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ABSTRACT

A new material, consisting of alginate–polyethyleneimine (AP) foam, with high percolating properties has 
been designed for palladium recovery in fixed-bed reactor. The foam, having high affinity for Pd(II), can be 
also used for manu-facturing heterogeneous hydrogenation catalyst. SEM–EDX and TEM analyses were 
performed to determine the structure of the foams and the distribution of Pd nanoparticles (after metal 
reduction). Metal-sorbent interactions and oxida-tion state of Pd are characterized by XPS. Pd(0)-bearing 
foams are investigated for the hydrogenation of 3-nitrophenol (3-NP) using HCOOH as the hydrogen 
donor. The maximum sorption capacity of Pd(II) by AP foams reaches up to 224 mg g-1. The water flux 
(under water-depth pressure of 6 mbar) reaches 24.8 mL cm-2 min-1 (superficial flow velocity: 14.9 m h-1). 
The foams are remarkably stable: The mass loss under strong shaking for 2 days does not exceed 3%. For 
catalytic application, Pd loading conditions were optimized (flow rate, metal concentration) to reach 101 mg 
Pd g-1 (97% metal removal). Under these conditions, Pd overloading and nanoparticles aggregation can be 
minimized. The catalytic hydrogenation of 3-nitrophenol (using formic acid as the hydrogen donor) was 
optimum for a HCOOH/3-NP molar ratio close to 160 (pH between 3 and 4). High flow rates minimize 
diffusion effects; the apparent rate constant (for pseudo-first-order rate equation) reaches 9.7 9 10-3 s-1. The 
reuse of the foams over 30 cycles shows the long-term stability of catalytic activity. The test on continuous 
(one-pass) mode shows a progressive poisoning of the catalyst. However, a simple washing with water is 
sufficient for recov-ering catalytic activity.

http://orcid.org/0000-0003-0864-070X
http://orcid.org/0000-0002-3442-9126
http://orcid.org/0000-0003-3459-0152
http://orcid.org/0000-0001-7778-354X
http://orcid.org/0000-0003-4751-1767
http://orcid.org/0000-0002-4087-9297
http://orcid.org/0000-0002-2767-6305
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-019-04099-y&amp;domain=pdf


Introduction

The use of platinum group metals (PGMs) has

attracted increasing attention during the last decades

due to their outstanding catalytic properties. Palla-

dium, in particular, has been the basis for producing

electronic devices and automotive catalysts owing to

its high catalytic activity for various chemical reac-

tions. Previous studies have fully reported the use of

metal nanoparticles for methylene blue removal [1],

nitrophenol hydrogenation [2–5], formaldehyde

degradation [6], etc. One of the major drawbacks of

Pd for catalytic applications is associated with its

high cost. Therefore, recovering precious metals (in-

cluding Pd) from waste resources is becoming an

important industrial challenge. Many studies have

been focusing on the recovery of Pd(II) from acidic

leachates of waste catalysts [7]. On the other hand,

there is still much scope left for improving its appli-

cation potential as catalysts. For example, the aggre-

gation and poor reusability of palladium

nanoparticles still limit their use. Therefore, a stabi-

lizer is commonly needed to enhance the stability of

the palladium nanoparticles [8]. Those stabilizers can

be inorganic or organic supports that may have

moderate affinity toward metal nanoparticles. To

date, nanoparticles were mostly immobilized in

inorganic supports such as SDS-intercalated LDH [9],

magnetic supports [10], mesoporous silica, zeolites

and activated carbon [11]. Unfortunately, it is easy for

the metal nanoparticles immobilized on those inor-

ganic supports to leach out during reaction process

[12]. Moreover, the reuse of nanoparticles is still

limited since recovery techniques are typically energy

intensive and laborious. Conventional separation

processes such as filtration not only make the treat-

ment procedure more time-consuming, but also

easily cause catalyst loss [13]. One possible way to

solve this problem is to decorate the catalyst in

magnetic materials [14]. Another way may consist of

applying polymers as the supports owing to their

simplified synthesis, good stability and easy recovery

[15, 16].

Alginate is a natural biopolymer extracted from

seaweeds. One of the advantages of applying alginate

is that this material is versatile in terms of shaping

and conditioning owing to gelation processes. It can

be shaped into nanoparticles [17], gel beads [18–20],

membranes [21, 22], fibers [23] and foams [24] for

various applications in different fields. More specifi-

cally, alginate has demonstrated its efficiency as

immobilizers (through alginate–Ca gelation) for

nanoparticles, such as Ag and Au [25], Ni/Fe [26], Pd

[27] and Fe2O3 [28]. Polyethyleneimine (PEI) is well

known for its metal chelating characteristic owing to

the presence of a large number of amine groups

(primary, secondary and tertiary amine groups, in

branched PEI). Therefore, alginate–Ca/PEI composite

can both coordinate with Pd nanoparticles and act as

stabilizer for these nanoparticles. In addition, a post-

treatment using glutaraldehyde (GA) may contribute

to strengthen the alginate–Ca/PEI composite. The

Schiff-base reaction between PEI and GA prevents

the degradation of alginate–Ca/PEI composite in

complex systems with an excess of ions such as

K(I) or Na(I) (usually due to the formation of soluble

Na-alginate or K-alginate, etc.). Actually, the simul-

taneous cross-linking mechanisms between inter-

penetrating polymers lead to stable complex

structures. This method has been recently applied to

elaborate alginate/PEI beads for Pd(II) binding

immobilization of Pd [29], and nanoparticles on

alginate/PEI-GA beads in our group. However,

although the catalyst is recoverable owing to its large

size (around 3 mm) and stable even in complex sys-

tems, its catalytic activity for 3-nitrophenol hydro-

genation is much lower than the values reported for

more conventional catalysts due to poor mass trans-

fer property. Compared to conventional shaking or

agitating systems, the use of a fixed-bed column

system could enable continuous water treatment by

feeding the wastewater at one side of the reactor and

obtaining the treated water from the other end. In the

case of large and homogeneous (in size and shape)

support, the natural percolation of the liquid into the

packing makes the process very effective from a mass

transfer point of view. Another advantage of this

system is that it requires no solid–liquid separation

after treatment. A specific shaping of the catalysts

(such as macroporous foams) would be favorable for

application in this kind of system, avoiding head loss

and clogging effects. Therefore, a highly porous

foam-like support is highly required to (a) decrease

the mass transfer resistance, (b) simplify the reaction

equipment and (c) improve the reaction rate.

To address these requirements, highly porous

foams that exhibit outstanding percolating charac-

teristics are synthesized. For the first time, the foams

are prepared through the reaction between alginate



and partially protonated PEI solution. The challenge

also consisted of using a very simple air-drying

process for conditioning the foams instead of more

sophisticated drying processes (such as freeze-drying

or drying under supercritical CO2 conditions). To

prevent air-drying shrinkage that might cause cracks

and water tightness of the foams, the foam was cross-

linked with GA solution: Aldehyde functions react

with free amine groups on PEI. The as-prepared

foams are packed in tubular reactors and tested for

Pd(II) recovery from acidic solution. In a second step,

metal-loaded foams are used for manufacturing cat-

alysts by in situ reduction of loaded Pd(II) into Pd(0).

