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Outline of the Talk

1. Antibiotic residues in the environment

2. Preparation and characterization of functionalized biochar

3. Application of functionalized biochar in antibiotic removal from
water and wastewater

4. Conclusions
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Emerging Contaminants in the Environment

* Pharmaceuticals and personal care products (PPCPs)

« Nano-materials .

* Disinfection by-products

- New pesticides R e

» Degradation products

[ Very Low Impact (<1.4) [] Medium Impact (4.95-8.47) [ High Impact (12-15.52)
[l Low Impact (1.4-4.95) [ Medium High Impact (8.47-12) M Very High Impact (>15.52)

Halpern et al. (2008) Science 319, 948
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Pharmaceutical Residues in the Environment

» Of the greatest concern worldwide are pharmaceuticals, in particular antibiotic

residues:

v Produced in large quantity, e.g. > 25000 tons per annum produced in China

alone.

v Between 80-90% are excreted unmetabolized once consumed in human and

animals.
v Poorly removed in sewage treatment plants.
v Potential to cause antibiotic resistance, leading to the so-called “superbugs”

with antibiotic resistance genes.
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Antibiotic Resistance

Germs Take a Bite Out of Antibiotics

Taste test. Harvard University researchers Morten
Sommer and Gautam Dantas and colleagues used
so1l samples from a Massachusetts forest and a
cornfield (inset) to screen for antibiotic-eating

D-CYCLOSERINE
AMIKACIN
GENTAMICIN
KANAMYCIN
SISOMICIN
CHLORAMPHENICOL
THIAMPHENICOL
CARBENICILLIN
DICLOXACILLIN
PENICILLIN G
VANCOMY CIN
CIPROFLOXACIN
LEVOFLOXACIN
NALIDIXIC ACID
MAFENIDE
SULFAMETHIZOLE
SULFISOXAZOLE
TRIMETHOPRIM

Growth B No Growth N

microbes.
- ) m 1- = ) -. u . l -.-c ) I . - ) | 1
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Antibiotics in Water and Sediments from Mariculture Sites in
China Y

B water samplesing L) —
A B sediment samplesing zz")S

i 3

{'M(/

XN

Chen et al. (2017) STOTEN 580, 1175
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Why Biochar and Functionalized Biochar?

1000000 -  Biochar is a C-rich product obtained

m Lower price  ® Higher price

when biomass Is heated at elevated

100000 -

temperature in a closed reactor with little

10000 A

or no available air.
* Functionalized biochar (fBC) is obtained

1000 -

when biochar is further treated either

100 -

chemically or physically in order to

10 -

Price of adsorbent ($/kg)

improve its functional groups and

sorption performance.

0.1 -

BCs ACs Resins MWCNTs SWCNTSs
Adsorbent Ahmed et al. (2015) STOTEN 532, 112-126
lL ] m ] “= " l.. 0 -l-l.-. [] l-.l: IL ] m ] "= " “- ]
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Preparation of Biochar and Functionalized Biochar

4 ~\ p .
- Wash &
- Cut into :
[ Blomass ] » small sizes »| dryingat |®
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~ - solution L ,
-
.-.-. | I .-..: IL |
= " 0 "B it . "
E o -
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Cooling at
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4 )
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temp. 7.0 and
dry
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Physicochemical Properties of Biochar & fBC

Sample

Biomass

BBC380

Initial pH
Final pH
Zeta potential (mV)

Sample

BBC380

1MbBBC600

Composition data

Yvielddry basis (%)

43.50

1.62
1.15
5.34+0.32
EDS analysis
C % 0%
81.18 18.83

51.96 39.52

Moisture content (%) Ash (%) Volatile mater (%) Fixed carbon (%)
5.61 12.93 63.83 26.67
1MbBBC600
3.00 4.35 6.13 10.00
2.74 3.39 4.09 8.28
-3.25+0.24 -12.76+1.23 -19.6£1.15 -45.9+4.67

BET surface area

P% Molar O/C
- 0.232 0.50 m* g'1
8.16 0.761 .12 m° g
"my" ] 0 .'_.: ||.
s 1 'I: - " . "
m Emm R

BJH Adsorption pore diameter

113.5A

83.8 A
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SEM of BBC380 and 1MbBBC600

10 pm EHT=2000kVY  Mag= 100KX Signal A = VPSE G3 [Probe= 206 pA Date :18 Apr 2016 20 pm EHT =15.00kY  Mag= 566X Signal A = SE1 IProbe= 2.7nA Date :1 Jun 2016

