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Wastepaper sludge ash (WSA) from a newsprint paper mill was investigated for its mineralogical compo-
sition and its reaction products and strength development after activation with water and sodium and
potassium hydroxide solutions. The results showed the WSA to consist of calcite, free lime, gehlenite, tri-
calcium aluminate, belite, talc, quartz and probably a glassy phase. The principle reaction product was
monocarboaluminate (CO3–AFm) for the water- as well as for the alkali-activated WSA. Formation of
monocarboaluminate and strength gain was more rapid for the alkali-activated WSA until 1 day of curing.
However, afterwards reactions proceeded much slower when alkali solutions were used, leading to an
about twice as high compressive strength for water-activated WSA mortars after 28 days of curing.
The observed behavior is tentatively ascribed to a less uniform microstructure of the alkali-activated
WSA. Significant differences between NaOH- and the KOH-activated WSA were not observed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In paper recycling, several types of waste sludge are produced;
these sludges contain organics as well as inorganic fillers of the
recycled paper (kaolin clay, calcium carbonate, talc, titanium diox-
ide). Part of them is reused in cement and ceramics industry, for
soil improvement etc. [1]; a recent attempt is to produce metaka-
olin from the sludge by controlled calcination [2–4]. However, a
large fraction of the sludge is still incinerated, which serves to re-
cover energy and particularly to reduce the volume of waste mate-
rial to be handled. The ashes generated in this process, often
referred to as wastepaper sludge ash (WSA), differ widely in their
chemical and mineralogical composition, depending on the com-
position of the feedstock, the production and waste treatment pro-
cesses and the conditions of combustion [1,5]. Despite the volume
reduction by incineration, the amount of waste, i.e. WSA, is still
very large, which poses a significant problem to the paper industry,
if no added-value application can be found for the WSA, i.e., if it has
to be landfilled or otherwise handled entailing costs.

In this context, several studies investigated the use of WSA as
cementitious material, either alone, in blends with Portland ce-
ment or mixed with other binder materials [6–13]. These studies
confirmed that WSA generally possesses cementitious properties.
Thus, in principle it may be used as binder or as supplementary
cementitious material, which would not only reduce the amount
of waste from paper industry to be landfilled, but would also con-
tribute to lowered anthropogenic carbon dioxide emissions by par-
tial replacement of Portland cement. However, only few studies
[6,12,13] provided information about which compounds formed
on hydration of WSA or blends containing WSA. Since the phase
assemblage of the hardened pastes determines their mechanical
properties and durability, it is essential to provide more data on
the evolution of the reaction products, including the influence of
specific compounds, which may be introduced intentionally or
contained in the cementitious materials, used for mixing with
the WSA. The present work aims to contribute to these issues by
analyzing a WSA for strength development and reaction products
after addition of water as well as after alkali-activation with so-
dium hydroxide and potassium hydroxide solutions.
2. Materials and methods

2.1. Starting materials

The wastepaper sludge ash (WSA) used as starting material in
the present study was collected from a paper mill that produces
newsprint, using exclusively recovered paper as raw material. It
is a mixture of bottom ash and fly ash generated in co-combustion
of sludge and smaller amounts of rejects from the recycling process
and wood biomass in the fluidized bed of an on-site co-generation
power station. Its main oxide composition and loss on ignition
(LOI) are shown in Table 1. The fractions of CO2 and free lime
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Table 1
Chemical composition of the WSA.

Oxide Amount in %

SiO2 22.33
Al2O3 11.97
Fe2O3 0.59
TiO2 0.36
CaO 44.18
MgO 2.42
Na2O 0.24
K2O 0.40
SO3 3.64
Cl� 0.45
LOI 13.34
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Fig. 1. Powder X-ray diffractogram (CuKa radiation) of the unhydrated WSA. Main
peaks are labeled T: talc, CH: portlandite, Q: quartz, Cc: calcite, G: gehlenite, C: lime,
C3A: tricalcium aluminate, C2S: belite.
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(CaOfree) in the WSA were determined to be 11.7% and 10.3%,
respectively. The mineralogical composition of the WSA is dis-
cussed in Section 3.1.

