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Abstract

Purpose Due to the inevitable interaction between bacteria and soil minerals, whether bacteria could exert the excepted functions
in the soil is yet to be confirmed and how minerals affect biosorption potential is needed to be investigated. The purposes of this
study were to explore the adsorption behavior and mechanism of metal-resistant bacteria attaching to typical red soil minerals
under different conditions and to discuss whether biosorption potential would be altered after the addition of functional bacteria to
soil.

Materials and methods Here, we tested equilibrium adsorption along with zeta potential analysis, scanning electron microscopy
(SEM), Fourier transform infrared spectra (FTIR), and desorption to investigate the adsorption of two metal-resistant bacteria
(Gram-negative Enterobacter sp. EG16 and Gram-positive Bacillus subtilis DBM) onto typical red soil minerals including
goethite, kaolinite, and gibbsite under different environmental factors.

Results and discussion We found that the minerals adsorbed more EG16 cells than DBM, and the adsorption capacities followed
the sequence of goethite > kaolinite > gibbsite. Both the surfaces of bacteria and mineral were pH-dependent in our tested pH
range (4.0-7.0), and the maximum adsorption was at pH 4.0. Increasing ionic strength resulted in less adsorption of bacteria onto
goethite, whereas bacterial adsorption onto kaolinite was the opposite. These observations elucidated that electrostatic interaction
was the dominant contributor. The adsorption conformed to the Langmuir and pseudo-second-order kinetic model implying
chemical adsorption, and the result of FTIR also supported that. Desorption experiment has suggested the significant contribution
of electrostatic force and the minor dominator of functional groups for bacteria—mineral combination.

Conclusions The results of this study indicated that electrostatic interaction was the dominant contributor to bacteria—mineral
combination and functional groups coordination contributed less than 10%. This finding suggested most adhered bacteria could
still provide active sites for heavy metal biosorption. Thus, although 50-90% of added functional bacteria has adhered to
minerals, the bacteria—mineral combination had a limited impact on biosorption.
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Red soil is distributed widely in tropical and subtropical re-
gions, such as south China (Liu et al. 2010). These red soil
regions contain abundant mineral resources, accompanied by
54 Yaying Li extensive mining activities, which lead to severe heavy metal
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Phytostabilization is a commonly used bioremediation tech-
nology that immobilizes soil heavy metals with stress-resistant
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(Turgay and Bilen 2012). To address this problem, eco-
friendly and effectively, assisted phytoremediation with func-
tional metal-resistant bacteria is one of the most promising
approaches (Rajkumar et al. 2012). Some metal-resistant bac-
teria can change heavy metal bioavailability, mobility, and
speciation by biosorption, bioaccumulation, and metal reduc-
tion, which could effectively reduce metal toxicity to both
plants and bacteria (Chatterjee et al. 2009; Joshi and
Juwarkar 2009; Juwarkar et al. 2007; Vivas et al. 2006).
Besides, some metal-resistant bacteria can improve plant
growth by producing plant growth regulators, such as
indole-3-acetic acid (IAA) and 1-aminocyclopropane-1-
carboxylate (ACC) deaminase (Luo et al. 2011; Ma et al.
2011; Wang et al. 2011).

To date, research on microbial-assisted phytoremediation
for heavy metal contaminated soils has focused primarily on
how plant and microorganisms interact (Belimov et al. 2005;
Chen et al. 2016b), how microbes promote plant growth, and
how bacteria help to immobilize heavy metal (Sinha and
Mukherjee 2008). However, almost 80-90% of microorgan-
isms added into soil ultimately adhered to soil minerals rather
than be in soil solution. The adsorption of metal-resistant bac-
teria onto mineral surfaces is an initial step in bacterial colo-
nization in soil (Ams et al. 2004). By this interaction, it may
influence surface properties, such as chargeability and surface
sites concentration of both materials, which might affect
biosorption for heavy metals (Moon and Peacock 2013;
Wang et al. 2016). Thus, it is desirable to understand the
mechanism of adsorption of metal-resistant bacteria onto red
soil minerals and to analyze the possible influenced portion
within bacteria—mineral combination for biosorption
potentials.

On the one hand, present research shows that adsorption of
bacteria onto minerals can be affected by many environmental
factors, such as pH, ionic strength, adsorption time, and
bacteria—mineral ratios. Zhang et al. (2014) reported that
Escherichia coli O157:H7 attachment onto kaolinite and goe-
thite surfaces increased as pH decreased from 10.0 to 3.0.
Jiang et al. (2007) also observed the same results for pH study
from 10.0 to 2.0. Rong et al. (2010) and Cai et al. (2013) found
opposite trends of Gram-negative bacteria adhered to goethite
with same increasing ionic strength from 1 to 100 mM K.
However, on why the adsorption trend went on opposite di-
rections under one same factor, there was no consistent
answer.

On the other hand, some studies suggested that adsorption
of bacteria onto minerals also can be affected by the cell wall
characteristics and structure of bacteria as well as by the types
and surface properties of minerals. Ams et al. (2004) observed
that compared to Pseudomonas mendocina (Gram-negative),
more Bacillus subtilis (Gram-positive) had attached to Fe-
coated quartz surfaces, owing to cell wall structure differ-
ences. Jiang et al. (2007) found that Pseudomonas putida
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preferred to attach on the surface of goethite, followed by
surface of kaolinite and montmorillonite, due to different min-
eral types and surface properties. Until now, it is yet to con-
firm how cell wall differences and mineral types influence on
bacteria—mineral interactions.

