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Abstract
The aim of this work was to investigate the use of biorefinery industry by-products such as humins as adsorbents for meth-
ylene blue (MB). After thermal treatment, these by-products are called biochars. Three biochars were used as adsorbents 
for MB removal: (i) a biochar obtained after thermal treatment of humins (called raw biochar), (ii) a biochar obtained after 
NaOH treatment of the biochar from (i) (called biochar-OH), (iii) a biochar obtained after mixing humins with lignin, this 
mixture being then submitted to the same thermal treatment than (i) (called humins-lignin biochar). Structural characteriza-
tion was done using ATR-FTIR, BET surface area analysis, and scanning electron microscopy (SEM). An elemental analysis 
was conducted to determine C, H, N, S, and O content in samples. Adsorption experiments were carried out as a function of 
time, pH, different background electrolytes (NaNO3 and CaCl2), and initial MB concentration. Kinetics data showed a good 
compatibility of all adsorbents with the pseudo-second-order model. The affinity of MB for biochar increased noticeably 
with the increase in pH, particularly for biochar-OH and humins-lignin biochar. Both the NaNO3 and CaCl2 background 
electrolytes had a negative effect on adsorption processes, and Ca2+ and Na+ acted as competitor ions with MB on the sur-
face. The Langmuir model was more suitable for biochar-OH and humins-lignin biochar, whereas neither the Langmuir nor 
the Freundlich isotherms fitted experimental results for raw biochar due to its very low adsorption capacity. The maximum 
adsorption capacity predicted by the Langmuir model allowed us to establish the following classification of biochars: biochar-
OH > humins-lignin biochar >  >  > raw biochar. Modifications of the surface had a positive impact on the adsorption capacity 
due to the additional available functional groups incorporated into the surface through lignin enrichment and the clean-up of 
blocked pores through NaOH treatment. Furthermore, formation of macropores on biochar-OH through the NaOH treatment 
created additional adsorption sites and probably promoted the adsorption of MB via a pore-filling mechanism.
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1  Introduction

Waste management has become a global challenge faced by 
both developed and developing countries. Technology pro-
gress and population growth in the last decades have led to 
the generation of massive amounts of waste and the expan-
sion of landfill sites. Hence, the necessity has become urgent 
to develop an efficient strategy to reduce the negative impact 
of waste (or of so-called by-products) on the environment. In 
this context, numerous studies have focused on the valoriza-
tion of by-products that stem from various sectors and their 
conversion into value-added products [1–4].

Valorization of the waste stream produced by the biorefin-
ery industry is considered a promising means of producing 
valuable polymeric materials. In the last few decades, the 
interest in biorefinery has been renewed, particularly for the 
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conversion of agricultural side-products and agro-industrial/
lignocellulosic waste into several platform chemicals such 
as levulinic acid, itaconic acid, and 5-hydroxymethyl fur-
fural which subsequently can be transformed into fuel or 
fine chemicals [5–7]. However, the conversion process of 
carbohydrate and/or lignocellulosic-rich streams can be 
accompanied by the formation of humins or lignin solid 
residues. Humins, on the one hand, are released in high 
quantity and are considered the main drawback encoun-
tered in the conversion of carbohydrates into furanic inter-
mediates [7]. Their production is inevitable when achiev-
ing commercial viable process conditions despite the many 
attempts to inhibit or at least minimize their formation [6, 
8]. The attempt to valorize humins in added-value products 
could therefore have a positive impact on biorefinery activ-
ity [7]. To achieve this purpose, numerous methods have 
been applied including pyrolysis, gasification, wet oxidation, 
and hydrothermal degradation to produce valuable compos-
ites, oil, and syngas [7, 9]. Lignin, on the other hand, has 
been considered a low-value product and has traditionally 
been burned to generate power and energy for paper pulp as 
well as biorefinery plants. However, advances in biomass 
conversion technologies have led to the generation of more 
lignin than necessary to power biorefinery plants. Hence, 
the necessity has arisen to develop a new approach target-
ing the conversion of lignin into added-value products. The 
molecular structure of lignin which consists of a variety of 
functional groups explains its use in several industrial prod-
ucts such as food additives, pharmaceutic products, fuel, and 
textile [10–12].

Particular attention has been paid to the use of biore-
finery by-products in wastewater treatment. The develop-
ment of side-product-based biochar could contribute to both 
remediate wastewater and manage solid waste. An adequate 
synthesis route is fundamental to obtain a bio-sorbent with 
high porosity, a well-distributed pore size, and a reactive 
surface [13]. Also, chemical modification, coating of the 
biochar surface with a new additive, and the combination 
of biochars derived from different origins have been shown 
to enlarge the specific surface area and bring more oxygen 
functional groups to the surface [14, 15]. Numerous stud-
ies have reported that the combination via mechanical force 
of biochars derived from different feedstocks produced a 
multifunctional material with a large external and internal 
surface area and noticeably enhanced the adsorption capac-
ity of organic compounds and dyes compared to a single 
biochar [16, 17]. The engineering of composite materials 
combining lignin with by-products such as chitin, cellulose, 
and red mud has been thoroughly investigated. The multi-
component adsorbent resulting from this combination has 
shown an important ability to remove hydrophobic organic 
compounds, heavy metals, and dyes [18–20]. Biochar chemi-
cal modification generally requires additives such as acids, 

bases, oxidizing agents, or organic or mineral compounds to 
improve the performance of biochar in removing pollutants. 
These additives significantly modify the surface reactivity by 
adding new reactive sites, increasing specific surface areas 
and porosity, which consequently improves contaminant 
removal [21–23]. Biochar surface treatment with sodium 
hydroxide has demonstrated a positive impact on the adsorp-
tion capacity, particularly of dye molecules. This modifica-
tion enhances the porosity of biochar by creating several 
mesopores and macropores on the surface, in addition to 
providing an important quantity of oxygen functional groups 
on its structure, which improves the surface alkalinity and 
consequently the affinity for dye molecules [24, 25].

