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ABSTRACT

This study aimed to compare the adsorption perfoomaf Fe-biochar composites (Fe-G-&hd Fe-C-
CQO,), fabricated by co-pyrolysis of red mud and orapgel in N and CQ, for As(V) and Ni(ll). By the
syngas production comparison test, it was confirtited CQ was more advantageous thap & a
pyrolytic medium gas to produce more CO. The resylEe-biochar composite showed the aggregate
morphology consisting of different Fe phases (m#gmer metal Fe) from the inherent hematite phiase
red mud and carbonized carbon matrix, and therenoatistinct difference between the structural sisap
of two Fe-biochar composites. Adsorption experiraesitowed that the adsorption capacities for As(V)
and Ni(ll) in single mode were almost similar witts and 16.2 mggfor Fe-C-N and 5.6 and 15.1 mg
g™ for Fe-C-CQ, respectively. The adsorption ability of Fe-C-0f6r both As(V) and Ni(ll) was further
enhanced in binary adsorption mode (As(V): 13.4gngNi(11):17.6 mg ¢") through additional removal
of those ions by Ni(ll)-As(V) complexation. The oa# results demonstrated G@ssisted pyrolysis can
provide a viable platform to convert waste materialto fuel gases and environmental media for co-

adsorption of cationic and anionic heavy metals.
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1. Introduction

Heavy metal pollution, mainly originating from ingtual effluents from the mining and smelting
activities, has become one of the critical issueddwide due to its potential threat on human heaftd
the environment (Jacob et al., 2018). Among thermomtoxic heavy metale.g., As, Ni, Cd, Cr, and
Mn, etc.), arsenic (As) contamination is of a serious camée many parts of the world, especially in
underdeveloped countries with limited financial aedhnology resources. Arsenic in aqueous phase
occurs as two species with different oxidationestaé., As(V) and As(lll)), with the former prevalent in
surface waters and the latter in groundwater. linge®f As species can cause acute/chronic dantages
liver, lung, skin, cancer, and heart disease (Bxickl., 2018; Shakya et al., 2019). Nickel (Ni)stiin
water in the form of Ni(ll), and direct exposure Mi(Il) can lead to allergies and cancer (Erol and
Ozdemir, 2016). A few cases with water contamimaby As(V) and Ni(ll) in mining sites (Affandi and
Ishak, 2019), landfill leachate (Oman and Junes®@@8), and industrial wastewaters (Li et al., Zf)1
have been recently reported. In addition, the aasoence of As(V) and Ni(ll) have been found in
soil/groundwater nearby coal-fired power plantshwielatively high concentration level (ppm level)
(Deng et al., 2018). Therefore, there is a growdegiand for efficient methods to eliminate As(V) and
Ni(Il) at the same time.

Remediation of wastewater containing As(V) and INifiainly involves the physicochemical reactions.
The removal techniques of As(V) and Ni(ll) includedagulation and precipitation (Akcil et al., 2015;
Ihsanullah et al., 2016), adsorption (Akcil et @D15; Kheirandish et al., 2017), ion-exchange (Kkta
al., 2019), filtration (Kumar et al., 2019), reverssmosis (Ihsanullah et al., 2016), and membrane
separation (Nasir et al., 2018). Among these teples, adsorption process has been accepted asla via
option to remove As(V) and Ni(ll) due to its tectali simplicity and economic viability (Xu et al.028;
Yang et al., 2017). A great deal of researcherglrasloped a variety of adsorberggy( modified zeolite,

iron oxide-impregnated activated carbon, MOFs, pagc compositeetc.) suitable for the selective
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removal of As(V) and Ni(ll) from wastewater in thest decades (Al-Kaabi et al., 2019; Li et al., 201
Ray and Shipley, 2015; Soni and Shukla, 2019). Hewemost adsorbents inevitably require one-sided
input of energy for the material synthesis or tldelitonal use of chemical reagents to establish the
desired structure in composite matrix, which mdgsgathe development of less energy-intensive and
environmentally benign ways to produce adsorbamd$g§V) and Ni(ll) removal in a one-step process.
Biochar generated from thermal degradatios, (pyrolysis) of biowaste has recently emerged asva
carbonaceous medium capable of removing variousstgb pollutantseg., dye, herbicides, oil effluent,
and heavy metattc.) from water (Dawood et al., 2017; Li et al., 281Tiu et al., 2017). One of the
advantages of biochar is that it can be fabricatgidg a variety of waste feedstocks including ahima
matter, wood waste, agricultural waste, food wasésyage sludge, and manufacturing waste. Among
these feedstocks, orange peel (OP) is generatbg-psoduct of about 7 million tons each year, asd i
utilization as composting material is not approeridue to its acidity (Siles et al., 2016). Thus t
alternative application of OP needs to be consdjeamd biochar precursor can be one of the viable
options when considering the high fraction of oigasubstance in OP. Furthermore, the adsorption
functionality of biochar has been further improy®dsurface modification using transition metal i¢Rs,
Al, and Co) precipitation or co-pyrolysis with metxide (Li et al., 2017a; Sizmur et al., 2017)vén
this favorable effect of transition metals addifionaterials containing transition metal oxides ten
considered as a candidate of surface modifier fochar. Red mud (RM), one of the industrial by-
products, contains a variety of transition metaldex €.g., Fe, Al, and Sktc.). Unlike the unilateral
energy consumption for thermal treatment in thetlsssis of other adsorbents, biochar fabricatioereff
another merit of producing energy resouraes, (pyrolysis oil and syngas) during the pyrolytiogess,
which can compensate for the energy used by itsatipa. Compared to the common pyrolysis process
using N or Ar as feeding gas, employing €8s reaction medium has led to the substantialrgéae of
syngas (especially CO) through the enhanced crgainVOCs via thermal breakdown of feedstock

(Shen et al., 2017). With the incorporation of &itiopn metal oxide into COpyrolysis, liquid/gaseous
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products properties have been modified, therebyeasing the economic feasibility of the process
(Tripathi et al., 2016).

