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Abstract: Locally  available  waste
materials from the UK are used to syn-
thesize  belitic  calcium  sulfoalumi-
nate  (BCSA)  clinker/cement.  The  raw
materials  (limestone,  waste  clay,  and
gypsum)  were  sourced  locally,  and
additionally  the  non-metallic  by-pro-
duct (NMP) from the processed black
dross  (formed  during  the  secondary
aluminium  production;  aluminium
scrap recycling) was used to boost alu-
mina content. BCSA clinker with a target composition of approximately 60% belite and 30% ye’elimite was synthesised on a labo-
ratory  scale  under  varying  clinkering  conditions.  The  results  show  the  possibility  of  using  NMP  and  local  materials  available
within the UK to produce BCSA cement without the need for bauxite. The clinker formation was found to be influenced by the
raw materials used, in particular iron content and/or clay mineral  type,  and the clinkering conditions.  The raw meal containing
a  higher  amount  of  iron  required  a  higher  burning  temperature  or  longer  dwell  time  for  the  desired  clinker  chemistry  to  be
obtained. The synthesized BCSA cement was hydrated with gypsum at a water-to-cement ratio of 0.5 to assess the reactivity of
the binder. At 56 d, there was complete consumption of ye’elimite, and initial reaction of belite was observed with ettringite, alu-
minium  hydroxide,  and  strätlingite  forming  as  the  main  hydration  products,  demonstrating  reactivity  of  both  major  clinker
phases.
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 1.  Introduction

Cement is  one of the most consumed materials with a global
market  size  of  ~400  billion  USD,  and  approximately  4  billion
metric  tonnes  of  Portland-based  cement  are  currently  pro-
duced  annually[1].  The  cement  manufacturing  process  is  also
considered  responsible  for  approximately  8%  of  the  global

anthropogenic greenhouse gas emissions[2,3]. With the increas-
ingly  severe  effects  of  global  warming  becoming  catas-
trophic,  global  collaboration  is  essential  to  reduce  CO2 emis-
sions  from  the  cement  industry  through  multiple  fronts.  The
use of alternative low-CO2 binders, such as calcium sulfoalumi-
nate  (CSA)-based  binders[4],  is  a  promising  route  to  reducing
the  emissions  associated  with  cement  manufacture[5].  CSA-
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based  cement  requires  lower  energy  and  a  lower  quantity  of
calcium  carbonate  for  manufacture  compared  to  Portland
cement (PC)[6]. These types of cement could also be more eas-
ily  recyclable  than  PC  systems  blended  with  supplementary
cementitious materials.

CSA-based  binders  usually  have  ye’elimite  (C4A3$),  belite
(C2S),  ferrite  (C4AF),  and  (an)hydrous  calcium  sulfate  (C$)  as
the  primary  clinker  phases  (cement  chemistry  notations:
C=CaO, A=Al2O3, $=SO3,  S=SiO2,  F=Fe2O3). CSA-based cement
does  not  have  a  fixed  composition  and,  based  on  the  phase
assemblage and quantities,  can have different properties and
be  classified  as  different  types  of  cement[7,8].  CSA  was  first
introduced  in  the  1960s  as  an  expansive  additive  to  PC[9,10]

and  later  transformed  into  several  different  binder  systems.
One  example  is  the  standalone  binder  known  as  belitic  cal-
cium sulfoaluminate (BCSA) cement with ye’elimite and belite
as  the  primary  clinker  phases,  while  iron-rich  variants  have
been named Belite-Ye’elimite-Ferrite (BYF) cement or ferroalu-
minate  cement[4,11].  CSA  cement  is  also  known  by  several
other  names,  including  low-carbon  cement,  Klein's  com-
pound,  and  the  third  cement  series.  The  main  advantage
today,  apart  from  the  lower-carbon  nature,  of  CSA-based
cement  is  its  rapid  hardening  properties;  these  advantages
are obvious when time is of the essence and the mortar/con-
crete  needs  to  achieve  the  desired  strength  in  a  short
time[12].  CSA  cement  has  been  widely  used  as  a  construction
material in both structural and non-structural applications for
decades  in  the  USA  and  China,  and  further  use  of  CSA
cement as building materials is likely to spread in other coun-
tries  depending  on  the  availability  of  the  raw  materials[8,11].
Some  examples  of  the  use  of  CSA  cement  include  concrete
road  repair,  production  of  concrete  pipes,  using  as  a  binder
in concrete for  bridges,  airport  runways,  highways,  long-span
industrial floor slabs, and bridge decks[11,13,14].