In this work, we investigated a biochar stemming from 
a biorefinery by-product (humins) generated during the 
acid-catalyzed dehydration (ACD) of sugars. A one-step 
thermal process was applied on this by-product in order to 
obtain a humin foam characterized by a complex molecular 
structure and macroporous morphology, with intrinsic self-
foaming caused by its auto-cross-linking ability. Because of 
the physico-chemical properties of this humin foam, it has 
been suggested as an interesting recoverable material for 
environmental and energy applications (catalyst supports, 
adsorbents, and electrode materials) [6, 26]. In this study, 
a crushed humin foam was called biochar. We investigated 
its capacity to absorb methylene blue, a cationic hydro-
philic dye. To improve the properties, the biochar surface 
was modified by (i) chemical treatment with sodium hydrox-
ide and (ii) combination of humins with lignin (from paper 
industry waste) to produce a biochar. Avantium is currently 
constructing its flagship FDCA plant in the Netherlands so 
from 2024 onwards substantial amounts of humins will be 
produced [7]. Identifying value-added applications for this 
humin stream is therefore highly relevant.

The NaOH-treated biochar (biochar-OH) and the biochar 
obtained by the combination of humins with lignin (humins-
lignin biochar) were characterized by FTIR, scanning elec-
tronic microscopy, specific surface area (BET) analysis, and 
CHNS elemental analysis. Adsorption experiments were 
subsequently carried out as a function of contact time, pH, 
and initial concentration of MB, in order to discover the 
possible interactions taking place during the adsorption pro-
cesses. Experimental results were exploited using empirical 
methods and supported by the FTIR analysis carried out 
after adsorption of MB.

2 � Materials and methods

2.1 � Reagents

Methylene blue was purchased from Reactifs RAL. Nitric 
acid (HNO3 69%, Sigma Aldrich) and sodium hydroxide 
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(NaOH ≥ 97%, Alfa Aesar) were used to prepare diluted 
acidic and basic solutions for pH adjustment. The biochar 
was activated using a 3-M NaOH solution. All reagents were 
prepared using high-purity deionized water (resistivity 18.2 
MΩ·cm, TOC < 10 μg·L−1) provided by Milli-Q Thermo 
Scientific.

Lignin and humins were kindly provided by Avantium 
Renewable Chemicals BV and used as received for the fab-
rication of the biochar and humins-lignin biochar.

2.2 � Preparation of raw biochar and humins‑lignin 
biochar

Raw biochar was prepared as follows: 25 g of biorefinery 
by-product was placed inside a Nabertherm K430/75 air-
ventilated oven in a ceramic crucible. Due to the intrinsic 
chemical composition and structure of humins, auto-cross-
linking reactions occur when submitted to heating under air, 
and the thermoset humins are produced with an autofoaming 
phenomenon. The temperature program has been optimized 
in a previous work in order that the obtained foam has repro-
ducible and homogeneous properties (pore size, distribution, 
dimensions, evolution of viscosity, etc.) [6]. The humins-
lignin biochar was prepared as follows: 10 g of humins was 
mixed with 5 g of lignin in a ceramic crucible. According 
to this previous work, to produce biochar and humins-lignin 
biochar a one-step temperature program was used: starting 
from 20 °C, the temperature was increased to 320 °C with 
a 10 °C min−1 ramp rate. The samples were then kept at 
320 °C for 20 min. Next, the oven temperature was set at 
20 °C and the sample was allowed to cool down slowly. 
The samples were then crushed using a planetary ball mill 
(Retsch PM 100) for a grinding duration of 15 min, and the 
rotational speed was settled at 200 rpm. Automatic direction 
reversal was activated to avoid agglomerations. The powders 
obtained after crushing were sieved through a metallic sieve 
of 0.177 mm.

2.3 � Chemical treatment of raw biochar by NaOH

Two grams of raw biochar powder was added to 300 mL of 
freshly prepared 3 M NaOH solution. This suspension was 
agitated for 4 h using a magnetic stirrer. The suspension was 
then vacuum-filtered through a filter paper and thoroughly 
washed with ultrapure water to eliminate the NaOH excess 
until the filtrate reached a neutral pH. The sample was dried 
for 24 h at 80 °C in an oven (MEMERT).

2.4 � ATR‑FTIR analysis

A Fourier transform infrared (FTIR) spectrometer (Nico-
let iS50 FTIR) with a GladiATR single diamond attenuated 
total reflectance system (PIKE Technologies, Inc.) was used 

to ascertain the change of functional groups and chemical 
bonds on the surface of raw biochar, humins-lignin biochar, 
and biochar-OH. Acquisitions were performed by 32 scans 
between 4000 and 500 cm−1 at resolution 2.

2.5 � Elemental analysis

Carbon and hydrogen measurements were performed on 
a homemade carbon/hydrogen elemental micro-analyzer 
(ISA, CNRS, Villeurbanne). About 1.5 mg of the sam-
ple was weighted in silver cups and dropped into a flow 
of 50  mL  min−1 of pure oxygen in a combustion unit 
maintained at 1050 °C half filled with CuO. Carbon and 
hydrogen were transformed into carbon dioxide (CO2) and 
water (H2O), before being measured using a CO2/H2O non-
dispersive infrared detector. The precision was evaluated 
at ± 0.30% for carbon and hydrogen.

Nitrogen was analyzed using a homemade nitrogen 
elemental micro-analyzer (ISA, CNRS Villeurbanne). The 
samples weighted in a silver cup were placed in a similar 
combustion unit as previously described where nitrogen 
was converted into nitrogen oxide in a flow of helium and 
oxygen. The gases passed through a copper wire tube main-
tained at 450 °C where nitrogen oxide was reduced into 
nitrogen N2, and CO2/H2O was subsequently trapped. The 
resulting N2 was quantified using a TCD Thermo Conduct-
ibility Detector. Precision was established at < 0.20%.

