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Calcined residual paper sludge can be reused and valorized in a safe an environmental way by the con-
struction industry. The highly reactive metakaolin produced by calcination of the paper sludge exhibits
good pozzolanic properties and permits its incorporation in cement systems. The pozzolanic reaction
of metakaolin in Ca(OH),-saturated solution at 40 °C is reported in this study as a function of time, up
to 1 year. The stability of hydrates phases has been evaluated according to the evolving aqueous condi-
tions. Analytical determinations of the solid phase show early formation of C-S-H phases and a later pre-
cipitation of laminar minerals, hydrotalcite and strdtlingite, at the expense of the C-S-H phases. The
thermodynamic calculations confirm the experimental observations.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The amount of domestic and industrial waste generated world-
wide increases alarmingly and, in most cases (especially in
developing countries) the only disposal method employed is land-
filling, which itself consumes relatively large areas. On the other
hand, a large demand placed on building construction due to
increasing population has caused a chronic regional shortage of
building materials. Utilization of waste materials for construction
shall not only solve waste problems, but also provide a new re-
source for construction purposes [1].

Significant residual waste streams from pulp and paper mills. In
general, solid wastes from pulp production and paper mill opera-
tions are humid and contain some organic compounds in the form
of wood or recycled paper fibers, chlorinated organic compounds
and pathogens, significant amounts of ash and trace quantities of
heavy metals. Sludge compositions, however, vary widely through-
out the industry and are dependent on the type of operations carried
out at the mill. Presently, the wastes can be reused and valorized in a
safe and environmental way, so landfill must strongly being reduced
as their final destination [2].

Péra and Amrouz [3] originally demonstrated that calcined pa-
per sludge at 700-800 °C could be used in the concrete industry

* Corresponding author at: Departamento de Geologia y Geoquimica, Facultad de
Ciencias, Universidad Auténoma de Madrid, Campus Cantoblanco, 28049 Madrid,
Spain. Tel.: +34 914976709; fax: +34 914974800.

E-mail address: raul.fernandez@uam.es (R. Fernandez).

0958-9465/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2010.08.003

due to its transformation to a highly reactive MK (metakaolin
Al;05-Si0,), which exhibit good pozzolanic properties, similar in
many respects to those of Portland or blended cement systems.
The mechanism of hydration of MK in the lime-water system
and the properties of MK as addition to cement has also been
reported [3-5].

In the course of the present study, the hydration reaction of MK,
obtained by calcination of paper sludge at 650 °C during 2 h, with a
Ca(OH), saturated solution at 40 °C has been investigated over
time, up to 1year. The Ca(OH), solution simulates portlandite
(CH) conditions of an ordinary Portland cement (OPC). Since the
Ca(OH), solution is just a simplification of the real system, the
products formed will probably be different from those that could
be obtained in cement paste.

A previous study evaluated three calcination temperatures at
600, 650 and 700 °C and 2, 5 h of residence in furnace for a similar
art paper sludge in order to achieve the better pozzolanic proper-
ties [6]. Calcination at 650 °C and 2 h of residence in furnace were
considered the optimum conditions since high specific surface
area, complete lack of organic fibers and low or null decarbonation
of calcite are achieved.

At lower temperatures, in the range 450-600 °C, the Si-O net-
work in MK remains largely intact while the structure of Al-O net-
work is reorganized [7,8]. At higher temperatures, in the range
700-800 °C, the minerals of the paper sludge (limestone, kaolinite
and talc) are converted to amorphous CAS (CaO-Al,05-Si0;) and
talc. On heating at 900 °C, the CAS is converted to gehlenite
(C2A5S) and anorthite (CA,S;) [9].
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Thermodynamic studies provide a guide to phase formation and
the nature of phase assemblages obtained under equilibrium con-
ditions; considerable success has also been obtained in represent-
ing metastable but long-lived states. An equilibrium phase
distribution diagram of the CaO-Al,05-SiO,-H,0 system includes
many of the hydrates encountered in MK-CH blends. The hydrates
formed in this system in the range of temperatures 20-60 °C
evolve with time as a function of the chemical conditions. The
metastable phases C4AH 3 and strdtlingite (CASHg) forms early
in the pozzolanic reaction, but they can transform into more stable
phases like hydrogarnet (C3AHg) and gehlenite at long term
[10,11]. Additionally, the system contains an important metastable
but persistent phase, tobermorite-type C-S-H gel [12]. The stabil-
ity relations of the more crystalline hydrates in cement systems
and their thermodynamic properties are reported by several
authors [13-16].

The chemical reaction between cement and the hydration water
generates an exothermic reaction that produces heat. The hydra-
tion heat of mortars and concretes can be reduced by means of
the pozzolanic additions that partially substitute cement. Other
authors, e.g. [17-19], that evaluate the pozzolanic activity of cal-
cined kaolin have worked at constant curing temperatures in the
range 35-60 °C. In this paper, the study of the pozzolanic reaction
of MK in Ca(OH),-saturated solution at 40 °C is reported as a func-
tion of time. This curing temperature was previously established
by Frias et al. [20]. The objective of this research is focused to
determine the nature of hydrated phases in the system paper
sludge/Ca(OH),, in order to give utility to the waste and explain
the behavior of cements with this kind of additions. The stability
of hydrates phases has been evaluated according to the evolving
aqueous conditions, which is a novelty with respect to previous
studies. The findings are used to derive a phase model to predict
steady-state assemblages for paper sludge MK/CH blends. Major
uncertainties derive from the carbonate-dominant minerals
accompanying MK after calcination of paper sludge because they
are a source of Ca%* that could hinder the Ca?* spent in the aqueous
medium through the pozzolanic reaction and because they buffer
the pH of the reaction.

