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a b s t r a c t 

Biogenic palladium nanoparticles (bio-Pd NPs) are used for the reductive transformation 

and/or dehalogenation of persistent micropollutants. In this work, H 2 (electron donor) was 

produced in situ by an electrochemical cell, permitting steered production of differently sized 

bio-Pd NPs. The catalytic activity was first assessed by the degradation of methyl orange. The 

NPs showing the highest catalytic activity were selected for the removal of micropollutants 

from secondary treated municipal wastewater. 

The synthesis at different H 2 flow rates (0.310 L/hr or 0.646 L/hr) influenced the bio-Pd 

NPs size. NPs produced over 6 hr at a low H 2 flow rate had a larger size (D50 = 39.0 nm) than 

those produced in 3 hr at a high H 2 flow rate (D50 = 23.2 nm). Removal of 92.1% and 44.3% 

of methyl orange was obtained after 30 min for the NPs with sizes of 39.0 nm and 23.2 nm, 

respectively. Bio-Pd NPs of 39.0 nm were used to treat micropollutants present in secondary 

treated municipal wastewater at concentrations ranging from μg/L to ng/L. Effective removal 

of 8 compounds was observed: ibuprofen (69.5%) < sulfamethoxazole (80.6%) < naproxen 

(81.4%) < furosemide (89.7%) < citalopram (91.7%) < diclofenac (91.9%) < atorvastatin ( > 
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94.3%) < lorazepam (97.2%). Removal of fluorinated antibiotics occurred at > 90% efficiency. 

Overall, these data indicate that the size, and thus the catalytic activity of the NPs can be 

steered and that the removal of challenging micropollutants at environmentally relevant 

concentrations can be achieved through the use of bio-Pd NPs. 

