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ABSTRACT 
 

There is an increasing demand on recycling of 

palladium from mining waste streams for purposes of 

resource retrieval and catalytic application.  We introduced 

the novel H2-based membrane biofilm reactor (MBfR) 

technology to recover Pd in a more sustainable and 

economic way.  The biotic system successfully recovered 

almost 100% soluble Pd(II) through reductive 

immobilization under neutral or acidic pH.  Compared to an 

identically established system but without inoculation, the 

biotic MBfR produced smaller-size nanoparticulate Pd(0), 

exhibited higher capacity of Pd recovery capacity, lower 

vulnerability of Pd(0) leaching under higher loadings, and 

faster denitrification due to the synergetic enzymatic and 

catalytic processes.  Overall, our study gives a promising 

example of combined Pd recovery and Pd-based catalysis in 

a single MBfR system for the future application to the 

practical treatment of the real mining waste streams. 
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1 INTRODUCTION 
 

Palladium (Pd) is in critically short supply due to its 

growing global demands, and the need of efficient recovery 

from the waste streams during mining and subsequent 

industrial applications soaring (Fig 1).  

  

 
Figure 1.  Schematic of ompleted Pd cycle with the 

recovery process involved. 

Biorecovery through adsorptive and reductive 

immobilization of soluble Pd(II) to insoluble Pd(0) 

introduces minimal contamination into the environment, 

and can yield more controllable nano-particulate Pd(0) for 

catalytic application (Rotaru et al., 2012).  However, its 

practical application has been limited by pre-harvest of 

dense biomass and poor retention of bio-Pd from leaching.  

One way to address these deficiencies is to recover Pd by 

active H2-utilizing biofilm.  Furthermore, the accumulation 

of Pd(0) in the biofilm attached to H2-delivering fibers may 

enable in situ removal of oxidized contaminants susceptible 

to Pd-catalyzed reduction with H2. 

 

2 MATERIALS AND METHODS 
 

We tested the microbial Pd-recovering capacity using a 

H2-fed membrane biofilm reactor (MBfR). The MBfR set 

up was based on our previous uranium-recovery study 

(Zhou et al., 2014).  Before the test, the MBfR had been 

pre-enriched with mature denitrifying biofilm.  We also set 

up an identical reactor with no inoculum as an abiotic 

control.   

 
Figure 2.  Schematic of a single MBfR system for Pd 

recovery, modified from Zhou et al. (2014).   

 

  In the test, we fed both reactors with a synthetic waste 

stream featuring ~200 mg/L Pd(II) as Na2PdCl4.  We 

routinely analyzed Pd using ICP-OES in influents and 
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effluents. We also collected membrane samples for 

microbial structure analyses and solid characterizations. 

 

 

3 RESULTS AND DISCUSSION 
 

3.1 Biofilm recovered Pd at Acidic and 

neutral pHs 

During our 30-day continuous test, >99% of the Pd was 

reduced and recovered in the biofilm fed with acidic (pH 

4.5) and circumneutral (pH 6.9) waste streams containting 

200 mg/L Pd(II) as Na2PdCl4
2-.  Figure 3 illustrates the 

phylogenetic profiling of the biofilms at the family level  

Three enriched denitrifying groups, Rhodocyclales, 

Rhizobiales and Burkholderiales, after Pd treatments under 

both pH conditions were probably responsible for 

enzymatic Pd(II) reduction, as their their capacities of metal 

respiration were reported (Akob et al., 2008; Weber et al., 

2006).   Under acidic conditions, the microbial community 

shifted to more acid-tolerant groups, including Gram 

positive Actinomycetales dominated by Mycobacteriaceae 

and two denitrifying families Comamonadaceae (22.5%) 

and Bradyrhizobiaceae.  In sum, the biofilm was capable of 

rapid adaptive evolution to stressed environmental change, 

and facilitated Pd recovery in versatile ways.   

 

 
Figure 3.  Phylogenetic profile at the family level of 

microbial communities in the biofilm 

recovering Pd from acidic and circumneutral 

waste streams.  Darker boxes indicate higher 

abundance of this family. 

 

 

3.2 Biofilm prevented nano-Pd(0) 

agglomeration 

During the first 35 days of continuous operation with an 

HRT of 24 hours, >99% of input Pd was recovered at 

steady states in both reactors.  Despite of similar Pd 

recoveries, the qualities of biotically and abiotically 

recovered Pd(0) were distinct.  The scanning electron 

microscopic (SEM) imaging in Figure 4 reveals that the 

recovered Pd(0) on the membranes of PdM-A were 

agglomerated into large aggregates, thus having reduced 

specific areas.  On the contrary, the recovered Pd(0) 

associated with the biofilm in PdM-B heterogeneously 

scattered on the cell surfaces and into the extracellular 

polymeric matrices, and remained an average 

nanocrystallite size of <10nm. After 50-day continuous test, 

cell-bounded Pd0 in the area remained as 20-50 nm NPs 

with moderate aggregation, a strategy of preventing Pd 

uptake into cells (Moreau et al., 2007). On the other hand, 

most Pd0 NPs scattering in EPS remained dispersed as 3-4 

nm single crystallites after 50 days even in Pd-dense areas 

(e.g. B2-1 in Fig. 4), probably due to rapid dispersive 

immobilization of Pd on EPS at the early stage of 

autocatalysis.  These document the sustainable capacity of 

biofilm, particularly EPS, in long-term stabilization of Pd0 

NPs and reduction of agglomeration. 

