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Abstract: The  massive  stockpiling  of  coal  gasification
slag poses  significant  environmental  hazards,  necessi-
tating  urgent  resource  utilization.  When  used  in
cement-based  materials,  it  can  partially  replace
cement,  thereby  reducing  carbon  emissions.  This
paper  employs  different  pretreatment  methods  to
enhance  the  hydration  activity  of  coal  gasification
slag and compares modification techniques using vari-
ous  evaluation  methods.  The  results  indicate  that,  in
terms  of  evaluation  methods,  the  Rietveld  whole-
pattern fitting method, ion leaching method, and qual-
ity  loss  method  can  rapidly  assess  pozzolanic  activity;
the combined application of these methods can simul-
taneously ensure high accuracy and low time consump-
tion. Regarding modification techniques, the modifica-
tion methods adopted in this study can alter the amor-
phous  composition,  ion  dissolution,  and  reactivity  of
coal  gasification  slag.  Under  the  experimental  condi-
tions of this study, alkali dissolution and CaCl2 modifica-
tion can effectively enhance pozzolanic activity, result-
ing in stronger mechanical properties. Specifically, the
compressive  strength  growth  rates  of  cement  with  coal  gasification  slag  modified  by  NaOH  at  7  d  and  28  d  can  reach  13.5%
and 6.5%, respectively, while those modified by CaCl2 can reach 9.0% and 13.1% at 7 d and 28 d, respectively, demonstrating sig-
nificant effects. Therefore, these methods can be considered as viable means for modifying coal gasification slag to improve its
resource utilization efficiency.
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 1.  Introduction

Coal is the primary energy source in China, occupying a pivo-
tal  position,  while  coal  gasification  technology  represents  a
key pathway for the clean utilization of coal. However, this pro-
cess generates 15% to 20% of coal gasification slag (CGS)[1–3].
Coal gasification slag is a solid residue formed during a series
of chemical and physical reactions between coal and a gasify-
ing  agent  under  specific  temperature  and  pressure  condi-
tions,  incorporating  inorganic  minerals  from  the  coal  along
with  residual  carbon  particles.  It  is  classified  into  coarse  slag
and fine slag. According to reports, the amount of coal gasifica-
tion slag generated by coal  combustion is  relatively large[4–6],
yet  its  utilization  rate  remains  low.  Massive  stockpiling  not
only  occupies  land  but  also  poses  environmental  safety
risks  and  hinders  the  development  of  coal  chemical
technology[7–9].

Coarse  slag  accounts  for  approximately  80%  of  the  total
volume  of  coal  gasification  slag  and  has  a  relatively  low  car-
bon content, whereas fine slag contains a higher carbon con-
tent  and  forms  a  porous  structure  under  high  temperatures
due  to  process  influences[10,11].  Additionally,  coal  gasification
slag contains silica and alumina, with its main mineral phases
consisting  of  silicates  and  aluminosilicates,  exhibiting  poten-
tial  pozzolanic  activity[12–15].  Therefore,  it  can  be  utilized  as  a
building material product.

Fu  et  al.[16] investigated the  influence of  coal  gasification
slag  content  on  the  properties  of  cement-based  materials.
Their  findings  indicated  that  low-dosage  coal  gasification
slag  exhibits  nucleation  and  pozzolanic  effects  in  cement-
based  materials,  which  are  beneficial  for  hydration  reactions
and  enhance  the  compressive  strength.  However,  when  the
coal gasification slag content exceeds 30%, the hydration prod-
uct  content  decreases,  and  the  microstructure  becomes
loose, resulting in poor mechanical properties. Li et al.[17] stud-
ied  the  hydration  mechanism  of  coal  gasification  slag  in
cement.  Their  results  showed  that  when  fine  slag  is  used  in
cement-based materials, its high carbon content hinders hydra-
tion  reactions,  whereas  the  use  of  coarse  slag  allows  for  the
detection  of  hydration  products  such  as  ettringite  and  C-S-H
gel  formation,  thereby  promoting  hydration  reactions  and
improving  mechanical  properties.  Zhao  et  al.[18] explored  the
application of calcined coal gasification slag in cement-based
materials  and  found  that  calcination  enhances  the  hydration
activity  of  coal  gasification  slag.  Furthermore,  researchers
have employed chemical modification[19–22], physical modifica-
tion[23–25], and synergistic modification[26] to improve the hydra-
tion activity of coal gasification slag, thereby increasing its sub-
stitution rate in cement-based materials.

However,  current  modification methods for  coal  gasifica-
tion  slag  are  relatively  limited,  and  there  is  a  lack  of  system-
atic  research  on  the  impact  of  different  modification
approaches  on  the  properties  of  coal  gasification  slag,  mak-
ing it difficult to significantly improve its utilization efficiency.
Additionally,  research  on  coal  gasification  slag,  as  well  as
other solid wastes, often employs traditional activity index eval-
uation  methods  to  assess  pozzolanic  activity[27–30],  which  are
time-consuming  and  result  in  slow  experimental  outcomes.

Therefore, this study compares the effects of different modifica-
tion methods on the physicochemical properties of coal gasifi-
cation  slag  and  utilizes  various  pozzolanic  evaluation  meth-
ods to assess and compare the modification processes of coal
gasification slag, including the accuracy and timeliness of the
evaluation  method.  Compared  with  existing  studies,  this
work clearly identifies the limitations of single-method evalua-
tion,  as  well  as  the  necessity  and  core  parameters  of  adopt-
ing multi-criteria evaluation methods.

This research will provide diverse perspectives on the uti-
lization  of  coal  gasification  slag  and  establish  a  rapid  evalua-
tion  method  for  pozzolanic  activity,  offering  an  effective
approach  for  the  rapid  identification  of  pozzolanic  activity  in
coal gasification slag and other solid wastes.

 2.  Materials and methods

 2.1.  Materials

The raw materials used in the experiment included coal gasifi-
cation  slag,  P.I  42.5  Portland  cement,  NaOH,  KOH,  HCl,
Na2SO4,  and  CaCl2.  Among  them,  the  coal  gasification  slag
was  obtained  from  a  chemical  plant  in  Shanxi  Province,
China,  with  a  density  of  2.7  g  cm−3.  The  chemical  composi-
tion  and  physical  properties  of  the  coal  gasification  slag  are
presented  in Tables  1 and 2,  respectively.  The  experimental
results  reveal  that  the  primary  chemical  constituents  of  the
coal  gasification  slag  are  Al2O3 and  SiO2,  with  contents  of
31.55% and 39.11%, respectively, followed by CaO and Fe2O3,
with  contents  of  7.97%  and  3.43%,  respectively.  The  loss  on
ignition  (LOI)  of  the  coal  gasification  slag  is  12.68%. Fig.  1
shows  the  initial  morphology  of  the  coal  gasification  slag,
exhibiting a porous block-like structure.
 
