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Ammonia Adsorption and Desorption Characteristics of Cu and Mn
lon—-Exchanged Zeolitic Materials Synthesized from Coal Fly Ash
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Abstract

In this study, a zeolitic material (HDZ) was synthesized from coal fly ash generated at the Hadong thermal power plant
using a fusion/hydrothermal method. To enhance ammonia (NHs) adsorption performance, zeolite adsorbents were prepared
by ion-exchanging the synthesized HDZ with transition-metal cations, specifically Cu and Mn. XRD analysis confirmed that
the characteristic Na-A crystalline structure of HDZ was stably maintained even after the ion exchange process with Mn and
Cu ions. Ammonia breakthrough experiments showed that both Cu- and Mn-modified HDZ reached their optimal adsorption
capacities at 5 wt% ion-exchange content. The ammonia adsorption capacities followed the order of 5 wt% Mn-HDZ (48.0
mg/g) > 5 wt% Cu-HDZ (40.7 mg/g) > HDZ (27.4 mg/g). Furthermore, the enhanced NHs adsorption performance, as
evidenced by NHs=TPD analysis, was attributed to ion exchange of transition metals within the pores and on the surface of
the HDZ, leading to a uniform distribution of Br @ nsted acid sites throughout the zeolitic material. These findings suggest that
the optimal loading of transition metals is a critical factor in enhancing the acidity and overall NHs removal efficiency of the

HDZ.
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of AIAE HolA &&H] 35 ¥ 55 ALE 7=
SR 7T A1 FSE AAo|tH(Lee et al., 2021; Kusaka et
al., 2025).

7EAY FRUo Alof 7la2 e A, 37
2EZY, 4 2 FHFA 5ol 2 E8EHI
(Jorgensen et al., 1976; Bernal et al., 1993; Roo et
al., 2003; Lin et al., 2013). ©] & &2 342 Ak
Yol A Ao et aitE Hol, o] s}
1 AR 37} ThEoto] A A1 WAl o2 gy
1 9tKHan et al., 2021). ThFet Yol &2 34
oA T8 AFE st dRY ot FHAIE= A&l
E(Bernal et al., 1993; Park et al., 2017; Khabzina
et al., 2018; Park et al., 2023), 24&H(Somy et al.,
2009; Oktavitri et al., 2017), 2% 71244
(MOF: metal-organic framework) 5¢ 34 &
do| F& AMEEL gt S B2 Yout
I8 QYA B 4] Z-E717F AR Rl 9l
(Park et al, 2019), MOFs+= =2 &% £33 714
29 24 Qbdolu Al v]-&HoA FHAZE QL
(Vikrant et al., 2017; Rieth et al., 2018; Khabzina
et al., 2018). o]l ¥ral} Al&eto|E #2430 AlF
TR} 2% o] RS ZF1 §lo] SRk
oA A H Yot FAAR I AREE L itk
(Jorgensen et al., 1976; Bernal et al.,1993; Huang
et al., 2008; Bandosz et al., 2009; Oktavitri et al.,
2017; Rieth et al., 2018).

Kim(2016)2 Al&eto|EQ] AA 12 FH, ol
O] 5, Yol Bk, o] 2w 2, §1o] FTF
of sl A g otd AAE AA 517] A ATE
Yottt 3, G5 AAEe] oot Al&etolE

(]

£ o rr oo rle

ol2m sl ool U el whet Al Leto]= A
olemshsel @ g2 e Ag BEv} DetA)]
2ol mujoly F3 wgo] AlLetol=S T4

U= Fol29] 14 gl et Mgt B usheiek
(Sherry, 1966; Gaus et al., 1981; Drummond et
al., 1983; Pebalan et al., 2001).