BCSA  has  belite  and  ye’elimite  as  the  primary  clinker
phases. The advantage of BCSA over cement richer in ye’elim-
ite  is  that  it  can  be  produced  from  high-alumina  (e.g.,
kaolinitic)  clays,  diminishing  the  need  for  scarce  bauxite;  this
was first shown, including at scale, by Hanein et al.[15]. Ye’elim-
ite  is  a  highly  hydraulic/reactive  clinker  phase,  which  con-
tributes to the early-age hardening and strength gain proper-
ties[16,17].  As  the  lime-intense  phases  (C3S)  found  in  PC  are
replaced by ye’elimite to contribute to the early-age strength,
there  is  a  direct  reduction  in  the  carbon  footprint  stemming
from limestone usage. The overall CO2 emission reduction dur-
ing  the  manufacturing  of  BCSA  can  be  25%‒35%  compared
to  that  of  PC  manufacturing[6].  This  can  be  attributed  to  the
reduced limestone requirement and lower theoretical  energy
requirement  (~200  °C  lower  kiln  temperature)  for  the  clinker
formation.  Furthermore,  BCSA  clinker  has  been  reported  to
be  more  friable  (porous)  than  PC  clinker,  reducing  the  grind-
ing energy requirement[18].

The use of alternative raw materials such as industrial by-
products can further help reduce the carbon footprint and pro-
mote landfill  avoidance,  thus  improving circularity  within  the
industrial  sector[19].  BCSA  has  been  shown  to  be  made  from
alternative materials in several studies[20–29]. The use of alterna-

tive  materials  to  synthesise  clinkers  also  brings  unconven-
tional  impurities  or  minor  phases,  which  could  affect  the
clinkering  process  and  the  reactivity  of  the  clinker.  BCSA,
upon  hydration  (and  sulfate  availability),  can  form  ettringite
as  the  main  hydration  product[16],  which  has  been  used  for
immobilization  and  stabilization  of  several  heavy  metals
through  ionic  substitution[30,31].  Gougar  et  al.  term  ettringite
as a “very forgiving” phase, allowing for changes in its compo-
sition  without  altering  the  structure,  thereby  accommodat-
ing  several  (hazardous)  ionic  substitutions  and  chemical  ele-
ments[32].  This  facilitates  the  use  of  industrial  by-products  for
synthesising the ye’elimite or BCSA cement. In addition to hav-
ing  a  reduced  carbon  footprint,  BCSA  cement  has  also  been
used as special cement owing to its rapid hardening and self-
stressing  (expansive)  properties[33,34].  The  hydration  of  ye’eli-
mite  forms  ettringite  or  calcium  monosulfoaluminate  based
on  the  availability  of  calcium  sulfate[17,35].  The  rapid  forma-
tion of ettringite at early ages contributes to the formation of
a  dense  microstructure,  providing  early  age  hardening  and
strength  development.  The  C2S  phase  has  been  reported  to
form C-S-H (calcium silicate hydrate gel) or strätlingite at later
ages, which can fill the pores and improve the long-term dura-
bility of the binder system[35,36].

The basic raw materials and major oxides needed for mak-
ing  BCSA  cement  are  similar  to  those  of  PC,  but  BCSA
requires  a  lower  amount  of  limestone  (CaO)  and  a  higher
amount  of  alumina  and  sulfate[37].  Limestone,  clay,  and  gyp-
sum,  which  are  the  primary  sources  of  CaO,  SiO2,  Al2O3,
Fe2O3,  and SO3, are generally  abundant;  however,  since BCSA
requires  a  higher  amount  of  Al2O3,  additional  alumina
sources  (conventionally  bauxite)  may  be  required  depending
on alumina content in the clay.  One of the bottlenecks in the
economic  and  large-scale  production  of  BCSA  could  be  the
availability  of  economically  viable  sources  of  alumina[38].  The
economic  feasibility  of  CSA-based  clinker  was  shown  to
depend highly on the source of bauxite, with CSA being cost-
efficient  when  bauxite  is  sourced  locally  or  imported  from  a
short distance[39]. When bauxite, which is the common source
of  alumina,  is  not  readily  available,  alternative  alumina-rich
sources  have  to  be  considered.  In  the  literature,  alternative
sources such as red mud, alumina sludge, and slag have been
used  for  synthesising  BCSA  clinker.  The  current  study
explores  the  possibility  of  using  locally  available  by-products
from the secondary aluminium production process.