Our recent work has reported the enhancement afasy(especially CO) from GQpyrolysis of OP
through RM addition, and the produced CO was cdadeinto H via water-gas-shift reaction (Yoon et
al., 2019). In this respect, it is highly desirabteuse CQ as feeding gas in co-pyrolysis with RM in
terms of fuel gas production.

However, it has not yet been disclosed which pwislyrocess is more suitable for the fabrication of
biochar as an adsorbent. Moreover, most literdtaxe dealt with the adsorption test in single goksam
system in which only one species of heavy metadtexiGiven the potential diversity of heavy metal
species detected in wastewater, the adsorptioonpesthce needs to be evaluated in multiple adsorptio
system containing more than one heavy metal ionaddition, a new recipe for adsorbent synthesis th
can co-adsorb As(V) and Ni(Il) without any commatahemical use needs to be developed. In this ,work
the adsorption ability of RM-derived biochar gerniedain N and CQ environments was investigated in
single- and binary adsorption systems of As(V) aldl). Prior to the adsorption, the physicochenhica
properties of two OP biochar and two Fe-biochar posites were characterized with thermogravimetric
(TGA) and spectroscopic instruments. The adsorppenformance of Fe-biochar composites was
evaluated under varying experimental conditionslugiog solution pH, contact time, and initial

concentrations.

2. Materials and methods
2.1. Sample preparation and chemical reagents

The OP was obtained from a local market in Reputli&orea, and RM (residue waste produced
during alumina production) was provided from theréInstitute of Geoscience and Mineral Resources
(KIGAM, Daejeon, Republic of Korea). The elementaimposition of OP included C (44 wt.%), H (6

wt.%), N (0.5 wt.%), S (0.6 wt.%), and O (0.5 wt,%hd RM consisted of Fe (37 wt.%), Al (23 wt.%i), S
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(17 wt.%), Na (12 wt.%), Ti (8 wt.%), and Ca (3 %j}. (Yoon et al., 2019). The feedstocks were
physically crushed using a ball mill (PULVERISETDEFritsch, Germany), and then sieved using a 300-
mesh screen (0.05 mm). Prior to the experimentiebestock samples were dried in the oven at 9%0rC

1 day to remove the moisture, and then placeddrdésiccator at room temperature (20 “C+2). A nnéxtu
of OP and RM was equally homogenized using a mddiana-high purity (UHP> 99.9 %) grade Nand
CO, gases were purchased from Green Gas Co. (RepuobliKorea). Sodium arsenate dibasic
heptahydrate (N&lAsO,7H,O, >98%) (Lot # BCBMO0939V) and nickel(ll) nitrate hexairate
(Ni(NO3)6H,0) (Lot # N0024QH1) were obtained from Sigma-Aldri(St. Lois, USA) and Daejung
Chemical (Republic of Korea), respectively. Induely coupled plasma (ICP) multi-element standard
solution XVI with 21 elements (100 mg'Lof As, Cd, Ca, Cr, Cu, Fe, Pb, Mg, Mn, Ni, and &,) in

diluted 6% nitric acid (Lot # HC60097287) was pited from Merck KGaA Co. (Darmstadt, Germany).

2.2. Major pyrolytic gas analysis and preparation of Fe-biochar composite

Pyrolytic gas measurement was conducted using tavopkes (e, OP and OP/RM mixture) to
investigate the influence of RM on syngas produrctibhe mixture was mixed at equivalent mass ratio
(i.e, 1 g OP and 1 g RM). Samples of 2 + 0.01 g wadddan the center of set tubular reactor (TR). The
detailed configuration of the TR was the same atubked in the previous study. (Yoon et al., 20T8g
pyrolytic process was conducted at a heating rat&C1min’ from 120 to 660 °C by injecting Nor CO
gases inside the TR, and the gas flow rate wasalett at 200 mL mitt by mass flow controllers
(MFCs). The accumulated amounts of major pyrolgasesi(e., H,, CH;, and CO) were calculated after
the analysis by a micro-gas chromatography (300@rd4C, INFICON, Switzerland). When the
pyrolytic processes were terminated, the TR wadecbaown and the Fe-biochar composite were
collected and then stored in a desiccator at raamperature. The Fe-biochar composite produced,in N

and CQ environments were denoted as Fe-£aNd Fe-C-CQ respectively.



2.3. Characterization of Fe-biochar composite

The characterization of Fe-biochar composites (Fé-@nd Fe-C-C@) was conducted with a series of
instruments. In brief, the mass fractions of sured carbon and metal oxides in the Fe-biochar
composite was estimated with TGA analysis (STA #3 Jupiter, Netzsch, Germany). The surface
morphology and elemental distribution of Fe-bioclsamposite were explored using a field emission
scanning electron microscope and energy dispebsikey analyzer (FE-SEM/EDX) (Hitachi SU-8010,
Japan). The mineralogical phase transformation ndureating was examined using the X-ray
diffractometer (XRD) (D8 Advance, Bruker-AXS, USAJhe Fourier-transform infrared spectroscopy
(FT-IR) was performed to examine which surface fiemal groups in the Fe-biochar composite were
responsible for the adsorption of As(V) and Ni{li§ing the Spectrum 100 (Perkin Elmer, USA). In
addition, X-ray photoelectron spectroscopy (XPS} waed to explore the changes of peak distributions

with binding energy in each surface element afteradsorption.

