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Differential adsorption of cationic and anionic dyes by
nano-composites based on marine macroalgae biochar

Hee So Oh

Department of Civil & Environmental Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Dyes contained in wastewater are one type of the organic pollutants
that adversely affects the environment. Biochar 1is known for
effectively removing dyes from dye-containing wastewater. Biochar has
been widely researched as environmentally friendly and inexpensive
technology to remove dyes from wastewater. Biomass, which is used as a
raw material for making biochar is very diverse, including natural
materials, industrial wastes, and agricultural by-products. It also
has different properties, and biomass type 1s a parameter to determine
adsorption capabilities of biochars for the organic contaminant. This
study used kelp to make biochar among marine macroalgae generated in
large quantities around coastal areas, and developed biochar-based
nano—composites using Mg and Fe oxides. The characteristics of the
manufactured biochars were investigated using FTIR, SEM, and BET

surface area analyzer. The value of pH and initial dye concentration
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were used as experimental variables for the evaluation of biochar
adsorption capacities for dyes. In addition, various
adsorptionkinetics and isothermal models were used to evaluate the dye
removal capabilities of biochars. The nano-composites showed a huge
difference in ash content and pH compared to the conventional
biochars. The nano-composites which had chemically-modified surface
affected the adsorption of dyes. In particular, the maximum
adsorption capacity of KB-Mg for congo red (CR) was 1003.464 mg/g. For
crystal violet (CV), KB which was not pre-treated showed the highest
adsorption  capacity. These  results  demonstrated  that the
nano—composite with Mg was effective in removing the anionic dye, and
the cationic dye was well adsorbed to pristine biochar which was not
specifically treated. It is considered that the main mechanism for the
adsorption of both CR and CV to the biochars is an electrostatic

interaction.

KEY WORDS: marine macroalgae &%, biochar #}o|2x}, dye 9=

adsorption &2}, nano-composite Y= E3HA].
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Table 1 Classification of dye

Class Chemical types

Example

Anthaquinone, Xanthene, azo (including, nitroso,

Acid permetallised), nitro and triphenylmethane

Hemicyanine, azo, cyanine, diazahemicyanine, azine
Basic diphenylmethane, xanthene, triarylmethane,
acridine, anthraquinone and oxazine.

Direct Phthalocyanine, azo, oxazine, and stilbene

: Benzodifuranone, azo, anthragquinone, nitro, and
Disperse

styryl.
Rasetis g:at;:l:::;og:;trmazan, phthalocyanine, azo,
Sulphur Indeterminate structures
Vat Indigoids and anthraquinone
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Table 2 Advantages and disadvantages of dye removal methods

Methods

Advantages

Disadvatages

Chemical treatments

Oxidative process

H202 + Fe(ll) salts (Fenton's reagent)

Ozonation

Photochemical

Sedium hypechlorite (MaOCl)

Electrochemical destruction

Simplicity of application

Fenton's reagent is a suitable chemical means

QOzeone can be applied in its gaseocus state and
does not increase
the velume of wastewater and sludge

Mo sludge is produced and foul edours are
greatly reduced

Initiates and accelerates azo-bond cleavage

Mo consumption of chemicals and ne sludge
buildup

(H20) agent needs to be activated by some
means

Sludge generation

Short half-life (20 min)

Formation of by-products

Release of aromatic amines

Relatively high flow rates cause a direct
decrease in dye
removal

Biclogical treatments

Decolourisation by white-rot fungi

Other microbial cultures (mixed bacterial)

Adsorption by living/dead microbial biomass

Anaerobic textile—dye bicremediation systems

White-rct fungi are able to degrade dyes using
Enzymes

Decolorised in 24-30 h
Certain dyes have a particular affinity for
binding with microbial

species

Allows azo and other water-soluble dyes to be
decolorised

Enzyme preduction has also been shown to be
unreliable

Under aercbic conditions azo dyes are not
readily metabelised

Mot effective for all dyes

Anaercbic breakdown yields methane and
hydrogen
sulphide

Physical treatments

Adsorption by activated carbon
Membrane filtration

lon exchange

Irradiation

Electrokinetic coagulation

Good removal of wide variety of dyes
Removes all dye types

Regeneration: ne adserbent loss
Effective oxidation at lab scale

Economically feasible

Wery expensive

Cencentrated sludge production
Mot effective for all dyes
Requires a lot of dissclved 02

