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Abstract: Composite mineral-biochars of a homogeneous biomass (cellulose) and 9 

heterogeneous biomass (oak leaves) were fabricated with either 5wt% or 10wt% 10 

minerals (montmorillonite (MMT), kaolinite, and sand), and then pyrolyzed at 600 °C 11 

for 60 min. Characterizations including proximate analysis, ultimate analysis, surface 12 

area and porosity, morphology and surface chemistry confirmed that minerals were 13 

present on the surface of biochar, and MMT/kaolinite-biochar composites showed a 14 

strengthening in the chars’ aromatic structures, as well as increases in oxygen-15 

containing surface functional groups. Methylene blue adsorption isotherms indicated 16 

that the MMT/kaolinite-biochars had higher adsorption capacities than pure biomass or 17 

biomass-sand biochars (110 mgMB/gchar and 24 mgMB/gchar for MMT-cellulose char and 18 

cellulose char, respectively). A multilinear model relating adsorption capacity and 19 

adsorbent properties was developed to measure the relative contribution of biochar 20 

properties to adsorption behavior. The model indicates that pore volume and hydrogen 21 
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bonding were the dominant properties in controlling the adsorption of methylene blue 22 

onto the biochars. Findings from this work indicate that composite biochars prepared 23 

from biomass and inexpensive clay minerals are a promising adsorbent for remediating 24 

organic contaminants from water.  25 

 26 
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1. Introduction 30 

Biochar, a carbonaceous solid resulting from biomass pyrolysis under inert 31 

conditions, has gained much attention because of its promising application as a soil 32 

amendment, or, upon upgrading into activated carbons, as fuel cell and supercapacitor 33 

electrodes, gas adsorbents, and for water treatment to remove a variety of organic and 34 

inorganic contaminants(Dehkhoda et al., 2016a, 2016b; Kimetu et al., 2014; Tan et al., 35 

2017, 2015; Wu et al., 2017). Multiple methods (e.g. chemical and physical activation 36 

techniques(Istan et al., 2016; Tay et al., 2009; Vijayalakshmi et al., 2010)) have been 37 

developed to modify biochar and increase its adsorption capacity for various pollutants 38 

in the aqueous environment.  39 

Due to their unique layered structure, high specific surface area and ion exchange 40 

capacity, clay minerals show great potential in agriculture as well as in industrial and 41 

petroleum engineering(Murray, 1991). Among them, montmorillonite and kaolinite are 42 

perhaps the most studied clays across various research areas. Montmorillonite (MMT) 43 

is a 2:1 layered aluminosilicate, and there are exchangeable cations (Na+, K+, Ca2+, etc.) 44 

with strong electron-acquiring ability and adsorption performance between the layers. 45 

One important characteristic of MMT is that the layers are negative charged, and the 46 

charge is usually balanced by hydrated cations located within the interlayer 47 

space(Segad et al., 2010). Kaolinite is a 1:1 layered aluminosilicate; the internal charge 48 

is close to balanced, and there are no exchangeable cations or water molecules between 49 

the layers(Chcn et al., 1999). Thus, the exchange sites of kaolinite are only located on 50 

the surface. Yet, both clays have been shown – in raw and modified forms – to be 51 



effective adsorbent materials for a range of environmental contaminants. For example, 52 

Sherbini and Hassanien(Abou-El-Sherbini and Hassanien, 2010) used 2-53 

Oxyhydrazino-N-(2-methylen-yl-hydroxyphenyl)pyridinium (OMHP) ion to modify 54 

MMT to remove Cu(II), results showed that OMHP-MMT had a good removal 55 

efficiency and selectivity towards Cu(II) with a removal capacity of 119 mEq/100g. 56 

Jiang et al.(Jiang et al., 2010) used kaolinite clay to adsorb heavy metal ions from 57 

wastewater; their results showed that the adsorption capacity of kaolinite for Pb2+ 58 

reached 160 mg/L under the synergistic mechanisms of adsorption and ion exchange. 59 

However, MMT and kaolinite may not be suitable as fixed-bed media or additives in 60 

water treatment due to their fine particle size (i.e., colloids/nanoparticles).  61 

Engineering methods have been widely applied to create biochar-based materials 62 

with upgraded functionalities for environmental applications. In such biochar-based 63 

composites, biochar provides a porous structure that can support clay micro- and 64 

nanoparticles within the carbonaceous matrix. Therefore, a simple method was 65 

developed to synthesize mineral-biochar material for environmental applications. In 66 

order to investigate the upgraded performance of clay minerals on different biomass 67 

substrates, two different biomasses (“homogeneous” biomass, microcrystalline 68 

cellulose; a “heterogeneous” biomass, dried oak leaves) were selected and each was 69 

mixed well with one of the clay minerals prior to pyrolysis. The physicochemical 70 

properties of these pyrolyzed chars were characterized. In addition, the adsorption 71 

property of engineering bio-chars to methylene blue (MB), which is regarded as a 72 

“model” organic compound for adsorption(Gao and Goldfarb, 2019; Yao et al., 2014), 73 



was measured to evaluate the potential application in environmental remediation. 74 

