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Abstract 17 

Within this study different biochars (BC) with widely varying characteristics have been tested as 18 

materials for the adsorption of hexachlorocyclohexane's (HCH) isomers (α, β, γ and δ) from water. 19 

Three BCs produced from digestate (700 ºC), greenhouse tomato waste (550 ºC) and durian shell 20 

(400 ºC) were tested. The BCs demonstrated variable physico-chemical characteristics, especially with 21 

respect to surface area, with CO2-surface area ranging from 5.4 to 328.6 m2 g-1 and iron content 22 

ranging from 0.0733 to 11.17 g kg-1. Isotherm tests were carried out to understand which mechanisms 23 

drive HCH uptake to BC, to assess whether stereochemistry affects adsorption and to assess whether 24 

competitive sorption occurs. Log KF values ranged from 3.7 to 5.8 (µg kg-1) (µg L-1)-n for the various 25 

isomers on the three biochars. No competition (t-test, P < 0.0001) was observed between α-, β-, γ- and 26 

δ-HCH. Freundlich adsorption constants of α-, γ- and δ-HCH followed the order: BC digestate > BC 27 

greenhouse tomato waste > BC durian shell, in contrast to β-HCH which followed the order: BC 28 

durian shell > BC greenhouse tomato waste > BC digestate. In addition to stereochemistry, sorption 29 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

coefficients were affected most strongly by BC surface area and iron content, in addition to specific 30 

HCH BC matrix interactions. In this study the iron content of a carbonaceous material has been 31 

investigated, for the first time, as a factor that can affect the sorption of HCHs. 32 

 33 

1. Introduction 34 

Hexachlorocyclohexanes (HCH) are halogenated compounds classified as persistent organic pollutants 35 

(POP)1 and are of worldwide concern due to toxic effects they can exert on the ecosystem2. There are 36 

four HCH isomers, α-, β-, γ- and δ-HCH, with different stereochemistry3 (Fig. S1 in supporting 37 

information (SI)), and as a result they partition between environmental compartments in different 38 

manners3. HCHs are persistent in water and also have a long residence time in soil2,4. For example the 39 

half-life of α-HCH is around 3 months in soil (20 ºC) and 120-900 days in water (at 20 ºC, 7 < pH < 40 

8.21) 5. 41 

HCHs have been used globally as insecticides from 19402,4,6,7, most commonly being sold in technical 42 

grade (mixture of isomers) or as lindane (γ-HCH), the only isomer with insecticidal properties2,4. The 43 

production of lindane is very inefficient and generates 8 to 12 tons of residues per ton of lindane8. 44 

Over the period in which lindane was used, an average of 4-7 million tons of wastes and residues 45 

(mainly α-HCH and β-HCH) were produced and this has resulted in widespread ecosystem 46 

contamination2,4,6,8. The presence of HCH-isomers in the environment represents a global problem and 47 

strategies to remediate contaminated sites are thus required.  48 

 49 

Sorbent amendment is one relatively novel remediation strategy that allows metals9,10 and organic 50 

contaminants11-15 to be sequestered and rendered immobile16 for uptake in biota or transport to 51 

groundwater. Carbonaceous materials are often used for this purpose and they are amended in small 52 

doses to contaminated soils and sediments12,17-19. Biochar (BC) is a carbonaceous material obtained by 53 

the pyrolysis of plant and animal based biomass in an oxygen free or oxygen limited environment9,20,21. 54 

BC is potentially a key technology for combating climate change as it is one of few Negative Emission 55 

Technologies (NET)22. Co-benefits of BC amendment include pollutant emission mitigation, soil 56 

quality improvement, waste management and energy production12,23-28. BC has similar physico-57 
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chemical properties to activated carbon, the most commonly used carbonaceous material for the 58 

environmental application of organic pollutant immobilization, but it can be produced at much lower 59 

cost. BC surface area (SA), porosity and surface characteristics usually depend on the biomass 60 

feedstock, the pyrolysis method, time and temperature26,29. However, these parameters can be designed 61 

in order to obtain a material with desired characteristics which often entails a high SA and high 62 

porosity11,30. The amendment of BC to water10,13,21,28, soil14,21 and sediment31 for the remediation of 63 

metals and organic contaminants has been demonstrated.  64 

 65 

The remediation of HCH contaminated soil is most often accomplished via selective, reductive 66 

dechlorination and/or bioremediation. Zero valent iron (ZVI) is commonly used for the selective, 67 

reductive dechlorination of HCH, and the kinetics and extent of degradation seem to be affected by the 68 