Most studies on the bacteria—mineral combination only fo-
cus on the influence on the adsorption behavior of different
factors mentioned above. Few have elucidated the different
combination ways of bacteria and minerals and the contribu-
tion of each way of combination, which may affect the surface
properties and adsorption sites of metal-resistant bacteria. At
present, the main unresolved questions are as follows: (1) how
the essential factors, such as ionic strength and cell wall struc-
tures, influence bacterial adhesion to minerals; (2) how these
factors impact on the combination modes and whether a con-
sistent combining pattern between specific bio- and mineral
surface; (3) whether the combination modes alter biosorption.
A comprehensive analysis is needed.

The objective of this study was to investigate whether min-
erals would affect biosorption potential of metal-resistant bac-
teria. The effects of different adsorption conditions (pH, ionic
strength, interaction time, and bacteria—mineral ratios) on the
adsorption of two metal-resistant bacteria (Gram-negative
Enterobacter sp. EG16 and Gram-positive Bacillus subtilis
DBM) by three typical red soil minerals (kaolinite, goethite,
and gibbsite) were measured. Two metal-resistant strains have
been confirmed their effectivity on biosorption and plant
growth promotion (Bai et al. 2014; Chen et al. 2016b). Due
to desilicified allitization of red soils in south China, clay
minerals (primarily kaolinite) and iron-alumina oxides (goe-
thite and gibbsite) were chosen as tested typical red soil min-
erals (Cheng et al. 2017). Scanning electron microscopy,
Fourier transform infrared spectroscopy, and zeta potential
were used to provide insight into the mechanisms of adsorp-
tion of metal-resistant bacteria onto minerals, and desorption
experiment was carried out to quantify the contribution of
different adsorption approaches.

2 Materials and methods

2.1 Culture of bacteria and preparation of bacterial
suspension

The bacterial strains used in this study were isolated and tested
by our laboratory, Guangdong Provincial Key Lab of
Environmental Pollution Control and Remediation
Technology, Sun Yat-sen University, Guangzhou, China.
The heavy metal-resistant strain Enterobacter sp. EG16 (a
Gram-negative strain) was isolated from the rhizosphere of
Hibiscus cannabinus growing in multi-metal polluted mine
tailings, and Bacillus subtilis DBM (a Gram-positive strain)
was isolated from multi-metal contaminated paddy soil. We
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have proven that EG16 has the capacity of accumulating Cd
by surface biosorption and intracellular accumulation, and
promoting plant growth by secreting siderophores and botan-
ical hormone IAA (Chen et al. 2016a; Chen et al. 2016b).
DBM was confirmed its tolerance to Cd, Pb, Cu, and Zn and
could synthesize IAA and ACC deaminase and promote plant
growth (Bai et al. 2014).

Bacteria were inoculated in beef extract-peptone medium
(beef extract 5.0 g, peptone 10.0 g, NaCl 5.0 g, water 1 L,
pH 7.2) and shaken at 30 °C and 150 rpm for 24 h to stationary
phase. The bacterial cells were collected by centrifugation at
4000 rpm for 10 min repeatedly. Then washed it three times
with sterilized distilled-deionized (DDI) water to remove the
remaining medium and resuspended in 0.2 mol L™ phosphate
buffer solution to obtain bacterial suspension with an ODg
value equal to 1.0. The specific surface area (SSA) of dead cell
powder after freeze-drying (Table S1) was determined using
N, adsorption (Guangzhou Analytical Instrument Company).

2.2 Mineral preparation

Tested minerals (goethite, kaolinite, and gibbsite) were pur-
chased from Sigma-Aldrich and ground to pass a 100-mesh
sieve (particle size < 150 pwm) before used. The specific sur-
face area of goethite, kaolinite, and gibbsite (Table S1) was
determined using N, adsorption amount (Guangzhou
Analytical Instrument Company). X-ray diffraction analysis
(Fig. S1) confirmed that three tested minerals had high purity
and were proper for the subsequent tests.

2.3 Bacteria-mineral adsorption experiments

Batch experiments were performed to measure the adsorption
of bacteria onto minerals as a function of pH, ionic strength,
adsorption time, and bacteria—mineral ratio at 150 rpm and
25 °C. Ten-milliliter aliquot of ODggo = 1.0 (0.50 mg mL ")
bacterial suspension and 0.01-g mineral were mixed in a
50-mL centrifuge tube. The mixture was adjusted to desired
initial pH values (4.0, 5.0, 5.5, 6.0, 7.0) using 0.1 M NaOH or
HNO; at 0.01 M KNOj; and analyzed adsorption percentage at
equilibrium. We also tested adsorption equilibriums under
different ionic strength of 1, 10, 50, and 100 mM KNO; at
pH 5.5. In the bacteria—mineral ratio experiment, 0.01-g tested
minerals were mixed with 0, 0.017, 0.033, 0.050, 0.067,
0.167, 0.267, 0.333, and 0.500 mg mL ! bacteria suspension,
equal to ratio of 0, 0.025:1, 0.05:1, 0.075:1, 0.1:1, 0.25:1,
0.4:1, 0.5:1, and 0.75:1, in a 50-ml centrifuge tube at 0.01 M
KNOj; and pH 5.0 to a total volume of 15 ml. For the kinetic
experiment, adsorption percentage was analyzed for different
reaction times of 0, 1, 3, 5, 10, 15, 30, 60, 90, and 120 min at
0.01 M KNOj and pH 5.0.