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Introduction 

Anthropogenic activities are rapidly exacerbating environ- 1 

mental pollution ( Gautam et al., 2019 ). Pharmaceuticals and 2 

various chemical compounds of environmental concern are 3 

present in many products used daily. These products are a 4 

significant source of pollution, reaching a broadening area 5 

through the effect of greater urbanization worldwide. Al- 6 

though effective removal of macropollutants is achieved 7 

through traditional wastewater treatment plants (WWTP), 8 

this is not the case for micropollutants. Micropollutants such 9 

as antibiotics, personal care products, detergents, and dyes, 10 

are rarely controlled before the discharge of the wastewater 11 

into the environment, as their removal at low concentrations 12 

lacks effectiveness ( de Andrade et al., 2018 , Jiang et al., 2020 , 13 

Pandey et al., 2020 ). The presence of micropollutants in the 14 

environment is undesirable due to their impact on the ecosys- 15 

tem and human health ( Pandey et al., 2020 ). One of the emerg- 16 

ing micropollutants is antibiotics, which are mainly used to 17 

cure diseases in humans and animals ( Cao et al., 2017 ). The 18 

presence of this in the environment has severe adverse conse- 19 

quences on their effectiveness for curing diseases due to the 20 

development of (multi-) resistant bacteria and genes ( Cao et 21 

al., 2017 , Liu et al., 2019 , Jiang et al., 2020 ). Dyes are also used 22 

broadly in the industry for, e.g., cosmetics, pharmaceuticals, 23 

paper, and agricultural compounds ( Khataee and Kasiri, 2010 ). 24 

They have been associated with mutagenic and carcinogenic 25 

repercussions for human health ( Pandey et al., 2020 ). There- 26 

fore, it is important to remove these micropollutants effec- 27 

tively and avoid their discharge into the environment. 28 

Common techniques for the removal of antibiotics and 29 

dyes are adsorption, membrane filtration, and advanced ox- 30 

idation processes (AOP) ( Abtahi et al., 2018 , de Andrade et al., 31 

2018 , Pandey et al., 2020 ). Adsorption and membrane filtration 32 

are only temporary solutions in which, the micropollutants 33 

are transferred away from the wastewater rather than being 34 

treated (degradation in metabolites), while the wastestream 35 

also contains a high ionic load (cations and anions) ( Bobu et 36 

al., 2013 , Yagub et al., 2014 ). The disadvantages of AOP are the 37 

high energy consumption and costs, as well as the production 38 

of secondary toxic wastestreams ( Abtahi et al., 2018 , Anjali 39 

and Shanthakumar, 2019 ). Therefore, it is essential to find 40 

an environmentally friendly and highly efficient method that 41 

does not produce toxic and high concentrated wastestreams 42 

alongside the removal of antibiotics and dyes. The use of bio- 43 

genic palladium nanoparticles (bio-Pd NPs) for the removal 44 

of pharmaceutical compounds and dyes has been tested with 45 

promising results ( Forrez et al., 2011 , Wang et al., 2018 ). How- 46 

ever, the application of bio-Pd NPs for the removal of fluori- 47 

nated pharmaceutical compounds ( e.g., ciprofloxacin, citalo- 48 

pram, and atorvastatin), which are highly used and for which 49 

removal efficiencies tend to be low, have not been well stud- 50 

ied yet ( Forrez et al., 2011 , Miao et al., 2018 , Osawa et al., 2019 , 51 

Antonelli et al., 2020 ). Martins et al. (2016), assessed the re- Q3 
52 

moval of several antibiotics by bio-Pd NPs, but no removal of 53 

fluorinated antibiotics as a result of the catalytic activity of 54 

the NPs was detected. The study was carried out in a synthetic 55 

medium, where the matrix composition is fairly simple in con- 56 

trast to real environmental matrices ( Martins et al., 2017 ). Nev- 57 

ertheless, a removal of 87.7% of ciprofloxacin was found after 58 

25 hr and at pH = 3.2 with 30 mg of Pd in the form of bio-Pd 59 

NPs ( He et al., 2020 ). The disadvantage of this method is the 60 

low pH and high concentrations of Pd needed. Moreover, the 61 

degradation of persistent fluorinated antibiotics, other than 62 

ciprofloxacin, with bio-Pd NPs required further study, espe- 63 

cially in environmentally relevant matrices. Ideally, effective 64 

removal is accomplished with the use of a lower concentra- 65 

tion of Pd, shorter reaction time, higher pH, and in environ- 66 

mentally relevant concentrations are required. 67 

Bio-Pd NPs have been thoroughly studied for the removal 68 

of various chlorinated compounds ( De Corte et al., 2012 , De 69 

Gusseme et al., 2012 , Hazarika et al., 2017 , He et al., 2020 ). 70 

Synthesis is often accomplished by the microorganisms She- 71 

wanella oneidensis due to its metal-reducing properties ( Lovley, 72 

1993 , Dundas et al., 2018 ). The formation of bio-Pd NPs also re- 73 

quires the addition of an electron donor such as H 2 , which is 74 

the most suitable electron donor for S. oneidensis , due to their 75 

intrinsic metabolism ( Yang et al., 2020 ). Three mechanisms oc- 76 

cur in the formation of bio-Pd NPs, (1) biological conversion 77 

from Pd 

2 + to Pd 

0 by microorganisms, (2) chemical conversion 78 

of palladium with H 2 , and (3) autocatalytic conversion of pal- 79 

ladium ( Yang et al., 2020 ). The latter two processes result in 80 

the formation of large nanoparticle clusters due to the aggre- 81 

gation of the NPs ( Deplanche et al., 2014 ). Large NPs is not de- 82 

sired because of its low surface/volume ratio, whereas the cat- 83 

alytic activity depends on the size of the bio-Pd NPs ( Saldan et 84 

al., 2015 ). Current research targets the production of smaller 85 

bio-Pd NPs. De Windt et al. (2006) and Hou et al. (2017) studied 86 

the influence of cell viability by employing different Pd:Cell 87 

Dry Weight (CDW) ratios. Nevertheless, Pd:CDW ratios along- 88 

side other production parameters can be tested over virtually 89 

unlimited ranges ( De Windt et al., 2006 , Hou et al., 2017 ). The 90 

production of bimetallic bio-Pd NPs has also been extensively 91 

studied, with the second metal often being catalytically active 92 

as well ( Tuo et al., 2017 , Gomez-Bolivar et al., 2019 , Omajali et 93 

al., 2019 , Sivamaruthi et al., 2019 ). In this way, the catalytic ac- 94 

tivity of the bio-Pd NPs can be increased by the second metal, 95 

Please cite this article as: Cindy Ka Y Law, Kankana Kundu, Luiza Bonin et al., Electrochemically assisted production of bio- 
genic palladium nanoparticles for the catalytic removal of micropollutants in wastewater treatment plants effluent, Journal of 
Environmental Sciences, https://doi.org/10.1016/j.jes.2022.08.018 

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jes.2022.08.018


journal of environmental sciences xxx (xxxx) xxx 3 

ARTICLE IN PRESS 

JID: JES [m7; August 26, 2022;12:48 ] 

