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Phosphorous slag is an industrial waste which potentially pollutes environments. The aim of the present work is to use
phosphorous slag as a raw material to produce alkali-activated cement. The influence of mix proportion of phosphorous
slag and fly ash, alkali content and modulus of water glass on the properties of alkali-activated phosphorous slag and fly
ash cement (AA—PS—FA—-C) was studied. The results show that AA—PS—FA—C with normal setting performance and desirable
mechanical properties can be prepared using water glass as the activator. Changing the fly ash content in the range of
0 - 40 wt. % has only a small influence on the setting time of AA—PS—FA—C. The strengths significantly decrease when the
[fly ash content exceeds 30 wt. %. The carbonation resistance of AA—PS—FA—C is similar to that of ordinary Portland cement
(OPC), while the frost resistance is much better. The hardened paste of AA—PS—FA—C is much more compact than OPC paste.

INTRODUCTION

Alkaline cement has attracted widespread attention
because of its simple production process, full utilization
of industrial waste as raw materials, low pollution
and good performance [1-3]. The mostly investigated
waste for preparing alkaline cement is granulated blast
furnace slag (GBFS), which has good potential hydraulic
properties [4-11]. Since GBFS has been widely used in
the production of ordinary Portland cement and concrete,
and there is a shortage of the slag supplement, it is
necessary to seek new resources to substitute GBFS.

Phosphorous slag is an industrial waste from
yellow phosphorus production. Quenched phosphorous
slag is composed mainly of amorphous material and
its chemical and mineral composition is similar to
GBFS, so that it is expected to be a possible material
resource to prepare alkali-activated cement. But before
use it is of course necessary to carry out comprehensive
studies on alkali-activated phosphorous slag cement.
Fly ash is also an industrial waste. Although now being
widely used in cement and concrete, its utilization is
still unsatisfactory. Nevertheless, there has been quite a
few reports concerning alkali-activated fly ash cement,
and the effect of fly ash as the raw material for alkali-
activated cement has been gradually recognized [12-14].
With respect to the aforementioned facts, the preparation

This paper mainly studies the influence of mix
proportion of phosphorous slag and fly ash, alkali con-
tent and module of water glass on the properties of
alkali-activated phosphorous slag and fly ash cement
(AA-PS-FA—-C). The results of a preliminary study on
the carbonation and frost-resistance of AA—PS-FA-C
are reported as well.

EXPERIMENTAL

Materials

Granulated phosphorous slag (PS) from Yunnan
Phosphorus Group Co., Ltd and Class II fly ash (FA)
conforming to Chinese standard GB/T 1596-2005 [15]
from Nanjing Huaneng Power Plant, water glass (WG),
and chemical reagent NaOH were used as the raw
materials. Two ordinary Portland cements, Chinese
P-1142.5 (PII) and P-O42.5 (PO) both conforming to GB
175-2007 [16], were used as the references, and ISO

Table 1. Chemical compositions of phosphorous slag and fly
ash wt. %.

Material SiO, ALO; Fe,0; CaO MgO P,0, SO; IL*

PS 41.23 440 487 44.06 027 144 - 170

of alkali-activated cement containing both phosphorous FA 4976 32.88 4.04 3.67 1.09 - 0.63 232
slag and fly ash seems to be possible. * Mass loss after being ignited at 950°C for 20 min.
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standard sand was used for preparing mortar specimens.
The chemical compositions of PS and FA as analyzed by
Jiangsu Test and Analysis Center with chemical methods
according to JC/T 1088-2008 [17] and GB/T 176-2008
[18], respectively, are shown in Table 1.

Experimental procedures

Preparation of AA—PS—FA-C

PS and FA were ground to have Blaine specific
surface areas of 435 m*kg™' and 463 m*kg™, respectively.
Water glass with different concentrations and SiO,/Na,O
modules were prepared by adding NaOH and water.
AA-PS—FA-C was prepared by mixing the phosphorous
slag, fly ash and water glass in designed proportions. The
water requirement for normal consistency and setting
times were tested according to GB/1346-2001 [18].

