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Abstract : This work studies the synthesis of birnessite (3-MnO»), a catalyst of oxidative-coupling reactions, from the powder of
spent alkaline manganese batteries (SABP, <8 mesh) and evaluate its reactivity for 1-naphthol (1-NP) removals. Manganese oxides
using commercial reagents (MnSOs, MnCly) and the acid birnessite (A-Bir) by McKenzie method were also synthesized, and their
crystallinity and reactivity for 1-NP were compared with one another. 96% Mn and 98% Zn were extracted from SABP by acid
leaching at the condition of solid/liquid (S/L) ratio 1:10 in 1.0 M H2SO4+ 10.5% H,0, at 60°C. From the acid leaching solution,
69% (at pH 8) and 94.3% (pH>13) of Mn were separated by hydroxide precipitation. Optimal OH/Mn mixing ratio (mol/mol) for
the manganese oxide (MO) synthesis by alkaline (NaOH) hydrothermal techniques was 6.0. Under this condition, the best 1-NP
removal efficiency was observed and XRD analysis confirmed that the MOs are corresponding to birnessite. Kinetic constants (%,
at pH 6) for the 1-NP removals of the birnessites obtained from Mn recovered at pH 8 (Mn’'(ag)) and pH>13 (Mn(OH)y)) are
0.112 and 0.106 min", respectively, which are similar to that from MnSO, reagent (0.117 min™). The results indicated that the
birnessite prepared from the SABP as a raw material could be used as an oxidative-coupling catalyst for removals of trace phenolic
compounds in soil and water, and propose the recycle scheme of SAB for the birnessite synthesis.
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o AA wHeAE ZASHATE TSRS ARG w2 5 WA H(MnSOs, MnCh)& ARE-Sho] 3/deh "k4tst
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ol &3t WHteE9] Al2E 913 A4 OH/Mn EFH|(M/M)= 6.001813L, XRD #4553l B A E(3-MnO,) A4
S 7182 218kt pH 8 (Mn ()T pH>13 (Mn(OH)y)oll A 3|53 7he: ARg-ste] Qe wzbatabze] 1-NP A7 uhg-
£%(k, at pH 6)%= 72} 0.112, 0106 min" © 2 A MnSOs A|2FS A&5Fo] Q& rHArsHEo] AaK(0.117 min')e} §-AFsHEITh
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Fig. 1. Schematic diagram of acid digestion apparatus.
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MnCLE ez AARE 21& Edi= #@A4] g4k 3
2o o] ufZ(80,7)S 1e3ke] %2424 2H(MnSOs, MnCly) 2
SABP 2] WS o= paystelct. aokshd, (i) 0.5
M~2.0 M MnSOs T+ 0.5 M MnCl, 200 mLo] 6.0 M
NaOH, 250 mL(Z, FoH]|=4:5)& Y1 558 5oF wwlst
of Eggit}. ol ¥hg-§-2 10T o]atE FA|ghtt (i) ¥t
0] LEE thi ARQST)R 2T F, 5AK 5
0, (flow rate 2.0 L/min)E FY3FAA] 450 rpm o= wHESH
ok (i) A HHE AR QAE7125 x 10" g, Hanil,
supra 25 K)& o]g:3}0] A Hale] pH7} 9 ofshz Wold o
M Z22=DW)E AR (iv) AlA $ JAH-E A=
SAA%7)(-40°C, Samwon, SFDSFI2)o| 4 Azxsto] &
LAY AN E(S, YHAEHEE)E deth diZ(control)
& McKenzieo]| 2J8f| AAE 7]EL] HUyAto]E ol d
2 AMEEE A SEFAANE NS 9 T
McKenzie W o2 $FAJ3H U AFO] E(Acid birnessite, A-
Bir)¢] B]3EWHA 71> BET-N, 7}A F2jo s 43 4
7} 44.37 m’/go] ek’ WrkASHE o] A4S XRD (X-ray
diffractometer)2 ©|-8-3}o] EX43}9ich XRD B4& 118 &2
ubelel AR ARSh WREEE Nig 2011 vE
2 Aoix] 244 fa) A Eo] BT T, XRD (Philips,
expert-system)Z AR8-sto] =35ty &2 12 CuKao,
40 kV, 30 mA Q] F-AA|7]o)| A step size 0.02, FAESE 59/
min, FARHJ(20)= 5°~80°0] ATt