The WSA is generated and collected as powder, containing
agglomerates of considerable size. It was ground shortly (6 s) in
a vibratory disc mill to break up larger agglomerates. After this
treatment, the particle size distribution of the WSA was:
100% < 351.5 lm, 90% < 125.8 lm, 50% < 16.6 lm, 10% < 1.8 lm
(determined by laser granulometry, dispersion in propan-2-ol).
The density of the WSA was determined to be 2.66 g cm�3.

NaOH and KOH solutions of molar concentration 2 M were pre-
pared from NaOH and KOH pellets (purissimum grade), respec-
tively, and deionized water.

2.2. Paste samples

Pastes were prepared by addition of either deionized water (re-
ferred to as water-activated WSA), 2 M NaOH solution, or 2 M KOH
solution (jointly referred to as alkali-activated WSA) to the WSA at
a volume of liquid/mass of solid ratio of 1.00 cm3 g�1 (equivalent to
a water/solid ratio by mass of 1.00 for the water-activated paste).
For the alkali-activated pastes this means that the amounts of
Na2O and K2O in the samples were 6.2% and 9.4% by WSA weight,
respectively. At volume of liquid/mass of solid ratios significantly
lower than 1.00 cm3 g�1 the pastes were not flowable enough to
be mixed and cast without excessive air voids inside.

Mixing of the pastes was done manually. They were cast into
cubes of edge length of 20 mm and cured in the moulds (not
capped), stored in a closed box over an open water surface at
23 �C. After the desired curing time of 1, 3 or 7 days (and 28 days
for the water-activated WSA) the hardened pastes were demoul-
ded and dried by vacuum at a pressure <0.04 Pa and a temperature
of 40 �C for 6–9 days (usually 7 days) and then stored in a desicca-
tor over silica gel until required for testing. The mass loss after vac-
uum drying ranged from 55.0% to 68.6%, depending on activator
and sample age.

2.3. Strength testing (paste samples)

For compressive strength determination the paste samples
were tested using a 10 kN-testing machine at a loading rate of
240 N s�1. Each strength value reported is the average of the results
of five specimens.

2.4. X-ray diffraction analyses

For X-ray diffraction (XRD) analysis, the paste samples were
ground in a vibratory disc mill. Powder diffraction patterns were
recorded in h/2h geometry in the range 3–63� 2h at 1� min�1

(0.02� steps) [paste samples] or 4� min�1 (0.02� steps) [unhydrated
WSA], using CuKa radiation. The X-ray tube operated at 40 kV and
40 mA. The specimen holder was rotated at 30 rpm during mea-
surements to improve particle orientation statistics.

2.5. Thermogravimetric analyses

Thermogravimetric analyses were conducted on WSA and pow-
dered paste samples of approximately 0.30 g at a constant heating
rate of 5 K min�1 in flowing nitrogen. Recorded results are ex-
pressed as thermogravimetric (TG) and differential thermogravi-
metric (DTG) curves.

2.6. Mortar samples

For auxiliary strength tests, mortar samples were prepared from
another batch of WSA from the same paper mill, with chemical
composition (including CO2 and CaOfree) very similar to that of
the WSA, used for the tests described above. The WSA was not
ground, since it was presumed that mixing together with aggre-
gates would lead at least to a partial destruction of agglomerates.

For each kind of activator and curing time, a set of three pris-
matic test specimens 40 mm � 40 mm � 160 mm in size were pre-
pared from 1350 g of CEN-standard sand (0–2 mm), 450 g of WSA
and 405 cm3 of activator (deionized water, 2 M NaOH or 2 M KOH
solution). The presence of aggregates allowed the volume of liquid/
mass of WSA ratio to be 0.90 cm3 g�1, i.e. lower than for the paste
samples, at an acceptable workability. Mixing of the mortars was
done in a mixer according to EN 196-1. The mortars were cast in
two layers into steel moulds, vibrating the mould after casting each
layer for 45 s. The moulds were covered with a plate of glass and
stored in a closed box over an open water surface at 23 �C. After
24 h the specimens were demoulded and either immediately used
for 1 day strength tests or put back into the closed box until the de-
sired total curing time of 3, 7 or 28 days. The latter samples were
subjected to strength testing directly after removal from the box,
i.e. without drying, too. Flexural and compressive strength testing
was conducted according to EN 196-1.

