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a b s t r a c t

The conventional carbonisation (450-1000 �C) of whey powders gives totally unexpected results in terms
of the mechanical integrity of the resulting carbons. Pieces of different geometries can be easily prepared
by pouring the powders loosely into a mould. This green precursor adopts the shape of the predesigned
mould at relatively low temperatures (120-150 �C) through the sintering of the whey particles surfaces.
The shape of the pre-conformed pieces is preserved at least up to 1000 �C under N2 atmosphere, with a
linear shrinkage of ca. 23%. The flexural strength and modulus of the resulting 3-D structured porous
carbons are outstanding for a biomass derived carbon monolith, and their abrasiveness exceptionally
low, similar to porous monoliths derived from phenolic resins. In addition, carbons obtained at tem-
peratures above 800 �C develop a hierarchical porosity covering from micropores to macropores up to
400 mm granting high permeable structures. It is postulated that the presence of both lactose and whey
proteins in whey powders is key for their atypical behaviour during carbonisation.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

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

Making porous carbons with a desired 3-D shape is not
straightforward. Such 3-D structures offer several advantages over
granular or powdered activated carbons, relying on a hierarchical
porosity that combines transport pores (macropores) with the
inherent porosity of carbons developed at the nanometer scale
(micro and mesopores) [1e5]. There are indeed some industrial
applications where 3-D structured porous carbons have found their
niche including filters (e.g., for the abatement of volatile organic
compounds, VOCs), or catalyst supports in heterogeneous catalytic
reactors [6e8]. Moreover, in the age of the rise of additive
manufacturing technologies [9,10], porous carbons with complex
geometries are expected in new applications [11].

For the industrial applications already mentioned, 3-D struc-
tured porous carbons do not only require adequate textural prop-
erties but also mechanical properties are a must. In that sense, very
interesting 3-D highly porous carbons, mainly carbon aerogels and
dez).

Ltd. This is an open access article u
carbon foams, obtained by elegant synthetic routes are out of the
picture here [3,12,13]. Template carbons can also be prepared as
monolithic structures but again with limited mechanical integrity
[14].

Thus, leaving aside the preparation of carbon coated structures,
there are currently two fundamental approaches to obtain 3-D
structured porous carbons with acceptable mechanical properties
[6]. Possibly the most explored path consists in the combination of
porous (or not) carbon powders, granules or fibres with an
appropriate binder that, after carbonisation (or activation), confers
the mechanical stability [15e17]. This particular route has sub-
stantial drawbacks related to the use of binders, including the
control of the porosity and of the mechanical properties of the
resulting 3-D carbon materials [18,19]. The other alternative is
much more rare and limited to the use of polymers or resins as
precursors that overcomes the need for binders [19e22]. Specif-
ically, the use of partially cured phenolic resins demonstrated the
possibility of attaining porous carbons of the desired shape by
extrusion or moulding. These porous carbon structures have su-
perior mechanical properties [6,19].

This paper presents a green alternative to those phenolic
derived carbons by using a sustainable precursor -whey powders.
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:angelmd@incar.csic.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2021.01.021&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2021.01.021
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.carbon.2021.01.021
https://doi.org/10.1016/j.carbon.2021.01.021


R. Llamas-Unzueta, J.A. Men�endez, L.A. Ramírez-Montoya et al. Carbon 175 (2021) 403e412
Whey is a liquid by-product in the manufacture of cheese and
casein. Generally speaking, liquid whey contains an average of 6.5%
of solids, of which almost 80% is lactose. Although the detailed
composition of whey varies depending on the milk involved and its
processing, liquid whey has a very high biochemical oxygen de-
mand (BOD ¼ 27e60 kg m�3) [23], which strongly hampers its
disposal. With dairy products volumes increasing year by year,
whey management is a serious issue for dairy industries to fulfil
environmental regulations. Thus, different biological and physico-
chemical treatments are nowadays available to reduce the impact
of this by-product, with some of them also looking for its valor-
isation [23,24]. Amongst the latter ones, dehydration of whey by
spray drying is possibly the most extended technology within big
dairy companies that need to process huge amounts of liquid whey
per year. The resulting product is known as whey powder and it
normally contains less than 2.5% of remaining moisture. Whey
powder is directed towards food market, mainly animal feed [25].
Still, whey powder marketing is limited by the fact that more than
75% of its composition is lactose. This disaccharide has little com-
mercial value and strongly reduces the commercial applications of
whey powders [24]. As a consequence, important amounts of whey
powders end as food waste biomass [27e29].