The separation of bacteria—mineral composites and unab-
sorbed fraction was accomplished using sucrose step-gradient

centrifugation (Rong et al. 2008). When adsorption reached
equilibrium, 4 ml 60% w/w sucrose solution was injected
through the bottom of the tested tube and centrifuged at
4000 rpm for 20 min. Due to density differences, bacteria—
mineral composites can be collected at the bottom of the tested
tube, while unabsorbed bacteria were separated in the super-
natant above the sucrose layer (Yee et al. 2000). Unattached
bacteria were pipetted out and pyrolyzed by 0.5 M NaOH at
100 °C for 30 min (Jiang et al. 2007), of which the protein
content was determined using Coomassie bright blue staining
at 595-nm wavelength (Zhang et al. 2014). Preliminary exper-
iment confirmed a good linear relationship between bacterial
protein content and bacterial quantity with R* over 0.96 (Fig.
S2). The adsorption percentage was calculated by subtracting
the unabsorbed bacteria amount from the initial amount.

2.4 Bacteria—-mineral desorption experiment

Desorption experiment of bacteria—mineral composites was
carried out at pH 5, right after adsorption of bacteria, and
minerals have reached equilibrium at pH 5, 0.01 M KNO;
under 25 °C. Bacteria—mineral composites were collected by
centrifugation at 4000 rpm for 10 min. Then, the composites
were resuspended respectively in 15 mL milli-Q water or
0.1 mol L' EDTA-Na, and desorbed for 1 h with 150 rpm
atpH 5, 0.01 M KNOs. After desorption, unattached bacteria
in the supernatant were pyrolyzed and quantified using
Coomassie staining method. Subtracted the unattached bacte-
ria amount from that of adsorbed bacteria, the number of bac-
teria desorbed by two eluants can be obtained, and the propor-
tion of each combination ways can be calculated. The part
desorbed by milli-Q water indicates that the composites
formed by physical effects, while EDTA-Na, can desorb the
part that combined by physical adsorption, and functional
groups coordination (Bai et al. 2014; Fang et al. 2011). By
subtracting the water-desorbed amount from EDTA-Na,
desorbed amount, this part was obtained as chemical effects.
The portion that cannot be desorbed by two eluants is consid-
ered to have spatial hindrance, such as insertion.

2.5 Experiments on micro-mechanism
of bacteria—mineral adsorption

2.5.1 Zeta potential

Zeta potentials of bacteria, minerals, and bacteria—mineral
composites were measured by zeta potential analyzer
(Zetasizer Nano ZS90) at adsorption equilibrium under a
range of pH (4.0, 5.0, 5.5, 6.0, 7.0), at 10 mM KNO; or a
range of ionic strength (1, 10, 50, and 100 mM) at pH 5.5 at
25 °C.
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2.5.2 Scanning electron microscopy

The morphology of minerals and bacterial-mineral compos-
ites (with saturated adsorption at pH 5.0, 10 mM KNOj,
25 °C) was examined by scanning electron micrography
(SEM, Quanta 400, FEI Co., Hillsboro, OR, USA). Sample
preparation was done using modified fixation method (Hong
et al. 2018), in which cells and complexes were fixed with
2.5% glutaraldehyde for 2 h at 4 °C, washed three times with
phosphate buffer and then dehydrated in gradient ethanol
(30%, 50%, 70%, 90%, and 100%) for 15 min at each step.
Samples were treated 3 times with tert-butanol, 15 min each
time, and the mixed suspension was dripped on a tin foil
paper, freeze-dried and sputter-coated with gold under
vacuum.

2.5.3 Fourier transform infrared spectrography

Bacteria, minerals, and bacteria—mineral composites (with sat-
urated adsorption at pH 5.0, 10 mM KNOj3 and 25 °C) were
freeze-dried for 24 h. The lyophilized samples were mixed
with KBr powder (1:100, w/w), ground and compressed in a
hydraulic press. The infrared spectra of bacteria, mineral, and
the bacteria—mineral composites were recorded by a Fourier
transform infrared (FTIR) spectrometer (EQUINOX 55,
Bruker, Germany), operating in the range of 400-4000 cm '

with a scan rate of 0.2 cm sec .

2.6 Statistical analysis

All experiments were carried out in triplicate, and the reported
results represent the mean of three values + standard devia-
tions. Analysis of variance and Duncan’s multiple range test at
p <0.05 were used to compare treatment means. All statistical
analyses were carried out using SPSS 20.0.

