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Abstract

Acid hydrolysis of lignocellulosic biomass to produce high value-added products
presents a breathtaking industrial application foreground. However, the hydrolysate
under harsh conditions contains extremely complex degradations, resulting in many
restrictions or lethal toxicity on the following utilization and bioconversion. In this
study, the anion-exchange resin 335 was exploited to separate and purify main
degradations from the acidic corncob-hydrolysate. A comprehensive investigation was
explored on equilibrium isotherms, adsorption kinetics, and thermodynamic
parameters of the representative substances in the hydrolysate. The results indicated
that the removal of acetic acid, furfural, and total lignin derivates reached 90.13%,
92.58%, and 94.85% respectively, while the loss rate of xylose was well controlled
within 20%. Based on these studies, various models and parameters were evaluated to
uncover the mechanisms. In conclusion, this work offered a theoretical basis for the
application in the separation and purification of acidic lignocellulose-hydrolysate and

further bioconversion.

Keywords: acidic lignocellulose-hydrolysate, anion-exchange resin, equilibrium

isotherms, adsorption kinetics, thermodynamic parameters
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1. Introduction

In the context of global carbon neutrality, the traditional inefficient combustion of
lignocellulosic biomass is inevitably undesirable (Nitzsche et al., 2019a). Efficient
utilization of lignocellulosic resources from such a large amount of agricultural and
forestry waste worldwide is an urgent problem to be solved (Wright et al., 2010). Many
researchers have indeed conducted a lot of research and attempts in the field of
lignocellulosic biorefinery (Guo et al., 2020). The densely structured lignocellulosic
biomass, which is mostly made of cellulose, hemicellulose, and lignin must undergo a
suitable pretreatment process to release hemicellulose and lignin into liquid fractions as
much as possible while retaining cellulose in solid fractions for subsequent hydrolysis
to produce glucose (Alriksson et al., 2006). Acid hydrolysis was the most convenient
for industrialization due to its rapid, efficiency, and inexpensive characteristics. Acidic
hydrolysate typically contains xylose and inhibitors of weak acids, furans, and lignin
derivatives (Ma and Yang, 2015). Some of the chemicals that serve as fermentation
inhibitors in hydrolysate are active in industrial applications (Huang et al., 2020).
Acetic acid (AA), as the highest content of aliphatic organic acid in hemicellulose
hydrolysate, is one of the important organic chemical raw materials, widely used in
medicine, pesticide synthetic fiber (Sankaranarayanan et al., 2015). Furfural (FF) is a
raw material for many pharmaceutical and industrial products and is also used in
synthetic resins, pesticides, pharmaceuticals, and rubbers. Lignin derivatives (LG) are
widely used in biochemistry and industrial synthesis (Nitzsche et al., 2019b). Xylose

(XYL), the main sugar component of hemicellulose hydrolysate, can be used to
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synthesize chemical products like xylonic acid and xylitol (You et al., 2019). It is worth
mentioning that xylonic acid, as a new multi-functional and multi-purpose platform
compound, is considered as one of the 30 most valuable chemicals, and has enormous
development and application potential (Zhang et al., 2017). However, the direct
utilization of these mixed substances is extremely difficult and challenging, so it is
necessary to separate and purify the lignocellulose hydrolysate (Han et al., 2021).
Commonly used techniques for the removal of fermentation inhibitors include solvent
extraction (Zhu et al., 2014), membrane filtration (Cao and Xu, 2019), ion exchange
(Kumar et al., 2018), and adsorption (Dai et al., 2020). In comparison to other
separation processes, adsorption is preferred due to its low cost and high removal
efficiency. Activated carbon, as a traditional and widely used adsorbent, has a strong
capacity for adsorption, but its application is limited by its relatively pricey, poor
selective adsorption, and difficulty in regeneration. Polymer resins have emerged as a
viable option for efficiently eliminating fermentation inhibitors due to their excellent
adsorption performance, superior selectivity, and ease of regeneration (Yu and
Christopher, 2017). Roy Nitzsche determined and applied the adsorption isotherms for
removing lignin from wood hydrolysate utilizing polymeric resins (Nitzsche et al.,
2019b). You et.al purified hemicellulose from the hydrolysate of bagasse by adsorption
resin, and the content of lignin decreased by 89.2% (You et al., 2019).