The process of extracting aluminium from scrap metals is
termed the secondary aluminium production process. As part
of  this  process,  typically,  a  salt  flux  is  added  with  the  scrap
metal  to  the  rotary  furnace  to  reduce  the  metal  oxides  and
remove  impurities.  The  salt  flux,  along  with  the  impurities
(minor  elements),  is  termed  salt  slag,  which  contains  the
salts,  residual  aluminium  metal,  aluminium  oxides,  nitrides,
and chlorides. The salt slag is further refined in the tertiary alu-
minium  process  by  leaching  to  extract  all  viable  metal  alu-
minium and removing the salt solution, which is used back in
the  secondary  aluminium  production  process.  The  residue
left  is  termed  the  non-metallic  (by)  product  (NMP)[40].  NMP  is
still  rich in  aluminium,  mostly  in  the oxide form,  which is  not
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economically  feasible  to extract  further.  NMP is  typically  con-
sidered  a  waste  product  with  not  much  economic  value  and
is  dumped  in  landfills  at  a  cost[41].  Thus,  using  this  material
would  provide  additional  benefits  by  reusing  the  by-pro-
ducts  from  the  manufacturing  line.  The  estimated  secondary
aluminium  production  in  the  UK  is  about  150000  metric
tonnes[42]; for example, approximately seventy cans yield 1 kg
of aluminium metal. The aluminium oxide residue from the se-
condary  and  tertiary  aluminium  production  process  (alu-
minium  recycling)  is  readily  available  and  will  remain  so  for
the  foreseeable  future[43].  The  amount  of  salt  slag  generated
from the secondary aluminium production is about 20%‒50%
of the weight of secondary aluminium, depending on the raw
mix  used  for  the  process[40].  Depending  on  the  composition
of  the  salt  slag  (or  black  dross),  each  tonne  of  recycled  black
dross  yields  200–500  kg  of  NMP[44,41].  The  estimate  of  NMP
available in the UK would then be between 15000 and 38000
metric  tonnes annually,  creating a perfect  opportunity to use
NMP  in  clinker  production.  Until  now,  NMP  has  only  been
used  at  low  dosages  in  the  production  of  PC [43,45].  For  the
first  time,  in  this  study,  we  use  NMP  with  other  locally  avail-
able raw materials in the UK to manufacture BCSA.

The  use  of  alternative  materials  in  synthesising  clinkers
comes with its own set of challenges, mainly due to the uncon-
ventional  elements  or  impurities  present  in  them,  which
could  affect  the  clinkering  process  and  the  reactivity  of  the
clinker.  This  study  focuses  on  understanding  the  effects  of
using  limited  amounts  of  NMP,  along  with  two  alternative
local  sources  of  clay  from  the  UK,  on  the  manufacturing  and
hydraulic  reactivity  of  BCSA  clinker.  The  raw  materials  were
characterised,  and  their  feasibility  for  use  as  a  raw  meal  for
BCSA  clinker  manufacturing  was  assessed.  The  microstruc-
ture  of  the  produced  clinker  was  then  characterised  with  a
focus  on  phase  assemblage  and  tracing  the  presence  of  any
potentially  deleterious  chemical  elements.  Microstructural
characterization of  the hydrated paste samples was also con-
ducted  to  understand  the  fate  of  the  minor  elements  and
their effect on the reactivity of the BCSA binder system.

 2.  Materials and methods

 2.1.  Materials

The raw meal for the clinker was made using local  limestone,
waste  clay  from  two  different  sources  (termed  Clay_1  and
Clay_2),  gypsum,  and  processed  NMP  as  the  main  sources  of
CaO,  Al2O3,  SiO2, SO3 and  the  additional/top-up  source  of
Al2O3,  respectively,  in  the  raw  meal.  The  NMP  is  processed

from salt slag; Clay_1 is from dewatering a waste stream from
kaolin  processing  plants  (always  discarded  as  waste  in  mo-
dern  operations),  and  Clay_2  is  waste  clay  from  railway  con-
struction.

The  raw  materials  were  calcined  at  1000  °C  for  3  h  and
then  ground  to  a  particle  size  of  less  than  63  µm  after  cool-
ing  to  room  temperature.  Additionally,  pure  chemicals
(CaCO3, Al2O3, SiO2, and CaSO4) were used to synthesise BCSA
to  compare  with  the  clinker  made  from  the  locally  available
and waste materials.

 2.2.  Analysis techniques

The  elemental  composition  of  the  raw  materials  was  deter-
mined  by  X-ray  fluorescence  spectroscopy  (PANalytical
Zetium).  The  samples  were  prepared  as  fused  beads  with  a
lithium-metaborate  flux,  and  the  quantification  was  done
against the WROXY standard.

The clinker phase quantification was analyzed using quan-
titative  X-ray  diffraction  (XRD).  The  diffractograms  were  col-
lected  by  the  PANalytical  X’Pert  and  PANalytical  Aeris  instru-
ments using a Cu-Kα X-ray source, in the 2θ range of 5° to 60°
with a step size of 0.01° at the rate of about 30 s per step. All
the samples were back-loaded to avoid preferred orientation,
and  the  diffraction  data  were  collected  with  continued  rota-
tion of the sample holder at 30 r min−1. The clinker phase iden-
tification  and  quantification  were  performed  using  Rietveld
refinement  in  TOPAS  software.  The  refinement  was  done  for
different  phases  using  the  crystallographic  information
shown  in Table  1.  Refinement  was  conducted  until  Rwp
(weighted  pattern  residual  error)  and  GOF  (goodness  of  fit)
values  reached  below  10.0  and  5.0,  respectively,  to  ensure  a
reliable quantification.

Simultaneous  thermal  analysis  (STA)  was  carried  out
using a TA Instrument Q600 SDT, over the temperature range
of  50  °C  to  1300  °C  (heating  rate:  10  °C  min−1)  in  a  constant
air  environment  (flow rate:  100  mL min−1).  The  samples  were
tested using an alumina crucible  with an empty alumina cru-
cible  as  a  reference  for  baseline  correction.  The  change  in
mass (TG) and heat flow (DSC) was monitored with the increas-
ing temperature.

