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A B S T R A C T   

A novel metal-biochar (Biochar/AMDS) composite were fabricated by co-pyrolysis of spent coffee waste (SCW)/ 
acid mine drainage sludge (AMDS), and their effective application in adsorptive removal of air pollutants such as 
formaldehyde in indoor environments was evaluated. The physicochemical characteristics of Biochar/AMDS 
were analyzed using SEM/EDS, XRF, XRD, BET, and FTIR. The characterization results illustrated that Biochar/ 
AMDS had the highly porous structure, carbonaceous layers, and heterogeneous Fe phases (hematite, metallic Fe, 
and magnetite). The fixed-bed column test showed that the removal of formaldehyde by Biochar/AMDS was 
18.4-fold higher than that by metal-free biochar (i.e., SCW-derived biochar). Changing the ratio of AMDS from 
1:6 to 1:1 significantly increased the adsorption capacity for formaldehyde from 1008 to 1811 mg/g. In addition, 
thermal treatment of used adsorbent at 100 ◦C effectively restored the adsorptive function exhausted during the 
column test. These results provide new insights into the fabrication of practical, low-cost and ecofriendly sorbent 
for formaldehyde.   

1. Introduction 

Formaldehyde is a volatile organic compound (VOC) with irritating 
odor, which is widely present in daily life and industrial production (Na 
et al., 2019). Formaldehyde is one of the most commonly detected VOCs 
of indoor in Korea (Hwang et al., 2018). At ambient temperature, 
formaldehyde is a colorless, reactive, flammable, and readily polymer
ized gas. Formaldehyde have detrimental effects on the eyes even at 1 
mg/L and it can cause lung cancer under chronic exposure (Lang et al., 
2008; Vainio et al., 1994). Formaldehyde is emitted from building ma
terials, decorative materials, furnishings and indoor processes such as 
heating and cooking (Salthammer et al., 2010). Korean indoor air 
quality guideline of formaldehyde is regulated below 0.1 mg/L (Envi
ronment and Environment, 2020). Several treatment technologies that 
can reduce formaldehyde in air have been investigated which includes 
catalytic oxidation, photocatalytic oxidation, phytoremediation, 

biological degradation, and adsorption (Ji et al., 2020; Carter et al., 
2011; Chen et al., 2020; Zhao et al., 2019). When applying photo
chemical- and biological techniques, a few practical limitations 
including high operation cost, potential risk in the formation of haz
ardous by-product, and the delayed reaction time for the treatment 
restrict their application. On the other hand, adsorption process has 
been considered as a reasonable method for the removal of formalde
hyde because it features high removal efficiency, simple system, easy 
operation and low cost (Zhang et al., 2017a). Porous materials, which 
have large surface area, pore volume and functional groups on surface, 
are widely used for volatile organic compounds (Xiang et al., 2020; 
Zhang et al., 2017b). Application of coffee waste as biochar raw material 
for the removal of pollutants is an interesting topic of research (Cho 
et al., 2015; Zhang et al., 2020; Kim et al., 2018). Coffee is one of the 
highly consumed beverages in the world and approximately 9.1 million 
tons of coffee waste was produced in 2016 (Blinová et al., 2017). 
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Yeretzian et al. reported that more than 380,000 brewed coffee waste is 
disposed every year (Yeretzian et al., 2003). Consequently, coffee waste 
could be used as raw material for biochar, which is inexpensive and 
eco-friendly renewable resource (Organization, 2020). 

Many researchers reported application of metal-carbon complex in 
the treatment of VOCs (Jabbari et al., 2016; Pan et al., 2013; Bikshapathi 
et al., 2012; Amjed et al., 2020). The transitional metal ions loaded on 
carbon provide additional active adsorption sites or a catalyst initiator, 
thus metal-carbon complex possess high adsorption capacity of VOCs 
(Sharif et al., 2021). Several researchers applied acid mine drainage 
sludge (AMDS) as an adsorbent for heavy metals and organic com
pounds. The AMDS contains high ratio of iron and aluminum hydrox
ides, surface structure composed of amorphous micron- and 
submicron-sized metal oxide/hydroxide particles and has a high spe
cific surface area and numerous functional groups (Cornell and 
Schwertmann, 2003; Wei and Viadero, 2007). Metal modified biochar 
showed higher pollutant removal capacity than virgin biochar (Amjed 
et al., 2020). 

