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ABSTRACT: Valorization of lignin is still an open question and 
lignin has therefore remained an underutilized biomaterial. This sit-
uation is even more pronounced for hydrolysis lignin, which is 
characterized by a highly condensed and excessively cross-linked 
structure. We report on photoactive lignin/Bi4O5Br2/BiOBr bio-in-
organic composites consisting of a lignin substrate that is coated by 
Bi4O5Br2/BiOBr nanosheet photocatalysts. The structure of the hy-
brid material was investigated by means of X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), scanning elec-
tron microscopy (SEM), transmission electron microscopy includ-
ing energy dispersive X-ray (EDX) spectroscopy, and solid state 
1H−13C nuclear magnetic resonance spectroscopy (1H−13C NMR). 
The material contains 18.9% of  Bi4O5Br2/BiOBr and was found to 
be effective for the photocatalytic degradation of cationic methylene blue (MB) and zwitterionic rhodamine B (RhB) dyes under 
irradiation with 405 nm light. Lignin/Bi4O5Br2/BiOBr was able to decrease the dye concentration from 80 mg·L–1 to 12.3 mg·L–1 for 
RhB (85%) and from 80 mg·L–1 to 4.4 mg·L–1 for MB (95%). Complementary to the dye degradation, the lignin as a main component 
of the composite, was found to be efficient and rapid biosorbent for metal ions in aqueous solutions. The highest adsorption capacity 
was found after 2 hours of phases contact and reached 0.45 mmol·g–1 for Ni(II) ions (neutral media). The low cost, simplicity of the 
synthesis, good stability and ability to simultaneously photooxidize organic dyes and to adsorb metal ions, make the developed pho-
toactive lignin/Bi4O5Br2/BiOBr composite a prospective material for textile wastewaters remediation.  
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INTRODUCTION 
The transition to a circular economy has to be accelerated for 
achieving the environmental and climate objectives and Global 
Goals in the 2030 Agenda. The sustainable utilization of re-
sources increases their lifespan and value, and decrease the need 
for the extraction of new raw materials and landfill waste.1 For 
example, more than 0.7 million tons of synthetic dyes are pro-
duced annually for using in textile, leather, cosmetics, paper, 
paint, and food industries.2 In the textile industry more than 
10,000 different dyes and pigments are being used continu-
ously, leading to a variety of  organic and inorganic pollutants 
being discharged on each step of textile production.3,4   
Precipitation, coagulation, oxidation and adsorption have been 
applied for the treatment of wastewaters containing dyes; how-
ever, all those methods have specific disadvantages: high cost, 
lack of complete removal of dyes from wastewater, limited re-
moval efficiency, low selectivity and additional waste produc-
tion. Therefore, there is an urgent need for development of ma-
terials that combine multifunctionality for simultaneous and 
sustainable removal of different classes of toxicants.5 Certain 
semiconductor nanostructures can harvest light and achieve ef-
ficient charge carrier separation to drive subsequent photo-
chemical processes.6–11  
From an environmental and scientific point of view, there is a 
critical demand for materials prepared from renewable bio-
sources.12–17 We recently presented the Celluphot concept that 
encompasses a hydrothermally grown two-dimensional photo-
catalyst on a mechanically stable cellulose membrane.18 This 

bio-inorganic material exhibits dual functionality, i.e. photoca-
talysis and adsorption of metal ions. An important aspect is the 
low synthesis temperature of 115 ºC for the semiconducting het-
erojunction Bi4O5Br2/BiOBr nanosheets, because this allows to 
maintain the functional groups of the biobased substrate. A sim-
ilar approach can be also utilized to grow TiO2 nanorods on cel-
lulosic substrates.19 Since lignin is the second major biomass 
feedstock besides cellulose, but with different chemical struc-
ture, an expansion of this approach to lignin would offer new 
opportunities to produce hybrid bio-inorganic materials with 
dual functionalities. Although cellulose has a superior mechan-
ical stability than lignin, the latter offers more opportunities for 
chemical modification due to the unique aromatic structure. 
However, Bi4O5Br2/BiOBr nanosheets have to be hydrother-
mally grown under strongly alkaline conditions (pH 13), which 
makes a direct substitution of the bio-substrate from cellulose 
to most types of lignin impossible due to dissolution under these 
conditions.  