Spectroscopic  mapping  of  clinker  phases  and  distribu-
tion of  the  different  elements  was  performed using scanning
electron  microscopy  combined  with  energy  dispersive  spec-
troscopy  (SEM-EDS).  The  pellets  of  clinker  samples  were  bro-
ken into smaller chunks and used for testing in SEM. The sam-
ples  were  embedded  in  low-viscosity  epoxy,  and  a  polished
section  with  ~10  nm  carbon  coating  was  used  for  the  SEM

 

Table 1.   Crystallographic information of the phases used in the Rietveld refinement.

Clinker phase Crystal structure ICDD No.

Ye’elimite (C4A3$) Orthorhombic 01-083-9042[46]

Belite (C2S) Monoclinic 04-007-2687[47]

Anhydrite (C$) Orthorhombic 01-072-0916[48]

Ferrite (C4AF) Orthorhombic 01-074-3672[49]

Tricalcium aluminate (C3A) Cubic 00-038-1429[50]

Gehlenite (C2AS) Tetragonal 00-035-0755[51]

Ternesite (C5S2$) Orthorhombic 01-088-0812[52]
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analysis.  The  SEM  instrument  Inspect  F50  was  used  at  10  kV
and  20  kV  to  obtain  the  backscattered  electrons  (BSE)  imag-
ing and EDS spectra.

 2.3.  Raw-mix preparation and pyroprocessing

The clinker phase composition was selected to reflect a BCSA
binder  system with  a  high belite  content  and lower  amounts
of  ye’elimite  (~30  wt%),  which  would  be  enough  to  provide
high  early-age  strength  and  rapid  hardening  properties[13,15].
The  raw  meal  design  was  based  on  stoichiometric  calcula-
tions  using  the  oxide  composition  of  the  raw  materials
obtained  from  XRF.  The  raw  materials  were  batched  in  the
required proportions and, to ensure homogeneity, blended in
a  planetary  ball  mill.  The  Retsch  Planetary  Ball  Mill  PM100
was  used  for  blending  with  zirconia  jars  and  5  mm  diameter
zirconia balls  at  300 rpm for  5  min.  The blended powder was
then  pressed  into  pellets  under  a  load  of  3  tonnes  (the  load
was adjusted to get pellets of uniform size without breaking).
Multiple  pellets  of  similar  size  were  made  for  the  different
clinker  raw  meals[53].  The  dimensions  of  the  pellets  were  16
mm  in  diameter  and  ~5  mm  in  height,  weighing  approxi-
mately  3  g  each.  The  pellets  were  placed  in  an  alumina  cru-
cible  and  heated  in  a  Carbolite  (RHF  14-35)  muffle  furnace
with a maximum temperature of 1400 °C. The furnace was pre-
heated,  and  the  samples  were  placed  in  the  furnace  at  900
°C. The furnace was then heated to a target temperature vary-
ing between 1200 °C and 1310 °C at a rate of 5 °C min−1, hold-
ing  at  that  temperature  for  the  corresponding  dwell  time  as
shown  in Table  2.  The  samples  are  removed  from  the  fur-
nace  after  the  dwell  time  and  rapidly  cooled  with  mechani-
cally  assisted  air-cooling.  The  clinker  samples  were  then
stored  in  a  vacuum  desiccator  for  further  characterization.
The samples  for  SEM analysis  were  collected by  breaking the
clinker  pellet  into  chunks,  and  the  cross  section  of  the  pellet
was used for  the imaging,  whereas the samples were ground
into a fine powder (<63 µm) for  XRD analysis,  as  discussed in
Section 2.2.

The clinkering temperature was selected based on the sta-
bility and formation of ye’elimite in BCSA. Under normal pyro-
processing  pressures,  ye’elimite  formation  can  start  from
1000  °C  and  continue  until  1300  °C,  beyond  which  ye’elimite
could  decompose  into  other  calcium  aluminate  phases[54].
The  optimal  temperature  for  clinkering  for  ye’elimite-rich
cement  was  reported  to  be  1250  °C;  however,  this  is  also
dependent  on  the  raw  materials  used  and  the  targeted
clinker  phase  assemblage[17].  Thus,  temperature  ranges  from
1200 °C to 1310 °C were selected.

 2.4.  Cement hydration

The  ground  clinker  (<63  µm)  was  blended  with  10  wt%  gyp-
sum  to  make  the  binder,  which  was  mixed  with  distilled
water at a water-binder ratio of 0.5 to make the cement paste
samples.  The  cement  paste  samples  were  stored  in  sealed
test tube vials at 20 °C for 56 d before testing. At 56 d, the sam-
ples were collected, and hydration was stopped based on the
solvent  exchange  method  using  isopropyl  alcohol  (IPA).  The
samples  were  broken  into  smaller  chunks  (<5  mm)  and
immersed in IPA for 24 h, and then dried and stored in a vac-
uum desiccator until further material characterization was con-
ducted;  the  sample  was  ground  and  characterized  by  XRD
and TG (from STA).