g7 F 8=} 1-Naphthol (1-NP)€}e] wh-G-A3]2 20 mL
£7F9] serum bottleS Al-&3}o] 3]E Al(batch test) O 2 4=
S5t HES-8o2 1-NP 40 mg/L (at pH 6.0)2 serum
bottleo]] 20 mLA A& & W7HASHE 3.0 g/L (at pH 6.0)5
A7rste] A8k WE3-8-912] pH= NaOH®} HCIE ©]

gotol Aotk AxE Mgl WS HEE

Ao Aut 9 oFs oz 93| Yial T o
B uroz W kel ¥ 3]7H4] wHk7|(FINEPCR®, AG)S
Ie) [e)

185 30 pmE A5kl waksick. Ak A 3 ukg
Aztel wet A|2E A F5ka, 0.5 um disk-type syringe filter
(PTFE, Roshi Kaisha, Ltd)= &]3}3t & ojol-8 Zul& HPLC
£ AHgstol BAsiott hgelole] e #He Fels)v]
(ACME 9000)2] HPLC % WaterAKSunfire®)2] C18 4.6 x
150 mm (5 pm particle size) GAIAH-S Al&5te] 443514

t} o] FAF (90% 1 mM Oxalic acid, 10% acetonitrile)2] -5
22 1.0 mL/min® 2 31921, 60 uLo] A|2E F5}o]
254 ime] UV 42712 olgstel wlsiacl.
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3.1. M| X| 2L(SABP)ZEE| L7kt ofA

Table 1-& &) 3} ol mE SABPEYE| Q] %
7} ofedo] 2] A& =2 ekl Holoh Al
9= 1Y H(S/L, g/mL) 100]4 0.5~3.0 ME 28315t
W7} ofel o] L-0] &L Table10)4] B 4 glEo] B4
Fe7t 27letdA dAsH Z7tetthrl 34 B= 1.0 M
oML AAE AE H=2 Uil 34 = 10 M
olAe] ofd HE BEL 959%2 =gtTh Iy Witol
9] A 407%E AH o Fo WEES HYr) o
L SABPo]| ZA|3}= n] ¥R S(anode) B9l o]4ks}
HMnOs)0] EHAtell ofs] ga=lx] b7 wjiolu,” 7]
2 Bdo|A ] o dzeurt = WA 34 A
&8 ZATHMn 30~40%, Zn>90%)tE A gttt o]
o] HEES Eol7] $late] TAA|Q TABFE2(35%
F718kgith Table2= 1.0 M ks =o)A] ThAlst
e H7FEHwiw, %)o] T2 W7t ofde] IE wrs
ehdl Zlolt). BAMElgA Hrlro] bl Al F4ro] 9]
g&eFo] YubalA FrHch TASHGA 10.5% (viv) H7t
o] AEHES 95.9%2 HAIsRAS HrbekA] ook
< wj(40.7) Bt} of 2.3u) o] Z7}Lh o] SABPo] %
Tl o AFEPYTHE = 1.224)0] IPAFERGA(E’ = -0.295) ]
o3 Bhate] W& 7HsE Yrkol2(Mn') o2 FUE
ghio]ck?? olefg Auk= SABPO| 4 AE A FFEH 1
& & (non-digested solid residues)®] oFaF H|WE F3 A
= gl 4 Qltk =, A BE AZ whg A|(1.0 M HaS0y)

>

Table 1. Metal ion concentrations (g/L) in the acid leaching
solution and non-digested solid residues at different
sulfuric acid concentration from the spent alkaline ba-
ttery powder (SABP, 10 g)

Metal concentration®

cgi(e);— S(.)“d Mn Zn

tration residue

moly 9 o oo
02 7506 286+028 89 1068+151 545
05 62+05 1034173 322 1682351 858
1.0 62+05 1306323 407 1880+£354 959
20 6.1+04 13556287 422 1907*£488 973
3.0 59+06 1297371 404 1872*x416 955