Fortunately, the chemical properties of lignin depend 
on the history of pretreatment and the industrially produced hy-
drolysis lignin is insoluble in strongly alkaline conditions. We 
were therefore interested to combine photocatalysis and lignin-
based sorbents by controlled growth of 2D semiconductors. The 
industrially produced hydrolysis lignin used in this study was 
obtained by the percolation hydrolysis.20,21 This lignin is an in-
soluble residue after acid hydrolysis of wood, 22 and consists of 
48–72% Klason lignin20, while the rest is unreacted cellulose, 



mono, and oligosaccharides.23 Hydrolysis lignin has a very con-
densed and excessively cross-linked structure, which explains 
its inability to be dissolved or swelled in any solvents.20 There 
were several structures of hydrolysis lignin proposed, the one 
suggested by Chudakov24 is presented in  
Scheme 1.  

 
Scheme 1. Schematic representation of the structure of hydrol-
ysis lignin.24 
Comparing to other lignins, hydrolysis lignin has not found 
broad application, because of its complicated structure and in-
solubility without preliminary chemical decomposition.23 The 
listed disadvantages are attributed to the impossibility of chem-
ical modification on the molecular level, but could provide ad-
vantages for further valorization as a hybrid material. In this 
work, the key issue was to find a chemically stable biopoly-
meric material for the deposition of the inorganic photocatalyst 
in a strong alkali media in an autoclave at 115 ºC, and the hy-
drolysis lignin was found to be excellent and sustainable sup-
port for these needs.  

We present the successful formation of lignin-inor-
ganic heterojunctions consisting of Bi4O5Br2/BiOBr nanosheets 
which displays dual functionality. The photoactive lignin-based 
material can be used simultaneously for removal of i) organic 
pollutants such as rhodamine B (RhB), methylene blue (MB) 
dyes, and ii) inorganic pollutants on the examples of cobalt(II), 
nickel(II) and lead(II) ions. The removal efficiency towards 
aqueous solutions containing organic dyes and metal ions were 
studied, including a mechanistic investigation.   

 
EXPERIMENTAL SECTION 
Materials. The lignocellulosic material was provided by the 
company “Santech”. Bi(NO3)3·5H2O, (98%, Alfa Aesar), KBr, 
(ACS), NaOH, (98−100.5%, Honeywell), NaCl (99.0 %, Acros 
organics). Ni(NO3)2·6H2O (Puratronic 99.9 wt %) and 
Co(NO3)2·6H2O (Puratronic 99.9 wt %) were purchased from 
Alfa Aesar. 4-(2’-Pyridylazo)resorcinol (PAR, 97 %), and 
Na2B4O7, 98 %, were purchased from Acros organics (Geel, 
Belgium). Ethanol (≥99.8 %), nitric acid (HNO3, 65 %), sul-
phuric acid (H2SO4, 95 %), hydrochloric acid (HCl, 37 %), am-
monia solution (NH3 ∙ H2O, 25 %) were purchased from VWR 
(Radnor, USA). Rhodomine B dye (RhB), analytical standard, 
and Methylene Blue dye (MB) were purchased from Sigma. All 
chemicals were used as received without further purification. 
All solutions were prepared with deionized water (DI). 
Synthesis of Bi4O5Br2/BiOBr. Bi4O5Br2/BiOBr was synthe-
sized according to our previous work18 Briefly, the hydrother-
mal treatment of mixture containing Bi(NO3)3 and KBr at 
pH=13 was conducted at 115 °C in a Teflon-lined stainless-steel 
autoclave.18  