So far, the research on hydrolysate purification has mainly focused on the removal of
lignin, and less attention has been paid to other fermentation inhibitors (Chen et al.,

2019). This necessitates a research effort to establish a thorough study of the
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equilibrium, kinetic and thermodynamic of typical fermentation inhibitors (acetic acid,
furfural, and lignin) and fermentable sugar xylose adsorption from lignocellulose
hydrolysate (Cao et al., 2020). This is also the main intention of our current work. We
first studied the adsorption performance of gel-type anion-exchange resin 335 on the
multi-components (acetic acid, furfural, lignin, and xylose) of acidic corncob
hydrolysate, and determined the resin adsorption capacity under different parameters
(Hua et al., 2020). The standard Langmuir and Freundlich isotherm models were then
used to match the equilibrium experiment results (Lin et al., 2017). The adsorption
kinetics were also investigated and predicted by the pseudo-first-order model, pseudo-
second-order model, and Weber & Morris diffusion model (Kadam et al., 2010). The
thermodynamics parameters including the Gibbs free energy AG, enthalpy change AH,
and entropy change AS were calculated by Van’t Hoff formula (Boparai et al., 2011).
The equilibrium, kinetic and thermodynamic experiments were statistically studied to

better comprehend the mechanism of various components in the hydrolysate.



Purification of acidic lignocellulose hydrolysate using anion-exchange resin: multicomponent adsorption, kinetic and thermodynamic study

99 2. Materials and methods

100  2.1. Materials

101 The acidic corncob hydrolysate (ACH) was provided by ECO Zhuoxin Energy-saving
102 Technology Co., Ltd., which contained 55.05 g/L xylose, 8.03 g/L glucose, 10.27 g/L
103 arabinose, 9.51 g/L acetic acid, 3.76 g/L furfural, and 6.33 g/L lignin.

104  The resin 335 was obtained from Huazhen Technology Co., Ltd. (Shanghai, China).
105 335 resin is commonly used in the preparation of pure water, sugar refining, organic
106  acid refining, and organic acid neutralization in antibiotic extraction. The functional
107 groups of 335 resin were —NH,, =N, and =N. The resin was initially cleaned before its
108  utilization in subsequent experiments. The cleaning process included sequentially
109  soaking with 1 mol/L NaOH, 1 mol/L HCI, and 1 mol/L NaOH in a 30°C water bath
110 for 2 h, the pH was then adjusted with distilled water until it was close to neutral. The
111 cleaned resin was stored in 1 M NaOH at 4 °C.

112 2.2 Adsorption on resin

113 The adsorption behavior of 335 resin on acetic acid, furfural, lignin, and xylose in ACH
114  was investigated under different environmental conditions. The influence of resin
115  dosage was studied at the resin to solution ratios (R: S) of 1:5, 1:10, 1:15, 1:20, 1:30,
116  and 1:40 w/v. In a thermostatic oscillator, the mixture was placed in a 500ml beaker
117 and constantly shaken at 150 rpm for 2 hours at 303K. The influence of initial ACH
118  concentration was investigated at 303, 313, 323, and 333 K. The influence of contact
119  time is determined by intensive sampling during the above experiment. After the

120 sorption, the filtered hydrolysate was analyzed for the instantaneous composition, as
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121 described below.

122 2.3 Analysis methods

123 The concentrations of xylose, acetic acid, and furfural were all analyzed using high-
124 performance liquid chromatography. Elution was conducted at a flow rate of 0.6
125  mL/min using 5.0 mM sulfuric acid (Zhou et al., 2018).

126 Lignin content was quantified by the absorption at 280 nm, using a UV/VIS
127 spectrophotometer with a 1 cm quartz cuvette (Nitzsche et al., 2019b). The solution was
128  diluted with deionized water to keep the absorbance in the range of 0.3 to 1.0. The lignin

129 concentration was calculated with Eq. (1):

AzgoD
130 Cignin=— (1)

131 A,go denotes the absorbance at 280 nm, D denotes the dilute times, a is the extinction
132 coefficient (110 L/g-cm as an average value) and L is the quartz cuvette width (1 cm).
133 The removal rate of xylose and fermentation inhibitors from ACH was calculated using
134 Eq. (2):

Co-Ce
135 Removal rate(%) = Oco x 100 (2)

136 Cy and C, represent the initial and equilibrium concentration (g/L).

137 The adsorption capacity Q. (mg/g) was computed as the following Eq. (3):

38 Q.= (Co ;nce)V 3)

139V refers to the solution volume (mL), while m to the mass of dry adsorbent (g).