2.4. Adsorption of As(V) and Ni(Il) by Fe-biochar composite adsor bents

All the adsorption experiments were conducted uggiL high density polyethylene (HDPE) (Fisher
Scientific, USA) scintillation vials with the HDP&aps in duplicate at room temperature (20 + 2 T@g
pH of As(V) and Ni(ll) solution was adjusted withNL HNO; and NaOH solutions. For the pH effect
experiments, 0.02 g of Fe-biochar composite wass@ddespectively into 20 mL of the solutions
containing 20.3 mg T As(V) or Ni(ll) in single modes and 23.0 m@ lAs(V) and 21.9 mg £ Ni(ll) in
binary modes, and the suspensions were agitated for The adsorption kinetic experiments were
performed for 24 h under the conditions of 1 4 ke-biochar composite and 21.6 mg As(V) or 21.5
mg L™ Ni(Il) (single mode) and 21.6 mg*LAs(V) and 21.5 mg t Ni(ll) (binary mode). The adsorption
isotherm experiments were conducted in two separatglitions. The first isotherm experiment was
conducted by reacting 1 g™LFe-biochar composite with the solutions containihg constant

concentration of 19.8 mg™LNi(ll) and varying concentrations of 22.2-232.4 ti§As(V) for 24 h. The
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other experiment employed the constant concentratfd2.4 mg [ As(V) and varying concentrations
of 21.7-218.5 mg & Ni(ll) at the same dose of Fe-biochar composite. €kplore the adsorption
selectivity of Fe-biochar composites for As(V) addll), the competitive ions effect experiments wer
carried out by using the anionic (FQ NOs, and Cl)/cationic ions [Cu(ll), Cd(ll), and Co(ll)]. The
competitive ions effect experiments of anionic iams the adsorption of As(V) were conducted by
injecting 1 g ! Fe-C-CQ into 21.8 mg [* As(V) solutions containing 20 mg'iof PQ,*, NOs', and Cl,
respectively. The effects of cationic ions on theaflsorption was studied by reacting the same (lbge
LY of Fe-C-CQ with 20.4 mg [* Ni(ll) solutions containing 20 mg L Cu(ll), Cd(Il), and Co(ll),
respectively. The adsorption proceeded for 24 H,than the residual concentrations of As(V) andINi(
were measured after the filtration. The reusabgitperiments were performed in three repetitivdes/c
by repeating the adsorption/desorption reactioh® fixture solution containing 5.4 mg-lAs(V) and
5.0 mg L* Ni(ll) was used as initial solution. The adsorptioccurred in the presence of 40 § Ee-C-
CO, for 24 h, and the desorption was induced by 1 KDNaolution spiking for 24 h. This cycle was
repetitively performed up to 5 times. For all tlisarption experiments, the reactors containingtgois
and adsorbents were shaken at 200 rpm with a vetdr shaker (WiseShake SHO-1D, DAEHAN
Scientific, Republic of Korea), and the reacted glas were filtered with 0.45 pm PVDF syringe filter
(Whatman, USA) prior to the analysis. The concemmnaof mixed solution with As(V) and Ni(ll) was
analyzed using an inductively coupled plasma-operaission spectrometry (ICP-OES) (Optima 5300
DV, Perkin Elmer, USA). The adsorbed amounts ailiégium (go) were calculated. (mg g') = ((Co—
Co)-V)/W, whereC, andC, are initial and equilibrium concentration of adsates (mg L), respectively,

whereV is the volume of mixed solution (L), aldis the dry mass of adsorbent (g).

2.5. Data analysis
The adsorption data obtained from the kinetics erpnts were modeled by using the pseudo-first-

order (PFO), pseudo-second-order (PSO), and imstrigefe diffusion (IPD) kinetic models. In addition
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the data from adsorption isotherm experiments Viiglesd with the Langmuir and Freundlich isotherm

models. The details of modeling procedure are ptesdn Supplementary materials.

3. Resultsand discussion
3.1. Gas measurement from co-pyrolysisin N, and CO,

The production of gaseous products,(BH,;, and CO) from pyrolysis processes (1 g OP & 1 ¢1QP
RM) in N, and CQ environments were characterized to compare tveiugon patterns, and the results
were presented in Fig. S1.

As shown in Fig. S1 (a), the accumulation of maymolytic gases generated from the pyrolysis of OP
was different in N and CQ environment. The cumulative concentrations efagre 3.9 and 1.9 mole %
in N, and CQ environment, respectively, which could be attrdalito the more consumption of, Hy
CO, hydrogenation through reverse water-gas shiftti@a¢CO, + H, — CO + HO) (Daza et al., 2014).
The generation patterns of ¢lkh both environments were almost similar, accowgtior 1.9 and 1.5
mole % in N and CQ environment, respectively. On the other hand gtlveas a remarkable difference in
CO accumulation between, 3.3 mole %) and C£X6.9 mole %) environment. The enhancement of CO
evolution in the presence of G@an be explained by the homogeneous reaction of &@ volatile
organic carbons (VOCs) (Lee et al.,, 2017). Theniakrbreakdown of VOCs promoted by €Q.e.,
thermal CQ-activation) probably led to the increased releaisearbon-containing gases including CO.
This effect was further enhanced when co-pyrolyZhM and OP, with the cumulative concentrations of
CO being 4.3 mole % for Nand 17.7 mole % for CQFig. S1 (b)). This observation is likely due te th
catalytic effect of Fe mineral phases in RM, whetthanced the breakdown of hydrocarbons during

heating (Li et al., 2016).