2. Materials and methods

The industrial waste provided by the paper manufacturer Hol-
men Paper Madrid, used in this study, consists essentially of a mix-
ture of organic matter (32 wt.%) and inorganic compounds, such as
limestone (45%), quartz (3%), phyllosilicates 6% and kaolinite 14%.
This mineralogical composition was calculated based on the oxides
composition determined by X-ray fluorescence (XRF) and the min-
eralogical quantification performed by X-ray diffraction (XRD). The
raw paper sludge does not present pozzolanic properties, but once
calcined at 700 °C during 2 h, exhibits high pozzolanic activity,
similar to silica fume at 28 days (which is another bulk inert waste,
by-product of electrothermal ferrosilicon production, suitable for
cement making), as a consequence of the kaolinite (K) transforma-
tion into MK [21]. The pozzolanic activity expected after calcina-
tions at 650 °C during 2 h may be lesser. Although not all of the
calcined product can be considered as MK, it controls the reactivity
through the pozzolanic reaction. The content of secondary phases
present with the MK may influence properties of the composites
[22].

Temperatures of calcination in the range 700-800 °C and time
of permanence in the furnace for 2 and 5 h were evaluated in a pre-
vious study using the same paper sludge [23]. However, in order to
improve the energy efficiency, lower temperatures of calcination in
the range 500-700 °C have been performed under a wider scope of

the a new project. The results offered in this study are limited to
650 °C and 2 h, since the better mineralogical properties and good
pozzolanic activity are achieved under these conditions.

One gram of calcined paper sludge grounded, pestle and sieved
below 45 pm was placed in 75 ml of a Ca(OH),-saturated solution,
hermetically sealed in a polyethylene container and wet-cured at
40 °C for independent periods of 6 h, 1, 7, 28, 90 and 360 days (a
set of six different experiments performed in duplicate).

At the end of the reaction time, the hydrated solid sample was
filtered, washed with ethanol and heated at 105 °C for 24 h in order
to stop the hydration reaction. Then, the mineralogy was studied
by XRD and scanning electron microscopy (SEM) to identify the
products of the pozzolanic reaction.

XRF measurements were taken using a PHILIPS PW 1404/00/01
spectrometer with a Rh anode, working from 0° to 47.6° 20, oper-
ating at 80 mA and 100 kV. X-ray powder diffraction patterns were
obtained using a Siemens D-5000 diffractometer with a Cu anode,
operating at 30 mA and 40 kV, using divergence and reception slits
of 2 mm and 0.6 mm respectively. The characterization of bulk
samples was carried out by XRD using the random powder method
operating from 3° to 65° 20 at a rate of 2°/min, and the nature of
phyllosilicates was determined in the <2 pm fraction using the ori-
ented slides method operating from 2° to 40° 20 at a scanning rate
of 1°/min [24]. The SEM equipment was a FEI INSPECT microscope
with an energy dispersive X-ray analyzer (EDX).

Immediately after solid-liquid separation, a fraction of the
aqueous solution was used for pH measurement and titration of
aqueous Ca’?* and OH~ with ethylenediaminetetraacetic acid
(EDTA) and diluted HCI, respectively. The pozzolanic activity is in-
ferred by the amount of aqueous Ca(OH), consumed in the reac-
tion. The measurements were normalized with respect to a
reference blank solution saturated in Ca(OH),. In these conditions,
Ca’y, = 17.45 mM and pH = 11.96 at 40 °C, and Ca’,; = 19. 17 mM
and pH =12.47 at 25 °C (measurements optimized with the geo-
chemical code PHREEQC [25] due to the large uncertainties of
experimental analyses at these conditions of pH and temperature;
the pH is not determined in laboratory conditions at 40 °C). The
aqueous species of interest (Na, K, Mg, Ca, Al and Si) were deter-
mined by inductively coupled plasma mass spectrometry (ICP-
MS) with an Elan 6000 Perkin-Elmer Sciex analyzer.

Analyses by Fourier transform infrared spectroscopy (FTIR)
were performed in order to confirm the mineralogical changes ob-
served by XRD and SEM-EDX. The IR spectral analyses were per-
formed using a spectrometer ATI Mattson Genesis Series FTIR-TM.