4 Experimental conditions: S/L (g/mL) = 1/10, reaction time 60 min_,
stir speed 250 rpm at 60°C

® Calculated using the results of chemical compositions of SABP,
which are 32,1 g/L of Mn and 196 g/L of Zn (with non-digested
solid residue, (0.2 g).
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Table 2. Metal ion concentrations (g/L) in the reductive acid
leaching solution and non-digested solid residues at
different hydrogen peroxide concentration from the
spent alkaline battery powder (SABP, 10 g)

Recovered metal concentration (g)°

H,O, added  Solid

in10M residue Mn Zn

H:S04 (%) (g) ol re(ci\)/gry ol re(c%gry
35 12402 25034203 786 1903+172 971
70 06401 29664224 924 1919+150 97.9
105 05+01 3078287 959 1917+163 978
140 04401 3101£236 966 19214167 980

4 Experimental conditions: S/L (g/mL) = 1/10, reaction time 60 min.,
stir speed 250 rpm at 60°C

® Calculated using the results of chemical compositions of SABP,
which are 32,1 g/L of Mn and 196 g/L of Zn (with non-digested
solid residue, <0.2 g).
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Fig. 2. Precipitation of Mn and Zn in the acid leaching solution
of the spent alkaline manganese battery powder (Mn=
321 g/, Zn=196 g/L in 1.0 M HxSO4) as a function
of solution pH values,
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o 22| U7X 2| M AEMOZEE] BL|ALO|E[E-MnO2)2| HIZ= 3 1-naphthol |7

o 069 Wy —=—MO, —e—MO_ |

o (12) ®)
~4-MO, —v—MO,,
—o—MO

Reaction time (min.)

Fig. 3. Disappearance of 1-NP in aqueous solution by manga-
nese oxides (MOs) prepared at different OH/Mn ratios
(M/M) (experimental conditions: 40 mg/L 1-NP, 3.0 g/L
Mn oxides at 20C in the dark).

Table 3. Summary of kinetic constants for the oxidative transfor-
mation of 1-NP by Mn oxides

Manganese oxides (OH/Mn ratio, M/M)

MOy MOg) MOg) MOuz  MOpncy”
k‘mrgﬂxr:? 053+006 55+03 117+05 54+04 73+03
P 0.96 0.97 0.98 097 0.98
tie (min) 1386 126 59 128 95
1-NP (40.0 mg/L)
A-Bir"  MOprg MOpiz  MOpi” — SABP?
Kint (x 107,
i) 205+19 112+06 10.6+05 046+0.04 0.99+0.06
r? 0.99 0.99 0.99 098 0.97
t1/2 (Min) 34 6.2 6.5 150.6 700

4 The parenthesis display the mole ratio of NaOH to MnSOs (e.g.,
OH/Mn)

® Synthesized in the same condition as those applied by Feng, et al **

9 Acid bimessite synthesized by reduction of KMnOy, in HCI (McKenze,
1971)%

9 Synthesized from the initial leaching solution of SABP (in 1.0 M
HoSO4) before Mn and Zn separation

° Powder of spent alkaline batteries
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Fig. 5. Comparison of 1-NP disappearance in agueous solution
by different manganese oxide samples prepared in this
study (Experimental conditions: 40 mg/L 1-NP, 3.0 g/L
MOs at 20C in the dark).
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Fig. 6. Pesudo first-order plot of 1-NP removals by the different
manganese oxide samples prepared in this study (same
experimental as Fig. 5).
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Fig. 7. HPLC chromatogram of (a) 1-NP and its reaction pro-
duct with respect to reaction time of (b) 30 min,, (c)
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Powder of Spent Alkaline Batteries (PSAB)
(< 8 mesh in size, non-magnetic part)

Reductive acid leaching
(1.0M H2SO4 + 10.5% H202, S/L=1/10 g/mL,
250 rpm, 60 min. 60C)

Leaching solution (MNSO4(aq), ZNSO4(aq))

Hydroxide precipitation |
(4M NaOH, pH ~8)

Hydroxide precipitation Il
(4M NaOH, pH >13)

Zn(OH)z(s), Mn(OH)a(s)

MnSO.
(Zn/Mn = 1.5 wtiwt) e

ZnS04(aq) Mn(OH)z)

|

(OH/Mn ratio
=6.0 (M/M))

Birnessite synthesis Birnessite synthesis

(OH/Mn ratio
=6.0 (M/M))

Fig. 8. Recycling scheme and products for spend alkaline battery proposed in this study.
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