The hydrogenation of nitrophenol is an ideal model

reaction to assess the catalytic activity of a variety of

metallic nanoparticles. In addition, nitrophenol is

considered as highly toxic organic pollutant in

industrial wastewater or agricultural runoff and its

reduced product (3-aminophenol, 3-AP) is an

important intermediate for producing antipyretic

drugs. Therefore, the hydrogenation of 3-NP by for-

mic acid was used as a model reaction to evaluate the

catalytic activity of the catalysts. Nitrophenol is

reported to be easily reduced to aminophenol by

NaBH4 in the presence of metals in solution; the

metal nanoparticles catalyze this reaction by facili-

tating electron relay from the donor BH4
- to acceptor

(nitrophenol) to overcome the kinetic barrier. How-

ever, to avoid using the toxic and high-cost NaBH4

chemical in the water treatment process, the hydro-

gen donor was replaced by formic acid, since this

reagent is non-toxic and can be handled and stored

easily [30]. Gowda et al. [31] reported that formic acid

in the presence of 10% Pd–C is a rapid, versatile and

selective reducing system for a wide range of nitro

compounds. Therefore, this study aims to evaluate

the possibility of using novel alginate/PEI foams as a

stabilizer for Pd nanoparticles and determine the

catalytic activity of the catalyst packed in tubular

reactors for 3-NP hydrogenation by HCOOH. The

first part of the work characterizes the materials

using techniques such as SEM, TEM, XPS analyses

and physical measurements of porosity, water flux

and stability under agitation. In the second part, the

study focuses on the influence of a series of experi-

mental parameters (pH, metal content on the catalyst,

molar ratio between the feed and the hydrogen

donor, i.e., HCOOH) on the kinetics of hydrogenation

of 3-nitrophenol.

Materials and method

Materials

Manugel GMB alginate was obtained from FMC

BioPolymer (Girvan, UK). Branched poly-

ethyleneimine (PEI, 50% (w/w) in water), formic acid

(99%) and glutaraldehyde (GA, 50% (w/w) in water)

were purchased from Sigma-Aldrich (Taufkirchen,

Germany). Nitric acid (65% w/w) and palladium(II)

chloride were obtained from R.D.H (Seelze, Ger-

many). Hydrazine hydrate N2H4�H2O (reagent grade,

55% ± 5%) was purchased from Sigma-Aldrich

(Taufkirchen, Germany), and 3-nitrophenol (3-NP)

was supplied by Fluka (Buchs, Switzerland). The

metal stock solution was prepared by dissolving 1 g

of PdCl2 in 1 L of 1.1 M HCl solution, while 3-nitro-

phenol stock solution was prepared by dissolving 1 g

into 1 L of water with 1 drop of NaOH solution

(& 0.1 mL, 10 M).

Preparation of foams

Figure S1 (see Supplementary Information, SI) shows

the process for preparing alginate/PEI (AP) foams.

Briefly, one hundred milliliters of 4% alginate solu-

tion were first mixed with 400 mL of water. There-

after, 35 mL of 4% PEI (dissolved in slightly acidic

nitric acid solutions) were slowly added into the

solution while agitating. The mixture was then

poured into a container and maintained at 20 ± 1 �C
for 24 h for completing the gelation. Varying the size

of containers allows manufacturing foams with dif-

ferent thicknesses. After that, the foam was washed 4

times using deionized water, added with 2.5 mL of

GA (50%, w/w) and maintained at 20 ± 1 �C for

24 h. Finally, the foam was thoroughly washed and

air-dried at 20 ± 1 �C.

Immobilization of Pd(II)

Figure S2 (see SI) shows the experimental setup used

for metal sorption: The foam was cut into cylinders

using a cutter mold and packed in a plastic tube that

was fixed above a container filled with the Pd(II)

solution. The solution was recirculated through the

foam using a peristaltic pump (Ismatec, ISM 404,

Wertheim, Germany) for 24 h. When the height of the

water column is around 0.5 cm, the lid is then tight-

ened to seal the recirculation system to maintain a



constant water pressure on the foam (constant level

of solution at the top of the column). Time starts

when the first drop reaches the foam. The sorption

isotherm experiment was conducted using solutions

containing different concentrations of Pd(II). One liter

of solution (at pH 1, controlled with H2SO4) was

recirculated through AP foam. Specifically, to study

the effect of Pd(II)-loaded amount, 1 L of Pd(II)

solution at different concentrations (i.e.,

10–50 mg Pd L-1) was recirculated through a foam

disk (255 mg, dried weight). The flow rate of the

pump was set at 30 mL min-1. The effect of flow rate

was studied by the contact of 1 L of Pd(II) solution

(28 mg L-1) with 255 mg of the foam at three differ-

ent flow rates (i.e., 5, 30 and 50 mL min-1). For the

effect of foam mass, three different masses of the

foam cylinders with the same diameter (2.43 cm) but

different heights were applied for Pd(II) recovery

from solutions containing a concentration of 28 mg

Pd L-1. The flow rate was fixed at 50 mL min-1.

Reduction of Pd(II) into Pd(0)

Before reduction, the Pd(II)-loaded foams were

thoroughly washed. A previous study showed that a

small size (* 3 nm) of Pd nanoparticles could be

obtained by reduction with hydrazine hydrate (N2-

H4�H2O) in alkaline solution [32]. Therefore, in this

study, the reduction of Pd(II) to Pd(0) loaded on the

foams was performed by gentle stirring (50 mov/

min) in a solution (200 mL) containing freshly pre-

pared hydrazine hydrate (0.03 M) and NaOH

(0.5 mM) at 60 �C for 5 h. The color of the foams

changed from yellowish brown to dark gray, sug-

gesting the formation of metallic palladium

nanoparticles on the surface of the foams.

Characterization of materials

Scanning electron microscopy (SEM) and SEM–EDX

(SEM coupled with energy-dispersive X-ray diffrac-

tion analysis) were performed using an environ-

mental scanning electron microscope Quanta FEG

200 (FEI France, Thermo Fisher Scientific, Mérignac,

France), equipped with an Oxford Inca 350 energy-

dispersive X-ray micro-analyzer (Oxford Instruments

France, Saclay, France). TEM micrographs were

obtained on the SEM using the TEM-emulation

mode. Materials were grinded, sieved (below

250 lm) and dispersed in an ethanol solution. A

micro-drop of the homogenous suspension was

deposited at the surface of a grid C film (S160, 200

mesh Ni grid, Agar Scientific, Stansted, UK). XPS

studies were carried on a Physical Electronics spec-

trometer (PHI Versa Probe II Scanning XPS Micro-

probe, Physical Electronics, Chanhassen, MN, USA)

with monochromatic X-ray Al Ka radiation (100 lm,

100 W, 20 kV, 1486.6 eV) and a dual-beam charge

neutralizer. The spectrometer energy scale was cali-

brated using Cu 2p3/2, Ag 3d5/2 and Au 4f7/2 photo-

electron lines at 932.7 eV, 368.2 eV and 84.0 eV,

respectively. Under a constant pass energy mode at

23.5 eV condition, the Au 4f7/2 line was recorded with

0.73 eV FWHM at a binding energy (BE) of 84.0 eV.

XPS spectra were analyzed using PHI SmartSoft

software and processed using MultiPak 9.3 package.