 

Table 1.   Chemical composition of coal gasification slag (wt%).

Al2O3 SiO2 CaO Fe2O3 K2O TiO2 MgO Na2O LOI

31.55 39.11 7.97 3.43 0.30 1.05 0.99 1.87 12.68

 
 

Table 2.   Physical properties of coal gasification slag.

Sample Density (g cm−3) pH Moisture content (%)

Coarse slag 2.7 9.76 1.52
 

 
 

Fig. 1. The initial morphology of the coal gasification slag.
 

The  physical  properties  of  the  cement  are  presented  in
Table  3.  The  specific  surface  area  of  the  P.I  42.5  Portland
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cement is  370 m2 kg−1,  with a  7  d flexural  strength and com-
pressive  strength  of  7.3  MPa  and  42.8  MPa,  respectively,  and
those at 28 d of 9.1 MPa and 56.2 MPa, respectively.

 2.2.  Methods

 2.2.1.  Coal gasification slag modification method
The  experiment  employed  acids,  alkalis,  and  salts  to  modify
the coal gasification slag separately, with the specific modifica-
tion protocols outlined in Table 4. For the acid and alkali solu-
tions,  both  were  prepared  at  a  concentration  of  0.5  mol  L−1

and  mixed  with  the  coal  gasification  slag  at  a  liquid-to-solid
ratio  of  2:1,  followed  by  washing,  drying,  and  grinding.  After
washing,  the  washing  solution  should  be  neutral.  In  the  case
of  salt  modification,  the  coal  gasification  slag  was  combined
with the chemical  reagents,  followed by drying to a  constant
weight,  and  then  ground.  The  grinding  duration  was  uni-
form across all samples, lasting 30 min. The detailed modifica-
tion process is illustrated in Fig. 2.

 2.2.2.  Size distribution
The  particle  size  distribution  was  primarily  determined  using
a  laser  particle  size  analyzer  (Mastersizer  2000).  The  sample
(50–100  mg)  was  ultrasonically  dispersed  in  an  anhydrous
ethanol  bath  for  5  min  and  then  transferred  to  the  measure-
ment  cell.  The  average  value  was  taken  from  three  test
results.

 2.2.3.  Composition and microstructure
The mineral composition was determined using an X’Pert Pow-

der  X-ray  diffractometer  (XRD)  manufactured  by  JEOL  Ltd.
(Japan).  The  instrument  operated  at  a  voltage  and  current  of
40  kV/40  mA,  with  a  continuous  scan  using  a  Cu  target.  The
scanning angle ranged from 5° to 80°,  with a scanning speed
of  2°  min−1,  to  obtain  sufficiently  fine  diffraction  data  and
meet  the  accuracy  requirements  of  Rietveld  refinement
calculations.

Chemical  bonds  were  analyzed  using  infrared  spec-
troscopy (FTIR).  Initially,  the coal  gasification slag sample and
KBr  were  mixed  in  a  ratio  of  1:100  and  manually  ground  in  a
dry  and  clean  agate  mortar  for  5  min.  The  mixture  was  then
placed into a pellet mold and subjected to a press at approxi-
mately  20  MPa  for  5  min.  The  resulting  pellet  was  placed  on
an infrared workbench, and the Thermo Scientific OMNIC oper-
ating system was used to set the scan count to 64 and the res-
olution to 32 cm−1 before initiating the test.

Microscopic  morphology  was  observed  using  a  scanning
electron microscope (SEM). The sample was first affixed to con-
ductive tape and then subjected to gold sputtering for approxi-
mately  30  to  40  s  before  testing.  The  acceleration  voltage
was set to 5 kV, the working distance was 3 mm, and the mag-
nification was 3000 ×.

The  quality  loss  test  employed  a  muffle  furnace  (MF)  for
calcination.  Samples  were  removed  at  specific  temperatures
for weighing, and the weight loss was calculated accordingly;
six  parallel  test  specimens  were  prepared  for  the  same  sam-
ple. The temperature ranges were verified using DTG analysis.

 

Table 3.   Physical properties of cement.

Specific surface
area (m2 kg−1)

Density
(g cm−3)

Standard consistency
water requirement (%)

Setting time (min) Flexural strength (MPa) Compressive strength (MPa)

Initial Final 3 d 7 d 28 d 3 d 7 d 28 d

370 3.10 25.5 117 175 5.9 7.3 9.1 28.1 42.8 56.2

 

Table 4.   Modification methods and conditions for coal gasification slag.

Sample Activator Reagents Modification conditions Grinding time

CGS / / 30 min
CGS-SH NaOH 0.5 mol L−1 & the liquid-solid ratio is 2:1 30 min
CGS-PH KOH 0.5 mol L−1 & the liquid-solid ratio is 2:1 30 min
CGS-HA HCl 0.5 mol L−1 & the liquid-solid ratio is 2:1 30 min
CGS-SS Na2SO4 4% 30 min
CGS-CC CaCl2 4% 30 min

 

Broken

Mixing

Coal gasi�cation slag

Dry

Coal gasi�cation slag
powder

Grinding

Fig. 2. Schematic diagram of coal gasification slag modification process.
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 2.2.4.  Ion release
Weigh 1 g of  modified coal  gasification slag and prepare 100
mL of a 1 mol L−1 NaOH solution to simulate the alkaline envi-
ronment of cement hydration. Place the coal gasification slag
into the prepared NaOH solution and stir it on a 20 °C thermo-
static  magnetic  stirrer  for  1  h,  3  h,  and  6  h.  Filter  the  mixed
solution  at  the  specified  stirring  times  through  a  0.42  μm  fil-
ter paper into a 10 mL container. Then, dilute the filtered solu-
tion  with  a  5%  nitric  acid  solution  until  the  pH  is  less  than  2.
Finally,  conduct  an  inductively  coupled  plasma  (ICP)  experi-
ment  to  test  the  ion  concentrations  of  Si,  Al,  and  Ca.  As  the
dilution process results in a solution volume exceeding 100 mL,
the  total  mass  of  ions  must  be  calculated,  and  the  volu-
metric  concentration  of  ions  is  then  determined  based  on  a
100 mL volume.

