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Abstract
The different lignin-based biomass activated carbons were prepared by KOH acti-
vation from three different lignin sources [corn straw lignin (CSLAC), lignosul-
fonate lignin (LSAC) and bagasse lignin (BLAC)]. And the effects of different 
lignin sources, activation temperatures and adsorption conditions (adsorbent dosage, 
adsorption temperature and pH value) on the removal of phenol were systematically 
investigated. The results showed that different lignin-based biomass activated car-
bons, the CSLAC-based activated carbon exhibited the highest specific surface area 
and phenol adsorption capacity. And the CSLAC-T prepared at 800   °C (CSLAC-
800) possessed specific surface area of 1679  m2/g, and the adsorption capacity of 
phenol reached 612  mg/g. The phenol removal rate of CSLAC-T was positively 
correlated with the specific surface area, and the adsorption rate of CSLAC-T was 
significantly higher than that before modification. In addition, the kinetic model, 
isothermal adsorption model and thermodynamic parameters of the three adsor-
bents were discussed. The results show that the three lignin-based activated carbons 
had a large adsorption capacity for phenol, which was spontaneous and exothermic 
adsorption. The adsorption is mainly through the π–π and hydrogen bond interac-
tions, and hydrophobic effect.
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Introduction

Phenol and its derivatives are important chemical production raw materials and 
products, which are widely used in various industries such as petrochemical, coal 
chemical, pharmaceutical, dye and phenolic resin [1]. Phenolic compounds are one 
of the highly toxic organic pollutants. Low concentrations of phenol can denature 
proteins, while high concentrations can precipitate proteins, resulting in cell poison-
ing, damage to human skin and respiratory tract, and even nerve center paralysis [2, 
3]. In addition, phenols also do great harm to aquatic organisms and crops. When 
the concentration of phenols in water exceeds 10 mg/L, organisms in water will die. 
Phenolic compounds have stable properties, wide sources, high toxicity, poor bio-
degradability and are difficult to be degraded in nature. Therefore, they are listed as 
one of the key pollutants to be controlled [4, 5]. How to effectively deal with phe-
nolic pollutants is an urgent problem in the environmental field.

At present, there are many degradation methods of phenolic wastewater, includ-
ing photocatalytic method [6], chemical oxidation method [7], electrochemical 
method [8], biological method [9], adsorption method [10], etc. Adsorption method 
is widely used in the treatment of phenolic wastewater due to its advantages of good 
removal effect, fast speed, low energy consumption, diverse adsorption materials, 
etc. [11]. Common adsorbents include activated carbon, resin, graphene, molecular 
sieve, metal organic framework, etc. [12–15]. With the continuous improvement of 
the performance of existing adsorbents and the research and development of new 
adsorbents, the adsorption method has a good application prospect and market value 
in the treatment of phenol containing wastewater.

Activated carbon has porous structure, high specific surface area, developed pore 
structure, rich functional groups on its surface, strong adsorption capacity, stable 
chemical properties, good acid and alkali resistance, good heat resistance and high 
mechanical strength. At present, there are many researches on the preparation of 
activated carbon from biomass wastes, such as straw, fruit shell, coal and sawdust 
[16–18]. Franco et al. [19] used the fruit waste of kapok tree as raw material to pre-
pare activated carbon for removing phenol from water. The specific surface area of 
activated carbon was  842m2/g. The thermodynamic results show that the adsorption 
of phenol is spontaneous and exothermic. Song et al. [20] Prepared high-efficiency 
activated carbon  (ACpsr) from peony seed shell residue (PSR).  ACpsr was systemati-
cally characterized, and the adsorption performance of  ACpsr for phenol was opti-
mized by response surface methodology (RSM), and its adsorption mechanism was 
studied. The results show that  ACpsr has a high specific surface area of 1499.5  m2/g 
and highly developed pore structure. The optimal adsorption efficiency of ACpsr 
was 93.11%. ACpsr can effectively remove phenolic pollutants in solution. As an 
economical and environment-friendly biomass precursor, biomass waste residue has 
great potential in remediation of water pollution.

There have been a lot of studies on the preparation of activated carbon from 
biomass waste for adsorption of phenolic wastewater. Biomass contains cellulose, 
hemicellulose and lignin. Cellulose and hemicellulose can be used to ferment cel-
lulosic ethanol or paper making. Lignin is one of the three major components 
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of biomass, in the pulp and paper industry and bio-fermentation to produce fuel 
ethanol and other industries, due to the complex structure and stable nature of 
lignin, it is difficult to be used and degraded. The lignin is usually separated and 
removed by various methods, and the lignin component is discharged from the 
system as residual waste. The industrial lignin produced every year in the world 
is very huge, up to 150–180 million tons, only about 2% of lignin has been used, 
most of the remaining lignin has not been effectively used, but is directly dis-
charged into the environment or burned as low-value fuel [21–23], which not 
only wastes resources, but also causes serious pollution to the environment. With 
the shortage of non-renewable fossil resources and strict environmental protec-
tion requirements, the efficient and high-value utilization of lignin has become a 
research focus. Solange et al. [24] used  H3PO4 to chemically activate lignin from 
brewer’s spent grain (BSG) to prepare different types of activated carbon with 
different acid/lignin ratios and different carbonization temperatures. The results 
showed that the BET surface area of BSG lignin carbon was between 33 and 
692  m2/g, and BSG lignin carbon showed high adsorption capacity for metal ions 
(mainly nickel, iron, chromium and silicon), and also reduced the concentration 
of phenolic compounds. These results indicate that BSG lignin can be used to 
prepare activated carbon with similar characteristics and high adsorption capacity 
as commercial activated carbon. Fu et al. [25] obtained black liquor lignin from 
the pulp and paper industry as a precursor to prepare activated carbon by steam 
physical activation. The effects of carbonization temperature, activation tempera-
ture and activation time on the pore structure of the product were investigated. 
The results showed that under the optimum preparation conditions, lignin-based 
activated carbon (LAC) was used to adsorb and remove methylene blue (MB) 
from aqueous solution, with the maximum adsorption capacity of 92.51  mg/g. 
The results show that LAC has great potential for dye wastewater treatment.