The binding energy values were referenced to

adventitious carbon C 1 s signal (284.8 eV). Recorded

spectra were systematically fitted using Gauss–Lor-

entz curves. Atomic concentration percentages of the

characteristic elements of the surfaces were deter-

mined taking into account the corresponding area

sensitivity factor for the different measured spectral

regions. Samples were finely grinded (below 125 lm)

to get an analysis representative of the whole mass of

the materials.

The apparent density and porosity of the foams

were measured by pycnometer method using ethanol

as a soaking agent. Water flux (mL cm-2 min-1) was

calculated from the flux at a unit time on a unit foam

area (the height of the foams was maintained at

8.0 ± 0.2 mm); the pressure calculated from the

water height was 0.006 bar (calculated by the depth

of the water on the top of the foam). The pHPZC of the

foams was measured by titration method. Two hun-

dred milligrams of sorbent were mixed with 40 mL of

0.1 M NaCl solution for 48 h; the initial pH values

(pH0) were adjusted between 2 and 10 using a pH

meter (inoLab pH 7110, WTW, Germany). The final

pH (pHeq) was recorded and plotted against initial

pH; the pHPZC corresponds to the pH where the plot

crosses the first bisector (i.e., pHeq = pH0). Stability of

the foams was determined by recording the mass of

AP foam before (around 255 mg, dry weight) and

after shaking in water at 150 rpm for 2 days. The

mass loss (%) was calculated after the drying of the

structured foam.



Catalytic hydrogenation of 3-nitrophenol

For 3-nitrophenol (3-NP) hydrogenation, the catalyst

was also packed in the reactor shown in Figure S2

(See SI). Unless specified, 3-NP was reduced by

recirculating the 3-NP solution (100 mL, 50 mg L-1)

containing 0.2% formic acid through the catalyst disk

(weight: 255 ± 10 mg). Samples were collected and

acidified with sulfuric acid (1 mL sample with 20 lL

5% H2SO4) before being analyzed using a UV spec-

trophotometer (Shimadzu UV-1650PC, Kyoto, Japan)

at 332 nm [33]. According to a previous study [34],

the hydrogenation of 3-NP by formic acid can be

expressed as Scheme S1 (see SI). Different parameters

may influence the conversion of 3-NP into 3-AP (3-

aminophenol), such as the pH of the solution (con-

trolled by NaOH or HNO3), the molar ratio between

the hydrogen donor and the feed (HCOOH/3-NP),

and the flow rate. The reuse of the catalyst was also

investigated for 30 cycles. Full experimental condi-

tions are systematically reported in the caption of

figures.

Statistical analysis

Selected experiments were duplicated. Average val-

ues and standard deviations were calculated. More-

over, 3-NP hydrogenation using catalysts prepared

from different foams was carried out to evaluate the

reproducibility of the manufacturing procedure. The

overlapped plots shown in Figure S3 (see SI) indicate

that the synthesis of AP/Pd catalyst is reproducible.

Results and discussion

Characterization of materials

Foam stability (mechanical agitation) and physicochemical

properties

Table 1 gives the measured values of several

physicochemical properties of the foams before and

after metal loading process. The pHPZC is 6.29 for raw

AP foams. At pH\pHPZC, positively charged sur-

face of AP foams can attract the chloro-anionic spe-

cies of palladium [35]. The apparent density is

0.0637 g cm-3; after sorption, it increases up to

0.0644 g cm-3, which is probably related to more

compact structure of the foams (see SEM images,

Fig. 1). Therefore, Pd(II)-loaded AP foam also pre-

sents a slightly lower porosity than the raw material.

Despite strong shaking, both free and metal-loaded

foams maintain a low mass loss around 3%; this high

stability enables the reusability of AP/Pd catalyst.

The stability of Pd nanoparticles on the catalyst is a

key criterion for designing a heterogeneous catalyst.

For example, Vincent et al. [35] reported the benefi-

cial use of ionic liquid for stabilizing palladium in

alginate-based catalysts (Pd(II) being reduced after

binding to the ionic liquid immobilized in alginate

capsules): The strong interaction between phospho-

nium cation and anionic chloropalladate species

prevents the leaching of palladium and increase the

life of the catalyst.

The BET analysis of the foam is not reported here.

Preliminary tests show that specific surface area

(SSA) does not exceed 2–3 m2 g-1. This means that

the hyper-macroporous material has limited micro/

mesoporosity (which would contribute to the SSA).

Complementary tests (not shown) conclude that a

final drying under more sophisticated drying condi-

tions (freeze-drying or drying under supercritical

CO2 conditions) did not significantly changed the

SSA.

Morphological observations

SEM imaging (Fig. 1) shows the interconnected por-

ous network: It is randomly distributed on the sur-

face and the vertical section of the raw foams,

contributing to their high percolating properties.

After loading Pd(II), the pore wall of the foams

becomes more compact. This result is in agreement

with the decrease in porosity and water flux after the

sorption process. This change in structure could be

due to the pressure of the circulation sorption system

and the re-drying process after metal sorption. In

addition, the reaction of amine groups with anionic

chloropalladate species may contribute to form

additional interchain bonds. EDX analysis mainly

shows the presence of C and O elements. The reso-

lution and the sensitivity are not sufficient to achieve

the identification of N peak within the forest of peaks

(including C and O strong peaks), despite the pres-

ence of numerous amine functions on PEI. After

Pd(II) sorption, a large peak of Pd is found in/on the

foams. The semiquantitative analysis shows that the

surface of the catalyst bears up to 17.7% (w/w) of

palladium, while the metals reach up to 18.9% in the



Table 1 Physicochemical

characteristics of raw and

Pd(II)-loaded AP foams

Properties AP foam Pd(II)-loaded AP foam

pHPZC 6.29 -

Water flux (mL cm-2 min-1) 24.81 ± 0.48 19.27 ± 1.34

Porosity (%) 70.93 ± 1.60 69.79 ± 0.22

Density (g cm-3) 0.0637 ± 0.0005 0.0644 ± 0.0005

Stability (mass loss, %) 2.98 ± 0.14 2.91 ± 0.26

Figure 1 SEM-EDX micrographs of raw and Pd(II)-loaded foams.



internal part of the material: The catalyst is homo-

geneous in terms of distribution of Pd. The EDX

element mapping (Figure S4, see SI) further confirms

that the Pd(II) is well dispersed. Besides, Cl element

appears in the foams. This can be the first evidence

that Pd(II) is bound under the form of chloro-palla-

dium complexes. A small amount of S element is also

detected (0.7%), because the pH was adjusted using

H2SO4 and SO4
2-/or HSO4

- and could also bind to

protonated amine groups. The semiquantitative

analysis of Pd should simply be considered indica-

tive. Indeed, the mass balance on Pd concentrations

before and after sorption shows much lower values

(27.2 mg Pd loaded on 255 mg of foam; after sorption

and metal reduction, the final weight is close to

308 mg; i.e., Pd loading close to 8.8%, w/w).