axial/equatorial position of the chlorines32. In addition, it is well known that several microbial 69 

strains/consortia, such as Pseudomonas and Flavobacterium, are able to degrade HCHs33. The white-70 

rot fungus Bjerkandera adusta degraded of 95% of γ-HCH in a soil slurry34. Penicillium griseofulvum, 71 

isolated from soil, effectively degraded β-HCH (starting concentration 1 mg L-1) in nutrient stressed 72 

conditions to a residual concentration between 18.6 and 58.2% depending on the sucrose (carbon 73 

source) concentration in the medium (from 5 to 0 g L-1)2. Currently there is only one study that has 74 

investigated the use of BC to biotically remediate HCH polluted soil. Gregory et al.35 added willow 75 

(Salix sp.) BC (pyrolysis at 350 and 550°C) to soil at dosages of 30 and 60 t ha-1. They reported a 10- 76 

and 4- fold reduction in soil concentration of α- and γ-HCH, for both temperatures and dosages over a 77 

six month trial. The reduction was associated with an increase of soil dehydrogenase activity, which 78 

has been related to microbial activity, indeed the use of BC can increase the growth of 79 

Chryseobacterium, Flavobacterium, Dyadobacter and Pseudomonadaceae, which are common 80 

hydrocarbon bioremediators35.  81 

A few other studies have reported the use of activated carbon amendment, either alone or in 82 

combination with ZVI as a sorbent that can potentially assist in the abiotic removal of HCHs from 83 

water7,36. The ZVI, provides a media for degradation of HCHs, while the activated carbon provides 84 

sorption sites for the degradation products.  85 
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In the present study three different reference BCs26,29 were tested as sorbent materials for the abiotic 86 

removal of HCHs' isomers from aqueous solutions by multipoint sorption isotherms. The goals of the 87 

study were to investigate i) whether BC can be used as a sorbent for HCH removal, ii) whether the 88 

stereochemistry of the HCH isomers has any effect on adsorption onto the BC surface, and iii) which 89 

mechanisms drive adsorption. The BCs tested had very variable physico-chemical characteristics, with 90 

respect to iron content, SA and the relationship was studied between these properties and sorption 91 

strength. This study adds to the limited knowledge that exists related to the use of BC as a sorbent 92 

material for HCHs, and the way in which BC physicochemical properties affect HCH sorption. 93 

 94 

2. Materials and methods 95 

2.1. Materials and Chemicals 96 

Single compound spikes of α-HCH, β-HCH, γ-HCH, and δ-HCH were purchased from Sigma Aldrich. 97 

Spiking solutions were prepared in methanol (MeOH) at 1000 mg L-1. The surrogate standard α-HCH-98 

d6, was used to check compound recovery and was considered acceptable if it was between 70 % and 99 

130 %; data with recovery outside this range was rejected. The average recovery of all data was 90%. 100 

3,3′,4,4′-Tetrachlorobiphenyl (PCB77) from Sigma Aldrich was used as internal standard and added to 101 

GCMS vials prior to analysis. In all experiments, Millipore water was used from a Direct-Q3
® 102 

Millipore system (18.2 Ω cm-1, 25 ºC). Sodium azide (0.1 g) was added to the water batch tests in 103 

order to avoid HCH degradation during the experiments and before analysis. Polyethylene (PE) was 104 

used as a passive sampler in order to determine aqueous concentrations of HCH isomers; other 105 

information about the passive samplers can be found in 2.2. PE plastic sheets (26 µm thick, 0.30 ± 106 

0.01 g) were purchased from VWR International Ltd. (Leicestershire, UK). PE was precleaned with 107 

hexane, methanol and pure water, as described by Hale et al. 37. 108 

 109 

Three different BCs (powder) produced from digestate (700ºC, highest heating temperature (HHT)), 110 

tomato waste (550 ºC, HHT) and durian shell (400ºC, HHT) were used. The BCs have been 111 

extensively characterized and can be considered as reference materials29. The BCs are referred to as 112 

follows: BC 10 from digestate, BC 18 from tomato waste, BC 19 from durian shell, using the same 113 
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acronyms as Singh et al.29. Biochars were chosen based on their different physicochemical properties, 114 

such as pyrolysis temperature, feedstock, iron content, surface area, etc in order to assess which 115 

parameter affected sorption of HCHs to the largest degree. pH was not considered a parameter that 116 

would affect sorption. All physicochemical characteristics of the BCs are given in Table 1 and further 117 

information about the materials can be found in the literature29 and in SI. 118 

 119 

2.2. Sorption isotherms 120 

Batch tests (triplicates) were carried out in amber glass vials to which 40 mL of deionised water, a 121 

given HCH concentration spike, 0.05 g of BC, 0.15 g of PE and 0.1 g of sodium azide were added. 122 