140
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141 3. Results and discussion

142 3.1. Effect of adsorption process parameters on the removal of multi-components
143 in hydrolysate

144 Figuring out the removal of multi-components from lignocellulosic hydrolysate with
145 different adsorption process parameters is an important basis for understanding the
146 adsorption mechanism of various components in hydrolysate (Lee et al., 2015). Thus,
147 the removal rates of XYL, AA, FF, and LG in ACH were firstly studied under

148 different conditions, and the results were shown in Fig. 1. With a higher R: S ratio, the
149  elimination rate of XYL, AA, FF, and LG rises. At the R: S ratio of 1:5, the maximal
150  removal rate of AA, FF, and LG was 90.13%, 92.58%, and 94.85%, respectively.

151 Correspondingly, the loss rate of xylose reached a maximum of 19.09%. It can be

152 reasonably inferred from the curves on the graph that AA, FF, and LG can be

153 completely removed from ACH theoretically with the further improvement of the R: S
154  ratio. Of course, the loss rate of xylose will also be further improved. We believe that
155  the loss within 20% is an acceptable range, so the optimal R: S ratio is determined as
156 1:5.

157  To explore the influence of different initial concentrations on the adsorption process,
158  the experiment of ACH with different dilution ratios was carried out at the R: S ratio
159 of 1:10. 1:5 was not selected because the removal rate of various components in

160  diluted ACH was close to 100% under this condition, so it was unachievable to

161  analyze the impact of various initial concentrations. Anyway, it can be seen from Fig.

162 1 that with the increase of dilution ratio which means the decrease of initial
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163  concentration, the removal rates of XYL, AA, FF, and LG are getting higher. This is
164  an interesting phenomenon from a resin adsorption perspective, in general, the

165  removal rate of a substance increases as its initial concentration increases. We infer
166  that it may be because deionized water dilution is also a purification step of ACH. 335
167  resin is more capable of treating purified hydrolysate, and the relative removal rate
168  increases as the initial substrate concentration decrease. The kinetic curve showed that
169  the removal rates of XYL, AA, FF, and LG were divided into a rapid and slow

170 increase stage. Following that, as adsorption time passed, the concentration fell until it
171 reached equilibrium. FF and LG reached equilibrium at about 40 minutes, AA and

172 XYL reached equilibrium at 60 minutes and 90 minutes, respectively. This difference
173 is reflected in the selective adsorption of the resin. The weak base epoxy resin 335 has
174 strong adsorption for aromatic and weak acid molecules compared with sugars.

175 The influence of temperature was studied using an initial hydrolysate at 303, 313,

176 323, and 333K. As seen in Fig. 1, the removal rates of XYL, AA, FF, and LG in ACH
177 increased with the increase of temperature. This phenomenon may be related to the
178  different diffusion rates and solubility in solution at different temperatures, and their
179  adsorption process may be an endothermic reaction. The final proof can be obtained
180  through subsequent thermodynamic studies.

181  3.2. Equilibrium isotherm models

182  The equilibrium isotherm model predicted by the adsorption behavior of a specific

183  adsorbent is crucial to understanding the mechanism of the adsorption process. The