UTS |—| Width = 114.3 pm SignalB=NTSBSD ~ Chamber=_ 100 Pa I I Width = 201.9 pm Signal B=NTSBSD ~ Chamber =4.53¢-004 Pa

b T Time :15:54:08 . ) A
File Name = BBC380 03 iif WD = 10.0 mm System Vacuum = 1.17e-005 mhar File Name = 1MbBBCE00-108.6F WD = 16.0 mm System Vacuum = 4.53e-006 mbar
| |
|

Time :15:00:42
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Raman Spectra of fBC

T D-band —(1341.0) \(1587-89) (3861.5, -OH) —— fBC
7000 - \
- G-band (372223, -OH)
6000 -
- 3622.3, -OH)
5000 -
%“ y ID/ I =1.03697 " (1516.04, aromatic C=C)
S 4000 — ':é (3020, -CH stretch, asymetric carbon)
= (1705.06, C=0)
3000 - (2490, 0-0)
7 iBC %ﬂl I 5‘:\‘_% i‘==||==i
2000 L J% iﬁﬂwwmu||||m|wmummmu|||||ﬁlm _ﬂ—;ﬂ %5 .== (1018.5, -C-0O-C)
1000 — - _ﬂ_m“”"”'mulunm|||||||||||||||M
0 . | I . | . I . ' | ' | ' | ' | ' | - | '
250 1000 1750 1500 1750 500 4000 3500 3000 2500 2000 1500 1000
. - -1
Raman shift (cm™) Wavelength (cm™)
Zeta Potential Value of fBC is 2.20
= - [ -
L | . | - .Il . .-.
| 1 | -
- .I m

L !
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XPS Spectra of fBC

Name Peak BE Atomic %  Surface group Assignment
C(ls) A 284.8 56.98 C=C Graphitic carbon
C(ls)B 286.27 13.6 C-O- Phenolic, alcoholic, etheric
C(ls) C 287.8 4.15 C=0 Carbonyl or quinone
C(ls)D 289 3.13 COO- Carboxyl or ester
C(ls) E 290.54 2.77 C=0/ C=C Carbonate, ocluded CO, p-electrons 1n
aromatic ring
C(ls) F 292.35 1.13 m-1* transition The transition due to conjugation
N (1s) 401.47 0.8 C-N"H-C Forms of quaternary nitrogen, protonated
pyridinic ammonium 1ons, nitrogen atoms
replacing carbon 1n graphene,
O(ls)B 533.3 8.52 C-O- Oxygen singly bonded to carbon 1n
aromatic rings, in phenols and ethers
O(ls)A 531.62 4.8 C=0 Oxygen doubly bonded to carbon
P (2p) 133.79 2.3 C-O-PO;, Polyphosphates and/or phosphates
o - LI " LI T " -
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Single and Competitive Sorption of Sulfonamides by fBC

H,N |
P Ka1 % o
HoN STZ
p Ka1
SMX
Sulfonamide 3D structures
H,N
pKa1 + + + _ _ _
SMT / SMX /STZ SMT/ SMX/STZ
SMT/ sMX’/sTZ’
Sulfonamide structures
H,N
O
| sMT 7 smx1sTZ™"
S—NH R,/R,/R,
|Cl Sulfonamide species
General formula of sulfonamides
i m “= - B L] “um e i m "= " - " n
L u L] (] l-. ol L L] L] u

|
“amll
[

|
[
[

"
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pH Effect on Sorption

e Functionalized biochar can sorb antibiotics in both single
and competitive mode

e Sorption capacity for antibiotics was three times higher
in single mode than in competitive mode

e Sorption capacity decreases as sulfathiazole >
sulfamethoxazole > sulfamethazine

e Solution pH is a significant parameter for removing
ionisable sulfonamides

e Sorption is mostly governed by the H-bond formation

and 1T-1T Interactions

@
-q-) o
—_—
=
;ﬂ-
|
(b) -
-
—
- - - @ STZisngs
- ¢ SMNT (singE)
- BF A s snge
F STZ jcompettne
1 - MT {competit e
é - —— . ' ." —
el u - A A A SV ompettie) -
- - - = = PS0 netcmodd for .":'TZ:;"g-:—:_
=] - - - P — S0 Wt mode for SUT (single)
g' ] < kT — p— PSO knatic model for SWX (singis)
= : o — P30 knatic modd for STZ (competite
= 1 = - — PS0 knastic moodl for SMT (compettie
= ' - — PO knstc mode for SV (compette
1 AR - DM enetcmods DrETZ Engs
i e =  |DMknetic model or SMT (singe
| J'j{;" - _-_-._.___*-ﬂd e— DM sretocmodal © L SN
1 0 =N et ¥ — DM unetcmods ©rSTZ [ompettne)
- FI' ...w_,E" - - DA onetc modd or SAT (compstt e
R ; = DA enetcmods DrSMK compettie)
R
' T T ' T ' T ' T y T ' T ' T ' |
. L (0 &C 1000 12X 1400 1600 1800
Time (min)
Ahmed et al. (2017) CEJ 311, 348-358
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Proposed Sorption Mechanism