 3.  Results and discussion

 3.1.  Raw materials characterization

The raw materials  were characterized to  determine the oxide
composition for the raw mix design, as shown in Table 3. The
two  clay  sources  are  termed  Clay_1  and  Clay_2,  respectively.
In  addition  to  alumina  and  silica,  Clay_1  had  Mg  and  some
alkalis  as  the  main  impurity,  whereas  Clay_2  had  a  signifi-
cantly  higher  concentration  of  iron  (Table  3).  The  difference
in  the  loss  of  ignition  (LOI)  values  between  the  clays  can  be
mainly  attributed  to  their  different  levels  of  moisture.  The
NMP  sample  has  a  negative  LOI  value  as  the  sample  would
have  some  residual  metal  aluminium,  and  the  oxidation  (or
even nitridation) of this would result in a mass gain.

 3.2.  Clinkering

BCSA  clinker  raw  meals  were  formulated  using  the  two
sources  of  Clay_1  and  Clay_2,  designated  as  BCSA_1  and
BCSA_2,  respectively.  The  raw  meals  for  the  clinkers  were
designed  based  on  stoichiometric  calculations  to  achieve
about 30% ye’elimite, 50%‒60% belite, and 10% other phases
(calcium  sulfate  and  ferrite).  The  clinkers  were  made  as  per
the  clinkering  conditions  (Table  2)  and  analysed  (Figs.  1 and
2).  The  quantification  of  the  clinker  phases  showed  that
BCSA_1 did not have any residual calcium. Thus,  additionally,
BCSA_3 was formulated using Clay_1, designed to have a simi-

 

Table  2.    Clinkering  condition:  List  of  the  different  dwell  tempera-
tures and the corresponding dwelling times at the maximum tempera-
ture for the clinker samples.

Dwell temperature Dwell time

1200 °C 1 h, 2 h
1220 °C 1 h, 2 h
1250 °C 1 h
1280 °C 15 min, 30 min, 45 min, and 1 h
1310 °C 1 h

 

Table 3.   Calculated oxide composition of the different raw materials
as determined using XRF for elemental analyses.

Oxide composition NMP Gypsum Clay_1 Clay_2

CaO 2.22 34.36 0.06 2.06
Al2O3 79.68 0.85 32.90 13.82
SiO2 13.97 2.03 49.63 39.89
SO3 0.66 51.09 0.00 3.38

Fe2O3 1.38 0.40 1.76 6.70
Na2O 4.52 0.24 0.40 0.33
K2O 0.85 0.22 5.43 2.48
Cl 0.36 0.00 0.00 0.00

MgO 4.13 0.00 2.85 0.42
P2O5 0.04 0.01 0.12 0.09

Mn3O4 0.28 0.02 0.32 0.32
TiO2 0.76 0.00 0.39 0.72
LOI (−) 8.9 10.8 6.14 29.8

V. K. Shenbagam et al. Materials Reports: Solidwaste and Ecomaterials 1(2025) 9520009

4



lar  amount  of  ye’elimite  and  belite  but  with  an  additional
10% calcium sulfate. BCSA_3 was specifically designed to moni-
tor  the  desulfurization  of  calcium  sulfate.  A  reference  mix
BCSA_4 was made using pure oxides of a similar target compo-
sition  (30%  ye’elimite,  60%  belite)  for  comparison. Table  4
shows  the  raw  meal  proportions  of  the  different  raw  materi-
als  and  the  oxide  composition  of  the  raw  meal  calculated
based  on  the  weight  percentages  in  the  raw  meal  and  the
respective oxide composition of the raw materials (from XRF).
The  clinkering  was  done  as  per  the  heating  regime,  as  given
in Table  2.  The clinker  samples  were  then ground and tested
by XRD as mentioned in Section 2.2.

 3.3.  Clinker characterization

The  X-ray  diffractogram  and  quantification  of  the  clinker
phases of the BCSA clinkers synthesised at different tempera-
tures and dwell times are shown in Figs. 1 and 2, respectively.
In the BCSA_1 sample, most raw materials were consumed at
1200  °C,  and  free  lime  in  the  clinker  was  not  detectable  by
XRD  (Fig.  1).  This  indicates  that  most  clinkering  reactions
were  complete  within  1  h  at  1200  °C  for  the  BCSA_1  sample.
Furthermore,  in  the  BCSA_1,  with  the  increase  in  tempera-
ture,  a  steady  but  insignificant  (within  error)  increase  in  the
amount  of  ye’elimite  formed  was  observed,  without  obvious
differences  in  the  overall  clinker  phase  assemblage  (Fig.  2).
There  were  only  trace  amounts  of  gehlenite.  The  theoreti-
cally  computed  clinker  phase  also  had  a  significant  amount
of  ferrite  and  calcium  sulfate  phases,  which  were  not
observed  in  the  clinker.  This  can  be  attributed  to  the  iron

being taken up by ye’elimite[55–57].  This is also reflected in the
absence of  calcium sulfate  in  the clinker,  as  it  was  consumed
when  aluminate  and  ferrites  form  ye’elimite.  Only  at  higher
temperatures  (1280  °C  and  1310  °C),  the  ferrite  phase  could
be observed. Ye’elimite is known to decompose at higher tem-
peratures  over  1300  °C[54];  thus,  the  ferrite  phase  might  start
forming  as  the  preferred  phase  only  at  elevated  tempera-
tures.

