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ABSTRACT

Received: February 12,2019 Zinc (Zn) adsorption characteristics of biochar derived from spent coffee grounds (SCGB) were evaluated
Revised: February 27, 2019 under various conditions. Zinc adsorption was well described by pseudo-second order and Langmuir isotherm
models with maximum adsorption capacity of 26.6 mg g”'. Additional fitting of intraparticle model showed
that Zn in SCGB was controlled by both external surface adsorption and intraparticle diffusion. As a result of
adsorption of Zn on SCGB according to the initial pH, the adsorption capacity of Zn increased as pH increased
from 2 to 6, but decreased dramatically from pH 7. The adsorption capacity of Zn by SCGB in the presence of
ORCID other metals was remarkably reduced. In particular, the adsorption amount of Zn in the Pb and Zn complex
Dong-Cheol Seo solution was reduced by 82.9% compared with that of the Zn single solution, which is considered to be closely
https://orcid.org/0000-0001-8515-0670  related to the properties of the metal itself such as electronegativity and hydrate radius. The FTIR
demonstrated that Zn in SCGB was related to carbon and oxygen functional groups. Overall, SCGB could be
applied as an adsorbent for Zn removal from aqueous solution, and its direct production through pyrolysis of
spent coffee grounds could make it an economic option as absorbent for treating Zn-rich wastewater.
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Adsorption characteristics of zinc by SCGB under different initial zinc concentration (A) and
contact time (B).
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Introduction

Ho2l L FH Fofl shtelH, HlE ofedo] QIZtofA] T njgked iz 2= o Rl Jlou, Hrt keEd 735
e, MRAS, 78, WG B 197 &4 5 dAlol A 9d= Ile Aoz HAlEoFt (Jain et al., 2015).

olzugh 2t 8l 2riefets 22 -5 Hde Ve
H =

o] 7i W BFE| 1 QIt} (Liu et al., 2018). £3] S&71&-2 S A 2] H|-§o| HPstal, ThE 7| A|14] S0l vl
A TEM7 A Bt ohuet =2 AP aa = Qloto] W2 AR o7 o] B IS T Qi B
A2 o) Al2EtolE, HIELo|E 3l RE R R L o|EQ}F Zhe HEE (Sen and Gomez, 2011; Veli and

Alyiiz, 2007), E4J&t 9 2}

2011) ¥ F@F4kE, e 9 S8R9t 22 H7l= 718k S (Wong et al., 2007; Xue et al., 2009;
Demirbas, 2008)°]| 2]t o} <] F2HE/Jo] HarE|oj et iRt o]2|gt S22 -2 g2tag& ¢ aHlgolzt
= T/ 8 SR =A Z-8-2 Aozt B

A=) 31 9T} (Devi and Saroha, 2014). ©]ofl F2FA| €] A7t -g-ol8tal, Hla 2] A5, /P2 Q] biocharE 55
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Biochar=-"5% 2 4110 2 viEEh= 5714 HRHES Fata 204 ERofote] 2 RAVHHEARA, ol
2 A7 A%, W7 E A AlEAS EX 2 EYTNRk] B olet B E]|o] 5 O ¥ (Ahmad et al., 2014; Kang
etal., 2016), 19} T1H A= of 6] o] Xs) Folok 12y 0|23t biochar A= 5@ FAtEl 230l &
Fol ZgE]glon, A7 AAEol oo 214 2 et 22 7714 L A= EEHE biocharA| X E Z-gof ¥
et A7 HarE| 0 glony, ufjofl A AnfRAER f2iH biochar®] £-481 T1719] ofde] thet S2EA A
n]e]gk Aok