Sizing of Pd nanoparticles on the catalytic foams

The high-magnification mode on SEM allows

observing (a) the presence of Pd(II) (the high atomic

weight of Pd gives a good contrast for identifying the

localization of metal binding zones at the surface of

the material), and (b) the distribution of Pd

nanoparticles (small spots). Figure 2a shows the

rugged surface of Pd(II)-loaded AP foams. After

reduction using hydrazine hydrate, Pd(II) is, at least

partially, converted into Pd nanoparticles (small

spots in Fig. 2b, of lower individual surface area than

the surface area of Pd(II)-loaded zones, in Fig. 2a). It

is noteworthy that these nanoparticles are remark-

ably well distributed; this can be explained by the

good dispersion of PEI in the alginate/PEI material.

Similar trends were observed for algal/PEI beads

catalysts: When PEI is incorporated as GA cross-

linked microparticles, the distribution of small Pd

nanoparticles is less homogenous than when the algal

beads were impregnated with PEI (before being

cross-linked with GA) [36].

Despite a few aggregates of individual Pd

nanoparticles, the TEM images presented in Fig. 2c

again confirm the good dispersion of these particles.

The size of Pd particles (shown in Fig. 2d) mainly

ranges between 4.5 and 10.5 nm (i.e., average value:

7.61 ± 1.93 nm), slightly larger than those free par-

ticles previously reported [37, 38]; however, with the

advantage of immobilization for a readily recycling

or reuse. It was reported that Pd nanoparticles with

size ranging between 6 and 8 nm are appropriate for

alkene hydrogenation reactions [39].

XPS characterization: modes of interaction and oxidation

states of Pd

Figure 3 shows the XPS survey of the materials (raw

foam, AP; AP after Pd(II) loading; AP-Pd(II); AP-

Pd(II) reduced, as the catalyst; and catalyst after 30

cycles of usage). The survey curves confirm the

presence of N element (as a marker for PEI incorpo-

ration) and O element (marker of the biopolymer).

The sorption of Pd is characterized by the charac-

teristic signals of Pd 3d bands (and additional weaker

signals, such as Pd 4p, Pd 3p, Pd 3s or Pd MNN). It is

noteworthy that after Pd(II) sorption the sorbent

bears chloride ions (Cl 2p signal); this means that at

least a significant fraction of Pd(II) is bound as

chlorocomplex (probably as chloroanionic species).

After reduction (and also after 30 cycles of use), the

intensity of this signal is drastically reduced (almost

disappearing). Figures S5–S8 (see SI) report the HRES

spectra for specific C 1 s, O 1 s, N 1 s, Pd 3d and Cl

2p. Table S1 (see SI) summarizes the main deconvo-

luted bands for these signals, their assignments and

their relative fractions for (a) identifying the binding

mechanisms, (b) the effective reduction of Pd(II) into

Pd(0) and (c) evaluating the stability of the catalyst

after intensive use.

The XPS analysis of AP sorbent confirms the

presence of carboxylate groups (both on C 1s and O

1s signals) and amine and quaternary ammonium

groups (399.1 eV (71%) and 401.1 eV (29%), respec-

tively). The protonation of amine groups and the

quaternary ammonium sites are favorable for the

sorption of anionic species (such as chloroanionic

species). After Pd(II) sorption, the appearance of

chlorine element confirms the binding of these

chloroanionic Pd species on the sorbent; a third band

associated with N element appears as the bond

between N and Pd. This is also confirmed by the

coexistence of two pairs of deconvoluted bands (Pd

3d5/2 and Pd 3d3/2) for Pd 3d signal corresponding to

Pd–N (about 40%), Pd-Cl (about 60%) bonds. After

Pd(II) reduction on the sorbent (synthesis of Pd(0)

supported catalyst), the N 1s core-level spectrum is

very close to the spectrum for AP material (though

the peak at high BE is now appearing as N-Pd species

rather than the ammonium form). It is noteworthy

that the C 1 s signal loses its symmetry for the two

highest bands, representative of adventitious C, C–C

and –C=C– that increases comparatively to the sec-

ond band representative of C–OH, C–O–C and C–N



chemical groups. This probably means that the

reduction conditions affect the chemical environment

of these functional groups (including a possible

reductive action on these groups). The intensity of Cl

2p signal strongly decreased, and it was not possible

getting a clear identification of the bands: The

Figure 2 SEM micrographs

of a Pd(II) loaded and

b surface of Pd nanoparticles-

loaded foams, c TEM

micrographs of Pd

nanoparticles-loaded foams

and d size distribution of Pd

particles.
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reduction releases chloride by conversion of PdCl4
2-

species into Pd(0). Obviously, the reduction is char-

acterized by the appearance of a new band for Pd 3d:

The signal is deconvoluted in 3 pairs of bands cor-

responding to Pd-Cl (28%), Pd–N (28%) and Pd(0)

(44%) forms. This means that the reduction of Pd(II)

is only partial. This may affect the catalytic activity of

the foam. The comparison of the XPS spectra for the

different bands between AP-Pd(II) reduced and cat-

alyst after 30 cycles shows that the profiles are

roughly comparable: This is a clear demonstration of

the stability of the support. The main differences are

essentially identified in terms of relative fractions:

distribution between –NH and N-Pd forms and a

little decrease in the proportion of Pd(0) (from 44 to

37%).

These results show some trends:

(a) Metal binding occurs through electrostatic

attraction/ion exchange between protonated

amine groups (of PEI) and chloroanionic Pd

species.

(b) A partial reduction of Pd(II) happens (limited

to 44%).

(c) There is a relative chemical stability of the AP-

Pd(0) after 30 cycles of use.

Catalytic activity: effect of experimental
parameters

Effect of Pd loading

Previous studies have suggested that the incorpora-

tion of PEI significantly improves the sorption

capacity for Pd(II) from acidic solution owing to the

abundant amine groups on this material. Thus, the

alginate/PEI foam is not only potentially a stabilizer

for Pd nanoparticles, but also a potential sorbent for

Pd(II) recovery. To test the sorption property of AP

foams for Pd(II) from acidic solution, the sorption

isotherms were carried out by recirculating solutions

containing different concentrations of Pd(II) through

a fixed mass of AP foam. It is noteworthy that, due to

the amount of hydrochloric acid (1.1 M) in the stock

solution, the predominant palladium species in those

diluted working solutions is PdCl4
2-. Figure S9 (see

SI) shows that the maximum sorption capacity

reaches up to 223.6 mg Pd g-1. The partial protona-

tion of amine groups makes the sorbent cationic at

mild acid pH and then capable of binding chloro-

anions. The eventual coexistence of free amine

groups might also contribute to bind uncharged or

free Pd(II) species; nevertheless, the strong predom-

inance of chloro-anionic species limits the relevance

of this mechanism. Table S2 (see SI) reports Pd(II)

sorption properties for a variety of materials. In

general, phenolic hydroxyl group-based materials

such as tannin show the lowest sorption capacity

among the listed materials. The sorption mechanism

was reported as a combination of ligand substitution

and redox reaction [40]. The raw algal biomass that

contains a certain amount of amine and carboxyl

groups shows comparable (slightly higher) sorption

property compared to tannin. Amine group-based

chitosan derivatives and aminated alginate and algal

beads possess the highest sorption capacities; these

materials can bind chloro-palladium complexes from

acidic solution through electrostatic attraction [41] or

coordinate to palladium(II) in neutral solution [42].