Lignin is always presented in the form of waste in the three components of bio-
mass, which has not been fully utilized. In this study, corn straw lignin, lignosul-
fonate and bagasse lignin are selected as three industrial representative lignin raw 
materials, because they are generally derived from the pulping process of paper 
industry and the fermentation of ethanol industry and alcohol industry by lignin 
biomass. As industrial by-products and industrial waste residues, most of lignin 
are directly burned as biofuels, with low utilization rate and certain pollution to the 
environment. However, there are few reports on the use of lignin as the raw mate-
rial for the preparation of activated carbon for the treatment of phenol containing 
wastewater. In this way, lignin can be utilized with high added value, and the waste 
of resources and pollution caused by waste treatment can be reduced. KOH activa-
tion method is the most effective method to prepare lignin-based activated carbon 
with high specific surface area [26]. In this paper, KOH activation method is used 
to prepare lignin-based activated carbon, which expands the raw material source of 
activated carbon, finds a new application field for a large number of low-efficiency 
utilization of lignin, and realizes the efficient resource utilization of lignin. This 
paper selects industrial lignin from different sources. On the one hand, it proves the 
feasibility and universal applicability of lignin as raw material for preparing acti-
vated carbon; on the other hand, it explores the differences in yield and adsorption 



2212 M. Li et al.

1 3

performance of different kinds of lignin for preparing activated carbon, providing 
basis for rational utilization of these resources.

Experimental

Materials

Corn straw lignin (CSL), lignosulfonate (LS, produced in Jiangsu), bagasse lignin 
(BL, produced in Guangxi), potassium hydroxide (Tianjin DaMao Chemical plant, 
analytical purity), high-temperature tubular furnace (ZY-1400), ultraviolet visible 
spectrophotometer (TU-1901), phenol (Tianjin DaMao Chemical plant, analytical 
purity).

Preparation of activated carbon

A certain amount of corn straw lignin (CSL) was washed repeatedly with distilled 
water to remove the inorganic salt impurities, and then soaked in distilled water at 
80 °C for 8 h and suction filtration. The obtained solid was dried at 105  °C for 24 h, 
which was recorded as CSLAC. A certain amount of pretreated CSLAC was mixed 
with potassium hydroxide (mass ratio: 1:1), soaked in distilled water for 3 h, and 
filtered solid was dried at 120 °C for 24 h. The obtained solid was placed in a tubu-
lar furnace under nitrogen atmosphere, and the temperature was raised from room 
temperature to 250 °C at a heating rate of 3 °C/min for 2 h, and then, the tempera-
ture was raised to the required activation temperature (T = 600, 700, 800, 900) at a 
heating rate of 3 °C/min for 3 h. The lignin activated carbon obtained is recorded as 
CSLAC-T, and T is the activation temperature.

With the above method, lignosulfonate (LS) and bagasse lignin (BL) were treated 
with other conditions unchanged, and the activation temperature was fixed at 800 °C. 
The solids obtained were recorded as LSAC-800 and BLAC-800, respectively.

Structural characterization

The Brunauer–Emmett–Teller (BET) method was used to measure the specific surface 
area, and the classic Barrett–Joyner–Halenda (BJH) model was used to calculate the 
pore size distribution. The samples were characterized by X-ray diffraction (XRD) and 
recorded on a (Philips X’Pert-Pro-Super) X-ray powder diffractometer with Cu-Kα 
radiation. Under the setting conditions of 40kv and 30 mA, the scanning range was 
0.5°–10°, and the rate is 1/6°  min−1. Functional groups are examined by Fourier trans-
form infrared spectroscopy (FT-IR) (Bruker company was used for determination). 
The sample characterization method is to grind the dried activated carbon sample to be 
tested together with KBr into powder and press it into pieces. The scanning range was 
4000–400  cm−1, the samples were detected, and the functional groups on the surface of 
activated carbon were qualitatively analyzed. Under vacuum conditions with an accel-
eration voltage of 100 V–30 kV, a scanning electron microscope (SEM) was obtained 



2213

1 3

Removal of phenol by lignin‑based activated carbon as an…

on the SIGMA scanning electron microscope from Carl Zeiss AG, Germany, and the 
sample was magnified to 2000–10,000 times.

Determination of pH point of zero charges  (pHpzc)

Taking corn straw lignin activated carbon as an example, 5.0  mg CSLAC-800 was 
added to five beakers containing 25 mL KCl solution (0.1 mol/L), and the initial pH 
 (pH0) was adjusted to 5.0, 6.0, 7.0, 8.0 and 9.0, respectively. After stirring for 10 min, 
the suspension was placed in room temperature air for 24 h. Solid was then removed 
from the suspension by centrifugation, and the final pH  (pHe) of the liquid was meas-
ured with a pH meter. The plot of ∆pH (∆pH =  pH0 −  pHe) to  pH0 was drawn, and 
 pHpzc is calculated at ∆pH = 0.