Single- and multicomponent adsorption tests were carried out in order to investigate the uptake of each 123 

single isomer and to assess if any competition occurred between the isomers.  124 

The concentration of HCHs spiked to the water ranged between 1 and 500 µg L-1 in the single 125 

component tests and between 4 and 2000 µg L-1 in the multicomponent (isomers mixture) tests and 126 

was considered representative of environmental conditions. The amount of co-solvent was ≤ 0.125% 127 

of the total water volume and co-solvent effects were considered to be negligible38. Batch tests were 128 

shaken for 28 days at 100 rpm on a horizontal shaking table at room temperature (25 ºC) and this was 129 

considered a sufficient time for the PE to reach equilibrium39. The PE was removed after 28 days, 130 

extracted and analysed, as explained below, and in order to assess the water concentration (Cw). Cw 131 

(µg L-1) of the selected contaminants, equation 1 was used: 132 

 133 

Cw =
CPE

K�������	
                                              eq (1) 134 

 135 

Where CPE (µg kg-1PE) is the selected contaminant concentration in the PE, and KPE-water (µg kg-1PE) 136 

(µg L-1water)-1 is the PE-water partitioning coefficient. The KPE-water values were taken from Hale and 137 

coworkers37. 138 
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The Freundlich isotherm (equation 2) was used to model sorption as has been carried out 139 

previously11,13,14,28,30,40. 140 

 141 

CBC = KF	C
�

w                                   eq (2) 142 

Mtot = CBC mBC + Cw Vw + 	CPE mPE        eq (3) 143 

 144 

Where CBC is the HCH concentration in the BC expressed in µg kg-1 calculated from the mass balance 145 

in equation 3, KF is the Freundlich adsorption constant (µg kg-1) (µg L-1)-n, n is the Freundlich 146 

exponent (unitless), while Mtot is the initial spiked mass of HCHs (µg), mBC is the mass of BC added 147 

(kg), Vw is the volume of water used (L) and mPE is the mass of PE added (kg). Blank replicates 148 

without HCH spikes, with and without BC, PE and water respectively were also set up. No interfering 149 

peaks were detected in any of the systems.  150 

 151 

2.3 HCHs extraction and quantification 152 

After the sorption tests the HCHs were extracted from the PE as described in literature13,37. Briefly, PE 153 

was rinsed until clean, gently dried with a paper wipe and extracted with 20 mL of heptane/acetone 154 

(80:20 v/v) for 4 days. The extract was reduced using a vacuum-concentrator-centrifuge Christ RVC 155 

2-25 and solvent switched to toluene. PCB77 was spiked at 0.1 mg L-1 to all GCMS vials before 156 

carrying out analysis. 157 

 158 

HCHs were analyzed using an Agilent Technologies 6850 Network GC system with a 5973 mass 159 

selective detector (Agilent Technologies, USA) using the method described by Ceci et al.2 with a few 160 

modifications; further details can be find in SI. 161 

 162 

2.4 Statistic analysis and principal component analysis (PCA) 163 

Linear regression analysis was carried out using GraphPad Prism 7 (©2017 GraphPad Software, Inc.). 164 

The linear regression analysis allowed an investigation of whether i) the single isomer isotherms were 165 
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the same as the multicomponent isotherms and ii) there were statistically significant differences 166 

between the sorption of the different HCH isomers.  167 

 168 

Multivariate analysis of the variables reported in Table 1 was carried out via principle component 169 

analysis (PCA) using Sirius v. 8.1 1997-2009 by PRS, Norway to interpret the data. The PCA was 170 

used as tool to transforms the (possibly) correlated variables into a (smaller) number of uncorrelated 171 

variables called principal components.  172 

 173 

3. Results and discussion 174 

3.1 Single- and multicomponent isotherms 175 

Single- and multicomponent equilibrium tests were carried out in order to i) investigate the sorption 176 

mechanism of HCHs to these BCs and ii) assess if any sorption competition occurred. Single 177 

component isotherms for α-, β-, γ- and δ-HCH for BC 10, 18 and 19 are shown in Fig. S2 in SI. Fig 178 

1a-c shows a selection of both the single and multicomponent isotherms for γ-HCH, δ-HCH and α-179 