3. Results

3.1. Mineralogical composition of the WSA

From XRD analysis calcite (CaCO3), lime (CaO), portlandite
(Ca(OH)2), talc (Mg3Si4O10(OH)2), gehlenite (Ca2Al(AlSi)O7) and
quartz (SiO2) are readily identified as crystalline compounds in
the WSA (Fig. 1). In addition, the hump in the diffractogram at
about 25–35� 2h suggests the presence of an amorphous phase.

The reflection at glancing angle 33.3� 2h is attributed to trical-
cium aluminate (Ca3Al2O6). This assignment is supported by the
fact that the peak disappeared already after one day of hydration
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-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.070

75
80
85
90
95

100

0 100 200 300 400 500 600 700 800 900 1000

D
iff

. r
el

. w
ei

gh
t (

%
/m

in
)

R
el

at
iv

e 
w

ei
gh

t (
%

)

Temperature (°C)

1 day
3 days
7 days
28 days

water-activated

84 G.J.G. Gluth et al. / Cement & Concrete Composites 45 (2014) 82–88
(see Sections 3.2. and 3.3.), consistent with the high reactivity of
tricalcium aluminate. A smaller peak at 41.2� 2h indicates the pres-
ence of belite (b-Ca2SiO4). Other main peaks of this compound at
about 32.2, 32.7, 36.8 and 37.5� 2h appear to be superimposed by
lime in the unhydrated WSA and partly by monocarboaluminate
in the hydrated pastes (see Sections 3.2. and 3.3).

The thermogravimetric analysis of the WSA (Fig. 2) confirmed
the presence of calcium carbonate (DTG peak at�800 �C) and small
amounts of portlandite (�410 �C). The portlandite in the WSA very
likely originates from hydration of small quantities of free lime
during transport and storage. The TG/DTG curves further indicate
that virtually the complete amount of CO2 in the WSA (11.7%
according to wet chemical analysis) is bound as calcium carbonate.
Based on this, the fraction of the latter in the WSA can be calcu-
lated to be about 27%.

3.2. Water-activated WSA

Fig. 3 shows the diffractograms of the WSA hydrated with water
after different curing times up to 28 days. Peaks of calcite, portlan-
dite, monocarboaluminate (Ca4Al2(OH)12CO3�5H2O, ‘‘CO3–AFm’’)
[14,15], quartz, gehlenite, belite and talc can be distinguished
starting from the first day of hydration. The peaks of portlandite
decreased with curing time and have disappeared after 28 days.
Also, the reflection from belite at 41.2� 2h becomes less pro-
nounced with curing time and can no longer be distinguished after
day 7. The peaks of lime and that related to tricalcium aluminate,
both present for the unhydrated WSA, were absent for the hy-
drated pastes already after 1 day of hydration. The relative height
of the monocarboaluminate main peak at 11.7� 2h gradually in-
creased with curing time, indicating its continuous formation.

The DTG curves of the hydrated pastes (Fig. 4) confirm the XRD
results and give some information about the evolution of the phase
assemblage. The peaks at about 460 �C and 775–800 �C are related
to the thermal decomposition of portlandite and calcite, respec-
tively. Portlandite is formed by reaction of the water with free lime
at the beginning of the hydration. In the further course of the
hydration, portlandite and calcite dissolved, shown by the dimin-
ishing of the respective peak heights. (The change in the amount
of calcite is not apparent in the XRD results, Fig. 3. However, de-
spite care in preparation and homogenization of the samples, it
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Fig. 2. TG/DTG curves of the unhydrated WSA.