In  BCSA_2,  the  clinkering  conditions  had  a  more  signifi-
cant impact on the clinker  phases formed.  At  lower tempera-
tures,  there  was  a  significant  amount  of  free  lime  in  the
clinker,  and  it  decreased  when  the  dwell  time  increased  to
2 h.  For  the BCSA_2 raw meal,  a  higher  burning temperature
or  a  longer  dwell  time  was  needed  for  the  complete  forma-
tion of the clinker phases. Only at 1280 °C, there was insignifi-
cant free lime left in the system (Fig. 2). BCSA_2 had a signifi-
cantly  higher  amount  of  iron  in  the  raw  meal,  which  was
reflected with a significant amount of ferrite phase formed in
the  clinker.  Additionally,  with  the  increase  in  temperature  or
dwell  time,  the  amount  of  ye’elimite  formed  reduced.
Although  the  clinkering  process  was  not  completed,  the  ye’
elimite amount reduction indicates its  decomposition (loss of
sulfate  as  SO2 and  O2)[15].  This  can  be  attributed  to  iron  con-
tent,  which  can  promote  the  decomposition  of  ye’elimite  (at
a  lower  temperature)  and increase  the rate  of  desulfurization
from  calcium  sulfate[55,58].  On  the  other  hand,  iron  has  also
been  reported  to  facilitate  the  formation  of  ye’elimite  at  a
lower  temperature[55,59],  unlike  the  observations  from

 

Table 4.   Raw meal composition with the theoretical oxide composition and the predicted clinker phase calculated based on stoichiometry for
the different clinker (wt%).

Raw material BCSA_1 BCSA_2 BCSA_3 BCSA_4

Limestone 59.89 60.23 58.38
Clay_1 24.21 23.31
Clay_2 21.09

Gypsum 10.37 5.82 14.45
NMP 5.53 12.36 3.85

RG-CaCO3 61.38
RG-Al2O3 10.96
RG-CaSO4 12.41
RG-SiO2 15.25

Theoretical oxide composition BCSA_1 BCSA_2 BCSA_3 BCSA_4
CaO 37.35 36.67 37.98 39.50

Al2O3 12.65 13.10 11.51 10.96
SiO2 13.82 13.44 13.73 15.25

Fe2O3 0.83 2.16 0.57 0.00
SO3 5.50 4.14 7.72 7.30
CO2 26.33 26.48 25.67 26.99

Others 2.74 2.99 2.83 -
Theoretical clinker phase composition BCSA_1 BCSA_2 BCSA_3 BCSA_4

Ye’elimite 34.25 32.08 29.91 29.90
Belite 55.84 53.45 52.94 59.80

Anhydrite 5.19 2.54 10.99 10.30
Ferrite 2.43 9.10 2.32 0

Rest 2.29 2.83 3.84 -

Note: RG = reagent grade.
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BCSA_2.  The  stability  of  ye’elimite  at  lower  temperatures
could  have  been  affected  by  the  other  minor  elements  like
phosphorus  or  magnesium  (from  Clay_2)  on  the  clinkering
reaction[60];  however,  further  studies  are  needed  to  under-
stand  their  role  and  effect.  BCSA_2  also  showed  the  forma-
tion  of  gehlenite  phase  in  the  clinker,  which  can  be
attributed to the loss of sulfate, perhaps assisted by the pres-
ence of iron. The preferred formation of gehlenite over belite

could also be attributed to its lower Gibbs free energy[61].
The  raw  meal  of  BCSA_1  made  using  NMP  and  Clay_1