HCH on BC 10, 18 and 19 respectively. The sorption isotherms for all of the other isomers and BC 180 

combinations can be found in Fig. S3-5 in SI.  181 

Statistical analysis (linear regression) showed that the isotherms determined for the single compounds 182 

and the mixture for the same isomer (single- and multicomponent), for all tested BCs were not 183 

significantly different (P < 0.0001) from each other. This finding suggests that there was no 184 

competition between isomers for sorption sites on these BCs at the compound concentrations tested. A 185 

complete lack of competition between such similar compounds is unlikely, the effect seen here is most 186 

likely due to the low concentrations at which the batch tests were carried out, and the abundance of 187 

available sorption sites at these low concentrations.  188 

Variable results have been presented in the literature related to competitive sorption of organic 189 

compounds on BCs and other similar sorbents. Xing and coworkers41 investigated competition 190 

between s-triazine analogs, a substituted benzene analog and trichloroethene (TCE) (a dissimilar 191 

compound) onto glassy and rubbery polymers, a mineral soil, a peat soil and soil humic acid particles. 192 

They observed no competition for the rubbery polymer, a significant competition between analogs for 193 
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all other sorbents and weak/no competition between s-triazine and trichloroethene for all sorbents. 194 

Zheng et al.40 investigated the sorption of atrazine and simazine (dissimilar compounds) on BC and 195 

reported the occurrence of competition at solute concentrations up to 10 mg L-1 (up to 5 times higher 196 

than those used here). The authors concluded that atrazine and simazine may compete for the same 197 

sorption sites on the BC surface. Schreiter and coworkers42 investigated the sorption (single- and bi-198 

component) of TCE and tetrachloroethylene (PCE) onto BCs (450 ºC) produced from different 199 

feedstocks (cattle manure, grain husk, and wood chips). They observed the TCE sorption onto BCs 200 

was affected by the presence of PCE (reduction of the sorption); in contrast, the sorption of PCE was 201 

much less strongly affected by the presence of TCE.  202 

It appears that competition is dependent upon the interaction between the sorbate and sorbent surface, 203 

as well as the concentration of the sorbate used. The structure of the HCHs, and the surface functional 204 

groups of these BCs are different to those used in previous studies, and sorption behavior, sites and 205 

mechanism may be different. 206 

 207 

3.2 Freundlich adsorption constants  208 

Since the linear regression analysis showed no significant difference between the single- and 209 

multicompound isotherms, Freundlich adsorption constants KF (Table 2) were calculated using all data 210 

(single- and multicompound). A comparison between the KF singlecomponenent and KF multicomponenent can be 211 

found in the SI in Table S1. The sorption of HCHs to BC was found to be well described by the 212 

Freundlich model and the square of the coefficients of correlation (r2) (Table 2) ranged between 0.73 213 

and 0.98 for all the isomers. 214 

The average of all the single- and multicomponent n values was 1.2 ± 0.4; however most values 215 

(excluding n for α-, γ- and δ-HCH for BC 10) deviated less than 13% from unit. The average n value 216 

greater than one is skewed by the values for α-, γ- and δ-HCH for BC 10 which were substantially 217 

larger than 1. Freundlich exponents greater than 1 imply an increase of the sorbent-surface sorption 218 

strength with increasing sorbate equilibrium concentration43. This behavior has previously been 219 

reported for the sorption of organic compounds onto carbonaceous materials. For example Hale et al.11 220 

reported n value 1.43 for pyrene sorption onto and onto aged activated carbon (chemically aging at 60 221 
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˚C); while Kupryianchyk and coworkers13 obtained n of 1.38 for phenanthrene sorption onto coconut 222 

activated carbon. Freundlich exponents of 1.77 and 1.98, have been reported for toluene adsorption 223 

onto multi walled carbon nanotubes in deionized and synthetic sea water43. 224 

 225 

3.3 Effect of HCH stereochemistry on sorption to BC 226 

Fig 2 (a-c) shows isotherms (single- and multicomponent) for α-, β-, γ- and δ-HCH for BC 10, 18 and 227 