Adsorption experiments

Each time, 20 mL of phenol solution (150 mg/L) was put into a small brown bottle, 
0.015 g adsorbent was added, and the small brown bottle was placed on the magnetic 
stirrer at a rate of 300 r/min. The adsorption was carried out at 30 °C for 2 h. After 
the adsorption reached equilibrium, the supernatant was extracted with a syringe and 
filtered through a 0.2 μm syringe membrane filter. The absorbance value of the filtered 
solution was measured, and the measured absorbance value was substituted into the 
standard curve to obtain the concentration of phenol (See Fig. S1 for standard curve). 
The adsorption capacity and adsorption rate were used as the evaluation indexes of 
phenol adsorption effect, the adsorption rate and adsorption capacity are calculated 
according to Eqs. (1) and (2), respectively.

where C0 is the initial concentration of phenol solution (mg/L), Ce is the concen-
tration when the phenol solution reaches the adsorption equilibrium (mg/L), and 
AR is the adsorption rate (%) when the adsorption process reaches the adsorption 
equilibrium.

where Qe represents the adsorption capacity (mg/g) when the adsorption equilib-
rium is reached, V represents the volume of phenol solution (L) without adsorption, 
and mc represents the amount of adsorbent added in each group of adsorption exper-
iments (g).
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Experimental data models

Pseudo-first-order kinetic models and pseudo-second-order kinetic models are the 
most commonly used kinetic models for adsorption. The pseudo-first-order kinetic 
model is shown in Eq. 3.

where t represents the adsorption time, Qt represents the adsorption capacity (mg/g) 
of the adsorbent at time t (min), Qe represents the adsorption capacity (mg/g) when 
the adsorption process reaches the adsorption equilibrium, and k1 represents the 
adsorption rate constant  (min−1).

While the pseudo-second-order kinetics model is shown in Eq. 4, [27, 28]

where k2 represents the adsorption rate constant, (g/mg min).
The Langmuir isothermal model (Eq. 5) and Freundlich isothermal model (Eq. 6) 

are shown as:

where Qmax represents the maximum adsorption capacity (mg/g) of the adsorbent 
when the monolayer adsorption reaches saturation, Qe represents the adsorption 
capacity (mg/g) at adsorption equilibrium, and KL represents the Langmuir con-
stant related to the adsorption energy (L/mg). KF represents the Freundlich isotherm 
constant (mg/g(L/mg)1/n), and 1/n indicates the effect of solution concentration on 
adsorption capacity. If 1/n is between 0.1 and 0.5, adsorption is easy, and if 1/n is 
greater than 2, adsorption is difficult [29–32].

Results and discussion

Characterization of the AC samples

TGA analysis

The TGA curves of solid samples of corn straw lignin (CSL), lignosulfonate (LS) 
and bagasse lignin (BL) under nitrogen atmosphere are shown in Fig. S2. It can be 
seen from Fig. S2 that the pyrolysis process of lignin was mainly divided into three 
weight-loss stages. The first weight-loss stage was below 200 °C, and the mass loss 
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in this stage was the free water evaporation of the material, namely the drying and 
dehydration stage [33]. At this stage, the mass loss of CSL, LS and BL was 5.9%, 
4.9% and 1.8%, respectively. The second weight-loss stage is between 200 °C and 
600 °C, which is one of the main stages of lignin pyrolysis. The mass loss in this 
stage is the removal of small and medium-sized volatile components of lignin. In 
this stage, the aliphatic hydroxyl functional groups in the branch chain structure of 
lignin break into small molecules of water, and the C–C bond and ether bond in 
lignin break, producing a series of small molecules such as CO,  CO2 and  CH4 vola-
tilization. The carbon skeleton is basically generated in this stage [34]. At this stage, 
the mass loss of corn straw lignin, lignosulfonate and bagasse lignin was 36.4%, 
35.8% and 28.9%, respectively. The third weight-loss stage is above 600 °C. In this 
stage, lignin aromatic ring structure and aryl ether bonds are decomposed at high 
temperature to produce various phenolic substances and a large amount of CO and 
 CO2, and the carbon skeleton is further consumed and pyrolyzed [35–37]. The mass 
loss of corn straw lignin, lignosulfonate and bagasse lignin in this range is about 
5.8%, 9.7% and 9.2%, respectively, and the weight loss is relatively slow. As can be 
seen from Fig.S2, the decomposition of the three kinds of lignin has been basically 
completed at 600 °C, and with a small amount of mass loss, the structure of carbon 
has basically been formed. The pyrolysis residue rates of CAL, LS and BL were 
52.3%, 52.8% and 57.1%, respectively.

N2 adsorption–desorption

The  N2 adsorption–desorption isotherm plots provide important information regard-
ing the porosity of the carbon samples (Fig. 1; Table 1). From Fig. 1a, it can be seen 
that the shape of CSLAC and CSLAC-T adsorption isotherms is similar, belong-
ing to Type IV [38]. When the relative pressure P/P0 is less than 0.2, the adsorp-
tion capacity of activated carbon increases rapidly with the increase in relative pres-
sure, and the adsorption rate is fast. This is due to the rapid filling of micropores in 
this pressure stage, which indicates that there are micropores in the prepared acti-
vated carbon [39]. When the relative pressure P/P0 is greater than 0.2, the adsorp-
tion capacity continues to increase with the increase in the relative pressure, but 
the upward trend slows down. Due to the multi-molecular layer adsorption of gas 
molecules in the mesopores and macropores of activated carbon, the adsorption rate 
decreases, indicating that there is a certain amount of mesopores in activated car-
bon. When the relative pressure is greater than 0.9 and close to 1, the adsorption 
rate increases, because the adsorption of nitrogen molecules occurs in macropores, 
indicating that there are a certain amount of macropores in activated carbon. When 
the relative pressure P/P0 is greater than 0.4 and less than 1, there is an obvious 
hysteresis loop. The adsorption isotherm and desorption isotherm do not coincide, 
and there is an obvious hysteresis loop, which is caused by capillary condensation in 
the mesopores, indicating that lignin-based activated carbon contains a large num-
ber of mesopores [40]. Therefore, the prepared CSLAC and CSLAC-T contains a 
large number of micropores and mesopores. In the whole range of nitrogen adsorp-
tion and desorption pressure, the nitrogen adsorption capacity increases gradually 
with the increase in activation temperature from 600 to 800 °C, the micropore and 
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mesopore structures are rich, and the pore capacity increases. After the activation 
temperature reaches above 800 °C, continue to increase the activation temperature, 
when the activation temperature reaches 900  °C, the nitrogen adsorption capac-
ity, microporous and mesoporous structures and pore capacity decrease [41, 42]. It 
can be seen from Figure (b) that for CSLAC-T (600–800  °C), the most probable 
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Fig. 1  Adsorption isotherm curve (a) and pore size distribution curve (b) of CSLAC and CSLAC-T; 
Adsorption isotherms (c) and pore size distribution curves (d) of CSLAC-800, LSAC-800 and BLAC-
800

