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Aluminum sulfate shows a positive effect on preventing efflorescence of magnesium potassium phosphate (MKP)
cements. Its influence on the MKP cement properties and hydration is explored in this study. Compared to a
reference cement (Mg/PO4 molar ratio = 4, w/c ratio = 0.25), aluminum sulfate retards setting, increases
compressive strength, and has little influence on the short-term volume stability. Aluminum sulfate slows down
the hydration kinetics, decreases the pH values, accelerates the depletion of KHyPOy4, and thus mitigates the

formation of efflorescence. It also modifies the hydrate assemblage. In addition to K-struvite, aluminum sulfate
leads to the formations of arcanite and aluminum-containing hydrates such as amorphous aluminum phosphate,
possibly phosphate containing LDH (layered double hydroxide) and minyulite-like phases. The formation of
amorphous MgHPO4 and minor amounts of bobierrite and brucite as observed in the reference paste, are sup-
pressed in the presence of aluminum.

1. Introduction

Magnesium potassium phosphate (MKP) cements have a clearly
different cement chemistry than Portland cements. They harden through
an acid-base reaction between hard- or dead-burnt magnesia (MgO) and
potassium monophosphate (KH3PO4). The predominant reaction
mechanism has been described as follows

MgO + KH,PO, + 5H,0—~MgKPO,-6H,0 (K — struvite) + Heat €h)

As represented in Eq. (1), K-struvite is the stoichiometric reaction
product of hydrated MKP cements and provides mechanical strength.
MKP cements benefit from fast setting, low shrinkage, strong-bonding
with pre-existing old Portland cement concrete structures, a near-
neutral pH, good immobilization properties for many toxic elements
and good biocompatibility [1-12], and thus have many applications,
including (but not limited to) construction and rapid repair materials
[3], bio-cements [11], and immobilization agents for reactive metals
with low-level radioactivity, like metallic aluminum [12,13]. However,
a wider application of MKP cements has been hindered mainly by the too
fast setting, the significant heat when applied in large structures and by

efflorescence which can occur in not well formulated cements
[12,14,15].

Efflorescence can also develop on surfaces of Portland cement-based
materials; there it contains mainly calcium carbonate, which is
aesthetically undesirable but has little impact on material long-term
properties and durability [16]. The appearance of efflorescence on
MKP cement surfaces, however, is generally associated with potential
long-term performance degradation processes such as expansion,
strength loss, and low water resistance [14,17,18]. The examination of
efflorescence products on MKP cement surfaces showed a mix of
unreacted KHyPO4 and several intermediate, metastable hydrates such
as phosphorrosslerite (MgHPO4-7H30), MgoKH(PO4)2-15H20, potas-
sium pyrophosphate (K4P207-3H20) and some unidentified phases
[17,18]. High magnesium-to-phosphate molar ratios (Mg/POy, e.g. >4)
and low water-to-binder ratios (w/b, e.g. <0.5) can suppress the
occurrence of efflorescence [17,18]. However, high magnesium-to-
phosphate molar ratios cause faster cement setting and higher heat
release, especially in large cement volumes. Blending MKP cements with
mineral additions such as wollastonite, fly ash, or metakaolin could also
prevent efflorescence, if the mix designs are optimized [15,19,20]. For
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Table 1

Chemical composition of the starting materials wt%.
Materials MgO SiOy Al,O3 Fe,03 CaO K>O NayO TiOy SO3 P,0s CO," L.O.L"
Magnesia 93.54 4.37 0.04 0.15 1.62 <0.02 <0.04 <0.007 <0.04 0.008 0.18 0.18
KH,PO,4¢ 0.45 2.01 <0.30 0.07 <0.06 36.63 0.28 0.021 <0.024 40.44 - 20.94

@ CO, content was calculated based on the total carbon content determined by combustion analysis.

b Loss on ignition: weight loss recorded upon heating to 950 °C for 60 min.

¢ Oxides and L.O.I. sum up to approx. 101 wt%. This is mainly related to the relative measurement uncertainties of K0 and P05 (2.7 wt% and 4.7 wt%, respectively)
in the XRF measurement using a pressed powder. The XRF composition indicates a composition of K; 4H; ¢PO41.2H,0 instead of KH;PO,.

Table 2
Mix designs of the cements used in this study referring to 100 g of magnesia + KH5PO4.
Sample Mg/PO, molar ratio” w/c ratio” Magnesia [g] KH,PO, [g] Al5(SO04)3-16H,0° Water [g] trs” [min]
[Al, mM] [g]
A: cement paste
P4-R 4 0.25 54.23 45.77 - - 25.00 8+1
P4-AlS 4 0.25 54.23 45.77 702 5.53 22.47" 17 £1
B: cement suspension
S4-R 4 5 54.23 45.77 - - 500.00 -
S4-AlS 4 5 54.23 45.77 35 5.53 497.47" -

@ Based on the chemical compositions of magnesia and KH,PO, given Table 1, the actual Mg/PO4 molar ratio is 4.9.
Y w/c = water-to-cement ratio. Cement is referred to the sum of magnesia and KH,PO,.
¢ The crystal water of Al5(SO4)3-16H,0 was counted as part of the mixing water. It was dissolved in water before use.

d

not optimized mixtures, efflorescence together with expansion and
cracking could still occur, as reported for fly ash (slag) blended-MKP
cements in [14,21].

Aluminum-containing admixtures, e.g. aluminum sulfate, have been
used as set accelerators in Portland cements [22]; however, they could
behave differently in MKP cements due to the different cement chem-
istries. Recently aluminum nitrate was reported having a good retar-
dation effect on MKP cement with a Mg/PO4 molar ratio of 1 and acting
more efficiently than boron compounds [6]. The present study not only
focuses on the retardation effect of aluminum sulfate, but also on its
efflorescence inhibition effect in MKP cement with a high Mg/PO4 molar
ratio of 4 and with the aimed application in the civil engineering field. A
series of experiments were carried out on determining the properties and
hydration of MKP cements without and with aluminum sulfate; more-
over, thermodynamic modelling of the stable hydration products was
implemented. For this purpose, a thermodynamic database related to
aluminum phosphates was compiled.

2. Materials and methods
2.1. Materials

The starting materials included dead-burnt magnesia (MgO) and
KH3POy4 in technical grade, and aluminum sulfate (Al2(SO4)3-16H20) in
chemical grade. Table 1 gives the chemical compositions of magnesia
and KHyPO4 as determined by X-ray fluorescence (XRF) analysis. The
mineralogical composition of magnesia was determined by X-ray
diffraction (XRD, CoKa, PANalytical X'Pert Pro) and has been reported in
[2,18,19,23]. The magnesia contained mainly periclase (MgO) and
minor amounts of forsterite (Mg,SiO4) and monticellite (CaMgSiOy).

Table 2 provides the mix designs of the cement pastes and suspen-
sions investigated in this study. All the cement pastes and suspensions
were prepared at the same Mg/PO4 molar ratio of 4 and at two different
w/c ratios of 0.25 and 5. Aluminum sulfate (Al»(SO4)3-16H50) was
added to the cements at the same dosages of 5.5%, by weight of
magnesia + KHaPO4. It was dissolved in water before use, corresponding
to the aluminum concentrations of 702 and 35 mM, respectively. It is
noted that the letters of ‘P’, ‘R’, ‘S’ and ‘AlS’ in P4-R, P4-AlS, S4-R and
S4-AlS stand for paste, reference, suspension, and aluminum sulfate,

tgs = paste final setting time measured by the Vicat needle test using around 200 g fresh paste.

respectively; and the number ‘4’ for the Mg/PO4 molar ratio of 4 used in
this study.

2.2. Methods

2.2.1. Compressive strength

Aluminum sulfate (Alx(SO4)3-16H,0) was dissolved in water first
before adding it to the dry mixture of magnesia and KH,PO4 based on
the mix designs given in Table 2. The mixing of the pastes was carried
out using a vacuum mixer at a speed of 250 rpm for 3 min. Prisms with
the dimensions of 20 mm x 20 mm x 100 mm were cast and demoulded
right after final setting (see Table 2); afterwards they were cured in air at
20 °C and relative humidity (R.H.) of 70% until the strength test after 7,
28, 217 and 370 days. A three-point bending test was conducted first
using a loading rate of 20 N/s and a span of 60 mm. Two prisms were
measured for each paste per sample age. Afterwards, the obtained four
prim halves were used for compressive strength measurement at a
loading rate of 1 MPa/s and a contact surface area of 20 mm x 20 mm.