 2.2.5.  Compressive strength
To prepare the mortar,  blend 135 g of modified coal  gasifica-
tion slag, 315 g of cement, 1350 g of standard sand, and 225 g
of  water,  which  was  conducted  in  accordance  with  the  Chi-
nese  National  Standard  GB/T  1596-2005, “Fly  Ash  Used  for
Cement  and  Concrete”.  The  tests  were  conducted  in  accor-
dance  with  the  Chinese  National  Standard  GB/T  17671-2021,

“Test method of cement mortar strength (ISO method)”.  Pour
the  mixture  into  a  mold  measuring  40  mm  ×  40  mm  ×
160  mm,  cure  it  for  24  h,  then  remove  the  test  block  and
immerse  it  in  water  for  curing  until  the  specified  age  is
reached. Finally, three test blocks were taken out for testing.

 3.  Results

 3.1.  Physical and chemical properties of modified coal

gasification slag

 3.1.1.  Size distribution
As evident from Fig. 3, the particle size distribution of the mod-
ified  coal  gasification  slag  primarily  falls  within  the  range  of
0.1  μm  to  100  μm.  From  the  differential  curve,  it  can  be
observed  that  the  distribution  curves  of  the  modified  coal
gasification  slag  samples  (CGS-SH,  CGS-PH,  CGS-HA,  CGS-SS,
CGS-CC)  are  closer  to  a  normal  distribution  compared  to  the
control  group  (CGS).  The  larger  particles  are  more  easily
ground, resulting in a higher percentage content at the main
peak position, whereas the control group still exhibits a shoul-
der peak. Additionally, the cumulative distribution curves indi-
cate a leftward shift for the modified coal gasification slag, sug-
gesting particle refinement.

 
 

1 10 100
0

1

2

3

4

5

6

D
i�

er
en

tia
l d

is
tr

ib
ut

io
n 

(%
)

Cu
m

ul
at

iv
e 

di
st

rib
ut

io
n 

(%
)

Size (μm)
1 10 100

Size (μm)

 CGS
 CGS-SH
 CGS-PH
 CGS-HA
 CGS-SS
 CGS-CC

(a)

0

20

40

60

80

100
(b)

 CGS
 CGS-SH
 CGS-PH
 CGS-HA
 CGS-SS
 CGS-CC

Fig. 3. Particle size distribution of coal gasification slag. (a) Differential distribution, (b) Cumulative distribution.
 

As  can  be  seen  from  the  data  in Table  5,  after  grinding,
the  particle  size  parameters D10, D50,  and D90 all  decrease,
with  notable  reductions  observed  in  the  CGS-SH,  CGS-PH,
and CGS-HA experimental groups. This is because the coal gasi-
fication  slag  modified  by  acid  leaching  or  alkali  dissolution
exhibits  defects  in  the  crystalline  structure  of  its  aluminosili-
cate glass matrix. Under alkali dissolution or acid leaching con-
ditions,  bonds  such  as  Si–O–Si,  Si–O–Al,  Al–O–Al,  and  Ca–O
within  the  structure  break  and  create  vacancies,  resulting  in

improved  grindability  under  the  same  grinding  time.  Mean-
while,  the  characteristic  values  of  the  coal  gasification  slag
modified  by  salts  (CGS-SS,  CGS-CC)  also  decrease,  but  to  a
lesser  extent.  This  is  because  Na2SO4 and  CaCl2 adsorb  onto
the  surface  of  the  coal  gasification  slag  particles,  forming  an
adsorption  film  that  weakens  or  neutralizes  the  van  der
Waals  forces  between  the  particles  or  the  electrostatic
charges on their surfaces, thereby enhancing the grinding effi-
ciency.

 3.1.2.  Phase composition
As  shown  in Fig.  4,  the  main  mineral  phases  of  coal  gasifica-
tion  slag  modified  under  different  chemical  conditions  con-
sist  of  anorthite  and  mullite,  which  are  largely  similar  to
those  of  the  control  group.  Furthermore,  for  coal  gasification
slag  modified  by  alkali  dissolution  (CGS-SH,  CGS-PH)  or  acid
leaching  (CGS-HA),  the  intensity  of  the  mullite  diffraction
peak at a diffraction angle of 2θ ≈ 26° slightly decreases com-
pared to the control group. The observed reduction in the mul-

 

Table 5.   Characteristic particle size of coal gasification slag (μm).

Sample D10 D50 D90

CGS 2.037 10.932 38.310
CGS-SH 1.566 9.566 28.285
CGS-PH 1.614 8.596 27.204
CGS-HA 1.614 9.219 29.846
CGS-SS 1.819 9.754 30.124
CGS-CC 1.874 10.385 30.882
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lite  mineral  phase in the coal  gasification slag may be due to
the corrosive effects of residual acids or alkalis during the dry-
ing process, as shown in Table 6.
  

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2θ (°)

CGS

CGS-SH

CGS-PH

CGS-HA

CGS-SS

CGS-CC

♥-Anorthite  ♦-Mullite  ♣ -Na2SO4

Fig. 4. XRD patterns of coal gasification slag.
 

  
Table 6.   The phase content of different CGS.

Sample Anorthite Mullite

CGS 59.091% 35.141%
CGS-SH 63.580% 31.986%
CGS-PH 61.828% 33.592%
CGS-HA 61.578% 32.528%
CGS-SS 57.925% 37.009%
CGS-CC 56.503% 38.193%

 

For  the  CGS-SS,  new  diffraction  peaks  corresponding  to
Na2SO4 crystals  appear  at  diffraction  angles  of  2θ ≈  29°  and
2θ ≈  33°.  Additionally,  the  intensity  of  the  mullite  diffraction
peak  at  2θ ≈  26°  is  higher  for  the  modified  coal  gasification
slag  (CGS-SS,  CGS-CC)  compared  to  the  control  group,  while
the  intensity  of  the  anorthite  diffraction  peak  at  2θ ≈  27°  is
lower.  This  suggests  that  under  the  combined  action  of
mechanical energy and chemical activators, part of the amor-
phous  anorthite  structure  is  disrupted  and  cleaved  into  sub-
stances similar to mullite.