Herein, this study developed low-cost and eco-friend adsorbent using 
industrial by-products and waste material. A novel metal-biochar com
positions were fabricated by co-pyrolysis AMDS and spent coffee waste 
(SCW). However, despite increased the application of biochar as a 
support material, the usability of metal-biochar as sorbent for the 
improvement of indoor air quality has been rarely tested yet. The ob
jectives of this research were to synthesize and characterize waste- 
reclaimed treatment agents from AMDS and coffee waste and evaluate 
the feasibility of its application to remove formaldehyde. The synthe
sized biochar/AMDS composition was characterized and the effects of 
loading dose and initial formaldehyde concentration on the behavior of 
fixed-bed column was investigated. Reusability of biochar/AMDS 
composition was also evaluated. 

2. Materials and method 

2.1. Adsorbent preparation methods 

2.1.1. Preparation of metal-biochar precursors and chemicals 
AMDS was generated during the operation of active treatment sys

tem using Ca(OH)2 as a neutralizing agent. The sludge was collected in 
the form of bulk solid (>5 cm) from AMD sites in Hamtae mine (Tae- 
Back city, Gangwon-do, South Korea), screened by a 100-mesh sieve 
(<150 μm), and then dried at 60 ◦C for 2 days in an oven prior to use. 
The coffee waste powder (CW, Brownhouse co., Korea) was provided 
from a local cafe, Seoul, South Korea. It was screened by a 100-mesh 
sieve (<150 μm), and then dried at 40 ◦C for 2 days in an oven prior 
to use. Thus, the precursors of metal-biochar were prepared in the form 
of powder to homogeneously mix them for co-pyrolysis in the next 
section. 

2.1.2. Fabrication of metal-biochar 
The mixture of CW and AMDS powder were prepared by physically 

mixing each 3 g of two solids (totally 6 g) without any chemical treat
ment such as precipitation or wet impregnation. The mixture loaded in 
an alumina crucible were placed in quartz tube in tubular furnace (GSL- 
1100X, MTI Co., USA). Co-pyrolysis of two feedstocks was conducted by 
increasing the temperature from 25 to 800 ◦C at a heating rate of 10 ◦C/ 
min until it reached 800 ◦C where it was maintained constantly during 2 
h in N2 gas-feeding condition (99.99%, 200 mL/min). After cooling the 
samples, the resulting material (i.e., Biochar/AMDS) was collected using 
a magnetic stick after the pyrolysis step, and then stored in a desiccator 
at room temperature. Formaldehyde gas (100 mg/L) and nitrogen gas 
was purchased from Sinyang Oxygen, Korea. 

2.2. Characterization and analytical methods 

The chemical constituents of Biochar/AMDS were determined by X- 

Ray fluorescence spectrometry (XRF) (ZSX Primus II, Rigaku, Japan). To 
explore the changes in Fe phase of metal-biochar during co-pyrolysis, X- 
Ray diffractometer (XRD) analysis was conducted using with Cu Kα 
filtered radiation (Dmax-2500/PC, Rigaku, Japan). The XRD patterns 
obtained from the analysis were interpreted according to the Joint 
Committee on Powder Diffraction Standards (JCPDS) in order to provide 
the mineralogical information. The scanning electron microscopy (SEM) 
coupled with energy dispersive spectroscopy (EDS) for the elemental 
analysis using (Inspect F, FEI, USA) were used to compare the surface 
morphologies of Biochar/AMDS before- and after the adsorption ex
periments. The Fourier transform infrared (FTIR) spectrophotometer 
(FT-IR Frontier, PerkinElmer, USA) of adsorbents was analyzed to 
identify the chemical variation in the surface functional groups before 
and after the adsorption. The chemical state and electronic state of 
element on the filter surface of the adsorbents before and after adsorp
tion were characterized by X-ray photoelectron spectroscopy (XPS) (PHI 
5000 Versa Probe, ULVAC PHI, Japan). The Brunauer-Emmett-Teller 
(BET) specific surface area and pore distribution of the adsorbents was 
measured by N2 (99.9%) adsorption using a (ASAP 2020, Micromeritics, 
USA). 

2.3. Fixed bed column experiments 

The column tests were conducted in a Teflon column of 6 mm in
ternal diameter packed with the adsorbents (Fig. 1). Thick glass wool 
and glass bead were placed at the bottom of the column to prevent any 
loss of adsorbent and to give mechanical support to the adsorbent bed. 
Feeding gas of formaldehyde (10–20 mg/L) and nitrogen (99.9%) was 
regulated using mass flow controller and in a mixing chamber. The flow 
rate was controlled at 0.24 L/min. The column experiment was con
ducted at 30 ◦C with column oven. The effects of AMDS load dose (0.5, 
1.0, and 3.0 g) was investigated. Formaldehyde concentration was 
quantitatively determined using FTIR (I4001–F, MIDAC Co., USA). The 
amount adsorbed of the materials (qe, mg/g) was calculated from 
following Eq. (1): 

qe =
QC0

m

∫ts

t0

(

1 −
C
C0

)

dt (1)  

where Q (L min− 1) is the total volumetric flow rate, C0 (mg/L) is the inlet 
formaldehyde concentration, C (mg/L) is the outlet formaldehyde con
centration, t0 is initial time, ts is the saturation time, and m (g) is mass of 
adsorbent, which is filling into the column. 

