less than one pH unit, for each metahave also been taken into account.
wherein the amount of metal adsorbed increases signifi- In the range of pH 1-7, one major hydrolysed metal
cantly [7,8]. species, Ni* (90%), exists in the solution [1,11,15]. At pH
The high accumulation of Ni by. fluorescengiF39 at 9 Ni?* (68%), Ni,OH3* (10%, log B = 28.3) and Ni(OH)
pH 9 led us to study this process more thoroughly. At this(8.6%, logB = 4.1) were predicted [11]. When the Ni sol-
pH, all cells in the population examined by TEM had ution was adjusted to pH 1-5 (no buffer was used to pre-
accumulated significant amounts of two electron denseent interference in metal accumulation), a small increase
structures of Ni on their cell walls, corresponding to twoin pH (<0.5 unit) was detected after 5-10 min. At pH 7,
orientations of crystals of Ni(OH) the pH was maintained, but when the NiGblution was
Studying the mechanism for metal ion binding to theadjusted to pH 9, the pH decreased to 8 after a few minutes.

Journal of Industrial Microbiology & Biotechnology
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solution) to a solution of Ni at pH 1-5, the pH increased
fere e 00 toants  Dispe 1 Preset 108 seesl  after a few minutes<0.5 pH unit) as a consequence of the
i T dilution made with the inoculum and the buffering power of
cells [16]. When cells were added to a solution of Ni at
pH 9, the pH decreased to 7.5 and a rapid decrease in Ni
concentration in the medium was measured. This decrease
was associated with microprecipitation of Ni(QH)ystals
on the bacterial surface. Ni accumulation increased when
the initial pH was 9. According to the distribution of ionic
c species of Ni of the computer program SOL 1 [11], this
T increase corresponded to the appearance of hydroxylated
species of Ni. Collins and Stotzky [7] described a charge
N reversal of bacteria with Ni at pH values above 7.0, as all
cells became net positively charged, and most remained
positively charged at pH values above 9.0. They considered
G- ©.900 - Ranges  10.230 bev Tategrat 0« 10130530 that the abilitylof a metal to cause charge revers_al is related
to the speciation of the metal that occurs at different pH
Figure 3 Energy-dispersive X-ray spectra obtained from cells after values and to the ability of some speciation forms to be
nickel accumulation. The titanium signal was assumed to be from the samgpecifically adsorbed on the cell surface. However, when
ple grid. Ni accumulation ofP. fluorescenglF39 was assayed at an
initial pH of 7.5, metal accumulation was lower. The
2-Theta-Scale —— . ) absence of hydroxylated species reduced the accumulation
of the metal.
NI(OH); ] As with Ni?*, the accumulation of Ph, Co**, Cc** and
Cu?* increased as the pH increased, reaching a maximum
below the pH at which precipitation occurred. As with sol-
utions of NP, solutions of metals were not buffered and
an increase of initial pH was observed in 5-10 mir0(5
{ 1 unit). At pH 1-5 the species of Pb and Cu were PbCI
. \\\‘ Ni{OH) (70%, logB = 1.6), P3* (18%), PbC} (11%, logB = 1.8),
\ NitOH}2 ] Cuw?* (80%), and CuCl (20%, log B = 0.4) respectively
[11]. As pH increased, accumulation increased since ion
exchange is more effective when les$ 13 available to
compete with the metal for negatively-charged metal-bind-
Figure 4 Analvsis by Xr wder diffraction of (a) the orecioi ¢ ing sites. With Cd and Co between pH 1 and pH 7, SOL
niglge‘lepresen?gﬁ ietl)l); aft:rynggtaldgcgumﬁgt?onoat(S})-it9,ea$1§((:bp; t(i:emr?lerl [11] predicted the same chemical species Cd6#%,

859.00

r

Ni{OH),

Ni(OH),

Intensity (arbitrary units)
Y c” T

0.00
4

s 10 1520253035404550556065.2070

cial nickel hydroxide. log B = 1.9), CdC} (27%, logB = 2.6) and, C&" (91%)
respectively. Also with these species an increase of
3 Twia-Scale accumulation was present as the pH of the medium

increased. Hydrolyzed metal cations accumulated as a
consequence of ionic exchange with protons. Our accumu-
lation results correlated with the charge reversal described
by Collins and Stotzky [6,7], indicating a close binding of
these metals on the surface of the cells.