The approach we are presenting here would then also offer a
modest alternative for whey valorisation. Although most research
on whey and whey powders valorisation is related, unsurprisingly,
to Food Science and Technology, some researchers have explored
the possibility of using those by-products to obtain materials. Some
examples include the synthesis of foams fromwhey protein isolates
[30], and the use of Pseudomonas spp. and other microorganisms to
obtain bioplastics (i.e., polyhydroxyalkanoates) from liquid whey
[31]. More specifically, in the field of carbon materials whey has
been used aiming at the nitrogen enrichment of electrodematerials
for energy storage devices [32]. Hydrothermal treatment of whey
has also been explored and carbonised powders with contents up
to 65% of elemental C were obtained at fairy low temperatures
(205 �C) [33].

This paper, however, describes for the first time the possibility of
obtaining 3-D structured porous carbons with exceptional me-
chanical properties fromwhey powders. As it will be demonstrated,
the making of these carbons resembles a sintering process inwhich
whey powder particulates fuse to form the final carbon material.

2. Materials and methods

2.1. Materials

Whey powder was provided by a Spanish dairy company. A
commercial Whey Protein Isolate (WPI, 80% of whey protein con-
tent from DOMYOS®) and a-lactose (monohydrate, >99.5% from
MERCK) were used as reference materials.

2.2. Synthesis process

In a typical procedure, 10 g of powdered whey were used to fill
moulds with different shapes. First, samples were heated in air in a
lab oven at 20 �C min�1 up to 150 �C (HW150) for 2 h and then
demoulded. Moulds used for this pre-conforming step include
ceramic (alsint®), silicone and steel. The whey powders were
simply poured loosely into the moulds. The demoulding process
was free of sticking or cracking issues. The pre-conformed piece
was then placed in a ceramic (alsint®) crucible and heat-treated in
a tubular electric furnace. The carbonisation was carried out in an
inert atmosphere of N2 (100 ml min�1) at temperatures between
450 �C and 1000 �C (PWtemperature). Heating ramps and dwell
times were 10 �C min�1 and 1.5 h, respectively. It should be clear
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that, if the mould withstands temperature, whey derived carbons
can be obtained in a one-step synthesis where the powders con-
tained in the mould would be heated up in a furnace to the desired
temperature under appropriate atmosphere.

2.3. Characterisation techniques

Organic (CHNSO) elemental analysis was carried out in LECO
CHNS-932 and LECOVTF-900microanalysers. Elemental analysis of
other inorganic elements was carried out using inductively coupled
plasma mass spectrometry (ICP-MS) in an Agilent 7700� appa-
ratus, except for Cl determination for which an ion selective elec-
trode (ISE) was used.

SEM micro photographs were obtained in a Quanta FEG 650
microscope. Samples were attached to an aluminium tap using
conductive double-sided adhesive tape. No further coating was
used.

N2 adsorption isotherms were carried out in a Micromeritics
Tristar II volumetric adsorption system at �196 �C. Before the
measurement, samples were outgassed by heating at 120 �C under
vacuum during 12 h. BET surface area was determined using the
Brunauer-Emmett-Teller model, and micropore volumes were ob-
tained from the Dubinin-Radushkevich model. Pore size distribu-
tions (PSD) were obtained from the N2 adsorption branch using the
DFT method.

The true density of the materials (rHe) was measured with a
Micromeritics AccuPyc 1330 pycnometer, using He as the probe gas.
Hg intrusion was performed in a Micromeritics AutoPore IV
porosimeter up to a maximum operating pressure of 227 MPa.
Small pieces (rectangular prisms of approx. 0.8 � 0.3 cm sides)
were intruded by Hg. Apparent densities (rHg) and pore size dis-
tributions (pore sizes 4 10�3-100 mm) were obtained from the
intrusion curves. In both cases the samples were outgassed at
120 �C for 12 h before the analysis.