was easier to produce and required less energy. Furthermore,
shorter dwell  times at 1280 °C were attempted using the raw
meal  prepared  from  NMP  and  Clay_1  (BCSA_3).  As  the
BCSA_1 clinker  did not  have any calcium sulfate,  the amount
of  calcium  sulfate  for  the  targeted  composition  increased  by
5%  (Table  4).  This  raw  meal  formed  ye’elimite  and  belite  at
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1280 °C with a dwell time of as little as 15 min, and there was
no detectable  amount  of  free  lime in  the  clinker  (Fig.  3).  This
indicates that the clinkering reaction required only 15 min (or
less) for the formation of ye’elimite and belite. Similar observa-
tions have been made of lower dwell time required for the for-
mation  of  ye’elimite  at  higher  temperatures  (1300  °C)[54,59].
The phase composition of ye’elimite and belite did not signifi-
cantly  change  from  15  min  to  1  h;  however,  the  detectable
amount  of  calcium  sulfate  seemed  to  reduce  from  about
2.5%  to  an  undetectable  level  at  1  h  (which  is  probably
within the error).  At 1280 °C,  calcium sulfate seems to be sta-
ble  when  it  forms  ye’elimite;  the  excess  calcium  sulfate  (in
the  raw  meal)  reduces  rapidly  and  is  lost  due  to  desulfuriza-
tion after 15 min.  The presence of iron in the raw meal could
have  also  enhanced  the  desulfurization  of  calcium
sulfate[55,58].  In  addition  to  the  calcium  sulfate  being  con-
sumed  to  form  additional  ye’elimite  (incorporating  iron),
some  of  the  calcium  sulfate  is  also  lost  during  the  clinkering
process.

 3.4.  Clinkering reactions

The  two  BCSA_1  and  BCSA_2  clinker  made  using  the  differ-
ent sources of clays were compared against BCSA_4 with simi-
lar  composition  but  made  using  pure  reagent-grade  simple
oxide  phases.  The  DSC  data  indicate  regions  of  phase
changes/chemical  reactions  taking  place  (Fig.  4).  The  strong
endothermic peak near 800 °C is attributed to the decarbona-
tion of CaCO3

[54,62]. The heat flow corresponding to the decar-
bonation  of  CaCO3 in  the  BCSA_1  sample  is  very  similar  to
that  in  the  BCSA_4  sample,  whereas  there  is  a  slight  shift  in
the  peak  for  the  BCSA_2  sample.  This  change  may  be
attributed  to  the  fact  that  BCSA_2  has  a  higher  iron  content
and  other  minor  elements[60,63,64].  The  BCSA_4  sample  had  a
minor exothermic peak near 900 °C,  which may be attributed
to  the  crystallization  of  some  raw  material  or  clinker
phases[54];  however,  this  peak  is  absent  for  the  clinkers  with
waste  clay.  Beyond  900  °C,  all  the  samples  had  a  continuous
heat  release,  indicating  the  clinkering  reaction  taking  place.

The  formation  of  belite  from  lime  and  silica  is  an  exothermic
reaction[65].  The  peak  for  belite  formation  appears  before
1200  °C  for  the  samples  using  waste  clay,  whereas  for
BCSA_4, the peak appears later,  beyond 1200 °C[63].  The pres-
ence  of  iron  and  other  minor  elements  (from  the  raw  meal)
could  enhance  the  reaction  of  belite  formation.  Additionally,
the source of silica for the BCSA_4 raw meal was crystalline si-
lica  (reagent  grade),  which  would  have  lower  reactivity  than
the  silica  available  from  the  clay  sources.  The  clinker  reac-
tions for ye’elimite started beyond 1200 °C. In the pure phase
BCSA_4 clinker,  two sharp endothermic peaks were observed
at 1220 °C and 1260 °C, corresponding to the transition of cal-
cium  sulfate  phase  and  the  formation  of  ye’elimite,  respec-
tively[59,60].  Beyond  1300  °C,  there  was  a  broad  endothermic
peak accompanied by mass  loss  in  the sample,  which can be
attributed to the decomposition of ye’elimite and calcium sul-
fate[54,58].  Whereas in  BCSA_1 and BCSA_2,  there was a  single
broader  exothermic  region  at  1200  °C.  The  zone  could  indi-
cate  the  overlapping  peaks  of  the  transition  of  calcium  sul-
fate, the formation of ye’elimite, and the decomposition of cal-
cium  sulfate[54,62].  These  changes  from  the  BCSA_4  sample
could  be  attributed  to  the  presence  of  iron  and  other  minor
elements from the raw meal; further studies and detailed char-
acterization  are  required  to  understand  this.  For  further  SEM
characterization  and  hydration  studies,  one  of  the  samples
(BCSA_1 synthesised at 1280 °C with a dwell  time of 1 h) was
chosen.

 3.5.  Phase and elemental maps of the BCSA_1 clinker

BCSA_1 clinker sample (made at 1280 °C with a dwell  time of
1 h) was selected for further characterization and phase map-
ping  using  SEM-EDS  analysis.  The  elemental  composition
data from the EDS map were collected and used to make the
phase  maps.  The  SEM-BSE  image  distinctly  shows  two  differ-
ent  phases,  with  a  brighter  and  darker  phase  visible,  with
some void spaces  (Fig.  5a).  The clinker  sample,  unlike PC,  did
not  have  a  continuously  filled  solid  structure;  the  clinker  was
formed  with  voids  or  pores.  BCSA  cements  have  been

 

15 20 25 30 35 40 45 50 55 60

Lime

Gehlenite
Belite

60 min

45 min

30 min

2θ (°)

15 min

Ye'elimite

C$

Belite

BCSA_3

15 m
in

30 m
in

45 m
in

60 m
in

0

20

40

60

80

100

(b)(a)

W
ei

gh
t p

er
ce

nt
ag

e

Ye'elimite Anhydrite Gehlenite
Belite Ferrite Lime

BCSA_3

Fig. 3. (a) X-Ray diffractograms and (b) the quantified phase composition of BCSA_3 clinker synthesised at 1280 °C with a dwell time of 15 min to
60 min. Note: Dashed lines represent the main peaks of gehlenite and lime for reference.