To study the state of equilibrium of the system, the activities of
aqueous species were calculated by geochemical modeling, enter-
ing the concentrations of aqueous species and pH measured in
solution. In order to predict the stability of reaction products as a
function of time, the saturation indices of minerals able to dis-
solve/precipitate in the system were calculated with PHREEQC
and the thermodynamic database LLNL (Lawrence Livermore
National Laboratory). Crystalline hydrates minerals not included
in LLNL were added from the database THERMODDEM [26]:
hydrotalcite [Mg4Al;(OH);5(C03):2H,0], strdtlingite [CayAl,.
SiO,(0OH);0:2.5H,0], C-S-H phases with Ca/Si ratios 0.8, 1.2 and
1.6 (Cao_85i02,3:1.54H20, Ca1_25i03.2:2.06H20 and Ca1'505i03.6:2.58-
Hzo), C3AH5 [Ca3A12(OH)12] and C4AH 3 (Ca4A1207:13H20). Calcite
(CaC03) and portlandite [Ca(OH),], although present in LLNL were
inserted from the NAPSI database [27] due to a higher refinement
in the thermodynamic data. The dissolution reactions of minerals
acquired from THERMODDEM were properly adapted to fit the
same aqueous species format as in LLNL (SiO, instead of H4SiOy,).
Electrochemical charge in solution was balanced with pH. The
aqueous carbonate, not determined in solution, was equilibrated
with calcite.
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3. Results
3.1. Initial characterization of the calcined paper sludge

The quantification of minerals in the calcined paper sludge was
performed by XRD. Calcite is the main constituent in the mineral
assemblage that could be quantified by XRD (98 wt.%), but addi-
tional accessory minerals were also detected (talc, illite, dolomite
and quartz), although the quantification of their peaks are below
1%. Since this method only allows the quantification of crystalline
minerals, it can be assumed that all the organic matter was lost on
ignition at 650 °C for 2 h in furnace, and silicates, mostly kaolinite,
were converted into MK. Illite and quartz, quantified previously in
the original paper sludge in higher concentrations, are poorly crys-
talline after calcination since their concentrations decrease and
their peaks decrease in the X-ray diffractogram, therefore, the
resulting amorphous phases have been considered as part of MK.
Consequently, a simple mass balance from the original composi-
tion, discarding the mass lost at high temperature, leads to a com-
position: calcite 66 wt.%, MK 33 wt.% and accessory minerals
(mostly quartz) 1 wt.%.

3.2. Aqueous chemistry

The consumption of Ca(zjq) in the solution is associated with the
pozzolanic reaction. It is considered that MK reacts with Ca(zgq) in
the alkaline medium to form mainly C-S-H phases. Calcium alumi-
nate silicate hydrates (C-A-S-H) are frequently found as metasta-
ble phases. Their stabilities decrease with the increasing
temperature of the reaction, and in some cases C-A-S-H gels ap-
pear to be precursors for zeolites formation [12]. As the reaction
evolves, the pH decreases and the system achieves a stationary
state in a period of time normally comprehended within the range
7-28 days. The pH and the aqueous Ca?" concentration (deter-
mined by EDTA titration) were measured in laboratory immedi-
ately after each time programmed, when the hydration reaction
ceased. However, the reaction proceeds at a constant temperature
of 40 °C and measurement taken in laboratory are determined at
room temperature (assumed at 25 °C but possibly higher since
the solution slowly decreases its temperature when is retired of
the oven, from 40 °C to room temperature). Aqueous Ca>* is again
quantitatively determined, as other relevant ions, by ICP-MS at a
constant room temperature. Differences in both measurements of
Ca?* may show the temperature dependency at high pH conditions
(Fig. 1). Since the ICP-MS measurements are considered more
accurate (the range of error is only 1-2%), chemical speciation
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Fig. 1. Calculated Caf;q) and pH based on the experimental aqueous determinations.

determined by this method was inserted in PHREEQC in order to
optimize the pH measurements at a constant temperature of
25 °C. Not much difference is found for Ca?* determined by both
methods, except for the first measurement taken after 6 h of reac-
tion, which differ in more than 3 mM units. The pozzolanic reac-
tion is observed to achieve a steady state after 28 days when
Ca®* remains almost constant in solution. The pH theoretically cal-
culated decreases one order of magnitude from 12.4 to 11.4 in the
same period and then maintains in the range 11.4-11.3. This
agrees with the Ca?* determinations and confirms that the avail-
ability of Cafaf]) controls the reaction. The pH measured in labora-
tory does not show the cease of the hydration reaction and differ
strongly with the calculated pH in the measurement taken after
7 days of reaction.

In addition to the solid characterization, aqueous silica and alu-
mina provide complementary information on the reactions of alu-
minosilicate phases. Aqueous silica increases in solution until
28 days of reaction and then decreases (Fig. 2). However, the range
of concentration remains below 0.1 mM at any time, which is very
low compared to the presumed silica content that react from MK
and other accessory minerals to transform into C-S-H and related
secondary minerals. These data suggest a rapid process of nucle-
ation of C-S-H phases on the reactive surface of MK, with low re-
lease of silica to the solution. On the other side, aqueous alumina
increases in solution for the first 7 days of reaction and remains al-
most constant in the range 1.3-1.5 mM at longer time. The evolu-
tion of aqueous alumina over time and high concentration in
solution suggests a strong degradation of the primary minerals
but also difficulty of aqueous alumina (dominated by the species
AlO; in the alkaline medium) to be incorporated into the second-
ary minerals formed. Although, not many studies regarding the
pozzolanic reaction of MK include specific analyses of the aqueous
solutions, the solid characterization reveals lack or poor crystalli-
zation of C-A-H phases and larger formation of C~A-S-H phases
[19].