High sludge preduction
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\ A ?  (a) Electrostatic
- ' o attraction .~

(b} Polar organic il
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C c O
¢ - H / .
¥ .
¢ ) carbonized phase 4
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~ Partition in
non-carbonized phase

Fig. 1 Postulated mechanisms of the interactions of biochar
with organic contaminants.
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Metal oxide and
MgCl,, AlCl5, ZnCl,, KMnO, etc metal hydroxide nanoparticles

y *
—_—
Magnetic iron oxide
‘ Pyrolysis *
_
Chemical co- precopltatlon of Fe2+ Fe3*
| Functional materials

Fig. 2 The schematic diagram of synthesizing biochar-based nano-composites.

(a) Pre-treating biomass
using metal salt

(b) Pre-treating biomass
using iron ion

Chitosan, Graphene GO CNTs ZnS, LDHs, nZVI, etc

(c) Pre-coating
Biomass with
Functional nanoparticles

PyronS|s
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(a) Naco-metal } (c) Functional
Oxide/hydroxide-biochar | hanoparticles coated
composites | biochar

O O m—m interactons
% ==

N
Hydrogen bond O\

Interactions with
functional nanoparticles

Hydrophobic interaction

Magnetic separation . drogen bon o
T — 7 interactons

Electrostatic attract|on

(b) Magnetic blochar composites

Fig. 3 The effects and mechanisms of different nano-materials on the
removal of organic contaminants,
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KB
PB

PB-Mg, Feo] 3-f¥ &4 vlo] 225 PB-Fe= #7]3s3th

Pyrolysis

- —

500°C, 2hr

Pine sawdusf

&%

— Pretreatment —
Biomass 30g PyronS|s KB-Mg PB-Mg
+
MgCl3-6H,0 . m
FeCly6H,0 > Solution 500mL 500 C, 2hr
Stirring 2hr

KB-Fe PB Fe

Fig. 4 Manufacturing process for the marine macro-algae based magnetic
biochar and pristine biochar
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Table3 Elemental analysis of the adsorbents (wt%)
Adsorbent C H N S 0]

Kelp-R 36.74 5.344 1.50 0.531 55.885
KB 53.90 2.334 1.66 1.174 40.932
KB-Mg 46.46 2.351 1.20 0.496 49.493
KB-Fe 50.35 1.788 1.92 0.706 45.236
Pine-R 47.35 5.974 0.08 0.0024 46.593
PB 84.59 3.107 0.17 0.0017 12.131
PB-Mg 77.56 3.009 0.14 0.009 19.282
PB-Fe 82.53 2.696 0.13 0.013 14.631

Tabled Physical and chemical properties of the adsorbents

Adsorbent  Yield (wt%) Ash(%) pH PHope BET(n?/g)
Kelp-R - - 6.83 5.64 0.167
KB 33.2 35.6587 10.28 10.93 0.432
KB-Mg 38.7 36.1644 10.60 10.97 2.801
KB-Fe 43.2 41.8301 2.38 2.12 0.936
Pine-R - - 4.59 3.38 0.308
PB 26.5 11.2275 6.84 6.68 2314
PB-Mg 374 14.2549 9.98 10.65 186.8

193.1
PB-Fe 39.8 40.0 3.97 5.27 (ref. Wang,
Set al, 2015)
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Fig. 5 SEM images of kelp-R

M
Na9 S

2.00

Element

Wit%

C
(@]
Na
Mg

S

total

49.52
44.35
1.88
2.08
2.17
100.00

4.00

6.00

Collection @ kmou

Fig. 6 EDS of Kelp-R
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Fig. 9 SEM images of KB-Mg
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Fig. 11 SEM images of KB-Fe
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Fig. 12 EDS of KB-Fe
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Fig. 15 SEM images of PB
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Fig. 17 SEM images of PB-Mg
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F&2A 9 FTR 2" EgS 19 15, 169 Yeltt FTRS &2A] Ao
Ze712 BA3th md 2870 xpol= nlolomlasl dRE Lxo uwt