Therefore, the objectives of this research are to: (1) prepare mineral-biochar composites; 75 

(2) characterize their physiochemical properties; (3) measure the adsorption ability to 76 

remove MB; (4) explore the adsorption mechanisms of MB adsorb onto the composites.  77 

 78 

2 Material and Methods 79 

2.1 Biochar fabrication 80 

Cellulose (Alfa Aesar) was supplied by Fisher Scientific. Oak leaves were 81 

collected in Boston, MA in late October / early November 2016 from a representative 82 

set of trees. To remove dust, leaves were washed in deionized water and dried in a 83 

laboratory oven to prevent degradation. The leaves were ground and sieved to a particle 84 

size fraction of 100 to 300 m. Raw biomasses were blended with sand (Sigma-Aldrich), 85 

kaolinite (Fisher scientific,), or montmorillonite clay (Sigma-Aldrich), at 5 wt% and 10 86 

wt% mineral loadings. Samples were weighed directly into a glass vial to the 0.1 mg, 87 

and homogenized on a vortex mixer. The characteristics of the biomass feedstock and 88 

three types of minerals were showed in Table S1-2 and Figure S1-3 in supplemental 89 

information. 90 

Biochar was fabricated by pyrolyzing between 1.5 and 2 g of raw biomass or 91 

biomass-mineral blend in a 2” MTI tube furnace. A large number of studies have shown 92 

that the biochar-based composites synthesized via pyrolysis at 600°C has a highly 93 

efficient sorption performance(Zhang et al., 2013; Zhang and Gao, 2013). Therefore, 94 

this paper sets the final pyrolysis temperature as 600°C , and the detailed pyrolysis 95 

parameters are as follows: To ensure an inert atmosphere, the furnace was purged with 96 



nitrogen for 5 minutes, and then heated at 5 °C/min to 110 °C and held for 30 minutes, 97 

and then to 600 °C at 5 °C/min and held for 60 min under constant nitrogen flow of 98 

approximately 115 mL/min. Samples were cooled in a nitrogen atmosphere to prevent 99 

oxidation.  100 

Raw samples were named as: RL (Raw Oak Leaves) and RC (Raw cellulose).  101 

Pyrolyzed biochars were named as PL (Pyrolyzed leaves); PLK (Pyrolyzed Leaves + 102 

Kaolinite); PLM (Pyrolyzed Leaves + Montmorillonite); PLS (Pyrolyzed Leaves + 103 

Sand); PC (Pyrolyzed Cellulose); PCK (Pyrolyzed Cellulose + Kaolinite); PCM 104 

(Pyrolyzed Cellulose + Montmorillonite); PCS (Pyrolyzed Cellulose + Sand) followed 105 

by the mass fraction of clay minerals, e.g. LK5, LK10, CM5, CM10, etc. 106 

 107 

2.2 Biochar characterization 108 

A Mettler-Toledo TGA-DSC-1 thermogravimetric analyzer–differential scanning 109 

calorimeter was used to determine proximate analysis of biomass and biochar. Briefly, 110 

samples were loaded into 70 L alumina crucibles. Samples were heated from room 111 

temperature to 110°C under 20 mL/min N2 gas and held for 30 minutes to remove 112 

moisture. Samples were then heated at 10°C/min to 900°C and held for 60 minutes (loss 113 

attributed to volatile matter), and then the gas was switched to dry air and sample heated 114 

to 950°C, held for 60 minutes (loss attributed to fixed carbon, residual loosely termed 115 

“ash.”) The ultimate analysis on the raw biomass and biochar was conducted using a 116 

CHNS Elemental Analyzer (Vario Macro Cube, Germany).  117 

Nitrogen adsorption isotherms, performed on a Quantachrome Autosorb-iQ, were 118 

used to measure the surface areas and porosities of the biochars. Samples were degassed 119 



at 180 °C for a minimum of 12 h (with the exception of the raw biomass, which was 120 

degassed at 80°C to prevent pyrolysis), and then weighed on a Sartorius semi-121 

microbalance to ±0.1 mg. The Brunauer-Emmett-Teller (BET) adsorption method was 122 

employed over a partial pressure range of 0.05–0.3 in ultra high purity nitrogen at liquid 123 

nitrogen temperature(Brunauer et al., 1938). Scanning electron microscope (SEM) 124 

imaging of the biochar samples was conducted on a Zeiss Supra 55VP field emission 125 

scanning electron microscope. FTIR spectra were recorded between 4000 and 400 cm-
126 

1 on a Nicolet 380 Thermo Scientific spectrometer. Cation exchange capacity (CEC) 127 

was obtained using the ammonium acetate method in which 0.02 g of the biochar/clay 128 

was added to 5 mL of 0.5 M ammonium acetate solution. The mixture was agitated for 129 

6 h, filtered, and the filtrate kept for inductively coupled plasma-mass spectrum (ICP-130 