The point of zero charge (pHpzc) of the 3-D structured porous
carbons was determined after grinding (<0.212 mm) 250 mg of
sample and preparing a suspension of the powders into a certain
volume of distilled water. The suspension was kept closed and
under continuous stirring. The pH was measured daily as the
amount of water was increased. The pHpzc value was obtained from
the plateau of the pH variation curve [34].

Thermogravimetric analyses (TG) were carried out in a SDT
Q600 thermobalance from TA instruments. 25 (±0.1) mg of whey
powder were heated under 100 ml min�1 of N2 at 10 �C/min.
Quantities of lactose and WPI tested were adjusted to approx. their
relative proportions in whey powders, i.e., 20 (±0.1) mg and 5
(±0.1) mg, respectively.

The intrinsic permeability of the 3-D structured porous carbons
(k) was measured by passing an increasing gas flow (He) through
the cylindrical axis of rods (10 mm length and diameter). The
intrinsic permeability (k) is related to the gas volume flowing
through the permeameter cross section (vL), monolith length (L),
gas viscosity (mgas), final pressure (PL) and initial pressure (P0), ac-
cording to the Darcy’s equation:

k ¼ 2vLLmgasPL=ðP02�PL2Þ (1)

The flexural modulus and flexural strength of the whey-derived
carbons were calculated from a 3-point bending test using pris-
matic specimens. The test conditions followed the recommenda-
tions of the BS EN843-1: 2006 standard corresponding to advanced
technical ceramics. A Sinergy 5 kN electromechanical machine
(MTS Systems Corporation) provided with a 100 N load cell was
used. The crosshead speed was 0.5 mm min�1. The distance be-
tween the centres of the two outer supports (L) was fixed at 40mm.
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Rectangular beams with nominal dimensions of 4 � 4 � 45 mm
were tested. True values of the width (w; mm) and thickness (t;
mm) of each specimen resulted from the average of 3 measure-
ments taken along its length. Flexural strength (sf; MPa) was
calculated from the maximum load (F; N) attained, according to:

sf¼ 3FL=2wt2 (2)

Flexural moduli (Ef; MPa) were calculated from the slope of the
linear part of the load vs. displacement (Y; mm) curves, assuming
the tested specimens were isotropic: ΔF=ΔY�

Ef ¼
L3

4wt3
½DF=DY� (3)

Values of flexural modulus and flexural strength reported for
each material corresponded to the average of, at least, 11 tests.

Abrasion studies of the whey-derived carbons were carried out
using 1 cm3 cubes obtained by casting of whey powders at different
temperatures. These cubes were subjected to a drum test adapted
from the ISO 556 International Standard using a RETSCH MM400
ball mill. The cubes were placed into a stainless steel cylindrical
drum 55 mm length and 26 mm diameter (inner dimensions)
containing a stainless steel ball of 14 mm diameter. The drum was
shaken at a frequency of 10 Hz for 60 s. After this, the broken pieces
were classified, by sieving, into those rejected by a 5 mm sieve and
those that passed through a 0.5 mm sieve, defining a cohesion in-
dex (Ic) or wt% of pieces�5mmand an abrasion index (Ia) or wt% of
powders with a particle size �0.5 mm. Additionally, and for
comparative purposes, these indexes were also measured in cubes
of commercial cordierite (Celcor® Corning Inc. 31 cells/cm2) and
the calcined (400 �C) epiphysis of a sheep humerus. This latter
material has been selected as reference due to the potential
application of thewhey derived carbons in bone tissue engineering.
3. Results and discussion

Whey powder has particles of heterogeneous sizes between
10 mm and 200 mm (Fig. 1). Statistical analysis carried out on SEM
images determined that the mode particle size was 20 ± 5 mm.

These particles are composed mainly of C, O and H, with also a
relatively important amount of N (Table 1). In terms of composition,
including ash content, and pH, the whey powder used in this work
is representative of sweet wheys, i.e., those obtained in the pro-
duction of cheese [23,25,26]. Ash is mainly constituted of K and P.