2.2.2. Volume stability

Following the same casting procedure as described above, prisms
with the same dimensions of 20 mm x 20 mm x 100 mm were prepared
and demoulded right after final setting (see Table 2). After that, gauge
studs were glued to the both ends of each prism sample using an epoxy
adhesive. The first length reading was recorded 1 h after the addition of
water to the dry cement mixture using a micro-meter comparator
(ABOLUTE, Mitutoyo). All prisms were stored in a curing room at 20 °C
and a R.H. of 70%. The prism lengths were measured periodically to
obtain the relative length changes over time. Triplicated prisms were
measured for each mix.

2.2.3. Isothermal calorimetry

Hydration heat of the pastes was determined using an isothermal
conduction calorimeter (TA instruments, TAM Air, equipped with
Admix ampoules) at 20 °C. As given in Table 2, magnesia and KHyPO4
were weighted into ampoules and dry-mixed first. Aluminum sulfate
(Al3(SO4)3-16H20) was dissolved in deionized water before use. The
deionized water or aluminum sulfate solution was kept in syringes inside
the calorimeter, and was injected into the ampoules once the
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Table 3
Stability constants and solubility products (log K,°) of aluminum and phosphate containing aqueous complexes and solids at 25 °C and 1 bar added to the Cemdatal8
[32], and the magnesium calcium phosphate database [19,23,33].

Species Reaction log Kso° AG® (kJ/mol) Reference
Aqueous species
Al(HoPO,),™ AP* + 4H" 4 2P0, % © AIH4(PO4), 2 45.50 —2780.72 [34,35]
AlH,PO, 2 AI¥* 4+ 2H" + PO, 2 & AIH,PO, "2 22.2 —1629.07 [34]
AIHPO,* AT + HY + PO, % & AIHPO, ™ 21.6 —1625.65 [35]
AlPO,° AP* + PO, & AIPO,° 20.5 -1619.37 [35]
Solids Reaction Volume (cm®/ log Ko’ AG (kJ/ Reference”
mol) mol)
Solids
Berlinite: AlPO, < AIP* + PO + 2H,0 46.58 —20.24 —~1617.9 [39,40]
Variscite: AlPO4-2H,0 & AP 4 PO, + 2H,0 60.96 —25.1° —2120.0 ts, [41]
Amorphous aluminum phosphate: AlPO,-2H,0 & AI** + PO4*~ + 2H,0 60.96 —23.7° 21120 ts
Augellite: Aly(PO4)(OH)3 + 3H & 2A1%" + PO,*~ + 3H,0 73.89 -19.71 —2810.1 [42,43]
Senegalite: Aly(PO4)(OH)3-H,0 + 3H' & 2A1%" + PO,3™ + 4H,0
(Estimated log K,,° and A/G° values) 85.67 -19.71 —3047.3° ts, [44]
Wavellite: Al3(PO,)2(OH)3-5H,0 + 3H' « 3A1%* 4 2P0, + 8H,0 175.9 —31.33 —5564.7 [45,46]
Trolleite: Al4(PO,)3(OH); + 3H' & 4AI%" + 3P0,%~ + 3H,0 143.7 —65.72  —6077.5 [42,47]
Taranakite: K3Als(HPO4)6(PO4),-18H,0 < 3 K + 6H" + 5A1%" + 8P0,%~ + 625.7 -190.1¢  —16,769.5¢ ts, [48]
18H,0
Basic potassium aluminate phosphate KAl,(PO4),0H-2H;0 + H* & K* + 2AI%" 4 2P0, + 3H,0 132.2 —46.3¢ —4263.0° ts, [49]
(minyulite type):
Layered double hydroxides (LDH): OH-LDH:Mg4Al,(OH)14-3H20 < 4Mger + 2Al(OH)4~ + 60H™ + 220 —-56.0 —6394.6 [32]
3H,0
PO4-LDH: Mg4Aly(OH);2(HPO,),-4H,0 © 4Mg?™ + 2A1(0H),~ + 40H™ +
HPO,?™ + 4H,0
(Estimated volumes, log Ky,’, AfG° values) 222 —-53.0 —7389.1 ts, [50]
PO4-LDH: MgeAl,(OH);6(HPO,)2-5H,0 < 6Mg?" + 2A1(0H),~ + 80H™ +
HPO,?~ + 5H,0
(Estimated volumes, log Ky,°, A/G° values) 301 -75.3 —9290.6 ts, [50]
PO4-LDH: MggAl,(OH)20(HPO,),-6H,0 < 8Mg?" + 2A1(0H),~ + 120H +
HPO,?™ + 6H,0
(Estimated volumes, log Ky,°, A/G° values) 380 —-97.6 —11,192.2 ts, [50]
CaAIH(PO,), 6H,0 & Ca’" + H* + AI®* + 2P0, + 6H,0 163.6 —45.1 —4735.3 ts, [51]
Bearthite CayAl(PO,),0H + HY & 2Ca?" + AIPT + 2P0, + Hy,0 95.26 —30.65  —4038.7 [52,53]
Millisite KCaAlg(PO4)4(OH)g-3H,0 + 9H & K* + Ca?* + 6A1°* + 4P0O4° +
12H,0
(Estimated log K,° and A/G° values) 281.37 -58.87  -10994.0 ts, [54]
Ca-Millisite Cay 5Al6(PO4)4(OH)o-3H,0 + 9HT & 1.5Ca®" + 6A1% + 4P0,>~ +
12H,0
(Estimated log K,,° and A«G° values) 281.3/ —47.9° —10,925.7 ts
Crandallite CaAl3(PO4)»(OH)s-H,0 + 5H* « Ca?™ + 3A1%" + 2P0, + 6H,0  138.2 —35.9" —5669.2 ts, [55]
Montgomeryite CayAly(PO4)3(OH)-7H,0 + H « 2Ca®" + 2A1%* + 3P0,3~ + 8H,0
(Estimated log Ky,° and A/G° values) 454.3 -57.4' —7354.0 ts, [56]

3 Mean value of 1072484 [35], 107254*97 (recalculated from experimental values reported in [57]), and 107251#21 (recalculated from experimental values reported
in [58]). The stability of Al-PO, is strongly influenced whether the formation of Al-PO4 complexes is considered or not; neglecting the formation of Al-PO4 complexes
increases the solubility of variscite by approximately 3 log units. Based on the A¢G°® (—2120.0 kJ/mol) derived here, and the heat capacity (166.0 J/mol/K) and entropy
(134.5 J/mol/K), both determined by [59], an enthalpy A{H° of —2362 kJ/mol was calculated.

b Mean values from the recalculated solubility products based on the experimental data reported in Webber [60]: 10~ and based on Taylor and Gurney: 10~
*15 161 1, 107238+18 [52]. Based on the A¢G° (—2112.0 kJ/mol) derived here, and the heat capacity (166.0 J/mol/K) and entropy (134.5 J/mol/K), both determined by
[59] for variscite, an enthalpy AH° of —2354 kJ/mol was calculated for amorphous aluminum phosphate.

¢ Estimated from augelite and water, following the procedure outlined by De Lima and Reymao [63], a heat capacity of 226.3 J/mol/K and entropy 190.8 J/mol/K
were estimated using structural water following the procedure outlined in [64].

d Recalculated formation constants based on the experimental data reported in Taylor and Gurney [65]. Based on the A¢G° (—16,769.5 kJ/mol), and the heat ca-
pacity (1482.4 J/mol/K) and entropy (1404.2 J/mol/K), both determined by [66], an enthalpy AfH° of —18,896 kJ/mol was calculated, in good agreement with the
measured AH® of —18,924 + 21 kJ/mol [66].