3.2. Physicochemical characteristics of Fe-biochar composite
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TGA tests were conducted in air condition to inigzde the mass loss of Fe-biochar composite and
identify the mass fractions of carbonaceous mdseaad metal oxides, and the results were presented
Fig. 1. The thermal treatment of RM up to 900 °8utted in the reduction in mass weight by 16.7 wt.%
which could be due to thermal destruction of OHi, and O bonds in the RM (do Prado et al., 2017hNat
et al., 2015). For OP biochar, the substantial cedn of mass weight (85.1 wt.% reduction fos &hd
84.2 wt.% reduction for C£) in the temperature range of 35-900 °C was obserfer Fe-biochar
composite, there was a relatively lower loss insnasight of Fe-C-C®(26.2 wt.%) and Fe-C-N(31.6
wt.%), indicating lower carbon content in the form&his is another evidence of enhanced thermal

breakdown of carbon sources in OP by,Q@0ring pyrolysis, which is further catalyzed b thresence

of RM.

XXILLLNN,

Residual Mass, [wt.%]

TG_OP Biochar_N.

2
-e- TG_OP Biochar_CO,
s A TG_Fe-C-N,
A T6_Fe-Cc-CO,

<> T6_Raw RM

20

0 T T T T T T T T
200 400 600 800

Temperature, [°C]

Fig. 1. TGA analysis of OP biochar, Fe-biochar composite, BM (sample dose: 10 = 0.01 mg, inert gas:
air, gas flow rate: 70 mL mih temperature range: 35-900 °C, and heating r&téCimin®)
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The results of FE-SEM/EDX analysis of OP biochad &e-biochar composite were shown in Fig. 2.
As shown in Fig. 2 (a), (b), surface morphologiéswa OP biochar samples produced in &hd CQ
environments were similar to each other as welhag elemental composition (Fe-G:N91.6 wt.% C
and 5.9 wt.% O, Fe-C-CG092.9 wt.% C and 5.8 wt.% O). Likewise, no mormgital difference was
revealed in Fe-C-Cand Fe-C-N (Fig. 2 (c), (d)). However, Fe-C-GGhowed the lower C content
(40.8 wt.%) and the higher O content (47.3 wt.%@ntlthose of Fe-C-N(C: 80.1 wt.%, O: 17.8 wt.%),

which is consistent with the less carbon contearC-CQ revealed in TGA test.

C:91.6 wt.% & :

0: 5.9 wt.% g L 4 ¥ 8‘ 22; WT"/%
K: 1.8 wt.% : J K: 1-0 ::‘VZ
: 0 = ¢ = g ¢
Ca: 0.6 wt.% : s 3 Ca: 0.3 wt.%

i Al 0.1 wt.%
B ] 1
15.0kV 8.1mm x4 00k SE(U) Y R "' '50.0um
- 2 L W e a1 o - e = =
f 7 S 3 T A
gf 43’ 3 & b | E < # 5 8
= ’ P £ € o 2 TR, o
| g 2D v k., g 5 m AR - 4
a8 5 - ’ § -1 Ol ok
b 5 1 P e .
L SR A

Gt

C: 40.8 wt.%
0:47.3 wt.%

C: 80.1 wt.%
0O: 17.8 wt.%
l K:0.5wt.% K: 0.3 wt.%

Ca: 0.2 wt.% Ca: 0.2 wt.%

Al: 0.3 wt.% P 7 Al: 2.6 wt.%

fl Na: 0.5 wt% c : | Na:3.6wt%

Fe: 03 wt% |8 . L ] Fe: 3.0 wi.%

8 Si: 0.2 wt.% ] 5 y NS Si: 1.4 wt%
&8 Ti:0.1 wt% . 2. | Ti: 0.8 wt.%

T sl
50.0um

15.0kV 9.0mm x1.

i v »
50.0um  15.0kV 9.1mm x1.00k SE{U)

Fig. 2. FE-SEM/EDX data of OP biochar generated in (aahd (b) CQ environments and (c) Fe-C:N
and (d) Fe-C-CQ

The results of XRD analysis of Fe-biochar composvere shown in Fig. 3. Red mud contained
hematite ¢-Fe,O3, JCPDS No. 73-2234) as a major Fe phase (Cho,8(dl9; Feng et al., 2016), but it

disappeared during pyrolysis and new Fe phasesaveated in two Fe-biochar composites. For example,
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the main Fe product of both Fe-G-Bnd Fe-C-C@was found to be magnetite g&a, JCPDS No. 19-
0629) (Xu et al., 2019). These observations caexXpdained by the reduction of hematite to magnetite
through the thermochemical reaction between OPRIMd(Cho et al., 2019). In addition, metallic Fe
phase (F& JCPDS No. 01-1252) was exclusively formed in Fl.GGong et al., 2016; Sun et al., 2019).
Despite the more enhanced conversion of hydrocartiongases in COenvironment, Fewas not
produced in Fe-C-C§£) presumably due to other preferential redox reastiinvolving CQ to form
different Fe productse(g., CO, + 3FeO— CO + FgO,) (Di et al., 2019). This observation has practical
implication in biochar application because adsorptability and functionality of biochar are greatly

influenced by the type of Fe solid.