2.4. Regeneration 

The recyclability of the adsorbents was tested through three cycles. 
The used adsorbent was placed in oven at 80 ◦C for 1 day to desorb 
formaldehyde adsorbed during the earlier cycle. Regenerated samples 
were stored in desiccator for the subsequent cycles. 

3. Results and discussion 

3.1. Characterization of biochar/AMDS composition 

The physical characteristics of the adsorbent including surface area, 
pore size, and pore volume are summarized in Table 1. Metal-free bio
char showed poor porosity (0.001 cm3/g) and BET surface area (SA) 
(0.950 m2/g), indicating the present pyrolysis condition (contact time, 
temperature, and type of atmospheric gas) failed to produce the hier
archically porous biochar. Whereas, AMDS addition created the porous 
structure (SA: 64.80 m2/g, pore volume: 0.096 cm3/g) in biochar matrix 
at the same pyrolytic condition, which is consistent with the BET results 
of previous work showing the increase of porosity by metal-oxide 
impregnation (Yin et al., 2018). The SEM images and EDX analysis 
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results of biochar and biochar/AMDS composite are presented in Fig. S1. 
The surface morphologies of biochar showed that it has porous structure 
containing macro-pores (Fig. S1 (a)). In contrast, the SEM image of the 
biochar/AMDS showed that macro pore was occupied by some of iron 
oxide (Fig. S1 (c)). The analysis of EDX was conducted to determine the 
surface elemental compositions. The EDS spectra results confirmed 
successful iron oxide modification on surface of biochar/AMDS 
composition (Fig. S1 (b, d)). The Ca was detected after AMDS impreg
nation, which might be due to Ca(OH)2 neutralize agent. The major 
constituents of AMDS, which analyzed by XRF, were Fe2O3 (56.6%), 
CaO (30.2%), SiO2 (4.6%), and Al2O3 (3.6%), reflecting high amounts of 
iron oxide together with low contents of Ca, Si, and Al (Table 2). 

3.2. Effect of operational parameters on performance of fixed-bed column 

The formaldehyde inlet gas, which diluted with nitrogen gas was 
introduced into the fixed bed column with flow rate of 0.24 L/min. The 
performance of formaldehyde removal in column was expressed by the 
breakthrough curve, which was outlet formaldehyde concentration 
against the flow time (t). The exhaust point time, which usually called 
breakthrough point, defined as outlet concentration of formaldehyde 
reached its 90% of inlet concentration. Some experimental conditions 
need long duration to reach the bed saturation, therefore, for the per
formance comparison, the exhaust point time was arbitrarily decided. 
The formaldehyde removal ability of sorbents decreases as they are 
gradually saturated with formaldehyde, so the concentration at the 
outlet increases slowly. As AMDS loading dose increased, the exhaust 
point time of adsorbent increased from 227 min to 285 min, and the 
saturation capacity reached to 1811 mg/g, respectively (Fig. 2 (a)). 
These results indicated that AMDS loading dose play an important role 

in exhaust point time of adsorbent. Formaldehyde adsorption capacity of 
Biochar/AMDS was 18.4 fold higher than that of the biochar. Previous 
researchers applied adsorbent including Granular activated carbon 
(GAC), zeolite, biochar, and metal organic framework (MOF) for form
aldehyde removal (Carter et al., 2011; Kalantarifard et al., 2016; 
Krishnamurthy et al., 2018). Modification of adsorbent enhanced 
formaldehyde adsorption capacities, physical modification of activated 
carbon increased formaldehyde adsorption capacities from 334.7 mg/g 
(GAC) to 404.3 mg/g (activated carbon fiber). Metal impregnation also 
increased formaldehyde adsorption capacity of adsorbent, Rengga et al. 
also reported that silver impregnation increased formaldehyde adsorp
tion capacity to 119.3 mg/g after surface modification. As formaldehyde 
concentration increased, the exhaust point time of adsorbent reduced 
from 285 to 129 min, and the saturation capacity reached to 1711 mg/g, 
respectively (Fig. 2 (b)). High concentration of formaldehyde resulted 
the exhaust point time significantly decreased. 