¢ Recalculated formation constants based on the experimental data reported in Taylor and Gurney [67]. Based on the A(G° (—4263.0 kJ/mol) derived here, and the
heat capacity (320.2 J/mol/K) and entropy (294.7 J/mol/K), both determined by [68], an enthalpy AfH° of —4670 kJ/mol was calculated.

f log K = —58.82 estimated by Nriagu [69]; a heat capacity of 812.2 J/mol/K and entropy 721.7 J/mol/K was estimated from crandallite, minyulite and gibbsite
following the procedure outlined in [64]. The provided density taken from [54] refers to a millisite Nag 75Ko.205CaAlg(PO4)4(OH)g+3H,0 of natural origin also con-
taining sodium. The density of Ca-millisite Ca; 5Alg(PO4)4(OH)9-3H20 was not available in literature. It was assumed to be same as that of millisite Nag 75Ko.2s-
CaAlg(PO4)4(OH)g+3H,0 in this study.

8 log K = —47.91 estimated by Vieillard et al. [45]; a heat capacity of 801.3 J/mol/K and entropy of 694.0 J/mol/K was estimated from crandallite, berlinite,
variscite and gibbsite following the procedure outlined in [64].

h log K = —28.36 estimated by Nriagu [69] for the reaction CaAl3(P0O,4)2(OH)s-H,0 + 5H > Ca?* 4+ 3A13" + 2P0,3” + 6H,0. A considerably more stable crandallite
with log K = —35.86 was calculated from the solubility measurements between pH 6.9 to 9.8 given in [70]. A heat capacity of 404.5 J/mol/K and entropy of 356.9 J/
mol/K was estimated from berlinite, variscite, portlandite, and gibbsite following the procedure outlined in [64].

! log K = —57.39 estimated by Nriagu [69]; a heat capacity of —613.7 J/mol/K and entropy of 580.5 J/mol/K was estimated from bearthite, variscite and structural
water following the procedure outlined in [64].

" ts: calculated in this study. Estimated values are given in italics.

23.1+0.2 24.2
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calorimeter reached thermal equilibrium. The internal wet-mixing was
then carried out for 2 min. Duplicated samples were measured for each
mix.

2.2.4. Electrical conductivity and pH measurement

Electrical conductivity and pH of the cement suspensions without or
with aluminum sulfate (Al3(SO4)3-16H20) were monitored using the
experimental setup described in [2]. The pH electrode (Mettler Toledo)
was calibrated against pH buffers at 4, 7, 9 and 12 before use. The dry
mixture of magnesium and KH;PO4 was well mixed before being added
to the deionized water without or with aluminum sulfate
(Al5(S04)3-16H50) dissolved. As detailed in [2], the prepared cement
suspension was stored in a vessel with a lid locked tightly to avoid
possible carbonation and water evaporation during test. An overhead
stirrer was used to mix continuously the cement suspension until the end
of the test after 24 h. Also a water bath at 20 °C was used to ensure a
thermal stable environment. Data of both electrical conductivity and pH
of the investigated cement suspensions were recorded automatically at
time steps of 1 min.

2.2.5. Solution composition

The investigated cement suspensions were prepared and mixed
continuously using an overhead stirrer within the first 24 h, afterwards
they were continuously mixed using a horizontal shaker, which led to
some agglomeration after 131 and 150 days. The liquid phases of the
suspensions after specific reaction times were obtained through filtra-
tion using nylon filters with a mesh size of 0.45 pm. One part of the
filtered solution was diluted using Milli-Q water and measured by ion
chromatography (IC, Dionex DP series ICS-3000) to determine the
concentrations of sodium [Na], potassium [K], magnesium [Mg], cal-
cium [Ca], aluminum [Al], sulfate [SO4] and phosphate [PO4] ions. The
other part of the solution was used for pH measurement. The pH meter
(Meter 766) was calibrated against pH buffers at 4 and 12 before use.

2.2.6. Analyses of solid samples

To trace the evolution of solid assemblages in the investigated hy-
drating pastes, hydration was stopped after specific reaction times [24].
The pastes were crushed gently into small pieces and soaked in iso-
propanol for around 15 min. Afterwards isopropanol was removed by
filtration, and diethyl ether was used to rinse the solids and removed by
filtration. The obtained solids were further dried at 40 °C for around 10
min to remove any remaining organic solvents, and were then stored in
sealed bottles. The solid samples were ground by hand to powders with
grain size below 63 pm before further analyses by X-ray diffraction
(XRD), thermogravimetric analyses (TGA), and solid-state nuclear
magnetic resonance (NMR) spectroscopy.

The XRD analyses were performed with a PANanlytical X'Pert Pro in
a 0-0 configuration using CoKa radiation and the X'Celerator detector.
All powder samples were scanned between 5 and 90° 26 for 45 min. TGA
analyses were performed using a Mettler Toledo TGA/SDTA 851e in-
strument under nitrogen atmosphere. The weights of all samples were
measured over the temperature range from 30 to 600 °C at a heating rate
of 10 °C/min in 150 pL alumina crucibles. Following the method
detailed in [23,25,26] and based on the XRD and TGA results, the re-
action degree of magnesia [ogo] in the hydrating pastes was calculated.
The corresponding XRD and TGA data of the reference paste P4-R for the
calculations are from [23], and those for the paste with aluminum sul-
fate P4-AlS are based on the results presented here.

The NMR spectra were recorded on a Bruker Avance III HD 400 MHz
wide-bore spectrometer using a 2.5 mm CP MAS NMR probe. Single plus
27A1 (3'P) MAS-NMR data of 10-14 mg of dried material were acquired
at rotation rates of 25 kHz at 104.3 (162.0) MHz with 1 (2.5) ps corre-
sponding to 15 (90)° excitations, and the applied recycle times of 1 (10)
s ensured quantitative acquisition of the spectra. Chemical shifts of %Al
and 3'P were referenced to the external standards of 1.1 M solution of Al
(NO3)3 in DO and to solid NH4H;PO4 at 0.0 ppm, respectively.

Cement and Concrete Research 156 (2022) 106788

30
25 4
5 A‘garanaklte
1 A
A
20 + I \
= ! | OH-Minyulite
2 , A
8151 ‘.
S : |
(/2]
10
Octacalcium
5 phosphate
04
2 4 6 8 10 12
pH value

Fig. 1. Calculated effect of pH on the hydrates formed and speciation in a
solution containing 200 mM H3PO,4, 100 mM AI(OH)3, 10 mM Ca(OH), and
increasing amounts of KOH.

Furthermore, deconvolution of the 27A1 MAS NMR spectra was carried
out to obtain relative proportions of octahedrally and tetrahedrally co-
ordinated Al by non-linear least-square fits using the “DMFIT” software
developed by Massiot [27]. Generally, the fitting of the 27Al NMR
octahedral sites was performed using i) a Lorentzian shape at 9 ppm
(line width of ca. 1.1 kHz) and ii) a quadrupolar broadened shape using
the “Czjzek simple” [28] model starting with the parameters FWHM CS
= 8 ppm (FWH CS = full width at half maximum of the isotropic
chemical shift Gaussian distribution), CQ = 4-5 MHz CQ = (peak value
of the quadrupolar coupling of the Czjzek/GIM distribution) and d = 5
(exponent of the Czjzek distribution). The resonances at the tetrahedral
Al sites were fitted with the “Czjzek simple” model as well (parameters
FWHM CS = 11 ppm, CQ ~ 4.5-5.5 MHz and d = 5). A very detailed
step-by-step description of the procedure for fitting the line shape of 27Al
MAS NMR data of disordered phases can be found in the supporting
information to one of our previous publications [29]; also typical ex-
amples of the simulated 2’Al MAS-NMR data are provided in Appendix
A.