184  composition of hydrolysate is very complex and the specific influence of these
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185  complex components on the adsorption process is unclear(Chowdhury et al., 2014).
186  Therefore, the adsorption process of the model solution containing single xylose,
187  acetic acid, furfural, phenol, and their mixture on 335 resin was examined, and the
188  outcomes are shown in Figure 2. It can be observed that the removal rates of xylose,
189  acetic acid, and furfural are very similar in the mixed solution and the single
190  component model solution, except for phenol. It may be because the UV absorption
191  peaks of furfural and phenol are close, which affects the determination of phenol
192 content. Anyway, it can be concluded that in the model solution, the interaction and/or
193 competition is slight for the adsorption on 335 resin between the various components.
194  Regardless of the complexity of the adsorption process of various components in
195  lignocellulosic hydrolysate, simple models can offer some insight into the factors that
196  determine the adsorption of sugars and fermentation inhibitors. Here we used two of
197 the most typical and commonly used equilibrium adsorption models, the Langmuir
198  and Freundlich models (Senthil Kumar et al., 2010). Based on the fact that
199  intermolecular forces diminish fast as distance increases, the Langmuir model adopts
200  the following assumptions: the surface of the adsorbent is uniform and the adsorption
201  occurs at the monolayer. The interaction of the adsorbed molecules is insignificant
202 (Marczewski and Adam, 2010). It can be represented as the Eq. (4):

QmaxK1Ce
203 Qe=Tigxc “4)
204  And by deforming Eq. (4), we can derive the linear equation (5). :

Ce 1 Ce

205 @ - KLQmax + Qmax (5)

206  Where Ky is Langmuir constant (L-g™"), Qpax is the maximal equilibrium adsorption

10
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207  capacity (mg-g!);

208  The Freundlich model describes a non-ideal adsorption system and may be used to
209  multilayer adsorption on non-uniform adsorbent surfaces (Qiu et al., 2013). And it can
210  be expressed as the following:

201 Q,=KgC,m (6)
212 After linearization, we can get Eq. (7):

213 InQ, =InKp+%InCe (7)
214  Where Ky and n are the Freundlich constants.

215 Figure 3 depicts the experimental data as well as the fitted Langmuir and Freundlich
216  models for XYL, AA, FF, and LG adsorption onto 335 resin. Table S1 summarizes
217  the particular parameters of the two models. Within a certain range, both the

218  Langmuir and Freundlich models can accurately predict the adsorption of XYL, AA,
219 FF, and LG, but in general, the Langmuir model has a better fitting according to the
220  higher R?value. This suggests that the adsorption process on the 335 resin is

221  monolayer adsorption, with slight interaction between adsorbents which was already
222 shown in the model solution. K| value represents the interaction between adsorbent
223 and adsorbent. According to the K; value shown in Table S1 (Supplementary

224  Materials), the sequence of the interaction strength between the various substances in
225  ACH and adsorbent can be inferred as FF > LG > AA > XYL. This also explains why
226  the removal rate of fermentation inhibitors (AA, FF, and LG) is much higher than that
227  of sugars (XYL), which reflects the selective adsorption capacity of 335 resin.

228  Moreover, the n values of Freundlich model for the four substances are all between 0

11
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229  and 10, suggesting that the adsorption behavior is beneficial and reversible.
230

231  3.3. Adsorption kinetic model

232 Adsorption kinetics, which can be used to forecast the rate of adsorption equilibrium,
233 is significant in understanding the adsorption mechanism (A et al., 2010). The

234 standard models for analyzing adsorption kinetics include the pseudo-first-order

235  (PFO), pseudo-second-order (PSO), and Weber&Morris diffusion models (WMD),
236 which are mostly used to estimate the rate control stages of material transfer and

237  physicochemical reaction during adsorption. (Liu and Zhang, 2015).

238 PFO is built based on Lagergren’s first-order rate Eq. (8).

dQ:

239 —-=k1(Qc.-Qp) )
240  With the boundary conditions from t = 0 to t = t, the integration of Eq. 8 yields the
241  following equation:
242 In(Qe - Q) =InQc - kst ©)
243 Q,=Qu(1-e MY (10)
244 Where k; denotes the PFO rate constant (min-'), and Q, denotes the adsorption
245 capacity at t min (mg-g™").
246 PSO is introduced by Ho and McKay, and its linear expression is as follows:

t 1 1

% 0=t (11)

248  Where k; denotes the PSO rate constant (g'-mg!-min-').
249  WMD was used to identify the primary rate-limiting steps of the adsorption process is
250  as follows:

251 Qp=kst"2+C (12)
12
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252 Where k; denotes the internal diffusion rate constant (mg-g!'-min'?), and C is the

253 constant (mg-g!).