MS) analysis of Na+, K+, Ca2+, and Mg2+. The exchangeable cations were determined 131 

via: 132 Exch. Ca = 𝐶0 × 510 × 20.04 × 𝑚0 − 𝐶1 × 510 × 20.04 × 𝑚1 133 Exch. Mg = 𝐶0 × 510 × 12.15 × 𝑚0 − 𝐶1 × 510 × 12.15 × 𝑚1 134 Exch. K = 𝐶0 × 510 × 39.1 × 𝑚0 − 𝐶1 × 510 × 39.1 × m1 135 Exch. Na = 𝐶0 × 510 × 23.0 × 𝑚0 − 𝐶1 × 510 × 23.0 × 𝑚1 136 

Where C0=concentration of Ca, Mg, K, and Na (mg/L) from the extract solution; 137 

C1=concentration in blank solution; m0=weigh of biochar/clay (g) in ammonium acetate 138 

solution m1=weigh of biochar/clay (g) in ultrapure water; and 5 = volume of NH4OAc 139 

used in mL. 40.078, 24.305, 39.098, 22.99 are the atomic weights of Ca, Mg, K, and 140 

Na, respectively, in g/mol. The cation exchange capacity is the summation of Ca2+, 141 

javascript:;


Mg2+, Na+, and K+ exchangeable cations. 142 

 143 

2.3 Application of biochar to water treatment 144 

To determine the effect of different clay minerals on resulting biochars’ adsorption 145 

potential, we used the pure biomass-char and 5 wt% mineral loaded biochars in standard 146 

methylene blue (MB) adsorption kinetics and isotherm experiments(Visa et al., 2010). 147 

Batch adsorption isotherm experiments were run in 5 mL glass vials with a 1:500 ratio 148 

(0.008 g biochar in 4 mL solution) using MB solutions having initial concentrations 149 

from 20 to 200 mg/L at room temperature.  150 

Kinetic adsorption experiments were carried out using a 50 mL flask at room 151 

temperature with a 1:500 (0.08 g biochar in 40 mL solution). 100 mg/L MB solution 152 

was used, and samples were collected at time intervals of 5, 10, 20, 30 min, and 1, 2, 4, 153 

6, 8, 24, 48 h. The samples were shaken on a shaker table at 100 rpm, and samples were 154 

withdraw using a pipette, and immediately filtered through 0.45 μm pore size 155 

hydrophilic PVDF membrane filters. 156 

Dye concentrations for both experiments were determined on a Shimadzu UV-vis 157 

1800 spectrophotometer at 664 nm. 158 

 159 

3 Results and discussion 160 

 To test the hypothesis that clay minerals, known for their adsorptive properties, 161 

could enhance the adsorption capacity of biochars when co-pyrolyzed at relatively low 162 

loadings (5 and 10 wt%), we fabricated a series of 14 biochars and characterized their 163 

resulting properties and adsorption capacities. 164 



3.1 Characterization of biochars 165 

As noted in Table 1, the pure biomass chars (PL and PC) show higher volatile 166 

matter, fixed carbon and elemental C content versus the mineral-biochar composites. 167 

This is mainly because of the increased relative concentration of minerals. The carbon 168 

content of cellulose-based biochars was higher than that of the oak leaves-based 169 

biochars, indicating that raw biomass type more strongly influences the biochar’s 170 

carbon level, rather than the specific mineral with which the biomass is mixed. Yao et 171 

al.(Yao et al., 2014) and Basta et al.(Basta et al., 2011, 2009) also suggested that the 172 

chemical constituents of raw material (the ratios of cellulose, lignin, and hemicellulose 173 

in a heterogeneous biomass) control the yield and quality of biochar. The nitrogen and 174 

sulphur contents of all the sample were comparable with each other and ranged from 175 

0.5~0.8%/0.03~0.06% and 0.2~0.4%/0.51~0.67% for leave type/cellulose type. 176 

Comparing biochar of the same biomass type and mineral loading, the reported data 177 

showed that carbon content of MMT-biochar was the highest. MMT loading resulted in 178 

production of biochar with high carbon content; at the same time, stronger catalytic 179 

effect of MMT aided the loss of hydrogen as a result of cleavage of weak bonds in 180 

biochar. Since the surface and interlayers of MMT contains more Lewis sites and  181 

Brønsted sites than kaolinite, the performance of catalyzing hydrocarbon generation 182 

during biomass pyrolysis was significantly higher than that of other mineral(Luo et al., 183 

2021; Yang et al., 2009). Hence, MMT might promote more organic matter 184 

devolatilization and subsequent resulting a biochar with higher carbon content and 185 

lower hydrogen content. The calculated atomic ratios of O/C; H/C and (O+N)/C for 186 



MMT-biochar was lower than the same biomass type with same weight clay loading. 187 

The reduction of H/C in the biochar is an indication of effective carbonization of the 188 

biomass while a decrease in the ratio of O/C is attributed to polarity reduction and the 189 

hydrophilicity nature of the biochar surface(Ahmad et al., 2012). The ratio of H/C and 190 

