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Abstract

The treatment of tannery wastewaters is a complex task due to the complexity of the waste: a mixture of several
pollutants, both anionic and cationic as well as organic macromolecules which are very hard to treat for disposal all
together. Geopolymers are a class of inorganic binders obtained by alkali activation of aluminosilicate powders at
room temperature. Such activation process leads to a cement like matrix that drastically decreases mobility of
several components via entrapment. This process taking place in the matrix can be hypothesized to be the in-situ
formation of zeolite structures. In this work we use a metakaolin based geopolymer to tackle the problem directly
in an actual industrial environment. To obtain a geopolymer, the metakaolin was mixed with 10 wt% of wastewater
added with sodium hydroxide and sodium silicate as activating solutions. This process allowed a rapid
consolidation at room temperature, the average compressive strength was between 14 and 43 MPa. Leaching tests
performed at different aging times confirm a high immobilization efficiency close to 100%. In particular, only the
0.008 and 2.31% of Chromium and Chlorides respectively are released in the leaching test after 7 months of aging.
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Introduction
Hazardous waste management involves the reduction of
the amount of hazardous substances produced, or treat-
ment of hazardous wastes, to reduce their toxicity, pref-
erably using green technologies. In this context, the
tanning industry has a strong impact. This industry has
been consistently present in the economy of many coun-
tries such as China, Brazil, Russia, and Italy throughout
the centuries [1]. The second half of the twentieth cen-
tury saw a massive increase in the production and usage
of leather footwear. This industrial field is, therefore, a
key process for the economic growth of said countries.
Even though in the past 15 years the Chinese leather

industry has grown at a fast pace, Italy still retains its

spot in leadership, despite the population disparity, the
environmental concern and consequently stricter regula-
tion. This means that the Italian tanning industry is a
massive player in the worldwide bovine leather produc-
tion, which was registered at almost US$20 billion in
2014 worldwide, contributing more than US$4 billion
dollars [1]. Looking at the statistics reported by Food
and Agriculture Organization of the United Nations, the
higher values of bovine leather market belong to Europe
with US$7706 million in 2014, of which more than half
belongs to Italy (54% of the total) with US$4214 million
in 2014 [2].
Unfortunately, this positive data has a drawback: the

tanning industries produce a large amount of liquid
waste (for the total process is estimated at 100 L for m2

of leather [3]) that is difficult to treat before disposal
with high toxic potential due to chromium, soluble an-
ions and surfactant content. This is one of the main
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causes of water pollution in many recently industrialized
countries [4, 5]. Tannery liquid wastes are composed of
variable mixtures of anionic and cationic pollutants, as
well as organic macromolecules of surfactants which are
very hard to treat for disposal all together [6]. In Italy,
tannery waste liquors are treated mainly by districts and
centralized consortia with recognized benefits for those
industries that are part of a consortium. Specifically, the
complexity of tannery wastewater, which corresponds to
the highest pollutants among all industrial wastes and
cause stratification, has been the subject of many studies
throughout the years [7–10]. The entire leather process-
ing, in fact, involves a huge amount of water usage and
chemical agents (such as NaCl, vegetable tannins, chro-
mium salts, sulfides and sulphates) in most of the main
stages [11]. Tannery effluents are of large-scale environ-
mental concern because they contaminate water bodies
into which they are released. The organic pollutants de-
rive from the organic degradation products of the raw
materials (epidermis, fats, proteins) or are residues of
the organic products used in the process, while the inor-
ganic ones come from the chemical additives used in the
various phases of the production cycle. To fall within the
limits established by current regulation, these wastewa-
ters with a high pollution load must be treated ad-
equately and the product is usually a sludge with a high
content of pollutants, especially chromium. This is valid
for heavy metals among which chromium is one of the
most common, taking into account that the basic chro-
mium sulphate salt, [Cr2(H2O)6(OH)4] SO4