From Fig.  5,  it  can  be  observed  that  the  absorption
bands  at  wavenumbers  3431  cm−1 and  1633  cm−1 corre-
spond  to  the  stretching  vibrations  and  bending  vibrations  of

H–O–H,  which  are  associated  with  the  bound  water  within
the  coal  gasification  slag.  The  bands  at  1418  cm−1 and  1473
cm−1 correspond  to  the  symmetric  stretching  vibrations  of
the C–O bond, related to the residual carbon in the coal gasifi-
cation  slag.  The  absorption  peaks  appearing  in  the  low
wavenumber  region  below  1200  cm−1 are  primarily
attributed  to  the  vibrations  of  silicate  and  aluminate  groups.
Within the wavenumber range of 1139 cm−1 to 921 cm−1,  the
symmetric  stretching  vibrations  of  Si–O  bonds  in  the  amor-
phous  silicate  tetrahedra  (Q2,  Q3,  Q4)  of  the  coal  gasification
slag are observed. The peak at 686 cm−1 is caused by the bend-
ing vibration of Si–O–Si bonds, while the peak at 577 cm−1 cor-
responds  to  the  deformation  vibration  of  Si–O–Al,  and  the
peak at 464 cm−1 is associated with the in-plane bending vibra-
tion of Si–O, all of which are related to the amorphous alumi-
nosilicate glass phase.

For  the CGS-SH and CGS-HA,  the bending vibration peak
of  Si–O–Al  at  577  cm−1 and  the  characteristic  peak  at  464
cm−1 are  enhanced,  indicating  the  breaking  or  recombina-
tion of  Si–O–Al  and Si–O bonds.  Additionally,  the intensity  of
the  characteristic  peaks  in  the  range  of  1139  cm−1 to  921
cm−1 is  increased  for  CGS-SH  and  CGS-HA,  suggesting  the
depolymerization  of  the  amorphous  aluminosilicate  glass
phase  in  the  coal  gasification  slag.  Therefore,  the  modifica-
tion of coal gasification slag by CGS-SH and CGS-HA can effec-
tively alter the structure of the aluminosilicate glass phase.

For  the  CGS-PH,  there  is  almost  no  change  at  577  cm−1

and  464  cm−1,  but  a  new  characteristic  peak  appears  at  686
cm−1,  indicating  the  breaking  and  recombination  of  Si–O–Si
bonds in the aluminosilicate after  modification,  leading to an
increase in active sites.

The  characteristic  peaks  observed  at  1633  cm−1,  1473
cm−1, and 1418 cm−1 in the CGS-CC may be related to the for-
mation  of  CO3

2−.  In  contrast,  the  CGS-SS  shows  almost  no
change compared to the control group.

 3.1.3.  Microstructure
Fig.  6 illustrates  the  microstructures  of  coal  gasification  slag
under  different  modification  conditions.  From Fig.  6a,  it  can
be  observed  that  the  particle  surface  is  generally  smooth
with a small number of tiny particles adhering. These tiny parti-
cles  are  primarily  composed  of  soluble  substances,  mullite,
residual carbon, and other materials.

In Fig.  6b and c,  it  is  evident  that  after  alkali  dissolution
modification,  the  needle-like  mullite  crystals  remain  largely
unchanged. However, the surface of the coal gasification slag
particles  is  partially  covered  with  an  amorphous  gel-like  sub-
stance  and  hexagonal  flake-like  structures  of  Ca(OH)2.  This  is
because,  under  strongly  alkaline  conditions,  the  active  sub-
stances  such  as  Si,  Al,  and  Ca  in  the  coal  gasification  slag
glass phase continuously dissolve and react with OH− to form
gel-like  substances  and  a  small  amount  of  Ca(OH)2.  Due  to
the relatively low Ca content in the coal  gasification slag,  the
dissolution  amount  in  an  alkaline  environment  is  low,  lead-
ing  to  direct  combination  with  OH−.  Consequently,  the  dis-
solved Si and Al from the glass phase cannot effectively com-
bine  with  Ca  to  form  gel  products.  Instead,  they  combine
with  Na+ ions  to  form  N-A-S-H  gel  products  to  maintain
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tion conditions.

Materials Reports: Solidwaste and Ecomaterials 2(2026) 9520033 Y. Rui et al.

5



charge balance.
Fig.  6d shows  that  the  surface  of  the  coal  gasification

slag  modified  by  acid  leaching  is  uneven,  with  dissolution
pits  and  micro-cracks.  From Fig.  6e and f,  it  can  be  seen  that
the surface of the coal gasification slag modified by salts con-
tains some fine crystalline particles,  which may be due to the
refined  sodium  sulfate  or  calcium  chloride  crystals  adhering
to  the  surface  of  the  coal  gasification  slag  particles.  The  sur-
face  of  the  coal  gasification  slag  modified  by  sulfates  shows
no changes, while the surface of the coal gasification slag mod-
ified by chlorides exhibits some small  dissolution sites.  This is
because,  under  the  action  of  mechanical  force,  vacancies  are
generated  in  the  silicate  structure  of  the  coal  gasification
slag.  The  CaCl2,  due  to  charge  balance  effects,  substitutes  or
disrupts  the  metal  ions  (such  as  Ca2+,  Na+,  Al3+,  etc.)  in  these
structures, leading to a decrease in structural stability and the
appearance of dissolution sites.

 3.2.  Rietveld whole-pattern fitting

Generally,  it  is  believed  that  a  higher  glass  phase  content  in
coal  gasification  slag  indicates  higher  pozzolanic  activity.  X-
ray diffraction (XRD) analysis is a characteristic method for char-
acterizing  crystalline  structures.  To  more  intuitively  analyze
changes in the glass  phase content of  modified coal  gasifica-
tion  slag,  the  EXPGUI-GSAS  software  was  employed  to  per-
form  Rietveld  whole-pattern  fitting  on  the  samples.  The
Rietveld whole-pattern fitting method is a technique for calcu-
lating  the  glass  phase  content  in  coal  gasification  slag,
enabling  quantitative  determination  of  the  contents  of  the
amorphous phase within the slag.

First,  0.9  g  of  coal  gasification  slag  and  0.1  g  of  α-Al2O3

standard  sample  were  weighed  and  placed  into  an  agate
mortar.  Manual  grinding  was  then  carried  out  for  approxi-
mately 10 min, during which an appropriate amount of anhy-
drous  ethanol  solution  was  added.  Subsequently,  the  mix-
ture  was  placed  in  a  drying  oven  at  40  °C  for  3  h  of  drying.
After  XRD  analysis,  the  obtained  data  were  subjected  to
phase  structure  refinement  using  the  EXPGUI-GSAS  software.
The  amorphous  phase  was  treated  as  the  background,  and

the  Rietveld  whole-pattern  fitting  analysis  method  was
employed  to  quantitatively  calculate  the  weight  percentages
of each phase.