= U A A] = FE SATE A 20% 8 5 S7HE AL Qs A0, AT 959] 10,000 7150 = oF
=9 YRt FEE| T Y R|= AnFAE R viEEA EH, OS] AnHEd o 2R ajEEs 1 xE A
FAFE O] IS oF 109HE JE 2 S5 SkA)gt o]2igt AnFAtE 52 ' v o] 84t 2 A2t glo
o B2 2] A e} E5] o]2f3t FAMES WA S 79 2d @ vt ofu g} w7 |2 ol glo] AAIAR] A
thRE EAIES o7 | A1 o] & A1 7] S &-83biochar AR A= H7 & 3=kl Gatdole}
sl o, Tt A2 AuRAEE biochar= EHE & U4tz biocharel FAFSHA| =2 FHA (specific surface
area)} THJRH Y57 (functional groups)E 7HA] 1L Q17 Wil S AlA | B2 Zlolet wsiSict.

olo] & A= A FARE] A HIREE niRIE S Aol a4 2 Foll tiHg 22 FAE 76k £
SH AR A=A A FAHES -85 biocharE A1 Z5HL, A2 biocharE o]-8-5te] obdof tiet S2HEd& =
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Materials and Methods

BlocharI-II  EY A AREH ARAES AR O =R E A oW, oAE A RAbE

w2 A | flste] SR/5E ol-8sto] Alxlgh & 60°ColA] x5 A Alg= Ui HH
g1 b 1ocharxﬂ 2] (GK-1015model (57) STL KOREA)°l| 52 & 2] Y2 AA7E(10 psi)E TH5H
Z2Rto] 0.5%°6t= Z8sto] @714 AJHIE THE < 600°CollA] 441 F2t Ftoficto] biocharE Al ZoH{Th
A Aol A AmBEARER A 35 biochar+= SCGB (spent coffee grounds-derived biochar)Z 88 5FATt.
A FAEE A2 SCGB 2] o|efetd E4d A= pHe ¢ AP0 = S50 2™, C,H,N,O 2 S &
FEA2 A4EA7] (LECO TruSpec CHN, USA)S 0]-85}o] 4351t TSHK, Ca, Mg U Na T a]-e 54
Hall (H,S04:HCIO,=1:1)0.2 E|AZ] oflS A Fs] 5]45}0] Inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Perkin Elmer Optima 4300 DV, USA)Z ZIZ} BEASH3TE T35 SCGBO] EHZA2
ASAP-2020M (Micromeritics Instrument Corp., USA)E ©|-8-5t] 45131t

sl

> 2 rlo

¢

e

SCGB2| OtAEE} E4 & A4 SCGBY ofAS2E 42 27 ol E ke, RESAIZE H pHE=E 25
ZARSIA. TR ERk8l (Pb+Zn, CutZn % Cd+Zn) Iﬂ‘)ﬂ’q SCGB2| o5& o] tiet a-&/4d-5 H7IsI3lH:

27| ofd T sko) 2 SCGB2] §2EA-2 SCGBE 0.05 g polyethylene tube®l] F=Y5ta!, -80S
2.5-400 mg L™ (pH 5) =7 AlZ510] 272 SCGB 75715 polyethylene tube]] 25 mL 5918+ ¥ shacking incubator
(KASI KSI-200L, Korea)ollA] 175 rpm ©.2 24A|7F wHlslg] 0 o, wHbE A RS2 centrifugeol|d] GAE2] A7
H AeHS AfFH st Whatman GF/C filter2A4] ottt ofibe AE9] o5k Inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 4300 DV, USA)E ©]-85} Z451311,
71 A3= Freundlich ¥ Langmuir 5-2-82H]of| 2-851t}. Fruendlich ¥ Langmuir 5252 0] dwhile
Table 1]l ERHACE.

HEGAJ7tof| hE ofd o] SAEA A9 o] -2 SCGBE 0.05 gX polyethylene tube U513 100 mg L™ (pH 5)
O] ofA T F-GMG 25 mLA FUok 0, HE ME-2 shacking incubatoro| 4] 175 rpm S 2 1570]|4 24 A|7H712]
Toto] wHkskGInt wHHE AEE0] A 2] Bt AR ohA e 270t s ARl F U5
=St} BESAI ] T SCGB 2] oFAg2FEA ol theh Aih= fAFEAEE (Pseudo-first-order model) 2} FAC]
2} (Pseudo-second-order model) 2! W24 dl (Intraparticle diffusion model)ol] 213l W7 =t -F-AFI=;
TS, AR R Uitz e 4 AutA]2 Table 19 FERHSICE