resulting in a higher removal efficiency of the micropollutants 96 

( Omajali et al., 2019 ). The disadvantage of this method is that 97 

the addition of a second metal increased the costs and that ad- 98 

ditional steps are needed before and after production. It is also 99 

possible to enhance the catalytic activity by reshaping the mi- 100 

croorganisms and attached palladium nanoparticles through 101 

the use of an activation agent such as potassium hydroxide 102 

(KOH) ( Xiong et al., 2018 ). Although the catalytic activity in- 103 

creases, the conditions to obtain the change in morphology 104 

are stringent and expensive to maintain. Therefore, finding a 105 

more feasible method to control or steer the production of the 106 

bio-Pd NPs size is a high priority. 107 

In this work, the production of different sized bio-Pd NPs 108 

was controlled by: (1) adsorption of Pd 

2 + on Shewanella onei- 109 

densis (biosorption) before the exposure to the electron donor 110 

H 2 (0 hr, 24 hr, and 48 hr), (2) low (0.310 L/hr) and high (0.646 111 

L/hr) H 2 concentrations in the liquid phase, and (3) the contact 112 

time (3 hr or 6 hr) between H 2 , Pd 

2 + , and Shewanella oneiden- 113 

sis . H 2 was produced by an electrochemical cell (EC) to control 114 

the availability of H 2 , and thus, to steer the size of bio-Pd NPs. 115 

When bio-Pd NPs are produced, an electron donor is required 116 

to reduce Pd 

2 + to Pd 

0 microbially ( Yang et al., 2020 ), therefore, 117 

the concentration of electron donor was never controlled by 118 

an electrochemical system before. Here, H 2 , electrochemically 119 

produced, will be used by the microbial cells to convert the 120 

palladium, but will also be used for chemical and autocatalytic 121 

conversion of Pd 

2 + to Pd 

0 . The catalytic activity of the different 122 

bio-Pd NPs was first tested using methyl orange. Based on the 123 

results obtained for the removal of methyl orange, the bio-Pd 124 

NPs with the highest removal efficiency was selected and used 125 

for the removal of a mixture of micropollutants (including flu- 126 

orinated antibiotics) present in the secondary treated munic- 127 

ipal wastewater. Here, 25 different compounds were detected, 128 

of which 8 compounds are discussed in detail. 129 

1. Materials and methods 

1.1. Chemicals 130 

The Na 2 PdCl 4 powder (98%), phosphate-buffered saline (PBS) 131 

tablets, Luria Bertani (LB) used for bio-Pd NPs production, and 132 

methyl orange for the activity test were purchased from Merck 133 

(Merck, Germany). M9 medium used for washing the bio-Pd 134 

NPs was prepared based on the recipe provided by Merck and 135 

contained KH 2 PO 4 , Na 2 HPO 4 , NaCl and NH 4 Cl purchased from 136 

Carl Roth (Carl Roth, Germany). KOH tablets used as electrolyte 137 

was purchased from Carl Roth. For ICP-MS analysis, ultra-pure 138 

water (resistivity > 18.2 M � cm, Millipore, France). Pro anal- 139 

ysis purity level 14 mol/L HNO 3 (ChemLab, Belgium), further 140 

purified by sub-boiling distillation, and 9.8 mol/L H 2 O 2 (Fluka, 141 

Belgium) were used for acid digestion. 1 g/L single-element 142 

standard solutions of Pd and Rh (Instrument Solutions, The 143 

Netherlands) were used for method development and calibra- 144 

tion purposes, and for internal standardization, respectively. 145 

1.2. Bio-Pd NPs solution preparation 146 

The production of bio-Pd NPs was carried out as described by 147 

De Windt et al. (2005). Shewanella oneidensis MR-1 cells were Q4 
148 

grown in LB medium overnight at 28 °C on a shaker (New 149 

Brunswick Scientific, Belgium) and harvested by centrifuging 150 

at 10,000 g for 10 min. The cells were washed three times with 151 

M9 medium and resuspended in M9 medium to a final opti- 152 

cal of OD 610 = 0.5 with Spectronic 200 (Thermofischer, USA). 153 

Na 2 PdCl 4 was added to the resuspended solution at a concen- 154 

tration of 50 mg/L Pd 

2 + ; this solution was incubated overnight 155 

on a shaker at 20 °C ( Appendix A Table S1 .). Production of dif- 156 

ferent types of bio-Pd NPs ( Appendix A Table S1.) was per- 157 

formed in a custom-built experimental setup ( Fig. 1 ). Corre- 158 

sponding controls were prepared in the same manner but 159 

were not exposed to H 2 . The bio-Pd NPs produced and con- 160 

trols were washed three times with PBS and stored at 5 °C. 161 

1.3. Experimental setup for bio-Pd NPs production 162 

A custom-built experimental setup (in triplicate) containing 163 

an EC connected to a glass column was used to produce bio- 164 

Pd NPs. A two-compartment EC (dimensions: 23.5 × 9.0 × 2.5 165 

cm) made from two Perspex® frames was used to separate the 166 

cation exchange membrane (CEM) (Membrane International 167 

Inc., USA) from the electrodes. A stainless-steel electrode was 168 

used as the cathode (dimensions: 5 × 20 cm) and an iridium 169 

electrode was used as the anode. Between the compartments 170 

and CEM, rubber sheets were placed to create a liquid-tight 171 

seal, and the frames were bolstered. A pump at a flow rate 172 

of 252 mL / min (Watson Marlow NV, Belgium), was used to re- 173 

circulate the KOH electrolyte. The current of the EC was con- 174 

trolled by a power supply (Velleman, Belgium), Faraday’s Law 175 

was used to calculate the amount of H 2 produced based on 176 

the current applied. The EC was connected to a glass column 177 

(wrapped in aluminum foil to prevent light penetration), in 178 

which the microorganisms/Pd 

2 + solution was transferred in, 179 

after incubation. The top of the glass column was connected 180 

to a gascounter. The bottom of the column contained a two- 181 

way connector between the EC and a gasbag for N 2 flushing, 182 

both regulated by a valve. 183 

1.4. Bulk ICP-MS analysis and TEM images 184 

Bulk ICP-MS, Agilent 8800 ICP-MS instrument (Agilent Tech- 185 

nologies, Japan), analysis was performed to determine the 186 

concentration of Pd in the different bio-Pd NP samples. TEM 187 

JEOL JEM 1010 (Jeol, Japan) images were taken to confirm the 188 

particle size. The D50 particle size was determined by ImageJ 189 

software. 190 

For bulk analysis, the bio-Pd samples were acid digested 191 

in closed Savillex® PFA beakers prior to ICP-MS. 5 mL of sus- 192 

pended bio-Pd in PBS was centrifuged at 10,000 g for 30 min, 193 

after which the supernatant was removed. The resulting pellet 194 

was acid digested with 1.5 mL of 14 mol/L HNO 3 and 0.5 mL 195 

of 9.8 mol/L H 2 O 2 . The closed beakers were heated to 115 °C 196 

overnight on a hot plate. After complete mineralization, the 197 

digestates were evaporated at 90 °C until dryness, then redis- 198 

solved in 2.0 mL of 0.35 mol/L HNO 3 . This solution was further 199 

diluted with 0.35 mol/L HNO 3 and Rh was added as the inter- 200 

nal standard (final concentration = 2 μg / L) to compensate for 201 

potential matrix effects and/or signal instability. 202 

For TEM analysis, 1.0 mL suspended bio-Pd in PBS was cen- 203 

trifuged at 5000 g for 5 min and washed three times with 1.0 204 
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Fig. 1 – Experimental setup for a steered bio-Pd NPs production through the use of an EC. 