In order to evaluate adsorption capacity of Biochar/AMDS, com
parison of its adsorption capacity for formaldehyde with previously re
ported adsorbents and results are summarized in Table 3. Chemical 
modification of zeolite with clinoptilolite also increased formaldehyde 
adsorption capacities from 106.7 mg/g (zeolite) to 300.5 mg/g (Modi
fied clinoptilolite zeolite). MOF is also an attractive adsorbent, which 
consist of metal and organic compound. Krishnamurthy applied MIL- 
101(Cr) to remove formaldehyde, it showed 99.1 mg/g formaldehyde 
adsorption capacity. While the formaldehyde is passed over the adsor
bent, formaldehyde adsorbed onto the adsorbent surface via hydrogen 
bonding between the H atom of formaldehyde and O atom of adsorbent. 
The AMDS modification increased surface area and pore volume that 
might have enhanced formaldehyde adsorption. Biochar/AMDS showed 
higher surface area and pore volume than Biochar (Table 1). Another 
possibility is that the presence of positively charged metal atoms or 
hydroxyl groups on Biochar/AMDS surface, observed in the FT-IR results 
(Fig. S1), can enhance the adsorption of formaldehyde through strong 
electrostatic interactions (Yin et al., 2018; Kalantarifard et al., 2016; 
Krishnamurthy et al., 2018; Carneiro and Cruz, 2008; Xu et al., 2019). 
Previous researchers (Carneiro and Cruz, 2008; Xu et al., 2019) also 
observed synergetic adsorption with transition metal via 
adsorption-oxidation including formaldehyde adsorbed adsorbent 

Fig. 1. Experimental set-up.  

Table 1 
Surface characteristics of adsorbents.  

Sample Surface area (m2/g) Pore volume (cm3/g) Pore size (nm) 

Biochar 0.950 0.001 5.181 
Biochar/AMDS 64.796 0.096 5.944  

Table 2 
XRF analysis of AMDS.  

Elements MgO Al2O3 SiO2 SO3 K2O CaO MnO Fe2O3 ZnO SrO 

Chemical composition (%) 0.88 3.63 4.63 0.94 0.18 30.2 2.19 56.6 0.23 0.28  
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surface via hydrogen bonding between the H atom of formaldehyde and 
O atom of adsorbent. The electrostatic attraction between M2+ of 
adsorbent and O atom of formaldehyde, hydroxyl radicals generated by 
reaction which adsorbed oxygen interacted with hydroxyl ions nearby 
the M2+, and active hydroxyl radicals react with adsorbed 

formaldehyde. 
The XRD patterns (Fig. 3) of sample confirmed that the diffraction 

peaks of 2θ = 43.7 and 51.0◦ related to carbonized carbon were 
observed in biochar (Shin et al., 2021). The XRD patterns of AMDS 
revealed the existence of magnetite (Fe3O4), hematite (Fe2O3) and 
goethite. Interestingly, new peaks (2θ = 44.6, 65.0, and 82.3◦) were 
appeared in Biochar/AMDS after co-pyrolysis at 800 ◦C in N2, while a 
few peaks corresponding to goethite (2θ = 20.2, 26.6, 33.1 and 36.2◦) 
were removed instead. These observations can be explained by the 
reduction of iron oxide to magnetite through the thermochemical re
action (Cho et al., 2019). Hematite (Fe2O3) and metallic Fe were found 
at Biochar/AMDS. Metallic Fe formed via thermal treatment in N2 at 
800 ◦C (Yoon et al., 2020). The peaks assigned to Hematite and metallic 
Fe disappeared after formaldehyde adsorption. The functional groups of 
the adsorbents surface were analyzed using FTIR analysis in range of 
400–4000 cm− 1 (Fig. S2). After AMDS modification Fe–O peaks below 
700 cm− 1 were appeared. The peaks appear at 2900, 2520, and 2220 
cm− 1 after exposing the adsorbent to formaldehyde mixture gas. Peak at 

Fig. 2. Effect of (a) AMDS loading and (b) inlet concentration on formaldehyde 
removal performance (Flow rate: 0.24 L/min, dose: 0.2 g, room temperature). 

Table 3 
Comparison of adsorption capacity of biochar/AMDs with pervious reported adsorbents.  

Adsorbent HCHO concentration (ppm) Experiment condition Adsorption capacity (mg/g) Ref. 