5
—.SMX H 1ﬁ
R—&l“::sll‘l"" O
SMT - I - ||
SRSl
oo R H,N - "'Hﬁ-"lNH—R
—‘ STZ at I?LW pH o For neutral molecules
T-rn_EDA Lewis acid base interaction
Diffusion
@) O
H .. %"\\\

- OH |
c '\AQH ligend exchange with -OH
. _P—0O group but not favorable

\

CAHB 5-‘
\ I;ISH”O
O /
. -1t EAA
|| ‘8

H2N---||||| ~-IIIIS-II|N—R s 8’
|| O1n H E
© )
at higher pH where \§ 3.0 |‘ H2I_\I
negative species ‘\\O\ @) 1
= t I f bl H B /\ O
exist (less favorable) CAHB - ||
- S --
<(|)|6 R——NII--SIII--- TIREEE NH2
HoN et SmS—R O
CH‘S “x: at higher pH where negative species
8 O C: & Where, exist(mostly favored)
H
[ R=R,/R,/R,

Tt electron acceptor

IL m =" = O " i " IL m "= " - m
m " " u , = llc. L m "
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Sorption of Chloramphenicol Y T/ .
02H@CHE:ﬂ:HC

Chloramphenicol Hydrophilic

—x| P _—
—_—O— T - .
. WA T
—— SMT “X A
8 - . - O
— - '/A!VA < | %\-
IO) 6 - // 7~ . =
> 78V 0O smz 8
= 72 SMT S .
o /4 SMX IS) E I
4 - v v CP o | .
) VA —— PSO kinetic model fit for STZ 2 | D;El
1 7 & —— PSO kinetic model fit for SMT N _30 4 5 7]
M —— PSO kinetic model fit for SMX E i
2 4\/4) —— PSO kinetic model fit for CP ] ™ L
Ni‘l’ + + + PFO kinetic model fit for STZ /
1G4 .+ + PFO kinetic model fit for SMT -40 a —0O— Zeta potential of fBC -2
=2 + PFO kinetic model fit for SMX —0O— Initial sorption solution pH i
| | | 0 4 ++ + PSOkinetic model fit for CP 1:’/F>szc= 2.2 —m— Equlibrium sorption solution pH
1 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' '
9 10 11 0 200 400 600 800 1000 1200 1400 1600 1800 2000 -50 0 i ’II i é i :'3 i "1 i é i é i % i é i é i 1'0 i 11 0
Time (min) pH

(a) Effect of pH on K, (b) Sorption kinetics, (c) zeta potential of functionalized biochar

Ahmed et al. (2017) BT 238, 306-3112
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Sorption of Chloramphenicol: Mechanism

Resonance Structures Sorption Affinity M echanisms

| Competitive Sorption Affinity: STZ> SMX> CP >SMT
g-electron acceptor sites OHO ClI

5
(O 5*4/
I .
is ¥/ NH,,
INO \
s O

Sulfonamides, R= Hetrocyclic
rings for SMT, STZ & SMX

At very low pH:
(1). Repulsion interactions
(11). BC-OH + sulfonamides/CP = EDA interactions

R—/NH
At pH 4.0-4.25:

(11). BC-COO..H + sulfonamides (NHSO ,-/NH/-NH /CH,) = H-bond formations

-electron donor site

At pH above 7.0:

(1). Repulsion interactions

(11). Sulfonamides-N + H,O = sulfonamides-NH + -OH"

-

(iii). BC-O....H + N....sulfonamides =BC-O'.....H ... N..sulfonamides = CAHB
BC-OH BC-COOH BC-C=0 (iv). BC-OH + chloramphenicol (H'/-OH/N O,/-NH-/-Cl) = H-bond formations

Comparative Treatment Trend:

Deionized water> Lake water > Synthetic wastewater

|
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|
|
|
|
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Sorption of Antibiotics in Mixture Mode

Synthetic wastewater

Lake water

x
=
7

o
o

Bl sz
E= swmrt

(b)

100

100

700

600

500

fBC dosage (mg L™)