Synthesis of lignin/Bi4O5Br2/BiOBr. 20.6 mM of 
Bi(NO3)3·H2O and16.8 mM of KBr were dissolved in 10 mL of 
DI water and 150 mg of lignin was added. Then, 1 M of NaOH 
was added dropwise to the mixture to adjust pH 13. The mixture 
was transferred into a 20 mL Teflon-lined stainless-steel auto-
clave filled up to 80% of the total volume, after which hydro-
thermal treatment at 115 °C for 20 h was started. After the re-
action, the reactor was allowed cool to room temperature and 
the precipitate was collected and washed several times with DI 
water until pH 7. 
Structural characterization. FT-IR analysis was performed 
using a Varian 610-IR FT-IR spectrometer. The samples were 
analyzed in the range of 600–4000 cm−1 with 16 scans at 4 cm−1 
resolution and 1 cm−1 interval at room temperature. Thermal 
analysis was carried out on a TA Instruments Discovery ther-
mobalance under the next operational conditions: a heating rate 
of 10 °C·min−1, a dynamic atmosphere of synthetic air of 50 
mL·min−1, a temperature range of 30–900 °C, and a sample 
mass of ~2.5 mg.  
The X-ray diffraction (XRD) pattern was determined on a Pan-
alytical X’Pert Alpha1 using Cu Kα (λ = 1.5406 Å) radiation in 
the 2θ range from 10 to 80°.  
Magic-angle-spinning (MAS) NMR experiments were per-
formed at a magnetic field of 14.1 T (Larmor frequencies of 
600.12, and 150.92 MHz for 1H and 13C, respectively) on a 
Bruker Avance-III spectrometer. Spectra were recorded with a 
1.3 mm probehead and 60 kHz MAS rate. Proton acquisitions 
involved a rotor-synchronized, double-adiabatic spin−echo se-
quence with a 90° excitation pulse of 1.25μs followed by a pair 
of 50.0μs tanh/tanshort high-power adiabatic pulses (SHAPs) 
with a 5 MHz frequency sweep.25,26 All pulses operated at a nu-
tation frequency of 200 kHz. 128 signal transients with a 5 s 
relaxation delay were collected. The 1H−13C cross-polarization 
(CP) experiment involved Hartmann−Hahn matched 1H and 13C 
radiofrequency fields of 20 and 40 kHz, respectively, a 1 ms 
contact interval for the cross-polarization step, 80 kHz SPI-
NAL-64 1H decoupling, and 32768 scans with a 2 s relaxation 
delay collected. The 1H and 13C chemical shifts were referenced 
with respect to tetramethylsilane (TMS).  
The high-angle annular dark-field (HAADF) images, energy 
dispersive X-ray spectroscopy (EDX) elemental mappings were 
collected on a JEOL-2100F in scanning transmission electron 
microscopy (STEM) mode, and the selected area electron dif-
fraction (SAED) were collected on a JEOL-2100F in Transmis-
sion electron microscopy (TEM) mode. Scanning electron mi-
croscopy (SEM) and EDX were conducted on a Hitachi field-
emission S-4800 microscope with EDX detector (Hitachi, Ja-
pan) under the next conditions: an accelerating voltage of 15 
kV; emission current of 10.5 µA; the samples were coated with 
a Pd-Pt layer under a Cressington 208HR high-resolution 
coater. Carbon tape was used for all samples.  
X-ray photoelectron measurement (XPS) was performed in a 
Prevac photoelectron spectrometer equipped with a hemispher-
ical analyzer (VG SCIENTA R3000). The spectrum was col-
lected using a monochromatized aluminum source AlKα (E = 
1486.6 eV) with charge compensation by a low energy electron 
flood gun (FS40A-PS). The Casa XPS software was applied for 
the spectrum processing, which included fitting the Shirley 
background, energy calibration and deconvolution with the 
mixed function of Gauss and Lorentz (GL = 30). 
In order to determine the pHPZC, solutions containing pH values 
of 2−10 (pHinitial) of 0.01 mol·L−1 NaCl in 10 mL flask were 
prepared using 0.05 mol·L−1 NaOH and 0.05 mol·L−1 HCl. Af-
ter which, 50 mg of lignin was added to the flask and shaken for 
24 h at 180 rpm. The solutions were filtered and the final pH 
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(pHe) of the samples were measured using a pH meter and plot-
ted against initial pH. The point of convergence at point zero of 
the resulting plot (pHe−pHinitial) gives pHPZC. 
Photocatalytic Dyes Degradation. 100 ml of 80 mg·L–1 of 
RhB or MB solutions in DI water were prepared; 0.4 ml of 
0.013 M hydrogen peroxide was added. 158 mg of the  
lignin/Bi4O5Br2/BiOBr composite was added to the solution and 
this mixture was irradiated with blue light (405 nm, 20 W). 5 
mL aliquots from the solution were taken each 20 min up to 100 
minutes. The absorption was measured using a Biochrom WPA 
S800+ Visible Spectrophotometer. The concentration of dyes 
was calculated from the absorbance values. The photocatalytic 
tests were conducted in dark in order to avoid any irradiation 
interference on the sample.  
Adsorption and Desorption of RhB and MB. Adsorption tests 
were performed with the lignin/Bi4O5Br2/BiOBr composite and 
pristine lignin. In order to perform the adsorption test, 0.4 ml of 
0.013 M hydrogen peroxide was added to 100 ml of aqueous 
solution of RhB or MB with concentration of 80 mg·L–1. 158 
mg of the lignin/Bi4O5Br2/BiOBr composite or 150 mg of lignin 
was then introduced into the solutions. Subsequently, the sus-
pension was shaken in an Orbital Shaker-Incubator ES-20 from 
Grant-bio at 180 rpm in darkness for 120 minutes. The solution 
was filtered and allowed to dry. Afterwards, the desorption test 
was performed on the dried sample. In order to perform desorp-
tion, 50 mg of the dried sample was added to 20 mL of ethanol, 
and shaken for 1 hour. The concentration of the desorbed dye 
was determined spectrophotometrically using a Biochrom WPA 
S800+ Visible Spectrophotometer. The desorption percentage 
(%) was calculated from the ratio of the quantity of adsorbed 
dye to the quantity of desorbed dye. The desorption percentage 
was calculated using equation (1). 
 