Sulfur content was determined using a carbon sulfur 
SC144 analyzer (LECO, St Joseph, USA). About 10 mg of 
the sample was introduced in a horizontal combustion unit 
maintained at 1350 °C where carbon and sulfur were con-
verted into CO2 and SO2 before being quantified using CO2 
and SO2 non-dispersive infrared cells. Precision of the sulfur 
analysis was evaluated at 0.10%.

The O content was calculated by the difference between 
100 and the sum of C, H, N, and S.

2.6 � Textural analysis of biochar

Scanning electronic microscopy (SEM) analyses were per-
formed using a Tescan Vega 3 XMU SEM X-MaxN (Oxford 
Instruments). Prior to observation, the biochar samples were 
mounted on a SEM stub and coated with platinum (3 nm). 
The specific surface area and pore volume were measured 
using a nitrogen adsorption/desorption method and an AGI-
TENT Analyzer apparatus from Micromeritics (3FLEX Sur-
face Characterization).

2.7 � Adsorption experiments

MB was used as a model to investigate the adsorption capac-
ity of biochar, humins-lignin biochar, and biochar-OH and 
the different interactions involved during the adsorption 
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process. An adequate mass of each solid was placed in a 
50-mL polypropylene tube containing 40 mL of MB. Each 
adsorption experiment was replicated three times. Solid–liq-
uid ratios were 7.5 g L−1 for biochar and 1.25 g L−1 for 
biochar-OH and humins-lignin biochar. These ratios were 
different considering the different adsorption capacities 
of each biochar and were adapted in order that MB initial 
concentration was kept below its solubility limit, all along 
adsorption experiments.

The pH of the suspensions was fixed, when necessary, 
by adding diluted HNO3 or NaOH solutions. After adsorp-
tion, samples were centrifuged at 5000 rpm using a Sigma 
3-30 K centrifuge and then filtered through 0.45-µm acetate 
filter. MB remaining in the solution was determined using 
a Shimadzu UV-1800 double-beam UV–visible spectro-
photometer at the wavelength of 660 nm, corresponding to 
the maximum absorbance wavelength for MB monomers in 
aqueous solution. The adsorption capacity was determined 
using Eq. 1:

where Q is the adsorption capacity in mg g−1, ci (mg L−1) 
and cf (mg L−1) are the initial and final concentrations of 
MB, respectively, v (L) is the volume of the solution, and m 
(g) is the mass of solid.

2.7.1 � Kinetics adsorption experiments

For the kinetics adsorption experiments, the initial concen-
trations of MB were 10 mg L−1 for raw biochar and 50 mg 
L−1 for humins-lignin biochar and biochar-OH. The experi-
ments were carried out at neutral pH and the contact time 
between MB and adsorbents ranged from 5 to 240 min. 
Independent experiments were carried out for each contact 
time. The experiments were performed in triplicate to ensure 
reproducibility.

2.7.2 � Effect of pH

For raw biochar, the initial conditions were as follows: 
MB initial concentration of 10 mg L−1, and 50 mg L−1 for 
humins-lignin biochar and biochar-OH. The pH value was 
set by adding microvolumes of diluted HNO3 or NaOH solu-
tion in order to obtain a pH variation ranging from 2 to 10. 
The contact time corresponded to the equilibrium time pre-
viously determined by the kinetics experiment.

2.7.3 � Effect of ionic strength

The effect of ionic strength was examined in the presence 
of monovalent NaCl and divalent CaCl2 salts for modified 

(1)Q =

(

Ci − Cf

)

× v

m

biochar. The test was carried out at neutral pH with the fol-
lowing initial salt concentrations: 0.005 M, 0.01 M, and 
0.1 M. The initial concentration of MB was fixed at 50 mg 
L−1 and the contact time corresponded to the time necessary 
to reach adsorption, previously determined by the kinetics 
experiment.

2.7.4 � Adsorption isotherms

The initial concentration of MB varied from 30 to 200 mg 
L−1 for NaOH-biochar, from 20 to 100 mg L−1 for lignin-
biochar, and from 10 to 100 mg L−1 for raw biochar. The 
adsorption time corresponded to the equilibrium time deter-
mined by the kinetics study. The experiments were carried 
out at a neutral pH.

3 � Results and discussion

3.1 � Characterization of biochar

FTIR patterns are presented in Fig. 1. The main bands of raw 
biochar were identified at 1705, 1587, and 1134 cm−1 and 
corresponded respectively to carbonyl or carboxylic groups, 
C = C of aromatic skeleton, and ether groups. The peaks 
appearing at 1016 and 739 cm−1 corresponded respectively 
to the stretching vibration of C-O and the C-H binding of 
the aromatic structure [27, 28]. After incorporation of lignin, 
these bands were shifted to 1701, 1589, 1136, 1019, and 
780 cm−1. Additional peaks were observed for lignin-biochar 
at 3350 cm−1 and 2913 cm−1, which corresponded respec-
tively to OH of alcoholic or phenolic groups and carbon sp3. 
Other new peaks appeared at 1500, 1447, and 1382 cm−1, 
which can be assigned respectively to the C-H binding of the 
aromatic structure, the O-CH3 methoxy group, and the car-
boxylic group [19, 27–29]. Activation of biochar by NaOH 
led to significant changes in the IR pattern: two sharp peaks 
at 1560 cm−1 and 1346 cm−1 appeared, corresponding to car-
boxylate and alcoholic groups respectively [30, 31]. Forma-
tion of carboxylate and alcoholic groups had been previously 
observed on lignocellulosic and biochar materials modified 
by NaOH [32, 33].