2| oheret A3 Aol A sk A RAES
grasto] Alg2tolE H(Lee et al., 2017; Park et
al., 2017; Jung et al., 2018)2 At<=2kt H7|1 & =
HollA 73 2 AAA 7Hx)7F o9 =4 BorE L QL
o}, AR S A=t E 2A| 9] 2 A5 Al
7} Qlo] A E fRUot A|A Bgo] Yo, A4 X

Yol 2Act= Fol2S the Adola&oz ol2ud
oz BH AL} Al F2E JHE o] Qs
(Sherry et al., 1975; Pebalan et al., 2001; Lin et
al., 2013;: Bo et al., 2024; Park et al., 2026). £3],
7] 2oF 9 44 Fofof] H-87F5e fr Yol 7}
2 g2 9 35 Cur et Mg™ & ol 2ughd X3 Al
S| EE ARERE PR Yot kA0 FZH(Park et al.,
2017)= et 22 E g E Al&ufolEof o]
WA Al geto] Es ARESHe] ofRUof ZkA F2F
g 2% At R s ok(Park et al., 2023;
Park et al., 20206).

wrahA] 2 A= Park and Lee(2022)9] A3J A+
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Zsotart o] 2w e Aol E S&A| 9 E23et
2 £442 XRD, NH;-TPDE 5ol &4
o —

il

2 Aol A= Park and Lee(2022)°1 2]t A<
oA AAIGE §-§/4Eo e o ARt et &
A= AL AlgEtolE E2S F4ste e, HD
Aet sk Aol A WAt HAH(coal fly ash :
CFAYE Ahgste] sttt A AlS=olE &
A(zeolite synthesized using coal fly ash from
Ha-dong power plants: HDZ)2 &5l =41 &
I AAESHL 105TelA 12 h ol Axg & Aol
ARE-SFGIT

T3, R Yol S35 A7) Sl
Al-&=re] E(HDZ)oll & 74| Aola4(Cu, Mn)
1~6 wt% d7Hel 8-He] 30T ellA 24 h Wit &
2 oTag-S 33 9HE A1 H F 105T oA 2 h Adx
Skt 3L, Zho] daol2E AAE o AxH A
ol F< IR o] 23 Al&Te|EE 550T oA
2 h &R 24dsto] Al &etol E FAAE A x5k}
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Fig. 1. Schematic diagram of the NHs- breakthrough test equipment. 1. Mass flow controller, 2. Mixing chamber,
3. IR-furnace, 4. Temperature controller, 5. Bath circulator.
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Fig. 2. XRD patterns of (a) HDZ, (b) 5 wt% Cu-HDZ, and (c) 5 wt% Mn-HDZ (A= Na-A zeolite).
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Fig. 3. NH; adsorption breakthrough curve of zeolite adsorbents
to be ion-exchanged Cu ion (w= 0.1 g, T= 20T, Q= 100
mL/min, Cao= 1,000 ppm).
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Mn)& 747} ol 2@ etA7] & ol 2 ietel Al&atolE
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X-A 3F-EEN7|(X-ray diffraction, XRD,
Rigaku, Primus IV)E ©]-&5to] AEE &3hstH e
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A A7 B ot 7] Sl R Yol -2 g2t A
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A= AZE7](TCD, thermal conductivity detector)
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Fig. 4. NH; adsorption breakthrough curve zeolite adsorbents
to be ion-exchanged Mn ion (w=0.1 g, T= 20T, Q=100
mL/min, Cao= 1,000 ppm).
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A&etol E(HDZ)E A5ttt Fig. 2& A4k
28E dH ALgolE EHHDZ) E 5 wth K]
F4(Cu, Mn)°] o] 21gtd Algeto|E F2 Ao of
gt XRD 235 YEF ST Fig. 2(b)2} (o= 242 5
wt%2] MnTt Cu ©]2-Z 0|2 3AZ] AlZEolE &
ZHA| 24 Fig. 2(2)° YA Na-A Aol ER §4
% HDZ] XRD &4 ma9}t Fdgt 9%} fjid-&
2 Qle}. o] AMERE 5 wt%] Mn} Cu ©]29]
O] 2B == XA = Na-A Al&efo|ES] ZAF
Z Hzle] JFE 2 ZA9, o+ A+(oshi et al.,
2003)°NM = a0l F57, 7] 9 ol 2u g
w2t Al Eeto|E AR o] gl 4= qlokal Bs)
At