254  The experimental data and the fitting curves and related parameters of the three

255  adsorption kinetic models are shown in Fig.4 and Table S2 (Supplementary

256  Materials). According to Fig. 4(a), the PSO provides the best match compared with
257  the PFO. Moreover, it also indicated that the PSO is more appropriate due to its higher
258  R?in Table S2 (R? values are all above 0.99). The maximum equilibrium adsorption
259  capacity predicted by PSO is fairly close to the experimental maximum adsorption
260  capacity. The PSO believes that the adsorption reaction is a rate control step, which is
261  related to the electron transfer and electron sharing between adsorbent and adsorbate.
262 The adsorption process of adsorbate on the adsorbent porous surface is divided into
263  three continuous processes (Mohammadi et al., 2011): (1) Adsorbate transport to the
264  adsorbent's external surface (liquid film diffusion); (2) Adsorbate transport in the

265  adsorbent's pores (intra-particle diffusion); (3) Adsorbate adsorption on the

266  adsorbent's surface. In general, liquid film diffusion or intra-particle diffusion is the
267  rate-limiting step due to the rapid occurrence of the process (3). The fitting lines

268  shown in Fig. 4(b) do not intersect at the origin, indicating that intra-particle diffusion
269  is not the sole rate-limiting process, and that liquid film diffusion and surface

270  adsorption both have an impact on the adsorption rate.
271

272 3.4. Absorption thermodynamics
273 The following formula was used to compute the free energy change AG, the enthalpy

274  change AH, and the entropy change AS of XYL, AA, FF, and LG sorption on 335 resin
13
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(Chen et al., 2011):
(CO - Ce)V
kd = com (13)
AS AH
Inkg=—7-%7 (14)
AG =- RTInky (15)

kg 1s the sorption equilibrium constant (Leg-1) and R is the gas constant 8.314 (J-mol-
L.K-1). The slope and intercept of linear Van't Hoff Eq. 14 are used to calculate AH and
AS (Fig.5). Table 1 listed all of the thermodynamic parameters. At the chosen
experimental temperature, the values of AG are negative, confirming the spontaneous
nature of adsorption and the technique's viability. Furthermore, AG values are less than
20 kJ-mol!, manifesting that physical adsorption is the dominant process. The positive
AH values confirm the adsorption of XYL, AA, FF, and LG onto 335 resin is an
endothermic reaction while the positive A S reflects the process as an entropy

increasing process (Biadasz et al., 2011).

14



289

290

291

292

293

294

295

296

297

298

299

Purification of acidic lignocellulose hydrolysate using anion-exchange resin: multicomponent adsorption, kinetic and thermodynamic study

4. Conclusion

The separation of AA, FF, and LG from acidic corncob hydrolysate by resin 335 was
systematically investigated. The AA, FF, and LG removal rates reach 90.13%, 92.58%,
and 94.85% respectively. Analysis of adsorption isotherms shows that the equilibrium
data are fitting the Langmuir isotherm model well. The kinetics investigation revealed
that the pseudo-second-order model best describes the sorption process of fermentation
inhibitors. According to the thermodynamic analysis, the adsorption process was
spontaneous and endothermic. This research identifies a viable adsorbent for purifying
lignocellulose hydrolysate as well as a critical theoretical foundation for the whole

method.

15
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437  Table 1
Temperature/
K Ky AG/KImol'  AH/kJmol! AS/kJmol! R2
Xylose 303 1.103 -0.247 13.584 0.046 0.981
313 1.279 -0.641
323 1.601 -1.263
333 1.755 -1.557
Acetic 303 37.674 -9.142 9.899 0.063 0.977
acid 313 40474 -9.630
323 47.039 -10.341
333 53.170 -11.001
Furfural 303 9.174 -5.583 11.672 0.057 0.978
313 10.332 -6.077
323 11.629 -6.589
333 14.048 -7.316
Lignin 303 12.253 -6.312 7.181 0.044 0.994
313 13.159 -6.706
323 14.528 -7.186
333 15.777 -7.637
438
439
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440  Figure. 1
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443  Figure. 2
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447  Figure. 3
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450  Figure. 4
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453 Figure. 5
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