Fig. 4. TG/DTG curves of the water-activated WSA after 1, 3, 7 and 28 days of
curing.
is most likely that this is caused by sampling effects.) At 28 days,
virtually all portlandite was consumed. The peaks at 180–200 �C
and about 250 �C as well as the shoulder at about 700–740 �C
can be attributed to monocarboaluminate [2,16], formed by reac-
tion of the dissolved calcium and carbonate with alumina from
either tricalcium aluminate or the glassy phase of the WSA. These
peaks are present already after one day and increased in course of
the reaction, in particular from day 1 to day 3 of curing. From day 7
to day 28 a significantly slower formation of monocarboaluminate
can be noted. The shoulder in the DTG curves around 100–120 �C
can be assigned to either ettringite (Ca6Al2(OH)12(SO4)3�nH2O) or
C–S–H. Since no indications of ettringite were found from
the XRD analyses, it is likely that the latter shoulder is related to
C–S–H.

Strength results for the water-activated pastes are included in
Fig. 5 and for the water-activated mortars in Fig. 6. Consistent with
the development of the amount of monocarboaluminate until the
seventh day of curing, the strengths of the paste and the mortar
continuously increased until this curing time and afterwards rose
more slowly. (For the water-activated paste, the compressive
strength after 28 days of curing, not shown in Fig. 5, was 11.1 MPa).
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Fig. 6. Strengths of the WSA mortars: (a) compressive strength, (b) flexural
strength.
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Fig. 9. TG/DTG curves of the NaOH-activated WSA after 1, 3 and 7 days of curing.
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3.3. Alkali-activated WSA

As shown in Figs. 7 and 8, the principle phases detected by XRD
in the NaOH-activated and the KOH-activated pastes were the
same as for the water-activated paste, viz. calcite, portlandite,
monocarboaluminate, quartz, gehlenite, belite and talc were found.
However, only small variations of the relative peak heights of
monocarbonate as well as of calcite occurred, indicating only small
changes in their amount from 1 to 7 days of curing. Since the car-
bonate ions in the monocarboaluminate, formed after 1 day, must
come from the calcite of the WSA (Section 3.1), its formation
proves that partial dissolution of calcite nevertheless took place
during the first day of hydration. As with the water-activated
paste, peaks of lime and tricalcium aluminate were absent already
after 1 day of curing.

Comparison of the step heights of the TG curves of the alkali-
activated pastes (Figs. 9 and 10; assignment of DTG peaks/TG steps
as for the water-activated paste, see Section 3.2.) with those of the
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water-activated paste (Fig. 4) shows that in the alkali-activated
pastes the quantity of monocarbonate after 1 day of curing is con-
siderably higher than in the water-activated pastes, while the
amount of calcite is lower. In the further course of curing, only
minor changes in the amounts of calcite and monocarbonate oc-
curred in the alkali-activated pastes, confirming the XRD results.
Somewhat more pronounced but still small changes were recorded
for the amount of portlandite in both pastes (decreasing with cur-
ing time) and the height of the shoulder at 100–120 �C, attributed
to C–S–H, for the KOH-activated paste (increasing with curing
time). Summarizing, the thermogravimetric analyses show that
in the NaOH- as well as in the KOH-activated paste the formation
of monocarbonate proceeded significantly faster than for the
water-activated paste until 1 day of curing but afterwards the
hydration reactions took place much slower, almost ceasing.

The strength development of the alkali-activated pastes and
mortars (Figs. 5 and 6, respectively) is quite different from that
of the water-activated ones. A rapid increase of strength was ob-
served, with compressive and flexural strengths about 2–6 times
those of the water-activated materials after 1 day of hydration.
Thereafter the strengths rose more slowly than in the water-activated
materials, such that after 3–7 days of curing the strengths of the
latter attain that of the alkali-activated WSA. Fig. 6 further shows
that after that curing time compressive and flexural strength of
the alkali-activated mortars remained virtually constant, while
the compressive strength of the water-activated mortar was still
increasing considerably. Significant differences between the
behavior of the NaOH- and the KOH-activated materials were not
observed.

4. Discussion

The WSA investigated in the present work contained calcite,
lime, tricalcium aluminate, gehlenite, belite, quartz and talc as
crystalline phases, which were found in WSA from other paper
mills, as well [6,9–13]. However, depending on raw materials
and processing conditions, the amounts of these phases differ
and other phases may occur, thus, also the reaction products
may vary. In the present study, calcite was present in the WSA at
a relatively high quantity (�27%), compared to the ashes studied
by most other investigators, but similar to one of the ashes studied
by Davidenko et al. [13].