%7| pHoll -2 SCGB2] o 25742 ofd 78 (100 mg L )4 %7] pHZ 0.1 M NaOH&} HCIS ©]
Stof 2045 E] 7712 247t £ ol o] F2E-S B IoIRITh T3F &l tiet Fae] SRS T AdH
o] Bt e Y o AASHA| oA kil B Skt (Park et al., 2016). ©]o]l & AtollA= ERg W

| 5

_l

i

Job 2 o OIco

A SCGBE] o1 B2 52 WP ] Si1ol ', 7HE B 9 T2 242F 100 mg L' 2 o}t 9k oA Al
A A 4 Wsjod ofle] B2 Blels.
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Table 1. Equations, plots, and constants for adsorption isotherm and kinetic models.

Equation Plot Constant
Adsorption isotherm
K: adsorption capacit
Freundlich q= KCe'" log () vs. log (C.) P i .p y
1/n: adsorption intensity
, a: adsorption capacit
Langmuir — _abce Ce/g vs. Ce ] rp pacty
1+bCe b: binding strength
Adsorption Kinetic
kt :
pseudo-first order log(q, — ¢,) = logq, — % 10g (e-q:) vs. time ¢ k;: rate constant (PFO)
. k>: rate constant (PSO)
t 1 t
pseudo-second order ?t = ko + q—e /g, vs. time ¢ k; : rate constant (IPD)
Intraparticle diffusion q=kt'"*+C g vs. time 12 C: intercept

OIHEE /= SCGBe| EH 57| M3t ofd T2 (400 mg L) F of ¥ SCGBE S-F-E AIARE
T 60°C E2to] @ 2of|A] 24Xt BF xS oM, Axs Almet O]-Oﬂ S2HA9 o] 9] SCGBE Fourier

transform infrared spectrometer (FTIR, Nicolet 5700, USA)E ©|-85to] TH H57| HSE AT

Results and Discussion

XE

O

SCGB2| O|2}st™ EM A% SCGB2] £/ Table 20]4] H= A3} o] 448-226.4% 5.0, 147
2 70%°) 02 ©]F= Chen et al. (2011)°] B3 sRFAER A2 4 biochar®} A £5] SCGB ] H| i
HZ294 1 m* g' ©& Park et al. (2016)©] 2173+ 270 biochar (289.2 m* g™)oll HIa|Al= EEC ™, Yuan et al.
(2015)°] Bt &2 7] biochar (26.7 m” g')oll Hal A= 322 74 3F0] ATt. Ahmad et al. (2014)< biochar2] H|3EH
22 A =0 B ARl 2o Waet dyte] Jlrkal H sk

Table 2. Physico-chemical properties of the SCG and SCGB used.

pH C H N S o) K Ca Mg Na  Yield SAT
(1:25) (%) (%) (m*g"
SCG 721 456 8.1 2.9 01 443 02 008 010 001
SCGB 892 712 22 2.8 02 232 03 010 012 002 264 941

SCG: Spent coffee grounds, SCGB: Biochar derived from spent coffee grounds.

SCGBO|| 2|&t ofHe| EREY Z7skol we ofdd o] S2E/3-2 Fig. 1A e E‘r. Z71§E7 57t
gholl whet ofd o] SRR F7 ok eI, 7] oFd 5 50 mg L oldollA ofd g2l o ol F7t
7] gL ﬁﬂaoﬂ T2E It (Fig. 1A). Freundlich 528212 o-83F SCGB 9] oF1o]| tigt &2Fs (K)22.13°]
om, ST (1/n)=0.446°]21T) (Fig. 1B 2 Table 3). Seo et al. (2005)2] LA} w2, 1/x 71| 97}
0.1<1/n<0.5 o|2fH S22 A Aglsletal Harsteiet. 2 A2 xol A SCGB 2] ofdof] thgt 23 E=0.5 ©]

O

l
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Stz ofdof] tiet &A= F4E5] -8 7 Aoz wrkenh, =9 F2, (l/n)%){o] >1,1,<1 4o 22 s

-

al., 2011), 2 GAoll4] SCGBOl 23t ofd o] F2ke-
@ T2A FEH o] FAA o] T H5: (monolayer)—i F&ohs 7ol Yer
707 dalA ct (Naetal., 2011).