Owing to the abundant amine groups brought by PEI

and the higher accessibility of the sorption sites on

porous AP foams, especially compared to polymer

beads, the foams present much higher sorption

capacity than other listed materials. This outstanding

affinity of the foams for Pd(II) is critical for improv-

ing the stability of Pd nanoparticles immobilized on

this support. Indeed, a strong binding contributes to

reduce metal leaching during the catalytic cycle; this

is especially important for the development of effi-

cient heterogeneous catalysts.

Contrary to other nanoparticles, Pd nanoparticles

immobilized on the foams offer opportunities for

application in fixed-bed column system in either

recirculation mode or one-pass mode. Since Pd(II) is

in situ reduced into Pd(0) on the foams, the different

conditions during loading process may lead to a

change in distribution of Pd nanoparticles on the

supports and thus affect the catalytic performance.

Therefore, the effect of Pd loading amount, flow rate

and foam height during loading process was firstly

studied in recirculation mode. The Pd loading

amount is one of the most critical factors that mark-

edly affect catalytic activity [43]. To study the effect of

Pd loading amount, solutions with different initial

Pd(II) concentrations (11, 16, 21, 28 and 52 mg L-1)

were recirculated through the foam (weight:

255 ± 10 mg). The recovery efficiencies are 100, 99.8,

98.5, 97.1 and 71%, respectively, and the corre-

sponding sorption capacities are 43.8, 67.7, 84.0, 110.4

and 154.5 mg g-1, respectively.



After metal reduction, these as-prepared catalysts

loaded with different Pd amounts were compared for

3-NP hydrogenation. A controlled experiment was

performed with the raw foam. As shown in Fig. 4a,

the concentration of 3-NP is not significantly reduced

with the raw foam, indicating that the hydrogenation

of 3-NP is negligible in the absence of the active

phase and that the sorption of the contaminant onto

the foams is also limited. Despite a slight decrease

when applying foams loaded with 11 mg or 16 mg

Pd, their plots almost overlap with the kinetic profile

obtained with the raw material. When the amount of

Pd increases to 21 mg or higher, the concentration of

3-NP decreases significantly with increasing reaction

time; however, the reason causes such a sharp

improvement of hydrogenation efficiency remains

unclear. The hydrogenation completely converts

3-NP into 3-AP within 10 min, showing the marked

catalytic performance of AP/Pd catalyst.

The pseudo-first-order rate equation (PFORE) and

the pseudo-second-order rate equation (PSORE) are

commonly used for describing homogeneous chemi-

cal reactions. In the case of heterogeneous reactions,

the contribution of resistances to bulk, film and

intraparticle diffusions affects the overall kinetics.

These simplified equations have been also used for

modeling heterogeneous reactions such as sorption

or supported catalysis. However, in these cases the

rate coefficients should be considered as apparent

rate coefficients. In the present study, the large excess

of hydrogen donor compared with the substrate

makes its concentration almost unchanged and the

reaction rate will artificially depend only on the

concentration of the substrate (apparent mononuclear

reaction). This means that the hydrogenation of 3-NP

will preferentially be described by the PFORE (Eq. 1).

Complementary tests on modeling kinetic profiles

with the PSORE confirmed poor fitting of experi-

mental data.

�dC

dt
¼ k1C ð1aÞ

Integrated to ln
Ct

C0
¼ �k1t ð1bÞ

where k1 (min-1) is the rate coefficient for PFORE and

C0 (and Ct) is the initial substrate concentration (and

the residual concentration of the substrate at time t).

To verify this hypothesis, ln(Ct/C0) was plotted

against reaction time (Fig. 4b). The fine linear rela-

tionship confirms that this model is appropriate to

describe the kinetics. To compare the catalytic effi-

ciencies, the apparent rate constants (k, s-1) and the

catalytic activity (kPd = k/mPd; s-1 g-1) were calcu-

lated. Due to its lowest number of Pd sites, AP/Pd21mg

has the slowest reaction with k value close to

6.52 9 10-3 s-1. When the loading Pd amount grows

by 6 mg, the reaction constant rate increases to

8.18 9 10-3 s-1. Further increase in the Pd content

from 27 mg to 37 mg does not significantly change the

rate constant. Similar result was reported by Jadbabaei

et al. [44], who concluded that a higher Pd content does

not necessarily result in higher catalytic activity, and

the optimum Pd loading amount (i.e., the lowest Pd

amount without sacrificing reactivity) is when the
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Figure 4 Effect of Pd loading amount on the foams on the

hydrogenation of 3-NP (Pd(II) sorption process: foam mass,

255 ± 10 mg; flow rate, 30 mL min-1; C0 (Pd(II)), 10–50 mg

L-1. 3-NP hydrogenation: C0 (3-NP), 50 mg L-1; volume, 0.1 L;

pH (unadjusted), 2.861; flow rate, 50 mL min-1; C(HCOOH),

0.2%): a Ct/C0 versus reaction time; b ln(Ct/C0) versus reaction

time. The inset in (a) shows the photographs of the catalysts

loaded with different amounts of Pd (increasing in the order from 1

to 5); the controlled experiment corresponds to the blank (foam

without Pd).



sorbed nitrophenol during the reaction is just non-

detectable. Indeed, the kPd calculated for AP/Pd37mg

(0.25 s-1 g-1) is much lower than that of AP/Pd27mg

(0.30 s-1 g-1) and AP/Pd21mg (0.32 s-1 g-1). The

excessive loading of the support with catalytic metal

(and further metal nanoparticles) may lead to

agglomeration of particles with lower accessibility and

less rationale use of the metal catalyst. Indeed, a pre-

vious study showed that overloading Pd(II) on PEI

particles resulted in large aggregates [36]. To maintain

a high value for both k and kPd, AP/Pd27 mg foam was

chosen for further experiments.

Effect of flow rate during Pd sorption on catalytic

performance

The recirculation-mode system proposed for metal

loading in this study requires a specific analysis of

sorption kinetics regarding the necessity to force the

solution to flow through the sorbent and to ensure

the meal ions can be well dispersed on the foams

[45, 46]. A slow flow rate (FL) may easily lead to an

accumulation of Pd(II) at the upper layer of the

cylinder and to longitudinal metal gradient along the

foam packing. Figure 5a shows that a higher flow

rate produces catalysts with higher catalytic perfor-

mance. The value of k (shown in Fig. 5b) increases

significantly from 1.9 9 10-3 to 7.9 9 10-3 s-1 as the

flow rate goes up from 5 to 30 mL min-1. Further

increasing the FL only leads to a slight improvement

on the apparent rate constant, the beneficial effect of

increasing flow velocity tends to stabilize the kinetic

parameter. Therefore, an even higher FL was not

tested. The reason that causes this phenomenon

should be that higher FL leads to more homogenous

and less condensed distribution of Pd. This means

that more Pd sites remain accessible; overloading due

to heterogeneous dispersion may prevent sorption

sites accessibility and may induce aggregation. The

inset photograph in Fig. 5a shows the bottom of the

cylinder. It is clear that at a low FL, the Pd loading is

inhomogeneous with lower loading in the yellow

(close to the raw color of the foams) area. This

inevitably leads to Pd overloading in other part and

consequently to less accessible Pd sites. Therefore, a

FL of 50 mL min-1 was used for Pd(II) loading pro-

cess in further experiments.