The formula for the quantitative analysis of mass percent-
ages using the Rietveld whole-pattern fitting analysis method
is presented as follows: 

Wa =
ma

∑
n

mn

=
SaZaMaVa

∑
n

SnZnMnVn

where Wa represents  the  mass  percentage  of  the a-th  phase;
Sn is  the  scale  factor  of  the n-th  phase; Zn denotes  the  num-
ber  of  molecules  per  unit  cell  of  the n-th  phase; Mn is  the
molecular  weight  of  the n-th  phase; Vn indicates  the  unit  cell
volume of the n-th phase. 

Corr(Wa) = Wa
STDmeasured

STDknown

where Corr(Wa) represents the corrected Rietveld mass percent-
age  of  phase a; STDknown is  the  actual  content  of  the  internal
standard  substance; STDmeasured is  the  Rietveld  quantitative
analysis result of the internal standard substance. 

Wamorphous =  −
n

∑
j=

Corr(Wj)
where Wamorphous represents  the  content  of  the  amorphous
phase calculated by the Rietveld method.

Fig.  7 illustrates  the  Rietveld  whole-pattern  fitting  pro-
cess for coal gasification slag under different chemical modifi-
cation conditions. As can be discerned from the figure, the fit-
ting  results  for  each  sample  exhibit  a  high  degree  of  accu-
racy  and  reliability,  indicating  that  the  Rietveld  whole-pat-
tern  fitting  method  has  been  effectively  applied  to  analyze
the  coal  gasification  slag  under  different  chemical  modifica-
tion conditions.

Table 7 presents the calculated results  of  the amorphous
phase  content  obtained  from  the  Rietveld  whole-pattern  fit-
ting.  It  can be observed that  the CGS-SH exhibits  the highest
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Fig. 6. SEM images of coal gasification slag under different modification conditions. (a) CGS, (b) CGS-SH, (c) CGS-PH, (d) CGS-HA, (e) CGS-SS, (f)
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amorphous  phase  content,  showing  an  increase  of  11.96%

compared  with  the  control  group,  followed  by  CGS-PH.  The

increase in the amorphous phase of the coal  gasification slag

modified  by  alkali  dissolution  can  be  attributed  to  the  fact
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Fig. 7. The Rietveld refinement of XRD patterns. (a) CGS, (b) CGS-SH, (c) CGS-PH, (d) CGS-HA, (e) CGS-SS, and (f) CGS-CC.
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that  a  large  amount  of  Si  and  Al  active  substances,  along
with  a  small  amount  of  Ca  substances,  are  leached  out  from
the aluminosilicate glass matrix of the coal gasification slag in
an alkaline environment.

In  contrast,  the  CGS-HA  shows  a  slight  decrease  in  the
amorphous  phase.  This  is  because,  under  acidic  conditions,
H+ ions  can  effectively  depolymerize  the  alkaline  bonds  such
as  Al–O,  Ca–O,  and  Fe–O  in  the  aluminosilicate  glass  matrix,
thereby  disrupting  the  network  structure  of  the  amorphous
aluminosilicate  and  resulting  in  a  loss  of  about  1.1%  in  the
amorphous  phase  content.  On  the  other  hand,  the  CGS-SS
and CGS-CC exhibit a slight increase in the amorphous phase.
This  is  due  to  the  fact  that  under  the  combined  action  of
mechanical force and chemical effects, during the phase trans-
formation  process,  the  particle  lattices  undergo  deformation
and  dislocation,  leading  to  the  formation  of  unstable  crystal
structures.

 3.3.  Ion leaching

Due  to  the  varying  degrees  of  destruction  of  the  aluminosili-
cate glass phase in coal gasification slag, the release amounts
of active components differ.  Consequently,  by comparing the
leaching  amounts  of  silicon,  aluminum,  and  calcium  from

coal  gasification slag subjected to various chemical  modifica-
tions,  it  is  possible  to  evaluate  the  relative  merits  of  the  poz-
zolanic  activity.  An  inductively  coupled  plasma  optical  emis-
sion  spectrometer  (ICP-OES)  was  employed  to  determine  the
contents of silicon, aluminum, and calcium in the solution.

As  can  be  observed  from Fig.  8a,  with  the  extension  of
the leaching time, the Si  leaching amounts exhibit  a continu-
ous  upward  trend.  Furthermore,  when  the  leaching  time  is
held constant, all  the modified coal gasification slags demon-
strate  varying  degrees  of  enhancement  in  Si  leaching
amounts  compared  to  the  control  group.  For  instance,  when
the  leaching  time  is  fixed  at  6  h,  the  CGS-SH  and  CGS-HA
exhibit  the  most  favorable  Si  leaching  performance.  The  Si
leaching  amounts  for  CGS-SH  and  CGS-HA  are  20.4  mg  L−1

and  17.6  mg  L−1,  respectively,  representing  increases  of
151.9%  and  117.3%  compared  to  the  control  group  (8.1  mg
L−1),  while  the  Si  leaching  amounts  of  CGS-PH,  CGS-SS,  and
CGS-CC increase by 81.5%, 61.7%, and 19.8%, respectively.

As  depicted  in Fig.  8b,  the  leaching  amount  of  Al3+ ions
from  CGS  exhibits  a  sluggish  increase  with  the  prolongation
of  leaching  time  and  remains  almost  unchanged  under  alka-
line  conditions.  In  contrast,  for  CGS-SH,  CGS-HA,  and  CGS-SS,
the leaching amounts of  Al3+ ions gradually rise as the leach-

 

Table 7.   The calculation results of amorphous phase content from Rietveld refinement.

Sample CGS CGS-SH CGS-PH CGS-HA CGS-SS CGS-CC

Content 35.65% 47.62% 46.31% 34.53% 41.45% 39.77%
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ing  time  extends,  with  20.8  mg  L−1,  25.8  mg  L−1,  and  15.6
mg  L−1,  respectively,  increasing  by  201.4%,  273.9%,  and
126.1% compared to the control group (6.9 mg L−1).  For CGS-
PH, the dissolution amount of Al3+ ions initially decreases and
then  increases  over  the  leaching  time.  Although  CGS-PH  and
CGS-SH both belong to alkali-activated samples,  the leaching
amounts  of  Si  and  Al  in  CGS-PH  are  far  inferior  to  those  in
CGS-SH.  This  can  be  attributed  to  the  fact  that  Na+ has  a
higher  charge  density  and  a  smaller  ionic  radius  compared
with  K+,  which  facilitates  the  approach  of  OH− to  Si–O  and
Al–O  bonds.  In  the  case  of  the  CGS-CC,  the  leaching  amount
of Al3+ ions first increases and then decreases with the prolon-
gation  of  leaching  time.  This  is  because  the  excess  Ca2+ ions
react with Si4+ and Al3+ ions through polycondensation in the
alkaline  solution,  leading  to  the  formation  of  gel-like  sub-
stances.