The high water demand of the WSA (insufficient workability of
pastes at volume of liquid/mass of solid ratios lower than 1.00 cm3

g�1) is probably caused by its particle morphology, which is gener-
ally found to be irregular and porous for this kind of material
[5,8,9,12]. In addition, the WSA may contain significant amounts
of carbon as remnant from the combustion process (cf. [5]), which
also would increase the water demand due to its high surface area.
Mortars could be prepared at a somewhat lower liquid/solid ratio
of 0.90 cm3 g�1; however, to achieve higher strengths and imper-
meability of mortars or concretes produced from it, a further
reduction of the liquid/solid ratio has to be facilitated. This may
be done by blending the WSA with suitable binder materials [6],
optionally combined with the addition of superplasticizers [13].

The principle reaction product of the WSA, whether water- or
alkali-activated, was monocarboaluminate. Calcium, aluminium
and carbonate for the formation of the latter are provided by cal-
cite, free lime (hydrated to give portlandite), tricalcium aluminate
and also belite, whose fractions in the pastes decreased during
hydration. Silicon for the formation of the smaller amounts of C–
S–H, detected by TG/DTG, must have been mainly released by bel-
ite and probably by the glassy phase of the WSA, since gehlenite
and quartz are known to be inert. The glassy phase may also con-
tribute to calcium and aluminium release.

Neither ettringite (which is the sulfate-bearing hydrate ex-
pected to co-exist with monocarbonate [17,18]) nor any other sul-
fate-bearing phase was detected by XRD in any of the investigated
pastes. Zhang and Glasser [19] observed that strong vacuum drying
can lead to destruction of ettringite to an extent that it cannot be
detected by XRD. However, these authors also found that drying
to this point normally destroys AFm (monosulfoaluminate, ‘‘SO4–
AFm’’, in that case), as well. Based on the latter finding and since
in our investigation monocarboaluminate gave clear reflections,
we presume that, if ettringite would have been present at a signif-
icant amount, it would have led to distinguishable peaks in the dif-
fractograms, too. Furthermore, solid solution between
monocarboaluminate and monosulfoaluminate does not exist
[18,20]. Thus, the sulfate contained in the WSA appears to be dis-
solved only to a small amount (i.e., existing in an sparingly soluble
form), the amount of its reaction products accordingly being below
the detection limit of the XRD analyses. However, the possibility of
significant ettringite formation and its degradation during drying
cannot completely ruled out. Despite the relatively high amount
of alkalis in the NaOH- and KOH-activated pastes, also no alkali-
bearing compounds were detected by XRD in the pastes, which
parallels findings of Wang and Scrivener [21] for alkali-activated
slag.

The main difference between the water- and the alkali-acti-
vated pastes was the temporal progress of the formation of reac-
tion products and the strength development. In the NaOH- and
KOH-activated pastes the formation of monocarboaluminate and
the consumption of portlandite and calcite were much faster until
the first day of curing than for the water-activated paste, but after-
wards almost ceased. In line with this, the compressive strength of
the alkali-activated WSA increased much more rapidly than that of
the water-activated WSA until 1 day of curing but afterwards rose
much slower, remaining practically constant after 7 days. On the
contrary, the compressive strength of the water-activated mortar
increased further after this period, although slower than before,
and attains an about twice as high value after 28 days. Thus, in
cases when rapid strength development is required, the use of
alkalis for activation of the WSA is feasible, however, the maximum
strength is then affected. This behavior should also be taken into
account, if WSA is blended with materials containing high amounts
of soluble alkalis, e.g. cement kiln dust. The flexural strengths were
similar for all mortars after 28 days. This is attributed to the fact
that, in addition to the amount of the main cementing phase
monocarboaluminate, also the presence of flaws and microcracks
strongly influences flexural strength.