Aqueous Na® and K' increase their concentration with time
indicating the dissolution of phyllosilicates, considered as the only
mineral phases containing these elements in the calcined paper
sludge (Fig. 3). Any soluble salt that could be present in the initial
solid sample is excluded due to the correction performed with the
reference blank solutions. The evolution of these two ions in solu-
tion suggests the continuous dissolution of phyllosilicates in the
alkaline medium. Previous studies demonstrated that supposedly
‘inert’ aggregate minerals, such as muscovite and feldspar, may be-
come reactive towards cement [28]. In MK-cement mixtures,
much of the alkali liberated (mostly K*) is probably incorporated
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Fig. 2. Aqueous Al and Si determined in solution by ICP-MS as a function of time.
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Fig. 3. Aqueous Na and K determined in solution by ICP-MS as a function of time.

into cement solids but the overall effectiveness of MK in decreasing
the alkali contents of cement pore fluid is reduced. However, alkali
release may also be beneficial: MK may release sufficient alkali to
enhance slag hydration in slag-Ca(OH),-MK blends.

Aqueous Mg, although determined by ICP-MS, does not show
relevant information since its concentration remains below the
UM scale at any time.

The analysis of carbonates has been neglected in this study. It is
assumed that the high content in calcite and some dolomite pres-
ent in the initial sample may have their influence on the solution
chemistry, basically, buffering the pH and partially balancing the
positive charge in solution. However, also the exposure of solution
to the atmosphere, unavoidable during manipulation of samples,
would lead to the partial carbonation of solution.

3.3. XRD

Identification (Fig. 4) and semi-quantification of XRD peaks
(Table 1) on activated solid samples that reacted for 1, 7, 28, 90
and 360 days permits the observation of mineralogical transforma-
tions involved in the alkali-activated reaction as a function of time.
Calcite is still present because is stable up to temperatures of
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Fig. 4. Identification and evolution of crystalline mineral phases by XRD as a
function of time. St = stratlingite; I = illite; Ta = talc; HT = hydrotalcite; Q = quartz;
D = dolomite; Ca = calcite.

Table 1

Semi-quantification of crystalline minerals (wt.%) obtained by XRD.
Mineral Initial 1Day 7Days 28Days 90Days 360 Days
Talc 1 Traces Traces  Traces 1 Traces
Hydrotalcite 0 4 3 3 4 7
Strétlingite 0 0 1 1 2 2
Quartz Traces Traces Traces Traces Traces Traces
Illite Traces Traces Traces Traces Traces Traces
Dolomite 0 Traces Traces Traces Traces Traces
Calcite 98 95 95 95 92 90

around 800 °C. Amorphous minerals, such as C-S-H and MK, do
not appear in the diffractogram because of their low order
structures.

Hydrotalcite is identified early in pozzolanic reaction (after only
1day) and increases its concentration with the evolving time.
Hydrotalcites have a variable composition of the general formula
Mg1_x(Al, Fe)(OH),-[A" |y»mH,0, and a structure composed of
positively charged brucite-like layers intercalated with anions
[A"™] and water molecules. The structure can accommodate a
number of cations, interlayer anions such as OH", Cl-, CO2~ and
SO%™ and varying amount of water [29]. In this study, hydrotalcite
mainly accommodates CO%’ anions in the interlayer due to the ex-
cess of carbonates in the aqueous medium.

Strdtlingite also forms early (after 7 days of reaction) and in-
creases as a function of the reaction time. Other than hydrotalcite
and stratlingite no new-formed crystalline phases have been
clearly identified by XRD. Some traces of quartz, illite, talc and
dolomite present in the paper sludge before the thermal activation
could be semi-quantified by XRD, but the dominant mineral phase
detected is calcite.

3.4. SEM

Amorphous C-S-H phases, hydrotalcite and stratlingite are the
main hydration products observed by SEM-EDX. The CaO/SiO,
ratio determined for C-S-H gels varies within the range 1.6-2.5
(Table 2), that correspond to type-II C-S-H according to the Taylor
classification [30]. The structural order increases with the increas-
ing Ca/Si ratio, and therefore, the evolving time of reaction. At any
time the C-S-H gels exhibit rounded shape of flaky aspect (Fig 5a)
but at longer time they appear along with intergrowth thin layers
of hydrotalcite (Fig 5b) and strdtlingite. Hydrotalcite and stratling-
ite always exhibit laminar aspect but are found in a wide range of
sizes.

3.5. FTIR

Structural aspects of the main minerals involved in the pozzola-
nic reaction can be observed by FTIR (Fig. 6). Wavelengths corre-
sponding to tension vibration in water (v(O-H)) at 3443 cm™!
and deformation (§(H-O-H)) at 1632 cm™! are observed along
with structural OH vibrations of illite and talc, and hydration water
of C-S-H gels, stritlingite and OH-OH vibrations in hydrotalcite-
type compounds. The increase in intensity and sharpness of these
bands confirm the increase of the reaction products as a function of
the reaction time [31-34].