2.2.7. Thermodynamic modelling

Thermodynamic modelling was used to calculate the thermody-
namically stable phases in the hydrating MKP cements without/with
aluminum sulfate (Al3(SO4)3-16H50). The geochemical software GEMS-
PSI [30] was used together with the Nagra/PSI geochemical database
[31], the cement-specific Cemdatal8 [32], and the magnesium (potas-
sium) and calcium phosphate database (phosphate database)
[19,23,33]. The database was extended with thermodynamic data for
aluminum and phosphate containing aqueous complexes and solids as
summarized in Table 3. Different aqueous Al-complexes might form
based on the experimental investigations of Ciavatta and co-workers
[34,35]: Al(HoPO4)o ", AIH,PO, 2, AIHPO,' and AIPO,C. At pH values
above pH 4 the uncharged AIPO,° complex is the dominant species (see
Appendix B, Fig. B-1). Note that the uncharged AIPO,4° and AI(H,PO4)s"
species are missing in most of the commonly used databases [36-38] and
that most solubility products reported in those databases were derived
by neglecting the existence of Al-phosphates complexes. The positively
charged polynuclear complexes (Al3H3PO4 ™3, AlgH(PO4)2 ™,
AlsH3(PO4)s™3, AlsH(PO4)s', AlsHg(PO4)4™3, AlsH;(PO4)s™) deter-
mined in Ciavatta [34] occur only at pH values below 4 (see Appendix B,
Fig. B-2) and are thus not further considered. Negatively charged
aluminum phosphate hydroxide complexes, which might form at higher
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pH values, are not reported in literature.

Different Al-phosphates (AIPO4-xH0) can precipitate from super-
saturated solutions under acidic to neutral conditions as illustrated in
Fig. 1 and Appendix B (Fig. B-3). At ambient temperature amorphous
AlPO4-2H50 has been observed to form, while the formation of the
thermodynamically more stable variscite, metavariscite or berlinite is
kinetically hindered [60,71,72]. At 100 °C and above either metavar-
iscite (AlPO4-2H20) or variscite (AlIPO4-2H20) precipitate, while at
>150 °C berlinite (AIPOy) crystallizes with time [72,73]. The available
thermodynamic data [6,38,39,57] suggest that variscite is the stable
phase at below ~130 °C, while at temperatures above berlinite is sta-
bilized. At 25 °C, the solubility of variscite is roughly 2.5 log units lower
than that of berlinite [6,39].

Iuliano and co-workers [35] derived for the formation of variscite a
solubility product of 1072484 for the reaction AlPO42H,0 < ALY +
P04~ + 2H,0 (considering the presence of aqueous Al-phosphate
complexes as detailed in Table 3). This solubility product is 2 to 3 log
units more negative than the solubility product of 1072206 [6,38,57] or
107250 [74] derived neglecting the formation of Al-phosphate com-
plexes. A re-calculation of the experimental data measured taking into
account the formation of the different Al-phosphate complexes resulted
in 1025407 for the data of Lindsay et al. [57] and in 10725 1%25 £or the
data of Cole and Jackson [58]. A mean value of 102> was selected for
the solubility product of variscite as indicated in Table 3.

The solubility of amorphous AIPO4-2H50 has been determined by
[60-62,75,76] and was found to be roughly 2 to 3 log units more soluble
than variscite [6,75,76]. Solubility products between 10717 and 107202
were reported in [60-62,75,76], where in all cases the formation of
aqueous Al-phosphate complexes has been neglected. Chen et al. [76]
interpreted the data as sorption of phosphate on Al(OH)3 and not in
terms of amorphous AIPO4-2H20, however, the constant ion activity
product of 1071% reported in [76] over a large range of experimental
conditions indicates rather the formation of amorphous AIPO4-2H20 as
e.g. reported also by [77]. The solubility product of amorphous
AlPO4-2H,0 was recalculated here based on experimentally determined
concentrations reported in [60-62] resulting in mean solubility product
of 107237 for amorphous AlPO4-2H,0 as compiled in Table 3.

In Al-rich systems, in addition augelite (Al;PO4(OH)3), senegalite
(A12P04(OH)3~H20), wavelite (Alg(PO4)2(OH)3 -5H50) and trolleite
(Al4(PO4)3(0OH)3) could potentially form. As for berlinite, the formation
of augelite, wavelite and trolleite is generally observed at above ambient
temperature and pressure [52,73,78] and they are thus not expected to
form in the systems studied here.

In the presence of potassium, the formation of taranakite
(K3Al5(HPO4)6(PO4)2-18H20) and at pH values of 4 and above, the
formation of a minyulite-like basic potassium aluminate phosphate
(KAl2(PO4)20H-2H0) has been observed [6,65,67], see Fig. 1. The
latter phase forms at low pH and ambient temperature and has an
orthorhombic structure [49]. It has the same chemical composition but a
different crystal structure than tinsleyite, which forms at higher tem-
peratures and neutral pH and has a monoclinic structure [79]. Taylor
and Gurney [65] derived for taranakite a solubility product of 107787
for the reaction K3Als(HPO4)g(PO4)2-18H,0 < 3 K + 6H + 5AI%T +
8PO437 + 18H50, while [68] derived, based on measurements of the
heat capacity and enthalpy, a solubility product of 10781, For the
minyulite-like phase a solubility product of 10™° for the reaction
KAl,(PO4)20H-2H,0 + HY & K+ + 2A1%" + 2P0,%~ + 3H,0 has been
derived [67]. Recalculations based on the experimental data reported in
Taylor and Gurney [65,67] and considering the formation of Al-
phosphate complexes resulted in solubility products of 1071°01+24 for
taranakite and 107453 for the minyulite-like phase as compiled in
Table 3.

For hydrotalcite (OH-LDH) the data suggested in the Cemdatal8
database were selected [32]. For phosphate containing hydrotalcite
(PO4-LDH) no thermodynamic data or solubility measurements are
available. Gillman et al. [80] and Liu et al. [81] both observed a strong
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Fig. 2. Top surface conditions of the pastes P4-R and P4-AlS.

stabilization of PO4-LDH compared to nitrate-LDH. Based on their ob-
servations, for PO4-LDH the same solubility was assumed as measured
for carbonate-LDH with Mg/Al = 2, 3 and 4 [50], which is also a strongly
stabilized compared to nitrate-LDH [80,81].

In the presence of Ca, CaAlH(PO4)2-6H20 might form under acidic
conditions [62], see Fig. 1. Taylor and Gurney [62] measured their
solubility and reported a solubility product of 10~3° for the reaction
CaAlH(PO,),-6H,0 < Ca®t + H* + AI** + 2P0, + 6H,0. Recalcu-
lations based on the experimental data reported in Taylor and Gurney
[62] considering the formation of Al-phosphate complexes resulted in a
solubility product of 107*>1¥33_ At very high temperatures bearthite
could potentially form [52].

Under less acidic conditions the presence of millisite (KCaAlg(-
PO4)4(OH)9-3H50, Caj 5Al6(P0O4)4(OH)9-3H20) is expected. At higher
pH values rather crandallite (CaAl3(PO4)2(OH)s-H20) or, at high phos-
phate concentrations (>~1 mM), montgomerite (CazAly(PO4)3(OH)-
7H20) are formed. At high pH values, Ca-phosphates such as hydroxy-
apatite, octacalcium phosphate or brushite, and AI(OH)3 are expected to
be stabilized [69,82] as also illustrated in Fig. 1. Thermodynamic data
for millisite, crandallite and montgomerite have been estimated by [83],
those for Ca-millisite by [45], those data are associated with a consid-
erable uncertainty and are labelled as tentative in Table 3. A few
experimentally solubility data are available only for crandallite [70].

In addition, the occurrence of foggite (CazAly(PO4)2(OH)4-3H20) has
been observed naturally in pegmatites [84]. No thermodynamic data for
foggite are available in literature.