(CAS#39380–78-4), is the tanning agent most employed
by the industry. The main concern in wastewater treat-
ment is to avoid the oxidation of Cr (III) to Cr (VI) due
to the high toxicity of the latter.
There are a few other studies [12–15] that inertize a

tannery complex matrix of pollutants via stabilization/
solidification (S/S) techniques, most of them however,
treat/stabilize the tannery sludges which have been ob-
tained at the end of wastewater treatments. In particular,
Pantazopoulou and Zouboulis reported the best results
with dry sludges added with ladle furnace slag, organo-
clay and water [13]; Montanes et al. also use dry sludges
with Portland cement and water with a 9 to 1 ratio
(waste to cement) [14]. Haque et al. are one of the very
few research groups that used wastewater without filter
pressing to make a sludge, however it was still pre-
treated via filtration through a filter paper (decreasing
pore size from 30 to 20 μm) to obtain wastewater suit-
able for the proposed process (total Cr content of 7.5
mg L− 1) [15].
The uniqueness of our work lies in the absence of

wastewater (total Cr content of 4100 mg L− 1) pre-
treatment. To keep the complex composition of pollut-
ants intact, we used a real matrix instead of resorting to

synthetic waters, for this reason the wastewaters we used
were taken directly from the tanning drum at the end of
the tanning process bypassing all the sub sequential
treatment steps. Our choice was dictated by the fact that
the literature is poor of works that explore the idea of an
overall treatment of a real liquid waste containing sev-
eral pollutants in addition to chromium [16].
We have considered a low environmental impact tech-

nology to treat this kind of waste, i.e., the use of “geopo-
lymers”, a class of inorganic binders obtained by alkali
activation of aluminosilicate powders at room
temperature. Geopolymers have already been used in lit-
erature to render inert Cr-bearing solid or liquid waste
[17–21]. The “geopolymerization” process leads to a
cement-like matrix that stabilizes after solidification of
several chemical components, including chromium,
chlorides, sulphates.
Other works have removed Cr ions from waters using

adsorbent materials, but they have not clearly indicated
how to treat the final Cr-rich solids [22–24].
The advantage of the geopolymer approach, a low cost

and low impact process, is the feasibility to reduce the
environmental impact of wastewater management, mak-
ing them either easier to dispose of or inert all together.
The innovation and originality of our method rises from
the use of a single geopolymer formulation not specific
to a single pollutant, but suitable for several cations and
anions, as well as organic macromolecules, all present in
a complex liquid waste form. Adopting such S/S ap-
proach we use binders and additives to reduce the mo-
bility and toxicity of the pollutants contained in wastes
and we generate a final product suitable for reuse or for
safe disposal. In comparison to our previous studies [17]
the increased complexity of the current work is demon-
strated as we utilized the as-received wastewater derived
from the tannery process containing larger amounts of
anions and macromolecules of surfactants.
We demonstrated the effectiveness of the proposed

procedure by checking the released amounts of cations
and anions during the leaching test according to the
European norm UNI EN 12457–2-2004
“Characterization of waste Leaching Compliance test for
leaching of granular waste materials and sludges”. In
practice, the chemical stabilization method that we are
proposing could be easily implemented in the tannery
plant, cutting down costs without modification of the
leather manufacturing cycle [25] and unnecessary waste
transportation.

Materials and methods
Tannery wastewater: origin and characterization
The liquid waste used in this study is not a synthetic
waste [17] but comes directly from the main tanning
step that produces several problematic pollutants, such
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as large amounts of chromium with concentration much
higher than 2500 mg L− 1, high sulphates (15,873 mg L− 1)
and chlorides (17,300 mg L− 1) load mostly due to the
use of tanning salts. Thus, we focused our attention on a
real tannery waste coming directly from an industrial
site, one of the historical Italian tanneries: CTC Conceria
del Chienti, Tolentino Italy. Table 1 reports the concen-
tration of the most relevant pollutants, cationic, anionic
forms and surfactants of the untreated tannery waste li-
quor. The error, which does not refer to the standard
deviation but to the expanded uncertainty that takes into
account the whole analytical method, for the metals ana-
lyzed it is on average 30% whereas for the anions it is
around 15%. No pre-treatment [26] was operated on the
as-received wastewater except for concentration (see
later discussion).
The values reported in Table 1 are in line with those

of several Italian tanneries, as stated in the “Cost of tan-
nery waste treatment” report commissioned by United
Nations Industrial Development Organization in 2011
[6]. The very high amount of the marked pollutants (in-
dicated by a symbol) in Table 1 makes the wastewater
potentially hazardous for the health and the ecosystem,
and there is concern that the surfactants may facilitate
the diffusion of the other contaminants [27].