400

300

200

1 1 1
- o o
© < AN
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80 -

700

600
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(a) Effects of Sample Composition on Chloramphenicol Sorption
(b) Regeneration of Functionalized Biochar at 300 °C

B 5C-2 (1° cycle) fBC-2 (3 cycle) B BC-2 (5" cycle)
[ BC-2 (4" cycle) IRl fBC-2 (6" cycle)

fBC-2 (2" cycle)
F 100 -
3.0 A - [l - Synthetic wastewater (d) (b)
| -(K- Lake water
Deionized water
2.5 80
®
>
g :
; 2.0 O
< 5
1.5 %
;% . *GC'J‘ 40
= 3!
< \ o
20
0.5
0.0 - \ Ik\d——fj ['\El 0
(') ' 1'0 ' 20 30 40 ' 5 O ' 6' 0 Deionized water SyC;[/hetic water Lake water
ater type
Dose (mg) P
Ahmed et al. (2017) STOTEN 609, 885-895
lL ] m ] N l.. N l-l.-. ] ] l-.l: IL ] m ] “u “m ] =

u 1- .I .l Il-c. Il l. _ 1
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SEM of BC, nZVI-fBC and nFe304-fBC Composite (a-c) using SEM with energy
dispersive spectrometer (EDS) and XRD pattern of nZVI (d).

'\_\; 2\ %

L=

(d) 1000
| Fe
800 -
. Fe
600 -
2 Fe,6:0
3 -
O
© 400
200 - FeZ.GGO
0 MMW' \ ' | ! | ! h IIIIIIIII
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XPS of nZVI-fBC Composite before Sorption Experiments

45000 22500 Vil
. / '\ (632.12, 07, Organic C-O)
40000 - (2848, C=C/ C-C, SPZ) (53345, O_, OrganlC oxygen C=O) P \
20000 VAN
35000 (530.7, Metal oxide)
17500
30000 -
7 ] _ i
3 25000 (289, -0-C=0/-COOH/-COOFe:) 15000
-
8 20000
O _ (286.4, C-0) | 12500 -
15000 - (287.6, C=0) '
10000
10000
7500 -
50004
T L B L . T 1 X00+T—TTT—T T T T T T T T
292 291 290 289 288 287 286 285 284 283 282 B39 5638 537 536 535 534 533 532 531 530 529 528 527 526
12000 1
(725) A
i ¥ ) (c) | 300000 - (d)
Ols Cls
11000 -+
(72(i'3) (716.6) 250000 A
10000 -
o Fe2P 200000 -
~~
f Fe2p
g 9000 -
o 150000 -
O l
8000 -
100000 - N1s
[ S
7000 - '
50000 - P2p
6000 T T T T T T T T T T T T T T T T T T T T T T T T T LM‘:A_M\AAT\‘N\I
729 726 723 720 717 714 711 708 705 700 600 500 400 300 200 100

Binding energy (eV)

IL m "= " = K -I-II-. [ l-.l: IL m "= " " " m
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BIOCHAR 2018

Chloramphenicol Transformation By-products Identified by

Their Retention Times (2.1 min, 2.7 min) by LC-MS/QTOF from
Deionized Water (a) and Lake Water (b).

(a)

—— ZVI (deionized water) before experiment
1.0x10° 4 —— ZVI (deionized water) after experiment
8.0x10° = Chloramphenicol (m/z, 323.0)
N-[1,3-dihydroxy-1-(4-aminophenyl)propan-2-yl]acetamide
5 —
6.0x10 (m/z, 223.1)
2-chloro-N-[1,3-dihydroxy-1-(4-aminophenyl)propan-2-yl]acetamide
. (m/z, 257.0) /
4.0x10° =
@ 2.0x10° =
sy
g
=]
8 T T T T T T T T T T T T T T T T
(b) 2.0 25 3.0 3.5 4.0 4.5 5.0
1.4x10° - —— ZVI (lake surface water) before experiment 100 (m/z 323.0)
' —— ZVI (lake surface water) after experiment .
S
6 | 100 2 60
1.2x10 100 _;E
80 240
-~ <
1.0x10° 4 < g
. 260 < 20
5 3 Lt L H‘
s | 240 £ 300 310 320 330
8.0x10° o < 2 40 m/ z
20
6.0x10° 4 | ! |\‘ |
210 230 240 250 840
m/z
4.0x10°
(m/z 257.0)
2.0x10° =
T T T T T T T T T T T
2.0 25 3.0 3.5 4.0 4.5 5.0
m [ = Acquisition time (mir‘ - -
IL m K K K I-II-. l-.l- IL m “n “n m
- | H L] | - l. H - H H |
" . " = " 0 "k it " . B
| | | | H | [ |
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Proposed Reduction and Dechlorination Mechanism for
Chloramphenicol from Water and Wastewater