Langmuir 5-252H] o83t SCGBO] thet ofde] Zth&as ()2 26.6 mg g'olgleH, ZEA] (b=
0.036°]%Jt} (Fig. 1C and Table 3). Langmuir 528204 b3k SZHISHE & UERH, o] o] 25 527
Skt Arks A& oulRitt SCGBO| ot ofede] FaRRe ZHE.0 2 Langmuir 5-2524] (R=0.9848)°]
Freundlich 5-2&2H] (R*=0.9727)°] H]all & A2]5t5i=t, oli= SCGBOIl thgt o}¢19] F2ke TrAtZoll A Ay
5k ofekeako 7 wokal 4= Qltt (Kotodynska et al., 2012).

71 oA BalE Lo, FAY, T 9 A= E A|ZH biochar] oFA9] 252 212 11.0, 4.5,
13.1 ¥ 6.6 mg g ©|}+=1| (Chen et al., 2012; Mohan et al., 2014; Choi et al., 2016), ©]= 1 Aglof] AL8-5 SCGB
o] oJgt o o] g2 Hof| vl Wttt SEA]Tt biocharol] TSt E450] S2EAJ-2 biochar Al 2574 (&
AIZh, S2HESZA (pH, 715U = 2 biochar U= & A= 2] EAof| ufet Aol zfo]7} Q17| wiio]
SCGB2} th2 biochar®] o} S2H52& Z1H2] 0 = H|Wok= 22 ojgfgo] it} AE4 & AL =RE
5 biochar= ot o] F2HA|= 5-25] &-87Fs & 4= JloH, 71&E U F4Hz biocharo] tiAA|= &80 7Fs
SH 70 2 phheT

T

A 30 B 2 r
=~ 25 | L
o
=2 L L [
£ 20 ® - 1
S 15 o
N L4 3 [
B °
2 10 0|
o o
s 5§
R ]
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£
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Fig. 1. Zn adsorption isotherm by SCGB (A: Amounts of Zn adsorbed, B: Freundlich isotherm model, C: Langmuir
isotherm model).
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E3 SCGBO] OFABATA S WS AR 2459100, 1 AT Fig. zAsz} k. §hS AR 2A177A] o}
o B A0 R B ek Aeolon, 12 ol s ofle] gt o B s L diste
L} 2715 2 91, Aydinet . C008)9] 87251 T2 2] M2 S biochrtle] 34 G4
QL= B} o] £A5H7] Tl biocharo] teH-3450] B 2ol F2sk F7hElo1AIL, ARAIo] Bk %

biochartloll B<-& 32 = Q= B/dAte)7H A4 a2sbd ol et a2 S22 H o1 571514 %%E}ﬂﬂ
Slirt. ]9} -8 A= Park et al. (2017)0] H 115 HIZ © & G- H biocharo]] &gt Fa]e} o}l o] FaFA e} -G

o

Atetgiet. o o] AE A GARES 3 o] pk-g o] 2851305 ), HESAITol TE SCGBell 94@ o} 9]
SRS AE oA RS REle] o 2] glel3l=H] (Fig. 2B, 2C, Table 3), ©1= SCGBO| &Jgt ot 2] J2ho] tiif2
g ZA =)o) Atk= 718 LERHTE (Kotodynska et al., 2012). WA E-S 225 SCGB 2] ol
SAATR= TS 2AES 713 0 = stof 2719 whE FRIHA|9F §7] 9] = FRRE-O] 2T = ALk of Rt
(Fig. 2D and Table 3). Arias et al. (2017)= 22501 ti$t biochar 2] W= 27| = biochar £]F-of] EAfoH= oFo]2
4 Eo] yH57]0f ofaf dofupr, =2 S2H A= biochar2] W 4t Qlof o] FoXtial K 1Tstoitt. o2t
o] SCGBe]| &Jgt o1 o] F2R2 %710 SCGBY] )5 2 Ato] Eof| Ofaf 73estA| Pojum, 247t o] %R e =
Foito] ool dodth= 2= ERIE 4= STt 124 SCGB L ofA-g2te] thet W F-ehit @2 HH-S-AITF2 A
o