3 Results

3.1 Surface characteristics of bacteria and tested
materials

In Fig. 5, we could observe the shapes of three tested minerals
that goethite was fine acicular shape crystal, kaolinite was
flake-shape, and gibbsite was columnar crystal with a smooth
surface. Their specific surface areas (Table S1) were 10.45,
8.89, and 0.44 m? gfl, respectively. The XRD (Fig. S1) and
FTIR (Table 2) results illustrated the chemical components
and surface groups of their structures. The bands of goethite
at 607 cm ', 798 cm ', and 904 cm ! indicating a FeOg core
with -O-/-OH encircled structure. The vibration recognized a
double-layer structure of kaolinite as AIO(OH), and SiO,4 with
-OH on Al sides at 469 cmfl, 537 cmfl, 1006 cmfl, and
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912 cm™'. The vibration at 450 cm ' and 537 cm ' implied
columnar gibbsite of AIO(OH), with -O-/-OH skeleton. As
presented in Fig. 2, zeta potentials of both bacteria and kao-
linite were negative. At the same time, those of goethite and
gibbsite were positive, indicating electrostatic attraction be-
tween bacteria and goethite or gibbsite but electrostatic repul-
sion between bacteria and kaolinite. The smaller absolute val-
ue of goethite and bacteria implied their aggregation poten-
tials. As infrared spectra (Fig. S4) presented, our tested bacte-
rial surfaces both contained carboxyl, hydroxyl, carbonyl, am-
ide, and phosphate groups provided by surface proteins, poly-
saccharides, phospholipid, and peptidoglycan, marked by the
bands at 3300 cm ™' (Nath and Ray 2015), 2926 cm™ ' (Das and
Guha 2007), 1653 cm ! and 1541 cm ' (Doshi et al. 2007),
1453 cm ' (Ueshima et al. 2008), 1394 cm ' (Cao et al.
2011), and 1236 cm ' and 1077 cm ' (Cao et al. 2011;
Loukidou et al. 2004).

3.2 Effect of pH on adsorption of bacteria by red soil
minerals

The results showed that the adsorption capacity of three tested
minerals for two bacterial strains decreased with increasing
pH from 4.0 to 7.0 (Fig. 1a). Adsorption of EG16 onto goe-
thite, kaolinite, and gibbsite decreased from 79, 56, and 39 to
59, 18, and 13%, respectively, while the corresponding de-
creases for DBM were from 73 to 54% on goethite, from 53
to 17% on kaolinite, and from 39 to 10% on gibbsite. The
effect of pH on adsorption was similar between the Gram-
positive strain DBM and Gram-negative strain EG16. For ka-
olinite and gibbsite, within the range of pH 4.0-6.0, the pH
effect was most pronounced that adsorption for EG16 and
DBM had been decreased 23-36% and 27-35% respectively.
For goethite, the influence of pH on adsorption was strongest
between pH 5.0 and 5.5. The significant decrease may be
related to surface charge changes, which was consistent with
the change of zeta potentials.

Significant decreasing zeta potentials were observed for all
samples with increasing pH (Fig. 2), which may be related to
the deprotonation of surface functional groups with additional
bases (Zhao et al. 2012). Besides, zeta potentials of all com-
posites changed to negative charges, indicating adsorbed bac-
teria had covered and masked most surface area of tested
minerals. It is worth noting that goethite—bacteria composites
changed from positive charge to negative charge from pH 4.0
to 5.0, accompanied by a steep decline to the value similar to
those of bacteria. Comparing all formed composites, the ab-
solute values of zeta potential followed the order of kaolinite-
EG16 > kaolinite-DBM > goethite-EG16 > goethite-DBM >
gibbsite-EG16 > gibbsite-DBM, which all within 20, imply-
ing possible aggregation and favorable for metal
immobilization.
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Fig. 1 Impact of different pH (a), ionic strength (b), and interaction time
(¢) on goethite, kaolinite, and gibbsite adsorption for bacteria
Enterobacter sp. EG16 and Bacillus subtilis DBM

3.3 Effect of ionic strength on adsorption of bacteria
by red soil minerals

The adsorption of goethite for both EG16 and DBM decreased
significantly from 86.5 to 43.2% for EG16 and from 82.4 to
28.6% for DBM with increasing ionic strength from 1 to
50 mM KNOj; (Fig. 1b). In contrast, the adsorption capacity
of kaolinite and gibbsite for two bacterial strains has no evi-
dent changes within tested ionic strength range, except a mi-
nor increase for that of kaolinite at the very beginning. Their
changing zeta potentials had supported these trends (Fig. 2).
For natural negatively charged materials, significant increas-
ing zeta potentials have been observed with increasing ionic
strength, possibly covered by a large amount of K* while for
minerals with positive charge surface, a significant decreasing
trend was found.

3.4 Adsorption kinetics and isothermal adsorption

Adsorption trends of tested minerals for EG16 and DBM under
different reaction time were the same (Fig. 1c). The adsorption
proceeded rapidly in the initial 15 min that 60%, 25%, and 15%
EG16 and 55%, 22%, and 18% DBM had been adsorbed on goe-
thite, kaolinite, and gibbsite. Subsequently, adsorption began to slow
down. Bacterial adsorption on goethite reached equilibrium in ap-
proximately 30 min while the corresponding adsorption saturation
for kaolinite and gibbsite delayed till 60 min. The shorter saturated
time of adsorption on goethite was probably due to its acicular
structure and larger surface area and also the strong electrostatic
attraction between positively charged goethite and negatively
charged bacteria. From the linear fitting of kinetics (Table 1, Fig.
S3), pseudo-second-order kinetic model better reflected the ob-
served adsorption behavior (R*>0.97) compared to pseudo-first-
order kinetic model. Also, the g, values calculated by pseudo-
second-order kinetic approximated the experimental results.