Table 1  Pore structure and yield of lignin-based activated carbon

Sample SBET  (m2  g−1) Pore diam-
eter (nm)

Pore volume 
 (cm3  g−1)

Micropore 
area  (m2  g−1)

Mesopore 
area  (m2  g−1)

Yield (%)

CSLAC 265 6.20 0.071 206 59 45.4
CSLAC-600 454 5.98 0.092 371 83 43.5
CSLAC-700 1114 3.33 0.138 755 359 32.0
CSLAC-800 1679 4.86 0.369 1079 600 26.8
CSLAC-900 695 6.44 0.128 590 105 3.30
CSLAC-800 1679 4.86 0.369 1079 600 26.8
LSAC-800 844 12.43 0.294 718 126 44.1
BLAC-800 856 12.19 0.364 697 159 46.5



2217

1 3

Removal of phenol by lignin‑based activated carbon as an…

mesopores of the material are around 4–5 nm, while mesopores larger than 5 nm 
appear in CSLAC-900, which may be the reason for the obvious reduction of pore 
volume.

It can be seen from Table 1 that compared with CSLAC, the specific surface of 
CSLAC-T activated at different temperatures was increased, indicating that KOH 
activation could significantly increase lignin specific surface area. When the activa-
tion temperature rises from 600 to 800 °C, the specific surface area of the prepared 
activated carbon gradually increases from 454 to 1679  m2/g, the pore capacity grad-
ually increases, and the pore diameter decreases. When the activation temperature 
continues rises from 800 to 900 °C, the specific surface area decreases to 695  m2/g, 
and the pore volume decreases with the pore diameter increases. This is because 
when the temperature is low, the water in lignin is evaporated and released to form 
micropores. With the increase in temperature, the branched aliphatic hydroxyl and 
carboxyl functional groups in lignin are pyrolyzed to produce water molecules, and 
small molecules such as CO and  CO2 are volatilized from the system to produce a 
large number of micropores, resulting in the increase in the specific surface area 
of the material. When the temperature rises to 500–600  °C, KOH reacts with the 
carbon side chain in lignin and the carbon in the skeleton, generate large amounts 
of hydrogen, produce new microporous while the micropores generated at the initial 
stage of pyrolysis expanding to form larger micropores and mesopores. At this stage, 
the pores are mainly micropores, with the total specific surface area increasing, the 
pore volume increasing and the average pore size decreasing. As the temperature 
continues to rise to 800 °C, the activator reacts with the carbon chain to generate 
volatile substances such as hydrogen, CO,  CO2 and  CH4, and the micropores are 
fully developed to form a large number of mesopores, Moreover, when the temper-
ature is higher than 773  °C, the simple substance of metal potassium evaporates. 
During the evaporation process, it will enter the carbon interlayer, open the carbon 
layer to produce new micropores, and the pore structure is rich. At this stage, the 
pore structure is mainly mesoporous, so the specific surface area and pore volume 
of activated carbon increase, and the average pore size increases. When the tem-
perature continues to rise to 900 °C, the reaction rate between KOH and carbon is 
too fast, and the evaporation rate of metal potassium increases too fast, as a result, 
the micropores of activated carbon are ablated into mesopores or even macropores, 
and the macropores continue to be burned and expanded, resulting in the destruction 
of the pore structure. At the same time, the pore wall between adjacent pores is bro-
ken due to high-temperature burning, resulting in the collapse of the pore structure. 
Therefore, too high a temperature will lead to the destruction of the pore structure, 
the reduction of the specific surface area and the increase in the average pore diam-
eter, which are consistent with the results of the pore size distribution map [43, 44].

It can be seen from Fig.  1c that the adsorption isotherms of LSAC-800 and 
BLAC-800 are similar to those of CSLAC-800, but the nitrogen adsorption capac-
ity of corn stover lignin-based activated carbon CSLAC-800 is the largest in the 
whole pressure range, with rich microporous and mesoporous structures and large 
pore capacity. It can be seen from Table 1 that the specific surface area and pore 
capacity of CSLAC-800 corn stalk lignin are the largest among the activated car-
bons obtained from three different lignin activated with KOH at 800 °C. The pore 
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size distribution can be seen from Fig. 1d that the three kinds of lignin-based acti-
vated carbon are mainly mesoporous, containing a certain amount of micropores and 
macropores, and the pore structure is developed.

Table 1 lists the effect of different activation temperatures on the yield of acti-
vated carbon. With the increase in temperature, the yield of activated carbon gradu-
ally decreases. When the temperature rises to 900 °C, the yield of activated carbon 
is only 3.3%. This is because with the increase in temperature, the more intense the 
reaction between activator and carbon, the greater the loss of carbon in lignin, and 
the lower the yield of activated carbon. Among the three kinds of lignin-based acti-
vated carbon, the yield of corn straw lignin-based activated carbon CSLAC-800 is 
the lowest, the yield of bagasse lignin activated carbon BLAC-800 is the highest.

SEM analysis

Figure 2 is the SEM diagram of samples before and after modification. From Fig. 2 
a, c, e, it can be seen that the morphology of the original three kinds of lignin is 
much different. Before unmodified and activated, the lignin of corn straw presents 
a rod-like fiber structure, the lignosulfonate presents a multi fold and large block 
structure, and the bagasse lignin presents a small fragment structure. It can be seen 
from Fig. 2b, d, f that after KOH activation and modification, all sample surfaces 
have pores of different sizes, and the pore structure is developed. This is due to the 
pore-forming effect of KOH in the high-temperature activation process, which can 
endow the adsorbent with rich pores. Among them, CSLAC-800 has the most abun-
dant pore structure, which is conducive to increasing its specific surface area, which 
is consistent with the BET analysis. However, the surface of BLAC-800 (Fig. 2f) has 
formed large pores. The rich pore structure and large specific surface area are condu-
cive to improving the adsorption capacity of phenol [45]. See supplementary mate-
rial S1–S5 for the detailed mechanism of KOH activation and pyrolysis of biomass.