19 (a, b and c respectively). A linear regression analysis of the KF for each isomer and BC (Table 2) 228 

was used in order to investigate whether there were statistically significant differences between the 229 

sorption of each of the isomers to each of the BCs. The results revealed statistically significant 230 

differences (P < 0.0001) between KF values for isomers and BCs, and the discussion below is based on 231 

these differences. Log KF values for the four isomers on BC 10, 18 and 19 ranged from 3.7 to 5.8 (µg 232 

kg-1) (µg L-1)-n. The values for each isomers and BC are listed in Table 2. 233 

 234 

The effect of the size of the HCH isomers has been assessed; the correlation between the volumes for 235 

the isomers α, β, γ and δ (263.4, 266.6, 263.2, 264.7 Å3 respectively) and log KF is shown in Fig. S6, 236 

other information can be found in SI. There was no correlation between the Freundlich coefficients 237 

and the volume of the isomers (y = - 0.17 x + 50.3; r2 = 0.12), probably because of the small variation 238 

in the volumes (around 1%). No effect of the molecular size has been observed in this study. This 239 

issue may be due to the fact that the isomers' size differences are not sufficient to imply differences in 240 

the sorption. 241 

 The effect of the molecular size on the adsorption is a well known issue. Pignatello and coworkers45 242 

studied the effect of soil humic on the organic compounds of wood charcoal, which was suspended in 243 

a humic solution. They found that the adsorption of small organic compounds that would not 244 

experience any size exclusion decreased in proportion to their molecular size, benzene < naphthalene 245 

< phenanthrene. Schreiter et al.42 investigated the sorption of different BCs reporting a higher log KF 246 

for the smaller sorbates. For example the log KF for manure-derived BC is 5.1 and 4.8 for TCE and 247 

PCE, respectively, explained by the size exclusion of larger sorbates in narrow-pored BCs.  248 

 249 
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While there was no difference in the order of the HCH isomers' adsorption strength to BC10 and 18 250 

(followed: δ > α > γ > β), the absolute KF values differed, with those of BC10 being on average one 251 

order of magnitude higher than those of BC18 (Table 2) for α, γ and δ isomers. For BC 19, the order of 252 

adsorption strength was δ ~ β > γ > α (Table 2). BC 10 had the strongest sorption of α, γ and δ-HCH 253 

(log KF-values for α, γ and δ were 5.7, 5.5 and 5.8 for BC 10 compared to 4.4, 4.2 and 5.0 for BC 18 254 

and 4.1, 4.2 and 4.4 for BC 19).  255 

Variation in the partitioning of the HCH isomers has been previously reported for other materials. 256 

Goss and coworkers3 reported differences between the various HCH isomers with regard to 257 

partitioning over water, quartz surface and humic acid (HA) phases. For example, the HA-air and 258 

quartz-air sorption coefficients of β-HCH were observed to be higher of those of α- and γ-HCH 259 

(Ki,quartz,air/m
3·m-2 at 35 ˚C was 1.36 x 10-2, 11.1 x 10-2 and 1.37 x 10-2 for α, β and γ, respectively). 260 

Hale et al.37 reported differences in the sorption of the HCHs to the rubbery polymer polyethylene, 261 

with log KPE-water values following the order α > γ > β > δ. They reported log KPE-water (PE thickness 26 262 

µm) 2.80, 2.24, 2.62 and 2.20 respectively for α-, β-, δ- and γ-HCH. The authors also used hexadecane 263 

as a proxy for polyethylene and found that estimated partitioning coefficients followed the order: α > γ 264 

> δ > β, with log Khexadecane-water of 3.05, 2.12, 2.84 and 2.21 L kg-1 for α-, β-, δ- and γ-HCH, 265 

respectively. Thus isomer stereochemistry can clearly play a role in the environmental behaviour of 266 

HCHs isomers based on HCH stereochemistry and HCH interactions with the selected matrix. 267 

 268 

3.3 Effect of BC type on sorption of HCHs 269 

In order to investigate which sorbent properties affect HCH sorption onto BC, sorption coefficients 270 

(Log KF) were correlated with selected BC physicochemical characteristics from Table 1. Freundlich 271 

sorption constants were also normalized to the Fe content (KF,Fe) and the CO2-SA (KF,SA) of the BCs, 272 

being the parameters advocated to affect the most the adsorption organic contaminants26,29.  273 

 274 

3.3.1 Freundlich coefficients normalized for BC iron content 275 

The effect of iron content on the HCH sorption has been investigated to understand if any interaction, 276 

for example ion-dipole, between the Cl of the HCH and the iron in the BC surface functional groups 277 
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would occur. The tested BCs had the following, highly variable, iron contents: 1.19, 11.7 and 0.0722 g 278 

kg-1 for BC 10, 18 and 19 respectively (Table 1). Normalizing to the iron content allows one to 279 

compare the adsorption of the HCHs to the different BCs like if they had the same iron content. This 280 

issue implicitly means that, if the BCs had the same iron content, this paremeter does not affect the 281 

calculated log KF,Fe . The log KF,Fe values, thus allow to assess the parameters afftecting the HCHs 282 