mL ultra-pure water (Millipore, France). Subsequently resus- 205 

pended in 1.0 mL of ultra-pure water. 2.0 μL of the solution was 206 

placed on the formvar-coated Cu single slot grid (Agar, UK), 207 

dried for 20 min at 37 °C spent overnight in the Jeol EM-DSC20 208 

vacuum chamber (Jeol, Japan). TEM images were taken with 209 

a Jeol JEM 1010 TEM at 60 kV, equipped with a side-mounted 210 

charge coupled device (CCD) Veleta camera (EMSIS GmbH, Ger- 211 

many). 212 

1.5. Catalytic activity test with methyl orange 213 

The catalytic activity of bio-Pd NPs was evaluated by the re- 214 

moval of 100 mg / L methyl orange (in biological triplicates), in 215 

serum flasks. Suspended bio-Pd was centrifuged at 10,000 g 216 

for 10 min, and the pellet of centrifuged bio-Pd corresponded 217 

to 80.95 μg Pd. The pellet was resuspended in 19.2 mL of dis- 218 

tilled water and 0.8 mL of methyl orange stock solution (7.63 219 

mmol/L) was added. The serum flasks were flushed with 100% 220 

N 2 for 20 cycles, subsequently, 120 mL of 100% H 2 was added. 221 

1 mL sample was taken at 0, 10, 15, 30, 50, 70, 90, 110, and 120 222 

min and was filtered using a 0.20 μm filter. The absorbance 223 

was measured at a λmax = 465 nm using a Spectronic 200 (Ther- 224 

moFischer, USA). Distilled water and (filtered) suspended bio- 225 

Pd in distilled water were used as a control for the absorbance 226 

measurements. Suspended microorganisms without Pd were 227 

used as a control for the catalytic activity test. 228 

1.6. Removal of emerging compounds from secondary 229 

treated municipal wastewater 230 

Removal of micropollutants in secondary treated wastewa- 231 

ter (in duplicate) was tested with the bio-Pd NPs showing the 232 

highest activity, as selected based on the results of section 233 

2.5 . The raw wastewater first went through primary treat- 234 

ment, whereafter the effluent went to secondary treatment, 235 

described elsewhere ( Peñacoba-Antona et al., 2021 ). A sample 236 

of this secondary treated wastewater was taken, represent- 237 

ing t 0 = 0 min. The removal of the micropollutants present in 238 

the secondary effluent was performed with centrifuged 9.41 239 

mg Pd, resuspended the pellet in 700 mL of secondary efflu- 240 

ent in 1 L Schott bottles. The Schott bottles were wrapped in 241 

aluminum foil and flushed with 100% N 2 for 20 cycles, where- 242 

after 240 mL of H 2 (100%) was immediately added and another 243 

240 mL of H 2 (100%) was added 1 hr later and was placed on 244 

a stirrer. Samples were taken at 2 hr and 24 hr and were cen- 245 

trifuged at 10,000 g for 10 min. The supernatants were filtered 246 

through a 0.20 μm filter. Secondary effluent with only H 2 and 247 

autoclaved Shewanella oneidensis with H 2 were used as controls 248 

for the test. 249 

1.7. Detection of the emerging compounds 250 

The micropollutants were extracted with a multi-residue 251 

method (solid-phase extraction) from the treated secondary 252 

effluent and were detected with LC-MS/MS, described in detail 253 

elsewhere ( de Santiago-Martín et al., 2020 ). An aliquot (100 mL) 254 

of the sample was passed through an Oasis HLB cartridge (200 255 

mg, 6 cc, Waters, USA) and eluted with methanol. Two chro- 256 

matographic separations were necessary. In positive ioniza- 257 

tion mode, the Kinetex Biphenyl column (50 × 3 mm, 2.7 μm, 258 

Phenomenex, Torrance, CA, USA) was used. The mobile phases 259 

were 0.1% (v/v) formic acid in ultrapure water (phase A) and 260 

0.1% (v/v) formic acid in MeOH (phase B). Compounds in neg- 261 

ative ionization mode were separated using the Poroshell 120 262 

EC-C18 column (50 × 3 mm, 2.7 μm, Agilent Technologies). The 263 

mobile phases used were 5 mmol/L ammonium fluoride in ul- 264 
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trapure water (phase A) and MeOH:MeCN (65.35, v/v) (phase 265 

B). For both separations, the flow rate of the mobile phase was 266 

0.6 mL / min, and the sample injection volume of 20 μL. 267 

2. Results and discussion 

2.1. Small nanoparticles are formed with high continuous 268 

availability of H 2 269 

The influence of (1) the adsorption (biosorption) of Pd 

2 + on 270 
 , 271 
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 318 
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L/hr H 2 ), it was observed that larger NPs were obtained when 320 

the contact time between H 2 , Pd 

2 + , and the microorganisms 321 

was longer (6 hr). In contrast, smaller NPs, condition 5 (39.0 322 

nm) compared to 4 (75.6 nm), were obtained when a lower flow 323 

rate (0.310 L / hr H 2 ) and a longer exposure time with H 2 (6 hr) 324 

were used. Hence, contradictory data were obtained for the 325 

two exposure times and H 2 flow rates. This is because the ex- 326 

posure time depends on the H 2 flow rate, thus the availability 327 

of H 2 in the liquid phase, which is confirmed when compar- 328 

ing condition 2 with 5, and 3 with 4. The availability of H 2 pro- 329 

duced during 6 h r with 0.310 L / hr is equal to that produced 330 
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 2 373 

e 374 

e 375 

e 376 
Shewanella oneidensis , (2) the contact time between H 2 , Pd 

2 +

and the microorganisms, as well as (3) the flow rate of H 2 (thu
the availability of H 2 in the liquid phase) on the production o
bio-Pd NPs was studied ( Appendix A Table S1.). Large nanopar
ticles (D50 = 140.0 nm, condition 1) were obtained when no
adsorption of Pd 

2 + on the microorganisms took place, whil
smaller nanoparticles ( < 100 nm) were obtained for all con
ditions with adsorption before the exposure to H 2 . When
comparing the controls, it was observed that adsorption wa
present between the incubated and non-incubated cells and
that NPs were present in cells that were exposed to H 2 . Ad
sorption on the cell surface was observed by TEM images
when comparing incubated and non-incubated cells, further
more, this has also been found by other researchers ( Xu et al
2018 ). ICP-MS data of the controls ( Appendix A Fig. S1 .) also
showed a difference in Pd conversion efficiency between th
cells incubated for 24 hr and 48 hr. Together, with the TEM im
ages, it can be confirmed that adsorption was present. ICP-MS
data of the controls showed that there was a maximum Pd
conversion efficiency of 11.7%, while in the presence of H 2 th
conversion of Pd was minimal 26.9%. Hence it can be stated
that with the presence of H 2 the synthesis of bio-Pd NPs i
responsible for the majority of Pd conversion, but Shewanell
oneidensis is also able to convert Pd alone as shown before in
the literature ( Yang et al., 2020 ). Nevertheless, adsorption ha
a strong influence on the particle size. In this work, it was hy
pothesized that smaller NPs would be produced when the ad
sorption time was longer as this causes higher adsorption o
Pd 