Fig. 1 illustrates the sequence of solid Al- and Ca-phosphates ex-
pected to form as a function of pH in a system containing 200 mM
H3PO4, 100 mM AI(OH)s, 10 mM Ca(OH), and increasing amount of
KOH. In the absence of KOH, variscite or amorphous AlPO4-2H50 (if
variscite formation is suppressed due to kinetic reasons) are stable,
while in the presence of 10 mM KOH and above, the formation of tar-
anakite (K3Als(HPO4)g(PO4)2-18H20) and CaAIH(PO4)2-6H,0 is antici-
pated. At pH above 4 taranakite is expected to be destabilized to
minyulite-like basic potassium aluminate phosphate (KAly(-
P0O4)20H-2H,0), at pH above 10 crandallite (CaAl3(PO4)2(OH)s-H20)
and at pH of 11 and above the formation of microcrystalline A1(OH)3 (or
gibbsite) can be expected. CaAlH(PO4),-6H50 is expected to be desta-
bilized to hydroxyapatite or octacalcium phosphate (if apatite formation
is suppressed due to kinetic reasons). In the absence of calcium, the
sequence of Al-based phosphate remains the same, with exception that
no CaAlH(PO4)2-6H20, octacalcium phosphate and crandallite
(CaAl3(P04)2(0OH)5-H20) can be formed as detailed in Appendix B
(Fig. B-3). The concentration and speciation of Al in solution is strongly
influenced by the presence of phosphate, while Al has little effect on the
phosphate speciation due to its much lower solubility (see Appendix B,
Fig. B-1, 2). The speciation and the solids formed will be further influ-
enced by the presence of magnesium. In magnesium dominated systems,
newberyite (MgHPO4-3H30) is stabilized up to pH ~7, while in the in-
termediate range cattiite (Mgs(PO4)2-:22H20) and K-struvite
(MgKPO4-6H>0) at pH values above 8 are stabilized as discussed in [33].
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Fig. 3. Compressive strength evolution of the pastes P4-R and P4-AlS. Data of
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Fig. 4. Length change of the pastes P4-R and P4-AlS stored at 20 °C and R.H.
70%. Data of the reference paste P4-R are taken from [18].

3. Results and discussion
3.1. Efflorescence, compressive strength and volume stability

As displayed in Fig. 2, the reference MKP cement paste P4-R shows
an efflorescent and rough surface. In contrast, the paste with aluminum
sulfate P4-AlS shows a smooth and clear surface, indicating that
aluminum sulfate affects the reactivity and/or the hydrates formed in
MKP cements.

Fig. 3 displays the compressive strength developments of the pastes.
The reference paste P4-R shows a high strength of 47 MPa already after
7 days and has small strength changes thereafter. The presence of
aluminum sulfate in the paste P4-AlS leads to much higher strengths of
>70 MPa at all the investigated ages, again suggesting a strong effect of
aluminum sulfate on the cement hydration and microstructure.

Length changes of the pastes at 20 °C and R.H. 70% within the first
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Fig. 5. A) Heat flow, and B) cumulative heat of the pastes P4-R and P4-AlS.
Results of the heat flow and cumulative heat are normalized the weight of
magnesia and KH,PO4, which is referred to as ‘cement’ in Y axis.

two months are compared in Fig. 4. The pastes show quite similar trends
of the length changes over time, with initial early shrinkage during the
first 6.5 h and followed by gradual volume expansions over time. The
sample expansions up to the investigated 55 days do not lead to strength
reduction as demonstrated in Fig. 3.

3.2. Reaction kinetics

3.2.1. Isothermal calorimetry of pastes

Isothermal calorimetry was used to study the effect of aluminum
sulfate on the reaction progress in the pastes. The pastes without (P4-R)
and with aluminum sulfate (P4-AlS) release most of their heat of hydra-
tion within the first day as shown in Fig. 5, suggesting very fast hydration
reactions, consistent with the fast reactions observed for magnesia (see
Fig. 10). Aluminum sulfate has no significant influence on the early hy-
dration reaction during the first 1 h. However, aluminum sulfate strongly
retards the 2nd exothermic hump (P2) from 2 h to around 4 to 6 h,
showing the slowed down hydration reaction as also visible in the slower
and gentler increase of the cumulative heat of the paste P4-AlS as dis-
played in Fig. 5B. However, the pastes reach similar total heat releases
after around 60 h. These findings are in good agreement with the longer
final setting time of the aluminum sulfate-containing paste P4-AlS than
that of the reference paste P4-R as given in Table 2, highlighting the
retardation effect of aluminum sulfate, in good agreement with the
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Fig. 6. A) Electrical conductivity, and B) pH development of MKP cement
suspensions S4-R and S4-AlS.

findings at a lower Mg/POy4 molar ratio of 1 in [6].

3.2.2. Electrical conductivity and pH development of suspensions
In addition to the pastes with a w/c ratio of 0.25, diluted suspensions
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Fig. 7. Measured ion concentrations in the MKP cement suspensions S4-R and
S4-AlS as a function of time.

with a w/c ratio of 5 were studied, which allowed to follow the changes
in the aqueous phases continuously.

As displayed in Fig. 6, the fast reactions between magnesia and
KH,POy4 in the suspensions increase the electrical conductivity and pH
values strongly as observed previously in [2,18]. The continuous pre-
cipitations of different hydrates and their transformations in the sus-
pensions over time lead to the drops of electrical conductivity after the
initial short constant stage (up to P1) and to the corresponding spikes of
pH values. For the reference suspension S4-R, initially newberyite forms
at low pH, followed by MgsKH(PO4)2-15H20 and finally, along with an
increase of the suspension pH, the sole hydrate of K-struvite was formed
as evidenced by the XRD and TG results (see Appendix C) and as dis-
cussed in detail in [2,18].

The aluminum sulfate-containing suspension S4-AlS shows similar
peaks and changes in the electrical conductivity and pH values, indi-
cating a similar main hydration reaction as in the aluminum-free system
S4-R. However, the presence of aluminum sulfate shifts the character-
istic points (the labelled P1, P2 and P3) to later reaction times, indi-
cating a slowdown in reaction, in good agreement with the isothermal
calorimetry results of the pastes displayed in Fig. 5. A similar retardation
effect was also reported for an aluminum nitrate-containing suspension
with a lower Mg/PO4 molar ratio of 1 and a higher w/c ratio of 100 [6].

Table 4

Elemental concentrations and pH values of the MKP cement suspensions S4-R and S4-AlS.
Time [Na] mM [K]* mM [Mg] mM [Ca] mM [A1]® mM [S04]° mM [PO4]* mM pH®
S4-R
10 min 4 605 109 3.6 <0.002 0.2 626 6.1
P1: 30 min 4 486 8 0.6 <0.002 0.3 298 7.6
P2: 53 min 4 129 1 0.1 <0.002 0.2 75 8.4
85 min 4 81 0.1 0.1 <0.002 0.2 43 10.6
131d n.a. 544 4 0.4 <0.002 n.a. 371 7.7
S4-AlS
10 min 4 583 43 3.6 <0.002 52 467 6.1
P1: 45 min 4 269 4 0.1 <0.002 55 102 7.8
P2: 85 min 4 90 9 0.1 <0.002 56 3 8.4
3h 4 91 6 0.1 <0.002 56 0.5 9.0
150 d n.a. 101 0.04 0.02 <0.002 70 0.6 11.7

n.a.: not analyzed.

# The initial [K] and [PO4] concentrations in S4-R and S4-AlS before reactions are 675 mM.

b The theoretical initial concentrations of [Al] and [SO4] in S4-AlS before reaction should be 35 and 53 mM, respectively. The measured [SO,] concentrations higher
than 53 mM could be due to the sulfate impurities contained in the raw magnesia and/or KH,PO4 and to measurement error.

¢ The slight pH variations compared to those shown in Fig. 6B are within the error range, expect the values after 85 min for S4-R and after 3 h for S4-AlS are higher,
which may be due to not-well controlled temperatures in the single experiments, leading to a faster reaction kinetics.
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Further the intrinsic acidic nature of aluminum sulfate reduces the
initial solution pH by around two units as well as the pH values at later
ages. Such a lower pH affects the hydrate formed as demonstrated in the
following sections.
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Fig. 9. 3'P MAS-NMR spectra of the reference MKP cement suspension S4-R
with resonance assignments (compilation of 3'P and 2’Al NMR literature data
in Table E, Appendix E). The yellow highlighted broad hump from around 3 to
—2 ppm is assigned to MgKH(PO4),-15H,0. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

3.3. Hydration of suspensions

3.3.1. Hydrate assemblages of the reference suspension

The measured ion concentrations in the suspensions over time are
given in Table 4 and shown in Fig. 7. The [K], [Mg] and [PO4] con-
centrations in the reference suspension S4-R decrease strongly within
the first 85 min due to the initial precipitation of newberyite, followed
by MgoKH(PO4)2-15H20 and by K-struvite as demonstrated in Appendix
C. According to the calculated effective saturation indices provided in
Fig. 8A, brucite may precipitate in the suspension after 85 min and later
as the suspension pH is above 10.6.