FT‑IR analysis

The functional groups on the surface of activated carbon are one of the impor-
tant factors affecting the adsorption performance of activated carbon. Figure 3 
shows the FT-IR diagram of samples before and after modification, as shown 
in Fig. 3a, CSLAC has a wide peak at about 3424  cm−1, which is the stretching 
vibration characteristic peak of alcohol hydroxyl or phenolic hydroxyl. There is 
a smaller peak about 2915   cm−1, which includes the stretching vibration char-
acteristic peaks of –CH3, –CH2, –CH and methoxy C–H in aromatic ring. The 
absorption peaks at 1664   cm−1 included C=O characteristic peaks of carboxyl 
group, ester group and ketone. The characteristic peak around 1510   cm−1 is 
related to the C=C stretching vibration of the aromatic ring skeleton. The char-
acteristic peak around 1449  cm−1 is related to the symmetric stretching vibration 
of –C=O, and the absorption peak around 1103   cm−1, 1042   cm−1 is the char-
acteristic peak of ether bond and CO of ester group. In contrast to CSLAC, the 
functional groups of CSLAC-T are basically the same. The hydroxyl absorption 



2219

1 3

Removal of phenol by lignin‑based activated carbon as an…

peak appeared at 3424   cm−1, the carboxyl group appeared at 1660   cm−1, the 
C=O characteristic peak of ester group appeared at 1449  cm−1, the C=C stretch-
ing vibration peak of aromatic ring skeleton appeared at 1510   cm−1 and the 
C–O–C stretching vibration characteristic peak appeared at 1042   cm−1. It can 
be seen from the infrared spectrum that lignin contains hydroxyl, carboxyl, car-
bonyl, benzene ring, etc. After high-temperature activation, the types of func-
tional groups are reduced [46–49].

It can be seen from the infrared spectrum in Fig. 3b that the three kinds of 
lignin contain basically the same types of functional groups, including hydroxyl, 
carboxyl, carbonyl, methoxy, benzene ring, etc. After high-temperature activa-
tion at 800 °C, the types of functional groups decrease.

Fig. 2  SEM images of CSL unmodified activation (a), LS unmodified activation (c), BL unmodified acti-
vation (e), CSLAC-800 (b), LSAC-800 (d), BLAC-800 (f)
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XRD analysis

The XRD analysis results of lignin-based activated carbon are shown in Fig. 4. 
It can be seen from Fig.  4 that all samples have a wide diffraction peak at 
2θ = 20°–26°, which corresponds to the (002) crystal plane of amorphous car-
bon, while the diffraction peak at 2θ = 43° is the (100) crystal plane of graphite 
carbon, indicating that the material contains amorphous carbon and graphite car-
bon. It can be seen from Fig. 4a that, with the increase in activation temperature, 
there is an obvious peak at 2θ = 43° of CSLAC-T, indicating that the graphiti-
zation degree increases. At a lower activation temperature, there is an obvious 
peak at 2θ = 26°, indicating that the activated carbon activated at a lower tem-
perature contains more mineral impurities. It can be seen from Fig. 4b that the 
graphitization degree of CSLAC-800 and LSAC-800 was higher in the activated 
carbons activated at 800  °C. Except for two characteristic peaks at (002) and 
(100), no other diffraction peaks are found in the spectrogram, indicating that the 
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Fig. 3  Infrared spectrum of CSLAC and CSLAC-T, CSLAC-800 (a) and CSLAC-800, LSAC-800, 
BLAC-800 (b)

Fig. 4  XRD Spectra of CSLAC-T (a) and CSLAC-800, LSAC-800, BLAC-800 (b)
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inorganic mineral impurities in the activated carbons activated at 800  °C have 
been removed [50–52].

Adsorption experiment

Effect of activation temperature and different lignin on phenol adsorption

Figure 5a shows the effect of activation temperature on the adsorption performance 
of CSLAC-T phenol (adsorption conditions: 20 mL phenol solution (C0 = 150 mg/L), 
0.015 g adsorbent, adsorption temperature 30 °C). It can be seen from Fig. 6 that 
the adsorption rate of all samples increases sharply at first, then slowly and finally 
tends to a stable value. After adsorption for 60 min, the adsorption basically reached 
equilibrium. As the activation temperature rises from 600 to 800 °C, the equilibrium 
adsorption rate of CSLAC-T for phenol gradually increases, but when the activa-
tion temperature continues to rise to 900 °C, the adsorption rate decreases, and the 

Fig. 5  Effect of activation temperature on phenol adsorption over CSLAC-T (a) and effect of different 
adsorbents on phenol adsorption (b) (adsorption conditions: V = 20  mL, C0 = 150  mg/L, mc = 0.015  g, 
T = 30 °C and t = 80 min)

Fig. 6  Effect of CSLAC-800 
dosage on phenol adsorp-
tion (adsorption conditions: 
V = 20 mL, C0 = 150 mg/L, 
T = 30 °C and t = 80 min)
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adsorption rate of CSLAC-800 for phenol is the largest, reaching 91.7%. This may 
be due to the fact that CSLAC-800 has the highest specific surface area and pore 
volume (Table 1) and abundant pore structure. It was also found that the adsorption 
capacity of CSLAC-T for phenol was positively related to the specific surface area 
of activated carbon. It can be seen from Fig. 6b that among the activated carbons 
obtained by modifying and activating different lignin under the same conditions, the 
adsorption rate of phenol of corn straw lignin-based activated carbon CSLAC-800 is 
the highest and the best.