2 + and subsequently higher biological conversion. However
the opposite behavior was observed here – larger nanoparti
cles were produced with a longer adsorption time (condition
6). The long adsorption time (48 hr) possibly inactivated th
microorganisms, a hypothesis supported by the observation
made by He et al. (2020) , and Chen and Chen (2021) . Maxima
adsorption was reported by E. coli after 2 hr when all the sorp
tion sites on the microorganisms were occupied by Pd 

2 + caus
ing saturation ( He et al., 2020 ). When high concentrations o
Pd 

2 + are present in the microorganisms, this destroys the ac
tivity of the reactive oxygen scavenging enzymes. This result
in high amounts of reactive oxygen species (ROS), causing bac
terial damage and ultimately death, as found for Bacillus wied
mannii ( Chen and Chen, 2021 ). Production of small bio-Pd NP
in the biosorption process was also observed ( Xu et al., 2018
The produced bio-Pd NPs can autocatalytically convert the at
tached Pd 

2 + on the already formed bio-Pd NPs, with the longe
reaction time contributing to the higher autocatalytic conver
sion and resulting in larger NPs. 

When comparing condition 2 (23.2 nm) and 3 (53.2 nm) in

which, bio-Pd NPs are produced at a high flow rate of H 2 (0.646 

Please cite this article as: Cindy Ka Y Law, Kankana Kundu, Lui
genic palladium nanoparticles for the catalytic removal of micro
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during 3 hr with 0.646 L/hr. The use of a longer exposure tim
and a higher H 2 flow rate results in a higher degree of chem
ical and autocatalytic conversion, and hence, agglomeration
as a result of which larger nanoparticles are produced. Never
theless, a long exposure time is required with a low H 2 flow
rate to have sufficient H 2 for the biological conversion of Pd 

2 +

Different conversions from Pd 

2 + to Pd 

0 were found when dif
ferent formate concentrations were tested, with the highes
reductions (99%) of Pd 

2 + when a 25-fold higher formate con
centration was used ( Yang et al., 2020 ). However, different ob
servations were found in this work. The greater solubility o
formate over H 2 leads to its preferential uptake in solution
Therefore, the in situ production of H 2 is necessary to stee
the size of the nanoparticles during bio-Pd NPs synthesis. 

2.2. The size of the nanoparticles is independent of the 
conversion efficiency of Pd 

2 + to Pd 

0 

The conversion efficiency of Pd 

2 + into bio-Pd NPs was deter
mined through ICP-MS, which allowed the determination o
the average mass of Pd in and around the cells ( Fig. 2 A ). High
conversion efficiencies were observed for condition 1 (50.1 ±
6.8%) and 6 (44.8 ± 7.4%), which corresponds to a D50 nanopar
ticle size of 140.0 nm and 62.8 nm respectively. Strong chemi
cal and autocatalytic conversion were present for condition 

and 6, which was confirmed by the TEM images ( Fig. 2 B ). Th
size of the latter conditions was 2-fold larger, while the differ
ence in conversion efficiency between condition 1 and 6 wa
only 5.3%. The differences in size and conversion efficiency
between the two conditions do not vary in a linear way, which
is due to the prior adsorption of Pd 

2 + for 48 hr. The adsorp
tion of Pd 

2 + on the microorganisms is responsible for 11.7%
( Appendix A Fig. S1 ) of the conversion efficiency. When thi
adsorption is not taken into consideration, then only 33.1%
of the conversion efficiency originated from the nanoparticle
formed, which is similar for condition 2, 3, 4, and 5. Hence, thi
confirms that the adsorption time of 48 hr caused the produc
tion of large NPs (see section 3.1 ). 

Similar conversion efficiencies could be seen for condition
2, 3, 4 and 5, i.e. 31.8 ± 1.4 %, 33.8 ± 2.0 %, 30.2 ± 5.3% and 26.
± 5.2% respectively. This corresponded to a D50 particle siz
of 23.2 nm, 53.2 nm, 75.6 nm, and 39.0 nm respectively. Whil
the variation in size is large, the difference in conversion effi
ciency is low based on the controls the influence of the adsorp
tion of Pd 

2 + on Shewanella oneidensis before the exposure of H
can be considered negligible ( Appendix A Fig. S1 ). This can b
explained by the number of nanoparticles present around th
cells, when condition 2 and 5 are compared, the differenc

in size is 3-fold while this is not the case for the conversion 377 
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et al., 2011 ). It is possible that the higher number of small 430 
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g. 2 – A: The conversion efficiency of Pd into bio-Pd NPs as d
n the x-axis and the conversion efficiency of Pd on the y-ax
io-Pd NPs. 

ficiency. The difference is not caused by the adsorption, as 
r both conditions, the amount of Pd 

2 + adsorbed is similar. 
onsequently, the difference is likely caused by the distribu- 
on and hence the number of nanoparticles around the cells. 
hen small nanoparticles are formed, it was observed that 

 high number of nanoparticles are present. The absence of 
gglomeration indicates that mainly biological conversion is 
resent. The high number of small nanoparticles under con- 
ition 2 compared to 4 can be seen in the TEM images ( Fig. 2 B ). 

rthermore, it can be concluded that the increase in the size 
f nanoparticles corresponds with a decrease in the number 
f nanoparticles. This statement was concise with the find- 
g of De Windt et al. (2006) , where it was observed that a low 

umber of nanoparticles were found when the nanoparticle 
ze was large. 