The elemental analysis from Table 1 showed a significant 
increase in O content after modification by lignin and NaOH. 
On one hand, introduction of lignin during biochar prepara-
tion increased the number of oxygen functional groups on 
the surface since lignin was not degraded during thermal 
treatment. On the other hand, treatment with NaOH allowed 
to clean up the partially blocked pores of biochar, to enhance 
the surface porosity and increase the number of available 
oxygen functional groups on the surface [34, 35]. The carbon 
content decreased after incorporation of lignin and NaOH 
into the biochar structure, while the H content increased 
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by ≈ 2% and 0.5% after modification by lignin and NaOH, 
respectively. The hydrogen increase in modified biochar sig-
nals the formation of carboxylic and alcoholic groups on 
the surface. N content was negligible in raw biochar and 
humins-lignin biochar, whereas in biochar-OH, 1.08% of N 
was found. Sulfur was present in low quantity in raw biochar 
and biochar-OH (≈ 0.30%), while humins-lignin biochar 
exhibited the highest sulfur content (≈ 1.45%).

SEM pictures revealed a rough surface for raw bio-
char with the presence of some microcracks (Fig. 2a). 
After incorporation of lignin into the biochar, the surface 
became smooth and the microcracks disappeared (Fig. 2b). 
Concerning biochar-OH, a large presence of pits and holes 
appeared on the surface (Fig. 2c) which may constitute 
additional sites in which MB could be adsorbed. The 
majority of these holes were characterized by a cylin-
dric shape with a width ranging from 1 to 2.5 µm. Con-
sidering that the MB molecule presents dimensions of 
17 Å × 7.6 Å × 3.25 Å [36], MB can easily accumulate 
inside the holes formed during NaOH treatment, regardless 

of the MB molecule orientation. Figure 3a illustrates the 
isotherm of N2 adsorption/desorption on raw biochar, 
humins-lignin biochar, and biochar-OH. Based on the clas-
sification of the International Union of Pure and Applied 
Chemistry (IUPAC), the shape of this isotherm is close to 
type 1, suggesting the presence of micropores on a solid 
structure. An open H4 hysteresis loop was observed for 
raw biochar, which is probably due to the increment in 
potential desorption barriers resulting from the formation 
of diffusion or chemical traps in the biochar [37, 38]. The 
SSA of raw biochar, humins-lignin biochar, and biochar-
OH was determined using the BET method. As mentioned 
in Table 2, the specific surface area decreased from 11 
m2 g−1 for raw biochar to 1.04 m2 g−1 for biochar-OH and 
to 0.33 m2 g−1 for humins-lignin biochar. The pore size 
distribution diagram (Fig. 3b) showed the predominance 
of micropores on the raw biochar. The total pore volume 
(TPV) of raw biochar is 5.8 10−3 cm3 g−1. The porosity 
of this material decreased dramatically after modifica-
tion of the surface, particularly for humins-lignin biochar 
which exhibited the lowest total pore volume (TPV): 3.8 
10−4 cm3 g−1 (see Table 2). The decrease in the TPV in 
the presence of lignin indicated that lignin was well scat-
tered on the biochar surface and occupied the majority 
of micropores and consequently prevented N2 from gain-
ing access inside the pores. Concerning biochar-OH, the 
TPV was ~ 8.1 10−4 cm3 g−1. This low TPV compared to 
raw biochar was probably related to the presence of Na+ 

Fig. 1   IR patterns of unmodified and modified biochar

Table 1   Elementary analysis of unmodified and modified biochar

Sample C (%) H (%) N (%) S (%) O (%)

Raw biochar 67.2 2.94 0.08 0.32 29.3
Humins-lignin biochar 55.5 4.86 0.06 1.45 38.0
Biochar-OH 57.6 3.44 1.08  < 0.30 37.5
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and the type of oxygen group induced by NaOH, which 
blocked the micropores present on the surface, limiting 
accessibility of N2 [35, 39].

3.2 � Kinetics study

The adsorption kinetics of MB on unmodified and modi-
fied biochar was investigated. As seen in Fig. 4, raw biochar 
showed the lowest adsorption capacity. Its maximum adsorp-
tion capacity was reached after 180 min and was around 
1.23 mg g−1. Modification of the biochar surface noticeably 
improved its adsorption capacity. Humins-lignin biochar and 
biochar-OH exhibited a much higher MB adsorption capac-
ity, which rapidly increased with time. Within 60 min, the 
MB adsorption capacity of humins-lignin biochar reached 
26.719 mg g−1, whereas biochar-OH removed the majority 
of MB from the liquid phase (93%) within the first 30 min 

Fig. 2   SEM of unmodified and 
modified biochar. a Raw bio-
char. b Humins-biochar lignin. c 
Biochar-OH

Fig. 3   N2 adsorption/desorp-
tion isotherm (a) and pore size 
distribution using BJH method 
analysis (b)
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Table 2   Specific surface area and porosity of unmodified and modified 
biochar

Sample SBET (m2 g−1) TPV (cm3 g−1)

Raw biochar 11 5.8 10−3

Humins-lignin biochar 0.33 3.8 10−4

Biochar-OH 1.04 8.1 10−4
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with an adsorption capacity of 37.316 mg g−1. The trend of 
adsorption kinetics found in the present work is similar to 
previous studies concerning the removal of cationic dyes 
from the surface of carbonaceous materials [40–42]. MB 
removal occurred rapidly in the initial stage of the adsorp-
tion process, and then became relatively constant confirm-
ing the saturation of adsorbent surface sites. Modification 
of the biochar surface with lignin and NaOH enhanced the 
adsorption capacity by introducing reactive functional polar 
groups such as carboxylic, carbonyl, hydroxyl, and ether 
groups detected previously by FTIR (Fig. 1). These reactive 
sites could immobilize dye molecules on the biochar sur-
face through specific bonding [43]. Biochar-OH possesses 
in addition to these functional groups a large quantity of 
macroscopic holes and pits due to alkaline treatment. These 
holes can increase the retention of MB by pore filling and 
thus contribute in a complementary way together with the 
chemical interactions via the functional groups in adsorption 
sites of biochar-OH.