The process for producing the 3-D structured porous carbon
described in this work involves the carbonisation of whey powders
confined in a mould, at atmospheric pressure. Results obtained
were certainly surprising as the resulting carbon materials showed
Fig. 1. Physical aspect (left) and SEM mic
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an unexpectedmechanical stability. Fig. 2 shows a variety of carbon
pieces that are intended as examples of the potential that these
new carbons could have in many different applications. The outer
surfaces of the pieces were relatively smooth and glossy, free of
cracks. Moreover, themechanical consistence of these hard carbons
was enough to withstand mechanisation with abrasive tools, as
shown in Fig. 2d.

Carbons obtained from whey powders are very different to
those prepared either from powdered carbohydrates (lactose) or
whey protein isolates under identical conditions. Fig. 3 shows the
outcomes of the carbonisation of powders that were poured in
identical ceramic crucibles and pre-treated in air for 2 h and then
placed, without demoulding, in the tubular oven under nitrogen
(see Experimental section). The volatile emission in both systems
leads to foamy materials with very low mechanical resistance. The
key factor that would explain the difference between the behaviour
of the three precursors, from a microscopic point of view, is the
sintering of the whey powder particles.

The word “sintering” is used here to explain the inter-particle
fusion that was observed by SEM (Fig. 4). The particle fusion
seems to be restricted to the skin of the whey spheres inasmuch as
the shape of those original spheres (Fig. 1) is still resembled in the
micrographs of carbons obtained at high temperatures (Fig. 4). This
phenomenon is, to our knowledge, the first time that is observed in
the carbonisation process of a biomass precursor and resembles the
partial melting of the phenolic resin particles described in detail in
the landmark work of Tennison [19].

The sintering of the whey powders was found to occur at tem-
peratures as low as 120-150 �C. At 120 �C or below, the pieces
conformed tend to disaggregatewhen handled.150 �Cwas found to
be the minimum temperature that guaranteed the integrity of the
conformed structure for further use. Two fundamental corollaries
to this sintering process must be pointed out. First, no melting of
whey was observed during the whole synthesis. Second, once the
whey was conformed at a relatively low temperature (150 �C), the
shape of the piece was preserved upon further heating under N2
atmosphere. In this sense, the 3-D structured carbons shown in
Fig. 2 were first pre-conformed by heating whey powders confined
in a mould up to 150 �C, under atmospheric pressure. The pieces
were then demoulded and carbonised (at 800 �C, in these particular
examples) in an inert atmosphere of N2, also in absence of external
overpressure. As already stated in the Experimental Section, it
should be clear, though, that whey derived carbons can be obtained
by direct, one-step carbonisation from room to the desired
temperature.

We think the two-step synthesis offers several advantages over
the one-step carbonisation. Thus, relatively low temperature
bearing moulds (i.e., silicone moulds) can be used to shape the
rophotographs of the whey powder.



Table 1
Composition, elemental analysis and pH of the whey powder.

Main componentsa (wt%) Elementb (wt%)

Carbohydrate (lactose) 78.4 Cc 40.7
Protein 12.7 Hc 6.3
Fat 1.8 Nc 2.3
Ash 4.4 Oc 46.1
Moisture 2.7 Sc 0.2
pHsat

f 5.1 Nad 0.3
Kd 1.2
Mgd 0.1
Cad 0.4
Pd 0.6
Cle 0.2

a Supplier specifications.
b Dry basis.
c Organic (CHNSO) elemental analysis.
d ICP-MS.
e Chloride ISE.
f pH of a whey powder saturated solution.

Fig. 2. Different pieces obtained by casting of whey powders: (a) rod, (b) crucible, (c) disc, (d) pieces that were prepared by mechanisation of two discs, (e) jacketed rod.
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carbons. Also, due to the relatively mild conditions of the pre-
conforming process (150 �C, 2 h), the initial atmosphere can be
either N2 or air with no significant changes observed in the phys-
icochemical properties of the carbon materials resulting after the
carbonisation process. Moreover, the yield of the pre-conforming
step was identical under both atmospheres. This is a relevant
observation since it differs from the behaviour of other carbon
precursors that require a curing/crosslinking step prior carbon-
isation [6]. Finally, it is also noticed that the two-step sintering
mechanism proposed here opens the door to more complex shapes
by additive manufacturing with whey powders.