As for the adsorption isotherms (Fig. 3), it showed that the
quantity of adsorbed bacteria increased with larger bacteria—
mineral ratios. The approximate adsorption equilibrium ratios
of goethite, kaolinite, and gibbsite for EG16 were 0.75:1,
0.4:1, and 0.4:1, respectively. And for DBM, the approximate
adsorption equilibrium ratios of goethite, kaolinite, and
gibbsite were 0.5:1, 0.4:1, and 0.4:1, respectively. The maxi-
mum capacities of EG16 on goethite, kaolinite, and gibbsite
were 128.17%, 117.23%, and 100.29% of DBM, respectively.
Comparing the adsorption capacity of three tested minerals,
there was a decreasing order of goethite > kaolinite > gibbsite.
All these adsorptions can be well simulated by the Langmuir
model with higher correlation coefficients (all >0.94) than
those of the Freundlich model (Table 1), indicating single-
layer chemical adsorption. The maximum experimental ca-
pacities of goethite, kaolinite, and gibbsite reached 56.2%,
79.4%, and 79.9% of theoretical Q,,.« values for EG16, and
66.6%, 81.8%, and 82.3% of that for DBM.
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Fig.2 Zeta potential of bacteria (EG16 and DBM), minerals (goethite, kaolinite, and gibbsite), and mineral-bacterial composites as a function of pH (a,
b, ¢, d) and ionic strength (e, f)

3.5 Desorption of bacteria from tested minerals combination (or hydrogen bonding) and insertion, with a
small portion of functional groups binding. For both
The results of desorption showed (Fig. 4) that bacteria—  goethite—bacteria composites and kaolinite—bacteria compos-

mineral composites were mainly formed through electrostatic ites, insertion might be the major forming approach, occupied
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Table 1 Equations and parameters of kinetics and isothermal adsorption fitting of bacteria and mineral combination
Bacteria Mineral  Experimental  Pseudo-first-order Pseudo-second-order
g/mg g Equation R’ Equation R? Gecamg g€
Kinetic model EG16  Goethite 386.65 dgldt=k(qeq)D 0811 dg/dt=kyg.-q)*D 0.984 434.78 0.0002
Kaolinite 201.40 In(Geq) =Ingek (@ 0945 14:=1kq’ +14.@ 0981 243.90 0.0002
Gibbsite  120.86 0.970 0981 149.25 0.0003
DBM Goethite  346.26 0.825 0.984 400.00 0.0002
Kaolinite 175.70 0.970 0.986 204.08 0.0003
Gibbsite  132.75 0.966 0974 163.93 0.0003
Isothermal model Bacteria Mineral — Experiment Freundlich Langmiur
Omax (mg g1 Equation R? Equation R? Omaxmg g ) K
EG16  Goethite 300.51 0.=KC'"™ 0942 0,=O0muxKCe/(1 +KC,) 0984 534.53 3.10
Kaolinite 202.42 0.851 0.948 255.04 9.40
Gibbsite  128.42 0.892 0978 160.74 11.86
DBM Goethite  277.90 0.905 0974 417.05 5.47
Kaolinite 177.94 0.859 0.954 217.56 10.48
Gibbsite 131.88 0.862 0971 160.27 13.24

Note: ¢, represents the adsorbed amount when the adsorption time is # (mg g ' ); ¢. is the adsorption capacity at equilibrium (mg g ' ); k; represents the
rate constant of first order kinetics (1 min ! ); k> represents the rate constant of second order kinetics (g (mg min)71 ); @ is differential equations and (2) is
integral expression formulas. Time ¢ is the x-coordinate value, /n(q.-q,) is the y-coordinate value, and the parameters of the pseudo-first-order dynamic
equation can be obtained by linear equation fitting. Similarly, time ¢ as the x-coordinate value and #/g, as the y-coordinate value, the parameters of the
pseudo-second-order dynamic equation can be obtained by using linear equation fitting. g, .., experimental maximum adsorption capacity; ge,cas
theoretical maximum adsorption capacity from kinetic modeling; R*, correlation coefficient. O, represents adsorbed bacteria onto minerals (mg g ' );
C, is the equilibrium concentration of bacteria (mg mL); Omax denotes the maximum adsorption amount of bacteria on minerals (mg g_1 ); K is the
equilibrium constant (mL mgf' ); n is a constant

88.5% and 60.8% for EG16 and 83.1% and 54.7% for DBM
respectively, followed by the electrostatic combination (or
hydrogen bonding). For gibbsite—bacteria composites, an op-
posite result was observed that electrostatic combination was
the dominant contributor, accounting for 62.20% EG16 and
63.49% DBM. Chemical adsorption via functional groups
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400 Langmiur fit
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occupied a portion in DBM-mineral composites modes (Fig.
4), while that of EG16—mineral composites was rare or almost
absent. This difference probably related to the stretched-out
teichoic acid on the cell wall of Gram-positive strain DBM
(Fig. 5) (Kulczycki et al. 2002), providing substantial active
functional groups.
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Fig. 3 Adsorption isotherms of bacteria (EG16 and DBM) and tested minerals (goethite, kaolinite, and gibbsite) combination
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Fig. 4 Desorption of bacteria
(EG16 and DBM) and minerals
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3.6 Scanning electron micrograph

From the SEM image a and b (Fig. 5), acicular goethite and
flaky kaolinite agglomerated evidently and provided substan-
tial voids for bacteria to get in. Differed from the status on the