As  illustrated  in Fig.  8c,  the  Ca2+ ion  concentrations  in
the  CGS-SH,  CGS-HA,  and  CGS-SS  exhibit  a  declining  trend.
This  phenomenon  can  be  attributed  to  two  main  factors.
Firstly,  the  leached  Ca2+ reacts  with  OH− to  form  Ca(OH)2,
thereby reducing the Ca2+ concentration in the solution.  Sec-
ondly,  the  Ca–O  bond  energy  is  significantly  lower  than  that
of  Si–O  and  Al–O  bonds.  In  the  CGS-SH,  Ca2+ dissolves  first,
and  then  interacts  with  OH−,  Si4+,  and  Al3+ in  the  solution  to
form gel-like substances. For CGS-PH and CGS, the Ca2+ leach-
ing shows an initial increase followed by a decrease. In the ini-
tial stage, the leaching of Ca2+ from CGS-PH is relatively slow,
and  the  concentration  of  Ca2+ in  the  solution  remains  below
the  solubility  curve  of  Ca(OH)2,  resulting  in  a  temporary
increase.  However,  as  the  leaching  time  progresses,  the  Ca2+

in  the  solution  gradually  precipitates  and  aggregates,  lead-
ing  to  a  subsequent  decline  in  concentration.  In  the  case  of
CGS-CC,  due  to  the  introduction  of  an  excess  calcium  source
into  the  system,  the  dissolution  curve  of  Ca2+ initially
increases and then remains stable.

In  summary,  the  CGS-SH  and  CGS-HA  groups  exhibit  the
most  outstanding  performance  in  terms  of  silicon  and  alu-
minum  leaching.  The  CGS-SS  group  follows  with  relatively
good  performance.  This  superior  leaching  effect  can  be
attributed  to  the  chemical  activation  of  the  Al–O  and  Si–O
bonds  within  the  amorphous  aluminosilicate  glass  matrix.
Specifically,  the  chemical  actions  disrupt  the  structure  of  the
aluminosilicate glass matrix, leading to a decrease in the poly-
merization  degree  of  the  aluminosilicate  glass  matrix.  In  an
alkaline environment, this structural change accelerates the dis-
solution  of  silicon  and  aluminum  active  substances.  Regard-
ing calcium leaching, in contrast to the control group, the cal-
cium  leaching  amount  decreases.  This  is  because  during  the
modification process,  Ca2+ ions undergo polymerization reac-
tions with other substances.

On the other hand, the CGS-PH and CGS-CC groups show
relatively  low  leaching  amounts  of  silicon  and  aluminum  but
relatively  high  calcium  leaching  amounts.  This  indicates  that
the  modification  methods  employed  in  these  two  groups
have  a  limited  impact  on  disrupting  the  glass  matrix
structure,  which  in  turn  restricts  the  leaching  of  silicon  and
aluminum.

 3.4.  Quality loss method

The  slag  contains  active  minerals  such  as  Al2O3 and  SiO2,
which  endow  it  with  inherent  pozzolanic  activity.  To  achieve
precise qualitative and quantitative characterization of the poz-
zolanic  activity  of  the  modified  coal  gasification  slag,  this
study pioneers the use of a quality loss method.

The  specific  testing  procedure  is  as  follows:  Initially,  the
coal  gasification  slag  and  Ca(OH)2 are  mixed  in  a  ratio  of  4:1.
Subsequently,  the  mixture  is  stirred  evenly  under  a  water-
cement  ratio  of  0.5.  After  that,  the  well-stirred  mixture  is
molded  at  room  temperature.  Once  the  specimens  are
demolded,  they  are  placed  in  an  environment  maintained  at
80  °C  for  a  curing  period  of  3  d.  To  halt  the  hydration  reac-
tion, anhydrous ethanol is employed. After the hydration reac-
tion  is  terminated,  the  specimens  are  dried  and  then  ground
into  powder  for  analysis.  The  remaining  amount  of  Ca(OH)2

after  its  reaction  with  the  coal  gasification  slag  can  be
expressed by the following formula. 

WCa(OH) Residual = (m/) ×  + (m/) × 

Consumption of Ca(OH)2 can be expressed by the follow-
ing formula. 

WCa(OH) Consume = [( −W) −WCa(OH) Residual] × /W

In  the  formulas, m1 represents  the  mass  loss  percentage
of  the  mixed  paste  within  the  temperature  range  of  350–
450 °C. This specific temperature interval is chosen because it
is  closely  related  to  the  decomposition  of  Ca(OH)2,  as  shown
in Fig.  9. m2 denotes  the  mass  loss  percentage  of  the  mixed
slurry  within  the  temperature  range  of  500–700  °C.  This
range is typically associated with the decomposition of carbon-
ates  that  may  be  present  in  the  system,  which  helps  in  fur-
ther  distinguishing  and  quantifying  the  reaction  products
and  unreacted  components. W1 is  defined  as  the  proportion
of  the  pozzolanic  material  in  the  mixed  slurry,  which  in  this
case is 75%.

The  calculated  consumption  amounts  of  Ca(OH)2 are
listed  in Table  8.  By  quantitatively  analyzing  the  pozzolanic
activity according to the consumption amounts of Ca(OH)2,  it
is  found  that  the  CGS-SH  and  CGS-HA  exhibit  the  highest
Ca(OH)2 consumption  per  gram  of  slag,  with  values  of
109.921 mg and 111.728 mg,  respectively.  This  indicates  that
these groups possess the strongest pozzolanic activity,  which
is consistent with the aforementioned analysis results.

 3.5.  Compressive strength

Fig.  10 and Table  9 illustrate  the  7  d  and  28  d  compressive
strengths  of  cement  mortars  incorporating  different  slags.
When  the  curing  age  reaches  7  d,  the  cement  with  CGS-SH
exhibits  the  highest  compressive  strength,  reaching  35.3
MPa, which represents an approximately 13.50% increase com-
pared  to  the  control  group  (cement  with  CGS).  At  a  curing
age of 28 d, the cement with CGS-CC demonstrates the maxi-
mum compressive strength of 52.6 MPa, showing an improve-
ment of  nearly  13.11% over  the control  group.  This  enhance-
ment can be attributed to the introduction of additional Ca2+
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and Cl− ions into the system.
Furthermore,  the  CGS-SH  consistently  outperforms  the

CGS-PH in terms of cement compressive strength across all cur-
ing ages.  This  observation aligns with previous findings,  indi-
cating that the modification effect of KOH is significantly infe-
rior  to  that  of  NaOH.  The  CGS-HA  shows  relatively  modest
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Table 8.   Consumption of Ca(OH)2 per gram of modified coal gasification slag.