A
HE 24AR7ARE A8 E /10 ™, K9] g2 0.8440] (T

o= W r

>
N
(=}

[ J

= Y [ ] L hd *
> 16 r o
=]
£l
(=
N
° L
2 %e
o
S 45
Y

0 1 1 1 1 1 J . ! ) L )

0 4 8 12 16 20 24 0 5 10 15 20
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C 15 ¢ D 20

1.2 16 | '/././0/././’
- 09 12
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Fig. 2. Effects of contact time on Zn adsorption by SCGB (A: Amounts of Zn adsorbed, B: Pseudo-First-Order model, C:
Pseudo-Second-Order model, D: Intraparticle diffusion model).
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Table 3. Parameters for zinc adsorption kinetics and isotherms of SCGB.

Kinetics
Pseudo first order g. (mg g™) 7.952
k(b 0.142
R 0.840
Pseudo second order g.(mg g") 19.1
k; (gmg' h) 0.055
)ig 0.998
Intraparticle diffusion k(mg g’ -h"?) 0.844
C(mggh 14.4
R 0.987
Isotherms
Freundlich K 2214
1I/n 0.446
R 0.973
Langmuir a(mggh 26.6
b (L mg") 0.035
R’ 0.985

pHOl T2 SCGBO]| OJRt o} A 525402 Fig. 3] UFEHRITE. 271 pH 2014 67HA] S22 A3 S71ske 7
ol o, Z7] pH 7014 ofd o] g2k5o] A5 AT (Fig. 3A). 012t -2 A= biochar 3F1 9] Z5}
o} of¢dol. 2. 0] HstAteof what A w0} A 4= Itk (Chen et al., 2011). HIF-E-2] o}¢10]. 2.0 pH 67F4] %ol 22|
e 2 ZAfotH, pH 6010l A= ZnOH Y Zn(OH), 2 Z2H=| 7] Eth (Ramos et al., 2002). Y¥FH.0 2 biochar®] &

HHsk= pH7 57 Ftell wet A 2445 UEUA "otk o]of] biochar B O] 27 5HE LHeld e} ofedo]
o] A UEPE uff, = ofA] ol SCGB2} oFdo] Aol ] 474714 Q18 (electrostatic attraction)©] |7} 2
] ofd o] Z&-gafo] |7t Ao, B Aol 4 SCGB 2] o}uﬂ 212 9131 A pH=4-6 19121 .0 & iz
et F2HS $- pH= Fig. 3B2F o] 27 pH 20 A= H-a-5of| e od5] AH3 e LR glen, 27 pH 39
A TR WG %0 6.2-8.45% T/ B oFd7 Il dS LERIRIT. 019t o] SCGB7H IR 821 (pH 2)2 ¢34t
89 57| ol = AgHA oL, pH 3-8Hof| A= pHO] $EE 1S 71| 71 0 2 whE ) oo SCGBE ]85t ofdgt

7<
o
G 14 Aol glo] pH 28 S5 AN 4T At E Ao Bar,

A 20 | B 9
° [

> 16 %
o ® é 7 + [
£ ° [
= 12 ® T
< o
N é - 5
S ©
o 8 <
2 é ic
o
7] 3

4
2 [

0 1 1 1 1 1 1 J 1

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Initial pH Initial pH

Fig. 3. pH effects on Zn adsorption of SCGB (A: Amounts of Zn adsorbed; B: Final pH).
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Th2 S550] g 8ollof A SCGBO] 2J7t ol o] S&tko]| thet A= Fig. 4] FERHRITY. ofednt Zjs}
= 8ol 4] SCGBO| 2Jgt ot o] F2F=F2 15.6 mg g ' 0] =], Pb, Cu E Cdo] &3 -8 ol ofd o] Z2t=F
S 72172.7,6.8 ¥ 11.3 mg g' & AAE ALt Park et al. (2016)2] Z7ZAt] biocharol] 2J3F thost ZH<sof] thgt 734