The analysis of the solid phases by XRD, TGA (see Appendix C) and
31p MAS-NMR (see Fig. 9) show the formation of newberyite, K-struvite
and MgyKH(PO4)2-15H20 after 10 min. The on-going reaction of MgO
leads within the first hour to the disappearance of newberyite and
MgoKH(PO4)2-15H50 and to formation of more K-struvite, indicating a
phase transformation as also reported in [2,4,5,18]. No further changes
were observed between 1 h and 1 day. An analysis of the suspension
after 131 days, where agglomeration of the solids was observed, showed
that K-struvite was partially destabilized to newberyite, while the pH
decreased to 7.7. A similar destabilization of NH4-struvite to newberyite
after reaction times of 2 to 3 months has been reported previously [85].
In addition, to newberyite an additional unassigned water loss was
observed by TGA (see Appendix C), while no other phases were identi-
fied by XRD or 3'P NMR.

3.3.2. Hydrate assemblages of the suspension with aluminum sulfate

For the suspension with aluminum sulfate S4-AlS, the initial
aluminum concentration before reaction is around 34 mM (see Table 2);
however, already after the first 10 min of reaction, it is decreased below
the detection limit of 0.002 mM, suggesting the extremely fast precipi-
tation of solid phases containing aluminum ions. Further the phosphate
concentration of the suspension S4-AlS after the first 10 min are much
lower compared to the reference suspension S4-R. The calculated
effective saturation indices displayed in Fig. 8C indicate the possible
precipitations of aluminum- and phosphate-containing phases during
the first 10 min. The oversaturation follows the order amorphous
AlPO4-2H0>minyulite-like phase (KAly(PO4)20H-2H50)>taranakite
(K3Al5(HPO4)6(PO4)2-18H20)>CaAlH(PO4)2-6H20>microcrystalline Al
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Fig. 10. A) 31p and B) ?7Al MAS-NMR spectra of the MKP cement suspension
prepared with aluminum sulfate S4-AlS with resonance assignments (compila-
tion of 3'P and ?’Al NMR literature data in Table E, Appendix E).

(OH)s. The lower magnesium concentration after the first 10 min could
indicate a slowdown of MgO dissolution by aluminum sulfate, which
would be consistent with the absence of any significant amount of
magnesium phosphate hydrates observed by XRD, TGA and NMR as
discussed in the next section. With time the pH values of the suspension
increase while the calculated effective saturation indices in Fig. 8C
decrease, such that amorphous AlPO4-2H50, taranakite, CaAlH
(PO4)2:6H20 and microcrystalline AI(OH)3 are undersaturated after 50
min and the minyulite-like phase saturated after 3 h. In contrast, the
saturation of PO4-hydrotalcite increases, showing the potential for PO4-
LDH formation after 45 min and later. The concentration drops of po-
tassium and phosphate concentrations with time are attributed to the
formations of phosphorrosslerite, MgoKH(PO4)2-15H20, cattiite and K-
struvite and the transformations among them as demonstrated in the
XRD and TG results given in Appendix D and as discussed in [2,4,5,18].
Compared to the reference suspension (S4-R), the solutions are less
strongly oversaturated with respect to the different magnesium phos-
phates (see Fig. 8B). In addition, the concentration of sulfate ion remains
almost constant throughout the whole investigated period indicating no
significant uptake in solids, in good agreement with the calculated
undersaturation of arcanite (K3SO4) given in Fig. 8C.
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Table 5

27p1 isotropic chemical shifts and relative amounts of Al [VI] and Al [VI] sites
and their tentative assignments obtained from the simulation of the MAS-NMR
spectra of the S4-AlS and P4-AlS samples (suspensions and pastes of MKP ce-
ments in presence of aluminum sulfate).

Time Al [1V] Al[VI]a Al [VI]b
Amorphous Al(OH)3/ PO4-LDH Tarakanite/minyulite-
AlPO4 like phase
57Alig,  rel. Int. §7Ali,  rel. Int.  8%Aly,  rel. Int.
[ppm] [%] [ppm] [%] [ppm] [%]

S4-AlS

10 min 69.0 16 - - -3.9" 84

85 min 69.0 27 8.2 20 0.2 53

1d 65.8 23 7.9 28 0.4 49

150d 66.4 11 7.9 68 3.0 21

P4-AlS

1h 58.0 12 5.5 19 —3.8" 70

1d 58.0 16 5.7 20 -3.0" 64

28 d 57.7 31 6.0 6 -1.4 64

330d 59.0 24 9.1 11 -1.0 65

# Tentatively assigned to amorphous Al(OH); or aluminum phosphate. Note
that for the broad Al [VI]b signal with a peak maximum at —12 ppm in the
spectrum of 10 min (Fig. 10B) results due to second order quadrupolar inter-
action in an isotropic 2’Al NMR chemical shift of —3.9 ppm.

The analysis of the solid phases indicated the absence of significant
amounts of crystalline hydrates after 10 min, and the formation phos-
phorrosslerite (MgHPO4-7H50) instead of newberyite (MgHPO4-3H20)
(as observed in the absence of aluminum sulfate) after 20 min, followed
by MgoKH(PO4)2-15H20 during the first hour as demonstrated in the
XRD and TG results given in Appendix D. Between 3 and 24 h cattiite
(Mg3(PO4)2:22H20) and K-struvite formed, while after 150 days only K-
struvite was observed, in agreement with high pH value of 11.7 observed
(see Table 4), in contrast to the suspension without aluminum (S4-R).
The same phases and trends were observed in >'P MAS-NMR spectra (see
Fig. 10A). The initial sample (10 min hydration time) showed a broad
resonance between 7 and —20 ppm (the light blue highlighted area)
indicating the presence of poorly ordered orthophosphates. After 85
min K-struvite is observed, together with an additional signal at 4 ppm,
possibly related to MgoKH(PO4)5-15H50, which is absent after 1 day and
longer. At 1 and 150 days, mainly K-struvite is observed and in addition
a broad shoulder from ~4 to ~0 ppm (the yellow highlighted area),
which could be related to the presence of PO4-LDH and/or amorphous
aluminum phosphate as given in Table E (Appendix E). The character-
istic resonance at 7 ppm reported for cattiite [5,6], expected after 1 day,
is not clearly visible and might be overlapped by the dominating signal
of K-struvite.

The %Al NMR spectrum (see Fig. 10B), which allows to specifically
investigate the Al-containing phases, shows after 10 min a broad main
resonance of octahedral Al [VI] with a maximum intensity at —12 ppm
and a minor tetrahedral Al [IV] signal at ~60 ppm, which are possibly
related to the formation of ill-ordered aluminum phosphate [6,86]. The
Al [1IV] is probably caused by to the rapid precipitation of a disordered
structure (such as amorphous Al(OH)3 or AIPOy4) containing both octa-
hedral and tetrahedral aluminum as previously suggested by [6] and
experimentally observed for rapid precipitating amorphous AIPO4 [87].
The intensity of octahedral Al [VI] signal at —12 ppm decreases with
time, and is replaced by a signal at —8 and a narrow and symmetric
resonance at 8 ppm. The signal at —8 ppm could be related to the for-
mation of taranakite and/or minyulite and was also observed in a recent
study [6] on the effect of aluminum nitrate on MKP paste (Mg/PO4
molar ratio = 1). A narrow and symmetric resonance at 8 ppm is
commonly observed in samples containing LDH [50,81,88], while the
signal of AI(OH); although it occurs at a similar position, is generally
broader and less symmetric [86,89-91]. In the sample aged for 150 days,
ca. 70% of the Al is observed to be present at the resonance at 8 ppm (see
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Fig. 11. Magnesia reaction degree [aygol. The empty and filled symbols are
the experimental values, and the solid lines present the derived relations to
describe the magnesia reaction degree [ayg0] as a function of age [t, days].
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Fig. 12. Predicted phase evolutions of the reference paste P4-R. Note KH,PO4
initially present is mainly in solution and has partially reacted to newberyite.