The materials pre-conformed at 150 �C had the characteristic
colour resulting from non-enzymatic browning. As the carbon-
isation progressed, the emission of volatiles was accompanied by a
considerable shrinkage of the initial pieces. Fig. 5 shows the volume
reduction calculated over prismatic structures (see picture on top),
and the variation of the yield with the carbonisation temperature.
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The volume reduction of the sample HW150, heated in air at
150 �C, was negligible. The yield of the pre-conformed process was
almost 95%, essentially due to the loss of moisture. However, the
sample carbonised at 450 �C underwent a contraction of about 50%
of its original volume and an important yield reduction, down to
38 wt%. Further reduction of yield was observed at 850 �C (32 wt%
of yield), with little but consistent variation from that temperature
on up to 1000 �C. Shrinkage behaviour was slightly different with
an important decrease of the original volume observed at 450 �C
and 750 �C then remaining constant, within experimental error, up
to 1000 �C.

Results of the compositional analysis of the whey-derived car-
bons obtained at different temperatures are collected in Table 2.
The C content only increased 6% from 450 �C to 1000 �C, suggesting
that carbonisation of whey is almost completed at temperatures ca.
500 �C as also supported by the yield results of Fig. 5. The volatile
emission during carbonisation encompassed the concentration of



Fig. 3. Carbons obtained after the carbonisation of 5 g of a) lactose, b) whey protein
isolate (WPI) and c) whey powder at 800 �C. All experiments were carried out in
ceramic crucibles under identical heating conditions. (A colour version of this figure
can be viewed online.)

Fig. 5. Variation of the linear shrinkage (%) and yield (%) of whey-derived carbons with
the carbonisation temperature. The linear shrinkage was equivalent in all three di-
rections of the prisms. (A colour version of this figure can be viewed online.)

Table 2
Elemental analysis, moisture, ash content and pHpzc of the whey-derived carbons
obtained at different carbonisation temperatures.

(wt%) PW450 PW750 PW850 PW1000

Ca 70.9 74.3 75.2 76.1
Ha 3.2 1.1 0.8 0.6
Na 3.6 3.0 2.5 2.0
Oa 14 13.6 12.4 11.2
Sa 0.2 0.1 0.1 0.1

Moisture 7.4 9.3 10.1 8.9
Asha 11.3 13.6 12.5 13.7
pHpzc 10.4 11.3 11.1 10.6

a Dry basis.
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ashes in the carbonmaterials. The ash content of the carbons would
be also responsible of their high basicity, as revealed by their high
pHpzc. Also ashes remaining in the carbons would explain the
relatively high moisture values found even for carbons obtained at
1000 �C. The relatively high ash content of the whey-derived car-
bons would certainly limit their application in, for example, elec-
trochemical devices. It should be noted here that a significant
amount of the ashes (ca. 40%) could be removed by a gentle
washing with cold water, rendering carbons with ash contents of
approx. 8.5%. This content could be acceptable in industrial appli-
cations as those mentioned in the Introduction, i.e., gas filters,
catalysts supports, etc. For applications demanding 3-D structured
carbons with very low ash contents, it is envisaged that, in addition
to conventional acid washing, desalted whey powders would be a
feasible alternative (but obviously at a cost).

The characterisation of the porosity of the whey-derived car-
bons included conventional techniques for the analysis of pores of
Fig. 4. SEM microphotographs of carbons obtained from the sintering of whey powder at
viewed online.)
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different size. Starting with N2 adsorption at �196 �C, Fig. 6 shows
the adsorption-desorption isotherms on the different carbons.
Temperature treatments up to 800 �C brought about non-porous
materials, as measured with this technique (the isotherm of
different temperatures, a) PW850; b) PW1000. (A colour version of this figure can be