Strength test

The flexural and compressive strengths were tested
according to GB/T17671-1999 [19]. Mortar specimens
of 40 mm x 40 mm x 160 mm were prepared with the
sand to AA—PS—FA-C ratio 3.0 and the water (inclu-
ding the water contained in the water glass) to AA—
PS—-FA—C ratio 0.5. The specimens were cured in the
mould at 20 (+ 1)°C and relative humidity (RH) > 90 %
for 24 hours, and cured in water of 20 (£ 1)°C after
demoulding. Flexural and compressive strengths were
tested at the age of 3 days and 28 days by a TYE-10C
flexural and compressive testing machine for cement
mortar manufactured by China Wuxi Jianyi Instrument
and Machinery Co., Ltd (China). Three specimens were
tested each cement at each age according to the standard.

Carbonation and freezing and
thawing resistance

Six mortar specimens of 40 mm x 40 mm x 160 mm
for each set, three for carbonation and the other three for
freezing and thawing resistance tests, were prepared and
cured for 28 days under the same condition as those for
the strength test mentioned above. The carbonation test

Table 2. Physical and mechanical properties of AA—PS—-FA—C.

was performed in an IMHTX-X concrete carbonization
test chamber manufactured by INBER (Tianjin) Science
and Technology Development Ltd (China), at 20 = 1 °C
with the concentration of carbon dioxide 20 + 2 % and
RH =70+ 5 %. The carbonized depth was tested by 1 %
phenolphthalein ethanol solution. The freezing and
thawing test was performed using an H-3185 rapid
freezing and thawing tester manufactured by Humboldt
MFG. Co. (USA) with the freezing and thawing tempe-
ratures — 18°C and 8°C, respectively. The duration of each
cycle was about 3 hours. The response frequency was
tested by a DT-W18 dynamic elastic modulus detector
produced by Bejing Jingjing Science and Technology
Development Co., Ltd. (China). The relative dynamic
elastic modulus was obtained by dividing the square
of the response frequency of the specimen subjected
to freezing and thawing by the square of the response
frequency of the original specimen.

SEM analysis

Hardened cement paste specimens of ordinary Port-
land cement and AA-PS—FA—C with normal consistency
were prepared and cured at 20 (+ 1)°C and RH > 90 %
for 28 days. The paste specimens were sampled and im-
mersed in absolute alcohol for 48 hours to terminate the
hydration, and dried at 60°C for 10 hours. The fractured
sections of the sample were observed by an S-3400N sca-
nning electron microscope (SEM) produced by Hitachi
Co., Ltd (Japan), with the accelerating voltage 15 kV.

RESULTS AND DISCUSSION

Setting time and strength
Influence of fly ash content

Table 2 shows the water requirement for normal
consistency, setting time and mortar strength of AA—
—PS—FA—C with different phosphorous slag/fly ash mass
ratios. The Si0,/Na,O module of the water glass was 1.2
and the total amount of water glass and NaOH equivalent
to Na,O was 4 % of the sum of phosphorous slag and
fly ash. The water requirements of AA—PS—-FA-C are
a little lower than that of the references PII and PO.

Mix proportion . Setting time Strength (MPa)
Sample (wt. %) Water re;]ulrement (min) Flexural Compressive
PS FA (%) initial final 3d 28 d 3d 28d
PFO 100 0 252 140 215 6.8 7.2 31.6 523
PF1 90 10 24.8 130 200 5.8 7.0 22.5 354
PF2 80 20 24.6 125 205 4.3 6.7 20.8  30.6
PF3 70 30 24.4 130 200 3.9 5.9 17.5 254
PF4 60 40 24.0 145 230 33 4.8 154 203
PII - - 26.0 150 215 6.5 7.8 243 53.1
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Unlike most alkali-activated blast furnace slag cements,
the AA—PS—-FA—C set in a normal time. The reason is
that the phosphorous slag contains a certain amount
of soluble phosphorus, which retards the setting of the
alkali-activated cement [7]. Varying the fly ash content
in the range 0 - 40 % has only a small influence on the
setting time, especially on the initial setting time. Fly
ash is not as active as phosphorous slag, so that adding
fly ash can retard the overall reaction and setting process
in cementitious materials. On the other hand, adding fly
ash reduces the content of soluble phosphorus in the
cement, thus the retarding effect of soluble phosphorus
is weakened and the setting process accelerates. The
influence of fly ash on setting is a combination of the
two contradictory effects.