𝐷 =	!!"#

!$!#
∙ 100	% (1) 

where D is the desorption efficiency in percent, mdes the amount 
(mg) of dye in the filtrate after desorption and mads the initial 
amount (mg) of dye adsorbed on the sorbent material.  
 
Batch adsorption of Co(II), Ni(II) and Pb(II) ions. Adsorp-
tion capacity of lignin was studied using the batch sorption tech-
nique. 1 g·L–1 stock solutions of Co(II), Ni(II) and Pb(II) were 
prepared by dissolving a known amount of  
Co(NO3)2∙6H2O, Ni(NO3)2·6H2O or Pb(NO3)2 in DI water. For 
the adsorption tests, 25 mL of metals solution with known ini-
tial ion concentration between 2 mg∙L−1 and 160 mg∙L−1 at 22 
°C were added to the lignin and the suspension shaken in an 
Orbital Shaker-Incubator ES-20 from Grant-bio at 180 rpm dur-
ing 2 or 24 hours. The concentration of metal ions was deter-
mined by the photometrical methods described by Marchenko 
et al.27 Absorbance of Co(II) and Pb(II) complexes with 4-(2′
-pyridylazo)resorcinol and Ni(II) complexes with dimethylgly-
oxime were measured at 500 nm, 520 nm and 470 nm, respec-
tively, using an UV-3100PC spectrophotometer (VWR, USA). 
Samples were measured  in triplicates, and average absorbance 
were applied for further calculations.  
The adsorption capacity of the lignin was calculated using the 
following equation (2): 
𝑞"# =	
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where qeq is the amount of metal adsorbed per gram of sorbent 
(mmol∙g−1) at equilibrium, c0 and ceq are the initial and equilib-
rium metal ion concentrations (mmol∙L−1) in solution, V is the 
volume (L) of the initial metal ion solution and mS is the weight 
of the sorbent (g).  

The sorption equilibrium data was applied to the 
Langmuir, Freundlich and Temkin models. The linear form of 
the Langmuir model (3):28 
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where q0 and KL are adsorption capacity (mmol·g−1) and the 
Langmuir isotherm constant (L·mmol−1), respectively. 

The Freundlich model (4):29 
𝑙𝑜𝑔𝑞-* = 𝑙𝑜𝑔𝐾. +

+
/
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where: KF and n are the Freundlich constants related to the sorp-
tion capacity and sorption intensity, respectively. 