Effect of adsorbent amount on phenol adsorption

In order to determine the appropriate amount of adsorbent, other conditions 
unchanged (adsorption conditions: 20 mL phenol solution (C0 = 150 mg/L), 0.015 g 
adsorbent, adsorption temperature 30 °C, adsorption time 80 min), the effect of the 
amount of CSLAC-800 on phenol adsorption was studied. As shown in Fig. 6, the 
adsorption rate of phenol gradually increased with the increase in adsorbent amount. 
When 0.02  g of CSLAC-800 was added, the adsorption rate of phenol reached 
100%.

Determination of  pHpzc and effect of pH

The pH of the solution is an important parameter affecting the adsorption rate of 
phenolic compounds. The surface charge of adsorbent in solutions at different pH 
depends on its zero point of charge  (pHpzc). The  pHpzc value of adsorbent is the elec-
trostatic characteristics of its surface. When the solution pH is greater than  pHpzc of 
the material, the surface of material is negatively charged, while when the solution 
pH is less than  pHpzc, the surface of material is positively charged. To study effect 
of pH on phenol removal over CSLAC-800, its  pHpzc was measured and the result 
is shown in Fig. 7a. As can be seen from Fig. 7a, the  pHpzc value of CSLAC-800 is 
7.2. Therefore, if the pH of the solution is less than 7.2, the surface of CSLAC-800 

Fig. 7  pHpzc curve of BAC-800 (a), effect of pH on phenol adsorption (b). (Adsorption conditions: 
V = 20 mL, C0 = 150 mg/L, mc = 0.015 g, T = 30 °C and t = 80 min)
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is positively charged. If the pH of the solution is greater than 7.2, the surface of 
the CSLAC-800 is negatively charged [53–56]. Furthermore, phenol solution is a 
weakly acidic solution with pKa of 10.0. Therefore, the phenol molecules are ion-
ized to form phenoxy negative ions in solution and high pH promotes the ionization 
of phenol [57].

Effect of pH (5–8) on phenol adsorption over three lignin-based activated carbons 
was studied with the other conditions remained unchanged. As shown in Fig. 7, the 
adsorption rate of the three lignin-based activated carbons gradually increases with 
the increase in pH value, until the adsorption rate reaches the maximum value when 
the pH value is 7.0, which are 94.2% for CSLAC-800, 89.5% for LSAC-800 and 
93.3% for BLAC-800, respectively. This is because when pH of the solution is 7.0, 
the surface of adsorbent is positively charged owing to the pH is less than  pHpzc of 
adsorbent  (pHpzc = 7.2). And the phenol molecules are ionized to form phenoxy neg-
ative ions. The positively charged adsorbent surface attracts the phenoxy negative 
ions, leading to high phenol removal rate for pH = 7. However, with the decrease 
in pH value, ionization effect of phenol gets weak, therefore the phenol removal 
rate is decreased. Interestingly, the adsorption rate decreases with increase in pH 
when pH > 8.0 (Fig. 7). This is possibly because for pH > 8.0, the surface of adsor-
bent is negatively charged owing to pH is higher than its  pHpzc  (pHpzc = 7.2), which 
would electrostatically repulse the phenoxy negative ions. This leads to decrease in 
the adsorption rate with increase in pH for alkaline solution with pH > 7.2 because 
higher pH value promotes formation of cations.

Effect of adsorption temperature

The influence of adsorption temperature (20–50 °C) on the adsorption of phenol by 
CSLAC-800, LSAC-800 and BLAC-800 adsorbents is shown in Fig.  8. It can be 
seen from Fig. 8 that with the increase in adsorption temperature from 20 to 30 °C, 
the adsorption performance of the three kinds of lignin-based activated carbon for 
phenol improves, but with the increase in adsorption temperature from 30 to 50 °C, 
the adsorption capacity of phenol decreases gradually. When the adsorption tem-
perature was 30 °C, the adsorption rates of the three kinds of lignin-based activated 

Fig. 8  Effect of three different 
lignin-based activated carbons 
on phenol adsorption at different 
solution temperatures (adsorp-
tion conditions: V = 20 mL, 
C0 = 150 mg/L,  mc = 0.015 g and 
t = 80 min)
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carbon for phenol are the largest, which were 91.7% for CSLAC-800, 85.9% for 
LSAC-800 and 89.9% for BLAC-800, respectively. The experiment shows that the 
adsorption temperature of 30 °C was the best adsorption temperature of adsorbent, 
so the adsorption temperature of 30 °C was selected in this experiment. It can also 
be seen from Fig. 8 that under different temperatures, the adsorption performance of 
CSLAC-800 for phenol is the best.

Recycling performance of adsorbent

In order to study the regeneration performance of the prepared adsorbents, the 
used adsorbent was soaked in methanol for 2 h, dried at 80 °C for 8 h and used for 
the next adsorption, the results are shown in Fig. 9. It can be seen from Fig. 9 that 
after four cycles, the adsorption rates of the three kinds of lignin-based activated 
carbon CSLAC-800, LSAC-800 and BLAC-800 have decreased (78.7–84.5%). 
Among them, CSLAC-800 had the best regeneration performance. After four cycles, 
it could still maintain the adsorption capacity of 84.5%, showing good adsorption 
performance.