Materials Reports: Solidwaste and Ecomaterials 1(2025) 9520009 V. K. Shenbagam et al.

7



reported to form a more porous clinker[18]. The SEM-EDS analy-
sis  of  the  individual  elements  and  phase  map  of  the  clinker
phases  is  shown  in Fig.  5b and Fig.  5c,  respectively.  The
brighter  phases  were  found  to  be  belite,  and  the  darker
phases were ye’elimite based on the phase mapping (Fig. 5c).
The  clinker  phases  predominantly  contained  calcium,  silicon,
aluminium,  and  sulphur  as  the  main  elements  with  minor
amounts  of  magnesium  and  iron,  as  expected  from  the  raw
meal.  The  distribution  of  calcium  was  more  concentrated  in
the belite  region than in  ye’elimite  (ye’elimite,  based on stoi-
chiometry,  has a lesser demand for  calcium).  The presence of
silicon and aluminium was limited to the region of belite and
ye’elimite,  respectively.  Calcium  sulfate  deposits  were  found
within the belite crystal, and magnesium was found in ye’elim-
ite.  Although  the  magnesium  was  concentrated  in  a  small
region,  it  also  showed  signals  from  calcium,  aluminium,  and
sulphur, which could indicate a small deposit of MgO or inter-
mixing  and  incorporation  of  magnesium  in  ye’elimite.  How-
ever, further detailed investigation is required to confirm this.
Similarly, although the concentration of iron was low, its distri-
bution  was  also  observed  only  in  the  ye’elimite  region.  This
indicates the incorporation of iron within the ye’elimite struc-
ture and not forming a separate clinker phase. No other delete-
rious elements and minor elements (from the raw meal) were
detected in the clinker phases.

 3.6.  Hydration reactions of BCSA_1

Hydration studies were conducted using the BCSA_1 (synthe-
sised  at  1280  °C  with  a  dwell  time  of  1  h)  clinker  blended
with 10% gypsum. Cement paste samples were prepared at a
water-binder  ratio  of  0.5  and  cured  under  sealed  conditions
at  20  °C  for  56  d.  A  longer  duration  of  curing  (56  d  rather
than 28 d) was selected for the preliminary study to allow suffi-
cient  time  for  belite  hydration.  The  hydrated  cement  paste
sample  was  characterized  using  XRD  and  TG  (from  STA).  The
ye’elimite phase in the clinker was completely consumed dur-
ing  this  period,  with  belite  also  starting  to  hydrate  (Fig.  6).
The diffractogram clearly  shows the main hydration products

of  ettringite  and  strätlingite  from  the  hydration  of  ye’elimite
and  belite,  respectively,  whereas  the  aluminium  hydroxide
formed  (generally  amorphous  or  microcrystalline)  was  better
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detected  in  thermogravimetric  analysis[36,66,67].  The  TG  data
also support/supplement the XRD data,  showing a clear peak
defined for ettringite and mass loss observed in regions corres-
ponding  to  strätlingite  and  aluminium  hydroxide.  With  suffi-
cient  gypsum,  ye’elimite  completely  reacted  to  form  ettrin-
gite  and  aluminium  hydroxide,  and  the  belite  formed
strätlingite.  The formation of  strätlingite confirms the reactiv-
ity  of  belite  and indicates  that  belite  will  continue to hydrate
to fill the pores and improve durability[35,36,67].

 4.  Conclusions and closing remarks

(1)  The  non-metallic  by-product  from  the  secondary  alu-
minium  treatment  industry  was  used  to  meet  the  alumina
requirements  for  BCSA  clinker.  BCSA  clinker  of  the  targeted
composition  was  successfully  synthesised  using  the  locally
available waste clays and NMP from the UK.

(2) The produced clinker did not show any detectable pres-
ence  of  deleterious  elements  as  observed  by  XRD  and  SEM-
EDS.

(3)  Results  indicate  that  it  is  easier  to  form  BCSA  with
diminished  iron  oxide  content  and/or  from  kaolinite-rich
clays  poor  in  iron,  even  with  only  15  min  in  the  clinkering
zone.

(4)  Iron  and  minor  elements  in  the  raw  meal  influenced
the  clinker-forming  process,  as  observed  in  the  changes  in
heat flow during the formation of clinker phases.

(5)  The  BCSA  made  with  Clay_1  was  hydrated  with  gyp-
sum and was shown to have sufficient reactivity with the com-
plete consumption of ye’elimite and initial reaction of belite.

(6)  The  primary  hydration  products  of  the  BCSA  cement
were ettringite, strätlingite, and aluminium hydroxide.
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