Metakaolin characterization
The metakaolin (MK) (Argical™ M1000) used in the
preparation of all geopolymer formulations as the

principal source of aluminosilicate, was produced by
Imerys, France, and supplied by Bal-Co SpA, Italy. The
MK was ground and sieved below 75 μm. The oxides
composition (Table 2) of the metakaolin, determined by
the producer by X-ray fluorescence (XRF), gave a value
of Si/Al = 1.3 in terms of mass ratio.
The X-ray powder diffraction characterization showed

the broad band typical of amorphous metakaolin be-
tween 20 and 25° 2θ angle, together with minor residual
crystalline phases identified as: muscovite KAl2(Si3A-
l)O10(OH,F)2; quartz SiO2; and anatase TiO2 [17, 28].

Geopolymers formulation
Two different solutions containing waste from the tan-
ning of bovine skin have been investigated: the first type
of wastewater is the liquor that comes out of the tanning
drum, whilst the second type is the first one concen-
trated 2:1 (v/v) through evaporation. These two wastes
are indicated: TWN, wastewater as received, and TWC,
wastewater after concentration.
The formulations are tailored using MK as a matrix

for geopolymers. The choice of MK is due to the com-
plexity of the waste liquors [19]. Therefore, a well-
studied aluminosilicate precursor with known chemical
behaviour as MK has been selected to better focus the
attention on the role of liquors only. The following for-
mulations were used to prepare MK-based (Fig. 1)
geopolymers:

1. Mixing of 14 wt% of sodium hydroxide pellets
(Reagent Grade, Sigma –Aldrich) and 66 wt% of
sodium silicate solution with ratio SiO2/Na2O = 3
(43 wt% of sodium silicate in water with density of
1.5 g mL− 1, produced by Ingessil, Italy) in a beaker
containing 20 wt% of liquid waste (calculated on the
MK weight) to obtain a homogeneous solution;

2. Addition of MK to form a homogeneous slurry;
3. Intensive/thorough stirring until a homogeneous

and fluid paste is formed; the paste is poured into
plastic molds;

Table 1 Results of the analysis of tannery wastewater as
received. (Except pH, all in mg L− 1)

Tannery wastewater (mg L− 1)

pH 7.1

SO4
2− 15873a

Cl− 17300a

Total surfactants 130a

Non-ionic surfactants 85

Anionic surfactants 45

Aluminum 78

Arsenic < quantification limit

Barium 0.85

Chromium total 4100a

Copper 1.6

Iron 22.6

Manganese 7.4

Nickel 1.25

Lead 0.55

Tin < quantification limit

Zinc 3.4
aIndicates presence of substance of concern

Table 2 Results of the chemical analysis via XRF Analysis of
Metakaolin Argical TM M1000 as received from the producer

Metakaolin % by weight

SiO2 58.9

Al2O3 34.7

Fe2O3 1.4

CaO 0.1

MgO 0.1

Na2O 0.1

K2O 0.7

TiO2 1.3
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4. Setting stage maintaining the cast at room
temperature in a plastic bag for 24 h, then in open
air;

5. Curing stage at room temperature and in open air
for 28 d.

The wet paste, taking into account the MK compos-
ition reported in Table 2, had the following molar ratios:
SiO2/Al2O3 = 2.45, Na2O/SiO2 = 0.49, Na2O/Al2O3 = 1.2,
and H2O/Na2O = 1.85.