Sample WHO  (wt%) WCO  (wt%) WCa(OH) Residual  (wt%) WCa(OH) Consume  (mg)

CGS 3.129 2.943 17.813 95.823

CGS-SH 3.087 2.417 16.756 109.921

CGS-PH 3.340 2.107 17.275 103.004

CGS-HA 3.241 1.960 16.620 111.728

CGS-SS 2.193 6.935 20.679 57.613

CGS-CC 3.269 2.391 17.460 100.533
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Fig. 10. Compressive strength of different modified coal gasification slags at 7 d and 28 d.

 

Table 9.   Growth ratio of compressive strength for different modified
coal gasification slags versus the control group at 7 d and 28 d (%).

Time CGS-SH CGS-PH CGS-HA CGS-SS CGS-CC

7 d 13.50 5.14 4.82 −3.21 9.00
28 d 6.45 3.65 1.07 −0.07 13.11
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increases  in  compressive  strength,  with  improvements  of
4.82% and 1.07% at different curing ages compared to the con-
trol group. This limited enhancement is likely due to the exces-
sive  destruction  of  the  aluminosilicate  glassy  phase  in  the
coal  gasification  slag  by  the  modifier,  resulting  in  the  loss  of
amorphous  phases  and  active  substances,  which  subse-
quently slows down the strength development in the cement
mortar.

In contrast,  the CGS-SS exhibits a slight decrease in com-
pressive  strength  compared  to  the  control  group.  This  phe-
nomenon  can  be  ascribed  to  the  potential  excess  of  SO4

2−

ions in the system, leading to the formation of excessive gyp-
sum  and  ettringite  during  the  later  stages  of  cement  hydra-
tion. These excessive hydration products disrupt the pore struc-
ture  of  the  cement  mortar,  thereby  negatively  impacting  its
compressive strength.

To  evaluate  the  enhancing  effect  of  CaCl2 on  cement,
three  groups  were  tested:  pure  cement,  cement  with  30%
quartz  powder  replacement  (0.3Q),  and  the  same  blend  with
CaCl2 addition  (0.3Q&CaCl2).  The  results  indicate  that  CaCl2
improves  the  mechanical  properties  of  cement.  When  the
cement  content  was  70%,  CGS  exhibited  approximately  11%
higher  mechanical  performance  compared  to  0.3Q,  confirm-
ing  the  pozzolanic  activity  of  CGS.  After  CaCl2 modification,
CGS-CC showed approximately 16% higher mechanical perfor-
mance than 0.3Q&CaCl2,  suggesting that the improvement in
the hydration activity of coal gasification slag originates from
both its intrinsic modification and the effect of the salt.

To further ascertain the extent of the influence of modifica-
tion  methods  on  compressive  strength,  an  analysis  of  vari-
ance  (ANOVA)  was  employed  for  the  calculations.  Given  that
the  effect  of  curing  age  on  compressive  strength  is  signifi-
cant, and our primary focus is on analyzing the impact of modi-
fication  methods  on  compressive  strength,  the  confidence
probability  for  the  modification  methods  was  calculated,  as
presented  in Table  10.  Here,  SS  denotes  the  sum  of  squares
of  deviations,  DF  represents  degrees  of  freedom,  MS  stands
for  mean  square,  and  F  is  the  parameter  used  to  construct
the  confidence  interval.  The  F-value  for  the  factor “modifica-
tion method” is 12.25, which is higher than F0.05, indicating its
significance at a 95% confidence probability.
 
 

Table 10.   ANOVA on the compressive strength with different modifi-
cation methods.

Difference
source SS DF MS F F0.05

Confidence
probability

(%)

Modification
method 115.52 4 28.880 12.25 6.39 95

Error 9.43 4 2.3575 / / /

 

 4.  Discussion

In this study, four distinct and complementary methods were
employed to evaluate the pozzolanic activity of the coal gasifi-
cation  slag;  it  was  found  that  the  modification  processes
could  effectively  alter  the  physicochemical  properties  of  the

slag. These changes enhanced the dissolution of reactive SiO2

and  Al2O3,  promoted  the  formation  of  more  stable  hydration
products,  and  ultimately  improved  the  pozzolanic  activity  of
slag  and  the  mechanical  performance  of  the  cement-based
materials incorporating the modified slag.

A  comparative  analysis  of  the  test  cycles  associated  with
different evaluation methods for pozzolanic activity reveals dis-
tinct  differences  in  their  time-consuming  characteristics
(Table 11). Among the methods under consideration, the com-
pressive  strength  method  exhibits  the  longest  test  cycle.  In
contrast, the Rietveld whole-pattern fitting method, ion leach-
ing  method,  and  quality  loss  method  offer  significantly
shorter  evaluation  cycles.  Therefore,  these  methods  can  be
effectively  employed  as  rapid  evaluation  techniques  for  the
pozzolanic activity of coal gasification slag.
  

Table 11.   Test cycle for different evaluation methods.

Evaluation methods Test cycle

Rietveld whole-pattern fitting method < 1 d
Ion leaching method < 1 d
Quality loss method 3 d

Compressive strength method 28 d

 

WCa(OH) Consume

Table 12 and Fig.  11 present a  comparison of  test  results
obtained  using  different  evaluation  methods.  Although  the
results  show  a  positive  correlation,  the  experimental  results
indicate  that  individual  methods  exhibit  deviations  when
used  alone  to  predict  compressive  strength.  For  instance,
CGS-CC, despite having a slightly lower amorphous phase con-
tent  than  CGS-PH,  demonstrates  a  higher  strength  growth
rate. Similarly, CGS-HA shows a higher silicon–aluminum disso-
lution  amount  compared  to  the  other  experimental  groups,
yet  its  compressive  strength  growth  rate  is  lower.  Since  the
coal  gasification  slag  was  treated  with  acid,  the  amorphous
phases in the slag, which are primarily composed of Si–O and
Al–O  bonds,  were  dissolved  after  acid  treatment.  Conse-
quently,  the  amorphous  content  decreased.  The  dissolution
of  the  amorphous  phase  converted  the  original  Si–O  and
Al–O  bonds  into  Si4+ and  Al3+ ions,  which  are  more  readily
leached  in  a  liquid  phase  compared  to  when  they  are
retained  within  the  amorphous  matrix.  Moreover,  CGS-HA
exhibits  the  highest  value,  but  its  compressive
strength is  still  lower  than those of  CGS-SH and CGS-CC.  Due
to  its  relatively  low  amorphous  phase  content,  the  subse-
quent pozzolanic reaction may be hindered.