Outer
membrane

Cytoplasmic
membrane

Fig. 5 SEM images of minerals (goethite, kaolinite, and gibbsite) and
bacteria—mineral composites {a, goethite; b, kaolinite; ¢, gibbsite; d,
EG16-goethite; e, EG16-kaolinite; f, EG16-gibbsite; g, DBM-goethite;
h, DBM-kaolinite; i, DBM-gibbsite; examples of attached bacteria onto
minerals marked in red circles; TEM and cell wall structure of EG16 and
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Reaction system

gibbsite surface, a large proportion of bacteria could be seen in
SEM image d, ¢, g, and h, not only on the surface of goethite
and kaolinite but also in the voids, which was consistent with
the result of desorption. It can also be seen that the bacteria on
the mineral surface tended to cluster together. Compared

=
g
£
g
2
g
&

Cytoplasmic
membrane

DBM are shown on the left and right sides respectively; the schematic
diagram of bacterial cell wall structure is based on the description of
Kulcezycki (Kulezycki et al. 2002), Beveridge (Beveridge 1981), and
Fang (Fang et al. 2009)}
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composites images d—i with the mineral single component a—
c, the agglomerated minerals loosen slightly after bacterial
adhesion. Compared with the other two minerals, the smooth
columnar structure of gibbsite may be more unfavorable for
bacteria to attach.

3.7 Fourier transform infrared spectroscopy
of bacteria-mineral composite

Compared with the spectra of goethite and bacteria, goethite—
bacteria composites had involved the functional groups of both
surfaces (Table 2, FigS4). The formation of composites mainly
applied O-H bond from adsorbed water, bending -OH and free -
OH on goethite surface, observed from shifting peaks at
1652 cm™' (Rong et al. 2010), 1792 cm ™' (Ruan et al. 2001),
and 3117 cm ™' (Wilson 1994), while partial DBM engaged into
FeOg lattice, showing a shifting peak at 606 cm ™' (Wilson 1994).
C-OH on peptidoglycan and N-H/C—N on amide were detected
at the combination of both EG16 and DBM composites with
goethite. Differed from DBM, EG16 also applied P=O double
structure on outer membrane and C=0 in the amide in the pro-
cess of composite with goethite.

The formation of kaolinite—bacteria composites had signif-
icantly engaged the O—H bond in adsorbed water at 1636 cm ™'
and 3449 ¢cm™'. Due to the layer structure of kaolinite, both
bacteria chosen to attach to the Si-O bonds at 1114 cm ™'
(Eren and Afsin 2008) and 698 cm’! (Yuan et al. 2008) and
A0 bonds at 429 cm™ ! (Saikia et al. 2003) from both sides
of kaolinite, and partial EG16 also attached via the AI-OH
bonds at 912 cm ' (Yuan et al. 2008). Comparing two strains,
EG16 mainly applied C=0 and N-H or C-N in amide in the
formation of kaolinite—bacteria composites, while DBM also
engaged C—H bonds in protein alkyl at 2926 cm .

For columnar gibbsite, bacteria mainly attached to Al-O
bond at 450 cm™! (Liu et al. 2012; Poorebrahimi and
Norouzbeigi 2015), and EG16 also connected to AI-OH—AI
bonds at 743 cm ' (Poorebrahimi and Norouzbeigi 2015).
Both bacteria attached to surface water instead of a structural
-OH bond, while EG16 connected with variable H,O with the
peak near 2006 cm ' and DBM with swinging H,O with the
peak near 665 cm™'. P=0 bonds on phospholipid, COO- in
amino acids, C=0 and N-H/C-N on amides, and C—H bonds
in alkyl group (the peaks near 1236 em ', 1396 cm !,
1544 cmfl, 1656 cm ', 2926 cm! respectively) were en-
gaged in the combination of bacteria—gibbsite composites,
whereas EG16 showed more significant peak shifts of COO-
and C—H bonds.

4 Discussion

Our results elucidated that electrostatic interaction played an
essential role in bacterial adsorption on minerals. The first clue

was that the adsorption of bacteria on minerals was markedly
affected by pH. Increasing solution pH induces deprotonation
on both bacteria and minerals surface, resulting in significant-
ly decreasing zeta potentials of both materials. Therefore, the
repulsive electrostatic force between kaolinite and bacteria
increased, the attractive electrostatic force between goethite/
gibbsite and bacteria reduced, and adsorption was hindered.

Data obtained at different ionic strengths also supported
that electrostatic interaction was a significant contributor to
bacterial adsorption on minerals. As presented in Fig. 1b and
Fig. 2, zeta potential changes of bacteria and their adsorption
trend onto tested minerals were consistent with the prediction
of traditional DLVO theory (Hermansson 1999). For kaolinite
and bacteria, which both are negatively charged, increasing
ionic strength compressed the double electrode layer. This
compression made the distance between kaolinite and bacteria
closer, thus reducing the electrostatic repulsion and improving
the adsorption performance. Positively charged minerals and
bacteria, with lower ionic strength, have extensive diffusion
layer and attractive electric fields, increasing the opportunities
for adsorption. Once electrolyte accumulated, the compres-
sion of the diffusion layer of two surfaces reduces the electro-
static attraction (Cai et al. 2013). Also, a higher concentration
of electrolyte ions could mask surface and limit the interaction
between two surfaces. In other words, electrolyte ions could
be a shield for electrostatic interaction blocking either attrac-
tive or repulsive force in higher ionic strength (Hong et al.
2018; Yee et al. 2000). Similar results have also been ob-
served on bacterial adsorption by Fe-oxides (Hong et al.
2014), Al-oxides (Yee et al. 2000), and clay minerals (Zhao
etal. 2012).