Geopolymer chemical stability and leaching tests
We tested the chemical and structural integrity of the
final consolidated product, after at least 7 d from prepar-
ation, by submerging a piece of geopolymer in distilled
water, solid to water ratio 1:100, for 24 h at room
temperature. The test allowed evaluation of the mate-
rial’s resistance to dissolution and consequently the effi-
ciency of the geopolymerization process as adopted also
in [28].
We also performed a leaching test, according to UNI

EN 12457–2-2004, “Characterization of Waste-
Leaching-Compliance test for leaching of granular waste
materials and sludges” at 4, 20, and 28 wk. After the

synthesis: the dry sample was weighed, powdered and
put in bi-distilled water with a ratio 1/10. The mixture
was left to stir for 24 h at room temperature, and the
eluate was characterized with Inductively Coupled
Plasma – Optical Emission Spectroscopy (ICP/OES); the
limits of quantification are reported in Table S1.
To assess the elementary composition of the geopoly-

mers, we performed the necessary analysis on the liquid
resulting from mineralization.

Mechanical characterization
Ultimate compressive strength of the consolidated geo-
polymers after 28 d of ageing was determined using an
Instron 5567 Universal Testing Machine with 30 kN
load limit and displacement of 3 mmmin− 1 according to
the standard UNI EN 826. Specimens were cast in cubic
molds of 25 × 25 × 25mm in size (Fig. 1), with two per-
fectly flat and parallel faces to avoid the requirement for
capping. Three different specimens were made following
the same formulation: one containing tannery wastewa-
ter as received (MTWN), one with tannery wastewater
concentrated 2:1 via evaporation (MTWC) and a refer-
ence geopolymer using deionized water instead of tan-
nery wastewater (Pure MK). The values of compressive

NaOH pellets
Sodium silicate Tannery wastewater

Homogeneous liquor
Metakaolin

Paste in plastic mould curing 

Fig. 1 Schematic representation of the Geopolymer preparation steps as described in the text
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strength are given as range of mean value, accompanied
by the maximum deviation from the mean value of 3
measurements, because the small size of the specimen
was particularly affected by manual mixing and uneven
pouring.

Efficiency of waste inertization
The stability of the geopolymer matrix and its capability
to immobilize Cr (III) ions was assessed according to
specific European regulations, reported above. Instru-
ments and methods used are outlined as follows:

i the measurement of soluble metal ions was done
with an ICP/OES, AGILENT ICP-OES 5100 VDV,
according to UNI EN 13656:2004, UNI EN
13657:2004, UNI EN 13657:2004, UNI EN ISO
11885:2009.

ii The anions were measured by ionic
chromatography, METROHM ECO IC following
the UNI EN 12457–2:2004, BS EN 27888:1983
APAT CNR IRSA 4020 MAN 29:2003; APAT
CNR IRSA 5030 MAN 29:2003.

iii Anionic surfactants, non-ionic surfactants, cationic
surfactants were analyzed using HACH analyzing
kit (LCK 331, LCK332, LCK 333).

The leaching test was performed according to UNI EN
12457–2-2004 at different ageing times (28 d, 5 and 7
months). The choice of evaluating the chemical stability
after 5 and 7months was suggested by the need of
checking materials durability.

Results and discussion
The consolidated materials were first subjected to visual
inspection. It was confirmed that the liquid form of the
waste allowed a homogeneous mixing at macroscopic
level: the color appeared slightly greyish and uniform, no