These  findings  suggest  that  any  single  method  among
the  Rietveld  whole-pattern  fitting  method,  the  silicon–
aluminum  dissolution  method,  and  the  quality  loss  method
may  yield  biased  predictions  when  used  independently.
When these  methods  are  used simultaneously,  the  operation
is  simple,  no  extra-long  curing  age  is  required,  and  mean-
while,  considerable  accuracy  can  be  guaranteed.  For  exam-
ple, CGS-PH exhibits a high amorphous phase content and cal-
cium  hydroxide  consumption,  with  a  high  ion  dissolution
amount, so its hydration activity is significantly improved.

Through a comprehensive comparison of various modifica-
tion methods, distinct differences in the performance enhance-
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ment effects have been revealed. In terms of early-stage perfor-
mance,  the  activation  with  NaOH  demonstrates  a  significant
advantage.  However,  the  specimens  modified  with  CaCl2
show a continuous increase in strength over an extended cur-
ing  period,  surpassing  the  strength  values  of  the  NaOH-
modified  specimens  at  later  ages.  In  contrast,  HCl  modifica-
tion has a relatively minor impact on both the early- and late-
stage performance of the coal gasification slag-based cementi-
tious materials. The performance enhancement effects of differ-
ent modification methods are visually presented in Fig. 12.

As  shown  in  the  figure,  the  coal  gasification  slag  modi-
fied  by  NaOH  undergoes  significant  particle  refinement  dur-
ing  grinding,  owing  to  the  corrosive  effect  of  OH− on  the
glassy structure. Meanwhile, the high-temperature drying pro-
cess  partially  attacks  the  mullite  mineral  phase  and  pro-
motes  the  breakage  and  reorganization  of  Si–O–Al  and
Si–O–Si  bonds  in  the  amorphous  phase.  This  facilitates  the
polymerization  of  reactive  species  within  the  slag  into
Ca(OH)2 and  N-A-S-H,  thereby  increasing  the  amorphous

phase  content  and  enhancing  the  silicon–aluminum  dissolu-
tion.  For  the  slag  modified  by  HCl,  the  corrosive  effect  of  H+

on the aluminosilicate glass induces the breakage and reorga-
nization of Si–O–Al and Si–O–Si bonds, resulting in the forma-
tion of etching pits on the slag surface. This disrupts the alumi-
nosilicate  glassy  structure,  reduces  the  amorphous  content,
but  increases  the  silicon–aluminum  dissolution.  For  the  slag
modified  by  CaCl2,  electrostatic  adsorption  during  grinding
enables  a  certain  degree  of  particle  refinement,  while
mechanochemical effects cause lattice deformation and dislo-
cation  in  some  particles,  forming  unstable  crystal  structures.
This  leads  to  an  increase  in  the  amorphous  phase  content
and enhanced silicon–aluminum dissolution.

In summary, different chemical activators modify coal gasi-
fication  slag  through  distinct  mechanisms,  and  most  meth-
ods  enhance  its  pozzolanic  activity  and  improve  comprehen-
sive utilization efficiency. This further enables the resource uti-
lization of coal gasification slag for the preparation of low-car-
bon cementitious materials.

 

Table 12.   Comparison of results from different evaluation methods.

Sample

Rietveld whole-pattern
fitting method

Ion leaching method (mg L−1) Quality loss method Growth ratio of
compressive strength (%)

Amorphous phase Ca Si Al WCa(OH) Consume  (mg) 7 d 28 d

CGS 35.65% 8.7 8.1 6.9 95.8 / /
CGS-SH 47.62% 6.2 20.4 20.8 109.9 13.5 6.5
CGS-PH 46.31% 9.9 14.7 7.1 103.0 5.1 3.7
CGS-HA 34.53% 3.9 17.6 25.8 111.7 4.8 1.1
CGS-SS 41.45% 6.1 13.1 15.6 57.6 −3.2 −0.1
CGS-CC 39.77% 9.4 9.7 7.8 100.5 9.0 13.1
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Fig. 11. Relationship between the increase in activity and different test results. (a) 7 d, (b) 28 d.
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Although this study primarily focuses on the activity evalu-
ation  methods,  it  also  presents  several  types  of  modification
approaches for coal gasification slag. From the perspective of
cost,  industrial  alkali  has  the highest  price,  while  salt  exhibits
a relatively low cost.  In terms of process operability,  the acid-
base modification process involves soaking, washing, and dry-
ing,  which  is  relatively  complicated  and  generates  waste  liq-
uid.  Therefore,  when  chemical  methods  are  employed  for
slag modification,  environmental  benefits  must  also be taken
into account. When waste liquid is generated, it can be concen-
trated  and  reused  for  the  modification  of  coal  gasification
slag, so as to realize full-process circulation. From the perspec-
tive  of  application  scenarios,  when  the  chemically  modified
coal gasification slag is applied in structural buildings, the cor-
rosion effect  of  salt  ions on steel  bars  and other components
still needs to be considered.

 5.  Conclusion

This  study  compared  the  impacts  of  different  modification
methods  on  the  structural  characteristics  of  coal  gasification
slag  and  evaluated  the  pozzolanic  activity  of  the  modified
coal  gasification  slag.  Under  the  experimental  conditions  of
this study, the following conclusions can be drawn.

(1)  For  coal  gasification  slag  modified  by  NaOH,  Na2SO4,
and CaCl2,  compared with  the control  group,  the amorphous
phase content increased. Its  ions are more prone to leaching,
and  more  Ca(OH)2 is  formed.  For  CGS  modified  by  CaCl2,  the
28 d  compressive  strength increased by  nearly  13.11%.  How-
ever,  for  CGS  modified  by  NaOH,  the  7  d  compressive
strength exhibits the most significant enhancement.

(2)  The  Rietveld  whole-pattern  fitting  method,  ion  leach-
ing  method,  and  quality  loss  method  can  be  effectively
employed  as  rapid  evaluation  techniques  for  the  pozzolanic
activity of coal gasification slag.

(3) For the chemical modification of coal gasification slag,
the  selection  should  comprehensively  consider  the  cost,  pro-
cess  maturity,  and  actual  application  scenario  requirements.
Chemical reagents with low cost, simple process, good environ-
mental  benefit,  and  minor  impact  on  the  structure  are  pre-
ferred.

The above conclusions are obtained under the experimen-
tal  conditions  of  this  study,  and  the  industrial  application
effect needs to be further verified by pilot tests.
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