sorption onto BCs excluding the Fe content. Following the normalization, the average log KF,Fe ranged 283 

between 2.94 and 5.76 (by comparison, log KF ranged from 3.68 to 5.83). The calculated log KF,Fe 284 

were the higher for all isomers for BC 10 than for BCs 18 and 19. This implies that if the BCs had the 285 

same iron content, BC 10 would show stronger sorption of α, γ and δ-HCH than BCs 18 and 19. One 286 

possible reason for this observation is the high SA of BC10, which was, at 328.6 m2 g-1, one to two 287 

orders of magnitude higher than that of BC18 and BC19 (5.4 and 63.8 m2, respectively). The SA is 288 

known to be one of the most important parameters driving the sorption of organic compounds onto 289 

sorbent surfaces. For BC 18 and 19, the opposite trend was observed, where the α-, γ- and δ-HCH 290 

were sorbed (Fe-normalization) more strongly to BC 19 than to BC 18, despite BC 18 having the 291 

highest SA. This finding implies that, in addition to SA and Fe, there are other properties that affect 292 

sorption46. In contrast to the other isomers, β-HCH had a completely different order of sorption 293 

strength: BC 19 > BC 10 > BC 18, showing the sorption for this compound does not follow SA and is 294 

likely also dependent on sorbent-sorbate interactions. β-HCH is a stronger H-acceptor and has 295 

significant H-donor properties, in contrast to the other isomers which are H-acceptors3,47. Xiao et al.48 296 

demonstrated this H-acceptor property as they observed β-HCH to have an air/water partitioning 297 

coefficient (log Kaw/Lw L-1
a) of -4.82, much lower than that of α-, and γ-HCH (-3.58 and -3.96, 298 

respectively) because of the stronger H-bridge formation between water and β-HCH. 299 

 300 

3.3.2 Freundlich coefficients normalized for BC SA 301 

The role of the SA was evaluated to check its influence on the HCHs sorption. The effect of the pore 302 

size distribution has been related to the sorption to assess if the HCHs' stereochemistry leads to any 303 

different steric hindrance. The tested BCs exhibited the following CO2-SAs (0.4-1.5 nm pores): 328.6, 304 

5.4 and 63.8 m2 g-1 for BC 10, 18 and 1929 respectively (Table 1). Normalizing to the SA allows one to 305 
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compare the adsorption of the HCHs to the different BCs at the same SA (CO2-SA) and thus SA is 306 

excluded from the subsequent discussion. After normalization for BC SA, the KF,SA  of α, γ and δ 307 

showed the following trend BC 18 > BC 10 > BC 19, with log KF,SA ranging from -1.84 and 1.25. One 308 

possible characteristic that may play a role is the BC iron content. HCH have variable H-309 

acceptor/electron donor properties3,47 and this implies that there are varying interactions between the 310 

Cl of the HCH and the iron in the BC surface functional groups. The presence of Fe+3 on the BC 311 

surface may increase the sorption of chlorinated compounds due to the occurrence of ion-dipole 312 

interactions. The surface of BC contains a great number of variable functional groups making ion 313 

exchange, proton interaction and electrostatic interactions with the π-electrons associated with C=C or 314 

C=O possible binding mechanisms with solutes26. 315 

Similar to the Fe-normalized KF values, β-HCH demonstrated a trend different from that of the other 316 

isomers. For this isomer sorption followed: BC 18 > BC 19 > BC 10.  317 

To the best of our knowledge this is the first study in which the iron content of a carbonaceous 318 

material has been investigated as a factor that can affect the sorption of HCHs, and the data indicate 319 

that Fe content could play a role. However, previous studies have investigated the interaction between 320 

chlorinated compounds and zero-valent iron (ZVI). Wu et al.49 investigated the TCE dechlorination 321 

using ZVI incorporated into a polymeric membrane. They observed that TCE sorption in the 322 

membrane led to a preconcentration of TCE and resulted in a synergetic effect between TCE sorption 323 

and degradation. Chang et al.36 investigated the sorption of γ-HCH onto nZVI/Cu bimetallic 324 

nanoparticles (Cu doping on the Fe surface) supported on activated carbon (AC-Fe0-Cu). They 325 

reported the simultaneous degradation and adsorption of γ-HCH by respectively, the ZVI and the AC. 326 

For the BCs used here, the presence of ZVI on the BC surface is unlikely, as ZVI oxidizes to Fe+2/+3 327 

over a period of 60 days50; and the Fe is thus mainly expected to be present as iron oxides. 328 