However, for negatively charged kaolinite and bacteria,
which existing a strong electrostatic repulsion, substantial bac-
teria still adsorbed onto the kaolinite surface. Two specula-
tions were made. On the one hand, kaolinite consists of double
layers of oxides, AIO(OH), and SiO,4. Point of zero charge
(PZC) of Si—O as 3.0 means that for the tested pH range of 4—
7, it served as a negatively charged surface while that of AI-O
is 9.1 referred to a positively charged surface. Thus, the repul-
sion from the SiO, side may push the bacteria to the
AlO(OH), side, which explained the adsorption. This electro-
static force difference may also explain the spot cluster of
bacteria on the kaolinite surface observed in SEM (Fig. 5 e,
h). On the other hand, other non-electrostatic forces such as
chemical interaction (chemical bonds/functional groups) and
hydrogen bonding also play an essential role in the adsorption
processes. The simulation of pseudo-second-order kinetic and
Langmuir model (Fig. S3, Fig. 3 and Table 1) has sufficiently
supported this. Pseudo-second-order kinetic model well fit the
adsorption, indicating that chemical adsorption could be the
rate-limiting step for the adsorption process of two bacteria on
minerals (Dursun 2006). Likewise, well fit with the Langmuir
model, the adsorption of bacteria on mineral is presented as
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Table 2 Peak shifts in FTIR spectra before and after adsorption in ionic strength 0.01 M at pH 5

Single system Functional group  Peaks

Peak shift (cm ) after adsorption

(cm Y
Goethite- Goethite- Kaolinite- Kaolinite- Gibbsite- Gibbsite-
EGl6 DBM EGIl6 DBM EGl6 DBM
EGl16 Stretching C-OH 1078 1063 - -
Stretching P=0O 1236 1231 - 1230
Stretching COO- 1396 - - 1391
Bending CH, 1453 - - -
Amidell/N-H/C-N 1544 1532 1543 1542
Stretching C=0 1656 1652 1653 1654
C-H bond 2926 - - 2963
O-H or N-H 3302 - -
DBM Stretching C-OH 1078 1060 - -
Stretching P=O 1236 - - 1230
Stretching COO- 1395 - - 1393
Bending CH, 1455 - - -
Amidell/N-H/C-N 1541 1540 - 1540
Stretching C=0 1653 - 1654 —
C-H bond 2926 - 2928 2928
O-H or N-H 3304 -
Goethite FeOg lattice 607 - 606
Deformed Fe-OH 798 - -
904 - -
H,0 adsorbed V, 1659 1652 1653
Bending -OH 1791 1792 1792
Free -OH 3117 3116 3115
Kaolinite Stretching AI-O 429 428 428
Deformed Si-O-Si 469 - -
Stretching AI-O-Si 537 - -
Stretching Si-O 698 697 697
794 - -
Bending AI-OH 912 911 -
Stretching Si—-O-Si 1006 - -
Bending Si-O 1031 - -
Quartz Si-O 1114 1115 1116
H,O adsorbed V, 1636 1653 1654
H>0 adsorbed V, 3449 3422 3423
Structural -OH 3620 - -
Stretching -OH 3696 - -
Gibbsite Al-O 450 449 449
516 - 515
559 - -
Swinging H,O 666 - 665
Translational 743 742 -
Al-OH-Al 799 - -
Deformed -OH 915 - -
968 - -
1021 - -
Variable H,O 2007 2006 -
Structural -OH 3526 - -
3621 - -

Note: This table is arranged according to FTIR spectra. Characteristic peaks were listed as intrinsic functional groups, and shifted peaks of bacteria—
mineral composites were listed as functional groups involved in the adsorption

single-layer chemical adsorption. The result of FTIR also
proved it. FTIR spectra showed that the carboxyl, carbonyl,
phosphate, and amino groups on the surface of bacteria and
various hydroxyl groups on the surface of minerals were in-
volved in the adsorption. The vibration of adsorbed water
molecules on three mineral surfaces shifted after bacterial ad-
sorption, which was generally regarded as the formation of

@ Springer

hydrogen bond (Santhiya et al. 2001). These results confirmed
that chemical interactions and hydrogen bonds are also crucial
mechanisms governing the adhesion of bacteria onto kaolinite
surface.

The results also showed significant variances in adsorption
capacity among three tested minerals in the range of pH 4-7
and 1-100 mM KNOj;. This inconsistency of extent could
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result from the structure and surface area difference of min-
erals and cell wall structure dissimilarities between Gram-
positive and Gram-negative bacteria. SEM (Fig. 5) image
and surface area data (Table S1) offered a shred of vivid ev-
idence. It showed that acicular goethite with a large specific
surface area was more favorable for bacteria to bind tightly.
The smaller particle size and the lower zeta potential value of
goethite favored aggregate formation, which provides sub-
stantial additional voids for bacterial insertion. Compared with
goethite, kaolinite was a flaky structure with slightly smaller
specific surface area, resulting in relatively minor adsorption.
Due to its double-layer structure which serves opposite
charges, bacteria tended to gather at the areas where present
less repulsive force. For gibbsite, the smooth columnar struc-
ture with the smallest specific surface area makes the bacteria
challenging to attach or insert.