The faster reaction and strength gain of the alkali-activated
WSA is caused by the high alkalinity of the activating solution,
which facilitates faster dissolution of the WSA. Regarding the stag-
nation of these processes after about 1 day, a mechanism analo-
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gous to that observed for curing of Portland cement at elevated
temperatures (40–50 �C) is assumed. Higher temperatures acceler-
ate the hydration of cement, which causes higher strength in the
first days of curing, compared to that of cement cured at ambient
temperature. However, in the further course of curing, the strength
of the latter exceeds that of the cement cured at elevated temper-
ature. This is caused by the development of a dense rim of hydra-
tion products around the cement grains, the reason for this being
the higher reaction rate than diffusion rate of the dissolved species
at higher temperatures. This in turn hinders further reaction and
leads to a more inhomogeneous microstructure with a higher frac-
tion of large pores at elevated temperature-curing [16,22]. A com-
parable behavior has been observed with alkali-activated slag as
well: When activated with NaOH or KOH, slag attains higher early
compressive strength compared to slag, activated with sodium
waterglass ((Na2O)(SiO2)x), while at later age, the strength of the
waterglass-activated material is much higher [23,24]. Also in that
case, the slower long-term strength development, given by activa-
tion with alkali hydroxide solutions, is caused by formation of
dense hydration products around the slag particles in the begin-
ning, impacting on further hydration and thereby leading to a coar-
ser, more porous microstructure [23,24]. Similarly, the accelerated
reaction of the WSA in alkali solutions may lead to a dense rim of
AFm and C-S-H around the WSA particles, by that impeding further
dissolution and causing a more inhomogeneous microstructure
with significantly lower compressive strength.
5. Conclusions

The WSA investigated in the present work consisted mainly of
calcite, free lime, gehlenite, tricalcium aluminate, talc, quartz,
some belite and probably a glassy phase. Hydration with water
led to hydration of the free lime to give portlandite and rapid dis-
solution of the tricalcium aluminate, while portlandite and calcite
dissolved continuously until 28 days of curing. The principle
hydration product was monocarboaluminate, smaller amounts of
C–S–H were also found. Parallel to the formation of monocarboalu-
minate, the strength of the water-activated paste and mortar in-
creased continuously until 7 days of curing. Afterwards the
strength gain was less rapid, but still significant.

Alkali-activation with 2 M NaOH or 2 M KOH solution led to a
much more rapid formation of monocarboaluminate until 1 day
of curing. Subsequently, the reaction and strength development
proceeded slower than in the water-activated WSA, nearly ceasing
after 7 days. This led to higher strengths after 1 day, but apprecia-
bly lower compressive strengths for the alkali-activated WSA after
28 days, compared to those of the water-activated WSA. This
behavior of the alkali-activated WSA was tentatively attributed
to the formation of a more inhomogeneous microstructure, analo-
gous to the phenomena occurring with Portland cement, cured at
elevated temperatures, and with slag, activated with alkali hydrox-
ide solutions instead of waterglass. NaOH- and KOH-activated WSA
behaved very similar, i.e. no significant influence of the kind of al-
kali ions in solution was observed.

Future research on the WSA should evaluate the validity of the
proposed mechanism for the lower long-term strength of the alka-
li-activated WSA by use of scanning electron microscopy and/or
mercury intrusion porosimetry. However, the presented results
can already be used for a systematic selection of suitable alterna-
tive binder materials for blends with the WSA, in particular by con-
sidering the alkali content of the former. Equally important,
knowledge about the reaction products of WSA is the basis for
assessing the durability of these materials. For example, since
monocarboaluminate is the main product of the investigated
WSA, its chloride binding capacity is expected to be high, with lit-
tle expansion caused by the chloride uptake [25]; on the other
hand, ingress of sulfate will directly lead to the formation of
ettringite [17,18]. By making use of this information, possible
applications of WSA-based binders, e.g. in low grade concrete
[6,8], road construction (soil stabilization) [11,12,26], mine backfill
and waste stabilization/solidification [10], may be put into prac-
tice. In addition, the results can be used to improve the efficiency
of the WSA as supplementary cementitious material in blends with
Portland cement [9,13] by adjusting the amount of calcite intro-
duced by the WSA to the cement composition, in particular the
SO3 and Al2O3 content [18,27].
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