.3. The highest catalytic activity for the removal of 
ethyl orange was not obtained with the smallest NPs 

he catalytic activity of the different bio-Pd NPs (80.95 μg Pd 

as used) was tested through the degradation of 100 mg / L 
ethyl orange ( Fig. 3 ), by measuring the decolorization at 

ax = 465 nm. Once methyl orange is decolorized, it was as- 
med that this compound was degraded into intermediates. 

 was proposed by Nguyen et al. (2018) , in which Pd doped 

iO 2 was used for photocatalysis, such that the N – C and azo 
onds (-N = N-) were specifically targeted ( Nguyen et al., 2018 ). 

High removal of methyl orange was demonstrated for all 
ifferent types of bio-Pd NPs, except for condition 1. This 
 due to the large size of the nanoparticles, resulting in a 
w surface/volume ratio, and hence low catalytic activity ( De 
indt et al., 2006 ). Complete degradation was found after 120 
in for condition 3, 4, and 5, with condition 5 showing the 

ighest removal efficiency, the D50 nanoparticles’ sizes were 
.2 nm, 75.6 nm, and 39.0 nm respectively. The removal effi- 

encies found for these three conditions were: 99.0 ± 0.8%, 
.5 ± 0.4%, and 99.7 ± 0.2% respectively. It was expected 

at condition 2 with the smallest nanoparticles would con- 
ibute to the highest catalytic activity of the bio-Pd NPs ( De 
indt et al., 2006 , Rotaru et al., 2012 , Saldan et al., 2015 ). How- 
er, the catalytic activities from high to low for the differ- 
t conditions were 5 > 4 > 3 > 6 > 2, which corresponds to 
lease cite this article as: Cindy Ka Y Law, Kankana Kundu, Luiza
enic palladium nanoparticles for the catalytic removal of micropo
nvironmental Sciences, https://doi.org/10.1016/j.jes.2022.08.018 
mined by ICP-MS. The different conditions are indicated 

 The corresponding TEM images of the different types of 

ig. 3 – The catalytic activity of the different bio-Pd NPs 
0.95 μg Pd) as tested using 100 mg/L of methyl orange. 
he time is plotted on the x-axis and the removal efficiency 

r methyl orange on the y-axis. Removal efficiency of 
io-Pd NPs produced according to condition 1 ( ), condition 

 ( ), condition 3 ( ), condition 4 ( ), condition 5 ( ) and 

ndition 6 ( ). 

Ps sizes of 39.0 nm > 75.6 nm > 53.2 nm > 62.8 nm > 23.2 
m, respectively. While the difference in size is not large, be- 

een condition 2 and 5, the difference in activity rather is. 
he high activity of condition 5, where 99.7 ± 0.2% removal 
fficiency was established within 120 min can be explained 

y the small size of the Pd NPs spread over the microorgan- 
m, which is following the findings by De Windt et al. (2006) . 
he low removal of the bio-Pd NPs of condition 2 (84.0% ±
6.7% in 120 min), was not expected. However, besides the 
ze, the catalytic activity of the NPs is also affected by de- 
cts, and modifications of the metal by light elements, e.g. ox- 
ation, and dissolution of hydrogen and/or carbon ( Yudanov 
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NPs present on the cells in condition 2, caused the disintegra- 431 

tion of the microbial cells, resulting in the release of carbon, 432 

and thereby influencing the catalytic activity. Furthermore, it 433 

was found by Yudanov et al. (2011) , that structures of trun- 434 

cated octahedron, which exhibits bulk-like face-centered cu- 435 

bic are the most stable, while non-crystallographic packings, 436 

like icosahedron- or decahedron-based shapes shows compe- 437 

tition in between small clusters of metal clusters. The den- 438 

sity function showed that icosahedral structures are energeti- 439 

cally preferred over the face cubic center-based cuboctahedral 440 

structures ( Yudanov et al., 2011 ). However, within the octa- 441 

hedron structure, different metal clusters are present, result- 442 

ing in different adsorption positions, found for CO bindings 443 

( Yudanov et al., 2003 ). Therefore, it is possible that condition 444 

2 had less favorable clustering of the metal particles, causing 445 

a lower catalytic activity. Condition 3 had higher activity than 446 

6 due to the smaller size of NPs. However, the high activity of 447 

condition 4 was not anticipated, hence all the bio-Pd NPs pro- 448 

duced at a lower H 2 flow rate showed better catalytic activity. 449 

It was found that the activity is independent of the NPs for 450 

a size range between, 2.5 – 6.6 nm ( Ershov et al., 2014 ). How- 451 

ever, this is not the case here, as the size difference in the NPs 452 

is larger. The following hypothesis is made for the high cat- 453 

alytic activity of bio-Pd NPs formed under condition 4. During 454 

the 3 hr production of bio-Pd NPs, the formed nanoparticles 455 

possibly adsorbed the H 2 present in the solution for bio-Pd 456 
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and the poor investigation that has been performed on these 489 