The Temkin model of isotherm can be expressed as 
follows (5): 
𝑞"# =

01
2+
ln	(K	1) +

01
2+
lnc"#         (5)

      
where bT is the heat of adsorption (kJ·mol−1), KT is the model 
constant (L·g−1), R is the gas constant (8.314 J·mol−1·K−1), T 
represents the absolute temperature (°C).30 
 
RESULTS AND DISCUSSION  
Structural characterization of the photoactive lig-
nin/Bi4O5Br2/BiOBr.  
Probing the complex and irregular structure of lignin-based ma-
terials is a challenging task.31,32 Wet chemistry methods such as 
functional group analysis and degradation techniques provide 
information in a piecewise manner, whereas spectroscopic tech-
niques such as IR, Raman, or UV-Vis do not offer sufficient 
resolution. Among other types of lignin, hydrolysis lignin is 
even a more challenging material for the characterization due to 
its insolubility in any solvent. To overcome these limitations, 
we employed solid-state NMR spectroscopy to gain insight into 
the structure of hydrolysis lignin directly in the solid-state.33 In 
Figure 1, the solid-state 1H MAS and 1H−13C CPMAS NMR 
spectra of lignin/Bi4O5Br2/BiOBr are shown. The proton spec-
trum in panel A reveals signals at 6.6, 3.9, and 1.3 ppm, at-
tributed to aromatic, methoxy (−OCH3), and aliphatic protons, 
respectively. Resonances associated with aromatic protons and 
methoxy groups dominate, and therefore a comparably small 
amount of aliphatic protons is present in the material. In the 
1H−13C CPMAS spectrum presented in panel B, the 13C NMR 
signals is characteristic for different moieties within the lignin 
structure.33 The signal at 146 ppm originates from the C−O car-
bon atom in the aromatic ring, whereas the remaining aromatic 
carbon atoms contribute to the signals in the chemical shift 
range of 100−125 ppm (C−H) and 125−135 ppm (C−C). The 
signals at 89 and 73 ppm correspond to C-α, C-β, and C-γ car-
bon atoms with −OH groups and those involved in −O−alkyl 
ethers moieties. Resonances in the 50−65 ppm range can be at-
tributed to methoxy groups, whereas signals ~30 ppm to methyl 
groups and other saturated aliphatic fragments. The relatively 
low signal intensity of the 13C signal corresponding to methyl 
groups is in agreement with the proton spectrum. The results of 
NMR are in good agreement with the proposed highly-con-
densed structure of hydrolysis lignin (Scheme 1).  



 
Figure 1. 1H MAS NMR (A) and 1H−13C CPMAS (B) spectra 
of lignin/Bi4O5Br2/BiOBr collected at 14.1 T and 60 kHz MAS. 
 
As it was shown in our previous work, two ternary phases 
Bi4O5Br2 and BiOBr could be synthesized as heterojunction 
nanosheets under relatively mild conditions (115 °C). The state 
of bismuth present on the surface was examined by XPS analy-
sis. In the XPS Bi 4f spectrum (Figure 2A), the spin-orbit split 
4f7/2 and 4f5/2 features appear. Nevertheless, two different 
phases containing bismuth can be evidently distinguished. The 
presence of Bi4O5Br2 is manifested by the doublet at 158.4 eV 
(4f7/2) and 163.8 eV (4f5/2), whereas BiOBr shows the photoe-
mission at 159.6 eV (4f7/2) and 164.9 eV (4f5/2).34,35 On the other 
hand, the formation of Bi5+ species was not observed as was the 
case with the previously developed hybrid cellulose-bismuth 
oxybromide membrane.18  
The fragment of hydrolysis lignin particle with the grown 
Bi4O5Br2/BiOBr  phase is shown on SEM micrograph (Figure 
2B) and EDX elements distribution maps (Figure S1). The con-
firmation of the presence of both phases and its purity was made 
by employing XRD for the catalyst synthesized without adding 
lignin (Figure S2). STEM and EDX analysis were conducted as 
an additional confirmation of presence of Bi4O5Br2 and BiOBr 
phases on the lignin-based support (Figure 3).  

 
Figure 2. (A) XPS Bi 4f spectrum of the Lignin/Bi4O5Br2/Bi-
OBr grown on the fragment of hydrolysis lignin showed on (B) 
SEM micrograph. 
 