Fe-C-CO, [ Magnetite (Fe;0,)

— Fe-C-N, v Metallic Iron (Fe?)

o U

Intensity, [a.u.]
gﬂ

26, [degree]

Fig. 3. XRD patterns of Fe-C-N(black) and Fe-C-Cg)red)

To explain the syngas enhancement in the presehd@Og, the porous structure of Fe-biochar
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composites has been characterized in our previask that has studied catalytic pyrolysis mechanism
enhancing Hl production and C@looping reaction (Yoon et al., 2019). These Fechawy composites
showed the similar values of BET surface area (Fé,(46.44 mi g*, Fe-C-CQ: 44.22 ni g*) and total
pore volumes (Fe-C-N0.09 cni g*, Fe-C-CQ: 0.1 cni g*) (Fig. S2). The hysteresis curves observed at
0.5-0.9 P/Rindicates that these materials also possessa@dangunt of mesopores. These results suggest
mixing the material containing metal oxide.( RM) with biomass feedstock in pyrolytic processery
effective to induce the creation of well-developedous structure in the biochar matrix.

FT-IR analysis of the reacted Fe-C-£Was carried out and the results were present&yinS3. The
FT-IR spectrum of Fe-C-COshowed the profile of surface functional groupgsent in typical
carbonaceous material with several peaks assign@aH (976 crit), C-O (1087 crit), -CH, (1436 cn),
and -OH (1574 cif) (Bian et al., 2019; Jiang et al., 2019). A peak-CH, (1438 cnt) disappeared after
the adsorption reaction, which might be due to lilmeling of metal ions to carbon functional groups
(Shen et al., 2019). Another peak for M-O (metajgen) or M-O-M (849 ci)) was newly formed in
multiple mode (Huang et al., 2018; Li et al., 20L7khis profile variation supports Ni(ll)-As(V) caotex

formation on the surface of Fe-biochar composita ét al., 2015b; Wang et al., 2016).

3.3. Effect of pH on the adsorption of As(V) and Ni(Il)

The effect of solution pH on the adsorption behawbAs(V) and Ni(ll) by Fe-C-N and Fe-C-CQ
was investigated. Adsorption of As(V) and Ni(ll)osted great dependence on solution pH for both Fe-
biochar composite (Fig. 4 (a),(b)). The adsorptbrs(V) increased with the increase of final plarfr
3.0 to 5.8. The lower adsorption of As(V) at low pihy be related to dissolution of magnetit&/&e
highly acidic condition (initial pH 2), leading &limination of the adsorption sites for As(V) iretke-
biochar composite. At pH > 5.8, adsorption of As{Mparly decreased from 20.1 mg ¢Fe-C-N) and
18.7 mg ¢ (Fe-C-CQ) to around 0.8 mg fwhen the final pH increased from 5.8 to 10. TlEs i

attributable to increased electrostatic repulsietwieen anionic As(V) ions and magnetite (pH 8.0)
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and F8 (pHpzc = 7.8) with a pH increase (Sigdel et al., 2016nbi@nchuy et al., 2011). Another
possibility is that the increased number of G¢hs at alkaline pH condition could interfere wais(V)
adsorption due to the competitive effect for theaagtion sites (Inchaurrondo et al., 2019). ForlINi(
adsorption, the acidic pH condition resulted irslesmoval of Ni(ll), while the adsorption increaszsl
the final pH increased up to 9. At low pH, strorigcérostatic repulsion between cationic Ni(ll) and
positively charged surfaces of the Fe-biochar caitpo.e., protonated functional groups) could
substantially decrease the adsorption efficienay.tl other hand, adsorption of Ni(ll) becomes more
favorable at high pH condition with the increasenefjative charge density on the surface. In additio
electrostatic attraction surface precipitation d{QH), might contribute to the removal of Ni(ll) at
alkaline pH condition.

To explore the pH-dependent adsorption of As(V) avidl) when they are present together,
experiments were conducted using a mixed solutioniaining 23.0 mg L As(V) and 21.9 mg E Ni(ll).
The most notable difference between single- andriimdsorption experiments was the adsorption of
As(V) in the alkaline pH (> final pH 7.3) (Fig. £)J. In contrast to the sharp decrease of As(V)
adsorption to 0.8 mg gin the single adsorption experiment, the adsomptias maintained at
approximately 10 mg4in the binary adsorption experiment. This obséovasuggests that another site
of adsorption became active to remove As(V). Adgonpof Ni(ll) in the binary mode followed a simila
pattern as that in the single mode (Fig. 4 (d))ictvhndicates that Ni(ll) adsorption behavior was n
affected by the presence of As(V). Considering thate was little increase of Ni(ll) adsorptiontire
presence of As(V), the enhanced adsorption of Agf\the presence of Ni(ll) adsorption likely occar

by surface complexation of Ni(ll)-As(V) rather thain(I)-As(V) co-precipitation.
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Fig. 4. Effect of solution pH on the (a) As(V) or (b) Ni(ll) singlelsorption and the (c) As(V) and (d)

Ni(Il) binary adsorption by Fe-C-Nblack) and Fe-C-CQ(red) (sample dose: 1 g'Linitial single
concentration: 20.3 mgtAs(V) or Ni(ll), initial mixed concentration: 23:Hg L* As(V) and 21.9 mg L

LNi(l), final pH: 3.1-10.1, contact time: 6 h)