O/C were used as an indicator for carbonization and reduction in this ratio indicated 191 

that there was a loss of water and O-containing functional groups in the present of MMT 192 

catalyst, which converted the alkyl carbon to aromatic carbon(Uchimiya et al., 2011). 193 

 194 

3.1.1. Surface Area of Biochars 195 

The surface areas increase 1-2 orders of magnitude upon pyrolysis of the raw 196 

biomass. In addition, for leaf-based biochar, the surface area of the mineral-biochar 197 

with 5wt% loading was 2-4 times higher than PL, yet the surface area of cellulose-198 

mineral biochar was lower than PC. Proximate analysis suggested that mineral loaded 199 

chars have lower volatile matter contents because of the mineral-promoted 200 

devolatilization during the pyrolysis process (and increase in ash content and some 201 

fixed carbon from the minerals); MMT’s catalytic performance was higher than that of 202 

kaolinite. In general, the pores of the solid biomass expand as the volatile substances 203 

escape, generating a biochar with a larger specific surface area than its raw biomass 204 

counterpart(Gao and Goldfarb, 2019). Interestingly, the surface areas of MMT-biochars 205 

were lower than those of the kaolinite-biochars, and while the surface area of the 5 wt% 206 

MMT and kaolinite biochars for the leaves were higher than the unamended biomass, 207 

the surface areas of all the mineral-biochar composites showed a decreasing trend with 208 



increasing mineral loading. This suggests that the porous voids formed during 209 

devolatilization might be blocked by minerals or have collapsed (plausible given the 210 

small ratio of volatile matter present), both of which would result in lower surface area 211 

and pore volume(Dou and Goldfarb, 2017). 212 



Table 1. Proximate, ultimate, and surface area analyses results on composite biochars fabricated from minerals and either oak leaves or cellulose 213 

Samples 
VM FC Ash C H O N S H/C O/C (O+N)/C SBET VTotal 

Pore 

size 

(%) (%) (%) (%) (%) (%) (%) (%)       (m2/g) (cm3/g) (nm) 

RL 83.24 12.32 4.44 53.94 5.93 39.32 0.7 0.11 0.11 0.73 0.74 1.29 0.0025 6.903 

PL 28.44 58.32 13.24 70.25 2.38 27.37 0.8 0.44 0.03 0.39 0.40 21.61 0.032 2.427 

PLK5 23.21 53.47 23.32 62.87 2.14 34.99 0.66 0 0.03 0.56 0.57 92.54 0.083 2.537 

PLM5 21.13 59.05 19.82 64.6 2.22 33.18 0.73 0.38 0.03 0.51 0.52 75.16 0.062 2.592 

PLS5 23.58 56.66 19.76 64.67 2.41 32.04 0.6 0.28 0.04 0.50 0.50 46.2 0.047 2.462 

PLK10 16.63 48.25 35.12 57.44 3.77 37.85 0.57 0.37 0.07 0.66 0.67 91.91 0.078 3.4 

PLM10 19.71 49.77 30.52 58.12 3.11 38.11 0.51 0.15 0.05 0.66 0.66 62.67 0.06 3.843 

PLS10 23.92 35.05 41.03 54.17 4.68 39.96 0.76 0.43 0.09 0.74 0.75 36.43 0.035 3.849 

RC 95.41 4.36 0.23 44.45 6.22 49.34 0 0 0.14 1.11 1.11 1.22 0.0039 13.024 

PC 29.82 69.34 0.84 85.28 4 3.43 0 3.43 0.05 0.04 0.04 286.69 0.174 5.853 

PCK5 19.51 62.67 17.82 73.5 2.18 24.33 0.03 0.51 0.03 0.33 0.33 284.73 0.181 3.607 

PCM5 17.04 64.92 18.04 67.99 2.21 29.8 0.04 0.67 0.03 0.44 0.44 256.16 0.166 3.294 

PCS5 28.23 44.56 27.21 67.45 5.83 26.12 0.04 0.56 0.09 0.39 0.39 255.12 0.157 4.068 

PCK10 16.45 45.13 38.42 59.83 3.65 35.86 0.05 0.61 0.06 0.60 0.60 250.2 0.164 2.62 

PCM10 15.12 55.36 29.52 60.12 3.14 36.04 0.05 0.65 0.05 0.60 0.60 229.78 0.157 2.733 

PCS10 16.04 31.02 52.94 58.66 4.24 36.48 0.06 0.56 0.07 0.62 0.62 223.84 0.139 2.481 

 214 



3.1.2 FTIR analysis 215 

The FTIR spectra of the prepared biochars is shown in Figure 1. The surfaces of 216 

the two types of clay-based biochars are rich in -OH, -C-O, -COO and -C-H groups. 217 

Compared with PC/PL, new bands in MMT-biochar and kaolinite-biochar appeared, 218 

including for Si-O (470 cm-1), -C-H (810 cm-1), -C-O/-C=O (1037/1073 cm-1), -COO/-219 