F 4oz 4y H ok (Qambrani et al, 2017). 29 AF= A4S IF
= 7HEA7I7E & e Izt sk (Yu et al, 2017). ©] COOH7]e

9
3% 3300-3500cm-1 W $olx, C-Ce 1t oF 1600cm-1 3Haol A el
=

1%
TS

ol
i

t}. C-O0 3=+ 1000-1250cm-1 ®HY oA HIT == C-H ZHE7)
780-800cm-1o14 =7t vE dob (Yao et al, 2011). 3= F+Z= 24
Ag FstA A & F A= r AAE AF 3} (Tan et al., 2014).

P

ZE FHACAAM 7MEA7IE #A¥ 4 Atk KBE 3600cm-1, 3400cm-1,
2410cm-1, 1700cm-1, 1500cm-1, 1300cm-1 oA =7} B2t} zhzte]
9= 4= O0-H, 7124 O-H, C=N, C=C, C-0 Z&71E& Ygitt
(Chaukura, N, 2017). o]#&%F 3= tFE9 F2A A A= AA T O-Hy
A& KB-Fe¢}t PB-Fe ~HEZHo|A= A & 4 gtk C-071% v}
ZAleltt. kAR C=N719] A& o &3] &g + AUk NH2, —OH, 7}

o3tk g2 Aol w=

b=
4, SlA AR 48715 DGR % oot zgse das da

_1&‘01 L

Apolo] S AT FA 2 A= U nloloxt W r-x B AZAEL 3) AR
grlel 4tash WA £EAR Ageha Pme] FH A, O Puo vl 4
Abole]l A7 45 A-g o= pH7F F&el vlX= FFe] tigh Ao 7hs3h

Z 4= At} (Chen, Y. D. et al., 2018; Song, J. et al., 2019),
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42 ¥ 4%

421 s=° B 9=2FF

dAnel 27 vEo] e FAeFel Aot 19 17. 18¢] YEIUTH AR
T+ CR¥% CV =25 50, 150, 500 mg/Lol A Z 3=

o 271F AP A, vho] Q2=
0.2g FY3tATh BAlnk vlo]l 2= CR¥ CVellA] 8] FFEF] ZE ¥
oA =3tk B vl eabs 4R wE7F Fokd s FAET] FA3)
9= QU% ThAjo} mle] @ 247} %21 &Fo] BY HoleA®in B Eres A

PB-Fe= 31.690mg/g ol FFHA. ole %7] 59 F7/te FAt d&
Atole] FEAgS SIANA 27l @R FEY U FAETF SUHAIFHIL,
BET®} SEMolw| Aol A & 4 Qlxo] tAlmprto] e/t A8E F2 AlE
Ae WA o] HolA FHE F@R5Y el o Bk, tArt vlo] e xfe] W
Ce} Oolglo b & daso] A wet 3133 F2= dojutdA F2
g2Fo] =gttt (Jung, K. W. et al, 2016).

CRE 43t W& ¢80, CVe ¥AstE W @507 HEd CR&
AAGE F2A A CVe de%ﬂﬂxl B FERAC FFol B & o] FojHt

|
(Mall. I. D et al.,, 2005; Namasivayam, C et al., 2002). &2 H d59} FZA|
Abololl AR 7] <Qlgo] FAto] 7]H3 Ao= HIt(iang, Y
2019). =3 AAgE F2A &
LA &Y U F&o]250 d59
2 o]F A} (Yao et al., 2013). o]= CR9
AAgd F2A F2& = =
AetE Wa, AAg @ FHA= FHo| FHEE W o+