3.4. As(V) and Ni(Il) adsorption kineticsin single- and binary modes

Adsorption kinetics experiments were carried ousimgle and binary modes. In single mode, As(V)
adsorption on the two Fe-biochar composites stgamtiteased within 240 min (Fe-CoN7.5 mg ¢, Fe-
C-COy: 5.6 mg ¢), followed by slight decreases to 5.7 myfgr Fe-C-N and 5.3 mg ¢ for Fe-C-CQ
at 1,400 min (Fig. 5 (a),(b)). The reduction in ¥Xsadsorption is ascribable to the increase intsmiyH
(pH 7.5— pH 8) occurred in later reaction time. The alkaliproperty of the Fe-biochar composite
continued to alter the suspension pH after theainitdsorption was completed, leading to desorptibn
As(V) to some extent. For Ni(ll) adsorption, thesagption proceeded slowly and gradually to yield?16
mg g in Fe-C-N and 15.1 mg §in Fe-C-CQ during 1,400 min (Fig. 5 (c), (d)). This different
adsorption kinetics between As(V) and Ni(ll) adsmp implies the adsorption of As(V) and Ni(ll)

involves different adsorption sites on the Fe-bayotomposite. The relatively faster adsorption sf\A
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suggests that the adsorption sites were mainlyeptem the outer surface of Fe-biochar composiee (
RM-derived oxides embedded in the carbon matrix)eneas adsorption via pore diffusion through
carbon pores played an important role in Ni(ll) @g$ion, resulting in slower but continuous adsiompt

of Ni(ll) over the whole reaction time (Kotodgka et al., 2017). In addition, hydrolysis of Nj(sorbed
onto the Fe-biochar composite might suppress thease in suspension pH, which showed a lower pH
value (below pH 7.2) compared to As(V) adsorptidgfig( S4 in Supplementary Materials). The
experimental adsorption capacities (gxp.)) of As(V) and Ni(ll) by the two adsorberiie-C-N and Fe-
C-CO,) were close to the calculated adsorption capaciiethe PSO model {dcal.)), as well as the
correlation coefficients (B of the PSO model was higher than the PFO modaléT1). These suggest
the importance of chemisorption in adsorption of\Asand Ni(ll) (Kotodynska et al., 2017; Wu et al.,

2018).
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Fig. 5. Adsorption kinetics of As(V) by (a, c) Fe-C;ldnd (b, d) Fe-C-C&in single mode (sample dose:
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1 g LY, initial concentration: 21.5 mg1As(V) and 21.7 mg £ Ni(ll), final pH: 7.2-8.1, contact time: O-
1440 min)
Table 1. Adsorption kinetics model parameters of PFO and R8@he adsorption of As(V) and Ni(ll) by

Fe-biochar composisan single and binary model

PFO PSO
g, (exp.) Kinetics M odel Kinetics Model
System Adsorbent Adsorbate k, q,(cal) R K, q,, (cal.) R’
-1 ! -1 1 -1 -1
[mgg ] [L min] [mgg] [l [gmg min ] [mgg] [l
foc.n, ASY) 75 00074 068 04701  0.0444 748 0.9988
Sl N2 Ny 162 00021 978 09612  0.0007 1629 0.9881
nge fec.co, ASY) 56 0011 135 06262 00249 569  0.9987
&Y Nigy 151 00018 1053 09717 00005 1515 0.9757
fec.y, ASY) 1870 00016 573 08963 00014 1340 09931
5 N2 Nigny 2071 00021 1443 09620  0.0004  21.28 0.9888
nary fec.co, ASV) 1335 00018 7.66 09724 00008  13.77 09875
~Y2 0 Njgny  17.61 00021 1381 09777  0.0003 1862 0.9852

Adsorption of As(V) and Ni(ll) in binary mode showvelifferent patterns from single mode. Unlike
As(V) adsorption in single mode, the adsorptioragily increased over 1,400 min and yielded much
enhanced gvalues for both Fe-biochar composite (13.7 riday Fe-C-N and 13.4 mg { for Fe-C-CQ)
(Fig. 6 (a), (c)). Desorption of As(V) observedlater reaction times in single mode experiment nas
observed, which could be linked to stable pH caoditmaintained throughout the reaction time (Fig. S
in Supplementary materials). In case of Ni(ll),rthevas a slight enhancement of Ni(ll) adsorptiau, ib
was not as significant as As(V) adsorptiop\glues of 20.7 mg tfor Fe-C-N, and 17.6 mg Gfor Fe-C-
CQO,) (Fig. 6 (b), (d)). The adsorption increases of botks indicate that it is more advantageous to use
the Fe-biochar composite in binary adsorption mdge discussed earlier, the enhanced adsorption in
binary mode is likely due, in part, to the formatiof Ni(ll)-As(V) complexes (Liu et al., 2015b). iBh
complex formation may have occurred mainly on inmare surfaces where Ni(ll) binding preceded As(V)

complexation, as indicated by relatively lower agson enhancement of Ni(ll) as compared to As(V).
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Fig. 6. Adsorption kinetics of As(V) and Ni(ll) by (a, beFC-N, and (c, d) Fe-C-C&in binary mode
(sample dose: 1 g1, initial mixed concentration: 21.7 mg'lAs(V) and 21.3 mg t Ni(ll), final pH: 7.4,

contact time: 0-1440 min)

The intraparticle diffusion (IPD) model was usedget more insights into the adsorption kinetics of
As(V) and Ni(ll) by Fe-C-N and Fe-C-CQ and the fitting results and associated modeliagmeters
were presented in Fig. 7 and Table S1 in Supplesngmbaterials, respectively. Based on the fittiagad
the adsorption kinetics were divided into two agsion steps. The®ladsorption step commonly involves
the adsorption occurring on the outer surfaceshimregard, it is assumed that the initial adsorpof
As(V) and Ni(ll) proceeded relatively rapid by magte/F€ embedded onto the external surfaces or
carbon layers exposed to the outside of Fe-biochamposite (Liu et al., 2015a). Th& adsorption step
indicates the adsorption occurring inside the Festr composite framework, requiring ion diffusion
the adsorption sites located on the inner surfatbkas, time to reach the adsorption equilibrium can

significantly increases due to the slow diffusiongess (Cho et al., 2016; Lu et al., 2017). Thegu®n
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of Ni(ll) followed these multiple steps, but thé® 2adsorption step was not observed in the single
adsorption experiment of As(V) adsorption. Thisutesuggests that As(V) ions were mostly removed in
the external surfaces of the Fe-biochar compadibgvever, the remarkable changeXijso values for the