Table 5), probably related to LDH formation, while 20% of Al is asso-
ciated with the Al [VI] signal at —8 ppm, which possibly related to the
formation of taranakite and/or minyulite [6,81]. In contrast to our ob-
servations, a recent study [6] on the effect of aluminum nitrate on MKP
paste (Mg/PO4 molar ratio = 1) showed only the presence of signal at
—8 ppm (taranakite and/or minyulite-like phase), but no LDH signal,
which could be related to the lower pH (<7.6) of that study. The pres-
ence of Al-sulfate in the suspension led not only to the formation of Al-
containing phases (probably PO4-LDH and taranakite and/or minyulite),
but also promoted the formation of cattiite and phosphorrosslerite
(instead of newberyite) as intermediate phase and stabilized K-struvite
in the long-term.

3.4. Hydration of pastes

3.4.1. Dissolution kinetics of magnesia

The magnesia reaction proceeded relatively fast in the paste samples,
as shown in Fig. 11. During the first day magnesia in both pastes reacts
fast, which is consistent with the isothermal calorimetry results in Fig. 5.
However, the reaction kinetics are slowed down thereafter.
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K-struvite
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. |
i Orthophosphate ;

15 10 5 0
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Fig. 13. 3P MAS-NMR spectra of the reference MKP cement paste P4-R with
resonance assignments (reported shifts for phosphates are compiled in Table E,
Appendix E). The yellow highlighted broad hump from 3 to 0 ppm is assigned to
bobierrite and/or amorphous Mg3(PO4,),, possibly other orthophosphates. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Approximately 21% of the MgO have reacted in P4-R after 28 days and
longer, only 17% of MgO had reacted in the P4-AlS, although the P4-AlS
paste demonstrates significantly higher compressive strengths (see
Fig. 3). This may indicate a potential important role of aluminum sulfate
in formation of additional hydrates in the paste. As suggested by the TG
results displayed in Appendix F (see Fig. F-2) and Fig. 16 A, both the
pastes (P4-R and P4-AlS) show a similar amount of bound water after 28
days and longer.

3.4.2. Hydrate assemblages of the reference paste

Thermodynamically stable phases in the hydrating pastes over time
were predicted using the thermodynamic data described in Section 2.2.7
and based on the derived magnesia dissolution kinetics as shown in
Fig. 11. The modelling results in Fig. 12 indicate in the reference paste
P4-R the initial precipitation of newberyite, its gradual destabilization to
K-struvite, and the minor formation of brucite. Besides, traces of CaKsH
(POy4)y are predicted in the paste as well, consistent with previous
experimental observations in [18].

The phase compositions of the reference paste P4-R over time have
been detailed in [23] based on XRD and TGA analysis and show that
most KHyPO4 reacts with magnesia within the first day, leading to the
formations of K-struvite and traces of bobierrite and brucite (see Ap-
pendix F). The phases are observed by 31p MAS-NMR (see Fig. 13): the
formation of increasing amount of K-struvite during the first day and of
some bobierrite and/or amorphous Mgs(PO4)s. An additional narrow
resonance at —1.7 ppm is observed, which is assigned to amorphous
MgHPO4 [92]. The formation of amorphous MgHPO4 has also been
observed in pastes at ambient temperatures before [93], while in other
sample struvite and newberyite had formed, indicating a similar sta-
bility of those phases. The experimental observations are in agreement
with thermodynamic predictions (see Fig. 12) with the exception of the
presence of some bobierrite, which seems to have formed as an inter-
mediate phase, and the presence of amorphous Mgy(P0O4)3, which might
be formed due to the lack of water available in the paste.

3.4.3. Hydrate assemblages of the paste with aluminum sulfate
With aluminum sulfate, the thermodynamic modelling of the paste
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P4-AlS in Fig. 14 suggests a similar hydration process as for to the
reference paste P4-R (see Fig. 12); moreover, additional hydrates such as
taranakite (K3Als(HPO4)g(PO4)2-18H20) during the first hour,
minyulite-like phase (KAly(PO4)20H-2H,0) and arcanite (K2SO4) are
also predicted to form. Taranakite and minyulite have also predicted
been predicted for a MKP cement with Mg/PO4 molar ratio = 1 [6].
Taranakite forms at low pH (see Fig. 1 and Appendix B) through the
following equation

3K +5SAP" + 8H,PO,~ + 18H,0—K;Als(HPO,), (PO,),-18H,0 + 10H*
()]

But it is not stable above pH 4, where it is destabilized to minyulite-
like phase:

2K;Als (HPO, ), (PO;),-18H,0 + 170H™ —5KAl, (PO,),0H-2H,0 + K* + 6P0,*~ + 38H,0

Arcanite (K2SO4) is undersaturated in the suspension (S4-AlS) as
suggested from the calculated effective saturation index in Fig. 8C, while
in the paste with the much lower w/c ratio it is predicted to form, while
in the paste in contrast to the suspensions, no PO4-LDH phase is pre-
dicted to form.

Aluminum sulfate slows down early reaction in the paste (see Fig. 5),
where mainly arcanite (K2SO4) is observed together with some K-stru-
vite after the first 15 min (see Figs. 15A, 16A), while in the reference
paste (P4-R) already a considerable amount of K-struvite and amorphous
MgHPOy is present after 15 min (see Fig. 13, Appendices F and G).
Arcanite remains in the matrix up to the investigated 330 days, in good
agreement with the thermodynamic calculations in Fig. 14. After 300
days, in addition to K-struvite additional reflections at 22.1, 27.4 and
34.3° 20 CoKa (d-spacing values = 4.6, 3.7 and 3.0 A, respectively)
appear as displayed in Fig. 15 as well as an additional weight loss in TGA
(see Fig. 16A). The thermodynamic calculations in Fig. 14 predict the
existence of a minyulite-like phase, however, this phase cannot be
assigned unambiguously. More experimental evidences are needed for a
further confirmation.

The TG results and 3P MAS-NMR in Fig. 16 confirm the XRD findings
and further reflect the presence of some unreacted KHyPOy in the paste
up to 5 h. The faster depletion of KHy,PO4 compared to the that in the
reference paste P4-R (see Appendix F) not only agrees well with

50

OH-Minyulite
B A AARRX XXX

R

10

Phase content [cm®100g cement]

CaK;H(PO,),
Magnesia
5 -
0 MR | T MR | MR | oY
0.01 0.1 1 10 100 1000
Age [days]

Fig. 14. Predicted phase evolutions of the paste prepared with aluminum
sulfate P4-AlS.
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observed fast precipitation of arcanite (K3SO4), but also explains the
absence of efflorescence (see Fig. 2), as efflorescence normally occurs in
MKP cements with a high availability of unreacted KHyPOy, like those
with Mg/POy4 molar ratios <5 [17,26]. The broad 31p MAS-NMR signal
observed between 1 and 300 days is assigned to the presence of amor-
phous Mg3(PO4)s, possibly together with other phases such as phosphate
adsorbed on AI(OH)3 (~10 to —10 ppm) [81,94], PO4-LDH (~10 to —10
ppm) [81], amorphous aluminum phosphate (~5 to —20 ppm) [94], and
minyulite-like phase (~—7 to —19 ppm) [95,96].

As discussed above for the suspension, the 2”Al resonances with peak
maxima at ~47, 8, and —9 ppm for pastes P4-AlS (see Fig. 17) indicate
the initial formation of taranakite and/or minyulite-like phase (—9
ppm), while later ill-ordered aluminum phosphate (47, —12 ppm) as

3

A)
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8
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=
[
=
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£
T T T T T '
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20 CoKa [°]
15.4°
B)__ S "WMA'W
] S pa-R:400d !
] 14 15 16
1 P4-AlS: 330 d 26 CoKa []
- = R
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=
(2]
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Fig. 15. A) XRD patterns of the paste prepared with aluminum sulfate P4-AlIS.
F = forsterite (Mg3SiO4), Ks = arcanite (K2SO4), M = reflections assigned to
minyulite-like phase, P = periclase (MgO), S = K-struvite (MgKPO4-6H,0). B)
Detail of the XRD patterns of samples P4-R: 400 d (black) and P4-AlS: 330
d (grey) highlighting the reflections, which are tentatively assigned to the
minyulite-like phase.
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Fig. 16. A) TG/DTG curves (* = unassigned weight loss), and B) 31p MAS-NMR
spectra of the paste prepared with aluminum sulfate P4-AlS with resonance
assignments (reported shifts for phosphates are compiled in Table E, Appendix
E). The yellow highlighted broad hump from 4 to —5 ppm is assigned to
unreacted KH,PO,4 (after 1 h) and to amorphous Mg3(PO4),, possibly together
with other orthophosphates. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

well as a small amount of PO4-LDH (8 ppm) seem to be present. Little
changes of the relative proportions of Al are observed (see Table 5)
suggesting little changes after the first hour.