stratification was observed, nor surface cracking or chip-
ping. The 24 h curing period in the closed plastic bag
helps geopolymerization to occur properly, hence the
water evaporation during the next days does not provoke
cracking or crazing and the sample resulted macroscop-
ically consolidated. Nevertheless, at the atomic scale,
geopolymerization reaction continues as observed in lit-
erature [17, 28] prompting the need to conduct a leach-
ing test after 28 d, 5 and 7months. The Scanning
Electron Microscopy (SEM) observation coupled with
Energy Dispersive X-ray (EDS) analysis shows the homo-
geneous microstructure where an amount of 0.5 wt% of
Cr was detected (Fig. 2a where Back-Scattered Electrons
(BSE) image is reported). The morphology of the geopo-
lymer gel [20] is clearly visible, and the homogeneity in
the grey color of the BSE image indicates the uniform
distribution of the heavy metals. Only small air bubbles
have been entrapped within the paste during the harden-
ing stage, as confirmed by the variability of the compres-
sive strength values. At higher magnification (Fig. 2b),
areas with concentrated presence of Cr (the average
range obtained with several analyses in different areas of
the sample is 0.7–0.9 wt% as detected by EDS) is ob-
served corresponding to needle-shaped crystal. The
cracks visible in both SEM images are due to the fractur-
ing operations adopted for the sample preparation.
The compactness of the consolidated bulk materials is

responsible for the good mechanical resistance recorded
for these materials in the compression tests: the values
of compressive strength are 13.8 ± 1.5MPa for the
MTWN, 43.1 ± 2.0 MPa for the MTWC and 30.3 ± 5.0
MPa for the pure MK.
The geopolymers of formulations MTWN and MTWC

showed extremely good durability in water and average
(30MPa) to high (70MPa) compressive strength [29],
especially when concentrated Cr-waste was used. In this
case, a strength of 45MPa could be reached when

Fig. 2 SEM results reporting the BSE image of a freshly fractured geopolymer (MTWC) surface at different magnifications: a 1200x and b 5000x
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defect-free specimens were prepared. As indicated
above, the presence of air bubbles entrapped in the paste
generated local defects and originated failure cracking,
as in the case of sample MTWN. Even though the test
precision is less than 1%, we preferred to provide the
maximum deviation from the mean value to show the
variability of these results. It should be noted that the
mechanical performance of the geopolymers was not our
focus, for this reason it was decided not to adopt an add-
itional de-bubbling procedure. Apart from entrapped air
bubbles reducing the compressive strength, there were
no other reasons for expecting strong variation of com-
pressive strength values with time. This hypothesis was
confirmed when checking good geopolymerization, via
SEM observations and integrity tests as well as leaching.
On the contrary, the main goal of the alkaline activa-

tion of MK containing the liquid Cr-bearing waste was
the efficient chemical stabilization and inertization [28].
The potential hazardousness of the tannery wastewater
is related to the leachability of Cr (III) which could
oxidize to Cr (VI) when exposed to air. With the aim to
evaluate the actual capability of the MK-based geopoly-
mer to retain anions and cations, as well as surfactants,
we first measured the content of pollutants inside the
formulated samples by dissolving and digesting the solid
MTWN and MTWC in acid after 28 days of curing. Fol-
lowing the procedure UNI EN 13656:2004
(“Characterization of waste - Microwave assisted diges-
tion with hydrofluoric (HF), nitric (HNO3), and hydro-
chloric (HCl) acid mixture for subsequent determination
of elements”) for the element determination, it was not
possible to actually detect the presence of Cl− in the
waste, since hydrochloric acid was used; for this reason,
the numbers shown in Figs. 3 and 4 are an estimation

based on the stoichiometric parameters synthesis of MK
geopolymer. All the other pollutants were quantitatively
determined, specifically the content of SO4

2− (Figs. 3
and 4, reported below, and Tables S2 and S3 in the sup-
plementary materials). Once we were sure that our alkali
activated materials contained the pollutants, we started
to run the leaching tests. The sample was pulverized
right before testing. We focused our attention on Cr and
other cations, as well as anions and, eventually, macro-
molecules of surfactants.
Figures 3 and 4 show the leaching potential of the