 
Figure 3. High-angle annular dark-field (HAADF) images and 
EDX elemental maps. 
 
Since we aimed to develop a material with dual adsorption and 
photocatalytic functionalities, it was important to preserve the 
active functional groups of pristine lignin. FTIR spectra were 
collected for original hydrolysis lignin and hybrid material (Fig-
ure S3). The FTIR spectra of both materials are characterized 
by a broad peak with maximum at 3338 cm–1 corresponding to 
–OH groups. The spectra show intense bands at 2929 cm–1 and 
2836 cm–1 originating from the presence of CH and methoxy 
groups, respectively. The comparison of FTIR spectra of initial 
lignin and the one after the modification has shown that there 
are no significant changes in the set of characteristic bands and 
their intensity for both materials (Figure S3), which confirms 
the preserved original functional groups of lignin.  
The content of grown inorganic nanosheets on lignin material 
was determined using TGA. The comparison of TG-curves of 
initial lignin and lignin/Bi4O5Br2/BiOBr has shown that the con-
centration of Bi4O5Br2/BiOBr in the composite material was 
18.9% (Figure S3). Both materials were characterized by ~5% 
weight loss up to 100 °C corresponding to gradual evaporation 
of moisture.36 High total weight loss (more than 99%) for initial 
lignin-based material confirmed the absence of impurities such 
as ash or heavy metals in the sample. The BET surface area was 
slightly increased from 9.6 to 13.2 m2·g-1 after lignin modifica-
tion with the photocatalyst (Figure S5A), which could be caused 
by increased total pore volume for the composite material 
(0.058 cm3·g-1) . From the SEM micrograph of initial lignin ma-
terial (Figure 4A), the ordered elongated porous nanostructures 
could be seen, which we attribute to high carbohydrate content 
in the initial lignin, influencing thus the material structural or-
ganization. The lignin/Bi4O5Br2/BiOBr interface is presented 
on Figure 4B, where Bi4O5Br2/BiOBr nanosheets are clearly ob-
served (Figure 4B inset).  



 
Figure 4. SEM micrographs of (A) initial lignin and (B) Lig-
nin/Bi4O5Br2/BiOBr. 
 
Photodegradation of RhB and MB dye. Since textile 
wastewaters contain a mixture of anionic and cationic organic 
dyes, it is important to understand how photodegradation per-
formance is related to the chemical structure of the dye mole-
cule. As such, two dyes were selected for the photodegradation 
study: zwitterionic RhB and cationic MB dye. Photocatalytic 
degradation of selected dyes was carried out under illumination 
of blue light source (405 nm, 20 W). Scheme 2 depicts the ap-
plied experimental approach on the example of RhB. It could 
be seen that after 100 minutes of illumination the solution has a 
much less intense colour confirming successful elimination of 
the dye from the solution. The results of RhB and MB dyes pho-
todegradation as a function of time are presented in Figure 5. 
The photodegradation in presence of the lignin/Bi4O5Br2/BiOBr 
composite was the most efficient in comparison to other mate-
rials tested. The composite lignin material was able to decrease 
dye concentration from 80 mg·L–1 to 12.3 mg·L–1 for RhB (85% 
removal) and from 80 mg·L–1 to 4.4 mg·L–1 for MB (95% re-
moval). The Bi4O5Br2/BiOBr interface facilitates charge sepa-
ration upon illumination due to the type-II heterojunction.18,37–

39  
In order to examine individually the photocatalytic 

performance of pure lignin, pure catalyst, and the system with-
out any of those, and also to exclude the influence of adsorption 
of the dyes by the surface of the composite, the systems were 
tested separately with the dye solution. It was found that in case 
of RhB, the pure catalyst or pure lignin have the same perfor-
mance and eliminate the dye from 80 to 25 mg·L–1 (69%). For 
the systems with MB, the performance of pure lignin is higher, 
which could be explained by impact of electrostatic interaction 
of positively charged MB molecules and negatively charged lig-
nin.40 Thus, pure lignin reduced the MB dye concentration from 
80 to 25 mg·L–1 (69%), whereas pure catalyst eliminated MB to 
51 mg·L–1 (36%). The impact of dyes degradation under the 
chosen light source without lignin, or without catalyst or lig-
nin/catalyst composite is negligible because of low dye reduc-
tion (up to 3% for RhB and up to 5% for MB).  