Adsorption kinetics

The experimental data are fitted with pseudo- first-order and pseudo-second-order 
kinetic models, respectively, and the results are shown in Fig.  10 and Table  2. 
According to the results shown in Table 2, the correlation coefficient R2 of CSLAC-
800 pseudo-first-order kinetic model is 0.9507, the equilibrium adsorption capacity 
is 169.3  mg/g, and the actual experimental result is 180.2  mg/g. For the pseudo-
second-order model, the correlation coefficient R2 is 0.9939, and the equilibrium 
adsorption capacity is 181.8  mg/g. Compared with the pseudo-first-order kinetic 
model, the pseudo-second-order kinetic model is closer to the experimental value 
and has higher correlation. Therefore, the pseudo-second-order model is more 
suitable to describe the adsorption kinetics of phenol on CSLAC-800. The corre-
lation coefficient R2 of LSAC-800 pseudo-first-order kinetic model is 0.9800, the 

Fig. 9  Regeneration perfor-
mance of adsorbent CSLAC-
800, LSAC-800 and BLAC-
800 (adsorption conditions: 
V = 20 mL, C0 = 150 mg/L, 
mc = 0.015 g, T = 30 °C and 
t = 80 min)
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equilibrium adsorption capacity is 163.2 mg/g, and the actual experimental result 
is 172.2  mg/g. For the pseudo-second-order model, the correlation coefficient R2 
is 0.9877, and the equilibrium adsorption capacity is 182.7 mg/g. The experiment 
shows that both the pseudo-first-order kinetic model and the pseudo-second-order 
kinetic model can describe the adsorption kinetics of phenol on LSAC-800. The cor-
relation coefficient of BLAC-800 pseudo-first-order kinetic model is R2 = 0.9437, the 
equilibrium adsorption capacity is 161.9 mg/g, the correlation coefficient of pseudo-
second-order kinetic model is R2 = 0.9909, the equilibrium adsorption capacity is 
175.0  mg/g, and the actual adsorption capacity of the experiment is 172.9  mg/g. 
Compared with the first-order kinetics, the pseudo-second-order kinetics is close to 
the experimental value, and the correlation is higher. Therefore, the pseudo-second-
order kinetic model is more suitable to describe the adsorption kinetics of phenol on 
BLAC-800.

The intraparticle diffusion model is shown in Fig. S3 and Table S1. For detailed 
analysis, see supplementary material.

Adsorption isotherms

The equilibrium isothermal adsorption of CSLAC-800, LSAC-800 and BLAC-
800 was studied by preparing phenol solutions with initial concentrations of 
150, 300, 500, 1000, 1500 and 2000  mg/L, respectively. The fitting results of 
Langmuir and Freundlich isotherm adsorption models are shown in Fig. 11 and 

Fig. 10  Dynamic model fitting curve of CSLAC-800 (a), LSAC-800 (b) and BLAC-800 (c)

Table 2  Fitting results of adsorption kinetics of CSLAC-800, LSAC-800 and BLAC-800 adsorbents

Kinetic model Parameters CSLAC-800 LSAC-800 BLAC-800

Pseudo-first-order 
kinetic model 
Qt = Qe(1 − e−k1 t)

Qe,exp (mg/g) 180.2 172.2 172.9
Qe,cal (mg/g) 169.5 163.2 161.9
K1  (min−1) 0.3113 0.1714 0.2787
R2 0.9507 0.98 0.9437

Pseudo-second-order 
kinetic model 
Q

t
=

k
2
Q2

e
t

1+k
2
Q

e
t

Qe,cal (mg/g) 181.8 182.7 175.0

K2  (min−1) 0.0028 0.0013 0.0026
R2 0.9939 0.9877 0.9909
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Table  3. The correlation coefficients  R2 of Langmuir model of CSLAC-800, 
LSAC-800 and BLAC-800 were 0.9337, 0.9756 and 0.9622, respectively, which 
were lower than those of Freundlich model (0.9936, 0.9935, 0.9947). Therefore, 
the Freundlich model can define the adsorption isotherms of phenol on three 
kinds of lignin-based activated carbon, indicating that the phenol molecules 
adsorbed on the adsorbent are mainly heterogeneous multi-molecular layers. 
According to Langmuir isothermal model, the maximum adsorption capacity 
(Qm) of phenol was 612 mg/g, 557 mg/g and 593 mg/g, respectively, and Fre-
undlich parameter 1/n was between 0.1 and 0.5, indicating that phenol could be 
easily adsorbed to the adsorbent.

According to Langmuir adsorption isotherm, the maximum adsorption capac-
ity of the three lignin-based activated carbons in this paper was known, and the 
adsorption capacity of phenol by biomass activated carbons in existing studies 
was compared, as shown in Table S2. There are few reports on the use of waste 
lignin to prepare activated carbon for the adsorption of phenol. A large num-
ber of studies directly prepare activated carbon from various biomass for the 
adsorption of phenol. The adsorption capacity of biomass activated carbon for 
phenol was lower than that of lignin-based activated carbon. Therefore, using 
waste lignin to prepare activated carbon can effectively treat phenol containing 
wastewater, to achieve the purpose of waste treatment waste.

Fig. 11  Fitting curve of isothermal adsorption model for CSLAC-800 (a), LSAC-800 (b) and BLAC-800 
(c)

Table 3  Fitting results of isothermal adsorption models of CSLAC-800, LSAC-800 and BLAC-800 
adsorbents

Adsorption model Parameters CSLAC-800 LSAC-800 BLAC-800

Langmuir isothermal 
adsorption model 
Q

e
=

Q
max

K
L
C
e

1+K
L
C
e

Qmax (mg  g−1) 612.3 556.9 592.7
KL 0.0170 0.0154 0.0147
R2 0.9337 0.9756 0.9622

Freundlich isothermal 
adsorption model
 
Q

e
= K

F
C
1∕n
e

1/n 0.2658 0.2515 0.2697

KF 92.17 90.19 85.22
R2 0.9936 0.9935 0.9947
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Thermodynamic parameters

By changing the temperature of the adsorption system, the thermodynamic param-
eters of phenol adsorption on three kinds of lignin-based activated carbon were 
determined, including Gibbs free energy change (∆G°), enthalpy change (∆H°) and 
entropy change (∆S°). The Gibbs free energy change is expressed as follows:

where R is the gas constant (8.314 J/mol K), T is the absolute temperature (K), and 
KD is the distribution constant, which can be calculated by the following equation.

 qe is the adsorption capacity when the adsorbent adsorbs phenol to equilibrium, and 
Ce is the concentration of phenol when the solution reaches equilibrium. m is the 
mass of adsorbent (g) and V is the volume of phenol solution (L).