main pollutants after geopolymerization at different
aging times. The first column for each element corre-
sponds to the amount of substance present in the geopo-
lymer matrix (collected on digested specimen according
to UNI EN 13656:2004), the second, third and fourth
columns show respectively the results of the leaching
tests performed after 28 d, 5 months and 7months ac-
cording to UNI EN 12457–2-2004. In the supplementary
materials we reported all the other pollutants tested.
The horizontal bars of Figs. 3 and 4 represent three dif-
ferent regulatory breakpoints: the regulation limit for re-
use which in the Italian legislation allows for a recovery
of non-hazardous waste with the purpose of reuse (i.e.,
roadbed material or high-end construction material) [30]
and the regulation limit for landfill disposal either as
inert or non-hazardous [31] as reference wastewater ana-
lysis. The choice of using the Italian regulation as refer-
ence was done due to its stricter nature compared to
those in other European countries [32]. It is noteworthy
that the law limit for the reuse is higher than those fixed
for landfilling disposal as inert material.
All the elements in the chemical analysis of the geopo-

lymers come from the raw starting materials (including

400

0.024
0.031 0.033

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0

100

200

300

400

500

600

Total content Leaching 28
days

Leaching 5
months

Leaching 7
months

Chromium

1768

21

58

99

0

50

100

150

200

250

0

500

1000

1500

2000

2500

Total content Leaching 28
days

Leaching 5
months

Leaching 7
months

Sulphates

100

1730

30 28
43

0

20

40

60

80

100

120

0

500

1000

1500

2000

2500

Total content Leaching 28
days

Leaching 5
months

Leaching 7
months

Chlorides

100

C
on

ce
nt

ra
ti

on
(p

pm
)

C
on

ce
nt

ra
tio

n
(p

pm
)

C
on

ce
nt

ra
tio

n
(p

pm
)

1

50

0.05

250

80

total content of pollutant in the geopolymer
amount of pollutant leached
concentration limit for reuse
concentration limit for landfill disposal as non-hazardous
concentration limit for landfill disposal as inert

Fig. 3 Main pollutants comparison after leaching tests on the MK produced using tannery wastewater as received. Limits shown refer to the
current Italian regulation. All values are reported in ppm
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relative industrial contamination) or the tannery waste-
waters. Whenever the concentration of a certain element
in the chemical analysis of the geopolymer is consider-
ably higher than in the tannery wastewater, this element
has to be considered as part of the starting aluminosili-
cate powder, i.e., MK, or of the alkaline activating
solutions.
The content of MK contaminants (As, Ba, Pb, Fe, P,

Ni), in the elementary analysis (see supplemental mater-
ial Tables S2 and S3) is consistent throughout the two
different geopolymer formulations. As a matter of fact,
the content of iron, potassium and lead are comparable
in all the geopolymers.
The amount of chromium found in the elementary

analysis is consistent with the amount expected from the
theoretical calculation, with a 10% error margin. This
implies that during the preparation, mixing and curing
process there was no loss of wastewater and the solidifi-
cation process was efficiently performed.
Referring to the leaching test performed in geopoly-

mers prepared with both tannery wastewater as received
and concentrated 2:1 (MTWN, MTWC), we noticed that
the release of chromium, being the most concentrated
pollutant, is negligible. Since we are aware that geopoly-
merization can cause oxidation of some metals, we
checked the oxidation state of chromium in our material
via X-ray Absorption Spectroscopy [33] and we had con-
firmation of absence of Cr (VI).
The results of leaching tests performed on MTWN are

well below all Italian regulations with the exception of
fluoride (which is slightly above the limit, see supple-
mental materials). MTWC can be disposed as non-
hazardous material but shows some values higher than
those allowed for reuse or inert disposal. For instance,

chlorides and sulphates leach out from the MTWC ma-
terials at values above the regulation limit for the dis-
posal as an inert waste or for reuse, but they are well
within the limit of requirement for the disposal as a
non-hazardous waste which falls above the maximum
values shown in the graphs (2500 ppm).
The checking of the amount of Cl− and SO4