Effect of foam height during Pd sorption on catalytic

performance

The effect of foam height was studied using different

masses of foams with the same diameter (i.e.,

2.43 cm). The masses of the foams are 175, 255 and

313 mg, and their corresponding measured thick-

nesses are 0.58, 0.85 and 1.06 cm, respectively. The

values of Pd(II) loading amount on the foams are

very close, which are 26.1, 27.2 and 27.7 mg g-1,

respectively. Because the same amount of palladium

(volume and concentration) has been circulated

through the foams of different heights, the density of

Pd decreases with increasing foam depth. Figure S10

(see SI) shows that increasing the foam thickness does

not affect the hydrogenation efficiency; the recircu-

lation mode may explain this result. However, the

comparison of the apparent rate constants shows a
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Figure 5 Effect of flow rate applied for Pd(II) sorption on the

hydrogenation of 3-NP (Pd(II) sorption process: foam mass,

255 ± 10 mg; C0 (Pd(II)), 28 mg L-1. 3-NP hydrogenation: Pd

amount, 27 mg; volume, 0.1 L; C0 (3-NP), 50 mg L-1; pH

(unadjusted), 2.86; flow rate, 50 mL min-1; C(HCOOH), 0.2%):

a Ct/C0 versus reaction time; b ln(Ct/C0) versus reaction time. The

inset in (a) shows the photographs of the catalysts prepared by

different flow rates.



higher relative catalytic activity for the thinner foam

(thickness: 0.85 cm). The less dense Pd distribution

associated with the foam thickness increase may thus

result in (a) the formation of fewer aggregates of Pd

nanoparticles, and (b) the increase in hydrogenation

performance. However, increasing the depth of the

catalytic foam does not enhance catalytic perfor-

mance. This result can be partially explained by a

change in the effective flow velocity (permeate flux)

in the catalyst module. The amount of water passing

through these foams with different thicknesses at a

speed of 50 mL min-1 for 1 min was recorded for

different foam depths. The volume passed through

the foam decreases from 49.8 ± 0.8 mL to

47.8 ± 0.4 mL and to 41.1 ± 0.3 mL for depths

increasing according 0.58 cm, 0.85 cm and 1.06 cm,

respectively. Increasing the depth of the catalytic

foam modulates the admissible flow rate under

selected experimental conditions.

The effect of foam thickness could be attributed to

a variable yield in the reduction of the Pd(II) in the

foam. The XPS analysis was performed on grinded

sample reflecting the average characterization of the

foam. Complementary analysis would be probably

necessary for evaluating the effective impact of this

potential heterogeneity. The mode of immobilization

of Pd(II) by recirculation at high flow rate the metal-

containing solutions of low concentrations allows

maintaining a relatively homogeneous distribution of

metal ions in the whole volume of the foam (as con-

firmed by the cartography of Pd (Figure S4, see SI).

Effect of solution pH and HCOOH concentration

on catalytic performance

The solution pH may affect the catalytic reaction by

changing the surface charge and the dissociation of

both the substrate and the hydrogen donor. The pKa

values of primary, secondary and tertiary amine

groups on PEI are 4.5, 6.7 and 11.6, respectively [47],

while that of formic acid is 3.75 [48]. Figure S11a

shows that degradation kinetics overlap when the

value of initial pH is 3 or 4. Whereas when the initial

pH decreases to pH 2 or increases to pH 5, the

degradation rate significantly decreases. In addition,

under these unfavorable conditions, the residual

concentration of 3-NP decreases but does not reach a

plateau within selected contact time. The value of k

calculated for pH 2 is 3.2 9 10-3 s-1 and

3.3 9 10-3 s-1 for pH 5, which are much lower than

those of pH 3 and pH 4 (8.3 9 10-3 s-1 and

8.2 9 10-3 s-1, respectively). One plausible explana-

tion can be the pH dependence of the electrostatic

interaction between formic acid/formate and the

catalyst surface [34]. A higher solution pH makes the

catalyst surface more negative and inhibits the

binding of formate (HCOO-) anions, while at low

pH, the competition of competitor ions (brought by

sulfuric acid for pH adjustment) may also decrease

the binding of HCOO-.

The effect of the concentration of HCOOH was

studied to select the optimal amount of HCOOH for

3-NP hydrogenation. The concentration of 3-NP was

fixed at 50 mg L-1, while that of HCOOH varied

from 0.025% w/w to 0.4% w/w (corresponding to

molar ratio of HCOOH/3-NP of 20–320) (Fig. S11b).

At low formic acid concentration (i.e., lower than

0.1% w/w), the catalytic efficiency and the rate of

3-NP conversion strongly decrease. Increasing the

concentration of HCOOH above 0.2% w/w does not

significantly influence the catalytic activity. Thus, a

HCOOH/3-NP molar ratio of 160 (0.2% w/w of

HCOOH for 3-NP concentration close to 50 mg L-1)

was chosen for further study. These conditions cor-

respond to a strong excess of hydrogen donor and a

negligible variation in its concentration during the

catalytic reaction; this may explain that the kinetic

profile can be modeled using the pseudo-first-order

rate equation.

Effect of flow rate during catalytic test

The overall hydrogenation efficiencies are very sim-

ilar at all flow rates (data not shown). However, the

apparent rate constant, shown in Fig. 6a, significantly

increases with increasing the flow rate. In the mode

of recirculation, a slow flow rate reduces the amount

of wastewater to be treated in a given time. In this

case, a higher flow rate (i.e., a shorter contact time)

may be generally preferred for a better catalytic

performance. Therefore, in further studies,

60 mL min-1 was chosen as the optimum flow rate as

increasing the flow rate to 70 mL min-1 showed no

significant difference.

Turnover frequency (TOF) and recyclability
of the catalyst

Besides the high catalytic activity and ease of recov-

ery, a high catalytic stability is another highly



required property for practical application. A reuse

test was carried out over 30 cycles using AP/Pd

catalyst. Owing to the specificity of the recirculation

sorption system, separation process is not necessarily

required; the foam catalyst was washed using 100 mL

of water and reused directly in the next round by

replacing the treated solution with a freshly prepared

3-NP solution. This should be advantageous in terms

of easiness for practical applications. The results

shown in Fig. 6b indicate that the catalytic activity of

the Pd nanoparticles stabilized on AP foams main-

tains unchanged for 14 successive cycles; significant

decrease only appears after 20 cycles. This confirms

that AP/Pd foams are stable and reusable at least for

20 cycles. In most cases, the loss of catalytic activity is

primarily due to metal leaching or support degra-

dation. Indeed, the Pd loading amount of the cata-

lysts determined by H2SO4–H2O2 digestion before

and after 30 cycles is reduced by from 25.4 to 23.3 mg

(8.3% loss, shown in Table S3, see SI). The metal loss

is partially caused by the support loss; mass loss of

the catalyst before and after the 30 cycles is found to

be 3.89%. Despite these facts, the catalytic activity of

AP/Pd catalyst at 30th cycle remains acceptable;

actually, the loss on rate coefficient at the last cycle

does not exceed 18%. This can be explained by the

well dispersion of Pd nanoparticles on AP foams

even after consecutive cycles; only a few aggregates

of the nanoparticles are observed in the TEM image

(shown in Figure S12, see SI) and the mean size

measured is 8.00 ± 2.08 nm, which is close to the

value observed on the raw catalyst (i.e.,

7.61 ± 1.93 nm). The XPS analysis of recycled cata-

lyst also confirmed minimal changes compared to

original catalyst (Figures S7 and S8 and Table S1, see

SI). Another possible reason could be the partial

decrease in the fraction of Pd effectively reduced on

the catalyst (from 44 to 37%).