2" As(V) adsorption step in the binary adsorption m@ge-C-N: -0.0405— 0.1325 mg g min®®, Fe-
C-COy: 0.0102— 0.3300 mg g min®® suggest that adsorption via th¥ adsorption step also became
important in the presence of Ni(ll). This obsergatfurther supports removal of As(V) by forming NK

As(V) complexes within the inner pore surfaceshef Fe-biochar composite.
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3.5. Adsorption isotherm of As(V) and Ni(ll)

Based on the adsorption kinetics results, the sanabus removal of As(V) and Ni(ll) was further
studied by conducting adsorption isotherm experisien binary adsorption mode. The adsorption
isotherm experiments were conducted by varyindné)initial concentration of As(V) from 22.2 to 232.
mg L™ at a fixed Ni(ll) concentration of 21.7 mg‘Land 2) the initial concentration of Ni(ll) fromlL 2
to 218.5 mg [* at a fixed As(V) concentration of 22.4 mg .LThe experimental data was fitted with
Langmuir and Freundlich isotherm models, and théetiog parameters were presented in Table S2 in
Supplementary materials.

In first case, the maximum adsorption amount of\Asét fixed Ni(ll) concentration was slightly
higher for Fe-C-C® (37.4 mg {) than Fe-C-M (33.9 mg @) (Fig. 8). This observation may be
explained by the relative carbon content and distidon of iron oxides in the two Fe-biochar compesi
As revealed in microscopic images of the Fe-bioduanposite (Fig. 2 (c), (d)) and TGA results (Fiy.
iron oxides are embedded on the structural carlbasgand carbon content is relatively less in Fedg.-
This would allow more facile access of As(V) toniroxides that are presumed to play an importaet rol
in As(V) adsorption. In addition, the increase wtial concentration of As(V) resulted in a progies
decrease of Ni(ll) adsorption for both Fe-biochamposite. This suggests As(V) and Ni(ll) sharea fe
adsorption sites and that adsorption of Ni(ll) wasbited by As(V), with its impact more significaat
high As(V) concentrations.

In second case, the maximum adsorption amounts(bj &t fixed As(V) concentration were found to
be 35.7 and 33.0 mg'gor Fe-C-N and Fe-C-C@ respectively (Fig. 9). The slightly higher ads@p
of Ni(ll) by Fe-C-N, signifies the importance of carbon phase in theogation process. Interestingly,
adsorption of As(V) at varying concentration of INichowed an opposite tendency to show an increase
with increasing Ni(ll) concentration. This obseiwatindicates the creation of new adsorption sites
As(V) provided by Ni(ll) adsorption onto the Fe-bi@r composite. The adsorption of As(V) showed

negligible effect on the adsorption of Ni(ll) atetltondition that the initial As(V) concentration sva
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relatively low (20 mg [).
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Fig. 8. Adsorption isotherm of (a, ¢) As(V) and (b, d) Nifby Fe-C-N and Fe-C-C@(sample dose: 1 g
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The parameters obtained from adsorption isotherndeting are presented in Table S2 in
Supplementary materials. The results indicatedRteeindlich model better described the adsorption of
As(V) and Ni(ll) than the Langmuir model, suggegtthat the Fe-biochar composite possess a variety o
available adsorption sites distributed on one ntygpe of host €.g., structured carbon and metal oxides)
(Shen et al., 2019). In addition, The valuendifigher than 3 in the Freundlich model (As(V): 38«
2.88, Ni(ll): 9.98 and 6.05 for Fe-C,Mind Fe-C-CQ respectively) also indicates that adsorption occu
on the heterogeneous surfaces with relatively gtlmmding (Jemutai-Kimosop et al., 2020; Jeon ¢t al

2018).
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3.6. co-adsor ption mechanisms of As(V) and Ni(ll)

Based on the adsorption results, co-adsorption aresim of As(V) and Ni(ll) in the presence of Fe-
biochar can be described as shown in Fig. 10. énsthgle system, Ni(ll) could be mainly bound te th
surface functional groups as revealed in the FRiRlysis (Fig. S3). Most of As(V) adsorption is
presumed to occur on the Fe-oxide surfaces, and)As(mplexation with oxygen-containing functional
groups {(.e., C-OOH) may also occur but to a lesser extent.oAmson of As(V) was significantly
enhanced in the binary system when Ni(ll) is presanfixed concentration of 20 mg™L This
enhancement is likely due to a multi-step procéss involves initial biding of cationic Ni(ll) onhe
functional groups, followed by subsequent bindih@monic As(V) in the form of Ni(ll)-As(V) complex
Meanwhile, the progressive increase of As(V) cotregion to 200 mg L' decreased Ni(ll) adsorption
(Fig. 8 (b),(d)), presumably due to the increasethpmetition between As(V) and Ni(ll) for common
adsorption sites (functional groups). However, ttignpetition effect was not observed when As(V)
concentration was fixed at 20 mg'Lwhich suggests the common functional groups wesefully

occupied by As(V), but could provide complexatidges for further Ni(ll) adsorption.