2− leached
out was crucial because of their high concentration in
tannery wastewater. For MTWN, the quantity released
of these anions in the leaching tests is constant in time
in the range of few 10 of ppm, whereas in the MTWC
tests, the amount raises to hundreds of ppm.
To assess the performance of the proposed S/S tech-

nique, we calculated the percentage of pollutants reten-
tion after 7 months (Fig. 5) by comparing the amount of
substance leached out (according to UNI EN 12457–2-
2004) with the amount of substance present in the
geopolymer.
The leached amount of all the ions incorporated into

the geopolymer matrix is stable overtime. From these re-
sults, we can assess that in no cases, the maximum cap-
acity of waste stabilization was reached, therefore the
materials have potentially a greater efficiency than what
we have studied so far. It is important to note that, even
in the case of amounts of leached pollutants higher than
the limits relative to reuse, the results are very promising
since the procedure or raw materials have not yet been
optimized nor pre-treated.
The novelty in the reticulation mechanism that causes

the geopolymer to be effectively stabilized and to entrap
either cations, anions and macromolecules can be hy-
pothesized to be the in-situ formation of zeolite struc-
tures as already been evidenced by previous reports [34,
35]. The cations entrapment in the matrix can be
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explained with the zeolite formation, same is for anions,
see for example sodalite structure, a zeolite containing
Cl ions: characterized by chemical formula Na8Al6-
Si6O24Cl2. Whilst surfactants macromolecules, due to
their high volume, are physically entrapped in zeolitic-
like cages of the 3D aluminosilicate network.
As a matter of fact, the geopolymerization route has

been already used for the synthesis of nanozeolites with
different crystal structures by exploring the Na–Al–Si–
H2O quaternary phase space under a mild hydrothermal
condition [36]. The kinetics of cations leaching from
geopolymers based on different aluminosilicate precur-
sors has been studied [37]. The leaching process has
been qualitatively found to proceed via a combination of
pore diffusion and boundary diffusion control mecha-
nisms [38, 39]. In those first works [38, 39], the
immobilization of the cations in the 3D aluminosilicate
structure has been hypothesized to be a combination of
physical encapsulation and chemical bonding while only
recently has been proved to be specifically chemical for
low cation concentrations [33].

Evaluation of the wastewater treatment process
performance
As previously mentioned, to the best of our knowledge,
there are no studies in the literature that use a real
matrix of tanning wastewater to attempt a meaningful
reduction of the mobility of pollutants using the forma-
tion of geopolymers as S/S technique. Other works have
the additional process of sludge stabilization, thus add-
ing a layer of complexity to the process. In Table 3 some

comparisons were made with other S/S techniques re-
ported in literature.
Two out of the three studies considered in this com-

parative table use dry sludge taken directly from the cen-
tral wastewater treatment plant where chromium is
removed from solution via precipitation. The resulting
sludge is dried and tested for its leaching potential which
is the value used to compare the effectiveness of
stabilization after the solidification process. Our S/S
method uses the native wastewater taken directly from
the tanning drum at the end of the process. Such an ap-
proach removes the need for additional water usage. The
performance of our method can be compared only with
Montanes et al. [14] since the other works do not pro-
vide all the data needed for a proper confrontation. If we
compare the quantity of chromium leached out from the
geopolymer with the quantity present in the solid after
S/S, we can estimate a retention potential of 96.2% (the
calculation was done considering also the quantity of
water added) for Montanes et al. and 99.994% for our
method. Please notice that for this comparison we
picked their best performing formulation, which is com-
posed of 90% dry sludge, 10% cement and a 40 wt% of
added water.
The synoptic scheme (Fig. 6) shows a visual represen-

tation of our method compared with the three afore-
mentioned processes. The simplified procedure that we
propose appears on the left side of the scheme where no
Cr precipitation is operated. On the right side of the
scheme, the wastewater treatments with filter pressing
and no filter pressing are reported.

92

93
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95

96

97

98

99

100

Al Ba Cr Cu Fe Hg Mn Ni Pb Zn

94.8 98.8 100 97.7 99.6 99.7 100 96.2 99.8 100 99.8 99.4

Waste retained in the geopolymer matrix

Waste lost in the leachate

SO
4

2-

(%
)

Cl-

Fig. 5 Graphical representation of waste retention at 7 months after geopolymerization. Total waste retained confirmed via ICP-OES
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Conclusions
A significant number of operations within a tannery in-
dustry are wet operations consuming large amounts of
liquids leading to large amounts of polluted water re-
quiring special treatment due to the high concentration
of Cr (III) ions and the presence of other chemical re-
agents that are toxic or harmful for the environment.
We demonstrated that:

1) By means of alkaline activation, a complex tannery
wastewater has been effectively and efficiently
transformed into solid material. Also concentrated
solutions are adequate for the proposed inertization
process, thus indicating that the starting content of
cations, anions and surfactants can be very variable
without affecting the efficiency of our
consolidation/chemical inertization process.