micropollutants. 490 

Although low amounts of Pd (13.4 mg / L Pd wastewater) 491 

were used, high removal efficiencies for all compounds were 492 

obtained after 2 hr treatment, > 69%. From low to high, the 493 

removal efficiency was as follows: ibuprofen < sulfamethox- 494 

azole < naproxen < furosemide < citalopram < diclofenac < 495 

atorvastatin < lorazepam. The additional removal of the pol- 496 

lutants after 24 hr treatment was considered to be irrelevant. 497 

Removal after 24 hr was low compared to the removal es- 498 

tablished after 2 hr, due to the binding sites of the Pd-H NPs 499 

( Han et al., 2009 ). When high numbers of micropollutants are 500 

present, all the Pd-H NPs sites are occupied for the degrada- 501 

tion of these pollutants. As degradation of the micropollutants 502 

proceeds, intermediates are formed, therefore it was hypothe- 503 

sized that a further degradation of these intermediates is pos- 504 

sible. Consequently, with the increase in compounds to be de- 505 

graded, the occupation of the Pd-H NPs is low versus the high 506 

number of pollutants, hence low removal of compounds was 507 

obtained after 24 hr. 508 

Removal of the micropollutants is obtained through the 509 

catalytic activity of the bio-Pd NPs, which can be confirmed 510 

by the controls ( Appendix A Table S2 ). It can be seen that 511 

neither the microorganisms present in the secondary efflu- 512 

ent nor the inactive Shewanella oneidensis were able to remove 513 

the compounds by adsorption or biodegradation. Furosemide, 514 
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NPs production. Due to the large size of NPs, a large numbe
of H 2 molecules could be adsorbed on the surface. Therefore
it is feasible that the catalytic activity and the high concen
tration of the adsorbed H 2 on the nanoparticles resulted in a
higher removal of the methyl orange than with the smalle
nanoparticles formed under condition 3, 6, and 2. Further
more, it is also possible that condition 4 had a high numbe
of NPs distributed on the microorganisms. However, the effec
of the large (condition 4) and small (condition 2) nanoparticl
size for the high and low removal needs to be further investi
gated. Nevertheless, compared to the literature, condition 2, 3
4, 5, and 6 had a higher removal efficiency for methyl orang
( Freitas et al., 2021 ). Freitas et al. (2021) produced chemical Pd
NPs with maghemite as support for the NPs. Although smal
NPs sizes were obtained, 5 nm, decolorization of only 79% in
240 min was achieved, which needed 2-fold more time and
had lower removal efficiency than condition 2 ( Freitas et al
2021 ). 

2.4. Removal of micropollutants in secondary treated 

wastewater is observed by bio-Pd NPs 

The bio-Pd NPs with the highest catalytic activity ( section 3.3
were selected and tested for the removal of a diverse mix
ture of micropollutants present in the secondary treated ef
fluent, also referred as WWTP effluent in this paper. Wastew
ater coming from a treatment plant was used because of th
environmentally relevant matrix and realistic concentration
of the micropollutants (ng / L – μg/L). In this complex matrix, 2
compounds were selected to determine the removal efficiency
( Appendix A Table S2 ). However, the main focus will be on 

compounds, atorvastatin, citalopram, diclofenac, furosemide
ibuprofen, lorazepam, naproxen, and sulfamethoxazole ( Tabl
1 ). These compounds were chosen due to their frequent us
Please cite this article as: Cindy Ka Y Law, Kankana Kundu, Lui
genic palladium nanoparticles for the catalytic removal of micro
Environmental Sciences, https://doi.org/10.1016/j.jes.2022.08.018
citalopram, diclofenac, atorvastatin, and lorazepam are halo
genated compounds, which showed a removal of > 90%
Bio-Pd NPs are widely used for carbon-carbon and carbon
heteroatom cross-coupling reactions, hydrogenation, and de
halogenation reactions ( Hennebel et al., 2011 , Adams et al
2014 ). Despite that, it can be seen that the dehalogenation
reaction is preferred over the other reactions ( Table 1 ). It i
hypothesized that the removal of furosemide, citalopram, di
clofenac, atorvastatin, and lorazepam occurs through the de
halogenation of the halogens, i.e. chlorine, and fluorine atom
based on the chemical structure ( Appendix A Fig. S2D, E, F, G
and H ). Degradation of chlorinated compounds by bio-Pd NP
has been thoroughly studied and it was shown that the halo
gens were often released first ( Quan et al., 2018 ). Therefore, i
is assumed that dechlorination occurred for furosemide, di
clofenac, and lorazepam, which resulted in removal efficien
cies of 89.7 ± 2.0%, 91.9 ± 2.8%, and 97.2 ± 0.7%, respectively
However, De Gusseme et al. (2012) found complete remova
of diclofenac, through dechlorination. The difference in re
moval is due to the complex composition of the WWTP ef
fluent tested in this work, where a complex mixture of mi
cropollutants was present. The Pd-H bonds on the bio-Pd NP
used for the removal of compounds were not only occupied
by diclofenac but also by other micropollutants present in th
wastewater, therefore, lower removal of diclofenac can be ex
pected. The advantage of using bio-Pd NPs is that only a sin
gle by-product is formed, which decreases the production o
undesired, toxic, and mutagenic intermediates ( De Gussem
et al., 2012 ). Removal of fluorinated micropollutants was also
presumed for citalopram and atorvastatin, with removal effi
ciencies of 91.7 ± 0.4% and > 94.3%. Removal of ciprofloxacin
through the use of bio-Pd NPs was established by He et a
(2020) . It was suggested that defluorination, was one of th
possible degradation processes that occurred as a first step
za Bonin et al., Electrochemically assisted production of bio- 
pollutants in wastewater treatment plants effluent, Journal of 
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Table 1 – Concentration and removal efficiencies of emerging
t 0 the concentration at the start of the experiment = 0 min, 
t 2 the concentration of the emerging compounds after 24 hr