 329 

3.3.3 Other parameters affecting HCH sorption to BC 330 

The measured Log KF,BC values are plotted correlated with log Kow values (from Hale et al. 2010) for 331 

α-, β-, γ-  and δ-HCH (log Kow = 3.94, 3.92, 3.83, 3.19 respectively) in Fig. S7 in SI. No correlation 332 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

between the Freundlich coefficients and the Kow was observed (y = - 0.89 x + 7.9; r2 = 0.16), thus 333 

HCHs isomers uptake onto BCs was not affected by compound hydrophobicity. Relationships with 334 

Freundlich sorption partitioning coefficients (KF) were also tested for the BC physicochemical 335 

properties listed in Table 1 (Temperature, micropore volume, mean pore size, % C, % C aromatic, % 336 

N, % O, % H, O:C, H:C, CEC, C-C/C-H, C-O, C=O, COO, BPCA-carbon) as shown in Fig. S8 in SI. 337 

No clear relationships were observed between any of the BC properties and HCH sorption (r2 ranged 338 

between 0.019 and 0.34). The effect of variable feedstock has not been assessed in this work. In order 339 

to properly assess how feedstock affected the sorption, different feedstocks should have been used to 340 

make BCs  at the same temperature . 341 

 342 

3.3.4 Multivariate analysis 343 

Multivariate analysis, i.e. PCA, was carried out for the physicochemical characteristics of BC 10, 18 344 

and 19 reported in Table 2. The resultant PCA shown in Fig. 3 allows an assessment to be made as to 345 

whether there is any correlation between the parameters (sorption to the BCs and the BC 346 

physicochemical properties). Results of the PCA showed that α-, γ- and δ-HCH behave similarly; the 347 

points KFα, KFγ and KFδ plot very close to each other and this shows they are highly related. On the 348 

other hand, α, γ and δ have a vastly different behavior than β-HCH, supporting all previous 349 

observations and discussion. Variables arranged via a 90º angle are not related. Variables related to 350 

each other via a 180º angle are inversely related. The behavior of the tested BCs was dominated by 351 

various physicochemical properties. SA and Fe content were the parameters that affected the sorption 352 

of the HCHs to the greatest extent for BC 10 and BC 18, respectively, and this is the first study to 353 

show that Fe content is a BC property that can influence HCH sorption.  Sorption onto BC 19 was 354 

affected to the greatest extent by the CEC, which is determined by negative surface charges and thus 355 

H-bridge formation and ion-dipole interaction possibilities. This may explain why this BC has the 356 

greatest sorption affinity for β-HCH; it could be due to the H-donor properties of this isomer. Overall 357 

the PCA confirmed the fact that sorption to these BCs is driven by various different physicochemical 358 

properties and that it is difficult to pick out one or more key property that clearly drives the sorption.  359 

 360 
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3.4 Correlation between sorption to BCs and other carbonaceous sorbents 361 

In order to assess if there was any similarity between the sorption of the HCHs to the tested BCs and 362 

that to other carbonaceous sorbents, the currently measured KF values were compared to partitioning 363 

coefficients (KD in L Kg-1), calculated using polyparameter linear free energy relationships (pp-364 

LFER)47 for peat51, activated carbon52, organic carbon53, humic acid54 and coal tar55. More information 365 

about how these values and the corresponding pp-LFERs were calculated, is given in the SI. The 366 

resulting correlations are shown in Fig. S9. Evidently there was a lack of correlation between the KF,BC 367 

determined here and the calculated KD's. This implies that the currently studied BCs behave differently 368 

from the other carbonaceous sorbents. Carbonaceous materials are very diverse, heterogeneous 369 

materials and sorption to one is often not mirrored in sorption to another56, although coal tar PP-370 

LFERs were found to describe sorption to natural sediments extremely well57.  371 

 372 

4. Conclusion 373 

This study demonstrated BC and aBC can represent cost effective sorbent to amend PFCs 374 

contaminated soils. Due to the higher surface area the aBC has higher performances than the BC. On 375 

the other hand the choose of the material should be connected to the perfomances required; 376 

furthermore, being the BC obtained from wood waste the increasing of the % of sorbent would not 377 

represent a problem for the cost point of view. 378 
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Tables and figures 555 

Table 1. Biochar characteristics. Properties of BC 10, 18 and 19 taken from Sing et al. 29. 556 

