Bioresource Technology 214 (2016) 836-851

Contents lists available at ScienceDirect

BIORESOURCE
TECHNOLOGY

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

Review

Progress in the preparation and application of modified biochar for @CmssMark
improved contaminant removal from water and wastewater

Mohammad Boshir Ahmed?, John L. Zhou **, Huu H. Ngo ¢, Wenshan Guo?, Mengfang Chen”

4School of Civil and Environmental Engineering, University of Technology Sydney (UTS), Broadway, NSW 2007, Australia
b Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China

HIGHLIGHTS GRAPHICAL ABSTRACT

« Biochar modifications and
subsequent functionality Pyralysis o i Improvementof
. . hvdrothermal —» unctlfnnallf) by chvnflcnl,
improvement are summarized. Skl physicaleimpregnation

« Modified biochar has shown i Processes [}
enhanced sorptive capacity for
contaminants.

X . . > > =

« Continuous column applications for < =]
contaminant removal have been Biomas particles - iochar or moifed BC . Batch sorption study _d“ -
examined. Y Pe—— Column study

“ m Pyrolysis or
Different biomass materials Pretreatment % hydrothermal —»-

« Regeneration methods for modified functionality by chemical,

biochar have been evaluated. carboncain | | PAPSCHEmBrgnaton
« Future research directions using Feetstock Processing Sorption study ————

modified biochar have been

proposed.
ARTICLE INFO ABSTRACT
Article history: Modified biochar (BC) is reviewed in its preparation, functionality, applications and regeneration. The
Received 12 April 2016 nature of precursor materials, preparatory conditions and modification methods are key factors influenc-
Received in revised form 15 May 2016 ing BC properties. Steam activation is unsuitable for improving BC surface functionality compared with

Accepted 18 May 2016
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fied BC and nanomaterial impregnated BC composites are highly favorable for enhancing the adsorption
of different contaminants from wastewater. Acidic treatment provides more oxygenated functional
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Functionality metals and anionic contaminants, while the Freundlich isotherm model is the best fit for emerging con-
Sorption isotherms taminants. The pseudo 2" order is the most appropriate model of sorption kinetics for all contaminants.
Column operation Future research should focus on industry-scale applications and hybrid systems for contaminant removal
Regeneration due to scarcity of data.

© 2016 Elsevier Ltd. All rights reserved.

Contents
B R {1 T« 1€ o) » 837
2. Biochar surface modification methodologies . . . ... ... ottt ettt e e e, 837
D2 B <= oo - 17 U o ) U 837
D2 (=T L 0 (= 10 43T o 837

* Corresponding author.
E-mail address: junliang.zhou@uts.edu.au (J.L. Zhou).

http://dx.doi.org/10.1016/j.biortech.2016.05.057
0960-8524/© 2016 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2016.05.057&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2016.05.057
mailto:junliang.zhou@uts.edu.au
http://dx.doi.org/10.1016/j.biortech.2016.05.057
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech

M.B. Ahmed et al./Bioresource Technology 214 (2016) 836-851 837

2.3, Acidic MOdIfICAtION . . . . oottt ettt et e e e e e e e e e e e e e 838

2.4, Alkaline modifiCation . . ... ...ttt e e e e e e e e e e 838

2.5, Impregnation Methods . .. ... ..ttt e e e e e e e 838

3. Improved physico-chemical properties of modified biochar. .. ... ... e, 839
3.1.  Surface area, porosity and elemental compositions of modified biochar. ........... ... . . . 839
3.1.1. Steam activated DIOChAT. . . . . .. ot 839

3.1.2.  Acid modified DIOChar . . . ... o e 840

3.1.3.  Alkali modified DIOChAT . . . . ...t e 840

3.1.4. Impregnation modified bioChar. . . ... ... . e 840

3.2.  Functional groups in modified bioChar . .. ... ... . e e 840

4, Mechanism and capacity of contaminant removal by modified biochar .. .......... .. . i e 840
4.1. Sorption of heavy metal CONtAMINANES . . . . ..ottt ettt et e ettt ettt et e e e e e ettt et et e et eiaens 842

4.2, Sorption of anionic CONTAMINANES . . . ...ttt ettt ettt e e e e et e et e et e e e et ettt et ettt 842

4.3. Sorption of Organic CONtAMINANES . . . .o\ vttt et ettt ettt e e e et e e et e et e e e e e et ettt et e e et e ettt enans 844

5. Continuous sorption process for contaminant TEMOVAL. . . . .. ...ttt t ittt ettt ettt ettt ettt ettt et e 847
5.1.  Breakthrough behavior in SOrption COIUMNS . . . . . .. ..o it ettt et et e ettt et et et et ettt 847
5.1.1. The Bohart-Adams model for Langmuir iSOtherm . . ... ... .. . e e e et et ettt e e 847