Ethanol is an effective eluent for the desorption of or-
ganic dyes from variable materials, e.g. lignin-based materials, 
because it has a high affinity to organic molecules.41 The rela-
tively close values of desorption of dyes (up to 10.4% for RhB 
and up to 3.1% for MB) after adsorption in darkness by pure 
lignin or lignin/photocatalyst, and lignin/photocatalyst under 
light irradiation let us assume that this is the percentage of the 
dye, which was adsorbed by simple diffusion instead of physi-
cal adsorption or chemical bonding to the surface of pure lignin 
or composite material. Both dyes could be binding to lignin-
based materials through π-interactions and hydrogen bonds, as 
well as by electrostatic interactions.41 Since RhB dye is a zwit-
terion, the negative charge of MB dye is more dominating and 

therefore the electrostatic bonds MB/lignin or lignin/ photocata-
lyst are stronger.  
 

 
Scheme 2. Photocatalytic degradation of RhB dye in presence 
of lignin/Bi4O5Br2/BiOBr. 

 

Figure 5. Photocatalytic degradation of (A) RhB and (B) MB 
in presence of lignin/Bi4O5Br2/BiOBr (Light source 405 nm, 20 
W); the loading of the semiconducting photocatalyst (blue 
curve) was the same as for the lignin/Bi4O5Br2/BiOBr sample: 
18.9 mg). 
 



 

Figure 6. Desorption results of RhB and MB dye, after adsorp-
tion pure lignin in darkness, lignin/Bi4O5Br2/BiOBr in darkness 
and photodegradation of lignin/Bi4O5Br2/BiOBr in light (The 
samples after contact with dyes solutions were washed with DI 
water and dried overnight; the desorption by ethanol were con-
ducted afterwards) 
 

The effectiveness of synthesized composite material for both 
organic and inorganic pollutants is a crucial factor since indus-
trial wastewaters contain broad spectra of contaminants. There-
fore, additionally to the study of dyes photodegradation we 
tested initial lignin and lignin/Bi4O5Br2/BiOBr for the adsorp-
tion of cobalt, nickel and lead bivalent ions. According to our 
previous study,18 Bi4O5Br2/BiOBr does not have an impact on 
the adsorption of metal ions, while functionality and structure 
of biopolymeric support play a major role in the adsorption. 
Consequently, in this study, we started with an investigation of 
adsorption efficiency of hydrolysis lignin with respect to biva-
lent metal ions. Figure 7 depicts adsorption isotherms of Co(II), 
Ni(II), and Pb(II) ions for the lignin after 2 hours (the same time 
as needed for the dye degradation) and 24 hours. It was found 
that all studied metal ions in low initial concentrations have a 
good affinity to the surface of hydrolysis lignin. With increasing 
initial concentrations of metal ions, the removal efficiency was 
decreased greatly for Co(II) and Pb(II) ions. In a selected range 
of initial concentrations of metal ions, the highest adsorption 
capacity of lignin was found for Ni(II) ions which reached 0.45 
mmol·g–1 after 2 hours and 0.5 mmol·g–1 during 24 hours. It was 
found that the distribution coefficients for Ni(II) ions were the 
highest as well: 1.45 and 1.05 L·g–1; for Pb(II) ions: 0.95 and 
0.55 L·g–1; and the lowest for Co(II) ions: 0.038 and 0.039 L·g–

1 for 2 h and for 24 h, respectively.  

 
Figure 7. Adsorption isotherms of (A) Co(II), (B) Ni(II) and (C) Pb(II) ions on lignin from aqueous solutions and (D) comparison of 
adsorption capacity for lignin and lignin/Bi4O5Br2/BiOBr. 
 