Uranium tends to be accumulated well by micro-
organisms, including?. fluorescenstF39, which may be
related to its heavy atomic weight and ionic radius [22].
The hydrolysed U species for pH values below 5, in the
conditions employed in this work were, according to the
SOL1 program, U® (86%) and UQCI* (14%, log B =
¥ W B W W W ¥ 4 a5 = 0 @m_m  0.2). At pH 5 the hydroxylated forms (UR(OH): (77%,
log B = 54.4) and (UQ),(OH)3* (11%, log B = 22.4)
F_igureS Analysis by X—ray powder diffracti_on of (a) the precipitate Of appeared Wh|Ch Corresponded to a Slgn|f|cant |ncrease |n
e et e mplaon tp . 204 (5) e ek ranjum acoumulation. AS with Ni hydroxyiated urany!

ions have a higher binding capacity on the biomass. The

speciation form of the metal appeared to be an important
Based on atomic absorption measurements, the pH decreasetor in determining metal accumulation. In contrast to the
of the metal solution was associated with a 3% decreasmetals previously mentioned, U did not precipitate when
in nickel concentration in the supernatant as the result othe pH was alkaline. With non-buffered metal solutions at
metal precipitation. pH 9 and 11 more instability was observed and a decrease

When cells were added (0.4 mg dry weight-tinetal  of 1-1.5 units of pH at pH 11 or 1-0.5 units of pH at pH

Journal of Industrial Microbiology & Biotechnology
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At pH 7 and above, (UQ;(OH); (99%) predominated in cism during preparation of this manuscript.

solution and a decrease in accumulation of U was observed.
According to SOL1 [11] the species of Hg predicted

between pH 1 and pH 7 were negatively charged andReferences

uncharged chlorinated species (Hg@0%, logB = 13.2;
HgCl; 30%, logB = 14.1; and HgGF 30%, logpB = 15.1),
and at acidic pH a high accumulation could be expected as
a consequence of electrostatic binding to positively charged?
groups. Nevertheless, a high accumulation was observed at
pH 7 and alkaline pH. A qualitative reason has been sug—3
gested to explain why the chlorinated forms of Hg were
adsorbed more at pH 7 or alkaline pH than at acidic pH.
Hg?" is a ‘soft’ cation and complexes strongly with numer- 4
ous ligands, a consequence of its strong affinity for sulfur-
donating ligands and halogens [2]. Soft ions participate in
covalent binding with ligands and electrostatic binding is &
relatively unimportant [6,14]. Additionally, covalent bind-
ing is affected minimally by ionic interactions and pH [3].
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guence of metal complexation.

AsCO;™ and, especially, Cr bound more strongly t®.
fluorescenglF39 at acidic pH. As the pH decreased below
the isoelectric pH, the overall net positive charge on the
cell wall promoted an easier access of anions (A0 10
85%, logB = 18.4 at pH 3 or HCr@Q 83%, logB = 6.5 at
pH 1) to positively charged binding sites. At low pH, the ;
accumulation of these oxoanions was consistent with elec-
trostatic binding to positively charged groups.

Until recently, attention has been focused principally onl12
cation adsorption or ion exchange processes on the cell
wall. lon exchange has been considered the main mech-
anism responsible for metal accumulation. Metal precipi-13
tation and metal nucleation, which play a special role in
the metal deposition process, are also important. However,

1

7

9

other mechanisms such as complexation, coordination of
chelation can contribute to metal sequestration on or in thes
cell walls.

pH is the most important factor in the metal-accumu-
lation process; it affects the solution chemistry of the met-16
als, the activity of functional groups in the biomass, and,
competition between metallic ions. The accumulation of Ni
by P fluorescengtF39 was the result of a combined ion
exchange-microprecipitation mechanism on the cell sur-
face, and it can be considered a biosorption process. Thig,
property may lead to applications that could contribute to

the process of metal immobilization.
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