2) The consolidated material efficiently immobilizes
heavy metals, anions and macromolecules
(surfactants) for safe disposal. As far as the Cr
leaching potential is concerned, we measured a
retention of 99.994% which is among the best
performance reported to date.

3) The absence of wastewater pre-treatment in our
zero-water technology led to a single step S/S
process of the as-produced waste liquor without the
necessity to add clean water. This last step goes in
the direction of preserving fresh water as fostered
by the European Commission for the industry of
the future, whilst the majority of other similar stud-
ies demand additional water due to the use of dry
sludge instead of wastewater.

4) The inertization process can be modulated around the
product we want to obtain either for reuse or safe
disposal. In any case, the cost balance has to consider

Table 3 *Leaching potential = Cr released from the sludge without S/S treatment. ** These studies collect the sludge after the Cr
precipitation process. ***No quantification on the amount of water used nor on the exact amount of chromium in the sludge.
****The value is presented with more significant figures to allow a better comparison

S/S approaches Pretreatment of Cr-
bearing wastewater

Cr in solution*
(leaching potential)

Additional water Cr in the
product
(mg kg−1)

Leaching
(mg L− 1)

Mass
increase

% of Cr
retained

Ladle furnace slag +
organoclay [13]

Yes** 42 mg kg− 1 Yes, no indication of
the amount

*** 1.2 1:3.3 ***

Portland cement [14] Yes** 385 mg kg− 1 40 wt% 5080 194.7 1:1.55 96.2%

Portland cement [15] Yes (filtration) 7.50 mg L− 1 no 0.68 0 1:11 100%

Metakaolin (this work) No 4100 mg L−1 no 400.55 0.024 1:10 99.994%****

Cr(III) tannery wastewater

Precipitation treatment

Lime/other additivies

Ladle furnace slags **

Organoclay

Water

**Refs. 13,15

Stabilization treatment

Disposal in non-hazardous waste landfills

Cr(III) tannery
wastewater

NaOH/other additivies

Metakaolin

Inertization treatment

Building material

Our process

OPC* Water

Filter-pressing

Disposal in non-hazardous waste landfills

* Ref. 14

Pozzolan Fly ash

Solidification/stabilization process

Cr(III) sludges

Stabilization treatment

Fig. 6 Visual representation of the method proposed compared to other S/S approach for tannery wastewater
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the savings made on infrastructures since all it is needed
for the geopolymer preparation is a cement mixer. The
resulting experience reinforces the concept of “zero
waste” and “no water consumption” for a sector which
is globally considered one of the most polluting [6]. A
new concept of waste is thus identified, which from a
problem becomes a resource for the community.

5) The leaching tests performed according to current
regulation attested that after 5 months of aging the
materials have increased their capabilities to retain
cations, anions and macromolecules of surfactants.
These results are considered of extreme importance
in attesting the durability of the final consolidated
product that can be used as high-end products for
the building industry. As an example, exploiting the
intrinsic fire resistance properties of these materials,
they can be suitable as refractory bricks and fire-
place elements [40]. For this purpose, it is import-
ant to note that only the geopolymer made with the
wastewater used as received meets the requirement
for reuse as noted in Figs. 3 and 4 (also in Tables S2
and S3 in the supplementary materials).

In order to enhance the performance of this S/S strat-
egy, we need to reformulate the paste composition, MK/
NaOH/Nasilicate/wastewater ratio having in mind the
final application of the solidified product. Other studies
are in progress to determine the microstructure of the
geopolymer which are going to be completed in the near
future along with the optimization of the matrixes.
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