3.2. AI22}0|E S22 NH; 7t~ 210t £

Al&etelE(HDZ)°t Al&etolE S2AI(1-6 wt%
Cu-HDZ8} 1-6 wt% Mn-HDZ)2] = yot 52F E4
= Fig. 37 Fig. 40l YeFH It Fig. 32 HDZel Cu
AolgEs 1-6 with AF2E o] WEAX] & NH;
7tA SHEA ATHE YE I Fig. 30l UEbd vt
oF Zro] Cu o2 wehge] wef NH; 7hA &bt} 4
A4I A Cu o-28HFo] 5 wt% > 4 wt% > 3 wt%
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Table 1. Adsorption capacity of NHj3 through the NH;-
breakthrough curve

Adsorption capacity of NH; (mg/g)

HDZ 27.4
4wi% Cu-HDZ 38.5
5wt% Cu-HDZ 40.7
6wt% Cu-HDZ 38.9
4wt% Mn-HDZ 43.2
5wt% Mn-HDZ 48.0
Gwt% Mn-HDZ 44.4
(a)HDZ
(d) —— (b) 1wt% Mn-HDZ
(c) 3 wt% Mn-HDZ
(d) 5 wt% Mn-HDZ
(c)
3
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Fig. 5. NH;3-TPD profiles of HDZ and Mn-HDZ samples
(1 wt%, 3 wt%, and 5 wt%).
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THLin et al., 2013), 6 wt% ©14 o2 W= 34
A el wE mA] 718-=E #H|#i(pore blocking)
Qo] WAstAL B Higo= <l sty &
“Jo] ¥s}sty] ufiZe] ety o} 4k wrsfjote] St
|5go] Faot= Aoz WHETHBenaliouche et
al., 2008; Kim, 2016).

3.3. EL|ot S ot

S ]

ztel 520 oS Uehie 849 S2-8 % (mg
adsorbate/g adsorbent)= Th31 -2 o|240=2
T8 4= Ath(Park et al., 2022).

_ CAUQ[_ ' G } .............
q t /OOAO(t)dt 1)

o, g S&-8%Hmg adsorbate/g adsorbent),
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(ppm), Q& <F7tA F%H(mL/min), w E2HA9
Hg), Moz S2E O] £ (g/mol), ti= BHg7] &3
AZHmin)& YEFATE Fig. 39 Fig. 49 ¢RYot &
2t -S FA A Z2 T9(Sigma plot 14.5)5
o] gt FJAHEAS Foll Cast tE AlMtsta A (1)
o -gsto] 2 8H@E T3 ¥ Table 19 Het
Walth Table 10 Yehd HEel o] Ho|F4(Cuy,
Mn)°o] o]-2u2td A&eto|E= HDZol Hla 4=y
of 2 450l A FYE= HFE Bk

Table 1°f] WPt BRe} o] Holg4 o] 2w el
o] 2 JFE AmE A Cut Mn BF 5wtk &
FollA 7H =2 dRYol FFEHE 7S5l
Cu &%0°]| o|2ued 7%, 5 wt% Cu-HDZ (40.7
mg/g) > 6 wt% Cu-HDZ (38.9 mg/g) =~ 4 wi%
Cu-HDZ (38.5 mg/g) <22 &zh-aafo] vrepyttt,
Mn 259 F9l: 5 wt% Mn-HDZ (48.0 mg/g)
> 6 wt% Mn-HDZ (44.4 mglg) > 4 wi%
Mn-HDZ (43.2 mg/g) =02 Yeh}, T & L%
5 wt%7F 24 9] o] 2w FL & RIstict. E3L,
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Fig. 6. NH3-TPD profiles of HDZ, 5 wt% Cu-HDZ, and 5
wt% Mn-HDZ samples.