 

 
Figure 4.  SEM images of denitrifying biofilm, Pd-

recovering biofilm, and Pd-film, modified from 

Zhou et al. (2016). 

 

 

3.3 Biofilm led to higher Pd-recovering 

capacity 

Biofilm led to higher Pd-recovering capacity.  We also 

conducted a series of kinetic tests with varied Pd surface 

loadings by changing flow rates alone.  As summarized in 

Table 1, the recoveries in both reactors were similarly 

substantial (all >95%) when HRTs were larger than 8 hours. 

As the flow rate continued to increase, the capacity 

discrepancy became remarkable: PdM-B still recovered 

80% Pd under the highest surface loading of 14.3 g/m2-day, 

while PdM-A only recovered 66% Pd under the highest 

loading of 11.3 g/m2-day.  The considerably higher Pd 

recovery capacity in PdM-B was probably due to 1) the 

synergetic effect of concomitant enzymatic and 

autocatalytic reductions, 2) higher autocatalytic activities of 

nanoparticulate Pd(0) due to larger surface areas, and 3) the 

biofilm functioning as a scaffold to efficiently adsorb 

soluble Pd(II) and enable the intimate contact of Pd with H2.  

In PdM-A, in contrast, only autocatalytic Pd(II) reduction 

took place, and the diffusing H2 was not able to efficiently 
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reach those bulky Pd(0) on the glassware walls with limited 

surface areas. 

 

Table 1 The average Pd recovery and leaching parameters 

of both reactors at different surface loadings. 

Pd surface 

loading 

 

Pd recovery 

Pd(0) leaching 

flux 

g/m2-day % g/m2-day 

B A B A B A 

1.4  1.4 98.0 99.0 0 0 

3.4 2.1 99.3 98.8 0 0.01 

7.3 3.4 96.2 95.2 0 0.02 

8.8  9.1 89.3 78.5 0.01 0.11  

14.3 11.3 80.0 65.8 0.06 0.19 

 

 

3.4 Biofilm prevented nano-Pd(0) Leaching 

 Higher shear stress on membrane surface at increasing 

flow rate caused detachment and leaching of some Pd(0) 

solids detected in the effluents.  In PdM-B, Pd(0) loss was 

negligible when the flow rate was below ~0.23 mL/min, 

although it increased to 8.6 mg/L (0.06 g/m2-day) under the 

highest flow rate of 0.45 mL/min.  In PdM-A, Pd(0) loss 

reached over 20 mg/L (0.2 g/m2-day) for the flow rate of 

0.35 mL/min. 

 

3.5 Underlying Versatile Mechanisms of Pd-

Recovering Biofilm 

In the abiotic PdM-A, Pd(II) was reduced via 

autocatalysis, which features a slow initial nucleation step 

followed by self-sustaining surface growth/agglomeration 

(Besson et al., 2005), as illustrated in Figure 5:   

 

 
Figure 5.  Schematic of the two-step mechanism of 

autocatalysis established by Finke and Watzky 

(Watzky and Finke, 1997).  

 

In PdM-B, biofilm induced Pd(II) enzymatic reduction, 

in addition to autocatalysis; furthermore, Pd(II) biosorption 

promoted autocatalysis by accelerating nucleation.  The 

biofilm also functioned as the scaffold to capture the 

reduced Pd(0), prevented nano-Pd(0) from agglomeration 

and detachment.   

 

3.6 Pd-biofilm accelerated overall 

denitrification 

After 50-day continuous Pd recovery, each reactor 

contained equally ~60 g/m2 on the membranes for the 

subsequent denitrification test.  Figure 7 illustrates the 

nitrate, nitrite, and ammonium profiles during the 20-day 

test in both reactors.  Nitrate removal within the first 3 days 

was 10% and 76% by Pd-film and Pd-biofilm, respectively.  

By Day 20, >99.9% nitrate was removed by Pd-biofilm, 

while only 50% nitrate was removed by Pd-film.  As 

expected, PdM-B displayed faster rate and greater capacity 

of denitrification due to 1) higher reactivity of Pd-based 

catalysis and 2) additional contribution from concomitant 

enzymatic processes.   

 

4 CONCLUSIONS 
 

Membrane delivery of H2 gas to a biofilm accelerated 

the reduction of Pd(II) and enhanced retention of recovered 

Pd(0) nanoparticles.  In practice, this provides a promising 

platform to remove Pd(II) from waste streams while 

recovering catalytically active nano-Pd(0), and utilize the 

Pd-biofilm for in situ denitrification. 
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