The strength of the AA—PS—FA—-C without fly ash
(PFO0) increased rapidly, attaining compressive strength
values as high as 31.6 MPa and 52.3 MPa, after 3 days
and 28 days, respectively. When fly ash was added, the
strength, especially early age strength, significantly
decreased, but the strengths of the cementitious
materials can still meet the requirement for P-1142.5
cement when the fly ash content does not exceed 20 %.
When the fly ash content exceeds 30 %, the strength of
the cementitious materials decrease significantly. The
results indicate that the addition of fly ash should be
controlled in the range of 10 to 20 % when preparing
AA-PS-FA-C.

Influence of alkali content

Table 3 shows the water requirement for normal
consistency, setting time and mortar strength of speci-
mens with different alkali content. The SiO,/Na,O
module of the water glass was 1.2. Adding fly ash in
the range of 0 - 40 % and increasing the Na,O level
increased the water requirements of the AA-PS-FA-C
slightly. It also shortened the initial setting time and
increased the flexural and compressive strengths. When
the water glass dosage equivalent to Na,O was 4 to 6 %,
the strengths of all the AA-PS-FA—C specimens meet
the requirement for P-1142.5 cement. Especially with
10 wt. % of fly ash and 6 wt. % of Na,O, the strengths
can meet the requirement for P-O 52.5R cement [16].
The strengths are basically the same as those reported
by Puertas et al for materials prepared with blast furnace
slag and fly ash [14]. When Na,O is up to 6 wt. %, the
AA-PS—FA—C sets too fast. So the dosage of water glass
equivalent to Na,O should be controlled in the range of
4 to 5 % when preparing AA-PS-FA-C.

Influence of water glass module

Table 4 shows the basic performance of AA-PS—
—FA-C with different module of water glass as the
activator, the water glass content being equivalent to
4 % Na,O. When the total content of Na,O is the same,
increasing the module of water glass increased the water

Table 3. Properties of AA—PS—FA—C with different alkali content.

Mix proportion " Water Setting time Strength (MPa)
Sample (wt. %) N?Co)/ requirement (min) Flexural Compressive
PS  FA (wt. %) (%) initial  final 3d  7d 28d 3d 7d 28d

PF1-1 90 10 3 24.6 160 270 32 41 5.8 16.2 253 329

PF1 90 10 4 24.8 130 190 44 58 7.0 22.5 354 512
PF1-2 90 10 5 25.4 115 170 52 6.1 8.2 26.3 38.6 58.0
PF1-3 90 10 6 26.0 60 110 59 638 8.4 29.0 405 623
PF2-1 80 20 3 24.4 175 260 2.8 39 5.5 142 20.1 285

PF2 80 20 4 24.6 125 175 38 43 6.7 20.8 30.6 455
PF2-2 80 20 5 25.2 115 175 45 57 7.2 235 356 503
PF2-3 80 20 6 25.8 80 135 48 6.0 7.5 254 389 524
* Total amount of water glass and NaOH equivalent to Na,O, as the weight percent of the sum of phosphorous slag and fly ash
Table 4. Properties of AA—PS—FA—C activated by water glass with different modulus.