The carbonate group, either from calcite or dolomite, is identi-
fied by the bands at 2515, 1795, 1435, 875 and 714 cm™!. Si-
O(Si) vibrations in tetrahedral sites are identified for talc at 1050
and 1018 cm™! and for quartz at 1172, 1150 and 1084 cm™'. The
band at 914 cm™! is characteristic of the vibration Al-O-H associ-
ated to illite. Bands near 800 cm ! correspond to Al-O vibrations in
tetrahedral sites in illite and MK. Bands at 1080 and 1150 cm™! are
attributed to amorphous silica in MK [35-37].
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Table 2

Chemical compositions of C-S-H gels determined as a function of the reaction time (based on 10 EDX analyses performed on different aggregates).
Oxides (wt.%) C-S-H gel

1 Day 7 Days 28 Days 90 Days 360 Days

Al,03 21.87 £0.47 18.15+0.36 19.55+0.28 15.12£0.79 17.50 £0.28
Si0, 30.05 £ 0.84 27.97 £0.58 26.57 +0.87 24.13 £ 1.06 23.70 £ 0.87
Cao 48.08 +1.12 53.88 £1.30 53.88 £0.56 60.25 + 0.96 58.79+1.18
Ca0/Si0, 1.6 1.92 2.02 2.49 2.48

Fig. 5. (a) Early C-S-H gel (low Ca/Si ratio) formed after 7 days of reaction and (b) hydrotalcite (HT) and well-formed C-S-H (high Ca/Si ratio) after 360 days.
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Fig. 6. FTIR spectra of the activated initial sample and evolution as a function of the
reaction time.

The band at 463 cm™! corresponds to the Si-O(Si) vibration in
tetrahedral sites and can be attributed to talc, quartz and MK
[38,39]. This band decreases intensity with the evolving time indi-
cating the consumption of MK in the pozzolanic reaction. In addi-
tion, it can be observed a shift of the band to higher wavelengths
(467 cm™1), characteristic of the v* Si-O vibration in tetrahedral
sites of C-S-H phases.

A new band at 423 cm~! is observed with the increasing time,
attributed to Al-O vibrations in octahedral sites and associated to
calcium aluminates hydrates and/or stratlingite [32].

3.6. Thermodynamic modeling

Saturation indices show the tendency of equilibrium for the
minerals of interest to precipitate or dissolve under the experimen-
tal conditions used. The saturation indices are calculated with
PHREEQC from the activities of species determined in solution by
ICP-MS and the equilibrium constants of the dissolution reactions
for the minerals evaluated. A positive saturation index (SI) indi-
cates the tendency of a mineral to precipitate (aqueous solution
oversaturated with respect to the mineral) while a negative value
of the Sl indicates the trend of a mineral to dissolve (aqueous solu-
tion undersaturated with respect to the mineral). SI for portlandite
decreases from zero at the starting time to negative values indicat-
ing that the mineral is at equilibrium in the initial Ca(OH), satu-
rated solution and the later consumption of aqueous Ca?* during
the pozzolanic reaction (Fig. 7). Hydrotalcite and strdtlingite are
clearly favoured to precipitate, which agree the experimental
observations. Hydrotalcite is very sensitive to the aqueous concen-
tration of Mg?*, but the analytical measurements performed by
ICP-MS showed concentrations below the pM scale. In order to
normalize the Mg?* concentration, a fixed 1 x 107> uM was estab-
lished at any time. Calcium aluminates hydrates are far too unsat-
urated to precipitate under these conditions and agree the high
concentrations of Al determined in solution. C-S-H phases, how-
ever, are predicted to be more stable with the increasing Ca/Si ratio
at short term (6 h, 1 day), and they decrease their stability with the
increasing Ca/Si ratio at long term (7, 28, 90 and 360 days). This is
related with the Ca?* concentration that remains in solution. At
short term, when the Cal(z;q> concentration is high, C-S-H gels with
higher Ca/Si ratios are thermodynamically favoured, but normally
gels with lower Ca/Si form faster due to kinetic considerations.
As the reaction evolves, the Ca?* availability decreases in the
aqueous medium and C-S-H gels with lower Ca/Si are
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Fig. 7. Saturation indices calculated with PHREEQC as a function of time for the potential mineral phases involved in the pozzolanic reaction.

thermodynamically favoured. However, the inclusion of Ca®* in an
already formed C-S-H gel is preferred if kinetics are also consid-
ered. Although the thermodynamic analysis do not predict the pre-
cipitation of C-S-H, the three phases considered are near
equilibrium and favoured over portlandite (and even more over
calcium aluminate hydrates), therefore, their precipitation are pre-
sumed due to kinetic factors.

In addition, the chemical stability of the experimental solutions
in the system OH-hydrotalcite [Mg4Al,(OH),4-3H,0]-strdtlingite
[C82A125102(0H)10-3H20]—C—S—H (Ca/Sl = 083) [Cao_gg,SiOz(OH)]ﬁG'
0.5H,0] was evaluated according to their mineral stability fields.
The chemical reactions considered are:

R1 : MyAH;o + HSiO;5 + 3H,0 + 2Ca%" = C,ASHg + 3H"
+ 4Brucite

R2 : M4AH; + 0.83Ca®" + HSiO; = CSHoss + 2Gibbsite

+ 4Brucite + 0.66H" + 1.74H,0

R3 : G,ASHs + 2.34H" = CSHog3 + 1.17Ca** + 2Gibbsite

+4.84H,0

The thermodynamic standard properties required to calculate
the equilibrium constants for each reaction (AG° [J/mol], AH® []/
mol], S°[J/mol K] and V° [cm3/mol]) were selected from the database
“cemdata2007” [29], completed recently for cement phases. The
reactions were considered at 40 °C and the equilibrium constants
were calculated with the program SUPCRT92 [40] making use of
the Maier-Kelly coefficients: a [J/mol K], b [J/mol K?] and c [J K/
mol] given in cemdata2007; where C) = a + bT + cT "2, obtaining:

logKr; = —29.586; logKr, = —9.526; logKgs = 24.034

The activities of aqueous species were calculated previously
with PHREEQC. The thermodynamic modeling shows that aqueous
activities evolve with time within the stability field of the C-S-H
phase, approaching the stability field of OH-hydrotalcite (Fig. 8).
This means that C-S-H is the most thermodynamically stable
phase out of these three under the experimental conditions; how-
ever, as the reaction evolves with time, the system approaches the
stability field of hydrotalcite, which is consequently favoured over
strdtlingite (far from the local equilibrium). The model supports
the experimental observations regarding the formation of C-S-H
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©
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Fig. 8. Stability fields diagram for the system OH-hydrotalcite-stratlingite-C-S-H
(Ca/Si=0.83) at 40 °C and aqueous activities evolution with time.

and possibly hydrotalcite. Kinetic considerations have been ne-
glected in this study due to the lack of validated data, but are
highly expected to be involved in the reactivity.

Although COs-hydrotalcite, whose thermodynamic standard
properties are also given in cemdata2007, is closer in composition
to the mineral phase determined in this study, OH-hydrotalcite
was preferred in order to avoid carbonates in the equilibrium reac-
tion. OH-hydrotalcite shows more stability than COs-hydrotalcite
under conditions typical for Portland cements.

4. Discussion

The quantification of amorphous C-S-H and C-A-S-H phases
(not possible by XRD) can be estimated if it is considered that these
phases, in addition to strdtlingite and hydrotalcite, exclusively
form in the reaction of MK with the aqueous Ca(OH),, and assum-
ing that calcite is not involved in the pozzolanic reaction. The
experimental results show that calcite dissolution could be
involved in the formation of hydrotalcite but its contribution is
neglected in the calculation. Therefore, 0.66 g of calcite present
in the initial calcined sample (1g) corresponds to the 95% of
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crystalline mineral phases semi-quantified by XRD after 1, 7 and
28 days of reaction with the Ca(OH), solution, and 92%, 90% after
90 and 360 days, respectively. The amount of the secondary crys-
talline minerals formed, hydrotalcite and stratlingite, can be inver-
sely calculated from the crystalline weight%. The amount of MK
initially present in the calcined sample (0.33 g) is assumed to re-
acts totally. If the calculated amounts of strdtlingite and hydrotal-
cite are discount, the amount of amorphous phases (C-S-H and C-
A-S-H) is inferred (Table 3). The formation of C-A-H phases is
neglected.

The analytical determinations in the aqueous solutions showed
high concentrations of Al and low concentrations of Si that can be
related to their incorporation into the solid phases. It might be pre-
sumed that precipitation of C-S-H is favoured over C-A-S-H but
the EDX analyses reveal that C-S-H phases contain a remaining
amount of Al, present in the initial MK and retained in the reaction
products due to the fast rate of reaction at early time.

Although mechanical properties have not been evaluated in this
study, the formation of strdtlingite is considered beneficial due to
its relatively high strength in cement matrices [41]. Ding et al.
[42] showed the role of alkali ions in stratlingite formation. They
postulated a mechanism where strdtlingite forms from microsilica
and calcium aluminates hydrates. The reaction is accelerated by
increasing amount of alkali ions acting as catalysts that activate
the microsilica surfaces. Silicate anions then react with hydrated
calcium aluminates to produce stratlingite. In agreement with this
argument, the increasing concentrations of Na* and K* in solution
observed in the present study could indicate that the alkaline ions
mediate in the pozzolanic reaction without incorporation into the
new-formed cement phases. The calcium aluminates hydrates,
however, were not detected as metastables phases in this study.
Consequently, the reaction should proceed by catalytic activation
of alkaline ions on reactive aluminum silicates surfaces and the
resulting absorption of calcium hydrates.

The stability analysis shows that C-S-H phases are thermody-
namically stable over stritlingite and hydrotalcite, but very near
the stability field of hydrotalcite. Although C-S-H gels with high
Ca/Si ratio and Al in the composition were detected experimentally
by SEM-EDX, a more stable tobermorite-type phase was preferred
for the calculation as it can be considered precursor of evolved C-
S-H phases with higher Ca/Si ratio. The calculation is in agreement
with the estimated quantification performed in Table 3 that shows
increase of hydrotalcite with the reaction time at the expense of C-
S-H (or C-A-S-H). This, again, confirms the SEM observations. At
short time (7 days), the morphology of the aggregates are reticular
or honey-combed structures, but at long time (90-360 days) it is
observed intergrowth of laminar minerals (identified as hydrotal-
cite and stratlingite) precipitating from the C-S-H structures.

The mineralogical and thermodynamic studies show that paper
sludge exhibit good pozzolanic properties to be incorporated into
cement matrices once calcinated at 650 °C for 2 h, but mechanical
experiments must be carried out in order to confirm that the stud-
ied paper sludge improves the quality of the construction materi-
als. The later experiments have been performed with similar
materials confirming the good behavior of calcined paper sludge
for construction purposes [43,44].