Modeling of adsorption kinetics may be helpful to under-
stand the adsorption mechanism. It is often recommended to 
use several models when studying adsorption on heterogene-
ous surfaces because the adsorption rate is often controlled 
by several phenomena. In the present work, three kinetics 
models were used: the pseudo-first-order model (PFO), the 
pseudo-second-order model (PSO), and intraparticle diffu-
sion. The PFO model was initially introduced by Lagergren 
[44] and corresponds to the following equation:

where k1 (min−1) is the pseudo-first-order rate constant, and 
qe and qt are the adsorption quantity (mg g−1) at equilibrium 

(2)
dqt

dt
= k

1

(

qe − qt
)

time and at t (min). A linear form of this model is expressed 
as follows [45]:

The PFO model assumes that the adsorption rate is 
related to the number of free sites on the adsorbent surface, 
and it was reported to be applicable when the adsorption 
processes are controlled by polarization-based physisorp-
tion [46, 47]. Figure 5a presents the linear plot of the PFO 
model for raw biochar, biochar lignin, and biochar-OH. 
The quality of the modeling was poor for raw biochar and 
biochar-OH for all time ranges, which means that the PFO 
model is not applicable for these adsorbents. Concern-
ing humins-lignin biochar, the PFO model was efficient 
in modeling kinetics data especially in the initial stage of 
the adsorption process, suggesting that polarity-dependent 
binding occurred in the system, probably by weak Van der 
Waals interactions and/or π-stacking between the func-
tional groups of humins-lignin biochar and MB molecules. 
The kinetic parameters calculated using the PFO model 
are listed in Table 3. The correlation coefficient R2 ranged 
from 0.62 to 0.95 and the calculated adsorption capaci-
ties were far different from those inferred by the observed 
plateau for long contact times in Fig. 4.

The PSO model was reassessed by Ho and McKay in 
1999 [45]. After studying several solid/liquid systems 
published earlier based on the PFO model, the authors 
reported that the PSO model was more suitable for systems 
in which chemisorption was the limiting rate controlling 
the adsorption mechanism.

The mathematical formula for the pseudo-second-order 
model can be represented as follows:

where k2 is the rate constant of the pseudo-second-order 
model (g mg−1 min−1).

The PSO model presented in Fig. 5b showed a good 
fit with the adsorption data compared to the pseudo-first-
order model for the three solids and all time ranges. The 
correlation coefficient and other parameters deduced from 
the PSO model are summarized in Table 4 and confirm 
the ability of PSO to model experimental data. R2 is in 
the 0.97–0.99 range. The adsorption capacity calculated 
by pseudo-second-order was close to the experimental 
adsorption capacity inferred from the plateau in Fig. 4. 
These results may indicate that chemisorption was the 
main process involved in the adsorption mechanism.

The intraparticle diffusion model was expressed by 
Weber and Morris [48] as follows:
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where k
3
 is the intraparticle diffusion rate (mg g−1 min−1), 

and C is a constant related to the boundary layer thickness. 
The intraparticle diffusion model supposes that diffusion is 
the rate-limiting step controlling the adsorption mechanism. 
A linear form of plot qt = f (t0.5) passing through the origin 
may signify that the only step controlling the adsorption 
process is intraparticle diffusion, while a multilinear depend-
ence may indicate that several steps describe the adsorption 
process. According to Fig. 5c, raw biochar and humins-
lignin biochar showed a nonlinear behavior, suggesting that 
the adsorption process was not governed by intraparticle dif-
fusion. This observation was supported by the low regres-
sion coefficient R2 given in Table 3, while for biochar-OH, 
two straight lines on plot qt = f(t0.5) can depict the data, sug-
gesting that the adsorption process takes place in two main 
steps. Initially, MB molecules could be transferred from the 
solution to the external surface of the adsorbent, forming a 
liquid film by diffusion. Then, in a second stage MB mol-
ecules could be diffused inside the adsorbent pores [49]. The 
initial stage of the adsorption process was faster than the 
second one, meaning that migration of MB molecules from 
the external surface to the pore core occurred gradually. This 
observation was confirmed by the constant rate value of the 
initial stage kʹ3 which was much higher than the diffusion 
rate of the second stage kʺ3 (Table 3). The limited transport 

(5)qt = k
3
t0.5 + C of MB molecules inside the pores caused an increase in 

the liquid film layer or the thickness of the boundary layer, 
which is in agreement with the increase in C over time 
(C1 <  < C2) [50]. The suitability of the intraparticle diffusion 
model for biochar-OH is consistent with its morphology. 
As seen in Fig. 2, macropores are widely distributed on the 
surface of biochar-OH; the pore-filling mechanism therefore 
presumably participated in MB adsorption.

3.3 � Effect of pH on adsorption

Figure 6 shows the evolution of MB adsorption in the pH 
range from 2 to 10. Adsorption of MB on raw biochar was 
very low (< 2.5 mg g−1) and influence of pH was not remark-
able. Removal of MB by biochar-OH was much more impor-
tant than for raw biochar and ranged from 35 to 40 mg g−1 
between pH 3 and 10. The influence of pH in MB adsorp-
tion was not significant between pH 3 and 10, but it was 
more significant between pH 2 and 3, with an adsorption 
increase from 27 to 35 mg g−1. The shape of the adsorp-
tion curve on humins-lignin biochar denoted a higher pH 
dependency of MB adsorption on this kind of solid from 
pH 2 to pH 10. Removal of MB increased from 21.4 mg g−1 
at pH = 2 to 39.2 mg g−1 at pH = 10. This pH dependency 
can be related to the deprotonation of oxygen functional 
groups (carboxylic, phenolic) previously detected by FTIR. 
As the pH increased, the deprotonation of these functional 