C=C (1571/1580 cm-1) and -OH (3430/3459 cm-1). Given the large increase, especially 220 

in oxygen-containing groups (beyond what might be expected by adding 5 or 10 wt% 221 

of minerals that contain relatively low oxygen contents), we suspect that the minerals 222 

both “add” to the surface character (e.g. through addition of Si-O groups) and interact 223 

with the biochar’s carbons to enhance the oxygenated groups on the surface of the 224 

biochar. This is further seen in the increase in the aromatic -C-H nature (810 cm-
225 

1)(Goldfarb et al., 2017) upon MMT/kaolinite loading. The presence of one broad band 226 

at 1039/1073 cm-1, along with the small peaks at 3430/3459 cm-1 indicated the 227 

formation of dehydrocarboxyl and -OH, respectively. In addition, the bands around 228 

1580 cm-1 corresponding to aromatic C=C, C=O stretching vibration modes of the 229 

carboxyl group, hydroxyl group and lactone(Sun et al., 2015) increase with MMT and 230 

kaolinite addition (and actually decrease with sand). Therefore, the loading of MMT 231 

and kaolinite can strengthen the aromatic structure of pyrolyzed-char, and also increases 232 

the oxygen-containing functional groups such as dehydrocarboxyl, carbonyl and 233 

hydroxyl groups. 234 
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Figure 1. FTIR spectra of prepared biochar 236 

3.1.3 Cation exchange capacity 237 

The CEC is used to describe the potential of a biochar to adsorb positively charged 238 

substances. As shown in Figure 2, the CEC values of leaf-based biochars (ranging from 239 

15 to 33 meq/100 g) were higher than cellulose-based biochars (ranging from 1 to 35 240 

meq/100 g). The CEC of oak leaf-biochar and cellulose-biochar was significantly lower 241 

than the CEC previously reported for biochar produced from sugar cane bagasse (122 242 

meq/100g) pyrolyzed at 460 °C(Carrier et al., 2012), although similar to the CEC 243 

reported for paper mill waste biochar (9-18 meq/100g)(van Zwieten et al., 2010). 244 

Suliman et al. reported that the CEC was a function of oxygenated functional groups 245 

and surface area of biochar(Suliman et al., 2016). However, the surface area of 246 

cellulose-based char was much higher than leaf-based char, indicating that surface area 247 

of material was likely not the dominant factor controlling CEC. Khawmee et 248 

al.(Khawmee et al., 2013) and Basak et al.(Basak et al., 2020) showed that the CEC of 249 

a material was highly correlated with its metal content, oxygenated functional groups, 250 

Lewis acid and base sites, which may be consistent with the results of this work.  251 

We can see that the mineral loading had different effects on the various biochars. 252 



The measured CEC value of MMT/sand-leaf biochar or kaolinite/sand-cellulose 253 

biochar was quite similar to the predicted value ( if we assume that the contribution is 254 

a weighted fuction of the composites’ constituents as: Predicted 255 

CEC=wtMineral*(Mineral CEC)+wtBiomass*(PL/PC CEC), where wt is the mass fraction 256 

of the component in the blend), indicating the CEC values of these biochar-mineral 257 

composites were in an addtive nature way. However, the MMT loaded cellulose 258 

biochars (19.34, 35.41 meq/100g) have higher CEC than predicted ones (5.10, 9.05 259 

meq/100g). This may due to MMT addition increasing 1) the formation of oxygenated 260 

fucntional groups and 2) the Lewis acid sites of MMT itself.  261 
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Figure 2. CEC values of prepared biochar 263 

3.1.4 SEM-EDX and XRD 264 

SEM images in Fig.3a show that the surface of composite samples (PCM5) is a 265 

layered structure, which is a common clay mineral structure(Yao et al., 2014; Zhou et 266 

al., 2009). EDX results (Fig.3b) show high contents of Si, Al, Na, Ca and Mg, further 267 

indicating that the composite surface is widely covered by clay minerals, despite their 268 

relatively low concentrations. Fig.3c shows the distribution of Ca in the entire EDX test 269 



area, indicating that the MMT particles were successfully loaded onto the biochar. XRD 270 

result of PCM5 also indicated the presence of mineral crystals. In the spectrum (Fig.3d), 271 

three peaks at 5.4,19.6 and 35.3(d=18 Å) were identified as MMT, which was 272 

consistent with EDX results.  273 

 274 
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Figure 3. SEM images and XRD spectrum of prepared biochar (Cellulose with 5wt% MMT) 276 

3.2 Application of Biochars to Adsorption of Aqueous Contaminants  277 

3.2.1 Equilibrium isotherm study 278 

The biochars with 5wt% mineral loading were used to determine the potential for these 279 

composite biochars to remove aqueous organic contaminants. The resulting adsorption 280 

model parameters of MB onto biochar are presented in Table 2. Equilibrium adsorption 281 

studies indicate that the maximum adsorption capacities of the mineral-biochar 282 

composites ranging from 11 to 110 mgMB/gbiochar. Samples closely adhered to Langmuir 283 

isotherm as determined through correlation coefficients (R2>0.99) for each model 284 



(Figure S1 and Table 2), indicating that adsorption of MB is monolayer and thus likely 285 

chemical in nature. As shown in Fig. 4(a), the cellulose-based biochars had a greater 286 