Table 3
Quantification of non-reactive and secondary mineral estimated in the pozzolanic
reaction.

% Mineral 1 Day 7 Days 28 Days 90 Days 360 Days
Calcite 66 66 66 66 66
Hydrotalcite 3 2 2 3 5
Strdtlingite 0 1 1 1 2

C-S-H + C-A-S-H 30 30 30 29 26
Others <1 <1 <1 <1 <1

5. Conclusions

Residual paper sludge generated by the paper industry can be
reused by the construction industry after calcination. The condi-
tions evaluated in this study, 650 °C and 2 h of residence in fur-
nace, show that the formed MK exhibits good pozzolanic
properties and reacts rapidly with a saturated Ca(OH), solution
that simulates conditions of Portland cement. C-S-H and C-A-S-
H phases precipitate early and evolve to increase the Ca/Si ratio.
In addition, hydrotalcite and stratlingite precipitate as hydration
products, nucleating from the C-S-H gels. The thermodynamic sta-
bility of the reaction products was evaluated as a function of the
reaction time confirming the experimental observations. Uncer-
tainties regarding the role of carbonates were neglected in this
study but do not seem to play an important role except for an addi-
tional source of Ca?* and the pH buffering.

Acknowledgments

This work has been supported by the Spanish Ministry of Sci-
ence and Innovation through Contract CTM2006-12551-C0O3-01/
TECNO. The authors thank the Spanish Institute of Cement and
its Applications (IECA) and the Holmen Paper Madrid Company
for their collaboration.

References

[1] Ahmadi B, Al-Khaja W. Utilization of paper waste sludge in the building
construction industry. Resour Conserv Recycl 2001;32:105-13.

[2] Monte MC, Fuente E, Blanco A, Negro C. Waste management from pulp and
paper production in the European Union. Waste Manage 2009;29:293-308.

[3] Pera ], Amrouz A. Development of highly reactive metakaolin from paper
sludge. Adv Cem Based Mater 1998;7:49-56.

[4] Cabrera ], Rojas MF. Mechanism of hydration of the metakaolin-lime-water
system. Cem Concr Res 2001;31:177-82.

[5] Sabir BB, Wild S, Bai ]. Metakaolin and calcined clays as pozzolans for concrete:
a review. Cem Concr Compos 2001;23:441-54.

[6] Frias M, Garcia R, Vigil R, Ferreiro S. Calcination of art paper sludge waste for
the use as a supplementary cementing material. Appl Clay Sci
2008;42:189-93.

[7] Grim RE. Clay mineralogy. 2nd ed. New York: Mc Graw-Hill; 1968.

[8] Rocha J, Klinowski ]J. Solid-state NMR studies of the structure and reactivity of
metakaolinite. Angew Chem Int Ed 1990;29:553-4.

[9] Hojamberdiev M, Kameshima Y, Nakajima A, Okada K, Kadirova Z. Preparation
and sorption properties of materials from paper sludge. ] Hazard Mater
2008;151:710-9.

[10] Frias M, Cabrera J. Influence of MK on the reaction kinetics in MK/lime and
MK-blended cement systems at 20 °C. Cem Concr Res 2001;31:519-27.

[11] Frias M. Study of hydrated phases present in a MK-lime system cured at 60 °C
and 60 months of reaction. Cem Concr Res 2006;36:827-31.

[12] de Silva PS, Glasser FP. Phase relations in the system CaO-Al,03-SiO,-H,0
relevant to metakaolin-calcium hydroxide hydration. Cem Concr Res
1993;23:627-39.

[13] Hong SY, Glasser FP. Phase relations in the CaO-SiO,-H,0 system to 200 °C at
saturated steam pressure. Cem Concr Res 2004;34:1529-34.

[14] Luke K. Phase studies of pozzolanic stabilized calcium silicate hydrates at
180 °C. Cem Concr Res 2004;34:1725-32.

[15] Matschei T, Lothenbach B, Glasser FP. Thermodynamic properties of Portland
cement hydrates in the system CaO-Al,03-SiO,-CaS04-CaCO3-H,0. Cem
Concr Res 2007;37:1379-410.

[16] Damidot D, Glasser FP. Investigation of the CaO-Al,03-Si0,-H,0 system at
25 °C by thermodynamic calculations. Cem Concr Res 1995;25:22-8.

[17] Alonso S, Palomo A. Alkaline activation of metakaolin and calcium hydroxide
mixtures: influence of temperature, activator concentration and solids ratio.
Mater Lett 2001;47:55-62.

[18] He C, Makovicky E, Osbaeck B. Thermal stability and pozzolanic activity of
calcined kaolin. Appl Clay Sci 1994;9:165-87.

[19] Shi C, Grattan-Bellew PE, Stegemann JA. Conversion of a waste mud into a
pozzolanic material. Constr Build Mater 1999;13:279-84.

[20] Frias M, Sanchez de Rojas M, Cabrera J. The effect that the pozzolanic reaction
of metakaolin has on the heat evolution in metakaolin-cement mortars. Cem
Concr Res 2000;30:209-16.

[21] Frias M, Sanchez de Rojas M, Rodriguez O, Garcia R, Vigil R. Characterisation of
calcined paper sludge as an environmentally friendly source of metakaolin for
manufacture of cementitious materials. Adv Cem Res 2008;20:23-30.