Fig. 5   Pseudo-first-order model 
(a), pseudo-second-order model 
(b), and intraparticle diffusion 
model (c)
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groups increased and favored electrostatic or intermolecular 
attraction of MB molecules [24, 51]. In order to evaluate the 
impact of electrostatic interaction on the adsorption process, 
the adsorbed MB was replaced by un-buffered salt NaNO3 
(1 M). It is well known in colloidal chemistry that the ions 
adsorbed via electrostatic interaction can be desorbed by 
un-buffered ion [52]. Table 4 summarizes the desorption 
rate of MB with an adsorption pH of 2, 5, 7, and 10. The 
desorption rate of MB on raw biochar was low at pH = 2 
(around ≈ 4%) and it increased markedly from pH = 5 where 
it reached a maximum of 16% and stayed relatively constant 
at a neutral and basic pH. The increase in the desorption 
rate with the pH means that the electrostatic interaction was 
more important at a high pH, which is consistent with the 
surface charge of raw biochar. As seen in Table 4, the zeta Ta
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Table 4   Zeta potential of unmodified and modified biochar and the 
desorption rate of methylene blue at different adsorption pH

Samples pH Zeta poten-
tial (mV)

Desorption 
rate (%)

Raw biochar 2
5
7
10

 − 11.8
 − 49.2
 − 50.2
 − 51.6

3.92
16.0
16.1
14.5

Humins-lignin biochar 2
5
7
10

 + 0.43
 − 26.1
 − 36.4
 − 50.6

2.98
6.07
6.09
7.02

Biochar-OH 2
5
7
10

 − 23.3
 − 29
 − 32.8
 − 30.8

3.5
5.64
11.3
12.1
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potential of raw biochar was − 11.8 mV at pH = 2 and shifted 
to highly negative values of − 49.2, − 50.2, and − 51.6 mV 
respectively for pH = 5, 7, and 10. For humins-lignin bio-
char and biochar-OH, the desorption rate was lower, with 
an increase ranging from ≈ 3% at pH = 2 to 7% at pH = 10 
for humins-lignin biochar and from 3.5% at pH = 2 to 12% 
at pH = 10 for biochar-OH.

In order to elucidate the non-electrostatic interaction 
occurring during MB adsorption, zeta potential measure-
ments were performed as a function of pH before and after 
MB adsorption. This parameter indicates the potential dif-
ference between the diffusion layer and the stationary layer 
strongly attached to the particle surface. In other words, the 
measure of zeta potential gives the electrical potential at 
the edge of the diffuse layer, which is an area called the 
slipping plane. Thereby, only ions adsorbed by molecular 
interaction on the surface have an impact on the zeta poten-
tial magnitude, and consequently, electrostatic adsorption 
of ions was not considered because the adsorbed ions are 
localized in the diffuse layer [53]. Figure 7a shows that 
the surface charge of raw biochar was negative whatever 
the pH value in the absence of MB. It decreased abruptly 
from − 11.8 mV at pH = 2 to − 49.2 mV at pH = 5 where it 
finally reached a plateau. This behavior can be explained 
by the ionization of oxygen functional groups (carboxyl for 
example) previously identified on the raw biochar surface by 

FTIR (Fig. 1). The negative sites present on the surface even 
at low pH constituted available sites for positively charged 
MB molecules. After adsorption of MB, the surface charge 
shifted to positive values in acidic pH (~ 2–3) proving that 
MB transferred its positive charge on the surface, and prob-
ably that intermolecular bindings were formed between 
MB molecules and the functional groups on the adsorbent 
surface. At basic pH, an unexpectedly high negative charge 
developed on the surface after MB adsorption despite almost 
complete adsorption of MB (around 96–99%). The surface 
charges after MB adsorption turned negative with a magni-
tude close or equal to the magnitude of the surface charge 
before adsorption. This behavior is probably related to the 
orientation of MB molecules. The high negative charge 
density on raw biochar constrains the orientation of MB 
molecules in a tilted fashion [54]. This type of orientation 
tends to favor the aggregation of MB molecules and it prob-
ably causes a heterogenous distribution of MB molecules 
on the adsorbent surface, consequently reducing the impact 
of the positive cationic charge. Furthermore, the aggregated 
molecules bind to raw biochar through electrostatic interac-
tions, which are not measured by zeta potential. This result is 
consistent with the desorption rate, which demonstrates the 
contribution of electrostatic interactions to MB adsorption. 
Therefore, OH− fixed on the Stern layer and the deproto-
nated oxygen functional surface groups probably controls 

Fig. 7   Zeta potential of raw-bio-
char (a), humins-lignin biochar 
(b), and biochar-OH (c) before 
and after MB adsorption
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the zeta potential value to a large extent, which explains the 
negative charge maintained on the surface after MB adsorp-
tion in an alkaline medium.