Fig. 6. a) N2 adsorption isotherms (�196 �C) of four whey-derived carbons; b) DFT PSDs of the same carbons. (A colour version of this figure can be viewed online.)
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PW800 is not shown here but it is similar to that of PW750, i.e., the
material does not adsorb N2 at �196 �C). Materials prepared at
higher temperatures, i.e., PW850 adsorbed significant quantities of
N2 at cryogenic conditions. The isotherm of this carbon is type IV,
which is characteristic of materials combining micro and meso-
porosity. The same type of isotherm was obtained on PW1000,
although a significant decrease of the porosity is already observed
with respect to PW850. The non-closing hysteresis loops are
characteristic of chars and indicate diffusion limitations during N2
adsorption. Pore size distributions (PSDs) of both samples are
shown in Fig. 6b, with mesopores centred at ca. 14 nm. Some
relevant textural parameters of the samples are collected in Table 3.
The porosity of PW850 and PW1000 samples, as tested by N2
adsorption at �196 �C, is quite modest, with SBET values well below
that of conventional activated carbons (ca. 1000 m2g-1). Still, the
presence of this incipient micro and mesoporosity anticipates the
possibility of further activation of these materials. This possibility is
Table 3
Porous properties of the whey-derived carbonsa.

SAMPLE SBETa Vp
a Vmicro

a,b Vmeso
a

(m2/g) (cm3/g) (cm3/g) (cm3/g)

PW450 <10 e e e

PW750 <10 e e e

PW850 286 0.131 0.113 0.018
PW1000 181 0.097 0.074 0.023

Vmeso
c Vmacro

c dpc,d rHg
c rHe

e Porosityf VT
g

(cm3/g) (cm3/g) (mm) (g/cm3) (g/cm3) (%) (cm3/g)

PW450rowhead 0.053 1.491 33.3 0.78 1.61 52 1.544
PW750rowhead 0.036 1.401 27.7 0.80 1.91 58 1.437
PW850rowhead 0.025 1.469 27.1 0.85 2.06 59 1.607
PW1000rowhead 0.027 1.109 25.3 1.06 2.04 48 1.21

Cubes (1 cm edge length) were ground to <1 mm particles to carry out the N2

adsorption experiments. Hg intrusion experiments were carried out using small
pieces (rectangular prisms of approx. 0.8 � 0.3 cm sides).

a N2 isotherm.
b Dubinin-Radushkevich.
c Hg intrusion.
d maxima of the Hg PSD
e He intrusion.
f Porosity ¼ [1-(rHg/rHe)]�100.
g VT ¼ Vmicro

a,b þ Vmeso
c þ Vmacro

c.
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out of the scope of this paper and will be investigated (and re-
ported) in due course.

Macropores are conspicuous in the SEM images of the whey-
derived carbons presented so far (see, for example, Fig. 4). Hg
intrusion experiments exposed a wide macroporous network with
maxima at 25e33 mm for carbons prepared at temperatures
�450 �C (Fig. 7 and Table 3). This technique was also sensitive in
detecting the progressive densification of the 3-D carbons with
temperature. Real (He) densities also increased with temperature
up to 850 �C, with a further heating up to 1000 �C showing no in-
fluence in that parameter. As a consequence, there was a significant
decrease of the porosity of PW1000 when compared with either
PW850 or PW750. As shown in Fig. 7, most of this porosity loss was
attained at the expense of the pore contraction on both sides of the
PSD distribution, i.e., both wide macropores and small macro/wide
mesopores disappear after the highest temperature treatment. It is
finally pointed out that were geometric densities (i.e., mass over
geometric volume of the pieces) used in the porosity calculation
instead of rHg, the porosity of PW1000would have been identical to
Fig. 7. Macropore size distributions of the whey-derived carbons as measured by Hg
intrusion. (A colour version of this figure can be viewed online.)



Fig. 9. Flexural strength of different 3-D structured porous carbons. Labels: PW1000,
whey derived carbon; RF, porous carbon monolith prepared from resorcinol/formal-
dehyde [35]; PVDC, porous carbon monolith prepared from polyvinylidene chloride
[36]; trabecular (cancellous) bone [37]. The error bar of the trabecular bone mean
value intends to represent the span of flexural strengths of these bones, i.e., between
10 and 20 MPa [37][ [38]]. (A colour version of this figure can be viewed online.)
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that of PW850 (Fig. 5).Fig. 7.
In addition to the characterisation of the porosity, the perme-

ability of rods of whey-derived carbons prepared at different
temperatures was measured. Since the permeability throughout
the 3-D structured carbons is governed by large, interconnected
macropores, the differences found between samples carbonised at
different temperatures were minimal, varying from 0.5 to
1� 10�12 m2. The permeability values of these novel 3-D structured
porous carbons are very close to that of porous carbons prepared
from powders of phenolic resins with mean particle size between
50 and 200 mm [19].