MB adsorption capacity than the oak leaf biochars. Surface modification with MMT 287 

and kaolinite did dramatically improve MB adsorption capacity for cellulose biochars, 288 

while it had no obvious effect on the adsorption capacity of leaf-based char, indicating 289 

that it may not suitable to apply the leaf-mineral composite for MB removal. For 290 

cellulose, the MMT modification improved the MB adsorption capacity from 23.915 291 

mgMB/g to 109.9653 mgMB/g, while 36.444 mgMB/g for kaolinite modification. 292 

These results should be associated with the physico-chemical property of adsorbents. 293 

Generally, electrostatic attraction was the major adsorption interaction between 294 

engineered biochar and cationic dye MB(Wang et al., 2016). In order to verify the 295 

charge property of these biochars, zeta potential values in DI water were provided in 296 

Table 3. It could be found that all biochars showed negative surface charge, and PC 297 

possessing a highest zeta potential among them. Nonetheless, the uptake value of MB 298 

in PC was far lower than PCM5, which indicated that electrostatic attraction was not 299 

the key factor. Porous structure might facilitate better adsorption due to the favorable 300 

mass transportation and more active sites (Ge et al., 2018). Meanwhile, Li and Zhang 301 

investigated the influence of porous structure on the adsorption of MB, indicating 3.05 302 

nm (which was the 5 times of MB three-dimensional structure depth) was the separation 303 

point (Li and Zhang, 2019). We could observe that cellulose biochar with a larger pore 304 

size (3.2-5.8 nm>3.05 nm) exhibited much higher adsorption capacity than leaf-biochar 305 

with lower pore size (~2.5 nm). Therefore, the coupling of other physico-chemical 306 



properties of biochar under larger pore size was the key factor for engineered biochar 307 

to adsorb MB. 308 

The improvement in adsorption capacity (AC) as a function of clay mineral 309 

loading is likely not due to the higher AC contribution of clays alone, whose AC were 310 

measured to be 727.76 (MMT) and 18.67 (kaolinite) mgMB/gAdsorbent. The biomass: clay 311 

mineral ratio was initially 95:5, but the AC of PCM5 and PCK5 increased much higher 312 

than 5.26%. If the clay mineral did not interact with biomass to increase the AC of 313 

composite, one might expect the resulting PCM5 AC to be ~59 mg/gAdsorbent [ if 314 

(ACpredict = (0.95)(ACCellulose biochar)+(0.05)(ACMMT/Kaolinite))], yet the actual AC was 315 

almost twice this value. It might be predicted that PCK5 would have an AC of ~23 316 

mg/gAdsorbent, yet it was 50% higher than this value. One explanation for the improved 317 

AC of composite is that the positive synergistic effect among the composites’ 318 

physicochemical characterizations, such as surface area, CEC and elemental 319 

composition(Brindley and Thompson, 1970; Gürses et al., 2006; Klika et al., 2011). 320 

3.2.2 Adsorption dynamic study 321 

From Table 2 and Figure S4, we can see the adsorption of MB appeared to follow 322 

pseudo-second-order kinetics, which further underscores the conclusion that the 323 

adsorption of MB to biochar was chemical in nature, likely via electron pair transfer 324 

between MB and biochar. Similar results were obtained by Yu et al who reported 325 

electrons exchange between MB and biochar produced from microalgal was the rate-326 

limiting step(Kai Ling Yu, Xin Jiat Lee, Hwai Chyuan Ong, Wei-Hsin Chen, Jo-Shu 327 

Chang, Chih- Sheng Lin, Pau Loke Show, 2020). In addition, we can see that the oak 328 



leaves-based biochar had a faster adsorption rate for MB compared with the cellulose-329 

based biochar, and PCM5’s adsorption rate was faster than other cellulose-based char.  330 

In order to understand major limitations in the adsorption process of MB onto 331 

mineral-biochar composites, the intra-particle diffusion model was applied to this data. 332 

Previous studies have suggested that if qt vs. t1/2 was a straight line and the plot passes 333 

through the origin, then intra-particle diffusion is the rate-limiting step in the adsorption 334 

process. Otherwise, the adsorption process is controlled by multiple steps(Hameed et 335 

al., 2008b; Jang et al., 2018; Kai Ling Yu, Xin Jiat Lee, Hwai Chyuan Ong, Wei-Hsin 336 

Chen, Jo-Shu Chang, Chih- Sheng Lin, Pau Loke Show, 2020). As shown in Fig 4(b), 337 

the qt vs. t1/2 was fitted by three straight line. The first stage (not shown) was completed 338 

within the first 5 min, which is the bulk transport of MB molecules from aqueous 339 

solution to the composite’s surface. The second and third parts are well represented by 340 

straight lines, suggesting that the intraparticle diffusion is the rate-limiting stage. In 341 

some cases (with the exception of PCM5 and PLM5), the third straight line was the 342 

final equilibrium stage where MB reaches a dynamic equilbrium between the aqueous 343 

phase and solid adsorbent. As shown in Fig. 4(b), the drawn straight lines did not pass 344 

through the origin and the intercepts might be result from the different mass transfer 345 

rate between initial and final of adsorption, indicating other possible mechanisms such 346 

as diffusion boundary layer or ion-exchange along with intraparticle diffusion were 347 

involved during the adsorption process of MB onto mineral-biochar composites(Kai 348 