Granular activated carbon 32.5 Flow rate: 500 mL/min 334.7 Carter et al., 2011 
Dose: 0.011 g 

Siler impregnated activated carbon 1000 Flow rate: 500 mL/min 119.3 Rengga et al., 2017 
Activated carbon fiber 32.5 Flow rate: 500 mL/min 404.3 Carter et al., 2011 

Dose: 0.011 g 
zeolite 17.7 Flow rate: 50 mL/min 106.7 Kalantarifard et al., 2016 

Dose: 0.05 g 
Modified clinoptilolite zeolite 17.7 Flow rate: 50 mL/min 300.5 Kalantarifard et al., 2016 

Dose: 0.05 g 
MIL-101(Cr) 170 Flow rate: 40 mL/min 99.1 Krishnamurthy et al., 2018 

Dose: 0.3 g 
Biochar (CW) 13.3 Flow rate: 240 mL/min 99 This study 

Dose: 0.2 g 
Biochar/AMDs 13.3 Flow rate: 240 mL/min 1074 This study 

Dose: 0.2 g  

Fig. 3. XRD analysis of Biochar and Biochar/AMDS before and after Formal
dehyde adsorption. 
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2900 cm− 1 corresponds to intermolecular hydrogen bond of the formate 
(HCOO) conversion from adsorbed formaldehyde at surface site, which 
is related to the hydrogen bond interactions between Biochar/AMDS 
and H formaldehyde (Chen et al., 2013). 2520 cm− 1 corresponds to 
carboxylic acid OH stretch, 2220 cm− 1 corresponds to alkyne stretching 
C–––C. The XPS measurements were performed to explore the elemental 
information on the surface of Biochar and Biochar/AMDS before and 
after the adsorption formaldehyde (Fig. 4). Two distinctive peaks were 
observed at 530.2–530.9 eV and 531.6–532.5 eV in the O 1s spectra of 
Biochar and Biochar/AMDS before and after the adsorption formalde
hyde. The XPS peak at 530.2 eV related to Fe–O bond indicative of Fe3O4 
(Jiang et al., 2019). Ratio of C–O peak was decreased after AMDS syn
thetic, while that increased after formaldehyde adsorption. The XPS 
peak at 531.6 eV corresponded to hydroxyl groups (Kuivila et al., 1988). 
Five peaks were observed at 710.7–713.5 eV (Fe 2p3/2), 724.2–727.0 eV 
(Fe 2p1/2) and 718.5–718.8 eV (Fe satellite) in Fe 2p spectra of Bio
char/AMDS, Tang et al. reported that the Fe 2p1/2 is tetrahedral coor
dination and Fe 2p3/2 is octahedral coordination (Tang et al., 2017). The 
711.0 eV and 724.5 eV are characteristic bands of Fe3+ from iron oxide 
(Fe2O3) (Kuivila et al., 1988). The 713.5 eV and 727.0 eV are charac
teristic bands of Fe2+ from iron oxide (Fe3O4) (Jiang et al., 2019). This 
observation is consistent with FTIR analysis results of Fe–O peaks. 

3.3. Fixed bed adsorption modeling 

Fixed-bed column experiment has been widely applied to evaluate 
adsorbent performance due to easy operation and its high efficiency. 
Thomas, Adam-Bohart, and Yoon-Nelson models were used to evaluate 
dynamic behavior of formaldehyde adsorption by adsorbents. These 
models were well know fixed bed models due to their model equations 
could be linearized, and then predict its unknown parameters to be 
estimated via linear regression analysis (Chu, 2020). 

The Thomas model used to estimate adsorption capacity of adsorbent 
and calculate breakthrough curves, assumes that external and internal 
diffusion constraints were negligible during column test, thus it obey 
Langmuir isotherm and second-order reversible reaction kinetics (Han 
et al., 2008). The Thomas model could be represented as below: 

ln
(

C0

Ct
− 1

)

=
kThqem

Q
− kThC0t (3)  

where kTh is Thomas kinetic constant (mL/min mg), t is sample time 
(min), and Q is flow rate (mL/min), qe is adsorption capacity of column, 
C0 and Ct are inlet and outlet gas concentrations (mg/L). kTh and qe were 
determined from plot of Ct/C0 against t. The column test results were 
fitted to Thomas model to determine Thomas kinetic constant (kTh) and 
adsorption capacity of column (qe). The determined coefficients (R2) 
were determined from nonlinear regression (Table 4). As both AMDS 
loading dose and inlet concentration increased, kTh was increased (from 
1.99E-4 to 9.93 E− 4 mL/min mg). The value of qe also increased with 
AMDS loading dose and inlet concentration (from 23.65 to 35.75 mg/g, 
and from 35.75 to 37.94 mg/g, respectively). These observations have 
been reported by the previous researchers (Das et al., 2021; Han et al., 
2009). High R2 values (0.882–0.962) of Thomas model indicated that 

Fig. 4. XPS analysis of Biochar and Biochar/AMDS before and after Formaldehyde adsorption (a) Fe 2p, (b) O 1s.  