Three common isotherm models were applied to describe ad-
sorption of selected metal ions by the surface of hydrolysis lig-
nin. The calculated parameters from the Langmuir, Freundlich 
and Temkin isotherm models are summarized in Table S1 in SI. 
The monolayer capacity was found to be up to 0.07 mmol·g–1 

for the cobalt(II) ions and up to 0.14 mmol·g–1 for the lead(II) 
ions.  The adsorption was found to be favorable according to 
the positive values of RL (0<RL<1) for all ions. The heat of ad-
sorption (bT) was relatively high for all ions: up to 366 kJ·mol−1 

for  Co(II) ions, up to 16.3 for Ni(II) ions and up to 110 for Pb(II) 
ions. The lowest values of the maximum binding energy for the 
interactions between the hydrolysis lignin surface and the Ni(II) 
ions (KT=33.8 L·g–1 for 2 h, KT=20.8 L·g–1 for 24 h) is in line 
with the assumption of the highest capacity for used lignin to 

Ni(II) ions. The adsorption capacity of pure lignin and the com-
posite towards selected metal ions was compared in  Figure 7D. 
The adsorption capacity towards cobalt and lead aqua com-
plexes increased for the hybrid lignin/Bi4O5Br2/BiOBr compo-
site up to 0.12 and 0.22 mmol·g–1 during 2 h phase contact. For 
Ni(II) ions, the capacity was higher for initial lignin (0.45 
mmol·g–1) compared to the composite (0.26 mmol·g–1). The 
pHpzc for the composite is 8.5, which indicates that in neutral 
media the composite is positively charged (Figure S6). This 
highlights that lignin/Bi4O5Br2/BiOBr is a promising material 
with complimentary photocatalytic and adsorption properties 
towards synthetic dyes and metal ions. 
 

 
 
CONCLUSION 
We presented the LignoPhot concept which offers the oppor-
tunity to hydrothermally prepare bio-inorganic hybrid compo-
sites from lignin and photocatalysts from the ternary Bi-O-Br 
system. The unique advantage is the combination of photocata-
lytic activity towards organic dyes (with variable charge) and 
adsorption of metal ions. Both types of compounds are usually 
simultaneously present in industrial wastewaters. The hydroly-
sis lignin structure and functionality was investigated by means 

of 1H−13C CPMAS NMR, which confirmed its highly-con-
densed structure. The state of bismuth present on the lignin sur-
face was determined by XPS analysis. From SEM micrographs 
it was found that the Bi4O5Br2/BiOBr  nanosheets interface were 
grown on the lignin surface, where HAADF and EDX con-
firmed the homogeneous distribution of the inorganic phase on 
lignin support. Lignin/Bi4O5Br2/BiOBr was shown prominent 
photocatalytic activity towards RhB and MB dyes oxidation un-
der irradiation at 405 nm (20W). With respect to the comple-
mentary adsorption function, the composite lignin material was 



able to decrease the dye concentration from 80 mg·L–1 to 12.3 
mg·L–1 for RhD (85%) and from 80 mg·L–1 to 4.4 mg·L–1 for 
MB (95%), which is much higher that for the systems with 
dye/lignin, dye/catalyst or just dye. As an additional advantage 
of the material, the composite exhibits a high performance as a 
sorbent for metal ions. The corresponding adsorption capacity 
towards Co(II), Ni(II) and Pb(II) was 0.12, 0.26 and 0.22 
mmol·g–1, respectively. The investigation on adsorption of se-
lected metal ions on the lignin support showed that Co(II), Ni(II) 
and Pb(II) ions in low initial concentrations have a good affinity 
to the surface of hydrolysis lignin, which is in good agreement 
with the determined distribution coefficients: 1.45 and 1.05 
L·g–1 for Ni(II) ions; 0.95 and 0.55 L·g–1 for Pb(II) ions; 0.038 
and 0.039 L·g–1 for Co(II) ions for 2 h and for 24 h, respectively. 
In a selected range of initial concentrations of metal ions, the 
highest adsorption capacity of initial lignin was found for Ni(II) 
ions, which reached 0.45 mmol·g–1 after 2 hours of phase con-
tact (the distribution coefficient for Ni(II) ions was 1.45 L·g–1). 
Our study unravels the opportunities of lignin as a substrate to 
achieve a controlled growth of semiconductor nanostructures 
on its surface while maintaining the functional groups of the bi-
opolymer.  
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