Ling Yu, Xin Jiat Lee, Hwai Chyuan Ong, Wei-Hsin Chen, Jo-Shu Chang, Chih- Sheng 349 

Lin, Pau Loke Show, 2020; Lee et al., 2016).  350 
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Figure 4. Equilibrium and kinetics adsorption results of MB onto prepared biochar 352 

3.2.3 Comparison with other reported adsorbents 353 

A comparative study was made based on uptake capacity between several bio-char 354 

composite adsorbents and the PCM5 for the removal of MB dye. In comparison to other 355 

adsorbents, the removal efficiency of the dye was found to be high in PCM5 (Table 4). 356 

Hence the PCMS biochar act as a favorable one for MB dyes removal. 357 

 358 



Table 2. Adsorption model parameters of MB onto biochar  359 

Table 3. Zeta potential of engineered biochars 360 

Materials Zeta potential (mV) Materials Zeta potential (mV) 

PC -55.1±2.55 PL -32.71±2.23 

PCM5 -26.69±0.96 PLM5 -22.96±3.40 

PCK5 -32.96±2.29 PLK5 -32.93±0.71 

PCS5 -18.69±0.94 PLS5 -9.01±0.92 

 361 

 362 

Isotherm/Kinetics Model PL PLK5 PLM5 PLS5 PC PCK5 PCM5 PCS5 

Langmuir 

KL (L/mg) 0.603 0.267 0.170 0.170 0.772 0.374 0.3276 0.0512 
Qm (mg/g)  10.256 11.351 12.270 10.504 23.915 36.444 109.9653 29.9760 

R2 0.993 0.993 0.983 0.988 0.994 1.000 0.9997 0.9966 

Freundlich 

Kf (mg/g (L/mg)1/n)  5.292 1.607 4.262 1.562 16.423 28.104 3.9700 9.0761 
n 5.790 4.852 4.110 5.160 11.302 19.694 0.5708 4.5641 

R2 0.706 0.894 0.935 0.951 0.378 0.978 0.8533 0.8865 

Pseudo-first-order kinetic 
K1 (s-1) 0.0014 0.0003 0.0009 0.0008 0.0026 0.0015 0.0028 0.0010 

R2 0.528 0.799 0.918 0.775 0.746 0.880 0.9464 0.9000 

Pseudo-second-order kinetic 

K2 (s-1) 0.004 0.0019 0.0047 0.0008 0.0007 0.0007 0.0012 0.0004 

R2 0.999 0.997 0.995 0.987 0.994 0.997 0.9983 0.9971 



Table 4 Comparison of adsorption capacity of PCM5 with other bio adsorbents 363 

Bio-adsorbents Adsorption Capacity(mg/g) 
Chitosan nanocomposite(Rahmi et al., 2019) 20.49 

Coconut bunch waste (Hameed et al., 2008a) 70.92 

Kaolin (Mouni et al., 2018) 52.7 

Orange peel (Annadurai et al., 2002) 13.9 

Tea waste (Uddin et al., 2009) 85.1 

MMDM derived biochar (Hoslett et al., 2020) 7.2 

Rice husk (Vadivelan and Vasanth Kumar, 2005) 40.59 

PCM5 (This work) 109.9 

3.2.4 Comparison with other reported adsorbents 364 

The adsorption of MB onto biochar is a complex process, including multiple 365 

steps and mechanisms, mainly involving electrostatic interaction, hydrogen bonding, 366 

surface complexation, ion exchange and π-π EDA interaction, etc(Alqadami et al., 367 

2018; Liao et al., 2019; Yao et al., 2018). The nature of the adsorbent affects the 368 

relative contribution of these various interactions(Liao et al., 2012). Liao et al. 369 

indicated that surface area, oxygen and hydrogen content, aromatic (H/C) were related 370 

to van der waals’ force, H-bonding and π-π EDA interaction, respectively(Liao et al., 371 

2012; Pan and Xing, 2008; Wang et al., 2011). To measure the relative magnitude of 372 

these interactions, a multiple linear regression model relating adsorption capacity (qm) 373 

and adsorbent physicochemical properties was developed in SPSS software. The 374 

conceptual model is expressed as follows: 375 𝑞𝑚 = 𝑎𝐴𝑠𝑢𝑟𝑓 + 𝑏𝐵𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑑𝐷𝐴𝑠ℎ + 𝑒𝐸𝐻/𝐶 + 𝑓𝐹𝑂/𝐶 + 𝑔𝐺𝐶𝐸𝐶 + ℎ𝐻𝑂+𝐻 +376 𝑖                                          Eq.(1) 377 