Table 4 
Parameters of Thomas, Adams-Bohart, and Yoon-Nelson models for adsorption 
of formaldehyde in fixed-bed column.  

Type of 
model 

C0 

(mg 
L− 1) 

AMDS 
Loading 
(g) 

Flow rate 
(L min− 1) 

kTh (mL 
min− 1 

mg− 1) 

Qcal (mg 
g− 1) 

R2 

Thomas 10.3 0.5 0.24 4.88E-4 37.91 0.882 
10.1 1.0 8.86 E− 4 27.12 0.962 
10.7 3.0 9.01E-4 22.96 0.937 

Type of 
model 

C0 

(mg 
L¡1) 

AMDS 
Loading 
(g) 

Flow 
rate (L 
min¡1) 

kAB (L 
mg¡1 

min¡1) 

N0cal 

(mg 
L¡1) 

R2 

Adam- 
Bohart 

10.3 0.5 0.24 5.726E-4 15.913 0.873 
10.1 1.0 8.598E-4 12.531 0.962 
10.7 3.0 9.862E-4 10.741 0.922 

Type of 
model 

C0 

(mg 
L¡1) 

AMDS 
Loading 
(g) 

Flow 
rate (L 
min¡1) 

KYN 

(min¡1) 
τcal 

(min) 
R2 

Yoon- 
Nelson 

10.3 0.5 0.24 0.0165 79.07 0.882 
10.1 1.0 0.0197 115.01 0.962 
10.7 3.0 0.0195 155.48 0.937  
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adsorption between Biochar/AMDS and formaldehyde assumed s 
Langmuir kinetics and e rate driving force obeys second-order reversible 
reaction kinetic (Das et al., 2021). As Thomas model is suitable to esti
mated and predict for adsorption processes, which diffusions between 
internal and external (Aksu and Gönen, 2004). 

Adams and Bohart applied their model for gas-charcoal adsorption 
system, which showed good agreement in quantitative interfere of 
similar systems. The Adam-Bohart model assumes that the adsorption 
rate is proportional to both the residual capacity of the adsorbent and 
the concentration of the adsorbing species. The Adams–Bohart model is 
used for the description of the initial part of the breakthrough curve and 
used to define the breakthrough curve for numerous single-component 
adsorption systems. Adam-Bohart model focused on estimation of 
characteristic parameters including saturation concentration (N0, mg/L) 
and a kinetic constant (kAB, L/mg). The Adam-Bohart model can be 
expressed as below: 

ln
(

Ct

C0

)

= kABC0t − kABN0

(
Z

U0

)

(4)  

where t is the flow time (min), Z is the depth of the fixed-bed column 
(cm), and U0 is the superficial velocity (cm/min), C0 and Ct are inlet and 
outlet gas concentrations (mg/L). The linear plot of ln (Ct/C0) against t 
given the dynamic value of kAB, N0, and correlation coefficients (R2). 
The N0, kAB, and R2 were calculated and are summarized in Table 4. The 
kAB and N0 increased with AMDS loading dose increased (from 5.64E-4 
to 9.83E-4 L/mg min, from 10.78 to 16.04 mg/L, respectively). The 
value of kAB and N0 also increased with inlet concentration increasing 
(from 9.83E-4 to 1.24E-3 L/mg min, from 16.04 to 17.36 mg/L, 
respectively). These model predictions suggest that the overall kinetics 
is dominated by external mass transfer (Aksu and Gönen, 2004). These 
observations have been also reported by previous researchers (Han 
et al., 2009; Aksu and Gönen, 2004). 

The Yoon-Nelson model assume that the decrease in the probability 
of each adsorbate to be adsorbed is proportional to the probability of its 
adsorption and breakthrough on the adsorbent (Yoon and Nelson, 
1984). Yoon-Nelson model was used to estimate breakthrough perfor
mance with single component. The Yoon and Nelson model is simple 
model compared with other model, it does not need detail information 
including physical properties of adsorption bed, type of adsorbent, and 
characteristics of adsorbate. Yoon-Nelson model could be represented as 
below: 

ln
(

Ct
C0

− Ct
)

= kYNt − τkYN, (2)  

where τ is time required for 50% adsorbate breakthrough (min), t is flow 
time (min), kYN is rate constant (min− 1), C0 and Ct are inlet and outlet 
gas concentrations (mg/L). The dynamic values of kYN and τ were ob
tained from the linear plot of ln (Ct/(C0 – Ct)) and t (Table 4). kYN 
increased with AMDS loading dose and inlet concentration increasing 
(from 6.68E-3 to 1.96E-2/min, from 1.96E-2 to 3.90E-2, respectively). 
The value of τ decreased with inlet concentration increasing (from 
155.67 to 81.67 min). These observations also reported previous re
searchers (Aksu and Gönen, 2004). Applied three models are well fitted 
models for formaldehyde adsorption system. 