[ 3

Fe-Biochar composite
[Single System]

Fe-Biochar composite
[Binary System]

As(V) % Ni(II)
I |
As(V) Ni(I) As(V) : Ni(ID) As(V) Ni(II) As(V)
I I | I | | I
I
OHorO OHorO O | OHorO O OHor O OHorO
|
: |
C-0 C-0 Me I C-0 Me G0 C-0
I
I
I
I

Fig. 10. A schematic diagram for possible adsorption reastin single- and binary systems of As(V) and
Ni(11)
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3.7. Competitive ions effect and reusability of Fe-C-CO;

The competitive ions effect on co-adsorption of Wsénd Ni(ll) by CQC was studied and the
results were presented in Fig. 11. Overall, thegmee of anionic- or cationic ions at 20 mgriegatively
affected adsorption of As(V) and Ni(ll). The rembe#iciency of As(V) was found to be 60.1%, ane th
negative effect was in the order of BT9.1%) > Cl (42.4%) > NQ (52.7%) (Fig. 11 (a)). These results
suggest that adsorption of POonto Fe-biochar mainly occurs in a similar managiAs(V) {.e. inner-
sphere complexation) (Kumar and Jiang, 2016). Mé&dewthe adsorption of Ni(ll) (81.2% removal
efficiency) was little influenced by the presendeCa(ll) (81.1% removal efficiency), but it was neor
influenced by Cd(ll) (56.3%) and Co(ll) (28.1%) @gFill (b)). This apparent differences in their effe
may be explained by their different ionic radiuso(l): 0.65 A, Ni(ll): 0.69 A, Cu(ll): 0.73 A, Cd():
0.87 A) such that metal ions with smaller ionicitusdare more readily adsorbed onto adsorption sites
than those with bigger ionic radius (Long et a02@; Mahdi et al., 2018). Therefore, it is expedieat
the inhibition effect was greatest for Co(ll) aneadt for Cd(ll). However, Cd(ll) had an apparent
inhibition effect on Ni(ll) adsorption although has a bigger ionic radius than Ni(ll). A similar
observation has been found in is a previous woak skudied the binary adsorption of Cd(ll) and Ni(l
(Deng et al., 2019). They reported that the biraagorption of Ni(ll) in the presence of Cd(ll) was
inferior to the single adsorption of Ni(ll), andggested that adsorption competition between Cd(it
Ni(Il) inhibited the cation exchange mechanism ty tunctional groups of biochar.

The repetitive adsorption/desorption experiments$h weégenerated Fe-biochar were conducted, and
the results were provided in Fig. S6. In the adsompcycle, co-adsorption of As(V) and Ni(lll)
proceeded for 24 h. The regeneration of the biocbhdoaded with As(V) and Ni(ll) is a challengirgsue
because two ions have opposite charges. The slesteneration approach was to use 1 N NaOH
solution to desorb As(V) ions sorbed onto Fe-biocral to convert Ni(ll) ions into Ni-oxide solid abe.

The removal of As(V) was found to be 90.5% in tieadisorption cycle, but the efficiency significantly
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dropped to 37.3-43.3% in the next cycles“(ﬂ&'cle). This reduction might be attributed to gteong
alkaline condition of the biochar due to NaOH treamt. Successive NaOH treatments sharply increased
the solution pH up to above 12 in the next cycesl progressively decreased the adsorption eftigieh
As(V) removal. Meanwhile, almost 100% removal ofINiwas achieved in all the cycles because of
precipitation reaction under the strong alkaline guthdition created by the biochar. These obsematio
suggest that the regeneration of Fe-biochar by N&a®&tment is a feasible option, however it induiga

results in substantial decrease in adsorption i@ingcmetal in the reuse step.

100

(a) - Fe-C-CO, As(V) (b) - Fe-C-CO,_Ni(ll)
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Fig. 11. Competitive ions effect of (a) As(V) and (b) N)(Hy Fe-C-CQ (sample dose: 1 g, initial
concentration: 21.8 mgtAs(V), 20.4 mg * Ni(ll), and 20 mg [ PQ¥, NOs, CI', Cu(ll), Cd(ll),
Co(ll), final pH: 6.6-7.8, contact time: 24 h)

4, Conclusions

In this work, Fe-biochar composite adsorbents weoeluced along with syngas generation through
thermochemical conversion of orange peel with red im N, and CQ environments. In terms of syngas
yield, injecting CQ as feeding gas was considered as more suitahilenapt produce more CO during

pyrolysis. The Fe-biochar composite produced in atmospheres contained different mineralogical Fe
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phase (CQ@ only magnetite, N magnetite and B The adsorption performance of the two Fe-biochar
composites was evaluated in single- and binaryratiso modes for adsorption of As(V) and Ni(ll). In
the single mode, the adsorption kinetics of As@gahed equilibrium (240 min) relatively faster thhat

of Ni(ll), but desorption of As(V) occurred at ertied reaction time due to pH increase. The adsorpti
capacities of As(V) by the Fe-biochar compositesewarther enhanced in binary mode owing to Ni(ll)-
As(V) complex formation. Oppositely, the increasé\s(V) concentration inhibited Ni(ll) adsorptioud

to the competitive effect of As(V). In overall, twbBe-biochar composites possessed comparable
adsorption performance for As(V) and Ni(ll), andrevsuitable for simultaneous treatment of As(V) and
Ni(Il) in aqueous solution. In conclusion, g@ssisted pyrolysis is a promising method to predhe Fe-
biochar composite adsorbent derived from waste naédefor recovery of fuel gases and for fabricatio
of adsorbent materials with enhanced functiondlitysimultaneously treat cationic and anionic heavy

metals.
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