4. Conclusions

In this study, the influence of aluminum sulfate on properties and
hydration of the MKP cement paste at an Mg/PO4 molar ratio of 4 and a
w/c ratio of 0.25 was investigated through a series of experimental
characterizations and thermodynamic modelling. When compared with
a reference paste, the presence of aluminum sulfate can slow down
cement hydration kinetics, leads to a lower reaction degree of magnesia
in the long-term, and thus to less magnesium-containing hydrates. In
both pastes K-struvite and probably amorphous Mg3(PO4); are the main
hydrates (see Fig. 18). The presence of aluminum prevents the formation
of amorphous MgHPOy, bobierrite and brucite. Moreover, aluminum
sulfate can lead to a faster and more complete depletion of KHoPO4 due
to the formations of arcanite (KoSO4), amorphous aluminum phosphate,
PO4-LDH and possibly a minyulite-like phase. The increased consump-
tions of potassium and phosphate ions in the presence of aluminum
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Fig. 17. %Al NMR spectra of the paste prepared with aluminum sulfate P4-AIS

which chemical species assignments to PO4-LDH, minyulite-like phase and to
ill-ordered aluminum phosphate.
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Fig. 18. Schematic drawing of the phase evolutions of the pastes without (P4-

R) and with aluminum sulfate (P4-AlS). *: tentative assignment based on *’Al
MAS-NMR and thermodynamic modelling.

sulfate could inhibit the efflorescence in the paste. Moreover, aluminum
sulfate can increase paste compressive strength in both short- and long-
term, but has little influences on the short-term paste volume stability.
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Appendix A
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Fig. A. Typical examples of the experimental and simulated 2’ Al MAS-NMR spectra of the MKP cement suspension S4-AlS after 1 and 150 days with simulated signals

for the Al (IV), Al (VI)a and AI(VI)b sites.

Appendix B

Fig. B illustrates the sequence of solid Al-phosphates expected to form and the Al and phosphate speciation in solution in a system containing 100
mM H3PO4, 100 mM Al(OH);3 and increasing amount of KOH to increase the pH values.
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Fig. C-1. XRD patterns of the reference suspension S4-R over time. 15 = MgyKH(PO4)2-15H20, N = newberyite (MgHPO4-3H20), P = periclase (MgO), S = K-struvite
(MgKPO4-6H20). Note P1 and P2 are the two characteristic points as shown in Fig. 6.
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Fig. C-2. TG/DTG curves of the reference suspension S4-R over time. 15 = Mg2KH(PO4)2-15H20, * = unassigned weight loss (possibly remains of brucite, although
not detected by XRD, and not expected at pH 7.7). Note P1 and P2 are the two characteristic points as shown in Fig. 6.
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Appendix D
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Fig. D-1. XRD patterns of the aluminum sulfate-containing suspension S4-AlS over time. 7 = phosphorrosslerite (MgHPO4-7H20), 15 = MgoKH(PO4)2-15H20, B =
brucite (Mg(OH)2), C = cattiite (Mg3(PO4)2-22H50), P = periclase (MgO), S = K-struvite (MgKPO4-6H50). Note the blue highlighted pattern is further enlarged as
displayed in the figure. P1 and P2 are the two characteristic points as shown in Fig. 6.
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Fig. D-2. TG/DTG curves of the aluminum sulfate-containing suspension S4-AlS over time. 7 = phosphorrosslerite (MgHPO4-7H20), 15 = MgaKH(PO4)2-15H20.

Note P1 and P2 are the two characteristic points as shown in Fig. 6.

Appendix E
Table E

Summary of 3'P and Al MAS-NMR data for magnesium-, potassium- and aluminum-containing phases from literature.

Mineral 31p [8, ppm] 2771 [8, ppm]
KH,PO4 3.6, 3.9 [5, 97] -
Newberyite: MgHPO4-3H20 —7.5, -8 [5, 98] -
Phosphorrosslerite: MgHPO4-7H20 1.7 [5] —
Amorphous MgHPO4 —2.4 [92]

MgoKH(PO4),-15H,0" 4102 [5] -
Farringtonite: Mg3(PO4)2 —0.5[99]

Amorphous Mg3(PO4)2 0.5 [99]

Bobierrite: Mg3(PO4)2-8H20 4.6 [5, 99] -

Cattiite”: Mg3(PO4)s-22H,0

K-struvite: MgKPO4-6H20

Amorphous aluminum hydroxide AI(OH)3
Gibbsite: AI(OH)3

1.1 [99], 7.0 [5, 6]
5.6, 6.4 [5, 18, 19, 23]

65, 36, 8.5 [89]
8, 9.5 [89-91]

Bayerite: AI(OH)3 - 11.5 [89]
Boehmite: AIOOH - 8, 9.5 [86, 89]
Hydrotalcite: MgeAl(OH)16CO3-4H20 - 9 [50, 88]
PO4-LDH 10 to —10 [81] (broad signals) 11 [81]
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Table E (continued)

Mineral 31p I3, ppm] 27A1 [5, ppm]
Lazulite: MgAl;2(OH)2(PO4)2 —20.1 [100]
Amorphous aluminum phosphate: AIPO4 5 to —20 [94] (broad signals) 44, -5 [101]
50 to 35 [broad signals], —10 [94]
Phosphate absorbed on AI(OH)3 10 to —10 [81] 8, 10 [81, 94]
0 to —20 [94] (broad signals)
Berlinite: AIPO4 —25.3 [100] *
Metavariscite: AIPO4-2H0 —19.3 [102] —13.2 [102]
Variscite: AIPO4-2H20 —19.2 [100] —9 [86]
Al(H2PO4)3 —16.6 [103]
Augelite: AI(OH)3PO4 —29.6 [100]
Senegalite: Alo(OH)3(PO4)-H20 —16.2 [100]
Wavellite: Al3(OH)3(PO4)2-5H,0 —11.2 [100]
Al(HPO4)(H3P0O4)-3H20 —-7.6 [6, 103]
Taranakite: K3Als(HPO4)6(PO4)2-18H20 5.2, —17.2 [48] —8.9 [6, 104]
OH-minyulite KAIy(HPO4)2-Ho0 —-6.5, —10.7, —12.6 [95]
KAl,(PO4)2(OH)-2H,0 (Tinsleyite) —6.9, —18.7 [6, 49]
KAI5(PO4)2(OH)-4H,0 —9.6 [96] "
KAl (POy4)2F-4Ho0 —11.2 [105] —2.1 [105]

2 A broad resonance was reported for synthesized MgoKH(PO4)5-15H50, which was assumed. to be caused by the presence of amorphous materials [4].
> The chemical shifts of cattiite documented in [5,6,99] differ strongly, and thus more experimental data are needed for further confirmation.
" No data currently available in open literature.

Appendix F
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Fig. F-1. XRD patterns of the reference paste P4-R over time. 8 = bobierrite (Mg3(PO4)2-8H20), B = brucite (Mg(OH),), F = forsterite (Mg2SiO4), Kp = KH3PO4, P =
periclase (MgO), S = K-struvite (MgKPO4-6H,0).
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Appendix G
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Fig. F-2. TG/DTG curves of the reference paste P4-R over time. Data after 28, 108, 150, 310 and 400 days were taken from [23].
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Fig. G-1. XRD patterns of the pastes without (P4-R) and with aluminum sulfate (P4-AlS) after early and late hydration. 8 = bobierrite (Mg3(PO4)2-8H20), F =
forsterite (Mg2SiO4), Kp = KHoPOy, P = periclase (MgO), S = K-struvite (MgKPO4-6H20), M = tentatively assigned to a minyulite-like phase.
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Fig. G-2. TG/DTG curves of the pastes without (P4-R) and with aluminum sulfate (P4-AlS) over time. * = unassigned weight loss.
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