3.4. Reusability of biochar/AMDs composition 

Thermal regeneration widely applied to regenerate saturated acti
vated carbon in industry field (Carratalá-Abril et al., 2010). 
Multi-regeneration study was carried out through adsorp
tion–desorption cycles (Fig. 5). Regeneration conducted as described in 
chapter 2.4. Regeneration deriving force is heat transfer to emission 
mechanism (Gu and Bart, 2005). The regeneration rate is defined as Eq. 
5 

ri =
Ri

R0
(5)  

where ri is the regeneration ratio of the ith cycle, R0 and Ri are the fresh 
and ith regenerated adsorbent’s adsorption capacity. The regeneration 
ratio of Biochar/AMDS reduced as increasing regeneration cycles, to 
46% and 31%, respectively. These results indicated that most of the 
formaldehyde that was adsorbed on the surface of the AMDS had been 
partially desorbed. 

One of possible reason of these phenomena was the reduced surface 
area with changing pore structure of Biochar/AMDS and changed sur
face chemistry of AMDS after thermal regeneration (Ledesma et al., 
2014). Another possibility is that some of formaldehyde might be 
adsorbed on the external surface and micropores of the biochar. 
Adsorbed formaldehyde in micropores might not be desorbed during the 
low temperature thermal regeneration (Yang et al., 2018). Chen et al 
also reported that average regeneration rate of formaldehyde adsorbed 
activated carbon via thermal treatment at 80 ◦C was about 70%, form
aldehyde rapidly desorbed from adsorbent during the regeneration 
(Chen et al., 2013). The formaldehyde adsorption capacity of adsorbent 
reduced as it gradually saturated with formaldehyde, thus the outlet 
formaldehyde concentration increased. 

4. Conclusions 

In this work, a novel composite, metal-biochar (Biochar/AMDS) was 
fabricated by one-pot pyrolysis of spent coffee waste and AMD sludge, 
and its adsorption performance for formaldehyde was examined by 
conducting the fixed-column experiments. Mixing AMDS with spent 
coffee waste in pyrolytic process was significantly effective to increase 
the porosity of biochar. In addition, highly reduced form of Fe oxides 
(especially metallic Fe) were formed on the surface of biochar via 
thermal phase transition and the organic constituent substances in cof
fee waste were also carbonized via dehydrogenation during co- 
pyrolysis. The column test confirmed that these physicochemical prop
erties of Biochar/AMDS gave the outstanding adsorption function for 
formaldehyde (1074 mg/g), while biochar only showed the adsorption 
capacity of 99 mg/g. The exhaust point time was reduced with 
increasing initial formaldehyde concentration proportionally, while 
adsorption capacity increased. Biochar/AMDS is a promising adsorbent, 
which derived from waste materials and highly stable, low-cost mate
rial, and demonstrate it could be a practical adsorbent for formaldehyde 
removal from indoor air. This research is greatly challenging the avail
able formaldehyde adsorbents on the market. 

Fig. 5. Biochar/AMDs adsorption performance for formaldehyde after 
regeneration. 
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Carratalá-Abril, J., Lillo-Ródenas, M., Linares-Solano, A., Cazorla-Amorós, D., 2010. 
Regeneration of activated carbons saturated with benzene or toluene using an 
oxygen-containing atmosphere. Chem. Eng. Sci. 65, 2190–2198. 

Carter, E.M., Katz, L.E., Speitel, G.E., Ramirez, D., 2011. Gas-phase formaldehyde 
adsorption isotherm studies on activated carbon: correlations of adsorption capacity 
to surface functional group density. Environ. Sci. Technol. 45, 6498–6503. 

Chen, D., Qu, Z., Sun, Y., Gao, K., Wang, Y., 2013. Identification of reaction 
intermediates and mechanism responsible for highly active HCHO oxidation on Ag/ 
MCM-41 catalysts. Appl. Catal. B Environ. 142–143, 838–848. 

Chen, M., Wang, H., Chen, X., Wang, F., Qin, X., Zhang, C., He, H., 2020. High- 
performance of Cu-TiO2 for photocatalytic oxidation of formaldehyde under visible 
light and the mechanism study. Chem. Eng. J. 390, 124481. 