Fe’ (nZVI)+2H,0-26¢ ——= Fe?* +20H +H, & nZVI-fBC composite

o - -
Transformation nI:6304 fBC composite

. : tabl
Reduction of nitro group: (unstable) (Stable)
CI Cl
CI Cl CI Cl CI ClI
OH HN \o
OH = j@%OH MOH
" (m/z, 323)
Chloramphenicol HOAM AMCI2
Cl
De-chlorination: Cl_ _ClI L J§
j Lo N0 o HN” 0
HN X0 2e OH OH
HO oH ’ y
-HCI H. H
H N N
I
I_l\N Hl“Product(m/z,257) H 2"Product(m/z,223)
4OAMCI2 i
-2HCI
B - - . ™ - - - -
L | . | - .Il . l-. ] . | L | . | [ | .

[ |
"
||
[ |
[ |
[ |
e,
[ |
[ |
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Chloramphenicol Transformation Products Highlighted by Their
Retention Times after 10 min (a), 30 min (b), 150 min (c), and
12 h (d) Treatment using nZVI-fBC in synthetic wastewater

1aor 4 (@) 'z 1ax10° 4 (B)

1.2x106-

1.0x106-

8.Ox105—-

6.0x105-
] 4.0x10° (m/z, 223)

0x10°
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Sorption and Reduction of Chloramphenicol using nZVI-fBC
Composite (in the 1st cycle) followed by Sorption onto nFe;0,-
fBC Composite

nZVI-fBC composite (reduction, 1% cycle)
[T nzVI-BC composite (sorption, 1% cycle)

100

a[]unFe ,0,-fBC composite (sorption, 2" cycle)

80 -

Removal (%)
(@)]
o
]

B~
o
|

20 -

0
n

o 0 m ‘. -l-ll-
Deignized water = Sy.nthetlc water " ake watei.

= Water type
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Regeneration of nFe;0,-fBC Composite by Methanol for
Repetitive Applications (up to 7 cycles) for Chloramphenicol

Bl Fe.O,-fBC 2™ cycle nFe,
nFe,0,-fBC 3" cycle nFe,

,-fBC 4" cycle nFe,0,-fBC 6" cycle
,-fBC 5" cycle B nFe.O,-BC 7" cycle

o O

100 -

80 -

Removal (%)

40 -

20 -

Al iy

22T
22T

Deionized water Synthetic water Lake water
Water type
lL n "= " = o -l-l.-. " I: IL m "= " " " =

[ 1- | - | I -l-c.. I | [ 1
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fBC-nZVI Composite

Fe,0, Fe,0,,FeOOH and iron hydroxides in solution

-
m L
g -
|ﬂ- g
nZVI o S = -
S (70% sorption & . | i Methylene §
Scrap iron . 30% reduction Of g. Chlorgmphenlcol = blue Sorption S
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—_—— = —— < =
Eucalyptus _y fBC iy .Tri’ztsfor’;wtwn o, |legemeranon & o Application 2
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e .2 O o
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TEM Images of (a) Unmodified nZVI and (b) S-nZVI; and (c) XRD
Spectra of Unmodified nZVI and S-nZVI| (1 O g/L nZVI with 0.14

molar ratio of S/Fe)

Cao et al. (2017) EST 51, 11269-11277

Intensity




RESEARCH TALK

Schematic Mechanism of Enhanced
Florfenicol (FF) Removal by S-nZVI, (b)
Mass Balance of FF and Dechlorinated

FF during reaction, and (c) Pathway of
FF Removal

IL ] m ] "= " l.. O " ] i "
] . 5 - L E . -

(=) > S
N &7 & ¢ i
‘ Stronger affinity Facilitate electron transtg
‘More hydrophobic Fe,S, Lower band gap than Fe,OI‘
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Conclusions

1.

5.

Antibiotic residues in the environment are of global concern due to potential
adverse effects e.g. inducing antibiotic resistance genes.

. Functionalized biochar has been prepared with significant capacity for the

removal of antibiotic residues from water and wastewater.

. H-bond formation, 11-11 electron donor acceptor and electrostatic interactions

were the main sorption mechanisms at different pH.

. Functionalized biochar is effective in immobilizing nZVI to form composite which

can sorb and reduce antibiotic compounds.

Future research Iis needed to develop novel biochar-based composite materials
for enhanced sorption and reduction capabilities, and with regeneration
potential.
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Thank you for listening !

Questions?
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