Table 2 compares the catalytic performance of AP/

Pd foams with catalysts reported in the literature for

the hydrogenation of nitrophenol compounds (in-

cluding 3-NP and 4-NP). Although it is not appro-

priate directly comparing 3-NP and 4-NP

hydrogenation rate coefficients, many papers have

confirmed that the catalytic rate constants for

hydrogenation of nitrophenols follow the order:

4-NP[ 2-NP[ 3-NP [49–53]. This could be due to

the higher acidity of 4-NP compared with other NPs

(i.e., pKa(4-NP)[pKa(2-NP)[pKa(3-NP)). This is

directly correlated to the better resonance stability of

4-nitrophenolate ions than those of 2- and 3-nitro-

phenolate, as reported by Nguyen et al. [54]. There-

fore, if the value of rate constant for 3-NP

hydrogenation by AP/Pd is higher than that for 4-NP

by another catalyst, it is reasonable concluding on the

higher efficiency of AP/Pd compared with the ref-

erence material. When treating 100 mL of 50 mg L-1

3-NP solution, the rate constant is slightly lower than

Pd/silica [55], but very competitive compared to

other catalysts [56–61]. The outstanding catalytic

activity should be due to high amount of Pd loaded

and fine dispersion of Pd nanoparticles. Moreover,

when compared to Pd nanoparticles supported on a

similar material (algal biomass beads [36]), the rate

constant significantly increases. This is owing to the

much more porous structure of AP foams and the

unique treatment system (fixed-bed column system)

that allows more effective mass transfer process. In
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order to further compare the catalytic activity of AP/

Pd foams with other catalysts reported previously,

the turnover frequency (TOF, defined as the number

of 3-NP molecules per metallic Pd per minute based

on the total mass of metallic Pd, i.e.,

mmol mmol-1 min-1) of AP/Pd was deduced from

apparent rate constant (k). The value of TOF is

0.184 mmol mmol-1 min-1 when the concentration

of 3-NP is 700 mg L-1, which is higher to those of

Pd/Fe3O4 composites [62] and Pd-TNCs [63], but

much lower than other catalysts [55, 64, 65]. How-

ever, it is noteworthy that, in this study, a much less

poisonous hydrogen donor (HCOOH) compared to

NaBH4, which was previously used in the cited lit-

erature. In addition, all the catalyst composites listed

are all nanoscale, which could lead to difficulty for

recovery or poor stability. For example, Xue et al. [58]

observed a decrease on catalytic activity when reus-

ing Pd/polypyrrole nanocapsules after the first

hydrogenation. Similarly, another study [66] showed

that the catalytic activity of Pd/CuO nanoparticles

decreased gradually during 6 cycles. Wang et al. [62]

reported that the catalytic activity of Pd/Fe3O4

spheres decreased significantly in subsequent runs;

the conversion decreased from 85% in the first cycle

to 22% in the fifth cycle. These results indicate that

the catalyst undergone gradual and relatively fast

deactivation. They attributed this deactivation to the

interaction between the aminophenol molecules and

the Pd nanoparticles. The lone pair electrons on the N

atom in aminophenol coordinate to the 4d orbitals of

palladium atoms; therefore, the catalytically active

sites of the Pd nanoparticles are progressively poi-

soned. The abundant amine groups on the foams, the

large size of the support, and the uniqueness of the

treatment system that does not require solid-separa-

tion process help the stability of AP/Pd catalyst for

reuse in successive cycles. Therefore, compared to

Table 2 Comparison of the catalytic hydrogenation of nitrophenol compounds (3- and 4-NP) using various catalysts

Composites Type NP k 9 103

(s-1)a
nnitrophenol
(mmol)

nmetal

(mmol)

TOF

(mmol mmol-1 min-1)

References

HABA/PEI (Pd) Millimeter-scale beads 3-NP 0.022 - - - [36]

Ni–Pt Nanoparticles 4-NP 1.93 - - - [56]

PNIPA gels (Ag) Core–Shell

nanoparticles

4-NP 3.50 - - - [57]

Pd/polypyrrole Nanocapsules 4-NP 8.87 - - - [58]

Pd/Fe3O4@SiO2@KCC-1 Nanocomposites 4-NP 1.96 - - - [59]

Pd/nano-silica Nanocomposites 4-NP 8.00 - - - [60]

Pd/polyelectrolyte brushes Nanocomposites 4-NP 4.40 - - - [61]

Pd/micro-gels Nanocomposites 4-NP 1.50 - - - [61]

Pd/RGOb Nanocomposites 4-NP - 1 1.2 6.38 [64]

Pd1(Co)15/RGO Nanocomposites 4-NP - 1 0.5 396 [64]

Pd/silica Nanocomposites 4-NP 11.80 - - 1.126 [55]

Concave Pd-TNCs Nanoparticles 4-NP - 2 9 10-4 1.5 9 10-4 0.148 [63]

Flat Pd-TNCs Nanoparticles 4-NP - 2 9 10-4 1.5 9 10-4 0.095 [63]

Solid Pd/Fe3O4 Nanocomposites 4-NP - 2.16 0.02 0.01 [62]

Hollow Pd/Fe3O4 Nanocomposites 4-NP - 2.16 0.02 0.015 [62]

Pd/graphene Nanohybrids 4-NP 2.35 2.9 9 10-4 5 9 10-8 13.63 [65]

Tryptophan-Cu-Ag Nanoparticles 4-NP 39.6 c – – [53]

Tryptophan-Cu-Ag Nanoparticles 3-NP 23.0 c – – [53]

Au nanoparticles Nanoparticles 3-NP 13.2 3 9 10-4 2.6 9 10-5 9.1 [52]

Ni-Au nanocatalyst Nanocomposites 3-NP 10 0.2 0.0091 0.22 [51]

Au/activated coke Micron-scale powder 3-NP 6.6 - - 0.18 [50]

AP/Pd Foam 3-NP 9.70 0.036 0.25 0.082 This study

AP/Pd Foam 3-NP 1.53 0.50 0.25 0.184 This study

ak: apparent rate constant
bRGO: reduced graphene oxide
cIdentical (hydrogen donor/substrate ratio)



these nanoscale catalyst composites, the main

advantages of AP/Pd foams are: (1) no requirement

of separation process after treatment, (2) high stabil-

ity and (3) flexibility concerning the treatment sys-

tem. Indeed, the foams can be easily applied in fixed-

bed system, using recirculation mode or one-pass

mode (see ‘‘Tests in dynamic systems (one-pass

mode)’’ section).