Figure 7b illustrates the evolution of the zeta potential 
of humins-lignin biochar as a function of the pH before and 
after MB adsorption. In the absence of MB, humins-lignin 
biochar exhibits a point of zero charge at pH = 2 confirming 
the incorporation of lignin into the biochar structure. As 
reported previously, lignin is characterized by a point of zero 
charge around pH = 2 [55, 56]. The surface charge decreased 
gradually with the pH increase until it reached − 50.6 mV 
at pH = 10, which was related to the deprotonation of the 
alcoholic and carboxylic groups previously detected by 
FTIR on humins-lignin biochar. After adsorption of MB, 
the surface charge shifted to positive values at pH = 2 and 
3, whereas from pH = 5 to 10, the surface charge ranged 
from − 1.37 to − 15.6 mV. The increase in the surface charge 
after MB adsorption is attributed to the attachment of posi-
tively charged MB molecules on the adsorbent surface 
through intermolecular interactions. The variation in the 
biochar-OH surface charge depending on the pH is repre-
sented in Fig. 7c. Before MB adsorption, the surface charge 
was negative for the whole pH range. It decreased with the 
pH, from − 23.3 mV at pH = 2 to − 30.8 mV at pH = 10. 
Compared with raw biochar and humins-lignin biochar, the 
surface charge of biochar-OH decreased slightly with the 
pH increase (variation of only − 7.5 mV). Activation of bio-
char by NaOH probably resulted in the formation of some 
hydroxyl or phenolic hydroxyl groups characterized by high 
pKa values, which consequently could not be ionized in the 
pH range of 2–10 [57]. After MB adsorption, the surface 
charge increased noticeably at very low pH, especially at 
pH = 2 where it exhibited a positive value related to direct 
attachment of positively charged MB molecules. However, 
from pH = 5, the surface charge decreased unexpectedly and 
became relatively steady at pH = 8 (ζ =  − 40.5 mV). Despite 
the noticeable improvement of the adsorption capacity from 
pH = 5, the contribution of the positive charge of MB on the 
surface of biochar-OH was not noticed. There was probably 
a strong restructuring of OH- ions after fixation of MB in a 
basic medium.

3.4 � Effect of ionic strength on MB adsorption

Dye effluents discharged by the textile industry contain a sig-
nificant amount of salts. Hence, the influence of salts on MB 
adsorption should be studied. Figure 8 shows the variation in 
MB adsorption as a function of salt concentration. Two types 
of salts were used in the present work, NaNO3 and CaCl2, to 
examine the competitive effect of monovalent and divalent 
ions. The increase in salt concentration inhibited the removal 
of MB by humins-lignin biochar and biochar-OH. MB 
removal by humins-lignin biochar decreased by 12% and 35% 

with the highest concentration of NaNO3 and CaCl2, respec-
tively. For MB removal by biochar-OH, a decrease of 20% 
and 25% was observed in the presence of NaNO3 and CaCl2, 
respectively. It was reported previously that the presence of 
salts during MB adsorption reduces the density of adsorbent 
sites by occupying or blocking the available sites. Further-
more, salts can create intermolecular repulsion between MB 
molecules, preventing their aggregation and consequently 
hinder the orientation of MB molecules that contributes to 
multilayer adsorption [58]. In Fig. 9, divalent ions impacted 
MB adsorption more than monovalent ions, which was prob-
ably related to atomic radii and atomic charge [51].

3.5 � Adsorption isotherm

The Langmuir and Freundlich models were used to 
investigate the adsorption mechanism of MB on raw 
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and modified biochar. The Langmuir model is based on 
the assumption that the adsorbent surface sites are uni-
formly homogeneous, and that the adsorption of solute 
molecules is limited to the monolayer on the surface of 
the adsorbent, with no interaction between molecules 
adsorbed on adjacent sites. The Freundlich model sup-
poses that the adsorbent surface sites are heterogenous 
and that multilayer adsorption possibly occurs during 
the reaction process. The mathematical formulas of the 
Langmuir and Freundlich models are expressed by Eqs. 6 
and 7, respectively.

where Ce is the MB concentration at equilibrium (mg L−1), 
L is the Langmuir constant related to the energy of adsorp-
tion (L mg−1), qmax is the monolayer maximum adsorption 
capacity (mg g−1), and Kf and n are the Freundlich con-
stants related respectively to the affinity and intensity of the 
adsorption process.

Figure 9 represents MB adsorption isotherms on mod-
ified biochar. The adsorption isotherm of raw biochar 
was not presented since its sorption efficiency was too 
low, and consequently, it was not possible to determine 
Langmuir- or Freundlich-like isotherms. In Fig. 9, the 
non-linear plot of the Langmuir model offered a good 

(6)
Ce

qe
=

1

Lqmax

+
Ce

qmax

(7)lnqe = lnKf +
1

n
lnCe

fit with the experimental data compared with the Fre-
undlich model for humins-lignin biochar and biochar-
OH. Table 5 includes different parameters determined 
using the Langmuir and Freundlich models. The corre-
lation coefficient of linear regression for the Langmuir 
model was R2 = 0.99 for both humins-lignin biochar and 
biochar-OH, while the correlation coefficients of lin-
ear regression for the Freundlich model were 0.40 for 
humins-lignin biochar and 0.59 for biochar-OH. The 
high correlation coefficient found for the Langmuir 
model indicates its suitability to describe adsorption 
processes on modified biochar. These results suggest 
that MB adsorption mainly occurred in a monolayer on 
the adsorbent surface. The maximum adsorption capaci-
ties deduced from the Langmuir model (Table 5) were 
48.78, 30.12, and 1.05 mg g−1 for biochar-OH, humins-
lignin biochar, and raw biochar respectively. According 
to this finding, the surface modification using lignin 
and NaOH strongly enhanced the adsorption capacity 
of biochar (30 times and 50 times, respectively). The 
adsorption capacity exhibited by modified biochar was 
comparable with various adsorbents derived from differ-
ent sources (Table 6). Therefore, both biochar-OH and 
humins-lignin biochar can be used as low-cost adsor-
bents for the removal of cationic dye from wastewater.