The values of ∆H° and ∆S° can be obtained from Gibbs–Helmholtz equation, 
and the formula is as follows:

Equation (10) is obtained from Eqs. (7) and (9), as shown below:

Therefore, ∆S° (J/mol K) and ∆H° (kJ/mol) are obtained from the intercept and 
slope of the linear curve of lnKD and 1/T, that is, the entropy change ∆S° is obtained 
from the intercept, and the enthalpy change ∆H° is obtained from the slope [58, 59].

The thermodynamic calculation results obtained are shown in Table 4, the ∆G° 
range of the three lignin-based activated carbons is − 6.25 kJ/mol to − 3.43 kJ/mol, 
indicating that the adsorption between the adsorbents and phenol is mainly phys-
ical adsorption, with a negative value of ∆G°, indicating that the adsorption can 
be spontaneous within the temperature range. As can be seen from Table 4, ∆H° 
is − 45.62  kJ/mol, − 32.55  kJ/mol and − 33.49  kJ/mol, respectively, indicating that 
the adsorption process is exothermic. According to relevant literature, if ∆H° is 

(7)ΔG◦ = −RT lnKD

(8)K
D
=

q
e

C
e

×
m

V

(9)ΔG◦ = ΔH◦ − TΔS◦

(10)lnK
D
=

ΔS◦

R
−

ΔH◦

RT

Table 4  Thermodynamic parameters of adsorption of phenol by CSLAC-800, LSAC-800 and BLAC-800 
adsorbents

Adsorbent ∆G (KJ/mol) ∆H (KJ/mol) ∆S (J/mol K)

303 (K) 313 (K) 323 (K)

CSLAC-800  − 6.25  − 5.25  − 3.55  − 45.62  − 129.57
LSAC-800  − 5.29  − 3.61  − 3.46  − 32.55  − 90.71
BLAC-800  − 5.36  − 4.88  − 3.43  − 33.49  − 92.31
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less than 40 kJ/mol, physical adsorption controls the adsorption process; if ∆H° is 
greater than 80  kJ/mol, chemisorption mainly controls the adsorption process; if 
∆H° is between 40 kJ/mol and 80 kJ/mol, adsorption may be attributed to physical 
and chemical adsorption. More thermodynamic parameters are needed to distinguish 
which factor has the greatest influence on the adsorption process. The adsorption 
of the three lignin-based activated carbons obtained from ∆H° is mainly physical 
adsorption, while there are some other interactions, such as π–π interaction and 
hydrogen bond interaction. ∆S° represents the randomness of the solid–liquid inter-
face. ∆S° is − 129.57 J/mol K, − 90.71 J/mol K, − 92.31 J/mol K, respectively, indi-
cating that the randomness of the solid–liquid interface decreases after the adsorp-
tion process [60–63].

Mechanism research

Activation mechanism of lignin activated carbon

Activated carbon was prepared from lignin raw materials. Figure  12 shows the 
pyrolysis of lignin macromolecules into small molecular fragments under the alkali 
activator at high temperature. Lignin-based activated carbon contains fragments of 
lignin structural monomer and various mixed small molecular fragments [64–66].

Adsorption mechanism of phenol on lignin‑based activated carbon

Figure 13 shows the adsorption mechanism of phenol on lignin-based activated car-
bon. The adsorption process is carried out by combination of physical adsorption 
and chemical adsorption. As shown in Fig. 13, phenol mainly interacted with oxy-
gen–-containing functional groups and aromatic ring groups on the surface of acti-
vated carbon via hydrogen bond and π–π interaction [16, 67, 68]. The combination 
of physical adsorption and chemical adsorption improves the adsorption capacity of 
activated carbon for phenol.

Fig. 12  Decomposition mechanism of lignin macromolecules
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Conclusions

The different lignin-based biomass activated carbons were prepared by KOH 
activation from three different lignin sources, and the effects of different lignin 
sources, activation temperatures and adsorption conditions on the removal of phe-
nol were systematically investigated. The results showed that the specific surface 
area of CSLAC-800 (1679  m2/g) was much higher than that of LSAC-800 (844 
 m2/g) and BLAC-800 (856  m2/g) prepared under the same conditions. The effects 
of three lignin-based activated carbons on the removal rate of phenol under the 
same modification conditions and adsorption conditions (such as adsorbent dos-
age, adsorption temperature and pH value) were systematically studied. The 
results showed that the adsorption rates of the three lignin-based activated car-
bons were significantly increased after modification compared with those before 
modification. The adsorption rates of phenol by the three lignin-based activated 
carbons increased sharply in the first 15  min, then increased slowly and finally 
reached a stable value. After adsorption for 60  min, the adsorption basically 
reached equilibrium. The maximum adsorption capacities of CSLAC-800, LSAC-
800 and BLAC-800 for phenol in natural phenol solution at 30 °C were 612 mg/g, 
557  mg/g and 593  mg/g, respectively. The experimental results show that the 
adsorption of phenol on CSLAC-800 and BLAC-800 conforms to the pseudo-
second-order kinetic model and Freundlich isothermal adsorption model, indicat-
ing that heterogeneous multimolecular layer adsorption is dominant. The adsorp-
tion of phenol on LSAC-800 accords with pseudo-first-order kinetic model and 
pseudo-second-order kinetic model and Freundlich isothermal adsorption model. 
The thermodynamic parameters showed that the three lignin-based activated car-
bons adsorbed phenol spontaneously and exothermically, and the adsorption is 
mainly through the π–π and hydrogen bond interactions, and hydrophobic effect.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11164- 023- 04958-z.

Fig. 13  Adsorption mechanism 
of phenol on lignin-based acti-
vated carbon
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