The adsorption capacity of Gram-negative strain EG16 and
Gram-positive strain DBM showed a bit different. The maxi-
mum capacities of EG16 on three tested minerals were
128.17%, 117.23%, and 100.29% of DBM, respectively.
EG16 reflected higher calculated O, except that on
gibbsite. This difference can be attributed to the smaller size
of EG16 (appr. 0.5 x 2 um) compared to DBM (appr. 0.8 x
2 um) that it could easily get into mineral voids and to the
chemical component difference of cell wall (Fig. 5). The outer
surface of Gram-positive bacteria is a thick layer of peptido-
glycan, interluded with teichoic and lipoteichoic acid
(Beveridge 1981; Fang et al. 2009; Kulczycki et al. 2002).
Carboxyl (R-COO-, pK,4.82), phosphate (R-PO-, pK,6.9),
and hydroxyl (R-O-, pK,9.4) (Yee et al. 2000) could be the
dominant functional groups on DBM surface. In our tested pH
range, R-PO- and R-O- on bacterial surface tended to connect
minerals through electrostatic force, while R-COO- connected
that via complexation. Instead, Gram-negative bacteria are
protected in a thin layer of peptidoglycan overlain by an outer
lipid/protein bilayer with porins on it (Beveridge 1981; Fang
et al. 2009; Kulezycki et al. 2002). The porins on its surface
exposed the lipoprotein on periplasmic space and provided
more hydrophilic amide for adsorption, which easy to form
hydrogen bonds. Shortly, Gram-negative bacteria EG16 main-
ly attached to the mineral surface via inserting into the mineral
voids and forming hydrogen bonds, and as for Gram-positive
bacteria, chemical bonding also made contributions. The re-
sults of desorption have supported this.

It is worth noting that the carboxyl, carbonyl, and phos-
phate groups on the bacterial surface are also important active
sites for heavy metal adsorption (Ngwenya et al. 2003). From
our results of FTIR, it was evident that bacterial adhered to
minerals occupied carboxyl, hydroxyl, and carbonyl on the
bacterial surface and may mask some heavy metal adsorption
sites, which inevitably affect the effectiveness of heavy metal
immobilization of bacteria. However, from the desorption re-
sult (Fig. 4), the ratio of bacteria attached to minerals by

functional groups was low, which presented the highest ratio
of DBM-mineral as 7.46% and the lowest of EG16-mineral as
0.4%. Majority of bacteria attached to mineral through elec-
trostatic force and inserting into voids; the masking sites
covered by these connection forms may not be firmly
occupied and possible to be used for metal absorption.
Kulezycki et al. (2005) found an evidence that many active
sites of bacteria masked by the attachment to ferrihydrite can
be detected afterwards. Moreover, after combination, the ab-
solute values of the zeta potential of bacteria—mineral com-
posites were all below 20 mV, implying possible aggregation
and favorable for metal immobilization. Shortly, it can be
speculated that in bacteria—mineral combination, the occupied
sites on the bacterial surface are limited, and those bacterial
surface adhered to minerals via electrostatic force and
inserting into voids can still have the potential to absorb heavy
metals.

Besides minerals of interest in this study, soil organic mat-
ters could be another critical factor affecting the biosorption
potential of metal-resistant bacteria (Zeng et al. 2011). On the
one hand, organic matters could be glue connecting minerals
and bacteria, forming larger aggregates and providing more
active sites. On the other hand, it supplies organic chelates of
different molecular sizes that can either immobilize heavy
metal ions or increase metal bioavailability. Moreover, soil
organic matter can be a source of nutrients for bacteria and
plants, thus prolonging the sustainability of the system. As soil
is a complicated black box, further experiments about the
mineral-bacteria—plant ternary system should be carried out
in future research for further understandings.

5 Conclusions

This study explored the adsorption behavior and mechanism
of metal-resistant bacteria (Gram-negative EG16 and Gram-
positive DBM) attaching to typical red soil minerals (goethite,
kaolinite, and gibbsite) under different conditions and ana-
lyzed whether biosorption potential would be altered after
the addition of functional bacteria to soil. The results showed
that adsorption of bacteria onto gibbsite, kaolinite, and goe-
thite were pH-dependent and for that onto goethite, ionic
strength dependent as well, which can be well attributed to
electrostatic force. All adsorption could be well described by
pseudo-second-order kinetic model and Langmuir isothermal
model, indicating chemical interaction (chemical bonds/
functional groups) also play non-negligible roles in the ad-
sorption. The result of FTIR and desorption experiment have
adequately supported that. The adsorption capacity of Gram-
negative strain EG16 was higher than that of Gram-positive
strain DBM, and the attaching patterns of two bacteria to
minerals were slightly different. Besides a small proportion
of bacteria attached to minerals via functional groups, most

@ Springer



3228

J Soils Sediments (2020) 20:3217-3229

bacteria combined with minerals through electrostatic force.
We could infer that the combination of bacteria and minerals
has a limited impact on the potential of bacteria to adsorb
heavy metals, and most of the bacteria adhered to minerals
could still provide active sites for heavy metal biosorption.
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