Compounds t 0 (ng/L) 
t 1 : real ww treated 
for 2 hr (ng/L) 

t 2 : re
for 2

Atorvastatin 57.7 5.6 < 1.0
Citalopram 119.5 9.9 ± 0.4 < 11
Diclofenac 895.0 72.1 ± 25.0 59.7 
Furosemide 1233.6 126.9 ± 24.2 96.2 
Ibuprofen 2004.5 611.7 ± 27.9 752.8
Lorazepam 285.0 8.1 ± 1.9 5.3 ±
Naproxen 6893.6 1279.9 ± 463.1 929.5
Sulfamethoxazole 521.7 101.1 ± 30.7 86.9 

e et al., 2020 ). Defluorination of micropollutants is often ob- 
ined through AOP or adsorption ( Alamgholiloo et al., 2021 , 
ng et al., 2021 ). AOP has been extensively investigated, and 

erefore different types of AOP exist, however, the disadvan- 
ge of this method is that requirements need to be met be- 
re using this method. As such, catalysts are desired due 
 maximizing the removal potential, presence of light, and 

ddition of iron ( Chin et al., 2014 , Olvera-Vargas et al., 2015 , 
artolomeu et al., 2018 ). The use of bio-Pd NPs has more ad- 
antages demonstrated by the high removal efficiency of halo- 
enated compounds. After dehalogenation, it is proposed that 
rther degradation of the C = O bond, C-C bond and aromatic 
ructures will occur through hydrogenation by bio-Pd NPs 
luson and Cerveny, 1995 , Adams et al., 2014 ). 
Besides dehalogenation, the removal of ibuprofen, sul- 

methoxazole, and naproxen was also found. The controls 
roved that removal was obtained from the catalytic activ- 
y of bio-Pd NPs rather than from adsorption or biodegra- 
ation. It is suggested that the removal of these three com- 
ounds by bio-Pd NPs was obtained through carbon-carbon 

nd carbon-heteroatom cross-coupling reaction ( Adams et al., 
14 ). It is presumed that aromatic compounds will be hydro- 

enated afterwards ( Zhang et al., 2022 ). Although ibuprofen 

nd sulfamethoxazole removal were low in this study com- 
ared to the other compounds, 69.5 ± 1.4%, and 80.6 ± 5.9%, 
spectively, the degradation was still relatively high and fast 
mpared to what was reported by Martins et al. (2017) and 

rrez et al. (2011) . Martins et al. (2017) found no removal of 
uprofen and 85% degradation of sulfamethoxazole after 24 
r of treatment with bio-Pd and bio-Pt NPs. Removal was not 
bserved for ibuprofen partially due to the absence of adsorp- 
on ( Martins et al., 2017 ). The degradation of ibuprofen and 

lfamethoxazole with biogenic metals manganese oxide was 
btained after 13 days, with concentrations decreasing from 

8 to < 8 ng/L and from 259 to 256 ng/L, respectively ( Forrez et 
l., 2011 ). Removal efficiencies of 81.4 ± 6.7% were obtained for 
aproxen in this work, which is high compared to biodegra- 
ation with Trametes versicolor for which 31% degradation was 
btained after 24 hr ( Bernats and Juhna, 2018 ). Biogenic metals 
anganese oxide was also tested by Forrez et al. (2011) , but no 
moval was observed for naproxen after 13 days. 
lease cite this article as: Cindy Ka Y Law, Kankana Kundu, Luiza
enic palladium nanoparticles for the catalytic removal of micropo
nvironmental Sciences, https://doi.org/10.1016/j.jes.2022.08.018 
pounds in treated municipal secondary wastewater, with 

e concentration of the emerging compounds at 2 hr, and 

io-Pd NPs treatment. 

 treated 
ng/L) 

t 1 : Removal efficiency of 
treated ww (%) 

t 2 : Removal efficiency of 
treated ww (%) 

> 94.3 > 98.3 
91.7 ± 0.4 > 95.0 

8 91.9 ± 2.8 93.3 ± 3.6 
7 89.7 ± 2.0 92.2 ± 4.1 
7.5 69.5 ± 1.4 62.4 ± 17.3 

97.2 ± 0.7 98.1 ± 1.9 
4.4 81.4 ± 6.7 86.5 ± 3.7 
 80.6 ± 5.9 83.3 ± 0.9 

. Conclusion 

teering the production of bio-Pd NPs is possible through the 
se of an EC for the supply of H 2 as an electron donor. In 

ntrast to a previous hypothesis and earlier works, a lower 
ow rate of H 2 resulted in larger bio-Pd NPs (39.0 nm) show- 
g higher catalytic activity, compared to the smaller NPs (23.2 

m). However, the lowest catalytic activity of the nanoparti- 
es was found for the largest nanoparticles ( > 100 nm). It was 
bserved that the size of the NPs is independent of the con- 
ersion efficiency of Pd 

2 + , as the most catalytic active bio-Pd 

Ps showed the lowest conversion efficiency, with a NPs size 
f 39.0 nm. High removal efficiencies of these bio-Pd NPs were 
lso found for the reductive transformation of persistent mi- 
opollutants that was present in complex matrices with en- 

ironmentally relevant concentrations in 2 hr. An effect of the 
io-Pd NPs on the dehalogenation of fluorinated and chlori- 
ated pharmaceutical compounds was also proposed in this 
udy. Another advantage of the use of bio-Pd NPs is the low 

ass of palladium that was used. Although palladium is ex- 
ensive, high removal efficiencies are obtained in a shorter 
me. This study provides strong support for the use of bio- 
d NPs to efficiently remove micropollutants from the en- 
ironment and the possible applicability to WWTP as a ter- 
ary treatment system. However, before applying bio-Pd NPs 
 real wastewater treatment systems, more investigation is 
quired. H 2 can be submitted by implementing an electro- 
emical system into the treatment plant or more research 

n be performed on finding an alternative electron donor for 
ctivating the catalytic activity of the bio-Pd NPs. Besides this, 
 is also important to recover bio-Pd NPs for economical fea- 
bility. Recovery of Pd 

2 + from the supernatant solution, af- 
r production of bio-Pd NPs, can be achieved by the addition 

f Shewanella oneidensis to the solution, as the matrices of the 
lls and the supernatants are the same. It is also possible to 
cover leaching Pd NPs from the bio-Pd NPs, by chemical re- 

ction, hence by the addition of nitric acid, which has been 

erformed by other researchers. Nevertheless, more research 

eeds to be performed on the application of bio-Pd NPs as the 
covery of Pd. 
 Bonin et al., Electrochemically assisted production of bio- 
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