 BC 10 BC 18 BC 19 

feedstock Digestate Tomato waste Durian shell 

T (C) 700 550 400 

CO2–SA (m2 g-1)* 328.6 5.4 63.8 

N2–SA (m2 g-1)# 28.4 1.9 2.7 

micropore volume (cm3 g-1)* 186.6 5.1 36.6 

mean pore size (Å)* 1.05 5.85 3.42 

% C 59.1 30.7 65.5 

% C aromatic 81 58 55 

% N 1.16 2.54 2.15 

% O 10.7 28 19.4 

% H 0.97 1.23 3.4 

O:C 0.14 0.68 0.22 

H:C 0.2 0.48 0.62 

CEC (mmolc kg-1) 71.1 96.5 106.9 

Fe content (Average) (g kg-1) 1.19 11.7 0.0733 

C-C/C-H (% of C 1s peak) 75.3 56.1 69.9 

C-O (% of C 1s peak) 17.7 12.2 14.1 

C=O (% of C 1s peak) 4.6 5 4.2 

COO (% of C 1s peak) 3.1 5 3.3 

BPCA-carbon (g kg-1) 105.2 47.7 99.7 

*Specific SA and porosity measurements were carried out using CO2 adsorption (0.4-1.5 nm pores) at 557 

0ºC with Micromeritics ASAP2020 Gas Adsorption and Porosity System; other information can be 558 

found in literature29. 559 
# N2-SA (pores > 1.5 nm) was measured at the University of Florida, Gainesville, FL. 560 

The parameters used for PCA analysis were: T, CO2–SA (pores > 0.4 nm) micropore volume, mean 561 

pore size, % C, % C aromatic, % N, % O, % H, O:C, H:C, CEC, Fe content, C-C/C-H, C-O, C=O, 562 

COO, COO. 563 

  564 
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Table 2. List of log Freundlich adsorption constants (log KF), log KF normalized for the BC iron 565 

content (log KF,Fe) and BC SA (log KF,SA) for BC 10, 18 and 19 calculated based on all data points  566 

(single- and multicomponent isotherms) for each HCH.  567 

BC type and HCH 

isomer 

log KF 

 (µg kg-1) (µg L-1)-n 

log KF,Fe  

(µg gFe
-1) (µg L-1)-n 

log KF,SA  (CO2-SA) 

(µg m-2) (µg L-1)-n 

n r2 

BC 10 α 5.65 ± 0,178 5.57 0.137 1.82 ± 0.246 0.786 

BC 10 β 3.68 ± 0.0722 3.60 -1.84 1.04 ± 0.0740 0.964 

BC 10 γ 5.54 ± 0.0843 5.46 0.0183 1.96 ± 0.149 0.901 

BC 10 δ 5.83 ± 0.238 5.76 0.318 1.81 ± 0.288 0.768 

BC 18 α 4.39 ± 0.578 3.32 0.658 1.17 ± 0.110 0.858 

BC 18 β 4.01 ± 0.0548 2.94 0.274 0.968 ± 0.0643 0.919 

BC 18 γ 4.22 ± 0.102 3.15 0.491 0.987 ± 0.167 0.725 

BC 18 δ 4.99 ± 0.0617 3.92 1.25 1.28 ±0.142 0.880 

BC 19 α 4.13 ± 0.0270 5.27 -0.67 0.937± 0.0313 0.977 

BC 19 β 4.42 ± 0.0280 5.55 -0.39 0.986 ± 0.0386 0.962 

BC 19 γ 4.20 ± 0.0415 5.34 -0.602 0.853 ± 0.0481 0.943 

BC 19 δ 4.44 ± 0.0660 5.58 -0.364 1.03 ± 0.107 0.865 

  568 
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 569 

Figure 1 (a-c). Single- and multicomponent (mix) isotherms comparison. Comparison between γ, δ 570 

and α single- and multicomponent onto BC 10, 18 and 19 (a, b and c) respectively. All data are 571 

reported as single points. 572 
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Figure 2 a-c. α, β, γ and δ (single- and multicomponent) isotherms for BC 10, 18 and 19 (a, b and c) 575 

respectively. All data are reported as single points.  576 
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Figure 3. Principle component analysis (PCA). Multivariate analysis carried out for all the parameters 
reported in Table 1 for BC 10, 18 and 19. 

 577 
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1) Biochars were used for the sorption of α-, β-, γ- and δ-hexachlorocyclohexane.  

2) Isotherms were carried out in single- and multi-component (isomers mixture). 

3) No competition was observed in water batch tests between α-, β-, γ- and δ-HCH. 

4) LogKF ranged from 3.7 to 5.8 (µg kg-1)(µg L-1)-n for all the isomers on biochars. 

5) Sorption is affected by BC surface area, iron content and HCH/BC interactions. 

 