£ 98-S 713t (Zhang, M. et al., 2012).
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Fig. 23 Effect of initial concentration on the adsorption of Congo red onto the

adsorbents
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Fig. 24 Effect of initial concentration on the adsorption of Crystal violet onto
the adsorbents
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L 0.1g °olt}
CR& pH7} 371 &= ﬂ%iﬂ;gi AA Lo Wk, CVE pH7F 271 &%
A SFel dojy 22 @.?}%7‘47} ng At} o) 1§ Ao THA SO Fito
F= < A olop7]gk CR

50

o (Yang, G. et al.. 2016). 7] pH 3-10" %] &4
o] HZ pHr} 2.78-4.6774A "olF i %7] pH 11S 10.292 oFzF "ojzl Ao
2 Ho} KB-Feol A=A 4bstd o] o3 &) pH7F "olzl Aoz A
ZhEh, weps] w2 pHO CRol &3o] doju AAEl =4 EA4HAT
(Senthil, K, P. et al., 2010). KB2] CR &2t pH7} 11¥€ o] A A L] 19%7}A]
43 "dolg et ol &9 £o] OH-7} ol WA <AsE g F2A 9
FEHo| FFo] doju} dgol Fo] Bzl Ao = ®elth (Pinto, M. C. E,,
et al., 2019). KB-Mge} PB-Mge] A A& EE pHe WHL A 99%E =%k
o FaA|le] EHo] YHIE WHA oK
o7 o]Fo]HtHSewu, D. D et al., 2017).
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a7 208 CVeY FZol Uig pHe Y& Jepddh. CVel F3& pHut
Ve AAE] ST dol2Ad dE<
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201D). o]l wz} CVel AAL&e] F7ketth KBE ©]&3 F32
o W FdFe] UetA ek skA pH7F 3 ES
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Fig. 25 Effect of initial solution pH on the adsorption
of Congo red onto the adsorbents
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Fig. 26 Effect of initial solution pH on the
adsorption of Crystal violet onto the adsorbents
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43 FF 524 =d

I
dof o3 A=t Langmuir 22 w3 4 F2& onsta, FA9
A Rie ARG ORiKD o F2o]l Asite= Ze on| o

=]
Freundlich 98 E#d3% b= 22 A3t} Freundlich RdoA = o] &
g

E Ut Fakd F8 A7 KUl
Ztx By, 0.1K1/n0.5 ol HS &3 o|tt (Wang, Z.

a9 21e CRol ¥t ERA) SN Ueioh 7 wde] A4AF -
+ 5o YErdth CRB] F2Fol| A %Z}Xﬂ KB, KB-Fe2 Freundlich =2 o]

ojuttha < HEHAL d5Y FFo 5 oFS Zed
ARZA d¥8x FAT 4= gtk Langmuir 29 © A3 3A KB-Mg, PB,
PB-Mg, PB-Fex @< 5 {2 o] dojutar o] AAHoA 3stet F2po] A &
7FsAdol EoE AL oudth KB-Mge Langmuir 2ol H) &3 &%

i

[e)

(gm = 1003.464 mg / 9= 7[R =&, CR AAZS 3 HAAo F2A|Y o]
SH A Langmuir @A Ry #& A EH 0.0471~0.68702.2 CRe &%
o] Attt AL EUth ®=3F Freundlich =29 1/ngke] 0.0605~0.33062.

=

CV &2te] Z9 PBRF Freundlich =®o] o A3y, I 99 &A=
Langmuir =do] A3taltt 183 KB7F 650.464 mg /| g =2 KB-Mg, KB-Fe

ot B e AMEHEFS UBiATh e qn e FoleH P Ve
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Fig. 27 Adsorption isotherms for Congo red on the

adsorbents
* KB o PB
g A KB-Mg A PBE-Mg
m KBFe D PBFe
Freundiich
—— Langmuir
800 -
a ...........
2
= 400
o
rd
L T e A
B S T .
40 =
@.—-—-"0“—_.'” -
= o
0 —Ew
o 100 200 e - - nl