[22] Glasser FP. Properties of cement waste composites. Waste Manage
1996;16:159-68.



782 R. Ferndndez et al./Cement & Concrete Composites 32 (2010) 775-782

[23] Vigil de la Villa R, Frias M, Sanchez de Rojas MI, Vegas I, Garcia R. Mineralogical
and morphological changes of calcined paper sludge at different temperatures
and retention in furnace. Appl Clay Sci 2007;36:279-86.

[24] Moore DM, Reynolds RC. X-Ray diffraction and the identification and analysis
of clay minerals. 2nd ed. New York: Oxford University Press; 1997.

[25] Parkhurst DL, Appelo CA]J. User’s guide to PHREEQC (Version 2) - a computer
program for speciation, batch-reaction, one-dimensional transport, and
inverse geochemical calculations. US Geological Survey, Reston, VA; 1999. p.
312.

[26] Blanc P, Lassin A, Piantone P. Thermoddem a database devoted to waste
minerals. Orléans, France: BRGM; 2007. <http://thermoddem.brgr.fr>.

[27] Hummel W, Berner U, Curti E, Pearson FJ, Thoenen T. Nagra/PSI chemical
thermodynamic data base 01/01. USA: Universal Publishers/uPUBLISH.com;
2002.

[28] Dow C, Glasser FP. Alkali releases from crushed minerals and thermally
activated constituents of metakaolin. Adv Cem Res 2003;15:137-43.

[29] Lothenbach B, Matschei T, Moschner G, Glasser FP. Thermodynamic modelling
of the effect of temperature on the hydration and porosity of Portland cement.
Cem Concr Res 2008;38:1-18.

[30] Taylor HFW. Cement chemistry. 2nd ed. London: Thomas Telford; 1997.

[31] Hidalgo A, Petit C, Domingo C, Alonso C, Andrade C. Microstructural
characterization of leaching effects in cement pastes due to neutralisation of
their alkaline nature. Part II: Portland cement pastes. Cem Concr Res
2007;37:63-70.

[32] Saikia N, Sengupta P, Gogoi PK, Borthakur PC. Cementitious properties of
metakaolin-normal Portland cement mixture in the presence of petroleum
effluent treatment plant sludge. Cem Concr Res 2002;32:1717-24.

[33] Trezza MA, Lavat AE. Analysis of the system 3CaO Al,05-CaS0,4-2H,0-CaCO3-
H,0 by FT-IR spectroscopy. Cem Concr Res 2001;31:869-72.

[34] Yu P, Kirkpatrick RJ, Poe B, McMillan PF, Cong X. Structure of calcium silicate
hydrate (C-S-H): near-, mid-, and far-infrared spectroscopy. ] Am Ceram Soc
1999;82:742-8.

[35] Bich C, Ambroise ], Péra ]. Influence of degree of dehydroxylation on the
pozzolanic activity of metakaolin. Appl Clay Sci 2009;44:194-200.

[36] Kakali G, Perraki T, Tsivilis S, Badogiannis E. Thermal treatment of kaolin: the
effect of mineralogy on the pozzolanic activity. Appl Clay Sci 2001;20:73-80.

[37] Rocha ], Adams JM, Klinowski J. The rehydratation of metakaolinite to
kaolinite: evidence from solid-state NMR and cognate techniques. ] Solid
State Chem 1990;89:260-74.

[38] Nyquist RA, Kagel RO. Infrared spectra of inorganic compounds. San
Diego: Academic Press; 1973.

[39] Van der Marel HW, Beutelspacher H. Atlas of infrared spectroscopy of clay
minerals and their admixtures. Amsterdam: Elsevier Scientific Publications;
1976.

[40] Johnson JW, Oelkers EH, Helgeson HC. SUPCRT92: a software package for
calculating the standard molal thermodynamic properties of minerals, gases,
aqueous species, and reactions from 1 to 5000 bar and 0 to 1000 °C. Comput
Geosci 1992;18:899-947.

[41] Midgley HG, Bhaskara Rao P. Formation of stratlingite, 2Ca0-Si0,-Al,05-8H,0,
in relation to the hydration of high alumina cement. Cem Concr Res
1978;8:169-72.

[42] Ding J, Fu Y, Beaudoin JJ. Strdtlingite formation in high alumina cement-silica
fume systems: significance of sodium ions. Cem Concr Res 1995;25:1311-9.

[43] Garcia R, Vegas I, Vigil de la Villa R, Frias M. lon mobilisation and transport
through cement mortars blended with thermally activated paper sludge in
natural climatic conditions. Water Air Soil Poll 2009;203:39-52.

[44] Vegas [, Urreta J, Frias M, Garcia R. Freeze-thaw resistance of blended cements
containing calcined paper sludge. Constr Build Mater 2009;23:2862-8.


http://thermoddem.brgr.fr

	Mineralogical and chemical evolution of hydrated phases in the pozzolanic  reaction of calcined paper sludge
	Introduction
	Materials and methods
	Results
	Initial characterization of the calcined paper sludge
	Aqueous chemistry
	XRD
	SEM
	FTIR
	Thermodynamic modeling

	Discussion
	Conclusions
	Acknowledgments
	References