So far, it has been demonstrated that whey-derived carbons are
hierarchical porous materials. The special relevance of these ma-
terials lays, as mentioned in the Introduction, on their outstanding
mechanical properties. Standard flexural studies indicated a brittle,
ceramic-like behaviour for all samples tested (Fig. 8a). Average
flexural strength and modulus of the whey-derived carbons are
shown in Fig. 8b. Both flexural properties increased steadily with
the carbonisation temperature, following the densification of the
structures (Table 3). Maximum values were thus obtained for
sample PW1000, with a flexural strength comparable to that of 3-D
structured resin-derived porous carbons (Fig. 9) [34,35]. Moreover,
the flexural parameters of the whey derived carbons are within the
range of values corresponding to human trabecular bones [36], thus
opening the possibility of application of these whey-derived car-
bons as scaffolds for tissue engineering [37]. It is expected that the
use of external overpressure either in the pre-conforming step and/
or during the carbonisationwould render less porous materials but
with enhanced flexural properties.

An additional mechanical characterisation of the whey-derived
carbons was devoted to measure their abrasion resistance. This
parameter is very relevant, for example, in industrial applications
requiring packing elements or dealing with fluid currents con-
taining solid particles. As shown in Fig. 10, results of the two
abrasion indexes selected are impressive for the 3-D structures
prepared. The cohesion index (Ic) increased with temperature up to
PW850, thus suggesting that the integrity (shape) of the initial
pieces was better maintained as the carbonisation temperaturewas
�850 �C. The abrasion index (Ia), which gives an indication of the
production of fine particles, decreased with temperature with no
significant differences between the Ia values of PW850 and
PW1000. The abrasion of the whey-derived carbons seemed to be
Fig. 8. a) Selected examples of the flexural tests carried out with whey-derived carbons;
carbonisation temperatures. (A colour version of this figure can be viewed online.)
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related to the inner properties of the carbon particles rather than to
the porosity of the 3-D structures (Table 3). Thus, the best per-
forming materials (PW850 and PW1000) were those with higher
He densities in spite of their high porosity values. Values of Ia and Ic
of the whey-derived carbons were compared to those of two
reference materials with a similar geometry, namely a commercial
cordierite honeycomb used as a catalytic support, and a trabecular
bone (the epiphysis of a sheep humerus) previously calcined at
400 �C. This latter reference material clearly underperformed in
comparison with the whey-derived carbons.

The outstanding mechanical properties of these 3-D structured
porous carbons were totally unexpected bearing in mind the car-
bonisation of disaccharides including sucrose and lactose (Fig. 3).
The question that naturally arises is what makes whey powders,
which are almost 80% lactose (Table 3), to behave so different. Most
lactose in non-hygroscopic whey powders as those used in this
b) flexural strength and modulus of the whey-derived carbons prepared at different



Fig. 10. Variation of the cohesion (Ic) and abrasion (Ia) indexes of cubes (1 cm edge) of whey-derived carbons with the temperature of carbonisation. Cordierite honeycomb and a
cube cut from the epiphysis of the humerus of a sheep (both also 1 cm edge) were used as references (left); photographs of the results of the tests for PW450 and PW1000 and the
monolith of cordierite and sheep bone carried out using the same test conditions (right). (A colour version of this figure can be viewed online.)
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paper is present as crystalline a-lactose monohydrate [26]. Next in
abundance in whey powder are whey proteins, mainly lactoglob-
ulins. Thermogravimetric analysis (TG) of whey powder and those
two main components (whey proteins as whey protein isolate or
WPI) under carbonisation conditions (N2 atmosphere) are shown in
Fig. 11. There are significant differences between the weight loss
profiles of the whey powder and those of lactose and WPI. In other
words, the concurrence of proteins and lactose in whey alters
significantly the volatile emission of the powder. In fact, volatiles
evolved much earlier in whey powders, which exhibited a
maximum DTG peak at 220 �C. This means that when lactose car-
amelisation reached its maximum (236 �C) the weight loss in whey
powders almost doubled that of pure lactose. Whey proteins in the
Fig. 11. a) TG and b) DTG profiles (in N2) of whey powder, a-lactose monohydrate and a wh
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meantime experienced little weight loss apart from the initial
moisture release.