5.1.2. The Thomas model for Langmuir iSOtherms . . . ... ... .t e ettt et et et et e 847

5.2, ColUMN @PPLICALIONS .« . v\ttt ettt ettt et e e e e e e e et e e e e e e e e e e e e e e e 848

6. Regeneration and reuse of modified DIOChAT . . . .. ... . e e e 848
7. Future research direCtionsS. . . . ...ttt et et et et e e e 848
SR o3 el 11 o) o PP 849
ACKNOWIBA OIS . . . . ittt ettt et ettt et et e e e e e e e e e e e e e e 849
Appendix A, SUPPIEMENtAIY Aata . .. ..ottt ittt et e e e e e e e e e e e e e 849
0 2 1S 1 Lol P PPN 849

1. Introduction

Biochar is a stable carbon dominant material which is obtained
by thermal or hydrothermal processes when biomass is heated at
elevated temperature with little or no oxygen (Ahmed et al,
2015; Klinar, 2016). Modified BCs are obtained when BCs are fur-
ther activated to improve their pore structure, surface area and
functionality (Kwiatkowski, 2008). Raw BCs may have limited abil-
ity to selectively adsorb contaminants of high concentrations (Ma
et al., 2014). Modified BCs with enriched surface functional groups
enhanced sorption capacity, e.g. hydrous manganese oxide modifi-
cation of peeled pine wood BCs exhibited 5-fold higher Pb(II) sorp-
tion capacity than parent BCs (Gan et al., 2015; Wang et al., 2015b).
Consequently, various modification methods including surface oxi-
dation, impregnation of metal oxides and functionalization have
been applied to improve their performance in environmental
remediation (Xue et al., 2012; Zhang et al., 2015). Thus modified
BCs can be used as effective sorbents for removing organic and
inorganic contaminants from water (Tan et al., 2015; Zhang
et al., 2015). BCs and modified BCS can also play a role in carbon
sequestration and sludge conditioning, hence increasing soil fertil-
ity and agricultural productivity (Hu et al., 2016).

The functional groups such as hydroxyl, carboxyl, ether, amide,
amine, alkayl, alkyne, alkine and carbonyl are responsible for accu-
mulating contaminants from water and wastewater. The atomic
ratios such as H/C (aliphatic), O/C and N/C (polar index) are related
to the specific properties of the BCs. Improvements in those func-
tional groups can be done via steam activation, chemical modifica-
tion, impregnation and heat treatment (Shen et al., 2008).
Moreover, nano-composite sorbents with nano-sized metal oxy-
hydrates are attached onto carbonaceous surfaces within BCs
matrix and increase the sorption of contaminants. Modified BCs
can be used as an alternative sorbents compared to AC, graphene
and carbon nanotubes (CNT), and have similar removal capacity
for many contaminants. Thus, the aim of this review is to critically
examine recently published studies on modified BCs for the
removal of heavy metals, anions and organic contaminants includ-
ing emerging contaminants from aqueous solutions. Specifically
this review covers preparation methodologies for modified BCs;

improved properties of modified BCs; sorption isotherms, kinetics,
mechanism and continuous operations for the removal of inorganic
and organic contaminants; and suggestions for future studies of
modified BCs.

2. Biochar surface modification methodologies

Modification of the BC surface can be realized in different ways
as presented in following sections. Different modification of BCs is
summarized in Supplementary Table S1.

2.1. Steam activation

Steam activation is commonly used to introduce porous struc-
ture and oxygen-containing functional groups (e.g. carboxylic, car-
bonyl, ether and phenolic hydroxyl groups) onto BC surfaces;
hence increasing the hydrophilicity of BCs despite steam being a
weaker oxidant. In this method, feed material is first pyrolyzed
at a temperature from 300 to 700 °C for 1-2 h under a limited sup-
ply of air, or nitrogen or sometimes ambient air flow. Then, the pyr-
olyzed sample is steam activated at a temperature of 800-900 °C
for 30 min to 3h with 2.2 to 5mLmin~! steam pass (Ippolito
et al., 2012; Rajapaksha et al., 2015) (Fig. 1a). Steam changes the
properties of BCs by removing the trapped products of incomplete
combustion during pyrolysis, and oxidizes the carbon surface by
generating mainly H,, CO and CO,.

2.2. Heat treatment

Heat treatment provides more basic surface functional groups
to BCs which are mostly used for sorbing hydrocarbons (Shen
et al., 2008). BCs are placed heated to the desired temperature
(800-900 °C) for 1-2 h (Li et al.,, 2014), subsequently hydrogen,
air or argon is introduced for forming new functional groups on
BC surfaces, e.g. basic pyrone-type groups resulting from carbonyl
and ether-type groups (Fig. 1b). Heat treatment of BCs increases
surface hydrophobicity by removing hydrophilic groups such as
carbonyl and ether groups. In general, large number of acidic
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