3.6 � Possible surface interaction

In order to elucidate the different interactions occurring dur-
ing MB adsorption on biochar and modified biochar, FTIR 

Fig. 9   Adsorption isotherm of 
MB on humins-lignin biochar 
(a) and biochar-OH (b)
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Table 5   Parameters of 
Langmuir and Freundlich 
models for methylene blue 
removal

Samples Langmuir model Freundlich model

qmax (mg g−1) L (L mg−1) R2 Kf 1/n R2

Raw biochar 1.05 0.36 0.67 - - -
Humins-lignin biochar 30.12 1.04 0.99 22.64 0.07 0.40
Biochar-OH 48.78 1.29 0.99 37.63 0.06 0.59
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patterns were interpreted before and after MB adsorption 
and presented in the supplementary data (Fig. S1). Table 7 
summarizes the main bands involved in the adsorption pro-
cess. The spectrum of raw biochar did not exhibit a notice-
able change after MB adsorption. The only change con-
cerned the characteristic peak of aromatic C = C appearing at 
1587 cm−1 in raw biochar which was shifted after adsorption 
to 1575 cm−1 suggesting involvement of π-π interactions 

between the aromatic structure of raw biochar and the MB 
aromatic ring. The absence of noticeable change on the 
FTIR pattern after MB adsorption means that chemisorption 
contributes only marginally to the adsorption process. π-π 
interaction promotes self-association of MB molecules and 
formation of H-aggregates of MB [59, 60], which in their 
turn link to the adsorbent surface via a physisorption mecha-
nism. π-π interaction was also supposed to be involved in the 
adsorption of MB by humins-lignin biochar. The stretch-
ing vibrations of aromatic C = C at 1589 cm−1 were shifted 
to 1594 cm−1 after MB adsorption [21, 61]. The peak at 
1382 cm−1 assigned to COOH was shifted to 1358 cm−1 sug-
gesting formation of hydrogen bonds with the amino group 
of the MB molecule [62]. This proposition was supported 
by the emergence of a new peak at 1325 cm−1 corresponding 
to terminal C-N bonds in saturated dimethylamino groups 
[63, 64]. The peak localized at 1136 cm−1 assigned to the 
C—O bond of the ether groups was shifted to 1124 cm−1, 
which probably means that the ether group was engaged in 
MB adsorption. A new peak appeared at 898 cm−1, which 
probably corresponded to the C-H bond of the MB aromatic 
ring [53, 65]. In biochar-OH, the carboxylate COO- band 
initially at 1560 cm−1 was shifted to 1591 cm−1 suggest-
ing electrostatic interaction between the negative charge 
of the carboxylate group and the amino group of MB mol-
ecules. The peak at 1346 cm−1 assigned to the alcohol group 
was shifted to 1322 cm−1 after MB adsorption, suggesting 

Table 6   Comparison of adsorption capacity of different adsorbents 
for MB removal

Adsorbents Maximal adsorp-
tion capacity (mg 
g−1)

References

Kenaf fiber char 22.7 [67]
Nut shell activated carbon 5.3 [68]
Wheat straw biochar 12.03 [69]
Wood apple shell activated carbon 37 [70]
Sludge-rice husk biochar 22.59 [53]
Raw avocado seeds 99.83 [58]
Sludge and tea waste 12.57 [62]
Sludge-derived biochar 24.10 [71]
Lignin derived from spent coffee 

grounds
66.22 [72]

Biochar-OH 48.78 This study
Humins-lignin biochar 30.12 This study

Table 7   The characteristic frequencies of FTIR bands of unmodified and modified biochar before and after methylene blue adsorption

Samples Functional groups Assignment

Before adsorption After adsorption Difference Methylene 
blue (cm−1)

Raw-biochar C = C aromatic 1587 1575 12
Humins-lignin biochar C = C aromatic 1589 1594 5

CO2H carboxylic group 1382 1358 24
C-N of dimethylamine group of MB - 1325 1328
C-O of ether group 1136 1124 12
C-H of MB aromatic ring 898 872
C sp3 2913 2928 15
C-H aromatic ring 780 785 5

Biochar-OH Carboxylic COOH 1560
1346

1591
1322

31
24

Chet = N+(CH3)2 - 1691 1706
Chet = S 1485 1481
C-H 1379 1386
(C–C)het 1220 1220
(C-H)het 1168 1170
(C-N)het 1122 1126
(C-S-C) 1029 1031
C-H of MB aromatic ring 882 872
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that the alcohol OH-group involved in the adsorption was 
probably established through the hydrogen bond with the 
Cheterocycle = N+(CH3)2 functional group whose band appears 
at 1691 cm−1 [51, 66]. New peaks appeared in the range 
of 1400–882 cm−1, which were attributed to the functional 
groups of adsorbed MB molecules (Table 6) [66].

4 � Conclusion

Biochar derived from humins from the biorefinery industry 
was produced in a one-step thermal process. The modifica-
tion of biochar significantly improved MB removal. Com-
pared to raw biochar, the adsorption capacity increased 30 
times when combined with lignin and 50 times after NaOH 
activation. Oxygen functional groups introduced on the bio-
char surface after modification tended to bond with MB mol-
ecules via physical or chemical interactions, while holes and 
pits that widely expanded on the biochar-OH surface prob-
ably promoted MB retention via pore filling. The adsorp-
tion equilibrium was rapidly reached for modified biochar 
(after 30 min for biochar-OH and 60 min for humins-lignin 
biochar), suggesting a high affinity of MB towards the sur-
face. The adsorption isotherms offered a good fit with the 
Langmuir model for biochar-OH and humins-lignin biochar, 
suggesting that the adsorption process occurred mainly in 
a monolayer on the surface with a maximum monolayer 
adsorption capacity of 48.78 mg g−1 for biochar-OH and 
30.12 mg g−1 for humins-lignin biochar. Biochar-OH and 
humins-lignin biochar exhibited a promising potential to 
remove cationic dyes. Nevertheless, the presence of divalent 
competing ions (such as calcium) reduced adsorption effi-
ciency more than monovalent ions (such as sodium), limiting 
the use of biochar as adsorbent to effluent with low ionic 
strength. Due to the weak pH dependency of adsorption on 
biochar-OH, it could be suitable as well for acidic or basic 
effluents, while humins-lignin biochar could be suitable for 
basic effluents. As a perspective of this work, reusability of 
biochar should be investigated.
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