Transformations that altered the pyrolysis of the whey powder
from the expected “pure” lactose behaviour seem then to take place
at early stages of the heating process. These transformations are
most likely related to the possibility of obtaining mechanically
consistent 3-D structures from whey powder. These structures are
attained at temperatures between 120 and 150 �C through the
sintering of the surfaces of the whey particles, as mentioned earlier.
Whey particles are not homogeneous in composition. Previous
studies have demonstrated that, due to diffusion restrictions during
the spray drying process, proteins and fat tend to concentrate on
the whey particle surfaces [39]. Reactions at those surfaces are thus
ey protein isolate (WPI). DTG temperature scale has been shortened to improve clarity.
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far from those expected from a highly loaded lactose product.
Two possibilities are then proposed to explain the thermal

behaviour of whey powders. First, the formation of melanoidins
in the Maillard reaction between lactose and proteins. This family
of reactions is expected to start at temperatures well below
100 �C, depending on a number of conditions including pH and
water activity. This latter parameter would increase on the sur-
face of the whey particles as the temperature approaches 150 �C,
i.e., the temperature at which the loss of crystalline water of the
a-lactose monohydrate occurs bringing about the first peak in
the DTG profiles of both whey and pure lactose (Fig. 11). For-
mation of melanoidins could be then boosted when enough
water is available on the surface of the particles. These mela-
noidins would soon decompose with the emission of volatiles
and leaving a carbon residue that would keep the powder par-
ticles together.

Water would also play a fundamental role in the second type of
plausible transformations that may occur at the surface of thewhey
particles ethe thermal gelation of whey proteins. Whey proteins,
specifically b-lactoglobulin, are globular proteins that unfold in
water solutions at 60 �C. Once unfolded and as the temperature of
the solution raises, the protein chains start to aggregate irreversibly
to form a gel [40]. The proteins on the whey particles surfaces still
maintain their natural structure in spite of the spray drying process
[41]. As the temperature increases and crystallisation water from
lactose becomes available, protein gels may originate on the surface
of the particles acting as a glue to stick them.

These two possibilities would deliver a new type of macro-
molecules that would be absent during the pyrolysis of the single
components. The formation of those macromolecules at relatively
low temperatures (120-150 �C) would reduce the temperature at
which the maximum evolution of volatiles occurs (Fig. 11). In
addition, the sintering of the whey particles surfaces may limit the
release of volatiles to intraparticle spaces, thus generating the
highly macroporous structures observed. In that sense, it is ex-
pected that the particle size distribution of the whey powder
could be relevant in the final properties of the carbons obtained.
Some volatiles would remain in the whey particles whose emis-
sion at temperatures above 800 �C would develop the micro and
mesoporosity of the resulting carbons. A more in depth study is
needed to determine the effect of the relative proportion of the
whey main components in the final properties of the resulting
carbons.
4. Conclusions

A new type of green, 3-D structured porous carbons, which can
be precast by sintering in absence of external overpressure and
subsequent carbonisation of whey powder, has been described. The
pieces of carbon can be obtained in virtually any shape and they are
characterised by a porosity of 50e60% that comprises micropores,
mesopores andmacropores up to 400 mm; a high permeability; and
a very high mechanical integrity, considering the biomass origin of
the precursor and the porosity of the resulting materials. The
flexural strength of these 3-D porous carbons is comparable to
those of porous carbon monoliths prepared from polymeric resins.
In addition, these carbon materials contains N in proportions up to
3 wt%. The mechanical properties of the whey derived carbons are
totally unexpected from the performance of the two main single
components of whey powders, namely lactose and whey proteins
(b-lactoglobulin). Two tentative mechanisms including Maillard
reactions and protein gel formation are proposed to explain such
differences. These findings open new routes to obtain mechanically
robust 3-D porous carbons from biomass.
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