Where a,b,c,d,e,f,g,h and i represent fitting constants. Both mineral-biochar 378 

composite properties of surface area (Asurf), pore volume (BPore volume), pore size (CPore 379 

size), ash content (Dash), aromatic ratio of hydrogen to carbon (EH/C), polarity ratio of 380 



oxygen to carbon (FO/C), cation exchange capacity (GCEC), oxygen and hydrogen 381 

content (HO+H) are used to give an overall measurement of the interaction. (Previous 382 

studies have shown that surface area and pore volume37, ash (Liu et al., 2020), elemental 383 

content(Chen et al., 2017; Liao et al., 2012; Zhao and Zhou, 2019) and CEC(Chen et 384 

al., 2017) are all related to adsorption performance).  385 𝑞𝑚 = 1029.738𝐵𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 − 14.609𝐷𝐴𝑠ℎ + 1268.744𝐸𝐻/𝐶𝐶 − 159.944𝐹𝑂/𝐶𝐶 +386 0.453𝐺𝐶𝐸𝐶 + 16.899𝐻𝑂+𝐻 − 321.92                                  Eq.(2)                                    387 

R2=0.981，F=4.368，n=8，D-W=2.961 388 

A linear relationship was achieved between qm and the properties of mineral-char 389 

composites, where surface area was removed due to the lower correlation. T-test results 390 

(Table 3) indicate that all the explicative variables in Eq.(2) with the exception of ash 391 

and adsorbent polarity (O/C) significantly influenced qm, and the significant degrees 392 

follow Pore volume > O+H > H/C> CEC. This indicates that the MB molecule adsorbed 393 

onto mineral-biochar composites was the results of the combined effects of surface 394 

adsorption, hydrogen bonding, ion exchange and -DEA interaction (as shown in 395 

Fig.5). and the pore volume effect and hydrogen bonding were the dominated ones.  396 

 397 

 398 

Figure 5 The mechanisms involved in MB adsorption onto mineral-biochar composites  399 



From this multiparameter linear regression model, we see that pore volume and 400 

oxygen and hydrogen content were the controlling properties of mineral-biochar 401 

composites to adsorb MB. To increase the adsorption capacity of MB, it may be 402 

necessary to apply pore reaming and surface modification coupled methods (such as 403 

physical activation-steaming exploration(Miao et al., 2019), chemical activation-KOH 404 

activation(Qu et al., 2021)) to produce a composite with higher pore volume and 405 

increase the oxygen and hydrogen content. Further research will explore the 406 

relationship between adsorbent properties and coexistence of multiple pollutants with 407 

different nature, then developing and designing the upgraded biochar to removal 408 

pollutants with maximum capacity.  409 

Table 3. Coefficients of the multiple linear regression equation  410 

Explicative variable 

Unstandardized  

coefficients 

Standardized  

coefficients 

Collinearity  

statistics 

B Beta t Sig. Tolerance VIFa 

i -321.923  -2.518 0.241   
Pore volume 1029.738 1.921 4.512 0.139 0.203 4.934 

Ash -14.609 -3.426 -1.41 0.393 0.006 160.69 

H/C 1268.744 0.707 1.142 0.458 0.096 10.411 

O/C -159.944 -0.768 -0.388 0.765 0.009 106.697 

CEC 0.453 0.147 0.153 0.903 0.04 24.895 

O+H 16.899 4.755 1.789 0.325 0.005 192.246 
a Variance of inflation factor, VIF=1/Tolerance. (VIF>10, indicating that there is a significant 411 

multiple linear relationship between variables). 412 

4 Conclusions 413 

A composite mineral-biochar was assembled through the pyrolysis of biomass-414 

mineral blends. Compared with pure biomass char, the sand-char has almost same 415 

properties, while the MMT-biochar composites show a strengthening in aromatic 416 

structure, and an increase in oxygen-containing surface functional groups and cation 417 



exchange capacity. Composite cellulose-based biochars had a greater adsorption 418 

capacity for methylene blue than oak leaves-based biochars, while their adsorption rates 419 

were lower than oak leaves chars. The MMT/kaolinite-biochar composite has a higher 420 

adsorption capacity for MB than biomass only or biomass-sand-char, and the adsorption 421 

capacity of 5wt% MMT loading cellulose char is 5 times higher than pure cellulose 422 

char. The adsorption of methylene blue onto the mineral-biochar composites was a 423 

result of the synergistic effects of various interactions, as demonstrated via a 424 

multiparameter linear regression model. The pore volume effect and hydrogen bonding 425 

were the dominant factors controlling the adsorption process. Overall, we find that 426 

composite mineral-biochars may be a potential low-cost material with an upgraded 427 

adsorption capacity for adsorbing pollutants from wastewater. 428 

 429 
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Figures

Figure 1

FTIR spectra of prepared biochar

Figure 2



CEC values of prepared biochar

Figure 3

SEM images and XRD spectrum of prepared biochar (Cellulose with 5wt% MMT)

Figure 4



Equilibrium and kinetics adsorption results of MB onto prepared biochar

Figure 5

The mechanisms involved in MB adsorption onto mineral-biochar composites