ST L Gl Hla] %%L%ﬁ 30“01]*1 7k 340] S| AR 5] Al B Isie]t). 5] S&HA ol o
I o g %&*Zﬂ of EH J%@A g&:%%— Feteha

SA %= Pb (2.33) > Cu (1.90) > Cd (1.69) > Zn (1.65) 0112 ™ (McBride, 1994), 53142 7n (4.30) > Cd
(4.26)> Cu (4.19) > Pb (4.01) 2=°]It} (Inyang et al., 2012). o]} Zo] Egk8- UlollA] SCGBO| 2]zt of¢d o] 52}
T2 7550 AR B o Jpol & Qlste] BAEESC] SRR ES 94Tl whet AxIstA Aagt
Ao 2 wdrh. Ed] vt a5Hla= T Aol obd 2Folde] Bt FEHR =] whizoll 3
SCGBe]| &Jgt ofA9] F2A el = F == Hlo] /o] 42 0= TefElojop & 71 0 & JhrhelT)

al

Only Zn Zn with Pb  Zn with Cu  Zn with Cd

Adsorbed Zn (mg g™)
®© N o

I
T

Fig. 4. Amounts of Zn adsorbed by SCGB in presence of other heavy metals.

OISt H/Z SCGBO| 57| et UHEH O =2 biocharo]| IS 5-5452] S2F2 slo|E247| W 7j2
21712} -2 biochar THZFE7| e} WA Ho] QItkal H 11SH T} (Yakkala et al., 2013). 124 ofd 52F 4/
SCGBO] #57] EA-S B W5t (Fig. 5). &2 A SCGB 2] 1050-1150 ecm™ oA LR 73215 C-O stretching I
= F5 Foll AT FAlo) 2709] T3 2 ZEty] @/ Belom, 11 AR 930 cm™ oA 22 137 AEA
it} o]= o}ddo] SCGBEMO] C-O stretchingoll Z&5H| AgtE]l7] W= o & ke ek T35 3700 cm™' 2}
1635 em' F2of| & w352 biochar HO| O-H TFE3} o] Qitkal B 5I=d] (Keiluweit et al.,
2010), & A7ATA oFd F2F F SCGBOIAE= 3700 em™ 9] T 3= &2} A3} v wslo] @ ok 2jo] glo] fA
ston, 1635 em™ ofl YePd 352 oF 745t o= SCGB EHe| O-H 15 ofdo] Agt=| 3l
©° 7 mehent £35] 32 Aol SCGBE 582 em’ ] HZof|A Eo]z|¢l m3= vehtA] ko), ofd
SCGBOIAE St bl A A 2-¢ 127} L=t o] biocharol] A3HH ofelv} - F4=41
UTFA! B 75T (Wang et al., 2017). oPde] AykE nlFo] & o, SCGBof| S214 oA EH 2] #5671

5 pito] Qlrk 21 21T 4 919)

I

s 3
i Ao

i
|

N
lo 5
b =
Q
%)
1o}
i)
rJ
_‘ndJ
o,

1o
=)
o
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1050-1150

Absorbance

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm*!)

Fig. 5. Functional group change of SCGB before and after Zn adsorption through FTIR.

Conclusions

:

A EAFE biochar+= 600°C 2] FE-3] 25011 A Az oM, A2 SCGBE71.2% ©429194.1 m* g ' o] H] &
HAS 712 QISiTE. SCGBo| oJgt ofd o] F2E/3-2 fA} o] 2} Bl Langmuir S2HEo] OJof] 2 HAFE| S
o, HE2EERS 26.6 mg g © A o] 7]E B TH biochare] H| &3t} pHOl W SCGBE] ot g2l
pH 4-677}74% H| w2 QPY 0] G0 pH 7ol 4= B4 5] TAE| Itk T3 2E A8 -8 UloA SCGBofl 2]
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