Table 2. Desorption capacity of NH3 through the NH;-

TPD test
Amount of NH; desorption (mmol/g)
HDZ 1.122
1 wt% Mn-HDZ 1.570
3 wt% Mn-HDZ 1.847
5 wt% Mn-HDZ 2.277
5 wt% Cu-HDZ 1.986

grmulolere] siobd §4 AL S O
o wekgr, o|g} o] Gmulot H2 Aol 4
H olf T4 Aol E(HDY) helio] £t
& gFole5o] HolF4(Cu, Mn) FoleEH ol I
Bslol A7 s 3ol Aol 353

o= grEvjot T2 Yo
B Aol el

o

=

g0 2 g5ty ffEo g wEw, o] Aike o]
A AFAIHEHE IXSHBenaliouche et al.
2008; Park et al., 2023).

3.3. E2A4|2| NHs-TPD 7t

e A&l E HDZS Hola<4(Mn, Cw)ol °l
LWSE A gEQ Yol Ez EA W AMY B s

1@s17] 18 NH;-TPD 242 =453t Fig. 5+
Mn<] 3=F Hste] w2 9F 14 of gzt mgutYS 1}
ERiQle}. A Al&etolEQl (a) HDZO] 4%, 10
0CHoNA A-25(Low Temperature : LT)=} 320C
9] 1128 (High Temperature : HT)ollA] 242 &
Hujo} gztu] 371 $E|Qlek SEA|RE Mnd] o]
ghagol| Z71stel whet LT 22 13 100~112C
A= FAEHA T30 WA o] HHd Frtetler, &
3] 1 wt%<2} 3 wt% Mn-HDZI A= 210~220C H
A 22 F-2F(Middle Temperature: MT) B2}
37} YA4= At 5 wt% Mn-HDZ2] 7% MT =3
£ PEoHA LEEA] oot HAA ] gzt 3.9
o] 7H A Vb Hth o] A4S B85k 9l
< &4 ol

Fig. 62 tUol 2 5ol 7P 43k 5 wit%
Mn-HDZ7 5 wt% Cu-HDZ9] 22 752 H|w st 2
Ftoltt, Fig. 6 (b) 5 wt% Cu-HDZ 3% 170C F-Zoll
A MT 2% 0327 Yepgton 53], HT @2 0]37t
400T o]ge] 12 goo= o)FsrH tstA i
6}L EAdo] Uelsttt. ol= Cut Oliﬂ%}% 3% Mn
5 EF 2500 vlsf tryol E&te] o w2 o|z|7t

{AEE ou|sie, Cu®t o] &3 gryo} TZ}{H |
6;}2_1 o] @-qp% oz 71—61-2 o‘r 2 oh;].

Table 2+= NH3-TPD Ax}ol| thal] =2 atef
BA9E Avp Uehd Ao HDZo| g&eRe 1.122
mmol/gelF oY, 5 wt% Mn-HDZ <di 2.277
mmol/g2 2 HDZ 4] ¢F 2.08, 5 wt% Cu-HDZ+=
1.986 mmol/gC.2 ¢F 1.88] HE=2 Ho|F& o]
Shof| wtet gztsfo] A A F7lshart.

o] Z3H= HDZ Cu®*eF Mn** o] 20] 2|22k

e

o=z

olen gl Al el §3 U Hre] ZUsh £
Abwlo], A% TR RN} Ao E0] HelAH|E A
A48 F7A7) EC 2 BeEn, HolE49 of
gl AgetolE0] stokd T2 BHAL ST
7 Ul 52 Ego] kolrh 2L Selshlrt

(Benaliouche et al., 2008).
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