Equilibrium concentration, Ce (mg/L})
Fig. 28 Adsorption isotherms for Crystal violet on the

adsorbents
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Table. 5 Adsorption isotherm parameters for CR and CV adsorption onto the

adsorbents
Langmuir isotherm Freundlich isotherm
Dye  Adsorbent
q:(mg/g)  gmimg/g) K (L/mg) Ry R? K (L/mg) 1/n R
KB 95.5825  134.5966 0.0176 0.2430 0.9538 17.1273 0.3306 0.9827
KB-Mg 455.063  1003.464 0.0009 0.6870 0.9866 278.0027 0.1720 0.8748
KB-Fe 357.498  585.5814 0.0017 0.5405 0.8758 274.6884 0.1801 0.9044
«*R PB 23.8359 24.7144 0.0405 0.0471 0.8976 16.8847 0.0605 0.3003
PB-Mg 141.951 194.4680 0.0051 0.2817 0.9505 70.7302 0.1680 0.7133
PB-Fe 24.4453 25.6915 0.0390 0.0488 0.9505 14.6072 0.0979 0.5752
KB 649.537 650.464 0.6653 0.0003 0.8085 264.267 0.1136 0.5507
KB-Mg 459621 50.5679 0.0198 0.0917 0.8675 31.8169 0.1041 0.8214
KB-Fe 33.0803 36.7108 0.0272 0.1042 0.9829 1.0962 0.5203 0.9395
< PB 12.6415 13.0625 0.0766 0.0254 0.9409 1.8184 03214 0.9444
PB-Mg 48.5311 56.0628 0.0178 0.1010 0.9762 30.2673 0.1739 0.8936
PB-Fe 37.7087 40.7687 0.0245 0.0755 0.9297 0.4454 0.6559 0.9259

Table. 6 Adsorption Kinetic parameters of CR and CV adsorption onto the

adsorbents
Pseudo-first-order model Pseudo-second-order model
Ge.exp
ove Adsorbent (mg/9) Qecal Ky (h-") R2 ecal Kz R2
(mg/q) ! (mg/g)  (g/mg.h)
KB 32.2400 31.4654 1.0877 0.8354 32.6985 0.0640 0.7870
KB-Mg 124.662 125.147 0.8555 0.9681 130.895 0.0117 0.8266
KB-Fe 124.991 127.008 0.4306 0.8048 139.954 0.0034 0.7114
R PB 22.7450 21.3414 0.7149 0.9599 22.3667 0.0500 0.9479
PB-Mg 121.078 123.813 0.2512 0.9842 138.871 0.0023 0.9416
PB-Fe 26.3525 24,7195 0.1385 0.9286 28.8202 0.0060 0.9579
KB 124.627 125.550 3.2382 0.9741 129.234 0.0504 0.8583
KB-Mg 115.212 113.005 0.0955 0.8644 134.851 0.0008 0.8997
v KB-Fe 35.0500 30.5945 1.9359 0.1754 31.9701 0.0990 0.4279
PB 29.3250 29.4097 3.7229 0.4308 29.5643 0.0011 0.6494
PB-Mg §8.4750 84.3833 0.2321 0.8919 31.8027 0.0928 0.9585
PB-Fe 31.5500 304969  2.6239 03717  48.0891 0.0025 0.6773
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44 F9%8 =4

pseudo-first order kinetics =93} pseudo-second order kinetics == ol ot
A= 13 23, 2490 ® 6o YT CREZ ] 3t FRASo F247
5 BA43E W PB-Mge 6413 1 fole Aol SR P S o] Fh
pseudo-first order kinetics =2¢] R,4t2 KB, KB-Mg, KB-Fe, PB, PB-Mgol| 4|
pseudo-second order kinetics E@le] RogtEth =Uth. wetA PB-Feg A9
FHAAEe FHTAL pseudo-first order kinetics Zd< & wE2tE AL &
T Sth

CVFZll A= KB= 40&oIdl &8P & ol FUaL, KB-Mg= 36A1%te] 4
Hth. KB, KB-Feoll A pseudo—second order kinetics =@9] Rogtol =8k,
KB-Mg, KB-Fe, PB, PB-Mg, PB-Fe+= pseudo-second order kinetics =22 R,k
=3

D, W, et al., 201),.
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Fig. 29 Adsorption kinetics for Congo red on the

adsorbents
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