Synthesis of AP/Pd and pathway of 3-NP
hydrogenation

Figure 7 shows the mechanism of preparation of AP/

Pd catalysts and suggests the reaction pathway for

the 3-NP hydrogenation by HCOOH. The pKa of

carboxyl groups on alginate is approximately 4, while

those of primary, secondary and tertiary amine

groups on PEI were reported as 4.5, 6.7 and 11.6,

respectively [47]. Therefore, a simple pH control

makes possible the cross-linking between negatively

charged carboxyl groups on alginate and positively

charged amine groups on PEI. Besides, to improve

the stability of the foams, the free PEI on alginate was

further cross-linked with GA as a post-treatment. In

this case, alginate constitutes the support for PEI-GA;

meanwhile, the PEI-GA cross-linking, in turn,

improves the stability of the composite foam. This

double cross-linking avoids the collapse of the por-

ous structure of the foams. Unlike the conventional

methods for preparing alginate-based foams, AP

foam does not require strict drying conditions. An

air-drying process barely shrinks the porous material.

The high percolating property allows palladium

solution passing through the material in a fixed-bed

column system with a high flow rate, enhancing

homogeneous Pd dispersion. After metal reduction,

Pd nanoparticles can be firmly immobilized to

abundant amine groups on AP foams, contributing to

the high stability of the catalyst when reusing. This is

consistent with the result from the ‘‘recyclability of

the catalyst’’ section. To conclude, AP support plays

an essential role in the dispersion and stability of Pd

nanoparticles:

(a) The surface of AP is positively charged due to

the abundant amine groups on PEI, while Pd

nanoparticles are generally negatively charged.

Thus, Pd nanoparticles can be firmly immobi-

lized through electrostatic interaction.

(b) The presence of alginate helps in distributing

amine groups to the whole mass of AP foam,

Figure 7 Mechanism of preparation of AP/Pd catalysts and proposed reaction pathway for the 3-NP hydrogenation by HCOOH.



preventing the aggregation of Pd nanoparticles

trapped by amine groups.

(c) The unique structure (porous foam) allows the

application in fixed-bed column system. Thus,

when loading metal ions, the high flow rate

(such as 50 mL min-1) can be applied and is

beneficial to the good dispersion of Pd.

The critical impact of foam depth could be

assigned to the potential impact of mass transfer on

both metal sorption, metal reduction and further

catalytic reaction. This impact is clearly minimized

when low metal concentrations are used in the

immobilization process (homogeneous metal disper-

sion, minimization of agglomeration effects) and for

the hydrogenation reaction (avoiding preferential

channels). The effect of foam depth on metal reduc-

tion (carried out in batch process) is not optimized

and would require additional development.

The decomposition of formic acid was reported to

proceed through either the carboxyl (COOH) route or

formate (HCOO) route [67]. The former process

begins with the C–H bond dissociation and continues

with the OH one, while the latter one starts with the

O–H bond breaking, forming stable bidentate for-

mate HCOOB intermediate. The presence of Pd

nanoparticles induces the capture of hydrogen from

HCOOH and thus assists the dissociation of

HCOOH. Thereafter, the H• radical attacks the posi-

tively charged nitrogen of 3-NP, catalyzing the

hydrogenation of 3-nitrophenol to 3-aminophenol.

Tests in dynamic systems (one-pass mode)

To evaluate the catalytic performance of AP/Pd in

the one-pass mode, the continuous reaction was

carried out using the following experimental condi-

tions: 100 mL of solutions with different initial 3-NP

and HCOOH concentrations (molar ratio of HCCOH

vs. 3-NP was maintained at 160) was fed through the

catalytic foams at different flow rates. The effluent

was collected out of the reactor in fractions (4 mL for

each). The outlet solutions look clear with generation

of micro-bubbles; this indicates the excess HCOOH is

coming out along with 3-AP. As shown in Fig. 8,

when the flow rate is lower than 10 mL min-1, the

3-NP concentration of the effluent is lower than

0.5 mg L-1, regardless of the initial concentration.

However, for an initial 3-NP concentration of

150 mg L-1 or 200 mg L-1, as the flow rate increases

to 20 mL min-1 (or more), the reaction is not com-

plete; the 3-NP concentration of effluents increases

with increasing feed volume. An explanation may be

the lack of enough Pd nanoparticles for treating the

substrate for selected residence time. This could be

also explained by the progressive poisoning of AP/

Pd catalysts by acidic species. Deng et al. [68]

reported that supported Ru catalysts were poisoned

when the concentration of formic acid or formate was

higher than 10 mmol L-1. The catalytic oxidation of

formic acid produces poisoning species, which may

block the active sites of Pd catalyst. As described

above, formic acid decomposition proceeds via either

the formate (HCOO) or carboxyl (COOH) interme-

diate routes. Yoo et al. observed that 60–82% of H2 is

produced via HCOO intermediate on Pd, indicating

that the active sites were more likely blocked by

COOH intermediate [69]. Moreover, the carboxyl

intermediate route produces CO, which could be

another source of poisoning [69]. To regenerate the

catalyst, a washing step was conducted to desorb the

poisoning compounds by passing 40 mL of water;

thereafter, the 3-NP solution was continuously fed

through the regenerated catalyst. Results shown in

Fig. 8d demonstrate that the catalytic performance of

AP/Pd foams can be easily recovered after washing

with water, regardless of the feeding speed: Poison-

ing species are weakly bound to AP/Pd foams (easy

elution).

Conclusions

The macroporous and stable alginate and poly-

ethyleneimine (AP) foams synthesized in this study

show high recovery efficiency for Pd(II) from acidic

solution: sorption capacity up to 224 mg Pd g-1 at

pH 1 (with high stability of bound metal). The loaded

Pd(II) can be partially reduced into Pd(0) using

hydrazine hydrate (N2H4�H2O) in alkaline solution

(based on XPS analysis, the yield of reduction is close

to 44%). The average size of Pd nanoparticles is close

to 7–8 nm (measured by TEM). Pd-supported cat-

alytic foam is successfully applied for 3-NP hydro-

genation using HCOOH as hydrogen donor in a

recirculation mode (batch mode). The best Pd(II)

loading condition corresponds, for a 255 mg amount

of foam, to an initial Pd(II) concentration of 28 mg

L-1 at pH 1 (volume: 1 L) and flow rate of



50 mL min-1. In the case of 3-NP hydrogenation, best

operating conditions correspond to:

(a) Initial pH: 3–4.

(b) Flow rate: 60 mL min-1.

(c) HCOOH/3-NP molar ratio: 160.

Under selected experimental conditions, the kinetic

profiles can be modeled using the pseudo-first order

rate equation. The catalyst can be recycled, used for

30 successive cycles, and it appears that the catalytic

activity decreases after 20 cycles. In the one-pass

mode (dynamic operating), the progressive poisoning

of the catalyst decreases the hydrogenation efficiency;

however, washing the catalyst with water allowed

readily restoring catalytic activity.

The catalytic foams offer very promising perspec-

tives for developing stable supports with highly

percolating properties, confinement of catalytic

nanoparticles, reusable and easy to regenerate. The

enhancement of catalytic activity will require

improving the efficiency of metal reduction (limited

here to 44%), and the recycling/reuse could be

enhanced by introducing a new reduction step after

catalyst washing (currently under investigation).
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Figure 8 Hydrogenation of 3-NP in one-pass mode (Pd amount: 27.2 ± 0.3 mg; C0 (3-NP): 100-200 mg L-1; flow rate:

5–30 mL min-1).
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