Mix proportion ~ Module Water Setting time Strength (MPa)
Sample (wt. %) of water  requirement (min) Flexural Compressive
PS  FA glass (%) initial  final 3d  7d 28d 3d  7d 28d

PF1-1 90 10 1.0 242 125 200 4.1 5.6 7.0 232 30.8 46.5

PF1 90 10 1.2 24.8 130 190 44 58 7.0 22.5 354 512
PF1-2 90 10 1.5 25.2 150 170 42 6.0 7.2 20.0 358 49.8
PF1-3 90 10 1.8 25.8 140 180 30 52 6.3 18.5 283 385
PF2-1 80 20 1.0 242 130 180 35 55 6.5 19.2 28.1 402

PF2 80 20 1.2 24.6 145 210 38 53 6.7 20.8 30.6 455
PF2-2 80 20 1.5 25.0 140 190 3.8 49 7.0 19.8 31.4 482
PF2-3 80 20 1.8 25.2 165 230 29 38 5.4 163 254 32.1
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requirements of AA—PS—FA—C slightly. This has only a
slight effect on the setting time, but a great influence on
mechanical properties. When the module of water glass
is 1.2 - 1.5, the mechanical properties of AA—PS—-FA—C
are better.

Carbonation and frost resistance

Figure 1a shows the changes of carbonation depths
of the PF1 and PF2 specimens with carbonation ages.
The results of PII and PO cements were also presented
for reference. It can be seen from Figure la that the
carbonation resistances of the PF1 and PF2 specimens
were lower than that of PII and PO cements, but the
difference is not very significant. The Ca(OH), contents
in the AA—PS—FA—C pastes are much lower than those in
the PII and PO cement pastes, although the carbonation
resistances of the two varieties of cements are basically
the same. The reasons for that may be as follows: (1)
The alkalinity of the pore solution is higher in the
alkali-activated phosphorous slag-fly ash cement pastes
than those in the PII and PO cement pastes, so that
carbonation has less effect on the reducing of basicity
of the NaOH solution; (2) The hardened cement paste
of the alkali-activated phosphorous slag-fly ash cement
has a more compact structure than those of PII and PO
cements, which blocks the entering of CO,* ions and
delays the carbonation reaction.

Figure 1b shows the change of the relative dynamic
elastic modulus (P,) as the function of the cycles N
of freezing and thawing for PF1 and PF2 specimens,
respectively. The result for PII and PO cements were
also shown in the figure. The results indicate that the
freeze/thaw resistances of the mortar specimens of the
alkali-activated phosphorous slag-fly ash cement are
significantly higher than that of the PII and PO cements.
The relative dynamic elastic modulus of the PII and PO
cement specimens are less than 60 % of the initial value
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after 75 cycles, while those of PF1 and PF2 are still
higher than 60 % of the initial value after 125 cycles and
100 cycles, respectively.

Microstructure

Figures 2a and 2b are the SEM photographs of
the hardened PII and PF2 pastes, respectively. PII
paste is composed mainly of C-S—-H gel, Ca(OH),
and ettringite, and has a very compact structure. The
structure of the PF2 paste is even more compact,
and the main components of the paste are C—-S—-H
and C—A-H gels containing some small crystals and
glassy particles that probably came from fly ash.
X-ray diffraction analysis gives no exact information
about the mineral compositions of the crystals.

CONCLUSIONS

e Alkali-activated phosphorous slag and fly ash ce-ment
(AA-PS—-FA-C) has normal setting time. Varying the
fly ash content in the range 0 - 40 wt. % has only
a small influence on the setting time of AA—PS-FA—C.

e Adding fly ash reduces the mechanical properties of
AA-PS-FA-C. The strengths significantly decrease
when the fly ash content exceeds 30 wt. %. The
optimum content of fly ash is 10 - 20 wt. %.

e Using water glass with the module of 1.2 as activator,
AA—-PS-FA-C with desirable strength can be prepared
when the dosage of water glass equivalent to Na,O is
4 - 5 % of the sum of the phosphorous slag and fly ash.

e The carbonation resistance of AA—PS—-FA—C is simi-
lar to that of ordinary Portland cement, while the
frost resistance is much better. The hardened paste of
AA-PS-FA-C is much more compact than ordinary
Portland cement paste.
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Figure 1. Carbonation and frost resistances of the cements: a) carbonation depth with time; b) relative dynamic elastic modulus

with freeze-thaw cycles.
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Figure 2. SEM images of AA—PS—FA—C and Portland cement pastes hydrated for 28 days: a) P-11 42.5, b) PF2.
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