Cho, D.-W., Cho, S.-H., Song, H., Kwon, E.E., 2015. Carbon dioxide assisted sustainability 
enhancement of pyrolysis of waste biomass: a case study with spent coffee ground. 
Bioresour. Technol. 189, 1–6. 

Cho, D.-W., Yoon, K., Ahn, Y., Sun, Y., Tsang, D.C.W., Hou, D., Ok, Y.S., Song, H., 2019. 
Fabrication and environmental applications of multifunctional mixed metal-biochar 
composites (MMBC) from red mud and lignin wastes. J. Hazard Mater. 374, 
412–419. 

Chu, K.H., 2020. Breakthrough curve analysis by simplistic models of fixed bed 
adsorption: in defense of the century-old Bohart-Adams model. Chem. Eng. J. 380, 
122513. 

Cornell, R.M., Schwertmann, U., 2003. The Iron Oxides: Structure, Properties, Reactions, 
Occurrences and Uses. John Wiley & Sons. 

Das, L., Sengupta, S., Das, P., Bhowal, A., Bhattacharjee, C., 2021. Experimental and 
Numerical modeling on dye adsorption using pyrolyzed mesoporous biochar in 
Batch and fixed-bed column reactor: isotherm, Thermodynamics. Mass transfer, 
Kinetic analysis, Surfaces and Interfaces 23, 100985. 

Environment, M.o., 2020. In: Environment, M.o. (Ed.), Indoor Air Quality Management 
Act. 

Gu, J., Bart, H.-J., 2005. Heat and mass transfer in steam desorption of an activated 
carbon adsorber. Int. Commun. Heat Mass Tran. 32, 296–304. 

Han, R., Ding, D., Xu, Y., Zou, W., Wang, Y., Li, Y., Zou, L., 2008. Use of rice husk for the 
adsorption of Congo red from aqueous solution in column mode. Bioresour. Technol. 
99, 2938–2946. 

Han, R., Wang, Y., Zhao, X., Wang, Y., Xie, F., Cheng, J., Tang, M., 2009. Adsorption of 
methylene blue by phoenix tree leaf powder in a fixed-bed column: experiments and 
prediction of breakthrough curves. Desalination 245, 284–297. 

Hwang, S.H., Roh, J., Park, W.M., 2018. Evaluation of PM10, CO2, airborne bacteria, 
TVOCs, and formaldehyde in facilities for susceptible populations in South Korea. 
Environ. Pollut. 242, 700–708. 

Jabbari, V., Veleta, J.M., Zarei-Chaleshtori, M., Gardea-Torresdey, J., Villagrán, D., 
2016. Green synthesis of magnetic MOF@GO and MOF@CNT hybrid 
nanocomposites with high adsorption capacity towards organic pollutants. Chem. 
Eng. J. 304, 774–783. 

Ji, J., Lu, X., Chen, C., He, M., Huang, H., 2020. Potassium-modulated δ-MnO2 as robust 
catalysts for formaldehyde oxidation at room temperature. Appl. Catal. B Environ. 
260, 118210. 

Jiang, S.-F., Xi, K.-F., Yang, J., Jiang, H., 2019. Biochar-supported magnetic noble 
metallic nanoparticles for the fast recovery of excessive reductant during pollutant 
reduction. Chemosphere 227, 63–71. 

Kalantarifard, A., Gon, J., Yang, G., 2016. Formaldehyde adsorption into clinoptilolite 
zeolite modified with the addition of rich materials and desorption performance 
using microwave heating. Terr. Atmos. Ocean Sci. 27, 865. 

Kim, H.-B., Kim, S.-H., Jeon, E.-K., Kim, D.-H., Tsang, D.C.W., Alessi, D.S., Kwon, E.E., 
Baek, K., 2018. Effect of dissolved organic carbon from sludge, Rice straw and spent 
coffee ground biochar on the mobility of arsenic in soil. Sci. Total Environ. 636, 
1241–1248. 

Krishnamurthy, A., Thakkar, H., Rownaghi, A.A., Rezaei, F., 2018. Adsorptive removal of 
formaldehyde from air using mixed-metal oxides. Ind. Eng. Chem. Res. 57, 
12916–12925. 

Kuivila, C.S., Butt, J.B., Stair, P.C., 1988. Characterization of surface species on iron 
synthesis catalysts by X-ray photoelectron spectroscopy. Appl. Surf. Sci. 32, 99–121. 

Lang, I., Bruckner, T., Triebig, G., 2008. Formaldehyde and chemosensory irritation in 
humans: a controlled human exposure study. Regul. Toxicol. Pharmacol. 50, 23–36. 
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